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Zusammenfassung

Das duktale Pankreasadenokarzinom (PDAC) ist die vierthdufigste krebsbedingte Todesursache in den
westlichen Landern und wird voraussichtlich bis 2030 zur zweithdufigsten krebsbedingten
Todesursache aufsteigen. Diese hohe Sterblichkeitsrate hangt mit dem fortgeschrittenem
Krankheitsstadium zum Diagnosezeitpunkt zusammen, da es keine spezifischen Symptome gibt und
Tumormarker nur eine geringe Spezifitat aufweisen. Zum Zeitpunkt der Diagnose haben die meisten
Patienten daher bereits eine lokal fortgeschrittene Erkrankung oder Metastasen, insbesondere in der
Leber, gebildet. Da die chirurgische Resektion die einzige kurative Behandlung bei lokal begrenzten
PDAC-Tumoren darstellt, werden nur palliative chemotherapeutische Behandlungen als
Standardtherapie fiir fortgeschrittene und metastasierte Erkrankungen eingesetzt. Daher werden
dringend effizientere Behandlungsmaoglichkeiten bendtigt. Immun-Checkpoint-Inhibitoren (ICl), z. B.
gegen den programmierte Zelltodprotein 1-Ligand 1 (PD-L1) oder seinen Rezeptor PD-1, haben die
Therapie vieler Krebsarten deutlich verbessert, scheiterten aber bisher beim PDAC. Makrophagen sind
eine der am haufigsten vorkommenden Immunzellpopulationen in der Tumormikroumgebung (TME)
des PDAC, die je nach ihrem Phanotyp die Tumorprogression entweder férdern oder aufhalten kénnen.
Um das Versagen der Behandlung mit PD-L1/PD-1-Inhibitoren beim PDAC besser zu verstehen, wurde
in dieser Arbeit die PD-L1-Expression im Kontext eines dynamischen TME beim PDAC und insbesondere

die Auswirkungen von Makrophagen untersucht.

Immunhistochemische Analysen ergaben, dass PD-L1 hauptsachlich von Stromazellen, einschliefSlich
Makrophagen, und nicht von PDAC-Zellen in primaren PDAC-Geweben und zugehorigen
Lebermetastasen exprimiert wird. Vor allem an den Invasionsfronten der Tumorlasionen zwischen
CD8+ T-Zellen und Tumorzellen waren haufig Makrophagen in groRer Zahl und eine starke PD-L1-
Farbung zu finden. In 2D Experimenten konnte gezeigt werden, dass CD8+ T-Zellen die phdnotypischen
Unterschiede zwischen in vitro polarisierten M1- und M2-dhnlichen Makrophagen verringern, die PD-
L1 Expression auf Makrophagen jedoch steigern. Beide Makrophagenpopulationen widerum fihrten
trotz gesteigerter PD-L1 Expression zur Erhohung des Aktivierungsstatus der CD8+ T-Zellen, was sich
aber nicht in einem Riickgang der duktalen pankreatischen Epithelzellen Viabilitat widerspiegelte. Um
zu untersuchen, ob PD-L1 exprimierende Makrophagen das Ansprechen von PDAC-Zellen auf die
Behandlung mit PD-L1/PD-1-Inhibitoren beeinflussen, wurde ein 3D Spharoidmodell mit zwei
verschiedenen PDAC-Zelllinien und unterschiedlichen Verhaltnissen von in vitro differenzierten
primaren M1- oder M2-dhnlichen Makrophagen etabliert. In Ubereinstimmung mit den in situ
Ergebnissen wurde eine hohe PD-L1-Expression in Makrophagen und nicht in PDAC-Zellen beobachtet,
die durch die Anwesenheit von PDAC-Zellen noch verstarkt wurde. Der Effektor-Phanotyp der co-
kultivierten CD8+ T-Zellen, der sich in der Expression von Aktivierungsmarkern und der Freisetzung von
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Effektormolekilen zeigt, wurde durch PDAC-Makrophagen-Spharoide eher verstarkt, insbesondere
durch M1-ahnliche Makrophagen im Vergleich zu Spharoiden in Monokultur. Dies war jedoch nicht mit
einem erhéhten PDAC-Zelltod verbunden. Die ICI-Behandlung mit Durvalumab oder Pembrolizumab
allein oder in Kombination mit Gemcitabin beeinflusste den Effektor-Phdnotyp der CD8+ T-Zellen und
das Absterben von PDAC-Zellen kaum. Trotz der starken PD-L1-Expression in Makrophagen fiihrte die
ICI-Behandlung also nicht zu einer verstarkten Aktivierung und einem zytotoxischen Phanotyp von
CD8+ T-Zellen. Insgesamt liefern die Ergebnisse dieser Arbeit neue Erkenntnisse (iber das
Zusammenspiel von PDAC-Zellen und Makrophagen sowie deren Einfluss auf PD-L1 und die
Immunabwehr des PDAC und bietet eine Erklarung fiir die schwache therapeutische Wirkung der ICI-

Behandlung beim PDAC.
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Pancreatic ductal adenocarcinoma (PDAC) is the 4™ leading cause of cancer-related death in Western
countries and is predicted to increase to the 2" most common cause of cancer-related death by 2030.
This high mortality is associated with the late stage of disease at diagnosis due to the lack of specific
symptoms and poor specificity of tumor markers. When diagnosed, most of the patients already
exhibit a locally advanced disease or formed metastases, especially in the liver. As surgical resection is
the only curative therapy for locally restricted PDAC tumors, only palliative chemotherapeutic
treatments are the standard-of-care therapy for advanced and metastasized disease stages. Thus,
more efficient treatment options are urgently needed. Immune checkpoint inhibitors (ICl), e.g.,
targeting Programmed Cell Death Protein 1-Ligand 1 (PD-L1) or its receptor PD-1, have markedly
improved the therapy of many cancers but so far failed in PDAC. Macrophages represent one of the
most abundant immune cell populations within the tumor microenvironment (TME) of PDAC being
able to either support or restrain tumor progression depending on their phenotype. To better
understand the treatment failure of PD-L1/PD-1 inhibitors in PDAC, this thesis aimed to examine PD-
L1 expression in the context of a dynamic TME in PDAC with a particular focus on the impact of

macrophages.

Immunohistochemical analyses revealed that PD-L1 is mainly expressed by stroma cells, including
macrophages and not PDAC cells in primary PDAC tissues and corresponding liver metastases. Notably,
a high local abundance of macrophages and strong PD-L1 staining were commonly found at invasion
fronts of tumoral lesions between CD8+ T cells and tumor cells. In 2D experiments, the phenotypic
differences between in vitro polarized M1-like and M2-like were abolished, but the PD-L1 expression
on macrophages was increased by CD8+ T cells co-culture. Despite the enhanced PD-L1 expression on
macrophages, the activation stage of CD8+ T cells was enhanced by macrophage attendance which,
however, was not reflected in decreased pancreatic ductal epithelial cell viability. In order to
investigate whether PD-L1-expressing macrophages impact the response of PDAC cells to treatment
with PD-L1/PD-1 inhibitors, a 3D spheroid model comprising two different PDAC cell lines and different
ratios of in vitro differentiated primary M1- or M2-like macrophages was established. In line with the
in situ findings, high PD-L1 expression was observed in macrophages rather than PDAC cells, which was
further increased by the presence of PDAC cells. The effector phenotype of co-cultured CD8+ T cells
exemplified by the expression of activation markers and release of effector molecules was rather
enhanced by PDAC macrophage spheroids, particularly with M1-like macrophages compared to mono-
culture spheroids. However, this was not associated with enhanced PDAC cell death. ICl treatment with
either Durvalumab or Pembrolizumab alone or in combination with Gemcitabine hardly affected the
effector phenotype of CD8+ T cells along with PDAC cell death. Thus, despite strong PD-L1 expression
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in macrophages, ICl treatment did not result in an enhanced activation and cytotoxic phenotype of
CD8+ T cells. Overall, the results of this thesis revealed novel insights into the interplay of PDAC cells
and macrophages and its impact on PD-L1 and immune evasion of PDAC thereby explaining the poor

therapeutic effects of ICI treatment in PDAC.
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uM Mikromolar

2D Two-dimensional

3D Three-dimensional

AIB1/NCOA3 Amplified in breast cancer 1/nuclear receptor coactivator 3
APCs Antigen-presenting cells

ARG1 Arginase 1

ATCC American type culture collection
ATRA All-trans retinoic acid

BPE Bovine pituitary extract

BRCA Breast cancer susceptibility gene
BSA Bovine serum albumin

CAF(s) Cancer-associated fibroblast(s)
CAR Chimeric antigen receptor

cc Cell culture

ccK18 Caspase-cleaved Keratin 18

CCL C-C motif ligand

CcD Cluster of differentiation

CDA Cytidine deaminase

CDKN2A Cyclin-dependent kinase inhibitor 2A
cDNA Complementary DNA

CH Swiss

CHEK2 Checkpoint kinase 2

CO; Carbon dioxide

CRC Colorectal cancer

CTC Circulating tumor cell

CTLA-4 Cytotoxic T lymphocyte-associated antigen-4
CTLs Cytotoxic T lymphocytes

CXCL C-X-C motif ligand

DC(s) Dendritic cell(s)

ddH,0 Aqua distilled

DE Germany

DMEM Dulbecco’s Modified Eagle Medium
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DMSO Dimethylsulfoxide

DN Double negative

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetate

EGF Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor

ELC Epstein—Barr virus-induced molecule-1 ligand chemokine
EMT Epithelial-Mesenchymal Transition

FC Flow cytometry

FCS Fetal calf serum

FDA Food and Drug Administration

FGF Fibroblast Growth Factor

FoV Fields of View

FOXP3 Forkhead-box-protein P3

FRA France

FRPB Folate receptor

FSC Forward scatter

g Gram

GAPDH Glycerinaldehyd-3-phosphate-dehydrogenase
GM-CSF Granulocyte-macrophage colony stimulating factor
h Hour(s)

HGF Hepatocyte Growth Factor

HIF1 Hypoxia-inducible factor 1

HLA Human leucocyte antigen

HMFs Hepatic myofibroblasts

HSCs Hepatic stellate cells

ICAM-1 Integrin ligands intercellular adhesion molecule 1
ICI(s) Immune checkpoint inhibitor(s)

ICOS Inducible T cell co-stimulator

IDO Indoleamine 2,3-dioxygenase 1

IF Immunofluorescence

IFN Interferon

gV Variable immunoglobulin region
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IHC Immunohistochemistry

IL Interleukine

iNOS Inducible nitric oxide synthase
IPMN Intraductal papillary mucinous neoplasms
IS Immunological synapse

ITIM Immunoreceptor tyrosine-based inhibitory motif
JPN Japan

KHCO3 Potassium hydrogen carbonate
KRAS Kirsten rat sarcoma

| liter

L1CAM L1 cell adhesion molecule

LAG-3 Lymphocyte-activation gene 3
L-GIn L-Glutamine

LN(s) Lymph node(s)

LPS Lipopolysaccharides

LRSC Leukoreduction system chambers
MACS Magnetic-activated cell sorting
MAPK Mitogen-activated protein kinase
M-CSF Macrophage colony stimulating factor
MDCS(s) Myeloid-derived suppressor cell(s)
MHC Major histocompatibility complex
min Minute(s)

ml Milliliter

mM Millimolar

mm Millimeter

MMp Matrix metalloproteinase

MCN Mucinous cystic neoplasms

mTOR Mammalian target of rapamycin
ng Nanogram

NH4CI Ammonium chloride

NK Natural killer

NSCLC Non-small cell lung cancer

PALB2 Partner and localizer of BRCA2
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PanIN(s) Pancreatic intraepithelial neoplasia(s)
PBMCs Peripheral blood mononuclear cells

PBS Phosphate-buffered saline

PD-1 Programmed Cell Death Protein 1

PDAC Pancreatic ductal adenocacinoma

PDEC(s) Pancreatic ductal epithelial cell(s)

PD-L1 Programmed Cell Death Protein 1-Ligand 1
Pen/Strep Penicillin/Streptomycin

PFA Paraformaldehyde

PGE Prostaglandin E

Pl Propidium iodide

PI3K Phosphatidylinositol 3-kinase

PSCs Pancreatic stellate cells

RASGRP1 RAS guanyl-releasing protein 1

RNA Ribonucleic acid

RNS Reactive nitrogen species

ROS Reactive oxygen species

RPMI Roswell Park Memorial Institute

RT Room temperature

SDF-1 Stromal Cell-derived Factor-1

SEVs Small extracellular vesicles

SHP Src homology region 2 domain-containing phosphatase
SLC Secondary lymphoid organ chemokine
SMAD Suppressor of mothers against decapentaplegic
SMADA4 Mothers against decapentaplegic homolog 4
SsC Side scatter

TAM(s) Tumor-associated macrophage(s)

TCR(s) T cell receptor(s)

TGFB Transforming Growth Factor beta

TH T helper

TIGIT T cell immunoreceptor with Ig and ITIM domains
TILs Tumor-infiltrating lymphocytes

TIM-3 T-cell immunoglobulin and mucin-domain 3
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TMB Tumor mutational burden

TME Tumor microenvironment

TNF Tumor Necrosis Factor

Treg(s) Regulatory T cell(s)

Tris Tris(hydroxymethyl)aminomethane
TSC Tuberous sclerosis complex

UK United Kingdom

UKSH University Hospital Schleswig-Holstein
ULA Ultra-low attachment

USA United States of America

v/v Volume per volume

VCAM-1 Vascular Cell Adhesion molecule 1
VEGF Vascular Endothelial Growth Factor
VISTA V-domain Ig suppressor of T cell activation
w/v Weight per volume

Zeb Zinc finger E-box-binding homeobox
aSMA Alpha-smooth muscle actin
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Introduction

1. Introduction

1.1. Epidemiology and risk factors
In Western countries, pancreatic ductal adenocarcinoma (PDAC) is the 4™ leading cause of cancer-
related deaths, with a low 5-year survival rate of 10 % . The incidences significantly differ between
countries. Europe and North America show the highest age-standardized incidence, whereas Africa

and South Central Asia have the lowest incidence (Figure 1) 2.
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Figure 1: Diagram of pancreatic cancer incidence in both sexes worldwide 2.

The incidence of PDAC considerably rises in the Western world and is predicted to increase from the
4™ to the 2" most common cause of cancer-related deaths by 2030 in the United States 2. The high
mortality is associated with the late stage of the disease at diagnosis due to the lack of specific
symptoms and poor specificity of tumor markers. Further, it often metastasizes to distant organs,
including the liver (76-80 % of patients), the peritoneum (48 %), or the lung (45 %) 3. To date, the only
curative treatment option is resection, but most patients are not eligible due to the advanced disease
stage at diagnosis or comorbidities. Even if the primary tumor has been successfully resected, the 5-

year survival rate of these patients is only 27 % 2.

In Germany, around 19,000 new cases of PDAC were detected in 2018 (age-standardized incidence
men vs. women: 15.1 % vs. 10.8 % per 100,000 persons). The median age at diagnosis is 76 years in
men and 72 years in women. In Germany, PDAC is also the 4™ most common cause of cancer-related
deaths among both men (7.4 % of cancer-related deaths) and women (8.7 % of cancer-related

deaths) 4.
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For PDAC, several risk factors are known and can be divided into non-modifiable and modifiable risk
factors 2. A non-modifiable risk is the patients age, as it is known that over 90 % of cases at diagnosis
are at least 55 years old and peak in the 7" and 8™ decade >°. Further, patients with an early stage of
the disease are 2.3 years younger than those with advanced stage cancer, indicating that the cancer
progression needs 1-2 years to develop from early to late stage of disease ’. Other non-modifiable risk
factors are the sex and ethnicity of patients. Men become 30 % more commonly diseased than women,
and African-Americans and Caucasian people show higher incidences than Pacific Islanders and Asian-
Americans °. Moreover, the blood group can play a crucial role in developing PDAC as patients with
blood group 0 have a significantly lower risk than patients with blood group A, followed by AB and B 2.
Family history, genetic susceptibility, infections, and diabetes mellitus also belong to the group of non-
modified risk factors >°. Modifiable risk factors are smoking and alcohol abuse. Smoking shows a dose-
responsive significantly increased risk for developing pancreatic cancer, and consumption of >30 g
alcohol per day demonstrated an increased risk of pancreatic cancer 2. Likewise, obesity and chronic

pancreatitis are associated with developing PDAC 2°.

1.2. Pathology and Pathogenesis
PDAC is the most abundant disease of pancreatic cancer (>85 % of cancer cases) % It is characterized
by its ductal, glandular morphology and commonly originates from the head of the pancreas and
infiltrates into surrounding tissue (e.g., lymph nodes, spleen, and peritoneal cavity) 2. Tumors often
show a variety of differentiation ranging from well-differentiated to poorly differentiated
adenocarcinomas within one tumor and have significant intra- and inter-tumoral histological
heterogeneity 3. In PDAC, several aggressive histological patterns were observed, such as tumor
invasion into peripancreatic soft tissue, large vessels, and adjacent structures, lymphovascular
invasion, involvement of resection margins, and lymph node metastasis. Patients with these aggressive
histological features are associated with an enhanced risk of post-operative tumor occurrence (distant
metastases) and poor survival 23, The disease arises through step-wise genetic mutations from normal
mucosa to specific precursor lesions %, The three best-characterized precursor lesions include
intraductal papillary mucinous neoplasms (IPMN), mucinous cystic neoplasms (MCN), and the best-
studied lesion, pancreatic intraepithelial neoplasia (PanIN) 214, PanINs often occur in the smaller
pancreatic ducts (<0.5 cm) and are non-invasive lesions. They show divergent morphological
alterations compared to normal ducts and can be graded into three stages %12, The first-grade lesions
comprise mucinous tall columnar epithelial cells with basally oriented nuclei 1! and can be divided into

PanIN 1A, which forms flat duct architecture, and PanIN 1B, which are characterized by papillary



Introduction

structure °. Lesions with moderate atypical structural alterations are characterized as PanIN grade 2,
while PanIN grade 3 is recognized by wide nuclear atypia (Figure 2). During progression of grades 2 and

3, cells also express more supranuclear mucin and show papillary projections 2.

Early Events

K-RAS mutation

p16/NKéa oss

Later Events

P53 loss
SMAD4/DPC loss

Pancreatic Ductal
Adenocarcinoma

Figure 2: Pancreatic precursor lesions and their genetic events involved in progression of PDAC. Histological images of the
precursor lesions IPMN and MCN, as well as the three PanlIN lesions (grade 1 — 3), reflecting the progressing atypia which can
lead to a PDAC. The genetic mutations are divided into early and late events and mostly occur in PanIN and, to a lesser extent,
in IPMN and MCN. The figure is modified regarding reference 12,

PDAC is described by several inherited and recurring somatic mutations 3. Main drivers for PanIN
lesions and the formation of PDAC are four different genes: the oncogenic Kirsten rat sarcoma (KRAS)
virus oncogene homolog gene mutation, acting as one of the first mutations, and mutations of the
tumor suppressor genes TP53, the cyclin-dependent kinase inhibitor 2A (CDKN2A) and mothers against
decapentaplegic homolog 4 (SMAD4) 121316, The KRAS gene is mutated mainly in PDAC and results in
missense mutations in the codons 12 or 13. Besides G12V and G12R, the most common KRAS
mutations is G12D which leads to a replacement of Gylcin by other amino acids resulting in the
activation of KRAS 27, Activating KRAS mutations cause enhanced cell proliferation, differentiation,
and increased survival and migration of tumor cells. Further, KRAS mutations are found in over 90 %
of low-grade PanIN and PDAC cases °. The mutated KRAS gene induces the stress response in cells
resulting in oncogene-induced senescence and loss of the p16ink4a protein, encoded by the CDKN2A
gene. When a loss of CDKN2A is also present, the blocking of entry into the cell cycle’s S-phase is also
lost. Furthermore, mutation of TP53 impacts the ability to express genes responsible for cell cycle
arrest or apoptosis after DNA damage or cellular stress. The final mutation to complete PDAC
development is the loss of SMAD4, which results in abnormal Transforming Growth Factor beta (TGFB)-

dependent effects regarding proliferation. Additionally, the loss of SMAD4 is associated with poorer
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survival of PDAC patients °. Notably, higher grades of PanIN also obtain an increasing number of
genetic alterations %24, Further, less common oncogene mutations were identified in PDAC, such as
CMYC, MYB, amplified in breast cancer 1/nuclear receptor coactivator 3 (AIB1/NCOA3), Epidermal
Growth Factor Receptor (EGFR), or GATA®6, as well as recurrent chromosomal amplifications. Genes
responsible for DNA damage repair were also found to be impaired in PDAC patients, e.g., breast
cancer susceptibility genes 1 and 2 (BRCA1 and BRCA2), ATM, partner and localizer of BRCA2 (PALB2),
checkpoint kinase 2 (CHEK2), RAD51C, and RAD51D 3,

Based on genetic and transcriptomic characterization, Moffitt et al. identified two subtypes of PDAC
cells: the basal-like and classical subtypes. Here, two different stromal subtypes were also identified
(normal and activated). The basal-like subtype or activated stroma showed a worse prognosis
compared to the other subtypes 8. Since a characteristic of PDAC is the presence of a dense stroma
containing fibroblasts and immune cells >33, the impact of the stromal compartment is described in

more detail in section 1.3.

1.3. Tumor-stroma in PDAC

Tumors are not composed of tumor cells alone, they instead are a complex ecosystem which comprises
non-cellular factors and many non-neoplastic cell types, such as blood cells, fat cells, endothelial cells,
immune cells, and cancer-associated fibroblasts (CAFs) 1. In the physiological context, the stroma has
a tumor-suppressing role, regulating the proliferation, motility, and infiltration of differentiated
epithelial cells into the extracellular matrix 221, These functions are regulated through the secretion

of cytokines and growth factors 22

PDAC is characterized by an extensive desmoplastic stroma which is mostly hypoxic and
immunosuppressive, comprising among others CAFs, tumor-infiltrating B, T, and natural killer (NK)
lymphocytes as well as myeloid cells like monocytes, macrophages, dendritic cells (DCs), and myeloid-
derived suppressor cells (MDSCs) 1*16:2324 (Figure 3). CAFs, as one of the most abundant stroma cell
populations, can produce several soluble factors, including TGFB, interleukins (IL), Stromal Cell-derived
Factor-1 (SDF-1), Fibroblast Growth Factor (FGF), Hepatocyte Growth Factor (HGF), and Galectin-1,
thereby regulating the pathogenesis and invasiveness of PDAC *!624 B lymphocytes, especially
regulatory B cells, are a newly defined and, therefore, not well-characterized cell population in the
context of the tumor microenvironment (TME). They can regulate disease development through the
secretion of IL-10, IL-35, and IL-21, and thus, suppress the immune response against tumors, thereby

contributing to carcinogenesis *°.
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Figure 3: The tumor microenvironment TME of PDAC is characterized by a high tumor and stroma heterogeneity. The TME
undergoes fundamental alterations, including the activation of fibroblasts and transdifferentiation into CAFs, alteration of
ECM molecules, enrichment of immunosuppressive cell populations (tumor-associated macrophages (TAMs) and regulatory
T cells), elevation of inflammatory mediators, and formation of new and modified blood vessels. The figure is revised
regarding reference 24.

The dense acellular extracellular matrix (ECM) in PDAC acts as a physical barrier limiting the delivery
and diffusion of oxygen, nutrients, and therapeutics into PDAC ?°. The ECM predominantly consists of
collagens, fibronectin, and laminin produced by CAFs, developing a physically hard tumor with
enhanced interstitial fluid pressure 2426, Different T cell populations can be found in the TME of
primary PDAC. With their different effector phenotypes, T cells essentially affect the process of tumor
and metastases formation in several ways. Increased numbers of immunosuppressive T cells can be
detected during PDAC progression, whereas tumor-directed immune functions are inhibited and/or
even lost. Accordingly, the attendance of CD8+ T cells, which are key players of anti-tumor immunity,
is associated with prolonged overall survival of PDAC patients 2. NK cells, identified as unspecific killer
cells, can recognize and kill tumor and virus-infected cells without prior antigen stimulation. However,
recent data indicate that NK cells can be polarized towards a tumor-promoting phenotype due to
soluble factors and extracellular vesicles in the PDAC TME #’. DCs are also found in the TME of PDAC
and are associated with better survival of PDAC patients, however, most human specimens show low
numbers of DCs, which are mostly located at the tumor margins and not inside the tumor #*. MDSCs,
as immunosuppressive cells, suppress CD4+ T cell and CD8+ T cell function through direct cell-cell

contact with lymphocytes 2*#?’, Monocytes and macrophages represent the most dominant immune
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cell population and acquire different pro- or anti-tumor phenotypes dependent on environmental

factors 1624,

In the following sections, tumor associated macrophages (TAMs) (section 1.4) and CD8+ T cells (section
1.5) will be introduced in more detail, as both cell populations are found in PDAC tissues and were in

the focus of this thesis.

1.4. Tumor-associated macrophages (TAMs)

1.4.1. Origin and polarization

Macrophages, as one of the innate immune cell populations, play a crucial role in first-line defense
against pathogens, including effects of direct tumor cell killing through the release of cytolytic
enzymes, secretion of cytotoxic factors, antibody-dependent cell-mediated cytotoxicity via Fc
receptors and presentation of tumor antigens to activate T cell immune response %%, Tissue-resident
macrophages predominantly originate from embryonic precursor cells, which seed tissues during the
prenatal and perinatal periods. This develops in at least two waves, including macrophage precursor
cells from the fetal yolk sac or fetal liver progenitor cells 3. These precursor cells settle distant tissues
and emerge as locally proliferating, self-maintained tissue-resident macrophages that can endure into
adulthood 31734, In some tissues, these macrophages are rapidly displaced by monocytes derived from
hematopoietic stem cells. In the pancreas, the origin of macrophages is a mixture of embryonic
precursor and hematopoietic stem cells 3°. In contrast to tissue-resident macrophages, infiltrated
macrophages differentiate from monocytes to macrophages derived from bone marrow-derived

myeloid progenitor cells 3>3¢

. Macrophages are able to switch their functional and phenotypic
properties due to signals in the surrounding microenvironment during both physiological and
pathological conditions *’. Following a simplified model, monocytes can differentiate into classically
activated, pro-inflammatory M1- or alternatively activated, anti-inflammatory M2-macrophages 3%°,
Monocytes activated by Interferon y (IFNy) or lipopolysaccharides (LPS) evolve into M1-type
macrophages, while IL-4 leads to polarization into M2-like macrophages **2. Additionally, the M2
subtype can be further divided into M2a (after exposure to IL-4 or IL-13), M2b after exposure to
immune complexes in combination with LPS or IL-13, or M2c macrophages after stimulation with IL-
10, glucocorticoids or TGFB **#4. The polarization of different macrophage types is also accompanied
by specific alterations in cell morphology and phenotype %%, Thus, the surrounding TME with its

changing composition (e.g., oxygen level, type, and amount of other stromal or tumor cells) affects the

phenotype and effector function of macrophages and promotes a switch of one macrophage type to
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another. Detecting surface markers specific for M1- or M2-like macrophages are used to characterize

macrophage infiltration in many diseases, e.g., cancer ¥/,

Table 1: Markers and cytokine secretion of M1- and M2-like macrophages. Characterization of macrophage subtypes by
their function, expression of surface markers, and secretion of cytokines, chemokines, and other factors. Adapted
from 29,47,48.

Macrophage Function Human Markers Secretion of
subtype
CD80 IL1
. CD86 TNFa
M1-like Pro-inflammatory, HLA-DR IFNy
Immunosupportive
iNOS RNS
CD64 ROS
CD206 IL-4
CD204 IL-10
M2-like Anti-inflammatory, CD163 TGFB
Immunosuppressive ARG1 MMps
FRB VEGF
CCL2

Besides the mentioned polarization stimuli, Granulocyte-Macrophage Colony Stimulating Factor (GM-
CSF) and Macrophage Colony Stimulating Factor (M-CSF) are described to polarize in vitro cultured
monocytes towards M1- and M2-like phenotype, respectively *4°. Although most of the human
markers on in vitro polarized macrophages are similar for polarization with IFNy or GM-CSF (M1) and
IL-4, IL-10, and M-CSF (M2), respectively, the surface levels of macrophages polarized with GM-CSF in
comparison with IFNy showed differences in CD206 expression as GM-CSF seems to induce CD206 %',
This again highlights the complexity of macrophage polarization in response to the surrounding

microenvironment.

Hence, the plasticity of macrophages might have essential therapeutic and disease-driving

implications ¥, therefore playing a major role in this study.

1.4.2. TAMs in PDAC
In the tumor-stroma, macrophages are called TAMs and are one of the most abundant immune cell
populations in the TME of PDAC. The most common source of tissue-resident macrophages in the
pancreas are monocytes from the blood circulation derived from the bone marrow %', Most
pancreas-resident macrophages are in a quiescent state, suggesting that these macrophages could

persist in the pancreas over a long term. TAMs predominantly originate from tissue-resident
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macrophages or monocytes of blood circulation, which infiltrate into injured tissue. Similarly,
macrophages can be also recruited from blood monocytes %2, Even at an early stage of pancreatic
lesions, macrophages, as one of the first immune cell populations, are recruited and accumulate in the

tissue >3. The number of macrophages increases during disease progression >>°4,

Although the phenotype and frequency of macrophages are highly dynamic, TAMs in PDAC mostly
exhibit M2-like characteristics as CD163+ macrophages were predominantly detected in primary
PDAC>>>° The M2-phenotype is associated with pro-tumoral effects, including tumorigenesis,
immunosuppression, angiogenesis, metastasis acceleration, and chemotherapeutic resistance 26052,
Accordingly, patients with a high M2-like macrophage abundance show a poor prognosis and
decreased survival *8°%83, Bidirectional signaling between macrophages and epithelial cells expressing
mutant KRAS showed to promote a pro-tumorigenic phenotype of macrophages which intensified
cancerous phenotypes of the epithelial cells 8. One strategy by which TAMs promote tumor immune
evasion is the release of immunosuppressive cytokines like IL-10, TGFB, IL-6, Prostaglandin E (PGE),
CCL2, CCL17, CCL20, and others, which inactivates CD8+ T cell response %°. Further, the expression of
immune checkpoint molecules, which refer to co-inhibitory signals of immune cells impeding the
immune response, can be adopted by tumor cells to suppress the surrounding immune response %,
TAMs strengthen the signaling of immune checkpoint molecules like Cytotoxic T Lymphocyte-
associated Antigen-4 (CTLA-4) and Programmed Cell Death Protein 1-Ligand 1 (PD-L1), and they
themselves express enhanced levels of PD-L1 which impede the immune recognition by T cells .
Another immunosuppressive strategy is the accumulation of MDSCs and M2-polarized TAMs in
tumoral lesions accompanied by a decreased presence of cytotoxic T lymphocytes (CTLs) and T helper
cells >3, As PDAC growth depends on the delivery of oxygen and nutrients, angiogenesis is a crucial
pathological process to ensure the influx of oxygen and nutrients into the tumor. Macrophages are
aggregated in hypoxic areas of PDAC, and many surround intertumoral vessels indicating the
association between TAMs and angiogenesis. The angiogenesis is induced by pro-angiogenic factors
like Vascular Endothelial Growth Factor (VEGF), which is released by tumor and stroma cells, e.g.,
TAMs . In PDAC, high levels of VEGF are associated with an increased risk of metastasis ®. Further, as
TAMs secrete a plethora of growth factors, chemokines, and cytokines, they efficiently induce
Epithelial-Mesenchymal Transition (EMT) (section 1.6). In PDAC, TAMs also promote therapy resistance
as macrophages can rapidly metabolize and inactivate the cytostatic drug Gemcitabine . Moreover,
the amount of M2-like macrophages increased after Gemcitabine treatment in a mouse model system,
indicating another drug resistance mechanism caused by TAMs %3, Further, cytidine deaminase (CDA),
an enzyme, which transports chemotherapeutic drugs in cells and is responsible for their

metabolization into inactive forms, is upregulated in PDAC cells in combination with TAMs and
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Gemcitabine treatment ®’. Binenbaum et al. showed that TAMs communicate with cancer cells through
so-called macrophage-derived exosomes, which are internalized by tumor cells. This leads to reduced

Gemcitabine concentrations and upregulation of CDA in PDAC cells .

In summary, TAMs play an important role in PDAC progression and therapy resistance. Therefore,
targeting macrophages is a major subject in several pre-clinical and clinical trials, e.g., addressing CD40
interaction (NCT03214250; NCT04536077; NCT04807972; NCT04888312), a combination of

Gemcitabine and a-PD-1 antibody °, or TAMs repolarization 7°.

1.5. (Tumor-infiltrating) T lymphocytes

In PDAC patients, a higher density of CD8+ T cells in tumor areas was observed to be associated with a

7173 In contrast, an increased infiltration of regulatory T cells (Tregs)

better survival outcome
correlates with a poor clinical outcome in many cancer types, including PDAC 7#75, Due to the different
effector phenotypes, T cells can essentially impact tumor progression and metastasis formation in
several ways. T cells generally originate from bone marrow-derived multipotent hematopoietic stem
cells, which migrate through the blood circulation into the thymus to further undergo T cell
maturation. T cells can be divided into different populations, including y6 T cells and af T cells, whereas
the latter can be subdivided into CD4+ T cells and CD8+ T cells 3¢, The population of CD4+ T cells is very
heterogeneous, as they can differentiate into various subsets, including T helper (TH) cells TH1, TH2,

TH17, T follicular helper cells, and Tregs according to the different cytokine composition in their

microenvironment 3676,

TH1 cells support bacterial infection elimination through recognition of bacterial antigens presented
on major histocompatibility complex (MHC)-Il of macrophages and secretion of IFNy. Thus,
macrophages are stimulated to destroy phagocytosed bacteria 3. TH1 cells are characterized by their
profound secretion of IFNy, which furthermore promotes the recruitment of CD8+ T cells, M1-like
macrophages, and NK cells, therefore capturing a tumor-suppressing phenotype 27677 |L-2 secreted

by TH1 CD4+ T cells is crucial for proliferation and survival of CD8+ T cells 36,

TH2 cells secrete IL-4, IL-5, IL-10, and IL-13 3478 and eliminate infection of extracellular parasites 3¢. In
PDAC, tumor cells and the TME foster differentiation of TH2 cells and their secretion of IL-4 and IL-10,
which act immune-suppressive and promote polarization of monocytes into M2-like macrophages .
Additionally, IL-4 and IL-13 contribute to ECM remodeling as they trigger collagen synthesis in

myofibroblasts 24
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T regs, characterized by their expression of forkhead-box-protein P3 (FOXP3), recognize self-antigens
to maintain self-tolerance, restore tissue homeostasis and regulate inflammatory response 3. Tregs
are considered as the most potent inhibitor of the anti-tumor immune response as they can inhibit the
activity of CD4+, CD8+, and NK cells. They secrete cytokines like IL-10 and TGFpB, both known for their
immunosuppressive function and compete with effector T cells to connect to antigen-presenting cells

(APCs) ™.

v& T cells can own phagocytic properties and recognize antigens in an MHC-independent way to
present antigens to CD3+ af T cells. Therefore, this T cell subset acts as a promising tumor-suppressive

T cell population 2* and is promising for novel immunotherapeutic strategies in cancer treatment.

CD8+ T cells represent the primary CTL subset that accomplishes lysis of virus-infected, neoplastic, and
damaged cells. Thereby, CD8+ T cells recognize antigens presented on the MHC of APCs via their highly
specific T cell receptor (TCR). After recognition, CD8+ T cells form an immunological synapse (IS) and
release granules containing different cytotoxic molecules, including Perforin, Granzymes, and
Granulysin. Perforin forms pores in the plasma membrane of the target cell, through which Granzymes
and Granulyisn can be released into the target cell’s cytosol. Granzymes activate apoptosis via caspase
activation, and granulysin has anti-microbiotic properties and can induce apoptosis when released in
high concentrations. Further, CD8+ T cells secrete cytokines, such as IFNy and TNFa, that contribute to
the immune response. In detail, IFNy fosters the expression of MHC-class | molecules. It further
activates macrophages and guides them to the center of infection, where they act as APCs or effector

cells %, IFNy is also able to induce cell cycle arrest, e.g., in tumor cells &.

The attendance of CD8+ T cells in PDAC is associated with better survival outcomes "*73. PDAC is
generally characterized as a “cold” tumor because of low T cell infiltration 7>#1, As outlined above, the
complex TME of PDAC with its immunosuppressive cells contributes to the dysfunctionality or
downregulation of anti-tumor immune response, including T cell exhaustion #. Further, PDAC cells
secrete cytokines, such as CCL5, TGFB, and IL-10, that are associated with Treg migration and
accumulation. The presence of Tregs in turn is associated with several tumor-promoting effects, e.g.,
suppression of co-stimulatory ligands CD86 and CD40 on APCs, that are important for CD8+ T cell
activation, thereby impairing activation of CD8+ T cells 7. As the heterogeneity of T cell subsets is
markedly high, first attempts have been undertaken to consider the T cell diversity for patient
stratification and optimized treatment. Nevertheless, based on the non-T cell inflamed (cold) tumors
of PDAC, immunotherapies targeting the effector phenotype of CD8+ T cells have been ineffective in

PDAC so far %%,
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1.5.1. T cell priming and maturation
T lymphocytes, produced in the bone marrow, migrate to the thymus to undergo a complete
maturation process . Double negative (DN) thymocytes (CD4- and CD8-) enter the thymus and pass
through four DN stages (DN 1-4) #. Early-stage DN1 cells do not express CD25, while DN2 cells are
characterized by elevated CD25 expression 3°. DN3 cells express a pre-TCR, proliferate and develop

into DN4 cells 384, Finally, DN4 cells express mature TCRs and co-receptors and begin to proliferate 3°.

The TCR on the surface of thymocytes is a membrane protein containing different subunits and is
responsible for the specific recognition of antigens. To reach the great diversity of highly specific TCRs,
a process named V(D)J recombination occurs during T cell maturation in the thymus #. During V(D)J
recombination, numerous variable (V), diversity (D), and joining (J) gene segments are assembled to
create various TCRs on thymocytes %, Besides the genetic rearrangement of different TCR variants,
this process simultaneously goes along with the formation of two different T cell lineages: T cells
expressing subunit a and B to form TCRs (af T cells) and T cells that exhibit TCRs containing y and
subunit (y& T cells). y& T cells are typically CD4 and CD8 double negative, whereas a3 T cells express
both co-receptors ¥. The two different TCR subunits respectively comprise a constant
immunoglobulin-like domain and a variable region. Both variable regions of the subunits form the
highly specific antigen binding site. The TCR alone is not sufficient to transfer signals intracellularly
after antigen binding. Therefore, the CD3 complex comprising two e-chains, one &-chain, and one y-
chain is expressed to mediate signal transduction into the cell to induce T cell differentiation,

proliferation, and cytokine secretion 3°.

Afterwards, DN3 cells evolve through immature CD8-positive cells into double-positive CD4+ and CD8+
cells 3. In the cortex of the thymus, double-positive thymocytes undergo a process of positive and
negative selection to either progress into single positive CD4+ or CD8+ cells 8. Positive selection is
described as a process whereby double-positive cells recognize low-affinity self-peptide:self-MHC and
mature to express profound amounts of TCR 3¢. After positive selection, the reactivity to self-
peptide:self-MHC is decreased 2. At the end of the positive selection phase, the expression of one co-
receptor is abandoned. CD4-expressing T cells produce receptors that recognize antigens presented
on self-MHC class Il molecules, while CD8-expressing T cells carry receptors that recognize peptides on
self-MHC class | molecules. The decision of which co-receptor remains expressed depends on the
binding site of constant areas of either MHC-class | or class Il. Therefore, positive selection is only
completed when TCR and co-receptor interact with the MHC molecule 3°. In contrast, the negative
selection causes the deletion of self-reactive T cells by inducing apoptosis due to a high-affinity

interaction with self-MHC molecules 3%, The process of negative selection addresses the high
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recognition of auto-antigens on cortical or medullary epithelial cells or bone marrow-derived APCs 3°.
After positive and negative selection, mature T cells exit the thymus and circulate in the peripheral

lymphoid organs such as spleen and lymph nodes (LNs) 88,

1.5.2. T cell activation and inhibition
Naive T cells that exit the thymus migrate into lymphoid organs and LNs through high endothelial
venules in the paracortical T cell zone. Since the frequency of naive T cells specific for a distinct antigen
is very low, antigen-presenting DCs must easily meet various potential T cell suitors in the T zones .
The interaction of T cells and APCs like DCs is achieved by the LN stromal framework in order to
enhance the probability of finding a cognate interaction which further results in the initiation of an
immune response °. In contrast to T cells, DCs enter the LNs predominantly via afferent lymphatic
vessels, but in the spleen, both cell populations enter from the blood. The chemokine receptor CCR7
and its ligands (e.g., Epstein—Barr virus-induced molecule-1 ligand chemokine (ELC) and secondary
lymphoid organ chemokine (SLC)) are responsible for the recruitment of naive T cells and DCs into

lymphoid T zones *°.

When both cell populations arrive in the T zones, binding of TCR to a specific antigen on MHC class | or
MHC class Il is achieved. A huge peptide repertoire can be presented on the membrane surface via
MHC class | or MHC class Il molecules for recognition by CD4+ or CD8+ T cells 92, Although intracellular
antigens are presented on MHC class | molecules and endocytosed extracellular antigens are bound to
MHC class Il molecules, a process called cross-presentation enables the presentation of extracellular

antigens on MHC class | and intracellular antigen peptides on MHC class Il complexes 394,

As the first step of T cell activation is delivered by engagement of TCR with antigenic peptide on MHC
molecules 8%, the co-receptors CD4 or CD8 must interact with nonpolymorphic domains of the MHC
molecules to participate actively in T cell activation 8 (Figure 4). Therefore, CD4 binds to MHC class Il
and co-receptor CD8 interacts with MHC class | molecules %%, The TCR ligation alone is associated
with T cell anergy or unresponsiveness, wherefore a co-stimulatory signal is necessary to prevent T
cells from unresponsiveness %, Thus, the next signal is the interaction of co-stimulatory molecules such
as CD28 on T cells with its primary ligands CD80 or CD86 on APCs °*%. The CD28 receptor family,
including CD28, CTLA-4, ICOS, and PD-1, is best characterized and provides principal signals for optimal

T cell function ¥7.
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Figure 4: Main interactions between APCs and CD8+ T cells for complete T cell activation. Three signals are needed for T cell
activation. 1) Engagement of specific antigen, presented on APC’'s MHC, and TCR-CD3 complex on T cells, and binding of co-
receptor CD8 to constant region of MHC. 2) Co-stimulatory interaction of CD28 and CD80/CD86. To suppress T cell activation,
co-inhibitory binding of PD-1 and PD-L1 or CTLA-4 and CD80/CDS86 is required. 3) Cytokine signaling for regulation of T cell

activation. Adapted from 98,

To regulate T cell activation, co-inhibitory molecule interaction is needed. One prominent example for

suppression of T cell response is the binding of CTLA-4 to CD80 or CD86, both also ligands for CD28.

Therefore, a competition between CD28 and CTLA-4 for their ligand binding exists and adds another

layer of complexity to CD28 signaling regulation .

Table 2: Selection of co-stimulatory and co-inhibitory molecules involved in T cell activation. The symbol * represents

molecules that are expressed on T cells. In the column “Effect”, co-stimulatory effects are denoted as “+” and co-inhibitory

“_u

effects are marked as

Receptor Ligand(s) Effect Reference(s)
¥ TIM1 - 9
CD137 (4-1BB)* CD137L + 100
CD27* CD70 + 99,101
CD278 (ICOS)* ICOSL + 102,103
CD279 (PD-1)* CD274 (PD-L1)*, CD273 (PD-L2)* - 104,105
CD28* CD80*, CD86* + %
CD30* CD30L + 99
CD40 CD40L* + 99,101
CTLA-4* CD80*, CD86* - 96,106
GITR (CD357)* GITRL + 99
LAG-3 (CD223)* MHC Il - 99,103
OX40%* 0OX40L + 99
TIGIT* CD155 - 103
TIM-3* Galectin-9 - 2
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The third signal is the regulation of T cell activation via different cytokines. CD28-mediated signals are
demanded for IL-2 production and serve as survival factors of T cell proliferation %7, but also IFNa/B,

IL-12, IL-15, and IL-21 regulate CD8+ T cell activation 108111,

After successfully priming and maturation phase of T cells in the lymphoid organs, they start to
differentiate and proliferate in order to migrate through the blood circulation into target tissues .
However, T cell activation is dependent on the duration and composition of signal availability 2. Thus,
the regulation of over- and under-stimulation is crucial for effective T cell function, as both results in

induction of anergy and apoptosis 11¥114,

1.5.3. Co-inhibitory interactions of PD-1/PD-L1 and CTLA-4/CD80
Since unimpeded T cell activity can result in T cell responses against self-antigens and autoimmune
disease, it is important to maintain the homeostasis of T cell activity and inhibition ¥, The co-inhibitory
receptor PD-1 consists of a single N-terminal variable immunoglobulin region (IgV) like domain, a stalk
comprising approximately 20 amino acids separating the IgV domain from plasma membrane, a
transmembrane domain, and a cytoplasmic tail with an immunoreceptor tyrosine-based inhibitory
motif (ITIM) and an immunoreceptor tyrosine-based switch motif 1*61'7, The engagement of PD-1 leads
to the phosphorylation of both motifs and the recruitment of Src homology region 2 domain-
containing phosphatase 1 (SHP-1) and SHP-2 2, In response to this, TCR/CD28-mediated activation of
phosphatidylinositol 3-kinase (PI3K) is inhibited by dephosphorylation of CD3 Z-chains. Therefore, PD-
1 interaction directly inhibits effector T cell functions such as survival, proliferation, cytokine

production, and cytotoxicity 1%,

PD-1 is a member of the CD28 superfamily, however, it has distinct molecular features that differ from
classical members of the CD28 family 6. PD-1 is rather expressed on activated mature T cells, however,
low amounts are also expressed on DN thymocytes (CD4- CD8-), as well as in activated NK T cells, B
cells, monocytes, and immature Langerhans’ cells 1®. During T cell activation, PD-1 expression is
upregulated in about 6 hours and in tumors, it is highly expressed in dysfunctional/exhausted effector
T cells (both CD4+ and CD8+) as well as Tregs . The two ligands of PD-1 (PD-L1 and PD-L2) are
constitutively expressed in low amounts on APCs, as well as non-hematopoietic cells, including
pancreatic islet cells, vascular endothelial cells, and cells in tissue of immune privileges such as
placenta, testes, and eyes. The PD-L1 expression is inducible by pro-inflammatory cytokines like type |
and Il interferons, TNFa, and VEGF. The PD-1 pathway plays an important role in suppression of
effector T cells, whereby maintaining self-tolerance and promoting the resolution of inflammation

during immune responses 18,
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CTLA-4 is a structural homolog of CD28 and shares the same B7 ligands with CD28 (CD80, CD86), but
CTLA-4 binds its ligands with greater avidity and affinity °. Based on the covalent homodimer
structure, each CTLA-4 homodimer binds to two divalent B7 molecules resulting in a stable CTLA-4-B7
structure on the cell surface. In contrast, CD28 monovalent binds to B7 molecules '*°. Although CTLA-
4 binds both B7 molecules, CD80 has a higher affinity to be bound by CTLA-4 compared to CD86 120121,
Various mechanisms have been reported for T cell inhibition by CTLA-4, including competition for CD28
by binding to CD80 and CD86 %2, modulation of TCR signaling by the SHP-2 and serine-threonine
phosphatase PP2A 123124 disruption of CD28 localization at the IS 1%, and impairment of the expression

126-128 CTLA-4 expression is induced on conventional

or composition of lipid rafts at the T cell surface
activated CD4+ and CD8+ T cells but is constitutively expressed on Tregs. Further, it can also be
expressed by B cells, DCs, monocytes, placental fibroblasts, granulocytes, CD34+ stem cells,

embryogenic mouse cells, pituitary glands, and embryoid bodies *°.

CD80 is a type-1 transmembrane glycoprotein and is expressed by macrophages, activated B cells, and
activated T cells. CD80 bound by CD28 leads to co-stimulation of T cells, while CTLA-4/CD80 binding

129 ;

induces co-inhibitory signals **° indicating the two faces of CD80.

Overall, the co-stimulatory and co-inhibitory interactions are very complex, as alterations in the
dynamic expression of involved molecules can promote or interrupt distinct interactions. Thus,
alteration of the expression patterns could have implications for the synergy observed in

immunotherapy **°,

1.6. EMT and metastasis

The EMT is a reversible process that allows epithelial cells to aquire a mesenchymal-like phenotype by
morphological and molecular alterations, which results in an enhancement of migratory capacity,
invasiveness, increased production of ECM components, and elevated resistance to apoptosis.
Physiologically, it is a central process during embryogenic development, wound healing, and tissue
regeneration 13, Besides, EMT is a key process in tumor progression and therapy resistance of many
carcinomas, e.g., in PDAC 2>132, On a functional level, epithelial cells lose their cell-cell adhesions and
apical-basal polarity while gaining enhanced migratory, invasive, and metastatic properties 2133,
During EMT, gene expression and post-translational mechanisms are changed, leading to the
repression of epithelial characteristics and the adoption of mesenchymal properties 134. On a molecular
level, cells undergoing EMT express decreased levels of epithelial genes like E-cadherin, Occludin, and
Z0-1 and increased levels of mesenchymal genes such as L1 cell adhesion molecule (LLCAM), N-

135-

cadherin, Vimentin, and Fibronectin ¥*7137, This process is promoted by several transcription factors,
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including Snail (Snail), Snai2 (Slug), Zinc finger E-box-binding homeobox (Zeb) 1 and 2, and Twist,

C 134138140 Once expressed and activated, each of these transcription factors can

especially in PDA
pleiotropically induce the complex EMT process by activating a series of intracellular signaling
programs. The Mesenchymal-Epithelial Transition (MET) is its reverse process, where motile,
multipolar mesenchymal cells undergo transition into polarized epithelial cells 13133, The TME plays an
essential role in EMT and also its reversion. Chronic inflammation promotes EMT, as the altered TME
secretes several cytokines and growth factors. In contrast, acellular fibrotic tissue enhances
intertumoral pressure and formation of functionally and structurally aberrant blood vessels resulting
in hypoxia 2. These changes promote the process of EMT that fosters invasiveness and metastatic
capabilities of tumor cells. Especially CAFs can induce EMT through secretion of TGFB, IL-6, TNFa, and
IL-1, but also M2-like macrophages promote EMT through secretion of IL-6, IL-10, TNFa, TGFB, and
chemokine CCL20 **7. Additionally, the tumor-associated microbiome and hypoxia are known
inducers of EMT 2%, Furthermore, the dense desmoplastic stroma of PDAC includes large amounts of
fibrillar collagen, fibronectin, laminin, and proteoglycans, rather produced by CAFs than cancer cells.
Besides the physical barrier of stiff ECM, these proteins also have a signaling function that contributes
to EMT and thereby to metastasis of PDAC cells %. Metastasis formation is characterized by the
invasion of carcinoma cells, which invade the basement membrane into the adjacent stroma, following
the intravasation and survival in the blood or lymph circulation, followed by extravasation into the
parenchyma of distant tissues, and lastly by the re-establishment of neoplastic cell properties at

remote sites (even after a long period of dormancy) ¥’ (Figure 5).
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Figure 5: Epithelial-Mesenchymal-Transition (EMT) and metastasis (with responsible genes). (1) Normal pancreatic ductal
epithelial cells transform into an invasive pancreatic ductal adenocarcinoma (PDAC) via several mutations (first, low-grade
PanIN, high-grade PanIN). (2) Transformed cells undergo EMT and invade the surrounding tissue or can colonize into the
peritoneum and form ascites or pleural effusion. (3) PDAC cells invade the blood or lymphatic vessels. (4) Circulating tumor
cells (CTC) survive in the circulation. (5) CTC extravasate into secondary organs, (6) where they might remain in a dormant
stage for several years and (7) eventually form metastases in the liver or lung 137.

Important drivers for metastasis formation in PDAC are abberant TP53 4, SMAD4 %, Wnt 142 signaling,
and abnormal ECM gene expression 142, Studies of a murine mouse model indicate that PDAC cell-
derived small extracellular vesicles (sEVs) covered with Ezrin foster macrophage polarization to M2-
like phenotype and support metastasis formation in the liver ¥, Further, the molecule Granulin
secreted by circulating monocytes and hepatic metastasis-associated macrophages benefits the
activation of hepatic stellate cells (HSCs) into hepatic myofibroblasts (HMFs), thereby promoting liver
metastases 3. Moreover, hypoxia selects the most malignant tumor cells, and through the Hypoxia-
Inducible Factor 1 (HIF1), tumor suppressor genes are suppressed while fostering the metastatic

cascade #4145,

Overall, the TME with its altered composition of cytokines, chemokines, hypoxic conditions and ECM

molecules, contributes to EMT accompanied by metastasis formation.

1.7. Cancer immunity and immunotherapy

The immune system preserves the defense against foreign, infected antigens and self-antigens by an

appropriate balance between activation and inhibition of the immune response. A central role in this
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process play receptor-ligand bindings between T cells which are activated by the presentation of
antigens and various cells of the immune system. In carcinogenesis and anti-tumor immunity, the
immune response plays also a crucial role %, A process called cancer immunoediting occurs in three
phases: elimination, equilibrium, and escape. In elimination phase, the innate and adaptive immunity
detect and destroy transformed cells. Sometimes, tumor cells are not completely eliminated and enter
the equilibrium phase in which the immune system controls the tumor outgrowth. In the last phase,
tumor cells overcome dormancy and leading to tumor progression '#’. This is achieved through
strategies that prevent attacks from immune cells. The tumor cells start to build a microenvironment
at the time of tumor occurrence to make it difficult for the immune system to eliminate cancer cells
effectively 8. The cancer immunity cycle involves multiple steps to obtain efficient control of cancer
growth by the immune system. The process is started by releasing tumoral neo-antigens generated
due to genomic instability. The uptake of these antigens by APCs and migration to LNs results in the
priming and activation of naive CD8+ T cells. The CD8+ T cells migrate via the bloodstream and infiltrate
the tumor-stroma, where they possibly recognize and eliminate tumor cells. The cytotoxic immune
response of CD8+ T cells releases additional antigens fueling the cancer immunity cycle #9151, All
cancer immunity cycle steps must function properly to generate an effective cancer immune response.
However, in cancer patients, this cycle might be impaired, resulting in the lack of anti-tumor immunity

and thereby in cancer development and progression 1*°,

Several immune escape mechanisms are established by cancer cells to evade the immune response.
First, the release of tumor-specific antigens can be impaired. Due to apoptosis or necrosis, antigens
are released in the microenvironment and phagocytosed by APCs. The lack of dying tumor cells leads
to an ineffective antigen release preventing antigen presentation of APCs and the further steps of the
cancer immunity cycle %153, The antigen processing and presentation can also be impaired. Soluble
factors like cytokines (e.g., IL-6, IL-35), lipids, or tumor exosomes can inhibit DC maturation and lead
to immune surveillance. In detail, IL-35 was found to decrease expression of HLA-DR, CD83, and co-
stimulatory molecules such as CD40, CD80, and CD86 on DCs. IL-6 suppressed DC maturation by down-
regulation of MHC class Il molecules and CD86 expression via IL-6/STAT3 pathway **. Elevated levels
of pro-angiogenic factors like VEGF can be another strategy for immune evasion as the formation of
abnormal tumor blood vessels can act as a physical barrier to prevent infiltration of effector T
cells 15>1%¢_ Additionally, VEGF reduces the expression of Vascular Cell Adhesion Molecule 1 (VCAM-1)
and Integrin Ligands Intercellular Adhesion Molecule 1 (ICAM-1) on endothelial cells, resulting in a
diminished adhesion of CD8+ T cells to endothelial cells and thereby reduced tumor infiltration 1>7/1%,

The overexpression of the endothelial B receptor also prevents T cells from migration into the tumor

tissue, contributing to the low abundance of tumor-infiltrating lymphocytes (TILs) 4. Next, tumor cells
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can escape the T cell response by MHC class | downregulation. Only tumor cells presenting antigens
on their MHC class | molecule can be recognized by activated T cells and, thus, be eliminated. Here,
tumor cells can downregulate the surface expression of MHC class | molecules, express defective MHC
class | molecules, or upregulate factors conferring resistance to cytotoxic activity of immune cells
and/or local immunosuppression 7. Even though T cells have made their way through the different
impediments above, they can also face various immunosuppressive factors preventing their proper T
cell activity. On the one hand, upregulation of immunosuppressive enzymes like Indoleamine-2,3-
dioxygenase 1 (IDO 1), which is expressed by tumor cells and stroma cells, can suppress T cells 1>, On
the other hand, the upregulation of inhibitory immune checkpoint molecules impairs T cells. In detail,
PD-1 is upregulated on activated T cells, and tumor cells often express its ligand PD-L1, causing T cell
inhibition and suppressed antitumor immunity %%, PD-L1 is frequently expressed on tumor cells in
several malignancies and correlates significantly with a poor prognosis, including renal, urothelial,
gastric, ovarian, esophageal, hepatocellular, and PDAC . PD-L1 on tumor cells can be induced by
IFNy 1627165 which is also expressed by T cells, creating a negative feedback mechanism due to the
attendance of T cells in the TME !®. Furthermore, PD-L1 on tumor cells can act as an
immunosuppressive receptor in order to mediate anti-apoptotic signals causing resistance to the
cytotoxicity of CD8+ T cells and Fas-mediated killing °. It was also demonstrated that PD-L1 could

167 but also expression of Lymphocyte-activation gene 3 (LAG-3), T-

protect tumor cell toxicity by IFNy
cell immunoglobulin and mucin-domain 3 (TIM-3), T cell immunoreceptor with Ig and ITIM domains
(TIGIT), and V-domain Ig suppressor of T cell activation (VISTA) on T cells can mediate the immune
evasion of tumor cells ***. Moreover, the attendance of immunosuppressive cell populations, including
Tregs, TAMs, and MDSCs suppress the immune response against tumor cells through secretion of
immunosuppressive cytokines (such as IL-10, TGFB), chemokines (C-X-C motif ligand (CXCL) 8),

expression of inhibitory enzymes (IDO and arginase-1), or expression of co-inhibitory molecules (PD-

L1 on APCs or CTLA-4, PD-1, TIM-3 and LAG-3 on Tregs) 4.

Especially in PDAC, several immune escape mechanisms are crucial for disease progression. Several

studies identified a correlation between PD-L1 expression and poor survival of patients 816816 byt

43.7 - 69.6 % of primary PDAC tissues exhibit no or only low PD-L1 expression %', Furthermore, the
PD-L1 expression observed in PDAC is predominantly detected on stromal cells and the location of
these cells is significantly associated with the presence of CD3, CD4, CD8, FOXP3, and CD68 positive
cells Y9172 Of note, CD8+ T cells and macrophages were associated with PD-L1-expressing areas in

173

cancer '? and most of these macrophages were CD163 positive in primary PDAC, indicating an anti-

24,55,56,59

inflammatory phenotype which is also associated with poor prognosis and reduced patient

survival 59174175 Eyrther, the low tumor mutational burden (TMB), especially in PDAC, is associated
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with the presentation of fewer antigens on MHC class | molecules resulting in impaired recognition as
foreign antigens and preventing T cells from activation and cytotoxicity **. Moreover, cancer FOXP3
promotes PDAC immune evasion via recruitment of Tregs into PDAC tumors 1’6, but also CAFs, promote
an immunosuppressive environment e.g., via CXCL12 and M-CSF secretion thereby recruiting
monocytes and promoting the accumulation of M2-polarized macrophages. In a murine PDAC model,
PDAC cell-derived stEVs covered with Ezrin were shown to foster a polarization towards an M2-
phenotype and supporting metastasis formation in the liver . In turn, M2-type TAMs in PDAC secrete
immunosuppressive cytokines like IL-10, TGFpB, IL-6, PGE, CCL2, CCL17, and CCL20 and thereby inhibit

the immune response of CD8+ T cells and switch an inflammatory response into calmness >*.

The interplay of tumor cells and the immune system is very complex, and tumor cells establish various
escape mechanisms to evade the immune response. In order to overcome the immune escape
mechanisms, different therapeutic approaches have been investigated. Cancer vaccines containing
four key components, including tumor antigen-peptides, formulations, immune adjuvants, and
delivery vehicles, have been designed to induce or amplify tumor-specific T cell response by active
immunization 7. Another therapeutic treatment is adoptive T cell therapy. Chimeric antigen receptor
(CAR) T cell therapy has shown potent anti-cancer activity. The advantage of CAR T cell therapy is, that
tumor-specific proteins are recognized more effectively due to the independent presentation of
antigens on MHCs. Thus, CAR T cells overcome defects in antigen presentation and processing
exploited by tumor cells 78, Therapies targeting immunosuppressive cells can unleash anticancer
immune responses, e.g., suppression of Tregs by monoclonal antibodies can stabilize cancer
disease %, Further therapy options are immune checkpoint blockades and combination therapies.

These are discussed in more detail in the next section.

1.8. Immune checkpoint inhibition of PD-1 and PD-L1

Immune checkpoint inhibition has emerged as an effective strategy in the field of immunotherapy.
Monoclonal antibodies can significantly reduce solid tumor size, inhibit advanced tumors and
metastases, and enhance overall survival in patients 7°. Antibodies against CTLA-4 (such as
Ipilimumab) could increase the 10-year survival for patients with metastatic melanoma and were
approved by the Food and Drug Administration (FDA) in 2011 88 The application of antibodies
targeting the PD-1/PD-L1 axis has also shown advantages in survival of several malignancies by
increasing the response rates and diminishing side effects compared to CTLA-4 treatment °, To date,

the FDA has approved six monoclonal antibodies which target PD-1 or PD-L1 ”° (Table 3).
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Table 3: FDA-approved PD-1 and PD-L1 targeting monoclonal antibodies for cancer immunotherapy.

Antibody (Trade name) Target Isotype Company

Cemiplimab (Libtayo) PD-1 human IgG4 Sanofi/Regeneron
Nivolumab (Opdivo) PD-1 human IgG4 Bristol-Myers Squibb
Pembrolizumab (Keytruda) PD-1 humanized I1gG4 Merck/MSD

Atezolizumab (Tecentriq) PD-L1 humanized I1gG1 Genentech/Roche
Avelumab (Bavencio) PD-L1 human IgG1 Merck/Pfizer

Durvalumab (Imfinzi) PD-L1 human IgG1 Medimmune/Astra Zeneca

FDA approved Cemiplimab-rwlc in 2021 as first-line treatment in patients with non-small cell lung
cancer (NSCLC) whose tumors have high PD-L1 expression 8, Nivolumab and Pembrolizumab acquired
the permission for therapy of NSCLC, terminal melanoma, and renal cell cancer 7. Atezolizumab was
approved by the FDA in 2022 for the treatment of unresectable or metastatic alveolar soft part

183 3nd Durvalumab

sarcoma 2, Avelumab in 2020 for maintenance treatment of urothelial carcinoma
was initially approved in 2017 for the treatment of stage Ill unresectable NSCLC and locally advanced
or metastatic urothelial cancer 84 Mono-therapeutic treatment with immune checkpoint inhibitors
showed benefits in several cancer entities, while in other malignancies, monotherapy failed so far.
Thus, promising clinical trials on combinational treatment approaches with surgery, radiation therapy,
traditional chemotherapy, or ICI combinations that are used in first-line or subsequent treatment are
ongoing . In 2022, the FDA approved Durvalumab therapy in combination with Gemcitabine or
Cisplatin for patients with locally advanced or metastatic biliary tract cancer 8, Avelumab plus Axitinib,
a tyrosine kinase inhibitor for treatment of renal cell carcinoma or Cemiplimab-rwlc combination with
Platinum-based chemotherapy for NSCLC with no EGFR, anaplastic lymphoma kinase, or Proto-
oncogene tyrosine-protein kinase ROS1 aberrations in 2022 ¥, Already in 2018, Atelizumab was
approved in combination with Bevacizumab (an a-VEGF monoclonal antibody), Paclitaxel, and
Carboplatin for first-line treatment of metastatic non-squamous NSCLC patients 8, The ongoing phase

Ib clinical trial investigates the effect of Nivolumab and stereotactic radiosurgery in metastatic breast

cancer and brain metastases (NCT03807765).

Interfering this inhibitory PD-1/PD-L1 axis by treatment with ICI monotherapy revolutionized the
therapeutic regimens for multiple cancer entities ¥91%!, but so far failed in PDAC 2%, although
considerable PD-L1 expression levels in PDAC cell lines have been reported in PDAC 84171176 Therefore,

numerous clinical trials are ongoing to investigate the beneficial impact of combinational therapies,
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e.g., in PDAC. A randomized multicenter phase Ib/Il clinical trial study examines the efficacy of
combinational treatment of neoadjuvant chemoradiation therapy with Pembrolizumab in PDAC
patients (NCT02305186). An open label, single arm, multicenter clinical trial investigates the
combination of AZD0171 (a monoclonal antibody against leukemia inhibitory factor) and Durvalumab

as well as standard-of-care chemotherapy in metastatic PDAC (NCT04999969).

Overall, ICI therapy harbor great potential for treatment of different cancer entities that were
beforehand endowed with poor prognoses. However, some patients do not show anticipated
responses. Thus, the consideration and identification of predictive biomarkers for ICl treatment must
be included. To date, the PD-L1 expression and amplification, as well as a high TMB, microsatellite
instability, and CD8 infiltration, are considered as primary predictive markers for ICl response rates 1%,
Moreover, combinational treatments of ICl with surgery, radiation therapy, traditional chemotherapy,

or ICl combinations might reveal beneficial responses to cancer therapy.

In the present study, Pembrolizumab and Durvalumab were utilized to investigate the effects of
blocking the PD-1/PD-L1 axis on the activity, effector phenotype, and PDAC cell killing properties of

CD8+ T cells in different microenvironmental conditions.
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1.9. Aim of the study
Cancer immunotherapy has emerged as an effective strategy since 2014 when immune checkpoint
inhibition of PD-1 was approved for melanoma . Monoclonal antibodies against immune checkpoint
molecules can significantly reduce solid tumor size, inhibit advanced tumors and metastases, and
enhance overall survival in patients 7°. Treatment with ICl, e.g., targeting PD-L1 or its receptor PD-1,
have markedly improved the therapy of many cancers but so far failed in PDAC 2%, TAMs represent
one of the most abundant immune cell populations within the TME of PDAC being able to either
support or restrain tumor progression depending on their phenotype >>°1, Although the phenotype
and frequency of macrophages are highly dynamic, TAMs in PDAC mostly exhibit M2-like
characteristics and are associated with pro-tumoral effects, including tumorigenesis,
immunosuppression, metastasis acceleration, and chemotherapeutic resistance 2*°>%2, Of note, PDAC-
derived TAMs exhibit properties of both M2- and M1-like polarization and have been shown to
promote EMT, a process that fosters invasion of PDAC and premalignant pancreatic ductal epithelial
cells (PDECs) *’. As EMT is also associated with the acquisition of a drug resistant phenotype and
immune evasive properties, TAMs are potent drivers of drug resistance as well as immune escape and
suppression at all stages of tumor development %, Still, it is poorly understood whether PD-L1-
expressing TAMs with different polarization phenotypes contribute to immune evasion of PDAC cells,

particularly when the latter themselves do not or only hardly express PD-L1.

Thus, to obtain further insight into PD-L1-mediated immune evasion during PDAC progression and the
reasons for anti-PD-L1 treatment failure in this tumor entity, this study examined the PD-L1 expression
and its spatial distribution as well as the as the stromal composition in primary PDAC tissues and
corresponding liver metastases. Based on these findings and to mimic the dynamic TME comprising
different amounts and phenotypes of macrophages during PDAC progression, the next aim was to
establish a stroma-enriched spheroid model with two different PDAC cell lines and different ratios of
M1- or M2-like macrophages. Here, phenotype and PD-L1 expression of macrophages and PDAC cells
as well as the PDAC killing activity of CD8+ T cells were examined. Finally, the last aim of the study was
to elucidate how these distinct stromal conditions impact treatment efficacy of ICl in monotherapy as

well as in combination with Gemcitabine.
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2. Material

2.1. Chemicals and reagents

Compound

Material

Manufacturer

4-(2-hydroxyethyl)-1-piperazineethansulfonic
acid (HEPES)

Pan-Biotech GmbH, Aidenbach, DE

Accutase solution

Pan-Biotech GmbH, Aidenbach, DE

Ammonium chloride (NH4Cl)

Merck Millipore, Billerica, USA

Bovine pituitary extract (BPE)

Life Technologies, Carlsbad, USA

Bovine serum albumin (BSA)

Biomol, Hamburg, DE

CellTrace™ Violet Cell Proliferation Kit

ThermoFisher Scientific, Waltham, USA

CellTracker™ Green CMFDA Dye

ThermoFisher Scientific, Waltham, USA

Dimethylsulfoxide (DMSO)

Sigma Aldrich via Merck, St. Louis, USA

Dulbecco’s Modified Eagle Medium (DMEM)

Pan-Biotech GmbH, Aidenbach, DE

Acetic acid, 10 %

Merck Millipore, Billerica, USA

Ethanol

Merck Millipore, Billerica, USA

Ethylenediaminetetraacetate (EDTA)

Carl Roth GmbH, Karslruhe, DE

FcR blocking reagent, human

BioLegend, San Diego, USA

Fetal calf serum (FCS)

Pan-Biotech GmbH, Aidenbach, DE

Fluoro-Gel

Electron Microscopy Science, Hatfield, UK

Hoechst

Thermo Fisher Scientific, Waltham, USA

Keratinocyte serum-free medium

Life Technologies, Carlsbad, USA

L-Glutamine (L-GIn)

Biochrom via Merck Millipore, Billerica, USA

Natriumchlorid

Carl Roth GmbH, Karslruhe, DE

Pancoll, 1.077 g/I

Pan-Biotech GmbH, Aidenbach, DE

Paraformaldehyde (PFA) 4.0 %

Thermo Fisher Scientific, Waltham, USA

Penicillin/Streptomycin (Pen/Strep)

Biochrom via Merck Millipore, Billerica, USA

Phosphate-buffered saline (PBS) Dulbecco

Biochrom via Merck Millipore, Billerica, USA

Potassium hydrogen carbonate (KHCOs)

Merck Millipore, Billerica, USA

Propidium lodide (PI)

Sigma Aldrich via Merck, St. Louis, USA

Puromycin (10 mg/ml)

Invivo Gen, San Diego, USA
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Compound

Material

Manufacturer

Roswell Park Memorial Institute (RPMI) 1640

Medium

Biochrom via Merck Millipore, Billerica, USA

Sodium pyruvate

Biochrom, via Merck Millipore, Billerica, USA

Solution 555

Beckman Coulter, Brea, USA

Tris(hydroxymethyl)Jaminomethane (Tris)

Carl Roth GmbH, Karslruhe, DE

Trypsin-EDTA

Biowest, Nuaillé, FRA

2.2. Buffer

Density gradient & counterflow centrifugation

Buffer

Formulation

Elutriation buffer

0,1 % (v/v) FCS
10 mM EDTA
in PBS

pH 7,4

Erythrocyte lysis buffer

NH,4CI

10 M KHCO3
0,1 mM EDTA
in ddH,0

Flow cytometry

Buffer

Formulation

Cyto-Fast Fix perm solution

Cyto-Fast perm wash solution 10X

Diluted to 1X using ddH,0

Fixation solution

1% (v/v) PFA
in MACS buffer

Magnetic-activated cell sorting (MACS) buffer

0.5 % (w/v) BSA
2mM EDTA

in PBS

pH 7,4

sterile-filtered and vacuum-degassed
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2.3. Cell culture material

2.3.1. Cell lines

Cell line

Material

Information

A818-6

A818 cells were isolated from ascites of a 75-year-old female with
differentiated PDAC in the head of pancreas . The subclone A818-
6 was obtained by limited dilution of original cell population, is
highly differentiated, and harbor kras and p53 mutations 1°7. A818-
6 cells were kindly provided by H. Kalthoff (Kiel, DE).

BxPc3

Moderately differentiated BxPc3 cells were isolated from the
primary tumor of a 61-year-old Caucasian female with PDAC %1%,
These cells exhibit p53 mutations but wildtype kras gene 2%, BxPc3
cells were purchased from American Type Culture Collection (ATCC)

(Manassas, USA).

Colo357

Colo357 cells were isolated from a lymph node metastasis of a 77-
year-old woman with pancreatic adenosquamous carcinoma.
Colo357 cells exhibit single kras gene mutation (G12V) but wildtype

p53 and are moderately differentiated 1982%,

(H6c7eR-KR) H6c7-KRAS

H6c7-KRAS cells, originating from human PDECs, were
immortalized by retroviral infection containing E6/E7 genes of
human papillomavirus 16. Further, H6c7-KRAS cells harbor a
retroviral vector containing a mutation of the kras gene at
G12V 201202 These cells were used as a premalignant human PDEC
model, which only carries G12V kras gene mutation. H6c7-KRAS
cells were kindly provided by M.-S. Tsao (Ontario Cancer Institute,

Toronto, Canada).

Pancl

Poorly differentiated Pancl cells were isolated from a primary
PDAC of a 56-year-old Caucasian male %829, pancl cells show
driver mutations in kras, p53, and p16 genes 242%_ Panc1 cells were

purchased from ATCC (Manassas, USA).
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Panc89

Panc89 cells were isolated from a lymph node metastasis of a 64-
year-old Caucasian male with PDAC. These cells have Q61H kras
mutation and Y220C p53 mutation 2°°. Panc89 cells are moderately
differentiated °® and kindly provided by K. Keiichi (Kyoto

Prefectural University of Medicine, JPN).

PancTul

PancTul cells originate from a Caucasian female with PDAC. These
cells contain G12D kras, p53 and p16 mutations 2°%2%4, PancTul cells
are poorly differentiated 1°42% and were kindly provided from M. v.

Bllow (University of Mainz, DE).

PTAS5 (PTA5P1)

Poorly differentiated PT45 cells were derived from primary tumor
of PDAC and harbor kras and p53 mutations 1%82%, They were kindly
provided by H. Kalthoff (Kiel, DE).

2.3.2. Primary cells

Primary cell population

Information

Human T-lymphocytes

Human T-lymphocytes were isolated from leucocyte-retaining
systems of different healthy blood donors and selected for CD8+ T
cells. The leucocyte retaining systems were provided by the

Institute of Transfusion Medicine in Kiel.

Human macrophages

Human monocytes were isolated from leucocyte-retaining systems
of different blood donors and were in vitro polarized into M1- or
M2-like macrophages. The leucocyte retaining systems were

provided by the Institute of Transfusion Medicine in Kiel.

The study project was approved by the Ethics committee of the Medical Faculty of Kiel University

(reference number: A110/99 and D490/17). Written informed consent was obtained from all blood

donors.
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2.3.3. Cell culture media

Cell line/primary cells

Cell culture-routine

Formulation of medium

Material

CD8+ T cells

RPMI 1640 medium

10 % (v/v) FCS

20 mM HEPES

1% (v/v) L-GIn

1 % (v/v) Sodium pyruvate
1 % (v/v) Pen/Strep

H6c7-KRAS

50 % (v/v) Keratinocyte serum-free medium
50 % (v/v) RPMI 1640

10 % (v/v) FCS

1% (v/v) L-GIn

50 pg/ml BPE

5 ng/ml Epidermal Growth Factor (EGF)

4 pg/ml Puromycin

M1-like macrophages

RPMI 1640 medium
5% (v/v) FCS

1% (v/v) L-GIn

1 % (v/v) Pen/Strep

M2-like macrophages

RPMI 1640 medium
1% (v/v) FCS

1% (v/v) L-GIn

1 % (v/v) Pen/Strep

PancTul, Pancl, Panc89,
A818-8, BxPc3, Colo357

RPMI 1640 medium
10 % (v/v) FCS
1% (v/v) L-GIn

1 % (v/v) Sodium pyruvate

PT-45

RPMI 1640 medium
5 % (v/v) FCS
1% (v/v) L-GIn
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Co-culture
Cell line/primary cells Formulation of medium
All co-cultures RPMI 1640 Medium

10 % (v/v) FCS

20 mM HEPES

1% (v/v) L-GIn

1 % (v/v) Sodium pyruvate
1 % (v/v) Pen/Strep

2.3.4. Growth factors and cytokines

Compound Final concentration [ng/ml] | Manufacturer

EGF, human recombinant 20 ThermoFisher Scientific, Waltham,
USA

GM-CSF, human recombinant 2.4 BioLegend, San Diego, USA

IFNy, human recombinant 10 BioLegend, San Diego, USA

IL-2, human recombinant 60 BioLegend, San Diego, USA

M-CSF, human recombinant 50 BioLegend, San Diego, USA

2.4. Patient-derived material

2.4.1. Ethics statement

The research project containing serial tissue section from primary tumors and liver metastases of PDAC
was approved by the Ethics committee of the Friedrich-Alexander Universitdt Erlangen-Nirnberg
(reference number: 4607) and the Ethics committee of the Medical Faculty of Kiel University (reference

number: A110/99). Written informed consent was obtained from all patients.

2.4.2. Histopathology and study cohort

Four patients with primary tumor of PDAC and corresponding liver metastases were included in this
study cohort. Tissues from primary PDAC tumors were obtained either from one patient during
oncological surgery at the University Hospital Schleswig-Holstein (UKSH) Campus Kiel and from 3
patients during oncological surgery at the University Hospital Erlangen. Corresponding liver metastases

tissues were acquired by excision (one patient) or resection. Tissue sections were sectioned, fixed in
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formalin, and embedded in paraffin. Tumor grade and stage were classified according to the 7th
edition of the UICC guidelines by board-certified surgical pathologists in the Institute of Pathology,
UKSH Campus Kiel, or the Institute of Pathology at the University Hospital Erlangen. Clinic-pathological
data were obtained from the hospital records of UKSH Kiel and University Hospital Erlangen. Before

study inclusion, all patient data were pseudonymized.

2.5. Molecular biological material
2.5.1. Antibodies

2.5.1.1.  Antibodies for immunofluorescence staining (IF), immunohistochemistry
(IHC), cell culture (CC) and flow cytometry (FC)

Isotype controls

Target (-Conjugate) Host Concentration in pg/ml Manufacturer
(Clone) (Isotype)

Isotype-AF647 Mouse 25 Biolegend, San Diego,
(MOPC-173) (IgG2a, K) USA

Isotype-APC Mouse 200 BioLegend, San Diego,
(MOPC-21) (1gG1, K) USA

Isotype-APC Mouse 100 Biolegend, San Diego,
(MPC-11) (1gG2b, K) USA

Isotype-FITC Mouse 500 BioLegend, San Diego,
(MOPC-21) (18G1, «) USA

Isotype-PE Mouse 200 BioLegend, San Diego,
(MOPC-21) (18G1, «) USA

Isotype-PE Mouse 200 BioLegend, San Diego,
(MOPC-173) (1gG2a, ) USA

Isotype-PE/Cy7 Mouse 200 BioLegend, San Diego,
(MOPC-21) (IgG1, k) USA
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Antibodies
Antibody Host Concentration in pg/ml Manufacturer
(Clone) (Isotype) (Dilution)
CD3 Mouse 32 Leica Biosystems,
(LN10) (IgG1) (IHC 1:100) Wetzlar, DE
CD3 (UltraLEAF) Mouse 1000 BioLegend, San Diego,
(OKT3) (IgG2a, k) (CC 1:666.67) USA
CD4-APC Mouse 50 BioLegend, San Diego,
(RPA-T4) (1gG1, K) (FC 1:25) USA
CD8 Mouse 28.5 Leica Biosystems,
(4B11) (IgG2b) (IHC 1:100) Wetzlar, DE
CD8a-FITC Mouse 200 BioLegend, San Diego,
(RPA-T8) (IgG1, k) (FC 1:20) USA
CD14-PE Mouse 200 BioLegend, San Diego,
(M5E2) (IgG2a, K) (FC 1:20) USA
CD25-APC Mouse 100 BioLegend, San Diego,
(BC96) (18G1, «) (FC 1:20) USA
CD28 (UltraLEAF) Mouse 1000 BioLegend, San Diego,
(CD28.2) (18G1, «) (CC 1:666.67) USA
CD68 Mouse 37 Leica Biosystems,
(514H12) (IgG2a) (IHC 1:100) Wetzlar, DE
CD80-APC Mouse 200 BioLegend, San Diego,
(2D10) (18G1, «) (FC 1:20) USA
CD163 Mouse 49 Leica Biosystems,
(10D6) (1gG1) (IHC 1:100) Wetzlar, DE
CD163-FITC Mouse 400 BioLegend, San Diego,
(GHI/61) (1gG1, K) (FC 1:20) USA
CD206-FITC Mouse 200 BioLegend, San Diego,
(15-2) (1gG1, K) (FC 1:20) USA
CD274 (PD-L1) Rabbit 874 Cell signaling
(E1L3N) (1gG) (IF1:200 / IHC 1:100) Technologies, Danvers,

USA
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Antibody Host Concentration in pg/ml Manufacturer
(Clone) (Isotype) (Dilution)
CD274-PE/Cy7 Mouse 200 BioLegend, San Diego,
(MIH3) (IgGy, K) (FC 1:20) USA
CD279-APC Mouse 50 BioLegend, San Diego,
(EH12.2H7) (IgGy, K) (CC 1:10) USA
CD279-PE Mouse 100 BioLegend, San Diego,
(EH12.2H7) (18Gy, k) (cc1:10) USA
CTLA-4-PerCP/Cy5.5 Mouse 100 BioLegend, San Diego,
(BNI3) (18G2a) (FC 1:20) USA
EpCAM-APC Mouse 12 BioLegend, San Diego,
(9c4) (1gGap) (FC 1:20) USA
PanCK Mouse 200 NeoMarkers via Thermo
(AE1/AE3) (1gG1) (IHC 1:200) Fisher Scientific,
Waltham, USA
o/B TCR-FITC Mouse 400 BioLegend, San Diego,
(1P26) (18Gy, ) (FC 1:20) USA
aSMA Mouse 50 NeoMarkers via Thermo
(1A4) (18G2a, K) (IHC 1:400) Fisher Scientific,
Waltham, USA
2.5.1.2.  Blocking antibodies and Isotype controls
Antibody Host Concentration in pg/ml Manufacturer
(Clone) (Isotype) (Dilution)
1gG1 Human 5000 AstraZeneca,
(1gG1) (CC: 1:500) Cambridge, UK
Durvalumab Human 5000 AstraZeneca,
(1gG1, k) (CC:1:500) Cambridge, UK
eG4 Human 1000 Sigma Aldrich via Merck,
(IgG4, k) (CC:1:100) St. Louis, USA
Pembrolizumab Human 1000 Merck Sharp & Dohme,
(12G4) (CC:1:100) Kenilworth, USA
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2.6. Consumables

Consumable

Material

Manufacturer

0.1-10 pl, 10-200 pl, 100-1000 pl pipette tips

Sarstedt, Nimbrecht, DE

1.25 ml, 5.0 ml Dispenser tips

Labsolute via Th. Geyer GmbH & Co. KG,

Renningen, DE

1.5 ml, 2.0 ml Eppendorf tubes

Sarstedt, Nimbrecht, DE

12-/24-/96-well plates, flat-bottom

Sarstedt, Nimbrecht, DE

15 ml, 50 ml centrifuge tubes

Sarstedt, Nimbrecht, DE

18 mm coverslips

Menzel, Braunschweig, DE

25 cm? cell culture flasks

Sarstedt, Nimbrecht, DE

5 ml, 10 ml, 50 ml serological pipettes

Sarstedt, Nimbrecht, DE

75 cm? cell culture flasks

Sarstedt, Nimbrecht, DE

96-well plate, V-bottom

Greiner Bio-One GmbH, Frickenhausen, DE

Cell scraper, 25 cm

Sarstedt, Nimbrecht, DE

CryoPure tube, 1.0 ml, white

Sarstedt, Nimbrecht, DE

Eclipse Needle cannula, 30 gauche x 1/2

Becton Dickinson AG, Allschwill, CH

MACS LD columns

Miltenyi Biotec GmbH, Bergisch Gladbach, DE

Micro-Touch nitrile examination gloves

Ansell GmbH, Munchen, DE

Parafilm M sealing film

Brand GmbH & Co. KG, Wertheim, DE

Scalpel

Feather, Osaka, JPN

SuperFrost Plus object slide 76x26 mm

Menzel, Braunschweig, DE

Syringe, 1 ml

Becton Dickinson AG, Allschwill, CH

Transfer pipettes 3.5 ml

Sarstedt, Nimbrecht, DE

Ultra-low attachment (ULA) plates, 96-well, U-

bottom

faCellitate, Mannheim, DE

Vuelife Closed Culture System, 32 ml

Sud-Laborbedarf, Gauting, DE
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2.7. Kit systems

Kit

Material

Manufacturer

Alexa Fluor 488 Tyramide SuperBoost Kit

Thermo Fisher Scientific, Waltham, USA

CD8+ T cell isolation kit, human

Miltenyi Biotec GmbH, Bergisch Gladbach, DE

LEGENDplex, custom human panel

BioLegend, San Diego, USA

M30 CytoDeath™ (PEVIVA®)

TECOmedical AG, Sissach, CH

MojoSort human CD14+ monocytes isolation kit

BioLegend, San Diego, USA

peqGOLD Total RNA Kit

Peqlab, Erlangen, DE

PEVIVA M30 CytoDeath Kit

Diapharma, West Chester, USA

RevertAid First Strand cDNA Synthesis Kit

Thermo Fisher Scientific, Waltham, USA

2.8. Laboratory Devices

Incubators

Device

Manufacturer

BBD 6220 CO; incubator

Thermo Fisher Scientific, Waltham, USA

HERA Cell 240 incubator

Thermo Fisher Scientific, Waltham, USA

Measuring devices

Device

Manufacturer

BD FACSCalibur flow cytometer

Beckton, Dickinson and Company, Franklin

Lakes, USA

BD FACSymphony flow cytometer

Beckton, Dickinson and Company, Franklin

Lakes, USA

Infinite 200 Pro microplate reader

Tecan Group, Mannedorf, CH

LightCycler 480 Il

Roche, Basel, CH

MACSQuant X Flow cytometer

Miltenyi Biotec GmbH, Bergisch Gladbach, DE

Neubauer counting chamber

Marienfeld Superior GmbH & Co. KG, Lauda-

Koénigshofen, DE

pH meter 7110

inoLab, Weilheim, DE
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Device

Material

Microscopes

Manufacturer

AE2000

Motic, Wetzlar, DE

Lionheart FX Automated Microscope

BioTek, Bad Friedrichshall, DE

NyOne SYNENTEC, ElImshorn, DE
Pipettes
Device Manufacturer

Finnpipette F1 0.2 — 2 pl

Thermo Fisher Scientific, Waltham, USA

Finnpipette F1 1 —10 pl

Thermo Fisher Scientific, Waltham, USA

Finnpipette F1 2 — 20 pl

Thermo Fisher Scientific, Waltham, USA

Finnpipette F1 20 — 200 pl

Thermo Fisher Scientific, Waltham, USA

Finnpipette F1 100 — 1000 pl

Thermo Fisher Scientific, Waltham, USA

Finnpipette F1 multi-channel 30 — 300 pl

Thermo Fisher Scientific, Waltham, USA

PIPETBOY acu

Integra Biosciences, Fernwald, DE

Ripette Ritter, Schwabmiinchen, DE
Sterile benches
Device Manufacturer
HERA Safe Thermo Fisher Scientific, Waltham, USA

HERA Safe KS

Thermo Fisher Scientific, Waltham, USA

Device

Scales

Manufacturer

Precisa BJ 2100D

Precisa Gravimetrics AG, Dietikon, CH

Precisa XB120A

Precisa Gravimetrics AG, Dietikon, CH
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Material

Centrifuges

Manufacturer

Heraeus Fresco 17

Thermo Fisher Scientific, Waltham, USA

Heraeus Multifuge X1

Thermo Fisher Scientific, Waltham, USA

JE-5.0 Elutriator Rotor

Beckmann Coulter GmbH, Krefeld, DE

Rotino 420 R

Hettich, Tuttlingen, DE

Sunlab Mini Centrifuges

Labdiscount GmbH, Mannheim, DE

Device

Other Devices

Manufacturer

ARPEGE 110, liquid nitrogen tank

Air Liquide GmbH, Disseldorf, DE

BOND-MAX Autostainer

Leica Biosystems, Wetzlar, DE

Freezer (-20 °C)

Liebherr, Ochsenhausen, DE

Fridge (4 °C)

Liebherr, Ochsenhausen, DE

HERAfreeze Basic freezer (-80 °C)

Thermo Fisher Scientific, Waltham, USA

Laboport vacuum pump

KNF Neuberger, Freiburg, DE

MACS MultiStand

Miltenyi Biotec GmbH, Bergisch Gladbach, DE

Masterflex L/S tubing pump

Cole Parmer Instruments, Novodirect GmbH,

Kehl/Rhein, DE

MILLI-Q Reagent Water System

Merck Millipore, Billerica, US

NanoZoomer S60

Hamamatsu photonics, Hamamatsu, JPN

PMS 1000i microplate shaker

Grant bio, Essex, UK

VORTEX Genius 3 vortex shaker

IKA-Werke, Staufen, DE

Water bath

STORK-TRONIC, Stérk GmbH & Co. KG,
Stuttgart, DE
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2.9.Software

Software

Material

Manufacturer

BD FACSDiva Software

Beckton Dickinson, Heidelberg, DE

FACSCalibur CellQuest Pro

BD Bioscience, San Jose, USA

FlowJo 10.7.1

Flowlo, LCC, Oregon, USA

Gen5 Data Analysis Software

BioTek, Bad Friedrichshall, DE

GraphPad Prism 9.3.1

GraphPad Software, Boston, USA

LEGENDplex Data Analysis software v8

VigeneTech Inc., Carlisle, USA

MACSQuantify Version 2.13.0.

Miltenyi Biotec GmbH, Bergisch Gladbach, DE

Microsoft Office 365

Microsoft Corporation, Redmond, USA

NDP.view2

Hamamatsu photonics, Hamamatsu, JPN
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3. Methods

3.1. Cell biological methods

3.1.1. Cultivation of human PDECs and PDAC cells

Human PDECs and PDAC cells were cultured in 75 cm? cell culture flasks in 10 ml of their respective
medium (section 2.3.3) to a cell confluence of 80 - 90%. For further cultivation, cells were split at ratios
of 1:5 to 1:10 twice a week. To detach adherent cells, the supernatant was discarded, 5 ml of pre-
warmed Trypsin/EDTA were added followed by incubation at 37 °C for 10 - 15 min. When the cell layer
was detached completely, the proteolytic reaction was stopped by adding 5 ml of their pre-warmed
FCS-containing medium. Afterwards, cell suspension was transferred into a 50 ml tube and centrifuged
at 300xg for 5 min at room temperature (RT). Next, supernatant was aspirated and cell sediment was
resuspended in 10 ml of its respective culture medium according to the respective dilution ratios.
Finally, cells were seeded in 75 cm? cell culture flasks and cultured for maintenance, expansion, and

experiments at 37 °C, 5 % CO,, and 86 % humidity.

3.1.2. Long-term storage of PDEC and PDAC cell lines and primary human
lymphocytes in liquid nitrogen
All PDEC and PDAC cell lines as well as isolated human primary lymphocytes were long-term stored in
liquid nitrogen. A cell number of 30x10° lymphocytes or a full cultivation flask of PDEC or PDAC cell
lines per cryo tube were used for long-term storage. First, cells were centrifuged at 300xg, 8 min at RT,
and supernatant was discarded. Thereafter, cell sediment was resuspended in 1 ml FCS supplemented
with 10 % (v/v) DMSO. Next, the cell suspension was transferred into cryotubes and stored at -80 °C
for 24 h. After one day, the cryotubes were transferred into an ARPEGE 110 tank filled with liquid

nitrogen.

3.1.3. Thawing of frozen cells

Frozen cells were rapidly thawed by adding their respective pre-warmed culture medium (37 °C) into
the cryo tube. Already liquified cell suspension was placed in a 50 ml tube with 10 ml of fresh pre-
warmed culture medium. For PDEC and PDAC cell lines 10 ml of culture medium were used per
cryotube, for primary human lymphocytes 3 cryo tubes were diluted in 10 ml culture medium.
Afterward, diluted cell suspension was centrifuged at 200xg, 5 min at RT to remove dead cells. Cell

sediments of PDEC and PDAC cell lines were resuspended in their respective culture medium and
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further cultivated (section 3.1.1) and cell sediments of human lymphocytes were resuspended in cold

MACS buffer for following isolation of naive CD8+ T cells (section 3.1.7).

3.1.4. Cell counting

To ensure of seeding appropriate cell numbers in experiments, the cell count was manually determined
using a Neubauer counting chamber. After resuspension of the cell suspension, 10 pl of cell suspension
were used to completely fill the counting chamber. Only light-breaking cells in 2 opposing quadrants
were counted, their mean value was calculated and the chamber factor of 10* was added. The vital cell

number was calculated by the following formula:

counted cell number 10 = counted cells

counted squares ml

3.1.5. Isolation peripheral blood mononuclear cells (PBMCs)
Lymphocytes and monocytes were isolated from leukoreduction system chambers (LRSC) of healthy
blood donors. These donors gave their informed consent. The LRSC comprises leukocyte concentrate
composing numerous blood cell populations including lymphocytes and monocytes. For separation of
PBMCs from other blood components like erythrocytes, granulocytes and debris, a density gradient
centrifugation with pancoll was performed. For that purpose, two 50 ml tubes were filled with 10 ml
of pancoll and slowly overlayed with 40 ml of leukocyte concentrate/PBS mixture (1:11) to generate
two separate phases. Next, the 50 ml tubes were centrifuged for 25 min, 350xg at RT with slow
acceleration and without mechanical deceleration. After centrifugation, the upper PBS phase was
discarded and the two interphases containing PBMCs were collected in another 50 ml tube and filled
up with MACS buffer to 50 ml. Afterwards, the mixture was centrifuged for 8 min, 300xg at 4 °C
followed by supernatant discard and resuspension in 10 ml erythrocyte lysis buffer for elimination of
remaining erythrocytes. The erythrocyte lysis buffer was incubated for 6 min at RT in the dark,
subsequently filled up with elutriation buffer to 50 ml, and centrifuged at previous conditions. Next,
the cell sediment was resuspended in 50 ml elutriation buffer and counted. A cell number of 8x102 to

1.2x10°/50 ml was used for the following counterflow centrifugation (elutriation).

3.1.6. Counterflow centrifugation (elutriation)

Counterflow centrifugation was performed to separate lymphocytes from monocytes according to

their differential sedimentation potential (Figure 6). For this purpose, the tubing system and the
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elutriation chamber were washed with 70 % ethanol in ddH-0, followed by water and cold elutriation
buffer. The determined cell number of PBMCs was loaded into the system at 3500 rpm and 4 °C. The

pumping flowrate was started at 26 ml/min and the system was washed with 200 ml elutriation buffer.

Pressure
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Figure 6: Schematic illustration of counterflow centrifugation (A) and principle of separation (B). PBMCs acquired from
density gradient centrifugation are loaded into the elutriation system. The different cell populations are separated according
to their different sedimentation potentials. The constant centrifugal force and the increasing counter flow, created by the
peristaltic pump, separate different cell populations 206,

The first 3 fractions of 50 ml cell suspension were saved at flowrate of 26 ml/min. Then, the different
fractions were collected by increasing the flow rate in 2 ml/min steps until fraction of 32 ml/min was
reached. Next, flow rate was enhanced by 1 ml/min steps until the last fraction of 43 ml/min was
acquired, the centrifugation was stopped, and the stop fraction was collected. The fractions 26 to
34 ml/min mostly contained lymphocytes, whereas fractions 35 to 40 ml/min comprised a
lymphocyte/monocytes mixture and fractions above 41 ml/min yielded monocytes. The purity of
fractions was determined by flow cytometric analysis via forward/side scatter. Next, all fractions with
a higher purity than 85 % were centrifuged for 8 min, 200xg, and 4 °C to remove dead cells and were
washed with PBS. The lymphocyte-enriched cell sediments were prepared for long-term storage in
liquid nitrogen (section 3.1.2). The monocyte-enriched fractions above 85 % were used for following

macrophage polarization (section 3.1.10).
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3.1.7. Isolation of primary human CD8+ T cells

After counterflow centrifugation, frozen lymphocytes were thawed (section 3.1.3) and the cell number
was determined, including dead cells to load a proper cell number to the LD columns in the following
step. For the isolation of human CD8+ T cells the MACS isolation kit from Miltenyi was used, following
modified manufacturer’s instructions with reduced antibody and bead concentrations (50 %) and
extended incubation times (1.5-fold). The advantage of negatively isolated cells is that the cell
population to be isolated stayed unaffected whereas all other cell populations remained in the
magnetic column due to antibody and bead binding. Cold and degassed MACS buffer was used for
CD8+ T cell isolation and equilibration of columns was performed by preventing air bubbles in the
system ensuring an optimal isolation. Thawed lymphocytes, whose total cell number was previously
determined, were centrifuged at 300xg for 8 min and 4 °C. Cell sediment was resuspended in MACS
buffer resulting in a concentration of 107 cells per 40 pul MAC buffer. Subsequently, 5 pl of biotin-
antibody cocktail per 107 cells were added and incubated for 8 min at 4 °C. Afterwards, 30 pl MACS
buffer and 10 ul of MicroBead cocktail per 107 cells were added, mixed thoroughly without forming air
bubbles, and incubated for 15 min at 4 °C. During this incubation, MACS LD columns were equilibrated.
For this purpose, LD columns were placed in a MACS MultiStand and 5 ml of MACS buffer were added
to ensure equilibration of all LD columns. After MicroBead cocktail incubation, suspension was added
evenly to the equilibrated columns. In order to collect the isolated CD8+ T cells, new 50 ml tubes filled
with 5 ml of fresh MACS buffer were placed under the columns. After cell suspension had entered the
LD columns, additional 5 ml of MACS buffer were added to the columns to isolate all unbound CD8+ T
cells. Finally, all isolated CD8+ T cells were pooled, the cell number of living cells was determined and
used for further activation culture (section 3.1.8). The purity of the isolated cells was checked by
immunofluorescence staining of a3 T cell receptor (afTCR), CD4 and CD8, and measured by a flow

cytometer (section 3.2.1.1).

3.1.8. Activation and cultivation of primary human CD8+ T cells

The activation of primary human CD8+ T cells was conducted with a purified immobilized a-CD3 and
soluble a-CD28 targeting antibody to create an artificial but physiological-like situation of T cell
activation resulting in T cell proliferation and cytokine production 2. For this purpose, a 24-well
polystyrene plate was incubated for 2 h at 37 °C with 200 ul of 1.5 pg/ml a-CD3 antibody in PBS to
allow a proper binding of the antibodies to the polystyrene surface of the plate. After 2 h, unbound

antibody was discarded and all wells were washed twice with PBS. Then, 1.3 — 1.8 x 10° CD8+ T cells

41



Methods

were cultivated in 1 ml TCM per well. Additionally, 1.5 pg/ml a-CD28 antibody and 60 ng/ml IL-2 were
added to the medium and cultured for 3 to 4 days at 37 °C, 5 % CO3, and 86 % humidity.

3.1.9. Negative isolation of CD14+ primary human monocytes
For all 3D experiments, where a lower cell number of macrophages was needed, a negative isolation
of CD14+ monocytes was performed by using a human CD14+ monocytes isolation kit from Biolegend
according to a modified protocol of the manufacturer. All following information refers to a cell number
of 107 cells. Briefly, PBMCs were resuspended in 100 pl MACS buffer, 1.25 pl Fc receptor blocking
solution were added and incubated for 15 min at RT. Next, 2.5 pl of Biotin-antibody cocktail were
added and incubated at 4 °C for 25 min. Afterwards, Streptavidin nanobeads were resuspended by
vortexing, and 2.5 pl were added to the cell-antibody solution and incubated again for 25 min at 4 °C.
Then, cell-antibody suspension was filled up to 4 ml with MACS buffer and centrifuged for 5 min at
300xg at 4 °C. The supernatant was discarded, and cell sediment was resuspended in 2.5 ml MACS
buffer. The 4 ml tube was inserted into the magnet and negative selection was performed for 10 min.
Afterwards, the remaining solution containing monocytes was collected in a fresh 50 ml tube. The
remaining cells were washed with 2.5 ml MACS buffer and again inserted into the magnet for 10 min.
Finally, the monocyte solution was collected in 50 ml, and purity measuring the forward scatter/side

scatter (FSC/SSC) by a flow cytometer was performed.

3.1.10. Polarization and cultivation of primary human macrophages
Macrophages can arise as pro-inflammatory M1- or anti-inflammatory M2-macrophages. For in vitro
experiments, polarization of isolated monocytes (sections 3.1.6) into M1- and M2-like macrophages

was performed by stimulation with GM-CSF and M-CSF, respectively.

Counter flow fractions with a purity over 85 % were resuspended in M2 medium, collected in one 50 ml
tube, and counted. For all 2D experiments, 15x10° monocytes were transferred into a 50 ml tube.
Afterwards, the cell suspension was filled up to 27 ml with either M1 medium or M2 medium, and
either 2.4 ng/ml GM-CSF or 50 ng/ml| M-CSF were added. Then, monocytes were transferred in Vuelife
culture bags and cultivated for 6 to 7 days at 37 °C, 5 % CO,, and 86 % humidity. To isolate macrophages
after their polarization culture, the Vuelife bags were kept on ice for 30 min, macrophages were
carefully detached by mechanical action, and the cell suspension was transferred into 50 ml tubes. To
ensure that most of the macrophages were detached from the bags, the cultivation bags were rinsed

with 20 ml of pre-warmed PBS. Then, cells were centrifuged at 300xg for 8 min at RT and cell sediments

42



Methods

were resuspended in the respective culture medium. Next, the cell number was determined (section

3.1.4) to obtain the required cell numbers for further experiments.

If the purity of monocyte fractions was too low, an intermediate step was performed to ensure a higher
purity. In this case, the monocyte fractions were pooled, counted, and seeded in 10 cm petri dishes
overnight. The seeded cell number was dependent on the purity of monocytes so that a final cell
number of 10x10°® monocytes were allowed to adhere to the petri dish surface. The next day, the
supernatant was discarded and the cells were rinsed with warm PBS to eliminate remaining
lymphocytes. Afterward, monocytes were detached with 5 ml accutase for 15 min at 37 °C, scratched
from the petri dish surface, filled up with 5 ml M2 medium, and centrifuged at 300xg, 8 min at RT. The

cell sediment was resuspended in M2 medium and the cell number was determined.

The polarization of monocytes into M1- and M2-like macrophages for all 3D experiments was done in
12-well plates for 6 to 7 days at 37 °C, 5 % CO,, and 86 % humidity. For this purpose, 2x10° monocytes
were seeded per 12-well and stimulated either with 2.4 ng/ml GM-CSF for M1-like macrophage

polarization or 50 ng/ml M-CSF for M2-like macrophage polarization.

3.1.11. CD8+ T cell kinetic during and after activation culture
1.3 - 1.8 x 10° CD8+ T cells were cultured in 24 well plates, where a-CD3, a-CD28 antibodies and IL-2
were added for T cell activation (section 3.1.8). Every day during activation culture, supernatants were
collected and two wells of CD8+ T cells were washed twice with 1 ml PBS and centrifuged at 300xg and
RT for 8 min to remove activation stimuli. Then, immunofluorescence staining (section 3.2.1.1) was
conducted. After 4 days of activation culture, remaining CD8+ T cells were also washed twice with PBS
and re-seeded in 24 well plates (in the absence of stimuli) until day 7 after start of activation culture.
Again, during the entire culturing period cell culture supernatants were daily collected, and

immunofluorescence staining was performed.

3.1.12. Mono- and co-culture 2D experimental settings

3.1.12.1. Durvalumab pre-treatment of CD8+ T cells in 2D

For 2D Durvalumab pre-treatment experiments, the following steps were performed (Figure 7):
Day 0: CD8+ T cell isolation and activation of T cells were performed.

Day 3: Restimulation of CD8+ T cells with IL-2.
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Day 4: CD8+ T cells were mono-cultured in 12-well plates for 72 h. Additionally, either 1gG1 or

Durvalumab was applied to the CD8+ T cell culture.

Day 7: Characterization of pre-treated CD8+ T cells was performed by immunofluorescence staining
for flow cytometric analysis. Further, CD8+ T cells were used for following PDAC viability assay (section

3.1.12.4) at day 7.
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Figure 7: Experimental setting of Durvalumab pre-treatment of CD8+ T cells. Human CD8+ T cells were isolated out of human
lymphocytes and activated via aCD3 antibody, aCD28 antibody, and IL-2 for 4 days. On day 3, IL-2 was applied again. Mono-
culture of CD8+ T cells and treatment with either IgG1 or Durvalumab (10 ug/ml) were performed on day 4 for 72 h. Finally,
immunofluorescence staining of activation markers and PD-1, PD-L1, and CD80 on CD8+ T cells was conducted on day 7.
Additionally, CD8+ T cells were used for following PDAC viability assay.

3.1.12.2. Durvalumab treatment in direct co-culture of CD8+ T cells and PDEC in
2D
For 2D Durvalumab treatment in direct co-culture of CD8+ T cells and PDEC experiments, the following

steps were performed (Figure 8):
Day 0: CD8+ T cell isolation and activation of T cells was performed.

Day 3: Restimulation of CD8+ T cells with IL-2. PDEC were labeled with CellTracker green (section
3.1.14) and seeded in 96-well plates (5x10* cells per 96 well).

Day 4: CD8+ T cells (1x108 cells per 96 well) were co-cultured with CellTracker green labeled PDEC for
24 h. Additionally, either IgG1 or Durvalumab was applied to the co-culture.
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Day 5: PDEC viability assay was performed (section 3.1.12.4).
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Figure 8: Experimental setting of Durvalumab treatment in direct co-culture of CD8+ T cells and PDECs. Human CD8+ T cells
were isolated out of human lymphocytes and activated via aCD3 antibody, aCD28 antibody, and IL-2 or 4 days. On day 3, IL-
2 was applied again to the T cells. In parallel, PDEC were labeled with CellTracker green and seeded in 96-well plates. On day
4, CD8+ T cells were co-cultured and treatment with either IgG1 or Durvalumab (10 pg/ml) was performed on day 4 for 24 h.
Finally, fluorescence confluence analysis was assessed for PDEC viability assay.

3.1.12.3.  Mono- and co-culture of macrophages and CD8+ T cells in 2D
For 2D mono- and co-culture experiments, polarized M1- or M2-like macrophages and pre-activated
CD8+ T cells were seeded in 12-well plates. Culture occurred according to the following schedule

(Figure 9).

Day 0: Macrophages were isolated and polarized for 7 days.

Day 3: CD8+ T cell isolation and activation of T cells was performed.
Day 6: Restimulation of CD8+ T cells with IL-2.

Day 7: M1- and M2-like macrophages were detached from polarization cultures and seeded (1x10°
cells per well). After 3 h when macrophages had attached to the plate surface, pre-activated CD8+ T
cells (1x10° cells) were co-cultured with macrophages in TCM. In parallel, macrophages and CD8+ T

cells were cultured in mono-culture under identical conditions. To maintain the polarization of mono-
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and co-cultured macrophages, either GM-CSF or M-CSF was added. Mono- and co-cultures of

macrophages and CD8+ T cells were conducted for 48 h.

Day 9: Characterization of CD8+ T cells and macrophages was performed by immunofluorescence
staining for flow cytometric analysis. Mono- or co-cultured CD8+ T cells were also used for following

PDAC viability assay (section 3.1.12.4) at day 9.
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Figure 9: Experimental setting of CD8+ T cells and M1- or M2-like macrophage co-cultures. Isolated human monocytes were
polarized for 7 days into M1- or M2-like macrophages by stimulation with Granulocyte-Macrophage Colony Stimulating Factor
(GM-CSF) or Macrophage Colony Stimulating Factor (M-CSF). Human CD8+ T cells were isolated out of human lymphocytes
and activated via aCD3 antibody, aCD28 antibody, and IL-2 for 4 days. On day 6, IL-2 was applied again to the T cells. Mono-
and co-cultures of CD8+ T cells and M1- or M2-like macrophages were performed on day 7 for additional 48 h. Finally,
Immunofluorescence staining of activation markers and PD-1, PD-L1, and CD80 on CD8+ T cells as well as polarization status
of macrophages was conducted on day 9. Additionally, after 48 h mono- or co-culture with different macrophages, CD8+ T
cells were used for following PDAC viability assay.

3.1.12.4. PDEC viability assay in 2D
Pre-activated CD8+ T cells (either pre-cultured with macrophages for 48 h, pre-treated with 1gG1 or
Durvalumab, or directly after 4-day activation culture and additional IgG1 or Durvalumab treatment)
and CellTracker green labeled H6c7-KRAS and PancTul cells (section 3.1.14) were co-cultured to asses
PDEC viability based on fluorescence confluence analysis. Mono-cultured PDECs were cultured as a

control in parallel. All cultures were conducted according to the following schedule (Figure 10):

Day 0: CellTracker green labeling of PDECs and seeding in 96-well plate (5x10* cells per 96-well).
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Day 1: PDECs were cultured alone (mono) or together with CD8+ T cells (1x108 CD8+ T cells per well)

and PDEC fluorescence confluence was measured at timepoint 0 h.

Day 2: CD8+ T cells were discarded and PDECs were washed with PBS. Then, the fluorescence

confluence of PDEC was measured at timepoint 24 h.
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Figure 10: Schematic illustration of 2D PDEC viability assay. H6c7-KRAS or PancTul cells were labeled with CellTracker green
and seeded in 96-well plates to adhere to the plate bottom. After 24 h, co-culture with CD8+ T cells was started and
fluorescence confluence was measured at timepoint 0 h. PDEC viability was assessed after 1) CD8+ T cell pre-treatment with
either IgG1 or Durvalumab for 3 days, 2) IgG1 or Durvalumab treatment during direct co-culture of pre-activated CD8+ T cells
and PDECs, or 3) pre-culture of CD8+ T cells with both macrophage populations. On day 2, CD8+ T cells were discarded, PDECs
were washed and fluorescence confluence was determined at timepoint 24 h.

In order to evaluate the PDEC viability, the ratio of confluence of timepoint 0 h and 24 h was calculated
for respective co-culture or treatment conditions. Next, these ratios were normalized to PDEC mono-
cultured samples to visualize specifically effects of co-cultures or treatment. Further, when treatment
was applied, the normalized confluence ratio was normalized to respective 1gG1 control ratios to
picture only effects of specific treatment. Ratios >1 reflect increased PDEC viability, while ratios <1

indicate decreased PDEC viability.
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3.1.13. Mono- and co-culture 3D experimental settings

3.1.13.1. Co-culture of PDAC spheroids and macrophages
PDAC cell lines and macrophages were detached as described in sections 3.1.1 and 3.1.10. The cell

sediments were resuspended in TCM and the cell number was determined.

The following spheroid seeding was performed in 96-well ultra-low attachment (ULA) plates. For
spheroid seeding, a final cell number of 2x10* cells per well was used. To generate mono-cultured
spheroids, 2x10* PDAC cells were seeded. The PDAC/macrophage ratio 1:1 consisted of 1x10* PDAC
cells and 1x10* macrophages, whereas the ratio 3:1 comprised 1.5x10* PDAC cells and 0.5x10*
macrophages. All different culture conditions were seeded at the same timepoint in 150 pul TCM and

incubated for 24 h or 72 h at 37 °C, 5 % CO,, and 86 % humidity to allow spheroid formation.

To characterize the localization of cell populations and the PD-L1 status of tumor cells and
macrophages as well as macrophage polarization in spheroid co-culture, the following experimental

approach was conducted (Figure 11):
Day 0: Monocytes were isolated and polarized into M1- or M2-like macrophages for 7 days.
Day 7: Seeding of mono- or co-cultured PDAC spheroids was conducted.

Day 10: Characterization of macrophage polarization and PD-L1 status of macrophages and PDAC cells

was performed via immunofluorescence staining and measured by a flow cytometer.
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Figure 11: Schematic illustration of 3D co-culture setting with PDAC cells and M1- or M2-like macrophages. Isolated
monocytes were polarized for 7 days into M1- or M2-like macrophages by stimulation with Granulocyte-Macrophage Colony
Stimulating Factor (GM-CSF) or Macrophage Colony Stimulating Factor (M-CSF). Seeding of polarized macrophages and PDAC
cells in different cell ratios was performed in ultra-low attachment plates on day 7. To analyze the localization of cell
populations, PDAC cells were labeled with CellTracker green and macrophages with CellTrace violet. To examine PD-L1
expression by flow cytometry, unlabeled cells were used. After 3 days of spheroid formation and cultivation, analysis of
localization, PD-L1 status, and macrophage polarization was conducted.
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3.1.13.2. Co-culture of PDAC spheroids, macrophages and CD8+ T cells in the
absence or presence of additional treatment

For the analysis of PDAC cell death and CD8+ T cell activation stage and effector phenotype, the

experimental setup was conducted as followed (Figure 12):

Day 0: Monocytes were isolated and polarized into M1- or M2-like macrophages for 7 days.
Day 6: Isolation and activation of CD8+ T cells were performed.

Day 7: Seeding of mono- or co-cultured PDAC macrophage spheroids was conducted.

Day 8: Treatment with 10 pg/ml Gemcitabine or spheroids were left untreated.

Day 9: Medium was changed and CD8+ T cells were added at a 1:10 target cell/effector cell ratio. Either
treatment with 10 pg/ml Durvalumab or Pembrolizumab or their respective isotype control was

started or spheroid cultures were left untreated.

Day 10: Collection of supernatants and characterization of CD8+ T cells via immunofluorescence

staining and flow cytometry analysis was performed.
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Figure 12: Schematic illustration of 3D co-culture experiments comprising PDAC cells, M1- or M2-like macrophages, and
CD8+ T cells. Isolated monocytes were polarized into M1- or M2-macrophages for 7 days. After 6 days, separated and frozen
lymphocytes were used for magnetic-activated cell sorting to isolate CD8+ T cells. CD8+ T cells were activated by stimulation
with a-CD3 antibody, a-CD28 antibody, and IL-2 for 3 days. On day 7, the start of mono- or co-culture spheroid formation
was conducted with M1- or M2-like macrophages and PDAC cells. One day later, either treatment with Gemcitabine (10
pg/ml) was started, or spheroids remained untreated for 24 h. On day 9, the medium was changed, and activated CD8+ T
cells were added or spheroids were cultured in the absence of CD8+ T cells. Additionally, some experiments included
treatment with immune checkpoint inhibitor Durvalumab or Pembrolizumab or their respective 1gG isotype controls on day 9
for 24 h. On day 10, supernatants were collected following epithelial cell death analysis and cytotoxic molecule examination.
Furthermore, CD8+ T cells were analyzed concerning their activation stage and expression of PD-1 and PD-L1 by
immunofluorescence staining and flow cytometric analysis.
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3.1.14. Cell tracking via fluorescent probes

In order to assess the PDEC viability in 2D cultures (section 3.1.12.4) and to discriminate different cell
populations in 3D co-cultures (section 3.1.13.1), two fluorescent dyes were used to specifically label
different cell populations. PDECs were labeled with the fluorescent dye 5-
Chlormethylfluoresceindiacetat (CellTacker™ Green CMFDA) in 2D as well as 3D culture experiments,
whereas macrophages in 3D cultures were labeled by CellTrace™ Violet. Briefly, the respective number
of cells was centrifuged at 300xg and RT for 5 min. Afterwards, supernatants were discarded, and cell
sediments were resuspended in the staining solution with the diluted dye and incubated at indicated
temperature and time (Table 4). If necessary, the staining reaction was quenched with respective
medium. Next, cells were centrifuged again at 300xg, RT for 5 min and subsequently counted and
seeded. The evaluation of fluorescent confluence and visualization of different cell populations was

conducted by a Lionheart FX Automated Microscope.

Table 4: Staining requirements for fluorescent dyes CellTrackerTM Green CMFDA and CellTraceTM Violet

Tracker/Tracer Cell Cell Dilution | Dilution | Label Quench with
population number vehicle | conditions medium

CellTracker™ PDEC 5x10°/ml | 1:2000 | FCS-free | 30 min, 37 °C | no

Green CMFDA medium

CellTrace™ macrophages | 2x10°/ml | 1:2000 | PBS 20 min, 37 °C | 5X  staining

Violet volume

3.2. Immunobiological methods
3.2.1. Immunofluorescence staining

3.2.1.1.  Flow cytometry
The immunofluorescence staining was performed to study the expression of cell surface molecules on
different cell populations. In the beginning, cells were counted (section 3.1.4), and 1.5 — 2x10° cells
were used for stainings (except 3D experiments where all cells were used). Then, cells were washed
with PBS and blocked with 2.5 pl FcR and 25 pl MACS buffer. All following steps were conducted on
ice. After FcR blocking, the cells were centrifuged in a V-bottom plate at 300xg, 4 °C for 8 min. The
supernatant was discarded, and the cell sediment was resuspended in 25 pl of fluorescent dye-linked
antibody staining solution. The staining solution was incubated for 30 min. Next, 175 ul MACS buffer
were added and the plate was centrifuged again to discard the staining solution. The cell sediments

were resuspended in 200 ul MACS buffer and centrifuged. As a last step, the cell sediments were fixed
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in 150 ul 1 % PFA in MACS buffer. The measurement was conducted by a MACSQuant X and analyzed

by FlowJo software.

3.2.1.2.  Immunofluorescence staining for PD-L1 on cover-slip-seeded
macrophages

To visualize PD-L1 expression on macrophages, the Alexa Fluor 488 Tyramide SuperBoost Kit (Thermo
Fisher Scientific) was used according to the manufacturer’s instructions. For this purpose, 1x10® M1-
like or M2-like macrophages were seeded on 18 mm coverslips in 12-well flat bottom plates. After 3 h
of attachment, either activated CD8+ T cells (1x10® per 12-well) were added or macrophages were
further mono-cultured for 48 h. Mono- or co-cultures with M1-like macrophages were stimulated with
GM-CSF and cultures with M2-like macrophages with M-CSF for the culturing period. After 48 h, CD8+
T cells were discarded and macrophages were washed twice with PBS to eliminate remaining CD8+ T
cells. Next, cells were fixed with 4 % PFA solution for 10 min and washed trice with PBS for 5 min. Then,
macrophages were incubated with 3 % Hydrogen Peroxide Solution (Compound C2) for 1 hat RTin a
humidified chamber. Afterwards, coverslips were rinsed trice with PBS and incubation with a-rabbit-
PD-L1 antibody (clone E1L3N, Cell Signaling) diluted 1:200 in 1 % BSA/PBS was performed overnight in
a humidified chamber. Next, the cells were washed again trice with PBS for 5 min and incubated with
goat anti-rabbit poly-HRP-conjugated secondary antibody (Compound B) for 1 h at RT in a humidified
chamber. Subsequently, cells were washed again trice with PBS for 5 min, and nuclei staining with
Hoechst (1:500 in PBS) was performed for 30 min at RT in a humidified chamber. Afterwards, coverslips
were washed again three times with PBS for 5 min, and Tyramide solution was added. After 10 min in
the dark, reaction was stopped by aspirating the Tyramide solution and adding an equal amount of
Reaction Stop Reagent to the coverslips. Then, cells were washed again three times with PBS and once
with ddH;O. Finally, coverslips were sealed upside-down in a drop of Fluoro Gel onto an object slide
with clear nail polish. The dried and sealed object slides were stored at 4 °C and PD-L1

immunofluorescence staining was detected by a Lionheart FX Automated Microscope.

3.2.1.3.  Propidium lodide (Pl) staining
To test the cell viability of 3D cultured PDEC, a PI staining was performed as Pl intercalate into nucleic
acids and display red fluorescence only in dead cells without intact plasma membrane 2%, The cell
culture medium of PDEC spheroids was discarded, the Pl staining solution (1:400 dilution in TCM) was
added to spheroids and incubated for 1.5 h to allow Pl to penetrate the spheroids. Afterwards, Pl
staining of spheroids were examined by a Lionheart FX Automated Microscope.

51



Methods

3.2.2. Immunohistochemistry
Immunohistochemical (IHC) stainings of whole mount serial sections from primary tumor and
corresponding liver metastases of 4 PDAC patients were kindly performed by Sandra Kriiger and
Steffen Heckl by an autostainer Bond™ RX System in the Institute of Pathology at the UKSH in Kiel.
Stained tissue sections were scanned using a Hamamatsu NanoZoomer 2.0 RS scanner at 400 times
magnification and viewed with NDP.view2 software. The research was approved by the ethics
committee of the Friedrich-Alexander Universitdt Erlangen-Nirnberg (reference number: 4607) and
the Ethics committee of the Medical Faculty of Kiel University (reference number: A110/99). Written

consent was obtained from all patients.

3.2.2.1. IHCsingle staining
For single IHC stainings, the following antibodies were used: PanCK (clone: AE1/AE3, NeoMarkers via
Thermo Fisher Scientific), PD-L1 (clone: E1L3N, Cell Signaling), CD68 (clone: 514H12, Leica Biosystems),
CD163 (clone: 10D6, Leica Biosystems), CD3 (clone: LN10, Leica Biosystems), and CD8 (clone: C8144B,

Leica Biosystems)

3.2.2.2. IHC double staining
Further, immunohistochemical double stainings of liver metastases were performed. The first step
involved the staining of PD-L1 (clone: E1L3N, Cell Signaling). Antigen retrieval was achieved with ER2
(EDTA-buffer Bond pH 9.0; 20 minutes). The antigen retrieval step was modified for the PD-L1 staining
of those slides, which were to be combined with an alpha-smooth muscle actin (aSMA) (clone: 1A4,
NeoMarkers via Thermo Fisher Scientific) staining in the second step: In those cases, PD-L1
visualization was enhanced in relation to the more intense aSMA signal by prolonging ER2 antigen

retrieval to 30 minutes. The immunoreaction was visualized with the Bond™

Polymer Refine Detection
Kit resulting in a brown color. The second step involved the staining of either aSMA, CD68, or PanCK.
Antigen retrieval was carried out with ER1 (citrate buffer Bond pH 6.0; 20 minutes for aSMA), or ER2
(EDTA-buffer Bond pH 9.0; 20 minutes for CD68). The immunoreaction was visualized with the BOND™

Polymer Refine Red Detection Kit resulting in a red color.
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3.2.2.3. IHC evaluation
Analyses of the single IHC stainings were performed in two steps. To analyze the cellular and
histoanatomical distribution of different stained markers, an overall evaluation of the tissue sections
was performed first: the entire tissue section was screened at low magnification (10-fold
magnification) and the predominant distribution of immunopositive cells (tumor center and/or
invasion front of primary tumor or liver metastases) was documented. In order to investigate more
precisely the distribution and frequency of staining, 10 representative fields of view (FoV) at the
invasion front and tumor center of the primary tumor or metastasis were investigated. All tissue
sections were studied with regard to the predominant areas of stained cells at 200-fold magnification
(FoV: 0.48x0.85 mm), except those stained for PD-L1 which were analyzed at 400-fold magnification
(FoV: 0.42x0.24 mm). Every tissue section was assessed by their predominant localization of
immunopositive cells (at the invasion front, tumor/metastasis center, or evenly distributed between
invasion front and tumor center). For staining evaluation, a scoring system was established which rates
the percentage of immunopositive cells in the FoV. The scoring system for tissue sections stained for
PD-L1 and CD8 graded FoV into 0 % (negative), <1 %, and > 1% cells stained, whereas FoV in tissue
sections stained for CD163 and CD68 were scored as 0 %, <10 %, 11-50 %, and >50 % cells stained. The
PD-L1 staining intensity was graded as none, low and high. For each tissue section, areas with the
highest frequency of immunopositive cells were documented to evaluate the main localization of cells

stained for the respective markers within the tumor tissue.

3.2.3. Multiplex analysis of cell culture supernatants
LEGENDplex Human CD8/NK, mix and match panel from Biolegend, was used to determine different
human cytotoxic molecules and cytokines (Granzyme A, Granzyme B, Perforin, Granulysin, IFN-y) in
the supernatants of CD8+ T cell mono- and co-culture with PDAC spheroids following manufacturer’s
instructions. The supernatants were centrifuged at 15000xg and 4 °C for 8 min to remove cell debris
and stored at -80 °C. Prior to assay procedure, all reagents were pre-warmed to RT, the bead-
containing vials were vortexed for 1 min and the 20X wash buffer was diluted with ddH,0. The
lyophilized standard was solved in 250 pul assay buffer and a 1:4 serial dilution of the standard was
performed with assay buffer. Overall, 7 different standard concentrations were prepared containing
standard stock (C7), 1:4 dilution (C6), 1:16 dilution (C5), 1:64 dilution (C4), 1:256 dilution (C3), 1:1024
dilution (C2) and 1:4096 dilution (C1). Assay buffer (CO) was used as a blank sample. Next, 62.5 ul assay
buffer were added into a 96-well V-bottom plate and either 12.5 ul of standard solutions or

supernatants were included in the respective wells. Then, the beads were again vortexed for 30 sec
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and 12.5 ul of bead solution were added. The plate was sealed with a plate sealer, covered with
aluminum foil to protect from light, and incubated on a shaker at 800 rpm and RT for 2 h. Afterwards,
the plate was centrifuged at 250xg at RT for 5 min to allow sedimentation of bead-bound analytes. The
supernatants were immediately discarded after centrifugation by one continuous and forceful
movement. Thereafter, the wells were washed by adding and resuspending 200 pl of wash buffer,
followed by centrifugation at the same condition previously mentioned and supernatant discard. Then,
12.5 pl of detection antibody cocktail were added and the plate was sealed and foiled again for the
following incubation on the plate shaker at 800 rpm and RT for 1 h. Afterwards, 12.5 ul SA-PE cocktail
were added directly to each well and the plate was incubated as mentioned before for 30 min. Then,
all wells were washed twice with wash buffer and after the last centrifugation step, all standard wells
were resuspended in 150 pl wash buffer while all supernatant wells were diluted in 50 pl wash buffer.
Data acquisition was carried out with a BD FACSymphony flow cytometer (Beckton Dickinson), and the
evaluation was conducted with the LEGENDplex-data analysis software v8 according to the provided

manual.

3.2.4. M30 CytoDeath

To specifically analyze cell death of PDAC cells, the M30 CytoDeath ELISA was used. The procedure is
based on the accumulation of caspase-cleaved Keratin 18 (ccK18) in supernatants which is only
released by apoptotic epithelial/carcinoma cells. Shortly, 25 ul of standard solutions or supernatant
samples were added to pre-coated plates. Next, 75 ul of pre-diluted HRP conjugate solution were
added per well and incubated for 4 h at RT on a plate shaker (600 U/ml). Afterwards, wells were washed
5-times with 200 pl wash buffer, 200 pl TMB substrate were added, and the plate was incubated for
20 min at RT in the dark. Then, the reaction was stopped by adding 50 pl of stop solution and mixed
on a plate shaker for 5-10 min. Lastly, the plate was incubated for 5 minutes in the dark and then
measured by Tecan Infinite® 200 PRO Microplate Reader. All samples were normalized to PDAC cell

count seeded.

3.3. Statistics
Statistical analysis was performed using GraphPad Prism Version 9.4.1 (GraphPad Software Inc., La
Jolla, USA). Normality was tested by using the Shapiro-Wilk normality test. If the samples passed the
normality test, an ordinary one-way ANOVA using either Turkey’s multiple comparisons or when

comparing with control, Dunnett’s multiple comparison tests were performed. To test grouped
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samples, two way-ANOVA and followed multiple comparison was tested by Tukey test or comparing
all samples with control, Dunnett’s multiple comparison test was performed. Non-parametric data
were analyzed by Kruskal-Wallis Test with Dunn’s multiple comparison test comparing all samples with
control. Normally distributed data is presented by column bar graph with mean and standard
deviation, not normally distributed data is depicted by bar graphs with median and interquartile range
in both directions. Results were considered as statistically significant for p-values < 0.05. Significance

of results is indicated as follows: * = p < 0.05, **= p < 0.01, *** = p < 0.001, ****= p < 0.0001.
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4. Results

4.1.In situ characterization of PD-L1 expression and immune cell attendance in

primary tumors of PDAC patients and their corresponding liver metastases
In PDAC patients, several studies identified PD-L1 expression in pancreatic tumor tissues, but most of
these studies only investigated cohorts of PDAC patients at AJCC Stages | — Ill 170172176 The knowledge
about an alteration of PD-L1 expression during disease progression and metastasis formation is
missing. Therefore, the first aim of this study was to investigate primary tumors of PDAC patients and
their corresponding liver metastases concerning PD-L1 expression. Furthermore, the attendance of
immune cell populations which are highly relevant for tumor immunity was analyzed. For this purpose,
immunohistochemical stainings of serial sections from primary tumors and corresponding liver

metastases of four PDAC patients was performed. Patient characteristics are listed in Table 5.

Table 5: Clinico-pathological characteristics of PDAC patients in the analyzed cohort of this study.

Parameter Number of cases
Patients 4
Median age (range) 71 (68-74)
Sex (male/female) 3/1
Tumor stage T1/T2/T3/T4 0/2/2/0
Nodal stage NO/N1 1/3
Metastasis stage MO/M1 0/4
Tumor grade 1 (well differentiated) 1
Tumor grade 2 (moderately differentiated) 0
Tumor grade 3 (poorly differentiated) 3

4.1.1. PD-L1is expressed in all primary tumors and corresponding liver
metastases and associated with the presence of macrophages and CD8+ T

cells
Previous studies revealed that PD-L1 is expressed only in one-third to half of the cases at primary PDAC
and is predominantly expressed by stromal cells %7176 QOne of the most abundant stroma cell
populations are tumor-associated macrophages, which mostly exhibit anti-inflammatory M2-like
characteristics 2*°*, In order to investigate PD-L1 expression in primary tumors and liver metastases
and examine whether abundant macrophages are a source of PD-L1 expression, serial tissue sections

of PDAC patients’ primary tumors and corresponding liver metastases were immunohistochemically
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stained for PD-L1 as well as the attendance of macrophages and CD8+ T cells. Figure 13 depicts
representative images of a PDAC patient’s primary tumor. To discriminate tumor cells from stroma
cells, PanCK was stained (Figure 13A-C). PD-L1 expression is shown in Figure 13 D-F. General
macrophage marker CD68 (Figure 13G-I) and M2-like macrophage marker CD163 (Figure 13J-L) were
used to mark macrophages. T cells were stained with an a-CD3 antibody (Figure 13M-0) and CD8+ T
cells were analyzed by CD8 staining (Figure 13P-R). In order to get evidence about the spatial
distribution of tumor and immune cell populations as well as PD-L1 expression, an overview picture
for the respective staining is shown (Figure 13A, D, G, J, M, and P). To differentiate areas at the tumor
center (Figure 13B, E, H, K, N, and Q) from regions at the tumor invasion front (Figure 13C, F, |, L, O,
and R), representative images of a higher magnification are also presented. Within the tumor as well
as at the tumor invasion front, PD-L1 levels were found in all four cases (Figure 13 E and F).
Macrophages, especially CD163+ macrophages, were located in PD-L1-expressing areas. Likewise, T

cells (CD8+ T cells in particular) were found in these areas.
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Figure 13: PD-L1 expression and localization of macrophages and T cells in serial tissue sections of primary tumors of PDAC
patients. Representative images of immunohistochemical stainings of primary tumors of PDAC patients at different
localizations. The following markers were stained: (A-C) PanCK (epithelial/tumor cells), (D-F) PD-L1, (G-I) CD68
(macrophages), (J-L) CD163 (M2-like macrophages), (M-0) CD3 (T cells), and (P-R) CD8 (CD8+ T cells). A, D, G, J, M, and P
show an overview of the tissue sections, B, E, H, K, N, and Q depict areas in the tumor center. C, F, I, L, O, and R show areas
at the tumor invasion front. Scale bar overview pictures: 1000 um, tumor center and invasion front: 100 um. C = Center, IF =
Invasion front. (partially published data 2%9)
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Similar results were observed in corresponding liver metastasis of these PDAC patients (Figure 14).
Overview images of PanCK (Figure 14A-C), PD-L1 (Figure 14D-F), CD68 (Figure 14G-I), CD163 (Figure
14)-L), CD3 (Figure 14M-0) and CD8 (Figure 14P-R) are depicted in Figure 14. A clear border of PD-L1,
CD68, and CD163 expression separates the metastasis from surrounding liver tissue. Within the
metastasis, expression of CD68 and CD163 as well as CD3 and CD8 was clearly seen coinciding with PD-

L1-expressing areas (Figure 14E+F). Interestingly, in contrast to non-metastasized patients >

, all
investigated cases of this study showed PD-L1 expression in primary tumors and their corresponding

liver metastases.
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Figure 14: PD-L1 expression and localization of macrophages and T cells in serial tissue sections of corresponding liver
metastases of PDAC patients. Representative images of immunohistochemical stainings of liver metastases of PDAC patients
at different localizations of the metastasis. The following markers were stained: (A-C) PanCK (Epithelial/tumor cells), (D-F)
PD-L1, (G-1) CD68 (macrophages), (J-L) CD163 (M2-like macrophages), (M-0) CD3 (T cells), and (P-R) CD8 (CD8+ T cells). A, D,
G, J, M, and P show an overview of the tissue sections, B, E, H, K, N, and Q show areas in the tumor center.C, F, I, L, 0, and R
depict areas at metastasis invasion front. Scale bar overview pictures: 1000 um, areas within tumor and invasion front: 100
um. C = Center, IF = Invasion front. (partially published data 209).
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Next, all tissues from the PDAC patients were investigated regarding their localization of PD-L1, CD68,
CD163, CD3, and CD8 expression. For this purpose, each stained marker was evaluated according to its
predominant staining localization (center of primary tumor/metastasis, at the invasion front, or evenly
distributed throughout the tumor/metastasis). PD-L1 expression in the primary tumor (white) was
predominantly evenly distributed (75 % of cases) between the tumor center and invasion front,
whereas PD-L1 expression in liver metastases (grey) was evenly distributed for all cases (Figure 15A).
The expression of CD68 and CD163 was evenly distributed for both primary and secondary sites (Figure
15B+C). In contrast, CD3 expression in primary PDAC was mainly located at the invasion front, but in
liver metastases, it was located at the invasion front and evenly distributed in 50 % of cases,
respectively (Figure 15D). CD8 expression in liver metastases was mainly located at the invasion front

but uniformly distributed at the primary site (Figure 15E).
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Figure 15: Localization of PD-L1 expression and attendance of macrophages and T cells in primary tumors and
corresponding liver metastases of PDAC patients. Quantitative localization analysis of (A) PD-L1, (B) CD68, (C) CD163, (D)
CD3, and (E) CD8 in primary tumors (white) or corresponding liver metastases (grey). Overviews of tissue slices were scored
according to their predominant location of immunopositive cells. Three scores were used to determine location either in the
center, at the invasion front, or evenly distributed between center and invasion front of respective primary tumors and liver
metastases. Localization frequency denotes the percentage of immunopositive cells’ predominant location in all cases. n=4.
(partially published data 209).

Overall, PD-L1-expressing areas were associated with the presence of macrophages (especially M2-
like) and T cells (particularly CD8+) in primary tumors and corresponding liver metastases.

Furthermore, all analyzed cases showed PD-L1 expression in both primary and secondary sites,
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indicating that PD-L1-mediated immune evasion might operate during PDAC progression in these

patients.

4.1.2. Macrophages are highly frequent at the primary and secondary site and

PD-L1 is even more expressed in liver metastases than primary tumors
As the overview of serial tissue sections of primary tumors and corresponding liver metastases of PDAC
patients showed an association of PD-L1 expression areas with the location of macrophages and CD8+
T cells, verification of these results was performed. Therefore, every staining was scored according to
different staining frequencies to gain profound insight into distribution and frequency of each marker
within the tissue sections. For this purpose, 10 Fields of View (FoV) were analyzed within the primary
PDAC tumor (white) or liver metastases (grey) and at the invasion front (altogether 20 FoV for every
staining) (Figure 16A). Since PD-L1, CD3, and CD8 showed only low numbers of positively stained cells,
FoV were scored from 0 % (negative), <1 %, and > 1 % (Figure 16A, E, and F). In contrast, CD68 and
CD163 showed higher numbers of positively stained cells and were scored from 0 % (negative), < 10
%, 11-50 %, and > 50 % (Figure 16 C+D). Furthermore, for PD-L1 also the staining intensity was

investigated and scored from none, low, and high staining (Figure 16B).
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Figure 16: PD-L1 is expressed in primary PDAC tissues and even more in corresponding liver metastases. Classification of
staining frequencies for respective markers in primary tumors (white) or corresponding liver metastases (grey). To analyze
staining frequencies, 10 fields of view (FoV) at the invasion front and center of the primary tumor or metastasis were
investigated according to their score classification. (A) PD-L1 frequency, (B) PD-L1 intensity, (C) CD68 frequency, (D) CD163
frequency, (E) CD3 frequency, and (F) CD8 frequency. Scores for A, E, and F: 0 %, < 1 %, and > 1 %, B: none, low, high, and C
and D: 0 %, <10 %, 11-50 %, or > 50 %. Parametric data are depicted as mean with standard deviation in one direction and
non-parametric data are depicted as median with interquartile range in both directions. Two-way ANOVA with Tukey’s
multiple comparison test. n=4. * = p < 0.05. (partially published data 209).

The frequency of PD-L1 positively stained cells was different in primary tumors and liver metastases
(Figure 16A). Only in primary tumors, FoV without positive PD-L1 staining were observable, whereas
all FoV in liver metastases had PD-L1 expression with 52 % of analyzed FoV presenting a PD-L1
frequency of > 1 %. In contrast, primary tumors had the highest amount of FoV < 1 % positively stained
cells. Similar results were observable for PD-L1 staining intensity (Figure 16B). In contrast to liver
metastases, primary tumors showed FoV with no staining intensity and the highest amounts of
analyzed FoV at low intensity (60 %), whereas liver metastases showed 67 % of analyzed FoV with high
staining intensity. The frequencies of general macrophage marker CD68 and M2-like marker CD163
showed similar results for primary tumor and liver metastases (Figure 16C+D). The highest amount of
analyzed FoV were seen with 11-50 % positively stained cells for both primary tumors (56 % CD68 and
57 % CD163) and liver metastases (59 % CD68 and 63 % CD163). Of note, FoV with more than 50 %
positively stained cells were found for CD68 and CD163 at both tumor sites, underscoring the high
attendance of macrophages in PDAC patient tissues. The CD3 and CD8 stainings also showed similar
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results (Figure 16E+F) compared to macrophage stainings. The highest amounts of analyzed FoV were
found with > 1 % positively stained cells in liver metastases (CD3 55 % and CD8 50 %). Attendance of
CD3 T cells in primary tumors was evenly distributed between < 1 and > 1 %, but stronger for CD8

positively stained cells (55 %).

Taken together, these results showed that liver metastases exhibit a higher PD-L1 expression
frequency and staining intensity compared to primary tumors. Furthermore, macrophages were
present at high frequencies in tissues of PDAC patients at primary and secondary sites in contrast to

CD3 and CD8 T cells.

4.1.3. PD-L1-expressing cells as well as macrophages and CD8+ T cells were
predominantly present at the invasion front of primary tumors and liver

metastases
As described in section 4.1.1, the PD-L1 expression of primary tumors and corresponding liver
metastases was associated with the attendance of macrophages and CD8+ T cells. In section 4.1.2, the
results showed that macrophages were highly abundant, while CD8+ T cells were only present at low
frequencies in PDAC tumors and liver metastases. Next, it was investigated whether PD-L1-expressing
areas might be associated with the presence of macrophages and CD8+ T cells. For this purpose, an
evaluation of the respective highest scores (PD-L1, CD3, and CD8: > 1 %; CD68 and CD163: > 50 %, PD-
L1 intensity: high) was performed by investigation of 10 FoV in the center (plain) of primary tumor
(beige) or liver metastases (brown) and 10 FoV at their invasion fronts (shaded). Then, percentages of
the highest frequencies were calculated for both locations (center and invasion front) to get an insight
into the localization of immunopositive cells. PD-L1 frequency of the highest score category showed
that PD-L1-expressing cells were mainly located at the invasion front of both tissues (primary tumor
vs. liver metastasis: 74.2 % vs. 62.2 %) (Figure 17A). This corresponded with the PD-L1 staining intensity
which was also predominantly detected at the invasion fronts of both lesions (Figure 17B). CD68+ cells
were almost exclusively visible at the invasion front of primary tumors and in 100 % of analyzed FoV in
liver metastases (Figure 17C). The same results were seen for CD163+ stained cells (Figure 17D).
Likewise, CD3 immunopositive cells were mostly located at the invasion fronts of primary tumors and
liver metastases (CD3 primary tumor vs. liver metastasis: 72.3 vs. 74.4 %), and the highest frequency
of CD8+ stained cells was similarly detected at the invasion fronts of both lesions (CD8 primary tumor

vs. liver metastasis: 73.4 vs. 76.2 %) (Figure 17E+F).
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Figure 17: PD-L1 expression is predominantly localized at the invasion front of primary tumors and liver metastases and
associated with high infiltration of macrophages and CD8+ T cells. Localization of immunopositive cells was investigated
within the (A) highest frequency of PD-L1, (B) highest PD-L1 intensity, (C) highest CD68 frequency, (D) highest CD163
frequency, (E) highest CD3 frequency, and (F) highest CD8 frequency. For analysis of location, 10 fields of view (FoV) at the
lesion center (plain) and at the invasion front (shaded) of primary tumors (light brown) or liver metastases (dark brown) were
evaluated. Parametric data are depicted as mean with standard deviation in one direction. One-way ANOVA with Tukey’s
multiple comparison test. n=4. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. (partially published data 2%9).

As the immunohistological single stainings of serial tissues revealed a high co-localization of PD-L1
expression and CD163+ and CD8+ cells, double IHC stainings of PD-L1, CD68, CD8, and PanCK were
performed to check whether PD-L1 is predominantly expressed by stroma cells. As hepatic
myofibroblasts represent an important stromal population in liver metastases, too, aSMA was also

stained. Representative images of a PDAC patient’s liver metastasis are shown in Figure 18:.
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Figure 18: PD-L1 expression is predominantly co-localized with macrophages and hepatic myofibroblasts. Representative
images of immunohistochemical double stainings for (A+B) PD-L1/PanCK, (C+D) PD-L1/CD68, (E+F) PD-L1/CD8, and (G+H) PD-
L1/aSMA in the tissue of a liver metastasis of a PDAC patient. Brown staining represents PD-L1 immunopositive cells, and red
staining represents either PanCK, CD68, CD8, or aSMA immunopositive cells. Scale bar left: 250 um, right: 50 um. Arrows
represent double immunopositive cells. (partially published data 209).

PanCK+ PDAC cells did not express PD-L1, as no PanCK and PD-L1 double immunopositive cells were
detectable, while clear PD-L1 stainings were present in the surrounding cells (Figure 18A+B). Here,
CD68+ macrophages co-localized with PD-L1-expressing cells (Figure 18C) indicating that macrophages
express PD-L1 (Figure 18D, indicated by arrows). Similar to the lower frequency of CD8+ T cells in single
IHC staining, only a few CD8+ T cells were detected at the invasion front and only one CD8+ cell showed
PD-L1 expression (Figure 18E+F). Finally, hepatic myofibroblasts as another abundant cell population
in liver metastases (represented by aSMA staining), were also found along with PD-L1-expressing cells
(Figure 18G), showing that also aSMA+ and PD-L1+ cells were present in liver metastases. In summary,
these data indicate that not PDAC cells but macrophages and hepatic myofibroblasts, as the most

abundant stroma cell populations in liver metastases, are the main source of PD-L1 expression.
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Altogether, these data showed that PD-L1, CD68, CD163, and CD8 can be found predominantly at the
invasion front of primary tumor tissues and liver metastases, indicating that PD-L1 is associated with
the attendance of macrophages (especially M2-like phenotype) and CD8+ T cells. Furthermore, the fact
that both immune cell populations are predominantly found at the invasion fronts and not in the center
of primary tumors or metastases, suggests that they are not able to infiltrate the tumor or metastasis
properly. Further, macrophages and hepatic myofibroblasts were identified as the main source of PD-

L1-expressing cells.

4.2.PD-L1 and its blockade in the CD8+ T cell/PDEC interplay

As the in situ results revealed that PD-L1 is predominantly expressed at the invasion fronts of primary
tumors and metastases of PDAC patients where tumor cells and CD8+ T cells were present, the next
aim of the study was to examine whether blocking of PD-L1 impacts the activation status and PDEC

viability in the in vitro CD8+ T cell/PDEC interplay.

4.2.1. Expression of PD-1, PD-L1, and CD80 were enhanced during activation

culture and is dependent on the activation stage of CD8+ T cells
T cells often found in the TME of PDAC exhibit an exhausted phenotype 3219212, To investigate the
CD8+ T cell/PDEC interplay in vitro, CD8+ T cells were needed, which mimic the exhausted phenotype
of T cells in the tumor. The exhausted phenotype is characterized by elevated expression of PD-1 and
early activation marker CD69 219212 For this purpose, human lymphocytes were isolated from
leukocyte retaining systems of healthy blood donors and separated from other cell populations via
magnetic-activated cell separation by negative selection (section 3.1.7). Next, the CD8+ T cells were
activated by stimulation with immobilized a-CD3- and soluble CD28-targeting antibodies as well as
human IL-2. The activation culture was performed for 4 days. Afterwards, CD8+ T cells were seeded for
additional 3 days. Analysis of activation status and expression of PD-1 was done daily via
immunofluorescence staining and flow cytometric analysis. Additionally, the surface expression of the
PD-1 ligand PD-L1 and CD80 was assessed on CD8+ T cells, as CD8+ T cells are also able to express both

molecules 213721

, which might be involved in regulation of T cell activation or inhibition. As cis-binding
of PD-L1 and CD80 was reported in the literature to potentially inhibit trans-binding of PD-1 and PD-

L1 and foster co-stimulatory CD28-CD80 interaction 3%, CD80 expression on T cells was also examined.

During activation culture, the size and granularity of CD8+ T cells increased seen by FSC/SSC plots, but

after four days of activation culture, the size and granularity of CD8+ T cells decreased again (Figure
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19A). The cell surface levels of early activation marker CD69 increased since day one in activation
culture and peaked at day 3 (MFI ratio 0d vs. 3d: 1.67 vs. 79.4). At day 6, CD69 levels were reduced to
levels of freshly isolated CD8+ T cells before activation culture (Figure 19B). Expression of late
activation marker CD25 was also elevated during activation culture, but the increase only started on
day 2. Similar to CD69, the highest peak of CD25 surface levels was measured on day 3 (MFI ratio Od
vs. 3d: 1.93 vs. 199.0) and dropped the next 4 days (Figure 19C). The expression of immune checkpoint
receptor PD-1 was also enhanced during activation conditions until day 4 (MFI ratio 0d vs. 4d: 3 vs.
9.5), while when further cultured in the absence of activation stimuli, PD-1 levels rapidly decreased
again (Figure 19D). Of note, cell surface levels of PD-L1 (Figure 19E), and CD8&0 levels (Figure 19F) were
also found on CD8+ T cells. Cell surface expression of PD-L1 was also enhanced until day 2 (MFI ratio
PD-L1: 5.5) and decreased at all following days to the level of freshly isolated T cells (MFI ratio 0d vs.
6d: 1.45 vs. 1.57). The enhancement of PD-1 and PD-L1 cell surface levels on CD8+ T cells might play a
role in autoregulation against overactivation in the activation culture. In contrast, cell surface levels of
CD80 did not increase until day 3, which was also their peak (MFI ratio 0d vs. 3d: 2.26 vs. 5.31).
Afterwards, CD80 levels decreased until day 7 (Figure 19F). Trans-interaction of PD-L1/CD80 was also

118 enabling potential

reported which results in suppressed T cell activation and cytokine production
inhibitory mechanism against overactivation. The engagement of CD80 and CTLA-4, the latter being
also expressed on CD8+ T cells but only in small amounts (Supplementary figure 1) 2%, may result in
inhibition of T cell activation and proliferation 2*’. However, the low amounts of CTLA-4 on activated
CD8+ T cells suggest that the CTLA-4/CD80 axis plays not a central role in co-inhibition of CD8+ T cells

in this setting.
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Figure 19: Cell surface level enhancement of activation markers CD69, CD25, and CD80 as well as immune checkpoint
molecules PD-1 and PD-L1 during CD8+ T cell activation culture. Isolation of primary human lymphocytes from leucocyte
retaining systems was performed by density gradient centrifugation followed by counter flow centrifugation. To isolate CD8+
T cells from human lymphocytes, a magnetic-activated cell sorting (MACS) system was used. Afterwards, untouched CD8+ T
cells were stimulated with immobilized a-CD3 and soluble CD28-targeting antibodies as well as IL-2 for 4 days. At day 3, CD8+
T cells were again stimulated with IL-2. After 4 days, T cells were pooled, washed with PBS, and re-seeded for additional 3
days. (A) FSC/SSC dot plots during and after activation culture. CD8+ T cells were investigated daily during activation culture
and subsequent seeding period concerning their surface levels of activation markers (B) CD69, and (C) CD25 as well asimmune
checkpoint molecules (D) PD-1, (E) PD-L1, and (F) CD80 via flow cytometric analysis. Data are presented as MFI ratio and
denotes median fluorescence intensity ratio of specific staining antibody and its isotype control (MFIspecific/\VF|isotype),
Parametric data are depicted as mean with standard deviation in one direction and non-parametric data are depicted as
median with interquartile range in both directions. One-way ANOVA with Dunnett’s multiple comparison test comparing all
samples with 0d samples was used for parametric data and non-parametric data were analyzed by Kruskal-Wallis Test with
Dunn’s multiple comparison test comparing all samples with 0d. Not normally distributed data are depicted as median with
interquartile range in both directions. Naive and 3d: n=3, 1 and 2d: n=4 and 4 to 7d: n=5. * = p < 0.05, ** =p <0.01, ***=p
< 0.001.
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Notably, after activation culture, CD8+ T cells exhibited high cell surface expression levels of CD25 and
the early activation marker CD69 along with considerable cell surface levels of PD-1, pointing to an
exhausted T cell phenotype often found in PDAC tissues 21°212, The increase of PD-L1 in the activation
culture also indicates an exhausted phenotype of CD8+ T cells because PD-1/PD-L1 interaction seems
to play a major role as an inhibitory receptor pathway, which is involved in T cell exhaustion 2.

Furthermore, CD80 surface level enhancement during activation culture implies potential co-inhibitory

axes, as PD-L1/CD80 trans binding and CTLA-4/CD80 interaction can result in T cell inhibition.

4.2.2. Increased concentrations of Granzyme A and B, Perforin, and IFNy by

CD8&+ T cells during activation culture
In order to characterize CD8+ T cells during and after activation culture, analysis of supernatants
concerning the concentration of cytotoxic molecules Granzyme A, Granzyme B, Granulysin, Perforin,
and the effector cytokine IFNy was performed. After 4 days of activation culture, CD8+ T cells were
washed with PBS and cultured in fresh medium in the absence of activation stimuli for further 3 days.
Supernatant concentrations of Granzyme A (Figure 20A), Granzyme B (Figure 20B), Perforin (Figure
20D), and IFNy (Figure 20E) showed similar results as their concentrations were enhanced during the
activation culture (1d — 4d), reaching a peak at the end (day 4). After seeding in the absence of
activation stimuli, the concentration of mentioned molecules was either not altered (Granzyme A and
IFNy), slightly decreased (Granzyme B), or slightly increased (Perforin) from day 5 to 7. In contrast,
Granulysin concentration increase started on day four and remained at a constant level for the

following days (Figure 20C).
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Figure 20: Supernatant concentration of cytotoxic molecules and IFNy is dependent on activation stimuli during activation
culture. Isolation of primary human lymphocytes from leucocyte retaining systems was performed by density gradient
centrifugation followed by counter flow centrifugation. To isolate CD8+ T cells from human lymphocytes, a magnetic-
activated cell sorting (MACS) system was used. Afterwards, untouched CD8+ T cells were stimulated with immobilized a-CD3
and soluble CD28-targeting antibodies as well as IL-2 for 4 days. At day 3, CD8+ T cells were again stimulated with IL-2. After
4 days, T cells were pooled, washed with PBS and re-seeded in the absence of activation stimuli for additional 3 days. CD8+ T
cells were investigated daily concerning their supernatant concentration of (A) Granzyme A, (B) Granzyme B, (C) Granulysin,
(D) Perforin, and (E) IFNy. Parametric data are depicted as mean with standard deviation in one direction and non-parametric
data are depicted as median with interquartile range in both directions. One-way ANOVA with Dunnett’s multiple comparison
test comparing all samples with 1d was used for parametric data and non-parametric data were analyzed by Kruskal-Wallis
Test with Dunn’s multiple comparison test comparing all samples with 1d. n=3. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Overall, supernatants of CD8+ T cells showed increased concentrations of Granzyme A/B, Perforin, and
IFNy during activation culture. However, after elimination of activation stimuli, the concentration of

all investigated molecules was rapidly decreased (despite Granulyisn).

In summary, CD69 and CD25 expression of CD8+ T cells had its peak after three days of activation
culture along with elevated PD-1 expression, representing an exhausted phenotype of CD8+ T cells.
Further, the release of cytotoxic molecules was diminished after 4 days of activation culture, wherefore

4 day activated T cells were used for further experiments.
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4.2.3. Blocking PD-L1 on CD8+ T cells did not affect activation stage of CD8+ T
cells and PDEC viability

Having identified that CD8+ T cells also express PD-L1 on their surface (section 4.2.1), the next aim was
to investigate the role of PD-L1 on CD8+ T cells by blocking PD-L1 on T cells. For this purpose, PD-L1

was blocked by application of Durvalumab in the following experiments.

In order to investigate whether and how blocking of PD-L1 on CD8+ T cells impairs the activation stage
along with PD-1, PD-L1, and CD80 expression as well as PDEC viability after co-culture with CD8+ T
cells, pre-activated CD8+ T cells were mono-cultured and treated with either hlgG1 or Durvalumab for
3 days. The cell surface levels of CD69 and CD25 (Figure 21A) were not affected by application of
Durvalumab. Likewise, the expression of PD-1 and CD80 were not altered by Durvalumab treatment
(Figure 21B). However, PD-L1 expression on CD8+ T cells was diminished when Durvalumab was
applied (Figure 21B) indicating that Durvalumab blocks the binding epitope of immunofluorescence

staining antibody used for flow cytometry, confirming successful inhibition of PD-L1.
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Figure 21: Blocking of PD-L1 on CD8+ T cells has no impact on activation stage and PDEC viability. Pre-activated CD8+ T cells
were mono-cultured and treated with either higG1 or Durvalumab for 3 days. CD8+ T cells were investigated after 3 days
concerning their surface levels of (A) activation marker CD69 (white) and CD25 (light grey) and (B) PD-1 (white), PD-L1 (light
grey), and CD80 (dark grey) by flow cytometric analysis. Data are normalized to isotype control and the dashed lines mark an
MFI ratio of “1”. Data are presented as MFl ratio and denotes median fluorescence intensity ratio of specific staining antibody
and its isotype control (MFIsrecific/NMFlisotyee)  n=3_ Afterwards, CD8+ T cells were co-cultured with CellTracker green labeled
H6c7-KRAS or PancTul cells. Confluence at the beginning of PDEC/T cell co-culture was measured by detecting green
fluorescence confluence. After 24 h, CD8+ T cells were discarded, PDEC were washed with PBS and again, fluorescent-
dependent confluence was measured. (C) Representative images of fluorescence-based confluence analysis at timepoints t=0
h (above) and t=24 h (below). (Scale bar: 2000 um). (D+E) Quantitative analysis of PDEC viability of H6c7-KRAS and PancTul
cells. The ratio of confluence at t=24 h and t=0 h was calculated to obtain the confluence ratio. Then, this ratio was normalized
to PDEC mono ratio to visualize the T cell-dependent effect (D). To visualize the Durvalumab-dependent effect confluence
ratio was normalized to the IgG1 isotype control (E). The dashed lines mark a PDEC viability ratio of “1”. Parametric data are
depicted as mean with standard deviation in one direction. H6c7-KRAS n=4, PancTul n=3. * = p < 0.05.
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The PDEC viability was assessed by a confluence analysis of CellTracker green labeled pre-malignant
H6c7-KRAS or malignant PancTul cells at the start (t=0 h) and the end (t=24 h) of the culture period
(Figure 21C). First, the effect of CD8+ T cell co-culture revealed a reduced PDEC viability especially in
H6c7-KRAS cells (Figure 21D). Next, the effect of PD-L1 blocking via Durvalumab treatment on CD8+ T
cells was investigated. Although PD-L1 was effectively blocked after application of Durvalumab,

Durvalumab-dependent viability of either H6c7-KRAS or PancTul cells was not affected (Figure 21E).

Overall, Durvalumab effectively blocked PD-L1 on the cell surface of CD8+ T cells, but neither the

activation status of CD8+ T cells nor PDEC viability were affected.

4.2.4. Blocking PD-L1 in direct co-culture of CD8+ T cells and PDEC cells
decreased PDEC viability

Having identified that activation stage of CD8+ T cells and PDEC viability was not impaired when CD8+
T cells were pre-treated with Durvalumab, it was next elucidated whether blocking of PD-L1 is more
effective in direct co-culture of CD8+ T cells and PDECs. Since pre-malignant H6c7-KRAS and malignant
PancTul cells exhibit considerable PD-L1 expression 2!® (Figure 27B), blocking this molecule with
Durvalumab in direct co-culture with PD-L1-expressing CD8+ T cells was done for 24 h. Of note,
fluorescent confluence analysis revealed that application of Durvalumab led to a decreased PDEC

viability of both PDEC lines H6c7-KRAS and PancTul (H6c7-KRAS vs. PancTul: 0.72 vs. 0.79) (Figure 22).
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Figure 22: Blocking of PD-L1 in co-culture of CD8+ T cells and PDECs decreases PDEC viability of H6¢c7-KRAS and PancTul
cells. Pre-activated CD8+ T cells were co-cultured with CellTracker green labeled PDECs and incubated with either higG1 or
Durvalumab for 24 h. Confluence at the beginning of co-culture was measured by detecting green fluorescence confluence.
After 24 h, CD8+ T cells were discarded, PDECs were washed with PBS and again fluorescent-dependent confluence was
measured. The ratio of confluence at t=24 h and t=0 h was calculated. This ratio was normalized to the respective isotype
control. Quantitative analysis of Durvalumab-dependent PDEC viability of H6c7-KRAS cells and PancTul cells. The dashed lines
mark a Durvalumab-dependent PDEC viability ratio of “1”. Parametric data are depicted as mean with standard deviation in
one direction. H6c7-KRAS: n=4; PancTul: n=3.
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Altogether, Durvalumab led to a reduced viability in H6c7-KRAS and PancTul cells when the PD-L1
blocking antibody was applied directly in co-culture of tumor cells with CD8+ T cells, indicating an

inhibiting role of PD-L1 expressed by PDECs.

4.3. In vitro characterization of PD-L1 and its blockade in CD8+ T cell/macrophage

interplay with PDEC
The in situ results revealed that the expression of PD-L1 is associated with the attendance of
macrophages and CD8+ T cells, predominantly seen at the invasion fronts of primary tumors and liver
metastases. As these data also showed that CD8+ T cells and macrophages were in close proximity to
each other, the next aim was to examine in vitro, whether and how CD8+ T cells were impacted by the
presence of PD-L1-expressing macrophages and vice versa. Further, the effect of CD8+ T cells pre-

cultured with different types of macrophages on PDEC viability was examined.

4.3.1. Phenotypic differences of M1-like and M2-like macrophages are

abolished by co-culture with CD8+ T cells
In order to examine, whether and how the phenotypes of in vitro polarized pro-inflammatory M1-like
and anti-inflammatory M2-like macrophages are altered due to the presence of CD8+ T cells, the cell
morphology and expression of different polarization markers were analyzed. For this purpose, human
monocytes were cultured for seven days in teflon-bags either with GM-CSF for polarization into pro-
inflammatory M1-like macrophages or M-CSF for polarization into anti-inflammatory M2-like
macrophages. As macrophage polarization is dependent on environmental factors, they can switch
their phenotype due to changing microenvironment 2*. Knowing that CD8+ T cells express various
cytokines like IFNy 21, and the latter is responsible for polarization switch into M1-like
macrophages 22°, M-CSF was added to co-culture of CD8+ T cells and M2-like macrophages to maintain
their anti-inflammatory polarization. To accomplish comparable culture conditions, GM-CSF was
added to co-cultures of CD8+ T cells and M1-like macrophages. Monocultured macrophages were also

seeded with their respective polarization stimulus.
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Figure 23: The polarization stage of M1-like or M2-like macrophages is altered due to CD8+ T cell co-culture. Isolation of
primary human lymphocytes and monocytes from leucocyte retaining systems was performed by density gradient
centrifugation followed by counter flow centrifugation. To isolate CD8+ T cells from human lymphocytes, a magnetic-
activated cell sorting (MACS) system was used. Afterwards, untouched CD8+ T cells were stimulated with immobilized aCD3
and soluble CD28-targeting antibodies as well as IL-2 for 4 days. At day 3, CD8 T cells were again stimulated with IL-2. Human
monocytes were cultured in teflon-bags for 7 days either with GM-CSF for polarization into pro-inflammatory M1-like
macrophages (M1Mda) or M-CSF into anti-inflammatory M2 macrophages (M2Md). Macrophages and CD8+ T cells were
directly co-cultured for 48 h. During co-culture, GM-CSF or M-CSF was added to ensure M1- and M2-like phenotype of
macrophages. (A) Representative phase contrast images of polarized human M1- or M2-like macrophages (Scale bar:
1000 um). (B) Exemplary gating strategy of M1-like and M2-like macrophages. Shown are the FSC/SSC dot plots (left) and
discrimination of CD14+ cells (light and dark blue) to exclude other cell populations in grey (middle). An exemplary double
positive staining of CD14 and CD163 is depicted right (light blue: M1Md, dark blue: M2Ma). Polarization of macrophages was
investigated concerning their expression of (C) M1 marker CD206, (D) M2 marker CD163, (E) CD14 as well as co-stimulatory
molecules (F) CD80 and (G) CD86 by flow cytometric analysis (light blue: M1Md, dark blue: M2Md). Data are presented as
MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype control
(MFispecific/\Flisotype)  Parametric data are depicted as mean with standard deviation in one direction and non-parametric data
are depicted as median with interquartile range in both directions. One-way ANOVA with Tukey‘s multiple comparison test,
* = p <0.05. n=4.

Representative images of macrophages revealed that M1-like macrophages form small cell clusters,
whereas M2-like macrophages were scattered in mono-culture (Figure 23A). In order to analyze
exclusively macrophages and no other blood cells, CD14 was stained as a general macrophage marker.
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Only CD14+ macrophages were gated and further analyzed. The gating strategy for CD14+
macrophages is depicted in Figure 23B. To discriminate M1-like from M2-like macrophages, the
expression of CD206 (Figure 23C), CD163 (Figure 23D), CD14 (Figure 23E), CD80 (Figure 23F), and CD86
(Figure 23G) were investigated. CD206 levels were higher in mono-cultured and co-cultured M1-like
macrophages compared to respective M2-like macrophages. (MFI ratio mono M1 vs. mono M2: 15.6
vs. 5.6 and coM1 vs. coM2: 8.53 vs. 5.44) (Figure 23C). Although CD8+ T cells release IFNy, which can
induce an M1-phenotype switch ??°, the application of M-CSF in M2-like macrophage mono- and co-
culture stabilized the anti-inflammatory phenotype as CD163 surface levels were higher in both culture
conditions compared to M1-like macrophages (Figure 23D). CD14 levels were highest in mono-cultured
M2-like macrophages but were only slightly higher in co-cultured M2-like macrophages than M1-like
macrophages (Figure 23E). Cell surface levels of CD80 and CD86 were enhanced in both macrophage
populations after CD8+ T cell co-culture, but interestingly more pronounced in co-cultured M2-like

macrophages (MFI ratio CD86 mono M2 vs. coM2: 5.91 vs. 50.34, p = 0.01) (Figure 23F+G).

Overall, the in vitro polarization of human monocytes into pro-inflammatory M1-like and anti-
inflammatory M2-like macrophages clearly differed between both macrophage populations in mono-
culture as well as in co-culture with CD8+ T cells, albeit to a lesser extent under the latter conditions.
The presence of CD8+ T cells led to decreased cell surface levels of CD206 and CD14 on both
macrophage types and diminished CD163 levels on M2-like macrophages. However, CD80 and CD86

levels were enhanced when both macrophage populations were co-cultured with CD8+ T cells.

4.3.2. PD-L1 surface levels on M1-like and M2-like macrophages were

considerably enhanced in the presence of CD8+ T cells
As a next step, it was examined whether PD-L1 surface levels on M1-like macrophages differed from
M2-like macrophages and whether the attendance of CD8+ T cells alter this expression pattern.
Therefore, polarized macrophages were either mono- or co-cultured with pre-activated CD8+ T cells
for 48 h. To maintain the polarization of M1-like or M2-like macrophages, GM-CSF or M-CSF was added
to mono- or co-cultures and PD-L1 levels were investigated by immunofluorescence staining on
coverslip-seeded macrophages (Figure 24A+B) or by flow cytometric analysis (Figure 24C+D).
Representative images of M1-like macrophages mono-cultured and co-cultured with CD8+ T cells are
depicted in Figure 24A. A considerable enhancement of PD-L1 levels was seen after co-culture with
CD8+ T cells. Likewise, co-cultured M2-like macrophages with CD8+ T cells showed an increased PD-L1
expression compared to their mono-culture. In Figure 24C, a representative image of macrophages’

immunofluorescence double staining (CD14 and PD-L1 by flow cytometric analysis) is depicted as a dot
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plot with histograms. In line with the immunofluorescence staining on coverslips, increased PD-L1
surface levels as well as clearly enhanced levels in both macrophage populations after co-culture with
CD8+ T cells were also detected by flow cytometric evaluation (MFI ratio M1 mono vs. M1co: 8.90 vs.

58.91; M2 mono vs. M2co: 2.96 vs. 72.72, p = 0,04).
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Figure 24: Cell surface levels of PD-L1 on M1-like or M2-like macrophages are markedly enhanced after CD8+ T cell co-
culture. Isolation of primary human lymphocytes and monocytes from leucocyte retaining systems was performed by density
gradient centrifugation followed by counter flow centrifugation. To isolate CD8+ T cells from human lymphocytes, a magnetic-
activated cell sorting (MACS) system was used. Afterwards, untouched CD8+ T cells were stimulated with immobilized aCD3
and soluble CD28-targeting antibodies as well as IL-2 for 4 days. At day 3, CD8+ T cells were again stimulated with IL-2. Human
monocytes were cultured in teflon-bags for 7 days either with GM-CSF for polarization into pro-inflammatory M1-like
macrophages (M1Mdo) or M-CSF for polarization into anti-inflammatory M2-like macrophages (M2Mdo). Macrophages and
CD8+ T cells were directly co-cultured for 48 h. During co-culture, GM-CSF or M-CSF was added to ensure M1-like and M2-
like phenotype of macrophages. Representative fluorescence microscopy images of polarized human (A) M1-like
macrophages or (B) M2-like macrophages either in mono-culture (mono) or co-culture with CD8+ T (coCD8) (Scale bar 10X:
200 um, 40X: 100 um). (C) Exemplary dot plot of double positive macrophages stained for CD14 and PD-L1 (light blue: M1Md,
dark blue: M2Md, grey: isotype). (D) Quantitative analysis of CD14+ and PD-L1+ macrophages by flow cytometric analysis.
Data are presented as MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype
control (MFIsrecific/\F|isotype) Pgrametric data are depicted as mean with standard deviation in one direction. One-way ANOVA
with Tukey‘s multiple comparison test, * = p < 0.05. n=4.

Altogether, both macrophage types enhanced their PD-L1 expression when co-cultured with CD8+ T
cells, whereby co-cultured M2-like macrophages showed a higher PD-L1 increase compared to co-

cultured M1-like macrophages.
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4.3.3. Expression of immune checkpoint molecules is increased in CD8+ T cell

co-culture with macrophages of different phenotypes
In order to investigate whether and how exhausted CD8+ T cells are impacted by the presence of pro-
inflammatory M1-like or anti-inflammatory M2-like macrophages, analysis of activation stage as well
as expression of CD80 and immune checkpoint molecules PD-1 and PD-L1 was performed. Pre-
activated CD8+ T cells and polarized macrophages were directly co-cultured for 48 h. Knowing that the
different phenotypes of macrophages are reduced but discriminable due to CD8+ T cell co-culture
(section 4.3.1), the following surface expression levels of CD8+ T cells did not exhibit major differences
between co-culture with both macrophage types. In detail, analyzing CD69 cell surface levels of CD8+
T cells, it was noticeable that co-culture with both M1-like as well as M2-like macrophages clearly
enhanced CD69 levels (MFI ratio mono vs. coM1 vs. coM2: 1.52 vs. 9.52 vs. 7.30) (Figure 25A). In line
with these results, higher CD25 surface levels in co-cultured CD8+ T cells with both macrophage
populations were observed compared to mono-cultured CD8+ T cells (MFI ratio mono vs. coM1 vs.
coM2:9.08 vs. 30.34 vs. 23.70) (Figure 25B). Although the macrophage phenotypes were equalized to
each other (section 4.3.1), co-culture with pro-inflammatory macrophages resulted in higher
expression of both activation markers compared to co-culture with M2-like macrophages. The
expression of PD-1 (Figure 25C) and its ligand PD-L1 (Figure 25D) was very similar since both molecules
were enhanced after co-culture with either macrophage population. CD80 expression showed similar
results, although the expression level of CD80 was generally very low (MFI ratio mono vs. coM1 vs.
coM2: 1.27 vs. 1.59 vs. 1.51) (Figure 25E). Interestingly, CD8+ T cells co-cultured with M2-like
macrophages showed lower cell surface levels for both immune checkpoint molecules compared to
M1-like macrophage co-cultured CD8+ T cells. Furthermore, unpublished data from my master thesis
showed elevated levels of all cytotoxic molecules (Granzyme A/B, Granulysin, Perforin) and IFNy in
CD8+ T cells after co-culture with both macrophage populations, but even higher concentrations after
co-culture with M1-like macrophages, underscoring the pro-inflammatory property of M1-like

macrophages 2.
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Figure 25: Elevated cell surface level of activation markers CD69 and CD25 as well as immune checkpoint molecules PD-1
and PD-L1 on CD8+ T cells after co-culture with M1-like or M2-like macrophages. Isolation of primary human lymphocytes
and monocytes from leucocyte retaining systems was done by density gradient centrifugation followed by counter flow
centrifugation. To isolate CD8+ T cells from human lymphocytes, a magnetic-activated cell sorting (MACS) system was used.
Afterwards, untouched CD8+ T cells were stimulated with immobilized aCD3 and soluble CD28-targeting antibodies as well
as IL-2 for 4 days. At day 3, CD8+ T cells were again stimulated with IL-2. Human monocytes were polarized for 7 days either
with GM-CSF into pro-inflammatory M1-like macrophages (M1Md@) or M-CSF into anti-inflammatory M2-like macrophages
(M2Mdo). CD8+ T cells and macrophages were directly co-cultured for 48 h. During co-culture, GM-CSF or M-CSF was added
to maintain the M1- and M2-like phenotype of macrophages. CD8+ T cells were investigated concerning their surface levels
of activation markers (A) CD69 and (B) CD25 as well as immune checkpoint molecules (C) PD-1, (D) PD-L1, and (E) CD80 by
flow cytometric analysis. Data are presented as MFI ratio and denotes median fluorescence intensity ratio of specific staining
antibody and its isotype control (MFIsrecific/\F|isotype)  Pgrametric data are depicted as mean with standard deviation in one
direction and non-parametric data are depicted as median with interquartile range in both directions. Kruskal-Wallis test with
Dunn’s multiple comparison test, * = p < 0.05. n=3.

In summary, co-culture with both macrophage populations increased levels of activation molecules
CD69 and CD25 as well as immune checkpoint molecules PD-1 and PD-L1 on CD8+ T cells, which was
more pronounced after co-culture with M1-like macrophages. Although PD-L1 was highly expressed
on CD8+ T cells and both macrophage populations, an increase of activation markers and concentration
of cytotoxic molecules (data not shown, Master thesis #2!) was detected, pointing out that the PD-
1/PD-L1 axis does not impede CD8+ T cell effector function, when PD-L1 is expressed by CD8+ T cells

or macrophages.

4.3.4. Pre-culture of CD8+ T cells with macrophages does not alter PDEC
viability
As the activation stage and release of cytotoxic molecules of CD8+ T cells were enhanced by co-culture

with both macrophage populations, the next step was to examine the PDEC viability after co-culture

with CD8+ T cells pre-cultured with macrophages. For this purpose, two different PDEC lines
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(premalignant and high PD-L1-expressing H6c7-KRAS cells and malignant and moderate PD-L1-
expressing PancTul cells) were used. First, pre-activated CD8+ T cells were either mono-cultured (CD8
post mono) or co-cultured with M1- or M2-like macrophages (CD8 post M1Md¢ or CD8 post M2Md)
for 48 h. Afterwards, CD8+ T cells were co-cultured with CellTracker green labeled H6c7-KRAS or
PancTul cells for 24 h. The PDEC cell viability was assessed by confluence analysis of CellTracker green
labeled H6c7-KRAS or PancTul cells. The ratio of confluence at t=24 h and t=0 h was calculated and
then normalized to the ratio of PDEC mono-culture to focus on the T cell-dependent effect (Figure
26A+B). A T cell-dependent PDEC viability < 1 denotes a reduction of PDEC confluence compared to
mono-cultured PDEC. Confluence analysis revealed no or negligible reduction of viability in H6c7-KRAS
cells in the presence of CD8+ T cells (Figure 26A). In PancTul cells, only a negligible decrease of PDEC
viability was detected after CD8+ T cell co-culture. Neither the pre-culture of CD8+ T cells with M1-like

nor M2-like macrophages resulted in an enhanced reduction of PancTul cell viability.
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Figure 26: Negligible reduction of PDEC viability after co-culture with different pre-treated CD8+ T cells. Pre-activated CD8+
T cells (4 days) were either mono-cultured (CD8 post mono) or co-cultured with M1- or M2-like macrophages (CD8 post
M1Mo or CD8 post M2Md) for 48 h. Afterwards, CD8+ T cells were co-cultured with CellTracker green labeled H6c7-KRAS or
PancTul cells. In parallel, PDECs were mono-cultured, too. Confluence at the beginning of PDEC / T cell co-culture was
measured by detecting the green fluorescence confluence via microscope. After 24 h, CD8+ T cells were discarded, PDEC were
washed with PBS and again fluorescence confluence was measured. The ratio of confluence at t=24 h and t=0 h was calculated
and then normalized to ratio of mono-cultured PDEC. (A) Quantitative analysis of PDEC viability at indicated culture conditions
of H6c7-KRAS cells. n=3. (C) Quantitative analysis of PDEC viability at indicated culture conditions of PancTul cells. Parametric
data are depicted as mean with standard deviation in one direction. n=3.

Altogether, although CD8+ T cells showed an enhanced activation stage (section 4.3.3) and release of
cytotoxic molecules and IFNy (data not shown, Master thesis ?2!) after co-culture with both

macrophage types, this did not affect PDEC viability.

4.4. In vitro analysis of PD-L1 in the interplay of macrophages, T cells and PDECin a

3D co-culture model
Since 2D cell culture on a flat bottom cannot fully represent pathophysiological conditions, 3D stroma-

enriched culture systems better mimic the TME with different stromal cell populations. Therefore, the
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next aim was to establish a 3D co-culture model of PDECs, macrophages, and CD8+ T cells to better

mimic the dynamic TME in PDAC.

4.4.1. Analysis of PDEC lines concerning their spheroid formation ability and

PD-L1 status

In order to investigate the immune-regulatory role of PD-L1 in a 3D cell-cell interaction context, it was
first clarified which PDEC lines have the ability to form dense spheroids and express different levels of
PD-L1, which can be further induced. For this purpose, eight different PDEC lines were seeded into
ultra-low attachment plates to force the formation of spheroids (Figure 27A). Demonstrated in
representative phase contrast images, only pre-malignant H6c7-KRAS as well as malignant PancTul,
Panc89, and A818-6 cells could form dense spheroids (Figure 27, upper row). Pancl cells did not form
spheroids at all, rather a loose aggregation of cells was observed. BxPc3 cells formed spheroids, but a
considerable amount of single cells were found outside the spheroid. Finally, Colo357 and PT-45 cells
both formed only loose spheroids (Figure 27). Next, the PD-L1 expression levels of all PDEC lines were
investigated by immunofluorescence staining and subsequent flow cytometric analysis. H6c7-KRAS
cells expressed the highest amounts of PD-L1 (MFI ratio PD-L1: 21.4), followed by PT-45 cells (MFI ratio
PD-L1: 11,8), PancTul cells (MFI ratio PD-L1: 7.1) and A818-6 cells (MFI ratio PD-L1: 5.1). In contrast,
Panc89, BxPc3, and Colo 357 cells only expressed low levels of PD-L1 (MFI ratio PD-L1: 1.75 — 3.56),
and in Pancl cells, almost no PD-L1 levels were detectable (MFI ratio PD-L1: 1,32) (Figure 27B). As co-
culture experiments were planned with different stroma cell types and these cells release various
cytokines which could affect PD-L1 expression, it was tested whether PD-L1 expression can be induced
by treatment with IFNy, as IFNy is a well-known inducer of PD-L1 expression 4222223 |ndeed, IFNy
treatment improved PD-L1 expression on H6c7-KRAS, PancTul, Panc89, BxPc3, Colo357 and A818-6
cells. The highest increase was detected on Colo357 and BxPc3 cells (n-fold MFI ratio PD-L1: 5.49 and
4.13). PancTul and Panc89 cells showed a similar moderate increase (n-fold MFI ratio PD-L1: 3.18 and
2.88) and H6c7-KRAS and A818-6 cells showed the lowest enhancement (n-fold MFI ratio PD-L1: 1.89
and 1.80). In contrast, IFNy treatment did not result in PD-L1 induction on Pancl and PT-45 cells (Figure
27C). Based on the ability to form dense spheroids as well as different amounts of basal and inducible

PD-L1 expression, H6¢c7-KRAS, PancTul, and Panc89 cells were chosen for further experiments.

Moreover, H6c7-KRAS cells were used as a model of high, PancTul cells as a model for moderate and
Panc89 cells as a model for low PD-L1-expressing PDECs. To evaluate the viability of the spheroids,
Celltracker green labeled PDECs were stained with PI, to investigate the presence of a potential

necrotic core (Figure 27D). In H6c7-KRAS spheroids, a high Pl staining was observed all over the
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spheroid. In contrast, PancTul and Panc89 only showed low numbers of Pl+ cells, indicating a good
viability in 3D culture. Due to the poor viability of H6c7-KRAS spheroids, these cells were not

considered for further usage as a 3D model.
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Figure 27: Analysis of different PDEC lines concerning their spheroid formation ability and PD-L1 status. Different PDEC
lines were seeded into ultra-low attachment (ULA) plates for 3 days to investigate their spheroid formation ability. (A)
Representative phase contrast images of 8 different PDEC lines (upper row: H6c7-KRAS, PancTul, Panc89 and A818-6 cells,
lower row: Pancl, BxPc3, Colo357, and PT-45 cells). (Scale bar: 1000 um). (B) PD-L1 cell surface levels of 8 different PDEC
lines measured by flow cytometric analysis. Data are presented as MFI ratio and denotes median fluorescence intensity ratio
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of specific staining antibody and its isotype control (MFIsrecific/MFlisotype, One-way ANOVA with Tukey‘s multiple comparison
test. KRAS+PancTul: n=5, Panc89+Colo357: n=4, Panc1+BxPc3+A818-6+PT45: n=2. (C) PD-L1 cell surface levels after 72 h IFNy
treatment (10 ng/ml). (D) Representative fluorescent microscopy images of CellTracker green labeled H6c7-KRAS (left),
PancTul (middle), and Panc89 cells (right). Red cells are Propidium lodide + cells. (Scale bar: 1000 um). (E) Flow cytometry
analysis to compare PD-L1 MFI ratio of 2D (white) or 3D (grey) cultured PancTul and Panc89 cells. One-way ANOVA with
Tukey’s multiple comparison test. n=3. (F) Flow cytometry analysis to compare PD-L1+ proportions of 2D or 3D cultured
PancTul and Panc89 cells. Kruskal-Wallis test with Dunn’s multiple comparison test was performed. Parametric data are
depicted as mean with standard deviation in one direction and non-parametric data are depicted as median with interquartile
range in both directions. 2D PancTul: n=4; others: n=3. * = p < 0.05.

Finally, the PD-L1 expression of PancTul and Panc89 cells in 2D and 3D cultures was examined in order
to see whether 3D culture conditions might impact the PD-L1 expression of both cell lines. Under both
culture conditions, PancTul cells showed a higher PD-L1 expression compared to Panc89 cells (Figure
27E). Moreover, PD-L1 expression in 3D cultured PancTul cells and Panc89 cells was lower compared

to respective 2D cultured cells. Similar trends were seen for the proportion of PD-L1+ cells (Figure 27F).

Overall, as PancTul and Panc89 cells had the ability to form dense, viable spheroids and PancTul cells
had moderate and Panc89 cells low basal PD-L1 expression, which was further inducible, they were

used to establish a stroma-enriched 3D co-culture model.

4.4.2. Co-culture spheroids of PDAC cells and macrophages mimic PD-L1
expression and tumor-stroma conditions in primary PDAC and liver

metastases
It is still poorly understood whether and how PD-L1-expressing macrophages with different
inflammatory phenotypes contribute to immune evasion of PDAC cells, especially when PDAC cells
express no or low PD-L1 expression. In order to simulate the tumor-stroma conditions identified in situ
in primary PDAC and liver metastases, examination of the localization and phenotype of macrophages
as well as PD-L1 expression in PDAC co-culture spheroids with different ratios and types of
macrophages was performed. During PDAC progression, the number of macrophages increases with
the stage of disease *? and a higher attendance of CD163+ macrophages correlates with shorter 5-year
overall and recurrence-free survival 2%, Therefore, a PDAC cell-to-macrophage ratio of 3:1 was used to
mimic an earlier stage of PDAC with lower infiltration of macrophages (primary PDAC), whereas a 1:1
ratio served as a model for late-stage disease (liver metastasis). To obtain further insights into the
localization of different macrophage populations in co-culture with tumor cells, macrophages were
labeled violet, and tumor cells were labeled green by different fluorescent dyes. The representative
images of fluorescent tumor cell mono-culture revealed that after 72 h of incubation, PancTul
spheroids were bigger in size than Panc89 spheroids. Mono-cultures of both tumor cell lines containing

2x10* tumor cells showed the biggest spheroid size, followed by 3:1 ratio (1.5x10* tumor cells) and 1:1
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ratio (1 x10* tumor cells). Macrophages were mostly located at the margin, being more pronounced in

spheroids with higher amounts of macrophages (1 x10* macrophages in 1:1 ratio) (Figure 28A).
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Figure 28: Co-culture spheroids containing PDAC cells and macrophages are stable for 72 h. Isolation of primary human
monocytes from leucocyte retaining systems was performed by density gradient centrifugation followed by negative isolation
of CD14+ monocytes. Human monocytes were cultured in 12-well plates for 6 to 7 days either with GM-CSF for polarization
into pro-inflammatory M1-like macrophages (M1Mda) or M-CSF for polarization into anti-inflammatory M2-like macrophages
(M2Mdo). PancTul and Panc89 cell were either mono-cultured or co-cultured with M1-like or M2-like macrophages at 3:1 or
1:1 ratio for 72 h in ultra-low attachment plates to form spheroids. (A) Representative fluorescence microscopy images of
CellTracker green labeled PancTul cells (upper row, green) or Panc89 cells (lower row, green) and CellTrace violet labeled
macrophages (violet) at indicated co-culture conditions. (Scale bar PancTul: 1000 um; Panc89: 300 um). (B) Proportions of
PDAC cells and macrophages in co-culture 72 h after seeding. To discriminate PDAC cells from macrophages, single cell
suspension of spheroids was stained with EpCAM and CD14-targeting antibodies for flow cytometric analysis (light green:
PDAC cells co-cultured with M1-like macrophages, dark green: PDAC cells co-cultured with M2-like macrophages, light blue:
M1-like macrophages co-cultured with PDAC cells, dark blue: M2-like macrophages co-cultured with PDAC cells). Ratio 3:1:
1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10% PDAC cells and 1x10* macrophages. Parametric data are
depicted as mean with standard deviation in one direction. n=4. (published data 209).

Next, it was elucidated whether the tumor cell-to-macrophage ratio is stable during 72 h of co-culture.
Therefore, spheroids were dissociated and stained with immunofluorescence antibodies a-EpCAM (for
tumor cell detection) and a-CD14 (for macrophage detection). The subsequent flow cytometric
analysis revealed that the proportion of PDAC cells and macrophages remained almost stable after
72 h of co-culture (Figure 28B). PancTul cell and macrophage proportions in 3:1 co-culture were

stable, whereas in the 1:1 ratio proportions of PancTul cells were slightly increased (PancTul co M1:
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62.6 % and coM2: 69.8 %). Importantly, the proportions of Panc89 cells and macrophages still clearly
differed between 3:1 and 1:1 ratios in co-cultures with both macrophage population co-cultures

(coM1M¢ 3:1: 73.7 %; coM1Mo 1:1: 48.3 %; coM2M¢ 3:1: 76.3 %; coM2Mo 1:1: 60.4 %).

Next, it was investigated whether the presence of PDAC cells impacts macrophage polarization as
macrophages exhibit a high plasticity and can change their phenotype in response to the surrounding
microenvironment 2437225 Therefore, macrophages were analyzed after 72 h co-culture with PDAC
cells. Analysis of CD206 levels revealed higher surface expression on M1-like macrophages than on
M2-like macrophages (MFI ratio CD206 M1 vs. M2: 9.1 vs. 1.8). The co-culture with PancTul cells led
to higher expression levels in both macrophage populations (Figure 29A). Attendance of Panc89 cells
did not alter the expression of CD206 on M1-like macrophages but slightly enhanced those on M2-like
macrophages (Figure 29B). Expression of CD163 was slightly higher in mono-cultured M2-like than in
M1-like macrophages (MFI ratio CD163 M1 vs. M2: 3.0 vs. 4.0) and the presence of either PDAC cell
population considerably increased CD163 expression, especially on M2-like macrophages (Figure
29C+D). Analysis of CD14 revealed that M2-like macrophages had higher expression levels than M1-
like macrophages (MFI ratio CD14 M1 vs. M2: 42.6 vs. 79.8) and both macrophage populations co-
cultured with PancTul cells increased their CD14 surface expression in co-culture of both ratios. In
contrast, only a slightly enhanced CD14 expression was detected on M2-like macrophages co-cultured
with Panc89 spheroids (Figure 29E+F). CD80 levels were only slightly higher in mono-cultured M1-like
compared to M2-like macrophages (MFI ratio CD80 M1 vs. M2: 1.7 vs. 1.2). Only marginal
enhancement of CD80 levels were observed on M1-like macrophages co-cultured with Panc89 cells in
1:1 ratio. CD80 expression on M2-like macrophages co-cultured with both PDAC cell spheroids was

only slightly increased in both ratios (Figure 29G+H).
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Figure 29: Co-cultured PDAC cell spheroids impact CD163 and CD14 expression on macrophages. Isolation of primary human
monocytes from leucocyte retaining systems was performed by density gradient centrifugation followed by negative isolation
of CD14+ monocytes. Human monocytes were cultured in 12-well plates for 6 to 7 days either with GM-CSF for polarization
into pro-inflammatory M1-like macrophages (M1Md) or M-CSF for polarization into anti-inflammatory M2-like macrophages
(M2Md). Macrophages were mono- or co-cultured with either PancTul or Panc89 cells for 72 h in ultra-low attachment plates
to form spheroids. Macrophages were stained with antibodies against (A+B) CD206, (C+D) CD163, (E+F) CD14, and (G+H)
CD80 and analyzed by flow cytometric analysis. Mono: 2x10* macrophages; ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIspecific/\F|isotyre) - Parametric data are
depicted as mean with standard deviation in one direction and non-parametric data are depicted as median with interquartile
range in both directions. Two-way ANOVA with Tukey’s multiple comparison test. * = p < 0.05; ** = p < 0.01. mono: n=3,
coPDAC: n=5. (partially published data 209).

It was further analyzed whether and how the attendance of the two different PDAC cell lines impacts
PD-L1 expression on macrophages and vice versa. Mono-cultured M1-like macrophages had a higher
PD-L1 expression than M2-like macrophages (MFI ratio PD-L1 M1 vs. M2: 4.2 vs. 2.1). Interestingly, PD-

L1 expression on both macrophage populations was significantly enhanced when co-cultured with
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PancTul spheroids and in low-expressing M2-like macrophages PD-L1 expression was elevated to
similar levels of M1-like co-cultured macrophages (Figure 30A). The same trends were observed for
macrophages co-cultured with Panc89 cells (Figure 30B). Mono-cultured PancTul cells were
characterized by considerable PD-L1 surface levels which, however, were not further increased by
macrophages in either co-culture setting (Figure 30 C). As described before, mono-cultured Panc89
cells exhibited hardly any PD-L1 surface expression (MFI ratio PD-L1 mono-cultured PancTul vs.
Panc89: 4.1 vs. 1.2), and which was also almost not affected by either co-culture with macrophages

(green bars, MFI ratio PD-L1: 1.2-1.69) (Figure 30D).
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Figure 30: PD-L1 expression on macrophages, but not on PDAC cells, is enhanced by co-culture spheroids. Macrophages
were mono-cultured or co-cultured with either PancTul or Panc89 cells for 72 h in ultra-low attachment plates to form
spheroids. PD-L1 expression on (A+B) macrophages and (C+D) PDAC cells was assessed with targeting antibody for PD-L1 and
examined via flow cytometric analysis. Mono: 2x10* PDAC cells or macrophages; ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIsrecific/MFlisotype)  Parametric data are
depicted as mean with standard deviation in one direction. Two-way ANOVA with Tukey’s multiple comparison test. * = p <
0.05; ** = p < 0.01. mono: n=3, co-cultures: n=5. (published data 2%9).

In summary, the results demonstrate a stable 3D co-culture system of PancTul and Panc89 with M1-
like or M2-like macrophages in both cell ratios, well reflecting the TME of primary tumor and liver
metastasis of PDAC. Moreover, the polarization of M2-like macrophages was stabilized by attendance
of both PDAC cell lines, supporting the predominant presence of the M2 phenotype in TME of PDAC.
Furthermore, in line with the in situ results, higher PD-L1 levels were detected on both macrophage

populations rather than on PDAC cells, which was further intensified by PDAC cells.
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4.4.3. PDAC spheroids containing macrophages impact the effector phenotype

of CD8+ T cells but which does not result in enhanced PDAC cell death
As the 3D co-culture model of PDAC spheroids with M1- or M2-like macrophages well reflected the
stroma-enriched TME in PDAC, the next step was to examine whether and how different stroma
conditions might impact the activation stage, cytotoxic phenotype of CD8+ T cells and PDAC cell death.
For this purpose, pre-activated CD8+ T cells were used after 3 days of activation culture, since their

CD69 and CD25 expression as well as PD-1 and PD-L1 expression were considerably high (Figure 19).
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Figure 31: Activation status of CD8+ T cells is not altered by co-culture with PDAC cells but is clearly enhanced by
macrophage-enriched PDAC spheroids. PancTul or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-
like macrophages in ultra-low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to
spheroid culture for 24 h. Cell surface expression of activation markers (A) CD69 and (B) CD25 were analyzed on mono-
cultured CD8+ T cells (white), or CD8+ T cells co-cultured with PancTul (dark grey) or Panc89 (light grey) spheroids by flow
cytometric analysis. Not normally distributed data are depicted as median with interquartile range. n=4. Effect of M1-like
(light grey) or M2-like macrophages (dark grey) enriched PDAC spheroids on (C+D) CD69 and (E+F) CD25 levels of CD8+T cells.
Data are normalized to CD8+ T cell co-culture with PDAC cell mono spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIsrecific/\Flisotype)  Parametric data are
depicted as mean with standard deviation in one direction and non-parametric data are depicted as median with interquartile
range in both directions. The dashed lines mark an MFI ratio of “1”. n=4. (partially published data 299).

First, it was investigated whether the attendance of mono-cultured PancTul or Panc89 spheroids alters
the activation status of CD8+ T cells. However, neither PancTul nor Panc89 spheroids affected CD69

expression levels on CD8+ T cells, whereas CD25 levels were slightly reduced after co-culture with both
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PDAC cell lines (MFI Ratio CD25 mono vs. coPancTul vs. coPanc89: 1.58 vs. 1.29 vs. 1.25) (Figure
31A+B). Next, the effect of macrophage-enriched PDAC spheroids in different cell ratios on activation
stage of CD8+ T cells was examined. For this purpose, CD69 and CD25 levels of CD8+ T cells cultured
with co-culture spheroids were normalized to respective mono-cultured PDAC spheroids in order to
specifically outline the effects of PDAC cell primed macrophages on CD8+ T cells. In contrast to Figure
31A and B, co-culture of both PDAC spheroids with M1- and M2-like macrophages led to a marked
increase of CD69 expression on CD8+ T cells (Figure 31C+D). In detail, especially CD69 surface levels
were enhanced on CD8+ T cells co-cultured with PancTul spheroids at a 3:1 ratio with both
macrophage types (Figure 31C). Panc89 co-culture spheroids with M1-like macrophages at 3:1 ratio
and M2-like macrophages at 1:1 ratio led to the highest expression of CD69 on CD8+ T cells (Figure
31D). However, CD25 expression on CD8+ T cells was only slightly affected by co-culture spheroids
comprising PDAC cells and macrophages (MFI Ratio CD25 CD8+ T cells coPancTul coMd: 1.15 —1.3;
coPanc89 coMo: 1.31—1.17) (Figure 31E+F).

Further, it was elucidated whether and how PD-1 and PD-L1 levels were altered by the presence of
mono-cultured PDAC cell spheroids and co-culture spheroids with both macrophage types and ratios
(Figure 32A+B). Since the surface levels of CD80 on CD8+ T cells were very low and not altered by the
presence of PDAC spheroids or even lowered the by attendance of macrophages (Supplementary
figure 2), they were not further investigated. The expression of PD-1 and PD-L1 was not impacted by
mono-cultured PDAC spheroids. Similarly, PD-1 expression on CD8+ T cells was not altered due to any
macrophage-enriched PDAC spheroids (Figure 32D+E). In contrast, PD-L1 levels were slightly enhanced
by trend on CD8+ T cells cultured with macrophage-enriched PancTul spheroids (MFI Ratio PD-L1 CD8+
T cells coPancTul coM1Mdo 3:1 vs. 1:1: 1.24 vs. 1.22 and coM2M¢ 3:1 vs. 1:1: 1.22 vs. 0.99). PD-L1
levels were even significantly enhanced when cultured with Panc89 co-culture spheroids with M1-like
macrophages at an 1:1 ratio and at both ratios with M2-like macrophages (MFI Ratio PD-L1 CD8+ T
cells coPanc89 coM1Md 3:1 vs. 1:1: 1,04 vs. 1,28 and coM2M¢ 3:1 vs. 1:1: 1.36 vs. 1.27) (Figure
32F+G).

89



Results

s - T D CD8+ T cells mono
@ cDs+ T cells + PancTu1

() cD8+ T cells + Pancg9

3 I I

MFI Ratic PD-1
n

MFI Ratio PD-L1
N

o

T T v
mono

T T
co co mono co co
PancTu1 Pancg9 PancTu1 Panc89

D CD8+ T cells E CD8+ T cells
-+ +

is PancTu1 spheroids Panc89 spheroids

-
n

-
°

0.5

MFI Ratio PD-1
n-fold to coPDAC mono
o
0

=l
o

MFI Ratio PD-1
n-fold to coPDAC mono
= P

)
@

1.5

il
o

o

D CD8+ T cells + PDAC cells coM1M¢

MFI Ratio PD-L1
o
o

MFI| Ratio PD-L1
n-fold to coPDAC mono
n-fold to coPDAC mono

(=]

D CD8+ T cells + PDAC cells coM2M¢

e
o

Figure 32: Cell surface levels of PD-1 and PD-L1, on CD8+ T cells are not altered by PDAC cell presence, but PD-L1 expression
is increased on CD8+ T cells by macrophage-enriched PDAC spheroids. PancTul or Panc89 cells were mono-cultured or co-
cultured with either M1- or M2-like macrophages in ultra-low attachment plates to form spheroids. After 48 h, pre-activated
CD8+ T cells were added to spheroids for 24 h. (A) PD-1 and (B) PD-L1 surface expression on mono-cultured (white) or co-
cultured CD8+ T cells with PancTul (dark grey) or Panc89 (light grey) mono spheroids examined by flow cytometric analysis.
Not normally distributed data are depicted as median with interquartile range in both directions. n=4. Effect of M1-like (light
grey) or M2-like macrophage (dark grey) co-culture PDAC spheroids on (D+E) PD-1 and (F+G) PD-L1 expression of CD8+ T cells.
Data are normalized to CD8+ T cells cultured with PDAC mono spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIsrecific/MVFlisotype)  Parametric data are
depicted as mean with standard deviation in one direction. Two-way ANOVA with Dunnett’s multiple comparison test
comparing all samples with a control of 1. The dashed lines mark an MFI ratio of “1”. * = p <0.05; ** = p < 0.01. n=4. (partially
published data 299),

Besides the effects observed on the activation stage and expression levels of immune modulatory
molecules, the effector phenotype of CD8+ T cells was investigated after culture with either mono-
cultured PDAC spheroids or macrophage-enriched PDAC spheroids. First, CD8+ T cells were cultured
with mono-cultured PDAC spheroids to examine the impact of PDAC cell presence on the release of
cytotoxic molecules and IFNy by CD8+ T cells. In general, concentrations of Granzyme A, Granzyme B,
Granulysin, Perforin, and IFNy were markedly increased in supernatants of CD8+ T cells cultured with
either PDAC spheroid (Figure 33A-E). In detail, the concentration of Granzyme A, Granzyme B and IFNy
was even higher in supernatants obtained from CD8+ T cells after co-culture with PancTul spheroids
compared to Panc89 spheroids (PancTul vs. Panc89: Granzyme A = 9596 pg/ml vs. 6205 pg/ml;
Granzyme B = 21234 pg/ml vs. 15797 pg/ml; IFNy = 314034 pg/ml vs. 39369 pg/ml) (Figure 33A+B+E).
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No differences in Granulysin and Perforin concentrations were observed in supernatants of CD8+ T

cells cultured with either PDAC spheroids (Figure 33C+D).
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Figure 33: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Granulysin, Perforin, and the cytokine IFNy are
enhanced in supernatants of CD8+ T cells cultured with PDAC cell mono spheroids. PancTul or Panc89 cells were mono-
cultured in ultra-low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to spheroids for
24 h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin, and (E) IFNy concentration of CD8+ T cells mono-cultured
(white) or co-cultured with PancTul (dark grey) or Panc89 (light grey) mono spheroids. Concentrations were measured by
multiplex assay. Parametric data are depicted as mean with standard deviation in one direction. One-way ANOVA with
Tukey’s multiple comparison test. * = p < 0.05. n=3.

Next, it was examined whether attendance of either macrophage population or ratio intensified the
concentration of cytotoxic molecules and IFNy released by CD8+ T cells in culture supernatants. The
following data were normalized to supernatants of CD8+ T cells cultured with PDAC mono spheroids
to specifically visualize the effect of PDAC primed macrophages. Indeed, in supernatants of CD8+ T
cells cultured with macrophage-enriched PancTul spheroids, release of Granzyme A, Granzyme B,
Perforin, and IFNy was higher compared to co-culture with mono spheroids. This cell ratio-dependent
effect was more pronounced in PDAC spheroids with M1-like macrophages (Figure 34A+B+D+E). Only

Granulysin concentration was either not altered or decreased (Figure 34C).
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Figure 34: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin and IFNy are increased in supernatants
of CD8+ T cells cultured with macrophage-enriched PancTul spheroids. PancTul cells were mono-cultured or co-cultured
with either M1- or M2-like macrophages in ultra-low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T
cells were added to spheroids for 24 h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of
CD8+ T cells cultured with PancTul spheroids containing M1-like (light grey) or M2-like macrophages (dark grey).
Concentrations were measured by multiplex assay and data are normalized to concentration of CD8+ T cells cultured with
mono-cultured PancTul spheroids. Ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10% PDAC cells and
1x10* macrophages. Parametric data are depicted as mean with standard deviation in one direction. Two-way ANOVA with
Dunnett’s multiple comparison test comparing all samples with a control of 1. The dashed lines mark a concentration ratio of
“1”.* = p<0.05; ** = p < 0.01. n=3. (partially published data 209).

Similar to this, the culture of CD8+ T cells with Panc89 co-culture spheroids led to a significant or
marked enhancement of Granzyme A, Granzyme B, Perforin, and IFNy concentrations (Figure
35A+B+D+E). However, in contrast to CD8+ T cells cultured with macrophage-enriched PancTul

spheroids, no association with the amount of macrophages was observed, despite for IFNy.
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Figure 35: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin and IFNy are increased in supernatants
of CD8+ T cells cultured with macrophage-enriched Panc89 spheroids. Panc89 cells were mono-cultured or co-cultured with
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either M1- or M2-like macrophages in ultra-low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells
were added to spheroids for 24 h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+
T cells cultured with Panc89 spheroids containing M1-like (light grey) or M2-like macrophages (dark grey). Concentrations
were measured by multiplex assay and data are normalized to concentration of CD8+ T cells cultured with mono-cultured
Panc89 spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10*
macrophages. Parametric data are depicted as mean with standard deviation in one direction. Two-way ANOVA with
Dunnett’s multiple comparison test comparing all samples with a control of 1. The dashed lines mark a concentration ratio of
“1”.* = p < 0.05; ** = p < 0.01. n=3. (partially published data 209).

Since the activation stage and effector phenotype of CD8+ T cells were intensified by macrophage-
enriched PDAC spheroids, it was next examined whether this correlates with PDAC cell death induction.
For this purpose, supernatants of all culture conditions were investigated according to their caspase-
cleaved Keratin 18 (ccK18) levels, a specific marker for epithelial (carcinoma) cell death. Supernatants
of mono-cultured and macrophage-enriched PDAC spheroids in the presence (+) or absence (-) of CD8+
T cells were analyzed. In the absence of CD8+ T cells, slightly elevated ccK18 levels were only detectable
in supernatants of PancTul spheroids with M2-like macrophages (1:1). When CD8+ T cells were added
to mono-cultured and macrophage-enriched PancTul spheroids, ccK18 levels were slightly elevated
and at comparable levels in all culture conditions (Figure 36A). Compared to PancTul spheroids, ccK18
levels of all Panc89 spheroid cultures were lower in the absence of CD8+ T cells, indicating a better
viability in spheroid culture (ccK18 level mono-cultured PancTul vs. Panc89: 385 vs. 171) (Figure
36A+B). Moreover, ccK18 levels increased in supernatants of CD8+ T cells cultured with Panc89
spheroids with increasing amounts of either macrophage population (Figure 36B). The attendance of
CD8+ T cells also increased ccK18 levels in supernatants of all culture conditions and the trend of
increasing ccK18 levels with increased number of macrophage types was also detectable (Figure 36B).
The highest ccK18 levels were detected in supernatants of CD8+ T cells and Panc89 co-culture

spheroids at a 1:1 ratio.
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Figure 36: CD8+ T cells induce PDAC cell death in all PDAC spheroid cultures. PancTul and Panc89 cells were mono-cultured
or co-cultured with either M1- or M2-like macrophages in ultra-low attachment plates to form spheroids. After 48 h,
spheroids were cultured in the absence or presence of pre-activated CD8+ T cells for further 24 h. Supernatant levels of
caspase-cleaved Keratin 18 (ccK18) in mono-cultured or macrophage-enriched PDAC spheroids. (A) PancTul spheroids in
mono- or co-culture with macrophages without (-) or with CD8+ T cells (+). (B) Panc89 spheroids in mono- or co-culture with
macrophages without (-) or with CD8+ T cells (+). Mono: 2x10* PDAC cells; ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as mean with standard
deviation in one direction and non-parametric data are depicted as median with interquartile range in both directions. n=3.
(published data 209).
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Overall, these data indicate that the activation status of CD8+ T cells is more enhanced by the
macrophage-enriched PDAC spheroids rather than PDAC mono spheroids. Moreover, the cytotoxic
phenotype of CD8+ T cells was increased after culture with PDAC mono spheroids and even more in
macrophage-enriched PDAC spheroids. This intensification of the effector phenotype seems to be
dependent on the amount of macrophages of both macrophage populations. In summary, these data
indicate that the effector phenotype of CD8+ T cells exemplified by expression activation markers and
release of effector molecules is not impaired in the presence of PD-L1-expressing macrophages,
particularly with an M1-like phenotype. In contrast, these findings rather suggest that the effector
phenotype of CD8+ T cells is maintained or even promoted in presence of macrophages and PDAC cells
independent of their PD-L1 expression, which however is not associated with enhanced cell death of

PDAC cells.

4.4.4. Antibody-mediated blockade of PD-1 and PD-L1 only slightly affects the
effector phenotype of CD8+ T cells and PDAC cell death

Since both macrophage types, as well as PancTul and CD8+ T cells, exhibited considerable PD-L1
expression (Figure 19, Figure 24, and Figure 27) along with PD-1 expression on CD8+ T cells (Figure 19),
it was next investigated whether antibody-mediated blocking of PD-L1 (by Durvalumab) or PD-1 (by
Pembrolizumab) impacts the effector phenotype of CD8+ T cells and enhances PDAC cell death. To
specifically outline the effects of PD-1 and PD-L1 blocking, the following data were normalized to the
respective isotype control antibodies. First, the activation status of CD8+ T cells was examined. CD69
surface levels on CD8+ T cells cultured with PancTul spheroids revealed that only Durvalumab
treatment in co-culture with M2-like macrophages (3:1) and Pembrolizumab application in co-culture
with M1-like macrophages (3:1) was elevated. Applying Pembrolizumab in all other co-culture
conditions with macrophages even lowered CD69 expression on CD8+ T cells (Figure 37A). No
alteration of CD69 levels was observed when CD8+ T cells were cultured with either condition of
Panc89 spheroids; it was rather reduced after Pembrolizumab treatment of Panc89 spheroids with M1-
like macrophages (Figure 37B). The expression of CD25 on CD8+ T cells was also lowered when
macrophage-enriched PancTul spheroids were treated with Pembrolizumab (despite co-culture with
M1-like macrophages in 3:1 ratio), whereas CD8+ T cells in co-culture with Panc89 and both
macrophage types almost remained unaffected (except Pembrolizumab treated co-culture with M1-

like macrophages in 1:1 ratio) (Figure 37C+D).

94



Results

>
w

CD8+ T cells CD8+ T cells

+ +
49 PancTu1 spheroids

&

Panc89 spheroids

N [

MFI Ratio CD69

n-fold to IgG control

MFI Ratio CD69
n-fold to IgG control

(@)
o

-
@

n

o

(O cD8+ T cells + PDAC cells mono
[0 CD8+ T cells + PDAC cells coM1M¢

[0 CD8+ T cells + PDAC cells coM2Mé¢
D Durvalumab

-

o
-
@

ol
o

MFI Ratio CD25
n-fold to IgG control

I

@

MFI Ratio CD25
n-fold to IgG control
o

P Pembrolizumab

o
o
o
o

Figure 37: Activation status of CD8+ T cell culture with mono-cultured or macrophage-enriched PDAC spheroids. PancTul
or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment
plates to form spheroids. After 48 h, mono- or co-cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or
their respective isotype controls (10 ug/ml), and CD8+ T cells were added for 24 h. Immunofluorescence staining of activation
marker (A+B) CD69 and (C+D) CD25 were analyzed on CD8+ T cells cultured with mono-cultured PDAC cell spheroids (white),
or co-culture PDAC spheroids with M1-like macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were
measured by flow cytometer and data are normalized to the respective 1gG control samples of indicated co-culture conditions.
Mono: 2x10% ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages.
Data are presented as MFl ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype
control (MFIspecific/MFlisotyre) - Parametric data are depicted as mean with standard deviation in one direction and non-
parametric data are depicted as median with interquartile range in both directions. The dashed lines mark an MFI ratio of
“1”. n=3. (published data 209).

It was next analyzed whether and how the expression of PD-1 and PD-L1 is altered after application of
blocking antibodies Durvalumab and Pembrolizumab. PD-1 surface levels were not changed after
Durvalumab treatment in comparison to respective IgG controls in all co-culture conditions with each
PDAC cell line but were significantly decreased on CD8+ T cells derived from all co-culture settings
treated with Pembrolizumab (Figure 38A+B). This finding can be explained by the fact that
Pembrolizumab bound to PD-1 blocks the PD-1 epitope recognized by the staining antibody. Therefore,
these results confirmed successful inhibition of PD-1 in the experimental set-up. Successful inhibition
of PD-L1 by Durvalumab was also confirmed as PD-L1 was not detectable in Durvalumab-treated CD8+

T cells after either culture condition (Figure 38C+D).
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Figure 38: Surface expression levels PD-1 and PD-L1 on CD8+ T cells after culture with mono-cultured or macrophage-
enriched PDAC spheroid and Durvalumab or Pembrolizumab treatment. PancTul or Panc89 cells were mono-cultured or
co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form spheroids After 48 h,
mono- or co-cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype controls
(10 pg/ml) and CD8+ T cells were added for 24 h. Immunofluorescence staining of (A+B) PD-1 and (C+D) PD-L1 was analyzed
on CD8+ T cells cultured with mono-cultured PDAC spheroids (white), or co-culture PDAC spheroids with M1-like
macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were measured by flow cytometer and data are
normalized to the respective 1gG control samples of indicated co-culture conditions. Mono: 2x10% ratio 3:1: 1.5x10* PDAC
cells and 0.5x10* macrophages; ratio 1:1: 1x10% PDAC cells and 1x10* macrophages. Parametric data are depicted as mean
with standard deviation in one direction and non-parametric data are depicted as median with interquartile range in both
directions. Two-way ANOVA with Dunnett’s multiple comparison test comparing all samples with control of 1. The dashed
lines mark an MFI ratio of “1”. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. n=3. (partially published data 209).

Since the blocking of both PD-L1 and PD-1 was confirmed via flow cytometric analysis, it was examined
if blocking of PD-1 and PD-L1 affects the effector phenotype of CD8+ T cells. For this purpose, the levels
of Granzyme A and B, as well as Granulysin, Perforin, and IFNy were investigated in supernatants from
the different Durvalumab or Pembrolizumab treated spheroids. Overall, neither Granzyme A nor
Granzyme B levels in supernatants of CD8+ T cells cultured with either mono- or co-culture spheroids
were altered after Durvalumab or Pembrolizumab treatment (Figure 39A+B). Also, Granulysin and
Perforin levels remained unaffected after Durvalumab or Pembrolizumab treatment (Figure 39C+D).
However, Durvalumab treatment led to a slightly increased IFNy concentration by trend into
supernatants of CD8+ T cells co-cultured with PancTul spheroids at a ratio of 3:1 with either
macrophage population, while Pembrolizumab slightly diminished IFNy concentration under almost all

co-culture conditions (Figure 39E).
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Figure 39: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and IFNy in supernatants
of CD8+ T cells cultured with mono-cultured or macrophage-enriched PancTul spheroids and Durvalumab or
Pembrolizumab treatment. PancTul cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for
24 hin ultra-low attachment plates to form spheroids. After 48 h, mono- or co-cultures were treated with either Durvalumab
(D) or Pembrolizumab (P) or their respective isotype controls (10 pg/ml), and CD8+ T cells were added for 24 h. (A) Granzyme
A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+ T cells cultured with mono-cultured PancTul
spheroids (white) or co-cultured spheroids with M1-like (light grey) or M2-like macrophages (dark grey). Concentrations were
measured by multiplex assay and data are normalized to the respective isotype control samples of indicated co-culture
conditions. Mono: 2x104, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10*
macrophages. Parametric data are depicted as mean with standard deviation in one direction and non-parametric data are
depicted as median with interquartile range in both directions. The dashed lines mark a concentration ratio of “1”. n=3.
(partially published data 299),

Neither Granzyme A and B nor Granulysin and Perforin levels in supernatants of CD8+ T cells cultured
with either mono- or co-cultured Panc89 spheroids were altered after Durvalumab treatment (Figure
40A-D). Only IFNy levels were increased by trend in supernatants of CD8+ T cells cultured with Panc89
co-culture spheroids with M1 macrophages at a 1:1 ratio (Figure 40E). Pembrolizumab treatment
mostly did not alter the supernatant levels of Granzyme A and B, Granulysin, Perforin, and IFNy despite
slightly decreased levels of Ganzyme A and B as well as IFNy in supernatants of CD8+ T cells cultured
with Panc89 co-culture spheroids with M1 macrophages (Figure 40A+B+E). However, in supernatants
of CD8+ T cells cultured with mono-cultured Panc89 spheroids enhanced IFNy levels were detectable

(n-fold IFNy concentration: 1.97) (Figure 40E).
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Figure 40: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and IFNy in supernatants
of CD8+ T cells cultured with mono-cultured or macrophage-enriched Panc89 spheroids and Durvalumab or
Pembrolizumab treatment. Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for
24 hin ultra-low attachment plates to form spheroids. After 48 h, mono- or co-cultures were treated with either Durvalumab
(D) or Pembrolizumab (P) or their respective isotype controls (10 pg/ml), and CD8+ T cells were added for 24 h. (A) Granzyme
A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+ T cells cultured with mono-cultured PancTul
spheroids (white) or co-cultured spheroids with M1-like (light grey) or M2-like macrophages (dark grey). Concentrations were
measured by multiplex assay and data are normalized to the respective isotype control samples of indicated co-culture
conditions. Mono: 2x104, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10*
macrophages. Parametric data are depicted as mean with standard deviation in one direction and non-parametric data are
depicted as median with interquartile range in both directions. The dashed lines mark a concentration ratio of “1”. n=3.
(partially published data 299),

Finally, ccK18 levels of mono- and macrophage-enriched PDAC cell spheroids after culture with CD8+
T cells and Durvalumab or Pembrolizumab treatment were measured to assess the CD8+ T cell-
mediated PDAC cell death. In line with the findings regarding the effector phenotype of CD8+ T cells,
no considerable effects were observed on PancTul or Panc89 cell death by either antibody treatment
in all culture conditions. Only slightly enhanced PDAC cell death was observed in supernatants of M2-
like macrophage-enriched PancTul spheroids (3:1) when treated with Pembrolizumab (n-fold ccK18
level: 1.19) and Durvalumab at a 1:1 ratio (n-fold ccK18 level: 1.20) (Figure 41A). The highest Panc89
spheroid cell death was detected in supernatants of Pembrolizumab-treated Panc89 spheroids co-

cultured with M2-like macrophages (1:1) (n-fold ccK18 level: 1.24) (Figure 41B).
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Figure 41: PancTul and Panc89 spheroid cell death after co-culture with CD8+ T cells and treatment of either Durvalumab
or Pembrolizumab. PancTul and Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages
in ultra-low attachment plates to form spheroids. After 48 h, mono- or co-cultures were treated with either Durvalumab (D)
or Pembrolizumab (P) or their respective isotype controls (10 pg/ml) and CD8+ T cells were added for 24 h. Levels of caspase-
cleaved Keratin 18 (ccK18) in supernatants of CD8+ T cells cultured with mono-cultured or macrophage-enriched PDAC
spheroids. (A) PancTul spheroids in mono-culture or co-culture with macrophages and Durvalumab or Pembrolizumab
treatment. (B) Panc89 spheroids in mono- or co-culture with macrophages and Durvalumab or Pembrolizumab treatment.
Data are normalized to the respective isotype control samples of indicated co-culture conditions. Mono: 2x10* PDAC cells;
ratio 3:1: 1.5x10% PDAC cells and 0.5x10% macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data
are depicted as mean with standard deviation in one direction and non-parametric data are depicted as median with
interquartile range in both directions. n=3. (published data 299).

In summary, although PD-L1 and PD-1 were efficiently blocked on CD8+ T cells, no or only a slightly
enhanced effector phenotype was observed in co-cultures of PancTul spheroids with macrophages
and Durvalumab treatment. Blocking either PD-L1 or PD-1 did not benefit the effector phenotype of
CD8+ T cells in co-culture with spheroids comprising Panc89 cells and macrophages independently of
the amount and subtype of macrophages and treatment. Moreover, no or only minor improvement of
CD8+ T cell-mediated tumor cell death in both PDAC cell spheroid models were detected
independently of the subtype and amount of macrophages and treatment with either Durvalumab or

Pembrolizumab.

4.4.5. Gemcitabine treatment impacts activation status and effector phenotype

of CD8+ T cells

Standard chemotherapy agents can modify the expression of tumor-specific membrane antigens which
can result in superior antigen presentation by APCs and more effective cytotoxic T lymphocytes
response 22°, Therefore, the modulation of tumor-specific membrane proteins by cytostatic drugs may
serve as a promising strategy to improve immunotherapy #°. As Gemcitabine is still the standard-of-
care treatment in PDAC 2222 jt was examined whether PD-L1 expression on PancTul and Panc89 cells
is affected by treatment with Gemcitabine. As a positive control for PD-L1 induction, PDAC cells were
stimulated with IFNy. PancTul cells hardly showed a PD-L1 enhancement after Gemcitabine treatment

(n-fold MFI ratio PD-L1: 1.34), but it was observable after IFNy treatment (n-fold MFI ratio PD-L1: 3.72)
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(Figure 42A. In contrast to PancTul cells, PD-L1 induction was observed after Gemcitabine treatment
in Panc89 cells albeit to a lesser extent than after IFNy treatment (n-fold MFI ratio PD-L1: 2.23) (Figure
42B).
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Figure 42: Gemcitabine treatment enhances PD-L1 expression on Panc89 cells, but not on PancTul cells. PancTul and
Panc89 cells were mono-cultured and either remained untreated or were stimulated with IFNy (10 ng/ml) as a positive PD-L1
inducer or Gemcitabine (10 pg/ml) for 72 h. Immunofluorescence staining of PD-L1 with following flow cytometric analysis.
PD-L1 expression on (A) PancTul cells and (B) Panc89 cells normalized to respective untreated cells. Data are presented as
MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype control
(MFIspecific/MFisotyre), Parametric data are depicted as mean with standard deviation in one direction and non-parametric data
are depicted as median with interquartile range in both directions.

Next, it was investigated whether pre-treatment with Gemcitabine of PDAC mono- and co-culture
spheroids impacts the effector phenotype of CD8+ T cells. For this purpose, the following data are
normalized to the respective untreated samples of each culture condition to highlight the effect of
Gemcitabine treatment. Although Gemcitabine was no longer present when CD8+ T cells were added
to the spheroids, CD69 expression decreased on CD8+ T cells in the presence of spheroids of both PDAC
cell lines (Figure 43A+B). While CD8+ T cells cultured with macrophage-enriched PancTul spheroids
showed higher CD69 levels compared to T cells in culture with mono-cultured PancTul spheroids
(except 3:1 ratio of M2-like macrophages), macrophages seemed to decrease CD69 expression on
CD8+ T cells in culture with Panc89 spheroids (Figure 43B). The CD25 levels were also lowered when
CD8+ T cells were exposed to mono- or co-culture spheroids of both PDAC cell lines independently of

macrophage subtype or ratio (Figure 43C+D).
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Figure 43: The activation stage of CD8+ T cells is reduced after culture with Gemcitabine treated PDAC spheroids. PancTul
or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment
plates to form spheroids. After 24 h, mono- or co-cultures were treated with Gemcitabine (10 pg/ml). After 24 h, medium
was changed and CD8+ T cells were added for 24 h. Activation markers (A+B) CD69 and (C+D) CD25 were analyzed on cell
surfaces of CD8+ T cells cultured with mono-culture PDAC cell spheroids (white), or co-culture PDAC cell spheroids with M1-
like macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were examined by flow cytometric analysis
and data are normalized to the respective untreated samples of indicated culture conditions. Mono: 2x10% ratio 3:1: 1.5x10*
PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio
and denotes median fluorescence intensity ratio of specific staining antibody and its isotype control (MFIseecific/\jF[isotype),
Parametric data are depicted as mean with standard deviation in one direction and non-parametric data are depicted as
median with interquartile range in both directions. The dashed lines mark an MFI ratio of “1”. Kruskal-Wallis test with Dunn’s
multiple comparison test or One-way ANOVA with Dunnett’s multiple comparison test samples with control of 1. * = p <0.05.
n=4.
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Next, it was analyzed whether Gemcitabine pre-treatment also affects the expression of immune
checkpoint molecules PD-1 and PD-L1 of CD8+ T cells. Similar to the decreased expression of activation
markers, a considerable reduction of PD-1 surface levels was observed on CD8+ T cells after culture
with all PDAC spheroids independent of the amount and subtype of macrophages (Figure 44A+B). In
contrast, PD-L1 expression on CD8+ T cells was almost unaffected after culture with any Gemcitabine

treated PDAC culture (Figure 44C+D).
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Figure 44: PD-1 surface levels of CD8+ T cells are decreased after culture with Gemcitabine treated PDAC spheroids.
PancTul or Panc89 cells were mono- or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment
plates to form spheroids. After 24 h, mono- or co-culture spheroids were treated with Gemcitabine (10 pg/ml). After 24 h,
medium was changed and CD8+ T cells were added for 24 h. Cell surface levels of (A+B) PD-1 and (C+D) PD-L1 were examined
by flow cytometric analysis and data are normalized to the respective untreated samples of indicated culture conditions.
Mono: 2x10% ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10% PDAC cells and 1x10% macrophages. The
dashed lines mark an MFI ratio of “1”. Data are presented as MFI ratio and denotes median fluorescence intensity ratio of
specific staining antibody and its isotype control (MFIspecific/MF[isotype) Parametric data are depicted as mean with standard
deviation in one direction. One-way ANOVA with Dunnett’s multiple comparison test comparing all samples with control of
1. *=p<0.05. n=4.

Since the activation stage and PD-1 expression on CD8+ T cells were affected by Gemcitabine pre-
treatment of PDAC spheroids, the next step was to examine the effects on the cytotoxic phenotype of
CD8+ T cells. All investigated cytotoxic molecules and IFNy showed reduced concentrations in
supernatants of all culture conditions with PancTul spheroids (without or with macrophages) when
treated with Gemcitabine. In detail, Granzyme A concentration was 2-fold decreased in supernatants
of almost all culture conditions compared to untreated samples. Only in supernatants of CD8+ T cells
and PancTul co-culture spheroids with M1-like macrophages in 1:1 ratio a more substantial and
significant decrease in Granzyme A level was shown (n-fold Granzyme A concentration: 0.32) (Figure
45A). Granzyme B concentrations similarly decreased in supernatants of CD8+ T cells cultured with
mono-culture PancTul spheroids or M2-like macrophage-enriched PancTul spheroids at 1:1 ratio (n-
fold Granzyme B concentration for both: 0.66). All other culture conditions led to a stronger reduction
of Granzyme B (n-fold Granzyme B concentration: 0.43 — 0.25) (Figure 45B). Moreover, concentrations
of Granulysin, Perforin, and IFNy were markedly reduced in supernatants of CD8+ T cells cultured with
PDAC mono- and co-culture spheroids. No marked difference was noted in the different amounts or

subtypes of macrophages (Figure 45C-E).
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Figure 45: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and IFNy are decreased
in supernatants of CD8+ T cells cultured with Gemcitabine-treated PancTul spheroids. PancTul cells were mono- or co-
cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono-
or co-culture spheroids were treated with Gemcitabine (10 pug/ml). After 24 h, medium was changed and CD8+ T cells were
added for 24 h. Concentrations of (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy in supernatants
of CD8+ T cells cultured with mono-culture (white) or co-culture PancTul spheroids with M1-like (light grey) or M2-like
macrophages (dark grey). Concentrations were measured by multiplex assay and data are normalized to the respective
untreated samples of indicated co-culture conditions. Mono: 2x10%, ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages;
ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as mean with standard deviation in one
direction and analyzed by One-way ANOVA with Dunnett‘s multiple comparison test comparing all samples with control of 1.
Non-parametric data are depicted as median with interquartile range in both directions and were analyzed by Kruskal-Wallis
test with Dunn‘s multiple comparison test comparing all samples with control of 1. The dashed lines mark a concentration
ratio of “1”. * = p < 0.05, *** = p < 0.001. n=3.

Similar to this, CD8+ T cells in culture with Panc89 mono- or co-culture spheroids with both
macrophage types secreted reduced levels of all analyzed cytotoxic molecules into cell culture
supernatants (Figure 46A-D). In detail, Granzyme A and B concentrations were mostly reduced in
supernatants of CD8+ T cells cultured with Panc89 spheroids containing M1-like macrophages at a 3:1
ratio (n-fold Granzyme vs. Granzyme B concentration: 0.37 vs. 0.41). Supernatants of CD8+ T cells and
all other macrophage co-culture conditions showed similarly reduced levels of respective Granzymes
compared to mono-cultured Panc89 spheroids (Figure 46A+B). Granulysin concentration was mostly
reduced compared to all other investigated molecules and was not altered due to different culture
conditions (Figure 46C). Moreover, the Perforin concentration of CD8+ T cells in culture with mono-
cultured Panc89 spheroids was the lowest (n-fold Perforin concentration: 0.42). However, compared
to supernatants of CD8+ T cells cultured with untreated spheroids, the concentration of Perforin was
also clearly reduced in all other PDAC spheroids conditions. Similar observations were made for IFNy.
Only IFNy concentration in supernatants of CD8+ T cells in culture with mono-cultured Panc89

spheroids revealed an increase compared to untreated samples (Figure 46E).
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Figure 46: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and IFNy are decreased
in supernatants of CD8+ T cells cultured with Gemcitabine-treated Panc89 spheroids. Panc89 cells were mono- or co-
cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono-
or co-culture spheroids were treated with Gemcitabine (10 pg/ml). After 24 h, medium was changed and CD8+ T cells were
added for 24 h. Concentration of (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy in supernatants
of CD8+ T cells cultured with mono-culture (white) or co-culture Panc89 spheroids with M1-like (light grey) or M2-like
macrophages (dark grey). Concentrations were measured by multiplex assay and data are normalized to the respective
untreated samples of indicated culture conditions. Mono: 2x10%, ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio
1:1: 1x10% PDAC cells and 1x10* macrophages. Parametric data are depicted as mean with standard deviation in one direction
and analyzed by One-way ANOVA with Dunnett’s multiple comparison test comparing all samples with control of 1. Non-
parametric data are depicted as median with interquartile range in both directions were analyzed by Kruskal-Wallis test with
Dunn‘s multiple comparison test comparing all samples with control of 1. The dashed lines mark a concentration ratio of “1”.
*=p<0.05, ¥** = p<0.001. n=3.

Lastly, it was investigated whether Gemcitabine pre-treatment of PDAC mono- and co-culture
spheroids impacts PDAC cell death in the absence or presence of CD8+ T cells determined by the
release of ccK18. Interestingly, supernatants of PancTul spheroids showed diminished ccK18 levels
compared to untreated samples under all culture conditions (Figure 47A). The presence of CD8+ T cells
only marginally affected the ccK18 levels of spheroids with M1-like macrophages at 3:1 ratio compared
with PancTul spheroids and macrophages (n-fold ccK18 — vs. + CD8+ T cells: 0.82 vs. 1.04). All other
culture settings revealed similar ccK18 levels in the presence or absence of CD8+ T cells. Further,
Panc89 cell death was neither increased due to culture with CD8+ T cells nor due to Gemcitabine
treatment (Figure 47B). Only a slight enhancement of ccK18 levels was detected in mono-cultured

Panc89 spheroids.
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Figure 47: PancTul cell death was slightly reduced whereas Panc89 cell death was almost unaffected by Gemcitabine pre-
treatment and the presence of CD8+ T cells. PancTul and Panc89 cells were mono- or co-cultured with either M1- or M2-
like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-culture spheroids were
treated with Gemcitabine (10 pg/ml). After 24 h, medium was changed and CD8+ T cells were added for 24 h. Supernatant
levels of caspase-cleaved Keratin 18 (ccK18) of (A) PancTul spheroids in mono- or co-culture with macrophages, or (B) Panc89
spheroids in mono- or co-culture with macrophages in the absence (-) or presence (+) of CD8+ T cells. Data are normalized to
the respective untreated samples of indicated co-culture conditions. Mono: 2x10* PDAC cells; ratio 3:1: 1.5x10* PDAC cells
and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as mean with
standard deviation in one direction and non-parametric data are depicted as median with interquartile range in both
directions. PancTul: n=3; Panc89: n=4.

In summary, Gemcitabine pre-treatment of PDAC cell spheroids with macrophage affected the
activation status and the effector phenotype of CD8+ T cells and slightly decreased PDAC cell death of

PancTul spheroids.

4.4.6. Sequential treatment with Gemcitabine and immune checkpoint

blockade does not improve CD8+ T cell-mediated PDAC cell death
As immune checkpoint inhibition single treatment with Durvalumab and Pembrolizumab failed in the
3D co-culture model and Gemcitabine has been identified as an inducer of PD-L1 expression 229230
(Figure 42), it was investigated whether sequential therapy of low dose Gemcitabine followed by
immune checkpoint blockade modulates the effector phenotype of CD8+ T cells and leads to elevated
induction of PDAC cell death. To specifically outline the effects of combined treatment, data of ICI
treatment were normalized to respective isotype control treatment. For this purpose, the different
mono- or macrophage-enriched PDAC spheroids were treated with Gemcitabine for 24 h, then
cultured with pre-activated CD8+ T cells and simultaneously treated with Durvalumab, Pembrolizumab
or respective isotype control. First, the activation status of CD8+ T cells was investigated. Analyzing
CD69 surface expression on CD8+ T cells under the different culture conditions revealed that combined
treatment with Durvalumab led to decreased CD69 expression on CD8+ T cells cultured with PancTul
co-culture spheroids with M1-like macrophages (n-fold MFI ratio 3:1 vs. 1:1: 0.83 vs. 0.87) and Panc89

spheroids enriched with M1-like macrophages (3:1) (n-fold MFI ratio: 0.59) (Figure 48A+B). In contrast,
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combined treatment with Pembrolizumab increased CD69 levels after co-culture with M1-like
macrophage-enriched spheroids of both PDAC cell lines (Figure 48A+B). CD25 surface levels mostly
remained unaffected by Durvalumab or Pembrolizumab treatment despite combined treatment with
Pembrolizumab which reduced CD69 levels in CD8+ T cells derived from PancTul spheroids comprising

M2-like macrophages (1:1) (Figure 48C+D).
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Figure 48: Activation stage of CD8+ T cells in co-culture with PancTul or Panc89 co-culture spheroids with macrophages
after sequential treatment with Gemcitabine and Durvalumab or Pembrolizumab. PancTul or Panc89 cells were mono-
cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form spheroids.
After 24 h, mono- or co-cultures were treated with Gemcitabine (10 ug/ml) for 24 h. Afterwards, medium was changed, and
cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype control (10 pg/ml) and
simultaneous CD8+ T cell co-culture was started for 24 h. Activation marker (A+B) CD69 and (C+D) CD25 were analyzed on
surfaces of CD8+ T cells cultured with mono-cultured PDAC cell spheroids (white) or co-cultured PDAC cell spheroids with
M1-like macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were measured by flow cytometer and
data are normalized to the respective 1gG control samples of indicated co-culture conditions. Mono: 2x10% ratio 3:1: 1.5x10*
PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio
and denotes median fluorescence intensity ratio of specific staining antibody and its isotype control (MFIseecific/\F[isotype),
Parametric data are depicted as mean with standard deviation in one direction and non-parametric data are depicted as
median with interquartile range in both directions. Two-way ANOVA with Dunnett’s multiple comparison test comparing all
samples with control of 1. The dashed lines mark an MFI ratio of “1”. * = p < 0.05. n=3. (published data 2%9).

Next, the surface expression of PD-1 and PD-L1 on CD8+ T cells was analyzed after sequential
treatment. PD-1 surface expression on CD8+ T cells was not altered by sequential treatment with
Gemcitabine and Durvalumab under all culture conditions, while it was again reduced after treatment
with Pembrolizumab due to the competition of immunofluorescence staining and blocking antibodies
(Figure 49A+B). The PD-L1 surface levels on CD8+ T cells were also significantly decreased in both PDAC
cell spheroids in all culture conditions due to the same binding epitope of staining and blocking

antibody (Figure 49C+D). However, applying Pembrolizumab revealed no alteration despite CD8+ T
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cells cultured with PancTul spheroids containing M1-like macrophages at a 1:1 ratio (n-fold MFI ratio

PD-L1: 1.22) (Figure 49C).
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Figure 49: Expression of immune checkpoint molecules PD-1 and PD-L1 on CD8+ T cells after PancTul and Panc89 co-culture
spheroids and sequential treatment with Gemcitabine and Durvalumab or Pembrolizumab. PancTul or Panc89 cells were
mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form
spheroids. After 24 h, mono- or co-cultures were treated with Gemcitabine (10 pg/ml) for 24 h. Afterwards, medium was
changed, and cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype control
(10 pg/ml) and simultaneous CD8+ T cell co-culture was started for 24 h. Surface expression of (A+B) PD-1 and (C+D) PD-L1
was analyzed on surfaces of CD8+ T cells cultured with mono-cultured PDAC cell spheroids (white), or co-cultured PDAC cell
spheroids with M1-like macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were measured by flow
cytometer and data are normalized to the respective isotype control samples of indicated co-culture conditions. Mono: 2x10%
ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10% PDAC cells and 1x10* macrophages. Data are
presented as MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype control
(MFIspecific/MFisotyre), Parametric data are depicted as mean with standard deviation in one direction and non-parametric data
are depicted as median with interquartile range in both directions. Two-way ANOVA with Dunnett’s multiple comparison test
comparing all samples with control of 1. The dashed lines mark an MFI ratio of “1”. * = p < 0.05; *** = p < 0.001. n=3.
(published data 209).

In line with the marginal effects on the activation markers, concentrations of Granzyme A and B,
Granulysin, Perforin, and IFNy in supernatants of any culture of CD8+ T cells and PancTul macrophage
spheroids were hardly affected by sequential therapy of Gemcitabine and either immune checkpoint

inhibitor (Figure 50A-E).
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Figure 50: Concentrations of cytotoxic molecules Granzyme A and B, Perforin, Granulysin, and IFNy by CD8+ T cells after
PancTul spheroid co-culture and sequential treatment of Gemcitabine and either Durvalumab or Pembrolizumab. PancTul
cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to
form spheroids. After 24 h, mono- or co-cultures were treated with Gemcitabine (10 ug/ml) for 24 h. Afterwards, medium
was changed, and cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype control
(10 pg/ml) and simultaneous CD8+ T cell co-culture was started for 24 h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D)
Perforin and (E) IFNy concentrations in supernatants of CD8+ T cells cultured with mono-cultured PancTul spheroids (white)
or co-cultured spheroids with M1-like (light grey) or M2-like macrophages (dark grey). Concentrations were measured by
multiplex assay and data are normalized to the respective isotype control samples of indicated co-culture conditions. Mono:
2x10%, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric
data are depicted as mean with standard deviation in one direction and non-parametric data are depicted as median with
interquartile range in both directions. The dashed lines mark a concentration ratio of “1”. n=3. (partially published data 29).

Concentrations of cytotoxic molecules by CD8+ T cells in co-culture with Panc89 macrophage spheroids
was also hardly affected by sequential treatment of Gemcitabine and ICI. Only culture with co-culture
spheroids containing M2-like macrophages in a 1:1 ratio after Durvalumab treatment showed slightly
increased concentrations by trend of Granzyme A and B, Perforin, and IFNy (n-fold concentration

Granzyme A vs. B vs. Perforin vs. IFNy: 1.25 vs. 1.21 vs. 1.14 vs. 2.11) (Figure 51A+B+D+E).
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Figure 51: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and IFNy by CD8+ T cells
after Panc89 spheroid co-culture and sequential treatment of Gemcitabine and either Durvalumab or Pembrolizumab.
Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ULA plates to form
spheroids. After 24 h, mono- or co-cultures were stimulated with Gemcitabine (10 pug/ml) for 24 h. Afterwards, medium was
changed and Durvalumab (D) or Pembrolizumab (P) treatment and CD8+ T cells were added for 24 h. (A) Granzyme A, (B)
Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy concentrations in supernatants of CD8+ T cells cultured with mono-
cultured Panc89 spheroids (white) or co-cultured spheroids with M1-like (light grey) or M2-like macrophages (dark grey).
Concentrations were measured by multiplex assay and data are normalized to the respective isotype control samples of
indicated co-culture conditions. Mono: 2x10%, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC
cells and 1x10* macrophages. Parametric data are depicted as mean with standard deviation in one direction and non-
parametric data are depicted as median with interquartile range in both directions. The dashed lines mark a concentration
ratio of “1”. n=3. (partially published data 2%9),

Lastly, the PDAC cell death was investigated and measured by determining ccK18 levels in supernatants
of CD8+ T cell cultures with mono- and co-culture spheroids. In line with the non-affected activation
status and effector phenotype of CD8+ T cells, no considerable increase in the induction of PancTul
and Panc89 cell death was noted after the different treatments exemplified by the almost unaltered

ccK18 levels of the different spheroid cultures (Figure 52A+B).
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Figure 52: PancTul and Panc89 spheroid cell death after co-culture with CD8+ T cells and sequential treatment of
Gemcitabine and either Durvalumab or Pembrolizumab.PancTul or Panc89 cells were mono-cultured or co-cultured with
either M1- or M2-like macrophages for 24 h in ULA plates to form spheroids. After 24 h, mono- or co-cultures were stimulated
with Gemcitabine (10 pug/ml) for 24 h. Afterwards, medium was changed and Durvalumab (D) or Pembrolizumab (P) treatment
and CD8&+ T cells were added for 24 h. Levels of caspase-cleaved Keratin 18 (ccK18) in supernatants of mono-cultured or
macrophage-enriched PDAC spheroids. (A) PancTul spheroids in mono- or co-culture with macrophages after combination
treatment of Gemcitabine and Durvalumab or Pembrolizumab. (B) Panc89 spheroids in mono or co-culture with macrophages
after combination treatment of Gemcitabine and Durvalumab or Pembrolizumab. Data are normalized to the respective
isotype control samples of indicated co-culture conditions. Mono: 2x10% PDAC cells; ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Non-parametric data are depicted as median with
interquartile range in both directions. n=3. (published data 2%9).

Overall, these data indicate that sequential treatment of PDAC with Gemcitabine and ICls does not
improve the effector phenotype of CD8+ T cells and PDAC cell death irrespective of the presence and

subtype of macrophages.
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5. Discussion

The hallmarks of cancer by Hanahan and Weinberg demonstrated that tumor formation is a multistep
process. The six original hallmark capabilities, including evading growth suppressors, sustaining
proliferative signaling, resisting cell death, inducing angiogenesis, enabling replicative immortality, and
activation invasion and metastases, were extended by new hallmarks of cancer during the last
years 2217233 Additionally, deregulating cellular energetics, avoiding immune destruction, genome
instability and mutation, and tumor-promoting inflammation were added in 2011, and nonmutational
epigenetic reprogramming, polymorphic microbiomes, unlocking phenotypic plasticity, and senescent
cells were revealed in 2022 232233, Several of these cancer hallmarks address and are modulated by the

TME 234 and are topic of this thesis.

In detail, this study examined in situ and in vitro the effect of the TME, especially CD8+ T cells and
macrophages, on PDAC cells and vice versa with a particular focus on the role of PD-L1 as a potential
immune evasion strategy of PDAC cells. For this purpose, both immune cell populations were
determined in situ in primary tumors and their corresponding liver metastases of PDAC patients.
Especially the abundance and location of PD-L1 expression were compared with the presence of
macrophages and CD8+ T cells which is discussed in section 5.1. In order to investigate the impact of
exhausted CD8+ T cells on PDECs and whether blocking of PD-L1 by Durvalumab on CD8+ T cells or on
both CD8+ T cells and PDECs impacts the PDEC viability, in vitro experiments using 2D cultures were
performed and are discussed in section 5.2. Further, it was investigated how CD8+ T cells in pre-co-
culture with macrophages alter their activation status and whether this impacts PDEC viability. These
results are discussed in section 5.3. As 2D cell culture in a flat bottom cannot fully represent the
pathophysiological conditions of PDAC, a 3D model system containing different PD-L1-expressing PDAC
cells and macrophage types and ratios was established to better mimic the situation in PDAC.
Moreover, the addition of CD8+ T cells to the different 3D co-culture conditions included an important
effector cell population to this PDAC immune cell interplay (discussed in section 5.4). Lastly, it was
investigated whether the application of Pembrolizumab and Durvalumab to block the PD-1/PD-L1 axis
alone or in combination with Gemcitabine increases PDAC cell death under the different stromal

conditions (section 5.5).
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5.1.In situ analysis of PD-L1 expression and abundance of macrophages and CD8+

T cells in metastatic PDAC by immunohistochemistry staining

Most PDAC patients are diagnosed at late stages of the disease due to the lack of specific symptoms
and the poor specificity of tumor biomarkers 3. Moreover, PDAC often metastasizes, especially to
distant organs, including the liver (76-80 % of patients), the peritoneum (48-59 %), or the lung (45-
48 %) 3%, To date, the only curative treatment option is resection of the primary tumor but most of
the patients are not eligible due to the late diagnosis or comorbidities. Only 20 % of PDAC patients
have a respectable tumor at time of occurrence and even if the primary tumor is successfully resected,
the 5-year survival rate of these patients is only 27 % 2. Therefore, improved therapeutic treatments

are urgently needed.

The expression of the immune checkpoint regulator PD-L1 is upregulated in several human cancer
entities, such as NSCLC, melanoma, and gastric cancer resulting in T cell inactivation and tumor

236

immune evasion “°, Several studies also identified enhanced expression of PD-L1 in PDAC

558L170,171176 and correlated a high PD-L1 expression with poor survival of patients 816816% Tg

patients
investigate whether PD-L1-mediated immune evasion might operate during PDAC progression, an
analysis of serial PDAC tumor tissues and their corresponding liver metastases was performed
regarding the PD-L1 frequency and intensity. Furthermore, the abundance of immune cell populations,
including macrophages (especially M2-like macrophages) and T cells (particularly CD8+ T cells) was
examined. The study of Rahn et al. already revealed that 69.6 % of analyzed primary PDAC tissues (all

stages T3N1MO) showed no or low PD-L1 expression 17°

and Principe et al. reported that 43.7 % of non-
metastasized PDAC tissue samples had no PD-L1 expression "%, In contrast, in the small cohort of this
study, considerable PD-L1 expression was observed in all primary tumors as well as their corresponding
liver metastases. This might be explained by the fact that these patients mostly exhibited poorly
differentiated tumors, as Rahn et al. also observed higher PD-L1 levels in poorly differentiated primary
PDAC . Furthermore, the fact that PD-L1 was detected in the primary context as well as their liver
metastases might indicate that PD-L1-mediated immune evasion operates during metastases
formation in PDAC. The PD-L1 expression in primary and metastatic sites is also a topic of investigation
in other cancer malignancies. In colorectal cancer (CRC) patients and epithelial ovarian cancer patients
PD-L1 expression in the primary tumor as well as metastatic site was observed with the expression
being more pronounced in the metastases 27238, Especially corresponding peritoneal metastases of
ovarian cancer showed often PD-L1 expression (68 % of cases) 3. Further, the study of Lee et al.
revealed that 67 % of patients with NSCLC expressed PD-L1 in the primary tumor and within this group

of patients, occurrence of synchronous brain metastases was significantly higher compared to PD-L1

negative patients (31.5 % vs. 19.1 %). Unfortunately, the PD-L1 status of brain metastases was not
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noted, but the significant association between PD-L1 expression and synchronous brain metastases
denotes that PD-L1-positive NSCLC patients should be closer examined for the occurrence of brain

metastases 2°.

In contrast, more primary tumors of breast cancer patients express PD-L1 in comparison to their
metastatic lesions (63.7 % vs. 42.2 %), but the rate of PD-L1 positivity varied by the metastatic

location 20

. When differentiated between tumor cell-expressed PD-L1 (primary tumor vs. metastasis:
18.7 % vs. 17.8 %) and immune cell-expressed PD-L1 (51.2 % vs. 37.1 %) in unmatched tumors and
metastases, the difference in PD-L1 levels seems to be dependent on the immune cell populations.
Studies investigating paired primary breast cancer tumors and metastases outlined a discordance in

240241 | detail, the pooled discordance rate differed according to the PD-L1-

PD-L1 expression
expressing cell populations: discordant primary/metastatic PD-L1 status was observed in 13.6 % of
patients when expressed on tumor cells, 39.5 % when assessed on immune cells, and 47.6 % when
expressed on both, immune and tumor cells ?*1, In a study of penile squamous cell carcinoma, 62.2 %
of patients expressed PD-L1 on tumor cells in the primary tumor, and patients with lymph node
metastases were significantly more likely to express PD-L1 compared to patients without metastases.
Further, in patients with matched primary tumors and lymph node metastases, a strong positive
correlation with PD-L1 expression was detected. All primary tumors were PD-L1 positive and 77.8 % of
corresponding metastases also exhibited PD-L1 expression. Moreover, the differentiation status of
penile squamous cancer might have an impact on the PD-L1 expression, as 80 % of poorly
differentiated tumors were PD-L1 positive whereas only 40 % of well-differentiated tumors expressed
PD-L1 %*2, These results of differentiation status are in line with the results of PD-L1 expression in poorly
differentiated PDAC tumors of this study cohort. Furthermore, the previous study of Rahn et al. also
demonstrated implications, that poorly differentiated PDAC tumors exhibit elevated PD-L1
expression °°. Taken together, the results of different studies investigating the PD-L1 status in primary
tumors and metastases show a discordance in PD-L1 expression, as no specific PD-L1 expression
pattern during all different disease progressions was observed. Nevertheless, most of the study results
leave the suggestion that PD-L1 expression in primary tumors is associated with occurrence of
metastases indicating a PD-L1-mediated immune evasion during disease progression as well as
consideration of closer screening for metastases at secondary sites when the primary tumor is PD-L1

positive.

Furthermore, the immunohistological analyses of PDAC tissues also revealed that the PD-L1 expression
is predominantly located in the TME, especially at the invasion fronts along with high proportions of
macrophages (CD68+ and CD163+). This suggests that the main source of PD-L1 in the primary and

metastatic lesions of PDAC are stromal cells. This was further confirmed by the results of double
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immunohistochemical stainings, which revealed that PD-L1 is expressed to a much higher extent by
macrophages than by PDAC cells. This finding is in line with the study of Rahn et al. demonstrating that
in primary PDAC 76.5 % of PD-L1 positive cells are stromal cells 17°. In breast cancer, immune cells in
the primary tumor and metastatic lesions also show higher PD-L1 expression compared to tumor

240 and in NSCLC, PD-L1 expression co-localizes with macrophages 2®. In contrast, Zhang et al.

cells
reported that in PDAC more PD-L1 positive cells are tumor cells than immune cells (PD-L1 positivity
immune cells vs. tumor cells: 20 % vs. 30 %). Nonetheless, they observed more frequently PD-L1
positive tumor cells when immune cells also expressed PD-L1. Furthermore, PD-L1 positive immune
cells were significantly related to high infiltration of CD3, CD4, CD8, FOXP3, and CD68 positive cells 172,
Although PD-L1 expression was also reported to be found on CD8+ T cells 132* double
immunohistochemical staining of CD8 and PD-L1 in liver metastases demonstrated that CD8+ T cells
do not express PD-L1. Li et al. detected a positive correlation of PD-L1 expression level with high
immune cell infiltration, including macrophages and CD8+ T cells, in pancreatic cancer 173, Additionally,
several studies reported a high infiltration of macrophages, particularly CD163+ macrophages, in
primary PDAC 24%55559 indicating an anti-inflammatory phenotype which is associated with poor
prognosis and reduced survival of patients *%°%17417> Fuyrthermore, another study analyzing biopsies of
liver metastases from PDAC patients revealed that metastatic tumor cells were surrounded by CD68+
macrophages which was the most abundant immune cell population 1*3. Taken together, these results
underlie the finding of this thesis that macrophages are a main immune cell population in primary
PDAC and liver metastases and that PD-L1 is predominantly expressed by stromal cells, especially

macrophages, in metastatic PDAC.

Although the presence of CD8+ T cells in PDAC is associated with better survival outcomes, the number
of infiltrated CD8+ T cells is very low 773, However, despite the low infiltration of CD8+ T cells, they
were also observed in primary and secondary lesions of PDAC in PD-L1-expressing areas in the present
study. Similar to this, Blando et al. observed in pancreatic tumors minimal to moderate infiltration of
CD3, CD4, and CD8 cells 27, which fits with the detection of small amounts of CD8+ T cells in this study
(highest score frequency: > 1 %). In liver metastases of CRC patients, a higher density of CD8+ T cells
(= 10 %) was predominantly observed in PD-L1 positive (94.4 % of cases) compared to PD-L1 negative

liver metastases 2%’

supporting the view that CD8+ T cells are predominantly located in PD-L1-
expressing areas. The study of Principe et al. supports this finding as they found an association of PD-
L1 expression with an increase of tumor-infiltrating lymphocytes in PDAC biopsies. Further, PD-L1 gene
expression was positively correlated with mRNA expression of T cell markers CD3E and CD3G as well
as IFNy gene. The IFNy protein expression was predominantly localized in CD3+ T cell infiltrating areas

171

suggesting T cells as a main source of IFNy %, which is a well-known inducer of PD-L1 ?*. In the small
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study cohort of this thesis, CD8+ T cells were predominantly located at the invasion fronts of the
primary tumor or metastasis and thus separated from tumor cells by PD-L1-expressing macrophages.
This also can be underlined by the findings of Blando et al. and Rahn et al. as they demonstrated T cell
infiltrates in the stromal area of the tumor but excluded from tumoral areas *?'’. One reason for the
low infiltration of CD8+ T cells into the tumor can be seen in the desmoplastic stroma containing ECM
which acts as a physical barrier forimmune cell populations and in particular CD8+ T cells 2%°. The ECM
in pancreatic tumors is characterized by markedly enhanced stiffness and density compared to healthy

pancreas tissue 24

. More than 90 % of ECM molecules are produced by stromal cells, such as
myofibroblasts, and the predominantly existing ECM proteins are collagens. But also hyaluronan and
laminins are responsible for the pronounced desmoplastic stroma in PDAC ?¥’. Further, the low CD8+
infiltration in PDAC tumors may occur due to a stromal compartment-specific infiltrative defect. In
detail, CD8+ T cells, as well as B-cells, NK cells, and Tregs, are unable to sufficiently infiltrate the
juxtatumoral stroma of PDAC tumors. In KPC mice, the application of all-trans retinoic acid (ATRA)
resulting in quiescence of pancreatic stellate cells (PSCs) and thereby reduce number of myofibroblasts
which promote desmoplastic reaction, and led to an increased proportion of CD8+ T cells within the
juxtatumoral stroma 2249, CXCL12-rich stroma initiated by activated PSCs favors the migration of CD8+
T cells away from the juxtatumoral stroma 3. These findings support the importance of desmoplastic
stroma as a physical barrier preventing immune surveillance in PDAC. Therefore, stroma-reducing
treatment approaches like targeting hyaluronic acid by hyaluronidases to enhance drug delivery may

contribute to induced anti-tumor immunity by enhanced T cell-mediated immunotherapies 242>,

Overall, although the studied cohort in this thesis was small, this first comparative analysis of primary
tumors and corresponding metastases from PDAC patients provides a unique insight into the potential
role of PD-L1 and macrophages in immune evasion of PDAC. However, to validate these findings the

analysis of more matching tissue samples might be reasonable.

5.2. Impact of activation culture on CD8+ T cells and their impairment potential of

PDEC viability in the absence or presence of Durvalumab
As macrophages and CD8+ T cells were found in the TME of PDAC and both expressed PD-L1, the next
aim of the study was to investigate whether and how both cell populations impact each other. Further,
it was examined whether CD8+ T cells pre-cultured with macrophages decrease PDEC viability in 2D
cultures. The last aim was to analyze whether blocking of PD-L1 only on CD8+ T cells or during co-

culture with PDECs impacts PDEC viability and CD8+ T cell phenotype.
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First, the early activation marker CD69 was significantly increased on CD8+ T cells during activation
culture. Already after one day of activation culture, CD69 levels were enhanced until day 3, when
surface expression dropped again. This is in line with the rapid increase of CD69 after 3 to 12 h after
start of activation of PBMCs %°%. As CD69 is associated with T cell exhaustion %2, it can be hypothesized
that activated T cells exhibit an exhausted phenotype. The study of Mita et al. revealed that CD8+ T
cells of CD697" Balb/c mice showed enhanced IFNy production compared to CD69** T cells which
indicates a correlation between CD69 expression and T cell exhaustion %2, The late activation marker
CD25 as part of the IL-2 receptor was also increased during activation culture, but the increase started
on day 2. Reddy et al. also reported delayed enhancement of CD25 expression on PBMCs after 24 h

stimulation %%,

During activation culture of CD8+ T cells, surface levels of PD-1 were also enhanced until the end of
the activation period. It can be speculated that during activation and enhancement of CD69 and CD25
expression, CD8+ T cells upregulate PD-1 to protect themselves against overactivation. It is also
reported that higher PD-1 expression on CD8+ T cells is observed during T cell exhaustion 2122, T cell
exhaustion is characterized by the loss of effector function such as decreased proliferation, diminished
release of cytokines, and reduced secretion of cytolytic molecules due to continuous antigen
stimulation in a pathological situation, e.g., in cancer 3. The overexpression of co-inhibitory immune
checkpoints can induce T cell exhaustion via direct signaling through the interaction with their
ligands 21°. In CRC patients, elevated mRNA levels of co-inhibitory receptors PD-1, TIM-3, CTLA-4, and
TIGIT on T cells and T cell exhaustion-related genes were found in tumor tissues indicating an
exhausted T cell phenotype 21 Although secretion of IFNy is decreased by progressing T cell
exhaustion, in vivo studies detected some killing activity of virus-specific T cells 2*255, |n this thesis,
IFNy concentrations during activation culture were increased, but the enlargement was reduced again

the longer the cells were cultured in the absence of the activation stimuli.

Besides the elevated PD-1 surface levels on activated CD8+ T cells, PD-L1 expression was also observed
on activated CD8+ T cells. The expression of PD-L1 on activated T cells is also reported in the
literature 213256258 Kyt the role of PD-L1-expressing CD8+ T cells is controversially discussed. Liu et al.
proposed that in mouse renal cell carcinoma tumor-reactive CD8+ T cells expressing PD-L1 are
functional effector T cells exemplified by increased IFNy production after re-stimulation 28, In contrast,
Zheng et al. reported that PD-L1+ CD8+ T cells exerted regulatory functions which inhibit T cell
proliferation and cytotoxic abilities in lung cancer patients 213, They identified that PD-L1 high-
expressing CD8+ T cells produce diminished IFNy and TNFa levels compared to PD-L1 low-expressing T
cells. According to the two different functions of PD-L1 on CD8+ T cells, the results of this study

implicate that PD-L1 expression might have an effector function as IFNy and all cytotoxic molecules
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were enhanced. Although there was evidence that activated CD8+ T cells in this study exhibit an
exhausted phenotype, the results of cytotoxic molecules and IFNy concentrations leave the suggestion

that CD8+ T cells still have effector function.

Expression of CD80, which is mostly expressed by APCs, was also increased on CD8+ T cells during
activation culture and was also reported in the literature 2>, CD80 has several interaction partners
which could result either in induction of co-stimulatory or co-inhibitory signals. In the field of PD-L1
binding partners, it is discussed whether PD-L1 can bind to CD80 in trans (interaction of both molecules
when expressed on two different cells). PD-L1 and CD80 trans-binding was reported to result in
suppressed T cell activation and cytokine production. The highest binding affinity of CD80 has CTLA-4,
followed by PD-L1, and lastly, CD28 %5%2%0 Besides the PD-1/PD-L1 co-inhibitory interaction, PD-
L1/CD80 binding is required to induce and maintain peripheral T cell tolerance %%, In contrast, it was
also reported that PD-L1 and CD80 can only interact in cis (interaction of both molecules on the same
cell surface) 139262 which was supported by other studies 1#1°2, The consequences of PD-L1/CD80 cis-
binding are dependent on the cell surface expression of involved molecules. Each monomer of
homodimeric CTLA-4 binds to one monomer of CD80 from two distinct CD80 dimers and stabilizes
homodimer formation of CD80. Contrastingly, CD86 is only present as a monomer in CTLA-4 binding.
Further, CD28 binds monomeric CD80. Garrett-Thomson et al. reported that the presence of CTLA-4
interrupts cis-binding of PD-L1/CD80, resulting in unbound PD-L1 which can be bound by PD-1 %7, Both

reorganization patterns reveal co-inhibitory signals resulting in T cell suppression.

Zhao et al. proposed a model of cis-bound PD-L1/CD80, which promotes the co-stimulatory CD28
binding while repressing co-inhibitory pathways of PD-1 and CTLA-4 1%, The cis-PD-L1/CD80 binding
on APCs results in restriction of PD-1 binding on T cells to PD-L1 when substantial amounts of CD80 are
present, indicating a limitation of PD-1 co-inhibitory signal. Simultaneously, CD28-mediated co-
stimulatory signaling is promoted due to the ability of cis-bound CD80 to interact with CD28. Further,
treatment with immune checkpoint inhibitor Atezolizumab (a-PD-L1 antibody) depleted CD80 on APCs
in a CTLA-4-dependent manner 139283, The treatment with Atezolizumab can disrupt cis-bound PD-
L1/CD80 heterodimers and free CD80 for high-avidity CTLA-4 interaction, resulting in Treg-mediated
CD80 depletion on APCs and suppressing CD28 co-stimulation . Since CTLA-4 was only present in
negligible amounts on activated CD8+ T cells in the results of this thesis, this co-inhibitory axis of CTLA-
4/CD80 may not be essential in CD8+ T cells. It can be speculated that in addition to the co-inhibitory
PD-1/PD-L1 axis which might be not efficient enough, trans-binding of PD-L1 and CD80 operates to
protect CD8+ T cells against overactivation. Thus, CD80 surface levels strongly increased at day 3 when
CD69 and CD25 showed also highest expression. Right after this enhancement, activation markers

CD69 and CD25 were reduced, although activation stimuli were still present.
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According to the CD69 and PD-1 expression, activated T cells seemed to have an exhausted phenotype
as often described in PDAC 32!, Nevertheless, the concentrations of cytotoxic molecules and IFNy
after 4-day activation culture were elevated. To examine whether PD-L1 on CD8+ T cells has inhibitory
function that impedes PDEC viability, blocking of PD-L1 by Durvalumab treatment was performed. In
general, CD8+ T cells were able to decrease viability of H6c7-KRAS cells, but not of PancTul cells. Since
H6c7-KRAS cells were immortalized by retroviral infection containing E6 and E7 genes of HPV, they
express E6/E7 peptides which may be recognized by CD8+ T cells, as MHC class | CTLs are known to be

responsible to recognize and kill virus-infected cells 264

, even when the cells express foreign
MHCs 26>2%¢ Durvalumab was a potent blocking antibody which was confirmed by flow cytometric
analyses, as after application of Durvalumab, the antibody used for flow cytometry against PD-L1
(clone MIH3) was no longer able to bind to PD-L1 so that fluorescence intensities were markedly
diminished. Although PD-L1 was efficiently blocked by Durvalumab, neither the activation status nor
the PDEC viability was affected indicating that blocking PD-L1 on CD8+ T cells is not able to improve
the effector phenotype of CD8+ T cells. As H6c7-KRAS cells have strong PD-L1 surface expression and
PancTul cells moderate PD-L1 surface levels, their unblocked PD-L1 molecules might interact with PD-
1 on CD8+ T cells which underlie the unimpacted PDEC viability. It was further investigated whether
blocking of PD-L1 in direct co-culture of CD8+ T cells and PDEC affect the PDEC viability. Indeed, when
PD-L1 molecules on both, PDEC and CD8+ T cells were blocked by Durvalumab, the PDEC viability,

especially in H6c7-KRAS cells was decreased pointing to an inhibiting role of PDEC-expressed PD-L1.

5.3.PD-L1 characterization in the CD8+ T cell/macrophages interplay with PDECs
The in situ results revealed that CD8+ T cells are in close proximity to PD-L1-expressing macrophages.
Furthermore, most of the macrophages seemed to have an anti-inflammatory CD163+ phenotype
which was also reported in different studies investigating PDAC tissues 24°>°%>9, Therefore, the next
aim was to investigate CD8+ T cells after direct co-culture with pro- and anti-inflammatory
macrophages and whether these macrophage-primed T cells affect the PDEC viability. For this purpose,
CD8+ T cells and macrophages were isolated from leucocyte retaining systems of one blood donor to

accomplish a syngeneic system.

First, the polarization of pro- and anti-inflammatory macrophages was tested in mono-culture to check
whether polarization with GM-CSF and M-CSF results in different subtypes of macrophages. The cell
morphology of M1- and M2-like macrophages was mostly spindle-shaped, but M1-like macrophages
formed more round cells and clustered compared to M2-like macrophages which were also observed

by Jaguin et al. . The cell surface levels of mono-cultured M1- and M2-like macrophages clearly
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differed regarding CD206, CD163, and CD14. CD206 was considerably higher on M1-like macrophages
which can be explained by the fact that GM-CSF used for polarization of M1-macrophages induced the
expression of mannose receptor CD206 #. In contrast, when monocytes are polarized with LPS and
IFNy into M1-like macrophages, CD206 surface levels are not increased *. Surface levels of CD163 and
CD14 were clearly higher on M2-like macrophages which is well in line with the study of Ambarus et
al. # and characteristic of an M2-like phenotype %’. The expression of the co-stimulatory molecule
CD80 did not differ between M1- and M2-like macrophages, while CD86 was slightly higher on M1-like
macrophages. Actually, both CD80 and CD86 should be stronger expressed in M1-like macrophages
compared to M2-like macrophages *#7. Although CD80 expression was similar in M1- and M2-like
macrophages, surface levels of CD206, CD163, CD14, and CD86 fit with the different phenotypes in the
literature and indicate that the in vitro polarization of M1- and M2-like macrophages resulted in two

different macrophage subtypes.

Next, the phenotype of macrophages was investigated after co-culture with CD8+ T cells. As it is known
that macrophages have a high plasticity and are able to switch their phenotypes due to surrounding
microenvironment 2437225 their phenotype was examined in the presence of CD8+ T cells. To maintain
the pro-inflammatory M1-like phenotype, GM-CSF was added to macrophage-CD8+ T cell co-culture
and M-CSF to preserve an anti-inflammatory M2-like phenotype. Since CD8+ T cells produce among
others IFNy which is known to promote macrophage polarization into pro-inflammatory M1-like
macrophages 42%%26° the additional application of respective polarization stimuli was needed to
examine the impact of clearly defined macrophage subtypes on CD8+ T cells. Despite adding GM-CSF
and M-CSF respectively to co-cultures with CD8+ T cells, diminished differences between M1- and M2-
like macrophages for CD206, CD163, and CD14 surface levels were observed, albeit the trends were
still similar compared to mono-cultures. Since IFNy is an inducer of CD80 and CD86 ¥, it was not
surprising that surface levels of both molecules were markedly enhanced after co-culture with CD8+ T
cells on both macrophage subtypes. In contrast, it was unexpected that M2-like macrophages
exhibited slightly higher surface expression of CD80 and CD86 than M1-like macrophages after CD8+ T
cell co-culture. This indicated that M2-like macrophages lose some anti-inflammatory abilities as CD80

4. Although the different phenotypes of

expression is associated with an M1-like phenotype
macrophages were not that pronounced in co-culture with CD8+ T cells compared to macrophage

mono-cultures, the difference between both subtypes was still observable.

Next, the surface levels of PD-L1 on macrophages were examined. Immunofluorescence stainings and
flow cytometric analyses revealed that mono-cultured M1-like macrophages exhibited higher PD-L1
levels compared to mono-cultured M2-like macrophages. One explanation for this might be that GM-

CSF used for M1-like polarization is able to induce PD-L1 expression 2’°. When both macrophage types
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were co-cultured with CD8+ T cells, the PD-L1 expression was clearly enhanced compared to the
respective mono-culture, presumably due to IFNy production of CD8+ T cells, which induced PD-L1

expression 271,

As the two different phenotypes were stable in co-culture with CD8+ T cells, the impact of pro- or anti-
inflammatory macrophages was investigated on CD8+ T cells. CD8+ T cells in co-culture with either M1-
like or M2-like macrophages showed increased surface levels of CD69 and CD25 compared to mono-
cultured T cells. Of note, the activation status of CD8+ T cells co-cultured with M1-like macrophages
was higher than in co-culture with M2-like macrophages. This is well in line with the pro-inflammatory
properties of M1-like macrophages *. Nevertheless, co-culture with M2-like macrophages led also to
an increase of activation status supporting the view that M2-like macrophages gained pro-
inflammatory properties in the presence of CD8+ T cells. As elevated CD69 expression is also associated

with an exhausted phenotype of T cells %2

, it can also be a sign of T cell dysfunction. Interestingly,
although M1- and M2-like macrophages obtained high PD-L1 expression after co-culture with CD8+ T
cells, the inhibiting role of PD-1/PD-L1 axis on CD8+ T cells was not observed on the activation status
of CD8+ T cells. Singhal et al. reported that PD-L1 expressed by TAMs in early-stage lung cancer did not
inhibit a T cell response, and rather protected macrophages from destruction by T cells 2’2, The cell
surface levels of PD-1 and PD-L1 were also clearly enhanced after co-culture with both macrophage
subtypes compared to mono-cultured CD8+ T cells indicating that T cells try to regulate their activation
by themselves (similar to CD8+ T cells during activation culture). However, attendance of M2-like
macrophages led to a diminished increase compared to co-culture with M1-like macrophages. This can
be explained by the fact that the activation status of CD8+ T cells in co-culture with macrophages was
not that enhanced like after co-culture with M1-like macrophages. Therefore, the inhibiting axis of PD-
1/PD-L1 expressed by CD8+ T cells was not as needed as in the presence of M1-like macrophages.
These results also fit together with the results of the CD8+ T cell activation culture, but enhanced PD-
1 expression is associated with T cell exhaustion 21212, CD80 surface levels were only slightly increased
in CD8+ T cells co-cultured with both types of macrophages, probably due to the relatively low
activation status of CD8+ T cells under these conditions. It can be suggested that the inhibiting
properties of PD-L1/CD80 trans-interaction of CD8+ T cells are not necessary to protect T cells from

overactivation wherefore high CD80 levels were not needed.

Lastly, it was tested whether this enhanced activation of CD8+ T cells after co-culture with
macrophages is able to decrease PDEC viability. However, the confluence of both PDEC lines H6c7-
KRAS and PancTul were not impacted by the CD8+ T cell attendance. It can be speculated that the

210-212,252

enhanced CD69 and PD-1 expression on CD8+ T cells exemplifies an exhausted phenotype and

therefore no decreased PDEC viability was observed. Further, the PDEC viability assay has some
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limitations. The PDEC viability was only assessed by measuring the fluorescence confluence. Here, it is
difficult to discriminate between senescent and apoptotic PDECs, as senescent cells enlarge their
sizes 273, whereas apoptotic cells become smaller 273, Thus, the confluence might be bigger the more
senescent cells are in culture and the smaller confluence is abolished when apoptotic cells are in
culture. Further, it cannot be excluded that some macrophages from previous CD8+ T cell/macrophage
co-culture were added with the CD8+ T cells to the PDEC culture, internalize Celltracker green, and
adhere to the plate surface. Therefore, another assay specifically investigating PDEC death like the
M30 cyto death assay which examines caspase-cleaved Keratin 18 in supernatants would be a better

option and exclude the mentioned limitations.

Overall, although M2-like macrophages lose some of their anti-inflammatory phenotypes after co-
culture with CD8+ T cells, the two different subtypes of macrophages were still distinct. The attendance
of M1- and M2-like macrophages had an enhancing effect on activation status of CD8+ T cells, albeit
both macrophage subtypes exhibited high PD-L1 expression. This indicates that either PD-L1 expressed
by macrophages is not able to inhibit CD8+ T cell activation or macrophages enhance exhaustion of

CD8+ T cells, wherefore no alterations on PDEC viability were observed.

5.4.3D co-culture model of PDAC cells and macrophages

The progress on 3D model systems to better mimic in vivo tumor conditions increased over the past
years. To this end, 3D cell culture systems provide a more physiologically relevant architecture with
respect to cell-cell communication, ECM proteins, nutrient gradients, and hypoxic tumor regions 274275,
In order to simulate the TME conditions in primary PDAC and liver metastases identified in situ, a 3D
co-culture spheroid model containing PDAC cells and different ratios and types of macrophages was

established.

First, it was evaluated which PDEC lines have spheroid formation abilities. H6c7-KRAS, PancTul,
Panc89, and A818-6 cells formed dense spheroids in ULA plates during 72 h. Panc89 and PancTul cells
were also investigated regarding their spheroid formation ability as previous studies showed that they
are able to form dense spheroids, which was also observed in this study 27?77, A818-6 cells were also
reported to form dense spheroids in medium 2”7, and medium in a 3.1 % agarose pre-coated plate %,
BxPc3 cells also appeared as spheroids, but several cells were not included in the spheroids which is in
line with the literature 2’. Colo357 and PT-45 cells formed loose spheroids, whereas Panc1 cells could
not form any spheroids at all. In contrast, Pancl cells were reported in the literature to form spheroids
after 5 days 27°. In the study of Minami et al., Panc1 cells formed larger and denser spheroids compared

to the results of this study. Taking note of the larger incubation time for spheroid formation in both
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studies (5 days and 7 days), this may be an explanation for the different spheroid formation features
of Pancl cells 275?79, According to Sempere et al., Colo357 cells can form dense spheroids in a 3 %
Matrigel/soft agar mixture 2° or in medium ?’7. Adding ECM molecules to the PDAC cells could switch
their spheroid formation abilities, as Pancl and BxPc3 cells formed spheroids in a collagen matrix.
Interestingly, BxPc3 cells also showed more single cells which were not included in the spheroids when
a collagen matrix was present 281, This implicates the strong effect of ECM on the cell morphology. In
the present study, the 3D model excluded components of ECM to focus only on cell-cell interactions

of the involved cell populations.

As PDAC is characterized by a high heterogeneity regarding its PD-L1 expression °°, the established 3D
model should simulate different PD-L1-expressing tumor conditions. Thus, the next step was to screen
for PD-L1 expression on all PDEC lines tested for spheroid formation ability. H6¢c7-KRAS cells exhibited
the highest PD-L1 surface levels, followed by PT-45, PancTul, A818-6, and BxPc3 cells which all
expressed moderate levels of PD-L1. On Colo357 and Panc89 cells only low PD-L1 surface expression
was detected and Pancl cells showed no PD-L1 levels. The PD-L1 expression patterns of these 8 PDEC
lines corresponds to the findings of Heckl et al. and Rahn 28282, For further investigation, high PD-L1-
expressing H6c7-KRAS, moderate-expressing PancTul, and low-expressing Panc89 cells were used.
Furthermore, the viability of PDECs in spheroids was determined by Pl staining. H6c7-KRAS cells
showed a high PI staining indicative for high cell death and an unstable cell viability. This can be
explained by the fact that H6c7-KRAS cells have a mesenchymal phenotype (data not shown). Minami
et al. already reported about an association of PDAC cells with an epithelial phenotype and spheroid
formation. They also observed high Vimentin and low E-cadherin expression on Pancl cells, which are
characterized by a mesenchymal phenotype and did not form dense spheroids in this study. In contrast,
low Vimentin mRNA expression, but high E-cadherin expression was observed in Panc89 cells 27,
indicative for an epithelial phenotype, which formed dense spheroids. The results of spheroid
formation, PD-L1 expression, and induction as well as spheroid viability revealed that only PancTul

and Panc89 cells are suitable to establish a stroma-enriched 3D co-culture model.

To simulate the TME conditions in primary PDAC and liver metastases identified in situ, a 3D co-culture
model containing two different PDAC cell lines with different ratios and types of macrophages was
established in order to investigate whether the presence and amount of different types of
macrophages impact PD-L1 expression in PDAC cells as well as CD8+ T cell activity. The 3D co-culture
model well simulated the TME conditions detected in situ, as macrophages were mostly located at high
frequencies at the margin of tumor spheroids. Additionally, the M2-like phenotype of macrophages,
indicated by expression of CD163 and CD14, was further promoted by both PDAC cell spheroid co-

cultures. This observation is supported by several studies reporting a high abundance of M2
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macrophages in the TME of human and murine PDAC >>%328_ Moreover, either macrophage population
exhibited considerable PD-L1 expression being in line with the in situ analysis which revealed PD-L1
expression more on stromal cells/macrophages rather than tumor cells. In order to reflect tumor
heterogeneity regarding PD-L1 expression in PDAC, PancTul cells exhibiting moderate PD-L1
expression and Panc89 cells exhibiting low PD-L1 expression, which was inducible, were chosen as
PDAC cell models for the in vitro studies. While PD-L1 expression was not altered in both PDAC cell
lines due to the attendance of either macrophage subtype, it was clearly enhanced in both macrophage
populations after co-culture with either PDAC cell line. In contrast to the results of this study, Xia et al.
showed a PD-L1 increase on PDAC cells due to the attendance of M2-like macrophages 2. One
explanation for this discrepancy might be that in this study a higher macrophage to PDAC cell ratio was
used. Moreover, they identified TGFB1 as a main inducer of PD-L1 expression 8!, which seemed not to
be the inducer of PD-L1 expression in the 3D model system of this study, as TGFB1 was not detectable
or only in small amounts in the culture supernatants (data not shown). Thus, these findings support
the view that macrophages are a superior source of PD-L1 expression in PDAC, however, the

identification of the inducing factors in this PDAC 3D model system is subject of future investigation.

Next, it was investigated whether the attendance of PD-L1-expressing macrophages impacts the
effector phenotype of CD8+ T cells. Interestingly, the effector phenotype of CD8+ T cells was rather
promoted by either co-culture with macrophages reflected by an increase of the early activation
marker CD69. In contrast, mono-cultured PDAC spheroids in culture with CD8+ T cells did not result in
any change of CD69 or CD25 surface levels. Furthermore, PD-1 surface expression was neither altered
by presence of mono-cultured nor by macrophage-enriched PDAC spheroids. However, PD-L1 surface
levels were either enhanced by trend (PancTul/macrophage spheroids) or significantly enhanced
(Panc89/macrophage spheroids) on CD8+ T cells due to the attendance of macrophages. This might be
explained by the fact that also the production of cytotoxic molecules and IFNy was increased by the
presence of macrophages. It is still not fully understood, why PD-1 expression on T cells was not altered

which is a matter of future investigation.

The release of Granzyme A/B, Granulysin, Perforin, and IFNy by CD8+ T cells was enhanced after the
culture with mono-cultured PDAC spheroids but even more increased in the presence of both types of
macrophages. Of note, the release of IFNy and effector molecules Granzyme A and B was more
increased in the presence of a higher number of (M1) macrophages indicating a relationship between
the T cell effector phenotype and the abundance of (pro-inflammatory) macrophages. In PDAC
patients, a high density of CD8+ T cells in tumor areas is associated with better survival outcomes %72,
Further, several therapy approaches aiming at a phenotype switch from M2 to M1 macrophages

29,284,285

thereby inducing CD8+ T cell responses, T cell recruitment, and IFN responses underlie the
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results of an enhanced CD8+ T cell effector phenotype in the presence of M1 macrophages. Although
macrophages showed higher PD-L1 expression in co-culture with PDAC cells, the effector phenotype
of CD8+ T cells was rather intensified, but which was not associated with elevated PDAC cell death.
Here, it can be speculated whether infiltration of CD8+ T cells into the spheroids is impaired not
allowing a further increase in PDAC cell death induction. To this end, there are not any reliable
conclusions on this issue because the available imaging modalities do not properly decipher whether
CD8+ T cells are infiltrated into the spheroids or whether they are attached at the margin. However,
the latter would be in line with the in situ findings demonstrating that CD8+ T cells are separated from

the tumor cells.

5.5. Different treatment options in 3D model of PDAC/macrophages spheroids and
CD8+ T cells

As high tumoral PD-L1 expression is correlated with poor survival of PDAC patients 2% the concept
of inhibiting the PD-1/PD-L1 axis to enhance T cell cytotoxicity is promising. However, single-agent
immunotherapy with Durvalumab or Pembrolizumab has still failed in clinical trials for PDAC 2%, In order
to elucidate whether different ratios and phenotypes of macrophages may impact treatment efficacy
of Durvalumab or Pembrolizumab, treatment of mono- and co-culture spheroids with either antibody
was performed. Despite considerable expression of PD-L1 and PD-1 on macrophages and CD8+ T cells,
respectively, ICl treatment did not lead to enhanced activation status, production of cytotoxic
molecules, and IFNy as well as PDAC cell death in either mono- or co-culture model. These findings are
in line with the above-mentioned clinical situation. Another determinant for ICl responses is the TMB.
In other malignancies including melanoma, non-small-cell lung cancer, and urothelial cell carcinoma,
patients with high TMB clearly more benefit from ICI therapy compared to patients with low TMB %7,
One explanation for this is that tumors with high TMB exhibit more immunogenic neoantigens, which
can be recognized by T cells thereby fostering ICI therapy %’. In PDAC, only 1.1 % of patients show a
high TMB, supporting the low response rate towards ICl treatment. However, preliminary results of

anti-PD-1 treatment in the subgroup of PDAC patients with high TMB revealed promising effects 2,

Gemcitabine which is widely used as an anti-cancer chemotherapeutic agent in several solid cancer
malignancies is still the standard-of-care treatment in PDAC 227228289 Gemcitabine is a deoxycytidine
nucleoside analog that exhibits anti-proliferative properties such as blocking cell cycle progression at
the G1/S-phase °. In PDAC, Gemcitabine treatment does not result into long-term survival benefits in
most of the patients. This might be the fact because of the poor penetration of the drug into the hypo-

vascularized and dense tumor-stroma. Further, initially sensitive tumors develop Gemcitabine
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chemoresistance within weeks of treatment 2°. Moreover, PDAC is characterized by a dense tumor-
stroma and this might be responsible to create a physical barrier for the drug to penetrate the
tumor 2%, In this thesis, the 3D PDAC/macrophage model in combination with CD8+ T cells was used
to investigate the effect of Gemcitabine treatment as mono-therapy to investigate the effects on CD8+
T cell effector phenotype and PDAC cell death. First, the activation status and surface levels of immune
checkpoint molecules on CD8+ T cells were examined. Although CD8+ T cells were not cultured with
Gemcitabine directly, as the medium had been changed before CD8+ T cell culture was started, the
surface levels of CD69, CD25, and PD-1 decreased on CD8+ T cells in all culture conditions compared
to their untreated spheroids. One explanation for this might be that remaining Gemcitabine was still
able to impact CD8+ T cells, as for the medium change 15 pl of Gemcitabine-containing medium
remained into each well to ensure that mostly all macrophages remain in the culture. Thus, a final
concentration of 0.15 pg Gemcitabine was still in the culture setting with CD8+ T cells. Single-agent
treatment with Gemcitabine is known to decrease CD8+ T cell infiltration in mouse tumor allografts
and human pancreatic cancer tissues ?°1. The study of Smith et al. reported that CD8+ T cells directly
treated with Gemcitabine led to no enhancement of CD69 expression. The PD-1 expression on
activated CD8+ T cells was also not altered by Gemcitabine treatment compared to untreated cells 2°
underlying that Gemcitabine has no promoting immunogenic role. Another explanation for the
reduced surface levels of CD69, CD25, and PD-1 might be that Gemcitabine treatment affects PDAC
spheroids and macrophages, which indirectly, impact CD8+ T cells. The release of cytotoxic molecules
and IFNy was also diminished in all culture conditions with both PDAC spheroids indicating again an
immune-inhibiting effect of Gemcitabine on CD8+ T cells. Smith et al. also reported a decreasing effect
on IFNy expression by CD8+ T cells with increasing Gemcitabine concentrations and PD-L1 expression

290

increase on PDAC cells ~° underlying the results of this study and promote the view that Gemcitabine

has a poor immune modulatory effect in PDAC.

In a pancreatic cancer mouse model, Gemcitabine treatment led to prolonged survival and increase of
CD8+ T cells 2. In contrast, the attendance of CD8+ T cells after Gemcitabine treatment did not
enhance PDAC cell death in both PDAC cell spheroids under all culture conditions compared to the
respective untreated samples. Of note, Gemcitabine pre-treatment of mono-cultured PancTul
spheroids resulted in decreased PDAC cell death. PancTul cells are described to exhibit Gemcitabine
resistance 23, e.g., Gemcitabine treatment leads to up-regulation of CD95 and CD95L which enhances
the production of IL-6 and IL-8 as well as cancer stem cell markers resulting in chemoresistance.
Accordingly, enhanced CD95L expression can be inhibited with CD95L inhibitors which restores the
sensitivity of PDAC cells towards Gemcitabine 2°*. This might be an explanation, why Gemcitabine

treatment resulted in lower PDAC cell death of PancTul spheroids than Panc89 spheroids, although
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the induced ccK18 levels of Panc89 spheroids were only small. Additionally, macrophages, highly
abundant in PDAC, contribute to chemotherapeutic resistance. Buchholz et al. showed that murine
and human macrophages can rapidly metabolize and inactivate the chemotherapeutic drug
Gemcitabine resulting in profound therapy resistance ®. Another study could show that murine bone
marrow-derived macrophages when exposed to PDAC cells release pyrimidine species, among others
deoxycytidine, which inhibits Gemcitabine through molecular competition, representing another
mechanism of macrophage-mediated chemoresistance in PDAC 2%°. However, a potential resistance to
Gemcitabine mediated by macrophages was not observed in this study as PDAC spheroids in co-culture
with macrophages showed no decreased PDAC cell death compared to mono-cultured PDAC spheroids

after Gemcitabine treatment.

As mono-treatment with Durvalumab and Pembrolizumab failed in this 3D co-culture model and
Gemcitabine has been identified as an inducer of PD-L1 expression 2223, investigations of whether
sequential treatment with Gemcitabine and ICl showed superior effects on the effector phenotype of
CD8+ T cells and induction of PDAC cell death were performed. This concept was further supported by
data from a murine model of pancreatic cancer liver metastasis, demonstrating that the combination
of Gemcitabine treatment and anti-PD-1 antibody is associated with infiltration of CD8+ T cells and M1
macrophages along with prolonged survival of the mice %. However, Gemcitabine treatment only led
to a slight increase of PD-L1 expression in Panc89 cells, and the combination of Gemcitabine pre-
treatment and ICI did neither impact the CD8+ T cell activation status nor increased PDAC cell death.
Nevertheless, several clinical studies evaluating different combinational treatments are ongoing, e.g.,
an open label, single arm, multicenter clinical trial investigates the combination of AZD0171
(humanized monoclonal antibody binding to leukemia inhibitory factor, promoting anti-tumor
inflammation through TAM modulation and cancer stem cell inhibition) and Durvalumab as well as
standard-of-care chemotherapy in metastatic PDAC patients (NCT04999969). Another randomized
multicenter phase Ib/Il clinical trial study investigates efficacy of a combination of neoadjuvant

chemoradiation therapy with Pembrolizumab treatment in PDAC patients (NCT02305186).

Besides the PD-L1/PD-1 axis, several other mechanisms might operate in PDAC impairing CD8+ T cell-
mediated tumor reactivity and limiting the effects of PD-1/PD-L1 blockade. Although the PD-1/PD-L1
axis is a major player in regulating T cell functions and was efficiently blocked in the in vitro
experiments of this study, several other co-inhibitory interactions can restrain the anti-tumor function
of CD8+ T cells in the TME ¢, These co-inhibitory molecules include ICOS, TIGIT, PD-1, and LAG-3 were
identified at elevated levels on CD8+ T cells in PDAC tissues 1%, suggesting that the TIGIT-CD155 or
LAG-3-MHC interaction are more potent immunosuppressive mechanisms in PDAC. Especially TIGIT,

which is expressed on tumor-infiltrating cytotoxic T cells in multiple malignancies, and its ligand CD155,
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often expressed by tumor-infiltrating myeloid cells and upregulated on cancer cells, provide a
promising target to overcome the local suppression of immune surveillance 2%, As CD155-TIGIT
interaction is associated with cancer resistance to PD-1 blockade, targeting this interaction might be a
promising strategy to increase the efficacy of PD-1 inhibition #'°. Accordingly, Pearce et al. could
recently show that CD8+ tissue-resident memory T cells in PDAC patients co-express PD-1 and TIGIT
on their cell surfaces and blocking of both molecules enhanced IFNy secretion and T cell proliferation,
suggesting a promising route to improve ICl efficacy °. In line with this hypothesis, Freed-Pastor et al.
showed that targeting the TIGIT-CD155 axis in combination with CD40 agonists and anti-PD-1
treatment elicits profound anti-tumor responses in pancreatic cancer mouse models in vivo .
Furthermore, Gulhati et al. demonstrated an enhanced expression of LAG-3, Tnfrsf9 (41BB), and
Haver2 (TIM-3) in genetically engineered PDAC mouse model under anti-PD-1 monotherapy 223,
supporting the view that combined targeting of different immune regulatory mechanisms might be an
efficient strategy to induce a potent tumor-directed immunity in PDAC. Preclinical and clinical studies
underscore this hypothesis as co-blockade of PD-1 and a second co-inhibitory molecule such as CTLA-
4 augments the anti-tumor immunity compared to single PD-1 blockade in different solid
malignancies 26, Taken together, these findings support the view that the interplay of several co-
inhibitory mechanisms rather than the PD-L1/PD-1 axis alone leads to PDAC immune evasion.
Accordingly, targeting only one co-inhibitory axis by antibody blocking is not effective in improving
tumor elimination and thereby the clinical situation of PDAC patients. Rather the combinational
targeting approaches of different co-inhibitory receptors or ligands might improve the therapy of

PDAC.

The stroma-enriched 3D co-culture systems well reflect several conditions in PDAC and its liver
metastases regarding PD-L1 expression in PDAC and stromal cells as well as TME composition regarding
macrophages and the effector phenotype of CD8+ T cells. However, it cannot fully mimic the complete
spatial composition and dynamic changes in PDAC TME, e.g., several other determinants of immune
evasion were not considered, like the presence of ECM or additional immunosuppressive stromal cells
such as myofibroblasts. 3D models which include ECM better mimic the hypoxic conditions and tumor
structure in PDAC 2%, Furthermore, it has to be critically mentioned that no reliable information on
whether and to which extent CD8+ T cells and macrophages infiltrated into PDAC spheroids and
whether ICI treatment penetration can be provided. For obtaining clear information regarding the
spatial distribution of immune and PDAC cells in the spheroid model of this thesis, studies are planned
to generate FFPE sections from spheroids for immunohistochemical stainings as performed with
patient-derived tissues. Additionally, T cells and macrophages were isolated and generated from

PBMCs of healthy donors, thus being from another donor as the used PDAC cell lines. Accordingly, well-
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defined time periods of co-cultures of CD8+ T cells and mono- and co-culture spheroids had to be used
in order to avoid allogeneic T cell reactions. Furthermore, PBMCs of healthy donors might exhibit a
different composition and activation status compared to PBMCs of PDAC patients %, To overcome
these limitations and to validate the findings obtained by this model system, future studies are planned
to use PDAC cells and tumor-associated macrophages from PDAC tissues as well as PBMCs/CD8+ T cells
from the same PDAC patient. Finally, the results of the IHC stainings of matching primary tumors and
liver metastases provided already valuable and unique insight into PD-L1 expression and the tumor-
stroma interplay during malignant progression of PDAC. However, to validate these findings the
analysis of more matching tissue samples might be reasonable. Despite these limitations, this study
clearly revealed novel insights into the interplay of PDAC cells and macrophages and its impact on PD-
L1 and immune evasion of PDAC thereby providing an explanation for the poor therapeutic effects of

ICl treatment in PDAC.
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6. Conclusion

The results of this thesis revealed that PD-L1 expression in primary PDAC correlates with PD-L1
expression in liver metastases with macrophages being a main source of PD-L1 expression. These cells
can be predominantly found at the invasion fronts in primary tumors as well as in liver metastases
presenting a barrier for CD8+ T cells which were also mainly detectable at the invasive fronts. This in
situ condition was well mimicked by a 3D co-culture spheroid model using two PDAC cell lines with
different PD-L1 expression statuses as well as different ratios and types of macrophages. In line with
the in situ findings, macrophages were the main source of PD-L1 expression, however, the effector
phenotype of CD8+ T cells was not impaired in the presence of PD-L1 expressing macrophages which
was not associated with PDAC cell death induction. Despite the considerable PD-L1 and PD-1
expression in the different spheroid models, treatment with PD-1 and PD-L1 inhibitors Pembrolizumab
and Durvalumab, respectively, as well as pre-treatment with Gemcitabine did neither boost the CD8+
T cell effector phenotype nor increased PDAC cell death. Considering the recent literature, the results
of this thesis underscore the view that the PD-1/PD-L1 axis is not the main immunosuppressive

mechanism of T cell-mediated tumor immunity in PDAC.
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Figure 1: Diagram of pancreatic cancer incidence in both sexes worldwide 2. ................c.cccovevvenennene. 1

Figure 2: Pancreatic precursor lesions and their genetic events involved in progression of PDAC.
Histological images of the precursor lesions IPMN and MCN, as well as the three PanlIN lesions (grade
1 - 3), reflecting the progressing atypia which can lead to a PDAC. The genetic mutations are divided
into early and late events and mostly occur in PanIN and, to a lesser extent, in IPMN and MCN. The
figure is modified regarding referenCe 2. ... ..ottt ettt 3

Figure 3: The tumor microenvironment TME of PDAC is characterized by a high tumor and stroma
heterogeneity. The TME undergoes fundamental alterations, including the activation of fibroblasts and
transdifferentiation into CAFs, alteration of ECM molecules, enrichment of immunosuppressive cell
populations (tumor-associated macrophages (TAMs) and regulatory T cells), elevation of inflammatory
mediators, and formation of new and modified blood vessels. The figure is revised regarding reference
2 e e e e et e e e e —eareaa——aataa—teateartesteaa—taa—teateateatea—e st aa—taatteateateateaaeaatteateeareeareeseesaresanenas 5

Figure 4: Main interactions between APCs and CD8+ T cells for complete T cell activation. Three
signals are needed for T cell activation. 1) Engagement of specific antigen, presented on APC’s MHC,
and TCR-CD3 complex on T cells, and binding of co-receptor CD8 to constant region of MHC. 2) Co-
stimulatory interaction of CD28 and CD80/CD86. To suppress T cell activation, co-inhibitory binding of
PD-1 and PD-L1 or CTLA-4 and CD80/CDS86 is required. 3) Cytokine signaling for regulation of T cell
aCtivation. Adapted frOM T, ... ..ttt ettt s b e sre et e b e eaesteeneens 13

Figure 5: Epithelial-Mesenchymal-Transition (EMT) and metastasis (with responsible genes). (1)
Normal pancreatic ductal epithelial cells transform into an invasive pancreatic ductal adenocarcinoma
(PDAC) via several mutations (first, low-grade PanlIN, high-grade PanIN). (2) Transformed cells undergo
EMT and invade the surrounding tissue or can colonize into the peritoneum and form ascites or pleural
effusion. (3) PDAC cells invade the blood or lymphatic vessels. (4) Circulating tumor cells (CTC) survive
in the circulation. (5) CTC extravasate into secondary organs, (6) where they might remain in a dormant
stage for several years and (7) eventually form metastases in the liver or lung 7. .....cccoevvvvvevivrinns 17

Figure 6: Schematic illustration of counterflow centrifugation (A) and principle of separation (B).
PBMCs acquired from density gradient centrifugation are loaded into the elutriation system. The
different cell populations are separated according to their different sedimentation potentials. The
constant centrifugal force and the increasing counter flow, created by the peristaltic pump, separate
different Cell POPUIALIONS 2%5, ..........oveieeeeecteetece ettt ettt ettt et et eteeteebe et et e b e s enseseeaeereeaenne 40

Figure 7: Experimental setting of Durvalumab pre-treatment of CD8+ T cells. Human CD8+ T cells
were isolated out of human lymphocytes and activated via aCD3 antibody, aCD28 antibody, and IL-2
for 4 days. On day 3, IL-2 was applied again. Mono-culture of CD8+ T cells and treatment with either
IgG1 or Durvalumab (10 pg/ml) were performed on day 4 for 72 h. Finally, immunofluorescence
staining of activation markers and PD-1, PD-L1, and CD80 on CD8+ T cells was conducted on day 7.
Additionally, CD8+ T cells were used for following PDAC viability assay. .......cccccccueeeeeiieeeeciieee e, 44

Figure 8: Experimental setting of Durvalumab treatment in direct co-culture of CD8+ T cells and
PDECs. Human CD8+ T cells were isolated out of human lymphocytes and activated via aCD3 antibody,
aCD28 antibody, and IL-2 or 4 days. On day 3, IL-2 was applied again to the T cells. In parallel, PDEC
were labeled with CellTracker green and seeded in 96-well plates. On day 4, CD8+ T cells were co-
cultured and treatment with either IgG1 or Durvalumab (10 pg/ml) was performed on day 4 for 24 h.
Finally, fluorescence confluence analysis was assessed for PDEC viability assay. .......ccccoceeeeecrveeeennneen. 45

Figure 9: Experimental setting of CD8+ T cells and M1- or M2-like macrophage co-cultures. Isolated
human monocytes were polarized for 7 days into M1- or M2-like macrophages by stimulation with
Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) or Macrophage Colony Stimulating
Factor (M-CSF). Human CD8+ T cells were isolated out of human lymphocytes and activated via aCD3
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antibody, aCD28 antibody, and IL-2 for 4 days. On day 6, IL-2 was applied again to the T cells. Mono-
and co-cultures of CD8+ T cells and M1- or M2-like macrophages were performed on day 7 for
additional 48 h. Finally, Immunofluorescence staining of activation markers and PD-1, PD-L1, and CD80
on CD8+ T cells as well as polarization status of macrophages was conducted on day 9. Additionally,
after 48 h mono- or co-culture with different macrophages, CD8+ T cells were used for following PDAC
(VLo 11 LY 11X 12U 46

Figure 10: Schematic illustration of 2D PDEC viability assay. H6c7-KRAS or PancTul cells were labeled
with CellTracker green and seeded in 96-well plates to adhere to the plate bottom. After 24 h, co-
culture with CD8+ T cells was started and fluorescence confluence was measured at timepoint 0 h.
PDEC viability was assessed after 1) CD8+ T cell pre-treatment with either IgG1 or Durvalumab for 3
days, 2) 1gG1 or Durvalumab treatment during direct co-culture of pre-activated CD8+ T cells and
PDECs, or 3) pre-culture of CD8+ T cells with both macrophage populations. On day 2, CD8+ T cells
were discarded, PDECs were washed and fluorescence confluence was determined at timepoint 24 h.

Figure 11: Schematic illustration of 3D co-culture setting with PDAC cells and M1- or M2-like
macrophages. Isolated monocytes were polarized for 7 days into M1- or M2-like macrophages by
stimulation with Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) or Macrophage Colony
Stimulating Factor (M-CSF). Seeding of polarized macrophages and PDAC cells in different cell ratios
was performed in ultra-low attachment plates on day 7. To analyze the localization of cell populations,
PDAC cells were labeled with CellTracker green and macrophages with CellTrace violet. To examine
PD-L1 expression by flow cytometry, unlabeled cells were used. After 3 days of spheroid formation and
cultivation, analysis of localization, PD-L1 status, and macrophage polarization was conducted. ...... 48

Figure 12: Schematic illustration of 3D co-culture experiments comprising PDAC cells, M1- or M2-like
macrophages, and CD8+ T cells. Isolated monocytes were polarized into M1- or M2-macrophages for
7 days. After 6 days, separated and frozen lymphocytes were used for magnetic-activated cell sorting
to isolate CD8+ T cells. CD8+ T cells were activated by stimulation with a-CD3 antibody, a-CD28
antibody, and IL-2 for 3 days. On day 7, the start of mono- or co-culture spheroid formation was
conducted with M1- or M2-like macrophages and PDAC cells. One day later, either treatment with
Gemcitabine (10 pg/ml) was started, or spheroids remained untreated for 24 h. On day 9, the medium
was changed, and activated CD8+ T cells were added or spheroids were cultured in the absence of
CD8+ T cells. Additionally, some experiments included treatment with immune checkpoint inhibitor
Durvalumab or Pembrolizumab or their respective IgG isotype controls on day 9 for 24 h. On day 10,
supernatants were collected following epithelial cell death analysis and cytotoxic molecule
examination. Furthermore, CD8+ T cells were analyzed concerning their activation stage and
expression of PD-1 and PD-L1 by immunofluorescence staining and flow cytometric analysis........... 49

Figure 13: PD-L1 expression and localization of macrophages and T cells in serial tissue sections of
primary tumors of PDAC patients. Representative images of immunohistochemical stainings of
primary tumors of PDAC patients at different localizations. The following markers were stained: (A-C)
PanCK (epithelial/tumor cells), (D-F) PD-L1, (G-} CD68 (macrophages), (J-L) CD163 (M2-like
macrophages), (M-0) CD3 (T cells), and (P-R) CD8 (CD8+ T cells). A, D, G, J, M, and P show an overview
of the tissue sections, B, E, H, K, N, and Q depict areas in the tumor center. C, F, I, L, O, and R show
areas at the tumor invasion front. Scale bar overview pictures: 1000 um, tumor center and invasion
front: 100 um. C = Center, IF = Invasion front. (published data 2%)........cccceiveviieecese e 58

Figure 14: PD-L1 expression and localization of macrophages and T cells in serial tissue sections of
corresponding liver metastases of PDAC patients. Representative images of immunohistochemical
stainings of liver metastases of PDAC patients at different localizations of the metastasis. The following
markers were stained: (A-C) PanCK (Epithelial/tumor cells), (D-F) PD-L1, (G-1) CD68 (macrophages), (J-
L) CD163 (M2-like macrophages), (M-0) CD3 (T cells), and (P-R) CD8 (CD8+ T cells). A, D, G,J, M, and P
show an overview of the tissue sections, B, E, H, K, N, and Q show areas in the tumor center.C, F, I, L,
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O, and R depict areas at metastasis invasion front. Scale bar overview pictures: 1000 um, areas within
tumor and invasion front: 100 pm. C = Center, IF = Invasion front. (published data 2%). ..........c......... 60

Figure 15: Localization of PD-L1 expression and attendance of macrophages and T cells in primary
tumors and corresponding liver metastases of PDAC patients. Quantitative localization analysis of (A)
PD-L1, (B) CD68, (C) CD163, (D) CD3, and (E) CD8 in primary tumors (white) or corresponding liver
metastases (grey). Overviews of tissue slices were scored according to their predominant location of
immunopositive cells. Three scores were used to determine location either in the center, at the
invasion front, or evenly distributed between center and invasion front of respective primary tumors
and liver metastases. Localization frequency denotes the percentage of immunopositive cells’
predominant location in all cases. n=4. (partially published data 2%). ..........ccoeoeveiievevieieeieeceeeee, 61

Figure 16: PD-L1 is expressed in primary PDAC tissues and even more in corresponding liver
metastases. Classification of staining frequencies for respective markers in primary tumors (white) or
corresponding liver metastases (grey). To analyze staining frequencies, 10 fields of view (FoV) at the
invasion front and center of the primary tumor or metastasis were investigated according to their score
classification. (A) PD-L1 frequency, (B) PD-L1 intensity, (C) CD68 frequency, (D) CD163 frequency, (E)
CD3 frequency, and (F) CD8 frequency. Scores for A, E, and F: 0 %, <1 %, and > 1 %, B: none, low, high,
and Cand D: 0 %, £ 10 %, 11-50 %, or > 50 %. Parametric data are depicted as mean with standard
deviation in one direction and non-parametric data are depicted as median with interquartile range in
both directions. Two-way ANOVA with Tukey’s multiple comparison test. n=4. * = p < 0.05. (partially
(oL o ITS g T=To I =1 = ) R 63

Figure 17: PD-L1 expression is predominantly localized at the invasion front of primary tumors and
liver metastases and associated with high infiltration of macrophages and CD8+ T cells. Localization
of immunopositive cells was investigated within the (A) highest frequency of PD-L1, (B) highest PD-L1
intensity, (C) highest CD68 frequency, (D) highest CD163 frequency, (E) highest CD3 frequency, and (F)
highest CD8 frequency. For analysis of location, 10 fields of view (FoV) at the lesion center (plain) and
at the invasion front (shaded) of primary tumors (light brown) or liver metastases (dark brown) were
evaluated. Parametric data are depicted as mean with standard deviation in one direction. One-way
ANOVA with Tukey’s multiple comparison test. n=4. * =p < 0.05; ** = p<0.01; *** = p < 0.001. (partially
PUDTISNEA A8 2%9). ...ttt ettt ettt et et et e et et et et et eaeeteebeebeetessebe s et enseneenseaeerenan 65

Figure 18: PD-L1 expression is predominantly co-localized with macrophages and hepatic
myofibroblasts. Representative images of immunohistochemical double stainings for (A+B) PD-
L1/PanCK, (C+D) PD-L1/CD68, (E+F) PD-L1/CDS8, and (G+H) PD-L1/aSMA in the tissue of a liver
metastasis of a PDAC patient. Brown staining represents PD-L1 immunopositive cells, and red staining
represents either PanCK, CD68, CD8, or aSMA immunopositive cells. Scale bar left: 250 um, right: 50
um. Arrows represent double immunopositive cells. (partially published data 2%)........c..ccccoeeveueenenee. 66

Figure 19: Cell surface level enhancement of activation markers CD69, CD25, and CD80 as well as
immune checkpoint molecules PD-1 and PD-L1 during CD8+ T cell activation culture. Isolation of
primary human lymphocytes from leucocyte retaining systems was performed by density gradient
centrifugation followed by counter flow centrifugation. To isolate CD8+ T cells from human
lymphocytes, a magnetic-activated cell sorting (MACS) system was used. Afterwards, untouched CD8+
T cells were stimulated with immobilized a-CD3 and soluble CD28-targeting antibodies as well as IL-2
for 4 days. At day 3, CD8+ T cells were again stimulated with IL-2. After 4 days, T cells were pooled,
washed with PBS, and re-seeded for additional 3 days. (A) FSC/SSC dot plots during and after activation
culture. CD8+ T cells were investigated daily during activation culture and subsequent seeding period
concerning their surface levels of activation markers (B) CD69, and (C) CD25 as well as immune
checkpoint molecules (D) PD-1, (E) PD-L1, and (F) CD80 via flow cytometric analysis. Data are presented
as MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its
isotype control (MFIecific/MFI°™Pe)  Parametric data are depicted as mean with standard deviation in
one direction and non-parametric data are depicted as median with interquartile range in both

160



List of figures

directions. One-way ANOVA with Dunnett’s multiple comparison test comparing all samples with 0d
samples was used for parametric data and non-parametric data were analyzed by Kruskal-Wallis Test
with Dunn’s multiple comparison test comparing all samples with 0d. Not normally distributed data
are depicted as median with interquartile range in both directions. Naive and 3d: n= 3, 1 and 2d: n=4
and4to7d:n=5.*=p<0.05, ¥**=p<0.01, ¥ * = p < 0.001.....0ceeiiiriiiiiieeciee et 69

Figure 20: Supernatant concentration of cytotoxic molecules and IFNy is dependent on activation
stimuli during activation culture. Isolation of primary human lymphocytes from leucocyte retaining
systems was performed by density gradient centrifugation followed by counter flow centrifugation. To
isolate CD8+ T cells from human lymphocytes, a magnetic-activated cell sorting (MACS) system was
used. Afterwards, untouched CD8+ T cells were stimulated with immobilized a-CD3 and soluble CD28-
targeting antibodies as well as IL-2 for 4 days. At day 3, CD8+ T cells were again stimulated with IL-2.
After 4 days, T cells were pooled, washed with PBS and re-seeded in the absence of activation stimuli
for additional 3 days. CD8+ T cells were investigated daily concerning their supernatant concentration
of (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin, and (E) IFNy. Parametric data are
depicted as mean with standard deviation in one direction and non-parametric data are depicted as
median with interquartile range in both directions. One-way ANOVA with Dunnett’s multiple
comparison test comparing all samples with 1d was used for parametric data and non-parametric data
were analyzed by Kruskal-Wallis Test with Dunn’s multiple comparison test comparing all samples with
1d.n=3.*=p<0.05, ** = p <0.01, *** = p < 0.001. ....outiiiiiiieee e rre e e e e e e 71

Figure 21: Blocking of PD-L1 on CD8+ T cells has no impact on activation stage and PDEC viability.
Pre-activated CD8+ T cells were mono-cultured and treated with either higG1l or Durvalumab for 3
days. CD8+ T cells were investigated after 3 days concerning their surface levels of (A) activation
marker CD69 (white) and CD25 (light grey) and (B) PD-1 (white), PD-L1 (light grey), and CD80 (dark
grey) by flow cytometric analysis. Data are normalized to isotype control and the dashed lines mark an
MFI ratio of “1”. Data are presented as MFI ratio and denotes median fluorescence intensity ratio of
specific staining antibody and its isotype control (MFIPecfic/MFIs°otPe) n=3. Afterwards, CD8+ T cells
were co-cultured with CellTracker green labeled H6c7-KRAS or PancTul cells. Confluence at the
beginning of PDEC/T cell co-culture was measured by detecting green fluorescence confluence. After
24 h, CD8+ T cells were discarded, PDEC were washed with PBS and again, fluorescent-dependent
confluence was measured. (C) Representative images of fluorescence-based confluence analysis at
timepoints t=0 h (above) and t=24 h (below). (Scale bar: 2000 um). (D+E) Quantitative analysis of PDEC
viability of H6c7-KRAS and PancTul cells. The ratio of confluence at t=24 h and t=0 h was calculated to
obtain the confluence ratio. Then, this ratio was normalized to PDEC mono ratio to visualize the T cell-
dependent effect (D). To visualize the Durvalumab-dependent effect confluence ratio was normalized
to the IgG1 isotype control (E). The dashed lines mark a PDEC viability ratio of “1”. Parametric data are
depicted as mean with standard deviation in one direction. H6¢c7-KRAS n=4, PancTul n=3. * = p < 0.05.

Figure 22: Blocking of PD-L1 in co-culture of CD8+ T cells and PDECs decreases PDEC viability of H6c7-
KRAS and PancTul cells. Pre-activated CD8+ T cells were co-cultured with CellTracker green labeled
PDECs and incubated with either higG1 or Durvalumab for 24 h. Confluence at the beginning of co-
culture was measured by detecting green fluorescence confluence. After 24 h, CD8+ T cells were
discarded, PDECs were washed with PBS and again fluorescent-dependent confluence was measured.
The ratio of confluence at t=24 h and t=0 h was calculated. This ratio was normalized to the respective
isotype control. Quantitative analysis of Durvalumab-dependent PDEC viability of H6c7-KRAS cells and
PancTul cells. The dashed lines mark a Durvalumab-dependent PDEC viability ratio of “1”. Parametric
data are depicted as mean with standard deviation in one direction. H6c7-KRAS: n=4; PancTul: n=3.

Figure 23: The polarization stage of M1-like or M2-like macrophages is altered due to CD8+ T cell co-
culture. Isolation of primary human lymphocytes and monocytes from leucocyte retaining systems was
performed by density gradient centrifugation followed by counter flow centrifugation. To isolate CD8+

161



List of figures

T cells from human lymphocytes, a magnetic-activated cell sorting (MACS) system was used.
Afterwards, untouched CD8+ T cells were stimulated with immobilized aCD3 and soluble CD28-
targeting antibodies as well as IL-2 for 4 days. At day 3, CD8 T cells were again stimulated with IL-2.
Human monocytes were cultured in teflon-bags for 7 days either with GM-CSF for polarization into
pro-inflammatory M1-like macrophages (M1Md) or M-CSF into anti-inflammatory M2 macrophages
(M2Ma). Macrophages and CD8+ T cells were directly co-cultured for 48 h. During co-culture, GM-CSF
or M-CSF was added to ensure M1- and M2-like phenotype of macrophages. (A) Representative phase
contrast images of polarized human M1- or M2-like macrophages (Scale bar: 1000 um). (B) Exemplary
gating strategy of M1-like and M2-like macrophages. Shown are the FSC/SSC dot plots (left) and
discrimination of CD14+ cells (light and dark blue) to exclude other cell populations in grey (middle).
An exemplary double positive staining of CD14 and CD163 is depicted right (light blue: M1Md, dark
blue: M2Md). Polarization of macrophages was investigated concerning their expression of (C) M1
marker CD206, (D) M2 marker CD163, (E) CD14 as well as co-stimulatory molecules (F) CD80 and (G)
CD86 by flow cytometric analysis (light blue: M1Md, dark blue: M2Mg). Data are presented as MFI
ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype
control (MFIsPecific/MFIso%Pe)  Parametric data are depicted as mean with standard deviation in one
direction and non-parametric data are depicted as median with interquartile range in both directions.
One-way ANOVA with Tukey‘s multiple comparison test, * = p < 0.05. N=4. ......ooeevvvvreeeiireeeeeireeeeenns 75

Figure 24: Cell surface levels of PD-L1 on M1-like or M2-like macrophages are markedly enhanced
after CD8+ T cell co-culture. Isolation of primary human lymphocytes and monocytes from leucocyte
retaining systems was performed by density gradient centrifugation followed by counter flow
centrifugation. To isolate CD8+ T cells from human lymphocytes, a magnetic-activated cell sorting
(MACS) system was used. Afterwards, untouched CD8+ T cells were stimulated with immobilized aCD3
and soluble CD28-targeting antibodies as well as IL-2 for 4 days. At day 3, CD8+ T cells were again
stimulated with IL-2. Human monocytes were cultured in teflon-bags for 7 days either with GM-CSF for
polarization into pro-inflammatory M1-like macrophages (M1Md®) or M-CSF for polarization into anti-
inflammatory M2-like macrophages (M2Mdo). Macrophages and CD8+ T cells were directly co-cultured
for 48 h. During co-culture, GM-CSF or M-CSF was added to ensure M1-like and M2-like phenotype of
macrophages. Representative fluorescence microscopy images of polarized human (A) M1-like
macrophages or (B) M2-like macrophages either in mono-culture (mono) or co-culture with CD8+ T
(coCD8) (Scale bar 10X: 200 um, 40X: 100 um). (C) Exemplary dot plot of double positive macrophages
stained for CD14 and PD-L1 (light blue: M1Mdo, dark blue: M2Md, grey: isotype). (D) Quantitative
analysis of CD14+ and PD-L1+ macrophages by flow cytometric analysis. Data are presented as MFI
ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype
control (MFIsPecific/MFIso%Pe)  Parametric data are depicted as mean with standard deviation in one
direction. One-way ANOVA with Tukey’s multiple comparison test, * = p < 0.05. n=4.......cccoeeuvennee. 77

Figure 25: Elevated cell surface level of activation markers CD69 and CD25 as well as immune
checkpoint molecules PD-1 and PD-L1 on CD8+ T cells after co-culture with M1-like or M2-like
macrophages. Isolation of primary human lymphocytes and monocytes from leucocyte retaining
systems was done by density gradient centrifugation followed by counter flow centrifugation. To
isolate CD8+ T cells from human lymphocytes, a magnetic-activated cell sorting (MACS) system was
used. Afterwards, untouched CD8+ T cells were stimulated with immobilized aCD3 and soluble CD28-
targeting antibodies as well as IL-2 for 4 days. At day 3, CD8+ T cells were again stimulated with IL-2.
Human monocytes were polarized for 7 days either with GM-CSF into pro-inflammatory M1-like
macrophages (M1Md) or M-CSF into anti-inflammatory M2-like macrophages (M2Md). CD8+ T cells
and macrophages were directly co-cultured for 48 h. During co-culture, GM-CSF or M-CSF was added
to maintain the M1- and M2-like phenotype of macrophages. CD8+ T cells were investigated
concerning their surface levels of activation markers (A) CD69 and (B) CD25 as well as immune
checkpoint molecules (C) PD-1, (D) PD-L1, and (E) CD80 by flow cytometric analysis. Data are presented
as MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its
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isotype control (MFIsPecific/MF|=°%P€) Parametric data are depicted as mean with standard deviation in
one direction and non-parametric data are depicted as median with interquartile range in both
directions. Kruskal-Wallis test with Dunn‘s multiple comparison test, * = p < 0.05. n=3........cccveenue. 79

Figure 26: Negligible reduction of PDEC viability after co-culture with different pre-treated CD8+ T
cells. Pre-activated CD8+ T cells (4 days) were either mono-cultured (CD8 post mono) or co-cultured
with M1- or M2-like macrophages (CD8 post M1Mda or CD8 post M2Md) for 48 h. Afterwards, CD8+ T
cells were co-cultured with CellTracker green labeled H6c7-KRAS or PancTul cells. In parallel, PDECs
were mono-cultured, too. Confluence at the beginning of PDEC / T cell co-culture was measured by
detecting the green fluorescence confluence via microscope. After 24 h, CD8+ T cells were discarded,
PDEC were washed with PBS and again fluorescence confluence was measured. The ratio of confluence
at t=24 h and t=0 h was calculated and then normalized to ratio of mono-cultured PDEC. (A)
Quantitative analysis of PDEC viability at indicated culture conditions of H6c7-KRAS cells. n=3. (C)
Quantitative analysis of PDEC viability at indicated culture conditions of PancTul cells. Parametric data
are depicted as mean with standard deviation in one direction. N=3. .......ccocceeiiiiiriiiiieeee e, 80

Figure 27: Analysis of different PDEC lines concerning their spheroid formation ability and PD-L1
status. Different PDEC lines were seeded into ultra-low attachment (ULA) plates for 3 days to
investigate their spheroid formation ability. (A) Representative phase contrast images of 8 different
PDEC lines (upper row: H6c7-KRAS, PancTul, Panc89 and A818-6 cells, lower row: Pancl, BxPc3,
Colo357, and PT-45 cells). (Scale bar: 1000 um). (B) PD-L1 cell surface levels of 8 different PDEC lines
measured by flow cytometric analysis. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIsPecific/MF|isotvpe,
One-way ANOVA with Tukey‘s multiple comparison test. KRAS+PancTul: n=5, Panc89+Colo357: n=4,
Panc1+BxPc3+A818-6+PT45: n=2. (C) PD-L1 cell surface levels after 72 h IFNy treatment (10 ng/ml). (D)
Representative fluorescent microscopy images of CellTracker green labeled H6c7-KRAS (left), PancTul
(middle), and Panc89 cells (right). Red cells are Propidium lodide + cells. (Scale bar: 1000 um). (E) Flow
cytometry analysis to compare PD-L1 MFI ratio of 2D (white) or 3D (grey) cultured PancTul and Panc89
cells. One-way ANOVA with Tukey‘s multiple comparison test. n=3. (F) Flow cytometry analysis to
compare PD-L1+ proportions of 2D or 3D cultured PancTul and Panc89 cells. Kruskal-Wallis test with
Dunn’s multiple comparison test was performed. Parametric data are depicted as mean with standard
deviation in one direction and non-parametric data are depicted as median with interquartile range in
both directions. 2D PancTul: n=4; others: N=3. * = P < 0.05. ....ccciieiiiieecee et esre e eree e 82

Figure 28: Co-culture spheroids containing PDAC cells and macrophages are stable for 72 h. Isolation
of primary human monocytes from leucocyte retaining systems was performed by density gradient
centrifugation followed by negative isolation of CD14+ monocytes. Human monocytes were cultured
in 12-well plates for 6 to 7 days either with GM-CSF for polarization into pro-inflammatory M1-like
macrophages (M1Md@) or M-CSF for polarization into anti-inflammatory M2-like macrophages
(M2Md). PancTul and Panc89 cell were either mono-cultured or co-cultured with M1-like or M2-like
macrophages at 3:1 or 1:1 ratio for 72 h in ultra-low attachment plates to form spheroids. (A)
Representative fluorescence microscopy images of CellTracker green labeled PancTul cells (upper row,
green) or Panc89 cells (lower row, green) and CellTrace violet labeled macrophages (violet) at indicated
co-culture conditions. (Scale bar PancTul: 1000 um; Panc89: 300 um). (B) Proportions of PDAC cells
and macrophages in co-culture 72 h after seeding. To discriminate PDAC cells from macrophages,
single cell suspension of spheroids was stained with EpCAM and CD14-targeting antibodies for flow
cytometric analysis (light green: PDAC cells co-cultured with M1-like macrophages, dark green: PDAC
cells co-cultured with M2-like macrophages, light blue: M1-like macrophages co-cultured with PDAC
cells, dark blue: M2-like macrophages co-cultured with PDAC cells). Ratio 3:1: 1.5x10* PDAC cells and
0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are
depicted as mean with standard deviation in one direction. n=4. (published data 2%). ..........ccevene. 84

Figure 29: Co-cultured PDAC cell spheroids impact CD163 and CD14 expression on macrophages.
Isolation of primary human monocytes from leucocyte retaining systems was performed by density
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gradient centrifugation followed by negative isolation of CD14+ monocytes. Human monocytes were
cultured in 12-well plates for 6 to 7 days either with GM-CSF for polarization into pro-inflammatory
M1-like macrophages (M1Md) or M-CSF for polarization into anti-inflammatory M2-like macrophages
(M2Mdo). Macrophages were mono- or co-cultured with either PancTul or Panc89 cells for 72 h in
ultra-low attachment plates to form spheroids. Macrophages were stained with antibodies against
(A+B) CD206, (C+D) CD163, (E+F) CD14, and (G+H) CD80 and analyzed by flow cytometric analysis.
Mono: 2x10* macrophages; ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10*
PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median fluorescence
intensity ratio of specific staining antibody and its isotype control (MFIPecfic/\MF|i°%Pe) - Parametric data
are depicted as mean with standard deviation in one direction and non-parametric data are depicted
as median with interquartile range in both directions. Two-way ANOVA with Tukey’s multiple
comparison test. * = p < 0.05; ** = p < 0.01. mono: n=3, coPDAC: n=5. (partially published data 2°°). 86

Figure 30: PD-L1 expression on macrophages, but not on PDAC cells, is enhanced by co-culture
spheroids. Macrophages were mono-cultured or co-cultured with either PancTul or Panc89 cells for
72 h in ultra-low attachment plates to form spheroids. PD-L1 expression on (A+B) macrophages and
(C+D) PDAC cells was assessed with targeting antibody for PD-L1 and examined via flow cytometric
analysis. Mono: 2x10* PDAC cells or macrophages; ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and
denotes median fluorescence intensity ratio of specific staining antibody and its isotype control
(MFIsPecific/MF|so%Pe) | Parametric data are depicted as mean with standard deviation in one direction.
Two-way ANOVA with Tukey’s multiple comparison test. * = p < 0.05; ** = p < 0.01. mono: n=3, co-
cultures: N=5. (PUBHSHEA data 20%).......cvieiiiiceicteeeece ettt sttt aesreets s b e eeesteeneens 87

Figure 31: Activation status of CD8+ T cells is not altered by co-culture with PDAC cells but is clearly
enhanced by macrophage-enriched PDAC spheroids. PancTul or Panc89 cells were mono-cultured or
co-cultured with either M1- or M2-like macrophages in ultra-low attachment plates to form spheroids.
After 48 h, pre-activated CD8+ T cells were added to spheroid culture for 24 h. Cell surface expression
of activation markers (A) CD69 and (B) CD25 were analyzed on mono-cultured CD8+ T cells (white), or
CD8+ T cells co-cultured with PancTul (dark grey) or Panc89 (light grey) spheroids by flow cytometric
analysis. Not normally distributed data are depicted as median with interquartile range. n=4. Effect of
M1-like (light grey) or M2-like macrophages (dark grey) enriched PDAC spheroids on (C+D) CD69 and
(E+F) CD25 levels of CD8+ T cells. Data are normalized to CD8+ T cell co-culture with PDAC cell mono
spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and
1x10% macrophages. Data are presented as MFI ratio and denotes median fluorescence intensity ratio
of specific staining antibody and its isotype control (MFIPecific/MF|°%Pe) Parametric data are depicted
as mean with standard deviation in one direction and non-parametric data are depicted as median
with interquartile range in both directions. The dashed lines mark an MFI ratio of “1”. n=4. (partially
PUDTISNEA A8 2%9). ...eieiceiieteeeeet ettt ettt ettt ettt ettt e st et e st eteebeebeeteeteete s ensenseneeneeaeereanan 88

Figure 32: Cell surface levels of PD-1 and PD-L1, on CD8+ T cells are not altered by PDAC cell presence,
but PD-L1 expression is increased on CD8+ T cells by macrophage-enriched PDAC spheroids. PancTul
or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages in ultra-
low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to
spheroids for 24 h. (A) PD-1 and (B) PD-L1 surface expression on mono-cultured (white) or co-cultured
CD8+ T cells with PancTul (dark grey) or Panc89 (light grey) mono spheroids examined by flow
cytometric analysis. Not normally distributed data are depicted as median with interquartile range in
both directions. n=4. Effect of M1-like (light grey) or M2-like macrophage (dark grey) co-culture PDAC
spheroids on (D+E) PD-1 and (F+G) PD-L1 expression of CD8+ T cells. Data are normalized to CD8+ T
cells cultured with PDAC mono spheroids. Ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio
1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIsPecific/\MF|isotype),
Parametric data are depicted as mean with standard deviation in one direction. Two-way ANOVA with
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Dunnett’s multiple comparison test comparing all samples with a control of 1. The dashed lines mark
an MFI ratio of “1”. * = p < 0.05; ** = p < 0.01. n=4. (partially published data 2%). .........ccecoevverrrrrne.e. 90

Figure 33: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Granulysin, Perforin, and
the cytokine IFNy are enhanced in supernatants of CD8+ T cells cultured with PDAC cell mono
spheroids. PancTul or Panc89 cells were mono-cultured in ultra-low attachment plates to form
spheroids. After 48 h, pre-activated CD8+ T cells were added to spheroids for 24 h. (A) Granzyme A,
(B) Granzyme B, (C) Granulysin, (D) Perforin, and (E) IFNy concentration of CD8+ T cells mono-cultured
(white) or co-cultured with PancTul (dark grey) or Panc89 (light grey) mono spheroids. Concentrations
were measured by multiplex assay. Parametric data are depicted as mean with standard deviation in
one direction. One-way ANOVA with Tukey’s multiple comparison test. * = p < 0.05. n=3................. 91

Figure 34: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin and IFNy are
increased in supernatants of CD8+ T cells cultured with macrophage-enriched PancTul spheroids.
PancTul cells were mono-cultured or co-cultured with either M1- or M2-like macrophages in ultra-low
attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to spheroids
for 24 h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+ T
cells cultured with PancTul spheroids containing M1-like (light grey) or M2-like macrophages (dark
grey). Concentrations were measured by multiplex assay and data are normalized to concentration of
CD8+ T cells cultured with mono-cultured PancTul spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as
mean with standard deviation in one direction. Two-way ANOVA with Dunnett’s multiple comparison
test comparing all samples with a control of 1. The dashed lines mark a concentration ratio of “1”. * =
p < 0.05; ** = p < 0.01. n=3. (partially published data 2%). .....cccccivveriieeeececeeee et 92

Figure 35: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin and IFNy are
increased in supernatants of CD8+ T cells cultured with macrophage-enriched Panc89 spheroids.
Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages in ultra-low
attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to spheroids
for 24 h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+ T
cells cultured with Panc89 spheroids containing M1-like (light grey) or M2-like macrophages (dark
grey). Concentrations were measured by multiplex assay and data are normalized to concentration of
CD8+ T cells cultured with mono-cultured Panc89 spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10*
macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as
mean with standard deviation in one direction. Two-way ANOVA with Dunnett’s multiple comparison
test comparing all samples with a control of 1. The dashed lines mark a concentration ratio of “1”. * =
p < 0.05; ** = p < 0.01. n=3. (partially published data 2%%). ........c.ccceeverrereeieeerece e 92

Figure 36: CD8+ T cells induce PDAC cell death in all PDAC spheroid cultures. PancTul and Panc89
cells were mono-cultured or co-cultured with either M1- or M2-like macrophages in ultra-low
attachment plates to form spheroids. After 48 h, spheroids were cultured in the absence or presence
of pre-activated CD8+ T cells for further 24 h. Supernatant levels of caspase-cleaved Keratin 18 (ccK18)
in mono-cultured or macrophage-enriched PDAC spheroids. (A) PancTul spheroids in mono- or co-
culture with macrophages without (-) or with CD8+ T cells (+). (B) Panc89 spheroids in mono- or co-
culture with macrophages without (-) or with CD8+ T cells (+). Mono: 2x10* PDAC cells; ratio 3:1:
1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages.
Parametric data are depicted as mean with standard deviation in one direction and non-parametric
data are depicted as median with interquartile range in both directions. n=3. (published data 2%)... 93

Figure 37: Activation status of CD8+ T cell culture with mono-cultured or macrophage-enriched PDAC
spheroids. PancTul or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like
macrophages for 24 h in ultra-low attachment plates to form spheroids. After 48 h, mono- or co-
cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype
controls (10 ug/ml), and CD8+ T cells were added for 24 h. Immunofluorescence staining of activation
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marker (A+B) CD69 and (C+D) CD25 were analyzed on CD8+ T cells cultured with mono-cultured PDAC
cell spheroids (white), or co-culture PDAC spheroids with M1-like macrophages (light grey) or M2-like
macrophages (dark grey). Surface levels were measured by flow cytometer and data are normalized to
the respective IgG control samples of indicated co-culture conditions. Mono: 2x10% ratio 3:1: 1.5x10*
PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are
presented as MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody
and its isotype control (MFIsPecific/ME[°%Pe) Parametric data are depicted as mean with standard
deviation in one direction and non-parametric data are depicted as median with interquartile range in
both directions. The dashed lines mark an MFI ratio of “1”. n=3. (published data 2®)...........ccc..c...... 95

Figure 38: Surface expression levels PD-1 and PD-L1 on CD8+ T cells after culture with mono-cultured
or macrophage-enriched PDAC spheroid and Durvalumab or Pembrolizumab treatment. PancTul or
Panc89 cells were mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in
ultra-low attachment plates to form spheroids After 48 h, mono- or co-cultures were treated with
either Durvalumab (D) or Pembrolizumab (P) or their respective isotype controls (10 ug/ml) and CD8+
T cells were added for 24 h. Immunofluorescence staining of (A+B) PD-1 and (C+D) PD-L1 was analyzed
on CD8+ T cells cultured with mono-cultured PDAC spheroids (white), or co-culture PDAC spheroids
with M1-like macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were
measured by flow cytometer and data are normalized to the respective IgG control samples of
indicated co-culture conditions. Mono: 2x10% ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages;
ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as mean with
standard deviation in one direction and non-parametric data are depicted as median with interquartile
range in both directions. Two-way ANOVA with Dunnett’s multiple comparison test comparing all
samples with control of 1. The dashed lines mark an MFI ratio of “1”. * = p < 0.05; ** = p < 0.01; *** =
p < 0.001. n=3. (partially published data 2%).......ccccceeiieeiiirececre ettt et e 96

Figure 39: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and
IFNy in supernatants of CD8+ T cells cultured with mono-cultured or macrophage-enriched PancTul
spheroids and Durvalumab or Pembrolizumab treatment. PancTul cells were mono-cultured or co-
cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form
spheroids. After 48 h, mono- or co-cultures were treated with either Durvalumab (D) or
Pembrolizumab (P) or their respective isotype controls (10 pg/ml), and CD8+ T cells were added for 24
h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+ T cells
cultured with mono-cultured PancTul spheroids (white) or co-cultured spheroids with M1-like (light
grey) or M2-like macrophages (dark grey). Concentrations were measured by multiplex assay and data
are normalized to the respective isotype control samples of indicated co-culture conditions. Mono:
2x10%, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10*
macrophages. Parametric data are depicted as mean with standard deviation in one direction and non-
parametric data are depicted as median with interquartile range in both directions. The dashed lines
mark a concentration ratio of “1”. n=3. (partially published data 2%%). .........cccccevevrevrevveceeeeeeeee e 97

Figure 40: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and
IFNy in supernatants of CD8+ T cells cultured with mono-cultured or macrophage-enriched Panc89
spheroids and Durvalumab or Pembrolizumab treatment. Panc89 cells were mono-cultured or co-
cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form
spheroids. After 48 h, mono- or co-cultures were treated with either Durvalumab (D) or
Pembrolizumab (P) or their respective isotype controls (10 pg/ml), and CD8+ T cells were added for 24
h. (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy release of CD8+ T cells
cultured with mono-cultured PancTul spheroids (white) or co-cultured spheroids with M1-like (light
grey) or M2-like macrophages (dark grey). Concentrations were measured by multiplex assay and data
are normalized to the respective isotype control samples of indicated co-culture conditions. Mono:
2x10%, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10*
macrophages. Parametric data are depicted as mean with standard deviation in one direction and non-
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parametric data are depicted as median with interquartile range in both directions. The dashed lines
mark a concentration ratio of “1”. n=3. (partially published data 2%%). ..........ccccovveerevrevrereeieeeeee e 98

Figure 41: PancTul and Panc89 spheroid cell death after co-culture with CD8+ T cells and treatment
of either Durvalumab or Pembrolizumab. PancTul and Panc89 cells were mono-cultured or co-
cultured with either M1- or M2-like macrophages in ultra-low attachment plates to form spheroids.
After 48 h, mono- or co-cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or
their respective isotype controls (10 ug/ml) and CD8+ T cells were added for 24 h. Levels of caspase-
cleaved Keratin 18 (ccK18) in supernatants of CD8+ T cells cultured with mono-cultured or
macrophage-enriched PDAC spheroids. (A) PancTul spheroids in mono-culture or co-culture with
macrophages and Durvalumab or Pembrolizumab treatment. (B) Panc89 spheroids in mono- or co-
culture with macrophages and Durvalumab or Pembrolizumab treatment. Data are normalized to the
respective isotype control samples of indicated co-culture conditions. Mono: 2x10* PDAC cells; ratio
3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages.
Parametric data are depicted as mean with standard deviation in one direction and non-parametric
data are depicted as median with interquartile range in both directions. n=3. (published data 2%)... 99

Figure 42: Gemcitabine treatment enhances PD-L1 expression on Panc89 cells, but not on PancTul
cells. PancTul and Panc89 cells were mono-cultured and either remained untreated or were
stimulated with IFNy (10 ng/ml) as a positive PD-L1 inducer or Gemcitabine (10 pg/ml) for 72 h.
Immunofluorescence staining of PD-L1 with following flow cytometric analysis. PD-L1 expression on
(A) PancTul cells and (B) Panc89 cells normalized to respective untreated cells. Data are presented as
MFI ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype
control (MFIsPecific/MFIs°%Pe)  Parametric data are depicted as mean with standard deviation in one
direction and non-parametric data are depicted as median with interquartile range in both directions.

Figure 43: The activation stage of CD8+ T cells is reduced after culture with Gemcitabine treated
PDAC spheroids. PancTul or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-
like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-
cultures were treated with Gemcitabine (10 pg/ml). After 24 h, medium was changed and CD8+ T cells
were added for 24 h. Activation markers (A+B) CD69 and (C+D) CD25 were analyzed on cell surfaces of
CD8+ T cells cultured with mono-culture PDAC cell spheroids (white), or co-culture PDAC cell spheroids
with M1-like macrophages (light grey) or M2-like macrophages (dark grey). Surface levels were
examined by flow cytometric analysis and data are normalized to the respective untreated samples of
indicated culture conditions. Mono: 2x10* ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio
1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes median
fluorescence intensity ratio of specific staining antibody and its isotype control (MFIsPecific/\MF|isotype),
Parametric data are depicted as mean with standard deviation in one direction and non-parametric
data are depicted as median with interquartile range in both directions. The dashed lines mark an MFI
ratio of “1”. Kruskal-Wallis test with Dunn’s multiple comparison test or One-way ANOVA with
Dunnett’s multiple comparison test samples with control of 1. * = p <0.05. n=4. ......ccovvrvrvrrcrrrennen. 101

Figure 44: PD-1 surface levels of CD8+ T cells are decreased after culture with Gemcitabine treated
PDAC spheroids. PancTul or Panc89 cells were mono- or co-cultured with either M1- or M2-like
macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-culture
spheroids were treated with Gemcitabine (10 pug/ml). After 24 h, medium was changed and CD8+ T
cells were added for 24 h. Cell surface levels of (A+B) PD-1 and (C+D) PD-L1 were examined by flow
cytometric analysis and data are normalized to the respective untreated samples of indicated culture
conditions. Mono: 2x10* ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC
cells and 1x10* macrophages. The dashed lines mark an MFI ratio of “1”. Data are presented as MFI
ratio and denotes median fluorescence intensity ratio of specific staining antibody and its isotype
control (MFIsPecific/MFIs°%Pe)  Parametric data are depicted as mean with standard deviation in one
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Figure 45: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and
IFNy are decreased in supernatants of CD8+ T cells cultured with Gemcitabine-treated PancTul
spheroids. PancTul cells were mono- or co-cultured with either M1- or M2-like macrophages for 24 h
in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-culture spheroids were
treated with Gemcitabine (10 pg/ml). After 24 h, medium was changed and CD8+ T cells were added
for 24 h. Concentrations of (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy
in supernatants of CD8+ T cells cultured with mono-culture (white) or co-culture PancTul spheroids
with M1-like (light grey) or M2-like macrophages (dark grey). Concentrations were measured by
multiplex assay and data are normalized to the respective untreated samples of indicated co-culture
conditions. Mono: 2x10%, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC
cells and 1x10* macrophages. Parametric data are depicted as mean with standard deviation in one
direction and analyzed by One-way ANOVA with Dunnett’s multiple comparison test comparing all
samples with control of 1. Non-parametric data are depicted as median with interquartile range in
both directions and were analyzed by Kruskal-Wallis test with Dunn‘s multiple comparison test
comparing all samples with control of 1. The dashed lines mark a concentration ratio of “1”. * = p <
0.05, ¥*% =0 < 0.000. N3 ceriiiieiiieeeecreee ettt e e ecreeeeeebeeeeeetraeeeeetbeeeeeabaeeeeatbaeeeeataeeeearreeeeatbeeeeaareeeens 103

Figure 46: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and
IFNy are decreased in supernatants of CD8+ T cells cultured with Gemcitabine-treated Panc89
spheroids. Panc89 cells were mono- or co-cultured with either M1- or M2-like macrophages for 24 h
in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-culture spheroids were
treated with Gemcitabine (10 pg/ml). After 24 h, medium was changed and CD8+ T cells were added
for 24 h. Concentration of (A) Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy in
supernatants of CD8+ T cells cultured with mono-culture (white) or co-culture Panc89 spheroids with
M1-like (light grey) or M2-like macrophages (dark grey). Concentrations were measured by multiplex
assay and data are normalized to the respective untreated samples of indicated culture conditions.
Mono: 2x10% ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and
1x10* macrophages. Parametric data are depicted as mean with standard deviation in one direction
and analyzed by One-way ANOVA with Dunnett’s multiple comparison test comparing all samples with
control of 1. Non-parametric data are depicted as median with interquartile range in both directions
were analyzed by Kruskal-Wallis test with Dunn‘s multiple comparison test comparing all samples with
control of 1. The dashed lines mark a concentration ratio of “1”. * = p < 0.05, *** = p < 0.001. n=3.

Figure 47: PancTul cell death was slightly reduced whereas Panc89 cell death was almost unaffected
by Gemcitabine pre-treatment and the presence of CD8+ T cells. PancTul and Panc89 cells were
mono- or co-cultured with either M1- or M2-like macrophages for 24 h in ultra-low attachment plates
to form spheroids. After 24 h, mono- or co-culture spheroids were treated with Gemcitabine (10
ug/ml). After 24 h, medium was changed and CD8+ T cells were added for 24 h. Supernatant levels of
caspase-cleaved Keratin 18 (ccK18) of (A) PancTul spheroids in mono- or co-culture with macrophages
, or (B) Panc89 spheroids in mono- or co-culture with macrophages in the absence (-) or presence (+)
of CD8+ T cells. Data are normalized to the respective untreated samples of indicated co-culture
conditions. Mono: 2x10* PDAC cells; ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1:
1x10* PDAC cells and 1x10* macrophages. Parametric data are depicted as mean with standard
deviation in one direction and non-parametric data are depicted as median with interquartile range in
both directions. PanCTuL: N=3; PANC8: NT4...uuuneiiiiieeeeeee ettt e e e e et s e e s e e s eaaa e eees 105

Figure 48: Activation stage of CD8+ T cells in co-culture with PancTul or Panc89 co-culture spheroids
with macrophages after sequential treatment with Gemcitabine and Durvalumab or
Pembrolizumab. PancTul or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-
like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-
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cultures were treated with Gemcitabine (10 pg/ml) for 24 h. Afterwards, medium was changed, and
cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype
control (10 pg/ml) and simultaneous CD8+ T cell co-culture was started for 24 h. Activation marker
(A+B) CD69 and (C+D) CD25 were analyzed on surfaces of CD8+ T cells cultured with mono-cultured
PDAC cell spheroids (white) or co-cultured PDAC cell spheroids with M1-like macrophages (light grey)
or M2-like macrophages (dark grey). Surface levels were measured by flow cytometer and data are
normalized to the respective 1gG control samples of indicated co-culture conditions. Mono: 2x10* ratio
3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages.
Data are presented as MFI ratio and denotes median fluorescence intensity ratio of specific staining
antibody and its isotype control (MFIPefic/MFI*°¥P¢), Parametric data are depicted as mean with
standard deviation in one direction and non-parametric data are depicted as median with interquartile
range in both directions. Two-way ANOVA with Dunnett’s multiple comparison test comparing all
samples with control of 1. The dashed lines mark an MFI ratio of “1”. * = p < 0.05. n=3. (published data

Figure 49: Expression of immune checkpoint molecules PD-1 and PD-L1 on CD8+ T cells after PancTul
and Panc89 co-culture spheroids and sequential treatment with Gemcitabine and Durvalumab or
Pembrolizumab. PancTul or Panc89 cells were mono-cultured or co-cultured with either M1- or M2-
like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h, mono- or co-
cultures were treated with Gemcitabine (10 pg/ml) for 24 h. Afterwards, medium was changed, and
cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype
control (10 pg/ml) and simultaneous CD8+ T cell co-culture was started for 24 h. Surface expression of
(A+B) PD-1 and (C+D) PD-L1 was analyzed on surfaces of CD8+ T cells cultured with mono-cultured
PDAC cell spheroids (white), or co-cultured PDAC cell spheroids with M1-like macrophages (light grey)
or M2-like macrophages (dark grey). Surface levels were measured by flow cytometer and data are
normalized to the respective isotype control samples of indicated co-culture conditions. Mono: 2x10%
ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10*
macrophages. Data are presented as MFI ratio and denotes median fluorescence intensity ratio of
specific staining antibody and its isotype control (MFI*Pe<ific/MF|°%P¢) Parametric data are depicted as
mean with standard deviation in one direction and non-parametric data are depicted as median with
interquartile range in both directions. Two-way ANOVA with Dunnett’s multiple comparison test
comparing all samples with control of 1. The dashed lines mark an MFI ratio of “1”. * = p < 0.05; *** =
p < 0.001. n=3. (partially published data 20%)..........cccceeieieicieieceeeter ettt erens 107

Figure 50: Concentrations of cytotoxic molecules Granzyme A and B, Perforin, Granulysin, and IFNy
by CD8+ T cells after PancTul spheroid co-culture and sequential treatment of Gemcitabine and
either Durvalumab or Pembrolizumab. PancTul cells were mono-cultured or co-cultured with either
M1- or M2-like macrophages for 24 h in ultra-low attachment plates to form spheroids. After 24 h,
mono- or co-cultures were treated with Gemcitabine (10 pug/ml) for 24 h. Afterwards, medium was
changed, and cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their
respective isotype control (10 ug/ml) and simultaneous CD8+ T cell co-culture was started for 24 h. (A)
Granzyme A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy concentrations in supernatants
of CD8+ T cells cultured with mono-cultured PancTul spheroids (white) or co-cultured spheroids with
M1-like (light grey) or M2-like macrophages (dark grey). Concentrations were measured by multiplex
assay and data are normalized to the respective isotype control samples of indicated co-culture
conditions. Mono: 2x10% ratio 3:1: 1.5x10% PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC
cells and 1x10* macrophages. Parametric data are depicted as mean with standard deviation in one
direction and non-parametric data are depicted as median with interquartile range in both directions.
The dashed lines mark a concentration ratio of “1”. n=3. (partially published data 2%)..................... 108

Figure 51: Concentrations of cytotoxic molecules Granzyme A, Granzyme B, Perforin, Granulysin, and
IFNy by CD8+ T cells after Panc89 spheroid co-culture and sequential treatment of Gemcitabine and
either Durvalumab or Pembrolizumab. Panc89 cells were mono-cultured or co-cultured with either
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M1- or M2-like macrophages for 24 h in ULA plates to form spheroids. After 24 h, mono- or co-cultures
were stimulated with Gemcitabine (10 pg/ml) for 24 h. Afterwards, medium was changed and
Durvalumab (D) or Pembrolizumab (P) treatment and CD8+ T cells were added for 24 h. (A) Granzyme
A, (B) Granzyme B, (C) Granulysin, (D) Perforin and (E) IFNy concentrations in supernatants of CD8+ T
cells cultured with mono-cultured Panc89 spheroids (white) or co-cultured spheroids with M1-like
(light grey) or M2-like macrophages (dark grey). Concentrations were measured by multiplex assay and
data are normalized to the respective isotype control samples of indicated co-culture conditions.
Mono: 2x10%, ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and
1x10* macrophages. Parametric data are depicted as mean with standard deviation in one direction
and non-parametric data are depicted as median with interquartile range in both directions. The
dashed lines mark a concentration ratio of “1”. n=3. (partially published data 2®).........c.cccceevenen.e. 109

Figure 52: PancTul and Panc89 spheroid cell death after co-culture with CD8+ T cells and sequential
treatment of Gemcitabine and either Durvalumab or Pembrolizumab.PancTul or Panc89 cells were
mono-cultured or co-cultured with either M1- or M2-like macrophages for 24 h in ULA plates to form
spheroids. After 24 h, mono- or co-cultures were stimulated with Gemcitabine (10 pug/ml) for 24 h.
Afterwards, medium was changed and Durvalumab (D) or Pembrolizumab (P) treatment and CD8+ T
cells were added for 24 h. Levels of caspase-cleaved Keratin 18 (ccK18) in supernatants of mono-
cultured or macrophage-enriched PDAC spheroids. (A) PancTul spheroids in mono- or co-culture with
macrophages after combination treatment of Gemcitabine and Durvalumab or Pembrolizumab. (B)
Panc89 spheroids in mono or co-culture with macrophages after combination treatment of
Gemcitabine and Durvalumab or Pembrolizumab. Data are normalized to the respective isotype
control samples of indicated co-culture conditions. Mono: 2x10* PDAC cells; ratio 3:1: 1.5x10* PDAC
cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Non-parametric
data are depicted as median with interquartile range in both directions. n=3. (published data 2%°). 110

Supplementary figure 1: Low CTLA-4 expression on pre-activated CD8+ T cells. Isolation of primary
human lymphocytes from leucocyte retaining systems was performed by density gradient
centrifugation followed by counter flow centrifugation. To isolate CD8+ T cells from human
lymphocytes, a magnetic-activated cell sorting (MACS) system was used. Afterwards, untouched CD8+
T cells were stimulated with immobilized CD3 and soluble CD28-targeting antibodies as well as IL-2 for
4 days. At day 3, CD8+ T cell were again stimulated with IL-2. After 4 days, (A) MFI ratio of CTLA-4 and
(B) proportion of CTLA-4+ cells were investigated by flow cytometric analysis. n=4...........cccccuueee.. 171

Supplementary figure 2: Cell surface levels of CD80 on CD8+ T cells were not altered by the presence
of PDAC spheroids and rathe decreased due to macrophage attendance. PancTul or Panc89 cells
were mono-cultured or co-cultured with either M1- or M2-like macrophages in ultra-low attachment
plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to spheroids for 24 h. (A)
CD80 surface expression on mono-cultured (white) or co-cultured CD8+ T cells with PancTul (dark
grey) or Panc89 (light grey) mono spheroids examined by flow cytometric analysis. n=4. Effect of M1-
like (light grey) or M2-like macrophage (dark grey) on CD80 expression of CD8+ T cells after culture
with (B) PancTul co-culture spheroids or (C) Panc89 co-culture spheroids. Data are normalized to CD8+
T cells cultured with PDAC mono spheroids. Ratio 3:1: 1.5x10* PDAC cells and 0.5x10* macrophages;
ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio and denotes
median fluorescence intensity ratio of specific staining antibody and its isotype control
(MFIsPecific/MF|isovPe)  Parametric data are depicted as mean with standard deviation in one direction.
Two-way ANOVA with Dunnett’s multiple comparison test comparing all samples with control of 1. The
dashed lines mark an MFl ratio of “1”. * = p < 0.05; ** = p < 0.01. N=4. ....ooerieiiiireeiieeeeciee e, 171

170



Supplementary data

Supplementary data
A B

1.5+ = 59
3 | i
= 1.04 3
(3) = 31
S Q
R : -
S .54 s 2
T 5
= g. 19
0.0 a0

T i T
pre-activated pre-activated

Supplementary figure 1: Low CTLA-4 expression on pre-activated CD8+ T cells. Isolation of primary human lymphocytes from
leucocyte retaining systems was performed by density gradient centrifugation followed by counter flow centrifugation. To
isolate CD8+ T cells from human lymphocytes, a magnetic-activated cell sorting (MACS) system was used. Afterwards,
untouched CD8+ T cells were stimulated with immobilized CD3 and soluble CD28-targeting antibodies as well as IL-2 for 4
days. At day 3, CD8+ T cell were again stimulated with IL-2. After 4 days, (A) MFI ratio of CTLA-4 and (B) proportion of CTLA-
4+ cells were investigated by flow cytometric analysis. n=4.
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Supplementary figure 2: Cell surface levels of CD80 on CD8+ T cells were not altered by the presence of PDAC spheroids
and rathe decreased due to macrophage attendance. PancTul or Panc89 cells were mono-cultured or co-cultured with either
M1- or M2-like macrophages in ultra-low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were
added to spheroids for 24 h. (A) CD80 surface expression on mono-cultured (white) or co-cultured CD8+ T cells with PancTul
(dark grey) or Panc89 (light grey) mono spheroids examined by flow cytometric analysis. n=4. Effect of M1-like (light grey) or
M2-like macrophage (dark grey) on CD80 expression of CD8+ T cells after culture with (B) PancTul co-culture spheroids or
(C) Panc89 co-culture spheroids. Data are normalized to CD8+ T cells cultured with PDAC mono spheroids. Ratio 3:1: 1.5x104
PDAC cells and 0.5x10* macrophages; ratio 1:1: 1x10* PDAC cells and 1x10* macrophages. Data are presented as MFI ratio
and denotes median fluorescence intensity ratio of specific staining antibody and its isotype control (MFIspecific/\jF|isotype),
Parametric data are depicted as mean with standard deviation in one direction. Two-way ANOVA with Dunnett’s multiple
comparison test comparing all samples with control of 1. The dashed lines mark an MFI ratio of “1”. * = p < 0.05; ** =p <
0.01. n=4.
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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) is still one of the deadliest cancers in
western countries. It is commonly diagnosed at advanced stages and most anti-cancer therapies
have failed to substantially improve prognosis of PDAC patients. PDAC is characterized by
a profound inflammatory tumor microenvironment (TME) comprising various non-neoplastic
cells e.g., myofibroblasts, macrophages, T cells and endothelial cells which can exhibit different
functional phenotypes. Furthermore, the microbiome is altered in the tumor and other body
compartments of PDAC patients adding to the great TME heterogeneity and its impact on PDAC
development, progression and therapy responses. This review summarizes the recent knowledge
on the diverse phenotypes of these different stromal components. A better understanding of tumor
cells as well as TME heterogeneity and considering tumor-suppressing and tumor-promoting
phenotypes might provide an important step towards a more effective treatment for this highly
malignant tumor.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is commonly diagnosed at advanced stages
and most anti-cancer therapies have failed to substantially improve prognosis of PDAC patients. As
a result, PDAC is still one of the deadliest tumors. Tumor heterogeneity, manifesting at multiple
levels, provides a conclusive explanation for divergent survival times and therapy responses of
PDAC patients. Besides tumor cell heterogeneity, PDAC is characterized by a pronounced inflam-
matory stroma comprising various non-neoplastic cells such as myofibroblasts, endothelial cells
and different leukocyte populations which enrich in the tumor microenvironment (TME) during
pancreatic tumorigenesis. Thus, the stromal compartment also displays a high temporal and spatial
heterogeneity accounting for diverse effects on the development, progression and therapy responses
of PDAC. Adding to this heterogeneity and the impact of the TME, the microbiome of PDAC patients
is considerably altered. Understanding this multi-level heterogeneity and considering it for the
development of novel therapeutic concepts might finally improve the dismal situation of PDAC
patients. Here, we cutline the current knowledge on PDAC cell heterogeneity focusing on different
stromal cell populations and outline their impact on PDAC progression and therapy resistance. Based
on this information, we propose some novel concepts for treatment of PDAC patients.
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1. Clinical Situation and Challenges

Pancreatic ductal adenocarcinoma (PDAC) is the 4th most frequent cause of cancer
related deaths in western countries [1]. Since 80% of PDAC are diagnosed at advanced tu-
mor stages, curative treatment options are limited. Accordingly, the overall 5-year survival
rate is still less than 10% [1]. Besides late diagnosis, an early metastatic dissemination as
well as a profound therapy resistance contribute to the clinical challenges in the treatment
of PDAC and thereby to the patient’s dismal situation [2,3].

Originating from pancreatic ductal epithelial cells (PDEC) or pancreatic acinar cells,
PDAC can develop via different precursor lesions, such as pancreatic intraepithelial neopla-
sia (PanlIN), intraductal papillary mucinous neoplasm (IPMN), mucinous cystic neoplasm,
or other lesions [4], to an invasive carcinoma with the liver being the main site of metasta-
sis [5,6]. During this multi-step progression various epi-/genetic alterations are acquired
e.g., mutations in the oncogene KRAS which is one of the earliest genetic alterations and
found in 99% of even early low-grade PanIN [7,8]. Besides genetic and epigenetic changes
in PDEC and later on PDAC cells, the adjacent microenvironment also undergoes con-
siderable alterations. These involve enrichment of different leukocyte cell populations
(e.g., monocytes, lymphocytes), activation and modification of tissue resident cells (e.g.,
fibroblasts/stellate cells, endothelial cells), remodeling of the extracellular matrix (ECM)
and changes of the microbiome [9-11]. Accordingly, composition and proportion of the
microenvironment in close vicinity to precursor/PDAC cells are highly variable as they
evolve concomitantly with PDAC progression. Furthermore, the TME is mutually de-
pendent on both environmental factors (e.g., aging, exposure to lifestyle factors) and the
(epi-)genetic make-up of PDEC and PDAC cells, respectively [12]. This indicates a dynamic
co-evolution of neoplastic and non-neoplastic cells during pancreatic tumorigenesis being
characterized and driven by a high heterogeneity of both different tumor cell clones and
stromal cell populations. PDAC is characterized by a pronounced inflammatory tumor
microenvironment (TME), which often accounts for the major tumor mass. Therefore, it is
not surprising that therapies targeting genetically related alterations (e.g., altered signaling
by mutant KRAS or sustained Epidermal Growth Factor Receptor (EGFR)-signaling caused
by EGFR overexpression) have failed to improve treatment of PDAC patients as the blocked
signaling pathways are bypassed by the stroma-mediated signaling which further sustains
the cellular processes in the transformed cells [13,14]. Similarly, chemotherapeutic regimens
have largely failed to improve the prognosis of PDAC patients because PDAC cells exhibit
multiple strategies by which they evade the effect of cytostatic drugs. Importantly, these
strategies are promoted by the stromal cells and additionally, the TME itself impairs the
drug efficacy of PDAC (e.g., by metabolization of cytostatic drugs) [15-18]. In this context,
the microbiome seems to play an important role, too. Several studies have already shown
that the gut and tumor microbiome are altered in PDAC patients, promoting tumor pro-
gression and reducing treatment responses of PDAC cells, thereby substantially impairing
survival of PDAC patients [11,19,20].

Finally, immune checkpoint inhibitors have revolutionized the treatment of various
solid tumors even at advanced stages such as non-small cell lung carcinoma but have failed
in the treatment of PDAC patients [21-23]. Besides a heterogeneous expression pattern
of the immune checkpoint regulator programmed cell death 1 ligand 1 (PD-L1) on PDAC
cells [24], another reason might be the high heterogeneity of the stromal compartment
not only with respect to PD-L1 expression, but also regarding the cellular composition
(inflamed versus non-inflamed tumors) [25,26].

Thus, experimental and clinical data strongly support the view that the failure of
current therapeutic strategies is due to an insufficient consideration of the heterogeneity of
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PDAC cells but also stromal cells. In order to improve our understanding of this hetero-
geneity, we herein outline the recent knowledge on TME diversity and its impact on PDAC
development, progression and therapy resistance. Being aware of the numerous publica-
tions in this field in recent years, we apologize for only citing a selection. Furthermore,
considering this knowledge we propose some concepts for novel therapeutic strategies to
improve prognosis of PDAC patients.

2. Heterogeneity of the Tumor Cell Compartment in PDAC

Comprehensive (single cell) omics analyses revealed a high diversity of tumors at
multiple levels, namely interpatient, intertumor and intratumor heterogeneity altogether
providing an explanation for the noticeable differences in therapy responses and survival
of cancer patients [27]. In stroma-rich PDAC, those analyses were combined with mi-
crodissection allowing a distinct investigation of tumor and stromal cells. In recent years,
mainly three studies revealed substantial insights into interpatient heterogeneity. Col-
lisson et al. classified PDAC into “classical”, “quasi-mesenchymal” and “exocrine-like”
subtypes. Besides differences in the expression profile, the classical phenotype was an
independent prognostic factor for longer overall survival of resected PDAC patients and
classical PDAC lines were more resistant towards Gemcitabine treatment than cell lines
with a quasi-mesenchymal phenotype [28].

Moffitt et al. identified two tumor cell subtypes (“basal-like” and “classical”, the
latter one overlapping with those identified by Collisson et al.) but additionally two
stromal subtypes (“normal” and “activated”). Here, patients with a tumor of the “basal-
like” subtype or exhibiting an activated stroma had a worse prognosis compared to either
corresponding subgroup. However, basal-like tumors seemed to show better responses
towards adjuvant therapy. Importantly, the normal stroma signature was associated with
high expression of genes typical for pancreatic stellate cells (PSC), while an activated
stroma signature was characterized by high expression of genes related to macrophages
and myofibroblasts, both being abundant in the PDAC stroma [29].

Finally, Bailey et al. identified four subtypes, namely “squamous”, “pancreatic pro-
genitor”, “immunogenic” and “aberrantly differentiated endocrine exocrine (ADEX)".
These subtypes clearly differed with respect to genetic and epigenetic alterations as well
as transcription profiles. Additionally, the “immunogenic” subtype was characterized by
an enrichment of different immune cell subsets and enhanced immune evasion pathways
e.g., mediated by the immune checkpoint regulators Cytotoxic T-Lymphocyte-Associated
Protein 4 (CTLA-4) and Programmed cell death protein 1 (PD-1) [30].

Extending these findings, Birnbaum et al. compared the tumor subtypes identified
by Collisson, Moffitt and Bailey and confirmed the independent prognostic value of the
classification from the latter two studies [31]. Additionally, Rashid et al. provided evidence
that a tumor classification into two subtypes (basal-like and classical) according to Moffitt
et al. exhibits the highest robustness and clinical relevance by demonstrating that basal-like
tumors showed a strong resistance to FOLFIRINOX compared to classical tumors [32].
Although all studies revealed important insights into interpatient tumor heterogeneity,
prospective trails are still needed to validate the clinical utility of this tumoral subtyping in
particular with respect to optimized treatment.

With respect to intratumor heterogeneity, it is assumed that phenotypic and genotypic
diversity of tumor cell clones within (primary and secondary) tumors originate from clonal
expansions and differentiation hierarchies according to the current model of cancer stem
cells (CSC) [33,34]. Thus, intratumor heterogeneity can occur and manifest on multiple
levels based on the expansion of tumor cell clones with different genetic (driver as well as
passenger mutations) and epigenetic alterations (hypermethylated DNA regions, histone
modifications) as well as divergent differentiation stages (CSC versus non-CSC stage).
These alterations in turn essentially contribute to different metabolic requirements (de-
pendence on glucose, lactate or glutamine) as well as phenotypic diversity within the
tumor mass resulting in e.g., proliferating versus resting, sessile versus motile/invasive
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or therapy responsive or resistant tumor cell clones [35,36]. Important to note, expansion
and evolution of certain tumor cell clones are highly dependent on the adjacent stroma
which co-evolves with the different tumor cell clones during pancreatic tumorigenesis,
applying to the primary as well as to the secondary context [37,38]. Although it can be
speculated whether the metastatic tumor stroma induces the above-mentioned epigenetic,
metabolic and thereby phenotypic alterations or selects for those clones that have acquired
these alterations before leaving the primary tumor, a fundamental role of the stromal
compartment in this heterogeneity determining process is meanwhile indisputable.

Thus, it is necessary to unravel all levels of tumor diversity and in particular stromal
cell heterogeneity (Figure 1) to gain a complete picture of PDAC complexity which has to
be considered for optimized treatment strategies.
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Figure 1. Pancreatic cancer is characterized by a high tumor and stroma heterogeneity. During
pancreatic tumorigenesis, tumor cells acquire multiple alterations resulting in a heterogeneous
pool of tumor cell clones. Along with the evolution of these divergent tumor cell clones, the
tumor microenvironment (TME) also undergoes fundamental alterations involving, (i) activation
of fibroblasts and transdifferentiation into carcinoma associated fibroblasts (CAFs) with different
phenotypes (myCAF, iCAF, apCAF), (ii) alteration of the extent and composition of the extracellular
matrix (ECM), (iii) enrichment of immunosuppressive and tumor-promoting immune cells e.g., tumor-
associated macrophages with different phenotypes (M1 TAM versus M2 TAM), anergy cytotoxic T
cells (CTL) and regulatory T cells (Treg), (iv) enrichment of pathological bacteria and extrusion of
commensal bacteria, (v) elevation of inflammatory mediators and (vi) formation of new and modified
blood vessels. Overall, this TME heterogeneity is an essential driver of PDAC development and
progression. Figure created with BioRender.com.

3. Heterogeneity of the Stromal Compartment in PDAC
3.1. Heterogeneity of Carcinoma Associated Fibroblasts

The most abundant inflammatory stroma cells in PDAC are myofibroblasts, also termed
carcinoma associated fibroblasts (CAF). CAF are abundant in primary PDAC as well as in
metastases e.g., in the liver. During cancer development, several cell types can transdifferentiate
into CAF. Besides PSC, adipocytes, monocytes, bone marrow-derived mesenchymal stem cells
and endothelial cells (EC) can give rise to CAF in the pancreas [39—43]. In the liver, the main



Appendix

Cancers 2021, 13, 4932 50f 34

source of CAF is hepatic stellate cells (HSC), with CAF also originating from hepatic sinusoidal
endothelial cells or portal mesenchymal cells [44-50].

Under physiological conditions, most pancreatic fibroblasts are a heterogeneous group
of desmin+ PSC which produce and maintain physiological levels of ECM proteins such
as collagen IV, laminin, fibronectin and glycosaminoglycans. Thereby, these cells essen-
tially contribute to the physiological pancreas homeostasis [51-56]. PSC are located at the
base of the acini and contain high amounts of vitamin A vesicles [51]. Upon activation
PSC lose these lipid vesicles and transdifferentiate into myofibroblasts, thereby increasing
their proliferative and migratory potential, suppressing pro-apoptotic gene expression
and secreting cell cycle promoting proteins [57-59]. Furthermore, myofibroblasts produce
elevated amounts of ECM proteins at an altered composition, resulting in fibrosis. This
fibrotic ECM is composed of less elastin and more fibronectin as well as crosslinked colla-
gen type [ and III [60]. Baron et al. distinguished two groups of pancreatic myofibroblasts:
The first phenotype is characterized by production of ECM, and the second phenotype,
called immune-activated PSC, exhibits and releases high expression levels of immunomod-
ulating cytokines, interleukins and chemokines (e.g., chemokine (C-X-C motif) ligand
3 (CXCL3), Interleukin-33 (IL-33), IL-2) [61]. Exposure to stressful conditions including
exogenous toxins, surgical intervention, inflammatory injury or mediators released by
immune cells [56,62,63] promotes proliferation and activation of PSC into myofibroblasts
leading to increased alpha-smooth muscle actin (x-SMA) expression. Stimuli leading to
the transdifferentiation and activation of myofibroblasts/CAF are Transforming Growth
Factor-beta (TGF-f3), Platelet-derived Growth Factor (PDGF) and IL-6 [64-67]. Meanwhile,
it is well known that CAF can exhibit different phenotypes and different CAF populations
have been discovered in recent years. In the pancreas, major subgroups are myofibroblastic
CAF (myCAF), inflammatory CAF (iCAF) and major histocompatibility complex Il (MHCII)
antigen presenting CAF (apCAF) [68]. MyCAF, which are tumor-adjacent and express
high levels of a-SMA, are activated in a TGF-$3 dependent manner [69,70]. In contrast,
iCAF are localized distant from the tumor, express low o-SMA levels and exhibit rather
tumor-promoting and immunosuppressive properties by secreting inﬂammatory cytokines,
like IL-6, CXCL12 and Granulocyte-Colony stimulating Factor (G-CSF). In contrast to my-
CAF, iCAF differentiation is stimulated by cancer-secreted IL-1 via the Januskinase-Signal
Transducer and Activator of Transcription (JAK-STAT) pathway and antagonized by TGF-§.
In vitro, PSC can differentiate into either myCAF or iCAF and even after this differentia-
tion, iCAF can transdifferentiate into tumor-suppressive myCAF [68,69]. These findings
strongly support the existence of different (functional) CAF phenotypes which seem to
be interchangeable and highly context dependent. In both murine and human tissues,
Hutton et al. recently identified two further functionally distinct pancreatic fibroblast
populations by cluster of differentiation 105 (CD105) expression. While CD105+ fibroblasts
did hardly impact tumor growth in vivo, CD105- fibroblasts promoted anti-tumor immu-
nity and suppressed tumor growth. Characteristics of the established myCAF and iCAF
populations were found in either lineage, whereas all apCAF were CD105-. In contrast to
myCAF and iCAF populations, CD105+ and CD105- pancreatic fibroblasts seemed not to
be interconvertible [71].

As outlined above, CAF are the major source of ECM in the TME. Cross-linked and ori-
ented collagens cause a stiffened matrix, which stimulates accelerated cell cycle progression
in adjacent tumor cells and thus fuels tumor growth [72]. Besides, the dense stroma acts
as a physical barrier for drugs and immune cells [69]. Neumann et al. showed that the re-
sponse to chemotherapeutic treatment (e.g., Gemcitabine, Nab-paclitaxel) is reduced when
tumor cells are directly cocultured with human CAF compared to monocultured tumor
cells [73]. Furthermore, T cells are unable to infiltrate into the dense matrix, which might
be one reason for the limited clinical success of immunotherapy in PDAC patients [74].
By compressing blood and lymphatic vessels, perfusion is impaired and the interstitial
fluid pressure increased, which induces hypoxia mediated progression and promotes
cancer invasiveness, respectively [75-78]. Hypoxia in turn selects the most malignant
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cancer cells and through hypoxia-inducible factor 1 (HIF-1) suppresses tumor suppressor
genes while promoting the metastatic cascade [79-82]. By promoting M2-like polariza-
tion in macrophages and increasing PD-L1 expression in cancer cells, tumor-associated
macrophages (TAM) and dendritic cells (DC), HIF-1 supports immunosuppression in the
TME [83-87].

Besides the ECM-mediated effects, CAF exert several direct effects on the tumor. Thus,
CAF promote an immunosuppressive TME by selecting tumor-promoting immune cells
and inhibiting tumor-suppressive ones. Hence, in a KPC mouse model, increased PD-L1
and PD-L2 expression was demonstrated on CAF compared to fibroblasts [88]. Multiple
murine and human studies showed their capability of excluding cytotoxic T cells (CTL)
from tumor islands and inhibiting T cell activity in multifaceted ways [88-91]. In a mouse
model, Feig et al. found CAF-derived CXCL12 to coat PDAC cells and protect them from
CD8+ T cell invasion [90]. Lakins et al. showed murine CAF to cross-present tumor-derived
antigens on MHC I and upon contact with CTL, induce cell death via PD-1/PD-L2 and
Fas/FasL interaction [91]. While preventing CTL functions, CAF recruit immunosuppres-
sive immune cells, such as myeloid derived suppressor cells (MDSCs) and monocytes,
and promote monocyte differentiation into M2-like macrophages via Macrophage-Colony
Stimulating Factor (M-CSF) [92-96]. MDSC-promoting factors secreted by CAF include
IL-6, Vascular Endothelial Growth Factor (VEGF) and M-CSF [97]. In PDAC, iCAF have
been identified to be the major source of these immunomodulating ligands, which might
explain their above-mentioned localization at the edge of the tumor [24,70,98-100]. Another
CAF subpopulation found in murine and human PDAC and breast cancer are apCAF [101],
which are characterized by expression of MHC Il molecules and their capability to present
antigens to CD4+ T cells. However, apCAF lack costimulatory molecules required to
promote T cell proliferation. Thus, MHC II molecules on apCAF were hypothesized to
act as decoy receptors and exert immunosuppression via induction of anergy in T cells or
transdifferentiation into regulatory T cells (Tregs) [100]. Furthermore, CAF can enhance
cell growth [102], induce Epithelial-Mesenchymal-Transition (EMT) thereby facilitating
PDAC cell dissemination and metastasis and promote an apoptosis and drug resistant
phenotype in PDAC as well as precursor cells in a paracrine manner [17,18,103,104].

The mechanisms of myofibroblasts/CAF generation and their functional impact on tu-
morigenesis apply also to HSC and the derived hepatic myofibroblasts (HMF) [105-107]. HSC
make up 5% of all liver cells and share many properties with PSC [108,109]. In the physiological
liver, HSC perform a variety of tasks to maintain organ homeostasis by paracrine secretion of
hepatocyte mitogens such as Hepatocyte Growth Factor (HGF) and Epidermal Growth Factor
(EGEF), and they store 50-80% of all retinoids in the body [110-115]. In contrast in the inflamed
liver, HMF essentially impact immune responses inducing infiltration of neutrophils and lym-
phocytes or by acting as professional antigen presenting cells (APC), while also inhibiting T
cells via the expression of PD-L1 [116-120]. In a KPC mouse model, Costa-Silva et al. [105]
demonstrated that PDAC-derived circulating exosomes are taken up by Kupffer cells inducing
TGF-f3 expression in these liver resident macrophages. TGF- in turn activates HSC to HMF
leading to an increased production of fibronectin and collagen I and I1I. This pre-metastatic niche
was shown to be crucial for the onset of PDAC metastases [105,121-124]. Recently, Bhattacharjee
et al. also identified different CAF populations in murine and human liver tissues based on
subpopulations previously characterized in pancreatic and breast cancer. Thus, most liver CAF
exhibit a myCAF-like expression profile with high collagen and «-SMA levels, while a smaller
subpopulation expresses less x-SMA, but more growth factors and cytokines, and is therefore
defined as iCAF [125]. Besides the role in immunomodulation and ECM remodeling, HSC
and HMF differentially impact cell growth of PDAC cells, thereby controlling outgrowth of
liver metastases. Accordingly, Lenk et al. showed that both murine and human HSC inhibit
PDEC and promote a dormant phenotype in an IL-8 dependent manner, while HMF promote
reawakening of the dormant stage and enhance proliferation in a VEGF dependent fashion [106].

Vi
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3.2. Approaches for Targeted Therapy of Carcinoma Associated Fibroblasts

In light of the broad impact of CAF on PDAC progression, immune modulation and
drug response, targeting CAF, CAF-derived factors or factors leading to their generation
have emerged as attractive targets for PDAC therapy (Table 1).

TGF-3, produced by CAF and being their main activator, enhances tumor progression
and dampens the immune and therapy responses [126,127]. Thus, it represents a promising
target to interfere with CAF function [128]. However, an early phase clinical trial testing the
therapeutic efficacy of pharmacological TGF-blockade with the small molecule inhibitor
Galunisertib in combination with chemotherapy for the treatment of unresectable PDAC
did not reveal convincing results [129]. Additionally, data from a phase Ib clinical trial
investigating Galunisertib in combination with the anti-PD-L1 antibody Durvalumab did
not yield clinical improvements for patients with metastatic PDAC [130]. Of note, Ozdemir
et al. showed in a PDAC mouse model that complete depletion of a-SMA+ myofibroblasts
led to enhanced tumor growth, decreased immune cell infiltration and increased number of
Treg in the TME. These findings indicate that complete depletion of CAF is not a reasonable
treatment strategy, as tumor-restraining CAF populations are eliminated, too. However,
concomitant depletion of CAF and blocking of CTLA-4 decreased tumor growth and
prolonged survival of PDAC bearing mice [131].

Furthermore, it has been shown that tumor derived ligands of the Sonic Hedgehog
(Shh) signaling system leads to activation of stellate cells into CAF [132]. Based on this
finding, Shh inhibitors were tested in preclinical and clinical trials to improve PDAC
treatment. However, depletion or pharmacological inhibition of Shh reduced stroma
formation but accelerated tumor growth of tumor bearing KPC mice [133]. In line with
this finding, combined treatment of metastatic PDAC patients with Gemcitabine and
Shh inhibitors, targeting the signal transducing component Smoothened (SMO), showed
no superior effect compared to Gemcitabine monotherapy [134]. Another clinical trial
investigated the efficacy of the SMO inhibitor Saridegib (IPI-926) in combination with
FOLFIRINOKX for treatment of patients with advanced PDAC demonstrating an antitumor
activity along with acceptable safety [135]. However, since a study demonstrated that
patients being treated with IPI-926 in combination with Gemcitabine showed even shorter
survival times than patients treated with Gemcitabine alone, this study was terminated
prematurely (see Infinity Pharmaceuticals company website) and other trials investigating
the therapeutic efficacy of Hh inhibitors were withdrawn or stopped.

Due to the tumor boosting effect, achieved by depleting the entire CAF population,
recent research has rather focused on stromal reprogramming than on stroma depletion by
e.g., reversal of CAF activation or shifting the CAF populations. Since activated myofibrob-
lasts can be reversed into a quiescent phenotype by retinoic acid [136], all-trans retinoic
acid (ATRA) has been used for myofibroblast reversal. Thus, ATRA treatment of tumor
bearing KPC mice resulted in an enhanced CTL infiltration in the tumor tissue, which was
explained by reduced secretion of the chemokine CXCL12 by reverted stellate cells [88]. An-
other strategy aiming at a stromal (CAF) reprogramming is the treatment with Calcipotriol,
which is a derivative of vitamin D. The vitamin D receptor itself is a transcriptional factor
suppressing the activation of PSC. Treatment with Calcipotriol led to stroma remodeling
and combined treatment with Gemcitabine reduced tumor growth and increased overall
survival of PDAC bearing mice [137]. Recently, Biffi et al. demonstrated a phenotypic shift
from tumor-promoting iCAF to tumor suppressive myCAF by JAK inhibition, which was
associated with reduced tumor growth and increased collagen deposition in tumor bearing
KPC mice, further impairing drug penetration into the tumor stroma [70]. This was also
seen in clinical trials where the combination of a JAK inhibitor and chemotherapy did not
prolong the overall survival [138].

Taken together, CAF represent a heterogeneous cell population in the TME of PDAC
at the primary site as well as in metastases exerting diverse functions on other stromal cells
(immune cells, EC) and PDAC cells. Importantly, CAF and their quiescent/non-activated
counterpart, the stellate cells may exert tumor-restraining functions, which have been

vii
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taken into consideration for the development of stroma-targeted therapeutic strategies to
improve PDAC treatment.

Table 1. Overview of the cited therapeutic approaches targeting carcinoma associated fibroblasts (CAF).

Study System Targeting Strategy Reference

Preclinical studies

PKT mouse model Myofibroblast depletion by Ganciclovir [131]

Myofibroblast depletion by Ganciclovir +

EbT rouseanodel anti-CTLA-4 antibody

[131]

KPC mouse model Depletion or pharmacological inhibition of Shh [133]
KPC mouse model Myofibroblast reversal by ATRA [88]
KPC mouse model Vitamin D derivative Calcipotriol + Gemcitabine [137]
KPC mouse model Phenotype shift by JAK inhibitor (AZD1480) [70]
Clinical trials
Phase 1b/2 clinical trial TGF-f blockade by Galusertinib + Gemcitabine [129]

TGF-p blockade by Galusertinib + PD-L1

Phase 1b clinical trial antibody Durvalumab

Phase 1b/2 clinical trial Shh blockade by Vismodegib + Gemcitabine [134]
o : SMO inhibition by Saridegib (IPI-926) + S
Phase 1 clinical trial FOLFIRINOX [135]

JAK1/JAK2 inhibition by Ruxolitinib +

Phase 3 clinical trial Capecitabine

3.3. Heterogeneity of Macrophages

Besides CAF, macrophages are also found in high numbers in many tumor entities
representing the most abundant leucocyte population in the TME [139], also applying to
PDAC [140]. Other, but less abundant, myeloid cell populations in PDAC are DC and
MDSC. Tjomsland et al. showed that increased numbers of DC in the peripheral blood are
associated with a better survival in PDAC patients [141]. However, most human PDAC
specimens are characterized by low numbers of DC [142] and even if DC are present,
they are mostly located at the tumor margins [142], a finding which could be similarly
found in a modified KPC mouse model [143]. DC comprise a variety of subtypes including
conventional and plasmacytoid DC exhibiting distinct phenotypes [144]. Of note, DC are
key APC for the activation of T cells. Accordingly, these cells essentially determine the
efficacy of anti-tumor immunosurveillance and immunotherapeutic treatment strategies,
such as immune checkpoint inhibition and vaccinations. As described for other stromal cell
populations, also MDSC can exhibit different phenotypes. In humans, three major MDSC
subsets were identified: polymorphonuclear (PMN)-MDSCs, monocytic (M)-MDSCs and
“early-stage MDSCs” (e-MDSC) [145]. Trovato et al. demonstrated that the MDSC frequency
in PDAC was significantly correlated with overall survival and metastatic disease in PDAC
patients, but only in some patients the immunosuppressive activity of purified MSDC
was detectable. However, this finding was ascribed only to the monocytic subset [146].
One reason for the activity and expansion of MDSC in PDAC seems to be CD200, a
regulator of myeloid cell activity, which is expressed in the PDAC TME. Choueiry et al.
showed that MDSC isolated from human PDAC tissues express elevated levels of the
CD200 receptor, by which CD200 can activate MDSC. Additionally, they found in a mouse
model that the CD200 blockade impaired tumor progression and enhanced the efficacy of
PD-1 immune checkpoint inhibition [147] supporting the immunosuppressive nature of
these cells. Besides, it was shown that MDSC decrease T cell proliferation and lead to an
enhanced apoptosis of activated T cells [148]. However, the exact mechanisms by which

viii
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MDSC exert their immunosuppressive functions are still not fully elucidated and we refer
to other excellent reviews on this cell type [149].

Owing to their prominent abundance in PDAC, we will focus in the following text
mainly on the recent knowledge on TAM. TAM mainly originate from tissue resident
macrophages or from blood derived monocytes which infiltrate into the injured tissue (e.g.,
due to cell infection or otherwise induced cell damage). Ontogeny studies in a murine
PDAC model revealed that monocyte-derived TAM acquire functions such as antigen
presentation, whereas embryonically-derived TAM show a more pro-fibrotic transcrip-
tional profile indicating their role in ECM production and relating the origin of TAM to
distinct functional phenotypes [150]. Importantly, in dependence on the environmental
factors, monocytes/macrophages acquire different phenotypes exerting distinct functional
effects. According to a simplified model, macrophages can differentiate into M1- and
M2-macrophages. While interferon-gamma (IFN-y) and bacterial lipopolysaccharide (LPS)
promote polarization of pro-inflammatory M1-macrophages, IL-4, IL-13, IL-10 and TGF-f3
foster an anti-inflammatory M2-phenotype in humans [151-153]. Thus, the composition
of the TME (e.g., oxygen level, amount and type of other stromal or tumor cells) impacts
phenotype and effector function of macrophages and promotes the switch from one type
to another, a process which also occurs under physiological conditions [154]. As outlined
above, CAF promote an immunosuppressive environment e.g., via CXCL12 and M-CSF
secretion thereby recruiting monocytes and promoting the accumulation of M2-polarized
macrophages [90,155,156]. Moreover, a hypoxic TME provokes an M2-polarization, while
an oxygen enriched microenvironment drives M1-polarization [83]. In a murine PDAC
model, PDAC cell derived small extracellular vesicles (sEV) covered with Ezrin were shown
to foster a polarization towards an M2-phenotype and supporting metastasis formation
in the liver [157]. Studies in another PDAC mouse model showed that uptake of PDAC-
derived exosomes by Kupffer cells contributes to formation of a pre-metastatic niche in
the liver involving the recruitment of bone marrow-derived macrophages [105]. Granulin,
expressed by circulating monocytes and hepatic metastasis-associated macrophages, leads
to activation of HSC into HMF thereby promoting liver metastasis formation [158]. Thus,
CAF and TAM maintain a vicious stimulatory cycle that sustains and further fuels itself,
contributing to a tumor-promoting TME.

M1-macrophages secrete different pro-inflammatory cytokines such as IL-12, IL-23
and express elevated levels of B7 family members (B7-1, B7-2) and MHC II for appropriate
activation of a TH1 response by which these cells foster anti-tumor effects [159]. In contrast,
M2-macrophages secrete anti-inflammatory cytokines such as IL-10, TGF-p and others to
prevent T cells from effectively exerting their anti-tumor functions [160].

Although the frequency and phenotype of macrophages are subject to high dynamic
variation of the pancreatic microenvironment during tumorigenesis [140], TAM in PDAC
predominantly exhibit M2-characteristics. These are associated with diverse pro-tumoral
effects including promotion of tumorigenesis, immunosuppression, metastasis acceleration
and chemotherapeutic resistance [159]. In primary PDAC, a high infiltration of macrophages,
particularly CD163+ macrophages, is observed [24,140,161-163], indicating an M2-type which
has been associated with a poor prognosis and decreased survival [162-165]. Additionally,
the number of TAM is inversely associated with the maturity of the tumor stroma, as an
immature (highly cellular and collagen poor) stroma correlates with an increased the number of
TAM [163]. As M2-macrophages secrete a plethora of growth factors, cytokines and chemokines
(e.g., IL-10, IL-6, Tumor Necrosis Factor-alpha (TNF-«), TGF-f3, chemokine (C-C motif) ligand 20
(CCL20)), they are potent inducers of the EMT [161,166]. Furthermore, PDAC tumor growth and
metastasis formation are dependent on phosphatidylinositol 3-kinases (PI3Ky) expression in
macrophages [167]. Of note, TAM can co-exist as M1- or M2-macrophages or also intermediate
forms in the TME which are associated with anti- or pro-tumoral functions [168]. Accordingly,
Helm et al. could demonstrate that human PDAC-derived TAM can exhibit both M1- and
M2-properties and that also M1-macrophages are able to increase migratory and invasive
abilities of PDAC cells [161,168]. In line with these findings, Chen et al. showed that M2-
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polarized macrophages cause inflammation via IL-1p release. This increased IL-1p release in
turn promotes EMT induction and thereby formation of metastases in an orthotropic PDAC
mouse model [169].

Macrophages also contribute to apoptosis and therapy resistance of PDAC. Buchholz
et al. showed that murine and human macrophages can rapidly metabolize and inactivate
the chemotherapeutic drug Gemcitabine resulting in profound therapy resistance [15].
Another study could show that murine bone marrow derived macrophages when exposed
to PDAC cells release pyrimidine species, among others deoxycytidine, which inhibits gem-
citabine through molecular competition representing another mechanism of macrophage
mediated chemoresistance [170]. Liu et al. suggest that macrophages contribute to im-
munosuppression and failure of immunotherapies by demonstrating an accumulation
of MDSC and M2-polarized TAM in tumoral lesions of different PDAC mouse models
which is accompanied by a reduction of CTL and T helper cells. Besides, the number of
M2-macrophages increased after application of Gemcitabine in this model system, which
could be another mechanism for drug resistance [171]. Weizman et al. identified in hu-
mans another TAM-mediated mechanism of chemoresistance via upregulation of cytidine
deaminase (CDA) which leads to reduction of Gemcitabine-induced apoptosis. CDA is
the enzyme which transports chemotherapeutics into cells and is responsible for their
metabolization [172]. Using a genetic mouse model, Binenbaum et al. revealed that TAM
communicate with cancer cells via so called macrophage-derived exosomes which are in-
ternalized by cancer cells leading to reduced Gemcitabine concentrations by upregulation
of CDA in the PDAC cells [173]. Moreover, tumor-derived exosomes can be taken up by
human and murine macrophages, thereby increasing expression of the immune checkpoint
molecule PD-L1 on these cells and promoting macrophage-mediated immune suppression.
Uptake of tumor-derived exosomes also alters the cytokine secretion (IL-6, IL-1f3, IL-10 and
TNFe) of macrophages thereby facilitating several pro-tumoral functions [174].

3.4. Approaches for Targeted Therapy of Macrophages

As macrophages exert diverse pro-tumoral effects e.g., promoting an immunosuppres-
sive TME and drug resistance, these stromal cells have been qualified as a reasonable target
for cancer therapy (Table 2). Accordingly, several preclinical and clinical trials targeting
macrophages have been conducted. One approach to simultaneously harness multiple im-
mune cell types including macrophages against cancer cells is the treatment with CD40 ag-
onists [175]. CD40 is a cell surface receptor primarily expressed by B cells, DC and myeloid
cells including macrophages. Through interaction with its ligand CD40L (expressed on
CD4+ T cells), CD40 is activated. This activation results in various physiological effects
including increased expression of MHC Il and T cell costimulatory receptors on its target
cells [175,176]. Consequently, antigen presentation and CTL activation are promoted. More-
over, in the KPC mouse model, CD40 agonist treatment resulted in macrophage activation
with increased expression of matrix metalloproteinases. Via this mechanism, macrophages
reduced the pronounced PDAC-associated desmoplasia [177]. Recently, macrophage-
mediated stroma depletion and reprogramming towards an M2-phenotype were confirmed
for human PDAC by translational data obtained from a clinical trial that assessed the CD40
agonist Selicrelumab [178]. Moreover, in a PDAC mouse model, CD40 agonists synergized
with checkpoint inhibitors [179]. Whilst early clinical trials suggested a positive clinical
effect of CD40 agonist monotherapy or combination with Nivolumab [177,180], this could
not be confirmed in phase 1l clinical trials [181]. However, multiple clinical trials evaluating
CD40 agonists for the treatment of PDAC in combination with chemotherapeutic or tar-
geted agents are ongoing (NCT03214250; NCT04536077; NCT04807972; NCT04888312) and
may yield more promising results. Furthermore, the combination of an anti-PD-1 antibody
with Gemcitabine showed a beneficial effect in a murine PDAC liver metastasis model,
which was explained by an increase of M1-macrophages and a THI response [182].
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Table 2. Overview of the cited therapeutic approaches targeting macrophages.

Study System Targeting Strategy Reference

Preclinical studies

CD40 agonist treatment by

KPC mice CP-870,893 [177]
g CD11b agonist treatment by
KPC mice ADH-503 [183]
C57BL/6 mice including Batf3 KO, CD40 agonist treatment by FGK45
CD40 KO, MyD88 KO, STING KO combined with anti-PD-1 by RMP1-14 [179]
and [FNAR KO and/or anti-CTLA-4 by 9H10
Clinical studies
o . CD40 agonist treatment by =
Phasel clinical trial Galicraliimab [178]
CD40 agonist treatment by
L . Sotigalimab in monotherapy or in ;
Risase el el combination with PD-1 blockade by [180]
Nivolumab
CD40 agonist treatment by
o ; Sotigalimab in monotherapy or in
Phase 2 clinical trial combination with PD-1 blockade by [l
Nivolumab
CD40 agonist treatment by
Sotigalimab in combination with
.. . PD-1 blockade (Nivolumab) +
Phase 1b/2 clinical trial Gemcitabine + Nab-Paclitaxel, or NCT03214250
Sotigalimab + Gemcitabine +
Nab-Paclitaxel.
Addition of recombinant fms-like
Phase 2 clinical trial tyrosine kinase 3 (Ft-3) ligand NCTO04536077

(CDX-301) to the CD40 agonistic
antibody (CDX-1140)

modified FOLFIRINOX (mFFX)
Phase 2 clinical trial combined with ABBV-927 with or NCT04807972
without Budigalimab

CD40 agonist Mitazalimab in
Phase 1b/2 clinical trial combination with modified NCT04888312
FOLFIRINOX

Since specific targeting of macrophages spares other immunosuppressive monocytic
cell populations which may impair the therapeutic efficacy, targeting of the integrin
CD11b/CD18 which highly expressed on several myeloid cell subsets has been suggested
as a promising strategy for PDAC treatment. Using the CD11b small-molecule agonist
(ADH-503) in KPC mice, a partial activation of CD11b along with TAM repolarization
was observed. In addition, increased numbers of immunosuppressive myeloid cells in
tumor tissues were observed as well as enhanced dendritic cell activity. Thus, this strategy
targeting multiple immunosuppressive myeloid cells led to an improved antitumor T cell
response which might be even more effective in combination with immune checkpoint
inhibitors [183].

However, to date no convincing strategies targeting macrophages have been elabo-
rated and implemented in treatment of PDAC patients. One explanation might be that as
demonstrated for CAF, macrophages represent a heterogeneous cell population exerting
highly context-dependent pro- and anti-tumoral effects. Thus, this dynamic phenotype

Xi



Appendix

Cancers 2021, 13, 4932 12 of 34

switching, which also seemed to be influenced by the different therapeutic strategies, have
to be considered in an effective and sustainable anti-tumor therapy of PDAC patients.

3.5. Heterogeneity of T Cells

Although we focus on T lymphocytes in this article, we want to briefly mention
the other group of lymphocytes, namely the B cells. The role of B cells in PDAC is
still controversially discussed but in general, B cells are described to be rather tumor
promoting. Thus, Pylayeva-Gupta et al. showed that B cells secrete IL-35, which promotes
the proliferation of tumor cells [184]. Furthermore, coculture of B cells isolated from
PDAC patients enhanced the production of collagen by fibroblasts, resulting in ECM
remodeling [185]. In a mouse model, it was shown that B cells are recruited by the B cell
chemoattractant CXCL13 already during PanIN formation. Similarly, accumulation of B
cells was also observed in PanIN lesions in PDAC patients [184,185]. Overall, there are not
a lot of studies focusing on B cells in PDAC but it might be useful to investigate further on
B cells in order to understand the complex microenvironment better.

Besides diverse CAF and macrophage phenotypes, different T cell populations can be
found in the TME of the primary tumor and metastases in PDAC patients. Owing to their
different effector phenotypes, T cells essentially impact the process of tumor and metastases
formation in several ways. In general, an increase of immunosuppressive (T) cells can be
observed during PDAC development, while tumor directed immune functions are impaired
and/or even lost [140,186,187]. Key players of the immune response against tumor cells
are CD8+ CTL. Accordingly, several studies showed that a high tumor infiltration of CD8+
CTL is associated with a longer overall survival of PDAC patients [188-191].

Rahn et al. showed in human PDAC tissues that CTL are predominantly present in
the TME and less in close proximity to PDAC cells [24]. One reason for this can be seen in
the desmoplastic stroma containing the ECM which acts as a physical barrier for immune
cells and in particular CTL [69,192]. Similar findings were reported on liver metastases.
Accordingly, in a KPC mouse model small metastatic lesions in the liver show a high CD8+
T cell infiltration compared to large metastatic lesions. Furthermore, in small lesions CD8+
T cells express CD6Y and no PD-1, indicating that these CTL still exhibit their effector
phenotype, while in large metastatic lesions CTL express PD-1 but no CDé9, indicating
T cell exhaustion [193]. Importantly, this exhausted state is characterized by elevated
expression of inhibitory receptors (PD-1, CTLA-4 and T cell immunoglobulin domain
and mucin domain-3 (TIM-3)), decreased production of cytotoxic molecules (perforin,
granzyme A/B and granulysin), decreased production of chemokines (TNF-o and IFN-y)
and higher CTL apoptosis [194,195]. For optimal CTL survival and effector function, CD4+
T helper cells are pivotal. In line with this finding, a high tumor infiltration of CD8+ CTL
together with CD4+ T cells correlate with a better prognosis for PDAC patients [188,189].
CD4+ T cells are another very heterogeneous T cell population, as they can differentiate
into divergent subsets (TH1, TH2, TH17 and Treg). The differentiation of THO helper cells
into different subsets is dependent on cytokines (IL-12, IL-4, TGFp, IL-6 and IL-2) in the
microenvironment [196]. The different subsets are characterized by expression of distinct
cytokines and therefore show divergent impacts on all cells in the TME. Similar to CAF
and macrophages, the effects can be either tumor-promoting or tumor-suppressing.

THI1 cells are regarded as tumor-suppressing as they exert various immune response
activating functions e.g., they release IFNy, which promotes recruitment of CTL, M1-
macrophages and Natural Killer (NK) cells, and IL-2 which activates CTL [197,198]. On the
other hand, IFNy also induces PD-L1 expression on tumor cells, T cells, myofibroblasts
and macrophages, thereby supporting CTL inhibition and immune escape in PDAC [199].

However, PDAC cells and the TME rather promote differentiation of TH2 cells which
are regarded as immune-suppressing and thereby tumor-promoting [200], mainly because
of the release of cytokines like IL-4, IL-5, IL-6, IL-10 and IL-13 [187]. IL-4 and IL-10 foster
the differentiation of monocytes into M2-macrophages [201], IL-4 and IL-13 trigger the
collagen synthesis in myofibroblasts thereby contributing to ECM remodeling [202] and
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IL-13 has been shown to enhance growth of PDAC cells [203]. Accordingly, elevated levels
of TH2 cytokines can be detected in plasma samples [187] and the TME of PDAC patients
comprises higher numbers of TH2 cells compared to TH1 cells [204]. Moreover, high
plasma levels of TH2 cytokines in patients with resectable PDAC are associated with a
shorter survival [205].

Furthermore, human PDAC tissues contain higher numbers of TH17 cells compared
to normal pancreatic tissue, which is associated with a shorter median survival of PDAC
patients [206]. TH17 cells are regarded mainly as tumor-promoting because this T cell
subset is characterized by elevated release of IL-17, IL-21 and IL-22 [197]. Importantly,
IL-17 has been shown to enhance initiation and progression of PanIN in a murine PanIN
model, thus being a trigger in early pancreatic tumorigenesis [207].

Another important immunosuppressive cell population in PDAC tissues are Treg.
Especially in human PDAC, Tregs are mostly located in the stroma and only rarely in
the epithelial layer of pancreatic ducts. Furthermore, Hiraoka et al. demonstrated a
significant increase in the number of Treg during progression from low grade PanIN to an
invasive PDAC. Additionally, a high prevalence of Treg in PDAC is significantly correlated
with distant metastases, advanced tumor stage and high tumor grade as well as poorer
prognosis [208,209]. The mechanisms by which Treg enrich in human and murine PDAC
can be diverse e.g., tumor associated Treg can derive from peripheral Treg recruitment,
expansion of tissue resident Treg, differentiation from local naive T cells or conversion of
conventional T cells [210]. Here, tumor- or CAF derived TGF-B can induce conversion
of CD4+ CD25- T cells into Treg [211,212]. It was also shown that Forkhead box protein
3 (FoxP3) expressing tumor cells recruit Treg by directly trans-activating CCL5 [213].
Yang et al. observed a correlation of highly expressed secreted frizzled-related protein 4
(SFRP4) and Treg infiltration in tumors of KPC mice and PDAC patients [214]. Shen et al.
speculated that PDAC cell-derived sEVs induce an enrichment of human FoxP’3+ Treg and
further an overexpression of immune checkpoint molecules PD-1, PD-L1, CTLA-4 and
TIM-3 as well as an enrichment of FoxP3+ Treg [215]. Finally, L1 cell adhesion molecule
(LICAM) expression in the pancreatic ductal epithelium was shown to promote enrichment
of human Treg in PDAC by e.g., enhancing migration of Treg, decreasing proliferation
of CD4+ effector T cells and promoting conversion into a CD4+CD25-CD69+ regulatory
T cell phenotype [216]. Moreover, these CD4+CD25-CD69+ Treg are detectable at high
numbers in human PDAC tissues and correlate with nodal invasion and higher grading
in PDAC patients [216]. One mechanism by which Treg suppress the anti-tumor response
is by interaction of CTLA-4 with CD80/CD86 on DC leading to a reduced expression of
MHC class II, CD40 and CD86 molecules, all being important for Treg maturation and
activation. Besides, tumor-associated DC express Indolamine-pyrrole 2,3-dioxygenase
(IDO), which suppress T cell responses and promote immune tolerance [217]. Moreover,
Treg crosstalk with and are dependent on MDSCs as in a PDAC mouse model, depletion
of MDSC led to a reduced recruitment and/or induction of Treg in pancreatic tumors
and development/expansion of Treg seems to require a direct cell-cell interaction with
MDSC [148]. Furthermore, TGF-p is not only a trigger for Treg development but also
production of reactive oxygen species (ROS) by these cells contributing to oxidative stress
in the TME [218].

Finally, v8 T cells represent a promising tumor-suppressive T cell population because
of their ability to recognize antigens in an MHC-independent manner, to present antigens
to CD3+ P T cells as well as their phagocytic properties. y& T cells have a prevalence
of 1-10% in the blood [219]. In human PDAC tissues, v T cells are mainly found in the
tumor stroma or adjacent to or within ductal epithelium [220]. v5 T cell infiltration can be
promoted by CAF derived CXCL12 [221,222]. However, the presence of v T cells is not
sufficient to exert potent anti-tumor responses, because it has been shown that Galectin-3
which is expressed on PDAC cells but also «f3- and v T cells, inhibits T cell proliferation
and is thus regarded as an intrinsic tumor escape mechanism [223,224]. Furthermore,
kynurenine, a downstream metabolite of IDO, was identified as an inhibitor of yo T cell
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cytotoxicity and proliferation in PDAC [225]. However, Daley et al. showed thatyd T cells
can inhibit o3 T cell activation via checkpoint receptor ligation leading to suppression
of CD4+ and CD8+ T cells and acquisition of an activated CD44+CD62L- phenotype.
Additionally, y& T cells were shown to decrease TNF-« expression of «f3 T cells in vitro.
Importantly, these processes can be reversed by PD-L1 blockade suggesting that y& T cells
are important modulators of a checkpoint receptor-dependent immunosuppression and
pinpoint also to a tumor-suppressing role of these cells in PDAC [226].

First attempts have been undertaken to consider this T cell heterogeneity to provide
a rationale for patient stratification and optimized treatment choice. Depending on the
number of infiltrating lymphocytes, tumors have been categorized into immunological
subtypes: T cell inflamed (“hot tumors”) or non-T cell inflamed (“cold tumors”). Owing
to the low T cell infiltration especially of CD8+ CTL, PDAC is mostly characterized as a
cold tumor [227]. Importantly, immunotherapies are often not effective in “cold” tumors
explaining their common failure in PDAC [25,228].

3.6. Approaches for Targeted Therapy of T Cells

Since single agent immunotherapy with cancer vaccines or immune checkpoint in-
hibitors has failed so far in clinical trials [21,22,229,230], multi-agent combinations and
combinations with radiotherapy have been evaluated as treatment option for PDAC. In
order to boost T cell responses against cancer cells, combinations of two checkpoint in-
hibitors (Durvalumab and Tremelimumab) targeting the CTLA-4 and PD-1/PDL-1 axes
have been evaluated [231,232]. Moreover, clinical trials were designed to assess combina-
tions of cancer vaccines (e.g., GVAX and CRS-207) and checkpoint inhibitors or checkpoint
inhibitors with oncolytic viruses (Pelareorep) or chemokine receptor inhibitors (BL-8040)
based on promising preclinical data [233-236]. To date these approaches have not yielded
relevant clinical improvements for PDAC patients. However, a high number of clinical
trials investigating innovative immune checkpoint inhibitor-based combinations (e.g., with
IL-6 antagonists (NCT04258150), agonists of stimulator of interferon genes (NCT03010176)
and kinase inhibitors (NCT04820179) are underway.

As outlined above, vd T cells represent an attractive effector T cell population for
cancer therapy as they recognize antigens and kill target cells MHC independently. Thus,
bispecific Abs binding CD3 or Vy9 on y& T cells and HER2 /neu on PDAC cells enhanced
the cytotoxicity of ¥ T cells via granzyme B and perforin release and led to a reduced
tumor growth in a subcutaneous PDAC Xenograft model [219]. Furthermore, the tribody
[(HER2)2xCD16] activated human y5 T cells and NK cells to lyse HER2 expressing PDAC
cells via granzyme B release [237]. Additionally, monitoring of v& T cells subpopulations
in PDAC patient’s blood and determination of their cytotoxicity can also help to optimize
¥ T cell-based immunotherapy [238].

Depleting Treg could also be an option to improve PDAC therapy. As Treg express
CCRS5, a current phasel/2 clinical trial investigates the therapeutic efficacy of CCR2 and
CCR5 inhibitors in advanced PDAC with the aim to reduce Treg, MDSC and M2-polarized
TAM and to increase anti-tumor immunity [209]. The bispecific antibody ATOR-1015
[CTLA-4xOX40] induced CD8+ T cell activation and Treg depletion in several syngeneic
tumor models including a PDAC model, thereby resulting in a tumor-specific and long-
term immunological memory. Furthermore, ATOR-1015 enhanced the response to PD-1
blockade, thus providing a reasonable combination with PD-L1 inhibitors [239]. However,
depletion of the entire Treg population might bear the risk for the development of autoim-
munity. Additionally, preclinical studies in a PDAC mouse model demonstrated that Treg
depletion does not lead to diminished immunosuppressive activity and accelerates tumor
growth. Since Tregs release high amounts TGF-p, Treg depletion resulted in a reduced
TGF-p levels by which in turn tumor-restraining «-SMA+ CAF were reprogramed into
iCAFs. Furthermore, increased numbers of myeloid cells were observed in the tumors
indicating that specific targeting of this particular T cell population essentially alters the
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stroma cell dynamics in the TME by which unexpected tumor promoting effects might be
induced [240].

In summary, PDAC-associated T cells are characterized by a great diversity exempli-
fied by their abundance (high versus low numbers), spatial localization (in close proximity
to tumor cells versus located in the TME) and effector phenotype (activated versus an-
ergy/exhausted). Adding to this huge complexity, distinct T cell populations exert both
tumor-promoting and tumor-suppressing functions. Importantly, the immunological TME
composition and overall immunity in a tumor and patient, respectively, seem to be highly
dependent on a variety of host intrinsic (e.g., genetics) and extrinsic factors (e.g., exposure
to pathogens or environmental factors) [241] defining the above-mentioned parameters
which have to be considered for an effective anti-PDAC therapy.

3.7. Heterogeneity of Endothelial Cells

In general, human PDAC tissues exhibit a high microvascular density and poorly
perfused blood vessels, the latter showing a heterogeneous distribution pattern in PDAC
subtypes [242,243]. Moreover, a high microvascular density along with a diminished
integrity of these microvessels is associated with disease progression and poorer survival
in PDAC patients [244]. This immature vasculature and the high intratumoral pressure
in PDAC due to the pronounced desmoplastic stroma results in an irregular as well as
disorganized tubular architecture. Murine and human studies revealed that this in turn
impairs drug delivery, suppresses lymphocyte infiltration and increases hypoxia within
the tumor mass [133,245-247]. In general, blood vessels support tumor growth by enabling
influx of nutrients and oxygen. In addition, EC also affect tumor cells, stromal cells in the
TME and therapy responses [248-250].

Tumor angiogenesis is induced by proangiogenic factors such as VEGF released
by tumor and stromal cells [251]. Upon this “endothelial cell activation”, changes in
the gene expression profile and phenotypes of EC occur by which these cells exert their
pleiotropic effects in the tumor [252,253]. Thus, increased expression levels of Vascular
Endothelial Growth Factor Receptor (VEGF-R), EGF-R and diverse cell adhesion molecules
(e.g., Intercellular Adhesion Molecule (ICAM), Vascular Cell Adhesion Molecule (VCAM),
E-selectin) as well as an increased secretion of cytokines (e.g., IL-8) are observed in activated
EC or tumor associated endothelial cells (TEC). These alterations essentially contribute to
tumor inflammation and immune evasion in human as well as in murine tumors [254-260].
Thus, human derived material as well as murine xenografts revealed that TEC are not only
morphologically distinct from their physiological counterparts, but also exhibit diverse
genetic and phenotypic alterations by which these cells impact tumor development and
progression as well as therapy responses. Furthermore, TEC can undergo Endothelial-
Mesenchymal-Transition thereby giving rise to CAF and contributing to CAF enrichment
in PDAC. In humans, this process seems to be mediated by inflammatory factors such as
TNF-a [261-263].

Furthermore, Issa et al. demonstrated that upregulation of LICAM expression on
human PDAC-derived TEC increase adhesion and transmigration of PDAC cells to and
through the PDAC-derived endothelium, thereby facilitating PDAC metastasis [264]. Sano
et al. described that elevated expression of VCAM-1 on TEC promotes progression of
PDAC as well as PanIN in a genetically engineered mouse model, but also increases the
incidence of cancer-associated thrombosis in mice and patients, which is known as a poor
prognostic factor in PDAC. Moreover, this is accompanied by an increased infiltration
of immunosuppressive leucocytes into the tumor tissues. Blocking VCAM-1 reduces the
number of thrombotic/thromboembolic events as well as infiltration of TAM and tumeor-
associated neutrophils and prolonged overall survival of treated mice [265]. In line with
these findings, PDAC-derived TEC exhibit an enhanced expression of distinct adhesion
molecules (e.g., E-selectin, ICAM-1, VCAM-1, Mucosal vascular address in cell adhesion
molecule 1 (MAdACAM-1)) compared to EC from healthy pancreas. These PDAC-derived EC
promote transendothelial migration of Treg thereby contributing to the immunosuppressive
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TME in human as well as murine PDAC [266]. In contrast, downregulation of these
adhesion molecules (e.g., ICAM-1/2, VCAM-1, MAdCAM-1, E-selectin) on TEC leads to a
decreased infiltration of putative tumor-directed lymphocytes into the TME [209,267].

3.8. Approaches for Targeted Therapy of Endothelinl Cells/Angiogenesis

Overall, these data indicate that TEC can exhibit different phenotypes and functions
compared to their physiological counterpart, which is dependent on the tumor entity and
TME composition e.g., the amount of macrophages which are a main source of VEGE
Importantly, the aberrant morphology of TEC and their altered expression profile of
adhesion molecules are essential determinants for various malignancy-associated processes,
such as immune evasion and drug resistance in PDAC patients [268]. Accordingly, TEC and
angiogenesis, the latter being a hallmark of cancer, have been identified as promising targets
for cancer therapy and many anti-angiogenic strategies have meanwhile been approved for
the treatment of a variety of cancer entities. Demonstrated in preclinical and clinical studies,
those strategies primarily aim at the inhibition of angiogenesis, thereby reducing nutrient
supply and deactivating EC on the one hand [269-272] and normalizing the vasculature to
improve drug delivery and immune cell access into the TME on the other hand [273-276].
Two commonly used anti-angiogenic drugs are Bevacizumab and Aflibercept, both binding
to VEGF and Aflibercept additionally binding to Placenta-derived Growth Factor (PGF).
In addition, tyrosine kinase inhibitors (such as Sunitinib, Sorafenib, Pazopanib) that target
VEGEF-R2 e.g., expressed by TEC [277] are also FDA approved for anti-angiogenic cancer
therapy. However, the above-mentioned strategies still fail to significantly improve overall
or progression free survival of PDAC patients [278,279].

Accordingly, intensive research efforts are ongoing to identify predictive markers that
allow for rational patient stratification in order to select the optimal therapeutic strategy
to specifically target the aberrant vasculature in PDAC [280]. Considering the pleiotropic
effects of TEC in PDAC, TEC targeting may be more effective in combination with e.g.,
immune checkpoint inhibitors or modified drugs (e.g., encapsulated forms) to optimize
treatment strategies. Furthermore, more studies are required investigating the optimal
timing for anti-angiogenetic therapies (particularly in combination with other therapies) in
order to exert the maximum effect.

3.9. Heterogeneity of the Microbiome

In recent years compelling evidence has emerged that not only the TME but also
the microbiome is altered in PDAC patients—in the tumor as well as in other body com-
partments. Experimental data support the view that the altered microbiome is not just
a surrogate of the disease but rather essentially impacts development, progression and
therapy responses of PDAC [11,19,20]. Miller et al. also identified an influence of the
microbiome on the TME, thereby promoting PDAC development and explaining reduced
therapeutic efficacy of several agents. Hence, ablation of the microbiome was shown to
prevent PDAC in preclinical studies [281].

It is still not fully understood how bacteria, detectable in PDAC tissues, enter the
pancreas. Potential mechanisms include the oral route or translocation from the lower
gastrointestinal tract through the portal circulation or mesenteric lymph nodes [282]. Thus,
it has been shown that human cystic pancreatic precursor lesions contain Fusobacterium
nucleatum and Granulicatella adiacens, both bacterial populations commeonly found in
the oral cavity [283,284]. In line with this finding, increased amounts of Fusobacterium
species were detected in PDAC tissues and correlated with a worse prognosis of PDAC pa-
tients [285]. Another study demonstrated that Gammaproteobacteria are the predominant
bacterial species in human PDAC tissues, most of them being members of Enterobacteri-
aceae and Pseudomonadacea families [19].

It has been shown in patient suffering from malignant melanoma and lung cancer
that the gut microbiome impacts the response to immunotherapy and chemotherapy.
This finding suggests that the composition of the gut microbiome impacts activation of
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the immune system [286-288] and thereby promotes cancer-associated inflammation, a
mechanism which might also be relevant in PDAC. Of note, chronic pancreatitis (CP), being
a risk factor for PDAC development, can be caused by microbial infections [289].

As outlined above, an inflammatory and desmoplastic environment supports various
malignancy-associated processes, such as immune evasion and metastasis and impacts
therapy responses [290-292], all processes related to EMT [293]. Importantly, a tumor-
associated microbiome was shown to promote EMT, thereby leading to epithelial barrier
alterations and tumor-promoting inflammation. In detail, it could be shown that infections
by Fusebacterium nucleatum lead to the loss of membranous E-cadherin [294], a key step in
EMT [11,295-297]. Owing to the fact that high levels of Fusebacterium are found in human
pancreatic precursor lesions and PDAC tissues, it is reasonable that this might be one
mechanism by which early EMT is induced in pancreatic tissues. Of note, EMT-associated
alterations are already found in PDEC in human CP tissues [296] and lead to early PDEC
dissemination prior to tumor formation in the pancreas in a murine mouse model [297].
Zhang et al. postulated that each microbial pathogen conquering the pancreatic tissue
has the potential to induce EMT-related pathological changes [11]. Since EMT induction
has been also linked to the acquisition of CSC properties and drug resistance [2,6,10],
EMT/CSC induction might represent another mechanism by which the altered microbiome
contributes to the pronounced therapy resistance in PDAC.

In this context, Geller et al. reported not only the presence of Gammaproteobacteria
in human PDAC tissues but also that these bacteria, expressing the long form of the
enzyme CDA, are able to metabolize the cytostatic drug Gemcitabine into its inactive form.
These findings suggest that the presence of Gammaproteobacteria in PDAC tissues may
contribute to Gemcitabine resistance in these patients [19].

Moreover, Riquelme et al. discriminated long-term survivor (LTS) PDAC patients
showing a high bacterial alpha diversity from short-time survivor (STS) PDAC patients with
a lower alpha diversity. They also demonstrated that the microbiome composition in PDAC
tissues differs from that in normal tissues and that the gut microbiome accounts for 25% of
the tumor microbiome, supporting translocation of bacteria from the gut into pancreatic
tissues as one mechanism for bacterial PDAC tissue colonization [20]. Additionally, they
determined greater numbers of CD3+ T cells, CD8+ T cells and granzyme B+ cells in
LTS compared to STS PDAC patients, thus correlating a higher CTL infiltration with a
higher microbiome diversity. These data indicate that the tumor microbiome composition
influences both the extent of immune infiltration and the degree of CD8+ T cell activation
in PDAC tissues [20]. It also suggests that alterations of the microbiome directly in the
tumor but also in other body compartments (e.g., the gut) essentially contribute to shaping
the patient’s immune response. In line with these findings, it was shown in different
tumor mouse models that the efficacy of the CTLA-4 inhibitor Ipilimumab depends on the
presence of distinct commensal gut Bacteroides species (spp.) which apparently trigger TH1
immune responses, being important for the anti-tumor effects. Hence, administration of
antibiotics decreased the therapeutic effect of Ipilimumab [298]. Moreover, this study also
demonstrated that fecal microbiota transplantation (FMT) of human Bacteroides spp.-rich
feces significantly increases the overall outcome of tumor bearing animals by markedly
increasing the response to CTLA-4 blockade. Supporting these data, Tanoue et al. detected
an 11-strain consortium of bacteria isolated from gut microbiota of human healthy control
donors (HC) which can induce IFN-g+ CD8+ T cells to enhance the efficacy of immune
checkpoint inhibitors in tumor-bearing mice [299]. Underscoring the therapeutic potential
of FMT, a significant reduction in tumor growth was observed in PDAC bearing mice after
FMT from PDAC LTS donors with no evidence of disease (LTS-NED) compared to mice
obtaining FMT from STS patients or HC [20]. Moreover, tumors from mice treated with
FMT of STS PDAC patients were larger than those from mice who received FMT of HC.
Finally, short-term antibiotic treatment of tumor bearing mice which had received FMT
from LTS-NED donors led to even larger tumors than those of untreated mice. These data
suggest that certain PDAC-associated bacteria exert a tumor-promoting effect on the one
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hand and that bacterial ablation by antibiotic treatment decreases the anti-tumoral efficacy
of distinct bacterial species e.g., found LTS PDAC patients on the other hand.

3.10. Approaches for Microbiome Modulating Therapies

As already mentioned above, studies provide evidence that the response of cancer
patients to blockade of the immune checkpoints PD-1/PD-L1 or CTLA-4 is influenced by
the gut microbiome [295,299]. Tumor mouse models revealed that different microbiome
compositions cause significant differences in response to treatment with PD-1/PD-L1
inhibitors [298] so that probiotics have been suggested as part of the anti-cancer therapy.
Accordingly, Sivan et al. demonstrated reduced tumor growth and a beneficial response to
anti-PD-1 therapy in melanoma bearing mice after oral administration of Bifidobacterium
spp. containing probiotics. Furthermore, the superior anti-tumor effect from mice with
a favorable microbiome composition could be transferred to other mice by FMT or co-
housing [298,300]. In summary, these findings strongly support the therapeutic potential of
FMT or certain diets/probiotics with the aim to restore the commensal (tumor-suppressing)
microbiome and to displace the tumor-promoting microbiome. Combining such strategies
with chemo- or immunotherapy might help to overcome therapy resistances and to improve
PDAC patient prognosis.

4. Therapeutic Implications and Challenges of TME Targeting

The study by Rashid et al. revealed that consideration of different molecular subtypes
e.g., those identified by [28-30], might be reasonable for stratifying PDAC patients for
chemotherapy, as they provided evidence for efficacy prediction towards FOLFIRINOX
treatment according to molecular tumor subtypes [32]. Adding to the multiple levels of
tumor heterogeneity, stromal cell populations as well as the microbiome have been charac-
terized by a high heterogeneity, too, implying both tumor-promoting and tumor-restraining
functions. As outlined in the sections above, multiple therapeutic approaches have been
developed and tested to target distinct TME components in order to improve treatment
outcome of PDAC patients. However, many of these studies revealed unexpected results
(e.g., by depleting the entire CAF population leading to even more aggressive tumors [131]
or promising preclinical findings could not be confirmed in clinical trials [134]. Thus, until
today, less than 5% PDAC patients receive a targeted therapy and significant improve-
ments of survival are still missing [301]. Current clinical trials such as the “Precision-Panc”
(NCT04161417) and the “Precision Promise” studies (NCT04229004) are ongoing with
the aim to validate the therapeutic efficacy of novel individualized therapies in PDAC
patients [302,303]. However, results from these trials are still pending.

The clinical failure of these strategies might also be explained by the use of inadequate
preclinical models and /or an insufficient consideration of the stromal cell heterogeneity,
to clearly discriminate which stromal phenotype is “friend or foe” [192,304,305]. For any
kind of targeted and personalized therapy in cancer patients, pre-therapeutic samples and
biopsies, respectively, are of pivotal importance and a critical determinant to assess inter-
and intratumoral characteristics as well as changes during treatment courses. These allow
identification of the most effective therapy and to eventually select therapies according to
the profile identified [32]. In this context, surgically resected specimens provide the largest
number of cells, reflect best tumor heterogeneity and enable pathologists to perform com-
prehensive analyses [306]. In cases of patients with an advanced disease, not being suitable
for surgical resection or with recurrent tumors, fine needle aspirated (FNA) samples have
been proven to be useful for identification of targets for targeted therapies. However, FNA
samples only reflect a small portion of the tumor bearing the risk of not fully representing
tumor and stroma heterogeneity [32,301,303]. Nonetheless, FNA-obtained samples are in
certain cases the only option to obtain information on tumor and TME characteristics and
help to provide individualized therapy to patients with metastatic disease whose tumor
is not resectable. Liquid biopsies and analysis of cell free nucleic acids, circulating tumor
cells or extracellular vesicles are additional methods to obtain information on tumor cell
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characteristics. Repeated blood draws (or collection of other body fluids) are more feasible
than repeated biopsy sampling and may therefore complement tissue-based analysis for
longitudinal monitoring of PDAC dynamics and therapy response [307]. However, im-
portant players of PDAC biology, i.e., the TME and the microbiome are not considered in
these approaches.

Of note, Birnbaum et al. already suggested to consider not only the PDAC tumor
subtypes but also the stromal subtypes classified by Collisson et al., Moffitt et al. and
Bailey et al. for targeted therapy in PDAC patients [28-31]. Even though targeting the TME
based on stromal subtypes might be a more efficient therapeutic approach, a challenge
will be to fully consider differences in distribution and extent of the TME at different sites
(primary tumor versus metastases) which might be associated with divergent functional
effects on PDAC development. Furthermore, the TME might be further differentially
modified by chemotherapy [303,308]. Additionally, Torphy et al. identified a high stroma
content as a factor for a favorable outcome in patients suffering from metastatic PDAC [309],
further underscoring that the TME heterogeneity is a critical determinant for targeted
stromal therapy.

The current knowledge gained from comprehensive preclinical and clinical trials
demonstrating a rather limited efficacy of tumor and TME targeted therapies in PDAC
patients, leads us to the following assumptions: (i} due to its extraordinary complexity
and peculiarity, the TME in PDAC easily compensates pathways, interactions and effects
that are modulated by mono-targeted therapies resulting in limited therapeutic efficiency,
(ii) targeted therapies applied so far have impaired both tumor-promoting and tumor-
restraining TME populations, thereby counteracting the beneficial therapeutic effects albeit
it was intended to solely target the tumor-promoting cell populations, (iii) the functional
impact of certain host-derived factors on PDAC development and on shaping therapy
responses are still insufficiently understood and considered (e.g., the host microbiome) and
(iv) the usage of reliable biomarker (not only in tumor tissue but also other compartments)
for therapy decision making has still to be improved for treatment of this tumor entity.

Accordingly, concepts aiming at restoration and normalization of a physiological,
tumor-restraining microenvironment, respectively, rather than at precisely targeting distinct
TME components might be more effective strategies [180,310]. For example, Kocher et al.
focused on the stroma in patients with locally advanced or metastatic PDAC and re-
plenished the Gemcitabine-Nab-Paclitaxel chemotherapy with ATRA in a phase I clinical
trial. Clinical safe and tolerable efficiency and successful reprogramming of the TME
was detectable [311] which was also observed in other preclinical studies [137]. Another
“normalization” or “reprogramming” strategy might be the modulation of the patient’s
microbiome. As outlined above, the microbiome substantially influences the efficacy of
chemotherapeutic drugs in PDAC-patients [11,19,20] as well as the response to immune
checkpoint inhibition [298]. Additionally, restoration of a tumor-restraining microbiome
by application of distinct microbiome species, e.g., such as FMT, may not only overcome
drug resistances, but also help to boost the patient’s immune system to induce a long-term
control of the tumor burden [11,20].

Overall, the above-mentioned studies and continuously elaborated novel concepts
have essentially broadened our understanding of this challenging disease. However,
additional studies are needed to further dissect the dynamics and heterogeneity of the
TME regarding the tumor-promoting and tumor-restraining functions in order to translate
this knowledge into personalized therapeutic concepts to improve the prognosis of PDAC
patients. Consideration of this heterogeneity and its impact on PDAC development and
therapy responses is enabled by collecting and comprehensively analyzing tumor, stroma
and the patient’s microbiome to generate an integrated tumor subtype. This identified
subtype allows stratification of each patient for the individualized and most effective
therapy (Figure 2).
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Figure 2. Current and future therapeutic concepts for the treatment of pancreatic cancer patients. (A) In current clinical
trials, pancreatic cancer patients are not stratified according to distinct tumor and stroma characteristics. Accordingly, the
given therapy exerts an anti-tumor effect only in few patients. However, in the majority of patients this strategy fails or has
even adverse effects. (B) A tumor subtype-based individualized trial design implies sampling of the patient’s tumor, stroma
and microbiome prior to treatment and multimodal analysis of these samples will generate an integrated tumor subtype for
each patient. Considering these tumor, stroma and microbiome characteristics, the identified subtype allows stratification of
pancreatic cancer patients for the treatment strategy with the best predicted outcome. Figure created with BioRender.com.

5. Conclusions

Extensive preclinical and clinical evaluation of PDAC has resulted in detailed charac-
terization of its complexity on multiple levels. In this article, we summarized how PDAC
biology is determined by a plethora of cell types and microbiota shaping the TME and
their context-dependent pro- or anti-tumorigenic characteristics. This challenging level of
complexity is further increased by countless interactions between the involved cell types.
In the future, increased efforts will be needed to translate these insights into TME hetero-
geneity into clinically meaningful benefits for PDAC patients. To this end, we propose
comprehensive analysis of patient material (tumor, tumor stroma and microbiome) and the
development of integrated tumor subtypes based on this data base. Respective integrated
tumor subtypes may then serve for informed patient stratification in clinical trials and truly

individualized therapeutic decisions.
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Abbreviations

ADEX: aberrantly differentiated endocrine exocrine; a-SMA: Alpha-smooth muscle actin; APC:
Antigen presenting cells; apCAF: antigen presenting carcinoma associated fibroblasts; ATRA: All-
trans retinoic acid; CCL: Chemokine (C-C motif) ligand; CAF: Carcinoma associated fibroblasts;
CD: Cluster of differentiation; CDA: Cytidine deaminase; CP: Chronic pancreatitis; CSC: Cancer
stem cells; CTLA-4: Cytotoxic T-Lymphocyte-Associated Protein 4; CXCL: chemokine (C-X-C mo-
tify ligand; CTL: Cytotoxic T cells; DC: Dendritic cells; EC: endothelial cells; ECM: Extracellular
matrix; EGF: Epidermal Growth Factor; EGFR: Epidermal Growth Factor-Receptor EMT: Epithelial-
Mesenchymal-Transition; FNA: Fine needle aspirated; FMT: Fecal microbiota transplantation; FoxP3:
Forkhead box protein 3; G-CSF: Granulocyte-Colony Stimulating Factor; HC: Healthy control donor;
HGF: Hepatocyte Growth Factor, HIF-1: Hypoxia-inducible factor-1; HSC: Hepatic stellate cells;
HMEF: Hepatic myofibroblasts; iCAF: inflammatory CAF; ICAM: Intracellular Cell Adhesion Pro-
tein; IDO: Indoleamine-pyrrole 2,3-dioxygenase; IL: Interleukin; IFN-y: Interferon-gamma; IPMN:
Intraductal papillary mucinous neoplasm; JAK: Januskinase; LICAM: L1 cell adhesion molecule;
LPS: Lipopolysaccharide; LTS: Long-term survivor; PanIN: Pancreatic Intraepithelial Neoplasia;
MAdCAM-1: Mucosal vascular addressin cell adhesion molecule 1; M-CSF: Macrophage-Colony
Stimulating Factor MDSC: Myeloid-derived suppressor cell; MHC: Major histocompatibility complex;
myCAF: myofibroblastic CAF; NED: No evidence of disease; NK: Natural killer; PDAC: Pancreatic
ductal adenocarcinoma; PDEC: Pancreatic ductal epithelial cells; PD-1: Programmed cell death
protein 1; PDGF: Platelet-Derived Growth Factor; PD-L1: Programmed cell death 1 ligand 1; PI3K:
Phosphatidylinositol 3-kinase; PGF: Placenta-derived Growth Factor; PMN: polymorphonuclear;
PSC: Pancreatic stellate cells; ROS: Reactive oxygen species; sEV: small extracellular vesicle; SFRP4:
secreted frizzled-related protein 4; Shh: Sonic hedgehog; SMO: Single transducing component
smoothened; STAT: Signal transducer and activator of transcription protein; STS: Short-term survivor;
TGF-p: Transforming Growth Factor-beta; TAM: Tumor-associated macrophages; TEC: Tumor associ-
ated Endothelial Cells, TIM-3: T cell immunoglobulin domain and mucin domain-3; TME: Tumor
microenvironment; TNF-c: Tumor Necrosis Factor-alpha; Treg: Regulatory T cells; VCAM: Vascular
Cell Adhesion Molecule; VEGF: Vascular Endothelial Growth Factor, VEGF-R: Vascular Endothelial
Growth Factor-Receptor.
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Introduction: Immune checkpoint inhibitors (ICl), e.g., targeting programmed
cell death protein 1-ligand 1 (PD-L1) or its receptor PD-1, have markedly
improved the therapy of many cancers but so far failed in pancreatic ductal
adenocarcinoma (PDAC). Macrophages represent one of the most abundant
immune cell populations within the tumor microenvironment (TME) of PDAC
being able to either support or restrain tumor progression depending on their
phenotype. To better understand treatment failure of PD-L1/PD-1 inhibitors in
PDAC, this study examined PD-L1 expression in the context of a dynamic TME in
PDAC with a particular focus on the impact of macrophages.

Methods: Formalin-fixed and paraffin embedded tissue samples of primary
PDAC tissues and corresponding liver metastases were used for
immunchistochemical analyses. Serial sections were stained with antibodies
detecting Pan-Cytokeratin, CD68, CD163, CD8, and PD-L1.To investigate
whether the PD-1/PD-L1 axis and macrophages contribute to immune escape
of PDAC cells, a stroma enriched 3D spheroid coculture model was established
invitro, using different PDAC cell lines and macrophages subtypes as well as CD8
+ T cells. Functional and flow cytometry analyses were conducted to
characterize cell populations.

Results: Immunochistochemical analyses revealed that PD-L1 is mainly expressed
by stroma cells, including macrophages and not PDAC cells in primary PDAC
tissues and corresponding liver metastases. Notably, high local abundance of
macrophages and strong PD-L1 staining were commonly found at invasion
fronts of tumoral lesions between CD8+ T cells and tumor cells. In order to
investigate whether PD-L1 expressing macrophages impact the response of
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PDAC cells to treatment with PD-L1/PD-1 inhibitors, we developed a spheroid
model comprising two different PDAC cell lines and different ratios of in vitro
differentiated primary M1- or M2-like polarized macrophages. In line with our in
situ findings, high PD-L1 expression was observed in macrophages rather than
PDAC cells, which was further increased by the presence of PDAC cells. The
effector phenotype of co-cultured CD8+ T cells exemplified by expression of
activation markers and release of effector molecules was rather enhanced by
PDAC macrophage spheroids, particularly with M1-like macrophages compared
to mono-culture spheroids. However, this was not associated with enhanced
PDAC cell death. ICI treatment with either Durvalumab or Pembrolizumab alone
or in combination with Gemcitabine hardly affected the effector phenotype of
CD8+ T cells along with PDAC cell death. Thus, despite strong PD-L1 expression
in macrophages, IC| treatment did not result in an enhanced activation and
cytotoxic phenotype of CD8+ T cells.

Conclusion: Overall, our study revealed novel insights into the interplay of PDAC

cells and macrophages in the presence of ICI.

KEYWORDS

pancreatic cancer, immune checkpoint inhibitor, immune evasion, tumor
microenvironment, macrophages, 3D co-culture

1 Introduction

In western countries, pancreatic ductal adenocarcinoma
(PDAC) is the 4'® leading cause of cancer-related deaths, with a
low 5-year survival rate of 10% (1). PDAC is characterized by a
pronounced immunosuppressive tumor microenvironment (TME)
which plays a crucial role in tumor development and progression in
the primary as well as in the secondary context (2). One of the most
abundant stroma cell populations are tumor-associated
macrophages (TAM) (3, 4) which can exhibit different
phenotypes. Following a simplified model, an M1-like phenotype
is associated with pro-inflammatory and anti-tumorigenic
properties, while M2-like polarized macrophages exert anti-

Abbreviations: BSA, bovine serum albumin; ccK18, caspase-cleaved Keratin 18;
CD, cluster of differentiation; EMT, epithelial-mesenchymal transition; EpCAM,
epithelial cell adhesion molecule; FcR, Fe receptor; FCS, fetal calf serum; FoV,
fields of view; Gem, Gemcitabine; GM-CSF, granulocyte-macrophage colony-
stimulating factor; ICI, immune checkpoint inhibitors; ICOS, inducible T-cell
costimulatory; IFNy, interferon 7y; IgG, immunoglobulin G; THC,
immunohistochemical; IL-2, interleukin-2; LAG3, lymphocyte-activation gene
3; MACS, magnetic activated cell sorting; M-CSF, macrophage colony-
stimulating factor; MFI, median fluorescence intensity; Mo, macrophages;
PBMC, peripheral blood mononudlear cells; PBS, phosphate-buffered saline;
PD-1, programmed cell death protein 1; PDAC, pancreatic ductal
adenocarcinoma; PD-L1, programmed cell death protein 1-ligand 1; PKM2,
pyruvate kinase M2; TCM, T cell medium; TGF-1, transforming growth factor-
betal; TIGIT, T cell immunoreceptor with Ig and ITIM domains; TIM3, T cell
immunoglobulin and mucin domain-containing protein 3; TMB, tumor

mutational burden; TME, twmor microenvironment.
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inflammatory and pro-tumorigenic effects (3). Macrophages are
early recruited into precursor/tumoral lesions and, therefore,
accumulate as one of the first immune cell populations (5).
TAM's frequency and effector phenotype are highly variable and
change during PDAC progression. However, most TAM exhibit
M2-like characteristics (6, 7), a feature associated with poor
prognosis and metastasis (8, 9). Of note, PDAC-derived TAM
exhibit properties of both M2- and M1-like polarization and have
been shown to promote epithelial-mesenchymal transition (EMT),
a process that fosters invasion of PDAC and premalignant
pancreatic ductal epithelial cells (PDEC) (10). As EMT is also
associated with the acquisition of a drug resistant phenotype and
immune evasive properties, TAM are potent drivers of drug
resistance as well as immune escape and suppression at all stages
of tumor development (11).

One mechanism of immunosuppression and immune evasion
of cancers is the highly aberrant expression of immune checkpoint
molecules such as programmed cell death protein 1-ligand 1 (PD-
L1) or its receptor programmed cell death protein 1 (PD-1).
Accordingly, engagement of PD-1 on T cells by its ligands PD-L1
or PD-L2 on antigen presenting cells or tumor cells leads to T cell
exhaustion (12-14). Interfering with this inhibitory axis by
treatment with immune checkpoint inhibitors (ICI) such as
Pembrolizumab or Durvalumab revolutionized the therapeutic
regimens for multiple cancer entities (15-17), but so far failed in
PDAC (18, 19), although considerable PD-L1 expression levels in
PDAC cell lines has been reported in PDAC (20-22). In this
context, Rahn et al. demonstrated that in PDAC tissues staged
T3NIMO, representing the most common resected PDAC stage,
PD-L1 is expressed only in one third of the cases and stromal cells
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such as TAM predominantly exhibit PD-L1 expression (23, 24).
Still, it is poorly understood whether PD-L1 expressing TAM with
different polarization phenotypes contribute to immune evasion of
PDAC cells, particularly when the latter themselves do not or only
hardly express PD-L1.

In order to obtain further insight into PD-L1-mediated immune
evasion during PDAC progression and the reasons for anti-PD-L1
treatment failure in this tumor entity, this study examined PD-L1
expression and its spatial distribution in primary PDAC tissues and
corresponding liver metastases. To mimic this dynamic TME
comprising different amounts and phenotypes of macrophages,
one of the main immune cell populations impacting anti-tumor
immunity during PDAC progression, a stroma enriched spheroid
model with two different PDAC cell lines and different ratios of M1-
or M2-like macrophages was used. Using this model the present
study particularly focused on how the interplay of macrophages and
PDAC cells affect the activation and effector phenotype of CD8+ T
cells as well as PD-L1 expression of macrophages and PDAC cells.
Finally, it was elucidated how these distinct stromal conditions
impact treatment with ICI in monotherapy as well in combination
with Gemcitabine. Combining a comprehensive in sifu analysis of
primary and metastatic PDAC tissues with 3D stroma enriched
PDAC cell cultures, our study provides novel insights in the role of
macrophages and the PD-L1/PD-1 axis in immune evasion
of PDAC.,

2 Material and methods

2.1 PDAC patient information and
histological analysis

Immunohistochemical (THC) stainings of whole mount serial
sections from primary tumor and corresponding liver metastases of
four PDAC patients were performed. All tissue samples were
surgical resects. Three out of four cases were untreated at time
point of surgical resection and one patient had obtained
neoadjuvant therapy. The research was approved by the ethics
committee of Kiel University (reference number: A110/99).

TABLE 1 Clinic-pathological characteristics of PDAC patients in
analyzed cohort of this study.

Patients 4
Median age (range) 71 (68-74)
Sex (male/female) 31
Tumor stage T1/T2/T3/T4 0/2/2/0
Nodal stage NO/N1 1/3
Metastasis stage MO/M1 0/4
Tumor grade 1 (well differentiated) 1
Tumor grade 2 (moderately differentiated) 0
Tumor grade 3 (poorly differentiated) 3
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Written consent was obtained from all patients. Patient
characteristics are listed in Table 1. For IHC stainings following
antibodies were used: PanCK (dilution 1:200, cone: AE1/AE3,
NeoMarkers via Thermo Fisher Scientific, Waltham, USA), PD-
L1 (dilution 1:100, clone: E1L3N, Cell signaling Technologies,
Danvers, USA), CD68 (dilution 1:100, clone: 514HI12, Leica
Microsystems GmbH, Wetzlar, Germany), CD163 (dilution 1:100,
done: 10D6, Leica Microsystems GmbH) and CD8 (dilution 1:100,
clone: C8144B, Leica Microsystems GmbH). Immunohistochemical
staining was performed with the autostainer Bond ™ RX System.

Furthermore, IHC double stainings of liver metastases were
performed. The first step involved the staining of PD-L1 (dilution
1:100, clone: E1L3N, Cell Signaling Technologies). Antigen retrieval
was achieved with ER2 (EDTA-buffer Bond pH 9.0; 20 minutes).
The antigen retrieval step was modified for the PD-L1 staining of
those slides, which were to be combined with an alpha-smooth
muscle actin (0SMA) staining in the second step: In those cases, we
decided to enhance PD-L1 visualization in relation to the naturally
intense .SMA signal by prolonging ER2 antigen retrieval to 30
minutes. The immunoreaction was visualized with the Bond™
Polymer Refine Detection Kit (DS 9800, brown labeling,
Novocastra; Leica Microsystems GmbH) resulting in a brown
color. The second step involved the staining of either aSMA
(dilution 1:400, clone: 1A4, NeoMarkers via Thermo Fisher
Scientific), or CD68 (dilution 1:100; clone: 514HI12, Leica
Microsystems GmbH), or PanCK (dilution 1:200, done: AE1/
AE3, NeoMarkers via Thermo Fisher Scientific). Antigen retrieval
was carried out with ER1 (citrate buffer Bond pH 6.0; 20 minutes for
0SMA), or ERZ (EDT A-buffer Bond pH 9.0; 20 minutes for CD68).
The immunoreaction was visualized with the BONDT Polymer
Refine Red Detection Kit (DS9390, red labeling, Leica Microsystems
GmbH) resulting in a red color.

Stained tissue sections were scanned using a Hamamatsu
NanoZoomer 2.0 RS scanner (Hamamatsu Photonics
Deutschland GmbH, Herrsching am Ammersee, Germany) at 400
times magnification and viewed with NDP.view2 software
(Hamamatsu photonics). Analyses of the single IHC stainings
were performed in two steps. To analyze the cellular and
histoanatomical distribution of different stained markers, an
overall evaluation of the tissue sections was first performed: the
entire tissue section was screened at low magnification and the
predominant distribution of immunopositive cells (tumor center
and/or invasion front of primary tumor or liver metastases) was
documented. In order to investigate more precisely the distribution
and frequency of staining, ten representative fields of view (FoV) at
the invasion front and tumor center (defined as at least one FoV
away from invasion front at 200-fold magnification) of the primary
tumor or metastasis were investigated. All tissue sections were
studied with regard to the predominant areas of stained cells at
200-fold magnification (FoV: 0.48x0.85 mm), except those stained
for PD-L1 which were analyzed at 400-fold magnification (FoV:
0.42x0.24 mm). Every tissue section was assessed by their
predominant localization of immunopositive cells (at the invasion
front, tumor/metastasis center or evenly distributed between
invasion front and tumor center). For staining evaluation, a
scoring system was established which rates the percentage of
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immunopositive cells in the FoV. For scoring of highly abundant
immunopositive cells (CD163+ as well as CD68+ macrophages),
cell frequency was scored as 0%, <10%, 11-50% and >50% positively
stained cells. As these categories were not suitable for less abundant
immunopositive stained cells like CD8+ T cells and PD-L1 staining,
PD-L1 and CD8 staining were graded into 0% (negative), <1% and
> 1% positively cells stained. Furthermore, the PD-L1 staining
intensity was graded as none, low and high. For each tissue
section, areas with the highest freq_uency of immunopositive cells
were documented to evaluate the main localization of cells stained
for the respective markers within the tumor tissue. All stainings
were evaluated independently by two examiners (SB and TD).

2.2 Generation of macrophages

Lymphocytes and monocytes were isolated from
leukoreduction system chambers of healthy blood donors
provided by the Institute of Transfusion Medicine in Kiel.
Written informed consent from all donors was obtained. Isolation
of peripheral blood mononuclear cells (PBMC) was done by density
gradient centrifugation followed by counterflow centrifugation to
separate lymphocytes from monocytes according to established
protocols (10, 25). All lymphocyte fractions above 85% purity
were frozen and only monocytes from fractions with a monocyte
purity higher than 85% were polarized into M1- or M2-like
macrophages as previously described (26). For this purpose,
monocyte fractions were centrifuged and resuspended in M2
medium (RPMI-1640 medium, 1% FCS, 1% L-glutamine, 1%
penicillin/streptomycin) and the cell number was determined.
Then, 2x10° monocytes per well were seeded into 12-well plates,
stimulated either with 2.4 ng/ml GM-CSF (Biolegend, San Diego,
USA) for M1-like macrophage polarization or 50 ng/ml M-CSF
(Biolegend) for M2-like macrophage polarization and cultured for 6
to 7 days at 37°C, 5% CO, and 86% relative humidity. Culture
medium for induction of M1-like polarization was supplemented
with 5% fetal calf serum (FCS), while culture medium for induction
of M2-like polarization was supplemented with only 1% FCS.
Polarization into M1- and M2-like macrophages was verified
according to established protocols with confirmed polarization
markers (10, 27, 28).

2.3 Isolation of human CD8+ T cells

Frozen human lymphocytes derived from counterflow
centrifugation were thawed in T cell medium (TCM) (RPMI-1640
medium, 10% FCS, 1% L-glutamine, 1% penicillin/streptomycin,
1% Sodium pyruvate and 2% HEPES). After centrifugation, cell
count was determined. CD8+ T cells were isolated using the
magnetic activated cell sorting (MACS) isolation kit (Miltenyi,
Bergisch Gladbach, Germany) following modified manufacturer’s
instructions with reduced antibody and bead concentrations (50%)
and extended incubation times (1.5-fold). After negative selection,
CD8+ T cells were counted and analyzed for their purity via flow
cytometry (MACSQuant X, Miltenyi) using immunofluorescence
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staining with the following antibodies: f-TCR-FITC (clone: IP26,
Biolegend), CD4-APC (clone: RPA-T4, Biolegend) and CD8-PE
(clone: RPA-TS, Biolegend). Only T cell populations with a purity
higher than 90% were used for further experiments.

2.4 Activation of human CD8+ T cells

Prior to co-culture experiments, activation of isolated naive
CD8+ T cells was performed. For this purpose, a 24-well plate was
coated by incubation for 2 h at 37°C with 200 pl of 1.5 ug/ml anti-
CD3 antibody (clone: OKT3, Biolegend) in PBS. Before T cells were
seeded, wells were washed 2-times with PBS. Then, 1.3 - 1.8x10°
naive CD8+ T cells were seeded in 1 ml TCM supplemented with
1.5 pg/ml anti-CD28 antibody (clone: CD28.2, Biolegend) and 60
ng/ml IL-2 (Biolegend). CD8+ T cells were cultured for 3 days at 37°
C, 5% CO, and 86% humidity.

2.5 Cultivation of human PDAC cell lines

Panc89 cells, derived from a lymph node metastasis of a 64-
year-old caucasian male (29-31), were used as a PDAC cell line with
low PD-L1 expression. Panc89 cells are described to be moderately
differentiated and exhibit a mutation in p53 (T220C) and depletion
of p16, while the k-ras and SMAD4 genes show a wildtype status (29,
30). PancTul cells, derived from the primary tumor of a caucasian
female (29, 30), were used as a PDAC cell line with moderate PD-L1
expression. PancTul cells are described to be poorly differentiated
and exhibit mutations in k-ras (G12V) and p53 (C1765) and a
depletion of p16. SMAD4 have a wildtype status (29, 30). Both cell
lines were cultivated in 75 cm® cell culture flasks with 10 ml
medium (RPMI-1640 medium, 10% FCS, 1% L-glutamine, 1%
Sodium pyruvate) at 37°C, 5% CO, and 86% humidity.

2.6 CellTracker labelling

In order to track and discriminate PDAC cells from
macrophages during 3D co-culture, cell populations were labeled
with different cell-trackers before seeding in mono- or co-culture
spheroids. Tumor cells were labeled with CellTracker green
(Invitrogen, Waltham, USA) and macrophages with CellTrace
violet (Invitrogen) following the manufacturer’s instructions.
Visualization of the cells within spheroids was performed with a
Lionheart FX microscope (Agilent BioTek, Santa Clara, USA).

2.7 Mono- and co-culture spheroids

For spheroid formation, a total cell number of 2x10* cells per
well was seeded in 96-well ultra-low attachment plates (Biofloat 96
well-plate, faCellitate, Mannheim, Germany). For mono-culture
sphemids, 2x10* PDAC cells were seeded. For co-culture
spheroids with a 1:1 PDAC cell/macrophage ratio, 1x10* PDAC
cells and 1x10* polarized macrophages were seeded. in case of a 3:1
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ratio, 1.5x10* PDAC cells and 0.5x10* polarized macrophages were
seeded in a final volume of 150 pl TCM. After 72 h, PD-L1 levels on
tumor cells and macrophages as well as the phenotype of
macrophages were characterized via immunofluorescence staining
and subsequent flow cytometric analysis. To assess PDAC cell death
and the effector phenotype of CD8+ T cells, mono- or co-cultured
spheroids were seeded as described above and after 24h spheroids
were either left untreated or treated with 10 pg/ml Gemcitabine
(Hexal, Holzkirchen, Germany) for further 24h. Afterwards, the
medium was exchanged and spheroids either remained untreated or
activated CD8+ T cells were added in a 1:10 target/effector cell ratio.
In additional settings, spheroids were also treated with 10 pg/ml
Durvalumab (Astra Zeneca, Cambridge, UK), Pembrolizumab
(Merck/MSD pharma, Rahway, USA), or respective isotype
controls (human IgG, or human I[gGy). After 24 h, supernatants
were collected and CD8+ T cells were analyzed via flow cytometry.

2.8 LEGENDplex

LEGENDplex Human CD8/NK mix and match panel
(BioLegend) was used to determine cytotoxic molecules and
cytokines (Granzyme A, Granzyme B, Perforin, Granulysin, IFN-
Y) in the supernatant of spheroid cultures according to the
instructions of the manufacturer. For this purpose, supernatants
were centrifuged at 15000xg, 4°C for 8 min to remove cell debris.
For analysis, 12.5 pl of the supernatants were used. Measurement
was perfnrmed using a BD FACSymphony Al (Beckton Dickinson,
East Rutherford, USA) and evaluation was performed with the
LEGENDplex-data analysis software v8 (BioLegend).

2.9 M30 CytoDeath

For the cell-specific detection of cell death induction in PDAC
cells, the M30 CymDeathTM (PEVIVA®, Diapharma, West Chester,
USA) ELISA was used. The assay detects caspase-cleaved Keratin 18
(ccK18) which is generated in the present culture settings
exclusively by apoptotic PDAC cells. The ELISA was conducted
according to the manufacturer’s instructions and measured with a
Tecan Infinite® 200 PRO Microplate Reader (Tecan, Minnedorf,
Switzerland). Resulting values were normalized to the respective
PDAC cell count.

2.10 Immunofluorescence staining and
flow cytometric analyses

Immunofluorescence staining was performed to characterize
the phenotype of CD8+ T cells and macrophages as well as PD-L1
surface level of macrophages and PDAC cells. For this purpose, cells
were washed with PBS and treated with FcR blocking reagent
(human TruStain FcX, Biolegend) diluted 1:10 in MACS buffer
(0.5% BSA, 2 mM EDTA in PBS). All following steps were
conducted on ice in a 96-well v-bottom plate. After FcR blocking,
cells were centrifuged, supernatants were discarded and cells were
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resuspended in MACS buffer supplemented with respective
fluorochrome-conjugated antibodies. All antibodies were
purchased from Biolegend. All isotype controls, if not other
specified were clone MPOC-2: mIgG1-FITC, mIgG1-APC,
mlgG1-PE, mIgG1-PeCy7, mlgG2a-PE (clone MOPC-173),
mlgG2b-APC (clone MPC-11), specific antibodies: CD8-FITC
(clone HIT8a), CD25-APC (clone BC96), CD69-PE (clone FN50),
PD-1-PE (clone EH12.2H7), PD-L1-PeCy7 (clone MIH3), CD163-
FITC (clone HGI/61), CD14-PE (clone M5E2), EpCAM-APC
(clone 9C4). Cells were stained in antibody solutions for 30 min
at 4°C in the dark. Afterwards, cells were washed twice and fixed
with 1% PFA in MACS buffer. Immunofluorescence-stained cells
were detected by a MACSQuant X flow cytometer and analyzed
using the FlowJo software v10.7.1 (Becton Dickinson, Franklin
Lakes, USA). Specific immunofluorescence staining was assessed
by normalization of the staining intensity of the specific antibody to
the staining intensity of the isotype control and is presented as
median fluorescence intensity (MEFI).

2.11 Relative quantification of PDAC
cell and macrophage ratios after
spheroid co-culture

After 72h spheroid cultivation, supernatants of co-culture samples
containing macrophages were collected. Then, PDAC spheroids were
dissociated by incubation in PBS supplemented with 1% trypsin
(Biowest, Nuaille, France) for 30 min at 37°C. Enzymatic dissociation
was assisted by mechanical dissociation straining the cell suspension
through a 30 G cannula every 10 min. Next, macrophage containing
supernatants and dissociated respective spheroids were pooled and
subjected to immunofluorescence staining and subsequent flow
cytometric analysis using a MACSQuant X flow cytometer. For
discrimination of PDAC cells and macrophages, cells were stained
with EpCAM-APC and CD14-PE antibody, respectively. Analysis was
performed using the FlowJo software v10.7.1 (Becton Dickinson,
Franklin Lakes, USA).

2.12 Statistics

Statistical analysis was performed using GraphPad Prism
Version 9.4.1 (GraphPad Software Inc., La Jolla, US). Gaussian
distribution of data was tested by Shapiro-Wilk test. In case data
sets passed the normality test, a one-way ANOVA followed by
either Tukey's multiple comparison or Dunnett's multiple
comparison (for normalized data sets) test were performed.
Parametrically distributed grouped data sets were analyzed by two
way-ANOVA followed by multiple comparison Tukey test or
Dunnett’s multiple comparison test (for normalized data sets).
Parametric data sets are presented by column bar graphs with
mean and standard deviation, non-parametric data sets are depicted
by bar graphs with median and interquartile ranges in both
directions. Results were considered statistically significant for p-
values < 0.05. Significance levels are indicated by asterisks: * = p <
0.05, **= p < 0.01, *** = p <0.001, ****= p < 0.0001.
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FIGURE 1

Spatial expression of PD-L1 in primary PDAC and corresponding liver metastases is associated with the presence of tumor-associated macrophages
and CD8+ T cells. Representative immunohistochemical stainings for PanCK, PD-L1, CD68, CD163 and CD8 in primary tumors (A) and liver
metastases of PDAC patients (B). Scale bar overview pictures {above): 1000 pm, areas within tumor or invasion front (below): 100 pm.

3 Results

3.1 Spatial expression of PD-L1 in primary
PDAC and corresponding liver metastases
is associated with the presence of tumor-
associated macrophages and CD8+ T cells

As previously reported, PD-L1 is predominantly expressed by
stroma cells in primary PDAC (23). In order to examine potential
correlations between PD-L1 expression, its spatial distribution and
TME alterations during PDAC progression, we performed IHC
stainings to detect PD-L1 expression in relation to tumor cells (pan-
CK), macrophages (CD68) with an M2-like phenotype (CD163)
and CD8+ T cells (CD8) in serial sections from primary tumor
(Figure 1A) and corresponding liver metastases (Figure 1B) of four
PDAC patients, We identified PD-L1 expression in all primary
PDAC tissues, being evenly distributed within tumor center and the
invasion front (Figures 1A, 2A). Of note, all corresponding liver
metastases also showed PD-L1 expression with a similar
localization pattern (Figures 1B, 2A). However, PD-L1 negative
fields of view (FoV) were only observed in primary tumors but not
in metastases and a higher proportion of PD-L1 positive FoV (>1%
PD-L1+ cells in FoV) was detected in liver metastases (Figure 2B).
Interestingly, PD-L1 expression was predominantly located at the
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invasion fronts of both, primary tumors and liver metastases within
the group of FoV with highest PD-L1 frequency (<1% PD-LI1+)
(Figure 2C). In line, the frequency of FoV with strong PD-L1
staining intensity was significantly higher in liver metastases
compared to primary tumors (Supplementary Figure 1). Similar
to the expression pattern of PD-L1, CD68+ macrophages were
found evenly distributed inside tumoral lesions and at the invasion
fronts in both, the primary tumor and liver metastases (Figures 1A,
B, 2D). These stainings also demonstrate that areas showing strong
PD-LI staining in primary tumors and liver metastases were
characterized by a higher-than-average presence of macrophages,
especially CD163+ macrophages (Figures 1A, B, Figures 2E-1). In
over 50% of analyzed FoV, 11-50% of all cells were CD68+ and
CD163+ (Figures 2E, H). Of note, within the group of FoV that
showed the highest frequency of CD68 and CD163+ cells (> 50%),
over 50% of these FoV were located at the invasion front of primary
or metastatic lesions (Figures 2F, I). Similar to this, CD8+ cells were
also associated with PD-L1+ areas (Figures 1A, B). In primary
tumor tissues, CD8+ cells were found in two cases only at the
invasion front and in the other two cases CD8+ cells were evenly
distributed in the tumor. In liver metastases, CD8+ cells were found
in 3 of 4 cases exclusively at the invasion front (Figure 2J). In more
than 50% of FoV, more than 1% of all analyzed cells were CD8+
(Figure 2K). More precisely, most of these FoV enriched for CD8+
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cells were located at the invasion front of primary and metastatic
lesions (Figure 2L). Finally, double IHC stainings of liver tissues
revealed that PD-L1 expression was more abundantly colocalized
with macrophages (and also hepatic myofibroblasts) than PDAC
cells (Supplementary Figure 2).

Overall, these data indicate that the presence of PD-L1 in
primary PDAC seems to be associated with PD-L1 expression in
liver metastases indicating that PD-L1 mediated immune evasion
might operate during PDAC progression. As already shown in
primary tumors (23, 24), PD-L1 is more frequently expressed by
macrophages than PDAC cells and often found at the invasion
fronts of tumoral lesions. This spatial PD-L1 expression is
associated with the presence of CD8+ T cells, which however are
mostly located at the margin/outside the tumoral lesions. Therefore,
the question rises whether high PD-L1 expression on macrophages
impairs the effector phenotype and killing activity of CD8+ T cells
in PDAC.

3.2 Co-culture spheroids of PDAC

cells and macrophages simulate PD-L1
expression and tumor stroma conditions
observed in primary PDAC and

liver metastases

To simulate the TME conditions in primary PDAC and liver
metastases identified in situ, we set-up a PDAC co-culture spheroid
model comprising PDAC cells with different status of driver
mutations and PD-L1 expression as well as different ratios and
types of macrophages to examine expression and role of PD-L1 in
immune evasion of PDAC cells. During PDAC progression, the
number of macrophages increases with the stage of disease (32) and
a higher tumor infiltration by CD163+ macrophages correlates with
shorter 5-year overall and recurrence-free survival (33). Therefore,
we used a PDAC cell to macrophage ratio of 3:1 to mimic an
infiltration by macrophages at primary site, whereas 1:1 ratio served
as model for macrophage infiltration into liver metastasis.
Figure 3A shows a schematic illustration of the experimental
setup and Figure 3B depicts representative images of mono- and
co-cultured spheroids of Panc89 and PancTul PDAC cells. After 72
h, both PDAC cell lines formed dense tumor spheroids and in co-
cultured spheroids, macrophages were mostly located at the
spheroid margin, being more pronounced in spheroids with
higher amounts of macrophages (1:1). Flow cytometric analysis of
PDAC cells and macrophages revealed that in co-culture spheroids
the proportion of PDAC cells and macrophages remained almost
stable over culture duration (Figure 3C). Next, it was investigated
whether the presence of PDAC cells impacts macrophage
polarization as macrophages exhibit a high plasticity and can
change their phenotype due to surrounding microenvironment (6,
34, 35). Mono-cultured M2-like macrophages exhibited higher
CD163 surface levels compared to M1-like macrophages. After 72
h co-culture with Panc89 or PancTul cells at either cell ratio,
CD163 expression on MI-like macrophages was hardly affected
compared to mono-cultured cells. In contrast, M2-like
macrophages exhibited intensified CD163 surface levels after co-
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culture with either PDAC cell line (Figure 3D). These findings
indicate that proportions of PDAC cells and macrophages as well as
macrophage phenotypes remained stable in co-culture spheroids
over a culture duration of 72h.

Furthermore, PD-L1 surface levels were analyzed in mono- and
co-cultured Panc89 and PancTul cells as well as macrophages
(Figure 3E). Mono-cultured Panc89 cells exhibited hardly any
PD-L1 surface expression and this was almost not affected by
either co-culture with macrophages (green bars, MFI ratio 1.2-
1.69). Contrastingly, mono-cultured PancTul cells were
characterized by considerable PD-L1 surface levels (dark green
bar, MFI ratio 4.05), which, however, were not further increased
by macrophages in either co-culture setting. In contrast, PD-L1
surface levels were detected at higher levels in both mono-cultured
macrophage populations, albeit M1-like macrophages
demonstrated higher expression levels compared to M2-like
macrophages (blue bars, MFI ratio M1-like versus M2-like
macrophages: 4.22 versus 2.1). Of note, co-culture with both
PDAC cell lines clearly increased PD-L1 surface levels in both
macrophage populations up to a similar level even if lower
proportions of PDAC cells were present in the spheroids
(1:1) (Figure 3E).

Overall, these results demonstrate that we established a stable
PDAC cell spheroid model enriched with MI1- or M2-like
macrophages, that well reflects both cellular composition as well
as PD-L1 expression levels identified in our in situ analyses of
primary PDAC and liver metastases tissues. Moreover, higher PD-
L1 expression was observed in macrophages rather than PDAC
cells, being also in line with our in situ findings. Of note, the
presence of PDAC cells further increased PD-L1 surface levels in
either macrophage population.

3.3 PDAC spheroids comprising PD-L1
expressing M1- or M2-like polarized
macrophages do not impair the effector
phenotype of CD8+ T cells which is not
associated with PDAC cell death induction

Next, we examined whether PD-L1 expressing macrophages in the
different co-culture spheroids impact the effector phenotype and killing
activity of CD8+ T cells. For this purpose, pre-activated CD8+ T cells
were added to the mono- and co-culture spheroids (Figure 4A).
Notably, after activation culture these pre-activated CD8+ T cells
exhibited high cell surface expression levels of CD25 and the early
activation marker CD69 along with considerable cell surface levels of
PD-1 (Supplementary Figures 3A-C), pointing to an exhausted T cell
phenotype often found in PDAC tissues (36-38). First, we investigated
whether cell surface expression levels of CD69 and CD25 of pre-
activated CD8+ T cells are altered by the different spheroid co-culture
conditions. In comparison to mono-cultured pre-activated CD8+ T
cells, CD8+ T cells cultured with PDAC mono-culture spheroids did
not alter their CD69, CD25 and PD-1 surface expression
(Supplementary Figures 4A-C). However, we observed that CD69
expression levels on CD8+ T cells were enhanced by trend after all
macrophage co-culture conditions with both PDAC cell lines
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FIGURE 4

PDAC spheroids comprising PD-L1 expressing M1- or M2-like polarized macrophages do not impair the effector phenotype of CD8+ T cells but
which is no associated with PDAC cell death. PancTul or Panc89 cells were mono- or co-cultured with either M1- or M2-like polarized Mo in ultra-
low attachment plates to form spheroids. After 48 h, pre-activated CD8+ T cells were added to spheroids for 24 h. (A) Schematic illustration of
experimental set-up. Immunoflucrescence staining of activation markers (B) CD69, (C) CD25 and (D) PD-1 (D) on CD8+ T cells cultured with either
mono-cultured PancB89 (left panel) or PancTul cells {right panel) or with the indicated co-cultures with M1- (light grey) or M2Ma (dark grey),
measured va flow cytometer. Relative cell surface expression levels are normalized to the respective culture of CD8+ T cells with mono-cultured
Panc89 or PancTul spheroids. Data is expressed as n-fold MFI ratio of specific staining. n=4. (E}) Granzyme A, Granzyme B, Perforin and IFNy
concentration in supernatants of CD8+ T cells cultured with either mono-cultured Panc89 (left panel) or PancTul spheroids (right panel) or with the
indicated co-culture spheroids with M1- (light grey) or M2Mé (dark grey). Concentrations were measured by multiplex assay and data is normalized
to the respective cytokine concentrations of CD8+ T cells in culture with mono-cultured PDAC spheroids. One-way ANOVA using Dunnett's
multiple comparison test comparing all samples with a control of 1. The dashed lines mark a concentration ratio of "1". n=3. (F) Supernatant levels of
caspase-cleaved Keratin 18 (ccK18) in mono- or co-culture spheroids of Panc89 (left) or PancTul cells (rightl and M without (<) or with CD8+ T
cells (+). ccK18 levels were normalized to the respective PDAC cell count. Mono: 2x10* PDAC cells; ratio 3:1: 15x10* PDAC cells and 0.5x10* M¢;
ratio 1:1: 1x10* PDAC cells and 1x10* M. Not normally distributed data are depicted as median with interquartile range in both directions. Panc&9
n=4; PancTul: n=3. * = p<0.05.
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(Figure 4B), albeit its induction was more pronounced after co-culture
with PancTul spheroids (n-fold MFI ratio 6,36 - 9.02) compared to
Panc89 spheroids (n-fold MFI ratio 3.86 -7.68). Interestingly, co-
culture with different ratios or polarizations of macrophages did not
affect these elevated CD69 cell surface levels on CD8+ T cells. CD25 cell
surface levels of CD8+ T cells were almost not affected by the different
PDAC spheroid conditions (Figure 4C). Since PD-L1 cell surface
expression levels were increased in macrophages after co-culture in
PDAC spheroids (Figure 3E), we next examined whether PD-1 cell
surface expression levels are altered in CD8+ T cells after the different
co-culture conditions. However, PD-1 cell surface levels on CD8+ T
cells were not affected by any spheroid co-culture setting (n-fold MFI
ratio 091 - 1.12, Figure 4D).

Besides the expression of activation-associated marker proteins,
the secretion of cytokines and cytotoxic effector molecules
represents a hallmark of T cell activation and effector function.
Therefore, we analyzed the levels of Granzyme A/B, Perforin and
[FINYy in supernatants obtained from CD8+ T cells either cultured
alone or cultured with mono- or co-culture spheroids. Compared to
pre-activated mono-cultured CD8+ T cells, concentrations of
Granzyme A and B, Perforin and IFNy were clearly enhanced in
supernatants of pre-activated CD8+ T cells in presence of mono-
culture PDAC spheroids, an effect which was even more
pronounced in culture with mono-culture PancTul spheroids
(Supplementary Figures 5A-D). Thus, the presence of PDAC cells
increased release of CD8+ T cell effector molecules. However, even
more elevated levels of Granzyme A and B, Perforin as well as IFNy
(by trend) were detectable in supernatants derived from CD8+ T
cells cultured with macrophage enriched PDAC spheroids
compared to supernatants from CD8+ T cells cultured with
mono-culture PDAC spheroids (Figure 4E). Overall, higher levels
of all effector molecules were detected in supernatants of CD8+ T
cells and co-culture spheroids containing an equal number of
PDAC cells and macrophages, particularly MIl-like polarized
macrophages (1:1). Finally, we analyzed whether the observed
alterations of the T cell effector phenotype correlate with PDAC
cell death induction under the different stroma conditions. PDAC
cell death was assessed by determination of an effector caspase-
cleaved Keratin 18 fragment (ccK18) released in supernatants,
indicative for epithelial cells undergoing apoptotic cell death
(Figure 4F). Slightly increased ccK18 levels were detected in
supernatants derived from CD8+ T cells cultured with mono- or
co-cultured PDAC cell spheroids compared to supernatants from
respective spheroid culture without CD8+ T cells (AccKI8 level:
Panc89 median (range): 136 (67-153), PancTul median (range):
122 (87-184)). However, no considerable effect by the different co-
culture settings was observed.

In summary, these data indicate that the effector phenotype of CD8
+ T cells exemplified by expression activation markers and release of
effector molecules is not impaired in the presence of PD-L1 expressing
macrophages particularly with an M1-like phenotype. In contrast, our
findings rather suggest that the effector phenotype of CD8+ T cells is
maintained or even promoted in presence of macrophages and PDAC
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cells independent of their PD-L1 expression, but which is not
associated with increased PDAC cell death.

3.4 Blocking of PD-1 and PD-L1 does
not enhance the effector phenotype of
CD8+ T cells and does not increase
PDAC cell death

Based on the fact that both macrophage populations as well as
PancTul cells exhibit considerable PD-L1 expression (Figure 3E) and
CD8+ T cells show marked PD-1 expression (Supplementary Figure 3),
we next investigated whether antibody mediated blockade of PD-L1
(by Durvalumab) or PD-1 (by Pembrolizumab) impacts the effector
phenotype of CD8+ T cells leading to increased PDAC cell death.
Figure 5A shows a schematic illustration of the experimental set-up.
Durvalumab treatment did neither impact CD69 expression
(Figure 5B) nor CD25 expression (Figure 5C) of CD8+ T cells
cultured under either mono- or co-culture PDAC spheroid
conditions. Furthermore, PD-1 surface levels were not changed after
Durvalumab treatment in comparison to respective lgG controls in all
co-culture conditions with each PDAC cell line, but were significantly
decreased on CD8+ T cells derived from all co-culture settings treated
with Pembrolizumab (Figure 5D). This finding can be explained by the
fact that Pembrolizumab bound to PD-1 blocks the PD-1 epitope
recognized by the staining antibody. Therefore, these results confirmed
successful inhibition of PD-1 in our experimental set-up. Successful
inhibition of PD-L1 by Durvalumab could also be confirmed as PD-L1
was not detectable in Durvalumab treated macrophages and PDAC
cells in all co-culture (Supplementary Figure 6). Next, the levels of
cytotoxic effector molecules and IFNy were investigated in supernatants
from the different Durvalumab or Pembrolizumab treated spheroids.
Overall, neither Granzyme A and B nor Perforin levels in supernatants
of CD8+ T cells cultured with either mono- or co-culture spheroids
were altered after Durvalumab or Pembrolizumab treatment
(Figure 5E). Durvalumab treatment led to slightly increased secretion
of [FNy by trend into supernatants of CD8+ T cells co-cultured with
PancTul spheroids at a ratio of 3:1 with either macrophage population,
while Pembrolizumab slightly diminished IFNy secretion under almost
all co-culture conditions (Figure 5E). Finally, ccK18 levels of mono-
and macrophage enriched PDAC cell spheroids after culture with CD8
+ T cells and ICI treatment were measured in order to assess PDAC cell
death induction under treatment of the different stromal conditions. In
line with the findings regarding the effector phenotype of CD8+ T cells,
no considerable effects were observed on PDAC cell death by either
antibody treatment in all PDAC cell spheroid cultures (Figure 5F).

In summary, neither Durvalumab nor Pembrolizumab
treatment impacted the effector phenotype of CD8+ T cells after
co-culture with any PDAC cell spheroids and macrophages ratios.
Moreover, none improvement of tumor cell death induction in both
PDAC cell spheroid models was detected independently of the
amount and subtype of macrophages and treatment with either
Durvalumab or Pembrolizumab.

frontiersin.org

xlv



Appendix

Daunke et al. 10.3389/fimmu.2023.1157397

Days Day T Day9 Day 10 >

5 = mane oMMy
E e .

Medum change

cons Todeocunune |||
=
s
O | =

e |l/——
)‘!‘ ), A
s i - M30 CytoDieath:
g umor el dnsth
. Ad ] | Lo

tosic malecules

7zn

n f‘

sotatedCOBA Teel (I PDACeells o MTMp MM
195 cantal o Durvahumt / Permtaiziamsh

E
B Panc89 PancTu1 Panc8g PancTu1
LB Bt Epzo :
g3 g% I
22 2%, Ei &
N gz 2"
£zt E3 % 05 ﬂ
In .in agu
OF BF BF DF DF
e I W ET W
c
3 s
£3n iz
28 fgis l
g2 ng
il
< g &= oo
bF DF DP DF DF
mono 34 14 B A
D
51
3 g
EE §
3%
T :
£ i

@ co8+ Tcells co PDAC cells mono D Durvalumab § E
D D8+ T cells co PDAC cells co M1 P Pembrolizumab g i
. CD8+ T calls co PDAC cells co M2 Eg
3
F
Panc89
K = 3 . PDAC cells mona
Egm [ L& gg O PoAC celis co M1
§§” I =§§ @ PoAC cells co M2
ton 1l I £ D Durvalumab
DP DP DP DP D

P Pembrolizumab

mono 31 14 31 1A mono 3 4 At 1

FIGURE 5
Blocking of PD-1 and PD-L1 only slightly affects the effector phenotype of CD8+ T cells and does not increase PDAC cell death. PancTul or Panc89 cells
Were maono- or cultured with either M1- or M2-like polarized Mg in ultra-low attachment plates 'm spheroids. After 48 h, medium was changed,
mono- or co-cultures were treated with either Durvalumab (D) or Pembrolizumab (P) or their respective isotype controls (10 pg/mi) and CD8+ T cells were
added for 24 h. (A) Schematic illustration of experimental Immunofluorescenc ining of activation marker (B) CD6&9, (C) CD25 and (D) PD-1 on
CDB+ T cells cultured with mono-cultured PDAC cell spheroids {dark grey) or co-cultured Panc89 panel) or PancTul (right panell cell spheroids with
MiMo (ight grey) or M2Ma (middle grey). Immunoflucrescence staining was measured by flow cytometer and data is normalized to the respective Ig
control samples © t ¢

with either mono-cultured (dark grey) Panc89 (|
(middle grey) spheroids. Concentr 5 were measured by multiplex assay and data was normalized to the respective control sample
culture conditions. (F) Levels of caspase-cleaved Keratin 18 (ccK18) in supernatants of CD8+ T cells cultured with mono-culture spheroids of Pal
PancTul cells (right) or with the indicated Mé co-culture conditions. ccK18 levels were nommalized to the respective PDAC cell count and then
respective IgG control samples of the indicated co-culture conditions. Mono: 2x10%ratio 3:1: 1.5x10* PDAC cells and 0.5x10% Mé; ratio 1:1: 1x10* PDAC cells
and 1x10* Mo. Not normally distributed data are depicted as median with interquartile range in both directions. Two-way ANCOVA with Dunnett’'s multiple
comparison test comparing all samples with a control of 1 The dashed lines mark an MFI ratio of "1". n=3. * = p<0.05
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3.5 Sequential treatment with Gemcitabine
and immune checkpoint blockade does
not lead to increased PDAC cell death

Standard chemotherapy agents can alter the expression of tumor-
specific membrane antigens which can result in better antigen
presentation via antigen-presenting cells and more effective cytotoxic
T lymphocytes response (39) Thus, the modulation of tumor-specific
membrane proteins as well the enhancement of T cell infiltration by
(low dose) cytostatic drugs may serve as a promising strategy to
improve the immunotherapy (39, 40). Furthermore, as most PDAC
patients are treated with cytostatic drugs as first-line therapies (41), we
investigated whether sequential therapy of low dose Gemcitabine
followed by immune checkpoint blockade modulates the effector
phenotype of CD8+ T cells and leads to elevated induction of PDAC
cell death. For this purpose, mono- and macrophage co-cultured
Panc89 and PancTul spheroids were treated with Gemcitabine for
24 h and then cultured with pre-activated CD8+ T cells and treated
with Durvalumab, Pembrolizumab or respective isotype control
(Figure 6A). Gemcitabine treatment led to slightly elevated ccK18
levels in supernatants of Panc89 spheroids and rather diminished levels
in those of PancTul spheroids. However, overall Gemcitabine
treatment hardly modulated ccK18 levels in supernatants of mono-
and co-cultured PDAC spheroids, indicating that this dose does not
lead to massive PDAC cell death under these conditions
(Supplementary Figure 7A). Furthermore, Gemcitabine treatment did
not impact PD-L1 expression of PDAC cells and either macrophage
population (Figure 6B8). To analyze whether Gemcitabine pretreatment
of PDAC spheroids improves the efficacy of ICI treatment, the effector
phenotype of CD8+ T cells and PDAC cell death was assessed
compared to ICI treatment alone. To specifically outline the effects
exerted by combined treatment, data shown in Figures 6C-F and 7
were derived only from Gemgditabine pretreated cultures with either
additional treatment with ICI or isotype control antibody. Analyzing
activation markers in CD8+ T cells under the different culture
conditions revealed that combined treatment with Pembrolizumab
enhanced CD69 surface levels in CD8+ T cells after culture with M1-
like macrophage enriched spheroids of both PDAC cell lines, while it
led to reduced CD69 levels in CD8+ T cells derived from PancTul
spheroids comprising M2-like macrophages (1:1). In contrast,
combined treatment with Durvalumab hardly impacted CD69 levels
of CD8+ T cells cultured with either mono- or co-cultured PDAC
spheroids (Figure 6C). No dear effects were detected for CD25 cell
surface levels after either treatment (Figure 6D). PD-1 cell surface levels
of CD8+ T cells were not altered after sequential treatment with
Gemycitabine and Durvalumab after all culture conditions, while it was
again reduced after treatment with Pembrolizumab (Figure 6E). In line
with the marginal effects on the activation markers, release of
Granzyme A and B, Perforin and IFNY into supernatants of co-
cultured CD8+ T cells was also hardly affected by sequential
treatment with Gemcitabine and either immune checkpoint inhibitor
(Figure 6F). Finally, PDAC cell death was not considerably increased
after the different treatments reflected by the almost unaltered ccK18
levels measured in supernatants of the different spheroid cultures
(Figure 7), while CD8+ T cell culture with either Gemcitabine
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pretreated PDAC cell spheroids resulted in slightly enhanced ccK18
levels (Supplementary Figure 7).

Overall, these data indicate that sequential treatment of PDAC
with Gemcitabine and immune checkpoint inhibitors does not
improve the effector phenotype of CD8+ T cells and PDAC cell
death irrespective of the presence and subtype of macrophages.

4 Discussion

PDAC is mostly diagnosed at late stages of the disease due to the
lack of specific symptoms and poor specificity of tumor markers.
Further, it often metastasizes, espedally to distant organs including
liver (76-80% of patients), peritoneum (48%) or lung (45%) (42). To
date, the only curative treatment option is resection but most of the
patients are not eligible due to the late diagnosis or comorbidities.
Even if the primary tumor is successﬁﬂly surgical resected, the 5-
year survival rate of these patients is only 27% (43). Therefore,
improved therapeutic treatments are urgently needed. Several
studies identified expression of the immune checkpoint molecule
PD-L1 in PDAC patients (20-24). In patients without metastatic
spread, most of these PD-L1 expressing cells are stromal cells (23).
While ICI like Durvalumab and Pembrolizumab revolutionized the
treatment of many solid malignancies even at advanced stages, e.g.
NSCLC (44), single agent use of Durvalumab as well as other ICls
widely failed in PDAC (6, 19). Since the ICI failure in PDAC is still
an unresolved issue, and given the role of CD163+ M2-like
macrophages as a prominent cell population in the TME of
PDAC (10, 24, 45), a better understanding of how stromal
macrophages impact the PD-1/PD-L1 axis and activity of CD8+
T cells in this tumor entity is greatly needed.

To unveil whether PD-Ll-mediated immune evasion might
operate during PDAC progression, we first analyzed serial PDAC
tumor tissues and their corresponding liver metastases concerning PD-
L1 frequency and intensity as well as the abundance of macrophages
and CD8+ T cells. A study by Rahn et al. already reported that in 69.6%
of analyzed primary PDAC tissues (all stages T3N1MO0) no or only low
PD-L1 expression was detectable (23). In contrast, in our small
collective of four PDAC patients all primary tumors as well as their
corresponding liver metastases showed considerable PD-LI expression.
The higher frequency of PD-L1 expressing primary tumors in the
present cohort might be explained by the fact that these patients mostly
exhibited poorly differentiated tumors. The observation that poorly
differentiated primary PDAC tumors express higher PD-L1 levels was
also outlined in a previous study of Rahn et al. (24). Moreover, the fact
that PD-L1 is expressed in the primary context as well as in metastases
might indicate that PD-L1-mediated immune evasion is important for
malignant progression and metastasis of PDAC. Interestingly, our
histological analyses of PDAC tissues also revealed that PD-L1
expression was predominantly located in the TME at the tumor
invasion fronts along with a high proportion of macrophages (CD68
+and CD163+ cells) supporting the view that the main source of PD-
LI are stromal cells. Double IHC stainings confirmed that PD-L1 is
expressed to a much higher extent by macrophages than PDAC cells.
This finding is in line with a former study demonstrating that in
primary PDAC 76.5% of PD-L1I expressing cells are stromal cells (23).
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CD8+ T cells could be detected at considerable frequencies in primary
PDAC and inliver metastases, however, these cells were mainly located
at the invasion fronts of the primary tumor or metastasis and thus
separated from the tumor cells by PD-L1 expressing cells
(macrophages). In another study analyzing biopsies of liver
metastases from PDAC patients, metastatic tumor cells were also
surrounded by CD68+ macrophages which was the most prominent
immune cell population (46), underlining the results of our study.
Moreover, it is known that M2 TAM can suppress immunotherapeutic
efficacy of PD-1/PD-L1 inhibition by suppression of T cell activity and
enhanced expression of PD-L1 in the TME. Particularly, the secretion
of anti-inflammatory cytokines and exosomes can induce expression of
immune checkpoint molecules (47). Our observation that especially
macrophages are predominantly located at invasion fronts of primary
PDAC as well as liver metastasis suggests a potent barrier impairing
infiltration and tumor directed immunity of CD8+ T cells. Even taking
into account the small size of the tissue cohort studied, the first
comparative analysis of primary tumor and corresponding
metastases from PDAC patients provides a unique insight into the
potential role of PD-L1 and macrophages in immune evasion
of PDAC.

To simulate the TME conditions in primary PDAC and liver
metastases identified in sifu, we established two PDAC co-culture
spheroid models with different ratios and types of macrophages in
order to investigate whether the presence and amount of different types
of macrophages impact PD-L1 expression in PDAC cells as well as
CD8+ T cell activity. Our 3D co-culture model well simulated the TME
conditions detected in situ, as macrophages were mostly located at high
frequencies at the margin of tumor spheroids. Additionally, the M2-like
phenotype of macrophages, indicated by expression of CD163, was
further promoted by both PDAC cell spheroid co-cultures. This
observation is supported by several studies reporting high abundance
of M2 macrophages in the TME of human and murine PDAC (8, 24,
48). Moreover, either macrophage population exhibited considerable
PD-L1 expression being in line with our in situ analysis which revealed
PD-L1 expression more on stromal cells/macrophages rather than
tumor cells. Accordingly, we chose PancTul cells exhibiting moderate
PD-LI expression and Panc89 cells lacking PD-L1 expression as PDAC
cell models for our in vitro studies in order to reflect tumor
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heterogeneity regarding PD-L1 expression in PDAC. While PD-L1
expression was not altered in both PDAC cell lines due to the
attendance of either macrophage subtype, it was clearly enhanced in
both macrophage populations after co-culture with either PDAC cell
line. In contrast to our results, Xia et al. showed a PD-L1 increase on
PDAC cells due to the attendance of M2-like macrophages (21). One
explanation for this discrepancy might be that in this study a higher
macrophage to PDAC cell ratio was used. Moreover, they identified
Transforming growth factor-betal (TGF-B1) as a main inducer of PD-
L1 expression (21), which seemed not be the inducer of PD-L1
expression in our model system, as TGF-Bl was not detectable or
only in small amounts in the culture supernatants (data not shown).
Thus, our findings support the view that macrophages are a superior
source of PD-L1 expression in PDAC, however, the identification of the
inducing factors in our PDAC 3D model system is subject of
future investigation.

Next, it was investigated whether the attendance of PD-L1
expressing macrophages impacts the effector phenotype of CD8+ T
cells. [nterestingly, the effector phenotype of CD8+ T cells was rather
promoted by either co-culture with macrophages reflected by an
increase of the early activation marker CD69 and the release of
Granzyme A/B, Perforin and IFNy. Of note, the release of effector
molecules was more increased in the presence of higher number of
(M1) macrophages indicating a relationship between the T cell effector
phenotype and the abundance of macrophages. In PDAC patients, a
high density of CD8+ T cells in tumor areas is associated with better
survival outcome (49, 50). Further, several therapy approaches
targeting phenotype switch from M2 to M1 macrophages and
thereby induce CD8+ T cell response, T cell recruitment and [FN
responses (4, 51, 52) underlie our results of enhanced CD8+ T cell
effector phenotype in presence of M1 macrophages. Although
macrophages showed higher PD-L1 expression in co-culture with
PDAC cells, the effector phenotype of CD8+ T cells was rather
intensified, but which was not associated with elevated PDAC cell
death. Here, it can be speculated whether infiltration of CD8+ T cells
into the spheroids is impaired not allowing a further increase in PDAC
cell death induction. To this end, we cannot make any reliable
conclusion on this issue because our available imaging modalities
which do not properly decipher whether CD8+ T cells are infiltrated
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into the spheroids or whether they are attached at the margin.
However, the latter would be in line with our findings in sifu where
CD8+ T cells were also separated from the tumor cells. As high tumoral
PD-LI expression is correlated with poor survival of PDAC patients
(21, 53), the concept of inhibiting the PD-1/PD-L1 axis to enhance T
cell cytotoxicity is promising. However, single agent immunotherapy
with Durvalumab or Pembrolizumab has still failed in clinical trials for
PDAC (6). In order to elucidate whether different ratios and
phenotypes of macrophages may impact treatment efficacy of
Durvalumab or Pembrolizumab, we treated mono- and co-culture
spheroids with either antibody. Despite considerable expression of PD-
L1 and PD-1 in macrophages and CD8+ T cells, respectiveiy, 1CI
treatment did not lead to enhanced PDAC cell death in either mono-
or co-culture model. These findings are in line with the above-
mentioned clinical situation. Another determinant for ICI responses
is the tumor mutational burden (TMB). In other malignancies
including melanoma, non-small-cell lung cancer and urothelial cell
carcinoma, patients with high TMB dearly more benefit from ICI
therapy compared to patients with low TMB (54). One explanation for
this is that tumors with high TMB exhibit more immunogenic
neoantigens, which can be recognized by T cells thereby fostering
ICI therapy (54). In PDAC, only 1.1% of patients show a high TMB,
supporting the low response rate towards ICI treatment. However,
preliminary results of anti-PD-1 treatment in the subgroup of PDAC
patients with high TMB revealed promising effects (55). As
monotreatment with Durvalumab and Pembrolizumab failed in our
3D co-culture model and Gemcitabine has been identified as inducer of
PD-L1 expression (56, 57), we investigated whether sequential
treatment with Gemcitabine and ICI showed superior effects on the
effector phenotype of CD8+ T cells and induction of PDAC cell death.
This concept was further supported by data from a murine model of
pancreatic cancer liver metastasis, where the combination of
Gemcitabine treatment and anti-PD-1 antibody was associated with
infiltration of CD8+ T cells and M1 macrophages along with prolonged
survival of the mice (58). However, Gemcitabine treatment did not
increase PD-L1 expression in PDAC cells and the combination of
Gemcitabine pretreatment and [CI did neither impact the CD8+ T cell
activation status nor increased PDAC cell death. Nevertheless, several
clinical studies evaluating different combinational treatments are
ongoing, e.g, an open label, single arm, multicenter clinical trial
investigates the combination of AZD0171 and Durvalumab as well
as standard-of-care chemotherapy in metastatic PDAC
(NCT04999969). Another randomized multicenter phase Ib/II
clinical trial study investigates efficacy of a combination of
neoadjuvant chemoradiation therapy with Pembrolizumab treatment
in PDAC (INCT02305186).

Besides the PD-L1/PD-1 axis several other mechanisms might
operate in PDAC impairing CD8+ T cell mediated tumor reactivity
and limiting the effects of PD-1/PD-L1 blockade. Although PD-1/PD-
L1 axis is a major player in regulating T cell functions and was
efficiently blocked in our in vitro experiments, several other co-
inhibitory interactions can restrain the anti-tumor function of CD8+
T cells in the TME (59). These co-inhibitory molecules incude
Inducible T cell costimulator (ICOS), T cell immunoreceptor with Ig
and ITIM domains (TIGIT), PD-1 and lymphocyte-activation gene 3
(LAG3) were identified at elevated levels on CD8+ T cells in PDAC
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tissues (60}, suggesting that the TIGIT-CD155 or LAG3-MHC
interaction are more potent immunosuppressive mechanisms in
PDAC. Especially TIGIT, which is expressed on tumor-infiltrating
cytotoxic T cells in multiple malignancies and its ligand CD155, often
expressed by tumor-infiltrating myeloid cells and upregulated on
cancer cells, provide a promising target to overcome the local
suppression of immune surveillance. As CD155-TIGIT interaction is
associated with cancer resistance to PD-1 blockade, targeting this
interaction might be a promising strategy to increase the efficacy of
PD-1 inhibition (59). Accordingly, Pearce et al. could recently show
that CD8+ tissue-resident memory T cells in PDAC patients co-express
PD-1 and TIGIT on their surfaces and blocking of both molecules
enhanced [FNy secretion and T cell proliferation, suggesting a
promising route to improve ICI efficacy (61). In line with this
hypothesis, Freed-Pastor et al. showed that targeting the TIGIT-
CD155 axis in combination with CD40 agonists and anti-PD-1
treatment elicits profound anti-tumor responses in pancreatic cancer
mouse models in vive (62). Furthermore, Gulhati et al. demonstrated
an enhanced expression of LAG3, Tnfrsfo (41BB) and Haver2 (TIM3)
in genetically engineered PDAC mouse model under anti-PD-1
monotherapy (48), supporting the view that combined targeting of
different immune regulatory mechanisms might be an efficient strategy
to induce a potent tumor directed immunity in PDAC. Preclinical and
clinical studies underscore this hypothesis as co-blockade of PD-1 and
a second co-inhibitory molecule such as CTLA-4 augment the
antitumor immunity compared to single PD-1 blockade in different
solid malignancies (59). Taken together, these findings support the
view that the interplay of several co-inhibitory mechanisms rather than
the PD-L1/PD-1 axis alone lead to PDAC immune evasion.
Accordingly, targeting only one co-inhibitory axis by antibody
blocking is not effective in improving tumor elimination and thereby
the clinical situation of PDAC patients, rather than combinational
targeting approaches of different co-inhibitory receptors or ligands.
Our stroma-enriched 3D co-culture systems well reflect several
conditions in PDAC and its liver metastases regarding PD-L1
expression in PDAC and stromal cells as well as TME composition
regarding macrophages and the effector phenotype of CD8+ T cells.
However, it cannot fully mimic the complete spatial composition and
dynamic changes in PDAC TME, e.g. several other determinants of
immune evasion were not considered, eg., the presence of ECM or
additional immunosuppressive stromal cells such as myofibroblasts.
Furthermore, it has to be critically mentioned that we cannot provide
any reliable information on whether and to which extent CD8+ T cells
and macrophages infiltrate into PDAC spheroids and whether 1CI
treatment impacts on it. For obtaining clear information regarding the
spatial distribution of immune and PDAC cells in our spheroids,
studies are planned to generate FFPE sections from spheroids for
immunohistochemical stainings as performed with patient derived
tissues. Additionally, T cells and macrophages were isolated and
generated from PBMCs of healthy donors, thus being from another
donor as the used PDAC cell lines. Accordingly, well defined time
periods of co-cultures of CD8+ T cells and mono- and co-culture
spheroids had to be used in order to avoid allogeneic T cell reactions.
Furthermore, PBMCs of healthy donors might exhibit a different
composition and activation status compared to PBMCs of PDAC
patients (60). To overcome these limitations and to validate the
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findings obtained by this model system, future studies are planned to
use PDAC cells and tumor associated macrophages from PDAC tissues
as well as and PBMCs/CD8+ T cells from the same PDAC patient.
However, here the challenge will be to obtain sufficient cell numbers of
all cell populations analyzed. Furthermore, it would be interesting to
analyze whether and how ICI treatment impacts polarization and
effector phenotype of macrophages as well as plasticity of PDAC cells in
order to get a comprehensive insight into [CI mediated effects on the
entire TME. Finally, the results of the IHC stainings of matching
primary tumors and liver metastases provided already valuable and
unique insight into PD-L1 expression and the tumor stroma interplay
during malignant progression of PDAC. Of note, metastases are not
routinely resected and especially matched samples of primary tumors
and metastases are very rare, so that this small collective has be
considered very valuable but a validation of these findings with more
matching tissue samples is certainly needed. Despite these limitations,
our study revealed novel nsights into the mterplay of PDAC cells and
macrophages in the presence of ICI treatment.

Conclusion

Our study revealed that PD-L1 expression in primary PDAC
correlates with PD-L1 expression in liver metastases with
macrophages being a main source of PD-L1 expression. These cells
can be predominantly found at the invasion fronts in primary tumors
as well as in liver metastases presenting a barrier for CD8+ T cells
which were also mainly detectable at the invasive fronts. This in situ
condition was well mimicked by a 3D co-culture spheroid model using
two PDAC cell lines with different PD-L1 expression status as well as
different ratios and types of macrophages. In line with the in situ
findings, macrophages were the main source of PD-L1 expression,
however, the effector phenotype of CD8+ T cells was not impaired
which was not associated with PDAC cell death induction. Despite the
considerable PD-L1 and PD-1 expression in the different spheroid
models, treatment with PD-1 and PD-L1 inhibitors Pembrolizumab
and Durvalumab, respectively, as well as pre-treatment with
Gemcitabine did neither boost the CD8+ T cell effector phenotype
nor increased PDAC cell death. Despite its limitations, our study is in
line with the view that the PD-1/PD-LI axis may not be the main
immunosuppressive mechanism of T cell mediated tumor immunity
in PDAC.
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