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Abstract……. 
 

Cytokines are small powerful molecules that allow inter-cellular communication within 

the tumour microenvironment (TME). Manipulating their levels can promote immune 

responses against challenging tumour types like triple negative breast cancer (TNBC) 

and pancreatic ductal adenocarcinoma (PDAC). Both have low survival rates, 

heterogeneous TMEs, and are mainly treated with toxic chemotherapy. In these tumour 

types, pro-inflammatory cytokines have failed in the clinic due to toxicity. Therefore, this 

PhD’s overall objective is to bioengineer two pro-inflammatory cytokines (Interleukin-12 

(IL-12) and Interferon γ (IFNγ) through both collagen-anchoring and masking to 

enhance their safety and efficacy. Each cytokine was conjugated to a collagen-binding 

domain (CBD) which accumulates in collagenous tumour stroma. Furthermore, CBD-

IL12 was masked (M-CBD-IL12) to further reduce its toxicity. As such, the aims of this 

PhD are: 

1. To produce a safe bioengineered IL-12 molecule (M-CBD-IL12) to treat 

immunologically distinct TNBC mouse models. 

2. To test M-CBD-IL12 in immunologically distinct PDAC mouse models and 

understand the role of the KrasG12D mutation in determining the observed 

responses. 

3. To produce and test bioengineered CBD-IFNγ as alternative immunotherapy for 

PDAC. 

Using the HEK293F and Expi293F expression systems, I produced the two wild-type 

cytokines and their novel bioengineered counterparts. I consequently tested their 

biological activity in vitro. I also demonstrated the tumour lysates, but not serum, to 

cleave the M-CBD-IL12 linker. In vivo, M-CBD-IL12 selectively cured murine TNBC in 

the EMT6 mouse model, but not 4T1. Differences in collagen and Transforming growth 

factor-β expression likely contributed to this differential response. I similarly observed 

differential IL-12 responses between PDAC mouse models, which I demonstrated to be 

KrasG12D-related through co-culture systems. Finally, CBD-IFNγ remodelled the 

landscape of the immune-depleted PDAC model and reduced liver metastases. Overall, 

this thesis has identified subgroups within challenging tumour types that can be treated 

with safe and tolerable bioengineered cytokines.   
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Chapter 1. Introduction 

Cancer is an inflammatory process. This was first recognised in 1863 by Virchow who 

identified abundant immune cells in tumours (1). In 1893, William Coley became the 

pioneer in exploiting the body’s immune system to treat cancer (2). He found that 

repeated erysipelas infections could suppress the growth of sarcomas (2). Despite 

demonstrating this proof of concept, practical challenges such as the risk of infections 

prevented further development of William’s idea (1). The question whether 

immunotherapy would be useful remained a topic of debate until the late 20th century 

with the approval of interferon (IFN) α2 for different cancer types (3). However, only the 

pivotal discovery of immune checkpoint inhibitors (CPI) caused cancer immunotherapy 

to gain significant interest (1). These antibodies, designed to reactivate exhausted T-

cells, have revolutionised cancer treatment and have been approved for a plethora of 

different cancers (1).  

 

However, many have now realised that inflammation in the context of cancer is a 

double-edged sword (4). On one hand, immunotherapy aims to trigger inflammation 

resulting in an anti-tumour immune response. On the other hand, intratumoural tumour-

promoting inflammation is now recognised as one of the hallmarks of cancer due to its 

ability to support tumour progression (see Figure 1.1)(5). This is supported by the fact 

that multiple cancer types are associated with chronic inflammation such as Crohn’s 

disease/ulcerative colitis with colorectal cancer, H. pylori infection with gastric cancer, 

pancreatitis with pancreatic cancer, and human papilloma virus infection with cervical 

cancer (4). Secondly, if inflammation is not targeted to the tumour in question, it can 

trigger severe autoimmune-like toxicity and ultimately lethal cytokine storms. The 

challenge we still face to this day is to modulate and target the inflammation to 

exclusively the tumour and, more specifically, the cytotoxic cell types within it.   
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Figure 1.1 Schematic representing the hallmarks of cancer 
This schematic is based on (5). Adapted from ‘Hallmarks of Cancer (Circle Layout)’, 
by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-
templates  
 

1.1 Tumours are complex and dynamic multicellular entities 

Tumours are highly complex and dynamic entities that consist of a plethora of cell types 

(cancer cells, immune cells, stromal cells) and non-cellular components such as  

connective tissue, extra-cellular matrix (ECM), and blood vessels (6). Collectively, these 

are often referred to as the tumour microenvironment (TME) (7). Its exact composition 

heavily differs between tumour types and this has a large impact on patient outcomes 

and response to therapy (7). In terms of the non-cellular components of the TME, the 

ECM is a dense network of proteins and proteoglycans that is continuously remodelled 

by abundant proteases and eventually contributes to metastasis (7). The stromal cells 

within a tumour include fibroblasts, adipocytes, stellate cells, and endothelial cells (7). 
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They are involved in ECM production, a mechanism through which tumour growth can 

be promoted (7). Therefore, stroma is an umbrella term for stromal cells, immune cells, 

blood vessels, the basement membrane, lymphatic vessels, and ECM components (7). 

In more aggressive cancer types like pancreatic cancer, the dense stroma can form a 

barrier that prevents efficient drug and immune cell infiltration, reduces blood supply to 

the tumour and plays a major role in promoting metastasis (7, 8). However, in such 

tumour types, attempts to deplete the ECM have unfortunately also been unsuccessful, 

highlighting some tumour restrictive effects of the stroma (9).  

 

 
Figure 1.2 Important immune cell types within the tumour microenvironment 
Schematic representing some important immune cell types in the tumour 
microenvironment and their functions. This schematic was based on (7) and was 
created on Biorender.com. 
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The immune cells within a tumour have context-dependent functions that change 

continuously, some of which have been described in Figure 1.2 (7). Each tumour is 

unique and may contain these cell types at different proportions which may impact 

clinical outcomes and response to therapy (7). Particularly patients with tumours that 

are depleted in pro-inflammatory immune cells like T-cells or where they are exhausted 

tend to have worse prognoses (7). Therefore, the purpose of immunotherapy is to recruit 

and activate intratumoural immune cells to enhance their ability to kill cancer cells and 

shrink the tumour. Since immune cells heavily interact with each other and the stroma 

through a variety of different molecules such as checkpoints, growth factors, proteases, 

and cytokines, they offer an opportunity for manipulation (7). Firstly, checkpoints such 

as PD-1, PD-L1, and CTLA-4 are molecules that are normally expressed on immune 

cells to prevent excessive immune activation under physiological circumstances (10). 

In a cancer context, these molecules can be heavily overexpressed to suppress anti-

tumour immune cells whereby promoting cancer cell survival (10). Secondly, cytokines 

are small yet potent proteins that allow inter-cellular communication, either between 

nearby cells through autocrine and paracrine action or on distant cells (11). Cytokine is 

an umbrella term for chemokines, monokines, lymphokines, IFNs, and interleukins (ILs) 

(11). IFNs are mainly known as anti-viral molecules but have demonstrated strong anti-

proliferative and inflammatory properties that can suppress tumour growth (11, 12). ILs 

are cytokines that are generated by leukocytes and serve to act on other leukocytes, 

with either pro-inflammatory or anti-inflammatory effects (11). An overview of important 

intratumoural cytokines is given in Table 1.1.  

 
Table 1.1 Important cytokines in the TME 
Table explaining important pro- and anti-inflammatory cytokines and their sources and 
targets. Table is based on (13, 14). 

Cytokine Source Target 
Pro-inflammatory 

IL-12 Macrophages, dendritic cells, monocytes, 

neutrophils, B-cells 

T-cells, NK cells 

IFNγ  T-cells, NK cells Cancer cells, dendritic cells, macrophages, Th1 
cells 

TNFα  Monocytes, macrophages, dendritic cells, 

NK cells, T-cells, endothelial cells 

Macrophages, fibroblasts, endothelial cells, highly 

context-dependent 

IL-2 CD4+ helper T-cells T-cells, B-cells, NK cells, monocytes, 
macrophages 
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Anti-inflammatory 

IL-10 Helper T-cells, monocytes, macrophages, 

dendritic cells  

Mast cells, CD8+ T-cells, NK cells, B-cells  

 

IL-4 CD4+ T-cells (Th2 cells), NK cells, basophils, 
mast cells, eosinophils 

Mast cells, eosinophils, neutrophils, NK cells, 
endothelial cells, fibroblasts 

TGFβ  Fibroblasts, epithelial cells, M2 macrophages  Tregs, neutrophils, macrophages, NK cells, CD8+ 

T-cells 

 

1.2 The challenges with manipulating cytokine levels 

By adjusting cytokines or checkpoints, we have become capable of altering the TME to 

promote immune activation and therefore cancer cell death. For example, the discovery 

of CPIs, antibodies against checkpoints, has allowed boosting of T-cell activity in the 

tumour (10). These molecules are highly successful and have been approved for a 

variety of cancer types (10). Administration of recombinant cytokines has also been 

trialled extensively as a means of triggering an anti-tumour immune response and 

suppressing tumour burden (11). However, their success has been more limited. 

Unfortunately, the small size of cytokines results in rapid renal clearance, and they are 

readily degraded by proteases which leads to a short half-life in the bloodstream (15). 

This means they usually cannot reach the tumour to exert their desired effect (15). 

Secondly, their small size also allows them to diffuse across the endothelium into non-

cancerous tissues, where they trigger autoimmune-like inflammation (16, 17). This 

inflammation makes it challenging for patients to tolerate systemic recombinant cytokine 

therapy (16, 17). Moreover, most clinical trials on solid tumours rely on combination 

immunotherapy, especially for tumour types with a complex and immunosuppressive 

TME. It is therefore crucial to acknowledge that combination therapies are usually 

associated with cumulative toxicity; the combination of durvalumab (anti-PD-L1 

antibody) and tremelimumab (anti-CTLA-4 antibody) not only showed minor efficacy, 

but also triggered significant treatment-induced side effects of grade 3 or higher in 22% 

of patients compared to 6% in the monotherapy arm (18). In addition, in a phase I study 

of nivolumab (anti-PD-1 antibody) in combination with gemcitabine and nab-paclitaxel, 

96% of patients had at least one treatment-associated adverse event (grade 3/4) and 

36% discontinued treatment for this reason (19). Cumulatively, these aforementioned 

factors have limited the translation of cytokine therapy for solid tumours into the clinic. 
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1.3 Bioengineered immunotherapy for optimal pharmacokinetics 
and tolerability  

A promising strategy to improve cytokines’ half-lives, enhance their efficacy, and reduce 

their toxicity is through bioengineering. Different bioengineering techniques have been 

used to develop inventive and novel forms of immunotherapy. Examples are masking 

of pro-drugs, cytotoxic conjugates, and ECM anchoring of molecules or a combination 

of multiple techniques (see Figure 1.3). These usually involve tumour-specific 

localisation and activation which renders the active compounds less toxic. The results 

of some commonly used bioengineering strategies have been described below. 

 

Adapted from ‘Mechanisms of Cancer-associated Fibroblast Activation’, by 
BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates  
 

Figure 1.3 Schematic representing bioengineering techniques for cancer 
immunotherapy 



Chapter 1 Introduction 

24 

 

1.3.1 Immuno-cytokines  

Immuno-cytokines are antibody-cytokine conjugates. By exploiting the affinity of the 

antibody for its target, it serves as a delivery vehicle for the cytokine (20). The purpose 

of the cytokine is to trigger a localised anti-tumour immune response by activating or 

recruiting immune cells into immune-depleted tumours. This conjugation technique 

should reduce off-target effects of the cytokine by giving it tumour specificity (20). The 

conjugates can either consist of a full sized or component of an antibody (Fab, scFv) 

(20). The former will augment the half-life of said cytokine in the bloodstream, yet 

penetrates the tumour stroma less efficiently, whilst the latter is less stable yet more 

capable of infiltration (20). Dougan and colleagues conjugated IL-2 and IFNγ, both pro-

inflammatory cytokines, to a Variable Heavy domain of Heavy Chain (VHH; nanobody) 

that targets PD-L1 (21). This compound was promising in pre-clinical models of PDAC; 

it reduced tumour burden by 50% in contrast with irrelevant VHH-cytokine fusion 

proteins or anti-PD-L1 monotherapy. IL-2 and IFNγ conjugated to the VHH increased 

CD8+ T-cells and reduced CD11b+ cells in the TME whilst increasing the M1/M2 ratio 

of macrophages, respectively (21). However, the lack of specificity of anti-PD-L1 for the 

tumour stroma could lead to dose-limiting toxicity (21).  

 

A second example is Simlukafusp alfa (FAP-IL2v, RO6874281/RG746) (22). It is an 

immuno-cytokine that contains an anti-fibroblast activation protein α (anti-FAP) antibody 

and a form of IL-2 with enhanced affinity for the IL-2Rβγ and reduced affinity for IL-2Rα 

(22). This modification enhances the cytokine’s ability to activate effector CD4+/CD8+ 

T-cells and Natural Killer (NK) cells whilst reducing T regulatory cell (Treg) activation 

compared to its wild-type counterpart (22). FAP is a surface glycoprotein and a human 

cancer-associated fibroblast (CAF) marker that is highly expressed in several solid 

tumour types and is associated with worse prognosis (23, 24). This is particularly the 

case if it is expressed on the cancer cells rather than the CAFs (24). The FAP-IL2v 

immuno-cytokine was administered with anti-PD-L1 weekly for 5 weeks in pancreatic 

orthotopic syngeneic Panc02 mouse models (22). The combination immunotherapy 

significantly prolonged median survival compared to anti-PD-L1 or FAP-IL2v 

monotherapy (22). Similarly, a CD40 agonist in combination with FAP-IL2v significantly 

prolonged the median survival to 93 days, compared to 45 days with CD40 agonist 

monotherapy and 40 days with FAP-IL2v monotherapy (22). Finally, for the triple 
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combination of FAP-IL2v, anti-PD-L1 and anti-CD40, the median survival was not 

reached due to high efficacy and the surviving animals failed to regrow tumours upon a 

rechallenge (22).  

 

Cergutuzumab amunaleukin, (CEA-IL2v, RG7813) has a similar structure to FAP-IL2v, 

however, a bivalent anti-carcinoembryonic antigen (CEA) antibody is used instead of 

anti-FAP (25). CEA was found to be expressed at high or moderate intensity in 90% of 

pancreatic cancer, 95% of colorectal cancer (CRC), 40% of breast cancer, and 60% of 

non-small cell lung cancer (NSCLC) samples compared to normal tissues through 

immunohistochemistry (IHC), making it a suitable target (25). The same IL-2 variant 

(IL2v) was used as in FAP-IL2v, which lacks the ability to bind to CD25 to reduce IL-2 

toxicity and vascular leak syndrome (22). CEA-IL2v monotherapy was found to 

significantly prolong median survival from 42 days in controls to 63 days in a CEA-

expressing MC38 cell line. It was also tested in orthotopic CEA-expressing Panc02 

mouse models as monotherapy and median survival was significantly prolonged to 42 

days compared to 30 days in mice with vehicle control (25). The molecule was also 

found to accumulate preferentially in CEA-expressing areas within the pancreatic 

tumour over healthy pancreas (25). Again, the addition of anti-PD-L1 further improved 

median survival to 57 days in contrast with the 29 days of vehicle control mice (25).  

 

A fourth immune-cytokine example is L19-IL2, where L19 is a human single chain Fv 

(fragment crystallisable) antibody, which targets the fibronectin extradomain B, linked 

to human IL-2 (26). Fibronectin is an ECM component and its extradomain B is 

associated with tumour growth and neoangiogenesis (26). It is absent in most healthy 

tissues and may be introduced into fibronectin in tissues undergoing rapid remodelling 

and neoangiogenesis such as tumours (26). As such, the extradomain B of fibronectin 

offers a degree of tumour specificity (26). Nude mice bearing orthotopic DanG 

pancreatic tumours were treated with either wild-type IL-2 or L19-IL2 for 10 days (26). 

Contrary to IL-2 therapy, which only demonstrated a mild therapeutic benefit at high 

doses, a significant reduction in tumour volume was noted with L19-IL-2 therapy. At the 

lower dose, tumour volume was reduced to 21.4%, while at the higher dose, it was 

further decreased to just 2.7% compared to the control group. No off-target effects of 

the therapy were noted, whilst an increase in CD11b+ cells (>4-fold) and NK cell (>70-

fold) infiltration was noted in the tumours following L19-IL2 therapy (26). NK cell 
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depletion completely obliterated the observed anti-tumour response, suggesting the 

response is NK-cell-mediated (26). This same molecule was also tested in CRC mouse 

models in combination with radiotherapy. L19-IL2 in combination with 15Gy caused an 

abscopal effect that led to cure in 20% of mice, which was dependent on T-cells (27). 

 

The safety of L19-IL2 was confirmed in a phase I/II clinical trial in solid tumours (28). 

The expansion phase involved 12 patients with metastatic renal cell carcinoma who 

received the recommended phase II dose (28). The toxicities could be controlled 

appropriately and the median progression-free survival (mPFS) was found to be 8 

months (28). Around 50% of patients has stable disease (28). Finally, L19-IL2 was then 

combined with gemcitabine for PDAC patients in a phase I clinical trial (NCT01198522). 

Unfortunately, the trial was terminated due to lack of recruitment.  

 

Bintrafusp Alfa (M7824) is more of a bifunctional antibody that has been heavily studied 

in a clinical setting (29). It consists of an anti-PD-L1 monoclonal antibody and the 

extracellular domain of the Transforming growth factor (TGF)β receptor II (29). The 

latter is meant to operate as a TGFβ trap (29). M7824 had promising anti-tumour effects 

in mouse models, and it was therefore trialled in advanced solid tumour patients as a 

monotherapy in a dose-escalation trial (NCT02517398) (29). Unfortunately, three of the 

nineteen patients stopped the course of M7824 prematurely due to treatment-related 

side effects like colitis, bullous pemphigoid, and gastroparesis, which meant that the 

maximum tolerated dose was not reached (29). One of the patients who discontinued 

treatment with metastatic human papillomavirus-positive cervical cancer had a 

complete response (29). A second patient with pancreatic cancer demonstrated a 

durable partial response out of the 5 PDAC patients enrolled in the study (29). Another 

PDAC patient had prolonged stable pancreatic cancer (29). The partially responding 

patient had a mismatch repair deficient PDAC, making it more susceptible to CPIs and 

representative of only ~1% of all PDACs (29). Unfortunately, the partial response was 

observed at 4.5 months, but the disease progressed after 10.5 months into the study 

suggesting resistance to therapy (29).  

 

In another trial, M7824 was clinically tested in combination with gemcitabine in heavily 

pre-treated PDAC patients, but this trial was terminated prematurely due to a treatment-

related death (NCT03451773) (30). In another trial (NCT04327986), M7824 was 
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combined with Stereotactic Body Radiation Therapy (SBRT) and the NHS-IL12 (M9241) 

immuno-cytokine (30). The latter consists of two recombinant human IL-12 

heterodimers, that have each been conjugated to the human monoclonal NHS76 

antibody (31). This antibody binds exposed histone/DNA complexes, which are highly 

prevalent in areas of tissue necrosis, mainly located in the tumour stroma (31). 

However, this trial was similarly terminated prematurely due to the worsening 

risk:benefit ratio for the M7824 group (30).  

 

In a phase 1b/II trial on advanced gastric cancer patients, it was tested in combination 

with paclitaxel (32). The mPFS was 3.8 months with an objective response rate (ORR) 

of 28%, making it a modest efficacy (32). M7824 was also trialled in a variety of other 

cancer types such as triple negative breast cancer (TNBC)(33), advanced squamous 

cell carcinoma of the head and neck (34), NSCLC (35), and oesophageal 

adenocarcinoma (36). 

 

A fusion protein (SHR-1701) with similar targets, PD-L1 and TGFBR2, was 

administered to patients with recurrent or metastatic cervical cancer. These patients 

had an ORR of 15.6% and a disease control rate of 50% with limited adverse events 

(NCT05179239)(37). It was also trialled in combination with gemcitabine/nab-paclitaxel 

in patients with advanced or metastatic PDAC (NCT04624217)(30, 38). There was a 

92.9% incidence of SHR-1701-related adverse events, with even an SHR-1701-related 

death following gastrointestinal bleeding (30, 38). The ORR of patients having 

undergone one or more post-baseline radiographic assessments was 36.5%, 

suggesting a degree of efficacy (30, 38). Further results of this trial are pending.  

 

1.3.2 Antibody-drug conjugates  

Antibody-drug conjugates allow for targeted delivery of drugs into the tumour stroma. 

They operate in a similar way to immuno-cytokines yet with a cytotoxic drug instead of 

a cytokine, again to reduce toxicity of the drug whilst maintaining its cytotoxic effect 

towards cancer cells. A humanised anti-Epidermal Growth Factor Receptor (EGFR) 

monoclonal antibody (RC68) and Monomethyl Auristatin E (MMAE), a molecule that 

exerts cytotoxicity by affecting microtubules, have been conjugated through two 
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cleavable linkers (39). Both at low (5 mg/kg) and high (10 mg/kg) doses, the conjugate 

had a more profound effect on the growth of BXPC-3 PDAC xenografts than 

gemcitabine hydrochloride (60 mg/kg) (39). The high dose resulted in a significant 

reduction in tumour volume when compared to gemcitabine, suggesting a dose-

dependent efficacy (39). In a non-small cell lung cancer mouse model H125, this 

molecule significantly suppressed tumour burden at the 10 mg/kg dose to an even 

larger extent than docetaxel (40). Unlike with docetaxel, the body weight of the mice 

was however not affected by this drug, highlighting the importance of bioengineering to 

reduce toxicity (40).  

 

The anti-EGFR antibody (cetuximab) has also been used to deliver chemotherapy 

agents packaged into nanoparticles into the tumour stroma of solid tumours. The use 

of nanoparticles prevents rapid degradation, toxicity, or clearance from the circulation 

(41). This technique was applied to deliver temozolomide-loaded nanoparticles into 

glioblastoma, CRC, and melanoma cell lines using EGFR-receptor-mediated 

endocytosis in vitro (42). In a mouse model bearing a PANC-1 tumour, a cetuximab-

nanoparticle conjugate was administered intravenously on 5 different occasions (41). 

By day 28 following tumour inoculation, the conjugate had significantly suppressed 

tumour volume; a 50% difference was observed between cetuximab-nanoparticle 

conjugate treated tumours and blank-nanoparticles or IgG-nanoparticle controls (41).  

 

A third example is the anetumab ravtansine antibody-drug conjugate, that was 

developed using an anti-mesothelin antibody and the maytansinoid DM4 drug, a potent 

cytotoxic drug (43). Mesothelin is overexpressed in a variety of solid tumours and its 

expression is restricted in healthy tissues (43). This makes it an attractive anti-tumour 

target (43). Due to encouraging pre-clinical study findings in patient-derived xenografts, 

this anetumab ravtansine antibody-drug conjugate was tested in a phase I clinical trial 

involving patients with different solid tumours (NCT01439152) (43). Among 148 patients 

with either mesothelioma, ovarian, pancreatic, non-small cell lung, or breast cancer, a 

single complete response, 11 partial responses and 66 cases of stable disease were 

observed (43). A phase Ib trial has been completed on the conjugate in combination 

with gemcitabine in multiple solid tumour types, however, the results have not yet been 

reported (NCT03102320)(44). In ovarian cancer, anetumab ravtansine was tested in 

combination with pegylated liposomal doxorubicin (NCT02751918)(45). One complete 
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and 17 partial responses were observed out of the 65 patients and the ORR was 27.7% 

(45).   

1.3.3 ECM-binding proteins for payload delivery  

A third engineering technique to enhance efficacy of immunotherapy in solid tumours 

has been the conjugation of a cytokine to a protein with high affinity for an ECM 

component. Therefore, the cytokine payload can accumulate locally in the tumour 

stroma, whereby prolonging its half-life and enhancing its efficacy. This technique 

allows the compound to be injected intravenously rather than intratumourally. Both IL-2 

and IL-12 were conjugated to lumican and mouse serum albumin (MSA). Lumican is a 

proteoglycan in the ECM with a high affinity for collagens type I/IV (46). Due to the 

abundance of collagen in the stroma of several solid tumour types, lumican should 

enhance the cytokines’ retention in the stroma and prevent dissemination following 

intratumoural injection (46). Addition of the MSA increases the molecular weight of the 

molecule leading to enhanced retention in the tumour stroma (46). Lumican-MSA-IL2 

was tested in B16F10 tumours in combination with the TA99 antibody, a monoclonal 

antibody that targets tyrosinase-related protein 1, which is a glycoprotein and 

differentiation marker expressed in melanoma cells (47). The TA99 antibody is known 

to be effective in the treatment of B16F10 melanomas in combination with other 

immunotherapy modalities (48). This combination immunotherapy (lumican-MSA-IL2 + 

TA99) was found to significantly reduce tumour burden with 15 out of 17 mice achieving 

a complete response (46). In contrast, only 4 out of 17 mice treated with MSA-IL2 + 

TA99 were cured, highlighting the role of the lumican in enhancing the efficacy of the 

cytokine (46). Similarly, either of the components as monotherapies only moderately 

impacted tumour burden (46). Despite this molecule being a great candidate for 

intratumoural administration into easily accessible tumours, intravenously injected 

immunotherapy is considerably less invasive for the patients. 

 

Many have therefore attempted to bioengineer cytokines for targeted delivery into the 

tumour stroma following intravenous injection. An example is the TNFα-CSG fusion 

protein, consisting of the anti-tumour cytokine TNFα and the CSG peptide ligand (49). 

CSG targets laminin-nidogen complexes in the ECM, and it does not tend to localise 

into non-cancerous tissues (49). Following intravenous injection, TNFα-CSG 
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significantly prolonged survival of mice bearing breast tumours (4T1/RT5), triggered 

intratumoural infiltration of cytotoxic T-cells and altered tumour stiffness (49). These 

findings were achieved with less toxicity than normally expected from TNFα (49). This 

proof-of-concept study demonstrates the ability of CSG to bind tumour ECM and 

thereby reduce peripheral toxicity. This drug delivery system could be translated to 

other pro-inflammatory cytokines and cancer types.  

 

Similarly, the Ishihara laboratory designed a collagen-binding domain (CBD) from the 

A3 domain of Von Willebrand Factor (VWF) which binds to collagens type I and III with 

high affinity (50, 51). The conjugation of this CBD to anti-tumour cytokines allows for 

rapid delivery of the cytokines into multiple solid tumour mouse models (50, 51). This 

technique has successfully suppressed tumour growth and prolonged survival for CPI 

therapy, IL-2, CCL4, and IL-12 in breast cancer, melanoma, and CRC models (50-52). 

The CBD conjugation technique also significantly suppressed the concentration of 

circulating IFNγ and ALT (liver toxicity marker), suggesting this technique reduces 

peripheral toxicity (51).  

 

1.3.4 Modification for enhanced retention 

A strategy to increase the half-life and alter the hydrophobicity and conformation of 

compounds is to conjugate them to polymers (53). This increases the molecule’s 

molecular weight and can help with solubility and therefore drug administration (53). By 

increasing the molecular weight of a compound, it can be more easily retained in the 

tumour stroma after for example intratumoural injection and prevents rapid renal 

clearance from the system. It however does not render the compound specific to the 

tumour stroma meaning modified compounds still require intratumoural administration, 

which is often not feasible in clinical practice. Polyethylene glycol (PEGylation) is a 

commonly used polymer in multiple solid tumours; an example is the approval of 

PEGylated IFN-α-2b for the adjuvant treatment of melanoma (54, 55). IL-10 is a 

commonly PEGylated cytokine since it has been shown to play a role in mediating 

cytotoxic T-cell infiltration and IFNγ and granzyme expression in CD8+ T-cells, despite 

some controversy due to its known role as an anti-inflammatory cytokine (56). 
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In a Human Epidermal Growth Factor Receptor 2 (HER2) transgenic breast cancer 

mouse model, PEGylated IL-10 (PEG-IL10, pegilodecakin) suppressed tumour growth 

and induced a significant increase in CD8+ T-cells (56). A phase Ib clinical trial assessed 

the safety of PEG-IL10 as monotherapy or in combination with either FOLFOX (in 

PDAC)(57, 58) or CPIs in multiple cancer types (NSCLC, melanoma, renal cell 

carcinoma, TNBC)(59, 60)  (NCT02009449). In the advanced cancer types, PEG-IL10 

monotherapy triggered an overall response rate of 27% in patients with renal cell 

carcinoma and a partial response was observed in a patient with uveal melanoma (60). 

In a later study, PEG-IL10 was combined with pembrolizumab or nivolumab (anti-PD-1 

antibodies)(59). Toxicity was common with grade 3 or 4 events being noted in 66% of 

patients and an objective response was seen in 43% of patients with NSCLC, 10% of 

melanoma patients and 40% of renal cell carcinoma patients (59). In the PDAC patients, 

the overall response with the combination immunotherapy (PEG-IL10+FOLFOX) was 

14%, with a complete response in 2 patients (57, 58). Interestingly, a reduction in the 

PDAC tumour marker CA19-9 was noted in 66.7% of patients, of which 41.7% had a 

reduction of ≥ 60% (57, 58). Anaemia and thrombocytopenia were noted in almost half 

of the patients (57, 58). This was improved by adjusting the dosing schedule and 

introducing a 2-day rest (57, 58).  

 

As a result of these promising findings a phase III clinical trial (SEQUOIA trial, 

NCT02923921) was initiated comparing FOLFOX alone to FOLFOX + PEG-IL10 as a 

second-line therapy for PDAC patients who did not respond to prior gemcitabine-based 

therapy (61). Within of the 567 participants, virtually no difference was seen between 

the treatment arms in terms of median overall survival (mOS), PFS, and ORR and 

toxicity was not drastically altered (61). These findings could potentially be attributed to 

IL-10’s immunosuppressive role and potential differences in the immune landscape in 

previously treated late-stage PDACs. This technique could however be translated to 

other pro-inflammatory cytokines to enhance their retention in tumour tissues and 

reduce toxicity.  

 

The conjugation of IL-12 to aluminium hydroxide, a compound commonly used in the 

production of vaccines, lead to retention of the cytokine in the tumour stroma for over a 

week (62). A single intratumoural dose of modified IL-12-ABP-p + alum lead to a 

significantly prolonged survival of mice with Ag104A, B16F10, and MC38 tumours either 
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as monotherapy or when combined with other immunotherapy modalities such as anti-

PD-1 (B16F10/MC38) or TA99 (B16F10) (62). The difficulty with such bioengineered 

compounds that have enhanced retention is that they require intratumoural injection, 

which is not feasible for many cancer types. Molecules suitable for intravenous or 

subcutaneous injection are usually small and targeted to the tumour stroma for easy 

infiltration.  

 

1.3.5 Chimeric Antigen Receptor (CAR) T-cells  

Adoptive T-cell therapy involves the collection of a patient’s T-cells, their amplification, 

and reintroduction back into the patient. This could be particularly useful for treating 

immune-depleted tumours. Although this expanded T-cell population may help mount 

an anti-tumour immune response, these T-cells lack tumour specificity (63). A possible 

method to enhance the efficacy of T-cell therapy is by transducing T-cells with a 

Chimeric Antigen Receptor (CAR), a bioengineering technique that causes T-cells to 

recognise tumour antigens as foreign (63). This triggers an anti-tumour immune 

response, which leads to the elimination of cancer cells and consequently an increased 

release of tumour antigens and enhanced T-cell activity (63). The high response rate of 

B-cell malignancies and leukaemia to CAR T-cell therapy has led to its approval (64). 

For optimal efficacy of CAR T-cells, the CAR is normally designed to target tumour 

antigens, an example of which are immune checkpoints. Therefore, third-generation 

CAR T-cells were designed to target the abundant PD-L1 on cancer cells (65). They 

either fused the extracellular domain of the PD-1 immune checkpoint or the single chain 

variable fragment (scFv) of the anti-PD-L1 monoclonal antibody (both bind to PD-L1 on 

cancer cells) to intracellular signalling domains (CD3ζ, CD28, 4-1BB) (65). These two 

types of CAR T-cells killed CFPAC1 PDAC cells in vitro and induced a tumour 

regression over 80% in both xenograft/orthotopic pre-clinical mouse models of PDAC 

(65). This proof-of-concept study allows translation to other immunomodulatory 

pathways such as LAG3 and CTLA-4. Unfortunately, the extensive PD-L1 expression 

on myeloid-derived suppressor cells (MDSCs) and macrophages could lead to non-

specific effects of the CAR-T-cells and therefore it may create autoimmune-like toxicity 

(65).  
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Using a more tumour-specific target for CAR T-cells could avoid non-specificity. An 

example is mesothelin, a surface molecule that is expressed at low levels on 

mesothelial cells in, for example the pleura or pericardium (66). It is however highly 

overexpressed in PDACs, ovarian tumours, and mesotheliomas (66). Haas and 

colleagues developed a lentiviral-transduced CAR that is specific to mesothelin (CART-

meso) (67). In a phase I clinical trial, a single infusion of the CART-meso resulted in 

stable disease in 11/15 patients with various chemotherapy-unresponsive tumours (67). 

A reduction in tumour burden was seen in a patient with ovarian adenocarcinoma, 

although the effect was still too mild to be considered a partial response (67). The 

therapy triggered toxicity in one of the PDAC patients, particularly worsening jaundice, 

abdominal pain, which was later attributed to Klebsiella bacteraemia (67). The patient 

passed away shortly after with multiple PDAC metastases upon autopsy (67).  

 

Beatty and colleagues then bioengineered mesothelin-targeted CAR T-cells that 

employ in vitro transcribed mRNA encoding the CAR, making it transiently expressed 

and less toxic (68). In a first phase I clinical trial they tested the CAR on a single 

mesothelioma and a single PDAC patient (NCT01355965) (68). The efficacy in the 

PDAC patient was limited to stable disease and a reduction in the maximum 

standardised uptake was seen on PET/CT in the primary tumour and metastases (68). 

They therefore explored the same CAR T-cells in a second phase I clinical trial on PDAC 

patients and 2 out of 6 patients had stable disease and progression-free survival times 

of 3.8 and 5.4 months (NCT01897415) (69). Since a reduction was seen in the 

metastases in some of the patients, it would be worth further investigating this technique 

in combination with standard of care chemotherapy (69).  

 

Beside a CAR, patient T-cells could be transduced with other proteins or receptors; an 

example is the conjugation of cetuximab to a murine anti-CD3 mAb (bispecific 

antibody). T-cells armed with this bispecific antibody are referred to as bispecific 

antibody-targeted T-cells (BATs) and are also reinfused back into the patient (70). Both 

the BATs and cetuximab significantly delayed the growth of pancreatic COLO 356/FG 

xenografts in SCID/beige mice compared to vehicle or unmodified T-cells (70). The 

cetuximab group however showed signs of toxicity upon necropsy such as raised liver 

and spleen weights in contrast with the other groups (70). The anti-CD3xanti-EGFR 

BATs molecule entered a phase I clinical trial involving five PDAC patients 
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(NCT01420874)(71). No dose-limiting toxicities were noted and mOS was 31 months, 

which is highly promising for PDACs (71). In the phase II clinical trial, BATs were 

combined with IL-2 and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

(NCT02620865) (71). However, this trial only included 2 participants who survived 12.2 

months and 38.5 months (71).  

 

1.3.6 Masked pro-drugs 

Several studies have attempted to incorporate the ‘prodrug’ strategy, where the active 

substance is released exclusively upon entering the tumour stroma, usually through 

protease activity. The benefits of this technique are a reduction in toxicity and improved 

tissue penetration. Wang and colleagues developed a matrix metalloproteinase (MMP)-

sensitive synthetic protein-polypeptide conjugate (PEP20-M-IFN) that consists of a 

synthetic polypeptide, an MMP2-cleavable peptide, as well as an interferon (72). This 

conjugate triggered considerable anti-tumour efficacy in murine ovarian OVCAR3 

xenograft cancer models; PEP20-M-IFN significantly suppressed tumour volume 

compared to the uncleavable PEP20-IFN control (72). A benefit of this design is that 

the cytokine and the cleavable MMP linker can easily be translated/adapted to other 

tumour types.  

 

For example, using a linker that is cleaved by both MMPs and serine protease could 

release the cytokine more efficiently (73). Mansurov and colleagues masked IL-12 using 

such linkers, where the mask abolished virtually all IL-12 associated toxicity and 

displayed strong anti-tumour effects in colon adenocarcinoma, melanoma, and breast 

cancer mouse models (73). A human version of the masked IL-12 molecule was 

designed and its linker was readily cleaved by human tumour lysate (73).  

 

A similar concept was recently explored by Xue and colleagues (74). They initially 

developed an IL-12-Fc conjugate with an extended half-life and great anti-tumour 

efficacy in B16 and MC38 mouse models (74). The IL-12-Fc consists of two murine IL-

12 molecules linked to an immunoglobulin Fc (74). However, a mask was later 

introduced due to heavy toxicity of the molecule (74). The mask consisted of a unit of 

the IL-12 receptor and it was conjugated to the IL-12-Fc through an MMP-14 cleavable 
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linker (74). The mask successfully suppressed toxicity, which was reflected in reduced 

serum IFNγ levels and maintenance of body weight compared to the unmasked variant 

in an MC38 mouse model (74). The masked IL-12-Fc (Pro-IL-12) significantly prolonged 

survival and suppressed tumour growth in B16, MC38, and 4T1 models (74).  
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1.4 Masked CBD-IL12 (M-CBD-IL12) and CBD-IFNγ as targeted and 
tolerable immunotherapy candidates 

Each bioengineering technique has its own benefits and limitations. For example, 

although powerful, CAR T-cells lack affinity for the tumour stroma leading to reduced 

penetration into solid tumours. This explains why the success of CAR T-cells remains 

mainly limited to blood cancers (64). Antibody-drug conjugates and immuno-cytokines 

tend to lack specificity and have difficulty penetrating the tumour stroma due to their 

size. This PhD focuses on two tumour types with a dense stroma and highly complex 

TME (TNBC and PDAC). Hence, the aforementioned techniques are unlikely to be 

successful. Since PDACs and TNBCs contain abundant collagen, I decided to exploit 

this by collagen-anchoring and masking two pro-inflammatory cytokines (IL-12 and 

IFNγ).  

 

IL-12 and IFNγ are closely linked as the two major T helper (Th)1 cytokines and have 

previously shown promising results in preclinical models of multiple cancer types (see 

Figure 1.5/Figure 1.4)(21, 51). They are therefore suitable candidates for promoting a 

Th1-based response in a complex, immunosuppressive TME. In addition, these pro-

inflammatory cytokines are small making it easier for them to manoeuvre through the 

leaky vasculature of the tumour. IL-12 is a heterodimeric cytokine, consisting of a p35 

and p40 subunit, that is mainly secreted by monocytes, macrophages, and dendritic 

cells, all of which play a role in antigen presentation (Figure 1.4). IL-12 can trigger a 

Th1-based response upon binding to its receptor (see Figure 1.5) (13). The IL-12 

receptor (IL-12R), comprising of a β1 and β2 subunit, is mainly expressed on the 

surface of T-cells and NK cells (13). Upon binding of IL-12 to its receptor, signal 

transducer and activator of transcription 4 (STAT4) is phosphorylated by the non-

receptor protein tyrosine kinases JAK2 and TYK2 (13). Two phosphorylated STAT4 

molecules then dimerise and are translocated into the nucleus, where they upregulate 

the transcription of IFNγ-encoding genes through regulators of transcription such a Tbet 

(13). Therefore, IL-12 receptor signalling results in the production of IFNγ (13). 
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Figure 1.4 The sources and targets of IL-12 and IFNγ 
Schematic representing the cell types that produce IL-12 and IFNγ and which ones 
are targeted by these molecules. Schematic was created on Biorender.com. 
 
IFNγ then binds the IFNγR, also consisting of an R1 and an R2 subunit, which results 

in oligomerisation and transphosphorylation of their intracellular domains (12). Whilst 

the former is expressed at an intermediate level on a wide variety of cells, the latter’s 

expression is strictly controlled and highly dependent on a cell’s differentiation state and 

exposure to IFNγ (12). Although interesting, this means that IFNγ seems to control the 

expression of its own receptor to an extent which could ultimately lead to desensitisation 

(12). Unlike IL-12, IFNγ signalling triggers JAK1 and JAK2 to phosphorylate STAT1. 

Two phosphorylated STAT1s, also referred to as gamma-activated factors (GAFs), then 

dimerise and are translocated into the nucleus (12). In the nucleus, GAFs bind to 

gamma-activated site (GAS) elements, that form a part of the promoters of interferon-

stimulated genes (ISGs). Tbet is the main transcription factor that regulates IFNγ 

expression, meaning that a positive feedback loop is present (12).  
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Figure 1.5 Schematic representing the IL-12 and IFNy signalling pathways 
Adapted from ‘T Cell Differentiation into Various Functional Subtypes’, by 
BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates  
 

Bioengineering these cytokines to anchor onto the collagenous ECM enhances their 

tumour infiltration whilst reducing their peripheral toxicity. Hence, they were both 

conjugated to a collagen-binding domain (CBD), which as discussed earlier, is a protein 

derived from the A3 domain of VWF (50-52). Therefore, it has a high affinity for 

collagens type 1 and 3 (50-52). By adding the CBD to these cytokines, their molecular 

weight is increased which therefore prolongs their half-life and prevents their diffusion 

across the endothelium into healthy tissues which causes toxicity (50-52). Instead, the 

cytokines exclusively have access to tissues that are undergoing necrosis or have leaky 

vasculature, both of which are typical for the stroma of most solid tumours. Since these 

tumours usually contain abundant collagen, the CBD-conjugated cytokines tend to 

accumulate intratumourally (50-52). Choosing a rarer ECM molecule instead of collagen 
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would reduce the affinity of the bioengineered cytokines for the tumour stroma whereby 

limiting such accumulation.  

 

In addition, the protease sensitive masking strategy offers tumour specificity to further 

suppress any residual toxicity of the CBD-IL12. The mask consists of the β1 subunit of 

the IL-12 receptor and temporarily inactivates IL-12 whilst in the blood stream following 

intravenous injection (73). This mask is conjugated to the p35 subunit of the IL-12 

heterodimer through a protease-sensitive linker. Once the molecule has accumulated 

in the tumour stroma, MMPs 1, 2, and 9 and matriptase, legumain and urokinase can 

cleave the linker to remove the mask (73). Since these proteases are overexpressed in 

a variety of solid tumours compared to healthy tissues, this molecule offers a degree of 

tumour specificity which reduces toxicity even further.  

 

Protease sensitive linkers were chosen over temperature or pH sensitive linkers due to 

their straightforward production and purification process and enhanced stability allowing 

long-term storage. They also provide easy adaptation of the linker sequence to other 

proteases, which is more limited with temperature or pH-sensitive linkers. Therefore, 

the molecule could be easily adjusted and personalised depending on which proteases 

are most abundantly expressed in a particular tumour. The masking was only applied 

to CBD-IL12 since unmasked CBD-IL12 was previously shown to be highly effective 

and the mask serves to reduce its toxicity further (51). However, CBD-IFNγ is a 

completely novel molecule of which the efficacy and biological activity in different cancer 

types was unknown. Therefore, this PhD focused on testing the efficacy of unmodified 

CBD-IFNγ without a mask first.   
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1.5 Triple negative breast cancer (TNBC) 

1.5.1 Epidemiology 

In 2020, 11.7% of all newly diagnosed cancers comprised of female breast cancer (75). 

This means it has now replaced lung cancer (11.4% of all cancer diagnoses) as the 

most commonly diagnosed cancer worldwide (75). However, lung cancer still remains 

more lethal; it is responsible for 18% of all cancer deaths, whilst female breast accounts 

for 6.9% (75). This is likely due to a combination of extensive breast cancer screening 

programs and increased public awareness leading to earlier breast cancer diagnosis 

and treatment (75). Breast cancer rates are considerably higher in high-income 

countries compared to low-income countries, most likely due to a combination of 

hormonal risk factors like contraceptives and age of menarche, as well as lifestyle risk 

factors like alcohol and obesity (75). The problem remains TNBC, which forms 10-15% 

of all new breast cancer diagnoses (76). They contribute to a large proportion of the 

breast cancer-related deaths due to their highly proliferative and tumorigenic nature 

(76). TNBC incidence is the highest young females, particularly of African American and 

Hispanic origin; it is more commonly diagnosed in women aged 20-39 compared to 

oestrogen receptor (ER)+/ progesterone receptor (PR)+, HER2- cancers (76, 77). 

Secondly, TNBC development is also linked to oestrogen exposure; in particular, 

women diagnosed within the 2 years following pregnancy are more likely to have 

TNBCs compared to other breast cancer types (78). Oestrogen’s crucial role in the 

development of ER-negative tumours and the stromal changes and angiogenesis within 

them has been demonstrated in mouse xenografts (79). 

 

1.5.2 Histological classification of breast cancer  

Around 95% of breast cancers are adenocarcinomas (80). Invasive ductal carcinoma 

(IDC) is the most common form of breast adenocarcinoma (80). The rarer alternative is 

lobular carcinoma (80). Originally, it was thought that ductal carcinomas originated from 

the epithelium lining the milk duct and the lobular carcinoma from the lobules that 

produce the milk (81). However, it was later shown that both types arise in the terminal 

duct lobular unit (TDLU) (81). The two subtypes are now differentiated based on cell 

morphology: lobular carcinomas contain small, non-polarised cells similar in 
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appearance to the luminal cells of breast acini, whilst the ductal carcinoma contains 

larger, polarised cells, that take after normal ductal cells (80, 81). Both types of breast 

cancer have a non-invasive form characterised by early neoplastic proliferation that may 

develop into invasive breast cancer, referred to as ‘in situ’ (80). The in situ forms of 

breast cancer are often referred to as stage 0 (76). Stages I-III are collectively referred 

to as invasive carcinoma (either ductal or lobular), but the three stages differ in tumour 

size; in stage I, tumours remain under 2 cm in size but have spread into the breast 

tissue from the TDLU (76). Stage II tumours are between 2-5 cm diameter and stage III 

tumours exceed 5 cm with spread to the axillary lymph nodes (76). Finally, stage IV 

tumours are referred to as metastatic breast cancer and have spread to organs distant 

from the mammary tissue (76). 

  

1.5.2.1  Ductal carcinoma in situ (DCIS)  

Ductal carcinoma in situ (DCIS) is an excessive proliferation of cancerous epithelial 

ductal-like cells that have not yet invaded local breast tissue (76, 80). DCIS is usually 

rather heterogeneous, meaning they are usually classified into 5 histological subtypes: 

comedo, solid, cribiform, papillary, micropapillary (80). In addition, they exist in low-

grade (monomorphic cells, round nuclei, small increase in nuclear-cytoplasmic ratio), 

intermediate-grade (like low-grade but with potentially some necrosis in the ducts or the 

presence of nucleoli and coarse chromatin), or high-grade (atypical cells, high grade 

nuclei, prominent nucleoli) (80). The risk of progression to an invasive ductal carcinoma 

is determined by the DCIS grade (80).   

 

1.5.2.2 Lobular carcinoma in situ (LCIS) 

Similar to DCIS, LCIS is a precursor and risk factor for invasive lobular carcinoma (80). 

It differs from DCIS because it is positive for high molecular weight keratin and negative 

for E-cadherin and β-catenin (80). The exact opposite pattern can be found in DCIS for 

those markers (80).  
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1.5.2.3 Invasive ductal carcinoma (IDC) 

IDC is the most common form (around 55% of all breast cancers) (80) and is an 

umbrella term for a wide range of histological subtypes: tubular, mucinous, invasive 

cribiform, medullary, invasive papillary, invasive micropapillary, apocrine, 

neuroendocrine, metaplastic, lipid-rich, secretory, oncocytic, adenoid cystic and acinic 

cell. The most common subtype remains the No Special Type (NST) which includes a 

broad variety or morphologies, margins, sizes, grades, and growth patterns (80).  

 

1.5.2.4 Invasive lobular carcinoma (ILC) 

Invasive lobular carcinomas (ILC) form around 5-15% of breast carcinomas and their 

incidence is increasing in post-menopausal women, potentially due to increased use of 

hormone replacement therapy (80). Their cells are usually small, round and rather 

uniform and they invade the stroma in a single-file pattern (80). They have five 

histological subtypes: classic type, pleiomorphic lobular carcinoma, histocytoid 

carcinoma, signet ring carcinoma, and tubulolobular carcinoma (80).   

 

1.5.3 Biological classification of breast cancer 

Since the histological classification of breast cancers is often not representative of the 

complex genetic background and behaviour of breast tumours, many have attempted 

to use gene expression data to classify breast cancers biologically. Perou and 

colleagues collected 65 tumour specimens from 42 patients who had previously been 

treated with neoadjuvant doxorubicin (82). Using hierarchical clustering they were able 

to identify two major subsets: ER-positive and ER-negative tumours (82). The ER-

positive tumours were enriched for genes usually expressed by breast luminal cells (e.g. 

luminal cytokeratins) which resulted in them being called the luminal group (82). In 

contrast, the ER-negative group was rather heterogenous; some tumours stained for 

basal keratins and they resembled basal epithelial cells (82). These tumours were 

therefore referred to as the basal-like group. A second subset expressed abundant Erb-

B2 and were called Erb-B2+ (82). Finally, a third subset contained samples that were 

grouped together with three normal breast samples (82). They expressed high levels of 

basal epithelial cell genes and adipose cell genes but very few luminal epithelial genes 
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(82). They were referred to as the normal-like group. Sørlie et al. then analysed the 

prognostic value of this classification in 78 breast cancer patients and found the ErbB2+ 

and the basal-like subtypes to have the worst survival rates (83). They also further 

classified luminal tumours into luminal A, luminal B, and luminal C with the former 

having the best prognosis and higher ER expression (83). Finally, Hu et al. combined 

datasets from multiple studies, including those discussed above (83-85) and confirmed 

the existence of two luminal-like subgroups with unique survival patterns (86). Over 

time, this classification has been adjusted and a version of the current breast cancer 

classification is shown below (see Table 1.2). TNBCs lack the expression of the ER, 

PR, and HER2, and they overlap largely, but not fully, with the claudin-low and basal-

like subtypes (87). For example, 15-20% of TNBC lack the expression of basal markers, 

whilst 15-20% of non-TNBCs express basal markers (87). This highlights the vast 

heterogeneity within TNBCs. The Sadanandam laboratory addressed this 

heterogeneity by classifying TNBCs into 3 distinct subtypes (immunotypes) based on 

the expression of cancer, stromal, and immune genes (88). Patients bearing 

immunotype 1 tumours usually have better survival rates since the tumours are more 

acutely inflamed with enhanced T-cell infiltration (88). On the other hand, women 

diagnosed with immunotype 3 tumours tend to have shorter survival rates, most likely 

due to the heavy myeloid infiltration that results in chronic inflammation (88). This 

classification and its use in selecting patients for the immunotherapy agents in this PhD 

thesis will be discussed in more detail in section 3.1 of Chapter 3. 

 
Table 1.2 Biological subtypes of breast cancer 
The contents of this table are adapted from (76), (89). HER2 = Human epidermal 
growth factor receptor 2, ER = oestrogen receptor, PR = progesterone receptor, AR = 
androgen receptor, CK = cytokeratin.  

Biological 
subtypes  

Proportion of all 
breast cancers 

Histological 
subtypes 

Prognosis  Molecular markers 

Luminal A-like 50-60% Lobular, classical, 
tubular, cribiform 

Good ER+, PR+, HER2-, low 
Ki67 

Luminal B-like 15-20% Micropapillary Intermediate 
to poor 

ER+, PR±, HER2±, 
high Ki67 

HER2 
overexpressed 

15-20% Pleomorphic  Poor ER-, PR-, HER+, 
CK5/6 +/-, EGFR+/-, 
high Ki67  

Triple negative  10-15% Metaplastic, adenoid, 
cystic, secretory  

Poor ER-, PR-, HER2-, AR+, 
CK5/6 +/-, EGFR+/-, 
high Ki67 
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Claudin low 7-14% Metaplastic, 
medullary 

Poor Claudin 3,4 and 7 low, 
E-cadherin low, ER-, 
PR-, HER2-, high Ki67 

Basal-like 8-37% Metaplastic, 
medullary, adenoid 
cystic, secretory 

Poor ER-, PR-, CK5+, CK6+, 
CK14+, CK17+, 
EGFR+, high Ki67 

Normal-like 5-10% Medullary, 
metaplastic 

Intermediate  ER+, PR±, HER2-, 
CK5+, CK6+, EGFR+, 
high Ki67 

 

1.5.4 Current therapeutic options for TNBC patients 

Similar to other breast cancers, the primary therapeutic option for TNBC remains 

surgical removal of the lump (lumpectomy) or the entire breast (mastectomy), usually 

followed with (adjuvant) or preceded by systemic chemotherapy (neo-adjuvant) (76). 

The preferable chemotherapeutics are anthracyclines, taxanes, and platinum-based 

chemotherapies (76). However, these toxic chemotherapy regimens have limited 

efficacy in TNBC patients (90). Radiotherapy can be useful for treatment of both the 

primary tumour, as well as its associated symptoms (76). It is also a tool to eradicate 

remaining cancer cells following surgery (76). This could help prevent relapse, which 

TNBC is particularly notorious for (90). Although it is challenging to pinpoint the culprit, 

certain pathways within TNBCs are overactive and drive tumorigenesis. They are 

therefore being explored as therapeutic targets and have been described below as well 

as in Table 1.3.   

 
Table 1.3 Overview of therapeutic targets and strategies in TNBC clinical trials 

Cancer cell Stroma Immune 
BRCA Androgen pathway CPIs 

PI3K/Akt/mTOR Hedgehog Oncolytic viruses 

Wnt/β-catenin  Antibody-drug 
conjugates 

  Agonistic and 
antagonistic antibodies  

  Cancer vaccines 

 

1.5.4.1 BRCA1/2 and PARP inhibitors 

Women with TNBC usually have a family history of breast or ovarian cancers, 

suggesting the existence of a genetic link (76). This is particularly relevant for the 



Chapter 1 Introduction 

45 

 

BRCA1/2 germline mutations, that are responsible for around 10% of TNBC (87, 91). 

In addition, mutations in BRIP1, BARD1, RAD51D and PALB2 are frequent in TNBC 

patients compared to other breast cancers (91). In BRCA1 mutation carriers, 70% of 

breast tumours are TNBC, whilst around 16-23% of breast cancers in BRCA2 mutation 

carriers are TNBC (87).  

 

Poly(ADP-ribose) polymerase (PARP) is an enzyme that functions to repair single-

strand DNA breaks (92, 93). If inhibited, PARP is unable to fix these breaks which then 

become double strand breaks (92, 93). In that case, the homologous recombinant repair 

(HRR) DNA repair pathway fixes DNA double strand breaks. However, mutations in 

BRCA1/2 or other genes such as ATM, PALB2, or RAD51 (these mutations cause the 

‘BRCAness’ phenotype) result in the deficiency of HRR (92, 93). In tumours that are 

HRR deficient, these double strand breaks cannot be repaired, which results in the 

elimination of cancer cells (92, 93). Therefore, PARP inhibitors are effective only against 

BRCA1/2 mutant tumours or tumours high in ‘BRCAness’ (mutant in for example ATM, 

PALB2, or RAD51) (92, 93). ‘BRCAness’ refers to the concept of a defective HRR 

pathway leading to a BRCA-like phenotype, yet this phenotype is not caused by 

BRCA1/2 mutations but by other mutations (92, 93).  

 

In the 10% of TNBCs that are BRCA mutant, the PARP inhibitors olaparib and 

talazoparib have recently been approved based on the results of two phase III clinical 

trials: OlympiAD (NCT02000622) (94) and EMBRACA (NCT01945775) (95). OlympiAD 

included both metastatic BRCA-mutant TNBC (49.8%) and ER+PR+HER- tumours 

(50.2%) (94). The trial revealed the olaparib group to have a significantly longer mPFS 

than the chemotherapy group (94). Interestingly, the overall survival did not differ 

between treatment arms (94). In the EMBRACA trial, advanced or metastatic BRCA-

mutant breast tumours, of which 40% were TNBCs, were treated with either talazoparib 

or chemotherapy (95). In this trial, the mPFS was significantly higher in the talazoparib 

arm compared to chemotherapy (95). Once again, no difference in overall survival was 

observed between treatment arms. Despite the approval of PAPR inhibitors for BRCA-

mutant TNBC, 50% of patients still progress whilst receiving treatment (96). Other 

PARP inhibitors such as rucaparib, niraparib and veliparib are currently being tested in 

TNBC patients (97).  
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Due to the small proportion of TNBC that are BRCA-mutant and the degree of 

resistance these patients demonstrate against PARP inhibitors, other tumorigenic 

pathways in TNBC have been explored as potential therapeutic targets.  

 

1.5.4.2 PI3K/Akt pathway 

The PI3K/Akt pathway is overactive in about 50% of TNBCs due to mutations in for 

example PIK3CA, mTOR, or AKT1 (76, 98). This was the rationale behind clinical trials 

using the PI3Kα inhibitor alpelisib (BYL719) (76, 99). In the phase 1a clinical trial on 

multiple solid tumour types including breast tumours with PIK3CA mutations, alpelisib 

was found to be safe with a manageable safety profile (NCT01219699)(99). Alpelisib is 

currently being tested in a phase III trial in combination with nab-paclitaxel in advanced 

TNBC patients with PIKC3A mutations or PTEN loss (NCT04251533) (76). AKT1, 

AKT2, and AKT3 are crucial downstream components of the PI3K pathway that can be 

inhibited through pan-AKT inhibitors such as capivasertib or ipatasertib (100, 101). In 

combination with paclitaxel in the phase II trials PAKT and LOTUS, they showed 

significant improvements in progression-free and overall survival in patients with 

metastatic TNBC compared to placebos (100, 101).  

 

1.5.4.3 Hedgehog (HH) pathway 

The hedgehog (HH) pathway is involved in tissue repair and cellular growth (102, 103). 

Its activation promotes the proliferation and invasiveness of TNBC cells by increasing 

angiogenesis and the expression of matrix-degrading proteases (102, 103). Tumours 

in which this pathway is dysregulated have a more aggressive phenotype (76). Since 

HH pathway components are more abundantly expressed in TNBC compared to other 

breast cancers, its dysregulation could be contributing to the poor TNBC survival rates 

(76, 102, 103). Within TNBCs, a higher expression of HH pathway components is also 

associated with poorer survival (76).  

 

This pathway also plays a role in resistance to chemotherapy; resistance of TNBC cells 

to chemotherapy was found to be mediated by GLI1, a major HH effector protein (104). 

This protein can upregulate the transcription of drug resistance efflux transporters 
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(MDR1, BCRP) that cause resistance to taxanes (104). This makes the HH pathway an 

attractive target for TNBC therapy.  

 

The easiest to target component of this pathway is Smoothened (SMO), against which 

a variety of inhibitors exist. Their success in other cancer types is varied with promising 

results in basal cell carcinomas (105) and medulloblastomas (106), yet disappointing 

results in colorectal (107), pancreatic (108) or lung cancer (109). In breast cancer, three 

clinical trials using SMO inhibitors have been organised (NCT01071564, 

NCT01757327, and NCT02027376) of which the latter (EDALINE study) has results 

available on TNBC patients; a complete response was observed in a single patient out 

of twelve but this patient was eventually excluded from the study due to docetaxel-

related cumulative toxicity (110). Stable disease was noted in three other patients. 

Further trials are required to draw conclusions on the efficacy of this SMO inhibitor in 

advanced TNBC (110). GLI inhibitors have also been identified but have only been 

tested in pre-clinical models (111). Therefore, the information on their pharmacokinetics 

is currently still limited and uncertainty exists around their suitability as a cancer drug 

due to extensive post-translation modifications leading to a variety of truncated GLI 

isoforms (111).  

 

1.5.4.4 Wnt/β-catenin pathway 

The Wnt/β-catenin pathway is also involved in cell proliferation, migration and invasion 

(76). When the pathway is activated by Wnt ligands, β-catenin accumulates in the 

cytoplasm and gets translocated into the nucleus to regulate gene expression (76). In 

the Wnt-off state in the absence of Wnt ligands, β-catenin gets degraded in the 

cytoplasm (76). Various genes involved in this pathway (FZD7, TCF, LRP6) are highly 

upregulated in TNBC samples in microarray analysis (112). Using 

immunohistochemistry, the differential expression between normal breast cancers and 

TNBCs was confirmed (112). Knocking down FZD7 in human TNBC cell lines reduced 

their invasiveness and proliferation in vitro and their tumour growth rate in vivo (112). 

Monoclonal antibodies against Wnt ligands exist yet a pan-Wnt ligand inhibitor is 

thought to be more suitable due to the large number of existing ligands. This type of 
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inhibitor performed well against murine mammary tumours (113) but its use in TNBC 

clinical trials remains currently limited.  

 

1.5.4.5 Androgen pathway  

The androgen receptor (AR) is a steroid hormone receptor that contributes to cell 

proliferation and migration (98). Around 10-15% of TNBCs are AR-positive and these 

tumours tend to have a poor prognosis and are unresponsive to chemotherapy (98).  

 

Instead, in tumours where the androgen signalling pathway is active, AR inhibitors can 

be efficacious (114). In a phase II trial on AR-positive TNBCs, the AR inhibitor 

enzalutamide was well tolerated and showed some efficacy (114); especially in patients 

with a nuclear AR expression over 10%, the mOS was  17.6 months compared to 12.7 

months in the intent-to-treat population (114). However, in contrast, in a second phase 

II trial using bicalutamide, no clear efficacy was observed against metastatic AR-

positive (>10% AR expression) TNBCs (115). The mPFS was only 12 weeks (115). The 

cytochrome P450 17 alpha-hydroxylase (CYP17) blocker abiraterone acetate reduces 

androgen production and is often used for the therapy of prostate cancers (116). In 

combination with prednisone, it performed similarly to enzalutamide in a phase II trial, 

especially in patients with 10% or more AR expression (116). The mPFS was 2.8 

months with few adverse events. Overall, a select set of TNBC patients seem to benefit 

from androgen pathway inhibition but the identification of this patient subset is currently 

still suboptimal.  

 

1.5.4.6 Immunotherapy in TNBC  

Immunotherapy either as monotherapy or in combination with other agents has been 

widely explored in TNBC (see Table 1.4). IMpassion130 was a phase III trial assessing 

nab-paclitaxel either with placebo or atezolizumab (anti-PD-L1 antibody). In the ITT 

population, the mOS was 18.7 months for placebo and 21.0 for atezolizumab, 

suggesting a slight improvement (117). In the PD-L1+ subgroup, the atezolizumab arm 

had a significantly longer mOS of 25.4 months, compared to placebo with 17.9 months 

(117). Following the results of this trial, in 2020, National Institute for Health and Care 
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Excellence (NICE) guidelines were published recommending atezolizumab in 

combination with nab-paclitaxel for PD-L1+ (≥1%) unresectable locally advanced or 

metastatic TNBCs that have not been treated with prior chemotherapy (118).  

 

In the KEYNOTE-355 study, chemotherapy in combination with pembrolizumab (C+PE) 

(anti-PD-1 antibody) was compared to chemotherapy with placebo (C+PL) (119, 120). 

They analysed groups in terms of Combined Positive Score (CPS), which refers to the 

number of cancer cells, lymphocytes and macrophages that stain positive for PD-L1, 

divided by the total number of live tumour cells, multiplied by 100. In the CPS-1 group, 

little difference was observed between groups in terms of mOS (C+PE 17.6 vs. C+PL 

16.0 months) (119, 120). In contrast, in the CPS-10 group, mOS in the C+PE group was 

23.0 months whilst the C+PL group mOS remained 16.1 months (119, 120). Therefore, 

in June 2022, a second recommendation was published revealing patients with 

untreated, unresectable or metastatic TNBC (no prior chemotherapy, PD-L1 CPS of 

≥10, immune cell staining <1%) to benefit from pembrolizumab (anti-PD-1 antibody) in 

combination with (nab-)paclitaxel (121). Later in 2022, this advice was also extended to 

patients with early or locally advanced TNBC as neoadjuvant treatment with 

chemotherapy and consequently as adjuvant therapy following surgery (122). As a 

consequence of these approvals, a variety of immunotherapy clinical trials combining 

the targeted therapies described above (PARP inhibitors, Akt inhibitors, etc.) with CPIs 

and chemotherapy in TNBC have been completed in an attempt to further prolong these 

survival rates (see Table 1.4). 

 
Table 1.4 Completed immunotherapy clinical trials in TNBC 
ITT = Intention to treat population. VEGFR2 = vascular endothelial growth factor 
receptor 2, mOS = median overall survival. Table is based on (123). Trial registration 
numbers have been underlined for trials that tested a combination of immunotherapy 
with other agents that was eventually approved by NICE in the UK.  

Study name Trial arms N= Phase mOS 
(months) 

Trial registration Ref.  

KEYNOTE-
012 

anti-PD-1 antibody 
(pembrolizumab) 

32 Ib 11.2 NCT01848834 (124) 

KEYNOTE-
086-A 

anti-PD-1 antibody 
(pembrolizumab) 

170 II 9.0 NCT02447003 (125) 

KEYNOTE-
086-B 

anti-PD-1 antibody 
(pembrolizumab) 

84 II 18.0 NCT02447003 (126) 

KEYNOTE-
119 

A: anti-PD-1 antibody 
(pembrolizumab) 
B: chemotherapy 

622 III PD-L1 score 
≥10:  
A: 12.7  
B: 11.6 

NCT02555657 (127) 
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TOPACIO/KE
YNOTE-162 

PARP inhibitor (niraparib) + anti-
PD-1 antibody (pembrolizumab) 

55 II / NCT02657889 (128) 

JAVELIN anti-PD-L1 antibody (avelumab) 168 
(58 
TNBC) 

Ib TNBC:  
9.2 

NCT01772004 (129) 

JAVELIN 
PARP 

anti-PD-L1 antibody (avelumab) + 
PARP inhibitor (talazoparib) 

233 
(22 
TNBC) 

Ib/II / NCT03330405 
 

(130) 

/ anti-PD-L1 antibody 
(atezolizumab) 

116 I 17.6 NCT01375842 (131) 

KEYNOTE-
150/ENHANC
E-1 

anti-PD-1 antibody 
(pembrolizumab) + microtubule 
inhibitor (eribulin mesylate) 

167 Ib/II 16.1  NCT02513472 (132) 

IMpassion130 A: placebo + nab-paclitaxel 
B: anti-PD-L1 antibody 
(atezolizumab) + nab-paclitaxel 

902 III ITT 
population 
A: 18.7 
B: 21.0 
 
PD-L1+ 
A: 17.9 
B: 25.4 

NCT02425891 (117) 

IMpassion131 A: placebo + paclitaxel  
B: anti-PD-L1 antibody 
(atezolizumab) + paclitaxel 

651 III PD-L1+: 
A: 28.3 
B: 22.1 

NCT03125902 (133) 

IMpassion132 A: placebo + chemotherapy 
(investigator selected, either 
gemcitabine + carboplatin or 
capecitabine) 
B: anti-PD-L1 antibody 
(atezolizumab) + chemotherapy 

/ III Not 
available yet 

NCT03371017 (134) 

KEYNOTE-
173 

anti-PD-1 antibody 
(pembrolizumab) + chemotherapy 
(nab-paclitaxel, carboplatin, 
doxorubicin, cyclophosphamide) 

60 Ib / NCT02622074 (135) 

GeparNuevo A: anti-PD-L1 antibody 
(durvalumab) + nab-paclitaxel 
B: placebo + nab-paclitaxel 

174 II / NCT02685059 (136) 

FUTURE-C-
PLUS 

nab-paclitaxel + receptor tyrosine 
kinase inhibitor (famitinib) + anti-
PD-1 antibody (camrelizumab) 

48 II Not reached NCT04129996 (137) 

/ A: carboplatin + gemcitabine 
B: carboplatin + gemcitabine + 
anti-CSF-1 antibody 
(lacnotuzumab) 

49 II / NCT02435680 
 

(138) 

SAFIR02-
BREAST 
IMMUNO 

A: anti-PD-L1 antibody 
(durvalumab) 
B: chemotherapy 

199 
(82 
TNBC) 

II TNBC: 
A: 21.2 
B: 14.0 

NCT02299999 
 

(139) 

/ nab-paclitaxel + anti-PD-L1 
antibody (atezolizumab) 

33 Ib 14.7 NCT01633970 (140) 

COLET Cohort I: 
A: paclitaxel + placebo  
B: paclitaxel + MAPK/MEK 
inhibitor (cobimetinib)  
Cohort II: cobimetinib + 
atezolizumab + paclitaxel 
Cohort III: cobimetinib + 
atezolizumab + nab-paclitaxel 

Cohort 
I: 106 
 
Cohort 
II/III: 
63 

II I:  
A: 19.6 
B: 16.0 
 
II: 11.0 
 
III: NE 

NCT02322814 (141) 

/ anti-PD-1 antibody (camrelizumab) 
+ VEGFR2 inhibitor (apatinib) 
Either continuously or 
intermittently dosed 

40 II Cont.: 8.1 
Interm: 9.5 

NCT03394287 (142) 
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/ anti-PD-L1 antibody (durvalumab) 
+ anti-CTLA-4 antibody 
(tremelimumab) 

18 (7 
TNBC) 

II Not reached  NCT02536794 (143) 

/ anti-PD-L1 antibody 
(atezolizumab) + talimogene 
laherparepvec (T-VEC, herpes 
simplex oncolytic virus) 

11 Ib 19.2 NCT03256344 (144) 

I-SPY2, arm 2 A: anti-PD-L1 antibody 
(durvalumab) + PARP inhibitor 
(olaparib) + paclitaxel 
B: paclitaxel 

372 
(40 
TNBC) 

II Not 
available yet 

NCT01042379 (145) 

I-SPY2, arm 1 A: paclitaxel + anti-PD-1 antibody 
(pembrolizumab) 
B: paclitaxel 

250 
(82 
TNBC) 

II / NCT01042379 (146) 

TORCHLIGHT A: nab-paclitaxel + placebo 
B: nab-paclitaxel + anti-PD-1 
antibody (toripalimab) 

531 III ITT: 
A: 23.5 
B: 33.1 
PD-L1+ 
A: 19.5 
B: 32.8 

NCT04085276 (147) 

IMPRIME 1 anti-PD-1 antibody 
(pembrolizumab) + Imprime PGG 
(soluble yeast β-glucan)  

44 II 16.4 NCT02981303 
 

(148) 

KEYNOTE-
355 

A: chemotherapy + anti-PD-1 
antibody (pembrolizumab) 
B: chemotherapy + placebo 

847 III CPS-1: 
A: 17.6 
B: 16.0 
 
CPS-10: 
A: 23.0 
B: 16.1 

NCT02819518 (119), 
(120) 

ALICE A: cyclophosphamide + pegylated 
liposomal doxorubicin + placebo 
B: cyclophosphamide + pegylated 
liposomal doxorubicin + anti-PD-
L1 antibody (atezolizumab) 

68 II / NCT03164993 (149) 

KEYNOTE-
522 

A: anti-PD-1 antibody 
(pembrolizumab) + chemotherapy 
(paclitaxel, carboplatin) 
B: placebo + chemotherapy  

1174 III Not yet 
available 

NCT03036488 (150) 

NeoPACT carboplatin + docetaxel + anti-PD-
1 antibody (pembrolizumab) 

115 II / NCT03639948 (151) 

NeoTRIPaPD
L1 

A: carboplatin + nab-paclitaxel + 
anti-PD-L1 antibody 
(atezolizumab) 
B: carboplatin + nab-paclitaxel 

280 III / NCT02620280 (152) 

IMpassion031 A: chemotherapy (nab-paclitaxel + 
doxorubicin + cyclophosphamide) 
+ anti-PD-L1 antibody 
(atezolizumab) 
B: chemotherapy + placebo  

333 III Not yet 
available 

NCT03197935 (153) 

/ anti-PD-L1 antibody (durvalumab) 
+ PARP inhibitor (olaparib) 

54 (43 
TNBC) 

I/II Not yet 
available 

NCT03594396 (154) 

DORA anti-PD-L1 antibody (durvalumab) 
+ PARP inhibitor (olaparib) 

45 II / NCT03167619 (155) 

/ anti-PD-1 antibody 
(pembrolizumab) + radiotherapy 

17 II Not yet 
available 

NCT02730130 (156) 

/ anti-PD-1 antibody 
(pembrolizumab) + antibody drug 
conjugate (ladiratuzumab vedotin) 

51 Ib/II / NCT03310957 
 

(157) 

SYNERGY  A: anti-PD-L1 antibody 
(durvalumab) + anti-CD73 

127 Ib/II A: 25.1 
B:19.3 
 

NCT03616886 (158) 
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monoclonal antibody (oleclumab) 
+ paclitaxel + carboplatin  
B: durvalumab + paclitaxel + 
carboplatin 

/ bispecific antibody against PD-L1 
and CTLA-4 (KN046) 
+ nab-paclitaxel 

27 Ib/II 30.92 NCT03872791 (159) 

AZTEC anti-PD-L1 antibody 
(atezolizumab) + radiotherapy 

50 II Not yet 
available 

NCT03464942 (160) 

/ Talimogene laherparepvec (T-
VEC, herpes simplex oncolytic 
virus) + anti-PD-1 antibody 
(nivolumab) + anti-CTLA-4 
antibody (ipilimumab) 

6 I / NCT04185311 
 

(161) 

/ anti-PD-1 antibody (camrelizumab) 
+ VEGFR2 inhibitor (apatinib) + 
eribulin 

46 II Not reached  NCT04303741 (162) 

/ nab-paclitaxel + anti-PD-L1 
antibody (atezolizumab) 

37 II / NCT02530489 (163) 

OlympiA A: PARP inhibitor (olaparib) 
B: placebo 

1836 
(1509 
TNBC) 

III / NCT02032823 (164) 

MEDIOLA PARP inhibitor (olaparib) 
+ anti-PD-L1 antibody 
(durvalumab) 

34 I/II 21.5 NCT02734004 (165) 

PIVOT 02 CD122 agonist (NKTR-214) + anti-
PD-1 antibody (nivolumab) 

 I/II / NCT02983045 (166) 

/ anti-PD-1 antibody 
(pembrolizumab) + androgen 
receptor modulator (enobosarm) 

18 II 25.5 NCT02971761 
 

(167) 

161O 
VIOLETTE 

A: PARP inhibitor (olaparib)  
B: ATR inhibitor (ceralasertib) + 
olaparib 
C: WEE1 inhibitor (adavosertib) + 
olaparib 

273 II / NCT03330847 
 

(168) 

CO41101, 
IPATunity170 

paclitaxel + anti-PD-L1 antibody 
(atezolizumab) + AKT inhibitor 
(ipatasertib) 
 

317 III 15.7-28.3 NCT04177108 (169) 

CO40016, 
IPATunity 130 

III NCT03337724 (169) 

CO40151 Ib NCT03800836 (169) 

 

1.5.4.6.1 Currently ongoing immunotherapy clinical trials in TNBC 

In Table 1.5 I have described currently ongoing TNBC clinical trials, which, similarly to 

Table 1.4, are also starting to include some more creative forms of immunotherapy such 

as oncolytic viruses (talimogene laherparepvec, pelareorep, CF33-hNIS-antiPDL1), 

antibody drug conjugates (ladiratuzumab vedotin, sacituzumab govitecan), agonistic 

antibodies (CD122 agonist (NKTR-214)), antagonistic antibodies (anti-CD47 

monoclonal antibody (AK117)), cytokine-based therapy (IL-12 gene therapy, IL-6 

receptor antagonist (sarilumab), tavokinogene telseplasmid), and cancer vaccines 

(PVX-410 vaccine, DNA vaccine, AE37 peptide vaccines, ADV/HSV-tk). 
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1.5.4.6.1.1 Oncolytic viruses 

Oncolytic viruses are viruses that are engineered to infect cancer cells and induce their 

lysis which simultaneously releases tumour antigens to trigger an anti-tumour immune 

response (170). Talimogene laherparepvec (T-VEC) is an oncolytic herpes virus that 

generates GM-CSF (171). It has been approved for the treatment of unresectable 

melanoma as an intratumoural injection and has been shown to have a synergistic 

effect with CPIs (171). It has already been trialled in two separate clinical trials in TNBC 

(see Table 1.4). In the first, it was combined with an anti-PD-L1 antibody (atezolizumab) 

in 11 patients (NCT03256344) (144). Their mOS was 19.2 months. In the second, an 

anti-CTLA-4 antibody (ipilimumab) was added to this combination, yet the mOS was not 

reported (NCT04185311) (161).  

 

A second example is the chimeric oncolytic virus CF33-hNIS-antiPDL1, which consists 

of the orthopoxvirus (CF33), a sodium iodide symporter (hNIS), and an anti-PD-L1 

antibody (172). Its safety is currently being tested in a phase I TNBC trial 

(NCT05081492) (see Table 1.5).  

 

1.5.4.6.1.2 Antibody drug conjugates 

Ladiratuzumab vedotin consists of a humanised antibody against LIV-1 which has been 

conjugated to MMAE (cytotoxic drug) through a protease-cleavable linker (157). This 

conjugate induces immunogenic cell death (157). It has thus far been studied in a phase 

Ib/II clinical trial in combination with an anti-PD-1 antibody 

(pembrolizumab)(NCT03310957) (see Table 1.4) (157). The ORR in the 26 patients 

that are currently still involved was 54% and two patients seem to have a partial 

response (157). However, 86% of patients reported adverse events (157).  

 

Sacituzumab govitecan consists of an antibody against trophoblast cell surface antigen 

2 (Trop-2), as well as an active irinotecan metabolite and a topoisomerase I inhibitor 

(involved in DNA replication) (173). The Food and Drug Administration (FDA) approved 

this conjugate in 2020 for TNBC, but it currently not yet recommended by NICE in the 

England for TNBC (173). However, this approval sparked four more clinical trials in 

which sacituzumab govitecan is combined with either anti-PD-1 (pembrolizumab, 
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NCT05382286, NCT04468061), or anti-PD-L1 (avelumab/atezolizumab, 

NCT04434040, NCT03971409) (see Table 1.5). These trials are all currently still 

ongoing. 

 

1.5.4.6.1.3 Agonistic and antagonistic antibodies 

In the PIVOT 02 trial (NCT02983045) the CD122 agonist NKTR-214 was combined with 

an anti-PD-1 antibody (nivolumab) in patients with multiple advanced cancers including 

TNBC (166) (see Table 1.4). CD122 is the IL-2 receptor subunit β and a component of 

the IL-15 receptor, suggesting an agonistic CD122 antibody aims to trigger cytotoxic T-

cell activation (174). Although the trial is still ongoing, the authors could already 

conclude that the safety profile is manageable and within the three TNBC patients, the 

ORR is 33% (166).  Although promising, this compound’s efficacy requires testing in a 

much larger cohort (166).  

 

Secondly, CD47 is a macrophage immune checkpoint which can be inhibited through 

the anti-CD47 monoclonal antibody AK117 (175). In a currently ongoing trial, AK117 is 

combined with both chemotherapy and AK112 (a dual anti-PD-1 and anti-vascular 

endothelial growth factor (VEGF) antibody) (NCT05227664) (see Table 1.5). Using this 

macrophage CPI in combination with standard CPIs may also be a promising strategy 

for TNBC.  

 

1.5.4.6.1.4 Cancer vaccines 

Cancer vaccines usually involve the introduction of exogenous tumour antigens or cells, 

either unmodified or pulsed/pre-treated, into the patient to increase the antigenic 

strength of the tumour (176). This causes an anti-tumour immune response (176) The 

PVX-410 vaccine is an example that is currently being tested in two clinical trials (see 

Table 1.5). It is a human leukocyte antigen (HLA) A2-restricted peptide vaccine (177) 

and is combined with an anti-PD-1 antibody (pembrolizumab, NCT03362060) and in 

the second trial with an anti-PD-L1 antibody (durvalumab, NCT02826434).  
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Finally, another cancer peptide vaccine AE37 is currently being tested in combination 

with an anti-PD-1 antibody (pembrolizumab) in the NSABP FB-14 trial (NCT04024800). 

The AE37 vaccine is a HER2-based vaccine which consists of a hybrid peptide (AE36), 

comprising of the intracellular component of HER2 and the major histocompatibility 

complex (MHC) class II invariant chain, co-administered with GM-CSF adjuvant (178). 

This vaccine is meant to prime CD4+ T-cells against HER2 causing future HER2-

expressing cells to be eliminated (178). However, due to the lack of HER2 expression, 

it may not be sufficiently efficacious in TNBC.  

 

1.5.4.6.1.5 Cytokine-based therapy 

The EMPOWER trial (NCT04333706) involves the use of an IL-6 receptor antagonist 

(sarilumab) in combination with capecitabine. Sarilumab is normally used as an anti-

inflammatory drug and has been approved for rheumatoid arthritis in combination with 

methotrexate (179). Its use in cancer immunotherapy is currently limited. However, it 

may be involved in suppressing cancer-promoting intratumoural inflammation. This 

phase I trial is currently recruiting (see Table 1.5).  

 

However, other trials have used pro-inflammatory IL-12 to trigger inflammation instead. 

To minimise toxicity, IL-12 has been used as part of gene therapy. The first example is 

tavokinogene telseplasmid, which is an IL-12-encoding plasmid that is injected 

intratumourally and results in transient localised cytokine production (180). A trial 

(KEYNOTE-890) using this plasmid together with chemotherapy and an anti-PD-1 

antibody (pembrolizumab) is currently ongoing (NCT03567720) (see Table 1.5). Finally, 

the INTEGRAL trial using adenoviral-mediated IL-12 (ADV/IL-12) gene therapy in 

combination with docetaxel and an anti-PD-1 antibody (pembrolizumab) has currently 

been suspended and further review is required prior to enrolling again (NCT04095689) 

(see Table 1.5).  

 
Table 1.5 Examples of currently ongoing TNBC immunotherapy clinical trials 
Table is based on (123). 

Study name Trial arms Phase  Trial 
registration 

INTEGRAL docetaxel + anti-PD-1 antibody (pembrolizumab) + adenoviral mediated IL-
12 (ADV/IL-12) 

II NCT04095689 

/ chemotherapy + anti-PD-1 antibody (HLX10) III NCT04301739 
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/ carboplatin + anti-PD-1 antibody (spartalizumab) + LAG3 inhibitor (LAG525) II NCT03499899 
OXEL A: capecitabine  

B: anti-PD-1 antibody (nivolumab) 
C: capecitabine + nivolumab  

II NCT03487666 

A-BRAVE All pts. had prior surgery and chemotherapy 
A: anti-PD-L1 antibody (avelumab) 
B: observation 

III NCT02926196 

SWOG 1418 A: anti-PD-1 antibody (pembrolizumab) 
B: observation 

III NCT02954874 

/  anti-CD20 antibody (carilizumab) + nab-paclitaxel + cisplatin II NCT04537286 
 A: carboplatin + gemcitabine 

B: carboplatin + gemcitabine + anti-PD-1 antibody (pembrolizumab) 
II NCT02755272 

TONIC chemotherapy/radiotherapy induction + anti-PD-1 antibody (nivolumab)   II NCT02499367 
TONIC-2 doxorubicin, cisplatin + anti-PD-1 antibody (nivolumab) II NCT04159818 
GIM25-
CAPT 

anti-PD-L1 antibody (atezolizumab) + nab-paclitaxel + carboplatin  II NCT05266937 

EL1SSAR anti-PD-L1 antibody (atezolizumab) + nab-paclitaxel III NCT04148911 
/ A: chemotherapy + anti-PD-1 antibody (camrelizumab) 

B: chemotherapy + placebo  
III NCT04613674 

 
NSABP B-
59 

A: chemotherapy + anti-PD-L1 antibody (atezolizumab) 
B: chemotherapy + placebo  

III NCT03281954 

Impassion03
0 

A: chemotherapy 
B: chemotherapy + anti-PD-L1 antibody (atezolizumab) 

III NCT03498716 

MIRINAE 
trial 

A: capecitabine  
B: capecitabine + anti-PD-L1 antibody (atezolizumab) 

II NCT03756298 

/ anti-PD-L1 antibody (atezolizumab) + radiotherapy II NCT03483012 
KEYLINK-
009 

A: anti-PD-1 antibody (pembrolizumab) + PARP inhibitor (olaparib) 
B: pembrolizumab + carboplatin + gemcitabine  

II/III NCT04191135 

ASCENT-04 A: anti-PD-1 antibody (pembrolizumab) + antibody drug conjugate 
(sacituzumab govitecan) 
B: pembrolizumab + physician’s choice therapy 

III NCT05382286 

/ A: anti-PD-1 antibody (pembrolizumab) + antibody drug conjugate 
(sacituzumab govitecan) 
B: Sacituzumab govitecan  

II NCT04468061 
 

ASPRIA anti-PD-L1 antibody (atezolizumab) + antibody drug conjugate (sacituzumab 
govitecan) 

II NCT04434040 

/ anti-PD-1 antibody (camrelizumab) + VEGFR2 inhibitor (apatinib) + 
chemotherapy  

II NCT05447702 

/ anti-PD-1 antibody (pembrolizumab) + receptor tyrosine kinase inhibitor 
(lenvatinib) 

I NCT04427293 

/ A: anti-PD-1 antibody (carelizumab) + nab-paclitaxel + VEGFR2 inhibitor 
(apatinib) 
B: carelizumab + nab-paclitaxel 
C: nab-paclitaxel 

III NCT04335006 
 

/ A: anti-PD-L1 antibody (atezolizumab) + AKT inhibitor (ipatasertib) + 
paclitaxel/doxorubicin/cyclophosphamide 
B: anti-PD-L1 antibody (atezolizumab) + 
paclitaxel/doxorubicin/cyclophosphamide 

II NCT05498896 
 

/ anti-PD-L1 antibody (atezolizumab) + anti-TIGIT monoclonal antibody 
(tiragolumab) + chemotherapy 

Ib NCT04584112 

/ A: anti-CD47 monoclonal antibody (AK117) + (nab-)paclitaxel 
B: anti PD-1/anti-VEGF dual antibody (AK112) + (nab-)paclitaxel 
C: AK117 + AK112 + (nab-)paclitaxel 

II NCT05227664 

/ anti-PD-1 antibody (pembrolizumab) + PVX-410 vaccine I NCT03362060 
/ anti-PD-L1 antibody (durvalumab) + PVX-410 vaccine I NCT02826434 
/ A: chemotherapy + anti-PD-L1 antibody (durvalumab) + anti-CTLA-4 

antibody (tremelimumab) + vaccine 
B: chemotherapy + durvalumab + tremelimumab 

II NCT03606967 

/ A: anti-PD-L1 antibody (durvalumab) + DNA vaccine 
B: DNA vaccine 

I NCT03199040 

NSABP FB-
14 

AE37 peptide vaccine + anti-PD-1 antibody (pembrolizumab) II NCT04024800 
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QUILT-
3.067 

NANT TNBC Vaccine combination immunotherapy  Ib/II NCT03387085 

/ anti-PD-1 antibody (retifanlimab) + oncolytic reovirus (pelareorep) II NCT04445844 
/ Radiotherapy + anti-PD-1 antibody (pembrolizumab) + ADV/HSV-tk II NCT03004183 
/ CF33-hNIS-antiPDL1 I NCT05081492 

KEYNOTE-
890 

anti-PD-1 antibody (pembrolizumab) + tavokinogene telseplasmid + 
electroporation + chemotherapy 

II NCT03567720 

BreastImmu
ne03 

A: radiotherapy + anti-PD-1 antibody (nivolumab) + anti-CTLA-4 antibody 
(ipilimumab) 
B: radiotherapy + capecitabine 

II NCT03818685 
 

/ PLK4 inhibitor (CFI-400945) + anti-PD-L1 antibody (durvalumab) II NCT04176848 

Morpheus-
panBC 

Multiple targeted therapy combinations Ib/II NCT03424005 
 

InCITe A: MEK inhibitor (binimetinib) + anti-PD-L1 antibody (avelumab) + liposomal 
doxorubicin 
B: antibody drug conjugate (sacituzumab govitecan) + anti-PD-L1 antibody 
(avelumab) 
C: Liposomal doxorubicin + anti-PD-L1 antibody (avelumab) 

II NCT03971409 
 

EMPOWER IL-6 receptor antagonist (sarilumab) + capecitabine  I/II NCT04333706 

NIMBUS anti-CTLA-4 antibody (ipilimumab) + anti-PD-1 antibody (nivolumab) II NCT03789110 

/ PARP inhibitor (olaparib) + anti-PD-L1 antibody (durvalumab)  II NCT03801369 

PHOENIX anti-PD-L1 antibody (durvalumab) + PARP inhibitor (olaparib) + ATR inhibitor 
(ceralasertib) 

II NCT03740893 

MARIO-3 PI3K inhibitor (eganelisib) + anti-PD-L1 antibody (atezolizumab) + nab-
paclitaxel + anti-VEGF (bevacizumab) 

II NCT03961698 

 

1.5.5 The TNBC TME and its role in immunotherapy resistance 

Under ideal circumstances, the cancer-immunity cycle results in the efficacious 

elimination of cancer cells by T-cells. Unfortunately, as is the case in many solid tumour 

types, evasion mechanisms and immunosuppressive cell types in TNBC can render the 

cancer-immunity cycle ineffective (181). Both the innate and the adaptive components 

of the immune system contribute to this cycle, each of which harbour pro- and anti-

tumorigenic cell types. Some important cell types and their role in the TNBC TME have 

been described below: 

 

1.5.5.1 Immunosuppressive components of the TNBC TME 

Immunosuppressive macrophages (often called M2 macrophages), MDSCs, Tregs, 

Th2/Th17 cells are usually considered pro-tumorigenic in the TME. For example, M2 

macrophages promote tumour progression by secreting immunosuppressive cytokines, 

promoting cancer cell proliferation, and inducing EMT (182, 183). Secondly, MDSCs 

are more common in TNBCs compared to other breast cancer types (184) and in TNBC 
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mouse models, their adoptive transfer resulted in the formation of significantly more 

pulmonary metastasis compared to controls (185). They achieve this by inhibiting the 

anti-tumour activity of CD8+ T-cells (185). Finally, Th2 cells, Th17 cells and Tregs 

develop from naïve CD4+ T-cells (186). Following the encounter of the naïve CD4+ T-

cell with its antigen through MHC class II on antigen presenting cells, cytokines 

determine the population of Th cells that arises (186). For example, Th2 cells develop 

upon exposure to IL-4 and they consequently express IL-4, IL-5, and IL-13, largely 

involved in allergic reactions (187). They tend to promote a polarisation of macrophages 

towards the M2 phenotype and therefore rapid tumour progression (188). Meanwhile, 

Th17 cells require TGFβ and IL-6 for their development and consequently secrete IL-

17, IL-21, and IL-22 (186, 189). Whether Th17 cells are purely pro- or anti-tumorigenic 

remains a topic of debate; some have shown them to promote angiogenesis, MMP 

secretion, enhanced invasiveness of cancer cells, and suppressed CD8+ T-cell activity 

(186, 189). On the other hand, their presence has been associated with smaller breast 

tumour size, lower tumour stage and longer survival (186, 190, 191).  

 

Tregs develop upon exposure to TGFβ and they secrete more TGFβ, IL-10, and IL-35 

(192). They have been shown to comprise a large proportion of the T-cell population in 

claudin-low TNBCs and their depletion renders the tumours responsive to CPI therapy 

(193). Their absence has been associated with favourable TNBC survival rates (194).  

 

1.5.5.2 Immunogenic components of the TNBC TME 

In contrast with the immunosuppressive Th cell subsets, Th1 cells arise following 

exposure to IL-12 and they secrete IFNγ and TNFα (195). Th1 cells are generally 

considered pro-inflammatory. In TNBC, these Th1 cytokines are crucial in triggering 

cancer cell apoptosis and senescence, particularly in combination with EGFR inhibition 

(195). The IFNγ secreted by Th1 cells promotes the activation of both macrophages 

and CD8+ T-cells (196). CD8+ T-cells are a crucial component of anti-tumour immunity 

since they exert direct cytotoxicity towards cancer cells (197). CD8+ T-cell scores are 

higher in TNBC compared to other breast cancer types (197). Within TNBC, a raised 

CD8+ T-cell score is associated with significantly longer patient survival (197). However, 
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raised CD8+ T-cell scores are also associated with raised checkpoint expression and 

therefore exhaustion of such T-cells (197).  

 

Due to the ability of M1 macrophages to phagocytose, secrete inflammatory cytokines, 

and recruit more T-cells through CXCL9 and CXCL10, they are usually considered anti-

tumorigenic (196). However, some have demonstrated them to promote carcinogenesis 

by secreting IL-1 and TNFα which results in cancer cell proliferation through Nuclear 

Factor kappa B (NF-κB) (196).   

 

Finally, NK cells are also capable of cancer cell destruction in TNBCs (198) and they 

produce large amounts of pro-inflammatory cytokines such as IFNγ (199). These 

cytokines in turn can induce dendritic cell maturation (199). However, their function is 

determined by their developmental status (198). For example, a subset of immature NK 

cells with reduced capacity for granzyme-mediated toxicity within the TNBC TME has 

been linked to tumour progression and metastasis (198).  

 

Although these are general cell types that exist and exert similar functions across a 

variety of solid tumour types such as PDAC, the proportions of these cell types are 

highly heterogeneous within and between TNBC tumours. I have described this 

heterogeneity further in the introduction of chapter 3 (see section 3.1).  

 

1.6 Pancreatic Ductal Adenocarcinoma (PDAC) 

1.6.1 Epidemiology 

Despite only being the 14th most common cancer type, pancreatic cancer still remains 

the 7th most frequent cause of cancer death (75). Due to its increasing incidence, by 

2030, it is likely to become the second leading cause of cancer death (75, 200). The 

incidence is highest in Europe and North America and the lowest in Africa and Asia 

(75). Males (5.7 per 100 000) are also more commonly affected than females (4.1 per 

100 000) (75).  

 

Pancreatic ductal adenocarcinomas (PDACs) originate from the exocrine part of the 

pancreas and are the most common and aggressive form of pancreatic cancer (201). 
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90% of PDAC deaths have been documented in people aged 55 years or older, 

suggesting this disease is associated with not only genetics and environmental factors, 

but also age (202). Unfortunately, the PDAC 5-year survival rate is an abysmal 10.2% 

(202). This can be attributed to a variety of factors; firstly, it is a highly aggressive tumour 

type that metastasises rapidly, mainly to the liver (201). Secondly, PDAC patients 

usually remain symptomless until very late stages, which means the tumours often have 

metastasised at the point of diagnosis (201). Therefore, the majority of patients are not 

eligible for curative surgery. Furthermore, out of the patients that undergo surgery, 80% 

relapse following resection (203, 204). Thirdly, the non-surgical therapeutic options for 

advanced PDAC are limited to toxic chemotherapy regimens such as gemcitabine/nab-

paclitaxel and 5-fluorouracil/leucovorin with irinotecan and oxaliplatin (FOLFIRINOX), 

the former being the slightly more tolerable alternative for patients with insufficient 

performance status (205). The efficacy of these agents against this disease remains 

limited; the response rates vary from 23% to 31% with overall survival rates of 8.5 to 11 

months (205). Finally, we currently lack a reliable diagnostic and monitoring biomarkers, 

meaning we heavily rely on imaging to monitor treatment response.  

 

1.6.2 PDAC classifications and current potential therapeutic targets  

The PDAC TME is highly heterogeneous on a cancer cell, immunological and stromal 

level. Many have attempted to classify PDACs into multiple subtypes that aim to guide 

therapy selection. Collisson and Sadanandam et al. reported three unique PDAC 

cancer cell subtypes using gene expression analysis: classical (enriched with adhesion 

and epithelial genes), quasi-mesenchymal (QM, enriched with mesenchymal genes), 

and exocrine-like (enriched with digestive enzyme genes) (206). Classical cell lines 

were more sensitive to erlotinib (epidermal growth factor receptor inhibitor) therapy 

whilst QM cell lines responded better to gemcitabine (206). Secondly, Bailey et al. 

defined a system that shows abundant overlap with Collisson and Sadanandam: 

pancreatic progenitor and immunogenic correspond to classical, squamous to QM and 

aberrantly differentiated endocrine exocrine (ADEX) to exocrine-like (207). Finally, 

Moffitt et al. identified the classical and basal-like PDAC subtypes and simultaneously 

revealed considerable heterogeneity within the stromal PDAC compartment (208). They 

therefore labelled two stromal subtypes as either normal or activated (208). Overall, the 



Chapter 1 Introduction 

61 

 

PDACs with high degrees of epithelial to mesenchymal transition, that are resistant to 

CPIs due to their sparse T-cell population fall within the QM subtype by Collisson and 

Sadanandam, squamous by Bailey and basal-like by Moffitt. In contrast, T-cell infiltrated 

PDACs are considered classical by Collisson and Sadanandam and Moffitt and 

progenitor by Bailey. Further work is required to understand how these classifications 

can offer insight into therapy guidance for PDACs.  

 

Due to the ample number of genetic mutations in PDACs (in for example KRAS, VEGF, 

TP53, and Sonic Hedgehog), defects in downstream signalling pathways are common 

(209). Many have attempted to target these defects described in Table 1.6 with the aim 

of suppressing PDAC progression. However, very few targeted therapies have been 

approved for PDACs.  

 
Table 1.6 Overview of current therapeutic targets and strategies in PDAC clinical 
trials.  

Cancer cell  Stroma Immune 
KRAS TGFβ  CPIs 

RAF/MEK/ERK Hedgehog Oncolytic viruses 

PI3K/Akt/mTOR Hyaluronic acid and MMPs Cancer vaccines 

TP53 VEGF Immunomodulation 

EGFR/ERBB  Adoptive T-cell therapy 

IGF-1R   

PARP   

JAK-STAT pathway   

Notch    

 

1.6.2.1 Kirsten Rat Sarcoma Virus (KRAS) 

The human RAS family is a group of oncoproteins of which HRAS, NRAS, and KRAS 

are the most well-known members (210). The proteins all share a main activity that 

revolves around guanosine triphosphate (GTP) binding and hydrolysis (210). They 

structurally consist of two domains: a G-domain and a membrane-targeting domain 

(211). The G-domain attaches and hydrolyses GTP, whilst the membrane-targeting 

domain is involved in membrane anchoring (211). The KRAS gene encodes the KRAS 

GTPase, which functions as part of an on-off system for downstream signalling events 
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that result in growth and proliferation (211). The KRAS protein can be bound to either 

GDP or GTP, with the former resulting in its deactivation whilst the latter causes it to be 

active (211). This is also referred to as GTP-GDP cycling, a process controlled by 

guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) 

that enhance the hydrolytic activity of KRAS (211). When KRAS is switched on, it 

triggers pathways involving over 80 effector proteins such as the mitogen-activated 

protein kinase (MAPK), phosphoinositide 3-kinase (PI3K) or rapidly accelerated 

fibrosarcoma (RAF) pathways (211). Through the activation of transcription factors, 

these pathways trigger proliferation, survival, migration, and differentiation.  

 

Mutations in the KRAS gene generate some of the most aggressive cancer types (212). 

90% of PDACs have oncogenic KRAS mutations and it is one of the four most 

commonly mutated genes in pancreatic cancer besides TP53, SMAD4, CDKN2A (209). 

These are usually point mutations that take place on codon 12, but can also exist on 

codons 11, 13, 16 or 146, albeit less frequently (211). The most common mutations are 

the G12D mutation (40% of PDACs), the G12V mutation (33% of PDACs), the G12R 

mutation (15% of PDACs), or the G12A, G12S, and G12C mutations (211). Examples 

of much rarer mutations on other codons are G13D, G13C, G13S, and G13R, Q61H, 

Q61L, Q61K, and Q61R (211). In the G12D mutation the glycine is swapped for an 

aspartic acid on codon 12 of exon 2 as a consequence of a single nucleotide change 

(209). The GTPase activity of KRAS is hindered by these point mutations which means 

GAPs cannot convert GTP to GDP, causing downstream pathways to be continuously 

active (211). Interestingly, oncogenic mutations in KRAS tend to be associated with 

inactivation of tumour suppressor genes (INK4a, TP53, and SMAD4) in most PDACs.  

 

Besides directly encouraging continuous cancer cell growth, the KRASG12D mutation 

also indirectly promotes tumour progression by allowing the cancer cells to escape from 

the immune system, particularly CD8+ T-cells (212). Studies have identified multiple 

ways in which the mutation has led to reduced efficacy of CPIs in PDAC, the relevance 

of which will be discussed further in 4.1 (212-214). However, studying this relationship 

was challenging since KRAS was considered an undruggable target for a long time. 

Instead, KRAS was therefore indirectly suppressed through the inhibition of 

farnesylation, a process crucial for RAS activation (205). A farnesyltransferase inhibitor 

was trialled in a phase II trial (SWOG9924) in metastatic PDAC patients, yet the benefit 
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was very limited (215). Alternatively, exosomes or vesicles loaded with small interfering 

RNA against KRASG12D were trialled to treat KRAS mutant PDACs. A clinical trial using 

these exosomes is currently ongoing (NCT03608631). A revolutionary turning point in 

targeted cancer therapy was the discovery of sotorasib, a small molecule KRASG12C 

inhibitor, which was approved in 2021 in the US and 2022 in Europe for the treatment 

of non-small cell lung cancer patients harbouring the KRASG12C mutation (216). This 

was shortly followed by the discovery of the selective small molecule KRASG12D inhibitor 

MRTX1133 (217). It has demonstrated significant anti-tumour effects and a phase I/II 

trial to test MRTX1133 in advanced solid tumours (including PDAC) with a KRASG12D 

mutation (NCT05737706) is currently recruiting participants. Due to the important 

immunomodulatory role of KRAS (212), future studies involving MRTX1133 and how it 

may improve the efficacy of various immunotherapy modalities are promising.  

 

1.6.2.2 RAF/MEK/ERK pathway 

Downstream of KRAS exist a variety of different downstream pathways, one of which is 

the RAF/MEK/ERK signalling pathway that is crucial for proliferation, differentiation, and 

angiogenesis (218). Inhibition of any of its components has unfortunately been 

unsuccessful in PDAC, through for example MEK inhibitors (CI-1040 (219), selumetinib 

(220), pimasertib (221), trametinib (222)). This can most likely be explained through the 

compensatory effects of the other pathways downstream of KRAS such as the 

PI3K/AKT/mTOR pathway. However, even when selumetinib is combined with other 

agents such as afatinib (pan-human epidermal growth factor receptor inhibitor)(223) or 

an Akt inhibitor (224) to overcome these compensatory mechanisms, it still has little 

effect on patient survival.  

 

1.6.2.3 PI3K/Akt/mTOR pathway 

Akt is overexpressed in around 40% of PDAC patients (225). Its effects are similar to 

the RAF/MEK/ERK pathway described above. In certain cancer types, Akt inhibition 

triggers apoptosis and a reduction in tumour burden (226). The mTOR inhibitor 

everolimus had little clinical activity in gemcitabine refractory PDAC patients with a mOS 

of 4.5 months (227). However, with everolimus in combination with capecitabine this 
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survival improved to 8.9 months, which is similar to what can be achieved with 

gemcitabine monotherapy (228). Other mTOR inhibitors (Temsirolimus), PI3K inhibitors 

(BKM120 and BYL179) and dual PI3K/mTOR inhibitors (BEZ235) are currently being 

studied in clinical trials (NCT03662412, NCT02155088). 

 

1.6.2.4 TP53 tumour suppressor pathway  

In contrast with the proto-oncogene KRAS, TP53 is a tumour suppressor gene that is 

inactivated in around 70% of PDACs leading to tumorigenesis (229). The p53 

transcription factor normally maintains normal cell proliferation and apoptosis (229). 

TP53 function can be restored and stabilised using reactivators such as Zn2+ chelators 

(COTI-2) (205). A clinical trial using COTI-2 in patients with TP53 mutations is currently 

ongoing (NCT02433626). The p53 antagonist Mouse Double Minute 2 homolog 

(MDM2) can also be inhibited to restore TP53 activity (205). A selective MDM2 inhibitor 

(Milademetan) is currently being tested in a phase II clinical trial (MANTRA-2) on 

metastatic solid tumours including PDAC (NCT05012397).  

 

1.6.2.5 EGFR/ERBB family 

EGFR (ErbB1, HER1) is one of the members of the human epidermal growth factor 

receptor family (205). It is a receptor that operates upstream of, and therefore to an 

extent regulates, the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways (205). It is 

therefore crucial for cell proliferation, survival, and growth (205). EGFR is 

overexpressed in around 30-50% of PDACs (230) and it is essential for tumorigenesis 

of the pancreas (205). The small molecule EGFR tyrosine kinase inhibitor erlotinib 

remains currently the only FDA-approved targeted therapy in combination with 

gemcitabine for patients with metastatic, locally advanced PDAC patients (231, 232). 

This combination improved overall survival by 0.33 months (around 10 days).  

 

The monoclonal antibody against EGFR (nimotuzumab) in combination with 

gemcitabine significantly prolonged mOS to 8.6 months from 6.0 months with 

gemcitabine monotherapy (233). A consecutive phase III trial on nimotuzumab in 

combination with gemcitabine confirmed the significant impact of this combination 
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therapy on mOS (10.9 months for gemcitabine+nimotuzumab vs. 8.5 months for 

gemcitabine+placebo) (234). Similarly, the EGFR inhibitors matuzumab and 

panitumumab in combination with gemcitabine and erlotinib have demonstrated 

promising results (235, 236). However, for cetuximab in combination with gemcitabine 

the benefit was limited compared to gemcitabine monotherapy (237).  

 

The second member of the HER family is HER2 (ErbB2) (205). Trastuzumab is an anti-

HER2 humanised antibody that is often used for HER2+ breast cancer therapy. 

However, its effects in PDAC are disappointing (238). The previously discussed pan-

HER inhibitor (EGFR and HER2 inhibitor) afatinib was combined with gemcitabine and 

compared to gemcitabine monotherapy in patients with metastatic PDACs (239). 

However, apart from augmenting the toxicity, addition of the afatinib to gemcitabine did 

not contribute to the anti-tumour effects of gemcitabine in these patients and mPFS was 

the same in both groups (239).   

 

1.6.2.6 Insulin-like growth factor receptor 1 (IGF-1R) 

Similarly to EGFR and HER2, IGF-1R is a tyrosine kinase that is overexpressed in 

PDAC which causes enhanced cell proliferation and reduced apoptosis (240). An IGF-

1R inhibitor ganitumab in combination with gemcitabine did not prolong survival in a 

phase III trial; mOS was 7.2 months in the placebo+gemcitabine arm and 7.0 months 

in the ganitumab+gemcitabine arm (241). Simultaneous inhibition of IGF-1R (MK-0646) 

and EGFR/HER2 (erlotinib) with gemcitabine in PDAC showed a slight prolongation in 

overall survival but not in PFS compared with gemcitabine with erlotinib (242). 

 

1.6.2.7 VEGF 

VEGF overexpression in PDAC triggers more rapid tumour progression and poor 

prognosis (243). However, anti-angiogenic therapy has been unsuccessful for PDAC 

(244, 245) and its withdrawal induces a more aggressive tumour phenotype (246). The 

same effects were observed with other VEGF inhibitors axitinib, aflibercept, and 

sorafenib (247-249). The single outlier is anlotinib, a tyrosine kinase inhibitor affecting 

VEGFR, fibroblast growth factor receptor, platelet-derived growth factor receptor 
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(PDGFR) and c-kit (205). It is highly promising in lung cancer (250) and is currently 

being studied in a phase II trial in combination with toripalimab (anti-PD-1) and nab-

paclitaxel (NCT04718701) in patients with advanced/metastatic PDAC.  

 

1.6.2.8 PARP 

The BRCA mutations are autosomal dominant germline mutations that increase 

susceptibility to breast, gastro-intestinal and gynaecological malignancies (205). 

Families that carry germline BRCA2 mutations have a relative risk of pancreatic cancer 

of 3.5% (251). Tumours that are BRCA1/2 mutant tend to be susceptible to PAPR 

inhibition, since they lack a crucial DNA repair pathway, which leads to the elimination 

of cancer cells (205). As discussed in 1.3.4.1 ‘BRCA1/2 and PARP inhibitors’, PARP 

inhibitors are commonly used in BRCA-mutant TNBC. In PDAC, olaparib monotherapy 

was surprisingly effective and triggered a mOS of 9.8 months (252). At the 1-year mark, 

40.9% of the PDAC patients in this trial were still alive (252). Furthermore, in a phase 

III trial (POLO, NCT02184195) on metastatic germline BRCA-mutant PDAC patients, 

differences in the PFS following olaparib monotherapy sparked interest in the ability of 

PARP inhibitors to suppress tumour progression (253). The olaparib group had a 

significantly longer mPFS (7.4 months) than the placebo (3.8 months) group, whilst 

mOS did not differ between groups (253). Since these were metastatic, heavily pre-

treated patients, their survival was expected to be shorter than usual. Nevertheless, it 

is important to highlight these were patients who had not progressed after 16 weeks of 

platinum-based induction chemotherapy, which suggests they may have had less 

aggressive tumours at baseline.  

 

Evidently, variation exists between PARP inhibitors because veliparib was not as 

effective in a group of PDAC patients with similar baseline characteristics (254). Their 

mOS was extremely low at 3.1 months (254). Interestingly, rucaparib was trialled in the 

RUCAPANC study involving 19 previously treated participants (255). The investigators 

observed two partial responses and a complete, which is highly promising for PDAC 

(255).  
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1.6.2.9 JAK/STAT pathway 

Inhibition of components of the JAK/STAT pathway such as STAT3 has been shown to 

result in an increased sensitivity to chemotherapy and delayed tumour growth (256). 

Results of a trial involving STAT3 inhibitors in combination with chemotherapy in PDAC 

are yet to be uploaded (NCT02231723). The JAK1 inhibitor itacitinib in combination with 

nab-paclitaxel and gemcitabine caused an ORR of 24% across multiple solid tumour 

types including PDAC (257). However, a de-escalation was required due to multiple 

grade 3/4 adverse events such as severe neutropenia (257).  Unfortunately, in the 

phase III JANUS trial the combined JAK1/2 inhibitor ruxolitinib in combination with 

capecitabine did not demonstrate any clinical activity which led to study termination 

(NCT02117479, NCT02119663). Therefore, the evidence supporting JAK/STAT 

pathway inhibition in PDAC remains limited. 

 

1.6.2.10 Notch pathway 

Notch pathway upregulation is associated with enhanced tumorigenesis in PDAC (205). 

It has been shown to play a role in the regulation of cancer stem cells and it closely 

interacts with other pathways such as KRAS and the HH pathway (205). Notch 

signalling is triggered by γ-secretase and an inhibitor of this molecule (RO4929097) 

was unfortunately discontinued due to uncontrollable toxicity (258). Nevertheless, it 

caused a mOS of 4.1 months in patients with metastatic PDAC (258). A second γ-

secretase inhibitor MK-0752 was combined with gemcitabine and triggered a singular 

partial response and stable disease in 13 out of 19 evaluable patients (259).  Finally, 

an anti-Notch2 and Notch3 receptor antibody (tarextumab) in combination with 

gemcitabine/nab-paclitaxel failed to prolong both overall and progression-free survival 

(260).  

 

1.6.2.11 TGFβ 

The TGFβ pathway was named after its ability to transform tumour-stomal interactions 

and mediate epithelial to mesenchymal transition (205). Some evidence shows TGFβ 

inhibition to lead to reduced tumour growth and metastasis in mouse models (261, 262). 

The TGFβ receptor I kinase inhibitor galunisertib has been combined with gemcitabine 
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(263) and durvalumab (anti-PD-L1 antibody) (264). In the former, the combination of 

gemcitabine and galunisertib prolonged survival slightly (median survival times 8.9 

months for galunisertib+gemcitabine vs. 7.1 months for placebo+gemcitabine) (263). 

The combination of durvalumab and galunisertib generated a mOS of 5.72 months, 

highlighting the need for chemotherapy (264). Due to the limited clinical activity of 

galunisertib in PDAC, other TGFβ receptor inhibitors or TGFβ traps have been 

developed. An example is NIS793 which is a human monoclonal antibody against 

TGFβ, which is currently in a phase III trial on previously untreated metastatic PDAC 

patients (NCT04935359). More examples are bintrafusp alfa (M7824) and SHR-1701, 

both of which have been described under 1.1.1 ‘Immuno-cytokines”. Many of the trials 

involving these molecules were unfortunately terminated prematurely due to inefficacy. 

 

1.6.2.12 Hedgehog (HH) 

The HH pathway plays a crucial role in the regulation of CAFs, epithelial to 

mesenchymal transition, and the formation of the dense PDAC stroma (205). IPI-926 

inhibits Smoothened, a major component of the HH pathway (205). In combination with 

gemcitabine, IPI-926 suppressed tumour burden by increasing the vascular network 

within the tumours and therefore the intratumoural gemcitabine concentration in mouse 

models of PDAC (265). However, others have demonstrated the sonic hedgehog ligand, 

a crucial activator of the hedgehog pathway, to restrain tumour growth. Its deletion in a 

PDAC mouse model led to a more aggressive tumour phenotype with increased 

vascularity (266). Interestingly, these effects were partially reversed upon 

administration of an anti-VEGF antibody (266). Whether tumour vascularity is pro- or 

anti-tumorigenic in PDAC remains a heavily debated topic. Nevertheless, IPI-926 was 

still combined with gemcitabine in a clinical trial (NCT01130142), but it was not found 

to decrease the survival rates when compared to the gemcitabine+placebo group (267). 

A consecutive trial (NCT01383538) on IPI-926+FOLFIRINOX was terminated due to 

the disappointing results from the previous trial, despite the ORR being 67% (268).  

 

Vismodegib is a second Smoothened inhibitor, which, in combination with gemcitabine, 

improved mPFS but not mOS (269, 270). These findings were confirmed in a second 

trial (NCT01088815) (269, 270). Due to the disappointing results of vismodegib, its 
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development has been halted (205). Overall, results of HH pathway inhibition in PDAC 

have been disappointing. 

 

1.6.2.13 Hyaluronic acid and MMP inhibitors 

Hyaluronic acid is a glucosaminoglycan and a crucial ECM component (271). It is largely 

produced by CAFs and its presence in the stroma has been linked with a poor 

prognosis, minimal CD8+ T-cell infiltration, and enhanced tumour cell invasion (271). 

Pegylated hyaluronidases (PEGPH20) have been used to dissolve the hyaluronic acid 

in the PDAC stroma (205). PEGPH20 in combination with gemcitabine and nab-

paclitaxel (HALO 202 trial) considerably improved mOS compared to chemotherapy 

alone (11.5 months for combination therapy vs. 8.5 months for chemotherapy 

monotherapy) in patients with tumours with a high hyaluronic acid (>50% staining) load 

(272). However, others have demonstrated disappointing results; the HALO109-301 

phase III trial was terminated prematurely due to inefficacy (NCT02715804). Finally, in 

the phase II SWOG S1313 trial, modified FOLFIRINOX was combined with PEGPH20 

and this combination reduced mOS in comparison with modified FOLFIRINOX alone 

(7.7 months for combination, 14.4 months for FOLFIRINOX alone) (273). Finally, in the 

MORPHEUS trial, PEGPH20 + atezolizumab (anti-PD-L1 antibody) demonstrated 

limited clinical activity (274).  

 

MMPs are overexpressed in PDACs and continuously remodel the PDAC stroma and 

basement membrane to aid tumour progression and metastasis (275). The MMP 

inhibitor marimastat was compared to gemcitabine and the 1-year survival rates were 

similar between the groups (276). Similarly, in combination with gemcitabine, 

marimastat did not prolong survival beyond what could be achieved with gemcitabine 

monotherapy (277).  The results of the phase III trial on tanomastat (BAY 12-9566), an 

alternative MMP inhibitor, were similarly disappointing; gemcitabine was significantly 

superior to tanomastat and the study was terminated prematurely (278). Andecaliximab 

is an anti-MMP9 antibody that seemed promising in combination with gemcitabine and 

nab-paclitaxel in a phase I trial in advanced PDAC (279). Median PFS was found to be 

7.8 months (279).  
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1.6.3 Immunotherapy in PDAC  

1.6.3.1 The PDAC TME and its role in the lack of success of CPI in PDAC 

PDACs are notorious for their highly complex immunosuppressive TME and dense 

stromal barrier (8). Especially the dynamic interactions between cancer cells, immune 

cells, CAFs and the ECM have made it challenging to target PDACs with a singular or 

a combination of two to three immunotherapy agents (8, 280-282). Therefore, despite 

the numerous clinical trials on immunotherapy in PDAC patients, no immunotherapy 

agents have been approved for PDAC by NICE in the UK thus far.  

 

CPIs are antibodies that prevent checkpoints on T-cells, cancer cells, and myeloid cells 

from interacting (10). The interaction of checkpoints normally functions as a safety 

mechanism to prevent excessive unnecessary immune activation by inducing T-cell 

anergy (10). Cancer cells exploit this mechanism by overexpressing checkpoints to 

suppress the anti-tumour immune response (10). Inhibiting checkpoint axes releases 

the brakes on T-cells, meaning they can once again exert their anti-tumour effects (10). 

CPIs have revolutionised the cancer immunotherapy field and have been successfully 

introduced into the clinic for melanoma, lung cancer, renal cell carcinoma, and urothelial 

carcinoma (283-286). Unfortunately, they have demonstrated limited efficacy in PDAC 

(see Table 1.7); intravenous ipilimumab (anti-CTLA-4 antibody) triggered a delayed 

response in a single patient out of 27 in a phase II clinical trial (see Table 1.7) (287). 

Instead, severe adverse events were noted in three participants (287). In another phase 

II trial, metastatic PDAC patients were administered the combination of durvalumab 

(anti-PD-L1 antibody) and tremelimumab (anti-CTLA-4 antibody), yet the ORR was 

3.1% (see Table 1.7) (18). In the durvalumab monotherapy group, no responses were 

observed (18).  
 
Table 1.7 Overview of clinical trials involving CPIs in PDAC 
Unless stated otherwise, median overall survival has been reported in months. Where 
applicable, the different treatment arms have been displayed as A and B. mOS = 
median overall survival, ITT = intention to treat. Table is from (288). Trial registration 
numbers have been underlined for trials that tested a combination of immunotherapy 
with other agents that was eventually approved by NICE in the UK.  

Author, 
year 

Immunotherapy 
treatment arms 

Enrolled 
patients  

PDAC stage  mOS (months 
(95% CI)) 

Trial 
phase  

Trial 
registration  

Ref. 
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Royal et 
al., 2010 

Anti-CTLA-4 
(Ipilimumab, MDX-
010) 

27 Locally 
advanced or 
metastatic 

Not reported II NCT00112580 
 

(287) 

O'Reilly et 
al., 2019 
 

A: concurrent anti-PD-
L1 (Durvalumab) + 
anti-CTLA-4 
(Tremelimumab), then 
Durvalumab 
B: Durvalumab  

65 Metastatic, 
pre-treated 
with 
fluorouracil/g
emcitabine-
based 
therapy 

A: 3.1 (2.2-
6.1) 
B: 3.6 (2.7-
6.1) 

II NCT02558894 
 

(18) 

Brahmer 
et al., 
2012 

Anti-PD-L1 (BMS-
936559) 
 

207 (14 
PDAC)  

Advanced 
cancers 

Not reported  I NCT00729664 
 

(289) 

Aglietta et 
al., 2014 

Anti-CTLA-4 
(Tremelimumab, CP-
675,206) + 
gemcitabine  

34 Chemothera
py naïve 
metastatic  

7.4 (5.8-9.4) Ib NCT00556023 
 

(290) 

Kamath et 
al., 2020 

Anti-CTLA-4 
(Ipilimumab) + 
gemcitabine  

21 Locally 
advanced or 
metastatic 

6.9 (2.63-9.57) Ib NCT01473940 (291), 
(292), 
(293) 

Weiss et 
al., 2017 
(PembroPl
us) 

All groups anti-PD-1 
(Pembrolizumab) 
A: + gemcitabine 
B: + gemcitabine + 
docetaxel  
C: + gemcitabine + 
nab-paclitaxel  
D: + gemcitabine + 
vinorelbine  
E: + irinotecan  
F: + liposomal 
doxorubicin 

49 (11 
PDAC)  

Advanced or 
metastatic  

Not reported Ib NCT02331251 
 

(294) 

Weiss et 
al., 2018 

Arm C Weiss et al, 
2017 

17 Metastatic, 
12 
chemothera
py-naïve  

15 (6.8-23.2) 
for 
chemotherapy
-naïve  

Ib/II NCT02331251 
 

(295) 

Marabelle 
et al., 
2020 
(KEYNOT
E-158) 

Anti-PD-1 
(Pembrolizumab) 

233 (22 
PDAC)  

MSI-
H/dMMR 
advanced 
non-
colorectal 
cancers 

For all tumour 
types 
combined: 
23.5 (13.5-not 
reached) 

II NCT02628067 
 

(296) 

Hong et 
al., 2019 

Anti-PD-L1 
(Durvalumab) + BTKI 
(Ibrutinib) 

124 (50 
PDAC) 

Relapsed/ref
ractory solid 
tumours  

PDAC: 4.2 
(2.6-6.4) 

Ib/II NCT02401048 
 

(297) 

Wainberg 
et al., 
2020 

A: Anti-PD-1 
(Nivolumab) + nab-
paclitaxel 
B: Anti-PD-1 
(Nivolumab) + nab-
paclitaxel + 
gemcitabine 

61 Locally 
advanced or 
metastatic  
 

B: 9.9 (6.74-
12.16) 
PD-L1<5%: 
9.7 
PD-L1≥5%: 
11.6 

I NCT02309177 
 

(19) 

Rahma et 
al., 2021 

A: Anti-PD-1 
(Pembrolizumab) + 
chemoradiation 
(capecitabine)  
B: Chemoradiation 
only  

37 Resectable 
or borderline 
resectable  

A: 27.8 
B: 24.3 

Ib/II NCT02305186 
 

(298) 

Parikh et 
al., 2021 

Anti-PD-1 (Nivolumab) 
+ anti-CTLA-4 
(Ipilimumab) + 
radiotherapy 

65 (25 
PDAC) 

Microsatellit
e stable 
(MSS), 
metastatic  

ITT/PDAC: 4.2 
(2.1-6.4) 
Per 

II NCT03104439 (299) 
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-
protocol/PDAC
: 6.1 (4.0-7.0) 

Xie et al., 
2020 

All arms anti-PD-L1 
(Durvalumab) 
A1: + SBRT (8 Gy, 1 
fraction) 
A2: + SBRT (25 Gy, 5 
fractions) 
B1: + anti-CTLA-4 
(Tremelimumab) + 
SBRT (8 Gy, 1 
fraction) 
B2: + anti-CTLA-4 
(Tremelimumab) + 
SBRT (25 Gy, 5 
fractions) 

59 Metastatic, 
pre-treated 
with 
chemothera
py 

A1: 3.3 (1.2-
6.6) 
A2: 9.0 (0.5-
18.4) 
B1: 2.1 (1.1-
4.3) 
B2: 4.2 (2.9-
9.3) 

I NCT02311361 
 

(300) 

 

A variety of factors contributed to the failure of CPIs in PDAC. Firstly, PDACs have a 

low tumour mutational burden (TMB), which results in a limited repertoire of tumour 

neoantigens (301, 302). Consequently, the PDAC tumour stroma harbours few T-cells 

that recognise these tumour antigens, making it usually a T-cell depleted cancer type 

(303). This means most PDACs do not tend to respond to CPIs due to the absence of 

a target T-cell population for them to act on. Abundant evidence supports this theory; 

cancer types with higher TMB (melanomas, non-small cell lung cancer) than PDACs 

respond better to anti-PD-1 therapy (304, 305). Responding melanoma patients also 

harbour more abundant CD8+ T-cells, express more PD-1 and PD-L1 and have a more 

clonally diverse T-cell receptor repertoire than non-responders (306). PD-1 and PD-L1 

expression are often considered biomarkers for response to therapy with anti-PD-1 and 

anti-PD-L1. Secondly, a small subset (around 1%) of PDACs have abundant mutational 

burden, namely those that lack mismatch repair (MMR) and therefore show high 

microsatellite instability (MSI-H) (307). Interestingly, these tumours do respond to CPI 

therapy (307). This suggests that the low mutational burden of the majority of PDACs 

makes them challenging to treat with immunotherapy.  

 

Besides the lack of antigenic strength of PDACs, a whole network of other 

immunosuppressive factors prevents the efficacy of immunotherapy in PDACs (8). 

Examples are activation of the TGFβ pathway, Tregs, Tumour-associated 

macrophages (TAMs), CAFs and MDSCs that communicate through an intricate 

mechanism of immunosuppressive cytokines (8). Particularly the transformation of 

fibroblasts into CAFs through the presence of TGFβ can result in the production of 
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desmoplastic stroma (8). This stroma prevents efficient blood flow into the tumour core 

and therefore also infiltration of immune cells and therapeutic agents (8).  

 

Therefore, in this rapidly advancing field, researchers have had to rely on creativity to 

develop agents that are capable of rectifying the low mutational burden, T-cell depletion, 

and immune suppression that all contribute to the failure of CPI in PDACs. Some 

examples have been described below and in Table 1.8. 

 

1.6.3.2 Immunomodulatory therapy  

The immunosuppressive PDAC TME calls for strategies that reactivate the cancer-

immunity cycle. Examples like agonistic antibodies against CD40, GITR, or 4-1BB all 

promote T-cell activation (308, 309). Sotigalimab is a CD40 agonistic antibody that, in 

combination with chemotherapy in untreated metastatic PDAC patients, demonstrated 

dose-dependent effects; the patients receiving the higher dose survived 7 months 

longer than those administered the lower dose (see Table 1.8) (310). When nivolumab 

(anti-PD-1 antibody) was added to the combination of low dose sotigalimab and 

chemotherapy, mOS was prolonged by 3 months in contrast with sotigalimab and 

chemotherapy alone (310). Despite this improvement with the addition of nivolumab 

(anti-PD-1 antibody), a consecutive phase II trial demonstrated that 

nivolumab+sotigalimab+chemotherapy did not prolong mOS (311). Interestingly, the 

chemotherapy+nivolumab group had longer mOS and better ORR than any of the 

sotigalimab groups (311). It is important to mention that the authors describe the 

benefits to be short-lasting and for them to lack radiological evidence (311). This makes 

it challenging to draw conclusions on the efficacy of these combinations.  

 

IMM-101 is toll-like receptor (TLR) agonist that is produced from heat-killed 

Mycobacterium obuense (312). This too was tested in a phase II trial in combination 

with gemcitabine, where it demonstrated a small benefit (mOS 6.7 months) in contrast 

with gemcitabine monotherapy (mOS 5.6 months) (see Table 1.8) (312). The 

combination therapy however significantly prolonged mOS in a separate sub-group that 

had a particularly high metastatic burden (312).  
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Instead of agonists, the immune system can also be reactivated through inhibition of 

immunosuppressive pathways. An example is the CCR2-CCL2 axis. The CCR2 

inhibitor (PF-04136309) was assessed in two separate trials, one in combination with 

gemcitabine/nab-paclitaxel (313) and the other with FOLFIRINOX (314). 

Gemcitabine/nab-paclitaxel together with 500 mg of PF-04136309 triggered pulmonary 

toxicity in a quarter of the participants (313). The authors were unable to justify this level 

of toxicity for little benefit gained over standard of care chemotherapy (313). Similar 

toxicity was observed with FOLFIRINOX, yet this was attributed to FOLFIRINOX rather 

than PF-04136309 (314). In this trial, patients administered the combination therapy 

had an ORR of 49%, compared to 0% in the FOLFIRINOX group (314). Therefore, PF-

04136309 and FOLFIRINOX may be a useful combination to target TAMs in the PDAC 

TME.  

 
Table 1.8 An overview of clinical trials involving immune stimulatory molecules 
(agonists & inhibitors) and adoptive T-cell therapies in PDAC 
Survival has been described as median overall survival in months, unless stated 
otherwise. Where applicable, if the median overall survival data was not accessible, 
median survival time has been reported instead. mOS = median overall survival, MST 
= median survival time. Table is from (288). Trial registration numbers have been 
underlined for trials that tested a combination of immunotherapy with other agents that 
was eventually approved by NICE in the UK.  

Author, 
year 

Immunotherapy 
treatment arms 

Enrolled 
patients 

PDAC 
stage  

mOS 
(months 
(95% CI)) 

Trial 
phase  

Trial registration  Ref. 

Immune Stimulatory molecules (agonists) 
O’Hara 
et al., 
2021 

All groups: 
gemcitabine + nab-
paclitaxel + 
B1: 0.1 mg/kg CD40 
mAb (APX005M) 
B2: 0.3 mg/kg 
APX005M 
C1: same as B1 + 240 
mg Anti-PD-1 
(Nivolumab) 
C2: same as B2 + 240 
mg Anti-PD-1 
(Nivolumab) 

30 Untreated 
metastatic  

B1: 12.7  
B2: 20.1 
C1: 15.9 
C2: not 
estimable 

Ib NCT03214250 
 

(310) 

Padron 
et al., 
2022 
(PRINC
E trial) 

All groups: 
gemcitabine + nab-
paclitaxel + 
A: Anti-PD-1 
(Nivolumab)  
B: 0.3 mg/kg 
APX005M  
C: 0.3 mg/kg 
APX005M + Anti-PD-1 
(Nivolumab)  

99 First-line 
metastatic  

A: 16.7 (9.8-
18.4) 
B: 11.4 (7.2-
20.1) 
C: 10.1 (7.9-
13.2) 

II NCT03214250 
 

(311) 
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Beatty 
et al., 
2011 

CD40 monoclonal 
antibody (CP-870,893) 
+ gemcitabine 

21 Locally 
advanced 
or 
metastatic  

7.4 (5.5-
12.8) 
 
 

I  
 

(315) 

Beatty 
et al., 
2013 

CD40 monoclonal 
antibody (CP-870,893) 
+ gemcitabine 

22 Chemothe
rapy-
naïve, 
advanced 

8.4 (5.3-
11.8) 

I NCT00711191 
 

(316) 

Dalgleis
h et al., 
2016 

A: TLR2/1 agonist 
(IMM-101) + 
gemcitabine 
B: gemcitabine  

110 Advanced A: 6.7 (5.4-
7.5) 
B: 5.6 (3.2-
7.2) 

II NCT01303172 
 

(312) 

Wang-
Gillam 
et al., 
2013 

A: gemcitabine 
B: gemcitabine + 
IMP321 (0.5 mg) 
C: gemcitabine + 
IMP321 (2 mg) 

18 Locally 
advanced 
or 
metastatic  

A: 72.7 
weeks 
B: 24.5 
weeks  
C: 28.0 
weeks 

I  (317) 

Hecht et 
al., 2018 

Pegilodecakin 
(AM0010, LY3500518, 
PEGylated 
recombinant human 
IL-10) + FOLFOX 

21 Heavily 
pretreated 
metastatic 

10.2 
 
 

Ib NCT02009449 
 

(57) 

Hecht et 
al., 2021 

Pegilodecakin 
(AM0010, LY3500518, 
PEGylated 
recombinant human 
IL-10) + FOLFOX 

39 (29 
PDAC) 

Heavily 
pretreated 
metastatic 

AM0010 at 5 
µg/kg: 6.8 
(2.6-14.6) 

Ib NCT02009449 
 

(58) 

Hecht et 
al., 2021 
(SEQU
OIA) 

A: Pegilodecakin + 
FOLFOX             
B: FOLFOX alone  

567 Metastatic 
with 
progressio
n following 
gemcitabin
e  

A: 5.8 
B: 6.3 

III NCT02923921 (61) 

Immune Stimulatory molecules (inhibitors) 
Hassan 
et al., 
2020 

Anetumab ravtansine 
(anti-mesothelin 
antibody + 
maytansinoid DM4 
cytotoxic drug) 

148 (9 
PDAC) 

Advanced 
or 
metastatic 
solid 
tumours, 
mesothelin 
expressing 

Not reported I NCT01439152 
 

(43) 

Adjei et 
al., 2018 

Anetumab ravtansine 
+ gemcitabine  

350  Unresecta
ble locally 
advanced 
or 
metastatic 
solid 
tumours 

Not yet 
reported 

Ib NCT03102320 
 

(44) 

Noel et 
al., 2020 

PF-04136309 (CCR2 
inhibitor) + nab-
paclitaxel + 
gemcitabine  

21 Untreated 
metastatic  

Not reported Ib NCT02732938  
 

(313) 

Nywenin
g et al., 
2016 

A: FOLFIRINOX alone 
B: FOLFIRINOX + PF-
04136309 (CCR2 
inhibitor) 

47 Borderline 
resectable 
or locally 
advanced 

Not reported Ib NCT01413022 
 

(314) 

Doi et 
al., 2019 

Anti-PD-1 (Nivolumab) 
+ anti-CCR4 
(Mogamulizumab)  
 

96 (15 
PDAC) 

Immunoth
erapy-
naïve 
advanced/
metastatic  

PDAC: 6.5 
(3.5-10.8) 

I NCT02476123 
 

(318) 
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Bockorn
y et al., 
2020 
(COMB
AT) 

A: Anti-PD-1 
(Pembrolizumab) + 
anti-CXCR4 (BL-8040)  
B: Anti-PD-1 
(Pembrolizumab) + 
anti-CXCR4 (BL-8040) 
+ chemotherapy 

59 Metastatic  3.3 months 
in the ITT 
population, 
7.5 months 
with second-
line therapy 

IIa NCT02826486 
 

(319), 
(320) 

Melisi et 
al., 2018  

A: TGFβ Receptor I 
Kinase inhibitor 
(Galunisertib) + 
gemcitabine 
B: placebo + 
gemcitabine 
 

156 Locally 
advanced 
or 
metastatic, 
untreated 

A: 8.9 (7.3-
11.1) 
B: 7.1 (5.8-
9.0) 

Ib/II  (263) 

Melisi et 
al., 2021 

TGFβ Receptor I 
Kinase inhibitor 
(Galunisertib) + anti-
PD-L1 (Durvalumab) 

79 Recurrent/
refractory 
metastatic 

5.72 (4.01-
8.38) 

Ib NCT02734160 
 

(264) 

Strauss 
et al., 
2018 

M7824 (bintrafusp 
alfa, fusion protein of 
anti-PD-L1 and a 
TGFβ ligand)  

19 (5 
PDAC) 
 
 

Heavily 
pre-
treated  

Not reported  I NCT02517398 (29) 

/ M7824 (bintrafusp 
alfa) + gemcitabine 

7 Heavily 
pre-
treated 
advanced 

Terminated 
after 
treatment-
related 
death 

I/II NCT03451773 

 
/ 

/ M7824 (bintrafusp 
alfa) + SBRT + M9241 
(NHS-IL12) 

3 Locally 
advanced 

Terminated 
due to 
worsening 
risk:benefit 
ratio 

I/II NCT04327986  / 

Zhou et 
al., 2022 

SHR-1701 (fusion 
protein targeting PD-
L1 and TGFBR2) + 
gemcitabine/nab-
paclitaxel 

56 Untreated 
locally 
advanced 
or 
metastatic 

Not yet 
available 

Ib/II NCT04624217 (38) 

Adoptive T-cell therapy 
Aoki et 
al., 2017 

A: Vg9Vd2 T-cells + 
gemcitabine 
B: gemcitabine alone 

56 Curatively 
resected 

Not reported I UMIN00000093
1 
 

(321) 

Kumai 
et al., 
2021 

A: ab T-cells 
B: ab T-cells + 
chemotherapy/chemor
adiation 

77 
 

Previously 
treated, 
unresecta
ble 
advanced 

MST: 18.7   (322) 

Beatty 
et al, 
2014 

Mesothelin-specific 
mRNA CAR-T-cells (4-
1BB and 
CD3z signalling 
domains) 

2 (1 
PDAC) 

Metastatic  Not reported I NCT01355965 (68) 

Beatty 
et al., 
2018 

Mesothelin-specific 
mRNA CAR-T-cells  

6 Chemothe
rapy-
refractory 
metastatic  

Not reported  I NCT01897415 (69) 

Haas et 
al., 2019 

Mesothelin-specific 
lentiviral-transduced 
CAR-T-cells 
± cyclophosphamide 

15 (5 
PDAC) 

Chemothe
rapy-
refractory  

Not reported I NCT02159716 
 

(67) 

Thistleth
waite et 
al., 2017 

Carcinoembryonic 
Antigen (CEA)-specific 
CAR-T-cells 

14 (1 
PDAC) 

Previously 
treated, 

Not reported I NCT01212887 
 

(323) 



Chapter 1 Introduction 

77 

 

(CAECAM5) + IL-2 + 
fludarabine  

CEACAM5
+ 

Katz et 
al, 2020 
(HITM-
SURE) 

anti-CEA CAR-T-cells 1 Liver 
metastase
s, 
previously 
treated 

23.2 Ib NCT02850536 (324) 

Lum et 
al., 2020 

Anti-CD3 x anti-EGFR 
bispecific antibody 
armed T-cells (+IL-2 + 
G-CSF) 

7 Locally 
advanced 
and 
metastatic 

31 I/II NCT01420874 
NCT02620865 

(71) 

 

1.6.3.3 Adoptive T-cell therapy 

Due to the sparsity of T-cells in the PDAC tumour stroma, many have attempted to use 

adoptive T-cell therapy for PDAC. This involves the extraction, expansion and 

reintroduction of a patient’s T-cells, either with or without modifications (325). The 

peripheral human blood contains both αβ and γδ T-cells, the former of which are more 

common, are activated through MHC molecules and express the T-cell receptor αβ 

(326, 327). The γδ T-cells are much rarer (1-5%) and do not rely on MHC molecules for 

their activation (326, 327). Vγ9Vδ2 T-cells are the most prevalent type of γδ T-cells 

(327) and Aoki and colleagues administered them in combination with gemcitabine to 

PDAC patients who had undergone a curative surgical resection (see Table 1.8) (321). 

In comparison with gemcitabine monotherapy, the Vγ9Vδ2/gemcitabine combination 

did not improve overall or recurrence-free survival (321). The number of autologous T-

cells remained high in the patients that remained stable whilst they were reduced in 

those that progressed (321). In another trial, autologous αβ T-cell monotherapy yielded 

a median survival time of 18.7 months, which is beyond what can be achieved with 

gemcitabine (322).  

 

T-cells that are transduced ex vivo with a novel exogenous receptor to make them 

targeted are referred to as Chimeric Antigen Receptor (CAR)-T-cells. Lum and 

colleagues have transduced T-cells with bispecific antibodies (against both CD3 and 

EGFR) and these resulted in a mOS of 31 months in late-stage PDAC patients (see 

Table 1.8) (71). Although this is extremely encouraging, a larger sample would be 

required to confirm these findings (71). This technique could potentially be translated to 

other surface receptors; for example, for breast cancer anti-CD3 x anti-HER2 bispecific 

antibody armed T-cells have been generated (328).  
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Table 1.9 An overview of clinical trials involving cancer vaccines and oncolytic 
viruses in PDAC. 
Unless stated otherwise, survival is written as median overall survival in months. If this 
was not available, median survival time has been reported instead. mOS = median 
overall survival, MST = median survival time, HLA = human leukocyte antigen, KRAS 
= Kirsten rat sarcoma viral oncogene, CEA = carcinoembryonic antigen, CIK = 
cytokine-induced killer cell therapy, TLR = toll-like receptor, hTERT = human 
telomerase reverse transcriptase, VEGFR = vascular endothelial growth factor 
receptor, WT1 = Wilms tumour 1. Table is from (288). Trial registration numbers have 
been underlined for trials that tested a combination of immunotherapy with other 
agents that was eventually approved by NICE in the UK.  

Author, 
year 

Immunotherapy 
treatment arms 

Enrolled 
patients  

PDAC stage  mOS (months 
(95% CI)) 

Phase  Registration  Ref. 

Vaccination 
Rojas et 
al., 2023 

Cevumeran 
(individualised 
neoantigen vaccine) + 
mFOLFIRINOX + 
Atezolizumab (anti-PD-
L1) 

34 Surgically 
resected 

Not reached I NCT04161755 
 

(329) 

Yanagi
moto et 
al., 2010 

Personalised peptide 
vaccine + gemcitabine 

21 Untreated, 
unresectable 

MST: 9.0 (6.0-
15.5) 

II  (330) 

Bernhar
dt et al., 

2006 

 Telomerase peptide 
vaccination (GV1001 
112 µg, 560 µg, 1.87 
mg) + GM-CSF 

48 Unresectabl
e, untreated 

112 µg: 4.0 
560 µg: 8.6  
1.87 mg: 5.1 

I/II  (331) 

Middleto
n et al., 
2014 

(TeloVa
c) 

A: chemotherapy  
B: chemotherapy + 
sequential telomerase 
peptide vaccination 
(GV1001) 
C: chemotherapy + 
concurrent GV1001 

1062 Untreated 
locally 
advanced or 
metastatic 

A: 7.9 (7.1-
8.8) 
B: 6.9 (6.4-
7.6) 
C: 8.4 (7.3-
9.7) 

III ISRCTN43821
38 
 

(332) 

Zheng et 
al., 2021 

A: GVAX (neoadjuvant) 
B: GVAX + IV 
cyclophosphamide 
C: GVAX + oral 
cyclophosphamide  

87 Resectable A: 34.2 (21.6-
45.7) 
B: 15.4 (13.2-
26.5) 
C: 16.5 (11.3-
25.2) 

II NCT00727441 
 

(333) 

Laheru 
et al., 
2008 

A: CG8020/CG2505 
(GM-CSF-secreting 
pancreatic cancer cell 
line) 
B: cyclophosphamide + 
CG8020/CG2505 

50 Metastatic  A: 2.3 
B: 4.3  
 

  (334) 

Jaffee et 
al., 2001 

GM-CSF-secreting 
tumour vaccine + 
radiation/chemotherapy 

14 Resected Not reported I  (335) 

Lutz et 
al., 2011 

GM-CSF-secreting 
tumour vaccine + 5-FU-
based chemoradiation  

60 Resected  24.8 (21.2-
31.6) 
 

II 
 

NCT00084383 
 

(336) 

Le et al., 
2012 

ANZ-100 (live-
attenuated double 
deleted Listeria 
monocytogenes strain), 
IV administration single 
dose  

9 (2 
PDAC) 

Treatment 
resistant 
with liver 
metastases 

Not reported  I NCT00327652 
 

(337) 
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Le et al., 
2012 

CRS-207 (ANZ-100, 
engineered to express 
human mesothelin) 4 
intravenous doses 

17 (7 
PDAC) 

Treatment 
resistant 

Not reported I NCT00585845 (337) 

Le et al., 
2015 

A: 2 doses Cy-GVAX + 4 
doses CRS-207 
(Listeria-encoding 
human mesothelin 
vaccine) 
B: 6 doses Cy-GVAX  

90 Previously 
treated 
metastatic 

A: 6.1 
B: 3.9 

II NCT01417000 (338) 

Le et al., 
2019 

(ECLIPS
E) 

A: Cy-GVAX + CRS-207 
B: CRS-207 
C: single agent 
chemotherapy  

Primary 
cohort: 
213  
Seconda
ry 
cohort: 
90 

Previously 
treated 
metastatic 

Primary 
cohort: 
A: 3.7 (2.9-
5.3) 
B: 5.4 (4.2-
6.4) 
C: 4.6 (4.2-
5.7) 
Secondary 
cohort: 
A: 4.3 
B: 4.1 
C: 9.1  

IIb NCT02004262 (339) 

Tsujikaw
a et al., 
2020 

A: Cy-GVAX + CRS-207 
+ anti-PD-1 (Nivolumab) 
B: Cy-GVAX + CRS-207 

93 Previously 
treated 
metastatic 

A: 5.9 (4.7-
8.6) 
B: 6.1 (3.5-
7.0) 

II NCT02243371 
 

(340) 

Wu et 
al, 2020 

A: GVAX + anti-CTLA-4 
(Ipilimumab) B: 
FOLFIRINOX 

82 Previously 
treated 
metastatic 

Stopped for 
futility 
A: 9.38 (5.0-
12.2) 
B: 14.7 (11.6-
20.0) 

II NCT01896869  (341) 

Le et al., 
2013 

A: anti-CTLA-4 
(Ipilimumab) 
B: GVAX + anti-CTLA-4 
(Ipilimumab)  

30 Previously 
treated, 
advanced  

A: 3.6 
B: 5.7  

Ib NCT00836407 
 

(342) 

Lee et 
al., 2021 

Cyclophosphamide, anti-
PD-1 (Pembrolizumab), 
GVAX + SBRT + 
surgical 
resection/irreversible 
electroporation/biopsy 

58 Locally 
advanced 

Not reported II NCT02648282 (343) 

Geynis
man et 

al., 2013 

CEA peptide (CAP1-
6D)/montanide/GM-CSF 
vaccine 
A: 10 µg 
B: 100 µg 
C: 1000 µg 

19 PS 0-1, 
HLA-A2+ 
and CEA-
expressing, 
previously 
treated  

334 days I NCT00203892 
 

(344) 

Weden 
et al., 
2011 

KRAS peptide vaccine + 
GM-CSF  

23 Resected MST: 27.5  I/II CTN-95002 
CTN-98010 

(345) 

Abou-
Alfa et 

al., 2011 

Adjuvant 21-mer KRAS 
peptide vaccine + GM-
CSF  

24 Resected, 
KRAS 
mutated  

20.3 (11.6-
45.3) 
 

  (346) 

Kubusch
ok et al., 
2012 

KRAS vaccine (Ras-
transfected EBV-
transformed 
lymphoblastoid cell line) 

7 Relapsed or 
metastatic  

Not reported I DeReG-
Nr.1001 
 

(347) 

Palmer 
et al., 
2020  

KRAS peptide vaccine 
(TG01) (A: high antigen 
burden, B: modified 

32 Resected, 
KRAS 
mutated 

A: 33.1  
B: 34.3 

I/II NCT02261714 
 

(348) 
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version with lower 
antigenic burden) + GM-
CSF + gemcitabine 

Bassani-
Sternber
g et al., 
2019 

Autologous dendritic 
cells with personalised 
neoantigen peptide 
vaccine (PEP-DC) + 
chemotherapy + anti-
PD-1 (Nivolumab) + 
aspirin  

3 Resected Not reported Ib CHUV-DO-
0017_PC-
PEPDC_2017 

(349) 

Bauer et 
al., 2011 

Autologous dendritic cell 
vaccine loaded with 
tumour lysate + 
gemcitabine 

12 Recurrent/p
alliative 

10.5   (350) 

Kimura 
et al., 
2012 

Dendritic cell-based 
vaccine (±lymphokine-
activated killer cell 
therapy) + gemcitabine 
+S-1 
 

49 Treatment 
unresponsiv
e, 
unresectable  

360 days   (351) 

Yutani 
et al., 
2013 

A: Personalised peptide 
vaccine (based on pre-
existing IgG responses) 
+ chemotherapy 
B: Personalised peptide 
vaccine 

41 Chemothera
py resistant, 
advanced  

MST:  
A: 9.6 
B: 3.1 

II UMIN #08167 
 

(352) 

Qiu et 
al., 2013  

Dendritic cell-based and 
cytokine-induced killer 
cell-based therapy  

14 Unresectabl
e, advanced 

24.7   (353) 

Lin et 
al., 2015 

Pancreatic cancer stem 
cell vaccination 

90 Resectable Not reported I/II NCT02074046 
 

(354) 

Zhang 
et al., 
2016 

A: dendritic cell vaccine, 
cytokine-induced killer 
cell therapy (CIK) 
B: no immunotherapy 

407 (150 
PDAC) 

Previously 
treated 

MST: 
A: 134 days 
B: 115 days 

  (355) 

Mehrotr
a et al., 
2017 

Dendritic cell vaccine 
(pulsed with A2-
restricted peptides: 
hTERT, CEA, survivin) + 
TLR-3 agonist 

12 Locally 
advanced or 
metastatic 

7.7 I NCT01410968 
 

(356) 

Asahara 
et al., 
2013 

A: KIF20A-66 peptide 
vaccine (HLA-A*2402 
restricted) 
 

29 Metastatic, 
chemothera
py resistant 

MST: 
142 days 
 

I/II UMIN0000049
19 

(357) 

Suzuki 
et al., 
2014 

KIF20A-derived peptide 
vaccine (RAB6KIFL) + 
gemcitabine 

9 Previously 
treated 
locally 
advanced  

MST: 173 
days 

I  (358) 

Suzuki 
et al., 
2017 

(VENUS
-PC) 

KIF20A-66/VEGFR1-
1084/VEGFR2-169 
peptide vaccination (all 
restricted with HLA-
A*2402) + gemcitabine 

68 Chemothera
py naïve  

HLA-matched: 
9  
HLA-
unmatched: 10 

II UMIN0000080
82 

(359) 

Miyazaw
a et al., 
2010 

VEGFR2 peptide 
vaccine (VEGFR2-169) 
(elpamotide) + 
gemcitabine 

18 Unresectabl
emetastatic 

MST: 
All patients: 
7.7 
No prior 
chemotherapy: 
8.7  

I NCT00622622 (360) 

Miyazaw
a et al., 
2017 

OCV-C01 
(KIF20A/VEGFR1/VEGF

30 Resected Not reached II UMIN0000079
91 

(361) 
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R2) peptide vaccination 
+ gemcitabine 
 

Yamaue 
et al., 
2015 

(PEGAS
US-PC) 

A: VEGFR2 peptide 
vaccine (elpamotide) + 
gemcitabine 
B: placebo + 
gemcitabine  
 

153 Locally 
advanced or 
metastatic 

MST 
A: 8.36 (7.46-
10.18) 
B: 8.54 (7.33-
10.84) 

II/III UMIN0000016
64 
  

(362) 

Kameshi
ma et 

al., 2013 

Survivin-2B80-88-
derived peptide vaccine 
+ IFNa 
 

6 Advanced Not reported  UMIN0000009
05 
 

(363) 

Shima 
et al., 
2019 

A: Survivin-2B peptide 
vaccine + IFNb  
B: Survivin-2B vaccine 
only  
C: placebo  
Later all patients 
received the Survivin 
vaccine + IFNb 

94 Pre-treated 
advanced, 
HLA-A24+ 

A: 102 days 
(77-144) 
B: 96.5 days 
(66-131 
C: 111 days 
(63-150) 

II UMIN 000012
146 
 

(364) 

Rong et 
al., 2012 

MUC1 peptide-pulsed 
dendritic cell vaccine 

7 Advanced, 
MUC1-
positive  

Not reported I  (365) 

Kaida et 
al., 2011 

WT1 peptide vaccine + 
gemcitabine 

25 (9 
PDAC) 

Unresectabl
e, HLA-A 
2402-
positive 

MST, PDAC: 
259 days 

I  (366) 

Nishida 
et al., 
2014 

WT1 peptide vaccine + 
gemcitabine 
 

32 Advanced, 
metastatic or 
recurrent, 
HLA-A 2402-
positive 

MST: 8.1 (6.3-
10.0) 

I UMIN0000011
87 

(367) 

Nishida 
et al., 
2018 

A: WT1 peptide vaccine 
+ gemcitabine 
B: Gemcitabine  

91 Advanced, 
HLA-
A*02:01– or 
HLA-
A*24:02–
positive 

A: 9.6 
B: 8.9 

II UMIN0000052
48 

(368) 

Koido et 
al., 2014 

Dendritic cell vaccine 
pulsed with WT1-
specific MHC class I/II 
epitopes + gemcitabine 

11 (10 
PDAC) 

Stage IV, 
HLA-positive 
for A*02:01, 
A*02:06, 
A*24:02, 
DRB1*04:05
, 
DRB1*08:03
, 
DRB1*15:01
, 
DRB1*15:02
, 
DPB1*05:01
, 
DPB1*09:01 

Not reported I UMIN0000040
63 

 
 

(369) 

Mayana
gi et al., 

2015 

WT1-pulsed dendritic 
cell vaccine + 
gemcitabine 
 

10 Advanced, 
HLA-A 2402-
positive 

243 days I UMIN-
000004855 
 

(370) 

Yanagis
awa et 

al., 2018 

WT1-pulsed dendritic 
cell vaccine + 
gemcitabine 

8 Resected Not reported I  (371) 
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Hanada 
et al., 
2019 

WT1-pulsed dendritic 
cell vaccine, 
chemotherapy, radiation 
and/or surgery 

6 Resected, 
recurrent, or 
metastatic 

1796.5 days    (372) 

Nagai et 
al., 2020 

WT1/MUC1-pulsed 
dendritic cell vaccine + 
gemcitabine 

10 Resected  46.4 I/IIa  (373) 

Hardacr
e et al, 
2013 

Algenpantucel-L 
(irradiated allogenic 
pancreatic cancer cells) 
+ chemotherapy and 
chemoradiotherapy   

73 Resected Not reached II NCT00569387 
 

(374) 

Hewitt et 
al., 2022 

A: chemotherapy + 
chemoradiation 
B: chemotherapy + 
algenpantucel-L 

303 Borderline 
resectable or 
locally 
advanced 
unresectable 

A: 14.9 (12.2-
17.8) 
B: 14.3 (12.6-
16.3)  

III NCT01836432 
 

(375) 

Oncolytic viruses 
Aguilar 
et al., 
2015 

A: aglatimagene 
besadenovec (AdV-tk, 
adenoviral vector 
expressing HSV-tk 
gene) + anti-herpetic 
pro-drug adjuvant to 
surgery 
B: aglatimagene 
besadenovec + anti-
herpetic pro-drug 
adjuvant to 5-FU 
chemoradiation  

24 Resected, 
locally 
advanced or 
metastatic 

B: 12 I NCT00638612 
 

(170) 

Lee et 
al., 2020 

Ad5-
yCD/mutTK(SR39)rep-
ADP (Ad5-DS, 
replication-competent 
adenovirus-mediated 
double suicide gene 
therapy) + gemcitabine 

11 Locally 
advanced  

Not reported I NCT02894944 
 

(376) 

Muscher 
et al, 
2022 

LOAd703 (a TMZ-
CD40L/4-1BBL-armed 
oncolytic adenovirus) + 
gemcitabine + nab-
paclitaxel 

22 Unresectabl
e/metastatic 

8.7  I/II NCT02705196 (377) 

Bazan-
Peregrin
o et al., 
2021 

VCN-01 (intratumoural) 
+ gemcitabine + nab-
pacitaxel 

8 Locally 
advanced/m
etastatic 

Not reported I NCT02045589 
 

(378) 

Garcia-
Carbone
ro et al., 

2022 

For PDACs:  
A: 1 dose of VCN-01 
(intravenous) + nab-
paclitaxel + gemcitabine 
(concurrent) 
B: 1 dose of VCN-01 
(intravenous) + nab-
paclitaxel + gemcitabine 
(7 days after VCN-01) 

42 (26 
PDAC) 

Locally 
advanced/m
etastatic, 
unresectable 

A: 11.0 (5.03-
48.43) 
B: 13.47 (2.6-
29.6)  

I NCT02045602 
 

(379) 

Nakao 
et al., 
2011 

HF10 (Herpes Simplex 
Virus) 

6 Unresectabl
e  

Not reported I  (380) 

Kasuya 
et al., 
2014 

HF10 (Herpes Simplex 
Virus) 

17 (8 
PDAC) 

Unresectabl
e 

Not reported I  (381) 
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Hirooka 
et al., 
2018 

HF10 (Herpes Simplex 
Virus) + erlotinib + 
gemcitabine 

12 Unresectabl
e, locally 
advanced 

15.5 I UMIN0000101
50 

(382) 

Hashim
oto et 

al., 2019 

Canerpaturev (C-REV, 
HF10) + gemcitabine + 
nab-paclitaxel 

6 Unresectabl
e, late stage 

Not reported  I NCT03252808 (383) 

Noonan 
et al., 
2016 

A: Pelareorep (reovirus) 
+ carboplatin/paclitaxel 
B: carboplatin/paclitaxel 
 

73 Untreated 
metastatic  

A: 7.31 (4.80-
11.24) 
B: 8.77 (6.60-
11.76) 

II NCT01280058 
 

(384) 

Mahalin
gam et 

al., 2018 

Pelareorep (Reolysin, 
reovirus) + gemcitabine 
 

34 Advanced 
chemothera
py-naïve 

10.2 (4.8-17.4) II NCT00998322 
 

(385) 

Mahalin
gam et 

al., 2020 

Pelareorep (Reolysin, 
reovirus) 
+ chemotherapy + anti-
PD-1 (Pembrolizumab) 

11 Relapsed 
metastatic 

3.1 (0-8.7) Ib NCT02620423 (386) 

 

1.6.3.4 Cancer vaccines and oncolytic viruses 

A strategy of indirectly attracting T-cells into the tumour stroma is by increasing PDACs’ 

antigenic strength. This refers to increasing the number tumour antigens that can be 

recognised by the immune system as foreign, which will lead to the formation of tumour-

targeted T-cell populations (176). This can be achieved using two different techniques: 

cancer vaccines and oncolytic viruses (see Table 1.9) (176). The former relies on the 

introduction of exogenous tumour antigens to reactivate the cancer-immunity cycle 

(176). The tumour antigens can be either standardised or personalised, which will be 

based on the expression of for example HLA, KRAS, WT-1 and MUC1. The vaccines 

can also consist of patient cancer cells or dendritic cells that have been pulsed with 

peptides or RNA to prime them. Despite this being the more personalised form of 

immunotherapy, it is a labour intensive and expensive strategy.  

 

Many types of cancer vaccines have been tested in PDAC patients, one of which is 

GV1001. This peptide vaccine contains the human enzyme telomerase reverse 

transcriptase (TERT) sequence (387). It was tested in a phase I/II trial where it triggered 

an immune response in 24 of the 38 participants (331). Interestingly, those that mounted 

an immune response survived significantly longer than those that did not (331). 

However, when combined with chemotherapy in the phase III TeloVac trial, the 

combination generated poorer survival rates (mOS 6.9 months) than chemotherapy 

alone (mOS 7.9 months) (332). This reduction led to trial termination and its failure was 

attributed to the dense desmoplastic PDAC stroma.  
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GVAX is another cancer vaccine that consists of granulocyte-macrophage colony-

stimulating factor (GM-CSF)-generating cancer cells, which have been irradiated (341). 

They are also modified to express GM-CSF to enhance the maturation of dendritic cells 

(341).  To enhance its efficacy, cyclophosphamide if often co-administered with GVAX, 

which is referred to as Cy-GVAX (334, 340, 341). However, patients with resectable 

PDAC who were administered neoadjuvant GVAX monotherapy survived longer than 

patients treated with neoadjuvant Cy-GVAX (333). In contrast in late-stage metastatic 

patients, the opposite pattern was observed (334). This highlights how the efficacy of 

certain immunotherapies differs with tumour stage, most likely due to time-dependent 

changes in the TME.  

 

Due to the prominence of KRAS mutations in PDAC, KRAS peptide vaccines are a 

promising strategy that in combination with chemotherapy has demonstrated 

encouraging survival rates with raised T-cell activity (348). However, as monotherapy, 

KRAS vaccines have yielded conflicting results; all 7 treated metastatic PDAC patients 

had progressed by the 4-month mark (347). Further research in larger cohorts is 

required to draw valid conclusions.  

 

Finally, neoantigen mRNA vaccines have been developed as a personalised form of 

PDAC immunotherapy (329). An example is Cevumeran, which was tested in 

combination with modified FOLFIRINOX and atezolizumab (anti-PD-L1 antibody) in 

resected PDAC patients (329). Half of the patients developed a neoantigen-targeted T-

cell population and they were labelled ‘the responders’ (329). The responders had a 

significantly longer median recurrence-free survival than the non-responders (329). If 

the neoantigen repertoire of the vaccine could be adapted to each patient, the 

heterogeneity in the patient responses may be suppressed.  

 

Oncolytic viruses have been designed to infect cancer cells whereby triggering cancer 

cell lysis, a process which triggers the release of tumour antigens and consequently an 

anti-tumour immune response (170). Clinical trials have been hindered by challenges 

such as the production of neutralising antibodies against the viruses that prevent 

successful infection, as well as difficulties with systemic administration of the viruses 

(170). Hence, oncolytic viruses are frequently injected intratumourally using endoscopic 

ultrasonography (EUS) or CT (170, 376, 377). Although the safety of oncolytic 
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adenoviruses has been confirmed in combination with chemotherapy, further studies 

are required to determine their efficacy.  

 

An oncolytic virus example is the VCN-01 adenovirus which has been modified to 

express hyaluronidase to digest the hyaluronic acid component of the stroma (378, 

379). This compound has been injected both intratumourally (378) and intravenously 

(379). The intratumoural injection VCN-01 study caused all lesions to remain stable or 

shrink (378). Along with this, raised levels of serum hyaluronidase and reduced tumour 

stiffness were noted following VCN-01 therapy (378). Despite increasing the immune 

cell accessibility, this softening of the tumour stroma may also lead to enhanced 

metastasis. Intravenously administered VCN-01 was able to infiltrate into the tumour 

(379). When it was co-administered with chemotherapy, 50% of patients responded 

(survival >12 months), regardless of chemotherapy timing (379). VCN-01 with delayed 

chemotherapy improved survival by 2 months in comparison with concurrent 

chemotherapy. However, patients require selection prior to starting therapy based on 

pre-existing baseline neutralising antibody levels against the virus. As discussed, 

intratumoural administration of the virus may reduce its exposure to neutralising 

antibodies. 

 

1.7 Introduction summary and research rationale 

Overall, the overview of clinical trials has demonstrated that for both TNBC and PDAC, 

very few targeted agents and immunotherapy agents are currently successful. Hence, 

both tumour types are still mainly treated with unselected chemotherapy. The current 

clinical trial landscape in TNBC seems to have heavily revolved around CPIs which lead 

to their recent approval in combination with chemotherapy. However, the CPIs were 

approved only for a select subset of TNBC patients with sufficient PD-L1 expression 

(119, 120). This highlights how the efficacy of immunotherapy may be improved by 

carefully selecting patients based on the tumour immune landscape. Secondly, it also 

highlights the need for novel agents, beyond CPIs, to treat for example PD-L1 low 

TNBCs. The promising preclinical findings of some immunotherapy strategies 

discussed in 1.3, have encouraged their gradual introduction into TNBC clinical trials. 

Two ongoing trials utilise IL-12 administered through gene therapy to prevent IL-12-
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mediated toxicity. This demonstrates the promise of IL-12 as a candidate for TNBC 

immunotherapy and the importance of exploring alternative bioengineering techniques 

to reduce its toxicity whilst allowing for intravenous administration.   

 

The results of the clinical trials in PDAC have reminded us of its aggressiveness and 

challenging TME. In contrast with TNBC, an even smaller proportion of PDAC patients 

have benefited from CPIs (only MSI-H patients, »1%). As discussed, the failure of CPIs 

in PDACs is largely related to their immune-depleted TME. Therefore, extensive efforts 

have gone into developing agents that induce immune cell infiltration into these 

tumours, including CAR T-cells, modified oncolytic viruses, and cancer vaccines. Their 

success has unfortunately been very limited, suggesting other avenues may need to be 

explored. Due to the ability of pro-inflammatory cytokines to induce T-cell infiltration, 

their bioengineered variants are promising, yet preclinical research is currently limited. 

Moreover, it is crucial to identify mechanisms that drive resistance to immunotherapy in 

this complex tumour type to overcome them in future experiments. 
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1.8 Aims and thesis significance 

1.8.1 Aim 1. To produce a safe and tolerable bioengineered version of IL-12 for 
the treatment of two immunologically distinct TNBC mouse models.  

Although the therapies for breast cancer have greatly evolved in the last two decades 

with the discovery of CPIs, TNBC remains a challenge to treat in the clinic. Despite the 

large cancer cell and immunological heterogeneity that exists within TNBC, most 

patients currently receive unselected toxic chemotherapy. IL-12 is a potent pro-

inflammatory cytokine that has been unsuccessful in the clinic due to its severe 

autoimmune-like toxicity. Therefore, my first aim was to produce a bioengineered 

tolerable version of IL-12 and test its efficacy and toxicity in immunologically distinct 

TNBC subgroups (immunotypes). These immunotypes were previously discovered in 

bulk TNBC human tumours and were defined using gene signatures in the 

Sadanandam laboratory. Consequently, I am aiming to identify mouse models that are 

representative of the different immunotypes and to test their responsiveness to the 

bioengineered M-CBD-IL-12 molecule. This aim therefore furthers our understanding of 

how the immune landscape of TNBCs directly influences responsiveness to IL-12-

based immunotherapy. Finally, it will allow me to identify potential resistance 

mechanisms towards this therapy by performing downstream analysis on the harvested 

tumours. Using such classification systems for therapy selection allows personalisation 

of immunotherapy and may be key to improving the survival rates of patients with TNBC. 

  

1.8.2 Aim 2. To test M-CBD-IL12 in immunologically distinct PDAC mouse 
models and understand the role of the KRASG12D mutation in determining 
the observed responses. 

Similarly to TNBC, PDAC is a highly lethal cancer type with very few therapeutic options 

available. The Sadanandam laboratory has a repertoire of PDAC mouse models 

available which are well characterised within the laboratory. Therefore, my second aim 

is focused on testing the bioengineered M-CBD-IL-12 immunotherapy in two 

immunologically distinct PDAC mouse models. Very few immunotherapeutic agents 

have demonstrated success in PDAC and understanding the reasons behind this failure 

is crucial. The available PDAC models not only differ in their immune composition and 
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morphology but also their KrasG12D expression. The KrasG12D mutation has been shown 

to determine the immune composition of PDAC tumours and play a role in immune 

evasion mechanisms. This means it likely contributes to the unresponsiveness of 

PDACs to immunotherapy. I therefore decided to focus my second aim on investigating 

the relationship between the KrasG12D mutation and response to IL-12 immunotherapy 

in these PDAC mouse models. With the recent discovery of the small molecule KRAS 

G12D inhibitor MRTX1133, this cutting-edge topic remains an important problem to 

address in PDAC.  

 

1.8.3 Aim 3.  To produce and test the efficacy of a bioengineered form of IFNγ 
as an alternative immunotherapy for PDAC. 

IFNγ is an inflammatory cytokine that operates downstream of the IL-12 receptor and 

triggers a Th1-based response. On the basis that IFNγ is responsible for a large 

proportion of IL-12’s pro-inflammatory effects, a safer version of IFNγ could be a 

suitable alternative therapeutic candidate for PDAC, yet with a more direct and potent 

effect. The IL-12 receptor expression is largely limited to T-cells and NK cells, both of 

which are very sparse in the PDAC TME. Instead, IFNγ has more pleiotropic effects on 

cancer cells, as well as both the innate and adaptive immune system. This makes it an 

attractive drug candidate to target an immune-depleted mesenchymal and highly 

metastatic PDAC model, which has sparse adaptive immune cells in its TME for IL-12 

to act on. Therefore, my third aim was focused on producing collagen-anchored IFNγ 

and testing its ability to prolong the survival of mice bearing immune-depleted highly 

metastatic PDAC tumours. This aim focuses on opening avenues towards IFNγ 

immunotherapy that have thus far been closed due to its severe dose-limiting toxicity 

through bioengineering.  
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Chapter 2. Materials & Methods 

2.1 Cell culture 

All cells were cultured under standard tissue culture conditions (humidified incubators 

at 37 °C and 5% CO2). I cultured HEK293F and Expi293F cells in serum-free HEK293F 

Freestyle (Gibco, 12338018) or Expi293F Expression Medium (Gibco, A1435101), 

respectively, in vented Erlenmeyer flasks (Corning, 431145). The cells were 

continuously shaken at 130 rpm. EMT6 and 4T1 cells were cultured in DMEM, 10% 

FBS whilst 7947, 3275, Panc02, AK28385, AK15376, and AK14838 cells were cultured 

in RPMI 10% FBS. The AK28385, AK15376, and AK14838 inducible KrasG12D cells were 

kindly supplied by Dr. Haoqiang Ying from MD Anderson Cancer Centre, University of 

Texas (388). Doxycycline hyclate (Merck, D9891) was added to the inducible KrasG12D 

cell culture media at a final concentration of 1 µg/ml. Cells were regularly tested for 

mycoplasma infections using an in-house nested PCR method.  

 

2.2 Co-culture experiments  

For co-culture experiments, a 6-well plate was coated with 3 µg/ml of murine anti-CD3 

(clone 17A2, Bioxcell) in PBS and was left overnight at 4 °C. The mice were sacrificed, 

their spleen was collected and mechanically homogenised using a strainer. Red blood 

cells were lysed using ACK lysis buffer (Fisher Scientific, 11509876). Finally murine 

anti-CD28 (clone 37.51, Biolegend), recombinant murine IL-2 (final concentration 30 

ng/ml, Peprotech, 212-12) and pen/strep was added to the splenocyte media and the 

splenocytes were left in culture to activate for 48 hours. The cancer cells were seeded 

at a concentration of 1000 cells/well in 100 µl and 24 hours later the cancer cell media 

was removed from the wells and activated splenocytes were added in 100 µl into the 

wells at a 1:15 Cancer:Effector ratio. The cancer cells and splenocytes were left 

overnight in the incubator and MRTX1133 (Mirati Therapeutics) was diluted serially and 

added into the correct wells. The plates were imaged 72 hours after treatment with 

MRTX1133 using CellTiter-Glo Cell Viability Assay (Promega, G9242).  
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2.3 Transformation, bacterial culture, and plasmid amplification 

The amino acid sequences of murine p35, p40, CBD-p40, mask-linker-p35, wild-type 

IFNγ, CBD-IFNγ were subcloned into mammalian expression vector pcDNA 3.1(+) by 

Genscript Biotech. A (His)6 tag sequence was introduced on the N-terminus of p35 and 

wild-type IFNγ, which allowed me to perform immobilised metal affinity chromatography 

protein purification. To produce M-CBD-IL12, a sequence that encodes the mask and 

the linker was introduced at the N-terminus of p35. To generate any of the IL-12-based 

molecules, I co-transfected the different variations of the p35 and p40 plasmids. To 

amplify the plasmids, I transformed the plasmid into competent E. coli using the heat 

shock technique (42 °C for 1 minute), followed by spreading the bacteria onto agar 

plates containing 100 µg/L of ampicillin using an inoculation loop. Following an 

overnight incubation at 37 °C, I collected a colony and let it grow in 2YT broth containing 

100 µg/L of ampicillin overnight on a shaker (220 rpm, 37 °C). The plasmid was 

consequently extracted from the bacteria using a NucleoBond Xtra Midi kit for 

transfection-grade plasmid DNA (Machary-Nagel, 740410.50) using the manufacturer’s 

recommendations. The plasmid was finally resuspended in ultrapure water and I used 

a Nanodrop (Thermo Fisher Scientific) to determine the plasmid concentration.  

 

2.4 Transfection for protein production 

Proteins were either produced using HEK293F cells (cultured and transfected at 1 

million cells/ml) or Expi293F cells (cultured and transfected at 3 million cells/ml). I 

passaged both cell lines 24 hours prior to transfection. For a 200 ml flask of the 

HEK293F cells, I dissolved 400 µg of Linear Polyethylenimine (PEI transfection grade, 

MW 25 000, 23966-1, final concentration 2 mg/L) into 3.6 ml of Optipro SFM 

(12309019). In another 4 ml of Optipro SFM, I dissolved 200 µg of plasmid, which I then 

filtered using a syringe filter Millex-HA Syringe Filter Unit, 0.45 µm, mixed cellulose 

esters, 33 mm (Merck, SLHA0033SS). When co-transfecting plasmids, I used 200 µg 

of each plasmid instead (total 400 µg). For the production of M-CBD-IL12, His-mask-

linker-p35 and p40-CBD were co-transfected. I combined the PEI-Optipro mixture with 

the plasmid-Optipro mixture and incubated this at room temperature for 10 minutes. 

Whilst swirling the Erlenmeyer flask, the mixture was then added in a dropwise manner 



Chapter 2 Materials and Methods 

 

91 

 

to the cells. Expi293F cells were transfected in batches of 125 ml of cell culture media 

for which I used 2.2 ml of Optipro supplied with 800 µg of linear PEI and 125 µg of DNA 

dissolved in 2.5 ml of Optipro. For both cell lines, the transfected flasks were shaken 

for 5 days in a humidified incubator. On day 5 following transfection, the culture was 

centrifuged at 3000 g, 4 °C for 30 minutes. I filtered the cell culture supernatant using 

Nalgene Rapid-Flow Sterile Disposable Filter Units (Thermo Fisher Scientific, 166-

0045) and adjusted the pH to >8 using 1M Tris.  

 

2.5 Protein purification 

I loaded the filtered culture media onto the HisTrap HP His Tag protein purification 

column (5 ml, Cytiva, 17524801) on the ÄKTA start protein purification system with 

buffer A (0.5M of NaCl, 20mM of NaH2PO4, titrated with NaOH for pH to rise to 7.2-

8.5). I then used buffer B to elute the trapped protein from the column (0.5M of NaCl, 

20mM of NaH2PO4, 250mmol of Imidazole). The fractions containing the protein were 

then loaded onto the size exclusion HiLoad 16/600 Superdex 200pg SEC column (120 

ml, Cytiva, 28989335) were analysed using SDS-PAGE under reducing and non-

reducing conditions to confirm the purity and the identity of the protein. The correct 

fractions were then combined and stored at -80 °C.  

 

2.6 Sodium Dodecyl Sulphate Polyacrylamide gel electrophoresis 
(SDS-PAGE)  

Following protein purification, each tube was analysed using 4x reducing (Alfa Aesar, 

J60015) or 4x non-reducing (Alfa Aesar, J63615) sample buffer and the samples were 

heated to 95 °C for 5 minutes. They were then loaded into a 4-15% Mini-PROTEAN 

TGX Precast Protein Gel (Biorad, 4561084) and the gel was run at 150 V, 0.4 Amps 

and 300 Watts using 1x running buffer (Tris/Gly/SDS buffer)(Biorad, 1610772). The gel 

was then incubated in Novex Simply Blue Safe Stain (Novex Life Technologies, 

LC6065) for 2 hours and consequently 3 hours in ultrapure water for destaining. The 

gel was then imaged using Azure 280 chemiluminescent Imaging system.  
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2.7 Western blotting 

For cell lines, cells were lysed using NP40 buffer (Sigma, 74385-1L) with a protease 

and phosphatase inhibitor tablet, EDTA-free (Thermo Fisher Scientific, A32961) on ice 

for 20 minutes. For snap-frozen tumours, a small piece of around 50 mg was placed in 

a Precellys Lysing tubes (P000911-LYSK0-A.C) with around 100 µl of NP40 buffer 

(Sigma, 74385-1L)/T-PER buffer (Thermo Fisher Scientific, 78510). Total protein levels 

were then quantified using the Pierce Bicinchoninic Acid Protein Assay (Thermo Fisher 

Scientific, 23225) in 96-well flat-bottom microplates according to the manufacturer’s 

instructions. Protein concentration was then standardised in the presence of 4x 

Laemmli sample buffer (Biorad, 1610747) and samples were heated to 95 °C for 5 

minutes prior to sample loading. Samples were then loaded onto a 4-15% Mini-

PROTEAN TGX Precast Protein Gel (Biorad, 4561084). The protein was separated at 

150V, 0.4 Amps and 300 Watts for 45 minutes in running buffer 10x (Tris/Gly/SDS 

buffer) (Biorad, 1610772). An activated PVDF membrane was used to transfer proteins 

onto using the Transblot Turbo Transfer System (Biorad) and it was consequently 

blocked in 5% milk in Tris Buffered Saline-Tween 0.1% (TBS-T) at room temperature 

for 1 hour. It was incubated overnight in primary antibody diluted in 5% milk in TBS-T 

0.1% on a shaker at 4 °C. Following incubation in secondary antibody, diluted in 5% 

milk in TBS-T 0.1% for an hour at room temperature, the proteins were detected using 

Immobilon Crescendo Western HRP Substrate (Merck, WBLUR0500). For primary 

antibody dilutions, see Table 2.1.  

 
Table 2.1 Primary antibodies for western blotting and Wes Simple Western 

Target  Host Cat. number Western 
blot 

Simple 
Western 

Murine IL-12  Rat ab80682 1:200  

Cleaved caspase 3 (Asp175) Rabbit 9664 1:1000  

Caspase 3 (3G2) Mouse 9668 1:1000  

Vinculin Mouse V9131 1:200 1:10 000 

ERK1/2 p44/42 MAPK Rabbit 4695 1:1000  

p-ERK (T202/Y204) p44/42 MAPK Rabbit 9101 1:1000  

KRAS G12D Rabbit MA5-36256  1:500 
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2.8 Wes Simple Western 

Cells were lysed using NP40 buffer (Sigma, 74385-1L) with a protease and 

phosphatase inhibitor tablet, EDTA-free (Thermo Fisher Scientific, A32961) on ice for 

20 minutes. For snap-frozen tumours, a small piece of around 50 mg was placed in a 

Precellys Lysing tubes (P000911-LYSK0-A.C) with around 100 µl of NP40 buffer 

(Sigma, 74385-1L)/T-PER buffer (Thermo Fisher Scientific, 78510). Total protein levels 

were then quantified using the Pierce Bicinchoninic Acid Protein Assay (Thermo Fisher 

Scientific, 23225) in 96-well flat-bottom microplates according to the manufacturer’s 

instructions. Simple Western analysis was then performed on the Wes machine using 

a 12-230 kDa separation module (Biotechne, SM-W001). Per run 0.0625 µg of protein 

was used per sample and the primary antibodies were diluted as described in Table 

2.1. Data was analysed and normalised to Vinculin in the Compass for SW software. 

 

2.9 Ribonucleic acid (RNA) extraction and quantitative real time 
polymerase chain reaction (qRT-PCR) 

Following the harvesting and flash freezing of tumours, they were homogenised in 

Precellys Lysing tubes (P000911-LYSK0-A.C) that contained TRIzol. Consequently, an 

miRNeasy Kit (Qiagen, 217084) was used to extract RNA from the tissue homogenate 

according to the manufacturer’s instructions. The RNA product concentration was 

determined using NanoDrop (Thermo Fisher Scientific). cDNA was synthesised using 

the Superscript Double-Stranded cDNA synthesis kit (Thermo Fischer Scientific, 

11917010) according to manufacturer’s instructions. Power SYBR Green PCR master 

mix (Thermo Fischer Scientific, A25742) was used in combination with murine primers 

(see Table 2.2) and the data was obtained using the QuantStudio 6 Real-Time PCR 

System. Mouse PPIA was used as a housekeeping gene to standardise samples using 

the 2ΔΔCt method.  
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Table 2.2 List of qRT-PCR primers 
Mouse PPIA Forward AGC ATA CAG GTC CTG GCA TC 

Mouse PPIA Reverse TTC ACC TTC CCA AAG ACC AC 

Mouse total KRAS Forward CAA GAG CGC CTT GAC GAT ACA 

Mouse total KRAS Reverse CCA AGA GAC AGG TTT CTC CAT C 

Mouse KRAS G12D Forward 1 GCT TAT CGA TAC CGT CGA TCG 

Mouse KRAS G12D Reverse 1 GGT CGT ACT CAT CCA CAA AGT G 

Mouse COL1A1 Forward 2 GAC CGA TGG ATT CCC GTT CG 

Mouse COL1A1 Reverse 2 GAT AGG TGA TGT TCT GGG AGG C 

Mouse COL1A2 Forward 1 TAG TCG ATG GCT GCT CCA AAA 

Mouse COL1A2 Reverse 1  GGT GCA ATG TCA AGG AAC GG 

Mouse COL3A1 Forward 2 CCC ATG ACT GTC CCA CGT AA 

Mouse COL3A1 Reverse 2 AGG GCC ATA GCT GAA CTG AAA A 

 

2.10 Nanostring nCounter Transcriptomic profile  

The nCounter Max analysis system (Nanostring Technologies) was used to run a 

mouse immune panel (custom made in the laboratory) on 100 ng of RNA from tumour 

samples. The custom assay was performed according to the published protocol by 

Ragulan et al., 2019 (389). nsolver 4.0 was used to normalise data. 

 

2.11 Enzyme-linked immunosorbent assay (ELISA) 

I performed ELISAs in a flat-bottom, clear medium-binding microplate (Greiner Bio-one, 

655001). A mouse IFNγ, ELISA kit (Thermo Fisher Scientific, 88-7314-88), a mouse 

Granzyme B kit (R&D Systems, DY1865), human/mouse TGFβ1 ELISA kit (Thermo 

Fisher Scientific, 88-8350-88) was used according to the manufacturer’s 

recommendations. Plasma was diluted 1:16, whilst for tumour analysis 50 µg of protein 

was loaded for mouse IFNγ, 20 µg for granzyme B, and 50 µg for TGFβ1.  

 

2.12  LEGENDplex Mouse Inflammation Panel 

Tumours were homogenised using T-PER buffer (Thermo Fisher Scientific, 78510) 

which was supplemented with 5 mM of EDTA and a protease inhibitor (Roche, 

5892791001). Total protein concentration was quantified using the Pierce Bicinchoninic 
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Acid Protein Assay (Thermo Fisher Scientific, 23225). The kit (Biolegend, 740446) was 

then used according to the manufacturer’s recommendations. Data was analysed on 

FlowJo and cytokine levels were normalised to protein concentration for the tumour 

samples.  

 

2.13  M-CBD-IL12 linker cleaving  

Tissues were homogenised in the presence of cleaving buffer (150 mM NaCl, 50 mM 

Tris, 10 mM CaCl2, 0.05% Brij-35, 50 µM ZnCl2) and protein concentrations were 

determined using the Pierce Bicinchoninic Acid Protein Assay (Thermo Fisher 

Scientific, 23225). The recombinant murine MMP2 was diluted to 8 µg/ml in buffer (150 

mM NaCl, 50 mM Tris, 10 mM CaCl2, 0.05% Brij-35) and this was stored in 20 µl aliquots 

at -80 °C. On the day of the experiment, an aliquot was activated using 1 µl of 7 mg/ml 

phenylaminomercuric acetate (Merck, A9563-5G) dissolved in DMSO for 2 hours at 37 

°C. 

 

2.13.1 Western blot quantification 

Tumour lysates (final concentration of 2 mg/ml) or plasma (diluted 1:5) were incubated 

with M-CBD-IL12 (final concentration of 0.84 µM) for either 30 minutes, 3 hours or 5 

hours at 37 °C. The active MMP2 was incubated with M-CBD-IL12 for 45 minutes at 37 

°C. Of each mixture, 10 µg of protein was loaded onto a 4-15% Mini-PROTEAN TGX 

Precast Protein Gel (Biorad, 4561084). For untreated M-CBD-IL12, I loaded 0.0625 µg 

of protein and for the MMP2 incubation, I loaded 1 µg of protein onto the gel. I performed 

a western blot according to 2.8 Western blotting for murine IL-12 (1:500, Abcam, 

ab80682). 

 

2.13.2 pSTAT4 quantification 

Spleens were processed according to 2.2 Co-culture experiments and CD8+ T-cells 

were isolated using the Mouse CD8a+ T cell Isolation Kit (Miltenyi Biotec, 130-104-075) 

according to the manufacturer recommendations. The isolated CD8+ T-cells were then 

activated according to 2.2 Co-culture experiments using anti-CD3 and anti-CD28 in the 
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presence of 30 ng/ml of murine IL-2 for 72 hours. Tumour lysate (final concentration of 

2 mg/ml) was incubated with M-CBD-IL12 (final concentration of 0.84 µM) or wild-type 

IL-12 (final concentration of 0.84 µM) overnight at 37 °C. On the day of the experiment, 

50 000 CD8+ T-cells were seeded per well of a V-bottom plate and they were left to rest 

in the incubator. Meanwhile, the active MMP2 was incubated with M-CBD-IL12 for 45 

minutes at 37 °C. The cytokine mixtures were serially diluted and were added onto the 

activated CD8+ T-cells for 15 minutes at 37 °C, which was immediately followed by cell 

fixation using 1x Lyse/fix buffer (diluted in ultrapure water, BD Biosciences, 558049) for 

10 min at 37 °C. Following centrifugation at 600 g, 5 min, 4 °C, the supernatant was 

removed and Permeabilisation buffer III (BD Biosciences, 558050) was added on ice 

for 30 min. This was followed by 2 washes with Stain buffer (BD Biosciences, 554656) 

and incubation with CD16/CD32 Fc block (BD Biosciences, 553141, diluted 1:200 in 

stain buffer) for 15 minutes at 4 °C. Finally, the anti-pSTAT4 antibody (BD Biosciences, 

558137, clone 38) incubation (diluted 1:50 in stain buffer) was performed overnight at 

4 °C. Cells were then resuspended in 100 µl of stain buffer for flow cytometric analysis. 

 

2.14  Flow cytometry 

Tumours were collected in MACS tissue storage solution. A single cell suspension was 

generated through mechanical dissociation using gentleMACS C tubes (Miltenyi 

Biotech, 130-093-237) in a gentleMACS Dissociator. Dissociation enzymes from the 

Tumour Dissociation Kit (Miltenyi Biotech, 130-096-730) were used to chemically 

dissociated the tumours. In the presence of these enzymes, the tumours were 

incubated in a 37 °C water bath for 30 minutes, followed by straining through 70 µm 

strainers and centrifugation (600 g, 5 min 4 °C). The cell suspension was then stained 

with fixable viability dye in PBS (eBioscience, 65-0865-14), followed by incubation with 

antibody for 20 minutes at 4 °C. For the antibodies used in flow cytometry experiment 

see Table 2.3. All antibodies were diluted 1:200. Cells were then washed and 

resuspended in 150 µl of staining buffer for flow cytometric analysis. Data was analysed 

on Flowjo and statistical tests were performed using GraphPad Prism.  
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Table 2.3 List of flow cytometry antibodies used 

 
 

2.15  Immunohistochemistry and Picro Sirius Red staining 

After 48 hours of fixation in 10% neutral buffered formalin, tumours were embedded in 

paraffin. Sections of 4 µm thickness were cut and left to dry overnight at room 

temperature. The sections were then baked at 65 °C for 5 minutes, deparaffinised, 

processed, and rehydrated using xylene, graded alcohol and water, respectively.  

 

2.15.1 Immunohistochemistry 

For immunohistochemistry, antigens were retrieved using a pressure cooker in citrate 

buffer (pH 6.0) or EDTA buffer (pH 9.0). Following an hour of blocking with 3% Bovine 

Serum Albumin, slides were coated with primary antibody overnight at 4 °C. The three 

washes with TBS-T 0.025% Tween were then followed by a 15-minute endogenous 

peroxidase block (Dako) and a 1-hour secondary antibody incubation at room 

temperature. The DAB staining was performed (Dako Real Envision kit), immediately 

followed by haematoxylin counterstaining, dehydration, and mounting of the slides.  

 

Marker Fluorophore Clone
FOXP3 PE MF-14
Gr1 (Ly6G/Ly6C) APC/Cy7 RB6-8C5
PD-1 BB700 J43
PD-L1 BV711 MIH5
F4/80 FITC BM8
CD45 BUV805 30-F11
CD45 Pacific blue 30-F11
CD3 BUV395 145-2C11
CD4 BV785 RM4-5
CD8 AF700 53-6.7
CD11b BUV737 M1/70
CD11c PE-Cy7 N418
CD335 BUV563 29A1.4
IA/IE (MHC II) BV480 M5/114.15.2
CD206 BV605 C068C2
CD86 BUV805 PO3
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2.15.2 Picro Sirius Red staining 

For Picro Sirius red staining a 10-minute iron haematoxylin stain was performed first at 

room temperature, followed by a 10-minute wash. The Picro Sirius Red stain (abcam, 

ab150681) was consequently added onto the slides and left to incubate at room 

temperature for 1 hour. The slides were consequently dipped in 0.5% acetic acid, 

rehydrated, and mounted.  

 

2.16  Animal care  

All the protocols under which animal experiments were performed were approved by 

the UK Home Office Regulations as part of the Animals Scientific Procedures Act 1986. 

6-7-week-old female immunocompetent mice were purchased from Charles River 

Laboratory. Cells were resuspended in 50% Hank’s balanced salt solution (HBSS)/50% 

Matrigel (Corning, 354234) and we injected either subcutaneously in the right flank or 

orthotopically into the 4th nipple mammary fat pad for breast cancer studies. The 

diameter of tumours was measured thrice weekly using digital callipers. Tumour volume 

was calculated using the following formula: 𝑉𝑜𝑙𝑢𝑚𝑒 = 4.19 ∗ (!
"
+ #

"
)$  (D and d 

represent the large and small diameters of the tumours respectively). Once tumours 

reached between 50-100 mm3, mice were randomised into their respective treatment 

groups. For orthotopic pancreatic injections, mice were anaesthetised using isoflurane 

and their left flank was shaved and disinfected. Using sterile tools under aseptic 

conditions, I performed a laparotomy to expose the pancreas. Cancer cells (20 µl) were 

injected into the pancreas and the abdomen was closed using sutures and skin clips 

were used to close the skin. Tumour growth was monitored using palpation and mice 

were randomised using In Vivo Imaging System (IVIS). For survival study, mice were 

sacrificed when they reach maximum tumour burden, severe ulceration, or the humane 

endpoint. For intervention studies, all mice in the study were sacrificed once the first 

animal reaches maximum tumour burden, ulcerates severely, or reaches the humane 

endpoint. Where possible, tumours were harvested and divided into four pieces for 

different purposes: flow cytometry, formalin-fixed, two flash frozen in liquid nitrogen for 

protein and RNA. Where applicable other organs such as the spleen, liver, brain or lung 

were collected to record number of metastases.  
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2.17 Single cell RNA sequencing (scRNA-seq) analysis 

Raw scRNA-seq data from the GSE191246 (390) dataset was processed through the 

R Seurat package by Hari PS, a bioinformatician in the Sadanandam laboratory. He 

performed quality control using nFeature_RNA criteria (between 200-2500) and 

mitochondrial content (<20%).  Doublet cells were removed using the scDblFinder() 

function of the scDblFinder package. SCTransform method was performed to batch 

correct samples of different batches. Anchor features of 10000 were selected. Nearest 

neighbours were calculated using FindNeighbors function with default parameters 

followed by FindClusters function. This followed by the generation of Uniform Manifold 

Approximation and Projection (UMAP). Cells were assigned to specific cell types using 

the celldex package. Centroid from Korlimarla et al. (88) was used as part of correlation 

assigner to predict the immunotype each cell belongs to. Ensembl biomaRt was used 

to convert mouse to human gene symbols.  

 

2.18 Statistical analysis 

Data are presented as mean ± standard deviation for technical repeats or mean ± 

standard error of the mean for biological repeats. All in vitro experiments were repeated 

three times independently unless stated otherwise in the figure legends. In vivo 

experiments were performed only once usually with 7 mice per group (n=7), as was 

previously determined suitable for these experiments through a priori power analysis in 

the Sadanandam laboratory. Where the number of mice differs from this, this has been 

specified in the figure legends. All statistical analyses were performed on GraphPad 

Prism 10 and results were considered statistically significant with a p-value<0.05. For 

statistically significant results (referred to in the text as ‘significant’), the p-value is 

shown in the figure and has also been written out in the main text. Two-tailed student’s 

t-tests were used for the comparison of two independent groups, whilst one-way 

analysis of variation (ANOVA) or two-way ANOVA tests were used to compare more 

than 2 different groups. Tukey’s multiple comparison analysis was used to reduce 

potential error in experiments containing more than 2 groups. For survival curves, the 

Kaplan Meier technique was applied with a Mantel Cox test. 
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Chapter 3. Bioengineering interleukin 12 for tolerable 
immunotherapy in triple negative breast cancer 

3.1 Introduction 

TNBCs lack the ER, PR, and HER2 making them virtually unresponsive to hormone 

therapy and targeted therapies such as trastuzumab (anti-HER2 antibody) (391). They 

are therefore usually treated with unselected chemotherapy, with or without radiation, 

despite their high degree of heterogeneity (391). Many have attempted to classify TNBC 

to better understand its complex TME and to identify immunotherapeutic targets. Seven 

TNBC subtypes were identified based on gene expression data from 21 breast cancer 

data sets including 587 TNBCs by Lehmann and colleagues: basal-like 1 (BL1), basal-

like 2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like 

(MSL), luminal androgen receptor (LAR), and unstable (UNS) (392, 393). Cell lines 

representing each of these subtypes were used to determine the ability of the 

classification to aid therapy selection (392, 393). Cell lines representative of BL1 and 

BL2 subtypes were most sensitive to cisplatin. BL1 tumours highly expressed genes 

related to the cell cycle and DNA damage response, whilst the BL2 subtype is enriched 

for metabolic pathways (392, 393).  Epithelial to mesenchymal transition genes and 

growth factor pathways were highly expressed in M and MSL tumours. Their 

representative cell lines responded most to PI3K/mTOR and abl/src inhibitors. LAR 

tumours had increased androgen receptor signalling and the representative cell lines 

therefore responded to anti-androgenic medication (bicalumatide) (392, 393). However, 

they were found to be the least prognostically favourable. Finally, the IM subtype is 

immunologically inflamed with raised T-cell and B-cell receptor signalling, upregulated 

cytokine pathways and antigen presentation (392, 393). This subtype has the best 

prognosis and would most likely be responsive to immunotherapy. Many more TNBC 

classification systems followed based on transcriptomic and gene expression analysis 

such as by Burnstein et al. (394) and Jiang et al. (395). However, these are general 

classifications that do not specifically represent the TME of TNBCs. 

 

To select TNBC patients specifically for immunotherapy, a robust classification system 

that addresses the immunological heterogeneity in TNBCs is key. Some have achieved 
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this such as Hu et al. (396) with the immune subtypes 1-3 (IS1, IS2, IS3) based on 299 

TNBC samples. IS3 tumours are associated with a better prognosis and have 

significantly more CD8+ T-cells, Th1 cells, immature and activated B-cells compared to 

IS1 (396). The authors predict these tumours to respond better to anti-PD-1 therapy 

and chemotherapy. In contrast, IS1 tumours have a significantly worse prognosis (396).  

 

A second example is the classification into Immunity High, Immunity Medium, and 

Immunity Low by He et al. (397). As its name suggests, the former subtype has higher 

immune scoring, lymphocyte infiltration, and expression of HLA genes (397). The 

expression of CD8A, CD20 and more inflammatory genes was also raised in the 

Immunity High subtype compared to the Immunity Low subtype, but this was also true 

for PD-L1 and FOXP3 (397). Overall, these factors contributed to the Immunity High 

subtype being the most prognostically favourable compared to the other two (397). 

 

Finally, our laboratory categorised TNBC into three immunologically distinct 

immunotypes based on 730 immune genes from 88 human TNBC samples using the 

non-negative matrix factorisation machine learning technique (see Figure 3.1) (88).  The 

samples were assigned to an immunotype based on which immunotype gene 

expression pattern (centroid) the sample’s gene expression pattern most closely 

aligned with. After having identified the different immunotypes, they were characterised 

immunologically. Immunotype 1 was found to be the most prognostically favourable 

potentially due to its more acutely inflamed nature with raised immune activation (88). 

Secondly, immunotype 3 is more myeloid enriched with innate immune gene expression 

patterns and a worse prognosis. Immunotype 2 tumours were enriched with a Th2 

response and Tregs and had an intermediate prognosis (88). Due to the sparsity of 

immunotype 2 cells in comparison with the other two immunotypes, I decided to focus 

mainly on immunotypes 1 and 3 in this thesis. More such immunological classifications 

have been developed (398, 399). Although some of them prognosticate and suggest 

potential therapies that may be effective in each of the subtypes, few have translated 

these theories to select mouse models for pre-clinical immunotherapy studies.  
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Figure 3.1 Immunological characteristics of the immunotype TNBC classification 
Schematic representing characteristics of the immunotype classification by Korlimarla 
et al. (88). Schematic was created on Biorender.com. DAMP = Damage-associated 
molecular patterns. 
 

Recently, certain CPIs were approved for TNBC in combination with chemotherapy, as 

extensively discussed in the introduction (see section 1.5.4.6) (400, 401). However, 

these are effective in only a small subset of TNBC patients (see section 1.5.4.6), 

highlighting the need for novel immunotherapeutic agents. Cytokine therapy involving 

IL-6 and IL-12 has also made an appearance into TNBC clinical trials (98). IL-12 is an 

example of a highly potent pro-inflammatory anti-tumour cytokine that holds great 

potential in cancer therapy (13). This cytokine operates through the IL-12 receptor, 

which consists of IL-12Rβ1 and IL-12Rβ2, and is expressed on mainly T-cells and NK 

cells (13). IL-12 receptor signalling results in the phosphorylation of STAT4 by the non-

receptor protein tyrosine kinases JAK2 and TYK2 (13). Two phosphorylated STAT4 

molecules then dimerise and are translocated into the nucleus, where they upregulate 

the transcription of IFNγ encoding genes through regulators of transcription such a Tbet 

(13). Therefore, IL-12 receptor signalling results in the production of IFNγ (13). IFNγ is 

the single member of the type II interferon family with pro-inflammatory effects on both 

the innate and adaptive immune system (12, 402). It plays an important role in anti-viral 

defence and tumour immune surveillance by upregulating the expression of MHC to 

promote antigen presentation (12, 402). Through a positive feedback loop, it also 

promotes and maintains a Th1-based response and directly prevents differentiation into 

Th2 cells (403). 
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A frequently encountered issue with IL-12-based cytokine therapy is its inability to 

penetrate the tumour stroma and consequently high degrees of peripheral toxicity (17). 

Therefore, the majority of IL-12 based immunotherapies in TNBC clinical trials have 

been injected intratumourally (98). Examples are IL-12 monotherapy, a recombinant 

adenovirus encoding IL-12 (AdIL-12) and the combination of the IL-12-encoding 

tavokinogene telseplasmid with electroporation and an anti-PD-1 antibody 

(pembrolizumab)(Table 1.4) (98). Although intratumoural injections for breast cancer 

are possible, there is still a need to develop therapies that allow intravenous injection 

with little to no toxicity (98).  

 

Conjugation of IL-12 to a CBD was highly successful in murine models of breast cancer, 

CRC and melanoma (51). The CBD is a protein, derived from the A3 domain of VWF, 

with a high affinity for collagen types 1 and 3 (50, 52). In contrast with wild-type IL-12, 

CBD-IL12 has a much higher molecular weight. This reduces the diffusion of CBD-IL12 

across the endothelium into healthy tissues, a process that causes peripheral toxicity 

(50, 52). However, upon tumour necrosis and an increase in the leakiness of the tumour 

vasculature, CBD has access to the TME to deliver its cargo (50, 52). This heavily 

increased the half-life and efficacy of the molecule, whilst suppressing the toxicity (51). 

Here, I have masked CBD-IL12 to even further reduce the IL-12 associated toxicity. The 

mask is attached to the p35 subunit of IL-12 through a protease-sensitive linker. The 

linker is selectively cleaved by MMP1, 2 and 9, as well as the serine proteases 

urokinase, legumain, and matriptase. These proteases are highly expressed in the 

tumour stroma and to a lesser degree in the bloodstream. Therefore, the linker should 

be preferentially cleaved by the tumour leading to a tumour-specific activation of this 

bioengineered molecule. The aim of this chapter is to establish an association between 

the TNBC immune landscape of mouse models through immunotyping and the success 

of M-CBD-IL12 therapy.  
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3.2 Results 

3.2.1 Mouse model selection 

The immunotype centroid from Korlimarla et al. (88) was applied (by Hari PS, a 

bioinformatician in the Sadanandam laboratory) to a murine tumour scRNA-seq dataset 

(GSE191246) (390) to find whether EMT6 and 4T1 are representative mouse models 

of the immunotypes (1, 2, and 3). Based on the scRNA-seq data, the 4T1 and EMT6 

models seem to closely overlap with immunotypes 1 and 3, respectively, but some 

immunotype 2 cells are present (see Figure 3.2a,d). EMT6 is a more heterogeneous 

model than 4T1 since it also expresses immunotype 1 and 2 genes (see Figure 3.2a). 

In contrast, 4T1 is a predominant immunotype 1 model with very little immunotype 3 

influence (see Figure 3.2b).  

 

In terms of the cell types that populate the tumours, EMT6 contains mostly monocytes, 

in particular the CD14+ and CD16+ monocytes (see Figure 3.2b,c). It simultaneously 

also harbours few B-cells and Th17 cells, albeit to a lesser extent (see Figure 3.2b,c). 

In contrast, 4T1 is more T-cell inflamed (see Figure 3.2e,f), particularly Th17 CD4+ T-

cells and also B-cells, yet contains few myeloid cells. Since the TME of tumours largely 

determines their response to immunotherapy, I decided to produce and test wild-type 

IL-12 and M-CBD-IL12 proteins as cytokine therapies in both mouse models.  

 



Chapter 3 Results 

 

105 

 

    
  Fi

gu
re

 3
.2

 C
la

ss
ifi

ca
tio

n 
of

 E
M

T6
 a

s 
an

 im
m

un
ot

yp
e 

3-
 a

nd
 4

T1
 a

s 
an

 im
m

un
ot

yp
e 

1-
do

m
in

an
t m

od
el

 u
si

ng
 s

cR
N

A
-s

eq
  

Th
e 

ce
nt

ro
id

 fr
om

 K
or

lim
ar

la
 e

t a
l.,

 2
02

2 
w

as
 u

se
d 

on
 s

cR
N

A-
se

q 
da

ta
 o

f a
-c

) E
M

T6
 o

r d
-f)

 4
T1

 tu
m

ou
rs

 fr
om

 G
SE

19
12

46
 fr

om
 C

ar
pe

n 
et

 a
l.,

 2
02

2 
to

 c
la

ss
ify

 th
e 

ce
lls

 in
to

 im
m

un
ot

yp
es

 a
/d

). 
Th

e 
ce

ll 
po

pu
la

tio
ns

 w
er

e 
la

be
lle

d 
us

in
g 

th
e 

ce
lld

ex
 p

ac
ka

ge
 a

nd
 h

av
e 

be
en

 
pr

es
en

te
d 

as
 U

M
AP

S 
in

 b
/e

) a
nd

 h
ea

tm
ap

s 
in

 c
/f)

. T
he

 c
on

te
nt

s 
of

 th
is

 fi
gu

re
 w

er
e 

ge
ne

ra
te

d 
by

 H
ar

i P
S.

   
   

   
   

   
   

   
   

 



Chapter 3 Results 

 

106 

 

3.2.2 Protein production 

3.2.2.1 Wild-type IL-12  

To produce wild-type IL-12, I transfected both HEK293F (batches 1 and 2) and 

Expi293F cells (batch 3) using linear PEI. These transfections for batches 1 and 2 were 

successful with UV absorbance peaks (blue curve) of 600 milliabsorbance units (mAU) 

(batch 1) and 1650 mAU (batch 2) on HisTag purification (see Figure 3.3a,b). The size 

exclusion chromatograms demonstrate clear UV absorbance peaks (see Figure 3.3c,d) 

and the fractions corresponding to the protein were consequently analysed using SDS-

PAGE under reducing (R) and non-reducing (NR) conditions (see Figure 3.3e,f). Using 

the former, I observed two distinct bands representing the p35 (35 kDa) and p40 (40 

kDa) subunits of IL-12 (see Figure 3.3e,f) as a consequence of the reducing agent β-

mercaptoehtanol disrupting the disulphide bonds between the IL-12 subunits (404). In 

contrast, the non-reducing conditions represent IL-12 with intact disulphide bonds and 

therefore a molecular weight of 70 kDa (see Figure 3.3e,f). These SDS-PAGEs allowed 

me to confirm the successful production and purification of the target protein.  
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Figure 3.3 Wild-type IL-12 was successfully produced in HEK293F cellsHEK293 cells 
were used for IL-12 production using PEI in both batches 1 a/c/e) and 2 b/d/f). Five days 
following transfection according to 2.4 of the Methodology, the filtered cell media was 
loaded onto the HisTrap HP HisTag protein purification column on the ÄKTA start 
protein purification system and the immobilised metal affinity chromatograms are 
displayed in a) for batch 1 and b) for batch 2. In these chromatograms, the blue curve 
represents the UV absorbance of the protein and is displayed as milliabsorbance units 
(mAU) on the y-axis, whilst the x-axis represents the volume of purified media. The 
consecutive size exclusion chromatograms are displayed in c) for batch 1 and d) for 
batch 2. The fractions corresponding with the peak were then analysed on SDS-PAGE 
e) for batch 1 and f) for batch 2 under reducing (R) and non-reducing (NR) conditions. 
The chromatograms were generated on Cytiva Unicorn.  
 
 

Due to the cell concentration of Expi293F cells at transfection being three-fold higher 

than with HEK293F cells, I hypothesised the concentration of PEI should be tripled. I 

therefore optimised the protocol by transfecting two 125 ml cultures of Expi293F cells 

using 125 µg of plasmid DNA and either 600 µg (see Figure 3.4a) or 800 µg (see Figure 

3.4b) of PEI for my batch 3 of murine wild-type IL-12. The histogram UV absorbance 

peak increased from 650 mAU at 600 µg (see Figure 3.4a) to 1100 mAU with 800 µg of 

PEI (see Figure 3.4b). Using this protocol, the Expi293F cell line was therefore the more 

efficient cell line for the production of wild-type IL-12. The obtained protein from 

Expi293F cells was also relatively purer compared to HEK293F cells as can be seen 

on the SDS-PAGE (see Figure 3.4d).  
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Figure 3.4 Wild-type IL-12 was successfully producing in Expi293F cellsExpi293F 
cells were transfected with either 600 µg a) and 800 µg b) of linear PEI for 125 µg of 
DNA. Five days following transfection according to 2.4 of the Methodology, the filtered 
media was loaded onto the HisTrap HP HisTag protein purification column on the ÄKTA 
start protein purification system and the immobilised metal affinity chromatograms are 
displayed in a) and b). In these chromatograms, the blue curve represents the UV 
absorbance of the protein and is displayed as milliabsorbance units (mAU) on the y-
axis, whilst the x-axis represents the volume of purified media. The consecutive size 
exclusion chromatogram is also displayed in c). Finally, the fractions containing this 
peak were analysed through SDS-PAGE d). The chromatograms were generated using 
Cytiva Unicorn.  
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3.2.2.2 M-CBD-IL12 

M-CBD-IL12 protein was produced in a similar fashion to its wild-type counterpart. 

Following initial confirmation that the co-transfection protocol was successful for these 

plasmids, a large 2 litre culture of HEK293F cells was transfected and purified, which 

yielded the majority of the M-CBD-IL12 used in this thesis (see Figure 3.5a-c); this 

transfection generated a peak of 2000 mAU on the metal affinity chromatogram (see 

Figure 3.5a). Similarly to wild-type IL-12 (see Figure 3.3e,f), the intact M-CBD-IL12 

molecule (112 kDa) can be seen as a single band in the non-reducing conditions (see 

Figure 3.5c). However, under reducing conditions, the separated mask-linker-p35 and 

p40-CBD proteins are visible as overlapping bands (see Figure 3.5c).  
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Unfortunately, Expi293F cell transfections were unsuccessful for M-CBD-IL12 (see 

Figure 3.6); during the elution and fractionation phase of the protein from the HisTrap 

HP column, only a very small peak can be observed in the UV absorbance (blue 

curve)(see Figure 3.6). Similarly to HEK293F cells, the Expi293F cells can secrete 

proteases into the culture media following transfection. Due to the cell concentration of 

Expi293 cells at transfection being three-fold larger than HEK293F, the quantity of 

proteases may have been considerably larger in these transfections. These proteases 

can cleave the linker of M-CBD-IL12 prior to harvesting the protein. Therefore, we 

ensured the His tag was located within the amino acid sequence in between the IgG 

kappa signal sequence and the mask sequence. This means the HisTag purification 

process will ensure the proteins being trapped in the HisTrap HP column are masked 

and intact and not contaminated with unmasked CBD-IL12. Therefore, the protein yield 

following HisTag purification with Expi293 cells was much lower than with HEK293F 

cells. This also meant a small proportion of cleaved off mask may have collected in the 

HisTrap HP column along with M-CBD-IL12. This was however easily separated from 

M-CBD-IL12 during the consecutive size exclusion purification due to its much lower 

molecular weight. 
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Figure 3.6 M-CBD-IL12 production in Expi293F cells was unsuccessful 
The immobilised metal affinity chromatogram of M-CBD-IL12 in Exp293F cells using 
PEI. In these chromatograms, the blue curve represents the UV absorbance of the 
protein and is displayed as milliabsorbance units (mAU) on the y-axis, whilst the x-
axis represents the volume of purified media. The chromatogram was generated using 
Cytiva Unicorn.   
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3.2.3 The M-CBD-IL12 linker is cleaved by breast tumour lysate but not serum in 
vitro 

Following the production of the proteins, I proceeded to test the cleaving of the linker in 

an in vitro setting using mouse tissues. I firstly performed this by incubating M-CBD-

IL12 with tumours lysates and serum as described in the methodology section 2.13.1, 

followed by a western blot for murine IL-12 (see Figure 3.7a). Due to the larger 

molecular weight of M-CBD-IL12 (112 kDa) compared to CBD-IL12 (102 kDa), I was 

able to differentiate between the two to quantify the cleaving of the linker (see Figure 

3.7a). The majority of untreated M-CBD-IL12 was masked, whilst incubation with active 

murine recombinant MMP2 significantly increased the cleaving of the linker to 90% 

(p<0.0001)(see Figure 3.7b). EMT6 and 4T1 tumour lysates cleaved around 50-60% of 

the linker (see Figure 3.7b-e). The percentages cleaved were not significantly different 

between the two tumour models at any of the time points (see Figure 3.7c-e). 

Interestingly, incubating M-CBD-IL12 with serum did not increase the cleaving of the 

mask compared to the untreated M-CBD-IL12 (see Figure 3.7b), suggesting the 

molecule should remain masked in the bloodstream and therefore be less toxic than 

wild-type IL-12. 

 

To support these findings, a second experiment was performed that aimed to measure 

whether removal of the mask restored the ability of IL-12 to trigger signalling 

downstream of the IL-12 receptor, in particular the phosphorylation of STAT4 in primary 

CD8+ T-cells (see Figure 3.7f). Since the mask with an intact linker suppresses the 

biological activity of IL-12, the EC50 of untreated M-CBD-IL12 was six-fold higher 

compared to wild-type IL-12 (see Figure 3.7f). The wild-type IL-12 and M-CBD-IL12 + 

MMP2 conditions had virtually the same EC50 suggesting recombinant murine MMP2 

completely restores the biological activity of M-CBD-IL12 by removing the mask (see 

Figure 3.7f). Incubating M-CBD-IL12 with EMT6 tumour lysate confirmed that the 

molecule’s biological activity increased following cleaving of the mask, albeit less than 

with the recombinant murine MMP2 (see Figure 3.7f). These experiments suggests that 

the tumour lysate restores a portion of M-CBD-IL12 biological activity, though its 

signalling ability remains lower than wild-type IL-12.  
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Figure 3.7 The M-CBD-IL12 linker is cleaved by breast tumour lysates but not serum 
a) Western blot of murine IL-12 representing the cleaving of the linker following 
incubation of M-CBD-IL12 with tumour lysates and serum for 0.5, 3 or 5 hours and 37 
°C as described in 2.13.1 of the Methodology. Of the incubation mixtures, 10 µg of 
protein was loaded onto a gel, except for 0.0625 µg of untreated M-CBD-IL12 and 1 
µg of the murine MMP2 mixture. The top band represents M-CBD-IL12 whilst the 
bottom band represents unmasked CBD-IL12 b) Three independent experiments were 
performed and blots were quantified. c-e) Comparison of the cleaving of the linker at 
each of the time points for the different tumour lysates. f) Quantification of the in vitro 
activity of M-CBD-IL12 on pre-activated primary CD8+ T-cells through measurements 
of pSTAT4 MFI using flow cytometry as described in 2.13.2 of the Methodology. The 
EC50 values have been displayed in the table. Experiment was performed once for 
confirmation of biological activity. Flow cytometry data was analysed using Flowjo. 
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Statistical analyses were performed using a two-tailed student’s t-test or one-way 
ANOVA with Tukey’s multiple comparison test on GraphPad Prism. 
 

3.2.4 In vivo evaluation of M-CBD-IL12 in the syngeneic EMT6 TNBC mouse 
model 

The study design used to evaluate the toxicity of wild-type and M-CBD-IL12 in non-

tumour bearing mice is shown in Figure 3.8a. No significant changes in body weights 

were observed over time and between the conditions (see Figure 3.8b). Murine IFNγ in 

the plasma was quantified using ELISA as a toxicity marker (see Figure 3.8c,d). Plasma 

IFNγ on day 2 was significantly higher in the mice treated with wild-type IL-12 (350 

pg/ml) than those treated with M-CBD-IL12 (p=0.0005), whose plasma IFNγ 

concentration was virtually zero (see Figure 3.8c,d). Interestingly, by day 6, the plasma 

IFNγ levels in the wild-type IL-12 group had decreased to around 3 pg/ml, at which point 

it was still significantly higher than with M-CBD-IL12 (p=0.0473) (see Figure 3.8d). This 

suggests that in non-tumour bearing mice, M-CBD-IL12 was considerably less toxic 

than wild-type IL-12 and that plasma IFNγ concentrations decreased rapidly over time. 

 

As an in vivo pilot study, my colleague Dr. Aslan Mansurov at the University of Chicago 

previously tested the anti-tumour effects of both produced proteins in the MC38 CRC 

mouse model (see Figure 3.8e), which the Ishihara laboratory has previously shown to 

be highly responsive to IL-12 (73). The MC38 tumours fully responded to either 

molecule, albeit more delayed in response to M-CBD-IL12 compared to wild-type IL-12 

(see Figure 3.8f). These findings confirmed this molecule was biologically active in vivo.  
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Figure 3.8 M-CBD-IL12 was tolerable in vivo and demonstrated anti-tumour effects 
against the MC38 CRC mouse model and the EMT6 TNBC mouse model 
a) Study design of the tolerability study of wild-type (WT) IL-12 and M-CBD-IL12 in 
non-tumour bearing BALB/c mice. Non-tumour-bearing 6-7-week-old BALB/c mice 
(n=3) were treated with 83 pmol of wild-type IL-12 or 250 pmol of M-CBD-IL12 
intravenously (IV) on days 0, 3, and 6. b) The mice’s body weight was recorded for 13 
days following the first dose. Plasma IFNγ quantification through ELISA from days 2 c) 
and 6 d) following the first dose of the respective drugs. e) Study design of the pilot 
mouse study on the MC38 mouse model, performed by my colleague Dr. Aslan 
Mansurov. C57/BL6 mice (n=7) were injected with 500 000 MC38 cells 
subcutaneously and were then administered 3 doses of either 83 pmol of wild-type IL-
12 or 250 pmol of M-CBD-IL12 intravenously (IV) on days 7, 10, and 13 following 
tumour inoculation. f) Tumour growth curve of MC38 tumours. g) Study design of the 
survival study of wild-type IL-12 and M-CBD-IL12 in the EMT6 mouse model. 6-7-
week-old BALB/c mice (n=7 for PBS and wild-type IL-12, n=6 for M-CBD-IL12 group) 
were injected with 500 000 EMT6 cells in the 4th nipple mammary fat pad and were 
administered 3 doses of either 83 pmol of wild-type IL-12 or 250 pmol of M-CBD-IL12 
intravenously on days 6, 9, and 12. h) Kaplan-Meier survival curve and i) tumour 
growth curve of both wild-type IL-12 and M-CBD-IL12 in EMT6-bearing mice. 
Differences in EMT6 tumour volume between treatment groups on days j) 12 and k) 
10 following tumour inoculation. l) individual tumour growth curves for the EMT6 
survival study. Each mouse experiment was performed only once. Statistical analyses 
were either performed with two-tailed student’s t-test, one-way ANOVA with Tukey’s 
multiple comparison tests or Mantel Cox test for Kaplan Meier survival curves on 
GraphPad Prism. Schematics were designed on Biorender.com 
 

I then evaluated the anti-tumour effects of M-CBD-IL12 in EMT6-bearing mice (see 

Figure 3.8g). EMT6-bearing mice treated with wild-type IL-12 survived significantly 

longer compared to PBS-treated mice (p=0.0003) (see Figure 3.8h). These mice all 

exhibited complete responses (see Figure 3.8i,l). During a monitoring period of 150 

days following tumour inoculation, they all remained tumour-free (see Figure 3.8i,l). 

Similarly, complete tumour regressions were observed in four out of the six mice that 

received M-CBD-IL12 (see Figure 3.8i,l). These mice also survived significantly longer 

than PBS controls (p=0.0006) and remained tumour-free throughout the consecutive 

248 days following tumour inoculation (see Figure 3.8h). No significant difference was 

observed between wild-type IL-12 and M-CBD-IL12 treatment groups in terms of 

survival, however as observed in in vitro studies, it seems the mask and CBD minimally 

dampen the biological activity of IL-12 (see Figure 3.8h,i). Between days 10 and 12 

post-tumour inoculation, the difference in tumour volume between the treatment groups 

and the PBS group became significant (p=0.0149 for wild-type IL-12, p=0.0444 for M-
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CBD-IL12), which suggested this was a suitable time point to analyse the immunological 

changes inside the tumour (see Figure 3.8j,k).   

 

3.2.4.1 Immunological composition of the EMT6 tumour following M-CBD-IL12 
therapy 

I therefore proceeded to visualise the immunological mechanisms that may be 

responsible for reducing the tumour burden in the EMT6 mouse model following M-

CBD-IL12 treatment. To achieve this, I performed an intervention study with a similar 

design as the survival study, yet all mice were terminated using cardiac punctures on 

day 11 and tumours and spleens were collected for flow cytometric analysis (see Figure 

3.9a). At this point, the tumour volume in the treatment groups was reduced compared 

to PBS, albeit not yet significant (see Figure 3.9b). Interestingly, the spleen weight was 

significantly higher in the wild-type IL-12 group compared to the PBS (p<0.0001) and 

M-CBD-IL12 (p=0.0041) groups (see Figure 3.9c). This splenomegaly could suggest 

the mice treated with wild-type IL-12 were experiencing significantly more toxicity than 

the M-CBD-IL12 group.   

 

Flow cytometric analysis of the tumours revealed a significant decrease in intratumoural 

immune cells (CD45+)(p=0.0295)(see Figure 3.9d) and a significant increase in 

intratumoural non-immune cells (CD45-)(p=0.0341)(see Figure 3.9e) in the tumours of 

mice treated with wild-type IL-12 compared to PBS. A similar trend was visible in the 

mice treated with M-CBD-IL12 to an extent, but not at a statistically significant level (see 

Figure 3.9d,e). Although overall NK cells (see Figure 3.9j) and T-cell numbers (see 

Figure 3.9f) remained largely unaltered, CD4+ T-cells significantly decreased in the wild-

type IL-12 group compared to PBS (p=0.0213) (see Figure 3.9g). CD4+ T-cells comprise 

of multiple different subsets, such as Th1, Th2, Th17 and Treg cells. Although specific 

changes in Th1, Th2, and Th17 subsets were not included in this flow cytometry panel 

due to the limited availability of tissue in the treated tumours, the treatment-induced 

changes in Tregs will be discussed as part of the next figure. Interestingly, CD8+ T-cells 

significantly increased in the M-CBD-IL12 group in comparison with PBS mice 

(p=0.0406) (see Figure 3.9h,i). This suggests M-CBD-IL12 is somewhat remodelling the 

EMT6 TME. 
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Figure 3.9 M-CBD-IL12 remodelled the TME of EMT6 tumours 
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a) Study design of the intervention study of M-CBD-IL12 and wild-type (WT) IL-12 in 
the EMT6 mouse model. 6-7-week-old BALB/c mice (n=7) were inoculated with 500 
000 EMT6 cells in the 4th nipple mammary fat pad and treated with 83 pmol of wild-
type IL-12 or 250 pmol of M-CBD-IL12 intravenously (IV) on days 6 and 9 following 
tumour inoculation. All mice were sacrificed through a cardiac puncture on day 11. 
Mouse tumour b) and spleen c) weights at study termination on day 11. d-j) Flow 
cytometric analysis of the tumours was performed. k-p) From each group, 4 tumours 
were lysed, and protein levels were standardised to 10 µg and a western blot was 
performed for the expression of cleaved caspase 3, pro-caspase, and total caspase 3. 
Blots were quantified and normalised to the loading control. Each mouse experiment 
was performed only once. Tumour samples with poor quality on flow cytometry were 
excluded from the study and flow cytometry data was analysed on Flowjo. Statistical 
analyses were performed with either a two-tailed student’s t-test or one-way ANOVA 
with Tukey’s multiple comparison test on GraphPad Prism. Schematics were designed 
on Biorender.com 
 

Cytotoxic CD8+ T-cells can exert their cytotoxic effect towards cancer cells by inducing 

cancer cell apoptosis (405). Due to the observed increase in CD8+ T-cells, I therefore 

also quantified the intratumoural expression of a commonly used marker and the major 

effector of apoptosis (406), using western blotting  (see Figure 3.9k-p). A slight reduction 

in pro-caspase 3 (see Figure 3.9l) and in the proportion of pro-caspase 3 to total 

caspase 3 (see Figure 3.9p) was observed, although neither of these differences were 

significant. No major changes were observed elsewhere (see Figure 3.9m-o). This 

suggests IL-12 may be inducing cancer cell apoptosis through an alternative effector to 

caspase 3 in the EMT6 model.   

 

For the enlarged population of CD8+ T-cells within EMT6 tumours to be active, they 

require antigen presentation by antigen presenting cells, an example of which are 

dendritic cells. Although dendritic cells seemed to be showing an increasing trend, 

particularly for the wild-type IL-12 group, this change was not significant (see Figure 

3.10a). In contrast, a significant reduction in other cell types, of which some are 

considered immunosuppressive, was also observed following wild-type IL-12 and M-

CBD-IL12 therapy. Particularly macrophages (p=0.0457)(see Figure 3.10b,c), 

neutrophils (p=0.0062)(see Figure 3.10d,e), Tregs (p=0.0005)(see Figure 3.10f,g), and 

PD-1+ CD8+ T-cells (p=0.0171)(see Figure 3.10k) were significantly decreased with M-

CBD-IL12 compared to PBS. Notably, the latter two are crucial resistance mechanisms 

to IL-12 that seem to be relieved with therapy in this case. 
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Due to the ability of IL-12, and particularly its downstream effector IFNγ, to induce 

checkpoint upregulation which can lead to resistance (407), I also quantified their 

expression on various cell types. Wild-type IL-12, but not M-CBD-IL12, seemed to be 

triggering an increase in PD-L1 on CD8+ T-cells (see Figure 3.10l) and CD45- cells (see 

Figure 3.10o), and increases in PD-1 expression on NK cells (see Figure 3.10m). 

Therefore, subtle differences exist between wild-type IL-12 and M-CBD-IL12 activity in 

inducing immunosuppressive mechanisms. 
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Figure 3.10 M-CBD-IL12 suppressed myeloid cells, Tregs and exhausted CD8+ T-cells 
in the EMT6 TME  
6-7-week-old BALB/c mice (n=7) were inoculated with 500 000 EMT6 cells in the 4th 
nipple mammary fat pad and treated with 83 pmol of wild-type (WT) IL-12 or 250 pmol 
of M-CBD-IL12 intravenously (IV) on days 6 and 9 following tumour inoculation. All 
mice were sacrificed through a cardiac puncture on day 11. Tumours were processed 
and stained for flow cytometry. Each mouse experiment was performed only once. 
Tumour samples with poor quality on flow cytometry were excluded from the study 
and flow cytometry data was analysed on Flowjo. Statistical analyses were performed 
using two-tailed student’s t-tests or one-way ANOVA with Tukey’s multiple 
comparison tests on GraphPad Prism.  
 

3.2.4.2 Immunological composition of the spleen following M-CBD-IL12 therapy 

Due to the crucial role of the spleen as a secondary lymphoid organ in mice, analysing 

its immune composition may help understand the effects of M-CBD-IL12 therapy in 

EMT6 mouse models. I noted that mice treated with wild-type IL-12 harboured fewer 

intra-splenic CD45+ cells than the M-CBD-IL12 group (see Figure 3.11a). This suggests 

the CD45+ cells in wild-type IL-12 mice were scarce both in the tumour (see Figure 3.9d) 

and in the spleen (see Figure 3.11a).  

 

Intra-splenic T-cells were significantly reduced in both wild-type IL-12 (p=0.0002) and 

M-CBD-IL12 (p=0.0162) groups in comparison with PBS (see Figure 3.11c). However, 

no differences were observed between conditions in CD4+ and CD8+ T-cells (see Figure 

3.11d,e). A slight reduction in NK cells in both treated groups could also be seen (see 

Figure 3.11f), along with an increase in Tregs (see Figure 3.11g). Neither of these 

trends were however statistically significant. Meanwhile, I observed a significant 

increase in splenic dendritic cells with both wild-type IL-12 (p=0.0004) and M-CBD-IL12 

(p=0.0027), suggesting enhanced antigen presentation is taking place (see Figure 

3.11h). A second cell type with antigen presenting abilities are macrophages, which 

were significantly higher with wild-type IL-12 therapy compared to PBS (p=0.0005) and 

M-CBD-IL12 (p=0.0022) treatment (see Figure 3.11i). Due to the extensive 

heterogeneity within macrophage populations, further experiments are required to 

understand which subtypes in particular are altered by IL-12 immunotherapy, which will 

be discussed later in this chapter. Splenic neutrophil populations did not differ between 

the therapy groups (see Figure 3.11j).  Overall, a lot of variation however existed 

between the different mice for these cell types. 



Chapter 3 Results 

 

125 

 

 

 

 
Figure 3.11 Both wild-type IL-12 and M-CBD-IL12 increase dendritic cell and reduce 
T-cell populations in the spleen of EMT6 bearing mice  
6-7-week-old BALB/c mice (n=7) were inoculated with 500 000 EMT6 cells in the 4th 
nipple mammary fat pad and treated with 83 pmol of wild-type (WT) IL-12 or 250 pmol 
of M-CBD-IL12 intravenously (IV) on days 6 and 9 following tumour inoculation. All 
mice were sacrificed through a cardiac puncture on day 11. Spleens were processed 
and stained for flow cytometry. Each mouse experiment was performed only once. 
Spleen samples with poor quality on flow cytometry were excluded from the study and 
flow cytometry data was analysed on Flowjo. Statistical analyses were performed 
using one-way ANOVA with Tukey’s multiple comparison tests on GraphPad Prism.  
 

In contrast with the tumour, the expression of PD-1 in the spleen did not differ between 

groups on any of the cell types shown (see Figure 3.12a-d). However, PD-L1 expression 

on CD4+ and CD8+ T-cells and CD45- cells was significantly raised with wild-type IL-12 

in comparison with the M-CBD-IL12 and PBS groups (see Figure 3.12e-g). This 

increase in checkpoint expression only in the wild-type IL-12 group, but not with M-

CBD-IL12, was also previously observed in the tumour (see Figure 3.10l,m,o), This 
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once again confirms that differences in immunosuppressive mechanisms exist between 

wild-type IL-12 and M-CBD-IL12. 

 

 
Figure 3.12 Wild-type IL-12, but not M-CBD-IL12 therapy, significantly increased PD-
L1 expression in the spleen  
6-7-week-old BALB/c mice (n=7) were inoculated with 500 000 EMT6 cells in the 4th 
nipple mammary fat pad and treated with 83 pmol of wild-type (WT) IL-12 or 250 pmol 
of M-CBD-IL12 intravenously (IV) on days 6 and 9 following tumour inoculation. All 
mice were sacrificed through a cardiac puncture on day 11. Spleens were processed 
and stained for flow cytometry. Each mouse experiment was performed only once. 
Spleen samples with poor quality on flow cytometry were excluded from the study and 
flow cytometry data was analysed on Flowjo. Statistical analyses were performed 
using one-way ANOVA with Tukey’s multiple comparison tests on GraphPad Prism.  
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3.2.4.3 M-CBD-IL12 and wild-type IL-12 significantly increased intratumoural 
IFNγ and significantly reduce TGFβ1 expression in EMT6 tumours 

Since immune cell differentiation, particularly T-cell differentiation, is strongly governed 

by cytokine levels (408), I measured the intratumoural cytokine levels in the different 

treatment groups using ELISA and a cytokine quantification kit (LEGENDplex Mouse 

Inflammation Panel (13-plex)). Intratumoural IFNγ was significantly higher in both the 

wild-type IL-12 (p=0.0010) and M-CBD-IL12-treated (p=0.0136) tumours when 

measured through ELISA compared to PBS (see Figure 3.13a). The increase with M-

CBD-IL12 was less drastic than with wild-type IL-12, confirming there is a slight 

suppression of the activity of IL-12 by the mask. This increase in IFNγ was validated 

through the LEGENDplex Mouse Inflammation Panel (13-plex) cytokine quantification 

kit (see Figure 3.13d).  

 

I proceeded to quantify intratumoural levels of TGFβ1 (see Figure 3.13b) and granzyme 

B (see Figure 3.13c) using ELISA. With both wild-type IL-12 (p=0.0027) and M-CBD-

IL12 (p=0.0003), TGFβ1 levels were decreased significantly in EMT6 tumours 

compared to PBS, but this decrease was slightly larger in the M-CBD-IL12 group (see 

Figure 3.13b). This suggests M-CBD-IL12 and wild-type IL-12 may be reducing tumour 

burden by relieving this crucial immunosuppressive pathway. Overall, there seemed to 

be an increasing trend in the cytotoxic granzyme B levels in the M-CBD-IL12 group, yet 

this change was not significant (see Figure 3.13c). This suggests cancer cells are 

eliminated by M-CBD-IL12 relieving TGFβ1-mediated immune suppression rather than 

through direct granzyme B-mediated cytotoxicity towards cancer cells in the EMT6 

model.  
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Figure 3.13 M-CBD-IL12 and wild-type IL-12 significantly increased intratumoural 
IFNγ and significantly reduced intratumoural TGFβ1 in the EMT6 mouse model 
6-7-week-old BALB/c mice (n=7) were inoculated with 500 000 EMT6 cells in the 4th 
nipple mammary fat pad and treated with 83 pmol of wild-type (WT) IL-12 or 250 pmol 
of M-CBD-IL12 intravenously (IV) on days 6 and 9 following tumour inoculation. All 
mice were sacrificed through a cardiac puncture on day 11. Tumours were collected 
for cytokine analysis. Intratumoural a) IFNγ b) TGFβ1 c) granzyme B were quantified 
using ELISA. Consequently, other intratumoural cytokines were quantified using the 
LEGENDplex kit. Cytokine concentrations determined using this kit were normalised 
to protein concentration in the samples. Each mouse experiment was performed only 
once. Statistical analyses were performed using one-way ANOVA with Tukey’s 
multiple comparison tests on GraphPad Prism.  
 

A wide variety of other intratumoural cytokines were quantified using the LEGENDplex 

kit, one of which was IL-12 (see Figure 3.13d-m). The kit was able to detect the raised 

intratumoural IL-12 in the wild-type IL-12 group, but not M-CBD-IL12 due to the 
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presence of the mask preventing the interaction with the beads in the kit (see Figure 

3.13e). A statistically significant increase was seen in GM-CSF (p=0.0061)(see Figure 

3.13f), IL-1a (p=0.0352)(see Figure 3.13g), IL-1b (p=0.0106)(see Figure 3.13h), IL-10 

(p=0.0130)(see Figure 3.13i), and TNFα (p=0.0032)(see Figure 3.13j) in the wild-type 

IL-12 group compared to PBS. The function, place of origin, and targets of these 

cytokines has been described in Table 3.1. Several of these cytokines also seem to be 

raised with M-CBD-IL12 but not to the same extent as wild-type IL-12 and more 

variability exists between the mice. This again highlights the dampening effect of the 

mask.  

 
Table 3.1 LEGENDplex cytokines and their roles in the TME 
Cytokine Sources Effects in breast cancer Ref 
GM-CSF Lymphocytes, 

macrophages, 

fibroblasts, endothelial 

cells, cancer cells 

Promotes the generation of neutrophils, monocytes, 
macrophages, dendritic cells, inhibited by IL-10, IL-4, 

IFNγ, can enhance cancer cell lysis, but can also 

promote EMT and Treg, TAM, and MDSC formation  

(409) 

IL-1a Endothelial cells, 

epithelial cells, 

fibroblasts, 

macrophages, 

dendritic cells, T-cells 

Maintains cancer stem cells by promoting NF-κB and 

STAT3 signalling in breast cancer, can suppress 

cancer cell proliferation 

(410) 

IL-1b Myeloid cells, 
fibroblasts, cancer 

cells 

Increases IL-6 and Fibroblast growth factor receptor 1 
production, both of which can support cancer 

aggressiveness. Increases MDSC population and IL-

10 production. 

(411) 

IL-10 Th2 cells, Th17 cells, 

Tregs, dendritic cells, 

monocytes, 

macrophages 

Immunoregulatory, suppresses the production of pro-

inflammatory cytokines and chemokines and antigen 

presentation by downregulating MHC class II and co-

stimulatory molecules, some pro-inflammatory effects 

such as activation of B-cells and the promotion of T-
cell survival 

(412) 

TNFα Macrophages, B-cells, 

T-cells, NK cells 

Activates NF-κB (anti-apoptotic) and c-Jun N-terminal 

kinase (pro-apoptotic) signalling, therefore has both 

pro- and anti-tumorigenic effects 

(413, 

414) 
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3.2.4.4 M-CBD-IL12 is a safer and more tolerable alternative to wild-type IL-12 

To test the ability of the mask to suppress peripheral toxicity, I collected plasma from 

the EMT6-bearing mice through both a tail bleed on day 8 and a cardiac puncture when 

terminating the intervention study on day 11. I analysed this plasma using both ELISA 

and the LEGENDplex kit to observe time-dependent changes in plasma cytokine 

production in response to M-CBD-IL12 therapy. In the day 8 plasma, IFNγ was already 

significantly raised to 300 pg/ml (3-fold higher than M-CBD-IL12) with wild-type IL-12 

compared to PBS controls (p<0.0001) and M-CBD-IL12 (p=0.0001) (see Figure 3.14a). 

These IFNγ levels further increased to over 4000 pg/ml (4-fold higher than M-CBD-IL12) 

in the wild-type IL-12-treated mice on day 11 (see Figure 3.14b). In contrast, M-CBD-

IL12 therapy triggered significantly less plasma IFNγ than wild-type IL-12 (p<0.0001) 

suggesting a clear reduction in toxicity at either of the time points (see Figure 3.14a,b). 

These findings were validated using the LEGENDplex kit, which is able to detect a larger 

range of cytokine concentrations, meaning some wild-type IL-12 mice were found to 

reach plasma IFNγ concentrations of 8000 pg/ml using this kit (see Figure 3.14c).  

 

Plasma macrophage chemoattractant protein (MCP-1, CCL2) showed a similar pattern 

to IFNγ with significantly raised levels with wild-type IL-12 compared to both M-CBD-

IL12 (p=0.0217) and PBS (p=0.0020)(see Figure 3.14d).  Similarly to the intratumoural 

IL-12p70 levels, plasma M-CBD-IL12 was most likely not detected by the LEGENDplex 

beads due to the effects of the mask (see Figure 3.14e). TNFα levels were significantly 

raised with wild-type IL-12 therapy compared to PBS (p=0.0037), but not with M-CBD-

IL12 (see Figure 3.14f). Although not significant, IL-10 levels were also slightly raised 

in the wild-type IL-12-treated mice compared to the other groups (see Figure 3.14j). 

Other cytokines were not gravely affected by either therapy (see Figure 3.14g-l). 

Overall, these findings confirm the mask’s ability to suppress the accumulation of other 

toxic inflammatory cytokines in the plasma. 
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Figure 3.14 M-CBD-IL12 triggers significantly less toxicity than wild-type IL-12 
6-7-week-old BALB/c mice (n=7) were inoculated with 500 000 EMT6 cells in the 4th 
nipple mammary fat pad and treated with 83 pmol of wild-type (WT) IL-12 or 250 pmol 
of M-CBD-IL12 intravenously (IV) on days 6 and 9 following tumour inoculation. All 
mice were sacrificed through a cardiac puncture on day 11. Plasma was collected 
through a tail bleed on day 8 (2 days following dose 1) and through a cardiac puncture 
on day 11 (2 days following dose 2) following tumour inoculation and was analysed for 
cytokine levels using ELISA and LEGENDplex cytokine kit. Each mouse experiment 
was performed only once. Statistical analyses were performed using one-way ANOVA 
with Tukey’s multiple comparison tests on GraphPad Prism.  
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3.2.4.5 The time-dependent immunological changes in EMT6 tumours following 
IL-12 therapy 

In the first intervention study, I sacrificed the mice at a point where tumour burden was 

reduced, but not yet significantly (day 11 following tumour inoculation) (see Figure 

3.9b). This time point was chosen for optimal visualisation of intratumoural and plasma 

cytokine levels based on existing literature (51, 73). However, this study design was not 

suitable for visualising the delayed immunological changes caused by M-CBD-IL12. 

The control mice had reached maximum tumour burden before the volume of the treated 

tumours started to shrink. To overcome this problem, I performed a second intervention 

study where I injected only 100 000 cells instead of 500 000 to reduce the speed of 

tumour growth (see Figure 3.15a). Both wild-type IL-12 and M-CBD-IL12 suppressed 

tumour burden considerably compared to PBS controls (see Figure 3.15b), as 

demonstrated in the previous intervention study (see Figure 3.9). All the mice were 

terminated on day 18 following tumour inoculation, at which point the treated tumours 

were significantly smaller (p=0.0028 for wild-type IL-12, p=0.0024 for M-CBD-IL12) and 

weighed significantly less (p=0.0018 for wild-type IL-12, p=0.0036 for M-CBD-IL12) than 

the PBS controls (see Figure 3.15c,d). These findings closely align with my previous 

EMT6 mouse studies. Interestingly, the difference in spleen weight I had observed 

between the wild-type IL-12 group and PBS and M-CBD-IL12 groups in the first 

intervention study (see Figure 3.9c) was not as striking in this study (see Figure 3.15e). 

This suggests that the mice gradually recovered from acute wild-type IL-12 toxicity over 

time.  
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Figure 3.15 The delayed effects of M-CBD-IL12 on EMT6 in the intervention setting 
a) 6-7-week-old BALB/c mice (n=7 for PBS, n=5 for M-CBD-IL12, and n=4 for wild-
type IL-12 group) were inoculated with 100 000 EMT6 cells into the 4th nipple 
mammary fat pad and were treated with either 83 pmol of wild-type (WT) IL-12 or 250 
pmol of M-CBD-IL12 intravenously (IV) on days 8, 11, and 14 following tumour 
inoculation. b/c) Tumour volumes were recorded throughout the study. All mice were 
sacrificed on day 18 and d) tumour and e) spleen weights are displayed. Tumours 
were processed for flow cytometric analysis. Mouse experiments were performed only 
once. Flow cytometry data was analysed on Flowjo. Statistical tests were performed 
using one-way ANOVA with Tukey’s multiple comparison tests on GraphPad Prism. 
Schematics were designed on Biorender.com. 
 

The tumours were once again analysed for immunological changes using flow 

cytometry. Since the day of study termination was later in relation to the last therapy 

dose compared to the first intervention study (see Figure 3.9a, Figure 3.15a), the 

immunological changes were not as apparent as previously shown. For example, I had 

previously observed a reduction in immune cells in the treated tumours in the first 

intervention study, yet this reduction was only statistically significant in the wild-type IL-

12 group compared to PBS (p=0.0295)(Figure 3.9d). Here, the immune and non-
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immune cell populations in the wild-type IL-12-treated tumours have normalised again 

and the wild-type IL-12 tumours do not have significantly fewer intratumoural immune 

cells anymore (see Figure 3.16a,b). The overall T-cells are low in both treated groups, 

yet this change is not statistically significant (see Figure 3.16c). No major differences 

could be observed between treatment groups for CD4+ and CD8+ T-cells and NK cells 

(see Figure 3.16d,e,g). Within T-cells, Tregs seemed to start to increase in the treated 

groups, although this was not significant either (see Figure 3.16f). However, despite this 

increasing trend, the tumour burden remained suppressed in the prior survival study 

(see Figure 3.8I,l). This suggests the emerging Treg population did not trigger tumour 

recurrence in this model.  

 

 
Figure 3.16 Lymphoid immune changes in the EMT6 TME following IL-12 
immunotherapy  
6-7-week-old BALB/c mice (n=7 for PBS, n=5 for M-CBD-IL12, and n=4 for wild-type 
IL-12 group) were inoculated with 100 000 EMT6 cells into the 4th nipple mammary fat 
pad and were treated with either 83 pmol of wild-type (WT) IL-12 or 250 pmol of M-
CBD-IL12 intravenously (IV) on days 8, 11, and 14 following tumour inoculation. All 
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mice were sacrificed on day 18 and tumours were processed for flow cytometric 
analysis. Mouse experiments were performed only once. Flow cytometry data was 
analysed on Flowjo. Statistical tests were performed using one-way ANOVA with 
Tukey’s multiple comparison tests on GraphPad Prism. 
 

In terms of myeloid cells, an important change in macrophages was observed, in 

particular changes in CD86+ (M1) and CD206+ (M2) macrophages, the former of which 

is usually considered pro-inflammatory whilst the latter anti-inflammatory (415). Whilst 

total macrophages were not greatly affected (see Figure 3.17a), M1 macrophages were 

increased in the M-CBD-IL12 group compared to the wild-type IL-12 group (see Figure 

3.17b). M2 macrophages were significantly raised with wild-type IL-12 compared to both 

PBS (p<0.0001) and M-CBD-IL12 (p<0.0001)(see Figure 3.17c). Hence, the M1/M2 

ratio was significantly higher with M-CBD-IL12 than wild-type IL-12 (p=0.0144)(see 

Figure 3.17d). A lot of variation was observed between mice within the same groups for 

other cell types and no clear patterns were visible (see Figure 3.17e-g). Overall, these 

findings confirm that differences exist in the way in which wild-type IL-12 and M-CBD-

IL12 induce resistance mechanisms.  
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Figure 3.17 M-CBD-IL12 and wild-type IL-12 affect M1 and M2 macrophage 
proportions differently in the EMT6 TME  
6-7-week-old BALB/c mice (n=7 for PBS, n=5 for M-CBD-IL12, and n=4 for wild-type 
IL-12 group) were inoculated with 100 000 EMT6 cells into the 4th nipple mammary fat 
pad and were treated with either 83 pmol of wild-type (WT) IL-12 or 250 pmol of M-
CBD-IL12 intravenously (IV) on days 8, 11, and 14 following tumour inoculation. All 
mice were sacrificed on day 18 and tumours were processed for flow cytometric 
analysis. Mouse experiments were performed only once. Flow cytometry data was 
analysed on Flowjo. Statistical tests were performed using one-way ANOVA with 
Tukey’s multiple comparison tests on GraphPad Prism. 
 
In terms of the expression of checkpoints, a significant increase in PD-1 expression was 

noted on CD45+ cells (p=0.0260)(see Figure 3.18a) and NK cells (p=0.0404)(see Figure 

3.18j) with M-CBD-IL12 therapy compared to PBS controls. Little change was observed 

in the expression of PD-L1 and PD-1 on other cell types (see Figure 3.18b-i).  
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Figure 3.18 Expression of PD-1 in the EMT6 TME is raised with M-CBD-IL12 over time 
6-7-week-old BALB/c mice (n=7 for PBS, n=5 for M-CBD-IL12, and n=4 for wild-type 
IL-12 group) were inoculated with 100 000 EMT6 cells into the 4th nipple mammary fat 
pad and were treated with either 83 pmol of wild-type (WT) IL-12 or 250 pmol of M-
CBD-IL12 intravenously (IV) on days 8, 11, and 14 following tumour inoculation. All 
mice were sacrificed on day 18 and tumours were processed for flow cytometric 
analysis. Mouse experiments were performed only once. Flow cytometry data was 
analysed on Flowjo. Statistical tests were performed using one-way ANOVA with 
Tukey’s multiple comparison tests on GraphPad Prism. 
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3.2.5 In the syngeneic 4T1 TNBC mouse model, M-CBD-IL12 performs less well 
as monotherapy than in EMT6  

Next, I proceeded to test M-CBD-IL12 in a mouse model of TNBC with a completely 

different immune landscape (see Figure 3.2d-f). As previously mentioned, 4T1 harbours 

a much larger pre-existing population of T-cells, making it a more immunologically 

inflamed tumour at baseline. This means introducing IL-12 into the picture may not have 

the same impact as in a predominantly myeloid-infiltrated model like EMT6 (see Figure 

3.2a-c). Due to the large pre-existing T-cell population, of which a proportion could be 

Tregs or exhausted T-cells, I included a combination treatment arm of M-CBD-IL12 with 

anti-PD-1 (to reactivate exhausted T-cells) and anti-CTLA-4 (to deplete Tregs) (see 

Figure 3.19a). In contrast with EMT6 (see Figure 3.8h), M-CBD-IL12 as monotherapy 

in this model only modestly improved survival (see Figure 3.19b). The combination 

immunotherapy significantly prolonged survival compared to PBS controls 

(p=0.0009)(see Figure 3.19b), but the effect on tumour burden was only modest with 

no complete responses (see Figure 3.19c). Wild-type IL-12-treated tumours remained 

smaller but ulcerated very rapidly, meaning they were sacrificed due to ulceration prior 

to reaching the maximum tumour burden. I collected some plasma from the tail vein of 

these mice on day 6 following tumour inoculation to measure plasma IFNγ as a measure 

of toxicity. As demonstrated in other models, M-CBD-IL12 also triggered significantly 

less plasma IFNγ compared to wild-type IL-12 (p=0.0239), suggesting toxicity is 

significantly reduced (see Figure 3.19d). Upon sacrificing the animals, brain and lung 

were collected to spot for metastases. I then visualised the number of metastases in 

the brain and lung sections using haematoxylin & eosin staining. However, I was unable 

to identify any metastases in the chosen brain and lung sections and can therefore not 

draw conclusions on the impact of M-CBD-IL12 on metastasis formation in this model. 

Overall, both wild-type IL-12 and M-CBD-IL12 seem to modestly prolong the survival of 

4T1-bearing mice, yet not to the same extent as in EMT6.  
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3.2.6 Characterisation of the differences in immune landscape between EMT6 
and 4T1 mouse models 

3.2.6.1 Immunohistochemistry and RNA  

To understand the differential response seen between EMT6 and 4T1 models with M-

CBD-IL12 treatment, I performed downstream analysis on the PBS-treated tumours 

from both survival studies (EMT6: Figure 3.8, 4T1: Figure 3.19). Firstly, 

immunohistochemistry analysis supported the findings of the previously discussed 

scRNA-seq data (see Figure 3.2). I found the 4T1 model to have higher overall T-cell 

levels and specifically CD8+ T-cells (see Figure 3.20a,b). Conversely, EMT6 is more 

myeloid infiltrated with raised F4/80 levels (total macrophage marker) (see Figure 

3.20c). It is important to highlight that these trends were not significantly different. With 

the help of Emma Westlund at the Institute of Cancer Research microscopy core facility, 

we overlayed the CD8 and F4/80 serial sections of EMT6 tumours and identified areas 

of co-localisation of macrophages and CD8+ T-cells using QuPath (see Figure 3.20d). 

The co-localisation of these cells could be indicative of their interaction, in particular T-

cell priming. Secondly, together with my colleague Chanthirika Ragulan, I extracted 

RNA from the tumours and performed Nanostring nCounter transcriptomic profiling. We 

saw a differential expression of a variety of genes between EMT6 and 4T1 untreated 

tumours (see Figure 3.20e). The expression of Ly6c (p=0.0070), Cxcl13 (p=0.0264), 

Colec12 (p=0.0007), Lrrn3 (p=0.0001), Cav1 (p=0.0107), and Cks2 (p=0.0145) were 

significantly higher in the EMT6 tumours compared to 4T1 (see Figure 3.20f,h-l), whilst 

the basal/myoepithelial marker Keratin 14 was significantly higher in 4T1 tumours 

(p=0.0017) (see Figure 3.20g). These experiments have helped identify potential 

culprits for the reduced efficacy of M-CBD-IL12 in 4T1 compared to EMT6, although 

pinpointing the exact mechanism remains challenging. 
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3.2.6.2 Intratumoural collagen (1 and 3) content is significantly higher in EMT6 
tumours compared to 4T1 tumours 

I hypothesised that, besides spatial or transcriptomic immunological differences, the 

differential response between EMT6 and 4T1 may be related to their collagen contents. 

The CBD in M-CBD-IL12 has a high affinity for collagen type 1 and 3. Thus, if insufficient 

collagen type 1 and 3 is present in the tumour stroma, M-CBD-IL12 may not have 

sufficient scaffold on which it can anchor itself, whereby hindering intratumoural 

accumulation of M-CBD-IL12. I therefore quantified the expression of collagen 1 

(Col1a1, Col1a2) and collagen 3 (Col3a1) using qRT-PCR (see Figure 3.21a-c) (51). I 

observed 4T1 to express lower levels of both, particularly significantly lower Col1a2 

(p=0.0050) and Col3a1 (p=0.0280)(see Figure 3.21b,c). Consequently, I performed 

Picro Sirius Red staining (PSR) which highlights collagen 1 and 3 fibres in tissues as 

bright pink, along with haematoxylin and eosin staining (see Figure 3.21d). With the 

support of Emma Westlund from the Institute of Cancer Research microscopy core 

facility, we quantified the degree of PSR staining on these sections using QuPath (see 

Figure 3.21d,e). Similarly to what I demonstrated using the qRT-PCR, 4T1 is 

significantly less collagen enriched than EMT6 (p=0.0449), which may have contributed 

to its unresponsiveness to M-CBD-IL12 therapy.  
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Figure 3.21 4T1 tumours contain significantly less collagen 1 and 3 than EMT6 
tumours 
Tumours from the PBS-treated survival studies of the EMT6 and 4T1 tumour models 
(EMT6: Figure 3.8, 4T1: Figure 3.19) were homogenised and their RNA was extracted 
(n=6). The expression of Col1a1, Col1a2, and Col3a1 within them was measured 
using qRT-PCR. Sections of these tumours were stained with Picro sirius red (PSR) 
stain as well as haematoxylin and eosin. PSR staining was quantified using QuPath 
by Emma Westlund. Statistical tests were performed using a two-tailed student’s t-test 
on GraphPad Prism. 
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3.2.6.3 Intratumoural cytokines 

I proceeded to measure the levels of intratumoural TGFβ1 levels using ELISA, as well 

as the set of cytokines discussed in section 3.2.4.3 of this chapter in both models. This 

allowed me to observe whether the differential response to M-CBD-IL12 was caused by 

differences in cytokine levels between EMT6 and 4T1 tumours. The levels of TGFβ1 

were significantly higher in the 4T1 tumours compared to EMT6 (p=0.0012)(see Figure 

3.22a), suggesting that this cytokine may also be reducing the efficacy of M-CBD-IL12 

in this model. Few differences were observed in the levels of other cytokines (see Figure 

3.22b-k), potentially since these tumours were obtained from a survival study. This 

meant that the tumours were late stage with ulceration, which can influence the immune 

microenvironment and the secretion of cytokines.  

 

Overall, the promising response observed in EMT6-bearing mice and the lack thereof 

in 4T1-bearing mice may be attributed to the following: a myeloid-enriched TME along 

with high collagen content and little TGFβ1 in EMT6 compared to little collagen, 

abundant T-cells that are potentially suppressed by the excessive TGFβ1 in 4T1. This 

highlights how the TME in its entirety, which we have visualised through the 

immunotype classification, determines responsiveness to M-CBD-IL12 in TNBC.  
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Figure 3.22 4T1 tumours contain significantly more TGFβ1 compared to EMT6 
tumours  
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Tumour tissue from the PBS-treated mice in EMT6 (n=7) and 4T1 (n=6) survival 
studies (EMT6: Figure 3.8, 4T1: Figure 3.19) were homogenised and cytokine levels 
were quantified using a) TGFβ1 ELISA or b-k) the LEGENDplex kit. For the kit, 
cytokine levels were normalised to total protein content. This kit and the ELISAs were 
run only once. Statistical tests were performed using a two-tailed student’s t-test on 
GraphPad Prism.  
 
 

3.2.7 Discussion 

TNBC remains a challenge to treat in the clinic due to its heterogeneity and limited 

targeted therapeutic options. Many have classified TNBC into immunologically relevant 

subtypes, however, these classifications have offered little guidance on therapy 

selection. In this chapter, TNBC mouse models were categorised into immunotypes by 

our laboratory in which I tested a safe and tolerable form of immunotherapy, M-CBD-

IL12. I found EMT6 to be highly sensitive to this molecule, but not 4T1. This could 

potentially be attributed to EMT6’s higher collagen content, enlarged myeloid population 

with simultaneously reduced levels of TGFβ1 compared to 4T1. Therefore, the 

immunotypes seem to have the ability to guide patient selection for M-CBD-IL12 therapy 

in TNBC. 

 

3.2.7.1 IL-12 at the crossroad between oncology and immunology: the cancer 
immunity cycle 

The cancer immunity cycle is a collection of steps that, under ideal circumstances, lead 

to the effective elimination of cancer cells by T-cells (416). The initial step of the cycle 

is that cancer cells release neoantigens upon their death, which the immune system 

considers ‘foreign’ due to a lack of tolerance. Secondly, antigen presenting cells, usually 

dendritic cells, engulf and process these cancer antigens and present them on their 

MHC class II (416). They then recirculate to secondary lymphoid organs such as lymph 

nodes and the spleen to encounter T-cells for priming. These T-cells then recirculate 

through the bloodstream to extravasate into the cancerous tissues. Finally, the T-cells 

kill cancer cells that express the antigens on their MHC class I that the T-cells have 

been primed against (416). Further tumour antigens are released from the dying cancer 

cells which enhances the extent of the immune response throughout the consecutive 

cycles (416). M-CBD-IL12 therapy aims to activate the T-cells within this cycle to 
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promote effective cancer cell elimination, without triggering the toxicity of wild-type IL-

12.  

 

I observed certain aspects of the cancer-immunity cycle in the first EMT6 intervention 

study. For example, both treated groups had significantly larger dendritic cell 

populations in the spleen compared to PBS controls. Following their encounter with the 

tumour antigens in the tumour, they recirculate to the spleen to encounter T-cells. 

Simultaneously, intrasplenic T-cells were significantly lower in both treated groups 

compared to PBS treated mice. These could represent T-cells that have been activated 

and therefore migrate back towards the tumour for cancer cell elimination (416). 

Interestingly, an increase in intratumoural CD8+ T-cells was only noted in M-CBD-IL12 

mice. This could be related to the timing of study termination, because my flow 

cytometry results only represent a snapshot at a single time point within the study. 

However, since wild-type IL-12 causes raised plasma IFNγ compared to M-CBD-IL12, 

it is more likely to recruit T-cells and other immune cells into the bloodstream rather 

than into the tumour. This theory was supported by the fact that tumours treated with 

wild-type IL-12 harboured significantly fewer intratumoural immune (CD45+) cells 

compared to M-CBD-IL12. Wild-type IL-12 may have triggered an efflux of immune cells 

out of the tumour. Therefore, different biodistribution patterns between wild-type IL-12 

and M-CBD-IL12 may influence the nature of the immune cell types that populate the 

tumours.  

 

The differences between the molecules also affected resistance mechanisms and 

intratumoural cytokine levels. In the first EMT6 intervention study, PD-1+ NK cells, PD-

L1+CD8+ T-cells, and PD-L1+CD45- cells in the tumour were significantly increased with 

wild-type IL-12, but not with M-CBD-IL12. In contrast, in the second intervention study, 

where I studied the delayed immunological responses, PD-1+CD45+ and PD-1+ NK cells 

were significantly more prominent in the M-CBD-IL12 group compared to wild-type IL-

12 and PBS groups. This could suggest that the same resistance mechanisms arise in 

the M-CBD-IL12 group at a later time point than with wild-type IL-12 since the 

unmasking may delay its effects. Further experiments would need to be performed 

where the study is terminated at a later time point to confirm this theory.  
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When measuring the intratumoural cytokine levels, GM-CSF, IL-1a, IL-10, and TNFα 

were all significantly raised with wild-type IL-12 therapy compared to PBS controls. This 

was not the case for M-CBD-IL12-treated mice. Due to the role of these cytokines in 

recruiting TAMs and MDSCs (409, 411), their increase following wild-type IL-12 therapy 

could have induced the shift in M1/M2 ratio. The M1/M2 ratio is significantly higher in 

mice treated with M-CBD-IL12 than those treated with wild-type IL-12. Therefore, the 

localisation of the IL-12 and the downstream intratumoural cytokines it triggers can be 

directly reflected in the myeloid compartment of the tumours. Due to the dampening 

effect of the mask, the strength of the IL-12 signalling that results in the production of 

these cytokines may be considerably lower and even delayed for M-CBD-IL12. 

Nevertheless, none of these resistance mechanisms impeded the suppression of 

tumour burden by either molecule in EMT6. 

 

3.2.7.2 Remodelling the myeloid compartment of EMT6 tumours using M-CBD-
IL12 

As demonstrated using the scRNA-seq data, EMT6 seems to be much more 

monocyte/macrophage infiltrated than the T-cell infiltrated 4T1 model, particularly 

CD14+ and CD16+ monocytes. CD14 and CD16 are human monocyte markers that are 

also expressed in mice, but at much lower levels (417). CD16-CD14+ monocytes are 

referred to as ‘classical’ monocytes (418). CD16+ monocytes are of a more pro-

inflammatory nature and can be further categorised by CD14 expression, which is often 

considered a continuum: CD16+CD14high (intermediate) or CD16+CD14low (non-

classical) monocytes (418). The roles of these monocytes in the TME remain 

controversial; classical monocytes mainly produce IL-10, which is considered an anti-

inflammatory cytokine (419). However, some have demonstrated classical monocytes 

to also express abundant MHC class II that allows them to induce T-cell proliferation 

(419). Intermediate monocytes are raised in patients with cholangiocarcinoma and 

decrease following resection (420). Hence, in this study, the authors suggested 

intermediate monocytes to promote tumorigenicity (420). However, in breast cancer 

patients, abundant intermediate and non-classical monocytes that express MHC class 

II have been shown to significantly correlate with response to neoadjuvant 
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chemotherapy (421). This highlights how the proportions of different monocyte 

populations may have influenced the efficacy of M-CBD-IL12 in EMT6. 

 
Table 3.2 Table demonstrating monocyte populations, their markers, and their 
functions 
Table is based on (415, 418, 419).  

Human monocyte subsets Correspond
ing mouse 
monocytes 

Macropha
ges they 
differentia
te into 

Function 

CD16-CD14+ Classical Ly6c+ M1 PHAGOCYTIC 

- Produce IL-10, reactive oxygen species 

- Largely phagocytic subtype that express 
MHC class II  

CD16+CD14high Intermedia

te 

Ly6c+ M1 INFLAMMATORY 

- Can secrete TNFα, IL1β  

- Express high MHC class II 
- Are potent T-cell stimulators 

- Can promote tumorigenicity and 

angiogenesis 

CD16+CD14low Non-

classical 

Ly6c- M2 PATROLLING 

- Monitor the endothelium for signs of 

inflammation 
- Can secrete TNFα  

- Express high MHC class II 

 

CD14+ monocytes were more abundant in EMT6 in the scRNA-seq analysis than CD16+ 

monocytes. Therefore, EMT6 is likely to contain more classical and intermediate 

monocytes than non-classical monocytes. Classical and intermediate monocytes are 

thought to overlap with Ly6c+ monocytes (415). These eventually differentiate into M1 

macrophages once inflammation takes place (415). Therefore, although EMT6 is 

heavily monocyte-infiltrated, these cells may be of a pro-inflammatory nature.  

 

Interestingly, I observed a significant decrease in overall macrophages and a change 

in the M1/M2 ratio, albeit not significant, with M-CBD-IL12 therapy compared to PBS in 

EMT6. However, many consider the M1/M2 classification to be overly simplistic. 

Therefore, to understand whether the myeloid compartment of EMT6 made it more 

responsive to M-CBD-IL12 than 4T1, further experiments are required that capture the 
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multiple subsets of various myeloid cell populations within these tumours. 

Unfortunately, the number of different flow cytometry panels in my experiments was 

restricted by the limited tissue available for analysis in the treated groups.  

 

3.2.7.3 The fine balance between pro- and anti-inflammatory cytokines in 
determining the therapeutic benefit of IL-12 therapy 

The reduction in macrophages I observed in EMT6 following M-CBD-IL12 therapy was 

associated with a significant increase in CD8+ T-cells, which can exert cytotoxic effects 

towards cancer cells. Due to the prolonged effect of M-CBD-IL12 and the long-term 

protection it offers, a subset of memory effector T-cells has most likely formed. To 

quantify their cytotoxicity in response to M-CBD-IL12 therapy, I measured intratumoural 

IFNγ and granzyme B through ELISA. Although the cytotoxic granzyme B was largely 

unaltered, I found IFNγ to be significantly increased in the tumours treated with wild-

type IL-12 and M-CBD-IL12 compared to PBS controls. Apart from its ability to 

upregulate MHC expression or to induce apoptosis (12), IFNγ is often referred to as the 

macrophage-activating molecule; IFNγ can skew macrophages towards a pro-

inflammatory phenotype by enhancing their ability to phagocytose (422). The raised 

levels of intratumoural IFNγ following M-CBD-IL12 and wild-type IL-12 therapy in EMT6 

may have been responsible for the reduction in total macrophages as well as the 

increased M1/M2 ratio in the M-CBD-IL12 group.  

 

IFNγ has also been shown to counteract the effects of immunosuppressive cytokines 

like IL-10 (423) and TGFβ (424) . I therefore also quantified both those cytokines in 

EMT6 tumours through LEGENDplex and ELISA, respectively. Firstly, intratumoural IL-

10 levels significantly increased with wild-type IL-12 therapy, but not with M-CBD-IL12, 

as previously mentioned in this discussion under section 3.2.7.1. Secondly, I quantified 

TGFβ1, the most abundant of the three TGFβ proteins in the TME (425). It is 

predominantly produced by cancer cells, MDSCs, M2 macrophages and stromal CAFs 

(425). This immunosuppressive cytokine is known to support and promote 

tumorigenesis by stimulating angiogenesis, epithelial to mesenchymal transition (EMT), 

and breast cancer metastasis (425). TGFβ also enhances the ‘stemness’ of cancer 

cells, which refers to their ability to form tumours and maintain their survival by 
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interacting with their environment (425). This concept usually goes hand in hand with 

EMT, although the exact mechanism remains unclear (425). Immunologically, the 

TGFβ-induced EMT suppresses antigen presentation through MHC class I on cancer 

cells, which is required for the cytotoxic effects of CD8+ T-cells (425). Finally, TGFβ also 

promotes differentiation of T-cells into Tregs and enhances checkpoint expression on 

cancer cells (425). Interestingly, with M-CBD-IL12 therapy I observed a significant 

reduction in TGFβ1, Tregs and PD-1 expression on CD8+ T-cells. Whether these three 

factors are associated is yet to be determined.  

 

3.2.7.4 The biology behind differential responses to M-CBD-IL12 therapy 

As a means of understanding the mechanism behind the differential response to M-

CBD-IL12 therapy between TNBC models, I also quantified IL-10 and TGFβ1 levels in 

both EMT6 and 4T1 tumours. I observed no difference in IL-10 levels, whilst TGFβ1 

was significantly higher in 4T1 tumours compared to EMT6. This cytokine may therefore 

have contributed to 4T1’s unresponsiveness to M-CBD-IL12. In addition, I found 4T1 to 

be significantly less collagen enriched than EMT6, more specifically collagens 1 and 3. 

Since these form the scaffold onto which CBD can anchor itself, their reduced presence 

in 4T1 tumours could have made 4T1 less responsive to M-CBD-IL12. However, since 

wild-type IL-12 is also less efficacious in 4T1 compared to EMT6, the collagen is 

probably not the main source of 4T1’s unresponsiveness.  

 

At a transcriptomic level, I found a significant difference in the expression of a variety 

of genes in EMT6 and 4T1 tumours. A first example is Keratin 14, a basal epithelial 

gene and a marker of cancer cells, specialised in invasion and metastasis (426). The 

expression of this gene was significantly higher in 4T1 than in EMT6 tumours. Since its 

expression has been correlated with poor survival in breast cancer, irrespective of 

hormone receptor expression or tumour staging (426), this gene may also have 

contributed to 4T1’s resistance to M-CBD-IL12. In addition, knocking down Keratin 14 

in orthotopically implanted organoids led to a strong reduction in invasiveness at the 

border between tumour and stroma, despite tumour growth not being significantly 

reduced (427). Therefore, this gene has been associated with metastasis, which is also 

known to be a problem with 4T1 tumours.   
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The second differentially expressed gene was Cxcl13, the role of which has been 

debated over the years; this B-cell-attracting chemokine is overexpressed in breast 

cancer tissues and is raised in serum of patients with metastatic disease compared to 

patients with localised disease (428), but has also been associated with favourable 

distant disease-free survival in other studies (429). Ma and colleagues developed a 

Cxcl13-overexpressing strain of 4T1 (430). They demonstrated tumours from the 

Cxcl13-overexpressing cells to grow significantly slower than normal 4T1 cells with 

increased immune cell infiltration (CD4+ and CD8+ T-cells, CD11b+CD11c+ dendritic 

cells) in immunocompetent mouse models (430). In immunocompromised mice, this 

Cxcl13-enhanced effect was impaired (430). This highlights the role of this chemokine 

in attracting pro-inflammatory immune cells into the TME to suppress tumour burden. 

Since this chemokine-encoding gene was expressed at significantly higher levels in 

EMT6 compared to 4T1 tumours, it could have supported the mounting of an anti-

tumour immune response in EMT6 following treatment with M-CBD-IL12.  

 

Colec12 is a gene encoding a pattern recognition molecule, which forms a crucial part 

of complement activation (431). It has been shown to play a role in activation of the 

alternative complement pathway and leukocyte recruitment (431). Its high expression 

in EMT6 tumours may suggest innate immunity plays an important role in EMT6 

tumours, potentially through complement-mediated activation of the adaptive immune 

system.  

 

The Lrrn3 gene encodes the leucine rich repeat neuronal 3 (LRRN3) protein, one of the 

markers of Th1 cells (432). Low LRRN3 gene expression has been correlated with CD8+ 

T-cell senescence (432). However, when expressed at low levels, LRRN3 has been 

shown to negatively impact survival in patients with neuroblastomas (433). In contrast, 

another study on uveal melanoma revealed LRRN3 to be a negative prognostic 

biomarker for overall survival (432). Since this gene’s expression was significantly 

higher in EMT6 tumours compared to 4T1, it could suggest that the small population of 

T-cells in EMT6 are more of a Th1 nature, whilst its low expression in 4T1 may suggest 

the T-cells in 4T1 to be senescent.  
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Caveolin-1 (Cav1) is a well-recognised driver of breast cancer and affects multiple 

events in the breast cancer microenvironment such as apoptosis, autophagy, and 

metastasis (434, 435). This gene encodes a membrane protein that is highly expressed 

in the caveolae of human breast tissue (434, 435). Caveolae are microdomains on the 

plasma membrane of various cell types with high cholesterol and caveolin protein 

content (434, 435). Its role is highly pleiotropic and context-dependent; it both promotes 

and suppresses cancer cell proliferation, apoptosis, and migration by interacting with 

multiple targets in the EGFR, HER2, eNOS, VEGF, PI3K/AKT signalling pathways (434, 

435). Caveolins have also been suggested to aid chemotherapy internalisation and 

therefore their disruption could interfere with the therapeutic efficacy of drugs (434, 

435). This tumour driver was expressed at significantly higher levels in EMT6, however, 

the context-dependent role of Cav1 makes it challenging to draw valid conclusions.  

 

Finally, the Cks2 gene encodes the Cyclin-dependent kinases regulatory subunit 2 

(CKS2), a kinase involved in regulation of the cell cycle (436). Its upregulation is usually 

associated with poor survival, larger tumour size and poorer differentiation in breast 

cancer patients (436). Due to its overexpression in many cancer types, it can be 

considered an oncogene (436). This gene was also expressed at significantly higher 

levels in EMT6 compared to 4T1, suggesting that despite its better responsiveness to 

IL-12 immunotherapy, EMT6 remains a highly aggressive model.  

 

Overall, in this chapter, I have used the immunotypes as a classification system to 

determine the type of immune landscape that responds best to M-CBD-IL12 

immunotherapy. Introducing M-CBD-IL12 into myeloid-enriched tumours with abundant 

collagen seems a promising strategy, which completely remodelled the TME. In T-cell-

enriched collagen-depleted tumours, the opposite pattern was seen. Therefore, the 

immunotype classification is a useful tool for selection of suitable candidates for M-

CBD-IL12 therapy, a tolerable alternative to toxic wild-type IL-12. 
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Chapter 4. The role of the KrasG12D mutation in 
determining response of PDAC to IL-12-based therapy 

4.1 Introduction 

KRAS mutations are considered drivers of tumorigenesis since they are present in early 

forms of PDAC, such as pancreatic intraepithelial neoplasias (PanINs) and intraductal 

papillary mucinous neoplasms (IPMNs)(437). The crucial role of oncogenic Kras 

mutations in driving tumorigenesis has been demonstrated using genetic engineering 

of mouse models bearing pancreatic, colorectal and lung tumours (212, 438-440). 

Ischenko and colleagues specifically demonstrated a CRISPR-mediated KrasG12D 

ablation to significantly delay PDAC tumour development and growth (212). They also 

observed the impact of the KrasG12D ablation on cancer cells throughout different stages 

of tumour development; precancerous cells became non-proliferative colonies, whilst 

cell lines derived from established tumours were successful at forming ample viable 

colonies following KrasG12D ablation (212). This highlights the concept of KRAS 

dependency and addiction and how they may differ at different stages of tumorigenesis 

(212). The ablation not only affected proliferation rates of cancer cells but also 

increased epithelial to mesenchymal transition (EMT) with increased expression of 

mesenchymal markers and TGFβ pathway upregulation, resulting in poorly 

differentiated tumours with large areas of necrosis (212). Interestingly, the authors 

found the MAPK/ERK pathway that operates downstream of KRAS to be unaffected by 

the ablation, which suggests KrasG12D ablation alone may not be sufficient to suppress 

PDAC tumour burden (212).  

 

Furthermore, not only the cancer cells themselves were impacted by this ablation, but 

the PDAC immune landscape was also affected (212). As described in the introduction, 

the PDAC TME is a highly dynamic and evolving system with a wide range of immune 

evasion mechanisms that lead to immunotherapy resistance. Ischenko and colleagues 

found KrasG12D ablation to induce intratumoural immune (CD4+ T-cells, CD8+ T-cells, 

and myeloid cells) cell infiltration. Furthermore, they used a doxycycline-inducible 

KrasG12D model to confirm these findings and found the withdrawal of doxycycline (no 

KrasG12D expression) to induce immune cell infiltration, metastatic regression and 
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sensitisation to CPI therapy. In contrast, these were not the case in the presence of 

doxycycline (KrasG12D expressed). These regressions were also not found in nude mice, 

highlighting the role of the immune system in suppressing tumour and metastatic 

burden.  

 

Similar findings were yielded from the first pre-clinical studies using the recently 

discovered first KRAS G12D small molecule inhibitor MRTX1133 (213). Kemp and 

colleagues found the inhibitor to reduce tumour growth in two different PDAC models 

with unique immune landscapes (213). They also observed a complete modulation of 

the immune composition of these tumours with an increase in both CD4+ and CD8+ T-

cells, as well as an increase in the M1/M2 macrophage ratio (213). However, the 

authors highlight that this T-cell infiltration was no longer evident after 7 days of 

MRTX1133 therapy (213). They also demonstrated the tumour regression following 

MRTX1133 therapy to be dependent on CD8+ T-cell activity and that it was futile when 

they were exhausted, suggesting the need for combination with CPIs (213). These 

pivotal studies clearly highlight the role of the KRASG12D mutation as an immune evasion 

mechanism that may be partially responsible for the lack of success of immunotherapy 

in PDACs.  

 

Immunotherapy clinical trials in PDAC have been extensively discussed in section 1.6.3 

of the Introduction, yet very few of these clinical trials involve IL-12. Similarly, IL-12 

studies in mouse models remain scarce. Localised intratumoural IL-12 as polylactic acid 

microspheres in combination with SBRT in preclinical mouse models resulted in a 

significant increase in intratumoural IFNγ and CD8+ T-cells along with a significant 

prolongation in survival and suppression in tumour burden (441). Nash et al. have 

similarly used a cytokine delivery platform for localised administration of IL-12 cytokine 

factories (genetically engineered cells in polymers). Although their data is preliminary, 

this technique seems to reduce pan02 tumour burden by 80% in mice, along with an 

increase in intratumoural T-cells (442). A third group used intratumoural adenovirus-

mediated co-expression of IL-12 and the costimulatory molecule B7.1. This too led to 

complete regressions in 80% of immune depleted PDAC mouse models. The 

adenovirus-mediated coexpression of IL-12 alone was however less efficacious (443). 

Unfortunately, intratumoural administration of compounds for PDAC patients is an 

invasive procedure for which most patients may be too unwell.  
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Nevertheless, an adenoviral vector encoding human IL-12 genes was trialled 

intratumourally in patients with liver cancer, CRC or PDAC (444). It resulted in some 

toxicity, in particular lymphopenia in 85% of patients, sweating and malaise in around 

60% of patients, along with a pleural effusion, nausea and vomiting in 24% of patients, 

and intense oedema in a patient with a colostomy bag (444). Two of the PDAC patients 

passed away due to disease progression prior to assessing for clinical efficacy. 

Although some reduction in node metastases were observed, the overall clinical benefit 

was limited. A second trial was initiated more recently using intratumoural adenovirus-

mediated suicide and IL-12 gene therapy along with oral chemotherapy in metastatic 

PDAC patients (445). The median survival of the 6 patients on the highest dose was 

18.0 months, which is longer than what has been shown with standard of care 

chemotherapy (445). However, between the 12 enrolled patients, a total of 121 adverse 

events had been noted by day 21 of the study (445).  

 

Overall, the success with IL-12 therapy in PDAC has been rather limited, even with 

intratumoural injection. This highlights the need for efficacious drug delivery 

mechanisms as well as improving our understanding of resistance mechanisms to IL-

12 therapy. Here, my aim was to investigate the KrasG12D mutation as a potential 

resistance mechanism to IL-12 therapy in PDAC mouse models. After observing 

differential responses to IL-12 therapy between the PDAC mouse models to be 

associated with differential KRAS G12D expression, I aimed to investigate the 

relationship between the two. I used co-culture systems, tumour-derived cell lines that 

were previously treated with IL-12 immunotherapy, and inducible Kras (iKras) cell lines 

to establish whether KRAS G12D inhibition may sensitise resistant models to IL-12 

immunotherapy.  
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4.2 Results 

4.2.1 The M-CBD-IL12 linker is cleaved by two syngeneic PDAC mouse models, 
but not by their serum 

In this chapter, I aimed to test the bioengineered IL-12 molecule M-CBD-IL12 in two 

orthotopic mouse models of PDAC: 7947 and 3275. Both these models have been 

widely used in the Sadanandam laboratory and are well characterised (446, 447). The 

former has a mesenchymal morphology, is immune-depleted and highly metastatic, 

whilst the latter is more heterogeneous with a mixture of epithelial and mesenchymal 

cancer cells. It is less metastatic than the 7949 model.  

 

To predict whether these models would be capable of cleaving the M-CBD-IL12 linker, 

I once again performed a western blot on the incubation mixtures as described in the 

methodology section 2.13.1 (see Figure 4.1a). I observed no difference between the 

percentage of cleaved linker for untreated M-CBD-IL12 and the incubations with serum, 

suggesting the majority of the molecule remains masked in the bloodstream (see Figure 

4.1b). In contrast, in the presence of recombinant murine MMP2, over 90% of the linker 

was cleaved, which was significantly more than the untreated M-CBD-IL12 (p<0.0001) 

(see Figure 4.1b). All tumour lysates at any of the time points cleaved significantly more 

linker compared to the untreated M-CBD-IL12 (see Figure 4.1b). Between the two 

tumour models, at the 30-minute time point, 3275 cleaved around 10% more of the 

linker than 7947, albeit not significant (see Figure 4.1c). However, from 3 hours 

onwards, 3275 cleaved significantly more of the M-CBD-IL12 linker than 7947 

(p=0.0015 at 3 hours, p=0.0176 at 5 hours)(see Figure 4.1d,e).  

 

As mentioned previously, phosphorylation of STAT4 can provide information on the 

biological activity of M-CBD-IL12 following removal of the mask. Similarly to my breast 

cancer experiments (see Figure 3.7f), I tested whether M-CBD-IL12 is not only 

unmasked but also biologically active following removal of the mask by PDAC tumours, 

as described in section 2.13.2 of the Methodology. In contrast with wild-type IL-12 

therapy, M-CBD-IL12 had an EC50 that was almost 10-fold higher, which highlights the 

suppressive effect of the mask towards IL-12 signalling when the molecule is masked 

(see Figure 4.1f). Addition of recombinant MMP2 to M-CBD-IL12 restores the EC50 to 
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virtually the same as wild-type IL-12, suggesting when >90% of the linker is cleaved 

(see Figure 4.1b), IL-12’s biological effects are fully restored (see Figure 4.1f). Finally, 

incubation with 7947 lysate reduced the EC50 to 78.46 (see Figure 4.1f). This suggests 

cleaving of the linker by tumour lysate partially restores the biological activity of M-CBD-

IL12, yet it contains insufficient MMP2 to cleave all the linker.  

 

 

 
Figure 4.1 The M-CBD-IL12 linker is cleaved by PDAC tissue lysate but not by mouse 
serum 
a) Western blot of murine IL-12 representing the cleaving of the linker following 
incubation of M-CBD-IL12 with tumour lysates and serum for 0.5, 3 or 5 hours and 37 



Chapter 4 Results 

 

159 

 

°C. Of the incubation mixtures, 10 µg of protein was loaded onto a gel, except for 
0.0625 µg of untreated M-CBD-IL12 and 1 µg of the murine MMP2 mixture. The top 
band represents M-CBD-IL12 whilst the bottom band represents unmasked CBD-
IL12. b) Three independent experiments were performed, and blots were quantified. c-
e) Comparison of the cleaving of the linker at each of the time points for the different 
tumour lysates. f) Quantification of the in vitro activity of M-CBD-IL12 on pre-activated 
primary CD8+ T-cells through measurements of pSTAT4 MFI using flow cytometry. 
EC50 values are presented in the table for each condition. This experiment was 
performed once to confirm in vitro biological activity following removal of the mask. 
Flow cytometry data was analysed using Flowjo. Statistical analyses were performed 
using a two-tailed student’s t-test on GraphPad Prism. 
 

4.2.2 M-CBD-IL12 is significantly less toxic than wild-type IL-12 in non-tumour 
bearing mice 

IL-12-based toxicity is highly variable between different strains of mice, which makes it 

crucial to test toxicity of immunotherapies between different strains (448). For example, 

the C3H/Hej strain is highly sensitive to IL-12-mediated toxicity and will rapidly lose 

weight (448). Therefore, I tested the toxicity of M-CBD-IL12 and wild-type IL-12 in non-

tumour bearing Fvb/NCrl mice (see Figure 4.2a). I however observed no impact on their 

body weight (see Figure 4.2b), similarly to the BALB/c mice in Figure 3.8. I also bled 

the mice from the tail vein on two separate occasions to be able to measure the toxicity 

marker plasma IFNγ. On day 2 after the first dose, wild-type IL-12-treated mice had 

significantly higher (250-fold higher) plasma IFNγ compared to the M-CBD-IL12 group 

(p=0.0019)(see Figure 4.2c). However, on day 6 (three days after the second dose), 

these levels started to normalise again and the difference between wild-type IL-12 and 

M-CBD-IL12 groups was not significant anymore (see Figure 4.2d). Therefore, wild-type 

IL-12, but not M-CBD-IL12 seems to induce plasma IFNγ production in non-tumour 

bearing Fvb/NCrl mice. These mice do however recover rapidly from the high plasma 

IFNγ levels.  
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Figure 4.2 M-CBD-IL12 is significantly less toxic than wild-type IL-12 in non-tumour 
bearing Fvb/NCrl mice 
a) Study design of the tolerability study of wild-type IL-12 and M-CBD-IL12 in non-
tumour bearing Fvb/NCrl mice. 6-7-week-old non-tumour-bearing Fvb/NCrl mice (n=3) 
were treated with 83 pmol of wild-type (WT) IL-12 or 250 pmol of M-CBD-IL12 
intravenously (IV) on days 0, 3, and 6. b) The mice’s body weight was recorded for 13 
days following the first dose. Plasma IFNγ quantification through ELISA from days 2 c) 
and 6 d) following the first dose of the respective drugs. Mouse experiments and 
ELISAs were performed only once. Statistical tests were performed using a two-tailed 
student’s t-test on Graphad prism. Schematics were designed on Biorender.com 
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4.2.3 The efficacy of wild-type IL-12 and M-CBD-IL12 differs in two 
immunologically distinct PDAC mouse models 

Next, I tested the effect of M-CBD-IL12 and wild-type IL-12 on the survival of the 

orthotopic syngeneic 7947 PDAC mouse model (see Figure 4.3a). M-CBD-IL12 

moderately prolonged the survival of mice bearing orthotopic 7947 PDAC tumours 

compared to PBS controls, although this change was not significant (see Figure 4.3b). 

In contrast, wild-type IL-12 treated mice did not survive longer than the PBS group (see 

Figure 4.3b). Interestingly, despite the shorter survival, mice treated with wild-type IL-

12 seemed to have smaller tumours than M-CBD-IL12 and PBS controls, although this 

change was not significant either (see Figure 4.3c). Little difference in liver and spleen 

weight was observed between treatment groups (see Figure 4.3d,e). Upon necropsy, 

mice treated with M-CBD-IL12 had less abdominal fluid (ascites) than the other groups 

(not significant) (see Figure 4.3f). Percentage change in body weight was showing an 

increasing trend for both the wild-type IL-12 mice and the M-CBD-IL12 mice compared 

to PBS, yet a lot of variation existed and this change was not significant (see Figure 

4.3g,h). It is also important to highlight how ascites may mask any weight loss these 

animals may experience. 

 

In the M-CBD-IL12-treated group, 5 out of 7 mice were liver metastasis-free, compared 

to only 1 out 7 in the wild-type IL-12 and PBS groups (see Figure 4.3i). This suggests 

M-CBD-IL12 therapy suppressed liver metastases, potentially contributing to the 

modest reduction in ascites volume and modestly prolonged survival in this group (see 

Figure 4.3b,f,i). In contrast, despite the wild-type IL-12 tumour volume being smaller 

than M-CBD-IL12, the survival of the mice in the wild-type IL-12 group was shorter than 

with M-CBD-IL12 (see Figure 4.3b,c). This means the wild-type IL-12-treated mice most 

likely succumbed to the effects of the liver metastases instead. Finally, I analysed the 

plasma from day 8 for mouse IFNγ using ELISA. I observed a significant difference in 

plasma IFNγ between the wild-type IL-12 group and both the PBS controls (p<0.0001) 

and the M-CBD-IL12 group (p=0.0013)(see Figure 4.3j). This suggests M-CBD-IL12 is 

also significantly less toxic than its wild-type counterpart in this mouse strain.  
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Figure 4.3 M-CBD-IL12 moderately prolongs survival of mice bearing orthotopic 7947 
PDAC tumours 
a) 6-7-week-old Fvb/NCrl mice (n=7) were orthotopically injected with 50 000 7947 
PDAC cells into the pancreas. Mice then received either 83 pmol of wild-type (WT) IL-
12 or 250 pmol of M-CBD-IL12 intravenously (IV) on days 6, 9, and 12. Mice were 
terminated once they reached the humane endpoint. The b) survival curve, c) tumour 
weights, d) liver weights, e) spleen weights, f) abdominal fluid volumes, g) body 
weight curves, and h) percentage body weight changes have been displayed. i) Liver 
and spleen metastases were visually counted upon necropsy. A ‘+’ represents a 
single metastasis. j) Mice were bled from the tail vein on day 8 following tumour 
inoculation and plasma was analysed for murine IFNγ using ELISA. Each mouse 
experiment was performed only once. Statistical tests were performed using a one-
way ANOVA with Tukey’s multiple comparison tests or Mantel Cox test for Kaplan 
Meier survival on GraphPad Prism. Schematics were designed on Biorender.com 
 
 

In the 3275 PDAC model, I applied the same treatment regimen whilst including some 

combination immunotherapy groups with either intraperitoneal anti-PD-1 or anti-PD-L1 

to prevent IFNγ-mediated T-cell exhaustion in response to IL-12 immunotherapy (see 

Figure 4.4a). Since some of the mice became unwell rapidly, I decided to convert this 

into an intervention study, meaning all mice were culled simultaneously once the first 

mouse became unwell. The tumours of mice treated with wild-type IL-12 were 

significantly smaller than PBS controls (p=0.0004)(see Figure 4.4b-c). Meanwhile, 

tumours from mice treated with M-CBD-IL12 were borderline significantly smaller than 

PBS controls (p=0.0550)(see Figure 4.4b,d). Interestingly, the CPI combination therapy 

did not suppress tumour burden to the same extent (see Figure 4.4b). Therefore, this 

model may be intrinsically responsive to IL-12 without an increase in checkpoint 

expression to evade its effects. 
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Figure 4.4 Wild-type IL-12 suppresses 3275 tumour burden to a larger extent than M-
CBD-IL12 
a) 6-7-week-old Fvb/NCrl mice (n=7 for all groups except n=6 for PBS and n=5 for M-
CBD-IL12 + anti-PD-L1) were orthotopically injected with 50 000 3275 PDAC cells into 
the pancreas. a) Once tumours had developed, they were imaged using In Vivo 
Imaging System (IVIS). Mice then received either 83 pmol of wild-type (WT) IL-12 or 
250 pmol of M-CBD-IL12 intravenously (IV) on days 7, 10, and 13 with 100 µg of the 
respective CPI or associated IgG control intraperitoneally (IP) on the indicated days. 
Mice were bled from the tail vein on day 9 following tumour inoculation and plasma 
was analysed for murine IFNγ using ELISA. Mice were terminated once the first 
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mouse reached the humane endpoint. The b-d) pancreas weights, e) plasma IFNγ, f) 
liver weights, g) spleen weights are displayed. Mouse experiments and ELISAs were 
performed only once. Statistical tests were performed using a two-tailed student’s t-
test or one-way ANOVA with Tukey’s multiple comparison tests. Schematics were 
designed on Biorender.com.  
 

However, as observed in the previous models, plasma IFNγ is again significantly lower 

with both M-CBD-IL12 and PBS compared to wild-type IL-12 (both p<0.0001)(see 

Figure 4.4e). The liver weights of the wild-type IL-12 (p=0.0048) and M-CBD-IL12 + 

anti-PD-L1 groups (p=0.0022) and the spleen weight of M-CBD-IL12 + anti-PD-L1 

group (p=0.0464) were significantly raised compared to PBS suggesting the anti-PD-

L1 in particular may be toxic (see Figure 4.4f,g). Similarly to what I observed in the 

EMT6 model in Chapter 3, although this tumour type responds to wild-type IL-12, its 

toxicity remains a problem. Whilst eradicating this toxicity, the mask and the CBD 

reduce some of the IL-12’s efficacy.  

 

Overall, both these PDAC models seem to respond differently to wild-type IL-12. The 

current M-CBD-IL12 dose seems to be too low to generate sufficient unmasked CBD-

IL12 in either model. M-CBD-IL12 dose optimisation may help overcome these 

obstacles in future experiments. I however was interested in understanding the 

biological factors that contribute to this difference in sensitivity to IL-12 between the 

PDAC models. This would further my understanding of potential resistance 

mechanisms that limit the success of IL-12 immunotherapy in PDAC. Firstly, to allow 

for a like-for-like comparison between models, I performed a small intervention study 

on the orthotopic 7947 model including two treatment groups only: PBS and wild-type 

IL-12 (see Figure 4.5a). Similarly to the survival study, 7947 was more resistant to wild-

type IL-12 in this intervention study, since tumour burden was only minimally reduced 

(see Figure 4.5b). However, the liver weight was once again significantly higher in the 

wild-type IL-12 groups compared to PBS (p<0.0001), most likely representing IL-12 

induced toxicity (see Figure 4.5c). Spleen weight was also raised, but not significantly 

(see Figure 4.5d). 
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Figure 4.5 The 7947 orthotopic PDAC mouse model is resistant to wild-type IL-12  
a) 6-7-week-old Fvb/NCrl mice (n=6) were orthotopically injected with 50 000 7947 
PDAC cells into the pancreas. a) Once tumours had developed, they were imaged 
using In Vivo Imaging System (IVIS). Mice then received 83 pmol of wild-type (WT) IL-
12 intravenously (IV) on day 6. All the mice were terminated on day 9, at which point 
the first mouse reached the humane endpoint. The b) tumour weights, c) liver weights 
and d) spleen weights are displayed. Mouse experiments were performed only once. 
Statistical tests were performed using a two-tailed student’s t-test on GraphPad Prism 
and schematics were designed on Biorender.com. 
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4.2.4 7947 tumours upregulate KRAS G12D protein expression to evade immune 
responses  

Due to the immunomodulatory role of the KRASG12D mutation in PDAC and its 

involvement in immune evasion (212), I decided to measure its expression in the 

harvested tumours from both intervention studies. I also included IL-12-treated tumours 

to visualise whether 7947 tumours were evading the effect of IL-12 therapy by 

upregulating KRAS G12D protein expression. 7947 tumours have borderline 

significantly higher KRAS G12D protein levels than 3275 tumours (p=0.0547)(see 

Figure 4.6a). This suggests 7947’s high KRAS G12D protein levels may be partially 

responsible for its unresponsiveness to IL-12 therapy. Interestingly, IL-12 therapy did 

not further increase KRAS G12D protein levels in 7947, which may already have 

reached maximum and plateaued (see Figure 4.6b). However, in 3275, IL-12 therapy 

triggered an increasing trend in KRAS G12D protein expression, although this increase 

was not significant (see Figure 4.6c). However, despite this, KRAS G12D protein levels 

in 3275 were still not nearly as high as in 7947 tumours. I then decided to quantify the 

expression phosphorylated and total ERK as a component of a downstream KRAS 

signalling pathway (see Figure 4.6d). Despite a small non-significant increase in ERK 

phosphorylation in 7947 tumours (see Figure 4.6e), IL-12 therapy did not affect ERK 

phosphorylation in either model compared to PBS (see Figure 4.6e,f). Therefore, IL-12 

therapy does not seem to affect downstream ERK phosphorylation in these PDAC 

models. 
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Figure 4.6 7947 tumours express higher KRAS G12D protein levels than 3275 
a) Control and b/c) IL-12-treated (83 pmol intravenously) 7947 (from study described 
in Figure 4.5, n=3 PBS, n=4 IL-12) and 3275 (from study described in Figure 4.4, n=4) 
tumours were collected and homogenised. Protein concentration was determined, and 
the lysates were analysed for KRAS G12D protein expression using Wes Simple 
Western and d) for phosphorylated and total ERK using western blotting on 10 µg of 
protein (n=4). e/f) Signals from 4 different tumours per group were quantified and 
plotted on GraphPad Prism. Statistical analyses were performed using a two-tailed 
student’s t-test on GraphPad Prism.   
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I then measured KRAS G12D protein expression in the parental cell lines the tumours 

originated from. This would demonstrate whether the tumorigenic PDAC TME is 

responsible for increasing KRAS G12D protein expression in 7947 tumours. In the cell 

lines, the opposite pattern in KRAS G12D protein expression was observed between 

the two cell lines; 3275-luc cells expressed significantly higher levels of KRAS G12D 

than 7947-luc (p=0.0049)(see Figure 4.7a). This may suggest that cancer cells within 

7947 tumours upregulate KRAS G12D expression to evade the immune cells in the 

TME, whilst the 7947-luc cell line in vitro does not experience this pressure to evade. 

Therefore, KRAS G12D levels are low in the 7947-luc cell line. The effects of the TME 

may therefore cause these conflicting results between results from tumours and cell 

lines. This hypothesis is supported by the fact that 3275-luc cells (high KRAS G12D) 

proliferate faster than 7947-luc cells (low KRAS G12D) in vitro (see Figure 4.7c). In 

contrast, 7947 tumours (high KRAS G12D) grew faster than 3275 tumours (low KRAS 

G12D) in vivo (see Figure 4.4a, Figure 4.5a). This compensatory increase in KRAS 

G12D expression and consequently immune evasion may be driving 7947’s resistance 

to IL-12 immunotherapy. Due to difficulties with total KRAS western blotting/simple 

western antibodies, I quantified total Kras using qRT-PCR. Total Kras was also higher 

in 3275-luc compared to 7947-luc, yet this difference was not significant (see Figure 

4.7b).   
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Figure 4.7 The TME and IL-12 therapy trigger an increase in KRAS G12D expression 
in 7947  
7947-luc and 3275-luc cells were collected, homogenised and protein concentration 
was determined on three separate occasions. a) KRAS G12D protein expression was 
quantified using Wes Simple Western, whilst b) total Kras levels were quantified using 
qRT-PCR. Differences in cell proliferation between the two cell lines are displayed in 
c). 2500 cells were seeded per well of a 96-well cell culture plate and they were left to 
grow for 96 hours, at which point luminescence was measured using Cell Titer Glo. d) 
Cancer cells were treated with normal media or IL-12-containing media for 72 hours. 
The cancer cells were then collected and homogenised for western blotting using 30 
µg of protein. This experiment was performed once. e) Schematic representing the 
development of CBD-IL12-treated cell lines. The protein was collected from these cell 
lines on three separate occasions and the expression of KRAS G12D in these cell 
lines was determined using Wes Simple Western. The results have been displayed in 
terms of treatment groups in f) or individual cell lines in g). Total Kras expression in 
the CBD-IL12 lines was quantified using qRT-PCR and the results have also been 
displayed in terms of treatment groups h) or as individual cell lines i). Statistical tests 
were performed using a two-tailed student’s t-test or one-way ANOVA with Tukey’s 
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multiple comparison tests on GraphPad Prism. Schematic was designed on 
Biorender.com.  
 

4.2.5 Cancer cell lines generated from IL-12-treated 7947 tumours express 
significantly more KRAS G12D than from untreated 7947 tumours 

I then attempted to visualise the relationship between the resistance to IL-12 

immunotherapy and KRAS G12D expression in vitro (see Figure 4.7d). As expected, 

IL-12 therapy does not directly affect the KRAS G12D expression in cancer cells in vitro 

(see Figure 4.7d). I also used cell lines that were generated by my colleague Chanthirika 

Ragulan, who is working on CBD-IL12 in PDAC. These cell lines originate from 7947 

tumours that had been treated with either PBS or CBD-IL12 in vivo (see Figure 4.7e). 

Following this therapy, the morphology of the cells and the expression of epithelial and 

mesenchymal markers had changed in comparison with the parent cell line. This data 

has not been included in this thesis since it is part of Chanthirika’s thesis. These 

changes remain consistent, and the cell lines did not revert back to the parental, even 

after repetitive culturing. I therefore quantified the KRAS G12D protein expression using 

Wes Simple Western in two PBS-treated (3612, 3613) and two CBD-IL12-treated (3632, 

3635) cell lines (see Figure 4.7f,g). I observed a significant increase in KRAS G12D 

expression in the CBD-IL12-treated lines compared to PBS (p=0.0318)(see Figure 

4.7f,g). The opposite pattern is observed with total KRAS levels (see Figure 4.7h,i). 

These figures have been represented both as the individual cell lines as well as the 

treatment groups for clarity. This suggests that the IL-12 treatment in the 7947 tumours 

from which the cell lines originate caused them to upregulate KRAS G12D expression 

to evade the IL-12-induced immune response. The IL-12 therapy therefore does not 

directly induce KRAS G12D upregulation in cancer cells, but instead it indirectly 

promotes its upregulation by increasing the threat that the immune cells pose to cancer 

cells. 

 

I also quantified the downstream phosphorylated and total ERK (see Figure 4.8a). I saw 

that ERK is phosphorylated considerably less in 7947-luc than 3275-luc cancer cells, 

although this is not significant (see Figure 4.8a,b). This corresponds with the KRAS 

G12D protein expression being higher in 3275-luc too. There seems to be no difference 



Chapter 4 Results 

 

172 

 

in ERK phosphorylation between PBS-treated and IL-12-treated cell lines (see Figure 

4.8c,d). However, these findings require confirmation in a larger number of cell lines.   

 

 
Figure 4.8 ERK phosphorylation does not differ between cell lines generated from IL-
12-treated or PBS-treated 7947 tumours 
7947-luc, 3275-luc cells and the CBD-IL12 cell lines were collected on two separate 
occasions and homogenised and protein concentration was determined. a) Western 
blots for phosphorylated and total ERK proteins were performed on 10 µg of protein. 
b) The signals of two independent experiments were quantified, normalised to vinculin 
signals, and plotted on GraphPad Prism. Statistical analyses were performed using a 
one-way ANOVA with Tukey’s multiple comparison tests or two-tailed student’s t-tests 
on GraphPad Prism. 
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4.2.6 The upregulated KRAS G12D expression following IL-12 therapy does not 
make 7947 more sensitive to MRTX1133 therapy  

These findings demonstrate there seems to be an association between KRAS G12D 

expression in the cancer cells and response to IL-12 therapy. I therefore decided to use 

the KRAS G12D inhibitor MRTX1133 on the cell lines (see Figure 4.9a).  In terms of the 

IC50s, little difference exists between 3275-luc and 7947-luc in response to MRTX1133 

(see Figure 4.9b). I confirmed these findings both with 5% and 10% FBS in the cell 

culture media, since FBS contains some growth factors that may promote KRAS 

signalling and may influence the cell lines’ sensitivity to MRTX1133 therapy (see Figure 

4.9b,c). The IC50 however did not seem to be affected much by FBS (see Figure 

4.9b,c). With the support of my colleague Chanthirika Ragulan, we performed the same 

MRTX1133 assay on the tumour-derived cell lines too (see Figure 4.9d). The IC50s of 

the PBS-treated and CBD-IL12 lines were similar to one other and to the parental. 

Therefore, despite IL-12 therapy triggering a compensatory raise in KRAS G12D 

expression in 7947 (see Figure 4.7f), it does not make these cells more KRAS G12D 

dependent (MRTX1133 is not sufficient to eliminate cancer cells). These findings 

confirm that KRAS G12D inhibition alone may not suffice for PDAC elimination.  
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Figure 4.9 Both 7947 and 3275 respond similarly to KRAS G12D inhibition using 
MRTX1133 in vitro 

a) Schematic representing the methodology for the MRTX1133 assay. This schematic 
was designed on Biorender.com. The dose response curve and IC50 of MRTX1133 
on 7947-luc and 3275-luc cells in b) 10% FBS RPMI or c) 5% FBS RPMI. d) Dose 
response curves and IC50 of MRTX1133 on the tumour-derived cell lines. 
Experiments were performed twice. Curves were plotted on GraphPad Prism.  
 

4.2.7 KRAS G12D inhibition in 7947 sensitises it to IL-12 therapy in the presence 
of immune cells 

Since KRAS G12D is known to promote immune evasion (212), its inhibition could 

sensitise 7947 cells to IL-12 immunotherapy. Therefore, I proceeded to perform the 

same MRTX1133 assay yet in the presence of immune cells and IL-12 as part of a co-

culture system (see Figure 4.10a). In terms of IC50s of the dose response curves, I only 

observed slight fluctuations between the different conditions and cell lines (see Figure 

4.10b). However, a significant difference between the two cell lines could be seen at 

the maximum concentration of 200 nM of MRTX1133, particularly in the presence of 
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splenocytes and IL-12 (p<0.0001)(see Figure 4.10c); the cell viability of 7947-luc cells 

dropped to below 40% when normalised to the DMSO control at 200 nM (see Figure 

4.10c). Only in 7947-luc, but not in 3275-luc, caused the addition of IL-12 and 

splenocytes to MRTX1133 a drop in cell survival compared to MRTX1133 monotherapy, 

although this change was not significant (see Figure 4.10d,e). This suggests that 

simultaneous KRAS G12D inhibition with IL-12 therapy may prevent 7947-luc from 

evading the IL-12-induced immune response.  
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Figure 4.10 7947 is more responsive to simultaneous IL-12 therapy and KRAS G12D 
inhibition in the presence of immune cells in vitro 

a) Design of the co-culture studies. Schematic was designed on Biorender.com. b) 
Dose response curves of the different co-culture conditions and their associated 
IC50s. These curves were plotted on GraphPad Prism. c-e) Comparison of the 
viability between the two cell lines in different conditions. Experiments were performed 
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three times. Statistical analyses were performed using a two-way ANOVA or two-
tailed student’s t-test on GraphPad Prism. 
 
Due to the immunomodulatory role of KRAS G12D, I measured whether MRTX1133, 

and IL-12 affect the composition of adaptive immune cell populations in the splenocytes 

following co-culture. I therefore performed the same co-culture experiment but on a 

larger scale, collected the splenocytes from each condition, and analysed them through 

flow cytometry (see Figure 4.11). I measured whether inhibiting KRAS G12D through 

MRTX1133 to prevent immune evasion in the presence of IL-12 affects T-cell subsets. 

I therefore quantified the proportions of overall, CD4+ and CD8+ T-cells following co-

culture with either 7947-luc (see Figure 4.11a/c) or 3275-luc (see Figure 4.11b/d). With 

either cell line, few changes in these subsets were observed, except for a slight increase 

in CD8+ T-cells, and consequently decrease in CD4+ T-cells, with MRTX+IL-12 

compared to DMSO+IL-12 following co-culture with 7947-luc (see Figure 4.11c). This 

change was however not significant. When splenocytes are cultured alone (without 

cancer cells) and treated with IL-12 either in combination with DMSO or MRTX1133, 

little difference in number of overall, CD4+ and CD8+ T-cells exists between these 

conditions (see Figure 4.11e). This suggests that the KRAS G12D-driven immune 

evasive cancer cell effects do not directly affect these T-cell subsets.  
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Figure 4.11 The proportions of adaptive immune cell populations within splenocytes 
are not affected by MRTX1133 and IL-12 in a co-culture setting 
Following co-culture with either a/c) 7947-luc or b/d) 3275-luc cancer cells for 72 
hours as described in Figure 4.10, splenocytes were collected, washed, and stained 
for flow cytometry. e) A plate of splenocytes cultured in the absence of cancer cells 
was also included. Two repeats of each condition were used in this experiment and it 
was performed once. The data was analysed on Flowjo and statistical analyses were 
performed using a two-way ANOVA on GraphPad Prism. 
 
 

4.2.8 iKras cell lines as an alternative to MRTX1133 

Due to difficulties with the material transfer agreement for MRTX1133 for in vivo use, I 

instead used three doxycycline iKras PDAC cell lines that express the KrasG12D mutation 

in the presence of doxycycline and do not in its absence (see Figure 4.12a). One of the 

lines (AK15376) was morphologically (mesenchymal, slower growing in vitro) similar to 

7947-luc, whilst another (AK28385) was morphologically similar to 3275-luc (epithelial, 

very fast growing in vitro). I used a combination of both Wes Simple Western and qRT-

PCR to confirm that the doxycycline-inducible system functioned (see Figure 4.12b,c). 

Similarly to 7947-luc and 3275-luc, I performed the MRTX1133 assay on these iKras 

lines both in the presence and absence of doxycycline (see Figure 4.12d,e). In this 

assay, I confirmed AK15376 to also respond similarly to MRTX1133 with virtually the 

same IC50 as 7947-luc (see Figure 4.12d). AK28385 and AK14838 were more resistant 

to KRAS G12D inhibition (see Figure 4.12d). As expected, performing assays in the 

absence of doxycycline obliterated the observed response in AK15376, whilst the other 

cell lines remain unchanged (see Figure 4.12e).  
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4.2.9 AK28385 and AK14838 mouse models respond to IL-12 in a similar manner 
as the 3275 mouse model 

Together with Chanthirika Ragulan, I performed a small in vivo pilot study using these 

three iKras lines (see Figure 4.13a). All mice stayed on doxycycline drinking water 

throughout the study to test their baseline sensitivity to IL-12. We found the AK28385 

(similar in morphology to 3275-luc) to fully respond to IL-12 therapy; the % change in 

tumour volume was significantly lower in the mice treated with IL-12 compared to PBS 

controls (p=0.0012)(see Figure 4.13b). In the case of AK14838, IL-12 partially 

suppressed tumour volume, yet it was not significantly different between the PBS mice 

and the IL-12-treated mice (see Figure 4.13c). Finally, AK15376 showed a modest 

response with a degree of resistance (see Figure 4.13d). Hence, AK15376 was not only 

similar to 7947 in terms of morphology and sensitivity to MRTX1133 in vitro, it also 

responded similarly to IL-12 in vivo.  Therefore, my hypothesis was that KRAS G12D 

inhibition would sensitise this model to IL-12 immunotherapy.  
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Figure 4.13 AK28385 iKras PDAC mouse model responds fully to IL-12 
immunotherapy 
a) C57/BL6 mice (n=4 per cell line, n=2 per condition) were inoculated with 2 000 000 
iKras cancer cells subcutaneously and they were transitioned onto doxycycline 
drinking water (2g/L) supplemented with sucrose (30g/L). Two mice from each group 
were administered 25 µg of wild-type IL-12 intravenously (IV) on a single occasion. 
Tumour volumes were recorded throughout the study. For AK28385 and AK14838, 
the percentage change in tumour volume was done between days 6 (randomisation) 
and 20 following tumour inoculation, whilst for AK15376, it was done between days 6 
(randomisation) and 15, since these mice were terminated earlier. This mouse 
experiment was performed only once. Statistical analyses were performed using a 
two-tailed student’s t-test on Graphpad prism and the schematic was designed on 
Biorender.com.     
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Therefore, I tested IL-12 immunotherapy in the AK15376 mouse model with (KrasG12D 

is expressed) or without (KrasG12D is not expressed) doxycycline in their drinking water. 

All mice were put on doxycycline from the day of tumour inoculation to the day of 

randomisation and IL-12 administration. At this point, half of the mice remained on 

doxycycline and the other half was returned to normal drinking water (see Figure 4.14a). 

In the mice that remained on doxycycline (KrasG12D is expressed), the PBS controls 

survived significantly less long that the IL-12-treated mice (p=0.006)(see Figure 4.14b). 

In the group on normal drinking water, all mice survived equally since the withdrawal of 

doxycycline reduced tumour burden in both the PBS and IL-12 groups (see Figure 

4.14b). This explains why the survival is not significantly different between the NO DOX 

PBS group and the NO DOX IL-12 groups (see Figure 4.14b).  

 

However, changes in tumour burden were clearly observed; the tumour volume of mice 

on doxycycline (KrasG12D is expressed) was only slightly affected by IL-12 (see Figure 

4.14c), as I previously demonstrated in Figure 4.13d. The difference in tumour volume 

between DOX PBS and DOX IL-12 was therefore not significant on day 13 following 

tumour inoculation (see Figure 4.14d,e). This suggests that in the presence of KrasG12D, 

IL-12 in the AK15376 model is not capable of fully curing the tumours. For the mice 

returned to normal drinking water (KrasG12D is not expressed), on day 13 there was a 

borderline significant difference between IL-12-treated mice and PBS controls 

(p=0.0611)(see Figure 4.14f). By day 15, this change had become significant 

(p=0.0106)(see Figure 4.14g). This suggests that the removal of doxycycline (KrasG12D 

is not expressed) in combination with IL-12 immunotherapy causes the AK15376 

tumours to rapidly disappear. Therefore, KrasG12D may be partially responsible for 

resistance to IL-12 therapy in this mouse model.   

 



Chapter 4 Results 

 

183 

 

 
 

Fi
gu

re
 4

.1
4 

K
ra

sG
12
D
 w

ith
dr

aw
al

 s
en

si
tis

es
 A

K
15

37
6 

PD
A

C
 m

ou
se

 m
od

el
 to

 IL
-1

2 
th

er
ap

y 
6-

7-
w

ee
k-

ol
d 

C
57

/B
L6

 m
ic

e 
(n

=6
) w

er
e 

st
ar

te
d 

on
 d

ox
yc

yc
lin

e 
dr

in
ki

ng
 w

at
er

 (2
 g

/L
) a

nd
 w

er
e 

in
je

ct
ed

 s
ub

cu
ta

ne
ou

sl
y 

w
ith

 2
 0

00
 0

00
 c

el
ls

. T
he

se
 m

ic
e 

th
en

 re
ce

iv
ed

 2
5 

µg
 o

f w
ild

-ty
pe

 IL
-1

2 
on

 d
ay

 6
 fo

llo
w

in
g 

tu
m

ou
r i

no
cu

la
tio

n 
as

 s
ho

w
n 

in
 

th
e 

sc
he

m
at

ic
 in

 a
). 

Th
e 

b)
 s

ur
vi

va
l c

ur
ve

 a
nd

 c
) t

um
ou

r v
ol

um
e 

cu
rv

es
 o

f t
hi

s 
st

ud
y 

ar
e 

pr
es

en
te

d.
 A

 c
om

pa
ris

on
 b

et
w

ee
n 

th
e 

PB
S 

an
d 

IL
-1

2 
gr

ou
ps

 in
 th

e 
pr

es
en

ce
 e

) o
r a

bs
en

ce
 f)

 o
f d

ox
yc

yc
lin

e 
in

 th
e 

dr
in

ki
ng

 w
at

er
 o

n 
da

y 
13

 is
 s

ho
w

n.
 A

 
co

ns
ec

ut
iv

e 
da

y 
15

 c
om

pa
ris

on
 fo

r t
he

 m
ic

e 
on

 n
or

m
al

 d
rin

ki
ng

 w
at

er
 is

 s
ho

w
n 

in
 g

). 
Th

is
 m

ou
se

 e
xp

er
im

en
t w

as
 

pe
rfo

rm
ed

 o
nl

y 
on

ce
. S

ta
tis

tic
al

 a
na

ly
se

s 
w

er
e 

pe
rfo

rm
ed

 u
si

ng
 a

 o
ne

-w
ay

 A
N

O
VA

 o
r t

w
o-

ta
ile

d 
st

ud
en

t’s
 t-

te
st

 o
n 

G
ra

ph
pa

d 
pr

is
m

 a
nd

 th
e 

sc
he

m
at

ic
 w

as
 d

es
ig

ne
d 

on
 B

io
re

nd
er

.c
om

.  
   

   
   



Chapter 4 Results 

 

184 

 

4.3 Discussion 

Immunotherapy has yielded limited success in PDAC and understanding the 

mechanisms behind this resistance will allow us to overcome it. The KrasG12D mutation 

has been shown to play a key role in evading the immune system and therefore the 

effects of immunotherapy. Here, I have attempted to establish the role of the KrasG12D 

mutation in responsiveness to IL-12 immunotherapy in two different PDAC mouse 

models that respond differently to IL-12. I found the 7947 mouse models (least 

responsive to IL-12) to express KRAS G12D more than the 3275 mouse model (most 

responsive to IL-12). In cell lines, I observed the exact opposite, highlighting the role of 

the TME in triggering an increase in KRAS G12D expression in the 7947 mouse model.  

Despite these expression differences, the sensitivity of the cell lines to KRAS G12D 

inhibition using MRTX1133 did not differ in vitro. However, in the presence of immune 

cells and IL-12 as part of a co-culture study, 7947-luc cells became more sensitive to 

MRTX1133, whilst 3275 did not. Using iKras cell lines, I demonstrated that the 

mesenchymal model (AK15376) resembling 7947 also only partially responded to IL-12 

therapy in the presence of doxycycline, yielding no significant difference in tumour 

burden between PBS and IL-12 groups. However, when KrasG12D was not expressed 

(no doxycycline), the tumour burden was significantly reduced with IL-12 therapy 

compared to the PBS group. Therefore, KrasG12D may be driving unresponsiveness to 

IL-12 in this mouse model.   

 

Data from genetically engineered mouse models (212), iKras models (214), as well as 

from MRTX1133 in mouse models (213) have demonstrated that PDAC tumour 

regression can be achieved by inactivation of KRAS. Using different techniques, Kemp 

et al., Ischenko et al., and Mahadevan et al. all highlighted the link between the KrasG12D 

mutation and the immune landscapes of their PDAC mouse models (212-214). Data 

from all three of these studies suggest that a bidirectional relationship exists. On one 

hand, knocking out (KO) KrasG12D in a mutant cancer cell line generated a slower 

growing tumour with a completely different immune composition, CAF profile and 

collagen content compared to its intact counterpart (212). This was because KrasG12D 

KO tumours were less aggressive and were unable to evade the immune system 

resulting in anti-tumour immune responses (212). These immune responses contained 

tumour growth in immunocompetent mice (212). Conversely, depleting either CD4+ T-
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cells or CD8+ T-cells obliterated this anti-tumour protection and restored the tumorigenic 

potential of the KrasG12D KO tumours (212).  

 

Mahadevan et al. found, using the doxycycline-inducible iKras system, that PDAC 

tumours initiated upon doxycycline administration (KrasG12D is expressed) and that they 

retracted when doxycycline was removed (KrasG12D is not expressed) (214). They 

revealed KrasG12D elimination by doxycycline withdrawal to trigger T-cell infiltration (both 

CD4+ and CD8+) and a reduction in CD11b+ myeloid cells, including granulocytic and 

monocytic MDSCs (214). The infiltrating CD4+ T-cells largely included Tregs, Th2 and 

Th17 cells whilst the CD8+ T-cells were mainly Tbet+ (214). Expression of Ifng was 

raised across the T-cell subsets. Interestingly, intratumoural CD86+ and CD40+ dendritic 

cells and macrophages, who both act as antigen presenting cells, increased following 

KrasG12D elimination. Their MHC class II signalling was increased, whilst PD-L1 

expression on the myeloid cells was reduced (214).  

 

Using scRNA-seq, Mahadevan et al. demonstrated KrasG12D inhibition to lead to a 

reactivation of FAS-mediated cancer cell apoptosis (214). Under normal circumstances, 

FAS on cancer cells binds to FAS ligand on a variety of immune cells to induce apoptotic 

pathways in cancer cells (214). To circumvent this, KrasG12D normally methylates the 

promoter region of the FAS receptor on cancer cells, a form of epigenetic control which 

allows cancer cells to escape from this pathway. However, FAS expression on PDAC 

cells increased following KrasG12D elimination in a time-dependent manner and it 

remained raised even at 4 weeks following elimination (214). Therefore, KrasG12D 

elimination seems to restore the FAS apoptotic pathway. They also used one of the 

iKras cell lines I used in this chapter (AK14838) and found Fas transcripts to be low in 

the presence of doxycycline (KrasG12D is expressed) and to gradually increase upon its 

withdrawal (KrasG12D is not expressed) (214). They also used another iKras cell line 

(AK14837) where they suppressed Fas expression using a short hairpin RNA (ShRNA) 

called ShFas and its scrambled control (ShScr). When injected orthotopically into the 

pancreas of mice on doxycycline (KrasG12D is expressed), the Fas expression was low 

due to the methylating effects of KrasG12D. Therefore, there was no survival difference 

between the parental, ShFas and ShScr-bearing mice (214). However, in the absence 

of doxycycline (KrasG12D is not expressed), the mice bearing parental and ShScr 
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tumours showed complete tumour regression, most likely due to the reactivation of 

FAS-mediated apoptosis. In contrast, those with ShFas progressed as usual (214).  

 

They consequently verified whether this restoration of FAS-mediated apoptosis 

following KrasG12D inhibition relies on CD4+ T-cells or CD8+ T-cells (214). The depletion 

of CD8+ T-cells, but not CD4+ T-cells, reversed the tumour regression that results from 

KrasG12D inhibition and consequently increased FAS-mediated apoptosis (214). This 

suggests CD8+ T-cells are a crucial mediator of the reduction in tumour burden. Since 

FAS ligand expression on immune cells is essential for FAS pathway activation, it is not 

surprising that they found it to be most abundant on CD8+ T-cells, whilst to a much 

lesser extent on CD4+ T-cells (214). Hence, the CD8+ T-cells and their role in the FAS 

pathway may be the crucial link between KrasG12D and the immune evasion that renders 

PDAC unresponsive to immunotherapy.  

 

Another study found that the adoptive transfer of tumour-targeted engineered IL-12 

expressing CD8+ T-cells trigger an increase in FAS expression on MDSCs, dendritic 

cells and macrophages (449). This increase is not observed in mice that lack the IL-12 

receptor. In return, the IL-12 induced FAS binding to FAS ligand on the transferred CD8+ 

T-cells maintains the transferred CD8+ T-cell population (449). In mice that lack FAS 

expression, these T-cells do not engraft properly (449). This co-stimulatory event is 

referred to as reverse signalling and the authors suggest this is a mechanism that 

results in the production of effector memory CD8+ T-cells (449). Since both IL-12 and 

KRAS G12D inhibition seem to result in an upregulation of FAS as well as CD8+ T-cell 

proliferation, they may have synergistically induced 7947-luc apoptosis in the co-culture 

studies. This is also in line with the slight increase in the proportion of CD8+ T-cells 

within the splenocytes following co-culture with 7947-luc. However, further experiments 

are required to confirm these findings. 

 

Although Ischenko et al. (212) and Mahadevan et al. (214) both found KrasG12D 

elimination to induce the CD4+ and CD8+ T-cell infiltration that contributed to the 

suppression in tumour burden, Kemp et al. (213) found MRTX1133 to operate without 

relying on immune cells. Despite observing a similar immune cell infiltration upon 

MRTX1133 therapy, the reduction in tumour burden obtained through MRTX1133 was 

not affected by CD4+ or CD8+ T-cell depletion (213). However, when halting the course 
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of MRTX1133, T-cells were crucial in maintaining the effect of MRTX1133; their 

depletion caused mice to relapse rapidly whilst others with intact T-cell populations 

remained protected. Interestingly, in contrast with Ischenko et al. (212) where the 

KrasG12D KO did not affect downstream phospho-ERK1/2 expression, MRTX1133 

treatment caused a dose-dependent reduction in phosphor-ERK1/2 both in vitro and in 

vivo (213). Therefore, subtle differences exist between the two techniques of KrasG12D 

elimination that may influence the role of the immune infiltration in suppressing tumour 

burden.  

 

The relationship between KrasG12D and PDAC regression that these studies have 

demonstrated closely align with the oncogene addiction theory. This theory states that 

certain cancer cells rely on a single oncogenic mutation to maintain their invasiveness 

and tumorigenic potential (450). In line with this, withdrawal of this oncogenic mutation 

should lead to cancer cell death and disappearance of the tumour. Hence, discoveries 

of small molecule inhibitors that counteract oncogenic mutation should result in 

complete tumour regressions. Although this concept is accurate to an extent, it may be 

overly simplistic due to a variety of reasons. PDAC tumorigenesis and progression is 

supported by and associated with multiple mutations, one of the hallmarks of cancer. 

These mutations, of which KrasG12D is an example, occur sporadically and lead to 

consecutive disruptions in signalling pathways that sustain and drive tumorigenesis. 

This genetic instability is partially responsible for the extensive intratumoural and 

intertumoural heterogeneity within PDACs, which is for example reflected in the 

immunologically unique mouse models used in this chapter. Since these oncogenic 

mutations may not take place uniformly throughout the tumour, some areas will be 

genetically, metabolically, and immunologically distinct from others. In addition, some 

PDAC TMEs are highly dynamic and evolving systems that adapt to stimuli or stressors. 

I for example observed in my studies that KRAS G12D protein expression is much 

higher in 7947 tumours than the 7947 cell line. This suggests that the TME and its 

immune cells puts pressure on cancer cells resulting in increased KRAS G12D protein 

expression to evade immune cells. This suggests that inhibiting a singular oncoprotein 

in isolation in PDAC may most likely not be sufficient to provide patients with a long-

term benefit.  
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To tackle this problem within PDAC, many have resorted to combination 

immunotherapy with the aim of targeting multiple immune evasive mechanisms 

simultaneously. Ischenko et all also used an iKras model treated with anti-PD-1 and 

anti-CTLA-4 to observe whether KRAS inhibition sensitises PDACs to CPI therapy 

(212). They found tumours to regress completely in the absence of doxycycline 

(KrasG12D is not expressed) compared to in its presence. This suggests that by 

eliminating the KrasG12D-mediated immune invasion, PDACs can be sensitised to 

immunotherapy. However, little evidence currently exists for other forms of 

immunotherapy in combination with KrasG12D inhibition in PDAC, making the 

experiments in this chapter completely novel. Despite having demonstrated some 

concepts in my experiments, more extensive studies to optimise M-CBD-IL12 dose or 

linker variations that better suit the PDAC TME are required for translational purposes. 
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Chapter 5. Bioengineered murine IFNγ for tolerable 
PDAC immunotherapy  

5.1 Introduction 

Interferons are widely used for the treatment of a plethora of conditions; pegylated 

interferon IFNα for the treatment of hepatitis C (451) and for lymphomas (452), and β 

IFNs for multiple sclerosis (453). The three types of IFNs each have their unique 

sources, receptors, and modes of action; type I IFNs comprise of IFNα and β and are 

rapidly produced during the innate immune response by either virus-infected cells or 

plasmacytoid dendritic cells (12). They serve to induce an antimicrobial state and 

promote antigen presentation and adaptive immune response formation. Type II IFNs 

consist of IFNγ, produced by active T-cells, B-cells and NK cells (see Figure 1.4) (12). 

IFNλ is the single member of the type III IFNs and mainly signals at epithelial surfaces, 

rather than immune cells (12). Interferons signal through the JAK-STAT pathways that 

ultimately induce MHC, protein kinase R and other immunomodulators that aid the 

mounting of an adaptive immune response (12). The IFNs were originally named after 

their ability to interfere with viruses after Wheelock discovered in 1965 that IFNγ can 

suppress viral replication (454). Thirty years following this discovery, IFNγ emerged as 

a major regulator of cancer immune surveillance (455) and  an immunomodulator that 

is a 100-10000-fold stronger than other IFNs (456). This was discovered when Meth A 

fibrosarcoma cells with defective IFNγ receptors (less sensitive to endogenous IFNγ) 

were more tumorigenic when implanted in mice than those sensitive to endogenous 

IFNγ (455). This and many other studies that followed (402, 457, 458) highlighted the 

modulatory impact of IFNγ on tumour progression. 

 

IFNγ signalling triggers the expression of IFNγ-regulated genes with a variety of effects 

such as apoptosis, cell cycle regulation and immunomodulation. It is particularly well-

known for its ability to upregulate MHC expression (459, 460), one of its earliest 

described effects. It was found to upregulate MHC class I and transporter associated 

with antigen processing (TAP) expression on PDAC cells in vitro (461). Since many 

tumours are known to downregulate MHC to remain invisible to CD8+ T-cells (462), the 

ability of IFNγ to upregulate MHC is essential. Besides manipulating MHC class I 
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expression, it also governs cytotoxicity by inducing T-cell differentiation into cytotoxic 

CD8+ T-cells (12, 463). 

 

IFNγ also functions as part of a positive feedback loop; it is a product of a Th1 response, 

it directs Th1 effector mechanisms, maintains this Th1 lineage and prevents 

differentiation into Th2 cells (403). Apart from affecting the immune landscape, it also 

directly suppresses cancer cell proliferation through STAT1 which induces the cyclin-

dependent kinase inhibitor p21 (464). IFNγ can also induce cancer cell apoptosis by 

upregulating caspase (465, 466) and FAS (ligand) (467) expression, as well as 

necroptosis through RIP1 (468). Finally, it suppresses angiogenesis by reducing the 

longevity of endothelial cells and it triggers ischaemia inside the tumour core (469-471), 

both of which have been shown to lead to enhanced tumour rejection (472). IFNγ has 

been tested in multiple clinical trials on glioblastomas, breast cancers, and ovarian 

cancers (NCT02550678, NCT03112590, NCT02948426, NCT02197169).  

 

However, overall, IFNγ has not successfully been introduced into the clinic as a form of 

cancer immunotherapy. Unfortunately, the toxicity and off target effects of IFNγ mean 

that doses are often too low to obtain sufficient intratumoural IFNγ levels (473). IFNγ is 

unable to penetrate the dense stroma of solid tumours following intravenous 

administration (473). This means it either is rapidly cleared from the bloodstream with 

a half-life of only 25 to 35 minutes or it diffuses into healthy tissues where it triggers 

auto-immune-like effects (473). Such effects can include fever, fatigue and nausea 

(473). Therefore, in this chapter, I produced CBD-IFNγ, a bioengineered version of IFNγ. 

The CBD is the same as in M-CBD-IL12 as discussed in Chapters 3 and 4. It serves to 

prolong the half-life of IFNγ by increasing its molecular weight and causes it to 

accumulate in collagenous tumour stroma. I hypothesised that despite their closely 

linked signalling pathways, IFNγ may be more powerful than IL-12 as an 

immunostimulatory agent due to its ability to cause cancer cell apoptosis, whilst also 

triggering immune activation by for example enhancing antigen presentation. In contrast, 

IL-12 signalling is largely limited to T-cells and NK cells (as previously shown in Figure 

1.4).  

 

In this chapter, I tested the anti-tumour effects of CBD-IFNγ in a CRC and PDAC model. 

As monotherapy, CBD-IFNγ induced a significant prolongation of survival in CRC-
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bearing mice, yet eventually the mice became resistant. This CRC model is known to 

respond well to IL-12 therapy, which I demonstrated in Chapter 3 Figure 3.8. I therefore 

decided to test CBD-IFNγ in this model as a pilot study to compare its biological activity 

to my IL-12-based molecules. Due to the observed resistance in the CRC model, I 

decided to combine CBD-IFNγ with anti-PD-1 therapy in the PDAC mouse study. Some 

studies have demonstrated that anti-PD-1 efficacy is dependent on the presence of 

tumour-infiltrating dendritic cells and IFNγ (474). The authors state that the IFNγ is 

produced by T-cells in response to anti-PD1 and acts on dendritic cells (474). In 

response to IFNγ, these dendritic cells can produce IL-12 which in itself triggers T-cell 

activity (474). This forms a positive feedback loop. I hypothesised that exogenous IFNγ 

could activate this feedback loop and augment the sensitivity of these PDAC tumours 

to anti-PD-1 therapy. I observed a slight modulation in the immune composition of 

PDAC tumours with CBD-IFNγ+anti-PD-1 therapy. However, resistance mechanisms 

such as overexpression of PD-L1 in the tumour stroma most likely allowed the tumours 

to eventually overcome the effects of IFNγ.   
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5.2 Results 

5.2.1 Production of wild-type IFNγ and CBD-IFNγ 

For the production of CBD-IFNγ, I initially trialled 293fectin as a transfection reagent 

(see Figure 5.1a). This yielded a 40 mAU UV absorbance peak on the immobilised 

metal affinity chromatogram (Figure 5.1a). I performed a murine IFNγ ELISA on this 

protein to confirm its identity and found the IFNγ concentration to be 1.56 µg/ml (see 

Figure 5.1b). This low yield led me to attempt the consecutive transfection with linear 

PEI (transfection grade, MW 25 000, 23966-1). From this transfection, I obtained a UV 

absorbance peak of 750 mAU on the metal affinity chromatography, making PEI the 

more suitable transfection reagent for CBD-IFNγ (see Figure 5.1c).  

 

The size exclusion purification for this protein demonstrates a rather wide and 

heterogeneous split peak (see Figure 5.1d). I analysed the identity of each of its 

components on SDS-PAGE (see Figure 5.1e). Under both reducing and non-reducing 

conditions, murine wild-type IFNγ normally appears on SDS-PAGE as multiple bands 

between 15-25 kDa due to different glycosylation states (475). For CBD-IFNγ (38 kDa), 

I observed the same set of multiple bands at around 38 kDa which confirms the identity 

of CBD-IFNγ protein (see Figure 5.1e). However, in the later fractions of the peak, an 

additional set of bands was present at 75 kDa. Wild-type murine IFNγ functionally exists 

as a homodimer, suggesting two CBD-IFNγ molecules are expected to dimerise, 

yielding a molecule of around 75 kDa. Therefore, this band corresponds with a CBD-

IFNγ homodimer, which is its biologically active form (see Figure 5.1e). 

 

However, size exclusion purification usually elutes the proteins with a larger molecular 

weight into the earlier fractions of the peak. Since the SDS-PAGE reveals the dimer to 

be present exclusively in the later fractions, this suggests the dimerisation occurred 

following protein purification. Mouse IFNγ homodimers are formed by anti-parallel 

interlocking of the IFNγ monomers, which occurs through non-covalent interactions 

(476). The SDS and heating of the sample should normally denature the proteins and 

disrupt the CBD-IFNγ homodimers on SDS-PAGE. This occurs by rendering the amino 

acids negatively charged, which weakens the non-covalent bonds that hold the 

homodimer together. Despite the presence of SDS and the heating, the homodimers 
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remained visible on the SDS-PAGEs of all the CBD-IFNγ batches. I hypothesised this 

was most likely due to the nature of the sample buffer or insufficient heating of the 

sample leading to protein aggregation. Following the production of both CBD-IFNγ and 

wild-type IFNγ, I therefore ran an SDS-PAGE using a different sample buffer which 

contains 4% Lithium Dodecyl Sulfate (LDS) instead of the 8% SDS in the original 

sample buffer (see Figure 5.1f). In addition, I boiled the samples for an additional 2 

minutes and stored them on ice for at least 5 minutes after boiling. This reduces their 

ability to re-aggregate when exposed to room temperature during gel loading. This 

technique significantly improved the formation of aggregates and confirmed that the 

observed bands at high molecular weight were the IFNγ dimers (see Figure 5.1f).  
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Murine wild-type IFNγ was efficiently produced in Expi293F cells (see Figure 5.2). 

Similarly to CBD-IFNγ, I observed various glycosylation forms of IFNγ monomers on 

the SDS-PAGE, as well as the IFNγ homodimers (see Figure 5.2c,f).  
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5.2.2 Both wild-type IFNγ and CBD-IFNγ upregulate PD-L1 expression on cancer 
cells in vitro  

IFNγ is known to upregulate PD-L1 expression on cancer cells (407). To test the 

biological activity of both murine wild-type IFNγ and CBD-IFNγ, and whether they differ, 

I treated Panc02 PDAC cancer cells with increasing concentration of either protein (see 

Figure 5.3). I then measured PD-L1 expression on the cancer cells through flow 

cytometry. In my pilot experiment to identify the correct concentration range, I observed 

a sharp increase between 0.1 and 1 nM with both molecules (see Figure 5.3a). At the 

higher concentrations, PD-L1 expression had reached a plateau, which meant the 

concentration range should be reduced. Therefore, I used a range of 0-10 nM and 

observed that both molecules trigger a gradual increase in PD-L1 expression with 

increasing concentrations, suggesting they have a similar biological activity towards 

cancer cells (see Figure 5.3b).  
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Figure 5.3 Both murine wild-type IFNy and CBD-IFNy upregulate PD-L1 expression 
on PDAC cells 
a) Pilot in vitro experiment to test the biological activity of wild-type IFNγ and CBD-
IFNγ (0.1-100 nM) towards Panc02 PDAC cells. PD-L1 expression was quantified 
using flow cytometry 48 hours following treatment. b) Actual in vitro experiment using 
0-10 nM of murine wild-type IFNγ and CBD-IFNγ on Panc02 cells. This experiment 
was performed twice, and data was analysed on Flowjo.  
 

5.2.3 Wild-type IFNγ and CBD-IFNγ moderately prolong the survival of the MC38 
CRC mouse model 

Next, I tested this bioengineered molecule in vivo in a syngeneic MC38 colorectal 

cancer model (see Figure 5.4). As previously mentioned, IFNγ is a downstream effector 

molecule of IL-12. The MC38 CRC model fully responded to both wild-type IL-12 and 

M-CBD-IL12 therapy in a study performed by a collaborator Dr. Aslan Mansurov at the 

University of Chicago (see Figure 3.8f). Therefore, with the help of Dr. Charanjit Singh 

and Maria Nikolaidi, I used this model to initially trial CBD-IFNγ in vivo activity (see 

Figure 5.4a). Both wild-type IFNγ (p=0.0399) and CBD-IFNγ (p=0.0439) significantly 

prolonged survival compared to PBS controls (see Figure 5.4b). Although wild-type 

IFNγ-treated tumours grew slower than CBD-IFNγ, these mice were sacrificed earlier 

due to severe ulceration (see Figure 5.4c). On day 16 following tumour inoculation, both 

the wild-type IFNγ- and CBD-IFNγ-treated groups had smaller tumours compared to 

PBS controls, although this difference was not significant (see Figure 5.4d).  
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5.2.4 CBD-IFNγ therapy remodels the TME of a syngeneic PDAC mouse model 

I then proceeded to test CBD-IFNγ in the immune cold, mesenchymal orthotopic 7947 

PDAC model as part of an intervention study with the kind support of Chanthirika 

Ragulan (see Figure 5.5a). To prevent immune evasion by the cancer cells upregulating 

the PD-L1/PD-1 axis in response to IFNγ, we included a combination immunotherapy 

group treated with CBD-IFNγ + anti-PD-1 (see Figure 5.5a). All mice were sacrificed 

once the first mouse reached the humane endpoint (see Figure 5.5a). I observed a 

slight decrease in tumour weight with the combination therapy, although a lot of 

variation existed, making this finding not statistically significant (see Figure 5.5b). 

Interestingly, mice treated with both CBD-IFNγ monotherapy and combination therapy 

maintained their body weight significantly better than PBS controls; on day 10 following 

tumour inoculation, I observed a significant difference in body weight between the CBD-

IFNγ(+anti-PD-1) groups and the PBS controls (both p<0.0001)(see Figure 5.5c,d). This 

could suggest CBD-IFNγ may be reducing the cachexia that is normally observed in 

late-stage PDAC patients.  
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Figure 5.5 CBD-IFNy therapy in a syngeneic metastatic PDAC mouse model 
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a) 6-7-week-old FVB/NCrl mice (n=6, except n=5 for CBD-IFNγ) were orthotopically 
injected with 50 000 PDAC cells into the pancreas through a laparotomy and mice 
received 25 µg of CBD-IFNγ intravenously (IV) with or without 100 µg of anti-PD-1 
intraperitoneally (IP) on day 6 following tumour inoculation. All mice were culled once 
the first animal reached the humane endpoint. a) Study design, b) tumour weight at 
study termination, c) body weight curve and d) day 10 comparison, e) spleen weights 
and f) liver weights are displayed. Spleen g) and liver h) macrometastases were 
visually counted upon necropsy. This mouse experiment was performed only once. 
Statistical analyses were performed with a one-way ANOVA with Tukey’s multiple 
comparison tests on GraphPad prism. Schematics were designed on Biorender.com. 
 

Although a lot of variation was observed in the spleen weights (see Figure 5.5e), the 

liver weight was significantly higher in the mice treated with CBD-IFNγ (p=0.0138) and 

CBD-IFNγ+anti-PD-1 (p=0.0304) compared to PBS controls (see Figure 5.5f). Despite 

their higher liver weight, those mice had fewer liver macro-metastases than PBS 

controls, although this difference was not statistically significant (see Figure 5.5h). 

These metastases, as well as the spleen metastases, were counted visually when 

sacrificing the mice. CBD-IFNγ may therefore be suppressing the formation of liver 

metastases.  

 

With the kind support of Chanthirika Ragulan, we analysed the tumours using flow 

cytometry (see Figure 5.6a-k). The overall number of immune cells was not gravely 

affected by either therapy (see Figure 5.6a). With the combination immunotherapy, I 

observed a significant increase in T-cells in the tumour compared to PBS controls 

(p=0.0099) (see Figure 5.6b). Within T-cells, CD4+ T-cells and more specifically Tregs 

seem to show an increasing trend with the combination immunotherapy, albeit not 

significant (see Figure 5.6d,f). Due to a problem with the Foxp3 antibody in this 

experiment, Tregs were defined as CD4+ CD127- T-cells (see Figure 5.6f). All T-cells 

following activation loose CD127 expression (477). Memory and effector T-cells regain 

CD127 expression whilst Foxp3+ Tregs remain CD127 negative, since Foxp3 interacts 

with the CD127 promoter whereby reducing its expression (477).  

 

In the CD8+ T-cells, CD127 expression is linked to active effector and memory T-cells. 

Although not significant, overall CD8+ T-cells and memory CD8+ T-cells show a 

decreasing trend with the combination immunotherapy (see Figure 5.6e,g), whilst 

dendritic cells are significantly reduced in this group compared to PBS (p=0.0499)(see 

Figure 5.6i). These findings collectively suggest there may be a degree of resistance 
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taking place to CBD-IFNγ therapy. This can most likely be attributed to the PD-L1 

expression on both immune (CD45+) (p=0.0134) and non-immune (CD45-) (p=0.0025) 

cells being significantly increased with the combination immunotherapy compared to 

PBS, but not with the monotherapy (see Figure 5.6j,k). This finding was confirmed 

through western blotting of PD-L1 in tumour lysates; an increasing trend in PD-L1 was 

observed especially with combination immunotherapy, although a lot of variation was 

observed (see Figure 5.6l,m).This suggests anti-PD-1 therapy may cause cancer cells 

to compensate for the PD-1 inhibition by further upregulating PD-L1. Therefore, it may 

be useful to combine CBD-IFNγ therapy with both anti-PD-1 and anti-PD-L1 to 

counteract this in future studies. 
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Figure 5.6 The combination of CBD-IFNγ + anti-PD-1 increases intratumoural T-cells 
and reduces dendritic cells in the 7947 PDAC mouse model  
a) 6-7-week-old FVB/NCrl mice (n=6, except n=5 for CBD-IFNγ) were orthotopically 
injected with 50 000 PDAC cells into the pancreas through a laparotomy and mice 
received 25 µg of CBD-IFNγ intravenously (IV) with or without 100 µg of anti-PD-1 
intraperitoneally (IP) on day 6 following tumour inoculation. All mice were culled once 
the first animal reached the humane endpoint. The tumours were processed and 
stained for flow cytometric analysis a-k) or snap frozen for protein analysis l-m). 10 µg 
of protein was then used for a PD-L1 western blot. Signals from four tumours per 
group were quantified and normalised to the loading control. This western blot was 
performed only once. Statistical analyses were performed with a one-way ANOVA 
with Tukey’s multiple comparison tests on GraphPad prism. 
 

5.3 Discussion 

IFNγ is a potent inflammatory cytokine with pleiotropic effects. It has been heavily 

studied in multiple cancer types with varying results. A major limitation of this interferon 

is that it triggers severe toxicity. In this chapter, I have bioengineered IFNγ by 

conjugating it to CBD to improve its pharmacokinetics and prolong its tumour retention. 

I produced this molecule, as well as wild-type IFNγ using the HEK293F and Expi293 

expression systems. I tested CBD-IFNγ in PDAC and CRC mouse model. In both 

models, the molecule seems to affect the TME but its ability to reduce tumour burden 

and prolonging survival were limited.  

 

I initially trialled the efficacy of wild-type IFNγ and CBD-IFNγ in the MC38 model. Since 

others have found IFNγ to be incapable of inducing MC38 cell apoptosis in vitro (478), 

I hypothesised IFNγ would exert its effect by influencing the immune landscape of the 

tumour rather than directly inducing cancer cell apoptosis. Although both wild-type IFNγ 

and CBD-IFNγ significantly prolonged survival, no complete responses were observed, 

and mice eventually became resistant. In this same model, a colleague of mine Dr. 

Aslan Mansurov at the university of Chicago demonstrated wild-type IL-12 and M-CBD-

IL12 to induce complete responses in all mice (see Figure 3.8f). This suggests the 

MC38 model is more responsive to IL-12 than IFNγ, despite their closely linked 

signalling pathways.  

 

Similarly to what was demonstrated in this study, others have observed limited efficacy 

of IFNγ in different tumour types, outside of its pharmacokinetic challenges and limited 
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tumour penetration. This can be a result of multiple factors and remains a controversial 

topic to this day. IFNγ also plays a role in maintaining homeostasis and preventing 

tissue damage. For example, some studies have shown IFNγ to reduce the mortality of 

mice with autoimmune diseases such as autoimmune encephalomyelitis, suggesting 

IFNγ can also have anti-inflammatory effects (479). Secondly, early studies discovering 

the anti-tumour effects of IFNγ also highlighted that in certain human tumours, 

mutations in IFNγ signalling proteins have been found, which can be a source of 

unresponsiveness to IFNγ (402). Thirdly, IFNγ has been shown to induce the production 

of MDSCs that suppress dendritic cell (480) and T-cell (481) activity, and to upregulate 

immune checkpoints such as the PD-1/P-L1 axis (482). I observed the latter both in 

vitro using flow cytometry and in my in vivo PDAC study flow cytometry results.  

 

Interestingly, others have found the combination of intratumoural IFNγ and intra-

peritoneal anti-PD-L1 in the MC38 model to significantly prolong survival and suppress 

tumour burden (483). In contrast, IFNγ monotherapy performed significantly worse than 

PBS controls in MC38 in their study. In contrast, in my MC38 in vivo study both wild-

type IFNγ and CBD-IFNγ prolonged the survival significantly of mice bearing MC38 

tumours. However, some resistance still took place.  

 

Since intratumoural injection is challenging to perform for CRC, a tumour-targeted form 

of IFNγ that allows for intravenous injection in combination with anti-PD-L1 may be 

efficacious in this mouse model. Dougan and colleagues combined tumour-targeted 

delivery of IFNγ through conjugation to CPIs to address the PD-L1 resistance 

mechanism (21). They conjugated a Variable Heavy domain of Heavy Chain (VHH) 

against PD-L1 to IFNγ (21). In CT26 as monotherapy, and in B16 in combination with 

the TA99 antibody, the conjugate significantly prolonged survival (21). KPC organoids, 

orthotopically implanted and treated with the VHH-IFNγ, were significantly smaller than 

controls (21). These mice also survived significantly longer, and the treated tumours 

harboured significantly fewer myeloid cells and significantly more CD4+ and CD8+ T-

cells (21). In contrast, CBD-IFNγ in my trials did not suppress tumour burden to the 

same extent in any tumour model, even when combined with anti-PD-1 therapy. This 

could be attributed to multiple factors; the first one being the inhibitory effect of the VHH 

towards PD-L1, which would prevent interaction with PD-1 and thereby inhibit this axis. 

However, it is important to highlight the potential off-target effects of this PD-L1-
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targeting VHH due to the widespread expression of PD-L1. This may therefore result in 

toxicity. Use of a VHH with affinity to a tumour-specific antigen would improve this 

problem. Instead of anti-PD-L1, I combined CBD-IFNγ therapy with anti-PD-1 in my 

PDAC mouse study since evidence suggests PDACs may rely on PD-1 expression 

more than PD-L1 for their tumorigenic potential (461). However, in my PDAC study, 

inhibition of PD-1 along with CBD-IFNγ therapy does not seem to have the same 

desired effect as the PD-L1-targeting VHH. This is most likely related to the 

immunological nature of the PDAC model. As described in the introduction of this 

chapter, anti-PD-1 efficacy relies on the presence of T-cells and dendritic cells in the 

tumour stroma. The PDAC model I chose to treat is mesenchymal and immunologically 

‘cold’ meaning it harbours few T-cells and antigen presenting cells for the anti-PD-1 to 

act on. In contrast, PD-L1 is more widely expressed on cancer cells and myeloid cells 

(407) and therefore its efficacy does not depend on the presence of T-cells in the tumour 

stroma. I predicted IFNγ to have a chemotactic effect on T-cells, similarly to IL-12, which 

could sensitise these tumours to anti-PD-1. Nevertheless, anti-PD-L1 therapy in 

combination with IFNγ may be a more suitable alternative for immunologically cold 

PDAC models.  

 

Overall, I produced a novel bioengineered IFNγ immunotherapy and tested its efficacy 

in vitro and in vivo. In vitro, the molecule performed similarly to its wild-type counterpart. 

In vivo, as monotherapy CBD-IFNγ did not perform as well as M-CBD-IL12 in the MC38, 

suggesting despite their linked signalling pathways, they still operate differently within 

the same mouse models. In the PDAC mouse models, CBD-IFNγ in combination with 

CPIs somewhat remodelled the TME, yet only modestly suppressed tumour burden and 

prolonged survival.
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Chapter 6. Discussion and future directions 

The therapeutic options for challenging-to-treat cancer types are usually limited 

because of their complex TME. Exogenous cytokines can remodel tumours either as 

monotherapy or in synergy with other immunotherapy such as CPIs. They have 

however been largely disregarded in the clinic due to their toxicity. In this PhD, I 

bioengineered two pro-inflammatory cytokines to increase their safety and enhance 

their efficacy: IL-12 and IFNγ. I used a combination of collagen anchoring and masking 

to achieve this. I tested the molecules in immunologically distinct mouse models of 

TNBC and PDAC; orthotopic EMT6 tumours respond well to M-CBD-IL12 (4 out 6 

complete responses), and even better to wild-type IL-12 (7 out of 7 complete 

responses). Both molecules significantly prolonged survival, prevented relapse and 

completely remodelled the TME, yet M-CBD-IL12 did so with considerably less toxicity. 

The 4T1 model responded less well to both wild-type IL-12 and M-CBD-IL12, potentially 

due to a combination of its significantly higher TGFβ levels and low collagen content in 

comparison with EMT6. In both the PDAC mouse models, response to M-CBD-IL12 

was modest. However, orthotopic 3275 tumours shrank significantly with wild-type IL-

12 therapy. The same cannot be said for 7947, suggesting this model exhibits evasive 

characteristics towards IL-12. I found 7947 tumours, but not cells, to express 

significantly higher KRAS G12D protein than 3275, which is known to promote immune 

evasion and lead to unresponsiveness to immunotherapy. Using a co-culture system, I 

demonstrated that the combination of MRTX1133 therapy (KRAS G12D small molecule 

inhibitor) and IL-12 to lead to reduced cancer cell viability in the presence of 

splenocytes. The efficacy of IL-12 therapy in the AK15376 iKras mouse model was 

enhanced by the elimination KrasG12D through the withdrawal of doxycycline. Finally, 

CBD-IFNγ as monotherapy or combination (anti-PD-1) therapy also remodelled the 

TME of 7947 tumours yet did not suppress tumour burden either.  

 

6.1 The fine balance between IL-12 and IFNγ efficacy and toxicity 

Recombinant human IL-12 was heavily studied as cancer therapy around two decades 

ago (484-487). In a phase I study on multiple advanced cancers in 1997, intravenous 

recombinant human IL-12 however triggered a wide range of adverse events including 
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nausea, chills, fever, neutropenia, and hyperbilirubinemia (487). They identified the 

maximum tolerated dose to be 500 ng/kg (487). However, at this dose, three patients 

still had deranged liver tests and another patient passed away due to Clostridia 

perfringens septicaemia, potentially unrelated to the IL-12 (487). The other patients 

tolerated 500 ng/kg well (487). In a phase II trial, this same dose of IL-12 was toxic in 

12 out of 17 patients and unfortunately two participants passed away (485). This led to 

the FDA temporarily halting all IL-12 clinical trials (485). Later on, these were fortunately 

resumed but the IL-12 toxicity remains a challenge to this day (485). It is however 

important to highlight that within toxicity, objective measurements exists (such as 

deranged liver tests and neutropenia) whilst others are reported by patients (malaise, 

sweating) and can be considered subjective. Manipulating the route of administration 

of IL-12 to suppress toxicity unfortunately also reduced efficacy; in a phase II trial on IL-

12 therapy in non-Hodgkin’s lymphoma, 40% of patients treated intravenously had 

either partial or complete responses whilst in patients treated subcutaneously, this was 

only 7% (488). This suggests that reducing toxicity by altering the route of administration 

is not an option for IL-12.  

 

IFNγ was found to be a major culprit of IL-12 toxicity; even at low doses of IL-12, IFNγ 

expression in blood is raised (486). Interestingly, after repeated IL-12 injections, IFNγ 

production gradually declines (486, 489). I was able to confirm this in my toxicity studies 

on both FvB/NCrl and BALB/c non-tumour bearing mice; plasma IFNγ dropped 

considerably between the first and second dose of wild-type IL-12. In contrast, M-CBD-

IL12 triggered virtually undetectable levels of plasma IFNγ, highlighting the ability of the 

mask to suppress toxicity.  

 

Although this reduction in IFNγ is useful in terms of toxicity, Gollob et al. demonstrated 

in a phase I clinical trial on intravenous IL-12 therapy for metastatic renal cell carcinoma 

or melanoma, that IL-12 clinical benefit depended on sustained IFNγ secretion (490). 

Similar findings were confirmed by Bekaii-Saab et al. (491). I demonstrated 

intratumoural IFNγ levels were raised in the EMT6 tumours in both wild-type IL-12 and 

M-CBD-IL12 groups in Chapter 3. Interestingly, the M-CBD-IL12-treated mice remained 

protected for 248 days following tumour inoculation. A population of memory T-cells 

was most likely formed that protected the mice long-term even after IFNγ was cleared 

from the tumour. However, due to the treated tumours disappearing rapidly following 
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therapy, I was not able to confirm whether this IFNγ response was maintained 

intratumourally. Plasma IFNγ increased cumulatively with multiple doses of wild-type 

IL-12 and to a lesser extent with M-CBD-IL12 too. Therefore, in contrast with the 

findings from the aforementioned clinical trials, I did not find plasma IFNγ nor the clinical 

benefit to reduce following multiple doses of IL-12 in the EMT6 model. However, murine 

biology often does not translate into clinical trials and vice versa.  

 

6.2 Finetuning the immunosuppressive cytokines and their effect 
on IL-12 immunotherapy  

In the PDAC models and the 4T1 model, there are most likely compensatory 

mechanisms that induce resistance to IL-12 therapy over time. An example is that 

repetitive IL-12 signalling can also lead to a negative feedback loop, frequently 

mediated by IL-10 (486, 489). Although this can be a source of resistance to IL-12 

therapy, evidently, some models are more prone to this type of resistance than others. 

For example, I showed in Chapter 3 that in EMT6, IL-12 treated tumours, but not M-

CBD-IL12-treated tumours, have significantly higher intratumoural IL-10 and TNFα than 

PBS controls. Exactly why IL-12 triggers this over M-CBD-IL12 remains elusive, yet it 

is most likely associated with their pharmacokinetics; unmodified IL-12 signalling is 

more powerful and diffuse than M-CBD-IL12, potentially leading to the activation of this 

negative feedback loop at an earlier time point. However, despite the raised IL-10 

levels, wild-type IL-12 still performed better than M-CBD-IL12 in prolonging survival, 

suggesting this IL-10-mediated loop has little immunosuppressive effect in the EMT6 

model. In future studies, measuring the IL-10 in the other models, as well as other 

immunosuppressive cytokines, may help explain resistance to IL-12 therapy. 

 

Besides IL-10, other immunosuppressive cytokines can play a role in reducing the 

efficacy of IL-12. TGFβ is an immunosuppressive cytokine that was significantly less 

abundant in the IL-12-responsive EMT6 model compared to the 4T1 model in which 

both wild-type IL-12 and M-CBD-IL12 had little effect. Interestingly, with both wild-type 

IL-12 and M-CBD-IL12, the already low TGFβ1 levels in EMT6 tumours further 

significantly decreased compared to PBS control mice. This suggests that in EMT6, IL-

12 suppresses the TGFβ1 levels, whilst 4T1 may be exhibiting resistance to IL-12 due 
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to its excessively high TGFβ1. These conflicting results fit within a much larger ongoing 

debate regarding the association between IL-12 and TGFβ1 (492). As previously 

mentioned, one of TGFβ1’s tumorigenic effects is to direct T-cell differentiation towards 

Tregs and Th17 cells (492).  This helps explain why 4T1 as an immunotype 1 tumour is 

TGFβ1-enriched and heavily infiltrated with Tregs and Th17 cells (see Figure 3.2, see 

Figure 3.22). These TGFβ-induced T-cell differentiation programs are counteracted by 

the effects of IL-12 and its downstream effector IFNγ (492); IL-12 has even been shown 

to inhibit the expression of the Treg transcription factor Foxp3 and the Th17 transcription 

factor RORγt in vitro (492). Cells treated with both IL-12 and TGFβ simultaneously start 

to display Th1 characteristics (Tbet expression, IFNγ/IL-2 production) and they are 

capable of triggering nitric oxide production by macrophages, suggesting IL-12 reverses 

or counteracts the effects of TGFβ (492). However, other research has shown TGFβ to 

suppress the IFNγ response of lymphocytes to IL-12 signalling (493, 494). TGFβ also 

seems to inhibit JAK2 and TYK2 phosphorylation as well as the phosphorylation of 

STAT4, all crucial components of the IL-12 signalling pathway (494). These findings 

support the use of TGFβ inhibitors in combination with IL-12 therapy in models like 4T1.  

 

Although controversial, the use of IL-12 in combination with TGFβ inhibitors has 

become increasingly more common, unfortunately with mixed outcomes. More 

specifically, the combination of the NHS-IL12 immuno-cytokine (histone-targeting 

antibody + two human IL-12 heterodimers) and bintrafusp alfa (TGFβ trap consisting of 

a component of the TGFβRII fused to an anti-PD-L1 antibody), both of which were 

explained in the introduction in section 1.3.1. The NHS-IL12 antibody was found to be 

safe and to trigger some immune remodelling of the TME of patients with metastatic 

solid tumours (NCT01417546) (495).  

 

In EMT6 and MC38 mouse models, murine NHS-IL12 in combination with the anti-PD-

L1 antibody avelumab performed better than either therapy alone (496); the 

combination triggered complete responses in 7 out of 8 mice with EMT6 tumours, whilst 

the NHS-IL12 as monotherapy at both 2 µg and 10 µg barely delayed tumour 

progression. This suggests the anti-tumour effects of NHS-IL12 as monotherapy are 

less powerful than M-CBD-IL12 in the EMT6 model (496). Their combination-treated 

and cured mice resisted an EMT6 rechallenge yet were not protected from inoculation 

with 4T1 tumours (496). They however did not trial the combination in 4T1-bearing mice.  
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In MC38, whilst the NHS-IL12 and avelumab monotherapies did not significantly 

suppress tumour burden, the combination treatment did, and simultaneously prolonged 

survival significantly (496). Similarly to EMT6, M-CBD-IL12 also had an outstanding 

performance in MC38 as monotherapy, suggesting EMT6 and MC38 models respond 

similarly to IL-12 therapy (496). The findings of this study caused NHS-IL12+avelumab 

to progress to a phase Ib trial (NCT02994953) in patients with advanced solid tumours, 

which confirmed the safety of the combination (497). Recently, a second phase Ib trial 

was performed on patients with advanced solid tumours using this combination and a 

dose expansion was performed on a subset of patients with advanced urothelial 

carcinoma (498). Unfortunately, the dose expansion part did not meet the pre-defined 

criteria required for stage 2 (≥ 3 confirmed objective responses) (498).  

 

Bintrafusp alfa (TGFβ trap) demonstrated promising effects in mouse models (499) and 

early clinical trials (29, 500-502) (see Table 1.8). In combination with NHS-IL12, it was 

studied in MC38, EMT6 and 4T1 mouse models (503). In MC38, the monotherapies 

already significantly suppressed tumour burden, yet this response was further 

enhanced when both were combined. Two out of the eight mice treated with the 

combination had complete responses and these mice were protected from a 

rechallenge (503). In contrast, no complete responses were observed with NHS-IL12 

monotherapy and isotype controls and a single complete response for bintrafusp alfa 

monotherapy.  

 

In EMT6, a similar pattern was observed; both monotherapies and the combination 

significantly suppressed tumour burden and prolonged survival, yet the response was 

stronger with the combination (503). In 4T1, bintrafusp alfa as monotherapy and in 

combination with NHS-IL12 significantly reduced lung metastases, whilst NHS-IL12 as 

monotherapy had little effect (503). Due to these promising results, this combination 

also progressed to clinical trials; in patients with metastatic genitourinary malignancies 

bintrafusp alfa, SBRT and NHS-IL12 triggered an ORR of 36.4% (504). Interestingly, in 

PDAC, bintrafusp alfa in combination with gemcitabine or with NHS-IL12 and SBRT 

was unsuccessful; a clinical trial was terminated prematurely due to a worsening risk to 

benefit ratio (NCT04327986) (see Table 1.8), highlighting the uniqueness of the PDAC 

TME yet again.  
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Evidently, the combination of TGFβ with IL-12 has been heavily studied but its effects 

observed in mice have not translated well into patients. Due to the high levels of TGFβ1 

in the 4T1 TME, investigating the combination of M-CBD-IL12 with TGFβ inhibition in 

this model may be a promising future strategy. In contrast, due to the failure of TGFβ 

inhibition in PDAC (see Table 1.8), the same cannot be said for 7947 and 3275.  

 

6.3 Immune suppression at a genetic level may reduce the 
efficacy of IL-12 immunotherapy 

The production of these immunosuppressive cytokines that lead to resistance to IL-12 

can be driven by oncogenic driver mutations. As discussed in Chapter 4, associations 

between the KrasG12D mutation and immunotherapy resistance exist, yet pinpointing the 

exact mechanism through which this takes place remains elusive. In addition to IL-10 

and TGFβ, resistance to immunotherapy may originate from KrasG12D-induced GM-CSF 

production (505). The authors describe the KrasG12D mutant cells to produce more GM-

CSF into cell culture media than wild-type cells (505). Inhibition of the PI3K or MAPK 

pathways obliterated this cytokine production (505). Although GM-CSF is known to 

induce proliferation of monocytes and dendritic cells, it also recruits immunosuppressive 

Gr1+CD11b+ myeloid cells (505). GM-CSF was found to induce their differentiation, 

which led to a reduction in T-cell proliferation, highlighting their immunosuppressive 

effects (505). Interestingly, GM-CSF suppression through an shRNA in KrasG12D mutant 

PDAC cells resulted in reduced tumour formation and smaller tumour sizes compared 

to the scrambled control. These tumours also harboured a large CD8+ T-cell population 

and raised apoptosis, whilst the scrambled shRNA tumours were completely CD8+ T-

cell depleted (505). Depleting CD8+ T-cells in the GM-CSF shRNA knockdown mouse 

model restored the tumorigenic potential of the cancer cells and led to tumour formation. 

This suggests that KrasG12D mutant, but not wild-type Kras PDAC cells rely on GM-CSF 

and Gr1+CD11b+ myeloid cells to escape from CD8+ T-cells to form tumours (505). 

Therefore, GM-CSF production is a second plausible mechanism, besides the FAS 

pathway described in chapter 4, through which KrasG12D can promote immune evasion 

and unresponsiveness to immunotherapy in PDAC.  
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In addition, in other cancer types, other KrasG12D-mediated immune evasive 

mechanisms have been described that operate through cytokines. For example, in 

NSCLC, unresponsiveness to CPIs has been attributed to the KRASG12D mutation, since 

KRASG12D mutant NSCLCs expressed less PD-L1 (surrogate biomarker for CPI 

efficacy) and less CXCL10/CXCL11 (506). Further, they found the mutation to actively 

suppress PD-L1 expression through the P70S6K/PI3K/AKT axis and CXCL10/CXCL11 

expression through downregulation of high mobility group protein A2 (506). In mouse 

models, paclitaxel therapy restored CXCL10/CXCL11 secretion, and in combination 

with an anti-PD-L1 antibody, it therefore suppressed tumour growth compared to anti-

PD-L1 monotherapy (506). However, conflicting evidence exists on whether KRAS 

mutation status affects response to CPI in NSCLC (507-509).  

 

Overall, a clear association exists between the KrasG12D mutation, CD8+ T-cells, and 

immunotherapy response within PDAC. Unfortunately, the research on IL-12 in PDAC 

is currently limited. Despite having established an association between KrasG12D and IL-

12 therapy in my experiments, more work is required to identify the mechanism of action 

through which KrasG12D exerts its effects between different PDAC mouse models. 

 

6.4 Limitations and future directions 

Some limitations have reduced the validity of certain findings in this PhD thesis, the first 

one being the nature of certain in vitro experiments. More specifically, the assay 

representing the cleaving of the M-CBD-IL12 linker through western blotting, which uses 

tumour lysates. Although these lysates were used to capture the ability of proteases in 

the TME in its entirety to cleave the linker, this unfortunately also meant that certain 

intracellular proteases were released during tissue homogenisation that may have 

contributed to linker cleaving. In future experiments, it may be useful to include an 

additional condition. More specifically, after generating a single cell suspension from an 

established tumour model, homogenising these cells could visualise the extent of 

cleaving induced by the intracellular lysates. In addition, although this experiment was 

aimed at demonstrating linker cleaving, demonstrating the cleaving in vivo could help 

understand the tumour-specific activation of the M-CBD-IL12 molecule. This could 

potentially be achieved by injecting the M-CBD-IL12 molecule in tumour-bearing mice 
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and sacrificing mice at different timepoints (3 hours, 6 hours, 9 hours, and 24 hours 

after intravenous injection). The tumour as well as multiple other organs could be 

homogenised for protein analysis. An IL-12 western blot or Wes Simple western could 

demonstrate both the biodistribution of the molecule between organs, as well as the 

degree of linker cleaving.  

 

In Chapter 3, the bioengineered cytokines I produced triggered some complete 

responses, especially in the EMT6 TNBC model. This suggests that the findings in this 

thesis have helped identify an immune landscape that is likely to respond to a 

bioengineered tolerable IL-12 molecule. Such associations may be very valuable in a 

translational context, yet require confirmation in a much larger number of TNBC mouse 

models. Despite having analysed changes in the TME following therapy, identifying the 

cell-to-cell interactions that generated this response requires further work. This could 

be achieved by depleting different immune cell types and observing whether this 

obliterates or enhances the observed effects of IL-12. For example, I identified raised 

TGFβ1 expression in 4T1 as a potential resistance mechanism that may have reduced 

the efficacy of M-CBD-IL12 in this model. Therefore, inhibiting TGFβ1 through a 

monoclonal antibody would offer insight into the link between a tumour’s immune 

landscape and how this contributes to resistance to IL-12 immunotherapy. Similarly, to 

pinpoint the cell population that is largely responsible for the disappearance of EMT6 

tumours following M-CBD-IL12 therapy, I would aim to perform CD8+ T-cell depletion 

studies. In addition, to confirm whether the observed response in EMT6-bearing mice 

was of a long-lasting nature because of a population of memory cytotoxic T-cells, a 

rechallenge study would need to be performed. Finally, validation of the immunological 

changes following therapy using a technique other than flow cytometry such as 

immunohistochemistry could increase the validity of my findings. However, the tissues 

available for analysis in the treated groups are very limited due to the tumours 

disappearing, suggesting the animal studies would need to be repeated multiple times 

to achieve this.  

 

In Chapter 4, I demonstrated a relationship between the KrasG12D mutation and 

response to IL-12 therapy in iKras PDAC mouse models. Although the 

immunomodulatory role of this mutation was previously established, few have explored 

its role in reducing the efficacy of IL-12. Therefore, the findings in this thesis may 
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contribute to the identification of a crucial resistance mechanism leading to the low 

immunotherapy efficacy in PDAC clinical trials. Building on these findings, it would be 

interesting to confirm whether the KRAS G12D inhibitor MRTX1133 can suppress 

immune evasive mechanisms in the less IL-12 responsive 7947 model to sensitise it to 

IL-12. In addition, I would aim to establish whether differences in immune landscape 

between the 7947 and 3275 mouse models are driven by their differential KRAS G12D 

levels. Finally, further work would be required to optimise the linker sequence of M-

CBD-IL12 for PDACs. The sequence can be adjusted according to the most abundantly 

expressed proteases in the tumour to enhance removal of the mask exclusively in the 

tumour.  

 

As described above, a major barrier that limits the success of many therapeutic agents 

in both TNBC and PDAC is the heterogeneity. Throughout this PhD, I have attempted 

account for intratumoural heterogeneity by using multiple immunologically distinct 

mouse models of the same cancer type where possible. Where applicable, tumours 

were also inoculated orthotopically either into the pancreas or the 4th nipple mammary 

fat pad. Although I demonstrated some responses to the bioengineered cytokines in 

different mouse models, these studies have been performed under highly controlled 

conditions and on rather small samples (n=6-7). An ongoing issue with mouse studies 

is that the data often does not translate into clinical trials, where environmental factors 

and genetics cause an even larger degree of heterogeneity. The implantation of Patient-

Derived Xenografts (PDX) into immunocompromised or humanised mice, are used by 

many to bridge the gap between mouse and human. However, for immunotherapy to 

be successful, immunocompetent humanised mice are required. Producing a 

humanised version of the bioengineered cytokines and testing them in such models 

would make my findings more generalisable to patients. However, the cost of these 

models as well as obtaining patient samples are barriers that prevented me from 

achieving this throughout my PhD.  

 

6.5 Conclusion 

Overall, cancer types with challenging TMEs require combination therapy without the 

associated cumulative toxicity. Bioengineered tolerable anti-tumour cytokines as 
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monotherapy suffice for some mouse models, yet others demonstrate resistance 

through a variety of different pathways. This highlights the importance of addressing 

heterogeneity through patient classification to enable for selection of the most suitable 

immunotherapy agents. Consequently, delving into the different resistance 

mechanisms between models has helped me identify potential ways in which future 

research could pre-empt them.  
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B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other control
permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject
of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e"ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,
and

a statement to the e"ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically
or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the
material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from
any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and
records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external business uses

and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable
Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any di"erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For “electronic reproductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use, all as measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the date of the Order
Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder); provided,
however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modified without
additional express permission, and a Work consisting of audiovisual content may, if necessary, be “clipped” or reformatted for purposes of time or content management or ease of
delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that
the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be e"ective as to any subsequent Licenses but shall not apply to
Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights
granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder
and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a!liates and purporting to govern or otherwise
relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC’s standard
operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC’s sole discretion, in any federal or state
court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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This is a License Agreement between Melanie Herpels (“User”) and Copyright Clearance Center, Inc. (“CCC”) on behalf of the Rightsholder identified in the order details below. The
license consists of the order details, the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and Conditions below.

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

ADDITIONAL DETAILS

REQUESTED CONTENT DETAILS

RIGHTSHOLDER TERMS AND CONDITIONS
No right, license or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted hereunder, and you agree that you shall not assert
any such right, license or interest with respect thereto. You may not alter, remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley material. This
Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the licensing process. In no instance may the total amount of Wiley Materials
used in any Main Product, Compilation or Collective work comprise more than 5% (if figures/tables) or 15% (if full articles/chapters) of the (entirety of the) Main Product, Compilation or
Collective Work. Some titles may be available under an Open Access license. It is the Licensors' responsibility to identify the type of Open Access license on which the requested material was
published, and comply fully with the terms of that license for the type of use specified Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html.

Marketplace Permissions General Terms and Conditions
The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted by
Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such Works through CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Confirmation Terms” are additional terms set forth on specific
Order Confirmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third party who
the User authorized to accept the General Terms on the User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on behalf of
the copyright rightsholder identified in the relevant Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any conflict between General Terms and Order Confirmation Terms,
the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC
has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The License
provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the manner
identified on specific invoices, (ii) unless otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon receipt of the relevant
invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User
may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the License immediately upon
receiving the Order Confirmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include
subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Confirmation, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the
Work. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any way that is unlawful, including without limitation if
such use would violate applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third parties’ rights of copyright, privacy, publicity, or
other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work
and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar materials)
that are identified in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if
available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order Confirmation, a
proper copyright notice will read substantially as follows: “Used with permission of [Rightsholder’s name], from [Work’s title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another
location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work as
used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the
Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs, and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work which has
been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING
WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF
ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and
directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,
a!liates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,
INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR
THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) E!ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Confirmation and/or the Terms,
shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder’s ordinary license price therefor; any
unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be
subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder’s ordinary license price for the most closely analogous licensable
use plus Rightsholder’s and/or CCC’s costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or classroom
handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,
or by o"-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by
means of deleting material immediately preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular anthology would be
systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during
the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a
photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating
permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and
records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For uses in
e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic format,
and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,
accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which grants not
only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of the resolution of such requested material (provided that such modification does not
alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of the
requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A)
above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video
formats; and (iii) to “clip” or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does
not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent
with, the particular authorization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not
authorize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the
Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case
of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit “publishing ventures” where any particular course materials would be systematically
marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided
by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other control
permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject
of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e"ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,
and

a statement to the e"ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically
or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the
material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from
any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and
records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external business uses

and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable
Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any di"erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For “electronic reproductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use, all as measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the date of the Order
Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder); provided,
however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modified without
additional express permission, and a Work consisting of audiovisual content may, if necessary, be “clipped” or reformatted for purposes of time or content management or ease of
delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that
the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be e"ective as to any subsequent Licenses but shall not apply to
Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights
granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder
and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a!liates and purporting to govern or otherwise
relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC’s standard
operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC’s sole discretion, in any federal or state
court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022

Order Date 01-May-2024
Order License ID 1479309-1
ISSN 1096-9896
Type of Use Republish in a thesis/dissertation
Publisher JOHN WILEY & SONS LTD.
Portion Chart/graph/table/figure

Publication Title The Journal of pathology

Article Title The clinical terrain of immunotherapies in heterogeneous pancreatic cancer: unravelling
challenges and opportunities

Author/Editor Wiley InterScience (Online service), Pathological Society of Great Britain and Ireland.

Date 01/01/1969

Language English

Country United Kingdom of Great Britain and Northern Ireland

Rightsholder John Wiley & Sons - Books

Publication Type e-Journal

Start Page 533

End Page 550

Issue 5

Volume 260

URL http://www3.interscience.wiley.com/cgi-bin/jhome/110526247

Portion Type Chart/graph/table/figure

Number of Charts / Graphs / Tables / Figures Requested 3

Format (select all that apply) Print, Electronic

Who Will Republish the Content? Academic institution

Duration of Use Life of current and all future editions

Lifetime Unit Quantity Up to 500,000

Rights Requested Main product

Distribution Worldwide

Translation Original language of publication

Copies for the Disabled? No

Minor Editing Privileges? Yes

Incidental Promotional Use? No

Currency GBP

Title Bioengineered tumour-targeted cytokines for tolerable immunotherapy combinations in
solid tumours

Instructor Name Melanie Herpels

Institution Name Imperial College London

Expected Presentation Date 2024-06-18

The Requesting Person / Organization to Appear on the License Melanie Herpels

Title, Description or Numeric Reference of the Portion(s) Tables 1-3

Editor of Portion(s) Herpels, Melanie; Ishihara, Jun; Sadanandam, Anguraj

Volume / Edition 260

Page or Page Range of Portion 533-550

Title of the Article / Chapter the Portion Is From The clinical terrain of immunotherapies in heterogeneous pancreatic cancer: unravelling
challenges and opportunities

Author of Portion(s) Herpels, Melanie; Ishihara, Jun; Sadanandam, Anguraj

Publication Date of Portion 2023-08-27

Privacy  - Terms



Appendix 

 

253 

 

 
 

 

This is a License Agreement between Melanie Herpels (“User”) and Copyright Clearance Center, Inc. (“CCC”) on behalf of the Rightsholder identified in the order details below. The
license consists of the order details, the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and Conditions below.

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

ADDITIONAL DETAILS

REQUESTED CONTENT DETAILS

RIGHTSHOLDER TERMS AND CONDITIONS
No right, license or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted hereunder, and you agree that you shall not assert
any such right, license or interest with respect thereto. You may not alter, remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley material. This
Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the licensing process. In no instance may the total amount of Wiley Materials
used in any Main Product, Compilation or Collective work comprise more than 5% (if figures/tables) or 15% (if full articles/chapters) of the (entirety of the) Main Product, Compilation or
Collective Work. Some titles may be available under an Open Access license. It is the Licensors' responsibility to identify the type of Open Access license on which the requested material was
published, and comply fully with the terms of that license for the type of use specified Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html.

Marketplace Permissions General Terms and Conditions
The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted by
Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such Works through CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Confirmation Terms” are additional terms set forth on specific
Order Confirmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third party who
the User authorized to accept the General Terms on the User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on behalf of
the copyright rightsholder identified in the relevant Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any conflict between General Terms and Order Confirmation Terms,
the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC
has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The License
provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the manner
identified on specific invoices, (ii) unless otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon receipt of the relevant
invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User
may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the License immediately upon
receiving the Order Confirmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include
subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Confirmation, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the
Work. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any way that is unlawful, including without limitation if
such use would violate applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third parties’ rights of copyright, privacy, publicity, or
other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work
and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar materials)
that are identified in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if
available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order Confirmation, a
proper copyright notice will read substantially as follows: “Used with permission of [Rightsholder’s name], from [Work’s title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another
location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work as
used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the
Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs, and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work which has
been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING
WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF
ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and
directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,
a!liates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,
INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR
THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) E!ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Confirmation and/or the Terms,
shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder’s ordinary license price therefor; any
unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be
subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder’s ordinary license price for the most closely analogous licensable
use plus Rightsholder’s and/or CCC’s costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or classroom
handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,
or by o"-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by
means of deleting material immediately preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular anthology would be
systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during
the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a
photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating
permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and
records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For uses in
e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic format,
and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,
accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which grants not
only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of the resolution of such requested material (provided that such modification does not
alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of the
requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A)
above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video
formats; and (iii) to “clip” or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does
not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent
with, the particular authorization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not
authorize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the
Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case
of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit “publishing ventures” where any particular course materials would be systematically
marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided
by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other control
permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject
of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e"ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,
and

a statement to the e"ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically
or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the
material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from
any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and
records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external business uses

and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable
Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any di"erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For “electronic reproductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use, all as measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the date of the Order
Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder); provided,
however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modified without
additional express permission, and a Work consisting of audiovisual content may, if necessary, be “clipped” or reformatted for purposes of time or content management or ease of
delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that
the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be e"ective as to any subsequent Licenses but shall not apply to
Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights
granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder
and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a!liates and purporting to govern or otherwise
relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC’s standard
operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC’s sole discretion, in any federal or state
court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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6.7 Gating strategy pSTAT4 experiment on CD8+ T-cells 

 
 

6.8 Gating strategy PD-L1 expression on PDAC cells following 
CBD-IFNγ treatment in vitro 
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6.9 Gating strategy EMT6 intervention study 1 

Applies to: Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12 
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6.10 Gating strategy EMT6 intervention study 2 

Applies to: Figure 3.15, Figure 3.16, Figure 3.17, Figure 3.18 
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6.11 Gating strategy 7947 CBD-IFNγ study  

Applies to: Figure 5.6 
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