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Summary

Immune checkpoint blockade has revolutionized immunotherapy against cancer with
tremendous clinical benefits for patients. Despite these achievements, tumors utilize a plethora
of suppressive mechanisms to evade immune destruction which are yet to be understood and
matched by today’s immunotherapy. Our group developed a high-throughput RNAi screening
to unravel the arsenal of immune checkpoints of cancer. We screened a siRNA library (around
2880 kinases and surface-associated genes) with patient-derived tumor cells and HLA-matched

tumor-infiltrating lymphocytes (TILs).

The library was reverse-transfected into M579-A2 melanoma cells and these were co-cultured
with MART1- and gp100-specific TILs to determine TIL-mediated lysis. We identified 75 genes
in tumor cells that impaired TIL-mediated cytotoxicity. Interestingly, we found that several
genes and their associated pathways were found in pancreatic adenocarcinoma and multiple
myeloma as well. This suggests that different cancer entities might share inhibitory modes of
action. In order to distinguish between genes altering tumor susceptibility towards TIL-
mediated killing and those impairing TIL activity, we established a secondary screening

assaying multiple T cell activation marker, including effector cytokines.

The olfactory receptor OR10H1 was one of the strongest candidates from our primary screening
as its knockdown increased TIL-mediated killing in melanoma, PDAC and colorectal
carcinoma. Furthermore, TILs were activated stronger after interaction with OR10H1-deficient
cells as sensed by the increased secretion of type 1-associated cytokines and a reduced T cell
apoptosis. We confirmed the role of OR10H1 as an immune checkpoint in vivo using a

xenograft mouse model in combination with adoptive T cell transfer.

We performed mode of action analyses in order to understand how OR10H1 affects T cell
activity. These analyses revealed that tumor-associated OR10H1 controls cAMP-dependent
signaling inside T cells. Inside TILs, cAMP activates protein kinase alpha (PKA) and PKA in
turn activates C-terminal Src kinase (Csk). Csk phosphorylates an inhibitory tyrosine residue
of Lck impairing its activity and shutting down TCR-associated signaling. Furthermore, PKA
activates CREB and thus induces an anergy-associated gene expression profile in TILs. Our data
suggest that ORI10HI alters the balance between the inhibitory (Goa;) and the

stimulatory/olfactory G-Protein alpha (Gas/or) inside tumor cells depending on the encounter
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of TILs. This results into increased production of cAMP in tumor cells and its subsequent

transport into T cells.

In summary, we established a discovery platform aiding the search for immune checkpoints in
cancer. We identified ORI10H1 and its associated olfactory receptor signaling as a novel

pathway inhibiting TIL responses by inducing cAMP-dependent Lck inhibition.
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Zusammenfassung

Die Entwicklung so genannter “Immun-Checkpoint Blockaden” wird als Durchbruch im
Kampf gegen Krebs angesehen. Jedoch muss die grofle Anzahl an Mechanismen, welche von
Tumoren genutzt wird um einer Zerstdrung durch das Immunsystem zu entgehen, erst noch
verstanden werden damit moglichst alle Krebspatienten von den Vorteilen moderner
Immuntherapie profitieren konnen. Unsere Gruppe hat hierzu ein siRNA basiertes
Hochdurchsatz-Screening entwickelt um das Arsenal an Immun-Checkpoints verschiedener
Tumorentititen zu entschliisseln. Wir haben mit dieser Technologieplattform und mit Hilfe
von aus Patienten gewonnenen tumorinfiltrierenden Lymphozyten (TILs) und HLA-
abgestimmten Primdrhautkrebskulturen eine Bibliothek von ca. 2880 Kinasen und

Zelloberflichen-assoziierten Genen gescannt.

M579-A2 Melanomzellen wurden mit siRNA transfiziert und anschlieffend mit MART1- und
gp100-spezifischen TILs co-kultiviert um die TIL-vermittelte Lyse zu messen. Das Screening
ermittelte 75 Kandidaten, welche die TIL-vermittelte Zytotoxizitdt negativ beeinflusst haben.
Einige dieser Kandidaten wurden auch im Multiplen Myelom und Pankreas-Adenokarzinom
als Immun-Checkpoints identifiziert. Dies deutet auf gemeinsam genutzte inhibitorische
Signalwege hin. Um den Informationsgewinn unserer Technologieplattform zu erh6hen haben
wir ein sekundéres Screening entwickelt, in welchem verschieden Marker der T-Zell-

Aktivierung gemessen wurden.

Einer der stirksten Kandidaten aus unserem Screening war der olfaktorische Rezeptor
ORI10H1. Die Herunterregulierung von OR10H1 erhohte die TIL Aktivitit im Malignen
Melanom, Pankreas-Adenokarzinom und kolorektalem Karzinom. Des Weiteren wurde durch
die Herunterregulierung von ORI0H1 auf den Tumorzellen die Produktion von Typ-1
assoziierten Zytokinen erh6ht und das Level an Apoptose in TILs reduziert. Wir konnten die
Rolle von OR10H1 als einen Immun-Checkpoint in einem Xenograft Mausmodell in

Kombination mit adoptivem Zelltransfer bestitigen.

Unser Ziel war es zu verstechen wie ORIOH1 die T-Zell-Aktivitit beeinflusst. Diverse
Signalweganalysen zeigten, dass OR10H1 die TIL Funktionalitit inhibiert indem es cAMP-
abhidngige Signalwege verdndert. Proteinkinase A (PKA) wird durch cAMP aktiviert und
aktiviert wiederum C-terminal Src kinase (Csk). Diese inhibiert die lymphocyte-specific protein

tyrosine kinase (Lck) durch Phosphorylierung. Unsere Daten zeigen, dass OR10H1 die Balance
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zwischen G-Protein alpha I (Gar) und G-Protein alpha S/olfactory (Gasior) in den Tumorzellen
dndert. Dies fithrt zur Produktion von cAMP und dessen Transport in die T Zelle sowie

schlussendlich zur Inhibierung von Lck.

Zusammenfassend haben wir eine Technologieplattform entwickelt um systematisch Immun-
Checkpoints ermitteln zu konnen. Unser neuer Antigen-spezifischer Ansatz fithrte zur
Identifizierung von OR10H1 und dem damit assoziierten Olfaktorischen Signalweg als ein
Inhibitionsmechanismus gegen T-Zell-Antworten. Dies geschieht durch die Aktivierung

cAMP-abhingiger Signalwege innerhalb der TILs.
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1 Introduction

1.1  Cancer

Cancer is a generic term covering a group of more than two hundred diseases sharing the
characteristics of malignant cell transformation, unregulated tumor growth and spreading to
other parts of the body [1]. Tumor and metastasis growth impairs the normal functions of
healthy organs and thus endangers the survival of the patient. The “world cancer report 2014”
(WHO) estimated around 14 million new cases and 8 million cancer-related deaths worldwide
in 2012 [2]. In 2016, skin cancer was the most diagnosed cancer type in the United States.
Malignant Melanoma, a skin cancer type developing from melanocytes, only accounts for
approximately 76,000 new cases a year but caused 10,100 deaths in 2016 (United States) [3]. In
the year 2000, Douglas Hanahan and Robert Weinberg defined the development of tumors
(tumorigenesis) as a multistep process [4]. This process is summarized by six “hallmarks of

»
cancer

I.  Tumor cells grow self-sufficient by providing their own growth signals.
II.  Tumor cells become insensitive to anti-growth signals.
II.  Tumor cells gain the ability to invade local and distant sites (metastasis).
IV.  Tumor cells gain limitless replicative potential.
V. The growth of blood vessels into the tumor is stimulated in order to extend access to
nutrients (angiogenesis).

VI.  Tumor cells develop mechanisms to evade programmed cell death (apoptosis).

These features characterized the malignantly transformed cells as an inert tumor mass
overpowering the surrounding healthy cells. Decades of research proved that tumor cells are
not inert but interact with, recruit, inhibit or activate a plethora of non-tumor cells inside the
so called tumor microenvironment (TME) [5]. Therefore, new hallmarks and characteristics of

cancer, associated with the TME were postulated in 2011 [6]:

VII.  Tumor cells deregulate cellular energetic circuits.
VIII.  Genomic instability and mutability drive tumor progression.
IX.  Chronic inflammation inside the TME is tumor-promoting.

X.  Tumor cells and the associated TME prevent the destruction by the immune system.
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Researchers are trying to better understand these hallmarks in order to develop therapies
against different types of cancer. Studying the way tumors escape recognition by the immune
systems is providing us with a basis for establishing promising approaches to improve cancer
immunotherapy. Therefore, the present thesis will focus on the mechanisms employed by
tumor cells in order to avoid eradication by the adaptive immune system. Chronic
inflammation in the TME is an important factor inducing dysfunctional states of immune

effector cells (see paragraph 1.4) and needs to be considered.
1.2 Antitumor immunity

Immunosurveillance - a theory developed by Burnet and Thomas — describes the capabilities of
an immune system to recognize and destroy transformed cells in early stages of tumor
development [7]. It was shown that the innate as well as the adapted branch of the immune
system play a key role in the surveillance of tumor growth. The presence and frequency of tumor
antigen-specific T cells in cancer patients is widely used as a predictive biomarker for enhanced
patient survival [8-10]. T cell-based biomarkers work particularly well in patients with
melanoma and colorectal cancer. Another factor determining patient survival is the ratio of
CD8" to regulatory T cells (Treg) in the tumor [11]. The induction of an antitumor immunity
reaction by the immune system is a complex process described by the “cancer-immunity circle”

(Figure 1):

1) In order to host an effective immune response against cancer, tumor cells have to be
distinguished from healthy cells by their antigens. These tumor-associated antigens
(TAAs) can be derived from: a) genes overexpressed in tumors, b) products of genes
silent in normal tissue, but expressed during development, c) products of tissue (cell
lineage) specific gene expression, or d) genes expressed in germ cells (testis-specific)
[12]. Recently, it has been shown that mutated tumor-associated antigens trigger a
stronger immune response compared to non-mutated antigens [13, 14]. TAAs are
released by cell death and can be subsequently taken up, processed and presented by
antigen-presenting cells (APC). Some chemotherapeutic or radiation therapies can
support this process by inducing immunogenic cell death [15].

2) Dendritic cells (DCs) which take up these TAAs and get additionally stimulated by
proinflammatory cytokines or receptor/ligand interactions (e.g., TNF (tumor necrosis

factor), IFN-a (interferon-a), DAMP (damage-associated molecular pattern molecules)
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3)

4)

5)

6)

7)

released by dying tumor cells, CD40/CD40L interactions) undergo maturation.
Matured DCs present tumor-derived antigens on their MHC-I or MHC-II complexes.
Mature DCs present MHC-bound peptides, in the context of suitable costimulatory
signals to naive T cells in lymph nodes and thus activate tumor antigen-specific T cells
mediated immune response against TAAs.

After priming in the lymph nodes, CD8"* cytotoxic T cells move to the tumor tissue. This
movement is governed by chemotaxis (interaction of chemokines and the according
chemokine receptors). For example , the chemokines CXCL9 and 10 attract effector T
cells to tumors by binding to CXCR3 (reviewed by Franciszkiewicz et al.) [16].
Endothelial cells have to express adhesion molecules like LFA1, ICAM1 and selectines
in order for T cells to cross the endothelial barrier after reaching the tumor tissue. The
expression of these adhesion molecules is driven by inflammation inside the tumor
tissue.

Inside the tumor microenvironment, effector T cells have to recognize and bind their
specific TAA presented by MHC-I (for CD8*) on the tumor cell surface.

The recognition and binding of the MHC-antigen complex induces the activation of the
TCR signaling pathway in cytotoxic T cells and results in the secretion of effector
cytokines (e.g., IFN-y, or IL-2 (interleukin-2)) and cytolytic vesicles which contain
granzyme B and perforin. These effector mechanisms lead to the lysis of tumor cells (see
1.4.1) and the subsequent secretion of TAAs restarting another cycle of the “cancer-
immunity cycle”. The dysfunctional activation and signaling of cytotoxic CD8" T cells

(in the tumor microenvironment) is described in the following section.
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Figure 1: The seven steps of the cancer-immunity cycle involved in the generation of an antigen-specific antitumor
immune response. Modified from Chen et al, 2013 [17].

1.3 Cancer immunoediting: Tumor growth despite an antitumor response

The first clinical studies using transfer of autologous tumor-reactive T cells failed although
these cells could detect and kill tumor cells, setting back immunotherapy for decades [18]. It
became clear that tumors oppose the process of immunosurveillance by inducing an escape
from immune-mediated destruction (immune evasion). This process — from immune-mediated
elimination through an equilibrium and finally to tumor evasion - is called cancer

immunoediting [19]. Immunoediting is fueled by the selection pressure of the immune system.
1.3.1 Elimination (immunosurveillance)

In the elimination phase, abnormal cells are recognized and eliminated by the immune system

(see section 1.2).
1.3.2 Equilibrium

In this phase, tumor cells are in a long-lasting state of immune system-induced dormancy
(reviewed by Mittal et al.) [20]. Some tumor cells undergo genetic or epigenetic changes due to
constant selection pressure by the immune system, leading to the first development of immune-
resistant tumor cell variants. In the equilibrium phase, elimination of tumor cells and growth

of “immune-altered” tumor cell variants are in balance.
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1.3.3 Escape

Elimination by the immune system exerts selection pressure on the tumor cells which begin to
adopt accordingly. This selection pressure leads to a growth advantage of tumor cells which
show immune cell interaction-related abnormalities. For example, cells can lose the ability to
present antigens on their MHC complexes (e.g., abrogation of MHC complex formation or
defects in the antigen processing machinery) or the tumor loses its antigenicity by immune-
selection of cancer cells lacking or mutating the respective immunogenic TAA (reviewed by
Beatty and Gladney) [21]. Ultimately, the accumulation of “immune-altered” tumor cell
variants renders the tumor and its microenvironment resistant to the immune systems attack.

The tumor can grow uncontrolled and manifests as a clinically apparent disease.
These mechanisms of immune evasion are explained in more detail in section 1.5.

1.4 Subsets, dysfunction, and transcriptional regulation of CD8* tumor-infiltrating

lymphocytes

Cytotoxic CD8* tumor-infiltrating lymphocytes (TIL) are an important sub fraction of the
lymphocytes found in the tumor microenvironment. CD8" TILs exert an anti-tumor effect by
recognition of TAAs on tumor cells and subsequent killing of the transformed cells [22-24]. As
mentioned before, the frequency of CD8" TCs inside the tumor correlated strongly with the
survival of patients with melanoma, colorectal, lung and breast cancer [8-10, 25, 26]. The CD8*
TIL population contains at least six different T cell fates (effector, central and effector memory,
exhausted, anergic and senescent T cells) defined by surface markers, transcriptional regulation

and effector phenotype (reviewed by Reiser and Banerjee) [27].
1.4.1 Effector CD8* TILs

Naive CD8" T cells undergo differentiation into effector CD8* T cells upon TCR engagement
with the according MHC-I-antigen complex and sufficient costimulation from antigen-
presenting cells. In cancer, naive T cells can be activated and differentiated either in tumor-
draining lymph nodes or directly in the tumor by tissue-resident APCs or tumor cells [28, 29].
Effector CD8* TILs are characterized by their strong dependency on IL-2 and their high
cytotoxicity as well as secretion of IFN-y, TNF, perforin, and granzyme B after activation [30-

32]. There are three main pathways used by cytotoxic T cells to kill target cells (Figure 2,
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reviewed by Andersen et al.) [33]. The first pathway does not involve direct cell-cell contact but
is mediated by effector cytokines secreted by T cells (e.g., IFN-y and TNF). Tumor necrosis
factor (TNF) binds to its receptors TNFR1 and 2 and triggers a caspase cascade resulting in cell
apoptosis. Recent findings in our lab suggest that this pathway can be altered by tumor cells,
resulting in favoring of cell proliferation over cell death (Sorrentino et al., submitted).
Interferon-y (IFN-y) induces the expression of MHC-I complexes and sensitizes the target cells
towards Fas-mediated lysis. The second death-induction pathway depends on the interaction
of Fas ligand (FasL) on the CD8" T cell and the death receptor Fas on the target cell. FasL
binding to Fas — a member of the tumor necrosis factor receptor family - induces the classical
caspase cascade leading to apoptosis. The third pathway utilizes perforin and granzymes stored
in cytoplasmic granules. Upon TCR-engagement, those granules are released into the
immunological synapse. Killing of target cells by perforin and granzyme B includes the
formation of pores (by perforin) and the delivery of granzyme B to the target cell cytosol. The
exact modus operandi is being discussed but might involve the entrance of granzyme B through

the perforin pore or a process called “endosomolysis” [34].
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Figure 2: Three pathways of CTL-induced target cell apoptosis. CD8" T cells can induce apoptosis in target cells by cell-cell
interaction dependent (B and C) and independent (A) pathways. A. Secreted factors TNF and IFN-y induce apoptosis in target
cells or sensitize them towards other modes of killing. B. Ligand binding to death receptors induce apoptosis. C. Perforin and
granzyme B are released in the immunological synapse and induce apoptosis in target cells. Derived from Andersen et al., 2006
[33].

The fate of effector CD8" T cells depends on the duration of the inflammation process. During
a “normal” acute infection - after the antigen is cleared - 90-95% of CD8" effector cells undergo
apoptosis mediated by the ratio of survival vs. apoptotic factors and a subset of memory CD8*
T cells remains [35-37]. However, in a state of chronic inflammation the antigen is not cleared

and CD8" TILs become dysfunctional (Figure 3A).
142 Memory CD8* T cells

There are two memory T cell subpopulations (reviewed by Obar and Lefrangois) [38] defined
by the differential expression of CD62L and CCR7. Central memory T cells (Tcum) express both

10



Introduction

markers whereas effector memory cells (Tem) lack both. As implied by their name, Tgym are

capable of immediate cytotoxicity and IFN-y production upon reoccurrence of their antigen

[39, 40]. Tcm produce high levels of IL-2 and can home to secondary lymphoid tissues [40]. Tcu

are thought to be early differentiated progenitors which pose stem cell features (self-renewal,

generate more differentiated progeny) driven by the interleukins 7 and 15 [41]. As mentioned,

in a state of chronic inflammation the constant exposure to antigen, negative costimulation and

immunomodulation corrupt the generation of memory CD8" T cell fates.
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Figure 3: Dysfunctional CD8" function and transcriptional regulation during chronic inflammation. A. Chronic

inflammation and chronic exposure to antigen lead to the onset of dysfunctional CD8" (memory) phenotypes. T cells can

become anergic, senescent or exhausted. B. T cells become exhausted in a hierarchical manner. Modified from Reiser et al.,

2016 and Wherry, 2011 [27, 42].
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1.4.2.1 Exhaustion

Exhaustion describes a state of T cell dysfunction induced by chronic inflammation and
characterized by poor effector function, expression of inhibitory receptors, altered transcription
and metabolic derangements (reviewed in [42, 43]). The onset of exhaustion in persistent T
cells during chronic inflammation occurs in different steps (Figure 3B). In chronic viral
infections CD8" T cells first lose their ability to kill target cells and produce IL-2, followed by
impaired TNF production. Finally, the production of IFN-y by CD8* TCs is strongly impaired
and a majority of cells undergoes apoptosis [44]. CD8" TCs exhaustion was mainly described
in the context of chronic infections but similar observations were made in cancer [42, 45]. The
development of exhaustion is accompanied by an increased expression of several receptors
mediating inhibitory signaling [46]. Inhibitory receptors as programmed cell death protein 1
(PD-1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or mucin-domain containing-
3 (TIM-3) play a major role in CD8" T cell dysfunction as well as tumor immune escape and
will be discussed in paragraph 1.5.3 and 1.5.4. Interestingly, the co-expression of PD-1 and
TIM-3 define CD8" TILs with a particular high level of exhaustion [47]. These changes in
function and cell surface receptor expression hint towards underlying alterations in the
transcriptional profile of exhausted CD8* T cells. Antigen-specific CD8" T cells in chronic
infections show altered expression of stimulatory, inhibitory and cytokine receptors,
transcription factors, signaling molecules and genes involved in metabolism [48]. Such an
exhaustion-associated molecular pattern is reported in MART-1-specific T cells from
melanoma as well [49]. The two transcription factors T-box transcription factor (T-bet) and
eomesodermin (EOMOES) are important in exhausted CD8* T cells. In the pool of exhausted
CD8* T cells reduced T-bet expression limits their renewal capacity, whereas high expression
of EOMOES controls the formation of terminally differentiated T cells [50]. Furthermore, in
exhausted CD8" T cells, impaired calcium signaling leads to aberrant activation of nuclear
factor of activated T-cells (NFAT) similar to that in anergic CD8" T cells. This NFAT-
dependent induction of exhausted gene expression pattern is not depending on (and might be
opposite to) NFAT cooperation with activator protein 1 (AP-1) [51, 52]. Interestingly, members
of the early growth response protein (EGR) family are induced by NFAT in anergic and
exhausted CD8*" T cells. Other transcription factors important for exhaustion in CD8" cells
include BLIMP1 (B-lymphocyte-induced maturation protein 1 [53]), BATF (basic leucine
zipper transcription factor, ATF-like [54]), FOXO1 (forkhead box protein O1 [55]) and FOXP1

12
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(forkhead box protein P1 [56]). The state of exhaustion is not only regulated by transcriptional
but also by epigenetic changes (reviewed by Wherry and Karachi) [43]. A lot of research is
dedicated to reverse CD8* TIL exhaustion inside the tumor microenvironment (reviewed by

Zarour [57]).
1.4.2.2 Anergy

Anergy is another dysfunctional fate of CD8" T cells inside the tumor. Anergy describes the
incomplete activation of T cells or TCR activation in an environment lacking costimulation or
high in coinhibition resulting in abrogated proliferative and effector functions [58]. Anergy
occurs in early stages of tumor progression — driven by activation of CD8" T cells combined
with strong coinhibitory signaling — whereas exhaustion is induced during cancer-mediated
chronical inflammation over time [27]. Several transcription factors drive the transcriptional
profile of anergy. As mentioned before, this profile overlaps in part with exhaustion. Strong
antigen-dependent activation of TCR signaling in the absence of costimulatory signaling (or in
the presence of strong coinhibitory signaling) leads to impaired calcium signaling without PKC,
Ras/MAPK or PI3K/Akt activation (reviewed by Valdor and Macian) [59]. Thus, NFAT forms
homodimers instead of heterodimers together with AP-1 and induces the expression of anergy-
related genes while downregulating the expression of effector cytokines [52]. Srinivasan et al.
found that the suboptimal calcium signaling in anergic CD8" T cells induces activation of

NFAT?2 instead of NFAT1 suggesting an isoform-specific process [60].
1.4.2.3 Senescence

Senescent CD8" T cells are defined by the expression of senescence markers (e.g., CD57), the
loss of CD28 expression, and permanent cell-cycle arrest. Furthermore, chronic infections
(antigen-dependent) accelerate T cell immunosenescence [61, 62]. CD27/CD28-negative CD8*
TILs can be found in several tumor entities and show an immune suppressive phenotype [63,

64].

In summary, several mechanisms can lead to a dysfunctional CD8" T cell fate. In individuals
without cancer, exhaustion, anergy, or senescence prevent the induction of autoimmunity while
allowing the containment of chronical infections. But tumors use these natural occurring

processes — driven by immune selection - to prevent antitumor immunity. Therefore, therapies
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which prevent or reverse exhaustion, anergy, or senescence are of major importance for

antitumor immunotherapy.
1.5 Mechanisms of immune evasion

As mentioned, periphery immune tolerance is an important factor to prevent the onset of
autoimmunity mediated by self-reactive T cells. But in a context of cancer, those mechanisms
are perverted by the tumors to evade eradication by the immune system. The different
mechanisms of immune inhibition by tumors will be grouped into tumor cell intrinsic

mechanisms, inhibitory tumor microenvironment, and immune checkpoints.
1.5.1  Tumor cell intrinsicimmune escape mechanisms

Tumor cells employ several mechanisms to hide from immune cells or to prevent T cell-

mediated cell death.
1.5.1.1 Loss of antigenicity

As mentioned before, tumors express tumor-associated antigens which can trigger an immune
response. The expression of TAAs in the tumor is heterogeneous and can be selected for by
immune destruction. In melanoma, the expression of MART1 and gp100 - both strong TAAs
— decreases in line with disease progression [65, 66]. Therefore, tumor cells with less
antigenicity become the predominant cell population inside the tumor mass evading
destruction. Not only the antigen expression itself but also the expression of HLA class I
complex and the antigen presenting machinery can be altered. For example, decreased or absent
HLA class I expression is observed in many tumors [67, 68]. Furthermore, a loss of
heterozygosity of B,-microglobulin was reported [69]. Interestingly, this phenomenon also
occurs in patients with a partial response after T cell-based immunotherapy [70]. Other parts
of the antigen-presentation pathway that are downregulated in cancer include the proteasome

subunits LMP-2 and 7, and the peptide transporters TAP-1 and 2 [71-73].
1.5.1.2 Resistance to T cell induced apoptosis

Apoptosis inside tumor cells can be induced via death receptors (extrinsic) or via changes in
mitochondria (intrinsic). Unsurprisingly, both pathways can be altered in tumors [74]. Binding

of tumor necrosis factor family members Fas ligand (FasL or CD95L) or TNF-related apoptosis-
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inducing ligand (TRAIL) - both expressed by cytotoxic T cells - to their receptors Fas (CD95)
or death receptor 4/5 (DR4/5) on tumor cells induces apoptosis via the death inducing signaling
complex (DISC) [75, 76]. Furthermore, soluble TNF (e.g., secreted by T cells) can bind to
Tumor necrosis factor receptor 1 (ITNFR1) and trigger downstream signaling leading to
apoptosis [77]. It is noteworthy that TNF-induced signaling can trigger several cellular
programs including apoptosis and cell survival (reviewed by Wayant et al.) [78]. The
mitochondrial pathway is activated by the disintegration of the mitochondrial membrane and
the subsequent release of pro apoptotic factors cytochrome C, Smac (second mitochondria-
derived activator of caspase) or HtrA2 (Omi/high temperature requirement protein A). This
leads to the activation of caspase-3 [79]. There are several mechanisms utilized by the tumors
to abrogate both the extrinsic and intrinsic apoptosis. Expression of Fas was found to be reduced
in several cancers [80-82]. As expected, adoptive immunotherapy with cytotoxic CD8* T cells
selects for Fas-resistant tumor variants [83]. Downregulation of TRAIL-associated receptors
occurs in tumors as well [84, 85]. Other nodes of extrinsic apoptotic signaling which are altered
in tumors include the expression of decoy receptors, upregulation of anti-apoptotic factors (e.g.,
cFLIP) and inactivation of caspase-8 (reviewed by Fulda) [74]. Intrinsic apoptosis can be

inhibited by upregulation of Bcl-2, inactivation of Bax or BH3-only proteins or loss of Apaf-1.
1.5.2 Inhibitory tumor microenvironment

The tumor microenvironment not only supports tumor growth but also prevents sufficient

antitumor immune responses utilizing several factors.
1.5.2.1 Immune-suppressive soluble factors

Tumor cells or the surrounding stroma cells can secrete several immune-suppressive factors
(e.g., cytokines and growth factors) impairing a successful antitumor immune response. These

factors are summarized in Table 1.
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Table 1: Immune-suppressive soluble factors in the tumor microenvironment

Soluble factor Type Immune-suppressive function
Transforming growth Growth factor Induction of T cell exhaustion [86, 87] and
factor B (TGF-pB) oW facto differentiation into Treg [88].
Induction of Treg [89] and impairment of
. . dendritic cell function [90]. Induces the
Interleukin 10 (IL-10) Cytokine expression of PD-L1 on DCs inducing T cell
exhaustion [91].
Inhibition of T cell proliferation [92], induction
. . . of T cell apoptosis [93], inhibition of cytokine
Lapsicsiees Seepl s ipies production [94] and, inhibition of granule
trafficking in CD8* TCs [95].
Inhibits natural killer cells, reduces DC ability to
Prostaglandin E2 . present antigen to T cells, impairs T cell
(PGE,) Prostaglandin function and, induces accumulation and

function of immune-suppressive cells [96].

1.5.2.2 Immune-suppressive cell populations inside the tumor microenvironment

As mentioned, the tumor microenvironment contains a plethora of cells possessing anti- or
pro-tumor capabilities. Tumors can skew this balance by inducing or deploying cell populations
that promote tumor progression and inhibit antitumor immune responses by supporting
anergy, exhaustion and suppression in immune cells. Among others, these immune suppressive
cells include myeloid-derived suppressor cells (MDSC), tumor-associated macrophages

(TAM), tolerogenic dendritic cells (tDC), and regulatory T cells (Treg).

e Myeloid-derived suppressor cells are a group of myeloid progenitor and immature
mononuclear cells with a potent immunosuppressive functionality. They are
morphologically divided into monocytic and polymorphonuclear MDSCs. The exact
mechanisms of MDSC expansion and acquisition of suppressive functions inside the
TME is not exactly known but likely involves factors associated with chronic
inflammation (e.g, GM-CSF and proinflammatory cytokines). Besides being
immunosuppressive, MDSCs support tumor growth by remodeling the TME,
establishing a pre-metastatic niche, induction of stemness and facilitation of the

epithelial-to-mesenchymal transition (EMT) [97]. MDSCs inhibit T cells by depletion
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of arginine and cysteine, production of reactive oxygen species (ROS) and peroxynitrite,

induction of Tregs and production of immunosuppressive cytokines [98-101].

Macrophages are mononuclear phagocytic cells being important for the innate immune
system and the induction of adoptive immunity (e.g., presentation of antigens) during
inflammation. Depending on the type of activation, macrophages can either have a pro-
inflammatory (M1) or an anti-inflammatory phenotype (M2). Macrophages belong to
the most abundant non-tumor cells inside the TME. In early stages of cancer these
macrophages have an inflammatory (M1) phenotype. During tumor progression, the
TME influences tumor-associated macrophages and changes their phenotype towards a
more regulatory (M2) phenotype [102]. In such a setting, TAMs can promote tumor
growth and inhibit antitumor immunity. Macrophages can inhibit antigen-specific T
cells by upregulation of inhibitory ligands, secretion of immunosuppressive cytokines,

recruitment of Tregs and depletion of arginine [103].

Dendritic cells are antigen presenting cells crucial for the activation of the adoptive
immune system. They do not only present antigens but also provide co-stimulatory
signals and cytokines for T cell activation and differentiation. Inside the TME, DC
maturation and normal function is inhibited or reversed. Tumor-infiltrating DCs
(TIDC) have an impaired antigen-presenting machinery, express inhibitory ligands,
release PGE,, induce IDO expression and secrete TGF-f and IL-10 [104]. The
combination of impaired antigen presentation and the lack of proper costimulatory

signals leads to anergy in T cells impairing their antitumor function [105, 106].

Regulatory T cells are FoxP3* CD25* CD4" T cells that are important for the control of
the quality and magnitude of adaptive immune responses. Furthermore, they are
important to establish tolerance to self-antigens and prevent autoimmune diseases
[107]. Tregs can control a variety of immune cells including TC, B cells, natural killer
cells (NK), DCs and macrophages using metabolic disruption, cytokines and cell-cell
interactions (Table 2) [108]. A high frequency of Tregs can be found in most solid
tumors (e.g., melanoma) and is correlated with poor patients’ survival [109, 110].
Several factors in the TME either recruit or expand regulatory T cells. Besides their role

in immunosuppression, Tregs are also involved in tumor angiogenesis [111].
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Table 2: Immunosuppressive functions used by regulatory T cells

Mechanism Immunosuppressive function

Cytotoxic T-lymphocyte- CTLA-4 on Tregs outcompetes CD38 on conventional T cells for
associated protein 4 (CTLA-4) binding of CD80/86 on APCs [108] and leads to downregulation of
expression CD80/86 on DCs [112].

Immune suppressive cytokines, which inhibit the function of

IL-10, TGE-f, IL- i
0, TGF-p 35 secretion effector T cells (see paragraph 1.5.2.1) [113].

Tregs induce apoptosis in effector T cells via granzyme B [114],

Cytolysis of effector T cells TRAIL [115] and galectin-1 [116].

CD73 and CD39 hydrolyze ATP to adenosine, which subsequently
binds to the adenosine receptor 2A on effector T cells leading to

Metabolic di ti
ctabolic cisruption suppression [117]. Furthermore, Tregs can transport cAMP to
effector T cells via gap junctions suppressing their function [118].
. Tregs modulate the maturation and function of DCs and thus
Targeting DCs

attenuate effector T cell function [113].

1.5.2.3 Immunosuppressive metabolism in the tumor microenvironment

Metabolic alterations in cancer and stromal cells are needed to support the energy consumption
during tumor growth and progression (see paragraph 1.1). The altered metabolism of cancer

cells can impair T cell function.
1.5.2.3.1 Tryptophan catabolism

Local degradation of tryptophan in the TME results in T cell inhibition via two mechanisms.
The lack of tryptophan in the extracellular environment is sensed by general control
nonderepressible 2 (GCN2) and in combination with mTOR-pathway inhibition mediates
proliferative arrest and anergy in T cells [119]. Furthermore, some catabolites (e.g., kynurenine)
of the tryptophan catabolism induce T cell apoptosis or differentiation into Treg [120]. Three
intracellular enzymes are important in the context of tumor-associated and immune
suppressive tryptophan catabolism. Indoleamine 2,3-dioxygenase 1 (IDO1), IDO2 and
tryptophan 2,3-dioxygenase (TDO) catalyze the initial step of the kynurenine pathway and their

expression in different cancer entities is associated with effector T cell dysfunction [121-123].
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1.5.2.3.2 Extracellular adenosine

Intracellular adenosine is mainly involved in metabolism, whereas extracellular adenosine is
involved in intercellular signaling. A2A adenosine receptor (A2AR) is a GPCR, which is
predominantly expressed on T cells and stimulated by binding of adenosine [124, 125]. Binding
of adenosine to A2AR leads to the production of cAMP in the T cells, which in turn suppresses
TCR-signaling resulting in the inhibition of downstream T cell effector function [126-128].
Extracellular ATP normally serves as a danger signal but in the TME it is degraded to
immunosuppressive adenosine by the combined function of the NTPDase CD39 and the ecto-
5’-nucleotidase CD73 [129-131]. Thus, adenosine levels can reach micromolar concentrations

inside the TME severely dampening the T cell-mediated antitumor response [132, 133].
1.5.3 Immune checkpoints: Inhibitory pathways between tumor and T cells

In the classical “two-signal” concept of T cell activation a first signal is provided by the
interaction of the TCR with the antigen/MHC complex, but proper activation is only achieved
in combination with a second antigen-independent costimulatory signal. Over time many
costimulatory and also coinhibitory signals were found and a “tide” model for T cell activation
established [134, 135]. The overall accumulation of stimulatory and inhibitory signals decides
the fate of T cell activation. This allows T cell activation but also prevents autoimmunity. As
expected, these stimulatory or inhibitory signals do not only prime T cell activation but also
regulate effector T cell function [135]. Therefore, it is not surprising that tumor and other cells
in the TME hijack inhibitory pathways or prevent signaling via activating pathways to induce
anergy, exhaustion and other dysfunctional states in effector immune cells. The following
paragraph will review some of the most important so called “immune checkpoint” pathways
(inhibitory signals) employed by tumors to avoid destruction by the immune system (focusing

on T cells).
1.5.3.1 The PD-L1/PD-1 axis: The immune checkpoint prototype

In the 90° both the receptor programmed cell death 1 (PD-1 or CD279) and its ligand
programmed death ligand 1 (PD-L1 or B7-H1) were discovered. Soon after, it was shown that
the interaction of PD-L1 with PD-1 inhibits T cell function [136-138]. PD-1 - a member of the
CD28 coreceptor family - functions as an inhibitory receptor on immune cells and its

expression is induced after TCR-mediated activation of NFAT [139]. Interestingly, during
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cancer progression and chronic virus infections the PD-1 locus is demethylated in exhausted
CD8" T cells allowing for fast re-expression [140, 141]. As a result of its interaction with PD-
L1, PD-1 is crosslinked to the TCR complex during antigen recognition (Figure 4). There, PD-
1 becomes phosphorylated at the immunoreceptor tyrosine-based switch motif (ITSM) which
subsequently recruits the tyrosine phosphatase SHP2 (tyrosine-protein phosphatase non-
receptor type 11). SHP2 dephosphorylates proximal TCR-associated kinases (e.g., ZAP70) and
thus abrogates or skews TCR signaling [142-144]. Other pathways in T cells targeted by PD-1
include PI3K/Akt and Ras/MEK/Erk signaling [145]. Overall, PD-1 mediated signaling inhibits
T cell function and plays an important role in T cell exhaustion during chronic inflammation
[146]. Notably, this state of exhaustion can be reversed by transient blockade of PD-1-PD-L1

interactions during chronic inflammation [147].

Signal 1 Signal 2 Signal 3 (PD-L2)
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Figure 4: Inhibition of TCR signaling by PD-1 and SHP2. TCR activation induces NFAT-mediated expression of PD-1.
Additional factors (e.g., IFN-a) induce prolonged transcription. When bound by PD-L1, PD-1 recruits SHP2, which
dephosphorylates kinases (e.g., ZAP70) and abrogates TCR signaling. Modified from Okazaki et al. 2013 [146].

PD-1 ligands PD-L1 and PD-L2 (B7-DC) are constitutively expressed on APCs and can be
induced in epithelial cells during inflammation [148]. Tumors misuse this potent inhibitory
pathway in order to avoid destruction by immune cells. PD-L1 is overexpressed in different
cancer types including melanoma, multiple myeloma, pancreatic, lung and gastric cancer and

it is associated with a poor survival prognosis [149-151]. Several tumor-intrinsic pathways aid
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PD-L1 expression but it is also driven by IFN-y in the TME [152, 153]. For example, TILs secrete
IFN-y upon antigen recognition inducing the upregulation of PD-L1 on tumor cells thus
serving as a negative feedback loop (Figure 5A). Signaling via the PD-L1/PD-1 axis in tumors

can induce T cell exhaustion, anergy and Treg formation and suppress DC function

.
(Figure 5B).
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Figure 5: The PD-L1/PD-1 axis in the tumor microenvironment. A. Tumor cells express PD-L1 in a feedback loop induced
by TIL-secreted IFN-y upon antigen recognition. B. Signaling via PD-L1 induces anergy, exhaustion and apoptosis in TILs.
Furthermore, it can induce Tregs and suppress DC function. Modified from Chen et al., 2015.

15.3.2 (TLA-4

As mentioned, functional T cell activation requires costimulatory signals. CD28 binding to its
ligands B7-1 (CD80) or B7-2 (CD86) on APCs induces T cell survival and differentiation.
Cytotoxic T lymphocyte antigen 4 (CTLA-4) - a CD28 homolog - has a higher binding affinity
to B7 and prevents proper T cell activation [154]. Surprisingly, it is still being debated if CTLA-
4 possesses the ability to transport an inhibitory signal into the T cell or whether its inhibitory
potential is due to ligand competition. Most likely CTLA-4 facilitates its function by reducing
the access of CD28 to their shared ligands thus depriving the T cell of the costimulatory signal
[155]. Figure 6 shows different ways in which CTLA-4 can outcompete CD28 and thus prevent

proper T cell activation.
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Figure 6: CTLA-4/CD28 ligand competition. CTLA-4 can inhibit T cell activation by competing with CD28 in three different
ways. A. Tconv intrinsic competition. B. Competition of CTLA-4 (on Treg) vs. CD28 on Tconv. C. CTLA-4-mediated removal
of CD80/86 on APCs. Modified from Walker and Sansom, 2015.

It was shown that blocking the interactions of CTLA-4 resulted in the rejection of tumors
indicating an important role for CTLA-4 in tumor-mediated T cell inhibition [156].
Furthermore, CTLA-4 is crucial for the inhibitory function of regulatory T cells. Treg-restricted
CTLA-4 can either block the binding of Tconv CD28 to CD80/CD86 or remove these from the
surface of APCs [155].
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1.5.3.3 RCAS-1

Receptor-binding cancer antigen expressed on Siso cells (RCAS1 or EBAGY) is a type II
membrane protein expressed in several tumor entities including skin cancer [157]. RCAS1

induces apoptosis in immune cells via a putative receptor [158].
1.5.3.4 CEACAM1/6

Carcinoembryonic antigen-related cell adhesion molecule-1 and -6 (CEACAM1/6) belong to a
family of surface glycoproteins. In melanoma, CEACAM1 was found to inhibit melanoma-
specific T-cell responses [159]. Recently, our laboratory found that CEACAMSG6 expression on
multiple myeloma cells inhibited cytotoxic T cell activation [160]. Blockade or knockdown of
CEACAMSG6 on multiple myeloma cells restored T cell activity. It is hypothesized that both
molecules inhibit T cell function through homophilic or heterophilic interactions with
CEACAMI1 which is expressed on T cells. There, CEACAMI1 could recruit SHP1 and

subsequently abrogate TCR signaling [161].
1.5.3.5 Galectin-3

Galectin-3 is a glycan-binding protein which is expressed in multiple tumor types [162].
Amongst other members of the galectin family, galectin-3 is associated with melanoma growth
and metastasis as well as tumor-reactive T cell inhibition [163, 164]. Galectin-3 has several
effects on T cells. Galectin-3 induces T cell apoptosis by binding to CD45 and CD71 [165].
Galectin-3 can directly interact with the TCR and thus alter TCR-mediated signaling.

Furthermore, galectin-3 alters T cell adhesion and activation [166].
1.5.3.6 Additional members of the B7-CD28 immune checkpoint family

After the discovery of PD-L1 (B7-H1) and CTLA-4 a lot of attention was given to other
members of the B7-CD28 family. B7 homolog 3 protein (B7-H3) was discovered in 2001 [167].
Interestingly, B7-H3 has co-stimulatory as well as co-inhibitory effects. Although it has been
reported that B7-H3 might play an important role in the secretion/production of IFN-y during
T cell activation [167] and it has been shown to activate cytotoxic T lymphocytes [168], it mainly
causes inhibition of T cell proliferation and cytokine secretion [169]. The inhibitory effect of
B7-H3 is mediated by an unidentified receptor and is based on alteration of NFAT, NFkB and

AP-1 signaling in T cells [168]. B7-H3 expression is associated with disease progression in
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melanoma [170], NSCLC [171] and breast cancer[172]. B7x (B7-H4) is another member of the
immunoglobulin B7 family. B7x interacts with an unknown receptor on activated T cells [173]
and decreases T cell proliferation by decreasing IL-2 [174] and by induction of cell cycle arrest
[175]. B7x is expressed in many different human tumors [176]. A recently discovered member
of the B7 family with a co-inhibitory function towards T cells is human endogenous retrovirus-
H long terminal repeat-associating protein 2 (HHLA2 or B7-H5). A HHLA2 immunoglobulin
fusion protein (HHLA2-Ig) decreases the production of several cytokines when incubated with

T cells [177].
1.5.4 Inhibitory receptors on T cells

Many immune checkpoint axes exert their inhibitory function via receptors expressed on T
cells. For example, PD-L1 binding to the inhibitory receptor PD-1 triggers inhibition of TCR
signaling. TIM-3 and LAG-3 are markers of exhaustion in T cells and function as inhibitory
receptors on activated T cells. TIM-3 is induced on IFN-y-secreting CD4* and CD8* T cells
under the control of the transcription factor T-bet [178]. It has been shown that crosslinking of
TIM-3 by galectin-9 induces its inhibitory function in T cells [179]. Recently, it was also
reported that TIM-3-mediated T cell exhaustion is facilitated by cis or trans CEACAM1 [180].
LAG-3 - expressed on CD4* and CD8" T cells - is structurally related to CD4 and binds the
MHC-II complex with higher affinity. For CD4" T cells a competition with CD4 could explain
the inhibitory function of LAG-3 [181]. In CD8" T cells, LAG-3 might be involved in galectin-
3-mediated suppression [182]. Additional inhibitory receptors with a cancer-related inhibitory
function in CD8" T cells include T cell immunoreceptor, with Ig and ITIM domains (TIGIT)
and CD96 (reviewed by Dougall et al. [183]). For many inhibitory ligands, the respective

receptors remain unknown.
1.6 Cancer immunotherapy

The discovery that tumors can be recognized and destroyed by the immune system sparked the
development of many different approaches to anti-cancer immunotherapy. Unfortunately,
many of the approaches failed to induce durable responses in cancer patients [184]. Recent
success of immune checkpoint blockade woke immunotherapy from its winter sleep and offers

clinical benefit to millions of cancer patients.
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1.6.1 Cancer vaccines

Vaccination against cancer was one of the first immunotherapy approaches. In the 1970s,
autologous tumor cell vaccination was introduced. Tumor cells were dissected, irradiated and
injected back together with immune-stimulatory adjuvants [185, 186]. Other approaches use
autologous tumor cell vaccines transduced with GM-CSF (GVAX). This vaccination approach
induces the presentation of antigens by DCs and the priming of CD8" T cells. Furthermore,
GVAX stimulates the maturation of DCs [187]. Although GVAX showed positive effects in
some clinical studies, it failed to show efficacy in a Phase III clinical trial [188]. Injection of
allogenic whole tumor vaccines (Canvaxi) significantly improved overall survival in melanoma
patients (Phase II trial) but failed in randomized Phase III trials [189]. Other cell-based
vaccination approaches use dendritic cells which are loaded with antigens ex vivo and treated
with adjuvants before reinjection into the individual. The first DC-based vaccine that was

approved for clinical usage is sipleucet-T for prostate cancer [190].

Other cancer vaccines use tumor-associated antigens as therapeutic targets. Here, vaccination
can either be performed with proteins/peptides, DNA or RNA [184]. So far vaccinations with
TAAs showed limited clinical effect but major improvements in next generation sequencing
methods paved the way for personalized vaccine-based immunotherapy [191]. Whole-genome
sequencing or transcriptome analysis are used to identify mutated antigens which in turn are
used to generate personalized vaccines. In summary, cancer vaccination did not provide major
clinical benefits for patients so far but much effort is being put into the discovery of novel TAA

as well as novel vaccination approaches in order to improve this immunotherapeutic strategy.
1.6.2 Adoptive cell transfer

The group of Steven A. Rosenberg established adoptive cell transfer (ACT) of ex vivo expanded
effector TILs into cancer patients as a promising immunotherapy particularly in melanoma
[192]. This approach has some benefits in regard to overcoming immune tolerance in the TME.
Firstly, TILs are expanded outside of an inhibitory milieu (ex vivo) with cytokines and
metabolites which restore T cell activity [18]. More advanced expansion protocols generate
dramatic increases in expansion rates of TILs [193]. Secondly, most ACT treatments are
combined with lymphodepletion which eliminates immunosuppressive cells (e.g., Treg) inside
the TME [194]. Several clinical trials showed complete responses in some melanoma patients

after adoptive cell therapy with TILs [195, 196]. Unfortunately, melanoma is the only tumor
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entity from which TILs can be easily generated and expanded. Furthermore, only a fraction of

patients develops durable antitumor responses after ATC [197].

Another approach to ACT is based on genetically altered T cells. T cells can either be genetically
engineered to express modified TCRs (specific for TAAs) or protein-fusion-derived chimeric
antigen receptors (CAR). Unresponsive T cells can be modified with TCR sequences of reactive
T cells [198] or their TCR sequence can be modified to strengthen the interaction (avidity) of
the TCR with the target antigen [199]. CARs, on the other hand, are a mixture of antigen-
binding domain of antibodies and TCR signaling, thus combining antibody-like recognition
with TCR-like activation [200]. Of particular interest is the intracellular signaling domain of
these artificial receptors. Usage of the CD3( alone induced anergy [201] whereas combination
with the intracellular signaling domains from co-stimulatory signals (e.g., CD28) result in
superior T cell activation and therefore produce enhanced tumor-regression [202]. A major
benefit of CAR therapies is their independence from HLA-dependent antigen presentation
[203]. Furthermore, CARs can target non-peptide antigens such as carbohydrates and
glycolipids. So far, clinical trials of CAR therapies focus on CD19-positive leukemia showing
high response rates in patients [204]. At this moment, Novartis is awaiting approval from the
U.S. Food and Drug Administration (FDA) for their CAR therapy targeting CD19 based on a

Phase II clinical trial in acute lymphoblastic leukemia [205].
1.6.3 Immune checkpoint blockade

In recent years tremendous clinical success was achieved by blocking inhibitory pathways
between tumor and immune cells. This approach to immunotherapy is revolutionizing decades
of fighting against cancer [206]. Unfortunately, a large group of cancer patients cannot benefit
from these therapies until today. The search for novel immune checkpoints and the application
of combination therapies will be the focus of intensive medical research for the foreseeable
future in order to improve immunotherapy. For many cancers, blockade of the PD-L1/PD-1

axis is the most successful immune checkpoint-related therapy currently in the clinic.

In 2015/16/17 several monoclonal antibodies blocking PD-L1/PD-1 interactions were approved
by the FDA for the treatment of cancer patients. For example, Nivolumab (Bristol-Meyers
Squibb), and Pembrolizumab (Merck) are monoclonal antibodies directed against PD-1 and

Avelumab (Merck), Durvalumab (AstraZeneca), and Atezolizumab (Roche) are monoclonal
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antibodies directed against PD-L1 [207]. Nivolumab shows significant clinical responses in
metastatic melanoma, non-small cell lung cancer (NSCLC), metastatic renal cell carcinoma and
metastatic urothelial carcinoma [208-210]. The objective response rates (ORR) of Nivolumab
are unmatched with 30-40% in melanoma and 15% in progressive NSCLC (after two-year
standard therapy) [211-213]. Pembrolizumab shows comparable results in melanoma, NSCLC
and other solid tumors [214]. Avelumab shows good responses in metastatic Merkel cell
carcinoma [215], Durvalumab in bladder cancer [216] and Atezolizumab in NSCLC [217].
Other immune checkpoint blockades, which are currently tested are directed against - among
others - killer-cell immunoglobulin-like receptor (KIR), CD137 (4-1BB), CD40 and OX40
[218].

As mentioned, the great success of monoclonal antibodies directed against PD-L1/PD-1
benefits only a part of cancer patients. A meta-analysis of 20 studies in melanoma, NSCLC, and
genitourinary cancer showed that only a part of tumors is PD-L1 positive (44% in melanoma,
60% in NSCLC and 34% in genitourinary cancer) [219]. Noteworthy, expression of PD-L1 is
not a useful biomarker for anti-PD-1/PD-L1 therapy, as PD-L1-negative patients can benefit
from the therapy as well. In melanoma patients, 49% of PD-L1-positive and 26.2% of PD-L1-
negative tumors react to an anti-PD-L1/PD-1 therapy. For NSCLC, it is 23.2%/14.5% and
29.1%/21% for genitourinary cancer. Thus, a great number of patients cannot benefit from
immune checkpoint therapy. Other tumor entities do not respond to anti-PD-L1/PD-1 therapy
at all. The great success of immune checkpoint blockade on one hand and the limitations on
the other show the need for novel immune checkpoint targets in order to improve
immunotherapy. As mentioned, there are several other known immune checkpoints and
blocking therapies against them (e.g., CTL-A4, TIM3 and ICOS) are on the market or being
developed [220]. These novel therapies could either be used in tumor entities, in which anti-
PD-L1/PD-1 therapy is not successful or used to dramatically enhance the effect of anti-PD-
L1/PD-1 therapy. As many immune inhibitory pathways do not overlap, combination therapies
promise to potentiate the effect of mono therapy [221]. Several clinical studies for the
combination of immune checkpoint blockades are currently running. The use of both anti-PD-
L1/PD-1 and anti-CTLA-4 antibodies as a combination therapy has great potential as the
tumor-mediated T cell inhibition (PD-L1/PD-1 interaction) is reduced and T cells are directly
activated (blocking CTLA-4) at the same time [222]. Recent studies showed that this

combination dramatically improved the anti-tumor response in melanoma [223, 224]. A
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clinical study (phase 2) in untreated melanoma showed an ORR of 61% in patients treated with
Nivolumab and Ipilimumab (anti-CTLA-4) against 11% in patients treated with Ipilimumab
alone [225]. A complete remission was observed in 22% of the patients from the combinatorial
group, whereas Ipilimumab could not induce complete remission. A follow up study (phase 3)
showed an increased progression free survival (11.5 month) for combination therapy compared
to Nivolumab (6.9 month) or Ipilimumab (2.9 month) alone [224]. In summary, combination
of immune checkpoint blockades increases the therapeutic effects and broadens the group of
patients benefiting from it. A downside is the onset of severe side effects during combination
therapy [225, 226]. More than half of all patients experienced therapy-induced side effects
(category 3-4) in the combination group (Nivolumab and Ipilimumab), compared to only 24%
in the Ipilimumab-treated group. Furthermore, the side effects in 47% of the combination-
treated patients were so severe that the treatment had to be stopped (17% in Ipilimumab only).
Therefore, the development of novel immune checkpoint blockades and their combination with
known ones could improve the treatment of patients that so far do not benefit from mono or
combination therapies and/or could reduce therapy-induced side effects. Particularly, therapy
against tumor-restricted immune checkpoints (e.g., PD-L1) might help to reduce systemic side

effects.
1.7 RNA interference (RNAI) used for gene knockdown

High-throughput screenings used for the discovery of functional pathways use RNA
interference (RNAI) in order to systematically knockdown targets of interest. RNAi is based on
the finding that introduction of double-stranded RNA (dsNRA) into cells can target specific
genes by sequence homology and was found to interfere with the endogenous function of genes
in Caenorhabditis elegans [227]. Over time this so-called RNA interference became an

important tool in functional assays and high-throughput screenings [228].

The RNAi machinery most probably developed as a defense against genomic parasites [229].
Several RNAi pathways are based on 20-30 nucleotide noncoding RNAs that recruit proteins
To the according mRNA and thus control the expression of genes (Figure 7) [230]. Endogenous
micro RNAs (miRNA) and typically exogenous small interfering RNAs (siRNA) induce
pathways converging in the cytoplasm. For siRNAs, the duplex is loaded onto Argonaute and
the passenger strand is removed. The guide strand together with the bound Argonaute form the

RNA-induced silencing complex (RISC). RISC binds to a complementary mRNA target
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sequence which is sliced by Argonaute. For miRNAs, a primary miRNA-hairpin loop is cropped
and processed in the same way as siRNAs. Partial complementarity to the target sequence leads
to steric inhibition of the RNA translational machinery [231]. Short hairpin RNAs (shRNA)
function in a similar fashion as siRNAs but can be stably expressed allowing for the generation

of cells with stable and heritable gene silencing (stable knockdown) [232].

The possibility to generate target-specific siRNAs/shRNAs paved the way for high-throughput
RNAi screenings in different fields of biological research. For high-throughput siRNA
screenings, siRNAs are delivered to cells either by liposomal transfection or electroporation.
This approach induces a transient knockdown of the target mRNA without alterations of the
genome. Short hairpin RNAs on the other hand are randomly introduced into the genome using
viral particles (mainly lentiviral) and mediate transient or stable gene silencing [233]. Both
siRNA- and shRNA-based RNAi screens are being employed to dissect cancer-related pathways

involved in tumor-growth, invasion, metastasis and resistance to treatments [234-236].
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Figure 7: Translational repression mediated by small double-stranded RNA. Exogenous siRNA and endogenous miRNAs
guide the RISC complex to target mRNA sequences inducing translational repression. Synthesized siRNAs targeting specific
genes are used for functional assays and high-throughput screenings. Modified from Wilson and Doudna, 2013.

1.8 High-throughput screenings dissecting tumor-immune interactions

So far, most research done on immune checkpoint was based on the discovery of single genes

or gene families involved in immune escape. Only a few groups tried to dissect general pathways

of tumor-immune interactions systematically. Belluci and colleagues developed a high-

throughput screening to discover genes mediating melanoma resistance towards NK cell-

mediated killing [237]. They transduced melanoma with a lentiviral shRNA library (targeting

around 1000 genes) and measured increases in NK cell activity by IFN-y secretion. Members of
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the Janus kinase family (JAK1 and 2) were revealed to reduce susceptibility to NK-mediated
killing. Follow up research showed that this effect is mediated by an upregulation of PD-L1
[238]. The group of Kai Wucherpfennig established an elegant in vivo discovery platform to
find immunotherapy targets in/on T cells [239]. Murine T cells were transduced with a shRNA
library and injected into tumor-bearing mice. Subsequently, enriched T cell populations were
identified by deep sequencing of the tumor microenvironment. Our group recently utilized an
arrayed siRNA library to transiently knockdown targets in breast cancer [240]. Subsequently,
the impact of a gene knockdown on T cell-mediated tumor lysis was measured. The chemokine
receptor CCR9 was found to impair T cell function in vitro and in vivo. Systematic dissection
of tumor-immune interactions can reveal inhibitory pathways utilized by tumors to avoid
destruction by T cells. Using high-throughput screenings allows to reconstruct the “immune

modulatome” of cancer and aids the generation of novel antitumor immunotherapies.
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2 Aim and objectives of the thesis

The discovery of immune checkpoints and the subsequent development of immune checkpoint
blockade as a form of antitumor immunotherapy is considered a breakthrough of modern
medicine [206]. Blockade of immune checkpoints showed tremendous clinical benefits and the
combination of therapies blocking independent inhibitory pathways synergistically improved
antitumor responses. Unfortunately, a majority of cancer patients do not benefit from these
novel immunotherapies yet. This gives basis for the assumption that only a fraction of all
possible immune checkpoints and their underlying pathways has been discovered. Therefore,
we aimed to establish an unbiased screening approach to identify novel immune checkpoints

in different cancer entities.

We wanted to expand/modify our high-throughput RNAi discovery platform to closely
resemble the patient situation. We focused on melanoma as a cancer entity with high
immunogenic potential as well as strong immune suppression. The screening and subsequent

target validation were performed with patient-derived TILs as well as tumor cultures (Figure 8).
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Figure 8: Scheme of the planned high-throughput RNAi screening to discover novel immune checkpoints in melanoma. A
setup with patient-derived tumor-infiltrating lymphocytes and HLA-matched melanoma cultures was established. Afterwards,
a screening was performed with an arrayed siRNA library targeting as many surface-associated genes as possible. Residual
luciferase intensity served as a measure for tumor cell survival. The screening was performed with (cytotoxicity) or without
(viability) TILs to exclude genes with a general impact on tumor cell survival.
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This project offered an insight into the determinants of tumor-T-cell-interactions in regard to
tumor killing. We hoped to find pathways involved in tumor-mediated inhibition of T cell
function. In order to discover novel immune checkpoints and dissect their mode of action we

planned to:

e Establish a screening system with patient-derived tumor-infiltrating lymphocytes and
HLA-matched melanoma cultures.

e Adopt the high-throughput RNAi screening to the aforementioned setup and screen as
many surface-associated genes as possible.

e Develop a secondary screening platform to streamline the discovery of genes impacting

on TIL function.
e Validate novel immune checkpoints in several cancer entities.
e Validate novel immune checkpoints in a xenograft mouse model.

e Dissect the underlying mechanisms of tumor-mediated inhibition of CD8" TILs.
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3 Materials

3.1 Laboratory equipment

Machine

Company

QuantStudio 3 Real-Time PCR System

Thermo Scientific

Agilent 2100 Bioanalyzer

Agilent Technologies

Bandelin Sonorex Super ultrasonic bath

Sigma-Aldrich

Bolt Mini Gel Tank Life Technologies
Caliper Carl Roth
Casy cell counter Innovatis
CTL ImmunoSpot S5 UV analyzer CTL
Digital caliper gauge Roth
FACS Canto II Flow cytometer BD
Gamma Counter (Cobra Packard) PerkinElmer

Gammacell 1000

Best Theratronics

Spark multimode microplate reader Tecan
Luminex100 Bio-Plex System Bio-Rad
Mithras LB 940 microplate Reader Berthold Technologies
Molecular Imager (ChemiDoc XRS+) Bio-Rad

MultiDrop Combi I

Thermo Scientific

NanoDrop 2000c UV-Vis Spectrophotometer

Peqlab

Owl EasyCast B2 Mini Gel Electrophoresis
Systems

Thermo Scientific
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SimpliAmp thermal cycler

Thermo Scientific

myECL documentation system

Thermo Scientific

XCell SureLock Mini-Cell Electrophoresis

- Life Technologies
IncuCyte ZOOM ESSEN BioScience
ZEISS Observer.Z1
e Plan-Apochromat 100x/1.40 Oil (DIC)
e LCIPlan-Neofluar 63x/1.3 Imm Korr ZEISS
e Fluar 40x/1.30 Oil (DIC)
e Plan-Neofluar 20x/0.50 Ph 2
e XBO 75W/2 or XBO 175W light source
3.2 Stimulation peptides
Peptide Sequence (amino acids) Company
MART-1(26-35, modified) ELAGIGILTV Prolmmune
[241]
gp100 (154-162) KTWGQYWQV Prolmmune
gp100 (209-217) ITDQVPESV ProImmune
CX32 blockade SRPTEKTVFTV Peptide Facility, DKFZ

3.3 Reagents and consumables

Reagent

Company

1 kb DNA ladder (GeneRuler)

Thermo Scientific

AB Serum Valley Biomedical
Agarose Life Technologies
Agar Fluka

35



Materials

Anti-Melanoma (MCSP) MicroBeads, human Miltenyi Biotech

Aqua ad iniectabilia Braun

Assay Diluent BD

ATP Roche

Benzonase Merck

Beta-mercaptoethanol Gibco

Biocoll solution Biochrom

Cell proliferation reagent WST-1 Roche

CellTrace Far Red DDAO-SE Life Technologies

Cholera toxin

Sigma-Aldrich

cOmplete Protease inhibitor cocktail tablets Roche
Conical centrifuge tubes TPP
Cryogenic vials (2 ml) Corning

DharmaFECT1, 2 and 4 transfection reagents

Dharmacon, GE

DMSO Sigma Aldrich
Fura-2-AM Life Technologies
NuPAGE LDS sample buffer Invitrogen
Novex 4-12% Bis-Tris SDS polyacrylamide gels Invitrogen

PageRuler prestained protein ladder

Thermo Scientific

OptiPlate-384

Perkin Elmer

OptiPlate-96

Perkin Elmer

Cell Dissociation Buffer, enzyme-free, PBS

Gibco
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LumaPlates

Perkin Elmer

Matrigel

BD Bioscience

mTurq2A_Epac(CD, ADEP,Q270E)_td®'*Ven
(EPAC_H187; FRET plasmid)

Provided by Kees Jalink; Netherland Cancer
Institute

Puromycin

Gibco

RPMI

Sigma-Aldrich

Ham’s F12

Thermo Scientific

Chemicals for Buffers

Thermo Scientific

Polybrene

Sigma-Aldrich

jetPEI

Thermo Scientific

Lipofectamine LTX

Thermo Scientific

G-Rex cell culture flask

Wilson Wolf
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Kiovig Baxter

3.4 Antibodies

Target Clone Company

Galectin-3 Polyclonal BioLegend

CREB 48H2 Cell Signaling

Polyclonal Cell Signaling

Lck 73A5 Cell Signaling

CX45 Polyclonal Thermo Scientific

Sodium Potassium ATPase EP1845Y
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3.5 Primers

Gene Primer sequence (5’ - 3’)
Forward: AGAAAATCTGGCACCACA
B-actin
Reverse: GGGGTGTTGAAGGTCTCAAA
Forward: ACACGCCCATGTACCTCTTC
OR10H1

Reverse: CCTTCAGCTCCTTGTTCCTG

OR10H1_Qiagen (commercial)

OR10H1 RT? qPCR Primer Assay

Connexin 32 (GJB1)

Forward: CTGCTCTACCCTGGCTATGCCATG

Reverse: CAGGCCGAGCAGCGGTCGCTCTT

CX32_Qiagen (commercial)

GJB1 RT? qPCR Primer Assay

CX43

Forward: TACCATGCGACCAGTGGTGCGCT

Reverse: TGAAGGTCGCTGGTCCACAATGGC

GNAL (Bio-Rad, commercial)

qHsaCID0017338

ADCY3 (Bio-Rad, commercial)

qHsaCID0014764

3.6 shRNA and siRNAs

Name Gene Sequence (RNA) Identifier Company
OR10H1 siRNA 1 26539 GGAGACACCUUGAUGGGCA D-020479-01  Dharmacon
OR10H1 siRNA 2 26539 AGUAAACUCUACCCAGAAA D-020479-02 | Dharmacon
OR10H1 siRNA 3 26539 GCAGAGAGCCAAUCACUCC D-020479-03  Dharmacon
OR10H1 siRNA 4 26539 GGUCGUGCACUAUGGCUUU D-020479-04 | Dharmacon

GJB1 siRNA 1 2705 GAUGAGAAAUCUUCCUUCA D-017887-01 = Dharmacon
GJB1 siRNA 2 2705 AGAAUGAGAUCAACAAGGCU D-017887-03 | Dharmacon

39



Materials

GJB1 siRNA 3 2705 GAGUAUGGCUCUCGGUCAU D-017887-17  Dharmacon
GJB1 siRNA 4 2705 GGACCUAUGUCAUCAGCGU D-017887-18 | Dharmacon
PD-L1 siRNA 29126 pool M-015836-01 = Dharmacon
Galectin-3 pool Dharmacon
CCR9 10803 pool M-005456-01 = Dharmacon
Cell death --- unknown S104381048 Qiagen
Ubiquitin C 7316 pool M-019408-01 = Dharmacon
Negative control 1 --- unknown AM4611 Ambion
Negative control 2 --- unknown 4390846 Ambion
NM_O0 TRCNO0000011 Sigma
OR10H1 shRNA 1 13940 GTTCCTGCTGATGTACCTGTT 786 Aldrich
NM_0 TRCNO0000357 Sigma
OR10H1 shRNA 2 13940 TGCGCTACAACGTGCTCATGA 706 Aldrich
NM_O0 TRCNO0000357 Sigma
OR10H1 shRNA 3 13940 TGGCTTTGCCTCCGTCATTTA 707 Aldrich
NM_0 TRCNO0000357 Sigma
OR10H1 shRNA 4 13940 TCTGCTGAAGGTCGGAACAAG 708 Aldrich
NM_O0 TRCNO0000357 Sigma
ORI0H1 shRNA 5 13940 ACACAAGGAGATCCACCATTT 775 Aldrich
Non-targeting Sigma
Sequence (NTS) O o SHC002V Aldrich
3.7 Assay kits
Kit Company
Agilent RNA 6000 Nano Kit Agilent technologies
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Amersham ECL Prime Western Blotting
Detection Reagent

GE Life Science

Bio-Plex Cell lysis kit

Bio-Rad

Mem-PER Plus Membrane Protein Extraction
Kit

Thermo Scientific

M-PER Plus Membrane Protein Extraction Kit

Thermo Scientific

Bio-Plex Pro Human Cytokine 27-plex Assay

Bio-Rad

IFN-y ELISA kit

BD Bioscience

Multi-Pathway Magnetic Bead 9-Plex - Cell

Signaling Multiplex Assay (without p38) Millipore
T-Cell Receptor Signaling Magnetic Bead Kit Millipore
7-Plex - Cell Signaling Multiplex Assay P

QuantiFast SYBR Green PCR kit Qiagen

Pierce BCA Protein Assay kit

Thermo Scientific

QuantiTect Reverse Transcription Kit

Qiagen

SuperScript IV VILO Master Mix

(reverse transcription)

Thermo Scientific

RNeasy Mini Kit Qiagen
MyTaq HS Red Mix Bioline
Bio-Plex cell lysis kit Bio-Rad

Fixable Yellow Dead Cell Stain Ki

Thermo Scientific

Cell-Titer-Glo Luminescent Cell Viability
Assay kit

Promega
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3.8 Buffers

Buffer Component

Amount?

ddH,O 100 ml
HEPES (50 mM) 5 ml
EDTA (50 mM) 100 pl
BL buffer
Phenylacetic acid (0.33 mM) 33ul
Oxalic acid (0.07 mM) 70 pl
pH Adjustment to 7.6

ELISpot blocking RPMI
solution AB serum

ddH,O 8 ml

Luciferin solution D_luciferin (35.7 mM stock) 01g

Addition of NaOH until color
change
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Luciferase assay lysis
buffer

BL buffer

10% TritonX-100

48.5 ml

1.5 ml

Phosphoplex lysis buffer

SDS-PAGE running
buffer

Western blot transfer
buffer (10x)

Cell lysis buffer
Cell lysis buffer, Factor 1
Cell lysis buffer, Factor 2

PMSF

MES SDS running buffer (20x)

ddH,O

Tris base
Glycine

ddH,O

1 ml
4ul
2ul

4ul

303g
144 g

1L
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Western blot blocking PBS-T 50 ml

solution

Milk powder 25¢g

3.9 Media

Medium Component Volume

DMEM 300 ml
RPMI 100 ml
Complete melanoma medium Ham’s F12 Nutrient Mixture 100 ml
(CMM)
FCS 50 ml
Pen/Strep 5ml
HEPES 5 ml

FCS 1 ml

Tumor thawing medium
DMEM 9ml
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RPMI 500 ml
FCS 50 ml
RPMI medium
Pen/Strep 5 ml
HEPES 5 ml
DMEM 500 ml
FCS 50 ml
DMEM medium
Pen/Strep 5ml
HEPES 5 ml
AB serum 30 ml
TIL freezing medium A
RPMI 20 ml
AB serum 40 ml
TIL freezing medium B
DMSO 10 ml
AB serum 1 ml
TIL thawing medium RPMI 9 ml
Benzonase (250 U/l stock) 2ul
3.10 Mice

Non-obese diabetic (NOD)-severe combined immunedeficient (SCID) Il2rg-/- gamma (NSG)

mice were used in this study. Original mouse strain was obtained from the Jackson Laboratory

(strain name: NOD.Cg-Prkdc II12rg""/Sz]) and were bread in-house at the DKFZ Animal

Facility. Animal experiments were approved by the regulatory authorities (Karlsruhe). Mice

were housed in sterile, individually ventilated cages (IVC). Ethical guidelines were followed

according to the local regulations.
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4 Methods

4.1 Cell culture methods

4.1.1 Tumor cell lines

M579-A2-luc and M579-A2 melanoma cultures, stably transduced with a HLA-A2 and a
luciferase expression construct (HLA-A2 only for M579-A2), were established from melanoma
patients as described before [242]. M579, M412, M209 and M615 melanoma cultures were
kindly provided by Dr. Michal Lotem, Hadassah Hebrew University Medical Center, Jerusalem,
Israel. Melanoma cell lines MaMel 33 and 101 were provided by Prof. Stefan Eichmiiller, DKFZ.
The colorectal cancer cell line SW480, the PDAC cell line PANC-1 and the multiple myeloma
cell line KMM-1 were acquired from the American Type Culture Collection (Wesel, Germany).
All melanoma cultures and cell lines were cultured in CMM and maintained at 37 °C and 8%
CO,. M579-A2-luc were maintained in CMM with 0.6 mg/ml G418 (Gibco, UK) and 0.4 pg/ml
puromycin (Gibco, UK). SW480 and KMM-1 were cultured in RPMI medium and PANC-1 in
DMEM medium at 37 °C and 5% CO..

4.1.2 Generation of stable luciferase transfected M615-luc

M615 were transfected with the pEGFPLuc plasmind (Clontech) using the Lipofectamine LTX
reagent (as described in 4.2.4.2). After 48 h, the medium was replaced with CMM and incubated
for 24 h. Subsequently, the transfected cells were positively selected with 0.6 mg/ml G418. After
they reached sufficient confluency, the cells were sorted for high GFP expression using FACS.
PANC-1-luc cells were generated in the same manner and kindly provided by Dr. Antonio

Sorrentino, DKFZ.
4.1.3 Generation of stable OR10H1 knock-down melanoma cells

M579-A2 cells were transduced with lentiviral particles containing shRNA sequences targeting
ORI10H1 (Sigma-Aldrich). Non-targeting sequence (NTS) coding particles served as a negative
control. Melanoma cells (300,000) were seeded in a 6 well plate overnight. The next day, the
medium was replaced with DMEM medium containing 8 pg/ml polybrene (Sigma-Aldrich).
The correct multiplicity of infection (MOI) for the lentiviral particles was validated using

control GFP lentiviral particles. The optimal MOI found to be 2. 4 hours after culture with
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DMEM and polybrene, the lentiviral particles were added (MOI 2) and the cells were incubated
for 24 h. Afterwards the medium was replaced with CMM. After additional 24 h the cells were
selected using 0.4 pg/ml puromycin. The stable knockdown of OR10H1 was confirmed by RT-
PCR.

4.2 Molecular techniques
42.1 RT-PCR

Gene expression and mRNA knock-down efficacy of siRNAs and shRNAs were measured using
RT-PCR. Tumor cells were harvested and the total RNA was extracted from cell pellets with the
RNeasy Micro kit (Qiagen) according to manufacturer’s protocol. RNA quality and
concentration was analyzed using the RNA 6000 Nano kit (Agilent). RNA (1 pg) was reverse
transcribed to cDNA using the QuantiTect reverse transcription kit (Qiagen) according to
manufacturer’s protocol (including gDNA digestion). For the RT control water was used
instead of template RNA. Gene expression or knock-down was validated using traditional PCR.
100 ng of cDNA was amplified in 25 pl final mix with MyTaq HS Red Mix (Bioline) and the

according primers (see 3.5).

The PCR reaction was started at 95°C for 3 min, followed by 35 cycles of a 3-step process:
denaturation (95°C for 15 s), annealing (60 °C for 15 s) and extension (72°C for 15 s); with the
final step at 72 °C for 7 min using the SimpliAmp thermal cycler (Thermo Scientific). The PCR
products together with a 1 kb DNA ladder (Thermo Scientific) were run on a 1.5% agarose gel
in TAE buffer using a gel electrophoresis system (Thermo Scientific). The DNA bands were

visualized using the myECL documentation system (Thermo Scientific).

For low abundance genes (e.g., olfactory receptors) the above technique was modified as
described previously [243]. Reverse transcription of 2.5 pg RNA was performed using the
SuperScript IV VILO Master Mix kit (Thermo Scientific) as reccommended by manufacturer.
Shortly, the RNA samples were treated with ezDNase for 2 min at 37 °C. Afterwards, the RT
mix together with the ezDNase treated RNA was incubated for 10 min at 25 °C for primer
annealing. The reverse transcription took place at 50 °C for 30 min and subsequently the reverse
transcriptase was inactivated at 85°C for 5 minutes. Controls for genomic DNA contamination
were generated according to manufacturer’s protocol. Traditional PCR was performed with 40

cycles of 95 °C, 60 °C and 72 °C at 45 s each.
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4.2.2 Protein extraction
4.2.2.1 General extraction

Tumor cells were harvested and washed with PBS. Depending on cell numbers (1-5 x10°), cells
were lysed in 30-50 ul M-PER (Mammalian Protein Extraction Reagent, Thermo Scientific)
containing protease inhibitor cocktail for 20 min on ice. Afterwards, the lysates were spun down

(13,000 rpm, 15 min at 4 °C) and the supernatants were either used directly or frozen at -20 °C.
4.2.2.2 Membrane spanning protein extraction

Membrane bound proteins (or cytosolic proteins) were extracted using the Mem-PER Plus
Protein Extraction kit (Thermo Scientific) according to manufacturer’s protocol. Shortly,
tumor cells were scraped off the surface and washed twice with cell wash solution. Cells were
permeabilized in 350 pl Permeabilization buffer (containing protease inhibitor) for 10 min at
4 °C (constant mixing). The cells were spun down (15 min, 16,000 g, 4 °C) and the cytosolic
proteins in the supernatant were removed and stored on ice. The cell pellets were resuspended
in 250 pl Solubilization buffer (with protease inhibitor) for 30 min at 4 °C (constant mixing).
Finally, the lysates were spun down (15 min, 16,000 g, 4 °C) and the supernatants were either

used directly or frozen at -20 °C.
4.2.2.3 Phospho-protein Extraction

Cells were lysed using the Bio-Plex cell lysis kit (Bio-Rad). Briefly, cells were washed and
subsequently resuspended in 100 ul Phosphoplex lysis buffer (containing protease and
phosphatase inhibitors). After 5 min incubation on ice the lysates were frozen at -80 °C,
followed by thawing on ice and vortexing. Subsequently, the lysates were incubated 10 min at
4 °C in an ultrasonic bath before being frozen again. Finally, the lysates were thawed on ice,
spun down (13,000 rpm, 15 min, 4 °C) and the supernatants were either used directly or frozen

at -20 °C.
4.2.3 Western blotting

For immunoblotting analysis, around 20 pg of protein (less for membrane enrichment or
phosphoproteins, see 4.2.2) were reduced in NuPAGE LDS sample buffer (Invitrogen) with

DTT for 10 min at 70 °C. Afterwards the samples are separated in denaturing conditions on
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Novex 4-12% Bis-Tris SDS polyacrylamide gels with SDS-PAGE running buffer (both from
Invitrogen). PageRuler prestained protein ladder (Thermo Scientific) was used for band size
determination. The protein bands were blotted onto activated PVDF membranes using 1x
Western blot transfer buffer in a wet blotting chamber (400 mA for 45 min at 4 °C, 1 gel).
Afterwards, the membranes were blocked with Western blot blocking solution for 20 min at
RT. Membranes were incubated with the primary antibody in blocking solution overnight.
After three washing steps with PBS-T, the membranes were incubated with the according HRP-
conjugated antibody for 1 hour at RT. The membranes were washed again (three times) and
protein bands were detected using Amersham ECL Prime western blotting detection reagent

(GE Life Science) and a ChemiDoc XRS+ molecular imager.
424 Transfections
4.2.4.1 Reverse siRNA transfection

Gene knock-down in tumor cells was induced using reverse siRNA transfection. Several
transfection reagents (HiPerFect, RNAiMAX, Dharmafect 1 and 2) were tested for their
transfection efficacy in melanoma. Lipofectamine RNAiMAX (Thermo Scientific) showed the
best results and was used for all subsequent experiments. Different reagent amounts depending
on plate size were used (Table 3). The final siRNA concentration was 50 nM except for the
primary screenings (25 nM). The siRNA was diluted in RNAse-free water to a 500 nM (250 nM
for primary screening) concentration and plated in the wells. RNAIMAX was mixed with RPMI
and incubated for 10 min. Then, additional RPMI (ratio 1:1.5) was added and the final mixture
was transferred to the siRNA on the plate. After 30 min, the respective number of M579-A2-
luc (or other tumor cells) was resuspended in antibiotic-free DMEM supplemented with 10%

FCS, seeded on top of the siRNA-lipid complex and incubated for 72 h at 37 °C.
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Table 3: Transfection conditions for reverse transfection

siRNA (20 pM Transfection Cell number
Plate size RPMI
stock) reagent (M579-A2-1uc)
384 well (per 5000 in 30 pl
5ul 4.95 + 10 pl 0.05 pl
well) DMEM + FCS
10000 in 60 pl
96 well (per well) 10 pl 9.9+20ul 0.1ul
DMEM + ECS
4x10° in 1200 pl
6 well (per well) 200 pl 196 + 400 pl 4l

DMEM + FCS

4.2.4.2 Plasmid transfection

Several transfection reagents (jetPEI, GeneJammer and Lipofectamine LTX with Plus) were
tested for optimal plasmid expression. Lipofectamine LTX (Thermo Scientific) showed the best
result and was used for all subsequent experiments. Tumor cells (3x10° for M579) were seeded
in a 6 well plate and incubated at 37 °C overnight. The following day 15 pl Lipofectamine LTX
reagent was diluted in 150 pl Opti-MEM medium (Gibco). Simultaneously, 3.5 ug of DNA was
diluted in 175 ul Opti-MEM medium and 3.5 ul of PLUS Reagent was added. 150 pl of diluted
DNA was added to 150 ul diluted Lipofectamine LTX (Life Technologies) reagent and
incubated for 5 min at RT. DNA-lipid complex was then added to the growth medium of the

melanoma cells. Cells were incubated at 37°C for 48 hours before use in other assays.
4.3 TIL generation
43.1 TILisolation

Tumor-infiltrating lymphocyte cultures 209, 412 and 615 were isolated from inguinal lymph
nodes of melanoma patients. The TILs were kindly provided by Dr. Michal Lotem, Sharett
Institute of Oncology, Hadassah Hebrew University Medical Center, Israel. As described before,
tumors were dissected and small pieces were cultured in 24-well tissue culture plates in CLM

with 6000 IU/ml IL-2 for 14 days [244]. The wells were checked for dense lymphocyte growth
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and subsequently the TILs (each well is considered an independent TIL) were either frozen or
expanded directly (section 4.3.2). In parallel, PDAC TIL was generated from a male patient with
poorly differentiated pancreatic adenocarcinoma (PDAC). The PDAC TIL was kindly provided
by Dr. Isabel Poschke and Dr. Rienk Offringa, DKFZ, Germany.

4.3.2 TIL rapid expansion (REP)

Melanoma and PDAC-derived TILs were rapidly expanded ex vivo using a modified version of
the Rosenberg protocol [193, 244]. TILs were thawed in RPMI medium with 10% AB serum
and 50 U/ml benzonase. Subsequently, they were incubated for 2 days (6x10° cells/ml in CLM
with 6000 IU/ml IL-2) at 37°C and 5% CO,. Mitotically inactivated feeder cells were generated
from peripheral blood mononuclear cell (PBMC) bufty coats of healthy donors (three different
donors) by irradiation with 60 Gy (Gamacell 1000). TILs were co-cultured with feeder cells in
a 1:100 ratio (e.g., 2x10° TILs and 200x10° feeders) in 400 ml expansion medium (CLM/AIM-
V 50/50) with 30 ng/ml OKT3 antibody and 3000 IU/ml IL-2 for 5 days without moving in a
G-Rex 100 cell culture flask. Afterwards, 250 ml supernatant was replaced with 150 ml of fresh
expansion medium supplemented with 3000 IU/ml IL-2 (for the complete 300 ml). On day 7,
the TILs were resuspended in the medium and distributed into 3 G-Rex 100. 150 ml of AIM-V
with 5% AB serum and 3000 IU/ml IL-2 (for the complete 250 ml) was added. On day 11, 150 ml
of AIM-V with IL-2 was added to each flask. On the 14" day of rapid expansion, TILs were
collected and counted. TILs were frozen in aliquots of 40x10° in freezing media A (first) and B

(second).
4.3.3 TIL activity measurement

As TILs can lose their activity upon rapid expansion, their IFN-y production was validated on
day 8 of REP. Therefore, TILs were deprived of IL-2 for 24 hours. Afterwards, 1x10° T2 cells
were pulsed with MART-1, gp100 or unrelated Influenza peptides (1 ug/ml) together with B2-
microglobulin (10pg/ml) in RPMI medium (10% FCS) for 1 hour at 37°C. Subsequently, T2
cells were washed two times with RPMI medium. TILs (20,000) and T2/ tumor cells (10,000)
were co-cultured (in CLM) in a 96-well plate over night at 37°C. The next day, the cells were

spun down and the cytokine concentrations were measured by ELISA.
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434 TIL preparations

Before the usage in any assay or screening, TILs were thawed on day -3 in RPMI medium with
10% AB serum and 50 U/ml benzonase. Subsequently, they were incubated for 2 days in CLM
with 6000 IU/ml IL-2 at a concentration of 6x10° cells/ml and kept at 37°C and 5% CO..
24 hours before the experiment TILs were deprived of IL-2 by resuspension in CLM

(6x10° cells/ml) in order to prevent IL-2-mediated over-activation.
4.4 Assays

4.4.1 Proliferation assay

Tumor cells (10,000) were cultured in a 96 well plate in a finale volume of 100 pl/well culture
medium and incubated at 37°C for 72 hours. For the assay, 10 pl of cell proliferation reagent
WST-1 (Roche) was added to each well and the cells incubated for another 4 h at 37°C.
Subsequently, the cells were shaken thoroughly for 1 min on a shaker and then absorbance of
the samples was measured against a blank well as background control using a microplate reader

at 450 nm with a reference at 650 nm.
4.4.2 TIL-mediated killing assays
4.4.2.1 Luciferase assay

Target genes were knocked down with reverse siRNA transfection for 72 h as described in
4.2.4.1. The reverse siRNA transfection was performed using non-transparent 384 or 96 well
OptiPlates (PerkinElmer). In parallel the respective TILs (e.g., TIL412 for M579-A2-luc) were
thawed and prepared as described in 4.3.4. After 72 h the TILs were counted, added to the target
cells (TILs in CLM and target cells in transfection medium) at the appropriate effector to target
ratio (E:T) and co-cultured at 37 °C. For viability controls the according amount of CLM
without TILs was added. After 20 h the supernatant containing TILs and dead tumor cells was
removed and the remaining tumor cells lysed with 40 pl of Luciferase assay lysis buffer (for 96
well plates) for 10 min. Subsequently, 60 pl luciferase buffer was added and the luciferase
intensity was measured using the Infinite M200 plate reader (Tecan) with a counting time of

100 msec.
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4.4.2.2 Chromium-release assay

Target genes were knocked down with reverse siRNA transfection (6 well format) for 72 h as
described in 4.2.4.1. In parallel, the respective TILs (e.g., TIL412 for M579-A2-luc) were thawed
and prepared as described in 4.3.4. Tumor cells were detached using enzyme-free cell
dissociation buffer (Gibco) in order to prevent protein shedding from the cell surface. After
washing the tumor cells were labeled with approximately 100 uCi of *'Cr per 1x10° target cells
(PerkinElmer) for 60 min at 37 °C. After three washing steps with CLM the cells were incubated
in PBS-EDTA (1:20 dilution) for 10 min at 37 °C to prevent clumping. The labeled target cells
were seeded in a 96 well plate (3000 M579 per well in 100 ul CLM) and co-cultured with the
respective TIL (100 ml CLM) in different effector to target ratios (ranging from 100:1 to 1:1)
for 4 h at 37 °C. After the co-culture the plates were spun down and 100 ul supernatant of each
well was transferred to LumaPlates (PerkinElmer) and dried overnight. The next day the
radioactivity was measured in a Cobra counter Packard (PerkinElmer). As a spontaneous
release control labeled tumor cells were incubated with CLM without TILs. Furthermore,
labeled cells were treated with 10% Triton X-100 in CLM instead of co-culture with TILs for
maximum release control. The percentage of specific lysis was calculated according to the
formula given below:
(experimental release — spontaneous release)

%specific lysis = - x 100
bspecific by (maximum release — spontaneous release)

44.2.3 YoYo-1 live-image killing assay

Target genes were knocked down with reverse siRNA transfection for 72 h as described in
4.2.4.1. The reverse siRNA transfection was performed using transparent 96 well microplates
(TPP). In parallel, the respective TILs (e.g., TIL412 for M579-A2-luc) were thawed and
prepared as described in 4.3.4. After 72 h the TILs were counted, added to the target cells at the
appropriate E:T in CLM with yoyo-1 (final concentration 1:10,000) and co-cultured at 37 °C.
For viability controls the according amount of CLM with YoYo-1 (final concentration 1:10,000)
was added. TIL-mediated tumor lysis was imaged on the green channel (yoyo-1) using an
IncuCyte ZOOM live cell imager (ESSEN BioScience) with an image every 20-45 min at a 10x

magnification. Image analysis was performed using following parameters:
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Table 4: Incucyte signal detection parameters

Parameter Setting
Background Subtraction Top-hat
Radius (um) 30.0
Threshold (GCU) 30.0
Edge Split Off
Hole Fill (um?) 50.0
Filter: min Area (um?) 50.0

443 Flow cytometry

If applicable, tumor cells were detached using enzyme-free cell dissociation buffer (Gibco) in
order to prevent protein shedding from the cell surface. If needed the cells were labeled using
DDAO-SE in PBS (1:1000) for 15 min at 37 °C followed by two washing steps. FC receptors
were blocked with 166 pg Kiovig (Baxter) in 100 ul FACS buffer for 20 min on ice combined
with dead cell staining with 0.1 pl Pacific Orange (Thermo Scientific). The cells were washed
and stained either with fluorophore-conjugated or unconjugated target specific or isotype
antibody. After two washing steps with FACS buffer the cells were stained with fluorophore-
conjugated secondary antibodies if necessary. Cells were washed and resuspended in 100 pl
FACS buffer. All samples were acquired with a FACS Canto II Flow cytometer (BD Bioscience)

and data was analyzed using Flow]Jo (Tree Star).
4.5 RNAIi Screening
4.5.1 Screening

Two screenings were performed using different arrayed siRNA libraries (derived from the
siGENOME library; Dharmacon, GE Life Science) containing 2888 genes (1288 genes for
GPCR/kinase library and 1600 genes for custom library; Supplementary list 1) associated with
the cell surface. Each gene is targeted by a SMARTpool consisting of four synthetic siRNA

duplexes. Each RNAIi screening was performed in duplicates. The screening procedure was
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adopted from Khandelwal et al [240]. Sample and control siRNAs (5 ul of 250 nM
concentration) were distributed to 384-well plates and subsequently 0.05 ul of RNAiMAX in
15 ul of RPMI) were added to each well for reverse transfection (see 4.2.4.1). After 30 minutes
of incubation 5,000 M579-A2-luc cells (in 30 Wl DMEM + 10% FCS) were plated to each well.
The plates were incubated for 72 h at 37°C. TIL412 were expanded (see 4.3.2) and deprived of
IL-2 24h before the co-culture. After 72h of transfection M579-A2-luc cells were either co-
cultured with 25,000 TIL412 in 40 ul CLM (cytotoxicity setup, effector to target ratio of 5:1) or
CLM alone (viability setup) for 20 hours. The next day the supernatant was removed and the
remaining tumor cells were lysed by adding 20 pl Luciferase assay lysis buffer for 10 min at RT.
Afterwards, 30 ul of Luciferase buffer were added and the remaining luciferase intensity (inverse
of tumor lysis) was quantified using Mithras LB 940 microplate Reader with a counting time of
100 msec. The screening procedure was run in parallel with a CellTiter-Glo luminescent cell
viability (CTG) assay on luciferase-negative M579-A2 cells without the addition of TILs in

order to exclude genes affecting cell viability in general.
4.5.2 Screening analysis

Screening data was analyzed using the cellHTS2 and Bioconductor packages for R [245]. The
general R script for the first Screening (GPCR/kinase library) was kindly provided by Dr. Marco
Breinig (DKFZ, Heidelberg, Supplementary R code). Raw luciferase intensity data was
logarithmic transformed and per-plate normalized using the median method. The replicates
were scored using the Z score method:

Xpi — M
Y

zZ __
Xii =

Here the Z score for each k-th value (x) within the i-th result file (replicate plate) is calculated
by subtracting the plate average () from each value (xi) divided by the according standard

deviation (0:) estimated from all values on the plate [245].

As an induction of TIL-mediated killing (or apoptosis by gene knock-down) results in decrease
in luciferase intensity compared to the average of the plate (assuming normal distribution), the
option ‘sign = -* is used. Therefore, a reduced luciferase intensity results in higher Z scores. In
order to distinguish genes impacting the TIL-mediated tumor lysis but not the tumor viability

per se, the cytotoxicity Z scores were fitted to the viability Z scores using the LOESS method
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(LOcal regrESSion) included in R. The function normalizeQuantileRank from the aroma.light
package in R was used to perform quantile normalization on the Z scores. The resulting LOESS
score was used to rank the genes, taking in consideration the ranges of the according
cytotoxicity and viability Z scores. The data from the CTG assay was analyzed as described

above (without LOESS fitting) and an additional CTG score (Z score) was calculated.

The thresholds for hit calling were set according to the immune checkpoint controls (PD-L1,
Gal-3 and Casp-3) and viability controls (UBC and cell death). Negative control siRNA 1 and 2
served as negative controls, which should not impact cytotoxicity or viability. Genes scoring < -
1.5 and > 1.5 in the CTG screen were filtered out due to their general viability impact. Finally,
remaining genes which had a LOESS score above 1 were considered potential negative immune
checkpoints, whereas genes with a loess score below -1 were considered potential immune

activators.
4,6 Mode of action analysis
4.6.1 TIL extraction after co-culture

In order to separate tumor cells and TILs without affecting TIL signaling, M579-A2 were
harvested and labeled with DDAO-SE (1:1000 in PBS) for 15 min at 37 °C. M579-A2 were
washed twice and co-cultured with TIL412 at an E:T ratio of 10:1 for 2 hours at 37 °C. After
incubation, cells were pelleted at 1500 rpm for 10 min and resuspended in 300 pul MACS buffer.
For separation, 100 pl of Kiovig blocking reagent and 100 pl of Anti-Melanoma (MCSP) micro
beads (Miltenyi Biotech) were added and the cells incubated another 30 min at 4 °C under gentle
rotation. Cells were then washed with 5 ml MACS buftfer, centrifuged and resuspended in 500 pl
of MACS buffer. Magnetic columns were placed in the magnetic field of an MACS separator
and equilibrated with 500 ul of MACS buffer. The cell suspensions were applied onto the
columns and left to pass through by gravitational flow. The columns were washed once with
500 pl of MACS buffer. The flow-through containing the TILs was centrifuged and resuspended
in FACS buffer. The cells were labeled for CD4 and CD8 (see 4.4.3) and subsequently acquired
with a FACS Canto II Flow cytometer.
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4.6.2 Phosphoprotein analysis

OR10H1 was knocked-down in M579-A2 cells (compared to sc siRNA control) using reverse
siRNA transfection in 6 well plates (see 4.2.4.1) and TILs were prepared according to 4.3.4. The
supernatant of the tumor cell transfection was removed and TIL412 were added in CLM (10:1
E:T ratio). As controls TILs were treated with Ionomycin (diluted 1:15.000) and PMA (diluted
1:20.000) or not stimulated. The TILs were removed after 0, 1, 5, 30 and 120 min and directly
chilled on ice. Remaining melanoma cells were removed according to 4.6.1. After separation,
the TILs were spun down and lysed according to 4.2.2.3. The protein concentration was
quantified using the BCA Protein Assay Kit (Thermo Scientific) according to manufacturer’s
instructions. Phosphorylation levels of key kinases was assessed with phospho-protein specific
Western blots (see 4.2.3) or Phosphoplex analysis. For the latter, we used a general pathway
(MILLIPLEX MAP Multi-Pathway Magnetic Bead 9-Plex, Millipore) and a TCR specific
pathway kit (MILLIPLEX MAP Multi-Pathway Magnetic Bead 9-Plex, Millipore). Beads
specific for B-tubulin served as normalization controls. The kits were used as instructed by the
manufacturer. Measurements were performed using the Luminex100 Bio-Plex System
(Luminex) and the data were analyzed using the Bio-Rad Bio-Plex Manager software version

4.1.1 (Bio-Rad).
4.6.3 Calciumimaging

Before transfection, round glass slides were placed in 6-well plates and incubated with poly-D-
lysin (50 pg/ml) with pen/strep in PBS for 2 hours at 37 °C. Afterwards, OR10H1 was knocked-
down in M579-A2 cells (compared to sc siRNA control) using reverse siRNA transfection in
the aforementioned 6-well plates (modified from 4.2.4.1) and TILs were prepared according to
4.3.4. On the day of measurement, medium was replaced with RINGER's solution and Fura-2-
AM was added to a final concentration of 10 pM. After 45 min incubation (37 °C), the glass
slides (in RINGER’s solution) were used for imaging. TILs were spun down and resuspended
in RINGER’s solution. After around 10 min of imaging, TILs were added to the glass slides in a
ratio of 5:1 (E:T). RINGER’s solution was added to samples without TILs. Calcium signals were
detected by measuring the 340/380 nm wavelength ratio. Imaging was performed by the group

of Prof. Christian Wetzel (Molecular Neuroscience, University of Regensburg).
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464 cAMP imaging

Before transfection, round glass slides were placed in 6-well plates and incubated with poly-D-
lysin (50 pg/ml) with pen/strep in PBS for 2 hours at 37 °C. Afterwards, OR10H1 was knocked-
down in M579-A2 cells (compared to sc siRNA control) using reverse siRNA transfection in 6-
well plates (modified from 4.2.4.1) and TILs were prepared according to 4.3.4. After 24 hours,
medium was replaced and the cells were transfected with a cAMP reporter plasmid
(EPAC_H187, kindly provided by Kees Jalink; Netherland Cancer Institute) according to
4.2.4.2. Before imaging, medium was replaced by RINGER’s solution. After around 10 min of
imaging, TILs were added to the glass slides in a ratio of 5:1 (E:T). RINGER’s solution was added
to samples without TILs. Ratiometric FRET analysis was performed by detection of the donor
and acceptor emission simultaneously with two photomultipliers, using a 505 nm beamsplitter
and optical filters: 470 + 20 nm (CFP) and 530 + 25 nm (YFP). Signals were digitized and FRET
was expressed as the ratio between donor and acceptor signals. Imaging was performed by the

group of Prof. Christian Wetzel (Molecular Neuroscience, University of Regensburg).
4.6.5 Differential gene expression analysis
4.6.5.1 RNA Sequencing

OR10H1 was knocked-down in M579-A2 cells (compared to sc siRNA control) using reverse
siRNA transfection in 6 well plates (see 4.2.4.1) and TILs were prepared according to 4.3.4. The
supernatant of the tumor cell transfection was removed and TIL412 were added in CLM (10:1
E:T ratio). The TILs were removed after 10 h and directly chilled on ice. Remaining melanoma
cells were removed according to 4.6.1. After separation, the TILs were spun down and total
RNA was extracted using the RNeasy Micro kit (Qiagen) per manufacturer’s protocol. RNA
quality and concentration was analyzed using the RNA 6000 Nano kit (Agilent). Subsequently,
RNA deep sequencing was performed by the GPCF of DKFZ with following parameters:

Table 5: RNA sequencing parameters

Parameter Setting
Machine [lumina Hiseq 2500
Application RNA Seq with TruSeq
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Sequencing type single read
Read length 50 bp
Sequencing depth [reads] ~40 Mio

4.6.5.2 Differential gene expression analysis

Raw data was provided by the core facility in the fastq format. The analysis workflow was
adopted from Anders et al [246]. The reads were aligned to a reference genome, reference

transcriptome and a gene information file (GRCh37, iGenomes, Illumina) using tophat2:
tophat -G genes.gtf --no-novel-juncs --transcriptome-index=... -p 7 —o ... genome file.fastq
The resulting BAM files were sorted, indexed and formatted into SAM files using SAMtools:
samtools sort -n accepted_hits.bam ..._sn
samtools view —o ..._sn.sam ..._sn.bam
The features were counted from the reads using HTSeq-count:
htseq-count —-s no —a 10 ..._sn.sam genes.gtf > ..._sn.count

Finally, the differential gene expression of TILs co-cultured with OR10H1- M579-A2 was
compared to TILs co-cultured with sc siRNA transfected M79-A2 cells using edgeR. Weakly
and noninformative (e.g., non-aligned) features were filtered out and the normalization factors

were estimated and used for the differential expression test.
4.6.5.3 Pathway analysis

Based on the differential gene expression data generated in 4.6.5.2, enrichment analysis on
pathways, functions and upstream regulators was performed. Genes were filtered for a gene
expression fold change >0.5 or <-0.5 and a false discovery rate smaller than 0.05. Only

experimentally validated observations were considered.
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4.7 Mouse experiments

Approval for the animal work was obtained from the relevant regulatory authorities
(Regierungsprisidium, Karlsruhe). For assessing the in vivo effect of tumor-restricted OR10H1
upon the anti-tumor cytotoxicity of T cells, a xenograft mouse model based on
immunodeficient NOD/SCID gamma (NSG) mice was used. Mice were ordered from the
animal core facility at DKFZ, Heidelberg. Stable OR10H1 knock-down M579-A2 and the
respective N'TS control (see 4.1.3) were resolved in matrigel (BD Bioscience) on ice. Mice were
shaved at the flank regions, anesthetized with isoflurane and subcutaneously injected (0.4 mm
x 20 mm needles) with 3x10° M579-A2 OR10H1 knock-down tumor cells in the left flank and
3x10° respective NTS tumor cells in the right flank at day 0. At days 2 and 9, the treatment group
received adoptive cell transfer with TIL412 (9x10° cells/100 pl PBS/mouse) intravenously into
the tail vain. For growth control, the other group remained untreated. Tumor growth of all mice
was measured twice a week with a sliding caliper gauge. Mice were sacrificed via cervical

dislocation at the end of the experiment.
4.8 Statistical evaluation

Statistical differences between the test and the control groups were analyzed by the two-sided
student’s t-test, unless indicated otherwise. In all statistical tests, a p-value < 0.05 was considered

significant with * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001.
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5 Results

5.1.1 Screening setup

The main goal of this thesis was the characterization of TIL-tumor cell interactions and the
subsequent identification of novel immune checkpoints using a high-throughput RNAi
screening. A robust read-out system, identification of suitable negative controls and positive
controls for increased TIL-mediated lysis (immune checkpoints) and robust tumor killing (e.g.,
HLA-A2-dependent, independent of TIL batch) are key factors for this endeavor. The screening
approach was adopted from a related RNAi screening ascertaining T cell-mediated killing of
breast cancer cells by measuring residual luciferase intensity [240]. This thesis focuses on the
interactions between melanoma and TILs (a mixture of CD4* and CD8" T cells), as the main
immune cell subtype infiltrating tumors. We mainly used the M579 melanoma culture in
combination with tumor-infiltrating lymphocytes 412 (TIL412). All melanoma and TIL
cultures were kindly provided by Dr. Michal Lotem (Hadassah Medical Center, Jerusalem,

Israel).
5.1.2 Characterization of M579 melanoma cultures

The HLA-A2-negative melanoma culture M579 was generated from a metastatic melanoma
patient at the Sharett Institute of Oncology (Hadassah Medical Organization Jerusalem, Israel)
and stably transfected with a pcDNA3-HLA-A2 plasmid [247]. Subsequently, the HLA-A2*
M579 (M579-A2) cell culture was transduced to express luciferase (M579-A2-luc). This work
was done in the laboratory of Dr. Lotem. Transfection parameters need to be optimized for any
siRNA transfection. A reverse transfection of 5000 M579-A2-luc cells in a 384 well plate for
72 h was shown to be optimal in terms of cell growth, luciferase intensity and gene knockdown
[data not shown]. Different cell types vary in their susceptibility towards transfection reagents
commonly used in reverse siRNA transfection. This susceptibility is important to guarantee
efficient knockdown of target genes. Therefore, several transfection reagents (Dharmafect 1 and
2, HiPerFect and RNAiIMAX) were tested in combination with negative control (sc) siRNAs,
siRNAs targeting cell survival genes (ubiquitin C, cell death) and siRNA targeting luciferase
(Fluc). Successful knockdown using UBC (ubiquitin C) or cell death (targets unknown) siRNA
would lead to a decrease in cell viability correlating with a strong reduction in residual luciferase

intensity. Fluc siRNA targets luciferase and thus directly correlates with the transfection efficacy
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without affecting viability. RNAiIMAX showed superior transfection efficacy in M579-A2-luc
compared to all other transfection reagents (Figure 9A). Therefore, RNAIMAX was used for
reverse siRNA transfection in all subsequent experiments. Furthermore, transfection of M579-
A2-luc with Fluc siRNA strongly reduced luciferase intensity (more than 90%), suggesting
sufficient transfection and knockdown efficacies in this setup. Therefore, Fluc siRNA was used
as a further control for transfection efficacy in the RNAi screening. Knockdown of the essential
gene ubiquitin C (UBC siRNA) reduced cell viability by approximately 65%. This luciferase
intensity reduction by UBC siRNA was used as a cut off to classify genes which have a strong
viability impact. A proprietary siRNA mixture (cell death) showed a similar effect on cell
viability (Figure 9A). Both siRNAs were included in the RNAi screening.

All TILs which were used in this project recognize antigens presented by HLA-A2. As
mentioned before, M579-A2-luc (and M579-A2) were stably transfected with a HLA-A2
plasmid. Cell surface expression of HLA-A2 was validated using FACS (Figure 9B). As
expected, M579-A2-luc were found to be highly positive, whereas M579 did not express HLA-

A2.
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Figure 9: Characterization and optimization of M579 for RNAi screening. A. Luciferase assay determining transfection and
knockdown efficacies. M579-A2 cells (5000) were reverse transfected with control (Mock, scrambled and Fluc) or lethal (UBC
and Cell death) siRNAs in 384 well plates using different transfection agents (Dharmafect 1, Dharmafect 2, HiPerFect and
RNAiIMAX). Residual luciferase intensity (correlating with cell numbers and viability) was measured after 72 h. Mean luciferase
intensities + SEM of a representative experiment are shown. B. HLA-A2 surface expression of M579 and M579-A2-luc. Cells
were harvested and stained with HLA-A2 specific antibody or the according isotype control.

5.1.3 Tumor-infiltrating lymphocytes 412 kill M579-A2 in an antigen-specific and HLA-

restricted manner

Generation and expansion of antigen-specific tumor-infiltrating lymphocytes is a challenging

part of cancer immunotherapy against melanoma. The group of Dr. Lotem isolated and
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expanded several TIL cultures (TIL209, TIL412 and TIL615) according to the “rapid expansion
protocol” (REP) of Dudley et al [244]. Because high-throughput screening and subsequent
validation require vast numbers of TILs the generated TIL cultures were expanded one more
time using an improved REP protocol (see paragraph 4.3.2). TIL phenotype, exhaustion state
and functionality were assessed after this point as a massive expansion of TILs using feeder cells,
IL-2 addition and CD3 stimulation can alter these parameters. In average TIL numbers
increased around 3000-fold after rapid expansion [data not shown]. Analysis revealed that the
TIL cultures differ in composition, exhaustion state and functionality (Figure 10 and
Figure 11). Tumor-infiltrating lymphocyte culture 412 (TIL412) is a mixture of cytotoxic
(CD8*) and helper (CD4*) T cells, whereas TIL209 contains predominantly cytotoxic (83.3%
CD8") and no helper T cells (Figure 10). Cytotoxic T cells are supposed to be the main effector
T cell subpopulation mediating an anti-tumor immune response. For this reason, the memory
and effector phenotypes of the CD3*CD8" T cell subsets were examined by expression of the
surface markers CD62L and CD45RA. Interestingly, CD8" T cell populations in both TILs show
a strong memory phenotype. Around half of the cells have a central memory
(CD8*CD62L*CD45RA") or an effector memory (CD8*CD62L CD45RA") phenotype, whereas
there are no naive (CD8'CD62L*CD45RA") or terminal effector memory (CD8'CD62L
CD45RA*) T cells. In concordance with their memory phenotype, CD8* TILs express high
levels of exhaustion markers (CTLA-4, PD-1, TIM-3 and LAG-3) suggesting a state of strong
exhaustion. Exhausted TILs have a higher probability to express receptor/ligands for potential

immune checkpoints revealed by the RNAi screening.
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Figure 10: Tumor-infiltrating lymphocytes are a mixture of CD4" and CD8" T cells with highly exhausted memory
phenotypes. Representative surface staining for CD3, CD4, CD8, CD62L, CD45RA, CTLA-4, PD-1, TIM-3 and LAG-3 on
TIL209 and TIL412 after rapid expansion. Exhaustion markers were gated on effector memory CD3* CD8* T cells based on the

respective isotype control antibodies (depicted in red). Experiments were performed in collaboration with Valentina Volpin
(Group Prof. Beckhove, DKFZ).
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Expandability of TILs is a major concern for the RNAi screening. Depending on the effector to
target ratio necessary for sufficient basal tumor cell killing, huge numbers of TILs would be
needed for the screening and subsequent validation. TIL412 showed a favorable expandability
compared to TIL209 and was chosen as the T cell source for the RNAi screening. Thus, TIL412
were tested for their HLA-A2-restricted activity against M579-A2-luc (Figure 11). TIL412
showed a strong induction of cytokine secretion after co-culture with the HLA-A2-positive
M579-A2-luc but not against the HLA-A2-negative melanoma cell line MaMel 33. The antigen-
specificity of this cytokine secretion was tested using T2 cells pulsed with the common
melanoma antigens melanoma-associated antigen recognized by T cells 1 (MART-1) and
glycoprotein 100 (gpl100) against an unrelated influenza antigen). TIL412 show a strong
reactivity against MART-1 and to a lower degree against the epitope from gp100, but no activity
against the influenza antigen. This suggest an antigen-specific and HLA-A2-restricted activity.
In order to exclude any HLA-independent reactivity against M579-A2 (which might not occur
against MaMel 33) TIL412 were tested against the HLA-A2-negative parental cell line M579.
Furthermore, the melanoma cells were cultured and transfected (with scrambled control
siRNA) similar to the conditions in the RNAIi screening. TIL412 showed a strong cytokine
secretion after co-culture with M579-A2 but not with M579. This elucidates the HLA-A2-
restriction of TIL412 activity against M579-A2(-luc). Another important factor for the setup of
the RNAIi screening is the optimal effector-to-target ratio. On one hand, a basal TIL412-
mediated killing is needed to assure TIL activity for the RNAi screening. A strong killing- on
the other hand- would reduce the window of opportunity for intervention by immune
checkpoint knockdown. Therefore, different effector-to-target ratios (50:1 to 1:1) were tested
in a luciferase-cytotoxicity assay similar to the high-throughput RNAi screening. High E:T
ratios lead to a dramatic reduction in residual luciferase intensity (strong TIL412-mediated
killing) comparable to the treatment of M579-A2-luc with the maximum lysis control (Triton
X). Interestingly, the addition of TIL412 to M579-A2-luc in low (< 5:1) E:T ratios strongly
increases residual luciferase intensity after 20 hours. This effect was observed with several
tumor-TIL co-cultures in different tumor entities [data not shown]. An effector-to-target ratio
of 5:1 appeared to offer the best ratio between basal killing and residual luciferase intensity.
Therefore, it was selected for further use in the primary RNAi screening and all subsequent

validation steps (if not indicated otherwise).
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Figure 11: TIL412 recognize and kill M579-A2-luc cells in an antigen-specific, effector-to-target ratio- and HLA-A2-
dependent manner. Antigen specificity (A) and HLA-dependency (A and B) of TIL412 were tested using IFN-y secretion
ELISA. A. T2 cells were pulsed with the according melanoma (MART-1 or gp100) or unrelated influenza peptide for 1 hour.
HLA-A2-positive M579-A2-luc, negative MaMel 33 or the pulsed T2 cells were co-cultured with TIL412 (5:1 effector-to-target
ratio) for 20 hours. B. HLA-A2-positive M579-A2 or negative M579 were transfected with negative control siRNA and cultured
for 72 h before co-culture with TIL412 (5:1 E:T) for 20 hours. C. Luciferase cytotoxicity assay was performed using different
effector-to-target ratios of TIL412 and M579-A2-luc for 20 hours. CLM medium served as a negative control, whereas Triton
X represents maximum lysis. All graphs depict representative experiments with mean cytokine secretion (A and B) or mean
luciferase intensity (C). Error bars denote + SEM.

5.1.4 PD-L1 and Galectin-3 protect M579-A2 against TIL412-mediated lysis

Selection of positive immune checkpoint controls is of uttermost importance for the high-
throughput RNAi screening. Without proper checkpoint controls it is not possible to estimate
any potential knockdown impact on TIL-mediated lysis. Furthermore, such controls are needed
to set thresholds for hit calling. Only genes having a higher impact on TIL-mediated tumor lysis

compared to the checkpoint control while having a similar minor impact on general cell
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viability were considered as novel immune checkpoint candidates. Hence, we tested several
known immune checkpoints (PD-L1, galectin-3, RCAS1 and CEACAMS) for their impact on
TIL-mediated tumor lysis in our system (Figure 12). RCAS1 and CEACAMS6 did not show
either expression or immune-inhibitory effect in M579-A2 [data not shown]. PD-L1 and
galectin-3 were detected in M579-A2 and gene-specific knockdown after 72 h was verified with
qPCR (PD-L1; Figure 12A) and western blot (galectin-3: Figure 12B). Knockdown of PD-L1
or galectin-3 increased TIL-mediated lysis of M579-A2-luc in the luciferase cytotoxicity assay,
while knockdown of caspase-3 (Casp-3) prevented lysis of M579-A2-luc (Figure 12C). Without
TILs, neither the knockdown of PD-L1, galectin-3 or caspase-3 had an impact on M579-A2-luc
viability, whereas the knockdown of ubiquitin C strongly reduced cell viability. Interestingly,
the knockdown of PD-L1 prevented the induction of tumor cell proliferation in low effector-
to-target ratios observed with control siRNA transfected M579-A2-luc. Overall our data
confirmed the immune checkpoint function of PD-L1 and galectin-3 in melanoma. Both genes
(PD-L1 and galectin-3) can be used as positive immune checkpoint controls for the RNAi
screening. Caspase-3 knockdown prevents tumor lysis and therefore can be used as a control
for potential immune activators. As mentioned before, control siRNA served as a negative and
UBC or cell death as viability controls. Firefly luciferase siRNA is used to determine transfection
efficacy. All these controls were used in the high-throughput RNAi screening for performance

analysis and hit calling.
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Figure 12: PD-L1, galectin-3 and caspase-3 increased or decreased TIL-mediated tumor lysis, respectively. M579-A2-luc
cells were transfected with indicated siRNAs for 72 h before measurement of knockdown efficacy (A and B) or 20 h
measurement of T cell-mediated cytotoxicity. A, B. Immune checkpoint expression and knockdown was verified with qPCR
(PD-L1) or western blot (galectin-3). Control siRNA served as negative control siRNA. C. Luciferase cytotoxicity assay for
immune inhibitory or activatory controls. M579-A2-luc cells transfected with siRNAs directed against, PD-L1 (PD-L1 siRNA),
galectin-3 (Gal-3 siRNA), caspase-3 (Casp-3 siRNA), ubiquitin C (UBC siRNA), firefly luciferase (Fluc siRNA) or control
siRNA were co-cultured with TIL412 in different effector-to-target ratios for 20 hours. Knockdown cells with CLM medium
served as a negative control, whereas Triton X represents maximum lysis. A-C. Graphs show representative data of at least two
independent experiments. A, C. Error bars denote + SEM, and statistical significance was calculated (compared to the according
control siRNA) using unpaired, two-tailed Student’s t-test with * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

5.2 High-throughput RNAi screen performance

Known immune checkpoints like PD-L1 are located at the cell surface and transmit inhibitory

signals towards cytotoxic T cells. For this reason, a siRNA library containing all genes of the so-
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called “surfaceome” would be optimal to screen for novel immune checkpoint candidates.
Unfortunately, there is no such library commercially available. We checked the distribution of
all surfaceome genes [248] in the whole-genome library and compiled two sub-libraries
enriched for surface-associated genes (Figure 13A). The initial screening was performed with
a library consisting of GPCRs, kinases and GPCR-associated genes. The performance and
results of this screening will be described in the following paragraphs. The results of the follow-
up screening (additional surface-associated genes) can be found in the supplementary
information (Supplementary figure 1). The RNAi screening procedure is depicted in
Figure 13. Melanoma M79-A2-luc were reverse transfected with a GPCR/kinase library
containing 1288 genes and subsequently co-cultured with TIL412 (knockdown impact on
cytotoxicity) or cultured in lymphocyte medium alone (knockdown impact on viability). An
additional luciferase-independent CellTiter-Glo (CTG) screening was performed with M579-
A2 in order to filter out genes, the knockdown of which affected cell viability. All sets
(cytotoxicity, viability, CTG) were run in duplicates. The correlation in between the sample
replicates (excluding control siRNAs) showed a high robustness in the screening (Figure 14A).
The Pearson’s correlation coefficient for the cytotoxicity was r = 0.96, although two TIL412
batches were expanded and added separately. The coefficient for the viability set was r = 0.98.
The performance of all negative, immune checkpoint and viability controls was satisfactory in
the screening (Figure 14B). Overall, the residual luciferase intensities in the screening were
normally distributed around the mean of the respective plate in all setups [data not shown].
Therefore, Z-scoring could be used for normalizing the data as standard deviations from the
plate mean to reduce inter plate variations. As expected, negative scrambled siRNA controls 1
and 2 did not reduce or increase residual luciferase intensity. Knockdown of firefly luciferase
on the other hand stronlgy reduced luciferase intensity proving sufficient reverse transfection
efficacy and siRNA delivery. This effect was independent of the presence of TIL412.
Knockdown of the known immune checkpoints PD-L1 and galectin-3 led to an increase in
TIL412-mediated lysis of M579-A2-luc without affecting their viability. Knockdown of
caspase-3 prevented T-cell mediated induction of apoptosis in melanoma cells but had no effect
on melanoma cells alone. Transfection with cell death siRNA or siRNA directed against

ubiquitin C reduced cell viability measured by the CTG viability assay.
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Figure 13: Libraries and workflow of the high-throughput RNAi screening. A. Overview of surface-associated genes in the
two sub-libraries of the RNAi screen compared to the whole surfaceome. Around 30% of all genes associated to the cell surface
are included in the screening. In total 2514 genes were included in the screening process. B. Workflow of the screening process.
Three different sets were run in duplicates. The cytotoxic set is used to measure the impact of gene knockdown on TIL-
mediated lysis. The viability set verifies the impact of gene knockdown without TILs and the CTG set is used to exclude genes
affecting melanoma cell survival independent of luciferase expression. Screening analyses were performed using the cellHTS2

package of Bioconductor for R.
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Figure 14: Overall screening and control performance. Graphical representation of normalized Z-scores for gene knockdown
effects on cytotoxicity or viability (A and B). Raw residual luciferase intensities were transformed logarithmically and per-plate
normalization was performed by mean normalization and Z-scoring (cellHTS2 for Bioconductor). Z-scores for all samples (A)
or specific controls (B) are shown for the cytotoxicity (red) and the viability (grey) set. The CellTiter-Glo viability assay was
analyzed accordingly. The Pearson’s correlation coefficients for cytotoxicity and viability were calculated using the “cor”
function of R on the library samples only (without controls).

5.3 The high-throughput RNAi screens reveals novel immune checkpoint

candidates in melanoma

The results of the high-throughput RNAi screen are depicted in Figure 15. Scores for
cytotoxicity and viability were quantile normalized before comparison. Finally, local regression
was used to calculate LOESS-normalized cytotoxicity scores. These scores are a measurement
of the cytotoxicity versus the viability impact of a gene knockdown. So-called “quadrant plots”
(Figure 15A) represent the impact on immune-susceptibility (y-axis) and cell viability (x-axis).
As expected the negative control siRNAs did not affect cytotoxicity or viability, whereas
knockdown of PD-L1 and galectin-3 increased cytotoxicity but did not affect viability. Caspase-
3 knockdown decreased cytotoxicity but not viability. Interestingly, genes marked as having an
impact on gene viability by the CTG screening do not necessarily show a high score for viability

in the luciferase screening.

The performances of the controls were used to calculate thresholds for hit-calling. The
calculated LOESS scores of the immune checkpoint controls PD-L1 and galectin-3 were used

as thresholds for potential immune inhibitors. Only genes having a higher LOESS score than
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galectin-3 were considered as potential immune checkpoints. Ranking of the genes
(Figure 15B) from lowest to highest - according to LOESS score - revealed several genes whose
knockdown either decreased killing more than a knockdown of caspase-3 (negative LOESS
score; potential immune activators) or increased TIL-mediated tumor lysis more than
knockdown of galectin-3 or PD-L1 (high LOESS score; potential immune inhibitors). On the
other hand, the majority of genes did not affect TIL-mediated tumor lysis (plateau between
LOESS scores *1). Knockdown of genes which had a Z score higher than ubiquitin C in the
CTG screen were excluded from hit calling. Also, knockdowns which were beneficial for tumor
cell growth (Z score <-1.5 in viability or CTG) were excluded from hit calling. This also excludes
genes which have a high LOESS score because of positive effects on tumor growth but no major
effect on TIL-mediated lysis. The exact thresholding parameters can be derived from the R
script (Supplementary R code). The hit-calling identified 48 candidate genes with
immunomodulatory function (GPCR/kinase library). In total (both screenings), 75

(around 2.6%) out of 2888 genes were classified as candidates.
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Figure 15: Results from the high-throughput RNAi screening. Graphical summary of screening results in quadrant plot
format (A) or ranked according to LOESS cytotoxicity score (B). Normalized cytotoxicity Z scores (see Figure 14) were fitted
to viability Z scores by local regression and the resulting LOESS scores were plotted against the viability Z scores (A).
Representatives for negative controls 1 (light purple), 2 (dark purple), the immune activator control caspase-3 (blue), the
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immune checkpoint controls PD-L1 (red) and galectin-3 (green) and the transfection control firefly luciferase (black) are
labeled. Genes excluded by the CTG screen because of decreased cell viability are marked with a small purple dot. B. Genes
were ordered according to LOESS scores. C. Graphical summary of the secondary screening enriched for candidates from the
primary screening. The screening was run in duplicates. Luciferase values were normalized to the negative control and
differential scores were calculated and ranked (cytotoxicity score - viability score). The differential cytotoxicity is indicated by
colors from weak (blue) to strong (red). Cytokine secretion (TNF, IL-2 and IFN-y) was measured after 20 h co-culture and the
cytokine levels from knockdowns in tumors only were subtracted. The difference in cytokine secretion compared to the
negative control are plotted on the x-, y-, and z-axis.

Notably, several confirmed immune checkpoints were detected as strong candidates in the
screening. The C-C motif chemokine receptor 9 (CCR9) has been shown to desensitize MCF-7
breast cancer cells towards antigen-specific lysis by inhibiting T cell function [240]. Janus kinase
2 (JAK2) mediates target cell resistance to NK cell-mediated killing in melanoma as identified
by RNAi screening [237]. This effect might be mediated by JAK-dependent upregulation of PD-
L1 in response to IFN-y [238, 249]. A similar mode of action was described for the strongest
candidate protein kinase D isoform 2 (PRKD2) [250]. The rediscovery of such validated
immune checkpoints in combination with good immune checkpoint control performance

advocate the robustness and sensitivity of our screening approach.

An important determinant for potential immune checkpoints is the discrimination between
genes desensitizing tumor cells towards TIL-mediated lysis and genes facilitating an inhibitory
signal to TILs. The aim of this thesis was the discovery of novel immune checkpoints which
protect melanoma cells from immune cell destruction by inhibiting TIL activity. To streamline
the high-throughput immune checkpoint discovery platform, a secondary RNAi screening
focusing on both TIL-mediated lysis and cytokine secretion was developed. In general, the
screening was performed analogously to the primary screening but with a final siRNA
concentration of 50 nM. Melanoma cells were reverse-transfected with a library of 48 genes
identified as candidates in the primary GPCR/kinase screening. As the genes were enriched for
their potential immune checkpoint function, per-plate normalization must be performed
according to the negative control. Type I cytokine concentrations (TNF, IL-2 and IFN-y) were
measured by Luminex after 20 h co-culture in the cytotoxicity and the viability set. Notably,
there was no cytokine secretion by the tumor cells, independent of any gene knockdown.
Analysis was done using a modified script for cellHTS2 and R. Cytotoxicity and cytokine
secretion compared to the negative control are shown in Figure 15C. Many of the candidate

genes (~75%) improved TIL-mediated lysis compared to the negative control. A rank based
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comparison of the candidate performance in the primary and secondary screening is shown in

Table 6.

Table 6: Ranked hit-list of potential immune checkpoints in the primary and secondary screening

Gene Ranking screening Gene Ranking screening Gene Ranking screening
Primary Second Primary Second Primary Second
ary ary ary
PRKD2 1 1 PSKH1 23 17 GPR55 7 33
CAMK1 3 2 PRKCG 15 18 TSSK1B 43 34
PMVK 21 3 PRKCB 38 19 DGKQ 47 35
OR3A2 27 4 PRKAG3 30 20 GPR15 31 36
OR10H1 16 5 NPY 10 21 GPR92 6 37
AMHR2 25 6 GPR30 45 22 GPRC5B 9 38
IPPK 40 7 F2R 11 23 MLN 24 39
RGS14 29 8 CDK5R2 13 24 GPRS 28 40
JAK2 17 9 AK3 39 25 ACVR1 37 41
TK1 33 10 GPR97 8 26 HCK 12 42
TTBK2 36 11 AGK 26 27 PTHRI1 32 43
CDKN2B 19 12 PRPF4B 4 28 CCL25 18 44
CDK9 34 13 PTPN5 48 29 PRB4 22 45
CCR9 5 14 CDKNI1C 42 30 TAS2R3 2 46
SIK3 14 15 GPR41 44 31 EDG1 41 47
CSF1R 46 16 GPR7 35 32 GPR21 20 48

Candidates are ranked according to the LOESS cytotoxicity score in the primary screening and according to the differential score
(cytotoxicity score — viability score) in the secondary screening. Candidate genes with no positive effect on TIL-mediated
cytotoxicity in the secondary screening are marked in red.
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Several knockdowns increased the secretion of one or multiple cytokines. Interestingly, as for
the primary screening the knockdown of PRKD2 showed the strongest increase in TIL-
mediated lysis of M579-A2-luc but did not improve the secretion of type I cytokines. The same
effect was observed for JAK2 suggesting that these kinases are important for the resistance of
M579-A2-luc to TIL-mediated lysis but did not affect the functionality of the TILs per se.
Overall, the secondary screening can be used as a first step of validation and a way to distinguish

between tumor susceptibility genes and genes affecting TIL activation.
5.4 The immunomodulatory repertoire of solid tumors overlaps

So far, breast cancer (performed by Nisit Khandelwal), melanoma, pancreatic ductal
adenocarcinoma (performed by Antonio Sorrentino) and multiple myeloma (performed by
Valentina Volpin) were screened for novel immune checkpoints utilizing our high-throughput
RNAIi screening approach (breast cancer, PDAC and multiple myeloma screenings are not
described in this thesis). Therefore, analysis of shared or distinct repertoires of potential
immune checkpoints might unravel classes of genes with a strong impact on TIL-mediated
tumor lysis or underlying modes of action. Due to big differences in data variance, performance
and hit-calling any comparative analysis must be approached with caution. In Figure 16A the
overlap of candidate genes from different tumor entities (excluding breast cancer) is shown.
The tumor-specific immune checkpoint repertoire does not overlap greatly between different
tumor entities. Only one gene — regulator of G-protein signaling 14 (RGS14) — was a common

hit in all three screenings.
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Figure 16: Immune checkpoint candidate genes are enriched in the (Gas)/ cAMP/ PKA pathway in solid tumors. A. Venn
diagram representation of the overlap in candidate genes (after primary screening) from three different tumor entities. Breast
cancer was excluded due to the difference in the used library. Only exact matches in gene names (not family members) were
counted as overlapping. B. Heat map representing the top 10 pathways without clustering and normalization. Enrichment
analysis were run on each tumor entity hit-list using ingenuity pathway analysis with standard parameters (IPA). IPA does not
normalize for the background (all genes in the library). Comparative analysis was run using the melanoma, PDAC and multiple

myeloma core analysis.

The solid tumors melanoma and PDAC shared 13 candidate genes (~17% of all melanoma hits),
whereas they only share 2 or 4 genes with multiple myeloma, respectively. Different gene family
members could exert the same immune inhibitory function in different tumor entities.
Calcium/calmodulin-dependent protein kinase type 1 alpha (CAMK1) was a strong hit in
melanoma, whereas Calcium/calmodulin-dependent protein kinase type 1 delta (CAMKI1D)
played a major role in multiple myeloma. Interestingly, different GPCRs (varying between
tumor entities) from the same family (e.g., olfactory receptors) were hits in all screenings. In
order to find common immune inhibitory pathways in the different tumor entities, pathway
enrichment analysis was performed on the combined candidate list (Figure 16B). The library
used for the screenings is enriched for GPCRs, kinases and surface-associated genes. Thus,
enrichment analysis was prone to find pathways associated with the aforementioned gene
classes. As expected, GPCR signaling was found to be a major pathway among the candidate
genes. The enriched pathways hinted towards an involvement of the G-protein alpha S
(Gas)/cAMP/protein kinase alpha (PKA) pathway in the inhibition of TIL-mediated tumor
lysis, particular in melanoma. The opposing G-protein alpha I (Gar) pathway was particularly

enriched in PDAC. The analysis of the tumor-specific candidate repertoire and the potential
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underlying mechanisms suggest a major role of GPCRs and their associated pathways (e.g., Gas/

cAMP/ PKA) in the inhibition of TIL-mediated lysis in solid tumors.
5.5 OR10H1 inhibits TIL-mediated lysis of solid tumors

Olfactory receptor family 10 subfamily H member 1 (OR10H1) is a member of the olfactory
GPCR gene family. As for most olfactory receptors, its exact function is unknown. Until
recently, functional descriptions of olfactory receptors were limited to olfactory neurons but
roles in other tissues and functions are emerging. Out of the two olfactory receptors candidates
(OR3A2 and OR10H1) OR10H1 was discovered (PDAC RNAIi screen, Antonio Sorrentino) to

play a major role in TIL-mediated lysis of PDAC as well [data not shown].
5.5.1 OR10HT1 is expressed in solid tumors

Expression analysis is a major obstacle in the description of olfactory receptor functionality
outside the olfactory system. Due to the low abundance of olfactory receptor mRNA, widely
used gene expression detection methods (e.g., RNA-Sequencing) fail to give an insight in the
expression profile of olfactory receptors. We used a specialized RT-PCR protocol for the
detection of low abundant olfactory receptor mRNA [243]. Olfactory receptors are single exon
genes preventing the use of exon-spanning primers for expression analysis. Thus, it is important
to check for potential DNA contamination in the mRNA using controls without reverse
transcriptase (-RT). The closest gene family member to OR10H1 is OR10H5 with 93.6%
sequence similarity. Due to the sequence similarities between OR10H1 and OR10HS5 it is
extremely difficult to generate specific primers, siRNAs or shRNA to distinguish between the
paralogues. The used primers show a preference for OR10H1 or OR10H5 (one mismatch in the
forward and the reverse primer each) and are indicated accordingly. Expression of OR10H1/5
in different tumor cell lines was validated by traditional PCR (Figure 17). The bands were
measured at the expected sizes for OR10H1 (~720 bp) and OR10HS5 (~240 bp). Interestingly,
OR10H1 was expressed in the solid tumors melanoma (M579-A2), PDAC (PANC-1) and
colorectal cancer (SW480) but not in the hematological multiple myeloma (KMM-1). This
expression pattern is in accordance with the results of the siRNA screenings. OR10H1 was
found to be a candidate in multiple melanoma and PDAC but not in multiple myeloma. No

bands were visible in the -RT controls.
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Figure 17: OR10H1/5 expression in solid tumors. OR10H1 and OR10H5 expression was measured in different tumor entities
(melanoma, multiple myeloma, PDAC and colorectal cancer) by RT-PCR. Beta-actin served as a house keeping control. DNA
contamination was checked using controls without reverse transcriptase (indicated by RT). PCR was run according to the
protocol for low abundance gene expression (40 cycles). Expected transcript sizes are ~720 bp for OR10H1 primers and ~240 bp
for OR10HS5 primers.

5.5.2 OR10H1 prevents TIL-mediated lysis of melanoma in vitro

Single siRNA sequences out of the siRNA pools (derived from the screening library) can target
unrelated genes (off-target effect) producing false-positive candidates from the screening [251,
252]. Consequently, the siRNA pool was “deconvoluted” and a correlation between candidate
knockdown and the impact on TIL-mediated melanoma lysis was tested (Figure 18).
Knockdown efficacy was tested by checking the OR1I0H1 mRNA levels (as before) and the
impact on TIL-mediated melanoma lysis was validated with the luciferase-based killing assay.
All siRNA sequences induced a knockdown of OR10H1 mRNA as validated by two different
primer pairs. The individual siRNAs 1 and 3 and the pooled siRNA induced the strongest
knockdown, whereas siRNA 2 and 4 mediated knockdowns were slightly weaker (Figure 18A).
These knockdowns correlate with the respective impact on tumor killing. All siRNA-mediated
knockdowns of OR10H1 had a significant impact on TIL412-mediated killing of M579-A2-luc
as measured by residual luciferase intensity (Figure 18B). Some siRNAs (OR10H1 siRNA 1 and
OR10H1 siRNA pool) increased TIL-mediated killing more (~70% over control siRNA) than
the knockdown of PD-L1 (~60% over control siRNA). Only one siRNA (OR10H1 siRNA 3)
showed an impact on cell viability as measured by residual luciferase intensity (Figure 18C).
Therefore, all siRNAs induced a knockdown of the target combined with a functional

phenotype suggesting a direct participation of OR10H1 in immune cell inhibition instead of an
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off-target effect. The individual OR10H1 siRNA 1 showed the strongest effect in knockdown

and phenotype and was used as a model siRNA for following studies.
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Figure 18: OR10H1 knockdown increases TIL-mediated lysis of melanoma without affecting tumor cell viability. A.
Knockdown efficacy of deconvoluted siRNA sequences on OR10HI mRNA levels was measured by RT-PCR after 72 h of
transfection. Two different primer pairs were used to validate OR10H1 mRNA abundance. Beta-actin served as a house keeping
control. B, D. M579-A2 killing assays with different TIL-cultures. B, C. M579-A2-luc cells were reverse-transfected with
individual (s1-s4), pooled OR10H1 or control siRNAs (PD-LI as positive immune checkpoint, cell death as positive viability
and scrambled siRNA as negative control) and co-cultured with TIL412 (B, cytotoxicity, effector-to-target ratio 5:1) or CLM
(C, viability) for 20 h. TIL-mediated lysis or viability impact of target knockdown was measured by luciferase assay (cumulative
data, n=3). D. Representative chromium-release assay showing specific lysis of M579-A2 by TIL209 at different E:T ratios after
reverse-transfection with OR10H1 siRNA 1 (A), positive control PD-L1 siRNA (0) or control siRNA (=).Error bars denote
+ SEM, and statistical significance was calculated using unpaired, two-tailed Student’s t-test with * p < 0.05; ** p < 0.01; *** p
< 0.001; **** p < 0.0001. B-D. Experiments were performed by Christina Hartl (Group Prof Beckhove, DKFZ) under my

supervision.

The lysis of M579-A2 by an independent melanoma T cell source (TIL209) was validated by
chromium-release assay to exclude methodology- or TIL-restricted effects of OR10HI
knockdown with siRNA 1 (Figure 18D). Furthermore, this method excludes any prior
proliferation/viability effects of the siRNA by using the same cell numbers for all co-cultures.

As assumed, knockdown of OR10H1 increased TIL209-mediated lysis of M579-A2. This effect
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is clearly visible at effector-to-target ratios from 50:1 to 6:1. The induction of TIL-mediated

cytotoxicity surpassed the impact of PD-L1 knockdown after a co-culture period of 4 hours.

5.5.3 OR10H1-mediated inhibition of TIL cytotoxicity against melanoma is depending on
HLA-A2/TCR interactions

TIL412 are a mixture of CD4* and CD8" T cells, whereas TIL209 consist almost exclusively of
CD8*" TCs (see Figure 2). Therefore, we wanted to know whether the OR10H1-dependent
inhibition of TIL-mediated tumor lysis is dependent on the interaction between CD8" cytotoxic
T cells and the tumor cell and if it is relying on TCR (T cell side) and antigen-MHC I (tumor
side) binding. HLA-A2 restriction of OR10H1-mediated TIL412 inhibition was evaluated using
HLA-A2* M579-A2 and HLA-A2" M579 (Figure 19). As expected from the secondary
screening, TIL412 secreted more IFN-y when co-cultured with OR10H1" M579-A2 compared
to OR10H1* M579-A2 cells for 6 hours (trend, not significant). The concentration of IFN-y was
18% higher if OR10H1 was knocked down on the M579-A2 (Figure 19A). M579 do not express
HLA-A2 and thus cannot be recognized by HLA-A2-restricted TIL412 (see Figure 11). The
knockdown of OR10H1 in M579 did not lead to a measurable increase in IFN-y secretion
suggesting a dependence on TCR-antigen/HLA-A?2 interactions irrespective of the presence of
OR10H1. M579-A2 were generated by lentiviral transduction to stably express HLA-A2. The
random insertion of the HLA-A2 plasmid can lead to altered expression of adjacent genes. In
theory, the immune inhibitory effect of OR10H1 could be HLA-A2-independent but depending
on the random insertion of HLA-A2 in the genome of M579-A2 leading to the differential
expression of immune-related genes. We ruled out that possibility by using a system in which
the TC-mediated lysis of target cells is depending on the addition of flu peptide. This system
was established by Ayse Nur Menevse (AG Beckhove, RCI). In short, TCs specific for flu-
derived peptides presented by HLA-A?2 are generated from donors, by means of antigen specific
expansion, followed by sorting of the flu specific cells and a standard REP (rapid expansion
protocol) to obtain the necessary cell numbers and purity. Target cells can be pulsed with the
according flu-derived peptide before co-culture with TCs. In this setup, the presence or absence
of the peptide ensures the interaction of the TCR and HLA-A2. M579-A2-luc melanoma were
pulsed with flu-derived peptide in different concentrations and co-cultured with flu-specific T
cells (Figure 19B) in different effector-to-target (E:T) ratios. These TCs are enriched for flu-
specific CD8" cytotoxic TCs [data not shown]. The addition of different concentrations of

peptide to the M579-A2-luc without the presence of TCs did not have any effect on cell viability
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[data not shown]. The 20 h co-culture of M579-A2-luc and TCs in low E:T ratios in the absence
of TCR/HLA-A2 interaction (no peptide added) induced tumor cells proliferation. The
presence of TCs increased cell proliferation in M579-A2-luc cells by 18% (2:1 E:T ratio) or ~30%
(I:1 E:T ratio) in a HLA-A2-independent manner. This effect was OR10H1-knockdown
independent. In the setup with the lowest effector-to-target ratio (1:1) the addition of 0.01 -
1 ug/ml flu-derived peptide increased the proliferation by up to 70% suggesting an additional
HLA-A2-dependent induction of proliferation. In the co-culture with peptide-pulsed OR10H1-
M579-A2-luc the TC-mediated tumor lysis counteracts the induction of proliferation. The
efficacy of the TC-mediated tumor lysis correlated with increasing concentration of flu
peptides. At a higher effector-to-target ratio (2:1) the activation of TCs (flu peptide present)
resulted in substantially higher lysis of OR10H1" M579-A2-luc (Figure 19B, right). The
knockdown of OR10H1 strongly increased TC-mediated tumor lysis depending on the peptide
concentration. Without peptide, no tumor lysis was observed. With 0.01 pg/ml flu-derived
peptide 50% of OR10H1" M579-A2-luc cells were lysed, whereas the highest concentration
(1 pg/ml) led to a kill of 75%, indicating that the increase in TC-mediated tumor lysis by
OR10H1 knockdown is indeed HLA-A2 dependent.
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Figure 19: Increase in TIL-mediated lysis of melanoma by OR10H1 knockdown is HLA-A2-restricted. A, B. Representative
cytokine secretion (A) and killing assays (B) with HLA-A2" M579 (A) and HLA-A2* M579-A2-luc (A, B) cells. M579 and
M579-A2-luc cells were reverse-transfected as before. A Cells were co-cultured with TIL412 (5:1 E:T) for 6 h after transfection
and IFN-y levels were measured by ELISA. B. Cells were pulsed with different concentrations of flu-derived peptides for 1 hour
before co-culture with flu-specific T cells or CLM (viability) for 20 h. TC-mediated lysis or viability impact of target knockdown
was measured by luciferase assay. Flu-specific T cells and peptides were generated by Ayse Nur Menevse (RCI, Regensburg)
and prepared in parallel to TILs. All experiments were performed in triplicates (means are shown) and are representative of at
least three independent experiments. Error bars denote + SEM, and statistical significance was calculated using unpaired, two-
tailed Student’s t-test with * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. B Experiments were performed in collaboration

with Ayse Nur Menevse (AG Beckhove, RCI Regensburg).
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5.5.4 OR10H1 inhibits TIL-mediated lysis of PDAC and CRC

As mentioned, OR10H1 was discovered as an immune checkpoint candidate in melanoma and
PDAC. Furthermore, it was found to be expressed in several solid tumors (melanoma, PDAC
and CRC) suggesting an immune inhibitory function in the respective diseases. We validated
the impact of OR10H1 knockdown on TIL#1-mediated lysis of luciferase-positive PANC-1
(PDAC) and SW480 (CRC) cells (Figure 20). The generation of PDAC-derived TIL cultures
and the co-culture setup with reverse-transfected PANC-1 was established by Antonio
Sorrentino (RCI, Regensburg) and is not further discussed in this thesis. TIL#1 are a mixture of
CD4* and CD8* TCs which can recognize and kill PANC-1 and SW480 cells in a HLA-A2-
dependent manner. As for melanoma-derived TILs, TIL#1 contain a combination of highly
exhausted effector and central memory T cells. They express PD-1 and TIM-3 and PANC-1
express the immune checkpoints PD-L1 and CCR9. We deconvoluted the OR10H1 siRNA pool
and validated the impact of each siRNA sequence on TIL#1-mediated lysis of PANC-1 in the
luciferase assay (Figure 20A).
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Figure 20: OR10H]1 abrogation induces TIL-mediated lysis of pancreatic adenocarcinoma and colorectal cancer cell lines
by patient-derived TILs. A, B Cytotoxicity assays with PANC-1 tumor cells and PDAC-derived TIL#1 after the knockdown of
ORI10HI1. PANC-1 were reverse-transfected with single OR10H1 siRNA sequences or the according pool for 72 h before co-
culture with TIL#1 for 20 (A) or 4 h (B). A. Luciferase assay with deconvoluted siRNA sequences. PANC-1 were co-cultured
with TIL#1 in a 50:1 E:T ratio (cytotoxicity) or cultured with CLM only (viability). The TIL-mediated killing of PANC-1 cells
is represented as the ratio between cytotoxicity and viability normalized for any potential viability or proliferation impact of
gene knockdown. Scrambled siRNA and PD-L1 serve as controls. B. Chromium release assay with OR10H1-positive (=) or
negative (A) PANC-1 cells and TIL#1 in different effector-to-target ratios (4 h). C. Chromium release assay run in analog to B
with SW480 as target cells including PD-L1 knockdown (0). Experiments were performed by Antonio Sorrentino (RCI,
Regensburg). All experiments were performed in triplicates (means are shown) and are representative of at least two
independent experiments. Error bars denote + SEM, and statistical significance was calculated using unpaired, two-tailed
Student’s t-test with * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Three out of four siRNA sequences and the siRNA pool show a significant induction of killing
compared to the negative control. Without OR10H1 knockdown only 20% of tumor cells are
killed after 20 h co-culture with TIL#1, whereas OR10H1 knockdown with siRNA sequence 2
induced killing of around 90%. Sequences 1, 3 and the pool induced killing of around 70, 50
and 85% of the tumor cells, respectively. Sequence 4 did not increase killing compared to the
negative control. Knockdown of the known immune checkpoints PD-L1 and CCR9 increased
the killing of PANC-1 to 74 and 69%, respectively. Knockdown of OR10H1 (siRNA sequence 1)
was compared to control siRNA in a chromium release assay with different effector to target
ratios (Figure 20B). After 4 h of co-culture with TIL#1 at a 100:1 ratio only 30% of wild type
PANC-1 were lysed. This lysis was increased to around 55% in OR10H1  PANC-1. The
knockdown of OR10H1 strongly increased TIL#1-mediated lysis of PANCI1 over the complete
effector-to-target ratio range (except for the 3:1 ratio). Interestingly, the knockdown of PD-L1
did not increase TIL-mediated lysis of PANC-1 in the 4 h chromium release assay [data not
shown]. As mentioned, TIL#1 can recognize and kill the CRC cell line SW480 in a HLA-A2-
dependend manner. Therefore, we optimized the transfection parameters for this luciferase-
negative cell line and validated the impact of OR10H1 knockdown by chromium release assay
(Figure 20C). SW480 transfected with the negative control siRNA only showed weak lysis by
TIL#1. Knockdown of OR10H1 however increased TIL-mediated lysis almost as efficiently as
the knockdown of PD-L1.

Taken together these experiments indicated that OR10H1 acts as a potential immune
checkpoint in several solid tumors by impeding TIL-mediated lysis of tumor cells thus

underlining its appeal as a target for cancer immunotherapy.

5.6 OR10H1 inhibition augments TIL-mediated anti-tumor responses after

adoptive T cell transfer in vivo

After validating the role of OR10H1 as an inhibitor of TIL-mediated tumor lysis in melanoma
and other solid tumors in vitro we aimed to evaluate its immunosuppressive function in vivo.
We used the immunodeficient NOD.Cg-Prkdc* I2rgt™"/Sz] (NSG) mouse strain for

xenotransplantation of M579-A2 in combination with adoptive T cell transfer (TIL412).
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5.6.1 Generation of stable OR10H1 knockdown cell lines

A stable M579-A2 OR10HI1 deficient cell line was required for the in vivo analysis of the
ORI10HI1 functionality. Therefore, we generated stable knockdown cell lines using lentiviral
particles with OR10H1-specific shRNAs or control cell lines transduced with lentiviral particles
containing non-targeting sequence (NTS) shRNA (all from Sigma Aldrich). All sequences were
cloned in the pLKO.1-puro vector. First, we validated the optimal multiplicity of infection
(MOI) for this setup by using GFP-coding particles. We tested MOIs ranging from 1 to 10 and
found 2 to be the optimal MOI for the transduction of M579-A2 [data not shown]. We tested
four different shRNA sequences for their OR10H1 knockdown compared to NTS control. Two
out of four sequences showed a strong OR10H1 knockdown with shRNA 4 being the strongest
[data not shown]. Before using these cell lines in vivo, we compared OR10H1* M579-A2 (NTS)
and OR10H1" M579-A2 (shRNA sequence 4) on their proliferation potential and resistance
towards TIL412-mediated lysis in vitro (Figure 21). The effect of stable OR10H1 knockdown
on the proliferative capacity in M579 was tested by a WST-1 proliferation assay (Figure 21A).
Only a minor proliferation advantage (~3% proliferation increase) was measured in OR10H]1
knockdown cells compared to control 72 h after seeding suggesting no impact on general cell
proliferation. TIL-mediated lysis of OR10H1- M579 (shRNA 4) was strongly increased
compared to OR10H1* NTS control cells (Figure 21B). These results are comparable with the
results obtained by transiently knocking down OR10H1 with siRNAs. Therefore, OR10H1
shRNA 4-transduced M579-A2 and the according NTS control cells were used in the following

in vivo experiments.

86



Results

n
[
2 115
S
had 100
g 1.10 b = 0.0065 " A OR10H1 shRNA 4
£ 105- a " v
L oo T S
S 1.00- — 8 50|
om— v
S ° °
g ® s
g 095
&=
o
S
S 09 . .
.g & VP‘ 0 ’
- < N N N N N N N
[} . A .
o & S SR A RN
2 &
Q
OQ~\ TIL412: M579-A2
93\0)
-

Figure 21: In vitro validation of stable OR10H1 knockdown M579-A2. The stable OR10H1 knockdown cell line (generated
with shRNA 4) was evaluated for proliferation (A) and susceptibility towards TIL412-mediated lysis (B) compared to negative
control (NTS shRNA). A. Representative cell proliferation analysis comparing mean relative proliferation of M579-A2 OR10H1
shRNA 4 (=) and M579-A2 NTS (0). Cells were grown for 72 h before an additional 4 h incubation with WST-1 at 37 °C. B.
Representative chromium-release assay depicting mean TIL412-mediated lysis (4 h) of OR10H1 stable knockdown M579-A2
(A) or NTS shRNA control M579-A2 (=). Error bars denote +SEM. Experiments were performed by Christina Hartl (Group
Prof Beckhove, DKFZ) under my supervision.

5.6.2 AdoptiveT cell transfer reduced tumor growth in OR10H1 melanomas in a xenograft

NSG mouse model

In order to evaluate the OR10H1 role as an immune checkpoint in vivo, we subcutaneously
injected immunodeficient NSG mice with 3x10° OR10H1" (control) and OR10H1" M579-A2 in
the right and left flank, respectively. One group of mice received adoptive cell transfer with
9x10° TIL412 on day 2 and 9 after tumor injection, whereas others did not receive adoptive cell
transfer (tumor growth control). Tumor size was measured three times a week (see paragraph
4.7). The experimental and treatment setup is depicted in Figure 22 (upper panel). Growth
measurement of stable OR10H1 knockdown or control tumors without adoptive cell transfer
did not reveal a growth disadvantage for OR10H1 melanoma cells in vivo (lower right panel).
On the contrary, after around 16 days OR10H1" tumors grew slightly (but non-significant)
more than the NTS control tumors. Overall, these results are in accordance with the in vitro
data of transient OR10H1 knockdown. Tumor size differences based on TIL412-mediated anti-
tumor response became visible at early time points in the group of mice treated with adoptive
cell transfer (day 2 and 9). After the first ACT treatment growth of OR10H1 tumors was

delayed compared to the control tumors. The second ACT treatment (day 9) lead to a significant
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reduction in tumor size of OR10H1-deficient tumors. This effect was not observable in control
tumors, which continued to grow. After day 19 OR10H1" tumors started to grow again but
tumor growth kept being delayed compared to the NTS control. Analysis of tumor infiltration
by TILs revealed that their survival and therefore their anti-tumor effect is limited in the NSG
mouse model [data not shown]. Interestingly, tumor growth curves for ATC-treated or
untreated NTS control tumors were fairly similar suggesting a marginal effect of TIL412-
mediated anti-tumor responses against OR10H1* melanoma cells in vivo. The knockdown of

ORI10HI in the tumor on the other side dramatically increased the therapeutic window of

adoptive T cell transfer.
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Figure 22: OR10H1 functions as an immune checkpoint in vivo. (upper panel) Experimental layout for in vivo experiments.
Mice were s.c. injected with OR10H1* and OR10H1" M579-A2 in the left and right flank on day 0. The treated group (n=6)
received adoptive T cell transfer (i.v.) on day 2 and 9. The tumor growth control group (n=4) did not receive any treatment.
Tumor growth was measured three times a week for 23 days. (lower panel) Representative tumor growth curves showing mean
+ SEM tumor volumes of OR10H1-negative (i.e. OR10H1 knockdown; kd) or OR10H1-positive (i.e. NTS shRNA control)
M579-A2 tumors in ACT-treated mice (lower left panel) or in the growth control group without ACT (lower right panel).
The growth curves are representatives of at least two independent in vivo experiments. The values represent mean tumor
volume. Statistical difference was calculated using the Mann-Whitney U test.
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Taken together, our results indicate that the transient or stable knockdown of OR10H1
improved TIL-mediated killing of tumor cells in vitro or in vivo, respectively suggesting an

important role for OR10H1 in T cell inhibition.
5.7 Tumor-restricted OR10H1 inhibits TIL activity and survival

The goal of this project is the discovery of novel immune checkpoints regulating T cell signaling
and their subsequent activity. Some of the strongest candidates from our primary screening
(namely PRKD?2) seem to regulate TIL-induced apoptosis in melanoma without affecting the T
cells directly. OR10H1 inhibits TIL-mediated lysis of melanoma, PDAC and CRC in an HLA-
dependent manner. Therefore, we aimed to survey the effects of OR10H1 knockdown (on
melanoma) on other determinants of T cell activity besides measurement of tumor lysis. A first
hint of an OR10H]1 inhibition of T cell activity beyond tumor lysis was found in the secondary
screening (see Figure 15 and Figure 19). OR10H1 knockdown increased TIL-mediated lysis
and secretion of IFN-y and IL-2. Following up on this, we tested the impact of OR10H1
knockdown on the secretion of a variety of type I (T-helper-1) and type II (T-helper-2)

cytokines (27 measured by Luminex) as well as other markers of T cell activation (Figure 23).
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Figure 23: OR10H]1 alters T cell cytokine production from anti-tumor type I to pro-tumor type II and induces TIL
apoptosis. A. Cumulative cytokine secretion data of T helper type I and II cytokines of 20 h co-culture from TIL412 with
ORI10H1* or OR10H1"M579-A2 (measured by Luminex). B. ELISpot assay showing spot numbers of IFN-y secreting TILs after
co-culture with OR10H1 knockdown M579-A2 (or control siRNA). TILs without melanoma encounter were used as a negative
control (TC only). C. Cumulative data of apoptosis induction (measured by FACS staining for Annexin V+) in CD8* TILs after
co-culture (6h) with OR10H1-positive or -negative M579-A2. TILs stimulated with PMA/Iono and unstimulated TILs were
used as positive and negative controls, respectively. Gating strategy is shown in Supplementary figure 2. A and C show
cumulative data (mean) from three independent experiments. B shows representative data of two independent experiments
(mean shown, performed in triplicates). Error bars denote + SEM, and statistical significance was calculated using unpaired,
two-tailed Student’s t-test. (B, C) Experiments were performed in collaboration with Antonio Sorrentino (Group Prof
Beckhove, DKFZ).
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Overstimulation of TIL412 with PMA and Ionomycin (PMA/Iono) served as a maximum
secretion control for all cytokines [data not shown]. Ten cytokines including IL-7, IL-10, and
IL-12 were not secreted during the co-culture of M579-A2 and TIL412 independent of the
OR10H1 knockdown. Other cytokines (GM-CSF, IL-13, IL-5, IL-8, MIP-1a, MIP-1pB, VEGF,
PDGF-BB and RANTES) were secreted during the co-culture but did not show any differential
secretion upon OR10H1 knockdown.

On the other hand, knockdown of OR10H1 in M579-A2 increased the secretion of the type I
cytokines IFN-y and IL-2 while decreasing the secretion of type II cytokines IL-4, IL-6 and
MCP-1 (Figure 23A). We validated the small but significant increase in IFN-y secretion
observed during co-culture of TIL412 with OR10H1 M579-A2 (Luminex and ELISA) using
ELISpot. This method focuses on the number of cytokine secreting cells rather than the
concentration of secreted cytokine. The knockdown of OR10H1 significantly increased the
number of IFN-y-secreting TCs from around 105 to 185 spots/10* TILs (Figure 23B) whereas
over stimulation with PMA and Ionomycin (PMA/Iono) resulted in ~370 spots/10* TILs [data
not shown]. Without any stimulation or co-culture with M579-A2 (TC only) no spots were
observed. This implies a need for interactions with tumor cells to trigger T cell IFN-y secretion.
Another way in which OR10H1 could inhibit T cell functionality is the induction of apoptosis.
We investigated the effect of the presence or absence of OR10H1 on T cells apoptosis during
co-culture with OR10H1-positive or -negative M579-A2 (Figure 23C) by measuring binding
of Annexin V to phosphatidylserine on the membrane of apoptotic T cells (flow cytometry).
The gating strategy for apoptotic CD8" cells is shown in Supplementary figure 2. As expected,
a high percentage of CD8" TCs (~30%) were Annexin V-positive without an additional
stimulation by PMA/Iono or co-culture with target cells. This is in accordance with the high
exhaustion status of melanoma-derived TILs. Over-activation (PMA/Iono) of TILs increased
the percentage of Annexin V-positive CD8" TCs to around 60%. The same level of apoptosis
was induced by co-culture with OR10H1* M579-A2. Knockdown of OR10H1 in M579-A2
resulted in only 47% apoptotic cytotoxic T cells. Thus, knockdown of OR10H1 on tumor cells

led to a reduced induction of apoptosis in exhausted T cells during co-culture.

Taken together, these results underline the relevance of OR10H1 as a potential immune
checkpoint. OR10H1 did not only prevent TIL-mediated lysis of tumor cells in vivo and in vitro

but reduced the secretion of anti-tumor type I cytokines and increaseed the secretion of
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inhibitory type II cytokines. Furthermore, OR10H1 increased apoptosis induction in exhausted

TILs upon co-culture.

5.8 Tumor-restricted OR10H1 induces TIL gene expression associated with

negative regulation of T cell activation

After establishing the inhibitory function of OR10H1 on TIL-mediated tumor lysis (in vitro and
in vivo) as well as TIL activity and survival, we aimed to understand the underlying mode of
action by dissecting the involved signaling pathways. Changes of genes expressed in TIL412 co-
cultured with OR10H1 knockdown M579-A2 (or control siRNA) could give an indication of

signaling pathways involved in TIL inhibition.
5.8.1 Separation of TIL412 and M579-A2 after co-culture

An important requirement of pathway and gene expression analysis is the separation of tumor
and TILs after co-culture without influencing target cell signaling. Most methods of cell
separation use antibodies directed against proteins expressed on the cell surface of one cell type
but not on the other. Here, so called melanoma beads - using antibodies binding Melanoma-
associated Chondroitin Sulfate Proteoglycan (MCSP) — were used to positively select melanoma
cells without affecting T cell signaling. In a first step, melanoma cells were pre-stained with a
cell tracker (DDAO-SE) before co-culture (2-10 h) with TILs (10:1 effector-to-target-ratio).
After the co-culture the cells were separated by magnetic cell sorting, where the melanoma cells
were captured in the magnetized column and the T cells were collected as a negative fraction.
Additionally, the remaining (adherent) tumor cells were detached and added to the mixture to
simulate extreme conditions in which all tumor cells have to be removed. Flow cytometry was
used to verify the purity of enriched T cells after separation (Figure 24). Isotype control beads
were used as a negative control. By using melanoma beads TILs were enriched to a purity of
99.9% underlining a high specificity of the beads towards melanoma cells. In the case of control
isotype beads, 7.4% of the obtained cells were M579-A2 (DDAO-SE positive). The separation
process did not alter the CD4 to CD8 ratio of the enriched T cells. Using this method, we could
enrich TILs to a high purity without induction of signaling by antibody binding to cell surface

markers.
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Figure 24: Successful separation of TIL412 and M479-A2 by melanoma beads. Representative flow cytometry staining of
TIL412 and M579-A2 after separation. Tumor cells were stained with DDAO-SE for 30 min at 37 °C before 2 h co-culture with
TIL412 (10:1 E:T). Cells were separated using anti-melanoma (MCSP) beads and subsequently stained with CD4 and CD8
antibodies. Purity was measured by FACS. Isotype beads were used as a negative control.

5.8.2 OR10H1 induces differential gene expression in TILs

In order to measure the inhibitory effect of OR10H1 on gene expression of TILs we co-cultured
ORI10H1-positive and -negative M579-A2 with TIL412 (10:1 E:T) for 10 h and enriched the
TILs with melanoma beads. Subsequently, total RNA was isolated from the TILs and the
transcriptome was analyzed by RNA sequencing. Parameters for sequencing are shown in Table
5. The differential gene expression of TIL412 co-cultured with OR10H1 knockdown M579-A2
compared to TIL412 co-cultured with control siRNA M79-A2 was calculated in accordance to
literature [246]. In short, all reads were aligned to a reference genome, reference transcriptome
and a gene information file (GRCh37) using tophat2 before sorting, indexing and formatting
with SAMtools. Transcripts were counted (counts per million) using HTSeq-count. The exact
parameters for alignment, formatting and counting are shown in paragraph 4.6.5.2. Gene
expression values of TILs co-cultured with OR10H1 knockdown M579-A2 or control siRNA
M579-A2 were compared using the edgeR package for R [253]. Features with less than one
count per million in both biological replicates of a group (knockdown or control) were excluded
from the analysis. The expression differences between all samples are depicted in the
multidimensional scaling plot (Figure 25). The distances between the samples are calculated
with a principal component analysis (PCA). A clear separation between gene expression of TILs

co-cultured with OR10H1- M579-A2 (KD) and TILs co-cultured with OR10H1* M579-A2
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(CTL) was observed in dimension 1 (x-axis), whereas the replicates lie close together.
Dimension 2 (y-axis) accounts for the inter-experimental variation. The first dimension
accounts for the major variances (distances between knockdown and control) and therefore

inter-experimental variance (dimension 2) should not affect downstream analysis.

o
3 D
N —
£ S
o
V)
L.
o))
QO o |
- o
te)]
£
)
3 KD
— ol'_ 1
oN
(Ij_

03 -02 -01 00 01 02 03 04
Leading logFC dim 1

Figure 25: Multidimensional scaling plot (MDS) of RNA sequencing data. MDS plot illustrating the relations (distances)
between all samples. Gene expression from TIL412 co-cultured (10 h) with ORI0H1 knockdown M579-A2 (KD) is depicted in
blue and gene expression from TIL412 co-cultured with control siRNA M579-A2 is depicted in green. The x-axis represents
the dimension (similar to principal component) showing the variance in the dataset, followed by the dimension 2 (y-axis).
Sequencing was performed on quality verified total RNA from two independent experiments. The MDS plot was generated
using the plotMDS function of edgeR for R.

After establishing the quality [data not shown] and relation of all RNA sequencing samples we
assessed the effect of OR10H1 knockdown (tumor side) on TIL gene expression and the
associated functions (Figure 26). Differentially expressed genes of TILs co-cultured with
OR10H1 vs. OR10H1* (control siRNA) M579-A2 are shown in a smear plot (Figure 26A). The
log2 fold change of each identified transcript in the TILs is plotted against the average count
(log of counts per million), thereby representing the differential induction of gene expression
in TILs upon co-culture with OR10H1 knockdown or control siRNA M579-A2. Only genes
with a log2-fold-change above/below £0.5 (logFC > 0.5 and logFC < -0.5) and a false discovery

rate (corrected p-value) below 0.05 (FDR < 0.05) were considered differentially expressed. In
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total 82 transcripts were differentially regulated in TIL412 after co-culture with OR10H1
knockdown M579-A2 (73 upregulated and 9 downregulated, respectively). As an additional
representation, a heatmap was generated of all differentially expressed genes by unsupervised
hierarchical clustering on the expression values in all samples (Figure 26B). As expected,
samples from the two conditions (OR10H1 knockdown or control siRNA M579-A2 co-cultured
with TIL412) clustered together. Furthermore, two clusters based on similarity of gene
expression could be observed. The first cluster (upper) contains all transcripts which are more
induced (upregulated) in TIL412 after 10 h co-culture with OR10H1  M579-A2 (depicted in
red). The second cluster (lower) contains those transcripts which are downregulated,
respectively (depicted in blue). Overall, the heatmap representation of the differentially
expressed genes is in accordance with the log2-fold-change data. Table 7 shows the top 20

upregulated and all 9 downregulated genes (for all differentially expressed genes see

Supplementary table 1).
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Figure 26: Overview of OR10H1 induced gene expression in TILs after co-culture. Differential gene expression visualized
by smear plot (A) and heat map (B). A. Smear plot showing the log2 fold change (TILs co-cultured with OR10H1" vs. OR10H1*
M579A) of all sequenced transcripts plotted against the normalized read counts (CPM). Transcripts with a FDR <0.05 are
indicated by a red dot. Only transcripts with alog FC > 0.5 or < -0.5 are considered differentially expressed (indicated by dotted
lines). Upregulated genes of interest are marked in green and downregulated in purple, respectively. B. Heatmap generated by
unsupervised hierarchical clustering on the expression values of all differentially expressed genes. The color intensity indicates
the level of gene expression ranging from low (blue) to high (red). Differential gene expression analysis was performed using
edgeR. Clustering and heatmap generation was performed using hclust and regHeatmap. All tools are available via
Bioconductor for R. RNA Sequencing was performed on samples from two independent experiments.
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Table 7: List of genes differentially regulated by tumor-restricted ORIOH]I (top 20).

Gene logFC FDR Description
CXCL13 1.55 1.36E-07 Chemokine (C-X-C motif) ligand 13
LINC01125 1.51 0.00265749 Long intergenic non-protein coding RNA 1125
HES1 1.39 4.32E-08 Hes family bHLH transcription factor 1
LINCo01531 1.36 3.30E-06 Long intergenic non-protein coding RNA 1531
RN7SK 1.35 9.31E-05 RNA, 7SK small nuclear
CRTAM 1.29 8.06E-87 Cytotoxic and regulatory T cell molecule
BAMBI 1.24 5.77E-07 BMP and activin membrane-bound inhibitor
VGF 1.24 2.13E-07 VGF nerve growth factor inducible
COL7A1 1.22 3.89E-05 Collagen, type VII, alpha 1
MIR17HG 1.11 1.76E-07 MiR-17-92 cluster host gene
CCL1 1.05 4.81E-07 Chemokine (C-C motif) ligand 1
GUCY1A2 1.02 0.00166179 Guanylate cyclase 1, soluble, alpha 2
NEK6 1.02 1.52E-40 NIMA-related kinase 6
GNG4 0.97 4.91E-11 Guanine nucleotide binding protein (G protein), gamma 4
FAM131C 0.91 0.00384536 Family with sequence similarity 131, member C
PDLIM4 0.90 1.14E-05 PDZ and LIM domain 4
NAPSA 0.89 0.00117344 Napsin A aspartic peptidase
CXCL1 0.89 1.11E-06 Chemokine (C-X-C motif) ligand 1
XIRP1 0.88 4.55E-14 Xin actin binding repeat containing 1
VAV3 0.85 0.00010174 Vav 3 guanine nucleotide exchange factor
NR4A2 -0.51 0.00414285 Nuclear receptor subfamily 4, group A, member 2
CDC42EP4 -0.53 0.0039477 CDC42 effector protein (Rho GTPase binding) 4
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MEF2C -0.59 0.03680576 Myocyte enhancer factor 2C
SDK2 -0.59 0.00707349 Sidekick cell adhesion molecule 2
MEGF6 -0.61 0.04111638 Multiple EGF-like-domains 6
IFNGR2 -0.67 0.03615516 Interferon gamma receptor 2
TRPC3 -0.68 0.03478056 Transient receptor potential cation channel, subfamily C, member 3
EGR3 -0.70 0.0010135 Early growth response 3
CD300LD -0.83 0.00011753 CD300 molecule-like family member d

Gene expression analysis revealed several genes associated with T cell function, anergy and
survival that were differentially regulated in TILs depending on the presence of OR10H1 on
melanoma cells. Several genes associated with impaired T cell responses were downregulated in
TILs co-cultured with OR10H1 knockdown M579-A2. Downregulated genes associated with T
cell anergy, apoptosis and exhaustion included EGR3 (Early Growth Response 3) [254],
IFNGR2 (Interferon Gamma Receptor 2) [255] and NR4A2 (Nuclear Receptor Subfamily 4
Group A Member 2) [48, 256], respectively. Interestingly, the transcription factor MEF2C
(Myocyte Enhancer Factor 2C) can induce the transcription factor family members NUR77
(NR4A1; Nuclear Receptor Subfamily 4 Group A Member 1) and NURRI (NR4A2), which in
turn induce apoptosis in T cells [257, 258]. NR4A1 was excluded from the analysis as it had a
log2-fold-change of -0.47 (logFC > -0.5).

Among the genes upregulated in TILs after co-culture with OR10H1 knockdown M579-A2
were genes associated with improved T cell function. For example, HES1 (Hes Family BHLH
Transcription Factor 1) [259], CRTAM (Cytotoxic And Regulatory T-Cell Molecule) [260] and
VAV3 (Vav Guanine Nucleotide Exchange Factor 3) [261] are involved in T cell activation,
proliferation and TCR activation. The common transcription factors FOS (Fos Proto-
Oncogene, AP-1 Transcription Factor Subunit) and MYC (V-Myc Avian Myelocytomatosis
Viral Oncogene Homolog) are upregulated and associated with T cell activation [262, 263].
Another transcription factor, which is upregulated in TILs after co-culture with ORI0HI-
M579-A2 compared to TILs after co-culture with OR10H1* M579-A2 is IRF4 (Interferon
Regulatory Factor 4). IRF4 is important for translating TCR affinity-mediated CD8" T cell
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responses and metabolic programming of T cells [264, 265]. These differential gene expression
patterns between TILs co-cultured with OR10H1  and OR10HI1* melanoma cells suggest a
beneficial change of gene expression in TILs when OR10H]1 is knocked down in the tumor cells.
To further characterize these patterns of gene expression we performed pathway analysis using

IPA (Ingenuity Pathway Analysis software, Qiagen).

5.8.3 OR10H1 knockdown increased expression of genes positively associated with

immune function downstream of TCR in TILs

Aiming to connect biological processes to observed changes in gene expression in TILs
depending on the presence of OR10H1 on tumor cells during co-culture, we performed IPA
Downstream Effects Analysis (DEA) (Figure 27) on all differential expressed genes (logFC
> 0.5/ <-0.5 and FDR < 0.05). This analysis approach associates the differential expression
pattern to biological functions and/or diseases. Furthermore it predicts whether these functions
are activated or inhibited based on the gene expression changes in the datasets [266]. Query of
diseases associated with the observed gene pattern were excluded from the current analysis.
DEA revealed several activated or inhibited biological functions correlating with the gene
expression changes. The p-value (-log(p-value)) represents the statistical significance of the
correlation between the gene dataset and the genes associated with biological functions from
the Ingenuity knowledge database. Based on the direction of differential expression - log2-fold-
change between TILs co-cultured with OR10H1 or OR10H1* M579-A2 - an activation Z-score
is calculated predicting the activation or inhibition of the according biological function.
Figure 27 A shows all biological functions with an activation Z-score >2 or <-2 and a p-value <
0.05. Some enriched biological functions were associated with leukocytes/lymphocytes and
their activation or survival. The biological function ‘apoptosis of leukocytes’ was highly
enriched in the dataset and predicted to be inhibited in TILs after co-culture with OR10H]1
knockdown M579-A2, whereas the functions ‘cell survival” and ‘cell viability’ were predicted to
be activated, respectively. Other functions associated with lymphocytes were ‘recruitment of
lymphocytes’, ‘cell movement of lymphocytes’ and ‘lymphocyte migration’. Enriched and
activated functions associated with activation of cells included ‘quantity of Ca*", ‘activation of

2+

cells’ and ‘mobilization of Ca*’. In summary, biological functions associated with the
differential gene expression suggest increased viability/ reduced apoptosis of the TILs, increased

functionality of lymphocytes and activated Ca** signaling activity.
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Upstream Regulator Analysis (URA) was run to predict upstream regulators that are associated
with the observed changes in gene expression [data not shown]. The TCR complex was found
to be the upstream regulator with the strongest predicted activation (Z-score = 2.9) and
enrichment (p-value = 9.5x107°) in the data set, suggesting an important role in differential
gene expression induced in TILs co-cultured with OR10H1 knockdown M579-A2. In a final
step, the URA and DEA were combined by Regulator Effect Analysis (REA) to generate a causal
hypothesis for the (gene expression patterns). This connects the potential upstream molecules,
the genes they regulate and the associated biological functions. REA predicted that the TCR
complex together with associated Ras [267] and ERK1/2 [268] and several cytokines

differentially regulates 16 genes leading to enhanced cell functionality (Figure 27B).

In summary, the pathway analyses predicted that knockdown of OR10H1 on melanoma cells
induces a beneficial gene expression pattern - including reduced apoptosis and increased
functionality — in TILs after co-culture. Furthermore, the TCR complex was predicted to
regulate these gene expression changes and the associated biological functions implying an

inhibitory role of OR10H1 on TCR signaling.
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Figure 27: Knockdown of OR10H]1 induces gene expression associated with TCR-mediated leukocyte functionality. A.
Functional enrichment analysis (Ingenuity IPA) based on top upregulated (IogFC > 0.5) and downregulated (logFC < 0.5) genes
with FDR < 0.05. Differential gene expression-associated functions were selected based on enrichment p-value (-log of p-value;
threshold = -1.3) and activation Z-score (threshold +2). Activation Z-score is color coded from deactivated (red) to activated
(purple) functions. T cell-associated functions are marked in red. B. Causal network combining URA and DEA to match
potential upstream regulators to associated downstream functions. Positive associated functions and regulations are indicated
in orange and negative in blue. Biased associations are indicated in yellow. Downregulated genes are depicted in green and
upregulated in red, respectively.
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5.9 Tumor-associated ORT0H1 impairs anti-tumor activity by activation of CREB

and inhibition of Lck in TILs

Differential gene expression and subsequent pathway analysis revealed a role of OR10H1 in
alteration of TCR-associated signaling leading to impaired T cell function. Affected pathways
include kinases (e.g., TCR-associated) and other proteins activated/inactivated by
phosphorylation. Therefore, we aimed to decipher the immune-inhibitory mode of action by
delineating the signaling pathways in TCs altered by OR10H1 on the tumor side. In a first step,
TIL412 were co-cultured with M579-A2 (OR10H1 knockdown or control siRNA) for 2 hours,
separated (see paragraph 5.8.1) and the phosphorylation levels of 8 proteins were measured by
Phosphoplex. The pathways tested for activation or inhibition were represented by CREB, ERK,
NFxB, JNK, p70 S6K, STAT3, STAT5 and Akt (Table 8 upper part). Induction (or reduction)
of protein phosphorylation was calculated as log2 ratio to unstimulated TILs (no tumor cells

added) and compared to TILs stimulated with PMA/Iono (Figure 28).

Table 8: Phosphoproteins included in pathway analyses

Gene Name Phosphorylation side

General pathway overview

CREB cAMP response element-binding protein pSerinel33
ERK1/2 Extracellular-signal regulated kinases pThreoninel85/ pTyrosinel87
NFkB Nuclear factor kappa-light-chain-enhancer of activated B cells pSerine536
JNK c-Jun N-terminal kinase pThreoninel83/ pTyrosinel85
p70 S6K Ribosomal protein S6 kinase beta-1 pThreonine412
STATS3 Signal transducer and activator of transcription 3 pSerine727
STAT5 Signal transducer and activator of transcription 5 pTyrosine694/ pTyrosine699
Akt Protein kinase B pSerine473

TCR-associated

CREB cAMP response element-binding protein pSerinel33
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CD3¢ CD3¢ chain pan pTyrosine
ERK1/2 Extracellular-signal regulated kinases pThreoninel85/ pTyrosinel87
LAT Linker for activation of T cells pan pTyrosine
Lck Lymphocyte-specific protein tyrosine kinase pan pTyrosine
Syk Spleen tyrosine kinase pan pTyrosine
ZAP-70 Zeta-chain-associated protein kinase 70 pan pTyrosine

*pan indicates site-unspecific antibodies against all phoshpo-tyrosines of a given protein

Phosphorylation levels of most proteins remained unchanged (compared to unstimulated
TIL412) after a 2 h co-culture with M579-A2 independent of the presence of OR10H1
(Figure 28A). Overstimulation of TIL412 with PMA/Iono induced phosphorylation of ERK,
STAT3 and Akt. Phosphorylation levels of CREB - on the activator phosphorylation site serine
133 —were strongly increased in TIL412 after co-culture with control siRNA M579-A2 (5-fold
change). In TILs, co-cultured with OR10H1" M579-A2 the induction of CREB is significantly
smaller (2-fold change). Over-activation of TILs induced a 4-fold change in CREB
phosphorylation. These data suggest a role of CREB activation in OR10H1-mediated alterations
in signaling. CREB is a transcription factor positively and negatively involved in TCR signaling
and function [269-271]. The differential phosphorylation of CREB in combination with the
predicted differential gene expression (TCR associated; see 5.8.3) indicated an OR10H1-
mediated dysregulation of TCR signaling upon co-culture with melanoma cells. We analyzed
the kinetics of OR10H1-related effects on TCR signaling by measuring phosphorylation
changes in distinct signaling nodes at 0, 5, 30 and 120 min co-culture. The analysis was
performed as before measuring phosphorylation of CREB, CD3e, ERK1/2, LAT, Lck, Syk and
ZAP-70 (Table 8 lower part). Figure 28B and C show phosphorylation kinetics of CREB, Lck
and ZAP-70 in TILs co-cultured with OR10H1 knockdown or control siRNA M579-A2 or
stimulated with PMA/Iono.
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Figure 28: OR10H1 reduces Lck and increases CREB activity in TILs during co-culture. A, B, C, D Phospho pathway analysis
for general (A) and TCR-associated (B, C, D) key signaling proteins in TILs after co-culture (up to 2 hours) with OR10H1-
positive or -negative M579-A2. TILs without re-stimulation (unstimulated) and overstimulated with PMA/Iono serve as
negative and positive control, respectively. Total protein content was normalized using beta-tubulin. A. Cumulative
phosphoplex data (n = 3) of key proteins involved in general pathways after 2 h co-culture. (De)phosphorylation are indicated
by log2 fold-change compared to TILs without re-stimulation. Co-culture and separation was performed as described in Figure
24. B, C, D. Cumulative phosphoplex data (n = 3) of CREB, Lck and ZAP-70 phosphorylation kinetics in TILs upon co-culture
with OR10H1-positive (e) or -negative () M579-A2 or TILs stimulated with PMA/Iono (A) for 0, 5 30 and 120 min. Mean +
SEM are shown, unless stated otherwise, and statistical significance was calculated using unpaired, two-tailed Student’s t-test.
Experiments were performed by Christina Hartl (Group Prof Beckhove, DKFZ) under my supervision.
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Phosphoplex analysis for phosphorylation of CD3e, ERK1/2, LAT and Syk did not show a
distinguishable kinetic pattern between TIL412 co-cultured with OR10H1 knockdown or
control siRNA M579-A2 [data not shown]. As expected, knockdown of OR10H1 on tumor cells
altered the kinetics for CREB phosphorylation in TILs upon co-culture (Figure 28B). For the
first 30 min, the phosphorylation levels of CREB were similar in both settings with a raise in
phosphorylation in the first 5 min, followed by a decrease at 30 min. After 2 h, CREB became
highly phosphorylated in TILs co-cultured with OR10H1-positive M579-A2 but stayed similar
in the OR10H1 knockdown setting. Interestingly, stimulation with PMA/Iono led to a strong
phosphorylation of CREB already after 5 min and remained high for 2 hours. The kinetics of
Lck phosphorylation showed a different pattern (Figure 28C). Co-culture with OR10H1-
positive M579-A2 did not induce (de)phosphorylation of Lck over the time period of 2 hours.
Knockdown of tumor-restricted OR10H1 on the other hand led to a strong dephosphorylation
of Lck in TILs compared to TILs without stimulation between 30 and 120 min. Interestingly,
the kinetics of Lck phosphorylation upon stimulation with PMA/Iono were similar to the one
induced by OR10H1" M579-A2. Finally, in the first 5 min the induction of ZAP-70
phosphorylation was similar in the ORH10 knockdown and control siRNA setup. After 30 min,
TILs co-cultured with OR10H1* M579-A2 have the same phosphorylation level of ZAP-70 as
unstimulated TILs, whereas TILs in the OR10H1 knockdown setting show increased ZAP-70
phosphorylation. After 120 min co-culture induction of ZAP-70 phosphorylation was higher in
TILs co-cultured with OR10HI-positive M579-A2 compared to the knockdown setting.
Stimulation with PMA/Iono induced ZAP-70 phosphorylation up to 30 min followed by
dephosphorylation reaching the levels of unstimulated TILs after 120 min (Figure 28D).

In summary, knockdown of OR10H1 in tumor cells led to differential phosphorylation of key
nodes involved in TCR-mediated signaling. Induction of CREB phosphorylation is reduced
whereas Lck becomes dephosphorylated. Induction of ZAP-70 phosphorylation is higher at first
(OR10H1 knockdown setting) but strongly reduced after 120 min compared to TILs co-
cultured with control siRNA M579-A2. Lck and ZAP-70 have several tyrosine residues which
can activate or inhibit their downstream kinase functionality upon phosphorylation [272, 273].
The Lck and ZAP-70 antibodies used by phosphoplex analysis are site unspecific (pan-tyrosine)
measuring overall tyrosine phosphorylation without revealing site-specific phosphorylation
patterns. We performed site-specific western blot analysis for phosphorylation of CREB, PKA

and Lck to detect activation or inhibition of the respective kinase ( Figure 29). As expected,
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phosphorylation of CREB at serine 133 was reduced in TILs co-cultured with OR10H1
knockdown M579-A2 compared to TILs co-cultured with control siRNA M579-A2
(Figure 29A, left panel). Interestingly, phosphorylation of activating transcription factor 1
(ATF1) - a gene family member of CREB - was also reduced (lower band). ATF1 and CREB
share the same activation site phosphorylated by PKA [274] suggesting a role for PKA in
OR10HI1-mediated inhibition of T cell function. In accordance with this, knockdown of
OR10HI in M579-A2 reduced the induction of PKA phosphorylation in TILs compared to the
control siRNA setting ( Figure 29A, right panel). Stimulation with PMA/Iono did not induce
phosphorylation of PKA. ZAP70 is a critical node in TCR-mediated signaling but it contains at
least 11 phosphorylation sites with activatory, inhibitory or unknown functionality [275]
making a site-specific phosphorylation analysis difficult. Therefore, we focused on Lck as a key
regulator of T cell activation. The spatial and regulatory kinetics of Lck phosphorylation and
function were reviewed by Rossy et al. [276]. In short, Lck can be either phosphorylated on
tyrosine Tyr394 (activation) or tyrosine Tyr505 (inhibition). Phosphorylation of Tyr505 leads
to its interaction with the SH2 domain of Lck and subsequent stabilization of the inactive
“closed” conformation. Phosphorylation on Tyr394 stabilizes the activation loop in an active
formation. We measured phosphorylation of the main inhibitory site (Tyr505) and found it to
be highly increased in TILs co-cultured with OR10H1* M579-A2 compared to TILs co-cultured
with OR10H1" M579-A2 or stimulated with PMA/Iono.

Several groups reported inhibitory pathways in T cells inducing cAMP-mediated activation of
PKA, its phosphorylation/ activation of CREB and C-terminal Src kinase (Csk) and the
subsequent inhibition of Lck by phosphorylation at Tyr505 (mediated by Csk) [277-281]. We
validated Lck as the functional joint of OR10H1-mediated TCR inhibition by using the Lck-
specific ~ inhibitor  7-Cyclopentyl-5-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-
ylamine. This class of Lck inhibitors (pyrrolo[2,3-d]pyrimidines) shows a stronger inhibition
of the inactive form of Lck [282] and increased inhibition of lower avidity effector cells [283].
We used different concentrations of the Lck inhibitor to measure the functional outcome of
differential Lck phosphorylation (structural conformation) induced by OR10H1 on the tumor
side ( Figure 29B). The addition of 2 uM Lck greatly abrogated killing of M579-A2-luc
transfected with control siRNA. Only 8% of all tumor cells were lysed by TIL412. The
knockdown of OR10H1 in melanoma cells strongly reduced the sensitivity of TIL412-mediated
killing towards Lck inhibition (70% killing). At higher concentrations of the Lck inhibitor
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(5 uM) the TIL412-mediated killing of M579-A2-luc was completely abrogated independent of
the presence of OR10H1. We validated this effect by real-time imaging and checked the impact
of the inhibitor concentrations on TIL survival and behavior (Supplementary figure 3). None
of the used concentrations of inhibitor induced apoptosis in TILs or prevented their binding to
tumor cells. Therefore, the data suggest that tumor-restricted ORI10H1 leads to the
phosphorylation of Lck on tyrosine 505 inducing an inactive form. This inactive form is more
prone to Lck inhibition compared to the more active Lck in a setting with OR10H1 knockdown.
In summary, ORI0OH1 promotes an inhibitor pathway in TILs via activation of PKA
phosphorylation of CREB and Csk and subsequent phosphorylation/inhibition of Lck
abrogating TIL functionality.
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Figure 29: OR10H]1 reduces Lck activity via PKA and Csk leading to impaired TIL function. A. Representative immunoblot
analysis showing phospho-CREB (Ser133), phospho-ATF1, phospho-PKA (Thr197) and phospho-Lck (Tyr505) levels in
ORI10H1*-treated, OR10H1 -treated, PMA/Iono-treated or unstimulated TIL412 using the according phospho-specific
antibodies. Beta-actin was used as a loading control. B. Cumulative data (n = 3) of Lck inhibition sensitivity of TIL412 co-
cultured with OR10HI* or OR10H1" M579-A2-luc. M579-A2-luc and TIL412 were co-cultured for 20 h in the presence of
different concentrations of the Lck inhibitor 7-Cyclopentyl-5-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-ylamine.
TIL-mediated tumor lysis is represented by the luciferase intensity ratio between cytotoxicity and viability (no TILs). Mean
+ SEM are shown, unless stated otherwise, and statistical significance was calculated using unpaired, two-tailed Student’s t-test.
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5.10 OR10H1-mediated TIL inhibition involves cAMP transport via gap junctions

Induction of Lck inhibition via cAMP-PKA-Csk could either be triggered by binding of soluble
factors (e.g., adenosine, PGE;) to T cell-restricted receptors [284-286] - inducing the
production of cAMP - or the transport of cAMP from regulatory T cells or tumor cells into
effector T cells via gap junctions [118, 279]. Connexins CX31.1, CX32, CX43, CX45, and CX46
are expressed by regulatory and effector T cells and their expression increases after T cell
activation [118]. Interestingly, CX32 (connexin 32; GJB1) was found to be a potential immune
checkpoint in our follow-up primary screening (Supplementary figure 1, Supplementary
table 2), whereas the knockdown of other connexins (e.g., the more common CX43) did not
impact on T cell-mediated lysis of melanoma cells [data not shown]. CX32 gap-junctions are
permeable to the secondary messenger adenosine [287], cAMP [288] and Inositoltrisphosphat
(IP5) [289]. Therefore, we validated the expression of connexins 32 and 43 in several tumor
entities by RT-PCR (Figure 30A). Melanoma (M579-A2) and colorectal cancer (SW480)
expressed high level of CX32, whereas multiple myeloma (KMM-1, RPMI8226), pancreatic

cancer (PANC-1) and breast cancer (MCEF-7) expressed connexin 43 only, respectively.

106



Results

Connexin 32

Connexin 43

AX¥¥ *XXX

relative expression level
G

B-actin

N
O

> > 237 p=0.0612
3 5 l 3 0 uM CX32 peptide
(1] ©
2 2 02 4 3 100 uM CX32 peptide
2 2
k] ‘S [ 500 uM CX32 peptide
2 =
2) o
) °
v v
2 2
-’ L
& P
0.0 v
N N
& &
§ S
(9 OQ‘
CX32 siRNA
TIL412: M579-A2-luc TIL412: M579-A2-luc

Figure 30: Intercellular communication via connexin 32 is needed for OR10H1-mediated inhibition of TIL412. A.
Representative agarose gel of CX 32 and 43 expression in different tumor entities (melanoma, PDAC, multiple myeloma,
colorectal and breast cancer) by RT-PCR. Beta-actin served as a house keeping control. PCR was run according to the protocol
for normal abundance gene expression (35 cycles). Expected transcript sizes are ~386 bp for CX32 primers and ~354 bp for
CX43 primers. B. Knockdown efficacy of deconvoluted siRNA sequences on CX32 (GJB1) mRNA levels was measured by qPCR
(representative data of at least two independent experiments) after 72 h of transfection. qPCR-optimized primers were used to
validate CX32 (GJB1) mRNA abundance. Beta-actin served as a house keeping control. C, D. Luciferase killing assays with
CX32 knockdown (C) or peptide-based blockade (D). C. M579-A2-luc cells were reverse-transfected with individual (s1-s4),
pooled CX32 or control siRNAs (PD-L1 and OR10H1 as positive immune checkpoint scrambled siRNA as negative control)
and co-cultured with TIL412 (effector-to-target ratio 5:1) or CLM for 20 h. TIL-mediated lysis or viability impact of target
knockdown was measured by luciferase assay (cumulative data, n=3). TIL-mediated tumor lysis is represented by the luciferase
intensity ratio between cytotoxicity and viability (no TILs). D. M579-A2-luc were transfected with OR10H1 or control siRNA
(as in C). CX32-blocking peptide was added for one hour before co-culture with TIL412 or CLM FOR 20 h. TIL-mediated lysis
or viability impact of peptide-mediated blockade was measured by luciferase assay (representative data of at least two
independent experiments). TIL-mediated tumor lysis is represented by the luciferase intensity ratio between cytotoxicity and
viability (no TILs). Mean + SEM are shown, unless stated otherwise, and statistical significance was calculated using unpaired,
two-tailed Student’s t-test.

We further validated the involvement of gap junctions in OR10H1-mediated TIL inhibition by
siRNA knockdown of CX32 (Figure 30B and C) and peptide-based inhibition of gap junction
formation (Figure 30D). Transfection of M579-A2 with siRNAs showed a significant
knockdown of CX32 with all four designated sequences and the pooled siRNA compared to the
negative control (Figure 30B). Knockdown with siRNA 4 and pooled siRNA reduced CX32
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mRNA levels more than 90%. The knockdown efficacy (on mRNA level) of the different siRNA
sequences correlates strongly with the impact on TIL-mediated tumor lysis, except for siRNA sl
(Figure 30C). This exception was dependent on a major impact on TIL-independent M579-
A2-luc survival. Transfection with siRNA sl reduced TIL-independent survival by more than
80% [data not shown] suggesting a strong off-target effect of this particular siRNA sequence.
CX32 knockdown with the other three siRNAs improved TIL-mediated killing of M579-A2-luc
strongly. These data suggested a strong role of connexins (here CX32; GJB1) in tumor
inhibition of TIL functionality, but does not imply a role in the mode of action of OR10H1-
mediated inhibition. In order to explore the potential role of CX32 in OR10H1-dependent TIL
inhibition we combined siRNA knockdown of OR10H1 with small peptide blockade of gap
junction formation between tumor and T cells (Figure 30D). Peptides partially mimicking
functional domains of connexins have been used to block connexin-based gap junctions and
hemichannels (reviewed in [290]). CX32 mimicking peptide (SRPTEKTVFTV) was added to
tumor cells one hour before co-culture with TILs resulting in an increased lysis of M579-A2-
luc transfected with control siRNA but not of those transfected with ORI0H1 siRNA.
Therefore, we conclude that CX32 has an inhibitory effect on T cell-mediated tumor lysis only
in the presence of OR10H1. In summary, connexin 32 is important for the intercellular cAMP

transport and depending on the activity of OR10H1.

5.11 OR10H1 regulates the balance between Goy and Gao/Gass signaling in tumor

cells upon TIL encounter

Our data suggest that OR10H1 is involved in the inhibition of TIL function indirectly by
transport of cAMP into TILs and not via direct interaction with a ligand on the T cell surface.
Therefore, it is important to understand the signaling downstream of OR10H1 in melanoma
cells. Olfactory receptors initiate signaling cascades by activation of different types of
heterotrimeric G-proteins [291]. Normally, olfactory receptors activate olfactory G protein a
subunit (Golor) — a homolog of stimulatory G protein a subunit (Gas) — which in turn activates
adenylate cyclase 3 (ADYC3). The expression of olfactory receptors and their associated
machinery in non-olfactory tissues can be associated with a chemoreceptor function [292]. We
found that both Golorand ADYC3 are expressed in M579-A2 (Figure 31). Adenylate cyclase 3
is equally expressed among all tested tumor entities whereas Gaor is expressed in melanoma,

PDAC and CRC and it is detected at lower levels in multiple myeloma and breast cancer. Gois
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is highly expressed in M579-A2 [data not shown]. Interestingly, tumors with an OR10H1-
dependet inhibition of TIL-mediated tumor lysis also express the olfactory machinery. As
M579-A2 express genes associated with olfactory receptor function we aimed to detect signaling
events inside tumor cells upon contact with TILs. Activation of olfactory receptors in
melanocytes can be measured by the secondary messengers calcium (Ca**) and cAMP [243].
Therefore, we adopted imaging based assays to measure the release of calcium and the
generation of cAMP in M579-A2 depending on the interaction with TILs. As mentioned, the
inhibitory effect of OR10H1 is HLA-A2-dependent. Therefore, we assumed that OR10H1-
dependent signaling is triggered mainly by CD8" TILs. Consequently, we used TIL209 (only
consisting of CD8* TILs) for the following pathway analysis.
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Figure 31: Expression of the olfactory machinery in different tumor entities. GNAL and ADCY3 expression was measured
in different tumor entities (melanoma, multiple myeloma, PDAC, breast cancer and CRC by RT-PCR. Beta-actin served as a
house keeping control. PCR was run according to the protocol for normal abundance gene. Expected transcript sizes are ~100

bp.

5.11.1 OR10H1-dependent calcium signaling

The secondary messenger calcium propagates signaling in waves. This can occur inter- and
intracellularly [293]. Due to the wave nature of the signal it is important to measure the
amplitude, frequency and intercellular propagation of calcium signals on a single-cell
resolution. Particularly, in a system where the unselected interaction/proximity of a T cell is
supposed to trigger the signaling event instead of a single specific receptor-ligand interaction,
activation is induced simultaneously in all cells. We used the fluorescent dye Fura-2-AM to
measure intracellular calcium concentrations in tumor cells. The ratiometric nature of this dye
prevents imaging-based side-effects (e.g., photobleaching). M579-A2 cells were labeled with
Fura-2-AM and a basal level of signal was measured before co-culture with TIL209 or RINGER
buffer as a control (Figure 32). The basal levels of calcium concentrations were stable in both

OR10H1* and OR10H1" M579-A2 for the whole measurement (1 hour). The addition of
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RINGER bulffer did not induce any calcium signal either (Figure 32C and D). The addition of
TIL209 induced distinct calcium signaling peaks (up to a ratio of 1.3) after 10 min of co-culture
(Figure 32A). We observed several distinct peaks in those cells where calcium signals occur,
suggesting an interplay of promoting and limiting factors for signal transduction leading to
fluctuation of calcium waves. Surprisingly, the knockdown of OR10H1 on M579-A2 before the
co-culture with TIL209 dramatically enhanced the calcium signal in every aspect (Figure 32B).
More cells showed signaling events in general. Calcium signaling could be observed as early as
7 min after addition of TIL209. Most strikingly, the signaling was stronger (amplitudes up to a
ratio of 1.8) and more frequent in the reacting cells. Cumulative data (integrated calcium signal
normalized to basal levels) revealed a more than 2-fold increase in calcium signal in OR10H1
knockdown cells compared to control after co-culture with TIL209 (Figure 32C). This
translated into increases in intracellular calcium signals. An increase in calcium levels was not
detected in the control setup. We observed intercellular calcium waves in both setups but could
not apply an algorithm for intercellular calcium signal transduction due to the dynamic nature
of our settings (dynamic interactions of tumor cells and TCs in terms of signal fluctuation). The
observed increase in calcium signaling upon knockdown of OR10H1 dissents with the literature
on olfactory neurons [294]. The binding of odorants to the receptor led to the generation of
cAMP which in turn activates calcium channels resulting in an influx of calcium. The observed
results might be depending on the nature of interactions between melanoma cells and TILs.

Therefore, we analyzed cAMP production as the primary step of olfactory receptor activation.
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Figure 32: Knockdown of OR10H1 increases TIL-induced calcium signaling in M579-A2. A-D. Representative calcium
measurements in control siRNA (A, C) or OR10H1 siRNA-transfected (B, D) M579-A2 upon co-culture with TIL209 (A, B)
or RINGER buffer (C, D). M579-A2-luc cells were reverse-transfected (as before) on D-Lysine-treated glass slides for 72 h,
incubated in RINGER buffer before measurement. Basal levels of 340/380 nm ratio were measured for 15 min before co-culture
with TIL209 or RINGER buffer. Each color-coded line represents the signal inside a single region of interest (manually adopted
to cell outlines). Around 40 cells were measured per setup. E. Cumulative data (n = 3) of overall calcium signal changes.
Ratiometric data was normalized to the basal level (subtraction) and integrated over 60 min. Mean + SEM are shown, unless
stated otherwise, and statistical significance was calculated using unpaired, two-tailed Student’s t-test.
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5.11.2 OR10H1-dependent cAMP signaling

As mentioned, activation of adenylate cyclase (predominantly ADYC3) and subsequent
production of cAMP is the main pathway of olfactory receptor-mediated signaling. Olfactory
receptors are associated with the olfactory G protein a subunit (Goor) an olfactory-neuron
restricted homolog to the common Gais. We found expression of both homologs in M579-A2
(Figure 31) and will refer to them as Googs. Detection and measurement of dynamic cAMP
signals in a system depending on cell-cell interactions (M579-A2 and TIL209) is difficult.
Particularly, if the detection should be restricted to one of the interaction partners (here M579-
A2). We took advantage of a state-of-the-art EPAC-based FRET sensor [295]. These sensors
contain the cAMP binding domain of EPAC with a FRET (CFP and YFP) signal in the closed
conformation. Binding of cAMP stretches the binding domain and induces loss of FRET signal
increasing CFP signal. The respective plasmid was kindly provided by Kees Jalink (Netherlands
Cancer Institute, Netherlands). Using this system, we were able to analyze cAMP production
on a single-cell resolution and in a time-lapsed fashion. Double transfected M579-A2 (FRET
sensor and control or OR10H1 siRNA) were co-cultured with TIL209 and the resulting cAMP
production was detected using the ratio between CFP and YFP (Figure 33). Addition of the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) prevented the degradation
of cAMP. Basal levels were measured for 10 min before the addition of TIL209. Representative
pictures for basal level, shortly after co-culture and end of measurement are shown in
Figure 33A. Before the co-culture levels of cAMP were similar in OR10H1-positive and -
deficient cells. After addition of TIL209, control siRNA-transfected M579-A2 showed an
increased induction of cAMP. OR10H1 knockdown however decreased the TIL-mediated
induction of cAMP production (Figure 33B) but did not abolish it completely. This might be
based on the activity of OR10H1-independent Gas. We concluded that M579-A2 produce
cAMP upon TIL209 co-culture in an OR10H1-dependent manner. This cAMP production is

triggered by OR10H1-dependent activation of Golos and adenylate cyclase 3.
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Figure 33: Knockdown of OR10H1 decreases TIL-induced cAMP signaling in M579-A2. A. Representative pictures of
OR10H1-mediated M579-A2 cAMP production induced by TIL209 co-culture. M579-A2-luc cells were reverse-transfected (as
before) on D-Lysine-treated glass slides for 24 h before an additional transfection with the EPAC-based FRET sensor. Basal
levels of CFP/YFP were measured for 10 min before co-culture with TIL209. IBMX (25 uM) was added to all setups at the
beginning. The ratio between CFP/YFP is shown. Signals are represented by lookup tables reaching from blue (low) to red
(high). B. Representative data (from at least two independent experiments) of overall cAMP signal induction. Signals of regions

of interest (manually adopted to cell outlines) were integrated and Mean + SEM is shown.
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5.12 Improved TIL-mediated lysis of M579-A2 after OR10H1 knockdown can be

reversed by cholera toxin (CTX)

After detecting differential TIL-mediated activation of the calcium and cAMP pathways
depending on the presence of OR10H1 we aimed to validate the functional implications.
Therefore, the impact of pertussis (PTX) and cholera toxin (CTX) on TIL-mediated tumor lysis
was measured. Pertussis toxin (derived from Bordetella pertussis) inhibits the inhibitory G
protein a subunit (Gou) which is thus prevented from inhibiting the adenylate cyclase [296].
Cholera toxin on the other hand inhibits the GTPase function of Gos keeping it in its activated
state leading to increased activation of ADYC3. This effect is also observed with Goloir [297].
The addition of cholera but not pertussis toxin abrogated the OR10H1 knockdown-mediated
increase in TIL-mediated tumor lysis (Figure 34). Here, tumor cells were pretreated with the

toxins followed by vigorous washing to prevent any direct effect on the TILs.
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Figure 34: Pretreatment with cholera but not pertussis toxin abrogates killing of OR10H1-deficient melanoma. A, B.
Representative luciferase killing assays (of at least three independent experiments) after pretreatment with pertussis (A) or
cholera toxin +IBMX (B). M579-A2-luc cells were reverse transfected as before. Before co-culture with TIL209 cells were
pretreated with different concentrations of pertussis (6 h) and cholera toxin (1 hour). Treated OR10H1* or OR10H1" M579-
A2-luc were co-cultured with TIL209 for 20 h. TIL-mediated tumor lysis is represented by the luciferase intensity ratio between
cytotoxicity and viability (no TILs).

The 6-hour pretreatment with pertussis toxin slightly decreased the TIL-mediated tumor lysis
in control siRNA transfected M579-A2-luc (Figure 34A). This was not observed in cells
transfected with OR10H1 siRNA. The pretreatment with cholera toxin and 25 uM IBMX led to
a slight decrease in TIL-mediated tumor lysis in the control setup but dramatically impaired

killing of OR10H1" M579-A2-luc (Figure 34B). This decrease in killing occurred in a cholera
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toxin concentration-dependent manner. Without cholera toxin pretreatment (but with IBMX)
around 65-70% of OR10H1-negative M579-A2-luc cells got lysed (20-25% in the control setup).
At a concentration of 2 ng/ml, cholera toxin pretreatment decreased TIL-mediated lysis to
around 30%. At this concentration, the effect of OR10H1 knockdown on TIL-mediated lysis is
almost completely abrogated (compared to the negative control). This data suggests a major

role for the Gosorpathway in OR10H1-mediated inhibition of TIL cytotoxicity.

In summary, co-culture with TILs triggers differential signaling in OR10H1-deficient M579-
A2. On one hand, calcium signaling is strongly increased in terms of amplitude and frequency.
On the other hand, cAMP production is reduced in OR10H1 knockdown M579-A2 during co-
culture. Finally, the increase in TIL-mediated lysis of OR10H1-deficient M579-A2 can be
abrogated by the pretreatment with cholera toxin but not with pertussis toxin. This suggest a

direct involvement of Gasjorrin OR10H1-mediated TIL inhibition.
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6 Discussion

Immune checkpoint blockade tremendously improved cancer immunotherapy [206] but a large
proportion of cancer patients cannot benefit from blockade of anti-PD-1/PD-L1 antibody
therapies [219]. Therapies can for example be improved by synergistically combining immune
checkpoint blockades [222-224]. Many unknown immune checkpoint pathways might be used
by non-responsive tumors (to anti-PD-1/PD-L1 antibody therapy) in order to shut down
antitumor immune responses. Thus, there is a strong demand to systematically identify novel

immune checkpoint axes.

Here, we developed a high-throughput screening platform for the detection of novel immune
checkpoint pathways. Our setup closely resembles the situation in cancer patients’ due to the
usage of patient-derived melanoma cultures in combination with HLA-matched TILs. In the
first of two rounds of screening (performed with different libraries) we found 75 candidate
genes. After a secondary screening, 35 genes (from the first primary screening) potentially
mediated T cell-inhibition. We chose the olfactory receptor OR10H1 for further validation and
mode of action analysis. So far, no role of OR10H1 has been described in tumor-mediated T
cell inhibition. OR10H1 prevents TIL-mediated killing of solid tumors in a HLA-dependent
manner and reduces T cell activity. This inhibitory effect was observed in vitro and in vivo.
OR10H1-dependent inhibition of T cell function is mediated via a pathway involving cAMP
activation of PKA which in turn activates CREB and thus alters T cell gene expression.
Furthermore, PKA activates Csk, which in turn shuts down TCR-dependent signaling of Lck.
We hypothesize that CAMP is produced in the tumor cell upon T cell encounter and transported
into T cells via CX32 gap junctions. OR10H1 regulates the production of cAMP by altering the
balance between Ga; and Gas signaling towards Gas. The inhibitory pathway described here is
independent from PD-L1-mediated T cell inhibition and thus might be used as a target for

immune checkpoint blockade as a single treatment or synergistically with other blockades.
6.1 High-throughput RNAi screening for tumor-restricted immune checkpoints

The importance of immune checkpoint blockade for modern antitumor immunotherapy and
cancer treatment in general drove the development of several high-throughput immune
checkpoint discovery platforms. Bellucci and colleagues used an arrayed shRNA library

(around 1000 genes) in multiple myeloma [237]. They measured IFN-y secretion as a marker
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of natural killer cell activity and found that JAK2 knockdown improved IFN-y secretion. The
group of Kai Wucherpfennig developed an elegant in vivo shRNA screening for negative
regulators in tumor-infiltrating T cells [239]. OT-1 T cells were transduced with a pooled
shRNA library and the abundance of enriched shRNAs was measured inside the tumor. Mainly
genes involved in T cell resistance to the tumor microenvironment were enriched. Recently,
Patel and colleagues performed and CRISPR/Cas screening for the identification of essential
genes for cancer immunotherapy [298]. They used a lentiviral-based pooled library of 123,000
gRNA and transduced melanoma cells before co-culture with TCR-transduced primary human
T cells. Genes identified for being essential for cancer immunotherapy have key roles in antigen
presentation and the IFN-y signaling. These findings correlated with loss-of-function
mutations in cancer patients. All mentioned approaches give valuable information about
pathways important for the interaction of tumor and immune cells but lack a focus on
improvement of tumor-lysis. In our opinion, reduction of tumor burden by T cell-mediated
lysis of tumor cells is the most important goal of antitumor immunotherapy and pathways
preventing tumor killing are of uttermost importance. All mentioned screenings either focus
on immune activators — genes necessary for tumor lysis/T cell function - or use cytokine
secretion/T cell proliferation as a readout system. Recently, the group of Nicholas Haining
developed a CRISPR/Cas in vivo screening for genes that synergize with or induce resistance to
PD-1 checkpoint blockade in mice [299]. B16 melanoma was transduced with sgRNAs against
2,368 genes and transplanted into immune-competent or -deficient mice in combination with
PD-1 therapy. This study resulted in the observation that the deletion of genes involved in
antigen presentation, inhibition of kinase signaling, ubiquitin-proteasome pathway and NF-kB

activation sensitized melanoma to immunotherapy.

Our group developed a high-throughput RNAi screening to dissect pathways inhibiting T cell-
mediated tumor lysis [240] in human cancer. This screening focused on HLA/TCR interaction
independent lysis of breast cancer cells using a bispecific antibody to create an artificial
immunological synapse. Later on, it was validated using survivin-specific T cells. In this thesis,
the approach developed by Dr. Nisit Khandelwal was adopted and improved to resemble more

closely the situation in cancer patients.

e The current study focused on melanoma as a tumor entity. Melanoma represents the
perfect target for immune checkpoint blockade. On one hand, melanoma-derived

tumors show a high level of TIL-infiltration. On the other hand, melanoma uses several
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immune inhibitory pathways to prevent TIL-mediated tumor lysis. More importantly,
blockade of PD-L1 and CTLA-4 have been shown to improve patient survival in
melanoma proving the concept of immune checkpoint blockade (see paragraph 1.6.3
for details). From a technical point of view, it is possible to extract and expand TIL as
well as tumor cultures ex vivo [18, 193]. This was a requirement for this study as high
numbers of TILs were needed for the screening approach and the subsequent
validations.

The current study was performed with TILs instead of PBMCs or antigen-specific
lymphocytes. TILs combined with patient-derived melanoma cultures closely resemble
the situation in patients thus improving aforementioned approaches using artificial
setups. TILs are highly exhausted and show functional impairment (see paragraph 1.4).
Improvement of exhausted functionality and subsequent TIL-mediated tumor cell
killing is the main goal of antitumor immunotherapy. Exhausted TILs express high
levels of exhaustion markers (e.g., PD-1 and TIM-3) compared to PBMCs. These
exhaustion markers in turn can function as receptors for inhibitory ligands (e.g., PD-
L1/PD-1 axis) [300]. Therefore, highly exhausted TILs have the highest probability to
express potential receptors for tumor-associated immune checkpoints identified by our
screening approach.

So far, our screening approaches were limited to a library of around 500 GPCRs. GPCRs
are interesting targets because many are orphan receptors and for most of them no role
in immune inhibition has been described. The long-term goal of our group is to screen
all genes associated to the cell surface (surfaceome) for their potential role as immune
checkpoints. Candidates derived from the surfaceome might directly mediate immune
suppression by interaction with a receptor/ligand on the T cell. These pathways are
perfect targets for antibody-mediated blockade. Here, we used two libraries enriched for
genes associated with the surfaceome. In a first screening, we used a library of GPCRs
and kinases. In the second screening, we used plates from Dharmacon’s “whole-genome
library” which were enriched for surfaceome genes. In total, we screened around 2800

genes (around 50% surfaceome) for their potential role as immune checkpoints.
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6.2 Setup and performance of the high-throughput RNAI screen

Screening for novel immune checkpoints using our RNAi approach needs vigorous preparation
due to the need to identify optimal level of TIL-mediated tumor lysis. The read-out of a cell-cell
interaction can only be meaningful if the appropriate cells and controls have been set up. We
tested several combinations of melanoma cells and TIL cultures for the RNAi screening. We
identified the combination of M579-A2-luc melanoma cells and TIL412 as optimal for the
screening. We generated M579-A2-luc cells which were altered to express HLA-A2 and
luciferase. We optimized the siRNA transfection protocol and found RNAIMAX to have the
best efficacy (see paragraph 5.1.2). We found that TIL412 are highly exhausted and can kill
M579-A2-luc in an HLA-A2-dependent manner (see paragraph 5.1.3). Furthermore, killing of
M579-A2-luc by TIL412 can be significantly improved by knockdown of known immune
checkpoints (see paragraph 5.1.4). We identified PD-L1 and galectin-3 as positive controls for
immune checkpoints. Knockdown of PD-L1 and to a lesser degree galectin-3 improved TIL-
mediated lysis of M579-A2-luc without affecting viability. The knockdown of ubiquitin C
(UBC) only partially killed melanoma cells. Therefore, we included the commercial siRNA pool
“cell death” as an additional viability control. To exclude any effect of siRNAs and underlying
processing mechanisms in the cells per se we chose “select negative control no. 2” as control
siRNA. Lacking proper immune activator controls — genes essential for TIL-mediated tumor
lysis — we used caspase-3. The knockdown of caspase-3 prevented killing of M579-A2-luc but
might be representative of a decrease in general apoptosis [301], rather than reducing TIL

functionality as expected from an immune activator.

The screen itself was run in two sets. Transfected tumor cells were co-cultured with TIL412 to
measure cytotoxicity (set 1) or cultured without TILs to measure the general impact of gene
knockdown on cell viability (set 2). Each set was used in duplicates. We ran two screenings: 1.
GPCR/kinase library; 2. surfaceome enriched library. Here, only the first screening will be
discussed but the performance of the second screening was comparable. The correlation
between the two duplicates was robust (0.96 for cytotoxicity and 0.98 for viability, respectively)
and the positive controls performed well (see paragraph 5.2). Unfortunately, the viability
controls did not induce high levels of apoptosis. This was observed before and might be related
to the melanoma intrinsic resistance towards apoptosis [302]. We included an additional
“CellTiter-Glo” assay to exclude genes affecting cell viability. In this assay cytotoxicity is

measured by ATP concentration in the tumor cells instead of target cell lysis [303]. After
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normalization cytotoxicity scores were fitted to viability scores using local regression (LOESS).
Additionally, genes scoring high in the CTG screen were excluded. Overall 48 candidate genes
(75 with both primary screens) had a bigger impact on TIL-mediated tumor lysis than PD-L1
(paragraph 5.3 and Supplementary figure 2). Interestingly, knockdown of around 50 genes
abrogated tumor killing more than caspase-3. Among genes increasing TIL-mediated lysis were
members of the phosphatidylinositol 3-kinase family (PIK3C2G, PIK3CA) and interleukin-1
receptor associated kinase-2 (IRAK2). IRAK2 is a mediator of apoptosis via ER stress signaling
[214]. The PI3K/Akt pathway is normally associated with the blockade of cell death [304] but it
was shown that rapid elevation of intracellular calcium activated PI3K/Akt and induced
apoptosis [305]. On the other hand, several recently described immune checkpoints were
among the genes ranked higher than PD-L1. As mentioned, the kinases JAK1 and PRKD2 were
shown to upregulate PD-L1 expression in response to IFN-y [238, 249, 250]. The inhibitory role
of colony stimulating factor-1 receptor (CSF1R) on T-Cell mediated melanoma therapy is
associated with the function of TAMs [306] but CSFIR is also aberrantly expressed in
melanoma cells [307]. Neuropeptide Y (NPY) has shown some anti-inflammatory effects. NPY
induces a Tu2 polarization and impairs T cell proliferation [308, 309]. Melanoma cells might
utilize NPY to impair the secretion of antitumor Tul cytokines and proliferation of TILs. The
kinases tau tubulin kinase 2 (TTBK2) and acylglycerol kinase (AGK) are known to prevent
apoptosis in cancer and might play a general role in tumor resistance to therapy [310, 311].
Interestingly, some candidate kinases impair apoptosis induced by pathways directly associated
with T cell function. Cyclin-dependent kinase 9 (CDK9) was found to be responsible for TRAIL
resistance in cancer [312]. Overexpression of inositol-pentakisphosphate 2-kinase (IPPK)
prevent the induction of TNF- and Fas-induced apoptosis in HEK293 [313]. Additionally, our
group recently discovered that salt-inducible kinase 3 (SIK3) shifts the PDAC and melanoma
response to TIL-secreted TNF from apoptosis to proliferation [Dr. Antonio Sorrentino,
manuscript in preparation]. Finally, C-C motif chemokine receptor 9 (CCR9) was identified as
an immune checkpoint in breast cancer and melanoma [240]. In summary, several genes known
to inhibit TIL function and/or prevent TIL-mediated tumor lysis were among the candidate
genes from the primary melanoma RNAI screening. Other genes seem to be important for the
improvement of TIL-mediated tumor killing (immune activators). Our laboratory is adopting
the high-throughput screening approach to autoimmune diseases model (Ayse Nur Menevse).
Multiple sclerosis (MS) is a severe autoimmune disease of the brain and involves the attack of

oligodendrocytes by antigen-specific CD8" T cells [314, 315]. We will use this screen to identify
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genes increasing T cell-mediated killing of oligodendrocytes as potential candidates for the fight
against MS. Furthermore, we will analyze the loss-of-function of identified immune

checkpoints in this autoimmune disease.

High-throughput RNAi screenings are prone to produce false positive hits due to off-target
effects compromising any detectable phenotypic consequences from unintended interactions
(dependent and independent from the nucleotide sequence). Echeverri and colleagues argue
that the uniqueness of a reported RNAi phenotype is crucial for the number of false positive
hits [252]. This factor is difficult to determine in our screening approach in particular due to
cell-cell interactions. On one hand, TIL-mediated tumor lysis is a reasonable specific unique
phenotype. On the other hand, TILs can use several mechanisms (some might still be unknown)
to kill melanoma cells. We therefore conducted a secondary screening with an enriched library
(48 candidates derived from the first primary screening). Around 28% of the candidates did not
show the expected immune checkpoint phenotype as tested by the luciferase-based killing assay.
We included effector cytokine secretion (TNF, IL-2 and IFN-y) as an additional marker for
immune checkpoint discovery. This allows distinguishing between genes affecting melanoma
susceptibility towards TIL-mediated lysis from genes altering the functionality of TILs.
Furthermore, this allows probing of the phenotype in an independent way revealing genes of
particular relevance [228]. Genes, which impair cytokine secretion, are likely to alter T cell
signaling and therefore interesting targets for immune checkpoint blockade. In the future, one
could include a setting with the addition of supernatant from stimulated TILs (e.g., CD3/CD28
beads) in order to identify genes desensitizing tumor cells towards soluble effector molecules
(e.g., TNF). Reduced luciferase intensity would correlate with the ability of an effector molecule
to induce apoptosis. This might become important in cases of acquired resistance to cancer
immunotherapy [316]. Additionally, to the secondary screening we used extensive validation

to exclude false positives and identify real immune checkpoints.
6.3 The immune checkpoint repertoire of cancer

So far, our lab performed high-throughput RNAi screenings in several tumor entities. Dr. Nisit
Khandewal established the screening approach using a GPCR siRNA library in breast cancer
combined with antigen-specific and -unspecific T cell sources. This thesis described the
screening in patient-derived melanoma in conjunction with antigen-specific TILs. Afterwards

similar screenings have been adopted to PDAC (performed by Dr. Antonio Sorrentino) and
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multiple myeloma (performed by Valentina Volpin). Both screenings used the same library as
the melanoma screen. Recently, we generated a new library covering the whole “surfaceome”
together with known immune checkpoints. We screened lung cancer for novel immune
checkpoints using this library (performed by Dr. Anchana Rathinasamy). Due to the differences
in T cell sources and libraries only the results from melanoma, PDAC and multiple myeloma
can be directly compared. We found little overlap between the hematological disease (multiple
myeloma) and the solid tumors (Figure 16). Nevertheless, there was a considerable overlap in
the immune checkpoint repertoire of melanoma and PDAC. Among the genes utilized by both
tumor entities to avoid destruction by the immune system were JAK2, SIK3 and CCR9. The
only candidate overlapping in all three screenings was regulator of G protein signaling 14
(RGS14). Noteworthy, different members of a gene family class could be found as targets in
different entities. For example, the two calcium/calmodulin-dependent protein kinase 1 family
members alpha (CAMK1) and delta (CAMK1D) were found to be candidates in melanoma and
multiple myeloma, respectively. Expression analysis revealed that CAMKI1 is expressed in
melanoma but not in multiple myeloma and the other way around for CAMKI1D (work of
Valentina Volpin). We therefore assume that two family members exert similar functions in
different tumor entities. Members of certain larger gene families (e.g., olfactory receptors) were
found in all screenings (including breast cancer and lung cancer). This suggests that the
underlying pathways leading to TIL inhibition or abrogation of TIL-mediated lysis are related.
Pathway analysis revealed that melanoma-derived candidates are enriched in
(Gas/cAMP/PKA-signaling. Therefore, we aimed to dissect the role of this pathway on TIL
inhibition. In summary, we found that the repertoire of immune checkpoint is tumor entity-

restricted. Nonetheless, the underlying modes of action might be similar.

After selection from the primary and secondary screening we chose interesting candidates for
further validation by their novelty, differential expression and their potential drugability. As
mentioned, several genes identified by our screening are known to play a role in tumor immune
escape. We focused on genes which were not associated with immune escape so far. We looked
for a potential differential expression (tumor vs. normal tissue) of candidate genes using
databases for gene expression (e.g., TCGA). Systematic expression of an immune checkpoint in
healthy tissue can lead to severe immune-mediated side effects upon antibody blockade (see
paragraph 1.6.3). Furthermore, candidate genes should not play a pivotal role in cellular

functions beside their impact on immune responses. Finally, we aimed to generate a platform
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to discover immune checkpoints that can be targets for a therapeutic intervention. Therefore,
our candidates should be potentially drugable. For example, kinases can be targeted with small

molecules whereas cell surface receptors/ligands can be blocked by antibodies.

The first step of any target validation is the exclusion of potential off-target effects of the siRNA
used in the RNAi screening. There are several ways on how a given siRNA sequence can have
an effect on an un-related mRNA (off-target) [317]. Particularly, sequence similarities in the so
called “seed sequence” (2" to 7/8™ nucleotide of the siRNA) can lead to binding of the siRNAs
to several unrelated mRNAs. The usage of several non-overlapping siRNA sequences reduces
the risk of measuring off-target effects [252]. The library of our RNAi screening was optimized
to avoid off-target effects [318]. The siRNAs against each target were delivered as a pool of four
non-overlapping sequences in each well. This approach should maximize knockdown efticacy
and reduce dose-dependent off-target effects at the same time [319]. After candidate selection,
siRNA pools need to be “deconvoluted” as a first step of target validation. Candidates were
considered for functional and mode of action analysis only if at least two non-overlapping
siRNAs (from the pool) show on-target effects. The most interesting targets were validated
using deconvoluted siRNAs. Knockdown was confirmed by RT-PCR/qPCR and the functional
phenotype by luciferase-based cytotoxicity assay. Several genes dropped out in this early stage
of validation due to strong off-target effects of single siRNA sequences. Genes which passed this
step were further validated. This thesis focuses on one particular target: olfactory receptor

family 10 subfamily H member 1 (OR10H1).
6.4 OR10H1 as an immune checkpointin cancer
6.4.1 Olfactory receptors outside of olfactory neurons

Olfactory receptors are members of the seven transmembrane G protein-coupled receptor
(GPCR) class A (rhodopsin-like) [320]. They sense the chemical environment and can be
distinguished by the chemostimuli to which they respond. Olfactory receptors signal mainly via
a unique G protein-coupled adenylyl cyclase cascade [321-323]. Subsequently, cAMP is the key
messenger of olfactory G protein signaling [321, 324-326]. Olfactory signaling leads to cAMP
production by adenylyl cyclase type III (ADYC3) [327, 328]. ADYC3 in turn is activated by the
olfactory-restricted G protein alpha subunit Gaor [329, 330]. It was shown that olfactory

receptors can couple in vitro to Gasand Gays G proteins [331], which might alter the specificity
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of the receptor [332]. Furthermore, olfactory receptors can signal via other mechanisms.
Olfactory receptor activation leads to production of cGMP, opens cyclic nucleotide-gated
channels (CNC) by cAMP and cGMP, stimulates the production of Inositol-1,4,5-trisphosphate

(IP5) and increases influx of calcium (reviewed by Ronnet et al.) [333].

Olfactory receptors are a highly divergent group of receptors ranging in a length of 300-350
amino acids, depending on the length of the N- and C-terminal stretches. They are coded by
single coding-exon genes, but exons in the 5 untranslated region may undergo alternative
splicing [334-336]. Due to a high number of degenerated pseudogenes only about 390 human
functional OR genes are known (compared to 855 OR genes in total) [337-339]. Human ORs
are organized in 18 families (sequence similarity >40%) and around 300 subfamilies (similarity
>60%) [339-341]. As mentioned before, ORs contain seven hydrophobic membrane-spanning
domains and belong to the GPCR class A. Several characteristic conserved amino acids motifs
distinguish ORs from other GPCRs (e.g., extracellular NXS/T consensus for N-linked
glycosylation) [342, 343]. Interestingly, published data suggest that the transmembrane
domains (e.g., amino acids in TM3, TM5 and TM6) are essential for the specificity of odorant
binding pockets (reviewed by Fleischer et al.) [343].

The olfactory receptor family 10 contains 29 subfamilies and the subfamily H consists of five
functional OR genes (no pseudogenes) [339]. Olfactory receptor family 10 subfamily H
member 1 (OR10H1), is also known as AC004510, OR19-27, HSOR19.4.4, ORL733, ORL525.
The OR10H1 gene (on chromosome 19: 15,807,003-15,808,126) is 1124 base pairs long and
codes for a protein of 318 amino acids [344, 345]. OR10H1 has two paralogous OR10H2 (89.6%
similarity) and OR10H5 (93.6% similarity) [346].

The role of olfactory receptors outside the olfactory system is relatively unknown but recent
literature suggest that they can function as chemosensory receptors in other tissues [347].
Olfactory receptors are expressed in and associated with many tumors [348-352]. OR15E2 was
found in melanocytes and its stimulation with P-ionone leads to melanogenesis and
dendritogenesis via calcium and cAMP signaling [243]. Recently, it was shown that OR51E2 is
overexpressed in melanoma [352]. Interestingly, OR10H1/5 was among the olfactory receptors

that were found to be expressed in melanocytes.

We validated expression of OR10H1 in RNA-Seq data from around 11,500 tumor samples from
36 tumor entities (TCGA; doi:10.7908/C11GOKMY9) using TCGA2STAT for R [353]. In
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Figure 35A, OR10HI1 expression values (RPKM) from different tumor entities and the
respective healthy tissue are shown. For skin cutaneous melanoma (SKCM), no healthy control
tissue was available. Overall, OR10H1 was weakly expressed in many tumor entities. The
highest levels of OR10H1 expression were found in bladder urothelial carcinoma (BLCA) and
prostate adenocarcinoma (PRAD). In general, subsets of cancer patients show expression of
OR10H1 whereas others do not show any expression. OR10H1 is significantly overexpressed in
lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), PRAD and uterine
corpus endometrial carcinoma (UCEC). We found that OR10H1 expression levels correlated
with patient survival in pancreatic adenocarcinoma (PAAD or PDAC). Patients with high
expression of ORI0H1 had a worse survival probability (non-significant; p = 0.061) than
patients with low expression (Figure 35B). The expression patterns of OR10H1 made it an

interesting candidate for further validation.
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Figure 35: OR10H1 is expressed in different tumor entities. A. Subsets of tumor samples express OR10H1. TCGA data was
imported using TCGA2STAT for R and RPKM values of OR10H1 expressed in tumor (indicated in red) were compared to
healthy tissues (except SKCM, indicated in blue). Tumor entities were: Bladder urothelial carcinoma (BLCA), Breast invasive
carcinoma (BRCA), Cervical and endocervical cancers (CESC), Cholangiocarcinoma (CHOL), Colon adenocarcinoma
(COAD), Esophageal carcinoma (ESCA), Glioblastoma multiforme (GBM), Glioma (GBMLGG), Head and Neck squamous
cell carcinoma (HNSC), Kidney Chromophobe (KICH), Pan-kidney cohort (KIPAN), Kidney renal clear cell carcinoma
(KIRC), Kidney renal papillary cell carcinoma (KIRP), Liver hepatocellular carcinoma (LIHC), Lung adenocarcinoma (LUAD),
Lung squamous cell carcinoma (LUSC), Pancreatic adenocarcinoma (PAAD), Pheochromocytoma and Paraganglioma
(PCPG), Prostate adenocarcinoma (PRAD), Rectum adenocarcinoma (READ), Sarcoma (SARC), Skin Cutaneous Melanoma
(SKCM), Stomach adenocarcinoma (STAD), Stomach and Esophageal carcinoma (STES), Thyroid carcinoma (THCA),
Thymoma (THYM) and Uterine Corpus Endometrial Carcinoma (UCEC). Error bars denote + SEM, and statistical significance
was calculated (compared to the respective healthy tissue) using unpaired, two-tailed Student’s t-test with * p < 0.05; ** p <
0.01. B. Correlation of OR10H1 expression and patient survival in PAAD. Patients were divided into high and low expression
groups by the median of OR10H1 expression. The clinical data provided by TCGA (death status, overall survival) was used to
draw a Kaplan-Meier curve using the survival package for R [354]. Significance was calculated using the log-rank test.

6.4.2 OR10H1 prevents tumor lysis by inhibiting TIL function

ORI10H1 was the 16™ candidate in the primary and 4™ in the secondary screening of melanoma
as well as one of the top candidates in the PDAC screen. Furthermore, we found that the
knockdown of OR10HI1 increased T cell-mediated lysis of oligodendrocytes in a RNAi
screening for multiple sclerosis (performed by Ayse Nur Menevse, RCI). OR10H1 was
expressed in several tumor cell lines. As expected, this olfactory receptor expression was weak
and the RT-PCR protocols had to be modified for low abundance genes [243]. We sequenced
the PCR products to validate OR10H1 specificity of the primers [data not shown].
Unfortunately, the primers generated against OR10H1 could not distinguish between the close
family members OR10H1 and OR10H5. In the meantime, OR10H1-specific expression assays
were generated by iOmx Therapeutics and confirmed the expression of this particular gene in
melanoma. We could show that at least three different siRNA sequences reduced OR10H1
expression and dramatically increased TIL-mediated tumor lysis of melanoma, PDAC and
colorectal cancer (Figure 18-20). This effect was independent of a particular T cell source as it
could be reproduced with different TIL cultures as well as PBMC-derived flu-specific CD8* T
cells. On the other hand, OR10H]1 inhibition of TIL-mediated tumor lysis requires activation
of T cells via the MHC-peptide complex. Xenograft mouse model experiments together with
adoptive cell transfer of TILs confirmed the role of OR10H1 as an inhibitor of tumor lysis in

vivo (see paragraph 5.6).

Our experiments showed that OR10H1 proficient tumor cells prevent TIL-mediated lysis. As
explained in the introduction there are several ways in which tumor cells can evade destruction

by the immune system (paragraph 1.5). In the context of tumor cell-TIL co-culture, candidate
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genes could either mediate resistance towards TIL-mediated killing or inhibit TIL
activation/functionality. We validated the function of OR10H1 by assessing several factors of
TIL functionality during co-culture with tumor cells. As expected from the secondary
screening, co-culture with OR10H1 proficient cells reduced type I effector cytokine secretion
of TILs (paragraph 5.7). The recovery of effector cytokine secretion after co-culture with
OR10H1-deficient melanoma cells (compared to proficient) indicates a less exhausted
phenotype of TILs [355]. Additionally, OR10H1 induces higher levels of apoptosis in TILs after
co-culture. Our data suggest that OR10H1 actively impairs T cell function and induces a more

exhausted phenotype.
6.4.3 OR10H1 impairs TCR signaling via PKA-mediated Lck inhibition

In this study, it was shown that a signaling cascade involving PKA, CREB, Csk and Lck (on the
T cell side) leads to OR10H1-mediated inhibition of TIL functionality. We found that TILs
differentially express genes depending on the presence of OR10H1 on the tumor cells. TILs co-
cultured with OR10H1-deficient cells showed a gene expression profile associated with
increased T cell function/viability and decreased anergy (see paragraph 5.8). This differential
gene expression was associated with TCR-mediated signaling. In depth phosphoprotein
analysis revealed that CREB, PKA and Lck are differentially activated in TILs when co-cultured
with OR10H1-deficient or —proficient cells. CREB is an important transcription factor in T cells
inducing the expression of different effector cytokines [356]. Noteworthy, most studies on the
role of CREB on effector cytokine secretion of T cells were performed using PBMCs or T cell
hybridomas and did not focus on its role in TILs with exhausted memory phenotype.
Furthermore, several transcription factors (including CREB) work together to induce cytokine
production [357-359]. We found that CREB is strongly activated in TIL412 after 2-hour co-
culture with OR10H1-proficient melanoma cells (paragraph 5.9) compared to unchallenged
(unstimulated) TIL412. This strong induction of CREB phosphorylation was not observed in
TILs co-cultured with OR10H1-deficient melanoma. CREB activation in T cells is mainly
regulated by phosphorylation of the serinel33 by protein kinases C (PKC) and/or A (PKA)
[356]. As mentioned before, several groups described an inhibitory pathway in T cells involving
cAMP-mediated activation of PKA and subsequent phosphorylation of the inhibitory tyrosine
505 of Lck. We were able to validate that Lck is less phosphorylated on this inhibitory domain
when TILs are co-cultured with OR10H1-deficient melanoma. This phosphorylation pattern

was similar to TILs stimulated with PMA/Iono. Furthermore, TILs co-cultured with OR10H1-
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proficient melanoma were sensitive to a Lck inhibitor (7-Cyclopentyl-5-(4-phenoxyphenyl)-
7H-pyrrolo[2,3-d]pyrimidin-4-ylamine) which shows a higher inhibition to the inactive
(Tyr505 phosphorylated) form of Lck [282]. Our data suggest, that tumor-associated OR10H1
inhibits TCR-mediated activation of Lck via a pathway involving cAMP-activated PKA. This

inhibition of Lck induces a more exhausted T cell state and impairs T cell functionality.

6.44 Tumor-associated ORT0H1 activation leads to the transport of cAMP via gap

junctions

As mentioned, the cAMP-mediated activation of PKA in TILs could either be the result of
ligand binding to TIL-restricted receptors and subsequent AC activation [284-286] or the result
of cAMP transport via gap junctions [118, 279]. We hypothesized that OR10H1-mediated
inhibition of TILs utilizes the transport of cAMP through gap junction as CX32 was one of the
strongest candidate genes from our follow-up primary screen in melanoma. CX32 is expressed
by melanoma and CRC whereas CX43 is expressed by PDAC and multiple myeloma.
Furthermore, we found that TILs express CX32 as well. Transport of cAMP into T cells is
normally associated with gap junctions build up by CX43. The role of CX32 in cAMP transport
needed to be elucidated. Validation experiments underlined the immune checkpoint function
of CX32 (see paragraph 5.10). Furthermore, blockade of CX32 hemichannels or gap junctions
increased TIL-mediated lysis of OR10HI1-proficient but not -deficient melanoma cells
suggesting that OR10H1 and CX32 function on the same inhibitory pathway. Interestingly,
CX32 and other gap junction proteins can be phosphorylated by cAMP-activated PKA
increasing gap junction permeability [360]. Thus, increased cAMP concentrations inside
melanoma cells can activate PKA which in turn could phosphorylate connexins increasing the
flux of cAMP into TILs and inhibiting their function. As mentioned, olfactory receptors are
associated with an olfactory machinery including Goor (GNAL) and adenylate cyclase 3
(ADCY3). We found that this olfactory machinery is expressed in melanoma, PDAC and CRC
but not in breast cancer. Consistently, an immune inhibitory function of OR10H1 was not
found in our screening with MCF-7 [240]. We assessed OR10H1-associated signaling in tumor
cells upon TIL encounter by validating calcium and cAMP activity. Surprisingly, OR10H1-
deficient melanoma cells showed dramatically increased calcium signaling waves compared to
ORI10HI1-proficient cells. Inside olfactory neurons, activation of olfactory receptors induces
cAMP production which opens cAMP-gated ion channels for calcium increasing its

intracellular concentration [294]. Therefore, the observed increase in cytoplasmic calcium after
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OR10H1 knockdown might be independent from this pathway. T cells could induce calcium
signaling inside tumor cells independent from olfactory signaling. For example, granzyme B
(secreted by T cells) induces neurotoxicity by activation of protease-activated receptor-1
(PARI) and subsequent IP3-associated calcium signaling [361]. OR10H1-mediated activation
of PKA could inhibit PLC function and thus decrease calcium flux into the cytoplasm [362,
363]. Increased calcium signaling inside tumor cells could be a sign of improved TIL
functionality as well. The combined function of perforin and granzyme B counteracted by cell
membrane repair mechanisms was shown to induce fluctuating calcium waves inside the target
cell [364]. We did not observe any calcium signaling inside melanoma cells upon treatment
with the supernatant from activated (anti-CD3/CD8 beads) T cells. This might be dependent
on the concentration of perforin and granzyme B or the necessary proximity of T cell and target
cell. The outcome of different calcium waves inside tumor cells upon TIL encounter are an
interesting topic for further investigations. In this study, we focused on the production of cAMP
inside tumor cells during interactions with TILs. We detected induction of cAMP production
in tumor cells during co-culture with TILs. This cAMP production was decreased in OR10H1-
deficient cells. Additional functional assays with cholera toxin (activation of Goloiss) confirmed
the role of OR10H1 in cAMP-mediated inhibition of TIL functionality. Activation of Goloss
rescued OR10H1-deficient cells from TIL-mediated lysis. Interestingly, inhibition of Gou with
cholera toxin reduced killing of OR10H1-proficient but not —deficient cells. As mentioned, Gou
inhibits the activation of adenylate cyclase. In the absence of OR10H1-mediated adenylate
cyclase activation the inhibition of Gaidoes not rescue melanoma cells. Our data suggest that
tumor-associated OR10H1 induces cAMP production via Goos upon TIL encounter.
Unfortunately, the ligand for OR10H1 remains unknown. One could use fractions of T cell-
primed supernatants for their induction of cAMP in OR10H1-positive cells. Deciphering the
ligand repertoire of OR10H1 would help to uncover its immune inhibitory function. The

suggested OR10H1 mode of action is depicted in Figure 36.
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Figure 36: Proposed mode of action for OR10H1-mediated inhibition of CD8* TIL functionality. T cell recognition of
tumor cells results in TCR-mediated activation of Lck and subsequent killing of the target cell. Binding of an unknown ligand
to the olfactory receptor OR10H1 induces the dissociation of Gowoiys from the trimeric G-protein complex. Gaoiss activates
adenylate cyclase 3 increasing cAMP concentration Potentially, cAMP activates tumor-associated PKA which in turn
phosphorylates CX32 and increased permeability. cAMP diffuses through CX32 gap junctions into CD8* TILs and activates
TIL-associated PKA. PKA phosphorylates/activates Csk and CREB. The transcription factor CREB induces gene expression
associated with an exhausted TIL phenotype. Csk phosphorylates Lck at an inhibitory tyrosine residue and thus abrogates TCR-
mediated signaling.

6.5 Translational implications of OR10H1 as a target for cancer immunotherapy

The main task of this project was the discovery of novel immune checkpoints as targets for
cancer immunotherapy. We established a high-throughput discovery platform and identified
ORI10HI as a potential target for immunotherapeutic interventions in melanoma and other

cancers.
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6.5.1 Anti-OR10H1 therapy as monotherapy

Olfactory receptors in general and OR10H1 in particular are interesting targets as no important
role outside the olfactory system was found so far. Thus, inhibition of these receptors could
offer improved TIL-mediated tumor lysis without the strong side effects observed with anti-
CTLA-4 therapy (see paragraph 1.6.3). On the other hand, olfactory signaling might have a yet
unknown role in healthy tissues. For example, OR51E2 was found to regulate melanogenesis
and dendritogenesis in melanocytes [243]. Therefore, any therapy directed against olfactory
receptors has to be carefully evaluated regarding its effects on healthy tissue. Another important
factor to be considered for OR10H1 therapy is the development of biomarkers to stratify
patients for therapy. As seen in Figure 35, OR10H1 expression can be detected in different
tumor entities but OR10H1 abundance is low. In general, patient stratification based on target
gene expression showed poor prediction of the outcome of immune checkpoint blockade [365].
Biomarkers for anti-OR10H]1 therapy could be based on a mixture of immune cell infiltration
and expression of the olfactory machinery (e.g., GNAL and ADCY3). Olfactory receptors are
difficult targets for drug development due to their complicated conformational structure.
Promising approaches to target olfactory receptors are blocking antibodies [366] and small
molecule inhibitors [367, 368]. Both approaches are currently tested to produce inhibitory
compounds directed against OR10H1. Despite the hurdles, OR10H1 remains an interesting
target for immune checkpoint blockade particularly in tumor entities where anti-CTLA or anti-

PD-1/PD-L1 therapies fail.
6.5.2 Anti-OR10H1 therapy combined with other immune checkpoint blockades

Most researchers agree that the combination of different immunotherapies in general and the
combination of immune checkpoint blockades in particular is the best way to treat most cancers
in the future. Many different combination therapies (mostly anti-CTLA-4 combined with anti-
PD-1/PD-L1) are being tested in the clinic and show superior outcome compared to
monotherapies (see paragraph 1.6.3). Combination of therapies directed against OR10H1 with
anti-PD-1/PD-L1 or anti-CTLA-4 could offer great improvement of cancer immunotherapy.
As mentioned, PD-L1 binding to PD-1 recruits the phosphatase SHP2 which in turn
dephosphorylates/inhibits nodes of TCR-mediated and costimulatory signaling [142-144]
whereas OR10H1 function results in deactivation of Lck by Csk. Therefore, combination

therapy could improve TIL functionality by increasing Lck activity and further prevent the
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inhibitory function of PD-1-mediated SHP2. Supporting this hypothesis, recent findings
underline the interactions of Lck activity and PD-1/SHP2-mediated dephosphorylation of
TCR-mediated and costimulatory signaling [369]. Interestingly, the presence of Csk increased
the inhibitory function of PD-1/SHP2. Therefore, a double intervention against OR10H1 and
PD-1/PD-L1 could result in more active and less exhausted TILs with stronger antitumor

activity.
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7 Conclusion

Immune checkpoint blockade is a promising approach to fight many different cancer types.
Unfortunately, only a fraction of patients can benefit from current therapies due to the
numerous immune inhibitory mechanisms employed by the tumor and its immune inhibitory
microenvironment. In this study, we aimed to generate a high-throughput discovery platform
to identify novel immune checkpoints as targets for immune checkpoint blockade. We
established the screening procedure in melanoma using patient-derived tumor and TIL
cultures. We found melanoma to be optimal to establish the RNAi screening and subsequent
target validation. Interestingly, the overlap with other screening in other tumor entities was
limited underlining the heterogeneity of the immune interactions between TILs and tumor cells
among different entities. This cancer-specific repertoire of immune checkpoints highlights the

challenges of current immunotherapy and cancer therapy in general.

We discovered a broad spectrum of different pathways as potentially involved in the inhibition
of TIL-mediated tumor lysis. Among the genes identified as potential immune checkpoints
were kinases, gap junction proteins and GPCRs. In this regard, olfactory signaling is a
particularly interesting pathway as it was never associated with immune function before.
Overall, the diversity of candidates discovered by our screenings could explain why only a small
fraction of patients respond to current immune checkpoint blockade. The majority of immune

escape mechanisms might still be unknown.

We found that OR10H1 inhibits TIL functionality by a mode of action involving cAMP-
mediated activation of PKA and subsequent inhibition of Lck. OR10H1 and its associated
pathway offer an interesting target for intervention with blocking antibodies or small molecule
inhibitors. Based on the differences in the modes of action of OR10H1 and PD-L1/PD-1 a
combination therapy might offer a great improvement compared to monotherapies currently

used in cancer immunotherapy.
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Supplementary Data

Supplementary R code: RNAi screening analysis script

HERRRAHHHRRRAARRHR AR ARRRR AR ARRRR A AR RAR R AR RAR R AR RRR R AR HRR AR

## CTL_modifier screens ...cellHTS

HERRRAHRARRR AR RRRR AR A RRRRR AR RRRR R AR RRRRRAARRRRRAARRRR R HRR RS H

#load cellHTS2 first and load other packages later

# looks like cellHTS2 annotation does not work adequately when other packages are loaded together
with it?

library('cellHTS2')

## CellHTS2 report

## set all parameters

## setwd for analysis

setwd("...")

path=getwd()

Name="cellline_xx_CTLversusnoCTL"

Outdir_report="..."

LogTransform=TRUE

Annotation="GeneID_NEWdouble_1_2_3_67_68.txt"

PlateList="Platelist_ CTL_noCTL.txt"

# the file PlateConfig 2013-07-29.txt was incorrectly annotated...

# therefore use PlateConfig 2013-08-12.txt

Plateconf="PlateConfig 2013-08-12.txt"

Screenlog="Screenlog.txt"

Description="Description_GPCR.txt"

NormalizationMethod="median"

NormalizationScaling="multiplicative"

VarianceAdjust="none"

SummaryMethod="mean"

Score="zscore"

## run the first analysis

x = readPlateList(PlateList,name=Name)

x = configure(x, descripFile=Description, confFile=Plateconf, logFile=Screenlog, path=path)
Xp =X

Xp = normalizePlates(x, log=LogTransform, scale=NormalizationScaling,
method=NormalizationMethod, varianceAdjust=VarianceAdjust)

xp@state["normalized"] = TRUE

xsc = scoreReplicates(xp, sign = "-", method = Score)

xsc = summarizeReplicates(xsc, summary = SummaryMethod)

xsc = annotate(xsc, geneIDFile = Annotation)

out = writeReport(raw = x, normalized = xp, scored = xsc, outdir=Outdir_report, force=TRUE)

BHABHARBHBH AR AR R R H B R AR R R AR HHRHRHH
#analysis of screen from cellHTS2 output
BHABHARBHBHHRHRREABH AR AR R RARHHRH

# load all other libraries that can be useful
library('car’)

library('lattice’)

library('limma’)

library('gplots’)

library('ggplot2')

library('reshape2’)
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df_xx = read.delim(“...")

head(df_xx)

#define which plates are withCTL versus noCTL

# first order the df based on plates and well

df = df xx

df <- dfforder(df$plate, df$well),]

head(df)

df$condition<- recode(df$plate, "1:5="Tcells_Luc’; 6:10=noTcells_Luc")

# split df into 2 based on condition:

tcells <- subset(df, df$condition == "Tcells_Luc')

notcells <- subset(df, df$condition == "noTcells_Luc")

head(tcells)

dim(tcells)

head(notcells)

dim(notcells)

# calculate correlation:

corr_tcells = cor(tcells$normalized_r1_chl, tcells$normalized_r2_chl, use= "complete.obs")
corr_tcells

corr_notcells = cor(notcells$normalized_r1_chl, notcells$normalized_r2_ch1, use= "complete.obs")
corr_notcells

corr_all = cor(df$normalized_r1_chl, df$normalized_r2_chl, use= "complete.obs")
corr_all

df compare = tcells

head(df_compare)

df compare$score_noTcells = notcells$score

head(df_compare)

df compare = df_compare[, c("wellAnno", "Gene", "score", "score_noTcells")]
head(df_compare)

df compare = df compare[order(df _compare$Gene),]

head(df_compare)

df forquant = df compare

head(df_forquant)

df forquant$diff score = df forquant$score - df forquant$score_noTcells
head(df_forquant)

df forquant = df forquant[order(df forquant$diff score),]
head(df_forquant)

dim(df_forquant)

# check if NA need to be removed
df_forquant$diffscoreRank = ¢(1:1920)

head(df_forquant)

df forquant = df forquant[order(df forquant$Gene),]
head(df_forquant)

## plot the data as quadrant overview based on scores

# reduce plotting of interesting genes...

# check for high and low

BHAZABHRHHRHRY

head(df_forquant)

df_forquant_x = df_forquant

head(df_forquant_x)

df_forquant_x$wellAnno = NULL

df_forquant_x$Gene = NULL

df_forquant_x$diff_score = NULL

154



Supplementary Data

df forquant_x$diffscoreRank = NULL

head(df_forquant_x)

df forquant_x = data.matrix(df_forquant_x)
library("aroma.light")

normalizeQuantileRank(df_forquant_x, xTarget=NULL)-> A1_1_quant
head(A1_1_quant)

class(A1_1_quant)

Al_1_quant = as.data.frame(A1_1_quant)

A1l_1_quant$Gene = df_compare$Gene

head(Al_1_quant)

df quant_diff = A1_1_quant

head(df_quant_diff)

df _quant_diff$diff score = df quant_diff$score - df_quant_diff$score_noTcells
head(df_quant_diff)

df_quant_diff = df_quant_diff[order(df_quant_diff$diff score),]
head(df_quant_diff)

dim(df_quant_diff)

df quant_diff$diffscoreRank = ¢(1:1920)

df forquant2 = df quant_diff

head(df_forquant2)

# reduce plotting of intersesting genes...

# check for high and low

HHABHRHEHBHHRY

##### try loess fitting:

#head(df_forquant)

#head(df_forquant2)

# fit loess in:

## learn curve

x <- df_forquant2$score_noTcells

y <- df_forquant2$score

I <- which(is.finite(x) & is.finite(y))

modell <- loess(y[I] ~ x[I], span=0.99)

x2 = seq(-4,4,length.out=1000)

pl = predict(modell, x2)

#plot the loess learned curve

lines(x2, p1, col="blue", lwd=2, lty="dotdash")
HHE#HBH

## apply loess fit todata

p = predict(modell, df forquant2$score_noTcells) # some p's will be NA!!!
resl = df_forquant2$score - p

#make resl from loess fitting a dataframe

resl_df <- as.data.frame(resl)

head(res1_df)

dim(res1_df)

# add the res1 data to the toget_merge2 dataframe
df_forquant2$loess_resi <- resl
head(df_forquant2)

# sort df based on loes residulas:

df_forquant2 = df_forquant2[order(df_forquant2$loess_resi),]
head(df_forquant2)

dim(df_forquant2)

df_forquant2$loess_resiRank = ¢(1:1920)
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head(df_forquant2)

# here comes the analysis of the CTG screen
HERBRAHRHRRRAARRRR AR A RRRR R ARRRR A AR RRR R AR RAR R AR RRR R R AR HR R AR H
## CTL_modifier screens ...cellHTS

### CTG cell viability to be used as a filter for Tcell tox...###

HERRRAHRRRRR AR RRR R AR RRH R R RRR R R A RRRRRAHRRRRR A ARRR AR HR R RS
#load cellHTS2 first and load other packages later

# looks like cellHTS2 annotation does not work adequately when other packages are loaded together
with it?

library('cellHTS2')

## CellHTS2 report

## set all parameters

## setwd for analysis setwd("...")

path=getwd()

Name="cellline_xx_CTGviability"

Outdir_report="... "

LogTransform=TRUE
Annotation="GeneID_NEWdouble_1_2_3_67_68.txt"

PlateList="Platelist_ CTL_noCTL.txt"

Plateconf="PlateConfig 2013-08-23.txt"

Screenlog="Screenlog.txt"

Description="Description_ GPCR.txt"

NormalizationMethod="median"

NormalizationScaling="multiplicative"

VarianceAdjust="none"

SummaryMethod="mean"

Score="zscore"

## run the first analysis

x = readPlateList(PlateList,name=Name)

x = configure(x, descripFile=Description, confFile=Plateconf, logFile=Screenlog, path=path)
Xp =X

Xp = normalizePlates(x, log=LogTransform, scale=NormalizationScaling,
method=NormalizationMethod, varianceAdjust=VarianceAdjust)
xp@state["normalized"] = TRUE

xsc = scoreReplicates(xp, sign = "-", method = Score)

xsc = summarizeReplicates(xsc, summary = SummaryMethod)

xsc = annotate(xsc, geneIDFile = Annotation)

out = writeReport(raw = x, normalized = xp, scored = xsc, outdir=Outdir_report, force=TRUE)
HERBHARHHRBHARHHR B AR RHH R HHHHH RS

#analysis of screen from cellHTS2 output
HERBHARHHREHARRH BB ARHHRBHHHHHRS

# load all other libraries that can be useful

library('car’)

library('lattice’)

library('limma’)

library(‘gplots’)

library('ggplot2')

library('reshape2’)

## get the dataframe and check the data in an explorative manner

df = read.delim("...")

head(df)

dim(df)

# get the controls from the dataframe and plot them
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df_ctrls = subset(df, ! df$wellAnno == "sample")
head(df_ctrls)
dim(df_ctrls)
## get the modified dataframe with median for ctrls and check the data in an explorative manner
df = read.delim("...")
head(df)
# calculate correlation:
# for all data
corr_all = cor(df$normalized_r1_chl, df$normalized_r2_chl, use= "complete.obs")
corr_all
corr_all = cor(df$raw_r1_chl, df$raw_r2_chl, use= "complete.obs")
corr_all
corr_samples = cor(samples$normalized_rl_chl, samples$normalized_r2_ch1, use= "complete.obs")
corr_samples
corr_samples = cor(samples$raw_r1_chl, samples$raw_r2_chl, use= "complete.obs")
corr_samples
df_filterout = subset(df, df$score > 1.5 | df$score < -1.5)
dim(df_filterout)
df filterout
BHABHRHBHBHHRHRHRHBH RS
filterout = df filterout$Gene
controlnegl <-as.character(filterout)
HHH#HRHEHS
# get all important dataframes!
#load dataframe of analyzed and normalized screen
df 1 =read.delim("...")
head(df_1)
# plot quadrant
## plot the data as quadrant overview based on score noTcells and loess fitted score
df_score_noTcells_filterout = subset(df 1, df_1$score_noTcells > 2.5 | df_1$score_noTcells < -2.5)
dim(df_score_noTcells_filterout)
head(df_score_noTcells_filterout, n=75)
df score_noTecells_filterout = df score_noTcells_filterout$Gene
df_score_noTecells_filterout = as.character(df_score_noTcells_filterout)
df score_noTecells_filterout
### filtering of CTG and noTcell tox from screen:
dim(df_1)
df_filtered_CTG = subset(df_1, ! df_1$Gene %in% filterout)
dim(df_filtered_CTG)
head(df_filtered_CTQG)
df filterd CTG_and_viab = subset(df_filtered_CTG, ! df filtered CTG$Gene %in%
df_score_noTcells_filterout)
dim(df_filterd_CTG_and_viab)
### filter further for score_Tcells... which is higher than ??
###>05&<-05
df_filter_final = subset(df_filterd_ CTG_and_viab_naomit,
df_filterd CTG_and_viab_naomit$score >0.5 |
df_filterd_CTG_and_viab_naomit$score < - 0.5 )
dim(df_filter_final)
df_filter_final_final = subset(df_filter_final,
df_filter_final$loess_resi > 1 |
df_filter_final$loess_resi<-1 )
dim(df_filter_final_final)
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df_filter final final

df_filter final ctrls_removed = subset(df_filter_final_final, ! df_filter final_final$Gene == "ctrlla")
subset(df_filter_final_ctrls_removed, !

df_filter_ final ctrls_removed =

df filter_final_ctrls_removed$Gene == "ubc")
df filter final ctrls_removed =
df_filter final ctrls_removed$Gene == "ccr9")

df_filter_ final ctrls_removed =
df_filter_final_ctrls_removed$Gene == "cd274")
df filter final ctrls_removed =
df_filter_final_ctrls_removed$Gene == "cd274a")
df filter final ctrls_removed =

df filter_final ctrls_removed$Gene == "plk1")
df filter final ctrls_removed =

df filter_final ctrls_removed$Gene == "gal3")
df filter final ctrls_removed =

df filter_final ctrls_removed$Gene == "gal3")
df filter final ctrls_removed =

df filter_final ctrls_removed$Gene == "gal3a")
df filter final ctrls_removed =

df filter_final ctrls_removed$Gene == "casp3")
df filter final ctrls_removed =

df filter_final ctrls_removed$Gene == "rpmi")
df filter final ctrls_removed =
df filter final ctrls_removed$Gene == "rpmia")

df filter final ctrls_removed =
df_filter_final_ctrls_removed$Gene == "ctrl1")

df filter final ctrls_removed
dim(df_filter_final_ctrls_removed)

write.table(df_filter_final_ctrls_removed, file = "...

Supplementary lists

GPCR/Kinase library
HGNC Symbol

AAK1 ADCK4 AK4
AATK ADCK5 AK5
ABL1 ADK AK7
ABL2 ADRAI1A AKS8
ACVRI1 ADRAI1B AKAP1
ACVRI1B ADRB2 AKAPI11
ACVRI1C ADRBK1 AKAP13
ACVR2A ADRBK2 AKAP3
ACVR2B AGK AKAP4
ACVRLI1 AGTR2 AKAP5
ADAM9 AK1 AKAP6
ADCK1 AK2 AKAP7
ADCK2 AK3 AKAPS
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subset(df_filter final ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

subset(df_filter_final_ctrls_removed, !

AKD1
AKT1
AKT2
AKT3
ALK
ALPK2
AMHR?2
ANGPT4
ANKK1
APPL1
ARAF
ATM
ATR

", sep="\t", quote=FALSE)

AURKB BMPR2
AURKC BMX
AVPRIA BRAF
AVPR1B BRD2
AXL BRDT
AZU1 BTK
BCKDK BUBI
BDKRB2 BUBIB
BLK CALM3
BLNK CAMK1
BMP2K CAMKI1D
BMPR1A CAMKI1G
BMPRI1B CAMK2A
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CAMK2B
CAMK2D
CAMK2G
CAMK4
CAMKK1
CAMKK2
CARD10
CARD14
CASK
CCL2
CCL4L2
CD3E

CD4

CD7
CDADC1
CDC42BPA
CDC42BPB
CDC42BPG
CDC7
CDK1
CDK10
CDK11B
CDK11A
CDK12
CDK13
CDK15
CDK19
CDK2
CDK20
CDK3
CDK4
CDK5
CDK5R1
CDK5R2
CDK5RAP1
CDK5RAP3
CDK6
CDK?7
CDKS8
CDK9
CDKL1
CDKL2
CDKL3
CDKL5

CDKN1A DAPK2
CDKN1B DAPK3
CDKNI1C DBF4
CDKN2B DCK
CDKN2C DCLK1
CDKN2D DDR1
CDKN3 DDR2
CERK DGKA
CHEK1 DGKB
CHEK2 DGKD
CHKA DGKE
CHKB DGKG
CHRM1 DGKI
CHUK DGKQ
CINP DGKZ
CIT DGUOK
CKB DLG1
CKM DLG2
CKMT1B DLG3
CKMT2 DLG4
CKS1B DMPK
CKS2 DNAJC3
CLK1 DOK1
CLK2 DTYMK
CLK3 DUSP1
CLK4 DUSP10
CNKSR1 DUSP2
COL4A3BP DUSP22
COPB2 DUSP4
CRKL DUSP5
CSF1R DUSP6
CSK DUSP7
CSNK1A1L,CSNKDA/BPS
CSNK1D DYRK1A
CSNKI1E DYRKI1B
CSNK1G1 DYRK2
CSNK1G2 DYRK3
CSNK1G3 DYRK4
CSNK2A1 EDN2
CSNK2A2 EEF2K
CSNK2B EGFR
CXCL10 EIF2AK1
DAK EIF2AK3
DAPK1 EIF2AK4
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EPHA1
EPHA2
EPHA3
EPHA4
EPHAS
EPHA®6
EPHA7
EPHAS
EPHB1
EPHB2
EPHB3
EPHB4
EPHB6
ERBB2
ERBB3
ERBB4
ERN1
ETNK1
ETNK2
FASTK
FER
FES
FGFR1
FGFR2
FGFR3
FGFR4
FGR
FLT1
FLT3
FLT4
FN3K

FN3KRP

FPGT-

TNNI3K, TNNI3K

FRK
FUK
FXN
FYB
FYN
GAK
GALK1
GALK2
GAP43
GCK

GFRA2 RAPGEF3
GK RAPGEF4
GK2 RFK
GMFB RIPK4
GMFG ROPNIL
GNE SCYL2
GRK4 SGK196
GRKS5 SGK223
GRK6 SGK494
GRK7 SHPK
GSG2 SPEG
GSK3A STK32B
GSK3B STRADB
GTF2H1 STYK1
GUCY2C THNSL1
GUCY2D TNK2
GUCY2F TP53RK
GUK1 TRIB1
HCK TRIB3
HIPK1 TSSK4
HIPK2 ULK3
HIPK3 ULK4
HIPK4 YSK4
HK1 KIAA1399
HK2 ACADI10
HK3 ALDHI18A1
HSPB8 ALPK1
HUNK ALPK3
IPPK BRSK1
IQCH C9orf96
ITGBI1BP1 CAMKYV
LRRK1 CDK14
MAPKI15 CDK16
MASTL CDK17
MECOM CDK18
MLKL COASY
MTOR CSNK1A1L
FLJ32685 DCLK2
FLJ35107 DCLK3
NADK EIF2AK2
NUAKI1 EVI5L
PLK3 EXOSCI10
POM121L10P,BCRCK
PPP1R17 IGF1IR
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IKBKAP
IKBKB
IKBKE
IL2

ILK
ILKAP
INSR
INSRR
IP6K1
IP6K2
IP6K3
IPMK
IRAK1
IRAK2
IRAK3
IRS1
ITK
ITPK1
ITPKA
ITPKB
ITPKC
JAK1
JAK2
JAK3
KDR
KHK,CGREF1
KIAA1804
KIF13B
KIT
KSR2
LAMTOR3
LATS1
LATS2
LCK
LCP2
LIMK1
LIMK2
LMTK2
LMTK3
LTK
LYN
MAGI3
MAK
MALT1

MAP2K1
MAP2K2
MAP2K3
MAP2K4
MAP2K5
MAP2K6
MAP2K7
MAP3K1
MAP3K10
MAP3K11
MAP3K12
MAP3K13
MAP3K14
MAP3K2
MAP3K3
MAP3K4
MAP3K5
MAP3K6
MAP3K7
MAP3KS8
MAP3K9
MAP4K1
MAP4K2
MAP4K3
MAP4K4
MAP4K5
MAPK1
MAPK10
MAPK11
MAPK12
MAPK13
MAPK14
MAPK3
MAPK4
MAPK®6
MAPK?7
MAPKS
MAPKSIP1
MAPKSIP2
MAPKSIP3
MAPK9
MAPKAPK2
MAPKAPK3
MAPKAPKS5

MARK1
MARK2
MARK3
MARK4
MAST?2
MAST3
MATK
MBIP
MELK
MERTK
MET
MINK1
MKNK1
MKNK2
MOK
MOS
MPP1
MPP2
MPP3
MPZL1
MRC2
MST1R
MST4
MUSK
MVD
MVK
MYLK
MYLK2
MYLK3
MYO3A
MYO3B
NAGK
NBEA
NEK1
NEK11
NEK2
NEK3
NEK4
NEK6
NEK?7
NEKS
NEK9
NIM1
NLK
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NME1-NME2,NMPHKFB2
NME1-NME2,NMPPKFB3

NME3
NME4
NMES5
NME6
NME7
NPRI1
NPR2
NRBP1
NRBP2
NRG3
NTRK1
NTRK2
NTRK3
OBSCN
OXSR1
PACSIN1
PAGI
PAK1
PAK2
PAK3
PAK4
PAK6
PAK?7
PANK1
PANK3
PANK4
PAPSS1
PAPSS2
PASK
PCK1
PCK2
PDGFRA
PDGFRB
PDIKI1L
PDK1
PDK2
PDK3
PDK4
PDLIM5
PDPK1
PDXK
PFKFB1

PFKFB4
PFKL
PFKM
PFKP
PGK1
PGK2
PHKAL1
PHKA2
PHKG1
PHKG2
PI4K2A
PI4K2B
PI4KA
PI4KB
PICK1
PIK3C2A
PIK3C2B
PIK3C2G
PIK3CA
PIK3CB
PIK3CG
PIK3R1
PIK3R2
PIK3R3
PIK3R4
PIM1
PIM2
PINK1
PIP4K2A
PIP4K2B
PIP4K2C
PIP5KI1A
PIP5K1A
PIP5KL1
PITPNM3
PKIA
PKIB
PKLR
PKM
PKMYT1
PKN1
PKN2

PKN3
PLK1
PMVK
PNKP
PPP1RI1B
PPP2CA
PPP2CB
PPP4C
PRKAA1
PRKAA2
PRKACA
PRKACB
PRKACG
PRKAGI
PRKAG3
PRKARIA
PRKAR2A
PRKAR2B
PRKCA
PRKCB
PRKCD
PRKCE
PRKCG
PRKCH
PRKCI
PRKCQ
PRKCSH
PRKCZ
PRKD1
PRKD?2
PRKD3
PRKDC
PRKG1
PRKG2
PRKRA
PRKX
PRKX,PRKY
PRPF4B
PRPS1
PRPSI1L1
PRPS2
PRPSAP1
PRPSAP2
PSKH1
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PSKH2
PTK2
PTK2B
PTK6
PTK7
PTPNS5
PTPRG
PTPRJ
PTPRR
PTPRT
PXK
RACI
RAFI1
RASGRF2
RPRDIA
SCYL3
SIK3
SMAD?7
STK32A
STK32C
STK40
STRADA
TAOK1
TAOK2
TAOK3
TBCK
TNIK
TPD52L3
TWF1
TWE2
UHMK1
WNK1
WNK2
WNK3
WNK4
CMPK1
KALRN
ABII
AURKA
BRSK2
CDC42SE2
MAST1
PLK2
PLK4

ROCK1
ROCK2
ROR1
RPS6KA1
RPS6KA2
RPS6KA3
RPS6KA4
RPS6KA5
RPS6KA6
RPS6KB1
RPS6KB2
RPS6KC1
RPS6KL1
RYK
SCYL1
SEPHS1
SEPHS2
SGK1
SGK3
SHC1
SIK1
SIK2
SKAP1
SMG1
SNRK
SOCS1
SPA17
SPHK1
SRPK3
STK11
STK16
STK17A
STK19
STK24
STK25
STK3
STK31
STK35
STK36
STK38
STK38L
STK39
TSSK3
TSSK6

NMES
NUAK2
PBK
RBKS
RIOK1
RNASEL
ROR2
ROSI1
RP2
SGK2
SLK
SOCS5
SPHK2
SQSTM1
SRC
SRMS
SRPK1
SRPK2
STK10
STK17B
STK33
STK4
SYK
TAF1L,TAF1
TAF1L,TAF1
TAOK2
TBK1
TEC
TEK
TESK1
TESK2
TEX14
TGFBR1
TGFBR2
TIEL
TJP2
TK1
TK2
TLK1
TLK2
TLR1
TLR3
TLR4
TLR6
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TNFRSF10A ADRA2A
TNK1 ADRA2B
TPK1 ADRA2C
TRAT1 ADRBI1
TRIB2 ADRB2
TRIO ADRB3
TRPM6 ADRBK1
TRPM?7 ADRBK2
TSKS AGTR1
TSSK1B AGTR2
TSSK1B,DGCR14,A§5RRL1
TTBK1 AKT1
TTBK2 ARL3
TTK ARRBI1
TTN AVPRIA
TXK AVPR1B
TYK2 AVPR2
TYRO3 BAI1
UCK1 BAI2
UCK2 BAI3
UCKL1 BDKRB1
UGP2 BDKRB2
ULK1 BLR1
ULK2 BRS3
VRK1 C170RF35
VRK2 C3

VRK3 C3AR1
WEE1 C5

WIF1 C5R1
XYLB C70ORF9
YES1 CALCA
YWHAH CALCR
YWHAQ CALCRL
ZAK CALM1
ZAP70 CASR
ADCYAPI1R1 CCBP2
ADMR CCL17
ADORA1 CCL2
ADORA2A CCL23
ADORA2B CCL25
ADORA3 CCL3
ADRAI1A CCR1
ADRAI1B CCR2
ADRAI1D CCR3

CCR4
CCR5
CCR6
CCR7
CCR8
CCR9
CCRL1
CCRL2
CD3E
CD97
CELSR1
CELSR2
CELSR3
CHAF1B
CHRM2
CHRM3
CMKLR1
CNR1
CNR2
CRHRI1
CRHR2
CRY1
CX3CR1
CXCL1
CXCL12
CXCL2
CXCL3
CXCL9
CXCR3
CXCR4
CXCR6
CYSLTR1
CYSLTR2
DEFB4
DRD1
DRD5
EBI2
ECE2
EDG1
EDG2
EDG3
EDG4
EDG5
EDG6
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EDG7
EDGS8
EDNRA
EDNRB
ELOVL4
ELTD1
EMRI1
EMR3
ENPP2
F2R
F2RL1
F2RIL2
F2RL3
FKSG79
FKSG83
FLJ10060
FLJ10458
FLJ11856
FLJ31393
FPR1
FPRL1
FPRL2
FSHR
FY

FZD1
FZD10
FZD2
FZD3
FzZD4
FZD5
FZD6
FzZD7
FZD8
FZD9
GABBRI1
GALR2
GCG
GCGR
GHRHR
GHSR
GIPR
GIT1
GIT2
GLPIR

GLP2R
GNA13
GNA1l4
GNA15
GNAIl
GNAI3
GNAO1
GNAQ
GNAS
GNAT1
GNAT2
GNAZ
GNB1
GNB3
GNB4
GNGI11
GNGI12
GNG3
GNG4
GNG5
GNG7
GNRHR
GNRHR2
GPBARI1
GPR
GPR1
GPR10
GPR100
GPR101
GPR105
GPRI109A
GPR109B
GPR110
GPRI111
GPR112
GPR113
GPR115
GPR116
GPRI119
GPRI119
GPR12
GPR123
GPR124
GPR126

GPR128
GPR132
GPR14
GPR141
GPR143
GPR145
GPR146
GPR15
GPR155
GPR156
GPR157
GPR160
GPR161
GPR17
GPR18
GPR19
GPR2
GPR20
GPR21
GPR22
GPR23
GPR24
GPR25
GPR26
GPR27
GPR3
GPR30
GPR31
GPR32
GPR34
GPR35
GPR37
GPR37L1
GPR39
GPR4
GPR40
GPR41
GPR42
GPR43
GPR44
GPR45
GPR48
GPR49
GPR50
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GPR51
GPR52
GPR54
GPR55
GPR56
GPR58
GPR6
GPRé61
GPR62
GPR63
GPR64
GPR65
GPR68
GPR?7
GPR?73
GPR73L1
GPR74
GPR?75
GPR77
GPR?78
GPRS8
GPRS80
GPRS81
GPR82
GPRS83
GPR84
GPRS85
GPRS86
GPR87
GPRS88
GPROI1
GPR92
GPRY97
GPRC5B
GPRC5C
GPRC5D
GPRC6A
GPSM2
GRCA
GRK4
GRK5
GRK6
GRK7
GRM1

GRM2
GRM3
GRM4
GRM5
GRM6
GRM7
GRMS8
GRPR
H963
HRH1
HRH2
HRH3
HRH4
HTRIA
HTRI1B
HTRI1D
HTRIE
HTRIF
HTR2A
HTR2C
HTR3A
HTR3B
HTR4
HTR5A
HTR6
HTR7
ICF45
IL8
ILSRA
ILSRB
KCNJ3
KCNJ5
KCNJ6
KCNJ9
LANCL1
LGR?7
LGRS
LHCGR
LOC115131
LPHNI1
MLNR
NMURI1
OPN5
OR10A5

OR5P2
OR5P3
TRARS5
GPR147
GRK1
LPHN2
LPHN3
LTB4R
LTB4R2
MAS1
MASIL
MASS1
MBC2
MCI1R
MC2R
MC3R
MC4R
MC5R
MGC24137
MGC26856
MGC40047
MLN
MRGPRF
MRGX1
MRGX2
MRGX3
MRGX4
MS4A2
MTNRIA
MTNRIB
NMBR
NMUR?2
NPRI1
NPR2
NPR3
NPY
NPYIR
NPY2R
NPY5R
NTSR1
NTSR2
OPN1LW
OPNIMW
OPN1SW
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OPN3
OPN4
OPRD1
OPRK1
OPRL1
OPRM1
ORI10H1
ORI10H2
OR10]1
ORI11A1
OR12D2
OR12D3
OR1A1
ORI1A2
ORIC1
OR1D2
OR1D4
OR1D5
ORIE1
ORI1E2
ORI1F1
OR1G1
OR1]J5
OR2A4
OR2B2
OR2C1

Custom library

HGNC Symbol

ACP5
ACPP
BCAM
CANT1
CD163L1
CD300C
CD300E
CD300LF
CD46
CDC14A
CDC25A
CDC25B
CDC25C
CENPE

OR2C3
OR2F1
OR2H1
OR2H3
OR2J2
OR2S2
OR2T1
OR2W1
OR3Al
OR3A2
OR3A3
OR4D1
OR51B2
OR51B4
OR51E2
OR52A1
OR5F1
OR5I1
OR5V1
ORG6A2
OR7A17
OR7A5
OR7C2
ORSB8
OXER1
OXTR

CIB1
CLDN3
CLTCL1
CRK
CRLEF2
CSF2RA
CTDSP1
CTNND1
DCC
DOLPP1
DUSP11
DUSP12
DUSP14
DUSP15

P2RY1
P2RY10
P2RY11
P2RY12
P2RY2
P2RY4
P2RY5
P2RY6
P2RY8
PDC
PDCL
PIK3CB
PIK3CG
PNR
PPYRI1
PRB4
PTAFR
PTGDR
PTGER1
PTGER2
PTGER3
PTGER4
PTGFR
PTGIR
PTH
PTHRI1

DUSP16
DUSP18
DUSP19
DUSP23

DUSP26
DU
SP3

DUSP9
EDAR
EPM2A
F3
FAMS89B
FCRL1
FCRL3
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PTHR2
PTPN6
RAMP1
RASD1
RDS
RGR
RGS1
RGS11
RGS12
RGS14
RGS16
RGS19
RGS191P1
RGS2
RGS20
RGS3
RGS4
RGS5
RGS6
RGS7
RGS9
RHO
ROM1
RRH
SALPR
SCTR

FCRLA
FLVCRI1
FST
GFRA1
GFRA4
GHR
GJA1
GOSR1
GOSR2
GPD1
GPR135
GPR142
GRAP2
GRB10

SMO
SORT1
SREB3
SST
SSTR1
SSTR2
SSTR3
SSTR4
SSTR5
TACRI1
TACR2
TACR3
TASIR1
TASIR2
TAS2R1
TAS2R10
TAS2R13
TAS2R14
TAS2R16
TAS2R3
TAS2R39
TAS2R4
TAS2R40
TAS2R41
TAS2R46
TAS2R48

GRB14
GRB7
GRIA1
GRIA2
GRIA3
GRIA4
GRID2
GRIK2
GRIK4
GRIK5
GRIN3A
HAVCR2
HFE
HLA-B

TAS2R5
TAS2R60
TAS2R7
TAS2R8
TAS2R9
TBL3
TBXA2R
TRARI1
TRAR3
TRAR4
TRHDE
TRHR
TSHB
TSHR
VIP
VIPR1
VIPR2
VNIRI1
VNIR2
VNIR3
VNIR4
VNIR5
WDR5B
XCR1
XPR1

HLA-DMB
HLA-DOB
HLA-DPA1
HLA-G
IL11RA
IL13RA1
IL18RAP
IL1IRAPL1
IL20RA
IL22RA2
IL23R
IL28RA
INPPL1
ITPR1
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ITPR3
KCNH2
KCNH3
KCNH4
KCNH?7
KCNHS8
KDELR3
KIF11
KIF12
KIF13A
KIF14
KIF15
KIF16B
KIF17
KIF18A
KIF1A
KIF1B
KIF1C
KIF20A
KIF20B
KIF22
KIF23
KIF25
KIF26A
KIF2A
KIF2B
KIF2C
KIF3A
KIF3B
KIF3C
KIF5A
KIF5B
KIF9
KIFC1
KIFC3
LAT
LEPR
LIF
LILRA4
LILRBI1
LILRB4
LILRB5
LMBRIL
LPPR3

LRP3
LRP5
M6PR
MAML2
MARCO
MINPP1
MPL
MS4A1
MS4A6A
MS4A7
MS4A8B
MSR1
MTM1
MTMR1
MTMR2
MTMR3
MTMR4
MTMR6
MTMRY7
MTMRS
MYOC
ACP1
CDC14B
CLDN4
CNTFR
CTDPI1
CXADR
DUSP13
DUSP21
EBP
FKBPS
GRAP
GRIK3
GRINL1A
HLA-A
HLA-C
HLA-DOA
HLA-DQAL1
HLA-DQBI
HLA-DRA
HLA-DRBI
HLA-DRB3
HLA-E
KIF21A

KIF4A
KIF5C
KIR2DL5
LAMRI1
LILRB2
MCC
MGC26484
MPRA
NRP2
PLXNA3
PNRC2
PPP1R3B
PRB3
PSPHL
PTEN
PTENP1
PTPN11
PTPRA
PTPRU
ROBO1
RTN4RL1
SCG3
SFRP5
SH120
SH3BGR
STYX
TPTE2
NCR1
NCR3
NGFR
NPAS4
NPC1
NPTN
NPTXR
NSMAF
OSCAR
OSMR
PDCD1
PDP1
PDP2
PER1
PER2
PGAP2
PHLPP1
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PKHD1
PLAUR
PLXNB3
PPAP2B
PPAP2C
PPEF1
PPEF2
PPM1A
PPM1B
PPM1D
PPMIE
PPM1F
PPM1G
PPM1H
PPM1]J
PPMIL
PPP1CA
PPP1CB
PPP1R16A
PPPIR3C
PPP1R3D
PPP2R1A
PPP2R1B
PPP2R2B
PPP2R5A
PPP2R5B
PPP2R5C
PPP2R5D
PPP2R5E
PPP3CA
PPP3CB
PPP3CC
PPP3R2
PPP4R1
PPP5C
PPP6C
PPTC7
PROCR
PSD
PSPH
PTCH1
PTCH2
PTP4A1
PTP4A2

PTP4A3
PTPDC1
PTPLA
PTPLB
PTPMT1
PTPN1
PTPN12
PTPN13
PTPN14
PTPN18
PTPN21
PTPN22
PTPN23
PTPN3
PTPN4
PTPN7
PTPNO
PTPRB
PTPRC
PTPRD
PTPRE
PTPRF
PTPRH
PTPRK
PTPRM
PTPRN
PTPRN2
PTPRO
PTPRS
PTPRZ1
PVR
PVRL2
RAMP2
RAMP3
RGS17
RNGTT
RTN4R
RTN4RL2
SCARB1
SEMA3A
SEMAS3F
SEMA4D
SEMAG6B
SEZ6L2

SFRP1
SFRP2
SFRP4
SH2D1A
SH3BP5
SKAP2
SSH1
SSH2
SSH3
STYXL1
TAB1
TAS2R42
TENC1
TIMMS50
TMEM123
TPTE
UIMC1
ADM
AGRP
AKAP10
AKAPY9
ALCAM
AMH
ANGPT1
ANGPT2
ANGPTL1
ANGPTL2
APOL2
ASGR2
ASTP
AVP
BCL10
BMP15
BMP2
BMP3
BMP5
BMP7
BZRAP1
CCK
CCL1
CCL11
CCL13
CCL16
CCL18
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CCL19 CSF2RB
CCL20 CSF3
CCL21 CSF3R
CCL22 CTF1
CCL24 CX3CL1
CCL26 CXCL11
CCL27 CXCL13
CCL28 CYFIP2
CCL5 CYTLI
CCL7 DBI
CCL8 DGCR2
CDID DIAPHI
CD2 DLGS5
CD247 DLL3
CD28 DMBT1
CD300LB DOK2
CD302,LY75-CD30I0K4
CD36 DOKS5
CD3D DVLI
CD3G DVL2
CD40 EDA
CD44 EDIL3
CD5 EDN1
CD6 EFNAI
CD69 EFNA2
CD72 EFNA5
CDSA EFNBI
CDSB EFNB2
CD93 EGFL6
CDK2AP1 EPO
CGA EPS15L1
CHGB EREG
CKLE.CKLE-  EsM1
CMTMI ADD
CLCF1 FAS
CLEC4D FCAR
CLEC4M FCERLA
CMTM7 FCERIG
CORT FCER2
CRI FCGRT
CR2 FCRL2
CRH FEMIB
CSF1 FGF10
CSF2 FGFI11

FGF13
FGF14
FGF16
FGF17
FGF18
FGF19
FGF20
FGF21
FGF23
FGF3
FGF4
FGF5
FGFe6
FGF7
FGF8
FIGF
FLNA
FLT3LG
FOLR1
FOLR2
FOLR3
FRS3
FRZB
FSHB
GAB1
GAST
GDF10
GDF11
GDEF2
GDF9
GDNF
GFRA3
GH2
GHRH
GHRL
GIP
GLG1
GNRH1
GNRH2
GP1BA
GRB2
GRP
HAMP
HBEGF
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HDGF
HLA-DMA
HMGN3
IAPP
ICAM1
ICAM2
ICAM3
IFNA14
IFNA16
IFNA2
IFNA5
IFNA6
IFNAS
IFNARI1
IFNAR2
IFNG
IFNGRI1
IFNW1
IGF1
IKBKG
IL10
IL10RA
IL10RB
IL11
IL12B
IL12RB1
IL12RB2
IL13RA2
IL15
IL15RA
IL16
IL17A
IL17B
IL17C
IL17RA
IL17RB
IL18
IL18BP
IL18R1
IL19
IL1A
IL1B
IL1IR1
IL1R2

IL1IRAP
IL1IRAPL2
IL1RL1
IL1RL2
IL1IRN
IL21R
IL22
IL22RA1
1L24
IL26
IL27RA
IL2RA
IL2RB
IL2RG
IL3
IL36A
IL36B
IL36RN
IL37
MSTN
AREG
BAG4
BDNF
BMP4
BMP6
BMPSB
BZRP
CCL14
CCL15
CCL3L1
CD14
CD33
CLEC2
CNTF
CSHL1
DAG1
DLL4
EDN3
EGF
FCGR1A
FCGR2A
FCGR2B
FCGR3B
FGF1

FGF9
GDF1
GDF15
GDF5

GP6
IFNA10
IFNA13
IFNA17
IFNA21
IFNA4
IFNB1
IGF2

IK

IL1F9
IL3RA
SHC3

SIVA
TAS2R38
WNT10A
WNT4
WNT7B
WNTS8B
PLIN3
RELT

SHB

SLA
SLAMF6
SNX9
SORL1
STAM
STMN1
TACSTD2
TFG
TGFBRAP1
TIRAP
TLR10
TLR5

TLR7

TLR9
TNFRSF10C
TNFRSF10D
TNFRSF11A
TNFRSF13B
TNFRSF17
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TNFRSF21
TNFRSF8
TNFRSF9
TP53BP2
TRADD
TREM1
TREM?2
TRPC4
TRPC7
TRPM4
TRPV2
TRPV3
TYROBP
UNC5B
UNC5C
WASE2
WNT1
WNT10B
WNT11
WNT16
WNT?2
WNT2B
WNT3
WNT3A
WNT5B
WNT6
WNTS8A
WNT9A
WNT9B
P2
ABCC9
AHR
AIMP1
AIP
APOL3
AR
ARNT
ARNT2
ARNTL
ARNTL2
ARPP19
CD180
CD40LG
CD70

CD80
CD86
CHRNAL1
CHRNA10
CHRNA2
CHRNA3
CHRNA4
CHRNA5
CHRNAG6
CHRNA?7
CHRNA9
CHRNB1
CHRNB2
CHRNB3
CHRND
CLEC2D
CLOCK
CNOT7
CXCR?7
EPAS1
ERG
ESR1
ESRRA
ESRRB
ESRRG
FASLG
GABRA1
GABRA2
GABRA3
GABRA4
GABRAG6
GABRB1
GABRB2
GABRB3
GABRD
GABRE
GABRG1
GABRG2
GABRG3
GABRP
GABRQ
GABRRI1
GABRR2
GLRA1

GLRA2
GLRA3
GRIN1
GRIN2A
GRIN2B
GRIN2D
HIF1A
HIF3A
HNF4G
HTR3C
IL31RA
1L4
IL4R
IL5
IL5RA
IL6
IL6R
IL6ST
IL7
IL7R
IL9
IL9R
INHA
INHBA
INHBB
INHBC
INSL3
INSL4
INSL5
INSL6
IRS4
ITGA10
ITGA2
ITGA2B
ITGA4
ITGA5
ITGA6
ITGA7
ITGAS
ITGAS
ITGAE
ITGAL
ITGAM
ITGB1
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ITGB2
ITGB3
ITGB3BP
ITGB4
ITGB5
ITGB6
JAG2
JMJD1C
KDELR2
KITLG

KLRAP1
KLRC4-
KLRK1,KLRC4

KLRD1
KLRF1
LBR
LDLR
LEP
LGALS1
LGALS3BP
LHB
LRP1
LRP12
LRP1B
LRP2
LRP8
LRPAP1
LTA
LTB
LTBP4
LTBR
MDK
MED1
MED14
MED17
MED26
MED7
MIA
CHRNE
CUBN
EBAF
ESR2
GABRA5
GP1BB

HMGA1
INS
IRS2
ITGA3
ITGAX
KAB
LGALS9
LRP6
LSP1
MRC1
MYDS88
NMB
NOTCH1
NRIH2
NR2F2
NR2F6
NR4A2
NRTN
OPCML
PLXNB1
PMCH
RXRA
SCGF
TDGF1
TG
TLR2
TNFRSF7
TNFSF12
TNFSF13
TP5313
TRPV5
XCL1
XCL2
XEDAR
ZP3
NCK1
NCK2
NCOALl
NCOA2
NCOA6
NDP
NFKBIB
NGF
NMU

NOTCH2
NOTCH3
NOTCH4
NOV
NPAS1
NPPA
NPPB
NROB1
NROB2
NRI1D1
NR1D2
NR1H3
NR1H4
NRI1I2
NR1I3
NR2C1
NR2C2
NR2E1
NR2E3
NR2F1
NR3C1
NR3C2
NR4A1
NR4A3
NR5A1
NR5A2
NR6A1
NRBEF2
NTE3
NTF4
NTS
OGEFR
OLR1
OSM
P2RX1
P2RX2
P2RX3
P2RX4
P2RX7
PAXS8
PDGFA
PDGFB
PENK
PEX5



Supplementary Data

PEX7
PF4
PGF
PGR
PGRMC2
PHB2
PHIP
PLRG1
PLXNC1
POMC
PPARA
PPARD
PPARG
PPARGCI1B
PRL
PROK1
PSPN
PTHLH
PVRL1
RARA
RARB
RARG
REL
RELA
RLN1
RLN2
RORA
RORB
RORC
RXRB
RXRG
RYR2
RYR3
S100A6
S100A9
SELPLG
SLAMF1
SMADG6
SOCS2
SORCS1
SORCS2
SORCS3
SPN
SRPR

TAC1
TAC3
TGFB1
TGFB3
TGFBI
TGFBR3
THBD
TLRS8
TMED1
TNF
TNFRSF11B
TNFRSF12A
TNFRSF14
TNFRSF18
TNFRSF19
TNFRSF1A
TNFRSF1B
TNFRSF25
TNFRSF4
TNEFSF10
TNEFSF11
TNFSF13B
TNEFSF15
TNFSF18
TNFSF4
TNFSF8
TNFSF9
TOBI1
TOLLIP
TRAK2
TRAPI1
TRH
TRIP6
TRPV6
UCN
VEGFA
VEGFB
VEGFC
VGF
VLDLR
WISP3
WNT7A
ZNHIT3
ABCB1

ABCB7
ABCC1
ABCC2
ABCC3
ABCD1
ACTN1
ACTN2
ACTN3
ACTN4
ADD3
AFP
ANK1
ANKH
ANXA7
AP2B1
AP3B1
A