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Summary

Summary

Despite representing an unprecedented gain for clinical cancer immunotherapy, over the
recent years it became evident that the therapeutic approach of immune checkpoint blockade
only shows responsiveness in a maximum of 20% of patients suffering from also very common
tumors like breast, colon, or prostate cancer, melanoma, and brain tumors. The tumor-
infiltrating myeloid cells, such as tumor-associated macrophages of the M2-like phenotype and
myeloid-derived suppressor cells, have been identified to represent the most abundant
immunosuppressive cell compartment in the tumor microenvironment and have been
associated with poor patient prognosis for the most common cancer types. Thus, representing
the key obstacle for effective cancer immunotherapy. Even though being in the focus of cancer
research, specific druggable targets to therapeutically approach tumor-associated
macrophages are largely lacking. Dedicated to this issue, this thesis was therefore aiming to
improve the understanding of myeloid cell biology in the context of the tumor
microenvironment and to identify novel molecular targets to modify macrophage polarization.

This work presents a CRISPR/Cas9-based screening approach to identify druggable targets
involved in molecular mechanisms to promote the immunosuppressive (M2) or to prevent the
immunostimulatory (M1) macrophage phenotype. The inhibition of these targets will reinstruct
tumor-infiltrating myeloid cells to stimulate antitumor immune responses in the tumor
microenvironment.

As recapitulating relevant key signalling pathways and effector functions of immune cell biology
most accurately, primary murine monocytes from a Cas9-expressing mouse line were used as
cellular system to perform the CRISPR screen. A comprehensive transduction and
differentiation protocol was established that enabled CRISPR/Cas9-mediated functional
genomic studies in primary cells. A CRISPR/Cas9-based screen was performed with a target
gene library focusing on the myeloid cell transcriptome detecting the effects of sgRNA-
mediated knockout on MHC Il and CD206 expression in differentiated and polarized primary
macrophages. Thereby, a set of genes was identified with a potential role in M2 macrophage
polarization. Some of the hits, such as CSF1R and CXCR2 have been described before to be
involved in macrophage biology and polarization, supporting the validity of the screening
approach. To further characterize the impact of the other identified screening hits, an extensive
in vitro validation protocol was established and validated with a positive control gene, TNFAIP3,
which represents one of the top hits from a whole-genome CRISPR screen performed in human
THP-1 cells by the cooperation partner Anna Montebaur. Investigating the impact of TNFAIP3-
deficient primary myeloid cells in the setting of the established validation protocol, the
induction of a phenotypic shift towards the pro-inflammatory and immunostimulatory M1
phenotype was documented on a descriptive and also on a functional level. Therefore, the
validity of the established validation protocol was proven and is now being used as a readout
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platform to further investigate on the relevance of the top hits from the focused CRISPR screen
for macrophage polarization.

Furthermore, a protocol was established to allow the CRISPR/Cas9-mediated ex vivo knockout
of target genes at will in hematopoietic stem cells. By reimplanting the knockout cells into
recipient mice, the investigation of the target gene function for tumor-associated macrophage
polarization in vivo, in the context of the multifactorial influences of the tumor
microenvironment, is facilitated. Thus, providing a platform to gain a better understanding of
the relevance of specific genes as potential targets for cancer immunotherapy.

Based on the results generated in this thesis and also in this cooperation project between the
DKFZ and Bayer HealthCare, several studies have been started to further study the role of the
screening hits in macrophage polarization, on the basis of the established protocol readouts,
to evaluate their potential as starting points for a pharmaceutical development program.
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Zusammenfassung

Zusammenfassung

Obgleich der Einsatz von Antikdrpern zur Blockade von Immunkontrollpunkten einen
unbestreitbaren Erfolg fir die Kresbsimmuntherapie darstellt, wuchs in den vergangenen
Jahren die Erkenntnis, dass diese Art der Therapie nur bei etwa 20% von Tumorpatienten
erfolgreich anzuschlagen scheint. Darunter auch in der Therapie der haufigsten Krebsarten wie
Brust-, Darm- und Prostatakrebs sowie von Melanomen und Hirntumoren. Tumorinfiltrierende
myleoide Zellen, zu denen insbesondere auch tumorassoziierte Makrophagen des M2
Phanotyps und myeloische Suppressorzellen zahlen, wurden als die zahlenmalig grolte
Population an immunsuppressiven Zellen im Tumormikromilieu identifiziert und ihre Prasenz
wurde mit einer schlechten Prognose fir die hadufigsten Tumorentitaten assoziiert. Somit
stellen sie das grofRte Hindernis flr eine erfolgreiche Krebsimmuntherapie dar. Auch wenn
tumorassoziierte Makrophagen im Fokus der Krebsforschung stehen, mangelt es bislang
weitestgehend an Angriffspunkten um diese therapeutisch ansprechen zu kénnen. Daher war
es Ziel dieser Arbeit das Verstandnis fir die Biologie myeloischer Zellen im Zusammenhang mit
dem Tumormikromilieu zu verbessern und molekulare Angriffspunkte zu identifizieren, die die
Polarisation von Makrophagen modifizieren konnen.

Diese Arbeit stellt einen auf der CRISPR/Cas9-Technolgie basierenden Ansatz vor, um
pharmakologisch adressierbare Molekile zu identifizieren, die an molekularen Mechansimen
beteiligt sind, die den immunsuppressiven (M2) Phanotyp fordern oder den
immunstimulatorischen (M1) Phdnotyp von Makrophagen verhindern. Die gezielte Inhibierung
dieser Molekile fihrt zu einer Repolarisation tumorinfiltrierender myeloider Zellen und
stimuliert somit eine antitumorale Immunantwort im Tumormikromilieu.

Da primdre murine Monozyten der Biologie von fir Immunzellen relevanten Signalwegen und
Effektorfunktionen am nahesten entsprechen, wurden diese aus einer Cas9-exprimierenden
Mauslinie isoliert und als Zellsystem flr die Ausfihrung des CRISPR Screens eingesetzt. Ein
umfangreiches Transduktions- und Differenzierungsprotokol wurde etabliert, was die
Durchfuhrung CRISPR/Cas9-basierter, funktioneller genomischer Studien in Primarzellen
ermoglichte. Ein auf der CRISPR/Cas9-Technologie basierender Screen wurde mit einer
Genbibliothek durchgefthrt, die sich auf das Transkriptom myeloider Zellen fokussierte und
Auswirkungen des sgRNA-vermittelten Knockouts auf die Expression von MHC Il und CD206 in
differenzierten und polarisierten primaren Makrophagen detektierte. Auf diese Weise wurde
eine Reihe von Genen identifiziert, die potenziell an der Polarisation M2-phanotypischer
Makrophagen beteiligt sind. Fir einige der Gene, wie CSF1R und CXCR2, wurde bereits eine
Beteiligung an der Biolgogie und Polarisation von Makrophagen nachgewiesen, was die
Verlasslichkeit und Relevanz des Screening-Ansatzes bestatigt. Um den Einfluss der anderen
identifizierten Gene zu charakterisieren, wurde ein ausfihrliches in vitro Protokoll etabliert und
mit Hilfe eines positiven Kontrollgens, TNFAIP3, validiert. TNFAIP3 reprasentiert eines der TOP
Gene, das in einem das gesamte Genom adressierendem Screen in humanen THP-1 Zellen, von
unserem Kooperationspartner Anna Montebaur, durchgefthrt wurde. Durch die Untersuchung
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Zusammenfassung

TNFAIP3-defizienter, primdrer myeloider Zellen, im Rahmen des etablierten
Validierungsprotokolls, konnte die signifikante Repolarisation der Makrophagen in Richtung
des pro-inflammatorischen und immunstimulatorischen M1 Phanotyps auf deskriptiver und
funktioneller Basis dokumentiert werden. Somit gilt die Verlasslichkeit des etablierten
Validierungsprotokolls als bewiesen und wird nun genutzt um die Relevanz weiterer Gene fiir
die Polarisation von Makrophagen auszulesen, die im fokussierten CRISPR Screen identifiziert
wurden.

Im weiteren Verlauf dieser Arbeit wurde ein Protokoll etabliert, das es ex vivo erlaubt beliebige
Gene in hematopoietischen Stammzellen CRISPR/Cas9-vermittelt auszuschalten. Durch die
Reimplantation dieser Knockoutzellen in Empfangermause wird es ermaoglicht die Funktion der
Zielgene in vivo, unter dem multifaktoriellen Einfluss des Tumormikromileus, auf die
Polarisation tumorassoziierter Makrophagen zu untersuchen. Somit stellt dieses Protokoll eine
Pflattform dar, mit der ein verbesserter Eindruck von der potenziellen Relevanz eines
spezifischen Gens flr die Krebsimmuntherapie erlangt werden kann. Die in vivo Validierung der
Screening Hits wird nun auf diesem Weg vorangetrieben.

Basierend auf den Ergebnissen dieser Dissertation, als auch auf denen des
Kooperationsprojektes zwischen dem DKFZ und Bayer HealthCare insgesamt, wurden mehrere
Studien begonnen um die Rolle der im Screening identifizierten Gene, mit Hilfe der etablierten
Protokolle, in der Makrophagenpolarisation zu untersuchen. Zusatzlich wird auch ihr Potenzial
als Ausgangspunkt fir ein pharmazeutisches Entwicklungsprogramm bewertet.

XV



Introduction

1 Introduction

1.1 The role of the immune system in cancer

“It is by no means inconceivable that small accumulations of tumour cells may
develop and, because of their possession of new antigenic potentialities,
provoke an effective immunological reaction with regression of
the tumour and no clinical hint of its existence.”

Macfarlane Burnet, immunologist, 1957

Humans, like other mammals, are equipped with a highly effective line of defense against
infections — the immune system [Weinberg, 2014]. The immune system can be understood as
a highly complex network of interacting organs, cells and molecules with the purpose of
detecting and eliminating foreign infectious agents, including viruses, bacteria, and fungi
[Chaplin, 2010]. The immune system employs different components to obtain its defending
ability, which participate in brisk exchange among each other and can be broadly divided into
innate and adaptive mechanisms [Dranoff, 2004]. The innate mechanisms comprise soluble
factors such as complement proteins, and cellular effectors, including granulocytes,
macrophages (Mda), dendritic cells (DCs), natural killer (NK) cells, and innate lymphocyte cells
(ILCs). Whilst the innate mechanisms constitute the first line of defense against infections, they
are strongly supported by the slower but more specific mechanisms of the adaptive immune
system mediated by T cells and antibodies (Abs) secreted by B cells [Dranoff, 2004; Zinkernagel,
2003]. Both of them can very specifically recognize foreign antigens.

Although these innate and adaptive mechanisms evolved to recognize and eliminate foreign
agents, the immune system is capable of identifying and combatting cancerous cells which are
native to the body and in many aspects indistinguishable from the body’s non-malignant cell
types — besides mutations that can render the cancer cells detectable by the immune system
[Weinberg, 2014; Ochsenbein et al., 2001]. Immune cells are able to recognize pathogens and
cancerous cells based on conserved pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs). These danger signals can be recognized by
the immunce cells, like macrophages, via pattern recognition receptors (PRRs) and result in the
induction of protective inflammatory responses [Cao, 2016; Atri et al., 2018]. Four different
PRR subtypes are known, including Toll-like receptors (TLRs), Nucleotide-binding
oligomerization domain-like receptors (NLRs), C-type lectin receptors (CLRs), and RIG-1 like

receptors (RLRs). The subtypes differ in in ligand recognition and induce immune cell activation
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via different signal transduction pathways but they all contribute to the identification and
elimination of pathogens as well as degenerated and abnormal cells like cancer cells [Iwasaki &
Medzhitov, 2015].

For this reason, the utilization of the immune system for therapeutic approaches is the main
task of the research field of cancer immunotherapy. By targeting the PD-1/PD-L1 pathway with
immune checkpoint inhibitors (ICl), very efficient anti-tumor effects could be achieved in
clinical trials treating a vast variety of tumor entities, which made tumor immunotherapy one
of the most promising research areas in the fight against cancer [Ascierto et al., 2015; Le DT et
al., 2015; Homet Moreno et al., 2015; Robert et al., 2014]. Nevertheless, many tumor types fail
to respond to immune checkpoint blockade (ICB) and immune cell effector functions
oftentimes cannot overcome the immune regulatory effect many tumors apply during their
pathogenesis [Elliott et al., 2017]. It is already known that multiple mechanisms facilitate the
tumor cells to escape immune recognition and elimination but not all of which have already
been comprehensively understood [Dranoff, 2004]. Therefore, the identification of novel
molecular approaches helping to surmount the immunosuppressive phenotype of tumors may

offer new and potent tools for cancer immunotherapy.

1.2 The role of myeloid cells in the tumor microenvironment

One of the main mechanisms that enable cancer cells to grow undetected by the immune
system is the expression of factors that create a general immunosuppressive environment in
the tumor [Marincola et al., 2000]. These factors are produced not only by malignant cells but
also by many other non-malignant cell types that a tumor is composed of [Pollard, 2004].
Studies have shown that the crosstalk between cancerous and normal cells significantly
modifies various stages of carcinogenesis and exerts a major influence on the outcome of
primary oncogenic events [Krtolica et al., 2001; lyengar et al., 2003; Weinberg, 2014; Dranoff,
2004]. These non-malignant cell types comprise stromal, endothelial and immune cells, which,
together with soluble factors, components of the extracellular matrix, and cancer cells,

represent a tumor-unique complex network referred to as the tumor microenvironment (TME).

Over the last years, a paradigm shift has occurred within the field of immune-oncology, taking
into account that the TME plays an important role in allowing the tumor to express its full
neoplastic phenotype and that non-malignant cells can be used as therapeutic targets [Pollard,

2
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2004; Noy & Pollard, 2014]. Within the TME of many tumor entities such as breast cancer, lung
cancer, colon cancer, brain tumors, and melanoma, tumor-associated myeloid cells represent
the most abundant immunosuppressive cell type [De Vlaeminck et al., 2016, Elliott et al., 2017].
As part of the innate immune system the myeloid cell compartment encompasses monocytes,
macrophages, dendritic cells as well as granulocytic cells as basophils, eosinophils and
neutrophils [Janeway]. These tumor-associated myeloid cells can inhibit immunological
antitumor responses by different mechanisms, including contact-dependent and -independent
mechanisms [Talmadge, 2007; Schlecker et al., 2012], but they do have in common that their
immunosuppressive effects exerted on the TME make tumor associated myeloid cells become

the key determinants of the immune response to cancer [Pollard, 2004].

1.3 The role of macrophages in the tumor microenvironment

Dissecting the influential role of tumor-associated myeloid cells on the neoplastic properties of
cancer cells, and thereby on tumor progression and metastasis, it has been proven for various
solid tumor types that they are abundantly populated with tumor-associated macrophages
(TAMs). It further has been reported in one meta-analysis, that over 80% of studies show a
direct correlation between macrophage density in tumor masses and worsened patient
prognosis [Qian & Pollard, 2010; Bingle et al., 2002], which is true across many major tumor
entities like lung, thyroid, and hepatocellular cancer [Chen et al., 2005; Ryder et al., 2008, Zhu
et al., 2008]. This clearly demonstrates the outstanding role that TAMs play within the
compartment of tumor-associated myeloid cells when it comes to immune response evasion
mechanisms by tumor cells.

In general, macrophages are phagocytic cells resident in lymphoid and non-lymphoid tissues
that are involved in steady-state tissue homeostasis via the clearance of apoptotic cells, and
the production of growth factors. Via their expression of conserved pathogen-associated
molecular pattern (PAMP) receptors and damage-associated molecular pattern (DAMP)
receptors, macrophages become very efficient at phagocytosis and production of inflammatory

cytokines in response to pathogens or damaged, dying, or dead cells [Geissmann et al., 2010].

Hematopoietic stem cells (HSC) in the bone marrow (BM) give rise to phenotypically distinct
progenitors. While, during non-pathological homeostasis, immature myeloid cells have their

predominant presence in the BM, they still keep the ability to respond to emerging
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environmental events in a very short amount of time by expanding rapidly and migrating into
the blood circulation [Stromnes et al., 2014]. The genetic alterations in cancer cells promote
changes in the secretion of cytokines that regulate growth, differentiation, and activation of
immune cells that release additional cytokines that act in an autocrine or paracrine fashion
[Dranoff, 2004]. Thereby, a tumor-unique microenvironment is created which can induce
misdirection of the hematopoietic steady-state into a non-equilibrium with preferential
expansion of the myeloid, rather than the lymphoid, lineage [Stromnes et al., 2014]. As being
part of the tumor cytokine micromilieu, granulocyte-macrophage colony-stimulating factor
(GM-CSF) induces myeloid-derived suppressor cells (MDSC), subdivided in monocytic MDSCs
(M-MDSCs; Gr-1t, Ly6CMeh) and polymorphonuclear MDSCs (PMN-MDSCs; Gr-1"8" Ly6C") and
are capable to promote tumor growth by the inhibition of T cells [Wynn et al., 2013; Stromnes
et al., 2014]. At steady-state, there are two subsets of monocytes present in the circulation:
inflammatory monocytes (IM; Ly6C*, CCR2*) and resident monocytes (RM; Ly6C’, CCR2),
whereby IM are precursors of RM [Geissmann et al., 2003; Gordon & Taylor, 2005]. In
homeostasis IM circulate, ready to respond and migrate rapidly toward sites of inflammation
following infection via extravasation. In the context of cancer, increased accumulation of IM
correlates with advanced disease and poor prognosis in patients [Sanford et al., 2013].
Depending on the context of the complex TME monocytes can be induced to differentiate into
regulatory DCs by Tn2 cytokines or suppressive fibrocytes in the presence of elevated levels of
TGF-B and PDGF. Furthermore, IM can differentiate into tumor-associated macrophages of
different phenotypes depending on the character of the endemic microenvironment [Wynn et
al., 2013; Stromnes et al., 2014] (Figure 1.1 A). The active recruitment of macrophages into
tumor mass is based on different ontogenetic paths and therefore can differ depending on the
tumor type. The assumption that TAMs originate from monocytic precursors recruited from the
blood circulation to primary and metastatic tumor sites displays only one of many
developmental paths possible [Mantovani et al., 1992]. In some tumors, in situ proliferation
can occur [Tymoszuk et al., 2014], and resident macrophages in certain tissues, e.g. microglia
in the brain, originate from precursors that were seeded within the tissues during early
hematopoiesis in the yolk sac and fetal liver [Italiani & Boraschi, 2014], rather than from
circulating monocytes [Geissmann et al., 2010; Ginhoux et al., 2016; Mantovani et al., 2017]
and thereby contribute to the TAM population as well [Mantovani et al., 2017]. In case of glioma

it is known, for example, that the total mass of TAMs is composed of macrophages from
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peripheral origin as well as functionally similar glioma-associated microglial cells [Liet al., 2019].
However, the TAM function in the TME is not affected by its ontogenetic origin and the
recruitment of circulating monocytes by chemoattractants (CCL2, CCL5, CSF-1, VEGF) is

required to maintain the TAM population [Mantovani et al., 2017].

Tumor cells
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Simplified depiction of cellular pathways instructing A myeloid cells in cancer to express tumorigenic features.
Expansion: Carcinoma cells induce overexpression of cytokines, including M-CSF, GM-CSF, and SCF resulting in
sustained elevated systemic levels compared and increased hematopoiesis originating from HSCs in the bone
marrow. GM-CSF induces proliferation and differentiation of progenitors into MDSCs. Recruitment: Expression of
chemokines, including CXCL1/2, CXCL8, CXCL12, and CCL2 by solid tumors leads to attraction and recruitment of
M-MDSCs, PMN-MDSCs, inflammatory monocytes, and fibrocytes. Tumor-derived factors can convert monocytes
into M-MDSCs and suppressive fibrocytes. Differentiation: The TME instructs extravasated myeloid cells to
differentiate into immunosuppressive M-MDSCs, TAMs, DCs (by Tu2 cytokines), and fibroblasts (by TGF-B and
PDGF). M-CSF and Tw2 cytokines, including IL-4 and IL-13, promote the conversion of monocytes into
immunosuppressive TAMs, which may also be derived from tissue-resident macrophages; modified from
[Stromnes et al., 2014]. B M2-like TAMs promote tumorigenic activity by expression of immunosuppressive
cytokines (IL-10, TGF-B), hormones (PGL), enzymes (MMP-9, arginase), and inhibitory immune checkpoint-
proteins (PD-L1/2). Thereby, TAMs affect all aspects of tumor-cell biology; modified and combined from [Biswas
etal., 2010; Mantovani et al., 2017].

1.4 Macrophage plasticity and tumor-associated macrophages

Macrophages are typically characterized by their plasticity. This describes their capability to
express distinct functional phenotypes in response to different microenvironmental signals
[Qian & Pollard, 2010]. Due to this great phenotypical heterogeneity, it is not possible to put
macrophages in a fixed nomenclature setting applicable for both in vitro and in vivo
experiments. To address the complexity of macrophage biology, and to achieve experimental
standards for the description of macrophage activation states, scientists did define guidelines.
These guidelines take into account that macrophage activation exists only on a spectrum and
cannot be binned into defined groups [Martinez & Gordon, 2014; Murray et al., 2014]. In
accordance with these guidelines, terms such as classical and alternative activation are used to
express the representation of two extremes in the continuum of the macrophage activation
spectrum. The terms origin in the observations that ex vivo stimulation of macrophages with
interferon-y (IFN-y) and toll-like receptor (TLR) agonist lipopolysaccharide (LPS) in comparison
to interleukin-4 (IL-4) results in distinct patterns of gene and protein expression [Stein et al.,
1992]. Classically activated macrophages (IFN-y and LPS responsive) are also referred to as M1
macrophages whilst alternatively activated macrophages (IL-4 responsive) are also called M2
macrophages [Martinez & Gordon, 2014; Murray et al., 2014]. Following this nomenclature,
the M1 expression pattern is characterized by the production of pro-inflammatory cytokines
(TNF, IL-1B, IL-6, IL-12, IL-23), Th1 cell attracting chemokines (CXCL9 and CXCL10) as well as by
high levels of major histocompatibility complex class Il (MHC Il) and T cell co-stimulatory
molecules CD80 and CD86 as cell surface markers. By contrast, the expression profile of M2

macrophages is defined by the production of immune cell inhibitory cytokines (IL-10, TGF-B)
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and chemokines (CCL16, CCL18) as well as by high levels of inflammation resolving mannose
receptor (CD206). M1 and M2 macrophage specific marker expression as well as cytokine and

chemokine secretion are summarized in table 1.1 [Roszer, 2015; Mantovani et al., 2017].

Table 1.1: M1 and M2 macrophage-phenotypic markers

M1 macrophages M2 macrophages
Polarization IFN-y and IL-4 and/or

LPS IL-13

CD68 CD163

CD8&0 CD206

CD86 DecoyR

MHC I IL-1R 11
Marker expression IL-1R Mouse only:

TLR2 Ym1/2

TLR4 Fizz1

iNOS Arg-1

SOCS3

TNF

IL-1B IL-10
Cytokine expression IL-6 TGF-B

IL-12 IL-1ra

IL-23

CCL2

CCL3

CCL4

ccls CCL17
Chemokine expression CCL8 el

CCL9

CCL10 CCL24

CCL11

CXCL9S

CXCL10

Despite the large variety of approved phenotypic and functional markers characterizing the
suggested M1/M2 classification of macrophages, these expression profiles can only be
considered an oversimplified approximation of the incomparably more complex biological

processes regulating the spectrum of macrophage populations in vivo.

1.4.1 Tumor-associated macrophages

It has been extensively reported that TAMs are predominantly programmed into the expression

of a strongly immunosuppressive phenotype, referred to as M2-like tumor-associated
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macrophages, by the TME [Mantovani et al., 2006; Qian & Pollard, 2016; Mantovani et al.,
2017]. Depending on the tumor type, TAM frequency can account for up to 50% of the tumor
mass [Tu et al., 2014] and the abundance of M2-like TAMs positively correlates with poor
patient prognosis assessed by advanced tumor progression and metastasis for many human
tumors [Bingle et al., 2002; Coffelt et al., 2009].

Dissecting the exact molecular pathways leading to the polarization of TAMs towards the M2-
like phenotype, the complexity of the interplay between the various cell types and molecules
present in the TME becomes apparent. Macrophage colony-stimulating factor (M-CSF) acts as
both, monocyte attractant as well as macrophage survival and polarization signal that drives
TAM differentiation towards an immunosuppressive, tumor-promoting M2-like phenotype
[Pollard, 2004; Mantovani et al., 2017] (Figure 1.1 A). Clinical data indicates that tumoral
overexpression of M-CSF is the key driver cytokine that correlates with poor prognosis and
increases tumor progression via TAM polarization [Lin et al., 2002]. Once differentiated, M2-
like TAMs can display their full immunosuppressive phenotype, which’s effects are summarized
in Figure 1.1 B and can be subdivided in contact-independent and contact-dependent
mechanisms.

Contact-independent mechanisms

In hypoxic tumor areas, M2 TAMs stimulate angiogenesis by expressing angiogenic factors such
as vascular endothelial growth factor (VEGF), whose expression is additionally upregulated in
these TAMS by M-CSF [Eubank et al., 2003]. By the production of proteases, e.g. matrix
metalloproteinase (MMP) 9 (MMP-9), angiogenesis gets enhanced and further contributes to
tumor progression by disrupting existing tissue structure and thereby carving out space for
expanding tumor masses [Pollard, 2004; Weinberg, 2014]. Furthermore, by the production of
proteases that degrade the basement membrane, a portal through which tumor cells can enter
the stroma is created. Endothelial-to-mesenchymal transition (EMT) occurs, which is a key step
in tumor metastasis. Various growth factors and chemokines [epidermal growth factor (EGF),
transforming growth factor-p (TGF-B), interleukin (IL) 8 (IL-8) and tumor necrosis factor-a (TNF-
a)] enhance the migration of tumor cells towards vessels and provide proliferative and anti-
apoptotic signals to these cells [Pollard, 2004]. As source for high levels of reactive oxygen
species (ROS) which can react with DNA, resulting in mutagenic events in epithelial and
surrounding cells, TAMs can also initiate further tumorigenesis [Chong et al., 1989]. Direct

immunosuppression can be induced by M2-like TAMs via the induction of regulatory T cells
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(Treg) mediated by the expression of immunosuppressive cytokines, including IL-10 and TGF-f.
The same TAM-produced mediators also inhibit the maturation of dendritic cells. In addition,
the metabolic starvation of T cells via the activity of arginase and/or via production of
immunosuppressive metabolites by the indoleamine-pyrrole 2,3-dioxygenase 1/2 (IDO1/2)
pathway support the inhibitory effect of M2-like TAMs on T cells.

Contact-dependent mechanisms

Further immunosuppressive effects on T cells are mediated via the expression of PD-L1 and PD-
L2, which trigger the inhibitory PD-1-mediated immune checkpoint in T cells. Ligation of PD-1
on activated T cells does both, it delivers an inhibitory intrinsic signal that impairs T cell
proliferation and it alters the metabolic profile of T cells preventing effector cell development
[Elliott et al., 2017; Patsoukis et al., 2015].

Taken together, TAMs affect all aspects of tumor-biology, including angiogenesis, EMT, invasion
and metastasis, and genetic instability [Mantovani et al., 2017]. Nonetheless, the structure of
the TME is subjected to a dynamic change during the transition from early neoplastic events
toward advanced tumor stages. This dynamic process within a tumor also results in a variable
composition of TAM phenotypes in the tumor mass. While M2-like TAMs become the
predominant phenotype in more advanced tumor stages, higher numbers of M1-like TAMs can
be found at the beginning of cancerous events [Mantovani et al., 2006]. But, also at later time
points of cancer diseases, M1-like TAMs are present in the tumor. While M2-like TAMs release
a variety of growth factors which promote growth and vascularization of tumor cells — as
mentioned above, M1-like TAMs produce pro-inflammatory cytokines as well as reactive
oxygen/nitrogen species (ROS/RNS) (Figure 1.2). Thereby, M1-like TAMs play critical roles in
innate immune responses by killing tumor cells [Zhang et al., 2014; Chen et al., 2019] and it has
been proposed that the induction of a phenotypic switch in TAMs leading to a predominantly
M1 phenotype represents a key treatment strategy in cancer immunotherapy [Mills et al.,

2016].
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Figure 1.3: Tumor-associated macrophages (TAMs) in the tumor microenvironment (TME)

The immunosuppressive tumor microenvironment polarizes TAMs predominantly towards the
immunosuppressive M2-like phenotype via alternative activation (depicted on the left side in red). Phenotypic
markers expressed include CD206, CD163, and T cell inhibitory molecules PD-L1/2, immunosuppressive cytokines
IL-10 and TGF-B, as well as chemokines CCL18 and CCL16. Classically activated M1-like TAM marker expression
includes CD86 and MHC Il, pro-inflammatory cytokines IL-1B, IL-6 and IL-12, as well as chemokines CCL5, CCL8 and
CCL10 (depicted on the right side in green). M2-like TAMs exercise an immunosuppressive, pro-tumorigenic
phenotype, whilst M1-like TAMs express an immunostimulatory phenotype which stimulates tumor destruction;
modified and combined from [Biswas & Mantovani, 2010; Mantovani et al., 2017].

1.5 TAMs as target in cancer immunotherapy

In mice, impaired to differentiate macrophages from precursor cells, the rate of tumor
progression was shown to be slowed down and their metastatic ability was almost completely
abrogated when compared to mice that contained normal numbers of macrophages [Lin et al.,
2001; Pollard, 2004]. As shown also in clinical studies with cancer patients, a high M1/M2 ratio
of TAMs is associated with prolonged survival [Zhang et al., 2014]. But, as it has been
demonstrated by further comprehensive studies, the impact of TAMs on disease progression is
not restricted to direct effects on tumorigenesis. In fact, all conventional cancer treatment
modalities, like radiotherapy, chemotherapy, and also immunotherapy, are heavily dependent
on the function of TAMs which therefore have a dramatic impact on the outcome of modern

therapeutic cancer approaches [Mantovani & Allavena, 2015]. This impact of TAMs on cancer
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therapeutic effects shows the same plasticity as plasticity also is a hallmark for the functional
phenotype of the macrophages in response to environmental signals [Murray et al., 2014]. So
can TAMs either contribute to the efficacy of anticancer treatments or further promote tumor

progression (Figure 1.3) [Mantovani & Allavena, 2015].

U e Context-determined
' set point
Tissue of origin
Immunogenicity

Microbiome A A
Limiting therapy resonse Contributing to therapy response
Mechanism limiting Example therapy/ Mechanism contributing Example therapy/
the therapy response reagent to therapy response reagent
Myeloid cell recruitment,
Misguided tissue repair Doxorubicin differentiation into Doxorubicin
APCs and activation of
immune responses
Protumor skewing Platinum ) -
(M2-like polarization) Immunogenic tumor cell Doxorubicin
death
Increased CSF-1 and . ]
CCL2 production, Antitumor M1-like FpG
protumor skewing Paclitaxel macrophage polarization Anti-CSF1R
(M2-like polarization), ) -
suppression of CD8* MDSC depletion Doxoljubu_:m
antitumor responses Gemcitabine
Skewing of adaptive TrabG_!ctedl'n
immunity Gemcitabine Reduced TAM numbers Anti-CSF1
(tumor-promoting T,17 5-fluorouracil TAM reprogramming Anhfchel.'nokme
responses) (M2 — M1 shift) e.g. anti-CCL2
CSF1/CSFR1 blockade
Chemoprotection of . 3
cancer stem cells ADCC against tumor Ant_'l-CDZO
by macrophages cells or Ty, cells Anti-CTLA1

Figure 1.4: Interaction of TAMs with anticancer therapies

TAMs can either limit (red) or support (green) the efficacy of selected therapeutic tumor treatments. Depending
on the general context, including tissue of origin, tumor immunogenicity, and microbial conditioning, the TME
shapes the functional phenotype of monocytes and macrophages and thereby represents the set point for the
mechanisms being incepted and affecting the therapy responses. Adapted, modified, and combined from
[Mantovani et al., 2015; Zhu et al., 2014]. Increasing therapy response is exemplarily represented as apoptotic
cancer cells on the right side. In vivo, multiple mechanisms contribute to tumor regression, including phagocytosis
and antibody-dependent cell-mediated cytotoxicity (ADCC).

The basis for these diverse effects, which determine the outcome of the complex interactions
of cells of the monocyte-macrophage lineage with therapeutic agents, can be found in the
diverse contexts TAMs are set in in different tumor entities and different treatment
approaches. These contexts encompass the tumor tissue of origin, functional conditioning of
innate immunity by the microbiome [Viaud et al., 2013], the presence of potentially effective
adaptive responses, and drug specific chemical and pharmacological characteristics [Mantovani
& Allavena, 2015]. Originating from this context specific set points, TAMs are often showing

tumor-promoting function after chemotherapy. This can be caused by the induction of a
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misdirected macrophage-orchestrated tissue repair response. This leads to tissue damage in
the tumor and, as a result, in increased tumor growth [Mantovani et al., 2013]. Further causes
can be found in the recruitment of immunosuppressive TAMs to the tumor by CSF-1 [DeNardo
et al., 2011; Mantovani & Allavena, 2015], TAM activation via IL-1 of tumor-promoting Tn17
response [Bruchard et al., 2013], and the protection of cancer stem cells (CSCs) against the
cytotoxic effects of chemotherapy [Jinushi et al., 2011; Mitchem et al., 2013]. One main effect
can also be seen in the induction of monocyte differentiation into M2-like TAMs in the TME by
chemotherapy [Dijkgraaf, et al., 2013; Pyonteck et al., 2013].

On the other side, it has been shown in various studies that myeloid cells can also serve as a
point of action to increase anticancer therapy responses. Doxorubicin treatment, for example,
induced a depletion of MDSCs in a model of mammary carcinoma [Alizadeh et al., 2014] and
increased the recruitment of myeloid cells with high antigen-presenting capacity,
corresponding to a M1-like TAM phenotype, resulting in effective antitumor immune responses
[Ma et al., 2013; Mantovani & Allavena, 2015]. Also targeting the PD-1/PD-L1 pathway allows
the adaptive immune system to respond to tumors more effectively [Barrueto et al., 2020] since
the suppressive signal delivered to the T cells can be blocked by specific antibodies which can
cause a reboot of the adaptive immune response [Mantovani et al., 2017] resulting in deferred
tumor progression and prolonged stabilization of disease in patients with advanced cancers
[Noman et al., 2014]. Despite the large body of preclinical and clinical data indicating the
relevance of immune checkpoint blockade for cancer treatment, this therapeutic approach
stays ineffective in 80% of cancer patients [Elliott et al., 2017]. Even though it has been shown
that TAMs express the ligands for the inhibitory PD-1 and CTLA-4 receptors, PD-L1/2 and
CD80/86, it has not yet been fully clarified, whether these inhibitory molecules contribute to
the immunosuppressive phenotype of TAMs in the TME [Mantovani & Allavena, 2015].
Nevertheless, scientific studies carried out in the past years demonstrate significantly enhanced
efficiency of immunotherapeutic cancer treatments after the induction of a reprogramming of
tumor-infiltrating macrophages towards a M1-like phenotype using CSF1/CSF1R blockade [Zhu
et al., 2014]. In summary the limiting impact of TAMs on anticancer therapies can be assigned
to M2-like phenotype-linked mechanisms to a large extent. By contrast, effects contributing to
the therapy efficacy are strongly connected with the presence of M1-like TAMs or the absence,

depletion or reprogramming of M2-like macrophages in the TME.
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Considering these findings, two main strategies to target TAMs have been established which
are currently being further validated in clinical settings. These strategies encompass the
reduction of myelomonocytic cells in the TME via inhibition of recruitment or elimination and

the reprogramming of present TAMs.

Prevention of macrophage recruitment and survival has already been extensively investigated
in preclinical models and is currently subjected to clinical validation [Mantovani & Allavena,
2015]. As already described in figure 1.1 A, it is known that CCL2 and CSF-1 are considered to
be two of the main chemoattractants that regulate the influx of circulating monocytes into the
tumor [Weitzenfeld & Ben-Baruch, 2014; Mantovani & Allavena, 2015; Mantovani et al., 2017].
Consequently, antibodies to CCL2 and the CSF-1 receptor (CSF-1R) are being tested in clinical
trials and already showed preliminary antitumor activity assessed via a reduced macrophage
infiltration in tumors, decreased tumor-promoting functions of TAMs and objective clinical

responses [Sandhu et al., 2013; Pyonteck et al., 2013; Ries et al., 2014].

Following the second strategy for macrophage targeting, another ongoing scientific
controversy, alongside the M1 and M2 macrophage nomenclature debate [Martinez & Gordon,
2014], which refers to the mechanisms responsible for the phenotypic switch of macrophages,
has to be taken into account. The question remains whether M1 and M2 macrophages are
phenotypically distinct and terminally polarized subpopulations or the same cells that can shift
from one to another functional phenotype, referring to true plasticity [Italinai & Boraschi,
2014]. Based on the current scientific evidence, signals in the macrophage microenvironment,
including cytokines, growth factors, and PAMPs, dictate the transcriptional response that
shapes the phenotype and function of macrophages based on the physiological or pathological
context [Lawrence & Natoli, 2011; Italiani & Boraschi, 2014]. Especially for in vivo conditions, it
has been shown that the M1-like M@ is an end-stage killer cell that dies during the inflammatory
response, while M2-like TAMs can convert to M1-like macrophages and demonstrably
contributes to the suppression of primary tumor growth and metastasis [Mills, 2012; Zheng et
al., 2017].

Incessant experimental progress has led to the itemization of these molecular mechanisms

responsible for macrophage polarization to induce conversion of TAMs towards and M1-like
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state [Yuan et al., 2017; van Dalen et al., 2018]. TAM repolarization in a therapeutic setting has
been conducted using:
o small molecule TLR agonists [e.g. Imiquimod or pseudomonas aeruginosa mannose-
sensitive hemagglutinin (PA-MSHA)] [Yang et al., 2015]
o intra-tumoral injections of proinflammatory cytokines (e.g. CSF2, IL-12 or IFN-y) [Eubank
et al., 2009; Watkins et al., 2007; Cardoso et al., 2015]
o antibodies to hinder anti-inflammatory signaling in TAMs [e.g. anti CSF1 or anti
leukocyte immunoglobulin-like receptor B 2 (LILRB2)] [Zhu et al., 2014; Chen et al.,
2018]
o antisense microRNAs (miRNAs) and mRNA to inhibit M2-related signaling pathways (e.g.
miRNA-155 and miRNA-125b or mRNA MyD88) [Tili et al., 2007; Seif et al., 2017]
o small molecules [e.g. cyclooxygenase 2 (COX2) inhibitors or STING agonists] [Na et al.,
2015; Downey et al., 2014]
In summary, based on the current status of proof-of-principle data, it is recognized that TAM
targeting can be clinically beneficial [Ries et al., 2014]. It is also considered that TAM-related
biomarkers can be used to optimize diverse therapeutic approaches, including checkpoint
blockade strategies [Mantovani & Allavena, 2015]. Irrespective of this variety of promising
therapeutic results, the still insufficient knowledge of mechanistic basis of macrophage
diversity in different tissues or in response to changing environmental conditions is the reason
why druggable targets on TAMs are largely lacking [Biswas et al., 2012; Italiani & Boraschi,
2014]. Therefore, it will be of fundamental importance to further improve general
understanding of molecular pathways and the diversity of myeloid cells in tumor tissues to
follow up on the evidence that these cells can have significant impact on the outcome of

current cancer treatment modalities [Mantovani & Allavena, 2015].

1.6 Genetic CRISPR screens for target identification

Systematic identification of essential genes and pathways in the context of the immune system
via new technologies is an exciting frontier in immuno-oncology and novel therapeutic
strategies enhancing endogenous anti-tumor immunity have been found [Wucherpfennig &
Cartwright, 2016]. One of these new technologies is presented by the adaptation of the RNA-

guided endonuclease Cas9 (CRISPR-associated 9) from microbial clustered regularly
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interspaced short palindromic repeats (CRISPR) immune system for small-scale or genome-
scale screening by combining Cas9 with pooled guide RNA (gRNA) libraries [Joung et al., 2017].
Further major achievements facilitating genetic screening approaches are presented by the
development of pooled screening formats in which large numbers of gRNAs could be examined
simultaneously in populations of cells [Westbrook et al., 2005] and the use of deep sequencing
for accurate quantification of gRNA representation [Bassik et al., 2009; Wucherpfennig &
Cartwright, 2016].

1.6.1 CRISPR/Cas9 technology for genetic screening approaches

Significant advantages of using CRISPR technology for systemic screening become clear when
compared to RNA interference (RNAI) technology allowing for shRNA (short-hairpin RNA)
screens [O’Connell et al., 2010]. As opposed to RNAI, the CRISPR/Cas9 technology has proven
to provide screening results in greater robustness combined with substantially less off-target
effects and based on complete target gene knockout (KO) by gRNAs, compared to a mere

knockdown induced by shRNAs [Shalem et al., 2014].

This complete target gene KO is made possible by the very specific induction of double strand
breaks (DSB) at any desired genomic locus via the Cas9 endonuclease protein (Figure 1.4).
Thereby induced frame shift insertion/deletion (Indel) mutations result in loss of function
alleles. The specificity of Cas9 depends on the sequence of the bound gRNA by guiding the
enzyme [Gasiunas et al., 2012]. In order to achieve this, CRISPR RNA (crRNA) is needed to guide
Cas9 towards the target DNA, whilst trans-activating crRNA (tracrRNA) is required for target
DNA recognition by properly orienting the crRNA for interaction with the complementary
strand of the target DNA (Figure 1.4 A). Fusing the two RNA structures at the 3’ end of the
crRNA to the 5" end of the tracrRNA results in a crRNA-tracrRNA chimera, referred to as single-
guided RNA (sgRNA) (Figure 1.4 B). This chimeric form of gRNA is now used as standard for

genome targeting and editing [Jinek et al., 2012].
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Figure 1.5: Programming of Cas9 vias (s)gRNA molecules

A The tracrRNA:crRNA duplex (gRNA) guides the Cas9 endonuclease toward foreign genomic target loci. For
successful interaction of the machinery with the target DNA, the presence of a protospacer sequence
complementary to the spacer-derived crRNA and a conserved protospacer-adjacent motif (PAM) sequence, within
the target DNA, is required. The Cas9 interference machinery contains HNH and RucC-like endonuclease domains.
While the Cas9 HNH domain cleaves the complementary DNA strand, the Cas9 RuvC-like domain cleaves the non-
complementary DNA strand. This leads to tracrRNA:crRNA-guided site-specific silencing of the target DNA
sequence via DSBs whereby the cleavage position occurs within the protospacer sequence three nucleotides
upstream of the PAM sequence [Gasiunas et al., 2012]. B Fusing tracrRNA and crRNA into a sgRNA chimera
molecule enables the aimed programming of Cas9 to cleave nearly any DNA sequence of interest [Jinek et al.,
2012]. The endogenous DNA repair machinery consequently generates genome modifications by repairing the
induced DSBs through the error-prone non-homologous end joining (NHEJ), which typically comprises small Indels.
In most cases these genome modifications result in a genomic functional loss of the affected gene.

1.6.2 CRISPR/Cas9 technology for in vivo genetic screening approaches

Utilizing the CRISPR/Cas9 technology for the performance of loss-of-function genetic screens
becomes more and more relevant for the study of the immune system in cancer
[Wucherpfennig & Cartwright, 2016]. Various screening approaches performed in murine and
human cell lines have identified essential genes for cancer immunotherapy [Wang et al., 2014;
Hart et al.,, 2015; Agudelo et al., 2017]. The very complex influence of the tumor
microenvironment, however, composed of its numerous malignant and non-malignant cell
types, as well as the broad variety of biomolecules, including cytokines, chemokines, and
growth factors [Pollard, 2004], cannot be mimicked in experimental in vitro approaches.
Therefore, a lot of effort was put in the implementation of CRISPR/Cas9 technology in an in vivo
setting. The generation of Cas9 transgenic mice [Platt et al., 2014] represents only one tool of
a broad application spectrum that made it possible to carry out several in vivo CRISPR screens
in murine tumor models [Van Trung et al., 2016; Manguso et al., 2017; Patel et al., 2017].

This makes it now possible to evaluate the relevance of a gene function of interest directly in

the context of the tremendous complex immune-regulatory mechanisms within the TME.
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Hence, creating huge opportunities to discover novel treatment options for cancer diseases no

therapeutic approaches are currently available.
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Aim of the project

The overall aim of this project was to find molecular targets the inhibition of which reinforces
the innate immunity to respond to cancer diseases more efficiently. Tumor-associated myeloid
cells are the most abundant immunosuppressive cell type in cancer. Experimental and clinical
data strongly indicate that the inhibition or reprogramming of immunosuppressive M2-like
tumor-associated macrophages towards the immunostimulatory M1-like phenotype results in
significantly improved patient prognosis for various tumor entities. Insufficient knowledge of
relevant genes and pathways involved in TAM polarization are the main reason for the absence

of druggable targets usable for onco-immunotherapeutic approaches.

Within this thesis a CRISPR/Cas9-based screening approach in murine primary cells was
established and applied to identify genetic targets capable of inducing a phenotypic shift in
bone marrow-derived macrophages. Additionally, protocols were established and validated to
generate chimeric mice lacking any desired gene of interest within the myeloid cell
compartment. Thus, creating a tool to further validate genetic targets identified in vivo in the
context of a tumor microenvironment. This will allow to investigate whether the molecular
targets in tumor infiltrating macrophages do have the capacity to stimulate anti-tumor immune
responses. Furthermore, these protocols will also allow the performance of a CRISPR/Cas9-

based screen in vivo in tumor bearing mice.

In order to meet these aims, the following points of action were addressed:

1. Establishment of an in vitro differentiation and polarization protocol to generate
immunostimulatory M1 and immunosuppressive M2 bone marrow derived
macrophages (BMDMs), including protocols for the validation of BMDM phenotypes

2. Establishment of the CRISPR/Cas9-based screening system by developing protocols for
primary cell transduction, cell sorting strategy, and sample processing for next
generation sequencing (NGS)

3. Performance of a focused sgRNA in vitro screen targeting 167 genes known to be
expressed in macrophages

4. Establishment of a validation protocol for verifying the screening results for top

screening hits in vitro
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5. Establishment of a CRISPR/Cas9-based in vivo screening and validation system by
developing an ex vivo transduction protocol for hematopoietic stem cells (HSCs) for the

generation of target gene-deficient bone marrow chimeric mice
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2 Results

The experimental setup that was followed during this thesis to identify novel molecular targets
for cancer immunotherapy using CRISPR/Cas9-based pooled screening approaches in the
murine system is summarized in figure 2.1.

The basis of this work was the focused in vitro CRISPR screen performed in murine primary cells.
In alignment with the results of a whole genome CRISPR screen, conducted by our cooperation
partner Anna Montebaur in human THP-1 cells, the identified top targets of the focused screen
served as a starting point to further investigate on the role of the target genes in macrophage
polarization. To this end, a series of in vitro assays was established to assess the impact of target
gene loss on the macrophage phenotype on a descriptive and on a functional level.

In parallel, protocols were established to facilitate the generation of target gene-specific
myeloid KO mice to serve as an in vivo model for the validation of the gene function on TAM
polarization in the context of the TME. Additonally, the utilization of the established protocols
for the performance of a target gene-focused in vivo CRISPR screen was pursued to further

validate the relevance of the in vitro identified and verified targets for cancer immunotherapy.

* Performed in cooperation with Bayer Joint Lab (DKFZ) |
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Figure 2.1: Schematic overview of PhD project experimental setup
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Generation of a top target gene list based on the combined analyzation of CRISPR/Cas9-based screening
approaches performed in murine and human myeloid cells in vitro and in vivo. The pooled screenings encompassed
167 different genes targeted by five different sgRNAs/gene (first row). Target gene list was further narrowed down
by the validation of the gene functions in vitro (second row). After generating single gene knockouts in murine
macrophage precursor cells, loss-of-function effects on BMDM phenotype were assessed in M1/M2 polarized
BMDMs with different experimental approaches on a functional level. Most promising target genes, the loss of
which induced an increased immunostimulatory M1 phenotype, were finally validated in target gene-deficient
bone marrow chimeric mice in the context of a tumor microenvironment (third row). Collaborative work indicated
by *. Results contributing to top target gene selection originating from independent work performed by Anna
Montebaur in Berlin indicated by dashed lines and by **.

2.1 Establishment and validation of the conditions for the in vitro
experiments

Forward genetic screens are powerful tools for the unbiased discovery and functional
characterization of specific genetic elements associated with a phenotype of interest. Hence,
in this PhD project, the implementation of a genetic screening cascade using CRISPR/Cas9
technology in myeloid progenitor cells was chosen to put the identification of molecular targets
into practice.

To optimize the experimental significance and validity of the screening approach, the
establishment of a robust in vitro system, mimicking the phenotype and function of tumor-
associated macrophages as closely as possible, was the basic requirement. Furthermore, a
variety of in vitro assays was developed allowing for evaluation of the macrophage phenotype
on a descriptive and on a functional level depending on the deficiency or proficiency of a gene

of interest.

2.1.1 Evaluation of Cas9 expression and activity in Rosa26-Cas9 bone marrow
cells

The cellular expression of the Cas9 protein with functional endonuclease activity is the basic
prerequisite for CRISPR/Cas9-induced DSB resulting in a target gene knockout [Horvath &
Barrangou, 2010; Jinek et al., 2012]. To overcome the challenges associated with the delivery
of Cas9 to target cells, Platt and colleagues created a homozygous Rosa26 Cas9 knockin mouse
line, referred to as Rosa26-Cas9 [Platt et al., 2014]. Within this thesis Rosa26-Cas9 mice were

used as bone marrow cell donors for in vitro and in vivo experiments.
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To be able to apply CRISPR/Cas9 technology to primary myeloid cells the presence and
functional activity of Cas9 in bone marrow cells was evaluated. To this end, protein expression
was detected using different approaches. Freshly isolated BMCs from Rosa26-Cas9 were fixed
and stained with DAPI and a Streptococcus pyogenes Cas9 protein specific antibody. Wild type
(WT) C57BL/6J BMCs served as a negative control. Detection of antigen-specific signals via
fluorescence microscopy revealed high levels of Cas9 protein exclusively in Cas9 transgenic
BMCs. Moreover, co-localization of DAPI and Cas9 specific signals in Rosa26-Cas9 BMCs
indicates Cas9 expression also in the nucleus of the cells (Figure 2.2 B). Rosa26-Cas9 mice do
express Cas9 protein fused to eGFP (enhanced green fluorescent protein) via a self-cleaving
P2A peptide under the control of the ubiquitous CAG promoter (Figure 2.2 A). Therefore, the
detection of the eGFP signal can be used as a surrogate indicator for Cas9 expression. As shown
in figures 2.2 C and D, flow cytometric quantification of the GFP reporter signal confirmed an

expression of Cas9 protein in approximately 85% of the Rosa26-Cas9 BMC population.

To also test for the functional activity of the Cas9 enzyme, lethal control gRNA was transfected
in WT and Cas9* BMCs via electroporation. The control gRNA was designed to target multiple
repeat regions in the genome and therefore induces cell death in a Cas9 endonuclease activity-
dependent manner. Cell viability was assessed 72 hours after electroporation using CellTiter-
Glo® 2.0 Cell Viability Assay from Promega which determines the number of viable cells in
culture using a luminescence readout. The relative luminescent unit (RLU) readout of the assay
is directly proportional to viable cell number quantified as the amount of adenosine
triphosphate (ATP). The absence of a luminescence signal in the treatment group of Rosa26-
Cas9 BMCs (mean RLU=-735.9 of a technical decuplet) in relation to the mean RLU of 532,563.2
in not electroporated Cas9* BMCs represents a significant (p<0.0001) decrease of cell viability.
No significant difference (p=0.0791) was detected in the viability of electroporated (mean
RLU=1,451,900) versus not electroporated (mean RLU=796,044.2) C57BL/6J WT BMCs,
suggesting, that the lethal effect of the electroporation process itself on the cells is negligible.
Therefore, the significant (p<0.0001) drop in the number of live cells quantified in the
population of electroporated Cas9* BMCs in comparison to electroporated WT BMCs can be
attributed to Cas9 activity. The endonuclease caused cell death in Cas9-proficient cells after

lethal gRNA transfection via the induction of DSBs in thousands of locations at once in the
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genome of the cells which directly correlates with the presence and robust activity of the Cas9

enzyme.

In summary, primary bone marrow cells of Rosa26-Cas9 mice express high levels of Cas9
protein with sufficient endonuclease activity for efficient genome editing leading to gene KO in

subsequent in vitro and in vivo experiments.

A

Left arm LSL 3xFLAG P2A WPRE
CAG EGFP

hSpCas9 bGHpA  pPGK Neo PGKpA  Right arm pPGK

DTA PGKpA

:Iexon 1] | exon 2|

/B \fc D )

fr
P<0.0001

=
=)
S

° | Genotype
? sax 4 o owr
2 { 0 Casg*

o
S

@
S

IS
S

Live cells
which are eGFP*

N
5}

@ DAPI
0
@ Streptococcus pyogenes Cas9 T e
\ AN Genotype Y,
E
1500000 p<0.0001
2 p<0.0001 O electroporated with 5 uM lethal gRNA
(3 1 ns
= p=0.0791 O not electroporated
=
s o
S 1000000 o
o
g Hekkk
Q p<0.0001
£ H
£
£ 500000+
[
2
=
8
[
[
01—~y : 1
Cas9* WT
BMC genotype

Figure 2.2: Validation of Cas9 expression and activity in Rosa26-Cas9 BMCs

A Schematic depiction of the Cas9 Rosa26 vector used for the generation of the Rosa26-Cas9 knockin mouse line.
Cas9 transgene expression cassette was inserted into the Rosa26 locus and is driven by the ubiquitous CAG
promotor. The transgene consists of a 3x FLAG-tagged Streptococcus pyogenes Cas9 (yellow) linked via a self-
cleaving P2A ribosomal linker peptide (grey) to an eGF protein (green) to facilitate visualization of Cas9-expressing
cells; modified from [Platt et al., 2014]. B Cas9 expression in fixed BMCs isolated from a Rosa26-Cas9 mouse
compared to C57BL/6 wildtype BMCs detected via immunofluorescence. Signal for cellular nuclei (blue) and Cas9
(pink) quantified via fluorescence microscopy. Scale bar, 50 um. C Expression of the endonuclease in BMCs from
Rosa26-Cas9 (green) versus wild type (grey) mice assessed via the quantification of the EGFP signal, correlating
with Cas9 expression, using flow cytometry. D Representative flow cytometry histogram depicted for one out of
five different WT and Cas9 transgenic mice, respectively. E Cas9 endonuclease activity was assessed via the
quantification of cell viability in WT and Cas9* BMCs 72 hours after transfection of 5 uM of gRNA inducing multiple
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DSBs in the target cell genome using electroporation. Cell viability was quantified using CellTiter-Glo® 2.0 Cell
Viability Assay from Promega. Data plotted as mean + SD. A two-tailed student’s t test was used to assess
significance.

2.1.2 Protocol establishment and validation for the generation of phenotypic
distinct BMDM populations

The main characteristics of the M1 and M2 phenotype of bone marrow derived macrophages
(BMDM) is their immunostimulatory and immunosuppressive functional activity, respectively.
These characteristics are mediated and represented by very distinct profiles in terms of
transcriptome, cytokine, chemokine, and surface marker expression [Martinez & Gordon, 2014;
Jablonski et al., 2015; Jaynes et al., 2020]. To unravel the significance of a target gene for the
expression of immunophenotypic features in BMDMs, an established methodology to evaluate
the macrophage phenotypes relative to target gene proficiency or deficiency is mandatory.
Therefore, the prime objective was given to the establishment of a protocol to generate
macrophages from primary bone marrow cells resulting in differentiated cells mimicking the

M1-like and M2-like phenotypes of tumor-associated macrophages as accurately as possible.

By modulating the conditions from published protocols for BMDM generation [Zhou et al.,
2014; Chen et al., 2015], a protocol for the differentiation of macrophages from bone marrow-
derived precursor cells was established resulting in phenotypically distinct subpopulations in
response to different polarization signals provided. After isolation of primary monocytes from
the bone marrow, M-CSF was used for seven days to differentiate the precursor cells into bone
marrow-derived macrophages, referred to as the MO phenotype (MO M®). The incubation of
MO BMDMs with the combination of IFN-y and LPS for 24 to 48 hours resulted in M1 phenotypic
macrophages (M1 M), whilst the addition of IL-4 polarized MO M¢ towards M2 BMDMs (M2
Ma) (Figure 2.3 A).

Using major histocompatibility complex Il (MHC II) and mannose receptor CD206 molecules as
phenotype-specific surface markers [Arnold et al.,, 2014; Roszer, 2015], a significant
segmentation of the generated M1 (Gr-1"CD11b* F4/80* CD206" MHC II*) and M2 (Gr-1"CD11b*
F4/80* CD206" MHC II') macrophages according to their polarization treatment was observed

using flow cytometry (Figure 2.3 B and C and Figure 2.4 A).
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Figure 2.3: BMDM phenotype generation protocol
A Schematic overview of the conditions for in vitro differentiation of BMDMs from primary monocytes and

polarization towards the MO (in blue), M1 (in green) and M2 (in red) phenotype. Myeloid precursor cells were
isolated from the bone marrow, differentiated into BMDMs with M-CSF for one week and thereafter polarized
towards either the M1 phenotype with the combination of IFN-y and LPS or the M2 phenotype with IL-4 for 48 h.
Representative flow cytometry density plots for M1/M2 phenotype gating depicted for one out of five different
mice. Phenotypic cell surface marker expression of CD206 (B) and MHC Il (C) was detected via flow cytometry.
Fluorescence signals, specific for CD206 and MHC Il expression in Gr-1"CD11b* F4/80* BMDMs, was depicted
representatively for one out of five different mice. The dashed lines indicate the threshold for antigen-specific
signal detection defined in accordance with a control staining lacking respective antibody (FMO control, depicted
in grey). Data plotted as mean % SD. The statistical significance was assessed using two-tailed student’s t tests.

To further link the M1 and M2 macrophage subsets, defined by their surface marker expression
pattern of MHC Il and CD206, with functional immunophenotypic characteristics, additional
analyses were performed. These analyses included the validation of the BMDM phenotypes
based on transcriptional activity, further surface marker expression, the detection of the

subset’s cytokine expression profile, and various functional phenotype validation assays.
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2.1.2.1 Transcriptional activity of polarized BMDM phenotypes

To evaluate the used macrophage differentiation and polarization protocols for the generation
of distinct macrophage phenotypes showing immunostimulatory or immunosuppressive
characteristics, the transcriptional effects of the polarization treatment of BMDMs were

studied in an RNA-sequencing (Microarray) approach.

BMCs were isolated, cultured, differentiated, and polarized as described previously. 48 hours
after polarization, RNA was extracted and sequenced. Then, the most highly expressed genes
were analyzed and compared between the M1 and M2 polarization conditions among the
BMDMs (Figure 2.4 A). The Venn-diagrams depict that none of the 1,000 highest expressed
genes in the M1 and M2 polarized cells showed an overlap (Figure 2.4 B). Thus, representing
the transcriptome of two very distinct cell populations showing a very specific transcriptomal
activity which encompasses the expression of characteristic genes related to a pro-
inflammatory, immunosupportive or anti-inflammatory, immunosuppressive phenotype,

respectively [Duluc et al., 2007; Roszer, 2015; Mantovani et al., 2017].
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Figure 2.4: Differentially expressed genes between M1 and M2 polarized BMDMs

A Volcano plot for differential expressed genes (DEGs) of M1 polarized cells compared to M2 polarized BMDMs.
Dots depict genes (n=5 biological replicates). y-axis shows the significance of differential expression, x-axis displays
the magnitude and direction of logz fold change in transcript abundancy. Green dots represent the 100 highest
expressed genes for cells polarized with IFN-y and LPS, red dots represent the 100 highest expression levels of
BMDMs polarized with IL-4. B Venn diagram showing numbers and overlap of top 1,000 DEGs shared by M1 and
M2 polarized BMDMs. Phenotype characteristic marker genes expressed are indicated. Data analysis was
performed by Duy Nguyen (AG Schlesner at DKFZ).

The expression of literature-known common M1 and M2 macrophage-phenotypic markers in

polarized BMDMs is depicted in the heatmap in figure 2.5. Highly upregulated genes found in
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BMDMs polarized with IFN-y and LPS were strongly consistent with genes published to be
characteristic for a pro-inflammatory M1 macrophage phenotype (CD80, CD86, NOS2, TNF, IL-
6, CCL2, CCL5, CCL8, and CCL11) [Duluc et al., 2007; Roszer, 2015; Mantovani et al., 2017]. On
the other hand, M2-phenotypic markers [ARG1, MRC1 (= CD206), Chil3 (=Ym1), RETNIA (=
Fizz1), CCL17, CCL22, and CCL24] were found highly upregulated in cells polarized with IL-4.

polarization polarization

Figure 2.5: M1 and M2 marker gene expression in M1 and M2 polarized BMDMs

Heat map representing color-coded expression of M1 and M2 marker genes after RNA microarray analyses of M1-
(IFN-y and LPS) and M2- (IL-4) polarized BMDMs. Every biological replicate (n=5) is represented by a rectangular
box. Data analyses was performed by Duy Nguyen (AG Schlesner at DKFZ).
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2.1.2.2 BMDM phenotype validation based on surface markers

As described by [Duluc et al., 2007], [Biswas et al., 2010], and [Roszer, 2015], expression of
CD80 and CD86 can be used as further phenotype-discriminating markers. As shown in figures
2.6 B and C, the expression of these B7 membrane proteins was significantly increased in
BMDMs polarized with IFN-y and LPS compared to IL-4 treated macrophages. Thus, reflecting
an immunostimulatory M1 phenotype, which expressed proteins capable to provide important
costimulatory signals for B and T cell activation, proliferation, and differentiation [Fujii et al.,
2004] after IFN-y and LPS-treatment.

It is known that TAMs do express PD-L1 and PD-1 molecules in various tumor entities [Kryczek
et al., 2006; Kuang et al., 2009; Bloch et al., 2013; Pollari et al., 2018]. The expression levels of
these molecules contribute to the immunophenotype of TAMs and also correlate with the
ability of cancer cells to evade the host immune system [Zhu et al., 2014; Mantovani et al.,
2017]. Therefore, the expression of the checkpoint ligand molecules was quantified via flow
cytometry to further map the expression pattern of in vitro generated Mo (Figure 2.6 D and E).
Significantly higher levels of PD-L1 and PD-1 were detected on the surface of M2-phenotypic
cells (MHC Il CD206") irrespectively of the BMDM polarization treatment applied.

The expression of PD-L1 in macrophages is mainly (up-)regulated by IFN-y which is also
reflected by significantly increased (p<0.0001; statistic data not shown in Figure 2.6 D)
proportions of PD-L1* M1- (MHC II* CD2067; mean 81.6%) and M2-phenotypic (mean 94.9%)
BMDMs after M1 polarization with the combination of IFN-y with LPS in comparison to M2-
polarized BMDMs with IL-4 (mean of 5.3% PD-L1* M1 and mean of 18.4% PD-L1* M2 BMDMs)
[Flies & Chen, 2007; Mimura et al., 2018]. The overall significantly higher expression (p values
between 0.0016 and <0.0001) of PD-L1 in M2-phenotypic Md, compared to M1 BMDMs,
further substantiates the expression profile of a strongly immunosuppressive phenotype since
increased PD-L1 expression in TAMs verifiably correlates with aggressive malignant potential

and also with immunosuppressive effects in the TME [Sumitomo et al., 2019; Xiong et al., 2019].

A TAM phenotype analytic study verified PD-1 expression to be part of a M2-like TAM surface
profile. Especially for late-stage tumors with high tumor volume, PD-1 expression was
correlated with the inhibition of numerous immune cell subsets in the TME, including T cells, B
cells, NK cells and DCs, resulting in increased tumor growth and worsened survival rates

[Gordon et al., 2017]. Therefore, the expression of PD-1 by medium 90% of IL-4 polarized M2
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BMDMs not only significantly (p values between 0.0006 and <0.0001) exceed the PD-1
expression of M1 BMDMs, but also further confirms phenotypic features characteristic for an

immunosuppressive cell phenotype (Figure 2.6 E).
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Figure 2.6: BMDM phenotype validation on the basis of surface markers

Phenotypic cell surface marker expression of CD206 and MHC Il (A), as well as CD80 (B), CD86 (C), PD-L1 (D), and
PD-1 (E) was detected via flow cytometry 48 hours after addition of either IFN-y + LPS for M1 phenotype
polarization or IL-4 for M2 phenotype polarization. The MO phenotype was analyzed after 9 days of culture in
presence of M-CSF without the addition of further cytokines. Data plotted as mean + SD. The statistical significance
was assessed using two-tailed student’s t tests.

2.1.2.3 BMDM phenotype validation based on cytokine expression profiles

The cytokine expression profile of BMDMs, referred to as one of the most specific
characteristics of the macrophage continuum in terms of their extremes immunophenotypic
functionality, was mapped via gRT-PCR and enzyme-linked immunosorbent assay (ELISA)
(Figure 2.7).

Significantly increased levels of the pro-inflammatory cytokines /L-1pB, IL-6, and TNF-a [Chen et
al., 2019] were detected, on RNA-level, for M1 polarized macrophages in relation to the
expression in MO BMDMs and the M2 phenotype (Figure 2.7 A). Furthermore, high levels of /L-
12B and iNOS (inducible nitric oxide synthase) separates M1 polarization effects significantly

from the MO and M1 polarization (Figure 2.7 A). The influence of /L-12f as pro-inflammatory
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inducer of effector Tul cells [Zhang et al., 2019] and the participation of iINOS in mediating anti-
tumor cell toxicity as part of the oxidative burst in macrophages [Green et al., 1994; Mungrue
et al., 2002] further strengthens the indication for the induction of a clearly immunostimulatory
and pro-inflammatory BMDM phenotype in direct response to the applied IFN-y and LPS
treatment. These results on RNA level were further supported by equivalent ratios for the
protein levels of TNF-q, IL-6, and IL-12 in M1 and M2 macrophage subsets assessed via ELISA
(Figure 2.7 B).

On the other hand, the detection of transcriptomic expression patterns for IL-4 polarized
BMDMs revealed significant higher expression of the murine M2 phenotype specific markers
Argl (arginase 1), Ym1 (chitinase-3 like protein), and eCAD (epithelial cadherin) [Roszer, 2015;
Van den Bossche et al., 2015] in comparison to MO and M1 polarized macrophages (Figure 2.7
C). Thus, painting a picture of an arising phenotype with enhanced anti-inflammatory (Ym1 and
eCad expression) [Raes et al., 2002; Van den Bossche et al., 2015] and immunosuppressive

(Arg1 expression) [Munder, 2009; Mantovani et al., 2017] characteristics.
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Figure 2.7: BMDM phenotype validation on the basis of cytokine expression profiles

BMCs were isolated, differentiated and polarized towards the MO, M1 (in green) and M2 (in red) phenotype,
respectively. 48 hours after polarization induction the cells and the supernatant (SNT) were harvested and marker
expression was assessed by gRT-PCR (A and C) and SNT ELISA (B) (>3 biological replicates). A Depiction of
expression results for M1 phenotypic markers TNF-a, IL-6, IL-12f, IL-1B, and NOS2. C Depiction of expression
results for M2 phenotypic markers Arginase1, Ym1, and eCAD. Data plotted as mean + SD calculated from technical
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triplicates and depicted as fold change relative to marker expression in MO BMDMs. A two-tailed student’s t test
was used to assess significance.

Secretion of the anti-inflammatory cytokine IL-10 is described to be one of the main hallmarks
of M2 phenotypic TAMs [Bohlson et al., 2014; Roszer, 2015]. The IL-10-specific SNT ELISA,
however, did detect significantly higher (p<0.0001) cytokine expression by M1 BMDMs in
comparison to M2 polarized macrophages (Figure 2.7 B, last graph). These findings were further
validated by a multiplex assay, based on fluorescence-encoded beads, used to quantify the
levels of cytokine secretion in the supernatant of in vitro generated M1 and M2 BMDMs via
fluorescence cytometry (Figure 2.8 A). To exclude the possibility that IL-10 secretion detection
based on cytokine quantification from the SNT is falsifying the real expression profile of
BMDMs, an IL-10-specific immunofluorescence antibody was used (Figure 2.8 B). While the
quantification of the IL-10 protein with SNT ELISA was detecting the whole amount of cytokine
secreted also during the polarization process, signal quantification using immunostaining was
specific for the protein concentration secreted after the polarization process was completed.
The quantification of the IL-10-specific intracellular antibody signal resulted in no significant
(p=0.2187) differences between both BMDM phenotypes. Still, the tendency of an increased
IL-10 secretion in IFN-y + LPS polarized cells was apparent. Thus, reflecting late effects of a
known signalling pathway in murine BMDM s induced by the activation of TLR4 via LPS binding,
leading to the expression of IL-10 secretion as a feedback mechanism to counteract exuberant

inflammatory immune responses [lyer et al., 2010].
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Figure 2.8: BMDM phenotype validation on the basis of cytokine and chemokine expression profiles

A Detection of IL-10 expression via fluorescence-based LEGENDPlex™ Mouse Inflammation panel multiplex assay.
Cytokine secretion levels were quantified in the supernatant of in vitro polarized BMDMs from four biological
replicates. B Signal quantification of IL-10-specific expression in on coverslips fixed M1/M2 polarized BMDMs
detected via immunofluorescence. Signal for cellular nuclei (blue), F4/80 ( ), and IL-10 (red) quantified via
fluorescence microscopy. Scale bar, 25 um. Data calculated from technical triplicates for B. Data plotted as mean
+ SD. The statistical significance was assessed using a two-tailed student’s t test.

2.1.2.4 Functional validation of in vitro generated BMDM phenotypes
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In response to the tumor microenvironment in cancer, macrophages show their main biological
hallmark by adaptation and expression of distinct functional programs referred to as their
phenotype [Mantovani et al., 2006; Italiani & Boraschi, 2014]. A macrophage phenotype can be
understood as a complex of characteristics that manifests itself in specific patterns of marker,
cytokine and chemokine expression, as mentioned above. However, these expression patterns
can only partially characterize the macrophages on a functional level. Therefore, in order to
completely evaluate the in vitro BMDM generation protocol as a suitable surrogate screening
system for myeloid cells, M1/M2 polarization effects were assessed not only on a descriptive

but also on a functional level.

2.1.2.4.1 Mixed lymphocyte reaction

To this end, coculture experiments of BMDMs with primary T cells were performed to
characterize the functional effect of the BMDM phenotype on T cell proliferation and activation
(Figure 2.9). In vitro generated MO, M1, and M2 BMDMs were seeded in different cell densities
and coculture was set up with a fixed number of CellTrace FarRed (CTFR)-labeled CD3* T cells
isolated from Balb/c Hsd mice to induce an alloreaction. Control settings were defined as T cells
without cocultured macrophages representing inactive T cell signals as well as beads binding
the CD3 and CD28 antigens on the surface of the cocultured T cells, thus artificially initiating
the T cell activation pathways and representing maximal activation signal strength. As shown
in figure 2.9 A, in vitro proliferation of T cells, assessed by CTFR-signal dilution due to cell
division, was detected for CD8* cytotoxic T cells. Here, the coculture with M1 polarized
macrophages led to a significant increase of CD8* T cell proliferation compared to the coculture
with MO and M2 BMDM phenotypes. A direct correlation between proliferation and T cell to
M1 macrophage ratio implies a macrophage-specific effect. Significantly increased levels of
CD25 expression, as a marker for T lymphocyte activation [Triplett et al., 2012], were detected
also in a ratio-dependent manner for the coculture of cytotoxic T cells with M1 polarized M¢
(Figure 2.9 B). The induction of regulatory CD4* CD25* FoxP3* T cells was found to be
significantly attenuated when cultured in presence of IFN-y and LPS polarized BMDMs (Figure
2.9 C). Analysis of IFN-y (Figure 2.9 D) and granzyme B (GrzB) (Figure 2.9 E) secretion by
cocultured T cells in the supernatant, quantified via ELISA, also revealed significantly
strengthened T cell activity in dependency of M1 Md abundance. Hence, further supporting
the description of functional effector functions characteristic for immunostimulatory active cell
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Figure 2.9: Validation of functional BMDM phenotype via mixed lymphocyte reaction
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Figure2.9: Validation of functional BMDM phenotype via mixed lymphocyte reaction. BMDMs were generated
in vitro from the bone marrow of four C57BL/6J mice. 48 hours after polarization co-cultures with CTFR-labeled
CD3* T cells from Balb/c Hsd mice were set up in different T cell to macrophage ratios. After 120 hours, flow
cytometry analyses of (A) CTFR dye dilution and expression of (B) CD25 on T cells was performed. Intracellular
staining of FoxP3 allowed for flow cytometric quantification of Treg induction (C). Data plotted as mean £ SD.
Secretion of (D) IFN-y and (E) granzyme B was measured by supernatant cytokine ELISA. Representative data from
one out of three independent experiments. Figure E referring to another experiment with identical setup than
figures A-D referring experiment. Data are plotted as mean + SD and calculated from technical duplicates. The
statistical significance was assessed using a two-tailed student’s t test. p-values indicated. ns = not significant.

2.1.2.4.2 Phagocytosis assay

One of the main functional features of macrophages is the engulfment of cellular debris and
pathogens, known as phagocytosis [Condeelis & Pollard, 2006; Qian & Pollard, 2010]. As current
publications have shown, macrophage phagocytic activity not only maintains cellular
homeostasis but also directly contributes to cancer cell clearance [Alvey & Discher, 2017]. To
assess phagocytic capacity, fully in vitro differentiated and polarized BMDMs were co-cultured
with pHrodo™ BioParticles®. The percentage of phagocytic active cells was assessed via flow
cytometric quantification of the BioParticle-specific fluorescence signal indicating previous
phagocytosis of the particles by the macrophages. In general, significantly higher levels of
phagocytosis were detected for the M2 phenotypic population of BMDMs (60% on average)
compared to M1 phenotypic cells (20% on average), assessed by their expression of CD206 and
MHC Il surface markers. The significantly increased phagocytic capacity of M2 macrophages (p
values between <0.0001 and 0.0018) occurred independently from previous BMDM
polarization treatments (p>0.05) (Figure 2.10 A). Comparison of the MFI of the phagocytosis-
specific pHrodo™ signals, however, indicates a strong dependency of phagocytic capacity of
the macrophages on their polarization (Figure 2.10 B). This indication is reinforced by the
correlation results between the MFI specific for M1 (MHC IlI; Figure 2.10 C) or M2 BMDM
(CD206; Figure 2.10 D) and for phagocytosis (pHrodo™). Here, a high correlation coefficient
(R?=0.9316) was only detectable for plotting the MFI for CD206 against the MFI of pHrodo™,
determining a direct correlation between M2 phenotypic marker expression (MHC II- CD206")
and high phagocytic activity. This correlation is evidenced by published scientific data [Gazi &
Martinez-Pomares, 2009] and represents another feature described to be characteristic for the
M2 macrophage phenotype by attributing the CD206 protein to a pattern recognition receptor-

like function contributing to the induction of phagocytosis in macrophages [Roszer, 2015].
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Figure 2.10: Phagocytic capacity of in vitro generated BMDMs

MO, M1, and M2 polarized BMDM were cocultured in vitro for four hours with pHrodo™ BioParticles®. BioParticle-
specific fluorescence signal, indicating BMDM mediated particle phagocytosis, was quantified via flow cytometry
(A and B). Data plotted as mean * SD. The statistical significance was assessed using a two-tailed student’s t test.
ns = not significant. Depiction of the correlation between the mean fluorescence intensity for MHC Il (C) or CD206
(D) and the MFI for phagocytose-specific signal (pHrodo™). Depicted R? values calculated from linear regression
analysis.

2.1.2.4.3 ROS detection assay

Efficient production of effector molecules is one hallmark of macrophages responsible for the
mediation of their functional phenotype in the context of the cell micromilieu [Mantovani &
Locati, 2013]. One of the main effector molecules produced by macrophages are reactive
oxygen species (ROS), including peroxides, superoxide, and singlet oxygen [Hayyan et al., 2016].
Macrophages use ROS, produced in the phagolysosome via an oxidative process referred to as
respiratory burst, to digest engulfed pathogens and cellular debris [Urban et al., 2006]. In the
context of cancer research ROS production came to scientific attention since a connection

between ROS levels and carcinogenesis has been observed [Irani et al., 1997].
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In order to quantify the capacity of different BMDM phenotypes to produce ROS, macrophages
were loaded in vitro with CM-H,DCFDA dye, indicating oxidative stress by the generation of a
ROS concentration-dependent fluorescence signal which is detectable via flow cytometry. The
quantification of the signal indicates a M1 BMDM phenotype-specific effect on the scope of
ROS production (Figure 2.11 A). This effect becomes more evident comparing the significantly
increased ROS-specific signals in M1 polarized macrophages to signal intensity in MO
(p=0.0005) and M2 Md (p=0.0369) phenotypes (Figure 2.11 B). These findings are also
consistent with published data identifying the production of high levels of ROS effector

molecules as a key feature of M1 phenotypic BMDM [Mantovani & Locati, 2013].
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Figure 2.11: ROS production of in vitro generated BMDMs

MO, M1, and M2 polarized BMDM were loaded in vitro with oxidative stress indicator dye CM-H,DCFDA. Dye
generated signal intensity, quantified via flow cytometry, correlates with the levels of ROS production by loaded
macrophages. Addition of hydrogen peroxide (H202) was used to generate a positive control signal for ROS. Data
plotted as mean £ SD. The statistical significance was assessed using one-way ANOVA in combination with a two-
tailed student’s t test. ns = not significant.

In summary, the established BMC differentiation and polarization protocols prove to result in
emerging BMDM showing significantly distinct marker expression patterns in respect to
polarization treatment. These marker expression patterns directly correlate with
immunophenotypic features described to be characteristic for the immunostimulatory and pro-
inflammatory phenotype of M1- and the immunosuppressive and anti-inflammatory
phenotype of M2-like TAMs (Figure 2.12). Hence, the application of these protocols results in
an in vitro system for screening and target validation experiments, largely mimicking an in vivo
situation relevant in a multitude of tumor entity-specific microenvironments, thus allowing the

generation of meaningful and reproducible data.
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Figure 2.12: Graphical summary of M1 versus M2 BMDM phenotype validation experiments
Heat map representing color-coded expression of common M1 or M2 markers for M1 (IFN-y + LPS) and M2 (IL-4)

polarized BMDM following the established polarization protocol. While the color is referring to
immunostimulatory and pro-inflammatory (green) or immunosuppressive and anti-inflammatory (red) effects of
the markers, the color intensity is referring to the differential expression of the respective marker in the
investigated BMDM phenotypes relatively to each other. White color is representing missing expression of the
marker. Treginduction has showed to be significantly decreased in co-culture with M1 BMDM, representing strong
immunostimulatory effects, while it was significantly increased in the presence of M2 BMDM, representing strong
immunosuppressive effects, therefore the color assignment was chosen to only represent immunophenotypic
characteristics for this marker. Differential expression values were quantified during various independent
experiments as previously described.

2.1.3 Establishment and validation of a primary BMC transduction protocol

In order to implement a CRISPR/Cas9-based screening cascade in myeloid progenitor cells,
strategies were developed to deliver the sgRNAs to the cells. Furthermore, protocols for
transduced target cell processing, to prepare for next generation sequencing (NGS), and sgRNA
mapping were established to create the basis for the identification of novel molecular targets

for macrophage polarization.

2.1.3.1 Primary cell transduction protocol establishment

Even though the number of loss-of-function screens using CRISPR/Cas9 technology have
increased steadily in recent years, screening approaches in murine primary cells remain

exceptional. This might be since successful and stable viral transduction, e.g. for sgRNA delivery,
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has proven to be a major challenge. Hematopoietic stem cells (HSC) are rather quiescent,
nonmiotic cells, therefore viral transduction generally is inefficient [Bot et al., 2005]. It has been
shown that the transduction efficacy of HSC can be improved by cytokine supplementation to
induce cell proliferation [Dao et al., 1998]. However, cytokine treatment of HSC bears the risk
of affecting stem-cell differentiation and therefore might change the phenotype of cells arising
from the hematopoietic precursors.

Since this project aims to identify molecular targets involved in the differentiation of myeloid
cells, it was crucial to avoid any pretreatment which might have a differential influence on the
bone marrow cells before genetic editing takes place. Therefore, various transduction
protocols, using a lentiviral vector co-expressing GFP, have been tested omitting cytokine
pretreatments. As shown in Figure 2.13 A none of the tested protocols resulted in a higher
transduction efficacy than 4%. Only after starting BMC pretreatment with different
combinations of cytokines, prior to lentiviral transduction, an increase in transduction efficacy
could be obtained. Further optimization protocols revealed the combination of IL-3, stem cell
factor (SCF), thrombopoietin (TPO), and IL-6 to be the most suitable cytokine mix (CM) for the
transduction of primary BMC resulting in a transduction efficacy of 55% and cell viability of 90%.
CM pretreatment of BMC induces cell proliferation (Figure 2.13 B) which, in turn, enables the
lentiviral particles to infect and integrate into target-cell genome. Spinning down to promote
contact between the BMC and the viral particles, results in up to four-fold increased
transduction efficacies compared to incubation after virus addition without spinoculation
(Figure 2.13 C). Figure 2.13 D summarizes the established protocol for lentiviral transduction of
murine primary cells. As concluded from further experiments, supplementation of the cell
culture medium with the CM is necessary to obtain high efficacies after the transduction

medium has been exchanged 24 hours after transduction.
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Figure 2.13: BMC transduction protocol establishment

Freshly isolated C57BL/6) BMCs were transduced with a lentiviral vector, co-expressing GFP, under various
conditions at a MOI of 20. Untransduced GFP* BMCs from Rosa26-Cas9 mice were used as GFP positive control
and untransduced GFP" BMCs from C57BL/6J mice were used as GFP negative control. A Transduction efficacy was
assessed by quantification of the GFP signal via fluorescence microscopy, scale bar, 25 um, and flow cytometry.
Cell viability indicated in blue. Transduction efficacy indicated in orange. Impact of CM pretreatment on BMC
proliferation (B) and impact of spinoculation on transduction efficacy (C) was quantified via flow cytometry using
counting beads. D Schematic overview of the transduction protocol for primary bone marrow cells.

2.1.3.2 Titration of the MOI for pooled in vitro screen

Primary readout of the pooled in vitro screen is the identification of potential target genes
involved in the polarization of M2 phenotypic BMDM assessed via enrichment of gene-
targeting sgRNA sequences in the population of M1 macrophages (Figure 2.14 A). Hence, it was
crucial to avoid multiple integrations of sgRNA lentiviral particles in one bone marrow target

cell in order to not distort sgRNA mapping results. To this end, various ratios of lentiviral
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particles to target cell numbers, referred to as multiplicity of infection (MOI), were tested in
consideration of previously identified settings for BMC transduction. For these titration
experiments the actual pooled sgRNA lentiviral library, co-expressing a puromycin resistance
gene, was used. After positive selection for successful lentiviral integration with puromycin,
transduction efficacy was assessed using flow cytometry and counting beads to calculate
absolute cell numbers (Figure 2.14 B). A positive correlation was observed between increasing
MOI and resulting transduction efficacy. Using a MOI of 40 or higher, transduction efficacy
reached a plateau at approximately 78%.

Applying a MOI of 20 induced transduction efficacies of 50% to 60%. In statistical terms this
results in a lentiviral integration into every second BMC. Since the aim was to establish a
protocol to avoid multiple integrations per target cell, the MOI of 20 was used for further
optimization experiments (Figure 2.14 C). Different transduction protocols, including the
supernatant infection method (SNT), the RetroNectin-bound virus infection method (VB), and
the combination of both, the double transduction method (DT), were tested. Additionally, the
impact of BMC pretreatment with amphotropic receptor booster on transduction efficacy was
analyzed. 48 hours after transduction, the Lenti-X™ Provirus Quantitation kit was used to
determine the number of integrated proviral copies per BMC via RT-gPCR in respect to applied
transduction methods and BMC pretreatment procedures. As a result, the transduction of
unpretreated BMC with a MOI of 20 using the supernatant infection method was identified to
result in only one proviral integration per target cell. Thus, representing the ideal transduction

protocol for the focused in vitro screen experiment.
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Figure 2.14: Optimization of the transduction protocol for focused in vitro screen
A Schematic depiction of the workflow for focused in vitro screen. After successful transduction, the cells get

differentiated and polarized towards the M1 and M2 BMDM phenotype. gDNA isolation from sorted cell
populations is performed to allow for sgRNA mapping via next generation sequencing (NGS). sgRNA sequence
enrichment (depicted as sgRNA sequence) in the population of sorted M1 M after cytokine treatment for
M2 polarization, hints for a potential relevance of the targeted gene in the polarization of M2 phenotypic
macrophages. B Transduction efficacy was analyzed via flow cytometry after puromycin selection for successful
viral integration in BMC with a broad variance of MOI used for transduction. € Quantification of the proviral
integration number per target BMC via RT-qPCR after transduction of BMC with a MOl of 20. BMC were pretreated
or not with viral receptor booster to transiently induce hPit-receptor presence on the target cells. Additionally,
several different transduction methods were tested. Data calculated from technical duplicates.

2.1.3.3 Proof of concept experiment for Cas9-negative primary BMCs

In order to validate the identified optimal transduction conditions for the pooled in vitro screen,
Cas9 negative BMC were isolated from C57BL/6J wildtype mice and transduced with the pooled
sgRNA lentiviral library. The target cells were selected for three days with puromycin enriching
the population of successfully transduced BMC. In the following, the selected bone marrow
cells were differentiated into bone marrow derived macrophages with M-CSF and the genomic
DNA (gDNA) of the cells was used to generate an lllumina library ready for next generation
sequencing. Sequencing was performed using the NextSeq 550 SR 75 High Output method for
the lllumina platform. The CRISPRANnalyzeR bioinformatics pipeline for data analysis [Winter et
al., 2017] was applied for sgRNA sequence mapping. Using cells which are negative for
endonuclease activity, no knockdown of target genes was induced, thus, allowing to analyze
the representation of sgRNAs in the target cells in a way that was unbiased by the potential
impact of the target gene function on BMC differentiation pathways or survival. In this

experimental setting a library representation of at least 100-500 cells per sgRNA sequence was
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necessary to prevent bias by stochastic events [Wucherpfennig & Cartwright, 2016; Sanson et
al., 2018]. The average coverage in this proof of concept experiment was 1,233 BMDM per
sgRNA sequence. All 835 different sgRNA sequences of the pooled library were identified in the
transduced primary cells (Figure 2.15 A) covering all 167 target genes (Figure 2.15 B). Thus
proving that the established protocols, including BMC transduction, selection, gDNA isolation,
and sample processing for lllumina platform sequencing, are suitable to generate sequencing

depth sufficient to obtain statistical relevance.
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Figure 2.15: Proof of concept experiment in Cas9 negative BMCs

Cas9 non-expressing BMC were isolated and transduced with the pooled lentiviral sgRNA library (MOl 20) after 48
hours of pretreatment with cytokine mix. After selection for successful transduction with puromycin for 72 hours,
cells were differentiated into MO BMDM with M-CSF for seven days. Afterwards gDNA was isolated and an lllumina
library generated. Sequencing was performed by NextSeq 550 SR 75 High Output method by the DKFZ Genomics
& Proteomics Core Facility. Analyzation of sequencing data was done using the CRISPRAnalyzeR bioinformatics
pipeline. A Depicted is the correlation between the representation of each sgRNA sequence identified in the
transduced BMDMs and the cloning complexity of the library normalized to one million reads (RPM). B Depicted
is the target gene coverage in transduced BMDMs assessed by the mean sequence frequency of all five sgRNAs
per target gene in correlation to gene coverage in the cloned library. Normalized to RPM. Data generated in
cooperation with Edward Green. Depicted R? values calculated from linear regression analysis.

2.1.3.4 Evaluation of CM pretreatment impact on BMC offspring phenotype

The pretreatment of the target BMC with the cytokine mix has proven to be crucial to obtain
transduction efficacies sufficient for the in vitro screen experiment (Figure 2.13 A). On the other
hand, cytokines are main influencers of cell determination processes and known to be
implicated in the polarization of macrophages. Especially the cytokine mix members IL-3 and
IL-6 have been reported to be involved in the twisting of macrophage precursors toward an M2
phenotype [Kuroda et al., 2009; Satoh et al., 2010]. Therefore, several evaluation experiments
were performed to analyze whether the cytokine mix pretreatment exerts differential influence

on the monocytic precursor cells and the arising macrophages. A possible impact of the CM
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might lead to skewed validation results and might lead to a situation where potential targets

are not detected.

2.1.3.4.1 Impact of CM pretreatment on phenotype-specific marker expression

In order to identify possible differences in the phenotype of bone marrow derived
macrophages, surface marker expression was quantified by flow cytometry, comparing BMDM
generated from cytokine mix unpretreated and pretreated BMC. To generate the BMDM the
previously established protocol was used. For CM pretreated BMDM, the BMC were
additionally incubated for 48 hours with the combination of IL-3, SCF, TPO, and IL-6 before
differentiation into macrophages was induced for seven days using M-CSF. No significant
deviations (p=0.7258) from the standard protocol were observed in the distribution pattern of
surface markers for M1 phenotypic BMDM in response to BMC pretreatment with CM (Figure
2.16 A). M2 phenotypic marker expression showed an even clearer distinction in response to
MO, M1, and M2 polarization treatments when the BMC were pretreated with CM (Figure 2.16
B). Thus, it was concluded that cytokine mix pretreatment of BMC neither impairs in vitro cell
differentiation into macrophages nor BMDM polarization assessed by specific marker

expression profiles.
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Figure 2.16: Impact of BMC CM pretreatment on arising BMDM phenotypes

Myeloid precursor cells were isolated from the bone marrow of four mice, differentiated into BMDM with M-CSF
for one week and thereafter polarized towards either the M1 phenotype with the combination of IFN-y and LPS
or the M2 phenotype with IL-4 for 48 h. For comparison, BMC, from four different mice, were incubated for 48
hours with cytokine mix (IL-3 + SCF + TPO + IL-6) previous to M-CSF differentiation and polarization. Phenotypic
cell surface marker expression of CD206 and MHC Il was assessed via flow cytometry. Bar graphs depict percentage
of CD45* Gr-1" CD11b* F4/80* BMDM which express (A) M1 phenotypic (CD206™ MHC II*) or (B) M2 phenotypic
(CD206" MHC II') surface marker profiles. Data plotted as mean + SD. The statistical significance was assessed using
two-tailed student’s t test. ns = not significant. Contour plots from one out of four mice shown for M1 (C) and M2
(D) polarized and CM pretreated BMDM. Depicted histograms show detected signals for MHC Il (parallel to x-axis)
and CD206 (parallel to y-axis) for M1 (green) and M2 polarization (red) in relation to FMO control (dark grey).

2.1.3.4.2 Impact of CM pretreatment on cytokine expression profile

Following the experimental setup for the validation of the general BMDM generation protocol
(Figure 2.7), the impact of CM pretreatment on the BMDM phenotype-specific cytokine
expression profile was investigated using gRT-PCR and SNT ELISA (Figure 2.17).

In summary, no significant impact of the pretreatment on M1- and M2-specific cytokine
expression and secretion was detectable. BMDM polarized with IFN-y and LPS, after 48 hours
of culture in presence of IL-3, SCF, TPO, and IL-6, showed significantly increased levels of pro-
inflammatory IL-1B (p=0.0004), IL-6 (p=0.0002), and IL-12[3 (p=0.0067) expression in relation to
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the expression in MO BMDMs and compared to the cytokine abundancy detected in the M2
phenotype. No significant difference (p=0.7882) in the expression of pro-inflammatory TNF-a
was detected in M1 versus M2 polarized phenotypes on RNA level (Figure 2.17 A) whereas the
detection of protein secretion via SNT ELISA (Figure 2.17 B) showed significant higher
(p<0.0001) TNF-a levels in M1 phenotypic cells compared to the M2 polarization. Furthermore,
the direct comparison of the secretion levels in cells undergone none versus CM pretreatment
revealed no significant differences irrespective of BMDM polarization. This also applies for the
secretion levels of M1-specific IL-6 and IL-12 which showed consistency with the results
observed on RNA level.

Significantly distinct expression profiles were also detected for M2 BMDM-specific markers
arginase 1 (p=0.0137), Ym1 (p=0.0443), and eCAD (p=0.0116) in comparison to the expression
in M1 BMDM (Figure 2.17 C). Thus, demonstrating that the CM pretreatment did not impact
the capacity of the cells to express a cytokine signature which strongly correlates with their

immunophenotypic potency in response to phenotype-specific polarization treatments.
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Figure 2.17: BMDM phenotype validation on the basis of cytokine expression profiles after CM pretreatment
BMC were isolated and cultured under the supplementation of IL-3, SCF, TPO, and IL-6 for 48 hours before
standardized differentiation and polarization towards the MO, M1 (in ) and M2 (in ) phenotype was
induced. 48 hours after polarization induction the cells and the supernatant (SNT) were harvested and marker
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expression was assessed by gRT-PCR (A and C) and SNT ELISA (B) (5 biological replicates). A Depiction of expression
results for M1 phenotypic markers TNF-a, IL-6, IL-12B, IL-1B, and NOS2. C Depiction of expression results for M2
phenotypic markers Arginasel, Ym1, and eCAD. Data plotted as mean + SD calculated from technical triplicates
and depicted as fold change relative to marker expression in MO BMDMs. A two-tailed student’s t test was used
to assess significance.

2.1.3.4.3 Impact of CM pretreatment on functional activity of BMDMs

To further investigate whether the impact of IL-3 in combination with SCF, TPO, and IL-6 induces
any significant alterations in the functional capacity of BMDM to stimulate or suppress T cell
proliferation and activation, a co-culture experiment, as described in 2.1.2.4.1, was performed
(Figure 2.18).

The quantification of the induction of CD8a* T cell proliferation, assessed via CTFR signal
intensity (Figure 2.18 A, right side), and CD8a* T cell activation, assessed via the expression of
activation marker CD25 (Figure 2.18 B), did not show any significant (p values between 0.3476
and 0.7037) impact of BMC pretreatment in comparison to not pretreated cells. Also the
quantification of IFN-y and granzyme B in the SNT of this co-culture experiment via ELISA did
not show any significant differences in the secretion of the cytotoxic T cell-specific effector

molecules in response to preliminary BMC culture with the CM (Figure 2.18 C and D).
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Figure 2.18: Validation of CM pretreatment on functional BMDM phenotype
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Figure 2.18: Validation of CM pretreatmen on functional BMDM phenotype. BMDMs were generated
in vitro from the bone marrow of four C57BL/6J mice either after 48 hours of CM pretreatment or directly after
isolation (= no pretreatment). 48 hours after polarization co-cultures with CTFR-labeled CD3* T cells from Balb/c
Hsd mice were set up in different T cell to macrophage ratios. After 120 hours, flow cytometry analyses of (A)
CTFR dye dilution and expression of (B) CD25 on T cells was performed. Data plotted as mean + SD. Secretion of
(C) IFN-y and (D) granzyme B was measured by supernatant cytokine ELISA. Data are plotted as mean + SD and
calculated from technical triplicates. The statistical significance was assessed using a two-tailed student’s t test.
ns = not significant.

In summary, no significant impact on BMC polarization was detectable for the pretreatment of
BMC with the combination of IL-3, SCF, TPO, and IL-6 for 48 hours prior to the induction of
differentiation. Arising M1 and M2 macrophages did not differ from macrophages generated
from freshly isolated precursors in terms of immunophenotype-specific surface marker
expression, cytokine and enzyme expression profile, as well as their functional capacity to
induce or suppress T cell proliferation and activation (Figure 2.19).

Therefore, the preliminary CM treatment of BMC could be used to induce cell proliferation,
crucial to enable lentiviral primary cell transduction, without simultaneously inducing the
differentiation of the precursor cells. As a conclusion, the probability of skewed screening and
validation results due to a distorting impact of CM pretreatment on the precursor cell status

could be excluded in this experimental setting.
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Figure 2.19: Graphical summary of experiments validating the impact of CM on BMDM phenotype

Heat map representing color-coded expression of common M1 or M2 markers for M1 (IFN-y + LPS) and M2 (IL-4)
polarized BMDMs following the established polarization protocol (left side) in comparison to CM pretreated
BMDMs (right side). While the color is referring to immunostimulatory and pro-inflammatory (green) or
immunosuppressive and anti-inflammatory (red) effects of the markers, the color intensity is referring to the
differential expression of the respective marker in the investigated BMDM phenotypes relatively to each other.
White color is representing missing expression of the marker. Differential expression values were quantified during
various independent experiments as previously described.
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2.1.3.4.4 Impact of CM pretreatment on transcriptional activity of BMDMs

To further evaluate the potential impact of the CM, the transcriptional effects of the
pretreatment were studied and compared in an RNA-sequencing approach using a Clariom™ S
murine microarray assay.

To this end, RNA was extracted and sequenced from M1 and M2 polarized BMDMs
differentiated from either freshly isolated BMCs or from BMCs which have previously been
cultured for 48 hours in presence of the CM. The 200 most highly expressed genes, ranked by
logy fold change (M1 versus M2 polarization), were analyzed and compared between the
polarization with IFN-y and LPS or IL-4 among the BMDMs arisen from freshly isolated or CM
pretreated BMCs (Figure 2.20 A). The Venn-diagrams show that the different pretreated cells
share the expression of 161 genes (80.5%) in the M1 polarization state and of 146 genes (73%)
in the M2 polarization state (Figure 2.20 B). Within the shared top DEGs many M1- and M2-

phenotypic markers can be found.
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Figure 2.20: Differentially expressed genes between M1 and M2 polarized BMDMs originating from freshly
isolated or CM pretreated BMCs

A Volcano plots for differentially expressed genes of M1 polarized (IFN-y + LPS) cells compared to M2 polarized
(IL-4) BMDMs from freshly isolated (left-hand side) or CM pretreated (right-hand side) BMC precursor cells. Dots
depict genes (n= 5 biological replicates). y-axis shows the significance of differential expression, x-axis displays the
magnitude and direction of logz fold change in transcript abundance. Green dots represent significantly DEGs
shared by M1 polarized BMDMs arisen from freshly isolated and CM pretreated BMCs. Red dots represent
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significantly DEGs shared by M2 polarized BMDMs originating from the two different BMC qualities. B Venn
diagrams showing numbers and overlap of top 200 DEGs shared by BMDMs of both BMC qualities in M1 and M2
polarization conditions. Highest expressed common genes for both polarization conditions are listed in the table
below. Data analysis was performed by Duy Nguyen (AG Schlesner at DKFZ). pretr. = pretreated

To assess sample similarity of M1 and M2 polarized BMDM s originating from freshly isolated or
CM pretreated BMCs, sample variance analysis using principal component analysis (PCA) was
conducted with the microarray RNA-sequencing data set (Figure 2.21). The base line gene
expression profile of M1 and M2 polarized BMDM s differs fundamentally, as shown by the shift
along the axis of principal component 1 (PC1), which accounts for 52.6% of the variance in the
data. The impact of CM pretreatment resulted in a similar gene expression profile, within the
polarization state, defined by the PC2 axis (14.9% variance). Still, a slight but insignificant
variance (p>0.78) in transcriptional activity was caused by the CM pretreatment as indicated by
the mean difference of approximately 12% on the PC2 axis between both treatment groups,
irrespective of polarization condition. Nonetheless, the clear and significant (p<0.002)
separation into two different groups via PC1 axis validates the capacity of the cells to respond
to polarization treatment with the expression of two distinct transcriptional programs as

intended.
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Figure 2.21: Similarity of M1 and M2 polarized BMDMs originating from freshly or CM pretreated BMCs
Principal component analysis of microarray RNA-sequencing data of M1 (IFN-y + LPS) and M2 (IL-4) polarized
BMDMs arisen from either freshly isolated or CM pretreated BMCs. n = 5 biological replicates per sample, PC =
Principal component. Data analysis was performed by Duy Nguyen (AG Schlesner at DKFZ).
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The expression of literature-known common M1 and M2 macrophage-phenotypic markers in
polarized BMDMs are depicted in the heatmap in figure 2.22. Highly upregulated genes found
in BMDMSs polarized with IFN-y and LPS were stongly consistent with genes published to be
characteristic for a pro-inflammatory M1 macrophage phenotype (CD80, CD86, NOS2, TNF, IL-
6, CCL2, CCL5, CCL8, and CCL11) [Duluc et al., 2007; Roszer, 2015; Mantovani et al., 2017]. On
the other hand, M2-phenotypic markers [ARG1, MRC1 (= CD206), Chil3 (=Ym1), RETNIA (=
Fizz1), CCL17, CCL22, and CCL24] were found highly upregulated in cells polarized with IL-4.
Within the analyzation of the sequencing data, no significant differences could be observed in
the expression of M1- or M2-specific marker genes in BMDM s originating from freshly isolated

BMCs in comparison to CM pretreated BMCs.

fresh BMCs| CM pretr. |fresh BMCs| CM pretr.

polarization polarization

Figure 2.22: M1 and M2 marker gene expression in M1 and M2 polarized bone marrow derived macrophages
in response to BMC CM pretreatment
Heat map representing color-coded expression of M1 and M2 marker genes after RNA microarray analyses of M1-
(IFN-y and LPS) and M2- (IL-4) polarized BMDMs arisen from either freshly isolated or CM pretreated BMCs. Each
biological replicate (n=5) is represented by a rectangular box. Data analyses was performed by Duy Nguyen (AG
Schlesner at DKFZ). pretr. = pretreated
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2.2 In vitro experiments for target gene identification and
validation

Previously described experiments have proven to represent a widely appropriate biological
mimicry of the in vivo situation prevalent in the TME in an in vitro setting manner. This in vitro
setting was used as the basis for the application of a CRISPR/Cas9-based target screening in
primary Cas9* myeloid cells, using a focused sgRNA library targeting a limited number of genes

known to be expressed in myeloid cells.

2.2.1 Performance of a CRISPR/Cas9 screen in murine primary cells with a
target-focused sgRNA library

The focused sgRNA library was transduced as a lentiviral pool at a MOI determined to cause
only single sgRNA integration per target BMC (Figure 2.23 A). This was done to induce a disctinct
gene KO per cell. After transduction, the cells were selected with puromycin for the expression
of sgRNA and consequently differentiated into macrophages and polarized towards the M1 or
M2 BMDM phenotype as described above. After the polarization, BMDMs were stained for
macrophage lineage- and M1, M2 phenotype-specific markers (MHC I, CD206). FACS-sorting
was performed to select BMDMs representing the population correlating with 30% of the
highest signal intensity for the respective phenotypic marker (Figure 2.23 B and C). This resulted
in the sorting of six individual cell populations for the whole screen. Three populations for each
polarization treatment respectively (Figure 2.23 D):

e BMDM population I: Gr-1" F4/80* CD11b* BMDMs without further distinction as control

population

e BMDM population Il: Gr-1" F4/80* CD11b* MHC II' CD206* M2 phenotypic BMDMs

e BMDM population lll: Gr-1" F4/80* CD11b* MHC II* CD206™ M1 phenotypic BMDMs
NGS was performed with the extracted gDNA from all sorted cell populations in order to
perform sgRNA mapping with the read counts obtained for each individual sgRNA sequence.
Calculations were made to determine fold changes (FC) in the frequency of sgRNA counts in
the sorted BMDM populations relatively to each other. By comparison of sgRNA frequencies
present in M1 phenotypic BMDMs (population 1) with the sgRNA counts obtained in the
population of the unsorted BMDM control (population 1), a first assessment of target genes
relevant for the promotion of a M1-phenotypic cell type, defined as MHC II* CD206°, was
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possible. By applying this comparative strategy also on the cell populations sorted from IL-4
polarized BMDMs, a similar list of target genes involved the inhibition of the M2 phenotype and

the promotion of the M1 phenotype could be obtained.

A Polarization of transduced cells into M1/M2 phenotypic macrophages
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Figure 2.23: Sorting strategy for target-focused CRISPR/Cas9 screen in murine primary cells

A Schematic depiction of the workflow for focused in vitro screen. After successful transduction, the cells get
differentiated and polarized towards the M1 and M2 BMDM phenotype. gDNA isolation from sorted cell
populations is performed to allow for sgRNA mapping via NGS. M1 (IFN-y + LPS) (B) and M2 (IL-4) (C) polarized
BMDM were stained for phenotype-specific surface markers MHC Il and CD206. Gates for the definition of
populations to be sorted were set at the top 30% of highest signal intensity for both surface markers. Depicted
histograms show detected signals for MHC Il (parallel to x-axis) and CD206 (parallel to y-axis) for M1 (green) and
M2 polarization (red) in relation to FMO control (dark grey). D Schematic representation of the three BMDM
populations sorted for each polarization treatment separately.

2.2.1.1 sgRNA library composition and quality control

The target-focused sgRNA library used, encompasses 835 sgRNAs targeting 167 different genes
known to be involved in myeloid cell function (table 1.1). Each gene is addressed by five
individual sgRNA sequences, thus taking the scientifically proven fact into account that
CRISPR/Cas9-mediated gene editing is significantly more efficient using multiple sgRNAs per
target [Zhou et al., 2013; Jang et al., 2018].

In its composition, the target genes of the focused library can be subdivided into three
constituent parts of different origin: 45 target genes are coding for kinases known to be

involved in macrophage-related signaling, 35 targets represent genes described in the
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literature to be involved in myeloid cell function and 87 target genes have been chosen based
on the fact that bioinformatical analyses have identified their expression to be enriched in
murine macrophages with a special focus on their expression in macrophages showing an

immunosuppressive and anti-inflammatory phenotype.

The design of the sgRNA sequences for the target-focused sgRNA library was done by Desktop
Genetics using the latest version of the mouse reference genome (GRCm38), with as many as
possible targeting predicted functional domains. All guides were scored for activity (mean
activity score = 71+2.2 of 100) using on-target activity score by [Doench et al., 2016] and were
scored for specificity (mean specificity score = 95+1.9 of 100) using a modified version of the
specificity score by [Hsu et al., 2013], separately for coding and non-coding regions. Guides

were also filtered for GC content and homopolymers.

To achieve statistically relevant data, a minimum average of approximately 1,000 cells per
sgRNA for each sorted BMDM population has been maintained during the screen. According to
screening experiments of similar complexity, a library representation of 100-500 cells per
sgRNA is sufficient to prevent bias by stochastic events [Wucherpfennig & Cartwright, 2016;
Sanson et al., 2018]. Furthermore, it was verified by preliminary experiments that the lentiviral
transduction of BMC results in only one sgRNA-integration per cell (Figure 2.14 C), thus
preventing a random statistical overrepresentation of individual sgRNAs due to technical
variability. Using next generation sequencing, an average sgRNA count depth of 11,976+2,126

reads per sgRNA was obtained for the in vitro screening experiment.

2.2.1.1.1 Biological and technical controls of the sgRNA library

To be able to assure reliability and to control for functionality of the performed screen,
biological and technical control sgRNAs were part of the focused library. These sgRNA
sequences target genes either involved in signalling pathways for the activation of BMDM
phenotypic features (e.g. Statl, TIr4, Csfrl), or are supposed to KO genes expressing surface
molecules used for the phenotypic distinction between M1 and M2 polarization (e.g. Mrc1 =

CD206).
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Figure 2.24: Mechanisms of macrophage polarization
Major pathways of macrophage polarization are schematically depicted. Crosstalk between the M1-M2
macrophage-polarizing pathways are outlined in red. Figure adapted from [Sica & Mantovani, 2012].

Evaluation of CD206 knockout as technical control

To evaluate the concept of the developed screening conditions and the gating strategy, the
gene Mrc1, coding for the mannose receptor protein CD206, was one technical control targeted
by sgRNAs present in the focused library. Since high expression of CD206, in combination with
a lack of MHC Il expression, was used to define the population of M2 phenotypic BMDM, sgRNA
sequences targeting CD206 were expected to be enriched in the populations of sorted cells

lacking CD206 expression.

The fold change values, representing the abundance of all five individual sgRNAs targeting the
Mrcl gene, showed a clear enrichment in the quadrants representing the fraction of sorted
cells which were negative for CD206 expression (Figure 2.25). Thus, proving that technically the
impact of a target gene on phenotypic marker expression specific for M2 polarization was

detectable in the chosen settings for the screen.

55




Results

A BMDM polarization with B BMDM polarization with
1.5+ 1.5+
1.0

0.5

I T T

M2 polarized M2 M® [RPM]

log, fold change M1 polarized M1 M® vs.
M1 polarized M2 M® [RPM]
log, fold change M2 polarized M1 M® vs.

-1.5 -1.0 1.0 1.5 -1.5 -1.0 -0 0.5 1.0 1.5
. ° (] ‘).50-
-1.0
-1.5- -1.5-
log, fold change M1 polarized M1 M® vs. log, fold change M2 polarized M1 M® vs.
M1 polarized BMDM [RPM] M2 polarized BMDM [RPM]

Figure 2.25: Validation of a technical control gene as an indicator for technical reliability of the focused in vitro
screen

Five out of five sgRNAs targeting the gene Mrcl (depicted in red) (A), coding for the readout marker CD206 (B),
were found to be enriched in the BMDM population sorted for CD206-absence (highlighted in pale ) in both
polarization conditions of the screen. Each dot represents the abundancy of one individual sgRNA sequence of the
focused sgRNA library. Log> fold change values were calculated from sgRNA read counts normalized to reads per
million (RPM) obtained via NGS.

Evaluation of biological control genes of the focused sgRNA library
Various genes were chosen to become part of the focused sgRNA library to allow the evaluation

of the validity of the screening conditions on a biological basis.

With sgRNAs targeting the genes coding for the transcription factor signal transducer and
activator of transcription 1 (Statl) and the colony stimulating factor 1 receptor (Csf1r), two
biological control genes are part of the sgRNA library, regulating the molecular mechanisms of
M1 and M2 macrophage polarization respectively (Figure 2.26). STAT1 is involved in the
downstream signaling generated by the receptor-specific binding of IFN-y to induce
macrophage polarization toward the M1 phenotype [Sica & Bronte, 2007]. By contrast, the
binding of M-CSF by the CSF1 receptor is known to induce immunosuppressive M2 phenotypic
macrophages [Lin et al., 2002; Hamilton et al., 2014]. Consequently, the successful KO of STAT1
will impair the ability of the macrophages to be polarized towards the M1 phenotype and re-
polarizes them towards the M2 phenotype. Thus, sgRNAs targeting the Stat1 gene will show an
enrichment in the lower left quadrant of the coordinate system which is depicting M2

phenotypic (MHC II- CD206%) BMDMs. Upon reversion, the efficient depletion of CSF1R gene
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function should result in a sgRNA enrichment in the opposing, upper right, quadrant

representing an induced repolarization towards M1 phenotypic (MHC II* CD206°) macrophages.

Three out of five sgRNAs targeting the respective control gene showed an enrichment in the
expected quadrant of the sgRNA mapping coordinate system. Thus, representing a high hit ratio
for the biological control genes of this screening experiment. Since the bioinformatic prediction
tools, used for the design of sgRNA sequences, are not perfect, a total number of five sgRNAs
was used in the library to target each gene of interest and therefore optimize the CRISPR/Cas9-

mediated KO efficacy [Jang et al., 2018].

In the screen, when polarized with IFN-y and LPS, Stat1 KO causes a mean log; FC enrichment
of -0.3, whereas the loss of gene function only resulted in a mean log, FC of -0.02 in BMDM
after IL-4 treatment (Figure 2.26 A). This is clearly demonstrating the impact of Statl-activity
on the BMDM phenotype in response to the presence of pathway-related ligands, in this case
the presence of IFN-y and LPS.

On the other side, CRISPR/Cas9-mediated KO of Csfi1r caused a mean log, FC of +0.06 in sgRNA
enrichment in the M1 polarized BMDM population compared to a mean logz FC of +0.15 in M2
phenotypic macrophages (Figure 2.26 B). CSF1R activation not only directly induces the
monocytic cell fate in HSC but also the activation and expression of various regulators of
macrophage differentiation, mainly skewing the phenotype into the immunosuppressive M2
condition [Stanley & Chitu, 2014]. One of these regulators, with reinforced expression due to
CSF1R-activity, is the adaptor protein suppressor of cytokine signaling 1 (SOCS1) [Bourette et
al., 2001]. Among various signalling pathways affected by SOCS1, the indirect blockade of the
STAT1 pathway has been demonstrated [Sharma & Larkin, 2019]. Furthermore, it was shown
that there is a direct regulative interaction between CSF1R-mediated downstream signalling
and the IL-4 ligand-dependent Jmjd3-Irf4 axis which regulates M2 macrophage polarization
[Satoh et al., 2010]. Thus, the connection between the presence of pathway-related ligands,
like BMDM polarization with IL-4, and the impact of Csf1r-activity on the expression of the M2-

phenotypic marker CD206 can clearly be monitored in this screening system.

This also explains the observed margin of variation in the obtained log, FC values for both

biological control genes in dependency of the polarization treatment. The loss of gene function
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can only manifest its polarization significance when the receptor-specific stimuli are given
which would result in the activation of the respective signalling, impaired by the generated KO.
For this screening setup, this demonstrates that it is possible to cover, very accurately, ongoing
biological processes modulating BMDM polarization, and map their impact via a simplified and
artificially chosen phenotype allocation system utilizing the surface markers MHC Il and CD206.
Furthermore, the log, FC values determined for these biological control genes also define the
analytical window of this screen. The identification of target genes with a potential impact on

macrophage polarization are expected to be found within the outlines of this analytical window.
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Figure 2.26: Validation of control genes as indicators for biological reliability of the focused in vitro screen
Depiction of logz FC values, representing the mean abundance of all five sgRNAs targeting the biological control
genes Statl (depicted in green) and Csflr (depicted in red) for M1 (A) and M2 polarization (B) of BMDMs
respectively. Quadrants representing BMDM populations sorted for CD206-absence are depicted in pale

and for MHC Il-absence are depicted in pale red. Log2 fold change values were calculated from sgRNA read counts
normalized to reads per million (RPM) obtained via NGS.

2.2.1.2 Hit identification

The above-discussed data describes a robust technical setup for the screening to validate the

impact of the investigated target genes on the polarization of macrophages.

To identify genes affecting the immunophenotypic polarization of BMDM, the distribution of
sgRNAs, targeting the individual genes, was analyzed. To this end, mean sgRNA count
frequency, calculated from all five sgRNAs targeting one gene, of the sorted BMDM population
representing the 30% highest MHC Il expression (population Ill in figure 2.23 D) was compared
to the mean sgRNA frequency in the unsorted BMDM population (population | in figure 2.23 D)

to calculate a mean FC value. A mean enrichment of sgRNAs in the sorted population of M1
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phenotypic cells (population lll: MHC [I* CD2067) in comparison to the total population of
BMDM (population I: M1 + M2 macrophages), indicates a potential relevance of the targeted
genes in the polarization of macrophages towards the M2 phenotype. Consequently, an
induced KO will enhance the M1 phenotype of the KO macrophages.

An identical analysis was performed with the sorted population representing the 30% highest
CD206 expressing cells (population Il in figure 2.23 D) in comparison to the mean sgRNA
frequencies of the population of the 30% highest MHC Il expressing cells. Thus, identifying
targeted genes enriched in the sorted population of M2 phenotypic cells (population Il: MHC II
CD206") compared to M1 phenotypic macrophages. The relevance of these genes might be
involved in polarization pathways of the M1 phenotype and the KO of the gene function results
in a decreased M1-phenotypic macrophage population.

To obtain the most extensive informative value out of this screening data, the thus calculated
FC values were cross-correlated for the IFN-y + LPS and IL-4 polarization respectively. As a
readout, dots enriched in the upper right quarter of the plot represent target genes the KO of
which potentially supports M1 polarization of BMDM, while dots enriched in the lower left
quarter typify genes which’s loss of function suppresses the M1 polarization. Dots centered in
the middle are depicting targets the KO of which does not specifically affect BMDM
polarization. As the focused library encompassed sgRNAs targeting 167 individual genes, 167

data dots are shown in the plots (Figure 2.27).

Besides the already discussed biological control genes Stat1 and Csf1r, further genes, reported
to be involved in macrophage polarization, were included in the focused library to serve as
biological references. Further control genes are Tir4, lymphocyte antigen 96 (Ly96), and IL-4
receptor alpha (//4ra). The TLR4 must associate with co-receptor Ly96 to allow the recognition
of and the functional interaction with LPS [Kimoto et al., 2003; Sepulcre et al., 2009]. For both
target genes sgRNA sequences were found enriched in the MHC II- CD206" fraction (lower left
quadrant, highlighted in pale red) in response to BMDM polarization with IFN-y and LPS (Figure
2.27 A). Thus, implicating the crucial role of their gene functions for unobstructed M1
polarization. IL-4 is a major regulator of the phenotype of M2-like TAM [Wang & Joyce, 2010].
IL-4 signals through two possible heterodimeric receptor complexes, the type | and type |l
receptor complex [McCormick & Heller, 2015]. While the type | receptor exclusively binds IL-4,

it has been shown that IL-4 and IL-13 can both signal through the type Il receptor complex
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composed of the IL-4Ra and IL-13Ral chain [Minton, 2008]. It also has been shown that
mechanisms, independent of IL-4Ra chain signaling, contribute to M2 macrophage
characteristics and that in mice, lacking the expression of //4ra, proliferation and accumulation

of M2 macrophages was reduced but not completely depleted [Jenkins et al., 2013].
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Figure 2.27: Results of the focused CRISPR/Cas9 screen in murine primary cells

Figure 2.27: Results of the focused CRISPR/Cas9 screen in murine primary cells
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The depicted dots represent the mean of the effects of all five individual sgRNAs targeting a single gene. Blue dots
depict sgRNAs targeting the readout marker CD206 serving as a technical control of the screen. The red and green
dashed lines mark the threshold of log> FC +0.1 which was used to define sgRNA enrichment.

For hit selection, the focus was on the sgRNAs enriched in the MHC II* CD206" fraction (upper
right quadrant, highlighted in pale green) of both the M1 and M2 polarized cells. Following the
hypothesis that sgRNAs enriched in this fraction are most likely directly involved in the
polarization of macrophages toward the immunosuppressive phenotype. Consequently, the KO
of the genes might induce a direct therapeutic effect by the induction of repolarization toward
the immunostimulatory phenotype. sgRNA enrichment was defined by the threshold of log, FC
+0.1.

2.2.1.2.1 Top targets of the focused CRISPR screen in murine primary cells

The top five hits with the highest mean log> FC of IFN-y + LPS and IL-4 polarized cells were
selected as the sgRNAs with the strongest effects on MHC Il expression. Thereby, sgRNAs
targeting Ptpn6 were identified as a hit under both polarizing conditions. The gene list with the

top five targets and their log, FC values under M1 and M2 polarization are listed in table 2.1.

Table 2.1: Top target genes from the focused CRISPR/Cas9 screen in murine primary cells

Y Y
&.\r 1 &.\r y

sgRNAs promoting M1 phenotype sgRNAs inhibiting M1 phenotype
when polarized with when polarized with
Tops M1 polarized M1 Md vs. M1 polarized M1 Md vs. Top5 M1 polarized M1 Md vs. M1 polarized M1 Md vs.
M1 polarized BMDM [log, FC] M1 polarized M2 M¢ [log, FC] M1 polarized BMDM [log, FC] M1 polarized M2 M¢ [log, FC]
Pim1 0.1707 0.2360 Clec4e -0.2814 -0.2530
Maf 0.0845 0.2197 Syk -0.2169 -0.3313
Ptpn6 0.0927 0.1917 Nek6 -0.2023 -0.1415
Vrk2 0.0357 0.1495 Repk3 -0.1244 -0.1811
Csk 0.0941 0.1473 Clec5a -0.2155 -0.1163
sgRNAs promoting M1 phenotype sgRNAs inhibiting M1 phenotype
when polarized with when polarized with
Top5 M2 polarized M1 M vs. M2 polarized M1 M vs. Top5 M2 polarized M1 M vs. M2 polarized M1 M vs.
M2 polarized BMDM [log, FC] M2 polarized M2 M¢ [log, FC] M2 polarized BMDM [log, FC] M2 polarized M2 M¢ [log, FC]
Ptpn6 0.1573 0.1777 Btk -0.1969 -0.3033
Cd33 0.1105 0.0827 Syk -0.1457 -0.3366
Csf3r 0.1046 0.0820 Prkcd -0.1320 -0.1244
Clec12a 0.0877 0.0790 Tap1 -0.1180 -0.0784
Cxcr2 0.0459 0.1048 Clec5a -0.0936 -0.0742
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The top five hits of the focused in vitro CRISPR screen in murine myeloid cells, suggesting a

promotion of MHC Il expression in BMDM, are in particular:

Top target genes in M1 polarized BMDM

PIM-1

The proto-oncogene Pim1 encodes for the serine/threonine kinase PIM-1. The overexpression
of the non-essential PIM1 kinase is a common feature of tumors of different entities (e.g.
tumors of the male reproductive organs and triple-negative breast tumors) often associated
with poor prognosis [Jiménez-Garcia et al., 2016; Horiuchi et al., 2016]. It has been shown that
the inhibition of PIM1 with small molecules in tumors with elevated Myc expression can serve
as a therapeutic target [Horiuchi et al.,, 2016]. PIM1 inhibition can be used to inhibit the
oncogenic transcriptional activity of the essential, pleiotropic transcription factor MYC that
regulates, amongst other genes, also the expression of Mrc1 coding for the readout marker
CD206 (Figure 2.24) [Sica & Mantovani, 2012]. Therefore, the found enrichment of sgRNAs
targeting Pim1 demonstrates not only the connection of the gene with essential pathways of
M2 macrophage polarization but also indicates the relevance of PIM1 as a potential target for

cancer immunotherapy.

MAF

The proto-oncogene Maf encodes for the transcription factor MAF which has been reported to
serve as a molecular switch that converts the macrophage phenotype during early and late
phases of inflammation [Kikuchi et al., 2018]. The authors demonstrated that the upregulation
of inflammatory genes in response to the identification and TLR4-mediated binding of LPS is
regulated in a MAF-dependent manner. They identified MAF as a general anti-inflammatory
regulator by inhibiting pro-inflammatory cytokine gene expression in macrophages and
therefore concluded that Maf inhibition appears to be an ideal therapeutic approach for a

variety of chronic inflammatory diseases.

Tyrosine-protein phosphatase non-receptor type 6 (PTPN6, SHP-1)
Also for the tyrosine-protein phosphatase non-receptor type 6 (PTPN6), also known as SHP-1,
an involvement in the regulative pathways of macrophage polarization has already been

demonstrated [Nandan et al., 2002]. It has been shown by the authors that SHP-1 activation
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blocks the transcriptional activity of genes coding for M1 macrophage phenotypic proteins (e.g.
nitric-oxide via Nos2) which are typically induced by IFN-y signalling (Figure 2.24) [Sica &
Mantovani, 2012]. Thus, the inhibition of Ptpn6 suggests an increased population showing a

macrophage phenotype of pro-inflammatory M1-like character as a result.

Vaccinia related kinase 2 (VRK2)

Vrk2 encodes for the serine/threonine protein kinase VRK2, a member of the VRK family. Via
its catalytic activity, VRK2 participates in various pathways involved in the regulation of immune
cell activity, invasion and autophagic cell death [Vazquez-Cedeira & Lazo, 2012; Noguchi et al,,
2020]. It was also reported that VRK2 can determine the magnitude of hypoxic stress response
via the activation of the c-Jun N-terminal kinase (JNK) [Blanco et al., 2007]. In tumor cells and
M2-like TAMs, JNK activation induces the overexpression of angiogenic, tumor growth-, and
metastasis-promoting VEGF [Yoshino et al., 2006; Eubank et al., 2003]. Therefore, it can be
suggested that the inhibition of VRK2 might result in a decreased expression of proangiogenic
genes and thus diminishes the pro-tumorigenic features of M2-like TAMs.

Furthermore, it has been shown that VRK2 can modulate the invasive properties of tumor cells
through the NFAT pathway and cyclooxygenase (COX)-2 expression [Vazquez-Cedeira & Lazo,
2012]. The authors were able to demonstrate that a down-regulation of VRK2-activity also
reduced the invasion of cancer cells which further strengthens the relevance of VRK2 inhibition

for improved cancer immunotherapy.

C-terminal Src kinase (CSK, SRC)

Csk is also known as the proto-oncogene Src which encodes for the C-terminal tyrosine Src
kinase CSK and plays a pivotal role in the progression of cancers but is also involved in
inflammation-related signalling pathways [Chong et al., 2009]. In this context, CSK is known to
play multiple roles in macrophage-mediated innate immunity, such as phagocytosis and the
production of inflammatory cytokines [Byeon et al., 2012].

It is known that CSK activates the important signalling molecules JNK and STAT3 [Brown &
Cooper, 1996]. This directly links CSK activity with the signalling pathways involved in the
polarization of M2 macrophages and the expression of M2 phenotype-specific pro-tumorigenic
features such as VEGF-overexpression [Sica & Mantovani, 2012; Eubank et al., 2003].

Furthermore, it has been shown that CSK inhibits T cell receptor (TCR) signalling, and thereby,
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T cell function and activation, via the negative regulation of the LCK kinase which is essential
for TCR signalling [Vang et al., 2001]. This further improves the suggestion that Csk inhibition
will result in the reinforcement of an anti-tumoral microencironment.

Nonetheless, current studies have also revealed a direct connection of CSK with the pro-
inflammatory, M1-like features of macrophages [Byeon et al., 2012], thus delineating the key
role of CSKin general intracellular signal transduction and its pivotal role in the maintenance of

a balance between pro- and anti-inflammatory processes in the steady state.

Top target genes in M2 polarized BMDM
Ptpn6 (SHP-1)

Already mentioned above.

Cluster of differentiation 33 (CD33, Siglec-3)

CD33, also known as sialic acid binding Ig-like lectin 3 (Siglec-3), is an inhibitory transmembrane
receptor expressed on cells of the myeloid lineage and can be stimulated by any molecule with
sialic acid residues, such as glyocoproteins or glycolipids. Upon activation the immunoreceptor
tyrosine-based inhibition motif (ITIM) of CD33 is phosphorylated and acts as a docking side for
Src homology 2 (SH2) domain-containing proteins like SHP-1 (PTPN6) phosphatases [Zhao,
2018]. This not only inhibits the phagocytic properties of macrophages and leads to
macrophage inactivation, as mentioned above [Nandan et al., 2002], it further suggests that
the combined inhibition of CD33 and PTPN6 might further increase or even multiply the anti-

tumorigenic effect on the TME.

Colony-stimulating factor 3 receptor (CD114)

Csf3r is coding for the cell-surface colony-stimulating factor 3 receptor (CSF3R), also known as
CD114, for binding the granulocyte colony-stimulating factor (G-CSF). G-CSF regulates the
proliferation, survival, maturation, and functional activation of all cells of the neutrophil lineage
and is a potent mobilizer of HSCs from the BM into peripheral blood (Figure 1.1 A) [Boyle et al.,
2007; Stromnes et al., 2014]. As it has been demonstrated, G-CSF signalling is also involved in
the promotion of the anti-inflammatory phenotype of tumor-induced macrophages that have
tumor-supporting functions. G-CSF signalling blockade was found to result in the promoted

maturation of MHC [1M&" TAMs with significantly reduced lung metastasis in mammary tumors
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[Hollmén et al., 2016]. Consequently, the inhibition of the G-CSF-binding receptor CSF3R may
also support the observed tendency of the induction of a M2-to-M1-phenotypic shift in TAMs
upon G-SCF-signalling inhibition. Furthermore, the documented effect of an increased MHC II-
expression due to G-CSF-signal blockade validates the quantified enrichment of Csf3r-targeting

sgRNAs in the MHC 1I"8" fraction in the in vitro focused CRISPR screen.

C-type lectin domain family 12 member A (CLEC12A, CLL-1, MICL)

The top target Clec12a gene encodes for the inhibitory, ITIM-containing C-type lectin domain
family 12 member A (CLEC12A) protein, also known as CLL-1 or MICL, which is predominantly
expressed by myeloid cells [Pyz et al., 2008]. CLEC12A can limit pro-inflammatory pathways by
counteracting the cell activating spleen tyrosine kinase Syk and consequently Syk-mediated
production of ROS. It furthermore prevents the overproduction of pro-inflammatory cytokines
(e.g. TNF) and chemokines (e.g. CXCL1) [Neumann et al., 2014; Li et al., 2019]. Thus, the
inhibition of Clec12a suggests to reinforce the expression of pro-inflammatory features related

to the anti-tumorigenic characteristics of the M1-like TAM phenotype.

CXC-motif chemokine receptor 2 (CXCR2, IL8RB)

The Cxcr2 gene encodes for a member of the G-protein-coupled receptor family, the CXC-motif
chemokine receptor 2 (CXCR2). Since the CXCR2 protein is the receptor for IL-8, CXCR2 is also
known as IL-8 receptor, beta (IL8RB) [Morris et al., 1992]. It has been shown that CXCR2 not
only is an essential regulator of neutrophil recruitment to inflamed and damaged sites but also
plays a pivotal role in inflammatory pathologies and cancer [Dyer et al., 2017]. CXCR2 has also
been reported to recruit MDSCs to the TME where they drive invasion and metastasis. Due to
its tumor-promoting properties, CXCR2 has increasingly moved into focus of cancer research as
a potential therapeutic target. It was shown that CXCR2 signalling in the myeloid compartment
can promote pancreatic tumorigenesis and is required for pancreatic metastasis [Steele et al,,
2016]. Studies with CXCR2-deficient mice have revealed significantly decreased levels of anti-
inflammatory (e.g. IL-10, TGF-B) and increased expression levels of pro-inflammatory cytokines
(e.g. IL-1a) by macrophages due to the lack of the receptor [Dyer et al., 2017]. The fact, that
small molecule antagonists of CXCR2 are already being actively tested for anti-cancer effects in
vivo, demonstrates the relevance of the identified top target gene Cxcr2 for cancer

immunotherapy.
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In summary, the identification of top gene hits, whose role as potential targets for the
repolarization of macrophages toward the M1 phenotype, is supported by literature-known
entanglements with signalling pathways involved in M2-macrophage polarization. This, in
general, strengthens the reliability and coherence of the results of this focused CRISPR/Cas9-
based screening approach. To further investigate on the role of the top targets on macrophage
polarization and to define their capacity to induce a phenotypic shift in BMDMs, validation
experiments are planned for this project. To this end, CRISPR/Cas9-mediated single target gene
KOs will be generated in Cas9" BMCs and the impact of target gene-deficiency on the
macrophage phenotype will be analyzed on a descriptive and on a functional level with a series
of in vitro validation experiments to further narrow down the list of candidate genes to be then

validated in vivo in the context of a TME.

2.2.2 Invitro validation of top targets from whole genome CRISPR screen in
human THP-1 cells

As being a part of the DKFZ — Bayer HealthCare alliance (Figure 2.1), preliminary work in human
cells has been done by our collaborator Dr. Anna Montebaur to extend the transferability of
the project results more easily on the area of clinical application. Dr. Montebaur performed a
genome-wide CRISPR/Cas9-based screen in a THP-1-Cas9 monocytic cell line to identify
molecular targets inducing a shift in human macrophages from an immunosuppressive toward

an immunostimulatory phenotype.

2.2.2.1 Top targets of the human whole genome CRISPR screen

The THP-1 cell line was chosen for the screening approach for reasons of technical feasibility
but also showed conserved phenotypic characteristics after treatment under distinct
polarization conditions. In this setting, the surface marker CD80 was used as a consistent
surrogate marker to discriminate M1 and M2 phenotypic macrophages. High CD80 expression
was used to determine the population of M1-like macrophages while low CD80 expression
represented the population of M2-like macrophages. Evaluated by the frequency of sgRNAs,
enriched in the CD80-high fraction versus CD80-low fraction of transduced THP-1 cells, a list of

176 potential target genes was selected from the genome-wide screening approach which
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encompassed a total number of 19,000 individual genes targeted. The selection was based on
the capacity of the targets to induce a phenotypic shift toward the M1 phenotype assessed via
an increased expression of CD80 upon target gene KO. To further narrow down the list of
potential target genes for hit verification, the list was restricted to the top 20 genes based on
the highest log, FC values quantified in the screen. One candidate, Tnfaip3, has already proven
to promote M1-phenotypic characteristics in the human THP-1 and U937 cell lines after the

induction of single knockouts.

Tumor necrosis factor a-induced protein 3 (TNFAIP3, A20)

Tumor necrosis factor a-induced protein 3 (TNFAIP3), further known as A20, is a key player in
the negative feedback regulation of canonical nuclear factor kB (NF-kB) signalling, which
mediates its effects via ubiquitin modification of different proteins of the signalling cascade,
thereby regulating the pro-inflammatory responses induced downstream of NF-kB activation
[Baltimore, 2011; Mohebiany et al., 2019].

Several auto-inflammatory diseases were associated with TNFAIP3-deficiency in different
immune cell populations. Mice fully deficient for TNFAIP3 die early due to multi-organ
inflammation, partly due to an inability to regulate TNF-induced NF-kB signalling [Lee et al.,
2000]. In TNFAIP3-deficient myeloid cells, an increased secreation of pro-inflammatory
cytokines such as TNF-q, IL-1B, and IL-6 could be observed [Shembade & Harhaj, 2012]. In
summary, the KO of TNFAIP3 has already been well documented to promote an inflammatory
macrophage phenotype and serves as a positive control for the validation of further top targets

of the whole genome CRISPR screen performed in human cells.

2.2.2.2 Top target gene validation using lentiviral transduction

Tim Vorberg, a student in the group of Dr. Rafael Carretero, participated in the in vitro validation
of the top candidate genes from the human whole genome screen in the course of his master
thesis. Consequently, all the following data was generated in the context of a collaboration with

Tim Vorberg using in vitro protocols the establishment of which was described previously.

To investigate the impact of the respective candidate genes on macrophage polarization,
emerging BMDMs were analyzed on a descriptive as well as on a functional level depending on
the deficiency or proficiency of the candidate genes during BMC differentiation and
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polarization. To this end, lentiviral sgRNA expressing vectors were used to disrupt the

transcriptional activity of the candidate genes in a CRISPR/Cas9-mediated manner.

To induce primary cell proliferation, thus allowing the transduction of the cells, freshly isolated
Cas9* Rosa26-Cas9 BMCs were incubated for 48 hours with the cytokine mix prior to their
transduction. An equimolar pool of three individual sgRNA-expressing lentiviral vectors was
used to generate candidate gene-deficient BMCs. The cells were selected for puromycin
resistance as a surrogate marker for successful transduction, or rather target gene KO, and
differentiated afterwards for a total of seven days. Finally, the BMDMs were polarized for 24
hours toward the M1 phenotype using the combination of IFN-y and LPS and toward the M2
phenotype using IL-4. To establish an experimental baseline for the transduction effect and to
generate a reference control, representing the steady state of target gene-proficient
macrophage biology, Rosa26-Cas9 BMCs were transduced with a pool of three different NTC
expressing lentiviral vectors, following the same protocol.

Phenotypic KO effects on macrophages were characterized on a descriptive level assessing the
secretion of the pro-inflammatory cytokines TNF-a and IL-12p40 via supernatant ELISA as well
as the expression levels of the surface markers MHC I, CD206, and PD-L1 via flow cytometry.
Furthermore, gene expression analysis on RNA level was performed via gRT-PCR to quantify the
expression levels of the M1-phenotypic markers IL-1B, IL-6, IL-128, and TNF-a as well as the
M?2-specific expression levels of Arginase 1, E-cadherin (E-Cad), and chitinase-like protein 3
(Ym1).

In order to extent the characterization of candidate gene-specific KO effects to a functional
level, the impact of target gene-deficient macrophages on primary T cell stimulation and
activation was investigated in a co-culture experiment. To this end, freshly iolated Balb/c T cells
were incubated in different ratios with NTC and candidate gene-deficient macrophages of
C57BL/6J background, respectively. To assess T cell proliferation and activation, the decrease
of the CTFR fluorescent dye signal, which negatively correlates with the increase of CTFR-
stained T cell proliferation, was quantified along with the expression level of activation marker
CD25 via flow cytometry. Furthermore, the induction of immunresponce-inhibiting regulatory
T cells was quantified using the intracellular marker FoxP3 (CD4* CD25* FoxP3*). Since neither
of the target gene KOs significantly affected the percentage of Tregs, the CD4* T cell population

was excluded from the following analyses. Additionally, the IFN-y-secretion level of CD8* T cells
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was quantified via SNT ELISA in the cell culture medium harvested from the co-culture
experiment. This served the purpose to further draw conclusions about the impact of target-
gene KO in macrophages on the induction of cell-mediated immunity by activated cytotoxic

CD8* T cells.

2.2.2.2.1 Validation of Tnfaip3 KO effects in murine BMCs

Since the published data available already describes a pivotal relevance of the Tnfaip3 gene-
function for inflammatory signalling pathways in myeloid cells (2.2.2.1), the validation of its KO
effects on murine macrophages was used to confirm the technical and biological reliability of
the established procols.

The CRISPR/Cas-9 mediated KO of Tnfaip3 was validated on protein level via western blot
analysis (Figure 2.28 A). Irrespective of the polarization conditions, Tnfaip3-deficiency induced
a significantly increased (p<0.0001) secretion of the pro-inflammatory cytokines TNF-a and IL-
12p40 compared to the NTC WT control (Figure 2.28 B). The loss of gene function also resulted
in skewed expression levels for the phenotypic readout-markers MHC Il and CD206 (Figure 2.28
C). While the expression of MHC Il significantly increased (p<0.0001), the expression of CD206
was found to be significantly lower (p<0.0001) compared to Tnfaip3-proficient BMDMs under
IL-4 polarization. Thus, indicating a clear shift toward a more immunostimulatory phenotype
under immunosuppressive conditions when the Tnfaip3 gene function is lost. The
simultaneously observed effect of reduced MHC Il expression (p<0.0001) in M1 polarized
macrophages due to Tnfaip3 KO, might be traced back to a negative-feedback regulation
induced by already high MHC Il expression to prevent excessive inflammatory responses
[Harding & Boom, 2010]. These observations also correlate with the quantification of a
significantly increased percentage of M1-phenotypic macrophages along with a significantly
lower (p<0.0001 for both) proportion of M2-phenotypic BMDMs under IL-4 polarization
conditions while the share of pro-inflammatory Tnfaip3-KO M1 cells significantly declined
(p=0.0003) under the influence of IFN-y stimulation.

It has been shown that the expression of the immunosuppressive PD-L1 protein gets increased
upon macrophage activation to maintain a balance between innate and adaptive immune cell
activity [Mimura et al., 2018]. Accordingly, the observed upregulation of PD-L1 expression in
Tnfaip3-deficient BMDMs under M2-polarization conditions indicates a pro-inflammatory
effect which gets induced upon Tnfaip3 KO (Figure 2.28 C). This indication is further supported
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by the signifianct increase of the transcriptional activity for pro-inflammatory cytokines in KO
BMDMs, irrespective of the polarization conditions (Figure 2.28 D). Apart from that, the relative
overexpression of Argl and E-Cad amid predominantly M1-phenotypic marker genes might be

the result of an enhanced stimulation or potential overactivation of the Tnfaip3-deficient

BMDMs.
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Figure 2.28: Descriptive validation of Tnfaip3 KO effects on M1 and M2 BMDM polarization

A Western blot quantification of induced Tnfaip3 KO in BMDMs in relation to gene-proficient NTC macrophages.
KO efficiency was calculated on the basis of a densiometric analysis of the normalized antibody intensities depicted
in the bar plot. Expression of B-actin was used as a loading control. B Quantification of cytokine secretion in the
supernatant of KO and NTC BMDMs via ELISA; n=1 with 7 technical replicates. C Flow cytometric analyses of surface
marker expression in Tnfaip3 KO and WT NTC BMDMs under M1 and M2 polarization conditions. D TagMan gRT-
PCR analyses of phenotypic marker expression. Expression in KO M1/M2 macrophages was normalized to the NTC
of the same polarization condition (222", Additionally, to confirm the polarization-specific overexpression of
genes, the expression in the NTC M1/M2 macrophages was normalized to the NTC of the opposing polarization
condition (2(%2°T). Data are plotted as mean + SD and calculated from technical duplicates. The statistical
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significance was assessed using a two-tailed student’s t test. p-values indicated, otherwise: * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001. ns = not significant.

To further assess the impact of Tnfaip3 activity on the functional capacity of macrophages, a
co-culture experiment of target gene-deficient BMDMs with primary T cells was performed
(Figure 2.29). As already investigated before, M1-polarized macrophages induced significantly
higher CD8" T cell proliferation-rates, compared to M2-polarized BMDMs, in a quantum-
dependent manner. No significant additional increase (p=0.98 for the 1:1 ratio in comparison
to NTC M1 macrophages) was detected when the genetic activity of Thfaip3 was knocked out.
However, Tnfaip3-deficient M2 polarized BMDMs showed a significantly increased (p=0.03 for
1:1 ratio) capacity to induce CD8* T cell proliferation compared to WT M2 macrophages which
was also reflected by a significantly higher (p<0.0001 for 1:1 ratio) secretion level of INF-y by
the co-cultured CD8* T cells. Thus, indicating the potency of Tnfaip3-deficient macrophages to
induce proliferation and activation of cytotoxic CD8" T cells even under the influence of an
immunosuppressive environment represented by IL-4 treatment. The attenuated proliferation
effect of T cells, when co-cultured with a higher number of KO M2 macrophages, might be

related to a lack of nutrients in the culture medium as a result of the increasing T cell number.
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Figure 2.29: Functional validation of Tnfaip3 KO effects on M1 and M2 BMDM phenotype

A Primary murine T cells were stained with fluorescent dye CTFR and co-cultured for 5 days with M1 polarized
(depicted in green) and M2 polarized (depicted in red) macrophages which had previously been transduced with
either a non-targeting control sgRNA lentiviral vector (NTC) or a Tnfaip3-targeting sgRNA lentivral vector (KO).
CTFR-unstained T cells served as a FMO control representing maximum degree of proliferation. T cell seeded
without macrophages represented the unproliferated control. B Flow cytometric analysis of CD8" T cell
proliferation, assessed via the quantification of CTFR mean fluorescence intensity, and of total T cell number (CD3*
T cells). € Accumulation of IFN-y in the supernatant of the macrophage-T cell co-culure was determined via ELISA.
n=1 with technical triplicates. For ELISA: data point represents mean of three technical triplicates. Data are plotted
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as mean + SD. The statistical significance was assessed using a two-tailed student’s t test. p-values indicated. ns =
not significant.

In summary, the CRISPR/Cas9-mediated knockout of Tnfaip3 in murine bone marrow cells
induced a repolarization of the immunosuppressive M2 phenotype in offspring macrophages
towards an Mi1-like pro-inflammatory phenotype assessed via the investigation of
characteristic marker expression profiles (Figure 2.28) and a functional co-culture experiment

with primary T cells (Figure 2.29).

2.3 Establishment and validation of the conditions for in vivo
experiments

For the generation of target gene-deficient bone marrow chimera the irradiation-ablated
myeloid cell compartment of recipient mice needs to be reestablished via hematopoietic stem
cell transplantation [Duran-Struuck & Dysko, 2009]. For this purpose, long-term hematopoietic
cell progenitors, lacking the target gene of interest, need to be generated [Morrison et al.,
2002]. These long-term repopulation precursors will provide both, stem cell divisions that
produce lineage-committed progenitors, as well as self-renewal division to maintain the stem
cell pool in vivo over the lifetimes of the recipient mice [Bunting et al., 1998]. The general

experimental workflow for the in vivo part of the project is summarized in figure 2.30.
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Figure 2.30: Experimental workflow for single target gene KO in vivo

CD45.2* Cas9* BMCs will be isolated and ex vivo transduced with lentiviral sgRNA vectors targeting the gene of
interest. After selection for successful transduction the target gene-deficient CD45.2* cells will be injected into
recipient mice. Recipient mice underwent previous lethal irradiation to deplete host CD45.1* myeloid cell
compartment. As a control, another group of irradiated recipient-mice will receive NTC transduced cells. After
twelve weeks of engraftment, Lewis Lung Carcinoma (LLC) cells will be injected subcutaneously (s.c.) into target
gene-deficient mice and tumor growth kinetics were monitored for two consecutive weeks in comparison to target
gene-proficient NTC control group. After 14 days, flank tumors and spleens will be excised and TAMs, spleen
macrophages and HSCs will be sorted from the organs. Afterwards, gDNA or RNA will be isolated from the samples
for further analyses.

2.3.1 Establishment and valiation of an ex vivo HSC transduction protocol for
in vivo purposes

For the generation of target gene-deficient HSCs, target gene-proficient Cas9* BMCs have to be
pretreated ex vivo with cytokine mix and transduced with lentiviral sgRNA vectors targeting the
gene of interest. Studies have shown that ex vivo culture of HSCs in cytokine-containing media
can quantitatively diminish the repopulation ability of murine bone marrow grafts [Traycoff et
al., 1996; Kittler et al., 1997; Bunting et al., 1998]. Hence, calling into question whether ex vivo
pretreatment of BMCs with the cytokine mix may negatively affect cell engraftment capacity
and/or the efficiency to reconstitute recipient mice with a target gene-deficient myeloid cell

compartment. In order to investigate on that, the marker expression profile of bone marrow
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cells, correlating with different stages of myeloid cell ontogenesis, was analyzed via flow
cytometry. To mimic the treatment process applied for the generation of target gene-deficient
cells and to establish an experimental baseline, the BMCs were transduced with a non-targeting
control (NTC) lentiviral construct by Horizon Discovery. The NTC construct was identical to the
vector system used for the generation of single target gene KO and was bioinformatically
designed and validated to not target any gene in human or mouse genomes. For the generation
of NTC transduced control groups, the equimolar combination of three different NTC sgRNA
sequences was used.

In the first instance, the established protocol for the transduction and selection of BMC for in
vitro experiments (Figure 2.10 D) was investigated on its applicability for the in vivo purposes
of the project. Therefore, Cas9* BMCs were isolated and pretreated with the CM for 48 hours
before the cells were transduced with the NTC lentivirus for 24 hours. Selection for positive
transduction was performed for 72 hours by supplementing Iscove’s Modified Dulbecco’s
Medium (IMDM) culture medium, containing ten percent of fetal bovine serum (FBS), with 4
ug/mL puromycin. Subsequently, flow cytometry analysis of surviving cells was performed 144
hours after initial BMC isolation (Figure 2.31). Freshly isolated cells were used as a control since
fresh BMCs are considered to be the gold standard for hematopoietic stem cell transplantation

[Duran-Struuck & Dysko, 2009].
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Figure 2.31: Aplicability of the in vitro BMC transduction protocol for in vivo purposes

A, B Subdivision of LSK cells into a hierarchy of functionally distinct subpopulations can be achieved by the
consideration of SLAM family marker CD150 and CD48 expression. LSK cell fractions differ in terms of self-renewal
and long-term engraftment potential in vivo. Figure 2.31 B was modified and redrawn from [Oguro et al., 2013]. C
Isolated BMC were transduced with NTC lentiviral particles after 48 hours of CM pretreatment. After 72 hours of
puromycin selection, successfully transduced cells were analyzed for SLAM marker expression via flow cytometry.
As a control freshly isolated BMCs and untransduced BMCs, which were kept in culture ex vivo for the same period
of time the transduction and selection was ongoing, were analyzed simultaneously. D Quantification of HSC-
specific marker expression. Data are plotted as mean = SD and calculated from technical quadruplicates. The
statistical significance was assessed using a two-tailed student’s t test. ns = not significant. E Summarizing overview
of LSK subpopulation composition in the experimental groups. Data calculated from technical quadruplicates.

All murine multipotent cells are subsumed in the population of Lineage  Sca-1* c-Kit* cell
fraction of BMCs [Uchida et al., 1994; Oguro et al., 2013]. The population of Lineage* cells
comprises B cells (CD19%), T cells (CD4* and CD8a*), NK cells (NK1.1%), monocytes (Gr-1%),
macrophages (CD11b*), and erythroid cells (Ter119*) and is, consequently, depleted in the
gated or sorted population of LSK cells. This residual cell population of total BMCs still shows
great heterogeneity by encompassing several distinct subpopulations of broad functional

diversity. Comprehensive in vivo studies have shown that these subpopulations can be
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phenotypically distinguished by the consideration of the expression of signalling lymphocytic
activation molecules (SLAM), particularly CD150 (Slamf1) and CD48 (Slamf2) [Kiel et al., 2005;
Kiel et al., 2008; Oguro et al., 2013]. Applying the SLAM family member gating strategy to the
heterogeneous population of LSK cells, a subdivision into four fractions is possible (Figure 2.31
A):

e (CD150* CD48 Hematopoietic Stem Cells (HSC)

e (D150 CD48 Multipotent hematopoietic Progenitor cells (MPP)

e (D150 CD48* Hematopoietic Progenitor Cells-1 (HPC-1)

e (CD150* CD48* Hematopoietic Progenitor Cells-2 (HPC-2)
[Kiel et al., 2005; Kiel et al., 2008].
The subdivision of LSK cells into these four fractions not only describes their SLAM marker
expression profile. It furthermore allows the categorization of the fractions into a distinct
functional hierarchy rating diminishing self-renewal capacity and reconstituting potential which
correlates with CD150 expression level decline (Figure 2.31 B) [Beerman et al., 2010; Morita et

al., 2010].

Following this scientific consensus, the quantification of SLAM marker expression by ex vivo
treated BMCs, was used as an appropriate readout to predict the validity of the investigated

treatment protocol to maintain a HSC-status with long-term engraftment capacity in vivo.

As summarized in figures 2.31 C, D, and E, the population of HSC significantly (p=0.001)
decreased and nearly vanished in the experimental group of transduced (0.42+0.36% HSC) and
untransduced but long-term ex vivo cultured BMCs (0.27+0.09% HSC) in comparison to freshly
isolated BMCs (15.53+£1.57% HSC). No significant (p=0.4562) differences in HSC population size
were detectable between the two treatment groups. It therefore was concluded that the long-
term ex vivo culture of the cells, but not lentiviral transduction, induced the loss of long-term

engraftment capacity of the cells.

2.3.1.1 Establishment and validation of a short-term ex vivo HSC transduction protocol

In order to obtain a stabilization of the CD150M&" HSC population after lentiviral transduction

and selection, the impact of an ex vivo transduction protocol, shortened by four days, on SLAM
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marker expression was investigated. To reduce ex vivo culture time, puromycin selection
started 48 hours after transduction with NTC lentiviral particles, instead of 96 hours after
transduction. Additionally, puromycin selection was reduced to 24 hours, instead of 72 hours,
by increasing the concentration of the selective antibiotic to 6 pug/mL medium instead of 4

ug/mL. For this experiment, LSK cells, sorted from total bone marrow of two mice, were used.

As figure 2.32 demonstrates, no improvement of long-term engraftment capacity could be
achieved by the reduction of ex vivo culture time by four days. The population of CD150"e"
HSCs, present in freshly isolated control BMCs (11.89+4.79%), was significantly depleted in LSK
cells transduced with NTC lentiviral construct (0.52+0.11%; p=0.001) and also in untransduced
LSK cells (1.92+0.95%; p=0.002) which were cultured ex vivo for the duration of the short-term
transduction protocol. Again, the population size of HSCs did not differ between the two groups
of ex vivo treated LSK cells (p=0.0820), suggesting that the transduction process in itself did not

cause the shift in the distribution of LSK subpopulations.
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Figure 2.32: Validation of a short-term transduction protocol for in vivo purposes

A LSK cells, sorted from total BMCs, were transduced with NTC lentiviral particles after 48 hours of CM
pretreatment. After 24 hours of puromycin selection, successfully transduced cells were analyzed for SLAM marker
expression via flow cytometry. As a control freshly isolated BMCs and untransduced sorted LSK cells, which were
keptin culture ex vivo for the same period of time the shortened transduction and selection protocol was ongoing,
were analyzed simultaneously. B Quantification of HSC-specific marker expression. Data are plotted as mean £ SD
and calculated from technical quadruplicates. The statistical significance was assessed using a two-tailed student’s
t test. ns = not significant. C Summarizing overview of LSK subpopulation composition in the experimental groups.
Data calculated from technical quadruplicates.
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2.3.1.2 Establishment and validation of optimized medium conditions for ex vivo HSC
transduction

To further optimize the ex vivo treatment conditions to increase HSC population stability, no
additional cutbacks in the temporal chronology of the transduction protocol could be

conceded.

Therefore, the optimization of the cell culture medium composition became the focus of
efforts. [Wilkinson et al., 2019] established medium conditions for the long-term ex vivo
expansion of HSCs, which resulted in long-term donor chimerism of bone-marrow HSCs in

nonconditioned immunocompetent mice.

According to the investigation results of Wilkinson et al., the fact that previous approaches for
ex vivo HSC expansion showed only limited success can be attributed to insufficient
optimization of culture medium constituents and impurities of the used medium supplements.
HSC culture studies revealed the importance of a serum albumin source for cell viability and
successful HSC transplantation in mice [Taya et al., 2016; Wilkinson et al., 2018]. At the same
time, the most common source of serum albumin for cell culture, FBS, represents a poorly
defined mixture of components encompassing thousands of constituents and can contain
contaminants, such as endotoxins, mycoplasma, viruses, or prion proteins [Fang et al., 2017,
Leshem et al., 1999]. To eliminate this incalculable influencing factor and potential source of
biological contamination, Wilkinson et al. replaced FBS in their HSC expansion medium with
polyvinyl alcohol (PVA) as alternative source for serum albumin. PVA not only supported HSC
survival and the maintenance of their stem cell status, due to its chemical synthetization it is
also compatible with good manufacturing practice in cell culture experiments. The mechanistic
role of PVA is not understood yet, but it is assumed that in its role a replacement reagent, PVA

mainly replaces the carrier molecule-function of serum albumin.

Following the established culture conditions for HSCs, the medium recipe of Wilkinson et al.,
encompassed F-12 medium supplemented with 1% insulin-transferrin-selenium-ethanolamine

(IST-X), 1% penicillin/streptomycin/glutamin, 10 mM HEPES, 1 mg/mL 87% PVA, 10 ng/mL SCF
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and 100 ng/mL TPO. To explore whether the published culture medium conditions can be
utilized in the context of the already established unalterable fixed points of the primary cell
transduction protocol, they were adapted and compared in a test transduction experiment in
comparison to the standard medium conditions for BMC transduction, encompassing IMDM

medium supplemented with 10% FBS and 1% penicillin/streptomycin.

LSK cells were sorted from the pooled total bone marrow of four mice. The sorted cells were
pretreated for 48 hours in either F-12 medium or IMDM medium supplemented with the CM.
In both cases the CM comprised IL-3, SCF, TPO, and IL-6. The restricted cytokine treatment of
the cells with only SCF and TPO for the F-12 medium was not taken into account at this point.
After 48 hours the two pretreatment groups were divided in two fractions respectively. For
each protocol one fraction was transduced with NTC lentiviral particles or remained in culture
without getting transduced. LSK cell transduction and ex vivo culture was performed following
the short-term protocol established earlier (2.3.1.1). To align again with the published F-12
medium protocol, transduced and untransduced LSK cells in F-12 medium did not receive full
CM after the transduction medium was removed but only the combination of 10 ng/mL SCF
and 100 ng/ml TPO. 24 hours after the addition of the selection antibiotic puromycin, only done
for the group of transduced cells, the surviving LSK cells” expression profile for SLAM markers

was quantified via flow cytometry (Figure 2.33).

LSK cells cultured in F-12 medium showed a significant higher fraction (p=0.0109) of CD150Me"
HSC compared to LSK cells maintained in IMDM medium, irrespective of performed
transduction and selection (Figure 2.33 A and D). With an average of 9.83+2.0% of total LSK
cells (Figure 2.33 B), the population size of F-12 medium cultured HSC also correlates with the
average proportion of LSK cell HSC under steady state conditions (8-15% of LSK cells or one HSC
per 10° BMC) [Harrison et al., 1993]. Total LSK cell self-renewal and reconstituting potential,
rated by the expression level of SLAM marker CD150, was also significantly increased
(p=0.0018; data not shown, representative depiction in figure 2.33 C) after F-12 medium
culture compared to the IMDM medium protocol. In general, LSK cells, transduced and selected
following the F-12 medium protocol, showed significantly increased LSK subpopulations of HSC
(p=0.0109) and HPC-2 (p=0.0005), as well as significantly less (p=0.0033) HPC-1, while the
fraction of MPP did not differ (p=0.3972) from LSK cells of the IMDM protocol (Figure 2.33 D).
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In conclusion, the adaption of the F-12 medium protocol by Wilkinson et al. to the conditions
for primary cell transduction and selection resulted in a stabilized fraction of LSK cell HSC
showing marker based self-renewal and reconstituting capacity comparable to gold standard

fresh LSK cells.
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Figure 2.33: Validation of the F-12 medium protocol for in vivo purposes

LSK cells, sorted from pooled total BMC of four biological replicates, were transduced with NTC lentiviral particles
after 48 hours of CM pretreatment in either F-12 or IMDM medium with varying supplements. A After 24 hours of
puromycin selection, successfully transduced cells were analyzed for SLAM marker expression via flow cytometry.
As a control untransduced sorted LSK cells, which were kept in culture ex vivo under F-12 or IMDM medium
conditions for the same period of time the short-term transduction and selection protocol was ongoing, were
analyzed simultaneously. B Summarizing overview of LSK subpopulation composition in the experimental groups.
Data calculated from technical triplicates. € Quantification of the CD150-specific fluorescence signal in NTC
transduced and puromycin selected LSK cells obtained following either the F-12 (depicted in blue) or IMDM
medium protocol (depicted in orange). The dashed line indicates the threshold for antigen-specific signal detection
defined in accordance with a control staining lacking the CD150 antibody (FMO control, depicted in dark grey). D
Quantification of SLAM marker expression specific for HSC, MPP, HPC-1 and HPC-2. Data are plotted as mean + SD
and calculated from technical triplicates. The statistical significance was assessed using a two-tailed student’s t
test. ns = not significant.
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To further assess, whether the observed, significantly increased, expression levels of CD150 by
F-12 medium derived LSK cells really correlates with enhanced self-renewal potency, the
clonogenic potential of the cells was quantified in an in vitro colony forming unit (CFU) assay.
The number and types of colonies counted in a CFU assay provide information about the
frequency and types of progenitor cells present in the original cell population and their ability

to proliferate and differentiate.

Therefore, sorted Cas9* LSK cells were treated with either the F-12 or the IMDM medium short-
term protocol to generate NTC sgRNA transduced and control untransduced cells. The LSK cells
were resuspended in respective medium and seeded in MethoCult™ medium from STEMCELL
which is optimized for the growth of granulocyte-macrophage progenitor cells. As a gold
standard control LSK cells were sorted directly before seeding and were cultured together with
the ex vivo treated samples in MethoCult™ resuspended either in F-12 or IMDM medium. Five

days after seeding, the number and size of grown colonies was quantified (Figure 2.34).

F-12 medium generated transduced LSK cells showed a significantly increased (p=0.0182)
overall colony frequency compared to IMDM protocol transduced cells (Figure 2.34 B) with
significantly more (p=0.0054) large colonies of >2mm in diameter (Figure 2.34 C). Colony
formation is commonly used as a prediction marker for long-term engraftment capacity in vivo
[Oguro et al., 2013]. Together with the high expression levels of CD150 (Figure 2.33 C), these
results indicate that LSK cells, transduced and selected with the adapted short-term F-12
medium protocol, provide all statistical characteristics known to be relevant for a preliminary
assessment of their capacity to produce lineage-committed progenitors, as well as for self-

renewal division to maintain the stem cell pool in vivo over the lifetimes of the recipient mice.
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Figure 2.34: Colony forming unit assay with ex vivo treated LSK cells

LSK cells, sorted from pooled total BMCs of four biological replicates, were transduced ex vivo with NTC lentiviral
particles after 48 hours of CM pretreatment in either F-12 or IMDM medium with varying supplements.
Successfully transduced LSK cells were harvested, resuspended in respective medium and seeded in MethoCult™
medium alongside with freshly isolated and sorted LSK cells as a control group. A After five days of culture in
MethoCult™, the seeded cells were scanned with the CytoSMART™ Omni device at 10x magnification. Scale bar,
2 mm. B Large (>2mm in diameter), medium (>1mm in diameter), and small (<Imm in diameter) colonies were
counted for all treatment groups. C Depiction of colony frequency and size for transduced and selected LSK cells
with F-12 versus IMDM protocol. Data are plotted as mean + SD and calculated from technical duplicates. The
statistical significance was assessed using a two-tailed student’s t test. p values indicated. ns = not significant.

For successful hematopoietic stem cell transplantation only long-term repopulation precursors
are responsible for long-lived hematopoietic reconstitution [Morrison & Weissman, 1994;
Morrison et al., 2002]. Therefore, this population represents the pivotal subset of multipotent
cells for the generation of target gene deficient mice for the in vivo validation experiments
planned for this project. In accordance with published data, functional validation experiments
have identified the LSK cell subpopulation of CD150"8" CD48" HSC as a genetic determinant that

specifically regulates long-term engraftment in vivo.

CRISPR/Cas9-mediated target gene KO requires the expression of functional active Cas9
protein. Previously it was only demonstrated for total BMCs to express sufficient amounts of
the endonuclease. Therefore, the expression of Cas9 in Rosa26-Cas9 mouseline-origin LSK cells
and HSC was assessed, after NTC lentiviral transduction and selection in F-12 medium, via the
quantification of the eGFP signal that originates from the Cas9-P2A-eGFP polycistronic

transcript [Platt et al., 2014]. As a negative control for eGFP and Cas9 expression, untransduced
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LSK cells and HSCs from a C57BL/6-Ly5.1 mouse were sorted and analyzed in parallel (Figure
2.35 A and B). Almost all Rosa26-Cas9 LSK cells (99.4+0.3%) and HSCs (99.9+0.1%) were gated
positive for the Cas9 surrogate marker expression of eGFP (Figure 2.35 B). Thus, allowing the
presumption that the expression of the Cas9 endonuclease is stable in Rosa26-Cas9 LSK cells
and HSCs also during and after ex vivo treatments, important for the generation of sgRNA

transduction-specific KO of target genes.

Including IL-3 and SCF, a potential impact of the CM on stem cell differentiation had to be
assumed. IL-3 as well as SCF have demonstrated to have strong maturation effects on HSCs
[Robin et al., 2006; Rybtsov et al., 2014]. As demonstrated in a variety of previous experiments,
the CM pretreatment of BMCs and LSK cells is indispensable for achieving transduction
efficacies in primary cells, sufficient for the planned experimental settings.

Therefore, the phenotypic impact of 48 hours of CM pretreatment on SLAM marker expression
of BMCs was quantified in comparison to BMCs that were cultured ex vivo for 48 hours without
any cytokine treatment (ST group). Freshly isolated BMCs were used as a steady state control
group (Figure 2.35 D and E). A significant induction of proliferation by CM pretreatment
(p=0.0003) could be observed in LSK cells (Figure 2.35 D). For the LSK cell subpopulations HSCs
(p<0.0001), HPC-1 (p=0.0015), and HPC-2 (p=0.0002) significant increase in total cell number
was also detected in comparison to the fresh cell control group (Figure 2.35 E). CM
pretreatment did not induce any significant change (p=0.087) in the population size of MPPs
compared to the steady state.

Especially due to the significant increase of HSC proliferation in CM pretreated LSK cells (383+21
HSC cells) compared to the steady state (7949 HSC cells), the impact of CM pretreatment can
be evaluated as beneficial for the generation of target gene deficient bone marrow chimera

since it boosts the frequency of cells responsible for long-term engraftment.

Furthermore, it was quantified whether the established protocol for the transduction of total
BMCs could be applied to also transduce the BMC subpopulation of LSK cells (Figure 2.35 C).
Transduction protocol efficacy was calculated at 39% as the difference in cell viability between
untransduced LSK cells (74.6+7.6% live cells) and NTC lentivirus transduced LSK cells after 24
hours of puromycin selection (28.7+3.2% live cells). The harmful effect of lentiviral transduction

on LSK cell viability was assessed by omitting puromycin selection of transduced cells (53% live
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cells = 30% viability loss due to transduction). Efficient antibiotic selection of transduced cells

was validated by supplementing the medium of untransduced LSK cells with puromycin (2.4%

live cells).
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Figure 2.35: Validation of the established LSK transduction protocol for hematopoietic cell transplantation
A BMCs from Rosa26-Cas9 mice were lentivirally transduced with NTC sgRNA and Cas9-surrogate marker
expression of eGFP was assessed after selection via flow cytometry. Untreated BMCs from C57BL/6-Ly5.1 mice
were used as Cas9/eGFP negative control. B Percentage (depicted on the left y-axis) and absolute cell number
(depicted on the right y-axis) of eGFP* cells was quantified via the use of counting beads. C Viability of LSK cells
was assessed via flow cytometry after NTC lentiviral transduction and selection following the established short-
term transduction protocol for multipotent precursor cells in F-12 medium. Calculated transduction efficacy is
indicated. Impact of CM pretreatment on (D) LSK cells and (E) HSC, MPP, HPC-1, and HPC-2 was investigated via
flow cytometry. To this end, SLAM marker expression was detected 48 hours after isolation and ex vivo culture in
presence (CM) or absence (ST) of CM and compared to marker expression in freshly isolated BMCs. F Schematic
overview of the transduction protocol for LSK cells for in vivo experiment purposes with indicated timeline. Data

are plotted as mean + SD and calculated from technical triplicates. The statistical significance was assessed using
a two-tailed student’s t test. ns = not significant.

In summary, the technical specifications of the transduction protocol, initially established for

the transduction of total BMC, showed sufficient transduction efficacies also in the purified
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population of multipotent LSK cells. The necessity to maintain the undifferentiated status of
HSCs over the course of ex vivo treatment for transduction and selection required multiple
adjustments of the initial protocol, though. Mainly, temporal shortening of the selection
process, schematically summarized in figure 2.35 F, and the optimization of the ex vivo culture
medium composition provided the basis for this positive outcome. Combined with the findings
that CM pretreatment significantly upraises the number of long-term repopulation precursors
over their frequency in gold standard freshly isolated BMCs, provides an evidence-driven basis
for the conclusion that the established protocol for LSK cell transduction is fully sufficient for

the in vivo purposes of this project.

2.3.1.3 Validation of the established ex vivo HSC transduction protocol in vivo

Although the expression level of SLAM marker CD150 directly correlates with the reconstituting
potential of LSK [Oguro et al., 2013], it has also been shown that ex vivo treatment of HSCs can
cause drastic decline in early and late engraftment kinetics after hematopoietic reconstitution
of ablated recipient mice with these cells [Szilvassy et al., 1999]. These observed drops in
engraftment efficacy were found to be mainly connected to an impaired homing capacity of
clonogenic stem cells after ex vivo expansion. Homing describes a process, in which
intravenously (i.v.) transplanted stem and progenitor cells need to emigrate from the
peripheral blood stream to reach the bone marrow and find their niches to germinate. Total-
body irradiation of recipient mice depletes the bone marrow niche of most progenitor cells,

which creates room for the transplanted donor stem cells [Duran-Struuck & Dysko, 2009].

Additional to the observed impaired capacity of ex vivo treated cells for stem cell homing and
long-term engraftment, the proportion of i.v. injected donor cells homed in the recipient bone
marrow niche has been reported as extremely low in general [Zhan & Zhao, 2008]. Due to the
reported occurrence that organs, such as lung and liver, capture the majority of i.v. injected
cells, only a fraction of the initially transplanted cells can even deploy their reconstituting
potential in the bone marrow niche of the host [Szilvassy et al., 1999].

In other studies donor HSCs were transplanted directly into the recipient bone marrow cavity
via intra-femoral (i.f.) injection, thus bypassing and minimizing the captive behavior of lung and
liver and consequently increasing the efficacy of donor cell engraftment [Kushida et al., 2001;

Zhong et al., 2002].
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The performance of an in vivo pilot experiment (Figure 2.36) therefore served two purposes:
to investigate whether ex vivo transduction and selection of LSK cells does impair the long-term
engraftment capacity of the cells in vivo, independently of their in vitro SLAM marker
expression. To find optimal conditions for the hematopoietic cell transplantation and
engraftment for the planned in vivo experiments of this project. To this end, a strategy was
established to obtain both, a technical enrichment of the HSC frequency in the population of
transplanted cells and a transduction independent possibility for upscaling the number of BMC
to support the injected stem cells with initial engraftment.

A purified population of Cas9* multipotent LSK cells, sorted from total Rosa26-Cas9 BMCs, was
used for the induction of target gene-specific CRISPR/Cas9-mediated KO or NTC control
transduction (Figure 2.36, left-hand side). It had been shown in previous studies that a cell
number as low as five CD150" CD48 HSC is sufficient to give long-term myeloid and lymphoid
reconstitution to 93% of recipient mice [Oguro et al.,, 2013]. To compensate documented
quality losses in the biological function of ex vivo transduced stem cells, it was decided to
transfer a total number of 2 x 102 HSCs per recipient mouse, thus exceeding the reportedly
sufficient transplant cell number by the times of forty. In accordance with the results from the
establishment of the F-12 short-term protocol (Figure 2.33), the frequency of HSCs in the
population of LSK cells was stabilized at almost 10% on average after lentiviral transduction and
selection. Consequently, the injection of 2 x 10° LSK cells statistically results in a co-
transplantation of 2 x 10? HSC. Compared with the average percentage of 0.001% HSCs in fresh
total bone marrow [Harrison et al., 1993], this allows to reduce the initial amount of cells which
need to be transduced to generate 2 x 10% KO HSC by 99.99%. Thus, this engraftment strategy
also helped to dramatically reduce the costs for lentiviral particles and therefore circumventing
the financial limitations of this project.

Independently of the HSC injection side, the stem cells require time to engraft, proliferate and
differentiate into the diverse hematopoietic lineages. Therefore, it is essential for the survival
of the recipient-mice during the early stages after total-body irradiation and cell
transplantation, to co-inject mature hematopoietic progenitors and BMCs of short life to
support the long-term engraftment of the transplanted HSC [Duran-Struuck & Dysko, 2009]. To
make sure that the myeloid compartment of the recipient mice lacks the gene of interest after

full transplant engraftment, the injected supporter cells have to be largely depleted of long-
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term repopulation competent cells. To this end, LSK cells, as the mother population of all
murine multipotent cells [Oguro et al., 2013], were technically removed by cell sorting from
donor CD45.1* C57BL/6-Ly5.1 BMC (Figure 2.36, right-hand side). The combination of mature
Lineage* BMCs and mature hematopoietic progenitor cells (Lineage Sca-17) was used as short-

lived target gene-proficient supporter cells.
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Figure 2.36: LSK cell engraftment strategy for the generation of target gene-deficient recipient mice

Left-hand side of the image: Five days before cell transplantation, CD45.2* Cas9-proficient eGFP* BMCs were
isolated from Rosa26-Cas9 donor mice. The BMC subpopulation of multipotent Lineage™ Sca-1* c-Kit* cells was
isolated from total BMCs via fluorescence activated cell sorting. Following the established transduction protocol,
NTC transduced LSK cells were generated ex vivo. Right-hand side of the image: On the day of transplantation,
BMCs were isolated from CD45.1* Cas9-deficient eGFP" C57BL/6-Ly5.1 donor-mice. Using cell sorting, the
multipotent hematopoietic stem cells were depleted from donor CD45.1* cells and mature Lineage* BMCs along
with mature Lineage™ Sca-1" hematopoietic progenitors were enriched as target gene-proficient (WT) supporter
cells. Image center: On the day of transplantation, CD45.1* Cas9-deficient eGFP~ C57BL/6-Ly5.1 recipient-mice
received total-body irradiation to ablate the host myeloid cell compartment. Transplantation of donor cells was
performed either via intravenous (i.v.) injection of both, NTC transduced LSK cells together with WT supporter
cells, or by injecting the supporter cells intravenously while NTC transduced LSK cells were injected in the bone
marrow cavity of the recipient mice intra-femorally (i.f.).

For the pilot experiment, CD45.2* Cas9* eGFP* LSK cells were transduced and selected following

the established short-term F-12 protocol with NTC sgRNA lentiviral particles. On the day of
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injection, a control experiment was performed to analyze the composition of NTC transduced
LSK cells, used for transplantation, via flow cytometry (Figure 2.37). Not surprisingly, compared
to gold standard fresh BMC (18.17+£1.21%), the transduced and selected LSK cells showed as
significant decrease (p=0.0003) in the frequency of HSCs (8.16+0.77%) (Figure 2.37 B).
Nevertheless, the overall composition of transduced LSK cells showed a stable population of
CD150Me" HSCs, pivotal for long-term engraftment kinetics (Figure 2.37 A and C). Based on this
quantification data, the injection of 2 x 10% transduced LSK cells comprised 1.63 x 10? CD45.2*
HSCs. Based on the scientific recommendation to co-inject a frequency of 2 x 10° to 5 x 10°
mature ‘helper’ cells per recipient mouse [Duran-Struuck & Dysko, 2009], it was decided to
inject a population of 2 x 10° CD45.1* supporter cells. This population was composed of 1.94 x
10° mature Lineage* BMCs and 6.4 x 10° mature Lineage Sca-1" hematopoietic progenitor cells
(Figure 2.37 D and E).

Irradiated CD45.1* C57BL/6-Ly5.1 recipient-mice were divided in two groups, six mice per
group. Both groups received the same amount of NTC transduced LSK cells and LSK cell
depleted supporter cells. One group, however, was injected with the combination of NTC
transduced LSK cells and WT supporter cells intraveneously. The other group received only the
supporter cells via the tail vein, while the LSK cells were injected directly into the bone marrow

cavity via intra-femoral injection (Figure 2.36, image center).
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Figure 2.37: Pheotypic validation of injected cells for in vivo pilot experiment

The sorted BMC subpopulation of multipotent Lineage™ Sca-1* c-Kit" cells was isolated from total CD45.2* Cas9-
proficient eGFP* BMC of Rosa26-Cas9 donor mice. A After transduction and selection, LSK cells were analyzed for
SLAM marker expression via flow cytometry. As a control LSK cells were sorted from freshly isolated BMCs. Contour
plots shown for each group. Depicted histograms represent detected signals for CD48 (parallel to x-axis) and
CD150 (parallel to y-axis) for freshly isolated (blue) and NTC transduced LSK cells (orange) in relation to FMO
control (dark grey). B Quantification of HSC-specific marker expression. Data are plotted as mean + SD and
calculated from technical triplicates. The statistical significance was assessed using a two-tailed student’s t test. C
Summarizing overview of LSK subpopulation composition in the experimental groups. Data calculated from
technical triplicates. Summary of transplant cell composition, from CD45.2* LSK and CD45.1* supporter cells, as
percentage (D) and absolute cell number (E) referring to cells injected in each CD45.1* C57BL/6-Ly5.1 recipient
mouse.

Four weeks after LSK cell injection, the engraftment efficacy was tested in peripheral blood of
the recipient mice via flow cytometry (Figure 2.38). For one out of six mice that received the
LSK cells combined with supporter BMCs intraveneously, 21.9% of CD45.2* cells were detected
in the blood. The remaining mice of this treatment group, as well as all the intra-femorally
injected recipient mice, showed engraftment efficacies of less than 1% (Figure 2.38 A, B and C).
Further analyses revealed an average proportion of 55% CD3* T cells of the remaining CD45.1*
host cells (Figure 2.38 D) while the population of donor CD45.2* CD11b* cells is distributed
along the hematopoietic course of differenciation and shows 58.1% granulocytes, 37.2%
monocytes, and 1.14% fully differentiated macrophages (Figure 2.38 E). Thus, proving that ex
vivo transduced and selected LSK cells have the potential to engraft in irradiated recipient mice

and are still capable to differentiate into various subsets of hematopoietic cell types [Nivison-
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Smith et al., 2016]. Apparently, the direct injection of LSK cells into the bone marrow cavity via
intra-femoral injection did not result in an advantage for transplant engraftment in comparison
to intra-venously injected LSK cells.

In general, the result of only one out of twelve mice showing a clear engraftment of injected
donor cells illustrates the necessity to further optimize the transplant acceptance. However, it
has to be taken into account that, according to the literature, four weeks after injection of a
small population of 163 HSCs, the engraftment efficacy can be expected to be still rather low
[Oguro et al., 2013]. Therefore, it is planned to keep a close check on the course of CD45.2* cell
engraftment for a total of four months to be able to finally evaluate the validity of the
established ex vivo LSK cell transduction protocol for the generation of target gene-deficient

chimeric recipient mice.
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Figure 2.38: Engraftment check four weeks after LSK cell injection

Four weeks after LSK cell injection, peripheral blood was drawn from recipient mice and analyzed via flow
cytometry. Gating strategy can be found in supplementary data (5.2.4). A Distribution of CD45.1* and CD45.2*
leukocytes in the blood of intra-veneously (i.v.) or intra-femorally (i.f.) injected recipient mice. Data are plotted as
mean £ SD. B Depiction of the highest engraftment efficacy obtained for both injection methods as contour plot
and as bar chart (C). D Presentation of the percentage of CD3* T cells of CD45.1" host and CD45.2* donor cells. E
Depiction of hematopoietic cell types originated from injected NTC sgRNA transduced CD45.2* HSCs.
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3 Discussion

Even though the perception that the immune system can recognize and control tumor growth
can be traced back to the 19t century, only in recent decades a vast improvement has been
made in the understanding of how cancer cells evade the immune system. This, in turn, offered
new ways to address the immune system for therapeutical approaches [Yang Y., 2015].

Consequently, tremendous clinical success was achieved in the past ten years by immune check
point blockade, using blocking antibodies to cytotoxic T lymphocyte antigen-4 (CTLA-4),
programmed cell death 1 pathway (PD-1/PD-L1), and by the use of chimeric antigen receptor
(CAR) T cells. These immune therapeutic approaches can be utilized to tip the balance in favor
of the immune system in the elimination of cancer cells and demonstrated significant anti-
tumor activity, including durable responses over several years, in a broad spectrum of solid and
hematological malignancies [Yang Y., 2015; Ott et al., 2017]. Despite this unprecedented gain
for cancer therapy, the monotherapeutic approach via checkpoint inhibitors only shows a
maximum response rate of 20% in various tumor entities, including common breast, colon, and
prostate cancer types [Ott et al., 2017]. Additionally, effective responses are mainly limited to
T cells and therapeutic approaches only show efficacy in cancers with high tumor mutational

burden and a high rate of tumor-infiltrating T cells [Stower, 2019; Popovic et al., 2018].

In the aim of shedding light on the mechanisms contributing to the non-responsiveness of
certain tumors to immune checkpoint therapy, various studies have been carried out. As a
consensual conclusion from these studies, a significant correlation rate between high tumor-
infiltration of myeloid cells, such as TAMs and neutrophils, and poor prognosis in most solid
tumors could be drawn [Cassetta & Kitamura, 2018; Gentles et al., 2015]. With the immune
system becoming a center of attention for novel anti-cancer therapy approaches, so also the
awareness was obtained that solid tumors not only comprise malignant cells, but also many
other non-malignant cell types, including a plethora of immune cells, which, in their entirety,
constitute the tumor microenvironment [Pollard, 2004]. Within the TME, myeloid cells,
especially MDSCs and TAMs, represent the most abundant immune cell type bearing
responsibility for the major mechanisms by which tumors evade elimination by the immune
system. These mechanisms include the downregulation of components of antigen presentation
(e.g. MHC Il), the secretion of immunosuppressive cytokines (e.g. IL-10 and TGF-) as well as

the upregulation of ligands for inhibitory receptors that downregulate cytotoxic T cell activity
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against cancer cells (e.g. PD-L1) [Yang Y., 2015]. Covering all these relevant immunosuppressive
characteristics and accounting for up to 50% of total tumor mass in various tumor entities, TAM
frequency and phenotype have become promising prognostic biomarkers and therapeutic

targets in the clinic [Morantz et al., 1979; Tu et al., 2014; Yang, Y., 2015].

Promising TAM-based studies have been conducted utilizing the pharmacological inhibition of
the CSF1R [Ries et al., 2014], the phosphoinositide 3-kinase y (PI3Ky) [Kaneda et al., 2016], and
of class lla histone deacetylase (HDAC) [Guerriero et al., 2017] for cancer immunotherapy. The
outcome of these studies not only gives evidence for the significant impact of the induction of
a phenotypic switch of TAMs toward the pro-inflammatory M1-like character on the course of
tumor diseases but also indicates the targeting of TAMs as a potential strategy to enhance the
response to immune checkpoint inhibitors [Cassetta & Kitamura, 2018]. Despite these findings,
specific druggable targets, particularly for small molecules, the inhibition of which promotes

the pro-inflammatory macrophage phenotype, are largely lacking [Cassetta et al., 2019].

The present work describes a novel CRISPR/Cas9-based screening approach in primary cells for
the unbiased identification of those myeloid cell targets for potential cancer

immunotherapeutic approaches.

3.1 Invitro CRISPR/Cas9-based focused screen

This work establishes the feasibility of in vitro focused CRISPR/Cas9-based screening to identify

and validate novel targets with a role in the immunosuppressive state of the TME.

3.1.1 Experimental setup for the screening platform

Murine primary monocytes were used as screening cell system. Since published data suggests
that, in general, the recruitment of circulating monocytes is essential for the accumulation of
TAMs [Franklin et al., 2014], this cell system, based on TAM progenitors, provides the most
accurate recapitulation of immune cell biology, including key signalling pathways and effector

functions.
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Utilizing monocytes isolated from the bone marrow of mice, engineered to constitutively
express high levels of enzymatically active Cas9 protein in the BMCs [Platt et al., 2014],
facilitated this screening approach. Therefore, a single transduction of lentivirally packaged
sgRNAs was sufficient to carry out the CRISPR/Cas9-based screen in accordance with a similar

approach conducted by [Parnas et al., 2015] for primary dendritic cells.

Further modalities, which supported the feasibility of the complex settings of this screening
approach, were conditioned by the standardized protocols applicable in an in vitro setting. By
using a scientifically approved protocol for the polarization of bone marrow derived
macrophages, the cells were exposed to distinct cytokine combinations of IFN-y and LPS, or IL-
4, which are also responsible for macrophage polarization in vivo [Ishizuka et al., 2012; Huang
et al., 2018]. Tul cells produce IFN-y [Mosser & Edwards et al., 2008] and Tu2 cells produce IL-
4 [Martinez et al.,, 2009]. Working in vitro, however, minimizes influential factors on
macrophage biology and restricts them to standardized conditions which consequently allowed

the study and characterization of polarization mechanisms in an unbiased approach.

In response to the treatment with the combination of IFN-y and LPS or exclusively IL-4,
polarized macrophages showed an expression pattern of surface markers as well as cytokine
and chemokine secretion which strongly correlates with a pro-inflammatory,
immunostimulatory or anti-inflammatory, immunosuppressive phenotype, respectively.
Utilizing RNA-sequencing analysis, it could be shown that both polarization treatments resulted
in the generation of two significantly distinct macrophage phenotypes. Comparing the top
1,000 genes, representing the highest transcriptional activity for each polarization group, no
overlap was found. On the contrary, among these top 1,000 genes, almost without exception,
all the marker genes could be found which encode for proteins that are assigned to the
functional phenotype of immunostimulatory and immunosuppressive macrophages according
to scientific publications [Jablonski et al., 2015; Mantovani et al., 2017]. This comprises, for IFN-
y and LPS polarized macrophages, genes coding for the secretion of large amounts of the
cytokines IL-1B, IL-6, IL-123, and TNF-a which are involved in the antigen-specific Tyl and Ty17
cell inflammatory response [Arnold et al., 2014]. Further genes code for the T cell co-
stimulatory molecules CD80 and CD86 and the characteristic inflammatory chemokines CCL2,

CCL3, and CCL5 [Ruytinx et al., 2018]. By contrast, the transcriptome of IL-4 polarized
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macrophages exhibited the strongest transcriptional activity for genes coding for the specific
markers CD163, Arginase 1, Fizz1, Ym1 as well as the chemokines CCL17, 22, and 24. Properties,
related to the stimulation of angiogenesis, suppression of adaptive immunity, and promotion
of cancer growth and metastasis [Hao et al., 2012].

All these findings were further supported by numberous in vitro experiments assessing the
expression of phenotype-characteristic markers also on the protein-level using flow cytometry
and ELISA. Thus, excluding the possibility of post-transcriptional modifications affecting the
ultimate phenotype of macrophages in response to polarization treatment [Carpenter et al.,
2014].

In a series of in vitro assays, investigating the functional phenotype of macrophages in response
to the polarization treatments, several key features of activated macrophages, attributed to
their specific phenotypes, were recorded. These key features include the pronounced capacitiy
of IFN-y and LPS polarized BMDMs to induce cytotoxic T cell proliferation and activation and
the expression of high levels of ROS effector molecules [Mantovani & Locati, 2013]. On the
other side, IL-4 polarized macrophages revealed an increased phagocytic activity which is
related to the anti-inflammatory effector functions of this phenotype [Gazi & Martinez-
Pomares, 2009].

In response to the polarization treatment, a significant shift in the expression pattern of the
molecules MHC Il and CD206 could be observed. While BMDM treatment with IFN-y increased
the expression of MHC Il [Giroux et al., 2003], IL-4 polarization resulted in elevated levels of
CD206. This allowed a simplified differentiation of the macrophage phenotype, via two cell
surface markers, into two distinct populations. Published data supports the consideration that
these surface proteins are not markers, randomly chosen by an artificial upregulation in
response to cytokine polarization treatments, but significantly correlate with the functional
phenotype of the expressing cells. [Wang et al., 2011] identified a positive correlation between
tumor progression and the transition from TAMs with high abundancy of MHC Il surface-
molecules to MHC Il expressing macrophages. Also the expression levels of the mannose-
receptor CD206 have been associated with an immunosuppressive, pro-tumorigenic
phenotype [Jaynes et al., 2020] which is also linked with key features of IL-4 polarized
macrophages like increased phagocytic activity [Gazi & Martinez-Pomares, 2009]. In the course
of this work, it has also been found that the investigated key features, characteristic for the

respective macrophage phenotype, significantly correlate with the expression levels of MHC ||
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and CD206. Consequently, the surface marker abundancy could be used as readout basis for
the CRISPR screen, providing a direct link between the loss of target gene-function and its
impact on the macrophage phenotype.

In general, the categorical model of M1- and M2-phenotypic macrophages is considered to be
an obsolete nomenclature. Especially since the oversimplified classification does not
adequately reflect the in vivo-conditions of macrophage activation states and, even less, covers
the increased molecular complexity prevalent in the context of a TME [Ransohoff et al., 2010].
Within this work, the terminology of M1 macrophages is used for BMDM s polarized with IFN-y
and LPS and M2 for IL-4 polarized cells. This was done in an attempt to streamline the
multidimensional continuum of macrophage activation states towards a two-dimensional
model to be able to focus on specific aspects to identify a first set of promising target genes.
Always in awareness of the fact that this only allowed to map a fraction of the ongoing
regulative mechanisms relevant in an in vivo setting, the project included a validation phase of

potential targets in vivo.

In the course of this work, the identification of potential target genes was assessed via a
CRISPR/Cas9-based screening which, according to the results of various scientific studies,
improves on the efficacy, accuracy, and specificity to the genomic target in comparison to RNAi-
based screening approaches [Smith et al., 2017; Doench, 2018]. The complete CRISPR/Cas9-
mediated KO of the gene of interest, rather than the partial expression reduction as achieved
by RNAI, enables the evaluation of target gene-sepcific effects on macrophage biology in an
adjusted way of significantly enriched purity [Wucherpfennig & Cartwright, 2016; Doench,
2018]. Furthermore, successfully conducted CRISPR/Cas9-based screenings in primary immune
cells revealed this to be a feasible approach leading to the identification of targets of significant

impact on the study-specific research criteria [Parnas et al., 2015; Chu et al., 2016].

For the performance of the focused CRISPR screen, the transduction of BMCs was indispensable
to induce pooled target gene KOs in the murine primary cells. In the course of the established
transduction protocol, the pretreatment of the cells with a CM has proven to be obligatory to
obtain transduction efficacies sufficient for the experimental setting. This positive effect of the

CM on the transduceability of BMCs, can mainly be attributed to the induction of proliferation

97



Discussion

in the otherwise quiescent pimary cells which eases the infection of the target cells with the
lentivirally packed sgRNAs [Bunting et al., 1998].

Using RNA-sequencing and a series of in vitro assays, it was shown that the culturing of BMCs
with the CM, previous to transduction, does not lead to a significantly altered functional
phenotype after differentiation and polarization compared to BMDMSs which arose from freshly
isolated BMCs. Approximately 150 of 200 most highly expressed genes in any polarization
condition (M1 or M2) were found to be shared between CM pretreated and freshly isolated
BMCs. This was further supported by comparing the DEGs in both groups of BMC origin showing
expression changes in both groups for the same markers for M1 (CD80, CD86, IL-1B, IL-6, IL-
123, TNF-a, NOS2, CCL3, CCL4, and CCL5) and M2 (CD163, Arginase 1, Ym1, Fizz1, CCL17,
CCL22, and CCL24) in response to the respective polarization treatment after differentiation.
Also the functional capacity of the M1-polarized macrophages did not show any impairments
to induce cytotoxic T cell proliferation and activation in response to the CM pretreatment.
Based on these results, it was considered that cytokine mix pretreatment of murine primary
BMCs does induce proliferation but not differentiation and therefore does not artificially skew

the cell phenotype before induced target gene KO can come into effect.

3.1.2 Results of the focused CRISPR screening in primary cells

The tyrosine-protein phpsphatase non-receptor type 6 (PTPN6) has been one of the top ranked
targets [rank 3 (mean log, FC=0.1422) in the hitlist for M1 polarization conditions, rank 1 (mean
logx FC = 0.1675) in M2 polarization conditions] of the conducted screen (figure 2.27). PTPN6
has already been shown to be involved in regulative pathways of macrophage polarization
[Nandan et al., 2002; Sica & Mantovani, 2012] and the deletion of its molecular sibling, PTPN2,
in tumor cells has currently been identified to increase the efficacy of cancer immunotherapy
[Manguso et al., 2017]. Nonetheless, the impact of PTPN6 on TAMs further stays to be
elucidated in the context of the TME.

Besides some other targets being already under further scientific investigation for their role in
macrophage polarization and cancer immunotherapy (CSF1R, CXCR2) [Stanley & Chitu, 2014;
Dyer et al., 2017], valid data was found for all identified top targets in the present focused
CRISPR screen, indicating a potential role of the respective gene in TAM polarization. Thus,

confirming the validity of the described screening approach. Therefore, further identified
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genes, showing a lower level of already published scientific knowledge than PTPNG6, appear to
be promising targets. The transcription factor MAF, for example, has proven to serve as a
molecular switch for the pro-inflammatory phenotype of macrophages [Kikuchi et al., 2018].
First in vitro analyses, performed by the authors, with MAF-deficient macrophages suggest that
MAF determines the macrophage phenotype independently of M1 and M2 polarization.
Nonetheless, no published studies have aimed to investigate the role of the transcription factor
in macrophage polarization under the multifactorial impact of the TME in vivo. The selective
perspective of in vitro assays might result in biased conclusions about the impact of MAF on
the TAM immunophenotype. Furthermore, the fact that MAF was found in the CRISPR screen,
highlights its effect on the macrophage phenotype also in vitro, irrespective of the phenotypic
markers investigated by the authors (NOS2, IL-1B, TNF, Arg1, Fizz1, Ym1).

Even though scientific knowledge also indicates a relevant role of a VRK2 and CLEC12A KO for
the TAM phenotype in terms of increased production of M1-like pro-inflammatory cytokines [Li
et al., 2019] and diminished expression of pro-angiogenic M2-like factors as well as reduced
invasion of tumor cells [Blanco et al.,, 2007; Vazquez-Cedeira & Lazo, 2012], further
investigations, unraveling the significance of VRK2 and CLEC12A for TAM-based
immunotherapeutic approaches, are lacking.

Furthermore, it will also be taken into account that genes, that were not found to be under the
top five targets of the CRISPR screen, might play an important role for macrophage polarization
as well. As indicated by the ranking position of 17 for sgRNAs targeting Tnfaip3, a gene which
could already show significant macrophage repolarization capacity in vitro, further promising
targets might be found in the top 20 list of target genes.

The performed screening approach also resulted in the identification of target genes that are
potentially involved in the polarization of M1-phenotypic pro-inflammatory macrophages (e.g.
Clec4e, Syk and Btk from table 2.1 right-hand side). Consequently, the further investigation of
these genes to study and characterize their role in diseases of chronic inflammation and
autoimmune disorders might provide potential targets for immunotherapy [Smilek et al., 2014;
Ma et al., 2019]. Since this is not the focus of this project, target gene validation can be followed

in another undertaking utilizing the experimental setup established and applied for this project.

In general, the reliability and robustness of the screen was validated via control sgRNAs

targeting technical (Mrc1) and biological control genes (e.g. Csfl1r and Stat1). Thus, verifying

99



Discussion

the sufficient capacity of the screening system to translate target gene-mediated alterations in
biological mechanisms, involved in macrophage polarization, into altered expression patterns
of the readout markers MHC Il and CD206 [Stanley & Chitu, 2014; Sharma & Larkin, 2019].
Expression patterns which have already been validated to be appropriate surrogate markers
for the immunostimulatory (MHC 1I"&" CD206'°%) or immunosuppressive (MHC [I'®" CD206"g")
phenotype of macrophages, respectively.

Assessed via generally recognized criteria for differential expression analysis, the log, FC values
obtained in the conducted screen, representing the impact of the target gene KO on the arising
BMDM phenotype, were rather low [Anders & Huber, 2010; Haynes et al., 2013]. According to
pertinent literature, the biological variation in the reference data is crucially important for the
outcome of the statistical methodologies applied for differential expression analysis [McCarthy
et al., 2012]. As revealed from single-cell RNA sequencing (scRNA-seq) approaches, conducted
to deconvolute genetic heterogeneity in an unbiased way, the molecular variety of developing
primary cells ranges from single nucleotide-polymorphisms (SNPs) to diverse immunoglobulin
sequences for cells of the same origin [Papalexi & Sataija, 2017]. Thus, describing the biological
variance within the population of primary BMCs to be broad and unpredictable. Consequently,
primary cells generally bear the potential to significantly impact the results of differiential
expression analyses due to their molecular heterogeneity which might lead to diluted readout
effects assessed via FC values. It can be considered highly probable that these effects also
biased the observed low log; FC values for the analyzed target genes in the current CRISPR
screen. This is further supported by the fact that even for the technical control sgRNAs,
targeting the readout-marker CD206 (Mrc1), rather low mean log, FC values (0.4504 for M1-
polarized condition and 0.3538 for M2-polarized condition) were detected. Nonetheless,
studies have revealed that primary cells, despite their strong genetic heterogeneity, still
represent the most suitable screening model when it comes to the study of intratumoral
mechanisms in the TME since they mirror the relevant biological mechanisms more closely
compared to cell lines [Lee et al., 2006]. Consequently, promising target genes have been
identified within the outlines of an analytical window defined by the log, FC values obtained for
technical (Mrc1) and biological (Stat1 and Csflr) control genes, in the course of this screening
approach.

To further create options to validate the robustness of the screen, the performance of

additional screens in the same setting as described above is planned. Serving as technical
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replicates, the comparison of technical reproducibility will be possible. Furthermore, the
inclusion of control sgRNAs, targeting essential and non-essential genes, might serve as a
control for the robustness of Cas9 activity throughout the screen as well as for the quality of

sample processing and analysis after screening [Doench, 2018].

3.1.3 In vitro validation of screening hits

For the aim of verifying the impact of the screening hits on macrophage polarization on a
descriptive and a functional level, an extensive protocol has been established. To validate the
functionality and reliability of the protocol, tumor necrosis factor a-induced protein 3
(TNFAIP3), one of the top screening hits from the whole genome screen, performed in human
THP-1 cells by our cooperation partner Anna Montebaur, was used as a positive control. The
relevance of TNFAIP3 for macrophage polarization towards the anti-inflammatory M2
phenotype has already been proven [Shembade & Harhaj, 2012; Mohebiany et al., 2019]. Thus,
TNFAIP3 KO-mediated results were expected to represent the upper maximum of the
experimental scala implemented by the validation protocol to assess the M2-to-M1 phenotypic
switch.

According to the literature, TNFAIP3 KO induces strong immunostimulatory effects in myeloid
cell populations including macrophages [Das et al., 2018]. These effects were found to be
related to the induction of strong (auto-)inflammatory responses in vitro and in vivo [Shembade
& Harhaj, 2012; Das et al., 2018]. In conformity with published findings from [Matmati et al.,
2011], the CRISPR/Cas9-mediated KO of TNFAIP3 in murine primary cells was characterized by
increased mMRNA expression levels of the proinflammatory cytokines IL-1B, IL-6, IL-12p40, and
TNF-a irrespective of the polarization conditions (M1 and M2). Focusing on the polarization
conditions with IL-4, a significant downregulation of the M2-associated marker CD206 along
with the simultaneous upregulation of the M1-marker MHC Il was observed. In consideration
of all the previous experiments, proving a direct correlation of the MCH [I-CD206 expression
pattern with the phenotypic character of BMDMs, these results reveal not only the blockade of
M2 polarization in TNFAIP3-deficient macrophages, but also indicate the induction of a
phenotypical repolarization of M2-polarized macrophages towards the pro-inflammatory M1

phenotype.
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To further validate the TNFAIP3 KO effects in BMDMs on a functional level, target gene-
deficient macrophages were co-cultured with primary T cells. A significant increase in the total
number of CD3* T cells as well as an increase of cytotoxic CD8* T cell proliferation and activation
was quantified when co-cultured with TNFAIP3-deficient macrophages under M2-polarization

conditions. Thus, indicating a strong immunostimulatory effect in response to target gene KO.

Furthermore, a significantly increased MHC Il expression was detected under M1-polarization
conditions along with a general transcriptional upregulation of M2-related marker genes (Argl
and Ym1), irrespective of polarization treatment (M1 and M2). Described molecular
mechanisms indicate, that this might be due to the induction of negative-feedback regulation
by already high MHC Il expression. Thus, maintaining a balance between pro- and anti-
inflammatory effector function to prevent excessice inflammatory responses [Harding & Boom,
2010]. This assumption also goes in line with the observations that PD-L1 expression was
significantly upregulated in TNFAIP3-deficient BMDMs under |L-4 polarization while the total
number of CD3* T cells was found to be significantly decreased upon co-culture with TNFAIP3
KO M1 BMDMs. In both cases regulatory effects might have caused compensating reactions to
maintain cellular homeostasis [Kotas & Medzhitow, 2015]. While an upregulation of PD-L1 in
response to exuberant activation of antigen-presenting macrophages might help to keep the
balance between innate and adaptive immune cell activity [Lu et al., 2019], the constant
hyperstimulation of T cells by TNFAIP3-deficient M1 BMDMs might lead to activation-induced
cell death (AICD) to maintain peripheral immune tolerance [Kabelitz & Janssen, 1997; Green et
al., 2003]. Either way, the collected data suggests a strong immunostimulatory effect due to
TNFAIP3 KO in murine macrophages, strong enough to also endure during polarization
treatments inducing immunosuppressive characteristics under target gene-proficient

conditions.

In sum, the verified impact of the TNFAIP3 KO on the myeloid cell phenotype not only
recapitulates the pro-inflammatory effects already described in the literature but even expands
them on a functional level indicating also an immunostimulatory effect. Therefore, the
established validation protocol provides an ideal basis to detect phenotypic alterations inducing
a pro-inflammtory and immunostimulatory shift due to genetic loss of function. Since the

obtained results for the respective validation experiments in no case exceeded the detection
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limit of the experiment, target gene effects, even exceeding the impact of TNFAIP3 KO, can be
detected in this experimental setting. Accordingly, the in vitro validation of the top target genes
from the murine focused CRISPR screen are planned for this project to narrow down the target
list to the most promising genes inducing an immunophenotypic shift in macrophages towards
the M1 phenotype. This will also include further promising genes found among the top 20
targets of the screen. To further investigate on the capacity of the top genes, to serve as
therapeutically approachable targets, the utilization of already available small molecule
inhibitors, e.g. for PIM-1 [Horiuchi et al., 2016] and CXCR2 [Uddin et al., 2017], will be

considered.

3.2 Invivo system for target identification and validation

By representing a diverse network of malignant cells, but also many other non-malignant cell
types, soluble factors and components of the extracellular matrix as well as stromal,
endothelial, and immune cells, the multidimensional complexity of the TME cannot be
modelled by any current biomolecular technical possibilities [Pollard, 2004]. Thus, target gene
identification on the basis of ex vivo cell culture experiments is always limited in the significance
of validity for representing unequally more complex in vivo conditions. Furthermore, it is known
that the plasticity of macrophage activation states is a very sensitive continuum, essential for
the maintenance of the balance between pro- and anti-inflammatory innate immune reactions
[Mantovani & Sica, 2010; Soave et al., 2016]. The elimination of a genetic function out of this
highly complex interactive homeostatic system might result in severe immunological
consequences which cannot be anticipated from the isolated approach provided by an in vitro
experiment [Zinngrebe et al., 2016]. Therefore, to fully assess the impact of promising target
genes for cancer immunotherapy, the KO-induced effects must be verified in the context of the

TME in an in vivo approach.

3.2.1 Establishment of an in vivo system for screening hit verification

The generation of bone marrow chimeric mice is a valuable tool to dissect a variety of aspects
for the verification of potential target genes in vivo [Machein & Plate, 2014; Laflamme et al.,

2018]. After BM transplant, two types of progenitors reconstitute the recipient’s immune

103



Discussion

system: short-term and long-term hematopoietic cell progenitors [Duran-Struuck & Dysko,
2009]. While the short-term precursors disappear about three months after transplantation in
mice [Morrison & Weissman, 1994], the long-term repopulation precursors are responsible for
long-lived hematopoietic reconstitution [Morrison et al., 2002; Duran-Struuck & Dysko, 2009].
According to [Oguro et al., 2013], the SLAM familiy markers CD150 and CD48 can be used to
differentiate the population of multipotent LSK cells into functionally distinct subpopulations
of progenitor cells with varying potential for self-renewal and long-term engraftment. Applying
this marker strategy, the subpopulation of HSCs can be identified as LSK cells which are CD150*
CD48 [Kiel et al., 2005; Kiel et al., 2008]. Even though HSCs have showed the greatest capacity
for long-lived hematopoietic reconstitution [Duran-Struuck & Dysko, 2009], multiple in vivo
experiments have demonstrated that the self-renewal potential and the ratio of
myeloid/lymphoid cells generated upon HSC transplantation into irradiate mice can show large
heterogeneity [Beerman et al., 2010; Morita et al., 2010].

Therefore, the capacity of LSK cells and HSCs to induce stable long-term engraftment after ex
vivo lentiviral transduction and puromycin selection was validated specifically for the
established protocol of this project. To this end, a FACS-sorting strategy, to isolate multipotent
LSK cells from bulk BMCs, has been established and a steady sorting yield of approximately
151,000 LSK cells per mouse was obtained. The stable expression of Cas9 endonuclease has
been validated in almost 100% of LSK cells and HSCs which provides the basis for CRISPR/Cas9-
mediated genetic screening. In the course of the establishment of an ex vivo treatment protocol
for multipotent hematopoietic cells, it was found that ex vivo culture of the cells by itself but
not the lentiviral transduction does induce HSC differentiation into HPCs with restricted or
missing engraftment capacity [Oguro et al.,, 2013]. In the aim of stabilizing the LSK cell
supopulation of HSCs for the duration of ex vivo treatment, a temporally shortened
transduction and selection protocol with optimized medium conditions was applied. Ex vivo
culture time was reduced by four days, by starting the selection process for successful
transduction earlier and reducing the selection period. To minimize the induction of HSC
differentiation by external stimuli, a protocol by [Wilkinson et al., 2019] was adapted to
function in combination with the already established transduction protocol. The utilization of
these adaptations for the ex vivo treatment of LSK cells resulted in a stable subpopulation size
of 8-9% HSCs which represents an average loss of 10-20% in HSC population due to ex vivo

treatment compared to freshly isolated LSK cells [Schoedel et al., 2016]. As it was suggested by
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several scientific studies, the self-renewal and reconstituting potentials of HSCs positively
correlate with their expression levels of CD150 [Morita et al., 2010]. This further strengthens
the validity of the established protocol since the mean signal intensitiy for CD150 expression in
the transduced and selected HSCs did not differ from freshly isolated cells.

This also goes in line with the conclusive performance of transduced LSK cells in a colony-
forming unit assay. Here the ex vivo treated cells showed a clonogenic potential, as predictive
value for a strong self-renewal potential [Wiley & Yeager, 1991], which was similar to the one
from freshly isolated LSK cells. The medium formulation of the CFUA was chosen to assess
especially the clonal activity of myeloid progenitors. Thus, the known heterogenic repopulation
rate with myeloid cells arising from transplanted HSCs can be evaluated as sufficient for the
experimental requirements of the project [Beerman et al., 2010; Morita et al., 2010].

In this multifactorial protocol it is difficult to determine a single crucial factor for the
stabilization of the potent HSC population. Nevertheless, the substitution of the serum
albumin-source, FBS, with PVA in the ex vivo culture medium can be suggested to play a pivotal
role. Replacing a constant source of biological contaminations and the potential cause of loss
of progenitor cell function [leyasu et al., 2017] with the biologically inert PVA has already
proven to be effective for cellular research in hematology and immunology [Wiles & Johansson,
1999; Wilkinson et al., 2019; Nishimura et al., 2019]. The mechanistic role of the synthetic
polymer PVA in HS cell culture is only poorly understood so far but it has been shown that it
stabilizes recombinant cytokines, like the CM, in liquid media and that it functions as carrier
molecule for the transport of nutrient factors, like ions, sugars, and peptides, through the cell

membrane of the co-cultured cells [Wilkinson et al., 2019; Nishimura et al., 2019].

The validation of the functional capacity of ex vivo transduced and selected LSK cells to engraft
and rescue irradiated recipient mice revealed a clear engraftment efficacy in one out of twelve
injected mice four weeks after hematopoietic cell transplantation. According to published
experiments, using low numbers of HSCs to generate chimeric mice, it is reasonable to expect
low engraftment efficacies during the first two months after cell injection [Oguro et al., 2013].
Consequently, the observed percentages of <1% CD45.2* donor cells in the blood of the
majority of recipient mice might reflect a decelerated HSC engraftment due to their low
frequency and might be further reinforced by the ex vivo pretreatment of the LSK cells. Even

though in vitro validation experiments revealed a stabilized population of CD150M&" HSCs with

105



Discussion

solid engrafment capacity after application of the established ex vivo transduction protocol, the
performed colony-forming unit assay revealed a significantly diminished (p=0.0066) clonogenic
potential of these cells in comparison to gold-standard freshly isolated and untransduced LSK
cells (figure 2.34 B). Furthermore, it is known that the co-transplanted CD45.1* supporter bone
marrow cells stay present in the circulation of the recipient mice for at least three months
[Morrison & Weissman, 1994]. This fact, in combination with the observed reduced clonal
activity of ex vivo treated LSK cells, suggest that the final evaluation of the validity of the
established protocol has to be performed at a reasonable time that allows the injected cells to
overcome the technical (low HSC frequency) and biological (reduced clonogenic potential)
conditions originating from ex vivo treatment that might affect the early engraftment efficacy
negatively. The fact that one recipient mouse already showed an adequate engraftment of
approximately 22% four weeks after donor cell injection, might reflect the importance of a
perfect injection technique for transplant acceptance [Duran-Struuck & Dysko, 2009].
Especially for the intra-femoral injection, the technique is challenging and requires
considerable experience. Since the supporter bone marrow cells outnumbered the LSK cells by
a multiple, an imperfect injection technique will primarily affect the engraftment of CD45.2*
HSCs. Therefore, insufficient injection of donor cells might have contributed to poor or late
engraftment efficacy.

In general, it could be observed that the injected LSK cells show the capacity to engraft in
recipient mice and to differentiate into distinct subsets of hematopoietic cell types. The
quantified percentages of cell types thereby directly correlated with hematopoietic
ontogenesis that can be expected four weeks after HSC injection [Cortés & Labastie, 2004].
Thus, these results suggest the potential of the established ex vivo treatment protocol to
generate LSK cells, including hematopoietic progenitor cells, capable of reconstituting recipient
mice with a target gene-deficient myeloid cell compartiment.

Consequently, it is planned to closely monitor the engraftment kinetics in both experimental
groups over a course of time of at least four months. In case of insufficient engraftment
efficacies, several points of adjustment have been identified. Transplant acceptance could be
enhanced by the improvement of injection technique, increased injection frequencies of LSK
cells, or rather HSCs, and by concurrent reduction of supporter bone marrow cell injection
numbers which might overpower the long-term engraftment effect of LSK cells due to

insufficient depletion of HSCs via FACS sorting.
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The developmental potential of HSCs is tightly regulated by genetic factors and the
transcriptional circuits in stem cell biology have been delineated as very complex [lvanova et
al., 2002; Bystrykh et al., 2005]. Consequently, a thorough validation approach of potential
target genes for the repolarization of myeloid cells has to consider a potential negative or
imbalancing impact on hematopoiesis. Utilizing the established approach of in vivo verification
of the target genes via the generation of KO HSCs will inevitably result in the elimination of
genes the loss of which impairs hematopoietic processes. Since many of the identified top
targets from the focused in vitro screen are kinases involved in diverse regulatory differential
pathways, a so far unknown connection with regulatory functions in hematopoiesis could be

elucidated.

3.2.2 Focused CRISPR screen in vivo

In vivo CRISPR/Cas9-based genetic screens have proven in the current past to be an appropriate
tool for the identification of novel targets in unanticipated pathways for cancer immunotherapy
[Manguso et al., 2017; Patel et al., 2017; Chow & Chen, 2018].

The established protocol for the in vivo verification of target genes is based on the generation
of single KO LSK cells. This approach can technically be extended by using the focused sgRNA
library from the in vitro screen to generate a pooled loss-of-function population of LSK cells to
serve as precursor cells for the hematopoietic reconstitution of recipient mice. As being further
validated in the direct context of the multifactorial impact of the TME, the selection of potential
target genes can consequently be refined in an in vivo screening approach. The identification
of genes of interest will also be based on sgRNA sequence enrichment in the population of M1-
like TAMs compared to the sequence frequency in M2-like macrophages. But by using the
sgRNA counts, detected in macrophages isolated from the spleen as a reference organ, a
predicitve value will be generated to conclude which target genes of the focused library show
an impact on the polarization of TAMs only restricted to the context of tumor diseases.

The validation of the top targets then can further be validated in the context of the TME of
different tumor entities, since it is known that TAMs play a crucial role in the progression of
various cancer types and it is reasonable to assume that different target genes perform

differently in varying tumors [Chen et al., 2005; Ryder et al., 2008, Zhu et al., 2008].
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The performance of a focused CRISPR screen in vivo is planned as one of the next steps for this
project. The technical and biological concepts, decisive for the implementation of an in vivo
screen, have been established in the course of this work and will be validated in the next

months.
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3.3 Conclusion and Outlook

Our increasingly growing understanding of complex immune-regulatory mechansims not only
creates opportunities for an improved understanding of the pathogenesis of tumor diseases
but also paves the path for novel immunotherapeutic approaches. Genetic screens, in
particular, have significantly contributed to gain new insights into molecular mechanisms of
tumorigenesis over the past few years. Even though they mirror relevant biological conditions
most precisely, genetic screens in primary cells remained challenging in the past. As indicated
by several lines of evidence, TAMs are drivers of tumorigenesis in early and late stages of the
disease and unraveling molecular pathways in primary TAM precursor cells might provide new
strategies for TAM-based immunotherapy of clinical relevance.

The present study established a platform for the performance of a CRISPR/Cas9-based
screening approach in murine primary BMCs and a comprehensive protocol for target
validation in vitro and in vivo. In a target-focused CRISPR screening, a set of target genes was
identified with a role in M2 macrophage polarization. Some genes were already known to be
involved in immunosuppressive signalling pathways verifying the validity of the approach.
Other genes of the top target list stay to be elucidated for their impact on the BMDM
phenotype. Published scientific data strongly indicates especially the top target genes’ Maf-,
Vrk2- and Clec12a-biology to be potentially relevant for the induction of a phenotypic shift in
macrophages toward the M1-phenotype. Having thoroughly validated one of the top targets
for M2 polarization from a human whole genome screen in vitro and being able to show a
significant involvement of the target in the anti-inflammatory and immunosuppressive
phenotype of macrophages, verified the reliability and robustness of the established protocol
to assess the relevance of potential targets. Therefore, as next steps the identified top genes
will be validated in vitro for their capacity to induce a phenotypic switch in M2-phenotypic
macrophages.

Furthermore, the basis for the validation of target genes in vivo, in the context of a TME, was
set in this study. An established protocol showed promising preliminary results to allow for the
ex vivo treatment of HSCs and their reimplantation in recipient mice to reconstitute the myeloid
compartment with cells bearing a genetic KO at will. This protocol can theoretically also be
extended by the implementation of a focused screening approach in vivo to further identify

target genes playing a selective role in the context of cancer. Therefore, the next steps of the
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project are primarily defined by the final evaluation of the in vivo pilot engraftment experiment

during the next three months.

111



Material and Methods

4 Material and Methods

4.1 Cell culture

4.1.1 Generation of bone marrow-derived macrophages

For the generation of bone marrow-derived macrophages (BMDMs), donor mice were killed by
cervical dislocation and tibia, femur and hips were excised and washed with 70% ethanol (EtOH;
VWR Chemicals; 20821.330). Under a fume hood the bones were grinded in a mortar using a
pestle in pure IMDM (ThermoFisher; 12440061). Recovered cells were mesh through a 40 um
cell strainer (Greiner bio-one; 542040) to obtain a single cell suspension. Cells were harvested
after centrifugation at 500 x g for 5 min and erythrocytes were lysed by resuspension in ACK
lysis buffer. The reaction was stopped after 2 min with 20 mL pure IMDM. Cells were flushed
through another 40 um cell strainer to obtain single cell suspension.

For generation of BMDMs, cells were suspended in 50 mL/mouse IMDM medium
supplemented with 10% FBS and 1% Pen/Strep and incubated at 37°C, 5% CO; in a 20 cm cell
culture plate for 12 hours. To exclude already differentiated BMDMSs present in the isolated
bone marrow cells (BMCs) only cells still in suspension after 12 hours of incubation were
harvested while differentiated and adherent cells were excluded from further protocol. Cells
were seeded in a density of 1.9 x 10°/cm? seeding surface area in BMDM medium
supplemented with 20 ng/mL rm M-CSF (Peprotech; 315-02) and incubated at 37°C, 5% CO,.
After 72 h 50% of the old medium was carefully removed and BMDM medium supplemented
with 20 ng/mL rm M-CSF was added. After 96 h supernatant was carefully removed completely
and in vitro-differentiated macrophages were polarized into M1-like or M2-like macrophages
or were left untreated (MO). For M1-like macrophages BMDM medium was supplemented with
1 ng/mL rm IFN-y (Peprotech; 315-05) and 2.5 ng/mL LPS (Sigma-Aldrich; L5293), for M2-like
macrophages medium was supplemented with 10 ng/mL rm IL-4 (Peprotech; 214-14). After 48
h supernatants were collected for cytokine ELISA and/or cells were harvested for further
analyzation. To detach macrophages, supernatants were removed and cells were washed with
PBS (Sigma-Aldrich; D8537) to remove remaining FBS (Biowest; S185265181B). Depending on
seeding surface area (e.g. 300 ul/well for 6-well plate format) StemPro® Accutase®
(ThermoFisher; A1110501) was added and cells were incubated at 37°C for 7 min before cells
were carefully dislodged using a cell scraper.
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4.1.2 Isolation of LSK cells for in vivo experiments

For the isolation of LSK cells, donor mice were killed by cervical dislocation and tibia, femur and
hips were excised and washed with 70% ethanol. Under a fume hood the bones were grinded
in @ mortar using a pestle in pure IMDM. Recovered cells were mesh through a 40 um cell
strainer to obtain a single cell suspension. Cells were harvested after centrifugation at 500 x g
for 5 min and erythrocytes were lysed by resuspension in ACK lysis buffer. The reaction was
stopped after 2 min with 20 mL pure IMDM. Cells were flushed through another 40 um cell
strainer to obtain single cell suspension. LSK cells were enriched via magnetic activated cell
sorting (MACS) using the MojoSort™ Mouse Hematopoietic Progenitor Cell Isolation Kit
(BioLegend; 480003) and MojoSort™ Buffer (BioLegend; 480017) according to the instuctions
by the manufacturer applying two rounds of magnetic separation to increase the yield of sorted
LSK cells. Afterwards, the enriched cell poplation was washed twice in PBS and stained for FACS
sorting using a FACS panel to gate for lineage-negativity and the expression of Sca-1 and c-Kit

(see 5.2.3).

4.1.3 Purification of T cells and CTFR staining

To isolate murine T cells for co-culture experiments with BMDMs mice were sacrificed by
cervical dislocation and spleen and lymph nodes were removed. Single cell suspensions were
obtained after meshing the organs through a 70 um cell strainer (Greiner bio-one; 542070) in
PBS. Cells were harvested after centrifugation at 300 x g for 5 min and erythrocytes in the
spleens were lysed by resuspension in ACK lysis buffer (2 mL/spleen). The reaction was stopped
after 2 min with 20 mL PBS.

Magnetic separation of total CD3* T cells was achieved using the MagniSort™ Mouse CD3
Positive Selection Kit (Invitrogen; 8804-6820-74) according to the manufacturer’s instructions.
In brief, cells were resuspended at 1 x 102 cells/mL in MACS buffer. T cells were labelled by
adding 200 uL MagniSort™ Enrichment Antibody Cocktail and incubation for 10 min at RT
(room temperature), followed by a washing step. Cells were subsequently resuspended in the
original volume of MACS buffer and 200 pL MagniSort™ Negative Selection beads were added
for 5 min at RT. After bringing up the volume to 2.5 mL with MACS buffer the cell suspension

was inserted in a sterile reaction tube and put into a magnet for MACS. After 5 min of incubation
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at RT, CD3* T cells were recovered in the flow-through from the reaction tube, followed by a
washing step with PBS.

For staining of the T cells with CellTrace FarRed (CTFR) (Invitrogen; C34564) dye isolated CD3*
T cells were resuspended at 1 x 10° cells/mL in prewarmed PBS/0.1% BSA and incubated for 15
min at RT, protected rom light, with an equal volume of prewarmed PBS/0.1% BSA
supplemented with 2 pl/mL CTFR to obtain a final concentration of 5 uM. Afterwards, four
volumes of ice-cold RPMI 1640 (PAN Biotech; P04-16500) supplemented with 2% FBS were
added and incubated on ice, protected rom light, for 5 min. After centrifugation at 500 x g for
5 min cells were washed again in ice-cold RPMI 1640 + 2% FBS and subsequently resuspended

and seeded in T cell proliferation medium (TCPM).

4.2 In vitro assays

4.2.1 Mixed lymphocyte reaction

For in vitro mixed lymphocyte reaction (MLR) MACS-purified CD3* T cells from Balb/c Hsd mice
were co-cultured with BMDMs from C57BL/6J mice at indicated ratios. To this end, BMCs were
isolated from the donor mice and differentiated into BMDMs in BMDM generation medium
supplemented with 20 ng/mL rm M-CSF. After one week, MO BMDMs were harvested and
seeded in different ratios in flat-bottom 96-well plates in either M1-like or M2-like polarization
medium. After 48 h the polarization medium was removed and 2 x 10> CTFR stained T cells/well
were added in 200 puL TCPM. Co-culture was incubated at 37°C, 5% CO; protected from light.
After five days the T cells were harvested and extracellularly stained for CD45, CD3, CD8a, CD4
and CD25 and intracellularly for FoxP3 for subsequent flow cytometry analysis. T cell
proliferation was assessed by CTFR dye dilution. CTFR unstained T cells were used as negative
control and CTFR stained T cells activated with aCD3/aCD28 Dynabeads (ThermoFisher;
11456D) in a 1:1 ratio were used as positive control for maximum proliferation. Flow cytometry
acquisition was performed on FACSCanto Il (BD Biosciences). Data were analyzed using FlowJo
V10. Gating strategy see 5.2.2.

The supernatant of the co-culture was harvested and used for the quantification of Granzyme
B (GrzB) and IFN-y expression of the T cells via ELISA (eBioscience; 88-8022-88 and 88-7314-
88).
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4.2.2 Phagocytosis assay

Phagocyte performance of different BMDM phenotypes was assessed by a co-culture of
BMDMs with pHrodo™ BioParticles® (ThermoFisher; P35361) [Gordon et al., 2017]. To this end,
the BioParticles® were added to fully differentiated and polarized BMDMs resupended in Live
Cell Imaging Solution (ThermoFisher; A14291DJ), seeded in a low-binding flat-bottom 96-well
plate and incubated at 37°C for 4 h. Since elevated CO; levels would have artificially acidified
the buffer and elevated the background fluorescence, the co-culture was performed with
ambient air CO, conditions. After 4 h the BMDMs were harvested and extracellularly stained
for CD45, CD11b, Gr-1, F4/80, CD206 and MHC Il for subsequent flow cytometry analysis.
Phagocytotic capacity of the BMDM phenotypes was assessed by quantification of the
fluorescence signal which was generated due to the decreasing pH in vesicles when pHrodo™
BioParticles® were taken up by phagocytosis.

Flow cytometry acquisition was performed on FACSCanto Il (BD Biosciences). Data were

analyzed using FlowJo V10.

4.2.3 ROS production assay

The grade of reactive oxygen species (ROS) production by different BMDM phenotypes was
assessed by the use of the general oxidative stress indicator CM-H,DCFDA (Invitrogen; C6827).
To this end, fully differentiated and polarized MO, M1-like and M2-like BMDMs were generated
in phenol red free BMDM generation medium (phenol red free IMDM from ThermoFisher;
21056023). Cells should be maintained in medium that is free of phenol red and other
colorimetric dyes prior to and throughout the assay and washed with dye-free buffer or media
after dye loading since phenol red might interfere with specific indicator signal detection. 48 h
after BMDM polarization the cells were harvested and extracellularly stained for CD45, CD11b,
Gr-1, F4/80, CD206 and MHC Il for subsequent flow cytometric analysis. Simultaneously, the
BMDMs were loaded with CM-H,DCFDA dye reconstituted with DMSO at a final concentration
of 5 uM. 0.1 uL DMSO was added to each 200 uL of antibody mix to adjust DMSO concentration
in all the samples. Cell staining and dye loading was performed for 30 min at 4°C protected

from light. ROS production was assessed by the quantification of the fluorescence signal (Ex/Em
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492-295/517-527 nm) generated by the passive diffusion of CM-H,DCFDA into the cells and the
oxidation reaction occurring dependent on the grade of ROS production in the cells. BMDMs
stimulated with 0.03% of H,0, (Merck; K51766587) were used to generate a positive control
signal for ROS production. The cells were incubated with the reagent for 30 min at 37°C, 5%
COs.

Flow cytometry acquisition was performed on FACSCanto Il (BD Biosciences). Data were

analyzed using FlowJo V10.

4.2.4 Colony Forming Unit assay with LSK cells

To assess the capacity of LSK cells to form colonies, freshly isolated and pretreated LSK cells
were seeded in MethoCult™ GF medium (Stemcell Technologies; M3534) according to the
manual of the manufacturer. To prepare the single-cell suspension and to plate the LSK cells
into meniscus-free 100 mm petri dishes (Stemcell Technologies; 27125), sterile 16 gauge blunt-
end needles (Stemcell Technologies; 28110) and 3 mL syringes (Stemcell Technologies; 28230)
were used. Five days after seeding, the formed colonies were quantified using STEMgrid-6
(Stemcell Technologies; 27000). For taking images of the dishes at 10X magnification, the
CytoSMART™ imaging device (CytoSMART; XAB-1002) was used.

4.3 Transduction and culture of murine primary cells for in vitro
experiments

4.3.1 Determination of the optimal MOI for in vitro screening

In order to diminish the risk for inducing sgRNA sequence enrichment in BMDM populations
caused by technical procedures the optimal multiplicity of infection (MOI) to result in only one
lentiviral integration, thus only one sgRNA, per target BMC was determined.

Therefore, BMCs were isolated from the femur, tibia und hip of C57BL/6J donor mice (see 2.),
resuspended in 50 mL/mouse IMDM (ThermoFisher; 12440061) supplemented with 10% FBS,
1% P/S, 20 ng/mL rm IL-3 (Peprotech; 213-13), 50 ng/mL rm SCF (Peprotech; 250-03), rm TPO
(Peprotech; 315-14) and rm IL-6 (Peprotech; 216-16) — also referred to as cytokine mix (CM) —
and seeded into a 150 x 25 mm cell culture dish (Falcon; 353025). After 48 h of incubation at

37°C, 5% CO> the cells were thoroughly harvested using a cell scraper and washed with PBS.
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BMCs were harvested after centrifugation at 500 x g for 5 min and resuspended in transduction
medium supplemented with CM and 6 ug/mL Hexadimethrine bromide (Polybrene) (Merck
Millipore; TR-1003-G) to enhance penetration of the BMC membrane by the virus and to
increase transduction efficacy.

To prepare the cell culture plates (6-well plates from TPP; 92006) for the transduction, wells
were precoated with 20 pg/cm? RetroNectin® reagent (TAKARA Bio; T202) for 2 h at RT.
RetroNectin® reagent was stored at -20°C and reused up to five times. After coating, the wells
were blocked with 2mL/well sterile 2% BSA (Roth; 8076.4) solution in HBSS (Sigma-Aldrich;
H6648). After blocking for 30 min at RT the blocking solution was removed and the wells were
washed with 2 mL/well sterile 2.5% HEPES (Sigma-Aldrich; H0O887) in HBSS. Plates were ready
for transduction after each well was washed two times with 2 mL/well PBS.

To find the optimal transduction protocol for murine primary cells different transduction
conditions besides different MOls were tested.

Supernatant Infection Method

For the supernatant infection method (SNT) 1.7 x 10® BMCs resuspended in 2 mL transduction
medium were seeded in each well of a RetroNectin® reagent precoated 6-well plate. Lentiviral
particles were added to the seeded cells with the MOls of O, 8, 15, 20, 40 and 80. Particles of a
surrogate lentiviral vector mimicking the pooled library lentivirus, used for the screening
experiments, in terms of size and complexity was used to assess the transduction efficacy by
the quantification of the co-expressed GFP signal via flow cytometry. After spinoculation was
performed at 1,200 x g for 90 min at 37°C cells were incubated at 37°C, 5% CO,. 24 h after
transduction the transduction medium was removed and replenished with 4 mL/well fresh
IMDM + 10% FBS + 1% P/S supplemented with CM. 72 h later medium was removed and BMCs
washed with 2 mL/well PBS. 300 uL/well StemPro® Accutase® was added and cells were
incubated at 37°C for 7 min before BMCs were carefully dislodged using a cell scraper. Half of
the cells were used for GFP signal quantification via flow cytometry. Flow cytometry acquisition
was performed on FACSCanto Il (BD Biosciences). Data were analyzed using FlowJo V10.

The other half of the cells were used to determine the number of integrated provirus copies
per target BMC using the Lenti-X™ Provirus Quantitation Kit (TAKARA-Bio; 631239). Therefore,
genomic DNA (gDNA) was isolated from the transduced BMCs using the Nucleospin® Tissue Kit
(TAKARA-Bio; 740952) according to the manufacturer’s instructions. Serial dilutions of the

cellular gDNA were then subjected to gPCR amplification alongside dilutions of a calibrated
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provirus control template, which were used to generate a standard curve. Provirus quantitation
was performed according to the manufacturer’s instructions. gPCR was performed on a
QuantStudio 3 PCR System (ThermoFisher). Data were analyzed using Microsoft® Excel® 365.

RetroNectin®-Bound Virus Infection Method

For the RetroNectin®-bound virus infection method (RBV) surrogate lentiviral particles were
added with the MOIs of 0, 8, 15, 20, 40 and 80 in 2 mL PBS to the RetroNectin® reagent
precoated 6-well plates which were prepared as mentioned above. To facilitate the binding of
the virus particles with RetroNectin® reagent the plates were placed in a centrifuge prewarmed
to 37°C and centrifuged for 2 h at 1,200 x g. Thereafter, the viral supernatant was removed and
the wells washed with 2 mL PBS followed by the seeding of 1.7 x 10® BMCs/well in 2 mL
transduction medium. To promote contact between the BMCs and the viral particles,
spinoculation was performed at 1,200 x g for 90 min at 37°C. Afterwards, cells were incubated
at 37°C, 5% CO,. The further procedure for the evaluation of transduction efficacy and proviral
integration was identical to the one mentioned above.

Double Transduction Method

For the double transduction method (DT) the protocols for the supernatant infection method
and the RetroNectin®-bound infection method were combined. After binding the surrogate
lentiviral particles with RetroNectin® reagent (RBV) with the MOls of 0, 8, 15, 20, 40 and 80,
1.7 x 10° BMCs/well in 2 mL transduction medium were seeded and lentiviral particles were
added with the MOls of 0, 8, 15, 20 and 40 (SNT). Spinoculation protocol and further procedure
for the evaluation of transduction efficacy and proviral integration was identical to the one

mentioned above.

4.3.2 Target-focused in vitro screening experiment

For the transduction of primary BMCs the cells were isolated from the femur, tibia and hip of
the Rosa26-Cas9 donor mice. BMC pretreatment with CM and plate precoating with
RetroNectin® reagent was in line with the protocol described for determination of the optimal
MOI.

1.7 x 10° BMCs were seeded in 2 mL transduction medium in each RetroNectin® reagent
precoated well. Lentiviral particles of the pooled sgRNA library were added to the seeded cells

with a multiplicity of infection (MOI) of 20. The focused pooled lentiviral sgRNA library is a
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custom library obtained from Oxford Genetics. 167 myeloid cell target genes were addressed
by five different sgRNA sequences each. After spinoculation was performed at 1,200 x g for 90
min at 37°C cells were incubated at 37°C, 5% CO,. 24 h after transduction the transduction
medium was removed and replenished with 4 mL/well fresh IMDM + 10% FBS + 1% P/S
supplemented with CM. After 72 h 50% of the old medium was carefully removed and 2 mL/well
fresh BMDM medium without CM was added. Five days after transduction 50% of the medium
was removed and 2 mL/well 2X selection medium supplemented with 8 pg/mL puromycin
(Sigma-Aldrich; P8833) and 40 ng/mL rm M-CSF was added to obtain final concentrations of 4
ug/mL puromycin and 20 ng/mL rm M-CSF. Thawed puromycin remains were always trashed
and not reused. 50% of old selection medium was exchanged for fresh 1X selection medium
after 48 h. After five days of selection medium was exchanged for fresh BMDM generation
medium supplemented with 20 ng/mL rm M-CSF and incubated for 92 h at 37°C, 5% CO; to
induce BMC differentiation into BMDMs. Thereafter, BMDM generation medium was
exchanged for BMDM polarization medium as described above and cells were polarized for 48

h.

4.3.3 Generation of single gene knockouts for in vitro validation experiments

BMC isolation, pretreatment with CM and plate precoating with RetroNectin® reagent was in
line with the protocol described for the pooled in vitro screen experiment. Since multiple
proviral integrations per target cell were not of importance for the generation of single gene
knockouts the double transduction method (DT) was used to transduce the BMCs with lentiviral
sgRNA particles. The lentiviral sgRNA particles were commercially acquired from Dharmacon
Horizon (Edit-R predesigned lentiviral sgRNA particles; table 4.12). For the induction of single
gene knockouts each gene was targeted by three different sgRNAs which were combined right
before the transduction of the BMCs. The optimal MOI for the transduction was determined
for each target gene individually by assessing the number of viable cells via flow cytometry after
five days of positive selection with 4 pg/mL puromycin. Procedure described above. Flow
cytometry acquisition was performed on FACSCanto Il (BD Biosciences). Data were analyzed

using FlowJo V10.
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Figure 4.1: Vector card of lentiviral sgRNA construct from Dharmacon Horizon for individual target gene KO

4.3.4 Transduction and culture of murine primary cells for in vivo
experiments

For the generation of target gene deficient Rosa26-Cas9 CD45.2* LSK cells which were able to
engraft and rescue irradiated C57BL/6J-Ly5.1 CD45.1" recipient mice the maintenance of a
haematopoietic stem (HSC) and progenitor cell character after transduction was crucial.
Therefore, different transduction protocols based on the supernatant infection method (SIM)
were compared for their potency of perpetuating the HSC phenotype in long-term ex vivo cell
culture experiments. For the transduction experiments, LSK cells were sorted from the isolated
population of bulk BMCs via FACS sorting using the FACS Aria Fusion device of the DKFZ Core
Facility of Flow Cytometry.

Protocol 1

Protocol 1 based on a published protocol for the long-term ex vivo HSC expansion [Wilkinson
et al., 2019] and was adapted to work alongside with the established BMC transduction
protocol. BMC isolation, pretreatment with CM, plate precoating with RetroNectin® reagent
and BMC transduction with SIM was in line with the protocol described for the pooled in vitro
screen experiment. For the transduction custom sgRNA library lentivirus from Oxford Genetics

was used with a MOI of 20. 24 h after transduction the transduction medium was exchanged
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for fresh long-term ex vivo HSC culture medium consisting of F-12 medium (Life Technologies;
11765054) supplemented with 1% insulin-transferrin-selenium-ethanolamine (IST-X; Life
Technologies; 51500056), 1% P/S, 1% Glutamine (ThermoFisher; 25030081), 10 mM HEPES, 1
mg/mL 87% hydrolysed polyvinylalcohol (PVA; Sigma-Aldrich; 363081), 480 ng/mL TPO and 48
ng/mL SCF. 24 h later 50% of the medium was removed and replenished with the same volume
of fresh long-term ex vivo HSC culture medium supplemented with additional 12 pg/mL
puromycin to obtain a final concentration of 6 pg/mL puromycin for selection. LSK cell viability
and phenotype was analyzed 24 hours later via flow cytometry. Flow cytometry acquisition was
performed on FACSCanto Il (BD Biosciences). Data were analyzed using FlowJo V10.

Protocol 2

Protocol 2 based on the standard protocol for the in vitro screen experiment described above.
Differing from the standard protocol neither the selection medium nor the BMDM culture
medium did contain any rm M-CSF. Apart from that the experimental layout was identical to

the one described for protocol 1.

4.3.5 Electroporation of murine primary cells with gRNA

For quantification of the enzymatic activity of the Cas9 endonuclease in primary BMCs, gRNA
(pre-complexed tracrRNA + crRNA) was used. To this end, Cas9 expressing and WT BMCs were
electroporated using the Neon® Transfection System (Life Technologies; MPK5000).

BMC isolation from Rosa26-Cas9 mice and pretreatment with cytokine mix was in line with the
protocol described for the lentiviral transduction of BMCs. The synthetic tracrRNA (Dharmacon
Horizon; U-002005) was pre-complexed with the lethal control crRNA (Edit-R predesigned
crRNA from Dharmacon Horizon; U-006000-02-05) at a final concentration of 3 uM and
incubated for 10 min at RT. The electroporation was conducted with the Neon® Transfection
System following the manufacturer’s instructions for the optimized protocol for primary cells.
In brief, Neon® Tube was filled with 3 mL of Electrolytic Buffer E2 (Life Technologies;
MPK10096) and placed into the Neon® Pipette Station. 1 x 10° BMCs were washed in PBS,
resuspended in 100 pL Buffer T (Life Technologies; MPK10096) and aspirated into the 100 pL
Neon® Tip (Life Technologies; MPK10096) inserted into the Neon® Pipette. After the cell sample
was placed in the Neon® Pipette Station the BMCs were electroporated with the conditions of
1,700 V, 20 ms and 1 pulse. After delivering the electric pulse, the cells were released in

prewarmed IMDM medium supplemented with 10% FBS without addition of Pen/Strep since
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the cells were very sensitive after electroporation. To boost BMC proliferation and thereby
increase electroporation efficacy the medium was further supplemented with 20 ng/mL rm IL-
3, 50 ng/mL rm SCF, 50 ng/mL rm TPO and 50 ng/mL rm IL-6. Cells were incubated at 37°C, 5%
CO,.

4.4 Invivo experiments

4.4.1 Mice

C57BL/6J wildtype (WT) mice (in vitro experiments) and C57BL/6J-Ly5.1 mice (bone marrow
transplantation experiments recipients and bone marrow donors for protocol establishing
experiments) were bred at the animal facility of the DKFZ Heidelberg. Balb/c Hsd mice (mixed
lymphocyte reaction in vitro experiments) were purchased from Janvier Labs. Rosa26-Cas9
mice (BMC donors for in vitro and in vivo experiments) were either purchased from Jackson
Laboratory [Gt(ROSA)26Sortm1-1(CAG-cas9™,-EGFPIFezh /). | AX stock #024858] [Platt et al., 2014] and/or
bred in-house at the animal facility of the DKFZ Heidelberg.

Mice were kept under specific pathogen-free conditions at the animal facility of the DKFZ
Heidelberg. All experiments were performed according to the rules of the German Welfare Act

and were licensed by the regional authorities Karlsruhe, Germany (G-140/18; DKFZ268).

4.4.2 Bone marrow transplantation

For the generation of bone marrow chimera recipient mice (CD45.1* C57BL/6J Ly5.1) received
total body irradiation with 1 x 5 Gy + 1 x 5.5 Gy or 2 x 5.5 Gy (137 Cs, Type 0OB.58/902-1; FA
Buchler GmbH, Braunschweig) depending on their body weight (>21 g body weight = higher
irradiation dose). Bone marrow cells were generated from tibia, femur and hip of CD45.2*
Rosa26-Cas9 and C57BL/6-Ly5.1 donor mice. Single cell suspensions were prepared in PBS and
LSK cells as well as bone marrow supporter cells were injected intraveneously and/or intra-
femorally into recipient mice two hours after irradiation. Mice received 10 mg/kg Baytril®

(Bayer HealthCare) per day in drinking water for three weeks.
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4.5 Flow cytometry

In case of staining BMCs or BMDMs, Fc-gamma receptor blocking of single cell suspension was
performed previous to surface staining for 30 min at 4°C in PBS supplemented with anti-mouse
CD16/32. For extracellular staining cells were resuspended in PBS supplemented with surface
antibodies (100 pL/1 x 10° cells) and incubated, protected from light, for 30 min at 4°C. If
intracellular staining was required, cells were fixed and permeabilized using Intracellular
Fixation & Permeabilization Buffer Set (eBioscience; 88-8824-00) according to the
manufacturer’s instructions. Staining of intracellular molecules was performed in 1X
permeabilization buffer for 45 min at 4°C.

For quantification of immune cell counts, 123count eBeads (eBioscience; 01-1234) were added
prior to sample acquisition.

Flow cytometry acquisition was performed on FACSCanto Il (BD Biosciences). Data were

analyzed using FlowJo V10. Gating strategies can be found in supplementary data (5.2).

4.5.1 Fluorescence activated cell sorting

Sorting was performed on FACSAria Il using BD FACSDiva Software and the 100 um nozzle. The
two-tube holder was used as sorting device for the two-way sort in the 1.5 Drop Pure Sort
Mode. The event rate while sorting was 2,000-4,000 events/sec. To prevent friction of the
sorted cells with the inside of the tube the 15 mL collection tubes (Cellstar; 188271) the tubes
were precoated with sterile 10% BSA (Roth; 8076.4) in PBS at 4°C overnight. Sorted cells were
collected in the precoated tubes prefilled with 5 mL/tube sterile PBS supplemented with 0.1%
BSA and 5 mM HEPES (Sigma-Aldrich; H0O887) for the sorting of BMDMs, or with 5 mL/tube
sterile ex vivo HSC culture medium for the sorting of LSK cells, to prevent the cells of bursting
when hitting the plastic surface.

For the sorting of BMDMs

The cells were gated on size, singularity and for the expression of M1- and M2-like phenotypic
marker expression. The edges of the gated BMDM cell population for each polarization
expressing the highest 30% of CD206 (PE) and highest 30% of MHC Il (APC-Cy7) were sorted
and collected into the prepared collection tubes. While sorting the sample, the collected cells

were stored at 4°C. Also unsorted samples were collected as references. Analysis was
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performed using FlowJo V10 software. Gating strategy can be found in supplementary data
(5.2.1).

For the sorting of LSK cells

The cells were gated on size, singularity, negativity for lineage markers, and for the expression
of Sca-1 (PE-Cy7) and c-Kit (APC) surface markers. While sorting the sample, the collected cells
were stored at 4°C under a fume hoode to guarantee sterile working conditions. Analysis was
performed using FlowJo V10 software. Gating strategy can be found in supplementary data

(5.2.3).

4.6 Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was isolated using the RNeasy Mini or Micro Kit (Qiagen; 74104 or 74004) and cDNA
was synthesized with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems;
4368814) according to the manufacturer’s instructions. Gene expression analysis was done in
technical triplicates using two different cDNA dilutions. RT-gPCR was performed on a
QuantStudio 3 PCR System (ThermoFisher) using the TagMan Fast Advanced Master Mix (Life
Technologies; 4444963). All CT values were normalized to the house-keeping genes Hprt and

Sdha according to [Geils et al., 2019].

4.7 Illlumina library generation and sequencing

The protocol for the generation of the Illumina library for NGS for the samples of the in vitro

focused CRISPR screen is schematically depicted in figure 4.1.

4.7.1 Genomic DNA isolation

Genomic DNA (gDNA) isolation from BMDMs was performed with the Maxwell® RSC Instrument
(Promega; AS4500) using the Maxwell® RSC Cultured Cells DNA Kit (Promega; AS1620)
according to the manufacturer’s protocol. In brief, up to 5 x 10° sorted or harvested cells were
resuspended in up to 400 pL PBS and transferred to well #1 of the Maxwell® RSC cartridge
containing the cell lysis buffer. According to the Promega Technical Support the gDNA of the

lysed cells gets stabilized due to the optimized kit’s buffer conditions and can be stored at RT
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overnight. Therefore, gDNA was either isolated directly or after a maximum duration of 12
hours after sorting or harvesting the cells. The concentration of the isolated gDNA was
quantified with Qubit™ 4 fluorometer (ThermoFisher; Q33238) following the manufacturer’s
instruction for the Qubit™ dsDNA HS Assay Kit (ThermoFisher; Q32851). The quality of the
isolated DNA was measured with NanoDrop ND-1000 (ThermoFisher) using Maxwell® RSC
Cultured Cells DNA Kit elution buffer as blank. Isolated gDNA was stored at 4°C until further

analysis or at -20°C for long-term storage.

4.7.2 Amplification of sgRNA region via PCR

With this first PCR step the sgRNA insert was amplified. The primers were custom made and
obtained from Sigma-Aldrich. The sequences were provided from Oxford Genetics. The PCR
was performed with previously optimized conditions for template gDNA quantity, annealing
temperature and number of amplifying cycles using Q5 HF 2X Master Mix [New England BiolLabs
(NEB); M0492]. One PCR reaction contained 500 ng genomic DNA per 50 uL reaction mix. If
more gDNA had to be amplified, several PCRs were performed. PCR was performed using the

Thermocycler 2720 (Applied Biosystems).

Component Volume per reaction Final concentration
Q5 HF 2X Master Mix 25 ulL 1X

Custom lllumina Fwd Primer (100 uM) 2.5 uL 0.5 uM

Custom lllumina Rev Primder (100 uM) 2.5 uL 0.5 uM

Template gDNA * 500 ng

PCR grade water * -

Total volume 50 uL ---

* determined by the concentration of the respective gDNA sample

Task Temperature Time Cycle
Initial Denaturation 98°C 3 min 1
Denaturation 98°C 10 sec

Primer annealing 68°C 30 sec 24
Extension 72°C 15 sec

Final Extension 72°C 2 min 1
Storage (Final Hold) 4°C oo ---

Quantification of the PCR amplicon size using 4200 TapeStation system (Agilent; G2991AA) with

D1000 Screen Tape Kit Reagents (Agilent; 5067-5583) was performed as a quality control
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according to the manufacturer’s specifications. PCR product was stored at 4°C until further

analysis or at -20°C for long-term storage.

4.7.3 lllumina Adaptor Ligation and PCR Enrichment

The NEBNext® Ultra Il DNA Library Prep Kit for lllumina (NEB; E7645) was used to construct the
lllumina library for lllumina next generation sequencing. lllumina library generation was
performed according to the manufacturer’s specifications and comprised the end repair of the
DNA fragments, the 5" phosphorylation and dA-tailing, the adaptor ligation, cleanup or rather
size selection and a final PCR enrichment of adaptor-ligated DNA samples. Adaptor ligation was
performed using NEBNext® Multiplex Adaptors for lllumina kit (NEB; E7335). According to the
manufacturer’s specifications Index Primers #2, 4, 5, 6, 7 and 12 were chosen for the pool of

the six samples of the pooled in vitro screen experiment.

Table 4.1: Index primer sequences for lllumina library generation

. Expected Index In vitro
Index Primer sequence .
Product 53¢ Primer sequence  screen
read sample
NEBNext Index 2 CAAGCAGAAGACGGCATACGAGATACATCGGTGAC  CGATGT M1 polarized
Primer for Illumina TGGAGTTCAGACGTGTGCTCTTCCGATC M1 Mo
NEBNext Index 4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGAC  TGACCA M1 polarized
Primer for lllumina TGGAGTTCAGACGTGTGCTCTTCCGATC M2 Mo
NEBNext Index 5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGAC ACAGTG M1 polarized
Primer for Illumina TGGAGTTCAGACGTGTGCTCTTCCGATC BMDMs
NEBNext Index 6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGAC GCCAAT M2 polarized
Primer for lllumina TGGAGTTCAGACGTGTGCTCTTCCGATC M1 Mo
NEBNext Index 7 CAAGCAGAAGACGGCATACGAGATGATCTGGTGAC CAGATC M2 polarized
Primer for lllumina TGGAGTTCAGACGTGTGCTCTTCCGATC M2 Mo
NEBNext Index 12 CAAGCAGAAGACGGCATACGAGATTACAAGGTGAC M2 polarized
Primer for lllumina  TGGAGTTCAGACGTGTGCTCTTCCGATC CTTGTA BMDMs

The size selection and cleanup of the PCR products was performed using Agencourt AMPure XP
magnetic beads (Beckman Coulter; A63881). With this excess nucleotides, enzymes, salts,
primers and other contaminants were removed to obtain best quality of the PCR amplicons due

to selectively binding of DNA fragments to the magnetic beads. The size selection and cleanup

126



Material and Methods

steps were performed according to the manufacturer’s specifications mentioned in the
NEBNext® Ultra Il DNA Library Prep Kit for lllumina.

Quantification of the Illumina library construct size using 4200 TapeStation system with D1000
Screen Tape Kit Reagents (Agilent Technologies; 5067-5582) was performed as a quality control

according to the manufacturer’s specifications. The Illumina library construct was stored at 4°C

until further analysis or at -20°C for long-term storage.

Sorted cell populations from M1/M2 polarized
BMDMs pelleted or in sorting buffer
gDNA isolation from fixated cells using
MaxWell® System from Promega

Determination of gDNA concentration and
quality using Qubit

Amplification of sgRNA region and generation
of lllumina library for sequencing
Amplification of sgRNA region with lentiviral
vector specific primers

End Repair of DNA fragments, 5°
Phosphorylation and dA-Tailing

Adaptor Ligation with NEBNext Multiplex
Adaptors for lllumina
Size selection of Adaptor-ligated DNA using
AMPure XP beads from Beckman Coulter
PCR Enrichment of Adaptor-ligated DNA using
NEBNext Ultrall DNA Library Prep Kit

Cleanup of PCR Reation using AMPure XP
beads from Beckman Coulter
Determination of PCR product quality and
fragment size using TapeStation/Bioanalyzer

Quantification of PCR productvia qPCR using
PerfeCTa® NGS Quantification Kit from VWR

Sequencing of samples with lllumina platform
(MiSeq)

) Mapping of sgRNAs and data analysis

Figure 4.2: Schematic overview of lllumina library preparationprotocol for NGS of CRISPR screen samples

&

4.7.4 lllumina Library construct quantification with qPCR

To quantify the generated Illumina library constructs attached with the appropriate Illumina
Adaptor sequences a quantitative polymerase chain reaction (qPCR) was performed using the
PerfeCTa® NGS Library Quantification Kit — Illumina Low/ROX (Quanta bio; 95155) according to
the manufacturer’s specifications. The Illumina library constructs were diluted 1:2,000 and
1:20,000 in 1X Library Dilution Buffer before they were used as template DNA. gPCR was
performed on a QuantStudio 3 PCR System (ThermoFisher). Data were analyzed using

Windows® Excel®.

127



Material and Methods

4.7.5 lllumina next generation sequencing of sgRNA insert

The sequencing was performed in the DKFZ Core Facility for Genomics & Proteomics using the
NextSeq 550 Single-Read 75bp High Output method for the proof-of-concept experiment and
the NextSeq 550 Paired-End 150bp Medium Output method for the CRISPR screen experiment.

The 10 nM libraries containing different index primers (table 4.1) were pooled. The samples of
the focused in vitro screen were sequenced using the NextSeq 550 PE 150 MO Kit (lllumina).
The procedures required for the sequencing were performed by the Core Facility in accordance
with the suggested protocols by the manufacturer. A final concentration of 30% PhiX was spiked

into the library pool.

4.7.6 Analysis of NGS of sgRNA inserts

The strategy for obtaining the final raw sequencing reads was developed by our colleague Duy

Nguyen from the Bioinformatics Department (AG Schlesner) and is schematically summarized

in figure 4.3.
trimmin
[ FASTQ files ] g :[ sgRNA reads ]
mapping
Fold change [ Read count
calculation tables

Figure 4.3: Schematic depiction of the strategy for sgRNA analysis workflow

The raw sequencing data (Figure 4.4) contained the upstream promoter (promoter), the
downstream gRNA backbone (73 nt) and the target sgRNA sequence (20 nt). The upstream
promoter and downstream backbone were identical across all RNASeq reads. For the ease of

mapping the sgRNA reads back into the sgRNA library, the target sgRNA sequences were
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extracted by pattern matching and saved as FASTQ files with just the target sgRNA sequences.
Based on the sgRNA library preparation, the sgRNA pattern matching was carried out on both

forward and reverse strands of the reads.

. « . CGAGGTACCG AGACGACCACCAACAGCAGG GTTTCAGAGC...

promoter (23 nt) sgRNA (20 nt) gRNA backbone (73 nt)

Identical across all sgRNAs Should be extracted for read mapping
Figure 4.4: Exemplary depiction of raw sequencing data

The FASTQ files from the preprocessing step above were used to mapped against the sgRNA
library to identify the sgRNA read counts. The mapping was done using bowtie2 tool [Langmead
& Salzberg, 2012]. The read counts were normalized using median ratio method [Wang et al,,
2014; Anders & Huber, 2010; Li et al., 2014]. The log fold change is the binary logarithm (log>)
difference between the mean of sgRNA read counts of two samples in comparison:

(Xij)

LFGC = |Og2(xij) - |Og2(¥ik) = |og2()_(ik)

With:

LFCi is the log; fold change of gene i

Xij is the mean of sgRNA read counts of gene i in sample j
Xik is the mean of sgRNA read counts of gene i in sample k

To estimate the performance consistency of different sgRNAs which targeted the same gene,
the pairwise correlations among sgRNAs of the same gene across all samples (intragenic sgRNA
correlations) were calculated. For example, figure 4.5 shows the pairwise intragenic
correlations of five Wars' sgRNAs. The high correlation indicates that the sgRNAs counts are
correlated across all samples, e.g. behave similarly in all samples, which should be expected if

we assume that all five sgRNAs show the same silencing efficiency.

Wars_1 Wars_2 Wars_3 Wars_4 Wars_5
Wars_1 1.0000000 0.8793441 0.9492946 0.9869001 0.9287756
Wars_2 0.8793441 1.0000000 0.8905500 0.8731085 0.9070940
Wars_3 0.9492946 0.8905500 1.0000000 ©0.9459732 ©.9883320
Wars_4 0.9869001 0.8731085 ©.9459732 1.0000000 ©.9259228
Wars_5 0.9287756 0.9070940 ©.9883320 ©0.9259228 1.0000000

Figure 4.5: Exemplaric intragenic sgRNA correlations for Wars
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4.8 Microarray analysis

Bioinformatic analysis of microarray data was performed by our colleague Duy Nguyen from

the Bioinformatics Department (AG Schlesner) and can be subdivided in four major points:

Data processing

Microarray scanning was done using an iScan array scanner. Data extraction was done for all
beads individually, and outliers were removed when the absolute difference to the median was
greater than 2.5 times MAD (2.5 Hampelis method). All remaining bead level data points were

then quantile normalized [Bolstad, 2001].

Differential expression (DE) analysis

The DE analysis was performed using Significance Analysis of the Microarrays (SAM) package
[Goss Tusher et al., 2001]. Basically, SAM identifies genes which are significantly different in
terms of expression by using a modified t-test in conjunction with the False Discovery Rate
(FDR) technique. Normally, genes which have FDR (g-value) <5% are considered significantly

different in comparison between two or more conditions.

Hierarchical clustering heatmap

The clustering heatmap was generated based on the distance matrix, which was calculated
based on the set of genes across all samples/conditions. Similar samples/conditions were
grouped into the same cluster. In the end, a set of clusters which were distinct from each other,
and samples/conditions in each cluster were mostly similar to each other were identified. For

better visualization, the expression values were scaled into z-scores.

Principal component analysis (PCA)

Another way to simplify the visualization of data distribution is PCA, which is a dimensionality-
reduction method that is often used to reduce the dimensionality of large data sets. By
transforming the data into new coordinates (principal components) while maximizing the
variances and preserving as much information as possible, this makes data become smaller for

visualization and subsequent data analysis.
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4.9 Cytokine ELISA

ELISAs for Mixed lymphocyte reaction establishment and IL-10 secretion

Cytokine ELISA for granzyme B (eBioscience; 88-8022-88), IFN-y (eBioscience; 88-7314-88) and
IL-10 (eBioscience; 88-7105-88) secretion was performed according to the manufacturer’s
protocol using high-binding 96-well plates (Corning; 9018). OD was measured at 450 nm
(target) and 595 nm (reference). Samples were diluted in blocking buffer at indicated ratios and
50 uL were added to the plates after two washes with ELISA wash buffer. Plates were incubated
at 4°C overnight. Unbound antibodies were removed by washing plates three times with ELISA
wash buffer. Secondary anti-mouse IgG1-HRP (Bethyl; A90-105P) and anti-mouse IgM (Sigma-
Aldrich; A8786-1ML) were added at 1:5000 dilution in ELISA blocking buffer and plates were
incubated at RT for 1 h. After five washes with ELISA wash buffer 50 pL/well TMB solution
(eBioscience; 00-4201-56) were added. The reaction was stopped with 25 uL 1 M H;SO4 (Fluka;
45731) after 3-10 min and the OD was measured at 450 nm and 595 nm.

ELISAs for in vitro validation of human top target TNFAIP3

The cell culture supernatant was analyzed for the cytokine of interest using the BD OptEIA™
ELISA kits (Becton Dickinson) for the detection of murine TNF-a, IL-12p40 and IFN-y. The assays

were performed as recommended by the manufacturer.

4.10 Western Blot

The transduced and polarized macrophages were scraped and centrifuged at 400 x g for 5 min
to obtain a cell pellet. To generate the protein lysates, the cells were resuspended in Pierce™

RIPA buffer (Thermo Fisher) supplemented with 1 x Halt ™ Protease & Phosphatase Inhibitor

Cocktail (Thermo Fisher) at a concentration of 25 x 106 cells/mL. The samples were incubated
on an orbital shaker for 20 min at 4°C and centrifuged at 13,000 rpm for 15 min at 4°C. The

supernatant containing the protein was frozen at -80°C.

Prior to the SDS-PAGE, the protein concentration was determined using the Pierce ™ BCA

Protein Assay Kit (Thermo Fisher) according to the user manual. A total of 37 ug of protein were
loaded onto a 4 — 20 % Mini-PROTEAN" TGX Stain-FreeTM Precast Gel (Bio-Rad). The sample

was diluted in water accordingly and mixed with 1 x ROTILoad (ROTH) before it was boiled for
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5 min at 95°C. Afterwards, the samples were kept on ice until loading. To run the gels, 1x

Tris/glycine/SDS running buffer (Bio- Rad) was used. Blotting was performed using the Trans-

Blot” TurboTM Mini 0.2 um Nitrocellulose Transfer Packs in combination with the Trans-Blot"
TurboTM Transfer System (program: 25V, 1.3 A, 7 min). The membrane was washed 3 x 5 min
in 1 x TBS (Universal Biologicals) supplemented with 0.05 % of Tween 20 (Sigma) and
subsequently blocked in 1 x TBS-T supplemented with 1 % Casein (Sigma) for 1 h at RT. After
blocking, the membrane was washed 3 x 5 min with 1 x TBS-T and incubated overnight at 4°C
with the primary antibody diluted 1:1000 (anti-Tnfaip3) in 0.5 % Casein. The next day, the
membranes were washed 3 x 5 min with 1 x TBS-T and incubated with the secondary goat anti-
rabbit antibody diluted 1:8000 in 0.5 % Casein for 30 min at RT. Afterwards, the membranes
were washed 5 x 5 min in 1 x TBS-T. The images were acquired on the ChemiDoc ™ Touch
Imaging System (Bio-Rad) using Clarity ™ Western ECL Substrate (Bio-Rad). Afterwards, the
membranes were washed 3 x 5 min with 1 x TBS-T and the antibodies were stripped using
Restore ™ Plus Western Blot 18 Stripping-Buffer (Thermo Fisher) for 15 min at RT. The
membranes were washed 3 x 5 min in 1 x TBS-T and blocked for 30 min in 1 % Casein. The
membranes were washed 3 x5 minin 1 x TBS-T and incubated overnight at 4°C with the primary
B-actin antibody which was diluted 1:10 000 in 0.5 % Casein. The next day, the membranes
were incubated with the secondary goat anti-rabbit antibody and images were acquired as
previously described. To determine the protein expression a densiometric analysis was
performed using the Image Lab™ Software from Bio-Rad. For expression normalization, the

amount of total protein on the membrane was used.
4.11 Graphical representations and statistics

All data presented as means (+ SEM, SD) as indicated in the figure legend. Statistical analyses
were performed in GraphPadPrism with a non-parametric Mann-Whitney U test, an unpaired,
two-tailed Student’s t test or one-way ANOVA and Kruskal-Wallis test combined with correction
for multiple testing. P <0.05 was considered significant (* p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001).

Graphical abstracts and summarizing figures were generated using a premium account of the

BioRender software.
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4.12 Materials

4.12.1 Cell culture media

Table 4.2: Cell culture media composition

Name Ingredient Specification
BMC electroporation medium IMDM (with phenol red) ThermoFisher; 12440061
> 10% FBS Biowest; Batch S18526S5181B

BMC transduction medium

BMC selection medium, 2X

BMC selection medium, 1X

BMDM generation medium,
standard

BMDM generation medium,
ROS detection assay

Ex vivo HSC culture

medium

T cell proliferation medium
(TCPM)

IMDM (with phenol red)
>10% FBS

> 100 U/mL penicillin

> 0.1 mg/mL streptomycin
> 6 ug/mL polybrene

IMDM (with phenol red)
>10% FBS

> 100 U/mL penicillin

> 0.1 mg/mL streptomycin
> 8 pug/mL puromycin

IMDM (with phenol red)
>10% FBS

> 100 U/mL penicillin

> 0.1 mg/mL streptomycin
>4 pg/mL puromycin

IMDM (with phenol red)

> 10% FBS

> 100 U/mL penicillin

> 0.1 mg/mL streptomycin

IMDM (without phenol red)
>10% FBS

> 100 U/mL penicillin

> 0.1 mg/mL streptomycin

Ham’s F-12 Nutrient Mix
> 1% IST-X

> 1% 100 U/mL penicillin
> 0.1 mg/mL streptomycin
> 1% L-glutamine

>10 mM HEPES pH 7.4
>1 mg/mL 87% PVA

RPMI-1640

>2 mM L-glutamine

> 10% FBS

> 100 U/mL penicillin

> 0.1 mg/mL streptomycin

> 25 mM HEPES pH 7.4

>1 mM sodium pyruvate

>0.1 mM NEAA

>5x10° M 2-mercaptoethanol

ThermoFisher; 12440061
Sigma-Aldrich; S0615, LOT 1640840
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333

Merck Millipore; TR-1003-G

ThermoFisher; 12440061
Sigma-Aldrich; S0615, LOT 1640840
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333
Sigma-Aldrich; P8833

ThermoFisher; 12440061
Sigma-Aldrich; S0615, LOT 1640840
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333
Sigma-Aldrich; P8833

ThermoFisher; 12440061
Sigma-Aldrich; S0615, LOT 1640840
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333

ThermoFisher; 21056023
Sigma-Aldrich; S0615, LOT 1640840
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333

Life Technologies; 11765054
Life Technologies; 51500056
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333
ThermoFisher; 25030081
Sigma-Aldrich; HO887
Sigma-Aldrich; 363081

PAN Biotech; P04-16500
ThermoFisher; 25030081
Sigma-Aldrich; S0615, LOT 1640840
Sigma-Aldrich; P4333
Sigma-Aldrich; P4333
Sigma-Aldrich; HO887
Sigma-Aldrich; S8636

Lonza; 13-114E

Sigma-Aldrich; M6250
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4.12.2 Buffers

Table 4.3: Buffers

Name Ingredient Specification
ACK lysis buffer, pH 7.2 VE H20
>0.15 M NH4ClI Carl Roth; 5470

CellTrace FarRed staining buffer

CellTrace FarRed wash buffer

Cytokine reconstitution buffer

ELISA blocking buffer

ELISA wash buffer

FACS buffer

MACS buffer

RetroNectin® blocking buffer

RetroNectin® wash buffer

> 10 mM KHCO3
> 0.1 mM Na2EDTA

1X PBS
>0.1% BSA

RPMI-1640
> 2% FBS

Milli-Q H20
>0.1% BSA

1X PBS
>0.05% Tween-20
> 3% FBS

1X PBS
> 0.05% Tween-20

1X PBS
> 3% FBS
>2mM EDTA

1X PBS
> 3% FBS
>10 mM EDTA

HBSS
> 2% BSA

HBSS
>2.5% HEPES pH 7.4

Carl Roth; P748.1
AppliChem; A2937

Sigma-Aldrich; D8537
Roth; 8076.4

PAN Biotech; P04-16500
Sigma-Aldrich; S0615, LOT 1640840

Roth; 8076.4

Sigma-Aldrich; D8537
AppliChem; A1522.0250
Sigma-Aldrich; S0615, LOT 1640840

Sigma-Aldrich; D8537
AppliChem; A1522.0250

Sigma-Aldrich; D8537
Sigma-Aldrich; S0615, LOT 1640840
AppliChem; A3562.1000

Sigma-Aldrich; D8537
Sigma-Aldrich; S0615, LOT 1640840
AppliChem; A3562.1000

Sigma-Aldrich; H6648
Roth; 8076.4

Sigma-Aldrich; H6648
Sigma-Aldrich; HO887

4.12.3 Primers

4.12.3.1 Genotyping primers

Table 4.4: Genotyping primers for Rosa26-Cas9 mouse line

Target

Forward 5‘-3°

Reverse 5'-3°

Cas9 WT (21306)
Cas9 (0IMR5984)

CTG GCT TCT GAG GACCG
CTC CGT CGT GGT CCT TAT AGT

AGC CTG CCCAGAAGACTCC
GCT AAC CAT GTT CAT GCCTTC
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4.12.3.2 qRT-PCR TaqMan probes

Table 4.5: TagMan probes for qRT-PCR

Target Supplier Catalog number

Arginasel MmO00475988 m1l
eCAD MmO01247357_m1
Hprt Mm03024075_m1
IL-1B Mm00434228 m1
IL-6 Mm00446190_m1

Applied Biosystems, Foster City

IL-12B (USA) Mm01288989_m1
NOS2 Mm00440502_m1
Sdha Mm01352366_m1
TNF-a MmO0443258 m1

Ym1 Mm00657889_m1

4.12.3.3 Primer for sgRNA region amplification (lllumina library preparation)

Table 4.6: Primer for sgRNA region amplification
Target Forward 5‘-3° Reverse 5‘-3°
sgRNA sequence insert GCTTTATATATCTTGTGGAAAGGACGAGGTACC CCGACTCGGTGCCACTTTTTCAA

All primers were ordered and custom-made from Sigma-Aldrich. Desalt or HPLC purification,
solved in water at 100 pM.

4.12.4 Antibodies and dyes
4.12.4.1 Flow cytometry dyes

Table 4.7: Dyes for flow cytometry

Color Specification
Proliferation dyes
CellTrace FarRed (CTFR) ThermoFisher; C34564

Live/dead marker
Fixable viability dye eFluor 506 eBioscience; 65-0864
Fixable viability dye eFluot780 eBioscience; 65-0865

Oxidative stress indicator (ROS detection)
CM-H,DCFDA (FITC) Invitrogen; C6827

Phagocytosis detection particle
pHrodo™ BioParticles® ThermoFisher; P35361
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4.12.4.2 Flow cytometry antibodies

Table 4.8: Antibodies for flow cytometry

Target Label Clone Specification
Surface antigens
B220 APC RA3-6B2 BioLegend; 103211
CD3 APC 17A2 BioLegend; 100236
CD3 FITC 17A2 BioLegend; 100204
CDh4 APC RM4-5 BioLegend; 100516
CDh4 PE RM4-5 eBioscience; 12-0042-82
CD8a APC 53-6.1 eBioscience; 17-0081-82
CD8a PE-Cy7 53-6.1 eBioscience; 25-0081
CD11b Bv421 M1/70 BioLegend; 101251
CD11b APC M1/70 eBioscience; 16-0161
CD11b APC-Cy7 M1/70 BioLegend; 101226
CD16/32 - 93 eBioscience; 14-0161-82
CD25 PerCP-Cy5.5 PC61 BioLegend; 102030
CD45.1 PE-Cy7 A20 BioLegend; 110730
CD45.2 PE-Cy7 104 eBioscience; 25-0451-81
CD48 PE HM 48-1 BiolLegend; 103405
CD80 PE-Cy7 16-10A1 BioLegend; 104734
CD86 FITC B7-2 BioLegend; 105005
CD150 PE-Cy7 TC15-12F12.2 BioLegend; 115913
CD206 PE C068C2 BioLegend; 141706
c-Kit APC 2B8 BioLegend; 553356
c-Kit FITC 2B8 BioLegend; 105805
F4/80 APC-eFI780 BMS8 eBioscience; 47-4801-50
F4/80 BV421 BMS8 BioLegend; 123137
Gr-1 APC RB6-8C5 BioLegend; 108412
Gr-1 PerCP-Cy5.5 RB6-8C5 BioLegend; 108428
MAC-1 APC M1/70 eBioscience; 16-0161
MHC I APC-eFI780 MH/144.15.2 eBioscience; 47-5321-82
MHC I APC MH/144.15.2 BioLegend; 107614
NK1.1 PE PK136 BioLegend; 108707
PD-1 APC RMP1-30 BioLegend; 109112
PD-L1 PerCP-Cy5.5 10F.9G2 BioLegend; 124334
Sca-1 PE-Cy7 D7 BiolLegend; 108114
TER119 APC TER-119 BioLegend; 116211
Intracellular antigens
FoxP3 PE FJK-16s eBioscience; 15-5773-82
4.12.4.3 Further antibodies
Table 4.9: Further antibodies
Target and application Supplier Catalog number
Cas9, polyclonal (rabbit) (Immunofluorescence) Diagenode C15310258
IL-10, polyclonal (rabbit) (Immunofluorescence) Abcam Ab9969

TNFAIP3, monoclonal (rabbit) (Western Blot) Cell Signaling Technologies 5630S
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4.12.5 Cytokines

Table 4.10: Cytokines

Cytokine Specification

IL-3, rm Peprotech; 213-13
IL-4, rm Peprotech; 214-14
IL-6, rm Peprotech; 216-16
IFN-y, rm Peprotech; 315-05
LPS Sigma-Aldrich; L5293
M-CSF, rm Peprotech; 315-02
Stem Cell Factor (SCF), rm Peprotech; 250-03
Thrombopoietin (TPO), rm Peprotech; 315-14

4.12.6 Primary cell electroporation

Table 4.11: tracrRNA and crRNA for primary cell electroporation

Target Size Specification
Edit-R synthetic tracrRNA 50 nmol Dharmacon Discovery; U-002005
Edit-R Lethal crRNA Control #1 50 nmol Dharmacon Discovery; U-006000-01

4.12.7 Primary cell transduction

Table 4.12: Lentiviruses

Target Supplier Catalog numbers (3 sgRNAs/target)
Edit-R Lentiviral sgRNA Non-targeting Dharmacon, Lafayette  111-71,72,73
Controls (USA)

Edit-R Mouse Tnfaip3 Lentiviral sgRNAs Dharmacon, Lafayette  2466896-76, 77, 80

(USA)
Lentiviral focused sgRNA library Oxford Genetics, (GB)  Custom made library
4.12.8 Kits
Table 4.13: Kits
Kit Specification Usage
D1000 Screen Tape Kit Reagents Agilent; 5067-5583 lllumina library generation
- quality control
Fixation & Permeabilization Buffer Set eBioscience; 88-8824-00 Intracellular staining for flow
cytometry analyzation
Granzyme B Mouse Uncoated ELISA Kit eBioscience; 88-8022-88 SNT ELISA for MLR
High-Capacity cDNA Reverse Transcription  Applied Biosystems; cDNA synthesis for RT-gPCR
Kit 4368814
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IFN-y Mouse Uncoated ELISA Kit

IL-10 Mouse Uncoated ELISA Kit

Lenti-X™ Provirus Quantitation Kit
MagniSort™ Mouse CD3 Positive Selection
Kit

Maxwell® RSC Cultured Cell DNA Kit

MojoSort™ Mouse Hematopoietic
Progenitor Cell Isolation Kit

NEBNext® Multiplex Adapters for
Illumina Kit

NEBNext® Ultra Il DNA Library Prep
Kit for lllumina

Neon® Transfection System 100 pL-Kit

Nucleospin® Tissue Kit

OptEIA™ Mouse IFN-y ELISA Kit

OptEIA™ Mouse IL-12p40 ELISA Kit

OptiEIA™ Mouse TNF- a ELISA Kit

PerfeCTa® NGS Library Quantification

Kit — lllumina Low/ROX

Qubit™ dsDNA HS Assay Kit

RNeasy Mini or Midi Kit

eBioscience; 88-7414-88

eBioscience; 88-7105-88

TAKARA-Bio; 631239

Invitrogen; 8804-6820-74

Promega; AS1620

BioLegend; 480003

NEB; E7335

NEB; E7645

Life Technologies;
MPK10096

TAKARA-Bio; 740952

Becton Dickinson; 555138

Becton Dickinson; 555165

Becton Dickinson; 560478

Quanta bio; 95155

ThermoFisher; Q32851

Qiagen; 74104 or 74004

SNT ELISA for MLR

SNT ELISA for BMDM phenotype
validation

Transduction protocol
establishment

T cell isolation for MLR
gDNA isolation for Illumina library
generation

MACS of LSK cells from total
BMCs

[llumina library generation

lllumina library generation

Electroporation of primary cells

RNA isolation for proviral copy
quantification

ELISA for SNT analysis of MLR

ELISA for SNT analysis

ELISA for SNT analysis

Proviral copy quantification

lllumina library generation —

quality control

RNA isolation for cDNA synthesis
(RT-gPCR)
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4.12.9 Devices

Table 4.14: Devices

Device

Manufacturer

Applied Biosystems™ 2720 Thermal Cycler
ChemiDoc™ Touch Imaging System
FACSCanto™ Il Cell Analyzer

Heracell™ 240i CO; Incubator

HERA Safe S1/S2 Cell Culture Hood
HydroSpeed™ ELISA plate washer
Infinite® M Nano microplate reader
Mini-PROTEAN® Tetra Cell

Multifuge X3R Centrifuge

NanoDrop™ ND-1000 Spectrophotometer
Neon™ Transfection System
QuantStudio™ 3 Real-Time PCR System
Qubit™ 4 Fluorometer

Trans-Blot® Turbo™ Transfer System

Vortex-Genie 2

Applied Biosystems, Foster City (USA)
Bio-Rad Laboratories, Hercules (USA)
Becton Dickinson, Franklin Lakes (USA)
Thermo Fisher Scientific, Carlsbad (USA)
Thermo Fisher Scientific, Carlsbad (USA)
Tecan, Mannedorf (Switzerland)

Tecan, Mannedorf (Switzerland)
Bio-Rad Laboratories, Hercules (USA)
Thermo Fischer Scientific, Carlsbad (USA)
Thermo Fisher Scientific, Carlsbad (USA)
Invitrogen, Carlsbad (USA)

Applied Biosystems, Foster City (USA)
Invitrogen, Carlsbad (USA)

Bio-Rad Laboratories, Hercules (USA)

Scientific Industries, Bohemia (USA)
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5 Supplementary

5.1 Target gene list of focused sgRNA library

167 genes targeted by focused sgRNA library in pooled in vitro CRISPR screen experiment.

Table 5.1: Target genes of focused sgRNA library

Gene name Gene name Gene name Gene name Gene name Gene name
Abl2 Cd74 Fabp4 Maf Prkcd Tir2
Acvrll Cd80 Fcerla Map2k3 Ptger2 Tir4
Adamdecl Cd86 Fcgrl Map3k8 Ptgerd Tir8
Adora2a Cfb Fcgr2b Map3k11 Ptgs1 Tnfaip3
Alk Cleclia Fes Mapkapk3 Ptgs2 Tnfrsf1b
Alox5 Clec4a2 Fgl2 Marco Ptpn6 Tnfsf10
Alox15 Clec4d Fgr Mertk Ptpre Trem1
Apobec3 Clec4e Flt4 Mknk1 Ripk Tymp
Bckdk Clecdn Fprl Mikl Ripk3 Vrk2
Bcl2ala Clecsa Fpr2 Mmp9 Rps6kal Wars
Birc3 Clec7a Fpr3 Mmp19 Rps6ka4

Bmp2k Clecl10a Hck Mpeg1 Scyl2

Btk Clecila lcam1 Mrcl Serpinala

C3arl Cleci2a Ido1 Msrl Serpinb2

C5arl Cleci2b I11b Nampt Serping1

Camk1 Com I12ra Nek6é Siglec1

Caspl Cpvl 114i1 Npl Sla

Ccl2 Csfir 14ra Pak2 Slamf7

Ccl7 Csf2ra e Parp9 Slc6al2

Cerl Csf2rb I110ra Parp14 Slc11al

Cers Csf3r 1112b Pcsk1 Slc15a3

Cer7 Csk Irak3 Pde4b Socs1

Ccrl2 Cstal Itgal Pik3ca Src

Cdi4 Cstb Itgb2 Pik3cd Stat1

Cdi163 Ctss Jak2 Pik3cg Stk10

Cd209a Ctsz Kmo Pik3r5 Stk40

Cd209b Cxcl1 Kynu Pik3r6 Syk

Cd33 Cxcl2 Limk1 Pim1 Tapl

Cd40 Cxcr2 Limk2 Pim3 Tbk1

Cd52 Dapk1 Ly96 Plaur Tex14

Cd68 F13al Lyn Plk3 Tgfbrl
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5.2 Gating strategies for flow cytometry

5.2.1 Gating strategy for BMDM phenotypes
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Figure 5.1: Gating strategy to define BMDM phenotypes via flow cytometry
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5.2.2 Gating strategy for mixed lymphocyte reaction
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5.2.3 Gating strategy for LSK cells and subpopulations
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Figure 5.3: Gating strategy for LSK cell sorting and flow cytometry analsis

5.2.4 Gating strategy for engraftment efficacy assessment
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A

Ab
ADCC
AICD
APC
APC
Argl
ATP

BM
BMC(s)
BMDM(s)
bp

BSA

CAR
Cas9
CCL

CD
cDNA
CFU

CM

cm?

CO;
COX-1/2
CRISPR
CRISPRa
CRISPRI
CRISPRko
crRNA
Cs

CSC

CSF

CcT

CTFR
CTLA-4
Ctrl
CXCL
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Antibody(ies)

Antibody-dependent cell-mediated cytotoxicity
Activation-induced cell death

Allophycocyanin

Antigen presenting cell(s)

Arginase 1 protein

Adenosine triphosphate

bone marrow

bone marrow cell(s)

bone marrow-derived macrophage(s)
Base pair(s)

Bovine serum albumin

Chimeric antigen receptor

CRISPR-associated protein 9

Chemokine (C-C motif) ligand

Cluster of differentiation

Complementary Deoxyribonucleic acid

Colony forming unit

Cytokine mix

Square centimetre(s)

Carbon dioxide

Cyclooxygenase-1/2

Clustered regularly interspaced short palindromic repeats

Clustered regularly interspaced short palindromic repeats activation
Clustered regularly interspaced short palindromic repeats interference
Clustered regularly interspaced short palindromic repeats knock out
CRISPR ribonucleic acid

Caesium

Cancer stem cell(s)

Colony stimulating factor (often called M-CSF)

Cycle threshold

CellTrace FarRed

Cytotoxic T lymphocyte antigen 4

Control

Chemokine (C-X-C motif) ligand
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DAMP
DC
dCas9
DEG(s)
DKFZ
DMSO
DNA
DNase
ds
DSB
DT

eCAD
EDTA
e.g.
eGFP
ELISA
et al.
EtOH
Exc/Em

FACS
FBS
FC

Fc
FITC
FMO
FoxP3
FSC

gDNA
GFP
GM-CSF
gRNA
GrzB

H>O
H>0>

Damage-associated molecular pattern
Dendritic cell(s)

Nuclease-deficient Cas9
Differentially expressed gene(s)
Deutsches Krebsforschungszentrum
Dimethyl sulfoxide
Deoxyribonucleic acid
Deoxyribonuclease

Double strand

Double strand break

Double transduction method

Epithelial cadherin
Ethylenediaminetetraacetic acid
exempli gratia

Enhanced green fluorescent protein
Enzyme-linked immunosorbent assay
Et alia/alii/aliae

Ethanol

Excitation/Emission

Fluorescence activated cell sorting
Fetal bovine serum

Fold change

Fragment crystallizable
Fluoresceinisothiocyanat
Fluorescence minus one
Forkhead-Box-Protein P3

Forward Scatter

Gravital force

Genomic DNA

Green fluorescent protein
Granulocyte-macrophage colony-stimulating factor
Guide ribonucleic acid (tracrRNA + crRNA)
Granzyme B

Dihydrogen monoxyde, water
Hydrogen peroxide
Hour(s)
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HBSS Hank’s buffered salt solution

HPLC High performance liquid chromatography
HSC(s) Hematopoietic stem cell(s)

HTS High-throughput screening

|

IC Immune complex(es)

ICB Immune checkpoint blockade

ICl Immune checkpoint inhibitors

IDO 1/2 Indoleamine-pyrrole 2,3-dioxygenase %
if. Intra-femoral

IFN Interferon

lgG Immunoglobulin G

IL Interleukin

IL-6ST Interleukin-6-signal-transducer

ILC Innate lymphocyte cell(s)

IM Inflammatory monocytes

IMDM Iscove’s Modified Dulbecco’s Medium
Indel(s) Insertion(s)/deletion(s)

iNOS Inducible nitric oxide synthase

i.p. Intraperitoneal

IRF Interferon regulated factor

IST-X Insulin-transferrin-selenium-ethanolamine
ITIM Immunoreceptor tyrosine-based inhibition motif
V. Intravenous

J

JNK c-Jun N-terminal kinase

K

KD Knockdown

kDa Kilodalton

kg Kilogram

KO Knockout(s)

L

LILRB Leukocyte immunoglobulin-like receptor B
LPS Lipopolysaccharide

LLC Lewis Lung Carcinoma cells

LT Lymphotoxin(s)

Lys Lysine

M

M Molar

Mdad Macrophage(s)
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MO
M1
M2
MACS
MAPK
M-CSF
MDSC
MPFI
mg
MHC
MiRNA
min
Mio
mM
mL
MLR
MMP-9
MOl
MRNA
ms

NADPH
NEAA
NEB
NFKB1
NF-kB
ng
NGS
NHEJ
NK
nMv
nm
NO
NOS2
ns
NTC

o
oligo-dT

P
PA-MSH1
PAM
PAMP

Differentiated BMDMs without further polarization

Classically activated macrophage(s) (immunstimulatory phenotype)

Alternatively activated macrophage(s) (immunosuppressive phenotype)

Magnetic activated cell sorting

Mitogen-activated protein kinase

Macrophage colony-stimulating factor (also called CSF)
Myeloid derived suppressor cell

Meadn fluorescence intensity

Milligram

Major histocompatibility complex

MicroRNA(s)

Minutes
Million
Millimolar
Milliliter

Mixed lymphocyte reaction
Matrix metalloproteinase 9
Multiplicity of infection
Messenger ribonucleic acid
Millisecond(s)

Nicotinamide adenine dinucleotide
Non-essential amino acids

New England Biolabs

Nuclear Factor Kappa B Subunit 1
Nuclear Factor kappa-light-chain-enhancer of activated B cells
Nanogram

Next generation sequencing
Non-homologous end joining
Natural killer cell(s)

Nanomolar

Nanometer(s)

Nitric oxide

Nitric oxide synthase-2

Not significant

Non-targeting control

a short sequence of deoxy-thymidine nucleotides

Pseudomonas aeruginosa mannose-sensitive hemagglutinin
Protospacer Adjacent Motif
Pathogen-associated molecular pattern
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PCA Principal component analysis

Pen/Strep Penicillin/Streptavidin

PerCP-Cy5.5 Perinidin chlorophyll protein-Cyanine5.5

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PD-1 Programmed cell death protein 1

PD-L1 Programmed-death ligand 1

PE Phycoerythrin

PFA Paraformaldehyde

PGL Prostaglandines

pH potentio hydrogenii (negative of the logarithm to base 10 of activity of
the hydrogen ion)

PTPNG6 Tyrosine-protein phosphatase non-receptor type 6

PRR(s) Pattern-recognition receptor(s)

PVA Polyvinylalcohol

Q

gRT PCR Quantitative real time Polymerase chain reaction

R Receptor

R? Correlation coefficient

RBV RetroNectin®-bound virus infection method

RIPA Radioimmunoprecipitation assay

RLU Relative luminescent unit

RM Resident monocytes

rm Recombinant murine

RNA Ribonucleic acid

RNase Ribonuclease

RNA-seq RNA sequencing

RNS Reactive nitrogen species

ROS Reactive oxygen species

RPM Reads per million

rpm Rounds per minute

RPMI Roswell Park Memorial Institute

RT-gPCR Reverse transcription-quantitative polymerase chain reaction

RT room temperature

S

s.C. Subcutaneous

SCF Stem cell factor

SD Standard deviation

sec Second(s)

SEM Standard error of the mean

sgRNA Single guide ribonucleic acid
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shRNA
Siglec
SIM
SiRNA
SLAM
SSC
STAT

T
TAM(s)
TCPM
TCR

Th

TLR

TME
TNF
TNFAIP3
TNFR
TPO
tracrRNA
Treg
TU/mL

U
HE
uL
uM

\
Vv

VEGF(R)
VRK2

WT

Ym1

Small hairpin ribonucleic acid

Sialic acid binding Ig-like lectin

Supernatant infection method

Small interfering ribonucleic acid

Signaling lymphocytic activation molecule

Side Scatter

Signal transducers and activators of transcription

Tumor-associated macrophage(s)
T cell proliferation medium

T cell receptor

T helper cell

Toll-like receptor
Tumor-microenvironment

Tumor necrosis factor

Tumor necrosis factor, alpha-induced protein 3
Tumor necrosis factor receptor
Thrombopoetin

Transactivating CRISPR nucleic acid
Regulatory T cell

Transducing units per milliliter

Mikrogram
Mikroliter
Mikromolar

Volt(s)
Vascular endothelial growth factor (receptor)
Vaccinia-related kinase 2

Wildtype

Chitinase-3 like protein
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