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Abstract
Functional Genomic Studies of Cancer Immune Evasion Using In Vitro
and In Vivo CRISPR/Cas9 Genetic Screens
Dimitrios A. Garyfallos
Recent advances in cancer immunology have shed light on the mechanisms of cancer immune
evasion. An accumulation of data in recent years has identified several immune checkpoints,
whose expression by cancer cells allows them to evade anti-cancer immune responses. The
great potential of these findings is highlighted by the recent approval of therapeutic
antibodies blocking PD1 and CTLA4, for the treatment of various cancers. Development of
novel immunotherapies constitutes an extremely promising clinical prospect. However,
target identification was limited in the past due to lack of high-throughput technologies. The
advent of CRISPR/Cas9 genetic screens has revolutionised our ability to interrogate the cancer
genome and identify its genetic vulnerabilities. With these in mind, I have carried out pooled
in vitro and in vivo CRISPR/Cas9 genome-wide genetic screens, in order to identify genetic
targets that sensitise cancer cells to the immune system and characterise cancer immune
evasion pathways. I have verified that genome-wide gRNA library coverage in vivo is feasible
in models of MC38 (mouse colon cancer) and B16F10 (mouse melanoma) cell isografts.
Furthermore, two separate genome-wide in vivo screens have been completed in MC38 cells,
which have enabled the identification of a number of candidate genes. Initial results indicated
that disruption of antigen presentation pathways and NF-κB signalling are lethal to tumour
cells in vivo. Moreover, the screen identified known cancer immunotherapy targets, such as
Cd274 (PDL1) and Ptpn2, among other genes. Candidate genes were validated in vivo, in
immunocompetent and immunocompromised mice, by designing targeted gRNA libraries. I
am currently in the process of carrying out individual gRNA knockout experiments. Finally, I
will further characterise the immune responses elicited by specific mutations and identify the
main effector cells. I anticipate that these findings have the potential to advance our
understanding of cancer immune evasion, while enabling the development of
immunotherapies, by providing a framework for high-throughput target identification and
validations.

v

vi

Preface
"Strength was with his hands in all that he did and the feet of the strong god were untiring.
From his shoulders grew a hundred heads of a snake, a fearful dragon, with dark, flickering
tongues, and from under the brows of his eyes in his marvellous heads flashed fire, and fire
burned from his heads as he glared. And there were voices in all his dreadful heads which
uttered every kind of sound unspeakable; for at one time they made sounds such that the
gods understood, but at another, the noise of a bull bellowing aloud in proud ungovernable
fury; and at another, the sound of a lion, relentless of heart; and at another, sounds like
whelps, wonderful to hear; and again, at another, he would hiss, so that the high mountains
re-echoed."
Hesiod, Theogony 823–835
According to Hesiod's Theogony, one of the greatest adversaries that Zeus, the Sky God, ever
faced was Typhon, the Father of Monsters. Hesiod describes Typhon as "terrible, outrageous
and lawless..." (Hesiod, Theogony 306–307), unimaginably powerful and terrifying.
It is arguably helpful (at least to me) to envisage and embellish complex molecular and cellular
interactions, developed over the course of millions of years of evolutionary processes, with
dramatical elements. Therefore, cancer appears as a monstrous distortion of our physiology,
a rogue entity with perturbed cellular and genetic integrity, a deceiving monster of many
faces, voices, and weapons, a harbinger of death. In contrast to that, our immune system is
seen as a great protector and guardian, a heroic overseer of homeostatic balance in our
bodies, that detects the emerging darkness and strives to entrap and destroy it.
Reading the description of Typhon, the many faces of cancer and its multifaceted arsenal of
weapons come in mind. However, the strength and courage and wit of Zeus, harnessing the
thunderbolt, a force of nature, enables him to stand victorious from the fierce battle and
reclaim natural order in the fight against Typhon. This is reminiscent of the strength and
courage and wit of the researchers, medical practitioners and mostly, patients, in their fierce
battle against the disease. Zeus did not kill Typhon. Typhon was a force of nature himself after
all. But he managed to imprison him in Tartarus so that he could not inflict any harm. Perhaps
mutation and cancer will always be part of human physiology.
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It becomes evident that we have not yet struck our thunderbolt and have not imprisoned the
devastating effects of cancerous mutations. Paraphrasing Harold Varmus, who compared
cancer to the great beast Grendel, of the epic poem Beowulf, we have merely shed light on
its multiple heads, seen its claws and fangs and fire and heard its multiple screams.
Nonetheless, an increasing understanding of the systemic, cellular, genetic and epigenetic
landscape of anti-cancer immunity will allow us to expand even more our armamentarium of
therapies, with immunotherapies being our thunderbolt and inner force of nature.
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1 | Introduction
1.1 | Cancer: “a distorted version of our normal selves”
Cancer accounted for approximately 17 million cases and 9.6 million deaths worldwide in
2018 (Cancer Research UK 2018). It is a disease of chaotic, aberrant growth, and disobedience
from the tightly regulated principles of cellular homeostasis. Perhaps one of the most
characteristic features of cancer is its ability to deceive and evade the intrinsic protection of
our immune system and the extrinsic therapeutic interventions aimed against it. These
abilities enable the cancer cell to adapt and metastasise to new sites in the body, continuing
its unregulated growth.
In the words of Harold Varmus, cancer is “a distorted version of our normal selves”
(NobelPrize.org 2019). This similarity between normalcy and cancer, the difficulty in
distinguishing “self” from “non-self”, is where its abilities lie. An increased understanding of
the unique features of cancer cellular physiology at a molecular and genomic level, along with
the interplay between the tumour and the host, has enabled the development of targeted
therapies and, more recently, immunotherapies. The present study is an attempt to expand
on our understanding of the biology of cancer and investigate potential novel therapeutic
avenues.

1.1.1 | History of cancer
The history of cancer is as old as the history of our species. However, as a disease whose risk
increases with age, its impact was less overt throughout the majority of human history, as a
result of the many other diseases which claimed lives before cancer would manifest.
The Ancient Egyptian physician Imhotep (27th century BC), was arguably the first in the
history of humankind to identify and describe the disease, being unable however to suggest
any cure. One of the first reports of what was probably a breast tumour, comes for the ancient
Greek historian Herodotus of Halicarnassus (5th century BC). In his "Histories", Herodotus
describes the story of the Achaemenid Persian empress Atossa, wife of Darius I. According to
the story, the empress developed a bleeding ulcerating lump on her breast, and her Greek
physician-slave Democedes of Croton convinced her to allow him to surgically remove it. If
1

the aetiology of the lump was indeed cancer, that would probably be the first report of a
mastectomy (Sandison 1959, Mukherjee 2010, Hajdu 2011). Later, the Greek physician
Hippocrates of Kos (460-375 BC), known as the father of modern medicine, coined the term
“καρκίνος” (karkinos), the Greek work for crab, to describe a range of benign or malignant
tumours. The choice of term originated from the fact that the tumours he would palpate on
his patients were reminiscent of a crab hiding in the sand. Hippocrates considered the cause
of cancer, same as of every other disease according to the predominant theory of the time,
to be an imbalance of the four cardinal humours (fluids): blood, black bile, yellow bile and
phlegm (humourism). During the Roman times, the Greek physician Galen of Pergamos (130200 AD), considered cancer in particular, along with depression (“melancholia”), to be an
imbalance of black bile. However false this early understanding of cancer might have been, it
introduced the idea that cancer is a systemic disease, extending further than the primary
tumour site, and would consequently require a systemic treatment (Mukherjee 2010, Hajdu
2011).
Galenic views on the cause of the disease persisted through the ages. However, the inability
to identify the existence of black bile, as shown by the works of Andreas Vaselius (16th
century) and Matthew Baille (18th century), challenged humourism. Furthermore, significant
progress on local treatment of cancer took place in the 19th century, with William Stewart
Halsted’s introduction of an extensive surgical removal of healthy tissues surrounding a
neoplastic lesion of the breast. This procedure was termed “radical mastectomy” and was
based on the notion that this approach, even though it was highly disfiguring, would rid a
patient of potential metastases that would cause relapse. At the end of the 19th century, Paul
Ehrlich, following up on his work on the treatment of microbial diseases, envisioned the
concept of a "magic bullet" for cancer treatment, a compound which would target cancer
cells but spare normal cells. Dramatic advances in cancer biology and treatment took place
during the 20th century. These were based on discoveries such as the development of
chemotherapy by Sidney Farber and Yellapragada Subbarow. The "War on Cancer", declared
by American President Richard Nixon with the support of Sidney Farber and Mary Lasker, and
the resulting National Cancer Act of 1971, brought cancer to the public eye. This war,
potentially prematurely declared due to lack of deeper understanding of the disease, still
rages on (Mukherjee 2010). Finally, seminal discoveries by J. Michael Bishop, Harold E.
Varmus, and Peter Vogt, shed light on the mechanism of viral carcinogenesis, and paved the
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way for a better understanding of the role of oncogenes and tumour suppressors (Bister
2015). Moreover, the advent of next generation sequencing technologies and their
application in cancer genomics led to an increased understanding of the genetic
underpinnings of malignancy, the progression from normal tissue to cancer, and the unique
signatures left by cancer-causing genetic lesions (Pleasance, Cheetham et al. 2010, Nik-Zainal,
Alexandrov et al. 2012, Behjati, Huch et al. 2014).
The fact that immune responses could be triggered against cancer was first observed in the
late 19th century, when the American surgeon William B. Coley identified a connection
between cancer remission and erysipelas infection (usually caused by group G streptococci).
Coley used a material of bacterial origin, referred to as “Coley’s toxins” to locally inject
tumours and (as we understand today) trigger a systemic tumour-limiting response
(Blackberg, Trell et al. 2015, Aznar, Tinari et al. 2017). Finally, the seminal discoveries by James
P. Allison and Tasuku Honjo, earned them the Nobel Prize in Physiology or Medicine in 2018
for their contribution in elucidating cancer immune evasion mechanisms and harnessing the
immune system therapeutically, thus bringing immunotherapies into the spotlight
(NobelPrize.org 2019).
This current study is an attempt to push the boundaries of our understanding of the nuances
of immunological interactions enabling tumour growth. Identification of mechanisms of
evasion of anti-tumour responses would enable the development of new strategies for
treatment, based on deeper understanding of immuno-oncology.

1.1.2 | Definition of cancer
Mechanisms of evolution, mutation and natural selection have created an enormous
complexity of form and structure amongst living cells. Mutational processes and tissue
morphogenesis have been driving the progression from unicellular life forms to multifarious
multicellular organisms. This has been achieved through the development of specialised cell
types with specific functions. During the course of development of multicellular organisms, a
plethora of interwoven regulatory networks govern the differentiation from one primordial
cell, the zygote, to a multitude of specialised cellular subtypes, operating under homeostatic
control. These regulatory networks function in tandem and ensure expression of genetic
information in a timely and organised fashion. Under normal circumstances, most cell types
3

undergo the path of cellular differentiation unidirectionally, as they develop specialised
functions. However, certain cases require the re-activation of differentiation pathways for the
purpose of wound healing or replacement of damaged or non-functioning cells. The fact that
all cells (with some exceptions) carry the whole blueprint of their developmental
programming in their genetic information allows many of them to regain their differentiation
capabilities when necessary. Nonetheless, the significant advantages of cellular adaptability
could also become the Achilles’ heel of the organism, when the safeguarding control networks
are deregulated. This deregulation of cellular processes happens when normal cells
progressively acquire certain hallmark capabilities that drive them to generate neoplastic
growths. Such growths have a number of distinct features: they develop from specialised cells
of normal tissues and gain alternate phenotypes with unlimited proliferative potential, while
being unresponsive to cellular homeostasis.
Malignant cells thus go through a process of adapting to their environment and gradually
evolve from a relatively normal to a highly malignant state. Hence, cancer is the clinical
condition which occurs when normal cells escape the tight regulatory mechanisms of cellular
homeostasis to spawn malignancies (Weinberg 2013, Lamouille, Xu et al. 2014).

1.1.3 | Hallmark abilities of cancer
In order to understand the enormous complexity of cancer as a biological phenomenon, and
moreover, its interaction with the immune system, it is important to focus on the integral
abilities that cancer cells need to acquire in order to ensure their survival and proliferation.
In their seminal review articles, Hanahan and Weinberg provide a framework for the
understanding of the underlying complexity of neoplastic malignancy, by describing and
categorising the hallmark abilities that characterise tumour cells. These are the abilities
gradually acquired by normal cells on their path to higher states of malignancy and
invasiveness (Figure 1) (Hanahan and Weinberg 2000, Hanahan and Weinberg 2011).
One of the main hallmark abilities of cancer cells is their ability to maintain constitutive
proliferative signalling and disregard homeostatic control of growth regulation (Bhowmick,
Neilson et al. 2004, Perona 2006, Cheng, Chytil et al. 2008, Hynes and MacDonald 2009,
Lemmon and Schlessinger 2010, Witsch, Sela et al. 2010, Hanahan and Weinberg 2011).
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Apart from control over pro-growth signalling, a cancer cell needs to become immortalised,
by rendering itself unresponsive to growth-suppressive signalling. This is usually mediated by
the deactivation of tumour suppressor genes (Sherr and McCormick 2002, Deshpande,
Sicinski et al. 2005, Hanahan and Weinberg 2011).
The mechanisms of apoptosis can act as internal regulators that result in controlled and
programmed cell death of cells which are not needed any more, or of cells suffering significant
genomic insults. Hence, a cancer cell needs to achieve control over the triggers of the
apoptotic machinery to ensure its survival (Evan and Littlewood 1998, Cory and Adams 2002,
Lowe, Cepero et al. 2004, Adams and Cory 2007, Junttila and Evan 2009, Hanahan and
Weinberg 2011).
Moreover, despite the intrinsic limitation of cellular lifespan orchestrated by the function of
telomeres and telomerase, cancer cells are required to overcome the states of senescence
and crisis, becoming fully immortalised and therefore capable of unlimited replication (Shay
and Wright 2000, Blasco 2005, Hanahan and Weinberg 2011).
Another ability which is important for tumour cell survival is the reactivation of proangiogenic
signaling, which is typical of malignancy and enables the vascularisation of the tumour
(Hanahan and Folkman 1996, Baluk, Hashizume et al. 2005, Nagy, Chang et al. 2010, Hanahan
and Weinberg 2011).
Arguably its most distinctive feature is the ability of the tumour cell to relocate from its tissue
of origin and metastasise, adapting to a new microenvironment. This happens first by
invading surrounding tissues, continuing with infiltrating blood or lymphatic vessels, forming
micrometastasis into new sites, and finally forming macrometastatic lesions (Fidler 2003,
Talmadge and Fidler 2010, Hanahan and Weinberg 2011).
The adaptive potential that enables cancer cells to overcome natural cell-intrinsic protective
pathways, anti-cancer immune responses, and anti-cancer therapies is enabled by genetic
instability, defined as changes in chromosomal structure and integrity, microsatellite
instability, or increased rate of point mutations. Such adaptive responses can be changes in
gene expression, at either genetic (changes in DNA sequence) or epigenetic (in DNA
methylation status or changes in histones) level (Esteller 2007, Jones and Baylin 2007,
Berdasco and Esteller 2010, Negrini, Gorgoulis et al. 2010, Hanahan and Weinberg 2011).
Furthermore, repurposing and modulation of their cellular energy metabolism enables cancer
cells to achieve a stable energy supply, by switching between the use of different substrates
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as energy sources. More specifically, normal cells use glycolysis, and process glucose to
pyruvate. Under aerobic conditions, pyruvate is oxidised to carbon dioxide through oxidative
phosphorylation, while under anaerobic conditions, pyruvate is processed to lactate, through
anaerobic glycolysis. However, Otto Warburg identified what is referred to as the “Warburg
effect”, that cancer cells perform “aerobic glycolysis”, according to which they preferentially
use glycolysis to convert pyruvate to lactate, regardless of presence or absence of oxygen.
Further studies point towards the direction of a symbiotic relationship, within the tumour.
According to this, Warburg-like cells convert glucose into pyruvate and then into lactate,
which is then used as a fuel by lactate-dependent tumour cells (Semenza 2008, Feron 2009,
Heiden, Cantley et al. 2009, Kennedy and Dewhirst 2010, Hanahan and Weinberg 2011).
Despite the bulk of evidence that tumours are infiltrated by cells of the immune system
(Dvorak 1986), it wasn’t until recently that inflammatory responses were identified as also
having tumour-promoting, -enabling or -facilitating roles. In this context, inflammation
increases the bioavailability of essential factors in the vicinity of the tumour
microenvironment, such as tumour-promoting growth factors, survival factors, molecules
which promote angiogenesis, or recruitment of immune cells which result in an
immunoevasive microenvironment (Balkwill, Charles et al. 2005, DeNardo, Andreu et al. 2010,
Hanahan and Weinberg 2011, Ruffell, Chang-Strachan et al. 2014, Palucka and Coussens
2016).
Overwhelming amounts of data throughout the years, have highlighted the pivotal role of
anti-tumour immune responses and the acquisition of immune evasion properties as one of
the cornerstones of cancer initiation and progression. Through the process of immunoediting,
which comprises the three stages of elimination, equilibrium and escape, the immune system
sculpts and morphs cancer, from an initial more immunogenic to a more immunoevasive
entity. Finally, the tumour microenvironment has been recognized as being the “ground-zero”
of the different hallmark functions which enable tumour growth, and whose targeting and
modulation holds great promise for future therapies (Dunn, Old et al. 2004, Hanahan and
Weinberg 2011, Palucka and Coussens 2016). The importance of the acquisition of an
immunoevasive phenotype by cancer will be discussed in greater detail in section 1.2.4.
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Figure 1 | The hallmark abilities of cancer.
Hannahan and Weinberg summarised the key hallmark abilities cancer cells need to acquire, in order to gain
metastatic potential and advance towards higher states of malignancy. An increased understanding of these
qualities provides opportunities for their individual and combinatorial targeting with anti-cancer treatments.
The figure shows some examples of harnessing this knowledge for therapeutic interventions. These examples
include the use of VEGF signaling inhibitors to tackle pro-angiogenic signaling, inhibitors of telomerase to
counteract the ability of cancer cells to achieve replicative immortality, or immune checkpoint inhibitors to
bypass cancer immune evasion mechanisms. The figure was obtained from Hanahan and Weinberg, 2011
(Hanahan and Weinberg 2011).
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1.2 | Immune System: The Guardian
1.2.1 | Overview of the immune system
The immune system refers to the multitude of different molecules, cells and tissues of the
organism, which act in cooperation in order to confer protection against infectious agents or
malignant cells, by raising immune responses against them. Initially thought to contribute to
homeostasis solely by preventing and eliminating infections, an overwhelming amount of
evidence has shed light on the role of immune responses in conferring protection against
cancer development and progression, repair of damaged tissues, and disposal of cellular
debris (Abbas, Lichtman et al. 2014).
Immune responses are under strict regulatory control, and their deregulation results in a wide
range of immunological diseases, such as autoimmunity, allergies and immunodeficiency. The
different immune responses have been classified into two main categories, based on their
timing, mode of action and characteristics of cell types involved. Hence, the branch of the
immune system which is charged with blocking the initial entry of invading microbes, their
elimination upon successful entry or the initial response against early tumour development
is referred to as innate immunity. The branch that responds later on and is involved in the
eradication of extracellular and intracellular microbes and tumour-specific immune responses
is referred to as adaptive immunity (Abbas, Lichtman et al. 2014).
In order to identify ways to harness anti-tumour immunological responses for treatment
purposes, it is essential to understand the complexity of the evolutionary battle raging
between cancer and the immune system, and the ways the one shapes the other.

1.2.2 | Immunoediting: Elimination, Equilibrium and Escape
In addition to protection from infections, the immune system has adapted, throughout
evolution, to combat cancer. This anti-cancer role of the immune system is exemplified
through its ability to maintain a constant state of surveillance, termed “immunosurveillance”,
whose aim is the identification and eradication of newly arising cancer cells and tumours.
Immunosurveillance operates as part of a broader mechanism that has been termed
“immunoediting”. This mechanism is reflective of the dual nature of the immune system, on
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one hand mediating direct tumouricidal responses, while on the other hand, shaping the
immunological profile of cancer cells towards higher stages of immune evasion
and malignancy. Immunoediting has been further divided into three separate stages,
following the chronological timeline of tumour development: elimination, equilibrium and
escape (Dunn, Bruce et al. 2002, Smyth, Dunn et al. 2006, Hanahan and Weinberg 2011).
During the early stages of tumourigenesis, cancer cells can express a variety of neoantigens,
as a result of their genetic mutations. Therefore, elimination involves all initial immunemediated processes of recognition and eradication of cancer cells, aimed against the
aforementioned neoantigens. These processes are orchestrated by T cell effector functions
and include secretion of Th1 cytokines, such as interferon-γ (IFN-γ), interleukin-2 (IL-2) and
interleukin-12 (IL-12) (section 1.2.4.4), alongside recruitment of NK cells (section 1.2.4.6) and
activated CD8+ T cells (section 1.2.4.4). These cytotoxic immune responses place a strong
evolutionary selection pressure on tumour cells, eliminating highly immunogenic clones,
while allowing less immunogenic ones to survive and proliferate. Hence, tumour cells reach
a state of equilibrium, in which surviving cells are being modulated, via immune selection,
from a more immunogenic to a less immunogenic state. Eventually, they restructure their
microenvironment and acquire different hallmark abilities of immune evasion. As part of this
process, they employ characteristics that mimic peripheral tolerance, via the recruitment of
pro-tolerogenic regulatory cells. Finally, these highly adapted cancer clones, which are
invisible and undetectable by immune responses, reach the stage of escape, which entails the
clinical manifestation of neoplastic malignancy (Dunn, Old et al. 2004, Kim, Emi et al. 2007,
Teng, Swann et al. 2008, Hanahan and Weinberg 2011, Matsushita, Vesely et al. 2012, Teng,
Galon et al. 2015, Palucka and Coussens 2016, Gonzalez, Hagerling et al. 2018).

1.2.3 | The cycle of cancer immunity
Despite a circle not having, by definition, a beginning or an end, it could be argued that the
cancer immunity cycle, as coined by Mellman and colleagues (Chen and Mellman 2013), starts
with antigen presentation of cancer neoantigens which are released due to tumour cell death
(Figure 2).
Tumour-specific neoantigens, which could be either soluble or cell-borne, are recognised,
captured and presented to the immune system by different populations of dendritic cells
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(DCs), which are one of the main categories of antigen presenting cells (APCs). Soluble
antigens diffuse to the draining lymph nodes, via lymphatic vessels, and are captured by
lymph-node-resident DCs there. Cell-borne antigens are processed by tissue-resident DCs at
the tumour site. After that, DCs loaded with neoantigens migrate to the draining lymph nodes.
DCs can present tumour peptides either at the tumour site or after lymphatic migration at
the lymph nodes. In addition to endogenous tumour antigens released directly from tumour
cells, cancer vaccines (comprising antigen and adjuvant) could also result in DC capture,
following the same pathway (Steinman 2011, Palucka and Coussens 2016).
APCs mount specific antigens onto their major histocompatibility complex (MHC) class I (MHC
I) or class II (MHC II) molecules, and present them to naïve T cells, in order for them to
differentiate and carry out their effector functions. This process is referred to as “crosspresentation”. The interaction of DCs with naïve T cells takes place in lymphoid tissues and is
referred to as “cross-priming” of T cells. DCs carry the tumour peptides loaded on MHC I and
MHC II to form MHC complexes. These complexes interact with the T cell receptors (TCRs) on
the surface of naïve T cells. DCs are extremely efficient in antigen presentation and elicitation
of antigen-specific T cell immunity (in comparison to other APCs, such as macrophages)
(Lanzavecchia and Sallusto 2001, Bevan 2006, Palucka and Coussens 2016).
Naïve CD8+ T cells engage with the antigen-loaded DCs and differentiate into cytotoxic T
lymphocytes (CTLs) in the lymphoid organs. Moreover, CTLs could also be produced upon
reprograming of memory T cells (Appay, Douek et al. 2008, Palucka and Coussens 2016,
Gonzalez, Hagerling et al. 2018). In addition to presentation by DCs, essential for the
differentiation process is co-stimulation by CD28/CD80, CD27/CD70 and 4-1BB (CD137)/ 41BBL, along with DC-secreted cytokines, such as IL-12 and IL-15 (Steinman 2012, Chen and
Flies 2013, Palucka and Coussens 2016). However, naïve CD8+ T cells can also differentiate
into CTLs without involvement of co-stimulatory molecules, as a result of the interaction of
the TCR with the complex of the antigen bound on MHC I (on the surface of the APCs) (Wang,
Maile et al. 2000).
Naïve CD4+ T cells, upon interaction with peptide-loaded DCs, can differentiate into different
subsets: either to Th cells, which have helper cell functions and specific cytokine profiles, or
to Fox-P3+ regulatory T (Treg) cells, whose role is the silencing of immune responses in order
to protect tissue homeostasis (Zhu and Paul 2008, Palucka and Coussens 2016).
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The differentiated T cells migrate to the tumour site via blood and lymphatic circulation and
carry out their effector functions. At these sites, CD8+ CTLs can be hindered by a number of
obstacles raised by the tumour. These could be subdivided into different categories based on
their mechanisms of action, including: i) intrinsic checkpoint regulators, such as the
interaction of CTLA4 on the T cell with CD80/CD86 on the APC, the binding of PDL1 expressed
on tumour cells or APCs to PD1 on the T cells, and the Ig-like transcript (ILT) inhibitory
receptors, which are molecules expressed by CD14+ DCs and block differentiation of CD8+
naïve cells into CTLs (Banchereau, Zurawski et al. 2012, Pardoll 2012), ii) extrinsic checkpoint
regulators, which mediate the recruitment of effector cells with immunosuppressive
functions, such as Treg cells (Fehervari and Sakaguchi 2004), Breg cells (Sarvaria, Madrigal et
al. 2017) and myeloid-derived suppressor cells (MDSCs) (Gabrilovich, Ostrand-Rosenberg et
al. 2012). Also, iii) immunosuppression is also achieved by tumour-promoting inflammation,
which results in the corruption of the tumour microenvironment by subverting immune
responses towards tumour tolerance. In this case, the cancer cells directly secrete factors that
inhibit DC maturation and hence, block cross-presentation. One such factor is cancer-derived
thymic stromal lymphopoietin (TSLP), which results in OX40L expression by DCs and skews
their maturation towards Th2 immune response. As a result of that, CD4+ T cells, as part of a
Th2 response, secrete IL-4 and IL-13 and mediate a pro-tumourigenic environment. This protumourigenic effect of DCs can be exerted directly or indirectly. Direct effects entail profibrotic, pro-angiogenic and anti-apoptotic signalling, along with effects on steroid
metabolism. The indirect effects are mediated via the recruitment of tumour-infiltrating
macrophages, which secrete growth factors (EGF) and pro-angiogenic factors (VEGF), while
they inhibit proliferation of CD8+ T cells by their production of inducible nitric oxide synthase
(iNOS) and arginase (Coussens, Zitvogel et al. 2013). Furthermore, iv) the tumour cell targets
are extremely mutable and prone to antigen loss, in order to evade the antigen-specific T cell
responses raised against them (Klebanoff, Acquavella et al. 2011). This could be achieved
either by the acquisition of mutations which hamper the pathways of antigen processing and
presentation, or by the direct loss of the immunogenic peptides (Beatty and Gladney 2015).
Finally, v) a tumour-promoting phenotype can be enhanced by certain tissue-specific
modifications. In the context of pancreatic ductal adenocarcinoma (PDAC), this phenotype
takes the form of tumour-promoting fibrosis, which is the result of development of pancreatic
stellate stromal cells and an increase in accumulation of altered proteins of extracellular
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matrix. In this context, fibrosis and pancreatic stellate cell activation is linked to metastasis
by mediating epithelial-to-mesenchymal transition (EMT), a phenotypic alteration of
polarised epithelial cells so that they gain mesenchymal-like properties. This process,
bequeaths motility and invasiveness to tumour cells, promoting metastasis (Kalluri and
Weinberg 2009, Kikuta, Masamune et al. 2010, Thomas and Radhakrishnan 2019). A similar
effect has been observed in breast cancer, where mammary gland-derived adipocytes
(MGDAs) promote tumour growth (Huang, Chang et al. 2017).
Physiological tumour-specific immune responses or clinical therapeutic interventions
(targeted therapies, chemotherapy, radiation therapy, immunotherapy etc.) result in
neoplastic cell death. This results in further release of endogenous tumour neoantigens and
their cross-presentation by DCs. The outcome of that is the elicitation of a secondary wave of
anti-tumour immune responses, against epitopes not initially targeted by the first wave of
anti-tumour responses or by the therapeutic intervention. This mechanism has been termed
“antigen spread” (or “endogenous vaccination” or “epitope spread” or “determinant spread”
or “antigen cascade”) and effectively closes the cycle. An accumulating amount of evidence
indicates that these additional secondary immune responses play a critical role in the
development and maintenance of anti-tumour immunity, even as a side-effect of
chemotherapeutic strategies (Hardwick and Chain 2011, Galluzzi, Buque et al. 2015, Kreiter,
Vormehr et al. 2015, Gulley, Madan et al. 2017).
However, recruitment of effector cells mediating acute tumouricidal responses leads to the
tumour raising resistance against them, such as expression of PDL1 by the tumour itself or by
tumour-promoting immune cells. Moreover, apart from a tumour’s immune evasion
strategies, any strong inflammatory response, which could harm surrounding tissues, will
ultimately lead to immune suppression (Palucka and Coussens 2016). A strong indication for
that is the frequent observation of autoimmunity as a side-effect of immune checkpoint
blockade therapy, which removes these physiological homeostatic checkpoints (Amos, Duong
et al. 2011).
It becomes evident that the balance between the tumouricidal immune responses and the
tumour’s resistance and evasion mechanisms is the ultimate deciding factor of the clinical
outcome. Hence, the next generation of immunotherapies should, on one hand, aim to
understand and target all the different stages of the cycle of cancer immunity, mediated by
different cell types in different tissues. On the other hand, these therapies should act on
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blocking the tumour-enabling evasion mechanisms. Finally, harnessing the potential of
antigen spreading in mounting immune responses against a host of secondary nonpredetermined peptides could prove to be of paramount importance in raising long-lasting
protective anti-tumour responses.

Figure 2 | The cancer immunity cycle.
The cycle starts with the capture of tumour neoantigens by DCs, which reside either in the tumour site or in the
draining lymph nodes. Antigen capture by DCs in the draining lymph nodes happens when free tumour antigens
diffuse there and are recognized by resident DCs. In any case, the loaded DCs migrate into the draining lymph
nodes and present their cargo to naïve T cells (“cross priming”). This enables the reprogramming and
differentiation of naïve T cells towards their effector functions. Cell types activated through this process include
B cells, Th cells, Treg cells and CD8+ cytotoxic T cells. Effector cells then migrate to the tumour site and carry out
their functions. Tumour cell death, due to the aforementioned effector functions, results in release of more
tumour-specific antigens, closing the circle, an effect termed “antigen spreading”. However, several immune
evasion mechanisms enable cancer to evade anti-tumour immune responses, via the manipulation of immune
checkpoints. These mechanisms include regulation of i) T cell-intrinsic checkpoints (such as CD28-CTLA4 or PD1PDL1 interaction) or ii) T cell-extrinsic checkpoints (such as recruitment of immunosuppressive cells). Finally,
another immune evasion strategy is iii) the corruption of the tumour microenvironment due to the effects of
tumour-promoting inflammation, and direct block of DC-mediated antigen presentation. The figure was
obtained from Palucka and Coussens, 2016 (Palucka and Coussens 2016).
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1.2.4 | Cell types of anti-tumour immunity
From their formation, cancer cells interact with multiple populations of immune cells in a
dynamic and fluid fashion, which shapes the landscape of anti-tumour immune responses.
The outcome of this interaction is critical in regulating whether the balance tips towards antitumour immunity and cancer regression, or towards tumour-enabling tolerance and immune
suppression. These cell types belong to either the myeloid (macrophages, neutrophils,
dendritic cells) or the lymphoid (NK, T, iNKT, B cells) compartment of the immune system
(Palucka and Coussens 2016). Increasing amounts of evidence paints a complex picture of the
networks of interactions between these cells, with certain cell types being involved in tipping
the aforementioned balance towards one or other direction.

1.2.4.1 | Macrophages
Macrophages are cells of the innate immune system. They differentiate from monocytes,
which arise from bone marrow-derived myeloid progenitors. Since macrophages are fully
differentiated cells without proliferative capabilities, they are constantly repopulated from
monocytes in the periphery. Macrophages harbour a host of pattern recognition, scavenger,
and phagocytic receptors, which enable them to respond to infections and tissue injuries.
They play a pivotal role in tissue repair and in maintaining homeostasis through their
phagocytic functions, which allow them to remove lipoproteins and cellular debris.
Disturbance of their function can result in inflammatory reactions (Mantovani, Marchesi et
al. 2017, Gonzalez, Hagerling et al. 2018).
In the context of cancer, tumour-associated macrophages (TAMs) are the most abundant
tumour-infiltrating immune cells and their presence has been linked to poor prognosis (Lavin,
Mortha et al. 2015, Gonzalez, Hagerling et al. 2018). Two distinct roles of macrophages have
been described, which range from pro-inflammatory anti-tumourigenic (M1) type to antiinflammatory immunosuppressive (M2) type. During the course of immunoediting and
shaping of the immunological profile of the tumour, the highly immunogenic tumour cells are
eliminated in part via the M1 type pro-inflammatory response. As the tumour adapts to a less
immunogenic state, macrophages are polarised towards a tumour-promoting M2 type antiinflammatory response (Mantovani, Marchesi et al. 2017, Gonzalez, Hagerling et al. 2018).
TAMs exert their pro-tumourigenic role by promoting angiogenesis and lymphangiogenesis,
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enhancing tumour cell proliferation, enabling EMT or mediating the development of a protumourigenic immunosuppressive environment (Gonzalez, Hagerling et al. 2018).
However, anti-tumourigenic and anti-metastatic roles of TAMs have also been described,
mediated by NK cell recruitment to the site of metastasis, or via their phagocytic functions
(Gonzalez, Hagerling et al. 2018).

1.2.4.2 | Neutrophils
Neutrophils are recruited to the site of tissue damage, where they mediate induction of
inflammation and responses against pathogens, via phagocytosis, production of proteins with
antibacterial properties, deposition of neutrophil extracellular traps (NETS), and production
and exocytosis of granules containing proteases (Kolaczkowska and Kubes 2013, Gonzalez,
Hagerling et al. 2018).
In the context of cancer, similar to macrophages presenting as either M1 or M2 type, a
classification of tumour associated neutrophils (TANs) into a pro-inflammatory antitumourigenic (N1) type, and an immunosuppressive pro-tumourigenic (N2) type has been
proposed. However, specific markers that would identify N1 and N2 types have not been
clearly established. Regardless of N1 or N2 phenotype, a number of key chemokines are
produced by tumour cells and their supporting stromal cells and result in TAN recruitment
into the tumour microenvironment. These include ligands of CXCR2, including CXCL1, CXCL2
and CXCL5. Moreover, TGF-β has also been shown to mediate recruitment of protumourigenic N2 type TANs. Further studies are required to delineate the functional
heterogeneity of TANs along with co-factors that regulate their N1 or N2 type response
(Gonzalez, Hagerling et al. 2018).

1.2.4.3 | Dendritic cells (DCs)
Dendritic cells (DCs) are a class of professional antigen-presenting cells which operate as a
bridge between the innate and the adaptive branches of immunity. They are located in all
tissues, with the exception of the brain parenchyma (Mildner and Jung 2014). They are
capable of cross-presentation of endogenous and exogenous protein antigens mounted on
classical MHC I and II, respectively, or lipid antigens presented on non-classical CD1
molecules. DC-mediated cross-presentation to specific subsets of naïve T cells, such as CD4+
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T cells, CD8+ T cells and NKT cells, allows latter cells to differentiate and carry out their
effector functions. Their classification as “professional APCs” is justified by their high
efficiency (compared to other APCs) in inducing antigen-specific T cell immune responses
(Lanzavecchia and Sallusto 2001, Palucka and Coussens 2016).
As explained in detail in section 1.2.3, in the context of cancer immunity, DCs present tumourspecific antigens, either locally in the tumour site or in the lymph nodes, to naïve and memory
T cells. T cell priming is influenced by co-stimulatory molecules and can result in induction of
either tumouricidal effector T cell responses, or establishment of pro-tumourigenic tolerance.
In this dual role, tumour-infiltrating DCs have been described in various forms of cancer (Tran
Janco, Lamichhane et al. 2015).
A relatively small number of studies and clinical trials in phases I, II and III, have shown efficacy
with the use of “autologous DC vaccines”, by pulsing the patient’s DCs with tumour-specific
antigens, and enabling them to prime T cells towards anti-tumour responses. “Pulsing” refers
to ex vivo incubation of DCs with specific peptides. These pulsed DCs are then capable of
eliciting tumour-specific cytotoxic effector T cell responses in vivo. Following such protocols,
promising results have been observed in melanoma, and prostate cancer. However, the
effects of ex vivo manipulation of DCs, and lack of understanding of the specific roles and
functions of DC subsets, may have contributed to the lack of further successes (Mukherji,
Chakraborty et al. 1995, Nestle, Alijagic et al. 1998, Janikashvili, Larmonier et al. 2010, Beer,
Bernstein et al. 2011, Gonzalez, Hagerling et al. 2018). Encouragingly, a more recent phase II
trial, using a combination of autologous DC vaccination with CTLA4 immune checkpoint
blockade, resulted in 8 complete and 7 partial therapeutic responses, in a cohort of thirtynine melanoma patients, raising new hope for such approaches (Wilgenhof, Corthals et al.
2016).
Finally, recent studies in mouse models of melanoma, breast and colorectal cancer showed
that tumour cells mediate pro-tumourigenic immunosuppression by impairing the
recruitment of DCs in the tumour microenvironment. This is carried out, at least in part, by
secretion of prostaglandin E2 by tumour cells, which in turn results in deregulation of the
ability of tumour-associated NK cells to mediate DC recruitment (Bottcher, Bonavita et al.
2018).
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1.2.4.4 | T cells
T lymphocytes (T cells) are important protagonists of the adaptive immune system. Their
effector functions are affected by the specific immunological context and can mediate proor anti-inflammatory phenotypes (Speiser, Ho et al. 2016, Gonzalez, Hagerling et al. 2018).
Tumour-specific antigens are released upon induction of therapeutic interventions,
neoplastic cell death, or anti-tumour immune responses. In the presence of these antigens,
naïve T cells are primed in the lymph nodes and differentiate to carry out their effector
functions. Several studies have shown that high numbers of tumour-infiltrating T effector cells
are an indication of good prognosis in various cancers, including melanoma, breast, lung,
ovarian, colorectal, renal, prostate and gastric (Gonzalez, Hagerling et al. 2018). A distinction
should be made between T cells based on their different effector functions. Below, I will focus
on some of the major subsets of T cells.
CD8+ T cells are the main cytotoxic tumouricidal effector subset of T lymphocytes, which
target tumour cells expressing peptide-linked MHC I complexes (pMHC) (Appay, Douek et al.
2008, Palucka and Coussens 2016). Naive CD8+ T cells are primed by DCs in the lymphoid
organs or at the tumour site and differentiate into cytotoxic T lymphocytes (CTLs). Necessary
for this process is the presence of co-stimulatory molecules and cytokine signalling. In
addition to originating from naïve T cells, CTLs can also be derived upon reprogramming of
memory T cells. They then travel to the tumour site where they recognise antigen-specific
pMHCs with high specificity, and mediate direct tumour cell killing via the production and
exocytosis of granules containing perforin and granzymes (see section 1.2.4.6 for description
of perforin and granzyme function) (Hanson, Donermeyer et al. 2000, Appay, Douek et al.
2008, Matsushita, Vesely et al. 2012, Gonzalez, Hagerling et al. 2018). Moreover, they are
required to infiltrate the tumour and finally, to be long-lived and retain immunological
memory, in order for specific CTL clones to rapidly re-expand upon antigen re-challenge
(Appay, Douek et al. 2008, Palucka and Coussens 2016).
Naïve CD4+ T cells differentiate into either T helper (Th) or to natural T regulatory (nTreg)
cells. Each of these different T cell subsets are characterised by distinctive cytokine profiles.
CD4+ T cells are key players in the regulation of multiple aspects of immunity. They are
integral in the maturation of B cells into antibody-producing plasma cells, they regulate
macrophages’ anti-microbial activities, and orchestrate the recruitment of neutrophils,
basophils and eosinophils at inflammation sites. Four main CD4+ T cell categories have been
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identified, which differentiate upon antigen stimulation (Figure 3): Th1, Th2, Th17 and iTreg
cells (Mosmann, Cherwinski et al. 1986, Zhu and Paul 2008).
Naïve CD4+ T cells differentiate into Th1 cells, a process mediated by IFN-γ and IL-12. Th1 cells
are key players in immunity against intracellular pathogens, autoimmune interactions and
anti-tumour immunity, through their production of pro-inflammatory cytokines, such as IL-2,
IFN-γ, and TNF-α (Gonzalez, Hagerling et al. 2018). In terms of their molecular signature, they
are characterised by expression of T-box transcription factor (TBX21 or T-bet) along with
signal transducer and activator of transcription 4 (STAT4) (Zhu and Paul 2008). Th1 immune
cells also induce priming of T cells and differentiation of naïve CD8+ T cells into CTLs.
Moreover, they regulate the anti-tumour functions of NK cells and macrophages. These
effects are mainly mediated by the production of the proinflammatory cytokines IL-2, TNF-α,
and IFN-γ (Gonzalez, Hagerling et al. 2018). NK cells are induced by IL-12 to produce IFN-γ
(Luckheeram, Zhou et al. 2012). Macrophages, activated by Th1 CD4+ T cells, produce reactive
oxygen species with anti-tumoural role (Pardoll and Topalian 1998). Similar to tumour
infiltration of CD8+ CTLs, infiltration of Th1 cells has been shown to correlate with better
overall prognosis and disease-free survival (Fridman, Pages et al. 2012).
Th2 cells are involved in immune reactions against extracellular parasites and hypersensitivity
reactions. Differentiation of CD4+ T cells towards Th2 cells is driven by IL-2 and IL4, and their
molecular signature involves expression of GATA-3 and STAT5. They mediate their function
via secretion of IL-4, IL-5, IL-13 and IL-25 (Zhu and Paul 2008). Th2 CD4+ T cells mediate
activation of eosinophils, which in turn have an anti-tumoural role by releasing their granule
contents (Pardoll and Topalian 1998).
Differentiation of Th17 cells is driven by TGF-β (IL-1), IL-6 and IL-21 and IL-23, while they are
characterised by expression of RAR-related orphan receptor gamma (RORγ) and STAT3. Their
main involvement is in immunity against fungi, extracellular bacteria along with autoimmune
reactions, through their secretion of IL-21, IL-17a, IL-17f and IL-22 (Zhu and Paul 2008).
Studying Treg cells has been traditionally difficult due to the inability to properly characterise
them. Expression of the nuclear transcription factor forkhead box P3 (FOXP3) has been shown
to be a distinct feature of theirs, in addition to high levels of CD25 expression. Hence, CD4+
CD25+ FOXP3+ T cells have been used, for the most part, as a proxy for the Treg cell molecular
signature. It is important to note that Treg cells have been further classified into two
categories, both of which differentiate from CD4+ T cells, and are CD4+ CD25+ Foxp3+: natural
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Treg cells (nTreg cells), which differentiate in the thymus in an antigen-independent manner
during positive and negative selection, and induced Treg cells (iTreg cells), which differentiate
from naïve CD4+ T cells in the periphery in an antigen-dependent manner. Both populations
contribute independently to Treg functions (Vigouroux, Yvon et al. 2004, Zhou and Levitsky
2007). Regardless of origin, Treg cells inhibit immune responses by suppression of effector
functions of other cells, such as CTLs, effector Th1 cells, macrophages, neutrophils and NK
cells. These immunosuppressive functions are mediated via contact-dependent and contactindependent mechanisms. The first category includes mechanisms which activate apoptosis
by expression of immune checkpoints by Treg cells, such as PD1 (which binds to the
PDL1/PDL2 on APCs), CTLA4 (which binds to CD80/CD86 on APCs), LAG3 (which binds to MHC
II on APCs), T cell immunoglobulin mucin 3 (TIM-3) (which interacts with galectin-9), along
with sequestering of IL-2. Moreover, production of CD39/CD73 by Treg cells results in
perturbations of metabolic pathways and modulation of activated T cells. Contactindependent mechanisms involve production and secretion of anti-inflammatory cytokines,
such as IL-10, TGF-β, prostaglandin E2, adenosine and galectin-1, along with secretion of
micro-RNA (miRNA) molecules, which are delivered to target T cells by exosomes (Zhu and
Paul 2008, Francisco, Salinas et al. 2009, Workman, Szymczak-Workman et al. 2009, Campbell
2015, Palucka and Coussens 2016, Ward-Hartstonge and Kemp 2017, Gianchecchi and
Fierabracci 2018, Gonzalez, Hagerling et al. 2018, Martin-Moreno, Tripathi et al. 2018).
Memory T cells are a heterogeneous cell population with the capacity to rapidly respond to
antigen re-exposure. Three main categories have been described. Central memory CD8+ T
cells (TCM) are found in the blood and secondary lymphoid organs. Effector memory CD8+ T
cells (TEM) broadly migrate between the blood, the spleen and peripheral tissues, thus
conferring peripheral immune protection. Finally, tissue-resident memory T cells (TRM) have
been shown to sequester in nonlymphoid tissues without traveling in the circulation,
providing site-specific immune protection there (Mueller, Gebhardt et al. 2013, Palucka and
Coussens 2016).
Finally, invariant natural killer T (NKT) cells represent a category of T cells which responds to
lipid antigens presented on non-classical CD1 molecules. Even though they originate from a
distinct lymphoid lineage, they share similarities with NK cells, such as non-TCR-mediated
activation. Moreover, a subset of them express certain NK markers, such as NK1.1, however,
that is not universal (Hameg, Apostolou et al. 2000, Godfrey, MacDonald et al. 2004,
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Gonzalez, Hagerling et al. 2018). Their function is mediated via secretion of cytokines such as
IFN-γ, IL-4 and IL-17 (Lee, Wang et al. 2015, Gonzalez, Hagerling et al. 2018). Their role in
general and in the context of cancer remains largely unexplored, but some studies and trials
indicate that they could be potentially utilised in cellular therapy (Gonzalez, Hagerling et al.
2018).
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Figure 3 | Categories of CD4+ T cells.
Overview of CD4+ T cell differentiation, showing cytokines that drive the differentiation process, the cell type
and their respective molecular signatures, their role, and the main mediators through which they act.
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1.2.4.5 | B cells
B lymphocytes (B cells) are a distinct class of lymphoid cells. They are produced in the bone
marrow and are the main drivers of humoural immune responses, via their ability to produce
antibodies. In the germinal centres, which are specific transient structures located in
peripheral lymphoid organs (lymph nodes and spleen), immature B cells expressing highaffinity antibodies are activated and differentiate into antibody-producing plasma cells and
memory B cells (De Silva and Klein 2015, Gonzalez, Hagerling et al. 2018). Their role in tumour
progression is much less understood compared to that of T cells, but a number of studies have
shown presence of B cells in the tumour microenvironment, in several cancers, such as
melanoma, breast, ovarian, and prostate (Gonzalez, Hagerling et al. 2018). The detection of
such cells in the tumour microenvironment of the cancers mentioned above raises the
question of whether their mechanism of action is contact-dependent and not antibodymediated. If the latter was the case, infiltration of the cells per se might not be necessary.
Evidence from mouse models indicates a pro-tumourigenic anti-inflammatory role of B cells
in a transgenic model of inflammation-induced de novo epithelial carcinogenesis. Elimination
of B cells results in limitation of cancer progression, while their adoptive transfer restores
malignant disease formation (de Visser, Korets et al. 2005). Mechanisms which could
potentially explain this effect may involve IL-10-mediated immunosuppression, proliferative
signalling on tumour cells upon their direct stimulation, or indirect induction of angiogenesis
and pro-tumourigenic inflammatory responses via antibody secretion in the tumour
microenvironment. In the latter category, signalling mediated by the antibody FcRγ domain
orchestrates the function of myeloid cells (Andreu, Johansson et al. 2010, Olkhanud,
Damdinsuren et al. 2011, Schioppa, Moore et al. 2011, Pylayeva-Gupta, Das et al. 2016,
Gonzalez, Hagerling et al. 2018).
The receptors for the crystallisable region (Fc) of IgGs (FcγR) can mediate activating or
inhibitory signalling, and four subtypes have been described. Of these, FcγRI/CD64,
FcγRIII/CD16, and FcγRIV are activating, while FcγRII/CD32 is inhibitory. These subtypes have
different affinities for different isotypes of IgGs, different distribution among different cell
types, and different functionality (Takai 2005, Nimmerjahn and Ravetch 2008, Andreu,
Johansson et al. 2010). To further investigate the role of B cells and FcγRs on cancer
development, Andreu and colleagues used a transgenic mouse model of epithelial cancer in
the presence or absence of B cells and/or activating FcγR activity. They showed that initial
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secretion of IgGs by peripheral B cells, results in accumulation of these autoantibodies into
the stromal dermis. These IgGs, subsequently interact with the FcγRs expressed by myeloid
cells, either resident or recruited. This results in recruitment of peripheral blood leukocytes,
along with angiogenesis and development of a pro-tumourigenic microenvironment by mast
cells and macrophages. However, deficiency of FcRγ reduces development and progressions
of malignancy (Andreu, Johansson et al. 2010).
The immunosuppressive class of B cells has been termed B regulatory (Breg) cells, despite the
lack of direct similarity with Treg cells. However, a distinct descriptive gene expression profile
has not yet been described. Among possible actions which may enable them to drive an
immune-suppressive and tumour-promoting microenvironment, Breg cells have been
described to express TGF-β, PDL1, CD86, and IL-10. In the context of cancer, Breg cells have
been shown to promote differentiation of FoxP3+ Treg cells, which in turn enables lung
metastases, an effect driven by expression of TGF-β (Rosser and Mauri 2015, Mauri and
Menon 2017). Moreover, in experiments with MC38 (mouse colon cancer) cells, tumour cell
transplantation in B cell-deficient mice halted tumour growth, an effect which was turned by
B cell adoptive transfer. Moreover, a number of murine cancer cell lines, such EMT-6
(mammary carcinoma), EL-4 (thymoma) and B16F10 (melanoma), have also been shown to
display enhanced growth in vivo in the presence of B cells (Zhang, Gallastegui et al. 2015).
Further work on their role in the establishment of immune suppression in the cancer
microenvironment could potentially lead to immunotherapies targeting Breg-Treg cell
interaction.

1.2.4.6 | Natural killer (NK) cells
Natural killer (NK) cells are a heterogenous group of cells of the innate immune system, whose
main function is immunosurveillance. They are able to effectively detect infected or
transformed cells, and mediate rapid cytotoxic responses (Cerwenka and Lanier 2016). They
target cells either based on the “missing self” hypothesis, according to which they recognise
cells with low MHC I expression, or cells that express a host of other killer ligands (Glasner,
Ghadially et al. 2012). The initial understanding of NK cell cytotoxicity came from the
identification of their potent tumouricidal properties in several models of transplantable
cancer cell lines, in which tumour cell rejection was driven by NK cell immunity (Marcus,
Gowen et al. 2014). Studies in colorectal and gastric cancer showed that tumour infiltration
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by NK cells is indicative of favourable prognosis, which is in line with their identification as a
key player in anti-tumour immunity (Coca, Perez-Piqueras et al. 1997, Ishigami, Natsugoe et
al. 2000, Gonzalez, Hagerling et al. 2018).
Their cytotoxic effects are regulated by a number of inhibitory and activating receptors
expressed on their cell surface. These receptors are germline-encoded and can regulate antitumour responses in the absence of previous exposure of NK cells to tumour cells or to a
specific antigen (hence the classification of NK cells as part of innate immunity). A number of
different receptors with different functions have been described (Marcus, Gowen et al. 2014).
Of particular importance is the ability of NK cells to recognise cells which do not express MHC
I (normally present on the surface of all nucleated cells) and target them for programmed cell
death (apoptosis; see below for description of the perforin-granzyme system). This is carried
out by NK receptors which mediate strong self-inhibitory signalling upon binding to MHC I
molecules, expressed on the surface of their target cells. This signalling inhibits NK cell
activation, while lack of receptor binding to MHC I molecules results in activation of NK cell
cytotoxicity. These receptors include the inhibitory receptors killer cell lectin-like receptor
subfamily A (Klra1) in mice (also known as Ly49), and killer-cell immunoglobulin-like receptors
(KIRs) in humans, which are able to recognise the expression MHC class Ia molecules directly.
Mice only express Klra1, while humans only express KIRs (Marcus, Gowen et al. 2014,
Gonzalez, Hagerling et al. 2018). In mice, MHC was termed Histocompatibility system 2 (H-2)
(Ploegh, Orr et al. 1981). First insights into the mechanism of their anti-tumour responses
came from experiments in which isolated mouse lymphomas with low expression of H-2 were
injected into mice, along with H-2high controls. Results showed that the effect was not T cellmediated, and that growth difference occurred only in the presence of NK cells (Ljunggren
and Karre 1985). Moreover, another category of receptors, expressed in both mice and
humans, include the heterodimeric CD94/NKG2 receptor family, comprising CD94/NKG2A
and CD94/NKG2B, which are inhibiting, and CD94/NKG2C, which is activating NK cell activity.
The complexes enable the recognition of a peptide presented by non-classical MHC I
molecules (such as HLA-E molecules in humans, and Qa-1 molecules in mice), which is not
recognised by Klra1 or KIRs (Braud, Allan et al. 1998, Ravetch and Lanier 2000, Marcus, Gowen
et al. 2014, Gonzalez, Hagerling et al. 2018).
Moreover, the activating receptor NKG2D is expressed in the majority of NK cells and certain
categories of T cells and recognises the ligand family of retinoic acid early transcript 1 (RAE1α23

ε), whose production is triggered by aberrant cell proliferation in mice. In addition to that,
DNA damage and activation of the RAS pathway result in NKG2D-mediated NK cell activation,
via upregulation of expression of NKG2D ligands. Expression of NKG2D ligands by tumour cells
has been shown to be a tumour immune evasion strategy (Marcus, Gowen et al. 2014,
Gonzalez, Hagerling et al. 2018).
Another class of activating receptors are termed natural cytotoxicity receptors (NCRs), and
include NKp30, NKp44 and NKp46. Upon activation, they trigger NK cell cytotoxicity and
production of IFN-γ. Their cognate ligands are still not clearly identified, but B7-H6 (expressed
on tumour cell surface along with some monocytes and neutrophils), and nuclear protein
BCL2-associated athanogene 6 (BAG-6), have been shown to bind to NKp30 (Marcus, Gowen
et al. 2014). Another activating receptor is the human NKp80, which is absent in rodents.
NKp80 has been shown to interact with activation-induced C-type lectin (AICL), expressed by
myeloid cells, such as monocytes. The interaction between the two receptors results in
production of proinflammatory cytokines by both cell types (Welte, Kuttruff et al. 2006,
Marcus, Gowen et al. 2014).
The signalling lymphocyte activating molecule (SLAM) family of receptors include CD150,
CD244, Ly108, CD84, CD229, and CD319, and are expressed by NK cells, along with monocytes
or macrophages, mast cells, granulocytes, DCs and T cells. These receptors mostly bind to the
same receptors in other cells, in homotypic interactions. They mediate activating signalling
upon interaction with the SLAM-associated protein (SAP) family, while lack of engagement
results in inhibitory signalling (Marcus, Gowen et al. 2014).
Finally, the activating receptor DNAM-1 (CD226) is an adhesion molecule, expressed by a
subset of NK cells and by CD8+ T cells. The DNAM-1-expressing NK cells are highly
proliferative, have enhanced IL-15 signalling, and produce higher levels of inflammatory
cytokines. DNAM-1 recognises ligands CD155 and CD112, and the binding results in activation
of cytotoxic functions of the respective cells expressing it (Marcus, Gowen et al. 2014,
Martinet, Ferrari De Andrade et al. 2015).
The cytotoxic effector functions of NK cells are mediated in different ways, upon their
activation. First of all, NK cells carry out direct tumour-cell killing via the secretion and release
of perforin, which induces the formation of pores in the cell surface of target tumour cells.
Furthermore, cytotoxic proteins of the granzyme family of serine proteases are encased in
cytoplasmic granules and are released by exocytosis at the site of contact between NK cell
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and target cell (termed “immunological synapse”). Uptake of these proteins by tumour cells
results in their elimination by apoptosis (Smyth, Cretney et al. 2005, Smyth, Swann et al. 2005,
Krzewski and Strominger 2008, Pahl and Cerwenka 2017).
In addition to this mechanism, NK cell immunity is also mediated by their ability to produce
IFN-γ. This results in upregulation of MHC class I molecules on tumour cells, along with
upregulation of MHC class II molecules on antigen-presenting cells, thus connecting aspects
of the innate and adaptive immune responses (Vivier, Tomasello et al. 2008, Pahl and
Cerwenka 2017).
Furthermore, NK cells are able to induce apoptosis of tumour cells by TNFα secretion or by
activation of TRAIL and FASL pathways, through direct NK cell-tumour cell contact. Production
of IL-15 by large solid tumours results in recruitment and infiltration of densely granulated NK
cells, which results in tumour elimination (Liu, Engels et al. 2012, Gonzalez, Hagerling et al.
2018).
Despite the characterisation of NK cells as important drivers of anti-tumour immunity, much
work is required to elucidate their exact mode of function and their regulatory roles in both
the innate and the adaptive immunity. Finally, traditional classification of NK cells as cells of
the innate immune system may be brought into question. A number of studies suggest that
NK cells may be exhibiting adaptive immunity-like properties, such as responses targeted to
specific antigens, or selection and expansion of specific clones (Sun, Ugolini et al. 2014, Pahl
and Cerwenka 2017).

1.3 | Overview of cancer immunotherapy
The realisation that tumour antigens are presented to the immune system and elicit antitumoural immune responses led to the birth of the field of cancer immunotherapy, which
aims to assist and guide such responses for cancer treatment (Dunn, Old et al. 2004).
Significant progress in harnessing immunity against cancer was made with the development
of vaccination against tumour-initiating viruses, such as the case of prophylactic vaccination
against human papillomavirus (HPV), which effectively protects from cervical cancer
(Medeiros, Rosa et al. 2009). However, since this thesis focuses mostly on elucidation of
immunotherapeutic approaches upon cancer initiation, this section focuses mainly on
therapeutic rather than preventive approaches.
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Cancer immunotherapy could be classified into two major categories, based on whether
immune responses are systemically enhanced (enhancement immunotherapy), without
necessarily tackling the source of cancer’s immune evasion capabilities, or normalising the
natural anti-tumour immunity (normalisation immunotherapy) (Figure 4) (Sanmamed and
Chen 2018).
Enhancement immunotherapy includes a number of approaches and therapies which aim
towards systemic enhancement and generic increase of immunity, or of certain aspects of it.
In these approaches, immunity is heightened supraphysiologically, such that the risk of
mediating immune-related toxicity is also raised. Furthermore, the fact that these approaches
do not inherently nullify cancer immune evasion mechanisms, bears the risk that immunity
may be elevated in the periphery, but the tumour microenvironment may still remain
immunosuppressive. This category could be sub-divided into passive and active
immunotherapy, in terms of whether cell killing is mediated by external factors, or by direct
actions of the immune system, respectively. Passive immunotherapy includes injection of an
agent (such as in antibody therapy) or specialised cell (such as in adoptive cell therapy or CAR
T cell therapy) that mediates direct tumour cell killing. Active immunotherapy refers to
enhancing anti-tumour immunity by means of either increasing antigen presentation of
tumour-specific antigens by APCs, by modulating the activation and priming of naïve cells into
effector cells or, finally, by directly enhancing effector functions.
On the other hand, the revolutionary approach of immune normalisation entails the in-depth
understanding of the molecular and cellular basis of tumour immune evasion, and the specific
targeting of said mechanisms in order to reinstate physiological anti-tumour immunity. This
notion is exemplified by the successful application of anti-PD1/PDL1 therapy, in various
cancers (Sanmamed and Chen 2018). Having provided an overview of the classification of
different immunotherapies, I will further elaborate specifically on some key therapies which
have been successfully applied.
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Figure 4 | Approaches in cancer immunotherapy.
Immunotherapy, harnessing anti-cancer immune responses for treatment, could be divided into two general
categories: immune enhancement, refers to all the approaches resulting in systemic activation of immunity,
without targeting specific tumour immune evasion pathways. These approaches can be sub-divided into passive
or active immunotherapeutic strategies. In passive immunotherapy, the final product of the effector function of
the immune response is delivered to the patient directly (antibodies, adopted cell transfer, CAR T cell therapy
or T cell receptor therapy). Alternatively, active immunotherapy results in guiding and enhancing the
development of effector functions (enhancing antigen presentation by APCs, activation of naïve T cells or the
effector functions per se). Finally, immune normalisation refers to strategies that reconstitute normal anticancer immunity, not by a generic immune activation, but by designing therapies to block the tumour’s immune
evasion strategies. This last approach is exemplified by the successful application of anti-PD1/PDL1 therapy in a
number of cancers.

1.3.1 | Antibody targeted therapy
Monoclonal antibody technologies have been widely used in cancer treatment for a multitude
of cancers. Further developments are being constantly made by modifying antigen specificity
and efficacy. Immunoglobulin G (IgG) antibodies have been commonly employed among
others. They are Y-shaped structures which comprise two heavy and two light chains and have
a constant and a variable region. The constant region harbours the Fc domain, while the
variable region defines antigen specificity. Recognition and binding of these IgG antibodies to
tumour antigens results in coating of the tumour cells, which can have a range of outcomes,
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such as: a) direct tumour cell death, b) immune-mediated tumour cell death, or c) effects on
vasculature and stromal cells of the tumour. These modes of action are discussed below.
Direct cytotoxic effects on tumour cells (a) can pertain to i) receptor-agonist interactions,
leading to activation of apoptotic pathways, or ii) receptor-antagonist interactions, which
result in blockade of downstream signalling pathways. Moreover, iii) the antibody can cause
neutralisation of its target enzyme, which results in cell death. Finally, iv) antibodies
conjugated with a drug or toxin can deliver their payload in a specific fashion, and result in
cytotoxicity (Weiner, Surana et al. 2010, Scott, Wolchok et al. 2012, Weiner 2015).
The immune cell-mediated cell death (b) includes interaction of the Fc domain of the
antibodies coating a tumour cell with the Fc receptors (FcRs) of immune cells. This can result
in i) antibody-dependent cellular cytotoxicity (ADCC), due to engagement of effector cells
(such as CTLs, NK cells, macrophages or neutrophils), which leads to apoptotic tumour cell
death. Moreover, another outcome can be ii) antibody-dependent cellular phagocytosis
(ADCP), through which the apoptotic tumour cells are phagocytosed and degraded in the
lysosomes of phagocytes (such as macrophages), in an Fc/FcR-mediated fashion. A result of
phagocytosis of tumour cells is the loading of peptides on MHC II, and engagement of DCs,
which cross-present the peptides to elicit CD4+ and CD8+ T cell responses. Furthermore, a
number of immune-related cytotoxic effects do not involve Fc/FcR-interactions, such as iii)
complement-dependent cytotoxicity (CDC), which is mediated by recruitment of the
complement system against antibody-coated tumour cells. Moreover, iv) bispecific
monoclonal antibodies have been developed, whose variable regions are able to bring cancer
cells in contact with immune cells and activate them. In this manner, they exert immune cell
effector functions against the cancer cells. In addition to these, v) engineering of T cells to
express a variable monoclonal antibody region (single-chain variable fragment; scFv) linked
to a T cell signalling motif results in generation of chimaeric antigen receptor (CAR) T cells,
which have potent tumouricidal properties (CAR T cells will be further discussed in section
1.3.5). Finally, vi) antibodies are used in the context of immune checkpoint blockade therapy,
in order to block the tumour's immune evasion properties (Weiner, Surana et al. 2010, Scott,
Wolchok et al. 2012, Weiner 2015).
Therapies have also been developed by designing monoclonal antibodies to inhibit the
angiogenic hallmark ability of tumour cells, or antibodies which target the tumour-supporting
stroma (c). Antibodies can either antagonise a receptor important for tumour vascularisation
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or stromal cell survival or, alternatively, deliver a toxin to those tissues (Weiner, Surana et al.
2010, Scott, Wolchok et al. 2012, Weiner 2015).

1.3.2 | Cancer vaccines
By applying knowledge from the development of vaccines against microbial diseases, a
number of anti-tumour vaccination strategies have been developed. These approaches are
based on raising protective or therapeutic anti-tumour immune responses and are cell-, DNAor peptide-based. However, with the exception of an approved vaccine against castrationresistant prostate cancer (Sipuleucel-T), the response rates for a variety of approaches against
several cancers has been extremely low (Rosenberg, Yang et al. 2004, Kantoff, Higano et al.
2010). An interesting point is that, despite the lack of efficacy and anti-tumour response,
several vaccines result in elevated T cell responses in the periphery (Rosenberg, Yang et al.
2004, Melero, Gaudernack et al. 2014). In addition to that, rise of autoimmunity (vitiligo) is
potentially correlated with effective anti-tumour immunity, as shown in melanoma patients
treated with cancer vaccines. Novel approaches for generating vaccines based on tumourspecific neoantigens are promising in increasing efficacy without undesired autoimmune
effects (Overwijk and Restifo 2000, Sahin, Derhovanessian et al. 2017, Sanmamed and Chen
2019).
Neoantigen identification is a limiting factor in cancer vaccine development. Cancer
neoantigens which could constitute the target of such vaccine-based approaches are
frequently the result of somatic mutations resulting in presentation of novel MHC-bound
peptides. One level of complexity in target identification lies in the fact that accumulating
evidence from whole exome sequencing data indicates that only a small number of nonsynonymous mutations found in tumours are presented by the immune system and are
potentially targetable by vaccine approaches. The reason for this may be the significant
antigenic similarities between such tumour neoantigens and normal “self” cells. An indication
for the validity of the previous statement, can be the fact that even though our TCR repertoire
diversity has developed to recognise a wide range of antigens, mutations that result in tumour
neoepitopes, frequently differ from normal peptides by just a single residue (Garcia-Garijo,
Fajardo et al. 2019).
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Another level of complexity in neoantigen identification is based on inter-tumour
heterogeneity. Mutations resulting in neoepitopes could be frequently or infrequently
observed in the patient population, and have been termed “shared” or “private” mutations,
respectively (Tureci, Vormehr et al. 2016). Vaccine-based therapies targeted against “shared”
epitopes would greatly facilitate drug development, since the same drug would be effective
for multiple patients. In addition to that, advances in personalised vaccines could also come
from fast-track development of therapies based on “private” epitopes.
Significant progress has been made to develop tools for in silico prediction of cancer
neoantigens. Such algorithms have enabled identification of novel epitopes, but are not, so
far, sufficiently accurate. The use of immunopeptidomics, based on mass spectrometry
approaches, has yielded significant results with higher efficiency. However, a number of
technical limitations of this approach have hindered further implementation. These include
requirement for large amounts of starting tumour material, and a lack of sensitivity in
detecting tumour neoantigens in the context of highly expressed peptides (Garcia-Garijo,
Fajardo et al. 2019).
In addition to that, identification of clones of tumour-infiltrating effector immune cells
provides direct evidence that neoepitopes are recognised by the immune system and can,
therefore, be exploited. However, progress needs to be made in order to solve problems
associated with the difficulties of ex-vivo expansion of tumour-derived immune cells,
heterogeneity of epitope-recognising immune cells (even among different biopsies of the
same tumour), and availability of tumour sample (Garcia-Garijo, Fajardo et al. 2019).
Finally, a recent attempt to generate personalised cancer vaccines provided proof-of-concept
for an alternative method for identifying such neoantigens. Normally, neoantigen discovery
is generally aimed towards changes in DNA sequence. A key finding was the discovery that
neoantigen generation is not solely the results of DNA changes. Mistakes at the RNA level,
more specifically in transcription of micro-satellite DNA and also in RNA splicing, result in
frameshifts. The frameshifts generate immunogenic neoantigens, effectively presented on
MHC I and II. These neoantigens have been shown to be predictable and recurring in a panel
of tested cancers, paving the way for faster and more efficient vaccine development (Shen,
Zhang et al. 2019).
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1.3.3 | Cytokine therapies
The use of cytokines in cancer therapy has been used for decades as a means to enhance
immune responses. One such example is interleukin 2 (IL-2), which is a growth factor that
plays an important role in immune regulation. It is mainly produced by activated T cells and
acts on T, B and NK cells (Morgan, Ruscetti et al. 1976, Liao, Lin et al. 2011, Sanmamed and
Chen 2018). Administration of recombinant IL-2 results in tumour response in mouse models,
and systemic activation of immunity in humans. However, although FDA has approved IL-2
for the treatment of renal cell carcinoma and melanoma, objective response rate is only 14%,
while complete responses are observed in just 5% of patients (Rosenberg, Mule et al. 1985,
Rosenberg 2014). In addition to that, IL-2 therapy results in systemic immune activation and
causes immune-related side-effects, without this necessarily translating to tumour
regression. However, new versions of agonistic antibodies of IL-2 are expected to improve
anti-tumour efficacy and reduce toxicity. These new compounds bind strongly to IL-2
receptors on the surface of CD8+ T cells and NK cells, rather than those on the surface of Treg
cells, giving them improved anti-tumour specificity. Finally, the development of novel
synthetic cytokines with dual specificity are promising to drive IL-2-mediated anti-tumour
response preferentially in the tumour microenvironment. These cytokines comprise a variant
of IL-2, which lacks CD25 binding (and therefore cannot recruit Treg cells), bound to a highaffinity tumour-specific antibody, which lacks an Fc domain (and therefore does not recruit
unspecific effector functions) (Charych, Hoch et al. 2016, Klein, Waldhauer et al. 2017,
Sanmamed and Chen 2018).

1.3.4 | Anti-CTLA4 therapy
CTLA4 is a cell-surface receptor that is constitutively expressed on Treg cells and on activated
CD4+ and CD8+ T cells (expression is higher in CD8+ than in CD4+ T cells), upon antigen
recognition by the TCR. It functions as an immune checkpoint, which mediates negative
regulation of immune responses by binding to CD80 (B7-1) and CD86 (B7-2) expressed on the
surface of APCs. Since binding of CD28 to CD80 and CD86 is required for efficient T cell
activation, CTLA4 immunosuppressive signalling is mediated via its binding to CD80 and CD86,
at higher affinity than CD28, outcompeting it. Hence, it inhibits T cell activation by depriving
them from the activating CD28-mediated signalling. Blockade of CTLA4 has been shown to
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abolish CTLA4-mediated immune-silencing, while triggering an anti-tumour immune response
(Walunas, Lenschow et al. 1994, Leach, Krummel et al. 1996, Walker and Sansom 2015, Syn,
Teng et al. 2017, Seidel, Otsuka et al. 2018, Sanmamed and Chen 2019). An important insight
for the role of CTLA4 came from the fact that Ctla4-deficient mice die at around 3 weeks after
birth because of inflammatory infiltration, as a result of aberrant T cell activation
(Waterhouse, Penninger et al. 1995).
In terms of the mechanism of action of such therapies, the bulk of evidence indicates that
anti-tumour effects of CTLA4 blockade are the result of the combination of the disruption of
negative-regulation of effector T cell functions, along with depletion of tumour-infiltrating
Treg cells in an FcγR-dependent fashion. These effects result in the concomitant increase in
the (effector T cell) / (Treg cell) ratio and mediate the strongest protective anti-tumour
immunity. Targeting CTLA4 binding to the effector T cell compartment alone, or the Treg cell
compartment alone, results in reduced and no protective effects, respectively (Takahashi,
Tagami et al. 2000, Bulliard, Jolicoeur et al. 2013, Selby, Engelhardt et al. 2013, Simpson, Li et
al. 2013, Arce Vargas, Furness et al. 2018). However, more research is required to finetune
the CTLA4 blockade therapeutically, since severe autoimmune toxicity is observed in 30% of
patients receiving the therapy (Sanmamed and Chen 2018).
Despite the immune-related side effects, combination therapies of PD1 (nivolumab) and
CTLA4 (ipilimumab) blockade have demonstrated significant efficacy in the treatment of
metastatic melanoma, metastatic colorectal cancer, and renal cell carcinoma, while they are
under investigation for the treatment of various other malignancies (Rotte 2019). However,
particularly in cases when two immunotherapy interventions are used in combination, an
aspect of immunity that is blocked by a certain therapy, may be necessary for the action of
another therapy, and hence, the two therapies may be working against one another
(Sanmamed and Chen 2019). Therefore, despite positive results, further studies are required
to uncover the networks of interacting immunological pathways targeted by drug
combinations.

1.3.5 | Chimeric antigen receptor (CAR) T cell therapy
CAR T cells are T cells which have been engineered to transgenically express a specific antigenbinding domain and are capable of recognising the antigen in an MHC-independent fashion.
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In most cases, this domain is a single-chain variable fragment (scFv), in addition to costimulatory domains (such as CD28 and CD137). Significant anti-tumour effects have been
observed in the treatment of B cell lymphoma and leukaemia, by targeting CD19, which is a
B cell antigen expressed by most B cell malignancies, particularly acute lymphoblastic
leukaemia (ALL) (Sadelain, Brentjens et al. 2013, Giavridis, van der Stegen et al. 2018,
Sanmamed and Chen 2018, Schultz and Mackall 2019).
Despite their success however, a main limitation of CAR T cell therapy lies in the fact that the
targeted peptide is required to be expressed on the surface. Targeting of CD19-expressing
malignant cells also results in depletion of normal CD19+ B cells, however this can be
counteracted by intravenous injection of polyclonal human IgG, as replacement therapy.
Moreover, repetition of vaccination protocols after recovery of B cell numbers may be
required. Off-target toxic effects, such as the ones observed in B cells, following CAR T cell
therapy would be undoubtedly more severe if the tissue(s) attacked as an off-target sideeffect were epithelial cells, neural cells etc. (Brudno and Kochenderfer 2016, Sanmamed and
Chen 2018). Despite the high success rates in the majority of patients, one of the most
potentially dangerous side-effects of CD19+ CAR T cell therapy is cytokine release syndrome
(CRS), a powerful systemic inflammatory reaction. CRS results from excessive secretion of
cytokines by the injected CAR T cells upon recognition of their target antigens, or by
interacting immune cells (such as macrophages). CRS manifests as fever, hypotension,
respiratory complications and high levels of cytokines in the serum. It can affect organ
function, albeit in a reversible fashion, as it may respond to blockade of IL-6 receptor and
corticosteroid treatment (Brudno and Kochenderfer 2016, Giavridis, van der Stegen et al.
2018, Sanmamed and Chen 2019).

1.3.6 | Oncolytic virus therapies
Since the first attempts to use Coley’s toxins to engage immune responses against cancer
(Aznar, Tinari et al. 2017), recent developments have seen successes in achieving cancer
regression by the use of recombinant replicative viruses. These oncolytic viruses provide
additional danger signals from within the tumour. At the same time, tumour cell death due
to viral infection provides further tumour antigens to be processed and presented to T cells
for T cell priming. Some of the viruses that have been used include T-VEC, an HSV-1 oncolytic
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virus expressing granulocyte-macrophage colony-stimulating factor (GM-CSF). Moreover,
combination therapies of oncolytic viral therapies with immune checkpoint blockade have
yielded significant successes, especially combination of anti-CTLA4 (ipilimumab) and T-VEC,
for the treatment of advanced melanoma patients, which results in objective responses of
50%. An interesting therapeutic avenue could focus on discovery of further combination
therapies. According to these, checkpoint blockade therapy would be targeting a tumour’s
immune evasion abilities, while oncolytic viral therapy would result in expression of additional
viral antigens by the infected tumour cells, to maximise anti-tumour response (Lichty,
Breitbach et al. 2014, Aznar, Tinari et al. 2017, Marabelle, Tselikas et al. 2017, Sanmamed and
Chen 2018).

1.3.7 | Anti-PD1/PDL1 therapy
Arguably, the posterchild of normalisation immunotherapy is the success story of PD1/PDL1
immune checkpoint blockade, acting as a “master switch” in the tumour microenvironment.
PDL1 (encoded by CD274) is expressed on APCs and on other cells of haematopoietic and nonhaematopoietic lineage. It binds its cognate receptor, PD1 (encoded by PDCD1), on the
surface of T cells and B cells to mediate immunosuppressive signalling. In addition to that,
expression of PDL1 on the surface of tumour cells is abundant. Tumour cell-bound PDL1
interacts with PD1 receptor on activated T cells and B cells, mediating their immune silencing
(Dong, Strome et al. 2002, Okazaki, Chikuma et al. 2013, Chen and Han 2015, Das, Verma et
al. 2015, Zou, Wolchok et al. 2016, Manguso, Pope et al. 2017, Gandhi, Rodriguez-Abreu et
al. 2018, Ribas and Wolchok 2018, Sanmamed and Chen 2018).
The details of the PD1/PDL1 pathway have not been fully elucidated, but it has been described
as a mechanism of “adaptive immune resistance”. According to this, T cells recognise tumour
cells upon engagement of their TCR with a specific tumour neoantigen. This recognition
results in T cell production of interferons, along with their expression of PD1, in an activationinduced fashion. Secretion of interferons leads to recruitment of other immune cells in the
tumour microenvironment, such as macrophages and NK cells. Tumour cells respond to this
by inducing the protective expression of molecules such as PDL1 and indolamine 2,3
dioxygenase (IDO). Tumour expression of PDL1 is induced via the interferon type II (IFN-γ)
signalling cascade and leads to deactivation of infiltrating PD1-expressing T cells. Hence,
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tumour cells are essentially hijacking a mechanism evolved to maintain immune homeostasis
and prevent infection-induced immune cytotoxicity. In addition to interferons, induction of
adaptive immune resistance can also be triggered by the secretion of proinflammatory
cytokines, such as tumour necrosis factor α (TNFα), by tumour-infiltrating T cells. An example
of the mechanism through which adaptive immune resistance is achieved is the frequent
amplification of chromosome 9 in patients with chemotherapy-resistant Hodgkin's
lymphoma. Chromosome 9 harbours the genes for PDL1, PDL2 and JAK2, cumulatively termed
the “PDJ amplicon” (Ribas 2015).
Pharmacological inhibition of the PD1/PDL1 pathway has yielded significant responses and
subsequent FDA approval in multiple late-stage cancers, including metastatic melanoma,
head and neck cancer, castration-resistant prostate cancer, renal cell carcinoma, non-small
cell lung cancer, colon cancer and others. Overall, PD1 therapy has been shown to be efficient
in achieving response in over 25 different cancers, including solid tumours and
haematopoietic malignancies. The fact that under normal conditions, PDL1 expression is not
observed in non-inflamed tissues is a key factor in the selective nature of PD1/PDL1 blockade,
which acts primarily in the tumour microenvironment. Thus, off-target immune-related
cytotoxicity in other tissues, due to systemic immune activation, is mitigated (Dong, Strome
et al. 2002, Chen and Han 2015, Das, Verma et al. 2015, Zou, Wolchok et al. 2016, Manguso,
Pope et al. 2017, Gandhi, Rodriguez-Abreu et al. 2018, Ribas and Wolchok 2018, Sanmamed
and Chen 2018).
Combination therapy of PD1/PDL1 inhibition along with other immune checkpoint blockers,
such as anti-CTLA4 therapy, has yielded significant results, with many more being under
investigation. Clinical trials on patients with advanced-stage melanoma indicated that coinhibition of PD1 and CTLA4 pathways resulted in an objective response rate of 53%, which
constitutes the highest response to combination immunotherapy. Insights into the underlying
mechanism of action of combination therapies came from studies on ipilimumab (anti-CTLA4)
and nivolumab (anti-PD1). According to these, anti-CTLA4 results in increased numbers of
infiltrating T cells, while PD1 blockade counteracts localised immunosuppression in the
tumour microenvironment (Smyth, Ngiow et al. 2016). Finally, combination with other
therapies, such as radiotherapy, chemotherapy or oncolytic virotherapy also shows promise
for the treatment of multiple different neoplasias. However, an important consideration
when using PD1/PDL1 blockade in conjunction with other therapies, is not to combine
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treatments which could potentially impair each other’s effects. This could happen when the
molecular cell target of one therapy is required for the other treatment to exert its effect
(Dong, Strome et al. 2002, Chen and Han 2015, Das, Verma et al. 2015, Zou, Wolchok et al.
2016, Manguso, Pope et al. 2017, Gandhi, Rodriguez-Abreu et al. 2018, Ribas and Wolchok
2018, Sanmamed and Chen 2018).

1.4 | Interrogating the genome – history of genetic screens
Since the beginning of genetics, the field has been governed by the need to link a genotype
with its cognate phenotype and understand the underlying network of interactions regulating
this relationship. Since the initial description of the laws of Mendelian inheritance and the
identification of mutant phenotypes in Drosophila melanogaster by Thomas Hunt Morgan,
the classical approach of geneticists trying to elucidate gene function has been to assess the
outcome of genetic perturbation at cellular and organismal levels. Inability to induce specific
genetic mutations was a major obstacle, which limited the use of such genetic perturbations
to the effects of spontaneous mutations in humans, or random induced mutations in model
organisms. Early attempts, exemplified by Hermann Joseph Muller’s discovery and
characterisation of X-ray-mediated mutagenesis, paved the way towards approaches to
mutagenise the genome in search of the resulting mutant phenotype. Later, increased
understanding of the structure of DNA, genomic regulation, along with the completion of the
sequencing of the genome of humans and model organisms, enabled screening of the
genome in pursuit of links and interactions between genotype and phenotype, in a highthroughput fashion (Kile and Hilton 2005, Bellen and Yamamoto 2015). An overview of regionspecific screens (focusing on a specific genomic locus), along with genome-wide approaches
(when the entire genome is interrogated), in pursuit of genotype-phenotype associations, is
given in Figure 5.
In multiple areas of physiology, genetics and molecular biology, the use of the mouse as a
model organism has provided an unprecedented insight on mammalian physiology and
disease, by-passing hurdles that result from the long lifespan, and inability for easy
manipulation of bigger and more long-lived animals. Application of several of the
technologies originally discovered and developed in bacteria, yeast, plants and flies to mice,
through genetic engineering, led to a new era of functional genomics. Therefore, forward
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genetics in mouse as a model organism have led to an explosion of scientific discoveries,
linking genetic perturbations with mouse phenotypes (Kile and Hilton 2005).
Significant discoveries throughout the years have been achieved by targeted genetic
knockouts in order to investigate functionality of specific genes, in vivo and in vitro (Kemp,
Donehower et al. 1993, Jones, Roe et al. 1995, Pennacchio, Lehesjoki et al. 1996). Groundbreaking work in the early 1990s, allowed phenotyping of the effects of genetic knockouts in
vivo, via introduction of null mutations of target genes, by homologous recombination, in
murine embryonic stem cells, which were subsequently implanted into surrogate mothers.
Starting from such approaches to generate one specific mouse knockout line, recent advances
in genome editing have enabled high throughput approaches for knocking-out genes in mice
in a sequential fashion, generating mouse knockout colonies, and carrying out phenotyping
en masse, faster and more efficiently than with previous technologies (van der Weyden,
Arends et al. 2017, van der Weyden, Karp et al. 2017).
In the context of genome-wide screens, the use of mutagens enabled the ad hoc induction of
mutagenesis, in vitro and in vivo. In addition to X-rays, mutagens such as the N-ethyl-Nnitrosourea (ENU) have been used since the 1970s to confer random point mutations at a
genome-wide level, either in vivo, in conjunction with phenotypic screening of mouse
progeny, or in vitro, using cultured cells (Russell, Kelly et al. 1979, Russell, Hunsicker et al.
1982, Bode 1984, Hitotsumachi, Carpenter et al. 1985, Papathanasiou, Perkins et al. 2003,
Kile and Hilton 2005, Acevedo-Arozena, Wells et al. 2008, Tokunaga, Kokubu et al. 2014,
Brammeld, Petljak et al. 2017).
Moreover, the ability of certain elements, including retroviruses, lentiviruses and
transposons, to integrate into the genome and thus, disrupt gene functionality at the
insertion site, started another generation of revolutionary genetic discoveries. A great
advantage of these systems, in contrast with ENU-mediated mutagenesis, is that the inserted
genetic element disrupts gene function, while staying integrated into the target locus, thus
operating as a molecular tag. This makes its downstream identification possible, by means of
PCR amplification of its own sequence, enabling the linking of phenotype with genotype.
In addition to that, different transposon systems have been developed, such as Sleeping
Beauty (SB) or Piggy Bac (PB), which differ in integration specificities, whether they leave a
molecular footprint or not, and preferences in terms of the sequence of the integration sites.
Furthermore, in vitro studies have shown that PB transposition exhibits less local hopping,
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and favours more distant re-integration, in comparison with SB. Transposons have also been
engineered to be expressed in a tissue-specific fashion, targeting the effects of genetic
perturbations to tissues of interest. Co-expression of the transposon element along with the
transposase enzyme in a cell results in transposon mobilisation and re-integration at new loci.
Transposon mobile elements, have been developed for gain-of function or loss-of function
screens, based on the orientation and location of their integration. Transposons used in such
approaches carry an enhancer element that can mediate transcriptional activation, driven by
its natural promoter. Alternatively, the integration of a transposon harbouring a promoter in
the sense orientation would result in expression of a transcript, initiating at the promoter of
the inserted vector. Finally, an intragenic insertion of the transposon would either result in
expression of a truncated version of the protein, or in complete disruption of the gene and its
function. Hence, insertional mutagenesis screens represent a highly versatile approach that
enables genome interrogation in various ways. However, limitations include the inability to
predict the exact insertion locus, the large number of mice required for in vivo screens, along
with difficulty in achieving loss-of-function mutations in diploid and polyploid genomes (Rad,
Rad et al. 2010, Ranzani, Annunziato et al. 2013, de la Rosa, Weber et al. 2017, Weber, de la
Rosa et al. 2019).
The obstacles posed by the unpredictability of the nature of genome-wide screens using
chemical mutagens or insertional mutagenesis have been resolved with the development of
technologies that enable genome-wide screening in a targeted fashion. These technologies
allow the selection of the loci for targeted genetic perturbation. In this category, genetic
screens using RNA interference (RNAi) allow locus-specific knockdown. When used at
genome-wide scale, identification of the targeted gene is enabled by simple PCR amplification
of the RNAi expression vector. However, RNAi has limitations in regard to knockdown
efficiency and off-target effects (Whitehurst, Bodemann et al. 2007, Zuber, Shi et al. 2011,
Whittaker, Theurillat et al. 2013).
The adaptation of the bacterial CRISPR/Cas9 system for efficient genome editing in various
species, has revolutionised the design and conduct of genetic screens, due to the system’s
specificity and ease of use. As described in detail in section 1.5.2, different versions of the
CRISPR/Cas9 system enable genetic knockout, transcriptional knockdown (CRISPRi),
transcriptional activation (CRISPRa), epigenetic modifications or base editing, providing an
expanding arsenal of genome editing tools (Adli 2018).
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My project uses CRISPR/Cas9 to conduct genome-wide screens, in the context of in vivo
phenotypic selection, to elucidate anti-cancer immune responses.

Figure 5 | History of genetic screen technologies.
Over the years, several approaches have been developed for the interrogation of the genome using functional
genomics. These approaches could be broadly categorised into gene-specific, in which a specific locus of interest
is targeted, or genome-wide, in which the entire genome is analysed. For gene-specific screens, a number of
technologies have been used in vitro or in vivo. They include the use of homologous recombination in genetic
engineering and generation of knockout mice, or the adaptation of genome-editing technologies for specific
genetic targeting, such as meganucleases, zinc finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALEN), RNA interference (RNAi), or clustered regularly interspersed short palindromic repeats
(CRISPR)/Cas9). Moreover, genome-wide interrogation of genetic interactions in search of specific phenotypes
have been developed. These are sub-classified into approaches to mediate mutagenesis randomly, such as by
using X-rays, chemicals (ENU-mediated mutagenesis) or insertional mutagenesis. Finally, approaches to mediate
genetic alterations in a targeted fashion at a genome-wide level have given rise to the use of RNAi or the various
versions of CRISPR/Cas9 genome editing tool.

1.5 | Genome editing: hacking the Code of Life
The concept of altering characteristics of organisms has probably been around for thousands
of years, since the domestication of animals and plants by Homo sapiens. However, this was
carried out through selective breeding, which is non-specific and time-consuming, while it
does not allow transfer of genetic material between different species. The discovery that DNA
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is the carrier of genetic information by the legendary experiments of Hershey and Chase
(Hershey and Chase 1952), suggested that editing genetic material could one day be possible.
A series of discoveries throughout the 20th century drove an exponential rise in our
understanding of the functional role of the genome, and in technological applications
allowing genetic manipulation of specific parts of the genome (Adli 2018).

1.5.1 | History of genome editing technologies
The discovery of restriction enzymes in the late 1970s, gave rise to recombinant DNA
technologies and spawned the genetic engineering revolution (Kelly and Smith 1970, Smith
and Wilcox 1992, Danna and Nathans 1999, Adli 2018). Significant developments in the 1980s
and 1990s expanded our capabilities for editing the genome of cultured embryonic stem cells,
and deriving animals carrying these alterations, thus creating the field of biotechnology and
generation of transgenic animals (Bradley, Evans et al. 1984, Robertson, Bradley et al. 1986,
Koller, Hagemann et al. 1989, Thomas, Deng et al. 1992, Adli 2018).
However, the main limitations of the aforementioned technologies included extremely low
rates of integration of foreign genetic material into the genome of model organisms, along
with lack of specificity of the targeting. Several studies in the late 1980s and early 1990s using
rare-cutting endonucleases showed that mediating a double-strand break (DSB) significantly
increases the efficiency of genetic integration, via activation of homologous or nonhomologous DNA repair pathways (Rudin, Sugarman et al. 1989, Rouet, Smih et al. 1994, Adli
2018). This phenomenon was utilised in the development of a number of tools enabling
genome editing in a locus-specific fashion, outlined in Figure 6. The advent of genome editing
technologies has profoundly expanded our ability to identify gene functionality and
interactions (Adli 2018).
Several methods which enabled the introduction of DSBs have been identified. Among these,
meganucleases are restriction enzymes able to recognise long DNA sequences (14-40 bp),
which showed promise due to their higher editing efficiency. However, despite the discovery
of hundreds of meganucleases in nature, the probability of identifying such an enzyme with
a desired sequence specificity to suit experimental designs was very low. In addition to that,
most successful breaks carried out by meganucleases were corrected by the error-prone
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mechanisms of non-homologous end joining (NHEJ), thus hindering their usage (Rudin,
Sugarman et al. 1989, Rouet, Smih et al. 1994, Jeggo 1998, Adli 2018).
Subsequently, genome editing was revolutionised with the utilisation of zinc fingers, small
protein motifs of eukaryotic origin. They are capable of binding to a specific 3 bp DNA
sequence, and by combining several units one can target more specific sequences. Fusion of
these engineered motifs with the catalytic domain of DNA nucleases gave rise to zinc finger
nucleases (ZFNs), which can introduce specific DSBs at predetermined genomic sites (Klug and
Rhodes 1987, Kim, Cha et al. 1996, Bibikova, Carroll et al. 2001, Porteus and Baltimore 2002,
Porteus and Baltimore 2003). The development of these technologies paved the way for
potential therapeutic uses of genome editing, by correcting endogenous disease-causing
mutations, and even achieving bi-allelic editing of therapeutically relevant targeted genes,
albeit in a small percentage of cells. However, cloning such constructs was laborious, while
the emergence of novel technologies (described below) did not allow them to be further used
by the scientific community on a large scale (Urnov, Miller et al. 2005, Miller, Holmes et al.
2007, Urnov, Rebar et al. 2010, Adli 2018).
Subsequently, identification of transcription activator-like effector (TALE) enzymes,
originating from proteobacteria of the Xanthomonas genus, provided an elegant solution
because these proteins recognise a single nucleotide, and can be readily multimerised. Fusion
of TALE proteins with the catalytic domain of DNA nucleases resulted in a genome editing tool
that had higher specificity than ZFNs. The resulting fusion proteins, termed TALE nucleases
(TALENs), are able to recognise a single base (in contrast to the ability of ZFNs to recognise 3
bp). However, a limitation of TALENs is the need for de novo design and construction of large
fusion proteins for each targeted sequence, which significantly raises the cost and feasibility
of genome editing (Boch, Scholze et al. 2009, Miller, Tan et al. 2011, Zhang, Cong et al. 2011,
Adli 2018).
Most recently, the discovery and adaptation of CRISPR/Cas9 system has enhanced our ability
to confer genetic modifications at high efficiency and speed, revolutionising functional
genomics (Adli 2018).
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Figure 6 | Genome editing technologies.
The development of genome editing technologies dawned a new era in genetic engineering. All these were
based on the discovery that generation of double-strand breaks (DSBs) significantly increases targeting
efficiency. To this end, different approaches were designed: i) meganucleases are restriction enzymes that
recognise a long DNA sequence, ii) zinc finger nucleases (ZFNs) are zinc ion-dependent eukaryotic small protein
motifs, each recognising 3 bp of DNA, fused with the catalytic domains of DNA nucleases, iii) transcription
activator-like effector nucleases (TALENs) are proteins derived from proteobacteria, capable of recognising 1 bp
of DNA, and fused with catalytic domains of DNA nucleases to confer DSBs. Both ZFNs and TALENs operate as
parts that need to be multimerised to ensure locus-specific targeting. Finally, iv) the adaptation of the bacterial
and Archaean adaptive immune system CRISPR/Cas9 for efficient genome-editing in mammalian cells has
revolutionised functional genomics and biotechnological applications. All four approaches, mediate a DSB which
is then repaired by one of two mechanisms: a) the error prone non-homologous end joining (NHEJ), which results
in the insertion or deletion of base pairs and disruption of gene functionality, or b) by the high-fidelity homologydirected repair (HDR), which results in efficient locus-specific editing and insertion of genetic material into the
target genome. The inserted genetic material is provided by a co-delivered DNA template. The figure was
obtained from Adli, 2018 (Adli 2018).
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1.5.2 | CRISPR/Cas9 system
The identification and description of a bacterial adaptive immune system, which consists of
the clustered regularly interspersed short palindromic repeats (CRISPR) and the CRISPRassociated system (Cas) endonucleases, has revolutionised functional genomics.
Furthermore, the technology has been adapted for highly efficient genome editing in cells
from several organisms, including mouse and human (Horvath and Barrangou 2010, Jinek,
Chylinski et al. 2012, Cong, Ran et al. 2013, Mali, Yang et al. 2013, Ran, Hsu et al. 2013).
In their native form in bacteria and archaea, CRISPR/Cas systems protect these
microorganisms from being infected by viruses and plasmids. CRISPR arrays comprise unique
sequences (termed “spacers”), which are interspersed with identical repeats. Spacers are able
to direct genome editing against invading agents and confer protection to the infected
organism. Upon infection, bacteria incorporate short fragments of the invading genetic
material (termed “protospacers”) into the CRISPR array, located on the bacterial
chromosome. The protospacers are subsequently transcribed into a precursor CRISPR RNA
(pre-crRNA) molecule, whose maturation by enzymatic cleavage results in the mature CRISPR
RNA (crRNA). These molecules anneal to the invading viral or plasmid genetic material and
mediate its Cas-dependent cleavage and disruption.
Several different CRISPR/Cas9 systems exist. Type I and type III systems harbour specific Cas
proteins responsible for the maturation of pre-crRNAs, which then form a complex with
several Cas9 proteins to target invading genetic material. Type II CRISPR/Cas systems from
Streptococcus pyogenes require two separate RNA structures, the targeting crRNA and the
trans-activating crRNA (tracrRNA). Formation of an RNA duplex molecule of crRNA-tracrRNA,
due to base-pairing complementarity, results in its cleavage by RNase III. The result of these
processes is the formation of a ternary structure, which is capable of mediating site-specific
DNA cleavage. It comprises: i) the crRNA (responsible for targeting of the complex to the
target DNA), ii) remains of the original tracrRNA, and iii) the Cas9 protein (which harbours
endonuclease activity) (Brouns, Jore et al. 2008, Garneau, Dupuis et al. 2010, Haurwitz, Jinek
et al. 2010, Bhaya, Davison et al. 2011, Deltcheva, Chylinski et al. 2011, Terns and Terns 2011,
Gasiunas, Barrangou et al. 2012, Jinek, Chylinski et al. 2012, Wiedenheft, Sternberg et al.
2012).
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Cloning of the tracrRNA:crRNA duplex into a single gRNA expression construct further
increased experimental versatility of the system for biotechnology applications (Jinek,
Chylinski et al. 2012). The system has been effectively adapted for targeting mammalian cells,
which enabled an incredible expansion of our capabilities for efficient genome editing.
Therefore, in its adapted form, the system comprises two components: a single guide RNA
(gRNA) molecule, and the Cas9 endonuclease. Recognition and Watson and Crick base pairing
of the gRNA sequence with a 20bp motif on the target locus mediates site-specific Cas9
recruitment. Once Cas9 is recruited, it generates a DSB of the DNA at the site where the gRNA
binds its cognate DNA target. This is upstream a specific sequence termed protospacer
adjacent motif (PAM). The Cas9 protein mediates the DSB approximately 3 nucleotides
upstream of the PAM sequence. Given that the PAM sequence does not exist in the bacterial,
but only in the invading viral or plasmid genome, its role is to distinguish between “self” and
“non-self”, and hence, protect the bacterial genome from self-cleavage. The PAM is the only
sequence-specific limitation for CRISPR/Cas9 editing. The CRISPR/Cas9 system which has
been used extensively so far, has been derived from Streptococcus pyogenes, whose PAM
sequence is 5’-NGG. However, CRISPR/Cas9 systems stemming from different organisms have
different PAM sequence requirements (Jinek, Chylinski et al. 2012, Mali, Esvelt et al. 2013,
Ran, Hsu et al. 2013).
A DBS activates cellular DNA repair mechanisms. In mammalian cells, repair can be mediated
by non-homologous end joining (NHEJ), or by homology-directed repair (HDR). NHEJ is an
error-prone mechanism, and frequently introduces insertions or deletions (indels). These lead
to frameshift mutations and changes of the open reading frame of genes, which result in
altered protein production and introduction of early stop codons. Hence, Cas9-mediated
introduction of indels effectively knocks out the genes. CRISPR/Cas9-mediated targeting of
multiple genetic loci in the same cell is also possible, by co-expression of multiple gRNAs in
addition to Cas9, within a cell (Cong, Ran et al. 2013). Alternatively, Cas9-mediated DSBs can
enable HDR, a high-fidelity mechanism that requires the availability of a genetic template,
and enables specific insertions or deletions of genetic fragments into a target locus (Mali,
Yang et al. 2013, Ran, Hsu et al. 2013).
In addition to genetic knockout, the CRISPR/Cas9 system has also been adapted to carry out
other genetic and epigenetic modifications. This is enabled by the use of catalytically inactive
Cas9 proteins (dCas9), which have the ability to bind to a specific genomic locus in a gRNA44

dependent manner, without mediating DSBs. Fusion or ligation of dCas9 with effector
domains of multiple functionalities have resulted in development of systems capable of
mediating epigenetic modifications, transcriptional activation (CRISPR activation; CRISPRa) or
repression (CRISPR inhibition; CRISPRi) (Tanenbaum, Gilbert et al. 2014, Chavez, Scheiman et
al. 2015, Konermann, Brigham et al. 2015, Pulecio, Verma et al. 2017, Kang, Park et al. 2019).
Fusion of dCas9 with proteins of the APOBEC family of cytidine deaminases has enabled the
development of a CRISPR/Cas9 system for site-specific base editing (Rees and Liu 2018, Tan,
Zhang et al. 2019).
The applicability and robustness of the CRISPR/Cas9 system has led to the successful
application of gRNA-mediated mutagenesis in the context of genome-wide forward genetic
screens. Capitalising on technologies previously developed for genome-wide RNAi-mediated
genetic knockdown screens (Whitehurst, Bodemann et al. 2007, Zuber, Shi et al. 2011,
Whittaker, Theurillat et al. 2013), CRISPR/Cas9 enables complete genetic knockout at a
genome-wide scale, by pooling large numbers of gRNAs to target every gene in the genome.
The specific gRNA-mediated genetic perturbations can be identified by next generation
sequencing of the gRNA expression cassette harboured by edited cells, making a link between
genotype and phenotype. These approaches have revolutionised our ability to carry out
functional genomic studies in a hypothesis-free fashion. A significant body of work conducted
by several teams, including ours, has established the CRISPR/Cas9 technology as an efficient
tool for robust positive and negative selection screens, along with loss-of-function and gainof-function genome-wide screens. Such screens have enabled the identification of the genetic
basis of stem cell differentiation and reprogramming, along with the elucidation of genetic
essentialities and vulnerabilities in tumour cell lines and primary cells in vitro (Koike-Yusa, Li
et al. 2014, Shalem, Sanjana et al. 2014, Wang, Wei et al. 2014, Parnas, Jovanovic et al. 2015,
Shi, Wang et al. 2015, Tzelepis, Koike-Yusa et al. 2016, Yang, Rajan et al. 2019).
More recently, CRISPR/Cas9 genetic screen strategies have been adapted for in vivo
applications, by the injection of edited cells into mice. These approaches have enabled the
dawn of a new era of in vivo genetic screens, by applying CRISPR/Cas9 screening technologies
in a way that can capture the enormous complexity of cellular interactions. In one of the first
studies, said approaches were used in order to elucidate the genetic basis of tumour
progression and metastasis, using a model of transplantable non-small-cell lung cancer. In
this context, upon transplantation, the cells were able to form primary tumours at the
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injection site, without metastasising. However, injection of gRNA-edited cells resulted in
development of metastatic phenotype, and migration of edited tumour cells to the lung
(Chen, Sanjana et al. 2015). Moreover, in vivo CRISPR/Cas9 screens have been used in order
to identify genes whose targeting sensitises tumour cells to immunotherapy. According to
this approach, gRNA libraries targeting immune-related genes were used to mutagenise B16
mouse melanoma cells. Edited cells were transplanted either into mice treated with immune
checkpoint blockade therapy and a tumour cell vaccine, or into immunocompromised mice.
Comparisons between the different groups enabled the identification of genetic
vulnerabilities of melanoma cells, and Ptpn2 was identified as a genetic target whose deletion
synergises with immunotherapy (Manguso, Pope et al. 2017).
The current study is based on this scientific framework and focuses on adapting the analytical
strength of genome-wide CRISPR screens with the unique properties of in vivo studies to
interrogate tumour cell-immune cell interactions and tumour progression in the in vivo niche.

1.6 | Aims
The aim of my project is the dissection of the genetic underpinnings of anti-cancer immune
responses. To this end, I have utilised functional genomics approaches and combined the
versatility and applicability of CRISPR/Cas9 genetic screening technologies and nextgeneration sequencing, with in vivo mouse models of cancer progression. These strategies
enable, on one hand, the identification of novel mechanisms of cancer immune evasion,
whilst shedding light on cancer genetic vulnerabilities that could sensitise cancer cells to
immune responses.
Firstly, in this chapter, I have provided an overview of cancer biology and the role of the
immune system. I focused on therapeutic approaches of harnessing anti-cancer immunity for
cancer therapy, in the context of immunotherapies, along with approaches to interrogate the
genome in a systematic way. Finally, I have outlined contemporary technologies of genome
editing and their applications (Chapter 1).
In my PhD, I have developed a platform to carry out in vitro and in vivo CRISPR/Cas9 genomewide genetic screens. To achieve that, I first analysed different screen parameters by
optimising a model of mouse cell line isografts and verified the feasibility of achieving
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genome-wide coverage of a gRNA library in vivo (i.e. the ability to detect a complex gRNA
library in resulting tumours upon transplantation) (Chapter 3).
I carried out an in vivo genome-wide CRISPR/Cas9 screen in a mouse colon cancer cell line
(MC38) and attempted different approaches in analysing in vivo genome-wide screen
datasets. The main candidate genes identified by the genome-wide screen were validated in
vivo by designing focused validation gRNA libraries (Chapter 4).
Moreover, lessons learned from Chapters 3 and 4 were applied in a second in vivo genomewide CRISPR/Cas9 screen. This screen was carried out in higher coverage than the previous
one, using a single-cell Cas9 clone, instead of polyclonal Cas9-expressing lines. Finally, aiming
to directly elucidate the effects of immune selection, gRNA-mutated cancer cells were
injected in immunocompetent and immunocompromised mice, in parallel (Chapter 5).
Final conclusions, the significance of the discoveries, their relevance for the field of immunooncology, future avenues to explore, and areas of improvement were further discussed
(Chapter 6).

47

48

2 | Materials and Methods
2.1 | Mouse strains
The mouse strains used for the experiments were C57BL/6N TaconicUSA (referred to as
C57BL/6 mice) and NOD/SCID/IL2Rγ−/− (referred to as NSG mice). NSG is a line derived from
the non-obese diabetic/severe combined immunodeficient (NOD/SCID) mouse, which also
harbours a complete null mutation of interleukin 2 receptor common gamma chain (IL2Rγ).
These mice lack mature lymphocytes (B cells and T cells), along with NK cells, and present
with severe innate immunity dysfunction (Shultz, Lyons et al. 2005).
Rosa26Cas9/+ mice express Cas9 constitutively, driven by an EF1a promoter targeted into the
Rosa26 locus (Tzelepis, Koike-Yusa et al. 2016).
All mouse breeding procedures were carried out by the Research Support Facility at the
Wellcome Sanger Institute, according to the UK 1986 Animals Scientific Procedure Act and
local institute ethics committee.
Tumour cells and recipient mice were always sex-matched: since MC38 cells are female they
were injected into female mice, while the male B16F10 cells were always injected into male
mice.

2.2 | Cell lines, media and culture
MC38 mouse colon carcinoma cells and B16F10 mouse melanoma cells were originally
donated by the group of David Adams at the Wellcome Sanger Institute. The MC38 cells
expressed GFP constitutively. GFP-expressing MC38 cells were originally engineered in the
laboratory of Prof Ajit Varki, at University of California, San Diego, by random integration of a
pEGFP-N1 cassette (Borsig, Wong et al. 2002). MC38 cells lacking GFP were purchased from
Kerafast (cat. 2388609). B16F10 were purchased from ATCC (cat. 2388374), and HEK 293FT
cells from Invitrogen (cat. R70007). They were cultured in DMEM (Lonza, cat. LZBE12-614F),
supplemented with 10% foetal bovine serum (FBS) (Life Tech, cat. 10270106) and 1%
penicillin/streptomycin/glutamine (100X) (Thermo Fisher, cat. 10378016) (this will be
referred to as “complete culture medium”). HEK293FT cells were generally cultured in non49

gelatinised dishes/plates except for during virus production (section 2.6). Cells were routinely
split at a ratio of 1/6, every 2-3 days. For culturing in 15-cm dishes, cells were passaged
following media aspiration, washing with PBS (Life Sciences, cat. 21-040-CVR), and incubation
with 3 ml 0.05% Trypsin-EDTA (1X) (Gibco, cat. 25300-054) in 37oC for 4-5 min. Trypsin was
neutralised by the addition of 10 ml of complete culture medium. Cells were resuspended by
pipetting, collected in a 15-ml or 50-ml Falcon tube (Life Sciences, cat. 352097 and 352098,
respectively), and spun down by centrifugation at 300 g for 3 min at room-temperature. The
supernatant was discarded, and cell pellet was resuspended in complete culture medium. An
appropriate volume of cell suspension was transferred to a new dish, to achieve a seeding
density of approximately 30-50%.
The initial experiments to assess the in vivo engraftment of the cell lines, the in vivo coverage
of a gRNA library, and the first in vivo genome-wide screen were carried out using GFPexpressing MC38 cells. All downstream experiments were carried out using purchased cell
lines.
For the generation of single-cell cloned Cas9-expressing cells, I used a Mo-FloXDP cell sorter,
at the Wellcome Sanger Institute Cytometry Core Facility, seeding a single cell per well of a
96-well plate.

2.3 | Plasmid constructs and gRNA libraries
Schematics of all vectors used in this study are shown in Figure 7.
Generation of Cas9-expressing cell lines, and comparisons of the efficiency of different
methods of transgenic expression of Cas9 were carried out using constructs pKLV2-EF1aCas9Bsd-W (Addgene, cat. 68343) (Figure 7A), developed and provided by Dr Kosuke Yusa,
and pLVPB-EF1α-Cas9-FLAG-P2A-Blast, developed and provided by Dr Emmanouil
Metzakopian and Dr Mathias Friedrich (Bradley group) (Figure 7B).
gRNA targeting experiments targeting individual genes were carried out using Dr Kosuke
Yusa’s v2 gRNA expression vector pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W (Addgene, cat.
67974), as described by Tzelepis and colleagues (Tzelepis, Koike-Yusa et al. 2016), and
provided by Dr Kosuke Yusa (Figure 7C).
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Targeting endogenous expression of B2m was carried out by using Kosuke Yusa’s dual gRNA
expression vector pKLV2.2-h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-PGKpuroBFP-W (Addgene,
cat. 72666) (Figure 7D) and 2 gRNAs targeting B2m, which were designed by using the GUIDES
tool (Meier, Zhang et al. 2017) (http://guides.sanjanalab.org/#/) (in 5’®3’ orientation,
gRNA#1: AGTATACTCACGCCACCCAC, and gRNA#2: GTCAGATATGTCCTTCAGCA). The vector
was kindly provided by Dr Kärt Tomberg (section 2.9.2).
Assessment of Cas9 efficiency in Cas9-expressing sub-clones was carried out using a lentiviral
reporter plasmid pKLV2-U6gRNA5(gGFP)-PGKBFP2AGFP-W (Addgene, cat. 67980), and
control plasmid pKLV2-U6gRNA5(Empty)-PGKBFP2AGFP-W (Addgene, cat. 67979) (Figure 7E),
as described by Tzelepis and colleagues (Tzelepis, Koike-Yusa et al. 2016) (section 2.9).
In vitro and in vivo screens were carried out using Dr Kosuke Yusa’s mouse genome-wide
lentiviral CRISPR gRNA library version 2 (v2) (Addgene, cat. 67988), as described by Tzelepis
and colleagues (Tzelepis, Koike-Yusa et al. 2016). The mouse v2 library harbours 90,230
different gRNAs, which are targeting 18,424 protein-coding genes of the mouse genome
(Koike-Yusa, Li et al. 2014, Tzelepis, Koike-Yusa et al. 2016).
Packaging plasmids pMD2G and psPAX2, used for production of lentiviral vectors, are
explained in section 2.6.

51

Figure 7 | Schematics of expression vectors.
A | Cas9-expressing vector EF1α-Cas9-FLAG-P2A-Blast. The human EF1α promoter drove the expression of Cas9,
a FLAG peptide and a blasticidin resistance gene (BlastR). The FLAG peptide was fused to the Cas9 gene and
separated from the BlastR gene by a P2A self-cleaving peptide. The part of the construct flanked in both ends
by the viral long terminal repeats (LTRs) was incorporated into the cell genome. CMV: cytomegalovirus
promoter, 5’ LTR: 5’ long terminal repeat, HIV-1 Ψ: packaging signal of human immunodeficiency virus type 1,
RRE: Rev response element of HIV-1, which enabled mRNA export from the nucleus to the cytoplasm, cPPT/CTS:
central polypurine tract and central termination sequence of HIV-1, EF-1α: core promoter for human elongation
factor 1α, WPRE: woodchuck hepatitis virus post-transcriptional response element.
B | Cas9-expressing vector PB-EF1α-Cas9-FLAG-P2A-Blast. Co-transfection of this construct along with
transposase, mediates the incorporation of the part of the construct flanked in both ends by the PiggyBac (PB)
repeats into the cell genome. pA: bovine growth hormone polyadenylation signal.
C | gRNA expression vector pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W. The human U6 (hU6) promoter drove the
expression of the gRNA, which consisted of the 20 bp gRNA specificity sequence, followed by the improved gRNA
scaffold. Moreover, the mouse phosphoglycerate kinase 1 promoter (PGK), drove the expression of a puromycin
resistance gene (PuroR) and the blue fluorescent protein (BFP). The T2A self-cleaving peptide separated the
PuroR from the BFP gene. Digestion of the vector with BbsI restriction enzyme enabled ligation of the annealed
gRNA oligo, which harboured appropriate overhangs.
D | Dual gRNA expression vector pKLV2.2-h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-PGKpuroBFP-W. The human 7SK
(h7SK) promoter drove the expression of the first gRNA (gRNA#1), while the hU6 promoter drove the expression
of the second gRNA (gRNA#2). gRNA#1 and gRNA#2 were cloned into a SapI and a BbsI restriction sites,
respectively. Both gRNA oligos were designed to harbour appropriate overhangs to enable their ligation into the
vector.
E | Targeting plasmid: pKLV2-U6gRNA5(gGFP)-PGKBFP2AGFP-W or control plasmid: pKLV2-U6gRNA5(Empty)PGKBFP2AGFP-W. The hU6 promoter drove the expression of a gRNA targeting the GFP gene (gRNA(GFP)), or a
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non-targeting control gRNA (gRNA(empty)). The PGK promoter drove the expression of BFP and GFP. gRNA, GFP
and BFP were expressed on the same vector, in both the targeting and the control construct. Transduction of
Cas9-expressing cells with the targeting vector resulted in silencing of GFP expression. Hence, cells with efficient
Cas9 cutting expressed only BFP.

2.4 | Design and cloning of individual gRNA expression vectors
gRNA design was carried out by using either Wellcome Sanger Institute Genome Editing
(WGE) tool (https://www.sanger.ac.uk/htgt/wge/) (Hodgkins, Farne et al. 2015), or GUIDES
(http://guides.sanjanalab.org/#/) (Meier, Zhang et al. 2017). When designing gRNAs using the
WGE tool, the gRNAs that were selected ranked highly based on the design algorithm and had
no predicted off-targets.
Figure 8 shows a schematic of the gRNA oligo design strategy for cloning into BbsI restriction
site. For gRNA cloning, the first nucleotide of the forward oligo (in 5’®3’ orientation) of each
20-nucleotide gRNA was replaced by a guanine (G), since gRNA expression is driven by a
human U6 (hU6) promoter, which is believed to require to start its transcription with a
guanine (G) as its first nucleotide (Wang, Zhang et al. 2019). The remaining 19 nucleotides
were left as per the original design. The reverse complement of the forward oligo was
obtained to design the reverse oligo. Appropriate overhangs were finally added at the 5’-end
of the forward and reverse gRNA oligos, in order to enable cloning into the BbsI restriction
site of a pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W vector, or into the SapI and BbsI restriction
sites of a pKLV2.2-h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-PGKpuroBFP-W (dual) vector (Tzelepis,
Koike-Yusa et al. 2016). For cloning into the BbsI site, the 5’ overhang of the forward oligo
was “CACC”, while the 5’ overhang for the reverse oligo was “AAAC”. For cloning into the SapI
site, the 5’ overhang of the forward oligo was “CTC”, while the 5’ overhang for the reverse
oligo was “CAA”. In order to clone the annealed oligos into the BbsI or SapI sites, the backbone
was digested with BbsI or SapI restriction enzyme at 37 oC for 2 h or overnight. The digested
backbone was purified using QIAquick PCR Purification Kit (Qiagen, cat. 28104), according to
manufacturer’s guidelines. gRNA oligos were ordered from Sigma-Aldrich in 0.025 µmole,
purified in standard desalt, and ordered eluted in water as a stock at 100 µM. Forward and
reverse oligo of each primer were mixed 1:1 in a final concentration of 10 µM, along with T4
10X buffer (final dilution 1X). The oligos were annealed in a PCR machine, by incubating at 95
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C for 10 min, and then cooling down to 25 oC, at a cooling rate of 6 oC per minute. The

annealed product was diluted 1:100, and 1 µl of that was used to ligate the oligo into the
digested and purified backbone, using ~100 ng of the backbone and T4 DNA Ligase (NEB, cat.
M0202S), according to manufacturer’s guidelines. Finally, 1 µl of the ligated product was used
to transform MAX Efficiency DH5α Competent Cells (Thermo Fisher, cat. 18258012),
according to manufacturer’s guidelines. Transformed cells were plated on LB agar plates
supplemented with ampicillin (100 µg/ml) and incubated at 37 oC overnight. Single bacterial
colonies were grown in 5 ml LB broth with ampicillin (100 µg/ml), and DNA was purified using
QIAprep Spin Miniprep Kit (Qiagen, cat. 27104), according to manufacturer’s guidelines.
Verification of successful cloning was carried out by Sanger sequencing, using a sequencing
primer designed based on the sequence of the hU6 promoter (CGATACAAGGCTGTTAGAG), or
a primer designed based on the sequence of the h7SK promoter (CACCCATCTGCAAGGCATTC).
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Figure 8 | Outline of gRNA oligo design for cloning into BbsI restriction site of expression vector.
gRNA design was carried out using the Wellcome Sanger Institute Genome Editing (WGE) or the GUIDES tool.
For each 20-nucleotide gRNA oligo, the first nucleotide was replaced by a guanine (G) (in bold), while the
remaining 19 nucleotides were left unmodified. The reverse complement of the forward oligo was obtained,
which would therefore, end in a cytosine (C). Finally, addition of appropriate overhangs (red) at the 5’-end of
the oligos allowed their ligation into a BbsI-digested vector.

2.5 | Amplification of lentiviral gRNA library
In order to amplify lentiviral gRNA libraries, I used E. coli 10G ELITE Electrocompetent Cells
(Lucigen, cat. 60052-2) and Gene Pulser Xcell Total System electroporator (Bio-Rad, cat. no.
165-2660). For amplification of genome-wide gRNA plasmid library, I carried out the
electroporation 3 times in order to capture the complexity of the genome-wide library.
I first prepared a dilution of gRNA plasmid library of 100 ng/µl and placed the tubes of
electrocompetent cells on ice to thaw gradually. Once cells thawed, I resuspended them
gently with a pipette and transferred into a cuvette, along with 1 µl of the gRNA plasmid
library dilution (100 ng). The solution was mixed by gently tapping on the side of the cuvette
(no need to incubate DNA and competent cells on ice, I proceeded directly with
electroporation). The cuvette was electroporated at a voltage of 1,600 V and capacitance of
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25 F. The electroporated mix of the 3 vials was then transferred into a single culture tube
containing 2 ml SOC recovery medium.
In order to assess the efficiency of the electroporation, I prepared 1:1000 dilution of
electroporated bacteria into SOC recovery medium (carried out in parallel to steps described
in the next paragraph), and allowed them to recover in the incubator at 37 oC, with agitation
at ~300 rpm, for 45 min. Then, 100 µl were plated onto a pre-warmed LB-Amp plate. For
sufficient coverage of the genome-wide library, the bacterial plate should be almost covered
in bacterial colonies, post-overnight incubation at 37 oC.
Post-electroporation, bacteria transfected with the genome-wide plasmid library were
recovered in the incubator at 37 oC, with agitation at ~300 rpm, for 45 min, and transferred
into a flask containing 0.5 litres of LB broth with ampicillin (100 µg/ml). Bacteria were
incubated overnight at 37 oC, with agitation at ~300 rpm, for up to 16 h. DNA was purified
using PureLin HiPure Plasmid Filter Maxiprep Kit (Invitrogen, cat. K210017) and eluted into
~200-400 µl of elution buffer.

2.6 | Lentiviral vector production
Viral fusion proteins are essential for successful infection, and enable the fusion of the viral
envelope with the cell membrane of the target cell (Ci, Yang et al. 2018). Each virus possesses
a tropism for specific cell types, defined by the presence of specific glycoproteins on its
surface. In order to broaden and modify viral tropism for experimental needs, the process of
pseudotyping enables the production of viruses consisting of viral vectors which harbour
glycoproteins of another virus. The resulting pseudotyped virus carries the tropism of the
virus from which the glycoproteins originated. The vesicular stomatitis virus glycoprotein
(VSV-G) is a type III viral fusion protein, which has been widely used to pseudotype lentiviral
vectors, due to the fact that it confers high stability and broad tropism to the pseudotypes
developed in such fashion (Cronin, Zhang et al. 2005).
In order to ensure safety when using viral vectors, the different elements which are required
for virus production are being encoded by different plasmids. Second generation systems
have split such components across 3 plasmids, while third generation systems have split them
across 4 plasmids. According to these strategies, only co-transfection of all of them will result
56

in assembly of infectious viruses. In my experiments, I have used a 3rd generation lentiviral
system, which comprises: i) an envelope plasmid, ii) a packaging plasmid, and iii) a transfer
plasmid that harbours the transgene of interest. The transgene is flanked by long terminal
repeats (LTRs), which enable its integration into the genome of the target cell. The backbone
plasmid is based on the HIV-1 virus and is rendered replication incompetent for safety
reasons. In addition to that, the vector is engineered to be self-inactivating (SIN) upon its
insertion into the target genome, due to a 400-nucleotide deletion in the 3' LTR (Addgene ,
Naldini, Blomer et al. 1996, Zufferey, Dull et al. 1998, Cronin, Zhang et al. 2005).
In my experiments, I have used the 3rd generation lentiviral packaging plasmid psPAX2
(Addgene, cat. 12260), and the VSV-G envelope-expressing plasmid pMD2G (Addgene, cat.
12259), both developed by Didier Trono's group. Virus was produced in HEK293FT cells. For
virus production in 15-cm dish format using pMD2G and psPAX2, HEK293FT cells were
passaged in gelatinised plates (0.1 % w/v) the day before the transfection (day -1) so that they
are ~70-80% confluent the day of the transfection (day 0). On day 0, transfection was carried
out using Lipofectamine LTX (Invitrogen, cat. 15338100) and packaging plasmids pMD2G
(Addgene, cat. 12259) and psPAX2 (Addgene, cat. 12260). The transfection mix was prepared
by mixing 7.5 µg plasmid gRNA expression vectors, 18.5 µg psPAX2, and 4 µg pMD2G, in 7.5
ml Opti-MEM (Invitrogen, cat. 51985026), and then adding 30 µl of PLUS reagent (provided
by Lipofectamine LTX kit). The solution was incubated in room temperature for 5 min, and
then 90 µl Lipofectamine LTX were added (Table 1). The mix was incubated in room
temperature for 30 min and then added drop-wise onto the cells in 15-cm dishes containing
12.5 ml complete culture medium. Cells were incubated with the transfection mix overnight.
The following day (day 1), medium was replaced with 20 ml fresh complete culture medium.
The day after (day 2; as late as possible), virus-containing medium was collected and filtered
using a syringe and a 0.45 µm PVDF syringe filter (Merck, cat. SLHV033RS). Filtered viruscontaining medium was concentrated by overnight centrifugation at 6,000 g at 4 oC. The
following day (day 3), the viral pellet was resuspended in ice-cold PBS 1X, ~200 µl per viral
pellet of 20 ml virus-containing medium (1:100 concentration). The concentrated virus was
aliquoted into Eppendorf tubes, and stored in -80 oC. Virus production for any lentiviral
construct in different dishes/plates followed the same protocol, scaling down according to
the total area of the dishes/plates.
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Table 1 | Reagent mix for transfecting HEK293FT cells for lentivirus production.

Reagents

15-cm dish

10-cm dish

6-well plate

HEK293FT cells

70-80% confluent

70-80% confluent

70-80% confluent

Opti-MEM

7.5 ml

3 ml

500 µl

Transfer vector

7.5 µg

3 µg

0.5 µg

psPax2

18.5 µg

7.4 µg

1.2 µg

pMD2G

4 µg

1.6 µg

0.25 µg

PLUS reagent

30 µl

12 µl

2 µl

Lipofectamine LTX

90 µl

36 µl

6 µl

2.7 | Western Blotting
Cas9 protein detection by Western Blot was carried out, as described by Gozdecka and
colleagues (Gozdecka, Meduri et al. 2018). Briefly, whole cell lysates were acquired, and
protein concentration was determined using a Bradford assay (BioRad). Approximately 30 µg
of protein were separated by SDS-PAGE electrophoresis on a NuPAGE 4-12% Bis-Tris Midi
Protein Gel (Thermo, cat. WG1401BOX), and transferred onto an Amersham Hybond PVDF
membrane (Merck, cat. 10600023). The membrane was probed with an anti-Cas9 antibody
(Diagenode, cat. C15200203), and an anti-actin antibody (Santa Cruz Biotechnology, cat. sc1616) as loading control.

2.8 | Lentiviral transductions and genetic screens
Lentiviral transductions were carried out using 8 µg/ml of polybrene (hexadimethrine
bromide) (SIGMA, cat. H9268), a cationic polymer which improves transduction efficiency in
a receptor- and envelope-independent fashion, by increasing absorption of viruses by the
membranes of target cells (Davis, Morgan et al. 2002). Viral titre was assessed by transduction
of cells with different dilutions of the mouse lentiviral genome-wide gRNA library, and
transduction efficiency was evaluated by flow cytometry analysis on day 3 post-transduction
(considering the day of transduction as day 0), since the gRNA expression construct carried a
BFP gene. Based on the transduction efficiency of different virus dilutions, a standard curve
was designed in order to identify the dilution of the concentrated virus stock to achieve a 30%
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transduction efficiency (0.3 MOI). Experiments for initial assessment of in vivo gRNA library
coverage (Chapter 3) along with the fist in vivo genome-wide screen in MC38 cells (Chapter
4) were carried out in ~100X coverage of the genome-wide mouse gRNA library, while the
second in vivo genome-wide screen in MC38 cells (Chapter 5) was carried out in ~300X
coverage. To this end, 3*107 million cells (for the 100X coverage), or 108 million cells (for the
300X coverage) were transduced at MOI of 0.3, in both cases. Subsequently, cells were
subjected to selection with puromycin (3 µg/ml) on day 3 post-transduction for at least 6
days. Virus-containing medium was removed 24 h post-transduction. The efficiency of both
transduction and drug selection were verified by flow cytometry analysis with BFP expression
as readout. For screening MC38 and B16F10 cells, cultures were distributed across 4 15-cm
dishes per screen and were passaged at 80-90% confluency every 2 days (section 2.2). Cells
were split, making sure to always reseed more than 107 million cells (for the 100X coverage),
or 3*107 million cells (for the 300X coverage). Cell sample for genomic DNA analysis was kept
every time cells were passaged, by placing the cell pellet directly in -80 oC after collecting it
by trypsinisation. The number of cells kept at each passage was at least 107 million cells (for
the 100X coverage), or at least 3*107 million cells (for the 300X coverage).

2.9 | Assessment of Cas9 cutting efficiency
2.9.1 | BFP-GFP reporter assay
Cas9 cutting efficiency was assessed by using lentiviral reporter plasmid pKLV2U6gRNA5(gGFP)-PGKBFP2AGFP-W

and

control

plasmid

pKLV2-U6gRNA5(Empty)-

PGKBFP2AGFP-W, as described by Tzelepis and colleagues (Tzelepis, Koike-Yusa et al. 2016)
(Figure 7E). The first construct will be referred to as BFP-GFP-gRNA(GFP) and the latter as BFPGFP-gRNA(empty). BFP-GFP-gRNA(GFP) carried cDNAs for GFP and BFP, along with a gRNA
targeting GFP. The control construct BFP-GFP-gRNA(empty) was similar but lacked the GFPtargeting gRNA. Transduction of Cas9-expressing MC38 or B16F10 cells with BFP-GFPgRNA(GFP) resulted in expression of GFP, BFP and the gRNA targeting GFP. Cas9 cutting in the
Cas9-expressing lines resulted in loss of GFP and cells were BFP+/GFP-. However, transduction
of Cas9-expressing cells with BFP-GFP-gRNA(empty) resulted in cells being BFP+/GFP+. One
million MC38 or B16F10 Cas9-expressing cells were transduced at MOI 0.2-0.5, in a 6-well
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plate format. Virus-containing medium was removed on day 1 (24 h) post-transduction
(considering the day of transduction as day 0) and replaced with fresh. Cas9 efficiency was
assessed using flow cytometry by plotting BFP/GFP expression on day 3 (72 h) posttransduction. Alternatively, the assay could be carried out using only the BFP-GFP-gRNA(GFP)
construct, and transducing Cas9-expressing versus non-Cas9-expressing cells.

2.9.2 | gRNA targeting of endogenous B2m expression
Targeting B2m was used to assess Cas9 cutting efficiency of an endogenous genetic locus.
Cas9-expressing MC38 clones (MC38_B2 and MC38_B4) were transduced with a lentiviral
dual

gRNA

vector

expressing

2

different

gRNAs

targeting

B2m

(gRNA#1:

AGTATACTCACGCCACCCAC and gRNA#2: GTCAGATATGTCCTTCAGCA, in 5’®3’ orientation)
(Figure 7D). The dual vector was kindly donated by Dr Kärt Tomberg (Bradley group). The
experiment was carried out in a 6-well plate format, and 106 cells were transduced in each
well, at MOI 0.2-0.5. Virus-containing medium was removed on day 1 post-transduction
(considering the day of transduction as day 0), and B2m expression was assessed by flow
cytometry analysis on day 3 (72 h) post-transduction, using a monoclonal anti-mouse β2microglobulin antibody directly conjugated with PE fluorophore (Biolegend, cat. 154503).
Cells and controls were collected by trypsinisation, and ¼ of cell suspension was transferred
to 96 Round Bottom plate (Corning, cat. 3799) for staining. Cells were washed with staining
buffer (PBS 1x, 2% FBS) and stained by incubating for 1h at 4 oC with 1:100 dilution of the
antibody (antibody was diluted in staining buffer). After staining, cells were washed 3 times
with staining buffer, and analysed by flow cytometry on days 3, 6 and 10, post-transduction.

2.10| Mouse injections, tumour mass measurements, and tumour
collection
Sub-cutaneous injections were carried out by Dr Etienne De Braekeleer.
In vivo transplantation of solid tumours for the assessment of the tumour cell engraftment
(section 3.4) was carried out under George S. Vassiliou’s Home Office licence (PBF095404).
All other in vivo experiments were carried out under Allan Bradley’s Home Office licence
(PD165A873).
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To prepare for injections, cells were collected by trypsinisation and washed in PBS,
resuspended in ice-cold PBS, and kept on ice. Matrigel (Corning, cat. 354230) was used where
indicated, and it was placed on ice and in 4 oC overnight to thaw, the day before the injections.
Mice were transplanted with 200 µl of tumour cell suspension + Matrigel mix (at 1:1 volume),
containing 106 cells, sub-cutaneously into their flanks. The mix was kept on ice up to the point
of injection.
Mice were anaesthetised by isoflurane and their flanks were shaved prior to injection. Right
after the injection, they were placed in a warm chamber for them to recover from the
anaesthesia, and also to allow Matrigel to gelatinise due to the rise in temperature.
Mice injected with solid tumours were monitored by the Wellcome Sanger Institute Research
Support Facility staff and checked twice a day. Once palpable tumours appeared, tumour
mass measurements were carried out using a calliper, every Monday-Wednesday-Friday.
Mice were euthanised once total tumour diameter per mouse reached 1.2 cm (for George S.
Vassiliou’s licence), or total tumour area per mouse reached 1.2 cm2 (for Allan Bradley’s
licence).
After euthanasia, each tumour was collected, cut into 4-5 pieces and preserved in ~5 ml
RNAlater (Sigma-Aldrich, cat. R0901-500ML) in room-temperature for 24-72 h, after which
point it was stored at -80 oC.

2.11| Whole tumour lysis and genomic DNA extraction
Tumours stored in RNAlater in -80 oC and cell pellets stored in -80 oC were incubated at roomtemperature for ~30 min to thaw. Tissues were lysed by overnight incubation at 56 oC and
agitation at 300 rpm in mouse tail lysis buffer (100 mM Tris pH 8.0, 200 mM NaCl, 5 mM EDTA
pH 8.0, 0.10% SDS) supplemented with proteinase K (1 mg/mL) (Sigma-Aldrich, cat. P80445G). Whole tumours were lysed in 20 ml of mouse tail lysis buffer + proteinase K, while cell
pellets were lysed in 10 ml. The following day, the lysate was mixed with equal volume of
isopropanol, and DNA was recovered by centrifugation at ~4,000 rpm for 40 min at 4 oC. The
DNA pellet was washed in 70% ethanol, air-dried, and eluted overnight at 56 oC in appropriate
volume of TO.1E pH 7.5.
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2.12| gRNA library preparations for Illumina sequencing
gRNA library preparations were carried out, by adapting the protocol described by Tzelepis
and colleagues (Tzelepis, Koike-Yusa et al. 2016). Illumina sequencing was carried out by the
Illumina Bespoke Scientific Operations at the Wellcome Sanger Institute.
The gRNA expression cassette that resided in the tumour cell genome was amplified, and
Illumina adaptors were added in a first-round PCR using Q5 Hot Start High-Fidelity 2× Master
Mix (NEB, Cat. M0494L), according to manufacturer’s guidelines, using 5 µg DNA per reaction
(Table 2). The cassette was amplified using primers gLibrary-HiSeq_50bp-SE-U1 (U1) and
gLibrary-HiSeq_50bp-SE-L1 (L1) (Table 3), at a final concentration of 10 µM each. Primers
were ordered from Sigma-Aldrich, with PAGE purification at a scale synthesis of 1 µmol. The
PCR programme used followed manufacturer’s guidelines, with 26 cycles for in vitro and 29
cycles for in vivo samples (Table 4). To account for erroneous PCR artefacts, every sample was
amplified in 24 separate reactions (each amplifying 5 µg DNA). Prior to that, a quality control
was performed, by carrying out a single test PCR reaction for every sample, to test the
amplification efficiency, and not waste consumables.
After completion of first-round PCR, 5 µl of each of the reactions of each sample were pooled
and purified using QIAquick PCR purification kit (Qiagen, Cat. 28104), according to
manufacturer’s guidelines, adjusting volume of PB binding buffer to 5 times the volume of
total PCR product. The DNA concentration of the purified PCR product was quantified using a
NanoDrop ND-1000 spectrophotometer (Labtech). Eluted DNA from the first-round PCR was
used in a second-round PCR using KAPA HiFi HotStart ReadyMix (Kapa, Cat. KK2602), in order
to attach indices. These were designed by Dr Michael Andrew Quail (Senior Staff Scientist and
R&D Sequencing at the Wellcome Sanger Institute) and ordered from IDT as PAGE-purified
oligos. They included a PE1.0 common forward and iPCRtag reverse indexing primers
(Tzelepis, Koike-Yusa et al. 2016) (Table 7). PCR reactions were carried out according to
manufacturer’s guidelines, using 12 cycles, 1 reaction per sample and 1 ng purified PCR
product (from first-round PCR) per reaction (Table 5 and Table 6). PCR products of the secondround PCR were purified using SPRI beads (Agencourt AMPure XP beads; Beckman, Cat.
A63881) and DynaMag-96 Side Magnet (Invitrogen, Cat. 12331D), according to
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manufacturer’s guidelines, washed with fresh 80% ethanol, and eluted in 35 µl EB buffer
(Qiagen, Cat. 28104).
Samples were quantified, by qPCR or MiSeq, and pooled equimolarly by the Wellcome Sanger
Institute High-Throughput DNA Sequencing group. The pool was loaded on appropriate
number of lanes of V4 HiSeq 2000, HiSeq 2500 or HiSeq 4000. For sequencing of ~30-35
samples, 8 lanes were used. Sequencing was carried out in 19 bp single-end format, using Dr
Kosuke Yusa’s U6-Illumina-seq2 custom sequencing primer (Table 3), ordered from IDT as a
PAGE-purified oligo. For in vivo screen samples, each tumour was treated and analysed as if
it were a genome-wide sample. For the first in vivo screen (100X coverage), 24 reactions per
sample were used, 5 µg per reaction for the first-round Q5 PCR. For the second in vivo screen
(300X coverage), the number of reactions was increased to 30 per sample, 5 µg per reaction.
For sequencing of the gRNA plasmid libraries, library preparation for the first-round PCR was
carried out using 6 reactions, amplifying 100 ng per reaction. The rest of the protocol was
followed as described above.
Table 2 | PCR reaction protocol for amplification of gRNA expression cassette from genomic DNA.
Reagent

Amount (µg) or volume (µl) per reaction

2x Q5 HS HF

25 µl

U1-L1 primer mix (10 µM each) (Table 3)

1 µl

Genomic DNA

5 µg

H2O

Up to 50 µl

Table 3 | Primers used for gRNA library preparations and Illumina sequencing.
Primer

Sequence (5’®3’)

U1

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACA

L1

TCGGCATTCCTGCTGAACCGCTCTTCCGATCTCTAAAGCGCATGCTCCAGAC

U6-Illumina-seq2

TCTTCCGATCTCTTGTGGAAAGGACGAAACACCG

Table 4 | PCR programme used for amplification of gRNA expression cassette from genomic DNA.
Number of cycles

Denature

1

98 °C for 30 sec

26-29

98 °C for 10 sec

1

Annealing

Extension

61 °C for 15 sec

72 °C for 20 sec
72 °C for 2 min
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Table 5 | PCR reaction protocol for barcoding by attaching iPCRtag indices.
Reagent

Amount (µg) or volume (µl) per reaction

2x Kapa

25 µl

Index Primer mix (5 µM each) (Table 7)

2 µl

PCR product from 1st

1 ng

H2O

Up to 50 µl

Table 6 | PCR programme used for barcoding by attaching iPCRtag indices.
Number of cycles

Denature

1

98 °C for 30 sec

12

98 °C for 10 sec

10

Annealing

Extension

66 °C for 15 sec

72 °C for 20 sec
72 °C for 5min
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Table 7 | Index iPCRtag indices used for barcoding samples for Illumina sequencing.
The presence of an asterisk (*) after a base indicates a phosphorothioated DNA base (substitution of a sulphur
atom for a non-bridging oxygen in the oligo’s phosphate backbone). This modification at the 3’ end aims to make
the internucleotide linkage resistant to degradation by 3' exonucleases.
Primer

Sequence (5’®3’)

PE1.0

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T

iPCRtagT1

CAAGCAGAAGACGGCATACGAGATAACGTGATGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT2

CAAGCAGAAGACGGCATACGAGATAAACATCGGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT3

CAAGCAGAAGACGGCATACGAGATATGCCTAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT4

CAAGCAGAAGACGGCATACGAGATAGTGGTCAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT5

CAAGCAGAAGACGGCATACGAGATACCACTGTGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT6

CAAGCAGAAGACGGCATACGAGATACATTGGCGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT7

CAAGCAGAAGACGGCATACGAGATCAGATCTGGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT8

CAAGCAGAAGACGGCATACGAGATCATCAAGTGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT9

CAAGCAGAAGACGGCATACGAGATCGCTGATCGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT10

CAAGCAGAAGACGGCATACGAGATACAAGCTAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT11

CAAGCAGAAGACGGCATACGAGATCTGTAGCCGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT12

CAAGCAGAAGACGGCATACGAGATAGTACAAGGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT13

CAAGCAGAAGACGGCATACGAGATAACAACCAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT14

CAAGCAGAAGACGGCATACGAGATAACCGAGAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT15

CAAGCAGAAGACGGCATACGAGATAACGCTTAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT16

CAAGCAGAAGACGGCATACGAGATAAGACGGAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT17

CAAGCAGAAGACGGCATACGAGATAAGGTACAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT18

CAAGCAGAAGACGGCATACGAGATACACAGAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT20

CAAGCAGAAGACGGCATACGAGATACCTCCAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT21

CAAGCAGAAGACGGCATACGAGATACGCTCGAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT22

CAAGCAGAAGACGGCATACGAGATACGTATCAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT23

CAAGCAGAAGACGGCATACGAGATACTATGCAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT24

CAAGCAGAAGACGGCATACGAGATAGAGTCAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT25

CAAGCAGAAGACGGCATACGAGATAGATCGCAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT26

CAAGCAGAAGACGGCATACGAGATAGCAGGAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT27

CAAGCAGAAGACGGCATACGAGATAGTCACTAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT28

CAAGCAGAAGACGGCATACGAGATATCCTGTAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT29

CAAGCAGAAGACGGCATACGAGATATTGAGGAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT30

CAAGCAGAAGACGGCATACGAGATCAACCACAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT31

CAAGCAGAAGACGGCATACGAGATCAAGACTAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT32

CAAGCAGAAGACGGCATACGAGATCAATGGAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T
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iPCRtagT33

CAAGCAGAAGACGGCATACGAGATCACTTCGAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT34

CAAGCAGAAGACGGCATACGAGATCAGCGTTAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

iPCRtagT35

CAAGCAGAAGACGGCATACGAGATCATACCAAGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T

2.13| Kaplan-Meier survival curves, gene set enrichment analysis, and
Venn diagrams
Statistical analysis of the Kaplan-Meier survival curves for all experiments was calculated by
Log-rank test and was carried out using GraphPad Prism 8 software.
Gene set enrichment analysis was carried out using the free online tool Enrichr
(https://amp.pharm.mssm.edu/Enrichr/) (Kuleshov, Jones et al. 2016).
Venn diagram designs for sections 3.3.3 and 4.4 were carried out using the online tool
BioVenn (http://www.biovenn.nl/) (Hulsen, de Vlieg et al. 2008).

2.14| Statistical analysis of in vitro and in vivo CRISPR screens
Statistical analyses of genome-wide gRNA CRISPR screens for identification of significantly
depleted and enriched gRNAs and genes was carried out using Model-based Analysis of
Genome-wide CRISPR/Cas9 Knockout (MAGeCK) statistical package (version 0.5.7) (Li, Xu et
al. 2014). File conversion and MAGeCK statistical analysis were incorporated into pipelines
designed by Dr Vijaya Baskar MS. In brief, the software’s “-count” function enabled the
conversion of the FASTQ files into a csv format count-table, in which the 19 bp reads were
mapped to the in silico gRNA library. The read counts of each gRNA from control (in vitro
control samples) and treatment samples (in vitro timepoints or in vivo tumour samples) were
normalised by median normalisation, in order to account for differences of library size and
read count. After that, the relationship between the mean and the variance of replicates was
estimated by mean-variance modelling, using a negative binomial (NB) model. Furthermore,
the mean-variance model was used to calculate the statistical significance of any given gRNA.
gRNAs were ranked based on their P-value using a modified robust rank aggregation (RRA)
algorithm. Given that gRNA libraries harboured several gRNAs targeting the same gene, the
algorithm identified genes whose gRNAs were all consistently ranked as high (based on
significance) in comparison to the calculated mean-variance model (Li, Xu et al. 2014).
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Details on installation and usage of the different functions of the MAGeCK statistical package
can be found here: https://sourceforge.net/p/mageck/wiki/usage/.
In order to analyse the validation targeted libraries, the non-targeting control gRNAs that
were included in the screens were set as controls using the MAGeCK command “--controlsgRNA” and were used to normalise read counts. The MAGeCK command “mageck test” was
used setting the NSG cohort as “control” samples and the C57BL/6N as “treatment” samples.
As observed in Figure 37, the highest and lowest read count of the non-targeting control
gRNAs were set as upper and lower cut-off for significance for each library (green lines), in
order to identify enriched or depleted gRNAs. In order to consider a gRNA as “validated” for
enrichment or depletion, it had to fulfil two criteria: i) to have a read count higher or lower
than the highest or lowest read-count of the non-targeting control gRNAs, and ii) to be
significantly enriched or depleted (FDR.pos/FDR.neg<0.2).

2.15 | Quantile normalisation using limma voom statistical package
Quantile normalisation was carried out using limma voom (section 4.2.3.3). In brief, the
analysis was based on estimation of mean-variance relationship from the data using logcounts (more specifically log-counts per million; log-cpm), which had been normalised for the
sequence depth. Each one of the individual normalised observations was given a precision
weight. Then, the software carried out limma empirical Bayes analysis, using the normalised
log-counts and respective precision weights (Law, Chen et al. 2014). Upon quantile
normalisation, the in vivo samples were further analysed by MAGeCK, using the average gRNA
library distribution.

2.16| Cloning of targeted validation gRNA libraries
Each of the depletion and enrichment validation libraries included two gRNAs targeting
candidate genes. Each library also included a number of control gRNAs, the same for both
libraries. The controls comprised: i) gRNAs targeting genes which did not enrich or deplete in
vitro and in vivo, identified in previous screens, ii) gRNAs targeting genes which were essential
for cell survival, and iii) non-targeting control gRNAs. All gRNAs were designed using the WGE
tool, with the exception of non-targeting ones, designed by the GUIDES tool. gRNAs were
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cloned individually and assessed by Sanger sequencing. The enrichment and depletion
libraries were made by me by equimolar pooling of 5 µg of each of the respective gRNAs of
each library (Table 8).
Table 8 | gRNAs used for the targeted validation libraries.
Non-targeting control gRNAs are highlighted green, gRNAs targeting depleted and enriched candidate genes are
highlighted purple and blue, respectively, while gRNAs targeting in vitro essential genes and genes which
remained unchanged in previous screens are highlighted red and yellow, respectively. WGE ID: unique
identification number for each gRNA assigned by the WGE tool. Location: genomic coordinates of the sequence
targeted by each gRNA.
Sequence

Gene

WGE ID

Location

Irf1

337787333

11:53769994-53770016

CTTAGCGGGATTCCCCGGCC

Irf1

337787338

11:53770021-53770043

TAGATTTCTTCGCGGCGCCG

B2m

440410314

2:122147684-122147706

TCATTTCAGTGGCTGCTACT

B2m

440410312

2:122147672-122147694

CACTGAAATGAGAGCCAGCC

H2-k1

406592166

17:34000178-34000200

CGCGCGGGTGAGTACCGGGC

H2-k1

406592183

17:34000254-34000276

CGAATCGCCGACAGGTGCGA

Tap2

406623663

17:34203515-34203537

ACAAGGAGAAATGACTCTGC

Tap2

406623665

17:34203525-34203547

CATTTCTCCTTGTAGTGCCC

Cd40lg

557651584

X:57212172-57212194

CCAACCTTCCCCCAGATCCG

Cd40lg

557651583

X:57212172-57212194

CCACGGATCTGGGGGAAGGT

Cramp1l

405366119

17:25015132-25015154

CACTTTTAACCCCCTCACCA

Cramp1l

405366121

17:25015142-25015164

GTTTTGGGAACCGTGGTGAG

Ilf2

455676876

3:90476183-90476205

TAGTTCTTCCCAGCGAAGAG

Ilf2

455676877

3:90476191-90476213

CCACACAACCGCTCTTCGCT

Raf1

506372868

6:115676220-115676242

CAGCCCTGTGGCCTACCTGA

Raf1

506372872

6:115676227-115676249

GTGGCCTACCTGAGGGAGCC

Bcl2l1

443629856

2:152830372-152830394

GATTTGAATGTAGGTGGTGG

Bcl2l1

443629861

2:152830395-152830417

TATCTCCGGCGACAGCAAGC

Vmn2r114

405140259

17:23311105-23311127

TTCCCAGTAACAATTGTATT

Vmn2r114

405140160

17:23309863-23309885

TCAAAAGTTTGATCTGCCCA

Jmjd6

345437969

11:116843045-116843067

GGGTCCCGCGCCCCGCTCAC

Jmjd6

345437973

11:116843055-116843077

CGCGGCCGTGCCGGTGAGCG

Ripk1

361441658

13:34002863-34002885

TTCCCGGAAATCGAAAAGCG

Ripk1

361441659

13:34002865-34002887

TTCCGCGCTTTTCGATTTCC
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(5’®3’, NGG on the right)

Tmem165

486265595

5:76183862-76183884

CCATTGGCCCGACGTCAGCC

Tmem165

486265596

5:76183862-76183884

CCGGGCTGACGTCGGGCCAA

Adnp

445602010

2:168206561-168206583

CCGCGGGGCTTACCTTGGCT

Adnp

445602011

2:168206569-168206591

CTTACCTTGGCTCGGCCTCG

Xiap

556236954

X:42093796-42093818

AATGAATCATTACATATTCA

Xiap

556236965

X:42094062-42094084

AGTACTAGGGATCCATCATA

Ikbkb

527993853

8:22706449-22706471

AGGTGAGTCCCACGCGAGGG

Ikbkb

527993855

8:22706453-22706475

GGGCAGGTGAGTCCCACGCG

Socs1

394359502

16:10785409-10785431

GGTGAGCCAAGGCAGCTGCG

Socs1

394359504

16:10785415-10785437

AGCTGCCTTGGCTCACCTGG

Tapbp

406579848

17:33919334-33919356

CCCAACACCCCTCTGTTTGC

Tapbp

406579862

17:33919376-33919398

AACGCGGGAGTGTGGTTTTA

Stat1

304747539

1:52119421-52119443

TGATTGGCTGAGGCGGAAGG

Stat1

304747544

1:52119453-52119475

CTCTAGCCTTTTTTCCTGCC

Cd274

424864168

19:29367434-29367456

GCTTGGGGACCACGATTTCC

Cd274

424864174

19:29367463-29367485

CGCGACGTGCAAGTGCAGCC

Ptpn2

419617827

18:67724421-67724443

TGGTGAGTCTTAGGCCCGCG

Ptpn2

419617828

18:67724430-67724452

CGTTATACTTGGTGAGTCTT

Csnk2a2

535474458

8:95488332-95488354

CGGCGGCTTTACCCCCAGCT

Csnk2a2

535474291

8:95487547-95487569

TCAAGGTGAGTGGCCAACGG

Spag4

444037868

2:156065239-156065261

GGGTCGGCCGAGCCGCCGCG

Spag4

444038104

2:156066119-156066141

AGACGGTTCTGCAAGAGCCC

H2-d1

406778100

17:35263852-35263874

AGTCACAGCCAGACATCTGC

H2-d1

406777836

17:35262756-35262778

AGGTTAGGAAACAGTGAGTC

Ccdc101

523556726

7:126661060-126661082

AAGGGCCATGGGACGGGCCT

Ccdc101

523556736

7:126661143-126661165

ACCCAGGTAAGAGCAAAGTC

Med16

327269743

10:79907480-79907502

ATGATGACCAGGGTGAGTGC

Med16

327269747

10:79907495-79907517

GTCATCATTGCGTAGGTCTG

Mgat4b

337343571

11:50230664-50230686

ACGTCACCTGTTGGAGAGTA

Mgat4b

337343576

11:50230693-50230715

CATTTACCAGCGCGAGTTCC

Supt20

452153911

3:54693090-54693112

GGCTCTGCTACAGGTATTTC

Supt20

452153919

3:54693170-54693192

GAGTAGAGGTTGCTTCTCTG

Atxn7l3

343650037

11:102296386-102296408

GGCGGGGTGAGTACAGAACA

Atxn7l3

343650039

11:102296389-102296411

TGTTCTGTACTCACCCCGCC

Nf2

332763744

11:4848864-4848886

GAGTTCAACTGCGAGGTAAC

Nf2

332763745

11:4848871-4848893

CGAGATGGAGTTCAACTGCG

Dyrk1a

402596162

16:94570009-94570031

TGCGAGGGCGAGTGTGCGCG
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Dyrk1a

402596165

16:94570040-94570062

CGCGAGTGTCTGTGCGGGAT

Eny2

386758997

15:44428089-44428111

AAGCTAGACCACGCATTTCC

Eny2

386759000

15:44428120-44428142

CTTAGGTGCCCGAGCTACTG

Ccr6

403608651

17:8242541-8242563

AGGCACCGCTTGAGAGACCA

Ccr6

403608652

17:8242546-8242568

CGGAGCCGTGGTCTCTCAAG

Pdcd1

309196285

1:94052407-94052429

CAGGGTGGCTTCTAGGTATG

Pdcd1

309196287

1:94052422-94052444

AGTTGAGCTGGCAATCAGGG

Pdcd1lg2

424869064

19:29410997-29411019

TAAGTGTGTTCTCTCTAGTT

Pdcd1lg2

424869067

19:29411012-29411034

CACACTTACGGCTCCTGTCC

Ctla4

305634077

1:60909028-60909050

CACATATGTAGCACGTACCT

Ctla4

305634079

1:60909066-60909088

ATAAAGTCCCCGAGTCTGTG

Ap2m1

395457159

16:20535458-20535480

GCGCAGGCGCAGCTGCGATC

Ap2m1

395457160

16:20535459-20535481

CGCAGGCGCAGCTGCGATCG

Ptpn11

491155052

5:121191184-121191206

CGGAGGTGAGCCGCCCGCAG

Ptpn11

491155053

5:121191185-121191207

GCGGAGGTGAGCCGCCCGCA

Havcr2

336949591

11:46454924-46454946

AGGAAGTACCATTTTAACCG

Havcr2

336949597

11:46454975-46454997

TACTTGGCAGGGGAAATCCA

Lag3

507437610

6:124911272-124911294

GGTAAGGTGGAGAGTCCAGC

Lag3

507437611

6:124911275-124911297

GCTGGACTCTCCACCTTACC

Tnfrsf18

478930524

4:156026144-156026166

CAACTCCAGCAAACTCGCCC

Tnfrsf18

478930526

4:156026146-156026168

AGGGCGAGTTTGCTGGAGTT

Icos

305641156

1:60977931-60977953

GAGAAGACTGCAACTGCTCC

Icos

305641157

1:60977949-60977971

AGTACGGCTTCATGTCTGCC

Icosl

327039300

10:78069350-78069372

GCTAGCGAGCGCAGTTACAG

Icosl

327039301

10:78069351-78069373

CTAGCGAGCGCAGTTACAGC

Fadd

525812870

7:144582094-144582116

CCGGGGGAGGCAGGTGGGCA

Fadd

525812880

7:144582107-144582129

GACCGCTGCGCCCCCGGGGG

Ppp4c

523575205

7:126792408-126792430

GCCTCGGACAATTACCGCCG

Ppp4c

523575206

7:126792409-126792431

TCCGCGGCGGTAATTGTCCG

Wwox

537471339

8:114439636-114439658

ACTGGATTACAGCCGCGGAC

Wwox

537471341

8:114439641-114439663

ATTACAGCCGCGGACCGGCT

Banp

538482254

8:121950523-121950545

AGGGCGGGGCGCAGGCCGTG

Banp

538482262

8:121950598-121950620

TTGTCGGGGAGCTGCGATAA

Zfp532

419378007

18:65580241-65580263

AAGAATGGAAGACACCCCTG

Zfp532

419378014

18:65580268-65580290

GGCTCAGTTTAAGGCGAAAA

Tmem255a

555881033

X:38252222-38252244

GGTAAGTCCTGTCCTCTGGG

Tmem255a

555881040

X:38252239-38252261

CTTACCCATGGAATCGGGAA
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Gtf2b

460926239

3:142765224-142765246

TCCGAAGCAGGAAGCAGCAC

Gtf2b

460926241

3:142765236-142765258

CCAACAGCTCCGTCCGAAGC

Ndufab1

523016044

7:122101644-122101666

GCGCTCGCGCAGGTGACTTG

Ndufab1

523016091

7:122101846-122101868

TGCGCCGCAGCCTCCCGCCG

Nup85

345249973

11:115564413-115564435

AGGCGCTGCGCAAGCCGCCC

Nup85

345249974

11:115564416-115564438

CGCTGCGCAAGCCGCCCTGG

Lax1

313039231

1:133689846-133689868

CATCAGAGTTGGTCTACTGG

Lax1

313039243

1:133689925-133689947

GTGGCCCTACTGCTTCACAC

Acvr1c

434126822

2:58357596-58357618

CACCCACTATACCTGCCGCA

Acvr1c

434126824

2:58357599-58357621

CGACCTTGCGGCAGGTATAG

1810062G17Rik

450437320

3:36475915-36475937

CTATGCTCCTGCGCCTGCGT

1810062G17Rik

450437323

3:36475928-36475950

GTGAGCGAAAAGCCCCACGC

Mbp

421214828

18:82500723-82500745

CTAGCTCTTGAACACCCCAT

Mbp

421214832

18:82500737-82500759

TTTCCCATGGCGACCCAATG

Ccdc30

474168070

4:119404073-119404095

CCTGGGGAAATTCTTTTTGT

Ccdc30

474168072

4:119404121-119404143

GGGACTTGTGGACTCTACGC

Syne1

319745115

10:5541949-5541971

TTGTAGCCTCTGCATCACAT

Syne1

319745117

10:5541963-5541985

TCACATTGGTGATGTCCCGA

Pde4dip

456477512

3:97758784-97758806

CGAGTCCTGATGTACCTTGT

Pde4dip

456477514

3:97758789-97758811

GGCCACCAACAAGGTACATC

Alg2

466971476

4:47469892-47469914

TACTTGCACTTACAAGCAAC

Alg2

466971479

4:47469932-47469954

TTATTACTGGGCAGTGTCAC

Fau

422401860

19:6058415-6058437

TTTTTTCCTTAAGGATCATG

Fau

422401861

19:6058421-6058443

GGGAGGCCACATGATCCTTA

Mrpl23

525526672

7:142534985-142535007

TACCTGCTCAGGAGAAATCA

Mrpl23

525526675

7:142535002-142535024

CAGGTACCCCCTTTACCAAC

Atp6v0c

405248723

17:24164685-24164707

GGCCCAGCACTCACCTGTAG

Atp6v0c

405248725

17:24164687-24164709

ACCCTCTACAGGTGAGTGCT

NonTar_Mm_01

-

-

CGAGGTATTCGGCTCCGCG

NonTar_Mm_02

-

-

CTTTCACGGAGGTTCGACG

NonTar_Mm_03

-

-

TGTTGCAGTTCGGCTCGAT

NonTar_Mm_04

-

-

CGTGTAAGGCGAACGCCTT

NonTar_Mm_05

-

-

ACTCCGGGTACTAAATGTC

NonTar_Mm_06

-

-

CGCGCCGTTAGGGAACGAG

NonTar_Mm_07

-

-

TTGTTCGACCGTCTACGGG

NonTar_Mm_08

-

-

CCCATCGGGTGCGATATGG

NonTar_Mm_09

-

-

GGGCGTCACCTGCTAGTAA
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NonTar_Mm_10

-

-

CTTCTACTCGCAACGTATT

NonTar_Mm_11

-

-

ACAGTTATACGTCGCGGTG

NonTar_Mm_12

-

-

AGCACAAGAACGGTCCGCC

NonTar_Mm_13

-

-

AGCCACCGCACCGGCGTAA

NonTar_Mm_14

-

-

TCAAGCCGAACGCTGCCGG

NonTar_Mm_15

-

-

CTTAGACCGGGTGTACCTC

NonTar_Mm_16

-

-

AGTCTATGCGGGGCTCGTA

NonTar_Mm_17

-

-

TGTCAACTTCGGCCAACGC

NonTar_Mm_18

-

-

TAGATGTCTACGCGCCGTT

NonTar_Mm_19

-

-

TCGGGCTATTCAGCGATAG

NonTar_Mm_20

-

-

CGGTTACCGCGAAAACCAT

NonTar_Mm_21

-

-

CCAACGCTACGATCCCGGA

NonTar_Mm_22

-

-

CCTATATGCGAGATCCATA

NonTar_Mm_23

-

-

GAAAGGCACGTGCGACGTC

NonTar_Mm_24

-

-

ACCAACCTTACGGTAACTC

NonTar_Mm_25

-

-

TTATTCCTCCGGATGACGA

NonTar_Mm_26

-

-

CTCAGTTCGTAGCGAACGA

NonTar_Mm_27

-

-

CCCGGGAGGTACGGTGTAC

NonTar_Mm_28

-

-

GGGATGGCCTTACGTCGCG

NonTar_Mm_29

-

-

TATCCTCCTTACGGCCCGT

NonTar_Mm_30

-

-

CTCGGACCTTTTAGACGTC

NonTar_Mm_31

-

-

TGGTTACGTTAACGACTAC

NonTar_Mm_32

-

-

GCAACGATGGTTACGGTAC

NonTar_Mm_33

-

-

ACGGGCGCAATACCCTTTT
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3 | Establishing screen parameters
3.1 | Chapter overview
In my studies, I have focused on the identification of mechanisms of immune evasion along
with the discovery of genes whose targeting would sensitise cancer cells to immune
responses. gRNA-edited cancer cells were injected into immunocompetent C57BL/6N mice,
whose immune system applied selective pressure to the resulting tumours. Next-generation
sequencing of these tumours enabled the identification of genes whose gRNA-mediated gene
knockouts enabled tumour cells to evade immunological attacks, survive in vivo and
proliferate (in vivo enrichment). Moreover, it allowed the identification of genes whose
knockout rendered tumour cells sensitive to immune responses. Such cells could not survive
in vivo and were depleted in an immunocompetent environment (in vivo depletion,
sensitisers). Genes whose knockout resulted in depletion in vitro and in vivo, since they were
required for essential cell functions, were also identified by comparisons with plasmid gRNA
library controls.
In order to establish the experimental conditions for in vivo genome-wide CRISPR/Cas9
screens, several parameters were considered. First of all, whether in vivo screens have distinct
advantages which outweigh in vitro approaches. Secondly, which cell line model would be
ideal to use to conduct such a screen. Furthermore, the engraftment of these cells in vivo
upon transplantation needed to be assessed, in addition to whether the transplanted cells
would be capable of retaining a genome-wide gRNA library complexity. Finally, the duration
of the screen needed to be evaluated.

3.1.1 | Advantages of in vivo screens
In vivo studies are required to unravel the complexity of anti-cancer immune responses and
gain a thorough understanding of cancer cell-immune cell interactions.
A number of studies using organoids, along with co-culture assays of cancer cells and immune
cells have, shed light on specific mechanisms of interaction (Dijkstra, Cattaneo et al. 2018,
Bleijs, van de Wetering et al. 2019, Clevers and Tuveson 2019). However, with such
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technologies to date, the complexity of immune interactions cannot be fully recapitulated in
a dish.
The advent of next generation sequencing technologies has enabled us to analyse human
tissues and provide significant insights into ways of harnessing the immune system for cancer
research and also treatment. Such approaches include the identification of tumour infiltrating
immune cell types or the characterisation of PD1-exressing innate lymphoid cells using singlecell RNAseq (Yu, Tsang et al. 2016, Yu, Chen et al. 2019). Thus, to an extent, mechanistic
insights can be obtained directly from human samples. However, it is still difficult to establish
direct causality between gene expression and the immunogenicity profile of a cancer, using
such approaches.
For this reason, the use of in vivo models is required and is highly informative, especially when
combined with genetic screens and their capacity to interrogate the genome in a highthroughput fashion. Such high-throughput target identification was inhibited in the past due
to lack of reliable, cheap and efficient technologies. The advent of CRISPR/Cas9 has heralded
a new era of efficient genome editing at a scale and efficiency that overcomes previous
limitations. An in vivo CRISPR screen approach is an ideal platform to test any drug treatment
that relies on the recruitment and involvement of different cell types in the in vivo niche as
part of its mechanism of action, such as therapeutic antibodies, adoptive cell transfer or
cytokine treatments.
Hence, this approach was considered ideal to address the genetic basis of cancer immune
evasion in vivo.

3.1.2 | Choice of cell line and engineering of Cas9-expression
In order to benefit from the significant amount of work in the field of immuno-oncology, it
was decided that the use of MC38 (mouse colon cancer) and B16F10 (mouse melanoma) cells
would be highly beneficial, since they are well-established models that have been used in
several previous studies (Caisova, Vieru et al. 2016, Juneja, McGuire et al. 2017, Manguso,
Pope et al. 2017, Efremova, Rieder et al. 2018, Yu, Bhattacharya et al. 2018).
Moreover, the ideal method for delivery of Cas9 cDNA into these cell lines needed to be
determined, and for this reason, delivery by lentiviral transduction versus PiggyBac
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transposition was compared. Moreover, the Cas9-expressing lines were analysed by
karyotyping to gain insights of their ploidy status. In future studies, this will enable the
analysis of the effects of gene copy number variation in our experiments. Finally, the
efficiency of Cas9 cutting was assessed using a reporter construct and also by targeting an
endogenous gene.

3.1.3 | Assessment of in vivo tumour cell engraftment
An important parameter to consider was the engraftment potential of MC38 and B16F10 cells
in vivo and the number of cells to inject in order to achieve reproducible and clonally complex
tumour cell engraftment. Furthermore, another consideration was the length of time it took
for the resulting tumours to reach the size permissible by the animal licences used (1.2 cm
maximal diameter for George Vassiliou’s and 1.2 cm2 surface area for Allan Bradley’s project
licence). This was important due to the fact that enough time was required for the immune
system to select gRNA-edited tumour cells in vivo for the immune evasion phenotype to be
observed.

3.1.4 | Assessment of in vivo gRNA library representation and coverage
Another critical requirement for in vivo CRISPR-Cas9 screens is the ability to achieve sufficient
gRNA library coverage in vivo, to enable quantitative assessment of enrichment and depletion
(dropout) of individual gRNAs and genes (each targeted by multiple gRNAs). Detection of
these changes requires the screen to be sensitive and efficient enough, and for this reason, it
is important for each gRNA to be “represented” adequately. In order for the phenotypic
outcome of a gene perturbation to be detected by next-generation sequencing, enough cells
carrying the same gRNA (and by extension the same gene knockout) need to be present in
the mutagenised cell pool. The reason for this is that adequate amounts of DNA will need to
be recovered from these cells to enable quantitative before and after comparisons, based on
the number of sequencing reads mapping to the gRNA.
The more complex a gRNA library is, the more cells are required to be transduced with the
gRNA-carrying lentiviruses for adequate coverage. In my initial experiments, I aimed for 100X
coverage, which was then increased to 300X in the second in vivo screen (Chapter 5). In the
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case of in vivo screens in particular, the need for sensitivity and high coverage of a gRNA
library is even more important. This is because the full genome-wide mutagenised cell
population is not injected into one mouse but divided into several sub-pools and distributed
across several tumours. The complexity of the experiment rises even more, due to the
stochasticity based on which certain gRNAs are being represented at different levels within
different tumours, with each tumour representing only a fraction of the whole gRNA library.
To illustrate these points, we can consider the example of a library with a total complexity of
105 gRNAs. To perform an in vivo screen with this library, injection of 106 edited cells per
mouse would ensure that for every gRNA of the library, 10 cells would be screened in mice
(10X coverage). However, that would be the case only if all injected cells would survive.
Considering a case where only 10% of the cells survived in mice would mean that every gRNA
would end up being represented in vivo by only one cell (1X coverage). Therefore, taking into
consideration the clonogenicity of the cell line, and ensuring that a gRNA library is wellcovered, are of paramount importance to achieve statistical power in in vivo CRISPR/Cas9
screens.

3.1.5 | Determining assay window
Finally, since the aim of the project is to address immune evasion and sensitisation pathways,
it was important to establish how long to maintain the screen for, in other words, the ideal
duration of the experiment which would allow sufficient immune selection of the tumours in
order to observe the phenotype. This consideration is in part determined by the number of
cells injected, as the more cells one injects the faster a tumour develops. So, a balance needs
to be struck between too few cells that can be associated with failure of tumour growth, and
too many cells that would lead to a large tumour growing before immunological mechanisms
are allowed to operate sufficiently for selection.

3.2 | Assessment of delivery method of Cas9 cDNA into MC38 and
B16F10 cells
In order to identify the ideal method for delivering a Cas9-expressing vector into a cell line
that would result in efficient expression of the Cas9 protein, MC38 and B16F10 cells were
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used in order to carry out the following comparison: cells were lentivirally transduced with
different dilutions of a virus carrying an EF1α-Cas9-FLAG-P2A-Blast construct. Moreover, cells
were separately transfected with different amounts of DNA of a PB-EF1α-Cas9-FLAG-P2ABlast construct (section 2.3) using lipofection. Co-transfection of the Cas9 construct, which
carried PiggyBac repeats (PB), along with a plasmid encoding transposase, resulted in
integration of the construct into the genome. Cas9 expression in cells transfected by each of
the two methods was evaluated by Western Blot (Figure 9A and B). Cas9 expression was
detected in all tested conditions. Given these results, lentiviral transduction with virus
carrying the EF1α-Cas9-FLAG-P2A-Blast construct (section 2.3) was selected for further
experiments.

Figure 9| Evaluation of Cas9 protein expression by Western Blot.
A and B | MC38 and B16F10 cells were transduced with different dilutions of lentivirus carrying EF1α-Cas9-FLAGP2A-Blast construct (LV), or different amounts of total DNA of PB-EF1α-Cas9-FLAG-P2A-Blast construct (PB),
along with a plasmid encoding transposase. The experiment was carried out in a 6-well plate, and the total
volume of virus- or transposon-containing culture medium per well was 2 ml. Co-transfection mediates the
integration of the construct into the genome.

3.3 | Engineering of Cas9-expressing MC38 and B16F10 cells and
validation of Cas9 activity
An integral part of CRISPR/Cas9 genetic screens using MC38 and B16F10 cells was the
establishment of Cas9-expressing cell lines with validated Cas9 cutting activity, and the
verification of the tumour-forming ability of these cells.
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It is worth noting that experiments for assessing engraftment (section 3.4), screen duration
(section 3.5), gRNA library representation (section 3.6) and the first genome-wide in vivo
CRISPR screen using MC38 cells transplanted into C57BL/6N mice (section 4.2) were carried
out using a population of cells which were expressing Cas9. Within the population, the levels
of Cas9 expression varied. The second genome-wide in vivo CRISPR screen using MC38 cells
transplanted into C57BL/6N and NSG mice was carried out using a single-cell cloned Cas9expressing line MC38_B4 (Chapter 5). Validations of the 1st in vivo screen were carried out
using Cas9 clones MC38_B2 and MC38_B4 (section 4.2.5).

3.3.1 | Generation of polyclonal Cas9-expressing MC38 and B16F10 cells
Parallel cultures of cells were transduced with different amounts of virus carrying an EF1αCas9-FLAG-P2A-Blast construct. The virus-containing medium was removed 24h posttransduction and replaced with fresh. Cells were subjected to selection with 10 µg/ml
blasticidin for 10 days. Transduced blasticidin-resistant cells developed in all conditions. A
middle condition in which approximately 30% of the cells survived by day 3 of drug selection
was chosen for expansion.

3.3.2 | Assessment of Cas9 activity in polyclonal Cas9-expressing MC38 cells
using gRNAs targeting stably integrated GFP
The selected polyclonal Cas9-expressing MC38 cell line was further assessed for efficient Cas9
activity (Figure 10). The MC38 cell line which was used to generate MC38_Cas9 cells
expressed GFP constitutively (section 2.2). Therefore, 3 different gRNAs targeting GFP were
designed using the WGE design tool (Hodgkins, Farne et al. 2015) and cloned into the pKLV2U6gRNA5(BbsI)-PGKpuro2ABFP-W expression vector (construct on section 2.3, cloning on
section 2.4). Viruses carrying the gRNAs were used to transduce the MC38_Cas9 cells, one
transduction for each gRNA, in a polyclonal fashion. Expression of GFP in targeted cells was
assessed by flow cytometry on days 3, 5 and 7, post-transduction (considering day 0 as the
day of transduction). Transduced cells were gated for BFP expression (since the gRNA
expression vector harboured a BFP gene) and unmodified (GFP-expressing but non-Cas9expressing) MC38 cells transduced with the same vectors were used as a control. The results
are shown in Figure 10. The 3 gRNA targeting experiments were treated as biological
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replicates. GFP expression dropped approximately by 50% by day 3 before being reduced
dramatically by day 7. Student t-test showed that differences in GFP expression between
unmodified and Cas9-expressing MC38 cells were significant at each of the three timepoints
(P value < 0.00001).
These finding validated the robust activity of Cas9 in our cells, and these cell lines were
therefore used in downstream experiments.

GFP expression (%)

MC38_GFP_Unmodified
MC38_GFP_Cas9

Timepoints (days post-transduction)
Figure 10 | Assessment of Cas9 activity of polyclonal population of Cas9-expressing MC38 cells using gRNAs
targeting endogenous GFP.
MC38 cells expressing GFP constitutively (MC38_GFP) were transduced with an EF1α-Cas9-FLAG-P2A-Blast
construct (MC38_GFP_Cas9). Three different gRNAs targeting GFP were individually cloned into the pKLV2U6gRNA5(BbsI)-PGKpuro2ABFP-W lentiviral vector. GFP-expressing MC38 cells, either expressing or not
expressing Cas9, were transduced with the 3 gRNA vectors in 3 different experiments. Non-Cas9-expressing but
GFP-expressing MC38 cells (MC38_GFP_Unmodified) were used as control. Transduced cells were gated for BFP
expression. Assessment of Cas9 activity by flow cytometry analysis took place on days 3, 5 and 7 (considering
the day of transduction as day 0), with individual experiment points being visible per condition. Values are shown
in log10 scale. Student t-test showed that differences in GFP expression between unmodified and Cas9expressing MC38 cells were significant at each of the three timepoints (P value < 0.0001).

81

3.3.3 | Single-cell cloning of Cas9-expressing MC38 and B16F10 cells
In order to generate cells with uniform Cas9 activity from polyclonal Cas9-expressing cell lines,
Cas9-expressing MC38 and B16F10 cells were single-cell sorted, using flow cytometry. The
MC38 cell line used for this experiment did not express GFP endogenously. Based on findings
described in section 3.3.1, unmodified MC38 and B16F10 cells were transduced with viral
Cas9 supernatant at MOI ~0.3. Transduced cells were subjected to selection with 10 µg/ml
blasticidin for 10 days, and then single-cell sorted, seeding a single cell per well of a 96-well
plate. Wells positive for cell growth were analysed for their Cas9 activity.

3.3.4 | Assessment of Cas9 activity of single-cell cloned Cas9-expressing MC38
and B16F10 cells using a BFP-GFP-gRNA(GFP) reporter assay
Cas9 cutting efficiency of single-cell cloned lines was assessed using the lentiviral reporter
assay BFP-GFP-gRNA(GFP) (pKLV2-U6gRNA5(gGFP)-PGKBFP2AGFP-W; section 2.3), in a 96well plate format, as described in section 2.9.1 (results not shown). A BFP-GFP-gRNA(empty)
lentiviral construct, which did not harbour a gRNA targeting GFP, was used as control. The
single-cell sorted 96-well plates (section 3.3.3) were transduced with virus carrying either the
GFP-targeting, or the non-targeting control vector. GFP-expression, gated for a population of
BFP+ cells (since both lentiviral vectors carried a BFP gene), was assessed by flow cytometry
3 days post-transduction (considering the day of transduction as day 0). Based on the results
of this assay, five clones were selected from each cell line, which satisfied two criteria: i) loss
of GFP expression by day 3 post-transduction with the reporter plasmid and ii) good growth
kinetics in culture. The experiment was repeated later for the MC38 selected clones (section
3.3.6).

3.3.5 | Karyotyping of Cas9-expressing MC38 and B16F10 single-cell clones
The ploidy status of a cell line would affect the number of copies of genes, and hence, the
genetic knockout efficiency. In order to gain insight on that, three Cas9-expressing MC38 and
three B16F10 clones were selected for analysis. The clones were studied by spectral
karyotyping (SKY), also known as multicolour FISH (M-FISH), at the Wellcome Sanger Institute
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Molecular Cytogenetics Core Facility, and compared to the respective unmodified cell line
(Figure 11). For every cell line, 10 cells in metaphase were analysed by SKY.
The unmodified MC38 and B16F10 lines harboured multiple chromosomal rearrangements
and were oligoclonal. Comparing the unmodified cell lines with the single-cell cloned Cas9expressing lines, it was observed that the single-cell cloning reduced the oligoclonality. For
each clone, the 10 metaphases analysed were compared to each other, and the different
chromosomal rearrangements belonged to different groups of distinct patterns. More of
these patterns were observed in the MC38 cell line, with B16F10 being relatively more
homogeneous. Frequently, in the single-cell clones, 1-2/10 metaphases seemed to have
double the number of chromosomes than the rest. This increase could be the result of
chromosomal duplications. It is not known exactly when these duplication events happened,
but it was probably after the single-cell cloning.
In the MC38 line, the number of chromosomes observed in the 10 metaphases analysed
ranged between 2-12. In the unmodified line, approximately 3 patterns of metaphases
emerged. The MC38_B2 and MC38_B4 lines were composed of approximately 2 groups, with
8-9/10 metaphases belonging to the same group. The MC38_C2 line was more heterogenous,
with approximately 3 patterns emerging.
In the B16F10 lines, the number of chromosomes in the 10 metaphases ranged between 1-7.
In the metaphases of the unmodified cell line, 2-3 distinct groups were observed, with
approximately 7-8/10 of them belonging to the same group. Clonality did not seem to
decrease after single-cell cloning of the B16F10_A2 line, with 2-3 distinct groups of
metaphases still being observed. Clones B16F10_A5 and B16F10_D4 were relatively
homogenous, with 9/10 metaphases belonging to the same distinct pattern.
These observations were taken into consideration, alongside the ability of the cell lines to
grow well in culture. Hence, the following Cas9-expressing clones were selected for
downstream studies: MC38_B2, MC38_B4, B16F10_A2 and B16F10_A5.
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Figure 11 | Spectral karyotyping (SKY) analysis of unmodified and Cas9-expressing clones for MC38 and
B16F10 cells.
The Cas9-expressing lines were analysed to identify their ploidy status. For each cell line, 10 cells in metaphase
were analysed. Unmodified lines were oligoclonal since they harboured multiple chromosomal rearrangements,
an effect that was prominent in the MC38 cell line, while B16F10 cells were relatively more homogeneous.
A-D | Cell lines MC38_Unmodified, MC38_B2, MC38_B4, MC38_C2, respectively.
E-H | Cell lines B16F10_Unmodified, B16F10_A2, B16F10_A5, B16F10_D4, respectively.
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3.3.6 | Confirmation of Cas9 activity of selected single-cell Cas9-expressing
clones
Cas9 activity in the selected clones MC38_B2 and MC38_B4 was re-assessed using the BFPGFP-gRNA(GFP) reporter assay (Figure 12 ). The control BFP-GFP-gRNA(empty) construct was
used for comparisons and for gating BFP-expressing cells (since all transduced cells receiving
a gRNA vector would be BFP-positive). Assessment of Cas9 activity was carried out by flow
cytometry analysis, on days 3 and 6 (day 0 being the day of transduction). The figures show
the mean of two experiments for day 3, while on day 6, measurements were performed
singly. On day 3, GFP expression for MC38_B2 cells was reduced from a mean value of 97.8%
to 3.3%. For MC38_B4 cells, GFP expression dropped from a mean value of 96% to 1.9%.
Student t-test showed that the differences between control (empty) and GFP-targeting
construct on day 3 were significant (P value < 0.001).
Cas9-mediated cutting of an endogenous gene was also assessed in MC38_B2 and MC38_B4
Cas9-expressing clones. For this, the β2 microglobulin (B2m) gene was selected as an ideal
target (Figure 13). Loss of B2m expression was detected by flow cytometry upon staining with
an anti-B2m-PE antibody. The B2m gene is located in chromosome 2 (NCBI 2019). Karyotyping
of MC38 cells indicated that the cell line carried between 3-8 copies of chromosome 2. Hence,
efficient cutting may not always lead to loss of B2m expression, due to the presence of
multiple gene copies. However, clones in which B2m expression drops significantly would be
ideal to use in downstream experiments, as Cas9 cutting must have been efficient enough to
knockout all respective copies of the gene.
A lentiviral dual gRNA vector expressing 2 different gRNAs, both targeting exon 2 of B2m, was
kindly provided by Dr Kärt Tomberg, from the Bradley group (section 2.3). MC38_B2 and
MC38_B4 cells were transduced with the vector and B2m expression was assessed by flow
cytometry on days 3, 6 and 10, post-transduction (Figure 13). Gating of B2m-epxressing cells
was based on the untransduced control cells, and not on a non-targeting gRNA expression
vector (which would have been ideal control). If the latter control had been used instead,
gating could have been based on BFP expression (since the gRNA vector would express BFP).
B2m expression is expressed as a percentage in relation to the control. Loss of B2m expression
was observed from day 3 onwards, remaining approximately the same in all 3 timepoints, for
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both clones. For MC38_B2, B2m expression dropped to approximately 7%, while for
MC38_B4, it dropped to approximately 21%. This indicated that Cas9 was functional in
knocking-out an endogenous gene.
The decrease in B2m expression exhibited in MC38_B4 cells was not as significant as in
MC38_B2. This was probably a function of Cas9 functionality and gene copy number. In that
context, the higher number of copies of chromosome 2 in MC38_B4 cells would lead to higher
number of B2m gene copies. Hence, complete knockout of genes of that chromosome would
be expected to be more inefficient. This fact is not necessarily an obstacle for the efficiency
of the screen but should be taken into consideration when assessing the biological
significance of the candidate genes. Correcting for the effects of copy number variation in
CRISPR/Cas9 screens would be an interesting future approach to increase sensitivity of the
screens.
In conclusion, this experiment indicated that Cas9 in the two clones MC38_B2 and MC38_B4
was functional, making the two clones suitable for downstream experiments. This experiment
was carried out once.
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Figure 12 | Confirmation of Cas9 activity of single-cell Cas9-expressing clones of MC38 cells using BFP-GFPgRNA(GFP) reporter assay.
MC38 cells were transduced with an EF1α-Cas9-FLAG-P2A-Blast construct and subjected to drug selection with
blasticidin for 10 days. Single cells were sorted and seeded into 96-well plates, one cell per well. The single-cell
clones were assessed for their ability to grow well. After an initial assessment of Cas9 activity using a BFP-GFPgRNA(GFP) reporter assay in 96-well format and karyotyping, two clones were selected, MC38_B2 and
MC38_B4. Cas9 activity of the two clones was confirmed using a BFP-GFP-gRNA(GFP) reporter assay. According
to this, MC38_B2 and MC38_B4 cells were transduced with control BFP-GFP-gRNA(empty) (which harboured no
gRNA) and BFP-GFP-gRNA(GFP) reporter (which harboured gRNA targeting GFP) plasmids. Transfection of the
cell lines with the BFP-GFP-gRNA(empty) construct was used as control.
A and B | Assessment of Cas9 activity by flow cytometry analysis took place on days 3 and 6 (considering the
day of transduction as day 0). The day 3 time-point was measured in two experiments and the figures show their
mean, with individual experiment points being visible per condition. Day 6 time-point was measured in one
experiment. Cells were gated for BFP expression (since BFP was expressed by both vectors). GFP expression
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diminished from day 3. Student t-test showed that the differences were significant (P value < 0.001). Values are
shown in log10 scale.
C | Flow cytometry plots shown represent the day 3 time-point of bar charts 12A and 12B.
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Figure 13 | Confirmation of Cas9 activity of single-cell Cas9-expressing clones of MC38 cells by targeting
endogenous beta-2 microglobulin (B2m) expression.
Cas9 activity of the two single-cell Cas9 clones, MC38_B2 and MC38_B4, was also confirmed by targeting B2m
expression. The clones were transduced with a double-gRNA expression vector, harbouring two different gRNAs
targeting B2m (gRNA(B2m)). Cells were stained with an anti-B2m-PE antibody. B2m expression was assessed by
flow cytometry analysis on days 3, 6 and 10 (considering the day of transduction as day 0). The experiment was
carried out once.
A and B | Untransduced cells were used as control and B2m expression is shown as a percentage in relation to
the control. B2m expression diminished from day 3 onwards in cells transduced with gRNA(B2m). Values are
shown in log10 scale.
C | Flow cytometry plots shown represent the day 6 time-point of bar charts 13A and 13B.
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3.4 | Assessment of engraftment of B16F10 and MC38 cells
3.4.1 | Engraftment of polyclonal Cas9-expressing B16F10 and MC38 cells
The first step to establishing the experimental conditions for in vivo screens was to assess the
engraftment of MC38 and B16F10 cells into isogenic mice. To test this, for each cell line,
C57BL/6 mice were injected with different numbers of cells, either 104, 105 or 106 cells, into
the two flanks. These numbers of cells were within the range of cells injected in published
work (Efremova, Rieder et al. 2018). The cells injected were either i) unmodified cells, or ii)
polyclonal population of cells transduced with a lentiviral Cas9-expression vector, or iii) cells
transduced with a genome-wide lentiviral gRNA library at MOI of 0.3, in absence of Cas9
(Figure 14). In this experiment, mice were sacrificed when total tumour diameter (from the
two flanks combined) reached 1.2 cm. Mice were observed for a total of 60 days postinjection, which was considered as the experimental endpoint.
Initially, 5 C57BL/6 mice were injected with 104 unmodified B16F10 or MC38 cells into each
of their two flanks (results not shown). Of the 5 mice injected with 104 unmodified B16F10
cells, just 2 mice developed a tumour, each in one of their two flanks (2/10 expected tumours,
20% engraftment).
Of the 5 mice injected with 104 unmodified MC38 cells, only 1 mouse developed one tumour
in a single flank (1/10 expected tumours, 10% engraftment). Therefore, I found that injection
of 104 cells did not result in reproducible tumour cell engraftment of these cell lines.
All mice injected with 105 B16F10 cells developed tumours and reached the permitted tumour
area of 1.2 cm, irrespective of prior treatment, approximately at the same time, with a median
survival of 14-17 days (Figure 14B). No significant differences in tumour growth time were
observed (Log-rank test).
In mice injected with 105 MC38 cells, we observed that, injection of unmodified cells and
Cas9-expressing cells resulted in median survival of 16 and 28 days, respectively (Figure 14A).
In injections of unmodified cells, 4/5 mice developed tumours (7/10 expected tumours 70%
engraftment). In injections of Cas9-expressing cells 5/5 mice developed tumours (8/10
expected tumours, 80% engraftment). Only 2/5 mice injected with unmodified cells
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transduced with gRNA library developed tumours by the endpoint of 60 days post-injection
(2/10 expected tumours, 20% engraftment). Differences in tumour growth between injection
of Cas9-expressing and unmodified cells transduced with gRNA library in comparison with
injection of unmodified control cells were not significant (Log-rank test).
These experiments were repeated by implanting higher cell numbers, with the exception that
completely unmodified cells were not injected. Five C57BL/6 mice were injected with 106 cells
of B16F10 cells, as before (Figure 14D). The median survival of mice injected with B16F10 cells
was 14 days for mice injected with Cas9-expressing cells, and 11 days for mice injected with
unmodified cells transduced with a gRNA library, with this difference being significant (Logrank test, P value=0.0016). Tumours developed in all 5 injected mice.
After injection with 106 MC38 cells, the median survival was 14 days for mice injected with
Cas9-expressing cells, and 19 days for mice injected with the gRNA library, and the difference
was also significant (Log-rank test, P value=0.0027) (Figure 14C).

All 5 injected mice

developed tumours.

Figure 14 | Assessment of tumour cell engraftment.
MC38 or B16F10 were injected into both flanks of 5 mice per condition. Mice received either unmodified cells
(blue) or Cas-expressing cells (red) or cells transduced with a genome-wide mouse gRNA library (gRNA lib (no
Cas9); green). For each condition, mice were injected with either 105 or 106 cells per flank.
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A | In injections of 105 MC38 cells, both Cas9-expressing cells and non-Cas9-expressing cells transduced with a
gRNA library seemed to result in slower tumour growth compared to injection of unmodified cells, however
results were not significant (Log-rank test).
B | In injections of 105 B16F10 cells, tumour growth differences across all cohorts were not significant (Log-rank
test). Median survival of unmodified, Cas9-expressing and cells transduced with gRNA library was 14, 16 and 17
days, respectively.
C and D | Following injections of 106 MC38 or B16F10 cells, the differences in tumour growth between Cas9expressing cells and cells transduced with gRNA library were significant (Log-rank test, **P≤0.01). Median
survival for Cas9-expressing and gRNA-library transduced MC38 cells was 14 and 19 days, respectively. For
B16F10 cells, median survival for Cas9-expressing and gRNA-library transduced was 14 and 11 days, respectively.

3.4.2 | Engraftment of single-cell cloned Cas9-expressing B16F10 and MC38
cells
The engraftment of single-cell cloned Cas9-expressing B16F10 (B16F10_A2 and B16F10_A5)
and MC38 (MC38_B2 and MC38_B4) lines (section 3.3.3) was assessed by injecting 2*105
Cas9-expressing or 2*105 unmodified cells into five C57BL/6 mice (injected into one flank of
each mouse) (Figure 15A and B).
Injection of unmodified B16F10 cells resulted in median survival of 18 days versus 11 days,
for both Cas9-expressing clones. Injection of B16F10_A5 cells resulted in significantly faster
tumour growth, in comparison to injection of unmodified cells (Log-rank test, P
value=0.0421). However, differences in tumour growth between unmodified cells and
B16F10_D4 were not significant (Log-rank test). Out of the 5 injected mice per cohort, all 5
mice developed tumours in the unmodified and B16F10_A5 cohorts (5/5 expected tumours,
100% engraftment), while in the B16F10_D4 cohort, 4/5 mice developed tumours (4/5
expected tumours, 80% engraftment).
In contrast to injection of B16F10 cells, in which B16F10_A5 resulted in faster tumour growth
in comparison to injection of unmodified control cells, in the case of MC38 cells, injection of
MC38_B2 cells had a significantly slower tumour growth in comparison to injection of
unmodified cells (Log-rank test, P value=0.0063). Injection of MC38_B4 cells also resulted in
significantly slower tumour growth in comparison to injection unmodified cells (Log-rank test,
P value=0.0015). Median survival of mice injected with unmodified cells, MC38_B2 and
MC38_B4 was 13, 46 and 48 days, respectively. In injections of unmodified cells, all 5 mice
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developed tumours (100% engraftment). Injections of MC38_B2 resulted in 4/5 mice
developing tumours (80% engraftment). Finally, injections of MC38_B4 cells resulted in 3/5
mice developing tumours (60% engraftment).
In all our experiments, injection of B16F10 cells resulted in faster tumour growth and higher
engraftment in comparison to MC38 cells. These differences need to be taken into
consideration, since they define the in vivo screening efficiency upon usage of different cell
lines.

Figure 15| Assessment of engraftment of single-cell Cas9 clones.
MC38 and B16F10 cells were transduced with a Cas9-expressing lentiviral vector. Selected single-cell sorted
clones were injected in mice to assess their engraftment potential.
Five mice were injected with 2*105 cells (one flank injected per mouse) and received either unmodified cells or
one of the two single-cell cloned Cas9-expressing lines of MC38 (MC38_B2 and MC38_B4) or B16F10
(B16F10_A5 and B16F10_D4).
A | Injection of MC38_B2 or MC38_B4 cells resulted in significant delay in tumour growth in comparison with
injection of unmodified cells (Log-rank test, **P≤0.01). Median survival of mice receiving MC38_Unmodified,
MC38_B2 or MC38_B4 cells was 13, 46 or 48 days, respectively.
B | Injection of B16F10_A5 cells resulted in significant increase in tumour growth in comparison with injection
of unmodified cells (Log-rank test, *P≤0.05). However, comparison of growth rate between injection of
B16F10_Unmodified and B16F10_D4 cells showed that the difference was not significant (Log-rank test). Median
survival of mice receiving B16F10_Unmodified, B16F10_B2 or B16F108_B4 cells was 18, 11 or 11 days,
respectively. Curiously, injection of single-cell Cas9-expressing clones in comparison with injection of unmodified
control cells, resulted in significant reduction in tumour growth in the case of MC38. However, in the case of
B16F10_A5 clone, the Cas9 clone appeared to have increased tumour growth.
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3.5 | Determining screen duration
The assay window and duration of the experiment are important parameters to be assessed
prior to performing in vivo screens. In particular, we needed to identify the optimal number
of cells to inject in order to fulfil three criteria: i) allow reproducible tumour cell engraftment,
ii) allow sufficiently long in vivo immune selection of the gRNA-edited tumour cells, in order
to be able to detect the phenotype, and iii) sufficiently capture library complexity in vivo.
Previously published work describing in vivo CRISPR/Cas9 screens using B16F10 cells, showed
that a screen duration of approximately 2 weeks allow enough time for the immune system
to raise anti-cancer immune responses (Manguso, Pope et al. 2017).
For this reason, MC38_Cas9 cells (polyclonal Cas9 expression) were transduced with a
genome-wide mouse gRNA library at a MOI of 0.3. Twenty-two immunocompetent C57BL/6
mice were injected with 2*105 edited cells, while 11 were injected with 106 cells (into both
flanks) (Figure 16). Median survival of mice injected with 2*105 and 106 edited cells was 31
days and 14 days, respectively. However, it is worth mentioning that while 11 mice developed
tumours out the 11 injected with 106 cells per flank (19/22 expected tumours, 86%
engraftment), in injection of 2*105 per flank, 17 mice developed tumours out of 23 injected
(26/46 expected tumours, 57% engraftment). The difference in tumour growth between
injection of 2*105 or 106 edited cells was highly significant (Log-rank test, P<0.0001). Since
both cohorts survived for a minimum of 2 weeks, this experiment indicated that injection of
106 cells resulted in higher engraftment and would therefore be a preferable condition. We
then proceeded with assessing the capacity of injection of different cell numbers to better
maintain gRNA library representation in vivo (section 3.6).
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Figure 16 | Determining duration of in vivo screen.
In order to determine the ideal duration of the in vivo screen, Cas9-exressing MC38 cells were transduced with
a genome-wide gRNA library, and cells were injected into the flanks of mice in different numbers, either 2*105
in 23 mice, or 106 per flank in 11 mice (median survival was 31 or 14 days, respectively). The differences in
tumour growth between the two cohorts were significant (Log-rank test, *****P≤0.0001).

3.6 | Assessment of gRNA library coverage in vivo
The complexity of the gRNA library that could be maintained, covered and analysed in vivo is
critical for the feasibility of such an experiment. Moreover, the clonogenicity of the cell line
used, i.e. how many of the injected gRNA-edited cells actually survived, expanded and
contributed to tumour formation, would greatly affect gRNA library coverage in vivo. In order
to determine the number of tumours/mice required and the overall scale of the experiment,
we assessed the contribution of individual tumours, along with the cumulative contribution
of multiple different tumour combinations to the gRNA library coverage in vivo.
To assess whether genome-wide gRNA library coverage could be achieved in vivo, non-Cas9expressing B16F10 and MC38 cells were transduced at MOI 0.3 with a genome-wide gRNA
library (Figure 17). Since the cells did not express Cas9, no genes would be edited (with the
exception of insertional mutagenesis, due to the transduction). However, the fact that each
of the ~90,000 gRNAs of the library has a unique sequence, allowed its identification by next
generation sequencing. This meant that the transduction essentially resulted in barcoding
cells with different gRNAs. Injection of either 105 or 106 of these gRNA-barcoded cells into the
flanks of multiple C57BL/6 mice resulted in tumour formation, with each tumour capturing a
fraction of the total gRNA library complexity. Next generation sequencing of the gRNA cargo
of the resulting tumours allowed us to assess which percentage of the total genome-wide
gRNA library was covered by each tumour, by comparing the tumour gRNA library
representation to the sequenced plasmid gRNA library. It is worth mentioning that the gRNAbarcoded unmodified MC38 and B16F10 cells used in this experiment were the same as the
ones described in section 3.4.
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Figure 17| Experimental outline for assessment of gRNA and gene library coverage per tumour.
The feasibility of the screen would be determined by the size of the gRNA library that can be maintained and
analysed in vivo. To assess that, non-Cas9 expressing MC38 or B16F10 cells were transduced with a genomewide gRNA library. Since Cas9 was absent, the cells were essentially barcoded with different gRNAs. 105 or 106
edited cells were injected into the flanks of sex-matched immunocompetent mice. Collection of the resulting
tumours and next generation sequencing allowed us to identify the in vivo gRNA and gene library representation
in comparison with the sequenced plasmid gRNA library.

3.6.1 | Assessment of gRNA library coverage per tumour
All of the tumours were collected and processed in a manner which preserved library
complexity. To that end, 24 PCR reactions were carried out for each in vivo sample, with 5 µg
DNA being amplified per reaction. Carrying out multiple PCR reactions had the purpose of
minimising erroneous artefacts during PCR amplification. Therefore, 120 µg DNA were
amplified from each sample. Every genome-wide in vitro sample comprised ~4-6*107 cells,
i.e. 240-360 µg DNA, given that each cell carrying approximately 6 pg DNA (Gregory, Nicol et
al. 2007, Baumer, Fisch et al. 2018). Based on optimisations carried out as described by KoikeYusa and colleagues (Koike-Yusa, Li et al. 2014), PCR amplification of 120 µg DNA was
sufficient to cover the complexity of genome-wide in vitro samples. In our screen, ~107 cells
corresponded to 100X coverage. Hence, PCR analysis of 120 µg translated into amplification
of ~2*107 cells, which covered a genome-wide 100X library twice. Number of cells composing
each in vivo tumour was not known, however, it could be indirectly calculated based on the
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total DNA obtained from each sample. Given that each tumour yielded 3-5 mg DNA, it can be
inferred that each was composed of approximately 7-8*108 cells.
During the library preparations, each tumour was processed as described above (24 PCR
reactions, 5 µg DNA per reaction), as if it represented a genome-wide sample. However, each
tumour represented a fraction of the total library, and hence, this approach aimed to
oversample the in vivo tumour gRNA complexity, to increase the sensitivity of the assay.
Samples of each of the 24 reactions were combined and purified together. Each tumour
sample was subsequently barcoded by attachment of an index in a second PCR amplification,
which enabled a multi-plex parallel sequencing reaction of the different samples over 8 lanes
of an Illumina HiSeq platform (section 2.12). The sequencing reaction yielded approximately
107 reads per tumour/index. Read counts were median-normalised using the MAGeCK
algorithm and analysed to identify significantly depleted and enriched gRNAs and genes
(section 2.14) (Li, Xu et al. 2014).
In both cohorts of mice injected with 105 and 106 B16F10 cells, 5/5 injected mice developed
tumours in both flanks (10/10 expected tumours developed).
As observed in Figure 18, tumours resulting from injection of 106 B16F10 cells transduced
with a genome-wide gRNA library maintained a significant percentage of the library
complexity in vivo. The tumours covered approximately 75% of the library, while
approximately half the gRNAs within each tumour were represented by more than 100 reads
(light green and yellow colours). Tumours of 105 injected cells maintained a smaller
percentage of the library, with the majority of gRNAs being represented by less than 50 reads.
In the case of MC38 cells, when 106 tumour cells were injected, 5/5 mice developed bilateral
tumours. Seven out of ten tumours covered approximately half the library, with more than a
quarter of them harboring gRNAs being represented with more than 100 reads. However, the
percentage of the plasmid library covered by these tumours was lower than the same number
of B16F10 injected cells. The 3 remaining tumours covered the library poorly, indicating that
this cell line presented with greater variability in retaining gRNA library complexity than the
B16F10. Injection of 105 gRNA-barcoded MC38 cells resulted in only 2/10 expected tumours,
and low coverage of the library.
In addition to gRNA-based analysis, coverage of the library was assessed at the gene level
(Figure 19). In order to analyse the gene coverage, each gene was represented by the median
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value of normalised read counts of the different gRNAs targeting it. For tumours resulting
from injection of 106 MC38 cells, this analysis indicated that for 5/10 tumours, less than 12.5%
of the genes were represented by a mean gRNA count of more than 50 reads. Two out of ten
tumours achieved higher gene library coverage, with approximately 25-30% of the plasmid
gene library being covered with more than 50 reads per gene. Finally, similarly to gRNA-based
analysis, the 3 tumours that yielded a very low coverage of the gRNA library also covered the
gene library poorly.
Similar to the gRNA-based analysis for B16F10 cells, injection of 105 cells resulted in tumours
which covered the plasmid gene library poorly. However, all tumours resulting from injection
of 106 cells covered the gene library well, with 40-75% of the genes being represented by
more than 50 reads.
In the Venn diagrams in Figure 18, a gRNA is considered “covered” if it is represented by a
minimum of 2 reads. In Figure 20, a gene is considered “covered” if at least 1 gRNA targeting
it was represented by a minimum of 2 reads. The coverage of the plasmid gRNA or gene library
in each tumour, from either cell line or using different numbers of injected cells, indicated
that each tumour represented a different fraction of the library. This experiment showed that
both cell lines could achieve in vivo gRNA library coverage, in cells barcoded with different
gRNAs, in the absence of Cas9, with B16F10 achieving higher and more consistent
maintenance of gRNA complexity. Coverage achieved by each tumour seemed to be
stochastic in the part of the library covered, indicating that assay sensitivity could be
improved by increasing the number of tumours.
Statistical analysis and generation of plots in Figure 17, Figure 18, Figure 19, Figure 20, and
Figure 21 were carried out using R by Dr Vijaya MS Baskar.
Manguso and colleagues investigated strategies of enhancing anti-tumour immune responses
by carrying out targeted in vivo CRISPR/Cas9 screens in B16F10 melanoma cells, screening for
immune-related genes (Manguso, Pope et al. 2017). Moreover, B16 melanoma cells have
been shown not to result in anti-tumour responses, as much as other cell lines, being
described as immunologically “cold”. This phenotype may be explaining the fact that they are
less responsive to immune checkpoint blockade therapy (Mosely, Prime et al. 2017). In order
to investigate anti-tumour immunity in the context of an immunologically “hot” tumour
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model, I decided to use MC38 cells in subsequent experiments. A number of reasons informed
that choice, explained below.
The FDA approval of PD1 blockade for the treatment of a number of colorectal cancers paved
the way for a new era of tackling these malignancies, which rank as the third most common
form in men, and the second in women, worldwide. However, therapeutic effects of immune
checkpoint blockade in colorectal cancer remains largely unexplored and therapeutic
outcomes vary. Significant success of treatment with immunotherapy has been observed in
colorectal cancers which are characterised as microsatellite-instability-high (MSI-H) or
mismatch repair-deficient (dMMR) (Oliveira, Bretes et al. 2019). This category constitutes
15% of colorectal cancers. Such cancers are also characterised by higher mutational burden
and infiltration by immune cells. MC38 cells is a mouse cell line characterised as dMMR–MSIH (Ganesh, Stadler et al. 2019, Oliveira, Bretes et al. 2019). The immunological “hot” status of
the MC38 model could hence constitute an ideal tool for immunotherapy development, and
further assessment of the immunogenic background of such cancers. Finally, this model can
enable the identification of potential therapeutic targets that work synergistically with known
strategies.
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Figure 18| Coverage of genome-wide gRNA library per tumour in vivo.
Non-Cas9 expressing MC38 and B16F10 cells, transduced with a genome-wide gRNA library, were injected into
the flanks of sex-matched immunocompetent mice. Next generation sequencing allowed us to assess the gRNA
library complexity represented in the in vivo tumours. gRNA read coverages for in vivo tumours, resulting from
injection of 105 (left panels) or 106 (right panels) cells, B16F10 (upper panels) or MC38 (lower panels) cells, were
compared to coverage in the gRNA plasmid library (90,230 gRNAs). Bar charts show the number of gRNAs with
at least one normalised read count and are colour-coded to reflect different read coverage ranges (1-2, 3-10,
11-50, 51-100, 101-1000, >1000 reads).
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Figure 19| Venn diagrams showing the coverage of genome-wide gRNA library per tumour in vivo.
The outer circle represents the total plasmid gRNA library, while the circles within represent the percentage of
that library covered by each individual tumour. A gRNA is considered as “covered” when at least 2 reads are
detected.
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Figure 20 | Coverage of genome-wide gene library per tumour in vivo.
Gene coverages (for the 18,424 genes of the library) for in vivo tumours, resulting from injection of 105 (left
panels) or 106 (right panels) cells, B16F10 (upper panels) or MC38 (lower panels) cells, compared to gene
coverage in the gRNA plasmid library. Each gene is represented by the median value of the normalised counts
of the respective gRNAs targeting it. Bar charts show the number of genes with at least one normalised read
count and are colour-coded to reflect different read coverage ranges (1-2, 3-10, 11-50,51-100, 101-1000, >1000
reads).
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Figure 21 | Venn diagrams showing the coverage of genome-wide gene library per tumour in vivo.
The outer circle represents the total plasmid gene library, while the circles within represent the percentage of
that library covered by each individual tumour. A gene is considered as “covered” when at least one of the gRNAs
targeting it is detected, and when at least 2 reads of that gRNA are measured.
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3.6.2 | Cumulative contribution of different tumours to gRNA library coverage
in vivo
Having established that gRNA-barcoded unmodified MC38 cells retain a significant
percentage of the gRNA library complexity, we wanted to assess the cumulative contribution
of combinations of different tumours and identify how many tumours would need to be
aggregated to adequately cover the library. For this reason, combinations of different
numbers of tumours were compared to the coverage of the plasmid gRNA library. The
percentage of the plasmid gRNA library covered by any 1 tumour, any combination of 2
tumours, any combination of 3 tumours etc. is shown in Figure 22. From this, it became
evident that library coverage improved with the addition of more tumours.
Considering a gRNA as “covered” if at least 2 reads were detected, the increase in coverage
was steep, up to 7-8 tumours, after which point it reached a plateau (Figure 22A). According
to this criterion, the 11 tumours included in the experiment would cover the library
sufficiently. However, detection of depletion of gRNAs requires high sensitivity of the screen
and high coverage of the gRNA library. Moreover, in order to carry out this analysis by
MAGeCK, all the different gRNAs targeting the same gene would need to be represented well.
Hence, in order to ensure high coverage of all gRNAs, stringency of the analysis increased and
a gRNA was considered as “covered” if more than 100 reads were detected (Figure 22B).
According to this analysis, more tumours would be required in order to cover the entire library
sufficiently, but the exact number was not determined, due to the curve not reaching a
plateau.
The fact that addition of more tumours improved library coverage, along with the pattern of
library coverage shown in the Venn diagrams of Figure 19 and Figure 21, led to the conclusion
that a higher library coverage of the in vivo screen was required to increase assay sensitivity.
To this end, in the screen described in Chapter 4, 11 mice were injected into both flanks with
106 gRNA-edited cells, which resulted in development of 19 tumours.
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Figure 22| In vivo cumulative contribution of tumour combinations to gRNA library coverage.
The adequate number of tumours to cover the library sufficiently was evaluated for the experiment in which
non-Cas9 expressing MC38 cells were transduced with a genome-wide gRNA library, and 106 cells were injected
into each of the two flanks of mice. We assessed the percentage of the total plasmid gRNA library covered by
any one tumour, any combination of two, three, four etc. tumours. The bars represent standard deviation.
A | A gRNA needs to have at least 2 reads in order to be considered in the analysis. We observed that 7-8 tumours
were enough to cover the library approximately once.
B | A gRNA needs to have at least 100 reads in order to be considered in the analysis. Since the stringency of
how many reads are required in order to consider a gRNA “covered” has increased, more tumours would be
required in order to cover the entire library sufficiently.

3.7 | Discussion
3.7.1 | Engineering Cas9-expressing MC38 and B16F10 cells for in vivo
CRISPR/Cas9 screen
In order to engineer MC38 and B16F10 Cas9-expressing cells, the ideal method for Cas9
expression was assessed. More specifically, delivery by lentiviral transduction and
transposition were compared. Cas9 expression was strong using both methods but, lentiviral
transduction was the preferred method for engineering these Cas9-expressing lines. One
reason was that it preserved the option of using transposition for further genetic engineering
in the future. If transposition was used for delivery of Cas9 expression vector, future
experiments requiring transposition could remobilise the Cas9 construct, and would result in
progressive loss of Cas9 in some cells, due to inefficient re-integration. Therefore, lentiviral
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transduction with virus carrying an EF1α-Cas9-FLAG-P2A-Blast construct was selected for
further experiments (section 3.2).
The use of a lentiviral Cas9-expression vector at a MOI 0.3 would result in the majority of cells
receiving only one copy of the Cas9 construct. Cas9 cutting efficiency, which may vary in terms
of expression from one locus to another, was assessed by designing and cloning gRNAs
targeting GFP. To reduce inconsistencies caused by the differential Cas9 activity in polyclonal
Cas9-expressing cell lines, single-cell clones were isolated. The resulting clones were
karyotyped (SKY) to evaluate potential chromosomal changes. Moreover, they were assessed
for their Cas9 activity using a BFP-GFP reporter assay, and by targeting the endogenous locus
B2m. Results showed that Cas9 activity directed to GFP was adequate in the two clones,
MC38_B2 and MC38_B4. The seemingly lower efficiency of B2m targeting may reflect
differences in the experimental set-up.
A better experimental control to compare reduction in B2m expression, instead of the use of
untransduced cells (Figure 12C and D), would have been to transduce with a non-targeting
double gRNA vector. This would have allowed the gating of BFP+ cells, ensuring that the
analysis would focus only on cells that were efficiently transduced.

3.7.2 | Assessment of engraftment of B16F10 and MC38 cells
The engraftment and tumour-forming ability of the polyclonal and single-cell cloned cell lines
were verified (Figure 14 and Figure 15).
In the polyclonal experiments, upon injection of 105 B16F10 cells, no significant difference
was observed in the engraftment and tumour-forming potential between unmodified and
lentivirally transduced cells, perhaps due to the highly aggressive nature of this cell line. On
the other hand, in injections of 106 MC38 cells, polyclonal Cas9-expressing cells resulted in
significantly slower tumour growth than gRNA-transduced cells. However, the opposite was
true for injection of 106 B16F10 cells.
The engraftment experiment using Cas9-expressing MC38 cell clones, indicated that
unmodified cells grew faster than MC38_B2 and MC38_B4 cells. An explanation for this could
be that the lentiviral transduction increased the immunogenicity of the cells, eliciting
protective (for the mice) immune responses. These immune responses could be targeted
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against components of the lentiviral vectors expressed by the modified MC38 cells, such as
Cas9. Hence, the untransduced cells resulted in faster tumour growth and shortened host
survival, compared to Cas9-expressing cells, as they were less immunogenic. To further test
this hypothesis, MC38 cells would need to be transduced with vectors lacking these proteins,
and immune cell infiltrations between the two conditions could be compared. Alternatively,
the transduction may have resulted in perturbed autonomous cell viability or engraftment in
vivo, however this was not observed in vitro. To assess this hypothesis more accurately, cell
proliferation could be quantified, upon incubation with the lentiviruses.
Differences in median survival between the polyclonal Cas9-expressing and the single-cell
cloned Cas9 lines were probably due to a variety of factors which were not controlled for in
our experiments, such as the fact that Matrigel was not used in the experiments with
polyclonal Cas9 expression, while it was used in the single-cell clone experiments. Moreover,
in the single-cell clone experiments, 2*105 cells were injected into one flank, versus 105 cells
which were injected into the two flanks in the polyclonal experiment. Also, the fact that single
cell clones were chosen to exhibit good growth characteristics in vitro, may have selected for
faster-growing cells.
Tumours from single-cell clones of MC38 cells grew slower than the unmodified cells.
However, in the case of B16F10 cells, tumours from unmodified cells grew slower than the
Cas9-expressing clones. A possible explanation may relate to the differences of the
immunological signature of Cas9-expressing B16F10 and MC38 cells. According to this
hypothesis, Cas9-expressing MC38 cells may have been more immunogenic than Cas9expressing B16F10 cells. The key difference may be the immune evasion strategy each cell
line employs, and the characterisation of B16 and MC38 cells as immunologically “cold” and
“hot”, respectively (Mosely, Prime et al. 2017, Ganesh, Stadler et al. 2019, Oliveira, Bretes et
al. 2019). B16 cells are reported to be more immunologically invisible and are not recognised
by the immune system. Hence, the expression of an exogenous protein would not make them
more immunogenic, since infiltration of immune cells necessary to initiate an adaptive
response would be blocked in the first place. However, MC38 cells are more promptly
recognised and surveyed by the immune system, and the expression of proteins carried by
the lentiviral vectors would be more likely to result in expansion of specific immune cell clones
against them. The fact that the Cas9 clones of B16F10 cells outgrew the unmodified cells could
109

be the result of the fact that single-cell cloning selected for the most proliferative and
aggressive clones. Further work focusing on the immune profile of the two cell lines is needed
to further validate this hypothesis.

3.7.3 | Cas9 immunogenicity
Since the aim of the project was to identify immune cell-tumour cell interactions, it is
important to assess whether Cas9-expressing cells would become more immunogenic due to
exogenous Cas9 expression and would elicit an anti-Cas9 immune response. It was expected
that if Cas9 expressed by the tumour cells elicited a protective (for the mice) anti-Cas9
immune response, injection of Cas9-expressing B16F10 cells into Rosa26Cas9/+ mice (which
would be tolerant to Cas9) (section 2.1) would result in faster tumour growth. Preliminary
studies were inconclusive due to inadequate animal numbers.

3.7.4 | Determining screen duration
In order to ensure adequate immune selection of the gRNA-edited tumour cells in vivo, we
had to ensure that the screen would last long enough for anti-cancer responses to be raised.
A screen duration of 2 weeks was chosen based on previous published work by Manguso and
colleagues, which showed that in an in vivo screen using B16F10 cells, 14 days were sufficient
to observe immune-mediated selection of edited cells (Manguso, Pope et al. 2017). A longer
screen duration could potentially be beneficial for a stronger phenotype, which could be
achieved by transplanting fewer cells. However, other parameters also needed to be
considered when choosing the number of cells to transplant (reproducibility of tumour
formation and gRNA library coverage). For this reason, injection of 106 cells was considered
optimal.

3.7.5 | In vivo gRNA library coverage
In order to assess the feasibility of the screen, the in vivo coverage of a genome-wide mouse
gRNA library was analysed. The critical parameter was the percentage of the 106 transplanted
cells of a given cell line that survived in vivo. If library complexity was not maintained and, for
example, only 10 or 100 cells survived, it would be impractical to use this cell line to conduct
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a genome-wide screen, and effectively interrogate the whole genome. In vivo gRNA library
representation was assessed by collecting tumours and assessing representation using gRNAs
as barcodes, in the absence of Cas9 editing. Unmodified cells were transduced at a MOI 0.3,
which would ensure that the majority of the cells received one gRNA. Enough cells were
transduced to give 100X gRNA coverage, which meant that post-puromycin selection, random
sampling of 107 cells would include approximately 100 cells which would have been
transduced with the same gRNA, for each gRNA of our library.
The exact percentage of engraftment per tumour which resulted from injection of 106 cells
could not be calculated without knowing the in vitro complexity maintained by 106 gRNAbarcoded cells. However, this experiment showed that, for both cell lines, transplantation of
106 gRNA-barcoded cells injected into the flanks of sex-matched immunocompetent C57BL/6
mice resulted in significant maintenance of library complexity. This was better for B16F10, for
which each tumour maintained a higher percentage of the total library complexity, while
variability among different tumours was lower than for MC38. For both cell lines, given that
each tumour did not represent a full genome-wide library but a fraction of it, adequate
coverage of the full library would require aggregation of a number of samples.
Alternatively, several groups have developed gRNA libraries harboring unique molecular
identifiers (UMIs) (Michlits, Hubmann et al. 2017, Zhu, Cao et al. 2019). The presence of a
significantly higher number of barcodes in comparison to the number of gRNAs in these
libraries enables unique gRNA/barcode combinations. These distinct combinations allow
tracking of the fate of an edited cell at a single-cell level. Finally, they greatly increase
statistical power, since in a screen of 100X coverage, all 100 cells being transduced with the
same gRNA would have a different barcode. Hence, all these 100 cells could be treated as
biological replicates. Incorporation of such technologies in future in vivo screens would
greatly improve inherent biases resulting from inadequate library coverage per tumour, while
shedding light on the clonogenicity of the cell lines upon transplantation.
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4 | In vivo CRISPR/Cas9 screen in MC38 cells
4.1 | Chapter overview
Understanding and harnessing anti-cancer immune responses has led to a new era of cancer
treatment, with the emergence of novel immunotherapies. However, despite their successes
in the clinic, resistance still arises. Hence, the identification of cancer immune evasion
pathways and ways to overcome them is of paramount importance. The application of
genome-wide CRISPR/Cas9 genetic screens in investigating the genetic basis of mechanisms
of immune evasion has the potential to revolutionise target identification, due to its
versatility and efficiency in mediating genetic knockouts in a high-throughput fashion. To this
end, I carried out in vivo genome-wide CRISPR/Cas9 screens, as described in this chapter.
In chapter 3, the experimental parameters were established in terms of choice of cell line,
number of cells to inject in order to achieve reproducible tumour formation, adequate screen
duration to enable immune selection of the gRNA-edited cells, and sufficient in vivo coverage
of a genome-wide gRNA library.
For the first in vivo screen (described in this chapter), transplantation of a genome-wide
gRNA-edited cell pool, tumour collection, and next generation sequencing allowed the
identification of a number of enriched and depleted genes. The analysis was carried out by
comparing reads from the in vivo tumour samples with in vitro controls, in order to identify
in vivo-specific genetic selection.
An important caveat identified was a sub-sampling bias stemming from the fact that injection
of cells in each mouse flank and the resulting tumour represented only a fraction of the total
genome-wide library. Different approaches for the analysis of such datasets were used to
overcome this limitation. Significantly enriched and depleted genes were validated in vitro
and in vivo, through a secondary target validation gRNA mini-library.
Initial results identified genes involved in antigen presentation and processing, interferongamma responses, NF-κB signalling, and regulation of innate immune responses, as potential
targets for cancer immunotherapy.
Findings from Chapters 3 and 4 were taken into consideration in the development of a highercoverage genome-wide in vivo CRISPR/Cas9 screen in MC38 cells, presented in Chapter 5. This
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screen was carried out in parallel in immunocompetent C57BL/6N and immunocompromised
NSG mice, to clearly delineate the regulation of host immune responses by the tumour.

4.2 | In vivo genome-wide CRISPR/Cas9 screen in mouse colon
carcinoma cell line
A basic outline of the experimental strategy is presented in Figure 23. The cells used for the
screen are described in section 3.5. In brief, they are a polyclonal population of Cas9expressing MC38 cells transduced with a genome-wide lentiviral mouse gRNA library at MOI
0.3 and a coverage of 100X (i.e. 100 cells per gRNA). After 14 days of drug selection for cells
transduced with the lentiviral gRNA vectors, 2*105 or 106 cells were injected into the two
flanks of 23 or 11 female C57BL/6N mice, respectively, on day 17 post-transduction
(considering day 0 as the day of transduction). A sample of the culture was kept as the preinjection in vitro control against which the in vivo samples were compared. Each cohort of
mice injected with 2*105 or 106 cells per flank received a 100X coverage of the genome-wide
gRNA library.
A second in vitro screen in Cas9-expressing MC38 cells was carried out with an independently
generated MC38 library at 100X coverage. Several in vitro timepoints were taken for this
screen, including samples collected on days 15 and 32 post-transduction (note that the
duration of the in vivo screen after injection of 106 cells was ~31 days, making the day 32 in
vitro timepoint the most apt control to tumour cells harvested from sick animals; section
4.2.1).
In the 2*105 cohort, 17/23 injected mice developed a total of 26 tumours. In the 106 cohort,
11/11 mice developed a total of 19 tumours. Tumour gRNA content was determined using
next generation sequencing.
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Figure 23 | Outline of experimental strategy for in vivo genome-wide CRISPR/Cas9 screens.
A lentiviral genome-wide gRNA library was used to transduce Cas9-expressing MC38 cells. The resulting
heterogenous population included cells which harboured knockouts in different genes. The cells were subjected
to drug selection, and on day 17, half the culture was collected and sequenced, as a reference for the starting
point to all the in vivo-selected populations, while the other half was injected into the flanks of multiple sexmatched immunocompetent mice. The resulting tumours were collected and sequenced to quantitatively
determine their gRNA content. Analysis of the day 17 pre-injection complexity control confirmed the
maintenance of gRNA library complexity up to the point of the injection. Another in vitro screen, stemming from
a second transduction, was carried out in parallel, and time-points on days 15 and 32 were collected. Comparison
of the day 17 time-point of the first transduction with the day 15 time-point of the second transduction revealed
that the time-points from the two different transductions were highly similar. This indicated that the samples
from the in vivo screen (first transduction) could be compared with the in vitro time-points of the second
transduction. Comparison of the collected tumours with the in vitro population of cells selected for a similar
amount of time (day 32) enabled the identification of in vivo-specific enriched and depleted genes. A knockout
providing an immune evasion or other in vivo advantage would result in expansion of the clone harbouring it in
the host and subsequent detection of increased read counts for the gRNA mediating the knockout (gRNA
enriched). On the other hand, knocking out a gene which would result in enhanced immune recognition of the
tumour in vivo would result in loss of cells, and by extension of reads for the gRNA mediating the mutation (gRNA
depleted).
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4.2.1 | Coverage of genome-wide gRNA library in vitro and in vivo
The in vitro control samples of day 15, day 17 (pre-injection complexity) and day 32, were
sequenced. Their gRNA content was compared with the gRNA plasmid library. Results showed
that in vitro controls maintained most of their original complexity. Moreover, upon
comparison of the gRNA library distributions of different samples, we observed a progressive
reduction in complexity between the control samples, indicating selection taking place
throughout the course of the screen. As expected, plasmid gRNA library was more complex,
followed by day 15/day 17 timepoints, and finally the day 32 timepoint (Figure 24A).
Based on the time-scale of the experiment, the day 32 timepoint was more biologically
relevant, as far as comparisons with the in vivo samples were concerned. The reason for that
was that the total in vivo screen duration was ~31 days (mice were injected on day 17 and
median survival of mice post-injection was 14 days). Therefore, subsequent comparisons
between in vitro day 32 and in vivo samples would directly identify genes depleting/enriching
in an in vivo-specific fashion, between timepoints which were selected for similar amount of
time. However, the in vivo samples and the day 32 in vitro control originated from different
transductions. Hence, establishing the similarity between the two transductions would
ensure that the day 32 control can be used for comparisons with the in vivo samples. To this
end, the day 15 and day 17 timepoints were compared with each other. The comparison
illustrated that correlation between them was very high, even though they originated from
separate lentiviral transductions (Figure 24B). This led to the conclusion that day 15 and day
17 timepoints could be used interchangeably and enabled a valid direct comparison of the
day 32 timepoint of one transduction with the in vivo samples (which were collected after a
similar number of days but originated from a separate transduction). Moreover, MAGeCK
analysis comparing the sequenced plasmid gRNA library with the day 17 pre-injection
complexity control revealed 1,859 significantly depleted essential genes (FDR.neg<0.2),
belonging to pathways involved in critical cellular functions including: spliceosome function,
RNA transport, ribosome function and biogenesis, and DNA replication (Figure 24C and D).
These analyses showed that the screen was progressing as expected up to the point of
injection, and that the in vitro timepoints were appropriate controls to identify differences
between in vitro and in vivo library selection.
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The coverage of the gRNA library of the in vivo screen was evaluated by comparing the gRNA
library complexity of each tumour of the two cohorts with day 17 pre-injection complexity in
vitro control (Figure 25). As expected, tumours of the 106 cell-cohort contained more highcoverage gRNAs and covered a greater fraction of the pre-injection complexity than tumours
resulting from injection of 2*105 cells. The same analysis was carried out for the genomewide library at gene level (instead of gRNA level), comparing the in vivo coverage of the gene
library with that of the pre-injection complexity (day 17) timepoint. For this purpose, a gene
was represented by the median normalised count value of the gRNAs targeting it (Figure 26).
Analysis showed that the gRNA and gene libraries were sufficiently covered by the 106 cellcohort, since most tumours contained approximately a quarter of the pre-injection
complexity (in vitro day 17) at more than 50 reads per gRNA.

Figure 24 | Evaluation and quality control of in vitro control samples.
A | gRNA read coverages for in vitro cultured samples in comparison to the coverage of the sequenced plasmid
gRNA library (90,230 gRNAs). Bar charts show the number of gRNAs with at least one normalised read count and
are colour-coded to reflect different read coverage ranges (1-2, 3-10, 11-50, 51-100, 101-1000, >1000 reads).
B | Scatter plot comparing the gRNA counts of the pre-injection sample (day 17) of one transduction (x-axis) and
the gRNA counts of a separately transduced in vitro sample on day 15 (red) and day 32 (blue) (y-axis). Counts
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are log2-transformed (log2(normalised read counts + 1)), dots represent each gRNA, and lines represent the
linear regression for each comparison. Analysis showed a higher correlation between day 17 and day 15
(R2=0.907, P<2.22e-16) than between day 17 and day 32 (R2=0.824, P<2.22e-16).
C | gRNA distribution upon comparison of the pre-injection complexity sample (day 17) with the sequenced
plasmid gRNA library. Using MAGeCK, gRNA read counts were median normalised, and mean-variance was
calculated by using a negative binomial model. Finally, a robust rank aggregation (RRA) algorithm was used to
identify genes whose respective gRNAs ranked as high (based on their P-value), upon comparison to the
calculated mean-variance model. The negative RRA-score on the y-axis refers to a score for depletion of genes,
as identified by the RRA algorithm, and values are -log10-transformed. The x-axis shows the gene list of the
genome-wide library. Genes with an FDR<0.2 are shown in blue. MAGeCK analysis revealed a number of
significantly depleted genes (FDR<0.2). Some examples of such fitness genes essential for cell survival are
highlighted in the figure: Snrnp200 (spliceosome function), Rps5 (ribosome function), Imp3 (ribosome
biogenesis) and Pold1 (DNA replication).
D | KEGG pathway analysis of significantly depleted genes (FDR.neg<0.2) identified through MAGeCK
comparison of the sequenced plasmid gRNA library with the pre-injection complexity (day 17) timepoint.

Figure 25 | In vivo gRNA library coverage per tumour.
gRNA read coverages for in vivo tumours, resulting from injection of 2*105 (left panel) or 106 cells (right panel),
compared to the in vitro pre-injection complexity sample (day 17). Bar charts show the number of gRNAs with
at least one normalised read count and are colour-coded to reflect different read coverage ranges (1-2, 3-10,
11-50, 51-100, 101-1000, >1000 reads).
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Figure 26 | In vivo gene library coverage per tumour.
Panels indicate total gene coverages (for the 18,424 genes of the library) for in vivo tumours, resulting from
injection of 2*105 (left panel) or 106 cells (right panel), compared to the in vitro pre-injection complexity sample
(day 17). Each gene is represented by the median value of the normalised counts of the gRNAs targeting it (most
genes were targeted by 5 gRNAs). Bar charts show the number of genes with at least one normalised read count
and are colour-coded to reflect different read coverage ranges for the corresponding genes (1-2, 3-10, 11-50,51100, 101-1000, >1000 reads).

4.2.2 | Cumulative contribution of tumours to in vivo gRNA library coverage
To assess the extent to which we could combine tumours to improve the cumulative coverage
of our gRNA library we aggregated sequencing coverage from different tumours. For this
analysis, all the different combinations of the 19 tumours resulting from injection of 106 cells
were compared to the sequenced plasmid gRNA library complexity. Tumours from 2*105 cells
did not give sufficient coverage and were subsequently excluded from this analysis. A gRNA
was considered “covered” when more than 2 reads were detected. Analysis revealed that
combinations of any 8-9 tumours covered approximately 90% of the gRNA library, with the
curve reaching a plateau (Figure 27A). However, after increasing the stringency criteria to
consider only gRNAs with ≥100 reads “covered”, aggregating 8-9 tumours only covered
approximately 60% of the control gRNA library, and the curve did not reach a clear plateau
(Figure 27B). The fact that inclusion of more tumours increased the gRNA library coverage
indicated that the tumours covered different parts of the library. This level of coverage was
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considered suboptimal for successful genome-wide screens; therefore, we concluded that a
greater number of tumours needed to be studied to improve gRNA library coverage in vivo.

Figure 27 | Cumulative contribution of random tumour combinations to in vivo gRNA library coverage.
In order to identify how well our genome-wide gRNA library was covered in the in vivo CRISPR screen in MC38
cells, the coverage of multiple tumours combined was analysed. More specifically, we compared the gRNA
library coverage of random combinations of increasing numbers of tumours (arising from injection of 106 cells)
to that of the gRNA plasmid library. The x-axis shows the number of tumours combined: any one tumour, any
combination of two tumours, any combination of three tumours etc., and the y-axis shows the cumulative
contribution of these combinations in covering the control gRNA library. The bars represent standard deviation.
A | A gRNA needed to have at least 2 reads in order to be considered “covered” in the analysis. We observed
that 90% of the library was covered by any combination of 8-9 tumours, with the curve reaching a plateau.
B | A gRNA needed to have at least 100 reads in order to be considered in this analysis. In this more stringent
analysis, only ~60% of gRNAs were covered by 8-9 tumours, and the curve did not reach a plateau, even after all
19 tumours were aggregated.

4.2.3 | Analysing in vivo genome-wide CRISPR screens
Statistical analysis was carried out using MAGeCK. One of the caveats of spreading a genomewide gRNA library across several mice was the sub-sampling bias that resulted from the fact
that each tumour captured only a fraction of the whole library. For this reason, several
different approaches for analysing the data were attempted. In all analyses, significantly
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depleted and enriched genes were, respectively, those with an FDR.neg or FDR.pos<0.2 (as
generated by MAGeCK analysis).
As mentioned in section 4.2.1, a comparison between gRNA library complexity of tumours (in
vivo) with day 32 cultured cells (in vitro control) would be biologically meaningful, as it would
directly assess transfected cells growing for a similar amount of time (median mouse survival
was 14 days after injection on day 17 of the screen, i.e. 31 days after transfection). Hence,
subsequent analyses were carried out using the day 32 in vitro control. However, comparisons
with the day 15 and day 17 timepoints were also carried out, as direct comparisons to preinjection complexity.
The analysis in section 4.2.2 indicated that gRNA distributions harboured by different tumours
were not similar, and that different tumours could not be treated as replicates. Given the
good pre-injection library complexity, if the distributions had been similar, this could mean
either that each tumour covered a significant part of the whole library, or that the similarity
was due to preferential engraftment of cells with specific gRNAs, with significant loss of
genome-wide complexity in vivo. Since these did not seem to be the case, the following
analyses were carried out.

4.2.3.1 | Analysing all tumours as one (“BigMouse”)
In order to maximise the potential of the screen to achieve genome-wide coverage, it was
decided to treat all different tumours developed across different flanks of different mice as if
they were all one big tumour, developed in the flank of one mouse. To this end, three
different approaches were carried out, which differed in how “BigMouse” was generated: i)
concatenating FASTQ files of all tumours (“BigMouseFASTQ”), ii) adding normalised counts of
each individual gRNA from all tumours (“BigMouseCounts”), or iii) using quantile
normalisation in order to make gRNA representation of different tumours similar to each
other in statistical properties (“BigMouseQuant”). These strategies are further discussed
below.
4.2.3.1.1 | Concatenating FASTQ files (“BigMouseFASTQ”)
For this analysis, termed “BigMouseFASTQ”, all FASTQ files from all individual tumours of each
cohort (2*105 or 106 injected cells) were concatenated; either for each cohort separately or
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for both cohorts together. Hence, 3 concatenated files were generated, one from injection of
2*105 cells (termed “BigMouseFASTQ_200K”), another from injection of 106 cells (termed
“BigMouseFASTQ_1M”), or another from injection of 2*105 and 106 cells combined (termed
“BigMouseFASTQ_1M+200K”). Each of the three concatenated files were compared to the
day 32 in vitro timepoint using MAGeCK. A number of significantly depleted or enriched
candidate genes were identified (FDR.neg/FDR.pos<0.2), with several captured by more than
one comparison (Figure 28).
MAGeCK analysis of the concatenated BigMouseFASTQ_1M file yielded 108 significantly
depleted and 373 significantly enriched genes in total. Carrying out similar analysis for the
BigMouseFASTQ_200K file, only 5 significantly depleted genes and no significantly enriched
genes were identified (this was unsurprising given the limited gRNA coverage in these
tumours). Finally, the BigMouseFASTQ_1M+200K analysis revealed 154 significantly depleted
and 104 significantly enriched genes.
Gene set enrichment analysis (KEGG) of candidate genes was also carried out, in order to
identify pathways involved in the in vivo selection of gRNA-edited cells, and further assess the
molecular mechanisms at play during the screen. Analysis highlighted that depleted genes
belonged to a number of pathways, such as NOD-like receptor signalling (P value=4.82E-8),
toxoplasmosis (P value=5.17E-8), Epstein-Barr virus infection (P value=1.75E-8), autophagy (P
value=0.000002871), NF-kappa B signalling (P value=0.000004095), antigen processing and
presentation (P value=0.00001757), and others (Figure 29).
The nucleotide binding oligomerization domain (Nod)-like receptors (NLRs) are expressed by
immune cells, such as lymphocytes and APCs, along with non-immune cells, such as epithelial
and mesothelial cells. Their main function is to bind to pathogen-associated molecular
patterns (PAMPs), which are molecular motifs conserved within classes of microbes. In the
context of cancer, one of the NLRs, NOD1 is an activator of the NF-κB and MAPK pathways
and has been shown to act as a tumour suppressor. Based on this assumption, loss-offunction of NLRs would be expected to be provide a growth advantage in vivo and thus be
enriched in our screen, instead of depleted (Chen, Shaw et al. 2009). Future work will focus
on delineating these complex molecular interactions. Moreover, the identification of
pathways related to toxoplasmosis may reflect underlying immune responses that are also
relevant to tumour cell targeting/elimination. Epstein-Barr virus (EBV) infection pathways
along with NF-kappa B signalling are interesting due to their known roles in cancer, such as
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the oncogenic potential of EBV's latent membrane protein 1 (LMP1). LMP1 expression by EBVinfected B cells mimics CD40-CD40L signalling, leads to activation of growth and survival
cellular pathways, and results in oncogenic transformation of primary B cells (Wang, Jiang et
al. 2017). Furthermore, the role of autophagy in cancer has been studied extensively.
However, its precise effects remain unknown, as autophagy may exert a protective role in
pre-cancerous conditions, but its induction may also benefit tumour development in
malignant disease (Amaravadi, Kimmelman et al. 2019). Also, the identification of antigen
presentation and processing pathways was also a welcome finding suggesting that the screen
had identified plausible host-tumour interaction pathways. Finally, the enriched genes were
associated with spliceosome (P value=3.98E-21), RNA transport (P value=3.25E-17) and
ribosome functions (P value=5.16E-16) (Figure 29). The identification of these pathways
needs to be further evaluated and verified, as genes involved in DNA replication, RNA
processing and translation have been described as essential for cell survival (Wang, Birsoy et
al. 2015). Hence, such essential genes would be expected to have been significantly depleted
during the in vitro phase of the screen, prior to injection into mice (on day 17), and thus, not
identified as enriched.
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Figure 28 | Comparison of significantly depleted/enriched genes identified with BigMouseFASTQ analyses.
FASTQ files from individual tumours resulting from injection of 2*105 or 106 edited cells were concatenated.
Three concatenated files were generated: “BigMouseFASTQ_200K” (from injection of 2*105 cells),
“BigMouseFASTQ_1M” (from injection of 106 cells), or “BigMouseFASTQ_1M+200K” (from injection of 2*105
and 106 cells combined). Each of the three concatenated files were compared to the day 32 in vitro timepoint
using MAGeCK analysis. A number of significantly enriched (ENR) or depleted (DEP) candidate genes were
identified (FDR.neg/FDR.pos<0.2), with the exception of BigMouseFASTQ_200K analysis, which identified no
significantly enriched genes. Venn diagrams indicate that a number of significant candidate genes were
identified by more than one comparison.
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Figure 29 | KEGG pathway analysis of depleted and enriched genes from BigMouseFASTQ analyses.
KEGG pathway analysis was carried out using the Enrichr tool by the Ma'ayan lab. Pathways are ranked based
on P value, which is calculated using Fisher exact test. The BigMouseFASTQ file was generated by concatenation
of FASTQ files of all in vivo tumours. Significantly depleted (DEP) and enriched (ENR) genes (FDR.neg/FDR.ps<0.2)
were identified by MAGeCK analysis by comparing with the day 32 in vitro control.

4.2.3.2 | Analysing all tumours by adding normalised counts of each gRNA
(“BigMouseCounts”)
To generate a single normalised count for each gRNA (section 2.14), count-tables of the
normalised counts for each tumour from the 2*105 and 106 cell cohorts, were generated
independently and then added. The resulting CSV file was further analysed using MAGeCK, by
comparing its gRNA library representation with the day 32 in vitro time point.
This analysis yielded 524 significantly depleted and 9 significantly enriched genes. Gene set
enrichment analysis revealed that the depleted genes were associated with DNA replication
(P value=2.931e-18), spliceosome function (P value= 7.464e-16), and RNA transport (P value=
3.455e-14), while the enriched genes belonged to mitophagy signalling pathway (P
value=0.028) (Figure 30). This analysis was expected to be more accurate compared to the
previous one, due to the addition of normalised gRNA counts in generating the
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BigMouseCounts file, instead of raw counts. However, the pathways identified were not as
intuitive from a biological standpoint as the previous analysis. Future validations of the
candidate genes will further assess the accuracy of this approach.

Figure 30 | KEGG pathway analysis of depleted and enriched genes from BigMouseCounts analyses.
KEGG pathway analysis was carried out using the Enrichr tool by the Ma'ayan lab. Pathways are ranked based
on P value, which is calculated using Fisher exact test. BigMouseCounts file was generated by adding normalised
counts of each gRNA across all in vivo tumours. Significantly depleted (DEP) and enriched (ENR) genes
(FDR.neg/FDR.ps<0.2) were identified by MAGeCK analysis by comparing with the day 32 in vitro control.

4.2.3.3 | Analysing all tumours by quantile normalisation (“BigMouseQuant”)
As observed in Figure 24, in vivo gRNA library representation varied between different
tumours of MC38 cells in the screen. In order to make the different tumour distributions
similar in terms of statistical properties and enable more accurate identification of
differentially enriched or depleted genes, quantile normalisation was carried out using the
voom function of the limma R package (Law, Chen et al. 2014) (section 2.15). This approach
was termed “BigMouseQuant”. Figure 30 depicts the distribution of gRNA library
representation per tumour, before and after quantile normalisation using voom. After voom
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quantile normalisation, the average of the read number for each gRNA across the different in
vivo tumours was calculated and used in MAGeCK analysis. Comparisons were carried out
using the day 32 in vitro control.
Using the cohort with 106 injected cells, the analysis revealed 15 significantly depleted and 24
significantly enriched genes. Using the 2*105 cohort, 6 significantly depleted and 0
significantly enriched genes were identified. In this case, the tumours of the 106 and the 2*105
cohorts were only analysed separately. Gene set enrichment analysis of depleted or enriched
genes, revealed that the depleted genes were associated with ovarian steroidogenesis (P
value=0.001186), among others (Figure 32).
Analysis and plotting were carried out in R by Dr Sumana Sharma.
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was calculated and analysed against the day 32 in vitro control by MAGeCK, to reveal significantly enriched and depleted genes (FDR.neg<0.2).

samples, and the sequenced plasmid gRNA library. gRNA library distributions before and after quantile normalisation are shown. The average of the different in vivo tumours

statistical properties. In the figure, we observe gRNA library distributions of: in vitro controls of day 17 (pre-injection complexity), day 15 and day 32, the in vivo tumour

significantly. Quantile normalisation was carried out, using the voom function of the limma R package, in order to make the different distributions similar in terms of

Analysis of different in vivo tumours (which resulted from injection of 106 edited cells per flank) and in vitro controls revealed that gRNA library representation differed

Figure 31 | Quantile normalisation of in vivo tumour gRNA representation.

Figure 32 | KEGG pathway analysis of depleted and enriched genes from BigMouseQuant analyses.
KEGG pathway analysis was carried out using the Enrichr tool by the Ma'ayan lab. Pathways are ranked based
on P value, which is calculated using Fisher exact test. BigMouseQuant file was generated by quantile
normalisation of in vivo tumours which resulted from injection of 106 cells. Significantly depleted (DEP) and
enriched (ENR) genes (FDR.neg/FDR.ps<0.2) were identified by MAGeCK analysis by comparing with the day 32
in vitro control.

4.2.4 | Assessment of cumulative coverage, in vivo selection, and identification
of candidate genes
The BigMouseFASTQ approach, described above, was further assessed to investigate whether
it achieved sufficient coverage of the gRNA library. Analysis shown in Figure 33 indicated that
coverage by the aggregated in vivo tumours was high, since more than a third of library of
gRNAs were covered by >1000 reads, and more than 80% were covered by >100 reads.
Furthermore, the veracity of the approach was supported by the fact that significantly
depleted genes belonged to immune-related genes/pathways.
It was important to assess the progression of the selection process of the screen. In vivo
selection of transplanted gRNA-edited cells would be expected to result in a number of gRNAs
being in vivo-enriched, with others being in vivo-depleted. To test this, the gRNA sequence
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was analysed to identify enriched and depleted genes, by comparing the day 32 in vitro
sample and the BigMouseFASTQ in vivo samples using MAGeCK. This revealed a number of
depleted and enriched gRNAs specific to the in vivo samples (Figure 34A). Gene-level analysis
using MAGeCK revealed a number of significantly depleted and enriched genes, the gRNAs
for some of which are highlighted in Figure 34B. The identification amongst depleted genes,
of Cd274 (PD1L) (section 1.3.7) and Ptpn2 (section 1.5.2), both well-known for their role in
tumour-immune system interactions (Manguso, Pope et al. 2017, Sanmamed and Chen 2019),
was an encouraging indication for the validity of our screening strategy.

Figure 33 | Coverage of gRNA library in in vitro and in vivo samples.
gRNA read coverages for the day 32 in vitro pre-injection complexity and the sequenced plasmid gRNA library
were compared to the aggregated in vivo tumour sample of the TotalBigMouseFASTQ analyses. Bar charts show
the number of gRNAs with at least one normalised read count and are colour-coded to reflect different read
coverage ranges (1-2, 3-10, 11-50, 51-100, 101-1000, >1000 reads).
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Figure 34 | In vivo genetic selection and identification of candidate genes.
A | Sequencing coverage of gRNAs in the in vitro day 32 control sample (black line) and of the in vivo
BigMouseFASTQ combined sample (red line). The x-axis represents the normalised gRNA read counts, and the
y-axis ranks all library gRNAs by increasing read coverage in the relevant sample. The shift of the red away from
the black line represents in vivo-specific depleted (bottom left) or enriched (top right) gRNAs.
B | Scatter plot comparing gRNA counts of the in vitro day 32 control sample (x-axis) and the
BigMouseFASTQ combined sample (y-axis). Counts are log2-transformed (log2(normalised read counts + 1)),
dots represent each gRNA, and the blue line represents the linear regression of the comparison. Analysis showed
good correlation between in vitro day 32 and BigMouseFASTQ (R2=0.43, P<2.22e-16). A number of significantly
depleted gRNAs (FDR<0.2) were identified in the BigMouseFASTQ versus day 32 comparison, including gRNAs
targeting Cd274, Ptpn2, B2m and H2-K1 (red dots).

4.2.5 | Validating candidate genes identified in genome-wide in vivo
CRISPR/Cas9 screen
Validation of genome-wide in vitro or in vivo pooled screens is essential for verifying that the
observed phenotypic effects (enhanced or decreased growth) are mediated by the identified
gRNAs/genes. This is required as a number of experimental biases may result in artefacts,
particularly for genome-wide screens. One source of bias can be off-target effects of gene
editing, which may lead to erroneous identification of candidate gRNAs/genes. Another
source of bias, particularly in the case of in vivo screens, is that introduced by the distribution
of genome-wide complexity across several tumours, which may result in an artificial inflation
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or deflation of measured gRNA reads, with subsequent false positive identification of
candidate genes. This is also suggested by the differences between different types of
bioinformatic analyses of our gRNA sequencing results. Hence, validation of candidate genes
individually, or through a small pooled library approach (which would be adequately covered
by sequencing of each resulting tumour) is essential in order to ensure the causal relationship
between gRNA/gene and the specific phenotypic effect.
Having identified significantly enriched and depleted genes using different analyses, I
proceeded with validations by designing new gRNA libraries for selected genes. These
targeted libraries were designed separately for the enriched and the depleted genes and were
validated in vivo. Genes included in the two libraries were, for the most part, identified by the
BigMouseFASTQ analyses. Two gRNAs per gene were designed using the WGE gRNA design
tool and cloned into the pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W expression vector (section
2.3). The enrichment library targeted 27 genes (54 gRNAs), while the depletion library
targeted 28 genes (56 gRNAs). The enrichment library also included a number of genes which
were not identified in the screen, but are either targets of existing therapeutics, or promising
immune checkpoint targets under extensive investigation, such as Lag3. Moreover, each
library contained a number of controls: 33 non-targeting gRNAs generated by the GUIDES
gRNA design tool (~30% of the total gRNA library), 8 gRNAs targeting 4 genes (2 per gene) that
were essential for the survival of the MC38 cells in vitro (and in vivo), and 8 gRNAs targeting
4 genes (2 per gene) that remained unchanged in the MC38 cells (identified in our previous
screens and randomly selected) (Meier, Zhang et al. 2017). All gRNAs (including controls) were
cloned individually and vectors were equimolarly pooled to generate the mini libraries
(section 2.16).
Ten million MC38_B2 or MC38_B4 cells were each transduced with the depletion and
enrichment libraries independently (each library comprising ~100 gRNAs), at MOI ~0.3.
Hence, the expected gRNA read coverage for each library transduction (post-puromycin
selection) was ~33,000X. To validate the libraries in vivo, in the presence and absence of an
immune response, 106 edited cells from each library were injected into the one flank of each
of 5 C57BL/6N and 5 NSG female mice. Each injection/tumour resulted in a ~10,000X coverage
of the library, expected to eliminate potential biases associated with splitting the library
complexity between several samples (as seen with the genome-wide pooled screens).
Injections took place on day 14, post-transduction. Tumour mass measurements and
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collection were carried out as described in section 2.10, and mice were sacrificed when
tumour area reached 1.2 cm2. DNA extraction, library preparations and next generation
sequencing were carried out as described in section 2.12.

Transduction
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Figure 35 | Outline of experimental strategy for in vivo validations of candidate genes.
Candidate genes identified in the genome-wide screen were validated in vivo using targeted validation gRNA
libraries, one for enriched and one for depleted genes. Each library included two gRNAs targeting each gene,
along with non-targeting and other control gRNAs. Two single-cell clones of Cas9-expressing MC38 cells
(MC38_B2 and MC38_B4) were transduced with the lentiviral libraries and edited cells were injected into NSG
(immunocompromised) and C57BL/6 (immunocompetent) mice. Injections took place on day 14 posttransduction (considering the day of transduction as day 0). Comparisons between tumours from the two mouse
cohorts (i.e. in the presence or absence of immune responses) validated genes whose targeting led to resistance
or sensitisation to immune responses.

4.2.5.1 | Engraftment and tumour growth of the validation gRNA libraries
As observed in Figure 36A-D, engraftment and tumour growth in NSG mice was similar, for
both MC38 clones transduced with either the enrichment or the depletion gRNA library. In
these cohorts, all 5 injected mice per cohort developed tumours, and median survival was 1315 days.
However, engraftment and tumour development potential in C57BL/6N mice was different
between the two MC38 clones, with MC38_B4 resulting in better tumour cell engraftment,
for both the enrichment and depletion gRNA libraries. More specifically for MC38_B2 cells,
only 1/5 C57BL/6N mice injected with either the enrichment or the depletion library
developed a tumour (20% engraftment). Differences in the latency of tumour development
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between C57BL/6N and NSG mice injected with MC38_B2 cells were significant, for both the
enrichment (Log-rank test, P value=0.0071) and the depletion (Log-rank test, P value=0.0029)
libraries.
By contrast, 4/4 C57BL/6N mice injected with MC38_B4 cells transduced with the enrichment
library developed tumours (100% engraftment), and 4/5 C57BL/6N mice injected with
MC38_B4 cells transduced with the depletion library developed tumours(80% engraftment).
Interestingly, median survival for MC38_B4 mice was 22 days for the enrichment cohort,
versus 39 days for the depletion cohort. Differences in the latency to MC38_B4 tumour
development between C57BL/6N and NSG mice were significant for both the enrichment
(Log-rank test, P value=0.0169) and the depletion (Log-rank test, P value=0.0031) libraries.
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Figure 36 | Survival curves of in vivo targeted validation gRNA libraries for enriched and depleted
candidates.
A-D | Kaplan-Meier survival curves of C57BL/6N and NSG mice injected with MC38_B2 or MC38_B4 cells. Each
cell line was transduced with depletion (DEP) or enrichment (ENR) validation gRNA libraries. All
immunocompromised (NSG) mice developed tumours and had a median survival of 13-15 days. For C57BL/6N
mice the results varied. More specifically, for MC38_B2 cells, for both DEP and ENR, only 1/5 injected mice
developed tumours. For MC38_B4 cells injected into C57BL/6N mice, 4/4 mice developed tumours for ENR, and
4/5 for DEP. Median survival for the ENR cohorts, was 15 days for NSG, and 22 days for C57BL/6N mice. For the
DEP cohorts, median survival was 13 days for NSG and 39 days for C57BL/6N mice (Log-rank test, *P≤0.05,
**P≤0.01).

4.2.5.2 | Results of targeted validation for enriched and depleted candidate genes
Collected tumours from C57BL/6N and NSG mice were analysed by next generation
sequencing. Given the very high gRNA library coverage per tumour, all tumours from each
cohort were considered replicates of each other when analysed by MAGeCK (Figure 37). A
gRNA was considered as “validated” for enrichment or depletion if it fulfilled two criteria: i)
to have had a read count higher or lower than the highest or lowest read-count of the nontargeting control gRNAs (green lines), and ii) to be significantly enriched or depleted
(FDR.pos/FDR.neg<0.2).
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Regarding the depletion library for injection of MC38_B4 cells, the analysis yielded 13
validated gRNAs. Among these, 5 genes were identified for which both gRNAs targeting them
validated as depleted. As seen in Figure 37, analysis revealed that both gRNAs targeting B2m,
Cd274, Jmjd6, Med16 and Mbp were validated. Moreover, for genes Bcl2l1, Raf1, Tmem165,
Spag4, Adnp, Cd40lg, Ptpn2 and H2-k1, one out of two gRNAs targeting them were validated.
The validation with the depletion library for clone MC38_B2 showed that for one of the two
gRNAs targeting Jmjd6, Cd40lg and Irf1, along with both gRNAs targeting Fau were depleted
more than the lowest read count of the control gRNAs, however the depletion was not
significant for either of them. Therefore, these gRNAs did not validate in MC38_B2 according
to our chosen parameters. Interestingly, Fau was one of the in vitro essential genes and
hence, not expected to have different behaviour in vivo in C57BL/6N versus NSG mice.
Similar analyses for the enrichment library for MC38_B4 revealed that 2/2 gRNAs targeting
Fadd, along with 1/2 targeting Lag3, Mrpl23 and Ptpn11, were enriched more than the
highest read count of the control gRNAs. However, the enrichment was not statistically
significant, and the targets did not validate as enriched, with the exception of the one gRNA
targeting Lag3. Lag3 is under investigation as a target for immune checkpoint blockade, and
functions by inhibiting T cell responses, similar to PD1/PDL1. LAG3 inhibition synergises with
PD1/PDL1 blockade (Long, Zhang et al. 2018). Therefore, a Lag3 knockout would be expected
to be depleted rather than enriched in vivo. In validations of the enrichment library in the
MC38_B2 clone, no gRNA validated as enriched. Future experiments will aim to verify this
result further.
Analyses and plotting were performed by Dr Pedro M Quiros from the Vassiliou group.
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Figure 37 | gRNA distribution of targeted validation libraries for enriched and depleted candidate genes.
A-D | Log-fold change (LFC) of normalised read counts of gRNAs of each library (ENR and DEP) in MC38_B2 and
MC38_B4 cells. The data were analysed using MAGeCK, with all samples of each cohort treated as replicates of
each other. Each library was normalised to its respective non-targeting control gRNAs, which comprised 30% of
total gRNA library. For MAGeCK analysis, the NSG cohort was treated as the “control group” (no immune
selection expected) and the C57BL/6N as “treatment group” (immune selection expected). The highest and
lowest read count of the non-targeting control gRNAs were set as upper and lower cut-off, in order to identify
gRNAs which were enriched or depleted (green lines). In addition, significantly enriched or depleted genes
(FDR.pos/FDR.neg<0.2) are represented by a circle (○), while non-significant ones by a diamond (◇). Analysis
did not yield significant results in MC38_B2 cells, since they did not engraft well (only one mouse developed
tumours, either for DEP or ENR in C57BL/6N mice). For MC38_B4 cells, both gRNAs targeting B2m, Cd274, Jmjd6,
Med16 and Mbp were significantly depleted in the DEP library.

4.3 | Discussion
4.3.1 | Genome-wide in vivo CRISPR/Cas9 screen
Based on the findings from the experiments described in Chapter 3, an in vivo genome-wide
screen was carried out. The polyclonal Cas9-expressing colon cancer cell line MC38_Cas9 was
transduced with Kosuke Yusa’s version 2 genome-wide mouse gRNA library at a MOI ~0.3.
The expected coverage of the gRNA library (comprising ~105 gRNAs) was approximately 100X,
meaning that each individual gRNA was delivered to 100 cells on average. Given that 3*107
cells were originally transduced at a transduction efficiency of ~30% (MOI 0.3), the 100X
coverage of the library was represented by 107 cells. Hence, in order to maintain library
coverage and complexity in vivo, at least 107 cells would need to be injected into mice in total.
For the mouse cohort in which 2*105 cells were injected per flank, 26 tumours developed, so
~5.2*106 cells were screened in vivo, given that all injected cells survived (which was probably
not the case). This number of injected cells arguably did not cover the library sufficiently. For
the cohort in which 106 cells were injected per flank, 19 tumours developed, so 1.9*107 cells
were screened. The higher library coverage achieved by the 106-cell cohort indicated that this
number of injected cells better covered the gRNA library in vivo. Future experiments using
barcoded gRNA libraries can further assess the clonogenicity of different cell lines. Several
studies have highlighted the usefulness of barcoded gRNA libraries in enabling single-cell
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tracking of transduced cells. This essentially makes all cells transduced with the same gRNA
but different barcodes biological replicates of each other (Wong, Choi et al. 2016, Michlits,
Hubmann et al. 2017, Zhu, Cao et al. 2019).
The use of a polyclonal Cas9-epxressing MC38 cell population could have potentially posed a
problem, due to the varying levels of Cas9 expression by different cells. This could potentially
introduce experimental noise, which could have been corrected by the use of a single-cell
cloned MC38_Cas9 clone expressing high levels of Cas9 nuclease. Single-cell cloning can
greatly reduce variability in Cas9 expression and would be expected to increase the sensitivity
of the genome-wide screen, hence the use of the MC38_B4 clone for the 2nd in vivo screen
(Chapter 5).
On day 17 post-transduction, 23 female C57BL/6N mice received 2*105 cells in each of the
two flanks, while 11 female C57BL/6N mice were injected with 106 cells in each of the two
flanks. Comparisons of the library complexity of tumour samples with that of in vitro control
samples was used to detect differences observed in enriching or depleting gRNAs/genes that
were due to the in vivo selection, and not those arising in the in vitro culture as well after a
similar length of selection. The reason for injecting on day 17 and not earlier was to allow
enough time for cell-essential genes to be depleted. This allowed the examination of in vivospecific effects, which would be likely to be driven by the immune mechanisms or the in vivo
niche.
It would have been ideal for the in vitro culture of gRNA-edited cells from the same
transduction to have been expanded further and split into 3, with 1/3 being maintained as an
in vitro screen, 1/3 being injected into mice, and 1/3 being kept as the pre-injection timepoint.
However, since there were not enough cells, we decided to make MAGeCK comparisons
between the in vivo tumour samples, and the in vitro control of day 32 from a separate
lentiviral transduction. Comparison of the gRNA complexity of the day 15 in vitro timepoint
from one transduction, with the day 17 (pre-injection complexity) timepoint of another
transduction showed that the two timepoints correlated highly. Hence, the day 32 in vitro
timepoint (i.e. day 32 timepoint from the same cell culture as the day 15 timepoint) was
shown to be a good control for the tumour samples.
It is worth mentioning that the comparisons carried out between the in vivo tumours and the
in vitro controls need not only be relevant to the genetic basis of immune evasion or
recognition of tumour cells. Not all genes identified would necessarily be involved in immune
139

regulations, but could instead be involved in tumour cell engraftment, or interaction with the
in vivo niche. Comparisons between two sets of tumours which developed in
immunocompetent versus immunocompromised mice could improve the ability of the screen
to identify immune-related targets, a strategy implemented in the in vivo validation
experiments (section 4.2.5) and a screen described later in Chapter 5.

4.3.2 | Analyses approaches
In order to identify the optimal method for analysing genome-wide in vivo CRISPR/Cas9
screen datasets a number of approaches were attempted. All analyses were carried out using
MAGeCK. In order to maximise the sensitivity of the screen, the different tumours were
combined to simulate a theoretical experiment in which a large number of cells, sufficient for
genome-wide coverage, were injected into the flank of a single “big mouse”. If this were
possible, caveats pertaining to insufficient coverage of the library in vivo, or the spreading of
the library across several tumours would be overcome. To this end three different approaches
were attempted: firstly, FASTQ files from all tumours were concatenated into one, secondly,
gRNA counts from every tumour were normalised before adding the counts of every given
gRNA from all tumours, and finally, gRNA distributions of different tumours were quantile
normalised (using the voom package), before calculating the average read count of each
gRNA. In all three cases, the respective BigMouseFASTQ, BigMouseCounts and
BigMouseQuant files from the three respective analyses were compared to the day 32 in vitro
control.
The “BigMouse” approach was attempted in order to maximise screen sensitivity and
overcome limitations of having to divide a genome-wide screen across several
tumours/injections. Initially, concatenation of the FASTQ files of tumours which resulted from
injection of either 2*105 or 106 cells, and analysis using MAGeCK revealed a number of
depleted and enriched genes (analyses were termed BigMouseFASTQ_200K or
BigMouseFASTQ_1M respectively). These approaches did not entail initial normalisation of
each of the tumours prior to their concatenation, however, the BigMouseFASTQ files were
median normalised as part of MAGeCK analysis after their generation. Unfortunately, the
BigMouseFASTQ_200K analysis revealed a very small number of significantly depleted genes,
and no significantly enriched genes. This fact along with lower engraftment of tumours from
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injection of 2*105 cells (62%, compared to 86% of the 106 cell injections), prompted the
selection of the results from injections of 106 cells for downstream experiments (section 3.5).
Finally, the BigMouseFASTQ_1M+200K analysis in comparison to the BigMouseFASTQ_1M
analysis, revealed a higher number of significantly depleted genes (154 versus 108
respectively), although it revealed fewer significantly enriched genes (104 versus 373
respectively) (Figure 28).
The addition of normalised gRNA read counts from each tumour to generate BigMouseCounts
identified a number of candidate genes. However, pathway analysis of depleted genes did not
reveal any involved in immunological functions.
Finally, since the tumours harboured different library representations, they were normalised
using limma voom. The voom package was developed for quantile normalisation, ideal for
samples of unequal library sizes and distributions. It enables the use of tools originally
developed for microarray datasets, and outperforms other count-based approaches (Law,
Chen et al. 2014). Similar to the BigMouseCounts approach, the candidate genes identified by
this method did not seem to be involved in mechanisms of immunological recognition or in
vivo survival of cancer cells. However, further validations of the candidate genes identified by
different analyses would provide an indication for which strategy is more accurate.

4.3.3 | Comparisons and caveats of different analyses
The BigMouseFASTQ approach relies on the concatenation of FASTQ files from sequencing of
different tumours and their subsequent analysis as if they were one big tumour. The counts
are then median normalised by MAGeCK, as described in section 2.14. According to the
BigMouseCounts approach, all tumours were normalised individually. Then, the normalised
gRNA counts of each tumour were added in order to obtain one single normalised count value
for each gRNA in the library. A potential problem with these approaches lies in the fact that
the different libraries of different tumours harbour different complexities and
representations. To illustrate that problem, we can consider the case of a low-complexity
tumour in which 106 cells injected into a mouse did not engraft well in vivo. It would be
expected for the majority of gRNAs of the genome-wide library not to be conferring any
effect. Such neutral gRNAs, when injected in vivo, would proliferate in this low-complexity
tumour, until the tumour would reach 1.2 cm2 (the endpoint of the experiment). At this point,
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the tumour would be sequenced, and MAGeCK comparisons (post-concatenation of FASTQ
files or addition of normalised counts) would identify these gRNAs as enriched in the final
BigMouseFASTQ file. Similarly, neutral gRNAs whose host cells did not engraft in the lowcomplexity tumours would be identified by this strategy as depleted.
Moreover, taking advantage of statistical tools originally developed for RNAseq analysis of
samples that harbour different library distributions, quantile normalisation using voom was
carried out. A potentially important consideration regarding the usefulness of such an
approach was that, as observed in Figure 30, the distributions of different tumours postnormalisation were collapsed. This reduction could result in loss of reads and reduction of the
percentage of the library covered.
All three analyses yielded a number of significantly enriched or depleted candidate genes, but
targets identified by the BigMouseFASTQ approach seemed to belong to gene ontology
categories that had more intuitive biological functions in the context of the experiment (viral
infections, NF-κB signalling etc). Comparison of the top hits of depleted genes among
BigMouseFASTQ, BigMouseCounts and BigMouseQuant revealed that only 3 candidate genes
were common among all three analyses (Figure 37). These genes were: Irf1, Cramp1l and
B2m. This fact was somewhat troubling; therefore, it was thought that future work could
focus on designing a targeted gRNA library, including top hits from each of the three analyses.
This would provide a functional validation and indication for which approach is most suitable
for analysing genome-wide CRISPR screens.
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Figure 38 | Comparison of significantly depleted genes identified by three different analyses.
To perform genome-wide in vivo CRISPR/Cas9 screens, Cas9-expressing cells were transduced with a genomewide lentiviral gRNA library. Puromycin was then added to the medium to select transduced cells. Selected cells
were then injected into the flanks of several mice, which went on to develop tumours. Hence, the gRNA library
complexity was spread among several tumours, each of which contained a fraction of the total library. Tumours
were collected and analysed by next-generation sequencing. Statistical analysis was carried out by MAGeCK to
identify genes enriched/depleted in tumour samples (test group) versus in vitro controls (control group). In order
to analyse the in vivo samples cumulatively and by-pass the problem of partitioning of the gRNA library
representation across several tumours, we followed an approach we coined “BigMouse”, attempting to
recapitulate, in silico, a theoretical experiment in which the entire gRNA complexity was injected into one “big
mouse”. To do this, three different approaches were attempted:
i)

First, the resulting FASTQ files of all tumours were concatenated into a single “BigMouseFASTQ” file.

ii)

Second, normalised gRNA count tables were generated for each tumour, and counts for each gRNA
across all tumours were added to generate a single “BigMouseCounts” file.

iii)

Finally, gRNA distributions of in vivo tumours and in vitro controls were normalised by quantile
normalisation (using limma voom). The average count for each gRNA was calculated, and the file was
termed “BigMouseQuant”.

Interestingly, this Venn diagram comparing the significantly depleted genes (FDR.neg<0.2) identified by MAGeCK
of the approaches i, ii and iii, revealed that only 3 genes were identified by all 3 analyses: Irf1, Cramp1l and B2m,
with several others identified by two of the approaches.

4.3.4 | Validations of genome-wide in vivo CRISPR screen
In order to overcome limitations due to large numbers of mice required to validate candidate
genes one by one, I designed targeted validation gRNA libraries for the enriched and the
depleted candidate genes. In previous screens, the full library was injected across several
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mice, and any tumour on its own represented only a fraction of the total genome-wide screen.
Using targeted libraries had the advantage that the resulting analyses reached much higher
statistical power in comparison to genome-wide screens. The small number of gRNAs in each
of the two libraries (~100 gRNAs in each, versus ~100,000 gRNAs in the genome-wide library)
ensured that coverage of the validation libraries was very high, both in vitro and in vivo. The
projected in vivo coverage achieved by each tumour resulting from injection of 106 cells
harbouring the targeted libraries was 10,000X (there were ~10,000 cells transduced with each
gRNA of the targeted library). This resulted in the developing tumours behaving as biological
replicates of each other, and by-passed problems faced when analysing genome-wide in vivo
screens.

4.3.4.1 | Engraftment and tumour growth of targeted gRNA libraries
As seen in Figure 36 and described in section 4.2.5, injection of 106 edited cells of either the
enrichment or the depletion targeted libraries into NSG mice resulted in 100% tumour cell
engraftment, with median survival of 13-15 days across all these cohorts.
A general qualitative in vivo observation upon injection of tumour cells into C57BL/6N and
NSG mice was that, in the case of C57BL/6N mice, palpable tumours appeared in the first 1-2
weeks post-injection and they initially appeared soft to the touch. On the other hand,
injection of cells into NSG mice did not initially result in palpable tumour formation. However,
once tumours formed, they appeared hard and rigid to the touch. These differences may have
been due to immune responses and the resulting inflammation in the case of C57BL/6N mice,
which were absent in NSG mice. An inflammatory response after injection in the C57BL/6N
mice would be an indication of active immune recognition and selection of the injected
tumour cells. However, more detailed immunophenotyping of the early (immediately after
injection) versus late (after 2 weeks or later than that) profile of immune cells infiltrating the
tumour site would provide further insights.
Based on the experimental design, the enrichment gRNA library harboured gRNAs whose
knockouts were expected to confer an immune evasion advantage to tumour cells. Therefore,
in the presence of an active immune system, injection of edited cells with this library would
be expected to result in faster tumour growth. By contrast, the depletion gRNA library, whose
knockouts were designed to sensitise tumour cells to immune responses, would be expected
to result in slower tumour growth, and increased median survival of the mice. The lack of
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differential tumour growth between the two gRNA libraries injected into NSG mice was an
initial positive indication that the phenotypic effect observed by the candidate genes was
indeed immunologically-mediated. Due to the highly compromised immune system of the
NSG mice, tumour growth in these mice was expected to be faster than in any other cohort,
without significant differences between the two libraries, something that was indeed
observed in my experiment.
Tumour cell engraftment in C57BL/6N mice, for MC38_B2 or MC38_B4 transduced with either
the enrichment or the depletion gRNA library seemed to be more cell line-dependent than
library-dependent. MC38_B2 cells did not result in reproducible engraftment, since their
injection resulted in development of 1 out the 5 expected tumours, which was observed with
both enrichment and depletion libraries. Hence, the validation experiment mainly focused on
the MC38_B4 clone. The fact that median survival of the C57BL/6N mice injected with
MC38_B4 cells harbouring the enrichment and depletion libraries was 22 and 32 days
respectively was considered a positive indication for the success of the experiment.
It is important to note that tumour development was expected in all cohorts. Although the
depletion library comprised, for the most part, gRNAs expected to confer a disadvantage to
the cell lines in vivo, it was anticipated that the inclusion of multiple non-targeting control
gRNAs (~30% of the total library) would result in tumour formation even in these injections.
It is interesting that when MC38_B2 cells, transduced with either library, were injected into
C57BL/6N mice, engraftment was only 20% (1/5 expected tumours), despite the fact that 106
cells were injected. However, in the experiments for assessing engraftment of the single-cell
Cas9 clones described in section 3.4.2, 2*105 MC38_B2 cells injected into one flank, resulted
in 80% engraftment (4/5 expected tumours). Similarly, for MC38_B4 cells, engraftment of that
clone was 60% (3/5 expected tumours) upon injection of 2*105 cells in engraftment
assessment experiments. Upon injection of 106 cells of the enrichment and depletion
libraries, engraftment increased to 80% and 100% (4/5 or 5/5 expected tumours) respectively.
The increase in percentage engraftment is likely to be due to the increased number of injected
cells in the validation experiment. Matrigel was used in both experiments.
The difference in engraftment potential of MC38_B2 between the engraftment experiment
and the validation experiment could be potentially explained when taking into consideration
observations regarding the clone’s Cas9 activity. As described in section 3.3.6, Cas9 activity
was higher in the MC38_B2 clone (13.5-fold reduction in B2m expression on day 3 for
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MC38_B2 versus 4.4-fold for MC38_B4). Recent studies have shown that high mutational
burden of a tumour increases the likelihood of its response to immunotherapy (Samstein, Lee
et al. 2019). This is possibly due to the generation of several cancer-specific neoantigens
presented by MHC molecules, which provide the opportunity for additional anti-cancer
responses (Segal, Parsons et al. 2008, Verdegaal, de Miranda et al. 2016). However, given that
each tumour contains non-targeting control gRNAs, it could be argued that all tumours should
have grown. A mechanism that could be responsible for the elimination of the tumours in
their entirety, without the non-targeted cells being spared, is antigen spreading, according to
which the initial immune-mediated tumour cell death results in release of additional epitopes
that trigger secondary anti-tumour responses, intensifying the effect, and effectively
eliminating the tumour (Gulley, Madan et al. 2017). Therefore, the increased Cas9 function in
MC38_B2 may have resulted in increased neoantigen generation, which may have mediated
immune-mediated killing of edited cells. After that, the release and antigen presentation of
further tumour-specific epitopes may have resulted in complete tumour elimination. If that
were shown to be the case, it would be worth considering whether a medium-level Cas9
activity would be more beneficial for such experiments, in order to allow the tumour to grow
and develop, whilst enabling us to observe a phenotype and identify candidate genes. Further
analysis of the tumours by next generation sequencing and calculation of tumour mutational
burden, along with more detailed phenotyping of the anti-tumour immune responses by flow
cytometry and RNAseq would shed some light on the effect of the number of mutations,
neoantigen generation ,and antigen spreading on the growth of tumours, from this or similar
experiments (Samstein, Lee et al. 2019).

4.3.4.2 | Analysis of targeted validations for enriched and depleted candidate genes
In order to validate the candidate genes identified in the in vivo screen en masse, targeted
validation gRNA libraries were designed and used. One library was designed for validating the
enriched and one for the depleted genes. This approach by-passed the need for large
numbers of mice that would have been required to validate those genes in an individual gRNA
fashion. Moreover, the high coverage of the validation libraries per tumour provided the
opportunity for multiple biological replicates of the experiment, for each clone and each
library. However, given the low engraftment of MC38_B2 cells in the case of both validation
libraries, the analysis was mainly focused on MC38_B4 cells, and it was decided that the two
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clones should not be treated as biological replicates when carrying out analysis by MAGeCK.
Using the NSG cohort as the “control” sample, and the C57BL/6N as the “treatment” sample,
allowed

the

direct

comparison

of

gRNA

depletion

or

enrichment

between

immunocompromised versus immunocompetent experimental conditions. This approach
identified the validating genes as immune-related and overcame the doubt of whether the
candidate genes of the initial genome-wide screen were otherwise in vivo-specific (e.g. having
to do with the in vivo niche in general, but not necessarily with immune-mediated
mechanisms).
In order to assess significance in a genome-wide screen, MAGeCK calculates the meanvariance by using either the vast majority of gRNAs, which remain unchanged, or by using the
“--control-sgRNA” command to input certain gRNAs as controls. However, in the case of the
targeted gRNA libraries, it would be expected that most of the gRNAs would have had a
phenotypic effect. In this case, calculation of the mean-variance based on the majority of
gRNAs would be inaccurate, as the mean-variance would be skewed towards the direction of
the phenotypic effect of said library. The use of such control gRNAs in these experiments is
essential. Hence, 30% of the designed enrichment and depletion gRNA libraries were nontargeting controls. Carrying out the analysis for the depletion library allowed us to identify a
number of validating genes, for which both of the gRNAs targeting them were significantly
depleted. It is important to note that to consider a gene “validated” for the enrichment or
depletion libraries, it had to fulfil both criteria of: i) having a read count higher or lower than
the highest or lowest read-count of the non-targeting control gRNAs (green line in Figure 37)
and ii) being significantly enriched or depleted (FDR<0.2).
Apart from the non-targeting control gRNAs, both the enrichment and the depletion libraries
contained further control gRNAs, targeting 4 genes which remained unchanged, along with 4
genes which were in vitro essential in previous genome-wide in vitro gRNA screens in MC38
cells. A good indication that Cas9 was efficient and specific in the validation experiment would
be the depletion of the in vitro essential genes in vitro and in vivo, along with no change being
observed in gRNAs targeting genes which should remain unchanged. However, the control
gRNAs targeting in vitro essential genes would result in depletion of the cells harbouring them
in vitro, prior to injection into mice. This would mean that no difference in the read-count of
these gRNAs would be expected when comparing libraries injected into C57BL/6N with
libraries injected into NSG mice. Moreover, the gRNAs targeting genes that remained
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unchanged in vivo and in vitro would also not differ between libraries injected into C57BL/6N
or NSG mice. Hence, both control groups were not expected to deplete in the way MAGeCK
analysis was conducted (C57BL/6N cohort versus NSG cohort).
Finally, in MC38_B4 cells transduced with the enrichment library, a gRNA targeting Lag3
appeared to be enriched. The validation of Lag3 as enriched was surprising, as it has been
described as an immune checkpoint, operating in a fashion similar to PD1-inhibition. So, its
depletion, rather than its enrichment, would be expected (Lui and Davis 2018). On the other
hand, from the genes that were supposed to remain unchanged, Mbp was validated as
depleted, with both its gRNAs targeting it depleting in MC38_B4 cells transduced with the
depletion library.
To further assess the mechanism of action of the validated genes, individual knockout cell
lines need to be developed, in both MC38 cells and in a panel of other cancer cell lines.
Transplantation of these knockout cell lines in immunocompetent and immunocompromised
mice, in addition to flow cytometry and RNAseq analysis, would reveal the specific infiltrating
immune cells, and hence, the kind of elicited immune responses at play. Furthermore, in
order to assess the dynamics of immune-mediated killing, it would be interesting to analyse
whether immune rejection happens directly upon transplantation of the knockout MC38 cells.
In the case of direct killing, no tumours would appear. However, in the case of delayed action,
tumours would initially appear and then regress. If that is the case, the dynamics of tumour
regression could be monitored by transducing the edited MC38 cells with a luciferase
construct and tracking tumour growth/regression by in vivo live-imaging. This strategy would
enable the identification of the exact beginning of tumour regression, which would probably
be the point of maximum immune cell infiltration and selection. In this case, tumours could
be removed at the beginning of regression, and analysed by flow cytometry and single-cell
RNAseq (scRNAseq) to identify effector cells. In the case of lack of tumour growth because of
immediate immune cell attacks and tumour rejection, the knockout cells could be mixed, prior
to injection, with control cells transduced with non-targeting gRNAs, or with neutral gRNAs
targeting genes which do not enrich/deplete in vitro or in vivo. That would potentially allow
tumours to grow because of the non-targeted cells, but also enable the identification of the
infiltrating immune cells responsible for the elimination of the knockout cells.
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The validation of the depletion library revealed a number of genes for which (either one or
both) gRNAs targeting them were significantly depleted. Below, I will discuss the validated
depleted genes and their potential in anti-cancer treatment.

4.3.5 | Potential genetic vulnerabilities of MC38 cells in vivo

4.3.5.1 | MHC I antigen presentation (B2m and H2-k1)
Interestingly, knockout of B2m (Gene ID: 12010) and H2-k1 (Gene ID: 14972) genes in MC38
cells resulted in depletion of knockout cells in vivo.
Beta-2 microglobulin (B2M) and its mouse ortholog B2m, is a structural unit of the MHC I
complex, and is associated with the heavy chain in a non-covalent fashion. It is expressed on
the surface of almost all nucleated cells (Ploegh, Orr et al. 1981). Previous studies have shown
that the human colon cancer cell line HCT harbours loss-of-function mutations of B2M, which
lead to lack of expression of MHC I molecules (Gattoni-Celli, Kirsch et al. 1992). In addition to
that, the role of loss of B2M expression in immune evasion has been illustrated in cell lines
obtained from tumours of metastatic melanoma patients during their treatment with several
different kinds of immunotherapy (autologous TILs and high doses of IL-2). Results showed
that B2m expression was intact pre-treatment. However, loss of B2M expression and,
consequently, loss of MHC I functionality appeared as an acquired mechanism of immune
evasion, mediated in response to the treatment and its selective pressure (Restifo, Marincola
et al. 1996). However, other studies have shown that whilst knockout of B2m in B16F10 and
EO-771 cell lines results in immune evasion from CTL-mediated attack in vitro, it elicits NK
cell-mediated immune rejection in vivo. In this study, B2m-knockout cells only resulted in
tumour formation upon transplantation in mice in which NK cells had been depleted using
intra-peritoneal injections of the monoclonal antibody PK136 targeting antigen NK1.1 antigen
(Das, Eisel et al. 2018).
H2-k1 is the mouse ortholog of the human MHC I gene HLA-A (Ploegh, Orr et al. 1981, Kulski,
Shiina et al. 2002, Shiina, Blancher et al. 2017). It has been shown that the mouse-specific
Ly49 inhibitory NK receptors recognise the expression of MHC I molecules H-2d and H-2k. This
recognition blocks NK cell-driven lysis of the MHC I-expressing cells. Deletion of these
antigens elicits strong NK cell responses (Karlhofer, Ribaudo et al. 1992, Gonzalez, Hagerling
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et al. 2018). These finding are in line with our own, indicating that deletion in gene-members
of MHC I molecules in MC38 cells in vivo result in lack of inhibitory Ly49 signalling, and
potentially elicit NK cell-driven elimination of target cells.
The fact that two of the validated genes of our screen are the two structural components of
MHC I is a strong indication that in this cell line, disabling antigen presentation via MHC I is
lethal to MC38 cells in vivo, suggesting NK cell involvement. Surface expression of MHC I
molecules results in NK cell inhibition by binding of these molecules to inhibitory receptors
on the surface of NK cells. Downregulation of MHC I molecules by tumour cells is a described
cancer immune evasion mechanism, which allows evasion from T cell-mediated responses,
an effect particularly observed in melanoma and colorectal carcinoma. However, according
to the "missing-self recognition" hypothesis, absence of MHC I expression results in NK cell
activation and killing of the MHC I-low evading cells, due to activation signals overcoming
inhibition signals. Knocking out MHC I-related genes could potentially elicit strong anti-cancer
NK responses, which could make such genes potential therapeutic targets (Karre, Ljunggren
et al. 1986, Bernal, Ruiz-Cabello et al. 2012, Vivier, Ugolini et al. 2012, Guillerey, Huntington
et al. 2016). Therefore, the fact that knockout of B2m and H2-k1 in MC38 results in tumour
rejection is in accordance with these studies and provides good evidence that the screen was
successful in identifying genes relevant to cancer immunotherapy.
Further experiments will evaluate whether the MC38 cell rejection was indeed NK cellmediated, by generating individual B2m- and H2-k1-knockout MC38 cells and transplanting
them into different strains of mice. To this end, comparisons can be made between
transplantations into: i) immunocompetent C57BL/6N, ii) immunocompromised NSG mice
(which lack T cells, B cells and NK cells), iii) mice with functional B and T cells but lacking NK
cells (Kim, Iizuka et al. 2000), or iv) C57BL/6N mice in which NK cells have been specifically
depleted by using a monoclonal antibody targeting antigen NK1.1 (Das, Eisel et al. 2017).
We could also design a targeted CRISPR library harbouring gRNAs targeting known inhibitory
and activating KIR receptors, or the mouse equivalent receptors of the Ly49 family (SternbergSimon, Brodin et al. 2013). Transduction and screening of the B2m- and H2-k1-deficient cells
would allow the identification of the exact receptor-ligand interaction that is responsible for
the in vivo NK cell-mediated killing of MC38 cells deficient in MHC I molecules.
Future work should focus on delineating the underlying cause of the dual phenotype
exhibited among different cell lines, in which MHC I dysfunction on the surface of a tumour
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cell confers either protection from T cell-mediated responses and tumour growth, or NK cell
activation and tumour elimination. A hypothesis for that mechanism could be the following:
downregulation of MHC I results in T cell evasion. Expression of other markers mediating NK
cell evasion enables tumour cell growth in some cell lines. However, the same MHC I
disruption in cell lines which lack NK cell evasion properties (such as MC38 cells) results in NK
cell-mediated tumour cell killing.

4.3.5.2 | Pdl1 (Cd274)
The fact that knockout of Cd274 (Gene ID: 60533) was lethal for tumour cells in vivo was in
accordance with a large body of studies and clinical trials, establishing Cd274 and its cognate
protein Pdl1 (or B7-H1) as an important immune checkpoint, and a target of cancer
immunotherapy. This has been exemplified by the development and widespread use of a
number of such blocking antibodies in the clinic, such as pembrolizumab and nivolumab,
targeting PD1, and atezolizumab, targeting PDL1 (Sharma, Hu-Lieskovan et al. 2017).
Expression of Cd274 by tumour cells confers immune evasion properties and mediates the
silencing of tumour-specific immune responses. Cd274-deficient tumour cells are unable to
evade and are hence eliminated by the immune system (Dong, Zhu et al. 1999, Curiel, Wei et
al. 2003). The identification and validation of Cd274 as a sensitiser of the in vivo screen in
MC38 cells was another promising validation of the efficacy and sensitivity of the screen.

4.3.5.3 | Jmjd6
The identification and validation of Jmjd6 (Gene ID: 107817) as a sensitiser of MC38 cells to
immune responses provides an interesting avenue to explore, as not a lot is known about the
gene’s immunomodulatory role.
Jumonji Domain Containing 6 (JMJD6) is a gene which encodes for a histone arginine
demethylase (Webby, Wolf et al. 2009). Transgenic Jmjd6-knockout mice exhibited perinatal
lethality and revealed a number of abnormalities in different systems, such as nervous,
cardiovascular, immune system etc. (Kwok, O'Shea et al. 2017). Moreover, Jmjd6 has been
shown to be involved in sprouting angiogenesis by regulating gene expression via the splicing
of VEGF-receptor 1 (Flt1) in endothelial cells (Boeckel, Guarani et al. 2011).
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In the context of immunity, Jmjd6 has been shown to play a crucial role in T cell maturation
and development of self-tolerance, which take place in the thymus. These processes are in
part driven through regulation of splicing of Aire gene, and modulation of its expression
(Yanagihara, Sanematsu et al. 2015). However, our findings indicate that Jmjd6 also has
relevant effects in the tumour cells, potentially affecting their immunological profile.
JMJD6 expression has been observed in several malignancies, particularly in colon cancer,
while it has been described as a biomarker of adverse prognosis of colon carcinomas. It has
been shown to have a pro-tumourigenic role, via physically associating with p53 and
mediating its hydroxylation and hence, its transcriptional repression (Wang, He et al. 2014).
Moreover, in neuroblastoma, it has been shown to form complexes with N-Myc and BRD4,
and to affect transcription of E2F2, N-Myc and c-Myc. Through this mechanism, it enhances
proliferation and survival of malignant cells in vivo and in vitro and could constitute a potential
therapeutic target (Wong, Sun et al. 2019). These observations are in line with our own
results, suggesting that in vivo targeting of Jmjd6 results in tumour cell death.
To further delineate the specific function of Jmjd6 in our model, different approaches could
be used. As a first step, immune phenotyping of transplanted Jmjd6-knockout MC38 cells
would identify the specific responses elicited. Moreover, co-immunoprecipitation
experiments would enable us to assess whether Jmjd6 associates with p53, N-Myc and BRD4
in our model. On the other hand, conditional deletion or overexpression of p53, Mycn
(encoding for N-Myc) and Brd4 in MC38 cells, whilst maintaining an intact Jmjd6, would verify
whether the observed Jmjd6-related phenotype is mediated by interactions with these genes
and their protein products, or whether different mechanisms are at play.

4.3.5.4 | Cd40lg
I will further expand on potential mechanisms explaining the identification of Cd40lg (Gene
ID: 21947) as an immunotherapy target in my experiment, despite the fact that only one of
the two gRNAs targeting Cd40lg validated. Identification that the knockout of Cd40lg
sensitised tumours to immune responses suggested that, in my experiments, intact Cd40lg
signalling in MC38 cells enabled immune evasion, and its knockout mediated clearance of
tumour cells. More detailed experiments are required to elucidate the role of Cd40lg
expression in establishing immune evasion.
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CD40LG (CD40 ligand or CD154) is expressed by CD4+ T cells, and is crucial for their interaction
with B cells, macrophages, and the regulation of T cells themselves. It is expressed upon CD4+
T cell activation, which is mediated by binding of T cell receptor (TCR) with an MHC IIpresented antigen on the surface of APCs (Owens 1996).
CD40 is a member of the tumour necrosis factor receptor (TNFR) family, it is expressed on the
surface of B cells and is essential for their proliferation and differentiation (Noelle, Roy et al.
1992). Apart from B cells, it is also expressed on the surface of highly proliferative cells, such
as hematopoietic progenitors, epithelial cells, endothelial cells, and in all antigen-presenting
cells (APCs), such as dendritic cells (DCs) and monocytes (van Kooten and Banchereau 2000).
Targeting CD40-CD40LG interaction has been suggested as a potential approach for
immunotherapy. Suppressive myeloid cells are recruited by tumour cells to create an
immunoevasive environment, favouring tumour growth. It has been shown that delivery of
CD40LG to tumour cells by viral vectors, results in a shift of the function of myeloid cells from
pro-tumourigenic immunosuppression to CD40-driven activation of Th1 anti-tumour
responses. This was shown in models of both pancreatic and bladder cancer, while controlling
for a potential anti-tumour effect mediated by the viral infection itself by also using a viral
vector not carrying CD40LG, in both cases. As mentioned in section 1.2.4.4, Th1 immunity is
driven by the production of IFN-γ and IL-12, and limits tumour growth (Tong and Stone 2003,
Bergmann and Brandau 2009, Liljenfeldt, Dieterich et al. 2014, Eriksson, Moreno et al. 2017).
Moreover, monoclonal agonistic antibodies targeting CD40, in which the Fc domain was
engineered to have higher specificity for the human FcyRIIB receptor, were shown to result
in anti-tumour immune responses with decreased systemic toxicity (Knorr, Dahan et al. 2018).
Interestingly, despite evidence showing that CD40/CD40LG interaction mediates anti-tumour
CD8+ T cell responses, experiments assessing the dynamics of these cells in vivo, have painted
a more complicated picture, which would urge caution regarding potential therapeutic
approaches targeting this interaction. In a model of mouse melanoma, ovalbumin (OVA)expressing B160 mouse melanoma cells were injected into mice and then treated with an
agonistic antibody targeting CD40, in the absence of immunisation with a tumour-specific
antigen. Since OVA-specific T cells were detected even in the absence of previous
immunisation, this approach was planned to induce an anti-tumour T cell response, bypassing the need to immunise with a tumour-specific antigen. However, treatment with
agonistic antibody targeting CD40 in the absence of previous immunisation led to deletion of
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the OVA/tumour-specific T cells, lack of significant production of IFN-γ, and lack of tumour
growth inhibition (Kedl, Jordan et al. 2001). The potential of CD40 activation to mediate
deletion of tumour-specific T cell responses is an indication of a poorly described mechanism
of action.
Other studies suggest that a low-level but constitutive activation of CD40 may have a positive
effect on tumour growth and survival. Observations in different cancers, indicate that
sustained tumour cell proliferation may be achieved by constitutive low-level expression of
CD40LG, which results in subsequent constitutive activation of CD40 (expressed by the same
cells) in an autocrine fashion. Moreover, the constant CD40LG expression may have an antiapoptotic effect (Furman, Asgary et al. 2000, Challa, Eliopoulos et al. 2002, Pham, Tamayo et
al. 2002, Elgueta, Benson et al. 2009). This has also been shown in human CD40-positive
breast cancer biopsies, which were also expressing CD40LG. Co-expression of both ligand and
receptor in these cells in vitro promoted tumour cell growth (Baxendale, Dawson et al. 2005,
Elgueta, Benson et al. 2009). These results would indicate that the autocrine activation of
CD40 by the CD40LG expressed by the same tumour cell would be enough to drive
carcinogenesis independently of immune responses (Elgueta, Benson et al. 2009). However,
the fact that targeting of Cd40lg was validated to be a vulnerability of MC38 cells only in
immunocompetent mice, would indicate the potential involvement of immunological
mechanisms in our experiments. Moreover, the fact that targeting Cd40 did not constitute a
genetic vulnerability of MC38 cells in vivo indicated that this mechanism may not be operating
in our experiment.
My data also contrast with evidence from allograft rejection experiments in monkeys and
mice, in which blocking of CD40LG using monoclonal antibodies mediates the development
of a pro-tolerogenic microenvironment and enables graft survival (Hancock, Sayegh et al.
1996), while genetic deletion of Cd40lg in our experimental system resulted in rejection of
the tumour.
It would be worth investigating whether co-expression of CD40-CD40LG could be mediating
the development of an immunosuppressive and immunoevasive microenvironment that
would enable tumour growth (Elgueta, Benson et al. 2009). To this end, the capacity of Cd40lg
expressed by the tumour cells to recruit a host of Cd40-expressing suppressor cells, such as
Treg cells, Breg cells or myeloid-derived suppressor cells (MDSCs), should be examined. In the
context of immune evasion via Treg cell recruitment, Cd40/Cd40lg interaction has been
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shown to affect Treg cell homeostasis, while blocking the interaction reduced Treg cell
numbers (Guiducci, Valzasina et al. 2005). A study of Leishmania donovani infection showed
that DCs with low expression of CD40 resulted in Treg cell recruitment, in contrast to DCs with
high CD40 expression, which triggered T effector cell functions (Martin, Agarwal et al. 2010).
If the same principle applied to our cancer model, it would be interesting to investigate
whether Cd40lg expression by MC38 cells results in interaction with DCs expressing low levels
of CD40, and thus mediating immune evasion. In terms of Breg cell involvement in tumour
immune evasion, it has been shown that CD40 activation, cytokine-mediated activation or
activation via TLRs results in differentiation of immature B cells into Breg cells (Rosser and
Mauri 2015). In the context of MDSC-mediated immune evasion, MDSCs infiltrating the
tumour microenvironment have been shown to express CD40 at high levels, while knockout
of CD40 resulted in tumour growth delay (Ding, Shen et al. 2015). Another potential
experimental avenue would be to identify the regulation of other co-stimulatory molecules
upon deletion of Cd40lg in MC38 cells, such as Ctla4, Cd80 and Cd86 (Elgueta, Benson et al.
2009). Finally, it would be important to investigate the upregulation of other compensatory
mechanisms upon Cd40lg deletion which are responsible for the sensitisation of the Cd40lgdeficient MC38 cells to immune responses, something that would be revealed by
transcriptome analysis of these cells.

4.3.5.5 | Mbp
The identification of myelin basic protein (Mbp; Gene ID: 17196) as a potential therapeutic
target whose inhibition sensitises MC38 cells to the immune system is an interesting finding,
as not a lot is known regarding its role in modulating immune responses. MBP is an integral
component of the myelin sheath of Schwann cells and oligodendrocytes. It has been shown
that different MBP transcripts, which are the results of alternative splicing, are being
expressed by immune cells and haematopoietic cells. These haematopoietic MBP (HMBP)
proteins are being expressed in >95% of T cells in the thymus (Marty, Alliot et al. 2002).
Nevertheless, not much is known regarding their role in relation to cancer.
Curiously, despite the fact that both gRNAs targeting it were depleted in the validation
experiment, Mbp was included in the validation library as a control neutral gene (which
neither enriched nor depleted). It was identified by MAGeCK analysis in previous MC38 in
vitro and in vivo screens (FDR.neg=0.999 and FDR.pos=1). This fact was somewhat worrying
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regarding the efficiency of the validation experiment. A potential reason for that was that the
genome-wide in vivo screen was carried out with polyclonal Cas9-expressing MC38 cells.
However, the candidate gene was validated in the single-cell Cas9 clone MC38_B4.
Furthermore, the gRNAs used in the validation experiment were designed using the WGE tool,
instead of being the same as in the genome-wide library. Individual Mbp-knockout
experiments will provide further insights.

4.3.5.6 | Bcl2l1
B Cell CLL/Lymphoma 2 like 1 is encoded by the Bcl2l1 (or Bclx) gene in mice (Gene ID: 12048).
BCL2L1 belongs to the BCL2 anti-apoptotic family of genes, which also include BCL2A1, BCL2L2
and MCL1. It encodes for two distinct mRNA variants through alternative splicing, BclxL, with
an anti-apoptotic role, and BclxS, with a pro-apoptotic role. Hence, the two variants regulate
apoptosis positively and negatively, respectively (Boise, Gonzalez-Garcia et al. 1993, Aird,
Teng et al. 2019). BCL2L1 has also been shown to play a role in the anti-apoptotic potential of
gastric cancer, and has been hence identified as a potential therapeutic target (Park, Cho et
al. 2015). However, its role in mechanisms of cancer immune evasion has not been described
in the literature, and further experiments are required.

4.3.5.7

| Ptpn2

The identification of Ptpn2 (Gene ID: 19255) as a sensitiser of MC38 cells in vivo was seen as
an important endorsement of our experimental approach. Ptpn2 is a tyrosine phosphatase
which affects a wide range of processes. Among other functions, it can inhibit IFN-γ signalling
by dephosphorylation of the JAK/STAT pathway. Ptpn2 loss-of-function was shown to
sensitise B16F10 cells to immunotherapy, comprising Pd1l-blockade and/or a GM-CSFsecreting, irradiated tumour cell vaccine (GVAX). Knockout of Ptpn2 in B16F10 cells resulted
in increased IFN-γ signalling, antigen presentation, and CD8+ CTL responses, in an IFN-γdependent fashion (Manguso, Pope et al. 2017). However, our experiments, indicated that
Ptpn2 may also function independently of PD1/PD1L inhibition. Furthermore, more studies
need to be carried out to reveal whether its role as a sensitiser of MC38 cells to immune
responses is mediated by modulation of IFN-γ, enhancement of antigen presentation, or
infiltration by CTLs. These questions could be addressed both in vitro, in Ptpn2-deficient MC38
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cells, and in vivo, by transplanting such cells into C57BL/6N and NSG mice and carrying out
flow cytometry and single-cell RNAseq studies.

4.3.5.8

| Med16

The identification and validation of Med16 (Gene ID: 216154) as a potential genetic
vulnerability of MC38 cells in vivo in the context of immune cell-mediated killing is an
interesting finding, as little is known about its function in general, especially in humans. As
the name implies, mediator complex subunit 16 (MED16) is a subunit of the mediator
complex, whose recruitment by different activators plays an important role in regulation of
transcriptional activation. More specifically, the mediator complex is highly conserved across
metazoans. It was first discovered in yeast as a mediator of transcriptional activation, by
enabling communication and transfer of signals between transcription factors and RNA
polymerase II (Pol II). Moreover, there is evidence that it carries out its regulatory function
via interaction with several transcription factors, the pre-initiation complex (PIC), and
cohesin, which affects enhancer-promoter DNA loop formation (Kelleher, Flanagan et al.
1990, Malik and Roeder 2010, Allen and Taatjes 2015). MED16 in particular, as described by
RNAi experiments in Drosophila melanogaster, was shown to regulate activation of gene
expression in response to lipopolysaccharides (Kim, Kwon et al. 2004).
Interestingly, studies in Arabidopsis thaliana have revealed MED16 to be important for the
regulation of plant immunity, and more specifically elicitation of responses against leafinfecting bacteria or fungi (An and Mou 2013, Zhang, Yao et al. 2013). It would be extremely
interesting to investigate whether MED16 immunomodulatory function is evolutionarily
conserved between the kingdoms of Plantae and Animalia.
Given what is known for the role and function of the mediator complex and Med16 in
particular, it could be inferred that the immune evasion properties it confers to MC38 cells
operate through the transcriptional activation of immune-related genes, whose expression
operates as immune checkpoints. Therefore, identification of the target genes of Med16 by
means of ChIP-seq would provide important insights on these potential checkpoints and the
immunological mechanism of evasion they mediate.
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4.3.6 | Future pooled validations of genome-wide in vivo CRISPR screen
In addition to designing gRNAs from WGE and carrying out the validations of the genomewide in vivo screen described above, a second validation library was developed using more
recent approaches for gRNA design provided by GUIDES tool. As before, two different libraries
were designed, one for enrichment and one for depletion. There were three reasons for
generating these second libraries: Firstly, the gRNAs included in the old validation libraries
were designed using the WGE gRNA design tool, and selected to target exon 1 of the gene, if
possible. Selection was also based on their low off-target scores (provided by WGE). The
GUIDES tool has a number of advantages in comparison with the WGE tool, such as an ontarget efficiency score (which WGE lacks), and choosing gRNAs targeting functional protein
domains. Secondly, since the first validation libraries described in section 4.2.5 were mainly
the result of the BigMouseFASTQ analyses, we wanted to carry out a functional experimental
validation of the statistical analyses used for the in vivo screen (BigMouseFASTQ,
BigMouseCounts or BigMouseQuant). This will be done in order to identify which one yielded
the most accurate results based on the ratio of (candidate genes) / (validated genes). Finally,
the use of different gRNA design tools (GUIDES versus WGE) is a good additional measure to
ensure the validity of the results.
For this reason, two new gRNA libraries have been designed, one for the enrichment and one
for the depletion, for the all significantly enriched or depleted genes (FDR.neg<0.2 or
FDR.pos<0.2), as identified by the different BigMouse analyses. In order to keep the library
size small enough to ensure high coverage per tumour, it was decided to include 2 gRNAs per
gene (same as in the previous validation experiments). In addition to that, we used FORECasT,
an algorithm for gRNA targeting prediction. FORECasT was developed on the premise that
the sequences directly adjacent to the gRNA targeting site, upstream and downstream, can
determine the outcomes of the targeting. Hence, these characteristics of the flanking
sequences can be used to predict outcomes of the Cas9-mediated double-strand breaks
(Allen, Crepaldi et al. 2018). The two gRNAs included in the enrichment and depletion
validation libraries were selected so that they did not target the same exon, they had highest
GUIDES on-target score, and they had a FORECasT in-frame score <40% selected. The fact that
30% of each library comprises non-targeting control gRNAs will allow the calculation of meanvariance by MAGeCK using the “--control-sgRNA” command.
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The gRNAs for each library have been cloned by the High Throughput Gene Editing team at
the Sanger Institute. Identification and validation of the same candidate genes as in the first
validation experiments, this time with the GUIDES-designed gRNA libraries, would increase
confidence in the original findings. Furthermore, given that the assumption that the GUIDESdesigned gRNA libraries have higher targeting efficiency, it is possible that this second
experiment would allow the validation of even more candidate genes.
All these approaches of identifying candidate genes in a pooled genome-wide in vivo
CRISPR/Cas9 screen format, validating these genes by designing focused validation libraries
that overcome the analyses obstacles faced in the genome-wide screens, and finally
proceeding with individual gRNA experiments and mechanistic studies of the targets should
lead to a robust pipeline for any genome-wide in vivo CRISPR/Cas9 screen experiments.
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5 | Optimised genome-wide in vivo CRISPR/Cas9
screen
5.1 | Chapter overview
Based on the conclusions of previous optimisations (Chapter 2) and the first in vivo screen
(Chapter 3), a second in vivo screen was designed and carried out using MC38 cells transduced
with the same genome-wide mouse gRNA library as before. The initial experimental design
was optimised in order to achieve higher sensitivity and identify mechanisms of immune
evasion directly. To this end, the library coverage and the number of mice used were higher,
and the gRNA-edited cells were transplanted into both immunocompetent C57BL/6N and
immunocompromised NSG mice. This allowed us to carry out the screen in the presence or
absence of immune selection, and to directly interrogate the interaction of tumour cells with
the immune system. A number of enriched and depleted genes were identified, including
novel and previously validated candidates.

5.2 | Improvements from 1st in vivo screen
The screen was carried out using the Cas9-expressing clone MC38_B4. An outline of the
experiment is shown in Figure 39. For this screen, 108 cells were transduced at a MOI 0.3. This
meant that, post-puromycin selection, 3*107 cells represented a coverage of ~300X (versus a
coverage of ~X100 in the first screen). Cells were subjected to puromycin selection for 13
days. On day 16 post-transduction (considering day 0 as the day of transduction), the
transduced cell culture was split into 4 groups: i) 108 cells were kept as a pre-injection
complexity timepoint, ii) 108 cells were re-seeded into 14 15-cm dishes and maintained as an
in vitro culture, iii) 9.8*107 cells were injected into the flanks of 49 C57BL/6N female mice (106
cells per flank), and iv) 8*107 cells were injected into the flanks of 40 NSG female mice (106
cells per flank).
From the injected mice, 30 tumours developed in the immunocompetent C57BL/6N cohort
(31% engraftment), while 80 developed in the immunocompromised NSG cohort (100%
engraftment). The difference in engraftment is probably indicative of enhanced in vivo
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immune selection in the immunocompetent cohort. Tumours were collected and library
preparations were carried out. In the C57BL/6N cohort, all 30 tumours were analysed while
in the NSG cohort, 34 tumours were analysed.

Transduction

Library
injection

Tumour
collection

In vitro
screen

Immune
resistance

Lentiviral mouse
gRNA library

vs
MC38-Cas9 cells
In vivo screen
NSG

vs
In vivo screen
C57BL/6

Immune
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Figure 39 | Outline of experimental strategy for optimised in vivo genome-wide CRISPR/Cas9 screen.
In order to identify genes involved in cancer immune recognition directly, a second in vivo genome-wide
CRISPR/Cas9 screen was carried out, using single-cell cloned Cas-expressing MC38 cells (MC38_B4). Edited cells
were injected into NSG (immunocompromised) and C57BL/6 (immunocompetent) mice, on day 16 post
transduction (considering the day of transduction as day 0). An in vitro screen was carried out in parallel from
cells originating from the same transduction. The resulting mouse tumours were collected and next-generation
sequencing was carried out. Comparisons among different cohorts of mice revealed genes involved in immune
resistance and sensitisation in vivo.

5.3 | gRNA and gene library coverage analysis
In order to ensure that the gRNA and gene libraries were sufficiently covered, similar analyses
were performed as the ones described in Chapter 4. gRNA library coverage of the sequenced
plasmid gRNA library was compared to the coverage of the different tumours of C57BL/6N or
NSG cohorts (Figure 40).
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The same analysis at the gene level is shown in Figure 41, with each gene represented by the
median of the normalised read count of the different gRNAs targeting it. In both analyses,
gRNA and gene library coverage in tumours from NSG mice were higher than in tumours from
C57BL/6N mice. Variability in coverage between different tumours was higher in C57BL/6N
than in NSG cohort.
To assess whether following the “BigMouse” analysis, described in Chapter 4, would lead to
sufficient coverage of the library, raw gRNA read counts from either C57BL/6N or NSG cohorts
were combined to create in silico two “BigMouse” files, one for each cohort
(BigMouse_C57BL/6N and BigMouse_NSG, respectively). Figure 41 shows the comparison
between the gRNA library representation of the sequenced plasmid gRNA library with the two
“BigMouse” files. Coverage of the gRNA library in the two cohorts in comparison to the
plasmid library was good, with approximately half the gRNA library being represented with
more than 1000 reads.
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Figure 40 | In vivo gRNA library coverage per tumour in immunocompetent and immunocompromised mice.
gRNA read coverages for in vivo tumours, resulting from injection of 106 cells, compared to coverage in the gRNA
plasmid library (90,230 gRNAs). Bar charts show the number of gRNAs with at least one normalised read count
and are colour-coded to reflect different read coverage ranges (1-2, 3-10, 11-50, 51-100, 101-1000, >1000
reads). Coverage is shown for tumours developing in immunocompetent C57BL/6N (upper panel) or
immunocompromised NSG mice (lower panel).
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Figure 41 | In vivo gene library coverage per tumour in immunocompetent and immunocompromised mice.
Gene coverages (for the 18,424 genes of the library) for in vivo tumours, resulting from injection of 106 cells,
compared to gene coverage in the gRNA plasmid library. Each gene is represented by the median value of the
normalised counts of the respective gRNAs targeting it. Bar charts show the number of genes with at least one
normalised read count and are colour-coded to reflect different read coverage ranges (1-2, 3-10, 11-50,51-100,
101-1000, >1000 reads). Coverage is shown for tumours developing in immunocompetent C57BL/6N (upper
panel) or immunocompromised NSG mice (lower panel).
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Figure 42 | In vivo gRNA library coverage BigMouse_C57BL/6N and BigMouse_NSG.
Following the “BigMouse” approach, in silico addition of raw counts of all tumours originating from C57BL/6N
and NSG mice resulted in the files BigMouse_C57BL/6N and BigMouse_NSG, respectively. The two files are
compared to the sequenced gRNA plasmid library. Bar charts show the number of gRNAs with at least one
normalised read count and are colour-coded to reflect different read coverage ranges (1-2, 3-10, 11-50,51-100,
101-1000, >1000 reads).

5.4 | Analysis and identification of candidate genes
Analysis was carried out by comparing each of the BigMouse_C57BL/6N and BigMouse_NSG
files to the sequenced plasmid gRNA library by MAGeCK. Each comparison yielded a number
of significantly depleted and enriched genes (FDR.neg/FDR.pos<0.2). In order to investigate
therapeutically relevant targets, this analysis focused on depleted genes. All significantly
depleted genes of each cohort, identified by comparison of each file to the plasmid library,
were compared to each other, i.e. (BigMouse_C57BL/6N versus plasmid library) versus
(BigMouse_NSG versus plasmid library). Figure 43 shows an overview of the analysis strategy.
These comparisons enabled the identification of significantly depleted genes, which appeared
only in the C57BL/6N tumours. Hence, 260 C57BL/6N-specific candidate genes were
identified. These were considered to be the genes involved in sensitisation of the tumours
only in the context of active immunological selection, which was present in C57BL/6N mice,
but absent in NSG mice. Among these depleted genes specific to C57BL/6N mice, several
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targets observed in the 1st in vivo screen were observed again, such as B2m, H2-k1 and H2d1. In addition to those genes, a number of new targets were identified, such as Traip, Dph1
and Npm1.

Figure 43 | Identification of immunological candidate genes of optimised in vivo screen.
Clonally-derived Cas9-expressing MC38 cells, transfected with a genome-wide gRNA library, were injected into
C57BL/6N and NSG mice. Tumours from each of the two cohorts were treated as one aggregate sample,
following the “BigMouse” approach described in Chapter 4. Raw read counts of each gRNA across all tumours
of each cohort were added, and the files BigMouse_C57BL/6N and BigMouse_NSG were created. Comparisons
between each of these files and the sequenced plasmid gRNA library were carried out using MAGeCK and
revealed a number of significantly depleted genes (FDR.neg<0.2). Further comparison was carried out to identify
genes which were significantly depleted and were specific to the immunocompetent C57BL/6N cohort:
(BigMouse_C57BL/6N versus plasmid library) versus (BigMouse_NSG versus plasmid library). A number of
targets were identified, such as B2m, H2-k1, H2-d1, Traip, Dph1, Npm1 and others.
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5.5 | Discussion
5.5.1 | Optimised in vivo screen
In order to assess the effects of genetic inhibition at a genome-wide scale in the presence or
absence of immune selection, cells transduced with the gRNA library were injected into
immunocompetent C57BL/6N mice or into immunocompromised NSG mice. These
comparisons would allow us to directly address differential enrichment or depletion of
gRNAs/genes caused by immunological interactions.
The genome-wide gRNA library coverage was increased from 100X to 300X, to further
improve screen sensitivity. In order to maintain the higher gRNA library coverage in vivo,
9.8*107 cells were injected into 49 C57BL/6N mice, while 8*107 cells were injected into 40
NSG mice in total. These numbers of injected cells were significantly higher than the 3*107
cells, the minimum number of cells that represented a 300X coverage of the gRNA library.
Only 30/98 expected tumours developed in the C57BL/6N mice (31% engraftment),
suggesting that the cell line did not engraft well. On the other hand, engraftment in the NSG
mice was 100%, with 80/80 expected tumours developing, which could be explained by the
lack of immune selection in these mice. This difference in tumour development between the
two cohorts was a function of the “engraftability” of the cell line (MC38_B4), and the immune
selection posed by the recipient mice. Interestingly, in experiments described in detail in
section 3.4.2, injection of 2*105 MC38_B4 cells resulted in 60% engraftment (3/5 expected
tumours developed), and a median survival of recipient mice of 48 days, which was indicative
of higher engraftment of the cell line. The difference in engraftment between the two
experiments suggested that 106 gRNA-edited MC38_B4 cells were less clonogenic than 2*105
non-gRNA-edited MC38_B4 cells. The reason for the difference was either the concurrent
transgenic expression of both Cas9 and the gRNA vectors by MC38_B4 cells, or the
CRISPR/Cas9-mediated editing per se. In order to delineate this, Cas9-expressing MC38_B4
cells transduced with a targeting gRNA could be injected in mice, alongside MC38_B4 cells
transduced with a non-targeting control gRNA. Also, injection into C57BL/6N or NSG mice
would verify whether the effect was immune cell-mediated or not. Future in vivo screens
could focus on transplantation of higher number of edited cells per mouse, to further increase
library coverage.
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5.5.2 | Effects of immunisation in in vivo immune selection
Future experiments could focus on strategies in order to elicit robust anti-tumour immunity
throughout or prior to the screen, aiming to enhance immune selection. To this end,
immunisation could be achieved by the use of an adjuvant, or by means of injection with
tumour cell lysate (Martinez-Torres, Calvillo-Rodriguez et al. 2019). Moreover, we could preimmunise mice using granulocyte-macrophage colony-stimulating factor (GM-CSF)-secreting,
irradiated tumour cell vaccine (GVAX). According to this strategy, mice are immunised with
irradiated tumour cells which have been engineered to transgenically produce and secrete
GM-CSF. Immunisation of mice using this strategy elicits strong and durable CD4+/CD8+
tumour-specific immune responses (Dranoff, Jaffee et al. 1993, Manguso, Pope et al. 2017).
Finally, induction of strong anti-tumour immune responses could be achieved by means of
transgenic expression of neoantigens by tumour cells, such as chicken ovalbumin (OVA)
(Vianello, Papeta et al. 2006).

5.5.3 | Potential immune-related genetic vulnerabilities of MC38 cells in vivo

5.5.3.1 | MHC I antigen presentation (B2m, H2-k1 and H2-d1)
The fact that B2m (Gene ID: 12010), H2-k1 (Gene ID: 14972) and H2-d1 (Gene ID: 14964) were
identified again reinforced the findings described in Chapter 4, that disruption of MHC Imediated antigen presentation is lethal for tumour cells in vivo. Interestingly, OstrandRosenberg and colleagues showed that in vivo transplantation of two mouse cancer lines
which lacked expression of H-2k or H-2d antigens resulted in immunological rejection, and
that the two cell lines also exhibited low expression levels of B2m (Ostrand-Rosenberg,
Nickerson et al. 1989).

5.5.3.2 | Traip
TRAF-interacting protein (TRAIP) has been described to be upregulated in colorectal
carcinoma while there have been indications that it may be acting as a driver of
tumourigenesis (Geng, Tan et al. 2017). This would explain the fact that its knockout was
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lethal to MC38 cells in vivo. Further studies will aim to elucidate the role of Traip (Gene ID:
22036) in immunological sensitisation of cancer in vivo.

5.5.3.3 | Dph1
The role of Dph1 (Gene ID: 116905) in cancer and immune recognition is largely unknown.
Diphthamide biosynthesis 1 (DPH1) has also been known as ovarian cancer-associated gene
1 (OVCA1). DPH1 regulates the biosynthesis of the enzyme diphthamide in eukaryotic cells,
which is involved in epigenetic regulation at post-translational level, acting on elongation
factor 2 (EF2). In experiments examining colorectal malignant tissues versus their respective
non-malignant control tissues, it was shown that DPH1 post-translational function is carried
out by miR-218. More specifically, miR-218 expression in normal conditions results in
downregulation of DPH1, while loss of its expression results in upregulation of DPH1,
contributing to carcinogenesis (Liu, Yin et al. 2017). Given that MC38 is a mouse colorectal
cell line, the identification of Dph1 as a potential candidate genetic target for immunotherapy
is a promising finding.

5.5.3.4 | Npm1
The nucleocytoplasmic shuttling protein nucleophosmin, encoded by the NPM1 gene, is a
molecular chaperone which has multiple biological functions within the cell, including
ribosome biogenesis and duplication of centrosomes. NPM1 function has been shown to be
dysregulated in a number of solid tumours and leukaemias. In acute myeloid leukaemia
(AML), mutations in NPM1 (termed NPM1c) account for 30% of the disease. These mutations
generate an aberrant nuclear export signal. The abnormal localisation of the NPM1 protein,
along with its interacting proteins, confers expanded self-renewal potential of
haematopoietic progenitor cells, contributing to leukaemogenesis (Vassiliou, Cooper et al.
2011, Mupo, Celani et al. 2013). In prostate cancer, NPM1 expression is significantly higher in
tumour cells upon comparison with non-malignant control tissues from the same patients. It
has been shown to behave as an oncogene, driving the phosphorylation of extracellular
signal-regulated kinases 1/2 (ERK1/2), which is mediated by epidermal Growth Factor (EGF)
(Loubeau, Boudra et al. 2014). More importantly, in colon cancer, upregulation of NPM1 has
been shown to be associated with worse prognosis in human patients, and indicative of
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metastatic phenotype to the lymph nodes. In vitro work in colon cancer cell lines showed that
downregulation of NPM1 expression decreased the migratory and invasive properties of
tumour cells, while its overexpression in a cell line characterised by low invasiveness
enhanced the migratory and proliferative properties of tumour cells (Liu, Zhang et al. 2012).
These studies are a positive indication for the validity of our screen. Npm1 (Gene ID: 18148)
targeting constitutes an interesting therapeutic avenue, however, given that this target was
identified in immunocompetent mice, more work is necessary to shed light on the
involvement of the immune system in disease progression.
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6 | Conclusions
6.1 | Chapter overview
In this final chapter I will first recapitulate my PhD work and then proceed with establishing a
connection between my experiments and recent progress in the field of immuno-oncology
and cancer research in general. To this end, I will expand on some ideas for different
approaches that could be employed to address questions regarding the interaction of tumour
cells with components of the immune system. Finally, I will discuss a speculation of the future
of the field and potential avenues for development.

6.2 | Summary of my work
In my studies so far, I have developed a method to identify pathways of cancer immune
evasion using in vivo CRISPR/Cas9 screens. Furthermore, I engineered single-cell cloned Cas9expressing MC38 mouse colon carcinoma cells and confirmed Cas9 cutting efficiency. I
evaluated the in vivo engraftment efficiency and the in vivo coverage of a genome-wide gRNA
library by performing a barcoding experiment, by transducing non-Cas9-expressing MC38
cells with a lentiviral gRNA library. I identified how many cells to inject in order to achieve
reproducible tumour cell engraftment, sufficient retainment of a genome-wide gRNA library
complexity in vivo, and a screen duration to enable efficient immune selection of the edited
tumour cells.
With these parameters established, a genome-wide CRISPR/Cas9 screen was carried out and
a number of significantly enriched and depleted candidate genes were identified. The
candidate genes were validated in vivo by constructing a focused gRNA library, limited to
these candidates, plus a number of controls. In order to evaluate whether the effect of the
gRNA-mediated knockouts was immune-specific, as opposed to specific to the in vivo niche in
general, the in vivo validations were conducted in immunocompetent C57BL/6N and
immunocompromised NSG mice. Comparisons of the differential selection of the libraries in
the two cohorts of mice enabled the direct identification of gene knockouts which sensitised
tumour cells to the immune system.
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A second genome-wide CRISPR/Cas9 screen was also carried out, featuring a number of
improvements of the experimental design. These included higher coverage of the gRNA
library and cell transplantation into more mice. Finally, carrying out the screen in parallel in
C57BL/6N and NSG mice enabled dissection of the specific immune-mediated in vivo selection
of the library of edited cells.
Future work will focus on the target genes identified in my work, and more specifically, on
the different forms of immune responses elicited by different genetic knockouts. Further
studies will aim to shed light on the mechanism of action of said genes and assess the
possibility of developing immunotherapies based on them, by mimicking the effects of
genetic inhibition pharmacologically.

6.3 | Ongoing work and future plans
Regarding the results of the first in vivo screen described in Chapter 4, a number of genes
have been validated (Cd274, Ptpn2, B2m, H2-K1, Cd40lg, Jmjd6, etc.). In order to further
elucidate their mechanism(s) of action, individual knockout cell lines are being developed in
MC38 cells. The knockout cell lines will be then transplanted into immunocompetent and
immunocompromised mice, and the specific immune responses elicited by each knockout will
be evaluated by flow cytometry, examining immune cell markers, and RNAseq, at a pooled
and single-cell level. These approaches will allow the identification of the effector immune
cells infiltrating the microenvironment of tumours which harbour these specific genetic
perturbations. The knockout lines will be transplanted into mice in which the identified
effector immune populations will have been depleted, as further proof of the specific cell
types driving the immune response. Furthermore, I will proceed with studies to elucidate the
exact mechanism of action. These studies will be based on the specific function of the genes
of interest, such as investigation of interactions with specific proteins using ChIP-seq (in the
case that the target genes are transcription factors), designing targeting antibodies (in the
case that they are surface markers), etc. The use of different cancer cell lines in similar
experiments will also be considered.
Additional targeted validation gRNA libraries have been designed (section 4.3.6). The purpose
of these is to validate in vivo a number of interesting candidate genes which have been
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identified as significantly enriched or depleted (FDR.neg<0.2 or FDR.pos<0.2) by the different
methods of analysis of genome-wide in vivo CRISPR/Cas9 screen datasets, and were not
validated in the experiments described in Chapter 4. The gRNAs were designed by the GUIDES
gRNA design tool and were then analysed by FORECasT, a gene editing mutation prediction
tool designed by the group of Leopold Parts at the Sanger Institute (Meier, Zhang et al. 2017,
Allen, Crepaldi et al. 2018). In addition to validating more candidate genes, these experiments
will constitute a functional validation of the most accurate of all the analyses that have been
attempted. Validated genes from this experiment will be further investigated in a fashion
similar to the one described in the previous paragraph.
In regard to improving the analysis strategy for in vivo CRISPR/Cas9 screens, further work will
focus on mitigating the effect of biases due to copy number variation on accurately identifying
candidate genes. To this end, Meyers and colleagues have developed CERES, a computational
tool which enables correcting for the copy number bias in polyploid cell lines, such as MC38,
aiming to decrease false-positively identified genes (Meyers, Bryan et al. 2017).
Implementation of CERES in our analysis pipeline is expected to increase screen sensitivity.
Eliciting robust anti-tumour responses in the context of in vivo screens may improve immune
selection of edited injected cells. This would increase the sensitivity of the screens and assist
in elucidating mechanisms of cancer immune evasion and sensitisation. This could be
achieved by using vaccination methods to elicit protective anti-tumour immunity in the mice,
prior to library injection. An example of such strategies would be the use of granulocytemacrophage colony-stimulating factor (GM-CSF)-secreting, irradiated tumour cell vaccine
(GVAX). According to this, tumour cells are engineered to secrete murine granulocytemacrophage colony-stimulating factor (GM-CSF). Irradiation and transplantation of GM-CSFsecreting cells engages CD4+ and CD8+ cells, and results in robust anti-tumour immunity
(Dranoff, Jaffee et al. 1993). Alternatively, such immune responses could be achieved by
using cancer cells which exogenously express antigens. One such well-established model
involves expression of ovalbumin (OVA) by tumour cells, used in conjunction with OT-I
immune cells, which are capable of mounting specific anti-OVA immune responses in vitro
and in vivo (Clarke, Barnden et al. 2000). This system will enable the development of in vivo
CRISR/Cas9 screen strategies, in which mice receiving the gRNA-edited cells are also injected
with OT-I CD8+ T cells, which in turn elicit specific anti-OVA (and therefore anti-tumour)
responses.
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6.4 | Why is this work relevant?
The first attempts to harness immune responses to treat cancer by William B. Coley took place
in the 1890s, while the first observations that high immune cell infiltration of tumours is an
indication of favourable prognosis were made in the early 1900s (Sharma, Hu-Lieskovan et al.
2017, Pages, Mlecnik et al. 2018). In the 1980s, seminal discoveries by Raymond E. Goldstein
and colleagues identified the CTLA-4 receptor, expressed by effector T cells and Treg cells.
Studies lead by James Allison and colleagues in the 1990s lead to the development of CTLA-4
blocking antibodies for cancer therapy. Moreover, the characterisation of PD1 and its cognate
ligand PDL1 by Tasuku Honjo, Lieping Chen and their colleagues, and the subsequent design
of blocking antibodies against them, further increased the arsenal of immune checkpoint
blocking drugs (Sharma, Hu-Lieskovan et al. 2017). The importance of these findings has been
exemplified by the transformative effect of the approval of immune checkpoint blockade
therapy. Particularly for the case of metastatic melanoma, standard of care treatment before
2011 was chemotherapy, which provided only minimal survival advantage to patients. The
approval of therapies with immune checkpoint inhibitors transformed the landscape of the
disease to a 4-year survival of 46-53% (Sharma, Hu-Lieskovan et al. 2017, Ascierto, Capone et
al. 2019).
Due to the fact that blockade of CTLA-4 and PD1/PDL1 elicit anti-tumour responses mediated
by different pathways, combination checkpoint blockade therapy has been shown to induce
up to 60% clinical response in melanoma treatment. Currently, a number of immune
checkpoints are under investigation. So far, blocking antibodies targeting CTLA-4
(ipilimumab), PD1 (pembrolizumab and nivolumab) and PDL1 (atezolizumab) have been
approved by the Food and Drug Administration (FDA) for the treatment of a number of
cancers, while combination therapy has been approved for the treatment of advanced
melanoma (Sharma, Hu-Lieskovan et al. 2017).
Implementation of such approaches in our armamentarium of anti-tumour therapies has
heralded a new era of immuno-oncology. However, enhanced clinical responses in malignant
disease come with the sacrifice of unleashing immune-related adverse effects and
cytotoxicity. In addition to that, the majority of cancer patients still remain unresponsive to
immunotherapies (Sharma, Hu-Lieskovan et al. 2017).
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It becomes evident that despite the promise of therapeutic strategies achieving durable antitumour protective immune responses, current clinical research is still aiming to test the
efficiency of a relatively small number of actionable immune checkpoints in treatment of a
diverse range of cancers. The success of combination immunotherapies targeting CTLA-4 and
PD1/PDL1 pathways shows that parallel targeting of several cancer immune evasion
mechanisms can lead to synergistic effects. Furthermore, treatment with anti-PD1/PDL1
normalisation immunotherapy, which targets the specific immune evasion mechanism of the
tumour, rather than mediating a non-specific activation of immune responses, results in lower
rates of immune-mediated cytotoxicity. These successes highlight the need for thorough
understanding of such mechanisms and intelligent design of therapeutic interventions.
To this end, our study illustrates the great promise of CRISPR/Cas9 in vivo screens in
identifying potential targets of immunotherapy in a non-hypothesis-driven fashion.

A

suggested pipeline for identifying targets of cancer immunotherapy based on the platform I
have developed would be the following: i) carrying out genome-wide CRISPR/Cas9 screens in
multiple transplantable isograft models, in vitro, in vivo in immunocompetent mice, and in
vivo in immunocompromised mice, ii) designing validation targeted gRNA libraries to validate
candidate genes with higher statistical power, iii) carrying out individual validations of the
target genes, along with iv) further studies to identify the exact mechanism of action. Finally,
other high-throughput technologies, outlined in the next paragraph, will enable target
identification at an accelerated rate.

6.5 | Alternative approaches in investigating cancer immune
evasion
In order to characterise the complex immunological networks regulating anti-tumour
immunity, and identify ways to harness them for therapy, a number of approaches could be
followed. These could be divided to: in vivo, in vitro, or in silico strategies.
In vivo approaches are indispensable in addressing questions regarding the in vivo niche and
the tumour microenvironment. In this context, one such approach utilised in vivo screening
of mice harbouring different genetic knockouts, which were transplanted with tumour cells.
Such an approach has yielded the identification of regulators in the tumour
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microenvironment which play a role in metastatic colonisation (van der Weyden, Arends et
al. 2017). Such studies have technical challenges due to requirements for a large number of
strains of knockout mice. However, they have provided proof of the direct effects that a
genetic perturbation has in tumour growth, while the generated knockout mouse lines
constitute a valuable resource for the scientific community.
The application of CRISPR/Cas9 screens in cancer cells, and the transplantation of edited cells
in mice is a main focus of this study. Targeted CRISPR/Cas9 screens have also been carried
out to detect genes whose knockouts sensitise tumour cells to PD1 blockade immunotherapy
(Manguso, Pope et al. 2017). Moreover, other strategies for genome-wide or targeted in vivo
screens can be utilised, such as conducting CRISPR/Cas9 dropout screens in the context of
treatment with different immunotherapeutic drugs. Such screens, carried out in a variety of
transplantable cancers in different model organisms, have the capacity to revolutionise the
identification of targets for immunotherapy.
Complementarily, similar strategies have been followed by editing different populations of
immune cells and assessing the effects of their genetic perturbation in tumour
transplantation models. Such a screen has been developed using a lentiviral gRNA vector to
edit CD8+ T cells. Edited cells were subsequently injected into mice in a model of triplenegative breast cancer. The readout of the in vivo screen was based on assessment of tumour
infiltration and degranulation. A number of known and novel targets in the T cell genome
were identified, whose knockout enabled enhanced antigen-specific responses (Dong, Wang
et al. 2019). The same group also carried out an in vivo screen in CD8+ T cells in a glioblastoma
mouse model, identifying target genes whose knockout in T cells improves mouse survival
(Ye, Park et al. 2019). Similar strategies in different tumour models and editing different
populations of immune cells would elucidate targets of immunotherapy which would engage
different immunological responses.
In addition to in vivo models, in vitro cultures and three-dimensional organoid technologies
can be utilised to shed light on interactions between immune cells and tumour cells in the
tumour microenvironment. In that context, there has been significant progress in
recapitulating the tumour microenvironment by co-culturing patient biopsy-derived or
mouse tumour organoids with primary tumour epithelium, along with immune stroma.
Analysis by next generation sequencing verified that the organoid cultures were able to
maintain populations of T cells, B cells, NK cells and macrophages, and retain T cell and B cell
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receptor repertoire. Finally, this strategy enabled the identification of targets of known
immune checkpoint blockade therapy (Neal, Li et al. 2018). Expansion of such technologies
may constitute a substitute of in vivo experiments in the future.
Furthermore, in vitro CRISPR/Cas9 screens can be used in conjunction with protein libraries
containing receptor ectodomains. Such approaches can utilise systems based on enzymelinked immunosorbent assay (ELISA) to identify receptor ligand interactions. In this context,
gRNA-edited cancer cells are assayed against receptor libraries to identify cell surface
recognition events (Chong, Ohnishi et al. 2018, Sharma, Bartholdson et al. 2018). Using such
strategies would enable the screening of pools of gRNA-edited cancer cells against surface
receptors of multiple types of immune cells, enabling identification of novel immune
checkpoints.
Single-cell RNAseq technologies have revolutionised our capacity to investigate genetic
heterogeneity in cell populations that have been traditionally assessed in a pooled setting,
increasing the sensitivity to detect relatively rare but important cell types in the tumour
microenvironment. Among others, these technologies have allowed the identification of
prognostic predictors in melanoma patients treated with immune checkpoint inhibition
therapy, along with regulators of immune cell development (Yu, Tsang et al. 2016, SadeFeldman, Yizhak et al. 2019).
Finally, significant developments have been made by the combination of next-generation
sequencing technologies with prediction algorithms for tumour neoantigen discovery, with a
number of such tools having been developed. Such methods aim towards the computational
prediction of tumour neoantigens by comparisons of sequencing data of tumour tissue versus
normal tissue. Neoantigen prediction requires multiple steps, including identification of
somatic mutations, characterisation of the HLA haplotypes, identification of immunogenic
peptides, and prediction of binding between the peptides and MHC. The final goal is the
development of personalised cancer vaccines, specifically designed based on the
immunological profile of the tumour of the patient (Richters, Xia et al. 2019, Smith, Chai et al.
2019).
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6.6 | What does the future hold?
An increasing appreciation for the complexities of anti-tumour immunity and the therapeutic
promise of harnessing them have spearheaded a new era for cancer research. The posterchild
of this new era is metastatic melanoma, a disease whose mainstay treatment had not
changed for 20 years. Prognosis was poor with the disease being almost always fatal. The
introduction of combination immune checkpoint blockade therapy in 2011 led to a dramatic
shift in patient survival outcomes, with an observed 3-year overall survival rate of 63%
(Albertini 2018). This paradigm shift, exemplified by durable responses of tumours to
immunotherapies, led to the consequent approval of such therapies, and the intensification
of efforts of novel target discovery. Identification of more immune checkpoints and
development of strategies to affect their mechanisms of action towards harnessing antitumour immunity is of paramount importance. This present study is an attempt to establish
CRISPR/Cas9 in vivo genetic screens as a tool for high-throughput discovery of tumour
immunotherapy targets.
Despite the high rate of discoveries and progress of cancer research, the future of the disease
is complex and multifaceted. In this section, I will provide my view on the future of cancer
research and treatment, in regard to immunotherapy, but also other therapies and emerging
fields.

6.6.1 | Moving past chemotherapy
A number of chemical agents have been used over the years in the context of chemotherapy,
with the aim to selectively kill tumour cells. Drugs used in that context include cytostatic
agents like alkylating agents, antimetabolites, or alkaloids, which mediate cytotoxic effects
via effects on cellular metabolism, DNA replication, or RNA synthesis. Drugs such as cisplatin,
bleomycin and vinblastine were introduced in the 1970s and revolutionised cancer care
(Schirrmacher 2019). Such compounds however do not operate as Paul Ehrlich’s envisioned
"magic bullets". Apart from lack of specificity, treatment with chemotherapy is associated
with a number of acute or long-term adverse effects. Some of the most common side-effects
include nausea and vomiting, whose acute version is usually treated adequately, however the
discomfort caused by long-term sequelae is often underestimated. Moreover, chemotherapy-
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related mucosal injury can cause a number of gastrointestinal side-effects, which result in
severe discomfort and even fatality. Other side-effects have been observed specifically after
treatment with platinum-based chemotherapeutic agents. In this context, carboplatin has
been shown to be associated with hypersensitivity reactions in children. Moreover, cisplatin
may be involved in mediating cardiotoxicity, and increasing the risk of cardiovascular disease,
due to changes in the vascular endothelium, along with nephrotoxicity. However, the latter
effect could be potentially prevented by supplementation with Emblica officinalis (Indian
gooseberry). In addition to that, chemotherapy has also been associated with inducing
skeletal muscle toxicity and impairment in mitochondrial function. Furthermore, long-term
neurological side-effects are the result of a number of anti-cancer therapies, which last long
after treatment termination. More specifically, central and peripheral neurotoxicity and
cognitive impairment have been reported, while chemotherapy-induced peripheral
neuropathy has been shown to be caused by a number of drugs (Nurgali, Jagoe et al. 2018).
In addition to these, long-term damage of the immune system has been described. A number
of studies have shown that chemotherapy (and also irradiation therapy) may lead to longterm bone marrow damage by mediating senescence in haematopoietic stem cells (Shao,
Wang et al. 2013). Finally, clonal haematopoiesis, which is described as the gradual
acquisition of somatic mutations in haematopoietic cells leading to their clonal expansion, is
frequently observed in individuals having undergone chemotherapy and irradiation therapy.
This condition, even though not fatal, significantly increases the risk of developing
haematological malignancy (Bolton, Gillis et al. 2019).
Interestingly, work by Pfirschke and colleagues has shown that combination of certain
chemotherapeutic agents with immune checkpoint blockade therapy sensitises tumours,
which were previously unresponsive to immunotherapy. In this context, it was shown that
specific immunogenic chemotherapies are capable of engaging innate immunity, and
permeate infiltration of CD8+ T cells, in a toll-like receptor 4 (TLR4)-dependent fashion. These
infiltrated tumours were hence susceptible to immunotherapies, leading to durable antitumour immunity (Pfirschke, Engblom et al. 2016). This approach may constitute a future
therapeutic avenue, by significantly expanding the response rates of different cancers to
immune-based treatments. In accordance with these findings, it has been shown that a
number of chemotherapies which are being used extensively, such as imatinib mesylate,
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anthracyclines, cyclophosphamide and others, exert their anti-tumour function, not only by
direct tumour cell killing, but also by eliciting a long-lasting protective anti-tumour immune
response (Zitvogel, Apetoh et al. 2008).
More work needs to focus on ways to prevent chemotherapy-induced side effects, both
during and after treatment, and expand our understanding of the immunological basis of
chemotherapy-mediated tumour cell killing. However, taking everything into consideration, I
believe that, with the exception of using such agents to enhance immune cell infiltration and
elicit adaptive responses, the future of oncology lies in moving past systemic chemotherapy,
its lack of specificity, and its side-effects.

6.6.2 | Challenges of immunotherapy
It becomes evident that identification of novel immune checkpoints and elucidation of their
mechanisms of action will be critical to the development of novel therapies. To this end,
future research should be focusing on targeting several different aspects of the cycle of cancer
immunity (section 1.2.3). The success of combination immunotherapies will pave the way for
development of further therapy regiments.
However, future design of therapies will require to always consider that perturbations of the
physiological role of immune checkpoints, especially when used in combination, may result
in stacking of immune-related side-effects. The main criterion for treatment development will
be balancing between anti-tumour immunity and autoimmune adverse effects.
To this end, the field will need to focus on development of normalisation rather than
enhancement immunotherapy. This would aim to restore natural anti-tumour immunity
without systemically enhancing immunity non-specifically, since the latter has higher rate of
side effects (Sanmamed and Chen 2018).

6.6.3 | Rise of personalised cancer treatment
Genomic data undoubtedly constitute an invaluable resource, whose incorporation into
clinical practice for diagnosis and treatment will revolutionise cancer care.
An example of what utilisation of genomic information to clinical practice could do in regard
to cancer treatment was exemplified by a seminal study by Steven A. Rosenberg's group and
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colleagues (Zacharakis, Chinnasamy et al. 2018). In this study, a 49-year old female patient
with refractory chemotherapy-resistant estrogen receptor (ER)-positive and ERB-B2 receptor
tyrosine kinase 2 (ERBB2 or HER2)-negative metastatic breast cancer had undergone several
courses of chemotherapy, without success. The patient, was treated with a combinatorial
approach involving: i) identification of somatic mutations resulting in tumour neoantigens
using whole-exome sequencing (WES) and RNAseq, ii) identification of tumour-infiltrating
lymphocytes (TILs) which were reactive against tumour neoantigens, by TIL screening, and by
sequencing of TCR repertoire, iii) ex vivo expansion of neoantigen-reactive TILs, and iv)
infusion of neoantigen-reactive TILs, alongside immune checkpoint blockade therapy. The
result of this highly personalised regimen was the complete tumour regression, and the
patient remaining disease-free for longer than 22 months post-treatment (up to the point of
publication of the results) (Zacharakis, Chinnasamy et al. 2018).
Despite our increasing understanding of genomic complexity and proof-of-principle studies
of therapies such as this, integrated precision therapies remain outside the arsenal of clinical
practice, for the most part due to high costs. However, improvements of sequencing
technologies over the last decade, and the dramatic decrease of their cost, by approximately
5 orders of magnitude from 2001 to 2019, are capable to make such approaches available for
all patients (Wetterstrand 2019). Therefore, a proposed pipeline for the future of cancer
precision medicine would include the following: i) identification of tumour neoantigens by
next generation sequencing of the tumour at the DNA and/or RNA level, ii) identification of
genetic vulnerabilities of the tumour by deriving cell lines and/or tumour organoids from
biopsies, carrying out in vitro and/or in vivo CRISPR screens, and comparing to normal tissues
from the patient, iii) identification of TILs which are reactive to specific tumour neoantigens
and ex vivo expansion, and finally, iv) adoptive cell therapy with neoantigen-reactive TILs or
engineered immune cells, in addition to immune checkpoint blockade therapy (identified in
steps i and ii) and other drugs targeting the specific genetic vulnerabilities of the tumour.
Development of such bespoke treatments may pose a significant challenge in terms of
technology development and applicability; however, I believe that future cancer treatment
will need to appreciate the unique genomic landscape of the cancer and the immune system
of each individual patient. Hence, research efforts will have to focus towards making such
approaches available to the public.
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6.6.4 | Cancer prevention
The unprecedented developments in genomics have exponentially increased our
understanding of the function of the genome and the interacting genetic networks. These
discoveries have brought us to the forefront of a radically different world, in which genomic
data are highly integrated in all aspects of our lives. Arguably, the turning point of this era will
be when genomic data inform medical treatments but also people’s everyday lives, what they
eat and when, which supplements they take, what exercise regimen they are following, etc.
An important consideration for any disease is the strategic development of a course of action
to manage it in the general population. According to the World Health Organization’s (WHO)
approach on development of health policies in regard to cancer, these efforts can aim at
different stages of disease development and progression: i) prevention, in order to address
risk factors prior to disease development (also referred to as primary prevention), ii) early
detection, before the disease fully manifests (also referred to as secondary prevention), iii)
diagnosis of the disease and treatment strategies upon manifestation of disease, and iv)
palliative care, for providing relief to the patients and their families, and alleviate their
suffering. Given that a surprising 30-50% of cancer incidence is preventable, WHO’s
recommendations for development of health policies for any disease are to focus on
interventions at the population level, mainly at primary rather than secondary prevention,
and to focus on tackling distal risk factors which exert their causal role early in the chain of
events leading to disease (WHO 2019, WHO 2019, WHO 2019). Therefore, focusing on
primary prevention, significant effort must be made, and has been made, in order to tackle
known preventable causal factors, mainly tobacco, obesity, excessive alcohol consumption,
cancer-initiating infectious agents, pollution, occupational carcinogens, and radiation (WHO
2019). According to the Mayo Clinic, the top seven actions regarding cancer prevention are:
i) avoidance of tobacco use, ii) a healthy and balanced diet, iii) regular exercise and
maintenance of a healthy weight, iv) avoidance of extensive sun exposure, v) following
vaccination protocols for infectious diseases, such as hepatitis B virus (HBV) and human
papillomavirus (HPV), vi) avoidance of risky behaviours, and finally, vii) obtaining regular
medical checks (Mayo Clinic 2018). Interestingly, in light of the obesity epidemic, it has been
estimated that the health burden of obesity will exceed tobacco by 2020 (Poloz and Stambolic
2015). Public health efforts focusing on several of the aforementioned risk factors have
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yielded fruits, however some risk factors remain improperly addressed, and some are even
gaining ground as future major cancer-causing modalities. Some emerging interventions,
which hold promise for cancer prevention are mentioned below.

6.6.4.1 | Life-style interventions and screening
Recent evidence on the potential protective effects of certain life-style choices and screening
methods may have important consequences for future disease prevention and control
strategies.
In terms of life-style changes, a number of recent studies on dietary interventions and dietary
restriction have opened potential avenues for incorporation of these practices for the
purpose of cancer prevention and also healthy ageing. According to these, caloric restriction
has been shown to be protective against cancer development in rodents and monkeys, along
with a number of beneficial effects in humans in an array of biomarkers of malignancy,
including levels of growth and anabolic hormones, inflammatory markers, along with markers
of oxidative stress (Longo and Fontana 2010). At the same time, alternate-day fasting
protocols have been shown to extend healthspan, and result in decrease in cancer incidence
(Lee and Longo 2011). Interestingly, in the case of treatment of malignant disease, it has
shown in vitro in multiple cell lines and in vivo in a neuroblastoma mouse model, that multiple
cycles of nutrient deprivation, up to five days each, resulted in sensitisation of tumour cells
to chemotherapy (Lee, Raffaghello et al. 2012).
Moreover, the development of novel screening tools may hold promise for detection of
cancerous or pre-cancerous lesions. In this context, whole-body magnetic resonance imaging
(WB-MRI) is a highly sensitive technique which provides information about the entire body,
and is able to detect pre-malignant, malignant and also non-malignant symptoms (Lee, Park
et al. 2018). Furthermore, the discovery that genetic abnormalities in circulating cell-free DNA
can be utilised for cancer detection has created momentum that circulating tumour DNA
(ctDNA) will enable early diagnosis of cancer, or provide clinical prediction of a tumour’s
response to therapies (Amant, Verheecke et al. 2015, Vandenberghe, Wlodarska et al. 2015,
Osumi, Shinozaki et al. 2019).
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6.6.4.2 | Pharmacological interventions
In addition to life-style changes and enhanced screening, a number of pharmacological
compounds are promising in reducing cancer incidence. Several of these drugs are under
investigation for anti-ageing treatments and also result in protection from malignant disease,
through mechanisms which have not been fully elucidated yet. Initial results indicate that
they act through increase of insulin sensitivity, inhibition of the mechanistic target of
rapamycin (mTOR), upregulation of AMP-activated kinase (AMPK), and concomitant
induction of autophagy (Kaeberlein and Kennedy 2009, Barzilai, Crandall et al. 2016).
One promising drug with potential for cancer prevention is metformin, which was originally
approved for the treatment of type 2 diabetes (T2D). A significant amount of data have been
accumulated indicating its effectiveness in decreasing cancer incidence and cancer mortality.
The effects of the drug in regard to ageing-related symptoms and cancer will be investigated
by the TAME (Targeting Aging with Metformin) trial (Barzilai, Crandall et al. 2016).
Another promising therapeutic avenue under investigation for its potential for lifespan and
healthspan extension in addition to cancer incidence reduction is rapamycin. Rapamycin was
first discovered as a compound targeting what became known as mTOR (standing for
mechanistic target of Rapamycin) and has been shown to extend lifespan in a number of
model organisms, including yeast, nematodes, fruit flies and mice. The effect in mice was
shown in genetically heterogenous populations, and was observed when the drug was
administered in aged mice (Harrison, Strong et al. 2009, Kaeberlein and Kennedy 2009).
Development of more pharmacological compounds designed to protect from different pillars
of cancer development and prevent the onset of malignant disease will likely reduce
treatment costs and be enormously beneficial for patient care.

6.6.5 | Final thoughts
The last century has heralded remarkable advancements in our understanding of
carcinogenesis and the development of treatments utilising cancer vulnerabilities. One of
those treatment strategies spearheading new fields of scientific research is immunotherapy,
based on the premise of harnessing the body’s intricate immunological system for combating
malignant disease. However, despite all these efforts, cancer still remains one of the major
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causes of death worldwide (Cancer Research UK 2018). Moreover, the increase in cancer
incidence by 2040 is estimated to be 61.7%, as a function of the increase in lifespan and the
increase of Earth’s population (Cancer Research UK 2018). According to this, it could be
argued that a paradigm shift is needed, and cancer should be considered a disease of ageing.
Hence, the focus of cancer prevention should lie in efforts to delay, halt or even reverse the
ageing process and increase healthspan.
It is worth considering that by the time that a pre-cancerous lesion develops into fully-fledged
malignant disease, cancer is an evolutionary survivor. In order to subdue this “distorted
version of our normal selves” (NobelPrize.org 2019), cancer research will need to
simultaneously attack as many of its pillars as possible, while afflicting the least possible
damage to normal tissues. Utilisation of the sophisticated machinery of the immune system,
which has developed over the course of evolutionary history, is, in my opinion, the only
approach to date that has the potential to yield truly durable and curative responses. Thus,
we are setting one evolutionary champion against another. This present study is an effort to
contribute to the cumulative understanding of anti-cancer immunity and hopefully offer
some insight for potential therapeutic possibilities.
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