
Investigating the role of the Ras/MAPK pathway in 

increasing immunogenicity of Triple Negative Breast 

Cancers 

 

 

 

 

 

Sathana Dushyanthen 

 

 

 

Submitted in total fulfillment of the requirements of the degree of 

Doctor of Philosophy 

 

 

January 2019 

 

 

 

 

Peter MacCallum Cancer Centre  

& 

Sir Peter MacCallum Department of Oncology 

Faculty of Medicine, Dentistry and Health Sciences 

University of Melbourne 



1 
 

This page is intentionally left blank. 

  



2 
 

ABSTRACT 

 

The predictive and prognostic significance of tumour infiltrating lymphocytes (TILs) has been 

highlighted in various solid cancers in recent years, where TIL infiltration has become a 

landmark biomarker of survival outcomes and response to therapy. These findings suggest 

an important role for T cell mediated immunosurveillance in influencing the biology of these 

cancers. More recently, studies have also demonstrated the prognostic value of TILs in certain 

breast cancer subtypes such as HER2-positive cancers, and in particular, triple negative 

breast cancer (TNBC), where the presence of higher levels of TILs in primary tumours was 

found to correlate with better disease free and overall survival. These associations suggest 

that immunotherapies may be effective in TNBC, a breast cancer subtype where novel 

therapies are urgently needed.  

 

Studies from our group have shown that oncogenic activation of the Ras/MAPK pathway is 

associated with significantly decreased levels of TILs and poorer survival in TNBC patients. 

This observation raises the possibility that Ras/MAPK pathway inhibition may relieve local 

immunosuppression, thereby enhancing TIL infiltrate and improving patient outcomes. 

Several studies undertaken through this thesis, in human and mouse TNBC cell lines, 

revealed that MEK inhibition (MEKi) was efficient at increasing tumour antigenicity, where 

small disruptions to MAPK signaling were able to enhance expression of immune markers 

such as MHC-I. Paradoxically, MEK signaling in lymphocytes is critical for CD8+ and CD4+ T 

cell activation, proliferation, function and survival. Therefore, the studies in this thesis aimed 

to investigate the effect of MEKi on tumour antigenicity, as well as the long-term effects of 

MEKi on T cell function. Although MEKi increased tumour antigenicity, interestingly, the data 

demonstrated that MEKi elicited inhibitory effects in both mouse and human T cells.  

 

It was hypothesised that agonist antibodies such as α-4-1BB (CD137) and α-OX-40 (CD134) 

may rescue T cell function in the presence of MEKi. The studies undertaken in Chapter 3 
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definitively demonstrated that MEKi significantly inhibits early T cell signaling, where the 

administration of immune agonists α-4-1BB and α-OX-40 in combination with MEKi, effectively 

maintained T cell frequency, proliferation and function after TCR stimulation, through the 

activation of alternative signaling pathways. As such, these results confirm that MEKi can 

prime tumour immunogenicity, and combination with either α-4-1BB or α-OX-40 agonist 

immunotherapy results in superior therapeutic efficacy due to protection of early and crucial 

TIL function in preclinical models of TNBC.  

 

Given the inhibitory effect of MEKi on T cells, the work in Chapter 4 endeavoured to develop 

a model where the effect of MEK1/2 knockdown (MEK KD) could be achieved intrinsically 

within the tumour, without affecting normal T cell function. This model would therefore allow 

the investigation into the genes that underpin the relationship between the Ras/MAPK 

pathway and tumour cell immunogenicity. Using this model, several antigen processing and 

presentation pathway genes were found to be increased following MEKi and MEK KD in 

tumours. Notably, immunoproteasome components were found to be upregulated following 

MEKi or MEK KD, suggesting that MEK suppression promotes the conversion of the 

proteasome to an immunoproteasome, thereby increasing the number of MHC-I related 

peptides for presentation to CD8+ T cells. Furthermore, RNAseq analysis of tumours cells with 

MEKi or MEK KD revealed that several extracellular matrix (ECM) remodelling genes and key 

chemokines were upregulated following MEK1/2 suppression. 

 

In summary, this work has characterised the ability of MEKi to enhance antigenicity of TNBCs, 

as well as deciphering mechanisms behind the detrimental effects involved with MEKi on T 

cell functional responses. Moreover, the studies conducted within this thesis highlight the 

strategies that may be used in order to overcome this inhibitory effect, as well as the 

alternative MAPK pathways involved in T cell rescue with agonist antibodies; through p38 and 

JNK signaling. Additionally, important factors involved in antigen processing and presentation 

and immunoproteasome conversion, associated with MEKi were discovered. This potentially 
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explains the clinical observation that RAS/MAPK activation is associated with poor TIL 

infiltrate and suggests that novel targets could be validated, and future drugs developed to 

enhance antigen presentation in cancer, that could salvage or bypass the global effects of 

MEKi on T cells. Moreover, the principle of exploiting ECM stiffness and degradation to permit 

greater TIL infiltration and function, or enhanced drug penetration, may be further developed 

as a potential therapeutic strategy for future treatment approaches in TNBC, particularly those 

which harbour mutations that activate the RAS/MAPK pathway.  
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1 Literature Review 

 

1.0  Introduction – background and the challenge  

 

The current decade has been a revolution for the field of onco-immunology. Consensus 

surrounding the presence of and importance of the interaction between the host immune 

system and the invading cancer, have seen immunotherapies rapidly translate from clinical 

trials into Food and Drug Administration (FDA) approved clinical treatment, for a variety of 

cancers. The last five years of cancer research has seen movement away from unimodal, 

traditional systemic treatments, to a rise in precision oncology and more targeted, multimodal 

strategies, due to inevitabilities surrounding disease resistance [1]. This paradigm shift 

extends to cancers such as breast, that have not traditionally been considered as 

immunogenic diseases. Oncogenic activation of several pathways in many cancers, such as 

intrinsic Ras/MAPK signaling, have led to the rationale that exploiting these genomic 

aberrations could potentially enhance the immunogenicity of tumour cells, for improved 

recognition by the immune system. Previous works by our group identified that approximately 

15% of TNBCs had alterations in the Ras/MAPK pathway at the genomic level, whereas a 

greater percentage demonstrated evidence of MEK activation at the transcriptomic level [152]. 

It is clear that both sides of the equation – the cancer itself and the host immune system, must 

be considered in treatment strategies for patients. The presence of immune infiltrate in patient 

tumours is now cemented as a prognostic biomarker, thus, one of the most pertinent questions 

in the field today, is how to convert these ‘cold’ immune desert tumours into ‘hot’ immune rich 

tumours. As such, this literature review will cover the various concepts described above; 

discussing the role and importance of several immune subsets, the utility of key 

immunotherapies, the genomic landscape in breast cancer and the current literature 

surrounding these aspects, to illustrate the magnitude of the current clinical challenge. 
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1.1 The immune system in infection and cancer 

 

The immune system is a highly complex and dynamic network of cells, organs and secretory 

factors that have a fluid evolution throughout the course of an organism’s lifetime [2]. This 

system works in harmony to protect the human body against invading pathogens (infection), 

disease and various foreign or transformed cells, through the initiation of various defence 

mechanisms. This multifaceted and elaborate network consists of immune effector cells, 

lymphoid organs and secretory molecules such as chemokines and cytokines [2, 3]. These 

classifications of immunity can be categorised into two broad types; the innate immune 

system, a non-specific and immediate first line of defence, and the adaptive system, whose 

response is secondary and consists of a long-lasting antigen-specific response that eventually 

forms memory [2]. Despite this categorisation of the two different immune arms, the innate 

and adaptive immune systems are known to closely interact with each other to mount an 

effective response against these different physical, chemical, foreign pathogens and 

transformed tissues [2]. The following sections will delineate the various cell types involved in 

both innate and adaptive immunity, and the roles each of these cells play in the detection and 

elimination of foreign pathogens and tumours. 

 

1.1.1 The innate immune system 

 

The innate immune system is the first-line, and immediate response defence system of the 

body, that acts to prevent foreign materials and invading pathogens from entering or 

eliminating pathogens that have entered [4]. Innate immunity produces an immune response 

with relatively the same magnitude every time a pathogen is encountered [5]. The innate 

immune system is composed of physical barriers and various molecules and cellular 

components. Despite lacking antigen specificity, the innate immune system is able to 
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discriminate between self (its own expressed molecules) and non-self molecules (transformed 

or foreign particles) [6]. The major immune cell types involved in innate immunity are natural 

killer cells (NK cells), dendritic cells (DCs), macrophages, neutrophils, mast cells, basophils 

and eosinophils [3]. These cells possess pattern recognition receptors (PRRs) that are able 

to recognise Pathogen Associated Molecular Patterns (PAMPs); molecules that are 

associated with pathogens and shared between microbes [3]. Additionally, PRRs can 

recognise danger associated molecular patterns (DAMPs), that are endogenous molecules 

released from damaged/dying cells. These molecules send signals about cell transformation 

and/or tissue damage in the host [3]. Upon PAMP or DAMP engagement with PRRs, an 

intracellular signaling cascade is triggered, resulting in the production of a wide variety of pro-

inflammatory molecules, thus initiating an immediate response to infection [5]. This 

inflammatory microenvironment is also required for the subsequent activation of the adaptive 

immune system, in the event that the innate immune response is not sufficient enough to clear 

the invading pathogen or develop immunological memory. This system is highly regulated by 

endogenous molecules such as PAMPs, DAMPs and Interleukins that limit the magnitude of 

inflammation to prevent immunopathology [5]. 

 

1.1.2 The adaptive immune system 

 

The adaptive immune response can be divided into two classes; the B lymphocyte mediated 

humoral response and the T lymphocyte mediated cellular response [5]. In contrast to innate 

immune cells, lymphocytes of the adaptive immune system undergo antigen specific 

activation. As such, activation of these lymphocytes leads to antigen-specific differentiation 

and expansion of these cells into a variety of subsets; helper T cells, effector T cells and 

memory T cell subsets. The memory cells possess the ability to provide a long lasting and 

repeated immune response against an antigen that they have previously encountered, thus 

allowing for a more rapid and vigorous immune response to be generated in subsequent 

exposures to the same antigen [7]. There are two main classes of lymphocytes; B lymphocyte 
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and T lymphocytes. B lymphocytes are antibody producing cells and mature in the bone 

marrow. In contrast, T lymphocytes are cellular effectors and mature in the thymus [7]. Upon 

activation, B cells act as antigen presenting cells (APCs) and can develop into memory B cells. 

B cell secreted antibodies function to protect the host via various mechanisms including 

activation of the complement cascade to help eliminate pathogens, opsonisation of pathogens 

to facilitate engulfment by innate immune cells, neutralisation of toxins, and contribution to 

cell-mediated immune responses [7]. 

 

In contrast to B cells, T lymphocytes possess the ability to eliminate intracellular pathogens 

and kill infected or transformed cells via cell-mediated mechanisms [7]. In order to undergo 

further development, precursor T lymphocytes migrate from the bone marrow to the thymus 

[7]. These thymocytes rearrange their T cell receptor (TCR) genes in the thymic cortex 

allowing each cell to express surface receptors for specific antigens [8]. Following TCR 

rearrangement and expression, both CD4 and CD8 molecules are expressed on the 

thymocyte cell surface, forming CD4 and CD8 double positive thymocytes [7]. Activation of T 

lymphocytes is reliant upon recognition of antigenic peptides presented on major 

histocompatibility complex (MHC) molecules [8]. As such, double positive thymocytes must 

undergo positive selection to ensure that they are able to react with the appropriate MHC 

receptor [8]. If this process fails, the cell is eliminated due to the lack of pro-survival signaling 

[8]. Thus, these double positive thymocytes differentiate into single positive CD4+ or CD8+ T 

lymphocytes. These newly formed naïve lymphocytes subsequently undergo a negative 

selection process to eliminate any self-reactive T cells thereby preventing auto-immunity [8]. 

Following this extensive selection process, T cells then leave the thymus and circulate through 

lymph nodes via the lymphatic system [8].  

 

Three major signaling cues exist for T cell activation. The first step involves the recognition 

and ligation of the TCR to the appropriate MHC-peptide complex; CD8+ T cells recognise 

peptides presented in the context of MHC class I whereas CD4+ T cells require the presence 
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of peptides presented by MHC class II [9]. Second, a co-activation signal is provided through 

the interaction and ligation between the co-stimulatory receptor CD28 on naïve T cells and 

membrane-bound glycoproteins CD80 and CD86 on antigen presenting cells (APC) [9]. As a 

result of this interaction, the TCR signal is amplified to promote T cell survival [9]. Finally, a 

growth-promoting signal via a cytokine such as IL-2 is required and produced by T cells 

following interaction between CD28 on the T cell and CD80/86 on the APC, thus stimulating 

T cells, resulting in antigen-specific proliferation [9]. This T cell – APC cross priming activity 

occurs in the lymph nodes and following clonal expansion, these T cells migrate to the infected 

tissue sites or in the context of cancer, the tumour, and exhibit cytotoxic or effector cell activity 

[9]. At these disease sites, cytokines secreted by these various immune cells control the 

differentiation of effector activity of the cellular subsets, and this plays an important role in 

permitting more effective tumour clearance by attracting other cells to the site causing lysis 

[7]. Following clearance of the infected tissue or tumour via this effector activity, significant 

proportions of these effector T cells undergo apoptosis, while a proportion further differentiate 

into memory cells; either effector memory T cells (TEM) and/or central memory T cells (TCM). 

These memory cells play an important role in generating a more rapid response toward 

secondary disease providing life-long immunity to the host [10, 11]. The innate and adaptive 

immune system cells are shown in Figure 1.1. 
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Figure 1.1. The key players of the immune system in cancer and infection. Lineage 

diagram showing the differentiation of crucial immune subsets of the innate and adaptive 

immune systems. Innate immunity consists of predominantly macrophages, DCs and NKs. 

These cells are the first line responders in the event of disease or infection. NKs recognise 

non-MHC restricted foreign molecules and elicit killing. DCs process foreign antigens and 

present them to naïve T cells, thus inducing activation of these subsets. Macrophages 

phagocytose debris following this killing activity. Adaptive immunity consists of T (CD4+ and 

CD8+) lymphocytes & B lymphocytes. T cells are generally helper T cells or cytotoxic T cells, 

and bind antigen presenting cells (eg. DCs) via the T-cell receptor (TCR): MHC interactions 

allowing for recognition of antigen specific peptide sequences. Helper T cells activate B cells, 

attract macrophages, and secrete cytokines that stimulate proliferation and differentiation of 

effector T cells. These cytotoxic T cells secrete molecules known as perforin and granzymes 

that create pores in target cells, causing apoptosis. B cells secrete antibodies that bind to 

specific antigens. A proportion of these T and B cells develop memory phenotypes, which are 

triggered in the event of re-infection or disease recurrence. Figure adapted from Janeway’s 

Immunobiology [4]. 
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1.2 Immune surveillance and immunoediting: elimination, equilibrium & escape 

 

There is mounting evidence showing that the immune system plays a functional role not only 

protecting against cancer development, but also in moulding the characteristics of emerging 

tumours. This process is known widely as immunoediting, and describes the process of 

malignant progression on the basis of tumour and immune cell interactions [12, 13]. It is 

composed of three phases: ‘elimination’ - where malignant cells are killed following 

immunosurveillance, ‘equilibrium’- where transformed cells are held in dormancy/control but 

are not eradicated by the immune system and ‘escape’ – where the ability of tumour cells to 

alter and modify their phenotype as well as function, shape disease progression [13]. 

Interestingly, escape from immune control is now recognised as one of the ‘hallmarks of 

cancer’, thus highlighting its widespread relevance [13, 14]. A central principle of 

immunoediting is the process of suppression or malignant progression on the basis of the 

ability of the immune system to regulate the tumour environment towards being pro-tumour or 

anti-tumour [15]. Central to this process is the role of NKs and CD8+ T-cell recognition of 

tumour associated molecules or antigens expressed by nascent transformed cells, 

respectively, and subsequent ability to mediate cytotoxic perforin/IFNγ mediated elimination 

of tumours [15]. In general, a patient will present clinically once the tumour has ‘evolved’ to 

escape immunosurveillance; where there is clear evidence of immune suppression and 

aggressive disease progression, potentially driven by tumour tolerance mechanisms [16, 17]. 

In the initial stages of oncogenesis, innate and adaptive systems cooperate to detect and 

destroy developing tumours (elimination) long before they display any clinically apparent 

indicators [15]. Here, the balance is towards anti-tumour immunity regulated by a number of 

immune effector cells including CD8+ T cells, natural killer (NK) cells and NK-T cells. These 

cells utilise a number of effector mechanisms that include secretion of pro-immune factors in 

the tumour microenvironment (IFNγ, perforin, granzyme, TRAIL, FasL, TNFα, IL-12) and 

expression of co-stimulatory molecules on T cells (CD137, CD134, CD28, GITR)  [13]. 

However, this process also selects for less immunogenic tumour cells that are more resistant 
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to immune effector cells and thus the tumour cells persist in equilibrium [18]. At this stage, the 

tumour cells are maintained in a functionally dormant state where there is a balance between 

anti-tumour (eg.IL-12, IFNγ) and pro-tumour (eg. TGF-β, IL-10, IL-23) factors [13]. Tumour 

cells adapt at the genetic and epigenetic level as a result of constant immune pressure, and 

resistance mechanisms to immune detection (eg. defects in antigen-presentation/antigen loss 

or induce immunosuppression via PDL-1 expression), resulting in development of T cell 

anergy at this stage [13]. In the escape phase, the balance is skewed towards tumour 

progression. There are well-documented escape mechanisms in breast cancer such as 

decreased immune recognition through reduced expression of MHC-I and/or co-stimulatory 

molecules and increased expression of immunosuppressive factors (CD73, PDL-1, TGF-β, 

COX-2, IDO). This results in reduced clearance (lysis) via CD8+ CTLs [16, 17]. Several papers 

have previously reviewed in detail the mechanisms underlying these processes [12, 13, 19-

24]. Numerous studies have indicated that in addition to T cells, dendritic cells (DCs), NK cells, 

macrophages and MDSCs also infiltrate tumours in varying capacities [12, 13, 22, 24]. It is 

known that CD8+ cytotoxic effector T cells, CD4+ T helper 1 (Th1) cells, DCs, NKs and M1 

macrophages all play an important role in anti-tumour immunity [25]. Conversely, CD4+ Th2, 

CD4+ FOXP3+, M2 macrophage and MDSCs are known to suppress anti-tumour immunity 

[25]. These are described in more detail in the following sections. Accordingly, it is evident 

that tumour cells are able to suppress TILs through a variety of intrinsic and extrinsic 

mechanisms, either through direct suppression of anti-tumour immune cells or recruitment 

and reactivation of immunosuppressive subsets (reviewed in Dushyanthen et al., 2015 & 

Dushyanthen & Beavis et al., 2015; Appendix 6.1 & Appendix 6.2). The immunoediting 

process in cancer is summarised in Figure 1.2. 
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Figure 1.2. The cancer immunoediting concept. Immunoediting consists of three sequential 

phases: elimination, equilibrium, and escape. In the elimination phase, innate and adaptive 

immune cells work together to eradicate developing tumours. If a rare cancer cell variant is 

not destroyed in the elimination phase, it enters a state of equilibrium, in which its outgrowth 

is prevented by immunologic mechanisms. T cells and IFN-γ are required to maintain tumour 

cells in this state of functional dormancy and editing of tumour immunogenicity occurs here. 

As a consequence of constant immune selection and pressure placed on genetically unstable 

tumour cells, variants may emerge that the adaptive immune cells are not able to recognise 

due to defects in antigen processing, presentation or antigen loss variants. Thus, tumour cells 

become insensitive to immune effector mechanisms, or may induce an immunosuppressive 

state within the tumour microenvironment. These tumour cells then enter the escape phase, 

in which their outgrowth is no longer kept in check by the immune system [12].  
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1.3 Immune cell subsets and their implication in cancer 

 

1.3.1 CD8 T effector cells  

 

As mentioned previously, the role of CD8 T cells in adaptive anti-tumour immune responses 

is well understood. Activated CD8 T cells, also known as cytotoxic lymphocytes (CTLs), are 

capable of directly recognising antigens that are presented on the surface of tumour cells [26-

28] . However, tumour-reactive T cells can also be activated through engagement with tumour-

associated antigens that are presented by antigen-presenting cells (APCs), including dendritic 

cells (DCs) [29-31]. These lymphocytes respond through their T cell receptor (TCR) and 

mediate a number of signaling events in response to diverse antigen recognition, presented 

by MHC I molecules. This results in effector functions including proliferation, cytokine/ 

chemokine secretion and direct cytotoxic lysis of cancer cells [32]. These cytotoxic effects are 

mediated both directly through granzyme B mediated toxicity and indirectly through cytokine 

production [33, 34]. Alternatively, CTLs can mediate cell lysis through direct cell contact 

facilitated by the Fas/Fas ligand pathway, or through another mechanism involving TNF-

related apoptosis-inducing ligand (TRAIL) [35]. Once the CTLs have completed their role, for 

example clearing of tumour cells, large numbers of these effector CTLs undergo apoptosis 

while a percentage of these CTLs become memory T cells [36]. Traditionally, CD8+ cytotoxic 

T cells have been considered to be the key component of effective anti-tumour immunity, 

where breast tumours with higher levels of infiltrating CD8+ T cells have been associated with 

improved patient outcomes (reviewed in Dushyanthen et al., 2015 & Dushyanthen & Beavis 

et al., 2015; Appendix 6.1 & Appendix 6.2) [37-39].  

 

The effector activity of these CTLs are controlled by activating receptors that are upregulated 

upon T cell activation, such as CD28 [40], CD134 (OX-40) [41], CD137 (4-1BB) [42, 43] and 

inducible T cell co-stimulator (ICOS) [40], as well as numerous inhibitory receptors including 

PD-1 and CTLA-4, that serve as immune regulators for preventing over-activation and 
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autoimmune responses [44]. Interactions between inhibitory receptors and their respective 

ligands lead to the downregulation of T cell function and activity. The various activation and 

inhibitory receptors expressed on T cells will be further discussed in more detail in Section 

1.4 of this thesis. 

 

1.3.2 CD4 T cells and their subsets 

 

1.3.2.1 CD4 Helper T cells  

 

CD4+ T cells are generally considered to be ‘helpers’ that perform critical roles in recruiting, 

activating, and regulating many aspects of the adaptive immune response. Engagement of 

the TCR-antigen/MHC-II complex, activates these CD4+ T cells which subsequently provide 

stimulus to other immune cells through cytokine (IFNγ and TNFα) and chemokine production, 

ultimately enhancing immune responses [45]. CD4+ T cells exist in distinct subsets based on 

their expression of lineage specific transcription factors and differentiate into the various 

subsets based on their surrounding cytokine microenvironment. Thus, in terms of their 

resulting cytokine secretion profile in the context of cancer; TBET+ CD4+ Th1 T cells are 

considered to be anti-tumour, whereas CD4+ Th2 (GATA-3+) and CD4+ Tregs (FOXP3+) are 

considered to be pro-tumour [45]. There is well documented evidence of their helper function 

for B cell and CD8+ cytotoxic T cell–mediated responses [46]. These cells also influence innate 

immunity by assisting in shaping the characteristics and magnitude of the inflammatory 

response. Thus, it is believed that IFNγ–producing CD4+ Th1 cells can generate effective, 

although frequently attenuated, anti-tumour responses, while CD4+ Th2 cells, in cooperation 

with CD4+ Tregs, suppress anti-tumour immunity, resulting in the promotion of tumour 

progression [47, 48]. Taken together, these studies highlight the important role of specific 

CD4+ T cell subsets in mediating anti-tumour immune responses in breast cancer. The 
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mechanisms underlying MHC-I and MHC-II antigen presentation to CD8+ and CD4+ T cells 

respectively, is described in Figure 1.3. 
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Figure 1.3. Molecular mechanisms of MHC class I and MHC-II mediated antigen 

presentation in T cells. MHC-II presents peptides derived from extracellular antigens and 

pathogens. These molecules are generally found on APCs. Extracellular material is taken up 

by endocytosis and phagocytosis into the vesicular system of the cell. Proteases within these 

vesicles breakdown large proteins into smaller peptides fragments that are bound by MHC- II 

molecules, which have been transported to the vesicles via the endoplasmic reticulum (ER) 

and the golgi apparatus (GA). The peptide: MHC-II complex is transported to the cell surface 

in outgoing vesicles. CD4+ T cells recognise and engage with these antigens present on the 

MHC-II (CD4: Ag: MHC-II). MHC-I molecules present peptides generated in the cytosol as a 

result of cellular disruption. Proteins are broken down by the proteasome into peptides, where 

the transporter for antigen processing (TAP) then translocates these peptides into the lumen 

of the ER. The complex of TAP, tapasin, MHC- I, ERp57 and calreticulin (CALR) is called 

the peptide-loading complex (PLC). Tapasin interacts with the transport protein TAP 

(transporter associated with antigen presentation) which translocates peptides from the 

cytoplasm into the ER. These peptides are bound by MHC class I molecules. Peptide binding 

is required for correct folding of MHC class I molecules and release from the ER and transport 

to the plasma membrane occurs via the GA. MHC-I consist of two types of chains – a 

polymorphic heavy chain and a chain called β2-microglobulin (β2M). The heavy chain is 

stabilised by the chaperone calnexin (CALX), prior to association with the β2M. Without 

peptides, these molecules are stabilised by chaperone proteins: CALR, Erp57 and tapasin. 

The antigens present in these MHC-I complexes are recognised by CD8+ T cells (CD8: Ag: 

MHC-I). Adapted from Janeway’s Immunobiology [49]. 
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1.3.2.2 CD4 FOXP3 T regulatory cells 

 

Another subset of CD4+ T cells, which performs immunosuppressive function, is known as T 

regulatory cells (Tregs), where their differentiation is driven by factors such as TGF-β and IL-

10 in the tumour microenvironment [50, 51]. The majority of studies in the cancer setting have 

demonstrated that Tregs suppress anti-tumour immune responses, in many cancers, 

particularly in breast cancer [52-54]. Tregs suppress the immune response through a number 

of mechanisms including secretion of immunosuppressive cytokines and metabolites, 

upregulation of checkpoints  such as CTLA-4 that directly inhibit T cell function or promote 

recruitment and accumulation of other immunosuppressive subsets, thus skewing the 

microenvironment to a pro-tumour environment [55]. Thus, Tregs inhibit T cell killing activity 

via suppression of CD8+ T cell effector function [52]. Additionally, Tregs provide inhibitory 

signals to APCs, reducing the expression of co-stimulatory molecules on these cells, thereby 

reducing the degree of cross-priming activity to T cells [38]. In a meta-analysis conducted by 

Shang et al., it was identified that high numbers of FOXP3+ Treg infiltrate had a significant 

negative effect on overall survival (OS) in the majority of solid tumours including; cervical, 

renal, melanoma, and breast cancer [52]. Hence, targeting of Tregs in the cancer setting may 

be an attractive target for therapy (reviewed in Dushyanthen et al., 2015 & Dushyanthen & 

Beavis et al., 2015; Appendix 6.1 & Appendix 6.2) [50].  

 

1.3.3 Natural Killer cells  

 

Natural killer cells are lymphocytes of the innate immune system, programmed to kill target 

cells as well as secrete cytokines to modulate adaptive immunity [56]. While these cells do 

not directly recognise cancer-specific antigens, they are able to detect and eliminate 

transformed cells through non-MHC restricted pathways [57, 58]. Despite this, it has been 

reported that most human tumours have very low levels of infiltrating NK cells [59]. NK function 

is tightly regulated by a balance of signals provided by the tumour microenvironment, that are 
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then transduced through activating or inhibitory receptors [58]. Inhibitory and activating ligands 

include: NKG2D, Ly49 or killer Ig-like inhibitory receptors (KIRs) and CD94–NKG2 

heterodimers [60]. NK cells monitor the expression of MHC-I on target cells using specific cell 

surface receptors, such as the KIRs and CD94–NKG2A heterodimers [61]. These receptors 

engaged by their specific ligand, inhibit NK-mediated cytotoxicity [61]. In the absence of this 

recognition, NK cells attack target cells using a large variety of activating surface receptors 

that are able to interact with different non-MHC ligands expressed on tumours [58]. The 

activating receptor NKG2D is particularly relevant for immunosurveillance [57] in cancer and 

accordingly NKs have been implicated in the immunoediting process, where they are able to 

act in the absence of MHC-I expression due to immune evasion mechanisms [61]. There are 

two cytotoxic mechanisms that NKs employed to induce cell death. The first is perforin or 

multiple granzyme-dependent cytotoxicity, and the second is death ligand (FasL, TNF-α, 

TRAIL) mediated apoptosis, which interact with specific complementary receptors on the 

target cell surface [62]. NK and NK T cells also secrete IFNγ in the tumour-microenvironment 

to support T cell function [60]. Taken together, these studies highlight the critical functional 

role of NK cells in breast cancer immunity, particularly in the instance of immune evasion and 

low T cell activity, and thus represent an important therapeutic target. 

 

1.3.4 Dendritic cells  

 

The nature and strength of the immune response is regulated by dendritic (DCs), where under 

homeostatic conditions these cells are key cellular sensors of self-antigens/tumour associated 

antigens [63]. DCs present antigens in the form of peptide- MHC complexes through several 

complementary mechanisms, that are then presented to naïve, antigen-inexperienced, T cells 

[63]. Upon interaction with DCs, naïve CD8+ and CD4+ T cells differentiate into antigen-specific 

memory T cells with distinct functions. For example, mature antigen-loaded DCs promote 

differentiation of naïve CD8+ T cells that become antigen-specific cytotoxic effector 

lymphocytes (CTLs) while CD4+ T cells give rise to T helper (Th1) or T follicular helper cells 
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(Tfh) that assist B cells in differentiating into antibody secreting cells [30]. In contrast, 

immature, non-activated DCs cross-present self-antigens to T cells, inducing tolerance 

through T cell deletion or differentiation of regulatory/suppressor Th2 T cells, or Th17 cells 

and Tregs that modulate immunosuppressive functions on other lymphocytes [30]. 

Accordingly, DC maturation is associated with decreased antigen capture activity as well as 

increased expression of MHC-II and costimulatory molecules such as 4-1BBL, increased 

ability to secrete cytokines (IL-12) and migratory ability into draining lymph nodes through 

acquisition of CCR7 expression [64]. Antigen presentation via APCs to naïve T cells requires 

three main signals: (1) interaction of the MHC(Ag) with the TCR complex which sends an 

activating signal to the T cells. (2) Interaction of CD80/CD86 with CD28 receptor expressed 

on T cells and (3) stimulatory cytokine secretion of IL-12 and IFN α/β from APCs [65]. Given 

the potent anti-tumour abilities of DCs, these cells have been vastly utilised in the development 

of vaccines for many cancer types including breast [66-69]. These studies suggest that peptide 

vaccination with functionally mature DCs may promote the expansion of a highly diverse neo-

antigen specific TCR repertoire [70]. The interaction between DCs and T cells is illustrated in 

Figure 1.4. 
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Figure 1.4. The cancer immunity cycle. (A) Dying tumour cell release neoantigens into the 

tumour-microenvironment. (B) These antigens are then captured by DCs for processing. 

Additional immunogenic signals may include proinflammatory cytokines and factors released 

by dying tumour cells. (C) DCs traffic to the lymph nodes where these APCs present (cross-

priming) loaded tumour associated antigens (TAAs) antigens via MHC-I and MHC-II to naïve 

CD8+ and CD4+ T cells. T cells undergo priming and activation via recognition of these 

antigens. (D) These activated effector T cells then traffic to the tumour site, (E) infiltrate 

tumours and (F) recognise antigens presented on tumour cells and APCs. (G) This interaction 

between the T cell and tumour cell results in tumour cell lysis [71]. This killing of the cancer 

cells releases additional tumour-associated antigens, increasing the breadth and depth of the 

immune response in subsequent iterations of the cycle [71]. 
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1.3.5 Tumour associated macrophage (TAMs) 

 

TAMs are an important immune subset that exist in tumour the microenvironment and play a 

significant role in modulating tumour-associated immune responses, adding to the 

invasiveness and tumour-promoting hallmarks of cancer by promoting inflammation, secreting 

angiogenic factors (VEGF, MMPs) and growth factors (EGF) [72]. These cells originate from 

the bone marrow as monocytes, that then differentiate into various functional macrophages 

including M1-subtype and M2-subtypes [73]. TAMs obtain various immunosuppressive 

functions to maintain the tumour microenvironment. This includes the production of arginase 

I, expression of immune checkpoint molecules and production of Treg-related chemokines 

and cytokines [73, 74]. The M1 subset (classically activated) derives from stimulation with GM-

CSF and IFNγ in response to interaction with Th1 and NK cells, and highly expresses IL-12, 

IL-23, CXCL9 and CXCL10 [75]. In addition, they have antigen presentation capacity as well 

as the ability to express inhibitory molecules such as PDL-1 that dampen the adaptive immune 

response [72, 73]. In contrast, the M2 subset (alternatively activated) originates from 

macrophages stimulated with M-CSF and IL-4, and highly express IL-10 that can promote its 

own expression through autocrine activation [76]. Previous studies have shown that the M2 

subset is the dominant form of TAMs which could be attributed to the lack of stimulatory 

factors, that M1 polarisation requires [72]. M2 macrophages play a negative role in anti-cancer 

therapy by releasing cytokines that promote cancer progression, such as VEGF, IL-4, IL-13, 

IL-10, IL-33 TGF-β, CCL17, CCL18, CCL22 and CCL24 [73, 75]. Additionally, these cells have 

been implicated in promoting a Th2 immune response as well as being involved in immune-

regulation through interaction with Tregs [72]. The TAMs have been shown both 

experimentally [77, 78] and clinically [79, 80] to enhance tissue remodelling and tumour 

progression to malignancy [81-83]. RANTES/CCL5 is one of the key chemotactic factors 

implicated in macrophages associated with breast cancer [84, 85]. It has previously been 

shown that tumour cell-derived CCL5 promotes various cancers [86-88], including breast 

cancer [89, 90] by recruiting macrophages into the tumour microenvironment [84, 85]. 
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Accordingly, depletion or impairment through modifying macrophage recruitment or 

macrophage reprogramming of the M2-type has been tested in murine models and is a 

potential approach for effectively treating cancer [72]. For example, inhibitors of factors such 

as CCL2, CSF1/CSFR and CXCL12/CXCR4 that affect macrophage recruitment, and 

STAT3/6 and COX-2 inhibitors that suppress reprogramming of macrophages to an M2 

phenotype, have been tested in human clinical trials [72]. 

 

1.3.6 Myeloid derived suppressor cells (MDSCs) 

 

MDSCs are a population of immature myeloid cells that exert suppressive actions on the 

activation, proliferation and cytotoxic function of immune cells such as effector T cells, DCs 

and NKs. This occurs via the production of reactive oxygen species (ROS), depletion of 

arginase, and secretion of inhibitory cytokines [91-93]. Conversely, they can be stimulatory to 

immune regulatory populations such as Th2 T cells [94], Tregs [95] and TAMs [72] resulting 

in the promotion of a pro-tumour environment [91-93]. MDSCs are known to have inhibitory 

functions on CD8+ T cell antigen recognition via ROS production leading to nitration of the 

TCR, preventing its binding to MHC complexes [96-98] and reducing IFNγ signaling through 

nitration of STAT1 [99]. Many studies have shown that the number of MDSCs are increased 

with cancer burden, while it has been recognised that inhibiting MDSC-mediated 

immunosuppression may be important to developing an effective anti-tumour immune 

response and improving disease outcome in murine models [99]. MDSCs have also been 

shown to be increased in breast cancer patients, with the highest levels of circulating MDSCs 

being present in patients with metastatic disease [100]. Interestingly various 

chemotherapeutic agents have demonstrated strong depletory effects on MDSCs in murine 

studies, which may be linked to their effectiveness [92, 101-103]. While several antibodies 

and genetic approaches have been developed to target MDSCs in preclinical murine settings, 

the translation into clinic application are on the horizon [104-107]. Therefore, strategies aimed 
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at abrogating MDSCs in the immune-tumour microenvironment have promising therapeutic 

potential in enhancing the efficacy of cancer immunotherapy. 

 

1.4 The role of immune checkpoint blockade and agonist immunotherapy in enhancing 

TILs in the immune-tumour microenvironment  

 

1.4.1 Immune checkpoints in immunotherapy  

 

The field of immunotherapy has experience enormous success in recent years with the use 

of immune checkpoint blockade for the enhancement of T cell reactivity and consequent 

tumour targeting [108]. This success is thought to be largely attributed to the high mutational 

load in some cancers such as melanoma (100 per megabase) compared to breast cancer (1 

per megabase). This high mutational load results in the production of immunogenic 

neoantigens created through somatic mutations presented as mutant peptides, that are 

recognised by T cells, thus triggering an immune response [109]. Interestingly, the possibility 

of using these neoantigens to develop personalised vaccines against non-self peptides, as 

well as to predict response to therapy have been suggested for future treatments options 

[108].  

 

There are several immune checkpoints that have been investigated in the cancer setting in 

recent years [110]. Many of these molecules now have targeted antibody derived therapies 

that have been developed based on their expression identified on various tumour or immune 

cells that have been implicated in cancer. In the following sections, only the most well 

characterised examples of these checkpoints, or those that are utilised in the studies 

undertaken within this thesis, will be discussed in detail. A summary of the various checkpoint 

molecules that have been identified area summarised in Figure 1.5. 
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1.4.1.1 Programmed Death receptor-1  

 

Upon constant and repeated stimulus and exposure of T cells to the tumour in the immune-

tumour microenvironment, T cells reach a state of anergy or exhaustion [110, 111]. Section 

1.2 described the immunosurveillance theory, where in this immunosuppressive cancer 

setting, tumour cells (and APCs) express inhibitory molecules such as PDL-1 on their surface, 

to evade immune detection [44]. This ligand is found to be overexpressed on a number of 

cancers [112], leading to impaired T cell anti-tumour responses via PDL-1 (tumour): PD-1 (T 

cell) engagement and subsequent inhibitory signaling. PD-1 has been reported to be more 

readily expressed on CD8+ T cells [110], where its expression is  induced when T cells become 

chronically activated through their TCR. PD-1 signaling occurs following engagement with its 

cognate ligand PDL-1 (PD-1: PDL-1 interaction) on tumours or PDL-1/PDL-2 on APCs (PD-1: 

PDL-2 interaction) [113]. PD-1 signaling results in the activation of SHP-1 which 

dephosphorylates key signaling pathways downstream of the TCR [110]. The blocking of this 

interaction using either α-PD-L1 and/or α-PD-1 antibodies has shown great promise in the 

clinic, with α-PD-1 antibody (Nivolumab) being approved by the FDA in 2014, for use in 

advanced melanoma [114]. For a number of other cancer types such as non-small cell lung 

cancer (NSCLC),  head and neck squamous cell carcinoma (HNSCC), microsatellite 

instability-high (MSI-H), renal cell carcinoma (RCC), hepatocellular carcinoma (HCC), 

urothelial carcinoma (UC) and Merkel cell carcinoma (MCC), anti PD-1 (Pembrolizumab) and 

anti PDL-1 (Atezolizumab,  Durvalumab, Avelumab) therapies have now been approved [114]. 

There are several other cancer types (including BC [115-117]), that are currently being tested 

in various phases of clinical trials, to relieve exhaustion and release the immunosuppression 

caused in T cells [114]. PD-1/PDL-1 immunotherapies act in the effector phase of T cells within 

the tumour microenvironment, blocking direct interactions between APCs and T cells [118]. 

Interestingly, the expression of PD-1/PDL-1 on tumour infiltrating lymphocytes (TILs) and 

tumour cells have been shown to be correlated with the effectiveness of immunotherapy [119-

121]. Thus, whilst immunotherapy is an attractive adjuvant treatment option for patients 
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presenting with high TILs pre-NAC or post-NAC, alternative approaches are required for the 

treatment of patients with poorly immunogenic cancers and low-level TILs at diagnosis. Similar 

to PD-1/PDL-1 interactions, a number of other inhibitory ligands expressed by tumours are 

able to bind to various inhibitory checkpoint molecules expressed on exhausted T cell surface, 

such as LAG-3 and TIM-3, as shown in Figure 1.5. 

 

1.4.1.2 Cytotoxic T cell Lymphocyte Antigen-4  

 

In contrast to PD-1, CTLA-4 is another important immune checkpoint molecule, which is 

expressed predominantly in the priming phase of the cancer immunity lifecycle during the DC-

T cell antigen cross presentation and T cell activation stage [112]. Activation of CTLA-4 results 

in dampening of T cell activity through outcompeting with the CD28 receptor given that it has 

higher affinity for CD80/CD86 on APCs/tumours [44, 118]. Consequently CTLA-4 on T cells 

binds to CD80/86 on APCs (CTLA-4:CD80/CD86), thus delivering inhibitory signals to T cells 

[110]. CTLA-4 expression has been reported on CD8+ T cells and both CD4+ T cells; effector 

and Treg cells [118]. Increased expression of CTLA-4 leads to suppression of CD8+ T cell 

activity via inhibitory signals [112]. Similarly the PD-1/PDL-1 pathway, CTLA-4 checkpoint 

blockade (Ipilimumab) immunotherapy is currently widely used in various cancers such as 

lung, kidney, gastric, pancreatic, prostate, ovarian and urothelial cancer and was the first FDA 

approved immunotherapy in metastatic melanoma [44, 122-125]. The checkpoint blockade 

immunotherapies currently being used in Breast Cancer are summarised in Appendix 6.6.  

 

A vast number of studies have been conducted with anti-PD-1 and CTLA-4 in pre-clinical 

mouse models, where outcomes observed include; upregulation of MHC expression [126], 

increased infiltration of tumour-infiltrating CD8+ T cells [127], depletion of Tregs [128], 

improved CD8:Treg ratio [129], T cell memory formation [130], function and maintenance 

[131], cytotoxic IFNγ and granzyme B responses [130], enhanced T cell responses to DCs 
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[132], down-regulated immunosuppressive subtypes/factors such as MDSCs [133, 134], that 

have resulted in increased anti-tumour immune responses [133, 135]. 

 

In addition to expressing inhibitory receptors, T cells also express activation receptors which 

play a crucial role in determining the nature and outcome of TCR signaling and thus T cell 

function in the cancer [136]. These co-stimulatory molecules are often co-localise with TCRs 

following antigen recognition, thereby allowing them to synergise with TCR signaling and 

promote T cell function [136], as shown in Figure 1.5. Discussed in the next sections are 

activation receptors on T cells that have been tested, with the aim of improving anti-tumour 

immunity in cancer patients. 

  



53 
 

 

 

 



54 
 

Figure 1.5. Various inhibitory and co-stimulatory molecules identified between T cells 

interacting with antigen presenting cells. Illustrated are various ligand–receptor 

interactions between T cells and APCs that regulate the T cell response to antigen (MHC: 

TCR). These responses occur during the initiation phase of the T cell response in lymph nodes 

or in peripheral tissues or tumours during the effector phase. In general, T cells are not able 

to respond to these receptor-ligand interactions prior to first recognition and activation via their 

cognate antigen through interaction of the MHC: TCR. Some of these interactions deliver co-

stimulatory signals (indicated by the green +) while others deliver inhibitory signals (indicated 

by the red -) [110].  
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1.4.2 Immune agonists (co-stimulatory molecules) in immunotherapy 

 

1.4.2.1 OX-40 and 4-1BB  

 

In addition to immune checkpoints, which negatively regulate T cell function, a number of co-

stimulatory agonist receptors exist on T cells, that promote T cell responses [137]. The primary 

signaling for T cells occurs through TCR: MHC: Ag (antigen) stimulation, which induces high 

levels of cytokine production from T cells [137]. T cells require the signal between CD28 and 

CD80 on APCs (CD28: CD80 interaction), for full activation. This signaling provides essential 

survival signals, preventing apoptosis through activation induced cell death (AICD) as well as 

T cell anergy [137]. Furthermore, certain co-stimulatory molecules such as OX-40 and 4-1BB 

expressed on the T cell surface, can provide further activation and can be targeted 

therapeutically [137].  

 

Both 4-1BB (CD137) and OX-40 (CD134) are members of the TNF receptor family and are 

expressed on activated CD8+, CD4+ T cells and Tregs. It’s ligands OX-40L and 4-1BBL are 

predominantly expressed on APCs.  Broadly speaking, activation of these molecules leads to 

proliferation, expansion and survival of these immune cells [138]. OX40 activation leads to 

signaling through PI3K/PKB, NFkB, and NFAT pathways, which are required for activation, 

proliferation and survival of T cells. Similarly, 4-1BB signaling through the PI3K/MAPK 

pathway resulting in promoting functional responses of effector T cells and T helper cells by 

enhancing cytotoxicity through the production of IL-2/IFNγ/TNFα, preventing AICD, as well as 

increasing the memory phenotype of CD8+ T cells [139]. Both 4-1BB and OX40 signals 

upregulate the expression of the anti-apoptotic Bcl2 and Bcxl molecules and block 

programmed cell death caused by cytokine/antigen withdrawal [140]. It is evident that 

signaling downstream of these two receptors results from complex interaction between the 

PI3K and MAPK pathways. OX40 expression has principally been described in CD8+ and 

CD4+ T cells, while its ligand OX40L, is predominantly expressed on APCs, such as 
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macrophages and B cells [136]. APC-derived cytokines are thought to further modulate the 

extent and length of OX-40 expression [141]. In contrast, 4-1BB is expressed primarily on 

activated T cells and NKs, and binds to its ligand 4-1BBL expressed by activated B cells, DCs 

and macrophages [136].  

 

Anti-4-1BB therapy has demonstrated reprogramming of Tregs to cytotoxic CD4 T cells [142], 

enrichment of tumour reactive T cells [143], sustained cytotoxic effector T cell killing [144], as 

well as perforin-granzyme-FasL mediated tumour rejection [145] and T cell 

expansion/persistence in adoptive cell therapy [146]. Anti-OX-40 treatment has demonstrated 

additional effects in T cell memory generation [41, 147], reversed T cell anergy  and depletion 

of intratumoural Tregs [148, 149]. Interestingly, NK cells have also been reported to play a 

role in the anti-tumour therapeutic efficacy of OX-40 therapy in vivo [150, 151]. While targeted 

blockade of checkpoint inhibitors has proven to be effective, recent evidence suggests that 

agonists may also be crucial in providing TIL co-stimulation. CD8+ T cell responses require T 

cell receptor activation in addition to co-stimulation provided by 4-1BB and OX40. The use of 

agonist antibodies targeting these co-receptors has gained much interest in recent years, 

particularly for the purpose of boosting T cell function and anti-tumour immune responses. 

This is illustrated in Appendix 6.6. 

 

  



57 
 

1.5 The role of TILs in triple negative breast cancer  

 

1.5.1 The disease background of triple negative breast cancer  

 

Triple negative breast cancers (TNBCs) account for 15% of all invasive breast cancers and 

are the most aggressive and least common clinical subtype, that are heterogeneous in nature 

[152]. This subtype lacks expression of HER2, ER and PR, thus limiting the number of 

molecular targets available for therapy [104]. These patients have high susceptibility for early 

metastasis, distant recurrence and increased likelihood for poor survival outcomes compared 

to other subtypes [153]. Currently, no specific molecularly targeted therapies have been 

approved in the clinical setting for this disease and chemotherapy remains as the standard 

treatment option. However, treatment resistance is common [1] and once relapsed, advanced 

TNBC is currently incurable. As such, more research into understanding the complex signaling 

pathways involved in progression of TNBC is vital.  

 

1.5.1.1 Immunity in breast cancer 

 

Breast tumours are highly complex structures comprising of two primary components: 

malignantly transformed cancer cells that are typically derived from mammary lobular or ductal 

cells, and the surrounding stromal compartment [154]. The stroma is composed of a variety 

of normal host cells including fibroblasts, vasculature, immune cells, and extracellular matrix 

molecules. These components are conscripted to provide a biochemical and structural milieu 

that is supportive of tumour development, progression, and metastasis [154]. The role of the 

immune system in TNBC is increasingly recognised due to the association of a high frequency 

of TILs with good prognosis and response to immunotherapies [155-157]. The notion of TILs 

first stemmed from a seminal study by Galon et al. In this paper the authors found that in 

patients with colorectal cancer, the presence of higher levels of TILs led to a better prognosis 

[158]. More recently, particularly in the last five years, the importance of host immunity in 
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breast cancers has been discuss in the literature, and specifically in several papers by our 

laboratory [156, 159-161] (reviewed in Dushyanthen et al., 2015 & Dushyanthen & Beavis 

et al., 2015; Appendix 6.1 & Appendix 6.2). As mentioned earlier in this chapter; in section 

1.3, several immune subsets have been implicated in cancer. Specifically, in BC, the subsets 

that have been identified to be prominent players in TILs include both myeloid (innate) and 

lymphoid (adaptive) cells: CD8+ effector T cells, CD4+ helper T cells, CD4+ FOXP3+ Tregs, 

macrophages, NK cells and B cells [154].  A plethora of research conducted in BCs has shown 

that TILs are of prognostic and predictive significance in many TNBCs [16, 109, 157, 162-

171]. The following sections will describe the current literature surrounding the role of TILs in 

BC as well as oncogenic activation of signaling pathways and their implication in BC. 

 

1.5.1.2 Current treatments in TNBC 

 

Chemotherapy remains the mainstay treatment strategy for most TNBC, given the aggressive 

nature of the disease. While intuitively, chemotherapy is associated with immunosuppression, 

due to the non-specific eradication of both normal and cancerous tissue, there are several 

studies in recent years that have demonstrated the immune-enhancing effect of certain types 

of therapy making them attractive candidates for neoadjuvant chemotherapy (NAC). Pre-

clinical studies of chemotherapy and radiotherapy have revealed the unexpected ability of the 

immune system to contribute to the success of treatment. An abundance of experimental, and 

more recently, clinical evidence [170, 172-175] has shown that the efficacy of chemotherapy 

could be also be due to successful reactivation of immune surveillance via elimination of 

immunosuppressive cells and/or promoting the release of tumour cell death driven danger 

signals, ultimately triggering long-term immune responses against remaining tumour cells 

[176, 177]. Several studies have described a process of activation of innate and adaptive 

immune responses resulting in immunogenic tumour cell death [178]. Dying tumour cells 

release danger signals such as ATP and HMGB1, during immunogenic cell death, that act to 

prime an anti-tumour immune responses [178, 179]. This observation of enhanced anti-tumour 
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immunity following chemotherapy extends to various treatments including doxorubicin [180-

182], paclitaxel [183], cyclophosphamide [184, 185], and gemcitabine [186-188]. For example, 

gemcitabine has been proposed to increase tumour antigen cross-presentation [189]. Direct 

effects on immune cells themselves by certain chemotherapies is evident in some cases, 

where selective reduction in the number of immunosuppressive Tregs and MDSCs, whilst 

sparing of immune effector cells is seen with low dose cyclophosphamide [185]. Moreover, 

immune enhancing activity in response to chemotherapies has been described in many pre-

clinical studies [171, 190-192]. However, it is evident that immunogenic cell death cannot be 

induced by all chemotherapies. As such, it is apparent that treatments with specific immune 

enhancing activity or targeted inhibitors that promote immunogenicity, are necessary to 

promote tumour regression and immune mediated cell death in these cases. As such, despite 

initial belief that breast cancer is not an immunogenic disease, recent research has 

established and consolidated understanding of the underlying immune components in this 

disease, thus highlighting the potential of immunotherapeutic approaches for treatment of 

TNBC. Chemotherapies currently being trialled in breast cancer are summarised in Appendix 

6.4. The effect of chemotherapies on TILs is summarised from various studies in 

Dushyanthen et al., 2016 & Beavis et al., 2016; Appendix 6.2, Table 2. 

 

In contrast to classical chemotherapies, emerging breast and ovarian cancer research has 

shown that germline mutated BRCA status predicts responsiveness to platinum-based 

chemotherapy, and targeted agents such as inhibitors of poly (ADP-ribose) polymerase 

(PARP) [193]. This is owing to the ability of these therapeutics to inhibit DNA repair pathways 

[194]. PARP has a key role in the recognition and repair of single strand DNA breaks [195]. In 

the presence of the PARP inhibitor, this single strand repair pathway is blocked, leading to 

double strand breaks [194]. BRCA1 and BRCA2 are tumour suppressor genes that are 

involved in the maintenance of genome stability and are involved in homologous 

recombination of double strand breaks [195]. Due to deficiency of these BRCA genes in 

cancer, this homologous recombination pathway is also defective, and thus the double strand 
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break cannot be repaired [196]. In the case of PARP inhibition, loss of both repair pathways 

(PARP due to drug inhibition and BRCA due to mutation), leads to cell death. This concept is 

known as synthetic lethality [195]. Based on this principle, several clinical trials have evaluated 

the role of PARP inhibitors in this patient population [194]. Recently, based on the results of a 

phase III randomised controlled trial, PARP inhibitors have been approved as the first targeted 

therapy available to patients with BRCA-mutated, HER2- metastatic breast cancer [197].  

 

1.5.2 The prognostic/predictive significance of TILs in TNBC  

 

The treatment for TNBCs present a major clinical challenge due to difficulty elucidating 

biological biomarkers that indicate prognosis. Furthermore, predicting response to novel 

treatment strategies and relapse in patients remains difficult. While NAC induces a pathologic 

complete response (pCR) in roughly 30% of patients, in the remaining patients with residual 

tumour at surgery, NAC selects a subpopulation of chemotherapy-resistant tumour cells [198]. 

While breast cancer has not traditionally been considered an immunogenic disease, many 

studies have described an immunogenic aspect in this cancer type. Recent research, 

including discoveries from my laboratory, have reported that increased quantities of TILs are 

present in newly-diagnosed TNBCs [170]. This is associated with improved prognosis, 

reduced risk of distant recurrence and improved overall survival [170, 175, 199]. Subsequent 

analyses, by numerous other independent research groups have confirmed these findings [53, 

200-203]. Moreover, the prospect of using TILs as a biomarker of prognosis has widespread 

interest and application in several cancer types such as colon [204], renal [205-208], ovarian 

[209-211], lung [212-215] and melanoma [216-219]. Interestingly, the number of TILs in the 

residual disease (RD) of patients who do not attain pCR at surgery after NAC has also been 

reported to correlate with prognosis [8]. Interestingly, high levels of CD8+ T-cell infiltration into 

breast tumours correlate with improved outcomes in TNBC and has been described in several 

papers from our laboratory [135, 156, 161, 170, 199, 220-223] as well as other independent 

groups [224, 225], including the largest study of T cells in BC patients by Caldas et al.,[226-
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228] in 12439 patients. This observation is explained by the direct cytotoxicity that CD8 T cells 

exhibit on cancer cells [229-232]. Similarly, high levels of NK cell infiltration has also been 

shown to be associated with improved prognosis in BC, via direct cytotoxicity on tumour cells 

and through mediation of CD8+ cytotoxic T cell activity via the production of IFNγ from NK cells 

[233-235]. The role of CD4+ T helper lymphocytes in BC, have been reported to have both pro 

and anti-tumour properties, depending on the cytokine expression profile and tumour 

microenvironment [233-235]. Proinflammatory (Th1), IFNγ expressing CD4+ T cells, have 

been shown to promote cytotoxic activity [233-235]. In contrast, high levels of Tregs suppress 

T cell activity and are associated with poor prognosis [236-238]. Studies have reported 

reduced levels of Tregs following NAC, leading to pCR [233-235]. As such, this data strongly 

suggest that host mediated anti-tumour immunity is important in determining the clinical 

outcomes of patients with TNBC (reviewed in Dushyanthen et al., 2016 and Dushyanthen 

& Beavis et al., 2016; Appendix 6.1 and Appendix 6.2). In a seminal, global phase III study 

conducted in unresectable locally advanced or metastatic TNBC, patients treated with a 

combination of paclitaxel and anti-PDL-1 therapy were demonstrated to have enhanced 

progression free survival (PFS) in PDL-1+ tumours [220]. This was the first phase III data in 

metastatic TNBC to show that only 40% of patients have any pre-existing immunity and PDL-

1 expression, which is essential to benefit from PDL-1 therapy [239]. One of the key questions 

arising from these findings is how to improve or supplement PDL-1 therapy to increase the 

number of responders and prolong durability for patients. Thus, the major pursuit in the field 

currently is the discovery of how the immune desert landscape (low TILs – ‘cold’) of many 

tumours can be transformed to an inflamed, immune rich landscape (high TILs – ‘hot’), to 

enable more effective immunotherapy strategies to be utilised in the future. This concept was 

a major theme explored throughout the course of this thesis. 
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1.6 RAS/MAPK pathway activation and its association with lower TIL infiltrate in TNBC 

 

1.6.1 An overview of the classical MAPK pathway  

 

Mitogen activated protein kinases (MAPKs) are important for the regulation of various cellular 

processes such as proliferation, apoptosis, immune defence and stress responses [240]. They 

are known to be ubiquitously expressed and evolutionarily conserved in eukaryotes. MAPK 

cascade activation occurs through process of consecutive phosphorylations, where, after an 

initial stimulus, each MAPK is phosphorylated by an upstream MAPK [240]. The classical 

MAPK cascade comprises MAP3K which activates MAP2K, which in turn, activates a MAPK. 

MAPK phosphorylation cascades can be inactivated by dual-specificity MAPK protein 

phosphatases (DUSPs) that dephosphorylate both phosphotyrosine and phosphothreonine 

residues on MAPKs [240]. Three major MAPK pathways have been described; the ERK1/2, 

the p38 MAPK α, β, δ, and γ and the c-JUN N-terminal kinase 1, 2 and 3 (JNK1/2/3) pathways. 

These  kinases are activated by growth factors, hormones (binding of a ligand to a receptor 

tyrosine kinase (RTK)) and proinflammatory stimuli [240]. The MAPK pathways are 

overactivated in transformed cells, leading to uncontrolled proliferation. The MEK1/2 genes, a 

key focus of this thesis, are directly upstream of ERK1/2 and thus controls its function. A 

simplified summary of the MAPK pathway is described in Figure 1.6. In the biological system, 

these signaling pathways exist as a highly complex network with cross pathway interaction 

and feedback loops. The various clinical trials using MEK inhibitors are summarised in 

Appendix 6.5. 
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Figure 1.6. An array of proteins comprise the four major MAPK cascades that include 

ERK, p38, JNK, and ERK5. The ERK, JNK, p38, and ERK5 pathways are activated by growth 

factor-initiated signaling and are associated with cytokines, environmental stress (including 

osmotic shock and ionising radiation) as well as other stimuli. The MAPK family with its 

classical cascades, the ERK 1/2, p38 and JNK. The MAPK family of signaling pathways is 

characterised by a central motif of three kinases, that activate each other in a sequential order 

by phosphorylation of specific residues. Classically, three distinct pathways are included in 

the MAPK family (the ERK 1/2, p38 and JNK), the activation of which leads to different cellular 

outcomes. The activation of the ERK pathway depends on a variety of membrane bound 

receptors, including growth factor receptors. In some cases, binding of certain cytokines to 

their specific receptor may also lead to the activation of this pathway. Once active ERK can 

target a variety of nuclear and cytoplasmic elements. 
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1.6.2 The role of the MAPK pathway in cancer 

 

Aberrant activation of the Ras/MAPK pathway and oncogenic mutations in Ras and Raf are 

frequent events that have been shown in many cases and is known to be essential for the 

initiation and progression of many cancers including colorectal, lung, pancreatic 

and melanoma [241]. The Ras family (H,K,N,M-Ras) are small GTPases which are activated 

indirectly via ligands such as receptor tyrosine kinases (RTKs) [242, 243]. Downstream 

signaling from Ras is relayed through Raf, MEK1/2, and ERK1/2 into the nucleus, where 

transcription factors including ETS-1/2, ELK-1, FOS and MYC can drive transcriptional 

processes mediating cell cycle, proliferation and survival [243]. Given the high mutational rate 

of Ras in melanoma, this pathway has gained much attention for therapeutic intervention. 

Therapeutic targeting of the Ras/MAPK pathway with BRAF and MEK specific small molecule 

inhibitors has been highly efficacious in the treatment of advanced BRAF V600E mutant 

melanomas [126, 142, 244-254]. Aberrant RAS/MAPK signaling has also been shown in 

TNBC [255-257], and our own studies have revealed that approximately 15% of TNBCs are 

altered at the genomic level (an accumulation of RAS->RAF->MEK and ERK mutations), and 

an even greater proportion have MEK activation at the transcriptomic level [135]. Thus, it is 

possible to propose a number of theories elucidating the mechanisms of non-classical 

Ras/MAPK activation in TNBC. For example, TNBC are proposed to have an increased 

number of copy number alterations compared with other BC subtypes, possibly leading to 

gains or amplifications due to genomic instability [152]. Furthermore, alterations in NF-1 and 

DUSP-4 in TNBC have been shown to result in Ras/MAPK pathway dependence as well as 

deregulation of signaling control [256, 257]. Moreover, it is possible that loss of negative 

regulation in cross-interacting pathways such as PI3K/AKT, may result in uncontrolled MAPK 

pathway activation [152]. Accordingly, dual targeting of PI3K and MAPK may be important 

strategy in abrogating crosstalk and overactive signaling of these pathways. Overall, given 

that the signaling molecule MEK (MEK1 and MEK2) is a key intermediate downstream effector 

of the Ras/MAPK pathway, it is evident that targeting of this molecule will be an effective 
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strategy in inhibiting this pathway, and thereby delaying or preventing tumour growth in TNBC. 

Mutations upstream of MEK feed into common transcription factors, thus, MEK inhibitors can 

be utilised to shut down this pathway. A summary of the MAPK pathway mutations in TNBC 

is described in Figure 1.7. 
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Figure 1.7. Frequency of genomic alterations in Ras/MAPK pathway genes in basal-like 

(triple negative) breast cancers profiled by The Cancer Genome Atlas. Alterations of 

select Ras/MAPK pathway components (amplifications or mutations of Ras, Raf, MEK, or ERK 

genes) are charted along with select downstream transcription factors and negative regulators 

(mutations, homozygous deletions, and aberrant mRNA expression >2 or <-2 standard 

deviations from the mean CGAN breast tumour expression). A heat map of patient disease-

free survival (DFS) in months is also shown (Published CGAN data limited to basal-like breast 

cancers and accessed from cbioportal.org on 3/19/2014) (CGAN, 2012)[152]. 
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1.6.3 RAS/MAPK mutations correlate with lower TIL infiltrate in TNBC 

 

Whilst TILs are a good prognostic/predictive indicator in TNBC, it is largely unknown why 

patients present with high or low TILs on diagnosis and methods to promote a high TILs 

microenvironment are of great interest. Furthermore, insight into the molecular pathways that 

modulate heterogeneity in host anti-tumour immune responses in TNBC is currently lacking. 

Our group and a study conducted by Balko et al. 2014, classified all genomic alterations in a 

genomically and clinically characterised cohort of TNBC with residual disease (RD), pre-

treated with NAC, into 5 targetable pathways [135, 198]. TILs were compared between 

tumours harbouring alterations in cell cycle, PI3K/mTOR, growth factor receptors, Ras/MAPK 

and DNA repair pathways (Loi et al., 2015; Appendix 6.3) [256, 257]. Of greatest 

significance, it was found that genetic alterations in the Ras/MAPK pathway were associated 

with significantly lower TILs in RD following NAC [256, 257]. Furthermore, a significant inverse 

correlation was detected between a transcriptional signature of MEK activation and levels of 

TILs present in the RD post NAC [256, 257]. A summary of the findings is described in Table 

1.1. This led to the hypothesis that inhibiting MEK may increase the immunogenicity of 

tumours and may thus have the potential to enhance TIL frequency in the immune-tumour 

microenvironment. However, the mechanism by which Ras/MAPK pathway activation reduces 

TILs is still completely unknown. Due to evidence of this strong correlation between 

Ras/MAPK pathway activation with immune-evasion and outcome in TNBC, this project aimed 

to develop an understanding of the mechanism by which Ras/MAPK pathway activation 

mediates these effects and accordingly develop therapeutic combinations with targeted 

inhibitors and immunotherapy for the treatment of TNBC. Understanding this relationship is 

crucial in determining the potential of immunotherapy for these patients. This suggests that 

inhibiting the RAS/MAPK pathway may increase the immunogenicity of tumours and 

accordingly increase TIL frequency in the tumour microenvironment. As such, the overarching 

hypothesis of this thesis was that inhibition of the oncogenic MAPK pathway activation would 
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relieve immunosuppression and thus augment anti-tumour responses in combination with 

immunotherapy.  
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Table 1.1. Genomic alterations identified by NGS, categorised into targetable pathways 

based on clinically available inhibitors (Balko et al., 2014)[198]. 

 

  

Functional pathway Samples with 

genetic aberrations 

Association with 

lower level TILs? 

P-value 

Ras/MAPK N=15 Yes 0.005 

Cell cycle N=40 No 0.05 

PI3K/mTOR N=40 No 0.60 

Growth factor receptors N=15 No 0.62 

DNA repair N=15 No 0.16 
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1.6.4 RAS/MAPK signaling in T cells  

 

Although MEK activation is associated with low TILs, the potential to enhance TIL infiltrate via 

MEK inhibition is confounded by the fact that MEK inhibition affects T cell functional responses 

(Figure 1.3). This phenomenon can be attributed to the fact that MAPK activity is a key 

downstream pathway of normal T cell activation and signaling [258]. Thus, inhibition of this 

pathway in T cells may lead to diminished function. Studies have shown that genetic loss of 

MAP3K2 (MEKK2) and/or MAPK1(ERK1/2) in T cells inhibit functions such as priming and 

proliferation of naive T cells in response to antigen stimulation, as well as abrogating IL-2 

production [259, 260]. Recent studies have investigated the effect of MEK inhibition on T cell 

activity/function. In a study by Irving et al. the authors demonstrated that potent suppression 

of TCR function by MEK inhibition could be overcome by co-stimulation with anti-CD28 in vitro 

or via blockade of the inhibitory PD-L1/PD-1 pathway in vivo [261]. Moreover, they revealed 

that CD28 mediated recovery of suppression in T-cells was dependent on the PI3K/mTOR 

pathway [261]. Similarly, Vella et al. found that trametinib alone or in combination with 

dabrafenib , inhibited proliferation and cytokine production [253]. As MEK inhibitors may 

potentially inhibit T cell function, due to the ubiquitous nature of Ras/MAPK pathway signaling 

in several cell types, there is potential to use immunotherapies that activate T cell signaling 

pathways to reverse these effects. This hypothesis was investigated in the course of this thesis 

(Chapter 3). 
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1.7 Summary 

 

In summary, successful treatment of TNBCs is currently challenging, given the lack of known 

specific targets, as well as the limited therapeutic efficacy of current treatment options and 

inevitabilities of therapeutic resistance. Cytotoxic chemotherapy remains as the current 

mainstay of systemic treatment options. Recent studies have revealed that TILs are important 

in terms of both predictive and prognostic survival in TNBC. Given that a known association 

between RAS/MAPK pathway aberration in tumours, and lower levels of TILs has been 

identified [135, 198], mechanisms to reverse this are important, in order to improve outcomes 

in TNBC patients. Thus, it may be concluded that RAS/MAPK pathway alterations are 

potentially associated with immunosuppression in TNBC, highlighting a possible role for 

immunotherapy to alleviate these effects to ultimately enhance therapeutic outcomes. 

However, given the ubiquitous nature of Ras/MAPK signaling in various cell types, the global 

impacts of MEKi in crucial responses from immune cell populations such as T cells, has not 

been well defined. RAS/MAPK signaling plays a role in proliferation, growth, survival and 

immune responses [260]. As T cells are integral to the anti-tumour immune response, this 

mechanism was important to elucidate.  

 

Therefore, this project aims to investigate the effect of MEK inhibition on the immunogenicity 

of tumours and on the ability of the immune system (TILs) to mediate anti-tumour effects. With 

additional mechanistic understanding of the link between MEK activation and TIL infiltration, 

rational design of clinical trials combining MEK inhibitors with immuno-stimulatory antibodies 

such as T cell agonists and/or checkpoint inhibitors in TNBC may be warranted. As such 

whether Ras/MAPK pathway specific inhibitors in combination with agonist/checkpoint 

immunotherapy were an efficacious therapeutic regimen for the treatment of TNBC were 

explored preclinically. Furthermore, investigation into the mechanisms underlying these 

effects as well as exploring novel therapeutic avenues independent of MEK, that target the 

immunosuppressive activity of MEK, whilst sparing T cell function were investigated.  
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1.8 Hypothesis and Aims – general overview 

 

To date, much of the research surrounding the use of Ras/MAPK pathway inhibitors has been 

undertaken in solid cancers, due to the high number of Ras and Raf mutations occurring within 

these diseases. The high mutational status of many cancers associated with a high 

neoantigen load, is thought to be the underlying cause of increased responses to 

immunotherapy. However, recent published works have suggested the potential for 

Ras/MAPK pathway inhibitors, namely MEKi, to increase antigenicity of tumours, suggesting 

that these inhibitors can be used to prime tumours for recognition by T cells, for enhancing 

the anti-tumour response. However, given the potential deleterious impact of MEKi on T cell 

function, alternative avenues to circumvent these immunosuppressive effects on T cells are 

of great importance. One such mechanism that was explored was the utility of agonist 

immunotherapy in combination with MEKi to rescue this loss of function caused by MEKi. The 

identification of the signaling mechanisms by which this restoration of function occurs, could 

provide future therapeutic targets to pursue, independent of classical MAPK signaling, that 

may all together prevent this immunosuppression on the T cell response.  

 

Finally, in order to understand the tumour-TIL interactions that occur within the tumour 

microenvironment in the context of TNBC and Ras/MAPK pathway knockdown, a MEK1/2 

knockdown model was established in order to suppress MEK1/2 signaling intrinsically within 

the tumour, while protecting and permitting normal TIL function. Through interrogation of the 

genes involved in antigen processing and presentation pathways following MEK knockdown 

or inhibition in tumours, it was hypothesised that more specific and novel regulators that are 

less ubiquitously expressed compared to MEK, could be identified and validated as future 

therapeutic options.   

 

Thus, the overarching hypothesis of this thesis is that Ras/MAPK pathway signaling is central 

to TNBC associated immunosuppression, and therefore, inhibitors or tumour intrinsic 
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knockdown of this pathway can reverse these inhibitory effects by enhancing tumour 

antigenicity. However, given the potential inhibitory impact of MEKi on immune cells, in 

particular T cell function, mechanisms and potential new targets were investigated. This 

included the relationship between the MAPK pathway and antigen processing and 

presentation, ECM and stromal stiffness and its impact on TIL infiltrating capacity, as well as 

chemokine release from tumours in response to MAPK suppression, that leads to increased 

TIL attraction and migration to the tumour site. The proposed mechanism underlying these 

interactions are illustrated in Figure 1.8. As such, the findings of this thesis are divided into 

two distinct results chapters, as described below.  
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1.8.1 Hypothesis and aims - Chapter 3 – Agonist immunotherapy restores T cell 

function following MEK inhibition improving efficacy in TNBC. 

 

Aim 1: To investigate whether RAS/MAPK pathway inhibition and immunotherapy 

combination treatment are able to augment the anti-tumour immune response in TNBC.  

 

Hypothesis 1: Targeted inhibition of the RAS/MAPK pathway and immunotherapy 

combination treatment will result in increased immunogenicity and further TIL recruitment to 

the tumour site, leading to enhanced anti-tumour responses in TNBC. 

 

Chapter 3 Summary: Whilst the effect of MEK inhibitors on tumour immunogenicity is well 

documented, the double-edged inhibitory effect on immune cells, in particular T cell signaling 

has not been well defined. As such, this chapter aimed to validate MEK inhibitor induced 

tumour immunogenicity and at the same time elucidate the inhibitory effects on TILs and to 

determine whether combination treatment with agonist immunotherapy would result in 

enhanced anti-tumour efficacy in both immunogenic and non-immunogenic models in vivo. 

Furthermore, this chapter investigated the underlying signaling pathways involved in the 

potential rescue effect within T cells. 

 

1.8.2 Hypothesis and aims – Chapter 4 - Understanding the effect of MEK1/2 knockdown 

on tumour intrinsic properties in TNBC. 

 

Aim 2: To determine the tumour intrinsic mechanisms that enhance immunogenicity following 

MEK1/2 knockdown in TNBC, in order to establish potential novel therapeutic targets 

independent of MEK1/2 signaling.  

 

Hypothesis 2: Mechanistic understanding of the tumour intrinsic properties following MEK1/2 

knockdown will lead to the identification of novel therapeutic targets independent of MEK1/2 
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signaling, to enhance immunogenicity in TNBC. 

 

Chapter 4 summary: Through an unbiased RNAseq screen of TNBC tumour cells following 

MEK1/2 knockdown in vitro, four specific pathways that were directly influenced by 

RAS/MAPK signaling were identified: namely antigen presentation, immunoproteasome, ECM 

components and chemokines. These pathways were interrogated in further detail throughout 

this chapter.  In order to study the effects of Ras/MAPK activation on stromal and extracellular 

matrix stiffness and decreased TIL infiltrate, tumour intrinsic knockdown of MEK1/2 was 

established to decipher which chemokine/chemotactic factors released following matrix 

disruption, were essential for and enhancing migration/recruitment of TILs to the tumour site. 

Additionally, given the strong association between MAPK inhibition and enhanced antigenicity, 

the genes involved in these pathways were investigated to determine potential new 

candidates, independent of MEK for future therapeutic strategies. 
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Figure 1.8. Proposed interactions between MEKi and immunotherapy in the tumour-

immune microenvironment. In the tumour-immune microenvironment (TME), T cells are 

chronically activated and exhausted, due to repeated exposure to immunosuppressive tumour 

ligands. These activated CD8 and CD4 T cells express checkpoint molecules such as PD-1 

and CTLA-4 on their surface. In the TME, these T cells bind to the cognate receptors 

expressed on the tumour cell or APCs. PDL-1 is expressed on tumour cells while CD80/CD86 

molecules are expressed on APCs. This interaction between T cells and tumour/APCs leads 

to inhibition of T cell activity and function. The immunosuppressive environment supports the 

expansion and function of immunosuppressive subsets such as TAMs, MDSCs and Tregs, 

which elicits inhibitory activity on T cells. Targeted inhibitors such as MEKi are proposed to 

enhance the immunogenicity of tumours (MHC-I and MHC-II). T cells recognise and bind to 

these tumour antigens (MHC-I: Ag: TCR) and elicit killing via granzymes and perforin mediated 

cytotoxicity. DCs may also uptake tumour antigens, which are then processed and presented 

on MHC-II to CD4+ helper T cells which then support further T cell expansion. Blockade of 

these exhaustive checkpoints such as PD-1 and CTLA-4 on T cells with α-PD-1 and α-CTLA-

4 antibodies, releases the inhibitory brakes on T cell function, thus allowing them to undertake 

efficient cytotoxic activity via IFNγ, perforin and granzyme B release, resulting in tumour cell 

lysis. Therefore, a plethora of immunotherapies could be used in combination with targeted 

inhibitors to enhance anti-tumour immune responses.  
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Chapter 2: 

Materials & Methods 
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2 Materials & Methods  

 

2.1 Cell lines and culture – Mouse 
 

Two murine TNBC cell lines; AT3ova of C57BL/6 origin and 4T1Ch9 of Balb/c background, 

were kindly donated to the laboratory by Dr Trina Stewart (Griffith University) and Professor 

Robin Anderson (Peter MacCallum Cancer Centre) respectively. The AT3ova cell line 

(cultured with complete DMEM media) was generated by transducing the parental AT3 cell 

line with a retroviral vector, pMIG/MSCV-IRES-eGFP plasmid encoding membrane-bound 

chicken ovalbumin (OVA) cDNA (model antigen) peptide, tagged with GFP. The 4T1Ch9 cell 

line (cultured with complete RPMI media) is tagged with cherry. All cell lines used in these 

experiments have been verified to be mycoplasma negative by the Victorian Infectious 

Diseases References Lab (Melbourne, VIC, Australia). 

 

2.2  Cell lines – MEK1/2 knock down models  

 

The murine TNBC cell lines AT3 and E0771 were transduced with the inducible REBIR vector 

carrying short hairpin RNA (shRNA) sequences targeting MEK1 (BFP expressing) or MEK2 

(VENUS expressing). The hairpins were cloned out of the pGIPz vector into the 

RT3REBIR.Ren713 or TIRMPVIR vector respectively using PCR amplification. Macherey 

Nagel NuceloBond Maxiprep kit was used to amplify DNA. 10 μg of each MEK1 and MEK2 

hairpin DNA was then transfected into HEK293 GP (GAG - POL) cells with the addition of the 

VSVg envelope vector and Lipofectamine 2000 transfection reagent (ThermoFisher 

Scientific). Media was changed after 6 hours of transfection and viral supernatant was 

collected 24 - 72 hours post transfection. Murine TNBC cell lines (AT3 and E0771) were then 

transduced with the viral supernatant, in the presence of Polybrene (4 μg/ ml). Multiple rounds 
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of hits were given, both morning and evening for a total of four hits. Cells were then sorted via 

flow cytometry until 100% BFP+/ GFP+ cells were obtained.  

 

2.3 Cell lines and culture – Human  

 

Three human TNBC cell lines were used; HCC1806, MDA-MB-231 and MDA-MB-468. All cell 

lines were STR tested and verified to be mycoplasma negative. The MDA-MD-468 and MDA-

MB-231 were maintained in DMEM while the HCC1806 was maintained in RPMI. Cell seeding 

densities for IC50 assays and growth inhibition assays were optimised for various cell lines and 

are described in Table 2.1. 

 

Table 2.1. Human TNBC cell line seeding densities for 96 well assays.  

 

 MDA-MB-231 MDA-MB-468 HCC1806 

CELLSTAR 96 Well Cell Culture 

Plate 

(Greiner bio-one) 

2500 cells/ well 5000 cells/ well 3000 cells/ well 

 

2.4 Drugs 
 

The MEK1/2 inhibitor Trametinib (MEKi; GSK12021101) was kindly provided by Glaxo-

SmithKline/Novartis via an MTA. The drug was solubilised in dimethyl sulfoxide (DMSO) at a 

100 nM concentration for in vitro studies. For in vivo studies, trametinib (MEKi) was prepared 

in a PEG400/ Solutol (1: 4) solution and administered at 1mg/ kg daily via oral gavage with 

continuous dosing. Inhibitors for p38 (p38i; BIRB 796 (Doramapimod)) and JNK (JNKi; 

SP600125) were solubilised in DMSO at a concentration of 10 µM for the in vitro studies. 
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Mouse recombinant IFNγ protein (BD) was added at 5ng/ml for in vitro assays.  Mouse specific 

antibodies for α-4-1BB (3H3 clone), α-OX-40 (OX-86 clone) and isotype control (2A3) 

antibodies were purchased from BioXcell. For depletion studies, α-CD4 (GK1.5 clone) and α-

CD8 (YTS169.4 clone) antibodies, administered at 250µg/dose were purchased from BioXcell. 

Human α-4-1BB antibody (BMS663513) was kindly provided by Bristol Meyer-Squibb. 

Antibodies were diluted in culture media for in vitro studies and PBS for in vivo studies.  

 

2.5 Thymidine incorporation cell proliferation assay  
 
Using spleens obtained from wild type (WT) C57BL/6 mice, the Miltenyi MACS separation 

column system was used to isolate purified naïve CD4+ and CD8+ T cells. T cells were seeded 

at 1x105 cells per well in 96 well plates and cells were either left unstimulated (no α-

CD3/CD28) or activated with plate bound α-CD3 (1 µg/ ml) and soluble α-CD28 (0.5 µg/ ml) 

antibody and treated with vehicle (0.1% DMSO), 2A3 isotype antibody (50 µg/ ml), either α-4-

1BB (50 µg/ ml) or α-OX-40 (50 µg/ ml) antibody alone, 100 nM of trametinib (MEKi) alone or 

combination of trametinib and α-4-1BB or α-OX-40 antibody, for an incubation period of 72 

hours. At 48 hours, cells were pulsed with thymidine (0.5 µCi/ well) and read at 72 hours using 

the Tricarb 2910 TR liquid scintillation analyser (Perkin Elmer). 

 

2.6 CFSE proliferation assay  
 

Human PBMCs were isolated and a Pan T cell negative-selection/enrichment (Miltenyi Biotec, 

San Diego, CA) was undertaken. T cells were rested overnight in RPMI and 10% FBS.  The 

following day, cells were stained with CFSE per the manufacturer’s protocol (ThermoFisher), 

and 1x105 cells were seeded in 96-well plates containing α-CD3/ α-CD28 (1: 50) magnetic 

beads (ThermoFisher), with or without trametinib (100 nM).  After 96 hours, cells were stained 

with α-CD4-APC (clone OKT4, Biolegend; 500 ng/ mL) and α-CD8α-PE (clone HIT8α, 

Biolegend; 300 ng/ ml).  Population doubling for CD4+ and CD8+ T cells was determined by 
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integrating CFSE+ peaks using stained, unstimulated cells as a control.  Analysis was 

performed using the FlowJo software. 

 

2.7 Cytometric bead array  
 

Cytometric bead array (CBA) was performed utilising supernatants obtained from in vitro 

mouse (Bead A4; 558296) and human (Bead B8; 560111) studies, BD flex set capture beads 

for IFNγ were incubated for 1 hour at room temperature, followed by a 1 hour, room 

temperature incubation of the PE detection beads. Following this, samples were analysed 

using the flow cytometry Verse, where output was displayed as pg/ ml, as determined from 

the standard curve for each bead.  

 

2.8 T cell and tumour co-culture studies 
 

Spleens were isolated from OT-I (CD8+) and OT-II (CD4+) transgenic mice (obtained from the 

Walter and Elizabeth Hall Institute of Medical Research, Australia). Splenocytes were 

stimulated with either SIINFEKL (OT-I) or OVA323-339 (OT-II) peptide (GenScript; 300 nM) for 

3-4 days and supplemented with IL-2 (100 units/ml). AT3ova cells were either treated with 10-

100 nM of trametinib for 12 hours prior to co-culture (pre-treated 12 hours MEKi), or trametinib 

was added directly to the co-culture for 24 hours without prior pre-treatment (in culture 24 hour 

MEKi). OT-I and OT-II cells were then co-cultured 1: 1 with AT3ova cells (1x105) for 24 hours 

in the absence or presence of trametinib. Cells were collected and analysed by flow cytometry 

for expression of MHC-I, 4-1BB and OX-40. Supernatants were collected for IFNγ (pg/ ml) 

cytokine production by CBA.   
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2.9 Mouse and human T cell CBA analysis 
 

CD8+ or CD4+ T cells were isolated from naïve C57BL/6 spleens or human PBMCs 

respectively (obtained from the Australian Red Cross Blood Service donation with informed 

consent; Agreement Number: 14-09VIC-04, NBMS Code:34ZPHR 003PHR) were isolated 

and purified for naïve CD8+CD45RA+ T cells using the MACS Miltenyi magnetic bead system. 

T cells were left unstimulated or activated with plate bound α-CD3 (1 µg/ ml) for 16 hours (pre-

stimulation). Cells were then washed and treated with vehicle (0.1% DMSO), α-CD28 (0.5 µg/ 

ml in mouse cells only), 100 nM of MEKi alone, 10 µM of p38i or 10 µM JNKi alone, α-OX-40 

(50 µg/ ml) or α-4-1BB (50 µg/ ml) antibody alone, or double or triple combination of trametinib, 

P38i or JNKi and agonist antibody, for 72 hours (mouse) or 30 minutes - 4 hours (human). 

Following this, supernatants were collected and IFNγ cytokine production was measured via 

CBA analysis.  

 

2.10 Viability Assay 

 

Cells were harvested, resuspended in media and counted using the CountessTM II automated 

cell counter (Life Technologies, MA, USA). Cells were then seeded in CELLSTAR® 96 well 

flat bottom cell culture plate (Greiner Bio-one, OÖ, Austria) in 50 μL of media at their 

respective densities and incubated at 37°C in an atmosphere of 5% CO2. After 24 hours the 

cells were treated with either media, vehicle or increasing doses of various drugs (Table 1). 

After 72 hours of treatment, cell viability was assessed using CellTiter-Glo Luminescent Assay 

(Promega, WI, USA) following the manufacturer’s instructions. Luminescence was measured 

on the Cytation 3 plate reader (Biotek, VT, USA). Results were also collected at the time of 

dosing (time zero) and used to create dose response curves. The dose response curve is 

calculated using [(Ti-Tz)/(C-Tz)], where Ti is the cell viability at the test dose after 72 hours, 

Tz is the cell viability at time zero, and C is the cell viability of the vehicle control at 72 hours. 
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The growth inhibition (GI) 50 for each drug was calculated as the dose that inhibits cell growth 

by 50%. Each dose was completed in quintuplicate, and the assay was performed three times 

for each drug. 

 

2.11 Growth inhibition assay  

 

To obtain GI50 values for each drug, viability of cells was assessed across a range of doses 

to an inhibitor. Cells were plated in 96-well white-walled plates and treated with escalating 

doses of the inhibitor. After 72 hours, cell viability was determined based on quantitation of 

CellTitre-Glo® Assay (Promega) at 1:3 dilution and luminescence read using Cytation™ 5 

(BioTek). Curve fitting was performed using GraphPad Prism software. All experiments were 

performed in quintuplets with at least three independent experiments. 

 

2.12 Immunoproteasome functional validation  
 

The proteasome inhibitor: ONX-0914 (Assay Matrix) was diluted in DMSO. 1X105 cells were 

seeded in a 24 well plate and left to adhere overnight. Cells were treated with Vehicle (1.02% 

DMSO), IFNγ (I; 5 ng/ ml), MEKi (100 nM), M+I in the presence or absence of 2 uM ONX-0914 

for 24 hours. Cells were stained the following panel of antibodies for 30 minutes: MHC I – 

APC, MHC II – APC-CY7, PDL-1 – PE-CY7 and Fix Yellow dye for viability. Samples were 

run on LSR II. Gating: Singlets -> Morphology -> Live. MFI for markers calculated on live 

group. 
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2.13 cDNA synthesis  
 

SuperScript VILO cDNA Synthesis kit (Invitrogen) was used for cDNA synthesis. 2 μl of 10X 

Superscript enzyme mix and 4 μl of VILO reaction mix were used in a final volume reaction of 

20 μl with 1 μg of RNA. Volumes were calculated using the RNA quantity determined by the 

Nanodrop. The tube was mixed gently for 10 minutes at 250C, and then the reaction was 

incubated at 420C for 1 hour. The reaction was deactivated at 850C for 5 minutes. Stock cDNA 

solutions were diluted to 1:10 and used for qRT-PCR. 

 

2.14 Primer design  
 

The qPCR primers were designed using Primer3 software (Rozen and Skaletsky, 2000) and 

commercially synthesised (IDT technologies). Primers were designed to be exon spanning in 

order to avoid the effect of genomic DNA presence on the qPCR results. DNA sequences for 

primer design were obtained by BLAT, at the UCSC genome Browser, 

http://genome.ucsc.edu/cgi-bin/hgBlat (Kent, 2002), against the mouse genome. 

 

2.15 Quantitative real-time polymerase chain reaction (qRT-PCR)  
 

Quantitative real time PCR (qPCR) samples were prepared using a 25 μl reaction mix protocol: 

2 μl of diluted cDNA, 12.5 μl of 2x qPCR SYBR green master mix (Stratagene Corp, La Jolla, 

CA, USA) and 10.5 μl of a mix of primers and water. This was optimised for each primer mix 

(Table 2.2) by titration of 100, 250 and 500 nM final concentrations. All products were run on 

an agarose gel to confirm the presence of a single PCR product of the correct size. PCR 

products were sent to GATC Biotech, Konstanz, Germany for sequencing to ensure primers 

were specific to the gene of interest. A MX3000P quantitative PCR system (Stratagene Corp, 

La Jolla, CA, USA) was utilised to perform qPCR with the following cycle parameters: 95°C 
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for 10 minutes, 40 cycles of 95°C for 30 seconds, 60°C for 1 minute and 72°C for 30 seconds, 

with a final step for amplicon dissociation. A non-template control (NTC) was run for each 

primer used in each 96-well plate to confirm absence of gDNA contamination. Levels of gene 

of interest (GOI) expression were determined using the delta delta Ct method (2^-ΔΔCt). A 

ratio of GOI relative to housekeeping gene was generating by normalising the gene of interest 

to a stable internal housekeeping control gene (β-actin). 

 

Table 2.2. PCR primer design. 

 
Gene 
Name 

Primer Name Primer Sequence Expected 
Product 

Size 

Exon 
Junction 

PSMB8 PSMB8_FORWARD GAAGAGGCCTACGACCTTGG 88bp 946/947  
PSMB8_REVERSE TGTGGTACATGTTGACGACTCC 

PSMB9 PSMB9_FORWARD GAAGTCCACACCGGGACAAC 124bp 81/82  
PSMB9_REVERSE GAGGGGAGAGCTTGTCGAAC 

TAP1 TAP1_FORWARD ATTACCTGCACACTCAGGTGG 150bp 1908/1909  
TAP1_REVERSE TGAAATCGTGGGCTCCAGAC 

TAP2 TAP2_FORWARD  TCTCGGGTTCTGTCAAGGAC 145bp 1945/1946  
TAP2_REVERSE CCTTTTTCCCCGATTTCTGTG 

B2M B2M_FORWARD CCTTCAGCAAGGACTGGTCT 132bp 397/398  
B2M_REVERSE TGTCTCGATCCCAGTAGACGG 

IRF1 IRF1_FORWARD GCACCACTCCTTCGTCGAG 235bp 264/265  
IRF1_REVERSE ATTGGCATGGTGGCTTTGCTG 

STAT1 STAT1_FORWARD TTTCAGCTCTGCTCCATACCC 173bp 347/348  
STAT1_REVERSE CCACTGTGACATCCTTGAGATTC 

STAT2 STAT2_FORWARD GGACATCAGTGGCAAGACCC 249bp 2196/2197  
STAT2_REVERSE TTGGTCTTCAGGTACGGGGC 

GAPDH GAPDH_FORWARD CTAGGACTGGATAAGCAGGGC 199bp 263/264  
GAPDH_REVERSE GCCAAATCCGTTCACACCG 

βactin βactin_FORWARD CACTGTCGAGTCGCGTCC 89bp 103/104  
βactin_REVERSE TCATCCATGGCGAACTGGTG 
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2.16 Western Blot analysis 
 

For Western Blot analysis, CD8+ T cells were isolated from murine spleen or human PBMCs. 

1x106 T cells per condition were activated for 16 h with α-CD3 (1 µg/ ml) prior to stimulation 

with α-CD28 (0.5 µg/ ml) and the addition of MEKi (100 nM) and immune agonist α- 4-1BB 

mAb and α-OX-40 mAb (50 µg/ ml) as described above in CBA analysis. Pellets were lysed 

after 72 hours (mouse) or 5 minutes (human) using Radioimmunoprecipitation assay (RIPA) 

buffer. Primary antibodies used for immunoblotting were purchased from Cell Signaling 

Technologies (phosphorylated); p-ERK1/2, t-ERK1/2, p-MEK1/2, t-MEK1/2, p-p38, p-MKK3/6, 

p-MKK4, p-AKT, p-JNK, c-JUN, p-NFкB, and GAPDH loading control. Secondary antibodies 

used were α-rabbit (Santa Cruz; sc-2005, 1:2000) and α-mouse HRP IgG (Santa Cruz; sc-

2030, 1:2000) for chemiluminescent signal detection. Band quantitation (densitometry) was 

undertaken using ImageJ (NIH). Briefly, areas were selected and histogram was produced by 

the software for band intensity; displayed as an area value using the “Blot Quant” plugin. After 

highlighting peaks, the Analyse> Gels> Label Peaks function was used to express peaks as 

a percentage of the total size of all of the highlighted peaks. Values were then normalised to 

the untreated control for each antibody.  
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Table 2.3. List of antibodies used for western blot analysis. 

Primary antibody 
Anti-rabbit antibody Manufacturer Dilution Protein size 
p-ERK (Thr202/Tyr204; 

#9101) 

Cell signaling Technology, 

United States 

1:1000 42/44 kDa 

p-p38 (Thr180/Tyr182; 

D3F9 #9210) 

Cell signaling Technology, 

United States 

1:1000 43 kDa 

p-MKK3/6 (Ser189/Ser207; 

D8E9 #12280) 

Cell signaling Technology, 

United States 

1:1000 38/40 kDa 

p-MKK4 (Ser257; C36C11 

#4514) 

Cell signaling Technology, 

United States 

1:1000 44 kDa 

p-AKT (Ser473; D9E #4060) Cell signaling Technology, 

United States 

1:1000 60 kDa 

p-JNK (Thr183/Tyr185; 

81E11 #4668) 

Cell signaling Technology, 

United States 

1:1000 54 kDa 

c-JUN (Ser63; 54B3 #2361) Cell signaling Technology, 

United States 

1:1000 48 kDa 

p-NFкB (Ser536; 93H1 

#3033) 

Cell signaling Technology, 

United States 

1:1000 65 kDa 

p44/42 MAPK (Erk1/2) 

Antibody #9102 

Cell signaling Technology, 

United States 

1:1000 42/44 kDa 

p-MEK1/2 

(Ser221; 166F8) #2338 

Cell signaling Technology, 

United States 

1:1000 45 kDa 

t-MEK1/2 

(D1A5)  #8727 

Cell signaling Technology, 

United States 

1:1000 45 kDa 

Anti-mouse antibody Manufacturer Dilution Protein size 
GAPDH (Abcam; ab-9484) Abcam 1:1000 40 kDa 

Secondary antibodies 
Antibody Manufacturer Dilution  
Goat anti-rabbit IgG-HRP 

#7074 

Cell signaling Technology, 

United States 

1:2000  

Goat anti-rabbit IgG-HRP 

(sc-2005) 

Santa Cruz Biotechnology, 

United States 

1:2000  

Goat anti-mouse IgG-HRP 

(sc-2030) 

Santa Cruz Biotechnology, 

United States 

1:2000  

*p= phosphorylated, t=total. 
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2.17 Genomic analysis of human breast cancer samples 
 

The expression levels (log2) and prognostic value of the MEK gene signature [262] as well as 

OX-40 and 4-1BB gene expression and survival data were analysed from the METABRIC 

(Molecular Taxonomy of Breast Cancer International Consortium) dataset [263]. Patient 

specimens were obtained with appropriate informed consent from the relevant institutional 

review board and committee). Access was granted and normalised data was downloaded from 

the European Genome Phenome Archive, extracted and analysed in R. Clinical data for 

METABRIC was downloaded from cBioPortal [264, 265]. TNBC (Basal) samples were 

classified by the PAM50 molecular subtyper as previously published [264, 265]. Kruskal–

Wallis tests were performed to compare expression levels across breast cancer subtypes. 

Kaplan-Meier survival curves were generated using tertiles of gene expression and 

differences tested using a Cox regression analysis using the gene as a continuous variable. 

Survival analyses were censored at 10 years. The endpoint used was relapse free survival. 

TILs were previously evaluated and quantified using a pre-defined method (Dushyanthen et 

al., 2016; Chapter 3) on 460 patients and 702 haematoxylin and eosin (H&E) slides from 

TNBC patients downloaded from The Cancer Genome Atlas (TCGA) portal [266]. Correlations 

between the TILs and gene expression of OX-40, 4-1BB and key immune genes in the TCGA 

data set were calculated using the Pearson correlation coefficient in R. All analyses were 

performed using R version 3.2.3. 

 

2.18 Transcriptomic analysis of mouse samples 
 

RNA was extracted from 4T1Ch9 tumours treated in vivo with vehicle (PEG400/solutol) or 

trametinib (1 mg/ kg/ daily) for 7 days and Affymetrix Microarray was undertaken using the 

Affymetrix Mouse 430 PM Array. Pre-processing and quantile normalisation of microarray data 

was performed with the AFFY [267] package in R. From normalised RNA intensities, unbiased, 

differential expression analysis and a short list of genes (FDR < 0.05) was generated with the 
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LIMMA [268] package in R. Using the differentially expressed genes, pathway and molecular 

function enrichment analysis was performed in MetaCore™ GeneGo [269]. The GSEA 

software [270] for gene set enrichment analysis was used with normalised RNA intensities. 

GSEA was used to determine the baseline levels of a MEK signature (previously published by 

Pratilas et al.[262]) in AT3ova and 4T1Ch9 ex vivo tumours. False discovery rate was set at 

<10%. Top genes were selected based on a P value of <0.05 and a fold change of >1.5. All 

analyses were performed using R version 3.2.3. Data available from GEO under the accession 

code GSE101093. 

 

2.19 RNA Sequencing 

 

RNA was extracted from AT3 cell lines (SC, SH1, SH2, SH3) treated in vitro with doxycycline 

(2 μg/ ml) or trametinib (100 nM) for 96 hours and 3’ RNA seq was undertaken using the 

platform (QuantSeq 3’ – Lexogen). Raw RNA sequencing reads were checked for 

contaminating adapters using FastQC and then filtered using CutAdapt. High quality reads 

were aligned to reference genome hg19 using Tophat2. RNASeq counts were quantified using 

HTSeq- count. Normalisation to log2 CPM values and differential expression analysis was 

performed using the Limma-Voom package in R. Pre-processing and quantile normalisation 

of microarray data was performed with the AFFY [267] package in R. From normalised RNA 

intensities, unbiased, differential expression analysis and a short list of genes (FDR < 0.05) 

was generated with the LIMMA [268] package in R. Using the differentially expressed genes, 

pathway and molecular function enrichment analysis was performed in MetaCore™ GeneGo 

[269]. The GSEA software [270] for gene set enrichment analysis was used with normalised 

RNA intensities. False discovery rate was set at <10%. Top genes were selected based on a 

P value of <0.05 and a fold change of >1.5. All analyses were performed using R version 

3.2.3. Data available from GEO under the accession code GSE101093. 
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2.20 Sequencing of mutations and copy number analysis  
 

Whole exome sequencing was performed on the AT3ova and 4T1Ch9 murine cell lines. 

Exome capture was performed using the Agilent SureSelectXT Mouse All Exon, and libraries 

passing QC were sequenced on an Illumina HiSeq 4000, to a mean fold coverage of 160x. 

Following alignment to the mouse reference genome GRCm38 with BWA [271], variants were 

called with GATK UnifiedGenotyper [272], Varscan2 60 and Platypus [273]. Only variants 

passing filters and called by Platypus and at least one other variant caller were analysed. 

Variants were annotated with the Ensembl Variant Effect Predictor [274]. As the tumour model 

has been developed in several mouse backgrounds, there is no true matched normal sample, 

and the following steps were employed to remove germline variants: firstly, removal of all 

known germline mouse variants using the current SNP and indel calls provided by the Mouse 

Genomes Project [275]. To avoid missing germline variants due to inconsistent representation 

between call sets, RTG Tools ‘vcfeval’ was used (Real Time Genomics, Hamilton, New 

Zealand). Following this, removal of variants found to occur in the Ensembl variation 

databases was undertaken. The data have been deposited in the NCBI SRA under the 

accession code SRP103420. 

 

2.21 In vivo mouse studies 
 

Female C57BL/6 and Balb/c wild-type (WT) mice aged between 6 - 8 weeks were utilised. All 

experiments were conducted in accordance with the approval of the Peter MacCallum AEEC 

(Ethics number: E539). Treatment groups consisted of n = 5 - 8 mice per group. For in vivo 

experiments, using the C57BL/6 AT3ova model, 5x105 cells were resuspended in PBS and 

injected as single cell suspensions, subcutaneously in a 100 µL volume into the right flank. 

For in vivo experiments using the Balb/c 4T1Ch9 model, 5x104 cells in a 20 µl volume of PBS 

were injected into the fourth mammary fat pad (MFP). Treatments began on day 14 post 

inoculation for the AT3ova model, and day 10 for the 4T1ch9 model, with tumour sizes ranging 
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between 35 - 60 mm3. For experiments in RAG-/- mice, AT3ova model, 5x105 cells were 

resuspended in PBS and injected as single cell suspensions, subcutaneously in a 100 µL 

volume into the right flank. Tumour volumes were calculated using the equation (length x 

width2) /2, where length and width refer to the larger and smaller dimensions collected at each 

measurement. Following the establishment of tumours, mice were treated with vehicle control 

(suspension agent), trametinib (1 mg/ kg orally, once daily), α-4-1BB alone (25 μg/ dose 

delivered intraperitoneally) or α-OX-40 antibody alone (50 μg/ dose in Balb/c and 200 μg/ dose 

in C57BL/6 by intraperitoneal injection) or isotype control antibody, or double combination of 

trametinib and agonist immunotherapy (α-4-1BB Ab/ α-OX-40 Ab). For experiments using the 

triple combination, α-PD-1 antibody was administered in double combination with trametinib, 

or either agonist, or in triple combination with trametinib, and either α-4-1BB Ab/ α-OX-40 Ab. 

For depletion experiments in the wildtype C57BL/6 AT3ova model, α-CD4 (250 μg/ dose) and 

α-CD8 (250 μg/ dose) antibodies were administered concurrently on day -1, 0, 7 and 14.  

Immunotherapy and isotype controls were delivered on days 0, 4, 8 and 12 in C57BL/6 mice 

and 0, 5, 10 in Balb/c mice. Tumour volume was measured 2 - 3 times weekly with calipers. 

Survival was monitored and determined when the tumours reached an ethical limit of 1400 

mm3. 

 

2.22 Treatment of mice with doxycycline to induce MEK KD In vivo  
 

Following the establishment of tumours expressing doxycycline inducible shRNAs, mice were 

treated doxycycline food (625 mg/ kg) and water (2 mg/ ml) ad libitum, trametinib (1 mg/ kg 

orally, once daily). Tumour volume was measured 2 - 3 times weekly with calipers. Survival 

was monitored and determined when the tumours reached an ethical limit of 1400 mm3. 
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2.23 Flow cytometry analysis 
 

For ex vivo studies of immune cell infiltrate, tumours were dissected, mechanically minced 

and digested using a mixture of 1 mg/ml collagenase type IV (Sigma-Aldrich) and 20 µg/ ml 

DNAase (Sigma-Aldrich). After 30 minutes of digestion at 37ºC, the cells were passed through 

a 70 μm filter, washed and then passed through a 40 µm filter. Single cell suspensions were 

then stained with antibody cocktails for various TIL subsets. In some experiments, isolated 

cells were restimulated with PMA (50 ng/ml) and ionomycin (1 μg/ ml; Sigma-Aldrich) in the 

presence of GolgiPlug (BD Biosciences; 1: 1000) and GolgiStop (BD Biosciences; 1: 1500) 

for 4 hours prior to flow cytometry analysis. Samples were analysed by flow cytometry with 

Fixable Yellow used to discriminate viable and dead cells. Lymphocytes were distinguished 

by CD3+/ TCRβ+, CD45+ cells. BD Fluorosphere counting beads were added to cocktails 

before running samples. A total of 20860 (10 μl) beads were added per sample.  
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Table 2.4. List of anti-mouse antibodies and dilutions for Flow cytometry analysis 

 

Anti-mouse 
antibody 

Fluorochrome Clone Manufacturer Dilution 

CD8α BV711 53-6.7 BioLegend (WA) 1:400 
CD69 PE H1.2F3 eBioscience (VIC) 1:400 
CD69 Biotin HI.2F3 eBioscience (VIC) 1:200 
CD27 Biotin LG.7F9 eBioscience (VIC) 1:200 
CD11b BV711 MI/70 BioLegend (WA) 1:100 
CD45.2 APC-Cy7 104 eBioscience (VIC) 1:400 
CD3 Pacific Blue 17A2 eBioscience (VIC) 1:200 
CD25 Biotin PC61-5 eBioscience (VIC) 1:200 
Ki67 APC 16AB BioLegend (WA) 1:200 
PD-1 FITC JA3 eBioscience (VIC) 1:200 
NK1.1 PE PK136 eBioscience (VIC) 1:200 
TCRβ PE H57-597 eBioscience (VIC) 1:400 
TCRβ Pacific Blue H57-597 eBioscience(VIC) 1:200 
TCRβ FITC H57-597 eBioscience (VIC) 1:200 
TCRβ APC H57-597 eBioscience (VIC) 1:400 
TCRβ PE-Cy7 H57-597 eBioscience (VIC) 1:200 
TCRβ PerCP-Cyanine 

5.5 
H57-597 eBioscience (VIC) 1:200 

PD-L1 PE-Cy7 MIH5 eBioscience (VIC) 1:100 
H2Kb PE AF6-88.5 BioLegend (WA) 1:200 
H2db Pacific Blue 28-14-8 eBioscience (VIC) 1:100 
MHC II APC M5/114.15.2 eBioscience (VIC) 1:200 
CD80 BV605 516-10A1 BioLegend (WA) 1:100 
CD86 Biotin GL1 eBioscience (VIC) 1:100 
CD4 BV605 RMA-5 BioLegend (WA) 1:400 
CD4 PE-Cy7 GK1.5 eBioscience (VIC) 1:200 
CD8α PE-Cy7 53-6.7 eBioscience (VIC) 1:200 
CTLA-4 PE UC10-4F10-11 BDBiosciences 

(NSW) 
1:200 

FOXP3 Pacific Blue FJK-16s eBioscience (VIC) 1:200 
IFN-γ APC XMG1.2 eBiocience (VIC) 1:200 
Granzyme B APC GB11 BioLegend (WA) 1:400 
Streptavidin PE-Cy7  eBioscience (VIC) 1:1000 
Streptavidin BV785  BioLegend (WA) 1:1000 
Fix yellow   Life technologies 

(VIC) 
1:400 
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Table 2.5. List of antibodies used for human flow cytometry assays. 

 

Anti-Human 
Antibody 

 
Fluorochrome 

 
Clone 

 
Manafacturer 

 
Dilution 

HLA-ABC PE G46-2.6 BD Biosciences 1:200 
HLA-DR APC L243 Biolegend 1:200 
CD80 FITC L307.4 BD Biosciences 1:100 
CD86 Pacific Blue IT2.2 Biolegend 1:100 
PD-L1 (CD274) BV711 29E.2A3 Biolegend 1:100 
Fix Yellow   Life Technologies 1:400 
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2.24 ECM imaging  
 

Masson's trichrome staining 

5-µm sections of formalin-fixed, paraffin-embedded (FFPE) tissues were de-paraffinised in 

xylene (3 washes for 3 minutes each) and hydrated in graded ethanol to distilled water. Slides 

were stained with Masson's trichrome as previously described [276], followed by dehydration 

in graded ethanol to xylene. Glass coverslips were applied using a resinous mounting medium 

(Thermo Scientific, Pittsburgh, PA). 

 

Picrosirius red staining 

5-µm thick formalin-fixed, paraffin-embedded (FFPE) sections were briefly de-paraffinised at 

room temperature in four washes of xylene (3 minutes each). Sections were hydrated in 

graded ethanols (100%, 100%, 95%, 95%, 70%; all 1 minute) to distilled water. Nuclei were 

stained using immersion in Weigert's iron hematoxylin (Sigma-Aldrich, St. Louis, MO) for 8 

minutes, followed by washing in running tap water for 10 mins. Sections were stained at room 

temperature in a solution of 0.1% Sirius red F3BA in saturated aqueous picric acid (Sigma-

Aldrich) for one hour, as described in other studies [277]. Subsequently, sections were rinsed 

in two washes of a 0.5% acetic acid in distilled water solution (5 minutes each). Ascending 

concentrations of ethanol were used for dehydration (70%, 95%, 95%, 100%, 100%; 4 quick 

dips each) and sections were cleared in three washes of xylene (4 quick dips). Sections were 

covered with resinous mounting medium and glass cover slips. 

 

Image acquisition and analysis 

Images of murine breast tissue stained with Masson's trichrome were acquired with a 20x 

objective lens (N.A. =  0.50, Nikon Instruments, Melville, NY) on an 80i microscope (Nikon) 

using the DS-Fi2 camera (Nikon) with NIS Elements (Nikon). Blue coloration, indicative of 

ECM, was separated for all cores by manual thresholding of hue (121-179), saturation (20-
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255), and brightness (10 - 255) values in ImageJ, and ECM content was quantified as mean 

blue intensity per tissue area. ECM content was compared between normal murine breast 

tissue and knockdown tissue, using a two-tailed Student's t-test. 

 

Images of Picrosirius red staining were acquired for each FFPE sample of interest using a 20x 

objective lens (N.A. =  0.50, Nikon) on the DS-Fi2 camera (Nikon) in NIS Elements (Nikon) 

using the Nikon DS-U3 controller (Nikon). For full slide specimens, three representative acinar 

lobules were identified and imaged for each patient using the 10x objective lens (N.A. =  0.45, 

Nikon), and triplicate averages were used for analysis. Images were acquired using both 

brightfield microscopy and a circular polarizer filter, as birefringence under polarised light is 

highly specific for collagen [277]. 

 

Quantification of polarised light images was conducted similar to previously established 

protocols [277]. Background coloration was removed using ImageJ and the Colour Corrector 

plugin. ImageJ macros for the quantification of individual colours of birefringence were 

developed using the following hue (H), saturation (S), and brightness (B) ranges: red (H 1-13, 

S 10-255, B 20-255), orange (H 14-25, S 10-255, B 20-255), yellow (H 26-52, S 10-255, B 20-

255), and green (H 53-110, S 10-255, B 20-255), a slight modification of hue range values 

from previously described methods [277]. Total collagen content was defined as the proportion 

of positive pixels within the birefringent bin ranges compared to total pixels in the region of 

interest (ROI) for each image. ROI sizes were manually calculated using Photoshop CS6 

(Adobe Systems, San Jose, CA) by subtracting empty and glandular space from the total 

amount of pixels in each image. Proportion of colours within birefringent tissue was normalised 

and compared between groups. Student's t-test was used for statistical analysis using 

Graphpad Prism (Graphpad Software, San Diego, CA), with a two-sided p-value of <0.05 

being considered significant in all analyses. 
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2.25 Statistical analysis 
 

Statistical analyses were performed with Prism, version 6 (GraphPad Software Inc). All data 

are presented as mean ± standard error of the mean (SEM). Means for all data were compared 

by unpaired student t-test or one-way analysis of variance (ANOVA) for in vitro studies and 

two-way ANOVA with post hoc Fishers’ least significant difference (LSD) testing for in vivo 

studies. Log ranked (mantel-cox) analysis was undertaken for survival proportions. P values 

of <0.05 were considered statistically significant *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. 

 

2.26 Data availability  
 

The Mouse tumour whole-exome sequencing data have been deposited into the National 

Center for Biotechnology Information Sequence Read Archive under the accession number 

SRP103420. The Mouse Affymetrix Microarray data referenced during the study are available 

in a public repository from the Gene expression omnibus (GEO) website under the accession 

code GSE101093; http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE101093. The 

human sample data referenced from TCGA (available at: https://tcga-data.nci.nih.gov/) and 

METABRIC (available at: http://www.cbioportal.org/study?id=brca_metabric#summary) are 

open access datasets that are publicly available.  
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3 Agonist immunotherapy restores T cell function following MEK inhibition improving 

efficacy in breast cancer 

 

3.0 Preface 
 

The aim of this chapter was to investigate whether combinations of MEK inhibition and immune 

agonists, α-4-1BB or α-OX-40 antibody therapy, could circumvent loss of T cell function with 

MEK inhibition, to augment anti-tumour responses in TNBC. 

 

This chapter is published in the journal Nature Communications, as per the following 

reference:  

 

Sathana Dushyanthen, Zhi Ling Teo, Franco Caramia, Peter Savas, Christopher P. Mintoff, 

Balaji Virassamy, Melissa A. Henderson, Stephen J. Luen, Mariam Mansour, Michael H. 

Kershaw, Joseph A. Trapani, Paul J. Neeson, Roberto Salgado, Grant A. McArthur, Justin M. 

Balko, Paul A. Beavis, Phillip K. Darcy & Sherene Loi. (2017). Agonist immunotherapy 

restores dysfunctional T cells following MEK inhibition and improves therapeutic 

efficacy in triple negative breast cancers. Nature Communications. 2017; 8: 606. Published 

online 2017 Sep 19. DOI:  10.1038/s41467-017-00728-9. PMID: 28928458. 

 

The published manuscript and associated supplementary information are presented in 

Chapter 3 of this thesis. Additional related data, not included in the manuscript, are presented 

in this chapter as an addendum. 
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3.1 Introduction 
 

The landscape of cancer therapies has rapidly transformed in the last decade. There has been 

a large shift away from systemic treatment modalities, into the biomarker analysis and targeted 

therapy era. As such, the utility of small molecule inhibitor drugs, targeting various components 

of oncogenic pathways, has been tested in a number of disease settings in recent years [278]. 

The Ras/ MAPK pathway, in particular MEK inhibitors, has become increasingly well studied 

and widely utilised in treatment strategies, particularly in melanoma [254, 278-282]. 

Accordingly, the overarching aim of this thesis was to evaluate the effect of MEK inhibition 

(MEKi) on growth of triple negative breast cancers (TNBCs). While various groups have 

previously reported the ability of MEKi to enhance immunogenicity [283-285], the mechanisms 

underlying the ability of MEK inhibitors to increase anti-tumour immunity are still largely 

unknown. Moreover, whilst patients with activating RAS/MAPK mutations have lower rates of 

TILs, the relationship between Ras/ MAPK activation and tumour infiltrating lymphocyte (TILs) 

[198] is still unclear. These concepts were investigated in various studies conducted 

throughout this thesis. The overarching hypothesis of this thesis was that MEKi increases 

tumour immunogenicity, and thus enhances anti-tumour immune responses by T cells. 

However, given the ubiquitous nature of MAPK signaling in various cell types, it was proposed 

that while MEKi may cause anti-proliferative effects within tumour cells, MEKi in T cells may 

have a detrimental effect on the functionality of these effector cells [259, 286, 287]. As such, 

investigation into the impact of MEKi on the function of various TIL subsets, was undertaken 

in this chapter.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

The studies undertaken in this section were largely built upon previously published works by 

our group [198] (Loi et al., 2015; Appendix 6.3), which demonstrated that TNBC patients with 

Ras/MAPK pathway alterations have the lowest level of TILs, and the poorest overall survival 

outcomes, post neoadjuvant chemotherapy [198] (Loi et al., 2015; Appendix 6.3). In these 
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studies, next generation sequencing (NGS) analysis revealed that aberrations in several 

oncogenic pathways is evident in TNBC, however only Ras/MAPK pathway activation is 

significantly associated with lower TIL infiltrate (P<0.005), resulting in the worst prognosis in 

terms of relapse free survival and overall survival (Loi et al., 2015; Appendix 6.3). The 

reasons for these observations are largely unknown. However, based on this data, it can be 

proposed that inhibitors of the Ras/MAPK pathway may enhance tumour immunogenicity, 

thereby enhancing the potential for recognition of tumour associated antigens by effector T 

cells [284, 288]. In contrast to the effects of MEKi on enhancing tumour immunogenicity, some 

preclinical studies have alluded to the fact that MEKi may inhibit T cell function [253, 259, 285], 

however no studies have comprehensively investigated the impact of MEKi in T cells, nor have 

strategies been tested to overcome or prevent these effects. Previous studies have suggested 

that the effects of MEKi mediated loss of function in T cells are transient [133, 253, 285, 289-

291]. However, given the potential negative impact of MEK inhibition on T cells, the hypothesis 

that MEK inhibition results in dampened anti-tumour T cell responses was explored. 

 

The effect of MEK inhibition on tumour cells and T cells, in both mouse and human cells, using 

the pharmacological inhibitor Trametinib (hereafter referred to as MEKi), was examined in the 

context of TNBC. This MEK inhibitor is a reversible allosteric and highly selective inhibitor of 

MEK1 and MEK2 activity [292]. MEKi functions via non-competitive ATP inhibition that binds 

to MEK adjacent to the ATP binding site, thus inhibiting RAF dependent phosphorylation of 

MEK, required for activation of the functional MEK protein [292]. MEKi is currently used in the 

clinic for the treatment of melanoma, in combination with BRAF inhibitors [254, 278-282]. 

However, the utility of this inhibitor in the setting of breast cancer is still being explored in early 

phase clinical trials (NCT02583542, NCT03106415, NCT01964924, NCT02685657). As such, 

chemotherapy remains the first line and standard of care treatment for TNBC, however this 

treatment is only effective in approximately 30% of patients [293-296]. Thus, there is an urgent 

need for more targeted and less cytotoxic therapies [295, 296]. Given that single agent therapy 
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resistance is common in cancer treatment, the notion of combination therapy is of great 

interest; in particular, targeting both aspects of the anti-tumour immune response via targeted 

inhibition of tumour growth and concurrent immunotherapy to re-stimulate the immune system. 

As 4-1BB and OX-40 are both co-stimulatory molecules that are known to be expressed on T 

cells [297-299], one strategy to overcome the potentially inhibitory effect of MEKi on T cell 

function may be to use agonist immunotherapy to rescue anti-tumour responses. These 

hypotheses were investigated in this chapter.  

 

Experiments conducted within this chapter explored the utility of, and the mechanisms 

underlying immunotherapy and MEKi combination on T cell responses and tumour cells; both 

in vitro and in vivo, using immunocompetent murine models of TNBC. These 

immunocompetent models of TNBC have been well established and characterised by our 

group [300] (Loi et al., 2015; Appendix 6.3). In order to compare the impact of low TILs 

versus high TILs, two models were utilised in these experiments. The AT3ova model, is 

considered to be a high TILs, immunogenic model, due to the presence of the model antigen 

– OVA (chicken ovalbumin). In contrast, the 4T1Ch9 model represents a low TILs, poorly 

immunogenic model of TNBC. Tumour growth inhibition was measured in vivo whilst analysis 

of the TIL component of these tumours was conducted ex vivo via flow cytometry analysis, to 

decipher the effects of MEK inhibition on each component of the anti-tumour response. In 

order to investigate the mechanisms by which immunotherapy and MEKi were able to enhance 

the anti-tumour activity of T cells, western blot analysis was undertaken on the various MAPK 

pathway target genes, in addition to drug inhibition assays of these targets, to validate the 

importance of these pathways in the mechanistic effects observed. The results of these 

findings are discussed in the following sections 3.2 and 3.3, published in Nature 

Communications (Dushyanthen et al., 2017; Chapter 3.2). This discussion is followed by an 

addendum of supplementary experiments that further supported the findings of this publication 

(Chapter 3.4).  
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3.2 Publication in Nature Communications (Main article) 
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3.3 Publication in Nature Communications (Supplementary Figures) 
 

 

 

 

 

 

 

 

Supplementary Figure 1. MEK inhibition increases tumour immunogenicity markers on AT3ova and 4T1Ch9 TNBC 
tumours in vivo. Mice (n=5 per group) bearing established AT3ova tumours were treated with vehicle (PEG 400/solutol) or 
trametinib (1mg/kg/daily) for 4 days. FACS analysis of TRAIL(DR5), NKG2DL(RAE-1) and FAS expression (mean fluorescence 
index; MFI) on the AT3ova tumours was undertaken. Data is presented as mean ± SEM. P values represent unpaired t-tests 
and post-hoc Fishers’ LSD tests. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

19 



124 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 2. Increased immunogenicity of tumours following MEK inhibition results in enhanced activation 
of co-stimulatory receptors in OT-I CD8+ and OT-II CD4+T cells. OT-I or OT-II cells were co-cultured with AT3ova cells that 
were either pre-treated with trametinib (100nM, 10nM) for 12 hours or trametinib (100nM, 10nM) was added directly to the 24 
hour co-culture. Following incubation, FACS analysis was performed on co-cultured cells and expression of co-stimulatory 
receptors; 4-1BB and OX-40 on (A) OT-I CD8+ T cells and (B) OT-II CD4+ T cells was evaluated. Experiment was performed in 
quadruplicate and is representative of 1-2 independent repeats. Data is presented as mean ± SEM. P values represent one 
way-ANOVA and post-hoc Fisher’s LSD tests. *P<0.05, **P<0.01,*** P<0.001, ****P<0.0001. 
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Supplementary Figure 3. Trametinib treatment effects CD8 T cell frequencies and function early in treatment response. 
Representative FACS plots are shown for day 4 data presented in Figure 3. TILs were restimulated with PMA (50 ng/ml) and 
ionomycin (1 μg/ml) for 4 hours in the presence of GolgiPlug/ GolgiStop. (A) CD8+ T cell frequencies, (B) CD8+ effector functions 
(IFNγ) and (C) CD8+ proliferation (Ki67). 
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Supplementary Figure 4. Trametinib treatment has no impact on NK cell and NK T cell frequency and function. Mice 
(n=5 per group) bearing established AT3ova tumours were treated with vehicle (PEG 400/solutol), trametinib (1mg/kg/daily). 
Changes in NK and NK T (CD3+ NK1.1+) cell populations were determined ex vivo by FACS analysis 4 days post treatment for 
(A) NK cell frequency (CD3- NK1.1+), maturation (CD3- NK1.1+ CD11b+ CD27-) and granzyme B expression (CD3- NK1.1+ GZM 
B+) and (B) NK T cell frequency (CD3+ NK1.1+), and granzyme B expression (CD3+ NK1.1+ GZM B+). Data is expressed as % 
of positive cells ± SEM. P values represent unpaired, two-tailed students’ t-tests. *P<0.05, **P<0.01,*** P<0.001, ****P<0.0001. 
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Supplementary Figure 5. Trametinib treatment specifically effects T cell frequencies while immunosuppressive 
macrophage and myeloid derived suppressor subset cell numbers are unchanged over time. (A) Absolute numbers of 
CD45+ cells in vehicle and trametinib (n=6 mice/group) treated tumours at day 4 of treatment, quantified using counting beads. 
(B) Absolute numbers of CD8+, CD4+ T cells, DCs (CD11c+ CD103+), myeloid derived suppressor cells (CD11b+ Ly6G+/CD11b+ 
Ly6C+) and macrophage (CD11b+ F4/80+) in vehicle and trametinib treated tumours at day 4 of treatment. (C) Absolute numbers 
of total CD4+; CD4+ FOXP3-/FOXP3+ Tregs and total CD8+; tetramer positive (SIINFEKL) and tetramer negative CD8+ T cells 
at day 4 of treatment. Data is presented as mean ± SEM. Representatives from two independent repeats are shown. P values 
represent unpaired t-tests, post-hoc Fishers’ LSD tests. *P<0.05, **P<0.01, *** P<0.001 
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Supplementary Figure 6. Mutational status and MEK signature in the AT3ova and 4T1Ch9 cell lines. (A) Mutational status 
of the 4T1Ch9 and AT3 cell lines following whole exome sequencing analysis. (B) GSEA MEK signature of the 4T1Ch9 and 
AT3ova via ex vivo tumour analysis of baseline 
expression. 
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Supplementary Figure 7. Agonist immunotherapy rescues T cell effector functions in the presence of MEK inhibition. 
Representative FACS plots are shown for day 4 of combination therapies for data presented in Figure 8. TILs were restimulated 
with PMA (50 ng/ml) and ionomycin (1 μg/ml) for 4 hours in the presence of GolgiPlug/ GolgiStop. (A) CD8+ T cell frequencies, 
(B) CD8+ effector functions (IFNγ), (C) CD8+ effector functions (TNFα) and (D) CD8+ proliferation (Ki67). 
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Supplementary Figure 8. Trametinib and anti-4-1BB agonist combination therapy modulates TIL subsets in the AT3ova 
immunogenic TNBC model in the late response phase in vivo. Mice (n=5 per group) bearing established AT3ova tumours 
were treated with vehicle (PEG 400/solutol), trametinib (1mg/kg/daily) plus isotype control antibody IP injection (2A3; 
200ug/dose) and either anti-4-1BB antibody (3H3;25ug/dose) IP injection on day 0, 4, 8, 12 or combination of trametinib and 
agonist antibody. Changes in TIL populations were determined ex vivo by FACS analysis 14 days post treatment for (A) TIL 
frequencies, (B) proliferation, (C) effector function and (D) homing. Values were normalized to vehicle controls in each 
experiment and data is expressed as fold change ± SEM for the number of positive cells. P values represent one way-ANOVA, 
post-hoc Fisher’s LSD tests. *P<0.05, **P<0.01,*** P<0.001, ****P<0.0001. 
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Supplementary Figure 9. Trametinib and anti-OX-40 agonist combination therapy modulates TIL subsets in the AT3ova 
immunogenic TNBC model in the late response phase in vivo. Mice (n=5 per group) bearing established AT3ova tumours 
were treated with vehicle (PEG 400/solutol), trametinib (1mg/kg/daily) plus isotype control antibody IP injection (2A3; 
200ug/dose) and either anti-OX-40 antibody (OX-86;200ug/dose) IP injection on day 0, 4, 8, 12 or combination of trametinib 
and agonist immunotherapy. Changes in TIL populations were determined ex vivo by FACS analysis 14 days post treatment for 
(A) TIL frequencies, (B) proliferation, (C) effector function and (D) homing. Values were normalized to vehicle controls in each 
experiment and data is expressed as fold change ± SEM for the number of positive cells. P values represent one way-ANOVA, 
post-hoc Fisher’s LSD tests. *P<0.05, **P<0.01,*** P<0.001, ****P<0.0001.  

V-Vehicle 
T-Trametinib 
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Supplementary Figure 10. Increased expression of chemokines and immune pathways following MEK inhibition in 
TNBCs. (A) Unbiased pathway analysis using GeneGo (molecular functions), based on top genes selected from differential 
expression analysis (log fold change) for an adjusted P value of <0.05 for MEKi versus vehicle treated 4T1Ch9 tumours. (B-E) 
GSEA analysis using the Broad Institute database of signatures using gene expression data from Affymetrix analysis of 4T1Ch9 
ex vivo tumours. Positive correlation enrichment plots for (B) Immune response, (C) T cell activation, (D) JNK pathway and (E) 
NFкB pathway. Complete lists are provided in Supplementary Material. 
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Supplementary Figure 11. Agonist antibodies rescue crucial T cell signaling through alternative pathways, independent 
of classical ERK1/2 activation. Proposed schematic of the mechanism for re-direction of signaling through alternative MAPK 
pathways to classical activation in T cells, with the addition of agonist antibodies following MEKi (MEK inhibition). (A) Classical 
activation in T cells following CD3 and CD28 co-stimulation, is inhibited following MEKi (B). (C) Activation of alternative MAPK 
and PI3K pathways; p38 (MK3/6), JNK (MK4/7) and NFкB (MAP3K1) following activation of the 4-1BB and OX-40 co-stimulatory 
receptors on T cells with α-4-1BB or α-OX-40 agonist immunotherapy, in the absence of classical MEK signaling due to MEKi. 
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3.4 Addendum (Results and Discussion) 

 

The data shown in sections 3.2 and 3.3 demonstrated in vitro, that MEKi increased the 

expression of MHC-I in murine TNBCs. The following data describes concurrent experiments 

that were undertaken in human TNBC cell lines. These studies were undertaken to determine 

whether the effects of MEKi on immunogenicity of cancer cells was conserved in human TNBC 

cell lines, and to evaluate the mechanism underlying this observation. Additional experiments 

were undertaken on cells derived from ex vivo MEKi treated murine tumours, to investigate 

whether the effect of MEKi on tumour immunogenicity were sustained in vivo. Further 

experiments were performed to assess whether there was an inhibitory effect on T cell function 

following MEKi, and to assess whether this effect of MEKi on T cells is transient or permanent. 

 

3.4.1 MEK inhibition enhances MHC-I expression on human TNBCs 
 

In order to investigate whether MEKi treatment resulted in enhanced immunogenicity of human 

TNBCs, the effect of MEKi was investigated on three independent triple negative human 

breast cancer cell lines; MDA-MB-231, MDA-MB-468 and HCC1806. The aim of these 

experiments was to determine whether MEKi increased expression of HLA-ABC (MHC-I), as 

observed previously in murine TNBC cell lines (Dushyanthen et al, 2017; Chapter 3.2 and 

3.3, Loi et al., 2015; Appendix 6.3). The human TNBC cell lines were treated with a range of 

concentrations of MEKi (0 - 10 μM) for a period of 72 hours to determine the effect of MEKi on 

tumour HLA-ABC expression (Figure 3.1 A-C). It was evident that each cell line exhibited a 

threshold dose, at which MEKi enhanced MHC-I presentation on the tumour surface (Figure 

3.1 A-C). Interestingly, beyond this dose, the effects of enhanced MHC-I were consistently 

sustained, even to the highest concentration of 10 μM, suggesting that slight disruptions to 

normal MAPK pathway signaling are sufficient enough to enhance MHC-I expression (Figure 

3.1). Importantly, enhanced MHC-I expression was observed at concentrations where more 
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than half the cells were viable, suggesting that cell death was not required to augment MHC-

I expression (Figure 3.2A). As expected, viability of all three human TNBC cell lines 

decreased as the concentration of MEKi increased (Figure 3.2A) demonstrating that MEKi 

could enhance MHC-I expression at sub-optimal concentrations; through its ability to enhance 

MHC-I antigen presentation for subsequent CD8 T cell recognition. To determine whether 

there was a relationship between antigen presentation and cell viability, MHC-I mean 

fluorescence index (MFI) was correlated against cell viability (Figure 3.2B). An inverse 

relationship between MHC-I expression and cell viability was observed (Figure 3.2B). This 

trend was observed across all three human TNBC cell lines (Pearson’s correlation: MDA-MB-

231; R = - 0.663, P = 0.0004, MDA-MB-468; R = - 0.532, P = 0.0031, HCC1806; R = - 0.193, 

P = 0.1156) (Figure 3.2B). Overall, this data indicated that there is an inverse correlation 

between MHC-I expression and cell viability; where MHC-I increases as more cell death 

occurs. However, cell death was not required to initiate MHC-I expression (Figure 3.2). This 

data also demonstrated that MHC-I expression could be significantly enhanced without 

inducing cell death, suggesting that clinically relevant doses of MEKi could be utilised to prime 

tumour cells (enhance MHC-I antigen presentation) for T cell mediated recognition and killing. 

These findings of increased MHC-I expression following MEKi in human TNBC cell lines were 

further validated in murine immunocompetent in vivo models as described above 

(Dushyanthen et al., 2017; Section 3.2 and 3.3) and in further sections discussed below 

(Loi et al., 2015; Appendix 6.3). 
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Figure 3.1 MEKi increases antigenicity of human TNBC cell lines. (A) 2.5 x 103 MDA-MB-

231 tumour cells, (B) 5 x 103 MDA-MB-468 tumour cells and (C) 3 x 103 HCC1806 tumour 

cells (human TNBC cell lines) were seeded for 12 hours in 96 well plates and treated in vitro, 

with a range of concentrations of MEK inhibitor (0 - 10 μM), as indicated above, for a period 

of 72 hours. Following this incubation period, human TNBC tumour cells (MDA-MB-231, MDA-

MB-468 and HCC1806) were collected and stained for expression of HLA-ABC and analysed 

via flow cytometry for average fluorescence of protein expression. Data represents MFI ± SEM 

of quadruplicate samples. Dotted lines indicate highest MHC-I MFI expression observed and 

corresponding concentration for each cell line. MFI - mean fluorescence index, MEKi - MEK 

inhibitor (Trametinib). 
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Figure 3.2 MEKi reduces the metabolic activity of human TNBC cell lines. (A) Cell viability 

versus concentration of MEKi. 2.5 x 103 MDA-MB-231 tumour cells, 5 x 103 MDA-MB-468 

tumour cells and 3 x 103 tumour HCC1806 cells (human TNBC cell lines) were seeded in 96 

well plates for 12 hours and treated with a range of concentrations of MEKi (0 - 10 μM), as 

indicated above, for a period of 72 hours in vitro. Following this incubation period, the 

metabolic activity of tumour cell lines was measured using CellTitre-Glo and cell growth 

inhibition was calculated. Growth inhibition for each cell line was calculated using [(Ti - Tz)/ (C 

- Tz)], where Ti is the cell viability at the test dose after 72 hours, Tz is the cell viability at time 

zero, and C is the cell viability of the vehicle control at 72 hours. Cell growth was measured 

using CellTiter-Glo Luminescence Assay (Promega). Data represents mean ± SEM of 

quadruplicate samples. (B) Viability was measured on MDA-MB-231, MDA-MB-468 and 

HCC1806 tumour cells following treatment with a range of doses of MEKi (0 - 10 μM), as 

indicated above, for a period of 72 hours. Cell viability was then correlated against MFI of HLA-

ABC at each dose. Pearson’s correlation coefficient was calculated. Data represents mean 

MFI ± SEM of quadruplicate samples. MFI – mean fluorescence index, MEKi - MEK inhibitor 

(Trametinib). 
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3.4.2 MEK inhibition reduces viability and enhances MHC-I in vivo 
 

The observations described above highlight that the effects of increased MHC-I expression 

following MEKi are consistent in mouse (Dushyanthen et al., 2017; Chapter 3.2 and 3.3) 

and human (Chapter 3.4.1; Figure 3.1 and Figure 3.2) TNBC tumour cell lines in vitro. These 

findings were corroborated in vivo through ex vivo analysis of murine TNBC tumour cells 

(Figure 3.3 and Figure 3.4). In order to investigate the mechanisms and interactions between 

tumour and TILs following MEKi, the AT3ova and 4T1Ch9 TNBC cell lines were utilised. These 

cell lines have both been well characterised in previous studies [301, 302]. The AT3ova cell 

line represents a ‘high TILs’, immunogenic model, due to the presence of the ovalbumin 

antigen. In contrast, the 4T1Ch9 cell line was utilised to represent a ‘low TILs’, weakly-

immunogenic model. Importantly, these lines were both shown to have mutations in 

Ras/MAPK pathway genes following whole exome sequencing of these murine tumour cell 

lines (Dushyanthen et al. 2017; Chapter 3.2, Supplementary Figure 6A) and clearly 

displayed MEK signatures via GSEA analysis (Dushyanthen et al. 2017; Chapter 3.2, 

Supplementary Figure 6B). In order to determine whether MEKi was able to decrease tumour 

cell viability, a range of doses (100 nM - 100 pM) of MEKi were tested in vitro on AT3ova and 

the 4T1Ch9 tumour cells (Figure 3.3A). A significant reduction in proliferation was observed 

in both cell lines at either the 100 nM or the 10 nM dose, and it was evident that the higher 

100 nM dose was most efficient in reducing cell proliferation in both cell lines (Figure 3.3A).  

Next, the AT3ova and 4T1Ch9 tumour cells were treated with MEKi (100 nM) for a time course 

of 90 minutes (Figure 3.3B). Given that ERK is the immediate downstream signaling molecule 

of MEK, phosphorylated ERK (pERK) and total ERK (tERK) protein expression levels were 

investigated (Figure 3.3B). Loss of pERK1/2 signaling was evident within 30 minutes of MEKi 

treatment (Figure 3.3B). By contrast, no change in tERK was observed (Figure 3.3B), 

consistent with the mechanism of action of MEKi that has previously been reported [262, 303]. 

This demonstrated that loss of ERK1/2 phosphorylation was associated with the decrease in 
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cell viability observed (Figure 3.3A). To determine whether these effects were conserved in 

vivo, established AT3ova tumours in c57BL/6 mice were treated with vehicle or MEKi (1 mg/ 

kg, daily) (Figure 3.3C). MEKi was dosed either continuously for 7 days and then ceased, or 

continuously administered for 14 days (Figure 3.3C). Following this treatment schedule, 

AT3ova tumours were excised at days 9 and 14 (Figure 3.3C). Where continuous treatment 

was administered, it was evident that pERK1/2 signaling was suppressed long term, even after 

14 days of treatment in vivo (Figure 3.3C). In contrast, when MEKi treatment was ceased after 

7 days, pERK1/2 activity remained suppressed at day 9, however, appeared to return 7 days 

post treatment cessation, at day 14, 7 days post MEKi treatment cessation (Figure 3.3C). 

These findings confirmed that MEKi treatment was able to downregulate protein expression 

of downstream targets of MEK1/2 such as pERK and reduce tumour cell viability (Figure 

3.3A). Furthermore, these experiments demonstrated that daily MEKi administration was 

required for the full duration of the experiment, in order to maintain MAPK pathway 

suppression long-term (Figure 3.3B, C).  

 

The human TNBC cell line data demonstrated that MEKi potentiates MHC-I expression 

(Figure 3.1 & Figure 3.2). These effects were recapitulated in murine TNBC cell lines 

(Dushyanthen et al., 2017; Section 3.2, Figure 2). To further characterise the effect of MEKi 

on tumour immunogenicity in these murine TNBC cell lines, examination of the expression of 

other important immune response related antigens and ligands following MEKi was 

undertaken (Figure 3.4). In these experiments, the data revealed that the expression of MHC-

I, MHC-II and PDL-1 were all significantly upregulated (one-way ANOVA; P<0.05) in the 

presence of MEKi in vivo; in both AT3ova and 4T1Ch9 murine TNBC cell lines (Figure 3.4 A, 

B). Upregulation of these molecules in vivo may be explained by direct interactions with the 

MAPK pathway via indirect effects on the tumour microenvironment. Given that pronounced 

effects of MEKi were predominantly seen on MHC-I expression, the effects of MEKi induced 

MHC-I expression on tumour cells and subsequent antigen specific T cell responses were 
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explored in further studies as described in Dushyanthen et al. 2017; Chapter 3.2, Figures 2 

and 3. 
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Figure 3.3 MEKi reduces viability and downregulates downstream ERK signaling in 

TNBC murine breast cancer lines. (A) 5 x 103 AT3ova and 4T1Ch9 tumour cells, 

respectively, were treated with indicated concentrations of trametinib (MEKi – 100 nM, 10 nM, 

1 nM, 100 pM) and cell viability was measured using a resazurin assay 72 hours following 

treatment. (B) 4 x 105 AT3ova and 4T1Ch9 tumour cells, respectively, were treated for 

indicated amounts of time (30 minutes, 1 hour, 2 hours, 4 hours, 6 hours) with 100 nM of MEKi 

in vitro. Effects on ERK phosphorylation were determined via western blot. Data represented 

as the mean ± SD of quadruplicate samples. P values represent one way-ANOVA, Tukey’s 

post-hoc tests.  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (C) c57BL/6 mice were injected 

with 5 x 105 AT3ova tumour cells. Following establishment of tumours, MEKi (1 mg/ kg, daily) 

was administered for varying amounts of time: 7 days continuous, 9 days continuous or 14 

days continuous and then AT3ova tumour were excised at day 9 or day 14. ERK1/2 total 

protein and phosphorylation was measured via western blotting. GAPDH was used as the 

loading control. Adapted from Loi et al., 2015; Clinical Cancer Research (Appendix 6.3). 

MEKi – MEK inhibitor (Trametinib), p-ERK – phosphorylated ERK, tERK – total ERK, DMSO 

- dimethyl sulfoxide. 
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Figure 3.4 MEK inhibition increases expression of immune related markers on murine 

TNBC tumours in vivo. (A) 5 x 105 AT3ova cells and (B) 5 x 104 4T1Ch9 cells were injected 

and tumours were established for 14 days. MEKi treatment was administered continuously (1 

mg/ kg, daily) for 4 days. Following this, flow cytometry analysis of MHC-I, MHC-II and PDL-1 

expression (mean fluorescence index; MFI) was undertaken on (A) AT3ova and (B) 4T1Ch9 

murine TNBC tumours ex vivo, following 4 days of vehicle or trametinib treatment alone. Data 

is presented as mean ± SEM of n = 5 mice, and is representative of two independent 

experiments. P values represent one-way ANOVA and post-hoc Fishers’ LSD tests. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001. Adapted from Loi et al., 2015; Clinical Cancer 

Research (Appendix 6.3).  
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3.4.3 TILs do not recover from MEKi treatment ex vivo  
 

Previous analysis of ex vivo TILs following MEKi treatment showed that effector functions of 

TILs; measured by IFNγ and Ki67 expression, was significantly reduced at day 4 compared to 

vehicle treated tumours (Dushyanthen et al., 2017, Section 3.2; Figure 3). However, by day 

9 in vivo, these effector functions appeared to ‘rebound’. To examine whether this ‘rebound’ 

phenomenon was due to TILs overcoming sensitivity to MEKi, isolated ex vivo TILs were 

tested in vitro, for their ability to perform effector activity following MEK inhibition (Figure 3.5). 

Thus, to determine whether T cells could be recovered following MEKi treatment ex vivo, 

established tumours (14 days post inoculation) were first treated for 4,7,11 and 14 days, with 

either the vehicle control or MEKi (Figure 3.5 A-D). Next, rather than directly analysing the 

homogenised tumour as undertaken in previous experiments, tumours were excised at these 

various timepoints and homogenised, where TILs were re-cultured, and re-stimulated with 

anti-CD3 and CD28 in vitro (Figure 3.5 A-D). Two separate conditions were investigated; (i) 

vehicle and MEKi TILs re-stimulated with anti-CD3/ CD28, without the addition of further MEKi 

and (ii) vehicle treated and MEKi treated TILs that were re-stimulated with anti-CD3/ CD28 in 

the presence of MEKi treatment (Figure 3.5). Following 24 hours of incubation with either of 

these treatments in vitro, the cultured supernatants were assessed for IFNγ production by CBA 

analysis. As expected, vehicle treated TILs that were re-stimulated with anti-CD3/ CD28 in 

vitro, were able to produce high levels of IFNγ. In contrast, TILs that were treated with MEKi 

in vitro, demonstrated reduced cytokine production (Figure 3.5). Interestingly, MEKi treated 

TILs that were re-stimulated with anti-CD3/ CD28 in vitro, were unable to be rescued, in terms 

of their capacity to produce cytokines (Figure 3.5). Similarly, MEKi treated TILs that were 

again re-stimulated in vitro with anti-CD3/ CD28, and treated with MEKi, were unable to elicit 

any IFNγ cytokine release (Figure 3.5). This data demonstrates that while anti-tumour efficacy 

is evident in vivo, following MEKi treatment, the effects are predominantly on tumour growth 

inhibition and not enhanced anti-tumour effector responses, as the inhibitory effects of MEKi 
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on T cells appear to be consistently sustained following stimulation with anti-CD3/ CD28 in 

vitro (Figure 3.5). This data suggests that normal TIL function is impaired in vivo following 

MEKi treatment. Further, this inhibition of T cell effector function by MEKi was maintained 

long-term (day 14) (Figure 3.5D) and provided the rationale to examine alternative 

approaches or combinations therapies to enhance or recover T cell effector function, as 

described in earlier sections of this chapter (Dushyanthen et al., 2017; Section 3.2, 3.3).  

The findings uncovered in this chapter are summarised in Figure 3.6.  
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Figure 3.5 Re-stimulation of ex vivo TILs does not restore function following MEKi 

treatment.  5 x 105 AT3ova cells were injected into c57BL/6 mice and tumours established for 

14 days. Following this, AT3ova tumour bearing mice were treated in vivo with vehicle or MEKi 

(1 mg/ kg, daily) over a time course of 14 days. Tumours (n = 4) were excised at (A) day 4, 

(B) day 7, (C) day 11 and (D) day 14 post treatment. Tumours were then homogenised, and 

1 x 105 TILs were restimulated in vitro using plate bound anti-CD3 (1 µg/ ml) and soluble CD28 

(0.5 µg/ ml) alone, or in combination with MEKi (100 nM) treatment. Following 24 hours of 

incubation, TIL supernatants were collected and IFNγ (pg/ ml) was analysed using CBA. Data 

is presented as mean ± SEM. Representative data from two independent repeats are shown. 

P values represent unpaired t-tests, post-hoc Fishers’ LSD tests. *P<0.05, **P<0.01, *** 

P<0.001, ****P<0.0001. MEKi - MEK inhibitor (Trametinib). 
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Figure 3.6. MEKi increases tumour immunogenicity but inhibits TIL function. (A) MEKi 

increases the expression of immune related proteins such as; MHC-I, MHC-II, PDL-1. 

However, MEKi also exhibits inhibitory effects on immune cells, in particular (B) T cells, within 

the immune-tumour microenvironment, thus inhibiting their ability to exert cytotoxic effects (eg.  

IFNγ, granzyme B) on tumour cells and dampening the overall anti-tumour immune response. 

(C) Agonist immunotherapy is able to rescue and prevent this inhibitory effect on T cells 

through the provision of co-stimulation via α-4-1BB and α-OX-40 antibodies, that signal via 

alternative MAPK pathways.  
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3.5 Discussion  

 

Ras/MAPK activation is associated with immunosuppression in TNBC 
  

There is increasing evidence that TILs are a positive prognostic biomarker in TNBC and that 

the quantity of TILs present in the patient tumour is important - the more present, the better 

the prognosis [222, 304]. Furthermore, the field is becoming increasingly aware that 

immunomodulatory therapies may be effective in a wider variety of human malignancies than 

previously thought [305]. However, thus far there have been little data available on tumour - 

autonomous molecular features that may be causal in the TIL/ immunoregulatory phenotype. 

With the advent of effective immunotherapies, strategies targeted at high and low TIL 

phenotypes are emerging [127, 306-308]. This chapter demonstrates that Ras/MAPK 

activation can suppress expression of MHC-I and MHC-II of both mouse and human tumour 

cells, both intrinsically and following induction by IFNγ. This data led to the hypothesis that 

tumour cells can circumvent antigen presentation pathways by activating the MAPK signaling 

pathways, and that therapeutic inhibition of MEK1/2 can promote or restore these antigenic 

pathways. These results are consistent with those published in melanoma, although the 

mechanism has not yet been elucidated [133, 134]. Genomic alterations in breast cancer lead 

to the dysregulation of MAPK pathways and have been linked to an immune-silent phenotype 

associated with treatment resistance and poor outcomes [288]. In previous works by our lab, 

it was found that approximately 15% of TNBCs had alterations in the Ras/MAPK pathway at 

the genomic level, whereas a greater percentage demonstrated evidence of MEK activation 

at the transcriptomic level (Loi et al., 2015; Appendix 6.3)[152, 198]. In a study conducted 

by Bedognotti et al., 2017, [309] the authors analysed the genomic properties of several TCGA 

TNBC samples [288]. The authors separated these profiles into two distinct phenotypes; 

immunological constant of rejection (ICR) ‘low’ and ICR ‘high’ [288]. Analysis of differentially 

mutated genes between ICR low and ICR high groups demonstrated a 10-fold enrichment of 
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MAP3K1 or MAP2K4 mutations in the immune-silent ICR low tumours [288, 309]. These 

findings suggested the existence of a relationship between MAPK pathway dysregulation and 

the immune phenotype, which potentially facilitates the immune evasion mechanisms in breast 

cancer. Thus, therapies targeting MAPK signaling can be exploited to convert the immune-

silent tumour phenotype into an immune-active phenotype [288, 310]. Whilst our studies 

indicate that MEK activation can reduce MHC-I expression on tumour cells and thus potentially 

suppress T cell infiltration (Loi et al., 2015; Appendix 6.3), the findings of this thesis also 

indicate that targeting MEK with MEKi as a single agent therapy is not an optimal approach 

for overcoming this effect, due to the detrimental effects of MEKi on T cell function 

(summarised in Figure 3.6). Therefore, possible strategies to circumvent this effect of MEKi 

included combination treatment with immune agonist mAbs 4-1BB and OX-40, that are known 

to co-stimulate T cells. The utility of this combination strategy was investigated extensively in 

this chapter (Chapter 3). Alternatively, identifying the mechanisms by which MEKi enhances 

MHC-I expression, in order to identify more specific targets, that spare normal T cell function, 

is another potential approach, that was the subject of investigation in the next chapter 

(Chapter 4). 

 

MAPK inhibition increases MHC-I expression on tumours 
 

Major histocompatibility complex class I molecules (MHC-I) generally present short peptides 

from either foreign or native intracellular proteins on the cell surface in an HLA-restricted 

manner for recognition by CD8+ T cells via their TCR [311, 312]. Several studies have 

confirmed that inhibition of MAPK signaling enhances immunomodulation of cancer cells [134, 

288, 313]. It is thought that mutations within the MAPK pathway drive rapid and constitutive 

internalisation of MHC-I molecules from the surface of the cell [284]. Although the evidence 

suggests that targeting MEK may increase tumour immunogenicity, potentially allowing for 

greater TIL infiltrate, MEKi has also been shown to adversely affect anti-tumour cellular 
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immunity [259, 285, 290]. The studies under taken in this chapter show in several models of 

TNBC, that MEKi has early detrimental effects on T cell frequency and function in terms of 

proliferation and cytokine production. Since MEK signaling occurs downstream of TCR 

activation (Section 3.3; Dushyanthen et al., Supplementary Figure 11) it is likely that MEKi 

affects these parameters concurrently. The observations of increased tumour cell 

immunogenicity following MEKi are in accordance with the findings of Liu et al., who showed 

that HLA I/II (MHCI/II) as well as melanoma associated tumour antigens were upregulated 

following MEKi [133]. Similar to BRAF inhibition, MEK inhibition favourably modulates the 

tumour microenvironment. Several studies have shown that MEKi increases the expression of 

both intrinsic and IFNγ induced HLA/ MHC I/II in cancer cell lines, including melanoma, 

prostate, mesothelioma, gastric, and esophageal cancer cell lines [283, 314, 315]. 

Furthermore treatment of mutant melanoma cell lines with MEK inhibition has been found to 

enhance the expression of melanoma-differentiation antigens [290] and decreases the 

production of IL-10, IL-6, and VEGF [316], thereby promoting a less immunosuppressive 

microenvironment for effector T cells [316]. The ability of MEKi to increase tumour 

immunogenicity supports clinical data currently emerging in solid tumours previously 

unresponsive to checkpoint blockade monotherapy [317, 318]. These studies suggest that 

immunotherapy combination with MEKi treatment is able to facilitate enhanced anti-tumour 

immune responses [317, 318]. Interestingly, in this thesis, the effects of MEKi on tumour cell 

MHC-I expression were most pronounced in the context of IFNγ treatment. Whilst the 

molecular targets of MEKi leading to increased MHC-I expression on tumours remain 

undefined, this data suggests that MEKi may interact with signaling pathways downstream of 

the IFNγ receptor [319-321]. Our previous studies demonstrate that IFNγ up-regulates MHC 

class I expression (Loi et al., 2015; Appendix 6.3, Dushyanthen et al., 2017; Section 3.3 

and 3.3) and other studies have alluded to IFNγ mediated enhanced antigen processing and 

presentation on tumour cells [322-324]. This cytokine is known to induce multiple genes 

related to MHC-I antigen processing and presentation. These MHC-I antigen presentation-
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associated gene expression is initiated by IRF-1 which in turn is triggered by JAK/STAT 

phosphorylation [320-322]. This data is consistent with the concept that combining MEKi with 

immunotherapy may lead to enhanced IFNγ production from T cells and has the potential to 

significantly enhance MHC-I expression and consequently tumour cell immunogenicity. 

Although the focus of these studies has been on increased expression of MHC-I as a 

mechanism of increased tumour immunogenicity, there were also observations of increased 

expression of other tumour ligands such as FAS, TRAIL and NKG2DL(RAE-1) in vitro. 

Expression of these ligands following MEKi treatment suggests that further investigation into 

the relevance of these pathways in the observed therapeutic effects of MEKi induced 

immunogenicity and subsequent immune responses is warranted. Given that these molecules 

(FAS, TRAIL and NKG2DL (RAE-1) were upregulated following MEKi treatment, the data 

potentially suggests a role for other immune subsets such as NK cells in engaging and 

facilitating alternative anti-tumour cytotoxic responses. These non-classical pathways may be 

of significant interest to exploit in future studies given that many tumours are known to 

downregulate classical MHC-I presentation and NK cell targeting provides an avenue to 

overcome this limitation with classical T cell-antigen recognition, to ultimately enhance anti-

tumour responses. Taken together, the findings of this chapter provide strong evidence that 

MAPK pathway activation in the tumours drives inhibition of tumour MHC-I expression. 

Inhibition of MEK signaling increases MHC-I expression on tumour cells allowing for the 

presentation of tumour antigens to T cells that can then facilitate an anti-tumour immune 

response.  

 

MAPK inhibition is detrimental to T cells  

 

Given the critical role of the ERK–MAPK pathway in T-cell function, it was proposed that MEK 

inhibition could dampen T-cell anti-tumour activity [291, 325, 326]. The observation of T cell 
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inhibition following MEKi treatment in this chapter, is consistent with the findings of several 

other groups. Previous studies demonstrated that MEKi blocked antigen driven T cell 

proliferation, however did not affect IL-2 mediated proliferation [327, 328]. Ebert et al. also 

showed that MEKi induced inhibition of T cell priming in tumour draining lymph nodes [285]. 

Similarly, Hu-Lieskovan and colleagues showed that cytokine production from TILs was 

decreased in vitro, although they observed that these effects were not as profound in vivo 

[126]. The findings of this chapter strongly indicate that these inconsistencies may be 

explained by the time points at which ex vivo tumours and TILs were analysed [126, 133]. 

Both Boni et al. and Vella et al. found that MEKi alone inhibited T cell proliferation, antigen-

specific expansion and cytokine production (IFNγ) [253, 290], while Liu et al. reported that the 

effect on T cells were only transient in vitro [133]. Interestingly, studies conducted in this thesis, 

in both mouse and human T cells highlight some differences in the duration of signaling 

events, following MEKi as well as some potential compensatory mechanisms in the pathways 

of human versus mouse T cells. This redundancy between mouse and human systems has 

previously been discussed [329]. Nonetheless, observations of this same inhibitory effect on 

T cell signaling following MEKi in both mouse and human T cells was evident, thus validating 

these findings. Strikingly, the studies of this thesis demonstrated that agonist antibodies that 

are currently being tested in various clinical trials (NCT02554812, NCT02179918, 

NCT03364348, NCT02559024, NCT02274155, NCT01862900), can prevent this early 

suppressive effect of MEKi. In another approach, Allegrezza et al. showed that MEKi inhibited 

the proliferation of naïve, memory and effector memory T cells, while profoundly inhibiting T 

cell priming in the tumour draining lymph nodes [330]. The authors demonstrated that the 

addition of IL-15 antibodies could overcome the immunosuppressive effects of MEKi on T cell 

activity [330]. However, the addition of agonistic antibodies presents a far more attractive 

approach to overcome the inhibitory effects of MEKi, given the known difficulties associated 

with the toxicity profile of cytokine therapies [331]. 
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Neoantigen presentation is crucial for effectiveness of immunotherapies  
 

To date, most immunotherapeutic approaches have shown greatest success in tumours with 

high neoantigen loads such as lung cancer, melanoma and microsatellite instable colorectal 

cancer [332-334]. In contrast, cancers such as breast cancer, that harbour low mutational 

burden have only shown modest benefits with immunotherapy [335]. Moreover, the success 

of single therapies in most cancer types is limited, given the high occurrence of resistance 

within cancers due to compensatory signaling mechanisms as well as immune evasion [1]. 

Thus, it is becoming increasingly evident that combination approaches will be essential for 

achieving long term therapeutic effects. Given that the association between MEKi and 

increased antigen presentation that has been elucidated by the studies in this chapter, there 

is evidence to suggest that MEKi can be used to prime tumours to express antigens, 

regardless of MAPK pathway activation or aberration, to allow antigen recognition by TILs, 

and to combine this treatment with immunotherapy to overcome the potential effects of MEKi 

on T cell suppression. Moreover, the studies undertaken with human TNBC cell lines in this 

chapter provide further evidence that high doses of MEKi or pathway suppression are not 

crucial for enhancing MHC-I presentation, as small disruptions in MEK are enough to promote 

enhanced MHC-I expression. To this end, several studies are currently investigating the utility 

of neoantigen epitope prediction strategies and the use of peptide vaccines in breast cancer 

[67, 336-338]. Given the recent evidence of the prognostic significance of TILs in many 

cancers, particularly TNBC, it is evidence that using MAPK inhibitors to drive antigen 

presentation on tumours, may be a useful approach to maximise the effectiveness of 

immunotherapy, particularly in the context where cancers do not exhibit high mutation load or 

extensive neoantigen presentation. Given the toxicity of MEKi treatment at high doses, the 

data obtained in this chapter in human TNBC cell lines, suggests that MEKi may be used in 

the clinic at low doses, to enhance MHC-I (as an agent to prime tumour immunogenicity), 

without the toxic effects on T cell function. The next results chapter discusses approaches by 
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which T cells may be protected against targeted inhibition strategies, to ultimately enhance 

therapeutic outcomes.   

 

MHC-I and its relationship to the MAPK pathway  
 

It has been reported that the level of MHC-I/HLA-ABC antigen presentation on the tumour cell 

surface is an important determinant for the efficacy of immunotherapy, given that MHC-I 

expression correlates strongly with TCR interaction by antigen specific cytotoxic lymphocytes 

[339]. To identify signaling pathways that regulate HLA/MHC-I expression, Brae at al. 

conducted an shRNA screen of several human kinases to identify regulators of cell surface 

HLA expression [283]. Among hits identified were kinases that negatively regulate HLA, 

including MAP2K1 (MEK1), RET (proto-oncogene) and EGFR (signals through multiple 

downstream pathways, including the MAPK pathway) as well as positive regulators such as 

DDR2 and MINK1 that increased surface expression of MHC-I [283]. Interestingly, only cell 

lines with sensitising mutations responded to EGFRi, whereas all tumour cell lines responded 

to MEKi, resulting in significant increases in MHC-I expression [283]. This relationship 

between MAPK signaling and MHC-I has now been shown in a number of cancers [340, 341] 

and exploitation of this pathway is an attractive approach to enhance the therapeutic efficacy 

of immunotherapy in cancer, independent of MEK1/2 inhibition, due to its adverse effects on 

T cell function. 

 

Overall the findings highlighted in this chapter demonstrate the importance of MEKi in priming 

tumours for recognition by T cells, while demonstrating an important therapeutic strategy by 

which T cell inhibition by MEKi can be overcome. A key observation from this work was the 

notion that tumour antigen presentation is a crucial aspect that needs to be addressed for the 

success of cancer therapeutics. As such, the focus of the next chapter was in delineating the 



159 
 
 

relationship between the Ras/MAPK pathway and tumour antigenicity, in order to identify 

potential new and novel targets that could be exploited to more specifically enhance tumour 

antigen presentation (MHC-I) while circumventing the inhibitory effects of MEKi on normal T 

cell function. The next chapter also aimed to investigate the underlying factors leading to the 

phenomenon of reduced TIL infiltration capacity with RAS/MAPK activation as observed in 

previous published works from our group [135] (Loi et al., 2015; Appendix 6.3). In order to 

investigate these concepts further, MEK1/2 tumour intrinsic knockdown models of 

immunocompetent murine TNBC were developed, to emulate MEKi in vivo, whilst sparing 

normal TIL function. The findings of these studies on tumour intrinsic mechanisms of MEK1/2 

knockdown will be discussed in detail in the next chapter (Chapter 4).   
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4 Investigating the effect of MEK1/2 knockdown on tumour intrinsic properties in TNBC 

 

4.1 Introduction 

 

The studies undertaken in Chapter 3 investigated mechanistically, the ability of MEKi to 

enhance the immunogenicity of tumours whilst inhibiting the function of T cells. Furthermore, 

experiments investigated the capacity of agonist immunotherapy to overcome this detrimental 

effect of MEKi. Following on from this, experiments conducted in Chapter 4 set out to establish 

a model in which the tumour intrinsic mechanisms leading to enhanced immunogenicity (that 

is, increased MHC-I expression) following MEKi therapy could be studied, in the presence of 

normal TIL activity, where their function is not affected. This model would permit direct probing 

of the potential relationship between tumour Ras/ MAPK activation and TIL infiltrate, without 

the confounding effects on T cell activation and function. This is of interest given the classical 

observation that Ras/ MAPK activation is associated with reduced TIL infiltration (Loi et al., 

2015; Appendix 6.3) [135, 198].  

 

In order to achieve this, a shRNA knockdown model was developed, in which MEK1 and MEK2 

gene knockdowns were established. As MEK has a crucial role in tumourigenesis, cell survival, 

proliferation, transcription, protein synthesis, inhibition of apoptosis, and DNA replication, an 

inducible gene knockdown system was required, given that a constitutive system would not 

permit normal cell growth. A ‘tetracycline on’ system was utilised, whereby vectors containing 

MEK1 (blue fluorescent protein; BFP) and MEK2 (green fluorescent protein; GFP) shRNAs 

were transduced into murine TNBC cell lines (AT3 or E0771). In this system, the addition of 

doxycycline to the tumour cells switches on the expression of shRNA hairpins and a marker 

gene; red fluorescent protein (RFP) reporter. In vivo, the immunogenic nature of the reverse 

tetracycline-controlled transactivator (rTTA) present in the ‘tetracycline on’ inducible vector, 

warranted the use of c57BL/6 CAG rTTA mice, that express the immunogenic epitope, which 
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are tolerant to tumours bearing this antigen. Once tumours were established in vivo, food and 

water containing doxycycline was administered ad libitum to induce the shRNAs directed 

against the MEK1/2 genes. 

 

The main advantage of this model was that it would permit the investigation of MAPK pathway 

related genes that were involved in driving increased immunogenicity, in the setting of normal 

T cell and tumour cell engagement. This model could be used to identify potential novel targets 

for more specific targeting of tumour immunogenicity, elucidating novel genes for future 

therapeutic applications. This study was a hypothesis generating study designed to identify 

the mediators of the relationship between MEK1/2 activity and immune infiltrate. An unbiased 

RNAseq screen of MEK1/2 knockdown and MEKi tumour cell lines was also undertaken. 

Pathway analysis of RNAseq samples was used to identify changes following MEK inhibition 

via MEK inhibitor treatment or the MEK1/2 knockdown approach. This study identified some 

key genes involved in these processes, that control immunogenicity, which in the future may 

allow for more specific targeting of factors independent of MEK inhibition, for the development 

of even more effective cancer treatment strategies that exploit these crucial tumour - immune 

cell interactions. 
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4.2 Results  
 

4.2.1 Establishment of a MEK1/2 shRNA knockdown model 
 

The RT3REBIR.Ren713 (9105 bp) doxycycline inducible vector was used as the backbone in 

which the MEK1 and MEK2 targeting shRNAs (obtained from OpenBiosystems) were inserted. 

This was achieved through a PCR amplification process in which the inserts were amplified 

and then cut out of their original pGIPz vector using restriction enzymes for EcoRI and Xho1 

(both cohesive ends). Similarly, the backbone RT3REBIR, Ren713 vector (MEK1/ MAP2K1 

shRNA) (Figure 4.1A) and the TtRMPVIR (MEK2/ MAP2K2 shRNA) (Figure 4.1B) were cut 

using these same restriction sites. Following this, the insert and backbone vector were re-

ligated using T4 ligase at a ratio of 10:1 (Figure 4.1 A, B). Validation of the insert was 

performed via re-digestion of the insert from the vector using the restriction enzymes, and then 

by running the product via gel electrophoresis, to determine if dropout of the insert from the 

vector was visible at 135 base pairs. The same process was undertaken for the non-specific 

control scramble sequence shRNA. Following maxiprep of the DNA, the MEK1/2 shRNAs 

were packaged into the retroviral VSVg (envelope) using the HEK293GP (gag, pol) cell line. 

Virus was then collected 24 - 72 hours post transfection. The AT3 and E0771 murine TNBC 

cell lines were subsequently transduced with virus containing these scramble control or 

MEK1/2 shRNA vectors. Transduction was undertaken one hairpin at a time, with multiple 

rounds of hits to obtain maximal transduction efficiency. Next, AT3 and E0771 tumour cells 

were sorted via flow cytometry for the BFP+/ GFP+ double positive populations (Figure 4.1C). 

To test the efficiency of the induction of the hairpins after doxycycline (2 μg/ ml) treatment, 

AT3 and E0771 tumour cells were incubated in vitro for a period of 24 hours and then analysed 

via flow cytometry. BFP+/ GFP+ double positive cells were gated and RFP+ expression was 

analysed from this population (Figure 4.1C). The AT3 scramble control cell line is shown here. 

Using this protocol, 90% of AT3 tumour cells exhibited RFP+ expression following 24 hours of 
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doxycycline induction. A summary of the model developed is illustrated in Figure 4.1C, with 

AT3 cell lines used as a representative.   
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Figure 4.1. Establishment of a MEK1/2 shRNA doxycycline inducible knockdown model 

of murine TNBC. Short hairpin RNA (shRNAs) were PCR amplified with EcoRI and Xho1 

primers. Restriction enzymes for Xho1 and EcoRI were used to digest the backbone and clone 

shRNAs into either the (A) RT3REBIR.Ren713 (9042 base pairs) or (B) TIRMPVIR (9105 

base pairs) vectors. (A) MEK1 (MAP2K1) shRNA was cloned into a REBIR vector expressing 

BFP, while (B) MEK2 (MAP2K2) or scramble control shRNA was cloned into the TtMPVIR 

vector expressing VENUS (GFP). The hairpins were then retrovirally transduced into AT3 

tumour cells. (C) Transduced cells were subsequently sorted for low and high expression 

(BFP+/ GFP+ double positive AT3 cells) of both MEK1/2 shRNAs and induction of the hairpins 

with doxycycline was determined. Pre and post doxycycline induction (2 μg/ ml for 24 hours) 

of the MEK1/2 shRNA AT3 tumour cell lines is indicated by the expression of RFP (DS-RED).   
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4.2.2 Comparative analysis of MEK knockdown versus MEK inhibition on Ras/MAPK 

signaling 

 

To determine whether the shRNAs targeting MEK1 and MEK2 were able to knockdown the 

MEK1/2 proteins, western blot analysis was undertaken following 96 hours treatment of AT3 

tumour cells with doxycycline. AT3 tumours transduced with a scramble shRNA control (SC) 

were compared to AT3 tumours expressing the three hairpins targeting MEK1/2, as well as 

the MEK inhibitor used as a positive control. Three hairpins targeting the MEK1 isoform were 

utilised. Additionally, shRNAs targeting MEK2 were screened for the most efficient 

knockdown, and the most potent shRNA targeting MEK2 was then chosen to combine with 

the three different MEK1 shRNAs, leading to a total of three MEK1/2 targeting shRNA cell 

lines (Figure 4.1 and 4.2A). Following doxycycline treatment, a decrease in total MEK1/2 

protein was observed in the AT3 tumour cell line, indicating that the hairpins were effective in 

suppressing MEK1/2 protein expression (Figure 4.2A). While phosphorylated MEK1/2 was 

reduced by the shRNAs due to the absence of protein, as a result of silencing, it was hyper-

phosphorylated following MEKi treatment (Figure 4.2A). In contrast, shRNA knockdown of 

MEK1/2 resulted in hyper-phosphorylation of the total ERK1/2 (compared to MEKi), while 

MEKi treatment showed reduced expression of both phosphorylated and total ERK1/2 

(compared to the shRNAs) in the AT3 cells (Figure 4.2A). The lack of suppression of 

downstream signaling of MEK1/2 by the shRNAs, suggests mechanisms of compensation, 

potentially through activation of alternative pathways such as PI3K/ AKT [342]. Alternatively, 

silencing via shRNAs may have been insufficient, leading to partial leakage through the 

pathway. These results could potentially be explained by differential kinetics between 

pharmacological inhibition using MEKi and genetic knockdown as well as activation of 

feedback loops within signaling pathways, previously described by Jensen et al., 2016 [343]. 

This phenomenon of signaling pathway compensation and signaling feedback loops will be 

further expanded on in the discussion section (Section 4.3).  
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4.2.3 MEK1/2 shRNA knockdown reduces proliferation 
 

Next, in order to evaluate the ability of the MEK1/2 hairpins to reduce proliferation of the 

tumour cells, a key hallmark of MEK inhibition, flow cytometry analysis was undertaken 96 

hours post doxycycline induction, where the number of RFP+ cells were enumerated using 

count beads (Figure 4.2B). Flow cytometry analysis demonstrated approximately a 50% 

decrease in AT3 tumour cell numbers, when comparing non-treated AT3 tumour cells 

transduced with the scramble control (SC) shRNA versus the same cells treated with the MEKi 

(one-way ANOVA; P<0.01) (Figure 4.2B).  Furthermore, a cell growth inhibition assay of AT3 

and E0771 tumour cell lines, transduced with the MEK1/2 shRNA knockdowns, was 

undertaken using CytoGLO. Both AT3 and E0771 tumour cell lines were measured for 

metabolic activity 72 hours post doxycycline induction and compared against the scramble 

control shRNAs for each cell line (AT3 and E0771). In this assay, there was a significant 

inhibition of cellular metabolic activity following MEK1/2 shRNA activation in both the AT3 and 

E0771 cell lines (Figure 4.2C). Compared to the SC shRNA, MEK1/2 knockdown hairpins in 

the AT3 tumour cells reduced metabolic activity by approximately 20%; SH1 (one-way 

ANOVA; P<0.01), SH2 (one-way ANOVA; P<0.001) and SH3 (one-way ANOVA; P<0.05). In 

comparison, pharmacological MEKi in AT3 tumour cells resulted in reduced metabolic activity 

of approximately 50% (one-way ANOVA; P<0.0001) (Figure 4.2C). Similarly, in the E0771 

cell line, compared to the SC shRNA, MEK1/2 shRNA knockdowns reduced cell growth by 

approximately 20-40%; SH1 (one-way ANOVA; P<0.01), SH2 (one-way ANOVA; P<0.0001), 

SH3 (one-way ANOVA; P<0.0001) (Figure 4.2C). In comparison, MEKi treatment of E0771 

SC transduced cells was able to reduce metabolic activity by approximately 60% (one-way 

ANOVA; P<0.0001) (Figure 4.2C). Overall, this experimental data highlights that MEK1/2 

shRNA knockdown was able to decrease tumour cell proliferation indicating that the 

knockdown of MEK1/2 was functional. Subsequently, experiments investigating whether 
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MEK1/2 shRNA knockdown was able to phenocopy MEKi in terms of inducing immunogenicity 

were undertaken, specifically in the AT3 model.   
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Figure 4.2. ShRNA mediated MEK1/2 knockdown results in reduced proliferation of 

murine TNBC cell lines. (A) Western blot analysis was performed on 5 x 105 AT3 tumour cell 

lysates that had undergone doxycycline (2 μg/ ml/ daily) induction of the scramble control or 

MEK1/2 shRNA for 96 hours (scramble (SC), SH1, SH2, SH3). Scramble shRNA transduced 

control cells treated with doxycycline (2 μg/ ml/ daily) and MEKi (100 nM) were used as a 

positive control. Phosphorylated and total MEK1/2 and ERK1/2 proteins were probed. GAPDH 

protein was probed as the loading control. (B) 5 x 105 AT3 tumour cells transduced with the 

scramble or MEK1/2 shRNA (SH1, SH2, SH3) were treated for 96 hours with doxycycline (2 

μg/ ml/ daily) or MEKi and analysed by flow cytometry for RFP+ expression. Counting beads 

were used to quantify the number of RFP+ cells. (C) The CytoGLO assay was used to quantify 

the level of growth inhibition via metabolic activity of 1 x 105 AT3 or E0771 tumour cells 

following MEK1/2 shRNA knockdown after 96 hours of doxycycline induction (2 μg/ ml/ daily). 

A T0 timepoint was read to subtract the basal metabolic activity (background) before the 

treatment was administered. Samples were read for metabolic activity following the addition 

of CytoGLO at the end of the assay. Experiments are a representation of n = 2 - 3 independent 

repeats. P values represent one-way ANOVA, post-hoc Tuckey’s test *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001. SC – scramble control, SH – MEK1/2 shRNA 1, 2 and 3, MEKI – 

MEK inhibitor, t – total, p – phosphorylated, DKD – double knockdown of MEK1 and MEK 2, 

RFP – red fluorescent protein. 
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4.2.4 MEK1/2 shRNA knockdown phenocopies pharmacological MEK inhibition for 

increased expression of MHC-I, MHC-II and PDL-1 

 

To assess whether the MEK1/2 shRNAs were able to emulate the effect of MEKi on the 

expression of cell surface markers related to tumour immunogenicity by AT3 tumour cells, flow 

cytometry analysis was undertaken following 96 hours of doxycycline induction in the absence 

and presence of IFNγ. Similar to previous observations with MEKi (Dushyanthen et al, 2017; 

Section 3.2), MEK1/2 knockdown itself was able to increase MHC-I expression when 

compared to the scramble control; SH1 (one-way ANOVA; P<0.001), SH2 (one-way ANOVA; 

P<0.0001), SH3 (one-way ANOVA; P<0.05) and MEKi (one-way ANOVA; P<0.001) (Figure 

4.3A). In the presence of IFNγ, these effects on MHC-I were significantly enhanced (one-way 

ANOVA; P<0.001). Similar effects were seen with MHC-II and PDL-1 expression in the 

presence of IFNγ (Figure 4.3C, D). These effects were consistent across the three MEK1/2 

knockdown shRNAs, and the effects were equivalent to that of MEKi. Notably, SH2 in 

particular, was more efficient than the MEK inhibitor in increasing MHC-I and PDL-1 in the 

presence of IFNγ (Figure 4.3 B-D).  Overall, this data demonstrates that knockdown of 

MEK1/2 is able to phenocopy pharmacological MEKi in terms of cell growth and expression of 

immune related genes, and thus validates the use of this approach as a means of modelling 

the effects of MEK signaling on tumour cell immunogenicity.  
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Figure 4.3. MEK1/2 knockdown phenocopies MEKi in terms of increased expression of 

immune related markers on tumour cells. 1 x 105 AT3 tumour cells transduced with 

scramble control or MEK1/2 shRNA were treated for 96 hours with doxycycline (2 μg/ ml, daily) 

and analysed via flow cytometry. Flow cytometry analysis of MHC-I, MHC-II, PDL-1 expression 

(mean fluorescence index; MFI) on AT3 tumour cell lines following MEKi treatment alone (100 

nM), IFNγ stimulation alone (5 ng/ ml) or the combination of MEKi or shRNA treatment and 

IFNγ stimulation. (A) MHC-I expression in AT3 cells following doxycycline or MEKi, (B-D) 

expression of MHC-I, MHC-II and PDL-1 following doxycycline treatment in the presence of 

IFNγ. Experiments are a representation of n = 2 - 3 independent repeats. P values represent 

one-way ANOVA, post-hoc Tuckey’s test *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ND – 

no doxycycline, D – doxycycline, SC – scramble control, SH – MEK1/2 shRNA 1, 2 and 3, 

MEKI – MEK inhibitor. 
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4.2.5 MEK1/2 knockdown in murine TNBC cell lines enhances the activation and 

proliferation of tumour-specific T cells   

 

Given the effect of increased MHC-I expression in AT3 tumour cells following MEK1/2 shRNA 

knockdown, the ability of these AT3 tumour cells to activate CD8+ T cells was next evaluated. 

OT-I transgenic mice possess MHC class I-restricted, ovalbumin-specific, CD8+ T cells (OT-I 

cells) which predominantly recognise the SIINFEKL epitope or ovalbumin. In order to 

determine whether CD8+ OT-I+ cells were able to recognise the MHC-I molecules expressed 

as a result of MEK1/2 shRNA knockdown, SIINFEKL (10 ng/ ml) peptide was used to pulse 

these AT3 tumour cells. Following 72 hours of doxycycline induction of the scramble control 

and MEK1/2 shRNAs in AT3 cells, OT-1 CD8+ T cells (previously cultured in SIINFEKL peptide 

and IL-2 for 4 days) were then added to the co-culture for 24 hours (Figure 4.4). Consistent 

with previous observations using MEKi (Dushyanthen et al, 2017; Section 3.2), MHC-I 

expression was significantly increased on AT3 tumour cells following MEK1/2 knockdown 

(Figure 4.4A). The number of CD8+ OT-I+ T cells following co-culture were enumerated after 

24 hours using counting beads and analysed via flow cytometry (Figure 4.4B). Co-cultures of 

AT3 cell MEK1/2 shRNAs demonstrated augmented OT-I CD8+ T cell numbers when 

compared to the AT3 scramble control group (Figure 4.4B). Cytometric bead array (CBA) 

analysis was also undertaken on the supernatant collected following this 24-hour co-culture 

assay period (Figure 4.4C). IFNγ production from OT-I+ CD8+ T cells in response to the 

tumours was measured. Compared to control AT3 tumour cells, tumours expressing MEK1/2 

shRNAs elicited significantly increased IFNγ production from CD8+ OT-I+ T cells following co-

culture (Figure 4.4C). These co-culture experiments provided further proof of principle that 

these hairpins would provide a suitable model to study the interaction between increased 

immunogenicity and TIL responses, without the hindrance of MEK inhibition on normal T cell 

function, as seen in the previous data chapter (Chapter 3). 
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Figure 4.4. MEK1/2 knockdown enhances MHC-I expression and CD8+ OT-I T cell 

effector responses following in vitro co-culture. 1 x 105 AT3 cells transduced with either 

scramble shRNA or MEK targeting shRNA (scramble, SH1, SH2 and SH3) were seeded for 

12 hours, pulsed with 10 ng/ ml SIINFEKL peptide and treated with doxycycline induction for 

48 hours. Doxycycline (2 μg/ ml) was replenished daily. Activated OT-I T cells were then added 

to wells containing AT3 tumour cells and co-cultured for 24 hours at a ratio of 1:1. Following 

this, supernatants were collected and used to undertake CBA analysis and cells were collected 

for flow cytometry analysis. (A) MHC-I expression on these tumour cell following co-culture 

was also evaluated via flow cytometry. (B) CD8+ OT-I+ T cell number was evaluated via flow 

cytometry using counting beads. (C) IFNγ production by CD8+ OT-I+ T cells was evaluated (pg/ 

ml). Experiments are a representation of n = 2 - 3 independent repeats. P values represent 

one-way ANOVA, post-hoc Tuckey’s test *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. D – 

doxycycline, SC – scramble control, SH – MEK1/2 shRNA 1, 2 and 3, OT-I – CD8+ T cells.   
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4.2.6 MEK1/2 knockdown reduces tumour growth in vivo 

   

Previously in Chapter 3, it was shown that pharmacological MEK inhibition had significant 

anti-tumour effects in in vivo immunocompetent TNBC models (Dushyanthen et al, 2017; 

Section 3.2, 3.3). As such, the ability of the MEK1/2 knockdown to recapitulate these effects 

was assessed in immunocompetent CAG rTTA. AT3 tumours expressing SH1 and SH3 

hairpins were focussed on due to the fact that these two AT3 tumour cell lines, transduced 

with MEK1/2 shRNAs, exhibited similar growth rates compared to the AT3 scramble control in 

vivo (data not shown). CAG rTTA mice were utilised due to the immunogenic nature of the 

doxycycline inducible shRNA vector cassettes, which are tolerated in CAG mice that express 

the rTTA antigen. To test the efficiency of doxycycline induction (used in order to induce 

expression of the respective shRNAs) in vivo, CAG mice were dosed with doxycycline food 

(625 mg/ kg) and water (2 mg/ ml) ad libitum for 14 days. Following this, AT3 tumours were 

processed and the number of RFP+ cells (GFP+/ BFP+, SSC-A/ RFP+) were quantified via flow 

cytometry (Figure 4.5). Analysis of RFP expression demonstrated that the shRNAs were 

successfully switched on in vivo in 30-70% of tumour cells. Once in vivo induction of shRNA 

had been validated, the growth of AT3 tumours containing a scramble shRNA or shRNAs 

directed against MEK1/2 (SH1 or SH3) were compared in the absence and presence of 

doxycycline in immunocompetent CAG rTTA mice (Figure 4.6). Control scramble shRNA AT3 

tumour-bearing mice were also treated with the MEK inhibitor trametinib (MEKi), as per 

experiments conducted in Chapter 3. Similar to previous observations in AT3ova and 4T1Ch9 

tumour models (Dushyanthen et al, 2017; Chapter 3.2-3.4), MEK inhibition following 

treatment with trametinib resulted in a significant reduction in tumour growth in the AT3 model.  

As expected, in mice bearing AT3 tumours expressing the scramble shRNA, doxycycline had 

no significant effect on tumour growth and it was evident that untreated SH1 and SH3 AT3 

tumours had similar growth rates to the scramble control AT3 tumours in the absence of 

doxycycline treatment (Figure 4.6A). MEK inhibition resulted in a reduction (two-way ANOVA; 
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P<0.05) in AT3 tumour growth (Figure 4.6B). Interestingly, MEK knockdown in AT3 tumours 

resulted in even more pronounced and significant anti-tumour effect compared to MEK 

inhibitor treated AT3 tumours (SH1 (two-way ANOVA; P<0.0001), SH3 (two-way ANOVA; 

P<0.0001)). MEK1/2 shRNAs expressing AT3 tumours, were compared to control, scramble 

shRNA induced AT3 tumours. When compared to the MEKi treated AT3 tumours, both SH1 

(two-way ANOVA; P<0.05) and SH3 (two-way ANOVA; P<0.001) MEK1/2 shRNA expressing 

AT3 tumours demonstrated greater efficiency in terms of delayed tumour growth (Figure 

4.6B). Thus, although the induction of the hairpins in vivo was potentially sub-optimal (as 

shown by the expression of RFP in only 30-70% of tumour cells) this was evidently sufficient 

to mediate significant biological effects.  
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Figure 4.5. MEK1/2 shRNA induction in vivo. CAG mice (n = 4/ group) bearing established 

AT3 tumours transduced with either scramble control shRNA or MEK1/2 targeted shRNA 

tumours; (A) scramble control, (B) SH1 and (C) SH3 AT3 tumour bearing mice were treated 

with doxycycline (625 mg/ kg) and water (2 mg/ ml) ad libitum or left untreated for 14 days. 

Following this, AT3 tumours were excised and homogenised and the presence of RFP+ cells 

within these AT3 tumours was analysed ex vivo via flow cytometry. Graphs represent overlay 

of no doxycycline (blue) versus doxycycline (red) treated shRNA AT3 tumours. Gating strategy 

used was single cells -> morphology -> GFP+/ BFP+ followed by SSC-A/ RFP+ cells. Each plot 

represents an individual mouse sample. RFP – red fluorescent protein, GFP – green 

fluorescent protein, BFP – blue fluorescent protein.  
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Figure 4.6. MEK1/2 KD supresses tumour growth in vivo in immunocompetent CAG 

mice. 5 x 106 AT3 MEK1/2 shRNA (or scramble shRNA) control expressing tumours were 

injected subcutaneously into CAG mice. Where indicated CAG mice (n = 6/ group) bearing 

established AT3 MEK1/2 shRNA expressing tumours were treated with or without doxycycline; 

(A) no doxycycline control (B) doxycycline treated. Mice treated with doxycycline were given 

doxycycline food (625 mg/ kg) and water (2 mg/ ml) ad libitum for 14 days. Groups where AT3 

tumours were not treated with doxycycline were used as a comparison. Scramble control AT3 

tumours were also treated with MEKi (1 mg/ kg, daily) to serve as a positive control for the 

experiment. The endpoint was determined when tumours reached an ethical limit of 1400 

mm3, in accordance with ethical guidelines. Experiments are a representative of n = 2 - 3 

replicates (mean tumour volume ± SEM). P values represent two way-ANOVA, post-hoc 

Tuckey’s tests for tumour growth and log ranked (mantel-cox) test for survival proportions. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. NO DOX – no doxycycline, DOX – doxycycline, 

SC – scramble control, SH – MEK1/2 shRNA 1, 2 and 3, MEKI – MEK inhibitor, KD - 

knockdown. 
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4.2.7 MEK1/2 knockdown increases expression of immunogenic markers on tumour 

cells and enhances TIL effector functions in vivo  

 

Once AT3 tumour growth inhibition by MEK1/2 knockdown was established in vivo, the next 

step was to investigate the expression of immune related genes on AT3 tumour cells following 

MEK knockdown in vivo. Flow cytometry analysis of various tumour surface markers (MHC-I, 

MHC-II, PDL-1, TRAIL, RAE-I and FAS) on RFP+ AT3 tumour cells was undertaken on AT3 

tumours established for 14 days, following treatment with or without doxycycline induction and 

MEKi in SC, SH1 and SH3 AT3 tumours (Figure 4.7A-F). In CAG mice, MEKi and MEK1/2 

knockdown mediated by SH1 or SH3 MEK1/2 targeting shRNA in AT3 tumours resulted in 

significantly enhanced MHC-I (one-way ANOVA; P<0.05), MHC-II (one-way ANOVA; P<0.05) 

and TRAIL (one-way ANOVA; P<0.05) expression (Figure 4.7A-C). Interestingly, FAS 

expression was only upregulated in MEK1/2 shRNA AT3 tumours (one-way ANOVA; 

P<0.001), compared to the control shRNA expressing AT3 tumours and was not upregulated 

following MEKi treatment of AT3 tumours (Figure 4.7D). The function of TILs was also 

assessed within this AT3 tumour model (Figure 4.8). CD8+ T cell numbers were decreased 

by MEKi treatment when compared against the scramble control AT3 tumours at day 14 

(Figure 4.8), consistent with findings in Chapter 3 (Dushyanthen et al., 2017; Section 3.3). 

In contrast, MEK1/2 knockdown with SH3 or SH1 did not decrease the number of tumour-

infiltrating T cells and in fact showed a trend for increased numbers of T cells despite the 

smaller size of these tumours (Figure 4.8A). As seen with previous TIL analysis experiments 

conducted at this day 14 time point in the AT3ova model (Dushyanthen et al., 2017; Section 

3.3), both MEKi (one-way ANOVA; P<0.01) treated and SH3 MEK1/2 knockdown (one-way 

ANOVA; P<0.05) AT3 tumours demonstrated increased CD69 expression on CD8+ T cells, 

when compared to CD8+ T cells isolated from scramble control AT3 tumours (Figure 4.8B). 

Moreover, significant increases in IFNγ expression by tumour-infiltrating CD8+ T cells in the 

MEKi treated (one-way ANOVA; P<0.05) and SH3 MEK1/2 shRNA knockdown (one-way 
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ANOVA; P<0.001) AT3 tumour groups was observed (Figure 4.8C). TNFα production by CD8+ 

T cells following MEK inhibition displayed a trend for increased activity compared to the 

untreated scramble control shRNA AT3 tumours (Figure 4.8D). Similar to observations seen 

in CD8+ T cells, CD4+ FOXP3- T helper cells were equally decreased in terms of quantity of 

infiltrate in MEKi treated AT3 tumours, when compared against scramble control shRNA AT3 

tumours (Figure 4.8E). In contrast, SH1 and SH3 MEK1/2 shRNA knockdown AT3 tumours 

displayed a trend for increased numbers of CD4+ T cells (Figure 4.8E). Finally, all three 

conditions; MEKi, SH1 and SH3 treated AT3 tumour TILs demonstrated a trend for increased 

ratios of CD8+ T cells to CD4+ FOXP3+ Tregs (Figure 4.8F), particularly for SH3 MEK1/2 

targeting shRNA KD AT3 tumours (one-way ANOVA; P<0.01). In summary, these results 

demonstrated that MEK1/2 knockdown in AT3 tumour cells, enhanced expression of MHC-I 

in vitro and in immunocompetent CAG mice in vivo and MEK knockdown resulted in a trend 

for increased numbers of CD4+ and CD8+ T cell infiltrate (Figure 4.8 A and E) which 

contrasted to the effects on CD8+ and CD4+ T cells observed following MEK inhibition in AT3 

tumors (Figure 4.8 A and E). Moreover, T cells were more activated as shown by expression 

of CD69 and IFNγ, following MEK knockdown. Although the increase in IFNγ and CD69 was 

also mediated by pharmacological MEKi, this may be due to the time point analysed, which 

was chosen to capture the difference in T cell infiltrate, rather than activation. Future studies 

will involve investigations at earlier time points and ex vivo T cell analysis, where these studies 

have previously shown that MEKi decreases T cell function (Dushyanthen et al., 2017; 

Section 3.1-3.4).  
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Figure 4.7. MEK1/2 KD increases expression of immunogenic markers on murine TNBC 

tumour cells in immunocompetent CAG mice. 5 x 106 AT3 tumour cells were injected 

subcutaneously into the right flank of CAG mice and established for 14 days. CAG mice (n = 

6/ group) bearing established AT3 scramble control shRNA or MEK1/2 shRNA expressing 

tumours; SC, SH1 or SH3 were treated with doxycycline food (625 mg/ kg) and water (2 mg/ 

ml) ad libitum for 14 days. Groups where AT3 tumours were not treated with doxycycline to 

induce the shRNA expression, were used as a control. Scramble control AT3 tumours were 

also treated with the doxycycline and MEKi (1 mg/ kg/ daily) to serve as a positive control for 

the experiment. Following 14 days of treatment, AT3 tumours were excised and ex vivo 

analysis was undertaken via flow cytometry. Immunogenicity markers were tested on RFP+/ 

GFP+/ BFP+ tumour cells; (A) MHC-I, (B) MHC-II, (C) TRAIL and (D) FAS. Experiments are a 

representative of n = 2 replicates (mean MFI ± SEM). P values represent one tailed parametric 

students t-tests, comparing no doxycycline to doxycycline treatment for each cell line. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001. ND – no doxycycline, DOX – doxycycline, SC – scramble 

control, SH – MEK1/2 shRNA, MEKI – MEK inhibitor. 
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Figure 4.8. MEK1/2 KD enhances TIL responses in vivo. 5 x 106 AT3 tumour cells were 

injected subcutaneously into the right flank of CAG mice and established for 14 days. Mice 

bearing established AT3 scramble control shRNA or MEK1/2 shRNA KD expressing tumours 

(scramble, SH1, SH3) were treated with doxycycline food (625 mg/ kg) and water (2 mg/ ml) 

ad libitum for 14 days. Scramble control shRNA expressing AT3 tumours treated with 

doxycycline food (625 mg/ kg) and water (2 mg/ ml) ad libitum and MEKi (1 mg/ kg/ daily) were 

used as a positive control. Changes in TIL populations (CD45+; CD8+, CD4+ FOXP3-, CD4+ 

FOXP3+ T cells) were determined ex vivo by flow cytometry analysis 14 days post treatment. 

(A) number of CD45+ TCRβ+ CD8+ T cells, (B) CD45+ TCRβ+ CD69+ CD8+ activation of T cells 

(C) CD45+ TCRβ+ CD8+ IFNγ+ cytokine production by T cells, (D) CD45+ TCRβ+ CD8+ TNFα+ 

cytokine production by T cells, (E) number of CD45+ TCRβ+ CD4+ T cells and (F) ratio of TCRβ+ 

CD8+ T cells to TCRβ+ CD4+ FOXP3+ Tregs. (C-D) Values were normalised to AT3 vehicle 

controls (no doxycycline treatment) in each experiment. Data is expressed as fold change ± 

SEM for the number of positive cells and represents n = 5 - 10 mice per group, pooled from 2 

independent experiments. P values represent two-tailed parametric students t test, comparing 

no doxycycline to doxycycline treatment for each cell line. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. ND – no doxycycline, DOX – doxycycline, SC – scramble control, SH – MEK1/2 

shRNA 1, 2 and 3, MEKI – MEK inhibitor. 

 

  



193 
 
 

4.2.8 Mechanisms underlying enhanced TIL infiltrate in tumour intrinsic MEK 

knockdown 

 

In order to investigate the mechanisms underlying enhanced MHC-I expression and TIL 

infiltrate following knockdown of MEK1/2 in AT3 tumour cells, RNA seq was undertaken in 

order to perform an unbiased analysis of the transcriptional changes mediated following loss 

of MEK activity. Following MEK knockdown or inhibition, AT3 cell lines transduced with 

scramble, SH1, SH2 or SH3 targeting shRNAs were treated with doxycycline or MEKi. RNA 

was extracted and 3’ RNAseq was undertaken 96 hours post treatment (Figure 4.9 & 4.10). 

For RNA seq analysis, normal QC and normalisation was performed and differential 

expression analysis (R LIMMA, VOOM) was undertaken, contrasting scramble control shRNA 

expressing AT3 tumour cells to each MEK1/2 knockdown shRNA or MEKi treated AT3 cell 

line. Unbiased analysis was undertaken, and top upregulated genes were sorted by fold 

change (Figure 4.9 & 4.10). The top 200 genes from each contrast were analysed via STRING 

to identify molecular interactions between genes and to determine which pathways were 

altered by MEK1/2 shRNA knockdown (Figure 4.9 & 4.10). Contrasts between MEKi, MEK1/2 

shRNAs and control shRNA treated AT3 tumour cells revealed enhancement of multiple 

pathways relating to immune response and regulation of antigen processing and presentation 

genes via MHC-I and MHC-II. Furthermore, immunoproteasome and chemokine related genes 

were also observed to be upregulated following MEKi (Figure 4.9). These genes were also 

observed in AT3 tumour cells expressing MEK1/2 targeting knockdown shRNAs, however the 

fold change was smaller compared to changes observed following MEKi in AT3 tumour cells. 

Analysis of genes modulated by MEK1/2 shRNA knockdown (relative to scramble control 

shRNA) revealed upregulation of multiple extracellular matrix components and collagen 

related pathways and this observation was consistent across all MEK1/2 shRNAs in AT3 

tumour cells (Figure 4.10). Similar effects on these genes were observed with the MEKi 

treatment; however, fold changes were smaller. Each of these identified pathways were 
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interrogated and validated through various experiments and the results of these findings are 

discussed in the subsequent sections. The key pathways identified, that included antigen 

processing and presentation, immune pathways and immunoproteasome genes are 

discussed in sections 4.2.9 - 4.2.12. The matrix remodelling pathways are described in 

section 4.2.13 and finally, chemokines regulated by MEK1/2 inhibition were investigated in 

section 4.2.14.  
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Figure 4.9. MEKi increases the expression of various immune response and antigen 

processing and presentation pathway components. 1 x 105 AT3 tumour cells transduced 

with shRNAs targeting MEK1/2 (or scramble shRNA control (SC)) sequences, were treated 

with doxycycline (DOX) or MEKi. DOX was added to cultures daily (2 μg/ ml) and MEKi (100 

nM) was added once at the beginning of the experiment. 1 x 105 AT3 cells were incubated 

with the treatments described above for 96 hours. Following this, AT3 tumour cells were 

collected, RNA extracted and RNA 3’ sequencing was undertaken. Standard QC and 

normalisation pipelines were utilised to filter data. Differential expression analysis was 

undertaken to contrast the doxycycline treated MEKi and MEK1/2 KD to the SC control groups. 

Gene lists were interrogated and filtered based on an adjusted P value (<0.01) and then 

ranked by fold changed. Top 200 genes were put through pathway analysis. Molecular 

interactions are shown and confidence of 0.7 was used. (A) MEKi versus scramble – string 

gene networks, (B) MEKi versus scramble – string gene networks – gene ontology (biological 

processes). Immune response, antigen processing and presentation pathways were observed 

following MEK1/2 inhibition with the MEK inhibitor, compared to the scramble control shRNA 

expressing AT3 tumour cells. 
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Figure 4.10. MEK1/2 knockdown increases the expression of various extracellular 

matrix pathway components. 1 x 105 AT3 murine tumours cells transduced with shRNAs 

targeting MEK1/2 (or scramble shRNA control (SC)) sequences were treated with doxycycline 

(DOX). DOX was added to cultures daily (2 μg/ ml) and MEKi (100 nM) was added once at 

the beginning of the experiment. 1 x 105 AT3 tumour cells were incubated with the treatments 

described above for 96 hours. Following this, AT3 tumour cells were collected, RNA extracted 

and RNA 3’ sequencing was undertaken. Standard QC and normalisation pipelines were 

utilised to filter data. Differential expression analysis was undertaken to contrast the 

doxycycline treated MEKi and MEK1/2 KD to the SC AT3 tumour control groups. Gene lists 

were interrogated and filtered based on an adjusted P value (<0.01) and then ranked by fold 

changed. Top 200 genes were put through pathway analysis. Molecular interactions are 

shown and confidence of 0.7 was used. (A) SH2 versus scramble – string gene networks, (B) 

SH2 versus scramble – string gene networks – gene ontology (biological processes). 

Extracellular matrix pathways were observed following SH2 MEK1/2 shRNA compared to the 

scramble control shRNA expressing AT3 tumour cells. MMPs - matrix metalloproteinases, 

ADAMTs - A Disintegrin and Metalloproteinase with Thrombospondin motifs, LOX - Lysyl 

Oxidase, LOXL - lysyl oxidase-like, TIMP - tissue inhibitor of metalloproteinases, COL - 

collagens. 
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4.2.9 MEK knockdown and MEKi upregulate expression of antigen processing and 

presentation genes 

 

Given the effect of increased MHC-I expression observed in the aforementioned studies 

following MEK1/2 inhibition (Figure 4.3), and data shown from the analysis of RNAseq (Figure 

4.11), the relationship between MHC-I and MAPK signaling was investigated. Pathway 

analysis following RNA seq revealed a link between MAPK signaling and MHC-I expression, 

as indicated by the upregulation of antigen processing and presentation pathways (Figure 

4.11). Given that SH2, presented the most pronounced knockdown phenotype (Figure 4.3A, 

B) it was chosen for all subsequent analysis for contrasts against MEKi treated AT3 tumour 

cell conditions. Differential expression analysis revealed several genes that  were upregulated 

by both MEKi and MEK1/2 shRNA expressing genes associated with antigen processing: 

TAP1 (MEKi; FC = 5.44, P = 4.34e18, SH2; FC = 2.23, P = 8.48e-9), TAP2 (MEKi; FC = 3.94, 

P = 0.0003, SH2; FC = 3.32 P = 0.005), TAPBP (MEKi; FC = 2.05, P = 2.14e-17, SH2; FC = 

1.43, P = 1.68e-14), TAPBPL (MEKi; FC = 3.55, P = 1.73e-15, SH2; FC = 1.29, P = 1.72e-

15), CALR (MEKi; FC = 0.73, P = 2.46e-8, SH2; FC = 0.69, P = 4e-8), ERAP1 (MEKi; FC = 

SH2 P = 1.75e-16; FC = 1.66, P = 5.32e-11), and antigen presentation: B2M (MEKi; FC = 

2.06, P = 2.27e-16, SH2; FC = 0.98, P = 7.87e-10), H2K1 (MEKi; FC = 2.77, P = 9.79e-22, 

SH2; FC = 0.65, P = 1.4e-7), NLRC5 (MEKi; FC =  3.78, P = 6.33e-13) (Figure 4.11A, B; 

Appendix 6.7-6.10). Notably, one gene that was significantly upregulated in MEKi treated 

cells and not in MEK1/2 shRNA treated cells was the CIITA transactivator gene (Figure 

4.11A). CIITA encodes for MHC-II and expression of this molecule at the protein level was 

significantly enhanced in MEKi treated cells in the presence of IFNγ (Figure 4.3C). The 

differences in MEKi and MEK1/2 knockdown signaling and potency, may be the cause for 

these differential effects observed in MHC-II expression. However, further affirming this 

hypothesis that MEK1/2 inhibition increases MHC-I expression, pathway analysis through 

GeneGO of the top genes ranked by p value, revealed that MEKi treated or MEK1/2 shRNA 
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expressing tumour cells upregulated the expression of ‘immune response antigen 

presentation by the MHC class-I, classical pathway’, relative to scramble control shRNA AT3 

tumour cells (Figure 4.12). This pathway includes several genes involved in antigen 

processing: TAP1, TAP2, PDIA3, PA28, TAPASIN, CALR, ERAP1, TAPBPL, NPEPPS, 

HSP70, HSP90 and antigen presentation genes: H2 genes, B2M genes (Appendix 6.7-6.10). 

This data suggests that MHC-I upregulation regulated by MEK1/2 inhibition is associated with 

broad changes in the antigen presentation machinery. Several of these genes were validated 

to be upregulated by subsequent experiments in AT3 tumour cells using RT-PCR (Figure 

4.15), which is described further in Section 4.2.12.   
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Figure 4.11. MEKi and MEK KD increased expression of antigen processing and 

presentation genes related to MHC-I. 1 x 105 AT3 tumours cells transduced with scramble 

control shRNA or MEK1/2 targeting shRNA knockdowns were treated with doxycycline or 

MEKi in vitro; Scramble control shRNA (SC) treated with doxycycline (DOX), MEK1/2 shRNA 

(SH1) treated with DOX, MEK1/2 shRNA (SH2) treated with DOX, MEK1/2 shRNA (SH3) 

treated with DOX, and SC treated with DOX and MEKi. DOX was added to cultures daily (2 

μg/ ml) and MEKi (100 nM) was added once at the beginning of the experiment. 1 x 105 AT3 

tumour cells were incubated with the treatments described above for 96 hours. Following this, 

AT3 tumour cells were collected, RNA extracted and RNA 3’ sequencing was undertaken. 

Standard QC and normalisation pipelines were utilised to filter data. Differential expression 

analysis was undertaken to contrast the doxycycline treated MEKi and MEK1/2 KD to the SC 

control groups. Gene lists were interrogated and filtered based on an adjusted P value (<0.01) 

and then ranked by fold change. Several antigen presentation pathway genes were identified 

and highlighted and represented in the volcano plots displaying false discovery rate (FDR) 

against log fold change for genes upregulated and down regulated compared to the SC 

control. (A) AT3 tumour cells expressing shRNA targeting scramble control, treated with MEKi 

versus scramble control cells treated with doxycycline, (B) AT3 tumour cells expressing 

shRNA targeting MEK1/2 (SH2) versus scramble control shRNA AT3 tumour cells, treated 

with doxycycline. Doxycycline treated SH1 and SH3 MEK1/2 shRNA AT3 tumour cells versus 

scramble control shRNA targeting AT3 tumour cell contrasts are shown in Appendix 6.7-6.10.  
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4.2.10 MEK knockdown enhances immune response pathways  
 

Pathway analysis following MEK inhibition with the MEK inhibitor, revealed increased 

expression of immune response pathways (Figure 4.12; Appendix 6.7-6.11), and in 

particular, upregulation of several genes within the IFNγ pathway was observed following 

either MEK1/2 shRNA knockdown or MEKi in AT3 tumour cells. Differentially expressed genes 

included STAT1, STAT2, IRF1, IRF2, IRF7, IRF8 and IRF9 (Figure 4.12, Figure 4.13; 

Appendix 6.7-6.11) revealing activation of the IFN pathways following MEK1/2 shRNA 

knockdown and MEKi treatment. This may explain the enhanced effects of IFNγ on the 

phenotype of AT3 tumour cells, subject to MEKi or MEK knockdown, in terms of MHC-I 

expression (Figure 4.3). 

 

4.2.11 MEK knockdown increases immunoproteasome gene signatures 
 

The GO analysis of upregulated genes revealed that the ‘immune response antigen 

presentation by MHC-I, classical pathway’ was significantly upregulated (Figure 4.12). This 

pathway contains a number of immunoproteasome related genes as shown in Appendix 6.11 

and highly significant expression of immunoproteasome components was observed. Given 

the ability of Ras/MAPK pathway inhibition to increase MHC-I expression, one hypothesis 

derived from this observation was that MEK inhibition is involved in conversion of proteasome 

subunits to immunoproteasome subunits, thus enabling enhanced assembly, recruitment and 

presentation of immunogenic antigens. From the RNAseq analysis of MEK1/2 shRNA 

knockdown in the AT3 tumour cells and the MEKi treated AT3 tumour cells, notable increases 

in the expression of the proteasome activator subunits PSME1 and PSME2 as well as 

immunoproteasome subunits PSMB8, PSMB9 and PSMB10 genes was evident in MEK1/2 

shRNA expressing AT3 tumour cells and MEKi treated AT3 tumour cells, when compared to 

the scramble control shRNA expressing AT3 tumour cells (Figure 4.11 and 4.12A; Appendix 
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6.11). Specifically, PSMB8 gene expression was upregulated significantly in the MEKi 

(FC=4.98; P=5.72e-19) and each MEK1/2 shRNA AT3 tumour group; SH1 (FC=1.11, 

P=3.99e-5), SH2 (FC=3.8; 1.47e-18), SH3 (FC=1.91; P= 1.73e-8) (Figure 4.11; Appendix 

6.7-6.10). Overall, this analysis highlighted that MEK1/2 shRNA knockdown is concordant with 

immunoproteasome assembly, thus permitting the enhanced production of numerous MHC 

class-I restricted T cell epitopes and presentation of intracellular antigen peptides to cytotoxic 

T lymphocytes [344]. This data suggests a relationship between enhancement of IFNγ 

signaling pathways that feedback and convert the proteasome to an immunological 

proteasome through upregulation of PSMB8, PSMB9 and PSMB10 subunit complexes, 

ultimately leading to increased presentation of MHC-I associated peptides on the tumour cell 

surface (Figure 4.12B).  
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Figure 4.12. MEKi and MEK1/2 KD upregulate antigen presentation pathways. 1 x 105 

AT3 murine tumour cells transduced with knockdowns targeting scramble (SC) or SH2 

MEK1/2 shRNA sequences were treated with doxycycline (DOX). DOX was added to cultures 

daily (2 μg/ ml) and MEKi (100 nM) was added once at the beginning of the experiment. DOX 

was added to culture daily (2 μg/ ml) and MEKi (100 nM) was added once at the beginning of 

the experiment. 1 x 105 cells were incubated with the treatments for 96 hours. Following this, 

cells were collected, RNA extracted and RNA 3’ sequencing undertaken. Standard QC and 

normalisation pipelines were utilised to filter data. Differential expression analysis was 

undertaken to contrast the MEKi and MEK1/2 KD to the SC control groups. Gene lists were 

interrogated and filtered based on an adjusted P value (<0.01). Genes from each treatment 

were then put through GeneGo pathway analysis (Appendix 6.11). Full gene lists are shown 

in Appendix 6.11. Top pathways identified are shown in (A), ranked by adjusted P value. (B) 

Proposed mechanism of antigen processing and presentation through conversion of a 

proteasome to an immunoproteasome via IFNγ pathways.  
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 4.2.12 Immunoproteasome inhibition following MEK knockdown abrogates MHC-I 

expression 

 

In order to validate the RNAseq data, a number of genes identified following MEK1/2 targeting, 

that were thought to be involved in increased MHC-I expression, were quantified using 

quantitative real time PCR (Figure 4.13). The expression of immunoproteasome genes; 

PSMB8, PSMB9, antigen processing and presentation genes; TAP1, TAP2 and IFNγ pathway 

related genes; STAT1, STAT2 and IRF1, were quantified following MEK1/2 shRNA 

knockdown in SH1 and SH3 transduced AT3 tumour cells in vitro. Scramble control shRNA 

transduced AT3 tumour cells were used as a control for this experiment. Following 24 hours 

of doxycycline treatment, expression of PSMB8 and PSMB9 were quantified at the 

transcriptomic level (Figure 4.13). Compared to the scramble control shRNA expressing AT3 

tumour cells, expression of SH1 and SH3 shRNA MEK1/2 knockdown AT3 tumour cells were 

20-fold and 40-fold higher, respectively, for PSMB8 (unpaired t-test; P<0.01) (Figure 4.13A). 

A fold increase of approximately 25-fold was observed for PSMB9 expression in both SH1 and 

SH3 shRNA expressing AT3 tumour cells, compared to the scramble control shRNA AT3 

tumour cells (Figure 4.13A). Expression of TAP1 and TAP2 were also significantly increased 

following MEK1/2 shRNA knockdown, where TAP1 was enhanced 4 and 8-fold in SH2 and 

SH3 shRNA expressing AT3 tumour cells respectively (unpaired t-test; P<0.01) (Figure 

4.13B) and TAP2 expression was increased 5 and 20-fold respectively, compared to the 

scramble control shRNA expressing AT3 tumour cells (unpaired t-test; P<0.01) (Figure 

4.13B). Expression of STAT1, STAT2 and IRF1 were also validated following MEK1/2 

knockdown in scramble control, SH1 and SH3 shRNA expressing AT3 tumour cells (Figure 

4.13C). STAT1 expression was observed to be 10-fold and 35-fold higher in SH1 and SH3 

expressing shRNA AT3 tumour cells respectively, when compared to scramble control shRNA 

AT3 tumour cells (unpaired t-test; P<0.05) (Figure 4.13C). This data suggests that there was 

a direct relationship between MEK1/2 knockdown and antigen presentation, that may be 
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driven by IFNγ pathways to promote immunoproteasome assembly. Future experiments will 

involve comparing MEKi treatment alone to MEK1/2 KD to investigate whether similar effects 

are observed with MEK inhibition. 

 

It was hypothesised that upregulation of MHC-I expression following MEK inhibition was 

related to enhanced immunoproteasome activity. The inducible proteasome generates 

peptides presented on MHC-I, where stimuli such as IFNγ leads to the replacement of the 

constitutive catalytic proteasome with the inducible immunoproteasome. This is required for 

the production of MHC-I restricted T cell epitopes. In order to validate this hypothesis, an 

immunoproteasome inhibitor (imPi) was utilised to determine whether there was a correlation 

between MEK knockdown and immunoproteasome assembly. A selective immunoproteasome 

inhibitor, ONX-0914, which targets the β5i (LMP7/PSMB8) inducible subunit of the 

immunoproteasome complex was utilised in this experiment (Figure 4.14). AT3 tumour cells 

were treated with MEK inhibitor and IFNγ for 24 hours, in the absence and presence of imPi. 

Following this, AT3 tumour cells were collected and analysed for the expression of MHC-I, 

MHC-II, PDL-1 and viability (Figure 4.14), MEKi in combination with imPi, significantly 

decreased expression of MHC-I (one-way ANOVA; P<0.05), compared to MEKi treatment 

alone in AT3 tumour cells (Figure 4.14A). Compared to MEKi in the presence of IFNγ,  the 

addition of the imPi, significantly decreased MHC-I expression (one-way ANOVA; P<0.0001) 

(Figure 4.14A). Similar effects were observed for MHC-II (Figure 4.14B) and PDL-1 (Figure 

4.14C). This data demonstrated a strong relationship between MEK inhibition and 

immunoproteasome activity. The specificity of this interaction was supported by the finding 

that imPi did not affect cell viability, thus confirming that enhanced MHC-I expression was not 

related to drug associated cell death (Figure 4.14D). Given that MHC-II and PDL-1 were 

similarly affected by imPi, as with MHC-I, future studies will investigate any relationship to 

NFkB pathways as being the cause of these observed effects. In order to eliminate possibilities 
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of confounding effects caused by pharmacological inhibition, future studies may investigate 

direct targeting of the immunoproteasome via PSMB8 targeted shRNAs, to eliminate the 

possibility of off any target effects and to determine whether this interaction is indeed a direct 

effect of immunoproteasome inhibition on MHC-II and PDL-1 expression. Nonetheless, the 

findings of these studies validated the hypothesis that increased MHC-I following MEK 

knockdown was directly related to IFNγ pathway induced immunoproteasome assembly.  
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Figure 4.13. MEK1/2 knockdown upregulates IFNγ genes, important for antigen 

machinery and immunoproteasome pathways. Quantitative real-time PCR was undertaken 

to assess the expression of PSMB8, PSMB9, TAP1, TAP2, STAT1, STAT2 and IRF1 genes 

following MEK1/2 shRNA knockdown. 1 x 105 AT3 scramble control shRNA, SH1 and SH3 

shRNA expressing tumour cells were seeded in a 24 well plate and left to adhere overnight. 

AT3 tumour cells were then treated with doxycycline (2 μg/ ml) for 24 hours. AT3 tumour cell 

pellets were collected, and DNA extracted. Quantitative real time PCR was then undertaken. 

(A) Immunoproteasome genes; PSMB8, PSMB9, (B) antigen machinery; TAP1, TAP2, (C) 

IFNγ pathway; STAT1, STAT2 and IRF1. Normalised gene expression was determined using 

the delta Ct method (2^-ΔΔCt). A ratio of the gene of interest expression levels were generated 

and normalised to the stable internal housekeeping control gene (β-actin). P values represent 

students t-test, unpaired, one tailed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ND – no 

doxycycline, DOX – doxycycline, SC – scramble control, SH – MEK1/2 shRNA 1, 2 and 3. 
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Figure 4.14. Immunoproteasome inhibition downregulates MHC-I expression. 1 x 105 

AT3 tumour cells were seeded in a 24 well plate and left to adhere overnight. AT3 tumour cells 

were then treated with vehicle (1.02% DMSO), IFNγ (5 ng/ ml), MEKi (100nM), MEKi in 

combination with IFNγ, in the presence or absence of 2 μM ONX-0914 (immunoproteasome 

inhibitor; imPi) for 24 hours. AT3 tumour cells were collected and stained for expression of (A) 

MHC I, (B) MHC II, (C) PDL-1 and (D) Fix Yellow dye for viability. Values were normalised to 

vehicle controls in each experiment. Data is expressed as fold change ± SEM for quadruplicate 

samples. Three independent experiments were conducted, with similar results. P values 

represent one way-ANOVA, post-hoc Fishers’ LSD tests. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. V - vehicle, M – MEKi, I – IFNγ and imPi – immunoproteasome inhibitor.  
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4.2.13 MEK knockdown promotes extracellular matrix remodelling 
 

As previously shown in Figure 4.10, differential expression analysis of ranked genes via 

STRING analysis (adjusted p value and fold change), revealed a number of extracellular 

(ECM) genes that were altered by MEK1/2 shRNA knockdown. STRING network and 

interaction analysis was undertaken on differentially expressed genes in MEKi treated and 

SH2 shRNA expressing AT3 tumour cells, compared to scramble control shRNA expressing 

AT3 tumour cells (adjusted p value <0.01). These STRING networks revealed strong 

clustering around collagen related genes and integrin related genes (Figure 4.10) [345]. This 

data suggests that Ras/MAPK activation plays a crucial role in stromal stiffness and potentially 

hindrance of TIL penetration through the ECM. Hence, the role of the ECM in TNBC murine 

AT3 tumour cells was investigated in the following section. Modulation of several ECM related 

genes such as; ADAM19, ADAMTS4, ADAMTS5, ADAMTSL3, COL27A1, COL5A3, COL6A4, 

ITGA7, ITGB1, ITGB3, LOX, LOXL2, MMP3, POSTN, TGFB2, THBS1, THBS3, TIMP1, 

VEGFB was observed in MEKi treated and SH2 MEK1/2 shRNA knockdown treated AT3 

tumours via differential expressional analysis of ECM gene lists as highlighted in the volcano 

plots (Figure 4.15A, B). Of particular interest, were genes where inhibitors are currently 

available to be tested therapeutically. Specifically, the LOX family [276, 346]: LOX (SH2: FC 

= 6.35 P = 3.e-13) and LOXL2 (MEKI: FC = -0.96; P = 2.19e-3, SH2: FC = -2.91; P = 2.44e-

7), LOXL3 (SH2: FC = 4.13 P = 9.83e-10), LOXL4 (MEKi: FC = -2.48; P = 1.16e-2,  SH2: FC 

= 2.91; P = 1.52e-7) were significantly modulated following MEK KD and MEKi treatment 

(Appendix 6.7-6.10). LOXL1, LOXL3 and LOXL4 were not modulated by MEKi or MEK KD. 

Ranked genes lists were inputted into the Broad Institute Gene Set Enrichment Analysis 

(GSEA - C5 gene set - gene ontology) and this revealed several pathways associated with the 

ECM, further confirming upregulation of these pathways (Figure 4.16). Both MEKi and MEK 

shRNA mediated knockdown of AT3 tumour cells led to several functional enrichments in the 

following pathways: extracellular matrix upregulation (P = 1.27e-16) in MEKi treated AT3 
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tumour cells versus scramble control shRNA expressing AT3 tumour cells, and SH2 MEK1/2 

shRNA expressing AT3 tumour cells versus scramble control expressing shRNA AT3 tumour 

cells (P = 3.1e-36), proteinaceous extracellular matrix (MEKi vs SC; P = 6.46e-15, SH2 vs SC; 

P = 1.05e-30) (Figure 4.16A, B). Taken together, this data suggests a strong relationship 

between Ras/MAPK inhibition and ECM remodelling, and that reduced stromal stiffness 

following MEKi treatment or MEK1/2 shRNA knockdown, may be partially responsible for the 

increased TIL infiltrate in tumours, subsequently leading to an enhanced anti-tumour immune 

response.  

 

In order to validate the effect of MEK1/2 shRNA knockdown on the ECM, the ECM of tumours 

in which MEK1/2 was knocked down or pharmacologically inhibited, was investigated. The 

AT3 model transduced with scramble control expressing AT3 tumour cells or MEK1/2 shRNA 

expressing AT3 tumour cells was utilised in this ECM analysis. Mice bearing scramble control 

shRNA expressing AT3 tumours and MEK1/2 shRNA expressing AT3 tumours were treated 

with doxycycline. Following 14 days of treatment, mice were sacrificed, and AT3 tumours 

excised and processed. Ex vivo, Massons Trichrome (MT) staining (whole tissue analysis) 

was undertaken on formalin fixed paraffin embedded (FFPE) samples (Figure 4.17). This 

staining uses three dyes that selectively stain muscle and keratin (red), cytoplasm (light red), 

collagen fibres and nuclei (purple). Whole tissue section analysis was undertaken on scanned 

images in order to analyse the collagen (blue) content of sections (Figure 4.17). 

Representative imaging from ECM analysis is shown in Figure 4.18, where there is clear 

evidence of reduced ECM composition following doxycycline induction of the MEK1/2 shRNAs 

in AT3 tumour cells. In SH1 (no dox) and SH3 (no dox) shRNA expressing AT3 tumours; prior 

to induction of the MEK1/2 hairpin, there is clear evidence of thickened ECM surrounding 

(SH1) or within (SH3) the AT3 tumour mass (Figure 4.18A). Following doxycycline induction 

and activation of the MEK1/2 shRNAs, there is a visible loss of the ECM, as evidenced by the 

faint expression of the blue collagen signal in the doxycycline treated SH1 and SH3 AT3 
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tumours (Figure 4.18A). Thus, doxycycline induction of the MEK1/2 targeting shRNA 

decreased collagen (% of tissue blue signal – fold change) in both the SH1 shRNA expressing 

(one-way ANOVA; P<0.05) and SH3 shRNA expressing (one-way ANOVA; P<0.05) AT3 

tumours (Figure 4.17A). Interestingly, treatment with the MEK inhibitor did not have the same 

effect on collagen content of the AT3 tumours (Figure 4.17A). This may be potentially 

explained by the fact that loss of MEK1/2 signaling in the stroma and surrounding cells, 

inhibited the stimulus and interactions required to promote ECM remodelling [347]. While the 

Masson’s Trichome stain evaluated the total collagen content within the tumour tissue, the 

Picrosirius Red (PR) stain specifically highlights type I and type III collagens which are 

important components of the ECM. PR staining (Total Red - whole tissue) was used to stain 

collagen I and III fibres. PR-Total Red (% of tissue PR positive) showed significant differences 

following SH1 (one-way ANOVA; P<0.05) or SH3 (one-way ANOVA; P<0.01) shRNA 

induction, where again no effect was observed with MEKi treatment in AT3 tumours (Figure 

4.17B). Thus, following doxycycline induction of the MEK1/2 shRNAs, there was visible 

evidence that the MEK1/2 KD reduced the collagen composition within the ECM of the AT3 

tumours (Figure 4.18B). Next, the Picrosirius Red staining (Birefringence (BRF) analysis) 

approach was used on PR stained tissues to exploit the birefringent properties of the PR dye 

to look at fibrillar collagen bundling and organisation. Five randomly chosen regions of interest 

(ROIs) were taken from each tumour tissue section and an average of these ROIs were taken 

for the section. Fibres stained in green represent finer tissue that are typically less mature. In 

contrast, birefringent colour yellow to red fibres represent increasingly thicker and more 

bundled collagen fibres. The values are presented as a percentage (%) of total birefringent 

signal (Figure 4.17C). PR-BRF analysis was utilised to delineate the organisation and 

thickness composition of the ECM (Figure 4.18C). The presence of red and yellow signal 

within this tissue indicates thick collagen clustering. High levels of red (thick collagen) and 

yellow (intermediate collagen) signal were evident in the non-treated SH1 and SH3 MEK1/2 

shRNA targeting AT3 tumours (Figure 4.18C). Accordingly, a higher proportion of green signal 
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was observed in the SH1 (74.01%) and SH3 (79.7%) AT3 tumour groups following MEK1/2 

shRNA induction with doxycycline, indicating that the fibres are less bundled (thinner) in AT3 

tumours following MEK1/2 targeting (Figure 4.17C). This compliments the observation of 

reduced production of collagen which was evident from the Masson’s Trichome stain and 

Picrosirius red - total stain. There appeared to be no effect of MEKi treatment on collagen 

production, compared to the scramble control shRNA targeting AT3 tumour group (ie. 

scramble control shRNA expressing AT3 tumours treated with doxycycline and MEKi, versus 

scramble control shRNA expressing AT3 tumours treated with doxycycline only) (Figure 

4.17C). This is consistent with results obtained for total collagen content and Picrosirius Red 

staining. In summary, following MEK1/2 shRNA activation in AT3 tumours, less red/yellow 

signal was observed in the doxycycline treated tumours, suggesting that MEK1/2 knockdown 

may play a key role in disrupting ECM composition (causing breakdown) and in reducing the 

stiffness, thereby potentially increasing penetrability for infiltrating lymphocytes. Thus, the 

reduction in stromal stiffness may contribute to increased TILs in tumours with low MEK 

activity. Interestingly, no significant differences were observed following MEKi treatment alone 

in AT3 tumours. Since observations for MEKi versus MEK1/2 shRNA in terms of ECM related 

genes were consistent in vitro, it is possible that in vivo differences observed are due to effects 

of MEKi on stromal MEK signaling which may interfere with the breakdown of the ECM 

following inhibition of MEK1/2 in the tumour cells. Potential changes in the surrounding 

cytokine/chemokine environment may also influence ECM remodelling and lymphocyte 

infiltration, and this was investigated in the following section. Taken together, this data 

highlights that direct targeting of the ECM via MEKi may not be an effective method, due to 

the ubiquitous nature of MEK1/2 signaling in several cell types. However, future studies could 

involve direct investigation of the various components of the ECM identified via this RNA seq 

analysis (Figure 4.15), in particular the LOX family, which will be discussed further in Section 

4.3.  
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Figure 4.15. MEKi and MEK1/2 KD modulates ECM remodelling genes in vitro. 1 x 105 

AT3 tumour cells transduced with shRNAs targeting MEK1/2 (or scramble shRNA control) 

were treated with doxycycline or MEKi in vitro. DOX was added to cultures daily (2 μg/ ml) and 

MEKi (100 nM) was added once at the beginning of the experiment. 1 x 105 AT3 cells were 

incubated with the previously mentioned treatments for 96 hours. Following this, AT3 cells 

were collected, RNA extracted and RNA 3’ sequencing undertaken. Standard QC and 

normalisation pipelines were utilised to filter data. Differential expression analysis was 

undertaken to contrast the MEKi and MEK1/2 shRNA KD to the scramble control AT3 tumour 

groups. Gene lists were interrogated and filtered based on an adjusted P value (<0.01) and 

then ranked by fold changed. Several ECM genes were identified. These are presented in the 

volcano plots displaying false discovery rate (FDR) against log fold change for genes 

upregulated and down regulated compared to the SC control. (A) scramble control shRNA 

AT3 tumours treated with doxycycline and MEKi versus scramble control AT3 tumour cells 

treated with doxycycline only, (B) SH2 MEK1/2 shRNA targeting AT3 tumour cells treated with 

doxycycline versus scramble control AT3 tumour cells treated with doxycycline only. SH1 and 

SH3 DOX vs SC DOX are shown in Appendix 6.7 - 6.10.  
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Figure 4.16. MEKi and MEK1/2 KD upregulates ECM pathways in vitro. 1 x 105 AT3 tumour 

cells transduced with shRNA hairpins targeting MEK1/2 (or a scramble shRNA control) were 

treated with doxycycline (DOX) or MEKi in vitro. DOX was added to cultures daily (2 μg/ ml) 

and MEKi (100 nM) was added once at the beginning of the experiment. 1 x 105 AT3 cells 

were incubated with the previously mentioned treatments for 96 hours. Following this, AT3 

tumour cells were collected, RNA extracted and RNA 3’ sequencing undertaken. Standard QC 

and normalisation pipelines were utilised to filter data. Differential expression analysis was 

undertaken to contrast the MEKi and MEK1/2 KD to the scramble shRNA control groups. 

Genes were then input into the Broad Institute’s GSEA analysis, specifically the C5 gene set 

– gene ontology, with the cut off of an adjusted P value (<0.01). Several ECM related pathways 

were identified and are highlighted in blue. (A) scramble control shRNA AT3 tumours treated 

with doxycycline and MEKi versus scramble control AT3 tumour cells treated with doxycycline 

only, (B) SH2 MEK1/2 shRNA targeting AT3 tumour cells treated with doxycycline versus 

scramble control AT3 tumour cells treated with doxycycline only. SH1 and SH3 DOX vs SC 

DOX are shown in Appendix 6.7 - 6.10.  
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Figure 4.17. MEK1/2 knockdown disrupts ECM stiffness and thickness. 5 x 106 AT3 

tumour cells transduced with scramble control shRNA, SH1 and SH3 MEK1/2 shRNAs, were 

inoculated subcutaneously in the right flank and established in CAG rTTA mice for 14 days (n 

= 3 - 5/ group). Following this, AT3 scramble control, SH1 and SH3 MEK1/2 knockdown 

tumours were treated in vivo with MEKi (1mg/ kg, daily) or doxycycline respectively (chow – 

625mg/ kg, water – 2mg/ ml ad libitum). AT3 tumours were excised 14 days post treatment 

and embedded in FFPE blocks. AT3 tumour sections were assessed with the following 

staining techniques. (A) Masson’s trichome (collagen), (B) Picrosirius Red (collagen I & III), 

(C) Picrosirius Red signal breakdown (collagen I & III). Data is expressed as fold change for 

% of tissue section ± SEM for the number of positive cells and represents n = 5 mice per 

group. P values represent one way-ANOVA, post-hoc Fishers’ LSD tests. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001. ND – no doxycycline, D – doxycycline, SC – scramble control, SH 

– MEK1/2 shRNA, M – MEK inhibitor, FFPE – formalin fixed paraffin embedded.  
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Figure 4.18. Reduced ECM collagen content following MEK1/2 knockdown. 5 x 106 AT3 

tumour cells expressing scramble control (SC) shRNA, SH1 or SH3 MEK1/2 shRNAs were 

inoculated subcutaneously and established in CAG rTTA mice for 14 days (n = 3 - 5/ group). 

Following this, tumours were treated in vivo with MEKi (1 mg/ kg, daily) or doxycycline where 

indicated (chow – 625mg/ kg, water – 2mg/ ml ad libitum). AT3 tumours were excised 14 days 

post treatment and fixed in 10% NBF before being embedded in paraffin, and sections were 

subsequently taken. Sections were assessed with the following staining techniques. (A) 

Masson’s trichome (collagen), (B) Picrosirius Red (Collagen I & III), (C) Picrosirius Red signal 

breakdown (Collagen I & III). Data is expressed as % of tissue section ± SEM for the number 

of positive cells and represents n = 5 mice per group. P values represent one way-ANOVA, 

post-hoc Fishers’ LSD tests. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ND – no 

doxycycline, DOX – doxycycline, SC – scramble control, SH – MEK1/2 shRNA. 
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4.2.14 MEK knockdown modulates chemokine release from tumours   
 

Given that chemokines represent an important factor in terms of trafficking of TILs to the 

tumour site and subsequent infiltration, the effect of MEK knockdown on the expression level 

of chemokines was evaluated from this RNAseq dataset. Following MEKi treatment in vitro, 

significant upregulation of CCL5 (RANTES) (FC = 2.82, P = 2.83e-10), CXCL9 (FC = 5.49, P 

= 1.35e-8), CXCL10 (FC = 3.57, P = 2.71e-9) and CXCL12 (FC = 1.65, P = 2.49e-3) was 

observed when compared to expression in control tumour cells. MEK1/2 shRNA knockdown 

also demonstrated significant upregulation of these key chemokines where SH2 in particular, 

demonstrated upregulation of CCL5 (RANTES) (FC = 2.67, P = 6.43e-12), CXCL10 (FC = 

2.07, P = 6.46e-6), CCL2 (FC = 2.38, P = 4.51e-8), CX3CL1 (FC = 5.27, P = 3.69e-16) and 

CXCL12 (FC = 5.08, P = 5.63e-16) (Figure 4.19A, B; Appendix 6.7 - 6.10). Expression of 

each of these genes was further enhanced by IFNγ stimulation (Figure 4.20A, B), highlighting 

the role of MEK1/2 signaling in suppressing the expression of IFNγ dependent genes.  

 

To confirm at the protein level that MEK1/2 knockdown-mediated transcriptional changes to 

chemokines result in changes in chemokine protein production from tumours, a 13-chemokine 

panel (Legendplex) was screened on AT3 tumour supernatant following 96 hours of 

doxycycline induction. Of the 13 chemokines screened, MEK1/2 knockdown increased 

expression of CCL5 (RANTES), CXCL10, CCL22, while suppression of CXCL1 and CCL2 was 

observed, in the presence of IFNγ [348] (Figure 4.21). SH2 mediated knockdown of MEK1/2 

shRNA in AT3 tumour cells similarly elicited an increase in CCL5 (P<0.0001 compared to SC 

D+I) (Figure 4.21A), CXCL10 (P<0.01 compared to SC D+I) (Figure 4.21B) and 

downregulation of CXCL1 in SH2 and SH3 production (P<0.0001 compared to SC D+I) 

following MEK1/2 knockdown in AT3 tumour cells was observed (Figure 4.21D). These 

chemokines, in particular CCL5, CXCL9 and CXCL10, have previously been shown to 

promote migration of TILs to the tumour site, indicating that these targets may be beneficial 
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for enhancing TIL migration into the tumour. The chemokine protein quantification data relating 

to CXCL10, CXCL1 and CCL5, validates the RNA seq findings for SH2 MEK1/2 shRNA 

knockdown in AT3 tumour cells. Interrogation of a single cell RNAseq database based upon 

CD3+ immune cells isolated from primary human breast cancer TILs [349], showed that the 

receptors for CCL5; CCR1, CCR3 and CCR5, were found to be expressed on CD8 T cells, 

CD4 T cells and Tregs. The receptor for CXCL9 and CXCL10, CXCR3 was expressed on all 

major T cell subsets; CD8 T cells, CD4 T cells and Tregs. Interestingly, the CCL22 receptor, 

CCR4 was only expressed on CD4 T cell populations and CD4 Tregs while the CXCL1 

receptor, CXCR2 was not present on TILs within the single cell RNAseq database. This may 

be due to the fact CXCR2 is predominantly involved in the recruitment of MDSCs [350]. These 

results indicated that MEK activity modulates chemokine expression, which may influence the 

level of TIL infiltrate, given that the receptors for these chemokines are expressed on TILs 

isolated from breast cancer patients.   

 

Taken together, following an unbiased analysis of MEK1/2 knockdown within tumours, four 

distinct areas of interest were derived and shown to be directly modulated by MAPK signaling. 

These included the antigen processing and presentation machinery (Section 4.2.9), the 

immunoproteasome (Section 4.2.10 - 4.2.12), the extracellular matrix (Section 4.2.13) and 

chemokine production (Section 4.2.14). While targeting MEK1/2 has been the focus of this 

thesis, it is evident that direct targeting of MEK1/2 has several un-intended effects in many 

other cell types, due to the ubiquitous expression of MAPK signaling in several cell types. The 

analysis within this chapter highlights several targets independent of MEK1/2 that could be 

utilised instead of MEKi. Each of these areas have revealed several key targets that may be 

of interest to pursue in future studies for development of novel therapeutics. These areas and 

the key targets identified for each area are summarised in Figure 4.22. The utility of each of 

these aspects are discussed in Section 4.3. 
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Figure 4.19. MEKi and MEK1/2 KD in tumour cells upregulate expression of chemokine 

genes in vitro. 1 x 105 AT3 tumour cells transduced with shRNA targeting MEK1/2 (or 

scramble shRNA control), were treated with doxycycline (DOX) or MEKi in vitro. DOX was 

added to cultures daily (2 μg/ ml) and MEKi (100 nM) was added once at the beginning of the 

experiment. 1 x 105 AT3 tumour cells were incubated with the treatments described above for 

96 hours. Following this, AT3 tumour cells were collected, RNA extracted and RNA 3’ 

sequencing undertaken. Standard QC and normalisation pipelines were utilised to filter data. 

Differential expression analysis was undertaken to contrast the MEKi and MEK1/2 shRNA KD 

to the scramble control AT3 groups. Gene lists were interrogated and filtered based on an 

adjusted P value (<0.01) and then ranked by fold changed. Several chemokine genes were 

identified. These are presented in the volcano plots displaying false discovery rate (FDR) 

against log fold change for genes upregulated and down regulated compared to the scramble 

control. (A) scramble control shRNA AT3 tumours treated with doxycycline and MEKi versus 

scramble control AT3 tumour cells treated with doxycycline only, (B) SH2 MEK1/2 shRNA 

targeting AT3 tumour cells treated with doxycycline versus scramble control AT3 tumour cells 

treated with doxycycline only. SH1 and SH3 DOX vs SC DOX are shown in Appendix 6.7 - 

6.10.  
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Figure 4.20. MEKi and MEK1/2 KD in tumour cells enhance upregulation of chemokine 

genes in the presence of IFNγ in vitro. 1 x 105 AT3 murine tumour cells transduced with 

shRNA targeting MEK1/2 (or scramble shRNA control), were treated with doxycycline (DOX) 

or MEKi in vitro; Scramble (SC) treated with doxycycline (DOX), MEK1/2 shRNA (SH1) treated 

with DOX, MEK1/2 shRNA (SH2) treated with DOX, MEK1/2 shRNA (SH3) treated with DOX, 

and SC treated with DOX and MEKi. DOX was added to cultures daily (2 μg/ ml) and MEKi 

(100 nM) was added once at the beginning of the experiment. 1 x 105 AT3 tumour cells were 

incubated with the treatments described above for 96 hours. Following this, AT3 tumour cells 

were collected, RNA extracted and RNA 3’ sequencing undertaken. Standard QC and 

normalisation pipelines were utilised to filter data. Differential expression analysis was 

undertaken to contrast the MEKi and MEK1/2 KD to the scramble control AT3 groups. Gene 

lists were interrogated and filtered based on an adjusted P value (<0.01) and then ranked by 

fold changed. Several chemokine genes were identified. These are presented in the volcano 

plots displaying false discovery rate (FDR) against log fold change for genes upregulated and 

down regulated compared to the SC control. (A) AT3 tumours expressing a scrambled shRNA 

control treated with doxycycline and MEKi versus scramble shRNA expressing control AT3 

tumour cells treated with doxycycline only, in the presence of IFNγ (B) SH2 MEK1/2 shRNA 

expressing AT3 tumour cells treated with doxycycline versus scramble shRNA control 

expressing AT3 tumour cells treated with doxycycline only, in the presence of IFNγ.  SH1 and 

SH3 DOX vs SC DOX are shown in Appendix 6.7 - 6.10. 
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Figure 4.21. MEK1/2 knockdown modulates chemokine expression in the presence of 

IFNγ in vitro. A 13-plex chemokine panel bead (Biolegend – LegendPLEX) was screened on 

supernatants from MEK1/2 shRNA KD of 1 x 105 AT3 tumour cells treated for 96 hours with 

doxycycline (2 μg/ ml/ daily), in the absence and presence of IFNγ (5 ng/ ml) in vitro. Scramble 

control shRNA expressing AT3 tumour cells treated with IFNγ alone (5 ng/ ml) or MEKi (100 

nM) in the absence or presence of IFNγ (5 ng/ ml) was used as a positive control. Data is 

expressed as pg/ ml ± SEM for triplicate samples. (A) CCL5 (RANTES), (B) CXCL10, (C) 

CCL22 and (D) CXCL1 were investigated. P values represent one way-ANOVA, post-hoc 

Fishers’ LSD tests.*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ND – no doxycycline, D – 

doxycycline, SC – scramble control, M – MEK inhibitor, I – IFNγ. 
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Figure 4.22. Summary of the effect of MEK signaling on the tumour-immune 

microenvironment. MEK1/2 activity tumour cells modulate (A) antigen processing and 

presentation machinery, (B) immunoproteasome specific genes and IFNγ pathways, (C) ECM 

breakdown, (D) chemokines. Key genes identified in each of these areas following MEK 

knockdown that have therapeutic potential are highlighted.  
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4.3 Discussion 
 

The work presented in this chapter set out to explore the role of MEK1/2 activity on tumour 

immunogenicity, as well as to decipher the functional role of TILs in response to this increased 

antigen presentation; in the absence of the effect of MEKi on T cells. More broadly, this chapter 

aimed to delineate the various aspects of MEK1/2 knockdown (KD) on tumour intrinsic 

properties. An unbiased screen of transcriptional changes following MEKi or MEK1/2 shRNA 

knockdown via RNAseq revealed changes in several aspects; antigen presentation, 

immunoproteasome specific genes, IFNγ pathways, ECM and stromal stiffness, and 

chemokine release (affecting chemoattraction, TIL migration and trafficking to the tumour 

microenvironment). The results presented in this chapter demonstrate that MEK1/2 signaling 

plays a crucial role in regulating antigenicity, and thereby controls TIL cytokine and cytotoxic 

responses, potentially contributing to the immunosuppression observed in TNBC with 

RAS/MAPK activation [135, 152]. MEK1/2 signaling also modulates ECM remodelling which 

may influence the ability of TILs to penetrate into tumours. Furthermore, MEK1/2 signaling 

was also observed to reduce chemokine release from tumours, which potentially inhibits 

chemoattraction of TILs to the tumour site. 

 

Differences between genetic knockdown vs pharmacological inhibition 

 

While the establishment of a MEK1/2 shRNA knockdown model was critical in order to 

investigate the capacity of TILs to exhibit cytotoxic responses in the absence of MEKi, it is 

evident that there are differences between pharmacological inhibition and genetic knockdown 

of MEK1/2 expression. These differences may be attributed to kinetics between MEKi and 

MEK1/2 KD. MEKi elicits an immediate effect on MEK1/2 activity, whereas the MEK1/2 KD 

approach takes time to take effect since it requires the transcription of shRNA. There are 

known mechanisms by which target knockdown and inhibition can yield discordant results, 
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particularly for proteins that signal and scaffold or promote compensatory changes in the cell 

[343]. Various negative feedback pathways between MAPKs and RAF proteins have been 

previously described, and disruption of these pathways through MEKi is proposed to release 

RAF kinases from feedback inhibition, resulting in activation of downstream anti-apoptotic 

targets of RAF, rescuing tumour cells from the cytotoxic effect of MEKi (Section 3.2, 

Dushyanthen et al.; Figure 3). The negative ERK–RAF feedback loop results in the activation 

of the non-MAPK pathways downstream of RAF. This is non-functional in cells with RAF 

mutation, suggesting that this negative feedback mechanism might play a part in resistance 

to MEK1/2 inhibition in tumours in which this loop is functional [303]. The studies conducted 

in this chapter suggest that ERK activation is resistant to genetic knockdown of MEK1/2 but 

susceptible to a comparable degree of chemical MEK inhibition. Through the use of exhaustive 

mathematical modelling of three-tiered enzyme cascades, Jensen et al. showed that negative 

autoregulation or feedback favours inhibitor potency, where in contrast, positive autoregulation 

or feedback favours knockdown potency. Furthermore, this paper reported that addition of a 

negative feedback (ERK –| Raf) around a targeted enzyme (MEK) is sufficient to cause the 

overall efficacy of target knockdown and inhibition to diverge. Raf is regulated negatively 

through its hyperphosphorylation catalysed by ERK [351]. As such, ERK –| Raf feedback 

causes an inhibitor of MEK phosphorylation to block pathway activity far more potently than a 

shRNA. Overall, the mechanism of perturbation and the associated response are intertwined 

with the location of that enzyme in the broader signaling network. Active ERK reduces RAF 

activity and thus self-limits the activation of downstream effectors of ERK. Pharmacological 

disruption of this negative feedback loop releases RAF from the inhibition by ERK. This results 

in activation of downstream effectors of RAF independent of MEK–ERK activity and 

contributing to resistance to MEK1/2 inhibition [303, 352, 353]. Taken together, it is evident 

that given MEK inhibition and MEK knockdown target different aspects of the RAS/MAPK 

enzyme cascade, and it is not possible to completely mimic the signaling effects of 

pharmacological drug inhibition with genetic manipulation. However, the experiments 
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conducted in this chapter reveal that the overall outcome of each approach is comparable in 

terms of enhancing antigen presentation, ECM disruption and delayed proliferation. The main 

purpose of this model was to model high MAPK activity versus low MAPK activity tumours to 

determine the mechanism by which high MAPK pathway activation equates to low TILs. 

Therefore, both approaches are complimentary, and this validates the reason for choosing 

and investigating the genes regulated by both MEKi and MEK1/2 KD.  

 

Limitations of the MEK1/2 shRNA knockdown model 
 

It was hypothesised that tumour intrinsic MEK1/2 knockdown would enhance antigenicity, and 

thus promote augmented cytotoxic responses, elicited by the T cells in the immunocompetent 

setting. The results observed from this TILs analysis of MEK1/2 KD, highlighted that while 

MEK1/2 KD enhanced immunogenicity to a similar extent to the MEKi, MEK1/2 KD was not 

able to enhance TIL responses to a greater extent than MEKi (with the exception of increasing 

absolute T cell numbers). This finding is potentially explained by reason that the AT3 cell line 

does not represent an ‘immunogenic’ model, and hence does not evoke a strong anti-tumour 

T cell response, despite enhanced immunogenicity (MHC-I/ MHC-II) with MEK1/2 knockdown. 

Future studies will investigate the development of MEK1/2 shRNA knockdowns in 

immunogenic models such and the AT3ova, to enhance the presentation of immunogenic 

neoantigen peptides to these T cells. This was not possible in the current studies as the ‘ova’ 

construct utilised in our models, was designed in a fluorescent protein vector (GFP). Thus, 

with transduction of the MEK1 and MEK 2 shRNA hairpins, there were issues with fluorophore 

saturation and overlap with tumour cells containing BFP, GFP, venus and RFP expressing 

vectors within the one tumour cell. As such, future models will involve designing antigen 

containing cassettes which utilise antibiotic selection, in order to bypass this issue. 

Furthermore, the neoantigen and TCR repertoire of TILs within these immunogenic models 
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may be studied, in order to identify novel peptide targets for future therapeutic strategies to 

enhance TILs in these models.  

 

Mechanisms underlying increase MHC-I expression following MEK knockdown  

 

Many immunotherapies currently being trialled in the clinic, particularly checkpoint blockade, 

are dependent on the availability of recognisable antigens to T cells, that are presented on 

MHC-I molecules. In many cancers, it is evident that tumours cells are able to decrease MHC-

I expression, so that rare neoantigens created by mutations in tumours, avoid detection by the 

immune system. Thus, by modulating expression of MHC-I there is the potential to improve 

the clinical efficacy of immunotherapies. Targeting of tumours by kinase inhibitors represents 

one potential approach to achieve this. Many of the experiments conducted in this thesis as 

well as by others [354], demonstrate that inhibition of kinase pathways also caused a more 

general upregulation of the antigen presentation machinery, including TAP (responsible for 

transporting peptides) and β2M (responsible for stabilising MHC-I). 

 

In recent years, several studies including research from our lab, have shown that inhibition of 

MEK1/2 signaling promotes antigenicity of tumours [133, 135, 258, 283, 355], which may 

potentially explain why RAS/MAPK activation negatively associates with TIL infiltrate in TNBC 

patients. Given that increased presentation of tumour antigens is a crucial process in 

recruitment of TILs to the tumour site, the ability of this process to be mimicked with tumour 

intrinsic MEK1/2 knockdown was evaluated. The shRNA mediated knockdown of MEK1/2 was 

able to increase MHC-I expression and CD8+ T cell responses against the tumour, to 

equivalent levels as seen with the MEKi and with some hairpins, namely SH2, more potently 

than the MEKi, in the presence of IFNγ. Given this ability of MEK1/2 suppression to increase 

CD8+ T cell responses, the mechanism by which this process occurs was investigated in order 

to potentially discover more relevant gene targets that could be manipulated in order to 
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enhance antigenicity, while, in contrast to MEKi, sparing normal T cell function. In order to 

decipher what processes were involved in MEK inhibition mediated MHC upregulation, 

RNAseq analysis was undertaken. Differential expression analysis of MEKi or shRNA 

mediated knockdown revealed that both MEK1/2 inhibition and MEK1/2 knockdown increased 

the expression of several antigen processing and presentation genes such as TAP1, TAP2, 

PDIA3, TAPBPL, TAPESIN, B2M, ERAP1, CALR as well as numerous histocompatibility 

genes. Additionally, upregulation of several IFNγ related genes were observed such as; 

STATs, JAKs, IRFs and IFNGR. Interestingly, PSMB8, PSMB9, PSMB10, PSME1, PSME2, 

PA28 were found to be highly upregulated in both MEKi treated and MEK1/2 shRNA treated 

cells. Studies have shown that constitutive proteasome (CP) genes (PSMB5/β5, PSMB6/β1, 

PSMB7/β2) and immunoproteasome (IP) genes (PSMB9/β1i, PSMB10/β2i, PSMB8/β5i) are 

increased in most cancer types [356]. Catalytic β-subunits are replaced by IFNγ–inducible 

homologues: PSMB8 for PSMB5, PSMB9 for PSMB6 and PSMB10 for PSMB7, permitting the 

conversion of the proteasome to an immunoproteasome [357]. PSMB8 is an essential subunit 

that contributes to the complete assembly of 20S proteasome complex, having ‘chymotrypsin-

like’ activity that is capable of cleaving after large hydrophobic residues of peptide [358]. 

Upregulation of PSMB8 in this context would suggest that MEKi or MEK KD mediated 

upregulation of the immunoproteasome then functions to generate peptides suitable for 

binding onto MHC-I molecules, facilitating antigen presentation for CD8+T-cell responses 

[358]. Thus, it could be proposed that the downregulation of immunoproteasome expression 

in TNBC, due to Ras/MAPK activation, may contribute to immune evasion through 

downregulation of antigen presentation. Furthermore, particularly in breast cancer, expression 

of IP genes is shown to correlate with increased TILs and high expression of IP genes was 

associated with longer survival, and prolonged survival. [357]. However, expression of CP 

genes did not correlate with survival in breast cancer [357]. As the expression of IP genes 

potentially indicates the presence of more immunogenic peptide presentation to CD8+ T cells, 

the constitutive proteasome could possibly be responsible for the lack of immunogenic 
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neoantigens, and hence limited anti-tumour immune response and the poor survival outcomes 

seen in breast cancer patients. Thus, this poor survival outcome seen with CP gene 

expression is expected, given the known role of IFNγ in controlling MHC-I expression and 

hence antigen expression to T cells [283, 322, 359]. In order to validate the observation of 

enhanced IP assembly following MEK1/2 knockdown, an immunoproteasome inhibitor was 

utilised in murine TNBC AT3 cells in vitro, to test whether there was a direct relationship 

between MAPK signaling and IP/ MHC-I expression. The results of these experiments showed 

that inhibition of the immunoproteasome modulates expression of MHC-I, as expected, where 

a loss of MHC-I protein expression was observed following imPi, compared against MEKi in 

the presence of IFNγ. However, given that PDL-1 (CD274) ad MHC-II (CIITA) – both of which 

are MEK regulated and enhanced by MEKi and IFNγ, were also inhibited by imPi, future 

studies should investigate the specificity of the imPi in greater depth, to ensure that the 

observed effects are direct, and not consequence of off target effects or alterative signaling 

mechanisms. For example, a PSMB8 specific shRNA could be utilised to confirm that this 

finding of imPi induced inhibition of MHC-II and PDL-1 is a specific consequence of IP 

inhibition and not due to imPi activity on alternative pathways such as NFkB, thus confirming 

the specificity the relationship between IP inhibition and MHC-I, MHC-II and PDL-1. Taken 

together, this data suggests that MEK1/2 signaling favours expression of components of the 

constitutive proteasome rather than immunoproteasome components, and this may play a role 

in the unfavourable prognosis of this transcription signature in TNBC. This effect may 

potentially be reversed by specific IP targeting agents in the future. 

 

The results of this thesis are consistent with a kinome study conducted by Brea and colleagues 

which identified several genes responsible for negative and positive regulation of cell surface 

HLA expression, [354]. Key kinases identified included MEK1 (MAP2K1) and EGFR, which 

were shown to negatively regulate HLA, while DDR2 and MINK1 were shown to increase 

MHC-I [354]. MHC-I mRNA expression is regulated through upstream enhancer elements, 
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with involvement of the NF-κB transcription factor [354]. MHC-I is also induced by TNF, IL1, 

IFNβ, and IFNγ, which upregulates HLA-A via the JAK/STAT pathway [354]. The CIITA 

transcription factor can also act on MHC-I gene expression - MHCII transactivator (CIITA), a 

transcriptional regulator of MHC-I and MHC-II molecules) [354]. This study highlighted that 

inhibition of kinase pathways, namely EGFR (RTK) and MEK (MAPK), causes a more general 

upregulation of the antigen presentation machinery, including TAP (responsible for 

transporting peptides) and β2M (responsible for stabilising MHC-I) [354]. The authors also 

knocked out STAT1, STAT3 and RelA (components of IFNγ mediated MHC-I upregulation) 

and found that in the absence of these genes, HLA was inhibited following MEKi, suggesting 

a role for STAT1 in responses to MEKi. MHC-I has also been shown to be induced by TNF, 

IL-1 and IFNβ, which upregulates HLA-A via the JAK/STAT pathway [360]. These 

observations are consistent with the data obtained through this thesis, indicating that changes 

on MHC-I expression following MEK inhibition is more marked in the context of IFNγ 

stimulation. 

 

Taken together, at least two possibilities are evident from the literature; MAPK suppression 

increases IFNγ pathways which in turn promote conversion to the immunoproteasome through 

cytokine stimulus, or that the MEK inhibition enhances immunoproteasome expression 

through alternative pathways as a result of cellular stress due to cell proliferation, G1 cell cycle 

arrest, and apoptosis; where the cells undergoing oxidative and cellular stress, promotes this 

conversion. The data presented in this chapter supports the first hypothesis more strongly, in 

that MEK inhibition enhances IFNγ pathways that feed downstream to promote conversion or 

assembly of the immunoproteasome, which subsequently presents more MHC-I restricted 

antigens to CD8+ T cells, thus enhancing anti-tumour immune responses. While enhancement 

of IFNγ signaling is likely the major mechanism for MHC-I upregulation following MEK 

inhibition, changes to MHC-I and other transcripts are observed without the presence of IFNγ, 

thus enhancement of IFNγ signaling is likely not the only mechanism by which MEKi 
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modulates tumour cell immunogenicity. Overall, these studies reveal that MEK signaling limits 

expression of immunoproteasome and this targeting of the immunoproteasome directly (via 

IP component targeting agonists), to enhance antigen presentation to TILs within the immune-

tumour microenvironment, is an attractive option for future therapeutic developments that are 

independent of MEK1/2 signaling, in order to preserve TIL function.  

 

Chemokine release following MEK inhibition, TIL migration and chemoattraction  

 

RNAseq analysis also revealed modulation of several chemokines; MEKi in particular 

enhanced expression of CCL5, CXCL9, CXCL10, CXCL12, whereas the MEK knockdown 

approach (using hairpins), predominantly SH2, increased the expression of CX3CL1, 

CXCL12, CCL5 and CXCL10. It is known that immune cell recruitment requires 

chemoattractants. CD8+ T-cells can respond to many chemokines, however those that signal 

through the CCR5 and CXCR3 axes are suggested to be the most important in recruiting CD8 

T cells into tumour sites [361]. These include the CCR5 ligands; CCL3, CCL4 and CCL5, and 

the CXCR3 ligands; CXCL9, CXCL10 and CXCL11. Both CCR5 and CXCR3 expression have 

been shown to be crucial for both the recruitment and effector functions of CD8 T cells in solid 

tumours [361, 362]. Therefore, a critical increase in ligands for CXCR3 would be expected to 

induce robust CD8 T cell infiltration [361]. However, the overexpression of CCL5 in many 

tumour models has also been associated with pro- and not anti-tumourigenic outcomes, partly 

because of its ability to also promote monocyte/MDSC infiltration [361]. Further analysis of 

MEKi and MEK1/2 KD in AT3 tumours revealed the enhanced expression of CX3CL1 

(Fractalkine) which signals through the CX3CR1 receptor expressed on monocytes, NK cells, 

and T cells, to mediate several functions, including migration, adhesion, and proliferation [363]. 

Park and colleagues [364] described a positive correlation between CX3CL1 expression in 

breast cancer samples and the number of stromal T CD8+ lymphocytes, stromal NK cells, and 

intra-tumoural, suggesting enhanced recruitment of these immune cell populations [364]. 
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Consistent with these results and the anti-tumoural properties of these subpopulations, 

elevated CX3CL1 expression may be associated with good prognosis, anti-tumour immunity 

and significantly better disease-free and overall survival [364]. Similarly, another chemokine 

which was highly upregulated following MEKi and MEK1/2 KD was CXCL12. Interestingly, the 

literature surrounding this chemokine is controversial where both pro-tumour (promoting 

disease progression and metastasis) and anti-tumour effects have been reported [365]. 

However, as a potent chemotactic factor for leukocytes, CXCL12 also has the potential to 

enhance anti-cancer immunity where expression of wild-type CXCL12 potently inhibited both 

metastasis and primary tumour growth [365]. The effects of CXCL12 were attributed to an anti-

tumour immune response characterised by increased numbers of CD11c+ cells in the tumour-

draining lymph nodes, the induction of CD8+ T cell activity, enhanced cell-mediated 

cytotoxicity, and reduced accumulation of MDSCs in the spleen [365]. 

 

In vivo observations in mice have been shown to translate into clinical evidence with 

expression of CXCL9 and CXCL10 in primary human melanoma correlating with increased 

CD8 T cell infiltration [366]. Increased CD8 T cell infiltration was associated with enhanced 

expression of CCL3, CCL4, CCL5, CXCL9 and CXCL10 in metastatic melanoma, [367] with 

similar outcomes observed in mouse models [368]. Additionally, expression of CCL5, CXCL9, 

CXCL10 and CXCL11 in pre-treatment specimens predicted responsiveness to ACT and IL-2 

[362]. Finally, post chemotherapy, enhanced CCL5, CXCL9 and CXCL10 expression in 

tumours correlated with increased survival and tumour control in melanoma patients [369]. 

Taken together altered expression of, these chemokines (CCL5, CXCL9, CXCL10, CX3CL1, 

CXCL12) may contribute to the low TIL phenotype of altered RAS/MAPK activated tumours. 

Future studies will investigate whether these chemokines are upregulated following MEKi or 

MEK KD in vivo. If upregulation of these chemokines is observed following MEK knockdown, 

blocking antibodies for these identified targets could be explored to determine if these 

chemokines play a functional role in enhancing the anti-tumour response. 
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ECM and stromal stiffness and its impact on TIL infiltration  

 

RNAseq analysis also revealed that various ECM remodelling related genes were modulated 

following MEKi and MEK1/2 knockdown. Both MEKi and MEK knockdown upregulated the 

expression of several genes to similar extents in vitro. Notably, several collagen associated 

genes (COLs), A disintegrin and metalloprotease domains with thrombospondins motifs 

(ADAMTs) and MMPs were significantly upregulated. ADAMTs have been shown to exert anti-

tumour properties, inhibiting angiogenic or lymphangiogenic processes, or blocking tumour-

promoting signaling pathways in tumour cells. These effects may be both dependent 

(degradation of extracellular components such as thrombospondin-1 and -2, and nidogen-1 

and -2), or independent (VEGF sequestration) of the catalytic activity [370-372].  

 

The literature suggests an essential role of the ECM in promoting growth, survival migration 

and invasion of tumour cells. However, the role of the ECM as a physical barrier for immune 

infiltration has also gained attention in the last few years. Studies have shown that patients 

with high mammographic density had greater risk of developing breast cancer due to higher 

collagen density and expression of proteoglycans, thus strengthening the link between a 

mammographic density, abundant ECM, immune exclusion and tumourigenesis [370, 373]. 

Further evidence supporting the pro-tumourigenic role of a dense ECM was reported in 

pancreatic ductal adenocarcinoma (PDAC). The authors found that roughly half of the patient 

samples showed minimal CD3+ T cell infiltration, where most lymphocytes were found within 

the stroma. Interestingly, although tumours expressed high levels of chemokines and their 

cognate receptors, no correlation between chemokine concentrations and T cell infiltration 

was evident [374]. This observation supported the notion that collagen poses a physical barrier 

to chemotaxis within tumours. Interestingly, significantly lower collagen density in regions of 

high T-cell infiltration was observed [374]. Moreover, recent trials in have shown a negative 

correlation between increased expression of genes involved in cell adhesion and ECM 
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organisation and response to immunotherapies such as anti-PD-1 and anti-CTLA-4 [375]. In 

summary, the findings of this chapter highlight the various components of the tumour-

microenvironment; tumour antigens, extracellular matrix and chemokine attraction that are 

modulated following MEK1/2 suppression, that can potentially be targeted to enhance TIL 

infiltration in TNBC.  

  

While MEK1/2 targeting in the tumour itself may be an attractive avenue due to its effects on 

proliferation and MHC-I expression, the ubiquitous nature of MEK1/2 signaling, including 

within immune cell populations, limits the efficacy of drug responses, due to the negative 

effects on T cell function. As such, this chapter was primarily a hypothesis finding study that 

set out to determine whether there were other pathways, independent of MEK1/2 that could 

potentially be targeted instead of direct MEK signaling. Through tumour intrinsic knockdown 

of MEK1/2, and subsequent RNA seq analysis of these cells, common pathways affected by 

MEK knockdown were identified using multiple shRNA hairpins. These pathways included; 

ECM components, antigen processing and presentation pathways, immunoproteasome 

components and key chemokines. Through various validations of these important genes via 

transcriptomic and protein level analysis in mouse and human data, several therapeutic 

strategies are now evident. Thus, these studies raise the possibility of targeting the 

downstream mediators of poor immune infiltrate in MEK activated tumours. These include the 

expression of genes involved in control of the ECM such as the LOX/LOXL family [277, 346], 

direct targeting of the immunoproteasome subunits (PSMB8, PSMB9 and PSMB10), particular 

antigen processing and presentation machinery such as TAP1 and TAP2 or targeting of 

specific IFNγ associated chemokines such as CXCL9 and CXCL10. These targets all present 

options independent of direct inhibition of MEK1/2 signaling and may be attractive options for 

future therapeutic targeting in TNBC. These concepts and future directions will be discussed 

further in the next chapter.   
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5 General discussion 

 

5.1 Introduction  

 

The current challenge of standard systemic therapies in TNBC 

 

Treatment strategies for TNBC remain a significant clinical problem at present. Due to the 

aggressive nature of this disease, and the lack of appropriate therapeutic targets available for 

exploitation, chemotherapy remains the mainstay treatment option. However, it is apparent 

that limited efficacy is observed due to the development of resistance with this treatment 

modality [1]. This resistance is attributed to a number of factors, that include chromosomal 

instability, which is a hallmark of TNBC, as well as copy number alterations in genes such as 

MYC and deletions or mutations in PTEN [1]. Furthermore, heterogeneity of disease is 

proposed to lead to tumour adaptation and clonal evolution of NAC selected, resistant sub-

clones [1]. More recently, with the rise of immuno-oncology research, immune evasion has 

been identified as a key characteristic of chemotherapy resistance and poor prognosis in 

TNBC [1]. One long standing debate has been as to whether or not chemotherapy exhibits 

immunosuppressive effects on patients, due to the systemic nature of delivery of most 

cytotoxic agents, and its effect on several rapidly dividing cell types. Conversely, several 

chemotherapeutic agents have been shown to induce immunogenic cell death via 

translocation of calreticulin to the cell-surface and release of ATP and the TLR agonist HMGB1 

into the tumour microenvironment [177]. This promotes the activation of DCs, the production 

of inflammatory cytokines and the presentation of TAAs leading to increased immunogenicity 

of tumours and as a result, primes the immune system, inducing cytotoxic T cell responses 

and stimulating innate immune effectors [177]. This highlights the crucial role of tumour 

associated antigen presentation in promoting immune recognition and tumour clearance [177]. 

Interestingly, trials conducted in the breast cancer setting have shown that these cytotoxic 
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agents are able to modulate the tumour microenvironment via increased TIL infiltration [376], 

improved CD8/Treg ratio [377], Treg depletion (by cyclophosphamide and paclitaxel) and 

MDSC depletion (gemcitabine and docetaxel) [378]. However, the long-term durability and 

non-specificity of chemotherapies is still in question.  

 

Exploiting TILs to enhance anti-tumour immune responses  

  

Our group alongside many others have shown that TILs are predictive and prognostic of 

survival in BC [173, 175, 199, 221, 379]. We have described that the presence of TILs in 

residual disease TNBC following NAC are associated with improved survival [135, 198]. The 

mechanisms underlying this observation may be explain by the processes described above. 

However, insight into tumour cell-autonomous molecular pathways affecting these features 

were lacking and as such, delineating these features was a key aim of this thesis. The 

presence of TILs inherently suggests that this avenue can be exploited utilising 

immunotherapies, to enhance anti-tumour outcomes in TNBC. While immunotherapies are 

proving to be quite promising, studies in mice have revealed that these agents may be more 

effective as an neoadjuvant rather than adjuvants in order to induce memory responses that 

may assist in long-term tumour control and the prevention of relapse [380]. Moreover, it has 

been observed that there is limited efficacy of immunotherapies as a single agent treatment 

in various clinical trials in TNBC. This observation highlights the need for research into 

combination therapies utilising targeted therapies to prevent or overcome issues of resistance 

in cancer. Thus, this concept of target inhibitor and immunotherapy combination therapy was 

explored extensively in this thesis.  

 

The notion of ‘hot’ and ‘cold’ tumours is an emerging frontier of onco-immunology. ‘Hot’ 

tumours are those with pre-existing tumour-infiltrating CD8+ cytotoxic T cells and NK cells. In 

contrast, ‘cold’ tumours are poorly infiltrated by T cells, and these ‘immunosuppressive’ 
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tumours, harbor a high proportion of suppressive myeloid cells. Tumeh et al. recently reported 

a greater tumour infiltration with CD8+ cytotoxic T cells correlated with clinical responses to 

mAbs targeting an immune checkpoint [381]. Furthermore, Higgs et al. have showed high 

tumoural IFNγ mRNA and PD-L1 protein expression is associated with response to 

durvalumab (anti-PD-L1 blocking mAb) monotherapy in NSCLC patients [382]. Furthermore, 

TGF-β is thought to contribute to the immune-exclusion phenotype of tumours. Therapeutic 

co-administration of TGFβ-blocking and anti-PD-L1 antibodies reduced TGF-β signaling in 

stromal cells, facilitated T-cell penetration into the centre of tumours, and provoked vigorous 

anti-tumour immunity and tumour regression [383], suggesting that TGF-β shapes the tumour 

microenvironment to restrain anti-tumour immunity by restricting T-cell infiltration [383, 384]. 

Projecting forward, it is likely that a range of determinates and biomarkers will be incorporated 

in order to fully understand and predict responses to immunotherapy, including the cancer 

patient’s somatic mutations and burden, the tumour microenvironment (TME), and the 

composition of cells within the host immune system. 

 

RAS/MAPK pathway activation is immunosuppressive in TNBC 

 

The lack of widespread success of immunotherapy in breast cancer is potentially due to the 

effect of low TIL infiltrate in breast cancer. While the reasons for low TIL infiltrate are not 

known, it is evident that MEK activation negatively associates with TIL infiltration as shown in 

previously published works [135, 198] (Loi et al.2015; Appendix 6.3). As such, the specific 

targeting of MEK appears to be an attractive approach for cancer treatment currently due to 

the significant effects of MEKi on the antigenicity of tumours (Dushyanthen et al., 2017; 

Section 3.4.1). Aberrant activation of MAPK signaling is not a limiting factor for patients to be 

treated with MEK inhibitors, since it is clear that slight disruptions to MAPK signaling are 

enough to enhance MHC-I presentation. This suggests a widespread benefit of MEKi to many 

cancer types with low mutation loads and low neoantigen frequency to prime tumours to 
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enhance antigen presentation and ultimately maximise the value of subsequent 

immunotherapeutic approaches; given mounting evidence of the prognostic value of TILs in 

TNBC. However, given the adverse effect of MEKi on TILs, it is evident that combination 

strategies such as the use of agonist immunotherapies that utilise alternative MAPK pathways 

is crucial in order to circumvent these inhibitory effects. Furthermore, it is evident that 

interrogating the relationship between MAPK inhibition and increased TIL infiltrate may lead 

to the identification of specific candidates that can potentially be targeted in future therapies.  

 

5.2 How does MAPK inhibition correlate with enhanced antigen presentation? 

 

The studies conducted within (Dushyanthen et al., 2017; Section 3.2 and 3.3) highlighted a 

direct relationship between MAPK inhibition (MEK inhibition) and enhanced MHC-I 

presentation in both mouse and human tumours (Dushyanthen et al., 2017; Section 3.2 and 

3.4). However, the experiments conducted within this chapter also revealed the phenomenon 

of T cell inhibition with MEKi treatment, which was shown to be of significant detriment to the 

overall anti-tumour response (Dushyanthen et al., 2017; Section 3.2 and 3.3). One solution 

to overcome this defect was immunotherapy. While checkpoint blockade immunotherapy has 

been a great advancement in cancer treatment in recent years, several challenges still remain 

unresolved. Despite durable response rates observed in some cases, the majority of patients 

do not benefit from the treatment (primary resistance) and some responders develop cancer 

progression after the initial response (acquired resistance) as well as immune-associated 

toxicities and adverse events, with a limited fraction of clinical benefit in patients. Moreover, 

within the same patient, different metastatic lesions have resulted in heterogeneous 

responses where there is evidence that both tumour intrinsic factors as well as micro-

environmental extrinsic factors contribute to this resistance [385]. Potential tumour intrinsic 

mechanisms for resistance include alteration of pathways that prevent immune cell infiltration 

or function (MAPK, WNT/β-catenin, IFNγ signaling pathways), and escape mutations in IFN 
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signaling pathways leading to the alteration of antigen presenting machinery such as β2M 

mutation, absence of tumour antigen and loss or downregulation of MHC [342]. Resistance 

may also be derived from extrinsic factors from tumour microenvironment. This includes the 

presence of Tregs, MDSCs, M2 macrophages, and other inhibitory immune checkpoints that 

may all contribute to inhibition of an effective anti-tumour immune response [386]. It is evident 

that success of immunotherapy is largely dependent on intrinsic; the degree of tumour 

foreignness [387], linked to the mutational burden and presence of neoantigens that can be 

recognised by the immune system, and extrinsic tumour properties; such as environmental 

factors. Novel immune strategies aimed at inducing or boosting a pre-existing immune 

response (ie, vaccines, adoptive T cell therapy or immunotherapy combinations including 

chemotherapy, radiotherapy or targeted inhibition), should be developed in BC to increase the 

benefits from immunotherapy [263]. 

 

The findings of Chapter 3 were able to clearly demonstrate that MEKi efficiently enhanced 

antigen presentation, namely MHC-I presentation, and highlighted the phenomenon of T cell 

loss of function following MEKi. Therefore, Chapter 3 focused on identifying avenues and 

strategies to overcome or prevent this loss of T cell signaling following MEKi treatment.  

 

5.3 How can the loss of T cell function with MEKi be prevented? 

 

While it is clear that there is an association between MAPK inhibition and MHC-I upregulation 

from the studies of this thesis, it is also evident that there is a double-edged sword effect on 

the responding immune system, which ultimately acts to the detriment of the overall anti-

tumour effect. One approach to rescue or restore the anti-tumour response is to target 

costimulatory immune checkpoint molecules such as 4-1BB and OX-40, that are expressed 

by activated lymphocytes. Binding of these molecules to their ligands expressed on APC, 

provides signals that promote T cell activation, expansion and differentiation after antigen 
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recognition, where these effects signal through pathways independent of classical MAPK 

[388]. A potential explanation for this loss of T cell function is in vivo anergy, which is a 

generalised inhibition of proliferation and effector functions that arises from incomplete T cell 

activation [388]. This phenomenon has been observed in previously activated T cells and 

maintained by inhibited Ras/MAPK pathway signaling [388]. Anergy is also observed in naive 

T cells in vivo by stimulation in an environment deficient in co-stimulation or high in co-

inhibition (immune checkpoints) [388]. Interestingly, this can be reversed by IL-2 or anti-OX-

40 [388]. OX-40 ligation inhibits Treg function and promotes expansion, differentiation and 

survival of effector T cells [388]. 4-1BB interaction with its ligand stimulates the expansion of 

effector T cells and NK cells, potentiating cytokine production and enhancing cytotoxicity [388]. 

Ultimately, the aim is to shift the balance between immune stimulatory and 

immunosuppressive subsets to create an anti-tumour micro-environment. These effects were 

seen in the studies conducted within this thesis, where loss of function in T cells caused by 

MEKi was circumvented via combination with agonist immunotherapy (α-4-1BB, α-OX-40). 

This rescue effect was seen through activation of alternative signaling pathways to classical 

MEK1/2 activation in T cells following traditional CD3/CD28 stimulation. It was discovered that 

anti-4-1BB and anti-OX-40 immunotherapy were able to signal rescue effects via activation 

on non-classical MEK3/6 (p38) and MEK4/7 (JNK) signaling (Dushyanthen et al., 2017; 

Chapter 3.2 & 3.3). These pathways have been implicated in response to inflammatory 

cytokine stimulus and stress stimulus respectively, thus explaining their role in the rescue 

activity of T cells. This also highlights the potential, in the future, to use JNK or p38 agonists 

to boost these anti-tumour responses by T cells within the tumour microenvironment. 

Interestingly, studies have shown that IL-15 super-agonists, activate PI3K selectively in T 

lymphocytes, thereby synergising with MEK inhibitors in vivo, to elicit potent and durable anti-

tumour responses. This combination was also able to generate resistance to tumour 

rechallenge. This work identified another potentially actionable approach to overcome the T-

cell-suppressive effects of MEK inhibitors and illustrates another avenue by which deficiencies 
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of signal transduction inhibitors, which impede desired immunologic effects in vivo, can be 

overcome [330]. Interestingly, MEKi in melanoma has been relatively successful [389-392]. 

This can be explained by the observation that BRAF inhibition paradoxically mediates 

activation of the MAPK pathways in T cells with wild-type BRAF and strong upstream signaling 

in the MAPK pathways [288, 393]. In this thesis, dual combination between MEKi and agonist 

immunotherapy demonstrated significant anti-tumour effects in in vivo models, enhancing T 

cell frequency and function (cytokine production and cytotoxicity), while decreasing 

immunosuppressive subsets such as Tregs and MDCSs. Moreover, enhanced Th1 responses 

and memory formation in T cells was observed. Notably, the use of agonist immunotherapy 

rather than the more widely used inhibitors of either the PDL-1: PD-1 or CTLA-4 axis, provided 

activated T cell signaling that was lost in the presence of MEKi. Analysis of PD-1 expression 

following MEKi and agonist antibodies revealed enhanced PD-1 expression on T cells. 

Similarly, previous studies from our group demonstrated that PD-1 blockade was able to 

enhance the effects of MEKi (Loi et al., 2015; Appendix 6.3). Thus, triple combination of 

MEKi, agonist and anti-PD-1 checkpoint blockade was investigated and yielded the most 

optimal anti-tumour immune response and activity in tumours. This suggests that both sides 

of the immune response; both stimulation of TILs and prevention of exhaustion (checkpoint 

blockade) are crucial to obtain maximum effect.  

 

Given the observations of MEKi on T cells within Chapter 3, Chapter 4 went on to investigate 

tumour intrinsic knockdown of MEK1/2 in order to understand the relationship or association 

between Ras/MAPK activation in tumours and lack of TIL infiltration, as well as to identify 

novel tumour related targets that could be exploited, in the absence of inhibitory effects on T 

cells, and potentially lead to enhanced T cell mediated tumour killing. One key question that 

is yet to be addressed is why patients with Ras/MAPK pathway mutations have less TILs, and 

how this outcome can be reversed. Whether this is related to genomic alteration, a lack of 

neoantigen presentation, or a more mechanical barrier such as difficulty in penetration of TILs 
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through the tumour stromal and thus a lack of ability to elicit anti-tumour effects were 

subsequently investigated.  

 

5.4 What role does the tumour Ras/MAPK pathway play in influencing TIL infiltration  

  

As shown by earlier studies published by our group as well as others, it is clear that Ras/MAPK 

activation within tumours results in reduced TIL infiltrate [198] (Dushyanthen et al., 2017; 

Chapter 3.2 & 3.3). In this thesis, an unbiased transcriptome screen in AT3 tumour cells 

following intrinsic MEK1/2 knockdown (KD), identified several potential pathways that could 

contribute to enhanced TIL responses following RAS/MAPK inhibition. These pathways 

included antigen processing and presentation, immunoproteasome, extracellular matrix and 

chemokines. It was hypothesised that intrinsic inhibition of MEK1/2, would allow observation 

of TIL responses, in the absence of loss of function observed in the presence of MEKi. The 

impact of MEK KD on the stiffness of the stromal and extracellular matrix was further 

investigated to identify which factors were involved in this breakdown and permeabilisation of 

the matrix. Stiffness of the matrix appears to be a key issue, particularly in breast cancer, due 

to the increased density and collagen deposition observed in this tissue type. Decreased 

mobility of TILs ultimately hinders the ability to elicit anti-tumour responses. Moreover, whether 

disruption to MAPK signaling in the stroma, resulted in the release of any specific factors that 

could enhance chemoattraction and migration of TILs to the tumour site was investigated. A 

few key chemokines were revealed through this analysis, however the therapeutic benefit of 

targeting these receptors in TILs is still elusive.  

 

RNAseq analysis also revealed a direct relationship between MAPK inhibition (either MEKi or 

MEK KD) and antigen processing and presentation pathways (TAP1, B2M, TAPBPL, Tapasin, 

HSP70, CALR, ERAP1) as well as immunoproteasome genes (PSMB9, PDIA3, PA28, 

PSMB8, PSME2, NPEPPS, PSMB10, PSME1) (Chapter 4; Section 4.9 - 4.12). However, 
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upregulation of IFNγ pathway genes (STATs, IRFs), suggest that these effects may be an 

indirect result of enhanced IFNγ signaling in the context of MEK inhibition/knockdown, where 

several papers have described a direct relationship between IFNγ signaling and MHC-I 

expression [359, 394-396]. These gene targets were validated through RT-PCR, where MEK 

knockdown at the transcriptomic level demonstrated upregulation of STAT1, STAT2 and IRF1 

expression (Chapter 4; 4.2.12). The identification of MEK-regulated genes involved in the 

expression of MHC-I, provides insight into why RAS/MAPK activated tumours exhibit reduced 

MHC-I expression and provides potentially novel therapeutic targets that can be targeted to 

enhance MHC-I expression whilst avoiding global MEK1/2 inhibition which is deleterious to 

anti-tumour T cell function. Overall, this suggests that MAPK inhibition promotes the increased 

assembly of the immunoproteasome which can then present more MHC-I specific peptides to 

T cells, leading to enhanced anti-tumour activity. Taken together, this highlights the potential 

to target and exploit this machinery to enhance antigen presentation in the future of cancer 

treatment for TNBC, using pathways that are independent of MEK1/2. 

 

A number of ECM related genes were identified via differential expression analysis comparing 

the scramble control and the treatment groups (MEKi, SH1, SH2, SH3). The importance of 

these genes was validated through in situ imaging of the ECM. Knockdown of tumours 

revealed that MEKi and MEK KD, or Ras/MAPK changes led to matrix disruption, where 

reduced thickness of the ECM was observed. Therefore, it was hypothesised that enhanced 

TIL infiltration (intra-tumoural) and enhanced function of T cells following ECM disruption, 

would result. This follows the immune exclusion theory where it is hypothesised that there is 

an abundance of immune cells in the tumour stroma, however this pre-existing anti-tumour 

immunity is rendered ineffective due to poor T cell infiltration (where TILs remain at the 

periphery) or there is poor retention of T cells within the tumour microenvironment, due to the 

immunosuppressive nature of the environment [397]. Therefore, strategies that promote 

effector T cell infiltration into the tumour by overcoming this stromal barrier are crucial. For 
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example, recruiting more TILs to the tumour site or re-directing and allowing direct physical 

contact or engagement of T cells with tumour antigens is essential [397]. Indeed,                                                                                                                                                                                                                                                                                               

exclusion of immune cells from tumours has been reported in both human and mouse cancers 

including breast [398], ovarian [399, 400], pancreatic ductal carcinoma [401-403], and 

colorectal cancer [404]. Preclinical studies in mouse models of cancer have revealed that the 

major stromal cell types of the TME, are cancer associated fibroblasts (CAFs), TAMs and 

MDSCs, which are responsible for restricting the accumulation of T cells in the vicinity of 

cancer cells [397]. It has previously been reported that the dense extracellular matrix found in 

the stroma of some cancers is detrimental to T cell placement and cell-cell contact with human 

tumour cells, in addition to trapping and direct contact with immunosuppressive subsets such 

as MDSCs and macrophages [405-407]. Targeting the depletion of these immunosuppressive 

populations, for example through CSF-1R (myeloid cell suppression), VEGF (vasculature) 

TGF-β [408, 409], CXCL12/CXCR4 (from CAFs) or CCL2 (MDSC driven nitration and trapping 

of T cells) inhibitors and reducing the stiffness of the various stromal components (collagens, 

glycoproteins, glucoaminoglycans, proteoglycans, MMPs, VCAN and ADAM/ADAMTS, may 

potentially enhance TIL recruitment and trafficking, as well as the effectiveness of 

immunotherapies [407, 410]. Inhibitors targeting ECM components have been shown to 

disrupt stroma and allow better penetration of TILs as well as improved drug delivery [411] in 

pancreatic cancer human clinical trials [412]. Moreover, several trials in pancreatic cancer are 

currently assessing stroma manipulation, targeting aspects such as CXCR2, macrophage 

activity, CAFs, IL-10, hyaluronan, FAK, CSFR-1 and hedgehog proteins [413]. Recent studies 

in BC murine models have shown that ROCK blockade augments anti-tumour immunity 

through enhancement of T cell priming via DCs [414]. Combining ROCK inhibition with 

immunogenic chemotherapy has led to increased DC maturation and synergistic CD8+ 

cytotoxic T cell priming and infiltration into tumours [414]. In summary, the studies conducted 

within Chapter 4 (Section 4.2.9 - 4.2.14) revealed several avenues to explore in future 

studies; such as ECM inhibitors to reduce stiffness and permit better penetration of TILs, 
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targeting chemokines to attract TIL migration and targeting antigen processing presentation 

pathways or the immunoproteasome directly to enhance antigen presentation.  

 

5.5 Future directions  

 

The findings described in this thesis present a comprehensive investigation into the 

consequences of MAPK (MEK1/2) inhibition in various TNBC models in both mouse and 

human settings, as well as therapeutic strategies to overcome these detrimental effects. This 

research also opens up several avenues, independent of MEK, to pursue for further 

investigation in future studies, given the global importance of MAPK signaling in various cell 

types. What has become apparent from these studies, and the literature is that tumour 

neoantigen/antigen recognition by T cells is an essential mechanism of the anti-tumour 

response in cancer. As such, mechanisms to exploit this pathway and enhance this 

presentation are crucial in order to optimise responses. Nonetheless, a better understanding 

the importance of neoantigens being recognised by the immune system in TNBC (in order to 

develop targeted vaccine therapies) and the corresponding TCR repertoire is an area of high 

importance and one that is yet defined.   

 

Moreover, given the complexity of the tumour microenvironment as well as the multifaceted 

interactions between tumours and the immune system, it is clear that no single therapeutic 

approach is the best fit for all tumours. Furthermore, given the rapid mutation rate and clonal 

evolution of tumours, it is evident that combination approaches will be necessary in order to 

prevent issues with tumour resistance and relapse. Several studies have highlighted the need 

to take in to consideration the dose optimisation and the timing or sequencing of treatments, 

where there appears to be a relatively small window within which therapies are effective and 

do not result in adverse effects; that is, imbalance between pro-tumour (Treg, MDSCs, 

macrophage) and anti-tumour (T cells, NK cells) immune populations and subsequent anti-
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tumour effects. Thus, while it may be beneficial to target both checkpoint blockade and co-

stimulation pathways within T cells present in the tumour microenvironment, it is highly likely 

that targeting of both tumour antigens and T cell receptors concurrently with immunotherapies, 

may also be beneficial. For this strategy, a crucial aspect is phenotyping of both tumour and 

T cells for identification of reliable biomarkers. While classically TCR: MHC-I interactions have 

been found to be crucial for tumour antigen recognition and cytotoxic responses for tumour 

clearance, it is evident that several other populations as well as emerging populations, for 

example tissue resident memory (TRM) T cells, may have a role to play or may be exploited 

to enhance therapeutic outcomes in BC [349]. The work in this thesis revealed that MEKi and 

MEK KD enhanced presentation of TRAIL, FAS and NKG2D ligands on tumour cells, which 

are recognised by NK cells and may be beneficial in the therapeutic context of immune evasion 

and antigen downregulation in cancer, which results in a lack of suitable targets for T cells. 

Additionally, MEKi in tumours resulted in significant upregulation of CIITA and MHC-II at the 

transcriptomic and protein level respectively. This difference between class I and class II 

expression following MEKi versus MEK KD should be investigated in future studies. 

Nonetheless, this finding highlights a key role of CD4 T cells in engaging this antigen and 

eliciting CD4 and CD8 responses. Finally, given that tumour cells inherently are poor antigen 

presenters, the findings from Chapter 4 (Section 4.2.11, 4.2.14) suggest the need to target 

dendritic cell migration and cross presentation activity, to assist T cells in the recognition of 

tumours and their neoantigens. This thesis has shown that MAPK inhibition can enhance 

antigen presentation and as such, dual targeting of DC cross priming/presentation may 

augment or provide alternative strategies to enhance CD8 T cell recognition. Several trials are 

currently investigating antigen/neoantigen based vaccine trials in a number of cancers 

including melanoma, colon cancer, sarcoma, and lung cancer [415-418]. These vaccines have 

further been combined with immunotherapies and are currently in early phase trials [419]. This 

strategy presents a highly personalised approach in which the patients’ specific mutations can 

be exploited to develop  alternative therapeutic strategies [66, 419, 420]. Taken together, it is 
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clear that there is a strong relationship between RAS/MAPK pathway and TILs, where the 

studies undertaken in this thesis highlight that inhibition of MEK1/2 enhances antigen 

processing and presentation. Moreover, upregulation of immunoproteasome genes following 

MEK inhibition suggests that there is a direct relationship between the MAPK pathway and 

conversion of the proteasome to an immunoproteasome, and that this process permits the 

presentation of more MHC-I specific peptides, which may enhance T cell recognition and 

response. While it is clear that MEK inhibition has the potential to have significant effects 

tumour antigenicity, it is also clear the detrimental impact on T cell responses in a significant 

limitation of this therapy. As such, this thesis highlights several avenues to circumvent these 

effects such as combination with immune agonists (anti 4-1BB, anti-OX-40), or by targeting 

aspects of the MAPK pathway inhibition such as the antigen presentation and 

immunoproteasome pathways (PSMB9, TAP1, PDIA3, B2M, PA28, TAPBPL, PSMB8, 

Tapasin, PSME2, NPEPPS, HSP70, PSMB10, CALR, PSME1, ERAP1), chemokine attraction 

of TILs (CX3CL1, CXCL12, CCL5, CXCL9, CXCL10) and ECM stiffness disruption (COLs, 

LOXs, MMPs, ADAMTs) which may improve TILs infiltration capacity as well as drug delivery 

as described above, that  are independent of MEK1/2, to preserve T cell activity and ultimately 

enhance therapeutic outcomes in TNBC.  

 

Exploiting antigen presentation pathways to enhance TIL function 

 

The loss or downregulation of antigen presentation is a major immune escape mechanism in 

cancer, where tumour cells are able to evade immune surveillance and attack. Thus, restoring 

or priming antigen presentation by tumour cells increases the generation of anti-tumour T cells 

and their capacity to recognise and eliminate these tumour cells. The studies conducted in 

this thesis demonstrated that there is a close, inverse relationship between MAPK signaling 

and antigen presentation signaling and components of the pathway (Chapter 4.2.9 - 4.2.12). 

It was observed the MEKi and MEK KD led to the upregulation of several antigen processing 
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and presentation genes (TAP1, B2M, TAPBPL, HSP70, CALR, ERAP1) as well as 

immunoproteasome genes (PSMB8, PSMB9, PSMB10). This finding in part, explains the 

observation of lower levels of TIL infiltrate in RAS/MAPK activated tumours in TNBC (Loi et 

al., 2015; Appendix 6.3). The finding of enhanced immunoproteasome assembly elucidates 

the observation of enhanced MHC-I presentation following MEK1/2 inhibition, as well as CD8 

T cell anti-tumour responses (Dushyanthen et al., 2017; Chapter 3.2 and 3.3). Given that 

MEK1/2 inhibition enhances these pathways, future studies should focus on exploiting 

agonists targeting the immunoproteasome components to enhance the presentation of MHC-

I restricted antigens, which will ultimately promote greater CD8 T cell effector activity. 

Aberrations in these antigen presentation components are found in multiple cancers. 

Ultimately these strategies may sensitise patients to T cell–based immunotherapies, including 

checkpoint inhibitors. 

 

Disrupting the extracellular matrix to improve TIL infiltrate 

 

As mentioned earlier, MEKi and MEK1/2 KD in murine TNBCs resulted in significant 

modulation of the LOX and LOXL family genes (Chapter 4.2.14). There is mounting evidence 

that ECM changes are a critical component in promoting the angiogenesis, growth and 

metastatic dissemination of solid tumours and altered levels of LOX/LOXL expression has 

been found in a number of human malignancies, including breast, colorectal, pancreatic, lung 

and prostate cancers [421-423]. ECM is connected, through integrins, adhesion sites, actin 

cytoskeleton and various downstream signaling pathways (including MAPK signaling) which 

allow tumours to respond to external stimuli in a coordinated manner [347]. There are many 

biochemical and biomechanical changes in the tumour ECM that are a direct result of tumour 

activity and hypoxia in the microenvironment strongly influences stromal properties including 

proliferation and motility [424]. Furthermore, ECM accumulation is common within the tumour 

microenvironment, leading to an intense fibrotic response and tumour stiffening [347]. As a 
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result, cell-cell contacts between cytotoxic T cells and tumour cells is inhibited, which prevents 

infiltration of T cells into the body of the tumour and dampens immune responses [425] 

Therefore, enzymes that post-translationally modify the ECM, and in particular those that 

cross-link the ECM, such as the LOX family that play a role in matrix remodelling and 

promoting tumour progression are of particular interest as targetable molecules [426, 427]. 

Inhibition of LOXL2 activity has been shown to inhibit the growth of primary tumours and 

reduced primary tumour angiogenesis in preclinical xenograft models [346, 428]. As such, 

future studies should evaluate effects on immune cell infiltrate. Furthermore, dual inhibition of 

LOXL2 and LOX showed a greater effect and also led to a lower overall metastatic burden in 

the lung and liver [346].  In patients, low LOXL2 expression is associated with better DFS and 

OS [429]. Given these findings, there is evidence to suggest that this strategy of targeting LOX 

family proteins can be exploited to reduce stiffness and permit enhanced intra-tumoural TIL 

infiltration. Moreover, presents an option that is independent of MEK signaling. Future studies 

will test syngeneic models of LOX/LOXL inhibition in combination with immunotherapies to 

determine whether this treatment strategy can be used to improve patient outcomes via 

enhanced TIL infiltration.  

 

In summary, the findings of this thesis demonstrated that MEK1/2 is an important regulator of 

MHC-I expression on tumour cells. It also highlighted the paradoxical effects of MEK inhibition 

in its impact on T cell function. It was demonstrated that agonist immunotherapy could be 

employed to circumvent these effects and that anti-4-1BB and OX-40 could effectively rescue 

T cell function through activation of alternative or independent MAPK signaling pathways via 

p38 and JNK. These studies showed that the combination of MEK and immunotherapy 

improved anti-tumour effects and survival in TNBC, where greatest effects were observed in 

the triple combination between MEKi, agonist antibody and checkpoint blockade, which was 

mediated through enhanced proliferation and effector activity of the T cells. Furthermore, 

through extensive mechanistic analysis of MEK1/2 knockdown within tumour cells, it was 
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found that inhibition of RAS/MAPK signaling promoted enhanced MHC expression, through 

assembly of the immunoproteasome which presents MHC-I restricted peptides to CD8 T cells. 

Lastly, through ex vivo imaging analysis of ECM components, it was identified that MEK 

knockdown was able to reduce stiffness of the ECM, allowing improved penetrance of TILs 

into the tumour microenvironment. 

 

One potential barrier to success of immunotherapies in breast cancer may be attributed to the 

impenetrability of the surrounding matrix to both TILs and drug itself. Therefore, future studies 

may move in the direction of disabling physical barriers to the tumour microenvironment or 

trialling other targeted inhibitor - immunotherapy combinations, independent of MEK. While 

MEKi has proven its utility as a modulator of immunogenicity of tumours, the concurrent 

inhibitory effects on T cells, suggest that it may not be the most optimal therapeutic option. In 

exploiting the MAPK pathway, several alternative avenues have been uncovered that may be 

more suitable for novel therapeutic developments in the future, targeting aspects such as the 

immunoproteasome and antigen presentation as well as testing of ECM targeting drugs. 

Taken together, it is evident that these novel therapeutic avenues described above can be 

exploited to improve TIL chemoattraction and infiltration capacity, thus enhancing anti-tumour 

effects for the clinical outcomes of patients in the future.  
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6 Appendix 
6.1 Tumour-Infiltrating lymphocytes (TILs) in Breast Cancer: a Predictive or Prognostic Marker? – 
Review - Current Breast Cancer Reports 
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6.2 Relevance of tumour infiltrating lymphocytes in breast cancer – Review – BMC 
Medicine   
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6.3 MEK inhibition cooperates with anti-PD-L1 therapy in TNBC 
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Supplemental Figure 1: No clear interaction of molecular subtype with change in TIL score dureing 
NAC. Change in TIL score, stratified by molecular subtype. Thirty-six matched pre- and post-NAC 
biopsy pairs were scored for TILs and the % change is plotted, stratified by molecular subtype 
according to previously published methods[198]. 
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Supplemental Figure 2: No clear relationship between pre-NAC TILs or change in TILs with RFS or OS.  
Kaplan-Meier analysis of RFS (A and C panels) or OS (B and D panels) after surgical resection 
according to pre-NAC TIL score (A and B) or change (Post-NAC minus Pre-NAC) in TIL score (C and D). 
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Supplemental Figure 3: No clear association between pre-NAC or post-NAC TILs and total number of 
targeted alterations identified by targeted NGS.  A) Linear association of the Pre-NAC TIL score with 
the total number of alterations in the sample detected by tNGS. B) Linear association of the Post-
NAC TIL score with the total number of alterations in the sample detected by tNGS. 
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Supplemental Figure 4: A) Percent of high expressers of PD-L1 (>1 standard deviation from the 
mean) in each molecular subtype in the TCGA breast cancer dataset. B) Representative 
immunofluorescence (AQUA) images of PD-L1.  Top image is a PD-L1-negative tumour; bottom is a 
representative PD-L1-positive tumour. (C) HLA-DR AQUA staining in a tumour-positive case (top) 
and tumour-negative case (bottom).  D) PD-L1 tumour positivity in matched pre- and post-NAC 
patient specimens.  E) Correlation of PD-L1 tumour cell expression in pre- and post-NAC specimens. 
F) Across Intra-sample variability in PD-L1 AQUA scores.  Each sample was represented by between 
1 and 3 separate cores on the TMA. 
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Supplemental Figure 5: MEK inhibition down-regulates downstream ERK signaling and inhibits 
proliferation of TNBC murine breast cancer lines AT3ova and 4T1.9 in vitro.  A) and B) 4 x 105 AT3ova 
and 4T1.9 cells, respectively, were treated for indicated amounts of time (30min, 1h, 2h, 4h, 6h) 
with 100nM of trametinib in vitro. Effects on ERK phosphorylation were determined via Western 
blot.  C) and D) 5 x 103 AT3ova and 4T1.9 cells, respectively, were treated with indicated 
concentrations of trametinib (100nM, 10nM, 1nM, 100pM) and cell viability measured using a 
resazurin assay 72h following treatment. Data represented as the mean ± SD of quadruplicate 
samples. P values represent one way-ANOVA, Tukey’s post-hoc tests.  ****P<0.0001  
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Supplemental Figure 6:  Efficacy of selumetinib and anti-PD-L1 therapy in MMTV-Neu models.  Data 
from Figure 4C-D are represented as individual tumour curves.  A) MMTV-Neu/LACZ model and B) 
MMTV-Neu/MEKDD model. 
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Supplemental Figure 7:  Pharmacodynamic activity of trametinib and selumetinib in vivo.  A) and B) 
Whole tumour lysates from vehicle or MEK inhibitor-treated AT3ova and MMTV-neu tumours, 
respectively, analyzed by western blot for p-ERK1/2. 
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6.4 Table 6.1. Summary of the various chemotherapies currently being trialled in BC. 

NCT 
Number 

Title Interventions Study 
Phase 

  Chemotherapy (Paclitaxel)     

NCT01672671 BRCA1-associated DNA Repair Dysfunction in 
Patients With Early Triple Negative Breast Cancer 
Treated With Neoadjuvant Platinum-based 
Chemotherapy 

Drug: Doxorubicin, Paclitaxel, Cisplatin Phase 2 

NCT01969032 Induction Preoperative Chemotherapy for 
Patients With Locally Advanced Triple Negative 
Breast Cancer 

Drug: Paclitaxel, Carboplatinum, Doxorubicin, 
Endoxan, Capecitabine 

Phase 2 

NCT01216111 Comparison Study of Adjuvant Chemotherapy 
for Chinese Triple Negative Breast Cancer 

Drug: Paclitaxel, Cisplatin   

NCT03175666 NANT Triple Negative Breast Cancer (TNBC) 
Vaccine: Combination Immunotherapy in 
Subjects With TNBC Who Have Progressed on or 
After Anthracycline-based Chemotherapy 

Biological: avelumab|Biological: 
bevacizumab|Drug: capecitabine|Drug: 
cisplatin|Drug: cyclophosphamide|Drug: 5-
Fluorouracil|Drug: Leucovorin|Drug: nab-
paclitaxel|Drug: Lovaza|Radiation: Stereotactic 
Body Radiation Therapy 

Phase 1| 
Phase 2 

NCT02032277 A Study Evaluating Safety and Efficacy of the 
Addition of ABT-888 Plus Carboplatin Versus the 
Addition of Carboplatin to Standard 
Chemotherapy Versus Standard Chemotherapy 
in Subjects With Early Stage Triple Negative 
Breast Cancer 

Drug: Cyclophosphamide|Drug: Placebo|Drug: 
Doxorubicin|Drug: Paclitaxel|Drug: 
Carboplatin|Drug: Veliparib 

Phase 3 

NCT02779855 Talimogene Laherparepvec in Combination With 
Neoadjuvant Chemotherapy in Triple Negative 
Breast Cancer 

Biological: Talimogene laherparepvec|Drug: 
Paclitaxel 

Phase 1| 
Phase 2 

NCT02694224 Addition of Vismodegib to Neoadjuvant 
Chemotherapy in Triple Negative Breast Cancer 
Patients 

Drug: vismodegib|Drug: Paclitaxel|Drug: 
Epirubicin|Drug: Cyclophosphamide 

Phase 2 

NCT00542191 Phase II Trial of Neoadjuvant Metronomic 
Chemotherapy in Triple-Negative Breast Cancer 

Drug: Doxorubicin / Cyclophosphamide / 
Paclitaxel / Carboplatin|Procedure: Definitive 
Surgery|Radiation: Radiotherapy 

Phase 2 

NCT02593175 Women's Triple-Negative First-Line Study: A 
Phase II Trial of Panitumumab, Carboplatin and 
Paclitaxel (PaCT) in Patients With Localized 
Triple-Negative Breast Cancer (TNBC) With 
Tumours Predicted Insensitive to Standard 
Neoadjuvant Chemotherapy 

Drug: Panitumumab|Drug: 
Paclitaxel|Procedure: Biopsy|Drug: Carboplatin 

Phase 2 

NCT02929576 Efficacy and Safety Study of Enzalutamide in 
Combination With Paclitaxel Chemotherapy or 
as Monotherapy Versus Placebo With Paclitaxel 
in Patients With Advanced, Diagnostic-Positive, 
Triple-Negative Breast Cancer 

Drug: Enzalutamide|Drug: Placebo|Drug: 
Paclitaxel 

Phase 3 

NCT01982448 Cisplatin vs Paclitaxel for Triple Neg Drug: Cisplatin|Drug: Paclitaxel Phase 2 
NCT03168880 A Randomized Controlled Trial of Neoadjuvant 

Weekly Paclitaxel Versus Weekly Paclitaxel Plus 
Weekly Carboplatin In Women With Large 
Operable or Locally Advanced, Triple Negative 
Breast Cancer 

Drug: Paclitaxel + Carboplatin|Drug: Paclitaxel 
only 

Phase 3 

NCT01057069 Neo Adjuvant Chemotherapy in Triple Negative 
Breast Cancer 

Drug: Carboplatin and Paclitaxel|Drug: 
Doxorubicin, cyclophosphamide|Drug: 
Doxorubicin, cyclophosphamide, carboplatin, 
thiotepa, cyclophosphamide 

Phase 2| 
Phase 3 

NCT01525966 Carboplatin and Paclitaxel Albumin-Stabilized 
Nanoparticle Formulation Before Surgery in 
Treating Patients With Locally Advanced or 
Inflammatory Triple Negative Breast Cancer 

Drug: carboplatin|Drug: paclitaxel albumin-
stabilized nanoparticle formulation 

Phase 2 

NCT01238133 Gamma-Secretase/Notch Signaling Pathway 
Inhibitor RO4929097, Paclitaxel, and Carboplatin 
Before Surgery in Treating Patients With Stage II 
or Stage III Triple-Negative Breast Cancer 

Drug: Carboplatin|Drug: Gamma-Secretase 
Inhibitor RO4929097|Other: Laboratory 
Biomarker Analysis|Drug: Paclitaxel|Other: 
Pharmacological Study|Procedure: Therapeutic 
Conventional Surgery 

Phase 1 
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NCT03301350 Neoadjuvant Carbo/Paclitaxel Followed by 
Doxorubicin/Cyclophosphamide in Breast Cancer 

Drug: Carboplatin|Drug: Paclitaxel|Drug: 
Doxorubicin|Drug: Cyclophosphamide|Drug: 
Pegfilgrastim|Drug: Filgrastim 

Phase 2 

NCT02789332 Assessing the Efficacy of Paclitaxel and Olaparib 
in Comparison to Paclitaxel / Carboplatin 
Followed by Epirubicin/Cyclophosphamide as 
Neoadjuvant Chemotherapy in Patients With 
HER2-negative Early Breast Cancer and 
Homologous Recombination Deficiency 

Drug: PwO|Drug: PwCb|Drug: EC|Procedure: 
Surgery after neoadjuvant Therapy 

Phase 2 

NCT01287624 Gemcitabine Plus Cisplatin Versus Gemcitabine 
Plus Paclitaxel in Triple Negative Breast Cancer 
(TNBC) 

Drug: Gemcitabine,cisplatin|Drug: 
Gemcitabine, Paclitaxel 

Phase 3 

NCT01276769 Comparison Study of Neoadjuvant Paclitaxel Plus 
Carboplatin/Epirubicin Treatment in Triple-
negative Breast Cancer 

Drug: Paclitaxel plus carboplatin|Drug: 
Paclitaxel and epirubicin 

Phase 2 

NCT02413320 Neoadjuvant Study of Two Platinum Regimens in 
Triple Negative Breast Cancer 

Drug: Paclitaxel|Drug: Carboplatin|Drug: 
Doxorubicin|Drug: Cyclophosphamide|Drug: 
Docetaxel 

Phase 2 

NCT03387085 QUILT-3.067 NANT Triple Negative Breast Cancer 
(TNBC) Vaccine: Molecularly Informed Integrated 
Immunotherapy in Subjects With TNBC Who 
Have Progressed on or After Standard-of-care 
Therapy. 

Drug: Aldoxorubicin HCl|Biological: 
avelumab|Biological: bevacizumab|Drug: 
Capecitabine|Drug: Cisplatin|Drug: 
Cyclophosphamide|Drug: Fluorouracil|Drug: 
Leucovorin|Drug: nab-Paclitaxel|Drug: 
lovaza|Procedure: SBRT 

Phase 1| 
Phase 2 

NCT01750073 Paclitaxel and Cyclophosphamide With or 
Without Trastuzumab Before Surgery in Treating 
Patients With Previously Untreated Breast 
Cancer 

Drug: Cyclophosphamide|Drug: Doxorubicin 
Hydrochloride|Drug: Paclitaxel|Radiation: 
Radiation Therapy|Procedure: Therapeutic 
Conventional Surgery|Biological: Trastuzumab 

Phase 2 

NCT02876302 Study Of Ruxolitinib (INCB018424) With 
Preoperative Chemotherapy For Triple Negative 
Inflammatory Breast Cancer 

Drug: Ruxolitinib|Drug: Paclitaxel|Drug: 
Doxorubicin|Drug: Cyclophosphamide 

Phase 2 

NCT02221999 Weekly Paclitaxel and Cisplatin to Treat 
Hormone Receptor Positive and Triple Negative 
Breast Cancer Patients 

Drug: Paclitaxel|Drug: Cisplatin|Drug: 
Gonadotropin-releasing hormone 
agonist|Drug: Letrozole 

Phase 2| 
Phase 3 

NCT02637375 A Pilot Preoperative Trial of Ganetespib With 
Paclitaxel for Triple-Negative Breast Cancer 

Drug: Ganetespib|Drug: Paclitaxel|Drug: 
Doxorubicin|Drug: Cyclophosphamide 

  

NCT02685306 A Study of Neoadjuvant Paclitaxel in 
Combination With Bavituximab in Early- Stage 
Triple- Negative Breast Cancer 

Biological: Bavituximab|Drug: Taxane Phase 2 

NCT02978495 Neoadjuvant Carboplatin in Triple Negative 
Breast Cancer 

Drug: Doxorubicin|Drug: Carboplatin|Drug: 
Paclitaxel|Drug: Cyclophosphamide 

Phase 2 

NCT00733408 Paclitaxel Albumin-Stabilized Nanoparticle 
Formulation and Bevacizumab Followed By 
Bevacizumab and Erlotinib Hydrochloride in 
Treating Patients With Metastatic Breast Cancer 

Drug: paclitaxel albumin-stabilized nanoparticle 
formulation|Biological: bevacizumab|Drug: 
erlotinib hydrochloride 

Phase 2 

NCT02511847 Trial of Afatinib With Paclitaxel for Neoadjuvant 
Therapy of TNBC and Research of Biomarkers of 
Afatinib 

Drug: Afatinib Phase 2 

NCT01186991 Study Evaluating the Safety and Efficacy of 
Onartuzumab And/or Bevacizumab in 
Combination With Paclitaxel in Participants With 
Metastatic, Triple Negative Breast Cancer 

Drug: Onartuzumab|Drug: Bevacizumab|Drug: 
Paclitaxel|Drug: Bevacizumab Placebo|Drug: 
Onartuzumab Placebo 

Phase 2 

NCT02301988 A Study of Ipatasertib (GDC-0068) in 
Combination With Paclitaxel as Neoadjuvant 
Treatment for Participants With Early Stage 
Triple Negative Breast Cancer 

Drug: Ipatasertib|Drug: Paclitaxel|Drug: 
Placebo 

Phase 2 

NCT01378533 The Trial Comparing Dose-dense AC-T With PC as 
Adjuvant Therapy for TNBC 

Drug: epirubicin, cyclophosphamide, paclitaxel, 
carboplatin, G-CSF 

Phase 3 

NCT01463072 Paclitaxel Albumin-Stabilized Nanoparticle 
Formulation in Treating Older Patients With 
Locally Advanced or Metastatic Breast Cancer 

Drug: paclitaxel albumin-stabilized nanoparticle 
formulation 

Phase 2 

NCT02689427 Phase IIB Neoadjuvant Enzalutamide (ZT) Plus 
Taxol for Androgen Receptor (AR)-Positive 
Triple-Negative Breast Cancer (AR+ TNBC) 

Drug: Enzalutamide|Drug: Paclitaxel Phase 2 
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NCT02658214 Durvalumab and Tremelimumab in Combination 
With First-Line Chemotherapy in Advanced Solid 
Tumours 

Drug: paclitaxel + carboplatin|Drug: 
carboplatin + etoposide|Drug: gemcitabine + 
carboplatin|Drug: nab-paclitaxel (paclitaxel-
albumin) + carboplatin|Drug: oxaliplatin + 5-
fluorouracil (5FU) + leucovorin (calcium 
folinate/folinic acid)|Biological: 
durvalumab|Biological: tremelimumab|Drug: 
nab-paclitaxel (paclitaxel-albumin) + 
gemcitabine|Drug: cisplatin + 5-fluorouracil 
(5FU) 

Phase 1 

NCT02370238 A Double-blind Study of Paclitaxel in 
Combination With Reparixin or Placebo for 
Metastatic Triple-Negative Breast Cancer 

Drug: paclitaxel|Drug: Reparixin|Drug: placebo Phase 2 

NCT00777673 Preoperative Chemotherapy in Triple Negative 
Invasive Breast Cancer That Can be Removed by 
Surgery. 

Drug: Bevacizumab, nab-paclitaxel, carboplatin, 
doxorubicin hydrochloride, cyclophosphamide, 
PEG-Filgrastim 

Phase 2 

NCT02488967 Doxorubicin Hydrochloride and 
Cyclophosphamide Followed by Paclitaxel With 
or Without Carboplatin in Treating Patients With 
Triple-Negative Breast Cancer 

Drug: Carboplatin|Drug: 
Cyclophosphamide|Drug: Doxorubicin 
Hydrochloride|Other: Laboratory Biomarker 
Analysis|Drug: Paclitaxel 

Phase 3 

NCT02672475 Galunisertib and Paclitaxel in Treating Patients 
With Metastatic Androgen Receptor Negative 
(AR-) Triple Negative Breast Cancer 

Drug: Galunisertib|Other: Laboratory 
Biomarker Analysis|Drug: Paclitaxel 

Phase 1 

NCT02628132 Study of Safety and Efficacy of Durvalumab in 
Combination With Paclitaxel in Metastatic Triple 
Negative Breast Cancer Patients 

Drug: Paclitaxel|Drug: Durvalumab Phase 1| 
Phase 2 

NCT00691379 Weekly Paclitaxel/Carboplatin/Bevacizumab as 
First Line Therapy for Triple Negative Breast 
Cancer 

Drug: Carboplatin|Drug: Bevacizumab|Drug: 
Paclitaxel 

Phase 1| 
Phase 2 

NCT02315196 Pegylated Liposomal Doxorubicin Hydrochloride 
and Carboplatin Followed by Surgery and 
Paclitaxel in Treating Patients With Triple 
Negative Stage II-III Breast Cancer 

Drug: pegylated liposomal doxorubicin 
hydrochloride|Drug: epirubicin 
hydrochloride|Drug: carboplatin|Drug: 
paclitaxel 

Phase 2 

NCT02041429 Ruxolitinib W/ Preop Chemo For Triple Negative 
Inflammatory Brca 

Drug: Ruxolitinib|Drug: Paclitaxel Phase 1| 
Phase 2 

NCT01069796 Bevacizumab + Paclitaxel + Capecitabine in Triple 
Negative Metastatic Breast Cancer 

Drug: Paclitaxel|Drug: Bevacizumab|Drug: 
Capecitabine 

Phase 2 

NCT01009983 Paclitaxel, Carboplatin, and Panitumumab in 
Treating Patients With Metastatic Breast Cancer 

Biological: panitumumab|Drug: 
paclitaxel|Drug: carboplatin 

Phase 2 

NCT00861705 
[COMPLETED] 

Paclitaxel With or Without Carboplatin and/or 
Bevacizumab Followed by Doxorubicin and 
Cyclophosphamide in Treating Patients With 
Breast Cancer That Can Be Removed by Surgery 

Biological: Bevacizumab|Drug: 
Carboplatin|Drug: Cyclophosphamide|Drug: 
Doxorubicin Hydrochloride|Drug: Paclitaxel 

Phase 2 

NCT01147016 Targeted T Cells After Neoadjuvant 
Chemotherapy in Treating Women With Stage II 
or III Breast Cancer Undergoing Surgery 

Biological: HER2Bi-armed activated T 
cells|Drug: cyclophosphamide|Drug: 
doxorubicin hydrochloride|Drug: 
paclitaxel|Procedure: neoadjuvant therapy| 

Phase 2 

NCT01276496 Weekly Doses of Cilengitide and Paclitaxel in 
Treating Patients With Advanced Solid Tumours 
That Cannot Be Removed by Surgery 

Drug: Cilengitide|Drug: Paclitaxel| Phase 1 

NCT01281150 Veliparib in Combination With Carboplatin and 
Paclitaxel in Treating Patients With Locally 
Advanced or Metastatic Solid Tumours 

Drug: Carboplatin|Drug: Paclitaxel|Drug: 
Veliparib 

Phase 1 

NCT03337724 A Study of Ipatasertib in Combination With 
Paclitaxel as a Treatment for Participants With 
PIK3CA/AKT1/PTEN-Altered, Locally Advanced or 
Metastatic, Triple-Negative Breast Cancer or 
Hormone Receptor-Positive, HER2-Negative 
Breast Cancer 

Drug: Ipatasertib|Drug: Paclitaxel|Drug: 
Placebo 

Phase 2| 
Phase 3 

NCT02423603 PAKT: AZD5363 in Combination With Paclitaxel 
in Triple-Negative Advanced or Metastatic Breast 
Cancer 

Drug: Paclitaxel|Drug: AZD5363|Drug: Placebo Phase 2 

NCT00930930 
[COMPLETED] 

Cisplatin and Paclitaxel With or Without 
Everolimus in Treating Patients With Stage II or 
Stage III Breast Cancer 

Drug: cisplatin|Drug: everolimus|Drug: 
paclitaxel 

Phase 2 

NCT02876107 A Phase II Study of Using 
Panitumumab/Carboplatin/Paclitaxel (PaCT) 
Followed by Anthracycline-Containing Regimen 

Drug: Paclitaxel|Drug: Carboplatin|Drug: 
Panitumumab|Drug: Doxorubicin|Drug: 
Cyclophosphamide 

Phase 2 
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(AC) for New Triple-Negative Inflammatory 
Breast Cancer (TN-IBC) 

NCT01031446 Cisplatin, Paclitaxel, and Everolimus in Treating 
Patients With Metastatic Breast Cancer 

Drug: cisplatin|Drug: everolimus|Drug: 
paclitaxel 

Phase 1| 
Phase 2 

NCT00499603 Paclitaxel Followed by FEC Versus Paclitaxel and 
RAD001 Followed by FEC In Women With Breast 
Cancer 

Drug: Paclitaxel|Drug: 5-Fluorouracil|Drug: 
Epirubicin|Drug: Cyclophosphamide|Drug: 
RAD001 

Phase 2 

NCT01194869 Preoperative Trial of Sorafenib in Combination 
With Cisplatin Followed by Paclitaxel for Early 
Stage Breast Cancer 

Drug: Sorafenib|Drug: Cisplatin|Drug: 
Paclitaxel 

Phase 2 

NCT02187991 Study to Compare Alisertib With Paclitaxel vs. 
Paclitaxel Alone in Metastatic or Locally 
Recurrent Breast Cancer 

Drug: Paclitaxel|Drug: Alisertib Phase 2 

NCT02309177 Safety Study of Nivolumab With Nab-Paclitaxel 
Plus or Minus Gemcitabine in Pancreatic Cancer, 
Nab-Paclitaxel / Carboplatin in Stage IIIB/IV Non-
Small Cell Lung Cancer or Nab-Paclitaxel in 
Recurrent Metastatic Breast Cancer 

Drug: nab-Paclitaxel|Drug: Nivolumab|Drug: 
Gemcitabine|Drug: Carboplatin 

Phase 1 

NCT02476955 Open-label Phase 1b Study of ARQ 092 in 
Combination With Carboplatin Plus Paclitaxel, in 
Combination With Paclitaxel, or in Combination 
With Anastrozole 

Drug: ARQ 092 + carboplatin + paclitaxel 
(Closed)|Drug: ARQ 092 + paclitaxel 
(Closed)|Drug: ARQ 092 + anastrozole 

Phase 1 

NCT00516724 Study to Assess the Safety and Tolerability of a 
PARP Inhibitor in Combination With Carboplatin 
and/or Paclitaxel 

Drug: KU-0059436 (AZD2281)(PARP 
inhibitor)|Drug: Carboplatin|Drug: 
Paclitaxel|Drug: Paclitaxel + Carboplatin 

Phase 1 

NCT03356860 Safety and Efficacy of Durvalumab Combined to 
Neoadjuvant Chemotherapy in Localized Luminal 
B HER2(-) and Triple Negative Breast Cancer. 

Drug: Paclitaxel|Drug: Epirubicin|Drug: 
Cyclophosphamide|Drug: Durvalumab 

Phase 1| 
Phase 2 

  Chemotherapies (Platinum Based - Cisplatin, 
Carboplatin) 

    

NCT01752686 A Phase III Trial of Carboplatin as Adjuvant 
Chemotherapy in Triple Negative Breast Cancer 

Drug: carboplatin Phase 3 

NCT03154749 TC (Docetaxel/Carboplatin) Versus EC-T 
(Epirubicin/Cyclophosphamide Followed by 
Docetaxe) as Neoadjuvant Chemotherapy for 
Triple-Negative Breast Cancer 

Drug: TC (docetaxel/carboplatin) versus EC 
followed by T (epirubicin/cyclophosphamide 
followed by docetaxe) 

Phase 2 

NCT02183805 Chemotherapy Followed by Peripheral Stem Cell 
Transplantation in Treating Metastatic Triple-
negative Breast Cancer 

Drug: Abraxane, Cyclophosphamide, 
Carboplatin 

Phase 2 

NCT01560663 Predictors of Response to Neoadjuvant 
Docetaxel-Carboplatin Chemotherapy for 
Patients With Stage II and III Triple Negative 
Breast Cancer 

Drug: Docetaxel- Carboplatin   

NCT02978716 Trilaciclib (G1T28), a CDK 4/6 Inhibitor, in 
Combination With Gemcitabine and Carboplatin 
in Metastatic Triple Negative Breast Cancer 
(mTNBC) 

Drug: Trilaciclib|Drug: Gemcitabine|Drug: 
Carboplatin 

Phase 2 

NCT00813956 A Phase 2 Study of Standard Chemotherapy Plus 
BSI-201 (a PARP Inhibitor) in the Neoadjuvant 
Treatment of Triple Negative Breast Cancer 

Drug: gemcitabine plus carboplatin plus BSI-
201 

Phase 2 

NCT02670109 Autologous Hematopoietic Stem Cell 
Transplantation as Adjuvant Treatment for Triple 
Negative Breast Cancer Patients 

Drug: Carmustine|Drug: 
Cyclophosphamide|Drug: 
Carboplatin|Procedure: Autologous 
Hematopoietic Stem Cell Transplantation 

Phase 2 

NCT01818063 Carboplatin and Combination Chemotherapy 
With or Without Veliparib in Treating Patients 
With Stage IIB-IIIC Breast Cancer 

Drug: Paclitaxel|Drug: Carboplatin|Drug: 
Doxorubicin|Drug: Cyclophosphamide|Drug: 
Veliparib 

Phase 2 

NCT01931163 NECTAR Everolimus Plus Cisplatin in Triple (-) 
Breast Cancer 

Drug: Everolimus Phase 2 

NCT01074970 PARP Inhibition for Triple Negative Breast Cancer 
(ER-/PR-/HER2-)With BRCA1/2 Mutations 

Drug: Cisplatin|Drug: Rucaparib Phase 2 

NCT01216124 Efficacy and Safety Study of Neoadjuvant 
Chemotherapy for Local Advanced Triple 
Negative Breast Cancer Patients 

Drug: docetaxel oxaliplatin   

NCT03150576 Platinum and Polyadenosine 5'Diphosphoribose 
Polymerisation (PARP) Inhibitor for Neoadjuvant 
Treatment of Triple Negative Breast Cancer 

Drug: Olaparib|Drug: Paclitaxel and 
Carboplatin 

Phase 2| 
Phase 3 
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(TNBC) and/or Germline BRCA (gBRCA) Positive 
Breast Cancer 

NCT03193853 TAK-228 and TAK-117 Followed by Cisplatin and 
Nab Paclitaxel for Metastatic Triple Negative 
Breast Cancer 

Drug: Tak-228 & Tak-117|Drug: Cisplatin & Nab 
Paclitaxel 

Phase 2 

NCT01372579 Carboplatin and Eribulin Mesylate in Triple 
Negative Breast Cancer Patients 

Drug: eribulin mesylate|Drug: 
carboplatin|Procedure: biopsy 

Phase 2 

NCT01528826 Salvage Chemotherapy of Vinorelbine Plus 
Oxaliplatin in Metastatic Triple-negative Breast 
Cancer:a Prospective Trial 

Drug: vinorelbine plus oxaliplatin Phase 2 

NCT00603408 Effect of Chemotherapy and Radiation Prior to 
Surgery for Triple Negative Breast Cancer 

Drug: Cisplatin|Radiation: Radiation 
Therapy|Procedure: Mastectomy 

Phase 2 

NCT02001519 Additional 4 Cycles of Cisplatin (CDDP4) in 
Patients With Triple Negative Breast Cancer for 
Neoadjuvant Chemotherapy 

Drug: AC4-CDDP4 Phase 2 

NCT02445391 Platinum Based Chemotherapy or Capecitabine 
in Treating Patients With Residual Triple-
Negative Basal-Like Breast Cancer Following 
Neoadjuvant Chemotherapy 

Drug: Capecitabine|Drug: Carboplatin|Drug: 
Cisplatin| 

Phase 3 

NCT01167192 Neoadjuvant Platinum-based Chemoradiation 
Therapy for Locally Advanced Triple Negative 
Breast Cancer 

Drug: Cisplatin|Drug: Carboplatin|Radiation: 
Radiation therapy|Procedure: Mastectomy  

Phase 2 

NCT02546934 ABX Plus Cisplatin Versus Gemcitabine Plus 
Cisplatin in Triple Negative Breast Cancer (TNBC) 

Drug: ABX, cisplatin|Drug: Gemcitabine, 
Cisplatin 

Phase 2 

NCT02341911 Gemcitabine Plus Cisplatin Versus Gemcitabine 
Plus Carboplatin in Triple Negative Breast Cancer 
(TNBC) 

Drug: Gemcitabine,cisplatin|Drug: 
Gemcitabine,carboplatin 

Phase 2 

NCT00540358 A Phase 2 Trial of Standard Chemotherapy, With 
or Without BSI-201, in Patients With Triple 
Negative Metastatic Breast Cancer 

Drug: gemcitabine/carboplatin|Drug: iniparib Phase 2 

NCT01091454 Brostallicin and Cisplatin in Treating Patients 
With Metastatic Breast Cancer 

Drug: brostallicin|Drug: cisplatin Phase 2 

NCT00532727 Triple Negative Breast Cancer Trial Drug: Carboplatin|Drug: Docetaxel Phase 3 
NCT01333137 A Clinical Trial Comparing Gemcitabine and 

Carboplatin With and Without P276-00 in 
Subjects With Metastatic Triple Negative Breast 
Cancer, With a Run-in of Escalating Dose of 
P276-00 Added to Gemcitabine and Carboplatin 

Drug: Gemcitabine and Carboplatin|Drug: 
P276-00 along with Gemcitabine and 
carboplatin 

Phase 1 

NCT02455141 Adjuvant Treatment of EC Followed by Taxane 
+/- Carboplatin in Triple-Negative Breast Cancer 

Drug: Epirubicin plus Cyclophosphamide|Drug: 
Taxanes|Drug: Taxanes plus Carboplatin 

Phase 3 

NCT02641847 TA(E)C-GP Versus A(E)C-T for the High Risk TNBC 
Patients and Validation of the mRNA-lncRNA 
Signature 

Drug: docetaxel|Drug: doxorubicin or 
epirubicin|Drug: cyclophosphamide|Drug: 
gemcitabine|Drug: cisplatin 

Phase 2| 
Phase 3 

NCT02441933 Carboplatin in EARLY Triple Negative Breast 
Cancer Trial (PEARLY Trial) 

Drug: taxane plus carboplatin|Drug: Taxane Phase 3 

NCT01045304 Study of SAR240550 (BSI-201) in Combination 
With Gemcitabine/Carboplatin, in Patients With 
Metastatic Triple Negative Breast Cancer 

Drug: Iniparib|Drug: Gemcitabine|Drug: 
Carboplatin 

Phase 2 

NCT01289353 Concurrent Adjuvant Carboplatin and 
Accelerated Radiotherapy for Triple Negative 
Breast Cancer 

Drug: Carboplatin|Radiation: 3D-RT or IMRT Phase 1| 
Phase 2 

NCT01918306 GDC-0941 and Cisplatin in Treating Patients With 
Androgen Receptor-Negative Triple Negative 
Metastatic Breast Cancer 

Drug: cisplatin| Drug: GDC -0941 Phase 1| 
Phase 2 

NCT01104259 Veliparib, Cisplatin, and Vinorelbine Ditartrate in 
Treating Patients With Recurrent and/or 
Metastatic Breast Cancer 

Drug: veliparib|Drug: cisplatin|Drug: 
vinorelbine tartrate| 

Phase 1 

NCT01208480 Bevacizumab, Docetaxel, and Carboplatin in 
Treating Women With Stage II or Stage III Breast 
Cancer 

Drug: Avastin, docetaxel, carboplatin Phase 2 

NCT02595905 Cisplatin With or Without Veliparib in Treating 
Patients With Recurrent or Metastatic Triple-
Negative and/or BRCA Mutation-Associated 
Breast Cancer With or Without Brain Metastases 

Drug: Cisplatin|Other: Laboratory Biomarker 
Analysis|Other: Placebo|Drug: Veliparib 

Phase 2 

NCT00601159 Gemcitabine and Cisplatin as First Line 
Combination Therapy in Patients With Triple-
negative MBC 

Drug: gemcitabine and cisplatin Phase 2 
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NCT00483223 
[COMPLETED] 

Platinum for Triple-Negative Metastatic Breast 
Cancer and Evaluation of p63/p73 as a 
Biomarker of Response 

Drug: Cisplatin|Drug: carboplatin Phase 2 

NCT01426880 Addition of Carboplatin to Neoadjuvant Therapy 
for Triple-negative and HER2-positive Early 
Breast Cancer 

Drug: Carboplatin|Drug: background treatment Phase 2| 
Phase 3 

NCT00608972 Phase II Trial of Doxil, Carboplatin, Bevacizumab 
in Triple Negative Untreated Metastatic Breast 
Cancer 

Drug: Doxil|Drug: Carboplatin|Drug: 
Bevacizumab 

Phase 2 

NCT02620280 Neoadjuvant Therapy in TRIPle Negative Breast 
Cancer With antiPDL1 

Drug: Carboplatin|Drug: Abraxane|Drug: 
MPDL3280A|Procedure: Surgery|Drug: Anthra 

Phase 3 

  Combination with Atezolizumab (anti-PDL-1 Ab)     
NCT03164993 Atezolizumab (a-PDL-1) Combined With 

Immunogenic Chemotherapy in Patients With 
Metastatic Triple-negative Breast Cancer 

Drug: Atezolizumab|Drug: Pegylated liposomal 
doxorubicin|Drug: Cyclophosphamide|Other: 
Placebo 

Phase 2 

NCT03197935 A Study to Investigate Atezolizumab and 
Chemotherapy Compared With Placebo and 
Chemotherapy in the Neoadjuvant Setting in 
Participants With Early Stage Triple Negative 
Breast Cancer 

Drug: Atezolizumab (MPDL3280A), an 
engineered anti-PDL1 antibody|Drug: 
Placebo|Drug: Nab-paclitaxel|Drug: 
Doxorubicin|Drug: Cyclophosphamide|Drug: 
Filgrastim|Drug: Pegfilgrastim 

Phase 3 

NCT03281954 Clinical Trial of Neoadjuvant Chemotherapy With 
Atezolizumab or Placebo in Patients With Triple-
Negative Breast Cancer Followed After Surgery 
by Atezolizumab or Placebo 

Drug: Placebo|Drug: Atezolizumab Phase 3 

NCT03371017 A Study of the Efficacy and Safety of 
Atezolizumab Plus Chemotherapy for Patients 
With Early Relapsing Recurrent Triple-Negative 
Breast Cancer 

Drug: Atezolizumab|Drug: Placebo|Drug: 
Gemcitabine|Drug: Capecitabine|Drug: 
Carboplatin 

Phase 3 

NCT02883062 Carboplatin and Paclitaxel With or Without 
Atezolizumab Before Surgery in Treating Patients 
With Newly Diagnosed, Stage II-III Triple-
Negative Breast Cancer 

Drug: Atezolizumab|Drug: Carboplatin|Other: 
Laboratory Biomarker Analysis|Procedure: 
Lumpectomy|Procedure: Mastectomy|Drug: 
Paclitaxel 

Phase 2 

NCT03424005 A Study Evaluating the Efficacy and Safety of 
Multiple Immunotherapy-Based Treatment 
Combinations in Patients With Metastatic Triple-
Negative Breast Cancer (Morpheus-TNBC) 

Drug: Capecitabine|Drug: Atezolizumab|Drug: 
Ipatasertib|Drug: SGN-LIV1A|Drug: 
Bevacizumab|Drug: Cobimetinib|Drug: 
Chemotherapy (Gemcitabine + Carboplatin or 
Eribulin) 

Phase 1| 
Phase 2 

NCT02425891 A Study of Atezolizumab in Combination With 
Nab-Paclitaxel Compared With Placebo With 
Nab-Paclitaxel for Participants With Previously 
Untreated Metastatic Triple-Negative Breast 
Cancer (IMpassion130) 

Drug: Atezolizumab (MPDL3280A), an 
engineered anti-PDL1 antibody|Drug: Nab-
Paclitaxel|Drug: Placebo 

Phase 3 

NCT03464942 Stereotactic Radiation and Immunotherapy in 
Patients With Advanced Triple Negative Breast 
Cancer 

Radiation: SABR|Drug: Atezolizumab Phase 2 

NCT03206203 Carboplatin With or Without Atezolizumab in 
Treating Patients With Stage IV Triple Negative 
Breast Cancer 

Drug: Atezolizumab|Drug: Carboplatin| Phase 2 

NCT01898117 Triple-B Study;Carboplatin-cyclophosphamide 
Versus Paclitaxel With or Without Atezolizumab 
as First-line Treatment in Advanced Triple 
Negative Breast Cancer 

Drug: Carbo/cyclo|Drug: Carbo/cyclo + 
atezolizumab|Drug: Paclitaxel|Drug: Paclitaxel 
+ Atezolizumab 

Phase 2 

NCT02685059 Addition of PD-L1 Antibody MEDI4736 to a 
Taxane-anthracycline Chemotherapy in Triple 
Negative Breast Cancer 

Drug: MEDI4736 (Anti PD-L1)|Drug: 
Placebo|Drug: nab-Paclitaxel|Drug: 
Epirubicin|Drug: Cyclophosphamide 

Phase 2 

NCT02489448 Neoadjuvant MEDI4736 Concomitant With 
Weekly Nab-paclitaxel and Dose-dense AC for 
Stage I-III Triple Negative Breast Cancer 

Drug: MEDI4736 Phase 1| 
Phase 2 

NCT02926196 Adjuvant Treatment for High-risk Triple Negative 
Breast Cancer Patients With the Anti-PD-l1 
Antibody Avelumab 

Drug: MSB0010718C Phase 3 

NCT02530489 Triple-Negative First-Line Study: Neoadjuvant 
Trial of Nab-Paclitaxel and MPDL3280A, a Pdl-1 
Inhibitor in Patients With Triple Negative Breast 
Cancer 

Drug: MPDL3280A|Drug: Nab-paclitaxel Phase 2 

  Combination with Pembrolizumab (anti-PD-1 
Ab) 
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NCT02555657 Study of Single Agent Pembrolizumab (PD-1; MK-
3475) Versus Single Agent Chemotherapy for 
Metastatic Triple Negative Breast Cancer (MK-
3475-119/KEYNOTE-119) 

Biological: pembrolizumab|Drug: 
capecitabine|Drug: eribulin|Drug: 
gemcitabine|Drug: vinorelbine 

Phase 3 

NCT03036488 Study of Pembrolizumab (MK-3475) Plus 
Chemotherapy vs Placebo Plus Chemotherapy as 
Neoadjuvant Therapy and Pembrolizumab vs 
Placebo as Adjuvant Therapy in Participants With 
Triple Negative Breast Cancer (TNBC) (MK-3475-
522/KEYNOTE-522) 

Biological: Pembrolizumab|Drug: 
Carboplatin|Drug: Paclitaxel|Drug: 
Doxorubicin|Drug: Epirubicin|Drug: 
Cyclophosphamide|Drug: Placebo 

Phase 3 

NCT02819518 Study of Pembrolizumab (MK-3475) Plus 
Chemotherapy vs. Placebo Plus Chemotherapy 
for Previously Untreated Locally Recurrent 
Inoperable or Metastatic Triple Negative Breast 
Cancer (MK-3475-355/KEYNOTE-355) 

Biological: Pembrolizumab|Drug: Nab-
paclitaxel|Drug: Paclitaxel|Drug: 
Gemcitabine|Drug: Carboplatin|Drug: Normale 
Saline Solution 

Phase 3 

NCT02734290 Standard of Care Chemotherapy Plus 
Pembrolizumab for Breast Cancer 

Drug: Pembrolizumab|Drug: Paclitaxel|Drug: 
Capecitabine 

Phase 1| 
Phase 2 

NCT02622074 Safety and Efficacy Study of Pembrolizumab 
(MK-3475) in Combination With Chemotherapy 
as Neoadjuvant Treatment for Participants With 
Triple Negative Breast Cancer (TNBC) (MK-3475-
173/KEYNOTE 173) 

Biological: Pembrolizumab|Drug: Nab-
paclitaxel|Drug: Anthracycline 
(doxorubicin)|Drug: Cyclophosphamide|Drug: 
Carboplatin|Drug: Paclitaxel 

Phase 1 

NCT02755272 A Study of Pembrolizumab With Carboplatin and 
Gemcitabine in Patients With Metastatic Triple 
Negative Breast Cancer 

Drug: Pembrolizumab|Drug: Carboplatin|Drug: 
Gemcitabine 

Phase 2 

NCT02981303 Study of Imprime PGG and Pembrolizumab in 
Advanced Melanoma and Triple Negative Breast 
Cancer 

Biological: Imprime PGG|Drug: Pembrolizumab Phase 2 

NCT02954874 Pembrolizumab in Treating Patients With Triple-
Negative Breast Cancer 

Biological: Pembrolizumab|Radiation: 
Radiation Therapy 

Phase 3 

NCT03121352 Carboplatin, Nab-Paclitaxel and Pembrolizumab 
for Metastatic Triple-Negative Breast Cancer 

Drug: Carboplatin|Drug: Nab-paclitaxel|Drug: 
Pembrolizumab 

Phase 2 

NCT02957968 Neoadj Pembrolizumab + Decitabine Followed 
by Std Neoadj Chemo for Locally Advanced 
HER2- Breast Ca 

Drug: Doxorubicin|Drug: 
Cyclophosphamide|Drug: Paclitaxel|Drug: 
Carboplatin|Drug: Decitabine|Drug: 
Pembrolizumab 

Phase 2 

NCT03197389 Effect of Pembrolizumab (KeytrudaÂ®) on 
Biomarkers in Early ER/PR Negative Breast 
Cancer. 

Drug: Pembrolizumab Early Phase 
1 

NCT03289819 Neoadjuvant Pembrolizumab(Pbr)/Nab-
Paclitaxel Followed by 
Pbr/Epirubicin/Cyclophosphamide in TNBC 

Drug: Pembrolizumab|Drug: nab-
paclitaxel|Drug: Epirubicin|Drug: 
Cyclophosphamide 

Phase 2 

NCT02648477 Pembrolizumab and Doxorubicin Hydrochloride 
or Anti-Estrogen Therapy in Treating Patients 
With Triple-Negative or Hormone Receptor-
Positive Metastatic Breast Cancer 

Drug: Anastrozole|Drug: Doxorubicin 
Hydrochloride|Drug: Exemestane|Drug: 
Letrozole|Biological: Pembrolizumab 

Phase 2 

NCT03044730 Pembrolizumab and Capecitabine in Treating 
Patients With Locally Advanced or Metastatic 
Triple Negative or Hormone-Refractory Breast 
Cancer That Cannot Be Removed by Surgery 

Drug: Capecitabine|Other: Laboratory 
Biomarker Analysis|Biological: Pembrolizumab 

Phase 2 

NCT03213041 Pembrolizumab and Carboplatin in Treating 
Patients With Circulating Tumour Cells Positive 
Metastatic Breast Cancer 

Drug: Carboplatin|Other: Laboratory 
Biomarker Analysis|Biological: Pembrolizumab 

Phase 2 

NCT03366844 Breast Cancer Study of Preoperative 
Pembrolizumab + Radiation 

Drug: Pembrolizumab|Radiation: RT Boost Early Phase 
1 

  Chemotherapy combinations (Anthracycline, 
Docetaxel, Cyclophosphamide and others) 

    

NCT01276899 Study to Identify Molecular Mechanisms of 
Clinical Resistance to Chemotherapy in Triple 
Negative Breast Cancer Patients 

Procedure: Needle core biopsies of metastatic 
lesion 

  

NCT03055312 Bicalutamide in Treatment of Androgen 
Receptor (AR) Positive Metastatic Triple 
Negative Breast Cancer 

Drug: TPC|Drug: Bicalutamide 150 mg Phase 3 

NCT02247037 Patient-derived Xenograft (PDX) Modeling of 
Treatment Response for Triple Negative Breast 
Cancer 

Other: Chemotherapy   
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NCT03243838 Low-dose Apatinib Combined With Neoadjuvant 
Chemotherapy in the Treatment of Early Triple 
Negative Breast Cancer 

Drug: Apatinib Phase 1| 
Phase 2 

NCT03358004 the Role of Two Different Metronomic 
Chemotherapy Regimens in Locally Advanced or 
Metastatic Triple Negative Breast Cancer 
Patients (TNBC) as Maintenance Therapy After 
First Line Treatment 

Drug: Vinorelbine Tartrate|Drug: Capecitabine 
500 MG 

Phase 2 

NCT02938442 Vaccination of Triple Negative Breast Cancer 
Patients 

Biological: P10s-PADRE with MONTANIDEâ„¢ 
ISA 51 VG|Drug: Standard Chemotherapy 

Phase 2 

NCT02685657 Neoadjuvant Chemotherapy Docetaxel With or 
Without SELUMETINIB in Patients With Triple 
Negative Breast Cancer 

Drug: Drug: Selumetinib|Drug: 
Doxorubicin|Drug: Cyclophosphamide|Drug: 
Docetaxel 

Phase 2 

NCT02448576 PCI in Advanced Triple Negative Breast Cancer 
Patients Who Response to 1st Line 
Chemotherapy 

Radiation: prophylactic cranial irradiation   

NCT02427581 Safety and Immunogenicity of a Personalized 
Synthetic Long Peptide Breast Cancer Vaccine 
Strategy in Patients With Persistent Triple-
Negative Breast Cancer Following Neoadjuvant 
Chemotherapy 

Biological: Personalized synthetic long peptide 
vaccine (Poly ICLC)|Drug: Poly ICLC 

Phase 1 

NCT02012634 Metronomic Chemotherapy of Capecitabine 
After Standard Adjuvant Chemotherapy in 
Operable Triple Negative Breast Cancer 

  Phase 3 

NCT01642771 Comparative Study on Two Post-operative 
Adjuvant Chemotherapy Regimens for Treating 
Triple-negative Breast Cancer 

Drug: 5-Fu/epirubicin/CTX following 
Docetaxel|Drug: Docetaxel/ capecitabine 
followed by XEC 

Phase 3 

NCT01232062 Study of High-dose Chemotherapy (HDC) 
Combined With Adoptive Cellular Therapy With 
DC-CIK Cells in Triple Negative Breast Cancer 
Patients 

    

NCT02456857 Women's Triple-Negative First-Line Study: 
Liposomal Doxorubicin, Bevacizumab and 
Everolimus (DAE) in Patients With Localized 
Triple-Negative Breast Cancer (TNBC) With 
Tumours Predicted Insensitive to Standard 
Neoadjuvant Chemotherapy 

Drug: Everolimus|Drug: Liposomal 
Doxorubicin|Drug: Bevacizumab 

Phase 2 

NCT03358017 Neoadjuvant Zoledronate and Atorvastatin in 
Triple Negative Breast Cancer 

Drug: Zoledronate|Drug: Atorvastatin 
80mg|Drug: Standard neoadjuvant cht 

Phase 2 

NCT02539017 The Clinical Significance of Cellular Immune 
Adjuvant Therapy of Triple Negative Breast 
Cancer 

Drug: Chemo|Biological: Immunotherapy Phase 2 

NCT02744053 Multimodality Breast Imaging for the 
Assessment of Tumour Response to Neoadjuvant 
Chemotherapy in Triple Negative Breast Cancer 
Patients 

Procedure: Dynamic Contrast Enhanced 
Molecular Resonance Imaging (DCE-
MRI)|Procedure: Tc99m Sestamibi Molecular 
Breast Imaging (MBI)|Drug: 99mTc Sestamibi 

Early Phase 
1 

NCT02806258 Comparing Sequential Neoadjuvant Treatment 
Including Chemotherapy and Accelerated 
Radiation Focused to the Tumour Bed vs 
Neoadjuvant Chemotherapy Alone 

Radiation: Accelerated partial breast 
irradiation|Drug: Chemotherapy 

Phase 1| 
Phase 2 

  Efficacy of Capecitabine Metronomic 
Chemotherapy to Triple-negative Breast Cancer 

Drug: Capecitabine Phase 3 

NCT01395056 Study of Chemotherapy With Adoptive Cellular 
Therapy With DC-CIK Cells in Triple Negative 
Breast Cancer Patients 

    

NCT01514565 Tumour Suppressor Status as a Predictor of 
Chemotherapy Response in Triple Negative 
Breast Cancer 

    

NCT02521363 Implantable Microdevice for In Vivo Drug 
Sensitivity Testing in Patients With Early Stage, 
HER2-Positive or Triple Negative Breast Cancer 

Device: KIBUR MICRODEVICE|Drug: 
anthracycline and taxane based chemotherapy 

  

NCT03444025 Neoadjuvant Goserelin for Triple Negative Breast 
Cancer 

Drug: Goserelin Phase 2 

NCT02348320 Safety and Immunogenicity of a Personalized 
Polyepitope DNA Vaccine Strategy in Breast 
Cancer Patients With Persistent Triple-Negative 
Disease Following Neoadjuvant Chemotherapy 

Biological: Personalized polyepitope DNA 
vaccine 

Phase 1 
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NCT00491816 Erlotinib Plus Chemotherapy for Treatment of 
Triple Negative Breast Cancer 

Drug: Erlotinib with neoadjuvant 
chemotherapy 

Phase 2 

NCT03077776 Tracking Triple-negative Breast Cancer Evolution 
Through Therapy 

Procedure: Biopsy|Procedure: Biopsy 
(optional)|Procedure: Biopsy (metastatic) 

  

NCT01173497 A Study Evaluating INIPARIB in Combination 
With Chemotherapy to Treat Triple Negative 
Breast Cancer Brain Metastasis 

Drug: INIPARIB + irinotecan Phase 2 

NCT02276443 Molecular Triaging and Diagnostic Imaging to 
Guide Neoadjuvant Therapy 

Drug: Anthracycline Based 
Chemotherapy|Procedure: Ultrasound 

  

NCT02670668 Mutation of BRCA1/2 and Other Potential Genes 
in Triple-negative Breast Cancer 

Other: Mutation analysis   

NCT01698281 Phase 2 Trial of AEZS-108 in Chemotherapy 
Refractory in Triple Negative Breast Cancer 

Drug: AEZS-108|Drug: SCCC|Drug: 
Dexamethasone 

Phase 2 

NCT02018458 Safety Study Of Chemotherapy Combined With 
Dendritic Cell Vaccine to Treat Breast Cancer 

Biological: LA TNBC: DC vaccine+Preop 
chemo|Biological: ER+/HER2-BC:DC 
vaccine+Preop chemo 

Phase 1| 
Phase 2 

NCT00528567 
[COMPLETED] 

BEATRICE Study: A Study of Bevacizumab 
(Avastin) Adjuvant Therapy in Triple Negative 
Breast Cancer 

Drug: Bevacizumab|Drug: Standard adjuvant 
chemotherapy 

Phase 3 

NCT03106077 Mirvetuximab Soravtansine in Localized Triple-
Negative Breast Cancer (TNBC) 

Drug: Mirvetuximab Soravtansine Phase 2 

NCT02464774 Breast-Conserving Therapy in Patients With 
Triple-Negative Breast Cancer 

Procedure: Mastectomy|Drug: Adjuvant 
Chemotherapy|Radiation: Radiation Therapy 

  

NCT03045393 Mirvetuximab Soravtansine (IMG853) in Folate 
Receptor Alpha-expressing TNBC 

Drug: Mirvetuximab Soravtansine (IMGN853) Phase 1 

NCT02688803 Multicentre Study to Determine the Feasibility of 
Using an Integrated Consent Model to Compare 
Three Standard of Care Regimens for The 
Treatment of Triple-Negative Breast Cancer in 
the Neoadjuvant/Adjuvant Setting (REaCT-TNBC) 

Drug: Dose dense AC-P|Drug: Dose dense 
AC|Drug: FEC-D 

  

NCT01094184 A Study of Avastin With Taxane Therapy in 
Patients With Triple Negative Breast Cancer 

Drug: bevacizumab [Avastin] Phase 4 

NCT02101385 Randomized Controlled Trial of Genomically 
Directed Therapy in Patients With Triple 
Negative Breast Cancer 

Drug: Genomically Directed 
Monotherapy|Other: Observation/Standard 
Therapy 

Phase 2 

NCT02720185 Window of Opportunity Trial of Dasatinib in 
Operable Triple Negative Breast Cancers With 
nEGFR 

Drug: Dasatinib|Procedure: Conventional 
Surgery| 

Phase 2 

NCT03164863 Onco4D(TM) Biodynamic Chemotherapy 
Selection for Breast Cancer Patients 

Diagnostic Test: Onco4D Biodynamic 
Chemotherapy Selection Assay 

  

NCT00031681 7-Hydroxystaurosporine and Irinotecan 
Hydrochloride in Treating Patients With 
Metastatic or Unresectable Solid Tumours or 
Triple Negative Breast Cancer (Currently 
Accruing Only Triple-negative Breast Cancer 
Patients Since 6/8/2007) 

Drug: 7-hydroxystaurosporine|Drug: irinotecan 
hydrochloride 

Phase 1 

NCT02850302 Triple Negative Breast Cancer: Identification Pilot 
Study of Predictive Transcriptome Profiles of 
Early Tumour Drug Resistance Observed in 18F-
Fluorodeoxyglucose (FDG) PET 

Other: PET with FDG|Other: Tumour exome 
analysis 

  

NCT03244358 Evaluation of Epalrestat in Metastatic Triple-
negative Breast Cancer 

Drug: Epalrestat Phase 2 

NCT02158507 Pilot Study of Veliparib (ABT-888) and Lapatinib 
(Tykerb) in Patients With Metastatic, Triple 
Negative Breast Cancer 

Drug: Combination of Veliparib + Lapatinib   

NCT02616848 Safety and Tolerability of Everolimus in 
Combination With Eribulin in Triple-negative 
Breast Cancers 

Drug: Everolimus|Drug: Eribulin Phase 1 

NCT03457779 Pilot Study To Investigate Targetable Metabolic 
Pathways Sustaining Triple Negative Breast 
Cancer 

Dietary Supplement: Glucose   

NCT03304756 Study of Neoadjuvant Treatment of Locally 
Advanced Breast Cancer With CAP Regimen 

Drug: CAP Phase 2 

NCT02580747 Treatment of Relapsed and/or Chemotherapy 
Refractory Advanced Malignancies by CART-
meso 

Biological: anti-meso-CAR vector transduced T 
cells 

Phase 1 

NCT02595138 Zoledronic Acid as Adjuvant Treatment of Triple-
negative Breast Cancer 

Drug: Zoledronic acid Phase 3 
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NCT02225470 Eribulin Versus Vinorelbine in Subjects With 
Locally Recurrent or Metastatic Breast Cancer 
Previously Treated With Anthracyclines and 
Taxanes 

Drug: E7389 (Eribulin Mesylate)|Drug: 
Vinorelbine injection 

Phase 3 

NCT03332368 Clinical Study on Triple Negative Breast Cancer 
With Chinese Medicine 

Other: Traditional Chinese medicine   

NCT02574455 ASCENT-Study of Sacituzumab Govitecan in 
Refractory/Relapsed Triple-Negative Breast 
Cancer 

Drug: Sacituzumab govitecan|Drug: 
Eribulin|Drug: Capecitabine|Drug: 
Gemcitabine|Drug: Vinorelbine 

Phase 3 

NCT02338531 Biomarker Research Study for PF-03084014 in 
cHEmoresistant Triple-negative Breast cAncer 

Drug: PF-03084014|Procedure: Breast cancer 
surgery 

Phase 2 

NCT03199040 Neoantigen DNA Vaccine Alone vs. Neoantigen 
DNA Vaccine Plus Durvalumab in Triple Negative 
Breast Cancer Patients Following Standard of 
Care Therapy 

Drug: Durvalumab|Biological: Neoantigen DNA 
vaccine|Device: TDS-IM system (Inchor Medical 
Systems)| 

Phase 1 

NCT02897050 Trial of Neoadjuvant Docetaxel Â± Metronomic 
Capecitabine/CTX Followed by FEC in Women 
With Operable Triple Negative Breast Cancer 

Drug: Docetaxel|Drug: Capecitabine|Drug: 
Cyclophosphamide (tablet)|Drug: 
Fluorouracil|Drug: Epirubicin|Drug: 
Cyclophosphamide (injection) 

Phase 2 

NCT02934828 Study of Preoperative Chemotherapy for Early 
Triple Negative or HER2-positive Operable Breast 
Cancer 

Drug: Neoadjuvant Chemotherapy|Drug: 
postoperative chemotherapy 

Phase 2 

NCT02302742 Triple Negative Breast Cancer and Germline 
Hereditary Breast and Ovarian Cancer Mutation 
Carrier Registry 

    

NCT01434420 Triple Negative Breast Cancer: Study of 
Molecular and Genetic Factors 

Genetic: BRCA1 BRCA2 PTEN PALB2 mutation   

NCT01272141 A Study of Lapatinib in Combination With 
Everolimus in Patients With Advanced, Triple 
Negative Breast Cancer 

Drug: Lapatinib and Everolimus Phase 2 

NCT02411656 MK-3475 for Metastatic Inflammatory Breast 
Cancer (MIBC) 

Drug: MK-3475 Phase 2 

NCT01612910 Oral Microencapsulated Diindolylmethane in 
Treating Patients With Stage II-III Triple 
Negative, Androgen Receptor Positive Breast 
Cancer Who Have Undergone Chemotherapy 
and Surgery 

Drug: oral microencapsulated 
diindolylmethane| 

Phase 2 

NCT02681562 Olaparib in Locally Advanced ER, PgR and HER2 
Negative (Triple Negative) and in Locally 
Advanced Germline BRCA Mutation-positive 
Breast Cancer Patients 

Drug: olaparib Phase 2 

NCT01307891 
[COMPLETED] 

Abraxane With or Without Tigatuzumab in 
Patients With Metastatic, Triple Negative Breast 
Cancer 

Drug: Abraxane alone|Drug: Abraxane + 
Tigatuzumab 

Phase 2 

NCT03012100 Multi-epitope Folate Receptor Alpha Peptide 
Vaccine, Sargramostim, and Cyclophosphamide 
in Treating Patients With Triple Negative Breast 
Cancer 

Drug: Cyclophosphamide|Biological: Multi-
epitope Folate Receptor Alpha Peptide 
Vaccine|Biological: Sargramostim 

Phase 2 

NCT02996825 Mirvetuximab Soravtansine and Gemcitabine 
Hydrochloride in Treating Patients With FRa-
Positive Recurrent Ovarian, Primary Peritoneal, 
Fallopian Tube, Endometrial, or Triple Negative 
Breast Cancer 

Drug: Gemcitabine Hydrochloride|Other: 
Laboratory Biomarker Analysis|Biological: 
Mirvetuximab Soravtansine 

Phase 1 

NCT02089854 Adjuvant Endocrine Therapy for Estrogen 
Receptor-beta Positive Triple Negative Breast 
Cancer 

Drug: Toremifene; Anastrozole Phase 4 

NCT02950259 Pre-operative IRX-2 in Early Stage Breast Cancer 
(ESBC) 

Drug: Cyclophosphamide|Drug: 
Indomethacin|Drug: Omeprazole|Dietary 
Supplement: Multivitamin 

Phase 1 

NCT00834678 
[COMPLETED] 

Bendamustine and Erlotinib in Treating Patients 
With Stage IIIB, Stage IIIC, or Stage IV Breast 
Cancer 

Drug: bendamustine|Drug: erlotinib|Drug: 
Maintenance erlotinib 

Phase 1| 
Phase 2 

NCT02071862 Study of the Glutaminase Inhibitor CB-839 in 
Solid Tumours 

Drug: CB-839|Drug: Pac-CB|Drug: CBE|Drug: 
CB-Erl|Drug: CBD|Drug: CB-Cabo 

Phase 1 

NCT02130700 Oral VT-464 in Patients With Castration-
Resistant Prostate Cancer Previously Treated 
With Enzalutamide, Androgen Receptor Positive 

Drug: VT-464: given orally twice daily in 28-day 
cycles|Drug: VT-464: given orally once daily in 
28-day cycles 

Phase 2 
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Triple-Negative Breast Cancer Patients, and Men 
With ER Positive Breast Cancer 

NCT01194908 Re-expression of ER in Triple Negative Breast 
Cancers 

Drug: Decitabine, LBH589, Tamoxifen Phase 1| 
Phase 2 

NCT01292083 Azacitidine in Treating Patients With Triple 
Negative Stage I-IV Invasive Breast Cancer That 
Can Be Removed By Surgery 

Drug: azacitidine   

NCT02353988 AR-inhibitor Bicalutamide in Treating Patients 
With TNBC 

Drug: Bicalutamide Phase 2 

NCT01662128 Efficacy and Safety Of Xeloda as Sequential 
Adjuvant Therapy After Chemotherapy in Breast 
Cancer 

Drug: Xeloda Phase 
2|Phase 3 

NCT01732276 The Safety and Effects of Gefitinib in Triple-
negative,EGFR Positive Metastatic Breast Cancer 

Drug: gefitinib Phase 2 

NCT01071564 RO4929097 and Vismodegib in Treating Patients 
With Breast Cancer That is Metastatic or Cannot 
Be Removed By Surgery 

Drug: Gamma-Secretase Inhibitor 
RO4929097|Drug: Vismodegib 

Phase 1 

NCT03218826 PI3Kbeta Inhibitor AZD8186 and Docetaxel in 
Treating Patients Advanced Solid Tumours With 
PTEN or PIK3CB Mutations That Are Metastatic 
or Cannot Be Removed by Surgery 

Drug: Docetaxel Drug: PI3Kbeta Inhibitor 
AZD8186 

Phase 1 

NCT00246571 
[COMPLETED] 

Study Of SU011248 Versus Chemotherapy For 
Patients With Previously Treated Triple Receptor 
Negative Breast Cancer 

Drug: SU011248|Drug: Chemotherapy Phase 2 

NCT00600249 Assessment of the Efficacy of a Neoadjuvant 
Combination: "Chemotherapy-targeted Therapy" 
in Breast Cancer. 

Drug: Cetuximab|Drug: Docetaxel Phase 2 

NCT01349959 Azacitidine and Entinostat in Treating Patients 
With Advanced Breast Cancer 

Drug: Azacitidine|Drug: Entinostat| Phase 2 

NCT01889238 Safety and Efficacy Study of Enzalutamide in 
Patients With Advanced, Androgen Receptor-
Positive, Triple Negative Breast Cancer 

Drug: Enzalutamide Phase 2 

NCT01596751 Phase Ib/II Study of PLX 3397 and Eribulin in 
Patients With Metastatic Breast Cancer 

Drug: PLX3397|Drug: Eribulin Phase 
1|Phase 2 

NCT00022516 
[COMPLETED] 

Low-dose Oral Cyclophosphamide and 
Methotrexate Maintenance for Hormone 
Receptor-negative Early Breast Cancer 

Drug: Cyclophosphamide|Drug: Methotrexate Phase 3 

NCT02706392 Genetically Modified T-Cell Therapy in Treating 
Patients With Advanced ROR1+ Malignancies 

Other: Laboratory Biomarker 
Analysis|Biological: ROR1 CAR-specific 
Autologous T-Lymphocytes 

Phase 1 

NCT01145430 Veliparib and Pegylated Liposomal Doxorubicin 
Hydrochloride in Treating Patients With 
Recurrent Ovarian Cancer, Fallopian Tube 
Cancer, or Primary Peritoneal Cancer or 
Metastatic Breast Cancer 

Drug: Pegylated Liposomal Doxorubicin 
Hydrochloride|Drug: Veliparib 

Phase 1 

NCT02455791 Feasibility and Identification of Breast Cancer 
Patients for Potential Avoidance of Surgery 

Procedure: Ultrasound-Guided Biopsy   

NCT00630032 Safety and Efficacy Comparison of Docetaxel and 
Ixabepilone in Non Metastatic Poor Prognosis 
Breast Cancer 

Drug: cyclophosphamide|Drug: 
Docetaxel|Drug: epirubicin 
hydrochloride|Drug: fluorouracil|Drug: 
ixabepilone 

Phase 3 

NCT00130533 Maintenance Treatment With Capecitabine 
Versus Observation in Breast Cancer Patients 

Drug: Capecitabine Phase 3 

NCT00912444 Neoadjuvant Treatment of Docetaxel, 
Anthracycline and Cyclophosphamide (TAC) 
Versus Docetaxel and Cyclophosphamide (TC) in 
Triple-Negative or Her2 Positive Breast Cancer 

Drug: Docetaxel, Anthracycline (Doxorubicin or 
Epirubicin), Cyclophosphamide|Drug: 
Docetaxel, cyclophosphamide 

Phase 3 

NCT02227082 Olaparib and Radiotherapy in Inoperable Breast 
Cancer 

Radiation: radiotherapy|Drug: olaparib Phase 1 

NCT01818999 Ixabepilone and SBRT For Metastatic Breast 
Cancer 

Drug: IXABEPILONE|Radiation: STEREOTACTIC 
BODY RADIATION THERAPY 

Phase 2 
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6.5 Table 6.2. Summary of clinical trials currently using MEK inhibitors.  
 

NCT 
Number 

Title Conditions Interventions Study 
Phase 

NCT01467310 Defining the Triple 
Negative Breast Cancer 
Kinome Response to 
GSK1120212 

Breast Cancer Drug: GSK1120212 Early 
Phase 
1 

NCT01160718 Fulvestrant With or 
Without AZD6244 in 
Treating Patients With 
Advanced Breast Cancer 
That Progressed After 
Aromatase Inhibitor 
Therapy 

Breast Cancer Drug: fulvestrant|Drug: 
selumetinib 

Phase 
2 

NCT02685657 Neoadjuvant 
Chemotherapy 
Docetaxel With or 
Without SELUMETINIB in 
Patients With Triple 
Negative Breast Cancer 

Triple Negative Breast Cancer Drug: Drug: 
Selumetinib|Drug: 
Doxorubicin|Drug: 
Cyclophosphamide|Drug: 
Docetaxel 

Phase 
2 

NCT00147550 MEK Inhibitor PD-
325901 To Treat 
Advanced Breast Cancer, 
Colon Cancer, And 
Melanoma. 

Breast Neoplasms Drug: PD-0325901 Phase 
1| 
Phase 
2 

NCT02322853 A Multicenter Trial 
Assessing the Efficacy 
and Safety of tamOxifen 
Plus LY2228820 in 
Advanced or Metastatic 
Breast Cancer 
Progressing on 
aromatasE Inhibitors 

Postmenopausal|Metastatic 
Breast Cancer 

Drug: Tamoxifen|Drug: 
Ralimetinib (LY2228820 
dimesylate) 

Phase 
2 

NCT02583542 A Study of AZD2014 in 
Combination With 
Selumetinib in Patients 
With Advanced Cancers 

Triple-Negative Breast Cancer Drug: AZD2014|Drug: 
AZD6244 

Phase 
1| 
Phase 
2 

NCT03106415 Pembrolizumab and 
Binimetinib in Treating 
Patients With Locally 
Advanced or Metastatic 
Triple Negative Breast 
Cancer 

Breast 
Adenocarcinoma|Estrogen 
Receptor Negative|HER2/Neu 
Negative|Progesterone 
Receptor Negative|Triple-
Negative Breast Carcinoma 

Drug: Binimetinib|Other: 
Laboratory Biomarker 
Analysis|Biological: 
Pembrolizumab 

Phase 
1| 
Phase 
2 

NCT01964924 Trametinib and Akt 
Inhibitor GSK2141795 in 
Treating Patients With 
Metastatic Triple-
Negative Breast Cancer 

Estrogen Receptor 
Negative|HER2/Neu 
Negative|Invasive Breast 
Carcinoma|Progesterone 
Receptor Negative|Recurrent 
Breast Carcinoma|Stage IV 
Breast Cancer|Triple-
Negative Breast Carcinoma 

Drug: Akt Inhibitor 
GSK2141795|Other: 
Laboratory Biomarker 
Analysis|Drug: Trametinib 

Phase 
2 

NCT03395899 Pre-operative 
Immunotherapy 
Combination Strategies 
in Breast Cancer 

Breast Cancer|Estrogen 
Receptor-positive Breast 
Cancer 

Drug: Atezolizumab|Drug: 
Cobimetinib|Drug: 
Ipatasertib|Drug: 
Bevacizumab 

Phase 
2 
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NCT00780676 Personalized Treatment 
Selection for Metastatic 
Breast Cancer 

Breast Cancer Drug: Dasatinib|Drug: 
AZD6244 

Phase 
2 

NCT01390818 Trial of MEK Inhibitor 
and PI3K/mTOR Inhibitor 
in Subjects With Locally 
Advanced or Metastatic 
Solid Tumours 

Locally Advanced Solid 
Tumour|Metastatic Solid 
Tumour|Breast Cancer|Non 
Small Cell Lung 
Cancer|Melanoma|Colorectal 
Cancer 

Drug: MSC1936369B 
(pimasertib)|Drug: 
SAR245409 (PI3K and mTOR 
inhibitor) 

Phase 
1 

NCT02299999 SAFIR02_Breast - Efficacy 
of Genome Analysis as a 
Therapeutic Decision 
Tool for Patients With 
Metastatic Breast Cancer 

Metastatic Breast Cancer Drug: AZD2014|Drug: 
AZD4547|Drug: 
AZD5363|Drug: 
AZD8931|Drug: 
Selumetinib|Drug: 
Vandetanib|Drug: 
Bicalutamide|Drug: 
Olaparib|Drug: 
Anthracyclines|Drug: 
Taxanes|Drug: 
cyclophosphamide|Drug: 
DNA intercalators|Drug: 
Methotrexate|Drug: vinca 
alkaloids|Drug: Platinum 
based 
chemotherapies|Drug: 
Bevacizumab|Drug: 
Mitomycine C|Drug: 
Eribuline|Drug: MEDI4736 

Phase 
2 

NCT01337765 Safety, Pharmacokinetics 
and Pharmacodynamics 
of BEZ235 Plus MEK162 
in Selected Advanced 
Solid Tumour Patients 

Unspecified Adult Solid 
Tumour, Protocol 
Specific|Solid Tumour 

Drug: BEZ235 + MEK162 Phase 
1 

NCT01363232 Safety, Pharmacokinetics 
and Pharmacodynamics 
of BKM120 Plus MEK162 
in Selected Advanced 
Solid Tumour Patients 

Advanced Solid 
Tumours|Selected Solid 
Tumours 

Drug: BKM120 + MEK162 Phase 
1 

NCT01138085 Safety, Pharmacokinetics 
(PK) of AKT and MEK 
Combination 

Breast Cancer Drug: GSK1120212|Drug: 
GSK2141795 

Phase 
1 

NCT01155453 A Study to Investigate 
Safety, Pharmacokinetics 
(PK) and 
Pharmacodynamics (PD) 
of BKM120 Plus 
GSK1120212 in Selected 
Advanced Solid Tumour 
Patients 

Advanced and Selected Solid 
Tumours 

Drug: BKM120|Drug: 
GSK1120212 

Phase 
1 
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NCT02465060 NCI-MATCH: Targeted 
Therapy Directed by 
Genetic Testing in 
Treating Patients With 
Advanced Refractory 
Solid Tumours, 
Lymphomas, or Multiple 
Myeloma 

Advanced Malignant Solid 
Neoplasm|Breast 
Carcinoma|Recurrent Breast 
Carcinoma 

Drug: Adavosertib|Drug: 
Afatinib|Drug: 
Binimetinib|Drug: 
Capivasertib|Drug: 
Crizotinib|Drug: 
Dabrafenib|Drug: 
Dasatinib|Drug: 
Defactinib|Drug: FGFR 
Inhibitor AZD4547|Drug: 
Larotrectinib|Biological: 
Nivolumab|Drug: 
Osimertinib|Drug: 
Palbociclib|Biological: 
Pertuzumab|Drug: PI3K-
beta Inhibitor 
GSK2636771|Drug: 
Sapanisertib|Drug: Sunitinib 
Malate|Drug: 
Taselisib|Drug: 
Trametinib|Biological: 
Trastuzumab 
Emtansine|Drug: 
Vismodegib 

Phase 
2 
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6.6 Table 6.3. Summary of checkpoint blockade immunotherapies currently being 
trialled in breast cancer.  
 

NCT Number Title Conditions Interventions Study 
Phase 

  Anti-4-1BB Ab & Anti-OX-
40 Ab in Breast Cancers 

      

NCT03364348 4-1BB Agonist Monoclonal 
Antibody PF-05082566 
With Trastuzumab 
Emtansine or Trastuzumab 
in Treating Patients With 
Advanced HER2-Positive 
Breast Cancer 

HER2 Positive Breast 
Carcinoma|Recurrent Breast 
Carcinoma| 

Drug: Utomilumab|Drug: 
Trastuzumab|Drug: 
Trastuzumab Emtansine 

Phase 
1 

NCT02179918 A Study Of 4-1BB Agonist 
PF-05082566 Plus PD-1 
Inhibitor MK-3475 In 
Patients With Solid 
Tumours 
(B1641003/KEYNOTE-
0036) 

Advanced Solid Tumours Drug: PF-05082566|Drug: 
MK-3475 

Phase 
1 

NCT02554812 A Study Of Avelumab In 
Combination With Other 
Cancer Immunotherapies 
In Advanced Malignancies 
(JAVELIN Medley) 

Advanced Cancer Drug: Avelumab|Drug: 
Utomilumab|Drug: PF-
04518600|Drug: PD 0360324 

Phase 
2 

NCT02923349 A Phase 1/2, Open-Label, 
Dose-Escalation, Safety 
Study of INCAGN01949 in 
Subjects With Advanced or 
Metastatic Solid Tumours 

Advanced Cancer|Metastatic Cancer Drug: INCAGN01949 Phase 
1| 
Phase 
2 

NCT02554812 A Study Of Avelumab In 
Combination With Other 
Cancer Immunotherapies 
In Advanced Malignancies 
(JAVELIN Medley) 

Advanced Cancer Drug: Avelumab|Drug: 
Utomilumab|Drug: PF-
04518600|Drug: PD 0360324 

Phase 
2 

NCT01644968 Phase 1 Study of Anti-
OX40 in Patients With 
Advanced Cancer 

Advanced Cancer Drug: Cohort 1 anti-
OX40|Drug: Cohort 2 anti-
OX40|Drug: Cohort 3 anti-
OX40|Biological: Tetanus Day 
29|Biological: Tetanus Day 
1|Biological: KLH Day 
1|Biological: KLH Day 29 

Phase 
1 

NCT02315066 Study Of OX40 Agonist PF-
04518600 Alone And In 
Combination With 4-1BB 
Agonist PF-05082566 

Neoplasms Drug: PF-04518600|Drug: PF-
04518600 plus PF-05082566 

Phase 
1 

NCT02205333 A Phase 1b/2 Safety and 
Tolerability Study of 
MEDI6469 in Combination 
With Therapeutic Immune 
Agents or Monoclonal 
Antibodies 

Advanced Solid Tumours|Aggressive B-
cell Lymphomas 

Biological: MEDI6469 
Monotherapy|Biological: 
MEDI6469 Plus 
Tremelimumab|Biological: 
MEDI6469 Plus 
Durvalumab|Biological: 
MEDI6469 plus Rituximab 

Phase 
1| 
Phase 
2 

NCT02318394 A Phase 1 Study of 
MEDI0562 in Adult 
Subjects With Selected 
Advanced Solid Tumours 

Advanced Solid Tumours Biological: MEDI0562 Phase 
1 

NCT02221960 A Phase 1 Study to 
Evaluate MEDI6383 Alone 
and in Combination With 
MEDI4736 in Adult 
Subjects With Select 
Advanced Solid Tumours 

Recurrent or Metastatic Solid Tumours Biological: 
MEDI6383|Biological: 
MEDI6383 and MEDI4736 

Phase 
1 
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NCT02410512 A Study to Assess the 
Safety and 
Pharmacokinetics of 
MOXR0916 and 
Atezolizumab (Also Known 
as MPDL3280A or Anti-PD-
L1) in Participants With 
Locally Advanced or 
Metastatic Solid Tumours 

Neoplasms Drug: Atezolizumab 
(MPDL3280A), an engineered 
anti-programmed death-
ligand 1 [PD-L1] 
antibody|Drug: MOXR0916, a 
humanized agonist anti-OX40 
monoclonal antibody 

Phase 
1 

NCT02528357 GSK3174998 Alone or 
With Pembrolizumab in 
Subjects With Advanced 
Solid Tumours (ENGAGE-1) 

Cancer Drug: GSK3174998|Drug: 
Pembrolizumab 

Phase 
1 

NCT03241173 A Study Exploring the 
Safety and Efficacy of 
INCAGN01949 in 
Combination With 
Immune Therapies in 
Advanced or Metastatic 
Malignancies 

Advanced or Metastatic Malignancies Drug: INCAGN01949|Drug: 
Nivolumab|Drug: Ipilimumab 

Phase 
1| 
Phase 
2 

NCT03447314 Study of a Combination of 
GSK1795091 and 
Immunotherapies in 
Subjects With Advanced 
Solid Tumours 

Neoplasms Drug: GSK1795091|Drug: 
GSK3174998 

Phase 
1 

NCT02705482 A Study to Evaluate 
MEDI0562 in Combination 
With Immune Therapeutic 
Agents in Adult Subjects 
With Advanced Solid 
Tumours 

Select Advanced Solid Tumours Biological: 
MEDI0562|Biological: 
Tremelimumab|Biological: 
Durvalumab 

Phase 
1 

NCT01862900 Stereotactic Body 
Radiation and Monoclonal 
Antibody to OX40 
(MEDI6469) in Breast 
Cancer Patients With 
Metastatic Lesions 

Metastatic Breast Cancer|Lung 
Metastases|Liver Metastases 

Biological: MEDI6469 Phase 
1| 
Phase 
2 

NCT03330561 PRS-343 in HER2-Positive 
Solid Tumours 

HER2-positive Breast Cancer|HER2-
positive Gastric Cancer|HER2-positive 
Bladder Cancer|HER2-positive Solid 
Tumour 

Drug: PRS-343 Phase 
1 

  Anti-4-1BB Ab & Anti-OX-
40 Ab in other Cancers 

      

NCT02315066 Study Of OX40 Agonist PF-
04518600 Alone And In 
Combination With 4-1BB 
Agonist PF-05082566 

Neoplasms Drug: PF-04518600|Drug: PF-
04518600 plus PF-05082566 

Phase 
1 

NCT02111863 Immunotherapy Using 
41BB Selected Tumour 
Infiltrating Lymphocytes 
for Patients With 
Metastatic Melanoma 

Melanoma|Skin Cancer Drug: Aldesleukin|Drug: 
Fludarabine|Drug: 
Cyclophosphamide|Biological: 
4-1BB Selected Tumour 
Infiltrating Lymphocytes (TIL) 

Phase 
2 

NCT03019055 Study of CAR-20/19-T Cells 
in Patients With Relapsed 
Refractory B Cell 
Malignancies 

CLL/SLL|Lymphomas Non-Hodgkin's B-
Cell 

Biological: CAR-20/19-T Phase 
1 

NCT03330834 CAR-T Cell 
Immunotherapy for 
Advanced Lung Cancer 

Advanced Lung Cancer Biological: CAR-T cells to treat 
advanced lung cancer 

Phase 
1 

NCT03060356 Autologous T Cells 
Expressing MET scFv CAR 
(RNA CART-cMET) 

Malignant Melanoma|Breast Cancer Biological: T cells modified 
with RNA anti -cMET CAR 

Early 
Phase 
1 

NCT02159716 CART-meso in Mesothelin 
Expressing Cancers 

Metastatic Pancreatic (Ductal) 
Adenocarcinoma|Epithelial Ovarian 
Cancer|Malignant Epithelial Pleural 
Mesothelioma 

Biological: CART-meso Phase 
1 

NCT02132624 CD19-targeting 3rd 
Generation CAR T Cells for 
Refractory B Cell 

B Cell Lymphoma|B Cell Leukemia Biological: Autologous 3rd 
generation CD19-targeting 
CAR T cells 

Phase 
1| 
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Malignancy - a Phase I/IIa 
Trial. 

Phase 
2 

NCT02706782 A Study of Mesothelin 
Redirected Autologous T 
Cells for Advanced 
Pancreatic Carcinoma 

Pancreatic Cancer Drug: TAI-meso-CART Phase 
1 

NCT01861938 Modified Melanoma 
Vaccine for High Risk or 
Low Residual Disease 
Patients 

High Risk HLA-A2+ 
Melanoma|Metastatic Disease 

Biological: Melanoma vaccine 
modified to express HLA 
A2/4-1BB ligand 

Phase 
2| 
Phase 
3 

NCT01307267 A Study Of PF-05082566 
As A Single Agent And In 
Combination With 
Rituximab 

Lymphoma, Non-Hodgkin|Lymphoma, 
Follicular|Lymphoma, Large B-Cell, 
Diffuse|Carcinoma, Non-Small-Cell 
Lung|Carcinoma, Renal 
Cell|Carcinoma, Squamous Cell of 
Head and Neck|Malignant Melanoma 

Drug: PF-05082566|Drug: 
rituximab 

Phase 
1 

NCT02546167 CART-BCMA Cells for 
Multiple Myeloma 

Multiple Myeloma Biological: CART-BCMA Phase 
1 

NCT02623582 CD123 Redirected 
Autologous T Cells for AML 

Relapsed or Refractory Acute Myeloid 
Leukemia 

Biological: Autologous Anti-
CD 123 CAR TCR/4-1BB-
expressing T-
lymphocytes|Drug: 
Cyclophosphamide 

Early 
Phase 
1 

NCT03076437 Anti-CD19 Chimeric 
Antigen Receptor (CAR)-
Transduced T Cell Therapy 
for Patients With B Cell 
Malignancies 

Acute Lymphocytic Leukemia|Chronic 
Lymphocytic Leukemia|Lymphoma 

Combination Product: Drugs 
and Anti-CD19-CAR 
transduced T cells 

Phase 
1| 
Phase 
2 

NCT02963038 CAR T Cells for Refractory 
B Cell Malignancy 

B-Cell Leukemia|B-Cell Lymphoma Biological: Autologous CD19-
targeting CAR T cells 

Phase 
1| 
Phase 
2 

NCT03412526 Adoptive Cell Therapy 
Following a Reduced 
Intensity, Non-
myeloablative, 
Lymphodepleting 
Induction Regimen in 
Metastatic Ovarian 

Metastatic Ovarian Cancer Drug: Fludarabine|Radiation: 
Radiation|Biological: TIL 
administration|Drug: IL-2 

Phase 
2 

NCT01029366 CART19 to Treat B-Cell 
Leukemia or Lymphoma 
That Are Resistant or 
Refractory to 
Chemotherapy 

Hematopoietic/Lymphoid 
Cancer|Adult Acute Lymphoblastic 
Leukemia in Remission|B-cell Adult 
Acute Lymphoblastic 
Leukemia|Recurrent Adult Diffuse 
Large Cell Lymphoma| Mantle Cell 
Lymphoma 

Biological: CART-19 Phase 
1 

NCT02135406 CART-19 for Multiple 
Myeloma 

Multiple Myeloma Biological: CART-19 T cells Phase 
1 

NCT02862704 A Study of MG7 
Redirected Autologous T 
Cells for Advanced MG7 
Positive Liver 
Metastases(MG7-CART) 

Liver Metastases Biological: MG7-CART Phase 
1| 
Phase 
2 

NCT03093168 BCMA Chimeric Antigen 
Receptor Expressing T 
Cells in Multiple Myeloma 

Multiple Myeloma Biological: Anti-BCMA CAR-T 
cells|Drug: Fludarabine|Drug: 
Cyclophosphamide 

Phase 
1 

NCT02652455 Combining PD-1 Blockade, 
CD137 Agonism and 
Adoptive Cell Therapy for 
Metastatic Melanoma 

Melanoma (Skin)|Skin Cancer Drug: Nivolumab|Procedure: 
Surgery to Remove Tumour 
for Growth of TIL|Drug: 
CD137|Drug: 
Cyclophosphamide|Drug: 
Fludarabine|Biological: TIL 
Infusion|Drug: Interleukin-2 

Early 
Phase 
1 

NCT02845323 Neoadjuvant Nivolumab 
With and Without 
Urelumab in Patients With 
Cisplatin-Ineligible Muscle-

Urothelial Carcinoma|Bladder Cancer Drug: Nivolumab in 
combination with 
Urelumab|Drug: Nivolumab 
monotherapy 

Phase 
2 
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Invasive Urothelial 
Carcinoma of the Bladder 

NCT02028455 A Pediatric and Young 
Adult Trial of Genetically 
Modified T Cells Directed 
Against CD19 for 
Relapsed/Refractory 
CD19+ Leukemia 

CD19+ Acute Leukemia Biological: Patient Derived 
CD19 specific CAR T cells also 
expressing an EGFRt 

Phase 
1| 
Phase 
2 

NCT02944162 CAR-pNK Cell 
Immunotherapy for 
Relapsed/Refractory 
CD33+ AML 

Acute Myelogenous Leukemia|Acute 
Myeloid Leukemia| 

Biological: anti-CD33 CAR-NK 
cells 

Phase 
1| 
Phase 
2 

NCT02277522 CD19 Redirected 
Autologous T Cells for 
Hodgkin Lymphoma 

Hodgkin Lymphoma With no Available 
Curative Treatment Options Who Have 
a Limited Prognosis 

Biological: RNA anti-CD19 CAR 
T cells 

Early 
Phase 
1 

NCT03144583 Pilot Study on the Infusion 
of ARI-0001 Cells in 
Patients With CD19+ 
Leukemia or Lymphoma 
Refractory to Therapy 

Leukemia|Lymphoma Biological: Adult 
differentiated autologous T-
cells 

Phase 
1 

NCT02030847 Study of Redirected 
Autologous T Cells 
Engineered to Contain 
Anti-CD19 Attached to TCR 
and 4-1BB Signaling 
Domains in Patients With 
Chemotherapy Resistant 
or Refractory Acute 
Lymphoblastic Leukemia 

Patients With B Cell ALL, Relapsed or 
Refractory, With no Available Curative 
Treatment Options 

Biological: CART-19 Phase 
2 

NCT02624258 Pilot Study of Non-Viral, 
RNA-Redirected 
Autologous T Cells in 
Patients With Refractory 
or Relapsed Hodgkin 
Lymphoma 

Hodgkin Lymphoma Biological: CD19 RNA 
redirected autologous T-cells 
(RNA CART19 cells) 

Early 
Phase 
1 

NCT00612664 Phase II, 2nd Line 
Melanoma - RAND 
Monotherapy 

Melanoma Drug: Anti-CD137 (4-1BB) 
(BMS-663513) 

Phase 
2 

NCT03208556 Safety and Efficacy of iPD1 
CD19 eCAR T Cells in 
Relapsed or Refractory B-
cell Lymphoma 

Relapsed or Refractory B-cell 
Lymphoma 

Biological: iPD1 CD19 eCAR T 
cells|Drug: Fludarabine and 
cyclophosphamide 

Phase 
1 

NCT02721407 Anti-CD22 CAR-T Therapy 
for CD19-refractory or 
Resistant Lymphoma 
Patients 

Recurrent Adult Diffuse Large Cell 
Lymphoma|Stage III/IV Mantle Cell 
Lymphoma 

Drug: Retroviral vector-
transduced autologous T cells 
to express CD22-specific CARs 

Phase 
1 

NCT01355965 Autologous Redirected 
RNA Meso-CIR T Cells 

Malignant Pleural Mesothelioma Biological: Autologous T cells Phase 
1 

NCT01898039 Modified Melanoma 
Vaccine for High Risk or 
Low Residual Disease 
Patients 

Malignant Melanoma Biological: A2/4-1BBL 
melanoma 
vaccine|Procedure: DNP 
sensititzation|Drug: 
Cyclophosphamide 

Phase 
1| 
Phase 
2 

NCT03265106 A Clinical Study Evaluating 
the Safety and Efficacy of 
BinD19 Treatment in 
Childhood R/R ALL and 
Lymphoma Subjects 

Relapsed B-cell Acute Lymphoblastic 
Leukemia, 
Childhood|Relapsed/Refractory B-cell 
Lymphoma, Childhood 

Biological: BinD19 Phase 
1| 
Phase 
2 

NCT03156101 A Clinical Study Evaluating 
the Safety and Efficacy of 
BinD19 Treatment in R/R 
ALL and Lymphoma 
Subjects 

Relapsed B-cell Acute Lymphoblastic 
Leukemia|Relapsed Refractory B-cell 
Lymphoma 

Biological: BinD19 Phase 
1| 
Phase 
2 

NCT02374333 Pilot Study of Redirected 
Autologous T Cells 
Engineered to Contain 
Humanized Anti-CD19 in 
Patients With Relapsed or 

Acute Lymphocytic Leukemia|Diffuse 
Large Cell Lymphoma 

Biological: huCART19 Phase 
1 
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Refractory CD19+ 
Leukemia and Lymphoma 
Previously Treated With 
Cell Therapy 

NCT01626495 Phase I/IIA Study of 
CART19 Cells for Patients 
With Chemotherapy 
Resistant or Refractory 
CD19+ Leukemia and 
Lymphoma 

B Cell Leukemia|B Cell Lymphoma Biological: CART-19 Phase 
1 

NCT01551043 Allo CART-19 Protocol Acute Lymphocytic Leukemia Biological: CART-19 Phase 
1 

NCT02672501 A Study to Assess CD19-
targeted Immunotherapy 
T Cells in Patients With 
Relapsed or Refractory 
CD19+ B Cell Leukemia 

Leukemia, B-Cell Drug: anti-CD19-CAR-T cells Phase 
1| 
Phase 
2 

NCT01865617 Laboratory Treated T Cells 
in Treating Patients With 
Relapsed or Refractory 
Chronic Lymphocytic 
Leukemia, Non-Hodgkin 
Lymphoma, or Acute 
Lymphoblastic Leukemia 

CD19-Positive Neoplastic Cells 
Present|Recurrent Adult Acute 
Lymphoblastic Leukemia| Recurrent 
Diffuse Large B-Cell 
Lymphoma|Recurrent Mantle Cell 
Lymphoma| 

Biological: Autologous Anti-
CD19CAR-4-1BB-CD3zeta-
EGFRt-expressing T 
Lymphocytes|Other: 
Laboratory Biomarker 
Analysis 

Phase 
1| 
Phase 
2 

NCT02030834 Phase IIa Study of 
Redirected Autologous T 
Cells Engineered to 
Contain Anti-CD19 
Attached to TCRz and 4-
Signaling Domains in 
Patients With 
Chemotherapy Relapsed 
or Refractory CD19+ 
Lymphomas 

Non-Hodgkins Lymphoma (NHL) 
Patients, With CD19+B Cell Lymphomas 

Biological: CART-19 Phase 
2 

NCT02588456 Pilot Study of Autologous 
Anti-CD22 Chimeric 
Antigen Receptor 
Redirected T Cells In 
Patients With 
Chemotherapy Resistant 
Or Refractory Acute 
Lymphoblastic Leukemia 

Relapsed or Refractory B-cell Acute 
Lymphoblastic Leukemia 

Biological: CART22 cells Phase 
1 

NCT02935543 CART19 in Patient With 
ALL 

Leukemia, Acute Lymphoblastic Biological: CART 19 Phase 
2 

NCT02650414 CD22 Redirected 
Autologous T Cells for ALL 

B Cell Leukemias|B Cell Lymphomas Biological: CART22 cells 
transduced with a lentiviral 
vector to express anti-CD22 
scFv TCRz:41BB 

Phase 
1 

NCT02975687 CD19 CAR T Cells in 
Patients With Resistant or 
Refractory CD19+ Acute 
Lymphoblastic Leukemia 

Acute Lymphoblastic Leukemia, Adult 
B-Cell|Acute Lymphoblastic Leukaemia 
Recurrent 

Biological: CD19 CAR T cells Phase 
1 

NCT03275493 Humanized CD19 CAR-T 
Cells With CRS 
Suppression Technology 
for r/r CD19+ Acute 
Lymphoblastic Leukemia 

Acute Lymphoblastic Leukemia|CD19 
Positive|Relapse|Refractory 

Biological: Humanized CD19 
CAR-T cells|Biological: 
Humanized CD19 CAR-T cells 
with CRS suppression 
technology 

Phase 
1| 
Phase 
2 

NCT02706405 JCAR014 and Durvalumab 
in Treating Patients With 
Relapsed or Refractory B-
cell Non-Hodgkin 
Lymphoma 

BCL2 Gene Rearrangement|CD19 
Positive|Diffuse Large B-Cell 
Lymphomas| 

Biological: Autologous Anti-
CD19CAR-4-1BB-CD3zeta-
EGFRt-expressing CD4+/CD8+ 
Central Memory T-
lymphocytes JCAR014|Drug: 
Cyclophosphamide|Biological: 
Durvalumab|Drug: 
Fludarabine 
Phosphate|Other: Laboratory 
Biomarker Analysis|Other: 
Pharmacological Study 

Phase 
1 
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NCT02311621 Engineered 
Neuroblastoma Cellular 
Immunotherapy (ENCIT)-
01 

Neuroblastoma|Ganglioneuroblastoma Biological: Patient Derived 
CD171 specific CAR T cells 
expressing EGFRt (2nd 
generation T cells)|Biological: 
Patient Derived CD171 
specific CAR T cells expressing 
EGFRt (3rd generation T cells) 

Phase 
1 

NCT03130712 A Study of GPC3-targeted 
T Cells by Intratumour 
Injection for Advanced 
HCC (GPC3-CART) 

Carcinoma, Hepatocellular Drug: GPC3-CART cells Phase 
1| 
Phase 
2 

NCT02715362 A Study of GPC3 
Redirected Autologous T 
Cells for Advanced HCC 

Carcinoma, Hepatocellular Drug: TAI-GPC3-CART cells Phase 
1| 
Phase 
2 

NCT03029338 CD19 CAR T Cells in 
Patients With Relapsed or 
Refractory CD19 Positive 
B-cell Lymphoma 

Lymphomas Non-Hodgkin's B-
Cell|Relapse 

Biological: CD19 CAR T cells Phase 
1 

NCT02892695 PCAR-119 Bridge 
Immunotherapy Prior to 
Stem Cell Transplant in 
Treating Patients With 
CD19 Positive Leukemia 
and Lymphoma 

Acute Lymphocytic Leukemia|Diffuse 
Large Cell Lymphoma 

Biological: anti-CD19 CAR-NK 
cells 

Phase 
1| 
Phase 
2 

NCT02742727 CAR-pNK Cell 
Immunotherapy in CD7 
Positive Leukemia and 
Lymphoma 

Acute Myeloid Leukemia|Lymphoma Biological: anti-CD7 CAR-pNK 
cells 

Phase 
1| 
Phase 
2 

NCT03281551 Efficacy and Safety of PZ01 
Treatment in Patients 
With r/r CD19+ B-cell 
Acute Lymphoblastic 
Leukemia/B Cell 
Lymphoma 

B-cell Acute Lymphoblastic 
Leukemia|B-cell Lymphoma 

Drug: PZ01 CAR-T cells Phase 
1 

NCT03103971 huJCAR014 CAR-T Cells in 
Treating Adult Patients 
With Relapsed or 
Refractory B-Cell Non-
Hodgkin Lymphoma or 
Acute Lymphoblastic 
Leukemia 

Adult B Acute Lymphoblastic 
Leukemia|BCL2 Gene 
Rearrangement|BCL6 Gene 
Rearrangement|CD19 Positive|Diffuse 
Large B-Cell Lymphoma 

Biological: Autologous Human 
Anti-CD19CAR-4-1BB-
CD3zeta-EGFRt-expressing 
CD4+/CD8+ T-
lymphocytes|Drug: 
Cyclophosphamide|Drug: 
Fludarabine|Other: 
Laboratory Biomarker 
Analysis|Procedure: 
Leukapheresis|Other: 
Pharmacological Study 

Phase 
1 

NCT01853631 Activated T-Cells 
Expressing 2nd or 3rd 
Generation CD19-Specific 
CAR, Advanced B-Cell NHL, 
ALL, and CLL (SAGAN) 

Non-Hodgkin Lymphoma|Chronic 
Lymphocytic Leukemia|Acute 
Lymphocytic Leukemia 

Biological: CD19 CAR T 
Cells|Drug: Fludarabine|Drug: 
Cyclophosphamide 

Phase 
1 

NCT02951156 Avelumab In Combination 
Regimens That Include An 
Immune Agonist, 
Epigenetic Modulator, 
CD20 Antagonist and/or 
Conventional 
Chemotherapy in Patients 
With Relapsed or 
Refractory Diffuse Large B-
cell Lymphoma (R/R 
DLBCL) 

Diffuse Large B-Cell Lymphoma Biological: 
Avelumab|Biological: 
Utomilumab|Biological: 
Rituximab|Other: 
Azacitidine|Drug: 
Bendamustine|Drug: 
Gemcitabine|Drug: 
Oxaliplatin 

Phase 
3 

NCT01303705 Anti-OX40, 
Cyclophosphamide (CTX) 
and Radiation in Patients 
With Progressive 
Metastatic Prostate 
Cancer 

Metastatic Prostate Cancer|Cancer of 
the Prostate|Prostate Cancer 

Drug: Anti-OX40|Radiation: 
Radiation|Drug: 
Cyclophosphamide 

Phase 
1| 
Phase 
2 
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NCT02274155 Anti-OX40 Antibody in 
Head and Neck Cancer 
Patients 

Head and Neck Cancer Drug: Anti-OX40 antibody 
administration|Procedure: 
Surgical Resection 

Phase 
1 

NCT02559024 Anti-OX40 Antibody 
(MEDI6469) in Patients 
With Metastatic Colorectal 
Cancer 

Colorectal Neoplasms Drug: MEDI6469 Phase 
1 

NCT00900302 OX-40 Protein Expression 
in the Sentinel Lymph 
Nodes of Patients With 
Cancer 

Cancer Genetic: protein expression 
analysis| 

  

NCT03323398 Dose Escalation Study of 
mRNA 2416 for 
Intratumoural Injection to 
Patients With Advanced 
Malignancies 

Relapsed/Refractory Solid Tumour 
Malignancies or Lymphoma 

Biological: mRNA-2416 (OX-
40L) 

Phase 
1 

NCT03092856 Axitinib With or Without 
Anti-OX40 Antibody PF-
04518600 in Treating 
Patients With Metastatic 
Kidney Cancer 

Renal Cell Carcinoma Biological: Anti-OX40 
Antibody PF-04518600|Drug: 
Axitinib|Other: Laboratory 
Biomarker Analysis|Other: 
Placebo 

Phase 
2 

NCT03336606 Study of MEDI0562 Prior 
to Surgical Resection in 
Head and Neck Squamous 
Cell Carcinoma (HNSCC) or 
Melanoma 

Head and Neck 
Cancer|Melanoma|Carcinoma, 
Squamous Cell 

Drug: MEDI0562 Phase 
1 

NCT03267589 Trial in Patients With 
Relapsed Ovarian Cancer 

Ovarian Cancer Drug: Durvalumab, 
Tremelilumab, MEDI 9447, 
MEDI 0562 

Phase 
2 

NCT03390296 Pfizer Immunotherapy 
Combinations for Acute 
Myeloid Leukemia (AML) 
Multi-Arm Study 1 

Acute Myeloid Leukemia Drug: PF-04518600|Drug: 
Avelumab|Drug: 
Azacitidine|Drug: 
Utomilumab|Drug: 
Gemtuzumab 
Ozogamicin|Drug: Glasdegib 

Phase 
2 

NCT01953900 iC9-GD2-CAR-VZV-
CTLs/Refractory or 
Metastatic GD2-positive 
Sarcoma/VEGAS 

Sarcomas Genetic: GD2 T 
cells|Biological: VZV vaccine 

Phase 
1 

NCT01689870 Study of the Combination 
of Anti-OX40 and 
Ipilimumab in Patients 
With Metastatic 
Melanoma 

Metastatic Melanoma Drug: Anti-OX40|Drug: 
Ipilimumab 

Phase 
1| 
Phase 
2 

NCT01416844 Study of Immune 
Responses in Patients 
With Metastatic 
Melanoma 

Metastatic Melanoma Biological: anti-OX40 Phase 
2 

NCT03410901 TLR9 Agonist SD-101, Anti-
OX40 Antibody BMS 
986178, and Radiation 
Therapy in Treating 
Patients With Low-Grade 
B-Cell Non-Hodgkin 
Lymphomas 

B-Cell Non-Hodgkin Lymphoma| Biological: Anti-OX40 
Antibody BMS 986178|Other: 
Laboratory Biomarker 
Analysis|Radiation: Radiation 
Therapy|Drug: TLR9 Agonist 
SD-101 

Phase 
1 

NCT01822652 3rd Generation GD-2 
Chimeric Antigen Receptor 
and iCaspase Suicide 
Safety Switch, 
Neuroblastoma, GRAIN 

Neuroblastoma Genetic: iC9-GD2 T Cell 
Lymphocytes-frozen 
cells|Genetic: iC9-GD2 T Cell 
Lymphocytes-fresh 
cells|Drug: 
Cyclophosphamide|Drug: 
Fludarabine|Drug: 
pembrolizumab 

Phase 
1 

NCT02439788 3RD GENERATION GD2 
SPECIFIC CHIMERIC 
ANTIGEN RECEPTOR 
TRANSDUCED 
AUTOLOGOUS NATURAL 

Neuroblastoma Drug: 
cyclophosphamide|Drug: 
Fludarabine|Genetic: GINAKIT 
Cells 

Phase 
1 
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6.7 Table 6.4. RNA seq analysis of MEKi contrasted against scramble AT3 tumour cell 
lines in vitro  
 

Gene name logFC AveExpr t P.Value adj.P.Val B 
Gbp2 6.313378 7.59437 34.68209 1.41E-26 1.36E-22 50.27046 
Iigp1 6.134118 8.035671 34.03004 2.51E-26 1.36E-22 49.93796 
Irgm1 4.440545 6.191979 32.91968 6.92E-26 2.50E-22 48.67019 
Stat1 3.864709 7.227601 31.63393 2.33E-25 5.36E-22 47.8187 
Psmb10 3.577912 7.078664 31.57465 2.47E-25 5.36E-22 47.78189 
H2-K1 2.777303 10.66466 30.76906 5.41E-25 9.79E-22 47.12115 
Gbp7 4.791023 6.945581 30.49258 7.12E-25 1.10E-21 46.59976 
Igtp 5.976811 6.556388 28.96641 3.37E-24 4.07E-21 44.68868 
Gbp3 5.168722 6.977718 28.97748 3.34E-24 4.07E-21 45.06978 
Ifit2 4.043949 7.494488 28.25336 7.17E-24 7.79E-21 44.54609 
Isg15 3.864619 7.533848 27.67369 1.34E-23 1.21E-20 43.85929 
Gstm1 -3.46523 7.457019 -27.6752 1.34E-23 1.21E-20 43.81983 
Irf1 3.087541 8.603675 27.52716 1.57E-23 1.31E-20 43.76103 
H2-D1 2.621289 10.83977 26.48067 5.05E-23 3.92E-20 42.55247 
Eno3 -3.04384 7.117608 -24.9632 2.96E-22 2.15E-19 40.82482 
Ifit3 4.530567 6.286166 24.81847 3.52E-22 2.39E-19 40.54293 
Ifi47 5.423833 5.343884 24.21838 7.32E-22 4.68E-19 38.79087 
Psmb8 4.988138 7.076783 24.0083 9.49E-22 5.72E-19 39.45908 
Cp 3.722322 5.725574 23.79136 1.24E-21 6.75E-19 39.32562 
Samhd1 2.442839 7.945752 23.83131 1.18E-21 6.75E-19 39.44123 
Ankrd1 2.439489 8.503787 23.40736 2.02E-21 1.03E-18 38.87963 
Slc24a3 2.187412 7.0083 23.37873 2.09E-21 1.03E-18 38.87144 
Ifit1 3.844244 5.610579 22.93414 3.70E-21 1.75E-18 38.15134 
Nmi 2.156757 6.814204 22.53417 6.23E-21 2.82E-18 37.80048 
Tap1 5.441754 5.972516 22.17715 9.98E-21 4.34E-18 36.98148 
Irgm2 5.632084 6.69709 21.34132 3.10E-20 1.29E-17 36.11986 
Adamts1 4.055803 5.070186 21.14471 4.06E-20 1.63E-17 35.93136 
Tapbp 2.057481 9.190909 20.92518 5.52E-20 2.14E-17 35.53243 
Angpt1 3.291147 6.217714 20.86508 6.01E-20 2.25E-17 35.53519 
I830012O16Rik 3.484098 5.260604 20.68893 7.70E-20 2.79E-17 35.21122 
Parp9 2.902131 6.039237 20.63164 8.35E-20 2.93E-17 35.20934 
Fam129b -1.9843 7.878315 -20.5746 9.05E-20 3.07E-17 35.0903 
Gm12250 6.498485 4.419052 20.0373 1.96E-19 6.45E-17 32.97112 
Cdc25b -2.3144 7.121157 -19.894 2.42E-19 7.72E-17 34.13148 
Erap1 2.908299 5.332134 19.32198 5.64E-19 1.75E-16 33.2824 
Fhl2 -2.94236 7.248581 -19.276 6.05E-19 1.82E-16 33.24527 
Xaf1 3.866751 5.383164 19.23219 6.46E-19 1.90E-16 33.12329 
B2m 2.068175 10.26333 19.09441 7.95E-19 2.27E-16 32.77642 
Apol6 7.160064 5.198259 18.89259 1.08E-18 3.01E-16 31.74062 
Rtp4 3.877073 5.267305 18.69667 1.46E-18 3.87E-16 32.23675 
Irf9 1.859244 6.654049 18.71197 1.43E-18 3.87E-16 32.32974 
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Gm4841 6.306968 5.574652 18.63646 1.60E-18 4.15E-16 31.77701 
Ly6a 2.442321 6.782588 18.44217 2.17E-18 5.48E-16 31.91099 
Lgals3bp 2.411679 6.005789 18.38052 2.39E-18 5.90E-16 31.87779 
Rnf19b 1.684078 7.080787 18.21771 3.09E-18 7.45E-16 31.52504 
Ifi203 2.424606 6.665232 18.12949 3.55E-18 8.37E-16 31.43404 
Tapbpl 3.55546 5.636872 17.66305 7.48E-18 1.73E-15 30.74427 
Ifi44 4.314565 6.342747 17.46523 1.03E-17 2.34E-15 30.42491 
Thbs1 1.9978 6.905871 17.43852 1.08E-17 2.38E-15 30.29616 
Ifih1 2.626228 5.406722 17.42981 1.09E-17 2.38E-15 30.36589 
Dtx3l 2.404116 6.027847 17.41436 1.12E-17 2.39E-15 30.32276 
Tpm1 1.313686 10.36981 17.29915 1.36E-17 2.83E-15 29.87184 
Gpc1 -2.38733 7.219158 -17.1538 1.72E-17 3.53E-15 29.88864 
Gbp10 7.504667 0.380085 17.05936 2.02E-17 4.05E-15 27.01683 
Gpr56 -5.95167 8.118627 -16.9476 2.43E-17 4.80E-15 29.43682 
Samd9l 2.35324 6.470804 16.60728 4.31E-17 8.36E-15 28.9342 
Ifi35 1.783692 5.880174 16.39785 6.17E-17 1.18E-14 28.59097 
Ogn 3.684674 4.6177 16.38247 6.33E-17 1.19E-14 28.45299 
Gbp4 6.885887 4.984989 16.30647 7.22E-17 1.33E-14 27.76966 
Oasl2 5.362544 4.555986 16.23783 8.13E-17 1.47E-14 27.76399 
Parp14 3.287965 6.052148 16.18851 8.86E-17 1.58E-14 28.27836 
Grk5 1.831453 5.97634 16.12408 9.91E-17 1.74E-14 28.09749 
Sdpr 1.248384 8.858805 15.97257 1.29E-16 2.23E-14 27.63845 
Parp11 2.403268 5.396511 15.79331 1.77E-16 2.96E-14 27.57741 
Vdr 2.134323 5.772572 15.80189 1.74E-16 2.96E-14 27.48057 
Herc6 2.947117 4.721641 15.77494 1.83E-16 3.01E-14 27.56997 
Serpinb1a -5.26847 5.23488 -15.7432 1.94E-16 3.14E-14 26.50277 
Klf4 -2.04633 7.722671 -15.6742 2.19E-16 3.49E-14 27.24644 
H2-Aa 6.947284 5.111898 15.60142 2.49E-16 3.92E-14 26.86209 
Hist1h2bc 2.579984 4.25513 15.57415 2.62E-16 4.06E-14 27.21329 
Trafd1 1.726197 6.194779 15.55638 2.70E-16 4.13E-14 27.06769 
Slc29a3 -2.79817 7.186028 -15.5001 2.99E-16 4.51E-14 27.02831 
Gstm5 -2.91375 5.527093 -15.4702 3.15E-16 4.69E-14 27.01659 
Klf6 1.209567 8.860294 15.41373 3.49E-16 5.12E-14 26.6135 
Top2a -1.54454 9.282433 -15.3621 3.83E-16 5.55E-14 26.51981 
Ddx58 1.880217 6.450744 15.34934 3.92E-16 5.60E-14 26.67392 
Gbp6 6.529794 4.785897 15.24778 4.71E-16 6.65E-14 26.29372 
Eef1b2 -0.98163 9.474169 -15.1552 5.58E-16 7.77E-14 26.13132 
Gm4951 5.068606 4.238787 14.93101 8.43E-16 1.16E-13 25.72552 
Mpp1 1.742278 5.698283 14.87616 9.33E-16 1.27E-13 25.80747 
Nampt 1.370864 7.33428 14.85399 9.72E-16 1.30E-13 25.67296 
Adamts5 3.757218 4.147334 14.83549 1.01E-15 1.33E-13 25.81807 
Hspb1 -2.20067 9.342594 -14.7312 1.22E-15 1.60E-13 25.42789 
H2-Ab1 6.786938 5.052187 14.71834 1.25E-15 1.62E-13 25.23681 
H2-Eb1 7.155792 4.637173 14.49152 1.92E-15 2.45E-13 24.6056 
Psme2 2.359199 4.67105 14.43135 2.15E-15 2.71E-13 25.12648 
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Ptprk 1.764908 6.761143 14.37471 2.39E-15 2.99E-13 24.77911 
Vwa5a 1.41331 5.788304 14.32774 2.62E-15 3.23E-13 24.83029 
Stat2 2.751592 5.639408 14.25536 3.00E-15 3.67E-13 24.71158 
Gfra1 1.914797 5.222327 14.24353 3.07E-15 3.71E-13 24.68981 
Parp12 2.280204 5.445216 14.22659 3.17E-15 3.76E-13 24.67902 
Casp12 1.766877 5.878421 14.22425 3.19E-15 3.76E-13 24.61912 
Parp10 2.209313 6.025205 14.14886 3.69E-15 4.30E-13 24.46343 
D17H6S56E-5 -1.48135 9.039522 -13.9795 5.11E-15 5.91E-13 23.91163 
Nlrc5 3.787806 4.046254 13.93859 5.54E-15 6.33E-13 24.15182 
Tnfaip2 -1.73312 5.986068 -13.9037 5.92E-15 6.70E-13 23.99388 
Mef2c -1.78314 6.85543 -13.8301 6.84E-15 7.66E-13 23.78771 
Olfr56 6.437762 1.653389 13.82253 6.94E-15 7.70E-13 22.22696 
Parp3 1.390009 6.922062 13.79393 7.34E-15 8.06E-13 23.67304 
Rnd3 1.747672 5.553807 13.66452 9.47E-15 1.03E-12 23.57063 
Tubb5 -1.21212 9.658803 -13.6274 1.02E-14 1.10E-12 23.17199 
Neurl1b -2.23973 5.977267 -13.5659 1.15E-14 1.23E-12 23.36055 
Plk1 -1.62706 6.847626 -13.5348 1.23E-14 1.29E-12 23.1812 
Psme1 1.567043 7.432011 13.46381 1.41E-14 1.47E-12 22.97225 
Ube2c -1.58431 6.439394 -13.4526 1.44E-14 1.49E-12 23.03925 
Zbp1 6.049089 3.849811 13.40803 1.58E-14 1.62E-12 22.52154 
Pomp 1.033492 9.290848 13.38612 1.65E-14 1.67E-12 22.67801 
Ptgs1 -3.01018 5.082601 -13.3559 1.75E-14 1.76E-12 23.04798 
H2-DMa 4.230283 3.54844 13.13706 2.72E-14 2.71E-12 22.36514 
Ogfr 1.394462 6.492612 13.07343 3.10E-14 3.06E-12 22.24734 
Mpp6 -1.27179 6.481632 -13.0307 3.38E-14 3.31E-12 22.16631 
Pck2 -2.17143 4.989041 -12.9872 3.70E-14 3.59E-12 22.29623 
H2-T22 3.216821 6.561772 12.96725 3.85E-14 3.70E-12 22.12843 
9930111J21Rik2 2.202545 6.433577 12.92523 4.20E-14 4.00E-12 21.87789 
Snx10 1.315786 6.114501 12.81252 5.30E-14 5.00E-12 21.70632 
Twf2 -1.9922 7.005201 -12.7844 5.61E-14 5.26E-12 21.68419 
Inf2 -1.70832 5.286986 -12.7639 5.86E-14 5.44E-12 21.7728 
Sema3c 2.590569 4.743015 12.71186 6.52E-14 5.95E-12 21.71801 
Azin1 -2.13243 6.360224 -12.713 6.51E-14 5.95E-12 21.60268 
Ccnd1 -2.18547 6.453271 -12.6344 7.67E-14 6.94E-12 21.48258 
Rell1 -1.20788 6.653295 -12.5059 1.00E-13 9.01E-12 21.06607 
Tlr3 1.604267 5.255582 12.45712 1.11E-13 9.90E-12 21.07138 
Runx1t1 1.390923 6.556846 12.43018 1.18E-13 1.04E-11 20.87365 
Pla2g16 1.9579 7.005232 12.31303 1.51E-13 1.32E-11 20.79013 
1110038F14Rik 1.201576 7.235905 12.25308 1.71E-13 1.49E-11 20.43935 
Avpi1 -1.17117 6.427369 -12.2366 1.77E-13 1.53E-11 20.51745 
Pak3 1.456743 5.886001 12.22337 1.82E-13 1.56E-11 20.48699 
Cd109 -2.48364 5.302013 -12.2155 1.86E-13 1.57E-11 20.71638 
Cdkn2d -1.41302 7.069335 -12.1974 1.93E-13 1.62E-11 20.38769 
Trim21 3.464972 3.234084 12.18779 1.97E-13 1.64E-11 20.50198 
1110001J03Rik -1.29315 6.781406 -12.1843 1.98E-13 1.64E-11 20.34723 
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Anln -1.87737 5.705013 -12.1818 1.99E-13 1.64E-11 20.50669 
Ciita 7.940642 3.160463 12.08096 2.48E-13 2.02E-11 19.47001 
H2afv -1.10401 8.357599 -12.0773 2.50E-13 2.02E-11 19.97891 
Ckap2l -1.64302 5.16018 -12.0711 2.53E-13 2.03E-11 20.26797 
Il7 2.135985 3.340363 12.02086 2.82E-13 2.25E-11 20.30145 
Apol10b 6.089111 4.068704 12.00981 2.89E-13 2.27E-11 19.37773 
Anp32e -1.26568 7.482506 -12.0098 2.89E-13 2.27E-11 19.93086 
Ccnb1 -1.81836 5.407762 -11.9802 3.08E-13 2.40E-11 20.07447 
Ddit4 -2.03486 5.944846 -11.9598 3.21E-13 2.49E-11 20.03941 
Gbp9 4.34662 4.413169 11.88783 3.76E-13 2.89E-11 19.97657 
Usp12 1.217997 5.932061 11.86847 3.92E-13 2.97E-11 19.73097 
Nusap1 -1.68689 5.803384 -11.8674 3.93E-13 2.97E-11 19.76717 
Src -2.06151 6.529275 -11.8669 3.93E-13 2.97E-11 19.77709 
Tpx2 -1.57664 6.358857 -11.854 4.05E-13 3.03E-11 19.65365 
Trim30a 2.404672 5.189011 11.82656 4.29E-13 3.19E-11 19.78483 
Bst2 3.191992 8.083414 11.81336 4.42E-13 3.27E-11 19.42434 
Tor1aip1 1.145692 7.508647 11.78046 4.75E-13 3.48E-11 19.3996 
Vimp 1.083573 7.344379 11.77081 4.85E-13 3.54E-11 19.37919 
Hist3h2a 2.096201 4.966403 11.76321 4.93E-13 3.57E-11 19.63666 
Lgr4 1.657636 5.81487 11.7476 5.10E-13 3.67E-11 19.42732 
Lyrm4 -1.50722 5.296144 -11.7017 5.64E-13 4.03E-11 19.47609 
Emp2 -1.52398 7.86103 -11.6453 6.39E-13 4.53E-11 19.13924 
Ube2l6 1.844931 5.326057 11.62758 6.64E-13 4.68E-11 19.33047 
Vim -0.87127 9.750307 -11.6053 6.98E-13 4.89E-11 18.85217 
Eif4e3 1.921295 5.922368 11.56075 7.70E-13 5.36E-11 19.00229 
Irf7 2.442028 4.539225 11.53982 8.06E-13 5.58E-11 19.23019 
Diap3 -1.40096 5.41555 -11.4955 8.90E-13 6.12E-11 18.98458 
Sprr1a 1.535003 3.901044 11.42309 1.05E-12 7.14E-11 18.79273 
Olfm1 -1.46503 6.388738 -11.4198 1.05E-12 7.15E-11 18.69972 
Prc1 -1.26164 6.924997 -11.4074 1.08E-12 7.30E-11 18.60346 
Ablim1 1.646316 6.12485 11.38651 1.13E-12 7.60E-11 18.69232 
Aspm -1.7803 5.141876 -11.3689 1.18E-12 7.86E-11 18.76415 
Cav1 -2.11223 5.30652 -11.3642 1.19E-12 7.89E-11 18.82512 
Csf1 1.062888 7.87971 11.35749 1.21E-12 7.96E-11 18.4154 
Rbfox2 0.805804 7.396384 11.34282 1.25E-12 8.18E-11 18.39446 
Rps18 -0.91846 9.910957 -11.3294 1.29E-12 8.38E-11 18.21941 
Mir22hg 1.405301 6.265231 11.31289 1.34E-12 8.64E-11 18.42695 
Dbf4 -1.06975 6.461709 -11.2842 1.43E-12 9.16E-11 18.37852 
Dexi 1.194315 6.980696 11.2256 1.63E-12 1.04E-10 18.16558 
Serpina3f 5.812874 0.901741 11.19951 1.73E-12 1.10E-10 17.58645 
Cenpf -1.68597 6.508132 -11.1907 1.76E-12 1.11E-10 18.15784 
Adar 1.442501 5.551507 11.17411 1.83E-12 1.14E-10 18.23288 
Celf2 -1.46875 6.706407 -11.175 1.82E-12 1.14E-10 18.07776 
Rps10 -0.90104 10.04855 -11.1511 1.92E-12 1.19E-10 17.80031 
St5 1.786162 4.672366 11.14005 1.97E-12 1.22E-10 18.29384 
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Vegfa -2.20139 5.064609 -11.1052 2.14E-12 1.31E-10 18.26935 
Racgap1 -1.31311 5.894014 -11.0895 2.21E-12 1.35E-10 18.01075 
Capg -1.30089 7.16837 -11.0443 2.45E-12 1.49E-10 17.77631 
Pten 0.930809 7.213323 11.03814 2.49E-12 1.50E-10 17.69018 
Tprn 1.354276 4.596258 11.03059 2.53E-12 1.52E-10 17.86861 
Igsf3 -2.17737 5.220392 -10.9461 3.07E-12 1.83E-10 17.92342 
Ifi27l1 1.300155 7.393656 10.91655 3.28E-12 1.95E-10 17.37926 
Ssbp2 1.470893 5.242955 10.91062 3.33E-12 1.95E-10 17.60494 
Angptl2 -1.6908 4.574701 -10.9129 3.31E-12 1.95E-10 17.78136 
Tatdn2 1.095072 6.474779 10.90523 3.37E-12 1.97E-10 17.46945 
Dip2b 1.58078 5.030399 10.89685 3.44E-12 2.00E-10 17.6514 
Rnf213 2.051983 5.963883 10.81883 4.11E-12 2.37E-10 17.38099 
H2-Q4 3.359848 3.291623 10.79211 4.37E-12 2.51E-10 17.50466 
Hmgcs1 1.20798 7.208796 10.75786 4.73E-12 2.70E-10 17.07363 
Ccl5 2.82709 4.231658 10.73542 4.98E-12 2.83E-10 17.44424 
Crim1 1.178505 6.306084 10.7215 5.15E-12 2.91E-10 17.09854 
Znfx1 2.032781 5.701758 10.70495 5.35E-12 3.01E-10 17.13117 
Mki67 -1.61873 6.925895 -10.6686 5.82E-12 3.24E-10 16.90211 
Hyi -1.78295 5.193513 -10.6683 5.82E-12 3.24E-10 17.19689 
Klf9 -0.92679 7.194187 -10.6588 5.95E-12 3.30E-10 16.83675 
Iqgap1 -0.85274 8.360434 -10.6496 6.08E-12 3.35E-10 16.7488 
Insl6 1.470923 4.208749 10.64193 6.19E-12 3.40E-10 17.05523 
Gbp8 5.404086 2.33618 10.63141 6.34E-12 3.46E-10 16.59193 
AW112010 4.097951 3.149485 10.62766 6.40E-12 3.48E-10 17.0392 
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6.8 Table 6.5. RNA seq analysis SH1 MEK KD contrasted against scramble AT3 
tumour cell lines in vitro  
 

Gene name logFC AveExpr t P.Value adj.P.Val B 
Gas6 5.795586 1.302454 10.33531 1.27E-11 1.47E-09 13.29023 
Abat 5.792686 1.421559 13.032 3.37E-14 1.16E-11 16.57591 
Actg2 5.009296 2.800005 7.421593 2.17E-08 7.22E-07 7.891088 
Tagln 4.987958 4.003375 5.758034 2.35E-06 3.86E-05 4.292455 
2510009E07Rik 4.902968 2.359172 8.79487 5.68E-10 3.38E-08 10.58448 
Adamtsl3 4.677315 0.077309 8.846887 4.97E-10 3.08E-08 10.06251 
Limch1 4.521809 0.987116 7.989173 4.68E-09 1.96E-07 8.964532 
Myl9 4.303744 4.20434 9.418812 1.17E-10 9.30E-09 13.18284 
Pdgfrl 4.291204 0.943681 7.643839 1.19E-08 4.35E-07 7.943441 
A730085A09Rik 4.222574 0.292354 6.543778 2.50E-07 5.84E-06 5.829774 
Ctgf 4.158229 5.361161 5.240017 1.05E-05 0.000134 3.361512 
Arhgap44 4.151675 0.195939 8.112515 3.37E-09 1.48E-07 8.541434 
Uchl1 4.105101 2.347636 9.448837 1.09E-10 8.76E-09 12.63737 
Parm1 4.090589 2.066976 8.572372 1.01E-09 5.26E-08 10.469 
Guca1a 4.011654 0.192588 6.792846 1.24E-07 3.25E-06 5.967327 
Col5a3 3.98748 1.704325 7.071042 5.71E-08 1.69E-06 6.993342 
Enpp5 3.95019 1.79074 7.049455 6.06E-08 1.78E-06 7.016308 
Plxdc2 3.923029 1.07989 7.122605 4.95E-08 1.51E-06 7.059105 
Ogn 3.881394 4.6177 17.89204 5.18E-18 9.37E-15 28.98432 
Acta2 3.788064 7.110388 10.93871 3.12E-12 4.46E-10 17.9043 
C1qtnf6 3.748007 2.621009 6.557228 2.41E-07 5.66E-06 6.383384 
Itm2a 3.744371 1.600176 7.540112 1.57E-08 5.52E-07 7.954909 
Enox2 3.73418 0.881921 5.561718 4.14E-06 6.24E-05 3.319589 
Amhr2 3.64103 1.158629 6.091657 9.03E-07 1.73E-05 4.765398 
Itgb3 3.631656 1.846127 5.762136 2.32E-06 3.83E-05 4.132955 
Fhl1 3.586577 2.288463 7.357716 2.59E-08 8.44E-07 7.636885 
Pid1 3.579744 1.844452 6.090296 9.07E-07 1.74E-05 4.751625 
Phactr2 3.568001 0.941111 5.268917 9.62E-06 0.000125 3.012586 
Col1a2 3.561241 1.644472 9.291999 1.61E-10 1.20E-08 13.03123 
Wtip 3.542447 2.174268 6.008878 1.14E-06 2.11E-05 4.702099 
Atp2b4 3.47655 3.133649 6.233332 6.03E-07 1.26E-05 5.666302 
Wnt4 3.419789 0.881737 5.900436 1.56E-06 2.75E-05 4.293403 
Akap12 3.405361 3.748953 7.522546 1.65E-08 5.70E-07 9.18319 
Cnn1 3.335538 3.268623 5.407751 6.45E-06 8.95E-05 3.557285 
Npnt 3.314098 0.025293 5.920137 1.48E-06 2.62E-05 4.23298 
Klhl13 3.313422 1.71953 5.980515 1.24E-06 2.26E-05 4.618429 
Stc1 3.295416 0.815414 4.455773 9.94E-05 0.000845 1.028215 
Cryab 3.283039 3.669404 8.337874 1.86E-09 8.82E-08 10.7915 
Lhx8 3.28212 0.248135 9.520589 9.12E-11 7.59E-09 13.58229 
Smpdl3a 3.281789 -0.12557 5.10248 1.55E-05 0.000184 2.40513 
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AC137123.1 3.249109 1.079123 6.081221 9.31E-07 1.77E-05 5.060706 
Smagp 3.216476 1.14127 5.601714 3.69E-06 5.64E-05 3.678322 
Prickle2 3.214262 0.764124 4.509639 8.53E-05 0.000743 1.076739 
Tmem37 3.177638 1.05299 5.45949 5.55E-06 7.96E-05 3.302335 
Etv5 3.169258 2.099474 8.496918 1.23E-09 6.25E-08 11.31163 
Bicc1 3.161148 1.530577 5.271025 9.56E-06 0.000124 2.99396 
Wnt5a 3.117834 2.503152 6.898946 9.22E-08 2.58E-06 6.723931 
Sardh 3.070906 1.991058 5.850079 1.80E-06 3.13E-05 4.345947 
Sytl4 3.063794 0.148014 4.837328 3.34E-05 0.000336 1.8126 
RP24-547D11.3 3.035281 0.661864 5.533142 4.49E-06 6.66E-05 3.503548 
Igfbp7 2.963412 4.473249 9.922915 3.41E-11 3.31E-09 14.99376 
1500009L16Rik 2.960512 -0.30459 5.045286 1.83E-05 0.000211 2.315195 
Fam213a 2.904039 0.224255 4.133143 0.000248 0.001789 0.22506 
Rnf150 2.894662 1.226511 6.703305 1.59E-07 4.06E-06 6.707661 
Olfr56 2.875122 1.653389 4.81255 3.58E-05 0.000356 1.500996 
Adam19 2.871993 0.917316 4.489764 9.02E-05 0.000778 1.126888 
Pde2a 2.865592 0.625483 5.850836 1.80E-06 3.12E-05 4.320221 
Ccdc80 2.858928 0.492067 5.826391 1.93E-06 3.30E-05 4.525447 
Selm 2.837723 4.263811 10.44001 9.93E-12 1.21E-09 16.29026 
Tpm2 2.807329 4.768223 8.90968 4.23E-10 2.74E-08 12.86815 
Aqp5 2.76426 4.486181 11.07578 2.28E-12 3.70E-10 18.20179 
Plvap 2.759278 0.703123 4.168572 0.000224 0.001662 0.356777 
Rgs2 2.747843 1.592824 3.529713 0.001309 0.007001 -0.98557 
Il18 2.742044 0.243474 4.148134 0.000238 0.001733 0.294265 
Ctsz 2.719751 5.100065 8.394392 1.60E-09 7.77E-08 11.75871 
Sytl2 2.713531 0.383101 3.853624 0.00054 0.003363 -0.33253 
Tcea3 2.702314 -0.03246 4.255116 0.000176 0.001361 0.400074 
Igf2bp1 2.688231 1.877836 4.744171 4.36E-05 0.000422 1.705043 
Ptprn 2.679282 0.553849 4.865038 3.08E-05 0.000313 1.948726 
Ncald 2.677386 0.760736 4.946775 2.43E-05 0.000261 2.089875 
Sorcs2 2.675104 1.239451 4.853461 3.18E-05 0.000322 1.978526 
Col6a4 2.674609 0.138401 4.823563 3.47E-05 0.000347 1.857823 
Bicd1 2.670754 1.1336 4.218529 0.000195 0.00148 0.451142 
Gjc2 2.652075 0.543046 4.301911 0.000154 0.001219 0.61715 
Sp140 2.649958 2.710995 4.934382 2.52E-05 0.000268 2.056099 
H2-DMb1 2.634043 5.857216 4.211528 0.000199 0.001504 0.599618 
AC121264.1 2.630196 0.668774 4.407671 0.000114 0.000945 0.892376 
Dio2 2.613096 1.110198 6.219461 6.27E-07 1.30E-05 5.745208 
Cbr2 2.609007 4.492167 11.05244 2.41E-12 3.75E-10 17.90699 
Flrt2 2.554776 1.151324 4.161773 0.000229 0.001682 0.374632 
Pbxip1 2.550632 6.07857 21.1506 4.03E-20 2.19E-16 35.38878 
Klf2 2.519484 2.450593 8.6851 7.53E-10 4.13E-08 12.23861 
Mxra8 2.5189 5.135913 19.62016 3.62E-19 9.82E-16 33.39553 
Pla2g5 2.500365 1.826763 7.851616 6.77E-09 2.68E-07 10.0458 
Zfp945 2.500325 0.881421 3.710601 0.000801 0.004634 -0.71088 
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Ptchd4 2.468943 0.613914 3.465158 0.001557 0.008032 -1.18597 
Epha4 2.438651 1.548846 5.164807 1.30E-05 0.00016 2.814788 
Sntg1 2.436512 -0.05948 3.771047 0.000678 0.004058 -0.56376 
Idi1 2.429359 4.592648 6.805265 1.20E-07 3.16E-06 7.521351 
Hebp1 2.41925 0.619128 4.623622 6.16E-05 0.000568 1.550279 
Zc3h12b 2.418215 0.29395 3.57917 0.001145 0.006216 -1.00463 
Col6a2 2.411194 2.292747 5.393222 6.72E-06 9.29E-05 3.564787 
Cilp2 2.404908 3.592048 17.56266 8.81E-18 1.37E-14 30.0825 
Alpk1 2.403316 1.203962 4.804236 3.67E-05 0.000362 1.924281 
Eml2 2.403293 2.599767 4.051341 0.000312 0.002144 0.296944 
Procr 2.396234 2.6964 4.918574 2.64E-05 0.000278 2.469171 
Scube3 2.391485 1.817645 4.858423 3.14E-05 0.000318 2.162771 
Dysf 2.391111 3.204668 5.859299 1.76E-06 3.05E-05 4.937614 
Dlg3 2.391094 1.560576 4.555963 7.47E-05 0.000666 1.443197 
Mgat3 2.383435 0.503137 3.184505 0.003269 0.014624 -1.77184 
Omd 2.38149 0.743541 4.748561 4.30E-05 0.000418 1.773889 
Adora1 2.367515 0.863504 3.128395 0.003781 0.016447 -1.86886 
Slc7a2 2.353649 0.712231 3.654183 0.000934 0.005257 -0.74608 
Tbx20 2.352495 0.50874 4.288096 0.00016 0.00126 0.574323 
Epas1 2.324025 0.663594 4.332247 0.000141 0.001136 0.854175 
Aspn 2.3179 2.086069 6.446212 3.29E-07 7.47E-06 6.331342 
Nlrx1 2.29414 0.237935 3.100486 0.004063 0.017485 -1.95249 
Adra1b 2.276789 1.501967 4.227423 0.00019 0.001449 0.511348 
Myo7a 2.27544 2.126844 4.659529 5.56E-05 0.000517 1.78263 
Clmp 2.261644 1.983787 4.958439 2.35E-05 0.000255 2.420218 
Fos 2.258132 2.626448 6.570229 2.32E-07 5.50E-06 6.964602 
Gm10125 2.245174 0.430177 3.05175 0.004605 0.019343 -2.05178 
Gp1bb 2.231982 -0.08154 3.89461 0.000482 0.003068 -0.26761 
Postn 2.227436 2.33005 4.965475 2.31E-05 0.000252 2.39019 
Podxl 2.225143 2.177229 4.907985 2.72E-05 0.000284 2.45808 
Afp 2.200276 1.254046 4.03873 0.000323 0.002208 0.21593 
Olfml2b 2.19074 3.929054 7.69728 1.03E-08 3.86E-07 9.872961 
Prss12 2.183219 0.271353 3.311971 0.002341 0.011232 -1.49549 
Mdfi 2.179525 0.176688 3.773273 0.000674 0.004038 -0.50048 
Tox 2.176958 1.575732 8.793194 5.70E-10 3.38E-08 12.476 
Rab39b 2.165844 1.043202 3.726172 0.000767 0.004484 -0.65497 
Adamts6 2.165077 1.545835 3.660449 0.000918 0.005179 -0.72854 
C1s 2.150158 4.678388 6.412027 3.63E-07 8.04E-06 6.533069 
Cdkn2b 2.148476 3.653331 9.945546 3.23E-11 3.16E-09 15.41806 
Anxa8 2.143672 2.24555 7.782728 8.14E-09 3.18E-07 10.04977 
Elavl4 2.143323 0.826588 10.81069 4.19E-12 5.69E-10 17.45663 
Fcgrt 2.139534 3.153236 9.341188 1.42E-10 1.10E-08 13.84242 
Thbs1 2.138343 6.905871 20.58859 8.88E-20 3.21E-16 34.9926 
Phf11d 2.125409 1.843912 3.153659 0.003542 0.015593 -1.86502 
Crtc2 2.121618 2.094002 1.561224 0.128508 0.254721 -4.82787 
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AC167018.1 2.118922 0.736165 4.106867 0.000267 0.001899 0.333296 
Phactr1 2.114334 2.347169 4.420936 0.00011 0.000919 0.948124 
Mcam 2.093668 4.417316 2.65431 0.012373 0.042674 -3.33977 
Hrh1 2.077379 -0.07035 3.232848 0.002882 0.013207 -1.68652 
Cela1 2.068369 0.102751 3.430848 0.001707 0.008693 -1.24775 
Gem 2.057073 0.612895 3.786939 0.000649 0.00393 -0.43125 
Cfh 2.053619 1.982006 5.808373 2.03E-06 3.45E-05 4.742775 
Sepp1 2.048591 1.978347 3.904953 0.000469 0.002993 -0.06285 
Cyr61 2.035848 9.048991 4.400314 0.000116 0.000964 0.253821 
Arhgap29 2.035247 6.280663 22.09559 1.11E-20 1.21E-16 36.83873 
Adamts2 2.024046 1.111541 3.270593 0.00261 0.012262 -1.58473 
Abca9 2.007152 0.233252 3.86624 0.000522 0.003263 -0.32712 
Unc5c 1.995873 1.589644 4.763275 4.13E-05 0.000403 2.0252 
Hsd17b7 1.977377 5.019435 14.25816 2.99E-15 1.91E-12 24.65532 
Zfp518b 1.974107 0.801742 3.033006 0.004831 0.020095 -2.08354 
Insig1 1.969762 5.225553 9.363834 1.35E-10 1.05E-08 14.20465 
Fam129a 1.949125 1.294763 3.356756 0.002079 0.010219 -1.35832 
Zfp229 1.941957 1.301177 4.222558 0.000193 0.001467 0.624052 
Col12a1 1.941131 5.727507 11.17887 1.81E-12 2.97E-10 18.4624 
Des 1.93822 -0.17356 3.723604 0.000773 0.00451 -0.61355 
Dmpk 1.933163 1.192379 5.099933 1.57E-05 0.000185 2.952368 
Abi3bp 1.93151 0.382406 2.530707 0.016611 0.053615 -3.02552 
D230002A01Rik 1.921279 1.006532 3.795248 0.000635 0.003856 -0.36155 
Fgfr2 1.920227 0.328061 2.709165 0.010834 0.038229 -2.70392 
Srrm4 1.91065 0.35371 2.529475 0.016659 0.053707 -3.02882 
Arhgef10l 1.908909 3.104283 3.413033 0.00179 0.008985 -1.29 
Siglecg 1.908011 2.7354 5.162111 1.31E-05 0.00016 3.15695 
Vwa1 1.904078 0.538511 3.427022 0.001725 0.008765 -1.23383 
Lrrc4c 1.902482 2.590354 3.726656 0.000766 0.00448 -0.50767 
Slc16a2 1.89515 0.548737 3.821084 0.000591 0.003629 -0.27097 
Pvrl1 1.891624 1.575898 3.926735 0.000441 0.002844 -0.01765 
Nudt14 1.882496 0.096797 2.597067 0.014193 0.04765 -2.90621 
Dhcr24 1.868816 3.602366 9.518816 9.16E-11 7.59E-09 14.51946 
Apol10b 1.863688 4.068704 3.202571 0.003119 0.014056 -1.70896 
Sh3rf3 1.855252 2.077644 4.891391 2.85E-05 0.000296 2.471419 
Cyp51 1.851376 7.556382 18.72727 1.39E-18 3.03E-15 32.38384 
Emp3 1.848626 5.187183 6.938444 8.25E-08 2.35E-06 7.957307 
Kif26b 1.840592 1.138938 3.146416 0.003609 0.015811 -1.84577 
Fam117a 1.831174 1.891703 3.222472 0.002961 0.013479 -1.65203 
Hspb8 1.821843 6.600853 14.41994 2.19E-15 1.70E-12 25.07221 
Cd97 1.816127 3.03898 8.798521 5.62E-10 3.38E-08 12.68158 
Plch2 1.812534 0.910763 7.590845 1.37E-08 4.89E-07 9.715607 
Ak4 1.807293 1.538401 5.80607 2.05E-06 3.47E-05 4.940826 
Acy3 1.800265 2.198421 5.789053 2.15E-06 3.59E-05 4.770626 
Pcdhb7 1.794045 0.878683 5.679403 2.95E-06 4.66E-05 4.527823 



341 
 
 

Rassf2 1.779151 1.686353 4.954142 2.38E-05 0.000258 2.621101 
Angpt1 1.774801 6.217714 11.28989 1.41E-12 2.43E-10 18.70951 
Col4a3 1.774017 0.312278 2.73256 0.010234 0.03649 -2.65654 
Lyz2 1.756419 1.853074 5.673118 3.00E-06 4.74E-05 4.544454 
Rbm47 1.748802 2.925501 4.995533 2.12E-05 0.000236 2.705379 
Col27a1 1.747052 1.884618 3.875997 0.000508 0.003194 -0.1356 
Fam13c 1.725386 1.174926 2.618597 0.013481 0.045727 -2.86628 
Rhox5 1.720743 5.846553 17.29445 1.37E-17 1.65E-14 30.09204 
Sema3c 1.720436 4.743015 8.577104 9.96E-10 5.22E-08 12.28765 
Crispld2 1.718541 0.574333 2.58171 0.014722 0.048956 -2.93639 
Col1a1 1.71691 -0.22503 2.716776 0.010635 0.03765 -2.69503 
Gdpgp1 1.691328 1.064173 2.297329 0.028432 0.081564 -3.47814 
Nebl 1.689652 0.556582 2.868536 0.007316 0.02796 -2.38881 
Pcdhb14 1.67734 1.318282 5.546565 4.32E-06 6.48E-05 4.174903 
BC018242 1.667261 0.821109 2.328596 0.026496 0.077175 -3.38082 
Mctp1 1.663623 1.760243 3.470319 0.001536 0.00794 -1.09188 
Pon3 1.654673 1.882394 3.616712 0.001035 0.005701 -0.75706 
Cdh26 1.652467 0.889672 3.913171 0.000458 0.002932 -0.10496 
Plat 1.649698 0.209654 1.601247 0.119351 0.241345 -4.41685 
Egfr 1.640993 3.845973 5.066105 1.73E-05 0.0002 2.93655 
Rmdn2 1.640912 2.677057 5.520624 4.66E-06 6.86E-05 4.136334 
Thsd7a 1.634421 4.035101 10.27 1.48E-11 1.68E-09 16.3872 
5730409E04Rik 1.627678 1.573991 2.608321 0.013817 0.046675 -2.88675 
Slc28a2 1.627596 1.635336 3.628641 0.001002 0.005561 -0.71986 
Capn5 1.613052 1.219454 2.517151 0.01715 0.055009 -3.05104 
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6.9 Table 6.6. RNA seq analysis SH2 MEK KD contrasted against scramble AT3 tumour 
cell lines in vitro  
 

Gene name logFC AveExpr t P.Value adj.P.Val B 
Gatad1 3.270026278 7.365025912 43.29565769 1.54E-29 1.67E-25 57.3796693 
Eno3 -3.364922544 7.117608189 -31.13713419 3.77E-25 2.05E-21 47.415488 
Unc5b 3.986102039 5.025405152 27.48200104 1.65E-23 5.98E-20 43.4390706 
Dclk1 5.85579329 4.249351187 26.50362026 4.92E-23 7.49E-20 41.783291 
Mgp 3.794787636 7.307652159 26.40327727 5.52E-23 7.49E-20 42.5095266 
Pla2g16 3.66780393 7.005231606 26.43191624 5.34E-23 7.49E-20 42.4713862 
Hspb8 3.209499391 6.600852871 26.60931536 4.37E-23 7.49E-20 42.715865 
Rcn1 2.187448847 6.813483761 26.43906445 5.30E-23 7.49E-20 42.5519755 
Isg15 3.436759261 7.533847783 26.00023385 8.75E-23 9.51E-20 42.0224156 
Pbxip1 3.090350812 6.078570058 26.03765586 8.38E-23 9.51E-20 42.0360453 
Nexn 3.238262041 5.999083071 25.49923306 1.57E-22 1.55E-19 41.4609245 
Ppic 2.339259985 7.282492052 25.04338175 2.69E-22 2.25E-19 40.9188482 
Scx -2.530656873 7.661939875 -25.04880484 2.67E-22 2.25E-19 40.9367402 
Atp1b1 4.533683891 4.219639189 24.51354319 5.10E-22 3.96E-19 39.72311 
Acta2 8.053329066 7.110387501 24.31624349 6.49E-22 4.70E-19 39.9073471 
Sox9 -2.811228001 7.429338281 -23.94182539 1.03E-21 6.99E-19 39.5860836 
Csrp1 2.084959433 8.709853142 23.68770731 1.42E-21 9.04E-19 39.2110081 
Tpt1 -1.366721288 10.44559158 -23.52238402 1.74E-21 1.05E-18 38.9394165 
Igfbp7 6.586175066 4.473248907 23.22982513 2.53E-21 1.45E-18 37.3990104 
Tomm20 -1.799981523 7.783592334 -23.14086896 2.83E-21 1.54E-18 38.5520435 
Aif1l 3.875594783 4.25128569 22.98689663 3.45E-21 1.79E-18 38.208719 
Cd81 4.117905082 4.330392771 22.87786259 3.98E-21 1.91E-18 37.9294879 
Angpt1 3.38881945 6.217713545 22.8655849 4.04E-21 1.91E-18 38.201871 
Ndrg4 -6.293087525 6.844613042 -22.76074332 4.63E-21 2.10E-18 37.5339776 
Il1rl1 -7.365107415 8.140079309 -22.60949357 5.64E-21 2.45E-18 37.5359006 
Serpinb1a -3.607082939 5.234879955 -22.57830318 5.88E-21 2.45E-18 37.5857192 
Fam133b 2.223816641 6.436754329 22.54598052 6.13E-21 2.47E-18 37.8043367 
Tnfaip2 -2.88900269 5.986068178 -22.28183891 8.69E-21 3.37E-18 37.448175 
Arhgap29 2.042781187 6.280662907 22.19302015 9.77E-21 3.66E-18 37.3502477 
Gstm2 3.315115939 4.676412611 21.97182244 1.31E-20 4.76E-18 36.9806567 
Trip12 2.350647329 6.871467631 21.90469336 1.44E-20 5.04E-18 36.9503951 
Rbm48 3.378735757 4.57628543 21.88048493 1.49E-20 5.04E-18 36.8148718 
Hmgn3 2.123483038 6.004038879 21.44866945 2.67E-20 8.79E-18 36.3452064 
Tpm1 1.44738859 10.36980725 21.33143936 3.14E-20 1.00E-17 36.0036682 
Tpm2 6.183800332 4.768222627 20.67521611 7.85E-20 2.37E-17 34.6133691 
Sparc 2.159475601 9.655697172 20.68822832 7.71E-20 2.37E-17 35.113 
Ptrf 2.717126752 7.441765883 20.41833827 1.13E-19 3.32E-17 34.8256363 
S100a4 -1.282241379 12.85987513 -20.35624623 1.24E-19 3.54E-17 34.4999946 
Cbr2 4.552525468 4.492167238 20.21315833 1.52E-19 4.23E-17 34.358818 
Selm 5.135764836 4.263810885 19.7597097 2.94E-19 7.99E-17 33.4047714 
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Plekho1 3.434473129 4.375774301 19.73504747 3.05E-19 8.09E-17 33.8786345 
Syt11 2.628804535 4.641763127 19.59424709 3.76E-19 9.72E-17 33.6862433 
Rnd3 2.214803482 5.553806983 19.31383136 5.71E-19 1.44E-16 33.3000239 
Gstm5 -4.550750814 5.52709259 -19.19254051 6.86E-19 1.69E-16 32.9567871 
Msrb1 2.215120652 5.851663017 19.1514678 7.30E-19 1.76E-16 33.0354153 
Col4a1 2.178656822 5.342629533 18.8298277 1.19E-18 2.81E-16 32.5519183 
Tspan3 1.534459032 6.588164878 18.77436511 1.30E-18 3.00E-16 32.3923799 
Psmb8 3.813771408 7.076783176 18.69497299 1.47E-18 3.20E-16 32.3263949 
Htra1 1.500922741 7.66561557 18.69052808 1.48E-18 3.20E-16 32.211439 
Klf4 -2.117306924 7.722670752 -18.69063737 1.48E-18 3.20E-16 32.2555255 
Hsp90aa1 -2.161146793 7.507580442 -18.65984082 1.55E-18 3.29E-16 32.2306329 
Serpinb6a -1.508640249 7.878461655 -18.64483246 1.58E-18 3.31E-16 32.1428097 
Fstl1 2.286612989 8.442031501 18.60062686 1.70E-18 3.47E-16 32.0211787 
Enah 2.718813513 4.440078336 18.50319559 1.97E-18 3.97E-16 32.063583 
Rps26 -2.101862081 9.651358566 -18.48360303 2.03E-18 4.02E-16 31.8014971 
Got2 -1.369607089 8.447384559 -18.32116047 2.62E-18 5.09E-16 31.6024856 
Sspn 4.796997649 2.969894365 18.28751307 2.76E-18 5.27E-16 30.8026842 
Col8a1 2.607533282 4.750883321 18.21412902 3.10E-18 5.81E-16 31.6137727 
Olfml2b 4.808557936 3.929054224 18.17263922 3.31E-18 6.10E-16 31.097534 
Mpp6 -1.573915057 6.481632169 -18.06001803 3.96E-18 7.12E-16 31.2941108 
Top2a -1.597836599 9.282433431 -18.05410656 4.00E-18 7.12E-16 31.1073854 
Ctsz 5.545402268 5.100065487 18.01668683 4.24E-18 7.43E-16 31.1286336 
Lgals3 -1.795209956 8.236749268 -17.78732381 6.12E-18 1.06E-15 30.7793452 
Lima1 1.283995994 9.418706933 17.76272518 6.37E-18 1.08E-15 30.6304698 
Esyt1 -1.446092177 7.90868864 -17.71418358 6.89E-18 1.15E-15 30.6528962 
Aplp2 1.737420135 7.324146675 17.69534342 7.10E-18 1.17E-15 30.6430038 
Col5a1 2.915660213 4.626338325 17.67752842 7.31E-18 1.18E-15 30.7663603 
Msrb3 1.515720575 7.265838515 17.62340005 7.98E-18 1.27E-15 30.5283417 
Npm1 -1.214168566 10.83124676 -17.54791273 9.02E-18 1.42E-15 30.2183491 
Rpl18a -1.619050947 10.15059721 -17.52473494 9.37E-18 1.45E-15 30.2149939 
Ece1 1.553945246 6.949825749 17.5143626 9.53E-18 1.46E-15 30.3559864 
Nsa2 -1.141233001 8.58093924 -17.40047227 1.15E-17 1.73E-15 30.0802106 
Hmga2 -2.17040076 5.670896883 -17.37530667 1.20E-17 1.78E-15 30.270675 
Ephb3 2.49731124 5.776730111 17.29491958 1.36E-17 2.00E-15 30.0898494 
Cdk6 2.743650688 4.52616828 17.25936264 1.45E-17 2.10E-15 30.0864529 
Myl9 7.666180511 4.2043396 17.17253335 1.67E-17 2.39E-15 28.6854332 
Klc1 -1.327314634 7.083811595 -17.16138755 1.70E-17 2.40E-15 29.7907618 
Dgcr2 1.675763773 5.798418836 17.14919688 1.74E-17 2.42E-15 29.8487619 
Vcam1 3.697498543 3.939499931 17.13363009 1.78E-17 2.45E-15 29.8500631 
Abat 7.268922162 1.42155889 17.10132556 1.88E-17 2.52E-15 26.8537022 
Phf17 -1.54235736 7.136155002 -17.10423681 1.87E-17 2.52E-15 29.6995879 
Ckap4 1.509409751 7.22433077 17.05408305 2.03E-17 2.69E-15 29.5673222 
Hspa9 -1.333118808 8.148313811 -17.04793825 2.05E-17 2.69E-15 29.5213998 
Ddah2 1.369074803 7.986042255 17.01008736 2.19E-17 2.83E-15 29.444429 
Celf2 -2.042603859 6.706406772 -16.95213761 2.41E-17 3.08E-15 29.4523475 
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Cdc25b -1.578091179 7.121156779 -16.89685446 2.64E-17 3.34E-15 29.3009202 
Marcks 1.566438028 8.633902815 16.85595945 2.83E-17 3.54E-15 29.1566911 
Eif5 -1.379885649 7.682092926 -16.83129073 2.95E-17 3.64E-15 29.2060795 
Avpi1 -1.432928107 6.427368537 -16.82305284 2.99E-17 3.65E-15 29.2705749 
Eef2 -1.405994287 11.09599665 -16.75589963 3.35E-17 4.05E-15 28.8636928 
Ier5 2.061540558 6.973421987 16.70168641 3.67E-17 4.36E-15 28.9749592 
Ahnak2 -2.852412976 6.912444887 -16.69896855 3.69E-17 4.36E-15 29.0886671 
Fbxo31 -1.869557163 5.897664936 -16.62511255 4.18E-17 4.89E-15 28.9897706 
Dtna 3.097671956 4.338517156 16.60587967 4.32E-17 4.94E-15 28.9447762 
Gfod1 -2.633203734 5.251708203 -16.60644354 4.32E-17 4.94E-15 28.9880194 
Pex1 2.8294598 4.117104111 16.55016228 4.75E-17 5.38E-15 28.8938271 
Ifit1 2.723474808 5.610579196 16.47871391 5.37E-17 6.01E-15 28.7817967 
Cct4 -1.354293226 7.093164606 -16.45525572 5.59E-17 6.20E-15 28.5673538 
Aebp1 3.308354453 4.881125289 16.42768806 5.86E-17 6.43E-15 28.6863072 
Tmem123 1.693253604 6.603897954 16.41953384 5.94E-17 6.46E-15 28.5280684 
Col16a1 1.932338928 6.435936229 16.39655564 6.18E-17 6.65E-15 28.5258366 
Fbln2 1.530400056 5.374430099 16.22652522 8.29E-17 8.83E-15 28.2824942 
Slamf8 5.453168434 4.039577441 16.21954689 8.39E-17 8.85E-15 27.2066114 
Fcgrt 3.50850608 3.153236464 16.19998738 8.68E-17 9.07E-15 28.0723625 
Sema3a 1.879882864 5.222246356 16.14399812 9.57E-17 9.90E-15 28.1877168 
Nudt3 1.202395366 7.940119119 16.07104282 1.09E-16 1.11E-14 27.814832 
Crim1 1.559798923 6.306084448 16.04978081 1.13E-16 1.14E-14 27.9224971 
P2rx7 2.836202568 4.061939885 16.03919626 1.15E-16 1.16E-14 27.9840755 
Ppap2b 2.74238402 3.493239362 15.95986517 1.32E-16 1.32E-14 27.8127549 
Pik3ip1 3.35545259 5.085339509 15.94349533 1.36E-16 1.34E-14 27.8561528 
Rassf3 2.36591754 4.247841365 15.86674034 1.56E-16 1.52E-14 27.7236565 
Pa2g4 -1.10674422 8.872856382 -15.85654192 1.58E-16 1.54E-14 27.4089061 
Postn 6.337092002 2.330049761 15.83463572 1.65E-16 1.57E-14 25.8899683 
Tns1 3.056459846 3.786824055 15.83482296 1.65E-16 1.57E-14 27.6606956 
Sod1 -1.179795883 9.894300825 -15.8214695 1.68E-16 1.59E-14 27.2790823 
Tapbp 1.429387605 9.190909126 15.78727807 1.79E-16 1.68E-14 27.2961662 
Tecpr1 -1.67584805 5.35155131 -15.72578919 2.00E-16 1.85E-14 27.420475 
Jund -1.756182697 7.501219649 -15.72250374 2.01E-16 1.85E-14 27.2822346 
Klf9 -1.220585771 7.194186973 -15.6918141 2.12E-16 1.94E-14 27.2014695 
Prkce 2.028281912 4.757546103 15.64334052 2.31E-16 2.09E-14 27.3236988 
Lepre1 1.61905371 5.604086764 15.61958703 2.41E-16 2.15E-14 27.211284 
Mxd4 1.215841229 7.40006645 15.62137609 2.40E-16 2.15E-14 27.0455461 
Trib3 -3.354494467 5.247928763 -15.61547777 2.43E-16 2.15E-14 27.2855114 
Marcksl1 3.16494009 3.853191174 15.61093163 2.45E-16 2.15E-14 27.2615782 
Tsc22d1 1.275570289 6.971815591 15.60022723 2.50E-16 2.17E-14 27.0139775 
Rps21 -1.15659255 10.85649175 -15.58884681 2.55E-16 2.20E-14 26.7956758 
Ext1 1.752770635 6.207679007 15.55458686 2.71E-16 2.30E-14 27.0430324 
Rplp0 -1.209089708 9.831731112 -15.55373733 2.71E-16 2.30E-14 26.7881933 
Pxdn 1.964396201 4.459151277 15.54401513 2.76E-16 2.32E-14 27.1431596 
Angptl2 -2.298619357 4.574701216 -15.50932845 2.94E-16 2.45E-14 27.1001725 
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Rtp4 3.140870749 5.267304676 15.44293058 3.31E-16 2.74E-14 26.9526583 
Col4a2 1.739337504 4.451247529 15.43806612 3.34E-16 2.75E-14 26.9338545 
Cx3cl1 5.276557683 2.752693299 15.38336069 3.69E-16 3.01E-14 26.0022904 
Parp9 2.085260644 6.039236936 15.35658851 3.87E-16 3.14E-14 26.7914138 
Eif2s2 -1.029745511 9.778497932 -15.30839441 4.22E-16 3.40E-14 26.344529 
Fhl1 6.998208522 2.288462759 15.23540234 4.82E-16 3.84E-14 24.4717897 
Chpf 1.45462644 6.225199969 15.2294399 4.87E-16 3.84E-14 26.4313549 
Jun -1.954900602 6.921480752 -15.22944679 4.87E-16 3.84E-14 26.4328029 
Slc3a2 -1.391125185 7.513230885 -15.22090855 4.95E-16 3.87E-14 26.326221 
Ifi47 3.442245357 5.343883565 15.21455173 5.01E-16 3.88E-14 26.3560595 
Gnb2l1 -1.29027759 10.11097463 -15.16534717 5.48E-16 4.22E-14 26.0567145 
Cxcl12 5.0865877 2.951518505 15.15016103 5.63E-16 4.25E-14 25.4485371 
Gnl1 1.19016788 6.540172151 15.15643492 5.57E-16 4.25E-14 26.2708412 
Eef1b2 -0.861765449 9.474168716 -15.1536342 5.60E-16 4.25E-14 26.0620179 
Ifih1 2.177773807 5.406721632 15.12343846 5.91E-16 4.43E-14 26.3965571 
2410006H16Rik -1.766835267 7.269650265 -15.10447875 6.12E-16 4.55E-14 26.131261 
Dact3 3.175617585 2.903100841 15.0810716 6.39E-16 4.72E-14 26.1384841 
Pde4a 2.651326262 3.933676011 15.05895203 6.66E-16 4.88E-14 26.2801276 
Clcn3 -1.351332052 6.808731646 -15.02586401 7.07E-16 5.14E-14 26.0514078 
Coasy -1.4122735 6.193240343 -15.02415218 7.10E-16 5.14E-14 26.0802209 
Chst2 3.381837425 3.849350066 14.99791761 7.45E-16 5.36E-14 26.1453151 
Bfar 1.349000036 6.174983474 14.9894467 7.56E-16 5.41E-14 25.9935574 
Nrp2 -1.337889262 8.39195114 -14.97337249 7.79E-16 5.53E-14 25.8227735 
Aamp 0.899211263 8.676298329 14.94576692 8.20E-16 5.78E-14 25.722455 
Psat1 -1.526314571 6.168887689 -14.93800899 8.32E-16 5.83E-14 25.9075747 
Ttyh3 1.680846225 5.400220018 14.92688882 8.49E-16 5.91E-14 25.9083353 
St5 2.160482878 4.67236642 14.91345527 8.70E-16 6.02E-14 26.0124504 
Pura 1.214404037 7.322537184 14.89697036 8.97E-16 6.17E-14 25.7052278 
Mapk1 1.427447008 6.028825005 14.86264129 9.56E-16 6.53E-14 25.7700378 
Fzd2 1.673326656 5.459718924 14.84094187 9.96E-16 6.76E-14 25.7577427 
Thbs1 1.571609471 6.90587105 14.82609357 1.02E-15 6.89E-14 25.6670501 
Nmi 1.34278032 6.814203552 14.82420944 1.03E-15 6.89E-14 25.7013269 
Scarf2 1.920919961 5.435696522 14.80988601 1.05E-15 7.03E-14 25.7322678 
Erbb3 -5.012618596 4.434556261 -14.79029807 1.09E-15 7.25E-14 25.0973685 
Tgfb2 3.201373529 3.958011186 14.76092572 1.16E-15 7.61E-14 25.7243549 
Rin2 4.115319992 2.694867147 14.75372192 1.17E-15 7.66E-14 25.4561037 
Dlg1 1.357188254 6.695619158 14.65952308 1.40E-15 9.08E-14 25.3245718 
Kalrn 4.077567138 2.546519682 14.64592356 1.43E-15 9.22E-14 25.0815231 
Il18rap -6.037300053 5.521094021 -14.64536024 1.43E-15 9.22E-14 24.8792337 
Palld 1.875702824 5.410984451 14.59427671 1.58E-15 1.00E-13 25.3247721 
Eml4 1.514316943 5.297190341 14.59323771 1.58E-15 1.00E-13 25.3199952 
H13 1.788806954 5.585674182 14.55505198 1.70E-15 1.06E-13 25.2543048 
Arpc5 1.092300057 7.12500462 14.55539009 1.70E-15 1.06E-13 25.0814646 
S100a6 -0.975063442 13.11445277 -14.55470645 1.70E-15 1.06E-13 24.7465058 
Lyrm4 -1.615294759 5.296144145 -14.55250309 1.71E-15 1.06E-13 25.2704239 
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Smim4 -1.314874108 5.562721707 -14.52399246 1.80E-15 1.11E-13 25.1893055 
Lifr 1.939648547 4.804569662 14.52049973 1.81E-15 1.11E-13 25.2407384 
Emp3 3.621277229 5.187182789 14.51734846 1.83E-15 1.11E-13 25.2674175 
Nr2f2 1.395984446 6.428774571 14.48140941 1.95E-15 1.19E-13 25.021309 
Clybl -2.023016539 4.659070962 -14.46226793 2.03E-15 1.22E-13 25.1678242 
Col6a1 3.176544573 3.431310269 14.44871855 2.08E-15 1.25E-13 25.1526359 
Gcnt2 2.573524195 3.880319187 14.44565364 2.09E-15 1.25E-13 25.1470149 
Plod2 1.444264023 5.94540917 14.43872514 2.12E-15 1.26E-13 24.9659668 
Snn 2.337241235 3.905974946 14.40355788 2.26E-15 1.34E-13 25.0730456 
Clock -1.250372863 6.451595085 -14.38014297 2.37E-15 1.39E-13 24.8190033 
Pax3 -1.75831289 5.51968894 -14.36716126 2.43E-15 1.42E-13 24.9253628 
Pid1 7.52605804 1.844452364 14.34418986 2.53E-15 1.47E-13 23.1359546 
Lurap1l 1.66846409 5.356271713 14.29593456 2.78E-15 1.61E-13 24.7501134 
Kdm5b 1.464371331 5.246490364 14.29136038 2.80E-15 1.61E-13 24.7520537 
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6.10 Table 6.7. RNA seq analysis SH3 MEK KD contrasted against scramble AT3 tumour 
cell lines in vitro  
 

Gene name logFC AveExpr t P.Value adj.P.Val B 
Unc5b 3.594907 5.025405 24.56596 4.78E-22 5.20E-18 40.12197 
Pla2g16 3.260636 7.005232 23.25033 2.46E-21 8.92E-18 38.67628 
Fbln2 2.151726 5.37443 23.39859 2.04E-21 8.92E-18 38.89979 
Col4a1 2.576047 5.34263 22.51742 6.36E-21 1.73E-17 37.77095 
Hspb8 2.583799 6.600853 21.01914 4.84E-20 1.05E-16 35.75854 
Igfbp7 5.938148 4.473249 20.87089 5.96E-20 1.08E-16 34.36639 
Col8a1 2.922846 4.750883 20.59483 8.80E-20 1.36E-16 35.08428 
Acta2 6.605628 7.110388 19.71642 3.14E-19 4.26E-16 33.84238 
Rcn1 1.658071 6.813484 19.61355 3.65E-19 4.41E-16 33.72183 
Dclk1 4.325259 4.249351 19.27126 6.09E-19 6.14E-16 32.90093 
Steap2 2.390065 4.830184 19.25787 6.21E-19 6.14E-16 33.21226 
Pdia5 2.731613 4.640735 19.14682 7.35E-19 6.65E-16 32.99268 
Col4a2 2.104089 4.451248 18.95786 9.79E-19 8.18E-16 32.76412 
Pbxip1 2.273721 6.07857 18.61161 1.67E-18 1.29E-15 32.2373 
Abat 7.798163 1.421559 18.47159 2.07E-18 1.44E-15 27.90876 
Nexn 2.404535 5.999083 18.45442 2.13E-18 1.44E-15 31.97949 
Gstm2 2.795069 4.676413 18.20214 3.16E-18 2.02E-15 31.57221 
Col16a1 2.114743 6.435936 18.01664 4.24E-18 2.55E-15 31.26276 
Trip12 1.960257 6.871468 17.98484 4.46E-18 2.55E-15 31.20699 
Mgp 2.634433 7.307652 17.76545 6.34E-18 3.44E-15 30.81428 
Serpinb1a -1.918548 5.23488 -17.50538 9.67E-18 5.00E-15 30.48116 
Selm 4.559189 4.263811 17.42307 1.11E-17 5.27E-15 29.8932 
Ephb3 2.518574 5.77673 17.4177 1.12E-17 5.27E-15 30.31918 
Sox9 -1.880929 7.429338 -17.37684 1.19E-17 5.40E-15 30.14857 
Gatad1 1.386594 7.365026 17.30063 1.35E-17 5.87E-15 30.04116 
Tpm2 5.201616 4.768223 17.27392 1.41E-17 5.90E-15 29.66517 
Dmd 3.104692 4.163145 16.97354 2.33E-17 9.02E-15 29.45724 
Ptrf 2.291962 7.441766 16.9809 2.30E-17 9.02E-15 29.49188 
Cd81 3.119448 4.330393 16.91476 2.57E-17 9.61E-15 29.42614 
Scarf2 2.172634 5.435697 16.88262 2.71E-17 9.80E-15 29.44401 
Sspn 4.444756 2.969894 16.85822 2.82E-17 9.88E-15 28.50358 
Olfml2b 4.454067 3.929054 16.74829 3.40E-17 1.15E-14 28.7908 
Cdk14 2.458311 4.067951 16.66658 3.90E-17 1.28E-14 29.09176 
Postn 6.642057 2.33005 16.61389 4.26E-17 1.36E-14 26.57238 
Ankib1 2.106511 5.115767 16.58392 4.49E-17 1.39E-14 28.95618 
Cldn12 2.017389 4.724792 16.5152 5.05E-17 1.52E-14 28.84698 
Col5a1 2.742041 4.626338 16.4943 5.23E-17 1.53E-14 28.81259 
Cbr2 3.749582 4.492167 16.418 5.96E-17 1.66E-14 28.55451 
Tpt1 -0.941541 10.44559 -16.42557 5.88E-17 1.66E-14 28.36785 
Atp1b1 3.073198 4.219639 16.10662 1.02E-16 2.77E-14 28.03588 
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Aplp2 1.5842 7.324147 16.01154 1.21E-16 3.19E-14 27.81968 
Abcb1b 2.037896 4.72342 15.86651 1.56E-16 4.02E-14 27.71615 
Ctsz 4.857098 5.100065 15.67724 2.18E-16 5.50E-14 27.27432 
Cgnl1 1.825366 6.70548 15.31876 4.14E-16 1.02E-13 26.62749 
Ppic 1.473164 7.282492 15.28805 4.38E-16 1.06E-13 26.51782 
Top2a -1.336548 9.282433 -15.22021 4.96E-16 1.17E-13 26.24489 
Msrb3 1.319388 7.265839 15.18936 5.24E-16 1.21E-13 26.33388 
Pik3ip1 3.158336 5.08534 14.90353 8.87E-16 2.01E-13 25.99277 
Eno3 -1.320374 7.117608 -14.85817 9.64E-16 2.14E-13 25.66712 
Sparc 1.576201 9.655697 14.80723 1.06E-15 2.30E-13 25.47545 
Fam101b 1.963427 4.350686 14.78544 1.10E-15 2.35E-13 25.77179 
Fhl1 6.695258 2.288463 14.55043 1.71E-15 3.51E-13 23.05704 
Kdm5b 1.494267 5.24649 14.55182 1.71E-15 3.51E-13 25.28694 
Pdgfrl 7.285876 0.943681 14.51737 1.83E-15 3.60E-13 22.95667 
Irx3 1.702046 5.202595 14.51737 1.83E-15 3.60E-13 25.25162 
Ckap4 1.293096 7.224331 14.45764 2.04E-15 3.96E-13 24.94042 
Myl9 6.463562 4.20434 14.42227 2.19E-15 4.12E-13 24.18778 
Enah 2.172509 4.440078 14.4191 2.20E-15 4.12E-13 25.10015 
Aif1l 2.525074 4.251286 14.38153 2.36E-15 4.31E-13 25.0335 
Ckap2l -1.688065 5.16018 -14.37734 2.38E-15 4.31E-13 24.95636 
Pros1 1.387676 6.717353 14.28728 2.83E-15 5.03E-13 24.65314 
Dgcr2 1.414334 5.798419 14.22089 3.21E-15 5.62E-13 24.6267 
Pax3 -1.751308 5.519689 -14.08968 4.13E-15 7.12E-13 24.42836 
Syt11 1.952262 4.641763 14.05477 4.42E-15 7.38E-13 24.41101 
Hmgn3 1.440011 6.004039 14.05606 4.41E-15 7.38E-13 24.29787 
Gstm5 -1.849988 5.527093 -14.02074 4.72E-15 7.65E-13 24.19251 
Trib3 -2.496617 5.247929 -14.02745 4.66E-15 7.65E-13 24.29706 
H13 1.721609 5.585674 13.91138 5.84E-15 9.32E-13 24.05013 
Nbl1 3.082409 3.757987 13.82318 6.93E-15 1.08E-12 23.91126 
Tmem123 1.443156 6.603898 13.82267 6.94E-15 1.08E-12 23.75442 
Mxra8 1.829102 5.135913 13.80753 7.15E-15 1.08E-12 23.8599 
Ndrg4 -1.591194 6.844613 -13.80562 7.18E-15 1.08E-12 23.63035 
Arhgap29 1.314399 6.280663 13.74295 8.12E-15 1.19E-12 23.68172 
Tpm1 0.94933 10.36981 13.74356 8.11E-15 1.19E-12 23.37091 
Crot 1.707353 5.526 13.7244 8.42E-15 1.22E-12 23.65157 
Tnfaip2 -1.409592 5.986068 -13.71593 8.56E-15 1.22E-12 23.57783 
Crim1 1.34716 6.306084 13.67261 9.32E-15 1.32E-12 23.5043 
Rab6b 1.507535 4.933872 13.53791 1.22E-14 1.70E-12 23.27933 
Tspan3 1.126217 6.588165 13.51095 1.28E-14 1.77E-12 23.1227 
Fyttd1 1.048398 6.575156 13.49714 1.32E-14 1.79E-12 23.09296 
Gm13889 4.881471 1.725513 13.45035 1.45E-14 1.94E-12 22.33278 
Klf9 -1.036029 7.194187 -13.43412 1.50E-14 1.98E-12 22.92063 
Mapk1 1.298822 6.028825 13.38391 1.66E-14 2.17E-12 22.93402 
Plekho1 2.409621 4.375774 13.36194 1.73E-14 2.24E-12 23.05734 
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Bfar 1.214524 6.174983 13.35381 1.76E-14 2.25E-12 22.85847 
Fam133b 1.359423 6.436754 13.28646 2.01E-14 2.54E-12 22.70836 
Itm2a 6.183081 1.600176 13.2773 2.05E-14 2.56E-12 21.06183 
Sec22a 1.932116 4.156386 13.24429 2.19E-14 2.71E-12 22.82128 
9330182L0
6Rik 

2.613997 3.014357 13.21962 2.30E-14 2.81E-12 22.77516 

Cdc25b -1.200689 7.121157 -13.12901 2.77E-14 3.34E-12 22.26884 
Dtna 2.510229 4.338517 13.12187 2.81E-14 3.35E-12 22.5746 
Pde4a 2.343454 3.933676 13.0847 3.03E-14 3.58E-12 22.50625 
Phf17 -1.140853 7.136155 -13.02806 3.40E-14 3.97E-12 22.11208 
Csrp1 1.178272 8.709853 12.98098 3.75E-14 4.33E-12 21.91756 
Ece1 1.161135 6.949826 12.85446 4.86E-14 5.55E-12 21.74958 
Rin2 3.617034 2.694867 12.81805 5.24E-14 5.92E-12 21.76505 
Gstm1 -1.059797 7.457019 -12.809 5.33E-14 5.97E-12 21.57954 
Akap12 5.576604 3.748953 12.72187 6.39E-14 7.08E-12 21.38361 
Pdpn 1.223689 6.416915 12.69022 6.82E-14 7.49E-12 21.41885 
Aebp1 2.609702 4.881125 12.6662 7.17E-14 7.79E-12 21.58937 
Nfia 1.550991 5.483105 12.65722 7.31E-14 7.79E-12 21.46881 
Serpinb6a -0.998344 7.878462 -12.65702 7.31E-14 7.79E-12 21.25703 
Ppp3ca -0.91656 9.792483 -12.60502 8.15E-14 8.60E-12 21.04665 
Sri 1.082364 7.324811 12.59509 8.32E-14 8.69E-12 21.14128 
Rbm48 2.047261 4.576285 12.56992 8.77E-14 9.07E-12 21.44678 
Col5a3 6.606494 1.704325 12.50725 1.00E-13 1.02E-11 19.78537 
Col6a2 5.158205 2.292747 12.50296 1.01E-13 1.02E-11 20.46084 
Fcgrt 2.779932 3.153236 12.50942 9.96E-14 1.02E-11 21.24773 
Tns1 2.46374 3.786824 12.45143 1.13E-13 1.12E-11 21.2112 
Rap1gap2 1.809819 4.210841 12.34295 1.42E-13 1.40E-11 20.95219 
Avpi1 -1.006473 6.427369 -12.30255 1.54E-13 1.51E-11 20.63319 
Tgfb2 2.71518 3.958011 12.28265 1.61E-13 1.56E-11 20.8574 
Srp72 -0.898509 7.928572 -12.2739 1.64E-13 1.57E-11 20.4356 
Map2 1.340595 5.681674 12.26846 1.66E-13 1.58E-11 20.6706 
Lepre1 1.299609 5.604087 12.26472 1.67E-13 1.58E-11 20.65784 
Kalrn 3.463362 2.54652 12.24284 1.75E-13 1.64E-11 20.47875 
Hmmr -1.593086 5.638862 -12.2087 1.88E-13 1.75E-11 20.49507 
Prex2 3.289356 2.643615 12.20082 1.91E-13 1.76E-11 20.52712 
Col18a1 2.948849 3.018359 12.19782 1.93E-13 1.76E-11 20.62165 
Ncbp2 1.388302 6.518949 12.1884 1.97E-13 1.78E-11 20.36678 
Rnd3 1.452571 5.553807 12.13956 2.18E-13 1.95E-11 20.43583 
Tpx2 -1.373547 6.358857 -12.13758 2.19E-13 1.95E-11 20.2441 
Rnh1 -1.089991 7.917847 -12.12566 2.25E-13 1.99E-11 20.12334 
Dlg4 3.211001 2.98819 12.10143 2.37E-13 2.05E-11 20.36739 
Akap9 1.733459 6.952913 12.10018 2.38E-13 2.05E-11 20.12211 
Erbb3 -1.699615 4.434556 -12.10199 2.37E-13 2.05E-11 20.39449 
Il1rl1 -1.612938 8.140079 -12.02154 2.81E-13 2.41E-11 19.80851 
Pid1 6.363623 1.844452 12.00212 2.93E-13 2.49E-11 18.87689 
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1190002N1
5Rik 

1.646482 4.69902 11.95488 3.25E-13 2.72E-11 20.07718 

Lpp 1.440566 6.587122 11.95367 3.26E-13 2.72E-11 19.85565 
Cxcl12 4.075447 2.951519 11.94222 3.34E-13 2.77E-11 19.54454 
P2rx7 2.180595 4.06194 11.92329 3.48E-13 2.86E-11 20.09694 
Col6a1 2.669118 3.43131 11.90616 3.61E-13 2.95E-11 20.06047 
Marcks 1.116618 8.633903 11.81554 4.40E-13 3.57E-11 19.39644 
Htra1 0.968535 7.665616 11.79623 4.59E-13 3.69E-11 19.42216 
Cx3cl1 4.104761 2.752693 11.76272 4.94E-13 3.94E-11 19.30908 
Nsa2 -0.759198 8.580939 -11.73559 5.24E-13 4.15E-11 19.1976 
Snx4 1.048082 6.580404 11.72913 5.31E-13 4.18E-11 19.34707 
Ppap2b 2.087449 3.493239 11.7256 5.35E-13 4.18E-11 19.6677 
Jun -1.420115 6.921481 -11.6545 6.26E-13 4.86E-11 19.18411 
Dlg1 1.092692 6.695619 11.62745 6.64E-13 5.12E-11 19.12737 
Plod2 1.183438 5.945409 11.62168 6.73E-13 5.15E-11 19.18834 
Clmp 4.803459 1.983787 11.59739 7.10E-13 5.39E-11 18.59331 
Atp2b4 6.201682 3.133649 11.57098 7.53E-13 5.68E-11 18.68017 
Nacc2 2.518635 3.900616 11.55328 7.83E-13 5.82E-11 19.28867 
Tmod2 1.858274 4.116127 11.55599 7.78E-13 5.82E-11 19.25557 
Lifr 1.579417 4.80457 11.54118 8.04E-13 5.90E-11 19.15613 
F2r 1.451285 5.146092 11.54142 8.04E-13 5.90E-11 19.04411 
Diap3 -1.162757 5.41555 -11.51278 8.56E-13 6.24E-11 18.97825 
Prrx2 4.88175 2.570868 11.44342 9.99E-13 7.23E-11 18.8746 
Serf1 1.694935 4.381385 11.43527 1.02E-12 7.29E-11 18.93223 
Ube2c -1.116824 6.439394 -11.43388 1.02E-12 7.29E-11 18.66819 
Luzp1 1.136857 6.935441 11.41952 1.05E-12 7.48E-11 18.64127 
Palld 1.502136 5.410984 11.41357 1.07E-12 7.53E-11 18.79791 
Egfr 3.404609 3.845973 11.40371 1.09E-12 7.65E-11 18.95645 
Plxdc2 5.877272 1.07989 11.39893 1.10E-12 7.68E-11 17.75329 
Snn 1.897762 3.905975 11.35067 1.23E-12 8.45E-11 18.84724 
Clock -0.967046 6.451595 -11.3513 1.23E-12 8.45E-11 18.51202 
Msrb1 1.368276 5.851663 11.33263 1.28E-12 8.71E-11 18.58627 
Rps26 -1.247228 9.651359 -11.3315 1.28E-12 8.71E-11 18.2194 
Cyp51 1.150449 7.556382 11.31701 1.32E-12 8.94E-11 18.37474 
Enox2 6.346921 0.881921 11.30826 1.35E-12 9.06E-11 17.50037 
2510009E0
7Rik 

6.159345 2.359172 11.26962 1.47E-12 9.76E-11 17.54165 

Cmtm6 1.523706 5.506123 11.27096 1.47E-12 9.76E-11 18.47678 
Cryab 4.328232 3.669404 11.26042 1.50E-12 9.90E-11 18.25625 
Jund -1.20459 7.50122 -11.23308 1.60E-12 1.05E-10 18.17687 
Axl -0.834216 8.33342 -11.19197 1.76E-12 1.14E-10 18.00553 
Lphn1 1.339798 5.630857 11.17792 1.81E-12 1.16E-10 18.13105 
Psat1 -1.09532 6.168888 -11.17834 1.81E-12 1.16E-10 18.13489 
Cd97 2.248093 3.03898 11.16757 1.85E-12 1.18E-10 18.44146 
Fbxo31 -1.13873 5.897665 -11.16262 1.88E-12 1.19E-10 18.15329 



351 
 
 

Cenph -1.161136 5.526319 -11.15209 1.92E-12 1.21E-10 18.14338 
Pkp2 1.453535 4.923651 11.14913 1.93E-12 1.21E-10 18.27242 
Ufc1 1.171221 6.737391 11.14115 1.97E-12 1.23E-10 18.01669 
Fzd2 1.283742 5.459719 11.10076 2.16E-12 1.34E-10 18.04638 
Gfpt1 1.140044 6.440902 11.08513 2.24E-12 1.38E-10 17.90855 
Wnt5a 4.751795 2.503152 11.0604 2.36E-12 1.45E-10 17.189 
Cgn 2.612387 2.816828 11.0538 2.40E-12 1.46E-10 18.18193 
Tecpr1 -1.087755 5.351551 -11.04993 2.42E-12 1.47E-10 17.91374 
Tcea3 5.588785 -0.032458 11.04079 2.47E-12 1.49E-10 16.96155 
Angpt1 1.740797 6.217714 11.01245 2.64E-12 1.58E-10 17.9656 
Leprel2 1.946107 3.884395 10.97824 2.85E-12 1.70E-10 17.99431 
2410006H1
6Rik 

-1.235696 7.26965 -10.95211 3.03E-12 1.80E-10 17.50996 

Figf 2.606703 3.596611 10.93402 3.15E-12 1.85E-10 17.882 
Chpf 1.069086 6.2252 10.93419 3.15E-12 1.85E-10 17.59835 
Dap -0.76989 8.662374 -10.92138 3.25E-12 1.90E-10 17.34859 
Enho 3.196906 2.176622 10.90232 3.39E-12 1.97E-10 17.78167 
Arhgap44 5.160874 0.195939 10.89625 3.44E-12 1.99E-10 16.50008 
Neurl1b -1.355388 5.977267 -10.89179 3.48E-12 2.00E-10 17.47338 
Adamtsl3 5.451461 0.077309 10.88251 3.55E-12 2.03E-10 16.53846 
Ddah2 0.892527 7.986042 10.88099 3.56E-12 2.03E-10 17.29892 
Lztr1 1.088949 5.889254 10.87434 3.62E-12 2.05E-10 17.46937 
Trp53i11 5.75071 1.91095 10.8652 3.69E-12 2.08E-10 16.77395 
Efna2 3.351526 2.138264 10.86077 3.73E-12 2.09E-10 17.62998 
Adamts7 2.543037 3.010893 10.8578 3.76E-12 2.09E-10 17.74749 
Atp13a3 1.05447 6.768646 10.83885 3.93E-12 2.18E-10 17.31337 
Lgals8 -1.070871 6.872514 -10.82624 4.04E-12 2.23E-10 17.28891 
Sprr1a -3.181349 3.901044 -10.8211 4.09E-12 2.24E-10 17.57873 
Slc3a2 -0.965736 7.513231 -10.81756 4.12E-12 2.25E-10 17.18085 
Rab31 0.993982 6.888661 10.80819 4.21E-12 2.29E-10 17.20045 
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6.11 Table 6.8. GSEA – MEKi versus scramble control AT3 tumour cells in vitro 
 

Enrichment by 
Pathway Maps    

MEK MEKI TOP 1000 BY P 
VALUE.csv_genelist 

# Maps Total min(p
Value) 

Min 
FDR p-value FDR In 

Data 
Network 

Objects from 
Active Data 

1 

Cell cycle_The 
metaphase 
checkpoint 36 

6.696E
-19 

5.229E-
16 

1.447E-
17 

5.866E
-15 20 

INCENP, 
SPBC25, Rod, 
Aurora-B, HEC, 
Survivin, CENP-
E, BUB1, 
CENP-A, HP1 
alpha, SPBC24, 
Aurora-A, PLK1, 
HP1 gamma, 
CDCA1, 
CDC20, CENP-
F, CENP-H, 
AF15q14, 
BUBR1 

2 

Cell 
cycle_Chromos
ome 
condensation in 
prometaphase 21 

1.346E
-17 

5.866E-
15 

1.346E-
17 

5.866E
-15 16 

INCENP, CAP-
H/H2, Cyclin A, 
CNAP1, CAP-
D2/D3, Aurora-
B, TOP1, Cyclin 
B, TOP2, 
BRRN1, CAP-G, 
CAP-G/G2, 
Aurora-A, CAP-
E, Histone H1, 
CDK1 (p34) 

3 

Immune 
response_IFN-
alpha/beta 
signaling via 
JAK/STAT 64 

6.191E
-17 

1.674E-
14 

6.191E-
17 

1.674E
-14 25 

STAT3, IRF7, 
MHC class I, 
TAP1 (PSF1), 
MIG, STAT2, 
GBP1, IRF9, 
RSAD2, IFI27, 
IP10, GBP4, 
Oas1b, ISG15, 
IRF1, PKR, 
ISGF3, ISG54, 
ADAR1, XAF1, 
IFI47, STAT1, 
RIG-G, USP18, 
STAT1/STAT2 

4 

Cell cycle_Role 
of APC in cell 
cycle regulation 32 

8.815E
-11 

2.295E-
08 

1.141E-
09 

1.850E
-07 13 

Tome-1, Cyclin 
A, Aurora-B, 
Kid, Cyclin B, 
CKS1, BUB1, 
Emi1, Aurora-A, 
PLK1, CDC20, 
CDK1 (p34), 
BUBR1 

http://portal.genego.com/cgi/imagemap.cgi?id=711
http://portal.genego.com/cgi/imagemap.cgi?id=711
http://portal.genego.com/cgi/imagemap.cgi?id=711
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=429
http://portal.genego.com/cgi/imagemap.cgi?id=429
http://portal.genego.com/cgi/imagemap.cgi?id=429
http://portal.genego.com/cgi/imagemap.cgi?id=429
http://portal.genego.com/cgi/imagemap.cgi?id=429
http://portal.genego.com/cgi/imagemap.cgi?id=472
http://portal.genego.com/cgi/imagemap.cgi?id=472
http://portal.genego.com/cgi/imagemap.cgi?id=472
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5 

Immune 
response_Antig
en presentation 
by MHC class I, 
classical 
pathway 54 

3.432E
-10 

6.959E-
08 

3.432E-
10 

6.959E
-08 17 

MHC Class I 
alpha chain, 
MHC class I, 
PSMB9, TAP1 
(PSF1), PDIA3, 
Beta-2-
microglobulin, 
PA28 (11S 
regulator), 
TAPBPL, 
PSMB8(LMP7), 
Tapasin, 
PSME2, 
NPEPPS, 
HSP70, 
PSMB10, 
Calreticulin, 
PSME1, ERAP1 

6 

Immune 
response_IL-4 
signaling 
pathway 94 

7.517E
-10 

4.224E-
07 

2.000E-
03 

1.516E
-02 12 

STAT3, 4E-BP1, 
AP-1, PI3K reg 
class IA (p85-
alpha), Tubulin 
alpha, JunD, 
IRS-2, Fra-2, 
JunD/Fra-2, 
STAT1, IP3 
receptor, 
ERK1/2 

7 

Development_V
EGF signaling 
via VEGFR2 - 
generic 
cascades 93 

1.105E
-09 

2.914E-
07 

5.546E-
04 

7.226E
-03 13 

COX-1 
(PTGS1), 
VEGF-A, PI3K 
cat class IA, 
Calcineurin A 
(catalytic), 
Calmodulin, 
PI3K reg class 
IA, MNK1, c-
Src, HSP27, 
ERK1 (MAPK3), 
MLCK, IP3 
receptor, 
ERK1/2 

8 

Main pathways 
of Schwann 
cells 
transformation 
in 
neurofibromatos
is type 1  80 

1.292E
-09 

4.224E-
07 

4.683E-
04 

6.782E
-03 12 

VEGF-A, PI3K 
reg class IA 
(p85), Cyclin 
D1, PI3K cat 
class IA, AP-1, 
Calmodulin, 
PDGF receptor, 
PTEN, TPT1, 
CXCR4, IP3 
receptor, 
ERK1/2 

9 

Cytoskeleton 
remodeling_Reg
ulation of actin 
cytoskeleton 
organization by 
the kinase 58 

1.588E
-09 

4.224E-
07 

2.217E-
02 

6.969E
-02 7 

BETA-PIX, 
Caldesmon, 
PAK, Citron, 
ERM proteins, 
Spectrin, MLCK 
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effectors of Rho 
GTPases 

10 

Cell 
cycle_Spindle 
assembly and 
chromosome 
separation 33 

2.039E
-09 

3.982E-
07 

2.241E-
08 

2.272E
-06 12 

Ubiquitin, 
KNSL1, Aurora-
B, HEC, Kid, 
Tubulin alpha, 
Cyclin B, TPX2, 
Aurora-A, 
CDC20, CDK1 
(p34), Tubulin 
(in microtubules) 

11 

Immune 
response_IFN-
alpha/beta 
signaling via 
PI3K and NF-kB 
pathways 94 

3.266E
-09 

4.414E-
07 

3.266E-
09 

4.414E
-07 21 

STAT3, IRF7, 
4E-BP1, eIF4B, 
Cyclin A, PI3K 
reg class IA 
(p85), GBP1, 
PI3K cat class 
IA, RSAD2, 
eIF4G1/3, IFIT1, 
NIK(MAP3K14), 
ISG15, MNK1, 
IRS-2, p16INK4, 
p19, ISG54, 
NMI, ERK1/2, 
CDK1 (p34) 

12 

Immune 
response_Hista
mine H1 
receptor 
signaling in 
immune 
response 47 

3.960E
-09 

7.900E-
07 

2.589E-
02 

7.580E
-02 6 

Calcineurin A 
(catalytic), 
Calmodulin, 
PLC-beta, 
Stromelysin-1, 
ERK1 (MAPK3), 
IP3 receptor 

13 

Role of Tissue 
factor-induced 
Thrombin 
signaling in 
cancerogenesis 65 

3.969E
-09 

6.472E-
07 

2.752E-
04 

4.972E
-03 11 

Angiopoietin 1, 
VEGF-A, PI3K 
reg class IA 
(p85-alpha), 
Calmodulin, c-
Src, PLC-beta3, 
ERK1 (MAPK3), 
G-protein alpha-
i family, MLCK, 
IP3 receptor, 
ERK1/2 

14 

Cytoskeleton 
remodeling_Hya
luronic acid/ 
CD44 signaling 
pathways 43 

4.163E
-09 

6.472E-
07 

1.730E-
02 

5.995E
-02 6 

Calmodulin, 
CD44, c-Src, 
MLCK, ERK1/2, 
VIL2 (ezrin) 

15 

Cell 
cycle_Initiation 
of mitosis 26 

1.492E
-08 

2.331E-
06 

2.184E-
06 

1.363E
-04 9 

Lamin B, 
KNSL1, Cyclin 
B2, Cyclin B1, 
PLK1, CDC25B, 
FOXM1, Histone 
H1, CDK1 (p34) 

16 

Cell 
adhesion_ECM 
remodeling 55 

1.773E
-08 

2.003E-
06 

5.061E-
02 

1.225E
-01 6 

CD44, Caveolin-
2, Fibronectin, 
Stromelysin-1, 
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TIMP1, VIL2 
(ezrin) 

17 

Immune 
response_IFN-
alpha/beta 
signaling via 
MAPKs 77 

2.058E
-08 

2.272E-
06 

2.058E-
08 

2.272E
-06 18 

Ubiquitin, IRF7, 
TAP1 (PSF1), 
Cyclin D1, AP-1, 
IRF9, RSAD2, 
IP10, ISG15, 
PKR, Irgm2, 
ISG54, Oasl2, 
FasR(CD95), 
STAT1, RIG-G, 
ERK1/2, Oas1g 

18 

Apoptosis and 
survival_NGF/ 
TrkA PI3K-
mediated 
signaling 77 

2.734E
-08 

3.636E-
06 

1.239E-
02 

5.075E
-02 9 

BETA-PIX, 4E-
BP1, PI3K reg 
class IA (p85), 
PI3K cat class 
IA, Calcineurin 
A (catalytic), 
Calmodulin, c-
Src, ERK1/2, 
Tubulin (in 
microtubules) 

19 

Development_B
eta-adrenergic 
receptors 
transactivation 
of EGFR 37 

5.732E
-08 

5.668E-
06 

5.374E-
05 

1.816E
-03 9 

PI3K cat class 
IA, AP-1, PI3K 
reg class IA, 
CD44, MYLK1, 
c-Src, ERK1 
(MAPK3), G-
protein alpha-i 
family, ERK1/2 

20 

Regulation of 
Tissue factor 
signaling in 
cancer 43 

9.081E
-08 

1.035E-
05 

4.440E-
03 

2.707E
-02 7 

EGR1, VEGF-A, 
AP-1, JunD, 
PTEN, ERK1 
(MAPK3), 
ERK1/2 

21 

Immune 
response_IL-18 
signaling 60 

1.538E
-07 

1.352E-
05 

2.622E-
02 

7.582E
-02 7 

PI3K cat class 
IA, AP-1, PI3K 
reg class IA 
(p85-alpha), 
PI3K reg class 
IA, Fibronectin, 
c-Src, ERK1/2 

22 

Cell cycle_Role 
of Nek in cell 
cycle regulation 32 

1.714E
-07 

1.544E-
05 

1.714E-
07 

1.544E
-05 11 

Tubulin beta, 
PI3K cat class 
IA, HEC, 
Tubulin alpha, 
PI3K reg class 
IA, Cyclin B1, 
TPX2, Aurora-A, 
Histone H1, 
CDK1 (p34), 
Tubulin (in 
microtubules) 

23 

Immune 
response_IL-15 
signaling 61 

1.948E
-07 

1.352E-
05 

1.534E-
04 

3.658E
-03 11 

IL-15, 4E-BP1, 
sIL-15RA, PI3K 
reg class IA 
(p85), PI3K cat 
class IA, IL-

http://portal.genego.com/cgi/imagemap.cgi?id=7223
http://portal.genego.com/cgi/imagemap.cgi?id=7223
http://portal.genego.com/cgi/imagemap.cgi?id=7223
http://portal.genego.com/cgi/imagemap.cgi?id=7223
http://portal.genego.com/cgi/imagemap.cgi?id=7223
http://portal.genego.com/cgi/imagemap.cgi?id=652
http://portal.genego.com/cgi/imagemap.cgi?id=652
http://portal.genego.com/cgi/imagemap.cgi?id=652
http://portal.genego.com/cgi/imagemap.cgi?id=652
http://portal.genego.com/cgi/imagemap.cgi?id=652
http://portal.genego.com/cgi/imagemap.cgi?id=2433
http://portal.genego.com/cgi/imagemap.cgi?id=2433
http://portal.genego.com/cgi/imagemap.cgi?id=2433
http://portal.genego.com/cgi/imagemap.cgi?id=2433
http://portal.genego.com/cgi/imagemap.cgi?id=2433
http://portal.genego.com/cgi/imagemap.cgi?id=5010
http://portal.genego.com/cgi/imagemap.cgi?id=5010
http://portal.genego.com/cgi/imagemap.cgi?id=5010
http://portal.genego.com/cgi/imagemap.cgi?id=5010
http://portal.genego.com/cgi/imagemap.cgi?id=6610
http://portal.genego.com/cgi/imagemap.cgi?id=6610
http://portal.genego.com/cgi/imagemap.cgi?id=6610
http://portal.genego.com/cgi/imagemap.cgi?id=731
http://portal.genego.com/cgi/imagemap.cgi?id=731
http://portal.genego.com/cgi/imagemap.cgi?id=731
http://portal.genego.com/cgi/imagemap.cgi?id=3054
http://portal.genego.com/cgi/imagemap.cgi?id=3054
http://portal.genego.com/cgi/imagemap.cgi?id=3054


356 
 
 

15RA, 
NIK(MAP3K14), 
MNK1, c-Src, 
ERK1 (MAPK3), 
ERK1/2 

24 

Development_S
1P2 and S1P3 
receptors in cell 
proliferation and 
differentiation 26 

2.197E
-07 

1.352E-
05 

3.651E-
01 

4.976E
-01 2 

G-protein alpha-
i2, ERK1/2 

25 

High shear 
stress-induced 
platelet 
activation 46 

2.202E
-07 

1.352E-
05 

2.352E-
02 

7.065E
-02 6 

PI3K reg class 
IA (p85), PI3K 
reg class IA 
(p85-alpha), 
PI3K cat class 
IA (p110-beta), 
Fibronectin, 
Tyro3, G-protein 
alpha-i family 

26 

Cytoskeleton 
remodeling_Reg
ulation of actin 
cytoskeleton 
nucleation and 
polymerization 
by Rho 
GTPases 46 

2.202E
-07 

1.352E-
05 

3.917E-
01 

5.234E
-01 3 

DRF, IQGAP1, 
mDIA2(DIAPH3) 

27 

Signal 
transduction_PT
Ms in IL-17-
induced CIKS-
independent 
signaling 
pathways 46 

2.202E
-07 

1.352E-
05 

3.216E-
04 

5.434E
-03 9 

STAT3, STAT2, 
PI3K reg class 
IA (p85), PI3K 
cat class IA, AP-
1, IL-17RC, 
PI3K reg class 
IA, STAT1, 
ERK1/2 

28 

Development_E
GFR signaling 
pathway 71 

2.803E
-07 

1.597E-
05 

5.748E-
02 

1.320E
-01 7 

STAT3, PI3K 
reg class IA 
(p85), PI3K cat 
class IA, c-Src, 
ERK1 (MAPK3), 
STAT1, ERK1/2 

29 

Cell 
adhesion_Integr
in inside-out 
signaling 58 

2.831E
-07 

2.135E-
05 

1.849E-
03 

1.428E
-02 9 

Calmodulin, 
PLC-beta, 
Fibronectin, c-
Src, ERK1 
(MAPK3), G-
protein alpha-i 
family, CXCR4, 
IP3 receptor, 
ERK1/2 

30 

Immune 
response_C5a 
signaling 50 

2.969E
-07 

2.135E-
05 

2.269E-
01 

3.553E
-01 4 

AP-1, PLC-beta, 
G-protein alpha-
i family, ERK1/2 

31 

Tau pathology 
in Alzheimer 
disease 55 

3.145E
-07 

1.673E-
05 

1.694E-
02 

5.995E
-02 7 

Ubiquitin, 
Glypican-1, 
Calcineurin A 
(catalytic), 
Syndecan-1, 
MAP2, ERK1/2, 
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Tubulin (in 
microtubules) 

32 

Immune 
response _IFN 
gamma 
signaling 
pathway 56 

3.201E
-07 

2.596E-
05 

3.201E-
07 

2.596E
-05 14 

PI3K cat class 
IA, IRF9, 
Calmodulin, 
CSF1, PI3K reg 
class IA, MCM5, 
IRF1, PKR, c-
Src, ISGF3, 
STAT1, IP3 
receptor, 
ERK1/2, SOCS1 

33 

Development_R
egulation of 
epithelial-to-
mesenchymal 
transition (EMT) 64 

3.835E
-07 

1.913E-
05 

5.193E-
05 

1.816E
-03 12 

N-cadherin, 
Caldesmon, 
Tropomyosin-1, 
TGIF, SNAIL1, 
PDGF-R-alpha, 
E2A, 
Fibronectin, 
Jagged1, 
Vimentin, TGF-
beta receptor 
type II, FGFR1 

34 

Development_V
EGF-family 
signaling 41 

4.249E
-07 

1.995E-
05 

7.027E-
04 

8.260E
-03 8 

VEGF-A, VEGF-
D, PI3K cat 
class IA, VEGF-
C, PI3K reg 
class IA, 
Fibronectin, IP3 
receptor, 
ERK1/2 

35 

DNA 
damage_ATM / 
ATR regulation 
of G2 / M 
checkpoint 28 

4.601E
-07 

5.133E-
05 

3.073E-
04 

5.303E
-03 7 

Ubiquitin, Cyclin 
A, Cyclin B, 
Cyclin B2, 
Cyclin B1, 
CDC25B, CDK1 
(p34) 

36 

Development_A
ngiotensin 
signaling via 
PYK2 44 

4.845E
-07 

2.948E-
05 

5.063E-
03 

2.912E
-02 7 

AP-1, 
Calmodulin, 
PI3K reg class 
IA, PLC-beta, c-
Src, ERK1 
(MAPK3), IP3 
receptor 

37 

Immune 
response_Onco
statin M 
signaling via 
MAPK 37 

5.609E
-07 

3.169E-
05 

5.374E-
05 

1.816E
-03 9 

EGR1, AP-1, 
OSMR, 
Stromelysin-1, 
LDLR, ERK1 
(MAPK3), 
TIMP1, STAT1, 
ERK1/2 

38 

Development_R
egulation of 
cytoskeleton 
proteins in 
oligodendrocyte 
differentiation 
and myelination 58 

6.383E
-07 

2.550E-
05 

2.217E-
02 

6.969E
-02 7 

chTOG, Tubulin 
beta, Tubulin 
alpha, PDGF-R-
alpha, hnRNP 
A2, MAP2, 
Tubulin (in 
microtubules) 
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40 

Glucocorticoid-
induced 
elevation of 
intraocular 
pressure as 
glaucoma risk 
factor 62 
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-07 

3.380E-
05 
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04 
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-03 10 

PI3K cat class 
IA, PI3K reg 
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alpha), 
Thrombospondi
n 1, PI3K cat 
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beta), 
Fibronectin, 
Stromelysin-1, 
c-Src, MLCK, 
CD47, FGFR1 

39 

Development_N
egative 
regulation of 
STK3/4 (Hippo) 
pathway and 
positive 
regulation of 
YAP/TAZ 
function 62 
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(cAMP-
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ERK1/2 
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response_Subly
tic effects of 
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progression 55 
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