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ZUSAMMENFASSUNG

Der Lungenkrebs gehért zu den am haufigsten diagnostizierten Neoplasien und ist nach wie
vor weltweit eine der Hauptursachen fir Krebs-assoziierte Todesfalle. Das Nicht-kleinzellige
Lungenkarzinom (NSCLC) ist die haufigste Form von Lungenkrebs und macht 85% aller
Lungenkrebsfalle aus. Cannabinoid (CB)-Rezeptoren (CB: und CB;) sind Teil des
sogenannten Endocannabinoid-Systems. Sie werden in Tumorzellen verschiedener
Krebsarten, einschlieRlich dem Lungenkrebs, exprimiert und kénnen das Tumorwachstum
beeinflussen. Darlber hinaus exprimieren auch Zellen, die in der unmittelbaren Umgebung
der Tumorzellen liegen (in  der sogenannten Tumor Mikroumgebung [Tumor
microenvironment; TME]), CBs und CB: Rezeptoren. Seit langem ist bekannt, dass
Immunzellen des TME das Tumorwachstum wesentlich beeinflussen kénnen. Die Rolle von
CB1 und CB: Rezeptoren des TME in der Tumorentwicklung ist jedoch unklar. Wir
untersuchten daher den Einfluss von CB;i und CB. Rezeptoren des TME auf das

Tumorwachstum in einem NSCLC-Modell.

Um Tumore zu generieren, die keine CB Rezeptoren im TME exprimieren, verwendeten wir
ein NSCLC-Modell der Maus. Dazu wurden CB+- (CB+") und CB2-knockout (CB>”) Mausen
oder ihren Wildtyp (WT)-Littermates subkutan KP Adenokarzinomzellen (mit einer Kras-
Mutation und einem ausgeknockten p53 Gen) aus einem Lungenkrebs der Maus verabreicht.
Wir verwendeten In-situ-Hybridisierung und Immunfluoreszenz, um die Expression von CB;-
und CBy-Transkripten in Tumor- und Immunzellen zu bestimmen. Das Immunzell-Profil des

TME wurde mittels Durchflusszytometrie analysiert.

Beide CB-Rezeptoren werden im NSCLC Modell und in menschlichem NSCLC Gewebe
sowohl in Tumorzellen als auch in Immunzellen des TME exprimiert. Die Expression von CB»-
MRNA in Tumor-infiltrierten Immunzellen war starker als die von CBs Rezeptoren. Ferner
beobachteten wir, dass nur der Gen-Knockout oder die pharmakologische Blockade von CB,,
aber nicht von CBs, zu einem signifikanten Rickgang des Tumorwachstums fuhrte. Der CB>
knockout in der Maus (d. h. die Deletion von Cnr2, dem codierenden Gen fur den CB:
Rezeptor) fuhrte zu einer erhdhten Infiltration und antitumorigenen Aktivitdt von CD8* T- und
natirlichen Killerzellen (NK) im Tumor. Darlber hinaus erhdhte das Fehlen des CB; auf den
Wirtszellen der CB2-knockout Maus die Menge an CCL21 Chemokin (C-C motif ligand 21) im
Tumor. Des Weiteren war die Expression von PD-1 (programmed cell death protein 1) auf
lymphoiden und des PD-1 Liganden PD-L1 (programmed death-ligand 1) auf myeloiden Zellen
erhoht. Die Expression des CCL21 Rezeptors, CCR7, war auf den CD8" T- und NK-Zellen von

CB2" - im Vergleich zu den WT-M&usen - signifikant reduziert. Eine wichtige Entdeckung war,
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dass die CBz-knockout Mause deutlich besser auf eine Anti-PD-1-Antikdrpertherapie
ansprachen als die WT-Mause. Diese Art von Immuntherapie mit Anti-PD-1-Antikérpern

verstarkte die Infiltration von CD8* T- und NK-Zellen in das TME von CB,” Mausen.

Insgesamt lassen die in dieser Arbeit prasentierten Ergebnisse den Schluss zu, dass CB:
Rezeptoren des TME eine immunsuppressive und Tumorwachstum-férdernde Rolle im
NSCLC Modell spielen, indem sie die Infiltration und zytotoxische Aktivitat von CD8" T- und
NK-Zellen, die nachweislich Tumorwachstum inhibieren kdnnen, begrenzen. Ein Knockout von
CB:2 Rezeptoren in Zellen des TME kdnnte einen zusatzlichen klinischen Nutzen fir eine Anti-
PD-1/PD-L1-Therapie des NSCLC bieten.
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ABSTRACT

Lung cancer is the most frequently diagnosed type of cancer, and it remains a leading cause
of cancer-associated deaths worldwide. Non-small cell lung cancer (NSCLC) is the most
common type of lung cancer, accounting for 85% of all lung cancer cases. Cannabinoid
receptors 1 and 2 (CB1 and CB>) are part of the endocannabinoid system that are expressed
in tumor cells of various cancer entities, including lung cancer, and they are well-known to
influence tumor growth. Additionally, cells of the tumor surrounding niche, called tumor
microenvironment (TME) also express CB1 and CB», however, their role in tumor development
has not been elucidated yet. As a consequence, we investigated the influence of TME-derived
CB+ and CB: on tumor growth in a model of NSCLC.

To create a TME deficient in CB receptors, we used a murine NSCLC model in which CB:-
(CB+") and CBs,-knockout (CB,"") mice or their wild type (WT) littermates subcutaneously
received KP (Kras mutant, Trp53-null) lung adenocarcinoma cells. In situ hybridization and
immunofluorescence were performed to determine expression of CBs and CB; transcripts in
tumor and immune cells. Using flow cytometry, the profile of immune cells of the TME was

analyzed.

Tumor cells and tumor-infiltrated immune cells of murine and human NSCLC both express CB
receptors. The expression of CB, mRNA in tumor-infiltrated immune cells was higher than of
CB+. We observed that gene knockout or pharmacological blockade of CB», but not of CB;
resulted in a significant reduction of tumor growth. Deletion of Cnr2 (the gene encoding CB>)
on host cells induced increased infiltration and local anti-tumorigenic activity of CD8" T and
natural killer (NK) cells. Moreover, it increased the expression of C-C motif chemokine ligand
21 (CCL21), and the expression of programmed death-1 (PD-1) and its ligand (PD-L1) on
lymphoid and myeloid cells, respectively. In addition, expression of CCR7 (CCL21 receptor)
was significantly reduced on CD8* T and NK cells from CB2" vs. WT mice. Importantly, mice
lacking the Cnr2 gene responded significantly better to anti-PD-1 blocking therapy than WT
mice. The immunotherapy with anti-PD-1 antibodies further increased infiltration of CD8" T and
NK cells into the TME of CB,"" mice.

Altogether, the findings presented in this thesis suggest that TME-derived CB- plays a pro-
tumorigenic and immunosuppressive role in murine NSCLC tumors by limiting cytotoxic activity
of CD8" T and NK cells. Knockout of CB> in TME cells of NSCLC could provide additional
clinical benefit to anti-PD-1/PD-L1 therapy.
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1 Introduction

1.1 Lung cancer
Based on the World Health Organization (WHO) statistics for 2019, cancer results nowadays
in more deaths than all types of coronary heart disease and stroke in 112 of 183 countries,

ranking as the first or second main cause of death prior to the age of 70 years (1).

Lung cancer is the most frequently diagnosed type of cancer (11.4% of the total diagnosed
cancer cases), and it is one of the main causes of cancer-associated morbidity (18% of the
total cancer-associated deaths) worldwide (1). Non-small cell lung cancer (NSCLC) accounts
for approximately 85% of all newly diagnosed lung cancer cases, which comprises
adenocarcinoma (gland forming and most common subtype), squamous cell carcinoma and
large-cell carcinoma histological subcategories. The remaining 15% represents small-cell lung
cancer (SCLC) (2; 3). Prolonged exposure to tobacco smoke results in a well-defined change
in the morphology of the bronchial epithelium, proceeding from basal cell hyperplasia to
metaplasia, severe dysplasia, carcinoma in situ and, eventually, to total carcinoma (4). These
alterations are correlated mainly with the squamous subtype of NSCLC. In contrast,
adenocarcinomas are often considered to be a prevailing subtype in never smokers that had
reduced carcinogen exposure. However, adenocarcinomas can still occur in smokers with a
high carcinogen exposure (5). To differentiate between inactive and surgically removable
SCLCs and highly malignant, metastatic NSCLCs, it is pivotal to understand and identify the
oncogenic driver mutations in a subgroup of tumors (4). In NSCLC, Kirsten rat sarcoma viral
oncogene (KRAS), epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase
(ALK) are the most widely known transformed oncogenes that act as genomic tumor drivers
(6). Furthermore, aberrations in tumor suppressor genes such as transformation-related
protein 53 (Trp53) and retinoblastoma protein (Rb) are commonly present in all lung cancer
subtypes (4). To escape immune surveillance, tumors have developed different strategic
approaches, including modifications in oncogenic signaling, cellular metabolism, and
epigenetics that subsequently protect them from an effective immune response (4; 7).
Furthermore, Busch et al. demonstrated that the immune cell profile within lung tumor subtypes
is dictated by the genomic tumor drivers. For instance, EGFR-mutant tumors showed an
enhanced myeloid cell infiltration but little response of lymphoid cells; on the other hand,
KRAS-mutant cancers revealed a wide range of different immune cells (8), suggesting complex
mechanisms and interactions that regulate the immune cell composition in tumors of lung

cancer.
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1.2 Tumor microenvironment (TME)

1.2.1

1.21.1

Carcinogenesis is driven not only by mutations, but it is tightly controlled by the surrounding
niche, named tumor microenvironment (TME) (9; 10). The TME is composed of cells of the
immune system, cells of the tumor-associated vasculature and lymphatics, fibroblasts,
pericytes, and occasionally of adipocytes (10). Additionally, abiotic elements of the TME
include a hypoxic milieu, an altered buildup of metabolites, acidic pH, together with a selection
of immunosuppressive cytokines, chemokines and growth factors. These rough conditions not
only influence the tumor cell response to the surrounding cells, but additionally affect the status
and function of tissue resident and tumor-infiltrating immune cell populations (11). The TME
can modulate differentiation of regulatory immune cells, prevent activation of immune cells, as

well as promote apoptosis, or terminate proliferation of immune cells (12-16).

Immune cell composition of the TME: ‘cold’ versus ‘hot’

Tumors can be categorized into one of the three following immunophenotypes: immune-desert,
immune-excluded, and immune-inflamed, based on the spatial distribution of cytotoxic immune
cells in the TME (17). Immune-desert and immune-excluded tumors fall under category of ‘cold’
tumors. Immune-desert tumors are lacking CD8" T cells. In immune-excluded tumors, CD8* T
cells are more localized at tumor margins, and are not present within the tumor (18). In
conjunction with low T-cell infiltration, ‘cold’ tumors are defined by a low tumor mutational
burden (TMB), and a reduced expression of major histocompatibility complex (MHC) class |
and programmed death-ligand 1 (PD-L1) (19). Additionally, the immune cell population of ‘cold’
tumors mainly consists of immunosuppressive cells, such as tumor-associated macrophages
(TAMs), regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs).
Furthermore, ‘cold’ tumors seldomly respond to immune checkpoint inhibitor (ICl)
monotherapy. In contrast, immune-inflamed tumors, also known as ‘hot’ tumors, are portrayed
by increased T-cell infiltration, enhanced interferon-gamma (IFN-y) and cytolytic T-cell
signature, increased expression of PD-L1, and a high TMB (19). ‘Hot’ tumors are efficiently

responsive to ICl-based immunotherapy or a combination therapy (20; 21).

CD8* T cells — tumor cell-killing immune cells of the adaptive immune
system
The presence of tumor antigen-specific cytotoxic T cells in the TME is one of the key indicators
of a positive response to immunotherapy. However, to conduct its anti-tumor functions, CD8*
T cells greatly rely on the capacity to infiltrate the tumor site, which is accomplished by

chemoattraction of CD8" T cells into the TME. In a nutshell, the field of cancer immunology
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and immunotherapy focuses on identifying the total number, type, and cytotoxic activity of

tumor antigen-specific cytotoxic T cells in the TME (reviewed in (22; 23)).

CD8* T cells are cytotoxic cells of the adaptive immune system. Their stages of differentiation
have been comprehensively described by Zhang and Bevan, 2011 (24). Briefly, once naive
CD8* T (CD44"“CD62L") cells are exposed to foreign antigens presented by MHC | complex,
they get activated, and start to expand profoundly within the first 1-2 weeks after the exposure.
Afterwards, T cells develop into effector CD8" T (CD44"CD62L'") cells with distinct powers to
eliminate target cells via the production of effector cytokines (such as IFN-y and tumor necrosis
factor-alpha (TNF-a)) and the development of two independent mechanisms including the
granzyme/perforin-mediated cytotoxicity and FAS/FAS ligand (FASL) pathways to directly Kkill
targeted cells without leading to auto-injury (24; 25). Once T cells reach their maximum level
of proliferation, about 90-95% of effector CD8* T cells die through programmed cell death. The
rest of CD8" T cells differentiate into memory CD8* T (CD44"CD62L") cells and remain in the
resting state till re-exposure to the same or similar antigen (reviewed in (25)). Of note, tumor
antigens are poorly immunogenic, and the majority of tumor-specific T cells have low precursor
frequencies. Additionally, the affinity of T-cell receptors is low, because high avidity tumor-
specific T cells are deleted in the thymus during the selection process (26). Moreover, antigen
processing and presentation are deteriorated in a chronic inflammatory environment, like the
TME. Even though effector T cells infilirate the TME, a heterogenous immunosuppressive
network that includes tumor cells, inflammatory cells, stromal cells and cytokines, hinders a
differential and functional role of T cells, resulting in a wide range of T cell subsets as well as

activation of inhibitory checkpoint pathways (reviewed in (27)).

1.2.1.1.1 Infiltration state of CD8* T cells

Increased infiltration of CD8* T cells into tumor sites contributes to an advanced ‘immunoscore’
that usually associates with a good prognosis for patients with different types of cancers,
including skin (28), breast (29), colorectal (30), ovarian (31), bladder (32), lung (33-36) and
pancreatic (37) cancers. Additionally, an enhanced CD8* T cell infiltration may determine the
response rate to chemotherapy (38—40) and immunotherapy with checkpoint-blocking
antibodies against CTLA-4 (cytotoxic T-lymphocyte antigen-4; CD152) (41) or PD-1
(programmed death-1) (42; 43). As a consequence, it is vital to understand the underlying

mechanisms that regulate infiltration of CD8" T cells into the TME.

The process of migration of T cells requires multiple links between T cells and endothelial cells
(EC). This process starts with an initial temporary binding to the endothelium, continued by

rolling, solid adhesion, and T cell activation on the surface of ECs, and eventually T cell
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extravasation via the vasculature to the site of infection or the tumor (44). In order for these
steps to occur, the interplay of selectins, integrins, and chemokine receptors and their ligands
secreted from tumor or host immune cells, are essential. Miscommunication in any of the
mentioned steps interfere with the infiltration of CD8" T cells into the TME (45). Tumor cells
can alter the adhesion and chemotactic signals in the blood vessels to promote infiltration of
suppressive cells, and to eliminate anti-tumorigenic T cells (46). Expression of adhesion
molecules, such as intercellular adhesion molecule (ICAM)-1/2, vascular cell adhesion
molecule-1 (VCAM-1) and CD34 on endothelium is inhibited in several cancers, influencing a
key step in T cell migration (45). In ovarian cancer, the endothelin B receptor is upregulated
on endothelial cells of tumor vasculature, and it reduces T cell infiltration via clustering of ICAM-
1 (47).

The chemoattraction of immune cells, including cytotoxic T cells to the tumor site is tightly
regulated by chemokine-chemokine receptor interactions (45). C-X-C motif chemokine
receptor 3 (CXCR3) is expressed by activated CD8" T cells in various tumor entities such as
colorectal (48), breast (49), skin (50) cancers, to promote migration to the TME. In addition, a
number of studies showed that C-X-C motif chemokine ligand 9 (CXCL9), C-X-C motif
chemokine ligand 10 (CXCL10) and C-X-C motif chemokine ligand 11 (CXCL11) released by
cancer or host cells can attract CXCR3* tumor-infiltrating immune cells, including CD4* T cells,
CD8" T cells and natural killer (NK) cells to the tumor site (50-55). On the other hand, cancer
cells may express insufficient levels of the ligands for CXCR3, which may compromise
infiltration of effector and memory CD8" T cells to the tumor site (49; 50). Interestingly,
expression of all three ligands for CXCR3 are induced by IFN-y (56). As a consequence, IFN-
y release into the TME by cytotoxic T cells may further contribute to the T cell infiltration via
CXCR3 (45). Another chemokine receptor is C-X-C motif chemokine receptor 6 (CXCRG6) that
is expressed at low levels on naive T cells, and its expression is enhanced upon stimulation.
Mice deficient of CXCRG6 displayed low infiltration of T cells and enhanced tumor progression
in breast cancer (57) and hepatocellular carcinoma (58). Wang et al. demonstrated that CD8*
T cells positive for CXCR6 had higher cytotoxic activity, and they better responded to anti-PD-
1 immunotherapy (59). C-C chemokine receptor type 7 (CCR?7) is another G-protein-coupled
(GPCR) chemokine receptor that is found on dendritic cells (DCs), naive T, NK, natural killer
T (NKT) and B cells. CCR7 may be temporarily expressed on activated T cells (60), but its
expression is generally reduced upon differentiation towards effector cells (61). On the other
hand, CCR7 expression on the surface of DCs is stimulated upon maturation (62—64). Ligands
for CCR7, such as C-C motif chemokine ligand 19 (CCL19)/C-C motif chemokine ligand 21
(CCL21, also known as 6Ckine, SLC, TCA4, Exodus-2), are abundantly expressed on high
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endothelial venules of lymph nodes and Peyer’s patches, lymphatic endothelial cells, T cell
zones of the spleen and lymph node, and on stromal cells of the spleen and the appendix (60),
(65). Ligand-binding to CCR7 promotes activation of G-protein, and induces the extracellular
signal-regulated kinase (ERK) 1/2 signaling pathway, calcium release, and migration of cells
(66). Mice deficient of CCR7 demonstrate a delay in antibody production, develop type IV
hypersensitivity reactions, and show morphological aberrations in secondary lymphoid organs
due to impaired homing of DCs and lymphocytes (67; 68). Therefore, the expression of
chemokine receptors and its ligands may not only influence infiltration of immune cells into the
TME, but they can also dictate the differentiation stage as well as activation status of immune

cells.

1.2.1.1.2 Functional state of CD8* T cells
During CD8* T cell activation, tumor-specific CD8" T cells start expressing immune checkpoint
proteins as an early sign of activity, however a continual, enhanced expression or co-
expression of these checkpoints may lead to exhaustion of CD8" T cells, and subsequently to
an inhibition of the cell’s killing capacity (reviewed in (69)). In general, CD8" T cells infiltrating
the TME can become dysfunctional either because of insufficiency of cytolytic factors, or
because of enhanced expression levels of immune checkpoint proteins, including CTLA-4, PD-
1, TIGIT (T cell immunoglobulin and ITIM domain), TIM-3 (T-cell immunoglobulin and mucin-
domain containing 3), LAG-3 (lymphocyte-activation gene 3), and BTLA (B- and T-lymphocyte
attenuator) (70). A list of immune checkpoint molecules, cells positive for these molecules and

their ligands is given in Table 1.

In addition to the mentioned immune checkpoints, exhausted T cells express and co-express
an array of other cell surface inhibitory proteins. Moreover, co-expression of multiple inhibitory
receptors is a main indicative point of exhaustion (reviewed in (71)). For instance, tumor-
infiltrated CD8* T cells that are double-negative for TIM-3 and PD-1 have a good effector
function, whereas TIM-3- PD-1" single positive CD8" T cells possess a milder
exhaustion/dysfunctional state, but TIM-3* PD-1* double-positive CD8* T cells exhibit the late
terminal or dysfunctional phenotype of CD8" T cell exhaustion (72—74).
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1.2.1.2

Table 1. Inmune checkpoints and ligands.

Immune Cells expressing immune checkpoints Ligands References
checkpoint
molecules
CTLA-4 conventional CD4"and CD8* T, Tregs, NK | CD80 (B7.1), (75-83)
cells, B cell subsets and DCs CD86 (B7.2)
PD-1 activated T cells, NK, B cells, Tregs, T PD-L1 (B7-H1), (75; 84-88)
follicular helper, and myeloid cells PD-L2 (B7-DC)
TIGIT activated CD8" T and CD4* T cells, NK | CD155 (Necl-5), (89-98)
cells, Tregs, and follicular CD4* T cells CD112 (Nectin2),
CD113 (Nectin3),
Nectin4
TIM-3 CD4* Thy cells, CD8* cytotoxic T cells, | Galectin-9, (99-104)
Tregs, NK/NKT cells, DCs, monocytes, PtdSer, HMGB1,
and macrophages CEACAM1
LAG-3 T cells, Tregs, yoT, MAIT, iNKT cells, NK, | MHC Il complex, (105-114)
B cells, plasmacytoid DCs, and neurons | galectin-3,
LSECtin, a-
synuclein,
fibrinogen-like
protein 1, FGL2
BTLA T, B, NK/NKT cells, DCs, and | Herpes virus (115-118)
macrophages entry mediator

(HVEM)

NK cells —cytotoxic cells of the innate immune system

NK cells are specialized members of group 1 innate lymphoid cells (ILCs) that are larger and

much shorter lived than the typical lymphocytes. They have specialized granules in the

cytoplasm (119) and are assigned to group 1 ILCs, because after stimulation, both group 1
ILCs and NK cells release IFN-y and TNF-a (120). However, different to group 1 ILCs, NK cells

have cytolytic functions that are similar to CD8" T cells (120). Human NK cells are recognized

as CD3CD56"CD16" cells whereas murine NK cells are recognized based on the surface
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expression of NK1.1 (NKR-P1C), natural cytotoxicity receptor 1 (NCR1; NKp46/CD335), and
CD49b (DX5, Integrin VLA-2a) markers. NK cells are recognized as CD3'NK1.1* or CD3"
NKp46* cells in C57BL/6, FVB/N, and NZB mouse strains. The NK1.1 receptor is not
expressed in some strains such as in BALB/c, CBA/J, AKR, C3H, DBA/1, NOD, SJL, and 129
strains, therefore, NK cells in these strains can be distinguished as CD3-CD49b* cells. In
humans, NK cells represent 5-20% of peripheral blood mononuclear cells (PBMCs). In inbred
mouse strains, NK cells account for 2-7% of lymphocytes in peripheral blood (121). The main
place for NK cell development is the bone marrow, although NK cells can also develop and
mature in liver and thymus (122; 123). Analogous to B and T cells, NK cells originate from
common lymphoid progenitor cells (124). NK cell distribution within the body is relatively
widespread. They are found in lymphoid organs and non-lymphoid organs, such as in skin,
intestines, liver, lungs, uterus, kidneys, pancreas, brain, adipose tissue, bladder, joints, and
breast (125; 126). Throughout the maturation process, NK cells acquire a set of different
activating and inhibitory receptors that give them the capacity to interact with damaged,
infected, and pre-malignant cells. Two classes of inhibitory receptors, i.e., Killer-cell
immunoglobulin-like receptors (KIR) and CD94-NKG2A are expressed by mature NK cells
(127; 128). A number of activating receptors have been determined on NK cells, including
NKGs, such as NKG2C and NKG2D as well as various NCRs, such as NKp30, NKp44, and
NKp46 (129). The cytotoxicity levels of NK cells correlate with its activation status (130). The
whole process of cytotoxic immune response of NK cells represents a degranulation
mechanism, during which cytotoxic molecules such as perforin and granzyme are released
into the target cell to activate apoptotic pathways and subsequently kill the target cell.
Lysosomal-associated membrane protein-1 (LAMP-1 or CD107a) and -2 (LAMP-2 or CD107b)
are degranulation proteins that temporarily surface on NK cells during the NK cell
degranulation (131). In general, NK cells have been demonstrated to regulate the cells of the
innate and adaptive immune system via cytokines. Human NK cells respond to monokines,
such as IL-12, IL-15, and IL-18 cytokines, which result in enhanced proliferation and production
of an array of cytokines, including IFN-y, IL-10, IL-13, TNF-3, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) (132—-135). Interestingly, APCs affect the phenotypical and
cellular functions of NK cells (136). On the other hand, NK cells influence APCs via “DC editing”
and stimulate monocytes to release TNF-a (137-139).

1.3 Lung cancer and immunotherapy
A decade ago, Chen and Mellman described the view of the ,cancer-immunity cycle”, in which
they mapped out the series of steps that must occur to generate an immune response to

tumors (140). Management of lung cancer has been expanded for the last ten years from the
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use of standard platinum-based chemotherapy or/and radiotherapy to a more personalized
way of treating patients that was based on the presence/absence of molecular and
immunological markers (141). In 2015, two anti-PD-1 inhibitors, nivolumab and pembrolizumab
were the first immunomodulatory agents approved by the US Food and Drug administration
(FDA) to treat advanced NSCLC (142; 143). Since then, a number of immune checkpoint
inhibitors directed against PD-L1, CTLA-4 have been introduced to treat solid tumors, including
NSCLC, and they have demonstrated a response rate of around 40%. In addition, targeting
immune checkpoint axes, including LAG-3, TIM-3, TIGIT, and others, are under investigation
(reviewed in (144)). The introduction of ICls to treat patients with NSCLC has become a
phenomenon, however, this breakthrough had no lasting effect. Tumor resistance is one of the
challenges to fully benefit from ICls. Throughout the course of immunotherapy, particularly
during treatment with ICls, patients were segregated into three groups, based on the response
rate to ICls: long-term responders (initial and continuous response), primary resistance (no
initial response), and acquired resistance (initial response with a consecutive late relapse).
Approximately 40-50% of lung cancer patients manifest rapid progression and even hyper-
progressive disease during first cycles of ICls. Different mechanisms of resistance to ICls have
been characterized including alterations in the TME and acquired genetic changes in cancer
cells (145; 146). In lung cancer, mechanisms of ICI resistance include abnormalities in the
TMB, immune cell composition, specifically, in the infiltration of effector CD8" T cells into the
TME, epigenetics, mRNA signature, signaling pathways, microbiome, and in T-cell dysfunction
and exhaustion (reviewed in (147)). Approved predictive markers to initiate ICI therapy for
NSCLC patients are components of the PD-1/PD-L1 axis, the TMB, and microsatellite
instability. However, these predictive factors are not ideal (148). Even if PD-L1 is present in
half of the tumor cell population, the overall response rate remains 44.8% (149). In addition,
TMB does not cover synonymous changes, such as copy number alterations, small insertions,
and deletions. These alterations can also lead to heterogenous tumors that influence the
sensitivity to ICls (147; 150-152). In spite of moving forward with ICls in cancer therapy by
improving the response rate, some questions remain open. Therefore, it is crucial to identify
new biomarkers and targets to predict the response rate and treat cancer patients without

acquiring resistance during ICI therapy (153).

1.4 Cannabinoid receptors as part of the endocannabinoid system
The endocannabinoid system (ECS) is a complex multifunctional system that consists of
endogenous ligands known as endocannabinoids, such as anandamide (AEA) and 2-
arachidonoylglycerol (2-AG), cannabinoid receptors 1 and 2 (CB1 and CBy; class A GPCRs),

the enzymes involved in the endocannabinoids’ synthesis (diacylglycerol lipase-a and -3, N-
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1.41

acylphosphatidyl-ethanolamine phospholipase D (NAPE-PLD), protein tyrosine phosphatase
non-receptor type 22 (PTPN22)) and degradation (fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MGL)), as well as protein transporters for endocannabinoids (154;
155). The ECS can be found in the major systems of the body, however, its most prominent
expression is in the nervous and the immune system (156). The ECS has a number of
physiological roles within the body, but is also implicated in diseases, such as
neurodegenerative disorders, cardiovascular disease, inflammation, obesity and cancer (157;
158). An ‘expanded’ ECS (known as ‘endocannabinoidome’) also includes endocannabinoid-
like lipids, for instance, oleoyl- and palmitoyl-ethanolamide (OEA and PEA), putative
cannabinoid receptors that are responsive to endocannabinoids and synthetic/plant-derived
cannabinoids (but phylogenetically unrelated to CBs and CB;), such as G protein-coupled
receptors 55 and 18 (GPR55 and GPR18), peroxisome proliferator-activated receptors
(PPARS), transient receptor potential cation channel subfamily V member 1 (TRPV1), 5-HT3
receptors, and potassium channels (159; 160). Figure 1 depicts the main components of the
ECS and the ‘expanded’ ECS.
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Figure 1. Main components of the endocannabinoid system and ‘endocannabinoidome’.
Created with BioRender.com.

Cannabinoid receptors and the immune system
CB+ is abundantly expressed in the central nervous system, but to a much lesser extent in

peripheral organs, including the adrenal gland, heart, lung, prostate, uterus, ovary, testis, bone
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marrow, thymus, tonsils, liver, adipose tissue, skin, and also cells of the immune system (154;
156). In the immune system, the highest expression of the Cnr1 gene (encoding CB») is found
on B cells, followed by NK cells, monocytes, neutrophils, CD8* T and CD4* T cells. The
expression of CB1 (at transcriptional and translational levels) on immune cells relies on the
activation status of the cells, cell type, immune stimulus and presence of endocannabinoids
(156; 161). CB. is mainly expressed in lymphoid organs and cells of the immune system. In
peripheral organs, levels of CB- transcripts are 10-100-times higher than those of CB1. The
CBz receptor is found in almost all immune cells, but, similar to the CB1 receptor, the expression
of CBareceptors in these cells depends on the cell type and activation status. Due to a lack of
specific antibodies against CB, receptor, the amount of CB; protein content is unclear (162).
In human blood, highest levels of Cnr2 mRNA (encoding CB>) are seen in B cells and
eosinophils, followed by NK cells, macrophages, polymorphonuclear cells (neutrophils and
eosinophils), CD4* T and CD8* T cells (163; 164).

The ECS has an important role in keeping balance in the immune system via the stimulation
of classical and putative CB receptors (165). CB1and CBzare mostly known to initiate signaling
pathways via heterotrimeric Gi-proteins that induce inhibition of adenylyl cyclase upon binding
to their endogenous and exogenous ligands. Signaling pathways of CB1 and CB2 have been
compared in cell systems, and differences between the two receptors have been found (166).
CB1, upon binding to its ligand, regulates a set of signaling pathways that modulates ion
channels and stimulates several downstream signaling steps, including p38, p42/44 mitogen-
activated protein kinase (MAPK, ERK-1/2), and phosphoinositide 3-kinase (PI3K) pathways.
Furthermore, CB activation affects intracellular Ca?* content, the arachidonic acid pathway,
and nitric oxide production (167). CB: activation modulates three major MAPKSs: extracellular
signal-regulated protein kinase (ERK), p38 MAPK, and c-Jun NHz-terminal kinase (JNK), and
it also regulates intracellular Ca?* content (reviewed in (166)). Adenylate cyclase and MAPK
signaling pathways are major pathways to be involved in both immune cell development and
immune cell reactions to extracellular stimuli. These stimuli include mitogens, heat, osmotic
stress, and cytokines that control immune cell functions, such as cytokine production,
proliferation, migration and apoptosis. All these functions are vital in maintaining homeostasis
of the immune response, and in combating infections and abnormal growth (163). The
influence of CB receptors on immune functions, such as migration, proliferation/differentiation,
apoptosis, cytokine production, and Ab production has been assessed in vitro and in vivo
(reviewed in (161; 163).
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1.4.1.2

Cannabinoid receptors and migration

Jourdan and co-workers demonstrated that in a model for diabetes, rats treated with the CB4
antagonist JDS037, showed reduced macrophage infiltration into pancreatic islets, a shift in
macrophage polarization (from M1 to M2), and a subsequent delay in the disease onset (168).
Furthermore, Mai et al. demonstrated that mouse models of liver injury treated with the CB;
antagonist AM281 had reduced infiltration of bone marrow-derived monocytes/macrophages
into injured liver, and that this effect was mediated via the G)1/RhoA/ROCK signaling
pathway. However, blockade of CB4 showed no influence on the migration behavior of T cells
and DCs in a model of liver injury and inflammation (169). On the other hand, a number of
immune cells, including human peripheral blood monocytes, neutrophils, eosinophils, NK cells,
and murine DCs, B cells and microglial cells migrate toward the endocannabinoid 2-AG in a
CB2-dependent manner (described in (160; 163)).

Cannabinoid receptors: immune cell proliferation/differentiation and
cytokine production
Several studies have demonstrated that inhibition of T cell functions like proliferation,
migration, and cytokine production by exo- and endo-cannabinoids either relied on CB2ornon-
cannabinoid receptors (163; 170; 171). For instance, CB, agonist JWH-133 significantly
reduced proliferation of antigen-specific mouse CD4* T cells in vitro as well as expression of
IL-2 and IFN-y transcripts after antigen stimulation (172). Regarding CB1, a series of
publications by Borner et al. identified increased expression of CB1 in T cells in the presence
of cannabinoid agonists and cytokines, such as IL-4, indicating the involvement of CB; also in
T cell function (173-176). Two synthetic cannabinoids, CP55,940 and WIN55212-2, and the
psychoactive component of marijuana, delta-9-tetrahydrocannabinol (THC), caused an
increase in B-cell proliferation in a dose-dependent manner, however, a definitive mechanism
behind this effect was not elucidated (177). In addition, it has been reported that activation of
CB:2 results in immunoglobulin class switching from IgM to IgE in anti-CD40- and IL-4-
stimulated B cells of the mouse (178). Furthermore, Newton et al. demonstrated that CB
receptors mediated THC-induced Th1 and Th, polarization after infection with L. pneumophila,
with CB+ reducing Th4, and CB, enhancing Th. responses. Moreover, both CB receptors
inhibited the release of IL-12 by DCs (179). Activation of CB2on LPS/IFN-y- stimulated murine
microglial cells potentiated the reduction of the release of pro-inflammatory cytokines, such as
IL-12 and IL-23, and enhanced increase of IL-10 production. Analogous findings were
demonstrated with human microglial cells (180; 181). Finally, in vivo administration of THC

reduced the cytolytic activity of NK cells in the spleens of mice. Antagonists for CB4 and CB;
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reversed this effect, suggesting the involvement of CB receptors in regulating the cytolytic
activity of NK cells (182).

1.41.3 Cannabinoid receptors and apoptosis
It has been demonstrated that murine bone marrow-derived DCs treated with exogenous
cannabinoids like THC undergo apoptosis through the involvement of death-receptor and
mitochondrial pathways. Treatment with either CB4 antagonist SR141716A or CB2 antagonist
SR144528 dose-dependently reduced the THC-mediated apoptosis. Furthermore, combined
use of the CB antagonists was more efficacious in inhibiting the THC-induced apoptosis than
their separate use, suggesting simultaneous stimulation of both CB+ and CB; receptors may
be needed to promote apoptosis (183). Lombard et al. showed that the single use of CB-
agonist JWH-015 limited proliferation of splenocytes and lymphocytes, and also increased
apoptosis rates in thymocytes. In addition, the group showed that immune cells treated with
JWH-015 in vitro underwent apoptosis via both the intrinsic and extrinsic pathways.
Furthermore, they reported that mice treated with JWH-015 developed thymic involution that
was associated with reduced proliferation of peripheral T cells as well as enhanced levels of

apoptosis. The effect was partly reversed by CB, antagonist SR144528 (184).

1.5 Cannabinoid receptors - either pro- or anti-tumorigenic in lung cancer
CB1 and CB: expression may be increased or reduced under pathological conditions, such as
cancer, and expression levels of CB receptors are well-known to affect tumor cell growth (185).
Nevertheless, it is still unclear whether they are pro- or anti-tumorigenic in cancer and whether
CB receptor-expressing tumor cells or/and immune cells of the TME are involved in tumor

progression.

Since the mid-1980s, the effect of marijuana smoking on lung physiology and immune cell
composition has become an interesting area for researchers to investigate (186). Both CB1
and CB: transcripts are found in the lungs and bronchial tissue, revealing that the expression
of CB+ transcripts significantly exceed that of CB, (156; 186). On the cellular level, however,
human lung-resident macrophages express higher amounts of CB; than CB;. Activation of
these receptors stimulates ERK1/2 phosphorylation and production of reactive oxygen species
(187). Furthermore, NSCLC tissues demonstrated highly expressed levels of CB1 (24%) and
CB:2 (565%) in comparison to adjacent or non-neoplastic lung tissue (188). Human NSCLC cell
lines, such as A549, H1299, H358 and H838 revealed high CB1 expression, accompanied by
low CB2 content while H1975 and SW-1573 cell lines lacked detectable expression of CB;
(189). Another group found that A549 and SW-1573 cells expressed high levels of CB. protein

but low levels of CB1 (190). Several studies described expression levels of CB receptors
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correlating with patient survival in NSCLC, and the role of THC and CB+/CB;, agonists on
proliferation, invasiveness, and metastasis in NSCLC cells (190-195). Vidinsky et at.
demonstrated that CB,agonist JWH133 had anti-proliferative and -angiogenic effects on A549
lung cancer cells (191). Furthermore, Preet et al. reported that NSCLC cells treated with THC
had reduced EGF-mediated growth, migration, and invasion. Moreover, THC significantly
inhibited subcutaneous tumor growth and lung metastasis of NSCLC cells in severe combined
immunodeficient mice, suggesting that CB receptors have anti-tumorigenic and -metastatic
properties in NSCLC (190). Interestingly, the use of CB1and CB, agonists revealed equivalent
findings, showing that either use of THC ligand or CB receptor agonists lead to the same
effects (192). In addition, NSCLC tumor-bearing mice treated with CB, agonist JWH-015
showed reduced tumor growth, accompanied by inhibited macrophage infiltration and epithelial
to mesenchymal progression (193). Milian and co-workers reported that NSCLC patients with
increased expression levels of both CB1 and CBy, or only CB4, had significantly increased
survival rates, suggesting the expression levels of CBs can be potentially used to predict
survival of patients with NSCLC (194). In contrast to these findings, Xu et al. showed that
upregulation of CB2in NSCLC tissue was associated with overall poor survival, increased
tumor size and advanced pathological grading, indicating that blockade of CB> may reduce

tumor growth and proliferation of lung cancer cells (195).

1.6 Hypothesis and aims of the thesis
The importance of CB receptors in controling lung cancer growth has been demonstrated by
several studies (193—195). However, the available studies report discrepant results on the role
of CB receptors in lung cancer tissues, and data on the role of CB receptors in immune cells
of the TME in NSCLC are missing, indicating that more studies are needed to unravel the role

of CB1and CB:; receptors in lung cancer development.

The aim of this thesis was to identify the role of CB receptors expressed in the TME and how
the presence of these receptors affected immune cell behavior and tumor burden in a model
of lung cancer. To investigate this research question, we used a mouse model of NSCLC, in
which immunocompetent wild type (WT) and CB:- (CB+1”) or CBx-knockout (CB>"") mice
received a subcutaneous injection of syngeneic mouse lung adenocarcinoma cells (KP cells
(196)), thus creating a tumor model in which TME cells would either express or lack CB

receptors.

The obtained knowledge should help to elucidate the role of CB receptors in lung cancer

development and to improve response rates to ICI therapy.
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2 Materials and Methods

As parts of this dissertation have previously been published as an original research article in
Frontiers in Immunology (197), the Materials and Methods section has been partially adapted

from the article and any resemblances in regards to content and phrasing are to be expected.

2.1 Ethical issues

All in vivo experiments were granted by the Austrian Federal Ministry of Science and Research
(protocol number: BMBWF-66.010/0041-V/3b/2018).

2.2 Mouse models
All animals were bred and maintained in the animal facilities of the Medical University of Graz.
Wild type C57BL/6J (B6) mice were purchased from Charles River, Germany. Mouse strains
deficient for CB1 (CB+") on B6 background were kindly donated by Dr Andreas Zimmer,
University of Bonn, Germany. CB," mice (B6.129P2-Cnr2™'®%"/J on B6 background) were
obtained from Jackson Laboratories (Bar Harbor, ME, USA). Mice from both sexes and 6-14

weeks of age were used for in vitro and in vivo experiments.

2.3 Cancer cell lines
The mouse KP cell line was a generous gift by Dr McGarry Houghton from the Fred Hutchinson
Cancer Center, Seattle, USA. The cell line was isolated from a lung adenocarcinoma, grown
in a Kras mutant/Trp53-null (Kras'S-¢'20/p53"1) mouse after intratracheal administration of
adenoviral Cre recombinase, as described before (198). Briefly, pieces of mechanically
disaggregated lung tumors were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Life Technologies), penicillin (100units/mL)
and streptomycin (100ug/mL) until tumor cells were free of stromal contaminants (198). Lewis
lung carcinoma (LLC1) cell line was purchased from the ATCC (Rockville, Maryland, USA).
Both lung cancer cell lines were maintained in DMEM medium supplemented with 10% FBS
and 1% penicillin/ streptomycin (P/S, PAA Laboratories) and kept in a humidified incubator
(5% CO,) at 37°C and passaged every 48 hrs. The cell lines were routinely tested and identified

to be mycoplasma free.
2.4 Subcutaneous tumor models

To generate subcutaneous (s.c.) tumors, KP or LLC1 cell lines (5%x10°) suspended in 450 uL
Dulbecco’s Phosphate Buffered Saline (PBS, Gibco) were injected s.c. into the lower right
flanks of mice on day 0. The injections were performed under inhaled isoflurane anaesthesia.

The end of the experiment in the KP and LLC1 tumor model was on day 15 and 21,
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respectively, when tumors were collected, weighted, measured with a digital caliper ex vivo,
and used for subsequent downstream experiments. Tumor volume was calculated based on

the following formula: v = length x width x height x 11/6 (199).

2.5 Pharmacology

For pharmacological blockade of CB; receptors, tumor-bearing C57BL/6J WT mice were
intraperitoneally (i.p.) injected with 1 mg/kg/d CB; antagonist SR141716 (200; 201) (Cayman
Chemical, Ann Arbor, MI). Tumor-bearing CB,”- mice were i.p. injected with 20 mg/kg/d CB:
agonist JWH-133 (202) (Axon Medchem, Groningen, NL). For pharmacological blockade of
CB: receptors, tumor-bearing CB," mice and C57BL/6J WT mice were i.p. treated with 10
mg/kg/d CB- antagonist SR144528 (201; 203) (Cayman Chemical, Ann Arbor, MI) or vehicle
(ethanol). The treatment duration for upstream interventions was ten days, initiating from day
5 (when tumors reached palpable size) until day 14. To inhibit PD-1, tumor-bearing CB,"" mice
and WT littermates were injected i.p. with 250 ug of rat monoclonal anti-mouse PD-1 antibody
(204) (clone 29F.1A12, BioXCell, Lebanon, NH) or rat IlgG2a isotype control (clone 2A3,
BioXCell, Lebanon, NH) on days 6, 9, and 12.

2.6 Single-cell suspensions of murine tissues

KP cell tumors

Tumors were mechanically dissociated into small parts using a surgical scissor and digested
in Roswell Park memorial Institute (RPMI) medium containing DNase | (160 U/ml; Worthington)
and collagenase (4.5 U/ml; Worthington) for 30 minutes at 37°C, while rotating at 800-1000
rpm. The tumor tissue was then passed through a 40 um strainer, suspended in staining buffer
(SB, PBS+2% FBS), washed in cold PBS, counted, and subsequently used for surface,

intracellular and nuclear antigen staining.
Spleen tissues

Spleens were harvested from healthy age and sex-matched CB,” mice and WT litermates,
and processed for flow cytometry to identify immune cell composition. Briefly, whole spleens
were minced with a syringe plunger and passed through a 40 pym cell strainer, suspended in
SB, and centrifuged at 4°C for 5 min at 500 g. Afterwards, the supernatant was removed and
the pellet was treated with 5 mL of 1x RBC lysis buffer (BioLegend, # 420301) and incubated
for 5 min on ice with occasional shaking. To neutralize lysis of the cells, four volumes of PBS
were added and centrifuged at 4°C for 5 min at 500 g. Then, cells were washed twice in PBS,

resuspended in PBS, counted, and used for surface antigen staining.

31
Arailym SARSEMBAYEVA, PhD Thesis



2.6.1

Lung tissues

Lungs of healthy age and sex-matched CB," mice and WT littermates were perfused with PBS
and processed for flow cytometry. Briefly, tissues were cut into small pieces using a surgical
scissor, and digested in RPMI medium with DNase | (40 U/ml; Worthington) and collagenase
(150 U/ml; Worthington) for 30 min at 37°C, while rotating at 800-1000 rpm. After incubation,
tissue was passed through a 40 pm cell strainer, suspended in SB, and centrifuged for 5 min
at 500 g (4°C). The pellet was then incubated in 5 mL of 1x RBC lysis buffer (BioLegend, #
420301) for 5 min on ice with occasional shaking. To terminate the process of lysis, four
volumes of PBS were added and centrifuged at 4°C for 5 min at 500 g. Then, cells were

washed, resuspended in PBS, counted, and used for surface antigen staining.

Flow cytometry

To exclude dead cells, single cell suspensions of the s.c. tumors were pre-stained with
eBioscience™ Fixable Viability Dye (FVD) eFluor™ 780 (1:2000, ThermoFisher Scientific, #
65-0865-14) for 20 minutes at 4°C (protected from light). Prior to staining with surface and
intracellular antibodies, single cell suspensions were incubated in 1 pg TruStain FcX™
(BioLegend, # 101320) for 10 min at 4°C. Staining of immune cells was performed for 30 min
at 4°C (protected from light) with a pre-mixed panel of antibodies (Table 3). Cells were then
washed and fixed in eBioscience™ IC Fixation Buffer (ThermoFisher Scientific, # 00-8222-49)
for 10 min at 4°C. To identify FoxP3 nuclear antigen within the cells, surface-stained cells were
permeabilized and fixed in Transcription Factor Buffer Set (BD Biosciences, # 562574) and
then stained with FoxP3 antibody (Table 3). To detect expression of IFN-y and CD107a, single-
cell suspensions (2x10° cells) were suspended in 100 yL RPMI medium containing 10% FBS,
1% P/S, and GolgiStop (1.5 pl/ml, BD Biosciences), seeded into 96- well U-bottomed plates
and incubated for 4 hrs at 37°C (5% CO,). During incubation time, a CD107a antibody was
added, and cells were stimulated with phorbol myristate acetate (PMA) (100 ng/ml, Sigma
Aldrich) and ionomycin (lono) (1 pg/ml, Sigma Aldrich), or they were used unstimulated (205;
206). Then, surface and intracellular staining (BD Cytofix/Cytoperm™ Kit) was performed with
the pre-mixed antibody panel (Table 3). To determine the TME cells positive for CCL21, cells
were stained based on the protocol described by Eberlein et al. (207) with several
modifications. Briefly, cells (2x10° cells per well) were suspended in 100 uyL RPMI medium
containing 10% FBS, 1% P/S, and GolgiStop (1.5 pl/ml, BD Biosciences) and seeded into 96-
well U-bottomed plates. During incubation time, cells were stimulated with PMA (100 ng/ml,
Sigma Aldrich) and lono (1 pg/ml, Sigma Aldrich). Then they were pre-stained with FVD

eFluor™ 780 for 20 minutes at 4°C (protected from light). After that, surface staining was
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2.6.2

performed with a pre-mixed antibody cocktail (Table 3). Then, intracellular indirect staining
(BD Cytofix/Cytoperm™ Kit) was performed with CCL21 as a primary (1:20, R&D systems, #
AF457) and Alexa Fluor® 488 bovine anti-goat IgG as a secondary antibody (1:500, Jackson
Immuno Research, # 805-545-180). Fixed cells were then washed and suspended in SB. Fixed
cells were either acquired on a BD LSR Fortessa™ or a BD Canto™ flow cytometer with
FACSDiva software (BD Biosciences). FlowJo software (Treestar) was used to perform data
analysis and compensation. To define gates, fluorescence minus-one (FMO) controls were
used (Figure 21 A-F).

Proliferation of tumor cells and tumor-infiltrated immune cells in vivo

To identify proliferation within the KP cell tumor, tumor-bearing CB>”-and WT mice received
1.5 mg/kg of bromodeoxyuridine (BrdU) solution intraperitoneally on experimental day 14. On
day 15, tumors were collected to proceed with proliferation analysis (Figure 2). Next, single
cell suspensions of tumors were processed for flow cytometry based on the aforementioned
description. Cells were then stained for surface antigens for 30 min at 4°C (protected from
light) (Table 3). After that, cells were washed and fixed in eBioscience™ IC Fixation Buffer
(ThermoFisher Scientific, # 00-8222-49) for 10 min at 4°C, they were measured on a BD
Canto™ flow cytometer with FACSDiva software (BD Biosciences). FlowJo software (Treestar)
was used for analysis and compensation. To define gates, FMO controls were used (Figure
21 G).

Tumor analysis
1.5 mg/kg BrdU i;p. l

1 l | Days
0 L 35
KP (Kras mutgnt, Trp53-null) a_)
cells WT/CB"

5x10%s.c.

Figure 2. Schematic diagram for proliferation assessment in vivo.

2.6.3 Apoptosis of tumor and immune cells

KP cell tumors were processed for flow cytometry analysis as described in 2.6. and 2.6.1.
Single cells suspensions of dissected mice tumors were pre-stained with CD45-APC
(BioLegend, # 103112) antibody for 30 min at 4°C (Table 3). Then, cells were processed for
apoptosis analysis using FITC Annexin V Apoptosis Detection Kit (BD Pharmingen™, #
556547), according to the manufacturer’s instruction. Stained cells were acquired on a BD

Canto™ flow cytometer with FACSDiva software (BD Biosciences). FlowJo software (Treestar)
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was used for analysis and compensation. Fluorescence minus-one-samples were used to

define gates (Figure 21 H).

2.7 Flow cytometry of human NSCLC tissues

2.71

2.7.2

2.7.3

Study design and approval

Patients with NSCLC stages IA-IlIB were recruited from the Department of Internal Medicine,
Department of Oncology and Department of Surgery (Division of Thoracic Surgery) at the
Medical University of Graz (Graz, Austria). Informed consent was obtained from all
participants. The study complied with the Declaration of Helsinki and was approved by the

Ethics Committee of the Medical University of Graz (protocol number: 30-105 ex17/18).

Single cell suspension

Lung tumor tissue was cut into small pieces using surgical scissors, and digested in RPMI
medium containing DNase | (40 U/ml; Worthington) and collagenase (150 U/ml; Worthington)
for 30 min at 37°C. Tissue was then passed through a 100 um cell strainer, suspended in SB,
and centrifuged for 5 min at 500 g (4°C). The pellet was resuspended in 1x RBC lysis buffer
(BioLegend, # 420301) and incubated for 3 min at 4°C with occasional shaking. The process
of lysis was neutralized by adding four volumes of cold PBS. Then, cells were passed through
a 40 um cell strainer and washed in SB. Cells were then washed and resuspended in cold
PBS. 2x10° cells per 96-well plate were used for surface antigen staining.

Flow cytometry

Cells were first incubated with FVD eFluor™ 780 (1:2000, ThermoFisher Scientific, # 65-0865-
14) for 20 min at 4°C (protected from light) to exclude dead cells. Then they were stained with
anti-CB; antibody (1:50, Abcam, # ab3561) for 45 min at 4°C. Cells were further stained with
a goat anti-rabbit IgG H&L (Alexa Fuor® 488) secondary antibody (1:500, Abcam, # ab150077)
for 45 min at 4°C followed by pre-incubation with human TruStain FcX™ (BioLegend, #
422302) for 10 min at 4°C to block Fc receptor. Then, cells were again stained with a pre-
mixed panel of antibodies for 20 min at 4°C (protected from light) (Table 3). After each staining
step, cells were washed twice in SB. Subsequently, cells were fixed in eBioscience™ IC
Fixation Buffer (ThermoFisher Scientific, # 00-8222-49) for 10 min at 4°C. Fixed cells were
measured on a BD LSR Fortessa™ equipped with FACSDiva software (BD Biosciences).
FlowJo software (Treestar) was used to perform data analysis and compensation. To define

gates, FMO controls were used (see Figure 21 1).

2.8 RNA extraction and RT-qPCR

RNA was isolated from tissue using Trizol (Life Technologies), and from cultured cells using

RNeasy Kit (Qiagen), according to manufacturer's recommendations. RNA samples were
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treated with either a DNA-free™ DNA Removal Kit (Invitrogen) or an RNase-Free DNase set
(Qiagen) for removal of genomic DNA or DNase after treatment, respectively. Following RNA
isolation, the quality and concentration of RNA were evaluated by a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). A High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems™) was used to reversely transcribe 1 ug of total RNA into single-
stranded cDNA. Thermal-cycling conditions were specified according to the manufacturer’s
protocol and were as follows: 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, and 4°C for
5 min. Quantification of gene expression was performed by real time PCR (CFX Connect Real-
Time System, Bio-Rad) using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).
Primers were obtained from Bio-Rad (Hprt; mouse, ID: gMmuCEDO0045738) and from Eurofins
(Table 2). Relative gene expression was calculated using ACq- and AACg-methods (208).

Table 2. Primers from Eurofins used for RT-qPCR.

Target Species Sequence Direction
Cnr2 PrimerBank ID: mouse ACGGTGGCTTGGAGTTCAAC forward
31981837al GCCGGGAGGACAGGATAAT reverse

situ hybridization (ISH) and immunofluorescence (IF)

Murine and human NSCLC tissue samples

Tumor tissue from mice were fixed in acid-free phosphate-buffered 10% formaldehyde solution
(Roti®- Histofix 10%, pH7) for 24-48 hrs at room temperature with gentle shaking. Human
NSCLC tissue samples (formalin-fixed and paraffin-embedded) were obtained from the
Biobank of the Medical University of Graz. Ethical approval was acquired from the Institutional
Review Board of the Medical University of Graz (EK-numbers: 30-105ex17/18). All procedures
involving clinical samples followed the ethical standards of the institutional and/or national
research committee and the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards. Written informed consent was given by all participants.
Following fixation, tissue was dehydrated and processed for paraffin embedding, according to
standard protocols. Then, tissue was cut in sections (5 um thickness), baked in 60°C oven for
1 hr, de-waxed, and rehydrated. Detection of CBsand CB; transcripts in murine tumor tissue
and human NSCLC tissue was conducted using RNAscope® probes from Advanced Cell
Diagnostics (ACD, Newark, USA) (Table 4). ISH was performed using RNAscope®2.5 HD red
kit based on manufacturer’s guidelines. Briefly, sections of tumor tissue were first covered with
RNAscope® hydrogen peroxide for 10 min at room temperature followed by antigen target

retrieval in the Brown FS3000 food steamer at 95°C for 15 min. Then, the sections were
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digested with protease IV in HybEZ™ |l oven (ACD, Newark, USA) at 40°C for 20 min, washed
in distilled water, followed by incubation with the corresponding probes at 40°C for 2 hrs. Lastly,
the signal was detected using Fast Red stain. Tissue sections from tumors of CB+” or CBy"
and WT mice were placed on a single slide. Earlier, our group confirmed the specificity of the
mouse CB1 and CB; probes in CB+” and CB,” mice (162).

After the detection of ISH signals, tissues were incubated overnight at 4°C in PBS and further
processed by immunofluorescence. First, tissues were blocked in blocking buffer (0.1 M PBS,
1% of goat serum, and 0.3% Triton X in PBS) for 3 hrs at room temperature. Then, tissues
were incubated overnight at 4°C with primary antibodies in blocking buffer. A list of primary
antibodies and their sources (Table 5). Tissues were then washed three times with PBS,
incubated with fluorophore-conjugated secondary antibodies, such as Alexa Fluor® 488-
labeled goat anti-rabbit IgG (1:500, Jackson Immuno Research, #111-546-144) and Alexa
Fluor® 488-labelled bovine anti-goat IgG (H+L) (1:500, Jackson Immuno Research, # 805-
545-180) for 3 hrs at room temperature. Simultaneously, tissues were stained only with
secondary antibody as a negative control. Nuclear staining was performed by mounting in
Vectashield® (containing DAPI to stain nuclei; Vector Laboratories). Images were taken using
an Olympus IX73 fluorescence microscope (Olympus) connected with a Hamamatsu ORCA-
ER digital camera (Hamamatsu Photonics K.K., Japan). Images were studied with an Olympus
CellSens® 1.17 imaging software containing a deconvolution program (Olympus). To
enumerate CB receptor expression in, and co-localization with tumor cells and tumor-infiltrated

immune cells, ImageJ software was used.

Immunofluorescence (IF)

Murine tissue samples

To perform antigen retrieval, tissue sections (5 um thickness) were boiled in sodium citrate for
10 min in a microwave, and then incubated in 0.3% hydrogen peroxide in PBS for 30 min at
room temperature to block endogenous peroxidase activity. After that, tissue was treated with
blocking buffer for 3 hrs at room temperature and incubated with Ki-67 rabbit monoclonal
antibody (1:400, Cell Signaling Technology, # 12202) at 4°C, overnight. Tissue was then
washed in PBS (three times for 20 min each) and stained with Alexa Fluor® 488-labeled goat
anti-rabbit 1gG (1:500, Jackson Immuno Research, #111-546- 144) secondary antibody for 3
hrs at room temperature. After staining procedures and washings, tissue sections mounted
with Vectashield® (containing DAPI to stain nuclei; Vector Laboratories). Images were
visualized by an Olympus IX73 fluorescence microscope (Olympus) connected with a

Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics K.K., Japan). Images were
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analysed with an Olympus CellSens® 1.17 imaging software (Olympus). Imaged software was

used to count cells positive for Ki-67 marker.

Cytokine array and ELISA

To collect supernatants from KP cell tumors of CB,”- and WT mice, tumor tissue was cut into
small pieces using sterile surgical scissors and then placed into a 24-well plate containing
DMEM medium with 1% P/S for 24 hrs in a humidified incubator (5% CO.) at 37°C. After
incubation, tumor supernatants were aliquoted, snap-frozen in liquid nitrogen and stored at —
80°C. Content of 111 cytokines, chemokines and growth factors in tumor supernatants was
quantified using a Proteome Profiler Mouse XL Cytokine Array Kit (R&D systems, # ARY(028),
according to the manufacturer’s instruction. Analysis was performed using Image Lab 5.2
software (Bio-Rad). The CCL21 ELISA (ThermoFisher Scientific; EMCCL21a) was performed
with tumor supernatants and serum of healthy CB,” and WT mice, according to the

manufacturer’s instruction.

Isolation of lymphocytes from spleen

CD8* T cells and NK cells were isolated from spleens of tumor-bearing CB,”and WT mice
using EasySep™ mouse CD8" T cell (STEMCELL™ Technologies, # 19853A) and NK cell
(STEMCELL™ Technologies, #19855) isolation kits, according to the manufacturer's

instruction. Isolated cells were subsequently used for in vitro experiments.

2.12.1 CD8* T and NK cell migration assay

CD8" T and NK cell migration assays were conducted using transwell 96-well plate (Corning;
# CLS3387-8EA). Briefly, isolated CD8" T and NK cells were suspended in RPMI medium
supplemented with 0.2% FBS (Life Technologies). The lower wells of the transwell plate were
filled with RPMI medium supplemented with 0.2% FBS (100 uL/well), also containing different
concentrations of mouse recombinant CCL21 chemokine protein (0.5-5 ug/mL; BioLegend; #
586406). CD8* T cells or NK cells (1 x10° cells/well) were added to the upper compartments
of the transwell system and incubated for 4 hrs in a humidified incubator (5% CO3) at 37°C.
Media was used as a negative control. Recombinant CCL19 chemokine protein (0.5 pg/mL
BioLegend; # 587802) was used as a positive control. Following incubation, cells from the
lower wells were collected and fixed. Fixed cells were acquired for 60 seconds at a higher rate
on a BD Canto™ flow cytometer with FACSDiva software (BD Biosciences) and analyzed on

a FlowJo software (Treestar).
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Western Blotting

Using Western blot (WB) analysis, the quantification of caspase protein in KP cell tumors was
identified. Briefly, 30 pg of total protein was separated by 5-12% Bis Tris gradient gel, and
transferred onto polyvinylidene difluoride (PVDF) membranes. The membrane was blocked in
Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST) buffer containing 5% skimmed
dry milk for 1 hr, and then incubated with primary antibodies against caspase-3 (1:1000, Cell
Signaling Technology, # 9662; antibody detects full-length caspase-3 (35 kDa) and the large
fragment of caspase-3 resulting from cleavage (17 kDa)) and -actin (1:5000, Sigma, # A5316,
42kDa) at 4°C overnight under gentle shaking. After four washes with a wash buffer (15 min
each wash), the membrane was incubated with horseradish peroxidase-conjugated secondary
antibody (goat anti-rabbit, 1:5000, Jackson Immuno Research, # 111-035-045) for 1 hr at room
temperature. Clarity™ Western ECL substrate (Bio-Rad, # 170-5061) was added onto the
membrane and then the image was developed with a ChemiDoc™ MP Imaging System. Size
of bands were measured using Image Lab 5.2 software (Bio-Rad). Caspase-3/cleaved

caspase-3 bands were normalized to B-actin before a ratio was calculated (209).

Statistical analysis

Data were analyzed using Prism v.9.3.1 (GraphPad Software, La Jolla, CA, USA) and
presented as means + standard deviation (SD) or standard error of means (SEM). Differences
between experimental groups were assessed by unpaired student’s t-tests, multiple t-tests or
two-way analysis of variance (ANOVA) with the indicated post hoc test for corrections of
multiple comparisons. For multiple comparisons with three or more experimental groups, a
one-way ANOVA was applied with the indicated post hoc test for corrections of multiple
comparisons. Shapiro-Wilk and Kolmogorov-Smirnov tests were applied to test a normal
distribution. Correlations between tumor weight and infiltration of CD8" T and NK cells in the
TME was determined using Pearson’s correlation coefficient (r,) and Spearman’s correlation
coefficient rho (rs).

In all cases, a p-value <0.05 was considered significant and represented with one, two or three

asterisks when lower than 0.05, 0.01, or 0.001, respectively.
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3 Results

As parts of this dissertation have previously been published as an original research article in
Frontiers in Immunology (197), the Results section has been partially adapted from the article

and any resemblances in regards to content and phrasing are to be expected.

3.1 Only CB2but not CB1, regulates tumor growth in a mouse model of NSCLC

3.1.1 Genetic deletion of CB2 reduces lung tumor burden
To investigate the role of TME-derived CB receptors on tumor growth in a lung
adenocarcinoma model, we used CB1”- and CB," knockout mice, and their WT littermates. To
induce tumor growth, mice were subcutaneously injected with KP tumor cells. We observed
that there were no significant differences in tumor burden between CB:’ mice and WT
littermates (Figure 3 A), whereas mice lacking CB2 demonstrated a 50% reduction in tumor

growth (assessed by tumor weight and volume) in comparison to WT mice (Figure 3 B).
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Figure 3. Only knockout of CB; but not CB¢ causes tumor growth reduction.

(A) Experimental scheme: on day 0, 5x10°KP (Kras mutant, Trp53-null) lung adenocarcinoma
cells were subcutaneously (s.c.) injected into the flanks of CB+” mice and wild type (WT)
littermates. KP tumors were measured ex vivo on day 15 and collected for analysis. Graphical
results are presented as means + SD from three pooled independent experiments. n= 23-25.
(B) Experimental scheme: on day 0, 5x10°KP (Kras mutant, Trp53-null) lung adenocarcinoma
cells were s.c. injected into CB2” mice and WT littermates. KP tumors were measured ex vivo
on day 15 and harvested for analysis. Data presented as mean values + SD from two pooled
independent experiments. n= 18-20. *p<.05; ***p<.001, analyzed by unpaired student’s t-test.
This figure has been adapted from (197).
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3.1.2

313

Pharmacological blockade of CB2reduces lung tumor burden

Using previously published doses of the CB+ antagonist SR141716 (200; 201) and the CB-
antagonist SR144528 (201; 203), we pharmacologically blocked CB+ or CB: receptors in
tumor-bearing C57BL/6J WT mice and demonstrated findings that were concordant with those
in knockout mice. Thus, both tumor weight and volume did not change after injections with the
CB1 antagonist SR141716 (Figure 4 A). In contrast, treatment with the CB. antagonist
SR144528 resulted in a significant reduction in tumor weight and volume when compared to
C57BL/6J WT mice treated with vehicle (Figure 4 B).

Tumor analysis
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Figure 4. Pharmacological blockade of CB; but not CBy reduces tumor burden.

(A-B) Experimental scheme: on day 0, 5x10° KP lung adenocarcinoma cells were
subcutaneously (s.c.) injected into the flanks of C57BL/6J wild type mice. For 10 days, tumor-
bearing mice received intraperitoneal (i.p.) injections of either (A) 1 mg/kg/d of the CB;
antagonist SR141716 or (B) 10 mg/kg/d of the CB, antagonist SR144528 (or vehicle). Ex vivo
measurement of tumor weight and volume was performed on day 15. Representative results
from one independent experiment are shown. Data are presented as means + SD. n= 9-10.
**p<.01, analyzed by unpaired student’s f-test. This figure has been adapted from (197).

Expression of CB receptors in murine and human tumor cells and tumor-
infiltrated immune cells

To further identify the role of CB receptors in the TME, we aimed to detect transcripts of CB;
and CBzin KP cell tumors and tumor-infiltrating immune cells using dual ISH-IF. Tumor cells
as well as immune cells, including CD3"* T cells, CD8* T cells, NKp46/NCR1* cells, CD163* or
F4/80" macrophages, and CD11b* myeloid cells, expressed CB1 (Figure 5 A). Co-localization
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of CB1 with respective immune cell markers was low and accounted forless than 10% (Figure
5 A). Regarding CB2 mRNA expression, approximately 25% of tumor cells (identified as
cytokeratin positive) co-localized with CB> mRNA (Figure 5 B). However, we identified higher
expression of CB; transcripts in tumor-infilirated immune cells than of CBs, ranging between
20 and 40% co-localization (Figure 5 B). According to a number of studies, CB1 and CB:
receptors are expressed in tumor tissues of patients with NSCLC (190; 194; 195). By applying
ISH-IF in human lung cancer tissue sections and flow cytometry in NSCLC tissues, we
identified expression of CB receptors in tumor cells as well as infiltrated immune cells. In
accordance with our data in the mouse, less than 10% of CD3* T, CD8" T cells, NKp46/NCR1*
NK cells, and CD163" macrophages expressed CB;s (Figure 6 A), on the other hand,
expression of CB,was higher than of CB1 in immune cells and ranged between 20 and 60%
(Figure 6 B-C).
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Figure 5. Expression of CB; but not CB; was higher in tumor and immune cells of the TME.

(A-B) Using in situ hybridization (ISH) and immunofluorescence (IF), tumor cells and tumor-
infiltrated immune cells in KP cell tumor sections of WT mice were analyzed for CB receptors
expression. (A) The graph shows the percentages of tumor cells (cytokeratin-stained, CK*
cells; ~ 5%) and immune cells of the TME, such as CD3" T cells (~ 4%), CD8" T cells (~ 3%),
NKp46/NCR1* cells (natural killer, NK cells; ~ 14%), CD163" M2 macrophages (~ 7%), F4/80*
M1 and M2 macrophages (~ 11%), and CD11b* myeloid cells (~ 14%) co-localizing with CB;
transcripts. (B) The graph represents the percentages of CB,-expressing tumor cells (~ 25%),
and of TME-infiltrated/CB2-expressing leukocytes, including CD3* T cells (~ 39%), CD8" T cells
(~ 24%), NKp46/NCR1* NK cells (~ 43%), CD163* M2 macrophages (~ 43%), F4/80* M1 and
M2 macrophages (~ 29%), and CD11b* myeloid cells (~ 29%). Arrows indicate CB1 or CB:
MRNA signals within tumor and immune cells. Calibration bars = 20 um. Data presented as
mean values +SD. n=3 (sections from three different tumors, 30-150 cells counted/section).
WT, wild type; TME, tumor microenvironment. This figure has been adapted from (197).
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Figure 6.CB; and CB; expression in human NSCLC tissues.

(A-B) lllustrative ISH-IF images of human NSCLC tissue sections. The graphs depict the
percentages of tumor cells (cytokeratin-positive, CK* cells) and tumor-infiltrating leukocytes
(CD3* T cells, CD8* T cells, NKp46/NCR1* NK cells, and CD163* M2 macrophages) co-
localizing with CB+ and CB; transcripts. Arrows point at positively-stained tumor and immune
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cells that express CB+1 or CB,. Calibration bars = 20 um. Data are presented as mean values
+SD. n=3 (tissue sections from three different patients with NSCLC were stained for
quantification, 30-150 cells counted/section). (C) The graph shows CB expression in cancer
cells (EPCAM™) and tumor-infiltrating immune cells, such as CD3* T, CD8" T, and CD56* NK
cells (out of live cells). Results are depicted as mean values +SD. n=4 (tissues from four
different patients with NSCLC were used for flow cytometry analysis). ISH-IF, in situ
hybridization and immunofluorescence; NSCLC, non-small cell lung cancer; NK, natural killer
cells; TME, tumor microenvironment; EPCAM, epithelial cell adhesion molecule. This figure
has been adapted from (197).

Taken together, these findings demonstrate that tumor cells and TME-located immune cells
express CBs and CB: receptors. However, only knockout of CB> on host cells or

pharmacological blockade of CB,, but not CB, leads to a reduction of tumor growth.

To confirm our findings from the KP cell tumor model, CB,” mice and WT littermates were also
subcutaneously injected with LLC1 lung tumor cells (Figure 7 A). The results showed that
tumors of CB,"" mice were significantly smaller than of WT mice, corroborating the KP cell lung
tumor model (Figure 7 A-B). Similar results were also demonstrated in a recently published
study (210).
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Figure 7. In mice lacking CB; in the TME, growth of LLC1 cell tumors is reduced.

(A-B) Experimental scheme: on day 0, 5x10° Lewis lung carcinoma (LLC1) cells were
subcutaneously (s.c.) injected into the flanks of CB,” mice and wild type (WT) littermates.
Three weeks later, tumors were harvested and measured ex vivo. Data are presented as mean
values + SD. n=5-9. *p<.05, analyzed by unpaired student’s t-test. This figure has been
adapted from (197).
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3.2 Reduction of tumor burden uniquely depends on the absence of CB:2 in the TME

host cells

3.2.1

CB:2 expression in KP tumor cells

We showed that, apart from immune cells, approximately 20-25% of tumor cells in murine
tumors (Figure 5 B, Figure 8 A) and almost 20% of tumor cells in human NSCLC tissue
express CB, mRNA (Figure 6 B; using cytokeratin as a marker for tumor cells) or protein
(Figure 6 C; using EPCAM as a marker for tumor cells). Based on RT-gPCR, tumors of CB,™"
mice demonstrated reduced expression of CB; transcripts as compared to WT mice (Figure 8
B), most likely because host cells infiltrating the TME in CB>” mice lacked CB: expression.
The content of CB, mRNA in the tumors of CB, knockout mice measured by RT-gPCR,
therefore, should have derived from tumor cells. Interestingly, KP cells in culture hardly
expressed any CB; (Figure 8 B). The specificity of the CB, primers was demonstrated by
absence of CB2; mRNA in spleen tissue of CB,”" vs. WT mice (Figure 8 C).
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Figure 8. Expression of CBzin murine tumor cells.

(A) Representative ISH-IF images of KP cell tumor of WT and CB,” mice stained with
cytokeratin (CK). Arrows point at CB, co-localizing with cytokeratin positive (CK") cells.
Calibration bars = 20 um. The graph shows percentage of CK* cells expressing CB> mRNA.
Data show mean values + SD. n=3/group (sections from three different tumors, 75-150 cells
counted per section). (B) gPCR data demonstrating relative CB; expression in lysates from KP
cell tumor of WT and CB;” mice and KP cells in culture. Data are presented as mean values
1+ SD. n=8 per group; n=3 for KP cells (3 consecutive passages of KP cells). (C) The specificity
of the CB; primers is depicted through relative expression of CB> mRNA in lysates of spleen
extracted from healthy WT and CB,” mice. ***p<.001, analyzed by unpaired student’s t-test
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(A), one-way ANOVA with Tukey’s multiple comparison test (B). ISH/IF, in situ hybridization
and immunofluorescence; WT, wild type. This figure has been adapted from (197).

3.2.2 CB:found on KP tumor cells does not control tumor growth
To identify the role of CB; expressed in KP tumor cells and its influence on tumor growth in
vivo, we pharmacologically activated or blocked CB; in tumor-bearing CB>”- mice using the
CB: agonist JWH133 (Figure 9 A) and the CB. antagonist SR144528 (Figure 9 B) at
previously described doses (201; 202). The results demonstrated neither activation nor
inhibition of CB: in tumor cells had an effect on tumor growth (Figure 9 A-B), signifying that
the reduction in tumor burden detected in CB,"- mice was entirely influenced by CB. expressed

on host cells infiltrating the TME.
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Figure 9. CB; expressed on tumor cells has no influence on tumor growth.

(A-B) Experimental scheme as in Figure 4. From day 5 until day 14, CB,”" mice received
intraperitoneal (i.p.) injections of either (A) 20 mg/kg/d of CB> agonist JWH133 or (B) 10
mg/kg/d of CB. antagonist SR144528 (or vehicle). On day 15, tumor weight and volume were
measured ex vivo. Representative results from one independent experiment are shown. Data
are presented as means * SD. n29; analyzed by unpaired student’s f-test. This figure has been
adapted from (197).

3.3 Genetic deletion of CB: in host cells provides an anti-tumorigenic TME

3.3.1 Tumor immune microenvironment (TME)
We used flow cytometry to identify immune cell profiles in tumor tissues of CB,”- knockout and

WT mice. Our results showed significant differences in infiltration between the tumors of mice

46
Arailym SARSEMBAYEVA, PhD Thesis



lacking CB2 and WT mice, particularly, in the lymphoid cell populations (gating strategy in
Figure 21 A-B). As for the percentages of tumor-infiltrating leukocytes and myeloid cells, there
were no significant differences between tumors of CB," knockout and WT mice (Figure 10 A-
B). The lymphoid immune cell composition in tumors of CB,” and WT mice revealed the
following: we noticed a significant increase in the infiltration of T cells (CD3*), NK cells
(NKp46*) and CD8* T cells into tumors of CB,”- knockout mice (Figure 10 C-D). No significant
differences in the infiltration of CD4* T cells and Tregs were seen into tumors of CB2" vs. WT
mice. However, we identified differences in subtypes of CD8* T cells, as percentages of naive
CD8* T cells were reduced while effector CD8* T cells were increased in tumors of CB,™"" vs.
WT mice (Figure 10 E), suggesting that CD8" T cells from CB.", but not WT mice,
differentiated to become CD44* CD8" T effector cells. Moreover, there was a negative
correlation between tumor weight of CB," mice with the percentages of infiltrated CD8* T and
NK cells (Figure 10 F-G). Additionally, we did not observe significant differences in the
percentages of T, B, NK, and NKT cells within spleens (Figure 11 A) and lungs (Figure 11 B)
of healthy CB.” and WT mice, indicating that the observed differences in infiltration are likely

linked to the tumor growth.
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Figure 10. CB: influences the immune cell profile of the TME.

(A-E) The graphs show percentages of immune cells, including myeloid and lymphoid cells
infiltrating KP cell tumors of CB," knockout and WT mice. Data are presented as mean values
+ SD from two pooled independent experiments. n210. (F-G) Tumor weights from CB,” mice
were plotted against the percentages of tumor-infiltrating CD8* T (CD45*/CD3*/CD8*) and NK
(CD45*/CD3/CD19/NKp46™*) cells (out of CD45* cells). Data were from four pooled
independent experiments. n=31-34. Correlation of samples was evaluated using Spearman
(rs) and Pearson (rp) correlation coefficients after testing for normality. *p<.05; **p<.01,
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3.3.2

analyzed by unpaired student’s f-test (A), multiple t-tests (B-E). NK, natural killer cells, NKT,
natural killer T cells; Tregs, Regulatory T cells; WT, wild type. This figure has been adapted
from (197).
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Figure 11. Baseline levels of splenic and lung lymphoid immune cells in mice lacking CBa.

(A-B) The graphs demonstrate flow cytometric analysis of single cell suspensions from spleens
(A) and lungs (B) of healthy CB,”" and WT mice. The percentages of T (CD3*) cells, B
(CD45*/CD37/CD19%) cells, NK (CD45*/CD3/CD19/NKp46™), and NKT (CD45*/CD3*/ NKp46*)
cells (out of CD45* cells) are demonstrated. Data are shown as mean values + SD. n=5/group
(A), n=3/group (B); analyzed by multiple t-tests. NK, natural killer cells; NKT, natural killer T
cells; WT, wild type. This figure has been adapted from (197).

Enhanced cytotoxic activity of CD8* T and NK cells

To assess the cytotoxic activity of CD8* T and NK cells within the TME, we stimulated single
cell suspensions from tumors of CB,” and WT mice with PMA/lonomycin ex vivo and used
flow cytometry to measure their activity. We identified a significant rise in the expression of
IFN-y in CD8" T cells (Figure 12 A), and of CD107a on NK cells (Figure 12 B-C), indicating

local activation and increased tumoricidal activity of CD8* T and NK cells.
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Figure 12. Increased cytotoxic activity CD8" T and NK cells in the absence of CB, on host
cells.

(A) The graph shows the percentage of tumor-infiltrated CD8" T cells expressing IFN-y before
(non-stimulated, NS) and after stimulation with phorbol myristate acetate/ionomycin
(PMA/lono) ex vivo. Data are presented as mean values +SD from two pooled independent
experiments. n=4 (for NS per group); n=11 (for PMA/lono per group). (B-C) Degranulation
capacity of intratumoral NK cells before (NS) and after ex vivo stimulation with PMA/lono. (C)
The graph demonstrates median fluorescence intensity (MFI) of CD107a on NK cells. n=4.
*p<.05, analyzed by multiple t-tests (A, C). NK, natural killer cells; WT, wild type. This figure
has been adapted from (197).

Collectively, the results from flow cytometry indicate that a TME free of CB. expression favors

an anti-tumorigenic immune cell profile, and enhances cytotoxic activity in lymphocytes.

3.4 Proliferation and apoptosis rates of tumor cells and tumor-infiltrated immune
cells
To determine primary mechanisms for the reduction of tumor burden in CB,” mice, we checked
for changes in cellular processes, such as apoptosis and cell proliferation in the tumor. We
performed flow cytometric analysis and cleaved-caspase-3/caspase-3 immunoblotting of
tumors from CB," and WT mice. Our data revealed no significant differences in apoptotic
behavior of both tumor cells (CD457) and infiltrated leukocytes (CD45*) between CB,”-and WT
mice (Figure 13 A-C). Furthermore, results based on BrdU incorporation assays and Ki-67
immunofluorescence, revealed no significant differences in the proliferation of tumor cells as
well as tumor-infiltrated immune cells between CB,” and WT mice (Figure 13 D-E), suggesting

that other underlying mechanisms were responsible for the tumor reduction.
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Figure 13. Rate of apoptosis and proliferation within the tumor.

(A-B) Protein extracts from KP cell tumors of CB2”-and WT mice were checked for expression
of caspase-3/cleaved caspase-3 and [-actin proteins using Western blotting. Data are
presented as mean values + SEM. n = 5 mice per group. (C) The graph shows the percentage
of apoptotic CD45 negative (CD45", tumor cells) and CD45 positive (CD45*, leukocytes) cells
within the tumor tissue. Data are presented as mean values + SD. n= = 5 mice per group. (D)
Flow cytometric analysis of tumors of CB,”- and WT mice demonstrates median fluorescence
intensity (MFI) of BrdU in tumor and tumor-infiltrated immune cells. Data indicate mean values
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+SD. n210. (E) KP cell tumors of WT and CB" mice were stained with anti-Ki-67 proliferation
marker. Calibration bars = 20 ym. Data are presented as mean values + SD. n=3 (sections
from three different tumors, 30-125 cells were counted per section), analyzed by unpaired
student’s t-test (B, E), multiple t-tests (C-D). This figure has been adapted from (197).

3.5 Lack of CB2in the TME increases CCL21 expression within the tumor
To assess changes in soluble factors within the TME, we performed a cytokine array in tumor
supernatants of CB,” and WT mice and detected increased levels of CCL21 in tumor
supernatants of CB,” vs. WT mice. To verify the changes, we also performed an ELISA with
the supernatants and found that concentrations of CCL21 were indeed increased in CB,™" vs.
WT mice (Figure 14 A). Baseline serum levels of CCL21 did not differ between healthy CB,"
and WT mice (Figure 14 B).
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Figure 14. Level of CCL21 within tumor supernatants.

(A) An ELISA for CCL21 was performed in tumor supernatants of KP cell tumors of CB;" and
WT mice, and values were normalized against tumor weights. Data indicate mean values *
SD. n=6-7. (B) Concentration of CCL21 was measured in serum samples of healthy CB," and
WT mice. Data are presented as mean values £+ SD. n=6. *p<.05, analyzed by unpaired
student’s t-test.

3.5.1.1 CCL21 and its receptor (CCR?7)
To determine the source of CCL21 within the tumors, we assessed non-immune cells of the
TME, such as endothelial cells and fibroblasts for CCL21 expression by flow cytometry. We
noticed that endothelial cells expressed CCL21 at a higher level than fibroblasts in tumors of
CB2" and WT mice. Furthermore, we identified that CCL21 expression was increased in
endothelial cells of CB2” vs. WT mice (Figure 15 A), indicating that the absence of CB; on
host cells of the TME caused increased expression of CCL21 by endothelial cells. We next

assessed surface expression of CCR7, the receptor for CCL21, in tumor-infiltrating immune
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cells. The results revealed reduced surface expression of CCR7 in CD8* T and NK cells within
tumors of CB,"" mice compared to WT littermates (Figure 15 B-C), suggesting that the high
levels of CCL21 ligand within the TME of CB2” mice has possibly led to CCR7 endocytosis

into early endosomes, as previously demonstrated by Otero et al. (66).

A B C

1500 * 50+ % 50+ *
£ O  — 404 I. 404 !
8 L ™
8 o i -

N~ oo Co I~
= 5 204 @ -0 % 20{ @ Q&o
N 500 e 5
F © 4o 104 o WT
S 0O CB.*
O . L X%) : . 2
' ' CD8" T cells NK cells
£ §°
Q
O O
P )
") &
<& NS
60
(é‘

Figure 15. Expression of CCL21 and its receptor, CCR7, within the TME.

(A) Flow cytometric analysis of stromal cells (fibroblasts and endothelial cells) was performed
to investigate expression of CCL21 within KP cell tumors from CB,”- and WT mice. The graph
shows median fluorescence intensity (MFI) of CCL21 on fibroblasts and endothelial cells. Data
are presented as mean values +SD. n26. (B-C) MFI of CCR7 on CD8" T and NK cells is shown.
Data indicate mean values +SD. n=5. *p<.05; analyzed by two-way ANOVA, Sidak’s multiple
comparisons test (A), unpaired student’s t-test (B-C).

3.5.1.2 CCL21 chemoattracts CD8* T and NK cells
Since we demonstrated increased infiltration of CD8* T and NK cells at the tumor site of CB2™
mice (Figure 10 C-D) we hypothesized that CCL21 may act as a chemoattractant of immune
cells to the tumor site. We, therefore, assessed the chemotactic capability of CD8" T and NK
cells (isolated from the spleens of tumor-bearing CB>"-and WT mice) in vitro, and we measured
migration of these cells towards increased concentrations of CCL21. CD8" T and NK cells from
CB;" and WT littermates migrated to CCL21 in a concentration-responsive but similar manner
(Figure 16 A-B), indicating that the increased infiltration of CD8" T and NK cells seen in the

tumors of CB2” mice was not a direct effect of CB, deletion in these cell types.
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Figure 16. Migration of CD8" T and NK cells towards CCL21.

(A-B) Graphs show migration of CD8" T and NK cells isolated from the spleens of tumor-
bearing CB,"and WT mice towards increased concentrations of CCL21 (ug/mL). Data are
presented as mean values £SD from three pooled independent experiments. n=7-10. *p<.05;
**p<.01, analyzed by two-way ANOVA, Tukey’s multiple comparisons test (A-B). WT, wild type.

3.6 The CB2z-free TME shows increased expression of immune checkpoint proteins
We next measured surface expression of various immune checkpoint proteins on tumor-
infiltrated immune cells. We identified that tumor-infiltrated CD8" T cells of CB2” mice had a
higher expression of PD-1 than those of WT mice (Figure 17 A), whereas PD-1 expression on
NK cells did not differ between CB," knockout and WT mice (Figure 17 B). Furthermore,
there was an increased expression of PD-L1 on tumor-infiltrated myeloid cells (macrophages
and DCs) in CB;” vs. WT mice (Figure 17 C). Our dual ISH-IF analysis on KP tumors
demonstrated that about 40% of PD-1" and PD-L1" cells expressed CB, mRNA (Figure 17 D).
In human lung cancer, approximately 20% of PD-1* and PD-L1" cells co-localized with CB:
mRNA (Figure 17 E). We, therefore, hypothesized that a TME deficient in CB2 would favor an

outcome in immune-based therapeutic strategies, such as immune checkpoint blockade.
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Figure 17. PD-1 and PD-L1 expression on immune cells of the TME.

(A-B) Flow cytometric analysis of PD-1 on tumor-infiltrated CD8* T and NK cells is shown.
Data are presented as mean values £SD from two pooled independent experiments. n=13-14.
(C) MFI of PD-L1 on tumor-infiltrated myeloid cells. Data are presented as mean values +SD
from two pooled independent experiments. n=10-13 (D) Representative image of ISH-IF
staining of KP cell tumors. Arrows point at positively stained PD-1/PD-L1 cells co-localizing
with CB2> mRNA. Data show mean values +SD. n=3 (sections from three different tumors, 30-
150 cells counted per section). (E) ISH-IF staining of human NSCLC tissue sections. The graph
shows the percentage of PD-1*/PD-L1" stained cells co-localizing with CB> mRNA. Data
demonstrate mean values +SD. n=3 (for quantification, tumor sections from three different
patients with NSCLC were used, 30-150 cells counted per section). Arrows point at co-
localization of CB2 mRNA with PD-1*/PD-L1" cells. Calibration bars = 20 ym. *p<.05; **p<.01,
analyzed by unpaired student’'s t-test (A-B), multiple t-tests (C). NK, natural killer cells; MFI,
median fluorescence intensity; PD-1, programmed death-1; PD-L 1, programmed death-ligand
1; M1, M1 macrophages; M2, M2 macrophages, pDCs, plasmacytoid dendritic cells; cDC1,
type 1 conventional dendritic cells, ISH-IF, in situ hybridization and immunofluorescence; WT,
wild type; NSCLC, non-small cell lung cancer. This figure has been adapted from (197).

Apart from the PD-1/PD-L1 axis, we observed no significant differences in the expression of
other immune checkpoint proteins like TIGIT, CTLA-4, TIM-3, and LAG-3 on tumor-infiltrated
CD8* T cells between CB,"- and WT mice (Figure 18 A-D). Only TIGIT demonstrated higher
expression on NK cells, but did not reach statistical significance (p=0.06) (Figure 18 E),
whereas other checkpoint proteins on NK cells from CB,"" mice were, similar to CD8" T cells,
not different to WT mice (Figure 18 F-H).
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Figure 18. Expression of immune checkpoint proteins on tumor-infiltrated CD8" T and NK
cells.

(A-H) Flow cytometric analysis demonstrate MFIs of immune checkpoint proteins on tumor-
infiltrated CD8" T (A-D) and NKp46* NK (E-H) cells of CB,” and WT mice. Data demonstrate
mean values +SD from two pooled independent experiments. n=9-14, analyzed by unpaired
student’s t-test. MFI, median fluorescence intensity; TIGIT, T cell immunoglobulin and ITIM
domain; CTLA-4, cytotoxic T-lymphocyte antigen-4; TIM-3, T cell immunoglobulin and mucin
domain-containing protein-3; LAG-3, lymphocyte activation gene-3; NK, natural killer cells; WT,
wild type. This figure has been adapted from (197).

3.7 A TME devoid of CB:2 reveals improved responsiveness to anti-PD-1 therapy

To investigate whether CB,”- knockout mice may respond better to ICI therapy than WT mice,
we treated the mice with anti-PD-1 antibodies to enhance activity in immune cells (Figure 19
A). Indeed, the responsiveness to PD-1 antibody treatment was amplified in the absence of
CB: on host cells, leading to a significant reduction of tumor growth in CB," vs. WT mice
(Figure 19 B-C). WT mice only showed a slight and non-significant decrease in tumor weight
(6.6% = 9.7; WT+ isotype control vs. WT+ anti-PD-1) and volume (18.7% + 8.2; WT+ isotype
control vs. WT+ anti-PD-1). In contrast, tumor weight (45.2% * 5.0) and volume (41.5% * 6.9)
were significantly decreased in CB,"" mice treated with anti-PD-1 antibodies in comparison to
isotype control-treated CB.” mice (Figure 19 D-E). Regarding changes in the immune cell
populations of the TME, anti-PD-1 therapy resulted in a further increase in tumor-infiltrated

CD3* T, CD8* T and NK cells, and a higher percentage of CD8" effector T cells in tumors of

56
Arailym SARSEMBAYEVA, PhD Thesis



CB" (Figure 19 J-M) vs. WT mice (Figure 19 F-I), implying that the deletion of CB; within the
TME strongly favored an improved response to anti-PD-1 therapy which led to a significant

reduction of tumor burden in the CB2" vs. WT mice (Figure 20).
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Figure 19. CB; knockout mice respond to anti-PD-1 treatment more favorably than WT mice.
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(A) Experimental scheme: 5x10° KP (Kras mutant, Trp53-null) lung adenocarcinoma cells were
subcutaneously (s.c.) injected into flanks of CB,"mice and WT littermates on day 0. Mice were
treated with 250 pg of anti-PD-1 (a-PD-1) antibody (or isotype control) on days 6, 9, and 12.
(B-C) On day 15, both tumor weight and volume were measured ex vivo, and tumors were
collected for analysis. Data indicate mean values + SD from two pooled independent
experiments. n=19-21. (D-E) The graphs demonstrate the percentage changes in tumor weight
and volume. To compare treatments, WT and CB2" groups were set at 100%. Data indicate
mean values + SD from two pooled independent experiments. n=19-21. (F-M) Graphs
demonstrate percentages of tumor-infiltrated immune cells in CB,” and WT mice treated with
a-PD-1 or isotype control. Data demonstrate mean values *SD. One representative
experiment is shown. n=8. *p<.05; **p<.01; ***p<.001, analyzed by one-way ANOVA, Tukey’s
multiple comparisons test (B-E), unpaired student's t-test (F-M). WT, wild type; ns, not
significant; NK, natural killer cells. This figure has been adapted from (197).

—
CB; knockout
on host cells

+a-PD-1 +a-PD-1

No significant response Significant response

. Tumor cell @ cD8' Tcell @ NKcell » CB,mRNA

Figure 20. CB> in TME cells provides a pro-tumorigenic microenvironment by reducing
cytotoxic activity of lymphocytes in a mouse model of NSCLC.

Knockout of CB. on host cells leads to tumor growth reduction, increased infiltration and higher
tumoricidal activity of CD8* T and NK cells in situ. The response to anti-PD-1 antibody (a-PD-
1) treatment was better in CB,”" knockout than WT mice, resulting in smaller tumors. The
therapy further increased infiltration of CD8* T and NK cells in the TME of CB2” mice. TME,
tumor microenvironment; NSCLC, non-small cell lung cancer. This figure has been adapted
from (197).
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4 Discussion

The concept that tumor cells and cells of the immune system are present in a shared
microenvironment is not new. In 1863, Rudolf Virchow, a German pathologist noticed white
blood cells in neoplastic tissues and hypothesized that there could be a link between chronic
inflammation and cancer (211; 212). However, five decades later, a renowned biologist, Paul
Ehrlich, postulated that the immune system could combat cancer growth (213). These
opposing perceptions already indicated that the immune system is a double-edged sword in
cancer. On the one hand, inflammation can promote oncogenesis, and on the other hand, the
immune system is a powerful tool of the body to fight cancer when appropriately regulated
(214). Since then, significant progress has been made in our understanding about the role of
the immune system in controling tumor development through shaping the tumor
microenvironment (TME). Accordingly, new approaches in the therapy of cancer, such as
immune checkpoint inhibitor therapy, have been introduced, and have improved the survival
rate of cancer patients. However, a low response rate and resistance to immunotherapy are
still an obstacle, indicating that novel targets need to be found in immune cells of the TME to

overcome these challenges.

The classical CB receptors, CB1 and CB, constitute a main part of the ECS (154; 155). Since
the discovery of CB receptors in the early 1990s, a number of studies identified the expression
sites of these receptors as well as their (patho)physiological roles. CB receptors are abundantly
present in cells of the immune system, with CB2 being expressed at much higher levels than
CB+ (154, 156; 163; 164). This suggests that CB receptors could have an important role in
regulating the immune system (161; 163). Moreover, CB1 and CB, were found to be over-
expressed in cancers of the skin (215) and breast (216), and also in NSCLC (188). Hence, CB
receptors could be demonstrated to control cancer growth (194; 195; 215-217). However,
there is no universal pro- or anti-tumorigenic role of CB receptors across cancer types,
suggesting that their role in tumor development depends on the tumor entity and their influence

on the TME or vice versa.

Therefore, the purpose of this thesis was to elucidate the role of CB receptors in host cells of
the TME and how TME-derived CB receptors affect the immune cell profile, tumor burden, and
response to anti-PD-1 blocking therapy in a NSCLC model.

The TME is composed of various cellular and non-cellular components (10). Among the
numerous cell types, cytotoxic lymphocytes are vital members of tumor-fighting cells. In our

study, we used ISH RNAscope® in combination with IF to identify and quantify gene expression
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of CB receptors in murine and human lung cancer tissues. The ISH probes against CB+ and
CB: were all checked in the respective knockout mouse indicating a clear evidence for the
specificity of the probes (162). We demonstrated that in murine and human lung cancer
tissues, tumor cells as well as cells of the TME, like CD8* T cells, NK cells, and macrophages
express higher levels of CB; than CB+. Dual ISH-IF analysis of murine tumors revealed that
around 20-40% of tumor-infiltrated immune cells and approximately 25% of tumor cells
expressed CB; transcripts. These results were the basis of our hypothesis that CB2 might have
TME cell-mediated and/or possible direct effects on the growth of tumor cells. To identify the
influence of CB2-expressing TME cells on tumor growth, we used a s.c. lung cancer model in
mice deficient in the Cnr1 or the Cnr2 gene (encoding CB+ or CB; protein, respectively). We
could report that mice lacking CB1 had no change in tumor growth vs. WTs, while CB,"
knockout mice demonstrated a significant tumor reduction in comparison to WT mice. These
findings indicate that the tumor reduction was mediated via a TME free of CB. expression. It

also means that presence of CB: in the TME favors tumor growth.

Moreover, pharmacological inhibition of CB receptors using CB+ and CB; antagonists showed
analogous findings, supporting the fact that only deletion of CB,, but not of CB1, caused
reduction of tumor burden in the NSCLC model. In addition, we hypothesized a potential direct
role of tumor cell-derived CB> on tumor growth. Several studies have reported a direct role of
CB1 and CB; receptors located in tumor cells in reducing tumor growth of cancers, such as
skin cancer (215), mantle cell lymphoma (218), and glioma (219). Using pharmacological
activation or inhibition of the CB: receptor in CB2” knockout mice (only KP tumor cells
expressing CB-> were targeted here), we demonstrated that CB- in tumor cells played no role
in the reduction of tumor growth, signifying that only CB. expressed on TME host cells

influenced tumor growth.

CBzis widely expressed in the cells of the immune system, where it influences either anti- or
pro-inflammatory cellular functions depending on the presence of stimuli and the nature of the
TME (160). Since we identified a widespread expression of CB: in tumor-infiltrated immune
cells of the TME by ISH, we characterized the profile of tumor-infiltrated immune cells by
identifying and quantifying lymphoid and myeloid immune cells using flow cytometry. The
absence of CB, within the TME resulted in an alteration of the immune landscape and led to
an anti-tumorigenic immune cell profile. We detected enhanced infiltration of cytotoxic
lymphocytes, mostly of cytotoxic CD8* T and NK cells, into tumors of CB2" knockout vs. WT
mice. A more focused investigation of these cells demonstrated that tumor-infiltrated CD8* T

and NK cells of mice deficient in CB2 had an increased cytotoxic activity. These data agree

61
Arailym SARSEMBAYEVA, PhD Thesis



with several studies demonstrating that enhanced infiltration of cytotoxic lymphocytes into the
TME is correlated with a good prognosis (220-222). In NSCLC, infiltration and activity of CD8"
T and NK cells may be restricted: NK cells have been demonstrated to infiltrate NSCLC tissues
at reduced numbers and they are more localized in normal lung than cancerous tissues (223).
Additionally, NK cells may be dysfunctional and less proliferative in lung cancer and they can
overexpress inhibitory receptors that compromise their tumor-fighting ability (224; 225).
Furthermore, it was observed that within NSCLC tissues, cytotoxic T cells are reduced in their
number, and they show low IFN-y expression (226; 227). As a consequence, the CB»-deficient
TME reversed the reduced infiltration of CD8" T and NK cells in our lung cancer model and

improved activity of these cells, thus most likely contributing to a reduction in tumor growth.

Immune cells recruited to the tumor site via the actions of chemokines and their specific
receptors have been broadly connected to tumor development and metastasis (228). In our
study, we observed that tumors of CB," knockout mice displayed an increased concentration
of CCL21 in the TME, along with reduced expression of its receptor, CCR7, on tumor-infiltrated
CD8* T and NK cells. CCRY7 is usually expressed at low levels on activated T cells (60),
supporting our findings that tumor-infiltrated CD8* T cells of CB2” knockout mice were active.
Reduced expression of CCR7 occurs due to internalization of the receptor upon binding to its
ligands, CCL19 and CCL21 (66). In lung cancer, CCL21 can control tumor growth either in a
lymphocyte dependent (229) or independent manner (230-232). For instance, Sharma et al.
demonstrated that intratumoral administration of CCL21 into tumor-bearing mice resulted in
tumor reduction and increased infiltration of CD4*, CD8" T cells, and additionally to a higher
level of Thy cytokines at the tumor site (229). These findings are concordant with our results
showing that CCL21 chemoattracts CD8* T and NK cells of CB,"" knockout and WT mice at a
similar rate. However, since we failed to see differences in CCL21-induced migration of CD8"*
T and NK cells between CB," knockout and WT mice, the rise in CCL21 in the tumors of CBy
knockout mice could be unrelated to the tumor growth reduction, and other mechanisms are
responsible for our observations. Further studies are required to identify mechanisms that

resulted in the increase of CCL21 in endothelial cells of the TME of mice lacking CBs.

Immune checkpoint inhibitors have been shown to prolong survival of patients with various
cancers, including skin and lung cancer (233; 234). The PD-1/PD-L1 axis is the most important
immune checkpoint target of all checkpoints as it has been demonstrated to be an effective
target in the treatment of several types of cancer (233-235). Earlier studies indicated that one
of the important prerequisites for ICls to work is an adequate infiltration of cytotoxic

lymphocytes, including CD8" T cells, at the tumor sites (236; 237). Of note, our study revealed
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that CB” knockout tumor-bearing mice responded significantly better than WT mice to anti-
PD-1 therapy (as evidenced by the substantial reduction in tumor burden). We also observed
an increase in PD-1 expression on CD8* T cells isolated from tumors of CB,”- knockout mice.
It has been shown that PD-1* CD8* T cells reflect the functional avidity and anti-tumor reactivity
of CD8* T cells and their presence in the TME also predict response rate and survival in
patients with NSCLC treated with anti-PD-1 (238-240). Additionally, we found increased PD-
L1 expression in tumor-infiltrating myeloid cells in CB2” knockout mice. This is another key
finding suggesting that the tumor may respond favorably to ICI therapy, including an anti-PD-
1 therapy (21; 241; 242). Increased levels of PD-L1 are usually complemented by high levels
of T cells within the TME (reviewed in (243), which was also the case in tumors of CBy"
knockout mice. Consequently, identification of the PD-L1 expression rate in cancer tissues is
considered the most direct method for predicting the response rate to PD-1/PD-L1 inhibitors
(243). While cytotoxic CD8" T cells are the most important focus for improving immune
checkpoint blockade treatments, other immune cells such as NK cells could be also an
important contributor to the efficacy of checkpoint inhibitors (reviewed in (244)). It has been
demonstrated that intratumoral NK cells support the response to immunotherapies targeting
the PD-1/PD-L1 axis (245; 246). Furthermore, high numbers of intratumoral NK cells have
been correlated with a good prognosis and a positive response to the therapy of breast cancer
(247-249), melanoma (250-252), gastrointestinal cancer (253—-255), prostate cancer (256),
neuroblastoma (257), and head and neck cancer (258). Recent research has shown that high
NK cell counts correlate with a favorable response to anti-PD-1 treatment, and with the overall
survival of patients with melanoma or metastatic melanoma (222; 259). Zhang et al.
demonstrated that the clinical benefits of PD-L1 and TIGIT-based immunotherapies were
enhanced by the presence of NK cells because they increased anti-tumor functions of CD8" T
cells and/or reduced their exhaustion (260). The TME of CB,” knockout mice showed
significantly higher infiltration of NK cells than the TME of WT mice. The presence of NK cells
in tumors, hence, may increase the susceptibility to immunotherapy with anti-PD-1. To further
determine the susceptibility to checkpoint blockade, we measured other immune checkpoint
proteins that dampen proliferation and tumoricidal activity of T and NK cells, such as CTLA-4,
TIM-3, TIGIT, and LAG-3 (94; 261-264). There were no significant differences in the
expression rates of these proteins between CB,” knockout and WT mice, except for an
increased expression of TIGIT on NK cells. Our results, therefore, demonstrated that tumor-
infiltrated CD8* T and NK cells of CB,” knockout mice were in an active, functional, and non-
exhausted state (high levels of IFN-y and PD-1 on CD8" T cells, and of CD107a on NK cells).
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Anti-PD-1/PDL1 therapy has been shown to improve the immune cell composition and restore
the effector activity of CD8" T cells to kill tumor cells (265). In addition, NK cells and other
cytotoxic lymphocytes positively respond to immunotherapy (reviewed in (266)). Lee et al.
found that melanoma patients who responded well to anti-PD-1 therapy demonstrated
enhanced frequency of intratumoral and peritumoral NK cells (259). Hsu et al. similarly found
that the effect of anti-PD-1/PD-L1 therapy can be mediated by T cells and additionally by NK
cells (245). Our results show that the anti-PD-1 blocking therapy further enhanced the
infiltration of CD8* T and NK cells in the TME of CB,”" knockout vs. WT mice. This supports the
notion that an effective anti-PD-1 therapy is intrinsically connected with the presence of
cytotoxic lymphocytes within the TME. It is worth to mention that tumor-infiltrated NK cells of
CB_""knockout and WT mice showed no difference in PD-1 expression, and that the expression
of PD-1 on NK cells was lower than on CD8* T cells. This raises a question whether antibodies
against PD-1 can have a direct effect on NK cells, as the ICl may have indirectly modulated
anti-tumorigenic NK cell functions through the interaction with other immune cells of the TME,
as previously described (267; 268). Liu et al. could show that PD-1 acts as a negative regulator
of NK cells in digestive cancers including esophageal, liver, colorectal, gastric and biliary
cancer. Interestingly, blockade of the PD-1/PD-L1 axis distinctly enhanced capacity of NK cells
to degranulate, release cytokines and resist to apoptosis in vitro. It also reduced the growth of
xenografts in nude mice (269), indicating that PD-1 blockade may be an effective approach in
NK cell-associated tumor immunotherapy. During the preparation of our manuscript, another
study described that THC and cannabinoid drugs suppressed the therapeutic effect of anti-
PD-1 blockade (210), reconfirming our study findings. In addition, a recent retrospective study
observed a reduced response rate to nivolumab when used with cannabis in patients with
NSCLC, advanced melanoma, and renal clear cell carcinoma (270). With our findings, we
demonstrate a possible mechanism for a suppressed immune response, which involves CBy,
CD8* T and NK cells. Further experiments to verify the role of CD8* T and NK cells in tumor
reduction would include depletion of both cell types in tumor-bearing CB,” knockout and WT

mice as both cells play an important role in controling tumor growth in mice lacking CB..

Conclusion
Our data show that the presence of the CB;receptor in the TME of NSCLC tumors suppresses
the activity of cytotoxic lymphocytes, particularly of CD8" T and NK cells, hence endorsing
tumor growth. We failed to observe a role for TME-derived CB4 in our model of NSCLC.
Knockout of CB- in the TME removes the immunosuppressive break causing tumors to be
more responsive to PD-1 blockade therapy. The findings also suggest that the consumption of

cannabis or cannabinoid-based medicine during immune checkpoint therapy may result in a
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reduced treatment response. Overall, the CB; receptor maybe an interesting additional target

for ICI therapy.
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6.1 Flow cytometry

6 Appendix

Table 3. List of antibodies used in flow cytometry.

Antibody Dilution Clone Company Catalogue # ‘
CD45-AF700 1:200 30-F11 BioLegend 103128
CD3-BUV395 1:40 145-2C11 BD Biosciences 563565
CD8-PerCPCy5.5 1:80 53-6.7 BioLegend 100734
CD4-BUV496 1:80 GK1.5 BD Biosciences 564667
PD-1-APC 1:40 29F.1A12 BioLegend 135210
CD62L-BV605 1:50 MEL-14 BioLegend 104438
CD44-BUV737 1:160 IM7 BD Biosciences 612799
NKp46-BV510 1:20 29A1.4 BioLegend 137623
CD19-FITC 1:160 6D5 BioLegend 115506
FoxP3-PE 1:40 FJK-16s eBioscience™ 12-5773-82
CD45-BV785 1:160 30-F11 BioLegend 103149
Ly6C-APC 1:79 HK1.4 BioLegend 128015
Ly6G-PE /Dazzle 1:166 1A8 BioLegend 127648
CD11c-BV605 1:20 N418 BioLegend 117334
PD-L1-PeCy7 1:79 10F.9G2 BioLegend 124313
CD206-FITC 1:160 C068C2 BioLegend 141703
MHCII-PerCP-Cy5.5 1:160 M5/114.15.2 BioLegend 107625
CD103-BV510 1:40 2E7 BioLegend 121423
CD11b-BUV737 1:80 M1/70 BD Biosciences 612801
F4/80-BUV395 1:40 T45-2342 BD Biosciences 565614
| Siglec-F-PE 1:40 E50-2440 BD Biosciences 562068
CD107a-BV421 1:100 1D4B BioLegend 121618
IFN-y-PE-CF594 1:25 XMG1.2 BD Biosciences 562303
CD19-PECy7 1:161 6D5 BioLegend 115520
TIGIT-BV421 1:33 1G9 BD Biosciences 565270
TIM-3-BV785 1:40 RMT3-23 BioLegend 119725
LAG-3-BV650 1:161 CoB7W BioLegend 125227
CTLA-4-PE 1:20 UC10-4B9 BioLegend 106305
CCR7-PE 1:20 4B12 BioLegend 120105
CD45-AF700 1:100 HI30 BioLegend 304024
CD3-APC 1:40 UCHT1 BioLegend 300411
CD8-BV650 1:50 RPA-T8 BioLegend 301041
CD56-PE 1:80 HCD56 BioLegend 318306
Epcam-PE/Dazzle 1:17 9C4 BioLegend 324231
CD4-BUV395 1:20 SK3 BD Biosciences 563550
CD45-APC 1:100 30-F11 BioLegend 103112
BrdU-FITC 1:50 3D4 BioLegend 364104
Annexin V FITC 1:50 BioLegend 640906
Propidium lodide (PI)-PE 1:50 BD Biosciences 51-66211E
CD90.2-PE 1:25 53-2.1 BioLegend 140307
CD31-APC 1:160 390 BioLegend 102409
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Tumor-infiltrating lymphoid immune cells

s ] | 5
0 e Time_ "1 single Cells
< 10 ﬂ X ___><.t ot —’<F 104] F
2 ; g
U(D) o B 0] B 0l
i o 4 0 4
103. wa' -103'
o 0t 10 0 40 70 100 130 0 w0t 0®
FSC-A Time SSC-H
10°{B cells Q2 10° 1
[&]
E 10t < 4<F—m‘1Lymphocytes‘
& Q O
- 3 2] 0 3
a 17 i’ w 0 1077
(&} ° 4 03
0% Q4 NK cells =
0 ot o e w0t | w® )
NKp46-BV510 CD3-BV395
v
& Y *{cDs+ Q2 MFI
MFI 3 0]
- 409 T 10° 1 -
© ] RS o &
g 0 e
& O 2104 CD4+ | "
[ 10t 10° o T b 0 w0t 10°
PD-1-APC CD4-BUV495 PD-1-APC
y
w 10°qTeff T memory 105]\‘ Tregs
o™ -
% 10° 1 FA < 104
@ : ?
I ; @ 10° 1
8 0 3 0 d
108 Q4 T naive 10
0 Tt 10 R
CD62L-BV605 FoxP3-PE

SSC-A

SSC-A

Y - T

0 10 10

FVD APC-Cy7

d

5

CDA45-AF700

NKT

(1]

NKp46-BV510

A
w0t 10°

Arailym SARSEMBAYEVA, PhD Thesis

98



B Tumor-infiltrating myeloid immune cells
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Cc IFN-y and CD107a expression
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E CCRY7 expression in cytotoxic lymphocytes
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CB, expression in human NSCLC
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Figure 21. Flow cytometry gating strategies.

Schematic representation of the flow cytometric gating strategies to analyze single cell

suspensions of KP cell tumors, murine spleen and lung tissues as well as human lung tumors.

Infiltrating CD45" were pre-gated for time and single cells. Dead cells were excluded using

FVD stain. To exclude myeloid cells from the lymphoid panel an additional lymphocyte gate

was used.

(A) T cells were gated as CD45*/CD3*; NK cells as CD45/CD3/NKp46*; B cells as

CD45'/CD3/CD19*; CD8* T cels as CD45*/CD3*/CD8*; CD4* T cells as
CD45*/CD3*/CD4*; Regulatory T cells (Tregs) as CD45°/CD3*/CD4*/FoxP3*; CD8* T
effector (T eff) cells as CD45*/CD3*/CD8*/CD44*; CD8* T naive cells as
CD45/CD3*/CD8*/CD62L*; CD8* T memory cells as CD45*/CD3*/CD8*/CD44*/CD62L";
and NKT cells as CD45*/CD3*/NKp46*. PD-1 expression was identified measuring median
fluorescence intensity (MFI) of CD8* T and NK cells in the APC channel.

(B) Eosinophils were gated as CD45'/CD11b*/CD11c/Siglec-F*; neutrophils as

CD45*/CD11b*/CD11c/Siglec-F/Ly6G"; monocytes as CD45*/CD11b*/CD11c/Siglec-F
/Ly6G/Ly6C* and macrophages as CD45*/CD11b*/CD11c’*/Siglec-F/Ly6G/Ly6C
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[F4/80". PD-L1 expression was determined measuring MFI of M1, M2 macrophages, pDCs
and cDC1s in the PE-Cy7 channel.

(C) IFN-y* CD8" T cells were gated as CD45*/CD3*/CD8*/IFN-y*. CD107a expression was
obtained measuring MFI of NK cells in the BV421 channel.

(D) CTLA-4 expression was determined measuring MFI of CD8* T and NK cells in the PE
channel; TIGIT MFI of CD8" T and NK cells in the BV421 channel; TIM-3 MFI of CD8* T
and NK cells in the BV785 channel; LAG-3 MFI of CD8* T and NK cells in the BV650
channel.

(E) CCR7 expression was determined measuring MFI of CD8" T and NK cells in the PE
channel.

(F) CCL21 expression was determined measuring MFI of endothelial cells and fibroblasts as
in the FITC channel.

(G) BrdU* CD45" cells were gated as CD45*/ BrdU™; BrdU  CD45" cells as CD457/ BrdU~. BrdU
expression was identified measuring MFI of CD45" and CD45  cells in the FITC channel.

(H) Apoptotic CD45" cells were gated as CD45%/Annexin V*; apoptotic CD45 cells as CD45
/Annexin V*.

() CB.'EPCAM* cells were gated as CD45/EPCAMY/CB;*; CB,'CD3* T cells as
CD45*/CD3*/CB,"; CB,*CD8* T cells as CD45*/CD3*/CD8*/CB,*; CB2*NK cells as
CD45*/CD3/CD56*/CB,".

6.2 ISH and Immunofluorescence

Table 4. 20 ZZ probes used for in situ hybridization.

Probe Targeting bases

Murine CB; 701-1792 of NM_007726.3
Murine CB: 291-719 of NM_009924.3
Human CB; 2504-3609 of NM_033181.3
Human CB: 141-1193 of NM_001841.2
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Table 5. List of primary antibodies used in immunofluorescence.

Antibody Species | Dilution/ Company Catalogue #
Concentration

Cytokeratin Rabbit 1:200 Dako 200622
CD3 Rabbit 1:200 Novus Biologicals NB600-1441
CD8 Rabbit 1:100 Abcam ab203035
Mouse Goat 10pg/mL R&D systems AF2225
NKp46/NCR1
CD163 Rabbit 1:200 Abcam ab182422
F4/80 Rabbit 1:500 Cell Signaling Technology 70076
CD11b Rabbit 1:200 Novus Biologicals NB110-

89474SS
Human Goat 15ug/mL R&D systems AF1850
NKp46/NCR1
Mouse PD-L1 | Goat 7ug/mL R&D systems AF1019
Mouse PD-1 Rabbit 1:250 Cell Signaling Technology D7D5W
Human PD-L1  Goat 15 ug/mL R&D systems MAB1561
Human PD-1 Rabbit 1:250 Cell Signaling Technology D4w2J
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