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Summary

Summary

Colorectal cancer (CRC) is the second leading cause of cancer-related death, and
responses to immune checkpoint therapies remain limited due to the immuno-
suppressive tumor microenvironment. Tumor-associated macrophages (TAMs) are
playing a crucial role in shaping this environment, with the poliovirus receptor
(PVR/CD155)-TIGIT axis representing an immune checkpoint system which
suppresses T/NK cell activities. However, the transcriptional mechanisms regulating

PVR expression in macrophages still remains poorly understood.

This thesis investigates the role of the circadian nuclear receptor REVERBa (NR1D1)
and its regulatory function in macrophage-mediated anti-tumor responses in CRC.
Using human CRISPR/Cas9-modified THP1-derived macrophages, PBMC-derived
primary macrophages with HT29 cells or patient-derived tumor organoids (PDOs) from
patients with CRC in co-culture, we characterized REVERBa expression and its
functional impact on macrophage-tumor interactions. Chromatin-immunoprecipitation
revealed that REVERBa directly binds to the human PVR gene promoter. Furthermore,
pharmacological modulation showed that REVERBa SR9009 agonist reduced PVR
expression and promoter binding, whereas SR8278 antagonist increased both,
highlighting REVERBa as a fine-tunable repressor of immune checkpoint regulation.
Notably, CRISPR/Cas9-modification of the human REVERB« gene disrupted ligand
responsiveness, suggesting an altered or misfolded protein conformation and loss of
function. Functional assays further demonstrated that REVERBa modulation by gene
editing or ligands altered macrophage efferocytosis, phagocytosis as well as cytokine
expression. Importantly, combining PVR blocking with macrophages enhanced tumor
cell killing in both HT29 and PDO co-cultures, underscoring the translational relevance

of these findings.

Altogether, these findings identify REVERBa as a novel regulator of PVR expression
and macrophage function in CRC. By linking circadian biology, transcriptional
repression and immune checkpoint regulation, this work highlights REVERBa as a
potential target, supporting future investigations of its modulation in combination with
immune checkpoint blockade as a macrophage-focused immunotherapeutic strategy
against CRC.



Zusammenfassung

Zusammenfassung

Das kolorektale Karzinom (CRC) stellt die zweithaufigste krebsbedingte Todesursache
global dar. Die Wirksamkeit von Immuncheckpoint-Therapien ist jedoch durch das
immunsuppressive  Tumormikromilieu stark eingeschrankt. Es ist bekannt, dass
tumorassoziierte Makrophagen (TAMs) wesentlich zu diesem immunsuppressiven
Milieu beitragen, wobei die PVR/CD155-TIGIT-Achse eine zentrale inhibitorische
Schnittstelle bildet. Die genauen regulatorischen Mechanismen, die die PVR-

Expression in Makrophagen steuern, sind jedoch bislang weitgehend ungeklart.

Diese Arbeit untersucht die Rolle des zirkadianen Kernrezeptors REVERBa (NR1D1)
und dessen regulatorische Funktion in der Makrophagen vermittelten Anti-Tumor-
Antwort in CRC. Die Verwendung von CRISPR/Cas9-modifizierten THP1-Zellen
Makrophagen sowie Makrophagen aus differenzierten isolierten primaren Monozyten
(PBMCs) in Ko-Kulturen zusammen mit HT29 CRC Zellen oder Tumor Organoiden aus
CRC-Patienten (PDOs), wurden die REVERBa-Expression sowie dessen Einfluss auf
die Makrophagen-Tumor-Interaktionen charakterisiert. Chromatin-
Immunprazipitations-Experimente zeigten, dass REVERBa direkt an den Promotor
des humanen PVR-Gens bindet. Pharmakologische Experimente belegten zudem,
dass der REVERBa-Agonist SR9009 die PVR-Expression und Promotorbindung
reduzierte, wahrend der Antagonist SR8278 beides erhodhte. Dies unterstreicht die
Funktion von REVERBa als modulierbaren Repressor der Immuncheckpoint-
Regulation. Bemerkenswerterweise fiuhrte die CRISPR/Cas9-Modifikation des
REVERBa-Gens zu einem Verlust der Liganden-Sensitivitat, was auf eine veranderte
oder fehlgefaltete Proteinkonformation und Funktionsverlust hindeutet. Funktionelle
Analysen zeigten ferner, dass die Modulation von REVERBa durch Geneditierung oder
Liganden Efferozytose, Phagozytose sowie Zytokinexpression von Makrophagen
beeinflusst. Einen besonderen Effekt zeigte die Kombination von PVR blockierenden
Antikdrpern mit Makrophagen, die den Tumorzelltod sowohl in HT29- als auch in PDO-
Ko-Kulturen verstarkte, was die translationale Bedeutung dieser Erkenntnisse

unterstreicht.

Zusammenfassend identifizieren diese Ergebnisse REVERBa als neuartigen
Regulator der PVR-Expression und der Makrophagenfunktion in CRC. Durch

Zusammenfuhren der zirkadianen Biologie, transkriptioneller Repression und

VI



Zusammenfassung

Immuncheckpoint-Regulation wird REVERBa als potenzielles therapeutisches Ziel zur
Entwicklung neuer Makrophagen basierter Immuntherapien vorgeschlagen. Diese
Arbeit legt nahe, REVERBa in Kombination mit Immuncheckpoint-Blockaden weiter

zukUnftig zu untersuchen.
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Abbreviation

Full name

AHR

Aryl-hydrocarbon receptor

ADCC Antibody-dependent cellular cytotoxicity
ADAR Adenosine deaminase RNA specific
APC Antigen-presenting cell

APC (mutation)

Adenomatous polyposis coli

BB

Backbone (empty vector control)

BCA Bicinchoninic acid

BMAL1 Brain and muscle Arnt-like protein-1

BMP Bone morphogenic protein

BSA Bovine serum albumin

CAPOX Capecitabine+oxaliplatin

ctDNA Circulating Tumor DNA

CCG Circadian cycle of clock-controlled genes

CCL2 Chemokine ligand 2

CIMP CpG island methylator phenotype

CLOCK Circadian locomotor output cycles kaput

CMS Consensus molecular subtype

CRC Colorectal cancer

CRISPR/Cas9 Clustered regularly interspaced short palindromic repeat/
CRISPR-associated protein 9

CRY 1/2 Cryptochrome 1/2

CTLA-4 Cytotoxic-T-lymphocyte-associated-protein 4

DC Dendritic cells

Dgat2 Diacylglycerol O-acyltransferase 2

DMEM Dulbecco’s modified eagle medium

DNAM-1 (CD226)

DNAX Accessory Molecule-1

DTT

Dithiothreitol

EGFR Epidermal growth factor receptor
FACS Fluorescence-activated cell sorting
FC Flow Cytometry

Fap2 Fibroblast activation protein 2
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PER 1/2/3 Period 1/2/3
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Introduction

1. Introduction

1.1 Colorectal cancer and its global burden

The annual number of cancer diagnoses is evidently increasing as the population ages,
influenced by demographic shifts, industrialization, and the adoption of a “Western”
lifestyle. Colorectal cancer (CRC) ranks among the most frequently diagnosed cancers
and is the fourth leading cause of cancer-related deaths worldwide, following breast,
lung, and prostate cancers (Balata and Azzam, 2025). According to the GLOBOCAN
database over 1.9 million new CRC cases and 930000 deaths were recorded globally
in 2020 (Morgan et. al., 2023). It is a general fact that the growth in economy together
with rapid industrialization of countries go hand in hand. The adoption of fast-food
dietary habits, obesity, physical inactivity, alcohol consumption, and smoking are all
risk factors contributing to the increase in CRC incidence (Caceres-Matos et. al.,
2024), (Shaw et. al., 2018), (McNabb et. al., 2019), (Li et. al., 2024). Additionally, this
rising trend of CRC in economically advanced nations can be observed by the Human
Development Index (HDI), a measure of life expectancy, income, and education.
Although CRC incidence is rising in high-HDI countries, CRC mortality rates have
declined in some nations, like Slovenia and Italy, due to enhanced screening allowing
early disease detection and treatment (Zorzi and Urso, 2023). Conversely, mortality
rates are climbing in countries with limited healthcare resources, such as Russia and
Brazil (Lu et. al., 2021). Furthermore, recent studies indicate that the CRC burden is
shifting towards low- and middle-income developing nations. Moreover, the CRC
incidence in individuals under 50 is showing a rising trend attributed to dietary habits,
lifestyle factors, and screening practices (Keum and Giovannucci, 2019), (Chen et. al.,
2025), (Sung et. al., 2025).

As CRC is a cancer, it is a disease of aging. The incidence rates are increasing beyond
50 years of age, 90% of global cases and deaths are occurring after this age in both

male and female as indicated in Fig.1.
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Average Incidence and Mortality by Age and Sex (2022)
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Fig. 1: Worldwide incidence and mortality of CRC by age in male and female Line
graph depicting age-specific incidence and mortality rates per 100.000
population, divided by sex. The Incidence (blue = men, orange = women) and
mortality (purple = men, red = women) rise steeply with age, showing consistently
higher rates in men compared to women across all age groups. Source: Cancer
TODAY | IARC - https://gco.iarc.whi.int, Data version: Globocan 2022 (v1.1) —
08.02.2024

As showed in Fig.1, the incidence of CRC as well as the mortality are 30-40% higher
in men than in women. Furthermore, the elevated incidence rate of CRC in men might
be related to a combination of multiple factors like environmental and genetic factors.
These high rates are influenced by increased screening procedures and the fact that
CRC is often diagnosed in advanced stages. Moreover, the heritability of CRC in men
is estimated to be 28% and 45% for women (Graff et. al., 2017). Generally speaking,
evidence indicates higher heritability in woman than in men (Samadder and Curtin,
2017). Additionally, twin studies showed that CRC has a hereditary component which
is estimated to be 35-40% (dos Santos et. al., 2025). Approximately 25% of CRC cases
are showing a family history which are not tied to a specific genetic cancer syndrome.
In addition, only 5% of CRC cases are associated to hereditary cancer syndromes like
familial adenomatous polyposis or hereditary nonpolyposis colorectal cancer
(Jasperson et. al., 2010). It is known that low penetrance genetic variations, like single

nucleotide polymorphisms (SNPs) are associated with CRC risk. However, only a small
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proportion of identified CRC SNPs are providing some clarification of its heritability
(Jiao et. al., 2014).

1.2 Development of polyps, genetic alterations and colorectal cancer

The development and progression of CRCs generally occurs very slowly without
evoking any symptoms until reaching a prominent size, in most cases several
centimetres (Simon, 2016). It is a known fact that the development of CRC includes
various genetic alterations like mutations and epigenetic modifications which basically
transform normal glandular epithelial cells into a benign neoplasia (Mundade et. al.,
2014). Most of the colon tumors are developing via a multistep process accumulating
several changes in morphology and histology over time, ultimately transforming the
benign neoplasia (Markowitz et. al., 2009), (Brenner et. al., 2014). As noted previously,
typical risk factors such as nutrition and lifestyle increase the risk of developing CRC.
Those risk factors are all modifiable risk factors. Additionally, the consumption of green
leafy vegetables, calcium, dietary fiber and folate has shown protective effects against
CRC development (Simon, 2016). In contrast, hereditary conditions like the Lynch
syndrome or familial history of colorectal tumors and intestinal bowel disease as well
as diabetes mellitus type 2 are non-modifiable risk factors (Decker et. al., 2019).
Colorectal cancer usually originates from benign polyps undergoing genetic changes.
These are typically clusters of abnormal cells growing within the intestinal mucosa,
protruding into the lumen of the colon. As genetic mutations accumulate, polyps
become more dysplastic and begin to invade the colon and rectal wall if not removed
(Levine & Ahnen 2006), (Decker et. al., 2019). This malignant growth can develop new
blood vessels by neovascularization, providing a pathway for tumor cells to enter the
circulatory and lymph systems, finally causing metastasis in distant organs (Nagy et.
al., 2009). Only a small fraction of these altered polyps acquire enough mutational
changes to develop malignant features. Moreover, it usually takes years or decades to
complete the progression from polyps to intestinal cancer (Stracci et. al., 2014).
There are two types of DNA alterations relevant for CRC. Those that are acquired and
those that are inherited. The latter ones consist mutations in genes like MLH1, PMS2,
MSH2 and APC which are associated with CRC but relatively uncommon. Only about
5% of CRCs are attributed to such inherited alterations (Kinzler & Vogelstein, 1996).
As mentioned previously, malignant colorectal cancers arise from serrated or tubulo-

villous adenomas following two genetic pathways (Mezzapesa et. al.,, 2022). One
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pathway is associated with adenomas usually showing its character via chromosomal
instability due to a cascade of accumulated mutations which can be observed in 65-
70% all sporadic cancer types (Simon, 2016). The cascade of genetic alterations
begins within the APC gene affecting the process of chromosomal segregation during
cell division. In about 80% of sporadic colon cancer cases a mutation of APC gene
was detected (Kwong & Dove, 2009). This mutation can also be found in dysplastic
epithelium and small benign adenomas (Fearon & Vogelstein, 1990). Furthermore,
mutations are also occurring in the KRAS gene, a typical oncogene which stimulates
cell growth, motility, survival and differentiation. Finally, adenomas may eventually
loose the function of the p53 tumor suppressor gene due to further mutations impairing
apoptosis, transcription and other cellular functions such as DNA-repair mechanisms,
ultimately leading to carcinogenesis (Pino & Chung, 2010). In contrary, serrated polyps
often begin with mutations in the BRAF gene, disrupting apoptosis and altering growth
signaling (Yamane et. alt., 2014). Additionally, mutations in the KRAS gene are less
frequent in serrated polyps than in tubular adenomas. Furthermore, abnormal
hypermethylation in promoter regions represent an epigenetic alteration which is
common in serrated type CRC. This hypermethylation inhibits gene transcription
keeping the affected genes in an inactive state which has a great impact on other
regulatory genes promoting cell growth (Mezzapesa et. al., 2022). Finally, another
mechanism which enhances the genetic diversity in CRC, occurs in both serrated and
tubular adenomatous polyps is microsatellite instability (MSI). Microsatellite instability
is caused by mutations in DNA-repair genes causing the disruption of the DNA-repair
system. In addition, MSI also occurs in non-coding regions due to uneven replication
of short, repetitive DNA-sequences. MSI cancers can rapidly acquire additional

mutations and express numerous neoantigens (Ganesh et. al., 2019).

1.3 Treatment strategies of colorectal cancer

Current treatment strategies utilized in CRC treatment are depicted in Fig. 2. The
choice of the respective treatment strategy depends on the tumor stage as indicated.
The primary and ideal treatment option is the complete surgical resection of the primary
tumor and any metastasis, which serves as the cornerstone for treating stages I-lll
(Benson et. al., 2021). However, most CRC tumors are diagnosed at an advanced
stage with metastasis, including about 20% that have metachronous metastasis which

brings up great challenges for surgical tumor removal and therefore treatment by



Introduction

operation (Decker et. al., 2019). Consequently, for patients with unresectable
malignancies or those ineligible for surgery, the main goal is to reduce tumor size,
inhibit tumor growth and spread, which is typically achieved through chemotherapy or
radiotherapy for rectal cancer. In addition, both chemo- and radiotherapy can be used
as adjuvant or neoadjuvant treatment before and after surgery (Messersmith, 2019).
For example, chemotherapy can be given as a single-agent therapy or in a combined
approach, such as the combination with 5-Fluorouracil (5-FU) / Folinic acid and
Irinotecan (FOLFIRI). Other drug combinations include 5-FU / Folinic acid + Oxaliplatin
(FOLFOX) (McQuade et. al., 2017), (Buikhuisen et. al., 2020). The cornerstone for
stage Il colorectal cancer therapy continues to be oxaliplatin-based therapies such as
FOLFOX or CAPOX (capecitabine/oxaliplatin) which is administered for up to six
months, remaining as the historical standard of care for MSS tumors where
immunotherapy has not yet become standard (Taieb, 2020). However, treatment
strategies are increasingly shifting towards biomarker-driven personalization. For
example, retrospective and randomized trials are evaluating whether circulating tumor
DNA-guided (ctDNA) therapeutic strategies can optimize therapy increasing
chemotherapy efficacy for ctDNA-positive patients or sparing toxicity in ctDNA-
negative patients (Cha, 2025). Moreover, recently published data suggests targeted
agents like celecoxib, which improves the outcomes in ctDNA-positive patients. This
underlines ctDNA not only as a prognostic marker, but also as a predictive biomarker

giving information about adjuvant therapy decicions (Sanderson et. al., 2025).
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* Surgery (polypectomy, colectomy, hemicolectomy)
» Surveillance (no adjuvant therapy unless high-risk features)
* ctDNA monitoring (emerging biomarker tool)

 Surgery + adjuvant chemotherapy

« Adjuvant chemotherapy: CAPOX or FOLFOX (especially high-risk)
* dMMR/MSI-H tumors -> limited role for chemo

« ctDNA testing to guide therapy (trials)

» Surgery + adjuvant chemo (CAPOX or FOLFOX, 3—6 months)
« High-risk vs low-risk stratification (Tumor/Node stage, ctDNA)
« Immunotherapy trials (e.g., ATOMIC with atezolizumab) for dMMR/MSI-H

« Chemotherapy: FOLFOX, FOLFIRI, FOLFOXIRI % biologics (e.g. Bevacizumab)

» Targeted therapy (biomarker-driven): Anti-VEGF: bevacizumab, ramucirumab, Anti-EGFR: cetuximab, panitumumab (RAS WT),
BRAF V600E -> encorafenib + cetuximab, HER2+ -> trastuzumab-based, KRAS G12C inhibitors (trials)

« Immunotherapy: checkpoint inhibitors (pembrolizumab, nivolumab, dostarlimab, atezolizumab) for MSI-H/dMMR tumors
* Emerging: CAR-T, vaccines, ctDNA-guided management, oncolytic viruses

Fig. 2: CRC treatment strategies and specifications. Overview of standard and
emerging therapeutic methods across stages I-IV. Surgery is conducted in early
stages, with adjuvant chemotherapy (CAPOX/FOLFOX) applied at high-risk stages II-
lll. Further stage IV treatments include systemic chemotherapy, targeted therapy,
immunotherapy for MSI-H/AMMR tumors and novel approaches such as CAR-T,
vaccines, ctDNA-guided management and oncolytic viruses. Source: (McQuade et. al.,
2017), (Xie et. al., 2020), (Taieb, 2020), (Sanderson et. al., 2025)

However, another common treatment strategy besides surgery and chemotherapy is
immunotherapy, which marks a crucial and important approach in anti-cancer therapy
(André et al., 2020). In general, immunotherapy is considered when all other therapy
options proved to be insufficient, making it the last-line therapeutic strategy to manage
tumors and metastasis. Moreover, cancer cells possess the ability to hide and evade
detection from the immune system (evasion/escape) by activating negative immune
checkpoints, which inhibit the immunologic responses of various cells like NK cells, T-
cells and macrophages (Sultan et. al, 2017). Current targeted therapies focus on
inhibition of tumor growth factors such as VEGFA and EGFR, as well as addressing
immune checkpoint ligand-receptor systems. Additionally, oncolytic viruses and anti-
cancer vaccines, including peptide and DNA vaccines, are also used in cancer
immunotherapy (Galassi et. al., 2024). For instance, a genetically engineered
Poliovirus (PVSRIPO) tested in clinical trials showed high efficacy in killing malignant
cells (Peruzzi & Chiocca, 2018). Moreover, the most common immune checkpoints,

PD1, PDL1 and CTLA4, are targeted by various monoclonal blocking antibodies like
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Nivolumab, Atezolizumab and Ipilimumab, respectively (André et al., 2025), (Kciuk et.
al., 2025). These immune checkpoints, expressed on activated T cells, have been
approved as effective targets for treating different cancer types and advanced stages.
However, targeting just a single immune checkpoint has shown that over 50% of the
patients failed to respond treatment. Therefore, a combined approach of PD1 and
CTLA4 checkpoint inhibitors such as Nivolumab (anti-PD1) and Ipilimumab (anti-
CTLA4), has significantly increased the response rates of renal cell carcinoma,
metastatic melanoma and metastatic colorectal carcinoma with high microsatellite
instability (MSI-H) and DNA mismatch repair (MMR) alterations (Rotte 2019). Lastly,
the optimization of drug delivery through chronotherapy can increase the patients
tolerance to high doses of anti-cancer drugs, improving anti-tumor and anti-metastatic

effects in colorectal cancer patients (Giacchetti, 2002).

1.4 Molecular subtypes and characteristics of colorectal cancer

The current treatment strategies available for CRC patients which are sharing similar
pathological conditions are widely following the model of ‘one drug fits all’. Due to the
fact that colorectal cancer is a very heterogenous type of disease and not all patients
are sharing the same genetic and pathological conditions, molecular subtypes of CRC
were designated to characterize patients’ tumors by genetic and pathological
signatures (Singh et. al., 2021). This characterization allows a better clinical decision
making by choosing the therapy which is fitting the best regarding specific molecular
and pathological aspects to finally improve the patient’s clinical outcome. This
approach is also known as personalised precision medicine. Currently, prognosis
prediction, therapy selection and tumor classification rely on histological, respectively
pathological features (Nagtegaal et. al., 2019). This standard treatment and staging
protocols (TNM, UICC) have major issues in identifying all the colon cancer patients
with poor prognosis which should receive their adjuvant therapy as well as failing to
predict patients benefiting from this therapy option. Some patients are overtreated
while others are inadequately treated with chemotherapeutics due to insufficient

categorization (Punt et. al., 2017).

Fig. 3 depicts the four different consensus molecular subtypes (CMS) of CRC whose

main goal is to improve the diagnosis and prognosis of CRC at different stages. It may
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help to specify the patient’s personalized therapy which is expected to achieve the best
outcome (Singh et. al., 2021).

Occurrence

Molecular
Characteristics

Key Mutations

Phenotype

Therapy response

Prognosis

Fig. 3: Key Characteristics of CMS subtypes in CRC (Modified from Buikhuisen,
J.Y., Torang, A., and Medema, J.P. (2020). Exploring and modelling colon cancer
inter-tumour heterogeneity: opportunities and challenges. Oncogenesis 9, 66.)
The defined features and subtypes of colorectal cancer are summarized in the
respective illustration. MSI = Microsatellite instability, CIMP = CpG island methylator
phenotype, SCNA = Somatic Copy Number Alteration, 5-FU = 5-Fluorouracil, FOLFOX
= Folinic acid (Leucovorin), 5-FU or capecitabine (5-FU prodrug) and oxaliplatin,
FOLFIRI = Folinic acid (Leucovorin), 5-FU or capecitabine (5-FU prodrug) and
irinotecan.

Recent transcriptomic analyses revealed two major intrinsic epithelial subtypes of CRC
iICMS2 and iCMS3 (Dunne and Arends, 2024). An important finding concerning MSS
tumors with iCMS3 epithelium (iCMS3_MSS) phenotype showed strong features in
genomic, transcriptomic and biological pathway displaying higher similarity to classical
CMS1 MSI-H tumors than to iCMS2_MSS. As commonly known, the CMS4 subtype is
characterised by fibrotic cancer types. According to the refined classification, iCMS2
and iCMS3 are classified in either fibrotic or non-fibrotic tumor states, suggesting that
fibrosis is an essential factor for subdividing CRC tumors. Importantly, CMS4 tumors,
as stated in Fig.3, show the worst relapse-free overall survival. Recent studies
revealed that the CMS4 subgroup with identified iCMS3 epithelial cells is found in
patients with the worst prognosis compared to other CRC types. The integration of
epithelial subtypes into the CMS classification system revealed a novel spectrum of

CRC classification, categorizing the epithelial cells of CRC tumors into first epithelial
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statis (i), second microsatellite instability status (M) and third fibrotic status (F) (Joanito

et. al., 2022). Fig.4 depicts the refined categorization of the classical CRC CMS

subtype classification.

Intrinsic
CMS

CRC

o

APC and TP53 mutations

Gains in Chr 7pqg, 8q, 13g and 20pg

o

KRAS, PIK3CA and BRAF mutations
Few copy number changes

Losses of chrs 1p, 4pq, 8p, 144q, 15g, 17p and 18pg  Mainly right colon {65%)
Mainly left colon (68%)

Relate to AD, crypt-bottom gene signatures
Greater Wnt/b-catenin and MYC activity

Microsatellite
status

Fibrosis

l

iICMS2_MSS

i2 MSS_NF

Imrune response
signatures

Fibroblast and endothelial
cell-type signatures

Monocyte/dendritic cells,
T and NK cell-type signatures

Relate to S5L, gastric metaplasia gene signatures
Greater MAPK pathway activity

Higher inflammation response pathway scores
Worse SAR

|

ICMS3_MSS

High TMB and

hyper-meathylation

i3_MSS_NF

Worst RFS Response to
and 0S8 ICB

Fig. 4 Refined CMS classification system (Modified: Joanito et. al., Single-cell
and bulk transcriptome sequencing identifies two epithelial tumor cell states and
refines the consensus molecular classification of colorectal cancer. Nat Genet.
2022 Jul;54(7):963-975. doi: 10.1038/s41588-022-01100-4. Epub 2022 Jun 30.
PMID: 35773407; PMCID: PMC9279158.) Refined CMS subtype classification
depicting a layered classification fundated on intrisic CMS subtypes, MSI and fibrotic
status, showing clinical features as key mutations, immune infiltration and response as
well as single cell and cell type specific signatures from e.g. fibroblast, endothelial and
various immune cell types. The color coded table represents the intensity of signature
expression, the darkest color represents the highest or strongest expression.
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1.5 Circadian rhythm in colorectal cancer

The circadian clock is a highly specialized pacemaker and timed machinery crucial for
the regulation and maintenance of physiological rhythms in organisms (Verlande &
Masri 2019). This circadian system in mammals is composed of two tiers, a master
clock which is located in the suprachiasmatic nucleus (SCN) of the brain and peripheral
clocks residing in peripheral tissues and organs. Light for instance is transmitted via
the retina to the SCN, which converts and integrates this information from the brain to
peripheral tissues resulting in the regulation and maintenance of circadian oscillations
in cells (Zhang et. al., 2021). Not only is light an important external stimulus, but also
environmental factors, the intake of food and hormones from the body influences and
controls the SCN and therefore the circadian rhythm in cells. On the molecular level,
this machinery consists of two main autoregulatory interlocked transcription/translation
feedback loops (ITTFL) counter modulating each other by the expression of output
genes. “Circadian locomotor output cycles kaput” (CLOCK) and “brain and muscle
Arnt-like protein-1” (BMAL1) for instance are activators of the feedback loops, whereas
period (PER-1/2/3) and cryptochrome (CRY-1/2) are inhibitors of these feedback
loops. In addition, the activators CLOCK and BMAL1 are part of the first (activatory)
loop, forming both a transcriptional activator complex driving the cyclical expression of
their own repressors PER and CRY. The periodic expression of BMAL1 is regulated
by the activator “retinoic acid receptor-related orphan receptor” (ROR) a/f and
REVERBa/B playing the role as repressor (Lee, 2021). The name of REVERBa« is
derived from “reverse c-ErbAa”“ as the encoding gene resides on the antisense strand
relative to the human “thyroid hormone receptor alpha” (THRA/c-ErbAa) (Gomatou et.
al., 2023). This complex machinery of feedback loops and periodically expressed
circadian genes depicted in Fig.5 are forming the circadian rhythm in every eukaryotic
cell, regulating the expression or circadian cycle of clock-controlled genes (CCGs).
The disruption of the circadian machinery by nightshift, chronic jetlag or change in
nutrition increases the risk for the development of common cancer types like lung,
breast, prostate or colorectal cancer among others (Lee, 2021). Moreover, it was
shown that a lower BMAL1 expression resulted in a shorter overall survival rate at five
years in patients (Mazzoccoli et. al., 2011). In addition, BMAL1 is involved in the
regulation of the cell cycle, tumor metastasis and metabolism. A disturbance in its
expression can shift physiological patterns and cellular activities, driving the

progression of CRC (Rao et. al., 2022). Furthermore, CLOCK expression has been
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associated to tumor cell migration and metastasis in CRC by modulating HIF1a/p and
VEGFa pathways within the tumor microenvironment (TME) (Wang et. al., 2017). As
the major negative feedback loop circadian rhythm factor, REVERBa plays a crucial
role in cancer development and progression. An increased REVERBa expression was
associated with poor prognosis in CRC patients (Aroca-Siendones et. al., 2021).
Additionally, it was shown that REVERBa supports CRC metastasis and growth by
driving the expression of VEGFa (Burgermeister et. al., 2019).

Metabolic genes
Signaling genes

Epigenetic regulators
Other

RE V-ERB, ROR

Fig. 5 Molecular mechanisms of the mammalian circadian clock (Lee, 2021).
Interlocked autoregulatory transcription/translation feedback loops of core circadian
rhythm factors depicting the loop cycling between the transcriptional activator complex
CLOCK/BMAL1 and its repressors (CRY/PER & REVERBa) or activators (RORa/f3).
These loops are regulating the cyclic or oscillative expression of several CCGs like
epigenetic factor and regulators, metabolic as well as signaling genes.
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1.6 Macrophage diversity and subtype classification

For decades, macrophages were classified into two major classes, M1 “classically” and
M2 “alternatively” activated macrophages. The M1-like phenotype typically resembles
proinflammatory macrophages which are induced via toll-like receptors (TLR) by
bacterial LPS or cytokines like IFNy or TNFa. On the other hand, M2-like macrophages
which are have been polarised by IL4 and IL13 are exerting anti-inflammatory
properties by production of pro-fibrotic factors like TGF (Mills et. al., 2000). Due to the
fact that the surrounding tissue microenvironment has a great impact on macrophage
differentiation, polarisation and activity, the landscape of macrophage subtypes has
been recently evinced (Mulder et. al., 2021) to be highly diverse as depicted in Fig.6.
This functional diversity of tumor-associated macrophages (TAMs) is not only

regulated by the spatial proximity to organs, cancer types and microenvironment, but
IL1B, CCL3
CXCL1,2,3,5

.

IFN-TAMs

also to its ontogeny (Casetta and Pollard, 2018).

APOCT1, APOE, ACP5 Inflam-TAMs
and FABPS, lipid
metabolism LA-TAMs @
. $C

~ Angio-TAMs [

IFN regulated
genes, IDO,

ISG15,
CXCL8,9.10

VEGFA, SPP1,
| angiogenic factors )

Reg-TAMs

@ " ARG1, MRC1, |

Prolif-TAMs L CD274, CXSCRTJ

’ LYVE1, HES1, FOLR?2, ' @
resemble normal RTM )

MKI67, CDK1,
cell cycle genes

RTM-TAMs

Trends in Immunology

Fig. 6 Macrophage TAM subset types with distinctive molecular features (Ma et.
al., 2022) The subsets shown include interferon-primed TAMs (IFN-TAMs), immune
regulatory TAMs (Reg-TAMs), inflammatory cytokine-enriched TAMs (Inflam-TAMs),
lipid-associated TAMs (LA-TAMs), pro-angiogenic TAMs (Angio-TAMs), RTM-like
TAMs (RTM-TAMs), and proliferating TAMs (Prolif-TAMs).
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Over the past decade, the identification of this functional diversity of TAMs has been
subject to current research. Advancements in single cell analysis of omics data
revealed the multidimensional complexity of macrophage diversity during the past
years, so that the old terminology become now obsolete (Mulder et. al., 2021).
Nowadays, macrophages are classified according to specific signature markers they
are expressing. These markers are indicators of macrophage behaviour and function.
For example, the expression markers 1ISG15, TNFa and IL1B are indicators of
macrophages exerting pro-inflammatory properties (Xue et. al., 2014), (Murray, 2017),
(Zhao et. al.,, 2025). On the other hand, macrophages with anti-inflammatory
characteristics can be identified by their expression of HALDRB, IL13 and LIPA
(Rakina et. al., 2024), (Xie et. a., 2025), (Martinez & Gordon, 2014).

1.7 Targeting circadian rhythm components in colorectal cancer therapy

Several strategies can be exploited to target the circadian rhythm. First the circadian
clock can be targeted by intervening in its rhythm to enhance or keep up a robust
circadian rhythm. Fasting, a change in sleep-wake or dark-light cycles can affect the
circadian rhythm. Secondly, the circadian clock can be directly targeted by drugging it
with small molecules. Finally, the accurate timing of drugs to reduce side effects and
improve its efficacy can be used to manipulate the circadian clock as well (Sulli et. al.,
2019). All these mentioned methods are part of the so called chronotherapeutic
approach in anti-cancer therapy. Circadian desynchrony and CRC development are
closely linked together (Masri and Sassone Corsi, 2018). Moreover, almost every stage
of CRC like progression, metastasis, invasion, resistance etc. involves circadian
disorder (Zhu et. al., 2023). Immune checkpoints like the programmed cell death ligand
1 (PDL1) for instance have a daily oscillation. This rhythmic expression of PDL1 has a
great influence on the efficacy of immune checkpoint inhibitors (ICls) in tumor-
associated macrophages (TAMs) during anti-cancer therapy. Thus, the timing of PDL1
inhibitors or ICls in general might benefit an improved outcome for CRC (Fortin et. al.,
2024). In addition, another currently used approach incorporating circadian related
treatments in colorectal cancer is the inhibition of VEGFa via monoclonal antibodies
like Bevacizumab. Bevacizumab and chemotherapeutics like FOLFOX of FOLFIRI are
used in combination to increase CRC treatment efficacy. The circadian clock

transcription factor BMAL1 was shown to drive the expression of VEGFa in CRC.
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Therefore, BMAL1 can be seen as both potential druggable target preventing VEGFa
therapy resistance, and biomarker due to its frequent expression in CRC patients
(Burgermeister et. al., 2019). Furthermore, combining the hormone melatonin which
regulates the sleep-wake cycle with FOLFOX reduced 5-FU resistance in CRC cells.
However, the response to circadian therapy differs between patients (Sakatani et. al.,
2019). As mentioned above REVERBSs and other circadian genes play a crucial role in
the development and growth of CRCs. BMAL1 and REVERBa are both contributing to
VEGFa expression in CRC (Burgermeister et. al., 2019). Moreover, it was shown that
REVERBa inhibition caused an effective reduction in CRC cell proliferation in vitro
(Della-Morte, 2019). Therefore, REVERBa might be suitable as a therapeutic target in
CRC. Finally, the exploration of the functional roles of the circadian genes within the
immune landscape of the tumor microenvironment marks an important aspect in

cancer research residing still in its infancy.

1.8 TIGIT and the poliovirus receptor as novel immune checkpoint

The immune system protects our bodies from invading pathogens and infections. Over
a century ago, it was discovered that immune cells could also identify and eliminate
neoplastic cells (Vesely et. al., 2011), (Ehrlich, 1899). Nowadays, we understand that
tumor cells have developed mechanisms to escape, evade or hide from the detection
by the immune system. They achieve this by down-regulating their antigenicity, making
it harder for immune cells to recognize them as threats. Tumor cells which have
lowered their immunogenicity often show an upregulation of immunoinhibitory
molecules like PDL1, triggered by IFN-y released from tumor infiltrating lymphocytes
(Guo et. al., 2022). Blocking this immune checkpoint with monoclonal antibodies such
as Nivolumab can restore immune cell functions, enabling the elimination of malignant
cells (André et. al., 2020). Furthermore, the TIGIT-PVR/PVRL2 axis serves as an
alternative immune checkpoint system which has emerged as a promising target in
cancer therapy (Murakami and Ganguly, 2024). The TIGIT receptor, short for “T — Cell
— Immunoreceptor — with — Ig — and — Immunoreceptor — Tyrosine — Based - Inhibition
(ITIM) - domains”, is part of the Ig superfamily playing a pivotal role in regulating both
innate and adaptive immunity (Chiang et. al., 2022). TIGIT interacts within a complex
immune regulatory network, binding various ligands and competing with co-stimulatory

receptors like DNAM-1/CD226. In general, TIGIT itself is expressed on multiple
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immune cell types, including memory and activated T cells, cytotoxic, regulatory, and
helper T cells, NK and NKT cells as well as on monocytes and macrophages. In
addition, the physiologically low TIGIT expression on naive T- and NK cells is
upregulated upon activation (Yu et al., 2009), (Kurtulus et al., 2015). As illustrated in
Fig.7, TIGIT binds to several ligands on antigen-presenting or tumor cells, including
the poliovirus receptor (PVR/CD155), poliovirus receptor-related proteins 2
(PVRL2/CD112) and 3 (PVRL3/CD113), and Fap2, a protein secreted by
Fusobacterium nucleatum, a gut bacterium (Chauvin & Zarour, 2020) (Gur et al.,
2015). Among these ligands, PVR/CD155 shows the highest affinity for TIGIT, while
CD112 and CD113 display lower binding affinities (Yu et al., 2009). Additionally, PVR
is part of the nectin family (including CD155/PVR, CD112/PVRLZ2, and CD113/PVRL3),
which are cell adhesion molecules (Wu et al., 2024). Although PVRs are normally
expressed by tissues and contribute to antiviral immunity, they are also able to
establish an anergic microenvironmental niche in solid tumors, preventing NK and T
cells from effectively attacking tumor cells (Whelan et al., 2019). When PVR+ tumor
cells and macrophages bind TIGIT, they reduce the effector functions of NK and T
cells, such as cytotoxicity, phagocytosis, and cytokine production (Stamm et al., 2018).
Moreover, studies in human and mice have shown that TIGIT expression is elevated
on tumor-infiltrating lymphocytes within the tumor microenvironment of several
cancers, including breast, gastric, and colon cancers, non-small cell lung carcinoma,
melanoma, multiple myeloma, and acute myeloid leukemia (Johnston et. al., 2014),
(Inozume et. al., 2016). Furthermore, the accumulation of PVR/TIGIT in CRC and other
tumors was shown to be associated with mutation and activation of oncogenic
pathways, including EGFR/Ras, Wnt/GSK3b and Sonic Hedgehog, which promote
metastasis and are linked to poor survival outcomes (Murakami and Ganguly, 2024).
Collectively, this immune checkpoint axis opens up new targets and strategies to be
developed as novel anti-cancer therapy. Fig.7 depicts the interactions of PVR/CD155

on tumor and immune cells with its different ligands.
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/

PVR/CD155

PVR/CD155

Fap2

F.nucleatum APC/Tumor cell

Immune cell

Fig. 7 PVR-TIGIT immune checkpoint axis and interactions PVR(CD155)-TIGIT
immune checkpoint axis and interactions. CD155 is expressed on tumor and antigen-
presenting cells and binds to a variety of ligands like TIGIT and DNAM1 forming
heterotypic interactions as well as homotypic interactions with other CD155 molecules.
The interaction of CD155 with TIGIT on immune cells such as macrophages inhibits
their anti-tumoral effector functions. In contrary, the binding of CD155 to DNAM1 and
CD155-CD155 homodimerization triggers cell adhesion and an activatory signal within
the effector cell. The arrow thickness depicts the strength of interaction which
increases with thickness. APC = Antigen presenting cell, LFA-1 = Lymphocyte function
associated antigen 1.

1.9 Inhibitory mechanisms of the PVR and TIGIT system within immune cells
As previously discussed, TIGIT, PVR and other immune checkpoints play crucial roles
in regulating immune responses, particularly within cancer. Furthermore, several
inhibitory mechanisms of the PVR/TIGIT interaction suppressing both adaptive and
innate immunity are known, as depicted in Fig. 8. The first inhibitory mechanism is cell-
intrinsic, where TIGIT directly interacts with PVR/CD155 on tumor cells generating an
inhibitory signal within effector cells such as NK and T-cells, which dampens their
activity (Harjunpaa and Guillery et. al., 2020). The second mechanism is cell-extrinsic,
involving indirect inhibition via dendritic cells (DCs). In this case, TIGIT binds to PVR
on DCs, initiating a signaling cascade which reduces the production of the pro-

inflammatory cytokine IL-12 while increasing IL-10 levels.
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Fig. 8 Interaction and mechanisms of TIGIT inhibition on T-Cells (Chauvin and
Zarour, 2020) Mechanism of different inhibitory pathways of TIGIT within the tumor
microenvironment (TME). There are several pathways in which TIGIT triggers inhibition
of immune cell function, like 1. The direct contact of CD155/PVR with TIGIT on immune
cells. 2. TIGIT binds to CD155/PVR on dendritic cells (DC) to trigger IL10 secretion
resulting in inhibition of immune cell function. In contrast to CD155/PVR, TIGIT also
binds to CD226/DNAM1 which exerts an activatory signal. 3. Inhibition of
CD226/DNAM1 signaling, occurs due to higher affinity of CD155/PVR to TIGIT and
disruption of CD226/DNAM1 homodimerization. Additionally, TIGIT-PVR interaction
impairs immune functions due to an indirect way of 4. Stabilization of T-reg cell activity
and suppression through IL10 secretion. Finally, TIGIT can also bind to bacterial
proteins like 5. Fap2 from F. nucleatum inducing inhibition of immune cells via TIGIT
activation.

IL-10 exerts an inhibitory effect on a variety of surrounding immune cells (Yu et al.,
2009). Third, studies indicate that TIGIT interferes with the interaction between PVR
(CD155) and DNAM-1 (CD226). DNAM-1 is a co-stimulatory receptor found on several
immune cells, including monocytes, platelets, NK cells, and T cells. Upon activation,
this receptor associates with LFA-1, initiating a stimulatory signal within the effector
cell (Dougall et. al., 2017), (Stanietsky et. al., 2009). The inhibitory effect here results
from the higher affinity of TIGIT for PVR compared to DNAM-1, effectively limiting
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effector cell activation via DNAM-1 (Yu et al., 2009). Additionally, TIGIT disrupts
DNAM-1 homodimerization as well as its binding to PVR (Johnston et al., 2014).
Fourth, the interaction of PVR with TIGIT on regulatory T cells (Tregs) enhances their
immunosuppressive properties, leading to further inhibition of various immune cells
(Joller et al., 2014). Finally, gut bacteria such as Fusobacterium nucleatum secrete
Fap2, which binds to TIGIT and inhibits effector cell function (Gur et al., 2015).

1.10 The role of TIGIT/PVR in cancer therapy

As mentioned earlier, TIGIT is an inhibitory immune checkpoint expressed by various
immune cells. Blocking the PVR/TIGIT interaction within the tumor microenvironment
shows promising therapeutic potential, as it can restore immune cell function. Studies
have demonstrated that TIGIT blockade in cancer patients reactivates T cell activity
(Harjunpaa & Guillerey, 2020). Additionally, in AML patients, siRNA-mediated
knockdown of TIGIT resulted in increased IFN-y and TNFa expression, along with
reduced T cell apoptosis (Kong et al., 2016). Furthermore, enhanced CD8+ T cell
proliferation and elevated cytokine expression were also observed in melanoma
patients upon stimulation with tumor antigens, such as New York esophageal
squamous cell carcinoma (NY-ESO), following TIGIT blockade. The combination of
anti-PD-L1 and anti-TIGIT antibodies further intensified this effect through dual
checkpoint inhibition (Chauvin et al., 2015). Compared to single-agent therapy, this co-
blockade of TIGIT and PD-L1 has demonstrated significant clinical benefits while
maintaining comparable toxicity levels (Rodriguez-Abreu et al., 2020). Moreover,
PVR/TIGIT accumulation in CRC and other cancer types is often triggered by
mutations in oncogenic pathways, such as EGFR/Ras, Wnt/GSK3b, and Sonic
Hedgehog, which contribute to metastasis and thus worsen patient survival rates
(Hirota et al., 2005). Inhibiting these oncogenic drivers in CRC, using targeted signaling
inhibitors (e.g., EGFR inhibitors) alongside immune checkpoint inhibitors, may down-
regulate PVR expression on tumor cells. This down-regulation would, in turn, allow
lymphokine-activated killer cells (LAKs), including NK/T cells and cytotoxic

macrophages, to effectively target and destroy tumor cells.
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1.11 Transcriptional regulation of immune checkpoint targets by nuclear
receptors
As outline above, inactivation (anergy/dysfunction) of immune cells within the tumor
microenvironment after PVR-TIGIT interaction is of clinical potential due to the
availability of therapeutic blocking antibodies (Abs). Consistently, TIGIT blockage in
cancer patients has been shown to restore T-cell activity (Harjunpaa & Guillerey,
2020). Moreover, the human PVR gene is regulated by ligand-driven transcription
factors including the AhR which stimulates and PPARy which inhibits the expression
of PVR in macrophages (Burgermeister et. al., 2019), (McKay et. al. 2021). These
intracellular receptors can be influenced by various chemical agents and physiological

(metabolic) cues as showcased in figure 9.

- BMAL1
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Fig. 9 Transcriptional regulation of immune checkpoint targets by intracellular
nuclear receptors and transcription factors. The activity of intracellular receptors
like AhR and PPARs are regulated by various chemical compounds. Dioxins or other
toxins interact with AhR, whereas NSAIDs (such as aspirin) and fatty acid derivatives
interact with PPARs and alter the transcriptional activity of target genes like PVR e.a..
It is currently unknown which regulatory function REVERBa and its synthetic drug- or
physiological ligands (such as Fe2+ or Fe3+ Heme) exert on these designated target
genes.

The transcriptional regulator REVERBa, a member of the nuclear receptor superfamily
(NR1D1) acts as a repressor on target genes and coordinates circadian rhythms,
immunity and metabolism (Yin et. al., 2007). REVERBa is a key component of the
circadian machinery by forming the negative feed-back loop of the circadian clock
through repression of the core pacemaker components CLOCK, BMAL1, PER1/2 and
CRY1/2 (Lee, 2021). Furthermore, REVERBa also regulates genes which are involved
in metabolic functions including gluconeogenesis, lipid and bile acid metabolism as

well as genes involved in the inflammatory response of macrophages such as IL6 (Cho
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et. al.,, 2012). However, its impact on macrophage checkpoints in CRC remains

unknown.

1.12 Tumor organoids as a model system for colorectal cancer

Tumors are complex and heterogenous assemblies of malignant cells, whose growth
and spread are influenced by a large network of surrounding components. The tumor
microenvironment (TME), shaped by the developing malignancy itself, is infiltrated by
various inflammatory cells, including lymphocytes and innate immune cells (Whiteside,
1993). This broad diversity of NK, T cells, monocytes and macrophages are not only
inhibited by tumor-derived signals preventing anti-tumor response, but they play an
important role in the promotion of tumor growth (Whiteside, 2006). To study this
complexity, researchers have traditionally relied on in vitro 2D cell cultures and
genetically modified animal models. However, a more advanced approach involves the
use of in vitro human tissue-derived organoid cultures, allowing the investigation of
tumor immunobiology. These organoids are 3D cultures derived from tumor tissues or
pluripotent/stem cell lineages and are utilized to model cancers and their
microenvironments (Fuji et. al., 2019). Moreover, patient-derived organoids (PDOs)
can be cultivated in vitro which are isolated from tumor patients’ biopsies. In addition,
their scalability allows the establishment of comprehensive tumor biobanks
documenting the mutational diversity and histological features of various human
cancer subtypes (Drost and Clevers, 2018), (Betge et. al., 2022). Furthermore, to
generate these organoids, cancer stem cells isolated from patient tissues are
dissociated and embedded in Matrigel® droplets, providing a 3D scaffold for the stem
cells mimicking the extracellular matrix of tissues. This setup, combined with exact
conditions tailored to the tumor histology and type, requires the addition of specific
factors like R-Spondin, epidermal growth factor (EGF), Wnt3a, and the bone
morphogenetic protein (BMP) inhibitor Noggin. These components are essential for
promoting differentiation and self-renewal of tumor stem cells (Sato et al., 2008). To
conclude, the reconstitution of tumor organoids or PDOs with single or multiple immune
cell types in co-culture systems offers a valuable platform to replicate and study the
tumor microenvironment. This approach enhances the understanding of the intricate
interactions within tumors and enables the testing of various immunotherapeutic
strategies. Ultimately, it opens up new avenues for advanced personalized medicine
(Yuki et. al., 2020).
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1.13 Experimental approaches to study macrophage-tumor cell cross talk

In this PhD thesis, the human CRC MSS+ cell line HT29, the monocytic leukemia cell
line THP1, PBMC-derived macrophages and PDOs were used to elucidate the cross-
talk between macrophages and tumor cells with a focus on the PVR/TIGIT checkpoint
and its regulation by REVERBa. Human THP1 cells were transfected with
CRISPR/Cas9 constructs to knock-down the expression of REVERBa. Thus, THP1
cells were differentiated into adherent MO macrophages with phorbol ester (PMA) and
polarised into proinflammatory M(LPS/IFNy) vs. anti-inflammatory M(IL4/IL13)
macrophages. HT29 cancer cells and PDOs were co-cultured with macrophages
derived from either THP1 or PBMCs which were isolated from the blood of healthy
donors. In this setting, direct cell-cell-contact co-cultures were used to study cell-
intrinsic and non-cell-autonomous response mechanisms. The analysis of the co-
cultured cells was done by live-cell imaging or immune-fluorescence microscopy to
observe morphology. Colorimetric assays were used for viability, proliferation and cell
death (apoptosis/necrosis) were analyzed via flow cytometry (FC). Furthermore,
phagocytosis and efferocytosis were tested by labeling HT29 cells with CFSE and co-
culturing them with macrophages to investigate differential effects of co-culture
conditions like REVERBa ligand and functional antibody treatment PVR affecting
macrophage function. These assays were analyzed via FC as well. Furthermore, the
expression of main target REVERBa was analyzed via immunoblot. Finally, the impact
of small molecule drugs on REVERBa and its regulation of PVR marks the main goal

of this project.
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1.14 Goal and outlook

It is well known, that colorectal cancer (CRC) belongs to one of the most common
cancer types world-wide (Keum & Giovannucci, 2019). Although current therapy
options range from surgery to chemotherapy, immunotherapy plays a fundamental role
as last line strategy of anti-cancer treatment. Recent studies have demonstrated that
targeting of immune checkpoints is an effective approach to enhance the anti-tumor
response. Herein, the checkpoints PD1/PDL1 and CTLA4 expressed by activated T
cells are effective targets which have been approved for the treatment of different
cancer types and advanced stages. Nonetheless, targeting just a single immune
checkpoint showed that more than 50% of the patients receiving a treatment failed to
respond. Therefore, a combined approach of checkpoint inhibitors can drastically
increase the response rate in tumor patients in general (Rotte 2019). However, the
observed gain in PVR/TIGIT expression in tumors results in a poor survival rate due to
the up-regulation of oncogenic and immune evasion/escape pathways.

REVERBa marks a key component of the circadian machinery. It also regulates genes
involved in metabolic functions including gluconeogenesis, lipid and bile acid
metabolism as well as genes involved in the inflammatory response of macrophages
(Cho et. al., 2012). Studies in macrophages revealed, that REVERBSs tend to regulate
target gene expression by inhibiting the distal enhancers. These distal enhancers are
selected by macrophage linage-determination factors, activating a specific program of
repression (Lam et. al., 2013). Moreover, this nuclear receptor REVERBa acts as a
repressor on target genes coordinating circadian rhythms, immunity and metabolism
(Yin et. al., 2007). However, its impact on macrophage checkpoints remains unknown.
Therefore, the general idea lies in the utilization of REVERBa to target the PVR-TIGIT
immune checkpoint system, which might be an auspicious strategy to enhance the
responsiveness of CRC patients to macrophages within the tumor microenvironment.
Ultimately, the leading goal of this PhD thesis is to elucidate the role of REVERBa on
the PVR-TIGIT immune checkpoint system, to enforce the anti-tumor efficacy of

macrophages against CRC cells.
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The following aims were addressed in this project:
1. Aim: Investigation of REVERBa expression in macrophages, target
interaction and checkpoint Ab response in macrophage-tumor cell cross-
talk in CRC
We aim to CRISPR/Cas9 knock-out (KO) REVERBa in monocytic leukemia-
derived THP1 macrophages and conduct co-cultivation with human CRC lines.
Results shall be compared to 3D co-cultures of primary macrophages and PDOs
from CRC patients in Aim 3. Morphology and viability will be analyzed via live cell
imaging and flow cytometry (FC). Furthermore, expression of REVERBa in
CRISPR/Cas9 modified THP1- and PBMC-derived primary macrophages shall
also be investigated.
2. Aim: Unravelling the molecular mechanisms of REVERBa in macrophages
and malignant cell phenotypes
The impact of overexpression and CRISPR/Cas9 modification of REVERBa as
well as the modulation of REVERBa target genes by synthetic drug agonist
(SR9009) and antagonist (SR8278) will be analyzed via immunoblot, RT-qPCR,
ChIP and luciferase reporter gene assays. Moreover, essential macrophage
functions are planned to be investigated in CRISPR-modified THP1- and PBMC-
derived primary macrophages upon treatment with REVERB modulating synthetic
ligands. Phagocytosis of fluorescent beads and tumor cell efferocytosis assays are
the methods for examining these functions.
Additional ex vivo experiments with mouse macrophages are planned to study the
mechanism how REVERBa interferes with the Type-lI IFN/JAK/STAT signal
transduction pathway (based on a cooperation with Prof. M. Mdller, Vienna).
3. Aim: Integration of outcomes on drugged REVERBa function in CRC cell
co-culture models
Primary PBMC-derived macrophages isolated from healthy donor blood are co-
cultivated with CRC cell line HT29 and patient-derived organoids (PDOs) from
patients with CRC. The supplementation of co-cultures with synthetic drug agonist
(SR9009) and antagonist (SR8278) targeting REVERBa, together with PVR
blocking antibodies, is planned to enhance macrophage-mediated tumor cell
killing. This approach aims to unravel novel therapeutic strategies leveraging

macrophage functionality for more effective CRC treatment.
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The main project hypothesis states that the knockout or pharmacological modulation
of REVERBa in macrophages is expected to reactivate or increase their anti-tumor
efficacy against CRC cells e.g. patient-derived tumor organoids (PDOs). Thus, the
overall aim of this PhD thesis is to elucidate the role of REVERBa on the PVR-TIGIT
immune checkpoint system, to enforce the anti-tumor efficacy of macrophages against
CRC cells.
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2. Materials and Methods

2.1 Materials

2.1.1 Companies

Material and Methods

Company Headquaters Abbreviation
Abcam Cambridge, UK Abcam
Addgene Watertown Addgene
Massachusetts, USA
American Type Culture Manassas, Virginia, USA  ATCC
Collection
Applied Biosystems Waltham, Massachusetts, AB
USA
Becton Dickinson Franklin Lakes, New BD
Jersey, USA
Biozym Hessisch Oldendorf, Biozym
Germany
BioLegend SanDiego, California, BL
USA
Bio-Rad Laboratories, Inc. Herkules, California, USA BioRad
BINDER GmbH Tuttlingen, Germany Binder
Bethyl Laboratories Montgomery, Texas, USA Bethyl
Bemis Neenah, Wisconsin, USA Bemis
B. Braun Melsungen Melsungen, Germany Braun
Carl Zeiss AG Oberkochen, Germany Zeiss
Carl Roth GmbH + Co. Karlsruhe, Germany Roth
KG
Cayman Chemical Ann Arbor, Michigan, USA Cayman
Cell Signaling Technology Danvers, Massachusetts, Cell Signaling
USA
Consort BVBA Turnhout, Belgium Consort
Corning New York, USA Corning
Cryoport Systems Brentwood, Tenessee, MVE

USA
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Cytiva Little Chalfont, UK Cytiva

Emerson Electric St. Louis, Missouri, USA  Emerson

Company

Eppendorf AG Hamburg, Germany Eppendorf

Eurofins Scientific Luxemburg Eurofins

Greiner Bio-One GmbH Frickenhausen, Germany  Greiner

HETTICH | Andreas Tuttlingen, Germany Hettich

Hettich GmbH & Co. KG

Heraeus Holding GmbH Hanau, Germany Heraeus

Heidolph Instruments Schwabach, Germany Heidolph

GmbH & Co. KG

Invitrogen AG Carlsbad, USA Invitrogen

IKA®-Werke GmbH & Staufen, Germany lka

CO. KG

Intas Science Imaging Gottingen, Germany Intas

Instruments GmbH

JULABO GmbH Seelbach, Germany Julabo

Knick Elektronische Berlin, Germany Knick

Messgerate GmbH & Co.

KG

Leica Microsystems Wetzlar, Germany Leica

Life Technologies Carlsbad, California, USA LifeTech

Merk Millipore Burlington, Millipore
Massachusetts, USA

Menzel GmbH Braunschweig, Germany  Epredia

neoLab Migge GmbH Heidelberg, Germany neolLab

New England BioLabs Ipswich, Massachusetts, NEB

Inc. USA

Novus Biologicals Littleton, Colorado, USA Novus

PeproTech Inc. Rocky Hill, New Jersey, Pepro
USA

PEQLAB Biotechnologie Erlangen, Germany peqglLab

GmbH
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Phoenix Instrument

Grabsen, Germany

Phoenix Instruments

GmbH

Promega GmbH Walldorf, Germany Promega

QIAGEN GmbH Venlo, Netherlands Qiagen

Sartorius AG Gottingen, Germany Sartorius

SARSTEDT AG & Co. KG Numbrecht, Germany Sarstedt

Sigma-Aldrich St. Louis, Missouri, USA  Sigma

Sigma Laborzentrifugen Osterode am Harz, SigmaCentrifuge

GmbH Germany

STARLAB Hamburg, Germany Starlab

INTERNATIONAL GmbH

Tecan Trading AG Mannedorf, Swizerland Tecan

Thermo Fisher Scientific ~ Waltham, Massachusetts, Thermo
USA

Techno Plastic Products Trasadingen, Swizerland  TPP

AG

2.1.2 Reagents

Name Manufacturer Catalogue No.
ROTIPHORESE®NF- Roth A124.1
Acrylamid/Bis-Losung 30

Acetic Acid Sigma 45726
Ammoniumpersulfat = 98% Sigma 248614
Amersham Protran 0.45 NC Cytiva 4675.1
nitrocellulose

Ampicillin 100 mg/ml Sigma A5354
Aqua Spullésung 1000ml steril  Braun -
B-Mercaptoethanol = 99% Sigma M6250
Biozyme LE Agarose Biozym 840001
Bromphenolblau Sigma B5525
BSA Millipore 810033
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Complete™ Proteasehemmer- Roche 04693116001
Cocktail

DMSO Sigma D2438

DTT 1,4-Ditrhiotreitol 1 Sigma 11474
EDTA Sigma E6134 500g
Ethidiumbromid Sigma E1510
Ethanol  absolut  analysis Sigma Ph Eur 1.00983
EMSURE® ACS,ISO,Reag.

FacsClean BD 340345
FacsFlow BD 342003
FacsRinse BD 340346
GeneRuler 100 bp DNA Ladder Thermo SM0241
50ug, 0,5ug/uL

Glycin Pufferan® = 99% Roth 3908.2
Glycerol = 99% Sigma G5516

HCI 37% Sigma 258148 500 ml
HCI 1M Merck 1.09057
Hydrogenperoxid Solution 30 Sigma H1009

% (w/w) in H20, contains

stabilizer

2-Propanol Roth 1HPK.A1

iTag Universal SYBR Green BioRad -

Supermix

JumpStart REDTaq Ready Mix Sigma P0982
LB-Agar (Lennox) 500 g X965.1 Roth

LB-Medium (Lennox) 500 g Roth X964 .1
Lipofectamine™ 2000 Invitrogen 11668019
Lipofectamine™ RNAIMAX Invitrogen 13778150
Methanol ROTISOLV® = 99% Roth AE71.1
UV/IR Grade

Milkpowder blotting grade, low Roth T145.2

fat
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MS Columns Miltenyi 130-042-201
Na*orthovanadate = 90% Sigma S6508
Nicotinamide Sigma N0636 100g
p-Coumaric acid Sigma C9008
PageRuler™ Prestained Thermo 26616
Protein Ladder, 10 to 180 kDa

PageRuler™ Plus Prestained 26619
Protein Ladder, 10 to 250 kDa

PMA Sigma 182230
Poncau S Solution Sigma P7170 1L
2-Propanol ROTISOLV® Roth T902.1
Pestilyse® = 99,8%

ProLong™ Gold anti fade Invitrogen P36935
reagent with DAPI

Puromycin-Dihydrochlorid Gibco 12122530
Pierce RIPA Buffer Thermo 89900
REV-ERBa Antagonist, Sigma CAS 101910-24-1 -
SR8278 - Calbiochem
REV-ERB Agonist Il, SR9009 - Sigma 554726
Calbiochem

ROTI®Mark TRICOLOR 250 Roth 8271.2

ML

pHrodo™ Green STP ester Thermo P35369
Protease Inhibitor Cocktail | Sigma 539131
Protease Inhibitor Cocktail Il Sigma 539132
SuperSignal™ West Pico Thermo 34580
PLUS

SDS = 99% UltraPure Roth 2326.1
SOC Broth Fluka Analytical Sigma SU-85469
10ml

TEMED 99% 25ml Roth 2367.3

Tris Pufferan® = 99% Ultra Roth 5429.1
Trypaneblue 0,4% solution Glbco 15250061
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TurboFect Transfection Thermo R0533
Reagent

Y-27632 (hydrochloride) Cayman 10005583
Zeba Spin Desalting Columns  Thermo 89882

7K MWCO
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2.1.3 Devices & Equipment

Name Manufacturer Catalogue No.
BD FACSCanto™ Il Flow BD 338962
Cytometry System

BD Model 56 Incubator Binder 9010-0323
Branson Sonifier 250 Emerson 101-063-965R
CERTOMAT IS Sartorius 85030-520-53

Duomax 1030 balance shaker Heidolph 444-1330

SKU 09299-11-R

Electrophoresis Power Supply Pharmacia

GPS 200/400

Eppendorf® Centrifuge Eppendorf 022625080
5804/5804R

Eppendorf® Thermomixer Eppendorf 5355
Comfort 5355

Eppendorf® Microcentrifuge Eppendorf 05401203
5424R

Eppendorf® Microcentrifuge Eppendorf Z365998
5415C

GeneAmp PCR System 9700 AB 4339386
Fusion FX Vilber SKU 1511-0-1
Heracell 150 Heraeus 51026538
Heidolph Hei End magnetic Heidolph P/N 505-50000-00-0
stirrer

IKA RCT lkamag 0025005927
Gel iX Imager Intas GEL-IX-2023
Julabo TW20 Waterbath Julabo 9550120
Labor-pH-Meter 766 Knick 766

Leica DMIRB Inverted Leica 800-6834
Modulation Contrast

Microscope

MiniMACS™ and Miltenyi Biotec 130-042-109
OctoMACS™ Separators 130-042-102
Mini power supply, EV245 Consort EV245

31



Material and Methods

MIKRO 200 | 200 R centrifuge Hettich 2400

Nanodrop ND-1000 peQLab 26337
Spectrophotometer

RSM-10HS Phoenix Instruments 6.280 200
Sartorius 1204 MP Digital Sartorius 2903999

Scale

Sartorius MC1 Laboratory LC  Sartorius W--5026-e02112
4800 P

Sigma 3k12 centrifuge Braun 017447

Tecan Infinite M200 Tecan 30125944
PowerPac basic BioRad 1640300

Promax 2001 shaker Heidolph P/N: 543-22332-00
Zeiss Axiovert 25 Inverted Zeiss 451235
Microscope

ZEISS Axio Observer Zeiss 491916-0001-000
ZEISS ApoTome.2 Zeiss 423667-9100-000

2.1.4 Cell culture

Name Manufacturer Catalogue No.
Accutase Sigma A6964
Advanced DMEM/F-12 Gibco/Thermo 12634028
Cultrex Reduced Growth R&D Systems 3433-005-R1

Factor Basement

Membrane Extract, Type

R1

DMEM, high glucose, Gibco 41966
pyruvate

DPBS, no calcium, no Gibco 14190
magnesium

Fetal Bovine Serum, Gibco 10270106
qualified

GlutaMAX™ Supplement Gibco 35050061
HEPES (1 M) 100ml Gibco 15630-080
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L-Glutamine (200 mM) Gibco 25030081

LPS 1 mg/ml from Sigma 0111:B4
Escherichia coli

PBS,pH 7.4 Gibco 10010023
Penicillin-Streptomycin Gibco 15140122
(10,000 U/mL)

Recombinant Human IFN-y  Pepro 300-02
Recombinant Human IL-13  Pepro 200-13
Recombinant Human IL-4 Pepro 200-04
Recombinant Human M- Pepro 300-25-500UG
CSF

Recombinant Human GM-  Pepro 300-03-500UG
CSF

RPMI 1640 Medium Gibco 21875034
Trypsin-EDTA (0.25%), Gibco 25200056
phenol red

TrypLE™ Express Enzyme  Gibco 12604013
(1X), no phenol red

Invitrogen™ UltraPure™, LifeTech 10977049

DNase/RNase-free destilled

water

2.1.5 Cell lines and bacterial strains

Name Manufacturer Catalogue No.
One Shot™ TOP10 Thermo C404010
Chemically Competent E.

coli

Stellar™ Competent Cells  Takara 636766

E.coli

HT-29 ATCC HTB-38
HEK293 ATCC CRL-1573
SW480 ATCC CCL-228
THP-1 ATCC TIB-202
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2.1.6 Antibodies

Name Application Manufacturer Catalogue No.
APC anti-human CD11b FACS Biolegend 301310
Amersham ECL Mouse WB Cytiva NA9310-1ML
IgG, HRP-linked F(ab’),

fragment (from sheep)

Anti-Poliovirus WB Abcam ab229553
Receptor/PVR antibody

C-terminal

Anti-rabbit IgG, HRP- WB Cell Signaling 7074S
linked Antibody

B-Actin Antibody (AC- WB Santa Cruz sc-69879
15)

BMAL1 (D2L7G) Rabbit WB Cell Signaling 14020

mAb

CD47 Monoclonal in vitro assay Invitrogen 16-0479-85
Antibody (B6H12),

Functional Grade,

eBioscience™

CLOCK (D45B19) WB Cell Signaling 5157
Rabbit mAb

CD155 Monoclonal FACS Thermo 11-1550-42
Antibody (2H7CD155),

FITC, eBioscience

CD155 Monoclonal in vitro assay Thermo MA5-13493
Antibody (D171)

FITC Annexin V FACS Biolegend 640906
FITC Anti-NR1D1 + FACS Abcam [EPR10376]
RVR antibody

HSP90 alpha/beta (F-8) WB Santa Cruz sc-13119
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Mouse IgG1 kappa in vitro assay Invitrogen 16-4714-85
Isotype Control
(P3.6.2.8.1), Functional
Grade, eBioscience™
NR1D1 Rabbit WB Proteintech 14506-1-AP
Polyclonal Antibody
NR1D1 Polyclonal IF Invitrogen PA5-29865
Antibody
PerCP/Cyanine5.5 anti- FACS BL 338314
human CD226 (DNAM-
1) Antibody
PE-anti-human EpCAM  FACS Biolegend 324206
Rev-Erba (E1Y6D) WB Cell Signaling #13418
Rabbit mAb
SYTOX™ Blue Dead FACS Thermo S34857
Cell Stain, for flow
cytometry
2.1.7 Enzymes
Name Manufacturer Catalogue No.
GoTag® DNA Polymerase Promega M3001
Kpnl-HF NEB R3142L
HindllI-HF NEB R3104L
T7 DNA Ligase NEB MO0318S
2.1.8 Plasmids
Name Manufacturer Catalogue No.
pSpCas9(BB)-2A-Puro (PX459) V2.0 Addgene #62988
Plasmid
pGL3 Basic Vector Addgene #212936
pCR™4-TOPO™ TA Invitrogen #K457501
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2.1.9 Oligonucleotides
All sgRNA RNA sequences and Primers used were purchased and synthesized from

Eurofins Genomics.

Oligonucleotide Sequence 5" -> 3 Product

size (bp)

sgRNA Sequences

C-terminal CD155/PVR  GTTGGCAGACTAGAGTACAG -
knockdown sgRNA

N-terminal CD155/PVR  GCTCTCGTGCTCCACCTTGC -
knockdown sgRNA

REVERBo CRISPR/Cas9 KO validation Primer

5"-WTKO-REVERB« CTGGCATGTCCTATGAACATG 299/156
3-KO-REVERB« GGTCATGCTGAGAAAGGTTCA 156
3-WT-REVERBa GTCTCCCATGCCCATGGCACC 299
5-CT-REVERB« GGTGCCATGGGCATGGGAGAC 320
3’-CT-REVERB« TCACTGGGCGTCCACCCGGA 320
ChIP RT-PCR Primer

5’-huPVR-CHIP ACTCCTGGACCTCTGGTGATCC 180
3’-huPVR-CHIP GTTAGAGGCTTCAGTGAGCTAC 180
RT-PCR and general PCR

5-huREVERBa/NR1D1 CTGGGAGGATTTCTCCATG 168
3’-huREVERBa/NR1D1  TTCACGTTGAACAACGAAGC 168
5°-huPVRC AGTGAGCACTCAGGCATGTC 143
3’-huPVRC GGACACAGATGACAGTGCCA 143
5°-hulL1B GGACAAGCTGAGGAAGATGC 120
3’-hulL1B TCGTTATCCCATGTGTCGAA 120
5°-hulL10 TTACCTGGAGGAGGTGATGC 151
3’-hulL10 GGCCTTGCTCTTGTTTTCAC 151
5-huTLR4 TGAGCAGTCGTGCTGGTATC 166
3’-huTLR4 CAGGGCTTTTCTGAGTCGTC 166
5°-huTREM2 CACAACTTGTGGCTGCTGTC 127
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3’-huTREM2 GGTAGAGACCCGCATCATGG 127
5°-hulDO1 GGCCAGCTTCGAGAAAGAGT 125
3’-hulDO1 TTGCCCCACACATATGCCAT 125
5°-hulL41 CTATCTCAGCTTCGCCGAGG 197
3’-hulL4I1 GAGAGGTCTCGATCTGCACG 197
5°-hulSG15 ACCTGACGGTGAAGATGCTG 252
3’-hulSG15 TCCTCACCAGGATGCTCAGA 252
5-huFCGR3A ATCTCCCAAAGGCTGTGGTG 222
3 -huFCGR3A GGGTGGAGAGGTTTGTCTGG 222
5°-huLIPA TCGCCTTCTGGTACTAGCCCT 312
3°-huLIPA GCCTGGCTCCAGTGTAACAT 312
5°-huHLADRB1 ACTGCAGACACAACTACGGG 129
3’-huHLADRB1 CACTCACAGAGCAGACCAGG 129
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2.1.10 Kits
Name Manufacturer Catalogue No.
CellTrace™ CFSE Cell Proliferation Invitrogen C34570
Kit, for flow cytometry
Cell Meter™ Fluorimetric Phagocytosis ATT Bioquest 21225
Assay Kit *Red Fluorescence*
DNeasy Blood & Tissue Kit (50) Qiagen 69504
Dual-Luciferase® Reporter Assay Promega E1910
System
HiSpeed Plasmid Midi Kit (25) Qiagen 12643
Neon™ Transfektionssystem 100 ul-Kit Invitrogen MPK10025
Pan Monocyte Isolation Kit, human Miltenyi 130-096-537
Pierce™ BCA Protein Assay Kit Thermo 23225
Pierce™ Agarose ChlIP Kit Thermo 26156
Pure Yield™ Plasmid Miniprep System Promega A1223
Qtracker™ 655 Cell Labeling Kit Life Technologies  Q25021MP
QIAquick Gel Extraction Kit Qiagen 28704
RNA Isolation, Total RNA Kit, peqglLab 13-6834-02
peqGOLD
RNase-Free DNase Set (50) Qiagen 79254
Topo™ TA Cloning™ Kit Invitrogen 450641
Verso cDNA Synthesis Kit Thermo AB1453A
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2.1.11 Plastic consumables

Name Manufacturer Catalogue No.
Aspiration pipet 2 ml Greiner 710183
Cellstar® Cell Culture flask, 250 ml, 25 Greiner 690170

cm?

Cellstar® Supension Cell Culture flask, Greiner 690195

250 ml, 25 cm?

Cellstar® Cell Culture flask, 250 ml, 75 Greiner 658170

cm?

Cellstar® Supension Cell Culture flask, Greiner 658190/658195
250 ml, 75 cm?

Cellstar® Cell Culture flask, 550 ml, Greiner 660160/660175
175 cm?

Cellstar® Supension Cell Culture flask, Greiner 660190/661195
550 ml/650 ml, 175 cm?

Cellstar® Cell Culture Multiwell Plate Greiner 665180

12 Well

Cellstar® Cell Culture Multiwell Plate Greiner 662160

24 Well

Cellstar® Cell Culture Multiwell Plate Greiner 677165

48 Well

Cellstar® Cell Culture Multiwell Plate Greiner 650160

96 Well

Cellstar® Suspension Cell Culture Greiner 657185
Multiwell Plate 6 Well

Cellstar® Cell Culture Dish 100/20 mm  Greiner 664160
TubeSpin® Bioreaktor 15 TPP TPP87017
Eppendorf Safe-Lock Tubes 0,5 ml Eppendorf 0030121023
Eppendorf Safe-Lock Tubes 1,5 ml Eppendorf 0030120086
Eppendorf Safe-Lock Tubes 2 ml Eppendorf 0030120094
Falcon 15 ml Tubes Greiner 188161

Falcon 50 ml Tubes Greiner 227261

1000 pl Sarstedt® Filtertips (steril) Sarstedt 70.3050.255
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200 ul T Sarstedt ® Filtertips (steril) Sarstedt 70.3031.255
10 pl Sarstedt ® Filtertips (steril) Sarstedt 70.3010.255
1000 pl Sarstedt ® Pipette tips Sarstedt 70.3050
200 ul Sarstedt ® Pipette tips Sarstedt 70.3030
10 pl Sarstedt ® Pipette tips Sarstedt 70.3010
Parafilm® M Bemis PM-999
Pipette, 50 ml Greiner 768180
Pipette, 25 ml Greiner 760180
Pipette, 10 ml Greiner 607180
Pipette, 5 ml Greiner 606180
PETRISCHALE, PS, 60/15 MM, MIT Greiner 628102

NOCKEN, 20 ST./BTL.

2.1.12 Buffers

Buffer

Composition

5x Alkaline SDS-Loading buffer

TrisBase (pH > 10) 62,5 mM, 10% SDS,
B-MSH (5%), Glycerol (50%),

Bromphenolblue

Antibody dilution buffer

1% FCS (v/v) in PBS

RBC lysis buffer (ELP buffer) 500 mi

44,95g NH4Cl, 5g KHCO3, 0,19g EDTA
pH 8 in PBS

FACS buffer low BSA

1xPBS, 2 mM EDTA, 0,5% FCS,
0,4% BSA

IC Fixation Buffer

4% PFA (v/v) in PBS

Macs dilution buffer

0,5% BSA, 2 mM EDTA, pH 7,2 in PBS

10x PBS

9,55g PBS per L

Permeabilization Buffer

0,1% Triton X-100 (v/v) in PBS

10x Run/Transfer buffer 2L

288g Glycin, 6g TRIS

SDS Lysis buffer

50 mM Tris-HCI pH 7,6, 2% (w/v) SDS

Stacking buffer (SDS-PAGE)

0,5 M Tris-HCI pH 6,8

Separating buffer (SDS-PAGE)

1,5 M Tris-HCI pH 8,8

50x TAE buffer pH 8,5 1L

2429 TRIS, 37,2 EDTA, 57,1 ml Acetic
acid pH 8,5
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10x TBS 88g NaCl, 200 ml 1M TRIS-HCI pH 7,4
Tris-HCI 1 M Tris-HCI pH 7,4

2.1.13 Software and Statistics

All data are displayed as mean * S.E with at least N=3 independent experiments from
different passages of cell lines or PDOs. Per co-culture set-up, PBMCs from one single
healthy donor were used. As indicated in the legends, data were normalized to house-
keeping genes or proteins and calculated as fold or % compared to control. Statistical
analyses were performed following Graphpad Prism Version 9.1.0 guidelines for data
distribution and appropriate comparisons between one or multiple groups. Unless
stated otherwise, all tests were unpaired and two-tailed. A p-value of less than 0.05
was considered statistically significant (*). Sequence alignments for amino acids and
genes were performed using BLAST (https://blast.ncbi.nim.nih.gov), while three-
dimensional (3D) structural modelling of proteins was conducted through the PHYRE2
Protein Fold Recognition Server (https://www.sbg.bio.ic.ac.uk). To identify potential
transcription factor binding sites, the Alibaba tool (Transfac), version 2.1 (http://gene-
regulation.com/pub/programs /alibaba2/), was used. Furthermore, to strengthen the
literature base Al powered research-tool Consensus (2025) was employed to identify
relevant peer-reviewed studies. Finally, the large language model ChatGPT-5
(OpenAl, 2025) was used for exploratory purposes, contributing to the refinement of

the theoretical framework of this thesis.
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2.2 Methods
2.2.1 Golden-Gate molecular cloning of sgRNA

All DNA plasmids and single stranded oligonucleotides (primers) were designed using
the OligoPerfect® Primer Designer Software from Thermofisher. The DNA backbones
were purchased from Addgene. All Primers were ordered at Eurofins Genomics and

dissolved to 100 pM in sterile water.

2.2.1.1 Oligonucleotide design
In order to clone the sgRNA sequence into the vector pSpCas9(BB)-2A-Puro (PX459)
V2.0 Plasmid #62988, the oligos should be designed, so that the forward and reverse

strands pair with each other resulting in two overhangs that can be ligated into the

vector.
Oligo 1 = Forward 5'-CACCGNNNNNNNNNNNNNNNNNNNN -3’
Oligo 2 = Reverse 3°- CNNNNNNNNNNNNNNNNNNNNCAAA-5"

The PAM sequence is not included in this oligo design. Oligonucleotide sequences to
generate the final sgRNA sequence cloned into the CRIPSR/Cas9 vector for
REVERBa knockdown are listed in the following.

N-terminal REVERBa knockdown sgRNA Primer sequence:
Forward 5'-CACCGGGAGTGCCATACCTTCTCCC-3°
Reverse 5'-AAACGGGAGAAGGTATGGCACTCCC-3°

C-terminal REVERBa knockdown sgRNA Primer sequence:
Forward 5'-CACCGGGTCATGCTGAGAAAGGTCA-3’
Reverse 5'-AAACTGACCTTTCTCAGCATGACCC-3’

These two primer pairs were used in the following described oligo annealing and

golden-gate reaction to create CRISPR/Cas9 vectors with sgRNA targeting the N-
terminus and sgRNA targeting the C-terminus of REVERBAa.
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2.2.1.2 Oligo Annealing
For oligo annealing, the components as shown in Tab.1 were mixed and incubated in
a PCR cycler with the following conditions: 37°C for 30 min, 95°C for 5 min followed

by lowering the temperature in 5°C steps every 5 min until 25°C is reached and holded.

Tab. 1 Oligo annealing components

Component Amount [ul]
Forward oligo (100 pM) 1

Reverse complement oligo (100 uM) 1

10x T4 ligase buffer (NEB) 1

T4 PNK (Polynucleotide Kinase) (NEB) 0.5

H20 6.5

Total volume 10

2.2.1.3 Golden-Gate reaction

In the following the finished annealed oligos from the previous step are diluted 1:10 by

adding 90 ul of H20. The components for the following Golden gate reaction are

displayed in the following Tab.2.

Tab.2 Components of Golden-Gate reaction

Component Amount [ul]
2x T7 ligase buffer (NEB) 12,5

BSA [20mg/mI] (NEB) 0,125

EcoRI 20,000 units/ml (NEB) 1

T7 ligase (NEB) 0,125
Annealed oligo (1:10) 1

Vector [1 ug/uL] 1

H20 4,25

Total volume 20

After mixing the components for the Golden-Gate reaction as shown in Tab.2 the mix

was incubated in a PCR cycler with the following settings displayed in Tab.3.
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Tab.3: Golden Gate PCR reaction settings

Temperature [°C] Time [min] Cycles
37 5 15

20 5 15

4 oo 1

The ligation was first diluted 1:10 to finally analyze the ligated product by gel
electrophoresis. To this end, 10 pl of the diluted product were pipetted into one pocket
of a 2% agarose gel with ethidium bromide. The gel was run in 1xTAE buffer for 45-60

min at 120 V. Then the gel was finally analyzed by an Intas Gel iX imager.

2.2.2 Design of luciferase vector

2.2.2.1 Amplification of human PVR gene promoter

The following specific primers with restriction enzyme cloning sites were used for PVR
promoter amplification.

Oligo1 = Forward Kpnl-5"-ATGGTACCGTGATTTTCCTGTCTTAGCCTC-3’

Oligo 2 = Reverse Hindlll-3-ATAAGCTTCATGCCAGTTGCTCCGAGCAGC-5°
Genomic DNA from Parental THP1 cells was isolated and used as template DNA. For
the PCR reaction 500 ng template DNA were used for one reaction. Tab.4 displays the

PCR reaction components in detail.

Tab.4: PCR reaction components for one reaction

Component Volume [pl]
DNA-Template 6

5x PCR Buffer 12
dNTP-Mix 3
5°-Forward Primer (1:10 dill.) 3
3’-Reverse Primer (1:10 dill.) 3

MgCl2 3

GoTaq® DNA-Polymerase 0,75

Add H20 to Total volume 50
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For PCR product amplification the following reaction was performed using a

Thermocycler with settings as shown in the following Tab.5.

Tab.5: PCR cycling parameters for PVR Promoter Amplification

Step Temperature [°C] Time [min] Cycles
Initial denaturation 94 2 1
Denaturation 94 1 45
Annealing 60 1 45
Elongation 72 1 45
Final extension 72 5 1

Hold 4 o0 1

2.2.2.2 Analysis and isolation of PCR product for cloning

First, the amplified PCR product was evaluated by loading the complete reaction on
an 2% agarose gel stained with ethidium bromide. The gel was run in 1XTAE buffer for
1,5-2h at 120 V. At the end, the gel was analyzed by an Intas Gel iX imager. After
detecting the correct signal, the desired band was excised from the gel with a sterile
scalpel and transferred into a 2 ml Eppendorf tube. The Eppendorf tube containing the
excised DNA fragment was weighed. 3 volumes of Buffer QG were added to 1 volume
of gel (e.g. 100 mg gel ~ 100 ul). After adding the calculated amount of Buffer QG, the
tube was incubated at 50°C for 10 min until the gel slice has been completely dissolved.
During incubation the tube was vortexed every 2 to 3 min to assist dissolution of gel. 1
volume of isopropanol was added to the sample mix after dissolution of the gel
fragment. For DNA isolation the sample was load onto a QIAquick column and
centrifuged for 1 min at 13000 rpm at RT. To wash, 750 pl of Buffer PE were added to
the QIAquick column and centrifuged with the same settings as before. The flow
through was discarded and the column was spinned again 1 min for drying. Finally, for
elution the column was placed into a new 1,5 ml Eppendorf tube. 20 pl of 55°C pre-
warmed ddH20 were applied to the column membrane, incubated for 1 to 5 min before
finally centrifuging for 1 min. Concentration of isolated DNA fragment was measured

with the NanoDrop 1000 spectrophotometer described in section 2.2.6.
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2.2.2.3 Cloning of amplified PVR promoter into TOPO® vector

For the reaction everything as listed in Table 6 was mixed gently and incubated for 30
min at room temperature. After incubation the reaction was placed on ice and
transformation into competent bacteria was continued as described in the following

section.

Tab.6: Setup of the TOPO® cloning reaction

Component Volume [pl]
Fresh PCR product 2

Salt solution 1

TOPO® Vector 1

Water addto 6
Total volume 6

2.2.3 Transformation of competent E. coli

For the transformation of the ligated vector, One Shot® TOP10 Competent E.coli from
Invitrogen were used. The transformation was carried out according to the
manufacturer’s protocol as followed. First, the vial with the ligation mix was spinned
down and placed on ice. One vial of 50 yl One Shot® TOP10 cells was thawed 1h on
ice for each ligation/transformation. Then, 1-5 pl of ligation mix were directly pipetted
into the vial with competent cells and gently mixed by tapping. The remaining ligation
mix was stored at -20°C. The vial was incubated on ice for 30 min followed by an
additional incubation in a 42°C water bath or thermo block for exactly 30 seconds with
no mixing and shaking. After the incubation in the at 42°C, the vial was placed on ice,
and 250 pl of pre-warmed S.0.C medium was added to each vial. The vial was then
shaken at 225 rpm for 1 h at 37°C in a thermomixer device. Finally, 15 to 30 pl from
each transformation vial were plated out separately on pre-warmed LB agar plates with

ampicillin. The agar plates were inverted and incubated over night at 37°C.
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2.2.4 Colony selection with antibiotics

After overnight incubation at 37°C of the agar plates, 5 to 8 single colonies were picked
from the agar plate with a 200ul pipet tip. Each colony was transferred via the pipet tip
under semi-sterile conditions into a culture tube containing 2-10 ml of LB media with

ampicillin 100 pg/ml. All culture tubes were incubated at 37°C and 280 rpm 8-10 h.

2.2.5 Plasmid isolation via miniprep

For plasmid purification from E. coli, the PureYield Plasmid Miniprep Kit from Promega
was used. First, 1000 ul of each bacterial culture were transferred to 1.5 ml Eppendorf
tubes and centrifuged at maximum speed. The supernatant was discarded, and
another 1000 pl were transferred to the tubes and centrifuged as before. Thereafter,
the pellet was resuspended in 300 pL of PBS, and 100 pl of cell lysis buffer were added
to each tube, and the solution mixed by inverting the tube 6 times. After the solution
changed from opaque to clear blue indicating complete lysis, 350 pl of cold
neutralization buffer were added to each tube and mixed by inverting 3-4 times until
the sample turned yellow. Then, the neutralized samples were centrifuged at maximum
speed for 3 min. The supernatant of each tube was transferred to PureYield Mini-
columns for each sample. All columns were centrifuged at maximum speed for 15
seconds. The flow through was discarded, and 200 pl of Endotoxin Removal Wash
were added onto each column, and the tubes centrifuged at maximum speed for 15
seconds. Then, 400 pl of Column Wash Solution were pipetted to each column and
centrifuged at maximum speed for 30 seconds. All columns were transferred to 1.5 ml
Eppendorf tubes. For the elution step, 30 ul of 38°C pre-warmed DNAse/RNAse free
water was directly added onto each mini-column matrix and incubated at room
temperature for 5 min. Finally, all columns were centrifuged at maximum speed for 15
seconds to elute the plasmid. Further analysis of the plasmid concentration was
performed as indicated in the following section 2.2.6. The purified plasmids were stored
at -20°C. Five microliters of isolated plasmid were mixed with 5 ul of appropriate

sequencing primers (1:10 diluted) and send to Eurofins for sequencing.
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2.2.6 Quantification of DNA and RNA

Nucleic acids were measured by a NanoDrop 1000 spectrophotometer. Before each
measurement, a 1 pl blank measure was performed with the solution the DNA, RNA
or plasmid to be measured was eluted in. The concentration of every sample was
determined by applying 1 pl of it onto the lower measurement pedestal. Between each

measurement, the pedestal was cleaned with a paper towel.

2.2.7 Liquid cultures for plasmid multiplication and purification

After analyzing the results of plasmid sequencing, the appropriate clones were
selected for liquid culture. To this end, 200 ml of LB media supplemented with 100
pg/ml Ampicillin were inoculated with 2 ml of the pre-culture and incubated at 37°C at
280 rpm 8-10 h. The next day, the multiplied plasmids were isolated according to the
protocol of the MIDI prep kit from Qiagen, following the same principle as described in
section 2.2.5. Finally, the plasmid concentration was measured using the NanoDrop

1000 spectrophotometer as described in the previous section.

2.2.8 Generation of CRISPR/Cas9-sgRNA knockdown cell clones
2.2.8.1 Transfection of THP1 cells via electroporation
For the generation CRISPR/Cas9 knockdown cell clones of REVERBa gene, the

following sgRNA primer sequences were used.

sgRNA sequences cloned into the CRIPSR/Cas9 vector:
N-terminal REVERBa knockdown sgRNA Primer:

Forward 5'-CACCGGGAGTGCCATACCTTCTCCC-3’
Reverse 5'-AAACGGGAGAAGGTATGGCACTCCC-3’

C-terminal REVERBa knockdown sgRNA Primer:

Forward 5-CACCGGGTCATGCTGAGAAAGGTCA-3’
Reverse 5-AAACTGACCTTTCTCAGCATGACCC-3’
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The transfection of cultured THP1 cells with a CRISPR/Cas9 plasmid containing a
specifically designed sgRNA sequence was performed by using the Neon™
transfection system from Invitrogen. Three days prior electroporation 0.2x10*6 THP1
cells/ml were seeded. On the day of electroporation, the cell density was around 0.8-
1x1076 cells/ml. 2x10°6 THP1 cells were used per transfection. Before transfection,
cells were washed once with PBS. Then the cells were spinned down at 400g for 5 min
at RT and resuspended in R-Buffer (100 ul per 2x10%6 cells) after discarding the
supernatant. The cells were then transferred into a sterile 1.5 ml Eppendorf tube.
Before electroporation a 6 well plate with 1 ml pre-warmed RPMI medium without P/S
per well was prepared. For electroporation, the Neon™ tube was filled with 3ml
electrolytic buffer (Buffer E) and inserted into the Neon™ pipette station. After that 1
Mg of plasmid DNA per transfection was transferred into the tube containing the cells
and mixed gently. The cell-DNA mixture was taken up with the Neon™ pipette holding
a Neon™ tip by slowly pushing to the first stop and releasing the push-button very
carefully to aspirate the mixture into the Neon™ tip. Further, the Neon™ Pipette was
vertically set into the Neon™ pipette station until a click sound appeared. Each
electroporation was performed with the following parameters.

Voltage (V): 1400

pulse width (ms): 20

pulse number: 2, cells/ml: 2x1027

tip type: 10ul

After entering the parameters for electroporation, the start button was pressed to
deliver the electric pulse. The notification “complete” appeared after successful
completion of the electroporation. Furthermore, the Neon™ pipette was immediately
removed from the Neon™ station and the sample was transferred into one well of the
prepared 6 well plate. The plate was gently rocked to assure even distribution of
transfected cells and incubated at 37°C with 5% CO2. The next day post-transfection,
20% FCS was added to each well containing transfected THP1 cells. Finally, 0.25

pg/ml puromycin were added into each well to start clonal selection.

49



Material and Methods

2.2.8.2 Transfection of HEK293T, HT29 and THP1 cells with plasmid vectors
The transfection of cultured HEK293T, HT29 and THP1 cells with CRISPR/Cas9, PVR-
promoter Luciferase or REVERBa overexpression vector was performed by using
TurboFect™ or Lipofectamine 2000 Transfection Reagent from Thermofisher. One day
before transfection, 250.000 cells/well are seeded into a 6-well plate. For each well, 2
Mg of vector DNA were diluted in 100 ul of serum-free DMEM or RPMI media.
Furthermore, 6 ul of the transfection reagent were diluted in 100 ul of serum-free
DMEM or RPMI media and vortexed. The diluted DNA and transfection reagent were
combined and mixed by pipetting. This transfection/DNA mix was incubated for 15-20
min at room temperature. Then, 200 pl of the transfection/DNA mix were added
dropwise into each well of the 6-well plate prepared with seeded cells. The plate was
then gently tilted and swirled to achieve an even distribution of the transfection mix.
Finally, 24 h upon transfection a medium change was performed.

For CRISPR/Cas9 clones the clone selection was started by adding 0,5-1 pg/ml of
puromycin into each well 48 h post-transfection. A medium change with DMEM or
RPMI complete plus 0,5-1 ug/ml puromycin was carried out every two days.

The number of seeded cells for different in vitro setups is depicted by Tab. 7.

Tab.7 Number of seeded cells for different experimental setups

Cell Line 12 Well 6 Well 48 Well 10 cm dish
[cells/well] [cells/well] [cells/well] [cells/well]

HEK293T - 350.000 - 6.000.000

HT29 15.000 250.000 3333.33 6.000.000

Parental

THP1 150.000 500.000 50.000 6.000.000

Parental

PBMCs 150.000 1.000.000 50.000 -
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2.2.8.3 Picking and cultivation of adherent single clone colonies selected via
puromycin treatment

After visible colonies of cells had grown on the plate, 3 to 5 colonies were picked or
scratched off separately using a 200 pl pipet tip. Each colony was picked and collected.
After picking, the colony was gently washed with 2 ml DMEM complete media in the
well and transferred into a 15 ml falcon tube. This process was repeated 3 to 5 times
until the desired number of single clones were picked. Thereafter, the colonies were
centrifuged at 400 g for 10 min at room temperature. The supernatant was discarded,
and the pellet resuspended in 0.5-1 ml trypsin followed by 10 min incubation in a water
bath at 37°C. During incubation the tubes were shaken and tapped every few minutes
so that the cells separated well. The trypsin reaction was stopped by adding 5 ml
DMEM complete media to each tube. Further separation of cells was performed by
pipetting up and down using a blue pipet tip attached to a 10 ml serological pipet. Then,
the cells were centrifuged as before, and the pellet resuspended in 500 yl DMEM
complete media supplemented with 0.5 pg/ml puromycin. Depending on the clone’s
size, the resuspended cells were seeded in one or two wells either into a 96-well plate
for small to medium sized clones and intro a 48 well plate for large clonal colonies.
Once the density was high enough in the wells, the clones were passaged and
transferred to the next larger volume until they were cultivated in a 6 well plate. From
here on, the clones were seeded and cultivated in 10 cm dishes to finally freeze backup
tubes. Four 10 cm dishes of one clone were trypsinized and pooled. The number of
cells was enumerated by using a Neubauer-Improved counting chamber, and 1.5 ml
of the pooled clone were reseeded into a 25 cm? or a 75 cm? cell culture flask,
depending on the previous cell density. Clonal cells were frozen and stored in liquid
N2.

2.2.9 Cell culture and in vitro assays

All cell culture experiments were carried out with human adherent (CRC: HT29,
HEK293T) cancer cell or suspension (monocytic leukemia: THP1) cell lines. HT29,
HEK293T and THP1 cells were provided by ATCC. All patient derived organoids
(PDOs) were provided by the Dept. of Internal Medicine Il (Prof. M. Ebert). Human
ethics approvals regarding work on patient samples (PDO, blood, tissue) have been
granted to the Dept. of Internal Medicine Il. Adherent cell lines were cultivated in 25

cm?, 75 cm? and 175 cm? culture flasks with DMEM complete (5 ml for 25 cm?/10 ml
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for 75 cm? flasks). Suspension cells were cultivated in 25 cm?, 75 cm? and 175 cm?
culture flasks with RPMI complete. All cell lines and organoids were cultivated at
standard conditions at 37°C with 5% COz in a humidified atmosphere (incubator) Tab.8

lists media and their components.

Tab.8: Cell culture media compositions

Media Components

DMEM complete 10% FCS, 5ml Glutamine and 10 pg/mi
Pen/Strep

RPMI complete 10% FCS, 5 mM GlutaMAX, 5 mM
HEPES and 10 ug/ml Pen/Strep

Advanced DMEM complete 0,5 mM HEPES, 1xGlutaMAX and
10 pug/ml Pen/Strep

ENA+Y (Y only after splitting with 1,23 mM NAC, 50 ng/ml EGF, 500 nM

trypsin-LE) A-83-01, 2% B27, 10% Noggin,10 uM

Y-27365,10 mM nicotinamide, 10mM
PGE2, 20 nM Gastrin, 100 pg/ml
primocin

PBS Biopsy washing 5 ml Pen/Strep, 5 mM HEPES, 1x
GlutaMAX and 100 pg/ml Primocin

2.2.9.1 Thawing of frozen cells

Frozen cell lines were thawed according to the following protocol. First, the frozen vial
was incubated for 2 min in a water bath at 37°C. After thawing the vial, the cells were
transferred to a 15 ml falcon tube with 9 ml of DMEM and 2 ml of FCS. The tube was
centrifuged at 400 g for 10 min at room temperature. Afterwards, the cell pellet was
resuspended in 5 ml of DMEM complete media with 20% FCS. The cells were then
seeded into a pre-warmed 25 cm? cell culture flask. A change of media containing 20%

FCS was performed the following day.
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2.2.9.2 Freezing of cells

First, the cells were washed once with 2 ml PBS. Then, the cells were detached by
adding Trypsin-EDTA 0,25% (1 ml in 25 cm?/2ml in 75 cm? culture flasks) followed by
a 5-10 min incubation at 37°C. Trypsinization was neutralized with pre-warmed DMEM
complete (5 ml for 25 cm?/8 ml for 75 cm? flasks), and cells transferred into a 15 ml
falcon tube. The cells were centrifuged at 400 g for 10 min at room temperature. Then,
the pellet was resuspended in 10 ml pre-warmed DMEM complete, and cells were
counted via Neubauer-Improved counting chamber. Thereafter, the cells were
centrifuged as before and resuspended in FCS supplemented with 10% DMSO.
Finally, 5*108 cells per ml were aliquoted in cryotubes (1 ml per tube) and immediately
frozen at -80°C. The next day the frozen cells were transferred into liquid N2 for long-

term storage.

2.2.9.3 Splitting of adherent cells

All cells were passaged when reaching a confluence of 80-90%. For cell passaging,
the medium was aspirated, and cells were washed once with 2 ml PBS. After removal
of PBS, Trypsin-EDTA 0,25% (1 ml in 25 cm?/2ml in 75 cm? culture flasks) was added
followed by 5-10 min incubation at 37°C. The detached cells were taken up with pre-
warmed DMEM complete (5 ml for 25 cm?/8 ml for 75 cm? flasks) and transferred into
a 15 ml falcon tube. After that, the cells were centrifuged at 400 g for 10 min at room
temperature. Finally, the cells were resuspended in 10 mI DMEM complete and seeded

1:10 into new culture flasks.

2.2.9.4 Splitting of suspension cells

The suspension cell lines were passaged once a week after reaching a high density of
1*106 cells/ml. First, the cells were transferred into a 50 ml falcon tube and centrifuged
at 400 g for 10 min at room temperature. After removing the supernatant, the cells were
washed once with 10-15 ml PBS by repetitive pipetting and centrifugation as before.
Then, the cells were resuspended in 30 ml RPMI complete and counted within the
Neubauer-Improved counting chamber. Finally, 300.000 cells/ml to 500.000 cells/ml

were seeded in a new 75 cm? or 175 cm? flask in 10 or 20 ml RPMI complete media.
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2.2.9.5 Isolation of primary derived Monocytes from healthy donor blood

For the isolation of primary derived blood monocytes (PBMCs) the Pan monocyte
isolation kit from Miltenyi was used together with MS columns and MiniMACS™
separator. First of all, 13 ml RT warm Ficoll-Plaque was added into each 50 ml falcon.
The falcons where centrifuged at 400g for 2 min to remove any Ficoll sticked to the
falcon sides. Furthermore, the patient blood bags upper hose was cut with a sterilized
scissor and blood was poured into an empty 50 ml falcon tube. After opening the blood
bag, the patient blood was diluted 1:10 with sterile PBS and mixed vigorously. 35 ml
of blood-PBS mixture was pipetted slowly to the falcons containing the Ficoll to create
a clear gradient. Thereafter, the tubes were centrifuged at 930g at 21°C for 17 min with
an acceleration of 3 and disabled break (very important!). Following this, a white layer
was visible containing the PBMCs. This layer of PBMCs was slowly taken up with a 10
ml serological pipette and transferred into a new 50 ml falcon tube. All falcon tubes
containing PBMCs were filled completely with PBS and centrifuged at 350g at 21° for
5 min with an acceleration of 9 and deacceleration of 8. A white cell pellet was visible
and the supernatant was discarded before washing every pellet with 25 ml PBS. The
resuspended cells of two falcon tubes were combined and centrifuged at 350g at 21°
for 5 min as before. This process of washing and pooling was repeated until four falcon
tubes containing PBMCs remained. Next, each pellet of the four falcons was
resuspended in 12,5 ml RBC lysis buffer (diluted 1:10 with ddH20) and incubated at
room temperature for 10 min. The suspension was mixed every 2 min to ensure proper
lysis. Afterwards, the tubes were filled up with PBS and centrifuged at 3509 at 21° for
5 min as before. Following this, the supernatant was discarded and the pellets
resuspended in 25 ml PBS, each combined and centrifuged as before. This washing
was repeated until one falcon tube containing PBMCs remained. As next step, the cells
were calculated using a improved Neubauer cell counting chamber (1:1 dilution with

trypan blue).

2.2.9.6 Monocyte isolation from PBMCs

For the initial monocyte isolation 200.000.000 cells were used. The following numbers
of the kit components were calculated for isolating monocytes from 200.000.000
PBMCs. The calculated number of PBMCs was transferred into a new falcon tube and
centrifuged at 350g at 21° for 5 min. Then, after discarding the supernatant the pellet
was resuspended in 800 pl of Macs dilution buffer, 200 ul of FcR block and 200 ul of
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Biotin-Antibody cocktail. This suspension was mixed and incubated at 4°C for 5 min.
Following this incubation, 600 ul of Macs dilution buffer and 400 pl of Anti-Biotin
Microbeads were added, the suspension mixed and incubated again at 4°C for 10 min.
During this incubation four MS columns were equilibrated with 500 pl of Macs dilution
buffer. In the next step, the cell suspension was equally distributed to all four columns
and the flow through was collected. The columns were washed 3 times with 500 pl
Macs dilution buffer. After that, all the flow through was pooled into one 15 ml falcon
tube and centrifuged at 400 g for 10 min at RT. Subsequently, the pellet of isolated
monocytes was resuspended in 10 ml RPMI complete media and cells were counted
with a Neubauer cell counting chamber. Finally, the desired number of cells were
seeded with 100 ng/ml M-CSF and left 5 to 7 days for differentiation.

2.2.9.7 Isolation of Patient-Derived Organoids

First, the fresh biopsy was washed with 10-15 ml PBS supplemented with (5 ml
Pen/Strep, 5 mM HEPES, 1x GlutaMAX and 100 ug/ml Primocin). The biopsy was then
transferred into a 15 ml tube with an FCS-coated pipette. After the biopsy formed a
pellet in the bottom of the tube, the PBS was changed with 10-15 ml of new PBS and
the tube was inverted three times. This procedure was repeated three times for
washing of the biopsy. Two pieces of the biopsy were frozen for genetic screening.
Then, the rest of the biopsy was cut into smaller pieces for enzymatic digestion. In 1.5
ml Eppendorf tubes, 500 ul of collagenase and 500 ul of hyaluronidase were mixed
together with the biopsy pieces. The mixture was then incubated at 37°C in a water
bath with light swiveling for 15 min. After that, the biopsies were again cut into smaller
pieces and incubated for 15 min at 37°C with a new prepared enzyme mix. The healthy
tissue was washed the same as explained before and frozen. Then, the supernatant
with dissolved cancer cells was transferred into a 15 ml tube and the digestion was
stopped with 9 ml of Advanced complete medium. The remaining tissue was
trypsinized with 1 ml Trypsin EDTA 0,25% for 20 min at 37°C in water bath and mixed
every 10 min. Following that, all contents were transferred and filtered through a 100
pm filter into a 15 ml tube. The supernatant from before and the new filtrate were both
filtered again and centrifuged at 400g for 10 min at room temperature. After discarding
the supernatant, the pellet was resuspended in Advanced complete medium and
centrifuged as before. Finally, the pellet was resuspended in 250 ul Matrigel® or

Culturex BME (amount is dependent on the cell density), and the isolated cancer cells
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were plated out onto 6-well plates dropwise with 100 pl per well, and the plates were
incubated upside-down for 1 h at 37°C to solidify the matrix. Thereafter, the appropriate
organoid media ENA+Y was added to the wells with 2 ml per well. The next day, the

medium was changed to ENA+Y.

2.2.9.8 Splitting of Patient-Derived Organoids

In general, one well of growing organoids was splitted to three wells, which were
cultured in 6-well suspension culture plates. All work steps with organoids were
performed on ice. First, before splitting, the Matrigel’BME was thawn on ice. DPBS
and FCS were aliquoted 10 ml-wise into 15 ml tubes and pre-cooled on ice, one tube
DPBS for each patient. 1 ml/well of pre-cooled DPBS was added onto to the organoid
droplets. Following that, the droplets were scrapped, transferred into a 15 ml tube and
dissolved by up/down pipetting with an FCS-coated pipette on ice until no
Matrigel®/BME was visible anymore. The dissolved organoid rings were centrifuged at
400 g for 10 min at 4°C. After removing the supernatant and Matrigel®/BME debris, the
pellet was resuspended in 10 ml ice-cold DPBS and centrifuged a second time for
washing with the same conditions as before to get rid of all Matrigel®/BME remnants.
Finally, 1 ml Trypsin-LE express was added onto each pellet. The tubes were then
incubated at 37°C in the water bath with shaking every 2 min. Trypsinization was
stopped with addition of cold 2 ml FCS plus 7 ml Advanced complete media and
followed by centrifugation as before. After discarding the supernatant, the pellet was
resuspended in Matrigel®/BME (dependent on pellet size), and the single cells were
seeded as small drops into wells of 6-well suspension culture plates with 100 ul per
well. The plate was then incubated upside-down for 1 h at 37°C to provide the
polymerization of the extracellular matrix and to prevent the attachment of the
organoids to the plastic surface. Finally, 2 ml of appropriate media e.g., ENA+Y was
added. The next day, medium was changed with ENA+Y. Further culturing of

organoids was conducted with ENA medium w/o Y until splitting.

56



Materials and Methods

2.2.10 Co-Culture of human CRC cell lines or PDOs with macrophages

All co-culture experiments were carried out in 12-well, 48-well or 6-well plates and 10
cm cell culture dishes with the appropriate number of cells as displayed in Tab. 7. The
experiments were performed with human colorectal cancer cell line HT29, HEK293T
cells, THP1 cells and THP1 CRISPR/Cas9 knockdown clones as well as with PDOs.

2.2.10.1 Handling of parental THP1 and CRISPR modified THP1 cells

First, THP1 cells were seeded on 12-well, 48-well, 6-well plate or 10 cm cell culture
dish (Tab.7). For differentiation, THP1 cells were mixed with 8 nM of PMA and
incubated for 72 h at 37°C. The attached THP1 cells, herewith termed MO
macrophages, were washed once with PBS, differentiated and polarized for additional
48 h into either pro-inflammatory M(IFNy/LPS) or anti-inflammatory M(IL4/IL13)
macrophages using RPMI complete media supplemented with cytokines as indicated
in Tab.9.

Tab.9: Polarization media for THP1 differentiation

Media Components
pro-inflammatory M(IFNy/LPS) 10 pg/ml LPS, 20 ng/ml IFN-y
anti-inflammatory M(IL4/IL13) 20 ng/ml IL-4, 20 ng/ml IL-13

2.2.10.2 Handling of PBMC derived macrophages

PBMCs were isolated from healthy volunteers (DRK, Blood Donation Center,
Mannheim) using Ficoll®-based density gradient centrifugation as described in section
2.2.9.5. For differentiation, isolated monocytes were treated with 100 ng/ml M-CSF for
5 to 7 days at 37°C before starting polarization into pro-inflammatory M(IFNy/LPS) or
anti-inflammatory M(IL4/IL13) macrophages. Furthermore, the stimulated monocytes
were washed once with PBS and polarized for additional 48 h into either pro-
inflammatory M(IFNy/LPS) or anti-inflammatory M(IL4/IL13) macrophages with 100
ng/ml GM-CSF for M(IFNy/LPS) and 100 ng/ml M-CSF for M(IL4/IL13) as indicated in
Tab.10. MO were left untreated as control.
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Tab.10: Polarization media for PBMC differentiation

Media Components
M1 100 ng/ml GM-CSF, 10 pg/ml LPS, 20 ng/ml IFN-y
M2 100 ng/ml M-CSF, 20 ng/ml IL-4, 20 ng/ml IL-13

2.2.10.3 Co-Culture assay with colorectal cancer cells

CRC cell lines were trypsinized and added to an adherent monolayer of macrophages
(in 6-, 12- or 48-well plates) in an effector-to-target (E:T) ratio of 3 macrophages : 1
cancer cell or 10:1 to enhance efficacy. A 50:50 mixture of DMEM/RPMI complete
media was used and the plate was then incubated at 37°C for 1 to 5 days dependent
on the assay. After incubating for the specified amount of time, co-cultures were
analyzed by colorimetric MTT assays, phagocytosis/efferocytosis assay, IF, FACS or

extraction of RNA and protein lysates for Western blot.

2.2.10.4 Co-Culture assay with PDOs

First of all, all steps with organoids were performed on ice. PDOs were separated to
single intact organoid rings three days before starting the co-culture by passaging them
without trypsinization. After 48 h of incubation at 37°C for differentiation and
polarization of monocytes to macrophages, intact organoid rings were counted and
resuspended in liquid Matrigel®BME (1:100 dilution with media) and added to the
adherent monolayer of differentiated macrophages with an effector-to-target (E:T) ratio
of 50 macrophages : 1 organoid ring using a 50:50 media mix composed of
DMEM/ENA (dependent on the patient). Furthermore, co-cultures were treated either
with functional antibodies or small molecule drugs as described in the following section.
Finally, after 3 to 5 days of incubation, FACS analysis or colorimetric MTT cell viability

assay was performed with the PDO co-culture.
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2.2.10.5 Treatment of Co-Cultures with antibodies

For co-cultures which were supplemented with blocking antibodies, the DMEM/RPMI
complete 50:50 media mix was used together with functional blocking antibodies and
isotype controls diluted. Respective concentrations are displayed in Table 11. The anti-
CD155/PVR antibody was purified using Zeba™ spin desalting columns to remove any

sodium azide.

Tab.11 Functional antibody concentrations

Antibody Concentration [pg/ml]
Anti-CD155/PVR 5

Anti-CD47 10

Anti-TIGIT 5

IgG1 Isotype control 5

IgG1 kappa isotype control 10

2.2.10.6 Treatment of co-cultures with REVERBa ligands

For certain assays co-culture and single culture setups were treated with REVERBa
small molecule drugs SR9009 Agonist and SR8278 Antagonist. For each experimental
setup, DMSO was used as respective control. The concentrations used are listed in
the Table 12 below.

Tab.12 REVERBa small molecule drug concentrations

Compound Concentration [uM per ml]
SR9009 Agonist 10r10
SR8278 Antagonist 0,67 or 6,7

2.2.11 Isolation and analysis of RNA, protein and DNA
For all following sections, 1*108 cells per well were seeded into 6-well plates (two wells

per condition).
2.2.11.1 Isolation and purification of RNA

For RNA isolation, 350 ul TRK lysis buffer were pipetted onto cells of one well of a 6-

well plate after aspirating the media. Then, the cells were scrapped off the well and
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transferred into the second well sharing the same condition where the process was
repeated. Following that, the RNA lysate was then transferred into 1.5 ml Eppendorf
tube. Subsequently, the RNA purification was performed according to the protocol of
the peqGOLD Total RNA Isolation Kit. After purification, the RNA concentration was
measured by a NanoDrop 1000 spectrophotometer as described in section 2.2.6. All

RNA samples were stored at -80°C.

2.2.11.2 Isolation of protein samples with SDS-lysis and RIPA-lysis buffer

The protein isolation resembles the previous isolation of the RNA with slight
modifications. First, for protein isolation with SDS lysis buffer, 250 ul of SDS lysis buffer
(1% SDS (w/v), 50 mM Tris HCI pH 7.4) supplemented with 74 of a protease inhibitor
tablet, 100 mM DTT and 100 mM sodium orthovanadate were used. The cells were
scrapped off, and the lysate was transferred into the second well sharing the same
condition and the process was repeated. Then, the protein lysates were transferred
into a 1.5 ml Eppendorf tube and incubated for 15 min at room temperature. Further
lysis was supported by sonification of the lysates 20x times and 2 repeats at 20%
power before the samples were cooled on ice and prepared for western blot. Moreover,
for protein isolation with the RIPA lysis buffer, 150 pl of RIPA lysis buffer containing
protease inhibitor tablet, protease inhibitor cocktail | and Il diluted 1:10 were used. The
cells were scrapped off, and the lysate was transferred into the second well as before.
After transferring the lysate into a 1.5 ml Eppendorf tube, the lysate was incubated at
4°C and 1500 rpm on a thermoshaker for 45 min. Following this, the lysate was spinned
down at 13.000g for 15 min at 4°C. Finally, the lysate was transferred into a new 1.5

ml Eppendorf tube and protein measurement was continued from this point on.

2.2.11.3 Determination of protein concentration

The protein concentration was determined using the Pierce™ BCA Protein Assay Kit.
To this end, 20 ul of each standard (provided by the Kit) was pipetted into two wells of
a 96-well plate. The protein lysate was diluted 1:5 with ddH20 or PBS, and 20 pl of this
dilution were pipetted into two wells of the plate. Following that, the working solution
was prepared by mixing solution A with solution B 1:50. Then, 200 ul of the prepared
working solution were pipetted into each well containing either standard or sample.
The plate was then incubated at 37°C for 30 min. Thereafter, the plate was cooled to

room temperature, and the absorbance was measured at 562 nm with a Tecan Infinite
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M200 multiplate reader. The final protein concentration was calculated using the

standard curve.

2.2.11.4 Isolation of genomic DNA

All isolations of genomic DNA were carried out using the DNeasy Blood & Tissue Kit
from Qiagen. Before staring, the desired cells were detached (if needed) 5*10”6 in
total, washed and centrifuged at 300g for 5 min at RT. The pellet was resuspended in
200ul PBS and 20ul proteinase K were added together with 4ul RNase A (100mg/ml).
Following that, 200pl Buffer AL without ethanol were added, mixed and incubated at
56°C for 10 min. Furthermore, 200ul ethanol (96-100%) were added to the sample,
mixed and pipetted onto a DNeasy Mini spin column which was placed into a 2 ml
collection tube. Each column was centrifuged at >6000g for 1 min at RT and the
flowthrough was discarded. 500ul Buffer AW1 were added to each column and
centrifuged again as before. After discarding the flowthrough, 500ul Buffer AW2 were
added and columns were centrifuged as before. Finally, all columns were placed into
a new 1,5 ml Eppendorf tube and genomic DNA was eluted wit 50ul prewarmed
RNAse/DNAse free water. DNA concentration was measured as described in section
2.2.6.

2.2.12 Immunoblotting of protein samples

All Western blots were performed by using prepared 10% SDS-PAGE Gels. For each
lane or pocket, 40 ug of protein were loaded. First, the calculated amount of 40 g
protein per sample was mixed and diluted with H20 and 5xSDS loading buffer. All
samples were then incubated at 99°C for 10 min in a thermomixer device. After loading
the samples on the gel (15 pl per pocket), the separation was started first with 80 V for
10-15 min until forming an even frontline. Then the voltage was changed to 100-130 V
until the running front reached the end of the gel. Following that, the transfer was done
at 100 V for 1 h in prepared transfer buffer. After the transfer was done, the blot was
stained with Ponceau S solution to verify the transfer to the nitrocellulose membrane.
Following the destaining of the membrane with ddH20, the membrane was blocked
with 5% powdered milk or BSA in PBST (PBS plus 0,1% TWEEN) for 1 h. The first
antibody was diluted in 5% blocking solution (10 ml per blot) and incubated over night
at 4°C on a rocking platform with gentle move. The next day, the membrane was
washed with PBST three times a 5 min. Then, the blot was incubated with the second
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antibody (linked to HRP) diluted in blocking solution for 30 min at room temperature on
a rocking platform. Furthermore, the blot was washed again three times with PBST
before starting the detection. For detection, SuperSignal™ West Pico PLUS substrate
solution was mixed with reaction solution 1:1 and added to the membrane. The blot
was incubated for 1 min at room temperature before detection of chemiluminescence
signals using a Fusion FX-imager device. As a loading control, the expression of
HSP90 or GAPDH was observed.

2.2.13 cDNA synthesis and PCR
To analyze the isolated and purified RNA, cDNA synthesis was performed. To this end,
the Verso cDNA synthesis kit from Thermofisher was used. Each sample was prepared

as indicated in Tab.13.

Tab.13 cDNA synthesis reaction mix components

Component Volume [pl] Final Conc.
5x cDNA synthesis buffer 4 1Xx

dNTP mix 2 500 uM each
Random Hexamer Primer 1 -

RT Enhancer 0,5 -

Verso Enzyme mix 0,5 -

PCR grade H20 variable -

RNA sample 1-5 pl 1ug

Total volume 20

The following cDNA synthesis was carried out by using a Thermocycler with the

following settings as displayed in Tab.14.
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Tab.14 Reverse transcription program for cDNA synthesis

Step Temperature [°C] Time [min] Cycles
cDNA synthesis 42 30 1
Inactivation 95 2 1
Hold 4 o0 1

After reverse transcription, the cDNA was stored at -20°C. For further analysis of the

cDNA, PCR were carried out. The cDNA as well as the primers were first diluted 1:10

in DNAse/RNAse free water. Every PCR was set up according to Tab.15.

Tab.15 PCR mix set up

Component Volume [pl]
cDNA 2

Forward Primer (1:10 dill.) 1

Reverse Primer (1:10 dill.) 1

REDTaq® ReadyMix™ MM 10

H20 6

Total volume 20

The following PCR reaction was performed using a Thermocycler with the following

parameters as shown in Tab.16.

Tab.16 PCR cycling parameters

Step Temperature [°C] Time [min] Cycles
Initial denaturation 94 2 1
Denaturation 94 1 30
Annealing 60 1 30
Elongation 72 2 30
Final extension 72 5 30
Hold 4 oo 1
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All amplified DNA products were evaluated by loading 10 ul of the PCR reaction on an
2% agarose gel stained with ethidium bromide. The gel runed in 1XTAE buffer for 45-
60 min at 120 V. At the end, the gel was analyzed by an Intas Gel iX imager.

2.2.14 Quantitative PCR

For quantitative PCR analysis, 2ul of template DNA was pipetted into each well of a 96
well plate. 8ul of Mastermix was added afterwards to each well. The composition of the
Mastermix is listed in Table 17. Following that, the plate was spinned down at 3700g
for 10 sec and put into the gPCR machine. The qPCR was carried out by StepOne

Plus Realtime PCR System from Applied Biosciences.

Tab.17 qPCR mix set up

Component Volume [pl]
cDNA 2

Forward Primer (1:10 dill.) 1

Reverse Primer (1:10 dill.) 1

iTag Universal SYBR Green Supermix 10

H20 6

Total volume 20

Table 18 lists the cycling parameters used for each qPCR.

Tab.18 qPCR cycling parameters

Step Temperature [°C] Time [min] Cycles
Initial denaturation 94 2 1
Denaturation 94 1 40
Annealing 60 1 40
Elongation 72 2 40
Final extension 72 5 40
Hold 4 oo 1
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2.2.15 Colorimetric MTT cell viability assay

MTT assays were performed on co-culture experiments in 48-well plates. First, 50 pl
(in 500 pl total. Vol.) of the MTT reagent (thiazoyl blue tetrazolium bromide) were added
to each well of a co-culture experiment as well as to each single culture controls. The
plate was then incubated for 4 h at 37°C until brown blue/violet precipitation was visible.
Then 500 pl (in 500 pl total. Vol.) of MTT lysis buffer was added to each well to stop
the reaction. Following that, the plate was incubated over night at 37°C. On the next
day, the plate was incubated on a linear shaker with 140 rpm at room temperature for
30 min. The content of each well was resuspended with a 1000 ul pipette until every
precipitate was dissolved. Finally, the plate was measured at a wave length of 565 nm

in a Tecan M200 multiplate reader.

2.2.16 Preparation of living cells for flow cytometry analysis

All cells used for FACS analysis were seeded on 6- or 12-well plates to provide a
sufficient number of cells for staining. First, all cells were washed 2-3 times with PBS
(only monocultures). For all co-culture setups, the media was transferred into a 15 ml
falcon tube with pre-warmed appropriate media (DMEM/RPMI complete). Then the
cells were detached by using 0,5-0,7 ml Accutase® dissociation enzyme reagent per
well and incubated at 37°C for 10-15 min. The reaction was neutralized by transferring
the detached cells into the prepared 15 ml falcon tubes from above. Then the cells
were centrifuged at 400 g for 5-10 min at room temperature. Further, the cells were
washed 2-3 times by resuspending the cell pellet with 1 ml PBS. As last washing step,
the cells were resuspended in 1 ml FACS buffer and transferred into 1.5 ml Eppendorf
tubes. Furthermore, the cells were centrifuged as before and resuspended in 200 pl
FACS buffer. From this point on the cells were blocked with 5 ul FcR block for 10 min
at 4°C. Afterwards, further staining with labelled FACS antibodies was carried out.
Before staining, 100 pl of unstained sample of each condition was transferred into an
additional 1.5 ml Eppendorf tube. Then, 5 yl of fluorescence-labelled antibody was
pipetted into each sample for staining except for the unstained controls. The tubes
were incubated at 4°C for 30 min in the dark. After staining, all samples were washed
2 times with 500ul PBS and once with 500ul FACS buffer. Finally, the pellet was
resuspended in 200 ul of FACS buffer, transferred into a FACS tube and analyzed by

a FACS Canto Il device. For every sample 20000 events were recorded.
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2.2.16.1 Intracellular flow cytometry staining

All cells used for FACS analysis were seeded on 6-well plates to provide a high number
of cells for staining. First, all cells were washed 2-3 times with PBS. Then, they were
detached using 0,5-0,7 ml Accutase® dissociation enzyme reagent per well and
incubation at 37°C for 10-15 min. The reaction was neutralized by transferring the cells
from the well into 10 ml of the appropriate media (DMEM/RPMI complete). After
transferring, the cells were centrifuged at 400 g for 10 min at room temperature. Then,
the cells were again washed 2-3 times with 1 ml PBS and were finally resuspended in
1 ml FACS buffer and transferred into a 1.5 ml Eppendorf tube. Furthermore, the cells
were centrifuged as before and resuspended in 180 yl FACS buffer. An equal volume
of IC fixation buffer was added and cells were vortexed. The samples were incubated
for 10-60 min at RT. Following that, the cells were centrifuged at 400 g for 10 min at
room temperature and the supernatant was discarded. Then the cells were
resuspended in 1 ml ice cold 90-100% methanol vortexed and incubated for 30 min at
4°C. The cells were centrifuged at 400 g for 10 min at room temperature and the
supernatant was discarded. 180 ul FACS buffer was used to resuspend the cells and
90 ul were transferred into separate tubes for unstained control. 5 yl per sample FcR
block were added and cells were incubated at 4°C for 10 min. Following blocking, 5 pl
directly conjugated intracellular antibodies were pipetted into each sample for staining
except for the unstained controls. The tubes were incubated at 4°C for 30 min in the
dark. 1 ml FACS buffer was added and cells were centrifuged at 400 g for 10 min at
room temperature. Finally, the pellet was resuspended in 200 ul of FACS buffer,
transferred to a FACS tube and analyzed by a FACS Canto Il device. For every sample

10000 events were recorded.

2.2.16.2 Live/Dead flow cytometry analysis

The FACS sample preparation was carried out as described in section 2.2.16.
Following the blocking with FcR block for 10 min at 4°C, the samples were staining
with labelled FACS antibodies. Before staining, 100 pl of unstained sample of each
condition was transferred into an additional 1.5 ml Eppendorf tube. For co-culture
labeling, anti-EpCAM antibody was used against CRC cells, while anti-CD11b antibody
was used to detect macrophage like cells. 2,5ul of EpCAM/CD11b antibody was used
for staining 1076 cells. Each sample was stained except for the unstained controls. The
tubes were incubated at 4°C for 30 min in the dark. After staining, all samples were
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washed 2 times with 500l PBS and once with 500ul FACS buffer. Then the pellet was
resuspended in 500 pl of FACS buffer. Following that, the samples were transferred
into FACS tubes and washed two times with Cell Wash and centrifuged at 400g for 5
min at RT. The cells were resuspended in 100ul Annexin Binding Buffer together with
2,5ul Annexin V per sample. For live/dead staining, all samples were incubated for 15
min in the dark at RT. Following the incubation, the cells were washed once with cell
wash, centrifuged again as before and resuspended in Annexin Binding Buffer with
SytoxBlue (1:2000) for necrosis staining. Dead cell exclusion was achieved by addition
of SytoxBlue 7-AAD dye. Finally, all samples were analyzed by a FACS Canto I
device. For every sample 20000 events were recorded and analysis was done using
FACS Diva and FlowJo® softwares. Figure 10 depicts the gating which was used for

analyzing co-culture setups.
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Fig.10 Gating strategy example for live/dead FACS analysis of co-cultures

The gate of the co-culture main population was set in order to analyze single cell events
(A). Furthermore, all single cell events were analyzed by separating EpCAM positive
cells from CD11b positive cells which was conducted by staining with specifically
labeled antibodies for tumor cells (EpCAM) and macrophages (CD11b). To quantify
apoptosis, necrosis and viability, each population of EpCAM and CD11b positive gated

cells were analyzed via quadrant statistic analysis (B).
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2.2.17 Immunofluorescence staining and microscopy

For immunofluorescence, cells were seeded on sterile glass cover slips which were
prepared in 6-well plates. After cells attached to the glass plate, the media was
aspirated and cells were washed once with PBS before adding 1 ml 4% PFA (diluted
with PBS) and left 20 min at RT for fixation. After fixation, the cells were washed with
once with PBS for 5 min. Following that, cells were permeabilized for 10 min at RT by
adding 0,5-1 ml permeabilization buffer. After permeabilization, the cells were washed
three times with PBS each time for 5 min. Furthermore, blocking with 100% FCS was
performed for 60 min at RT. Post blocking, 1-2 ml primary antibody (1:1000) diluted in
antibody dilution buffer was added to the cells and incubated over night at 4°C in a
humid chamber box. All following steps were carried out in the dark. The next day, the
cells were washed three times with PBS + 0,1% TWEEN. Following that, fluorescently
labeled secondary antibody (1:1000) was diluted in antibody dilution buffer and added
to the cells which were then incubated for 1h at RT in the humid chamber. After
secondary antibody incubation, the cells were washed three times with PBS + 0,1%
TWEEN + phalloidin dye (1:1000) for 5 min. Then, the cells were washed again three
times with PBS + 0,1% TWEEN and cover slips were removed with forceps, dryed
carefully on clean paper tissue and placed upside down with one drop of ProLong™
Gold anti fade reagent with DAPI on a microscopy glass slide. Finally, the samples

were stored at 4°C in the dark until fluorescence microscopy analysis.

2.2.18 Chromatin Immunoprecipitation

For chromatin isolation and immunoprecipitation, the Pierce Agarose ChIP Kit was
used with slight modifications. Firstly, 6*106 cells were seeded on a 10 cm petri dish.
The cells were treated with the REVERBa Agonist or Antagonist or left untreated to
check for REVERBa binding to the PVR-promotor. Table 19 lists the prepared buffers
for this ChlP Kkit.
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Tab. 19 Pierce agarose ChIP Kit buffers for one reaction

ChliP Buffer

Components

Lysis Buffer 1

1 pl HALT Cocktail, 100 yl Membrane

Extraction Buffer

Lysis Buffer 2

0.5 pl HALT Cocktail, 50 ul Nuclear

Extraction Buffer

MNase Digestion

Solution

Buffer

Working

0.1 pl of 1 M DTT, 100 yl MNase
Digestion Buffer, (Micrococcal
dependent on number of reactions

processed!)

1x IP Dilution Buffer

100 pl IP Dilution/Wash Buffer (5x), 5 ul
HALT Cocktail, 395 pl nuclease-free

water

IP Wash Buffer 1

0.1 ml IP Dilution Buffer/Wash Buffer

(5x), 0.4 ml nuclease-free water

IP Wash Buffer 2

0.2 ml IP Dilution Buffer/Wash Buffer
(5x), 70 pl Sodium Chloride (5 M), 730 pl

nuclease-free water

IP Wash Buffer 3

0.1 ml IP Wash Buffer 3 (5x), 0.4 ml

nuclease-free water

1x IP Elution BUffer

75 pl pre-warmed IP Elution Buffer (2x),

75 ul nuclease-free water

2.2.18.1 Crosslinking and cell pellet isolation

For higher yield, three plates with the same condition were pooled. To each petri dish

1,6ml 16% of formaldehyde was added to get a final concentration of 1%. The dish

was mixed well by gently swirling the dish and incubating for 10 min at RT. After the

incubation to stop the process of fixation 1,16 ml 10x glycerine solution was added to

the dish, gently swirled and incubated for 5 min at RT. Following that, the media was

discarded and the cells were washed two times with one media volume (10 ml) ice-
cold PBS. Furthermore, 100ul HALT Cocktail were diluted to 10 ml of ice-cold PBS and

1 ml was pipetted to the cells. Then, the cells were detached by scraping off and

transferring them into a 1.5 ml Eppendorf tube. Finally, the cells were then centrifuged
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at 3000 g for 5 min at RT and the supernatant was removed. Each sample was further

processed immediately after crosslinking.

2.2.18.2 Lysis and MNase digestion

If cells were frozen before, they were thawn on ice which was never done due to lower
quality of crosslinked chromatin. To continue, 100pl Lysis Buffer 1 containing protease
inhibitors were added to the cell pellet and pipetted up and down to break up the cell
pellet. The tube was vortexed for 15 sec. and incubated for 10 min on ice. After
incubation, the tube was centrifuged at 9000 g for 3 min and the supernatant was
discarded. Following that, the pellet was resuspended in 330ul MNase Digestion Buffer
Working Solution and 0,75ul Micrococcal Nuclease (ChIP Grade) (10 U/ul) were
added. This mixture was incubated on ice for 5 min and centrifuged at 9000 g for 5 min
afterwards to recover the nuclei. After removing the supernatant, the nuclei were
resuspended in 150yl Lysis Buffer 2 containing protease/phosphatase inhibitors and
incubated on ice for 15 min. Each tube was vortexed every 5 min for 15 sec.. Finally,
the samples were centrifuged at 9000 g for 5 min and the supernatant containing the
digested chromatin was transferred to a new 1.5 ml Eppendorf tube. 5ul of the
supernatant was transferred to extra tubes as 10% total input sample and stored at -

80°C. The samples were frozen at -80°C and processed the next day.

2.2.18.3 Immunoprecipitation and pre-clearing

For each sample the DNA concentration was described in section 2.2.6. To each 45pl
of supernatant 450ul of 1x IP Dilution Buffer were added. For pre-clearing 20ul of
Agarose Beads were added to each sample and incubated overnight on a rotator at
4°C. After pre-clearing, the samples were centrifuged at 3000g for 2 min and the
supernatant was transferred into a new 1.5 ml Eppendorf tube. Following that, for each
IP the sample with highest DNA concentration was used as positive control, and a
random sample was chosen as negative control. 7.5 ug antibody were used for target
specific IPs. Every IP was pipetted on a plugged spin column and incubated over night
at 4°C on a rotator. The next day, 20 ml of ChIP Grade Protein A/G Plus Agarose
Beads were added to each sample and incubated for 1 h at 4°C on the rotator. After
incubation, the columns were centrifuged at 3000 g for 1 min and the flow through was
discarded. 500pl of IP Wash Buffer 1 was added to each column and incubated for 5
min at 4°C on the rotator. The tubes were again centrifuged as before and washed with
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IP Wash Buffer 2. This process was repeated twice before finally washing once with
IP Wash Buffer 3. Finally, the residual Wash Buffer was removed by centrifuging at
3000 g for 1 min.

2.2.18.4 Elution and DNA recovery

150ul 1x IP Elution Buffer were added to the washed resin and incubated at 65°C for
30 min at 500 rpm on a thermomixer. Every 10 min the columns were flicked to ensure
re-suspension. During incubation, 1.5 ml Eppendorf tubes were prepared for each IP
containing 6ul of 5M NaCl and 2ul of 20mg/ml Proteinase K. Following that, the total
input sample was thawn, mixed with 150 ul of Elution Buffer and transferred into the
prepared tubes with NaCl and Protease K. Furthermore, after 30 min incubation the
columns were put into the prepared Eppendorf tubes containing NaCl and Proteinase
K and centrifuged at 6000 g for 1 min. The columns were discarded and all IP and total
Input samples were incubated at 65°C for 1,5h on a heating block.

For DNA Recovery 600 ul of DNA Binding Buffer was added to each eluted IP and total
Input sample. After that, 500 ul of each sample was pipetted directly onto a DNA clean-
up column. All samples were centrifuged at 10000 g for 1 min, discarding the flow
through afterwards. The remaining sample was load onto the column and again
centrifuged as before. Following that, the DNA was washed by adding 600 yl DNA
Column Wash Buffer to each column. Each column was then centrifuged as above
with discarding the flow through afterwards. A follow up centrifugation step of 2 min at
10000 g was performed to dry the column membrane. For DNA Elution each column
was transferred into a new 1.5 ml Eppendorf tube. 50 ul of DNA Column Elution
Solution were pipetted to the center of each column. Finally, after centrifugation at
10000 g for 1 min, DNA concentration was measured by spectrophotometer as
described in section 2.2.6. Following DNA Recovery qPCR was performed for final

results.
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2.2.19 Luciferase assay

For luciferase assays, luciferase dual-luciferase reporter assay kit was used. Firstly,
cells were seeded in 6-well plates. After stimulation, the media was removed and cells
were washed three times with PBS. 150ul passive lysis buffer was added into each
well and the plate was shaken at 365 rpm for 10 min RT. Following that, the cells were
scrapped, transferred into a 1.5 ml Eppendorf tube and centrifuged at full speed in a
microcentrifuge for 15 min at 4°C. The supernatant was then transferred into a new 1.5
ml Eppendorf tube and protein concentration was measured as described in section
2.2.6. Furthermore, luciferase activity was measured separately by transferring 10ul of
sample into a well of a 96 well plate (white chimney). 35 pl of luciferase substrate
reagent was added to each well before measuring with a multiplate reader at 550 nm.

Finally, the ratio of luciferase counts and protein concentration was calculated.

2.2.20 Phagocytosis assay

For phagocytosis assay the fluorometric phagocytosis assay kit from ATT Bioquest®
was used. The cells were seeded into 6 well plates and stimulated or treated with small
molecule drugs. Following the stimulation or treatment, 12.5ul Protonex™ 600 Red-
Latex beads conjugate solution (12x) were added into each well of the 6 well plate.
The plate was then incubated for 4h at 37°C. After incubation, 12.5ul CytoTrace™
Green working solution (12x) was added into each well and again incubated at 37°C
for a minimum time of 30 min. Following the last incubation, the cells were washed
once with PBS and the cells were observed with the ZEISS Axio Observer microscope.
For detecting phagocytosis Texas Red filter (ExX’Em = 570/600 nm) was used, while
detecting the CytoTrace™ green in cells with the FITC filter (ExX/Em = 490/525 nm).

2.2.21 Efferocytosis assay

For the efferocytosis assay experiments, HT29 cancer cells were firstly labeled with
cell tracing dye (CFSE). To start HT29 cancer cells labeling, 1ul of CellTrace™ stock
solution diluted in DMSO was added to each ml of cells in suspension in PBS (106
cells/ml). The solution was incubated for 20 min at 37°C protected from light. Following
that, to stop the reaction, five times of the original staining volume were added to cells,
mixed and incubated before centrifuging at 400g for 5 min at RT. The pellet was
resuspended into fresh pre-warmed complete media and cells were counted for

seeding. Following that, the desired number of cells were seeded for e.g. co-culture
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experiments with macrophages. Finally, the co-culture assay was analyzed via FACS.

Sample preparation was carried out as described in section 2.2.16.

2.2.22 Live cell imaging

First, all bright field images from organoids, cells and co-cultures were documented by
a Leica DMIRB Inverted Contrast Microscope or by a Zeiss AXIO Observer Z1. All
Fluorescence images were taken with the Zeiss AXIO Observer Z1. In general, all
images were taken from living cells and PDOs at room temperature under sterile

conditions.
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3. Results

3.1 Characterization of REVERBa expression and function

3.1.1 REVERBa expression in THP1 and PBMC-derived macrophages

The first step to understand the role of REVERBa in CRC was to characterize its
expression and function in THP1- and PBMC-derived human macrophages. RT-qPCR
analysis of RNA which was collected from THP1- and PBMC-derived macrophages
differentiated and polarized into M(IFNy/LPS) pro- and M(IL4/IL13) anti-inflammatory
macrophages revealed the cyclic expression of REVERBa and PVR-C over 24h as
depicted in Fig.11. Both cell types exhibited low expression of REVERBa during day

time and high expression at night time, in accordance with (Cho et. al., 2012).
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Fig.11 Expression of REVERBa & PVR-C mRNA in THP1- and PBMC-derived
macrophages (RT-gPCR). RT-PCR analysis of RNA isolated from polarized THP1-
and PBMC-derived macrophages was performed with 40x cycles, 92°C melting temp.,
60°C annealing temp. and 75°C extending temp. (A) REVERBa is cyclically expressed
in M(IFNy/LPS) pro- and M(IL4/IL13) anti-inflammatory THP1- and (B) PBMC-derived
macrophages over a time period of 24h. (C) PVR-C is cyclically expressed in
M(IFNy/LPS) pro- and M(IL4/IL13) anti-inflammatory THP1-derived macrophages.
Monocytes were isolated via MACS from PBMCs originating from healthy donor blood.
A representative experiment is shown (N=1 per cell type).

The expression of the PVR and REVERBa genes in PBMC-derived primary
macrophages is depicted in the following Fig.12. Each macrophage type expressed a
comparable amount of PVR and REVERBa mRNA.
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Fig.12 Expression of PVR-C and REVERBa mRNAs in PBMC-derived primary
macrophages. (A) Amplicons of PVR-C with a length of 143 bp and (B) REVERBa
(NR1D1) with a length of 168 bp. RT-PCR analysis of RNA isolated from polarized
PBMC-derived macrophages was performed with 40x cycles, 92°C melting temp.,
60°C annealing temp. and 75°C extending temp. Monocytes were isolated via MACS
from PBMCs originating from healthy donor blood. As DNA amplicon size reference,
the GeneRuler 100 bp DNA Ladder 50ug was used. A representative experiment is

shown (N=2 per cell type).

3.1.2 Binding of REVERBa to the human PVR Promoter

To investigate the interaction of REVERBa with the human PVR gene promotor
chromatin immunoprecipitation (ChlP) was conducted. Consistently, ChIP
experiments, as shown in Fig.13, demonstrated the binding of REVERBa protein to the

promotor of the human PVR gene, indicating the interaction of REVERBa with

upstream gene elements of the PVR gene.
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Fig.13 Interaction of REVERBa protein with the human PVR gene promotor in
THP1-derived macrophages detected by ChIP. gPCR with genomic DNA samples,
enriched by ChIP with REVERBa Ab (polyclonal 14506-1-AP), was performed with 40x
cycles, 92°C melting temp., 60°C annealing temp. and 75°C extending temp. (A)
Genomic gPCR results of DNA from M(IFNy/LPS) pro- and M(IL4/IL13) anti-
inflammatory macrophages. (n.s., N=2 independent experiments, mean + SEM). (B)
Agarose gel analysis of genomic gPCR ChIP samples revealing intensities of amplicon
expression. The yellow arrows indicate the bands with highest intensity. As DNA size
reference the GeneRuler 100 bp DNA Ladder 50ug was used. A representative gel is
shown.

3.2 Detection of REVERBa in parental and CRISPR/Cas9-modified THP1-
derived macrophages
To detect REVERBa in CRISPR/Cas9-modified THP1 cell clones, Western blot and
immunofluorescence microscopy was performed. Ab staining of CRISPR/Cas9-
modified THP1 macrophages revealed the presence of REVERBa in clones
transfected with sgRNA targeting the C-terminal side of the REVERBa coding
sequence (CDS) or the empty vector control (backbone, BB). The clone which received
the sgRNA against the N-terminus of the CDS exhibited lower expression of REVERBa
as compared to the other two clones (Fig.14 (A)). Western blot analysis, as shown in
Fig.15, confirmed expression of REVERBa protein in THP1-derived macrophages
(Fig.15 (A)), in HEK293T cells (Fig.15 (B)) as well as in PBMC-derived primary
macrophages (Fig. 15 (C)). Overexpression of REVERBa in HEK293T cells, as shown

in Fig.15 (B), served as control, depicting a strong expression.
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N-terminal and the C-terminal CRISPR/Cas9 modifications, as shown in Western blots
in Fig.16, revealed the absence of isoforms with post-translational modifications
compared to the BB control with stronger total band intensities, quantified by optical
densitometry.

A MO THP1N-Term KO low expressor B MO THP1C-Term high expressor C MO THP1BB

Fig.14 Immunofluorescence imaging of REVERBa in M0 CRISPR/Cas9-modified
THP1-derived macrophages. PMA-differentiated, unpolarized (M0O) THP1-derived
macrophage clones with: (A) N-Terminal sgRNA “low expressor”, (B) C-Terminal
sgRNA “high expressor” and (C) BB (backbone, empty vector control) were stained
with REVERBa Ab (PA5-29865) (red channel). Cell nuclei were stained with DAPI
(blue channel), and the actin cytoskeleton was stained with phalloidin (green channel).
Images were acquired at a 40x magnification, scale bar = 50 pm.
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Fig.15 Detection of REVERBa in THP1-derived macrophages and HEK293T (non-
cancer control) cells. Western blot analysis of REVERBa (expected size 78 kDa) with
Ab ((A)/(B) REVERBa (E1Y6D) mAb #13418 (cross-reaction with unidentified protein
at 60 kDa), (C) REVERBa (polyclonal 14506-1-AP) was done with total cell protein
lysates from (A) THP1-derived macrophages, (B) parental HEK293T cells transfected
with a REVERBa expression plasmid as well as (C) PBMC-derived primary
macrophages. 40 ug of protein were loaded per lane on a 10% gel for SDS-PAGE,
HSP90 (90 kDa) served as control. As a protein marker the Roti Mark Tricolor 10-245

kDa was used.
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Fig.16 Detection of REVERBa in CRISPR/Cas9-modified THP1-derived
macrophages. Western blot analysis of REVERBa (78 kDa, REVERBa polyclonal
14506-1-AP) was done with total cell protein lysates from THP1-derived CRISPR/Cas9
cell clones with modified REVERBa gene. Parental THP1 cells were transfected via
electroporation with CRISPR/Cas9 vectors each carrying a different sgRNA. (A)
sgRNA targeting the N-terminus (low expressor) and sgRNA targeting the C-terminus
(high expressor) of the REVERBa gene. (B) An empty vector (BB, backbone) was used
as control. 40 pg of protein were loaded per sample on a 10% gel for SDS-PAGE.
HSP90 (90 kDa) served as control. As a protein marker the Roti Mark Tricolor 10-245
kDa was used.

In addition to the detection of REVERBa via Western blot, intracellular flow cytometry
(FC) analysis was utilized to investigate the intracellular expression of REVERBa in
parental and CRISPR/Cas9-modified THP1-derived macrophages. As depicted in
Fig.17 and Fig.18, REVERBa was shown to be present in both parental and
CRISPR/Cas9-modified PMA-differentiated (M0O) THP1-derived macrophages.
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Fig.17 Intracellular flow cytometry (FC) detection of REVERBa in parental THP1
macrophages THP1 cells were differentiated with PMA to MO macrophages followed
by polarisation to M(INFy/LPS) pro- and M(IL4/IL13) anti-inflammatory macrophages,
followed by fixation and staining for intracellular REVERBa (Ab, EPR10376). The
confidence interval was set to 0.5%, 10000 events were recorded in total. The
percentage of positive cells is shown in the histograms compared to the background
signal from unstained control cells (vertical gate line). Representative data are shown
(n=1). Cells were analyzed on a BD Canto FACS device (Flow Core UMM).
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Fig.18 Intracellular FC detection of REVERBa in CRISPR/Cas9-modified MO0
THP1-derived macrophages THP1 cells were differentiated with PMA to MO
macrophages followed by fixation and staining for intracellular REVERBa (Ab,
EPR10376). Results from FC are showing the presence of REVERBa protein in the
nucleus in (A) N-Terminal modified THP1 cells, (B) C-Terminal modified THP1 cells
with high REVERBa expression, (C) C-Terminal modification of REVERBa gene with
low expression and (D) the empty vector (BB, backbone) control. The confidence
interval was set to 0.5%, 10000 events were recorded in total. The percentage of
positive cells is shown in the histograms compared to the background signal from
unstained control cells (vertical gate line). Representative data are shown (n=2
independent experiments). Cells were analyzed on a BD Canto FACS device (Flow
Core UMM).

3.3 Modulation of REVERBa expression and function

To understand the functional role of REVERBa, ChIP experiments were conducted as
before, to investigate the binding of the transcription factor to the PVR promotor. The
binding of REVERBa to the PVR promoter was predicted in-silico by using Alibaba
(Transfac) version 2.1. Consistently, the ChIP experiments confirmed the binding of
REVERBa protein to the human PVR promotor in MO THP1-derived macrophages as
shown previously. Notably, the treatment of cells with SR9009 agonist caused a

reduction of REVERBa binding to the PVR promotor, whereas the treatment with
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SR8278 antagonist resulted in the opposite effect, an increased binding, as depicted
in Fig.19. These experiments revealed a significant difference in REVERBa-binding to
the human PVR gene promotor after treating THP1 cells with REVERBa-ligands. The
here observed efficacy of REVERBa-ligands underscores the drugability and potential
therapeutic modulation of REVERBa function, as described by Uriz-Huarte et. al.,
2020.
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Fig.19 Detection of REVERBa binding to the human PVR gene promotor in M0
THP1-derived macrophages after REVERBa ligand treatment by ChIP. Parental
THP1 cells were differentiated with PMA to MO macrophages and treated with vehicle
(DMSO), REVERBa SR9009 agonist (1 uM) or SR8278 antagonist (0,67 uM) for 3
days. RT-gPCR results of DNA immunoprecipitated by REVERBa Ab (polyclonal
14506-1-AP). Ct-values were calculated according to the AACT method, -fold changes
normalized to DMSO (= set to 1) as reference and expressed as the ratio fold
bound/input. Significances were calculated using two-way ANOVA with Tukey’'s
multiple comparisons test (*p<0.05, N=4 independent experiments, mean £ SEM).

To further investigate the effect of REVERBa ligands on the PVR gene expression,
THP1-derived macrophages (MO, M(IFNy/LPS), M(IL4/IL13)) were treated with
REVERBa SR9009 agonist or SR8278 antagonist, respectively. A significant
difference of PVR mRNA expression (Fig.20) was evident in MO and M(IL4/IL13)
macrophages upon treating with REVERBa agonist and antagonist.
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Fig.20 Reciproal expression of PVR mRNA in THP1-derived macrophages by
REVERB«a ligands. Cells were treated with vehicle (DMSO), REVERBa agonist (1
MM) (A) or antagonist (0,67 uM) (B) for 24 h. RT-gPCR analysis of RNA isolated from
treated MO, M(IFNy/LPS) pro- and M(IL4/IL13) anti-inflammatory THP1-derived
macrophages was performed with 40x cycles, 92°C melting temp., 60°C annealing
temp. and 75°C extension temp. Significances were calculated using two-way ANOVA
with Tukey’s multiple comparisons test (*p<0.05, N=3 independent experiments, mean
+ SEM).

Similar effects of reciprocal PVR gene regulation after treatment with REVERBa
agonist and antagonist were recorded in cancer cell lines using PVR-promoter driven

luciferase reporter gene activity assays as depicted in Fig.21.
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Fig.21 PVR promotor activity in parental HT29 and HEK293T cells upon treatment
with REVERBa ligand. Human CRC cell line HT29 and non-cancer control
(HEK293T) were transfected with luciferase reporter gene plasmids harboring the
human PVR promoter. Transfected cells were then treated with vehicle (DMSO),
REVERBa agonist (1 uM) or antagonist (0,67 uM) for 48h. Analysis of luciferase activity
in transfected (A) parental HT29 and (B) parental HEK293T cells was conducted by
measuring the emitted wavelength at 550 nm after adding luciferase substrate. (A) and
(B) Significances were calculated using two-way ANOVA with Tukey's multiple
comparisons test (*p<0.05, N=3 independent experiments, mean + SEM).

In addition to its role as a regulator of immune checkpoint genes like PVR, REVERBa
impacts other immune-relevant genes in macrophages. Fig.22 shows the expression
of selected cytokines and immune-relevant factors including IL1b, IL10 and TLR4 in
CRISPR/Cas9-modified THP1-derived macrophages. Elevated expression of IL10 and
IL1b upon CRISPR/Cas9-modification of REVERBa was stated.
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Fig.22 Expression of IL1b, IL10 and TLR4 mRNA in THP1-derived MO
macrophages with CRISPR/Cas9-modified REVERBa. RT-qPCR analysis of total
MRNA was performed with 40x cycles, 92°C melting temp., 60°C annealing temp. and
75°C extension temp. (A and C) Significances were calculated using two-way ANOVA
with Tukey’s multiple comparisons test (*p<0.05, N=3 independent experiments, mean
+ SEM). (B) Significances were calculated using Kruskal-Wallis test (*p<0.05, N=3
independent experiments, mean + SEM in duplicates).

To critically test, if the CRISPR/Cas9-modification leads to a potential “loss-of-function”
(LOF) of the REVERBa protein, PVR promoter luciferase assays were repeated in the
THP1 clones (Fig.23). Notably, none of the three CRISPR/Cas9-modified THP1 clonal
cell lines exerted an effect on the PVR promoter upon treatment with SR9009 agonist
or SR8278 antagonist. In contrast, the REVERBa-proficient empty vector (BB) control
repressed the PVR promoter activity after treatment with SR9009 agonist (Fig.23 (D)),
indicating a potential LOF of REVERBa protein in the CRISPR/Cas9-modified clones.
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Fig.23 PVR promotor activity in CRISPR/Cas9-modified THP1-derived
macrophages. M0 macrophages were transfected with luciferase reporter gene
plasmid harboring the human PVR promoter and were treated for 48h with vehicle
(DMSO), REVERBa agonist (1 uyM) or antagonist (0,67 uM). Analysis of luciferase
activity was conducted by measuring the emitted wavelength at 550 nm after adding
luciferase substrate. (A) N-Terminal “low expressor, (B) C-Terminal high expressor,
(C) C-Terminal “low expressor’ CRISPR/Cas9-modified THP1 and (D) empty vector
control (“BB”). (A), (B), (C) and (D) Significances were calculated using two-way
ANOVA with Tukey’'s multiple comparisons test (*p<0,05, N=3 independent
experiments, mean + SEM in duplicates).
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3.4 Validation of monocyte differentiation and macrophage subset markers

The widely used dichotomic terminology for macrophage classification into M1 and M2
has been gone obsolete nowadays. Tumor-associated macrophages (TAMs) are now
characterized into at least seven different subsets, each with distinctive molecular
features (Ma et. al., 2022). Therefore, the investigation of this subset markers is
important to validate the polarization status of the macrophages used in the current
experimental setting. As such, the polarization of PBMC-derived primary macrophages
with IFNy, LPS and GM-CSF revealed higher expression of IDO1, IL4/1 and ISG15 as
depicted in Fig.24. These subset markers were used for confirming the differentiation

and polarization of PBMC-derived primary macrophages.
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Fig.24 Expression of M(IFNy/LPS) pro-inflammatory macrophage subset marker
in PBMC-derived primary macrophages. Expression of (A) IDO1, (B) IL4/1 and (C)
ISG15 genes in PBMC-derived primary macrophages. RT-qPCR analysis of mRNA
isolated from M(IFNy/LPS) pro-inflammatory and M(IL4/IL13) anti-inflammatory
primary macrophages was performed with 40x cycles, 92°C melting temp., 60°C
annealing temp. and 75°C extension temp. Significances were calculated using
unpaired t-test (*p<0.05, N=3 independent experiments, mean = SEM in duplicates).
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Further, PBMC-derived primary macrophages polarized with IL4, IL13 and M-CSF
showed higher expression in genes like TREM2, FCGR3A, LIPA and HLADRB as
shown in Fig.25.
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Fig.25 Expression of M(IL4/IL13) anti-inflammatory macrophage subset marker
in primary PBMC-derived macrophages. Expression of (A) TREM2, (B) FCGR3A,
(C) LIPA and (D) HLADRB genes in PBMC-derived primary macrophages. RT-gPCR
analysis of mMRNA isolated from M(IFNy/LPS) pro-inflammatory and M(IL4/IL13) anti-
inflammatory primary macrophages was performed with 40x cycles, 92°C melting
temp., 60°C annealing temp. and 75°C extension temp. Significances were calculated
using unpaired t-test (*p<0.05, N=3 independent experiments, mean + SEM in
duplicates).
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3.5 Effects of genetic and pharmacological REVERBa modification in
macrophages on effero- and phagocytosis

To investigate the impact of CRISPR/Cas9 modification on macrophage function,
phagocytosis and efferocytosis assays were performed. First, in vitro phagocytosis
assays, visualizing the uptake of fluorescent beads as a surrogate for tumor cell
efferocytosis or pathogen clearance, revealed a trend of higher phagocytotic activity in
CRISPR/Cas9-modified THP1-derived pro-inflammatory M(IFNy/LPS) macrophages
compared to the empty vector control (BB, backbone) as shown in Fig.26.
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Fig.26 Phagocytosis of fluorescent beads by CRISPR/Cas9-modified THP1-
derived macrophages. CRISPR/Cas9-modification of REVERBa trends to elevate
phagocytosis in  M(IFNy/LPS) pro-inflammatory macrophages. FITC-labelled
Protonex™ 600 Red-Latex beads were incubated with THP1 CRISPR/Cas9-modified
cell clones for 4 h before staining of the cytoskeleton with CytoTrace. The bead uptake
was measured with immunofluorescence (IF) microscopy after 4 h of incubation.
Significances were calculated relative to MO macrophages and were normalized to the
respective backbone (BB) controls (set to =1) using Wilcoxon-Signed-Rank Test
(*p<0.05, N=6 independent experiments, mean + SEM).
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Furthermore, to unravel the impact of CRISPR/Cas9 modification of the REVERBa
gene on efferocytosis, an elevated intake rate of CFSE-labelled HT29 cells by C-
Terminally CRISPR-modified THP1-derived pro-inflammatory ~ M(IFNy/LPS)
macrophages was observed. Additionally, a general trend of higher efferocytosis in all
pro-inflammatory M(IFNy/LPS) macrophage CRISPR/Cas9-modified THP1 cell clones
could be shown as depicted in Fig.27. The rate of ingested CFSE positive HT29 cells

by macrophages was measured via flow cytometry (FC).
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Fig.27 Efferocytosis of HT29 CRC cells by CRISPR/Cas9-modified THP1-derived
macrophages. CRISPR/Cas9 modification of REVERBa in M(IFNy/LPS) pro-
inflammatory and M(IL4/IL13) anti-inflammatory THP1-derived macrophages trends to
elevate efferocytosis. The uptake of CFSE-labelled HT29 was measured via flow
cytometry (FC) after 24h of co-culture. Significances were calculated using Kruskal-
Wallis test (*p<0.05, N=3 independent experiments, mean + SEM).

Likewise, treatment of CFSE-labelled HT29 and PBMC-derived primary macrophages
with REVERBa ligands showed an elevation in efferocytosis of CFSE-labeled HT29 by
M(IFNy/LPS) pro-inflammatory macrophages compared to its M(IL4/IL13) anti-
inflammatory counterpart (Fig.28).
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Fig.28 Efferocytosis Assay of HT29 tumor cells by PBMC-derived primary
macrophages. Monocytes were isolated via MACS sorting for each experiment from
PBMCs originating form healthy donor blood. Differentiated and polarized primary
macrophages were treated with vehicle (DMSO), REVERBa SR9009 agonist (10 uM)
or SR8278 antagonist (6,7 yM) before and during co-culture. For co-culture, HT29
cancer cells were labelled with CFSE cell tracing dye. Efferocytosis was measured via
FC by detecting CFSE-labelled HT29 ingested by CD11b positive macrophages after
24h. Significances were calculated using two-way ANOVA with Tukey’'s multiple
comparisons test (*p<0.05, N=3 independent experiments, mean + SEM).

3.6 Macrophages in co-culture with CRC cells and PDOs

There is ample evidence that the tumor microenvironment represents a conglomerate
of malignant cells embedded in a network of fibroblasts, smooth muscle, endothelial
and various immune cells. Within this environment, many immune cells, like tumor-
associated macrophages (TAMs), remain in a dormant state of low or inactive function
abrogating their tumoricidal potential. To investigate the impact of REVERBaq, its
regulation of PVR gene expression and the overall effect on macrophage effector
functions against cancer cells, co-culture experiments were conducted with HT29
cancer cells and patient-derived organoids (PDOs). All co-cultures were subjected to

REVERBa ligand and Ab treatment. Functional grade PVR blocking Abs were used to
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disrupt the interaction of PVR with TIGIT, while blocking of the “do-not-eat-me”

receptor CD47 was intended to reduce inhibition of phagocytosis.

3.6.1 Effects of REVERBa ligands on the viability of HT29 cancer cells in co-
cultures with CRISPR/Cas9-modified THP1-derived macrophages
To investigate how CRISPR/Cas9-modification of the REVERBa-gene in THP1-
derived macrophages impacts HT29 cancer cell viability, co-culture experiments were
conducted. Colorimetric MTT assays were performed to investigate the overall viability
of co-cultures. Treating co-cultures with REVERBa agonist resulted in no significant
difference in the overall death rates between ligand and vehicle (DMSO) treated co-
cultures. In contrary, a significant higher amount of overall cell death was observed in

co-cultures with CRISPR/Cas9-modified THP1-derived macrophage clones as
depicted in Fig.29 and Fig.30.
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Fig.29 Death rates of co-cultures with HT29 cancer cells and differentiated,
polarized CRISPR/Cas9-modified THP1-derived macrophages (A) M0, (B) pro-
inflammatory M(IFNy/LPS) & (C) anti-inflammatory M(IL4/IL13) treated with
REVERBa agonist. Co-cultures were conducted with CRISPR/Cas9-modified
REVERBa THP1-derived macrophages and its respective empty vector control (BB,
backbone). The co-cultures were treated with vehicle (DMSO), 1 yM REVERBa
agonist SR9009 for 48 h, and the death rates were calculated from the percentage of
viable cells after optical density (OD) measurement of the colorimetric MTT assay.
Significances were calculated relative to the vehicle (DMSO) control in M(IL4/IL13) co-
cultures using two-way ANOVA and Tukey’s multiple comparisons test (*p<0.05, N=3

independent experiments, mean + SEM).
Nonetheless, treating co-cultures with REVERBa antagonist, a minor reduction in the

overall death rate was observed in MO CRISPR/Cas9-modified THP1-derived
macrophages relative to its DMSO control (Fig.30 (A)).
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Fig.30 Death rates of co-cultures with HT29 cancer cells and differentiated,
polarized CRISPR/Cas9-modified THP1-derived macrophages (A) M0, (B) pro-
inflammatory M(IFNy/LPS) & (C) anti-inflammatory M(IL4/IL13) treated with
REVERBa antagonist. Co-cultures were conducted with CRISPR/Cas9-modified
REVERBa THP1-derived macrophages and its respective empty vector (BB,
backbone) control. The co-cultures were treated with vehicle (DMSO), 0.67 yM
REVERBa antagonist SR8278 for 48 h, and the death rates were calculated from the
percentage of viable cells after optical density (OD) measurement of the colorimetric
MTT assay. Significances were calculated relative to the DMSO control of the
M(IL4/1L13) co-culture using two-way ANOVA and Tukey’s multiple comparisons test
(*p<0.05, N=3 independent experiments, mean + SEM).
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3.6.2 Effects of PVR blocking Ab and REVERBa ligands on CRC cell viability
in co-cultures with PBMC-derived primary macrophages
To test whether inhibition of PVR and CD47 by blocking Abs as well as modulating
REVERBa with synthetic ligands promote cancer cell death, primary PBMC-derived
macrophages and HT29 CRC cells were co-cultured. Here, the co-culture setups were
carried out in presence of functional grade PVR/CD155 (5 pg/ml) and CD47 (10 pg/ml)
blocking Abs as well as SR9009 agonist (10 uM) or SR8278 antagonist (6.7 pM).
Isotype-matched Abs and vehicle (DMSQO) were used as respective controls. Flow
cytometry (FC) was used to analyze the viability and death types of the co-culture. A
reduction of EpCAM+ HT29 cancer cell viability was evident, as shown in Fig.31 (A)
and (B), upon co-culture with the PVR/CD47 Ab combination and REVERBa ligand.
Co-cultures with M(IL4/IL13) anti-inflammatory macrophages treated with isotype
control Ab had higher levels of viable EpCAM+ tumor cells compared to M(IFNy/LPS)
pro-inflammatory macrophages as depicted in Fig.31. Notably, the viability of

macrophages remained constant as depicted in Fig.32.
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Fig.31 Viability of HT29 cancer cells after co-culture with differentiated, polarized
PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)) The co-cultures
were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7
MM SR 8275 Antagonist together with 5 pg/ml PVR and 10 pg/ml CD47 blocking Abs
vs. isotype control for 5 days. Flow cytometry (FC) was used to detect the viability and
death types of EpCAM+ tumor cells and CD11b+ macrophage viability using annexin
& SYTOX™ dye. Respective percentages of gated EpCAM+ cells are shown. HT29
viability after PVR Ab treatment is depicted in both (A) and (B). Significances were
calculated using two-way ANOVA with Tukey’s multiple comparisons test (*p<0.05;
N=5 independent experiments, mean £ SEM). Cells were analyzed on a BD Canto FC
device (Flow Core UMM).
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Fig.32 Viability of differentiated, polarized PBMC-derived primary macrophages
(M(IFNy/LPS) & M(IL4/IL13)) upon co-culture with HT29 cancer cells The co-
cultures were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or
(B) 6.7 uM SR 8275 Antagonist together with 5 uyg/ml PVR and 10 pg/ml CD47 blocking
Abs vs. isotype control for 5 days. Flow cytometry (FC) was used to detect the viability
and death types of CD11b+ macrophages using annexin & SYTOX™ dye. Respective
percentages of gated CD11b+ cells are shown. Both (A) and (B) are showing viability
of CD11b+ macrophages in all conditions. Significances were calculated using two-
way ANOVA with Tukey’'s multiple comparisons test (n.s.; N=5 independent
experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core
UMM).

Next to the viabilities of tumor and immune cells upon co-culture, the individual death
types, like necrosis and apoptosis, were also subject of investigation. Fig. 33 depicts
HT29 cancer cells undergoing necrosis in co-culture treated with PVR/CD47 Abs and
REVERBa ligands. As depicted in Fig. 33 higher numbers of necrotic CRC cells were
evident after treatment with PVR and CD47 blocking Abs. Additionally, necrosis in co-
cultures with pro-inflammatory M(LPS/IFNy) macrophages was observed to be higher
than in co-cultures with anti-inflammatory M(IL4/IL13) macrophages as shown in Fig.
33 (A) and (B). Fig. 33 (B) outlines a higher amount of necrotic cancer cells in co-
cultures with anti-inflammatory macrophages M(IL4/IL13) treated with PVR and CD47
blocking Abs as compared to the isotype control.
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Fig.33 Necrotic HT29 cancer cells after co-culture with differentiated, polarized
PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)) The co-cultures
were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7
MM SR 8275 Antagonist together with 5 pyg/ml PVR and 10 pg/ml CD47 blocking Abs
vs. isotype control for 5 days. Flow cytometry (FC) was used to detect the viability and
death types of EpCAM+ tumor cells using annexin & SYTOX™ dye. Respective
percentages of gated EpCAM+ tumor cells are shown. The amount of HT29 cells
undergoing necrosis after PVR Ab treatment is depicted in both (A) and (B).
Significances were calculated using two-way ANOVA with Tukey's multiple
comparisons test (*p<0.05; N=5 independent experiments, mean + SEM). Cells were
analyzed on a BD Canto FC device (Flow Core UMM).

Furthermore, FC assays with the same blocking Abs in single culture setups did not
reveal a significant toxic effect on the viability of HT29 cancer cells or primary PBMC-
derived macrophages compared to the untreated controls (UT) as depicted by Fig. 34,

indicative of the need to cooperate at the physical synapse of tumor cells and

macrophages to exert a tumoricidal effect in co-cultures.
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Fig.34 Viability of single cultures upon functional grade blocking Ab treatment
in HT29 cancer cells and differentiated, polarized PBMC-derived primary
macrophages (M(IFNy/LPS) & M(IL4/IL13)) The single cultures were treated with 5
pMg/ml PVR, 10 pg/ml CD47 or 5 pg/ml TIGIT blocking Abs vs. isotype controls for 3
days. Flow cytometry (FC) was used to detect the viability and death types of EpCAM+
tumor cells and CD11b+ macrophages using annexin & SYTOX™ dye. Respective
percentages of gated cells are shown. Significances were calculated using two-way
ANOVA with Tukey’s multiple comparisons test (n.s.; N=3 independent experiments,
mean + SEM). Cells were analyzed on a BD Canto FC device (Flow Core UMM).
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3.6.3 Effects of PVR blocking Ab and REVERBa ligands on PDO viability in
cell co-culture with macrophages

Aiming to translate our findings to patients” tumors, the following data displays the
results of tumor stem cell viability in co-cultures of macrophages with representative
PDOs from patients with CRC. Each PDO originated from an individual patient and
was taken from our clinical biobank (Betge et al 2022). The Human Ethics approvals
(2014-633 N-MA; 2016-607 N-MA) have been granted to the II. Med. Klinik of the UMM
to work on patient samples (PDO, blood, tissue). First of all, the co-culture experiments
were carried out with PDOs generated from biopsies isolated from different patients.
Written informed consent was obtained from all patients prior to biopsy or peripheral
blood collection. All patients in this work have been screened by sequencing and
clinical phenotyping which was performed by Betge et. al. in 2022. Each patient has
its own characteristic, a set of mutated genes driving tumor growth and progression
which are represented in Tab.20. For instance, one of the main features of patient no.
7 (P0OQ7) are high mutation rates in KRAS and APC genes, a missense variant for the
KRAS mutation and a stop codon integration for APC. (Betge et. al, 2019). These
particular patients were chosen due to their classification as CMS type 2 (Betge et al
2022) and similar key mutations. As stated in the introduction part, only patients with
CMS1 classified tumors and MSI-H with high mutation rates (~ 14%) as well as immune
infiltration are susceptible for immunotherapy with ICIs (e.g., PD1 Abs). Thus, we
intended to develop novel strategies for the large subset of CMS2 (40%) non-MSI
patients with CRC, currently not eligible for ICI therapy.

Tab.20 Key mutations of CMS2 classified PDOs from patients with CRC (Betge
et. al., 2022)

Patient Mutations with high frequency
PO07 KRAS, APC
P022 TP53, KRAS, APC
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To investigate macrophage-mediated anti-cancer effects in conjunction with
REVERBa modulation and PVR blockage, co-culture setups with PDOs were
employed to generate a more physiological environment of macrophage-tumor
interaction. The following results in this section showcase the impact of modulating
REVERBa via ligands and blocking PVR with Abs. To this end, all experimental setups
were performed with 10 yM SR9009 REVERBa agonist, 6.7 yM SR8272 REVERBa
antagonist and 5 pg/ml of PVR/CD155 blocking Ab. As before, the viability and death

types were measured via FC.

3.6.3.1 Cancer cell viability and death types of co-cultures with macrophages
and PDOs from patient no. P022

Blocking PVR in co-culture was shown to reduce the viability of EpCAM+ CRC cells in

PDOs compared to its isotype control as depicted in Fig.34 (A) and (B). Additionally,

low CRC cell viability was also evident in co-cultures with pro-inflammatory

M(LPS/IFNy) macrophages compared to its anti-inflammatory M(IL4/IL13) counterpart.

REVERBa ligands had no effect on the viability of the PDOs (Fig.35 (A) and (B)).

A 100 - * ok ok B
% 2 1007 i M(IFNy/LPS)
(&) . Q pro-inflammatory
o 0 [ oKk O 80 ,uus ook = MOL4/L13)
2 —| — 8 — — anti-inflammatory
© -
o 60- g 60—
= =
< i °
o 40 g 404
|ﬁ' L4 unJ. .
5 200 ¢ s 204 @
2 m ﬁ ° ’-ﬁ ﬁ
T oo T *L quﬂ |h & o hd ;! h m
0 T T T T
- + -

Agonist +* - + Antagonist +

Ago DMSO - + - + Anta DMSO - + - +

Isotype Control Anti-PVR AK Isotype Control Anti-PVR AK

Fig.35 Viability of PDO P022 CRC cells after co-culture with differentiated,
polarized PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)) The
co-cultures were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist
or (B) 6.7 uyM SR 8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype
control for 5 days. Flow cytometry (FC) was used to investigate the viability and death
types of EpCAM+ tumor cells using annexin & SYTOX™ dye. Respective percentages
of gated EpCAM+ tumor cells are shown. Significances were calculated using two-way
ANOVA with Tukey’'s multiple comparisons test (*p<0.05; N=3 independent
experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core
UMM).
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Importantly, the macrophage viability remained stable under all treatment conditions
and was neither reduced by PVR Ab nor by REVERBa ligand (Fig.36 (A) and (B)).
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Fig.36 Viability of differentiated, polarized PBMC-derived primary macrophages
(M(IFNy/LPS) & M(IL4/IL13)) in co-culture with PDO P022 The co-cultures were
treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR
8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype control for 5 days.
Flow cytometry (FC) was used to investigate the viability and death types of CD11b+
macrophages using annexin & SYTOX™ dye. Respective percentages of gated
CD11b+ cells are shown. Significances were calculated using two-way ANOVA with
Tukey’s multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM).
Cells were analyzed on a BD Canto FC device (Flow Core UMM).

Quantitative analysis of the necrotic state of the cancer cells in co-cultures revealed
increased levels of PDOs undergoing necrosis in both pro- and anti-inflammatory
macrophage co-cultures following PVR blockade as shown in Fig.37.

Importantly, there was a significant increase in necrotic EpCAM+ tumor cells in
presence of REVERBa antagonist and PVR blocking Ab as compared to the respective

isotype controls, as given in Fig.37 (B) (right panel).
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Fig.37 Necrotic PDO P022 CRC cells after co-culture with differentiated,
polarized PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)) The
co-cultures were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist
or (B) 6.7 yM SR 8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype
control for 5 days. Flow cytometry (FC) was used to investigate the viability and death
types of EpCAM+ tumor cells using annexin & SYTOX™ dye. Respective percentages
of gated EpCAM+ tumor cells are shown. The amount of PDO cells undergoing
necrosis after PVR Ab treatment is depicted in both (A) and (B). Significances were
calculated using two-way ANOVA with Tukey’s multiple comparisons test (*p<0.05;
N=3 independent experiments, mean + SEM). Cells were analyzed on a BD Canto FC
device (Flow Core UMM).

In addition to elevated necrosis, a higher number of PDO cancer stem cells undergoing
early phase apoptosis was evident in all co-cultures under PVR Ab treatment as shown
in Fig.38. Further on, co-cultures with pro-inflammatory M(LPS/IFNy) macrophages
without PVR Ab treatment revealed higher amounts of early apoptotic PDOs compared
to co-cultures with anti-inflammatory M(IL41/L13) macrophages as shown in Fig.38 (A)
and (B).
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Fig.38 Early apoptotic PDO P022 CRC cells after co-culture with differentiated,
polarized PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)). The
co-cultures were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist
or (B) 6.7 yM SR 8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype
control for 5 days. Flow cytometry (FC) was used to investigate the viability and death
types of EpCAM+ tumor cells using annexin & SYTOX™ dye. Respective percentages
of gated EpCAM+ tumor cells are shown. The amount of early apoptotic PDOs after
PVR Ab treatment is depicted in both (A) and (B). Significances were calculated using
two-way ANOVA with Tukey’s multiple comparisons test (*p<0.05; N=3 independent
experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core
UMM).

Despite the high number of PDOs undergoing early apoptosis (Fig. 38), the number of
PDOs in late apoptotic state was shown to be lower after PVR Ab treatment as shown
in Fig.39. As depicted in both Fig.39 (A) and (B) a significant higher number of PDOs
undergoing late apoptosis was evident in co-cultures with pro-inflammatory
M(LPS/IFNy) macrophages without PVR Ab treatment.
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Fig.39 Late apoptotic PDO P022 CRC cells after co-culture with differentiated,
polarized PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)). The
co-cultures were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist
or (B) 6.7 yM SR 8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype
control for 5 days. Flow cytometry (FC) was used to investigate the viability and death
types of EpCAM+ tumor cells using annexin & SYTOX™ dye. Respective percentages
of gated EpCAM+ tumor cells are shown. The amount of PDOs undergoing late
apoptosis after PVR Ab treatment is depicted in both (A) and (B). Significances were
calculated using two-way ANOVA with Tukey’s multiple comparisons test (*p<0.05;
N=3 independent experiments, mean + SEM). Cells were analyzed on a BD Canto FC
device (Flow Core UMM).

In contrast to the observed antagonist-induced necrosis phenotype (Fig.37 B), neither
the REVERBa agonist nor the antagonist significantly impacted the viability and
apoptotic death types in co-cultures with PDO22.
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3.6.3.2 Cancer cell viability and death types of co-cultures with macrophages
and PDOs from patient no. P007

Blocking PVR in co-culture was shown to reduce the viability of CRC cells in PDOs

compared to its isotype control as depicted in Fig.39 (A) and (B). Additionally, low

viability of PDOs was evident in co-cultures with pro-inflammatory M(LPS/IFNy)

macrophages compared to its anti-inflammatory M(IL4/IL13) counterpart. REVERBa

ligands had no effect on the PDO viability (Fig.40 (A) and (B)).
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Fig.40 Viability of PDO P007 CRC cells after co-culture with differentiated,
polarized PBMC-derived primary macrophages (M(IFNy/LPS) & M(IL4/IL13)) The
co-cultures were treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist
or (B) 6.7 yM SR 8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype
control for 5 days. Flow cytometry (FC) was used to investigate the viability and death
types of EpCAM+ tumor cells using annexin & SYTOX™ dye. The amount of viable
PDOs after PVR Ab treatment is depicted in both (A) and (B). Respective percentages
of gated EpCAM+ tumor cells are shown. Significances were calculated using two-way
ANOVA with Tukey’'s multiple comparisons test (*p<0.05; N=3 independent
experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core
UMM).

Finally, as depicted in Fig.41, the viability of CD11b+ macrophages in co-cultures with
PDO PO007 remained stable and high, except of co-cultures containing pro-
inflammatory M(LPS/IFNy) macrophages, whose viability was lower compared to the
other co-culture conditions, however, without reaching statistical significance.

Conclusively, both patients were responsive to PVR Ab treatment, whereas the PDOs,
consistent with other reports, exhibited a phenotype of ligand/drug resistance,
suggesting that inter-patient variability may play a critical role as further addressed in

the discussion.
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Fig.41 Viability of differentiated, polarized PBMC-derived primary macrophages
(M(IFNy/LPS) & M(IL4/IL13)) in co-culture with PDO P007 The co-cultures were
treated with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR
8275 Antagonist together with 5 ug/ml PVR blocking Ab vs. isotype control for 5 days.
Flow cytometry (FC) was used to investigate the viability and death types of CD11b+
macrophage using annexin & SYTOX™ dye. Respective percentages of gated
CD11b+ macrophages are shown. Significances were calculated using two-way
ANOVA with Tukey’s multiple comparisons test (n.s.; N=3 independent experiments,
mean + SEM). Cells were analyzed on a BD Canto FC device (Flow Core UMM).
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4. Discussion

The role of our immune system in combating colorectal cancer (CRC) and other
common malignant cancer types has been a major area of investigation in both basic
and clinical research. Despite recent technological advances and deeper
understanding of immune-cancer interactions, multiple critical questions remain
unanswered. One generally known key challenge in the immunotherapy of CRC is the
immunosuppressive nature of the tumor microenvironment (TME), limiting the
effectiveness of treatments based on immune cells (Wang et. al., 2025). Macrophages,
however have emerged as powerful key regulators and effector cells of anti-tumor
immune responses. In CRC, macrophages exist in a spectrum of dynamic subtypes
influencing the tumor progression, treatment response and the overall clinical
outcomes. Within our gastrointestinal tract, these immune cells are in constant contact
and communication with the gut microbiota playing a crucial role in influencing cancer
development as well as anti-cancer treatment efficacy. This highlights macrophages
as a target for the development of novel therapeutic approaches against cancer
(Mantovani et. al., 2017), (Mola et. al, 2020). In recent times, the focus has turned
towards immune checkpoint molecules such as the poliovirus receptor (PVR/CD155)
and TIGIT (T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif
domain) which both have shown to be promising novel targets for therapy (Cui et. al.,
2025). The PVR-TIGIT axis is known to dampen immune responses by modulating
cytokine secretion from effector cells to reduce interferon-y (IFNy) and tumor-necrosis-
factor-a (TNFa) levels (Zhang et. al., 2020). Additionally, another study showed that
dendritic cells enhanced production of the immunosuppressive interleukin-10 (IL10)
while reducing the production of proinflammatory IL12 upon PVR-TIGIT interaction.
This concept can be expanded to macrophages, where TIGIT has been reported to
inhibit macrophage activation, driving peritoneal macrophages to shift from a pro-
inflammatory “M1-like” phenotype towards an anti-inflammatory more immune-
suppressive “M2-like” macrophage phenotype (Chiang et. al., 2022). Likewise, in vivo
studies with mouse CRC models revealed that the blockage of TIGIT enhanced CD8+
T-cell responses against the tumor. Together with the blocking of PD-1 and PD-L1 or
TIM-3, synergistic anti-tumor effects were evident in this study (Archilla-Ortega et. al.,

2022). Moreover, in hepatocellular carcinoma blocking PVR and TIGIT resulted in
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restoration of CD8+ T-cell activity, highlighting the relevance of PVR and TIGIT as
targets in multiple cancer types like CRC and melanoma (Zhang et. al., 2020).

Ample evidence has demonstrated the mechanistic link between the circadian clock
and therapeutic resistance to bevacizumab (anti-VEGFA therapy). REVERBa was
shown to bind a RORE motif in close proximity to the BMAL1 E-box within the VEGFA
promoter, collaborating with BMAL1 to upregulate the expression of VEGFA in CRC.
CRC patient tumors with elevated levels of BMAL1 revealed a poorer prognosis and
survival, suggesting that this signaling axis is associated with bevacizumab resistance
(Burgermeister et. al., 2019). These findings describe how REVERBa influence
cancer-relevant pathways in a circadian manner, raising the question whether similar
kinds of mechanisms may be extended to immune checkpoint regulation in CRC.
Additionally, Burgermeister et. al., 2019 showed that targeting this axis with REVERBa
antagonists caused a reduction in VEGFA expression and therefore tumor
angiogenesis in mice.

Describing the role of REVERBa expression in cancer appears highly context
dependent, with evidence supporting both tumor-promoting functions on the one hand
and tumor suppressive on the other. Some reports which are based on
immunohistochemistry suggested the upregulation REVERBa in CRC, especially in
tumor epithelia when compared to normal mucosa. Furthermore, REVERBa
expression may decrease in advanced CRC or metastasis, suggesting differentiated
views on REVERBa expression based on tumor stages and the tissue compartment
observed (Wu, 2021), (Burgermeister et. al., 2019). This raises the possibility, that
REVERBa contributes to not only CRC, but also other malignancies, underscoring its
potential as a therapeutic target.

Recent studies instead revealed that REVERBa switches from a transcriptional
repressor to an activator of tumorigenic programs in cancer cells. For example, it was
shown that REVERBa directly targets oncogenic signalling pathways like MAPK, PI3K-
AKT and cell cycle genes (Yang et. al.,, 2024). Based on this, previous findings
demonstrated that REVERBa expression is altered in gastric tumors, correlating with
advanced TNM (Tumor/Nodes/Metastasis) stages and poor prognosis. Alongside this,
REVERBa acts as a metabolic gatekeeper reducing glycolytic flux and in human
gastric cancer cells. Tao et. al., 2019 showed that knocking down REVERBa highly
increases the glycolytic flux in pentose phosphate pathway and tumor cell proliferation

in human gastric cancer. The pharmacological activation of REVERBa via the
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GSK4112 agonist was shown to reverse these effects (Tao et. al.,2019). Extending
this, the perturbation of REVERBa with other agonists like SR9009 and SR9011
showed to affect a number of oncogenic drivers such as human BRAF, HRAS, PIK3CA
and more (Sulli et. al., 2018).

In immune cells, REVERBa was shown to transcriptionally repress murine IL18,
NLRP3, and IL18, thereby regulating inflammasome activation and cytokine secretion
in macrophages. Accordingly, REVERBs deficiency lead to exaggerated inflammatory
responses, underscoring its role as a key modulator of innate immune homeostasis
(Pourcet et. al., 2018), (Wang et. al., 2018). Additionally, REVERBa controls the
rhythmic expression of genes in murine macrophages, influencing markers like CCL2
and inflammatory cytokines. The loss of REVERBa disrupts these oscillations, leading
to dysregulated immune activity (Sato et. al., 2014). Another aspect worth considering
is that in acidic TME conditions, the circadian rhythms become altered in macrophages
affecting their polarization states and innate immune functions. Therefore, REVERBa
may contribute to tumor-associated macrophage (TAM) reprogramming (Knudsen-
Clark et. al., 2024) and modulation of immune checkpoint genes, including the PVR-
TIGIT axis. To date, no studies have directly elucidated the exact mechanistic link
between REVERBa and PVR in context of colorectal cancer.

While REVERBa is well characterized as a regulator of the circadian rhythm, its role in
modulating the expression of PVR in macrophages and CRC cells remains largely
unexplored. Beyond circadian rhythm genes, the broader transcriptional targets of
REVERBa in CRC are not well defined. In particular, its influence on TAM polarization
and interaction with CRC cells within the TME remains poorly understood, despite its
potential relevance for the development of novel therapeutic strategies. Moreover,
while the rhythmic activity of REVERBa is known to affect metabolic and immune
processes (Cho et. al., 2012), (Pariollaud et. al., 2018), its impact on TAM function,
tumor growth and immune evasion in context of the circadian rhythm remains still
unresolved. It is known that REVERBa controls metabolism in many cell types (Wang
et. al., 2025), but its effect on the immune metabolic landscape of TAMs and CRC cells
has not been uncovered yet. Notably, the majority of pharmacological studies
investigating REVERBa have been conducted in non-CRC models (Gomatou et. al.,
2023). As mentioned earlier, to date there is no experimental evidence confirming or
denying whether REVERBa directly regulates the expression of the human or murine

PVR/Pvr genes. Importantly, clinical data on REVERBa expression levels in human
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CRC tissues, particularly in relation to immune infiltration and patient prognosis remain
limited (Gomatou et. al., 2023). Therefore, this thesis aimed to elucidate the role of the
transcription factor REVERBa in regulating macrophage-mediated anti-tumor
responses in colorectal cancer, with a specific focus set on its modulation of the PVR-
TIGIT immune checkpoint axis. Uncovering these regulatory mechanisms laid the
groundwork for future studies aimed at the developing of novel therapeutic strategies
to enhance immunotherapy efficacy and overcome immune evasion in colorectal

cancer.

4.1 Functional characterization of REVERBa

As mentioned previously REVERBa (NR1D1) is a nuclear receptor and transcriptional
repressor traditionally known for regulating circadian rhythm, metabolic homeostasis,
cellular differentiation as well as inflammatory functions (Burris, 2008), (Ikeda et. al.,
2019). However, emerging evidence revealed REVERBa's involvement in immune
modulation, particularly within macrophages (Angulo et. al.,, 2025). As already
mentioned, REVERBa is known for its anti-inflammatory properties by modulating and
controlling cytokine production in myeloid cells. Previous studies showed that
pharmacological stimulation of REVERBa suppresses inflammatory responses and
direct polarization of macrophages away from the pro-inflammatory “M1-like”
phenotype towards the anti-inflammatory “M2-like” state (Sato et al., 2014), (Zhang et
al., 2023). This capability to switch and reshape cellular phenotypes suggests that
REVERBa may function as a checkpoint regulator linking circadian rhythm, metabolism
and innate immunity.

While REVERBa has been extensively studied in context of circadian rhythm and
metabolism (Everett and Lazar, 2014), its specific role and function in macrophages
and colorectal cancer still remains widely unexplored. In the present thesis, one of the
first key findings was the detection of REVERBa expression in macrophages. As
shown by Western blot in Fig.15, REVERBa was expressed in both THP1-derived
(Fig.15 A) and PBMC-derived primary macrophages (Fig.15 C). The manufacturer of
the REVERBa (E1Y6D, #13418) monoclonal Ab proposed that it recognizes
endogenous REVERBa protein at a range of 60-78 kDa in Fig.15 A and C. Likewise,
the manufacturer of REVERBa polyclonal Ab (14506-1-AP) suggested a similar range
of 55 and 78 kDa. To experimentally verify the Ab specificities, REVERBa was

overexpressed from a commercial plasmid in HEK293T cells (Fig.15 B). Therein,
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Western blotting revealed a band at exact 78 kDa size, confirming the specificity in
detecting REVERBa.

Consequently, flow cytometry (FC) of THP1-derived macrophages confirmed the
intracellular expression of REVERBa protein in all subsets of polarized pro-
M(LPS/IFNy) and anti-inflammatory M(IL4/IL13) macrophages (Fig.17). In addition,
REVERBa gene expression in PBMC-derived primary macrophages was also proven
at a genetic level (Fig.12). To further understand the function of REVERBa in
macrophages, CRISPR/Cas9 modification of the REVERBa gene in THP1-derived
macrophages was conducted. Accordingly, both Western blot and intracellular FC
analysis revealed expression of REVERBa in CRISPR/Cas9-modified THP1-derived
macrophages (Fig.16 and Fig.18). As shown in Fig.16, both N-terminal (Fig.16 A) and
C-terminal (Fig.16 B) CRISPR/Cas9-modifications of the REVERBa gene resulted in
the absence of protein isoforms when compared to the backbone (BB) empty vector
control, which displayed the strongest band intensities. Although REVERBa was still
expressed in CRISPR/Cas9-modified THP1-derived macrophages, the absence of
these isoforms suggests that the CRISPR/Cas9 editing may caused alterations to the
REVERBa gene or protein sequence, presumably changes in proteolytic stability
and/or post-translational modifications (PTMs) (Smits et. al., 2019). This hypothesis
was supported by the lack of bands above and below the expected size of REVERBa
(78 kDa) (Fig.15 A). These findings are further underscored by immunofluorescence
microscopy of REVERBa protein in THP1-derived macrophages with CRISPR/Cas9-
modified REVERBa gene. As depicted in Fig.14, N-terminally modified THP1-derived
macrophages (Fig.14 A) exhibited lower REVERBa expression compared to both C-
terminally modified macrophages (Fig.14 B) and the BB empty vector control (Fig.14
C). Each CRISPR/Cas9-modified THP1-derived macrophage clone expressed
REVERBa protein at different levels, indicating that the genetic modifications exerted
distinct transcriptional or post-transcriptional effects on REVERBa gene expression.
Nonetheless, residual REVERBa was still present in the CRISPR/Cas9-modified THP1
clones. Hence, it cannot be excluded that a “loss-of-function” in this protein occurred
by frame shift or truncation mutations. Using the Phyre2 software (Powell et. al., 2025)
, a 3D model of wildtype REVERBa was created, illustrating its structure which is
depicted in S2 of the supplementary section. In addition, supplementary figure S3
depicts the 3D structure C-terminally CRISPR/Cas9-modified REVERBa protein,

illustrating how the C-terminal modification could alter its conformation leading to
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misfolding and/or reduced stability. Notably, THP1-derived macrophages harboring
CRISPR/Cas9-modified REVERBa revealed a “loss-of-function” phenotype upon
REVERBa ligand treatment. As illustrated by Fig.23, all CRISPR/Cas9-modified THP1-
derived macrophages showed little to no effect on the expression of the PVR promoter
upon REVERBa ligand treatment. Hence, these findings indicate a loss of ligand
sensitivity, rather than the anticipated de-repression of the PVR promoter activity by
the SR8278 antagonist or the expected super-repression by the SR9009 agonist in the
empty vector control. Consequently, this loss of ligand sensitivity underlines the fact
that CRISPR/Cas9 modification of REVERBa gene had an actual impact on its
function, making a misfunctioning REVERBa possible. This misfunction could be
caused due to misfolded tertiary structure after translation of REVERBa mRNA. Taken
together, future whole genome sequencing and mass spectroscopy studies shall
elucidate the exact modifications in the respective clones.

Building on the data regarding the characterization of REVERBa gene expression in
macrophages and CRISPR/Cas9 THP1 clones, it was important to consider its well-
documented role as a core circadian rhythm regulator. REVERBa mRNA expression
is known to oscillate in a circadian manner as stated by lkeda et. al., 2019. The cyclic
expression of REVERBa mRNA was evident in PBMC-derived primary macrophages
and THP1-derived macrophages as illustrated in Fig.11. Both cell types, parental THP1
and PBMC-derived primary macrophages, exhibited an oscillating expression pattern
of REVERBa mRNA over 24h. During daytime a lower expression of REVERBa was
observed compared to nighttime expression of REVERBa (Fig.11), underscoring the
periodic expression pattern of the REVERBa gene. The PVR mRNA was also shown
to be cyclically expressed over a time span of 24h. This cyclic expression pattern may
influence REVERBa's function as a transcriptional repressor, coordinating the timing
of downstream gene regulation (Gibbs et. al., 2012), (Sulli et. al., 2018). Further on,
the rhythmicity of its expression and activity is suggested to be critical in the modulation
of immune responses and tumor interaction (Zhang et. al., 2023). More in depth
investigation is required to elucidate how REVERBa oscillation impacts macrophage
function within the colorectal cancer tumor-microenvironment. Single-cell RNA
sequencing of CRISPR/Cas9-modified macrophages would give deeper insights about

the functional impairment of REVERBa.
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4.2 Regulatory interaction of REVERBa and the human PVR promoter

The poliovirus receptor (CD155/PVR) has emerged as a novel immune checkpoint
molecule within CRC (Liu et. al., 2023). As outlined in the introductory section PVR is
expressed on antigen-presenting cells (APCs), tumor cells and various other cells. It
can bind several ligands and receptors, generating heterotypic interactions between
adjacent cells (Wu et. al., 2024). Moreover, PVR binds to TIGIT on immune cells like
T-cells, NK cells, monocytes and macrophages, triggering immunosuppressive
signalling pathways which dampen anti-tumor immunity. Notably, high levels of PVR
are correlated with reduced CD8+ T-cell infiltration and poor prognosis in CRC (Liang
et. al., 2025). Further, PVR expression in macrophages and CRC cells is known to be
regulated by ADAR-mediated RNA editing of the 3'-UTR of PVR mRNA, increasing its
stability and expression. The manipulation of ADAR levels was shown to alter both
PVR mRNA editing and expression which suggests post-transcriptional mechanisms

contributing to immune evasion and tumor progression (Qian et. al., 2023).

It is known that REVERBa primarily acts as a transcriptional repressor of genes upon
binding to DNA elements. To exert its repressive functions, REVERBa has to recruit
the nuclear receptor co-repressor (NCoR) and histone deacetylase 3 (HDAC3)
complex. This whole complex leads to chromatin condensation and therefore
suppression of gene transcription. In addition to the direct binding of REVERBa to
promoter elements, it can also repress gene expression by inhibiting the activity of
distal enhancers. This is done by blocking transcription of enhancer RNAs (eRNAs)
which are crucial for optimal enhancer function and activation of nearby genes (Lam
et. al., 2013). The dual ability of REVERBa occupying retinoid-orphan receptor (ROR)
responsive element (RORE) motifs in promoters while simultaneously engaging in
enhance function underscores its broader influence over chromatin accessibility and
transcriptional timing. ROREs typically consist of a 6 bp AT-rich sequence directly
followed by a conserved AGGTCA motif, serving as binding sites for both REVERBa
and activating receptor tyrosine kinase-like orphan receptors (RORs). This creates a
competitive regulatory system maintaining the circadian oscillation of gene expression
(Preitner et. al., 2002), (Jetten et. al., 2009). Given that REVERBa typically binds
RORE motifs, the probability is high that similar elements are present in the PVR
promoter, underlying the direct binding of REVERBa observed in the shown ChlIP data.
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This potential RORE-mediated control of the PVR gene highlights that REVERBa may
act alongside other cytokine-driven pathways, creating a complex balance of regulation

in macrophages within the CRC microenvironment.

While REVERBa exerts oscillative repression, tumor-derived signals and other
alternative transcription factors can actively induce PVR expression (Molfetta et. al.,
2020). Other studies revealed that the secretion of IL-4 by CRC cells trigger the
expression of PVR in macrophages promoting their transition into an anti-inflammatory
or immunosuppressive M2-like phenotype (van Dyken and Locksley ,2013), (Wang et.
al., 2018). Further, the persistent activation of aryl-hydrocarbon receptor (AhR) in
macrophages via IL-4 and lipopolysaccharide (LPS) leads to an upregulation of PVR
transcription which is often co-expressed with PD-L1 on TAMs suggesting a shared
regulatory mechanisms and roles in immune evasion (McKay et. al., 2021). These
mechanisms drive immunosuppression and tumor progression, making PVR a
promising target in CRC. In this context, investigating whether REVERBa regulates the
PVR gene expression in a direct or indirect way is essential to unravel how metabolic
and circadian signals influence the immune checkpoint dynamics in CRC. Moreover,
the findings depicted in Fig.13 demonstrated for the first time that REVERBa directly
binds to the human PVR gene promoter region in macrophages indicating possible

regulatory functions.

4.3 Ligand-mediated modulation of REVERBa activity

REVERBa is a ligand-dependent nuclear receptor whose transcriptional activity can
be modulated by both endogenous ligands like heme and also synthetic small
molecules (Raghuram et. al., 2007). Heme for instance is the best characterized
physiological ligand of REVERBa, binding directly to REVERBa's ligand-binding
domain (LBD) (Yin et. al., 2007). This ligand binding to the LBD stabilizes the
interaction of the NCoR-HDAC3 co-repressor complex promoting transcriptional
repression (Yin et. al., 2007). In turn, this allows REVERBa to act as a metabolic
sensor, linking the timing of circadian rhythm, nutrient status and immune function. Not
only acts REVERBa as a gatekeeper in circadian rhythm by repressing genes like
BMAL1 (Yin and Lazar, 2005) and many more, but it also controls genes involved lipid
and glucose metabolism acting as a sensor of nutrient availability (Zhang et. al., 2015),

(Delezie et. al., 2012). Consequently, REVERBa can be modulated in its function by
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physiological or synthetic ligands. Among synthetic modulators, SR9009 and SR9011
represent widely used REVERBa agonists (Kojetin and Burris, 2014). These agonists
enhance the recruitment of NCoR-HDAC3 to target genes, suppressing the
transcription of genes involved in mitochondrial function, lipid metabolism and
inflammatory signaling (Solt et. al., 2012). As suggested by Sulli et. al., 2018, the
pharmacological activation of REVERBa represents a promising anti-cancer strategy.
Both REVERBa agonists SR9009 and SR9011 exert anti-tumor effects by affecting a
number of oncogenic drivers, such as HRAS, BRAF and PIK3CA with efficacy
sustained even in p53-deficient or hypoxic conditions. Moreover, REVERBa has been
implicated in limiting cancer progression through the suppression of cell proliferation,
de novo lipogenesis and autophagy, alongside the induction of apoptosis in malignant
cells (Wang et. al., 2020). Conversely, REVERB, displays an opposing pattern with
elevated expression reported in breast cancer, suggesting potential or distinct roles of
REVERBS in tumor biology (Sulli et. al., 2018).

Furthermore, the identification of heme as natural ligand of REVERB has facilitated the
development of novel synthetic modulators, such as GSK4112 (SR6472) (Grant t. al.,
2010). Although GSK4112 has poor pharmacokinetics limiting in vivo use, this agonist
proved to be a valuable in vitro tool, demonstrating that REVERBa activation can
suppress NF-kB signaling, inhibit NLRP3 inflammasome activity and is capable to
reduce pro-inflammatory cytokine production (Wang et. al., 2018), (Guo et. al., 2019).
In addition, GSK4112 has been shown to impair cancer cell proliferation, promote
apoptosis and decrease glycolysis in cancer cells by downregulating key metabolic
and cell cycle genes (Morioka et. al., 2016). Further, SR9009 treatment in
macrophages decreased pro-inflammatory M1-like macrophages polarization and
resulted in reduced expression of cytokines such as IL-6 and TNFa (Gibbs et al., 2012).
On the other side, the REVERB-modulating ligand SR8278 resembles a competitive
antagonist of REVERBa which prevents the recruitment of NCoR and HDAC3 co-
repressors, thereby relieving transcriptional repression (Kojetin et. al., 2011). Despite
its poor pharmacokinetic properties and a short half-life, SR8278 treatment of mice
resulted in decreased plasma levels and hepatic homocysteine, indicating that
REVERBa antagonism may exert protective effects against hyperhomocysteinemia
(Zhang et. al., 2019). Additionally, SR8278 has been reported to enhance lean body
mass and improve muscle function dystrophic in vivo models. This effect can be linked

to the activation of Wnt signaling pathway (Tao et. al., 2019). Further on, SR8278
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treatment in macrophages has been associated with increased expression levels of
REVERBa target genes, enhanced pro-inflammatory responses and an altered
circadian rhythm in immune gene expression. For instance, inhibiting of REVERBa-
mediated repression of Ccl2 before an active cycle of vesicular stomatitis virus
infection showed to decrease survivability of mice. This suggests REVERBa-mediated
suppression of Ccl2 exerts protective effects against encephalitis and
neuroinflammation (Gagnidze et. al.,2016). Another study showed that blocking
REVERBa function via SR8278 antagonist resulted in a resistance of elderly mice to
pneumococcal infection. In particular, pneumococcal infection has been associated
with aging, likely due to changes in daily oscillations in gene expression and pathways.
Rhythmic profiles were shown to be evident in young mice while profiles where non-
rhythmic or time shifted in elderly mice. Moreover, REVERBa plays an essential role
in modulating bacterial clearance by regulating. macrophage phagocytosis in a
circadian manner (Angulo et. al., 2025). Several small-molecule ligands have been
developed to modulate REVERBa function and activity, with many varying in specificity
and pharmacokinetic properties (Kojetin and Burris, 2014). Natural compounds like
berberine and puerarin provide structurally distinct scaffolds mimicking REVERBa
agonists and antagonists, but their selectivity remains insufficiently validated (Zhou et.
al., 2020), (Chen et. al., 2020). Overall, these ligands highlight the pharmacological
versatility of REVERBa targeting, also underscoring the importance of evaluating off-
target effects (Wang et. al., 2020).

While the direct effects of REVERBa SR9009 agonist or SR8278 antagonist have not
yet been explored in CRC, their ability to alter the expression of genes such as PVR
points out potential roles in modulating immune checkpoint pathways and
consequently tumor-immune interactions. As shown here, the ChIP experiments
confirmed the direct binding of REVERBa protein to the human PVR promotor (Fig.13).
We predicted a putative RORE or REVERBa responsive element (RevRE) DNA motif
using Alibaba software (Grabe, 2002) as a potential binding site for REVERBa in the
proximal human PVR gene promotor. Classic RORE binding motifs have the following
sequence: AA/TNTAGGTCA (Preitner et. al.,2002). However, future mutagenesis
studies need to finally prove if this DNA motif is the only target site or other element
are involved in addition. In line with these results, our ChIP and luciferase assays
confirmed that SR9009 agonist and SR8278 antagonist directly modulate REVERBa-
PVR interactions. Our findings support the fact that REVERBa act as a transcriptional
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repressor of the PVR gene in THP-derived macrophages and cancer cells, showing
that its activity can be modulated pharmacologically. The activation via the SR9009
agonist consistently reduced REVERBa binding to the human PVR promoter and
downregulated its expression, whereas the SR8278 antagonist evoked the opposite
effect, causing a de-repression (Fig. 20). These ligand-dependent effects were
observed in THP1-derived as well as in reporter assays with human cancer cells,
underscoring the robustness of this regulatory mechanism (Fig. 21). Together, these
results highlight REVERBa as a crucial regulator of human PVR gene transcription,
suggesting that pharmacological modulation of REVERBa activity could represent a
strategy to influence macrophage immunoregulatory functions and potentially
reshaping the tumor immune microenvironment.

Consistently, studies showed that REVERBa binds to glucocorticoid and hepatocyte
nuclear factors at promoters and enhancers of genes which are involved in
carbohydrate and lipid metabolism. Some examples of such genes in mice are Irs1
(insulin receptor substrate 1), Gck (glucokinase), Dgat2 (diacylglycerol O-
acyltransferase 2) and Lpin2 (Lipid phosphate phosphatase 2) which are all expressed
in a circadian manner (Carrati et. al., 2018). Moreover, REVERBa is able to bind to its
own promoter via the REVERBa-responsive element (RevRE) repressing its own
transcription through a negative feedback loop. This autoregulatory binding of
REVERBa protein to its own promoter is essential for maintaining the rhythmic
circadian oscillation and stability of not only REVERBa mRNA and protein itself, but
also of other genes regulated by REVERBa (Adelmant et. al., 1996), (Bugge et. al.,
2012). In line with this, bioinformatic and experimental studies confirmed that
REVERBa targets a wide set of promoters containing RevRE motifs especially in
genes which are involved in circadian regulation and metabolism (Kumaki et. al.,
2008). These findings highlight that the regulatory role of REVERBa extends beyond
metabolic and circadian genes to immune checkpoint genes, as exemplified here for
the PVR gene.

Considering that REVERBa act as a metabolic and transcriptional regulator in
macrophages, its modulation via SR9009 agonist and SR8278 antagonist may be
extended beyond checkpoint regulation and directly influence efferocytosis. It is well
known that efferocytosis represents a key function of macrophages, maintaining tissue
homeostasis and anti-tumor immunity by clearing apoptotic malignant cells (Werfel &

Cook, 2018). Efferocytosis assays with PBMC-derived primary macrophages treated
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with SR9009 agonist or SR8278 antagonist demonstrated an altered macrophage
behaviour regarding the efferocytosis of tumor cells (Fig.28). A higher efferocytosis
rate was observed in pro-inflammatory M(LPS/IFNy) macrophages, when compared to
macrophages with an anti-inflammatory M(IL4/IL13) phenotype. The higher
efferocytosis in pro-inflammatory macrophages might be induced due to the applied
treatments, but there was no clear evidence if REVERBa ligands directly alter
efferocytosis. Furthermore, it is well-known that anti-inflammatory “M2-like”
macrophages exert a higher efferocytotic activity than pro-inflammatory “M1-like”
macrophages (Yurdagul et. al., 2017). Additionally, this higher efferocytosis of M2-like
macrophages drives immunosuppressive responses leading to the secretion of IL-10,
TGF-B and VEGFA supporting tissue repair, angiogenesis and tumor progression
(Yurdagul et. al., 2017).

As discussed above, the CRISPR/Cas9 modification of REVERBa gene not only
impacted REVERBa function itself, but also altered the function of THP1-derived
macrophages. For example, a significant higher tumor cell efferocytosis was observed
in all CRISPR/Cas9-modified THP1-derived macrophages when compared to the
empty vector control (Fig.27). Moreover, a similar effect trending to higher
phagocytosis was evident in all CRISPR/Cas9-modified macrophages (Fig.26).

It is known that REVERBa represses the expression of several cytokines and immune
relevant factors including IL-10 (Chandra et. al., 2013). In general, IL-10 plays a crucial
role in the modulation of inflammation, immune response and homeostasis.
Specifically, IL-10 acts as an anti-inflammatory or immunosuppressive cytokine,
downregulating the function of dendritic cells, monocytes and macrophages. On the
other hand, IL-10 is also able to exerts immunostimulatory effects on NK cells, T-cells
and B-cells (Carlini et. al., 2023), (lyer and Cheng, 2012). Moreover, recent studies
revealed that IL-10 and its associated signaling molecules increased CRC progression,
suggesting potential oncogenic roles and prognostic relevance (Aslam et. al., 2025). A
significant higher expression of IL-10 was evident in CRISPR/Cas9- modified THP1-
derived macrophages having dysfunctional REVERBa protein (Fig.22 (B)). This finding
highlights that IL-10 may not only be directly regulated by REVERBa, but may also act
as a downstream target, similar to the PVR, thereby possibly contributing to altered
cancer cell survival in the tumor tissue microenvironment of CRC.

Taken together, these data emphasize the multifaceted role of REVERBa in regulating
and modifying macrophage effector phenotypes. The modification of REVERBa
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function, either through CRISPR/Cas9 or ligand treatment, was found to alter
macrophage functions, resulting in elevated effero- and phagocytosis rates in both
THP1- and PBMC-derived primary macrophages. Not only did CRISPR/Cas9-
modification of the REVERBa gene impact its function, but REVERBa ligand treatment
also altered PVR expression, suggesting that targeting of REVERBa could open new
possibilities for immune-related therapeutic options in CRC.

Despite these insights, the mechanisms of macrophage modulation by REVERBa still
remains to be fully deciphered. The final question arising is whether pharmacological
or genetic targeting of REVERBa could be exploited therapeutically, to enhance anti-
cancer properties of macrophages within the TME of colorectal cancer cells in vitro and
in vivo. In particular, it remains to be determined how the modulation of REVERBa
might act synergistically together with PVR blocking antibodies, an aspect which will

be discussed in the following section.

4.4 Impact of REVERBa modulation and immune checkpoint blockade on
macrophage-tumor cell interactions

Macrophages play a dualistic role in the CRC microenvironment functioning either as
tumor-promoting or tumor-suppressing immune cells, dependent on their polarization
state and expression profile of immune checkpoints (Pathria et. al., 2019). As
mentioned earlier, the PVR-TIGIT axis emerged as a central mechanism through which
TAMs promote immune evasion, highlighting its relevance as an immune checkpoint
system (Hou et. al., 2024). As mentioned in the introduction, the PVR is a central ligand
of TIGIT which makes it a key immunosuppressor across cancers. For example,
studies on CRC linked higher PVR-TIGIT signaling to worse outcomes and immune
evasion which underscores PVR as checkpoint for immunotherapies (Cao et. al.,
2025), (Liang et. al., 2025). In CRC, TAMs are known for shaping immune escape and
therapeutic responses, making them promising targets for CRC therapy (Hou et. al.,
2024). Moreover, the nuclear receptor REVERBa has gained attention as an immune
metabolic checkpoint in macrophages. As outline before, REVERBa represses gene
expression by recruiting NCoR and HDAC3 to promoter or enhancer regions (Wang
et. al., 2020). Furthermore, SR9009 agonist and SR8278 antagonist are examples of
widely used tools to modulate REVERBa function (Solt et. al., 2014), (Kojetin et. al.,
2011).
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The circadian control of genes is increasingly tied to immune checkpoint inhibitor
efficacy. For instance, clinical and pre-clinical work indicate that the CLOCK status and
time of dose can modulate immune checkpoint inhibitor outcomes, providing
mechanistic insights to test CLOCK-guided or REVERBa-guided strategies together
with PVR-TIGIT and other immune checkpoint blockade (Karaboué et. al., 2024),
(Nagy et. al., 2025). Together the pharmacological activation of REVERBa via SR9009
agonist in macrophages may lower PVR expression or alter its dynamics, reducing the
inhibitory input to TIGIT, thus sensitizing the microenvironment to TIGIT blockade,
whereas SR8278 antagonism could exert opposite effects. To date, no direct
regulation of PVR gene expression by REVERBa has been demonstrated, nor has its
effect on macrophages within the TME been explored or described in the literature.
Macrophages play a central regulatory role in progression of CRC, either supporting
tumor growth through immunosuppressive polarization or by contributing to anti-tumor
activity upon activation (Edin et. al., 2012). To elucidate the role of REVERBaq,
CRISPR/Cas9-modified THP1-derived macrophages harbouring unmodified
(“wildtype”) or dysfunctional REVERBa were co-cultivated with CRC cells in direct
physical contact. This allowed to understand how the genetic disruption of the
REVERBa gene affects the ability of macrophages to modulate tumor cell survival. By
further introducing REVERBa ligands, pharmacological modulation of REVERBa offers
a double tracked impact. For instance, REVERBa ligands may alter cancer cell
metabolism directly, while simultaneously reprogramming macrophage function within
the TME. The use of CRISPR/Cas9-modified THP1-derived macrophages in co-
cultures with HT29 cancer cells provided a framework to dissect these direct and
indirect effects, and to finally evaluate whether ligand-mediated modulation of
REVERBa impacts the macrophage-tumor crosstalk and its interactions towards a
tumoricidal outcome. In the 3D co-cultures (Fig.29/30), THP1-derived macrophages
with dysfunctional REVERBa significantly increased CRC cell death when compared
to the empty vector control. SR9009 agonist had no effect on the viability of the HT29
cancer cells. One noteworthy observation found in Fig.30 (A) revealed the de-
stabilization of HT29 cancer cell viability upon SR8278 antagonist treatment in co-
culture.

REVERBa is known to directly repress murine CCL2 and IL6 expression in
macrophages, and loss of REVERBa results in elevated expression levels of these
cytokines (Sato et. al., 2014). The fact that CCL2 and IL6 represent two cytokines
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which are crucial for shaping macrophage behaviour, modulation of REVERBa within
the TME marks an important regulatory mechanism in controlling macrophage function
and immune response in CRC. For example, the CCL2 pathway has been shown to
drive TAM recruitment and anti-inflammatory “M2-like” macrophage polarization,
fostering a pro-tumorigenic microenvironment, further promoting liver metastasis in
CRC (Grossman et. al.,, 2018). In addition, IL6 exerted from macrophages drives
STAT3 activation in neighbouring CRC cells, altering their phenotype and potentially
increasing tumor cell survival (Kawamura et. al., 2024). Taken together, the effects of
CCL2 and IL6 exerted on macrophage function and tumor cell viability underscore the
importance of cytokine-directed reshaping of TME. Thus, REVERBa may act as a
critical regulatory factor which is capable of restraining this inflammatory axis within
the TME. This may explain the cause why SR8278 antagonist treatment (Fig.30 A)
significantly decreased HT29 cancer cell survival. Furthermore, REVERBa is also
known to repress NFkB and NLRP3 signaling, which are known to be negative
regulators of inflammation. Wang et. al. 2018 showed that missing or dysfunctional
REVERBa causes activation of NLRP3 inflammasome, thus promoting ulcerative
colitis in mice. In general, REVERBa represses NFkB and NLRP3 targeted genes.
Therefore, genetic loss or antagonism via SR8278 treatment shall de-repress this
pathway, increasing pro-inflammatory cytokines and inflammasome activation
(Pourcet et. al., 2018). Thus, reprogramming TAMs from immunosuppressive M2-like
state towards a pro-inflammatory M1-like phenotype may reduce cancer cell viability
by shifting the TME into an active tumoricidal niche, driven by macrophages.

Moreover, it is a well-known fact that PVR is highly expressed in CRC contributing to
immune cell escape. Recent studies showed that high PVR expression negatively
correlated with poor prognosis in CRC patients (Murakami et. al., 2022). Furthermore,
PVR is regulated by the PI3K/Akt/NFkB pathway, which contributes to the depletion of
cytotoxic CD8+ T-cells and the reduction on their effector activity (Liang et. al., 2025).
Studies with specimens from human CRC patients evinced robust expression of PVR
promoting polarization towards anti-inflammatory “M2-like” macrophages and CRC
progression (Zhu et. al., 2022). To date, latest findings on targeting PVR-TIGIT
checkpoint axis revealed the effective blocking of PVR-related immune globulin
domain (PVRIG) with a bi-specific antibody, co-targeting both PVR and TIGIT.
Enhanced anti-tumor immunity was evident making this a promising approach for

further investigation in clinical trials (Lin et. al., 2025).
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Co-culturing PBMC-derived macrophages with HT29 cancer cells revealed an impact
on cancer cell viability upon PVR and CD47 blocking antibodies and REVERBa ligand
treatment. A significant reduction of HT29 viability was evident in all treatment
conditions when compared with the control (Fig. 31). Comparing the results of Fig.31
with Fig.32, neither the blocking antibodies nor the REVERBa ligands had a significant
effect on reducing the viability of PBMC-derived macrophages. These results are
consistent with the findings shown in Fig.34, which similarly demonstrated no impact
on macrophage viability by any of the tested antibodies. According to data presented
in Fig.33 significant higher levels of necrosis were evident in all pro-inflammatory
macrophages and macrophages treated with anti-PVR and anti-CD47 antibodies,
suggesting the following two conclusions. First, macrophages polarized to pro-
inflammatory phenotype are known to suppress proliferation of CRC cells (Chiang et.
al., 2023) and to induce necrosis in cancer cells via the release of pro-inflammatory
cytokines as TNFa or reactive oxygen species (Pan et. al., 2020). Second, the increase
upon treatment with PVR and CD47 blocking antibodies in the number of necrotic CRC
cells in co-cultures with anti-inflammatory M(IL4/IL13) macrophages gave a hint of a
possible re-polarization of macrophages towards a pro-inflammatory state exerting
anti-tumor properties. Furthermore, co-cultures with organoids from patient no.22
(Fig.35) harbouring TP53, KRAS and APC mutations, demonstrated a significant
reduction in CRC cell viability following PVR antibody treatment, consistent with the
results shown by Fig.31. In addition, subsequent co-cultures with organoids from
patient no.7 (Fig.41) carrying KRAS and APC mutations, showed a similar decrease in
CRC cell viability as those PDOs from patient no.22 (Fig.35), indicating that PVR
blockade may contribute to higher CRC cell death. These findings raise the possibility
that PVR blockade may restore or enhance macrophage functions within the CRC
microenvironment, shifting them towards a more anti-tumor, pro-inflammatory
phenotype. As mentioned above, related studies demonstrated that PVR expression
on tumor-associated macrophages promote a more “M2-like” immunosuppressive
phenotype facilitating CRC progression (Zhu et. al.,2022). Thus, disrupting the PVR-
TIGIT axis could relive immune checkpoint suppression of macrophages and foster
their anti-tumor properties. In contrast to the observed antagonist-induced necrosis
phenotype (Fig.37 B), neither the REVERBa agonist nor the antagonist significantly

impacted the viability and apoptotic death types in co-cultures with PDO22, consistent
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with the concept that a “Iytic” cell death increases host inflammation response to
improve response to ICI therapies (Huang et. al., 2025).

Moreover, no direct effect of REVERBa ligands could be linked to the decreased
viabilities of PDOs in all co-cultures (Fig.35/40), suggesting an a priori drug resistance
of the PDOs (Betge et. al., 2022). Turning to another important aspect, it should be
noted that all co-culture experiments and most readouts were performed at daytime.
Given the circadian nature of REVERBa, which expression is lower at daytime (Fig.11),
the expression level at the time the experiments were performed may have influenced
the actual observations. Alongside this, the high PDO viability in untreated co-cultures
with anti-inflammatory M(IL4/IL13) PBMC-derived primary macrophages underscore
the typical characteristics of tumor-associated macrophages, stabilizing and fostering
tumor growth (Fig.35). In line with the findings in Fig.32, PBMC-derived primary
macrophages maintained high viability under all co-culture and treatment conditions
(Fig.36). Overall, these findings demonstrate that functional PVR-blocking antibodies
displayed no direct cytotoxic effects on macrophages or HT29 cancer cells alone
(Fig.34), but enhanced CRC cell killing when combined with macrophages
emphasizing their potential as an effective strategy to boost macrophage-mediated
anti-tumor responses against CRC.

Despite the mechanistic insights gained through in vitro co-culture systems, several
limitations must be considered. Firstly, these models lack the of fullimmune complexity
and key physiological features such as hypoxia, microbiota-derived metabolites and a
full cytokine milieu, each of which significantly impacts macrophage behaviour and
PVR expression. Additionally, gut microbiota metabolites such as butyrate and
succinate have been shown to modulate macrophage function with succinate impairing
phagocytosis, while butyrate and other similar short-chain fatty acids enhance
macrophage phagocytosis activity (O'Callaghan et. al.,, 2021), (Garavaglia et. al.,
2025). Furthermore, different cytokine-driven artificial activation states of
macrophages in vitro may also alter PVR expression and macrophage function,
reflecting the limitations of a simplified environment. In addition, several cross-talk
signals are missed, for example TIGIT T-cell suppression or NK-cell cytotoxicity, which
are major targets of PVR. Further on, macrophage heterogeneity plays also a crucial
role, like the fact that PBMC-derived macrophages are not the same as TAMs resident
in CRC tissue. These TAMs from CRC tissue are shaped by the environment of chronic
hypoxia, metabolic gradients and cytokine-rich TME. For instance, it is known that
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hypoxic conditions within the TME drive macrophage polarization towards an anti-
inflammatory M2-like phenotype and enhance immune suppression (He and Zhang,
2021), (Bai et. al., 2022). While 2D co-cultures cannot recapitulate stromal and
endothelial components, PDO cultures with extracellular matrices such as Matrigel®
for instance, create an 3D microenvironment closer to the physiological conditions (Kim
et. al.,, 2022). Secondly, translational limitations must be considered like the
pharmacokinetics of REVERBa ligands may act differently under physiological
conditions due to metabolism and drug clearance (Solt et. al., 2012), (Rahman and
Hegazy, 2024). Finally, while in vitro assays are invaluable for uncovering potential
mechanistic insights, they do not reliably predict the efficiency of PVR blockade in vivo,
especially in context of immune exhaustion, tumor heterogeneity and adaptive
resistance pathways.

Moreover, similar studies revealed that dual blocking of CD47/SIRPa and PVR/TIGIT
pathways, together with azelnidipine, promotes macrophage-mediated phagocytosis
of tumor cells in vitro and suppresses tumor growth in vivo, at least in part by
augmenting both innate and adaptive immune responses (Zhou et. al., 2021). While
most studies focus on T-cells and NK cells, evidence suggests that blocking PVR can
support the reprogramming of TAMs from pro-tumor to an anti-tumor phenotype,
enhancing their ability to attack colorectal cancer cells (Mantovani et. al., 2017).
Finally, these findings suggest that PVR blockade represents a promising strategy to
enhance macrophage-mediated tumor cytotoxicity, especially when combined with

other immune checkpoint inhibitors.
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4.5 Conclusion and future perspectives

This doctoral thesis provides novel insights into the role of REVERBa in macrophage-
mediated anti-tumor immunity in colorectal cancer, with specific focus on the regulation
of the PVR-TIGIT immune checkpoint axis. Through genetic modification of REVERBa
via CRISPR/Cas9 and its pharmacological modulation using synthetic ligands, the
results presented here revealed that REVERBa functions not only as a circadian and
metabolic regulator, but also as a transcriptional modulator of immune checkpoint
expression. The experiments conducted demonstrated that REVERBa directly binds
the PVR gene promoter and that ligand treatment fine-tunes this regulatory capacity,
leading to significant changes in PVR gene expression and macrophage function. As
illustrated in concluding Fig.42, the SR90909 agonist treatment lowered the PVR

expression and promoter activity, whereas antagonism by SR8278 increased both.
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Fig.42 Model of regulation of PVR by REVERBa For gene repression, REVERBa
recruits NCOR1 (nuclear receptor corepressor 1) and HDAC3 (histone deacetylase
complex 3) to act as a transcriptional repressor. The small molecule drug-like SR9009
agonist reduced binding of REVERBa to the PVR gene promotor leading to super-
repression of the gene (thus less PVR mRNA). In contrast, the SR8278 antagonist
enhanced binding of REVERBa to the PVR gene promotor resulting in de-repression
of PVR gene expression (thus more PVR mRNA). REVERBa may thus act as an
indirect positive modulator of PVR expression suggesting the therapeutic use of
REVERBa agonists against CRC. This model is consistent with “Pharmacological
activation of REV-ERBs is lethal in cancer and oncogene-induced senescence” by Sulli
et al. (Nature. 2018;553(7688):351) and may involve an additional inhibitor or trans-
repressor complex yet to be identified.
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In line with this, changes coincide with altered macrophage behaviour e.g., effero- and
phagocytosis. Importantly, this work uncovers the first evidence of a mechanistic link
between REVERBa and the PVR-TIGIT pathway in macrophages, thereby expanding
the understanding of transcriptional regulation of immune checkpoints, in this case
PVR. However, whether these effects translate into clinically relevant outcomes is still

an open question.

Functionally, the CRISPR/Cas9-mediated modification of REVERBa revealed an
altered ligand sensitivity and changes in macrophage behaviour, including enhanced
effero- and phagocytosis as well as altered cytokine expression, underlining the
importance of REVERBa integrity for macrophage function. Furthermore, co-culture
experiments with HT29 colorectal cancer cells and PDOs highlighted that blocking
PVR significantly influenced tumor cell viability through macrophage effector functions,
underscoring their central role in shaping anti-tumor immunity. Nonetheless, several
limitations must be considered. The used in vitro systems provide valuable mechanistic
insights, but do not fully recapitulate the complexity of a tumor-microenvironment and
the diversity of several immune cell subsets. Moreover, REVERBa ligands like SR9009
and SR8278 are limited by their poor pharmacokinetics and potential off-target effects.
Further studies should therefore validate these findings in in vivo colorectal cancer cell
models, ideally by combining REVERBa targeting and immune checkpoint blockade.
Looking forward, for future studies three promising avenues emerge from this work.
First, in vivo validation of REVERBa modulation in mouse CRC models, tracking PVR
gene expression, macrophage status and synergistic effects with blocking PVR or PD-
L1 for instance, will give more in-depth insight into how REVERBa shapes immune
checkpoint regulation and macrophage function within a complex TME. This in vivo
validation has already started by treating gastrointestinal tumor mouse models with
REVERBa ligands in our research group (D. Kato et al. unpublished). Second, a
mechanistic mapping of REVERBa target gene interactions is required, including
defining the REVERBa co-repressor/co-factor complex at the PVR gene promoter,
investigating the loss of ligand sensitivity observed in CRISPR/Cas9-modified cell
clones. This unravelling of REVERBa target interactions could identify novel
intervention points for enhancing the efficacy of macrophage-based immunotherapies.
Third, applying chrono-translation to REVERBa by integrating its rhythmic activity,

immunometabolic functions, co-regulatory complexes as well as circadian oscillations
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could identify novel therapeutic targets and provide insights into how chronobiology
can be exploited to enhance immunotherapeutic effects in a time-of-day dependent
manner.

To conclude, this PhD thesis uncovered REVERBa as a novel immune checkpoint
modulator in macrophages and colorectal cancer, underscoring the importance of
integrating circadian biology into cancer immunotherapy. Exploiting metabolic and
transcriptional timing, these strategies may help to overcome immune suppression and
ultimately improve outcomes for colorectal cancer patients. Altogether, these findings
identify REVERBa as novel regulator of immune checkpoint dynamics, underscoring
the potential of unexplored opportunities for integrating circadian biology into

immunotherapy against colorectal cancer.
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Supplementary Data

6. Supplementary Data

S$1. 3D Structures of REVERBa. (A) X-ray crystallography of a truncation mutant of the human
REVERBa ligand-binding domain (LBD) bound with the corepressor NCoR ID1 peptide (orange)
determined to 2.60A resolution. The protein was expressed in E. coli BL21(DE3) and has no indicated
sequence mutations. This structure has a total molecular weight of 30.08 kDa, an atom count of 1,611,
a modeled residue count of 205 and a deposited residue count of 266. The structure of this REVERBa
protein was determined via x-ray diffraction by Gampe, R. and Nolte, R. (03.06.2010) (3NOO
https://doi.org/10.2210/pdb3N00/pdb). (B)/(C) X-ray crystallography of the REVERBa LBD bound with
(B) corepressor NCoR-ID1 (3N0O) and (C) Heme (PDB: 3CQV). Structural differences in the
conformations of REVERBa LBD between (B) and (C) suggest that the ligand binding pocket (LBP) of
REVERBa has a degree of flexibility, offering the accommodation of various ligand scaffolds (Hegazy
et. al., 2021).
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S.2 Computational 3D structure modelling of REVERBa by Phyre2 software. (A) Alignment of query
and template protein sequence of REVERBa showing predicted secondary structure elements of the
wildtype (WT) REVERBa peptide sequence (NP_068370.1; P20393_HUMAN). (B) 3D structure of
REVERBa modelled by Phyre 2 using a query protein sequence of human “nuclear receptor subfamily
1 group D member 17 (NR1D1) from the “National Center for Biotechnology” (NCBI). The modeling of
REVERBa/NR1D1 C-terminal domain (434-611 aa) resulted in a full match of ¢3n00A showing
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(PDB; https://lwww.rcsb.org/). Based on PDB data, best fit models (N=20) were generated.

157



Supplementary Data

A -Insertinn relative to template
Deletion relative to template

DCataIytic residue from the CSA

Detailed help on interpreting your alignment

Query Sequence PHRWEN

Template Predicted Secondary
DU 1= = = oo om e o R o O e o O B T S e o e O T S T St

R

AEL

ernplate Known Secondary structur: |, F YT T T T 7YY
Template Predicted Secondary AARAARAAAA

Strumre---..'.'..------"‘..-----."..'...-‘..'....----”“-'7

Template Predicted Secondary
structure

DB header:transcription/dna
hain: A: PDB Molecule:retinoic acid receptor rxr-alpha;
DBTitle: crystal structure of multi-domain rar-beta-rxr-alpha
eterodimer on2 dna

DB Entry: PDEe RCSE PDE]

158



Supplementary Data

S.3 Computational 3D structure modelling structure prediction of the C-Terminal CRISPR/Cas9-
modified REVERBa by Phyre2 software. (A) Alignment showing predicted secondary structure
elements of the C-terminal peptide sequence of the CRISPR/Cas9-modified REVERBa harbouring the
C-terminal sgRNA. The peptide sequence depicts missing secondary structure elements of the modified
AC-Terminus (aa 132-468) domain, suggesting a distorted folding of the C-terminal ligand binding
domain (LBD). (B) 3D modelled structure of the CRISPR/Cas9-modified C-terminal region of REVERBa
revealing disordered folding. The alignment and length coverage for the modified LBD were the highest
for the human “retinoic acid receptor rxr-alpha” with c5uanA giving a Confidence 99.8% | Identity 72%.
Based on PDB data, best fit models (N=20) were generated.
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S.4 PCR amplification of genomic DNA from THP1-derived macrophages with CRISPR/Cas9-
modifed REVERBa. Agarose gel analysis of CRISPR/Cas9-modification of the REVERBa / NR1D1
gene in THP1-derived macrophages. The gDNA was isolated from CRISPR/Cas9-modified THP1
clones and subjected to PCR amplification using primers flanking the C-terminal sgRNA target insertion
region (Exon 6) of the REVERBa /| NR1D1 coding sequence (CDS). Knock-out (KO) and backbone
vector (BB) bands are visualized. PCR analysis was performed with 30x cycles, 94°C melting temp.,
60°C annealing temp. and 72°C extension temp. The DNA was separated on a 2% agarose gel and a
1 kbp DNA ladder was used as size reference.
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S5. NCBI Geoprofile Data of CLOCK gene expression. NCBI Geoprofile Data HG-U133A (GDS2429)
representing the expression of circadian rhythm genes (NR1D1 (REVERBa), NR1D2 (REVERBS),
ARNTL, CLOCK, PER1, PER2, CRY1) in unpolarized macrophages (MO, blue), pro-inflammatory
macrophages (M1, IFNy/LPS, orange), and anti-inflammatory macrophages (M2, IL4/IL10, gray). The
data depicts the relative expression by the number of counts generated via in situ hybridization.
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S.6 PCR amplification of cDNA encoding macrophage subset markers in differentiated, polarized
PBMC-derived primary M(IFNy/LPS) macrophages. Agarose gel analysis depicting TREM2, IDO1,
IL411, ISG15, FCGR3A, LIPA and HLADRB macrophage subset marker expression. As shown, all
subset markers are expressed. cDNA was synthesized from mRNA isolated from PBMC-derived primary
macrophages polarized with IFNy/LPS. RT-PCR analysis was performed with 40x cycles, 92°C melting
temp., 60°C annealing temp. and 75°C extension temp. The DNA was separated on a 2% agarose gel,
for size reference a 1 kbp DNA ladder was used.
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S.7 PCR amplification of cDNA encoding macrophage subset markers in differentiated, polarized
PBMC-derived primary M(IL4/IL13) macrophages. Agarose gel analysis depicting the expression of
LIPA and HLADRB. The cDNA was synthesized from mRNA isolated from PBMC-derived primary
macrophages polarized with 1L4/IL13. RT-PCR analysis was performed with 40x cycles, 92°C melting
temp., 60°C annealing temp. and 75°C extension temp. The DNA separated on a 2% agarose gel. For
size reference a 1 kbp DNA ladder was used.
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S.8 Necrotic differentiated, polarized PBMC-derived human primary macrophages (M(IFNy/LPS)
& M(IL4/IL13)) in co-culture with HT29 CRC cells. The co-cultures were treated with vehicle (DMSO),
REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 yM SR 8275 Antagonist together with 5 pg/ml PVR
and 10 ug/ml CD47 blocking Abs vs. isotype control for 5 days. Flow cytometry (FC) was performed to
investigate the viability and death types of CD11b+ macrophages using annexin & SYTOX™ dye.
Respective percentages of gated CD11b+ cells are shown. The number of macrophages undergoing
necrosis remained under 20% in all conditions. Necrosis rates were slightly elevated in anti-inflammatory
M(IL4/1L13) macrophages treated with PVR/CD47 Abs as shown in (A) and (B), without reaching
statistical significance. Significances were calculated using two-way ANOVA with Tukey’s multiple
comparisons test (n.s.; N=5 independent experiments, mean + SEM). Cells were analyzed on a BD
Canto FC device (Flow Core UMM).
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S.9 Early apoptotic HT29 CRC cells after co-culture with differentiated, polarized PBMC-derived
human primary macrophages (M(IFNy/LPS) & M(IL4/IL13)). The co-cultures were treated with vehicle
(DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together with 5 ug/ml
PVR and 10 pg/ml CD47 blocking Abs vs. isotype control for 5 days. Flow cytometry (FC) was performed
to investigate the viability and death types of EpCAM+ tumor cells using annexin & SYTOX™ dye.
Respective percentages of gated EpCAM+ cells are shown. Higher numbers of cancer cells in early
apoptosis stage were evident in all co-cultures with pro-inflammatory M(LPS/IFNy) macrophages in (A)
and (B). Numbers of early apoptotic EpCAM+ tumor cells increased in co-cultures of anti-inflammatory
M(IL4/IL13) macrophages treated with PVR and CD47 Abs as depicted in (A) and (B), however without
reaching statistical significance. Significances were calculated using two-way ANOVA with Tukey’s
multiple comparisons test (n.s.; N=5 independent experiments, mean + SEM). Cells were analyzed on
a BD Canto FC device (Flow Core UMM).
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S$.10 Early apoptotic differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)) in co-culture with HT29 CRC cells. The co-cultures were treated with
vehicle (DMSO), REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together with
5 ug/ml PVR and 10 pg/ml CD47 blocking Abs vs. isotype control for 5 days. Flow cytometry (FC) was
performed to investigate the viability and death types of CD11b+ macrophages using annexin &
SYTOX™ dye. Respective percentages of gated CD11b+ cells are shown. The number of macrophages
in early apoptotic stage remained under 20% in all conditions. Numbers of early apoptotic macrophages
were slightly increased in co-cultures harboring pro-inflammatory M(LPS/IFNy) macrophages in
combination with PVR and CD47 Abs as shown in (A) and (B), without reaching statistical significance.
Significances were calculated using two-way ANOVA with Tukey’s multiple comparisons test (n.s.; N=5
independent experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core
UMM).
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S.11 Late apoptotic HT29 CRC cells after co-culture with differentiated, polarized PBMC-derived
human primary macrophages (M(IFNy/LPS) & M(IL4/IL13)). The co-culture was treated with vehicle
(DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together with 5 ug/ml
PVR and 10 uyg/ml CD47 blocking Abs vs. isotype control for 5 days. Flow cytometry (FC) was used to
investigate the viability and death types of EpCAM+ tumor cells using annexin & SYTOX™ dye.
Respective percentages of gated EpCAM+ cells are shown. Higher numbers of late apoptotic HT29
cancer cells were observed in co-cultures harboring pro-inflammatory M(LPS/IFNy) macrophages in
combination with PVR and CD47 Abs as shown in (A) and (B), however without reaching statistical
significance. Significances were calculated using two-way ANOVA with Tukey’s multiple comparisons
test (n.s.; N=5 independent experiments, mean + SEM). Cells were analyzed on a BD Canto FC device
(Flow Core UMM).
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S.12 Late apoptotic differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)) in co-culture with HT29 CRC cells. The co-culture was treated with
vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together with
5 ug/ml PVR and 10 pyg/ml CD47 blocking Abs vs. isotype control for 5 days. Flow cytometry (FC) was
used to investigate the viability and death types of CD11b+ macrophages using annexin & SYTOX™
dye. Respective percentages of gated CD11b+ cells are shown. Numbers of late apoptotic anti-
inflammatory M(IL4/1L13) macrophages were slightly elevated in co-cultures treated with PVR and CD47
Abs as shown in (A) and (B), however without reaching statistical significance. The lowest number of
late apoptotic macrophages was observed upon treatment with REVERBa agonist vs. the DMSO control
as shown in (A). Significances were calculated using two-way ANOVA with Tukey’s multiple
comparisons test (*p<0.05; N=5 independent experiments, mean + SEM). Cells were analyzed on a BD
Canto FC device (Flow Core UMM).
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S.13 Necrotic differentiated, polarized PBMC-derived human primary macrophages (M(IFNy/LPS)
& M(IL4/IL13)) in co-culture with PDO P022 CRC cells. The co-culture was treated with vehicle
(DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 yM SR 8275 Antagonist together with 5 pg/ml
PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate the viability
and death types of CD11b+ macrophages using annexin & SYTOX™ dye. Respective percentages of
gated CD11b+ cells are shown. The number of macrophages undergoing necrosis remained under 4%
in all conditions. Elevated number of necrotic macrophages were observed in conditions harboring pro-
inflammatory M(LPS/IFNy) macrophages as shown in (A) and (B). Ab treatment slightly augmented
necrosis in anti-inflammatory M(IL4/IL13) macrophages as seen in (A). Neither data from (A) nor (B)
reached statistical significance. Significances were calculated using two-way ANOVA with Tukey's
multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM). Cells were analyzed on
a BD Canto FC device (Flow Core UMM).
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S.14 Early apoptotic differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)) in co-culture with PDO P022 CRC cells. The co-cultures were treated
with vehicle (DMSO), REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together
with 5 pg/ml PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate
the viability and death types of CD11b+ macrophages using annexin & SYTOX™ dye. Respective
percentages of gated CD11b+ cells are shown. The number of macrophages in early apoptotic stage
remained under 2% in all conditions. No significant changes in the numbers of early apoptotic
macrophages were observed as shown in (A) and (B). Significances were calculated using two-way
ANOVA with Tukey’s multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM).
Cells were analyzed on a BD Canto FC device (Flow Core UMM).
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S$.15 Late apoptotic differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)) in co-culture with PDO P022 CRC cells. The co-cultures were treated
with vehicle (DMSO), REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together
with 5 pg/ml PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate
the viability and death types of CD11b+ macrophages using annexin & SYTOX™ dye. Respective
percentages of gated CD11b+ cells are shown. The number of late apoptotic macrophages was higher
in co-cultures with pro-inflammatory M(LPS/IFNy) macrophages and PVR Ab as depicted in (A) and (B).
No significant effect was observed in the numbers of late apoptotic macrophages as shown in (A) and
(B). Significances were calculated using two-way ANOVA with Tukey’s multiple comparisons test (n.s;
N=3 independent experiments, mean + SEM). Cells were analyzed on a BD Canto FC device (Flow
Core UMM).
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S.16 Necrotic PDO P007 CRC cells after co-culture with differentiated, polarized PBMC-derived
human primary macrophages (M(IFNy/LPS) & M(IL4/IL13)) The co-cultures were treated with vehicle
(DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together with 5 ug/ml
PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate the viability
and death types of EpCAM+ tumor cells using annexin & SYTOX™ dye. Respective percentages of
gated EpCAM+ cells are shown. The amount of necrotic PDO tumor stem cells undergoing necrosis
after PVR Ab treatment is depicted in both (A) and (B). Necrosis of PDO P007 cancer cells was shown
to be below 40% in all conditions. No significant changes in the numbers of necrotic PDOs were
observed as depicted in (A) and (B). Significances were calculated using two-way ANOVA with Tukey’s
multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM). Cells were analyzed on
a BD Canto FC device (Flow Core UMM).
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S.17 Necrotic differentiated, polarized PBMC-derived human primary macrophages (M(IFNy/LPS)
& M(IL4/IL13)) in co-culture with PDO P007 CRC cells. The co-cultures were treated with vehicle
(DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 yM SR 8275 Antagonist together with 5 pg/ml
PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was utilized to investigate the
viability and death types of CD11b+ macrophages using annexin & SYTOX™ dye. Respective
percentages of gated CD11b+ cells are shown. The number of macrophages undergoing necrosis
remained under 4% in all conditions. Elevated number of necrotic macrophages were observed in
conditions harboring pro-inflammatory M(LPS/IFNy) macrophages as shown in (A) and (B), however
without reaching statistical significance. Significances were calculated using two-way ANOVA with
Tukey’s multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM). Cells were
analyzed on a BD Canto FC device (Flow Core UMM).

172



Supplementary Data

>
w

1907 1007 M(INFy/LPS):

[ ] pro-inflammatory
M(IL4/IL13);
anti-inflammatory

-]
=1
1
[ ]
©
o
1

([ ]
L]
[ ]

P 2]
o (=]
1 1
- 2]
(=] o
1 1

N
o
1

®
N
o

1
L

% of EpCAM gated Cells
[ ]
°
% of EpCAM gated Cells
]

0 1 T - T T 0 T T T T
Agonist + . + _ Antagonist + - +

Ago DMSO - + R + Anta DMSO - + R +

Isotype Control Anti-PVR AK Isotype Control Anti-PVR AK

S.18 Early apoptotic PDO P007 CRC cells after co-culture with differentiated, polarized PBMC-
derived human primary macrophages (M(IFNy/LPS) & M(IL4/IL13)). The co-cultures were treated
with vehicle (DMSO), REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together
with 5 pg/ml PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate
the viability and death types of EpCAM+ tumor cells using annexin & SYOX™ dye. Respective
percentages of gated EpCAM+ cells are shown. Higher numbers of PDO cancer cells undergoing early
phase apoptosis were evident in all co-cultures. Additionally, co-cultures harboring pro-inflammatory
M(LPS/IFNy) macrophages revealed higher amounts of early apoptotic PDOs in conditions without PVR
Ab as depicted in (A) and (B). However, no significant changes in the numbers of early apoptotic PDOs
were observed. Significances were calculated using two-way ANOVA with Tukey’s multiple
comparisons test (n.s.; N=3 independent experiments, mean + SEM). Cells were analyzed on a BD
Canto FC device (Flow Core UMM).
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S$.19 Early apoptotic differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)) in co-culture with PDO P007 CRC cells. The co-cultures were treated
with vehicle (DMSO), REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together
with 5 ug/ml PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate
the viability and death types of CD11b+ macrophages using annexin & SYOX™ dye. Respective
percentages of gated CD11b+ cells are shown. The number of macrophages in early apoptotic phase
remained under 2% in all conditions. No significant changes in the number of early apoptotic
macrophages were observed as shown in (A) and (B). Significances were calculated using two-way
ANOVA with Tukey’s multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM).
Cells were analyzed on a BD Canto FC device (Flow Core UMM).
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S.20 Late apoptotic PDO P007 CRC cells after co-culture with differentiated, polarized PBMC-
derived human primary macrophages (M(IFNy/LPS) & M(IL4/IL13)). The co-cultures were treated
with vehicle (DMSO), REVERBa (A) 10 yM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together
with 5 pg/ml PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was utilized to
investigate the viability and death types of EpCAM+ tumor cells using annexin & SYTOX™ dye.
Respective percentages of gated EpCAM+ cells are shown. Numbers of late apoptotic PDOs remained
below 40%. An elevation of late apoptotic PDOs was observed in conditions harboring pro-inflammatory
M(LPS/IFNy) macrophages as shown in (A) and (B), however not reaching statistical significance.
Significances were calculated using two-way ANOVA with Tukey’s multiple comparisons test (n.s.; N=3
independent experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core
UMM).
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S.21 Late apoptotic differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)) in co-culture with PDO P007 CRC cells. The co-cultures were treated
with vehicle (DMSO), REVERBa (A) 10 uM SR9009 Agonist or (B) 6.7 uM SR 8275 Antagonist together
with 5 pg/ml PVR blocking Ab vs. isotype control for 5 days. Flow cytometry (FC) was used to investigate
the viability and death types of CD11b+ macrophages using annexin & SYTOX™ dye. Respective
percentages of gated CD11b+ cells are shown. Elevated numbers of late apoptotic macrophages were
evident in co-cultures containing pro-inflammatory M(LPS/IFNy) macrophages and PVR Ab as depicted
in (A) and (B). No significant difference in the number of late apoptotic macrophages was observed as
shown in (A) and (B). Significances were calculated using two-way ANOVA with Tukey’s multiple
comparisons test (n.s.; N=3 independent experiments, mean + SEM). Cells were analyzed on a BD
Canto FC device (Flow Core UMM).
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S.22 Necrosis upon functional grade blocking Ab treatment in single cultures of HT29 CRC cells
and differentiated, polarized PBMC-derived human primary macrophages (M(IFNy/LPS) &
M(IL4/IL13)) The single cultures were treated with 5 pg/ml PVR, 10 ug/ml CD47 or 5 pug/ml TIGIT
blocking Ab vs. isotype controls for 3 days. Flow cytometry (FC) was used to detect the viability and
death types of EpCAM+ tumor cells and CD11b+ macrophages using annexin & SYTOX™ dye.
Respective percentages of gated cells are shown. The highest amounts of cells undergoing necrosis
were found to be in HT29 cancer cells across different treatment conditions. Furthermore, the treatment
with functional grade blocking Abs did not significantly increase necrosis events. Significances were
calculated using two-way ANOVA with Tukey’s multiple comparisons test (n.s.; N=3 independent
experiments, mean £ SEM). Cells were analyzed on a BD Canto FC device (Flow Core UMM). UT =
untreated; Iso = Isotype control.
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S.23 Early apoptosis upon functional grade blocking Ab treatment in single cultures of HT29
CRC cells and differentiated, polarized PBMC-derived human primary macrophages
(M(IFNyY/LPS) & M(IL4/IL13)). The single cultures were treated with 5 ug/ml PVR, 10 ug/ml CD47 or 5
pg/ml TIGIT blocking Ab vs. isotype controls for 3 days. Flow cytometry (FC) was used to detect the
viability and death types of EpCAM+ tumor cells and CD11b+ macrophages using annexin & SYTOX™
dye. Respective percentages of gated cells are shown. Early apoptosis was detected to be below 20%
in all conditions. Treated HT29 cancer cells had the highest amounts of cells undergoing early apoptosis
among all cells. Furthermore, no significant difference in the number of early apoptotic cells in all
treatment conditions was observed. Significances were calculated using two-way ANOVA with Tukey’s
multiple comparisons test (n.s.; N=3 independent experiments, mean + SEM). Cells were analyzed on
a BD Canto FC device (Flow Core UMM). UT = untreated; Iso = Isotype control.
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S.24 Late apoptosis upon functional grade blocking Ab treatment in single cultures of HT29 CRC
cells and differentiated, polarized PBMC-derived human primary macrophages (M(IFNy/LPS) &
M(IL4/IL13)). The single cultures were treated with 5 uyg/ml PVR, 10 yg/ml CD47 or 5 ug/ml TIGIT
blocking Ab vs. isotype controls for 3 days. Flow cytometry (FC) was used to detect the viability and
death types of EpCAM+ tumor cells and CD11b+ macrophages using annexin & SYTOX™ dye.
Respective percentages of gated cells are shown. The treatment with CD47 Ab revealed higher numbers
of macrophages undergoing late-stage apoptosis compared to other treatment conditions. No significant
difference in the number of cells undergoing late-stage apoptosis was observed in all treatment
conditions. Significances were calculated using two-way ANOVA with Tukey’s multiple comparisons test
(n.s.; N=3 independent experiments, mean + SEM). Cells were analyzed on a BD Canto FC device
(Flow Core UMM). UT = untreated; Iso = Isotype control.
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