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Abstract

KRAS is the most frequently mutated oncogene in human cancer. Oncogenic
KRAS signalling not only instigates aberrant growth in cancer cells but can
further inhibit anti-tumour immunity. Hence, recently developed KRAS G12C
inhibitors (G12Ci) hold the potential to reshape the treatment landscape for
eligible cancer patients. However, rewiring of oncogenic signalling circuits and
acquisition of further mutations can lead to rapid development of drug
resistance. Indeed, clinical trials for G12Ci Sotorasib in non-small-cell lung
cancer revealed a median progression-free survival of only ~7 months, with no

overall survival advantage compared to conventional chemotherapy.

In this project, we investigate strategies to combat the development of drug
resistance to G12Ci, by fostering an anti-tumour immune response, capable of
recognising a pan-cancer-cell archetype and thereby also eliminating drug-
resistant cells. First, a preclinical murine model to mimic progression of drug
resistance was established by co-engrafting reporter-traced, isogenic G12C-
and G12D-mutant lung cancer cells; the latter being inherently G12Ci-
incompatible. G12Ci alone can already alleviate mutant-KRAS-driven immune
suppression and induce immunogenic cell death in G12Ci-responsive cells.
Surprisingly, in our model, employing G12Ci as monotherapy drove therapy
resistance by giving the drug-resistant subpopulation a proliferative advantage,

which was further investigated through RNA-sequencing.

Next, combination therapies, further supporting immunity through synergy, were
investigated. Combining G12Ci with immunotherapy or a SHP2 inhibitor
potentiated an adaptive immune response, capable of eliminating both, G12C-
and G12D mutant cancer cells and further engendering immune-memory.
Underlying mechanisms were investigated by immune-phenotyping of tumours
across treatment groups, employing a 36-plex spectral flow cytometry panel.
Additional spatial information was obtained through multiplex histopathology.
This revealed profound TME remodelling in mice treated with combination

therapies.



Here we show that G12Ci resistance could be counteracted though synergistic
combinations that enhance immune response and target G12Ci-resistant cells,

which could improve employment of therapy rationales.
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Chapter 1 Introduction

Chapter 1. Introduction

“An honest man, armed with all the knowledge available to us now, could
only state that, in some sense, the origin of life appears at the moment to
be almost a miracle, so many are the conditions which would have to be

satisfied to get it going."

- Francis Crick (1916-2004)

It is truly fascinating how numerous redundancies and safeguards embedded
within our cells, in tandem with heedful surveillance by the immune system can
prevent unhealthy cells from propagating and developing into malignancies.
This sophisticated feat of nature enables humans to reach an amazingly old
age, some of us turning 90- or even 100 years old. Tremendous scientific
strides and innovations over the last decades have further turned the
emergence of cancer from an inviolably fatal malady into a condition with a
potential for cure and defiance. Allowing myriad patients a chance of prolonged-

and increased quality of life.

Nonetheless, cancer remains the second leading causes of death worldwide
with cases on the rise 3. Cancer describes a group of diseases which are
characterised by uncontrolled growth- and often spread of aberrant cells, which
can eventually lead to the interference of the bodies’ physiological life-
sustaining functions. Contracting cancer is statistically associated with an
increase in age, which may coincide with an increase in overall life expectancy,
indicative of improved control of other causes of death. However, ascended
exposure to man-made, potentially carcinogenic compounds, changes in life-

style, diet, and other factors could also contribute to this trend.

Because cancer is a vastly complex and ever evolving disease, understanding
how cancer cells go awry and how to effectively innovate durable therapy

regimes with a curative intent remains imperative.
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Chapter 1 Introduction

1.1 An introduction to lung cancer

Lung cancer (LC) is the most commonly diagnosed cancer worldwide with
approximately 2.5 million cases in 20224, LC also ranks highest in mortality,
with an estimated 1.8 million recorded deaths in the same year*. In the USA,
lung and bronchus related cancers cause over 100,000 deaths annually, with
the death toll being twice that of the next three deadliest cancers, colorectal,
breast and prostate cancers taken together®®. Further, the 5-year survival rate
of LC patients remains low compared to other cancer types. In the United
States of America, the 5-year survival prospects for LC patients is estimated to
be only 19% ’. Although a small increase in 2-year survival of 1.4% annually
has recently been observed in patient records with an overall increase of 1.4%
annualy®. This was mostly attributed to improvement in treatments, wider
treatment accessibility as well as an earlier diagnosis on average. In the United
Kingdom, the 5-year-survival rate has shown only moderate improvement over
the last decades, with an estimated 15% in 2019, compared to 4% in men and
5% in women in 1971-1972°, according to the CRUK website and the office for
national statistics. The most common risk factor to developing LC is smoking of
tobacco. However, other contributors such as exposure to asbestos, arsenic,
coal smoke, radiation and air pollution, especially particulate matter PM2.5 were

also identified 10.11.12.13,

LCs are commonly stratified by their histopathological appearance. The two
broader categories being small cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC)'4+'6. SCLC arises from the neuro-endocrine compartment of
the lung, is commonly caused by smoking, and makes up approximately 15% -
20% of all diagnosed cases. Non-small cell lung cancer (NSCLC) makes up
80% - 85% of all cases and can be further categorised in subtypes'*. The main
NSCLC subtype is adenocarcinoma, which arises from the epithelial cell
compartment in the lung. Followed by squamous cell cancer, large cell
carcinoma and other subtypes, such as adenosquamous carcinoma and

sarcomatoid carcinoma’315.17,
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Chapter 1 Introduction

1.2 Standard of care for NSCLC

In addition to the histopathological classification, there are several factors which
can contribute to LC patient stratification and disease outcome. Firstly, disease
stage has to be taken into account, including tumour size, whether the cancer is
contained locally or has metastasised to draining lymph nodes, secondary sites
within the lung or other organs. Common distant metastatic sites include the
liver, bone marrow, nervous system and adrenal glands'®. Other factors include
the patients age, symptoms, medical history and overall stage of health.
Importantly, the driver mutations underlying the disease can play a key role in
both, the disease progression and assignment of treatment regimes. Patients
diagnosis and disease stage can be assessed through scanning techniques,
such as magnetic resonance imaging (MRI)-, computerised tomography (CT)-,
or positron emission tomography (PET) -scans, as well as analysing fluid and
biopsy samples'®. Current treatment options for lung cancer patients are often
unable to cure the disease. As early disease stages are largely asymptomatic,
patients are often diagnosed late, when surgical resection with curative intent is
no longer feasible'®. The standard of care treatment for NSCLC include chemo-
or radiation therapy, as well as laser- or photodynamic therapy and
electrocautery as well as surgical removal of malignancies if possible™®.
Depending on the disease prognosis and mutational burden, standard of care

can also include the prescription of immune- or targeted treatments™®.

A frequent method of immunotherapy in NSCLC is the administration of
therapeutic antibodies, such as immune checkpoint blockers (ICB)?°. Nivolumab
being the first ICB approved for NSCLC treatment, followed by Atezolizumab,
Pembrolizumab, and Durvalumab?'. These antibodies can potentiate an anti-
tumour immune response, which will be described in more detail in the following
sections. A subgroup of NSCLC patients responds well to this treatment with
durable treatment responses?'-?2. However, the majority of patients do not

respond to ICB, whereat therapy response remains difficult to predict?.
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Targeted therapies usually exploit selective vulnerabilities of cancer cells by
inhibiting specific proteins that are essential to cancer cell proliferation and
survival®*2?6, Potent targeted inhibitors may target the wild type version of such
proteins. One disamenity with such inhibitors is that the therapeutic window, in
which the given dose is effective in Killing the cancer cells without causing
severe side effects, can be difficult to delineate. This is because these proteins
usually also play an essential role in the maintenance of other, healthy tissue
types. A second group of targeted inhibitors can specifically target the mutant
version of a protein in cancer cells, thereby potentially decreasing side effects.
For NSCLC, approved targeted therapies include EGFR inhibitors, ALK
inhibitors, and, more recently, KRAS G12C inhibitors 2-31. A potential caveat in
the unfunctional nature of employing these drugs is that cancer patients often

develop drug resistance and stop responding to therapy within months?532:33,
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1.3 Oncogenic KRAS signalling in NSCLC

“The notion that genetic changes are important in the genesis of cancer has
met strenuous resistance over the years. But now that notion has gained

ascendancy.”

- J. Michael Bishop

Mutations in the Kirsten rat sarcoma viral oncogene homolog or Kirsten rat
sarcoma virus (KRAS) protein are found in approximately 19% of all cancer
patients with 3.4 million new annual cases. It is the most frequently mutated
oncogene in human cancer®*35. KRAS driver mutations occur most commonly

in lung (~30%), colorectal (~40-50%) and pancreatic cancers (~80-90%)36-3.

There are three isoforms of RAS proteins, encoded by KRAS, HRAS, and
NRAS genes, their functions varying depending on species, cell type and
physiological conditions. In the context of oncology, they are commonly
involved in activating signalling pathways associated with proliferation and
survival®® (Figure 1.1). Here, RAS proteins act as binary switches, cycling
between a guanosine diphosphate (GDP)-bound inactive- and guanosine
triphosphate (GTP)-bound active state. The binding of GTP nucleoside leads to
a conformational change in two regions in the RAS protein, referred to Switch-I

and Switch Il, which in turn enables binding of effector proteins®.
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Figure 1.1 KRAS signalling. Extracellular growth factors (GF) bind to receptor tyrosine kinases
(RTKs). Receptor activation leads to annealing of scaffold protein complex, including SOS,
GRB2, and SHP2, which, in turn induces KRAS activation. This is achieved by exchanging GDP
with a GTP nucleoside which, in turn, leads to a conformational change in the switch-I and
switch-Il domains, allowing for binding of effector proteins. On the other side, GAP-catalysed
hydrolytic cleavage of the third phosphate group in GTP reverses KRAS activation. GTP-bound
KRAS further activates cytosolic signalling cascades such as RAF/MEK/ERK MAP kinase
pathway or PI3BK/AKT/mTOR pathway (other downstream pathways not shown here). This
transduce signals to nucleus where respective transcription programmes are activated. Image
created with BioRender.

In healthy cells, the role of Ras proteins is to transduce external growth- and
survival stimuli to the cell interior, activating respective signalling cascades and
downstream transcriptional programmes in a precisely controlled manner9-42,
Ras proteins are commonly localised on the cytosolic side of the plasma
membrane, anchored to microdomains of the lipid bilayer through a C-terminal
farnesyl tail*3>44. Ras signalling is activated when growth factors bind to plasma
membrane-resident receptor tyrosine kinase (RTK) receptors, such as
epidermal growth factor receptor (EGFR). Ligand binding leads to dimerization
of the receptors and consequent trans-autophosphorylation of their cytosolic
domains. Scaffold proteins such as Growth Factor Receptor Bound Protein 2
(GRB2) and Src homology-2 domain-containing protein tyrosine phosphatase-2
(SHP2) can bind to these phosphorylated sites and, in turn, bind SOS Ras/Rac
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guanine nucleotide exchange factor 1 (SOS1), which functions as a guanosine
exchange factor (GEF). GEFs can catalyse the exchange of GDP to GTP in
membrane resident Ras proteins, thereby aiding their activation®®.
Subsequently, Ras proteins, can activate various downstream signalling

cascades. In the context of cancer, the mitogen-activated protein
kinase (MAPK) pathway and Phosphoinositide 3-kinases (PIK3) pathway,

including Akt and mTOR are widely studied 4°. Respective signals are finally
transduced to the nucleus where transcriptional programmes associated with
proliferation and survival are activated. Depending on context and cell type, a
wide range of processes, spanning metabolism, autophagy, migration, calcium

signalling and (de-) differentiation can also be RAS-mediated*6-42.

However, duration and intensity of RAS signalling are, in addition to other
negative feedback circuits 49-°2, precisely controlled through GTPase activating
proteins (GAPs). These catalyse RAS-intrinsic GTPase function, leading to the
hydrolytic cleavage of GTP back to GDP. The protein intrinsic GTPase function
is relatively slow, with a t1,2 of approximately 16 min 53. However in the presence
of GAP proteins, this reaction can be accelerated up to 100,000 fold, depending
on GAP concentration and other conditions®*. Bringing the half-life of active-
state KRAS down to seconds or even milliseconds before being switched off

and requiring upstream re-activation.

The most common activating mutations in KRAS are found in the amino acids
G12, G13, and Q61 and are associated with either impaired GAP-binding,
disruption of GTP hydrolysis, or enhanced nucleoside exchange3%5355-58 The
five common mutations found in codon 12 result in the original glycine being
mutated to KRAS G12C, G12D, G12R, G12S, or G12V34. Differences in
mutation type can lead to different KRAS activation patterns (Figure 1.2) 535559,
For example, G12C mutant KRAS was shown to retain intrinsic GTPase activity,
leading to autonomous inactivation with a half-life of approximately 12-25
minutes 536061 KRAS G12D, on the other hand, was found to have additionally

reduced GTPase activity. With less than 20 % of GTP being converted to GDP
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after 16 minutes and remaining in an activated state for extended periods of

time 53,55,56
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Figure 1.2 Mutation-induced functional impairments of KRAS proteins. Left: Conversion
between inactive GDP bound- and active GTP bound state in wt KRAS. Impairments of
inactivation in G12C (middle) or G12D (right) mutant KRAS protein.
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1.4 Anti-tumour immune surveillance

"Know thy enemy and know thyself; in a hundred battles, you will never be
defeated.”

— Sun Tsu, The art of war (5644—496 BC)

The interplay between the immune system and tumour cells is deeply intriguing.
Both being “smart” entities, capable of adapting and overcoming adversities.
The immune system often forms a primary line of defence against cancer. In
fact, it has been hypothesized that nascent cancerous lesions develop
repeatedly throughout our lifetimes but remain undetected as they are either

eliminated or remain supressed through natural immunity 62

1.4.1 Introduction to immune surveillance in solid tumours

The tumour microenvironment (TME) describes the complex entirety of the
different cell types as well as extracellular components a tumour mass is
comprised of. It can be highly variable between- and even within tumours and
can also change and evolve over time and in response to stresses, such as
anti-cancer therapies®. Cell types commonly found in the TME include
fibroblasts, adipose cells, endothelial cells and pericytes, which form tumour
vasculature, and, importantly, various types of immune cells 8. Acellular
components include metabolites, extracellular matrix (ECM), as well as small
signalling molecules, for example growth factors or interleukins, which immune
cells use to communicate %4 85, Further, the chemical makeup of a tumour, such

as the pH and oxygen availability can also play a role in shaping the TME®6:67,
Immunocytes are especially important in shaping the TME and governing

disease control or -progression. Anti-tumour immunity plays a crucial role in

detecting and eliminating cancer cells. On the other side, immunocytes,
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involved in wound healing-like programmes, and certain regulatory immune

populations in the TME may aid tumour growth and survival.

NSCLC patients oftentimes present with a particularly unstable genome and
high mutational burden, second only to melanoma®. Per se this can facilitate
recognition by the immune system, as cancer cells may appear particularly
aberrant compared to healthy somatic cells®®. On the other hand, this can also
be associated with a higher genomic flexibility and could accelerate evolution of
immune evasive mechanisms®®. Cancer cells which are easily recognisable and
vulnerable to the immune system are likely to be eliminated. Over time, in a
dynamic process referred to as immune-editing, this can lead to the positive
selection of more resilient cancer cell clones. Eventually, tumours can evolve to
evade anti-tumour directed immunity, which can be mediated through a variety

of mechanisms.

Depending on the relationship between the immune response and cancer cell
compartment, the TME can be categorised into distinct phenotypes’®7'.
Immunologically hot tumours are well infiltrated with anti-tumour directed
immune cells that express markers associated with an effective anti-tumour
immune response. In contrast, in immunologically cold tumours, the function of
anti-tumour-directed immunocytes is often corrupted while immune populations
in support of tumour maintenance and growth may be present in greater
numbers. A third type of TME is referred to as immune-excluded or immune
desert, with overall poor immune cell infiltration. These states of the TME can

coexist and vary within and between patients as well as over time.

1.4.2 The arsenal of immunocytes and their role in combatting cancer

Anti-tumour immunity is often a crucial first line of defence in combatting the
development and progression of malignancies, through synergism between
different types of immunocytes with diverse mechanisms of action (Figure 1.3).

The immune system can be divided into and innate- and adaptive compartment,
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synergistically covering both, immune surveillance through generic recognition
of aberrant patterns as well as targeted elimination of unhealthy somatic cells
and immune memory. All immunocytes are derived from a common
haematopoietic stem cell. From there, they can either further differentiate along
the myeloid-trajectory, developing into an innate immune cell, or along the
lymphocyte-lineage, which gives rise to an adaptive immune compartment’?.
Leukocytes originate in the bone marrow and may then, in a process referred to
as diapedesis, migrate through the lymphatic system, general circulatory or

peripheral tissues as they undergo stages of differentiation and exude effector

functions.
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Figure 1.3 Anti-tumour immunity. Schematic of anti-tumour directed immune-cancer cell
interactions in the TME. Cell type abbreviations (clockwise): Th: CD4* T helper cell, M1: M1
polarised macrophage, DC: dendritic cell, NK: natural killer cell, NKT: natural killer T cell, cTL:
CD8" cytotoxic T lymphocyte. Figure was made with BioRender.

1.4.2.1 The innate anti-tumour immune response

The innate anti-cancer immune response is comprised of immune cells which
react to generic patterns, hypoxia, the presence of apoptotic cells or an acidic

tumour milieu in a pre-determined manner. Most somatic cells, except for
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mature erythrocytes, present protein-derived self-peptides on their cell surface
via the antigen presenting machinery and trans-membrane major-
histocompatibility complex class 1 molecules (MHC-|). Per se, the immune
system is rendered immune tolerant towards self-antigens during immune
surveillance of somatic cells. However, mutations, genome amplification events,
infections, or other harmful events can lead to MHC-| presentation of
neoantigens or aberrant patterns of self-peptides which can trigger an anti-
tumour immune response’?. To avoid immune-reconnaissance by the adaptive
immune system, cancer cells were found to have downregulated antigen

presentation machinery in response’375.

However, the innate immune system can counteract this through the
employment of natural killer (NK) cells”®77. Despite being derived from the
lymphoid lineage, NK cells lack antigen specificity. Instead, they recognise the
presence or absence of MHC-I molecules on somatic cells via a two-
component-circuit’®. Firstly, NK cells express an NKG2D receptor, which binds
to a group of ubiquitously expressed glycoproteins on the target cell. This
receptor signals for the NK cell to engage and kill the target cell. However, that
circuit is inhibited as long as MHC-I molecules are also detected on the surface
of the target cells via the NK cells’ killer cell immunoglobulin-like (KIR) receptor.
If the inhibitory signalling form MHC-I interaction is absent, the NK cell will
engage in killing its target cell. Additionally, NK cells can also be involved in a
second line of defence, through detection of cancer cells, opsonised by
antibodies °. Here, NK cells recognise the Fc-domain of IgG antibodies via
their Fc-gamma-Receptor 3A FCyRIIIA (CD16), engaging in antibody-
dependent cell-mediated cytotoxicity (ADCC).

Despite being considered part of the innate immune system, NK cells stem from
the same lymphoid progenitor cell as B cells or T cells. They kill cancer cells
through a similar mechanism to CD8* T cells, by forming an immune synapse
with their target cell and secreting perforins and granzymes, as well as

engaging in FAS receptor-ligand interactions. This process can trigger a death
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cascade in the target cell, resulting in apoptosis and subsequent release of
endogenous cell material, including damage-associated molecular patterns
(DAMPs). It can also induce the secretion of tumour necrosis factor alpha (TNF-
a) and interferon gamma (IFN-y) 77:78 This, together with other inflammatory

indicators, can attract a range of other immune cells to the tumour site.

Another group of innate immune cells are neutrophils (NPs), which can exert a
multifaceted role in anti-tumour immunity as well as immune evasion. They can
be subdivided into N1 type NPs, supporting anti-tumour immunity and N2s,
which take on an immune suppressive role. N1 functions include degranulation-
mediated apoptosis induction in cancer cells, phagocytosis, and antigen
presentation. A particular trait of this cell type is the releasing of NPs
extracellular traps (NETs), web-like DNA structures that can apprehend cancer
cells. However, this mechanism was found to be adept in both, hindering and
promoting cancer and metastasis progression &. Other innate immunocytes
such as mast cells, eosinophils and basophils were shown capable of
contributing to both antitumour immunity and promoting cancer progression®'-84;

however, this will not be discussed in detail here.

A further essential regiment of innate anti-tumour immunity are antigen
presenting cells (APCs). These APCs fulfil a variety of functions, the first central
aspect being the phagocytosis of cancer cells or cancer cell-derived material.
Secondly, APCs can thereafter cross-present these tumour-cell-specific
antigens to adaptive immune cells, thereby priming a targeted immune
response®86, APCs can be attracted to the TME through various stimuli®”-88,
For example, certain chemokines and cytokines such as CCL2, CCL5, CXCLS,
CXCL12, IL-1, IL-6, TNF-q, or the presence of Damage-Associated Molecular
Patterns (DAMPs) such as extracellular heat shock proteins or ATP, which are
indicative of damaged cells in the surrounding®. The latter can be recognised
by APCs via their pattern recognition receptors (PRRs). Once recruited to the
TME, APCs can then internalise cancer cell fragments, or even whole cancer

cells. For example, APCs can recognise and engulf apoptotic cancer cells
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directly via their MER Tyrosine Kinase (MERTK) receptor, in a process known
as efferocytosis. However, it was shown that blocking MERTK can also have
anti-tumourigenic effects, through an increased an interferon-mediated stress
response due to an accumulation of apoptotic material in the TME®® %0, Further,
if cancer cells are opsonised by antibodies, APCs can also recognise aberrant

cells via their Fc receptors 8691,

The two main groups of contributing innate APCs are M1-polarised
macrophages (M1s) and dendritic cells (DCs), which can share a similar role in
anti-tumour immunity”2. Overall, however, M1s seem to fulfil a wider range of
functions within the local TME which additionally includes ECM-remodelling,
recruitment of various immune cells to the tumour site via cytokine secretion,
modulation of vasculature development, and providing continuous stimulation to

anti-tumour directed lymphocytes®6-92,

DCs, on the other hand, are the main sentinels of the immune system and take
on a major role in the initial priming of an adaptive immune response?. They
can either activate T cells locally in the TME or migrate to tumour-draining
lymph nodes (tdLNs) to prime an adaptive immune response®. Three main DC
subtypes are conventional DCs (cDCs), plasmacytoid DCs (pDCs), and
follicular dendridic cells (fDCs) which differ in origin, marker expression,
function, and phenotype °3%. cDCs are highly efficient in antigen processing
and presentation and can be further subdivided into the types cDC1 and cDC2.
cDC1 predominantly present antigens via MHC-I complex to CD8" T cells while
cDC2 cells primarily present antigens to CD4* T cells via their MHC-Il complex.
pDCs are less efficient in cross-presentation of antigens but important
producers of interferons, TNFa, IL-2, IL-6 and other tumouricidal cytokines 959,
Outside of immune-oncology, pDCs play a major role in contending viral
infections °7. fDCs were found to play a crucial role in the formation of germinal
centres and coordinate the efficiency of B cell responses as well as B cell

memory formation®. Additionally, B cells can play a role in phagocytosis and
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antigen presentation, however, this is more relevant in the context of B cell

activation than tumour clearing or cross presentation to other immune cells.

1.4.2.2 The adaptive anti-tumour immune response

APCs liaise between innate and adaptive immunity through the priming of
targeted T cell and, by extension, B cell responses against cancer cells (Figure
1.4). APCs can process phagocytosed cancer cell material, breaking down
exogenous proteins into smaller peptides. These cancer cell specific antigens
can then be cross-presented to different classes T cells via the APCs’ MHC-
molecules. Having received activation signalling, respective T cells can then

become activated, proliferate, and fulfil a range of effector functions.
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Figure 1.4 Priming of an adaptive anti-tumour immune response. Schematic illustrates
mechanisms governing the priming of adaptive anti-tumour immunity. Cell type abbreviations:
APC: antigen presenting cell, Th: CD4* T helper cell, T cell, cTL: CD8" cytotoxic T lymphocyte.
Figure was made with BioRender.
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There are several classes of T cells, the most commonly studied being CD8*
and CD4" T cells. There are also other classes, such as gamma-delta T cells
and natural killer T cells, which are situated in the interphase between innate-
and adaptive immunity’?; however, these will not be discussed in detail here.
CD8* and CD4" T cell precursor cells originate from the bone marrow and
migrate to the thymus where T cell receptor (TCR) diversification occurs 2. This
stage of development includes a multistep process, including the genomic re-
composition of redundant sequences encoding for TCR fragments, referred to
as V(D)J recombination. Subsequently, T cells undergo initial rounds of TCR
selection for weak self-antigen recognition, thereby maintaining immune
tolerance towards somatic epitopes. Naive T cells, which pass this threshold
then leave the thymus to migrate through the bodies’ lymph system. G. Lythe et
al. estimated that the human body maintains up to 10'° unique TCR-clonotypes
9 suggesting a striking range of T cell plasticity. Naive T cells can then
typically be activated when their TCR has a high affinity towards a neoantigen

cross-presented by APCs via their MHC-complexes 2.

The first class of T cells are cytotoxic CD8" T lymphocytes which take on an
active role in cancer cell killing. The CD8 co-receptor recognises an
extracellular domain of the MHC-I complex on APC and stabilises the MHC-I-
TCR interaction. T cells also express the transmembrane domain CD3, which
also engages with the immune synapse and is responsible for transmitting
activation signals to their nuclei. Co-stimulation is provided via trans-membrane
receptors, such as B7 proteins CD80 or CD86 on APCs binding to CD28 on the
T cells. Additionally, APCs secrete activating cytokines, such interleukin (IL)-6
and 1L-12 919 _|f all the necessary activating signals are present, T cells will

then undergo clonal expansion and differentiation into effector cells”>101,

Peripheral effector CD8" T cells expressing a specific TCR, can then detect
aberrant antigens on cancer cells presented on their MHC-I molecules. For
example, several studies of colorectal- and pancreatic cancer demonstrated

that KRAS G12D derived peptides presented via MHC-I on cancer cells could
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be recognised by CD8* T cells'%%1%4_ Upon engagement, CD8* T cells will
create pores in the cancer cell membranes through secretion of perforins and
granulysins followed by the secretion of granzymes and other cytotoxins
through these openings. Thereby inducing apoptosis through DNA damage,
mitochondrial dysfunction, and activating the caspase -cascade pathway, etc. T
cell expansion can also be induced after encounter of a cancer-antigen on a

target cell'%,

The second major class of T cells is a group of polyfunctional CD4* T cells. In
contrast to CD8" T cells, CD4* T cells only recognise- and are activated by
antigens presented on MHC class 2 complex (MHC-Il), which is mostly
expressed on APCs, particularly on DCs’2. As CD4* T are MHC-lI-restricted,
except for certain blood cancers such as lymphomas, CD4* T cells can not
recognise and target cancer cells directly'®. Instead, they take on a
coordinating role in either supporting, or supressing an anti-tumour immune

response, depending on subtype and circumstances.

CD4* T cells can be further divided into different sub-classes, including T helper
cells like ThO, Th1, Th2, Th9, Th17, Th22, follicular helper T cells (Tfh) and
regulatory T cells (Tregs)’?. Th1 and Th2 CD4* T cells support an anti-tumour
immune response through various mechanisms'%’. This encompasses
recruitment of further APCs to the tumour site and inducing their antigen
presentation machinery. They are also involved in activation of antigen-specific
B cells, promoting their differentiation into antibody (ab)-producing plasma cells
and immunoglobulin IgG class switching CD4* T cells are also especially
important in promoting CD8* T cell effector functions, through the secretion of
high IL-2 and to promote their continued activity and function in the TME.
Moreover, they secrete cytokines such as TNFa, and IFN-y, creating a pro-
inflammatory environment, inducing growth arrest in cancer cells and

counteracting aberrant tumour vasculature'08.109,
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Interestingly, it has become evident in recent years that only a small proportion
of T cells in the TME actually recognise cancer-cell-specific antigens via their
TCR. The majority of T cells are recruited to the TME as a general site of
inflammation and contribute to an anti-tumour immunity through more systemic
mechanisms. These include the secretion of pro-inflammatory cytokines,
recruiting other immunocytes to the site, TCR cross-reactivity, and cancer cell
killing through recognition of stress-induced ligands on cancer cells via innate-

like receptors0-112,

Another group of adaptive immunocyte are B cells, which share a common
lymphoid progenitor with NK- and T cells’? and together make up the fraction of
tumour infiltrating lymphocytes (TILS). B cells contribute mainly through a
humoral response, by producing and secreting cancer-cell specific
antibodies''3. Opsonisation of cancer cells can facilitate their recognition by
innate immunocytes, which bind the antibodies’ ‘fragment crystalisable’ (Fc)
domain with their FC-receptors. These are expressed on various innate immune
cells, such as APCs, NK cells, eosinophils, basophils, NPs, and mast cells.
Further, the FC domain can also activate the complement system and

platelets''3,

Similar to T cells, the body also hosts a vast arsenal of ab-producing B cell
clonotypes that can respond to a wide range of pathogen-derived or tumour
antigens. This clonal diversity is achieved through multi-step processes that
starts in the bone marrow, from a lymphoid progenitor cell’?''3, Rearrangement
of redundant genomic segments that create the immunoglobulins (Ig) heavy-
and, subsequently, -light chains generates initial clonal diversity. If the
recombination resulted in the successful generation of an Ig, the protein will
then be expressed as a membrane bound isoform, also referred to as B cell
receptor (BCR). If this BCR displays a weak affinity towards self-antigens,
implying self-tolerance, the resulting naive B cells then typically migrate through
the lymphatic system and into germinal centers within lymph nodes or the

spleen. B cells can be activated through several different mechanisms''3.
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Firstly, B cells can bind their target antigen directly via their BRC, although
further co-stimulation is usually needed to induce full B cell effector function and
memory. Secondly, B cells can present phagocytosed tumour-specific peptides
via their MHC-Il complex. These can be recognised by the TCR of CD4* T cells,
which, in turn, induce B cell activation through membrane protein interactions
as well as cytokine secretion. Thirdly, naive B cells can also recognise their
cognate tumour antigen presented by follicular DCs (fDCs) or CD169* MPs''4
via their B cell receptor. Once B cells recognise a target antigen and receive co-
stimulation, they proliferate while undergoing a process called affinity
maturation''3. Here, somatic hypermutation in the DNA segments coding for the
antigen-recognising areas of the Ig creates further variety in the ab arsenal.
Activated B cells with a high affinity towards a cancer cell specific neoantigens
will then amplify and differentiate. This includes class-switching, changing from
a membrane-bound BCR isoform to a secreted IgG thereby becoming

functional, ab producing plasma cells 5.

Reports indicate that B- and T cell activation can happen in both, tumour-
draining lymph nodes (tdLNs) and directly within TME. Lymph nodes are small,
encapsulated, oval shaped organs within the lymphatic system that filter
lymphatic fluid and form central hubs in the coordination of adaptive immunity.
Here, APCs can migrate from the tumour site to tdLNs and present tumour cell
specific antigens to concentrated clusters of T cells. Depending on T cell class
and co-stimulation, this can induce proliferation, differentiation and migration in
respective T cell clones. Further, CD4* T cells can support the development of
a humoral response through engagement with B cells in an adjacent tdLN zone.
Interestingly, within the TME, tertiary lymphoid structures (TLSs) have been
identified 6. These are aggregates of B cells, different subclasses of T cells, as
well as smaller populations including antigen presenting cells. These structures
appear to vaguely mimic the composition and function of lymph nodes;
however, they are not encapsulated and can exist in varying degrees of

organisation. TLSs have been associated with a favourable prognosis''”''® as
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well as enhanced responses to immunotherapy, indicating a contribution to anti-

tumour immunity'19-122,

Certain cytokines, such as interferon gamma (IFN-y), can further alert the
immune system of the presence of a malignancy'?. The role of this messenger
in modulating the interplay between cancer cells and the immune system is
complex and multifaceted. IFN-y plays an essential role in bolstering immune
responses through both, autocrine and paracrine effector pathways. Under the
right conditions, both, immunocytes and cancer cells can produce this cytokine.
It also plays an essential role in fending off antiviral and -microbial infections.
IFN-y was shown to promote recruitment of pro-inflammatory immunocytes,
including TILs and APCs to the TME. It can enhance antigen presentation in
APCs as well as increase the intensity and duration of cytotoxic activity of NKs
and cytotoxic T lymphocytes (cTLs). In some tumour cells, IFN-y exposure was
shown to inhibit their proliferation and induce upregulation of their antigen
presentation machinery, potentially unveiling their aberrancy to the immune

system.

1.4.2.3 Immune memory

A significant aspect of an adaptive immunity is the formation of lasting immune
memory. In addition to executing a targeted effector response, subgroups of
lymphocyte populations remain as long-lived memory cells. If confronted with
the same antigen in the future, antigen-specific memory cells were found to

expand faster and respond more effectively 72.

The formation of memory B lymphocytes occurs after the germinal centre
reaction and affinity maturation’2. Here, in addition to ab secreting plasma cells,
B cells can also develop into B memory cells, if adequate co-stimulatory
signals, provided by Tfh cells and/or fDCs, are present. B memory cells can
then either continue residing in the germinal center or migrate through the

lymph or return to the bone marrow’?.
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Memory T cells can exist in different cell states’?'24. First, stem cell memory T
cells (Tscm), are long lived and able to give rise to other progenitor T cells with
the same TCR when necessary. Second, central memory T cells (Tcm) travel
between the general circulatory and the primary- and secondary lymph tissues.
Third, effector memory T cells (Tem), commute between non-lymphoid, somatic
tissues as well as the blood-, and lymph system. Lastly, resident memory T
cells (Trm), that remain in non-lymphoid tissues. Control of T cell memory
populations and their transcension between categories can be achieved

through cytokine signalling, including IL-2, IL-7, and IL-15"2%,
Further, memory-like NK cells, with an increased magnitude in both, quality and

quantity of effector response towards previously encountered stimuli have also

been documented 126-128
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1.5 Immune evasion in cancer

“Cancer’s life is a recapitulation of the body's life, its existence a
pathological mirror of our own.”

— Dr. Mukherjee,

The Emperor of All Maladies: A Biography of Cancer

1.5.1 Immune escape as a hallmark of cancer

Cancer cells that are easily recognisable to the immune system are likely to be
eliminated. Over time, in a dynamic process referred to as immune editing, this
can lead to the positive selection of more resilient cancer cell clones. This
"immune-oncological tug-of-war" is complex and can often evolve over
decades. Eventually, tumours can evolve to evade an anti-tumour directed
immune response, by altering the cell state of immunocytes to become passive
or even support tumour growth instead '2°'30_ There is a simile of tumour cells
co-opting wound-healing programmes of the immune compartment to their

avail 31132,

Firstly, tumour cells can hijack regulatory signalling circuits of the immune
system to weaken anti-tumour immunity. Under physiological conditions,
controlling the intensity and duration of effector cell responses is intended to
avoid hyper-inflammation and auto-immunity-related conditions. However
myriad studies found that cancer cells can exploit these regulatory circuits, by
aberrantly expressing checkpoint ligands on their own cell surface'33-135, For
example, by exhausting cytotoxic T cells through secretion of immune
suppressive cytokines (ISC) and direct cell-to-cell contact 13¢. Activated T cells
express regulatory checkpoint receptors, such as programmed cell death-1
(PD-1) and CTLA4 on their cell surface. Upon encountering their ligands,
programmed death-ligand 1 (PD-L1) and the B7 proteins CD80 and CD86

respectively, the checkpoint receptors can induce a loss of T cell effector
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functions, also referred to as T cell exhaustion. These ligands are typically
expressed by APCs, Tregs, and myeloid-derived suppressor cells (MDSCs) in a
precisely controlled manner'®”. Further transmembrane proteins that can
encompass checkpoint-like functions expressed by T cells include LAG-3,
TIM3, and TIGIT. In a similar fashion, phagocytic activity of anti-tumour directed
APCs can be inhibited through activation of their checkpoint receptor signal
regulatory protein alpha (SIRPa). This transmembrane protein interacts with its

ligand, CD47, that functions as a “don’t-eat-me” signal 138139,

Secondly, cancer cell compartment can induce a state of alternate law, inducing
the recruitment of immune populations which can either supress an effective
anti-tumour immune response or even support tumour growth and progression.
This encompasses Tregs which can be demarcated by expression of the
transcription factor Foxp3. Under physiological conditions, Tregs are one of the
immunocyte populations dedicated to checking the scope of an immune
response. However, cancer cells can hijack this immune regulatory mechanism
by recruiting T regs to the TME to supress anti-tumour immunity. In addition to
expressing checkpoint inhibiting ligands, Tregs also secrete the ISCs IL-10, IL-
35 and transforming growth factor-beta (TGF-) and deplete the TME of pro-
inflammatory molecules, such as IL-2 and ATP 40141 Another population of
immune suppressive cells are myeloid-derived suppressor cells (MDSCs). They
describe a heterogeneous group of immature myeloid cells, derived from a
common, bone marrow-residing progenitor and often take on a monocyte-like or
NP-like morphology. MDSCs express inducible nitric oxide synthase (iNOS)
which produces nitric oxide, NADPH oxidase (NOX2) that increases reactive
oxygen species (ROS), and arginase-1, which depletes extracellular arginine.
All of which can cause impaired APC effector functions and T cell anergy.
MDSCs also produce ISCs IL-10 and TGF- and pro-angiogenic factors such
as vascular endothelial growth factor (VEGF). Promoting the development of
tumour vasculature that can provide oxygen and nutrients to the tumour but
may not facilitate drug delivery, as it is often leaky and underdeveloped.

MDSCs can also degrade extracellular matrix through secretion of
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metalloproteases which can promote metastasis. Moreover, MDSCs can
secrete ISCs and recruit other immune-suppressive immunocytes'42-144,
Alternatively activated M2 macrophages (M2s), can also orchestrate the
corruption of antitumour immunity '45146_ Under physiological conditions, M2
polarised macrophages play an essential role in wound healing, often secreting
anti-inflammatory factors as well as promoting angiogenesis. Similar to MDSCs,
M2s can secrete ISCs such as IL-4, IL-10, IL-13, and TGF-3, and remodel the
TME stroma. In addition, it was reported that M2s can also directly support
tumour growth through secretion of EGF 47148 Monocytes are also derived
from a shared myeloid progenitor; they can differentiate into MDSC or M2s and
hence share similar functions in the TME. Although under the right conditions,
monocytes can also support antitumour immunity when differentiating into M1s
or certain groups of DCs 3. Another cell type with the potential to subvert
antitumour immunity are cDC2s'#%%, Through their antigen cross presentation
to CD4* T cells via the predominantly expressed MHC-II, they may promote the
incitement of Tregs in the TME. They can also produce ISCs and were shown
to express high levels of PD-L1 in the TME, attenuating cTL and NK responses.
NPs play a bivalent role in anti-tumour immunity and immune evasion. In terms
of supporting tumour growth and progression, N2 polarised NPs were found to
promote tumour vascularisation through VEGF secretion. They can promote
metastasis through destabilisation of the tumour stroma secretion of their
Neutrophil extracellular traps (NETs) which can serve as anchorage for
circulating cancer cells. N2s can also abrogate a pro-inflammatory response
through expression of PD-L1, ISCs, and production of ROS and NO'5".152,

Thirdly, the tumour cell fraction can impose an immune-excluded state in the
TME. There are different definitions of what exactly an immune dessert or
immune-excluded TME encompasses '%3. However, a common consensus
entails that pro-inflammatory immunocytes, particularly TILs are unable to
infiltrate the tumour mass and instead are absent or accumulate on the outer
perimeter of the tumour. Various factors can contribute to the emergence of this

phenotype. Physical barriers such as a capsule comprised of fibroblasts and
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extracellular matrix or the lack of tumour infiltrating vasculature could
exacerbate immune infiltration. The presence of immune suppressive
subpopulations may also discourage pro-inflammatory lymphocytes from
entering the TME. Further, the presence of immune suppressive cytokines and -
metabolites, as well NO, ROS, hypoxia and an acidic pH in the TME may create

unfavourable conditions for TILs 154,

1.5.2 Oncogenic KRAS mediated immune escape

In addition to growth and survival signalling, oncogenic KRAS also plays a key
role in thwarting anti-tumour immunity, by manipulating and disrupting myriad

processes (Figure 1.5) 36
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Figure 1.5 Oncogenic KRAS signalling induced immune suppression. Schematic illustrates
mechanisms of oncogenic KRAS signalling-induced immune escape. Cell type abbreviations
(clockwise): (-)DC: inhibitory subtypes of dendritic cells; M2: M2 polarised macrophage, MDSC:
myeloid-derived suppressor cell; MO: Monocyte; N2: type-2 polarised neutrophil; Th2: CD4* T
helper cell with subtype classification 2, QcTL: exhausted CD8" cytotoxic T lymphocyte, Treg: T
regulatory cell. Figure was made with BioRender.
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First, mutant KRAS signalling can alter the expression of cancer cell
transmembrane proteins that disable immunocytes through direct cell-to-cell
contact. Our group was able to demonstrate that oncogenic KRAS signalling is
directly responsible for the aberrant stabilisation and expression of PD-L1-
encoding mRNA in tumour cells in a preclinical model of NSCLC'%5.
Upregulation of PD-L1 has been observed in human KRAS mutant NSCLC
samples and was associated with corrupted anti-tumour immunity %6,
Overexpression of oncogenic KRAS in a pre-clinical model of colorectal cancer
impaired cytotoxic effector function of T cells and reduced infiltration of cytotoxic
T cells'”. Moreover, PD-1 can also be expressed on other types of
immunocytes, including NK cells and MPs and DCs. PD-L1 contact was found
to hamper cytotoxicity in NK cells, induce a shift from anti-tumour directed M1 to
M2 macrophages, and reduce antigen presentation and cytokine secretion
capacity in DCs '%8. Another checkpoint ligand which can be aberrantly
expressed in tumour cells in an oncogenic KRAS signalling dependent manner
is SIRP1a. It has been verified in both, patient samples and preclinical NSCLC
models that interaction with this anti-phagocytotic transmembrane protein with
its counterpart CD47 can supress effector function in APCs and

granulocytes59.160,

Second, oncogenic KRAS signalling can induce the aberrant production of ISCs
within cancer cells. This includes the chemokines CXCL1, CXCL2, CXCL3, and
CXCL5 161163 These, in turn, can bind to their respective chemokine receptors
expressed by immune suppressive subpopulations such as monocyte and
neutrophils and recruit them to the TME. Employing a murine xenograft model,
one study found that mutant Ras-induced CXCLS8 or IL-8 was additionally
responsible for promoting tumour vascularisation and growth!4, In a KRAS-
mutant preclinical model of pancreatic neoplasia, it was also observed that
excessive KRAS signalling lead to cancer cells producing GM-CSF which, in
turn led to the recruitment of MDSCs '%°. Several groups found that oncogenic
KRAS led to secretion of TGF-, IL-6 and IL-10 by cancer cells which can

induce the conversion in CD4* T cells to a Treg subtype and hampered anti-
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tumour immunity across various cell types of both innate and adaptive immune
response’6-169 170 E|ycidating the underlying mechanisms, a study of KRAS
mutant lung cancer found that KRAS signalling induced the Nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) signalling cascade
which in turn contributed to IL-6 production'®”. Another study found that IL-6, IL-
10, and TGF-B production was mediated via the MAPK signalling cascade'’°.
Moreover, by employing a murine model of lung adenocarcinoma, it was
discovered that production of CCL9 and IL-23 instructed an immune excluded
TME and abated inflammatory TIL effector functions'”*. Importantly, mutant
KRAS signalling can also supress the response to pro-inflammatory cytokines
such as IFN-y!2172173 ‘Multiple studies have demonstrated that oncogene-
induced suppression of this cytokine can aid immune evasion. Lower responses
to IFN-y can allow cancer cells to downregulate antigen presentation, thereby
exacerbating recognition of neoantigens through cTLs'%®. Lack of IFN-y
stimulation in the TME may also interfere with recruitment- and effector
functions of pro-inflammatory immunocytes. Our group, together with others,
were able to show that IFN-y suppression is achieved through cooperation with
Myc. This is a key transcription factor, residing downstream of KRAS as well as
other cytosolic signalling cascades that can drive various gene expression
programmes, including cell cycle progression 72173, Although it should be noted
that IFN-y can also hamper anti-tumour immunity through negative feedback
loops and promotion of immune suppressive activity 2. Prolonged IFN-y
exposure can also induce upregulation of PD-L1 in cancer cells which, in turn,

can induce T cell exhaustion in the TME33,

Thirdly, mutant KRAS can also drive immune evasion through metabolic
manipulation. For example, oncogenic KRAS induced increase in lactic acid
production was also found to impair T cell function in a pre-clinical colorectal
cancer mouse model'®”. KRAS can also induce upregulation of CD73, a trans-
membrane ecto-5"-nucleotidase, which in turn can increase extracellular
adenosine. High adenosine concentrations in the TME were found to impair T

cell- and NK cell functions'4175_ In a KRAS mutant preclinical model of NSCLC,
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our group also discovered that excessive KRAS signalling can promote
expression of cyclooxygenase-2 (COX2)'"8. This enzyme is involved in the
synthesis of the prostaglandin E2 (PGEZ2) which, when secreted into the TME,
can induce immune-suppressive effects when binding its receptor on pro-

inflammatory immunocytes*3: 176177,

It is also worth mentioning that coinciding loss of function of tumour suppressor
genes (TSGs) can collude with mutant KRAS signalling to exacerbate immune
suppression. The most frequently co-mutated TSGs in KRAS mutant lung
cancer are Trp53, STK11, KEAP1'78. Tp53 is the most commonly mutated
oncogene in human cancer as well as NSCLC. Loss of Trp53 (the mouse
equivalent) function was shown to inhibit IFN-y production and increase
secretion of IL-17, which can, in turn, promote T cell exhaustion and upregulate
expression of PD-L1 and PD-L2. Trp53 loss can further promote the recruitment
and activation of immune suppressive subpopulations through various other
mechanisms'”®. STK11 mutant NSCLC tumours present with a more immune
excluded TME 8%, This was attributed to the suppression of IFN-y and MHC-I|
expression'®', recruitment of neutrophils due to increased release of IL-6'8? and
silencing of pro-inflammatory STING pathway signalling'®3. Similarly, KEAP1
mutant NSCLC tumours were also reported to have a lymphocyte-excluded

phenotype, partially caused through inhibition of interferon response 84185,

Additionally, in lung cancer, the high degree of genome instability and
mutational burden may facilitate immune escape through accelerated cancer
cell diversification during cell division. The cause of this increased mutational
burden can often be attributed to the aberrant expression of so-called
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC)
proteins 8-188_ These are cytidine de-aminases, capable of inducing DNA
mutations as well as contributing to genomic instability through non-enzyme-

mediated mechanisms'89-192,
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1.6 KRAS inhibitors

“Again, the message to experimentalists is: Be sensible but don’t be
impressed too much by negative arguments. If at all possible, try it and see

what turns up. Theorists almost always dislike this sort of approach.”

- Dr. Francis Crick (1996-2004)

1.6.1 The development of KRAS inhibitors

Until recently, targeting mutant RAS proteins directly was deemed unfeasible'®.
This is in part due to the globular structure of RAS proteins, as most allosteric
inhibitors require binding pockets to interact with a target °. Further, the
picomolar affinity of RAS proteins towards their natural substrate, GTP/GDP,

hampered the development of competitive inhibitors'®*.

Previously, targeted therapies for RAS mutant cancer patients instead often
aimed for signalling proteins upstream- or downstream of the mutant RAS
proteins, such as RTK-, Raf-, MEK-, or Erk inhibitors®6. However, the lack of
cancer cell specificity of these drugs exacerbates the definition of a therapeutic
window with tolerable side effects for patients. This is because targeting wild
type forms signalling proteins also affects the growth and proliferation signalling
in healthy stem- and progenitor cell populations that are required for tissue
maintenance. Furthermore, RAS proteins constitute a signalling node with
multiple input- and output links. Inhibition of efferent signalling components may
allow cancer cells to bypass the inhibitors effects through rewiring their
dependency within growth and survival signalling networks3226.1%5_ An additional
complication for therapies targeting upstream activation is that mutant RAS
proteins are less dependent on upstream re-activation compared to wt RAS

proteins which can further impede drug efficacy®®.
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However, excitingly, it has recently become possible to inhibit oncogenic KRAS
variants directly via mutation-specific small molecule inhibitors. The first
functional KRAS G12C inhibitors were pioneered by Kevan Shokat and his
team, employing an elegant small molecule tethering screen®’. Taking
advantage of the KRAS G12C-mutant-specific cysteine residue, compounds
would covalently bind the mutant protein via a thiol-targeting warhead.
Compounds found to inhibit the target protein were then further screened and
modified for desired properties. Protein crystallography of these initial hits
revealed a previously unidentified, binding pocket in the KRAS G12C mutant
protein, referred to as “switch-2 pocket”. The inhibitors would irreversibly bind to
KRAS G12C and subsequently anneal into this groove, thereby stabilising the
protein in its GDP-bound, inactive confirmation%6-6'. Hence these inhibitors are
also referred to as KRAS G12C(OFF)- or inactive-state inhibitors (KRAS
G12C(OFF)i). They were shown to prevent KRAS G12C from activating
downstream-signalling cascades and decrease the viability in an array of KRAS

G12C mutant cancer cell lines in vitro®!.

These first-generation inhibitors were then further optimised, by pharmaceutical
companies. The two compounds KRAS G12C (OFF)i are MRTX849 (a.k.a.
Adagrasib or Krazati), developed by Mirati Therapeutics'® and AMG-510 (a.k.a.
Sotorasib or Lumakras) from Amgen'®”, were the first to received fast track FDA
approval for NSCLC. However, more than 15 other KRAS G12C inhibitors are
currently also undergoing clinical evaluation, some of which have already

entered for phase 3 trials®’.

Shortly after the advancement of KRAS G12C(OFF)i, active-state KRAS G12C
inhibitors (KRAS G12C(ON)i) were developed, exploiting a different
mechanism. These molecular-glue small molecule compounds covalently bind
to the surface of a chaperone, Cyclophilin A. Thereby re-modelling its surface
and creating a neomorphic interphase with a high binding-affinity towards KRAS
G12C in its active, GTP-bound conformation'®®. The resulting, covalently linked,

tri-complex then prevents mutant KRAS proteins from interacting with
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downstream effectors through steric hinderance. Inhibiting KRAS G12C in its
active conformation, may allow for a more rapid and direct disruption of the
growth and survival signalling in cancer cells. The first-generation active-state
KRAS G12C inhibitor is referred to as RMC-4998 and is the drug used
throughout experiments in this project. However, more recently, further
optimisation has led to a second-generation inhibitor, referred to RMC-6291,

which has also entered early clinical testing '°°.

The advantage of covalent, mutant-specific inhibitors is their unique ability to
irreversibly stabilise mutant KRAS in a non-functional state. In addition, due to
the specificity to the mutant protein, some drugs in this line of therapies may
qualify for a higher therapeutic index, as, in theory, healthy cells are left
relatively unimpeded. After the initial ground-breaking research of turning G12C
mutant KRAS into a druggable target, inhibitors targeting other RAS mutations
are currently also in various stages of development and clinical testing 222,
This includes similar inhibitors targeting KRAS G12D, -G12R, -G12S and -G12V
-, as well as -G13C and -Q61H mutations 2°'-293_ |n addition, a mutant specific,
bifunctional protein degrader targeting KRAS with a G12D mutation has also

been developed?%4.

Another group of compounds, referred to as pan-KRAS inhibitors target both, wt
KRAS and a range of mutant KRAS proteins. These non-covalent inhibitors
bind preferentially to GDP-bound KRAS and do not inhibit NRAS or HRAS?%,
Another, newer variant of pan-KRAS protein degraders are also being
assessed?®. Furthermore, Revolution Medicines has pioneered a RAS
multi(ON) inhibitor, capable of also inhibiting the NRAS and HRAS isoforms,
that is now entering clinical testing 207-2°°. However, these inhibitors also exert
KRAS inhibition in a wide range of healthy somatic cells, which might hamper
the therapeutic window for these drugs. Additionally, RAS signalling was found
to play an important role in a variety of immune cells, including T- and B
cells?'9211 Pan-RAS inhibitors might hence present an additional caveat of

compromising anti-tumour immunity. The advent of targeted therapies capable
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of inhibiting mutant KRAS proteins directly opens a new avenue for improving
patient care. However, the range of efficacy and mechanism of action of these

compounds are still in earlier investigation stages.

1.6.2 Inhibition of oncogenic KRAS signalling can alleviate immune

suppression in the TME

Oncogenic KRAS not only drives cancer cell-intrinsic survival- and proliferation
signalling, but also has a profound effect on remodelling the TME towards an
immune-evasive state. Hence, inhibiting KRAS G12C was found to not only Kkill

tumour cells directly but to further reverse immune suppression in the TME.

When Canon et al. developed the Sotorasib compound, they also performed an
array of experiments to evaluate this inhibitors effects on the TME of preclinical
mouse models'®. In respective in vivo studies, mice were engrafted with
xenografts of human pancreatic or lung cancer cell lines. By administering
Sotorasib treatments, some complete responses were generated. After these
mice had remained tumour free after the end of treatment period, they were
rechallenged by injecting isogenic KRAS G12D mutant cancer cells on the
opposite flank. Intriguingly, some mice were able to immune reject these cancer
cells, indicating the formation of an immune memory response. When
assessing the immune cell composition of the TME from Sotorasib treated mice,
the group found an increase in CD8* T cells and antigen presenting cells, as
well as an increase in IFN-y response in subsequent experiments. Mugarza et
al also investigated the effects of KRAS G12C inhibition in a variety of NSCLC
mouse models of varying degrees of immunogenicity. It was found that KRAS
G12C inhibition restores IFN-y signalling in cancer cells through the
suppression of Myc output. Subsequently, a reduction in several immune
suppressive subpopulation, as well as an increase in CD8" lymphocytes was
observed. Additionally, antigen presentation machinery in KRAS G12Ci-treated
cancer cells was upregulated’”2. Tumour regression was found to be more

pronounced in immune competent mice, compared to immune compromised
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animals, further empathising the precedence of restoring oncogenic KRAS-
rescinded antitumour immunity?'2. Employing another KRAS mutant murine
lung cancer model, treatment with Sotorasib successfully decreased aberrant
CDA47 expression in tumour cells. Thereby restoring innate anti-immunity
through SIRP1a-mediated immune surveillance by macrophages'®®. Another
study, utilising human xenograft models as well as KRAS-mutant GEMMs, also
observed that Adagrasib treatment resulted in an increase of MHC-| expression
on cancer cells, as well as favourable changes in immune cell populations
present in the TME. This included a decrease in MDSCs as well as an increase
in M1-polarised macrophages, DCs and T cells immunocyte composition after
Adagrasib treatment. Further, synergy of Adagrasib- and a-PD-1 treatment in
their preclinical mouse models were observed, resulting in durable treatment
responses?'3. Further, improvement of anti-tumour immune responses upon
KRAS inhibition, coinciding with complete responder mice have been observed
in RAS-mutant mouse models of lung-, pancreatic- and colorectal
cancer'72197.212.214215_gayeral other studies conjointly found that KRAS G12Ci
treatment can sensitise tumours to immunotherapy 197:212.213.216_However, the
overall state of the TME prior to KRASi may play a role in the efficacy of G12Ci
in alleviating immune suppression. For example, one study recently conducted
by our group, found that KRAS G12C(ON) inhibitors were able to improve

response to immunotherapy in immunologically hot but not cold model?®.

A pivotal aspect in the formation of an inflammatory response is the spatial
organisation and distribution of immunocytes throughout the TME. How deep
pro-inflammatory lymphocytes can infiltrate into the tumour also seems to play a
role in therapy response. Preclinical studies by our group employed imaging
mass cytometry (IMC) to explore the alteration KRAS G12C(OFF) inhibitors
MRTX1257 and MRTX8492'7 2'8 induced in the tumour microenvironment of
3LL-derived murine lung tumours. They found an increase in antigen-presenting
macrophages as well as an increase in the infiltration depth of T cells, which
were mostly restricted to the outer tumour perimeter in vehicle treated tumours.

Furthermore, neighbourhood analysis revealed an increase in cTLs-DCs-
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clusters in the TME of treated samples. Of note, KRAS G12C inhibition was
also reported to increase infiltration of Tregs in the TME, pointing to an
ambivalent role of the inhibitor in TME remodelling'72:197:218219 TME remodelling
has also been observed with KRAS G12D inhibitors in mouse models of
pancreatic cancer?'#220. Two studies found that KRAS G12C inhibition
increased the number of tertiary lymph node structures (TLSs) '8 in the
KPAR1.3 model mouse model %2212, TLSs have been identified as a prognostic
factor for improved survival and prediction for response to checkpoint inhibitors
in solid tumours of preclinical models and cancer patients''3116.221 |mportantly,
the increase of TLSs also indicated an improvement in humoral B cell

responses and tumour-binding antibodies %2.

1.6.3 KRAS G12C inhibitors in the clinic

In initial in vitro and in vivo experiments with the KRAS G12C(OFF)i Adagrasib
and Sotorasib, both drugs showed potent inhibition of KRAS-downstream
pathways and tumour regression in KRAS mutant cancer mouse models 96197,
This incentivised clinical testing of these drugs for patients with KRAS mutant
cancers. While early clinical testing for KRAS G12C mutant pancreatic 22%223-
and colorectal cancer 224225 were less successful, several NSCLC patients
achieved overall favourable objective response rates at doses with tolerable
side effects. Of note, patients from phase 1 and -2 clinical trials had often
undergone- and failed on previous rounds of other therapies, possibly having
developed increased resilience to KRAS G12Ci through therapy cross-
resistance. Nonetheless, propitious results in phase 1 and phase 2 clinical trials
for both Sotorasib 197226 227 gnd Adagrasib 96 228229 |ed to accelerated FDA
approval of both drugs for treatment of NSCLC. In the CodeBreak trials, the
median progression-free survival interval for NSCLC patients receiving
Sotorasib was 6.3 months 2?7, in the KRYSTAL trials for Adagrasib, it was
estimated at 6.5 -7.4 months 223.229.230_|n subsequent phase 3 clinical trials, the
majority of NSCLC patients initially responded quite well. However, the recently

concluded phase 3 clinical trial for Sotorasib revealed that responses were
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often not durable, with no overall survival advantage compared to conventional

chemotherapy with Doxatel?3?.

As KRAS G12C(ON) inhibitors were developed a few years later, clinical testing
hasn’t yet advanced as far. However, early clinical data indicates that most
patients treated with RMC-6291 show an initial treatment response'99232,
Intriguingly, this also held true for most patients which had previously been
treated with- and developed resistance towards KRAS G12C(OFF) inhibitors
199 However, long term clinical data on this group of inhibitors has not yet

become made available.
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1.7 KRAS G12C inhibition can lead to development of drug

resistance

"It is not the strongest that survive, nor the most intelligent, but the ones

most responsive to change."

- Charles Darwin (1809-1882)

As is often the issue with lines of targeted therapy administered as
monotherapy, cancer cells can often bypass inhibitor mechanisms and, rather
rapidly, develop drug resistance. This also holds true for KRAS G12Ci, where
tumours were found to circumvent the drugs’ effects through various

mechanisms33,54,233-235_

First, KRAS G12Ci-resistance can evolve through bypass signalling, via the
acquisition of further mutations or genomic re-arrangements. Several
independent studies investigated circulating tumour DNA (ctDNA) of NSCLC
patients that stopped responding to KRAS G12Ci?%6-238_ |t was discovered that
several patients presented with, sometimes sub-clonal, gain-of-function
mutations or amplifications in the genes encoding for other proteins in the
KRAS signalling pathways. This included proteins upstream of KRAS G12C,
such as the RTKs Anaplastic lymphoma kinase (ALK), fibroblast growth factor
receptor (FGFR) and Hepatocyte growth factor receptor (HGFR) and
rearranged during transfection (RET). Proteins situated parallel to KRAS, such
as NRAS, as well as downstream signalling proteins such as BRAF, MAP2K1,
RAF could also be mutated. Additional loss of function mutations in the TSGs
PTEN and NF1 was also observed. Moreover, further mutations, in the KRAS
G12C protein itself were also detected. In some patients the mutant cysteine at
amino acid (AA) 12 was converted to a different oncogenic mutation, preventing
engagement of the cystein-specific warhead of the KRAS G12C(OFF)i.
Interestingly, a few patients had instead acquired a novel secondary mutation in

the region of the switch-Il pocket at AA H95 or Y96, which prevented the small
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molecules from annealing effectively. This was also observed in an in vitro
screen, where Ba/F3 cells were treated with Adagrasib which resulted in
secondary mutation sites in KRAS G12C included G12D/R/V/W, G13D, Q61H,
R68S, HI5D/Q/R, Y96C?*. In similar studies with KRAS G12C(OFF) inhibitors,
Sotorasib?®® and AZ'803724° further mutation sites in mutant Ras proteins as

well as on the RAS signalling pathway were found.

A second route of resistance development to KRAS G12Ci appears to be the
overexpression of wt- or mutant KRAS itself or overexpression of other pathway
components. For example, Xue et al. found that in various NSCLC lines KRAS
G12C inhibition using KRAS G12C(OFF) inhibitor ARS-1620 lead to
upregulation of growth factor EGF within the cancer cell compartment. It was
also found that KRAS G12C amplification as well as upregulation of Aurora
kinase A can rescue KRAS signalling output?*'. In contrast, Ryan et al. found
that an RTK-modulated increase in activation of the wt KRAS protein,
expressed from the second allele, may play a role in pathway re-activation, as
KRAS G12C-inhibitors are mutant specific drugs. This was observed upon
KRAS G12Ci with ARS-1620 or AMG510 in their panel of KRAS G12C mutant
cell lines'%. In another study this group discovered that MAPK pathway
feedback re-activation could also be achieved through the RTK-mediated
activity increase of the NRAS and HRAS isoforms?#2. Several studies also
found that upregulation of growth factor receptors upstream of KRAS G12C can
lead to a survival advantage in the cancer cell compartment!95:238.243.244 GSince
KRAS G12C retains relatively high intrinsic GTPase function, this particular
mutation can lead to higher dependency on upstream activation signalling. In
addition to an increase in protein activation, amplification of pathway

components downstream of KRAS G12C were also observed?36:237.245,

A third group of compensatory mechanisms to evade KRAS G12C inhibitor
stems from changes in expression profile of genes not directly related to
oncogenic signalling. For example, Adachi et al. found that cancer cells can

gain resilience to KRAS G12Ci by undergoing epithelial to mesenchymal
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transition?48. A different work demonstrated that tissue factor, a transmembrane
glycoprotein which is often overexpressed in NSCLC patients, can aid KRAS
G12Ci resistance by promoting epithelial to mesenchymal transition (EMT) as
well as hampering anti-tumour immunity?3>. Another study showed that knock-
down of KRAS G12C in pancreatic cancer cell lines leads to upregulation of
metastasis-associated genes in a subset of viable cells?4’. Further, it was
discovered that knock down of KRAS G12C in pancreatic cancer cell lines lead
to an increase in focal cell adhesion, as an adaptive strategy?*®. An increase in
cell adhesion, via overexpression of the integrin ITGB4 was also observed by
Mohanty et al., indirectly aiding bypass signalling via the AKT/mTOR axis. This
group further found that chronic Sotorasib treatment induced an aberrant
increase in wnt signalling®*®. Several studies also found that increased activity
of the YAP signalling pathway can act as a compensatory mechanism in cancer
cell to overcome the effects of KRAS G12C inhibition%%-22. Moreover, Xue et
al. found that another mechanism of avoiding KRAS G12Ci-induced cell death
was for cancer cells to enter a quiescent, but viable state during treatment?*'.
Development of resistance to KRAS G12Ci was further associated with immune
evasion?** which might impede the efficacy of certain lines of subsequent
therapies. Due to the exceptionally high mutational burden found in NSCLC®8, it
is also possible that the resulting genome instability may further accelerate the

development of KRAS C12Ci resistance.
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1.8 Overcoming resistance development to KRAS G12C

inhibitors

“Almost all aspects of life are engineered at the molecular level, and without
understanding molecules we can only have a very sketchy understanding

of life itself.”

- Dr. Francis Crick (1996 — 2004)

Due to a variety of compensatory mechanisms, tumour cells can evolve to
become drug-resistant to targeted inhibitors, especially when administered as
mono-therapy. There are different strategies to overcome- or prevent the
development of drug resistance, one being the combination of treatments to
prevent bypass signalling in cancer cells. Combinations can either be designed
to reinforce inhibition of the oncogenic signalling®’, or to encroach on cancer
cells from different angles, exploiting distinct selective vulnerabilities, such as
combining pathway inhibition together with reenforcing anti-tumour immunity or

cancer metabolism 253,

Reinforcing inhibition of oncogenic signalling can be achieved via different
routes. First, vertical pathway inhibition targets proteins within the same
oncogenic signalling axis, situated either upstream or downstream of oncogenic
KRAS. One strategy for inhibiting upstream signalling is to target RTKs,
especially since it was shown that KRAS inhibition alleviates negative feedback
circuits, leading to an upregulation of RTK expression or activity 254, This
strategy has been perused in colorectal cancer, where KRAS G12Ci in
combination with EGFR-targeting antibodies has shown overall improved
survival compared to standard of care treatment??4225. However, the FC region
of therapeutic antibodies targeting the EGFR receptor might also contribute to
additional immune modulatory effects through opsonisation. A disadvantage of
targeting RTKs is their redundancy, as cancer cells may achieve bypass

signalling through expression of alternative growth factor receptors.
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Another more universal approach for inhibiting upstream signalling is to target
the proteins associated with the cytosolic domain of activated RTKs that are
directly involved in KRAS activation such as SHP2 and SOS12%5-257, SHP2 is a
bifunctional protein, acting as both, a phosphatase and a scaffold protein
involved in the RTK complex-mediated KRAS activation. SHP2 effector
functions are regulated via structural conformation of the protein, altering
between a more compact, inactive- and more open, functionally active form.
The recently developed SHP2 inhibitors stabilise SHPZ2 in its inactive state,
thereby preventing its interaction with the phosphorylated sites on the cytosolic
domains of RTKs2%8:25%, SHP2 inhibition (SHP2i) was found to inhibit RAS
cycling, induce cancer cell killing, and even to resensitise various preclinical
tumour models to targeted therapies 25%:257.260.261 Combination of KRASi and
SHP2i may also prevent potential overexpression of the wt KRAS isoform and
other compensatory feedback loops'%® 216, SHP2 inhibitors as well as SOS1
inhibitors have entered clinical testing®”-261262 however, early trials are still
ongoing. Inhibition of these targets provides the advantage of curbing KRAS
reactivation in a more universal manner compared to inhibiting a particular RTK.
However, certain versions of oncogenic KRAS proteins are overall less
dependent on upstream reactivation, as their mutation entails both, impaired

GAP binding and corrupted intrinsic GTPase activity.

To counteract prolonged activation of mutant KRAS proteins as well as
compensatory overexpression of wt KRAS from the second allele, another
strategy is focal pathway inhibition. This encompasses the combination of
KRAS inhibitors with different effector functions, for example, combining KRAS
G12C inactive-state inhibitors with KRAS active state or pan Ras inhibitors 2°7.
However, tumour cells can still achieve bypass signalling by acquisition of

additional mutations in proteins downstream of oncogenic KRAS.

Hence, a third route for vertical pathway inhibition is to target signalling proteins
situated downstream of mutant KRAS. MEK and ERK inhibitors have already
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been tested in combination with KRAS G12C(OFF)i in pre-clinical trials'®".
Another option for combination treatments might be BRAF inhibitors23,
although they have not yet been tested in combination with KRAS inhibitors in
the clinic. Further, mTOR inhibitors are also being investigated 196:254.264,
Moreover, the transcription factor Myc, which is downstream of ERK, may
provide a target, holding the prerogative of being a central regulator in
conveying the output of cytosolic signalling cascades to the nucleus and
activating respective transcriptional programmes. In KRAS mutant murine
cancer models, it was found that Myc inhibition?®® or degradation?32-233

restrained disease progression.

However, a pivotal caveat of combining two targeted inhibitors is defining a
therapeutic window with tolerable toxicity levels. This is especially important for
inhibitors not specific to mutant proteins, as these drugs inhibit the proliferation
of healthy somatic stem cells, thereby impairing tissue maintenance and
function. Further, certain drugs, such as pan-Ras inhibitors may also induce
nocuous effects on immunocytes by impeding their Ras-mediated activation
signalling required for delivering anti-tumour immunity. Even the first generation
of clinically approved KRAS G12C(OFF) inhibitors, which are allegedly mutant-
specific, were found to induce high levels of hepatotoxicity in some patients
266,267 This was speculated to be related to inhibitors also targeting cysteine
residues in other proteins as well as increased accumulation of drug conjugated

peptides in the liver®.

A fourth stratagem is the combination of two therapies that target distinct cancer
cell intrinsic vulnerabilities. This multi-pronged approach can compound the
ontogenesis of bypass signalling, allow for dose reduction of toxicity-prone
agents and may even bestow synergistic treatment corollaries. For example, by
targeting growth- and survival signalling while also inducing DNA damage via
chemo- or radiotherapy. More experimental ideas may include to co-target
protein degradation?%®, autophagy?6® 269270, cell cycle progression'96-271 or

cancer metabolism268.272,
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A fifth avenue for combination treatments with oncogenic KRAS inhibitors is to
leverage immunity against cancer. This may be a particularly auspicious
accession, because tumours are dynamic entities which can evolve to evade
selection pressures. Hence, static therapy regimes may exacerbate treatment
responses and increase malignancy over time, ultimately driving patients to a
point of terminal disease. However, the immune system likewise comprises a
formidable and adaptable regime, capable of contesting an evolving
malignancy. Moreover, fostering immune memory may provide long term
treatment benefits, preventing disease relapse by combatting persisting residual
cancer cells or micro metastasis. One strategy for bolstering the immune
system are lines of immunotherapy, where a wide range of treatment lines are
being advanced 273-27%, These include cancer vaccines, oncolytic viruses,
adoptive immune cell transfer, CAR-T cells, monoclonal antibodies that target
cancer cell epitopes, as well as administration of other immune-stimulatory
agents, such as interleukins. Another type of immunotherapy are therapeutic
antibodies that function as immune check-point blockers (ICB). They bind- and
sterically obstruct access to immune-regulatory proteins such as PD-1, PD-L1,
or CTLA4, enhancing anti-tumour immunity by preventing immune exhaustion
22,268 276,277 Unfortunately, only a subset of NSCLC patients respond to ICB
when administered as monotherapy with the underlying factors determining
therapy response remaining only partially understood 278-282 283 However,
multiple studies across different KRAS G12C mutant preclinical cancer models
suggested synergistic treatment benefits of combining KRAS G12Ci with ICB
172197,212,213.216 |ndeed, combination treatments achieved greater disease
control, more complete responders and enhanced immune memory. Another
interesting approach for bolstering anti-tumour immunity is by employing the
aforementioned SHP2 inhibitors, as SHP2 is a pleiotropic drug target 255284, In
cancer cells, SHP2i can reinforce inhibition of the oncogenic KRAS signalling
pathway. However, SHP2 is also present in the signalling cascades of various
immunocytes and other cell types found in the TME. For example, SHP2 is a

downstream effector protein of the PD-1 signalling complex in T cells. It was
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found that SHP2i in T cells can prevent T cell exhaustion and promote anti-
tumour immunity2°°. A shift from M2- to M1 macrophages in the TME upon
SHP2i has also been observed 256284 Here, SHP2i was found to act in
conjunction with the colony stimulating factor receptor (CSFR), as well as
SIRPa-, and Siglec-1-mediated signalling cascades. Additionally, a
normalisation or reduction of in tumour vasculature has also been reported
which may have been induced through SHP2i in the VEGF-signalling pathway
of endothelial cells?®5286, There are currently several ongoing clinical trials,
investigating combination treatments with KRAS G12Ci. The two most common
drugs currently tested for dual therapies are CPI or SHP2i, but long-term

survival data is not yet available 37287
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1.9 Project rationale

The recently developed lines of therapy targeting mutant KRAS proteins hold
the potential to reshape the treatment landscape for many cancer patients with
respective driver mutations. The direct and specific inhibition of oncogenic
KRAS signalling enables the exploitation of a selective vulnerability within
cancer cells while leaving other healthy dividing cells relatively unimpeded;
thereby allowing for high treatment efficacy while reducing side effects.
However, experimental work as well as evaluation of clinical responses
revealed that rewiring of oncogenic signalling circuits and acquisition of further
mutations enables these cancers to, often rapidly, develop treatment
resistance. For example, clinical data from the recently approved KRAS G12C
inhibitor, Sotorasib, showed a median progression free survival in non-small cell
lung cancer of approximately 7 months, providing no overall survival advantage

compared to conventional chemotherapy 23'.

In this project, we want to investigate therapeutic strategies that can combat the
development of KRAS G12Ci resistance in lung cancer (Figure 1.6). We aim to
achieve this by bolstering an anti-tumour immune response, capable of
recognising a pan-cancer-cell-archetype, thereby also enabling the elimination
of tumour sub-populations that do not respond to targeted therapy directly.
Human NSCLC is characterised by an exceptionally high mutational burden
compared to other cancer types . On one side the multitude of abnormalities
may facilitate immune recognition, while the high degree of genome instability
may aid accelerated evolution of immune evasion®®® and drug resistance. A
limitation of conventional genetically engineered mouse models (GEMMs) of
lung cancer is the oversimplified induction of carcinogenesis. Often achieved
via a tissue specific knock out of a TSG, in combination with induced
expression of an oncogene. Therefore, traits related to immunogenicity or

therapy responses may become distorted in ordinary GEMMs of NSCLC.
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To overcome this limitation and provide a clinically relevant setting, we are
employing an immunologically hot NSCLC cancer cell line, which was recently
established by our group '?2. It was derived from a GEMM that, in addition to
inducible KRAS G12D expression and p53 deletion, further expresses a human
APOBEC enzyme under the Rosa26 promoter in an immune-compromised
Rag1 k.o. mouse strain (KPAR). The KPAR1.3 cell line was established from a
resulting lung tumour and found to give rise to highly immunogenic tumours
when re-engrafted in immune competent mice. Unexpectedly, it was discovered
that the immunogenicity of this cell line was mostly contributed to by the
aberrant expression of retroviral protein EMV2, rather than APOBEC-induced
mutations 22212 A further derivative of the initial KPAR1.3 KRAS G12D mutant
cell line had been established through Cas9-mediated conversion to a KRAS
G12C mutation.

To mimic the emergence of drug resistance in tumours, we developed a model
with reporter-traced, co-engrafted isogenic KRAS G12C- and G12D-mutant
KPAR1.3 lung cancer cells. In this model the KRAS G12D mutant cells are
inherently resistant to G12Ci. Therefore, we imitate one of the resistance
mechanisms observed in patients, where, under selection pressure of G12C
inhibition, further, sub-clonal mutations in the oncogenic KRAS protein prevent

binding of the inhibitor though steric hinderance 23'.

Then, first the effects of KRAS G12Ci as monotherapy were tested, assessing
induction of cell death and alleviation of immune suppression in the G12C
mutant responsive cancer cells. Next, synergistic treatment effects of combining
KRAS G12Ci with SHP2i and/or immune-therapeutic antibody a-PD-1 were
investigated. Both additional therapies were found to foster an anti-tumour
immune response 255261284,289-291 Here, we were able to generate complete
responses in mice and assessed the presence of long-term immune memory
against cancer cells. The presence of which may indicate benefits contributing

to long term survival in patients. Moreover, underlying mechanisms contributing
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to immune-mediated recognition and elimination of cancer cells were

investigated, employing a multi-omics-based approach.

Understanding how combination treatments can be employed to promote
bystander killing of resistant tumour cell sub-populations could contribute to

combating the development of therapy resistance in patients.
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Figure 1.6 Schematic of project rationale. Left: tumour comprised of KRAS G12Ci-responsive
KRAS G12C (blue/BFP*)- and KRAS G12Ci-resistant KRAS G12D (green/Luc-eGFP*) mutant
KPAR1.3 cells, indicative of a tumour during the development of drug resistance. Purple cells
indicate exemplary immune cell populations indicative of an immunologically cold TME in an
established tumour: Treg: CD4* T-regulatory cell, MO: monocyte, M2 MP: macrophage
presenting with an alternatively activated type 2 phenotype, MDSC: Myeloid-derived suppressor
cells: a heterogeneous collection of, often immature, myeloid cells, capable of supressing anti-
tumour directed T cell responses. Middle: Panel indicated therapy-induced cancer cell killing as
well as - conversion to an immunologically hot TME. Orange cells indicate exemplary anti-
tumour-oriented immune populations: CD8* T: CD8* cytotoxic T cell; NK: natural killer cell; M1
MP: macrophage presenting with an anti-tumour directed, pro-inflammatory phenotype, DC:
Dendritic cell. Right: Tumour regression achieved through synergistic treatment effects, capable
of bolstering an ani-tumour immune response.
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Chapter 2. Materials & Methods
2.1 Cloning strategy for reporter-encoding plasmids

Two lentiviral plasmids, pLARRY-eGFP?°? (Plasmid #140025, addgene) and
pFUGW-FerH-ffLuc2-eGFP?% (Plasmid #71393, addgene), were purchased as
bacterial stabs, then amplified and purified using the EndoFree Plasmid Maxi
Kit (QIAGEN, cat. no. 12362). To convert the enhanced green fluorescent
protein eGFP in the pLARRY-plasmid to enhanced blue fluorescent protein
(eBFP), two separate nucleotides in the coding sequence were altered by site-
directed mutagenesis using the In-Fusion Snap Assembly Master Mix (TaKaRa,
cat. no. 638947) kit and protocol together with the custom primers listed below
(Synthesised by Sigma Custom DNA Oligo Synthesis;

Table 2.1).

Conversion of AA Strand Sequence [5’-3’]

Fwd ccctgacccacggcegtgcagtgcttcag
Tyr67 to His

Rev cgccgtgggtcagggtggtcacgagg

Fwd gtacaacttcaacagccacaacgtctatatcatg
Tyr146 to Phe

Rev ctgttgaagttgtactccagcttgtgccc

Table 2.1 Oligos for site directed mutagenesis.

For the PCR rolling cycle amplification step in the protocol provided with the In-
Fusion Snap Assembly Master Mix, the following conditions were used (Table
2.2).

Step PCR cycles Temp [°C] Duration [s]

Initial Denaturation - 95 180

25 cycles Denaturation 95 30

of PCR amplification Annealing 66 15
Elongation 72 45

Final elongation - 72 300
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Table 2.2 PCR conditions rolling cycle amplification.

Edited plasmids were then re-transformed in Stbl2 E. coli using a standard
heat-shock protocol. Here, 50 pl of the bacteria suspension was thawed on ice
for 10 min, 500 ng of plasmid was added, and bacteria were incubated on ice
for another 20 min. Successively, bacteria were heat shocked by incubation at
42°C for 45 s and placed back on ice for another 3 min. Next, 1ml of Lysogeny
broth (LB), a common media for growing bacteria, was added, and cultures
were incubated in a heat block at 37°C and 200 rpm for 40 min. Colonies
containing the plasmid were then selected for by spreading the bacteria
suspension agar plates containing 50 ug/ml ampicillin and incubating respective
plates at 30°C for 18 h. Resulting colonies were then picked from agar plates
into culture tubes containing 4 ml LB-media containing 50 pg/ml ampicillin and
amplified in a shaking incubator at 30°C and 200 rpm for 12-16 h. Plasmids
were purified for downstream applications using the QlAprep Spin Miniprep Kit
(QIAGEN, cat. no. 27104).

Next, a distinct barcode was also cloned into the C-terminal end of the
fluorophore-encoding sequence for both pLARRY eGFP and pLARRY eBFP.
This was done utilising the Gibson Assembly Cloning Kit (NEB, cat. no.
E5510S) with protocol (NEB, E5510) and the following barcode fragments
(Synthesised by Sigma Custom DNA Oligo Synthesis; Table 2.3).

Barcode (BC) Strand Sequence [5°-3’]

Fwd gtaaccgttgctaggagagaccataGCGCTCGCGCGATATAACTC
sGFP_BC Rev GAGACTTAGTACCTAGGTGTtgtctagaggatccgatatcgccac

Fwd gtggcgatatcggatcctctagacaACACCTAGGTACTAAGTCTC
eGFP_BC Rev GAGTTATATCGCGCGAGCGCtatggtctctcctagcaacggttac

Table 2.3 Barcode sequences.
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In the DNA sequences above, lower case letters indicate sequences
overlapping with plasmid backbone and capital letters indicate the barcode

sequence.

The eGFP-encoding sequence in the pFUGW-FerH-ffLuc2-eGFP plasmid was
also cloned out to generate a plasmid encoding only a luciferase reporter. This
was achieved via restriction digest with the enzymes Bam-HI and Xho-| which
cut on the 5" and 3’ end of the eGFP encoding sequence on the plasmid
respectively. To re-ligate the pFUGW-FerH-ffLuc2 plasmid, a short linker
sequence was introduced (Synthesised by Sigma Custom DNA Oligo
Synthesis; Table 2.4), which contains complimentary restriction sites and was

also digested with both enzymes.

Oligo-linker Strand Sequence [5’-3’]

fiLuc-only fwd aaaaggatccatagtaaccaactttcttgtacaaagttgtgatgatccaatctcgaggggg

rev ccccctcgagattggatcatcacaactttgtacaagaaagttggttactatggatcctttt

Table 2.4 Linker oligonucleotide sequences.

The plasmid backbone and linker fragment were re-ligated at a 1:10 molar ratio
using the Quick Ligation™ Kit (NEB, cat. no. M2200S) and protocol (NEB,
M2200). Successful alteration of the plasmid sequences at each of the cloning
steps was confirmed using the sanger sequencing service at GENEWIZ with
the primers listed below (Synthesised by Sigma Custom DNA Oligo Synthesis;
Table 2.5).

Primer Sequence [5’-3’]
Tyrosine to Histidine confirmation gcgacgtaaacggccacaagtt
Tyrosine to Phenylalanine confirmation tccaggagcgcaccatcttctt
Barcode integration confirmation tgagcaaagaccccaacgag
eGFP deletion confirmation atgtggccagccaggttacaac

Table 2.5 Sequencing primers confirming nucleotide substitution.
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2.2 Cell culture

Cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
cat. no. 41966052) with added 10% FCS, 1.5% Glutamine, 1%
Penicillin/Streptomycin (P/S). For propagation, cells were dissociated by
washing once with DPBS (Gibco, cat. no.14190144) and successively
incubating in Trypsin solution (Gibco, cat. n0.25200072) for 2-5 min at 37°C.

Digestion was stopped by re-suspending cells in culture media.

To establish new primary cell lines from tumours, dissected tumour tissue was
either placed directly into a culture dish or tissue was mechanically and
enzymatically dissociated prior to culturing using a tumour dissociation kit
(Miltenyi Biotec, cat. no. 130-096-730). Resulting cultures were then cultivated
using DMEM-F12, supplemented with 10% FCS, 1uM Hydrocortisone, 20 ng/ml
EGF, 50 ng/ml GF and 1% PS. In addition, KRAS G12C inhibitor resistant
subpopulations were selected continuously culturing respective cultures with a
low concentration of the KRAS inhibitors as indicated in respective experiments

in the result section.

2.3 Generation of reporter-traced lines

To transduce KPAR1.3 lines?®* with reporter constructs, lentivirus was produced
by co-transfecting HEK293T cells with the reporter-encoding lentiviral plasmids
pLARRY-eGFP, pLARRY-eBFP, pFUGW-FerH-ffLuc2-eGFP, or pFUGW-FerH-
fflLuc2, together with packaging plasmids pCMV-dR8.2 and pCMV-VSV-G using
the jetPRIME® transfection kit (Polyplus, cat. no. 101000015). After 48 hours,
virus-containing supernatant was collected and filtered using a 0.45 um filter.
KPAR1.3 were infected in 6 well plates via spinning infection (add virus-
containing supernatant to 6 well plates with cells, spin plates in centrifuge at
600 rpm for 90 min at RT). Cells expressing the fluorescent reporter proteins

were then single cell cloned in 96 well plates using FACS.

68



Chapter 2 Materials and Methods

2.4 In vitro assays for screening KPAR1.3 subclones

For growth-rate-, viability-, and luciferase activity assays, to screen KPAR1.3
sub-clones, cells were plated into cell culture-treated 96 well plates with 1500
cells in 100 pl of standard cell culture media, as described above in cell culture

techniques.

2.41 Viability assays

For viability assays, the KRAS G12C inhibitor MRTX849 (Mirati Therapeutics),
MEK inhibitor Trametinib (Selleckchem), and SHP2 inhibitor RMC-4550
(Revolution Medicines) were added to the wells in the 96 well plate in a serial
dilution as indicated in respective experiments. Drug-response was then
measured by adding 5 pl CellTiter-Blue® (Promega, G8081) to all wells,
incubating plates for 90 min at 37°C, and measuring colour shift using the

EnVision® 2105 multimode plate reader (PerkinElmer).

2.4.2 Growth-rate assays

For growth-rate assays, 96 well plates were transferred to an S3 IncuCyte
(Satorius) immediately after plating and wells were imaged at 20 x magnification
at a 6h interval for upto 5 days or until confluency was reached. Confluency
over time was determined using the appurtenant S3 Live-Cell Imaging &

Analysis Software (Satorius).

2.4.3 In vitro luciferase assays

In vitro luciferase activity of pertinent KPAR1.3 subclones was determined using
the Pierce™ Firefly Luciferase Glow Assay Kit (Thermo Fisher, cat.no 16176),
following the manufacturers’ protocol. Here, bioluminescence was measured
employing an EnSight® multimode plate reader and corresponding software
(PerkinElmer).
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2.5 Time course assays

30,000 KPAR1.3 cells were plated in 6 well plates and treated with inhibitors as
indicated in respective experiments. Inhibitors were added to respective wells

48 h, 24 h, or 6 h prior to sample extraction. For the “0 h” time point, DMSO was
added as a negative control. Prior to RNA- or protein extraction, plates were sat

on ice and wells were washed once with pre-chilled PBS.

2.5.1 Western blots

For protein extraction, cells were lysed using cell lysis buffer (Cell Signalling,
cat. no. 9803) supplemented with cOmplete EDTA-free Protease Inhibitor
Cocktail (Sigma, cat. no. 4693159001), 25 mM NaF, and 1mM PMSF. Cell
lysates were scraped off wells and spun down in a table centrifuge at 15,000
rpm for 15 minutes at 4°C. The protein concentration in the supernatant was
then determined using the DC protein assay kit (Bio-Rad, cat. no. 5000111) and
normalised across samples. 20 ug of protein were then prepared with 4x
NuPAGE LDS Sample Buffer (Thermo Fisher, cat. no. NPOOO7 ), separated on
NuPAGE 4-12% Bis-Tris protein gels (Thermo Fisher, cat. no. NP0335BOX) and
thereafter transferred to PVDF membranes (Merck Millipore, cat. no.
IPFLO0010). These were incubated with primary antibodies, targeting the
proteins of interest (Table 2.6), and successively appropriate HRP-conjugated
secondary antibodies. Lastly, protein expression was visualised via
bioluminescent signal intensity, using Immobilon Western HRP substrates
(Merck, substrates for various chemiluminescence intensities) and Hyperfilms
(GE healthcare, cat. no. 28-9068-37).

Target Company Cat. no.
Vinculin Sigma-Aldrich V9131
AKT Cell Signalling 2920
PAKT (S473) Cell Signalling 4060
ERK Cell Signalling 9107
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pERK1/2 (T202/Y204) Cell Signalling 9101
S6 Cell Signalling 2317
pS6 (Ser235/236) Cell Signalling 2211

Table 2.6 Western blot antibodies.

2.5.2 qRT-PCRs

For RNA extraction, 350 ul RLT lysis buffer (Qiagen, cat. no. 79216)
supplemented with 1:1000 2-Mercaptoethanol (Sigma Aldrich, cat. no. M6250-
100ML) was added to each sample and samples were scraped off wells. RNA
was then extracted using the RNeasy Mini Kit (Qiagen, cat. no. 74106). RNA
concentration was then measured using the NanoDrop 2000 UV Visible
Spectrophotometer (Thermo Scientific, cat. no. ND2000CLAPTOP) and
normalised across samples. Next, cONA was synthesised using the iScrip
cDNA Synthesis Kit (BioRad, cat. no. 1708890). gPCR reactions were then
prepared by combining 5 ul of 2x Fast SYBR Green Master Mix (Applied
Biosystems, cat. no. 4385618), 5 ng cDNA, 1 ul of 2uM forward/reverse primer
mix (Table 2.7) and nuclease-free water (Invitrogen, cat. no. 10609823) was
added to a final volume of 10 ul. Relative gene expression was calculated via

the AACT formula, normalising to the average of 2 housekeeping genes.

Gene Strand Sequence [5'-3'] Function

Hsp90 Fwd agattccactaaccgacgcc
Housekeeping gene
Rev tgctctttgctctcaccagt

Sdha Fwd tcgacaggggaatggtttgg
Housekeeping gene
Rev tcatactcatcgacccgcac
Gapdh Fwd caagctcatttcctggtatgaca

Housekeeping gene
Rev ggatagggcctctcttgctc

Dusp5 Fwd agtgtggaaagcccgttctc KRAS downstream target
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Rev gaaggatttcaaccgggcca

Dusp6 Fwd gagccaaaacctgtcccagt
KRAS downstream target
Rev gtgacagagcggctgatacc

Etv4 Fwd ccatggagagcagtgccttt
KRAS downstream target
Rev ctgctgttctgecctggaa

EtvS Fwd tgatgatgagcagtttgtccca
KRAS downstream target
Rev tggctacaggacgacaactc
Stat2 Fwd ccctggtcgacctattgctg
KRAS downstream target
Rev caagaactttgctccagccg
Myc Fwd ccggggagggaatttttgtct

KRAS downstream target
Rev gaggggcatcgtcgtgg

Table 2.7 gqRT-PCR primers. All primers target transcript-derived cDNA of the species Mus
musculus.

2.6 In vivo techniques

All mouse experiments were conducted in congruence with animal welfare
guidelines of the Francis Crick Institute as well as national regulations. Study
plans were performed in accordance with a project licence approved by the UK

Home Office

Unless otherwise indicated, 8- to 12-week-old mice of the glowing-head mouse
strain®®> were used for all experiments. For subcutaneous engraftment of
cancer cells, 150,000 KPAR1.3 cells were injected into the lower left flank in a
volume of 100ul consisting of 50% PBS, 50% Geltrex LDEV-Free Reduced
Growth Factor Basement Membrane Matrix (Thermo Fisher, cat. no.
A1413202). Throughout experiments, the tumour-engraftment-rate was 100%.
Tumour growth was measured twice weekly, via calliper and the tumour volume
calculated using the formula [Length x Width?]/2. Mice were treated with lines of
anti-cancer drugs when the average diameter of tumours within a cohort

reached 150 mm?3 — 160 mm?3.
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Drug Function Conc. [mg/kg] Company

MRTX849 KRAS G12C(OFF)i 50 mg/kg Mirati Therapeutics
RMC-4998 KRAS G12C(ON)i 100 mg/kg Revolution Medicines
RMC-4550 SHP2i 30 mg/kg Revolution Medicines
anti-rat PD-1  CPI 10 mg/kg BioXCell (cat. no. BE0146)

Table 2.8 Drugs employed for in vivo therapies. MRTX849 is also known under the
commercial names ‘Adagrasib’ and ‘Krazati’.

The oral drugs (MRTX849, RMC-4998, and RMC-4550) were administered via
oral gavage. They were prepared in 10% Captisol buffer, which in turn was
prepared from 50% of 20% w/v Captisol solution dissolved in H2O and 50% of
100 mM sodium citrate buffer pH 5. The anti-PD-1 therapeutic ab was prepared
in PBS and administered via intraperitoneal injection. The combinations- and

duration of treatments will be indicated in respective experiments.

Alternatively, in some experiments RMC-4998 and RMC-4559 were
reconstituted in 10% Dimethyl sulfoxide (DMSO) (Sigma, cat. no. D2650), 20%
Poly(Ethylene Glycol) average MN 400 (PEG400) (Sigma, cat. no. 202398),
10 % Kolliphor HS 15 (Sigma, cat. no. 42966-1KG), and 60 % of 2%
(Hydroxypropyl)methyl cellulose (Sigma, cat. no. 09963-25G) in a 50 mM
Sodium Citrate buffer pH 4.

For in vivo imaging techniques, mice were first anaesthetised via inhalation of
2% - 2.5% isoflurane, vaporised in O2. In vivo imaging of the Luciferase-eGFP
expressing KPAR1.3 KRAS G12D cells was done by intraperitoneal injection of
100 pl 30 pg/ml XenoLight D-Luciferin (PerkinElmer, cat. no. 122799), dissolved
in PBS. Mice were then imaged using an In Vivo Imaging System (IVIS)
SpectrumCT scanner (PerkinElmer) and resulting data was analysed using the
associated Living Image Software (PerkinElmer, versions 4.4 — 4.5). Tumour

bearing lungs were imaged using a Quantum GX2 CT scanner (PerkinElmer)
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and tumour burden was quantified using the Analyse 12.0 software and a

standardised workflow?2%.

For studies on subcutaneous tumours, mice were culled using schedule 1
method, when the average diameter of the tumours reached an average

diameter reached 1.2 cm, or 1.4 cm when mice were receiving treatments.

Mice that were able to reject their primary subcutaneous tumour and remained
tumour free for approximately 4 weeks after the treatment period ended, were
considered CRs. These mice were then re-challenged by injecting 150,000
KPAR1.3 Luciferase-eGFP KRAS G12D cells in the opposite flank, and tumour

growth was again monitored as previously described.

2.7 Bulk-RNA sequencing

Tumours were engrafted subcutaneously as described above and tumour
volume was measured via calliper. Mice were then stratified into therapy groups
and treated for the duration indicated by the respective experiments. On the day
of sample collection, tumours were extracted, dissociated into a single cell
suspension and red blood cells were lysed as described in the flow cytometry
section. For the second RNA-seq experiment, an additional processing step
was added, where CD45 positive cells were removed, employing a positive
selection magnetic pulldown, using the mouse CD45 microbead kit (Miltenyi
Biotec, cat. no. 130-052-301). This was done to remove auto-fluorescent
immune cells which had previously appeared as false positive events in the
eBFP* sort gate. Thereafter, the cell suspension was filtered through 45 um cell
strainer snap caps (Falcon, cat. no. 352235) into Round-Bottom Polypropylene
Test Tubes (Falcon, cat. no. 352063). These were taken to the flow cytometry
core facility who kindly helped with sorting the cell populations of interest, as
indicated by respective experiments in results section, into chilled 1.5 ml
Eppendorf tubes (Eppendorf, cat. no. 0030121503). Samples were immediately

spun down at 300g, the supernatant removed and the pellet then snap frozen in
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liquid nitrogen. The next day, RNA was purified from each sample individually,
using the RNeasy Micro Kit (Qiagen, cat. no. 74004). The yield was determined
utilising the NanoDrop 2000 UV Visible Spectrophotometer (Thermo Scientific,
cat. no. ND2000CLAPTOP). Samples were then submitted to the advanced
sequencing core facility, who kindly performed the library preparation using the
Watchmaker RNA Library Prep Kit with Polaris Depletion kit (Watchmaker

Genomics, cat. no. 7BK0002-096), as well as NGS sequencing of the samples.

For the analysis of sequencing results, first, sequencing adaptor sequences
were removed, reads were aligned to a mouse reference genome and reads for
each transcript were counted. For this, samples were run through the nf-

core/rnaseq pipeline, version 3.14.0 (https://nf-co.re/rnaseq/3.14.0/). For the

aligner, star_rsem was selected and samples were aligned to the mouse
reference genome rendition Mus_musculus.GRCm38.95.

The output file was then read into RStudio (2022.07.1 Build 554) where the
DESeq2 pipeline (Bioconductor, version published 04/30/2024) was followed to
conduct quality controls, assess differential gene expression between treatment
groups and perform gene set enrichment analysis (GSEA). For the later,
hallmarks gene set collection was sourced from the msigdb website

(https://www.gsea-msigdb.org/gsea/msigdb ; gene set ‘H’).

2.8 Flow cytometric techniques

2.8.1 Assessing reporter stability of KPAR1.3 subclones in vitro

To assess BPF and GFP reporter stability under stress conditions, 30,000 cells
of transduced KPAR1.3 sub-clones were seeded into 6 well plates and grown to
over-confluency and until the media had turned acidic, assessed via colour shift
of the pH indicator phenol red. Cell lines were then trypsinised as described
above, washed once using PBS, resuspended in fluorescence-activated cell
sorting (FACS) buffer (PBS with 2% FBS, 1mM EDTA) and filtered through a 45
um nylon strainer into a FACS tube. DRAQ7 viability dye (Fisher Scientific, cat.
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no. D15105) was then added (1:100) and reporter stability was detected using a
BD LSRFortessa™ X-20 Cell Analyzer (BD Biosciences) and the corresponding
BD FACSDiva™ Software. Subsequent reporter-expression quantification was

performed using the BD FlowJo analysis Software (version 10.8.1 - 10.8.3).

2.8.2 Quantifying fraction of KPAR1.3 KRAS G12D cells in vivo

The fraction of KRAS G12Ci resistant, Luc-eGFP-expressing KPAR1.3 KRAS
G12D cells of tumours resected from mice of different treatment groups was
determined via flow cytometry. Here, tumours, cells were first manually cut into
small pieces and then enzymatically dissociated using the Tumour Dissociation
Kit, mouse (Miltenyi Biotech, cat. no. 130-096-730). Subsequently, the cell
suspension was filtered through a 70 um MACS SmartStrainer (Miltenyi, cat.
no. 130-110-916) and red blood cell lysis was then performed by incubating
with 5 ml ACK Lysing Buffer (Thermo Fisher Scientific, cat. no. A1049201) for 5
min. Cells were then washed once with FACS buffer, filtered into 45 um cell
strainer snap cap test tubes (Falcon, cat. no. 352235) and DRAQ7 (1:100) was

added as viability dye. Sample acquisition was performed as described above.

2.8.3 Multiplex spectral immune phenotyping of therapy-treated tumours

A cell suspension of tumours extracted from therapy-treated mice was prepared
as described in section 2.8.2. Immune-phenotyping of tumour-draining lymph
nodes (tdLNs) was performed as in section 2.8.3, but no enzymatic
dissociation or ACK lysis were performed. tdLNs were directly pushed through
70 um MACS SmartStrainers, cell suspension was washed once, and samples
were then added to the 96 well plate for staining. A spleen was also collected,
for single staining controls. It was also directly pushed through the
aforementioned 70 um MACS SmartStrainer without additional digestion, ACK
lysis was performed by adding 7 ml of ACK lysis buffer and incubating for 8 min

and cells were washed once with FACS buffer.
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Next, all samples were transferred to a low-attachment conical-bottom 96 well
plate and pellet sizes were normalised to approximately 1.5*10° cells per well.
For staining of the samples, cell suspensions were first prepared by adding 100
pl 1:100 CD16/CD32 FC blocking ab in PBS and incubating for 15 minutes at
4°C. In the meantime, an staining panel master-mix for extracellular staining
was prepared in PBS on ice, with the antibodies and viability dye listed in Table
2.9. Samples were then stained with 100 ul of the ab master-mix for 20 minutes
at RT. Single staining controls of spleen or UltraComp eBeads Compensation
Beads (Invitrogen, cat. no. 01-2222-42) were also prepared, however, stained
beads were kept in FACS buffer after staining, without the fixation steps, as
these would disintegrate the beads. Samples were then washed twice with 170
ul PBS and successively fixed and permeabilised with 110 ul of Foxp3
Fixation/Permeabilization Buffer (Invitrogen, cat. no. 00-5523-00) for 30 min at
4°C. Next, samples were washed once with 110 pul of provided wash
Permeabilization Buffer (Invitrogen, cat. no. 00-5523-00) and then stored in the
dark at 4°C over night.

The next day, antibodies of the intracellular staining master mix (Table 2.9)
were prepared in PBS, samples were stained for 20 minutes at RT and
thereafter washed 3x with of wash Permeabilization Buffer (invitrogen, cat. no.
00-5523-00). Cells were then resuspended in FACS buffer, transferred to a U-
bottom, low-attachment 96 well plate and kept at 4°C until analysis.

For immune-phenotyping, samples were analysed on the Cytek Aurora spectral
flow cytometer and initial spectral unmixing was performed using the
instrument-associated Cytek SpectroFlow Software. Further compensation and
marker expression analysis was then performed using the FlowJo software
(versions 10.8.1 — 10.10.1). Analysis was done together with the kind help of
Claire Pillsbury.

Target Fluorophore Ab clone Cat. No. Company
CD107a BUV395 1D4B 565533 BD Biosciences
B220 BUV496 RA3-6B2 612950 BD Biosciences
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CD11c BUV563 N418 749040 BD Biosciences
Ki-67 BUV615 SolA15 366-5698-82 eBioscience
TIM3 BUV661 RMT2-23 753149 BD Biosciences
CD62L BUV737 MEL-14 612833 BD Biosciences
CD3 BUV805 17A2 569192 BD Biosciences
CD44 BV421 IM7 103039 BioLegend
CD11b BVv480 M1/70 566117 BD Biosciences
CD69 BV510 H1.2F3 104531 BioLegend
CD19 BV570 6D5 115535 BioLegend
CD103 BV605 2E7 121433 BioLegend
PD-1 BV650 J43 569506 BD Biosciences
Ly6G BV711 1A8 127643 BioLegend
Ly6C BV785 HK1.4 128041 BioLegend
CD8a Spark Blue 550  53-6.7 100779 BioLegend
H-2Kb NFB610/70S AF6-88.5.5.3 17836316 Invitrogen
CD45 PerCP 30-F11 103129 BioLegend
CD49b BB700 DX5 568015 BD Biosciences
PerCP-

MHCII eFluor710 M5/114.15.2 46-5321-82 eBioscience
CD71 RB780 C2 755614 BD Biosciences
LAG3 PerCP/Fire780 CoBV7 125251 BioLegend
PD-L1 PE 10F.9G2 124307 BioLegend
MerTK PE/Dazzle 594 2B10C42 151523 BioLegend
NK1.1 PE/Cy5 PK136 108715 BioLegend
CD64 PE/Cy7 X54-5/7 .1 139313 BioLegend
CTLA-4 PE/Fire810 UC10-4B9 106335 BioLegend
Arginase 1 eFluor450 AlexF5 48-3697-82 eBioscience
FOXP3 eFluor660 FJK-16 50-5773-82 eBioscience
CD86 AF-700 GL-1 105023 BioLegend
Viab. Dye Zombie NIR - 423105 Biolegend
SIRPa APC/Fire750 P84 144029 BioLegend
CD4 APC/Fire 810 GK1.5 100479 BioLegend

Table 2.9 Spectral flow staining panel. Antibodies for intracellular staining are demarcated in

bold font.

Analysing the acquired multiplex spectral flow cytometry data, a one-way

ANOVA test was performed to assess whether significant differences between
vehicle- and treated samples were present. Here, the distribution of individual
samples around the sample mean within each treatment group as well as the

variation of the standard deviation (SD) between treatment groups were taken
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into account to allow for appropriately fitted statistical modelling. If samples
within each treatment group followed a normal Gaussian distribution and the
range of SD was similar between treatment groups, an ordinary ANOVA test
was applied. If sample distribution within each treatment group was unevenly
distributed, a non-parametric Kruskal-Wallis ANOVA test was applied. If
samples were normally distributed but the range of SD differed between

treatment groups, a Brown-Forsythe and Welch ANOVA test was selected.

2.9 General immunohistochemistry techniques

2.9.1 Immunohistochemistry on frozen tumour sections

For immunofluorescent staining of frozen sections, tumours were first prepared
by incubation in double distilled H-O containing 20% sucrose for 20 min and
were successively embedded in scaffolds filled with Tissue Tek OCT compound
(Labtech, Sakura, cat. no. 16-004004). Tumours were then immediately flash-
frozen using liquid nitrogen. 5 um thick sections were cut from the resulting
frozen blocks using an OTF 6000 Cryostat (Bright Instruments) and mounted
onto objective slides. Tissue sections were then fixed with 4% Methanol-Free
Formaldehyde (Cell Signalling, cat. no. 47746s) for 10 min. Following fixation,
sections were washed twice using DPBS (Gibco, cat. no. 14190144) and a third
wash was done using PBS containing 0.05% Tween (PBS-T). Sections were
next blocked in two successive steps, first 30 min incubation with SuperBlock™
Blocking Buffer (Thermo Scientific, cat. no. 37515), second with DPBS-T
containing 1.6% FCS and 1% Mouse BD Fc Block™ (CD16/CD32 ab, BD
Biosciences, 553142) for 10 min. Sections were then successively incubated
with primary antibodies (Table 2.10) for 1h (1:200) as well as appropriate
fluorophore conjugated, secondary antibodies for 45 min (1:250).

Next, 20 ul of ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher,
cat. no. P36935) was then applied and the stained tissue section was sealed
with a coverslip. Sections were imaged using either an Inverted Zeiss LSM 710

confocal (Zeiss) microscope or a ZEISS Axio Imager 2 (Zeiss) microscope and
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ZEN Black software (Zeiss) software. Images were then analysed using the

open-source FIJI software (2.1.0/1.53c).

Antigen target Host-species = Company Cat. no.
Firefly Luciferase rabbit Abcam ab185923
eGFP and eBFP goat Abcam ab6673

Table 2.10 Primary antibodies for staining frozen sections.

2.9.2 Immunohistochemistry on FFPE tumour sections

Staining of Formalin-Fixed Paraffin-Embedded (FFPE) tissue sections was
performed with the kind help of the Experimental Histopathology (EHP) core
facility at the Francis Crick Institute. For tissue preparation, subcutaneous
tumours or tumour-bearing lungs were fixed in 10 % neutral buffered formalin
(NBF) for 48h and successively stored in 70% EtOH. Samples were then
embedded in paraffin wax using a Tissue-Tek VIP® 6 Al processor (Sakura)
and 3 um thick sections were cut and mounted onto glass slides. Slides were

baked at 60°C for 1 h to adhere tissue sections to slides and melt the wax.

For techniques involving the detection of specific antigens, slides were then
transferred to the EHP core facility internal Leica Bond Rx platform (Leica,
serial number 3498240). Here, slides were further de-waxed using a ready-to
use solution prepared by the core facility. A 0.1% BSA solution for protein
blocking and a 3% hydrogen peroxide solution for inhibiting endogenous

peroxidases were then applied to prepare the slides for staining.

2.9.2.1 Standard immunofluorescence tissue staining

For immunofluorescent stainings of up to four colours, which did not require the
multiplexing approach described in 0, antigens were stained consecutively by

incubating respective HRP-conjugated antibodies with Opals. These are
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fluorescent dyes which are permanently deposited onto the tissue section
where HRP conjugated antibodies are located. Between each staining of an
antigen, slides were exposed to an ab stripping step and antigen retrieval,
where slides were heated at 95°C for 20 minutes using either Epitope Retrieval
Solution 1 or Epitope Retrieval Solution 2 (Leica, AR9961 or AR9640
respectively). The opals were used in varying combinations across experiments
but are all listed in the next section. Finally, nuclei were then stained with DAPI
(Thermo Scientific, cat. no. 62248) and cover slips were applied using Prolong

Gold Antifade reagent (Invitrogen, cat. no. P36934).

2.9.2.2 Multiplex immunofluorescence tissue staining

When staining more than four markers (including DAPI) on the same slide, a
multiplex approach established by the EHP core facility was employed. Here,
antigens were again stained consecutively using opals, as described above. To
determine the ideal order in which to stain the respective antigens, the STP
kindly performed several optimisation runs on test sections. The antibodies are
listed in the correct order in Table 2.11. For secondary antibodies recognising
primary rabbit-derived antibodies, the rabbit bond polymer Novolink Max
Polymer (Leica, cat. no. RE7260-CE) was used and for goat-derived antibodies,
the ImmPRESS HRP Horse Anti-Goat IgG Polymer Detection Kit (Vector, cat no
MP-7405) was utilised. Again, nuclei were then stained with DAPI and slides
were mounted using the Prolong Gold Antifade reagent. Slides were scanned
on the Phenolmager HT (Akoya, serial number VP2143N2122) in MOTIiF
scanning mode using the software Vectra Polaris (version 1.0.13) and unmixing
of the fluorescent spectra was performed with an appurtenant InForm (version
2.6.0) software.

Position Ab Species Supplier Cat. no. Opal Cat. no.

1 GFP Rb Thermo A-6455 520 FP1487001KT
Fisher

2 CD4 Rb Abcam ab183685 480 FP1500001KT

3 cCasp3 Rb Cell 9579S 750 FP1488001KT
Signalling
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4 CcD8 Rb Abcam ab217344 690 FP1497001KT
5 Luciferase Gt Novus NB100-1677 620 FP1495001KT
6 Ki67 Rb Abcam ab15580 540 FP1494001KT
7 PD-1 Rb ab214421 EPR20665 780 FP1501001KT

Table 2.11 Primary antibodies used for IF stainings on FFPE tumour sections.All
opals were supplied by Akoya.

2.9.2.3 Haematoxylin and Eosin (H&E) tissue staining

Haematoxylin and Eosin (H&E) staining was performed using a Tissue-Tek
Prisma automated slide stainer (Sakura, item code: 6132) together with

standardised core facility-internal protocols.

82



Chapter 3 Results

Chapter 3. Establishing a model system mimicking

the development of drug resistance

In the last decade, it has become evident that the role of oncogenic KRAS
signalling exceeds mere mediation of cancer cell-intrinsic growth- and survival
signalling. It is further involved in instigating immune suppression in the TME
through various mechanisms, which may exacerbate the scope of cancer
treatment responses. Cancer therapy with the newly approved KRAS G12C
inhibitors holds a unique potential to benefit patients, not only through drug
mediated cancer cell killing, but also by sensitising the TME to other lines of
immune-related therapies. However, despite initial auspicious treatment
responses to KRAS G12Ci in most NSCLC patients, the rapid development of
drug resistance hampers the efficacy of the newly developed KRAS G12C

inhibitors.

In this project, we aim to develop a mouse model system that allows us to study
therapy combinations that can enhance the therapeutic potential of the newly
developed KRAS G12C inhibitors and combat the development of treatment
resistance. To mimic tumours containing a KRAS G12C inhibitor-resistant
subpopulation, isogenic KPAR1.3 cell lines, harbouring either a KRAS G12C- or
G12D mutation, are co-engrafted in experimental mice. To allow the distinction
of the two KRAS mutant KPAR1.3 cell lines in both, in vitro and in vivo
experiments as well as across different downstream applications, they were

transduced with reporter constructs.

As this project aims to study the role of immune-mediated cancer cell killing, it is
important to avoid evoking an artificial immune response, targeting exogenous
neoantigens, derived from the expressed reporter constructs 2°32%7. To
counteract this possibility, the immune-competent glowing head (GH)- mouse
strain with a C57BL/6J was employed in this project 2°5. These mice
constitutively express a Luciferase-eGFP fusion protein in the anterior part of

the pituitary gland, which is not immune excluded. Thereby increasing immune
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tolerance towards this reporter. The GH strain further has an albino coat, due to
a homozygous loss-of-function mutation in the tyrosinase gene, which encodes
for an enzyme that is responsible for fur pigmentation. This unpigmented fur
facilitates “In Vivo Imaging System” (IVIS) IVIS scanning, due to the decrease in

photon absorption in white hair.

This first chapter describes the establishment of the model system utilised in
this project to study the effects of different treatment schemes on the TME and

drug-resistant tumour subpopulations.

3.1 Generating reporter-traced cell lines

Initially, KPAR1.3 cell lines were transduced with an array of reporters which
would allow to adapt this model system across experiments as required (Figure
3.1a). The newly established cell lines were then screened through various
assays to assure their suitability for forthcoming in vivo treatment studies.
Throughout the forthcoming chapter, exemplary plots for the characterisation of
the sub-clonal cell lines, which were ultimately chosen for in vivo studies are

shown.

The KRAS G12D mutant cancer cells were introduced into tumours as a KRAS
G12Ci resistant subpopulation. It was of interest to quantify the fraction of
KRASI-resistant cells in various downstream applications as well as to monitor
the growth dynamics of this population over time in vivo. For this reason, we
transduced the KRAS G12D mutant KPAR1.3 cell line with an enhanced green
fluorescent protein (eGFP)-Luciferase fusion protein reporter. The eGFP allows
for unambiguous segregation of the KRAS G12D population through application
such as flow cytometry, especially, as it its fluorescence is relatively bright,
compared to other fluorescent proteins (FPs) 2%, Luciferase is an enzyme
capable of producing bioluminescence through the breakdown of its substrate,

d-luciferin. As only the G12D mutant KPAR1.3 cells express Luciferase, we can
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ascertain the role that different therapies play in the emergence or dwindling of
drug resistance within the tumour via IVIS scans. In case there were issues with
the Luciferase and eGFP being expressed as a fusion protein or it was useful
for other applications, the eGFP was also cloned out from our Luc-eGFP

reporter construct to obtain a vector encoding for only the luciferase gene.

The Luciferase-eGFP-based reporter constructs were modified from the
pFUGW-FerH-Luciferase2-eGFP?°3 (Luc-eGFP) plasmid, which was chosen
because of its compatibility with the Luciferase-eGFP-tolerant Glowing-Head
(GH)-mouse model?®S, both established by Chi-Ping Day et al. This GEMM was
engineered to expresses the Luciferase-eGFP fusion protein in the anterior part
of the pituitary gland, which is not immune excluded, unlike the rest of the brain.
Hence, the GH-mice are rendered immune tolerant towards respective
reporters, which may minimise an artificial immune response targeting the
reporter constructs. The GH-mouse strain we are using is based on the genetic
background of C57BL/6 mice, which conventionally have a black fur coat. To
facilitate IVIS scanning, the GH-strain has an additional loss-of-function

mutation in tyrosinase gene, resulting in an albino fur coat.

To also distinguish the KRAS G12C mutant KPAR1.3 cells from all non-cancer
cells in engrafted tumours, this cell line was transduced with an enhanced blue
fluorescent protein (eBFP) reporter, which is structurally nearly identical to the
eGFP. eBFP was selected, as it was pivotal to find a FP that was structurally
similar to eGFP, to avoid evoking an artificial immune response in the GH mice
towards cells expressing a divergent reporter. By analysing amino-acid
sequences across FPs (not shown) we found that eBFP only differs in 2 AAs,
Y67H and Y146F, amounting to an AA sequence homology of 99.2 %. Further
structural analysis revealed that these AA reside in the hydrophobic interior of
the protein barrel structure and that the two FPs are structurally nearly identical
(Figure 3.1b); structural modelling performed by KangBo Ng. Moreover,
utilising a MHC-I complex affinity modelling algorithm, provided through the
‘Immune Epitope DataBase’ (IEDB), revealed that the eBFP-derived peptides,
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containing the two differing AA Y67H and Y146F, were categorised as very

weak binding sequences with the lowest artificial neural network (ann)-based
IC50 values of 7742.85 and 952.48 respectively (Table 3.1). It is hence very
unlikely that the two differing AA within eBFP would be presented to immune

surveying cells.

To generate an eBFP-encoding reporter, suitable for our system, the eGFP-
PLARRY base plasmid?®? was selected because the layout of this plasmid was
also highly suitable for various potential sequencing based techniques?®2. This
includes single cell sequencing or spatial transcriptomics, which might be
employed in future projects. This plasmid encoded the right eGFP isoform for
conversion to eBFP which was then achieved by introducing the two required
point mutations via rolling circle amplification. Additionally, a unique barcode
was introduced on the C-terminal end of the pLARRY-eGFP and -eBFP-based

constructs.

Both, KRAS G12C- and G12D KPAR1.3 cells were then virally transduced with
all of the above-mentioned reporter constructs, to allow for flexibility with project
design in subsequent experiments. We determined that KPAR1.3 cells,
expressing the different reporters were clearly distinguishable via flow
cytometry (Figure 3.1c). Successful detection of the pLARRY-construct-based
barcodes in respective KPAR1.3 cells was confirmed via sanger sequencing
(Figure 3.1d). However, as this barcoding system ultimately was not used, it
will not be discussed further here. The successfully transduced cell lines were
then single cell subcloned for increased reproducibility of following experiments,
as the reporter is integrated into the genome randomly, and 6 sub-clonal cell

lines of each cell line were then further characterised.

86



Chapter 3 Results

a) ‘@ KPAR13
; iy KRAS G12C/G12D l
pLARRY pFUGW-FerH
0 eGFP . eBFP . eGFP-BC A . eBFP-BC B . Luciferase-eGFP Luciferase
C) eGFP and eBFP mixed sample
s Q2
3 eBFP+
o
Q 10% 3 S
3 CE
& 103 G
8 BT
: eGFP+
104 Q4 Q3
T T ™ L T LI T L] T
-10° 0 103 10* 10°

eGFP-blue 530/30

ggatcctctagacaACACCTAGGTACTAAGTCTCGAGTTATATCGCGCGAGCGCtatggtctctectag

1ly....for Barcode 3 Barcode A Gibson assesbly. . for Bar P ——— Bar

'\N\f“ I s‘\e‘W T swﬁ.et;“.*;ﬁm I,

CGGATCCTCTAGACAGTGTCTCCTAACTTACTCAGCTGTATATTCACACGAACACTATGGTCTCTCCTAGCAA

son assembly. .. fo

GGATCCTCTAGACAACACCTAGGTACTAAGTCTCGAGTTATATCGCGCGAGCGCTATGGTCTCTCCTAG

e

GGATCCTCTAGACAACACCTAGGTACTAAGTCTCGAGTTATATCGCGCGAGCGCTATGGTCTCTCCTAG

eGFP-BC-A

KRAS G12D  KRAS G12C

eBFP-BC-A

KRAS G12D KRAS G12C

Figure 3.1 Generation of reporter-transduced KPAR1.3 cell lines. a) All reporter-transduced
lines were generated and sub-cloned for both, KPAR1.3 KRAS G12C and G12D cell lines. The
reporter constructs were modified and adjusted from either the ‘pLARRY’ or ‘pFUGW-FerH’
base plasmids. The eGFP-encoding sequence of the ‘pLARRY’ plasmid was mutated to encode
for eBFP and a unique DNA-based barcode (BC) was further inserted at the C-terminal end of
the FP sequences. In one variant of the of the ‘pFUGW-FerH’ plasmid, the eGFP was cloned
out. The turquoise square highlights the combination of transduced sub-clonal cell lines which
were ultimately chosen for downstream in vivo experiments; employing a eBFP-BC-B KRAS
G12C- and Luc-eGFP KRAS G12D mutant subclone respectively. Prediction of structural
similarity between eBFP and eGFP; eBFP protein structure based on AlphaFold prediction,
eGFP protein based on previously solved protein crystal structure (PDB: 4EUL), align based on
the Needleman-Wunsch algorithm (together with KangBo Ng). ¢) Flow cytometric analysis of a
mixed sample, containing un-transduced-, as well as eGFP or eBFP expressing KPAR1.3 cells.
d) Confirmation that transcribable barcodes can be amplified and correctly sequenced from
cDNA of respective samples via Sanger sequencing.
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Peptides containing Y67H mutation Peptides containing Y146F mutation

allele start end length peptide ann_ic50 allele start end length peptide ann_ic50
H-2-Kb 62 69 8 VITLTHGV 7742.85 H-2-Kb 144 151 8 YNFNSHNV 952.48
H-2-Db 67 76 10 HGVQCFSRYP 27951.49 H-2-Db 144 153 10 YNFNSHNVWYI 4045.8
H-2-Kb 63 70 8 TILTHGVQ 26026.48 H-2-Db 146 155 10 FNSHNVYIMA  18589.52
H-2-Db 63 72 10 TTLTHGVQCF 33228.35 H-2-Db 145 154 10 NFNSHNVYIM  10562.59
H-2-Db 66 75 10 THGVQCFSRY 41515.82 H-2-Db 142 151 10 LEYNFNSHNV ~ 21595.95
H-2-Kb 61 68 8 LVITLTHG 34313.47 H-2-Db 140 149 10 HKLEYNFNSH  39818.49
H-2-Db 60 69 10 TLVITLTHGV 30960.01 H-2-Db 143 152 10 EYNFNSHNVY  43582.46
H-2-Kb 65 72 8 LTHGVQCF 27047.65 H-2-Db 138 147 10 LGHKLEYNFN 40727.86
H-2-Db 61 70 10 LVTTLTHGVQ 45032.54 H-2-Db 141 150 10 KLEYNFNSHN 42843.3
H-2-Kb 67 74 8 HGVQCFSR 34708.9 H-2-Kb 142 149 8 LEYNFNSH 26538.6
H-2-Kb 66 73 8 THGVQCFS 37290.64 H-2-Db 137 146 10 ILGHKLEYNF 32346.83
H-2-Db 59 68 10 PTLVITLTHG 44718.85 H-2-Kb 140 147 8 HKLEYNFN 38359.12
H-2-Kb 64 71 8 TLTHGVQC 34352.11 H-2-Kb 141 148 8 KLEYNFNS 29873.42
H-2-Db 64 73 10 TLTHGVQCFS 46038.05 H-2-Kb 139 146 8 GHKLEYNF 30312.32
H-2-Db 58 67 10 WPTLVTTLTH 45902.74 H-2-Kb 145 152 8 NFNSHNVY 34272.29
H-2-Db 62 71 10 VTTLTHGVQC 45221.47 H-2-Db 139 148 10 GHKLEYNFNS  48084.14
H-2-Kb 60 67 8 TLVTTLTH 36699.04 H-2-Kb 143 150 8 EYNFNSHN 39103.78
H-2-Db 65 74 10 LTHGVQCFSR 47743.04

Table 3.1 Predicted MHC-I binding affinities. Analysis of eBFP-derived peptides containing
the two altered AA residues. Artificial neuronal network (ann) ICso scores of < 50 indicate a
strong predicted binding affinity, < 500 indicates a medium-strength binding affinity, and = 500
indicate a weak binding affinity.

3.2 Characterising reporter-traced cell lines in vitro

Before moving to an in vivo model system of tumours containing a drug-
resistant subpopulation, transduced, all sub-clonal cell lines were first
characterised in culture to verify their retained phenotypical comparability to the
parental KPAR1.3 lines. In this chapter, exemplary results of the sub-clonal cell

lines, ultimately chosen for following in vivo experiments, are shown.

It was previously shown that reporter expression stability can be compromised
under stress conditions?3. To mimic some of the stresses which may be
exerted on cancer cells by the TME 2%, sub-clonal cell line cultures were grown
to over-confluency without replenishing the culture media, resulting in acidic-
and nutrient-depleted conditions (Figure 3.2a). Flow cytometric analysis was
then performed on resulting cultures for all FP-traced sub-clonal cell lines. An
example of a subclone with unstable reporter expression after cell stress
(Figure 3.2b), as well as the two subclones which were ultimately chosen for
forthcoming in vivo experiments, KPAR1.3 KRAS G12D Luc-eGFP clone 6

88



Chapter 3 Results

(Figure 3.2c) and KPAR1.3 KRAS G12C eBFP clone 2 (Figure 3.2d), are
shown. Compared to eGFP, eBFP inherently harbours a chromophore with

dimmer fluorescence emission 2%,
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Figure 3.2 Reporter stability under stress conditions. a) Schematic of experimental setup;
experiment was repeated with n=3 for all cell lines. b) Representative plot of a sub-clone that
displayed unstable reporter expression under induced cell stress condition; 6 sub-clones were
tested for each reporter-transduced cell line. c) Representative plot of the KPAR1.3 KRAS
G12D sub-clonal cell line which was chosen for mimicking the KRAS G12Ci-resistant
subpopulation forthcoming experiments. d) Representative plot of the KPAR1.3 KRAS G12C
sub-clonal cell line, chosen to represent the KRAS G12Ci responsive tumour cells for
forthcoming experiments; eBFP is inherently a dimmer fluorophore and hence closer to the
eBFP- gate across all respective subclones.

The three clones for each reporter construct which retained most stable reporter
expression were then selected for further downstream analysis. This included
confirming that the growth rate of selected cell lines remained unaltered
compared to the parental KPAR1.3 cell lines, which was tested via IncuCyte live
confluency imaging (Figure 3.3a). Unaltered response to the KRAS
G12C(OFF)i Adagrasib (Figure 3.3b) and MEK inhibitor Trametinib (Figure
3.3c) were also tested through viability assays. As expected, it was found that

KPAR1.3 KRAS G12D-derived cell lines did not significantly respond to
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Adagrasib at physiological doses. While both, KRAS G12C and G12D- derived
cell lines presented with decreased viability upon MEK inhibition. For all sub-
clonal lines expressing either a Luc-eGFP fusion construct or luciferase alone,
enzymatic activity was confirmed via an in vitro luciferase imaging assay,
exemplary plot for selected Luc-eGFP KRAS G12D sub-clones is shown
(Figure 3.3d).
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Figure 3.3 Characterising reporter-traced KPAR1.3 subclones in vitro.a) Exemplary plots of
selected sub-clones, showing proliferation rates over time, assessed via IncuCyte live imaging .
Upper panel: eBFP KRAS G12C (blue), lower panel Luc-eGFP-G12D (green), compared to
respective parental KPAR1.3 cell lines (grey). Clones which were chosen for forthcoming in vivo
experiments are indicated in bold fond. Experiments were repeated with biological replicates (n)
= 3 and technical replicates (tr) within each experiment tr(n) = 5-6; error bars indicate SEM. b-c)
Viability assays of selected subclones upper panel: eBFP KRAS G12C (blue), lower panel Luc-
eGFP-G12D (green) are shown for Adagrasib (b) or Trametinib (c) with n = 3, tr(n) = 3, SEM. d)
Exemplary plots of KPAR1.3 KRAS G12D Luc-eGFP sub-clonal cell lines, testing for in vitro
luciferase activity by luminescence imaging; n=3, tr(n) = 3, error bars indicate mean + SEM.

After this initial screening, a suitable sub-clone from the eBFP-transduced
KPAR1.3 KRAS G12C cell lines as well as a subclone of Luc-eGFP transduced
KRAS G12D cell lines were selected. It was decided that, for future
experiments, only the KRAS G12D mutant cell line should carry a luciferase
reporter, as this allows to track the drug-resistant subpopulation over time in

vivo, via IVIS scanning.

90



Chapter 3 Results

Before testing the selected cell lines in vivo, we wanted to determine a suitable
ratio for co-engrafting the reporter-traced KPAR1.3 G12C and KPAR1.3 G12D
cell lines for mimicking tumours containing a drug-resistant subpopulation.
Therefore, the aforementioned cell lines were set up in co-cultures at the ratios
90:10, 95:5, and 99:1. Population dynamics during continuous treatment with
250 nM Adagrasib were then monitored over time via flow cytometric analysis
(Figure 3.4). In contrast to DMSO-treated control co-cultures, the fraction of
KPAR1.3 KRAS G12C cells in Adagrasib-treated samples was converging

towards zero in the given time, even with a starting fraction of only 1% G12D

cells.
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Figure 3.4 Co-culture assay assessing Adagrasib response over time.Blue and green
areas on graphs depict the fractions of KPAR1.3 KRAS G12C or G12D populations respectively
over time. DMSO was used as vehicle to dissolve Adagrasib in this assay. Experiment was
repeated with biological replicates n = 3, each with technical replicates tr(n) = 3 until day 37, as
experiments were started in 1-week intervals. Error bars indicate SD.

3.3 Characterising reporter-traced cell lines in vivo

To assess whether, without the addition of any cancer treatments, the selected
subclones proliferated at equal rates in vivo, the aforementioned reporter-traced

KRAS G12C/-G12D mutant cell lines were co-engrafted subcutaneously at a
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50:50 ratio, 75,000 cells of each type, in GH-mice. After 14 days, resulting
tumours were analysed by flow cytometry, which revealed that the fractions of
the engrafted cell lines remained largely unaltered over time; this was confirmed
in two independent experiments (Figure 3.5a). Three tumours were also
submitted for histopathological analysis to visualise the spatial distribution of the
KRAS G12C- and G12D-mutant cancer cells within the tumour. Because of the
high structural similarity between eBFP and eGFP, it is possible to demarcate
all tumour cells using a single anti-eBFP/eGFP ab as a pan-cancer cell marker.
By adding an additional anti-luciferase ab to the staining panel, the KRAS G12D
mutant cells can be discerned, as they will appear double positive for both
markers. KRAS G12C and G12D mutant cancer cells grew largely in an
interspersed pattern (Figure 3.5b,c). Although some areas within the tissue
section where the presence of KRAS G12C or-G12D mutant tumour cells were
more predominant were also observed (Figure 3.5d). Of note, eBFP inherently
possesses a dimmer chromophore compared to eGFP 2%, Hence, a viral
promoter was chosen for the eBFP reporter construct 2% to increase FP
expression, while the Luc-eGFP construct reporter is expressed under a
housekeeping reporter gene to prevent silencing of the much larger reporter in
vivo?®3. This may explain why the eBFP-expressing KPAR1.3 KRAS G12C
tumour cells appear brighter in the anti-eGFP/eBFP staining compared to the
KPAR1.3 KRAS G12D cells.
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Figure 3.5 Assessing growth dynamics of co-engrafted subclones in vivo. Luc-eGFP
KRAS G12D clone 6 and eBFP KRAS G12C clone 2 were co-engrafted subcutaneously in GH-
mice at a 50:50 ratio in 2 independent experiments. a) Schematic of experiment. b) Graph
depicts fraction of Luc-eGFP KRAS G12D clone 6 tumour cells within all live cancer cells; flow
cytometric analysis was performed 14 days after engraftment of tumours; dots depict individual
tumours, each derived from 1 mouse; for each experiment: n = 5, error bars depict mean + SD.
c-e) Representative immunohistochemistry staining of tissue sections derived from tumours that
were engrafted under the same conditions. eBFP/eGFP: blue, luciferase: yellow, DAPI:
magenta; scale bars as indicated on individual images.
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Chapter 4. Assessing therapy efficacy in combatting

drug-resistant tumour sub-populations

In the last decade, it has become evident that the role of oncogenic KRAS
signalling exceeds mere mediation of cancer cell-intrinsic growth and survival
signalling. Moreover, it is involved in instigating immune suppression in the
TME through various mechanisms, which may exacerbate the scope of cancer

treatment responses.

Combatting the development of drug resistance towards lines of targeted
cancer therapies remains challenging. Although patients may present with initial
tumour regression, responses to such treatments are often not durable and
tumours can relapse in a matter of months. This observation has also been
made in clinical trials of the newly developed KRAS G12C inhibitors Sotorasib
and Adagrasib 236239 231 Fyrthermore, the mechanisms of resistance can vary,
from achieving bypass signalling through acquisition of further mutations or
increased expression of relevant signalling proteins, to genome-wide
expression changes to enter a state of quiescence or undergo EMT?33244_ |n
this chapter, we investigated therapeutic strategies with the potential to promote
an anti-tumour immune response, capable of also eradicating the cancer cells
which do not respond to KRAS G12Ci directly. We further test whether
complete responses and durable immune-memory towards drug resistant

tumour cells can be achieved with respective therapy schemes.

4.1 Monotherapy with G12Ci Adagrasib accelerates expansion

of drug-resistant cancer cells

First, the effects of using the KRAS G12C(OFF)i Adagrasib as monotherapy on
tumours containing a drug-resistant subpopulation were assessed (Figure

4.1a). This was to test whether drug-induced cancer cell killing and alleviation of
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immune suppression in the KRAS G12Ci-responsive cells was already sufficient
to re-enforce an immune response which could also target the KRAS G12D
cells in the tumour. Here, consecutive in vivo experiments were performed,
testing 4 different engraftment ratios of eBFP KRAS G12C and Luc-eGFP
KRAS G12D cells in a subcutaneous setting. Tumour growth over time was
measured via calliper (Figure 4.1b). The relative change in G12D cells over
time was assessed via IVIS scans, which detect luminescence based on the
luciferase reporter activity, which is only present in the KRAS G12D mutant
tumour cells (Figure 4.1¢). At endpoint, tumours were harvested and the
fraction of KRAS G12D mutant cancer cells out of all live cancer cells was
determined via flow cytometry (Figure 4.1d), as described in the previous

experiment (Figure 3.5b).

The two isogenic cancer cell lines were initially engrafted at a 50:50 ratio, to
assess the impact of Adagrasib on the proliferation or regression rate on the
respective sub-populations. In this experiment, the tumour size of the mice
receiving Adagrasib continued to increase, even while on treatment. Here, IVIS
scans implied that, during treatment, the luminescent signal emitted by
luciferase-expressing KRAS G12D cells steeply increased, compared to
vehicle-receiving mice. Flow cytometry at the experimental endpoint revealed
that, while in vehicle mice the ratio of KRAS G12C:G12D cells was still
approximately equal, the treated tumours were now mostly comprised of KRAS

G12Ci-resistant tumour cells.

At this point, it was hypothesised that engrafting tumours where 50% of the
engrafted tumour is already inherently unresponsive to treatment may have
counteracted the development of an efficient anti-tumour immune response.
Further, this may also not be an accurate depiction of patients’ clinical
physiology, where tumours are initially treatment responsive, and resistance
likely emerges small sub-clonal populations which have acquired treatment
resilience under selection pressure. Hence, next, the effect of KRAS G12Ci as

monotherapy was tested on tumours containing a smaller fraction of KRAS
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G12D cells. The engrafted fraction of KRAS G12D mutant cells decreasing from
1%, to 0.05% and even 0.01%. At the lowest ratio, when engrafting a total of
150,000 cancer cells, only 15 cells would harbour a G12D mutation. However,
even at this lowest ratio, it was observed that after just 12 days of treatment, the

majority of tumours were mostly comprised of KRAS G12D cancer cells.

Thus, we concluded that treating tumours which already contain a KRAS
G12Ci-resistant subpopulation with KRAS G12Ci as monotherapy is not
sufficient by itself to trigger an immune response to the resistant cells, but
rather actually provides the drug-resistant KRAS G12D cells with a proliferative

advantage and exacerbates disease progression (Figure 4.1e).
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Figure 4.1 Adagrasib treatment of tumours containing a KRAS G12Ci-resistant sub-

population. a) Schematic of experimental setup. Mice treated with Adagrasib were dosed daily
with 50 mg/kg, indicated by grey area on plots. b) Grouped tumour growth over time. c) In vivo
IVIS scans over time, detecting luminescent signal emitted by luciferase-expressing KPAR1.3
KRAS G12D tumour cells. d) Flow cytometric analysis of Luc-eGFP KRAS G12D cancer cells of
all live cancer cells. Experimental mice from left to right panel: (i) n(vehicle) = 7 , n(Adagrasib) =
8; (ii) n(vehicle) =7 , n (Adagrasib) = 6; (iii) n(vehicle) = 6 , n(Adagrasib) = 6; (iiii) n(vehicle) =
6 (2 mice had to be culled before flow cytometric analysis due to tumour ulceration),
n(Adagrasib) = 6 (one sample excluded from flow cytometric analysis due to recording issue);
Error bars for all graphs display mean + SEM,; statistics indicate pair-end students t-test with
Welch’s correction for varying standard deviation between treatment groups. e) Schematic
indicating the observed changes in KPAR1.3 tumour cell subpopulations induced by Adagrasib
treatment.
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4.2 Assessing efficacy of additional therapy lines as

monotherapies

Adagrasib treatment, administered as monotherapy, was insufficient for tumour
control in our heterogenous model system and even accelerated the
emergence of KRAS G12Ci-resistance. Hence, two additional lines of anti-
cancer drugs, shown to potentiate beneficial effects on anti-tumour immunity,
were introduced. This included a line of immunotherapy, an anti-PD-1
therapeutic ab, as well as the SHP2 inhibitor (SHP2i) RMC-4550. It was also
decided to switch from the KRAS G12C(OFF)i Adagrasib to the newly available
KRAS G12C(ON)i RMC-4998. Our group found that the latter inhibitor was
more effective in decreasing viability in KRAS G12C KPAR1.3 cells compared

to inactive state KRAS inhibition 216,

Before introducing these inhibitors as combination therapies in our model
system of tumours containing drug resistant subpopulations, their effect on
KRAS G12C- or G12D-derived tumours was assessed individually (Figure
4.2a). It was first confirmed that KRAS G12C(ON)i RMC-4998 was able to
induce tumour regression in KRAS G12C-derived tumours (Figure 4.2b). In this
experiment, 3/8 complete responders (CRs) were also generated, that

remained tumour free for a month after treatment period ended.

Treatment with a-PD-1 as monotherapy seemed to have no visible impact on
the growth of G12D-derived tumours compared to the IgG isotype control-
treated mice (Figure 4.2c). This is in agreement with previously published
results, where the parental, non-reporter-traced equivalent of the KPAR1.3 cell
line was used?®4. a-PD-1 appeared to induce moderate inhibition on KRAS
G12C derived tumours, unable, however, to check tumour growth during
treatment (Figure 4.2d). This difference in response between the two isogenic
cell lines may be related to their origin. The original cell line, established from a
KPAR (KRASSL-G120/+ Trp53: Rosa26”38; Rag1--) tumour, harboured a KRAS

G12D mutation while the alteration to the KRAS G12C mutant isogenic cancer

98



Chapter 4 Results

cell line required further Cas9-mediated genomic modification. It was previously
observed by our group that, at least in an orthotopic setting, the KRAS G12D
mutant cell line appeared encompass an enhanced ability to engraft robustly or

may inherently retain a higher oncogenic capacity.

On a conceptual level, the SHP2i RMC-4550 can constrain oncogenic KRAS
signalling by inhibiting upstream-reactivation of KRAS proteins. G12C mutant
KRAS proteins, despite impaired GAP binding, still largely retain their inherent
GTP-GDP-cycling ability. In G12D mutant KRAS, on the other hand, the protein
intrinsic GTPase activity is also impaired, thereby lessening dependency on
upstream RTK-mediated reactivation (Figure 1.2). Hence, we hypothesised that
KRAS G12C mutant cancer cells may have a stronger response to SHP2i,
compared to KRAS G12D mutant KPAR1.3 cells. Indeed, it was observed that
mice harbouring KRAS G12D-derived tumours, again, presented no significant
therapy response to SHP2 inhibition (Figure 4.2e). On the other hand, growth
of KRAS G12C-derived tumours was inhibited during the treatment period,
although all tumours grew back after treatment and no CRs were observed
(Figure 4.2f).
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Figure 4.2 Efficacy of KRASI, a-PD-1, and SHP2i as monotherapy. Error bars indicate mean
+/- SEM; measurements shown in blue represent KRAS G12C-derived tumours, measurements
in green -G21D-derived tumours. Treatment period for all experiments was two weeks, whereat
either 12 doses of the oral drugs KRAS G12C(ON)I RMC-4998 (100 mg/kg; indicated as
KRASI) or SHP2 inhibitor RMC-4550 (30 mg/kg; indicated as SHP2i) were administered (grey
area on plots) or 4 doses of antibody injections (10 mg/kg), as indicated by vertical dotted lines.
To standardise plots, data was cut off after day 50, if any mice remained after this timepoint. a)
Schematic of general experimental design; b) Mice harbouring KRAS G12C-derived tumours
were treated with either vehicle (n=6) or RMC-4998 (n=8); From the end of treatment, the 3
complete responders are indicated as separate tumours on the plot. ¢) Mice harbouring KRAS
G12D-derived tumours were treated with either IgG (n=6) isotype control or a-PD-1(n=7). d)
KRAS G12C-derived tumours treated with either IgG (n=7) isotype control or a-PD-1(n=8). e)
KRAS G12D-derived tumours treated with either vehicle (n=7) or RMC-4550 (n=8). f) KRAS
G12C-derived tumours were treated with vehicle (n=8) or RMC-4550 (n=8).
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From this series of experiments, it was concluded that RMC-4998 was able to,
as expected, inhibit tumour growth in KRAS G12C-derived tumours. However,
although neither a-PD-1, nor RMC-4550 were sufficient to eradicate KRAS

G12D- or - G12C-derived tumours when administered as monotherapy, KRAS

G12C tumours showed higher sensitivity to these therapies.

4.3 Combination therapies can promote immune-rejection of

drug-resistant subpopulations

Treating tumours derived from KRAS G12C or -G12D mutant KPAR1.3 cancer
cells allowed to disentangle the individual treatment contributions of RMC-4550
and a-PD-1. In this next section, it was investigated whether combining KRAS
G12Ci with these additional therapy lines can achieve tumour control through

treatment synergy.

Based on the previous experiments testing different G12C:G12D ratios (Figure
4.1), it was decided to engraft 150,000 cancer cells, in total, containing 99.96%
KRAS G12C and 0.04% KRAS G12D cells. This ratio was selected because, on
one hand, engrafting this small fraction of G12D cells (~60 cells) was already
sufficient to generate drug-resistant tumours within two weeks of treatment
when treating with Adagrasib as monotherapy. On the other hand, reducing the
fraction of KRAS G12D mutant cancer cells any further might compromise the
detection of luminescence in the baseline IVIS imaging before treatment.
Therapy response was then monitored by measuring tumour size (Figure 4.3a)
and tracking the KRAS G12D subpopulation over time via IVIS scans (Figure
4.3b). As in previous experiments, the KRAS G12D mutant KPAR1.3 cell
population did not proliferate at an accelerated rate in vehicle-treated mice,
measured by reduced luminescence signal. Similarly, G12D cells would also
not proliferate at an accelerated rate when treated with a-PD-1 or RMC-4550 as

monotherapy. However, in tumours treated with RMC-4998, IVIS data indicated
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that the G12D fraction expanded significantly more compared to vehicle-treated
mice, similar to the previous experiments conducted with Adagrasib (Figure
4.1). However, in contrast with Adagrasib, treating mice with RMC-4998 as

monotherapy yielded one CR mouse.

The dual combination treatments of KRAS G12Ci RMC-4998 with either SHP2i
RMC-4550 or a-PD-1, were able to generate 7/14 or 6/12 CRs respectively,
even though the KRAS G12D tumours are not sensitive to any of the individual
therapies used. For the combination treatment groups, the IVIS scans showed
different patterns for individual mice. Although no luminescence signal was
detected on treatment, the G12D population expanded over time in mice that
would relapse after the treatment period. Contrarily, the G12D population

remained checked in mice which would later become CRs.
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Figure 4.3 Assessing synergistic treatment effects of therapy combinations. Mice
received treatments for 2 weeks, whereat 12 doses of the oral drugs KRAS G12C(ON)I RMC-
4998 (100 mg/kg; indicated as KRASI) or SHP2 inhibitor RMC-4550 (30 mg/kg; indicated as
SHP2i) were administered (grey area on plots) or 4 doses of a-PD-1 injections (10 mg/kg), as
indicated by vertical dotted lines. a) Tumour volume over time of individual tumours by
treatment group. b) Bioluminescence signal, photon flux detected per second, measured via
IVIS scans, indicative of the abundance of KPAR1.3 KRAS G12D cells over time.

As an additional readout, flow cytometric analysis was performed by selecting

4-5 palpable tumours from each treatment group at the end of the treatment

period (Figure 4.4a). Here, tumours were selected to reflect the overall

variance in tumour sizes within each treatment group and to represent the
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overall mean and median of tumour sizes and IVIS signal as well as possible.
No samples from the combination treatment groups were harvested, as the
respective tumours were too small to be isolated at this point. Quantifying the
Luc-eGFP-traced KPAR1.3 KRAS G12D tumour cell population over all live
cancer cells reflected the trends indicated by the combination of tumour growth
and IVIS scans in this experiment (Figure 4.3). This data is in congruence with
the findings from treating KRAS G12C:G12D mixed tumours with Adagrasib as
monotherapy (Figure 4.1). It appears that Adagrasib, as well as RMC-4998,
which can induce efficient cancer cell killing in KRAS G12C cells, also induce
increased proliferation in KRAS G12D cells, while SHP2i and a-PD-1
treatments when administered as monotherapy do not trigger this effect and
therefore most tumours at the end of the treatment contain mainly KRAS G12C
cells. In addition to performing flow cytometric analysis of selected tumours at
the end of treatment, tumours were also isolated whenever mice reached a
defined experimental endpoint (Figure 4.4b). This revealed that cancer cells
from tumours of the vehicle, a-PD-1, and RMC-4550 treatment groups were still
mostly comprised of KRAS G12C mutant cancer cells, continuing onward from
the treatment endpoint. On the other hand, in KRAS G12Ci- or combination-
treated tumours the fraction of G12D mutant tumour cells within all live cancer
cells varied. In some tumours, the regrowth was mainly driven by KRAS G12D
mutant cells, while, in other tumours, growth was driven by remaining KRAS
G12C mutant tumour cells. It has previously been reported that drug-resistant
cancer cells can form a protective niche, allowing treatment responsive cells to
persist during therapy3°. This may have come into play for relapsed tumours
with their main bulk comprised of KRAS G12C mutant cancer cells. For most
individual tumours, the final composition of KRAS G12C vs G12D mutant
fractions at endpoint correlated with the respective combination of tumour

growth and IVIS data in Figure 4.3.

Further plotting the survival probabilities across treatment groups visualised a
clear survival advantage of combination treated tumours (Figure 4.4c), with the

generation of complete responses in half of the mice. To investigate whether an
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anti-tumour immune response contributed to the bystander killing of the KRAS
G12Ci resistant KRAS G12D cells and to test for immune memory in CRs, a re-
challenge experiment was performed. For this, mice which remained tumour
free for one month after the treatment period had ended, were injected with
150,000 KRAS G12D mutant cancer cells in the opposite flank (Figure 4.4d,e).
If mice were able to reject the engraftment of a secondary tumour without any
further treatment, this would indicate the successful formation of an immune-
memory-based anti-tumour response. A group of age-matched mice, that had
not previously been exposed to cancer cells, were also included as a negative
control and referred to as naive mice. The mouse from the KRASI treatment
group, as well as 3/7 mice from the KRASIi + SHP2i group and 3/6 mice from
the KRASI + a-PD-1 group were able to immune-reject the newly injected
cancer cells. In non-immune-rejected tumours, the secondary tumours would
often grow back at a slower rate, compared to a control group of naive mice,
which may indicate that some anti-cancer immunity was present in these mice

as well.
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Figure 4.4 Additional readouts of dual combination treatments. KRASI refers to the KRAS
G12C(ON)i RMC-4998; SHP2i refers to the drug RMC-4550. a) Representative tumours were
isolated from vehicle and single-therapy treatment groups and fraction of live KPAR1.3 KRAS
G12D cells within all cancer cells was determined via flow cytometry; each dot represents one
tumour, within each treatment group, mean together with SEM are plotted; statistics indicate
one-way ANOVA test, comparing each of the treatment groups to the vehicle, only significant
comparisons are shown. b) Fraction of live KPAR1.3 KRAS G12D cells of all live cancer cells is
plotted over time. The vertical grey line at day 24 represents the flow cytometry performed at
treatment endpoint, visualised in (a); each dot represents one tumour, if dots overlapped in plot,
number of individual tumours is indicated for respective days in matching colours. ¢) Survival
probability across different treatment groups; tumours taken out for flow cytometry at endpoint
were excluded; cut-off value was 500 mm?. d) Schematic of re-challenge experiment. e) Tumour
growth over time of re-challenge (ReCh) tumours in naive mice or CRs; mice which were able to
immune reject (IR) the re-injected cancer cells out of all mice are indicated for applicable
graphs.

We next wanted to investigate whether extending the treatment period from

two- to three weeks might provide an additional survival advantage to tumour-
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bearing mice. In addition, as mice had tolerated dual-combination treatments
well, it was decided to also include a triple-combination branch, to probe the
underlying mechanisms of treatment synergy. The triple combination therapy
scheme between KRAS G12Ci, SHP2i, and a-PD-1 will most likely not become
feasible as a therapeutic combination for cancer patients. However, it could still
provide meaningful insights into fundamental mechanism through which
different lines of therapy are able to synergise with each other and restructure
TME architecture.

For this, subcutaneous tumours were again engrafted in GH-mice with the
same parameters as in the previous experiment (Figure 4.3, Figure 4.4).
Tumour growth was monitored (Figure 4.5a) and the fraction of KRAS G12D
mutant cancer cells tracked via IVIS scans (Figure 4.5b). Surprisingly, despite
the extended treatment period, less CRs were observed in the dual combination
treatment groups with 3/15 CRs in the KRAS G12Ci + SHP2i combination group
and 2/12 CRs in the KRASI + a-PD-1 group. When revising the baseline IVIS
scan and tumour volume before treatment, it was observed that the average
tumour volume before treatment was 177 mm?3 in this experiment compared to
157 mm?3 in the previous combination treatment experiment. Further, the
intensity of the bioluminescent signal detected via IVIS signal was measured at
9.61*10% p/s/cm?, compared to 5.41*108 p/s/cm? in the previous experiment.
The latter indicating that there were nearly twice as many KRAS G12D cells
present in this second experiment at the day before treatment start. It is
possible that the difference in overall tumour volume and/or the increase in the
KRAS G12D fraction may have influenced treatment response. However,
despite having less CRs in the dual combination treatment groups compared to
the previous experiment, with the triple treatment combination of KRAS G12Ci,
SHP2i, and a-PD-1, 12/14 mice were CRs.
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Figure 4.5 Investigating extended combination treatment regimes. Mice were treated for 3
weeks, whereat 18 doses of the oral drugs KRAS G12C(ON)i RMC-4998 (100 mg/kg; indicated
as KRASI) or the SHP2 inhibitor RMC-4550 (30 mg/kg; indicated as SHP2i) were administered
(grey area on plots); or 4 doses of a-PD-1 injections (10 mg/kg), as indicated by vertical dotted
lines. a) Tumour volume over time of individual tumours by treatment group. b)
Bioluminescence signal, photon flux detected per second, measured via VIS scans, indicative
of the abundance of KPAR1.3 KRAS G12D cells over time.

This triple combination also clearly provided a survival advantage over the dual
treatment combinations (Figure 4.6a). Again, tumours from each treatment
group were isolated to assess effect of inhibitors on the KPAR1.3 KRAS G12D

subpopulation (Figure 4.6b). However, to obtain enough sample to also
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investigate combination treatment groups, representative tumours for each
group were isolated after only 7 days of treatment. In this experiment, it was,
again, observed that the fraction of KRAS G12D mutant cells increased when
mice were treated with the KRAS G12C(ON)i. This was more pronounced when
KRAS G12Ci was employed as monotherapy compared to the combination
treatments. Further the addition of a-PD-1 therapeutic ab appeared to curb the
proliferation of KRAS G12D mutant cells. The fact that the outgrowth of KRAS
G12D mutant cells was less pronounced compared to the previous experiment
(Figure 4.4a), might relate to the shorter treatment period before sample
isolation in this study. Flow cytometric analysis of tumours isolated from mice
that had reached an experimental endpoint (Figure 4.6¢) coincide with the
findings of the previous experiment (Figure 4.4a). Both tumours from the non-
responders of the triple-combination treatment group were mostly comprised of
KRAS G12D mutant cancer cells at endpoint, however, as only two tumours
were available for analysis in this group, this information remains inconclusive.
Re-challenge of the CRs mice resulted in 1/3 IRs in the KRAS G12Ci + SHP2i
treatment group, 2/4 IRs in the KRAS G12Ci + a-PD-1 group and 6/12 IRs in
the triple combination group (Figure 4.6d).

Although in mice the triple treatment combination induced little to no side
effects, this triple combination treatment may not be as well tolerated in human
cancer patients. However, for investigating the underlying mechanisms of
remodelling the tumour microenvironment and training an anti-tumour directed

immune response, it is providing valuable insights.
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Figure 4.6 Additional readouts of extended combination treatments. KRAS: refers to the
KRAS G12C(ON)i RMC-4998; SHP2i refers to the drug RMC-4550. a) cutoff volume for survival
plot was 460 mm?3; SHP2i only group not plotted because mice for this treatment group were
only included for flow cytometric analysis after 7 days treatment; fewer mice are plotted for
vehicle group, as majority of mice were culled for flow cytometric analysis. b) After 7 doses of
treatment, the fraction of KRAS G12D tumour cells within all live tumour cells, determined via
flow cytometry; each dot represents one individual tumour, plotted together with mean + SEM
for each treatment group; one-way ANOVA test was applied to this graph, however none of the
comparisons were significant when comparing (1) all treatment groups to the vehicle or (Il
comparing every mean to every other mean, hence no statistics are shown here. c) Fraction of
live KPAR1.3 KRAS G12D cells of all live cancer cells is plotted over time; the vertical grey line
at day 24 represents the flow cytometry performed at treatment endpoint, visualised in (b) (data
not shown in this graph). d) Individual tumours of mice from re-challenge of complete
responders. Mice which were able to immune-reject (IR) secondary tumours are highlighted in
respective graphs.

In patients, it was observed that combination treatments with Sotorasib can
induce side effects, oftentimes manifesting as hepatotoxicity related
conditions99:228,266,267.301 Eyen in the triple combination experiment, mice did not
present with obvious symptoms of side effects or signs of discomfort.
Nonetheless, we wanted to investigate whether the combination treatments
caused liver toxicity in the GH-mice. Hence, when tumours had been isolated
for flow cytometric analysis after 7 days of treatment (Figure 4.6¢), serum was
also collected from respective mice. Serum levels of the enzymes aspartate
aminotransferase (AST) and alanine transaminase (ALT) were then measured

(Figure 4.7). Quantifying the activity of these enzymes in serum samples can
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be used as indicators of increased liver inflammation in the clinic. However, for
this line of mouse experiments, there are few comparable results to determine
what would comprise high levels of liver inflammation. Possible reference levels
come from a study comparing liver toxicity in mice on a normal- compared to a
high-fat diet®%2. Here, healthy serum activity levels in mice were estimated
around 23.7 £ 2.3 units per litre (U/L) for ALT and 32.4 + 2.2 U/L for AST. We
also included an internal negative control in form of serum isolated from a naive
mouse. The results indicate that most mice presented with elevated levels of
hepato-toxicity as a trend, especially if the SHP2 inhibitor was included in the
treatment, although this condition was largely asymptomatic. One mouse in the
KRASI + SHP2i combination group presented with particularly elevated levels
for both of the aforementioned enzyme activities. However, when tracing back
notes the health condition and weight measurements for this mouse, this
toxicity appeared to have been largely asymptomatic as well, since the mouse
had neither lost weight nor shown signs of discomfort. It was also surprising that
two mice in the dual KRASi + SHP2i combination group presented higher
toxicity levels compared to mice in the triple combination group. Following up on
this did not warrant any clear explanations. Since mice in this experiment had
only been treated for one week before being sacrificed for the flow cytometric
analysis of tumours it is also possible that liver toxicity may have increased if

mice had remained on treatment for a longer time.
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Figure 4.7 Investigating treatment-related hepatotoxicity. ALT and AST Enzyme
activity was tested in serum isolated from indicated treatment groups, each dot is representative
of serum isolated from 1 mouse; measurements are plotted as units/litre (U/L). At the point of
sample collection, mice had been treated for 7 days, with SHP2i RMC-4550 being administered
at 30 mg/kg, KRASi RMC-4998 being administered at 100 mg/kg and 2 doses of a-PD-1 being
administered at 10 mg/kg. Error bars indicate mean + SEM, a one-way ANOVA test between all
treatment groups and vehicle was performed, however, none of the changes were significant in
respective plots. Additionally, healthy serum levels for respective enzyme activities in mice,
based on literature research, 23.7 (x 2.3) U/L for ALT and 32.4 (+ 2.2) U/L for AST, are
indicated by the dotted horizontal line. This experiment was performed with the kind help of
Sapta Mukherjee from our group.

Next, the dual treatment combination of SHP2i + a-PD-1 was tested for
synergistic treatment effects on KRAS G12C or KRAS G12D tumours (Figure
4.8a). This control was performed to isolate the contribution of this dual
treatment combination on eliminating respective tumour cell populations.
Surprisingly, although KRAS G12D cells did not response to single therapies
(Figure 4.2), this treatment combination was able to achieve tumour regression
in both, KRAS G12C- and G12D-derived tumours (Figure 4.8b,c), with one CR
mouse engrafted with a KRAS G12D-derived tumour. This experiment indicates
that additional treatment synergy between SHP2i + a-PD-1 may have

contributed to the increased number of complete responders in the triple-
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combination treatment group of the previous experiment (Figure 4.5). Of note,
mice in this experiment were treated for three weeks to match the treatment
schedule of the triple-combination experiment while the single therapies had

previously only been administered for two weeks.
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Figure 4.8 Investigating synergy of SHP2i and a-PD-1 treatment combination. a)
Schematic of experiment. b) Individual tumour growth of eBFP KPAR1.3 KRAS G12C (blue) or
Luc-eGFP KPAR1.3 KRAS G12D (green) derived tumours by treatment group; SHP2i RMC-
4550 was administered as oral gavage at 30 mg/kg for 3 weeks, whereat 18 doses were
administered (grey area on respective plots) and 4 doses of a-PD-1 were given via IP injection
at 10 mg/kg, indicated by vertical dotted lines. ¢) Survival probability of all treatment groups, cut
off value selected was a tumour volume of 500 mm3,

Lastly, we also wanted to test whether the therapy-enhanced formation of
immune memory was independent of reporter construct expression. Therefore,
we selected the CRs from two experiments, and engrafted untraced, parental
KPAR1.3 cells for the re-challenge branch of the respective experiments. This
included the CR from the previous experiment (Figure 4.8), as well as the CRs
from the experiment where mice had been engrafted with eBFP+ KPAR1.3
KRAS G12C tumours and were then treated with KRASI (Figure 4.2b).
Although the number of CRs utilised to test this hypothesis was small and
further validation would be necessary to draw any definite conclusions, one CR

of each experiment was able to immune reject the untraced KPAR1.3 cells
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during the re-challenge, hinting that an immune response had formed

independently of reporter construct expression (Figure 4.9).
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Figure 4.9 Dependency of immune memory on reporter constructs. IR: mice which
successfully immune-rejected the cancer cells engrafted on the opposite flank; naive mice for
each re-challenge experiment were age and gender matched to CRs a) Re-challenge of CRs
from Figure 4.2b; mice were engrafted on the opposite flank with 150,000 untraced, KPAR1.3
KRAS G12D cells. b) Re-challenge of CR from Figure 4.8; mice were engrafted on the opposite
flank with 150,000 untraced, KPAR1.3 KRAS G12C cells.

Overall, in this line of experiments, we found that combination therapies can

generate a durable, immune-mediated rejection of tumours containing a KRAS
G12Ci-resistant sub-population. Resistant cells were not sensitive to SHP2i or
aPD-1 therapies, which would indicate that double therapy treatments resulted
in the bystander killing of the resistance KRAS G12D cells. Further, indications

of immune memory towards KPAR1.3 cancer cells was found.

4.4 Testing treatment response in subcutaneous model with an

alternative KRAS G12Ci-resistant subpopulation

Mechanisms of KRAS G12Ci resistance development have been studied in
both patient samples and pre-clinical model systems. These studies have

revealed that tumour cells can evolve in myriad ways to circumvent KRAS
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G12C inhibition, one occurrence being acquisition of further mutations in the
KRAS G12C mutant protein itself, which hinders the interaction of respective
small molecule inhibitors?3® 235 236.237 By introducing a KRAS G12D mutant
subpopulation to engrafted tumours, we model one of these mechanisms.
However, we wanted to assess whether our combination therapy strategy might
also encompass wider clinical implications. Therefore, it was investigated
whether bolstering anti-tumour immunity to reject KRAS G12Ci-resistant sub-
populations would also be effective when introducing a subpopulation with a
different type of resistance mechanism. Here, KPAR1.3 cell lines retaining their
KRAS G12C mutation, but presenting with increased resistance to Adagrasib
were employed, here referred to as KPAR1.3 G12CRes cell lines. This was done

in a collaborative project together with Sareena Rana and Sophie de Carné.

For the establishment of KPAR1.3 G12CRes cell lines, Sophie de Carné injected
original KPAR1.3 KRAS G12C cell line via tail vein in immune competent
C57BL/6J mice. Mice were then monitored via weekly micro-CT scans and,
once tumours were established, mice were treated with 50 mg/kg Adagrasib as
indicated in (Figure 4.10). Here, tumour bearing mice were given a treatment
break when tumours regressed and were subsequently put back on treatment
when tumours grew back. This intermittent pattern was repeated until mice no
longer responded to KRAS G12Ci. Next, a total of 5 tumours were isolated from
the lungs of the two mice from which five cell lines were established. Here one
batch of each line was continuously cultured in Adagrasib-supplemented media
while the other culture was maintained without the addition of this inhibitor. The
addition of Adagrasib to the media would ensure the continuous selection of
drug-resistant tumour cell subclones, in case tumours also harboured remaining
treatment responsive cells. On the other hand, the batch of cells cultivated
without the addition of further KRAS G12Ci would help to discern whether
resistance development had likely taken place in vivo or only after culturing the
cells with Adagrasib. Ex vivo cultures were passaged five times to purify cancer
cell lines from immunocytes and other remnants of the TME, which are short

lived in the culture conditions applied to select for epithelial cells.
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Figure 4.10 Treatment scheme of generating Adagrasib-resistant tumours. This figure was
adapted from an illustration made by Sophie de Carne (unpublished). The light red triangle on
the left side of the x-axis indicates the beginning of the in vivo experiment, when KPAR1.3 cells
were injected via tail vein; the individual doses of Adagrasib (50 mg/kg) are indicated by the red
lines for the two C57BL/6J mice: the blue rhombuses below the x-axis indicate the weekly of
micro-CT scans; the inverted light blue triangles indicate the point of tumour isolation.

Next, viability assays were ran to evaluate the degree of drug resistance to
Adagrasib (Figure 4.11a) as well as the MEK inhibitor Trametinib (Figure
4.11b). The latter inhibitor was included to assess the efficacy of KRAS G12Ci
on downstream signalling activity. Out of the five tested KPAR1.3 G12CRes cell
lines, the cell line 2 (KPAR1.3 G12CRes2) was most resistant to Adagrasib,
although it did not display complete resistance, compared to the control of the
original KPAR1.3 KRAS G12D cell line. Interestingly, however, line KPAR1.3
G12CRes2 was significantly more resistant to Trametinib, compared to both the
other KPAR1.3 G12CRes cell lines as well as the parental control KPAR1.3 cell

lines.

Additionally, in these viability assays only moderate differences were observed
between the KPAR1.3 G12CRes lines that were cultured either with- or without
Adagrasib supplementation to the culture media. This could indicate that KRAS
G12Ci resistance had already developed in vivo, prior to cell line establishment.
This might indicate that KRAS G12Ci resistance mechanisms were not based
on a transient change in gene expression but may rather be indicative of a more

permanent alteration.
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Figure 4.11 Assessing drug response of KPAR1.3 G12C's cell lines. Viability assays for
newly established cell lines, which had previously been propagated in in presence or absence
of Adagrasib, as indicated in respective legends. Additionally, the viability assays were also
conducted on the original KPAR1.3 KRAS G12C or G12D cell lines as controls; these are
plotted alongside each of the newly established cell lines as reference. Viability assays were
performed using a) Adagrasib or b) Trametinib, with the respective concentration gradients
being indicated on the x-axis. Experiments are comprised of 3 independent biological replicates
with 3 technical replicates each, plot points indicate mean + SEM, connecting lines were fitted
using a non-linear transformation.

We suspected that the partial response to Adagrasib and possibly also
Trametinib in KPAR1.3 G12CRes2 may be related to a certain degree of
heterogeneity within this bulk cancer cell population. To further disentangle the

resistance mechanism(s), present in the KPAR1.3 G12CRes2 cells, this line was
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further single-cell sub-cloned and several emerging clones were selected for
further analysis. Here the KPAR1.3 G12CRes2 which had been propagated

without Adagrasib supplemented to the culture media was selected.

Sareena Rana from our research group then performed further characterisation
of the selected clones, including viability assays, qPCRs and western blots.
Because this part of the collaboration was performed by another lab member, it
will not be discussed in detail here. However, an exemplary western blot is
included, which indicates a shift in RTK expression, from EGFR in the parental
KPAR1.3 cell line to the fibroblast growth factor receptor (FGFR) in the resistant
clones. A loss of E-cadherin in resistant clones was also observed (Figure
4.12a). Together, this might indicate a transition from an epithelial to
mesenchymal phenotype leading to drug resistance. Viability assays with the
KRAS G12C(OFF) inhibitor Adagrasib and KRAS G12C(ON) inhibitor RMC-
4998 indicate a significant increase in resistance for both KPAR1.3 G12CRes?
sub-clonal cell lines towards both drugs compared to the original KPAR1.3 cell
line. Further, both subclones displayed a significantly increased resistance to
trametinib, compared to the parental KPAR1.3 KRAS G12C cell line, indicating
that the lines with increased resistance might share a common origin (Figure
4.12b). Other potential contributions to the increased resistance to KRAS
G12Ci were also assessed, via time course or viability assays. However, so far
no clear other resistance signature has been identified. Recently, an RNA-
sequencing experiment was also initiated to investigate this, but results are not

yet available.
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Figure 4.12 Resistance mechanisms in sub-clones of KPAR1.3 G12C's cell line 2. a)
Representative Western blot showing protein expression of parental KPAR1.3 G12C (Parent
G12C), as well as KPAR1.3 G12CRes2 sub-clones (written as Res?*). Vimentin is included as
loading control. b) Viability assays with indicated cell lines for the inhibitors (left to right)
Adagrasib, RMC-4998, and Trametinib; data is representative of 3 independent experiments,
each performed with three technical replicates, error bars indicate SEM. A two-way ANOVA test
was performed to assess cell line related differences in drug response, comparisons between
the parental KPAR1.3 cell line and KPAR1.3 Res2 sub-clonal lines are indicated. Western blot
and viability assays done by Sareena Rana.

Based on this initial in vitro analysis, two of the sub-clonal cell lines were
selected for further in vivo characterisation, where they were engrafted
subcutaneously in immune-competent mice. This experiment tested whether,
compared to the original KPAR1.3 KRAS G12C cell line (Figure 4.13a), the two
selected clones, KPAR1.3 G12C™s2' (Figure 4.13b), and KPAR1.3 G12Cres?2
(Figure 4.13c) retained their resistance to Adagrasib when re-engrafted in
mice. Here, mice were treated for two weeks, once an average tumour volume
of ~200 mm? was reached. Compared to the parental cell line, tumours derived
from both, KPAR1.3 G12Cs2" and KPAR1.3 G12C"s22 displayed an increased
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resistance to Adagrasib in vivo. Tumours established from the parental cell line
regressed on treatment and one CR was generated. On the other hand, the
growth rate of KPAR1.3 G12Cs2'-derived tumours decreased somewhat
initially during Adagrasib treatment, however, most tumours relapsed on-
treatment. KPAR1.3 G12Cs22 seemed the most resistant to Adagrasib, as
tumours continued to grow during treatment, although at a slightly lower rate

compared to the vehicle tumours.

Additionally, the two selected subclones also grew at a faster baseline rate
compared to the original KPAR1.3 KRAS G12C cell line, as visualised in Figure
4.13d. Here, the grouped growth rates over time within each cell line may look
inconstant, especially in the vehicle group. However, this is due to mice with
tumours reaching the defined size endpoint being culled after each
measurement, thereby possibly decreasing the average tumour volume of the
consecutive measurement. As a consequence to the difference in basal growth
rate, mice with tumours derived from the resistant cell lines were put on
treatment earlier after engraftment (Figure 4.13e). Nonetheless, the two
resistant cell lines responded less to Adagrasib treatment compared to the
original KPAR1.3 G12C cell line, particularly the line KPAR1.3 G12C™s22, This
trend was also seen when comparing the survival probabilities of Adagrasib

treated mice (Figure 4.13f).
KPAR1.3 G12C's22 |ine appeared to be more resistant to KRAS G12Ci in vivo,

compared to KPAR1.3 G12Cs2 line. Therefore, out of the two cell lines, the

KPAR1.3 G12C's22 |ine was selected for further investigation.
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Figure 4.13 Therapy resistance of lines KPAR1.3 G12C™s2'and - G12C"s22 jn vivo. Growth
of subcutaneous tumours derived from a) KPAR1.3 G12C°19nal b) KPAR1.3 G12C™s2!  and c)
KPAR1.3 G12C'™22 cell lines was measured. Each line is representative of a single tumour.
Mice were stratified into either Vehicle- or Adagrasib treatment group when average tumour
volume had reached ~200 mm?3. Treated mice received 12 doses of 100 mg/kg Adagrasib within
2 weeks. For Kaplan-Meier survival plots in the right panel, a tumour volume of 500 mm? was
selected as cutoff value. Tumour growth of d) vehicle mice, and e) Adagrasib-treated mice are
shown, grouped by cell line and plotted as mean + SEM. For the latter plot, KPAR1.3 G12Cres2!
, and KPAR1.3 G12C"s22 tumour-bearing mice were treated from day 9 to day 21, while
KPAR1.3 G12C°"9 mice were put on treatment from day 17 to day 31; respective treatment
periods are indicated through highlighted areas. f) Visualisation of survival probability of all
Adagrasib treated mice by treatment group; 500 mm3 was selected as cutoff value.

We next wanted to test whether the KPAR1.3 G12C's22 cell line, might also

have developed a degree of cross-resistance towards other therapy lines.
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Therefore, we engrafted KPAR1.3 G12Cs22 -derived subcutaneous tumours to
assess drug response towards the KRAS G12C(ON)i RMC-4998 and the SHP2i
RMC-4550. This was tested either as monotherapies (

Figure 4.14a) or as dual therapies (

Figure 4.14b), where the combination of RMC-4998 and a-PD-1 was also
included. We indeed found that tumours presented with increased resistance of
the respective therapy lines. For example, 5/7 KPAR1.3 G12C's22 derived
tumours progressed on RMC-4998 treatment. Further, no CRs were generated,
with all primary tumours growing back after treatment. Plotting survival
probabilities indicated moderate efficacy of treatments, with tumours of mice
treated with combination therapies responding slightly better compared to
monotherapy (

Figure 4.14c).
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Figure 4.14 Assessing therapy cross resistance of KPAR1.3 G12Cs22 |ine. Mice were
engrafted with KPAR1.3 G12Cs22-derived subcutaneous tumours. SHP2i: RMC-4550,
administered at 30 mg/kg; KRASi: RMC-4998, administered at 100 mg/kg; a-PD-1 was
administered at 10 mg/kg. Mice were treated for three weeks, in which respective treatment
groups received 18 doses of oral gavages and 4 doses of a-PD-1; treatment period for oral
gavages are indicated by grey areas in respective plots and a-PD-1 doses by vertical dotted
black lines. a) Tumour growth for individual mice of vehicle or monotherapy treated mice. b)
Tumour growth for mice receiving therapy combinations; c¢) Survival probabilities plotted by
treatment group.
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Now that the KPAR1.3 G12C's22 cell line had been characterised through both,
in vitro and in vivo experiments, we wanted to introduce this line as an
alternative drug-resistant subpopulation. This was to test whether our therapy
combination strategy would also be applicable in a larger context to target the
development of drug resistance. To clearly distinguish the KPAR1.3 G12Cres22
cell line in tumours comprised of mixed cancer cells, it was also transduced with
the Luc-eGFP reporter with the kind help of Sareena Rana and a visiting

student, Isabel Rafalin.

Subsequently, tumours comprised of 99.96% eBFP KRAS G12C cells and
0.04% Luc-eGFP KPAR1.3 G12Cs22 cells were engrafted subcutaneously in
GH mice. Tumour size was measured via calliper and the relative fraction of
Luc-eGFP KPAR1.3 G12Cs22 cells over time was assessed via VIS scans. In
the first pilot experiment (Figure 4.15a), we wanted to test how the KPAR1.3
G12Cres22 subpopulation would respond to KRAS G12Ci. As the KPAR1.3
KRAS G12D-based subpopulation in previous studies was found to be
proliferating at an accelerated rate compared to the vehicle control (Figure 4.1,
Figure 4.3). Here, IVIS scans indicated that the Luc-eGFP KPAR1.3 G12C'es?2
cells did not increase in proliferation in this experiment. This may be related to

this cell line still retaining a partial response to KRAS G12Ci (Figure 4.15a).

After this initial test (Figure 4.15b), we wanted to test whether CRs could be
generated with the triple-combination treatment scheme when employing this
alternative subpopulation with increased KRASI resistance. Here, we engrafted
tumours and defined treatment parameters to match the triple-combination
treatment experiment with the Luc-eGFP KPAR1.3 KRAS G12D subpopulation,
to assess if CRs could be generated (Figure 4.5). We again injected 1.5 *10°
cancer cells comprised of 99.96% eBFP-transduced KPAR1.3 KRAS G12C
cells and 0.04% Luc-eGFP KPAR1.3 G12Cs22 cells. In one of the IVIS scans,

a signal peak was observed for one of the vehicle tumours with a magnitude of
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2.68e+009 photons/s/cm?. This spike may be related to a dual injection of d-

luciferin, as the signal had returned to a lower value in the subsequent scan.

Treatment with the triple combination was able to generate 6/11 CRs. An
additional mouse had also remained tumour free for 2.5 weeks post treatment
but had to be culled early due to health concerns and was hence not counted
as CR. The volume of 2/4 tumours that did grow back after treatment was still
below 50 mm?3 30 days after the treatment had ended, indicating immune-
mediated tumour control may still have been generated. The number of CRs in
this experiment was lower than the 10/12 CRs obtained when a KRAS G12D
mutant cell line was used as a drug-resistant population (Figure 4.5). This
could have been related to the faster proliferative rate of this cell line. However,
overall, these results indicate that the combinations proposed might also target

other mechanisms of resistance.
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Figure 4.15 KPAR1.3 G12C"2? |ine as alternative KRASi-resistant sub-population. Mice
were engrafted with subcutaneous tumours comprised of 99.96% eBFP-transduced KPAR1.3
KRAS G12C cells and 0.04% Luc-eGFP KPAR1.3 G12C22 cells. KRASi: RMC-4998,
administered at 100 mg/kg; SHP2i: RMC-4550, administered at 30 mg/kg; a-PD-1 was
administered at 10 mg/kg. Mice were treated for three weeks, in which respective treatment
groups received 18 doses of oral gavages and 4 doses of a-PD-1; treatment period for oral
gavages are indicated by grey areas in respective plots and a-PD-1 doses by vertical dotted
black lines. a) Upper panel: Tumour growth and lower panel: IVIS scans for individual mice of
KRAS: treated mice. b) Upper panel: Tumour growth and lower panel: IVIS scans for individual
mice for Vehicle and triple combination treated mice.
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Overall, in our preclinical murine model system, we were able to show that the
proposed combination therapy schemes were able to enhance the rejection of
tumours containing a treatment-resistant subpopulations. Further investigation
indicated that this was achieved by fostering anti-tumour immunity, possibly
capable of recognising a pan-cancer-cell archetype and thereby also eliminating
drug-resistant sub-populations. Complete responder mice further presented

with enhanced immune memory.

The next two chapters explore the underlying mechanisms governing therapy-
induced TME re-composition and promoting anti-tumour immunity. Specifically,
Chapter 5 focuses on understanding how drug-sensitive or -resistant tumour
cells respond to exposure to different anti-cancer drugs and anti-tumour
immunity. Chapter 6 examines how the different anti-cancer drugs contribute to
fostering an effective immune-response and the development of immune
memory. This was achieved through a combination of in vivo studies, immune-

phenotyping and the exploration of spatial TME organisation.
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Chapter 5. Investigating therapy effects on tumour

cell compartment

We have discovered that employing KRAS G12Ci as monotherapy on tumours
containing a fraction of KRAS G12D cells had accelerated the development of
drug resistance. This was not observed with the KPAR1.3 G12Cs22 cell line
which may be due to it still being partially responsive to this inhibitor. On the
other hand, combination therapies were able to achieve complete rejection of
tumours containing drug resistant cells in some animals and further provided a
survival advantage for the majority of treated mice. To understand how therapy
combinations could be employed most effectively in the clinic, the underlying
mechanisms governing treatment- and/or immune mediated tumour cell
elimination or outgrowth were further investigated. For this, the cell state of
KPAR1.3 tumour cell fractions across treatment groups were analysed via bulk
RNA sequencing (bRNA-seq) in two successive experiments. Additionally, to
further disentangle cancer cell intrinsic and immune mediated influences on the

tumour cell compartment, an array of further in vitro assays was performed.

5.1 Investigating cell state of KRASi-resistant tumour cells

across treatment groups

For the first bRNA-seq experiment, we investigated how the cell state of the
KRASI-resistant KPAR1.3 KRAS G12D tumour cell subpopulation would
change when exposed to either KRASI alone, or in dual combination therapies
with either a-PD-1 or SHP2i. Here, immune competent GH mice were engrafted
subcutaneously, with the isogenic KPAR1.3 KRAS G12C and G12D mutant
cancer cell lines at the ratios indicated in Figure 5.1a. In this experiment, for
mice in the treatment groups a 99.5:0.5 ratio for the KRAS G12C : KRAS G12D
mutant KPAR1.3 cells was chosen, while in the vehicle group a 50:50 ratio for
the KRAS G12C : KRAS G12D mutant KPAR1.3 cells was chosen. This was
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based on the previous observation that the KRAS G12D mutant tumour cells
would proliferate less in vehicle-treated tumours compared to KRASI treated
tumours, hence it might not be possible to obtain enough sample to perform
bRNA-seq if only a small subpopulation was engrafted. On one hand, this
posed a limitation for comparing between treatment groups, however, it enabled
the establishment of a baseline for the cancer cell state of KRAS G12D mutant
tumour cells when no treatment pressures were exuded on tumours. To allow
for accurate flow cytometric sorting of the target cell populations, additional
mice were engrafted with tumour cells which either expressed no FPs or only
BFP or GFP.

When tumours reached a size of ~500 mm?, mice which had not been assigned
to the vehicle group at the start of the experiment, were stratified into treatment
groups. Tumours were grown to a larger volume before the start of treatment,
compared to previous survival experiments to allow for enough material to
remain for bRNA-seq after the treatment period. In this experiment, mice were
treated with oral drugs for 6 successive days, whereat 2 doses of a-PD-1 were
also administered to mice in the respective treatment group. Subsequently,
tumours were harvested, dissociated into a single cell suspension and the auto
fluorescent red blood cells were lysed. A viability dye was then added to each
sample for gating out dead or apoptotic cells which may also display increased
autofluorescence and show up as false positive events in the sorting gates.
Tumour cells were then flow cytometrically sorted via their FP expression and
snap frozen (Figure 5.1b). RNA was then isolated from the collected KPAR1.3
KRAS G12D tumour cell fractions and submitted to the advanced sequencing
facility at the Crick, who kindly created the cDNA libraries and performed NGS

sequencing.

Initially, in this experiment we had aimed to sort both, the eBFP G12C and Luc-
eBFP G12D tumour cell fraction. However, when running the negative control of
a tumour sample established from untraced KPAR1.3 cells to set the sorting

gates, it was discovered that a population of highly auto fluorescent cells were
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present in the eBFP* gate. Since eBFP is inherently a dimmer fluorophore, the
distance of the eBFP positive population to the gate is relatively small, thereby
exacerbating segregation from cell populations with a high autofluorescence
profile. Back gating on the forward and side scatter implied that these false
positive events likely stemmed from immunocytes. Treatments might also
influence the quantity of CD45" cells present in different treatment groups,
which could further alter the fraction of immune cell contamination present in
the eBFP™ gate. Because of this, it was decided to only proceed with the Luc-
eGFP KRAS G12D tumour cell fraction in this experiment which had been
clearly distinguishable. Another caveat of this first bRNA-seq experiment was
that samples of the treatment combination groups of KRASi + SHP2i and
KRASI + a-PD-1 cells from individual tumours had to be pooled in groups of
three to four tumours per sample to obtain sufficient material. This could
increase the variability of gene expression within these samples compared to
unpooled samples, which had to be taken into account in the subsequent
analysis. Of note, all of the aforementioned experimental limitations were

resolved in the second bRNA-seq experiment.
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Figure 5.1 Schematic of sample acquisition for bRNA-seq. Overview of in vivo part for
bRNA-seq experiment; left: 2 tumours for each control group, with or without single FPs were
engrafted, to allow for accurate gating during cell sort; right: Tumours engrafted for bRNA-seq
sample acquisition, fraction of Luc-eGFP G12D cells of all engrafted cancer cells indicated for
respective treatment group. Mice were put on treatment when average volume of 500 mm? was
reached, mice were treated with 6 doses of oral gavages for KRASi RMC-4998 at 100 mg/kg,
SHP2i RMC-4550 at 30 mg/kg, and 2 doses of a-PD-1 were administered to respective mice at
10 mg/kg. b) Harvested tumours were dissociated into a single cell suspension and red blood
cell lysis (RBCL) was performed; Luc-eGFP G12D cells were then collected via flow cytometric
sorting, subsequently, RNA was isolated, libraries were generated from samples and NGS
sequencing was performed. Image was created with BioRender.

Thanks to the kind mentorship of Dr. James Campbell, the bioinformatics
training officer at the Crick, | was able to analyse the sequencing data for the

bRNA-seq experiments in this project.

The raw sequencing data obtained from advanced sequencing facility was first
run through the nf-core pipeline®’3, which performs a streamlined pre-
processing (Figure 5.2). In brief, poly-A tail capture probe and sequencing
adapter sequences were removed, reads were aligned to a pre-selected mouse
reference genome (Mus_musculus.GRCm38.95) and allocated to

corresponding genes and isoforms. The reads for each transcript across all
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samples were then quantified and a multi sample read count tsv output file was
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Figure 5.2 Schematic of nf-core pipeline. Visual map of bRNA-seq sample pre-processing
pipeline; version 3.14.0 was employed for analysis, STAR-RSEM was chosen as aligner;
instead of selecting the branch terminating in section 3, pipeline was followed through section 4
and 5, thereby including internal quality controls. Image was sourced from the nf-core website:
https://nf-co.re/rnaseq/3.14.0/.

The read counts were then read into R, where sequencing quality controls were
performed and the preliminary expression data was further normalised which, in
large parts followed the DESeq2 vignette®®*, also referenced in methods
section 2.7. First, an experimental model was designed and encoded where
biologically relevant comparisons between treatment groups were defined,

while also taking potential batch effects into account.

Several sample normalisation steps were then performed. For example, the
differences in total read counts between each sample during sequencing had to
be taken into account. The raw read counts for each sample are visualised in
(Figure 5.3a). Next, a size factor was calculated for each sample to allow for
normalisation (Figure 5.3b). The respective size factors were then applied to
the respective samples to normalise expression counts for each gene
accordingly (Figure 5.3c). The reason the bars for normalised counts for
different samples are not exactly at the same hight after normalisation is related

to true changes in gene expression between samples.
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Figure 5.3 Read count normalisation. a) Total raw counts for each sample. b) Calculated size
factor for each sample, used for read count normalisation. c) Total read counts after
normalisation.

Additionally, the data was log-transformed, whereat the gene expression
variance for genes with low read counts was assigned a lower weight. The later
was done to determine meaningful gene expression changes in throughout the
data set. For example, if ‘Sample 1’ has 500 reads for ‘gene A’, while ‘Sample
2’ has 2000 reads, this likely represents a meaningful alteration in gene
expression, encompassing a dual log fold change. On the other hand, if
‘Sample 1’ has 2 reads while in ‘Sample 2’ 8 reads were captured, this equally

represents a dual log fold change. It may, however, not represent a meaningful
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change in gene expression, as read numbers in this low range may be subject

to coincidental capture of RNAs with low presence.

To understand the gene-wise expression variability across all samples, the
calculated gene-wise dispersion estimates for all genes across all treatment
groups were plotted (Figure 5.4). This is an important diagnostic visualisation
approach to probe the quality of the RNA-sequencing data set. Diversions from
a standard pattern on this plot could indicate insufficient sample numbers,
technical issues with sample quality or library preparation, insufficient
sequencing depth, etc. For an expected dispersion regression, the information
published by the DESeq2 vignette on bioconductor.org, as well as the
underlying mathematical modelling®®* were taken as reference. In brief, for this
data set, the dispersion estimations indicate high data quality and an

appropriately fitted experimental design.

To further elaborate on the concept of this visualisation, due to the relatively low
number of samples within each treatment group, the respective variation of
expression for individual genes may be unreliable. The initial dispersion
estimates for each gene are visualised as black dots in the plot below (Figure
5.4). The DESeq2 workflow will then estimate a mean for the expected
dispersion value for genes of a given expression strength, through information
sharing across all genes. The resulting mean is indicated by the red line in the
dispersion plot. The initial dispersion estimated for each gene will then be
regressed towards the respective predicted mean, assuming a negative
binomial distribution. Here, genes with a dispersion value lower than the
estimated mean are shrunk towards the red curve, genes with a dispersion
estimate slightly above the estimated average are also regressed towards the
estimated mean. These are represented as blue dots on the plot. However,
genes displaying an exceptionally high dispersion estimate for their respective
abundance, will not be regressed towards the mean. This is because the high

dispersion is assumed to be indicative of a biologically meaningful change in
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gene expression. These genes are highlighted as black dots surrounded by a

blue circle and are not shrunk towards the predicted mean trend line.
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Figure 5.4 Dispersion estimates for each gene across samples. The dispersion of gene
expression (y-axis) is plotted over the mean of normalised gene counts (x-axis). Each point in
the plot is representative of one gene; the black dots indicate the initial maximum likelihood
dispersion estimate. The red line is fitted as an estimated mean for the expected dispersion for
genes with a certain number of read counts. Blue dots indicate adjusted dispersion values for
individual genes. Genes with extremely high dispersion values, which are not regressed
towards the mean are indicated as black dots surrounded by blue circles.

Next, a simple principal component analysis (PCA) was performed across all
samples, to assess how tumour cell samples would cluster together (Figure
5.5). This revealed that vehicle samples clustered separately from treated
samples but were closer to the groups of samples treated with KRASI, or KRASI
+ a-PD-1, compared to the combination treated samples in the KRASI + SHP2i
group. Since KRAS G12C inhibitor RMC-4998 does not inhibit KRAS signalling
in the KRAS G12D mutant tumour cells, it would be reasonable that KRASI, or
KRASI + a-PD-1 cells may cluster closer together. The vehicle samples may be
more distant to treated samples, due to the increased proliferation rate in the
KPAR1.3 KRAS G12D mutant subpopulation in KRAS treated tumours. SHP2i,
on the other hand was found to generate a moderate inhibition in the KRAS

G12D-mutant cancer cell compartment. Hence it could explain why samples

133



Chapter 5. Results

treated with this combination cluster separately from the other treatment

groups.
PCA analysis
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Figure 5.5 Principal component analysis of sample distribution. PCA plot visualising the
sample distribution along the first two principal components. Samples are coloured by treatment

group.

As mentioned above, for the combination treatment groups, sorted tumour cells
from several individual tumours were pooled to obtain enough material,
however, samples were not pooled for vehicle and KRASi-only treatment
groups. Hence, it was assessed whether this experimental step had introduced
differences in the gene expression dispersion between pooled and un-pooled
samples. Plotting gene expression variability in a pairwise manner, revealed
that the dispersion rate was similar between pooled and individual samples.
Implying that heterogeneity in samples within one treatment group was likely
small and did hence not obscure findings in pooled samples, although this
analysis is not fully sufficient to interrogate this potential quarry. Exemplary

plots are shown for each treatment group are shown in (Figure 5.6a-e).
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Figure 5.6 Pair-wise gene expression dispersion. Pairwise gene expression dispersion plots
by treatment group, each dot is representative of one gene, x- and y-axis scales indicate
normalised, log-transformed gene expression values. a) Vehicle, b) KRASi (RMC-4998), c)
KRASi + SHP2i (RMC-4550), d) KRASI + a-PD-1.

135



Chapter 5. Results

To understand the scope of treatment-induced changes in gene expression,
differential gene expression between treatment groups was also visualised in
form of MA plots (Figure 5.7). In this scatter plot, the log2 fold change (log2FC)
between 2 treatment condition is displayed on the y-axis (M), and the average
of log-transformed counts across all samples (A) is displayed on the x-axis. This
visualisation implied that the presence of KRAS G12Ci as monotherapy in the
mixed tumours induced significant changes in gene expression in the KPAR1.3
KRAS G12D tumour cell compartment. Since KRASI does not directly inhibit
oncogenic KRAS signalling in these tumour cells, the observed changes in
gene expression were likely the result of other treatment-induced changes,
such as alterations in immune cell composition and activation states in the
TME. The highest number of differentially regulated genes with a log2FC > 3
was observed between samples of vehicle and KRASI + SHP2i treated mice.
Assessing secondary treatment effects, the addition of a-PD-1, compared to
treatment with KRAS G12Ci as monotherapy appeared to induce the least
additional effects on the KRAS-G12D mutant tumour cell compartment. These
findings are consistent with the sample dispersion in the PCA analysis (Figure
5.5).
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Figure 5.7 Differential gene expression between treatment groups. MA-plots visualising the
log2 fold changes over the mean expression of normalised gene counts. The later term in the
respective plot titles is considered as “baseline” (set as 0 on x-axis). Top panel shows primary
treatment effects, comparing samples from treated mice to vehicle samples, set as baseline.
The bottom panel visualises secondary treatment effects. If padj < 0.1, data points on plot are
coloured blue, data points which fall out of the range of the defined y-axis are plotted as
triangles. KRASi (RMC-4998), SHP2i (RMC-4550).

To further visualise the quantity of differentially regulated genes, for each of the

comparisons, their abundance over respective adjusted p values (padj) was
plotted (Figure 5.8). This showed that KRASi + SHP2i treated tumours had the

most significantly differentially regulated genes with small padj values. On the

other hand, there were fewer significantly differentially expressed genes

between KRASI as monotherapy and KRASI + a-PD-1, again, implying that the

addition of immunotherapy to KRASI treatment may not have exerted much

additional effects on the KRAS G12D mutant tumour cell population.
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Figure 5.8 Abundance of significantly differentially regulated genes between indicated

treatment groups. Pairwise treatment group comparisons as indicated by plot title, the later
term being set as baseline. Number of genes (‘Counts’) plotted over their corresponding pad;j
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values. Plots in top panel compare indicated treatments to vehicle, bottom panel compares
samples from different treatment groups to each other.

As the plotting tools above do not provide insights into the identity of genes that
are differentially regulated, pairwise treatment comparisons were also
visualised as volcano plots. As an example, differential gene expression
between vehicle and KRASI treated samples is shown below (Figure 5.9). This
revealed that some of the most upregulated transcripts in treated samples are
related to proliferation and cell cycle progression. This included Ccna2, which
encodes for a cyclin-dependent kinase, E2f7, which encodes the E2F
transcription factor7 that is involved in promoting survival and proliferation, and
Mik67 which is the transcript for the proliferation marker Ki67. On the other
hand, several down regulated genes are related to interferon signalling, such as
Irf7, 1sg15, Cx3cr1 as well as TSGs, such as Ptpn13 and Trib3.
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Figure 5.9 Differential gene expression in KRASi- and vehicle samples. Volcano plot
showing the differential gene expression between vehicle (baseline) and KRASi (RMC-4998)
treated samples. Dots indicate individual genes, the negative Log10 of adjusted p values (y-
axis) is plotted vs Log2FC for respective genes (x-axis). With dotted lines indicating cutoff
ranges for Log2FC < (-1) or 2 1 and -Log1oP <1013,

To gain deeper insights into systemic expression changes within the KRAS
G12D mutant cancer cells, rather than looking at individual genes, gene set

enrichment analysis (GSEA) was performed. An example for individual GSEA
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plots for the comparison between Vehicle- and KRASI treated samples is shown
for the top 4 hits for positive- (Figure 5.10a) and negative (Figure 5.10b)
enrichment scores. The 4 gene sets associated with a strong positive
enrichment score were all associated with proliferation and cell cycle
progression, while the top 4 hits with a negative enrichment score were

associated with a downregulation in inflammatory signalling and hypoxia.
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Figure 5.10 GSEA of KRASi-treated compared to vehicle samples. GSEA plots for a) top 4
upregulated and b) downregulated gene sets in the comparison between vehicle and KRASI
(RMC-4998) treated samples. Individual ranked genes in respective gene set collections are
shown on x-axis as individual dashes, plotted over their respective enrichment score (y-axis).

To visualise an overview of differentially regulated gene sets across treatment
groups, point graphs displaying all significantly differentially regulated gene sets

with a padj < 0.05 were created. Here, primary treatment effects on the
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KPAR1.3 KRAS G12D tumour cells compared to vehicle samples were
analysed first (Figure 5.11). This visualised that several gene sets related to
proliferation and cell cycle progression, such as E2F and MYC target sets, were
upregulated when the KRAS G12C inhibitor was administered. Intriguingly, this
was also true for RNA samples isolated from combination treated tumours,
despite the signature for KRAS signalling being slightly downregulated in the
KRASI + SHP2i combination treated samples. On the other hand, several
signatures related to interferon signalling and inflammation appeared to be
downregulated in samples treated with KRASIi as monotherapy or in
combination with a-PD-1 treatment, compared to vehicle. The addition of

SHP2i, however, appeared to increase IFN-a and IFN-y related signatures.

The increase in proliferation signatures is consistent with the observations
made in previous experiments, based on IVIS scan and flow cytometric
readouts. These showed that treating tumours comprised of mixed KRAS G12C
and G12D mutant cancer cells with a KRAS G12Ci will give the KRASI-resistant
subpopulation a proliferative advantage. Intriguingly, this proliferation signature
was also maintained in combination-treated samples. Being able to generate
complete responders with combination therapies despite this increased
proliferation signature might imply a significant contribution of adaptive

antitumour immunity in eliminating these cancer cells.
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Figure 5.11 GSEA of primary treatment effects. Overview of enriched gene sets in the
KPAR1.3 KRAS G12D tumour cell compartment across treatment groups, with normalised
enrichment scores (NES) indicated by colour of respective dots and respective adjusted p-
values indicated by size of respective dots. For all comparisons, the vehicle group is set as
baseline and differentially enriched gene sets in treatment groups are displayed. Only gene sets
which had a padj of < 0.05 in at least one of the compared treatment groups are shown. Along
the y-axis, proliferation and/or cell cycle progression associated signatures are highlighted in
mauve, inflammation associated signatures in green. KRASi: RMC-4998, SHP2i: RMC-4550.

GSEA was also performed to investigate synergistic effects between treatment
groups (Figure 5.12). This indicated that there were no profound differences in
cancer cell state of the KPAR1.3 KRAS G12D compartment between KRASI as
monotherapy and KRASi with the addition of immune therapy. Interestingly, in
this experiment, addition of the SHP2 inhibitor overall further increased the
enrichment score for proliferation-related signatures, when compared to KRAS
G12Ci as monotherapy or in combination with a-PD-1, despite KRAS signalling

gene set displaying a negative enrichment score. Simultaneously, inflammation
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associated signatures also appeared to be upregulated in the presence of the
SHP2i.
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Figure 5.12 GSEA of secondary treatment effects. Overview of enriched gene sets in the
KPAR1.3 KRAS G12D tumour cell compartment comparing between treatment groups, with
normalised enrichment scores (NES) indicated by colour of respective dots and with respective
adjusted p-values indicated by size of respective dots. For all comparisons, the later term in the
tile of the x-axis was set as baseline and differentially enriched gene sets are displayed on the
plot. Only gene sets which had a padj of < 0.05 in at least one of the compared treatment
groups are shown. Along the y-axis, proliferation and/or cell cycle progression associated
signatures are highlighted in mauve, inflammation associated signatures in green. Abbreviations
on x-axis of graph: Vehicle (V), SHP2 inhibitor RMC-4550 (S), KRAS G12C inhibitor RMC-4998
(K), a-PD-1 (P).

This first RNA sequencing experiment had several limitations. First, vehicle
tumours were engrafted with a different ratio of KRAS G12D mutant cancer

cells than the tumours for the different treatment groups. Secondly, samples
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from combination treated tumours, were pooled to generate enough material for
RNA-seq. Thirdly, we were unable to analyse the KRAS G12C tumour cells in
this experiment due to highly auto fluorescent immune cells appearing in the
BFP* gate. Moreover, SHP2 inhibition appeared to exert inhibitory effects in the
KRAS G12D cancer cell compartment directly, however, it was not possible to
disentangle the overall contribution of KRAS G12C inhibition and SHP2
inhibition in the dual therapy combination group. However, this experiment was
able to demonstrate that multiple proliferation-associated signalling pathways
were upregulated in the KPAR1.3 KRAS G12D compartment, in the presence of
KRASI treatment and that this signature was maintained even in combination

treated tumours.

5.2 bRNA-seq of the entire tumour cell compartment across

treatment groups

To address the open questions from the previous experiment, a second RNA
sequencing study was conducted. The first bRNA-seq study, suggested that the
addition of SHP2 inhibition appeared to produce stronger synergistic effects in
the KRAS G12D mutant tumour compartment. Hence, further disentangling the
contributions of the two targeted inhibitors was prioritised in this experiment.
The fraction of the Luc-eGFP KPAR1.3 KRAS G12D cell subpopulation was
also standardised across all treatment groups in this experiment and adjusted
based on the previous experiment, so that no samples had to be pooled for
RNA-seq.

Subcutaneous tumours were again engrafted in immune competent GH-mice
(Figure 5.13a). Again, tumours engrafted from single FP KPAR1.3 cell
suspensions or untransduced KPAR1.3 cells, were included to enable accurate
gating during flow cytometric sorting. In this experiment, the number of tumour
cell populations obtained from different treatment groups in the previous run

were taken into account. Based on these counts, it was calculated that
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engrafting a fraction of 7.5% G12D cells across all treatment groups would
enable sorting both KRAS G12C- and G12D derived populations in sufficient
numbers from individual samples. Tumours were again dissociated into a single
cell suspension and red blood cell lysis was performed (Figure 5.13a). To
eliminate the highly auto fluorescent immune cells which had previously shown
up as false positive events in the eBFP sorting gate, an additional sample
processing step was performed. This comprised a positive magnetic pulldown
of CD45" cells, to remove all immunocytes from the samples. BFP* and GFP*
tumour cells were then sorted as in the previous experiment; RNA was isolated
and samples were submitted for library preparation and NGS sequencing
(Figure 5.13b).
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Figure 5.13 Schematic of sample acquisition for bRNA-seq. a) Engraftment of tumours for
experiment; left: KPAR1.3 derived tumours utilised setting up flow cytometric gates, right:
Tumours engrafted for bRNA-seq sample acquisition, with a fraction of 7.5% KPAR1.3 KRAS
G12D cells for all treatment groups. Mice were put on treatment when average volume of ~580
mm3 was reached, mice were treated with 5 doses of oral gavages for KRASi RMC-4998 at 100
mg/kg, SHP2i RMC-4550 at 30 mg/kg, 2 doses of a-PD-1 were administered to respective mice
at 10 mg/kg. b) Harvested tumours were dissociated into a single cell suspension and red blood
cell lysis (RBCL) was performed; CD45+ immune cells were then removed from all samples
through a magnetic pulldown; eBFP+ KPAR1.3 KRAS G12C and Luc-eGFP+ KPAR1.3 KRAS
G12D cells were then collected via flow cytometric sorting, subsequently, RNA was isolated,
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libraries were generated from samples and NGS sequencing was performed. Image was
created with BioRender.

The pulldown of CD45" cells to remove auto fluorescent immunocytes was
successful, as the eBFP* gate remained clear when running the negative
control of a tumour sample with untraduced KPAR1.3 cells (Figure 5.14).
Hence, it was possible to submit both tumour cell fractions for RNA sequencing

in this experiment.
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Figure 5.14 Flow cytometric gating for tumour cell sort. Left panel: Sample derived from a
tumour established from un-transduced KPAR1.3 cells was used as negative control for setting
up sorting gates. Right panel: Example of a sample derived from a tumour bearing mouse that
was treated with KRASiI RMC-4998. Tumour cells in BFP* or GFP* gates were sorted into
separate tubes for RNA isolation.

Once samples were sequenced, initial raw data was again processed as
described in Figure 5.2. Subsequently, initial read counts were again visualised
and normalised via a calculated size factor. Of note, it appeared that one
sample, “G12D_SHP2i_4”, had accumulated more reads, compared to other
samples. This was cross-checked together with the Advanced sequencing
facility as well as the Bioinformatics core at the Crick. It was concluded that this

discrepancy in read counts likely occurred due to a pipetting inaccuracy during
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library preparation, which was done using small sample volumes. This did,
however, not compromise the experiment and was accounted for during read

count normalisation, as visualised below.
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Figure 5.15 Read Count normalisation. a) Total raw counts for each sample. b) Computed
size factor for each sample, used for read count normalisation. c) Normalised read counts

across all samples.

As in the previous experiment, data was log-transformed and genes with low

read counts were accounted for. Again, dispersion estimates were visualised to
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assess the quality of the sequencing data. In brief, the resulting distribution of

gene wise dispersion indicated a high quality of the sequencing data set.
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Figure 5.16 Dispersion estimates for each gene across samples. The dispersion of gene
expression (y-axis) is plotted over the mean of normalised gene counts (x-axis). Each point in
the plot is representative of an individual gene; the black dots indicate the initial maximum
likelihood dispersion estimate. The red line is fitted as an estimated mean for the expected
dispersion for genes with a certain number of read counts. Blue dots indicate adjusted
dispersion values for individual genes. Genes with extremely high dispersion values, which are
not regressed towards the mean are indicated as black dots surrounded by blue circles.

Next, PCA was performed to probe how samples of different genotypes and
treatments would cluster together as well as to probe for any potential batch
effects (Figure 5.17). This first revealed a clear segregation in gene expression
between the two isogenic tumour cell lines (Figure 5.17a). Colouring the
samples by their respective treatment groups, further implied that within each
genotype, samples roughly clustered together by treatment groups (Figure
5.17b). Here, in the KPAR1.3 KRAS G12C cell-derived samples, the vehicle
samples clustered further away from the treated samples, with the combination
treated samples appearing the furthest away from the vehicle. However,
samples of different treatment groups overall appeared to overlap in space,
indicating that SHP2i and KRASI may induce similar effects on the tumour cells.
In the G12D-mutant compartment, on the other hand, Vehicle- and KRASI-

treated samples clustered closer together while samples treated with SHP2i,
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alone or in combination, also clustered together, farther away on the axis of
G12C derived samples. This indicated that the presence of the SHP2i may
have induced a differing cell state in the G12D tumour cell compartment, either

through tumour cell intrinsic or extrinsic effects.

Next, the data set was tested for potential batch effects relating to gender of the
mice or the day the tumour cells were sorted. Due to the limited number of GH-
mice available, the cohort for this experiment was made up of both, male and
female mice. The mice were equally stratified into treatment groups, with
samples from 2 female and 3 male mice submitted for each treatment group.
We hypothesized that the gender of the mice should not exert an influence on
the setting of this study. This is because first, the analysed tumour samples had
not been induced endogenously, but were all derived from the same engrafted
KPAR1.3 cell lines. Further, the KPAR1.3 cell line was derived from a female
mouse and should hence be tolerated equally well by males and females, as
both genders possess at least one X chromosome. To test this hypothesis,
samples were coloured by gender on the PCA plot (Figure 5.17c). Indeed, it
appeared that the gender of mice did not result in strong batch effects. Of
course, any potential gender-related differences were still considered in the
statistical model that was fitted to investigate differential gene expression
between genotype and treatment groups. Next, as the sample preparation and
sorting are time-consuming procedures, the samples were processed over two
successive days. Of course, tumour sizes, treatment start- and end days, etc.
were all taken into account to normalise experimental conditions. To assess
whether there were still batch effects present through the different sort days,
this was also visualised in the PCA plots (Figure 5.17d). Again, the day of the
sort did not appear to play a significant role in sample clustering but was still
considered when setting up the mathematical model for gene expression

analysis between sample groups.

In the previous experiment, the Vehicle and KRASI treated samples in the

KRAS G12D tumour cell-derived samples had not clustered together. However,
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it is important to note that the PCA plot only show the axis of the first two
principal components and samples may cluster differently when more variables,
such as different genotypes, are introduced. Additionally, in this experiment,
different treatment groups were investigated. Nonetheless, PCA plots
visualising genotype-internal clustering were also generated to allow for an
approximated comparison with the previous bRNA-seq experiment. This
showed that vehicle samples still clustered separately from treated samples,
which roughly overlapped with each other in the KRAS G12C-tumour cell
compartment (Figure 5.17e). On the other hand, Vehicle- and KRASi-treated
samples were now further separated from each other and even more separated
from SHP2i-treated samples, which is a better reflection of the sample

distribution of the first bRNA-seq experiment.
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Figure 5.17 Principal component analysis of dataset. PCA-plots of the whole bRNA-seq
datasets are shown coloured by a) Genotype, b) Treatment group, c) Gender of the mice, d)
Sort day. Furthermore, PCA plots of subsetted datasets of €) KRAS G12C mutant tumour cell
samples and f) KRAS G12D mutant tumour cell samples are shown, coloured by treatment

group.

As in the previous experiment, differences in gene expression between pairwise

compared sample groups were visualised employing MA plots (Figure 5.18).

151



Vehicle_G12D_vs_G12C SHP2i_G12D_vs_G12C

KRASI_G12D_vs_G12C

Chapter 5. Results

KRASI_SHP2i_G12D_vs_G12C

= T

1002 10400 1e+02 10+04  10+06

mean of normalized counts

G12C_KRASI_vs_Vehicle

lag fold change

-

T
1002 10+00 02 1e+04 10408

mean of normalized counts

Iog fold change

G12C_KRASI_SHP2i_vs_Vehicle

- v s "
e e e o

T — T
1e400 18402 1e+04 1e+06

mean of normalized counts

G12D_KRASi_vs_Vehicle

18-02 1e+00 18402 1e+04 1e+06
mean of normalized counts

G12D_KRASI_SHP2i_vs_Vehicle

Iog fold change

— g p—

T T T T T
1802 10400 16402 10404 10406

mean of normalized counts

G12C_KRASI_SHP2i_vs_SHP2i

10402 10400 10402 10404 10406

mean of normalized counts

G12C_KRASI_SHP2i_vs_KRASI

a) il 5 = @
g e g ® § =
g B g

o o Ll
w0 * Al
- - TR . T
1e-02 1e+00 1e+02 1le+04 1e+06 1e-0s 10+00 1 2 1e+04 1e+06
mean of normalized counts mean of normalized counts
_Vehicle
b) - -
o~ ~
5 &
£ 5
b= - = -
2 ]
2 g
T ¥
—T — T T
16-02 16400 18402 1404 16406
mean of normalized counts.
G12D_SHP2i_vs_Vehicle
1 i
g - g -
2 e
g g
- - . ¥
 pa h B ) (s B! S )
1e-02 10400 To+02 Ta+04 1e+06
maean of normalized counts.
G12C_KRASI_vs_SHP2i
C) - : - -

log fald change
log fold change

T T

log fold change

T TR T B R
102 12400 1e+0Z2 1e+04 Te+06

mean of normalized counts.

G12D_KRASI_vs_SHP2i

T T T T T T
1e-02 10400 1e+0Z 1e+04 1e+06
mean of normalized counts

G12D_KRASI_SHP2i_vs_SHP2i

L L T L L NS A
1e-02  1e+00 1e+02 le+04  1e+06

mean of normalized counts

G12D_KRASI_SHP2i_vs_KRASI|

- — -

log fold change

log fold change
0

log fold change

——

T T T
1002 10400 18402 1e+04 1e+06

mean of normalized counts.

— T T T T T T
1802  1e+00 10402 1o+04 18406

mean of normalized counts

T T
18-02 1e+00 18402 1e+s04 10406

mean of normalized counts

Figure 5.18 Differential gene expression between sample groups. MA-plots visualising the
log2 fold changes over the mean expression of normalised gene counts. The later term in the
respective plot titles is considered as “baseline” (set as 0 on x-axis). Data points on plot are
coloured blue if padj <0.1. If data points fall out of the range of the defined y-axis they are
plotted as triangles. KRASi (RMC-4998), SHP2i (RMC-4550). Differential gene expression is
shown for comparison of different genotypes by treatment group (a); pairwise comparisons
between treatment groups for KRAS G12C-derived (b), and G12D-derived (c) tumour cell

samples.
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To understand the potentially differing responses of KRAS G12C- and -G12D-
mutant tumour cells to therapy exposure, gene expression of individual genes
of interest were plotted across treatment groups. A few exemplary genes are
shown below (Figure 5.19). Interestingly, KRAS expression was upregulated in
KRAS G12C mutant samples which were treated with KRASI, indicating a
potential compensatory mechanism. Etv4, Etv5, and Dusp6, targets of the
KRAS signalling pathway, were downregulated in KRAS G12C-derived
samples, especially so in the combination treated samples, indicative of an
enhanced inhibition of the KRAS pathway. On the other hand, these genes
appeared to be expressed at higher levels in the G12D-mutant samples that
were treated with KRAS G12Ci as monotherapy. The lower panel shows gene
expression for the transcripts of Cxcl9, Cxcl10, H2-K1, and interferon regulatory
factor 1 (Irf1), which are indicative of an inflammatory response when
expressed at elevated levels. Here Cxcl9 and Cxcl10 encode for chemokines,
H2-K1 encodes for a subunit of the MHC-I complex and is hence indicative of
antigen presentation, and Irf1 for a transcription factor positively regulating
interferon responses. Treatment with the SHP2i appeared to increase their
expression level in both KRAS G12C and G12D mutant tumour cell samples.
However, with the present information it is not possible to conclude whether
SHP2i induces a higher expression of these genes through cancer cell intrinsic
effects or through increasing anti-tumour immunity and cytokine signalling in the
TME.
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Figure 5.19 Individual gene expression by treatment group. Gene expression of selected

target genes by treatment groups, Upper range of y-axis is not normalised across plots, due to

differences in gene expression. KRAS G12C-derived samples are shown in blue, - G12D

derived samples in green. Box plots display the median, shown as black line inside the box,
coloured box itself visualises interquartile range, whiskers represent largest and smallest

quartile and out layers are displayed as individual dots.
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Next Gene set enrichment analysis was performed for pairwise comparisons
between different treatment groups and vehicle samples for both genotypes
(Figure 5.20). Interestingly, KRAS G12C-derived tumour cells, treated with
either SHP2i, KRASI, or a combination of both showed a significant
downregulation of proliferation associated signatures, as indicated, for example,
by the MYC, E2F, and G2M hallmark sets. Simultaneously, several
inflammation-associated signatures were enriched in inhibitor treated KRAS
G12C-samples, compared to vehicle. In the KRAS G12D tumour cell-derived
compartment, some proliferation signatures were enriched in samples treated
with KRASI. This proliferative signature was more pronounced when choosing a
more lenient padj value (not shown). The fact that this proliferative signature is
less pronounced in this, compared to the previous experiment may be related to
overall lower read counts, which in turn, is related to normalising the samples to
a lower concentration to accommodate not pooling any individual samples in

this experiment.
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Figure 5.20 GSEA of primary treatment effects across genotypes. Overview of enriched
gene sets across treatment groups, with normalised enrichment scores (NES) indicated by
colour of respective dots, and respective adjusted p-values indicated by size of respective dots.
For all comparisons, the vehicle groups of the respective genotypes are set as baseline and
positively(red) or negatively (blue) differentially expressed gene sets are displayed. Only gene
sets which had a padj of < 0.05 in at least one of the compared treatment groups are shown.
Along the y-axis, proliferation and/or cell cycle progression associated signatures are
highlighted in mauve, inflammation associated signatures in green. Along the x-axis, isotype of
KRAS-mutant KPAR1.3 tumour cells is indicated as either G12C or G12D; treatments are
abbreviated as: SHP2 inhibitor RMC-4550 (S) and KRAS G12C inhibitor RMC-4998 (K).

GSEA was also performed to assess secondary treatment effects and synergy
between treatment groups. This revealed that the combination treatment
induced a stronger inflammatory response compared to single treatments for

both tumour cell genotypes.
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Figure 5.21 GSEA for secondary treatment effects. Overview of enriched gene sets
comparing between treatment groups within each genotype, with normalised enrichment scores
(NES) indicated by colour of respective dots and with respective adjusted p-values indicated by
size of respective dots. For all comparisons, the later term in the tile of the x-axis was set as
baseline and differentially enriched gene sets are displayed on the plot. Only gene sets which
had a padj of < 0.05 in at least one of the compared treatment groups are shown. Along the y-
axis, proliferation and/or cell cycle progression associated signatures are highlighted in mauve,
inflammation associated signatures in green. Abbreviation on x-axis:'G12C’: KPAR1.3 KRAS
G12C tumour cells, ‘G12D’: KPAR1.3 KRAS G12D tumour cells, ‘K': RMC-4998 (KRASI), ‘S’
RMC-4550 (SHP2i). The first vertical gridline for “G12C_K_vs_S” is empty because no
significant enrichment scores were achieved for any gene sets with the selected padj value.

As a proof of concept, the top 50 “leading edge genes”, which contribute most
to the enrichment score of a particular gene set, were selected for heatmap
plots (Figure 5.22). Here, the comparison between vehicle and KRASI of the
E2F target gene set were chosen because KRASI-treated G12C and G12D
mutant tumour cells appeared to have opposite responses in the GSEA
analysis visualised above (Figure 5.20). These heatmaps again signified the
profound alterations in cancer cell-state signatures. In the G12C compartment,
all inhibitor treatments resulted in the downregulation of proliferation signature-
associated genes, while in the G12D tumour cells, only samples treated with
KRASI displayed an increase in the expression of proliferation associated

genes.
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Figure 5.22 Heatmap of leading-edge genes for E2F gene set KRASi vs vehicle. Heatmaps
for the same 50 leading edge genes of the E2F signature in the comparison between vehicle
and KRASI for KRASG12C mutant (left) and KRASG12D mutant cancer cells (right). Here
plotted for all treatment groups with SHP2i: RMC-4550 and KRASi: RMC-4998. The average of
the 5 vehicle samples was taken to define a baseline for z-score calculations and was set to
zero. A positive z-score (red) indicates increased expression of a gene while a negative z-score
(blue) indicates decrease in expression, compared to the average expression across vehicle
samples.

The two bRNA-seq experiments provided further insights as to why the KRAS
G12D mutant cells proliferate at an accelerated rate in the presence of KRAS
G12C inhibition. It further revealed that treatment synergy between KRASI and
SHP2i can enhance inflammation associated signatures in both genotypes.
However, it still remained unclear whether an increase in SHP2i-induced
inflammatory signatures was caused through cancer cell intrinsic inhibition of
KRAS signalling or external effects, exerted by enhanced anti-tumour immunity.
Furthermore, RNA-seq does not provide unambiguous insights into the
activation state of effector proteins in the KRAS-signalling cascade, such as the
components of the MAPK or PI3K/AKT/mTOR pathways, as their activity is
widely regulated through post-translational modifications. To address these
questions, further in vitro assays with the isogenic KPAR1.3 cell lines were

conducted to isolate cancer cell-intrinsic treatment responses.
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5.3 Investigating cancer cell-intrinsic effects of oncogenic

pathway inhibition

To further disentangle the effects that KRASi and SHP2i exert in a cancer cell
intrinsic manner in contrast to effects caused by enhanced antitumour immunity
in the TME, a series of in vitro assays were conducted. Here, the effects of
SHP2 inhibition in KRAS G12D mutant cancer cells was of particular interest.
The G12D mutant KRAS protein is less dependent on upstream reactivation,
compared to the G12C mutant variant, due to differing protein-intrinsic
properties (Figure 1.2). Mice engrafted with KPAR1.3 KRAS G12D-derived
tumours did not appear to respond to SHP2i, in terms of tumour regression
during treatment (Figure 4.2). However in the subsequent RNA-seq
experiments, SHP2i did appear to alter the cell state of respective tumour cells
(Figure 5.17, Figure 5.19).

To better understand the inhibitor response rates of KRAS G12C and G12D
mutant KPAR1.3 cells, a series of viability assays was conducted employing
SHP2i RMC-4550 as well as KRASi Adagrasib. Of note, the extent of drug
responses in cell culture can depend on culture media composition. The
supplemented serum contains additional hormone and growth factors, as well
as a source of proteins, vitamins and other trace elements, such as inorganic
salts®%®. Adding FCS to cell cultures, may thus contribute to mimicking
physiological conditions for cancer cells to grow and proliferate. Moreover, this
may also aid cancer cells in bypass signalling to circumvent the targeted
inhibition of an oncogenic signalling node. Hence, reducing the serum
concentration may help to isolate the effects of respective drugs. Further, FCS-
low media may be more representative of the tumour core, which is often
hypoxic and nutrient depleted. To understand the full range of treatment-
responses, viability assays were performed with culture media supplemented

with different concentrations of FCS (Figure 5.23a-c).
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Figure 5.23 Viability assays of KRAS G12C- and G12D mutant cancer cells. eBFP* KRAS
G12C or Luc-eGFP* KRAS G12D mutant KPAR1.3 cancer were treated with a) SHP2i RMC-
45500r the b) KRAS G12C(OFF) inhibitor Adagrasib in culture media with indicated FCS
concentrations. ¢) Treatment synergy between the two targeted inhibitors: in addition to the drug
gradients, a fixed dose of either 100 nM Adagrasib (left) or 1 uM SHP2i (right) were added to all
wells in the respective treatment group. As reference, the single inhibitor response curves from
(a, b) are added as dotted lines. All experiments were performed as 3-4 independent biological
experiments with 3 technical replicates each, dots show mean values and error bars indicate
SEM. A two-way ANOVA test was performed to assess genotype-related differences in SHP2i-
response between the KPAR1.3 KRAS G12C or G12D mutant cell lines.

First, the results of these assays indicate that KRAS G12C mutant cancer cells
respond more to SHP2 inhibition compared to G12D mutant cancer cells at all
serum concentrations, with the extent of inhibitor response decreasing when
more FCS was added to the medium. As expected, KRAS G12D mutant cancer
cells did not respond to Adagrasib. The response of KRAS G12C mutant KPAR
cells, on the other hand, was more profound and also depended on the

concentration of FCS in the media. To test for possible treatment synergy

160



Chapter 5. Results

between Adagrasib and SHP2i within the cancer cells, further combination
treatment viability assays were performed, using media containing 10% FCS,
(Figure 5.23d). Viability experiments showed that in G12C cells, combination of
SHP2i plus KRASI enhanced the inhibition of cell proliferation. Whereas, as

expected, no combination effect was observed in the G12D cells.

Next, the extent to which SHP2 inhibition affects the activation of effector
proteins downstream in the oncogenic KRAS signalling pathway in G12C or
G12D mutant cancer cells was investigated. As the regulation of oncogenic
signalling networks is a dynamic process, time course assays were performed
to capture drug responses with temporal resolution. Here KPAR1.3 KRAS
G12C or G12D mutant cancer cells were treated with SHP2i for 6h, 24h, or 48h
and a ‘Oh’ DMSO-vehicle time point was also included to establish a baseline.
Here, cells were either cultured in 10% FCS- or 2% FCS-containing media.
Next, the protein fraction of the cultured cells was isolated, with protease- and
phosphatase inhibitors added to the lysis buffer to avoid altering the proteome
post sample isolation. Western blots were then run to interrogate activation of
effector proteins downstream of KRAS, positively indicated by phosphorylation
status of respective protein sites. The effector signalling proteins investigated
here included Erk, a signalling protein of the MAP-kinase pathway, Akt, a
signalling protein with a role in the Pi3K—mTOR axis, and S6, a ribosomal
protein a ribosomal protein downstream of several S6-kinases, which can be

indicative of mTOR signalling activities in this experimental setting.

In both, KRAS G12C and G12D mutant KPAR1.3 samples cultured in 10%
(Figure 5.24a) or 2% (Figure 5.24b) FCS-containing media, the investigated
effector signalling proteins appeared to exist largely in their inactive
conformation after 6h of SHP2i. However, a rebound was observed for the 24 h
and 48 h timepoints. This rebound of effector proteins in their active
conformation was even enhanced compared to baseline expression in the
DMSO control for the proteins Akt and S6, indicating a potential compensation

mechanism.
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Figure 5.24 Western blots of SHP2i time course assays. Western blots analysis of vinculin
(expression control) Akt/pAkt, Erk/pErk, S6/pS6 expression in time-course experiment. Cells
were treated in culture with 1 yM SHP2i (RMC-4550) for indicated time points or DMSO as
negative control. ‘KRAS G12C’: KPAR1.3 KRAS G12C mutant cancer cells, ‘KRAS G12D’:
KPAR1.3 KRAS G12D mutant cancer cells. Experiment was performed in a) media containing
10% FCS with n = 3, one representative western blot is shown and b) 2% FCS containing
media with n = 2, one representative western blot is shown. The Western blots in (b) were
performed with the kind help of Sareena Rana from our research group and Isabel Rafalin, a
visiting student.

In viability assays as well as in vivo treatment experiments, KRAS G12D mutant
cancer cells appeared to respond less to SHP2i compared to G12C mutant
cells (Figure 4.2, Figure 5.23), although cells still presented with significantly
inhibited oncogenic to SHP2i at the 6 h time point. Therefore, it was tested
whether the expression of transcriptional targets downstream of oncogenic
KRAS signalling was also affected. Here, matching RNA samples, which had
also been collected during the time course assays, were used to run qRT-
PCRs.

On the RNA level, it again appeared that cancer cells overall responded less to
SHP2i in culture media containing 10% FCS (Figure 5.25a), compared to 2%

FCS (Figure 5.25b). This was in accordance with the observations from the
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previously conducted viability assays (Figure 5.23). For both culture conditions,
a trend was observed in which KRAS G12C mutant cancer cells presented with
lower expression of respective target genes compared to their matched KRAS
G12D mutant counterpart for each timepoint. This would be consistent with the
findings that the KRAS G12C mutant proteins are more dependent on upstream
activation compared to the KRAS G12D mutant isoform?53:55.56.6061 |n contrast to
the corresponding Western blots (Figure 5.24), where a rebound in signalling
protein phosphorylation was observed as a trend, the expression of
downstream signalling targets was still downregulated at the 24 h and 48 h time
points, compared to the vehicle control. This might imply that the increase of
phosphorylated signalling proteins observed in the Western blots are not

sufficient to rescue expression of downstream transcriptional targets.
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Figure 5.25 qPCR analysis of SHP2i time course assays on KRAS signalling

transcriptional targets. Relative expression level of transcripts for Myc, Etv5, Duspb and
Dusp6 in matched KRAS G12C or -G12D mutant KPAR1.3 cancer cell samples, treated with 1
UM SHP2i (RMC-4550) for indicated time points or DMSO as negative control. ‘KRAS G12C’:
KPAR1.3 KRAS G12C mutant cancer cells, ‘KRAS G12D’: KPAR1.3 KRAS G12D mutant
cancer cells. gPCR analysis was performed for n=3 independent biological replicates with tr=2
technical replicates. Dots in the bar graphs indicate mean expression of technical replicates +
SD, samples were normalised to vehicle control. A two-way ANOVA test was performed to
assess response difference between the two different cancer cell genotypes (KRAS G12C or
G12D) as well as over different time points. Experiment was performed in a) culture media
containing 10% FCS or b) 2% FCS. The gqPCRs were performed with the kind help of Sareena
Rana from our research group and Isabel Rafalin, a visiting student.
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It is known that oncogenic KRAS signalling can supress cancer cell intrinsic
stress responses, to initiate or in response to an anti-tumour immune
response’8, for example, by decreasing expression of antigen presentation
machinery or supressing IFN-y responses. In the bRNA-seq data sets, the
addition of SHP2i therapy was associated with an increase in inflammatory
signatures in both KRAS G12C and G12D mutant tumour cells. However, it
remained unclear whether this alteration in cancer cell state was induced
through cancer cell intrinsic alleviation of oncogenic signalling mediated
immune suppression or through pressures induced by SHPZ2i-enhanced anti-
tumour immunity. Hence, we also ran qPCR analysis on targets associated with
an inflammatory response in the samples collected for the time course assays
(Figure 5.26). So far, this has only been done with 3 independent replicates for
the cDNA isolated from samples that were cultured in media containing 10%
FCS. However, the samples cultured in media containing 2% FCS will also be
assessed. The targets analysed in this assay included the transcripts for H2-K1
and B2M genes, which encode for components of the antigen presentation
machinery MHC-I complex. The STAT1 and STAT2 genes are part of the
JAK/STAT signalling pathway and key regulators of IFN type 1 and 3
responses®%. The interferon-regulatory factor (IRF)1, -7, and -9 transcripts
encode for proteins belonging to a family of transcription factors known to
regulate interferon responses which act downstream of the IFN- y receptor. 3%7
PD-L1 expression, on the other hand, is associated with inducing T cell
exhaustion, when aberrantly expressed on cancer cells. As an overall trend, it
was observed that the expression of genes promoting inflammation were
slightly elevated, although this was not significant for all of the targets.
However, treatment induced changes in expression of inflammation associated
genes appeared to be less pronounced in in vitro assays compared the
observations made in the bRNA-seq data. Moreover, as a trend, expression of
inflammation associated genes appeared to be more elevated in KRAS G12C

compared to G12D mutant cancer cells, which might be due to more extensive
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inhibitory effects of the SHP2i. On the other hand, PD-L1 expression also

appeared to be upregulated at the 24 h and 48 h time points. Implying a

potential dual role in the SHPZ2i-mediated regulation of inflammation response.
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Figure 5.26 gPCR analysis of SHP2i time course assays on inflammation-associated

transcriptional targets. Relative expression levels of transcripts for genes associated with an
inflammatory signature in matched KRAS G12C or G12D mutant KPAR1.3 cancer cell samples,
treated with 1 yM SHP2i (RMC-4550) for indicated time points or DMSO as negative control.
‘KRAS G12C’: KPAR1.3 KRAS G12C mutant cancer cells, ‘KRAS G12D’: KPAR1.3 KRAS
G12D mutant cancer cells. gPCR analysis was performed for n=3 independent biological
replicates with tr=2 technical replicates. Dots in the bar graphs indicate mean expression of
technical replicates + SD, samples were normalised to vehicle control. A two-way ANOVA test
was performed to assess response difference between the two different cancer cell isotypes
(KRAS G12C or G12D) as well as over different time points. Experiment was performed in
culture media containing 10% FCS. The scale on the y-axis was not normalised for all the
targets, due to the wide range of expression changes between transcript targets. The gPCRs
were performed with the kind help of Sareena Rana from our research group.

Overall, investigating therapy induced changes in the cancer cell compartment
provided several additional insights. First, the increase in proliferation in the
KPAR1.3 KRAS G12D mutant tumour cells during KRASI treatment appeared
to be mediated through several signalling networks, including MYC- and E2F-
mediated target gene sets. Moreover, this proliferative signature was also
maintained in the dual combination treated samples. This could imply that the
generation of CRs in these groups relied on immune mediated elimination of

cancer cells, rather than direct treatment-mediated cancer cell killing. However,
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although these experiments provided additional mechanistic insights as to how
the increase in proliferation is mediated in the KRAS G12D mutant tumour sub-
population, the underlying causes of this phenomenon have not yet been

identified and may require further investigation.

Secondly, responses to anti-cancer therapies tended to correlate with an
increase in inflammatory response signatures in the RNA-seq data and, to a
moderate extent, also in corresponding in vitro assays with SHP2i. The time
course assays investigating how SHP2i influences expression of inflammatory
signature genes for samples cultured in media containing reduced FCS have
not yet been analysed. It is possible that changes in inflammatory state of the
cancer cells would be more pronounced in these samples. Furthermore, the
expression of additional inflammatory signature targets that were identified
through the RNA-sequencing experiments, should be validated. However, as
changes in inflammatory response were only moderate in these in vitro assays,
it might also imply that SHP2i indirectly induces additional pro-inflammatory
effects on the tumour cell compartment in vivo through enhancing anti-tumour
immunity. Together, these findings provide a rational for exploiting the
therapeutic window in which the targeted inhibitors alleviate oncogenic KRAS
signalling mediated immune suppression in the majority of the tumour mass,

thereby allowing for the establishment of enhanced anti-tumour immunity.
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Chapter 6. Investigating therapy-induced alterations

in TME immune cell composition and architecture

We hypothesized the combination therapy schemes were able to foster the
development of an adaptive immune response and immune memory in immune
competent mice, capable of targeting KRAS G12Ci-resistant cancer cells This is
remarkable, considering that KRAS G12D cells retain their proliferative
phenotype, even when exposed to combination treatments. Therefore, the
underlying mechanisms governing the development of effective anti-tumour
immunity and elimination of KRASI-resistant tumour sub-populations was
further investigated. Here, immune compromised murine models were used to
disentangle the contribution of therapy combinations to bolstering adaptive anti-
tumour immunity. The serum of treated mice was then probed for the presence
of a humoral immune response in the form of tumour cell-specific antibodies.
Furthermore, a combination of different omics-based approaches was
employed to analyse the composition and structural organisation of the immune
compartment in the local TME. This included spectral flow cytometry, where a
36-plex ab was used to conduct immune phenotyping of the TME. Additionally,
tdLNs across treatment groups had also been collected to probe for potential
signs of a central coordination of anti-tumour immune response. Further,
multiplex imaging of tissue sections across treatment groups, employing a 7-
plex ab was also performed, to gain further insights into therapy-induced

changes in TME architecture.
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6.1 Investigating the contribution of the adaptive anti-tumour
immunity in elimination of KRASi-resistant sub-

populations

We first aimed to confirm that adaptive anti-tumour immunity contributed to the
elimination of KRASi-resistant tumour cell subpopulations on a systemic level.
For this, an immune compromised version of the GH-mouse strain was
generated, which was achieved by crossing GH mice with Rag1”- C57BL/6J
mice (Rag1”’- GH-mice). The resulting strain lacks an adaptive immune
compartment, because the loss of the Rag1 enzyme compromises the genomic
V(D)J recombination process, necessary for the generation of antigen-specific
B and T cells”. Over two generations, the Rag1’- GH strain was also selectively

crossed to retain its albino fur coat to facilitate IVIS scanning.

In previous survival experiments, treatment combinations were tested in
immune competent mice co-engrafted with 99.96% eBFP* KRAS G12C tumour
cells and 0.04% of Luc-eGFP KRAS G12D cancer cells (Figure 4.3). This
experimental setting was now repeated in the Rag1”- GH strain, with the
omission of a-PD-1 therapy. It is known that PD-1 can be expressed on a
variety of immune cells, including immunocytes of the innate immune
compartment, such as NK cells®%®, and tumour associated macrophages3%:31°,
However, it is believed that CPI-based therapies act mainly through enhancing
T cell responses®''-313, Hence, for ethical reasons as well as the limited number
of mice that were available, it was decided to focus on the combination of
SHP2i RMC-4550 and KRAS G12Ci RMC-4998. Mice in this experiment were
treated for two consecutive weeks, to match the therapy schedule that immune

competent mice had initially received for this dual combination.

Following the tumour growth over time revealed that SHP2i and KRAS], either
alone or in combination did induce tumour regression during the treatment

period (Figure 6.1a). However, all mice relapsed after the treatment period had
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ended and no complete responders were observed. IVIS scans further indicated
that, similar to previous experiments, the addition of KRASI resulted in an
outgrowth of the KRAS G12D mutant tumour subpopulation (Figure 6.1b).
However, compared to previous experiments, this observation was made in all
combination-treated Rag1”- mice. Interestingly, plotting the probability of
survival, stratified by treatment group (Figure 6.1¢), visualised that the
combination treatment provided less of a survival advantage, in contrast to
immune competent mice (Figure 4.4c, Figure 4.6a). As an additional readout,
flow cytometric analysis of tumours was performed when mice reached an
experimental endpoint, as well as of a few representative tumours at the end of
treatment, to capture the fraction of KRAS G12D mutant cancer cells present in
the tumour mass (Figure 6.1c). This implied that after tumours grew back, the
percentage of KRAS G12D cells within all live cancer cells varied between mice
within the same treatment group (Figure 6.1d). Indicating that both, remaining
KRAS G12C mutant or G12D mutant cancer cells could contribute to the

tumour mass.
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Figure 6.1 Assessing therapy effects in Rag1’- GH-mice. Rag1”’- GH-mice were treated 2
weeks, whereat 12 doses of the oral drugs KRAS G12C(ON)i RMC-4998 (100 mg/kg; indicated
as KRASI) or SHP2 inhibitor RMC-4550 (30 mg/kg; indicated as SHP2i) were administered
(grey area on plots). Graphs show the results of n=2 independent biological replicates of this
experiment. a) Tumour volume over time of individual tumours by treatment group. b) Photon
flux per second, measured via VIS scans, indicative of the abundance of KPAR1.3 KRAS
G12D cells over time. c) Probability of survival, stratified by treatment group. d) Fraction of Luc-
eGFP KRAS G12D mutant tumour cells out of all tumour cells, assessed through flow
cytometric analysis; each dot represents an individual tumour of the respective treatment group;
tumours isolated at the end of treatment are indicated by dotted vertical line.

Next, to further disentangle the contribution of individual cell types of the
adaptive immune response, we performed selective depletion experiments in
immune competent glowing head mice. Tumours were engrafted as in previous
experiments and either stratified into a vehicle control group or were treated
with the KRASi (RMC-4998) + SHP2i (RMC-4550) combination treatment. Mice
receiving the combination treatment were then further subdivided into three
groups, for two of which either CD8" T cells or CD20* B cells were depleted for
the duration of the treatment period, by injecting the indicated immunocyte-

depleting antibodies. This allows to isolate the contribution of individual cell
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subpopulations within the adaptive immune compartment to the elimination of
cancer cells. In this experiment, there were 4/12 CR in the KRASI + SHP2i
treatment group, 1/12 CR in the KRASI + SHP2i + a-CD20 group and 1/10 CR
in KRASI + SHP2i + a-CD8 treatment group (Figure 6.2a). This suggests that
both CD8 T cells and B cells play a role in the generation of CRs.
Complementary IVIS scans indicated that during the treatment period KRAS
G12D mutant tumour cells overall proliferated less in this experiment (Figure
6.2b) compared to the previous experiment with Rag1”- GH mice (Figure 6.1b).
GH-mice treated with KRASIi + SHP2i with only one type of adaptive immune
cell depleted also survived longer on average (Figure 6.2c¢c), compared to the
Rag1”’- GH mice treated with the same combination (Figure 6.1¢c). Complete
responder mice were then re-challenged by injecting KRAS G12D mutant
KPAR1.3 cancer cells in the opposite flank. Neither the mouse from B cell, nor
the CD8" T cell depletion groups were able to immune reject the secondary
tumour. While two mice from the KRASI + SHP2i group remained tumour free
(Figure 6.1d). However, compared to naive control mice, tumour growth of all

previously treated mice appeared to be slower.
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Figure 6.2 Selective depletion of immune cell populations. Immune competent GH-mice

were stratified into vehicle or KRASi (RMC-4998; 100mg/kg) and SHP2i (RMC-4550; 30 mg/kg)
combination treated mice. Here, mice received 18 doses of the combination treatment over
three weeks via oral gavage. In two of the treated groups, CD8 T or B cells were depleted with
respective depleting antibodies, as indicated by dotted vertical lines in respective graphs. For B
cells, 3 doses of a-CD20 (10 mg/kg) were administered via tail vein; for CD8 T cells, 4 doses of
an a-CD8 ab (12.5 mg/kg) were administered via intraperitoneal injection. a) Tumour growth
over time for respective treatment groups. Complete responders (CR) indicated on respective
graphs. b) Corresponding IVIS scans. c) Probability of survival over time by treatment group. d)
Tumour growth of re-challenge experiment, proportion of mice which were able to immune-

reject (IR) the repeated engraftment of cancer cells are indicated for respective previous
treatment groups.

Comparing this experiment with the equivalent experiment performed in RAG1
GH mice may indicate that immune rejection of cancer cells is achieved through
a combined effort of immune cell population within the adaptive immune
compartment. Depleting an individual population of the adaptive immune
compartment might compromise but not completely impair an adaptive immune
response. CD4" T cells were not depleted in this experiment, as these
encompass a group of heterogenous populations with diverse and sometimes

opposing functions. Hence, depleting this group of immunocytes might result in
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ambiguous results. It may, however, be of interesting to deplete the CD4*
subgroup of T-regulatory cells in the future because it had been discovered by
our group that KRASI can also lead to increased Treg infiltration in the TME,
which may hamper the development of an effective adaptive immune response
218 From this section of experiments, it was concluded that immune-deficient
mice are compromised in their ability to reject tumours containing drug-resistant
sub-populations. The results of depleting individual immune cell populations of
the adaptive immune compartment indicated that multiple types of immunocytes
may contribute to an adaptive immune response. Moreover, there may be a
certain degree of effector redundancy, with a partial adaptive immune response

remaining intact even if only one immune subpopulation is depleted.

In initial immunohistochemical stainings of tumour sections across different
treatment groups, only few B cells were detected within the TME of
subcutaneous tumours (Figure 6.3). Here, tumour sections across treatment
groups were stained for two B cell markers, CD19 and B220, to provide an
overview of the B cells abundancy. The two markers were selected as CD19 is
a marker highly specific to B cells but can get downregulated in differentiated
plasma cells while B220 is expressed universally by B cells but can also be
present on other particular sub-populations of immunocytes. Here a spleen was
also included as positive staining control. Similar to the IF stainings, gPCRs
conducted earlier in the project to probe for the presence of CD19 transcripts in
subcutaneous KPAR1.3 tumour samples, did not detect a clear signal that
would indicate the presence of B cells (not shown). As B cells can promote anti-
tumour immunity through secretion of tumour cell specific antibodies, their
abundance in the TME may not be a direct indication of their efficacy. However,
due to the low B cell counts, it was initially still surprising that B cell depletion

appeared to reduce the number of CRs.
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Tumour: Vehicle  Tumour: KRASI Ctrl Spleen

Overview: Merge

CD19

Figure 6.3 Immunohistochemical staining of B cells. Exemplary IF staining of B cells in
subcutaneous KPAR1.3 tumours treated with either vehicle or KRAS G12C inhibitor RMC-4998
(100 mg/kg) for 6 days before sample collection. The spleen was derived from a C57BL/6
mouse and had kindly been provided by the experimental histopathology department.

Therefore, it was assessed whether B cells may contribute to anti-tumour

immunity through a more systemic humoral response by secreting of tumour
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cell specific abs. For this purpose, the serum samples of the end point
experiment used to test for potential treatment-induced liver toxicities (Figure
4.6) were now employed to test for the presence of cancer cell specific
antibodies. Here, small volumes of serum samples were used to stain cultured
KPAR1.3 cells (Figure 6.4), to assess whether serum-residing abs had
successfully opsonised the cancer cells. A Fc-region-specific, fluorophore-
conjugated secondary ab was then added to samples, and mean fluorescent

intensity (MFI) was subsequently quantified via flow cytometric analysis.

In this experiment, both KPAR1.3 KRAS G12C and G12D cancer cells were
stained, to test whether serum-derived abs would have equal affinity to the two
cancer cell isotypes. Moreover, the original untransduced KPAR1.3 cell lines
were used for this investigation, to ensure that a potential B cell-mediated
immune response was against the cancer cell antigens and not the artificially
expressed reporter constructs. It was important to ensure that the detected
fluorescent signal corresponded to a biological meaningful level of cancer cell
opsonisation by serum abs. Hence, the median fluorescence intensity (MFI)
was normalised to control samples, stained with serum from naive mice, which
had not been exposed to cancer cells before. This experiment revealed that
tumour-cell specific abs were indeed present in the serum of KPAR1.3 tumour
bearing mice. Comparing the matching MFls for the two cancer cell isotypes
within each individual serum sample, indicated that serum antibodies had
similar affinity to tumour cells regardless of the specific KRAS mutation. This
humoral response was also independent of the presence of reporter constructs.
However, therapies did not appear to increase the serum titre of cancer cell
specific antibodies, as serum obtained from vehicle mice appeared to contain

similar concentrations to the treated groups.
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Serum opsonisation of KPAR1.3 cells
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Figure 6.4 Cancer cell-specific abs in serum from experimental mice. Median fluorescent
intensity (MFI) of serum-stained un-transduced KPAR1.3 KRAS G12C or G12D cancer cells
assessed via flow cytometric analysis. All samples were normalised to the MFI of matching
KPAR1.3 KRAS G12C or G12D cells, stained with serum from naive mice. Results are coloured
by treatment groups and segregated by genotype. Each dot indicates serum from one mouse,
the height bars indicate mean across samples within each group and whiskers depict the SEM.
2way ANOVA test was performed, probing for overall significant differences between (1) MFI of
stained KRAS G12C vs G12D mutant KPAR1.3 cell samples (‘Genotype’) and (Il) MFI between
treatment groups within each genotype (‘Treatment’). This experiment was performed together
with the help of Claire Pillsbury and the control serum from naive mice was kindly provided by
Panos Anastasiou.

The fact that the antibodies were able to bind both cancer cell isotypes might
indicate that plasma B cells could play a systemic role in the bystander killing of
KRAS G12Ci-resistant tumour cell sub-populations. However, it was unclear
which specific antigens on cancer cells were recognised by the serum-derived
abs. Our group previously described that the immunogenicity of the KPAR1.3
cell lines appeared to result from the aberrant expression of the Endogenous
Murine Leukemia Virus 2 (EMV2) envelope glycoprotein 22, In healthy somatic
cells and under physiological conditions, the expression of these viral envelope
proteins is supressed. However compromised regulation of gene expression

and genomic instability in cancer cells can lead to anomalous expression of this

176



Chapter 6. Results

tumour-associated antigen. Jesse Boumelha and Alicia Alonso from our group
had previously generated a KPAR1.3 Emv2 k.o. cell line to follow up on this
discovery. This cell line was now employed to test whether the humoral
response present in our preclinical murine model system was also targeting this
viral envelope glycoprotein. Therefore, serum samples were again utilised to
opsonise the original or Emv2 k.o. KPAR1.3 cells. This revealed that a majority
of the humoral response appeared to be targeting Emv2. This phenotype did
not appear to be altered significantly across therapy schemes, implying a
universal role of the Emv2 protein in presenting an immunogenic, tumour-

associated antigen target.

Serum opsonisation of KPAR1.3 wt- and Emv2 k.o. cells

1500 - 2way ANOVA p-values:
. Genotype: <0.0001 (****)
Treatment: 0.8367 (ns)
1000
[ )
T8 o ®
=
500 —

Opsonised KPAR1.3 cells

o . o KRASi + SHP2i + a-PD-1
e a-PD-1 e KRASi e KRASI+a-PD-1

Figure 6.5 Testing for Emv2 specificity in serum antibodies. Median fluorescent intensity
(MFI) of serum-stained, original or Emv2 k.o. KPAR1.3 cancer cells, assessed via flow
cytometric analysis. All samples were normalised to the MFI of matching KPAR1.3 cells stained
with serum from naive mice. Results are coloured by treatment groups and segregated by
respective cell line. Each dot indicates the serum of one mouse, the hight bars indicate mean of
MFI across samples within each group and whiskers depict the SEM. 2way ANOVA test was
performed, probing for overall significant differences between (I) MFI of stained original
KPAR1.3 KRAS G12C vs KPAR1.3 Emv2 KO cell samples (‘Genotype’) and (Il) MFI between
treatment groups within each genotype (‘Treatment’). This experiment was performed with the
kind help of Alicia Alonso; the control serum sample from naive mice had again kindly been
provided by Panos Anastasiou.
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These results suggest that even through few B cells were detected in the TME,
their contribution to cancer cell killing could be through a more systemic
humoral response whereat EMV2 expression in KPAR1.3 cells possibly

contributed to their immunogenicity.

6.2 Immune phenotyping of the TME and tdLNS

In the previous series of experiments, the contribution of immunocyte
populations within the adaptive immune compartment was assessed on a
systemic level. However, we aimed to further isolate the underlying
mechanisms governing the therapy-enhanced efficacy of an anti-tumour
immune response. For this, a 36-plex ab panel for spectral flow cytometry was
employed (Table 2.9) enabling extensive immune phenotyping of the TME.
Additionally, tumour-adjacent tdLNs had also been collected from experimental
mice of all treatment groups to probe for potential therapy-induced proximal
coordination of an adaptive anti-tumour immune response. This panel allowed
to identify immune subpopulation of both, innate and adaptive immunity via a
broad array of lineage markers. It further provided insights into the cell state of
respective immunocytes, such as their activation, proliferation, differentiation,

and exhaustion status.

To set up this main study, several pilot flow cytometric experiments had been
performed to assess optimal experimental parameters. This included the
engrafted fraction of cancer cell subpopulations, length of treatment period
before sample collection, establishment of a staining protocol, titration of
antibodies, etc., which are not shown here. However, these initial tests had
determined several factors and limitations for our main experiment. First, it was
found that four days of treatment was too short to observe significant changes
in immune cell composition in the TME. On the other hand, treating for 5 days

or more resulted in too little material for immune phenotyping of triple
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combination-treated samples, as tumour size had regressed too much. Letting
tumours grow larger before the start of treatment, to compensate for sample
loss in the triple combination treatment group with KRAS G12Ci + SHP2i + a-
PD1 had likely resulted in an overall more “cold” TME phenotype and again no
significant treatment induced changes were observed in the immune
compartment. Because of this, it was decided to treat mice for 6 days while
tumours were still at a smaller volume, but to omit the triple combination

treatment group.

In the final experimental parameters (Figure 6.6), eBFP* KRAS G12C and Luc-
eGFP* G12D mutant cancer cells were co-engrafted with a fraction of 0.2%
G12D cells. The increase in this fraction, compared to the 0.04% in survival
experiments (Chapter 4.3), was decided on to allow for the potential detection
of potential eGFP* CDA45 cells in sufficient frequency. When tumours reached
an average volume of ~340 mm?3, respective mice were treated with 6 doses of
KRASi RMC-4998, SHP2i RMC-4550 and 2 doses of a-PD-1. Tumours, as well
as adjacent tdLNs were then harvested and processed to create a single cell
suspension, whereat red blood cells had been removed. Samples were then
stained with the immune phenotyping ab panel as described in methods
chapter 2.8.3 and analysed on a spectral flow cytometer. The sample
processing for this large experiment was done with the amazing support of our
research team members and the data analysis was done with the kind help of

Claire Pillsbury.
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In vivo experiment ) ) ; .
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Figure 6.6 Experimental workflow for immune phenotyping. Overview of experimental set
up for flow cytometric immune phenotyping of tumours and tdLNs across treatment groups.
Mice were engrafted with 99.8% eBFP* KRAS G12C KPAR1.3 cells (‘G12C’) and 0.2% Luc-
eGFP KRAS G12D KPAR1.3 cells (‘G12D’). Once tumours reached an average volume of ~340
mm?3 mice received 6 doses of the oral drugs RMC-4998 (KRASi) at 100 mg/kg, RMC-4550
(SHP2i) at 30 mg/kg, and 2 doses of a-PD-1 at 10 mg/kg. Tumours and tdLNs were harvested,
a single cell suspension was created and samples were stained in a 96 well plate format.
Subsequently, fluorescence profiles of cells were assessed via spectral flow cytometry. Image
created with Biorender.

For all the subsequent quantifications of cell populations and the assessment of
their cell states, the same initial gating strategy was performed. Here, first, live
cells populations were delineated, segregating them from debris and other
adverse events appearing in the forward and side scatter channels. Next,
doublets, and subsequently dead cells were gated out, thereby isolating the

single-cell, live populations of interest for further analysis.

The first step of the subsequent analysis was to create an overview of the
general proportions of cancer cells and immunocytes in the samples across
treatment groups was generated. This revealed that the proportions of tumour
cells in samples derived from therapy-receiving mice had significantly
decreased compared to vehicle mice (Figure 6.7a). Within the tumour cell
compartment, the fraction of the KRAS G12D mutant tumour cells was
increased in tumour samples derived from mice that received KRASI treatment

(Figure 6.7b), which is consistent with previous findings.

Of note, the true percentages of the KPAR1.3 KRAS G12C tumour cell fractions
present at the day of sample collection may have been underestimated in this

analysis due to sample processing and analysis. Because KPAR1.3 KRAS
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G12C cells respond more to the anti-cancer therapies, cells of this population
may have been more likely to disintegrate during tumour dissociation, because
of the already elevated level of cell stress. Apoptotic cells had also been gated
out during analysis of the spectral flow data, due to their higher auto-fluorescent

profile, thereby further decreasing their presence in the final analysis.

In the immunocyte compartment, CD45" immunocytes increased in samples of
treated tumours as a trend (Figure 6.7c). However, these changes were only
significant in the comparison between vehicle and KRASi + a-PD-1 treated
mice. This might be related to the increased variability in immune cell

proportions in treated samples.
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Figure 6.7 Overview of cancer cell and immunocyte proportions. For all plots, each dot
represents one biological tumour sample, height of bars shows sample mean within each
treatment group and whiskers indicate SD. One-way ANOVA test was performed, comparing
vehicle samples with individual treatment groups, with significant p-values defined as: * p <
0.05, ** p<0.01, ** p < 0.001, **** p < 0.0001. Percentages of positive cell counts are shown
for a) Live tumour cells within all live cells, b) Luc-eGFP KRAS G12D KPAR1.3 tumour cells
within all tumour cells, c) CD45 positive immunocytes within all live cells.

Next, the distribution of immune cell sub-types within each treatment group was
quantified (Figure 6.8), which revealed treatment-induced changes in immune
cell proportions. For example, an increase in T cell populations and DCs was

observed in treated samples compared to vehicle, while the proportions of
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Macrophage (MP) populations (segregated via their CD11c and CD11b

expression status) in treated samples were decreased.

Other
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Figure 6.8 Immune sub-type classification by treatment group. Mean percentages of
CD45* immune cell sub-types by treatment groups, whiskers indicate SD within each population
across individual samples. Abbreviations from top to bottom: ‘gMDSC’: granulocytic monocyte
derived suppressor cells; ‘CD11¢c” CD11b" MO’: mature macrophages; ‘CD11¢* CD11b"™ MO’
macrophages in the process of differentiation; ‘CD11¢c* CD11b" M0’: immature macrophages;
‘Mono-to-Mac’: a population of monocytes in transition-phase to differentiating macrophages;
‘pDC’: plasmacytoid dendritic cell; ‘cDC2’: conventional dendritic cell with alternative, type 2
polarisation; ‘cDC1’: conventional dendritic cell with type 1 polarisation; ‘CD8* CD4* T cells’: a
population of T cells which is double positive for both lineage markers; ‘Tregs’: T regulatory
cells’; ‘CD3* NK cells’: natural killer T cells; ‘NK’: natural killer cells.

After generating a general overview of the CD45" populations present in the
TME, different immunocyte sub-populations were analysed in more detail to
understand treatment induced changes in their abundancy and activation state.
As initial in vivo experiments with immune compromised mice hinted at a
contribution of adaptive anti-tumour immunity in bystander cell killing of KRAS

G12D mutant tumour cells, these populations were analysed first. Quantifying
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the proportions of T cell populations within all live CD45" cells, a significant
increase in the abundance of CD3* T cells (Figure 6.9a), as well as CD8" T
cells (Figure 6.9b) was observed in all treatment groups compared to vehicle.
Further, proportions of T helper cells (Figure 6.9c) and CD4* CD8* double-
positive T cells (Figure 6.9d) appeared to increase in treated samples as a
trend, although this shift was not significant in some of the treatment groups
compared to vehicle. In this experiment the proportion of the CD4* CD8*
population was minute, with the highest recorded percentage being below 0.3%
of all CD45" cells. Under physiological conditions, CD4* CD8* double positive T
cells are typically found in the thymus, during their early stages of T cell
development 2. However, their existence among TILs has been confirmed
across cancer types and it was hypothesized that they may even exert a certain
degree of effector functions3'#3'5. Their presence had also been confirmed
across different murine lung cancer models by our group. On the other hand,
the fraction of infiltrating Tregs were also increased (Figure 6.9e), especially in
the presence of KRAS G12Ci which is consistent with previous findings in our
group 2'®, hinting at a potential dual role of KRAS G12Ci-modulated T cell
recruitment. However, when assessing the fraction of Tregs within all T
lymphocytes present in the TME (Figure 6.9f), their overall proportions were
lower in treated samples. Implying that the influx rate for cytotoxic CD8* T cells

and other types of T helper cells was greater than that of Tregs.
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Figure 6.9 Proportions of T cell populations by treatment groups. Each dot is
representative of an individual biological sample, hight of bars indicates mean percentages of
TIL subtypes by treatment groups, whiskers indicate SD of sample means within each treatment
group. One-way ANOVA test was performed, comparing vehicle samples with individual
treatment groups with significant p-values defined as: * (1 star) indicative of p < 0.05, ** (2 stars)
indicative of p < 0.01, *** (3 stars) indicative of p < 0.001, **** (4 stars) indicative of p < 0.0001.
Percentages of T cell subpopulations are shown for a) CD3* T cells within all CD45*
immunocytes, b) CD8* T cells within all CD45" immunocytes, c) CD4* T cells (encompassing
different T helper cell subpopulations) within all CD45+ immunocytes, d) CD8* CD4* double-
positive T cells within all CD45* immunocytes, e) Fraction of Tregs within all CD45*
immunocytes (gated as fraction of CD3*, CD4*, and Foxp3* cells), f) Fraction of Tregs (with
aforementioned gating strategy) within all TILs (CD3* T cells).

Surprisingly, analysing cell-state markers within the CD8* T cell compartment
revealed an overall decrease in T cell activation (Figure 6.10a). This was

determined via the expression of proliferation marker Ki67 or the combination of
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CD69*/PD-1* double positive status, CD69 being a T cell activation marker and
PD-1 also indicative of T cell activation in this combination. Further, the
TIM3*/LAG3* double positive cells, which demarcate a population of terminally
exhausted T cells that had previously likely induced an anti-tumorigenic activity,
also appeared to have decreased in KRASi-treated samples®'%:3'7. A similar
trend was observed for CD4* T helper cells (Figure 6.10b), with a reduction of
Ki67 expression across all treated group as well as decreased expression of
some activation and exhaustion markers. Here, the TIM3*/LAG3" double-
positive population appeared to be smaller in the sample groups KRASI or
KRASI + SHP2i, although this was not significant. Lastly, the fraction of Ki67*
Tregs was also significantly decreased in treated samples compared to vehicle
control samples (Figure 6.10c). As anti-cancer drugs increase the number of
apoptotic cancer cells and could alleviate immune suppression in the TME, it is
possible that additional T cells were recruited to the tumour as a general site of
inflammation. However, it is generally believed that only a small fraction of T
cells in the TME expresses an antigen specific TCR, while the majority of T cells
are recruited as unspecific bystander cells, whereat they could still fulfil certain
indirect effector functions''°. As T cells are quantified as relative fractions over
CD45+ cells, it is still possible that more activated T cells were present in
treated samples, but that this effect had been overshadowed by an increased
influx of TILs.
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Figure 6.10 Activation status of T cell subpopulations. Each dot is representative of one
biological tumour sample, height of bars indicates mean percentages of TIL subtypes by
treatment groups, whiskers indicate SD of sample means within each treatment group. One-way
ANOVA test was performed, comparing vehicle samples with individual treatment groups.
Percentages of T cells positive for the activation markers indicated on the y-axis are show for a)
CD8"* T cells, b) CD4* T cells and c) Tregs (defined as CD3*, CD4*, and Foxp3* population).

Next, the role of other immunocytes of the lymphocyte lineage was investigated.
First, the abundance of NK, NKT, and B cells were quantified as percentage of
all within CD45* immunocytes (Figure 6.11a). Similar to T cell populations, it
appeared that therapy schemes overall induced an increase in the influx of non-
T lymphocytes. Assessing Ki67* expression as an indicator of proliferation
status (Figure 6.11b) implied that the proliferating fraction in the NK cell
compartment of treated samples was significantly decreased compared to
vehicle tumours, which was also observed as a trend for NKT cells. On the
other hand, the fraction of Ki67* B cells appeared to be slightly increased in

treated samples, although this was not significant.
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Unlike for cytotoxic T cells, NK and NKT cells do not require an antigen specific
receptor to engage in an immune synapse with cancer cells and exert their
effector functions. However, a main mechanism of action for these cells is to
detect the aberrant downregulation of MHC-I molecules on cancer cells. As
earlier experiments implied that the applied therapies induced an increase in

MHC-I expression, it is possible that this may have hampered NK and NKT cell

engagement.
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Figure 6.11 Analysis of non-T cell lymphocytes Each dot is representative of one biological
tumour sample, height of bars indicates mean percentages of TIL subtypes by treatment
groups, whiskers indicate SD of sample means within each treatment group. One-way ANOVA
test was performed, comparing vehicle samples with individual treatment groups. a) Proportions
of lymphocyte subpopulations as percentage of all CD45* cells shown for for (left to right) NK,
NKT, and B cells as well as (b) their respective of Ki67* fractions,
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Next, treatment-induced changes in the immune populations of the innate
immune response were assessed. Here, alterations in the tumour infiltrating
macrophage profiles were investigated first. Quantifying overall proportions of
MPs (Figure 6.12a) within CD45" cells showed a significant decrease of the MP
fraction in treated samples compared to vehicle control. Here, MPs were further
subcategorised by their degree of functional differentiation, with CD11c*
CD11b" cells indicating immature MPs and CD11¢c” CD11b" expression
delineating mature MPs. This sub-classification revealed a significant decrease
in both, immature MPs and fully differentiated MPs in tumours of treated mice
compared to vehicle. This was particularly pronounced in samples from the
KRASI + SHP2i combination. An additional strategy of stratifying MPs is by their
polarisation, which can be indicative of their effector functions in the TME
(Figure 6.12b). Here, M1-polarised macrophages are believed to exude an
overall supportive role in anti-tumour immunity, while the presence of
alternatively M2-polarised macrophages can hamper anti-tumour immunity.
Assessing the proportions of these two polarisation types in mature CD11¢c
CD11b" MPs, revealed both, a significant increase in M1-polarised MPs, and a
decrease in alternatively activated M2 MPs in all treated samples. In immature
CD11c* CD11b" MPs a similar trend was observed. These findings indicate a
treatment induced shift in MP populations in favour of fostering an effective anti-
tumour immune response. To further investigate whether the M1 MPs might
exert a role in providing co-stimulation to tumour infiltrating T cells, CD86
expression status was quantified (Figure 6.12c), confirming that treatments
indeed induced a positive effect on MP-mediated co-stimulation of T cell

effector functions.
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Figure 6.12 Analysis of tumour-infiltrating macrophage compartment. Each dot is
representative of one biological tumour sample, height of bars indicates mean percentages of
MP subtypes by treatment groups, whiskers indicate SD of sample means within each treatment
group. One-way ANOVA test was performed, comparing vehicle samples with individual
treatment groups. Plots show distribution of MP populations segregated by treatment groups. a)
from left to right: Fraction of MP populations as fraction of CD45* compartment (I) all MPs, (Il)
immature MPs, and (lll) mature MPs. b) Fractions of M1 or M2 polarised MPs (from left to right)

(1) of mature MPs and (ll) of immature MPs. c) Within the M1 polarised MP compartment,
fraction of CD86* (marker for T cell co-stimulation) expressing MPs for (from left to right) (1)
immature MPs (Il) differentiating MPs (Il) mature MPs.
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Another cell type of interest in the category of APCs were DCs, which can also
present with differently polarisation phenotypes. Conventional Dendritic Cells
type 1 (cDC1), amongst other functions, play a crucial role in cross-presenting
tumour cell specific antigens, predominantly to CD8* T cells, thereby priming
and maintaining a functional cytotoxic T cell effector response. Plasmacytoid
Dendritic Cells (pDCs) can also be involved in priming of T cell responses,
however, their main function lays in producing large amounts of type |
interferons, thereby taking on a dual role in supporting and hampering
antitumour immunity. Conventional Dendritic Cells type 2 (cDC2) can also play
a bivalent role by both, promoting and hindering anti-tumour immunity. For
example, by predominantly cross-presenting tumour cell specific antigens
predominantly to CD4* T cells via their MHC-Il complex. This can lead to the
activation of anti-tumour directed T helper cells but also Tregs. cDC2s can
further be involved in expressing checkpoint inhibitory molecules or other

immune-modulatory cytokines, which can promote T cell exhaustion.

Next, treatment-induced changes in the abundancy of different DC subtypes
were assessed (Figure 6.13a). Interestingly, the addition of the SHP2i therapy
resulted in a significant decrease of the fraction of cDC1s of CD45" cells in the
TME. As a trend, a therapy-mediated increase in pDCs was observed and no
clear therapy-induced changes were evident in the fraction of cDC2s.
Furthermore, an overall increase in the expression of the costimulatory
transmembrane protein CD86 was observed in treated samples compared to
vehicle in all DC subtypes (Figure 6.13b). Moreover, quantifying MFI for PD-L1
expression in cDC2s revealed a treatment-induced increase in the expression
of this checkpoint protein across treatment groups, thereby indicating a possible

role in their contribution to accelerating T cell exhaustion.
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Figure 6.13 Analysis of tumour-infiltrating dendritic cells. Each dot is representative of one
biological tumour sample, height of bars indicates mean percentages of DC subtypes by
treatment groups, whiskers indicate SD of sample means within each treatment group. One-way
ANOVA test was performed, comparing vehicle samples with individual treatment groups. Plots
show distribution of DC populations segregated by treatment groups. a) Fraction of DC
subpopulations of CD45" cells for (from left to right) (I) cDC1s, (Il) pDCs, (lll) cDC2s). b) Fraction
of CD86* DCs for (from left to right) (I) cDC1s, (Il) pDCs, (lll) cDC2s. c) MFI for PD-L1
expression in cDC2s.

This in-depth immune phenotyping of the TME revealed that the employed
therapy schemes indeed influence the immune cell composition as well as the
cell-state of different immunocyte populations. Here, the anti-cancer treatments
appear to exude both immune promoting and hampering effects. Importantly,
however, these results indicate that treatments may promote the influx of TILs
as well as the priming of a local anti-tumour immune response through
enhanced APC-mediated cross-presentation of tumour-cell specific antigens to
the adaptive immune compartment. However, this potential mechanistic axis of

therapy-mediated promotion adaptive immunity will require further validation.
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APC mediated priming of adaptive immunity can occur in both, the TME and
tdLNs. Lymph nodes provide a compact infrastructure that can facilitate the
antigen cross-presentation between APCs, T cells and B cells’. Moreover, the
cancer cell compartment may emit immune suppressive cues in the local TME
which may hinder the establishment of a functional adaptive immune response,
while conditions in tdLNs may be more favourable. Indeed, it was observed
during sample collection that tdLNs were often enlarged in treated mice,

compared to the tdLNs of vehicle or naive mice (not shown).

Flow cytometric analysis of the T cell compartment of the collected tdLNs did
not reveal profound alterations of T cell subtype quantities, except for a
significant increase of Tregs in the KRASI or SHP2i treated mice (Figure
6.14a). However, when assessing the activation state of CD8" cytotoxic T cells
(Figure 6.14b), a significant increase in PD-1*, and TIM3*/LAG3* cytotoxic T
cells was observed in the KRASI + a-PD-1 treatment group. Here, CD8" effector
memory T cells (CD62L/CD44%) were also increased. This is a group of
memory T cells that can circulate peripheral tissues and is already

differentiated, expressing a range of effector molecules®'®.
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Figure 6.14 Analysis of T cell compartment in tdLNs. Each dot is representative of one
biological tumour sample, height of bars indicates mean percentages of T cell subtypes by
treatment groups, whiskers indicate SD of sample means within each treatment group. One-way
ANOVA test was performed, comparing vehicle samples with individual treatment groups. a)
Fraction of T cell subpopulations of CD45* cells in tdLNs for (from left to right) (1) all CD3* T
cells, (II) CD4* T cells, (lll) CD4* Treg cells (IV) CD8" T cells). b) Quantification of activation and
exhaustion profiles as well as effector memory status (Tem) within CD8* T cell compartment.

Next, changes in the B cell compartment of tdLNs were assessed (Figure
6.15). Here, the proportion of B cells within lymph nodes did not appear to be
altered in treated samples compared to vehicle and no significant changes for
activation markers were observed. Here, exemplary plots are shown for
proliferation marker Ki67, as well as MFls for CD19, and MHC-II. Because
CD19 is a part of the BCR signalling complex and MHC-II, can be indicative of
antigen cross presentation to T helper cells, both of these components are
expected to be downregulated in fully differentiated plasma cells. While MHC-I|
could be upregulated during early stages of B cell activation compared to naive

cells®19,
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Figure 6.15 Analysis of B cell compartment in tdLNs. Each dot is representative of one
biological tumour sample, height of bars indicates mean percentages of B cells by treatment
groups, whiskers indicate SD of sample means within each treatment group. One-way ANOVA
test was performed, comparing vehicle samples with individual treatment groups. a) Fraction of
B cell subpopulations of CD45* cells in tdLNs. b) Quantification of functional B cell profiles.

Other types of immunocytes were also analysed, however, because no
significant changes in immune cell composition or activation profile were found,
this analysis is not shown here. The reason for not finding more changes in
immune cell activation in tdLNs could be related to the treatment interval. In an
earlier pilot experiment where mice had been treated for four days, no insightful
significant changes in tdLNs had been found either (not shown). It is possible
that a longer treatment interval would be required for the coordination of a
proximal immune response. However, this would have compromised the
collection of tumour samples. Unlike tumours, tdLNs are organs with a clearly
defined structural layout with defined compartments and zones for the location
of particular immunocyte subtypes. Hence, it is also possible that the
physiological architecture of tdLN would constrain changes in immune cell
subtype composition. An additional limitation for assessing treatment-induced
changes in tdLN was that the absolute number of CD45" cells in individual tdLN
was not recorded. During sample collection, we had observed that tdLNs from
treated mice were often enlarged compared to tdLNs from vehicle or naive
mice. Hence, it was possible that, rather than changes in immune cell subtype
composition, the absolute number of immunocytes in the enlarged lymph nodes

may have been indicative of a treatment-induced immune response. However,
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due to time constrains of this large protocol, sample sizes had been normalised
through estimation of pellet sizes and this information was not available. In
future experiments, the size of tdLNs after extraction should be recorded as well

as cell counts before sample normalisation.

To further corroborate whether APCs which had phagocytosed cancer cell
material, it would be intriguing to investigate whether they appeared as positive
events in the eGFP* or eBFP* gates in the flow cytometric analysis. Because
the majority of the engrafted tumour cells are eBFP* KPAR1.3 KRAS G12C
cells and this isotype was also more likely to undergo drug-mediated apoptosis,
it may have been statistically more likely to detect APCs that have
phagocytosed eBFP* cancer cell material compared to e GFP* material.
However, this hypothesis could not be fully verified with the current dataset due
to the technical limitations of this experiment. eBFP inherently encompasses a
dimmer fluorophore?%® and had mainly been selected above brighter yellow or
red FP alternatives due to its high structural homology to eGFP. Unlike previous
FACS experiments (Figure 3.1c, Figure 5.14), the protocol for spectral flow
cytometry required fixation and permeabilization of the samples. This had
quenched the fluorescence profile of the already dim eBFP fluorophore to a
point where it was no longer detectable over the autofluorescence profile of the
APCs. To visualise the FPs during flow cytometric analysis, an additional
intracellular staining step for the FPs could have been introduced. However,
because no suitable fluorophore-conjugated primary ab was available, this
would have required a primary + secondary ab staining with additional washes.
This, in turn, would have led to additional sample loss which could have

compromised the quality of the acquired data set.

Hence, it was decided to omit analysis of eBFP expression in CD45" cells and

instead focus on probing the presumably smaller fraction of eGFP* expressing

CD45" cells. As expected, the number of eGFP* immunocytes was low and not
all immmunocyte subtypes could be unambiguously identified. Hence, the

following data should be considered as preliminary and further experiments will
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be necessary to corroborate these findings. The fraction of CD45* GFP* cells
across treatment groups (Figure 6.16a) appeared to be representative of the
fraction of GFP* cancer cells within all cancer cells (Figure 6.7b). Further
analysing the subtype composition of GFP+ immunocytes revealed that the
largest lineage-defined immune subtypes were MPs. Additionally, a large
proportion of CD45" GFP* cells, labelled as “other” could not be assigned to a
distinct subtype, as their profile of lineage and activation markers was
ambiguous. This could also have been indicative of a higher autofluorescence
profile, associated with an early stage of apoptosis and will require further
investigation. It was further investigated which MPs were GFP*, which indicated
a mixed profile of immature- and mature subtypes, as well as a subpopulation

which could not be unambiguously classified (Figure 6.7b).
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Figure 6.16 Analysis of GFP* immunocytes in the TME. Each dot is representative of one
biological tumour sample, height of bars indicates mean percentages of GFP* immunocytes by
treatment groups, whiskers indicate SD of sample means within each treatment group. a) GFP*
immunocytes as percentage of all CD45* cells; one-way ANOVA test was performed,
comparing vehicle samples with individual treatment groups. b) Percentages of immune cell
subpopulations within the GFP* CD45"* population. The vehicle group was excluded due to low
cell counts. Additionally, a category of “other” was introduced, which was a group of
immunocytes with a generally high autofluorescence profile, which could be indicative of an
early apoptosis state c) Fraction of MP subpopulations within all GFP+ MPs.
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As a proof of concept, it may be of interest to engraft GH-mice with tumours
solely derived from eGFP-expressing KPAR1.3 KRAS G12C cells. Mice could
then be treated with either vehicle or one of the combination therapies for
subsequent flow cytometric analysis. This experimental design may facilitate
the detection of APCs that have phagocytosed cancer cell material. If such
immunocytes were found, they could further be isolated via flow cytometric
sorting and placed in co-cultures with primed cytotoxic T cells and cancer cells
to test whether they may bolster adaptive immunity through antigen

presentation.

This immune phenotyping experiment revealed the complexity of therapy-
induced remodelling of immune cell composition in the TME. It further unveiled
a potentially bivalent role of the targeted anti-cancer treatments, which induced
both, anti-tumour directed and potentially tumour-promoting alterations. Taken
together with the findings of previous survival experiments, it is possible that
therapies could increase APC effector functions of phagocytosing- and
subsequently cross-presenting cancer cell-derived material to T cells. Thereby
priming an adaptive immune response to recognise a pan-cancer cell
archetype. Simultaneously, a therapy-mediated increase in T cell infiltration had
also been observed which could enhance anti-tumour immunity through direct
cancer cell killing or through bystander effects. On the other hand, the
information that KRAS G12C inhibitors increases T reg infiltration could be
clinically valuable for the development of further treatment strategies, for

example, the introduction of Treg depleting antibodies.

6.3 Spatial analysis of the tumour microenvironment

A limitation of the immune phenotyping of the previous study is that it lacks
insights into the spatial distribution of the TME and how different therapy
schemes might influence tissue organisation. For example, it was previously

discovered in our orthotopic murine lung cancer models, that T cells cluster
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around the tumour borders in vehicle tumour but are able to infiltrate deeper
into the tumour tissue once mice received KRASI treatment?'7:2'8, This shift
would not have been evident from simply quantifying immune cell populations.
To gain further insights into therapy-induced changes in tumour architecture,
multiplexed immunohistochemistry of tumour sections across treatment groups

was performed (Figure 6.17).

In vivo experiment //7,\
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Figure 6.17 Overview of multiplex EHP workflow. Overview of experimental set up for spatial
TME analysis of subcutaneous tumours across treatment groups. Mice were engrafted with
99.8% eBFP* KRAS G12C KPAR1.3 cells (‘G12C’) and 0.04 Luc-eGFP KRAS G12D KPAR1.3
cells (‘G12D’). Once tumours reached an average volume of ~185 mm? mice received 6 doses
of the oral drugs RMC-4998 (KRASI) at 100 mg/kg, RMC-4550 (SHP2i) at 30 mg/kg, and 2
doses of a-PD-1 at 10 mg/kg. Tumours were then isolated, embedded, cut into 5 um thin
sections and were stained with an eight-antibody panel. Subsequently, tissue sections were
imaged using an AxioScan slide scanner. Image created with BioRender.

Here, 0.04% Luc-eGFP-expressing KPAR1.3 KRAs G12D cells were engrafted
together with 99.96% of eBFP KPAR1.3 KRAS G12C cancer cells. Thereby
mimicking the ratio of drug resistant cells present in the initial survival
experiments (Figure 4.3, Figure 4.5). In this experiment, we were able to
create a panel with up to 8 markers. For this, we first included DAPI to
demarcate nuclei for cell type identification. Next, CD4 and CD8 were included
to gain insights into the distribution of TIL populations. We also wanted to
identify KRAS G12C or G12D mutant tumour cell populations. Because of the
high structural homology between eGFP and eBFP, there are no antibodies
which could distinguish the two FPs. Hence, an anti-eBFP/eGFP ab was
employed as a pan-cancer cell marker. Additionally, a luciferase-targeting ab
was included to identify the Luc-eGFP KRAS G12D mutant tumour cells, which

would appear as double-positive for the GFP/BFP and Luciferase staining’s. To
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gain insight into the cell state of cancer and T cells, Ki67 was included as a

marker for proliferation and Casp3 was included to identify apoptotic cells.

Initially, PD-1 had also been included as a qualitative marker for assessing T
cell state. However, the quality of staining for this marker was poor in the final
experiment with a high background signal throughout the whole tumour sections
and could hence not be included in the final analysis. It was suspected that this
was caused by the extensive extracellular matrix structures present in the
subcutaneous tumours which may have led to unspecific ab binding. Tissue
sections had also been stained to assess the presence of fibroblasts and
endothelial cells (not shown). However, this was not further pursued as no clear
differences were visible between treatment groups. Moreover, it had been
considered to include APC markers in the panel and preliminary stainings had
been performed (not shown). However, it became evident in these pilots that a
number of lineage markers would be necessary for unambiguous identification
of any given APC population, which would have taken up too many channels of

the 8 markers available for multiplex staining.

Intriguingly, the multiplex staining reveal a treatment-induced increase in T cell
density for both, helper- and cytotoxic T cells. Representative images of whole
tumour sections (Figure 6.18) as well as high resolution ROIs (Figure 6.19) are
also shown. Although T cell densities varied within- and between tumours of the
same treatment groups and T cell densities remain to be quantified. Of note, it
is possible that the observed increase in T cell densities in treated tumours
could, at least partially, be attributed treatment and/or immune mediated
clearing of cancer cells, thereby bringing T cells closer together due to the
decrease in tumour size. However, regardless of the cause, the increase in T
cell density in itself has advantageous effects in asserting anti-tumorigenic

functions.
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Figure 6.18 Overview of T cell staining on whole tumour sections. Representative images
of T cell infiltration in tumours of different treatment groups. Stainings are shown for (from left to
right): Nuclei (DAPI; blue), CD4* T cells (yellow), CD8* T cells (red), merge image of CD4* and
CD8* T cells. Representative tumours are shown for the treatment groups of (from top to
bottom): Vehicle, KRAS G12C inhibitor RMC-4998 (KRASI), SHP2 inhibitor RMC-4550 (SHP2i),
the dual combinations of KRASi + SHP2i and KRASI + a-PD-1 as well as the triple combination
of KRASI + SHP2i + a-PD1. The bulbous structure in the lower right corner of the tumour from
the KRASI + SHP2i treatment group is a tdLN which had not been removed during sample
preparation. Scale bars with a length of 2mm are indicated on individual images. This image
was generated retaining high quality to allow zooming in for higher resolution.
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Vehicle KRASI

Figure 6.19 High resolution ROIs of T cell infiltration across treatment groups.

Representative ROIs of T cell infiltration in tumour sections of indicated treatment groups.
Merged images of Nuclei (DAPI; blue), CD4* T cells (yellow), and CD8* T cells (red) are shown.
Scale bars with a length of 200 um are indicated on the individual images.

Overall, the observed treatment-induced increase in T cell counts correlated
well with the previous immune phenotyping experiment. Although the PD-1
staining did not work well in this multiplex experiment, quantifying the fraction of
Ki67* T cells across treatment groups provides another opportunity to probe for

therapy-induced changes in the activation status of cytotoxic and helper T cells.

Separate from the multiplex experiment, tumours across all treatment groups
were recently stained for the presence of tumour infiltrating Tregs. This
revealed a possible increase in tumour infiltrating Tregs in KRASI-treated
tumours (Figure 6.20). In vehicle tumours Tregs were observed around the
outer perimeters but were barely observed to infiltrate deeper into the tumours,
while in KRASI treated samples, Tregs were present throughout the tumours.

This observation also appears to correlate well with the data obtained from the
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immune phenotyping, however the Treg infiltration in this experiment remains to

be quantified.

Overview: Merge DAPI Merge

Tumour: Vehicle

Tumour: KRASI

Figure 6.20 Exemplary images for tumour infiltrating Tregs. Representative images of
vehicle or KRASI treated tumour sections stained for Foxp3 expression, which is indicative of
tumour-infiltrating Tregs. DAPI was used to visualise nuclei of all cells. Scalebar is indicated for
respective images. Scale bars with a length of 100 um are indicated on the individual images.

Another notable treatment-induced change was the presence of KPAR1.3
KRAS G12D clusters present in KRASI treated samples, which were absent in
Vehicle-, a-PD-1 -, and SHP2i-treated samples. Assessing the Ki67 status of
these KRAS G12D mutant clusters, revealed that the majority of cells were
positive for this marker, indicating they were actively proliferating (Figure 6.21
and Figure 6.22). This is in accordance previous findings of the KPAR1.3
KRAS G12D tumour cell subpopulation proliferating in KRASI treated samples,
such as the proliferative signatures discovered in the bRNA-seq data or the
increase in VIS signal in respective survival experiments. In addition, it is
possible that in samples treated with KRASi or SHP2i, KRAS G12C mutant
cancer cells were less proliferative compared to G12D mutant cells, due to
therapy-induced inhibition of oncogenic signalling. The triple therapy
combination is not shown here, as the fraction of remaining cancer cells in the
tumour samples was generally highly variable and no KPAR1.3 KRAS G12D

clusters were found which exacerbated selecting a representative image.
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Figure 6.21 Tumour cell populations across treatment groups. Representative images of
KPAR1.3 KRAS G12C- and G12D mutant tumour cell fractions and Ki67 expression across
different treatment groups. Stainings are shown for (from left to right): Nuclei (DAPI; blue), all
tumour cells (BFP/GFP, cyan), KRAS G12D mutant tumour cells (Luciferase, yellow), all
proliferating cells (Ki67, magenta), merge of BFP/GFP and Luciferase stainings. Representative
tumours are shown for the treatment groups of (from top to bottom): Vehicle, KRAS G12C
inhibitor RMC-4998 (KRAS:), the dual combinations of KRASi + SHP2 inhibitor RMC-4550
(SHP2i) and KRASI + a-PD-1. Scale bars have a length of 2mm are indicated on individual
images. This image was generated retaining high quality to allow zooming in for higher
resolution.
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BFP/GFP Luc

Figure 6.22 Exemplary ROI of a proliferating KPAR1.3 KRAS G12D cluster. a)
Representative tumour section of a RMC-4998 treated tumour with merged stainings for
BFP/GFP (cyan) as pan-cancer cell marker and Luciferase (Luc, yellow), demarcating KRAS
G12D mutant KPAR1.3 cells. Scale bar has a length of 2mm and the white box highlights the
ROI selected for the right panel. b) High resolution ROI of an exemplary KPAR1.3 KRAS G12D
cluster. Stainings are shown for () nuclei (DAPI, blue), (ll) all KPAR1.3 cancer cells (BFP/GFP,
cyan), KPAR1.3 KRAS G12D cells (Luciferase (Luc), yellow), Ki67 (magenta). Scale bars with a
length of 200 um are indicated on the individual images.

Assessing apoptosis in the tumour cell compartment via Casp3 staining,
revealed that there appeared to be at least two different sources for apoptotic
events. First, larger tumours, especially in the Vehicle, a-PD-1 and SHP2i
treatment groups sometimes had larger apoptotic areas located at the centre of
the tumour (Figure 6.23). Consulting a histopathologist confirmed that these
are likely necrotic cores resulting from limited nutrient and/or oxygen availability
or the accumulation of toxic metabolic waste products in the centre of the
tumour. The second occurrence of apoptosis in cancer cells occurred
predominantly outside of the centre of tumours and presented as more singled
out Cas3" cancer cells. Here, apoptosis may also have been triggered by

treatments or anti-tumour immunity.
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Figure 6.23 Visualisation of necrotic tumour cores. Representative images of a Vehicle
tumour containing necrotic areas. Stainings are shown for (from left to right): Casp3 (magenta),
all tumour cells (BFP/GFP, cyan), nuclei (DAPI, white), and merge of Casp3 and BFP/GFP
stainings. Scale bars have a length of 2mm are indicated on individual images. This image was
generated retaining high quality to allow zooming in for higher resolution.

To quantify the observations of the multiplex staining, a machine-learning based
pipeline was developed with the kind help of KangBo Ng for accurate
quantification of different cancer and immune cell populations for which the
analysis is currently ongoing. An outline of the segmentation and quantification
workflow is shown in (Figure 6.24). As several tumour sections were imaged on
each objective slide, the areas of interest were first manually outlined (Figure
6.24a). Here, staining and tissue processing artefacts, such as wrinkles or rips
in tissue sections had also been highlighted for subsequent exclusion to avoid
introducing any falsifying data in the subsequent analysis. Additionally, necrotic
cores were highlighted as they may later be considered separately when

analysing apoptosis in the tumour cell compartment.

Next, a machine learning-based segmentation pipeline was established to
segment the distinct cell types in the predefined areas of analysis (Figure
6.24b). Here, the initial step was to delineate the location of all the nuclei, which
was necessary for several reasons. First, erythrocytes present in the TME, for
example due to leaky vasculature, can appear as positive events in the
respective imaging channels, due to the high autofluorescence of haemoglobin.
However, as erythrocytes lack a nucleus, they can be disregarded by adding
the condition that only cells with a nucleus are considered for quantification.
Secondly, the eBFP, eGFP and luciferase expressed by cancer cells are

located in the cytoplasm, not the plasma membrane. Hence, it is difficult to
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define a precise outline of distinct cancer cells, which often cluster closely
together. By considering the nuclei first, they can serve as pinpoints to quantify
the number of cancer cells present in a certain area. Thirdly, although CD4 and
CD8 are plasma membrane residing markers, T cells have a small diameter of
only ~2-5 ym and are often asymmetric in shape, possibly due to their role of
surveying their surrounding or forming immune synapses with other cell types.
Hence, the CD8 and CD4 lineage markers can also take on shapes which are
difficult to define without a nucleus as reference point. To define the location of
individual cells and distinguish their outlines, a semantic segmentation
approach was applied. Here, first, each pixel in the image is assigned as either
being positive or negative for a given marker, using a random forest
classification method®?°. Next, identities for each of the cell types were assigned
by determining whether a threshold number of cell lineage marker-positive
pixels were present within a defined perimeter of the nucleus. Subsequently,
the same approach was employed to assign proliferation or apoptosis status to
the defined cell types (Figure 6.24c). The next steps in this pipeline will be to
quantify the cell counts for the different cell types and states within each tumour
section (Figure 6.24d). Cell counts will then be normalised by the size of the
analysed area as tumours of different treatment groups were of different
proportions. This index can then be used to quantify therapy-induced changes
in TIL densities within the TME and to investigate the fraction of actively
proliferating T cells increased in treated samples. In the cancer cell
compartment, the size and number of KRAS G12D-mutant cell clusters per
tumour section in different groups can be analysed. Within the KRAS G12D
mutant clusters, the fraction of Ki67* cancer cells will further be quantified.
Additionally, after gating out necrotic cores, the number of Casp3* cancer cells
across different treatment groups and isotypes can be quantified. In addition to
quantifying different cell counts, the spatial information obtained in this multiplex
staining experiment can also be considered. Here, a simplified neighbourhood
analysis®?' could be performed, for example, to investigate how many T cells
are in direct contact with individual tumour cells of different genotypes and

across treatment groups. This approach could be extended to assess whether
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clusters of KRAS G12D mutant tumour cells are more immune infiltrated in
combination treated samples compared to tumours that had been treated with
KRAS G12Ci as monotherapy.
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Figure 6.24 Outline of image analysis pipeline. a) Objective slide containing several tumour
sections was imaged in one frame, ROIs within image were outlined (white outline) excluding
staining artefacts and the matrix surrounding the tumour; necrotic areas were also demarcated
as separate entities (yellow outlines); these areas were excluded for subsequent analysis. b)
Left panel: exemplary ROl showing nuclear segmentation, right panel: exemplary ROl showing
semantic segmentation of CD8* T cells. c) Schematic of subsequent steps. Left panel: cell type
identification using the lineage markers of BFP/GBP and Luciferase for cancer cell as well as
CD8 and CD4 to demarcate T cells. Right panel: Subsequently, defined cell types are assigned
positive or negative values for the functional state markers Ki67 and Casp3. d) After cell type
classification, respective populations can be quantified and tumour architecture can be explored
employing neighbourhood analysis. Figure was created with BioRender. This pipeline was
developed by KangBo Ng and tumours in (a) were outlined with the kind help of Sapta
Mukherjee.
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In this chapter, we were able to show that the employed treatments were
indeed able to enhance adaptive anti-tumour immunity and induce changes in
the tumour infiltrating immune compartment. On a systemic level, the adaptive
immune compartment appeared to contribute to durable treatment responses,
especially in mice which had received combination therapies. Here, both T cells
and B cells appeared to contribute to enhanced anti-tumour immunity. Emv2 is
likely contributing to the immunogenicity of this cancer cell line. In the future, it
would be interesting to investigate whether the employed treatments assert
similar effects on different murine cancer cell lines which do not express EMV2
or present with a more immunologically cold phenotype. Closer investigation of
the immune cell composition in the TME uncovered that the employed therapies
likely induced an increase in cytotoxic T cell infiltration as well as a shift in the
polarisation of MP and DC populations to a more anti-tumour directed
phenotype. On the other hand, it also highlighted the multifaceted, highly
complex organisation of the immune compartment, with therapy schemes
playing a dual role in remodulating anti-tumour immunity. For example, KRASI
lead to a significant increase in tumour infiltrating Tregs while SHP2i lead to a

decrease in the proportion of anti-tumour directed cDC1 population.

More experiments will be necessary to fully understand how the employed
treatments affect anti-tumour immunity and how therapy schemes could be
further optimised to potentiate the development of effective anti-tumour

immunity able to recognise and eliminate both sensitive and resistant cells.
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Chapter 7. Discussion

The newly developed KRAS G12C inhibitors hold the potential to create new
treatment avenues for eligible cancer patients. However, in early clinical trials, it
became evident that the majority of cancer patients that initially responded well
to this therapy had developed treatment-resistance within months. Hence,
employing this new line of drugs as monotherapy may not be sufficient to
achieve durable responses. It had further been discovered that initially
responsive tumours can evolve to bypass the inhibitor mechanism of action
through myriad compensatory actions, which can compound the development

of appropriate combination therapies.

In this project, we explored treatment strategies that can enhance the clinical
efficacy of KRAS G12C inhibitors through combination therapies that further
bolster anti-tumour immunity. As the immune system presents an equally
dynamic and adaptable entity, we hypothesised that it may be possible to foster
an adaptive anti-tumour immune response capable of recognising a pan-cancer
cell archetype. Thereby enabling immune-mediated elimination of KRASI-

resistant tumour subpopulations.

7.1 A rationale for the investigation of therapy combinations

In this study, we first established and validated an in vivo model system
mimicking the development of KRASI-resistance, employing mechanisms
observed in the clinic; through the acquisition of further point mutations in the
KRAS G12C mutant oncoprotein, which prevent KRAS G12C inhibitors from
effectively interacting with their target?36-249, Here, reporter-traced, KPAR1.3
KRAS G12C or G12D mutant lung cancer cell lines were created. The reporters
were designed to allow for the distinction of the two isogenic tumour cell

populations through a wide range of omics-based techniques. Next a pre-
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clinical murine model system with traced, co-engrafted KRAS G12C and G12D
mutant tumour cells was optimised to study the efficacy of different therapy

combinations.

Here, the glowing head mouse model was employed for in vivo experiments,
because this strain is thought to be centrally tolerised towards the reporters
eGFP and Luciferase. Through in silico modelling, we predicted that mice are
likely equally tolerant towards eBFP due to the high structural similarity with
eGFP. Of note, another publication by C. Grzelak et. al had found that no
significant improvements in immune tolerance to reporter-traced cancer cell
lines were detected when employing GH-mice3?2. Due to time constraints on
this project, we had not performed extensive investigation whether the reporter
expression in GH mice was more stable compared to standard C57BL/6J mice.
Further experiments in GH mice could also be performed to assess whether the
TME architecture, tumour growth, or therapy responses would differ when
engrafting reporter-traced or untraced cell lines. However, regardless GH strain
immune-tolerization towards the reporters, their albino fur coat still provides an
advantage over using C57BL/6J mice, allowing for enhanced precision during

IVIS scanning.

In initial experiments, we wanted to assess whether treating tumours derived
from co-engrafted KRAS G12C and G12D mutant KPAR1.3 cell lines with
Adagrasib would already be sufficient in enhancing anti-tumour immunity and
enable rejection of the drug-resistant sub-population through alleviation of
oncogenic-KRAS mediated immune suppression. However, it became evident
that employing Adagrasib as monotherapy resulted in the rapid proliferation of
the KRASI-resistant tumour sub-population. Here, mice relapsed within only two
weeks of treatment, with the majority of the tumour mass being comprised of
KRAS G12D mutant cells, even if they were engrafted with a starting ratio of
only 0.01%. This observation may reflect the findings of the early clinical trials
conducted with the KRAS G12C(OFF) inhibitors, where the majority of patients

which initially responded well would become treatment resistant in a matter of
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months 222:223.225,227.228231 |t is further possible that treatment-mediated
selection of resistant tumour populations could contribute to the development of
cross-resistance to other therapy types, thereby potentially exacerbating the
outcome of subsequent treatment responses to other anti-cancer drugs. For
example, Haas et al demonstrated, in a pre-clinical model system for
melanoma, that mice which had relapsed on MAPK inhibitors had also

developed cross-resistance to immunotherapy 3%

Therefore, we hypothesised that it may provide a therapeutic advantage to
instead simultaneously target distinct selective vulnerabilities in tumour cells by
employing treatments that function through different modes of action. Here,
lines of therapy which foster anti-tumour immunity may present a particularly
promising approach. Indeed, we found that combining KRAS G12C inhibitor
RMC-4998 with SHP2i RMC-4550 or the therapeutic ab a-PD-1, lead to
enhanced therapy responses in our mouse model through treatment synergy.
Here, durable complete responses were achieved when administering dual
treatment combinations and therapy efficacy was further enhanced in the triple-
combination of these drugs. Moreover, re-challenging complete responders by
re-engrafting only the KRAS G12D mutant cancer cells on the opposite flank
indicated that these mice had developed enhanced anti-tumour immunity. This
could be attributed to an adaptive immune response, capable of recognising

and targeting a pan-cancer cell archetype.

For mice which had relapsed after the end of the treatment period, IVIS scans,
in conjunction with flow cytometric analysis of tumour cell composition implied
that the bulk of some relapsed tumours was re-established from KRAS G12C
mutant tumour cells which must have persisted during treatment. The study of
Haas et al. had further suggested that therapy resistant tumour cells can form a
protective niche for remaining treatment responsive cancer cells, thereby
enabling them to persist during treatment intervals, which may explain the

findings in our survival experiments. This finding could provide valuable insights
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into the tumour cell population dynamics during the evolution of resistance

towards targeted therapy.

Designing these survival experiments required large cohorts of mice, whereat
several factors had to be taken into account due to the limited number of GH
mice available. First, most experiments were performed in gender-mixed
cohorts, which was accounted for by assigning equal numbers of male and
female mice to each treatment group. This was possible because the original
KPAR1.3 cell line was established from a female mouse, which possesses two
X-chromosomes. Hence, it is at least likely that male mice, which are also in the
possession of an X chromosome would not have an adverse immune reaction
to this cell line based on sex-difference. RNA sequencing of the cancer cell
compartment in our study implied that there were likely no significant sex
differences relating to the overall treatment-induced cancer cell state.
Employing mouse cohorts of mixed genders may even have provided an
advantage to the clinical applicability of our results. As it was pointed out that
the postulated findings of some pre-clinical studies may be subject to gender
bias from employing predominantly male mice323-326, Similarly, conducting these
larger pre-clinical studies sometimes necessitated the inclusion of mice across
a slightly wider age range, between 7-12 weeks at the start of the experiment. If
the older mice could not be matched equally across treatment groups due to
odd numbers, experiment were always designed to be slightly biased against
the stated hypothesis. Being able to generate complete responders in mice
across a wider age-range in our experimental set up could also hint to the

clinical effectiveness of the employed therapy schemes.

Another aspect contributing to treatment responses was the tumour size and
fraction of drug-resistant cells at the start of treatment. Overall, it was observed
that mice were more likely to become complete responders if tumours were
either smaller or IVIS scans implied that a tumour encompassed a lower
proportion of KRAS G12D-mutant tumour cells. This was again considered

when making treatment groups. However, it is possible that this could have
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affected the number of CRs generated between individual experiments. It is
also likely that the therapy combinations would not be sufficient to generate
durable responses if tumours were too large at the start of treatment, which
may, on a larger scale, also impact on clinical implementations. Additionally,
treatment duration affected therapy efficacy, with extended treatment periods

generally yielding better responses.

For mimicking the emergence of a KRAS G12C inhibitor-resistant tumour
subpopulation, two distinct mechanisms of drug resistance were explored. In
the clinic, the acquisition of further mutations within the KRAS G12C mutant
oncoprotein had been observed, which was imitated by employing the isogenic
KRAS G12D mutant KPAR1.3 cell line. Secondly, a novel KPAR1.3 KRAS
G12Cres cell line with increased resistance to KRASI was recently established in
our group. This was achieved through further in vivo propagation of the parental
cell line, with tumour bearing mice receiving intermittent KRASi treatment until
they no longer responded. Investigation of the underlying mechanism conveying
increased KRASI resistance revealed that this could be, at least in part,
attributed to an EMT-like shift, which had previously also been observed in the
clinic?3%246_In our model system, we were able to show that the employed
combination therapies were effective in achieving durable responses in mice

harbouring tumours containing either of the KRASi-resistant subpopulations.

To further validate the impact of our findings, additional cell lines and different
mechanisms of KRAS G12Ci resistance could be evaluated. For example, our
group has recently established another KRASI-resistant KPAR1.3 KRAS G12C
cell line by knocking out cyclophilin A, which is the chaperone required for the
RMC-4998 mediated tri-complex formation. Furthermore, the KPAR1.3 cell lines
are inherently immunogenic, as they had originally been derived from a lung
tumour of an immune-compromised mouse and had hence not undergone
complete immune editing. To grasp a wider scope of clinical cases,
immunologically cold isogenic lung cancer cell lines should also be investigated

in our model system. This could, for example, include the 3LL and KPB6 murine
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lung cancer cell lines, which our group had found to give rise to more
immunologically cold tumours?'®. Additionally, assessing how the loss of
function for different TSGs in the cancer cell compartment synergises with
oncogenic KRAS signalling in influencing therapy mediated immune modulation
may be of interest. Other than TP53, commonly co-mutated TSGs in lung
cancer patients include KEAP1 and STK11, which were found to have relatively

poor response to checkpoint blockade.?2°:327:328,

In order to interpret the clinical relevance of our findings, it is also imperative to
take the multitude of species related differences into account. The saying “the
human is a bad model system for the mouse” outlines the scientific disconnect
which can arise in proclaiming cancer cures discovered in small rodents. For
example, metabolic turnover can affect the efficacy and pharmacokinetics of
therapies, while differences in immune, inflammatory, and tissue repair
responses can affect observations related to immune-modulatory drugs.
Moreover, differences in protein isotypes, redundancies in signalling circuits,
hormone physiology, aging, circadian rhythm, activity levels, etc. may all affect
treatment responses. Another important factor is resilience to therapy-related
toxicities. Mice in this project had tolerated even the triple therapy combination
of KRAS inhibitor RMC-4998, SHP2 inhibitor RMC-4550, and a-PD-1 well. On
the other hand, patient data from clinical trials suggests that dual therapy
combinations with KRAS G12C inhibitors, or ever single-agent treatments can
coincide with high toxicity levels 226229329 For example, in the “KRYSTAL1”
phase 1 trial, NSCLC patients had received 600 mg of Adagrasib twice daily??8,
In this cohort, 44.8% of patients experienced adverse effects reaching grade 3
or higher, indicating severe side effects. After initial dose escalation phase of
the “CodeBreaK100” clinical trial for Sotorasib 227, this drug was administered to
NSCLC patients at 960 mg once daily???. Here, adverse treatment effects with
grade 3 or higher were experienced by 20.6 % of individuals. Moreover, high
toxicity profiles were observed in clinical trials assessing the efficacy of
combining KRAS inhibitors with immunotherapeutic antibodies. Amgen’s

Codebreak 100/101 trial investigated treatment responses for combined
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treatment of Sotorasib with checkpoint blockade Pembrolizumab or
Atezolizumab. This clinical trial reported more incidences of grade 3 and 4
hepatotoxicities3?'33° compared to NSCLC patients treated with comparable
doses of KRASG12Ci as monotherapy??6. For Sotorasib, increased liver toxicity
as well as non-liver adverse events were also observed in patients which had

previously been treated with checkpoint inhibitors33!.

However, at least some of the KRAS G12C inhibitor-related adverse effects
appear to be compound-specific. They may be related to unspecific binding of
cysteine targeting warhead in the KRAS G12C(OFF) inhibitors®32. Additionally,
differences in pharmacokinetics may also influence toxicity levels. For example,
the difference between Adagrasib and Sotorasib in the percentage of patients
experiencing severe adverse effects may be related to the stability of respective
compounds. Adagrasib was reported to have a plasma half-life of 23 h??® while
Sotorasib was less stable with a half-life of only 5.5 h+/- 1.8 h 2?7, |t was
hypothesized that the extended half-life of Adagrasib may have contributed to
an increase in hepatotoxicity related symptoms. It is possible that for this new
class of oncogenic KRAS inhibitors higher doses may not coincide with the
highest overall clinical benefit or even the best response rates. Lower doses
might still have high efficacy but with less side effects 33333, which may be
related to off-targeting effects at maximal doses being higher. In the Codebreak
100/101 dose escalation trials, patients receiving lower doses of Sotorasib
experienced high grade liver toxicities less frequently33°. Similarly, the
“‘KRYSTALY trial”, investigated the therapeutic benefits of combining
pembrolizumab (PD-1) with reduced concentrations for Adagrasib®?°. This
combination therapy resulted in a response rates of 49%, with an overall
manageable toxicity profile, which has resulted in the initiation of a larger phase
3 clinical trial?®°. In addition, next generation KRAS G12C inhibitors, which are
currently in early pre-clinical or clinical testing %7, seem to present with less off-
targeting and more favourable toxicity profiles for patients. For example, the
KRAS G12Ci Divarasib (GDC-6036), that is currently in phase 1 clinical testing,

329 js showing decreased toxicities compared to first generation inhibitors and

215



Chapter 7. Discussion

increased median progression free survival. The G12C inhibitor Opnurasib
(JDQ-443) from Novartis is also showing promising results, although the

number of participants enrolled to the trial is still low33%,

Clinical toxicity profiles for the SHP2 inhibitor RMC-4550 or other related drugs
are not yet publicly available and will likely determine how feasible future
combination therapies with KRAS G12Ci will be. However, even if high toxicities
of SHP2 inhibitors as monotherapy are reported, it might still be possible to
achieve treatment synergy in administering SHP2i at lower doses in
combination with next generation KRAS G12C inhibitors. By carefully adjusting
the doses and treatment schedules of the individual drugs and further
development of improved compounds, there may still be a therapeutic window

to be exploited.

7.2 Therapy-induced alterations in the tumour cell

compartment

We next investigated how therapy combinations contribute to the cell-state of
KRAS G12C or G12D mutant tumour cells. We had hypothesized that this could
include direct effects of the inhibitors acting on cancer cells signalling as well
as responses to environmental cues. It was also of particular interest to
understand why the KRAS G12D mutant tumour cells, that do not respond to
G12Ci directly, appeared to increase their proliferation rate in response to this

inhibitor in our model system.

In the KRAS G12C mutant tumour cell compartment, proliferation-associated

signatures were significantly downregulated in both SHP2i and KRASI treated
samples. Simultaneously gene sets relating to an inflammatory response were
upregulated in response to treatment. It is possible that the treatment induced
changes in the KRAS G12C mutant tumour cells would have been even more

pronounced than what was captured in this experiment. This is because the
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most treatment-responsive KRAS G12C mutant tumour cells may have already
been eliminated during the initial in vivo treatment period or they may have
been lost during sample processing, due to treatment-induced compromised
cellular integrity. KRASI responsive cells may also have been gated out during
flow cytometric sorting, if they had entered an early apoptotic stage. Overall
however, the results of the bRNA-seq experiment are in congruence with
previous findings of our group, indicating that KRAS G12C inhibitors can inhibit
oncogenic KRAS signalling and enhance interferon responses in pre-clinical
models of KRAS G12C mutant NSCLC'"2.

Sequencing of the KRAS G12D mutant cells isolated from KRASI treated
tumours revealed a shift in cell state towards a more proliferative phenotype,
where a significant upregulation of gene sets relating to Myc signalling, E2F
targets, and cell cycle progression was observed. This also held true for
samples from mice which had received combination treatments of KRASI
together with SHP2i or a-PD-1. For the KRAS G12D mutant tumour cell
compartment, the RNA sequencing experiments provided insights as to how
and through which transcriptional networks the increased proliferation was
regulated, however, the underlying causes inducing this phenotype require
further investigation. Here, different types of KRAS G12Ci-resistant tumour cell
subpopulations could be employed in our model system to assess whether this
proliferative signature is conserved across other types of drug-resistant
subpopulations. To explore whether this proliferative signature may have been
dependent on environmental cues, employing more in depth spatial omics
techniques, such as SLIDE-sequencing®3%, CosMx single cell imaging3?’,

imaging mass cytometry338 could be considered.

In KRAS G12D mutant cells, inflammation-associated signatures were
downregulated in samples isolated from mice which had received KRASI
treatment as monotherapy or in combination with a-PD-1. However, in samples
of mice which had received SHP2i treatment, either as monotherapy or in

combination with KRASI, this phenotype was reversed. An array of in vitro
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assays suggested that both internal and external factors may have contributed
to the SHP2i-induced increase in these inflammatory signatures. Moreover,
time course assays suggested a potential compensatory mechanism to SHP2i
in both, KRAS G12C and G12D mutant cancer cells, through an increase in
activated effector proteins downstream of oncogenic KRAS. However, further
experiments would be necessary to draw any conclusions on this subject. This
could include further in vitro co-culture assays with the two isogenic cell lines,
matching the conditions from the in vivo bRNA-seq experiments, such as

population fractions and treatment duration.

Understanding the underlying causes contributing to the rapid selection process
of drug-resistant sub-populations may aid the identification of novel treatment
rationales counteracting this development. For example, to inhibit cell cycle
progression in KRASI-resistant cells, CDK4/6 inhibitors could be
investigated'®8-271, Inhibiting the rapid outgrowth of drug-resistant
subpopulations may aid the timely development of an adaptive immune
response while the majority of the tumour mass remains KRASI responsive.
CDK4/6 inhibitors may also convey the additional advantage of suppressing
Treg activity?®*. Another potential approach to block the outgrowth KPAR1.3
KRAS G12D tumour subpopulation in treated samples may be to target Myc,
which is a key regulator in mediating proliferation and survival signalling
downstream of oncogenic signalling. Inhibiting Myc directly, was shown to
successful in preventing tumour growth in oncogenic KRAS-driven murine lung
cancer model?®® and Myc degradation similarly lead to increased tumour
control®39:340_ However, as Myc also plays a universal role in maintaining
homeostasis across healthy tissues and organs, treatment related toxicities

may reduce the therapeutic window of potential inhibitors.

The subsequent histopathological multiplex staining of tumour tissue sections
across treatment groups provided additional spatial information, showing that
the outgrowth of the KPAR1.3 KRAS G12D mutant subpopulation in KRAS

treated samples appeared to occur in clusters. This observation is different from

218



Chapter 7. Discussion

the initial stainings of tumours engrafted from KPAR1.3 KRAS G12C:G12D
cells mixed at a 50:50 ratio, where the two cell types appeared to grow mostly
in an interspersed pattern. It is possible that the observed clusters in treated
samples originated from a single KPARG12D cell and are the result of
localised, sub-clonal cell division. The formation of clusters of KRASI
unresponsive cells could also have provided an immune-protective niche, as
was hypothesised by Haas et al in a comparable preclinical model3°.
Depending on the causes for the outgrowth of drug-resistant cells, further
treatment combinations targeting, for example, cancer cell metabolism or

autophagy regulation could be considered.

Taken together, these findings could provide valuable insights into potential
tumour cell population dynamics during therapy exposure as well as potential

combination therapy rationales.

7.3 Contribution of anti-tumour immunity to achieve durable

therapy responses

To understand how therapy mediated remodelling of the immune compartment
may have contributed to the achievement of durable responses a series of in
vivo experiments in immune compromised mice as well as immune phenotyping

of the immune TME were conducted.

In Rag1”- mice, which lack functional lymphocytes of the adaptive immune
compartment, no complete responders were generated with KRASI as
monotherapy or in combination with SHP2i. To further narrow down which
populations within the adaptive immunity may contribute to immune-mediated
cancer cell killing, either CD8"* T cells or B cells were depleted from immune
competent mice which had again been engrafted with the isogenic cancer cell
lines. Here, fewer complete responders were observed in KRASi + SHP2i

treated mice for both immune cell depletion groups. This may indicate a certain
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degree of redundancy in the role of immune cell mediated cancer cell killing in
different adaptive immune cell populations. When the CR mice were re-
challenged, mice which had previously undergone immune cell depletion of
either type were unable to immune-reject the reinjected cancer cells. Although
the number of mice entering the re-challenge phase was too small to draw any
definite conclusions, this might indicate that multiple types of immune cells

contributing to anti-tumour immunity.

Initial immunohistopathological stainings for B cells in tumour sections as well
as the immune phenotyping had indicated that only few B cells were generally
present in the TME. However, probing the serum of mice across treatment
groups for the presence of cancer cell specific antibodies revealed that B cells
may further contribute to anti-tumour immunity through a systemic response.
Here, tumour cell specific antibodies were able to opsonise the isogenic
KPAR1.3 cancer cell lines equally well. The antigen mainly recognised by this
humoral response appeared to be the endogenous retroviral protein EMV2.
This finding may be clinically relevant, as it was discovered by K. Ng et al that
this class of usually silenced proteins can also be aberrantly expressed in
human cancer '?2. In their study, interrogating the TCGA and TRACERX
sequencing repositories for human lung cancer uncovered that the aberrant
expression of endogenous retroviral envelope glycoproteins (ERVEGPs) was
present in a substantial proportion of cases. Testing serum samples of LUAD
patients further revealed the presence of a humoral response towards
ERVEGPs. Moreover, ICB therapy was found to overall improve this humoral
response, indicating a therapeutic potential in harnessing its anti-tumorigenic

effects.

In this project, it could be further explored whether the serum isolated from
KPAR1.3 tumour bearing mice may hold a therapeutic potential. Here, it could
be investigated whether treating mice that bear tumours of the mixed isogenic
KPAR1.3 cell lines with a combination of KRASi and the aforementioned serum

may enhance responses through treatment synergy. To further narrow down
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whether the ab-producing B cells stem from the TME, tertiary lymphoid
structures or adjacent tdLNs, samples from these tissues could be incubated in
culture media and the supernatant tested for the presence of cancer-cell

specific antibodies.

Next, the mechanisms underlying a therapy-enhanced anti-tumour immune
response were studied by performing immune phenotyping of tumours and
tdLNs across treatment groups with a 36-plex ab panel. This experiment
highlighted the complex organisation of the immune compartment in the TME
as well as the multifaceted therapy-induced effects on anti-tumour immunity.
Our findings implied it was possible that alleviating oncogenic KRAS-induced
immune suppression in the TME may have created more favourable conditions
for the coordination of anti-tumour immunity. This is in congruence with
numerous other studies, investigating KRASi-induced promotion of antitumour-
immunity136.172,197.216-218 The results of our immune phenotyping experiment
suggested an increase in the proportion of T cells was detected, as well as a
shift in the polarisation towards more activated APCs. Further, an increase in
GFP-positive macrophages had been observed in KRASIi-treated samples.
Together, this could imply that, due to increased immunogenic cell death
induced by KRAS G12C inhibitors, APC may have increased phagocytosis of
cancer cell material which might, in turn, have facilitated priming an adaptive

immune response.

On the other hand, the increase in TlLs after treatment did not coincide with an
increase in their overall activation status. The decrease of activated T cells
might appear counterintuitive. However, because the immunocyte
subpopulations are quantified as relative fractions of their respective T cell
subtypes, it is possible that more TILs get recruited to the TME as a general site
of inflammation, for example, due to the increase in cell death in the tumour cell
compartment and alleviation of immune suppression. It is speculated that only a
small proportion of the newly recruited T cells would likely express a tumour

antigen-specific TCR. The remaining TILs may act as bystander T cells,
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although they may still be able to contribute to anti-tumour immunity through
certain effector functions''?. To gain further qualitative and quantitative insights
into which CD8* or CD4" clonal T cell populations are enriched in the TME,
single cell RNA sequencing together with TCR sequencing could be
performed341342_ Using this approach, the activation profile of T cells that are
clonally enriched in the TME could compared to non-enriched populations. This
might elucidate whether T cell activation is restricted to T cells potentially
expressing a cancer cell antigen specific TCR. It is also possible to perform
spatially resolved TCR sequencing on tissue sections, thereby allowing to map
out enriched T cell clonotypes, to assess their activation state and analyse
which neighbouring cells they interact with343. To study the potential role of
treatment-enhanced cytotoxic T cell mediated cancer cell killing on a more
mechanistic level, a co-culture assay system could also be established.
Towards the end of this project, we had attempted several experiments where
CD8* T cells were isolated from the TME, tdLNs or the spleen. Here, naive
control mice were compared to tumour bearing mice which had either received
vehicle or anti-cancer treatments. Subsequently, CD8* T cells were co-cultured
with KRAS G12C or G12D mutant KPAR1.3 cancer cells. As readout, both, live-
cell-imaging and flow cytometric analysis of appropriate lineage and activation
markers were attempted to assess whether CD8" T cells derived from mice
harbouring KPAR1.3 KRAS G12C mutant tumours would be able to eliminate
KRAS G12D mutant cells in culture, confirming their role in bystander killing of
drug-resistant tumour subpopulations. However, so far it has proven difficult to
keep CD8" T cells alive in culture while avoiding their artificial activation through
supplementation of growth factors and other stimulatory molecules which could
obscure the in vivo treatment-related activation. We also attempted to establish
co-cultures which contained APCs to enhance T cell function, however, these
trials will require further technical optimisation. A more commonly used system
for the perform co-culture assays between T cells and cancer cells involves the
use of Ovalbumin (OVA)/ Ova Transgenic 1 (OT-1) mice300-344.345 Here, OVA
serves as a model-antigen expressed by the cancer cells to be studied in

combination with OT-1 transgenic mice which harbour a CD8" T cells with a
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TCR specific for an OVA-derived peptide presented by the MHC-I complex. So
far, we had decided against employing this model system to prevent the
introduction of any artificial artefacts which may hamper the clinical impact of
the findings in our model system. Alternative to the aforementioned co-culture
systems, ELISpot assays with CD8" T cells, isolated from tumour bearing mice
of different treatment groups, could be performed to probe for IFN-y

release346.347

To increase the fraction of cytotoxic T cells in the TME that actively perform
effector functions, further treatment agents capable of alleviate tumour cell-
induced immune suppression could be explored. For example, inhibiting CD73
may provide therapeutic benefits. It was shown across multiple cancer types,
including lung cancer, that tumour cells can aberrantly upregulate expression of
CD73, a cell-surface-residing ecto-5'-nucleotidase involved in conversion of
adenosine monophosphate (AMP) to adenosine'”#175, High levels of this
metabolite in the interstitial space of tumours can promote immune suppression
through multiple mechanisms, including the suppression of activation,
proliferation, and cytokine production in T cells'”®. Another potential target may
be Diacylglycerol kinases (DGKs), a group of enzymes that convert
diacylglycerol (DAG) to phosphatidic acid (PA)34. In lymphocytes, accumulation
of DAG can promote differentiation and effector functions 3435, Thus, DGK
inhibition could further increase anti-tumour directed T cell, B cell and NK cell
activities. Another approach to enhance cytotoxic T cell mediated cancer cell
killing could be the employment of bivalent antibodies, also known as bispecific
T cell engagers (BiTEs). This is based on proof of concept studies, showing that
conjugates of oncogenic KRAS-derived peptides covalently bound to KRAS
G12C(OFF) inhibitors can be presented on the MHC-| complex of cancer
cells®51 352, BITEs could be utilised to promote the formation of an immune
synapse between cytotoxic T cells and tumour cells to enhance T cell mediated
cancer cell killing. These conjugates between KRAS G12Ci and oncogenic
KRAS derived peptides could potentially serve as neoantigens in APC-

coordinated anti-tumour immunity, if they were cross presented. However,
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these initial studies were only performed in vitro and would require further
validation. It has also been demonstrated across different cancer models,
including KPAR1.3-derived tumours, that oncogenic KRAS signalling can
promote immune evasion through upregulation of Cox2 expression'76.177.353,
This is an enzyme involved in the synthesis of the prostaglandin E2 which can
enhance immune-suppressive effects, including the inhibition of DC, NK, and
CD8* T cell effector functions3%*. Hence, inhibiting Cox2 or targeting
prostaglandin receptors on recipient cells may also produce beneficial immune
modulatory effects*3. An additional approach for enhancing a CD8* T cell
effector response capable of eliminating KRASI-resistant subpopulations could
include the identification of mutant-KRAS specific neoantigens374375 in
conjunction with the development of anti-cancer vaccines5-3%8 359, Similarly,
adoptive T cell transfer with cytotoxic T cells specific to oncogenic KRAS-
derived neoantigens could be considered, which was recently successfully

demonstrated in a cohort of KRAS mutant colorectal cancer patients'%3.

In addition to favourable therapy-induced changes in immune cell composition,
the findings of this immune phenotyping also revealed a potential bivalent role
of KRASI in remodelling the immune compartment of the TME. For example, a
KRASi-induced increase in tumour infiltrating Tregs had been observed, which
could hamper therapy-mediated enhancement of anti-tumour immunity. This
finding is in congruence with the preliminary Foxp3 immunohistochemical
staining performed on the tumour sections across treatment groups in this
project. It also coincides with previous studies of our group, where KRASI
treatment led to an increase in Treg infiltration in orthotopic murine NSCLC
models'72197.218219 nderstanding the full scope of therapy-mediated TME
remodelling is essential for highlighting therapeutic windows for the
development of enhanced treatment strategies. For example, KRAS G12C
inhibitors could be combined with a therapeutic Treg-depleting ab, which was
shown to potentiate anti-tumour immunity in one of our pre-clinical mouse
models 2'8. To counteract a treatment-induced influx of immature monocytes,

combination therapies with CCL2 /CCR2 inhibitors could be explored. It was
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shown by our group that lung tumour cells can be a main source of the
monocyte-recruiting chemokine CCL2, thereby promoting an immunologically
cold TME3®°. Moreover, tumour cells in KRAS-mutant lung cancer can inhibit
APC effector functions through aberrant expression of CD47, which binds to
Sirp1a which is mainly expressed by MPs3®¢". Cancer immunotherapy targeting
the CD47/SIRP1a axis through anti-CD47 inhibitors may help the restoration of
their role in phagocytosis of cancer cell material and antigen-cross
presentation®6'-362_ This approach may be especially effective in combination
with KRAS G12C inhibitors as it could further facilitate the uptake of cancer cell

derived neoantigens after KRAS G12Ci induced cancer cell killing3€3.

Not only can spectral flow cytometry be used to characterise therapy-induced
changes in TME composition, but it also allows to track the phagocytosis of
cancer cell material in APCs. Identification of these cells could aid the
development of alternative strategies that potentiate bystander killing of drug-
resistant tumour subpopulations. In future follow up experiments, it would be
interesting to optimise a protocol for re-straining of the cancer cell derived FPs,
to enable the detection of both, phagocytosed BFP and GFP within APCs.
Alternatively, immuno-histochemical stainings of APC markers and BFP/GFP in
the tumour sections across treatment groups could be performed to investigate
this further. Additionally, potentially by extending the in vivo treatment period
before sample collection, the presence of GFP/BFP* APCs in tdLNs could also
be investigated, which may provide further insights into APC mediated cross-
presentation of neoantigens. Moreover, mice could be engrafted with untraced
KPAR1.3 KRAS G12C cells and treated with therapy combinations until
tumours have regressed. Subsequently, T cells and APCs could be isolated
from tdLNs for co-culture assays to test whether their potential of targeting
untraced KPAR1.3 KRAS G12C- or G12D cells has increased. This way, the
mechanism of priming an adaptive immune response that recognises a pan-
cancer cell archetype, independent of reporter construct expression could be

further corroborated.

225



Chapter 7. Discussion

Flow cytometric immune phenotyping encompasses the limitation of not
providing spatial information about therapy-mediated remodelling of TME
architecture. For example, our group had previously discovered that KRAS
G12Ci in orthotopic lung tumour mouse models increased the TME infiltration
depth of T cells, while these immunocytes were mostly restricted to the tumour
perimeter in vehicle mice?'”. To gain further insights into treatment induced
changes in TME architecture, multiplexed stainings of tumour sections across
all treatment groups were performed. Analysis of the spatial organisation of
infiltrating T cells, as well as the two isogenic tumour populations across
treatment groups is ongoing. However, initial findings indicated an increased
presence of Ki67* KPAR1.3 KRAS G12D tumour cell clusters in samples
derived from KRASI-treated mice. An increase in T cells, infiltrating deeper into
the tissue structures in tumours isolated from mice which received KRASI, had
also been observed. A potential additional increase in T cell density was
observed in combination treated samples, although this remains to be
quantified. These tissue sections could also be utilised to probe for the
presence of APCs that have phagocytosed cancer cell material. This could be
achieved through combined IF staining of GFP/BFP together with appropriate
APC lineage markers. If the presence of such MPs or DCs was detected, it
could further be quantified whether their fraction was increased in treated
samples and whether the number of T cells in their neighbourhoods was higher
compared to vehicle tumours. The number of markers investigated in this
experiment was not sufficient to fully isolate any mechanistic insights into
immune cell interactions. As mentioned above, employing more comprehensive
techniques for spatial analysis, such as IMC, SLIDE-sequencing or similar could
provide more in-depth insights into the structural organisation between
immunocytes as well as their neighbourhoods with cancer cells and other TME

components.

To translate our results to a more clinically relevant setting, we had also worked
on implementing an orthotopic mouse model for the engraftment of mixed
KPAR1.3 KRAS G12C- and G12D mutant tumours. This aspect is especially
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relevant for the investigation of treatment-induced effects on anti-tumour
immunity. Our group had previously reported differences in immune cell
composition as well as a-PD-1 responses between subcutaneous- and
orthotopic tumours derived from the KPAR1.3 cell lines?®*. The challenge in
establishing an orthotopic model for this system was to engraft single foci
tumours in the lung with a reproducible fraction of KRASI-resistant G12D cells.
Conventionally, the establishment of murine lung tumours can be achieved via
tail vein injection of lung cancer cells. This is based on the premises that cancer
cells are likely to get stuck in the thin lung capillaries which may subsequently
facilitate engraftment. However, such tumours likely develop from a single
cancer cell, so injecting a mix of KRAS G12C and G12D mutant cells via tail
vein would not necessarily result in tumours comprised of both genotypes.
Therefore, we tested a number of different approaches to engraft tumours
directly into the lung. Of note, all the techniques described below were either
performed on anaesthetised mice which received appropriate post-procedural

care or were only attempted on cadavers.

One strategy, which is typically utilised for viral infections®* or to administer
other small particles '* was to guide a narrow, flexible tube into the trachea and
administer cancer cells in a small volume of liquid 35, The advantage of this
technique is that is non-invasive, compared to other subsequently described
methods. However, cancer cells are less likely to engraft if they are not fixed in
place and may also be exposed to additional immune surveillance across the
epithelial linings of the lung. Further, this approach would not result in single
foci tumours with a reproducible fraction of drug-resistant cells as the
administered cancer cells would scatter across the lung lobes as mice are
breathing during the procedure. Administering the cancer cells in matrigel might
aid the engraftment of orthotopic tumours, however, as small volumes of
matrigel can solidify rapidly, it may clog the trachea. Further, if a tumour should
engraft in the central airway, it may lead to the rapid a respiratory obstruction
and pose a health risk for mice. Ishiwata et al. published an approach of

inserting a bent probe deeper into one of the bronchi branching out from the
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trachea®%®. However, this research group had spent years developing

specialised imaging equipment and corresponding software to visually guide a
probe into one of the bronchi. Practise with cadavers revealed that attempting
this approach without visual guidance held the risk of injuring the very delicate

lining of the bronchi.

We also attempted to establish lung tumours by directly injecting cancer cells
into the lung, for which different protocols were assessed. In general, inserting a
needle into the lung is a challenging procedure. First, there is an inherent risk of
causing pneumothorax, should the pleural membrane spanning the lung lobes
sustain any puncture damage during the injection. Secondly, as the lung is a
highly vascularised organ, inserting a needle may cause a haemorrhage which,
in turn, can cause pulmonary edema or thrombosis. Moreover, injecting too
shallowly may lead to tumours engrafting in the pleural cavity or body wall,
while inserting the needle too far may cause a cardiac puncture or lead to
cancer cells being injected into the general circulatory, in turn leading to harmful
metastasis. As the mice continue a breathing motion during the procedure, the
injection depth of the needle is subject to how far expanded the lung lobes are
at any given moment. Leaving the needle in the lung for any extended period of
time might also increase the damage caused by the needle through the
breathing motion of the mice. To make this procedure safer, we first attempted
ultrasound guided injections, where a small probe is placed on the chest of a
mouse to visualise the lung before injecting cancer cells through the lateral
ribcage. However, this technique relies on sound waves being reflected by
tissue matter, but lungs are mostly filled with air which made visualisation of the

needle position ambiguous, among other challenges.

Another research group had published protocols in which anaesthetised mice
were directly injected through the skin and lateral rib cage, without additional
guidance or invasive procedures 309367 For this technique, injection depth
needed to be precisely controlled, especially when injecting into the left lobe

which had a narrow margin due to the close proximity to the heart. To achieve
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consistent injection depth, we had designed special adaptors together with the
kind help of the mechanical engineering STP at the Francis Crick Institute.
However, as our mice had different genders and ages, it was still difficult to find
the appropriate injection depth. It was crucial not to nudge the needle against
the ribs as this may blunt the needle tip and increase the risk of pneumothorax.
Additionally, because this approach did not allow visualisation of the lung lobes
it was not possible to monitor for injury until the mice recovered from
anaesthesia. When we asked the authors about these risks, they had advised
us that it was normal to lose approximately 20% of mice due to short- or long-
term side effects caused by this procedure. They had mostly utilised this
technique for small-scale studies, requiring few mice with focal tumours.
However, for our preclinical studies with larger treatment cohorts this did not

seem feasible or ethical.

Another approach was pioneered by Rita Pedrosa (to our knowledge the
protocol remains unpublished as of now), where a small skin incision was made
above the lateral rib cage to visualise the ribs and lung. As the parietal pleura is
transparent, it was possible to clearly see the lungs under the rib cage and
allowed for a more accurate injection. Employing this approach, together with
the kind help of the surgery team at our institute, several treatment and survival
experiments with mixed tumours had been performed. However, a risk of mice
falling ill rapidly as a result of this procedure remained and mice sometimes had
to be culled early due to procedure-related health issues. In initial experiments,
it became evident that moving our experimental system to an orthotopic context
would require considerable optimisation to assess experimental parameters
such as appropriate number of cells to inject, fraction of KPAR1.3 KRAS G12D
cells, ideal starting point for treatment, treatment duration, etc. As our studies
require larger cohorts and we did not want to cause unnecessary suffering in
mice, this line of experiments was not further perused. In the future, developing
a save and reproducible procedure for orthotopic engraftment of single foci lung
tumours would enable further investigation of immune contribution to cancer cell

killing in a more clinically relevant setting.
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Further investigation across a broader spectrum of resistance mechanisms as
well as cancer types will be necessary to assess the true clinical applicability of
our findings. Isolating mechanisms of immune-mediated bystander killing of
drug-resistant subpopulations in greater depth may provide meaningful clinical
insights. Moreover, being able to obtain matched, pre- and post-treatment
samples from KRAS G12Ci treated patients or consulting applicable publicly
available human NSCLC sequencing data sets could provide further insights
into KRASI mediated TME remodelling. Nonetheless, taken together our
findings indicate a potential rationale for administering KRAS G12C inhibitors in
combination with either SHP2 inhibitors or a-PD-1/a-PD-L1 immunotherapeutic

abs to elicit durable treatment responses.

7.4 Concluding remarks

Tremendous scientific strides and medical advances have improved the quality
of life for myriad patients. Here, the newly developed KRAS G12C inhibitors as
well as the next generation RAS inhibitors open a new avenue for treating the
most frequently mutated oncogene in human cancer. However, how to
effectively employ this new class of inhibitors, achieve durable responses and
avoid the development of secondary treatment resistance requires further
investigation. Cancer is a highly complex and dynamic disease, capable of
evolving to evade selection pressures such as anti-tumour immunity and clinical
treatments. Hence, employing static therapy regimes without sufficient
prognostic insights may exacerbate malignity over time, while leaving patients
at the losing end of an immune-oncological tug-of-war. However, the immune
system likewise presents a formidable and adaptable regiment that can contest
a mutable malignancy. Hence, understanding the underlying mechanisms of
harnessing effective anti-tumour immunity is a particularly auspicious avenue in

helping the patient’s immune system to fight back.
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In this study we were able to demonstrate that administration of KRASI in
combination with therapy agents improving anti-tumour immunity may be a
promising approach to enhance treatment efficacy. Further, this approach was
able to combat the development of drug resistance, likely through enhanced
adaptive immunity, capable of recognising a pan-cancer archetype. To
investigate the underlying mechanisms governing therapy-enhanced anti-
tumour immunity and remodelling of TME architecture, we employed a
combination of different omics-based approaches. This functional
characterisation of the layout and cell-state of anti-tumour immunity provided
insights into underlying mechanisms governing the development of effective
anti-tumour immunity. Understanding the nature of the employed therapy
combinations on TME organisation may elucidate further strategies for
combinations with KRAS G12C inhibitors that allow to revive or replace an

exhausted immune response.

Combining targeted inhibitors with lines of immunotherapy may not only
promote the emergence of synergy but may further allow the drugs to
complement each other’s strong points. As targeted therapy lines often results
in drastic, but short-lived effects, while checkpoint inhibitors can achieve
durable responses across cancer types3¢8-36° but only a subset of patients
respond. Before developing resistance towards KRAS G12C inhibitors, most
patients were found to present with a favourable initial treatment response. Our
study suggests that during this period, oncogenic KRAS-mediated immune
suppression may be alleviated in the TME. We were further able to demonstrate
that this initial phase may provide a therapeutic window for combination
therapies which further bolster anti-tumour immunity, thereby potentiating the
efficacy of the newly developed KRAS G12C inhibitors and enabling the
development of effective treatment responses with durable immune memory
(Figure 7.1).
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Figure 7.1 Combination therapies remodel TME and stimulate anti-tumour immunity.

Schematic of project rationale. Cell type abbreviations in left panel: Treg: T regulatory cell,
QcTL: exhausted CD8* cytotoxic T lymphocyte, Th2: CD4* T helper cell with subtype 2, (-) DC:
inhibitory subtypes of dendritic cells, N2: type-2 polarised neutrophil, M2: M2 polarised
macrophage, MO: Monocyte, MDSC: myeloid-derived suppressor cell. Right panel: Th1: CD4* T
helper cell, M1: M1 polarised macrophage, DC: dendritic cell, cTL: CD8" cytotoxic T
lymphocyte, NKT: natural killer T cell, NK: natural killer cell. Figure was adapted from Molina et
al. 2024 and created with BioRender.
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