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Summary

Lung cancer represents the most prevalent type of cancer and is responsible for the
highest number of cancer-related deaths worldwide. Approximately 80 % of patients
are non-small-cell lung cancer (NSCLC) cases. These can be further subcategorised
depending on the histological and molecular composition of tumours. Oncogene-
dependent NSCLC comprise a major subtype of NSCLC that harbours oncogenic
driver mutations, for example in the receptor tyrosine kinase EGFR. These mutations
induce aberrant activation of cell signalling, thus facilitating uncontrolled cell growth
and tumorigenesis. Targeted therapy represents one essential treatment strategy that
is well-established in the clinic for oncogene-driven NSCLC, for example in the form of
tyrosine kinase inhibitors (TKIs). Other therapy approaches, such as anti-angiogenic
compounds, aim to modulate the tumour microenvironment (TME) to become less
advantageous to tumour cells, thus inhibiting cancer progression. Unfortunately, highly
adaptive tumour cells and the dynamic nature of the TME limit the benefits of targeted
therapy due to the emergence of resistance mechanisms or suppression of immune
response. Therefore, it is essential to elucidate the effects of targeted therapy on the
TME to increase our understanding of the underlying mechanisms responsible for the

escape of immunosurveillance and tumour progression.

For this purpose, we investigated targeted therapy in the context of blood vessels in
the TME. Anti-angiogenic treatment by targeting VEGFR2 signalling has demonstrated
only limited benefits in lung cancer patients. We showed that inhibition of VEGFR2
induced a more aggressive phenotype of NSCLC with increase invasiveness and
metastatic potential. Furthermore, we identified EphA2 signalling as a critical mediator
for this aggressive phenotype, which is activated upon VEGFR2 inhibition. In particular,
we shed light on the molecular mechanism that is dependent on phosphorylation of

EphA2, which mediates the increased invasive phenotype in NSCLC.

To elucidate the impact oncogenic signalling inhibition in NSCLC on tumours and the
TME, we examined EGFR-driven NSCLC and the immune cell infiltrate after EGFR
inhibition by TKI. Interestingly, we found that inhibition of oncogenic signalling
increased infiltration of immune cells into the TME and stimulated immune response
against tumour cells. Additionally, we investigated potential benefits of combining
EGFR inhibition with immune checkpoint blockade (ICB), which enhanced tumour

response, providing grounds for further exploration of this matter.
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Lastly, to contribute and expand our studies on the TME in oncogene-driven NSCLC,
different in vivo NSCLC models were established harbouring the EML4-ALK fusion
gene. These provide appropriate systems to study the direct and indirect impact of
oncogenic signalling on the TME in more detail. Moreover, they offer unique
opportunities to elucidate mechanisms of resistance and compare between oncogene-
driven NSCLC tumours harbouring either the wildtype or mutated variant of the tumour

suppressor gene p53.

Together, this thesis investigated the impact of targeted therapy on cancer cells and
the TME in oncogene-driven NSCLC and evaluated the remaining difficulties
associated with this therapy approach, which illustrate the need for optimisation of

existing therapy options or development of alternative treatment strategies.



Chapter 1 — Introduction

1.1 Non-small-cell lung cancer

Lung cancer one of the most common cancer types and accounts for the highest
cancer-related deaths worldwide. In 2020, an estimated 2.2 million people have been
newly diagnosed with lung cancer, with 1.8 million deaths assigned to lung cancer
[1,2]. The two main types of lung cancer are non-small-cell lung carcinoma (NSCLC)
and small-cell lung carcinoma (SCLC), with NSCLC accounting for approximately 85%
of lung cancer cases [3]. NSCLC can be further classified depending on histology of
the tumour. Adenocarcinoma, squamous cell carcinoma and large cell carcinoma
represent the three major subtypes of NSCLC, adenocarcinoma being by far the most
frequently occurring in app. 40% of lung cancers [4]. NSCLC cases are not only
stratified depending on their histological subtype, but further differentiated into classes
based on the genetic composition of the tumours. Almost two-thirds of NSCLC patients
have tumours harbouring genetic alterations that are classified as oncogenic driver
mutations [5]. These mutations often occur in receptor tyrosine kinases (RTKs) that
mediate multiple signalling pathways, such as cellular proliferation or differentiation,
resulting in uncontrolled signal transmission by oncogenic receptor proteins. Tumour-
suppressor gene mutations are another type of genetic alterations that frequently arise
in tumours and affect genes that encode anti-proliferative signals and proteins. Loss
of function of the affected genes and proteins contribute to an environment favourable
for tumours [6]. Together, tumour-suppressing mutations and oncogenic driver
mutations are factors in oncogene-driven NSCLC that are not only critical during initial
stages in the development of cancer, but also over the course of tumour progression

and metastasis [6-8].
1.2 Receptor tyrosine kinases in oncogene-driven NSCLC

Receptor tyrosine kinases (RTKs) constitute a family of proteins that are cell surface
receptors and fulfil key regulatory functions in cellular signal transmission that are not
only essential for normal cell survival, but also critical in development and progression
of tumours. More specifically, RTKs can harbour different oncogenic mutations that
promote initial tumorigenesis and also facilitates expansion of the tumour. One well-
known/ well-established example for canonical RTK signalling, and one of the first

RTKs to be discovered, is the epidermal growth factor receptor (EGFR) [9,10].
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1.2.1 EGFR

EGFR, also called ErbB1, is a transmembrane tyrosine kinase that is part of the ErbB
receptor protein. EGFR-mediated signalling is activated upon binding of its ligands,
epidermal growth factor (EGF) or transforming growth factor-a (TGF-a), resulting in the
formation of dimers of two receptor proteins. Subsequently, EGFR dimerization
induces autophosphorylation of the intracellular tails via ATP-dependent activation of
their tyrosine kinase domain [11] (Fig. 1.1A, C). This phosphorylation of intracellular
tyrosine residues on EGFR activates several downstream pathways mediated by
different signalling cascades, including the mitogen-activated protein kinase (MAPK),
protein kinase B (AKT), and signal transducer and activator of transcription 3 (STAT3)
pathways [12,13] (Fig. 1.1C). These pathways are key regulators for different vital
cellular processes, such as cell growth, proliferation, and adhesion [14,15]. Therefore,
EGFR signalling plays a significant role in facilitating multiple mechanisms that are
essential to cell survival. Apart from its role in healthy cells, oncogenic driver mutations
in EGFR can promote tumour development and growth by uncontrolled EGFR
signalling. In NSCLC, oncogenic EGFR signalling is associated with formation and
progression of tumours, as well as poor outcome for patients [11,15]. The most
prevalent driver mutations in EGFR are either a leucine-to-arginine point mutation
(L858R), or a deletion in exon 19 (del19) in the kinase domain. Driver mutations cause
the EGFR tyrosine kinase to become constitutively active independent of ligands
binding to the receptor [14]. Consequently, continuous EGFR signalling also leads to
uncontrolled downstream signalling that eventually results in aberrant regulation of
cellular processes, such as proliferation and adhesion, and promotes initial

tumorigenesis and progression of established tumours [15,16].
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Figure 1.1 Oncogenic driver mutations in receptor tyrosine kinases in NSCLC (A) EGFR protein schematic of
major protein domains: extracellular ligand-binding domain, transmembrane domain (TM) and tyrosine kinase
domain, site of EGFR driver mutations such as point mutation L858R or deletion of exon 19 (del19). (B) Schematic
of EML4-ALK chromosomal translocation, resulting in different variants of EML4-ALK fusion protein, depending on
site of break point in EML4. TD: trimerisation domain, TAPE: tandem atypical beta-propeller domain, TM:
transmembrane domain. (C) Canonical EGFR signalling pathway. EGFR dimerization is prompted by ligand-binding
of EGF to receptor. Activated EGFR dimers initiate autophosphorylation via tyrosine kinase domain (TK).
Phosphorylation (P) of intracellular tail induces downstream signalling cascades, including PI3K-AKT-mTOR, JAK-
STAT and RAS-Raf-MEK-ERK pathways. Signal transduction via these signalling pathways regulate different
cellular mechanisms, including cell growth, survival and proliferation. Created with BioRender.com.

1.2.2 EML4-ALK

Another well-established receptor tyrosine kinase known to carry oncogenic driver
mutations is anaplastic lymphoma kinase (ALK). Oncogenic mutations in ALK can
occur through different types of genetic abnormalities, either as point mutations or
chromosomal abnormalities. Oncogenic ALK is known to harbour chromosomal
relocation changes, leading to the formation of fusion genes. In NSCLC, a common
ALK re-arrangement occurs on the short arm of chromosome 2 between echinoderm
microtubule-associated protein-like 4 (EML4) and ALK. Different variants of the EML4-

ALK fusion gene exist, depending on where the break occurs in EML4, ranging from
10



before the HELP domain to different lengths of WD domain (Fig. 1.1B). As the break
point in ALK remains constant, just before the tyrosine kinase domain, the break point
in EML4 determines which variant of the EML4-ALK fusion protein is formed (Fig.
1.1B). So far, 15 different types of EML4-ALK have been identified. The most prevalent
ones are EML4-ALK variant 1 and EML4-ALK variant 3, together representing
approximately 80 % of EML4-ALK NSCLC tumours [17]. Similar to oncogenic driver
mutations in EGFR, the EML4-ALK fusion gene results in ligand-independent and
constitutively active ALK signalling via the ALK tyrosine kinase domain of the fusion
protein. This critically impacts downstream signalling cascades regulated by the ALK
pathway, including MAPK/ERK, PI3K/AKT and JAK-STAT/STATS signalling [17]. As a
result, normal cellular processes are exposed to uncontrolled signal transduction,
disrupting essential mechanisms in healthy cells. Thus, EML4-ALK fusion proteins are
driving factors strongly promoting uncontrolled cell growth that can lead to
tumorigenesis and cancer formation. Both EGFR and EML4-ALK are examples for
oncogenic mutations that demonstrate the central role of genome instability and
alterations in the formation of cancer cells and illustrate the significance of this
characteristic as a hallmark of cancer [18]. Other essential factors that allow
tumorigenesis to occur and the formation of established solid tumours is the local

tumour microenvironment.
1.3 Components of the tumour microenvironment

The tumour microenvironment (TME) significantly influences tumour growth and
development and can promote a favourable environment for cancer cell proliferation.
The TME is not only comprised of cancer cells residing in the tissue, but also consists
of growth factors, secreted cytokines, blood vessels and various cell types, including
the immune cell infiltrate, populating the environment in close proximity to tumour cells.
All components of the TME play a role in mediating tumour growth and influence cancer
progression [19]. In line with this process, the TME and its components are not static,
but subjected to spatial and temporal changes over the course of initial tumorigenesis
up to cancer progression and metastasis. One example of the dynamic nature of the
TME is the development of vasculature in close proximity to cancer cells.

The adaptation of vasculature in the TME through the formation of new blood vessels
from pre-existing vasculature, or angiogenesis, is another key hallmark of cancer [18].

Due to rapid proliferation of cancer cells, higher levels of nutrients and oxygen are
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required by the tumour than in normal tissue. This increased supply for the growing
tumour is guaranteed by the formation of new blood vessels through angiogenesis.
Different cells in the TME, including cancer and some immune cells, mediate the
release of pro-angiogenic factors, for example vascular endothelial growth factor
(VEGF) or angiopoietin-2 (ANG-2) [20]. These factors stimulate the formation new
blood vessels from pre-existing vasculature, thus providing access to nutrients and
oxygen to cancer cells that are located further away from already existing vascular
system in the tissue, and allows tumours to grow in size without being restricted to the
proximity of primary blood vessels. Moreover, the newly formed vessels also provide
access for malignant cancer cells to enter the circulation, potentially leading to

metastatic spread of the tumour to secondary sites [19,21].

In lung tissue, tumour cells contribute to a tumour-promoting TME by secreting
cytokines and growth factors that facilitate a more favourable environment for
cancerous cells. This can result in more aggressive tumours leading to extravasation
and metastasis. At the same time, cancer cells can emit signals that suppress immune
cell activity directed against tumour cells, such as PD-L1, thus preventing an
appropriate anti-tumour immune response. Therefore, tumour cells can actively

promote an immunosuppressive TME [19,22].
1.4 Immune cell compartment of the tumour microenvironment

As mentioned above, the immune cell compartment of the TME has critical impact on
tumorigenesis and cancer progression, which is not only dependent on anti-tumour cell
activity, but also determined by levels of immune cell infiltration in the TME. Moreover,
immune cells perform different functions, either in a tumour-suppressing manner by
actively targeting cancer cells, or contributing to tumour growth by suppressing cancer-
directed immune response, thus exhibiting tumour-promoting characteristics. Different
types of immune cells are located in the TME (Fig. 1.2). A successful anti-tumour
immune response is mediated by the interplay between the innate and the adaptive
immune system. It is initially prompted by the detection of tumour cells by innate
immune cells, such as natural killer (NK) cells or macrophages, which target the
compromised cells, mediating phagocytosis, lysis or apoptosis of tumour cells.
Subsequently, the release of cancer cell antigens induces an amplification of the innate
immune response and also triggers the adaptive immune response by antigen uptake
and presentation by dendritic cells (DCs) in the TME. Upon migration of DCs to a
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regional lymph node, antigen processing and presentation prompts priming and
activation of tumour cell-specific T-cells, as well as antigen-presenting cells (APCs), to
stimulate and maintain a prolonged anti-tumour response. Presentation of cancer
antigens primes naive T-cells in the lymph node, inducing activation and expansion of
both tumour-specific helper T-cells (CD4+ T-cells) and cytotoxic T-cells (CD8+ T-cells).
Primed T-cells then traffic to the tumour site through blood vessels and infiltrate tumour
tissue. There, primed CD8+ T-cells recognize antigens presented by cancer cells, and
selectively target and kill compromised cells, resulting in the release of more tumour
cell antigens in the TME [19,23,24].

This immune response cascade is a highly complex process, which is subjected to not
only stimulating factors, promoting an active immune response, but is also tightly
regulated by numerous inhibitory checkpoints and signals to prevent overstimulation
of the immune system. Cancer cells can adapt these inhibitory to their advantage, and
thus actively contribute to the generation of an immunosuppressive environment that
promotes tumour progression. One example is the recruitment of regulatory T-cells
(Tregs) to the TME. This subpopulation of T-cells suppresses activation and
proliferation of cytotoxic T-cell, thus blocking an active anti-tumour response by the
immune system [25]. Similarly, tumour-derived cytokines and growth factors can
induce an environment that promotes differentiation and expansion of myeloid-derived
suppressor cells (MDSCs), another immune cells type that promotes tumour tolerance
by suppressing T-cell function and stimulating tumour angiogenesis (Fig. 1.2) [26]. In
NSCLC, the immune cell infiltrate has shown to convey a generally
immunosuppressive microenvironment, thereby limiting an active immune response
and creating a pro-tumorigenic environment. Presence of Tregs has been detected as
an early event in NSCLC [27]. Together with neutrophils, they protect tumours against
immune-modulating signals and facilitate immune evasion [28]. Moreover, low
infiltration of CD8+ T-cells observed in oncogene-driven NSCLC tumours has been
linked to a general lack of immune effector cells, indicating an inactive immune
response and further mediating an immunosuppressive TME [29,30]. As illustrated
above, immune cells in the TME critically effect the anti-tumour response, and can not
only function to combat tumour cells, but can also actively support tumour
development. This intricate interplay within the immune cell compartment of the TME
is further complicated by changes in the immune landscape that occur during tumour

development and progression [31].
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Deciphering how specific signalling pathways and crosstalk between different cell
types contribute to the modulation of distinct interactions in the TME has been subject
of investigation for many years. Increased awareness about the TME improves our
understanding of tumour biology, as well as offers opportunities to identify potentially
novel therapy approaches in this target-rich environment. This does not only include
targeted therapy against cancer cell-specific factors such as receptor tyrosine kinases.
With the emergence of immunotherapy, more studies are also focussing on directly
modulating the immune response in the TME by attempting to stimulate immune cell
activity and induce a change in status of the immune landscape from

immunosuppressive to a pro-inflammatory state, resulting in a durable anti-tumour

immune response [23,24].

é@‘%. 'S

cancer CD8+ CD4+ natural macrophage dendritic regulatory  myeloid-derived blood vessel
cell T-cell T-cell killer cell cell T-cell suppresor cell

Figure 1.2 The tumour microenvironment (TME). Cancer cells reside in local environment that harbours different
types if immune cells, as well as structural and other elements necessary for tumour growth, such as blood vessels
that ensure supply of nutrients and oxygen to cancer cells. Immune cell infiltrate can consist of cell types that
mediate an active immune response and to fight tumour cells, such as natural killer cells, macrophages, dendritic
cells, cytotoxic CD8+ T-cells and helper CD4+ T-cells. Immunosuppressive cell types in the TME include regulatory
T-cells and myeloid-derived suppressor cells, that inhibit active immune cell function, for example of cytotoxic CD8+
T-cells. Created with BioRender.com.

14



1.5 Treatment strategies for NSCLC

Treatment of NSCLC is highly dependent on different factors in regards to the patient,
including genetic composition of the cancer and stage of tumour progression [32].
Since the beginning of the current century, treatment of NSCLC has vastly evolved
from traditional chemotherapy, and the number of approved therapies for NSCLC have
drastically increased. With ever increasing knowledge about the molecular composition
of cancers, coupled with new and improved technologies to allow stratification of
specific NSCLC subtypes, treatment strategies have become more and more
personalised for each patient, thereby improving not only outcome, but also quality of
life [33,34]. Especially the identification of different driver gene mutations that lead to
oncogenic signalling in cancer cells has offered immense opportunities to develop
therapeutic approaches to target specific proteins in tumour cells. Different treatment
modalities are currently applied in the clinic for NSCLC patients, depending on specific

subtype of cancer [32,34].
1.5.1 Targeted therapy in NSCLC

Targeted therapies are a form of treatment that target and block specific molecular
signalling pathways in cancer cells and or the TME, which promote carcinogenesis and
tumour growth. Potential targets for this treatment modality are not only expressed by
cancer cells themselves, such as mutated oncoproteins, but can also be a part of the
microenvironment in close proximity to tumours. Other targets include factors involved
in the formation of blood vessels that contribute to the survival of cancer cells, such as
VEGF molecules [21]. Due to the high selectivity of targeted therapies to cancer cells
and the TME, they offer an alternative treatment approach to chemotherapy, causing
less toxicity to healthy cells in the body [34,35]. Anti-angiogenic treatment strategies
include the application of targeted therapy, aiming to regulate processes in the TME.
As previously mentioned, VEGF and its main receptor VEGFR2 represent key
regulators of angiogenesis, the formation of new blood vessels in the TME that enable
the delivery of sufficient nutrients and oxygen levels to cancer cells necessary for
tumour survival and growth [21]. In 2004, the first angiogenic inhibitor bevacizumab,
and anti-VEGF antibody, was approved for use of colorectal cancer patients and
introduced in the clinic [36]. Since then, multiple other molecular compounds, such as
the VEGFR2 inhibitor vandetanib (ZD6474), have been introduced and approved for
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clinical use that block angiogenesis in tumours, thus reducing access to nutrients and

oxygen of cancer cells and limiting their survival capacity [37].

A second type of targeted therapy focusses on genetic alterations in tumour and the
resulting oncoproteins that are expressed and drive cancer cell growth and
proliferation. Many of these oncogenes encode cellular receptors that function as key
regulators of signal transduction. Tyrosine kinase inhibitors (TKls) have been
developed that block aberrant receptor signalling caused by oncoproteins. This method
has shown particularly successful results in oncogene-driven NSCLC patients
harbouring genetic abnormalities in the receptor tyrosine kinases EGFR or ALK. TKIs
targeting oncogenic EGFR in NSCLC have been first approved for clinical use in 2003
with gefitinib and erlotinib in 2004 [38,39]. Inhibitors of EGFR signalling function by
occupying the ATP-binding site in the tyrosine kinase domain of EGFR, thus blocking
ATP-induced autophosphorylation and preventing downstream signalling [40]. While
TKI therapy offers good initial response rates in EGFR-driven NSCLC patients,
resistance mechanisms eventually emerge after 9-14 months, leading to TKI
insensitivity [41]. This most commonly occurs due to the development of secondary
mutations in EGFR, such as the point mutations T790M [42]. These so-called
“gatekeeper mutations” disrupt interaction between EGFR and the inhibitor and can
further increase affinity of the tyrosine kinase domain for ATP binding. To account for
this resistance mechanism, more recent generations of EGFR-specific TKIs have been
develop that specifically target different gatekeeper mutations, such as T790M-
mutated EGFR [43]. Nevertheless, while initial responses to more recent generations
of TKls have been positive, in many cases, tumours eventually progress and become
insensitive to the new TKI, due to acquisition of further resistance mechanisms in the
tumour [44]. Besides inhibition of aberrant EGFR signalling, TKIs have also been
developed for alternative factors involved in mediating oncogenic signalling in other
types of NSCLC. For patients harbouring chromosomal rearrangements in ALK, such
as EML4-ALK fusion variants, inhibitors of ALK signalling have shown good initial
response rates. The first ALK inhibitor approved for clinical use was crizotinib in 2011
[45]. This was followed by development and implementation of second generation
TKils, including alectinib in 2017, that provided improvements in response rates, as
well as penetration of the blood brain barrier in patients with advanced NSCLC [46,47].
Similar to EGFR inhibitors, ALK TKI compounds occupy the ATP-binding site in the

tyrosine kinase domain of ALK, thus blocking interaction between ATP and ALK. This
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prevents ATP-mediated phosphorylation of ALK and the activation of further
downstream signalling pathways is abrogated [48]. Unfortunately, secondary and
tertiary mutations in the tyrosine kinase domain disrupting interaction between TKIl and
ALK is a common mechanism of resistance that leads to TKIl-resistant tumours in
patients [17]. Other factors limiting TKI sensitivity are the occurrence of co-mutations
in tumours, such as in tumour protein p53 (p53). This has been shown in patients
harbouring both genetic driver mutations and alteration in the tumour suppressor gene
pb53, that indicate poorer clinical outcome compared to patients carrying wildtype p53
[49].

Due to the highly adaptive nature of cancer cells, other cellular processes can also be
activated and adapted to mediate resistance against targeted therapy, such as
activation of bypass pathways independent of the original oncogenic signalling
cascade [50-53]. Another resistance mechanism in response to targeted therapy can
be histological transformation of cancer cells to a lung cancer subtype that is
insensitive to TKI treatment, such as small-cell-lung cancer, or undergoing epithelial-
to-mesenchymal-transition, which allows tumours to invade the circulatory system and
metastasise at secondary sites [54-57]. As illustrated, the mechanisms by which
cancer cells can adapt and escape targeted therapy by TKIls are highly diverse and
critically increases the complexity of an effective therapy approach that is specifically
targeted to the individual tumour cells and cases. To utilise not only cancer cells as
therapeutic targets, but also other components of the TME, and attempt to induce a
broader, more durable tumour response, other treatment modalities have drawn
attention, with particular focus on immunotherapy to enhance the activity of the

immune cell infiltrate [23,58].
1.5.2 Immunotherapy in NSCLC

Immunotherapy as a treatment strategy for different types of cancer has been the focus
of numerous studies over the last decades and has shown great benefits for some
patients in the clinic. As an alternative approach to classical tumour cell-targeted
therapy, immunotherapy aims to stimulate the patient’s own immune system to actively
fight tumour cells, optimally leading to a more effective and durable anti-tumour
response by the immune cell infiltrate in the TME [59,60]. The most established
strategy in immunotherapy is immune checkpoint blockade (ICB). One prominent
target for ICB is the programmed death-1/ programmed death-ligand 1 (PD-1/PD-L1)
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signalling axis that transmits inhibitory signals in the TME and contributes to
immunosuppression by suppressing cytotoxic function of CD8+ T-cells and increasing
levels of anti-inflammatory Tregs in the TME [23,58,61]. While immunotherapy has
vastly improved the outcome of NSCLC patients, not only due to lower off-target toxicity
compared to traditional chemotherapy, but also due to drastic improvements in anti-
tumour response, not all NSCLC cases profit from this type of treatment. In particular,
only limited benefits of ICB were observed in oncogene-driven NSCLC tumours, when
assessed by retrospective analyses of subgroup data from large clinical trials [62—66].
This illustrates the ongoing demand for further investigation of this approach in the
context of driver gene mutations to uncover the responsible mechanisms behind
oncogene-mediated insensitivity to ICB. Moreover, studies are also ongoing that
examine potential benefits of combining ICB with other treatment regiments, such as

targeted therapy via TKI, in oncogene-driven NSCLC [67,68].

Another type of immunotherapy is the procedure of adoptive cellular transfer (ACT), in
which lymphocytes are isolated from patients, followed by expansion and different
types of stimulation ex vivo. Subsequently, activated lymphocytes are re-injected into
the patient to mediate a pro-inflammatory immune response and actively combat
tumours. Multiple techniques and treatment protocols for ACT have been established,
such as transfer of stimulated NK cells, and most prominently transfer of chimeric
antigen receptor (CAR) T-cells that are genetically engineered to recognize specific
tumour antigens from the patient [59,60]. Factors, such as poor infiltration of immune
cells in tumours and lack of surface antigens on tumour cells and generally
immunosuppressive TME pose critical challenges for the application of ACT in solid
tumours such as NSCLC, illustrating the need for further optimisation of existing

cellular approaches or development of novel strategies [69].
1.6 Aims of this work

Targeted therapies for oncogene-driven NSCLC are a well-established treatment
approach that has significantly improved outcome for patients over previous
alternatives, such as chemotherapy. Targeting specific cellular signalling pathways
that drive malignant phenotype of cancer cells has also increased selectivity of
treatment with less toxicity to normal cells [34]. However, in the context of cancer
biology, cancerous cells represent only one key component for tumour development
and progression. Additional factors that are involved in establishment of solid tumours
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are other components of the TME, including vasculature and immune cells in close

proximity to the tumours [19].

The aims of this work are to investigate targeted therapies as therapeutic approaches
in NSCLC and study their broader effect on not only cancer cells, but also other
components of the TME. | addressed these goals by first examining targeted therapy
in the context of angiogenesis. After investigating the limited efficacy of VEGFR2
inhibition in NSCLC, an EphA2-dependent mechanism responsible for increased
invasive phenotype following VEGFR2 inhibition was proposed, identifying EphA2 as
a promising therapeutic target. Secondly, | assessed inhibition of oncogenic EGFR
signalling in regards to its impact on the immune response in EGFR-driven NSCLC,
followed by the analysis of potential benefits of combining EGFR targeted therapy with
immunotherapy. Lastly, | established different mouse models to examine ALK+
NSCLC harbouring EML4-ALK fusion genes, as well as EML4-ALK/p53 mutations.
These do not only provide appropriate model systems to identify effects of targeted
therapy on different aspects of the TME, but also offer suitable platforms to elucidate
resistance mechanisms in oncogene-driven NSCLC and alternative treatment

strategies.
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SUMMARY

Anti-angiogenic treatment targeting vascular endothelial growth factor (VEGF)-VEGFR2 signaling has shown
limited efficacy in lung cancer patients. Here, we demonstrate that inhibition of VEGFR2 in tumor cells, ex-
pressed in ~20% of non-squamous non-small cell lung cancer (NSCLC) patients, leads to a pro-invasive
phenotype. Drug-induced inhibition of tumor VEGFR2 interferes with the formation of the EphA2/VEGFR2
heterocomplex, thereby allowing RSK to interact with Serine 897 of EphA2. Inhibition of RSK decreases phos-
phorylation of Serine 897 EphA2. Selective genetic modeling of Serine 897 of EphA2 or inhibition of EphA2
abrogates the formation of metastases in vivo upon VEGFR2 inhibition. In summary, these findings demon-
strate that VEGFR2-targeted therapy conditions VEGFR2-positive NSCLC to Serine 897 EphA2-dependent
aggressive tumor growth and metastasis. These data shed light on the molecular mechanisms explaining
the limited efficacy of VEGFR2-targeted anti-angiogenic treatment in lung cancer patients.

INTRODUCTION

Tumors acquire their blood supply via secretion of angiogenic fac-
tors that induce sprouting of new vessels from existing vascula-
ture, a process commonly referred to as “tumor angiogenesis”
(Bergers and Benjamin, 2003). The main pro-angiogenic drivers
are vascular endothelial growth factor (VEGF) and its receptors
VEGFR1-3 (Moens et al., 2014). Over the last decades, several
anti-angiogenic agents targeting VEGF or its receptors have
been approved for the treatment of various malignant diseases.
However, anti-angiogenic treatment either as monotherapy or in
combination with chemotherapy showed only modest effects on

)]
=
a==

overall survival in patients (Ebos and Kerbel, 2011). In non-squa-
mous non-small cell lung cancer (NSCLC), the addition of the
angiogenesis inhibitor Bevacizumab to chemotherapy slightly im-
proves overall survival (Sandler et al., 2006; Manzo et al., 2017).
However, trials with tyrosine kinase inhibitors in combination
with chemotherapy still fail to demonstrate efficacy (Tabchi and
Blais, 2017). Furthermore, biomarkers that can be used to predict
the response to anti-angiogenic therapy have not been found so
far. Thus, there is an unmet medical need to decipher potential bio-
markers applicable to this context in order to select patients that
might profit from anti-angiogenic treatment. Different mecha-
nisms of acquired resistance against anti-angiogenic therapy

Cell Reports 31, 107568, April 28, 2020 @ 2020 The Author(s). 1
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have been described, such as the activation of pro-angiogenic
pathways, the recruitment of bone marrow-derived cells (e.g., fi-
brocyte-like cells), infiltration of innate immune cell populations,
and activation of invasion and metastasis (Bergers and Hanahan,
2008; Moserle et al., 2014, Mitsuhashi et al., 2015; Rivera and
Bergers, 2015). Previous preclinical data even showed that inhibi-
tion of tumor angiogenesis by genetic ablation of pro-angiogenic
factors (e.g., hypoxia-inducible factor (HIF)-1«, matrix metallo-
peptidase 9, VEGF) or drug-induced inhibition of VEGF/VEGFR2
signaling (Bevacizumab, Sunitinib, DC101) resulted in increased
invasion, formation of secondary satellite structures, or vessel
co-option making the tumor more aggressive, especiallyinmodels
of pancreatic islet cancer (Kuczynskietal., 2019; Paez-Ribes et al.,
2009; Sennino et al., 2012), melanoma, breast cancer (Ebos et al.,
2009), and glicblastoma multiforme (GBM) (Du et al., 2008; Go-
mez-Manzano etal., 2008; Luet al., 2012). Recent findings also re-
vealed that contributing factors to the invasive phenotype are
induced hypoxia (Du et al., 2008; Paez-Ribes et al., 2009) or
increased hepatocyte growth factor (HGF)/c-MET signaling (Lu
et al., 2012; Sennino et al., 2012).

Furthermore, the Ephrin receptor signaling pathway has been
shown to be involved in tumor cell invasiveness in different types
of cancer (Cui et al., 2013a; Gopal et al., 2011; Liu et al., 2012;
Miao etal., 2009, 2015; Paraiso et al., 2015). Eph receptor tyrosine
kinases comprise the largest receptor tyrosine kinase family in the
human genome and are divided into two classes A (EphA 1-9) and
B (EphB 1-5) based on their sequence homology of the extracel-
lular domain and their binding preferences for the membrane-
anchored Ephrin A (GPI-linked) or Ephrin B (transmembrane
domain-containing) ligands (Pasquale, 2010). A unique feature
of the Eph/Ephrin pathway is that it can signal in a bidirectional
manner (Xi et al., 2012). In addition, EphA2 is able to signal in a
ligand-dependent and a ligand-independent manner (Beau-
champ and Debinski, 2012). In particular, oncogenic EphA2
signaling seems to be ligand-independent and is mediated by
phosphorylation of Serine 897 (S897) of EphA2. Previous studies
indicated that S897 of EphAZ2 is phosphorylated by protein kinase
B (AKT) and thereby mediates tumor cell migration and invasion in
different cancer types including prostate cancer (Miao et al.,
2009), glioma (Gopal et al., 2011; Miao et al., 2009, 2015), mela-
noma (Paraiso et al., 2015), and cholangiocarcinoma (Cui et al.,
2013a). Furthermore, recent studies demonstrated that ribosomal
s6 kinase (RSK) phosphorylates S897 of EphAZ2 in glioblastoma,
lung, and breast cancer and promotes cell motility (Zhou et al.,
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2015) and proliferation (Hamaoka et al., 2016). Besides AKT and
RSK, protein kinase A (PKA) has also been described to phos-
phorylate S897 of EphA2, which blocks cell retraction (Barquilla
et al., 2016). These data indicate that non-canonical EphA2
signaling through S897 phosphorylation is regulated by multiple
pathways. Therefore, further characterization of the signaling
cascade is needed to understand the complex regulation and
functions of ligand-independent EphA2 signaling in cancer cells.

In a previous study, we deciphered the role of VEGFR2
signaling in NSCLC. We found that ~20% of NSCLC patients ex-
press VEGFR2 on tumor cells. Abrogation of VEGFR2 signaling
in these tumor cells resulted in a non-angiogenic phenotype
in vivo (Chatterjee et al., 2013). As several reports described an
invasive phenotype during VEGF/VEGFR2-targeted treatment
in different cancer subtypes, we here sought to investigate the
impact of VEGFR2 inhibition in NSCLC tumor cells on tumor
invasiveness and the formation of metastases.

RESULTS

Knockdown of Tumor VEGFR2 or Drug-Induced
Inhibition of VEGFR2 Signaling in NSCLC Cells Induces
an Invasive Phenotype In Vitro and In Vivo

To investigate the impact of knockdown (KD) of VEGFR2 or
VEGFR2-targeted treatment on tumor cell invasion in vitro, we
performed a collagen assay with NSCLC cell lines. We employed
the human lung cancer cell lines H441, H1975, and A549, which
differentially express VEGFR2 (Figure 1A; Figure S1A) (Chatterjee
et al., 2013). Complete KD of VEGFR2 (Figure 1B; Figure S1B) in-
duces an invasive phenotype in vitro (Figures 1C and 1D; Fig-
ure S1C). In addition, these cell lines were treated with ZD6474,
a potent dual inhibitor of VEGFR2 (half maximal inhibitory concen-
tration [ICsg] = 40 nM) and the tyrosine kinase epidermal growth
factor receptor (EGFR) (ICsq = 500 nM). ZD6474 also inhibits the
kinase activity of VEGFR3 (IC5p = 108 nM), and with less activity
against VEGFR1 (ICsg = 1,600 nM). Further targets of ZD6467
are platelet-derived growth factor (PDGFR)-$ (ICso = 1,100 nM),
Tie-2 (IC = 2,500 nM), fibroblast growth factor receptor (FGFR)-1
(ICsp = 3,600 nM), c-Kit (ICs0 < 20 uM), erbB2 (IC > 20 uM), type
1 insulin-like growth factor (IGF-IR) (ICsq > 200 uM), and focal
adhesion kinase (FAK) (ICsg > 200 uM) (Wedge et al., 2002). Our
chosen NSCLC cell lines are resistant to EGFR inhibition, due to
either a KRAS-mutation (H441, A549), or the presence of the
T790M gatekeeper mutation in EGFR (H1975) (Pao et al., 2005;

Figure 1. Specific KD of Tumor VEGFR2 or Drug-Induced Inhibition of VEGFR2 Signaling in NSCLC Cells Induces an Invasive Phenotype

In Vitro and In Vivo

(A) gRT-PCR for VEGFR2 expression in NSCLC cell lines. Expression was plotted relative to A549 (value of 1).
(B) Western blot analysis of VEGFR2 expression in pLKO.1 e.v. and VEGFR2 KD H441 NSCLC cells.

(C-F) Representative images and corresponding quantification of invasion assay of e.v. and VEGFR2 KD H441 cells with and without VEGF stimulation (C and D),
and of H441 and H1975 NSCLC cell lines with ZD6474 and DMSO treatment (E and F). **p < 0.001.

(G) Images and immunohistochemistry (IHC) of resected lungs of orthotopically injected H441 NSCLC cells into nude mice. Mice carrying H441 WT (n = 6), pLKO.1
e.v.(n=6), or VEGFR2 KD (n = 7) cells received no therapy. Mice with H441 WT cells were treated either with vehicle (n = 5) or ZD6474 (n=7). Lung metastases are
indicated by black arrows. IHC staining of resected lungs for H&E and human Ki-67.

(H) Number of lung metastases of orthotopically injected mice with different cells or treatment, as indicated. Each square represents one mouse and the line
indicates the mean. "p < 0.05, "p < 0.01.

(l) Images of infiltrated rib cages after VEGFR2 inhibition by VEGFR2 KD or ZD6474 treatment with corresponding IHC staining for H&E and human Ki-67.

(J) IHC staining for EMT markers E-cadherin and p-catenin. Rib cages of H441 VEGFR2 KD- and H441 WT-injected animals treated with ZD6474, and as control,
H441 WT lung metastases are shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Inhibition of Tumor Cell VEGFR2 Signaling Induces an Invasive Phenotype in NSCLC

(A) Number of lung metastases of orthotopically injected mice with pBABE e.v., VEGFR2, and VEGFR2 V916M gatekeeper mutant cells, treated with either vehicle
or ZD6474, as indicated. Each square represents one mouse and the line indicates the mean. "p < 0.05, *"p < 0.01, ""p < 0.001.

(B) IHC images of resected lungs and pCT images of orthotopically injected H441 NSCLC cells into nude mice. Mice carrying H441 pBABE e.v. or VEGFR2 V916M
gatekeeper cells received vehicle or ZD6474 (n = 6 per group). Lung metastases are indicated by black arrows. IHC staining of resected lungs for H&E.

(legend continued on next page)
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Figure S1D). Western blot analysis showed no alteration of EGFR
phosphorylation upon ZD6474 treatment (Figure S1E). Therefore,
any therapeutic impact on tumor cell invasion in these cell lines
can be primarily attributed to inhibition of VEGFR2 and not
EGFR. Similar to the VEGFR2 KD, ZD6474 treatment also elicits
tumor cell invasion in vitro (Figures 1E and 1F; Figures S1F=S1l).
To examine the effect of VEGFR2 inhibition in vivo we orthotopi-
cally injected the NSCLC cell lines into the lungs of nude mice.
VEGFR2 wild-type (WT) and empty vector (e.v.) NSCLC cells
formed single non-invasive encapsulated tumors (Figure 1G). In
contrast, VEGFR2 KD cells induced tumor cell invasion into the
ipsilateral and contralateral pulmonary lobes (Figure 1G) as well
as increased lung metastases compared to the WT and e.v. cells
(Figure 1H). We next treated mice harboring orthotopic VEGFR2
WT tumors with ZD6474. Again, pharmacological targeting of
VEGFR2 led to tumor cell invasion with multiple metastases in
the ipsilateral and contralateral pulmonary lobes, whereas
vehicle-treated tumors only formed single encapsulated tumors
(Figures 1G and 1H; Figures S2A and S2B). To exclude that the
increased number of lung metastases was due to increased pro-
liferation, lung sections were stained using human Ki-67. Quanti-
fying the Ki-67 positive cells did not show any significant differ-
ences in tumor cell proliferation between the groups (Figures
S1J and S2D). Most strikingly, we observed an additional infiltra-
tion of VEGFR2 KD and WT tumor cells treated with ZD6474 into
the rib cage (Figure 11; Figure S2C). However, quantification of tu-
mor cell proliferation for these settings showed no significant dif-
ferences (Figures S1K and S2E).

Furthermore, we speculated whether VEGFR2 inhibition or KD
of VEGFR2 may induce a switch from epithelial to mesenchymal
state, analogous to the classical epithelial-to-mesenchymal
transition (EMT) that is highly associated with cancer progres-
sion (Lamouille et al., 2014). VEGFR2 KD cells and cells treated
with the VEGFR2 inhibitor ZD6474, significantly suppressed
the EMT marker E-cadherin and displayed increased nuclear
translocation of f-catenin (Figures S2F-S2I). Rib cage metasta-
ses of VEGFR2 KD- and ZD6474-treated tumors showed a sig-
nificant reduction in E-cadherin without significant alteration in
nuclear translocation of 3-catenin compared to VEGFR2 WT tu-
mors (Figure 1J; Figures S2J and S2K), indicating a partial
mesenchymal-to-epithelial transition (MET) at the metastatic
site (Aiello et al., 2018; Wykosky et al., 2005). We also analyzed
human patient samples and found nuclear B-catenin and
reduced E-cadherin in ~2% of the cases indicating a more inva-
sive phenotype, especially in VEGFR2-low-expressing FFPE
(formalin-fixed paraffin embedded) samples (Figure S2L).
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These findings were further validated in a syngenic and ortho-
topic mouse model, showing that immunocompetent animals in-
jected with KP938.3 NSCLC tumor cells tend to develop an
increased number of metastases in the lung parenchyma and
rib cage when VEGFR2 is inhibited by ZD6474 (Figure S2M).
However, the effect was not as strong as for H1975 and H441
cells. This is most probably due to the lower expression of
VEGFR2 in the murine KP938.3 NSCLC cell line in comparison
to high VEGFR2 expression in H441 and H1975 (data not shown).

To validate that the observed results were a consequence of
VEGFR2 inhibition on tumor cells, a genetic approach was
applied by introducing a gatekeeper resistance mutation against
ZD6474-induced VEGFR2 inhibition. The valine-to-methionine
substitution of residue 916 (V916M) at the gatekeeper position
of VEGFR2 was introduced into H441 cells by site-directed
mutagenesis using a pBABE vector. This mutation was able to
prevent the interaction between ZD6474 and the VEGFR2 bind-
ing pocket, thus abrogating the inhibitory effect of ZD6474 on tu-
mor VEGFR2 phosphorylation (Chatterjee et al., 2013). We then
orthotopically injected modified H441 cells (VEGFR2 and
VEGFR2 V916M) into the lungs of nude mice. Strikingly, tumors
harboring the gatekeeper mutation VEGFR2 V916M that were
treated with ZD6474 presented a significantly reduced number
of lung metastases compared to control groups (pBABE e.v.
versus VEGFR2) (Figure 2A). These tumors were encapsulated
and mainly located at one side of the lung. In contrast, ZD6474
treatment in the control groups showed an increase of lung me-
tastases spanning the whole lung (Figure 2B; Figure S3A). In
addition, the control settings displayed infiltration of tumor cells
into the rib cage, especially upon ZD6474 treatment, which was
abolished in tumors harboring the VEGFR2 V916M gatekeeper
mutation (Figure 2C; Figure S3A).

These data demonstrate that an invasive phenotype in NSCLC
is not mediated by anti-vascular effects via inhibition of VEGFR2
within the tumor microenvironment (e.g., inhibition of VEGFR2 on
endothelial cells), but is induced by inhibition of VEGFR2
signaling in tumor cells.

VEGFR2 Forms a Heterocomplex with EphA2 which Is
Released upon VEGFR2 Inhibition

In a next step, we aimed to elucidate potential co-receptors that
drive tumor cell invasiveness upon VEGFR2 inhibition. EphA2
has been described as a strong mediator of tumor cell invasive-
ness (Gopal et al., 2011; Miao et al., 2009, 2015; Wykosky et al.,
2005). Therefore, we evaluated whether VEGFR2 and EphA2
physically associate with each other by performing reciprocal

Representative uCT images before therapy, after 2 and 4 weeks of ZD6474 or vehicle therapy. The heart is marked in red with a circle and the capital letter H. The

tumors are indicated by red arrows.

(C) Images of infiltrated rib cages for pBABE e.v. and VEGFR2 V316M treated with vehicle or ZD6474. The corresponding VEGFR2 control animals are presented
in Figure S3A. VEGFR2 forms a heterocomplex with EphA2 that is released upon VEGFR2 inhibition.
(D) Western blot analysis of VEGFR2 and EphA2 immunoprecipitation (IP) in H441 and H1975 WT NSCLC cells (lysate IP samples: cell lysate + antibody + beads,

lysate control samples: cell lysate + beads).

(E) Representative images from proximity ligation assays (PLAs) in H441 and H1975 WT NSCLC cells with either no treatment, DMSO-, or ZD6474 treatment.

White signals indicate complex formation of VEGFR2 and EphAZ2.

(F) Quantification of average PLA spots per cell in both cell lines, as indicated. **p < 0.01, ""p < 0.001.

(G) Representative images from PLA assay in H441 pBABE e.v.-, VEGFR2-, and VEGFR2 V916M-transduced NSCLC cells with either no treatment, DMSO-, or
ZD6474 treatment. White signals indicate complex formation of VEGFR2 and EphAZ2.

(H) Quantification of average PLA spots per cell in cell lines, as indicated. ***p < 0.001.
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immunoprecipitation (IP) studies. IP of human NSCLC cells ex-
pressing VEGFR2 and EphA2 with a VEGFR2 antibedy followed
by immunoblotting for EphA2 revealed a physical interaction be-
tween these two receptors in the H441 and H1975 cell lines (Fig-
ure 2D; Figure S3B). When cells were treated with the VEGFR2
inhibitor ZD6474, the complex formation strongly decreased—
as shown in additional IP studies in NSCLC cells with high
VEGFR2 expression, namely H441 and HCC1359 (Figure S3B).
In line with our IP studies, proximity ligation assays (PLAs)
showed an interaction between EphA2 and VEGFR2 that was
disrupted by treating the cells with ZD6474 (Figures 2E and
2F). This trend was also observed when inhibiting VEGFR2 in
HCC1359 (Figure S3C). Interestingly, we were also able to detect
VEGFR2-EphA2 interactions in H1650 cells. This could be ex-
plained by increased sensitivity of the PLA technique, enabling
us to identify the formation of the heterocomplex on single-cell
level, even when VEGFR2 is only very lowly expressed in cells
(Figure S3C). Furthermore, the introduction of the gatekeeper
mutant V916M VEGFR2 abrogated the reduction of PLA signals
upon ZD6474 treatment (Figures 2G and 2H). This strongly sup-
ports our finding that VEGFR2 inhibition in NSCLC tumor cells
hinders the VEGFR2/EphA2 heterocomplex formation.

Luetal. (2012) reported that the invasive phenotype upon anti-
angiogenic treatment is due to MET signaling and that both
VEGFR2 and MET receptors form a heterocomplex in GBM.
However, we could not detect a MET/VEGFR2 heterocomplex
using IP in our NSCLC cell lines (data not shown). In addition,
stimulation with VEGF had no impact on phosphorylation of
MET, indicating that tumor cell invasion is not regulated by
MET signaling in these NSCLC cell lines (Figure S3D).

EphA2 KD Prevents VEGFR2 Inhibition-Induced Tumor
Cell Invasion In Vitro and In Vivo

We further sought to investigate whether downregulation of
EphA2 might prevent invasion induced by VEGFR2 inhibition in
NSCLC. H441 cells with efficient EphA2 KD via lentiviral trans-
duction of three different short hairpin RNAs (shRNAs) were
generated, which all reduced EphA2 expression compared to
WT, as well as a pLKO.1 e.v. control (Figure 3A). KD of EphA2
in H441 cells did not affect tumor cell viability (Figure S4A). Using
these cells, the impact of EphA2 KD on VEGFR2 inhibition-
induced tumor cell invasion was tested. Treatment with
ZD6474 resulted in increased invasion of the pLKO.1 e.v. H441
cells into the gel, whereas all three EphA2 shRNA-constructs
blocked tumor cell invasion (Figures 3B and 3C; Figures S4B
and S4C). To confirm the observed effect in vivo, we induced or-
thotopic NSCLC tumors via intrapulmonary injections of H441
EphA2 KD and pLKO.1 e.v. cells. Treatment with ZD6474 signif-
icantly increased the number of lung metastases in H441 pLKO.1
e.v. tumors, whereas KD of EphA2 abrogated the formation of
metastases in ZD6474-treated mice (Figure 3D).

Of note, in ZD6474-treated NSCLC tumors with the highest
initial EphA2 KD efficacy, EphA2 KD nearly completely pre-
vented the formation of lung metastases (Figures 3A and 3D).
Vehicle-treated EphA2 KD mice presented encapsulated, mainly
local tumors, which were also observed for ZD6474-treated tu-
mors (Figure 3E; Figure S5A). In contrast, ZD6474-treated mice
harboring pLKO.1 e.v. NSCLC tumors displayed increased
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lung metastases that were found throughout the lung tissue (Fig-
ures 3D and 3E; Figure S5A). Similarly, drug-induced inhibition of
EphA2 through BMS-345825 in combination with ZD6474 also
reduced tumor cell invasion. Mice treated with the combination
therapy showed decreased numbers of lung metastases when
compared to the vehicle- or ZD6474-treated mice (Figures
SB6A-S6C).

To exclude that reduced proliferation of the EphA2 KD tumors
was responsible for this phenotype, Ki-67-positive cells were
quantified. We found no significant differences in tumor cell pro-
liferation between EphA2 KD tumors and pLKO.1 e.v control tu-
mors, or between drug-inhibited tumors and control tumors,
indicating that EphA2 KD or BMS-345825 do not affect tumor
cell proliferation (Figures S5B and S6D).

Since collagen Il found in the tumor microenvironment has
been described to play a role in regulating tumor progression
(Kauppila et al.,, 1998; Nissen et al., 2019), we performed
collagen staining to further support the invasive phenotype of tu-
mors treated with VEGFR2 inhibitor. H441 pLKO.1 e.v. tumors
treated with ZD6474 significantly increased collagen Ill expres-
sion with a chaotic shape across the tumor compared to vehicle
control (Figures S5C and S5D). In contrast, all EphA2 KD tumors
showed minimal expression with well-ordered collagen Il fibers
in vehicle and ZD6474 treatment conditions (Figures S5C and
S5D). As mentioned above, the aggressive phenotype upon
VEGFR2 inhibition was additionally characterized by the infiltra-
tion of the tumor cells into the rib cages. ZD6474-treated pLKO.1
e.v. mice presented rib cage infiltrations in all cases, displaying
an infiltrative phenotype, whereas EphA2 KD prevented the infil-
tration of tumor cells into the rib cage (Figure 3F; Figure S5E).
These results suggest that EphA2 is an essential player driving
tumor cell invasion during VEGFR2-targeted treatment.

EphA2 S897 Is Required For Tumor Cell Invasion upon
VEGFR2 Inhibition

Next, we aimed to examine the molecular mechanism of EphA2-
driven tumor cell invasion upon VEGFR2 inhibition. Miao and col-
leagues have showed that phosphorylation of S897 on EphA2 is
regulated by AKT and required for promoting ligand-indepen-
dent migration of GBM cells in vitro and in vivo (Miao et al.,
2008, 2015). Therefore, we hypothesized that this specific serine
residue might be a key regulator for the invasive phenotype
driven by VEGFR2 inhibition. For this purpose, H441, H1975,
and HCC1359 cells were stably transduced with either EphA2,
EphA2 S897A constructs or the corresponding pBABE e.v. con-
trol (Figures S7A and S8A). Strikingly, H441, H1975, and
HCC1359 cells containing the EphA2 S897A mutant ceased tu-
mor cell invasion upon VEGFR2 inhibition in vitro (Figures 4A
and 4B; Figures S/B-S7D, S7G, S8B, and S8C), indicating that
$897 of EphA2 is responsible for the induction of tumor cell inva-
sion upon VEGFR2 inhibition. In a next step, H441 and H1975
cells carrying the EphA2 S897A mutant were injected into the
lungs of mice. In line with our in vitro invasion data, the introduc-
tion of the EphA2 S897A mutant in both NSCLC cell lines blocked
the formation of tumor metastases upon VEGFR2 inhibition
in vivo (Figure 4C; Figure S8D) In contrast, EphA2 WT or e.v.
NSCLC tumors treated with ZD6474 presented increased tumor
infiltrations into the contralateral and ipsilateral lung (Figures 4C
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Figure 3. EphA2 KD Prevents VEGFR2 Inhibition-Induced Tumor Cell Invasion In Vitro and In Vivo
(A) Western blot analysis of EphA2 expression in H441 WT, pLKO.1 e.v., and three different sh-EphA2 cells.

(B) Quantified invasion of H441 pLKO.1 e.v. and sh-EphA2 cells. **

*p < 0.001.

(C) Representative images of invasion assay of DMSO- and ZD6474-treated H441 pLKO.1 e.v. and sh1 EphA2 spheroids after 20 h. The corresponding 0-h
images are shown in Figure S4B. The sh2 and sh3 spheroids are presented in Figure S4C.

(D) Number of lung metastases of mice orthotopically injected with H441 pLKQ.1 e.v. and the three sh-EphA2 cells. Each square represents one mouse and the
line indicates the mean. Mice were either not treated, were vehicle-treated, or received ZD6474. **p < 0.01, **p < 0.001.

(E) Images and IHCs of resected lungs of orthotopically injected H441 pLKO.1 e.v. and sh1-EphA2 NSCLC cells (n = 6 per group [vehicle, ZD6474]). Black arrows
indicate lung metastases. IHC staining of resected lungs for H&E and human Ki-67.

(F) Images of rib cages of pLKO.1- and sh1 EphA2 H441-injected mice treated with ZD6474 or vehicle. Black arrows highlight tumors.

and 4D; Figures S7E, S8D, and S8E). This was confirmed by
immunohistochemistry (IHC) analysis showing a malignant and
invasive phenotype in ZD6474-treated e.v. and EphA2 WT
H441 and H1975 tumors represented by a detachment of cell
groups at the invasive front. Notably, the S897A mutant tumors
remained encapsulated at the injection site of the lung and the
formation of metastases was nearly abrogated during ZD6474
treatment (Figures 4C and 4D; Figures S8D and S8E). Again,
the proliferation marker Ki-67 was quantified, but did not show
significant differences between the conditions (Figures S7F
and S8F). Since we observed tumor cell infiltration into the rib
cage of mice while inhibiting VEGFR2 in NSCLC tumor cells,
the impact of the EphA2 S897A on the formation of metastases
into the rib cage was investigated. In contrast to EphA2 WT tu-
mors, H441 and H1975 cells containing the EphA2 S897A
mutant strongly reduced rib cage infiltration upon treatment

with ZD6474 (Figure 4E; Figure S8G). Furthermore, we examined
the impact of ZD6474 treatment on S897 phosphorylation using
western blot analysis in H441, H1975, and A549 NSCLC cells.
Although we observed initial reduction in serine phosphorylation
of EphA2 in H441 and H1975 cells, phosphorylation levels were
generally increased in response to ZD6474 treatment over time
(Figure S9A).

Taken together, these data demonstrate that in the examined
NSCLC cell lines, the S897 position on EphA2 is essential for tu-
mor cell invasion upon VEGFR2-targeted treatment.

RSK Mediates Phosphorylation of S897 EphA2

Phosphorylation of S897-EphA2 has been described to be
required for tumor cell motility (Miao et al., 2009). More recent
data suggest that EphA2 S897-dependent tumor cell motility is
mediated by RSK (Zhou et al., 2015). To test this, we treated
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Figure 4. EphA2-S897 Phosphorylation Is Required for Tumor Cell Invasion upon VEGFR2 Inhibition

(A and B) Representative images of invasion assay (A) and the corresponding quantification (B) as mean % of invasion with H441 pBABE e.v.-, EphA2-, and EphA2
S897A-transduced cells. Spheroids were treated with ZD6474. DMSO served as control. The 0-h images are shown in Figure S7B. ***p < 0.001.

(C) Number of lung metastases for orthotopically injected H441 pBABE e.v., EphA2, and EphA2 S897A cells. Each square represents one mouse. Mice were either
not treated, were vehicle-treated, or received ZD6474 (50 mg/kg) every second day. **p < 0.01, ™"p < 0.001.

(D) Representative images and IHC images of resected lungs of orthotopically injected H441 pBABE e.v. (n = 8), EphA2 (n = 7), and EphA2 S897A (n = 7) NSCLC
cells after ZD6474 treatment. Black arrows indicate lung metastases. IHC staining of resected lungs for H&E and human Ki-87. The corresponding vehicle data

are presented in Figure S7E.

(E) Images of rib cages of pBABE e.v.-, EphA2-, and EphA2 S897A-injected mice. Black arrows highlight tumors.

NSCLC cells with the commercially available RSK inhibitor BI-
D1870 (Sapkota et al., 2007). Treatment with BI-D1870 decreased
phosphorylation of S897 EphA2 in a time-dependent manner,
indicating that pS897 EphA2 is regulated by RSK (Figure 5A; Fig-
ures S9B and S9C). As RSK is known to be regulated by mitogen-
activated protein kinase (MAPK) signaling, we subsequently
treated NSCLC cells with the MEK Inhibitor PD0325901. We found
that inhibition of MAPK kinase (MEK) by PD0325901 reduces
phosphorylation of RSK and EphA2 S897 (Figure 5B; Figure S10).
Taken together, these results indicate that MAPK signaling regu-
lates phosphorylation of S897 EphA2 via RSK in NSCLC.
Furthermore, EphA2-5S897 was identified as substrate for AKT
and to be required for cell motility in GBM (Miao et al., 2009), Us-
ing IP experiments of EphA2 and blotting with an antibody de-
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tecting p-AKT substrate sites, we confirmed that S897 EphA2
is indeed a substrate for AKT in H441 and H1975 NSCLC cells,
as the EphA2-S897A mutant cells abolished the substrate detec-
tion (Figures S11A and S11B). To functionally dissect the role of
AKT for tumor cell invasion, we stably transduced H441 cells
with a myristoylated form of AKT (pBABE myr-AKT). H441 with
a continuously activated AKT presented a highly invasive pheno-
type (Figures S11C and S11D). We further aimed to recapitulate
the role of AKT in EphA2 S897 phosphorylation by treating
NSCLC cells with different AKT inhibitors. However, we found
no reduction of S897 EphA2 phosphorylation upon treatment
with these inhibitors (Figures S12A and S12B). Thus, our data
indicate that phosphorylation of serine 897 of EphA2 is predom-
inantly regulated by the MAPK-RSK signaling axis.
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Figure 5. MAPK/RSK Signaling Controls S897 EphA2 Phosphorylation
(A) Western blot analysis of NSCLC cells under 4-h BI-D1870 and DMSO treatment for pS897 EphA2 and phosphorylated RSK (pRSK).

(B) Western blot analysis of H441, H1975, and A549 cells for pS897 EphA2, pRSK, and phosphorylated ERK (pERK) signaling under MEK inhibition with
PD0325901 and DMSO control. Lysates were generated at different time points, as indicated.

Furthermore, EphrinA1 has shown to reduce phosphorylation
of 8897 EphA2 (Miao et al., 2009). To test whether EphrinA1
signaling is active in human xenograft mouse models, we treated
our human NSCLC tumor cells with murine EphrinA1. In all cell
lines, except for H1650, EphrinA1 reduced S897 EphA2 phos-
phorylation (Figure S12C). However, phosphorylation of RSK
was not altered upon EphrinA1 treatment, indicating regulation
of S897 EphA2 phosphorylation by EphrinA1 independent of
RSK. EphrinA1 reduced phosphorylated AKT levels in nearly all
cell lines, except for A549 and H1581, suggesting that murine
EphrinA1 may affect pS897 EphA2 through the PISK/AKT
pathway.

DISCUSSION

Inthis study, we demonstrate that inhibition of VEGFR2 signaling
in NSCLC tumor cells with high VEGFR2 expression induces tu-
mor cell invasiveness and metastasis. While VEGFR2-express-
ing NSCLC cells present a non-invasive phenotype and form
encapsulated tumors in vivo, drug-induced inhibition or selective
KD of VEGFR2 in these cells results in enhanced aggressiveness
with massive tumor cell invasiveness and metastases.

Previous studies described an increased invasive phenotype
upon anti-angiogenic therapy mainly targeting the VEGF/
VEGFR2 signaling pathway in GBM, melanoma, breast, and
pancreatic islet cancer (Du et al., 2008; Ebos et al., 2009; Go-
mez-Manzano et al., 2008; Lu et al., 2012; Paez-Ribes et al.,
2009; Sennino et al., 2012). We have previously demonstrated
that ~20% of patients with NSCLC show high VEGFR2 expres-
sion in tumor cells (Chatterjee et al., 2013). Thus, anti-VEGF/

VEGFR2-targeted treatment in these patients might enhance tu-
mor cell malignancy through increased invasiveness and occur-
rence of metastases. Pajares and colleagues found that VEGFR2
expression is associated with the clinical outcome of NSCLC pa-
tients (Pajares et al., 2012). Moreover, a previous report
described that inhibition of VEGFR2 in chemically induced
mouse models of NSCLC leads to divergent effects on tumor
progression depending on the histological subtype (Larrayoz
et al., 2014).

It has been postulated that VEGF/VEGFR2-targeted treatment
impairs the tumor vasculature and thereby triggers tumor hypox-
ia via activation of the HIF 14, pathway. This hypoxic tumor envi-
ronment selects in favor of malignant invasive cells that start
migrating and eventually form metastases (Finger and Giaccia,
2010). However, recent data indicate a distinct role of tumor
cell-specific signaling pathways regulating tumor cell invasion
independent of tumor hypoxia. Lu et al. (2012) described a func-
tional role of a MET/VEGFR2 heterocomplex for tumor cell inva-
sion and metastasis in GBM. More specifically, VEGF-targeted
therapy induced tumor cell invasion via MET signaling in GBM
cells in a hypoxia-independent manner. Similar to these findings,
we found that the induction of tumor cell invasiveness upon
VEGFR2-targeted treatment in NSCLC is regulated by a tumor
cell-specific interaction between VEGFR2 and EphA2. In breast
cancer, crosstalk between EphA2 and VEGFR2 signaling has
already been described in endothelial cells of tumor microves-
sels, suggesting a regulatory function of EphA2 and VEGFR2
for tumor angiogenesis (Brantley et al., 2002). EphA2 is also
differentially expressed in patients with NSCLC and associated
with smoking history and poor prognosis (Brannan et al., 2009;
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Faoro et al., 2010). Furthermore, inhibition of EphA2 leads to
impaired tumor development and reduced metastasis in GBM
(Miao et al., 2015), ovarian (Landen et al., 2005), and breast can-
cer (Brantley-Sieders et al., 2005). In line with these findings, we
observed that EphA2 KD reduced lung metastasis and rib cage
infiltration upon VEGFR2 inhibition, thus confirming EphA2 as
an essential mediator for the observed invasive phenotype. In
murine KRAS- and EGFR-driven NSCLC models, the loss of
EphA2 has been associated with reduced tumor growth and
increased apoptosis (Amato et al.,, 2014, 2016). Moreover,
another report described a tumor-suppressive function for
EphA2 in KRAS-mutated lung adenocarcinoma (Yeddula et al.,
2015). In contrast, we found that KD of EphA2 abrogated tumor
metastasis upon VEGFR2 inhibition without affecting tumor cell
viability.

Recent studies described that EphA2 phosphorylation at
S$897 mediates a ligand-independent promotion of migration
and invasion in different cancer types (Cui et al., 2013; Gopal
et al., 2011; Miao et al., 2009, 2015; Paraiso et al., 2015; Zhou
et al., 2015). In nasopharyngeal cancer, the S897 phosphory-
lation of EphA2 has even been described to be indispensable
for invasion and metastasis (Li et al., 2019). Our study is in
accordance with these previous findings, as selective genetic
alteration of EphA2 S897 completely abrogates the invasive
phenotype induced by VEGFR2 inhibition. Moreover, our
data confirm previous findings demonstrating that RSK in-
duces S897 EphA2 phosphorylation (Zhou et al., 2015). In
line with this, inhibition of MAPK reduced phosphorylation of
S897 EphA2 and RSK, providing evidence that MAPK/RSK
signaling controls S897 EphA2 phosphorylation. Other studies
also suggested S897 EphA2 to be a substrate of AKT (Cui
et al., 2013b; Gopal et al., 2011; Miao et al., 2009, 2015; Para-
iso et al., 2015). This was only partially confirmed by our IP ex-
periments, as we did observe S897 EphA2 substrate speci-
ficity for AKT in NSCLC cell lines. However, inhibition of AKT
did not reduce S897 EphA2 phosphaorylation levels. To further
unravel this interaction, single-cell RNA sequencing from pa-
tients’ biopsies before VEGF/VEGFR2-targeted treatment
and re-biopsies with progressive disease would be an appro-
priate method to consider for future plans. This approach
could provide more detailed information on a single-cell level
to identify sub-populations of tumor cells that drive cancer
growth and metastasis.

With regard to clinical applications, our data support a selec-
tion of lung cancer patients upfront by evaluating expression
levels of VEGFR2 and EphA2 on the tumor cells to determine
who may likely develop metastases during VEGFR2-targeted
treatment. We further propose that patients with VEGFR2-posi-
tive NSCLC might benefit from a combined VEGFR2/EphA2-tar-
geted treatment.

In summary, we have identified a potential mechanism ex-
plaining the divergent effects of anti-angiogenic treatment. In
NSCLC tumor cells that express VEGFR2, inhibition of the re-
ceptor interferes with the formation of the VEGFR2-EphA2 het-
erocomplex, thus promoting invasion. Selective genetic
modeling of S897 completely abrogates the invasive phenotype
induced by VEGFR2 inhibition. Concordantly, stable KD of
EphA2 blocks tumor cell invasion during VEGFR2-targeted
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treatment. These results suggest that the invasive phenotype
observed upon VEGFR2 inhibition is mediated by EphA2
signaling, and provides valuable insights into the mechanisms
responsible for the limited efficacy of VEGFR2-targeted therapy
in lung cancer patients.
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Antibodies

B-actin (clone C4) MP Biomedicals LLC Cat# SKU 08691001; RRID: AB_2335127
VEGFR2 Cell Signaling Cat# 2479L; RRID: AB_2212507
pMet (Y1234/1235) Cell Signaling Cat# 3077; RRID: AB_2143884
Met Cell Signaling Cat# 8198; RRID: AB_10858224
p(Ser/Thr) AKT Substrate Cell Signaling Cat# 9611; RRID: AB_330302
pS6 ribosomal protein (S235/236) Cell Signaling Cat# 2211; RRID: AB_331679
S6 ribosomal protein Cell Signaling Cat# 2217; RRID: AB_331355
PEGFR (Y1068) Cell Signaling Cat# 3777; RRID: AB_2096270
EGFR Cell Signaling Cat# 4267; RRID: AB_2246311
pERK (T202/Y204) Cell Signaling Cat# 9101; RRID: AB_331646
ERK Cell Signaling Cat# 4695; RRID: AB_390779
pRSK (S380) Cell Signaling Cat# 11989; RRID: AB_2687613
RSK1 Cell Signaling Cat# 8408; RRID: AB_10828594
RSK2 Cell Signaling Cat# 5528; RRID: AB_10860075
EphA2 (for IP and WB) Santa Cruz Cat# sc-398832

EphA2 (for PLA) Cell Signaling Cat# 12927; RRID: AB_2798063
pS897 EphA2 (1) Cell Signaling Cat# 6347; RRID: AB_11220420
pSB897 EphA2 (1) Bingcheng Wang & Hui Miao N/A

anti-rabbit-HRP Merck Cat# 12-348; RRID: AB_390191
anti-mouse-HRP Merck Cat# 12-349; RRID: AB_390192

human Ki-67
B-catenin

E- cadherin
Collagen III

Thermo Fisher Scientific
Thermo Fisher Scientific

Dako
Southern Biotech

Cat# RM-9106; RRID: AB_2335745
Cat# RB-9035; RRID: AB_149843
Cat# M3612; RRID: AB_2341210
Cat# 1330-01; RRID: AB_2794734

Biological Samples

Patient samples

University Hospital Cologne,

Local ethics committee

Cologne, Germany ref # 10-242
Chemicals, Peptides, and Recombinant Proteins
Fetal Bovine Serum Sigma Aldrich Cat# F9665
Penicillin/Streptomycin Life Technologies Cat# 15070063
RPMI 1640 Medium Life Technologies Cat# 61870044
DMEM/F12 Medium Life Technologies Cat# 31330095
Recombinant human VEGF g5 Tebu-bio Cat# 100-20-B
Recombinant human HGF R&D Systems Cat# 294-HG
Recombinant Ephrin-A1 FC chimera R&D Systems Cat# 6417-A1
Recombinant human IgG,Fc R&D Systems Cat# 110-HG
ZD6474 (Zactima) from LC Laboratories Cat# V-9402
BMS-354825 (Dasatinib) from LC Laboratories Cat# D-3307
PD0325901 from LC Laboratories Cat# P-9688
AKT inhibitor RL1784 Daniel Rauh N/A
AKT inhibitor RL1785 Daniel Rauh N/A
AKT inhibitor MK2206 Daniel Rauh N/A
RSK inhibitor BI-D1870 Roman K. Thomas N/A

Polybrene

Santa Cruz

34

Cat# Sc-134220
(Continued on next page)
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Puromycin Sigma-Aldrich Cat# P9620-10ML
DMSO Applichem Cat# a3672,0100
Cell lysis buffer (10x) Cell Signaling Cat# 9803
Complete protease inhibitor Sigma Aldrich Cat# 11873580001
cocktail mini tablet (1x)

PMSF Sigma Aldrich Cat# 93482-50ML-F
Phosphatase inhibitor cocktail set Ill Sigma Aldrich Cat# P5726
NuPage LDS buffer (4x) Life Technologies Cat# B0007
Sample reducing agent (10x) Life Technologies Cat# b0009

NuPage Bis-Tris Gels

Life Technologies

Cat# np0322box

Protein A-Agarose Beads Santa Cruz Cat# sc-2001

Rat Tail Collagen High Concentration Corning Cat# 354249
HEPES Sigma Aldrich Cat# h0887
NaHCO3 Sigma Aldrich Cat# S8761

NaOH Sigma Aldrich Cat# s2770

RPMI (10x) Sigma Aldrich Cat# R1145-500ML
PBS (10x) Carl Roth Cat# 9150.1
Trypan Blue Solution, 0.4% Life Technologies Cat# 15250061
Formaldehyde Sigma Aldrich Cat# F8775
Saponin Sigma Aldrich Cat# 47036-50G-F
Ketamine Henry Schein Cat# 12467832
Xylazine (Rompun) Henry Schein Cat# 1320422
Carprofen Henry Schein Cat# 110208
Isoflurane PCC Cat# 9714675
Critical Commercial Assays

TRANS-IT Mirus Cat# MIR2300
QuickChange Il XL Site-Directed Agilent Cat# 200521

Mutagenesis Kit
Lipofectamine LTX with Plus Reagent
BCA Protein Assay

CellTiter-Glo Luminescent
Cell Viability Assay

TRIZOL
Power SYBR Green PCR Master Mix

Life Technologies
Thermo Fisher Scientific
Promega

Invitrogen
Thermo Fisher Scientific

Cat# 15338030
Cat# 23227
Cat# G7570

Cat# 15596026
Cat# 4368577

SuperScript VILO cDNA Synthesis Kit Invitrogen Cat# 11754050
Hs_GAPDH_2 SG QuantiTect Primer Assay QIAGEN Cat# QT01192646
Duolink PLA Probes PLUS Sigma Aldrich Cat# DUO92002-100RXN
Duolink PLA Probes MINUS Sigma Aldrich Cat# DUO92004-100RXN
Duolink Detection Reagents Red Sigma Aldrich Cat# DUO92101-1KT
Histofine Simple Stain Mouse MAX PO Medac Cat# 414311F

Histofine Mouse Stain Kit Medac Cat# 414341F
Experimental Models: Cell Lines

H441 ATCC HTB-174

H1975 ATCC CRL-5908

A549 ATCC CCL-185

HCC1359 ATCC N/A

HCC827 ATCC CRL-2868

PC9 Sigma Aldrich 90071810-1VL
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H1650 ATCC CRL-5883
H1581 ATCC CRL-5878
H441 VEGFR2 KD Chatterjee et al., 2013 N/A
H441 VEGFR2 Chatterjee et al., 2013 N/A
H441 VEGFR2 V916M Chatterjee et al., 2013 N/A
HEK293T ATCC CRL-11268
Experimental Models: Organisms/Strains
NMRI Nude Mouse Janvier Labs Rj:NMRI-Foxn1nu/nu
BL6 Mouse Internal U.H.C. Breeding Facility N/A
Oligonucleotides
Sh1: CGGACAGACATATAGGATATTCTC Sigma Aldrich N/A
GAGAATATCCTATATGTCTGTCCG
Sh2: GATAAGTTTCTATTCTGTCAGCTCG Sigma Aldrich N/A
AGCTGACAGAATAGAAACTTATC
Sh3: TCGGACAGACATATAGGATATCTCG Sigma Aldrich N/A
AGATATCCTATATGTCTGTCCGA
KDR primer I: 5'-CATCGAGCTCTCATGTCTGAAC-3’ This N/A

paper
KDR primer II: 5'-TCCTCAGGTAAGTGGACAGGTT-3' This paper N/A
@-catenin primer |: 5'- This paper N/A
GCTACTCAAGCTGATTTGATGGA-3'
@-catenin primer II: 5'- This paper N/A
GGTAGTGGCACCAGAATGGAT-3'
E-cadherin primer |: 5'- This paper N/A
CGGGAATGCAGTTGAGGATC-3',
E-cadherin primer Il: 5'- This paper N/A
AGGATGGTGTAAGCGATGGC-3'
Recombinant DNA
pLKO.1 - TRC lentiviral vector David Root Addgene #10878
A8.9 Roman K. Thomas N/A
pCMV-VSV-G Bob Weinberg Addgene #8454
pBABE-puro retroviral vector Hartmut Land, Jay Addgene #1764

pCL Ampho plasmid

Morgenstern & Bob Weinberg
Novus Biological

Cat# NBP2-29541

Software and Algorithms

InVesalius 3.0

ImageJ
SPSS

GraphPad Prism 7

Online download

Online download
Online download

Online download

https://www.cti.gov.br/
en/invesalius

https://imagej.net
https://www.ibm.com/products/
spss-statistics

https://www.graphpad.com/
scientific-software/prism/

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Roland

Ullrich (roland.ullrich@uk-koeln.de).

Materials Availability

This study did not generate new unique reagents.
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Data and code availability
This study did not generate datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and reagents

NSCLC cell lines, H441 (papillary adenocarcinoma, epithelial, adherent, KRAS V12D-mutated), H1975 (adenocarcinoma, epithelial,
adherent, EGFR-mutated L858R+T790M), A549 (carcinoma, epithelial, adherent, wt EGFR-, KRAS-mutated G12S), HCC1359
(adenocarcinoma, epithelial, adherent), HCC827 (adenocarcinoma, epithelial, adherent, EGFR-mutated), PC9 (adenocarcinoma,
epithelial, adherent. EGFR-mutated), H1650 (adenocarcinoma, epithelial, adherent, EGFR-mutated, PTEN loss) and H1581 (adeno-
carcinoma, adherent, FGFR1 amplified) were purchased from LGC Standards GmbH. With the exception of HCC1359 cells, which
were cultivated in DMEM/F12 medium, all cell lines were maintained in RPMI 1640 medium with 10% fetal bovine serum (FBS) and
1% antibiotics (penicillin and streptomycin). VEGF was purchased from Tebu-bio, recombinant human HGF, recombinant Ephrin-A1
FC chimera and recombinant human IgG,Fc were purchased from R&D Systems, ZD6474 (Zactima), BMS-354825 (Dasatinib) and
PD0325901 were purchased from LC Laboratories. AKT inhibitors RL1784, RL1785 and MK2206 were kindly provided by the labo-
ratory of Prof. Dr. Daniel Rauh, TU Dortmund, Germany. RSK inhibitor BI-D1870 was kindly provided by the laboratory of Prof. Dr.
Roman K. Thomas, University of Cologne, Germany. Compound stocks (in DMSQ) were stored at -20°C or in vehicle solution (sterile,
deionized water with 1% Tween 80) at 4°C for animal therapy.

Animals and orthotopic implantation
All animal procedures were in accordance with the German Laws for Animal Protection and were approved by the local animal care
committee and local governmental authorities (Recklinghausen, Germany).

All experiments were performed in 10 to 15 week old male athymic NMRI nude mice (Janvier, Europe) or immunocompetent BL6
mice. The orthotopic intrapulmonary injections of NSCLC cells were performed as previously described (Doki et al., 1999). Animals
were anesthetized with i.p. injection of Ketamine/Xylazine. A cell suspension of 5x10° cells in PBS was injected into the lung paren-
chyma. After surgery animals were treated with analgesic (5mg/kg i.p. Carprofen (Sigma Aldrich)). One week after implantation an-
imals were treated for four weeks every second day by oral gavage of ZD6474 (50mg/kg), BMS-354825 (30mg/kg), the combination
of ZD6474 (50mg/kg) and BMS-354825 (30mg/kg) or vehicle solution. After treatment, lungs with primary tumor nodules and part of
infiltrated rib cages were excised for histological examination.

For the VEGFR2, VEGFR2 V916M and KP938.3 injected cells, additional nCT imaging was performed. Animals were scanned un-
der isoflurane anesthesia using a LaTheta LCT-100 small animal uCT (Aloka Instruments, Tokyo, Japan). CT-images were taken from
the whole lung at 0.3 mm intervals. First scan was performed one week after injection and continued every week until ZD6474 therapy
was ended. Representative CT-images were analyzed via the InVesalius 3.0 software.

METHOD DETAILS

Knockdown and constructs for retroviral expression and stable transduction

Generation of H441 VEGFR2 KD, VEGFR2 and VEGFR2 V316M have been previously described (Chatterjee et al., 2013). Stable KD of
EphA2 in H441 cells was achieved by lentiviral transduction of shRNA sequence targeting human EphA2 using the pLKO.1 lentiviral
vector (pLKO.1 - TRC cloning vector was a gift from David Root (Addgene plasmid #10878) (www.broad.mit.edu/genome_bio/trc/
rnai.html) (Moffat et al., 2008). Virus was produced by co-transfection with A8.9 and pCMV-VSV-G (pCMV-VSV-G was a gift from
Bob Weinberg (Addgene plasmid #8454)) (Stewart et al., 2003) in HEK293T cells (www.broadinstitute.org/rnai/trc/lib) using
TRANS-IT (Mirus). Cells were transduced in the presence of polybrene (Santa Cruz). After transduction, cells were selected with pu-
romycin. Hairpins were ordered from Sigma Aldrich (sh1:CGGACAGACATATAGGATATTCTCGAGAATATCCTATATGTCTGTCCG,

sh2: GATAAGTTTCTATTCTGTCAGCTCGAGCTGACAGAATAGAAACTTATC,
sh3: TCGGACAGACATATAGGATATCTCGAGATATCCTATATGTCTGTCCGA) and

cloned into pLKO.1. The EphA2 S897A mutation was generated using QuickChange Il XL Site-Directed Mutagenesis Kit (Agilent).
Stable expression of S897A EphA2, EphA2 wt and myr-AKT was achieved by retroviral transduction using the pBABE vector (oBABE-
puro was a gift from Hartmut Land & Jay Morgenstern & Bob Weinberg (Addgene plasmid #1764)) (Morgenstern and Land, 1990). Of
note, the used VEGFR2 V916M cell lines in part still endogenously express WT VEGFR2. Corresponding viruses were produced by
co-transfection with the pCL Ampho plasmid in HEK293T cells (Orbigen) using Lipofectamine® LTX with Plus Reagent (Life
Technologies).

Cell treatment and lysates
Cells were plated and starved for 20h (growth media with 0.25% FBS and 1% PS). Cells were treated as follows: 1uM ZD6474 for
indicated time points (1h-24h) followed by 25min 40ng/ml VEGF 55 (human recombinant) (Tebu-bio) treatment; single treatment
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with recombinant Ephrin-A1 FC chimera or control IgG;-FC (R&D Systems) (1ug/ml, 25min); VEGF465 was added in increasing con-
centrations from 20ng/ml to 100ng/ml (3h) followed by human recombinant HGF (R&D Systems) in concentrations from 10ng/ml to
100ng/ml (25min); single stimulation with VEGF (50ng/ml, 3h) or HGF (10ng/ml HGF, 25 min); AKT inhibitors were used at 1M for the
indicated time points. BI-D1870 was added either in the concentration of 1uM or 10uM for the indicated time points (1-24h).
PD0325901 was used at 0.5uM for 1h-24h as indicated. DMSO served as control and was added in the highest concentration of
the compound used in the experiment and incubated for the corresponding time. After stimulation, cell lysates were prepared. Cells
were washed with cold PBS, lysis buffer was added (1ml of cell lysis buffer (10x) (Cell Signaling), 1x complete protease inhibitor cock-
tail mini tablet (Roche), 1mM PMSF (Carl Roth), 200l phosphatase inhibitor cocktail set 1l (Calbiochem)); for 10ml of 1x lysis buffer,
incubated on ice (5min), scraped, transferred to a tube (15min, ice), centrifuged (14000rpm, 15min, 4°C) and the supernatant was
collected. Protein concentrations were determined using BCA Protein Assay (Thermo Fisher Scientific). 25ug cell lysates were mixed
with 4x NuPage LDS buffer and 10x sample reducing agent (both Life Technologies), boiled (80°C, 10 min) and loaded on NuPage
Bis-Tris Gels (Invitrogen, Life Technologies). Each lysate was prepared at least three times.

3D spheroid invasion assay

Spheroids were generated by the modified hanging drop method (Del Duca et al., 2004). A concentration of 2x10° cells/ml was pre-
pared. Drops of cell suspension (25ul) were placed onto lids of 10cm dishes which were then placed over dishes containing 10ml
sterile water. Hanging drop cultures were incubated between 3 (H441), 6 (H1975, A549) and 8 (HCC1359) days. Single spheroids
were embedded into 100ul collagen gel in a 96-well plate (2mg/ml Rat Tail Collagen High Concentration Type | (Corning), 136mM
HEPES, 1,8% NaHCO; (7,5%), 0,05mM NaOH (1M), 10x RPMI (1X end concentration) (all from Sigma Aldrich) and 10X PBS (GIBCO)
(1X end concentration). ZD6474 (5uM), DMSO and VEGF (100ng/ml) were directly added to the embedding solution. ZD6474 (1uM),
DMSO and VEGF (40ng/ml) were additionally pipetted on the spheroids before covering with gel-mixture to guarantee appropriate
concentration of inhibitor or stimulant on the spheroid. Pictures were taken (Zeiss, Axiovert 135, 10x magnification) at Oh and 20h after
embedding and invasion was quantified by measuring the area occupied by cells using Imaged software. Invasion was calculated in
percentage relative to the starting point (Oh).

Western blotting and co-immunoprecipitation

Western blotting was performed using the following antibodies: B-actin (clone C4) (MP Biomedicals LLC), VEGFR2, pMet (Y1234/
1235), Met, p(Ser/Thr) AKT Substrate, pS6 ribosomal protein (S235/236), S6 ribosomal protein, pEGFR (Y1068), EGFR, pERK
(T202/Y204), ERK, pRSK (S380), RSK1, RSK2 (Cell Signaling), EphA2 (Santa Cruz), anti-rabbit-HRP and anti-mouse-HRP anti-
bodies (both from Millipore). pS897 staining in Figures S7A and S8A were performed with pS897 EphA2-antibody from the lab
of Prof. Bingcheng Wang and Hui Miao, Case Western Reserve University School of Medicine, Cleveland, Ohio, USA; all other
pS897 stainings were done with pS897 EphA2 antibody from Cell Signaling. For EphA2 immunoprecipitation (IP) and VEGFR2/
EphA2 co-IP, 500ug (H441 cells) or 1000ug (H1975 cells) of clarified lysate was incubated with anti-EphA2 (Santa Cruz) or
anti-VEGFR2 antibody (Cell Signaling), Protein A-Agarose Beads (Santa Cruz) and 500ul PBS overnight at 4°C with constant gentle
rocking. Internal controls were lysate controls (lysate + beads incubated without any antibodies) in 500ul PBS. IPs and lysate con-
trols were washed 3 times with ice-cold PBS (1000 g, 5min, 4°C), eluted with 4x NuPage LDS buffer and 10x reducing agent (both
Life Technologies), heated (80°C, 10min) and loaded on a NuPage Bis-Tris Gel (Invitrogen, Life Technologies) followed by proced-
ures for western blotting according to the manufacturer's instructions (Life Technologies). Each IP and western blot analysis was
performed at least three times.

Viability assay and CTG® assay

Cells were plated in triplicates and incubated overnight. Next day, media was replaced by compound dilutions (dissolved in DMSO,
diluted with appropriate media) with increasing concentrations from 0.01uM to 30uM. DMSO served as control and was added in the
highest dilution used in the assay. Cell viability was determined after 96h via trypan blue staining (0.4 % trypan blue solution) and cells
were counted with a Luna™ automated cell counter (Logos Biosystems). Each experiment was performed three times. For ZD6474
viability curves, CellTiter-Glo® Luminescent Cell Viability Assay (Promega) was performed after 96h according to the manufacturer’s
instructions.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from cell culture with TRIZOL® Reagent (Invitrogen) according to the manufacturer’s instructions. First strand
cDNA synthesis was generated using the SuperScript® VILO cDNA Synthesis Kit (Invitrogen). First strand cDNA (2ul) was then used
for quantitative PCR using Power SYBR® Green PCR Master Mix (Applied Biosystems®). Each sample was prepared in triplicates.
Data are reported as mean expression values of three replicates per sample evaluated via the comparative C+ method (Livak and
Schmittgen, 2001). Primer sequences for gene products were: KDR 5-CATCGAGCTCTCATGTCTGAAC-3', 5-TCCTCAGG
TAAGTGGACAGGTT-3'; §-catenin 5'-GCTACTCAAGCTGATTTGATGGA-3', 5-GGTAGTGGCACCAGAATGGAT-3'; E-cadherin
5-CGGGAATGCAGTTGAGGATC-3, 5-AGGATGGTGTAAGCGATGGC-3, GAPDH (Hs_GAPDH_2_SG QuantiTect Primer Assay
(QIAGEN) Order no. QT01192646) served as internal reference.
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Proximity ligation assay (PLA)®

Cells were seeded in 12-well plates, starved overnight and treated with ZD6474 (1uM) or DMSQ. Cells were fixed (4% formaldehyde,
10min), permeabilized (0.1% Saponin (Sigma-Aldrich), 15min), blocked with Duolink® blocking solution (30min, 37°C) and incubated
with anti-rabbit VEGFR2 (1:200, Cell Signaling) in conjunction with anti-mouse EphA2 (1:200, Cell Signaling) at 4°C overnight. The
proximity ligation reaction and visualization of the signal was performed according to the manufacturer’s protocol using the Duolink®
Detection Kit (red) with PLA PLUS and MINUS probes for rabbit and mouse antibodies (Sigma Aldrich). Images were generated with
an Olympus Fluoview FV 1000 confocal microscope using an oil-based 40x objective. Each experiment was performed at least three
times. For PLA with cell lines HCC1359 and H1650, a Leica TCS SP8 gSTED confocal microscope was used to obtain images with an
oil-based 63x objective. Experiments were performed in duplicates. PLA signals were analyzed and quantified using ImageJ
software.

Tumor samples and immunohistochemistry
Resected lungs, rib cages and human samples were processed within the diagnostics pipeline of the Institute of Pathology, Univer-
sity Hospital Cologne with approval of the local ethics committee (ref no. 10-242). Tissue was fixed in 4% formaldehyde for 24h, trans-
ferred to PBS and embedded in paraffin. Rib cages were additionally decalcified. 3um sections were stained with primary antibodies
(human Ki-67 (Thermo Fisher Scientific, RM-9106) (1:50, pretreatment pH 6, 20min), j-catenin (Thermo Fisher Scientific, RB-9035)
(1:50, citrate (pH 6) overnight), E- cadherin (Dako, M3612) (1:50, EDTA (pH 9) overnight), Collagen Il (Southern Biotech 1330-01)
(1:50, EDTA (pH 9) overnight), VEGFR2 (Cell Signaling, 2479) (1:50, EDTA (pH 9) overnight)) by standard protocol of the Institute
for Pathology, University Hospital Cologne. For reduced background on murine tissue, corresponding secondary antibody detection
kits were used (Histofine Simple Stain Mouse MAX PO and Histofine-mouse-stain kit, Medac) and stained on an automated stainer
(LabVisionAutostainer480S, Thermo Scientific).

Quantification of Ki-67 was performed by choosing 3 regions with 100 cells per sample and counting positive cells. The mean of the
3 regions was calculated and taken as value for one IHC sample. For each animal group, the mean was calculated from all sample
values. Quantification of E-cadherin, B-catenin and collagen lIl was performed as for Ki-67 staining. The mean of positive cells in 3
regions was calculated and taken as value for one IHC sample. For each animal group, the mean was calculated from all sample
values as before. In addition, quantification of E-cadherin, -catenin and collagen Il was performed by scoring the signal intensity
of each section in 1 (low), 2 (medium) and 3 (strong).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
Fisher’'s exact tests were performed using SPSS software. A level of significance of p < 0.05 was chosen. Data are presented as mean

with standard error of the mean (+SEM) in all figures in which error bars are shown. Graphs were generated using GraphPad Prism 7
software.
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Simple Summary: Lung cancer that is driven by mutations in the epidermal growth factor receptor
(EGFR) is currently treated with tyrosine kinase inhibitors (TKIs). Although patients initially respond
well to TKI treatment, drug resistance against EGFR-targeted therapy emerges. Attempts to combine
immunotherapy with EGFR-targeted treatment to prolong response rates or prevent the development
of resistances have been limited due to insufficient knowledge about the effects of targeted therapy
on the tumour microenvironment (TME) in EGFR-driven tumours and tumour-infiltrating immune
cells. The aims of this study were to improve our understanding on the impact of EGFR inhibition on
the immune response in EGFR-driven lung cancer and, furthermore, to gain insights into the impact
of combining targeted therapy with immunotherapy on the TME.

Abstract: EGFR-driven non-small-cell lung cancer (NSCLC) patients are currently treated with TKIs
targeting EGFR, such as erlotinib or osimertinib. Despite a promising initial response to TKI treat-
ment, most patients gain resistance to oncogene-targeted therapy, and tumours progress. With the
development of inhibitors against immune checkpoints, such as PD-1, that mediate an immuno-
suppressive microenvironment, immunotherapy approaches attempt to restore a proinflammatory
immune response in tumours. However, this strategy has shown only limited benefits in EGFR-driven
NSCLC. Approaches combining EGFR inhibition with immunotherapy to stimulate the immune
response and overcome resistance to therapy have been limited due to insufficient understanding
about the effect of EGFR-targeting treatment on the immune cells in the TME. Here, we investigate
the impact of EGFR inhibition by erlotinib on the TME and its effect on the antitumour response
of the immune cell infiltrate. For this purpose, we used a transgenic conditional mouse model to
study the immunological profile in EGFR-driven NSCLC tumours. We found that EGFR inhibition
mediated a higher infiltration of immune cells and increased local proliferation of T-cells in the
tumours. Moreover, inhibiting EGFR signalling led to increased activation of immune cells in the
TME. Most strikingly, combined simultaneous blockade of EGFR and anti-PD-1 (aPD-1) enhanced
tumour treatment response in a transgenic mouse model of EGFR-driven NSCLC. Thus, our findings
show that EGFR inhibition promotes an active and proinflammatory immune cell infiltrate in the
TME while improving response to immune checkpoint inhibitors in EGFR-driven NSCLC.

Cancers 2022, 14, 3943. https:/ /doi.org/10.3390/ cancers14163943
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1. Introduction

Lung cancer is responsible for the most cancer-related deaths worldwide, with NSCLC
accounting for nearly 80% of all cases [1,2]. Different subclassifications of NSCLC are
identified by specific genetic alterations present in tumours, such as oncogenic driver
mutations in the epidermal growth factor receptor (EGFR) gene. Targeted therapies against
driver gene mutations have been developed and successfully established in the clinic in the
form of EGFR TKIs, including erlotinib. TKI therapy has replaced standard chemotherapy
as first-line treatment in EGFR-driven NSCLC due to promising initial response rates
and prolonged progression-free survival of patients [3]. However, patients successfully
treated with TKIs often become resistant to therapy after 9-14 months, most commonly by
acquiring secondary EGFR mutations and, therefore, diminishing TKI efficacy [4,5]. Thus,
novel therapy approaches are urgently required.

Increasing evidence demonstrates that, in NSCLC, the TME is generally characterised
by noninflamed tumours with poor immune cell infiltrate mediated by immunosuppressive
signals. This is attributed to different factors, such increased levels of inhibitory checkpoints
on immune cells and their ligands that suppress antitumour activity [6,7]. This limits
immunological surveillance and allows the tumour to progress and evade an active immune
response [8]. In recent years, immunotherapy as an alternative treatment strategy has
demonstrated beneficial antitumour responses in patients by mobilising the immune system
to actively combat tumour cells that have previously escaped an immune response. By
blocking key receptors facilitating inhibitory signalling pathways of the immune system,
such as programmed cell death-1 (PD-1) and programmed cell death-ligand 1 (PD-L1),
immune checkpoint blockade (ICB) has demonstrated encouraging responses in NSCLC
patients [2,10]. However, when examining the response of EGFR-driven NSCLC patients
specifically, ICB shows only limited benefits, for which the exact underlying mechanism
still needs to be elucidated [9,11,12].

Different efforts have been made to boost efficacy of ICB in EGFR-driven NSCLC
by combining it with target therapy. While a phase I clinical trial with advanced EGFR-
driven NSCLC patients indicated durable tumour response rates upon combining ICB with
erlotinib [13], the benefit of using this combination therapy approach is still not conclusively
proven. This is illustrated by contrasting findings from preclinical studies investigating
EGFR-driven NSCLC in mice. While Sugiyama and colleagues did observe an improved
response upon application of both ICB and TKI treatment [14], implying potential benefits
for combining ICB and EGFR inhibition, another study did not yield the same improved
results after a four week period of simultaneous ICB and erlotinib therapy [15]. It should be
noted that the administration of the therapy regimes, as well as the models used to mimic
EGFR-driven NSCLC in vivo, varied between each study. These aspects should be taken
into consideration when evaluating and comparing previous findings on the effect of ICB
and targeted therapy on EGFR-driven tumours and the TME. Similarly, findings about the
effect of EGFR inhibition on the immune cell infiltrate in these tumours have also displayed
variability and remain to be conclusively established, with one study observing a decrease
in regulatory T-cell (Tregs) levels after erlotinib therapy [14], whereas another did not
notice any difference in tumour-infiltrating Tregs [15]. These contrasting findings not only
illustrate the increasing need to further explore combinatorial approaches with ICB and TKI
treatment, and their effect on EGFR-driven tumours, but also demonstrate how much is yet
to be determined about the impact of targeted therapy alone on the TME and specifically
on the immune cell infiltrate [16]. Therefore, to advance the understanding of the effects of
TKI treatment on the immune cell infiltrate and improve upon existing therapy strategies,
we investigate how EGFR inhibition modulates the TME in EGFR-driven NSCLC.
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2. Materials and Methods
2.1. In Vivo Experiments

Experiments were performed in accordance with FELASA recommendations. The
protocol was approved by the local ethics committee. Mice were housed and all experiments
were performed in a sterile environment. Mice were fed, given water, and monitored daily
for health, and cages were changed weekly.

2.2. Autochthonous EGFRL8%8R NSCLC Model

We used a previously described EGFR-driven NSCLC mouse model [17,18]. CCSP-rtTA;
TetO-EGFR58R mice aged 8-16 weeks were fed ad libitum with doxycycline-containing feed
(1000 ppm; ssniff Spezialdidten GmbH) for the duration of the experiments. Four weeks
after starting doxycycline feed, mice were scanned by uCT to confirm tumour formation.
Tumour progression was monitored by weekly pCT scans using a LaTheta LCT-100 small
animal pCT (Hitachi Aloka Instruments, Tokyo, Japan). CT images of the whole lung were
taken at 0.3 mm intervals and analysed using Onis 2.5 Free Edition software (Digital Core
Co., Ltd., Tokyo, Japan). Tumour progress and response were assessed by mouse-adapted
RECIST criteria v1.1, as previously published [19]. The average of two tumour lesions
per mouse was calculated and used to analyse tumour size fold change after therapy
start. Tumour and spleen tissues were harvested at end of experiment and flash-frozen for
subsequent RNA isolation, as well as further treated to obtain flow cytometry data. Overall
survival of mice was assessed using Kaplan—-Meier analysis.

2.3. Therapy Administration

Erlotinib (LC Laboratories, Woburn, MA, USA) was solved in 6% Captisol solution
and orally administered at a concentration of 50 mg/kg body weight (BW) twice per
week. Anti-mouse PD-1 antibody (clone RMP1-14, BioXCell, Lebanon, NH, USA) was
administered at 10 mg/kg BW intraperitoneal twice per week [20,21]. Vehicle mice were
treated twice per week with 6% Captisol given orally in combination with intraperitoneal
administration of the appropriate murine aPD-1 IgG control (Isotype control rat IgG2a,
k; BioXCell, Lebanon, NH, USA). Mice were randomly assigned to the different therapy
groups before start of treatment.

2.4. RNA Sequencing

RNA was extracted from flash-frozen tumour tissue by homogenisation using sterile
1.5 mL tissue homogenizers and subsequent isolation using Qiagen RNeasy Mini Kit, ac-
cording to manufacturer’s protocol (Qiagen, Germantown, MD, USA). Corresponding to
the manufacturer’s requirements, 20-30 mg of tissue was used from each sample. Libraries
of 3'mRNA were obtained from total RNA using the Lexogen QuantSeq kit according to
standard protocol. After validation and quantification (2200 TapeStation, Agilent Tech-
nologies, Santa Clara, CA, USA and Qubit System, Invitrogen, Carlsbad, California, CA,
USA respectively), pools of cDNA libraries were generated. Pools were quantified using
the KAPA Library Quantification kit (Peqlab, Radnor, PA, USA) and the 7900HT Sequence
Detection System (Applied Biosystems, Foster City, PA, USA) and lastly sequenced on an
Mumina HiSeq4000 or NovaSeq6000 sequencer using a 1 x 50 base pair protocol.

2.5. RNA Analysis

FASTQ files of 3’ UTR RNA-sequencing were checked for quality using FastQC (ver-
sion 0.11.4), and reads were mapped to the mouse reference genome GRCm38 (p6) using
the STAR aligner (version 2.7.0). Prior to downstream analysis, expression was quantified
with RSEM (version 1.3.1). Analyses were run on the computing cluster of the Regional
Computing Centre of the University of Cologne (RRZK). Gene set enrichment analysis
(GSEA) was performed using GSEA software (version 4.0.2, Broad Institute, Cambridge,
MA, USA). The z-scores of counts per million (CPM) were used as input, and all erlotinib-
treated samples (namely, erlotinib and aPD-1 + erlotinib samples) were analysed against
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all other samples (vehicle and aPD-1 samples). To focus on gene sets relevant for certain
aspects of immune function in the context of cancer, we used curated gene sets based on
the ncounter Mouse PanCancer Immune Profiling Panel (Nanostring, Seattle, WA, USA), as
previously established in our lab (Borchmann et al., under revision). Analyses were run
with 1000 permutations, excluding gene sets smaller than five genes. Otherwise, standard
settings were applied. Volcano plots of protein-coding transcripts were obtained after
running multiple-comparison f-tests on sample z-scores from each treatment group against
vehicle group samples.

2.6. Inference of TME Based on Differential Gene Expression

To interpret the composition of the tumour immune infiltrate on the basis of gene
expression, we created a curated list of immune cell subtype-specific transcripts (Table S1).
We started with a list of immune cell subtype enriched genes as defined in the Nanostring
Vantage 3D RNA: Protein Immune Cell Profiling Assay (Nanostring, Seattle, WA, USA). This
list was simplified by omitting transcripts enriched in multiple immune cell subtypes, only
keeping transcripts unique to a specific immune cell subtype (Table S1). For each experiment,
z-scores of CPM were calculated for all transcripts. The z-scores for all transcripts unique
to a specific immune cell subtype from each sample were compared between groups to
identify differences in the cellular composition of the tumour immune infiltrate.

2.7. Flow Cytometry

Single-cell suspensions of tumour and spleen tissues were generated via mechanical
dissociation using 40 um filters and taking up the cells in PBS. After pelleting cells, they
were resuspended in 1 mL of ACK lysis buffer and incubated at room temperature for
5 min. Cells were washed once with PBS before proceeding with extracellular antibody
staining and applying the viability dye Zombie UV (Biolegend, San Diego, CA, USA) for
30 min at 4 °C in FACS buffer (PBS containing 2% FBS and 1 mM EDTA). After incubation
with antibodies, cells were washed with FACS buffer and fixed using 1% formaldehyde in
FACS buffer for 15 min at room temperature. Permeabilisation of cells was performed using
0.1% Triton-X100-containing FACS buffer while incubating for 20 min at 4 °C. Subsequently,
cells were stained with intracellular antibodies diluted in FACS buffer and incubated for
30 min at 4 °C. Before final analysis, cells were washed and resuspended in FACS buffer.
The following extracellular antibodies (Biolegend, San Diego, CA, USA) were used for the
analysis of cells: anti-CD45-PerCP-Cy5.5 (clone 30-F11), anti-CD3-PE-Cy7 (clone 145-2C11),
anti-NK1.1-AF700 (clone PK136), anti-yd TCR-APC-Fire750 (clone GL3), anti-CD8a-BV421
(clone 53-6.7), anti-CD279 (PD-1)-BV510 (clone 29F.1A12), and anti-CD4-BV785 (clone
GK1.5). The following intracellular antibodies (Biolegend, San Diego, CA, USA) were used:
anti-IFNy-PE-Dazzle594 (clone XMG1.2) and anti-Ki67-BV605 (clone 16A8). Flow cytometry
of stained cells was performed on the Cytoflex LX Flow Cytometer (Beckmann Coulter,
Krefeld, Germany). Results were analysed using Kaluza Software (version 2.1, Beckmann
Coulter). Cells were initially gated to include alive singlet cells and then further selected
using the following gating strategies. CD4" T-cells were defined as CD45*CD3"CD4" cells,
while CD8* T-cells were identified as CD45*CD3*CD8" cells. NK T-cells were defined as
CD45"CD3*NK1.1% cells, and y8T-cells were defined as CD45*CD3*TCRy /5" cells. IFNy
and Ki67 expression was assessed and reported as mean fluorescent intensity.

2.8. Cytokine Analysis

Serum samples were separated by centrifugation and stored at —80 °C until use. Levels
of 32 murine biomarkers were quantified using a Mouse Cytokine/Chemokine 31-Plex
Discovery Assay® Array (Milipore, Darmstadt, Germany), according to the manufacturer’s
protocol, and measured using the Luminex™ 100 system (Luminex, Austin, TX, USA) by
Eve Technologies Corporation (Calgary, AB, Canada). The biomarkers measured include
Eotaxin, G-CSF, GM-CSF, IFNy, IL-1«, IL-1p3, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10,
IL-12p40, IL-12p70, IL-13, TL-15, IL-17A, TP-10, KC, LIF, LIX, MCP-1, M-CSE, MIG, MIP-1«,
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MIP-1p, MIP-2, RANTES, TNFa, and VEGF-A. All samples were measured in duplicate.
Rarely, a detected marker was below the limit of quantification. In these instances, the
value was set to half of the minimum quantification level. To generate a heatmap with
Morpheus (Broad Institute, Cambridge, MA, USA), z-scores of the log;g of raw biomarker
levels were calculated for each biomarker, and the heatmap was created using hierarchical
clustering with the metric of 1 — Pearson correlation.

2.9. Immunohistochemistry

Lung tissue was harvested and fixed in 4% formaldehyde for 24 h, transferred to PBS,
and embedded in paraffin (FFPE) using established routine protocols of the Pathology
Department, University Hospital Cologne. Three micrometre lung sections were deparaf-
finised, and immunohistochemistry was performed on the LabVision Autostainer 4805
(Thermo Fisher Scientific, Waltham, MA, USA). Staining was performed using haema-
toxylin and eosin (H&E), as well as primary antibodies against EGFRI88R (Cell Signaling
Technologies, 3197, Leiden, The Netherlands), CD3 (Thermo Fisher, RM-9107-S, Waltham,
MA, USA), CD4 (Abcam, EPR19514, Cambidge, UK), CD8 (Abcam polyclonal, ab203035,
Cambidge, UK), and CD45R (BD Biosciences, 550286, Franklin Lakes, NJ, USA). Subse-
quently, primary antibodies were detected using secondary Histofine Simple Stain (SHSS)
detection kits (Medac, Wedel, Germany). Slides were scanned on the Leica SCN400 Slides-
canner (Leica Biosystems, Deer Park, IL, USA).

2.10. Statistics

Statistical analyses and data graphs were carried out using GraphPad Prism (version
8.4.3), unless stated otherwise. Statistical tests were performed as described in figure legends.

3. Results
3.1. Inhibition of EGFR Mediates Higher Immune Cell Infiltration in the TME of
EGFR-Driven Tumours

To investigate the changes in the TME occurring after EGFR inhibition via TKI therapy,
we treated autochthonous EGFRM58R_driven NSCLC mice with vehicle, aPD-1, erlotinib,
or aPD-1 + erlotinib to assess and compare the effects of both immunotherapy and targeted
therapy approaches (Figure 1A). To distinguish the effect of EGFR inhibition on the TME,
we applied immune cell deconvolution via 3’ mRNA-sequencing. Comparing lesions
treated with erlotinib to vehicle- or aPD-1-treated tumour samples, we observed a signif-
icant increase in intratumoural T-cell levels in the erlotinib and aPD-1 + erlotinib group
(Figure 1B). Upon investigating different subtypes of T-cells, we specifically detected higher
infiltration of not only cytotoxic CD8" T-cells, but also of Th1, Th2, and Tth cells upon EGFR
inhibition (Figure 1C,D). Interestingly, we also observed increased levels regulatory T-cells
(Tregs) in the TME of tumours treated with erlotinib and aPD-1 + erlotinib (Figure 1C). In
addition to higher levels of intratumoural T-cells, we further detected overall increased
infiltration of natural killer (NK) cells, mast cells, and eosinophils upon EGFR inhibition,
as well as higher levels of intratumoural B cells and dendritic cells (DCs), thus increasing
antigen capabilities of the TME (Figure 1E-I). Greater infiltration of T-cells in general, as
well as CD8" T-cells and B cells, in the TME upon EGFR inhibition was further observed
in immunohistochemistry staining of tumour sections from samples treated with either
erlotinib or aPD-1 + erlotinib (Figure S1). Taken together, these data demonstrate an overall
greater infiltration of immune cells into the TME facilitated by EGFR inhibition.
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Figure 1. Inhibition of EGFR mediates higher immune cell infiltration in the TME of EGFR-driven
tumours. (A) Experimental setup of tumour induction and treatment strategies using EGFRL858R.
NSCLC mice on a continuous doxycycline diet. Mice were divided into different therapy cohorts:
vehicle, «PD—1, erlotinib, or xPD—1 + erlotinib. After up to 22 weeks under therapy, lung tu-
mours and spleens were harvested for further analysis, including RNA isolation or flow cytometry.
(B-D) Immune cell deconvolution illustrating mean gene expression z-scores of T-cell-specific tran-
scripts (1 = 5-12 mice per group). (E-I) Immune cell deconvolution illustrating mean gene expression
z-scores of immune cell-specific transcripts (1 = 5-12 mice per group). (B-I) Data are shown as violin
plots; the statistical test used was Student’s ¢-test (statistically significant changes are indicated as
follows: * p < 0.05; ** p < 0.01).

3.2. EGFR Inhibition Enhances Proliferation and Activation of T-Cells in TME

After detecting increased levels of immune cells in the TME, we further explored the
functional dynamics of the immune cell infiltrate to ascertain the effect of EGFR inhibition
on the inflammatory status of the TME. To assess T-cell activity and proliferative capacity,
single-cell suspensions of lung tumour tissue were analysed by flow cytometry. Notably,
we observed that Ki67 expression levels of all T-cell subtypes were increased in tumours
that were treated with erlotinib (Figure 2A). A similar trend was detected for the combi-
nation group treated with ICB and erlotinib. In contrast, we observed a slight decrease
in Ki67 expression for ICB-treated mice compared to the vehicle group, indicating lower
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proliferation of T-cells upon aPD-1 monotherapy (Figure 2A). Regarding IFNYy expression,
we noticed similar trends of increasing levels in tumour tissue upon EGFR inhibition in the
erlotinib-treated mice. Again, this trend was not only observed in the erlotinib monother-
apy group, but also when combined with aPD-1, indicating increased activation in T-cells,
especially in the NK T-cell and ydT-cell populations, of the TME. Similar to Ki67 expression,
IFNYy levels in tumours treated with ICB exhibited a slight decrease compared to vehicle
tumours (Figure 2B). Concerning PD-1 expression, no changes in PD-1 levels were observed
on the different T-cell subtypes, except for increased levels of PD-1 after ICB in CD8* T-cells
(Figure S2A). To ascertain whether the observed shifts in Ki67 and IFNy expression in
CD4*, CD8*, NK, and y&T-cells were locally specific to the TME, flow cytometry was
performed using single-cell suspensions of spleen tissue from the treated mice. In contrast
to our findings from the tumour immune infiltrate, we found that Ki67 levels were not
altered upon EGFR inhibition compared to vehicle control in spleen tissues (Figure 2C).
Moreover, we did not detect consistent changes in IFNy expression in CD4* and CD8*
T-cells after erlotinib treatment, as well as only a slight increase of IFNYy levels in NK and
v8T-cells (Figure 2D). This suggests that increased proliferation and activation of T-cells in
response to EGFR inhibition are specific to the TME. Notably, reduced expression of both
Ki67 and IFNy in aPD-1-treated mice compared to the vehicle group was more pronounced
in the spleen than in tumour tissue (Figure 2C,D). These data suggest that ICB therapy
alone, targeting the PD-1 signalling axis, conveys an immunosuppressive phenotype in
T-cells, affecting T-cells not only in the TME, but also in other tissues. This was further con-
firmed after analyses of circulating cytokine signatures, which illustrated more pronounced
changes in cytokine levels upon ICB treatment compared to vehicle control (Figure S3A-C).
In contrast, circulating cytokine levels from mice treated with either erlotinib or aPD-1 +
erlotinib did not indicate notable changes (Figure S3A-C). Together, these data reveal that
EGEFR inhibition appears to modulate T-cells specifically in the TME towards an enhanced
proliferative and inflammatory phenotype, thus facilitating an improved T-cell response
against the tumours.

3.3. Inhibition of EGFR Increases Active Phenotype of Immune Cell Infiltrate in
EGFR-Driven Tumotirs

Following our results of an increased inflammatory T-cell phenotype in the TME,
we were prompted to examine the general activation status of the TME using 3' mRNA-
sequencing data. To determine, whether similar trends could be observed for the overall
immune response in the TME, z-scores of transcripts increasingly expressed upon immune
cell activation were examined. These transcripts included Gzma, [I2ra, Tnfrsf4, encoding
granzyme A, IL-2, and OX40, as well as CD29 and CD69 (Figure 3A). These markers are
not only known to be upregulated in active T-cells, but are also associated with prolif-
eration and activation of other immune cell types, such as B cells and NK cells [22-26].
Interestingly, increased levels of activation-specific gene expression were observed in both
erlotinib monotherapy and aPD-1 + erlotinib groups (Figure 3A), suggesting that EGFR
inhibition mediates a shift towards a more inflammatory immune cell infiltrate. To fur-
ther investigate which signatures of immune response are promoted by EGFR inhibition,
gene set enrichment analysis (GSEA) was performed comparing all tumours undergoing
EGEFR inhibition (namely, erlotinib monotherapy and aPD-1 + erlotinib) against vehicle and
aPD-1 tumours. After GSEA analysis, significant enrichment was detected in signatures
promoting an active immune response (Figure 3B), including signatures of the TNF super-
family, which is known to promote a proinflammatory immune response and mediates
signalling responsible for proliferation, differentiation, and effector functions of immune
cells (Figure 3B) [27,28]. Moreover, the complement pathway has been implicated enhanc-
ing T-cell function and proliferation [29,30], and NK cells play a crucial role in antitumour
response [31,32], illustrating the importance of enrichment in NK cell functions (Figure 3B).
These observations further strengthen our findings that EGFR inhibition not only affects
T-cell activity, but also stimulates an increased response of the immune cell infiltrate overall.
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To investigate potential mechanisms of how the modulation of oncogenic EGFR signalling
in tumour cells facilitates changes in the immune response, we next examined the expres-
sion of the transcription factor, IRF1, a known tumour suppressor gene. Previously, IRF1
has been implicated not only in the regulation of CD274 (PD-L1) expression [33], but also
in playing a role in suppressing tumour proliferation and stimulating an active immune
response in tumours [34,35]. Moreover, IRF1 has been shown to be negatively regulated by
oncogenic EGFR signalling in NSCLC [14]. In line with previous studies, IRF1 expression
was increased in tumours, displaying a proinflammatory immune phenotype upon EGFR
inhibition (Figure 3C). Increases in PD-L1 or PD-L2 levels were not observed, presumably
due to the high spread of transcript expression in the vehicle group (Figure 52B). In con-
trast, expression of CCL21 was also elevated upon blocking oncogenic EGFR signalling
(Figure 3D). CCL21 is a chemotactic cytokine known to recruit T-cells to the TME, thus
promoting increased immune activity [36,37].
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Figure 2. EGFR inhibition enhances proliferation and activation of T-cells in TME. (A,B) Mean
fluorescence intensity data of (A) intracellular Ki67 and (B) intracellular IFNy expression, illustrating
proliferation and activation status, respectively. Data shown for cytotoxic CD8" T-cells, helper CD4*
T-cells, NK T-cells, and y5T-cells from lung tumour tissue. (C,D) Mean fluorescence intensity data of
(C) intracellular Ki67 and (D) intracellular IFNy expression, illustrating proliferation and activation
status, respectively. Data shown for cytotoxic CD8" T-cells, helper CD4* T-cells, NK T-cells, and
¥8T-cells from spleen tissue (n = 5-12 mice per group). (A-D) Data are shown as the mean with
SD; the statistical test used was the Kruskal-Wallis test to compare all therapy groups (statistically
significant changes are indicated across all groups as follows: * p < 0.05; ** p < 0.01).
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Figure 3. Inhibition of EGFR increases active phenotype of immune cell infiltrate in EGFR-driven
tumours. (A) Mean gene expression z-scores of immune cell activation markers (n = 5-10 mice per
group). (B) Gene set enrichment analysis for different gene sets from any erlotinib-treated mice
(namely, erlotinib and aPD—1 + erlotinib groups) against the others (vehicle and aPD—1 groups).
(C,D) Mean gene expression z-score of transcription factor mediating tumour-suppressive functions
and intratumoural chemokines, respectively (1 = 5-12 mice per group). (A,C,D) Data are shown as
violin plots; the statistical test used was Student’s t-test (statistically significant changes are indicated
as follows: * p < 0.05; ** p < 0.01).

Furthermore, analysis of the most differentially expressed transcripts by multiple-
comparison t-tests of sample z-scores revealed multiple significantly upregulated tran-
scripts in both erlotinib (Figure 4A) and aPD-1+erlotinib groups (Figure 4B) compared to
vehicle. These include Cenbl and Tpx2, which have been previously associated with higher
immune cell infiltration [38,39] and antitumour activity of CD8* T-cells [40]. Interestingly,
expression of Ddr2, a collagen receptor playing a key role in cell interaction, was signif-
icantly downregulated in the erlotinib-treated samples compared to control. Depletion
of Ddr2 has been previously associated with higher CD8" T-cell infiltration, as well as
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increasing sensitivity towards ICB [41]. Taken together, these data illustrate that blocking
oncogenic EGFR signalling in tumours increased the immune cell infiltration in the TME
and stimulated a proinflammatory immune response against tumours.

B 5-

(@]
]
3
o
a

difference difference

Figure 4. EGFR inhibition leads to increase in transcripts associated with higher immune cell infil-
tration. (A) Volcano plot showing transcripts detected at significantly altered levels in lung tumour
tissue from erlotinib-treated mice compared to vehicle control group. (B) Volcano plot showing tran-
scripts detected at significantly altered levels in lung tumour tissue from aPD—1 + erlotinib-treated
mice compared to vehicle control group. (A,B) Blue points illustrate significantly downregulated
transcripts, while red points indicate significantly upregulated transcripts.

3.4. Simultaneous EGFR Inhibition and ICB Indicate Slower Tumour Growth and Improved
Antitumour Response over EGFR Inhibition Alone in EGFR-Driven NSCLC Model

On the basis of our observations that blocking EGFR signalling in oncogene-driven
NSCLC alters the TME towards a proinflammatory status, thus promoting an enhanced
immune response, we next examined tumour growth rates by analysing target lesion size
to assess tumour response. Mice treated with aPD-1 alone showed no treatment response
(Figure 5A,B), underlining the limited efficacy of ICB in EGFR-driven tumours [9,42]. In
line with our previous results, EGFR inhibition improved antitumour response compared
to vehicle (Figure 5A,B) and significantly increased overall survival of mice treated with er-
lotinib over both vehicle and aPD-1 groups (Figure S3D). Furthermore, combined treatment
with aPD-1 + erlotinib also prolonged overall survival and improved tumour response
to therapy compared to the vehicle and aPD-1 control groups (Figures 5A,B and S3D).
When analysing the best response rates, similar results for mice treated with erlotinib
monotherapy or combining ICB with EGFR inhibition were observed (Figure 5C). Inter-
estingly, we were able to detect a trend towards improvement of antitumour response in
the combination group when considering target lesion data. This was indicated by not
only a faster reduction in tumour size upon aPD-1 + erlotinib therapy compared to EGFR
inhibition alone, but also by tumours remaining in a partial response (PR) state until the
end of the experiments, in contrast to the erlotinib group (Figure 5A). To summarise, we
observed compelling antitumour responses upon blocking oncogenic EGFR signalling with
prolonged survival over vehicle tumours. When combining EGFR inhibition with ICB, we
observed a trend to faster antitumour response and slower outgrowth of tumours after
relapse, compared to EGFR inhibition alone.
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Figure 5. Simultaneous EGFR inhibition and ICB indicate slower tumour growth and improved
antitumour response over EGFR inhibition alone in EGFR-driven NSCLC model. (A) Mean fold
change of EGFR-driven target lesion growth over time in indicated treatment groups. Data are
shown as the mean with SD; the statistical test used was Student’s t-test of individual groups at
the endpoint of vehicle and aPD—1 groups (day 42; statistically significant changes are indicated as
follows: * p <0.01). (B) Representative uCT images taken prior to therapy start (D0) and on days
42 (D42) and 147 (D147) after therapy start of EGFRIR-driven mice; the red H indicates the heart;
t indicates that no mice from treatment group reached the indicated time point. (C) Best response to
therapy from beginning of treatment (baseline) for individual mice. (A,C) PR, partial response; PD,

progressive disease.

4. Discussion

In this study, we aimed to improve our understanding of the limited efficacy of
immune checkpoint inhibitors in EGFR-driven NSCLC patients and the role of onco-
genic EGFR signalling for the immunosuppressive composition of the TME. This was
approached by investigating the effect of EGFR inhibition through TKI erlotinib in an
oncogene-dependent mouse model and examining different aspects of the corresponding
immune response. It has been reported that oncogene-driven tumours are characterised
by the establishment of a noninflamed TME, thus facilitating the evasion of an active
immune response by tumours [8]. Major factors promoting an immunosuppressive TME
include low infiltration of immune cells into the tumour, lack of proliferation to achieve an
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appropriate antitumour response, and/or reduced activation of tumour-infiltrated immune
cells [43,44]. Previous studies have shown that, although immunotherapy approaches such
as targeting immune checkpoint by ICB are beneficial in many cancer entities to promote
a proinflammatory TME, EGFR-driven NSCLC tumours do not respond to this type of
therapy [9,11,12]. Given the increasing interest in applying immunotherapy in combination
with targeted therapies to try and circumvent this issue and increase efficacy of ICB in
EGFR-driven NSCLC, different efforts have been made to investigate combination therapy
regimes [13-15]. However, due to varying results on the effect of combining ICB with
targeted therapy, no final conclusion on potential benefits of this therapy regime can be
drawn to date. To appropriately assess the implication of combining immunotherapy with
targeted therapy on the TME, it is also critical to consider how targeted therapy alone
impacts not only tumour cells, but also other components of the TME. This question has
gained more attention in recent years, but has not yet yielded a comprehensive answer,
in part also due to varying results on the subject, such as differences between infiltrating
immune cell populations [14-16]. This illustrates the need for further investigation in
this field and validation of previous findings. In our study, we found that, in unrespon-
sive tumours, where oncogenic EGFR signalling remained constitutively active, levels of
immune cells in the TME were reduced compared to tumours that exhibited an active
tumour response to therapy (Figure 1B-I), aligning with previous evidence that untreated
EGFR-driven NSCLC mediates an immunosuppressive TME. In turn, we observed that,
upon EGFR inhibition, immune cell infiltration was elevated in the TME (Figure 1B-1),
confirming previous findings after erlotinib treatment in NSCLC mouse models [15,45].
Moreover, EGFR inhibition in tumour cells induced T-cell proliferation and activation,
thus promoting an enhanced immune response in tumours treated with the TKI erlotinib
(Figure 2A). This further confirms observations that erlotinib increases cytokine-producing
T-cells in the TME [15]. As previously mentioned, aPD-1 therapy does not induce beneficial
responses in patients with EGFR-driven tumours [9,11,12]. This corresponds with our
findings, which did not indicate improvements in tumour response upon ICB treatment
compared to vehicle control (Figure 5A-C). An explanation for these results could be the
downregulation of PD-L1 on tumour cells, mediated indirectly by oncogenic EGFR sig-
nalling via IRF1. In previous studies, transcription factor IRF1 was shown to be negatively
impacted by EGFR signalling [14,35]. This corresponds to our own data that illustrate an
increase in IRF1 expression levels upon EGFR inhibition (Figure 3C). Additionally, IRF1 has
also been implicated in the regulation of CD8* T-cell infiltration in tumours by mediating
the expression of the chemokine CXCL10 [14]. This could be one mechanism underlying
how EGFR inhibition increases CD8* T-cell infiltration in EGFR-driven tumours that we
observed (Figure 1B and Figure S1). Another chemokine that has been linked to EGFR
signalling is CCL21, previously shown to be involved in the recruitment and infiltration of
tumour-specific T-cells into the TME [37]. CCL21 has been previously shown to be down-
regulated in EGFR-driven tumours and contribute to an immunosuppressive TME [14],
which can be confirmed by our data (Figure 3D). Moreover, in hepatic cell cancer (HCC),
expression of Ccnbl and Tpx2 was positively associated with higher immune cell infiltration
in tumours, suggesting potential immune-regulatory roles for the proteins [38,39]. This is
line with recent results indicating that Tpx2 overexpression increased antitumour activity
of CD8" T-cells in HCC in a CXCR5-dependent manner [40]. Lastly, treatment with ICB
in combination with EGFR inhibition induced an antitumour immune response, when
considering levels of immune cell infiltrate (Figure 1B-I) and immune cell activation in the
TME (Figure 3A). Despite similar immune cell infiltrate signatures between ICB combined
with EGFR inhibition and EGFR inhibition alone, growth data suggest an improved antitu-
mour response in aPD-1 + erlotinib mice, resulting in a faster reduction in tumour size and
slower tumour progression until the end of the experiments (Figure 5A). However, this
observation remains to be confirmed in future studies.

In this study, we examined the immune-modulating effect of targeted therapy in
EGFR-driven NSCLC on the TME using an EGFR%®R-dependent mouse model. Moreover,
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we provided insights into the changes to the TME after long-term exposure to continuous
targeted therapy using erlotinib, as well as after ongoing simultaneous long-term admin-
istration of targeted therapy and ICB in EGFR-driven NSCLC. We observed that EGFR
inhibition induces a proinflammatory immune response with increased proliferation and
activation of tumour-infiltrated T-cells. Thus, our results suggest that oncogenic EGFR
signalling modulates the TME to evade the immune response by promoting an immuno-
suppressive microenvironment. Future studies should provide more insights into the
underlying cellular mechanisms involved in this process.

5. Conclusions

In summary, our findings shed more light on the impact of targeted therapy on the
TME, as well as improve our understanding of how the immune cell infiltrate is altered
upon continuous long-term exposure to TKI treatment and simultaneous administration of
TKIs and ICB in EGFR-driven tumours. These aspects are not only critical for improving
current targeted therapy approaches, but also provide important and clinically relevant
information for future investigations on combining immunotherapy with TKIs to further
stimulate and improve the antitumour immune response in EGFR-driven NSCLC.
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Chapter 4 — Establishment of multiple EML4-ALK-driven NSCLC

mouse models

4.1 Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide, while non-small
cell lung cancer accounts for approximately 80 % cases, making it the most prevalent
type of lung cancer [2,3]. Rearrangement between the anaplastic lymphoma kinase
(ALK) and the echinoderm microtubule-associated protein-like 4 (EML4) genes,
resulting in the EML4-ALK fusion gene, are identified in 3-7 % of NSCLC cases [70].
Depending on the breakpoint on the EML4 gene, different variants have been
identified, the most common ones being EML4-ALK variant 1 and EML4-ALK variant 3
[70,71]. While the EML4 part of the fusion gene may vary in length, the ALK segment
remains the same in all variants and includes its intracellular tyrosine kinase domain,
that mediates oncogenic ALK signalling [71,72]. To combat this ALK-mediated
oncogenic signalling, targeted therapies have been developed in the form of ALK
tyrosine kinase inhibitors (TKIs), such as alectinib, and are currently used as first-line
treatment in the clinic [73,74]. However, although initial response to TKI treatment
shows beneficial responses in patients, resistance towards targeted therapy eventually
develops, leading to tumour progression and limiting clinical benefits of ALK inhibition
through TKis [75].

Increasing evidence demonstrates that oncogene-driven NSCLC tumours generally
display a non-inflamed tumour microenvironment (TME) characterised by poor immune
cell infiltration and immunosuppressive signals, thus limiting the anti-tumour immune
response and enabling tumour progression [76]. To improve therapeutic strategies for
EML4-ALK-driven NSCLC, approaches with immune checkpoint inhibitors haven been
investigated to induce a pro-inflammatory tumour microenvironment. However, results
of past studies using only checkpoint inhibitors have reported lack of efficacy in ALK-
rearranged NSCLC patients [77]. Moreover, combination therapies administering ALK
TKls and checkpoint inhibitors have not only demonstrated lack of beneficial tumour
response, but also increased toxicity in patients [78,79]. These results highlight the
necessity to improve existing therapy strategies for EML4-ALK-driven NSCLC patients,
especially after the development of resistances to first-line targeted therapy using ALK
TKls. We have established two different in vivo EML4-ALK-driven NSCLC models in
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our group to be able to study potential therapy approaches following acquired

resistance to TKI treatment.

4.2 Materials & Methods
4.2.1 Cell lines

Murine NSCLC cell lines carrying either EML4-ALK variant 1/ p53-null (EAv1.1 and
EAv1.2) or EML3-ALK variant 3/ p53-null (EA v3.1 and EAv3.2) mutations were kindly
provided by Rocio Sotillo (University of Heidelberg, Germany). Human NSCLC cell line
H3122 was kindly provided by Martin Sos (University Hospital Cologne, Germany).
Murine cell lines were culture in DMEM high glucose, GlutaMAX, pyruvate media
(Gibco) supplemented with 10 % fetal bovine serum (FBS) and 100 U/ml penicillin, 100
pg/ml streptomycin and 300 pg/ml L-glutamine (all by Gibco). H3122 cells were
cultured in RPMI-1640 media (Gibco) containing 10 % fetal bovine serum (FBS) and
100 U/ml penicillin, 100 ug/ml streptomycin (all Gibco). All cells were cultured at 37°C
and 5 % COa.

4.2.2 Cell viability assay

Murine NSCLC cells were plated in triplicates and incubated in regular DMEM media
containing supplements, as described above. After 24 hours, compound dilutions and
DMSO control were added to wells. Final concentrations of alectinib (dissolved in
DMSO) in wells ranged from 0.002 to 10 uM. Cell viability was determined after 72
hours using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, WI, USA),

following the manufacturer’s protocol.
4.2.3 Alectinib assay

EA v1 and EA v3 cell were seeded in a 6-well containing 250,000 cells/well in starving
conditions, namely DMEM-GlutaMAX, pyruvate media containing 100 units/ml
penicillin (Gibco), 100 pg/ml streptomycin (Gibco) and pg/ml L-glutamine (Gibco). Cells
were left in starving media for 24 hours before removing starving media, replacing it
with fresh regular media and adding either DMSO or alectinib dissolved in DMSO in
the appropriate concentration. Cells were incubated as before, and at 4-hour 24-hour
time points, cell culture supernatant was collected, centrifuged at 3000 xg and stored

at -80°C for later cytokine analysis.
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4.2.4 Cytokine analysis

Cell culture supernatant samples were cleared of debris by centrifugation and stored
at -80 °C until use. Levels of 32 murine biomarkers were quantified using a Mouse
Cytokine/Chemokine 31-Plex Discovery Assay® Array (Milipore), according to the
manufacturer’s protocol, and measured using the LuminexTM 100 system (Luminex,
Austin, TX) by Eve Technologies Corporation (Calgary, Alberta). The biomarkers
measured include Eotaxin, G-CSF, GM-CSF, IFNy, IL-1q, IL-18, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17A, IP-10, KC, LIF, LIX,
MCP-1, M-CSF, MIG, MIP-1a, MIP-13, MIP-2, RANTES, TNFa, VEGF-A. All samples
were measured in duplicates. Raw values were normalised to the average of DMSO

control samples for each time point.
4.2.5 In vivo experiments

Experiments were performed in accordance with FELASA recommendations. The
protocol was approved by the local ethics committee. Mice were housed and all
experiments performed in a sterile environment. Mice were fed, given water and

monitored daily for health, and cages were changed weekly.
4.2.6 Autochthonous EML4-ALK NSCLC mouse model

We used a previously established EML4-ALK-driven NSCLC mouse model (Madallo
et al., 2014). To establish autochthonous lung tumour in mice, 8-16 weeks old male
and female wild-type C57BL/6J mice were anaesthetised by intraperitoneal (i.p.)
injection of ketamine /xylazine (with a concentration of 100 mg/kg body weight (BW)
and 0.5 mg/kg BW, respectively) and 3 x 108 p.f.u. of EML4-ALK-Cas9-adeonivirus
(Ad-EA) was applied via intranasal application as previously described (Madallo et al.,
2014, Meder et al., 2018). Viral vectors were obtained from ViraQuest Inc. (ViraQuest
Inc., lowa, USA). Serial MRI scans were performed to confirm tumour induction and
monitor progression, starting after four weeks of viral induction. MRI scans were
performed on a 3.0T MRI (Philips) using a dedicated small animal coil with an
integrated heating coil (diameter: 40 mm; Philips Research). For duration of MRI scan,
mice were anaesthetised using 1.5-2.3 % isoflurane and monitored closely. MRI scans
of the whole lung were analysed using Onis 2.5 software.
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4.2.7 Subcutaneous EML4-ALK/p53 NSCLC mouse model

For the syngeneic EML4-ALK lung cancer model, 8-16 weeks old FVB/N mice were
anaesthetised by isoflurane and injected subcutaneously (s.c.) with 5 x 10 EAv1.1 or
EAv3.2 cells suspended in 100 in each flank in 100 pl PBS in each flank. Start of
therapy occurred when tumours reached the size of 50 mm3. Tumour growth was
measured twice per week by caliper measurement measuring tumour length (I) and
width (w). Volume of tumours were calculated using the following formula: (w?x 1)/2.

Fold changes were calculated according to tumour volume at start of therapy.
4.2.8 Therapy administration

Alectinib (LC Laboratories) was solved in 6 % Captisol (Ligand, San Diego, USA)
solution and orally administered at a concentration of either 6 mg/ kg body weight (BW)
or 20 mg/kg BW five times per week. Vehicle mice were treated five times per week
with 6 % Captisol. For lymphodepletion, 200 mg/kg BW cyclophosphamide (HEXAL,
Holzkirchen, Germany) and 40 mg/kg BW fludarabine (Sanofi Genzyme, Paris,
France) in PBS were administered once via i.p. injection. For adoptive cellular transfer
(ACT) therapy, lymphodepletion was conducted 24 hours before injection of cells. On
day of therapy start, the four cellular components of ACT, described in more detail
below, were harvested and suspended in PBS. A mix of 2.5 x 108 cells/ cell type was
injected i.p., resulting in 1 x 107 cells, in a total of 200 pl suspension volume per mouse.
To support engraftment of ACT cells, daily doses of 1 x 10° units of recombinant
interleukin-2 (IL-2; Aldesleukin, Novartis, Basel, Switzerland) were given s.c. for five

consecutive days after therapy start.
4.2.9 Histochemistry

Lung tissue was harvested and incubated in 4 % formalin for fixation over 24 hours at
room temperature, transferred to PBS and embedded in paraffin. The resulting
formalin-fixed, paraffin-embedded (FFPE) tissue samples were cut in three micrometre
lung sections and deparaffinised. Haematoxylin and eosin (HE) staining was
performed on the LabVision Autostainer 480S (Thermo Fisher Scientific, Waltham,
USA). Embedding of samples and subsequent staining was conducted by the
Pathology Department of the University Hospital Cologne, following standard
protocols. Slides were scanned on the Leica SCN400 Slidescanner (Leica Biosystems,
IL, USA).
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4.2.10 Flow cytometry analysis

Single cell suspensions of tumour tissues were generated by mechanically meshing
the tissue through a 40 um filter and taking up the cells in PBS. After pelleting cells,
they were re-suspended in 1 ml ACK lysis buffer and incubated at room temperature
for five minutes. Cells were washed once with PBS before proceeding with the
extracellular staining and applying the viability dye Zombie UV (Biolegend, San Diego,
USA) for 30 minutes at 4°C in FACS buffer (PBS containing 2 % FBS and 1 mM EDTA).
After incubation with antibodies, cells were washed with FACS buffer and fixed using
1 % formaldehyde in FACS buffer for 15 minutes at room temperature. After
subsequent wash using FACS buffer, cells were permeabilised in 0.1 % Triton-X100-
containing FACS buffer for 20 minutes at 4°C. After another wash with FACS buffer,
cells were re-suspended with intracellular antibodies diluted in FACS buffer and
incubated for 30 minutes at 4°C. Before final analysis, cells were washed once and re-
suspended in FACS buffer. The following extracellular anti-mouse antibodies were
used for the analysis of murine cells: anti-CD45-PerCP-Cy5.5 (clone 30-F11), anti-
CD3-PE-Cy7 (clone 145-2C11), anti-PD1-APC (clone 29F.1A12), anti-CD49b-PE-
Dazzle594, anti-ydTCR-APC-Fire750 (clone GL3), anti-CD8-BV421 (clone 53-6.7),
anti-CD4-BV785 (clone GK1.5) and anti-CD69-BUV737 (clone H1.2F3, BD). The
following intracellular anti-mouse antibodies were used: anti-FoxP3-PE (clone 150D),
anti-IFN-y-AF700 (clone XMG1.2) and anti-Ki67-BV605 (clone 16A8). Flow cytometry
of stained cells was performed on the Cytoflex LX Flow Cytometer (Beckmann
Coulter). Results were analysed using Kaluza Software (version 2.1, Beckmann
Coulter). For analysis, gates were initially set to select alive cells of the correct size

and multiples were excluded.
4.2.11 Differentiation of adoptive cellular therapy

For the adoptive cellular therapy approach, cells used for ex vivo differentiation and
culture originated from splenocytes of female C57BL6/J mice. Cells were cultured at
37°C, 5 % COz2 in a media mix containing 50 % of RPMI-1640 (Gibco) and 50 % of
DMEM F-12 (Gibco) and supplemented with 10 % fetal bovine serum (FBS), 100
units/ml penicillin  (Gibco), 100 pg/ml streptomycin (Gibco) and 50 uM B-
mercaptoethanol (Roth).

Lymphokine-activated killer cells (LAKs) were cultured at starting concentration of 106
cell/ml and supplemented with 6000 units/ml hiL-2. After every 2-3 days, 50 % of fresh
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media was added and hlIL-2 was replenished. Cells were harvested 8-9 days after
seeding.

Cytokine-induced killer cells (CIKs) were seeded at 10° cells/ml in media containing
1000 units/ml IFNy for 24 hours. Simultaneously, 10 cm culture dishes were coated
with 10 ug/ml anti-CD3 (clone 145-2C11, Biolegend) in PBS rocking at 4°C. After pre-
stimulation with IFNy (Miltenyi Biotech), cells were transferred onto the aCD3-coated
culture dishes and supplemented with 300 units/ml hlL-2. Following a 48-hour
incubation period, cells were transferred on to normal tissue culture flasks, medium
was replenished and fresh hiL-2 at 300 units/ml was added. Every 2-3 days, 50 % of
fresh media was added and hlL-2 was replenished. Cells were harvested 8-9 days
after initial seeding.

For differentiation of tumour-induced T-cells (CTLs), prior to seeding splenocytes, EA
v1 cells were pre-treated with 50 ug/ml mitomycin C (Medac) for 24 hours in FBS-free
media mix containing 50 % of RPMI and DMEM F-12. Before seeding splenocytes,
tumour cells were washed four times with PBS. Subsequently, splenocytes were added
in a 10:1 ratio (splenocytes to tumour cells) to pre-treated tumour cells at a density of
10° cells/ml in media containing 10 ng/ml IL-7, 2 pg/ml anti-CD28 (clone 37.51,
Biolegend), 20 pg/ml anti-PD-1 (clone RMP1-14, BioXCell) and 10 units/ml hIL-2.
Every 2-3 days, 50 % fresh media was added according to cell density in flasks and
hiL-2 was appropriately replenished. Cells were harvested 8-9 days after initial
seeding.

Prior to seeding ydT-cell culture, 10 cm culture dishes were coated with 10 ug/ml anti-
yOTCR (clone UC7-13D5, Biolegend) for 24 hours rocking at 4°C. Subsequently,
dishes were washed and splenocytes were seeded at a density of 108 cells/ml in media
containing 100 units/ml hIL-2. Following a 48-hour incubation period, cells were
transferred to normal, uncoated tissue culture flasks and supplemented with 100
units/ml hlL-2. Every 2-3 days, 50 % of fresh media was added and hlL-2 was

replenished. Cells were harvested 8-9 days after initial seeding.
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4.3 Results

4.3.1 Establishment of autochthonous EML4-ALK lung cancer model

To investigate EML4-ALK-driven lung cancer, | established an autochthonous EML4-
ALK variant 1 model in our group using an EML4-ALK-adenoviral transduction method
developed by Maddalo and colleagues [80]. Through this method, lung tumours are
induced in wild-type mice by infection with an adenovirus carrying the EML4-ALK
inversion (Ad-EA). Detection of target lesions was possible between 8-12 weeks after
viral induction (Fig. 4.1A). To validate the sensitivity of our autochthonous mouse
model to AKL inhibition therapy that is currently used in a clinical setting, | administered
two different concentrations of the ALK TKI alectinib and monitored tumour growth
using in vivo imaging techniques (Fig. S1A). Weekly CT or MRI scans were used to
determine tumour lesion size and tumour growth was assessed using mouse-adapted
RECIST criteria [81]. Upon treatment with 20 mg/kg bodyweight (BW) alectinib, | was
able to achieve consistent reduction in tumour size with complete tumour remission in
mice after seven weeks of treatment. Therapy using a reduced concentration of 6
mg/kg BW alectinib resulted in stable tumours for the first few weeks, compared to
vehicle mice. However, eventual progression followed initial stable tumours in the
6mg/kg alectinib group (Fig. 4.1B). In best tumour response data, 20 mg/kg alectinib
therapy clearly indicated highest rates of complete tumour remission, while 6 mg/kg
alectinib conveyed partially responding or stable tumours (Fig. 4.1C). Final validation
of tumour tissue with HE staining displayed successfully established EML4-ALK
tumours in our cohorts that resembled tumour morphology from original developmental
studies generating this specific type of EML4-ALK mouse model (Fig. 4.1D) [80]. As
expected, | saw established tumour also in HE stains from 6 mg/kg alectinib group,
while 20 mg/kg alectinib resulted in lung tissue cleared from tumour lesions (Fig. 4.1D).
In summary, | established the working autochthonous EML4-ALK mouse model in our
group to be able study EML4-ALK-driven NSCLC in a biologically realistic context. To
ensure comparability of our experiments to other pre-clinical studies, | validated ALK
TKI sensitivity in our model with concentrations of alectinib previously used by others
[73,82]. Together, this autochthonous EML4-ALK model allows us to examine the lung
tissue-specific microenvironment of tumours and elucidate changes in response to
different therapy approaches, not only in the immune cell infiltrate, but also regarding

acquisition of resistance mechanisms to ALK inhibition.
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Figure 4.3 Establishment of autochthonous EML4-ALK NSCLC model. (A) Experimental set-up of
tumour induction in EML4-ALK NSCLC mice with EML4-ALK-adenovirus (Ad-EA) and treatment
strategies following the formation of target lesions. (B) Mean fold change of target lesion growth over
time in indicated treatment groups: vehicle, 6 mg/kg body weight (BW) alectinib and 20 mg/kg BW
alectinib. Data are shown as mean with SD; statistical analyses performed using Student’s t-test; ***, p<
0.001. (C) Best response to therapy in first four weeks of treatment relative to therapy start (baseline).
PD, progressive disease; PR, partial response. (D) Hematoxylin and eosin (HE) stain of formalin-fixed
paraffin-embedded lung tissue samples of EML4-ALK mice. Two representative samples from each
therapy group are shown. Scale bars depict 500 um.

63



4.3.2 In vitro validation of sensitivity to ALK inhibition in murine EML4-ALK/p53 NSCLC

cell lines

Another prominent genetic alteration is a p53 mutation that can be found in
approximately 50 % of all human cancers [83]. In ALK+ NSCLC, a subgroup of patients
has been identified that carry mutated p53. This co-mutation has been associated with
more aggressive cancers and poor clinical outcome compared to ALK+ NSCLC without
p53 mutation, demonstrating the need for further investigations of EML4-ALK/p53-
driven subgroup to optimise therapies and improve outcome for patients [49,71,84]. In
order to extend our studies on EML4-ALK NSCLC to include this particular subgroup
tumours, we obtained murine NSCLC cell lines carrying EML4-ALK and p53 mutations.
These cell lines were kindly provided by the lab of Rocio Sotillo, and originated from
primary tissue of either EML4-ALK variant 1/p53 (EAv1) or EML4-ALK variant 3/p53
(EAV3) tumours. To ensure consistency in our studies, | first validated sensitivity of
primary cell lines to ALK inhibition through alectinib treatment. Viability studies were
conducted using an established EML4-ALK variant 1/p53 NSCLC patient-derived cell
line H3122 as control [85]. After viability testing, all four primary murine EML4-ALK/p53
cell lines, two containing EAv1 and two containing EAv3, displayed similar sensitivity
pattern to alectinib compared to H3122 control cells (Fig 4.2A-D). Calculated 1C50
values of cell lines for alectinib are EAv1.1: 85 nM, EAv1.2: 110 nM, EAv3.1: 105 nM
and EAv3.2: 310 nM alectinib, all ranging around the H3122 control of 190 nM alectinib.
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Figure 4.4 in vitro validation of sensitivity to ALK inhibition via alectinib in primary EML4-
ALK/p53 NSCLC murine cell lines. (A-D) Cell viability assays with different EML4-ALK/p53 cell
lines, either carrying EML4-ALK variant 1 (EA v1.1 and EA v1.2; A,B) or EML4-ALK variant 3 (EA
v3.1 and EA v3.2; C,D). Primary murine cell lines were compared to established human H3122
control cell line containing EML4-ALK/p53 mutations to confirm similar sensitivity to alectinib. Data
are shown as mean with SD.

After confirmation of sensitivity to ALK inhibition through alectinib treatment, | started
investigations in cellular processes and secretion of cytokines that are altered upon
ALK inhibition in EML4-ALK/p53 NSCLC. At the same time, | sought to examine
whether changes occur directly after start of treatment, or if some processes take
longer to be altered. To this end, cells were treated with different concentrations of
alectinib for either 4 or 24 hours before supernatants were collected to determine levels
of secreted cytokines. In preliminary experiments, downregulation in G-CSF, GM-CSF
and LIF cytokines could be observed in response to ALK inhibition. This trend was
noted in both EAv1 (Fig. 4.3A) and EAv3 (Fig. 4.3B) cells. As cytokine levels did not
decrease further after 24 hours of ALK inhibition, compared to 4 hours, these changes
appear to be mediated directly after alectinib treatment. All three cytokines have been
shown to be expressed by different cancer types and display tumour-promoting

characteristics that instruct the immune response to tumours towards an
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immunosuppressive phenotype [86,87]. This suggests, that ALK inhibition by alectinib
also facilitates changes in the TME by directly modulating cytokine secretion of tumour
cells. However, due to high variation between control samples, results will need to be
verified in future experiments. While RNA samples from treated cells were also
obtained for each time point, results remained inconclusive, suggesting that
optimisation is required and it will be beneficial to include alternative approaches
investigate not only the transcriptome of EA cells exposed to ALK inhibition, but also

analyse proteomic alterations under different alectinib conditions.
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Figure 4.5 Cytokine analysis of EML4-ALK/p53 cells in response to ALK inhibition. (A-B)
Levels of secreted cytokines G-CSF, GM-CSF and LIF in either EAv1.1 (A) or EAv3.2 (B) cells
after alectinib treatment for 4 and 24 hours. Cytokine levels were normalised to DMSO control.
Data are shown as mean with SD
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In summary, we established the use of new primary murine EML4-ALK/p53 NSCLC
cell lines in cellular assays that are sensitive to alectinib and can be used in further in
vitro studies to shed light on exact changes in cellular processes that are altered by
inhibition of oncogenic ALK signalling, as well as decipher the role of mutated p53 in
more aggressive cancers harbouring both mutations. This system can further be
applied to elucidate the acquisition of resistance mechanisms in response to ALK TKI
therapy in NSCLC patients. Lastly, generation of alectinib-resistant cells from primary
cell lines will offer a platform that allows examination of different treatment strategies
for TKl-insensitive NSCLC, and test novel therapy options on their potential benefits

for TKl-resistant ALK+ patients.
4.3.3 Establishment of EML4-ALK/p53 subcutaneous mouse model

To follow up on the validation of primary murine EML4-ALK/p53 cell lines in cellular
assays, | next sought to establish a syngeneic subcutaneous (s.c.) mouse model for
EML4-ALK/p53-driven tumours. This was achieved by injection of either EAv1 or EAv3
cells in flanks of mice. Tumours rapidly developed within the first few weeks, resulting
in established tumours, reaching a volume of 50 mm? after 1-2 weeks post injection
(Fig. 4.4A). After that, therapy was initiated with either vehicle control or 20 mg/kg BW
alectinib, the concentration that led to complete tumour reduction in the autochthonous
EA model (Fig. 4.1B). | was able to confirm results in the s.c. EML4-ALK/p53 model,
halting tumour growth and achieving a rapid reduction of tumour size in response to
alectinib treatment. Not only in EAv1, but also in EAv3 tumours, ALK inhibition led to
tumour volumes that were significantly decreased compared to vehicle controls (Fig.
4.4B, C). To initial insights into the TME and corresponding immune cell infiltrates of
EML4-ALK/p53 cancers, flow cytometry analyses were established and carried out for
tumour tissue samples, looking at levels of different cell types. While no changes were
observed in T-cell levels in either EAv1 or EAv3 tumours after ALK inhibition compared
to vehicle control, EAv1 tumour displayed slightly higher infiltration of NK cells in
tumour following alectinib treatment. This trend was not depicted in EAv3 tumours (Fig.
4.4D, E). Additional T-cell subtype levels were also assessed by flow cytometry, but
did not yield robust results (Fig. S2). Future analyses will be required to confirm and
expand results on changes in the TME upon inhibition of oncogenic ALK signalling. A
well-established understanding of the composition of the immune cell infiltrate in

tumours will also offer essential foundational information that permits appropriate
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assessment of anti-tumour immune response and other changes in the TME induced

by novel therapy approaches.
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Figure 4.6 Establishment of subcutaneous EML4-ALK/p53 mouse model. (A) Experimental set-up
of subcutaneous (s.c.) EML4-ALK/p53 NSCLC mouse model by injection of either EAv1.1 or EAv3.2 cells
in flank of mice. After establishment of s.c. tumours, administration of treatment started in either vehicle-
or 20 mg/kg BW alectinib-treated groups. (B) Mean fold change of s.c. EAv1.1 tumour growth over time
in indicated treatment groups. (C) Mean fold change of s.c. EAv3.2 tumour growth over time in indicated
treatment groups. (D) Flow cytometry data for intratumoral levels of T-cells (CD3+ CD49b- cells) and NK
cells (CD3- CD49b+ cells) in EAv1.1 tumours, shown in percentage of CD45+ cells. (E) Flow cytometry
data for intratumoral levels of T-cells (CD3+ CD49b- cells) and NK cells (CD3- CD49b+ cells) in EAv3.2
tumours, shown in percentage of CD45+ cells. (B,C) Statistical analyses performed using Student’s t-
test; ****, p< 0.0001. (B-E) Data are shown as mean with SD.
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4.3.4 Investigation of different therapy approaches in autochthonous EML4-ALK model

As a proof of principle study to show that our mouse models can be used for studying
alternative therapy modalities in EA NSCLC, | focussed on a novel immunotherapy
approach that has been recently established in our group (Borchmann, Selenz et al.,
under revision). As mentioned, typical immunotherapy approaches via ICB have only
offered limited benefits in oncogene-driven NSCLC, including those harbouring ALK+
tumours. A second immune-modulating treatment, that has gained a lot of attention
over the last years is cellular transfer, in particular chimeric antigen receptor (CAR) T-
cells, that uses autologous T-cells for expansion and stimulation ex vivo and followed
by transfection to include receptors that specifically recognise tumour cells antigens
[88]. Recently, the generation of ALK-specific CAR T-cell constructs has opened this
approach for various ALK+ cancers [89]. Unfortunately, due the ALK domain residing
intracellularly as part of the EML4-ALK fusion protein, the existing CAR T-cell
constructs are not applicable for EML4-ALK tumours. An alternative adoptive cellular
transfer (ACT) approach, which aims to re-instate an active immune cell infiltrate in
tumours, was developed by our group (Borchmann, Selenz et al., under revision). For
this approach, autologous immune cells are expanded ex vivo in stimulating conditions
that results in differentiation or tumour cell-specific priming of immune cells, divided
into lymphokine-activated killer cells (LAKs), cytokine-activated killer cells (CIKs), y&T-
cells and cytotoxic tumour-specific lymphocytes (TILs). These are injected in
lymphodepleted mice to substitute the immune cell infiltrate in tumours to stimulate an
active and durable anti-tumour immune response (Fig. 4.5A). As this approach has
shown promising results in melanoma models, NSCLC xenografts, and autochthonous
KP-driven NSCLC tumours (Borchmann, Selenz et al., under revision), | wanted to test
potential benefits of the ACT therapy on EML4-ALK-driven tumours. Additionally, |
examined the effect of ACT on stable tumours, by combining ACT with 6 mg/kg
alectinib therapy (Fig. 4.5B). While ACT treatment, as well as ACT and alectinib combi
did show slower tumour progression compared to vehicle control, reduced tumour
growth was also observed for the lymphodepletion monotherapy group that acted as
control group for ACT (Fig. 4.5B). Moreover, no added benefits were noted in the ACT
+ alectinib group compared to alectinib monotherapy, suggesting that ACT and
alectinib do not offer a synergistic effect when used in combination (Fig. 4.5B). After
analysis of intratumoral T-cells by flow cytometry, no significant differences were

detected between T-cell levels (Fig. 4.5C). Examining activation and proliferation
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status of T-cells did also not indicate significant differences, although there may be a
trend of increased activated T-cells in ACT + alectinib combi group, which could be
interesting to examine more closely in future studies (Fig. 4.5C, E). Here, | have
successfully administered new treatment modalities that focus on immune-modulating
therapies and investigated its efficacy when combined with TKIl-mediated ALK
inhibition in our autochthonous EA NSCLC mouse model. Thus, this system can be
used to explore novel therapy approaches and examine potential benefits involving
other avenues of immunotherapy and combination regiments including targeted
therapies in EA NSCLC.
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Figure 4.5 Investigation of different therapy approaches in autochthonous EML4-ALK model. (A)
Schematic of adoptive cellular transfer (ACT) protocol and therapy strategy. (B) Mean fold change of
tumour volume over time in indicated treatment groups: vehicle, 6 mg/kg BW alectinib, lymphodepletion,
ACT and ACT + 6 mg/kg BW alectinib. Data are shown as mean with SD. (C-E) Anlysis of intratumoural
T-cell infiltration by flow cytometry, looking at levels of T-cells (C), activation (D) and proliferation (E) of
T-cells in different therapy groups. Statistical testing was conducted using either one-way ANOVA or
Kruskal-Wallis test, ns= non-significant. Data are shown as mean with SD.
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4.4 Discussion

In this study, my aim was to set up appropriate mouse model systems in order to study
the resistance mechanisms and TME in EML4-ALK-driven NSCLC. This was
approached by establishing an autochthonous mouse model using adenoviral
induction, that enables us to investigate the intrinsic immune response and analyse
the immune cell infiltrate in EML4-ALK-driven tumours (Fig. 4.1, 4.5C-E). To include
the subgroup of NSCLC harbouring both EML4-ALK and p53 mutations, that has been
linked to particularly aggressive cancers and poorer clinical outcome compared to
EML4-ALK-driven patients with wildtype p53 [49,71,84], we obtained primary murine
NSCLC cell lines carrying both mutations (Fig. 4.2). Using these cells, we can not only
shed light on underlying mechanisms that are altered upon inhibition of oncogenic ALK
signalling, but can also further our understanding on differences between distinct
variants of EML4-ALK fusion proteins and their specific functions in various cellular
processes (Fig. 4.3). Subsequently, we can readily validate initial results obtained from
in vitro assays by translating them to our newly established pre-clinical syngeneic
mouse model (Fig. 4.4). This does not only allow us to confirm our findings in an
immunocompetent context, thus taking into account the effect of intratumoral immune
cells and the whole TME, but also offers a unique possibility to compare results

between autochthonous EA tumours and co-mutated EML4-ALK/p53 cancers.

4.5 Conclusion

In summary, | have established multiple systems of EML4-ALK-driven NSCLC to
elucidate the effects of oncogenic ALK signalling and its inhibition, both in regards to
intracellular processes as well as in a more complex biological environment of the
TME. Moreover, previous studies have shown that development of resistance
mechanisms are a crucially limiting factor for the benefits of targeted therapy via TKls
in EML4-ALK-driven cancers [75]. Therefore, it is essential to find other treatment
strategies for TKl-insensitive EA tumours. The established mouse models in this study
can be used to investigate alternative therapies, such as immunotherapy or
combinatorial approaches, to improve anti-tumour response and establish a pro-
inflammatory TME. This will also increase our understanding of underlying regulatory
mechanisms and interactions in the TME that are necessary to induce an active and

durable anti-tumour response in EML4-ALK-driven NSCLC.
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Chapter 5 — Discussion

5.1 Inhibition of tumour VEGFR2 induces serine 897 EphA2-dependent tumour

cell invasion and metastasis in NSCLC

Efforts to block angiogenesis, and thereby limit the supply of nutrients and oxygen
delivered to cancer cells, have been applied in the clinic over the last decades.
Although other pathways also contribute to angiogenesis, signalling through the
receptor tyrosine kinase VEGFR2 has been the focus of most therapeutic approaches
and anti-angiogenic treatments, with the first compounds mediating VEGFR2 inhibition
approved for clinical use in the early 2000s [36]. Inhibition of VEGFR2 blocks an
essential signal transduction pathway of the angiogenic process and thus inhibits a key
contributor to tumour growth and progression. For this endeavour, multiple therapeutic
approaches have been developed to date that target different levels of the VEGFR2
signalling cascade, such as neutralising antibodies against the ligand VEGF, or
inhibitors that block tyrosine kinase activity of the VEGFR2 receptor. Unfortunately,
despite good initial results from patients, monotherapy of VEGFR2 inhibition only
shows limited long-term benefits, as resistance mechanisms are generally acquired
[20]. Insensitivity to VEGFR2 monotherapy can occur through activation of alternative
angiogenic pathways or increased levels of pro-angiogenic factors [21]. Of note, in
addition to the emergence of resistance mechanisms, VEGFR2 inhibition has also
shown to cause tumours to acquire a more aggressive phenotype, as also shown by
our own studies on VEGFR2 inhibition in NSCLC. Furthermore, we identified the
tyrosine kinase EphA2 as a key mediator for this invasive phenotype in response to
VEGFR2 inhibition.

Interestingly, in recent years, EphA2 has gained more attention in association with
tumour cell survival and growth. Eph receptors form the largest subfamily of receptor
tyrosine kinases and conduct bi-directional activation of signalling by directly
interacting with ligands bound to cell membranes. In previous studies, Eph receptors
have revealed to possess both tumour-promoting and anti-tumour characteristics,
depending on the biological context. Dysregulation and overexpression of EphA2 has
been linked to multiple cancer entities and is associated with poor clinical outcome in
patients [90]. In particular, upregulation of EphA2 was detected in not only lung
carcinoma, but also in prostate and breast cancer, glioblastoma, and other types of

malignancies [91]. In a cellular context, EphA2 is able to mediate signal transduction
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both initiated by ligand-binding, as well as in a ligand-independent manner when
multiple EphA2 proteins form homo-multimers in the absence of ligands. This can
occur upon high concentration of receptors at the cell membrane. In contrast to ligand-
dependent signalling, that negatively regulates multiple processes, including cell
survival, proliferation, migration and epithelial to mesenchymal transition (EMT), non-
canonical ligand-independent EphA2 signalling activates pathways such as PISK/AKT
and thereby stimulates cell migration, EMT and angiogenic potential [92—-94]. In breast
cancer, EphA2 has even demonstrated to be required for angiogenesis in the TME
[95-97]. In NSCLC, genome-wide analyses revealed frequent EphA2 overexpression
in tumours and linked it to poor clinical outcome in patients [98,99]. Moreover, EphA2
knockdown experiments with NSCLC cells lines exhibited limited tumour cells viability
[100]. Furthermore, pre-clinical studies with NSCLC models investigating loss of
EphA2 function in established tumours confirmed that presence of EphA2 is required
to confer tumour growth, as knockdown of EphA2 was sufficient to limit tumour
progression [100]. In an oncogenic KRAS-driven NSCLC model, EphA2 inhibition has
shown to alter regulation of mitochondrial apoptosis by decreasing S6K1-mediated
phosphorylation of BAD, thereby activating the pro-apoptotic factor, leading to BAD-
mediated apoptosis. Interestingly, tumorigenic functions of EphA2 have been linked to
ligand-independent binding of the receptor in NSCLC and other cancer entities, as
stimulation with Ephrin-A1 ligand obstructed tumour cell proliferation [100,101]. In
melanoma cells, EphA2 inhibition also slowed down tumour growth and induced
apoptosis by reducing AKT and ERK phosphorylation [102]. In addition to promoting a
pro-apoptotic phenotype of tumour cells, biomarker levels for cell proliferation and
angiogenesis were reduced in a uterine cancer model in response to EphA2-targeted
therapy [103]. Together, these findings confirm and underline our own conclusions that
EphA2 is a key mediator for the invasive and more aggressive tumour cell phenotype
detected upon VEGFR2 inhibition. More specifically, in lines with previous studies on
thyroid cancer [104], phosphorylation of residue S897 is essential to enable this
tumour-promoting function of EphA2 in NSCLC and presents a promising target for

combination strategies with VEGFR2 inhibition.
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5.2 EGFR inhibition strongly modulates the tumour immune microenvironment

in EGFR-driven non-small-cell lung cancer

Oncogenic EGFR signalling has been extensively studied as a target for therapeutic
intervention against cancer cells for many years [38,39]. The first small molecule
inhibitors targeting specifically EGFR were introduced for clinical applications from
2004 onwards as first generation inhibitors, including gefitinib and erlotinib [38,39].
Since then, EGFR TKils have become standard therapy for NSCLC patients harbouring
EGFR mutations. First generation EGFR inhibitors abrogate EGFR signalling by
reversibly binding to the tyrosine kinase domain of EGFR, thus blocking ATP from
binding and preventing ATP-dependent phosphorylation by tyrosine kinase activity
[40]. While patients respond well to TKI therapy, resistance mechanisms eventually
emerge. Often, these occur in the form of novel secondary point mutations in EGFR
that confer insensitivity towards TKIls by preventing physical interaction between the
inhibitor and its previous binding site at the tyrosine kinase domain. Prompted by the
acquired resistance mechanisms in EGFR-driven NSCLC, the search for advanced
inhibitors combating this issue continued. This resulted in the development of second
generation TKiIs, that irreversibly bind to EGFR, and third generation TKIs including
osimertinib, which also irreversibly bind and block the ATP-binding site of EGFR, as
well as possess a higher specificity towards EGFR mutants carrying secondary
mutations [43,105,106]. While treatment approaches with third generation TKIs or
sequential administration of inhibitors have delayed tumour progression, the problem
of acquired mutations leading to TKI insensitivity still remains, together with multiple
other mechanisms of resistance that are autonomous from EGFR signalling. EGFR-
independent resistance mechanisms include amplifications of MET, HER2 or FGRF
receptors, which mediate bypass signalling in place of EGFR and activate the same
downstream pathways, including PI3K-AKT and RAS-MAPK-ERK cascades [55,107—
112]. Additionally, AXL and FAS/NF«kB signalling can also function as bypass pathways
upon EGFR inhibition [50,52,53,113]. Due to the limited benefits of EGFR-specific TKI
monotherapy, approaches that combine EGFR TKIs with other treatment modalities
have gained more attention over the last decade, with the goal of improving efficacy of
EGFR-targeted therapy. To obstruct activation of bypass signalling, multiple clinical
trials are ongoing that combine EGFR inhibition with other targeting compounds. For
example, two studies specifically focus on targeting MET ampilification in addition to

oncogenic EGFR signalling [114,115]. In the TATTON study, EGFR-mutated and MET-
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amplified NSCLC patients are selectively treated with a combination of osimertinib and
savolitinib, a MET inhibitor [115]. Another trial (ORCHARD) focusses on patients,
resistant to EGFR-TKI after first-line treatment with osimertinib that have acquired MET
amplification and also administer a combination of osimertinib and savolitinib [114].
Apart from MET inhibition, more clinical trials investigate the potential benefits when
blocking other key factors in EGFR downstream pathways of bypass signal
transmission, such as abrogating JAK1 or AXL activity, in combination with inhibition

of EGFR, to try and circumvent resistance mechanisms [116—118].

In contrast to the approaches mentioned above, that combine targeted therapy in an
attempt to normalise aberrant oncogenic signalling in tumour cells, another focus lies
on establishing treatment modalities that engage and stimulate other components of
the TME to combat the tumour. Immunotherapy aims to modulate the immune cell
infiltrate in the TME towards an inflamed, activated status that prompts a rapid and
durable anti-tumour immune response. The most common type of immunotherapy
currently applied in the clinic is inhibition of immune checkpoint signalling via ICB. In
different cancer entities, ICB has shown very promising results [58]. Although it has
also improved clinical outcome for some NSCLC patients, ICB has not offered a
satisfactory alternative to targeted inhibition therapy in oncogene-driven NSCLC, due
to poor response in patients harbouring oncogenic genetic alterations [62]. In line with
this, subgroup analyses of larger clinical trials have revealed only limited benefits of
ICB therapy for patients with EGFR-driven NSCLC [63-66]. Interestingly, PD-L1
expression has been reported to be linked to oncogenic EGFR signalling, thereby
contributing to the escape of immune surveillance in tumours [62,119-122].
Furthermore, pre-clinical studies detected a downregulation of PD-L1 expression in
response to EGFR inhibition via TKIs, which could be explained by the release of
antigens upon TKI-induced tumour cell apoptosis, resulting in an enhanced immune
response [121,122]. However, whether there is a robust correlation between PD-L1
expression and patient response to EGFR TKils that can be used as a biomarker still
needs to be firmly established, as previous studies hold conflicting views on the
subject, either linking PD-L1 expression to a favourable prognosis upon EGFR TKI
treatment [123], or proposing PD-L1 as a biomarker for TKl-resistance and thus
associating poor response to EGFR inhibition in PD-L1 expressing EGFR-driven
tumours [119,120].
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In addition to ICB monotherapy, combinatorial approaches with EGFR inhibition and
ICB treatment have also gained attention in recent years, striving to further improve
and prolong tumour response over TKI treatment. This issue is still under investigation
to date in multiple studies, both pre-clinical and in clinical trials, and has not yet reached
a final conclusion. Different studies described toxicity issues upon combination of
EGFR inhibition and ICB and no significant improvements in tumour response [124—
127], while others observed durable response in EGFR-driven patients and tolerable
reaction by combination therapy [128,129]. Of note is, that studies with good tolerability
of combination therapy were conducted using erlotinib as TKI, instead of the third
generation inhibitor osimertinib. In another retrospective study that examined
sequential treatment of ICB followed by EGFR TKI, severe adverse effects were
detected in the cohort of patients that received osimertinib, with no toxicity observed in
patients receiving erlotinib following a ICB [130]. This suggests a potential cross-
reactivity of osimertinib and ICB, leading to intolerable side effects that are absent with
erlotinib. These findings indicate the importance of selecting the right EGFR TKI to
conduct combinatorial studies on EGFR-driven NSCLC. Similar to clinical data, pre-
clinical studies that examine a combination strategy using ICB and EGFR TKI have
also not reached a final conclusion yet, due to some findings indicating potential
benefits, while others do not see improvement over EGFR TKI monotherapy [131,132].
These conflicting results illustrate that investigations regarding combining EGFR TKils
with ICB still require further examination and clarification, not only in regards to overall
tumour response, but also to elucidate and uncover the underlying mechanisms that
are involved. Furthermore, it remains critical to clarify the direct and indirect role of
oncogenic signalling of tumour cell in defining and modulating the TME, which

significantly determines the success or failure of therapy approaches.

5.3 Establishment of two different EML4-ALK-driven NSCLC mouse models

NSCLC harbouring EML4-ALK chromosomal rearrangements constitute another
prominent type of oncogene-driven NSCLC. This genetic alteration was first described
in 2007 by Soda and colleagues and account for approximately 3-5% of NSCLC cases
[70]. In this cancer subtype, oncogenic signalling is facilitated by the constitutively
active tyrosine kinase domain of ALK, which is part of all EML4-ALK fusion variants.
Similar to targeted therapy of EGFR-driven NSCLC, oncogenic ALK signalling is
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treated with tyrosine kinase inhibitors that were first introduced in the clinic in 2011 with
crizotinib [45]. Since then, ALK TKIs have advanced to newer generations of inhibitors,
including alectinib, further improving tumour response in ALK+ patients and achieving
a better transfer between the blood-brain-barrier [46,47]. Comparable with other
therapy strategies that inhibit key oncogenic signalling pathways, ALK inhibitors initially
offer good tumour responses in EML4-ALK patients, however tumours eventually
progress due to the emergence of resistance mechanisms [133]. The complexity of
designing an appropriate treatment strategy is further increased by differences
between EML4-ALK variants regarding their metastatic potential and aggressive
phenotype, leading to poorer clinical outcome in EML4-ALK variant 3 patients,
compared to either variant 1 or variant 2 patients [134]. In line with these findings,
EML4-ALK variant 3 patients have also displayed a higher tendency of developing
resistant mechanisms in response to ALK inhibition, resulting in TKI insensitivity in
tumours [135]. These factors illustrate the importance of differentiating between EML4-
ALK variants and discourage the assumption that oncogenic mechanisms of one
EML4-ALK variant can be universally applied to other variants. Mechanisms of
resistance that have been identified in EML4-ALK tumours can be divided into
processes dependent on ALK signalling, and ALK-independent mechanisms.
Secondary and tertiary mutations in the ALK gene, leading to conformational changes
of the fusion protein and thus preventing ALK inhibitors to bind to the tyrosine kinase
domain, constitute the main resistance mechanisms reinstating oncogenic ALK
signalling. ALK-independent mechanisms can involve activation of bypass signalling
pathways, such as EGFR or MEK signalling, that contribute to tumour growth and
progression in the absence of ALK signalling [50-53]. Epithelial-to-mesenchymal
transition can also convey TKI insensitivity by enabling tumour cells to invade blood
vessels and metastasise at secondary tumour sites [54]. In line with this, studies
examining EML4-ALK NSCLC patients detected increased expression of the
mesenchymal marker vimentin in ALK TKl-resistant cases, as well as a downregulation
of the epithelial marker E-cadherin [136,137]. Furthermore, co-occurrence of other
genetic alterations can also result in TKI resistance, such as mutations in the tumour
suppressor gene p53, further promoting tumour cell survival and proliferation [85]. In
line with this, overexpression of MYC, a transcriptional regulator for different tumour-
promoting processes, was linked to both crizotinib- and alectinib-insensitive EML4-ALK
NSCLC [138].
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To overcome resistance mechanisms in EML4-ALK NSCLC, different approaches
applying ALK inhibitory treatment in combination with other compounds targeting
additional factors are currently under investigation. As MEK signalling is one main
pathway that is not only induced by oncogenic ALK signalling, but also activated by
bypass pathways following TKI resistance, multiple clinical trials are ongoing that
investigate treatment strategies combining ALK TKls with MEK inhibition
(NCT03202940, NCTO04005144). Other avenues of research are using other
combinatorial approaches that also target the vascular system to normalise blood
vessels in the TME, and combine ALK inhibitors with anti-angiogenic compound
bevacizumab, targeting VEGF (NCT03779191, NCT04227028). Shifting focus to the
clearance of tumour cells in TME facilitated by an active immune response,
immunotherapy has also been an active field of study for EML4-ALK-driven NSCLC.
Patient data of ALK+ NSCLC tumours indicated significantly higher expression of PD-
L1 compared to ALK wildtype tumours [61]. This finding confirms pre-clinical data,
detecting upregulation of PD-L1 expression in EML4-ALK-transfected cells, as well as
increased levels of PD-L1 in patient-derived EML4-ALK variant 1 and variant 3 cells
[139,140]. Studies have shown that upregulation of PD-L1 by EML4-ALK is mediated
by activation of MEK/ERK and PI3K/AKT pathways in response to oncogenic ALK
signalling. In line with these results, inhibition of ALK signalling either by TKI treatment
or knockdown, blocked upregulation of PD-L1 in NSCLC cells, further confirming a
regulatory role of ALK activity on PD-L1 levels in EML4-ALK-driven cancers [61,139].
Despite the regulatory link between inhibitory PD-L1 expression and oncogenic ALK
signalling, initial results from case report studies or retrospective analyses of larger
trials do not indicate satisfactory response in ALK+ patients treated with ICB [30]. First
pre-clinical studies that have investigated potential benefits of combining ICB with ALK
inhibition have yielded similar unsatisfactory results, with no higher efficacy observed
in combination cohorts over TKI monotherapy [139,141]. While initial findings propose
no improvement, due to low number of studies conducted on the subject of targeting
both immune checkpoints and oncogenic ALK signalling, combinatorial approaches
should not be disregarded yet. Further investigations can explore and optimise therapy
administration strategies and timing, also in regards to TKI-resistant tumours. In
general, it can be said that research efforts on immunotherapy approaches in the
context of EML4-ALK-driven NSCLC are still in the early stages, such as initial

strategies combining ALK inhibition with ICB or adoptive cellular transfer procedures.
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Therefore, more studies are required to properly evaluate their potential benefits on

tumour development and patient outcome, as well as their impact on the TME.

5.4 Concluding remarks

The development of targeted therapy for lung cancer, particularly for cases harbouring
oncogenic driver mutations, has considerably enhanced tumour response and
improved outcome and quality of life for patients compared to previous alternative
treatment approaches. Simultaneously, more inhibitors are still being developed
against new targets, further increasing treatment options for oncogene-driven NSCLC
patients. Despite this success, targeted therapy still has inherent limitations due to the
emergence of resistance in tumour cells. In addition, intratumoral molecular and
cellular heterogeneity can make the choice of treatment even more complex. Apart
from tumour cells, it is also imperative to elucidate the effects of targeted therapy on
other cellular factors in close proximity to the cancer, as the TME represents a critical

factor that facilitates or limits tumour response and an active immune response.

This work examined different targeted therapeutic approaches in oncogene-driven
NSCLC and considered the impact of therapies on the different components of the
TME. Studies on the consequences of anti-angiogenic treatment in the TME elucidate
underlying mechanisms pertaining to an increasingly aggressive phenotype of tumours
observed in response to anti-angiogenic treatment dependent on EphA2 (chapter 2).
In addition, this work investigated inhibition of oncogenic signalling in EGFR-driven
NSCLC and examined changes mediated by targeted therapy on the immune cell
infiltrate of the TME (chapter 3). Lastly, essential steps were taken by establishing
different oncogene-driven mouse models that allow investigation of acquired
resistance mechanisms, as well as further exploration on the influence of oncogenic

signalling on the TME (chapter 4).
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Supplemental Figures

Figure S1
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Figure S1. Specific knockdown of tumor VEGFR2 or drug-induced inhibition
of VEGFR2 signaling in NSCLC cells induces an invasive phenotype in vitro
and in vivo. Related to Figure 1. A, Western blot analysis of VEGFR2 expression
in NSCLC cells. Actin served as loading control. H441 NSCLC cells have the highest
VEGFR2 expression compared to H1975 and A549 NSCLC. B, gRT-PCR of
VEGFR2 expression in H441 pLKO.1 e.v. and VEGFR2 KD cells. VEGFR2 KD
cells showed up to 14 times reduced VEGFR2 expression compared to pLKO.1
e.v. cells. (**p<0.001) C, Representative invasion assay images for H441 wt
spheroids with or without VEGF stimulation. D, Cell viability curve from CTG®-
Assay with GI50 values for H441 and H1975 with ZD6474 treatment. E, Western
blot analysis of resistance to EGFR inhibition by ZD6474 in three cell lines as
indicated. Downstream signaling also showed no alteration upon ZD6474 treatment
compared to DMSO control. F-I, Representative invasion assay images and the
corresponding quantification as mean % of invasion (n=10) in three different NSCLC
cell lines. H441, H1975 and A549 spheroids were not stimulated, VEGF- stimulated
or treated with DMSO or ZD6474. VEGF stimulation had no effect on invasion
whereas ZD6474 increased invasion all cell lines compared to DMSO control.
(*p<0.005, **p<0.01,"**p<0.001) J and K, Quantification of Ki-67- positive cells
for orthotopically injected H441 tumors and rib cages as indicated. Line with

number represents the number of mice for each group.
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Figure S2
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Figure S2. Drug-induced inhibition of VEGFR2 signaling in NSCLC cells
induces a strong invasive phenotype in vivo in H1975 NSCLC and syngenic
KP938.3 NSCLC. Related to Figure 1. A-C, Summary of orthotopically injected
H1975 cells into lungs of nude mice. A, Representative photos and IHCs of resected
lungs of the H1975 setting. Mice received vehicle (n=6) or ZD6474 (50mg/kg every
second day) (n=6). ZD6474 treatment results in invasive tumor growth for H1975
cells. Black arrows indicate lung metastases. IHC staining of resected lungs for
hematoxylin and eosin (H&E) and human Ki-67, indicating injected human tumor
cells. Scale bars: 200pum or 100pm as indicated. B, Total amount of lung metastases
for all mice in the H1975 setting. Each square represents one mouse (n.s.= not
significant) and the line indicates the mean. C, Images of rib cages after lung
resection. Vehicle treatment resulted in rib cages with very few infiltrating metastases.
ZD6474 treatment shows strong infiltration of the rib cages with tumor mass. Black
arrows highlight tumors. D and E, Quantification of Ki-67-positive cells for
orthotopically injected H1975 tumors and rib cages as indicated. Line with number
represents the number of mice for each group. VEGFR2 inhibition induces an EMT-
like phenotype. F, gRT-PCR of E-cadherin and B-catenin expression in H441 wt,
H441 pLKO.1 e.v. and VEGFR2 KD cells. The data are plotted relative to H441 wt
cells. VEGFR2 inhibition reduced the expression of the two EMT-markers. G,
Representative IHC stainings for E-cadherin and B-catenin of resected lungs from
different H441 cells as indicated. Scale bars: 100um. E-cadherin expression is slightly
reduced under VEGFR2 inhibition compared to H441 wt. p-catenin shows increased
translocation to the nucleus for VEGFR2 inhibition (KD or ZD6474) whereas wt cells
showed membrane staining. G-K, Quantification of E-cadherin and B-catenin staining
for resected lungs and rib cages as indicated. (*p<0.005, **p<0.01) n=9 for each group
L, Two IHC examples for VEGFR2-high and -low expression in human NSCLC patient
samples. The VEGFR2-high-expressing sample displayed p-catenin and E-cadherin
expression at the membrane whereas the low-VEGFR2 sample showed higher
incidence of -catenin at the nucleus and lower expression of E-cadherin compared
to the VEGFR2-high sample. Black arrows indicate nuclear staining for p-catenin.
Scale bars: 100um. M, Number of lung metastases found in the rib cage of the
syngenic mouse model injected with KP938.3 tumor cells, either treated with vehicle
or ZD6474. Each square represents one mouse and the line indicates the mean. Next
to the number of lung metastases, representative images of the rib cage from vehicle-

100



and ZD6474-treated mice, and IHC stainings for H&E and EMT markers E-cadherin

and p-catenin are shown. Scale bars: 100um and 500um.

Figure S3
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Figure S3. Inhibition of tumor cell VEGFR2 signaling and not antivascular
effects within the tumor microenvironment induces an invasive phenotype
in NSCLC. Related to Figure 2. A, Images, IHCs of resected lungs, uCT and rib
cage images of orthotopically injected H441 VEGFR2 NSCLC cells into nude
mice. Mice carrying H441 VEGFR2 cells received vehicle (n=6) or ZD6474 (n=6).
Lung metastases are indicated by black arrows. IHC stainings of resected lungs
for H&E. Images of infiltrated rib cages for VEGFR2 injected cells under vehicle
and ZD6474 treatment. Representative uCT images before therapy, two and four
weeks of ZD6474 or vehicle therapy. The heart is marked in red with a circle and
the capital letter H. The tumors are indicated by red arrows. Formation of
VEGFR2-EphA2 heterocomplex is reduced upon VEGFR2 inhibition in
HCC1359 and H1650 NSCLC cells. B, Western blot analysis of VEGFR2 and EphA2
immunoprecipitation (IP) in H441, HCC1359 and H1650 NSCLC cells. Next to the
normal cell lines without any treatment (no treatment), H441 and HCC1359 cells were
also treated with ZD6474 and an unspecific IgG antibody was included as control.
For input control, whole cell lysate was loaded using 10% of protein concentration
used for the IP. C, HCC1359 and H1650 cells were used for PLA with ZD6474
treatment and DMSO as control. Quantfication of average PLA spots per cell in both
cell lines as indicated. A decrease of interaction between VEGFR2 and EphA2 upon
ZD6474 treatment can be observed. MET signaling has no effect on VEGFR2
signaling in NSCLC. D, Western blot analysis for pMET in H441 and H1975 cells.
Cells were stimulated with different concentrations of VEGF and HGF or in
combination as indicated. Western blots were stained for pMET, total MET and
actin as loading control. VEGF or HGF stimulation had no effect on pMET in either

cell lines.
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Figure S4
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Figure S4. EphA2 KD prevents VEGFR2 inhibition-induced tumor cell invasion
in vitro. Related to Figure 3. A, Viability curves of H441 pLKO.1 e.v. and sh-EphA2
harboring cells. EphA2 KD does not affect cell viability (n=9 for each group). B
Representative images of invasion assay for H441 pLKO.1 e.v. and sh1-EphA2 cells
for no stimulation and the corresponding Oh images for DMSO and ZD6474
treatment. The 20h images are in Figure 3C. C, Representative images of invasion
assay with H441 pLKO.1 e.v., sh2-EphA2 and sh3-EphA2 cells without stimulation,
with DMSO and ZD6474 treatment. ZD6474 induced invasion in pLKO.1 e.v. cells,

whereas the sh-constructs inhibited invasion.
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Figure S5
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Figure S5. EphA2 KD prevents VEGFR2 inhibition-induced tumor cell invasion
in vivo. Related to Figure 3. A, Summary of pLKO.1 e.v., sh2-EphA2 and sh3-
EphA2 orthotopically injected H441 cells. Representative photos of resected lungs
and IHCs are shown. Mice were treated every second day with either vehicle or
ZD6474 (50mg/kg). Each setting included 6 mice. Black arrows indicate lung
metastases. IHC staining of resected lungs for Hematoxylin and Eosin (H&E) and
human Ki-67, indicating injected human tumor cells. Scale bars: 500pym or 200um
as indicated. B, Quantification of Ki-67-positive cells for orthotopically injected
H441 tumors as indicated. Line with number represents the number of mice for each
group. C, Quantification of collagen Il staining for H441 pLKO.1 e.v. and sh-EphA2
tumors under different treatment conditions as indicated ((n=6 per group), *p<0.05,
**p<0.01, ***p<0.001) D, Representative images for collagen Il staining for H441
pLKO.1 e.v. and sh-EphA2 tumors under vehicle and ZD6474 treatment. The sh-
EphA2 tumors showed reduced collagen Il staining with well-ordered collagen
fibers. E, Images of rib cages after lung resection for pLKO.1 e.v., sh2 and sh3
EphA2 injected cells. Vehicle treatment resulted in clean healthy rib cages. ZD6474
treatment showed increased infiltration of the rib cages with tumor mass for pLKO.1
e.v. injected mice. The sh-EphA2 injected mice showed a slight infiltration. Black

arrows highlight tumors.
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Figure S6
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Figure S6. Drug-induced inhibition of EphA2 abrogates tumor cell invasion
during VEGFR2-targeted treatment. Related to Figure 3. A, Viability curve for
H441 cells with BMS-354825 incubation for 96h in increasing concentrations as
indicated. B, Total numbers of lung metastases for all mice under different
treatment conditions with ZD6474 and BMS-354825 as indicated. Each square
represents one mouse. (*p<0.05, **p<0.01, ***p<0.001) C, Representative photos
and IHCs of resected lungs of orthotopically injected H441 wt cells. Mice received
vehicle (n=5), BMS-354825 (n=8), BMS-354825 + ZD6474 (n=9) or ZD6474 (n=7).
IHC staining of resected lungs for H&E and human Ki-67. BMS-354825 reduced the
incidences of lung metastases and animals with rib cage infiltrations. D,
Quantification of Ki-67- positive cells for orthotopically injected H441 tumors with
different treatment conditions as indicated. Line with number represent the amount

of mice for each group.
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Figure S7

A

1pg/ml EphrinA1 -+
1 pg/ml igG Fe - - -
40 ng/ml VEGF & =

pSer897 EphAz

total EphA2 - Q

BABE e.v. EphA2 EphA2 BABE e.v. EphA2 EphA2
3 a S%QTA P i 897A
EphA2 IP controls (Beads + Lysate)

o

c

H441 EphA2 SB97A

H441 EphA2

H441 pBABE e.v.

600

O No treat.
W VEGF

82
S o

200

Mean % of invasion (n=10)
g
o

100
0
PBABE e.v. EphA2 EphAZ S897A
E PBABE e.v. EphA2 S897A F
+ vehicle + vehicle
2
B 106 B pBABE e.v.
3 b [ EphA2
g
3 £ s o msmens _ns po HEPHA2SHTA
2 60
5
< 40
s
220
w § 0
% i No treatment vehicle ZD64T4

human Ki-67

HCC1359

50 n=10

B DMSO
40+ @ ZDe474

Mean % of invasion (n=4)

WT  pBABE EphA2
ev. SBITA

107



Figure S7. EphA2 S897 phosphorylation is required for tumor cell invasion
upon VEGFR2 inhibition in H441 and HCC1359 cells. Related to Figure 4. A,
Western blot analysis of IP for EphA2. H441 wt, EphA2 and EphA2 S897A cells were
treated with EphrinA1, IgG control or VEGF. IPs were stained for pS897 antibody
(AB) to confirm S897A mutation. EphrinA1 reduced pS897 activation whereas
VEGF treatment did not affect pS897 phosphorylation. EphA2 total staining shows
that EphA2 was targeted by the AB, and that EphA2 and EphA2 S897A cells
overexpress the constructs. Control lysates represent lysate incubated with
beads without AB. B, Corresponding spheroid images of invasion assay for
pBABE e.v., EphA2 and EphA2 S897A cells at Oh. The 20h end-results are shown
in Figure 4A. C and D, Representative images and quantification as mean
percentage of invasion assay for H441 pBABE e.v., EphA2 and EphA2 S897A with
and without VEGF stimulation. EphA2 overexpression increased invasion compared
to ev. and S897A cells without stimulation. VEGF reduced invasion in EphA2
overexpressing cells but had no effect on invasion in e.v. and S897A expressing
cells. (***p<0.001); Scale bars: 250um. E, Representative photos of resected lungs
and IHCs of pBABE e.v. (n=5), EphA2 (n=6) and EphA2 S897A (n=6) injected mice
with vehicle treatment. Black arrows indicate lung metastases. IHC staining of
resected lungs for H&E and human Ki-67, indicating injected human tumor cells.
Scale bars: 500uym or 1000um as indicated. The ZD6474-treated settings are shown
in Figure 4D. F, Quantification of Ki-67-positive cells for orthotopically injected H441
tumors with different constructs and different treatment conditions as indicated. Line
with number represent the amount of mice for each group. G, Invasion assay using
HCC1359 wt, pBABE e.v. and EphA2 S897A mutant cells. Quantification was
performed using mean percentage of invasion after 20h. Spheroids were treated with
ZD6474 or DMSO as control. An increased invasive phenotype upon VEGFR2

inhibition can be observed in cells expressing only wild-type EphA2.
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Figure S8
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Figure S8. EphA2 S897 phosphorylation is required for tumor cell invasion
upon VEGFR2 inhibition in H1975 cells. Related to Figure 4. A, Western blot
analysis of IP for EphA2. H1975 wt, pBABE e.v., EphA2, and EphA2 S897A
cells were treated with EphrinA1 or IgG control. |Ps were stained for pS897
antibody (AB) to confirm S897A mutation. EphrinA1 reduced pS897 activation in
EphA2 overexpressing cells. EphA2 total staining shows that EphA2 was targeted
by the AB and that EphA2 and EphA2 S897A cells overexpress the constructs.
Control cell lysates represent lysate incubated with beads without AB. B and C,
Quantification and representative images of invasion assay of H1975 pBABE e.v.,
EphA2 and EphA2 S897A spheroids. ZD6474 treatment induced an invasive
phenotype compared to untreated, DMSO or VEGF-stimulated settings. VEGF had
no effect on invasion. (*p<0.05, **p<0.001); Scale bars: 250pm D, Number of lung
metastases for all mice in the H1975 pBABE e.v., EphA2 and EphA2 S897A setting.
Each square represents one mouse. The mean is indicated by a line. (*p<0.05,
**p<0.001, n.s.=not significant). ZD6474 treatment (50mg/kg every second day)
increased the number of lung metastases in pBABE e.v. and EphA2 mice. EphA2
S897A injected mice reduced lung metastases. E, Representative photos and
IHCs of resected lungs of H1975 pBABE e.v. (vehicle n=5, ZD6474 n=6), EphA2
(vehicle n=6, ZD6474 n=6) and EphA2 S897A (vehicle n=6, ZD6474 n=5)
orthotopically injected mice. ZD6474 treatment results in invasive tumor growth of
H1975 pBABE e.v. and EphA2 cells. H1975 EphA2 S897A tumors showed compact
encapsulated shape. Black arrows indicate lung metastases. IHC staining of
resected lungs for Hematoxylin and Eosin (H&E) and human Ki-67, indicating injected
human tumor cells. Scale bars: 500um or 1000pm as indicated. F, Quantification of
Ki-67- positive cells for orthotopically injected H1975 tumors using different
constructs and different treatment conditions as indicated. Line with number
represents the amount of mice for each group. G, Images of rib cages after lung
resection. Vehicle treatment resulted in nearly empty rib cages, however EphA2
overexpression showed strong infiltration. ZD6474 treatment shows increased
infiltration of the rib cages with tumor mass for pBABE e.v. and EphA2 mice. EphA2

S897A mice had clean empty rib cages. Black arrows highlight tumors.
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Figure S9
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Figure $9. VEGFR2 inhibition does not induce S897 EphA2 in vitro. Related to
Figure 4 and 5. A, Western blot analysis of H441, H1975 and A549 cells for pS897
EphA2, pRSK signaling under VEGFR2 inhibition with ZD6474 and DMSO control.
Lysates were generated at different time-points as indicated. RSK controls S897
EphA2 phosphorylation. B, Western blot analysis of NSCLC cell lines for pS897
EphA2 and pRSK signaling under RSK inhibition with 1uM BI- D1870 and DMSO
control. Actin served as loading control. Lysates were generated at different time points
as indicated. Cell lines are sorted in columns depending on the mutation status. RSK
inhibition reduced pS897 EphAZ2 in all cell lines except for H1650. C, Western blot
analysis of NSCLC cells under 4h 10uM BI-D1870 and DMSOQO treatment for pS897
EphA2 and pRSK. Actin served as loading control. Bl- D1870 inhibited pS897 EphA2

in most cell lines.
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Figure S10
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Figure S10. MEK inhibition reduces S897 EphA2 phosphorylation. Related to
Figure 5. Western blot analysis of NSCLC cells for pS897 EphA2, pRSK and pERK
signaling under MEK inhibition with 0.5uM PD0325901 and DMSO control as indicated.
Lysates were generated at different time-points as indicated. PD0325901 reduced

pS897 EphA2 in all cell lines as well as phosphorylation of downstream pRSK.
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Figure S11
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Figure S11. EphA2 S897 is a substrate of AKT. Related to Figure 5 and Graphical
abstract. A, Western blot analysis of pS897 expression in NSCLC cell lines. Actin

served as loading control. H441 and A549 present similar amount of pS897 whereas
H1975 show the lowest. B, Western blot analysis of IP for EphA2 in pBABE e.v,,
EphA2 and EphA2 S897A-expressing H441 and H1975 NSCLC cells. Staining with
an AKT substrate antibody confirmed that S897 is a substrate of AKT since the

mutant showed no signal. Activated AKT induces invasion. C and D, Representative

images of spheroids from the invasion assay and corresponding quantification of

mean-% of invasion with H441 pBABE e.v. (control) and myr-AKT transduced cells.

Myr-AKT cells induced invasion which could be reduced upon VEGF treatment

(n=10 per group, **p<0.01, ***p<0.001).
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Figure S12

KRAS mut
& 1 M MK2206
& S
© Q\* NS a® g g @ T ASAS (TPS3 wt)

N s W i e w —— PSBIT EphA2

N e o e - o0l Epha2

PAKT

-

.-----.‘ total AKT
s W —— T ctin

1M MK2206
o
L
‘,p" Q*QP W & ,Lh'o H441 (TP53 mut)
0 I B o e . PS°S7 EPRAZ

o e 0 B B S B e total EphA2
e L PAKT

—— T — o - t0tal AKT

— O — T — o — /\C1iN

RL1784 RL1785

)
& o
GRS 4T 4 gt VT g 4 g Han

psSas7 EphA2

EGFR mut

1 uM MK2206

&© o\% S
4 & %\ @ sy sy DPS837 EphA2

- f=d -’mna total EphA2

— PAKT

&
o S T HIOTETPEI MU 0 GF o g e o
————— -

s oy e S e o1l Ephaz

FGFR1amp

1 uM MK2206

S
&5 o H1581 (TPS3 mut)
pS887 EphA2

PAKT

e W s SENp Y S ey w— I0ia] AKT

- — /1

W o ——— — — tota] AKT

— S g—— Actin

EGFR mut
& 1 UM MK2208 o 1 uM MK2208
& o r
7 G a0 0 o 8% S Hece2T (TPSIdel) g0 dl*qo.‘v A% 0 @0 8" " H1850 (PTEN loss)

e B B 8 S S T pseT Ephaz

= 1=} -1

4 total EphAZ
-

PAKT

T — g p— ey lotal AKT

4 B . may PSEOT EphA2

:.-m.u total EphA2

— —
T T RN PN T vy (ol AKT

PAKT

— oy g U W —— Aclin

: 1 4M MK2208
& < e

LG g 0 @ o PCY(TPSI mu)

pSB8T EphA2

- — .

wn
- e MNP R e e

PAKT

T — T P === = total AKT

- o —\clin
RL1784 RL1785
)
Qﬁ NSt e gt At W o H19TS
- — L. PS8B97 EphA2

'.....-.-’ total EphA2 total EphAZ
- -— PAKT PAKT
e~ & 2 A 1 1 1 1 L __JNUTPY.e total AKT
“w-lﬂ | Actin Actin
tp53 mut tp53 del tp53 mut EGFR mut tp53 wt tp53 mut tp53 mut
EGFR mut EGFR mut EGFR mut PTEN loss KRAS mut KRAS mut FGFR1 ampli.
H1975 Hccaz? PC9 H1650 A549 Ha41 H1581
+ - + - -+ + - -+ - -+ - = o =
+ + - -+ -+ - -+ - -+ - -+
[ I '

e e

—— ., | N

———

e N o S e SR o e Sy e e e ey —
— T gy -— - o — - vy . Y e

—— e e —— ———— ST TV e gy o) ([ ey
SRES—~ == = ==l === ==bsm—-
EmsEEEs s == Oy == ks
| gy G ——— ey e | | sy ey e e vy [ e

115

Actin

1gG ctrl.
EphrinA1
pS897 EphA2

total EphA2
pRSK

total RSK1
total RSK2
pPAKT

total AKT
PERK

total ERK

Actin



Figure $12. AKT inhibition does not reduce pS897 EphA2. Related to Figure 5 and
Graphical abstract. A, Western blot analysis of NSCLC cell lines for pS897 EphA2
and pAKT signaling under AKT inhibition with MK2206 and DMSOQO control. Actin
served as loading control. Lysates were generated at different time points as
indicated. Cell lines are sorted in columns depending on the mutation status. AKT
inhibition did not result in pS897 EphA2 reduction. B, Western blot analysis of H441
and H1975 with a covalent- allosteric AKT inhibitor RL1784 and the reversible
counterpart RL1785 (not commercially available) for pS897 EphA2 and pAKT
signaling. Actin served as loading control. The inhibitors did not alter S897
phosphorylation upon target inhibition. EphrinA1 is a negative regulator of $897
EphA2 phosphorylation. C, Western blot analysis of NSCLC cells with 30 min
EphrinA1, corresponding IgG control or no treatment for pS897 EphA2, pRSK, pAKT
and pERK status. Actin served as loading control. In all cell lines with the exception of
H1650, the presence of EphrinA1 reduced S897 EphA2 phosphorylation.
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Chapter 3 — Supplementary materials

. cancers fin\:@

Supplementary materials

EGFR Inhibition Strongly Modulates the Tumour Immune
Microenvironment in EGFR-Driven Non-Small-Cell Lung Cancer

Carolin Selenz 2, Anik Compes 23, Marieke Nill 12, Sven Borchmann ', Margarete Odenthal ¢, Alexandra Florin 4,
Johannes Brigelmann 235, Reinhard Biittner ¢, Lydia Meder *>**, and Roland T. Ullrich 12*

Figure S1. Infiltration of immune cells in EGFRY%R-driven tumours is elevated upon EGFR
inhibition. (A) Images from stained FFPE tumour material either after H&E or
immunohistochemistry staining with the indicated antibodies, identifying EGFRM3} tumour cells,
general T-cells, CD4* T—cells, CD8" T-cells and CD45* B-cells. One representative lesion from each
therapy group is shown. Scale bars indicate 100 pm.
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Figure S2. EGFR inhibition does not increase PD-1 levels. (A) Mean fluorescent intensity data of
PD-1 expression of cytotoxic CD8* T-cells. Data are shown as the mean with SD, statistical test used
was the Kruskal-Wallis test to compare all therapy groups (statistically significant changes are
indicated across all groups as follows: ¥, p < 0.05). (B) Mean gene expression z-score of Cd274
(PD-L1) and Pdcd1lg2 (PD-L2). Data are shown as violin plots.
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Figure S3. EGFR inhibition does not increase circulating cytokines. (A) Heatmap of z-scores of
circulating cytokines quantified by multiplex Luminex analysis in sera of mice treated with vehicle,
aPD-1, erlotinib or aPD-1 + erlotinib, as indicated. Colour gradient ranges from minimum (blue) to
maximum (red) z-score value for each cytokine. (B-C) Circulating levels of cytokines (B) M—CSF and
(C) IL12-p40 in sera of mice (D) Kaplan-Meier survival curve of mice bearing EGFR'5*f-driven lung
tumours from indicated therapy groups (statistically significant changes are indicated as follows:
**, p <0.01; ****, p <0.0001).
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Table S1. Immune cell-specific transcripts.

Cell type Genes

mDC CCL13  CCl17 CCL22  HSD11B1

iDC CD1A cpis CD1E F13A1 SYT17

[aDC CCL1 EBI3 IDO1 LAMP3 0AS3

pDC IL3A

Macrophages |APOE ccLy CcDe8 CHIT1 CXCL5  MARCO MSR1
Mast cells CMAL  CTSG KIT MS4A2 PRGZ  TPSABL
Neutrophils CSF3R  FPR2 MME

Eosinophils CCR3 ILSRA PTGDR2 SMPD3 THBSL

|8-cells BLK CD19 CR2 HLA-DOB  MS4A1 TNFRSF17

T-cells CD2 CD3E CD3G CDe

Thl CD38 C5F2 IFNG IL12RB2 LTa CTLA4 TXB21 STAT4
Th2 CXCR6  GATA3 1126 LAIR2 PMCH SMAD2 STAT6
Th17 IL17A IL17RA RORC

Tfh CXCL13 MAF PDCD1  BCLE

Treg FOXP3

ICytotoxic CD8 |CD8A CD8B FLT3LG GIMM PRF1

gdTcells CD160 FEZ1 TARP

NK cells BCL2 FUT5 NCR1 ZNF205

[CD56bright FOXJ1  MPPED1 PLA2G6 RRAD

ICDSBdim GTF3C1 GZMB IL21R
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Supplementary fiqures

Establishment of multiple EML4-ALK-driven NSCLC mouse

models

A - vehicle 6 mg/kg alectinib 20 mg/kg alectinib

* vehicle MRI endpoint at 4 weeks

Figure S7. Scans of autochthonous EML4-ALK NSCLC mouse model. (A) Lung scans are
shown of representative mice from each therapy group at different time points (wO= directly before
therapy start, w2, wb= 2 and 5 weeks after therapy start, respectively), blue arrows indicate target
lesions.
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Figure S8. T-cell subtypes in murine EML4-ALK/p53 tumours in response to
ALK inhibition. (A-B) Flow cytometry analysis of s.c. EML4-ALK/p53 variant 1
(EAv1.1; A) and variant 3 (EAv3.2; B) tumours, looking at intratumoral infiltration of
v6T-cells, NK T-cells, CD4+ and CD8+ T-cells in vehicle and alectinib treated
tumours. Data are shown as mean with SD.
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