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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. 
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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-α (TGF-α), 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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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 

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. 
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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/STAT3 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 naïve 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]. 

 

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. 
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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 (TKIs) 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 TKIs 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 

TKIs, 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 TKI and 

ALK is a common mechanism of resistance that leads to TKI-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 

p53, 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 TKIs 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. I 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, I 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, I 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. 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

 

Chapter 2 – Inhibition of tumour VEGFR2 induces serine 897 

EphA2-dependent tumour cell invasion and metastasis in 

NSCLC 

 

Caroline Volz*, Sara Breid*, Carolin Selenz *, Alina Zaplatina, Kristina Golfmann, 

Lydia Meder, Felix Dietlein, Sven Borchmann, Sampurna Chatterjee, Maike Siobal, 

Jakob Schöttle, Alexandra Florin, Mirjam Koker, Marieke Nill, Luka Ozretić, Niklas 

Uhlenbrock, Steven Smith, Reinhard Buettner, Hui Miao, Bingcheng Wang, H. 

Christian Reinhardt, Daniel Rauh, Michael Hallek, Amparo Acker-Palmer, Lukas C. 

Heukamp, Roland T. Ullrich 

* shared-first author 

Cell Rep. 2020 Apr 28;31(4):107568. doi: 10.1016/j.celrep.2020.107568 
NB. Primary literature in American English 

 

 

 

 

Specific author contributions: 

 Proximity ligation assays and analyses of NSCLC cell lines H441, H1650, 

H1975, HCC1359 and A549 upon VEGFR2 inhibition through ZD6474 

treatment 

 Co-immunoprecipitation experiments with NSCLC cell lines H441, H1650, 

H1975 and HCC1359 

 Western blot analysis of NSCLC cell lines upon VEGFR2 inhibition through 

treatment with ZD6474 

 Spheroid invasion assays of NSCLC cell line HCC1359 upon VEGFR2 

inhibition 

 Figure editing, generation of graphical abstract 

 Manuscript editing, revision and submission 



21 
 

 



22 
 

 



23 
 

 



24 
 

 



25 
 

 



26 
 

 



27 
 

 



28 
 

 



29 
 

 



30 
 

 



31 
 

 



32 
 

 



33 
 

 



34 
 

 



35 
 

 



36 
 

 



37 
 

 



38 
 

 



39 
 

 



40 
 

Chapter 3 – EGFR inhibition strongly modulates the tumour 

immune microenvironment in EGFR-driven non-small-cell lung 

cancer 

 

Carolin Selenz, Anik Compes, Marieke Nill, Sven Borchmann, Margarete Odenthal, 

Alexandra Florin, Johannes Brägelmann, Reinhard Büttner, Lydia Meder, and Roland 

T. Ullrich 

Cancers (Basel). 2022 Aug 16;14(16):3943. doi: 10.3390/cancers14163943 

 

 

 

 

 

 Specific author contributions: 

 Experimental design of EGFR-driven NSCLC cohorts 

 Therapy administration and monitoring of mice 

 Data acquisition during experiment and in follow-up analyses, e.g. by flow 

cytometry 

 Formal analyses of data, concerning tumour growth, RNAseq and flow 

cytometry data 

 Establishment of transgenic EGFR-driven mouse model in group 

 Breeding and maintenance of mice 

 Design and generation of graphs and manuscript figures 

 Manuscript writing, editing and submission 



41 
 

 



42 
 

 



43 
 

 



44 
 

 



45 
 

 



46 
 

 



47 
 

 



48 
 

 



49 
 

 



50 
 

 



51 
 

 



52 
 

 



53 
 

 



54 
 

 



55 
 

 



56 
 

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 

TKIs 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 

TKIs. 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 

µg/ml streptomycin and 300 µg/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 µg/ml streptomycin (all Gibco). All cells were cultured at 37°C 

and 5 % CO2. 

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 µM. 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 µg/ml streptomycin (Gibco) and µg/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, IFNγ, IL-1α, IL-1β, 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-1α, MIP-1β, MIP-2, RANTES, TNFα, 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., Iowa, 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. 

 



59 
 

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 106 EAv1.1 or 

EAv3.2 cells suspended in 100 in each flank in 100 µl 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 (l) and 

width (w). Volume of tumours were calculated using the following formula: (w²x l)/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 106 cells/ cell type was 

injected i.p., resulting in 1 x 107 cells, in a total of 200 µl suspension volume per mouse. 

To support engraftment of ACT cells, daily doses of 1 x 105 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 μm 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-γδTCR-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-γ-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 % CO2 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 µg/ml streptomycin (Gibco) and 50 µM β-

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 hIL-2 was replenished. Cells were harvested 8-9 days after 

seeding. 

Cytokine-induced killer cells (CIKs) were seeded at 106 cells/ml in media containing 

1000 units/ml IFNγ for 24 hours. Simultaneously, 10 cm culture dishes were coated 

with 10 g/ml anti-CD3 (clone 145-2C11, Biolegend) in PBS rocking at 4°C. After pre-

stimulation with IFNγ (Miltenyi Biotech), cells were transferred onto the aCD3-coated 

culture dishes and supplemented with 300 units/ml hIL-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 hIL-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 µg/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 

106 cells/ml in media containing 10 ng/ml IL-7, 2 µg/ml anti-CD28 (clone 37.51, 

Biolegend), 20 µg/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 γδT-cell culture, 10 cm culture dishes were coated with 10 µg/ml anti-

γδTCR (clone UC7-13D5, Biolegend) for 24 hours rocking at 4°C. Subsequently, 

dishes were washed and splenocytes were seeded at a density of 106 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 hIL-2. Every 2-3 days, 50 % of fresh media was added and hIL-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, I 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, I 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, I 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, I 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, I 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, I 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 µm. 
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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, I 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 IC50 

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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After confirmation of sensitivity to ALK inhibition through alectinib treatment, I started 

investigations in cellular processes and secretion of cytokines that are altered upon 

ALK inhibition in EML4-ALK/p53 NSCLC. At the same time, I 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 

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. 
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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. 

 

 

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 TKI-insensitive NSCLC, and test novel therapy options on their potential benefits 

for TKI-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, I 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 mm3 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). I 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. 

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. 



69 
 

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, I 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), γδT-

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), I wanted to test 

potential benefits of the ACT therapy on EML4-ALK-driven tumours. Additionally, I 

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, I have 

successfully administered new treatment modalities that focus on immune-modulating 

therapies and investigated its efficacy when combined with TKI-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.  

 

 



71 
 

 

 

 

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, I 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 TKIs 

in EML4-ALK-driven cancers [75]. Therefore, it is essential to find other treatment 

strategies for TKI-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 PI3K/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 TKIs 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 TKIs 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 TKIs, 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/NFκB 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 amplification 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 TKIs 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 TKI-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 TKIs 

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 TKI-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 TKIs with MEK inhibition 

(NCT03202940, NCT04005144). 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. 



80 
 

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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Chapter 4 – Supplementary materials 

 

Supplementary figures 

Establishment of multiple EML4-ALK-driven NSCLC mouse 

models 

 

 

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 (w0= directly before 
therapy start, w2, w5= 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 

γδT-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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