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Abstract 

Cancer research has focused on targeted therapy, particularly immune 

checkpoint therapies, since programmed cell death protein 1 (PD1) monoclonal 

therapies demonstrated notable efficacy with reduced toxicity. Despite its progress to 

date, several challenges persist, including a non-inflammatory tumour 

microenvironment (TME), constraints on drug delivery, and suboptimal binding of 

recombinant antibodies. To overcome these challenges, we propose a pragmatic cell 

therapy approach in which mesenchymal stem cells (MSCs) are utilised as carriers of 

a soluble, high-affinity PD1 variant (sPD1HAC). This approach aims to harness the 

tumour tropism and plasticity of MSCs while providing a sustained source of a highly 

competitive PD1 in the TME.  

Our study demonstrates successful insertion of sPD1HAC into MSCs, leading to 

sufficient secretion without compromising cell viability and maintaining unperturbed 

cytokine profile, as shown by ELISA, apoptosis, and cytokine array assays. Across 

solid-phase and cell-based binding assays, including cross-species competitions, 

sPD1HAC outcompeted recombinant PD1 and anti-PDL1 monoclonal antibodies. It 

reduced PD1-PDL1 binding by 82-94 per cent at one-fifth the comparator 

concentration. Furthermore, a single intravenous dose of MSC.sPD1HAC significantly 

reduced pulmonary metastatic burden in C57BL/6 mice with B16.F10 melanoma. 

Additionally, at the cohort scale, TCGA PanCancer Atlas mRNA Z-scores were 

analysed for T-cell abundance, activation, progenitor-exhausted, and exhausted 

states to stratify samples as hot or cold. Melanoma showed the highest T-cell-defined 

inflammatory state within the dataset. We also examined a predefined set of 323 

immune-related genes and their correlations with PDL1 to identify a general signature 

for high-PDL1 tumours. Although no universal signature emerged, PDL1 aligned with 

IFNγ-linked activation, as confirmed by flow cytometry in IFNγ-stimulated cancer cell 

lines. This reinforces the idea that delivery and continuous ligand competition may be 

decisive, especially in colder settings. 

Together, these findings highlight an approach that is both principled and 

practical. Cohort data clarify where inflammation is limited and why a universal 

biomarker may be elusive. The MSC platform then addresses that challenge by 

providing tumour-tropic, continuous delivery of a high-affinity PD1 variant, achieving 
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robust competition in vitro and efficacy in vivo. In doing so, it augments the antibody 

therapy and offers a credible route to strengthen responses in cancers that are 

currently difficult to inflame. 
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1.1 Introduction 

Immune checkpoint blockade (ICB) therapies, also termed as immune checkpoint 

inhibitors (ICI), have gained substantial recognition in the recent decade due to their 

remarkable success in treating diverse cancer types, minimal side effects, and high 

overall survival rates. ICB therapy is based on reactivation of the patient's immune 

system against cancer by targeting immune inhibitors. In this context, a range of ICB 

therapies have been developed. Although some of these approaches may not have 

been successful in either research or clinical studies, therapies targeting the immune 

checkpoint programmed cell death protein (PD1) and several others continue to show 

promising results. For instance, Cercek and her colleagues demonstrated the 

effectiveness of anti-PD1 monoclonal therapy in a cohort of 12 patients with locally 

advanced rectal cancer (Cercek et al., 2022). Remarkably, complete tumour removal 

was achieved in all 12 patients, and no significant adverse events were reported.  

Despite such success stories, significant challenges persist in the field of ICB 

therapies. For instance, the delivery of therapeutics into the desmoplastic stroma of 

tumours remains an issue that needs to be solved. Various approaches have been 

developed to overcome drug delivery issues, such as combination therapies and 

immune vaccines; however, none of them has yet achieved a robust solution for 

breaking the barrier of this evolving microenvironment. Here, we propose 

mesenchymal stem cells (MSCs) as a delivery vector that is capable of releasing 

mediators and migrating to the tumour site. In principle, MSCs can break the 

fibroblastic stroma barrier, harbour, and carry more than one therapeutic agent due to 

their ability to undergo genetic modifications and transport these drugs or factors to 

the specific location of the tumour. Therefore, they have great potential to enhance the 

effectiveness of treatment and shift the inflammation balance to the benefit of immunity 

(Hmadcha et al., 2020; Seyed-Khorrami et al., 2021). Furthermore, they can also be 

directed into the tumour tissue electromagnetically with the addition of biohybrid 

microrobot modification without losing their biological activities or the functionality of 

the therapeutic payload, as our group has shown in a previous study (Gundersen et 

al., 2023). 

While global agencies have approved many drugs for ICB therapy, key challenges 

remain. In addition to the stroma barrier of tumours, the immunosuppressive tumour 
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microenvironment (TME) and cytokine-associated cytotoxicity are the other issues that 

are still unsolved. Progress in decoding the intricate structure of TME, which includes 

the immune toxicity, therapeutic resistance, and biomarker identification, has been 

slower than anticipated, highlighting the need for intensified research efforts. Although 

tumours with microsatellite instability are known to respond well to the treatment, they 

represent only a small fraction of patients. On the other hand, the concept of 'hot 

tumours' is gaining increasing attention for its potential to benefit a broader range of 

patients, provide valuable insights into cancer immune evasion mechanisms, and 

deepen our understanding of tumour immunity. Building on this perspective, identifying 

a common expression profile of cytokines and immune cells that is applicable across 

all cancer types could expand the patient population's eligibility for treatment while 

guiding the selection and development of optimal immunotherapeutic agents. 

Still another, and arguably the most formidable challenge that ICB therapies face, is 

the insufficient proliferation of tumour-infiltrating lymphocytes (TILs), primarily driven 

by low-affinity and short-duration binding of ICB antibodies. To address the challenge 

of binding affinity, Maute and colleagues engineered two libraries of PD1 variants 

employing the yeast surface display method (Maute et al., 2015). They aimed to 

identify a competitive, high-affinity PD1 variant capable of binding effectively to its 

ligands, programmed cell death ligand 1 and 2 (PDL1 and PDL2, respectively). This 

approach led to the discovery of a high-affinity consensus (HAC) PD1, termed as HAC-

V, which featured ten amino acid substitutions and exhibited approximately a 35,000-

fold increased affinity on surface plasmon resonance (SPR) compared to the wild-type 

PD1. Moreover, HAC-V exhibited improved tumour penetration properties, highlighting 

its potential as a therapeutic candidate.  

 

1.2 Dysregulation of immune checkpoints in cancer 

The genesis and progression of cancer hinge upon complex cascades of genetic and 

epigenetic alterations, cumulatively resulting in an aberrant transcriptional landscape 

that favours tumour survival and immune evasion. These alterations occur in distinct 

genomic structures known as insulated neighbourhoods, where pivotal genes, ranging 

from tumour suppressors (TP53) and oncogenes (EGFR) to immune regulators 

(PDCD1), are located. Disruption of these regions contributes directly to cancer 
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pathogenesis by dysregulating oncogenic signalling pathways and modulating 

immune checkpoint gene expression (Hnisz et al., 2018). Thus, dysregulation of 

immune checkpoints starts with tumorigenesis. On the other hand, mutations that 

cause genomic dysregulations in cancer have two faces for tumours; they give rise to 

neoantigens that render the tumour susceptible to immune surveillance, and they also 

give rise to expression of immune checkpoints that support them evading from immune 

system.  

Immune checkpoints, such as PD1, PDL1, cytotoxic T-lymphocyte associated protein 

4 (CTLA-4), lymphocyte-activation gene 3 (LAG-3), T-cell immunoglobulin and mucin-

domain containing-3 (TIM-3), and  T-cell immunoreceptor with Ig and ITIM domains 

(TIGIT), typically serve as key regulators of immune homeostasis, preventing 

excessive immune responses and autoimmune pathology. However, in the context of 

cancer, dysregulation and overexpression of their genes significantly contribute to 

tumour-mediated immunosuppression. This dysregulation stems from tumour-intrinsic 

genetic and epigenetic alterations, extrinsic inflammatory pressures, and metabolic 

cues (Kalbasi and Ribas, 2020; Vishnoi et al., 2022).  

At the genomic level, gene amplifications, structural variations, and oncogenic 

mutations directly influence transcription levels of immune checkpoints in cancer. For 

example, copy number gains and rearrangements at chromosome 9p24.1, where the 

CD274 gene (PDL1) resides, have been consistently correlated with high PDL1 

expression in cancers like Hodgkin lymphoma, NSCLC, and triple‐negative breast 

cancer (Ansell et al., 2015; Guo et al., 2016; Lin et al., 2024b) Also,  loss-of-function 

mutations in tumour suppressors such as TP53, and oncogenic transcription factors 

such as MYC and signalling cascades including PI3K/AKT/mTOR and RAS/RAF 

further augment PDL1 expression, making these genetic alterations foundational 

drivers in many tumour types. (Hargadon, 2023; Kalbasi and Ribas, 2020). 

In contrast, epigenetic mechanisms, including DNA methylation, histone modifications, 

and noncoding RNA regulation, provide a dynamic layer of control that modulates the 

expression of immune checkpoints as well as PDL1 in response to environmental 

cues. Studies have shown that changes in promoter methylation and histone 

acetylation can fine-tune PDL1 levels, especially in response to inflammatory 

cytokines such as IFNγ (Cha et al., 2019; Dai et al., 2022). In terms of the regulation 
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of PD1 expression on T-cells, epigenetic modifications appear to be even more critical. 

Chronic T-cell receptor stimulation leads to durable epigenetic changes, such as 

irreversible demethylation of enhancer regions and histone modification patterns that 

drive sustained PD1 overexpression and promote T-cell exhaustion in the tumour 

microenvironment (Mishra and Verma, 2018; Saleh et al., 2020). 

Despite these distinctions, there is a significant interplay between genetic and 

epigenetic mechanisms. In the case of PDL1, while genetic alterations such as gene 

amplification set the baseline for constitutive expression, epigenetic modifications can 

adjust expression levels dynamically in response to external stimuli.  

The idea of evolving cancer cells in response to a dynamic immune system and TME 

changes constitutes the immunoediting concept (Swann and Smyth, 2007). According 

to this hypothesis, cancer cells accomplish evading the immune system in three 

phases: designated elimination, equilibrium, and escape. The elimination phase of 

immunoediting is also called immunosurveillance, in which cancer cells are recognised 

and eliminated by immune cells. Although the elimination phase can be passed with 

complete tumour clearance, it can also be incomplete with partial tumour clearance. 

Incomplete elimination brings the equilibrium phase, in which cancer cells can stay 

dormant or evolve, acquiring further mutations and expressions. In the equilibration 

phase, immune pressure is still on the susceptible cancer cells to a possible extent. If 

this process continues and elimination cannot be done thoroughly, ultimately, this 

mechanism leads to the selection and escape of successful cancer cell clones. Thus, 

these clones become able to resist the immune system by avoiding or suppressing it, 

so there is an escape phase (Mittal et al., 2014; Swann and Smyth, 2007). 

Beyond classical immunoediting, a recent theoretical model that interprets the 

functional and non-functional intra-tumour heterogeneity has been elucidated, 

distinguishing neutral evolution of cancer cells from Darwinian evolution (Williams et 

al., 2016). Building on this foundation, Efremova et al. initially suggested that the 

neutral accumulation of mutations exerts a greater influence on cancer cells than 

immunoediting. They investigated hypermutated and microsatellite-instable colorectal 

cancer cell lines to elucidate tumour dynamics in the context of immunoediting and 

immune checkpoint therapies. To ascertain the driving forces behind cancer evolution, 

they characterised neoantigens, assessed their binding affinity, and evaluated the 
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retention of neoantigen-generating mutations in both wild-type and immunodeficient 

tumour-bearing mice using whole‐exome sequencing to identify somatic mutations, 

Affymetrix Mouse Diversity SNP array profiling for genome‐wide copy number 

analysis, variant allele frequency (VAF)-based cancer cell fraction estimation to assess 

clonal architecture, RNA sequencing for expression profiling, and peptide-Major 

histocompatibility complex (MHC) binding prediction algorithms to characterise 

neoantigen landscapes. Their findings revealed that the impact of T-cell-dependent 

immunoediting was relatively minor compared to neutral evolution. Notably, the study 

showed that anti-PDL1 therapy markedly altered this equilibrium, shifting the dynamics 

from neutral to non-neutral evolution among the cancer clones, enforcing intense 

immuno-selective pressure (Efremova et al., 2018). This transition was accompanied 

by increased tumour homogeneity, suggesting that checkpoint blockade can intensify 

immunoediting to the extent that resistant clones may eventually dominate, potentially 

explaining the development of resistance to ICB therapy. It is important to note that 

this study was conducted on hypermutated and microsatellite-unstable colorectal 

cancer cell lines, which are among the most responsive cancer types to ICB therapy.  

Collectively, these multilayered and context-dependent mechanisms of checkpoint 

dysregulation highlight the complexity of tumour-immune interactions and the inherent 

limitations in current ICB therapies. Tumour cell-intrinsic genetic and epigenetic 

alterations, evolutionary dynamics, and extrinsic inflammatory signals collectively 

contribute to therapeutic resistance and incomplete clinical responses observed in 

cancer immunotherapy.  

 

1.3 Tumour microenvironment and inflammation 

Closely linked to the genetic and epigenetic dysregulation of immune checkpoint 

molecules, the TME represents another significant and complex barrier to effective 

ICB therapies. When the focus shifts from molecular regulators such as RNAs to the 

cellular and structural constituents, the TME emerges as a heterogeneous and 

intricate ecosystem comprising cancer cells, diverse immune cell populations, stromal 

elements including MSCs and cancer-associated fibroblasts (CAFs), as well as 

cytokines, growth factors, extracellular vesicles (EVs), immune checkpoints, and 

vascular networks. 
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Inflammation within the TME plays a dual role, exhibiting both anti-tumour and pro-

tumour effects (Lan et al., 2021; Zhao et al., 2021). Acute inflammation is beneficial, 

supporting dendritic cell maturation, antigen presentation, and activating robust 

immune responses against cancer cells. Conversely, chronic inflammation fosters 

immune evasion, promotes tumour cell proliferation and metastasis, and contributes 

to therapy resistance. Although TME is often characterised by chronic inflammation, 

cytokines and chemokines, acting as crucial mediators, reflect a delicate balance 

between tumour-promoting and immune-activating functions. Pro-inflammatory 

cytokines such as TNF-α, IL-6, IL-1β, and IL-23 can initially enhance anti-tumour 

immunity, yet their persistent activity often drives chronic inflammation and 

immunosuppression (Landskron et al., 2014). Anti-inflammatory cytokines like IL-10 

and TGF-β similarly have dualistic roles, promoting tumour evasion and immunological 

tolerance under chronic inflammatory conditions.  

Interactions within the TME significantly influence tumorigenesis through multiple 

dynamic mechanisms. Immune cell infiltration and activity within the TME differ 

considerably based on tumour and stromal types, creating diverse immune 

landscapes that vary between patients (Wang et al., 2023). This diversity is attempted 

to be characterised by the classification of tumours into immunologically "hot" or "cold," 

indicating distinct levels of immune infiltration and inflammation. Hot tumours, rich in 

infiltrating T-cells and inflammatory signals, often respond well to immunotherapy (Jiao 

et al., 2019). In contrast, cold tumours, with minimal immune infiltration, generally 

show resistance, highlighting the need for strategies to transform these cold tumours 

into responsive hot ones. 

EVs are another factor emerging as another key component to facilitate intricate 

intercellular communication within the TME. EVs mediate the transfer of proteins, 

nucleic acids, and metabolites, actively shaping local and distant tumour 

microenvironments, influencing immune responses and tumour progression.  

Tumour-derived EVs are found to cause therapy resistance by carrying PDL1 in an 

orientation that enables it to bind PD1 on T-cells, thereby inhibiting T-cell activity 

(Mortezaee and Majidpoor, 2022). Clinical investigations also provide evidence for the 

presence of PD1 on circulating EVs derived from activated T-cells in specific cancer 

contexts. For instance, studies in metastatic melanoma and head and neck squamous 



 P a g e  | 26 
 

cell carcinoma have identified PD1 on exosomes isolated from patient plasma. In 

these settings, higher levels of PD1-positive EVs were observed in patients who did 

not respond to immune checkpoint inhibitors and were associated with poor 

progression-free and overall survival (Chen et al., 2018b; Serratì et al., 2022; 

Theodoraki et al., 2018). These findings together indicate that the therapeutic agent 

used in ICB therapy must have superior binding abilities to displace wild-type PD1 and 

should be sustained by a continuous source in the TME. 

Additionally, inflammation-related intracellular signalling pathways, often referred to as 

downstream molecular pathways, such as nuclear factor kappa B (NF-κB), Janus 

kinase/signal transducer and activator of transcription (JAK-STAT), and mitogen-

activated protein kinase (MAPK), as well as toll-like receptor (TLR) pathways, are 

pivotal regulators within the TME. These downstream signalling cascades orchestrate 

cytokine production, immune cell recruitment and polarisation, and modulate the 

inflammatory milieu, significantly shaping tumour biology and immune dynamics (Zhao 

et al., 2021). 

In summary, the TME comprises a dynamic network of interactions and inflammatory 

signals that critically shape cancer progression and therapeutic outcomes. 

Understanding, characterising, and targeting these interactions, especially by 

modulating acute versus chronic inflammatory responses, may lead to improved 

personalised strategies in cancer immunotherapy. 

 

1.3.1 The concept of HOT-COLD tumours 

 Objective response rates to anti-PD1/PDL1 therapies vary greatly by tumour type and 

agent, reaching approximately 33 to 40% in advanced melanoma with anti-PD1 

monotherapy, about 40 to 56% in Merkel cell carcinoma, around 69 to 72% in 

relapsed/refractory classical Hodgkin’s lymphoma, and about 34 to 48% in tumours 

with high microsatellite instability (MSH-I) and deficient mismatch repair (dMMR) 

(Chen et al., 2019a; D'Angelo et al., 2021; Eroglu et al., 2018; Nghiem et al., 2016; 

O'Malley et al., 2022). This rate in other cancer types, such as advanced non-small-

cell lung cancer, advanced or metastatic urothelial cancer, and advanced renal-cell 

carcinoma, is generally no more than 25% with checkpoint inhibitor monotherapy in 

less selected settings (Disis et al., 2023; Motzer et al., 2015; Rosenberg et al., 2016). 
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The reasons for this variation among patients within the same cohort remain 

incompletely understood. In 2009, Camus et al. discovered that the co-expression of 

genes related to cytotoxicity and T helper 1 (Th1) cells in adaptive immune responses 

could predict patient survival, independent of metastatic status in colorectal cancer. 

This correlation between survival and Th1 cells led to the classification of tumours into 

"hot," "variable," and "cold" categories based on the 2-year recurrence risk, which was 

found to be 10%, 50%, and 80%, respectively. The variable group was further 

subdivided into immunosuppressive and immune rejection subtypes (Camus et al., 

2009; Marei et al., 2023). 

Following these findings, this categorisation of tumours has been evidenced to be 

decisive for therapy response by numerous studies that investigated various cancer 

types, not only in terms of tumour size and metastatic potential but also in relation to 

the TME, signalling pathways, TILs, and other immune characteristics. Even though 

this framework was initially developed from observations of tumour‐infiltrating 

lymphocytes and their impact on patient outcomes, the availability of large‐scale 

datasets such as TCGA has dramatically increased its prominence over the past 

decade. 

Currently, the classification of tumours as hot or cold is approached with a 

multidisciplinary strategy. Comprehensive profiling now integrates genomic, 

transcriptomic, proteomic, and imaging data to yield a holistic view of the TME 

(Chakravarthy et al., 2018). Radiomics techniques, for instance, enable non-invasive 

prediction of immune phenotypes from computed tomography scans by quantifying 

features that correlate with high or low immune cell densities (Nguyen et al., 2023). 

These methodologies, coupled with advanced machine learning algorithms, continue 

to enhance the accuracy and reproducibility of immune classification, thereby aiding 

in the design of personalised immunotherapeutic agents (Sakai et al., 2025). 

Although this field is advancing rapidly, deciphering the TME demands the integration 

of advanced methodologies, extensive datasets, and substantial time investment. 

Approaching this complexity from multiple perspectives, through both targeted and 

integrative analyses of high-quality datasets such as those from TCGA, can streamline 

the path toward meaningful insights. In this study, common T-cell markers and other 
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immune-related genes were analysed in relation to PDL1 expression to contribute to 

this understanding. 

 

1.3.2 Key immune checkpoint molecules 

The TME’s signalling network and the resulting hot/cold tumour phenotype arise from 

numerous inputs (Galon and Bruni, 2019; Wang et al., 2023). Among these, immune 

checkpoints have gained remarkable attention, as findings on specific receptor-ligand 

pairs, such as PD1/PDL1, show that they can calibrate the magnitude and duration of 

T-cell responses to such an extent that they may alter the course of tumorigenesis. 

Fundamentally, the function of the immune checkpoints is to define the threshold 

between effective immunity and tolerance within tumours by counterbalancing co-

stimulation and cytokine signalling. Thus, immune checkpoints operate as 

gatekeepers on the T-cell receptor and co-stimulatory signalling axis, setting the 

activation threshold that determines whether antigen recognition matures into effective 

immunity or is restrained into tolerance. This framing naturally leads to the historical 

development of T-cell activation biology from identifying the TCR to establishing the 

canonical two-signal model. 

The discovery of T-cell receptor (TCR) by James P. Allison and his colleagues in the 

early 1980s marked a significant milestone in immunology, opening a new era in our 

understanding of immune cell interactions and the regulation of immune response to 

an antigen (Allison et al., 1982) was not a coincidence that years later, in 2018, he and 

Tasuku Honjo were awarded the Nobel Prize for their discovery of cancer therapy by 

inhibition of negative immune regulation. Soon after the TCR revelation, it was 

established that not only TCR engagement but also a second signal is needed for a 

fully activated T-cell (canonical two-signal model). Also, it was discovered that TCR 

ligation can lead to the T-cell unresponsiveness or anergy when it is provided alone 

(D L Mueller et al., 1989; June et al., 1987). Until a while ago, this signal was mainly 

discussed in stimulatory roles; however, inhibitory signals (co-inhibitors) exist as a 

secondary signal as well as stimulatory signals (co-stimulators), and each one of them 

plays a crucial role in the regulation of T-cell activation, acting through co-receptors in 

cis or trans position. On top of that, the diverse roles of secondary signals found later 

on have led the canonical two-signal model of naive T-cells to evolve further.  
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Although these co-receptors were mainly studied in the initial activation of naive T-

cells, some of them to modulate effector, regulatory, and memory T-cells, determining 

the fate of T-cells in the spleen and lymph nodes (Tai et al., 2012). The regulation of 

these T lymphocytes depends on the expression of signal transduction pathways. 

Such expression levels fluctuate and overlap according to internal and external stimuli 

during the regulation of T-cells to find a fine-tune for the immune response, creating a 

tight control on the inflammatory response with activation of naive T-cells, deactivation 

of previously activated cells, or unresponsiveness. This process ensures that T-cells 

respond to the right level while preventing autoimmunity. Based on the changes in 

expression levels of regulatory signalling molecules, a tidal model was proposed by 

Zhu and his colleagues (Zhu et al., 2011). In this model, immune response rises and 

falls with the interplay between co-stimulatory and co-inhibitory signals while precisely 

determining the magnitude and direction of the response together. Therefore, instead 

of the two-signal model, as often attributed to the T-cell activation in the past, this 

model provides an intricate representation of the second co-signals, which are highly 

precise to environmental cues and can gradually modulate T-cell responses (Talay et 

al., 2009). 

In terms of protein structure, co-signal molecules can be classified into two main 

categories, the Immunoglobulin superfamily (Ig SF) and Tumour Necrosis Factor 

Superfamily (TNFSF). While their extracellular domain architecture defines Ig SF co-

receptors, TNF is defined by a conserved cysteine-rich signature-containing domain. 

Ig SF further includes CD28, PVR-like protein, CD2/Signalling Lymphocytic Activation 

Molecule (SLAM), and T-cell Immunoglobulin and Mucin (TIM) families (Kumar et al., 

2018). In the wake of the clinical success of monoclonal antibodies like anti-PD1 and 

anti-CTLA4, which target immune activation in cancer treatment, the identification of 

co-stimulatory molecules has witnessed a rapid surge. Some significant examples of 

TNFSF co-signals are Glucocorticoid-Induced TNF receptor-related protein (GITR), 

Tumour necrosis factor receptor superfamily member 4 (TNFRSF4 or OX40), member 

9 (TNFRSF4 or 4-1BB), member 7 (TNFRSF7 or CD27), member 1A and 1B (TNF-

R1/2), Herpes Virus Entry Mediator (HVEM), etc. Ig SF member co-signals include 

Cluster of Differentiation 80 (CD80 or B7.1), Cluster of Differentiation 86 (CD86 or 

B7.2), Cluster of Differentiation 28 (CD28), B and T lymphocyte attenuator (BTLA), 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), PD1, PDL1, PD-L2, Inducible 
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T-cell co-stimulator ligand (ICOSL or B7-H2), Cluster of Differentiation 276 (CD276 or 

B7-H3), Lymphocyte-activation gene 3 protein (LAG3), T-cell immunoreceptor with Ig 

and ITIM domains (TIGIT) and V-domain Ig suppressor of T-cell activation (VISTA). 

Having established how checkpoints tune T-cell activation, the next question is the 

scope. The full complement of human immune checkpoints remains unsettled and 

continues to expand as new receptor-ligand pairs are described. A consolidated set of 

well-characterised checkpoints is summarised in Figure 1.1, grouped into co-inhibitory 

and co-stimulatory classes. Importantly, their expression and net effect are context-

dependent: even highly functional T-cells can upregulate inhibitory checkpoints during 

acute infection as a homeostatic brake (Wang et al., 2022c). 

 

Figure 1.1 Schematic depiction of T-cell key co-inhibitory and co-stimulatory 

signalling pathways and molecules. T-cell (yellow; CD8⁺ cytotoxic or CD4⁺ helper) 

receptors engage ligands on antigen-presenting cells and tumour cells (purple; dendritic cells, 

macrophages, B cells, and cancer cells). 
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The influence of these checkpoints on the TME extends beyond direct inhibition of T-

cell function. Their expression is often associated with an immunosuppressive milieu 

characterised by the accumulation of regulatory T-cells (Tregs), myeloid‐derived 

suppressor cells (MDSCs), and M2-polarized tumour-associated macrophages, all of 

which further reinforce immune tolerance and impair effective anti-tumour 

responses (Li et al., 2020).  Interconnectedly, the composition, spatial organisation, 

and activation states of infiltrating immune cells also set the TME’s tone (hot/cold), 

disease trajectory, and treatment responsiveness. 

 

1.3.3 Inflammatory and anti-inflammatory cytokines 

While the innate immune system spearheads the initial defence against tumours, the 

adaptive immune response provides the critical arsenal required for sustained tumour 

eradication. Cytotoxic T lymphocytes (CTLs), equipped with effector molecules such 

as IFNγ and granzymes, deliver precise and targeted destruction of tumour cells. 

However, this process is often derailed by helper T-cell subsets like Th2, Th17, and 

Tregs. Th2 cells, through the secretion of IL-4 and IL-13, orchestrate the polarization 

of tumour-associated macrophages (TAMs) into a tumour-promoting phenotype. 

Similarly, Th17 cells drive angiogenesis and facilitate immune evasion, while Tregs, 

ironically serving as mediators of immune tolerance, suppress effector T-cells, 

inadvertently aiding tumour progression. This intricate balance within the adaptive 

response underscores the profound complexity of immune dynamics in the tumour 

microenvironment. 

Within the challenges of pro-tumour inflammation, an unexpected ally emerges: 

inflammation as a protector against tumour formation. While chronic inflammation 

often contributes to cancer development, acute immune responses can activate 

surveillance pathways that identify and eliminate early tumour cells. This dual role 

demonstrates the immune system's remarkable ability to balance destruction and 

protection, shaping the delicate equilibrium of tumour immunity. Understanding this 

balance offers significant potential for using inflammation as both a weapon and a 

defence in cancer therapy.  

Acute inflammation is typically rapid, self-limiting, and pathogen or damage-driven, 

dominated by pattern-recognition signalling and bursts of IL-1β, TNFα, and IL-6 that 
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mobilise neutrophils, activate endothelium, and enhance antigen presentation (Chen 

et al., 2018c; Zhao et al., 2021). When efficiently resolved, acute danger signalling can 

promote tumour surveillance by enhancing dendritic cell activation and migration for 

T-cell priming, while licensed cDC1s support early CTL induction (Lei et al., 2024; 

Moriya et al., 2021). By contrast, failure of resolution sustains a chronic cytokine milieu 

that remodels the TME towards immune suppression, angiogenesis, and tissue repair 

programmes that favour tumour promotion (Fishbein et al., 2021; Zhao et al., 2021).  

Among the immune system's massive reservoir of cytokines and chemokines, IL-6 is 

a key interleukin. It supports myeloid accumulation, STAT3 activation, and survival 

pathways in tumour and stromal cells. The cis- and trans-signalling of IL6 links chronic 

inflammation to tumour cell proliferation, epithelial to mesenchymal transition, and all 

of these events to therapy resistance (Ebbing et al., 2019; Rose-John, 2021). In 

parallel, IL-1β propagated by inflammasome activity maintains leukocyte recruitment 

and endothelial activation, but in persistent settings also enhances tumour growth and 

accelerates a protumour chemokine network (Zhao et al., 2021). On the protective 

side, IFNγ produced by CTLs and NK cells is a pivotal cytokine in acute anti-tumour 

immunity, increasing antigen processing and MHC expression, inducing CXCL9 and 

CXCL10 to recruit CXCR3⁺ effector cells, and exerting cytostatic pressure on incipient 

tumours; however, prolonged or dysregulated IFNγ signalling can select for immune-

edited variants and tolerance pathways, underscoring context dependence (Pattu et 

al., 2025). Most of the chemokines themselves are bifunctional, such as CXCL9 and 

CXCL10. These chemokines generally correlate with T-cell inflamed phenotypes and 

better response to checkpoint blockade, but their gradients can also rendered 

ineffective therapy response due to stromal barriers and chronic exposure (Tokunaga 

et al., 2018). On the other side, TGFβ and IL-10 consolidate the chronic state by 

dampening antigen presentation, promoting Treg stability, and driving TAM 

polarisation towards wound healing phenotypes that impede CTL access to tumour 

nests; TGFβ additionally reshapes metabolism and extracellular matrix to hinder T-cell 

infiltration. As seen in this narrow frame of cytokines, they are mostly known to have 

both pro- and anti-inflammatory roles (Briukhovetska et al., 2021). 
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1.3.4 Immune cells in the TME 

Immune cells secrete a range of cytokines, interleukins, growth factors, and proteolytic 

enzymes, including IL8, IFNγ, TNF-α, VEGF, and matrix metallopeptidases (MMP) that 

drive metabolic changes and thereby modulate the TME phenotype. In fact, interaction 

goes both ways. For example, chemotactic cues from VEGF, monocyte 

chemoattractant protein-1 (MCP-1/CCL2), and macrophage colony-stimulating factor-

1 (M-CSF/CSF-1) also promote the accumulation of TAMs within the TME, which 

correlates with unfavourable prognosis across several malignancies (Elmusrati et al., 

2021). The TME includes cells from both adaptive and innate immunity, such as T and 

B lymphocytes; TAMs and tumour-associated neutrophils (TANs); myeloid-derived 

suppressor cells (MDSCs); mast cells; dendritic cells (DCs); and natural killer (NK) 

cells. In conclusion, tumour-associated immune cells within the TME comprise a 

heterogeneous mixture of innate and adaptive immune cells whose functions critically 

regulate tumour progression, metastasis, and therapeutic outcomes. 

Innate immune cells have pivotal roles in tumour immunosurveillance and 

immunoediting processes, as well as adaptive cells. For instance, TAMs are among 

the most abundant immune cells within the TME and display remarkable plasticity. 

These cells can polarise toward an M1 phenotype, which secretes pro-inflammatory 

cytokines supporting tumour cell killing, or toward an M2 phenotype, which promotes 

tumour progression by secreting growth factors, angiogenic mediators (such as 

VEGF), and matrix metalloproteinases, which further facilitate tissue remodelling, 

invasion, and metastasis (Faget et al., 2021; Peña-Romero and Orenes-Piñero, 2022). 

Neutrophils also exhibit a dual role, with N1 neutrophils contributing to anti-tumour 

immunity through production of reactive oxygen species and cytokines, whereas N2 

neutrophils drive tumour progression by remodelling the extracellular matrix and 

enhancing angiogenesis (Faget et al., 2021). 

 

Tumour-associated macrophages (TAMs) 

Tumour-associated macrophages, especially the M2-like phenotype, are significant in 

ICB, as key contributors to tumour-promoting inflammation. M2-TAMs foster an 

immunosuppressive microenvironment by suppressing cytotoxic T-cells and secreting 

anti-inflammatory cytokines such as IL-10, TGF-β, and VEGF. This not only 
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accelerates tumour growth but also supports angiogenesis and metastasis. M2-TAMs 

have roles in extracellular matrix (ECM) remodelling, which further promotes tumour 

expansion. Signals from cancer cells, T-cells, and B cells reprogramme TAMs into pro-

tumour effectors that enable immune evasion and tumour progression. Beyond their 

direct actions, M2-TAMs orchestrate the recruitment of other immune cells, advocating 

their status as pivotal modulators of tumour-associated inflammation (Sun et al., 

2024). 

 

Neutrophils in tumour immunity 

Neutrophils, the first responders, again exhibit both anti-tumour and pro-tumour 

functions in cancer. While their initiation role in infection control is commendable, their 

chronic presence in the TME frequently influences tumour progression. Similarly to 

TAMs, tumour-associated neutrophils (TANs) polarise into two subsets: N1, with anti-

tumour properties, and N2, which promote tumour growth. N2-TANs, through the 

secretion of factors like iNOS, VEGF, and Matrix metallopeptidase 9 (MMP9), enable 

angiogenesis, immune suppression, and metastasis. Their adaptability within the TME 

underscores their complexity, yet the predominance of N2-polarised TANs is 

associated with tumour progression (Elmusrati et al., 2021). 

 

Myeloid-derived suppressor cells (MDSCs) 

MDSCs, a heterogeneous yet potent population, function as key immunosuppressive 

mediators in the TME. By deploying Arg-1 and iNOS and producing IL-10 and TGF-β, 

they suppress T-cell proliferation and effector function; additional mechanisms include 

cysteine depletion and NO/ROS generation that impair TCR-HLA signalling. MDSCs 

also promote angiogenesis, favour Treg/Th2 activation, and upregulate PDL1 to 

engage PD1 on T-cells, while dampening NK-cell activity. Consequently, interrupting 

their recruitment, survival, or suppressive pathways represents a credible therapeutic 

strategy (Elmusrati et al., 2021). 
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Natural killer cells (NKs) 

NKs are another important cell group which closely related to PD1 therapies. Emerging 

evidence indicates that NK cells, although typically exhibiting lower basal PD1 than T-

cells, can upregulate PD1 after chronic tumour exposure or prolonged activation. In 

time-resolved in vitro systems, a terminally differentiated CD56dim subset of NKs 

acquires PD1 following sustained exposure to tumour-derived factors and cytokines, 

including IL-12, IL-15, and IL-18 (Bai and Cui, 2022; Buckle and Guillerey, 2021). 

Across studies using flow cytometry and receptor-occupancy assays, PD1 induction, 

while variable in magnitude, associates with reductions in degranulation (CD107a) and 

IFNγ secretion, with cytotoxic deficits partially restored by PD1 or PDL1 blockade by 

approximately 30-40% (Dong et al., 2019). However, methodological differences such 

as stimulation duration, cytokine presets, antibody clone selection, and gating 

strategies contribute to variable PD1 detection.  

On the other hand, MSCs exert potent, state-dependent effects on NK cells. The claim 

that naive MSCs may attenuate NK cell activation is supported by studies 

demonstrating that MSCs in an unprimed state secrete high levels of inhibitory factors 

such as TGFβ, PGE2, IDO, which downregulate activating receptors of NK cells (e.g., 

NKG2D, NKp30) and suppress IFNγ secretion in co-culture systems. In contrast, 

MSCs primed with IFNγ undergo a phenotypic and secretomic shift characterised by 

elevated production of immunostimulatory cytokines (for example, IL-15 and IL-12) 

that enhance NK cell cytotoxicity and may support antibody-dependent cellular 

cytotoxicity (ADCC) (Moloudizargari et al., 2021). 

The evaluation of the MSC-NK crosstalk data implies that while MSCs possess an 

inherent duality in modulating NK cell activity, careful optimisation of priming conditions 

can shift the balance in favour of an immunostimulatory profile. This is particularly 

significant given the potential to harness MSCs as vehicles for targeted 

immunomodulation in the tumour microenvironment. In other words, appropriately 

primed MSCs may serve not only as cell therapy agents in their own right but also as 

platforms for the sustained local delivery of therapeutic molecules that enhance NK 

cell effector function. 
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Dendritic cells (DCs) 

Dendritic cells are functionally grouped into three subsets: conventional DCs (cDCs), 

plasmacytoid DCs (pDCs), and inflammatory DCs. Conventional DCs mediate anti-

tumour immunity by acquiring antigens and cross-presenting them to CD8⁺ T-cells. 

Within this compartment, cDC1 (including XCR1⁺) are the principal cross-presenters 

and correlate with enhanced cytotoxic T-cell activity (Audsley et al., 2020). However, 

tumour-derived IL-10, TGF-β, PGE₂, and hypoxia collectively impede DC maturation 

and skew differentiation towards tolerogenic states across both primary and 

monocyte-derived DCs. In such milieus, antigen capture may remain intact, but the 

expression of co-stimulatory molecules (CD80, CD86) and production of IL-12 decline, 

blunting T-cell priming (Mazzoccoli and Liu, 2024). These context-dependent shifts 

highlight the plasticity of DCs as both an opportunity and a liability in situ, and they 

reinforce the need for strategies that stabilise immunostimulatory programmes. 

The PD1/PDL1 axis constrains DC function either by reducing T-cell priming capacity 

or by dampening DC co-stimulation. PDL1 expressed on DCs limits effective 

presentation and suppresses IL-12 secretion in vitro and in vivo, including murine 

melanoma models (Pittet et al., 2023; Su et al., 2021). Reports of PD1 expression on 

DCs further suggest direct inhibition of their capacity to expand cytotoxic T-cells, 

although epitope selection and gating differences contribute to inconsistent detection 

(Wang et al., 2024a). Across preclinical systems, PD1/PDL1 blockade consistently 

augments markers of DC maturation and increases pro-inflammatory cytokines, with 

several studies reporting ≳2-fold gains in IL-12 versus untreated controls (Pittet et al., 

2023; Su et al., 2021). Together, these data provide a mechanistic basis for checkpoint 

modulation to relieve DC-mediated suppression and to enable more durable 

engagement of adaptive immunity.  

 

1.5 T-cells in cancer immunotherapy 

T-cells coordinate anti-tumour immunity through direct cytotoxicity, helper cytokine 

production, and durable memory formation. CD8⁺ cytotoxic T lymphocytes recognise 

tumour antigens on MHC class I and induce apoptosis via perforin/granzyme and Fas-

FasL pathways. Lysis releases antigens that reinforce priming and amplify responses 

(Brunell et al., 2023; Fu et al., 2020). CD4⁺ T-cells sustain these programmes by 
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secreting IFNγ, IL-2, and TNF-α, which support CTL differentiation and maintenance, 

enhance antigen-presenting cell function, and recruit additional effectors. Central, 

effector, and tissue-resident memory T-cell subsets provide rapid recall responses that 

associate with improved outcomes and sustained remission (Guo et al., 2024). The 

clinical impact of T-cells on tumorigenesis is evident from PD1 and CTLA4 blockade, 

which releases inhibitory signalling and reinvigorates exhausted T-cell populations, 

and also from adoptive cell therapies, including CAR T-cells and TILs, that leverage 

and extend intrinsic cytotoxic programmes (Guo et al., 2024; Moseman et al., 2025; 

Nagasaki et al., 2022; Wang et al., 2024b).  

T-cell development in the thymus enforces MHC restriction and self-tolerance through 

positive and negative selection (Lin et al., 2025; Mani et al., 2023). Naive T-cells, 

marked by CD45RA and CCR7, circulate through blood and lymphoid organs. Upon 

antigen encounter, naive T-cells rapidly differentiate into effector cells in response to 

a combination of TCR signalling, co-stimulation, and cytokine cues; a process that 

propels them into a robust functional state marked by increased cytotoxic molecule 

production and pro-inflammatory cytokine release. This effector phase is pivotal for 

immediate tumour clearance; however, a subset of these activated cells subsequently 

transitions into various memory subtypes that include central memory T-cells (TCM), 

effector memory T-cells (TEM), and tissue-resident memory T-cells (TRM).  Each is 

characterized by unique homing markers and functional profiles that support long-term 

immunosurveillance (Pu et al., 2025). The continuum further encompasses the 

emergence of stem-like progenitor exhausted T-cells, which arise under conditions of 

chronic antigen exposure such as those present in the tumour microenvironment. 

These progenitor exhausted cells exhibit intermediate levels of inhibitory receptors like 

PD1 yet retain the transcription factor TCF1, enabling them to proliferate and 

differentiate upon therapeutic intervention such as PD1 blockade (Brunell et al., 2023). 

Such cells contrast with terminally exhausted T-cells, which display high levels of PD1, 

loss of proliferative capacity, and irreversible epigenetic modifications that render them 

refractory to reactivation(Chen et al., 2019b; Koh et al., 2022; Wang et al., 2022a; 

Zhang et al., 2021). In parallel, CD4⁺ T-cells diversify into Th1, Th2, Th17, and Tfh 

subsets that orchestrate immunity, while FOXP3⁺ Tregs, required for peripheral 

tolerance, are exploited as well by tumours to suppress immune responses. 
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Persistent antigen, sustained inflammation, and metabolic stress drive exhaustion, 

with progressive loss of effector function and proliferation. Inhibitory receptors 

including PD1, LAG3, TIM3, and TIGIT act together to dampen TCR and co-

stimulatory signalling, reduce IL-2, TNF-α, and IFN-γ production, and limit cytolytic 

degranulation (Brunell et al., 2023; Gitto et al., 2021; Pansy et al., 2021).  

By contrast, stem-like progenitor exhausted cells retain self-renewal and can be 

reprogrammed by PD1/PDL1 blockade, although efficacy depends on alleviating 

hypoxia, lactate accumulation, and nutrient deprivation that impair glycolysis and 

mitochondrial fitness. Exhaustion manifests functionally as reduced cytokine 

secretion, proliferation, and degranulation; in terminally exhausted populations, 

restoration after PD1 blockade is partial and transient due to fixed epigenetic 

constraints (Liu et al., 2020; Reading et al., 2018). 

The crosstalk between MSCs and T-cells is mediated through a complex network of 

soluble factors and cell surface interactions. MSCs are known to secrete a range of 

immunosuppressive molecules, including IDO, prostaglandin E₂ (PGE₂), IL-10, and 

TGFβ, which modulate T-cell priming, proliferation, and trafficking (Mondino and 

Manzo, 2020). In addition, MSCs express HLA-I and can present antigens in a context 

that influences T-cell function, while the secretion of chemokines such as CXCL9, 

CXCL10, and CXCL11 further directs T-cell migration toward tumour sites (Nair et al., 

2025) (Pansy et al., 2021). When MSCs are engineered to secrete sPD1, the intent is 

not only to neutralize PDL1 inhibitory signals but also to improve the immunological 

synapse between dendritic cells and T-cells, thereby preserving essential co-

stimulatory interactions (Guo et al., 2024; Pu et al., 2025). This targeted delivery 

strategy aims to mitigate the off-target effects and systemic toxicities often seen with 

conventional immune checkpoint inhibitors, while simultaneously enhancing 

intratumoural T-cell activation and function (Hübbe et al., 2020). 

 

1.6 Immune therapies for cancer 

Traditionally, chemotherapy and radiotherapy have been the cornerstones of cancer 

treatment. In recent years, targeted therapies have emerged alongside chemotherapy 

and radiotherapy as a third approach to cancer treatment, expanding on the progress 

made with immune treatments. The main characteristic separating targeted therapies 
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from conventional ways is that they target a gene or protein altered in cancer, thereby 

assuring specificity and reducing the adverse side effects significantly. Immune 

therapy, which is one of these targeted approaches, aims at the immune system 

components and fights against cancer from the inside. In this context, various 

strategies have been developed. Some approaches have been deprioritised due to 

limited efficacy, whereas others continue to mature with convincing signals in 

preclinical models and clinical studies (Jin et al., 2019; Johnson et al., 2018).  

Primary research has provided distinct frameworks for classifying cancer 

immunotherapies by both the immune contexture of tumours and the specific 

therapeutic modalities employed. The classification based on tumour-immune 

microenvironment stratifies into three archetypes, namely, hot, variable, and cold as 

aforementioned. Another classification is based on the therapeutic approach 

underlying the mechanism of action. Immune therapies can be classified under 6 titles 

with this classification according to the Cancer Research Institute (CRI) Clinical 

Accelerator team and an analysis of the immune-oncology drug development study 

done by Jia Xin Yu and her colleagues in 2019. They have inspected 3,876 active 

immune-oncology agents and identified the 6 most developed groups. These groups 

are T-cell-targeted immunomodulators, other immunomodulators, cell therapy, cancer 

vaccines, oncolytic viruses, and CD3-targeted bispecific antibodies (Figure 1.2)(Xin 

Yu et al., 2019b). 
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Figure 1.2. Schematic representation of immune therapy categorises. Immune 

therapies can be inspected under 6 main topics: oncolytic viruses (e.g. modified Adenovirus 

Herpes simplex virus), cell therapy (e.g. CAR-T-cells), CD3 targeted antibodies, cancer 

vaccines (e.g. cell-, protein-, RNA- or DNA-based), T-cell targeted immunomodulators (e.g. 

monoclonal antibodies), and other immunomodulators (e.g. cytokines, chemical compounds). 

 

1.6.1 CD3 targeted bispecific antibodies 

CD3 targeted bispecific antibodies (CD3-BsAbs) include cytotoxic effector cell 

redirectors, tumour-targeted immunomodulators, and dual immunomodulators. 

Different from other therapeutic antibodies that can only detect the corresponding 

antigen via both Fab arms, CD3-BsAbs can detect the same antigen with their antigen-

binding domains. CD3-BsAbs simultaneously bind to a tumour-associated antigen 

(TAA) expressed on cancer cells, thereby connecting them to CD3 on T-cells. Similarly 

to TCR and MHC formation, this approach initiates T-cell activation and recognition of 

cancer cells (Dahlén et al., 2018; Middelburg et al., 2021). 

Potent T‐cell redirection by CD3‐targeted bispecific antibodies depends critically on 

tumour antigen density, spatial geometry, and dosing parameters. Higher antigen 
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density on tumour cells facilitates robust immunological synapse formation and serial 

killing by redirection of both CD8+ and CD4+ T-cells, whereas low or heterogeneous 

expression can compromise efficacy and promote off‐tumour toxicity (Ball et al., 2023). 

Studies have demonstrated that epitope location and the molecular format of bispecific 

antibodies, such as having a small flexible structure with single-chain variable 

fragments (e.g., approved therapy; BiTETM) or IgG‐like constructs, significantly 

modulate avidity, pharmacokinetics, and tissue penetration (Bergamaschi et al., 2025). 

Evidence from quantitative pharmacokinetic/pharmacodynamic modelling indicates 

that step-up dosing and fractionated administration strategies effectively reduce 

cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity 

syndrome (ICANS) by moderating peak T-cell activation (Foster and Lum, 2019; Singh 

et al., 2021). This convergence suggests that careful calibration of antigen density 

thresholds and geometric parameters is imperative for optimising the therapeutic 

window.  

Adaptive resistance following CD3-bispecific treatment emerges from antigen escape 

mechanisms, including shedding, trogocytosis, and T-cell dysfunction marked by rapid 

PD1 upregulation on activated T-cells (Goebeler et al., 2024). Clinical and preclinical 

evidence from phase 2 studies indicates that the initiation of bispecific antibody 

therapy frequently leads to a pronounced exhaustion phenotype, characterised by 

increased PD1/PDL1 expression, release of inhibitory cytokines, and an 

immunosuppressive tumour microenvironment (Köhnke et al., 2015; Singh et al., 

2021). In contrast to continuous infusion paradigms, step-up dosing regimens have 

allowed more controlled immune activation and reduced cytokine surges in patient 

cohorts, thereby improving T-cell functional persistence (Ball et al., 2023). Moreover, 

combination strategies with PD1/PDL1 blockade have demonstrated additive or 

synergistic effects, suggesting that checkpoint inhibition can rescue T-cell functionality 

and sustain cytotoxic responses over prolonged treatment courses (Ball et al., 2023; 

Clynes and Desjarlais, 2019). It is noteworthy that direct assessments of combination 

therapies using CD3-bispecifics and PD1 blockade remain limited in diverse solid 

tumour models. 
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1.6.2 Oncolytic viruses (OVs) 

OVs are basically native or genetically modified viruses that can selectively replicate 

their genetic material within cancer cells that harbour oncogenic signalling 

abnormalities and dysfunctional type‐I interferon (IFN) responses. In contrast to some 

cancer vaccines that are also based on a virus, OVs directly infect and trigger the lysis 

process of cancer cells in situ. Their antitumour activity is based on two main 

mechanisms: their ability to selectively infect neoplastic cells, thereby directly killing 

them, and stimulation of the antitumour immunity, mostly via causing inflammatory 

cytokine release in TME. The foundational claim is that tumour‐selective replication 

culminates in a robust release of intracellular components, particularly 

damage‐associated molecular patterns (DAMPs) such as adenosine triphosphate 

(ATP) and high‐mobility group box 1 (HMGB1), which are critical for activating local 

innate immune responses (Seymour and Fisher, 2016) The effectivity of these 

mechanisms varies depending on the properties of the virus, cancer type, and the 

interplay between the virus, TME and host immune system. Many double- or single-

stranded DNA and RNA viruses have been proposed as vectors for research and 

clinical trials to date. For Instance, adenoviruses, HSV-1, poliovirus, poxviruses, 

measles virus, vaccinia virus, and parvovirus H1 (Kaufman et al., 2013; Santos 

Apolonio et al., 2021). Although this approach has many advantages, only a limited 

portion of patients can benefit from these advantages. Therefore, new developments 

in the genomics field are employed, and combination therapies with ICB therapies are 

being investigated currently (Chen et al., 2018a; Mahalingam et al., 2020; Ribas et al., 

2017). Multiple studies have demonstrated that OV platforms replicate preferentially 

in tumour cells, leading to selective viral propagation and a reduction in off‐target 

toxicity. For example, HSV‐1-based platforms, which include both T‐VEC and less‐

modified strains such as HSV1716, have been shown to exploit impaired IFN 

pathways in cancer cells to achieve selective replication and lysis, while non‐malignant 

tissues remain relatively protected (Ajina and Maher, 2017; DePeaux and Delgoffe, 

2024). 

The lytic process triggers the release of DAMPs and pathogen‐associated molecular 

patterns (PAMPs), which then engage innate immune receptors such as Toll‐like 

receptors (TLRs), RIG‐I, and the cGAS-STING pathway (DePeaux and Delgoffe, 

2024). Activation of these receptors results in type‐I IFN production, which in turn 
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drives the activation and maturation of antigen‐presenting cells (APCs), including 

dendritic cells (DCs). The cross‐priming of tumour antigens to CD8+ T-cells is a 

particularly crucial step that links local oncolysis to systemic anti‐tumour immunity. 

Data indicate that OV‐mediated ICD can increase tumour‐specific TCR diversity and 

expand cytotoxic T‐cell populations, thereby converting an immunologically ‘cold’ 

tumour into an inflamed ‘hot’ one (Ajina and Maher, 2017; Liu and Sun, 2021). In many 

cases, quantitative measures have shown relative increases in activated T‐cell 

frequencies on the order of 50% or more when comparing pre‐ and post‐treatment 

samples (Jeong et al., 2021). 

The role of payload engineering in enhancing these immunogenic effects is central. 

Engineered OVs incorporating immunostimulatory transgenes, such as 

granulocyte‐macrophage colony‐stimulating factor (GM‐CSF), various cytokines, such 

as IL‐12 and IL‐15, chemokines, such as CXCL9 and CXCL10, and even co-

stimulatory ligands, have been shown to further amplify the recruitment and activation 

of APCs, thereby enhancing cross‐priming and T‐cell infiltration (Zamarin et al., 2017). 

For instance, T‐VEC (FDA-approved oncolytic virus, 2015), which expresses GM‐CSF, 

not only induces local viral oncolysis but also facilitates robust DC recruitment and 

activation, leading to an enhanced systemic CD8+ T‐cell response (Kim et al., 2015; 

Mistarz et al., 2019; Robilotti et al., 2023). Comparative studies across platforms have 

indicated that while all OVs share the basic mechanism of inducing ICD via lysis and 

DAMP release, variations in cell tropism and replication kinetics lead to differences in 

the magnitude and duration of the immune response. Adenoviral platforms tend to 

generate rapid and potent oncolysis but may be more susceptible to neutralisation 

than HSV-1 derivatives (Ajina and Maher, 2017). 

The mode of OV delivery further shapes the immunogenic outcome. Intratumoural 

injection is widely used to achieve high local viral concentrations, optimise direct 

oncolysis, and generate a local cytokine storm that triggers rapid type‐I IFN responses 

and chemokine expression. In contrast, systemic administration is challenged by the 

dilution of viral particles and the presence of neutralising antibodies that can curtail 

viral replication before the virus reaches metastatic sites. However, innovative 

cell‐carrier strategies, such as utilising macrophages for viral delivery, have shown 

promise in protecting the virus from humoral neutralisation and enabling efficient 

targeting of disseminated lesions (Ajina and Maher, 2017). 
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Despite these promising immunogenic effects, the persistence and spread of OV 

therapy are significantly constrained by host antiviral defences. It was claimed that 

pre‐existing neutralising antibodies, robust interferon responses, and physical barriers 

within the tumour microenvironment (TME) serve as major impediments to OV efficacy 

(Ajina and Maher, 2017; Zheng et al., 2019). Circulating neutralising antibodies, 

particularly in patients with prior viral exposures, have been reported to reduce 

effective viral titres by more than 70%, thereby impeding systemic delivery and viral 

bioavailability at the tumour site (Ajina and Maher, 2017). Concurrently, the innate IFN 

response, although pivotal for activating adaptive immunity, induces an antiviral state 

in adjacent normal tissues that can curtail viral replication. Data from multiple platforms 

indicate that overproduction of type‐I IFNs is correlated with accelerated viral 

clearance, thus limiting both local and systemic OV effects (Ajina and Maher). This 

dual functionality of IFNs calls for a careful balance: while they are necessary to initiate 

the immune cascade, excessive IFN production may reduce viral persistence and, by 

extension, the magnitude of immune priming (DePeaux and Delgoffe, 2024). 

Physical and pharmacokinetic limitations impose additional constraints. Tumour 

stroma, characterised by a dense extracellular matrix and aberrant vasculature, poses 

a formidable physical barrier to viral dissemination (DePeaux and Delgoffe, 2024). 

Viral shedding, another operational concern, has been monitored rigorously in clinical 

studies. The shedding is typically low and transient; however, stringent containment 

measures, including specialised dressings and patient education on hygiene 

practices, are recommended to mitigate the risks of inadvertent transmission, 

particularly in at‐risk populations such as individuals with severe immunosuppression 

or active uncontrolled autoimmunity (Epstein and Rabkin, 2024). In terms of 

operational safety, the overall safety profile of OV therapy is acceptable, though it is 

platform‐specific and requires careful monitoring. Common adverse events observed 

across OV platforms include transient pyrexia, chills, flu‐like symptoms, and local 

injection‐site reactions. (DePeaux and Delgoffe, 2024; Glorioso et al., 2021). 

Finally, the combination of OV therapy with immune checkpoint inhibitors, specifically 

PD1 and PDL1 agents, has demonstrated encouraging synergies. Preclinical data 

support that initial OV‐induced immune priming may be amplified by subsequent 

checkpoint blockade, thereby reinvigorating exhausted tumour‐specific T-cells. 

Although precise sequencing is critical to minimising immune‐related adverse events 
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and maximising efficacy, early evidence suggests that a temporal separation wherein 

OV therapy precedes checkpoint inhibition yields the most robust T‐cell infiltration and 

effector memory formation (Epstein and Rabkin, 2024). 

 

1.6.3 Cancer vaccines 

Cancer vaccines were the precursor of immunotherapy efforts. The very first cancer 

vaccine was invented and developed in vitro by Dr. Jian Zhou in 1991 (Zhao et al., 

2017). Cancer vaccination aims to induce or amplify T-cell responses against tumour-

associated antigens. Approaches include peptide or protein antigens, whole cell or 

lysate vaccines, and antigen-loaded dendritic cells, most frequently. DCs have been 

favoured in cancer vaccine strategies as they have a number of desired characteristics 

that can be exploited by the therapy. They have the ability to absorb or present tumour-

associated antigens via various mechanisms, as well as the ability to recall 

lymphocytes and travel between lymphoid and non-lymphoid tissues to control 

inflammation by modulating cytokines and chemokine gradients. Such abilities were 

found to be associated with systemic and long-lasting anti-tumour effects in several 

investigations. Although DC vaccines have demonstrated a high level of safety and 

immunogenicity profile, clinical responses were unfortunately insufficient (Perez and 

De Palma, 2019; Saxena et al., 2021) 

The available evidence confirms that the choice of antigen, coupled with the vaccine 

format, is a critical determinant of both the breadth and magnitude of antigen‐specific 

T‐cell responses. Neoantigen‐personalised vaccines, which target tumour‐specific 

mutations absent from normal tissues, consistently generate high‐avidity CD8+ and 

CD4+ T‐cell responses that overcome central tolerance, in contrast to shared tumour 

antigens that are liable to induce only low‐affinity responses due to thymic deletion 

(Brentville et al., 2018; Chi et al., 2024). Preclinical and early clinical data further 

demonstrate that delivery platforms such as long peptides, mRNA or DNA 

formulations, dendritic cell vaccines, and viral or bacterial vectors influence antigen 

processing and cross‐presentation by professional antigen‐presenting cells. For 

example, long synthetic peptides require uptake and processing that facilitate 

presentation on both MHC class I and II molecules, leading to enhanced epitope 

spreading and T‐cell receptor clonality compared to short peptides that may result in 



 P a g e  | 46 
 

an incomplete immune response (Chi et al., 2024; Esprit et al., 2020). Moreover, 

mRNA vaccines have shown rapid adaptability and potent immune activation in trials 

involving melanoma and gastrointestinal tumours, producing sustained IFNγ secretion 

and durable responses (Peng et al., 2025). Similarly, dendritic cell approaches have 

yielded robust T‐cell responses; however, the logistical challenges inherent in ex vivo 

manipulation often restrict their broad clinical application (Chi et al., 2024). This 

collective evidence suggests that optimising both antigen choice and the 

accompanying vaccine format is instrumental in achieving high response rates and 

prolonged progression-free survival, thereby underpinning the rationale for 

personalised immunotherapy strategies that target multiple tumour neoantigens (Hu 

et al., 2018; Li et al., 2023). 

Tumour evolution and the immunosuppressive TME exert a further set of constraints 

that shape the clinical performance and real-world utility of cancer vaccines. Evasion 

mechanisms, including antigen loss or HLA downregulation, can curtail the 

effectiveness of even the most immunogenic neoantigen vaccines, as evidenced by 

decreased T‐cell recognition when subclonal mutations predominate (Esprit et al., 

2020; Fan et al., 2023). The interplay between tumour heterogeneity and immune 

selection pressure necessitates a vaccine design that incorporates a spectrum of 

epitopes to induce epitope spreading and prevent immune escape (Li et al., 2023). In 

parallel, the TME, characterised by regulatory T-cells, myeloid-derived suppressor 

cells, and immunosuppressive cytokines such as TGFβ, can diminish T-cell infiltration 

and function, further attenuating vaccine efficacy. Clinical data indicate that combining 

vaccines with PD1/ PDL1 inhibitors significantly enhances T‐cell responses and 

clinical metrics such as objective response rate and progression-free survival, 

particularly in settings of low tumour burden (Hu et al., 2018; Peng et al., 2025). 

Furthermore, pragmatic considerations regarding manufacturing timelines and safety 

profiles impact the translation of vaccine strategies into clinical practice. Neoantigen-

based vaccines, while potentially more immunogenic, require extensive sequencing, 

computational prediction, and bespoke manufacturing that can extend production 

times and increase costs (Peng et al., 2025). By contrast, shared antigen vaccines 

offer an off-the-shelf solution; however, their efficacy is often limited by central 

tolerance and reduced T-cell avidity (Esprit et al., 2020; Fan et al., 2023). Safety 

profiles across vaccine formats remain broadly acceptable, with local injection site 
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reactions and mild to moderate systemic adverse effects being the most common; 

nonetheless, viral vector-based vaccines may incur vector-specific adverse events, 

and rare cases of autoimmunity cannot be excluded (Brentville et al., 2018; Peng et 

al., 2025). Notably, combination regimens that include PD1/ PDL1 modulators have 

been well tolerated and have further bolstered clinical responses by countering TME-

induced suppression. 

 

1.6.4 Adoptive cell therapy 

Adoptive cell therapy (ACT) aims to reinforce the immune system by ex vivo 

engineered human lymphocytes to the host. It includes chimeric antigen receptor 

(CAR) T-cells, CAR natural killer cells, TCR-engineered T-cells, and TIL-based 

therapy. This group of therapies has become a dominant area of clinical development 

globally (Upadhaya et al., 2021; Xin Yu et al., 2019a). While ACT can be highly 

effective in specific settings, particularly haematological malignancies and translation 

to solid tumours, it must address challenges such as antigen escape, TME 

heterogeneity, immunosuppression, T-cell exhaustion, and trafficking. Many of these 

barriers are being targeted through improved designs and through combination with 

immune checkpoint blockade or other modulators (Kandra et al., 2022; Marofi et al., 

2021; Met et al., 2019; Sharma and Allison, 2015)  

Engineering choices and tumour context determine ACT potency and durability. ACTs 

are highly sensitive to design parameters and the intrinsic properties of the target 

tumour, which collectively dictate treatment potency and durability. In haematological 

malignancies, uniform and high‐density antigens such as CD19 and BCMA allow CAR 

T-cells to elicit robust responses with reported complete response rates of 40-74% or 

higher, owing to efficient antigen recognition and minimal physical barriers (Azeez et 

al., 2025; Bailey et al., 2025). By contrast, solid tumours demonstrate considerable 

antigen heterogeneity and lower antigen density that complicate target selection and 

result in suboptimal infiltration due to physical stromal barriers and an 

immunosuppressive microenvironment (Azeez et al., 2025; Gwadera et al., 2025). 

Detailed evaluations reveal that costly trade‐offs in CAR design are essential; for 

example, constructs incorporating CD28 co‐stimulation tend to achieve rapid initial 

expansion and high cytokine production, yet are prone to accelerated T-cell 
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exhaustion, while 4-1BB domains foster prolonged persistence and memory 

formation, albeit with slower expansion kinetics (Crowther et al., 2020). Moreover, 

manufacturing variables, including the fitness of the starting T-cell product, ex vivo 

expansion duration, dosing, and conditioning regimens, have been shown to 

significantly influence in vivo persistence and function (Jiang et al., 2025). 

Complementary approaches such as TCR-engineered T-cells, which benefit from 

recognising intracellular neoantigens but are restricted by HLA and carry a risk of on-

target/off-tumour toxicity, or tumour-infiltrating lymphocytes (TILs) that exploit a 

broader neoantigen repertoire in solid tumours yet require intensive preconditioning 

and IL2 support, further illustrate the necessity for tailored engineering decisions 

(Bailey et al., 2025; Zhang et al., 2025). Such integration of construct optimisation, 

target antigen profiling, and robust manufacturing practices is therefore crucial for 

bridging the potency gap between haematological and solid tumour settings and 

maximising durable clinical responses. 

Toxicities and resistance mechanisms shape clinical deployment and combinations. 

Safety profiles and resistance mechanisms stand as critical determinants for the 

clinical implementation of ACT. In haematological settings, CAR T-cell therapy has 

consistently been associated with cytokine release syndrome (CRS) and immune 

effector cell-associated neurotoxicity (ICANS), which are generally managed through 

step-up dosing, the use of tocilizumab, and steroids, alongside predictable on-target 

effects such as B-cell aplasia that are acceptable given supportive care frameworks 

(Azeez et al., 2025). Conversely, in solid tumours, on-target/off-tumour toxicity remains 

a significant concern due to overlap in antigen expression with normal tissues, and 

resistance mechanisms such as antigen loss, lineage switching, and impaired antigen 

presentation have been frequently documented (Azeez et al., 2025). Furthermore, the 

tumour microenvironment exerts powerful suppressive influences via upregulated PD1 

and PDL1, TGFβ and adenosine signalling, and (Oppermans et al., 2020) metabolic 

restrictions that foster T-cell exhaustion (Zhang et al., 2025). These resistance 

mechanisms have prompted numerous studies to explore rational combinatorial 

strategies, including the incorporation of PD1 and PDL1 blockade, cytokine and 

chemokine engineering to create 'armoured' CARs, and regional delivery to enhance 

tumour infiltration (Castiello et al., 2022; Gwadera et al., 2025). Such strategies are 

further supported by evidence indicating that improved T-cell manufacturing quality 
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and appropriate preconditioning regimens can mitigate toxicity while enhancing 

cellular persistence and overcoming resistance (Jiang et al., 2025). Ultimately, 

integrated approaches that balance engineering precision with tailored management 

of tumour-specific toxicities and resistance factors are essential for optimising ACT 

deployment across diverse clinical settings, thus ensuring that the benefits of these 

advanced therapies are both potent and durable. 

 

1.6.5 T-cell targeted immunomodulators and other immunomodulators 

T-cell targeted immunomodulators include co-inhibitory antagonists (e.g. CTLA4, PD1, 

PDL1, LAG3, TIM3, VISTA) and co-stimulatory antagonists (e.g. OX40, ICOS). ICB 

aims to reverse tumour-induced tolerance by preventing inhibitory ligand receptor 

engagement, thereby restoring T-cell priming and effector function. They mainly 

consist of cell-surface signalling proteins responsible for negative immune regulation 

in self-tolerance, homeostasis, and fine-tuning of T-cell function. These regular and 

necessary functions are exploited by cancer cells as an immune escape mechanism. 

Cancer cells that survive after an immunosurveillance stay dormant or evolve, 

accumulating genetic changes such as mutations in DNA or changes in gene 

expression. Evolving cancer cells modulate tumour-specific antigens and immune 

checkpoint pathways that subsequently enable them to suppress the immune attack. 

In this mechanism, known as immunoediting, immune checkpoints are overexpressed 

by cancer cells. Therefore, blocking these pathways can re-establish immune control 

(Sharpe and Pauken, 2018; Swann and Smyth, 2007). 

CTLA4 inhibitors such as ipilimumab and tremelimumab enhance T-cell priming by 

relieving CTLA4 competition with CD28 for their ligands CD80 and CD86 and can 

deplete intratumoural Tregs via Fcγ receptor engagement (Simpson et al., 2013). 

These mechanisms yield antitumour activity in immunogenic tumours but within a 

narrow therapeutic window, with dose-linked immune-related adverse effects (irAEs) 

that require careful optimisation and monitoring. Combination regimens often use 

lower CTLA4 doses to retain efficacy while moderating toxicity (Augustin et al., 2023; 

Shulgin et al., 2020; Wu et al., 2019).  

In parallel, LAG3 inhibitors, typified by the relatlimab class, represent a novel approach 

to reinvigorate exhausted T-cells that frequently co‐express PD1. The blockade of 
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LAG3 has been shown in pre‐clinical models to restore proliferative capacity and 

cytotoxic function in subsets of T-cells that display a mixed proliferative/exhausted 

phenotype. Although single‐agent activity is modest, clinical studies, particularly those 

evaluating the fixed‐dose combination of relatlimab with nivolumab, have 

demonstrated a near doubling of progression‐free survival relative to PD1 

monotherapy in metastatic melanoma (Adam et al., 2025; Tawbi et al., 2022). 

Antibodies targeting TIGIT interrupt binding to CD155/CD112, thereby mitigating the 

inhibitory signals that suppress T and NK cell responses. Pre‐clinical evidence 

indicates that these agents induce partial restoration of T‐cell function; however, 

clinical outcomes have been mixed, with response rates varying significantly across 

tumour types. Importantly, the efficacy of TIGIT inhibitors appears to be contingent 

upon concurrent PD1 inhibition; only in a background of PD1 pathway blockade do 

TIGIT inhibitors demonstrate enhanced antitumour activity, suggesting compensatory 

mechanisms that limit their benefit as monotherapies (Cui et al., 2025). This 

dependency highlights the complex interplay between checkpoint receptors and 

underscores the necessity for future studies to incorporate judicious biomarker‐driven 

patient selection to identify those most likely to benefit from monoclonal antibody 

inhibition. 

Costimulatory receptor agonists targeting molecules such as OX40, 4‐1BB (CD137), 

CD27, and ICOS have been developed to further enhance T‐cell activation by 

providing a strong secondary signal that complements antigen receptor engagement. 

The efficacy of these agonists is highly dependent on their molecular format, with 

optimal activity requiring efficient cross‐linking mediated by Fcγ receptor interactions, 

and often displays bell-shaped dose-response relationships (Crimini et al., 2024; 

Fabian et al., 2021). For 4‐1BB agonists, a bell‐shaped dose-response curve has been 

consistently observed in both pre‐clinical and early clinical studies. At moderate doses, 

transient proliferative bursts marked by increased Ki‐67 expression and clonal 

expansion are evident; however, supratherapeutic doses have been associated with 

hepatotoxicity, indicative of excessive systemic cytokine release and peripheral 

immune overactivation (Crimini et al., 2024). This hepatotoxicity has prompted the 

design of lower‐agonism constructs and conditional activation strategies, which are 

engineered to remain dormant in systemic circulation and become activated only 

within the tumour milieu. Such conditional formats rely on advanced Fc engineering 
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and precise control over antibody valency to ensure that target‐specific cross‐linking 

is achieved without triggering off‐target toxicities. These findings underscore the 

importance of integrating pharmacodynamic readouts such as cytokine profiles and T‐

cell receptor clonality assessments into early phase studies to precisely titrate the 

dose for maximum immunostimulatory benefit with minimal toxicity. 

Beyond monoclonal antibodies that directly target T‐cell checkpoints or costimulatory 

receptors, a range of additional immunomodulatory strategies has been pursued to 

remodel the tumour microenvironment. Cytokine‐based therapies (interleukins and 

interferons predominantly), exemplified by high‐dose IL2, historically approved for 

melanoma and renal cell carcinoma, have demonstrated profound capacity to 

stimulate NK cells and CD8+ T-cells; however, their clinical use has been severely 

limited by systemic toxicities, most notably capillary leak syndrome (Butterfield and 

Najjar, 2024). Innate immune sensors, particularly STING and TLR agonists, are also 

being investigated primarily via intratumoural administration in order to bypass 

systemic instability and off‐target effects. Pre‐clinical models have consistently 

demonstrated that STING agonists induce robust type I interferon production, leading 

to enhanced dendritic cell activation and subsequent priming of CD8+ T-cells. 

Nevertheless, clinical trial outcomes with these agents have been mixed, with some 

studies reporting only modest improvements in progression‐free survival. Limitations 

in clinical translation have been largely ascribed to suboptimal target engagement, 

rapid drug clearance, and the compartmentalised nature of innate immune activation 

that may not translate into systemic antitumour responses (Butterfield and Najjar, 

2024). Progress likely depends on improved delivery and biomarker-driven selection. 

All these approaches have been immensely improved in recent years. While each of 

them has more than one FDA-approved drug for cancer treatment, combination 

therapies and new methods are also still being investigated widely. 

Another T-cell targeted therapy includes Bacillus Calmette-Guerin, which is a live 

attenuated strain of Mycobacterium bovis and also causes cytokine release. While it 

has been promising in preclinical research like some of the other modulators, it failed 

to fulfil expectations in clinical trials at least as a monotherapy (Berraondo et al., 2019). 

Still, the other two types of immunomodulators are called small-molecule-based and 

particle-based immunomodulators. A distinctive speciality between them is the ability 
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to employ each immunomodulator mentioned above in a molecular form or with the 

addition of a nanoparticle (Chauhan et al., 2021; Grippin et al., 2021). 

Proteolysis targeting chimeras (PROTACs) and related targeted protein degradation 

technologies fit best under immune system modulators. These small molecules recruit 

E3 ligases to degrade selected signalling proteins in immune cells or in the TME, with 

the goal of enhancing antitumour immunity. Examples under exploration include 

degraders directed at PDL1, HPK1, and STAT3. Extracellular degradation concepts 

such as LYTAC extend this logic to membrane proteins. These programmes remain 

investigational and are typically considered as combination partners with ICB rather 

than as a separate established class (Cotton et al., 2021; Zhou et al., 2021). 

Collectively, the six-category framework provides a practical structure for the field. ICIs 

have delivered broad survival benefits across many solid tumours. ACT has 

transformed outcomes in several haematological cancers and is advancing in solid 

tumours. Vaccines, OVs, and CD3 bispecific antibodies contribute complementary 

mechanisms that can possibly convert immunologically cold tumours toward inflamed 

states and enhance T-cell engagement. Cytokines and small molecule modulators, 

including targeted protein degradation, offer additional levers to reprogram the TME. 

Ongoing efforts increasingly focus on rational combinations, biomarker-guided 

selection, and delivery strategies that maximise efficacy while limiting toxicity. 

 

1.7 PD1 and PDL1/2 signalling pathway 

PD1 is a monomeric type 1 surface glycoprotein that consists of a single V-set Ig SF 

domain linked to a transmembrane domain and a cytoplasmic domain with tyrosine-

based signalling motifs. PD1 is frequently attributed to the CTLA4/CD28 subgroup 

mainly because of shared functional features; however, PD1 also exhibits substantial 

homology with antigen receptors and CD8 subgroups. Thus, between these two 

subgroups, it represents an intermediate, indicating that a PD1-like protein might be 

the precursor of Ig SF family signalling receptors. The co-inhibitory function of PD1 on 

T-cells was first proved in knock-out mice in which the PDCD1 locus, which contains 

the murine PD1 gene, was deleted (Cheng et al., 2013) (Ishida et al., 1992). 
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The activation of CD4+ T-cells, CD8+ T-cells, natural killer T-cells (NKT), B cells, and 

monocytes leads to the induced expression of PD1 antigen. Besides the activated T-

cells, it is also expressed in activated monocytes and dendritic cells. The inhibitory 

function of it, which depends on the binding to one of its ligands, PDL1 (CD274, B7-

H1) or PDL2 (CD273, B7-DC), starts upon binding to dampen T-cell activation and the 

immune response. The expression of PDL1 was observed on T and B cells, DCs, 

macrophages, MSCs, bone marrow-derived mast cells, and non-homoeopathic cells, 

while PDL2 is only expressed on DCs, macrophages, and mast cells (Agata et al., 

1996; Keir et al., 2008; Latchman et al., 2001; Tseng et al., 2001). 

Although having a stronger binding affinity to PD1, PDL2 exerts a minimal impact on 

T-cell regulation, compared to PDL1. However, in this context, it is important to note 

that receptors that bind weakly can also trigger inhibitory signalling (Cheng et al., 

2013). Latchman and her colleagues studied PDL1 and PDL2 mRNA distribution in 

several healthy tissues. In accordance with their study, mRNA expression profiles were 

generally similar, with high expression in the placenta and low expression in the 

spleen, lymph nodes, and thymus. Both ligands were expressed in the heart, but PDL1 

expression was slightly higher. Only PDL2-expressed tissues were the pancreas, lung, 

and liver, and only PDL1-expressed tissue was the foetal liver (Latchman et al., 2001). 

Silencing the activated effector T-cells is the fundamental function of the PD1/PDL1 

signalling pathway, thereby preventing overshooting of immune attack. One other 

primary function of it is autoimmunity by giving rise to the development of Tregs and 

by inhibiting self-reactive T-cells (Francisco et al., 2010). MHC presented by APCs 

displays a specific antigen to the reciprocal TCR on naive T-cells as the beginning of 

T-cell activation, but this binding is followed by a secondary signal, as mentioned. The 

co-stimulatory signal is imperative for a fully activated T-cell. Upon activation, induced 

expression of PD1 starts to hinder MHC-TCR-mediated activation if the co-inhibitory 

pathway is exerted via PD1/PDL1 or PD1/PDL2 binding (Sharma et al., 2017). 

Cytokines are critical regulators of both PD1 and PDL1 expression together with their 

function, establishing a bidirectional circuit that modulates immune responses in 

cancer, fibrosis, and transplant tolerance. On one hand, cytokines such as IL‐12, IFNγ, 

TGFβ, and IL‐18 act as upstream signals that induce PD1/PDL1 expression on tumour 

cells, immune cells, and stromal cells. For example, IL‐12 stimulates the production of 
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IFNγ, which in turn upregulates PDL1 expression on tumour cells, linking innate and 

adaptive immune activation to subsequent checkpoint induction (Ahmadnia et al., 

2024; Amarnath et al., 2011; Zhang et al., 2023). However, IFN expression is also 

essential for immune-inflamed TME, so it is necessary to know its expression 

threshold, turning inflammation from acute to chronic. Similarly, TGFβ, well known for 

its role in driving epithelial‐mesenchymal transition (EMT) and fibrosis, activates 

signalling cascades such as PI3K/AKT and MEK/ERK, resulting in PDL1 

overexpression and promotion of immunosuppressive and fibrotic environments 

(Zhang et al., 2023). 

Conversely, engagement of PD1 by its ligands, predominantly PDL1, delivers 

inhibitory signals that suppress cytokine production. When PD1 is triggered on T-cells, 

phosphatases such as SHP1/2 are recruited, leading to dephosphorylation of key 

signalling molecules like STAT1. This dampens the transcription of critical effector 

cytokines, including IFNγ, IL‐2, and TNF‐α. This inhibitory signalling underlies the 

functional exhaustion observed in T-cells infiltrating tumours, contributing to a state of 

reduced cytokine output and impaired effector functions. Moreover, PD1-PDL1 

engagement has been implicated in the phenotypic conversion of Th1 cells into Tregs, 

which are known to lower levels of inflammatory cytokines while upregulating FOXP3, 

thus further reinforcing an immunosuppressive milieu (Amarnath et al., 2011; Yang et 

al., 2011). 

This bidirectional interaction is further compounded by feedback loops in the tumour 

context. Cytokine induction (for example, IFNγ initiated by IL‐12 signalling) enhances 

PDL1 expression on cancer cells, which subsequently feeds back to suppress 

additional cytokine production by effector T-cells, thereby limiting antitumour immunity 

(Pasero and Olive, 2013). In fibrotic processes and during EMT, TGFβ not only acts 

as a primary inducer of PDL1 expression but is also upregulated as a downstream 

effector of PDL1 signalling; such reciprocal regulation creates a positive feedback loop 

that intensifies both fibrogenesis and immune suppression (Zhang et al., 2023). In 

addition, studies in melanoma have demonstrated that the restoration of immune cell 

functionality via exogenous cytokine administration combined with PD1/PDL1 

blockade can revitalize the dysfunctional crosstalk between plasmacytoid dendritic 

cells and γδ T-cells, underscoring the therapeutic relevance of modulating this 

interplay (Girard et al., 2021). 
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Other cytokines, notably IL‐18, further contribute to the complexity of this network by 

inducing PD1-dependent immunosuppressive signals (Pasero and Olive, 2013). In 

allogeneic transplant models, blockade of the PD1-PDL1 axis has been shown to 

augment cytokine production (including IFNγ, IL‐4, and IL‐6) and disrupt Treg 

maintenance, highlighting the dual regulatory role that cytokines play in both activating 

and responding to PD1/PDL1 signalling (Yang et al., 2011). 

PDL1, a key immune checkpoint protein, is expressed across a wide spectrum of 

human malignancies and in multiple cellular compartments, including tumour cell 

membranes, cytoplasm, stromal cells, and tumour‐derived exosomes (Chen et al., 

2018b). Its expression pattern is heterogeneous both between and within cancer 

types, with significant implications for tumour immune evasion and responses to 

checkpoint blockade therapies. 

In non‐small cell lung cancer (NSCLC), PDL1 expression is notably high. Studies 

demonstrate that NSCLC tumour cells express elevated PDL1 levels when compared 

directly to other tumour types, and, importantly, PDL1 is also abundantly present in the 

tumour stroma and on tumour-derived exosomes (Kluger et al., 2017). The stromal 

PDL1, primarily carried by exosomes, appears to contribute to resistance to 

immunotherapy by binding to and sequestering PDL1-targeting antibodies. 

Additionally, within lung cancers, NSCLC subtypes such as adenocarcinoma and 

squamous cell carcinoma tend to show higher PDL1 positivity compared to small cell 

lung cancer and pleomorphic variants, although the precise percentages vary with the 

assay and cutoff selected (Chen et al., 2018b; Yu et al., 2016a). 

Renal cell carcinoma (RCC) displays an intermediate pattern of PDL1 expression. 

RCC tumour cells exhibit moderate levels of PDL1 that are generally lower than those 

observed in NSCLC but higher than in melanoma tumour cells (Kluger et al., 2017). 

Moreover, in RCC, PDL1 can also be detected on infiltrating immune cells within the 

tumour microenvironment, further underscoring its role in modulating antitumour 

immunity (Yu et al., 2016b). 

Metastatic melanoma illustrates a distinctive pattern. While overall PDL1 expression 

on melanoma tumour cells is lower compared to NSCLC, approximately 45% of 

metastatic melanoma cases exhibit PDL1 positivity in at least 5% of tumour cells, with 

around 24% showing expression in ≥20% of tumour cells. Most notably, melanoma 
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frequently demonstrates higher PDL1 expression in non-tumour compartments, 

including stromal inflammatory cells such as macrophages and lymphocytes, which 

can be more predictive of treatment responses to PD1 inhibitors than PDL1 expression 

on tumour cells per se (Kluger et al., 2017; Obeid et al., 2016). 

Breast cancer shows considerable variability in PDL1 expression across its subtypes. 

Basal and triple-negative breast cancers (TNBC) tend to express significantly higher 

levels of PDL1 at both the mRNA and protein levels compared to luminal subtypes 

(Soliman et al., 2014). Basal breast cancer cell lines display not only elevated 

constitutive PDL1 expression but also a robust inducible response following interferon 

gamma exposure, suggesting an inherent aggressive phenotype coupled with immune 

evasion capabilities. In contrast, luminal (hormone receptor-positive) breast cancers 

generally exhibit lower PDL1 expression, aligning with their less aggressive behaviour 

and different immune microenvironment (Stovgaard (Sabatier et al., 2015; Stovgaard 

et al., 2019). 

Beyond these primary cancer types, PDL1 is expressed in various other malignancies, 

including gastric, hepatocellular, esophageal, pancreatic, ovarian, bladder, head and 

neck, thyroid, and even certain hematologic cancers. In many of these cancers, high 

PDL1 expression is associated with adverse clinicopathological features such as 

increased tumour aggressiveness, invasion, and metastasis, thereby contributing to 

poor patient outcomes (Yu et al., 2016b). However, nuances exist; for example, in 

Merkel cell carcinoma, PDL1 expression on tumour cells can be absent despite 

potential positivity in the microenvironment, and in some breast cancers, PDL1 

expression correlates with better clinical outcomes (Gatalica et al., 2014). 

Although these studies all define and explore PD1/PDL1 expression levels in cancer 

types, each of them utilizes its own method (mostly immunohistochemistry and 

quantitative immunofluorescence techniques) and each of them inspects one or a 

maximum of three cancer types, leaving a gap in a comparative study on PD1/PDL1 

expression in cancer types. Notwithstanding these methodological advances, the 

precision of PD1/PDL1 measurement remains critically undermined by several factors. 

A major source of imprecision is the inherent spatial heterogeneity of PDL1 expression 

within tumours. As expression levels can vary significantly between tumour centres, 

edges, or between primary and metastatic sites, small sample sizes (such as those 
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obtained from tissue microarrays or core needle biopsies) may not adequately capture 

this heterogeneity (Stovgaard et al., 2019; Yu et al., 2016b). This sampling bias 

contributes to discordance and variability in reported PDL1-positive rates. In addition, 

the lack of standardized scoring systems and variability in cut-off thresholds for 

positivity, ranging from as low as 1% to as high as 50% of cells staining positive, further 

compromises cross-study comparability and the reliability of PDL1 as a predictive 

biomarker (Kluger et al., 2017). 

At the molecular level, PD1 hinders TCR-mediated signalling by impairing the 

activity of the PI3K/Akt and the Ras/MEK/Erk pathway signalling cascades, which are 

both required together for the initiation of T-cell activation. One of the mechanisms of 

PD1 inhibition of the PI3K/Akt pathway targets PTEN phosphorylation and 

phosphatase activity regulated by CK2. PTEN C-terminus serine/threonine cluster 

S380/T382/T383 phosphorylation is operated by CK2. This cluster provides PTEN 

protein stability and decreases PTEN lipid phosphatase activity for the PIP3 substrate. 

For example, in the stimulation process led by TCR/CD3 and CD28, CK2 

phosphorylates PTEN, thereby stabilizing it. Thus, its phosphatase activity is inhibited. 

On the contrary, PD1 recruits SHP2, a phosphatase, to the ITSM in the PD1 Tail and 

hampers phosphorylation of the Ser/Thr cluster in the C-terminus of PTEN, thereby 

inhibiting stabilization of PTEN. Therefore, PTEN phosphatase activity increases. In 

addition, PD1 also hampers the Ras/MEK/Erk signalling pathway. RasGRP1, one of 

the elements of PLC-γ1 downstream, is mediated by the Ca2+ and DAG, which 

together form the MEK/Erk MAP kinase pathway, the downstream of the Ras/MEK/Erk 

pathway. PD1 disrupts this pathway by inhibiting PLC-γ1. There are also other events 

that start with TCR ligation and are inhibited by PD1 ligation, such as activation of 

ZAP70 and PKCθ. Collectively, these event series strongly inhibit T-cell activation, 

proliferation, and survival by decreasing the activation of transcription factors such as 

activator protein 1 (AP-1), nuclear factor of activated T-cells (NFAT), and nuclear 

factor-κB (NF-κB) (Figure 1.3) (Bardhan et al., 2016; Sharpe and Pauken, 2018). 
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Figure 1.3 Intracellular inhibition mechanisms of PD1/PDL1 pathway in 

molecular level. This pathway inhibits mainly PI3K/Akt and the Ras/MEK/Erk pathway 

signalling cascades which are both crucial for T-cell activation and effector functions. Inhibition 

hinders memory and effector T-cell and causes T-cell exhaustion, increase in regulatory T-

cells. 

 

1.8 Treatments with monoclonal immune checkpoint inhibitors 

In the last decade, immune checkpoint therapy came to the forefront of cancer 

therapies due to many plausible reasons. First of all, the success achieved with these 

therapies is remarkable, with prolonged overall survival, shrinkage, or even complete 

removal of tumours. Another reason is that ICB therapies can be applied to many 

diverse cancer types, regardless of the organ or tissue they stem from. Besides the 

positive response to the treatment and diversity of targeted tumour tissue, reduced 

side effects in comparison to other cancer therapies have gathered attention on this 

topic, and finally, it became one of the most widely prescribed cancer therapeutics. In 
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this context, some monoclonal antibodies target cancer cells and aim to bind tumour-

associated antigens such as HER2, CD20, and VEGF, some others target directly 

immune checkpoint inhibitors. We can mention, for instance, the ones that target 

specifically T-cell immunomodulators such as PD1, PDL1, CTLA4, and IDO1. These 

are in respectively second, third, seventh, and twelfth places in the top 15 targets in 

the 2019’s immune-oncology drug pipeline, showing the growth of attraction to T-cell 

immunomodulators (Xin Yu et al., 2019a). On top of that, this growth is also expanding 

with active clinical trials accounting for 66% of all active immuno-oncology agents. As 

of 12 April 2026, a ClinicalTrials.gov search identified 3826 active interventional 

studies evaluating anti-PD1/PDL1 therapies in cancer, using the major approved 

agents as search terms.  

CTLA4 blockade acts during the early priming phase by preventing CTLA4 from 

engaging CD80/CD86 on antigen-presenting cells. This permits the restoration of 

CD28-mediated co-stimulation and enhances the expansion of naive T-cells while 

mitigating regulatory T-cell suppression (Buchbinder and Desai, 2016; Rowshanravan 

et al., 2018). In contrast, PD1 and PDL1 inhibitors function predominantly within 

peripheral tissues and the tumour microenvironment by blocking PD1 engagement, 

thereby reinvigorating exhausted effector T-cells and restoring essential intracellular 

pathways for cytokine production and cytolytic activity. The clinical efficacy of FDA-

approved PD1/PDL1 monotherapies is conditioned by factors such as antigen load, T-

cell abundance, and myeloid tone, which collectively determine the magnitude of T-

cell receptor engagement and downstream responses (Beavis et al., 2018; Dyck and 

Mills, 2017; Grywalska et al., 2018). The monoclonal format, combined with advanced 

Fc engineering, contributes to improved specificity, longer half-life, and optimised 

tissue distribution, which are critical for achieving effective and durable 

immunomodulation (Grywalska et al., 2018). Secondary inhibitory axes, including 

LAG3 and TIGIT, have been identified as additional targets that may augment the 

efficacy of PD1 and PDL1 blockade when applied in combination strategies. These 

mechanistic insights underpin current therapeutic strategies and provide the rationale 

for the subsequent list of approved PD1 and PDL1 antibodies, which illustrate the 

clinical translation of these engineering enhancements (Grywalska et al., 2018). 

PD1/PDL1 monoclonal antibodies are protein-based therapeutic molecules that 

belong to the immunoglobulin (Ig) family; in other words, they are true antibodies with 
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defined heavy and light chain structures arranged in a Y-shaped conformation (Bu et 

al., 2022). Their antigen‐binding fragments (Fabs) contain variable domains that 

provide high specificity and affinity for targeted epitopes on the PD1 receptor or its 

ligand PDL1, while their constant (Fc) regions can be engineered to reduce or 

eliminate undesired effector functions such as antibody-dependent cellular cytotoxicity 

(ADCC) (Li and Rudensky, 2016; Ohaegbulam et al., 2015). 

Physically, these antibodies are complex protein structures typically classified as IgG 

isotypes, for example, IgG1, IgG2a, IgG2b, or IgG4, depending on their intended 

application and functional engineering. They exhibit a modular architecture where the 

variable region is combined with an Fc domain that can be modified to optimize half-

life, reduce immunogenicity, or modulate interactions with Fc receptors (Lee et al., 

2017; Li and Rudensky, 2016). These modifications are critical for ensuring that the 

antibodies act solely via checkpoint blockade rather than depleting target-expressing 

cells through immune effector mechanisms. 

The creation of PD1/PDL1 monoclonal antibodies involves standard immunological 

and molecular biology methods. In preclinical settings, the process usually begins by 

immunizing an appropriate host animal (typically mice or rats) with the target antigen, 

which can be the purified PD1 or PDL1 protein, or sometimes cells expressing these 

proteins (Bu et al., 2022; Tan et al., 2016). This immunization stimulates the animal’s 

B cells to produce a repertoire of antibodies against the antigen. Following 

immunization, antibody-producing B cells are isolated and fused with immortal 

myeloma cells using hybridoma technology, resulting in hybridoma cell lines that 

continuously produce a single, uniform antibody clone (Burova et al., 2017; 

Ohaegbulam et al., 2015). 

For clinical applications, these initial antibody candidates are often further engineered 

through recombinant DNA techniques. The variable region genes encoding the 

antigen-specific antibodies are cloned and, if necessary, “humanized” by grafting them 

onto human IgG frameworks to reduce immunogenicity when administered to patients. 

This humanization process is critical in developing therapeutics such as nivolumab 

and pembrolizumab, which are designed for use in human cancer immunotherapy (Li 

and Rudensky, 2016; Ohaegbulam et al., 2015). Furthermore, these engineered 

antibodies are expressed in mammalian cell systems, such as Chinese hamster ovary 
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(CHO) cells, to ensure proper protein folding, post-translational modifications, and 

consistent production quality (Wang et al., 2020). 

Briefly, PD1/PDL1 monoclonal antibodies are sophisticated antibodies produced via 

immunization, hybridoma generation, and recombinant engineering techniques. Their 

production involves isolating cross-species B-cell clones, fusing them with myeloma 

cells to create immortal hybridomas, and further engineering them as needed to 

optimize therapeutic efficacy and safety in clinical applications. 

 

1.8.1 Approved antibodies and core pharmacology define class and agent 

differences  

The first approved monoclonal ICB therapy, anti-CTLA4 (Ipilimumab), achieved 

substantial success in clinical trials. Therefore, Ipilimumab (Yervoy®) acquired FDA 

approval in 2011 for the first- and second-line treatment of malignant melanoma 

patients (Cameron et al., 2011). Then Pembrolizumab (Keytruda®) was approved by 

the FDA as the first anti-PD1 monoclonal antibody for unresectable or metastatic 

melanoma patients in 2014 (Poole, 2014). Treatments targeting the PD1/PDL1 axis 

continued from 2014 to 2025 with 6 new antibodies targeting PD1 with active 

ingredient names: Nivolumab (2015), Cemiplimab (2018), Dostarlimab (2021), 

Toripalimab (2023), Retifanlimab (2023), and Tislelizumab (2024). FDA-approved 

agents targeting PDL1s to date are Atezolizumab (2016), Durvalumab (2017), and 

Avelumab (2017) for the treatment of a variety of cancer types (14 in total). This wide 

range of cancers includes renal cell and non-small cell lung carcinoma (NSCLC), head 

and neck cancer, melanoma, classical Hodgkin lymphoma, and small-cell lung 

carcinoma (SCLC), although most of these drugs are recommended to be prescribed 

to patients with any dMMR solid tumours and tumours with microsatellite instability 

(Table 1.1). In addition to these widely studied and FDA-approved ones , the European 

Union, Japan, and China have also approved 4 other anti- PD1/PDL1 monoclonal 

antibodies in the meantime: Toripalimab (anti-PD1), Camrelizumab (anti-PD1), 

Sintilimab (Tyvyt®, anti-PD1), and Tislelizumab (anti-PD1) for different cancer types 

(Marin-Acevedo et al., 2021; Thoreau and Chudasama, 2022).   
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PD1 antibodies are typically formulated as IgG4 isotypes that possess intrinsically low 

Fc receptor engagement to reduce the risk of effector cell-mediated depletion of 

activated T-cells (Ma et al., 2016). In contrast, some PDL1 antibodies have been 

engineered to balance checkpoint inhibition with potential antibody‐dependent cellular 

cytotoxicity against tumour cells (Ma et al., 2016). Isotype and Fc engineering are 

critical given their influence on serum half‐life, tissue biodistribution, and overall clinical 

efficacy; modifications to the Fc region, such as silencing or enhancing FcRn binding, 

have been implemented to optimise dosing schedules and reduce off‐target effects 

(Gogesch et al., 2021; Nguyen and Maynard, 2021). Dosing approaches vary between 

agents but often use fixed‐dose regimens administered intravenously at intervals of 

two to three weeks, achieving half‐lives in the order of 2-3 weeks that facilitate 

predictable pharmacokinetics (Goleva et al., 2021). 

 

1.8.2 Clinical benefit is tumour-type specific and shaped by immune 

contexture  

PD1/PDL1 monotherapies have demonstrated durable responses in tumour types with 

a permissive immune contexture, such as melanoma, non‐small cell lung cancer, and 

tumours characterized by high microsatellite instability or dMMR. These cancers 

typically exhibit increased neoantigen burden, elevated IFNγ signatures, and enriched 

tumour‐infiltrating T-cells, conditions that favour robust antitumour immunity upon 

checkpoint blockade (Hossain et al., 2021; Ma et al., 2016). In tumours where antigen 

load is high, and regulatory mechanisms are less pronounced, monotherapy often 

results in sustained objective responses with prolonged progression‐free and overall 

survival. Conversely, malignancies with a highly immunosuppressive myeloid stroma, 

T‐cell exclusion, or low baseline T‐cell abundance may derive more benefit from 

combinatorial strategies (Baksh and Weber, 2015; Dyck and Mills, 2017). Biomarker 

assessments such as PDL1 expression by immunohistochemistry, although variable 

and subject to heterogeneity, are used to enrich patient selection; however, the 

correlation between PDL1 levels and clinical outcome is not absolute (Dyck and Mills, 

2017; Goleva et al., 2021). The interplay between tumour neoantigen load, IFNγ‐

driven immune activation, and the suppressive influence of myeloid and regulatory cell 

populations explains the heterogeneity observed in clinical efficacy across tumour 
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types, which points outs the value of precise mapping of TME. The alignment of these 

immunological features underpins the rationale for adopting biomarker‐driven 

treatment paradigms and for combining PD1/PDL1 blockade with other agents in 

tumours that are inherently less responsive (Baksh and Weber, 2015; Dyck and Mills, 

2017). 

 

1.8.3 Biomarkers enrich responders but remain imperfect gatekeepers  

Patient selection for PD1/PDL1 monotherapy is frequently informed by PDL1 

immunohistochemistry using tumour percentage score (TPS) or combined positive 

score (CPS); nevertheless, quantitative assessment is marred by inter‐assay 

variability, heterogeneous expression, and inconsistent thresholds (Ma et al., 2016) 

(Baksh and Weber, 2015). In certain cancers, molecular biomarkers such as 

microsatellite instability and deficient mismatch repair status, as well as tumour 

mutational burden, provide valuable guidance for the use of immunotherapy, yet their 

predictive value can be limited by technical and biological factors (Dyck and Mills, 

2017; Granier et al., 2017). The density of CD8+ T-cells and expression of immune‐

related gene signatures, including those reflecting IFNγ signalling, have been shown 

to correlate with response and are increasingly integrated into composite biomarker 

panels (Ma et al., 2016). Moreover, genetic alterations that impact antigen 

presentation, such as loss of HLA or mutations in JAK1/2, may undermine the efficacy 

of PD1/PDL1 blockade by obviating effective T‐cell recognition of tumour antigens 

(Dyck and Mills, 2017; Hossain et al., 2021). Pre‐analytic variability, spatial 

heterogeneity within the tumour, and dynamic changes during treatment further 

complicate biomarker interpretation (Goleva et al., 2021). A composite strategy that 

integrates immunohistochemical, genetic, and transcriptional markers has emerged 

as the preferred approach for improving patient stratification and predicting therapeutic 

response (Dyck and Mills, 2017; Granier et al., 2017). 
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1.8.4 Resistance emerges through antigen loss, interferon pathway 

defects, and myeloid rewiring  

Resistance to PD1/PDL1 monotherapy may manifest as primary non‐response or as 

acquired resistance following an initial period of clinical benefit. Primary resistance 

frequently reflects low intrinsic immunogenicity, limited tumour neoantigen load, and 

an immunosuppressive microenvironment that precludes effective T‐cell priming 

(Baksh and Weber, 2015; Hossain et al., 2021). Acquired resistance has been linked 

to genetic alterations that impair antigen presentation, such as defects in beta-2 

microglobulin and loss of HLA expression, as well as mutations in interferon pathway 

elements, including JAK1 and JAK2, that blunt downstream signalling and reduce T‐

cell responsiveness. Furthermore, alterations in the tumour microenvironment, such 

as the establishment of T‐cell exclusion architectures and the rewiring of myeloid cell 

phenotypes, contribute to a suppressive milieu by increasing the activity of adenosine-

producing enzymes, indoleamine 2,3‐dioxygenase (IDO) and CSF1 receptor‐

dependent pathways (Hossain et al., 2021; Willsmore et al., 2021; Yin et al., 2021). 

Rational combination strategies have been proposed to overcome these resistance 

mechanisms. Oncolytic viruses and radiotherapy can provide antigenic stimulation 

and enhance T‐cell priming, while therapies targeting VEGF, CSF1R, or adenosine 

signalling may reprogramme the myeloid compartment to facilitate T‐cell infiltration 

(Popovic et al., 2018). The convergence of genetic, antigenic, and microenvironmental 

alterations underlines the complexity of resistance and emphasises the need for 

robust, multi‐modality approaches to restore effective antitumour immunity (Willsmore 

et al., 2021). 

 

1.8.5 Toxicity is mechanism-linked and manageable with protocolised care  

Immune-related adverse events associated with PD1/PDL1 monotherapies typically 

involve endocrine, hepatic, and pulmonary systems. Thyroiditis, mild hepatitis, and 

pneumonitis are among the most frequently observed toxicities, with onset generally 

later than the acute colitis or dermatological reactions seen with CTLA4-containing 

regimens (Chae et al., 2018). PD1/PDL1 inhibitors tend to exhibit a more favourable 

safety profile due to their selective targeting of exhausted T-cells in peripheral tissues, 

thereby limiting the extent of systemic immune activation (Buchbinder and Hodi, 2015). 
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Established clinical guidelines advocate early recognition and grading of toxicities, with 

prompt initiation of corticosteroids when moderate to severe adverse events are 

identified. Re-challenge with immunotherapy after resolution of toxicity is guided by 

careful clinical assessment and may be supported by dose adjustments or alternative 

schedules; management protocols emphasise symptom alleviation, patient 

monitoring, and multidisciplinary collaboration (Buchbinder and Hodi, 2015; Goleva et 

al., 2021). The mechanistic basis for toxicity differences is linked to the divergent roles 

of CTLA4 versus PD1 in T‐cell regulation and the ancillary effects imparted by Fc 

receptor interactions; CTLA4 blockade, for example, may induce broader immune 

activation and depleting effects on regulatory T-cells, whereas PD1/PDL1 inhibitors 

tend to preserve a more circumscribed activity profile (Hong and Maleki Vareki, 2022). 

Optimised dosing strategies and Fc domain engineering represent key levers for 

balancing therapeutic efficacy against adverse events and enhancing overall risk-

benefit outcomes (Goleva et al., 2021). 

 

1.8.6 Combination strategies expand benefit through complementary 

biology  

The rationale for combining PD1 blockade with CTLA4 inhibition is grounded in the 

temporal complementarity between T‐cell priming and effector restoration. CTLA4 

blockade removes early inhibitory signals that limit CD28-mediated co-stimulation and 

broad T-cell activation, while PD1/PDL1 inhibitors reactivate exhausted T-cells within 

the TME (Baksh and Weber, 2015). This dual approach results in enhanced tumour 

antigen recognition and effector function, translating into improved antitumour 

responses in certain malignancies. In settings where chemotherapy or anti-VEGF 

agents are added, the increased antigen release and vascular normalisation further 

promote T-cell infiltration and function, supporting synergy with PD1/PDL1 blockade 

(Granier et al., 2017). Emerging combinations involving PD1 blockade with LAG3 or 

TIGIT inhibitors address secondary inhibitory pathways that often co-exist with PD1 

expression on exhausted lymphocytes (Kabut et al., 2025). Although combinations 

may elevate the risk of immune-mediated toxicity, protocolised management and 

careful patient selection have rendered these approaches clinically feasible. 

PD1/PDL1 monotherapy remains the foundational comparator given its proven 
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efficacy and manageable safety profile, establishing a benchmark for next-generation 

formats that seek to integrate multiple checkpoints into a single therapeutic construct. 

The interplay of complementary immune mechanisms underscores the potential of 

carefully engineered combination regimens to expand clinical benefit across a broader 

array of tumour types (Granier et al., 2017) (Baksh and Weber, 2015; Popovic et al., 

2018). 

 

1.8.7 Future directions focus on next-generation targets and delivery  

Advances in antibody engineering offer promising avenues to enhance the selectivity 

and safety of immune checkpoint inhibitors. Next-generation strategies are 

increasingly focusing on additional inhibitory receptors such as TIM3 and VISTA, 

which may extend the benefits observed with PD1/PDL1 blockade by targeting 

residual pathways of T-cell exhaustion (Popovic et al., 2018). Fc-tuned and 

conditionally active antibodies, designed with modified Fc regions to mitigate off-target 

effects and optimise tissue localisation, further refine therapeutic specificity (Nguyen 

and Maynard, 2021). Intratumoural delivery of antibody constructs and bispecific 

formats that retain a PD1/PDL1 backbone while engaging a complementary immune 

effector, for example, cytokine fusion that boosts local T-cell activation, has also 

advanced in preclinical development (Granier et al., 2017). These innovations seek to 

directly counteract resistance mechanisms such as antigen loss and myeloid 

reprogramming by focussing immune activation within the tumour milieu. Emerging 

modalities, including mesenchymal stem cell-delivered soluble PD1 (sPD1), offer 

conceptual frameworks for remodelling the TME to favour sustained antitumour 

immunity while minimising systemic toxicity (Popovic et al., 2018). Continued 

exploration of these next-generation targets and delivery systems is expected to 

complement existing therapies, ultimately leading to more durable clinical responses 

and improved patient outcomes (Galli et al., 2020). 

Clinical benefit from PD1/PDL1 blockade is uneven and maps closely to the TME. 

Response depends on antigen load, T-cell presence, interferon signalling, and myeloid 

tone. Many solid tumours remain poorly responsive because dense stroma limits 

penetration, T-cells are excluded, or suppressive myeloid programmes dominate. 

Robust profiling of the TME, including precise T-cell markers, T-cell density and type 
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proportion, IFNγ-linked transcription, antigen presentation competence, and myeloid 

signatures, is therefore central to selecting patients and designing rational 

combinations. 

Current antibodies maintain prolonged systemic exposure but can show restricted 

intratumoural coverage in fibrotic or poorly vascularised lesions. Biomarkers enrich but 

are imperfect, and resistance arises through antigen loss, defects in interferon 

pathways and myeloid rewiring. These constraints are as much about delivery, and 

distribution as they are about target biology. 

High affinity sPD1 offers one route to stronger PDL1 engagement with potentially 

better tissue access. Using yeast surface display and surface plasmon resonance, 

Maute et al. identified a PD1HAC variant with roughly 35,000-fold higher affinity than 

PD1WT and a compact format compatible with tissue penetration (Maute et al., 2015). 

Local availability of such a ligand living inside tumours could more effectively out-

compete endogenous PD1 for PDL1 and support T-cell function in situ. 

Key gaps remain. Whether sustained local release of high affinity sPD1 can remodel 

an immunosuppressive TME without excessive systemic exposure is untested. MSCs 

come forefront at this point not only as carriers for sustained PD1 and overcoming 

infiltration into solid tumours, but also their flexibility to carry more than one therapeutic 

and ability to further modulate TME. Engineered MSCs to deliver a sPD1 variant have 

not been inspected before. sPD1HAC expressed by MSCs and PDL1 engagement is 

still unclear both in vitro and in vivo. 

 

1.9 MSCs and utilizing them as vectors for cancer therapeutics 

Types and Sources of MSCs Mesenchymal stromal cells (MSCs) represent a 

heterogeneous group of multipotent progenitors that can be isolated from several 

tissue sources, with bone marrow (BM‐MSCs), adipose tissue (AT‐MSCs), and 

umbilical cord (UC‐MSCs) being the most extensively explored for therapeutic use. 

These cells are defined by their ability to adhere to plastic under standard culture 

conditions, express a panel of characteristic surface markers (CD73, CD90 and 

CD105), and lack expression of haemopoietic and endothelial markers such as CD45, 

CD34 and CD14 (Almeida-Porada et al., 2020; Bieback et al., 2019). This minimal 
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definition, although useful for initial characterisation, does not fully address the 

inherent heterogeneity within MSC populations arising from donor variability, tissue of 

origin and differences in isolation and culture conditions (Baer, 2014; Camilleri et al., 

2016). Notably, BM‐MSCs, historically the first to be described and most widely applied 

clinically, are collected via invasive procedures and represent only a rare population, 

whereas AT‐MSCs provide a more abundant and accessible alternative with 

comparable multipotency (Baer, 2014; Mastrolia et al., 2019). In addition, UC‐MSCs 

derived from birth‐associated tissues have emerged as a promising source given their 

rapid expansion capacity, primitive phenotype and reduced exposure to somatic 

mutations relative to adult MSCs (Bieback et al., 2019; Mebarki et al., 2021). Careful 

manufacturing strategies, including xeno‐free culture systems and human platelet 

lysate supplementation, are employed to ensure reproducible expansion and 

preservation of cell functionality under Good Manufacturing Practice (GMP) conditions 

(Bieback et al., 2019; Mastrolia et al., 2019; Phinney and Galipeau, 2019). These 

considerations are central as they allow a consistent definition of MSC products that 

form the basis for subsequent therapeutic applications and comparative evaluations 

across pre‐clinical and clinical studies. 

MSCs are inherently equipped with the ability to home to sites of tissue injury and 

inflammation, a property that is exploited by solid tumours that generate chemokine 

gradients reminiscent of chronic, non‐healing wounds (Dvorak, 2015; Kidd et al., 

2009). Recruitment of MSCs into the TME is mediated by factors such as VEGF, FGF, 

PDGF, interleukins and chemokines like CCL5 and IL-8, which act in concert to 

facilitate adhesion, migration and extravasation (Gil-Chinchilla et al., 2024; Kangari et 

al., 2024). Once localised within the TME, MSCs engage in complex crosstalk with 

tumour cells, immune cells and stromal constituents via direct cell contacts and a 

myriad of secreted cytokines, growth factors and extracellular vesicles. Although these 

interactions can lead to tumour suppression through the modulation of 

immunostimulatory pathways, they may also involve pro‐tumour processes such as 

enhanced angiogenesis, immune suppression and support for cancer stem cell niches 

(Ebrahimi et al., 2023; Gil-Chinchilla et al., 2024). This bidirectional effect is context‐

dependent and is influenced by the specific inflammatory milieu, the differentiation 

state of the MSCs, and the local concentration of soluble mediators (Ebrahimi et al., 

2023). The result is a dynamic and plastic MSC phenotype that may either contribute 
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to tumour progression or, when appropriately manipulated, support tumour regression 

This phenomenon underpins their potential as therapeutic delivery vehicles in cancer 

(Gil-Chinchilla et al., 2024; Mahhengam et al., 2022). 

The innate tumour tropism of MSCs offers a decisive advantage over conventional 

systemic approaches by enabling selective migration to and retention within the TME 

(Ebrahimi et al., 2023; Marofi et al., 2017). Pre-clinical models have demonstrated that 

MSCs can selectively home to solid tumours in various tissues, including brain, colon, 

liver and lung, thereby permitting a sustained release of therapeutic agents directly at 

the target site while minimising systemic exposure (Kangari et al., 2024; Moreno, 

2021). This localised delivery can result in a superior therapeutic index, as evidenced 

by studies in which BM‐MSCs loaded with oncolytic adenoviruses produced an 8.1-

fold improvement in antitumour efficacy compared with naked viruses in hepatocellular 

carcinoma models (Moreno, 2021). Furthermore, the relative immune evasiveness of 

MSCs, owing to low expression levels of MHC class I and lack of co-stimulatory 

molecules, facilitates allogeneic use, thereby overcoming donor‐specific limitations 

and enabling off‐the‐shelf applications (Ebrahimi et al., 2023; Marofi et al., 2017). The 

sustained persistence of MSCs within the TME also allows continuous modulation of 

local immune responses through the secretion of factors that influence myeloid and T-

cell compartments, This capacity for prolonged, site-specific delivery is a fundamental 

benefit when considering the limitations of systemic drug administration, particularly in 

the context of immune checkpoint blockade where off-target effects and immune-

related adverse events remain a concern (Ebrahimi et al., 2023; Garza Treviño et al., 

2024). 

Despite the promising advantages, the application of MSCs as therapeutic vectors is 

hampered by several challenges and risks that necessitate careful mitigation. The 

inherent heterogeneity in MSC populations as, a reflection of differences in tissue 

origin, donor variability and culture protocols, raises concerns regarding consistency 

and reproducibility across batches intended for clinical use (Baer, 2014; Mendicino et 

al., 2014; Viswanathan et al., 2014). In addition, the pro-tumorigenic potential of 

MSCs, as evidenced by their ability to secrete factors that enhance tumour 

proliferation, angiogenesis and metastasis, constitutes a major safety concern (Ma et 

al., 2023; Mahhengam et al., 2022). Biodistribution studies have revealed that 

following systemic infusion, a significant portion of MSCs becomes entrapped in off-
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target organs such as the lungs, liver and spleen, thereby complicating the 

assessment of their precise in vivo behaviour and therapeutic concentration within the 

tumour (Kangari et al., 2024). Immunogenicity, particularly in the context of repeated 

administrations, remains a consideration despite the immune-evasive profile of MSCs; 

concerns over potential thromboembolic events and genetic instability during ex vivo 

expansion further compound these issues (Garza Treviño et al., 2024; Neri, 2019; 

Sharma et al., 2014). Regulatory hurdles also persist with respect to cell-based 

medicinal products, where the lack of universally accepted potency assays and 

standardised manufacturing protocols complicates clinical translation and quality 

control (Phinney and Galipeau, 2019; Robb et al., 2019) (Wilson et al., 2019). 

Collectively, these challenges underscore the need for rigorous donor screening, 

controlled expansion protocols under physiologic conditions (such as hypoxia) and the 

development of robust release criteria to ensure consistent therapeutic performance 

and safety. 

Given the limitations inherent in systemic checkpoint inhibitor therapies, particularly 

those targeting PD1 and PDL1, exploration of alternative delivery modalities is 

warranted. Systemically administered PD1/PDL1 antibodies, while effective in certain 

contexts, often exhibit off-target immune activation and associated toxicities that 

restrict their therapeutic index (Gil-Chinchilla et al., 2024; Phinney and Galipeau, 

2019). MSC-mediated delivery of sPD1 fused to a hinge and antigen‐targeting module 

(sPD1HAC) offers a targeted approach that elevates the tumour-homing capabilities of 

MSCs to concentrate checkpoint inhibition specifically within the TME. Pre-clinical 

insights suggest that localised release of sPD1HAC can achieve effective checkpoint 

blockade with reduced systemic exposure, thereby mitigating adverse immunological 

events and enhancing the antitumour immune response (Ebrahimi et al., 2023; Gil-

Chinchilla et al., 2024). This strategy also capitalises on the sustained presence of 

MSCs within the TME, providing a continuous source of checkpoint modulators that 

can be dynamically regulated by the local inflammatory milieu. As a result, the use of 

MSCs to deposit sPD1HAC locally may yield a superior therapeutic index compared 

with conventional systemic antibody administration, particularly in solid tumours 

characterised by an immunosuppressive microenvironment (Gil-Chinchilla et al., 

2024). This approach represents a rational convergence of cell therapy and 

immunomodulation that is amenable to further bioengineering and assay optimisation. 
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A growing body of preclinical studies supports the feasibility of employing MSCs as 

vectors for antitumour therapeutics. In several solid tumour models, MSCs loaded with 

therapeutic payloads, including oncolytic viruses and immune-modulating factors, 

have demonstrated effective tumour homing, sustained retention and significant 

antitumour efficacy (Niess et al., 2011). For instance, BM‐MSCs loaded with an 

oncolytic adenovirus encoding a WNT inhibiting decoy receptor achieved an 8.1‐fold 

improvement in therapeutic efficacy in hepatocellular carcinoma models when 

compared with administration of the naked virus (Moreno, 2021). These findings are 

corroborated by biodistribution studies that reveal extensive tumour colonisation by 

MSCs, as assessed through in vivo bioluminescent imaging and other tracking 

modalities (Gil-Chinchilla et al., 2024). Early clinical trials have further established the 

safety profile of MSC-based therapies, with indications of minimal immunogenicity and 

manageable adverse events when MSCs are administered systemically (Ebrahimi et 

al., 2023). Although the therapeutic efficacy in humans remains to be fully elucidated 

in larger, controlled trials, the preclinical data coupled with emerging clinical 

experience suggest that MSC vectors can provide a stable and effective delivery 

system for checkpoint inhibitors and other therapeutic agents. Importantly, the 

pharmacokinetic profile of MSC-delivered payloads indicates a shift towards 

sustained, localised exposure that may circumvent the rapid clearance and off-target 

effects typically observed with conventional antibody therapies (Garza Treviño et al., 

2024). Recent meta-analyses and controlled studies in solid tumours emphasise that 

the MSC-based approach not only enhances local drug concentration but may also 

modulate the TME in a manner that potentiates immune-mediated tumour cell killing 

(Ebrahimi et al., 2023). Although precise effect sizes and confidence intervals vary 

among studies, the convergence of evidence from multiple primary research reports 

underlines the potential for MSC vectors to improve the therapeutic index in cancer 

treatment. 

The collective evidence indicates that MSCs, whether derived from bone marrow, 

adipose tissue or umbilical cord, represent a versatile and promising platform for the 

targeted delivery of cancer therapeutics. Their well‐defined phenotypic criteria and 

established manufacturing practices ensure a degree of consistency that permits 

reproducible clinical application, while their innate homing ability and 

immunomodulatory properties enable them to deliver therapeutic agents such as 
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sPD1HAC directly into the TME. This inherent tumour tropism serves to concentrate the 

therapeutic payload at the intended target, potentially overcoming the limitations of 

systemic antibody therapies that are frequently associated with widespread immune 

activation and resultant toxicities. At the same time, challenges regarding MSC 

heterogeneity, protumour risk, biodistribution and regulatory complexities must be 

rigorously addressed through improved donor selection, enhanced expansion 

protocols and tailored gene‐modification strategies. Therefore, the integration of MSC-

based delivery with the checkpoint modulation offers a compelling strategy to enhance 

the therapeutic index in solid tumours. The preclinical and early clinical evidence 

bespeaks the potential for such an approach to achieve effective, sustained antitumour 

activity with reduced systemic toxicity (Almeida-Porada et al., 2020; Garza Treviño et 

al., 2024; Moreno, 2021).  

 

1.9 Aims and objectives 

Building on the clinical impact of ICB therapies, particularly those targeting the 

PD1/PDL1 axis, this study seeks to develop an innovative MSC-based therapeutic 

approach using a potent, non-antibody sPD1 variant. Specifically, HAC-V, as 

described by Maute et al., is selected for this study, which serves as the basis for our 

sPD1 variant, termed sPD1HAC. While Maute’s work established high-affinity binding 

through surface plasmon resonance, our research focuses on a different context: 

genetically engineering MSCs to deliver sPD1HAC to the TME with high binding 

efficacy. This strategy aims to overcome some persistent challenges of ICB therapies, 

including poor tumour penetration, inefficient therapeutic delivery, and low-affinity, 

short-duration binding interactions in biological systems. Through integrated 

bioinformatic analyses, in vitro functional assays, and in vivo evaluations, this study 

aims to investigate the biological performance of MSC-delivered sPD1HAC, assess its 

therapeutic potential, and establish its feasibility as a next-generation cell-based 

immunotherapy. The central hypothesis is that MSC-mediated delivery of sPD1HAC will 

provide effective PD1/PDL1 inhibition in relevant models, translating into improved 

antitumour activity when compared with standard recombinant PD1 or with antibody-

mediated blockade in defined in vitro contexts, and will show evidence of efficacy in 

vivo with acceptable safety. 
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The objectives of this research are designed to comprehensively address key 

questions surrounding the therapeutic modulation of the PD1/PDL1 axis in cancer 

immunotherapy. Initially, a systematic comparative bioinformatic investigation of The 

Cancer Genome Atlas (TCGA) Pan-Cancer Atlas datasets will be performed to 

evaluate correlations between PD1/PDL1 expression and key T-cell activation and 

exhaustion markers across diverse cancer types. This analysis aims to determine 

whether distinct cancer types can be accurately categorised into immunologically 

"hot," "intermediate," and "cold" tumour phenotypes by T-cell markers, providing 

critical insights into their potential responsiveness to immunotherapy. 

Subsequently, an in-depth analysis will quantify correlations between PDL1 

expression and mRNA expression profiles of selected immune-related genes, 

including T-cell activation/exhaustion markers, inflammatory cytokines, and significant 

TME biomarkers in major TCGA datasets. Identifying distinct immune phenotypes 

across multiple cancer types will facilitate therapeutic stratification and inform 

prognosis related to treatments targeting the PD1/PDL1 pathway. 

Furthermore, experimental investigations will characterise baseline and interferon-

gamma (IFNγ)-induced PDL1 expression across a panel of commonly utilised cancer 

cell lines, alongside profiling PD1 surface expression. These analyses aim to 

characterise variability in PDL1 cell surface expression patterns across cancer cell 

lines, both at baseline and following IFNγ stimulation. While PDL1 is a widely used 

biomarker for predicting responsiveness to ICB therapies targeting PDL1, its 

inducibility and constitutive expression differ markedly among tumour models. By 

systematically quantifying these differences, this study seeks to highlight the 

heterogeneity in PDL1 regulation, challenge the prevailing assumption of universal 

IFNγ-driven induction, and identify representative in vitro model systems that most 

explicitly portray the binding efficacy of PD1 variants. 

In parallel, robust expression and secretion of the sPD1HAC will be achieved utilising 

multiple cell expression systems, including Chinese hamster ovary (CHO) cells, 

human embryonic kidney (HEK293T) cells, and human adipose tissue-derived MSCs 

Subsequently, the competitive inhibition of PD1/PDL1 interactions by sPD1HAC will be 

rigorously evaluated using diverse binding assays conducted on murine and human 

cancer cell lines. 
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Additionally, the inhibitory efficacy of the engineered sPD1HAC variant will be 

quantitatively compared with the commercial anti-PDL1 monoclonal antibody 

Durvalumab, using comprehensive in vitro assays designed to evaluate both direct 

inhibition of Durvalumab binding and relative differences in their PD1/PDL1 blocking 

capacities. These assessments aim to establish the therapeutic potential and 

translational feasibility of sPD1HAC as a novel immune checkpoint inhibitor. 

Finally, preclinical studies utilising murine tumour models will assess the therapeutic 

efficacy and biological functionality of sPD1HAC in vivo. These evaluations will 

specifically investigate the capacity of sPD1HAC derived from MSCs to mediate 

blockade of the PD1/PDL1 axis and its consequent effects on tumour progression and 

enhanced immune responses, thus validating the clinical potential of MSC-derived 

sPD1HAC immunotherapeutic strategies. 
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Chapter 2: Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 P a g e  | 77 
 

2.1 Cell culture  

The following human cancer cell lines were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA, USA): pancreatic (PancTu1, BxPC3, Colo-357), 

colorectal (HCT116, LoVo, RKO), breast (MDA-MB-231, T-47D, MCF-7), myeloma 

(MM.1R, MM.1S, U266), prostate (PC-3, Du145, LNCaP), cervical (HeLa), lung 

adenocarcinoma (A549), and ovarian (A2780). Engineered cell lines including 

Chinese hamster ovary (CHO), human embryonic kidney (HEK293T), and human 

mesenchymal stem cells derived from bone marrow (BM-MSC), umbilical cord   (UC-

MSCs), and adipose tissue (AT-MSC) as well as murine lines such as Lewis lung 

carcinoma (LL/2-Luc), colon adenocarcinoma (MC38), multiple myeloma (5TGM1), 

and melanoma (B16.F10) were also purchased from ATCC. 

CHO, HEK293T, MCF-7, MDA-MB-231, LoVo, Du145, HeLa, A549, LL/2-Luc, MC38, 

and B16.F10 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), while 

PancTu1, BxPC3, Colo-357, LNCaP, PC-3, MM.1R, MM.1S, U266, T-47D, A2780, and 

5TGM1 cells were maintained in Roswell Park Memorial Institute 1640 (RPMI-1640) 

medium. RKO and HCT116 cells were grown in McCoy’s 5A Modified Medium. MSCs 

in MesenPRO medium. All media were purchased from Thermo Fisher and 

supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, 

MA, USA), 100 IU/mL penicillin, and 100 μg/mL streptomycin. LL/2-Luc cells were 

additionally supplemented with 2 μg/mL blasticidin. Cells were maintained at 37 °C in 

a humidified incubator with 5% CO₂ and subcultured using trypsin-EDTA (Lonza, 

Basel, Switzerland). Cell types, cell sources, media can also be found in Table 1.  
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Table 2.1. Detailed medium composition for each cell line along with their source tissue 

or organ. 

Cell Line Source 
Culture 
Medium 

Supplement 

CHO Chinese hamster ovary 

DMEM 
+10% FBS 
+1%pen/Strep 
 

HEK293T Human embryonic kidney  

MCF7 Human breast cancer 

MDA-MB-
231 

Human breast cancer 

LoVo Human colorectal cancer 

Du145 Human prostate cancer 

HeLa Human cervical cancer 

A549 Human lung adenocarcinoma 

B16.F10 Murine melanoma 

MC38 Murine colon adenocarcinoma 

LL/2 Murine lewis lung carcinoma DMEM 

+10% FBS 
+1%pen/Strep 
+2 μg/mL 
blasticidin 

MM1.R Human myeloma cancer 

RPMI-
1640 

 

+10% FBS  
+1%pen/Strep 
 

MM1.S Human myeloma cancer 

U266 Human myeloma cancer 

PancTu1 Human pancreatic cancer 

BxPC3 Human pancreatic cancer 

Colo-357 Human pancreatic cancer 

LnCap Human prostate cancer 

PC-3 Human prostate cancer 

T47-D Human breast cancer  

A2780 Human ovarian cancer 

5TGM1 Murine myeloma cancer 

RKO Human colorectal cancer McCoy's 
5A 

+10% FBS  
+1% pen/Strep HCT116 Human colorectal cancer 

BM-MSC 
Bone marrow α-MEM 

+10% FBS  
+1% pen/Strep 

UC-MSC 
Umbilical cord α-MEM 

+10% FBS  
+1% pen/Strep 

AT-MSC 
Human adipose tissue α-MEM 

+10% FBS  
+1% pen/Strep 
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2.2 Drugs and reagents 

To assess PDL1 modulation, interferon-gamma (IFNγ; R&D Systems, Cat. No. 285-

IF-100) was utilised at a final concentration of 100 ng/mL and the chemotherapeutic 

agents; gemcitabine (GEM; Selleckchem, Cat. No. S1714) at 10 μM and 5-fluorouracil 

(5FU) purchased from Sigma (St Louis, MO, USA). All reagents were stored at -20 °C 

according to the manufacturers’ instructions and incubated with cells for 48 h under 

standard culture conditions unless otherwise stated. 

In-house prepared reagents included phosphate-buffered saline (PBS), prepared 

using PBS tablets (Sigma-Aldrich, Cat. No. P4417-100TAB) dissolved in distilled water 

(final pH 7.2-7.4); wash buffer (0.05% Tween-20 in PBS), dilution buffer (1% BSA in 

PBS, 0.2 µm filtered), 1 M hydrochloric acid as stop solution, and 4% 

paraformaldehyde (PFA) in PBS for cell fixation. 

 

2.3 Antibodies 

PE-conjugated anti-human CD274 and CD279 antibodies (referred to as 

αhPDL1 and αhPD1, respectively; BioLegend, Cat. Nos. 329705 and 329905) were 

used for PDL1 and PD1 detection on cells and also for antibody binding competition 

assays. For murine samples, PE-conjugated anti-mouse PDL1 antibodies 

corresponding to MIH7, MIH6, and 10F.9G2 clones (Cat. Nos. 155403, 153611, and 

124301, respectively) were also obtained from BioLegend and used for murine PDL1 

detection and antibody binding competition assays. These antibodies are referred to 

by their clone’s name or as αmPDL1. Additionally, PE conjugated anti PDL1 

monoclonal antibody, durvalumab biosimilar (Dima Biotech, Cat. No. BME100153P) 

was also utilised as a main competitor in the antibody binding competition setting and 

referred to as DUR (PE). As isotype controls, PE-conjugated mouse IgG2b κ 

(BioLegend, Cat. No. 400311) was used for αhPDL1/αhPD1, PE-conjugated rat IgG2b 

κ (BioLegend, Cat. No. 400607) was used for 10F.9G2, PE-conjugated rat IgG2a κ 

(BioLegend, Cat. No. 400508) was used for MIH6 and MIH7 and PE-conjugated 

mouse IgG1κ (BD Pharmingen, Cat. No. 555749) was used for DUR (PE). 

In cell-based competition assays, biotinylated recombinant human PD1 Fc-

fusion protein (referred to as rhPD1 (Biotin); BioLegend, Cat. No. 799506) and 
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biotinylated recombinant mouse PD1 (referred to as rmPD1 (Biotin); Sino Biological, 

Cat. No. 50124-M08H-B) were utilised as the main competitors. rhPD1 (Biotin) was 

additionally used as the main competitor in the solid-phase competition assays. In 

these two assays, the commercial immunotherapeutic αPDL1 monoclonal antibody 

durvalumab (DUR; Selleckchem, Cat. No. A2013) was also used as a secondary 

competitor in parallel to sPD1 variants to compare their blocking efficiencies against 

rhPD1 (Biotin) and rmPD1 (Biotin). In solid-phase competitions, recombinant human 

PDL1 Fc chimera protein was utilised as the coating antibody (referred to as rhPDL1; 

R&D Systems; Cat. No. 156-B7-100). A comprehensive list of antibodies utilised were 

also given in a table with regarding their binding target and assay information (Table 

2). 

 

Table 2.2 Detailed information on antibodies used in this study, with corresponding 

clone name, binding target, catalogue number, supplier, and assay application. 

Antibody/ 

Protein 

Binding 

Target 
Clone 

Company 

/ Cat. No. 
Assays 

Stock 

Concentratio

n 

αhPDL1 

(PE) 

Human 

PDL1  
29E.2A3 

BioLegend / 

329705 

Surface stain, Ab binding 

competition assays 
400 μg/ml 

αhPD1 (PE) 
Human 

PD1  
EH12.2H7 

BioLegend / 

329905 

Surface stain, Ab binding 

competition assays 
50 μg/ml 

αmPDL1 

(PE) 

Mouse 

PDL1 
MIH7 

BioLegend / 

155403 

Surface stain, Ab binding 

competition assays 200 μg/ml 

αmPDL1 

(PE) 

Mouse 

PDL1 
MIH6 

BioLegend / 

153611 

Surface stain, Ab binding 

competition assays 
200 μg/ml 

αmPDL1 

(PE) 

Mouse 

PDL1 
10F.9G2 

BioLegend / 

124301 

Surface stain, Ab binding 

competition assays 
200 μg/ml 

Isotype 

control (PE) 

IgG2a κ 

(rat) 
RTK2758 

BioLegend 

/400508 

Control for mouse MIH6 

& MIH7 clones 
200 μg/ml 

Isotype 

control (PE) 

IgG2b κ 

(mouse) 
MPC-11 

BioLegend / 

400311 

Control for αhPDL1 & 

αhPD1 
200 μg/ml 
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Isotype 

control (PE) 

IgG2b κ 

(rat) 
RTK4530 

BioLegend / 

400607 

Control for mouse 

10F.9G2 clone 
200 μg/ml 

Isotype 

control (PE) 

IgG1 κ 

(mouse) 
MOPC-21 

BD 

Pharmingen 

555749 

Control for DUR (PE) 

Not disclosed by 

manufacturer, 

used 1 µl/test as 

recommended 

DUR (PE) 
Human 

PDL1 

N/A (mAb 

biosimilar) 

Dima 

Biotech 

BME10015

3P 

Ab binding competition 

assays 

Not disclosed by 

manufacturer, 

used 1 µl/test as 

recommended 

DUR 

(unlabelled) 

Human 

PDL1 
N/A (mAb) 

Selleckche

m / A2013 

Cell-based competition 

assay 
5990 μg/ml 

rhPD1 

(Biotin) 

Human 

PDL1 

N/A (Fc 

chimera 

protein) 

BioLegend / 

799506 

Solid-phase and cell-

based competition assay 
200 μg/ml 

rmPD1 

(Biotin) 

Mouse 

PDL1 

N/A (Fc 

chimera 

protein) 

Sino 

Biological / 

50124-

M08H-B 

Cell-based competition 

assay 
250 μg/ml  

rhPDL1-Fc 

chimera 

ELISA 

plate 

coating 

N/A (Fc 

chimera 

protein) 

R&D 

Systems / 

156-B7-100 

Solid-phase competition 

assay (capture protein) 
100 μg/ml  

Streptavidin 

(PE) 

Biotin 

detection 

N/A 

(Labelled 

tetrameric 

protein) 

BioLegend / 

405203 

Cell-based competition 

assay 
200 μg/ml 

Streptavidin 

(HRP) 

Biotin 

detection 

N/A 

(Labelled 

tetrameric 

protein) 

R&D 

systems 

DY998 

Solid-phase competition 

assay (detection 

antibody) 

Not disclosed by 

manufacturer, 

used 1:40 in 

PBS as 

recommended 
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2.4 Generation of sPD1 and PDL1 constructs 

Soluble PD1 (sPD1) and mouse PDL1 (mPDL1) constructs were generated by the 

Protein Structure & Mechanisms of Disease group at the University of Essex and were 

sequence-verified prior to application. These included: full-length mouse PDL1 mRNA 

for ligand overexpression on HEK293T cells, and multiple sPD1 variants. sPD1WT 

corresponded to the extracellular domain of human PD1 (amino acids 25-167, 

GenBank NM_005018.3) was synthesised by an external manufacturer (DC 

Bioscience, Dundee) using the full-length PD1 construct (288 aa), while sPD1HAC was 

a high-affinity consensus variant bearing 10 targeted point mutations (on aa positions; 

64, 65, 66, 68, 70, 74, 78, 122, 125, and 132) as previously described (Maute et al., 

2015). Both were cloned into the pFUSE-hIgG1-Fc vector (InvivoGen, Cat. No. #pfuse-

hg1fc1), downstream of a human fibrillin-1-derived signal peptide (SP) and a furin 

cleavage (FC) site to facilitate secretion. These constructs either included (stWT, 

stHAC) or excluded (WT, HAC) a stop codon between the hIgG1-Fc domain and the 

PD1 fragment to evaluate secretion efficiency with or without IgG1-Fc fusion. 

Adenoviral vector carrying sPD1HAC (Ad.sPD1HAC) and a luciferase control (Ad.LUC) 

were also kindly provided by Dr. Andrea Mohr and utilised for MSC transduction.  

 

2.5 Cell transfections and transductions 

CHO and HEK293T cells (1 × 10⁶ cells per well) were seeded in 6-well plates and 

transfected 24 h later with lipid transfection technique and using TurboFect 

transfection reagent (Thermo Fisher Scientific, Cat. No. R0533) according to the 

manufacturer’s instructions (reagent-to-DNA ratio 3:1). For sPD1 constructs, 

supernatants were collected 48 h post-transfection and later analysed by an enzyme-

linked immunosorbent assay. For mPDL1 expression, HEK293T cells were transfected 

in the same manner, harvested 24 h post-transfection, and analysed by flow cytometry 

for ligand surface expression Transfected cells were named as ‘cell names’ followed 

by a point and ‘cloned DNA names’ such as HEK293T.mPDL1. 

MSCs were transduced with E1/E3-deleted adenoviral vectors encoding either 

sPD1HAC (Ad.sPD1HAC) or luciferase (Ad.LUC, control) at varying multiplicities of 

infection (MOIs), as previously described by Yu et al. (2013), 48 h prior to downstream 

analysis. Cells were centrifuged at 800×g for 90 mins at 37°C to enhance viral 
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adsorption, incubated with virus for 6 hours in 2% FBS-containing medium, washed, 

and subsequently cultured under standard conditions, and harvested 48 hours later. 

The resulting transduced cells were named MSC.sPD1HAC or MSC.LUC (Yu et al., 

2013). 

 

2.6 Detection of PD1 secretion by enzyme-linked immunosorbent assay 

(ELISA) 

PD1 protein secretion in the culture supernatants of transfected CHO and HEK293T 

cells, as well as transduced MSCs (48 h post-application), was quantified using a 

human PD1 DuoSet ELISA kit (R&D Systems/Bio-Techne, Cat. No. DY1086), following 

the manufacturer's instructions. Briefly, culture supernatants were collected, clarified 

by centrifugation, and appropriately diluted 1:100 (MSC and CHO cells) and 1: 1000 

(HEK293T cells) for PD1 quantification by ELISA. 

 

2.7 Cell viability assay 

Transfected HEK293T and CHO cells as well as transduced MSCs were measured 48 

h after the application to determine how modification affected the cell viability. This 

was done according to Nicoletti at al. (Nicoletti et al., 1991). Cells were harvested and 

washed with PBS. They were resuspended in hypotonic fluorochrome solution 

containing 50 g/ml propidium iodide, 0.1% sodium citrate, and 0.1% Triton-X100 after 

pelleted and incubated at 4 °C for 2 h. Then cell viability was analysed by flow 

cytometry. 

 

2.8 Cell surface staining and FACS analysis 

To measure surface expression of PDL1 and PD1 of the cells, 4x105 cells were 

harvested and pelleted by centrifugation. Then cells were treated with R-phycoerythrin 

(PE)-conjugated anti-mouse PDL1 or anti-human PDL1 or anti-human PD1 antibodies 

following the manufacturer's instructions. Matched isotype control antibodies were 

included to assess non-specific binding. After 25 mins incubation at 4°C cells were 

washed with PBS and fixed with 4% PFA and analysed by BD Accuri C6 flow 
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cytometer. Mean fluorescence intensity (MFI) ratios were calculated by dividing the 

MFI of specific antibody-stained samples by the MFI of their corresponding isotype 

controls. 

 

2.9 Binding competition assays 

To assess the affinity and specificity of the engineered sPD1 variants, competitive 

binding assays were performed. These assays measured the ability of sPD1 variants 

to out compete biotin labelled rhPD1, PE-conjugated αPDL1 antibodies, or PE-labelled 

Durvalumab which bind to PDL1 presented on either solid-phase surfaces or cell 

membranes. Three complementary assay formats were employed: solid-phase 

binding competition, cell-based binding competition, and antibody binding competition 

assays. 

 

2.9.1 Solid-phase binding competition assay 

96-well plates were coated overnight at 4°C with 50 ng/well of recombinant PD1 

ligands rhPDL1 Fc chimaera, or rhPDL2 Fc chimaera. Then the next day, wells were 

washed three times, blocked with dilution reagent for 1 h at room temperature. Wells 

were subsequently incubated for 2 h with a mixture of rhPD1 (50 ng/well) and 

decreasing concentrations of competing sPD1 variant-containing supernatants (40 - 

0.1 ng/ well) or a molar equivalent of DUR in PBS. Controls contained only biotin 

labelled rhPD1 and untreated supernatant. After incubation, the wells were washed 

and blocked for an additional 10 mins. Streptavidin-HRP (1:40) was added for 20 mins, 

followed by TMB staining, and the reaction was stopped with the stop solution. Optical 

density (OD) at 450 nm was measured, and the binding percentage of rhPD1 was 

calculated for each sample as: (OD sample / OD control) × 100. 

 

2.9.2 Cell-based binding competition assay 

Cell-based binding competition assays were performed on RKO cells or B16.F10 cells. 

4 × 10⁵ cells were incubated for 25 min on ice with a mixture of supernatant containing 

biotin labelled rhPD1 (used as the primary binding probe) and a second competitor; 
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either sPD1 variants (sPD1HAC or sPD1WT derived from HEK293T, CHO, or MSC) or 

molar-equivalent Durvalumab (DUR). On RKO cells, rhPD1 and sPD1 variants were 

mixed at a 5:1 mass ratio; for B16.F10 cells, rhPD1 and sPD1 variants were used 

molar equivalents (1:1 molar ratio). Negative controls included cells with the same 

volume of PBS (without rhPD1), and positive controls included cells with only rhPD1 

in the same volume of PBS. Following incubation, cells were washed and stained with 

Streptavidin-PE (1:25 dilution in PBS) for 20 mins at 4 °C. The cells were fixed with 

4% PFA after the wash, centrifugation, and aspiration steps and analysed by flow 

cytometry. 

To normalise the data, background fluorescence (from cells treated with PBS and 

Streptavidin-PE only) was subtracted from all measurements. Binding in the absence 

of any competitor (rhPD1 only) was defined as 100%. The percentage of PD1 binding 

in the presence of each competitor was calculated as: 

[%] Binding = (MFI_sample - MFI_negative control) / (MFI_positive control - 

MFI_negative control) × 100. 

 

2.9.3 Antibody binding competition assay 

To assess the ability of sPD1HAC to inhibit recombinant antibody-ligand interactions, 

antibody binding competition assays were performed on RKO, HEK293T.mPDL1, 

B16.F10, and 5TGM1 cells. Cells (4 × 10⁵) were incubated for 25 mins on ice with a 

mixture of PE-conjugated αPDL1 antibody (including a DUR biosimilar, used as the 

primary binding probe) and either sPD1HAC or sPD1WT (used as the secondary 

competitor). sPD1 variants were applied at 0.8 μg per sample unless otherwise stated, 

and the amount of PE-conjugated αPDL1 was determined according to the 

manufacturer’s instructions. Positive controls consisted of cells incubated with αPDL1 

antibody alone in PBS, while negative controls were incubated with the corresponding 

isotype control. 

Following incubation, cells were washed with PBS, fixed in 4% paraformaldehyde, and 

analysed by flow cytometry. MFI values were normalised and calculated in the same 

manner as described for the cell-based binding competition assays. 
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2.10 Animal studies 

Ten-week-old C57BL/6 mice were housed in the University of East Anglia Norwich. All 

procedures complied with the Animals (Scientific Procedures) Act 1986 and EU 

Directive 2010/63/EU and were approved by the institutional ethics committee. On day 

0, pulmonary metastases were established by tail vein injection of B16.F10 cells 

(4x105 cells in 100 µL PBS) to seed lung lesions. On the day 7, mice received either a 

single intravenous dose of MSC.sPD1HAC (4x105 cells in 100 µL PBS) or control 

MSC.LUC (in PBS) at the same volume via lateral tail vein. Animals were monitored 

daily for clinical status. Euthanasia was performed on day 14, lungs were dissected, 

rinsed in PBS, fixed in 4% PFA, and photographed for surface nodule enumeration. 

Animals were randomised to MSC.sPD1HAC and MSC.LUC groups, with 8 mice per 

group across two independent cohorts (total n = 16). Macroscopic surface nodule 

enumeration was performed by investigators blinded to treatment allocation; the full 

study schema and corresponding in vivo outcome are presented in Section 4.11 and 

Figure 4.19. 

 

2.11 Tissue embedding and H&E staining 

Dissected lung lobes were processed for histology through graded ethanol 

dehydration (70%, 90%, and 100%) for 1 h each, followed by three xylene washes for 

1 h each, and were then embedded in a melted paraffin wax (Epredia, paraffin type 6, 

Cat. No. 8336). Paraffin blocks were sectioned at 5 µm from multiple planes across 

the lobes and mounted onto slides. Sections were deparaffinised in xylene (3 min), 

rehydrated through descending ethanol concentrations (100%, 90%, and 70%), 

stained with haematoxylin for 5 min and eosin for 3 min, dehydrated, cleared in xylene 

(2 min), and mounted with DPX mounting medium. Representative fields, including 

micronodules, were examined by microscopy and imaged using the EVOS M5000 

imaging system.  

 

2.12 Statistical analysis 

Statistical analyses for the experimental datasets were performed using one-way 

ANOVA for comparisons involving multiple groups. Normality was visually inspected 
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where the structure of the dataset permitted, particularly for ELISA and solid-phase 

competition assay datasets. Formal post hoc multiple-comparison correction was not 

applied after ANOVA. Exact p-values are reported in the corresponding figures, and p 

< 0.05 was considered statistically significant. Quantitative data are presented as 

mean ± standard error (SE). Where applicable, the number of independent 

experiments is indicated in the relevant figure legends. Bioinformatic and correlation-

based analyses of TCGA datasets were evaluated separately, as described in 

Sections 2.13 and 2.14. 

2.13 Bioinformatic data thresholds and calculations 

For bioinformatics data, TCGA PanCancer atlas data sets were benefitted for mRNA 

expression Z-scores through cBioPortal (https://www.cbioportal.org/). For 

bioinformatic analyses, two distinct TCGA PanCancer Atlas cohorts were used 

according to the aim of the analysis. For hot/cold classification, the seven cancer types 

with the largest sample sizes were selected. For the immune-related gene expression 

and PDL1 correlation heatmap analyses, all cancer types with a sample size greater 

than 150 were included, yielding 21 cohorts in total. Correlations were calculated by 

Pearson method. For all the heatmaps generated, Python programming language and 

seaborn library were used. Scripts and directory regarding bioinformatic analyses were 

given in detail in GitHub 

(https://github.com/serapgokcen/Tcellmarker_Heatmap_analysis).  

Hot/cold classification in the T-cell activation analysis included several steps. For each 

sample, mRNA Z-scores of T-cell abundances (CD3D, CD3E, CD8A, PTPRC), 

activation (IFNG, ICOS, TNFRSF9, CD69, CD40LG, CD274), progenitor-exhausted 

(SLAMF6, TCF7, CCR7) and exhaustion (PDCD1, CTLA4, LAG3, TIGIT, HAVCR2, 

TOX, CXCL13) genes computed as separate panels. Each panel index was 

standardised across all samples using its median and median absolute deviation 

(MAD). The HotScore combined these standardised indices, and the contribution of 

the exhaustion panel was gated by T-cell abundance. When T-cell abundance was 

above the within-cancer mean, higher exhaustion was treated as a pro-hot signal and 

added to the total score. When T-cell abundance was below the mean, exhaustion 

was subtracted, indicating an immune-deserted ecosystem with terminally exhausted 

T-cells. A robust Z value of the HotScore was then computed across all samples, and 
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a gene-level consistency metric (p_consistency) was defined as the fraction of panel 

genes whose sign agreed with the hot direction (pro-hot genes > 0; gated exhaustion 

genes < 0). Samples were classified as hot (Z ≥ 1.0 and p_consistency ≥ 0.70), 

intermediate-hot (0.3 ≤ Z < 1.0 or 0.55 ≤ p_consistency < 0.70), intermediate-cold 

(−1.0 < Z ≤ −0.3 or 0.30 < p_consistency ≤ 0.30), or cold (Z ≤ −1.0 and p_consistency 

≤ 0.30). Per-cancer summaries included the fraction in each group (Wilson 95% CI), 

Width of Hot Coverage (WHC = hot + 0.5×intermediate-hot), Hot Intensity (median Z 

among hot/intermediate-hot, bootstrap 95% CI), and the composite Hot Summary 

Score (HSS = min [1, WHC×HI/1.5]). 

 

2.13.1 Panel indices 

Let 𝑧𝑔,𝑠be the provided z-score for gene "𝑔"  in sample “s”. For prespecified panels, T-

cell abundance (Τ: CD3D, CD3E, CD8A, PTPRC), activation (A: IFNG, ICOS, 

TNFRSF9, CD69, CD40LG, CD274), progenitor-exhausted (P: TCF7, SLAMF6, 

CCR7), and terminal exhaustion (E: PDCD1, CTLA4, LAG3, TIGIT, HAVCR2, TOX, 

CXCL13), we formed sample-level means: 

 

𝑇𝑠 =
1

|𝑇|
∑

𝑔∈𝑇

𝑧𝑔,𝑠 𝐴𝑠 =
1

|𝐴|
∑

𝑔∈𝐴

𝑧𝑔,𝑠 𝑃𝑠 =
1

|𝑃|
∑

𝑔∈𝑃

𝑧𝑔,𝑠 𝐸𝑠 =
1

|𝐸|
∑

𝑔∈𝐸

𝑧𝑔,𝑠 

 

Each index was robustly standardized across all samples using median/MAD: 

𝑋
~

𝑠 =
𝑋𝑠 −median⁡(𝑋)

MAD(𝑋)
 with X∈{T,A,P,E} 

 

2.13.2 TEX gating by abundance 

Terminal exhaustion contributes with a sign that depends on T-cell abundance within 

cancer type. For sample s belonging to cancer c[s]: 
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𝑤𝑠 = sign⁡(𝑇𝑠 − 𝑇𝑐[𝑠]) 

Where 𝑇c is the within cancer mean of T. Thus, TEX is pro-hot when abundance is high 

and anti-hot when abundance is low. 

HotScore (with gated exhaustion), amplitude Z, and consistency 

The per-sample HotScore averages the available standardized parts; 

HotScore𝑠 = mean⁡(𝑇
~

𝑠𝐴
~

𝑠𝑃
~

𝑠𝑤𝑠𝐸
~

𝑠) 

Amplitude is a robust Z score across samples; 

𝑍𝑠
hot =

HotScore𝑠 −median⁡(HotScore)

MAD(HotScore)
 

“Consistency” quantifies gene-level agreement with the hot direction: 

𝑝cons𝑠
=

1

𝑚𝑠
∑ 𝟏[align𝑔,𝑠]

𝑔∈𝒯∪𝒜∪𝒫∪ℰ
, 

With           align𝑔,𝑠 = (𝑧𝑔,𝑠 > 0) for 𝑔 ∈ 𝒯 ∪ 𝒜 ∪ 𝒫   and 

align𝑔,𝑠 = (𝑤𝑠𝑧𝑔,𝑠 > 0) for 𝑔 ∈ ℰ is the number of non-missing genes. 

 

2.13.3 Discrete label rules 

Samples were classified using fixed thresholds (tuned a priori): 

Hot:𝑍𝑠
hot ≥ 1.0 ∧ 𝑝cons𝑠

≥ 0.70 

Intermediate-hot:0.3 ≤ 𝑍𝑠
hot < 1.0 or 0.55 ≤ 𝑝cons𝑠

< 0.70 

Intermediate-cold:− 1.0 < 𝑍𝑠
hot ≥ −0.3 or 0.30 < 𝑝cons𝑠

≥ 0.35 

Cold:𝑍𝑠
hot ≤ −1.0 ∧ 𝑝cons𝑠

≤ 0.30 

(Edge cases fall to the nearest intermediate class) 
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2.13.4 Cohort summary metrics (per cancer type) 

Per cancer type we report counts and fractions of the four classes with 95% Wilson 

binomial CIs; Hot Intensity (HI) = median Zhot among the hot-side (hot ∪ intermediate-

hot) with 95% bootstrap CIs (5,000 resamples; seed=42):  

HI = median⁡{𝑍𝑠
hot  : 𝑠 ∈ (hot∪ intermediate‐hot)} 

 Width of Hot Coverage (WHC) = 𝑓hot + 0.5𝑓iHot   and a bounded composite 

Hot Summary Score (HSS): min (1, WHC × HI÷ 1.5) 

 

2.14 Correlation analysis 

Pairwise correlations between CD274 expression and each immune-related gene 

(detailed in the results section) were calculated using the Pearson product-moment 

correlation coefficient (Pearson-r), as implemented in the default pandas.Series.corr() 

function (Python). For each cancer dataset, gene-wise expression z-score normalised 

expression values were used as input. Correlation coefficients range from -1 (perfect 

negative linear association) to +1 (perfect positive linear association). In line with 

established conventions in transcriptomic studies, we considered correlations with r > 

0.5 as indicative of a strong positive association with CD274 expression, while weaker 

correlations (r ≤ 0.5) were retained for visualisation but not prioritised for interpretation. 

Negative correlations were also recorded but were not the primary focus of this study. 
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CHAPTER 3: PD1 and PDL1 Expression on 

Cancer Cells and Their Relationship with Immune 

Related Markers 
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3.1 Major cancer types represent distinct immune profiles in terms of T-

cell activation state and abundance 

T-cell activation and exhaustion markers are discussed in the literature as the critical 

decisive part for the hot or cold phenotype of tumours. To elucidate overall T-cell 

presence and activation within a sample, markers such as CD3D, CD3E, CD8A, and 

PTPRC are used to assess T-cell abundance. In contrast, a set of activation/IFNγ axis 

markers, including IFNG, ICOS, TNFRSF9, CD69, CD40LG, and CD274, provides 

further insights into the functional state and recent activation of these T-cells. Because 

CD274 (encoding PDL1) is an IFNγ-inducible checkpoint on tumour and myeloid cells, 

its behaviour mechanistically links the activation axis to a negative-feedback brake; in 

inflamed samples, PDL1 is expected to scale with IFNγ and co-stimulatory signals. 

Although T-cell lineages dynamically change in the TME and markers for specific 

lineages have not been established clearly yet, there are some progenitor and 

terminally exhausted T-cell markers that are mostly agreed upon in recent studies. 

These core marker groups for terminally exhausted T-cells (TEX) are HAVCR2 (TIM-

3), TOX, CXCL13, TIGIT, CTLA4, and LAG3, PDCD1, and for progenitor exhaustion 

(PEX) are TCF7, SLAMF6, and CCR7. For these marker expressions, mRNA Z-scores 

(threshold 2.0) were retrieved from cBioPortal regarding TCGA PanCancer Atlas 

studies and analysed in a clustered heatmap to delineate possible patient 

stratifications (Figure 3.1). 

Across cancers, two dominant patterns emerge; first, several cohorts split cleanly into 

four sample groups. In breast cancer, a left-hand cluster shows the highest T-cell 

abundance with concordant high activation (dark reds), while the TEX panel is 

relatively suppressed (dark blue). The right-hand cluster inverses this relation (low 

abundance/activation with higher TEX). Although it is not immediately distinguishable 

in breast cancer, other cancer types have definable two more panels with high-leaning 

activation/low TEX and low-leaning activation/high TEX. Melanoma, colorectal, 

ovarian and lung display a similar stratification, abundance and activation track 

together and oppose TEX across much of the cohort. In these tumours, PEX is 

generally higher in the inflamed cluster, consistent with preserved stem-like memory 

within otherwise active infiltrates. 
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Figure 3.1 Pan-cancer heatmaps of T-cell abundance, activation, progenitor 

exhaustion and terminal exhaustion gene signatures. Heatmaps show mRNA Z-

scores for selected immune gene panels across seven TCGA PanCancer Atlas cohorts. 

Columns represent tumour samples and rows represent genes grouped into T-cell abundance 

(CD3D, CD3E, CD8A, PTPRC), activation (IFNG, ICOS, TNFRSF9, CD69, CD40LG, CD274), 

terminal exhaustion (HAVCR2, TOX, CXCL13, TIGIT, CTLA4, LAG3, PDCD1), and progenitor 

exhaustion (TCF7, SLAMF6, CCR7). Samples within each cancer type were arranged by 

hierarchical clustering. Red indicates higher relative expression, and blue indicates lower 

relative expression on the mRNA Z-score scale.  

 

Second, other cohorts show a heterogeneous or more banded structure. Ovarian and 

colorectal contain sample segments in which abundance, activation, and TEX are 

simultaneously elevated, consistent with a chronic inflammation phenotype in which 

interferon-driven activation coincides with checkpoint up-regulation. In these 

segments, PDL1 upregulation is a defining feature: it correlates with the IFNγ-high 

state and also co-occurs with TEX, rationalising why PD1/PDL1 blockade would be 

necessary, but in some cases, combination strategies that also reinvigorate exhausted 

T-cells might be needed as well. Outside these bands, signals are lower and patchier 

in some cancer types, such as colorectal and pancreatic. Pancreatic indicates a 

narrower inflamed subset (left-hand subgroup) with raised abundance and activation, 

along with broader low-signal regions and TEX rises toward the opposite flank, 

indicating a mixture of cold and TEX-dominant states. However, more precise 

statements require dedicated computational analysis, which has been undertaken and 

will be presented in a subsequent section. 

At the colder end, prostate and colorectal are dominated by muted abundance and 

activation with TEX-dominant streaks. In colorectal, for example, TEX increases as 

abundance/activation decline across the panel, yielding a prolonged TEX-

high/effector-low sector. This pattern helps explain the low aggregate hotness for 

these indications and argues against treating TEX as intrinsically “hot”. High 

exhaustion in the absence of infiltration or activation likely reflects dysfunctional or 

bystander populations rather than productive anti-tumour immunity. 

Gene-wise, several consistent anchors are visible. Within activation, IFNG, TNFRSF9, 

and CD40LG rise in inflamed segments, with CD274 typically co-elevated and a 

pattern consistent with IFNγ-responsive PDL1 induction. Within TEX, CXCL13 and 

TOX/HAVCR2 often mark the TEX-high sectors most strongly, while PDCD1 and 
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CTLA4 are present but less uniformly intense. This pattern is consistent with reports 

associating CXCL13-positive T-cells with tertiary lymphoid/Tfh-like or late exhausted 

states (Lin et al., 2024a; Oliveira and Wu, 2023). PEX tends to be highest where 

activation is also high (melanoma, lung, breast), and lowest in TEX-dominant cold 

zones, indicating that stem-like capacity concentrates in inflamed microenvironments.  

Across cancer types, the heatmaps delineated degrees of immune ‘hotness’, but TCF7 

and TOX behaved discordantly. Neither gene consistently tracked with the broader 

hot, cold, hot-leaning, or cold-leaning patterns, limiting their utility as pan-cancer 

indicators of inflamed versus immune-desert phenotypes. Notably, in ovarian, 

colorectal, and lung cohorts, TOX co-varied with T-cell activation/abundance and 

progenitor markers, consistent with a highly stimulated yet exhausted T-cell milieu and 

a potential resistance way to PD1/PDL1 therapy. These patterns suggest a context-

specific interpretation of TCF7 and TOX, rather than using them as universal 

classifiers. TCF7 also correlated with TEX markers in colorectal and ovarian besides 

having a mixed expression pattern in others, indicating possible dual roles of it on T-

cell lineage differentiation. 

Taken together, the heatmaps delineate three reproducible microenvironmental states 

across cancers: hot (high abundance/activation/PEX with low-to-moderate TEX), TEX-

dominant cold (high TEX with low abundance/activation/PEX), and hot/cold -leaning 

states (less expression and mostly still distinguishable hot or cold patterns). An 

adaptive-resistance group was also noticeable with co-elevated activation, CD274, 

and TEX in a subset, which was prominent in ovarian and present to a lesser extent 

in pancreatic. These visual patterns align with the summary metrics (higher hotness in 

melanoma, breast, and lung; lower in prostate and pancreatic) and justify the TEX-

gating rule used downstream: treat TEX as pro-hot only when T-cell abundance is 

high, and discount or invert its contribution when abundance is low.  

 

3.2 Quantitative analysis of hot and cold immune states across cancers 

confirmed the stratification finding visualised by heatmaps 

To define hot-cold immune types and their coverage in the same data set, a 

comprehensive mRNA expression analysis of tumours’ “hotness” (inflammation 
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degree but considering only T-cell activation state) was performed. For this, two main 

metrics were employed: the Hot Summary Score (HSS) on a 0-1 scale and the Hot 

Intensity (HI), representing the median Z‐score of the hot side along with its 95% 

confidence interval (CI). Cancers were ranked by HSS in descending order, yielding 

the following order: melanoma 0.28, lung 0.24, breast 0.23, ovarian 0.21, pancreatic 

0.21, prostate 0.18, and colorectal 0.17. Based on these HSS values, cancers were 

stratified into three categories: the high tier comprising melanoma and lung; the 

intermediate tier including breast, ovarian, and pancreatic; and the low tier represented 

by prostate and colorectal. This stratification employs a meaningful separation 

threshold of at least 0.03 in HSS differences, as exemplified by the 0.04 difference 

between melanoma and lung, among other pairwise comparisons across tiers. The 

width of hot coverage (WHC) was calculated by aggregating samples with the hot 

fraction and half of the hot-leaning samples’ fraction.   

Activation scores were derived from pooled-rank-normalized expression of canonical 

T-cell activation genes, TEX, PEX, and T-cell abundance markers. Samples were 

classified as hot / intermediate-hot (i_hot) / intermediate-cold (i_cold) / cold using 

amplitude (Z) and consistency (fraction of activation genes up), and per-cancer WHC, 

HI, and HSS were summarized (N: melanoma = 443; colorectal = 592; lung = 510; 

breast = 1082; pancreatic = 177; ovarian = 300; prostate = 493). The HI metric, with 

its accompanying 95% CI, provided an independent quantitative assessment of hot 

signal intensity.  

For every cancer type, the CI was entirely above zero, confirming a non-zero hot signal 

across the dataset. In detail, melanoma exhibited the highest HI at 1.07 with a 95% CI 

of (0.94-1.19), followed by breast with an HI of 0.95 (0.86-1.05), lung with an HI of 0.89 

(0.75-1.06), ovarian with an HI of 0.86 (0.65-0.96), pancreatic with an HI of 0.85 (0.62-

1.10), prostate with an HI of 0.74 (0.63-0.90) and colorectal with an HI of 0.69 (0.62-

0.79) . In terms of meaningful separation for HI differences, which was set at a 

threshold of ≥0.10, the difference between melanoma and colorectal cancers, at 

approximately 0.38, highlights a marked separation in hot signal intensity that is 

consistent with the HSS ranking (Figure 3.1b). 

 

A) 
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Figure 3.2 Summary metrics of T-cell-defined hotness across seven TCGA 

cancer cohorts. A) Hot Summary Score (HSS) by cancer type on a 0 to 1 scale. HSS 

integrates width of hot coverage and hot intensity as defined in the Methods section. B) Hot 

Intensity (HI), shown as the median standardised activation score among hot-side samples 

with 95% bootstrap confidence intervals; the dashed line indicates the pooled median across 

cohorts. Samples were assigned to hot-side or cold-side classes using predefined amplitude 

and consistency cut-offs described in Section 2.13.  

Collectively, these data-bound results indicate that melanoma stands out as the most 

T-cell-inflamed “hot” cancer type, both in terms of its summarised hotness and signal 

intensity, while the precision of HI estimates varies considerably across cancers, 

particularly with notable uncertainty for pancreatic cancer (likely due to the sample 

size N:177). Together, these results indicate that several cancers (notably lung, 

melanoma, breast, and ovarian) harbor broad hot-leaning profiles with varying core 

intensity, whereas colorectal shows lower hot-side intensity despite similar coverage. 

These distributions quite matched the sample-wise patterns in the heatmap overview 
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Figure 3.1, where large intermediate-hot blocks accompanied smaller strictly hot 

segments. 

These findings should be interpreted as cohort-level immune patterns rather than fully 

resolved representations of the heterogeneity within each cancer type. Although the 

seven-cancer TCGA analysis identifies broad differences in T-cell-defined hot and cold 

states, it does not account for several layers of clinicopathological variation that are 

likely to influence these patterns. As a result, the distributions shown in Figure 3.1 and 

summarised in Figure 3.2 should be understood as overall cohort behaviour, rather 

than as a uniform feature of all tumours within a given cancer type. 

One important source of variation not resolved here is tumour subtype. In breast 

cancer, for example, luminal A, luminal B, HER2-positive, and triple-negative tumours 

differ substantially in immune infiltration, inflammatory signalling, and checkpoint-

related biology. The breast cancer heatmap therefore represents a composite signal 

derived from biologically distinct subgroups, some of which would be expected to show 

hotter or colder immune profiles than others. A related issue applies to colorectal 

cancer, where proximal and distal tumours can differ in molecular background, 

inflammatory composition, and clinical behaviour. When such subgroups are analysed 

together, subtype- or location-specific immune states may be obscured, and this may 

contribute to the more heterogeneous patterns observed in some cohorts. 

Tumour stage is another variable that was not separated in the present analysis. Stage 

I to IV disease may differ markedly in stromal organisation, immune exclusion, chronic 

interferon exposure, and the degree of T-cell dysfunction. Consequently, a cancer type 

that appears relatively cold at cohort level may still contain subsets with stronger 

inflammatory activity, while a generally hotter cohort may also include biologically 

distinct tumours with lower immune engagement. For this reason, these data should 

not be interpreted at patient level or taken to indicate that all tumours within a cancer 

category share the same immunological state. 

This is also relevant because the hot and cold classification was performed only in the 

seven largest cohorts, whereas the later correlation analysis in this chapter was 

expanded to a broader 21 cancer framework. The present section should therefore be 

read as a comparative overview rather than a stratified within cancer analysis. Even 

so, the analysis remains informative in showing that recurrent T-cell related immune 
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states can be detected across major cancer types, while also indicating that further 

subdivision by subtype, anatomical location, and stage would be necessary for a more 

clinically refined interpretation. 

3.3 PDL1 expression correlates with the maximum number of immune 

markers in melanoma 

Next, the analysed gene set was expanded from specific T-cell activation genes to 323 

other immune-related genes commonly referred to play crucial roles in T-cell 

regulation, inflamed TME, and hot profiles of tumours in recent literature. These genes 

were aggregated from 21 recent peer-reviewed papers, most of which are closely 

related to immunotherapy and T-cells 21 paper(Andreatta et al., 2021; Ayers et al., 

2017; Bredel et al., 2023; Buchholz and Busch, 2019; Chen et al., 2019b; Hammerl et 

al., 2021; Khan et al., 2022; Kirschenbaum et al., 2024; Liu et al., 2021; Miragaia et 

al., 2019; Prokhnevska et al., 2023; Rade et al., 2023; Shifrut et al., 2018; Sousa et 

al., 2019; Strazza et al., 2021; Sun et al., 2022; Szabo et al., 2019; Tirosh et al., 2016; 

van Elsas et al., 2024; Wang et al., 2022b; Wegrzyn et al., 2023). Then they were 

systematically subdivided into 11 functional categories that represent long‐standing 

and recent literature‐based roles in tumour immunology and TME biology (Table 3.3). 

Cancer cohorts were also expanded from major cancer types to pan-cancer cohorts 

with a sample size higher than 150. 
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Table 3.3 Functional classification of predefined immune-related genes in a pan-cancer 

expression analysis.  
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The first category, T-cell activation & effector function, includes genes that trigger and 

sustain T‐cell receptor signalling, subsequent cytokine production and cytolytic activity. 

Representative genes from the list are the T‐cell receptor components (CD3D, CD3E), 

lineage markers (CD4, CD8A, CD8B), and cytokine/effector molecules such as IL2 

and its receptor subunits (IL2RA, IL2RB, IL2RG), alongside cytolytic effectors (GZMA, 

GZMB, GZMH, GZMK, GZMM, PRF1) and master regulators (TBX21, EOMES). 

The second category was T-cell recruitment & chemokine signalling genes. In this 

group, members mediate chemotaxis and migration of T-cells into the tumour 

microenvironment. They include chemokine ligands such as CCL3, CCL4, CCL5, 

CCL18, CCL20 and chemokines of the CXCL family (CXCL9, CXCL10, CXCL11, 

CXCL13), as well as their receptors (CCR2, CCR3, CCR4, CCR5, CCR6, CCR7, 

CCR10) that help coordinate T‐cell trafficking. 

IFN signalling & antigen presentation as a third functional group comprises genes that 

are considered upregulated in highly “inflamed” tumours and contribute to both 

interferon signalling and antigen presentation. Key components include the effector 

cytokine IFNG and its receptors (IFNGR1, IFNAR1), transcriptional mediators such as 

IRF1 and STAT1, along with major histocompatibility complex genes (HLA-DQA1, 

HLA-DRA, HLA-DRB1, HLA-E) and their master regulator CIITA. 

The other class, co-stimulation & immunological synapse genes, are mechanistically 

involved in providing co-stimulatory signals and forming the immunological synapse. 

This group included co-stimulatory receptors and ligands (CD28, CD40, CD40LG, 

ICOS, CD27) along with members of the TNF receptor superfamily such as TNFRSF4 

and TNFRSF9, as well as other adhesion components like CD2. 

T-cell exhaustion & dysfunction were the fifth functionally distinguishable group. This 

group is typically marked by inhibitory receptors and regulators. CTLA4, PDCD1, 

LAG3, TIGIT, TOX, TOX2, HAVCR2, and FOXP3 emerge as central mediators of 

exhaustion and regulatory T-cell-associated suppressive function. 

The MSC & immunosuppressive mediators’ group was dedicated to soluble factors 

and cell-surface molecules largely responsible for immunosuppression, often linked to 

the mesenchymal or stromal compartment. Notable genes include the 

immunosuppressive cytokines TGFB1 and TGFB3, IL10, along with its receptor 

IL10RA, the enzyme IDO1, and the immune checkpoint molecule CD200. ARG1 is 



 P a g e  | 103 
 

also associated with myeloid-derived suppressor cell function, but is not included in 

every cancer type. 

Myeloid & macrophage immunosuppressive markers, macrophage group members 

help the constitution of a suppressive TME through myeloid and macrophage cells. 

Key markers include CD163 and CSF1R, as well as CSF1 itself and additional myeloid 

effectors such as AIF1, FCGR1A, and NLRP3. Lastly, a neutrophil marker, CEACAM8 

also considered in this category. 

Metabolic & hypoxia-related suppression genes modulate the metabolic environment 

or mediate hypoxia-driven suppression fall into this category. HIF1A and VEGFA are 

prototypical factors, with PPARG, NT5E (encoding CD73), NOS2 and NOSIP also 

contributing to a metabolism-mediated immunosuppressive milieu. AQP3, as a water 

channel impacting cell physiology, may complement this group. 

Transcriptional & epigenetic regulators comprise transcription factors and epigenetic 

modifiers that define immune cell identity and function. The list includes AHR, BACH2, 

BATF, BATF3, BCL6, BHLHE40, BCL2L11, as well as other nuclear regulators such 

as NFATC1, FOXO4, FOXP3, GATA3, IKZF1/2, IRF4/7/8, KLF2, KLF6, LEF1, MAF, 

MYB, NR4A1/3, RORA, RORC, RUNX1/2, STAT1/3/4/5A/6, TBX21, TCF7, PRDM1 

and zinc finger proteins (ZBTB16, ZBTB32, ZBTB49, ZEB2, ZNF683). 

Signalling, cell-cycle & apoptosis effectors genes that integrate stress, cell-cycle 

control, and apoptotic signals populate this class. Among these are ATM, CCND3, 

CDKN1A, BCL2 and its pro-apoptotic family member BCL2L11, as well as regulators 

such as CAPN3, DUSP1, JUN, MDM4, MKI67, ORC6, PYCARD, FAS and FASLG, 

TRADD and P2RX7. 

The last group of surface & microenvironment interactors encompasses genes 

encoding receptors, adhesion molecules and extracellular proteins that interface 

directly with the TME. Notable examples include proteases and adhesion molecules 

ADAM8, ANXA1, ANXA2, APBB1, CD109, integrins (ITGAL, ITGAM, ITGAX, ITGA1, 

ITGA4, ITGAE, ITGB7), NCAM1, SELPLG, MS4A1, CD226, CD248, DPP4, CD47, 

CD48, CD58, CD59, PTPRC, CMKLR1, COL10A1, CORO1A, EZR, LGALS1/3, SELL, 

and cytoskeletal components (TUBA1A, TUBA1B, TUBB, TUBB4B, VIM, WARS1, 

WHAMMP3). 
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This comprehensive mapping not only facilitates downstream analyses of tumour 

immune phenotypes but also underpins immunogenomic deconvolution approaches 

that have been validated across numerous transcriptomic datasets in the past decade. 

Each category is grounded in robust literature that supports its specialised roles in 

TME regulation, patient prognosis, and immunotherapy response.  

After grouping these genes, the mRNA expression data of them were retrieved from 

the TCGA PanCancer Atlas. This data was organised, and the expression of genes 

was represented as a cluster heatmap using hierarchical clustering with average 

linkage and Euclidean distance to reorder genes. A second heatmap (green hue) was 

then generated for PDL1 correlations (Figure 3.4). Each cancer type in the TCGA 

PanCancer atlas dataset with a sample size higher than 150 (a total of 21 types of 

cancer) was analysed. Although correlation and expression heatmaps of melanoma 

were given here as a reference, heatmaps of other cancer types were provided in the 

supplementary material since the data is large-scale (Supplementary Figure 1). Yet, 

the main reason for generating heatmaps was to make the correlations visually 

testable and to make the calculations relatively easier.  
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Figure 3.4 Immune-related gene expression and PDL1 correlation heatmaps in 

the melanoma TCGA cohort. Rows represent predefined immune-related genes and 

columns represent melanoma tumour samples from the TCGA PanCancer Atlas. The analysed 

immune-related genes are listed in Table 3.3. Gene expression values are shown as dataset-

provided mRNA Z-scores in the red/blue heatmap. Genes and samples were reordered by 

hierarchical clustering using average linkage and Euclidean distance. The accompanying 

green/purple heatmap shows Pearson correlation coefficients between each gene and PDL1 

(CD274), with strong positive association defined as r > 0.5. Heatmaps for the remaining 

cancer types with sample size ≥150 are provided in Supplementary Figure 1.  

 

3.4 No universal immune signature explains PDL1 expression across the 

323-gene panel, but melanoma has its unique set of genes upregulated 

with PDL1 

Pearson correlations (r) were computed between PDL1 and immune-related genes 

using z-score-normalised expression values. Correlations with r > 0.5 were considered 

strong positive associations, downloaded for each cancer type, and analysed. The aim 

was to define solid indicators of PDL1 expression as a biomarker prevalent in every 

cancer type and also to find out whether any cancer type has a signature gene group 

correlating to PDL1 expression. The outcome of correlation scores, as well as the 

strong positive correlations, was analysed. The genes with a higher correlation score 

than 0.5 were given as a table for each cancer type (Supplementary Table 1). 

Melanoma showed the greatest breadth of positive association (n = 128 genes above 

the threshold, where n represents the number of co-expressed genes individually in 

that cancer type), followed by breast cancer (n = 101), colorectal cancer (n = 100), 

bladder cancer (n = 94), and ovarian cancer (n = 93). The number of genes co-

expressed with PDL1 ubiquitously in these cancer types was 46. These communally 

displayed genes were related to T-cell abundance and activation (such as CD3E and 

CD8A), t‐cell activation and effector functions (TAGAP, GZMA, PRF1, GNLY, NKG7, 

IL10, IL21, IL12, IL2 and its subunits), and the IFNγ-chemokine axis (IFNG with 

CXCL9/10/11 and CCL5), transcriptional factors such as (STAT1, STAT4, JAK2), and 

IRF1 and multiple checkpoints (PDCD1, IDO1, TIGIT, HAVCR2, ICOS) also tracked 

with PDL1, consistent with adaptive up-regulation in inflamed settings. Besides, B-cell 

and T-cell features, dendritic/NK markers KLRD1 were also represented, indicating a 

broadly coordinated immune contexture rather than a purely T-cell-restricted signal. 
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An intermediate group, prostate (n = 67), lung adenocarcinoma (n = 57), cervical (n = 

54), stomach (n = 53), thyroid (n=52), head-and-neck squamous (n = 41), and 

pancreatic (n = 36), retained elements of this programme but with reduced coherence. 

The intersection across the five high-tier cancers and the intermediate group 

(excluding pancreatic and thyroid) was exclusively analysed here since it exhibited the 

greatest shared gene set in downstream analyses. This gene set was comprised of T-

cell-related genes (CD8A, CD226, CCR5), interleukins and chemokines closely linked 

to the PDL1, such as CXCR6, IL2, and IL12, co-receptors such as TIGIT, ICOS, 

HAVCR2, as well as transcriptional factors (STAT1, JAK2). The insistent prevalence 

of these genes across 10 cancer types indicates their importance as biomarkers or as 

indicators of PDL1 expression.    

By contrast, the “cold-leaning” group, sarcoma (n=23), brain lower-grade glioma (n = 

22), liver hepatocellular carcinoma (n = 13), esophageal (n = 10), glioblastoma (n = 2), 

kidney clear-cell (n = 1), kidney papillary (n = 1) and lung squamous (n = 1), contained 

few genes strongly co-varying with PDL1. In these cohorts, IFNγ-linked chemokines 

and cytotoxic markers were rarely above threshold, and antigen-presentation genes 

showed weaker coupling to PDL1, indicating limited coordination of the canonical 

inflamed programme.  

Together, these counts (number of genes with r > 0.5 versus PDL1) resolve cohort-

level differences in relation to immune activation and PDL1. While melanoma, breast, 

colorectal, bladder, and ovarian form a clearly inflamed relation coordinated together 

with PDL1, prostate, lung adenocarcinoma, cervical, stomach, head-and-neck, and 

pancreatic more likely to have a hot-leaning inflammation with fewer genes that are 

still closely orchestrated with PDL1 expression. Lower-grade glioma, liver, 

oesophageal, glioblastoma, and renal/squamous cohorts, on the other hand, showed 

almost no relation of the analysed 323 genes to PDL1 expression, possibly indicating 

immune-deserted or cold-leaning tumour/tissue types.  

These strata motivated further analyses aimed at defining the intersections of cancer 

types in terms of PDL1-correlated genes. To visualise the extent of overlap across 

cohorts, we employed an UpSet plot in Python for the downloaded high-correlation 

files for each cancer type from the expression heatmaps (Figure 3.5). The most striking 

observation on the UpSet plot was the first bar, representing 15 genes uniquely 
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associated with melanoma. In addition to the broad set of 128 immune-related genes 

correlated with PDL1 in this cohort, the presence of a melanoma-specific subset of 15 

genes suggests additional molecular cues that may contribute to the well-established 

responsiveness of melanoma to PD1/PDL1-directed immunotherapies and namely 

they were CCR3, CD52, CD8B, CORO1A, CLEC9A, GATA3, IL12B, IL18, TOX2, 

JAML, KLRB1, NCR3, PTGER2, and ZBTB32.  Bladder cancer and lower-grade 

glioma each displayed four unique PDL1-correlated genes, further distinguishing them 

from other tumour types. Another notable feature was the intersection of 11 leading 

cancer types (those with the highest numbers of co-expressed genes, top group), 

which collectively -and exclusively only to those- shared four genes, implying a central 

role for these genes in regulating PDL1 expression and sustaining an inflamed TME. 

Beyond these patterns, most cancer types shared only one or two correlated genes, 

highlighting the absence of a universal immune signature within the analysed 323-

gene panel. 

Distinctively, JAK2 was consistent across 18 cancer types analysed out of 21. Co-

expression of it with PDL1 was not detected only in 3 cohorts: esophageal, kidney 

renal papillary, and glioblastoma, supporting recent literature that indicates JAK2 

induction of PDL1 expression (Carreño-Tarragona et al., 2025; Chen et al., 2022). 

While JAK2 was found to correlate with PDL1 in 18 cancer types, other genes that 

followed with high frequency were STAT1 (15), IL2RA (12), IL2RB (13), and IFNG (10). 
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3.5 IFNγ upregulates PDL1 expression significantly in assayed cancer cell 

lines 

Co-variation of IFNG (encoding IFNγ) in many cancer types further led us to analyse 

cancer cell lines commonly used for cancer research. Using surface stain and FACS 

techniques, we quantified the IFNγ‐induced modulation of PDL1 expression across 18 

human cancer cell lines representing pancreatic (BxPC3, PancTu1, Colo357), 

colorectal (RKO, HCT116, LoVo), breast (MCF7, T47-D, MDA-MB-231), prostate 

(PC3, LNCaP,Du145) , myeloma (MM.1R, MM.1S, U266) and assorted group cancer 

types. 3 cancer cell lines were employed for each group, and the assorted group was 

comprised of lung adenocarcinoma (A549), cervical carcinoma (HeLa), and ovarian 

cancer (A2780) cancer types. For each cell line, triplicate measurements were taken 

from both anti-PDL1-stained samples and isotype-stained samples under 2 conditions: 

control and IFNγ‐treated. MFI ratio was computed as MFI of the anti-PDL1-stained 

sample divided by the MFI of the isotype-stained sample.  

Statistical analysis via one‐way ANOVA revealed that 15 cell lines out of 18 exhibited 

significant IFNγ‐induced PD1/PDL1 modulation, specifically BxPC3, PancTu1, 

Colo357, HCT116, LoVo, MCF‐7, T47‐D, PC‐3, LnCap, MM.1R, MM.1S, U266, HeLa, 

A549, and A2780 (Figure 3.6B). Within this subset, the most significant PDL1 

expression increase was observed in the colorectal cancer cell line HCT116 (p < 9e-

07), and it was followed by another colorectal cell line LoVo (p < 6e-06) and a prostate 

cancer cell line PC-3 (p < 2e-05). In contrast, no significant changes were observed in 

the RKO, T47-D, and HeLa cell lines.  

The lowest basal PDL1 expression was observed in the BxPC3 cell line, with a median 

MFI ratio of 0.33. Across all cell lines except the outliers (RKO and MDA‐MB‐231), the 

overall median MFI ratio was 1.34, with an interquartile range of 0.33 to 2.59 for control 

groups. Notably, RKO and MDA-MB-231 displayed markedly high basal PDL1 MFI 

ratio values (approximately 24.84 and 8.05, respectively), potentially diminishing the 

relative impact of IFNγ stimulation; however, MDA-MB-231 exhibited a modest 

increase with a p-value of 0.0039. To accommodate pronounced baseline values and 

p-values, the same data was also represented in a box plot orientation, denoting 

certain outliers with a graphical axis break introduced at 12, thereby enabling a 

comprehensive visual representation of the data (Figure 3.6B). 
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Figure 3.6 Surface PDL1 expression in human cancer cell lines under control 

and IFNγ treated conditions. Cell surface PDL1 expression was assessed by antibody 

staining and flow cytometric analysis across 18 human cancer cell lines. PDL1 expression is 

presented as MFI ratio, calculated as the MFI of anti-hPDL1-stained cells divided by that of 

isotype-stained cells, with n = 3 replicates per condition. Statistical analysis was performed by 

one-way ANOVA, with p < 0.05 considered significant. A) Representative histograms showing 

anti-hPDL1 and isotype control staining under untreated and IFNγ-treated conditions. B) Box 

plot quantifying the same experiment shown in panel A, allowing comparison of basal PDL1 

expression and IFNγ-induced change across the analysed cell lines. This panel facilitates 

comparison of both basal PDL1 expression and IFNγ-induced change across the analysed 

cell lines. An axis break at 12 was applied to improve visualisation of high basal expression 

values. 

 

3.6 Cancer cell lines do not exhibit PD1 on their surface 

The transcription of PDCD1, the gene encoding PD1, has been observed in cancer 

cells, and it was also evidenced that PD1 expression in cancer cells is primarily 

intrinsic. Findings on clinical tumour specimens support this. and the increasing body 

of evidence that cancer cell-derived PD1 also plays a role in immune evasion and 

tumour progression (Hanamura et al., 2021; Wang et al., 2020). We wondered whether 

PD1 is also expressed on the surface of any cancer cell line that expresses PDL1. 

Consequently, the cell surface expression of PD1 was investigated on a panel of 18 

cancer cell lines representing 9 different cancer types. 

4×105 cells were harvested and stained either with PE-conjugated human anti-PD1 

antibody to assess cell surface expression of PD1 or with its isotype antibody to assess 

nonspecific binding. Flow cytometry analysis revealed a lack of cell surface PD1 

expression on the studied cancer cells (Figure 3.7). 
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Figure 3.7 Surface PD1 staining in a panel of human cancer cell lines. Cell surface 

staining and flow cytometric analysis were used to assess PD1 expression across 18 human 

cancer cell lines representing nine cancer types. Cells were stained with PE-conjugated anti-hPD1 

antibody or the corresponding isotype control. In the histograms, the green line represents anti-

hPD1 staining and the black line represents the isotype control. Representative histograms for the 

analysed cell lines are shown.  

 

Collectively, analyses of PD1/PDL1 expression across cancer types underscore the 

need for patient stratification by immune contexture when deploying anti-PD1/PDL1 

therapies. Sensitivity is heterogeneous both between and within histology. Melanoma 

and subsets of colorectal and breast cancers tend to respond more readily when a 

pre-existing T-cell-inflamed microenvironment, intact IFNγ signalling, and preserved 

antigen-presentation machinery are present. Nevertheless, durable benefit remains 

limited for many patients owing to primary and acquired resistance mechanisms, 

including paucity of cytotoxic T-cell infiltration, defects in IFNγ-JAK/STAT or antigen-

presentation pathways, compensatory checkpoints (such as LAG3, TIGIT), 

immunosuppressive myeloid and stromal programmes, and metabolic or hypoxic 

constraints. These observations argue for context-aware selection guided by 

composite biomarkers that integrate PDL1 protein levels with immune gene-

expression signatures, spatial metrics, and genomic features, and for rational 

combinations tailored to tumour immune state. 

In the subsequent chapter, an infiltration-ready refinement of anti-PDL1 therapy is 

proposed, elevating engineered MSCs to deliver a high-affinity soluble PD1 variant 

(PD1HAC) to intensify local PD1/PDL1 blockade, which has the possibility to convert 

cold tumours toward an inflamed state with conditioned MSC infiltration and minimise 

systemic exposure to antibodies. 
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CHAPTER 4: MSC-Secreted sPD1HAC Variant 

Blocks the PD1/PDL1 Pathway 
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Immune checkpoint therapies targeting the PD1/PDL1 pathway have transformed 

cancer treatment with effective results in various cancer types, yet important limitations 

persist, including tumour penetration, binding affinity, and barriers imposed by the 

TME. Additional challenges include immune-related adverse events and the 

emergence of resistance to ICB therapies. Multiple classes of PD1/PDL1 blockers 

have therefore been explored, ranging from PD1-derived peptides to small molecule 

inhibitors, bispecific antibodies, and engineered T-cells. Among non-antibody formats, 

the high-affinity consensus (HAC) variant, described by Maute and his colleagues, 

exhibits markedly increased PD1-PDL1 binding in surface plasmon resonance assays. 

This chapter carries that study further into a cell-based, biologically more relevant 

environment and evaluates whether HAC engineered as a soluble PD1 (sPD1HAC) can 

be efficiently secreted by cells without compromising cell health, and whether sPD1HAC 

(with a particular interest in the MSC-derived version) can block the PD1/PDL1 

pathway in vitro and in vivo. 

 

4.1 sPD1HAC, constructed with a hIgG1-Fc domain and expressed into 

CHO/HEK293T cells, provides high secretion yield and stability 

In the very first step of structuring a therapeutic PD1 cell therapy, the extracellular 

domain of human PD1 was utilised as a base to carry point mutations that the HAC 

variant acquires. Extracellular domain of PD1 inserted into pFUSE plasmid right after 

a signal peptide and furin cleavage site without mutations, representing our wild-type 

PD1, and with mutations, representing HAC variant. Then they were inserted into 

pFUSE, enabling cloning into CHO and HEK293T cells in two different ways (with or 

without a stop codon between hIgG1-Fc domain and PD1 ectodomain) to determine 

whether extension of hIgG1-Fc can alter the secretion or stability of the PD1 secretion. 

 

 4.1.1 sPD1HAC constructs (+/− hIgG1) were successfully engineered. 

The full-length PD1 is a type I membrane receptor consisting of 288 amino acids. 

Extracellular domain, including N-loop, Stalk region, and IgGV domain, was used for 

the generation of soluble wild-type and HAC variant (Figure 4.1A) since these parts 

have binding sites of the protein that interacts with PDL1 and PDL2. The goal was to 
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convert the PD1 protein to a form that can be secreted by cells rather than remaining 

membrane bound. To ensure that this truncated PD1 could be expressed and secreted 

effectively by cells, the signal peptide (SP) from the human Fibrillin protein (aa 1- aa 

27) was introduced together with a Furin cleavage site (FC Site). Furin is a protease 

that processes proteins within the secretory pathway, facilitating the secretion of the 

modified PD1 protein. This modified construct was referred to as sPD1WT or WT in the 

text. To create the sPD1HAC variant, site-directed mutagenesis was performed on the 

sPD1WT construct. Specifically, 10-point mutations (in aa. positions of the 

64,65,66,68,70,74,78,122,125,132) were introduced as described by Maute and his 

colleagues, which are known to enhance the binding capabilities of the PD1 protein 

(Figure 4.1A). The resulting construct, now referred to as sPD1HAC or HAC from here 

on, retains the extracellular domain but has enhanced binding properties due to the 

introduced mutations. By engineering the PD1 protein to be secreted and incorporating 

specific mutations to enhance its binding affinity, we have created a version of PD1 

(sPD1HAC) that can be evaluated for its therapeutic potential, particularly when carried 

by MSCs. This form is expected to be more convenient to inspect its binding 

capabilities to its targets in a biological context, thereby offering promising therapeutic 

applications. 

To determine the optimal configuration for maximal secretion yield of our PD1 

constructs, we investigated the necessity of linkage to the IgG1-Fc domain within the 

pFUSE vector. Specifically, we introduced a stop codon to our PD1 constructs, 

interfering truncated PD1 and hIgG1-Fc domain in the pFUSE to assess the stability 

and secretion efficiency of the protein without this domain, which was named 

pFUSE.stPD1 (stHAC and stWT in the secreted form). The IgG1-Fc fusion construct 

was named pFUSE.sPD1 (HAC and WT in the secreted form) for the following assays 

(Figure 4.1B). 
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Figure 4.1 Design of sPD1WT and PD1HAC constructs with and without hIgG1-Fc 

fusion. A) Depiction of sPD1 constructs compared with the full-length human PD1 and 10-

point mutation indicated by yellow stars on the PD1 extracellular domain. Below the sPD1HAC 

construct, amino acid substitutions of the PD1HAC were given together with the corresponding 

aa. residues on the wild-type PD1. Red-circled residues are core mutation residues, and 

remaining labelled residues indicate PDL1 interaction sites. B) pFUSE plasmid structures 

were depicted for pFUSE.sPD1 and pFUSE.stPD1, containing signal peptide (SP), Furin 

cleavage (FC) site, sPD1 constructs (PD1 ECD), and either stop codon or hIgG1-Fc domain. 

 

4.1.2 IgG1-Fc fusion enhances sPD1HAC secretion and stability.  

Generated sPD1HAC and sPD1WT constructs with or without IgG1-Fc fusion were 

introduced into HEK293T and CHO cells by lipid transfection method, as in pFUSE 

plasmids, which facilitates the entry of the plasmid DNA into the cells (Figure 4.2A). 

Post-transfection, cells were cultured for 48 hours under standardized conditions, and 

supernatants were harvested for analysis. Secretion levels of the PD1 were quantified 

using human PD1 duo set ELISA and were given as secretion fold change between 

A) 

 

 

 

 

 

 

B)     
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groups, specifically, as a secretion ratio of IgG1 attached PD1s (HAC/WT) to the stop 

codon introduced PD1s (stHAC/stWT). 

Quantitative analysis of the ELISA results revealed significantly high expression and 

secretion levels of both HAC and WT when they were linked to the IgG1 domain 

compared to their counterparts without IgG1 fusion (Figure 4.2B). Secretion of WT 

increased the PD1 yield significantly, by around 2-fold, either expressed by CHO or 

HEK293T cells (p < 0.06 and p < 0.002, respectively). HAC variant showed 

approximately 3.5-fold and 5.5-fold increases when expressed in CHO and HEK293T 

cells, with p < 0.006 and p < 0.0004, respectively. 

Therefore, our results conclusively demonstrate that to achieve efficient production 

and maximal secretion of recombinant PD1 protein, the PD1 fragment must be 

positioned adjacent to the IgG1 domain within the pFUSE plasmid. This strategic 

placement likely facilitates more efficient trafficking and secretion of the PD1 protein, 

enhancing its yield and stability. 
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Figure 4.2 Secretion of IgG1-fused and non-fused sPD1 variants in HEK293T and 

CHO producer cell lines. A) Schematic overview of the transfection and secretion assay. 

HEK293T and CHO producer cell lines were transfected with pFUSE constructs encoding 

sPD1WT or sPD1HAC either with hIgG1-Fc fusion (WT, HAC; light-coloured bars) or without 

hIgG1-Fc fusion through insertion of a stop codon (stWT, stHAC; dark-coloured bars). 

Secreted PD1 in conditioned supernatants was quantified by ELISA. B) Bar charts show 

secretion fold change relative to the corresponding non-IgG1 construct in HEK293T and CHO 

producer cell lines. Data are presented from three independent experiments (n = 3), and exact 

p-values are indicated on the figure. 

 

A) 

 

 

 

 

 

 

B)                                                      
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4.1.3 Transient expression in CHO and HEK293T was robust without 

compromising viability. 

To evaluate the capability of our construct to be inserted and expressed in cells, we 

initially cloned the constructs into CHO and HEK293T cells. These cell lines were 

chosen for their high transfection efficiency and common use in protein expression 

studies. Continuing with IgG1 fusion proteins, sPD1HAC and sPD1WT plasmids were 

inserted into these cell lines by lipid transfection. Then, PD1 secretion capabilities 

were evaluated by ELISA. 

Supernatants were collected 48 hours post-transfection, and the presence of PD1 was 

assessed using a human PD1-specific ELISA. PD1 secretion was subsequently 

quantified by measuring absorbance at 450 nm with a microplate spectrophotometer. 

In HEK293T cells, sPD1HAC was secreted at 8,143 ± 644 ng/mL compared with 6,940 

± 988 ng/mL for sPD1WT. By contrast, secretion yields in CHO cells exhibited lower 

secretion levels, reaching 3,408 ± 219 ng/mL for sPD1HAC and 2,789 ± 317 ng/mL for 

sPD1WT (Figure 4.3A). This discrepancy may reflect differences between human 

(HEK293T) and murine (CHO) protein processing machinery, which can influence 

folding efficiency and secretion yields. 

To exclude transfection-related cytotoxicity, cell viability was assessed using the 

Nicoletti DNA hypodiploidy assay, which detects the sub-G1 fraction generated by 

apoptotic DNA fragmentation. 48 hours post-transfection, CHO and HEK293T cultures 

expressing sPD1HAC or sPD1WT were harvested, stained with propidium iodide, and 

profiled by flow cytometry. Under these conditions, both producer lines retained high 

viability. In HEK293T cells, the viable (non-hypodiploid) population constituted 94.9 ± 

2.8% for sPD1HAC and 95.2 ± 2.8% for sPD1WT, with small sub-G1 fractions (~2-3%); 

in CHO cells, viability was likewise high at 91.5 ± 1.3% and 90 ± 2.6 % for sPD1HAC 

and sPD1WT, respectively (Figure 4.3B). No material differences were observed 

between constructs or cell lines beyond minor variation typical of transfection 

procedures, indicating that expression of the sPD1 variants did not measurably 

compromise producer-cell viability over the assay window. 
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Figure 4.3 PD1 secretion and viability of transfected HEK293T and CHO 

producer cell lines. A) PD1 concentrations measured in supernatants collected from 

untransfected control, sPD1WT-transfected, and sPD1HAC-transfected HEK293T and CHO 

producer cell lines at 48 h post-transfection. B) Cell viability analysis of matched transfected 

HEK293T and CHO producer cell lines. Data are presented for control, sPD1WT, and sPD1HAC 

conditions from three independent experiments (n = 3).  

 

4.2 sPD1HAC inhibits rhPD1-PDL1 binding 

The binding of rhPD1 to PDL1 was decreased 77-94% when it was competed with 

various concentrations of sPD1HAC derived from CHO and HEK293T cells, except the 

smallest concentration of 0.1 ng/well (which corresponds to a 1:500 ratio of rhPD1). 

This reduction was consistent in both solid-phase and cell-based assays. 

           A) 

 

 

 

 

 

 

                    B)  
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4.2.1 sPD1HAC selectively engaged PDL1 but not PDL2 and blocked 

rhPD1-PDL1 binding in solid-phase assays 

As transfection did not measurably compromise producer-cell viability (~95% viable 

by Nicoletti), conditioned supernatants were next evaluated in a solid-phase binding 

competition assay to determine whether sPD1 variants inhibit biotinylated rhPD1 

binding to immobilised hPDL1-Fc or hPDL2-Fc. In this assay, rhPD1 was used at a 

fixed amount of 50 ng/well, whereas sPD1 variants derived from CHO or HEK293T 

producer cell lines were tested across titrations of 40, 20, 10, 5, 1, 0.5, and 0.1 ng/well. 

The assay workflow is shown in Figure 4.4A. Signals obtained in the presence of 

control (untransfected supernatant in equal volumes to the samples and 50ng rhPD1) 

were normalised to 100% binding and served as the reference for calculating percent 

inhibition across the titrations. 

When the competition was done for the second ligand (immobilised hPDL2-Fc), 

neither HAC variant nor WT was able to compete against rhPD1 binding, showing 

equivalent signals to positive controls (Figure 4.4B). This effectiveness was observed 

for both CHO- and HEK293T-derived sPD1 variants. It is concluded that, likewise, 

sPD1WT, sPD1HAC had minimal or no effect on PDL2-rhPD1 binding in measured 

concentrations: 40, 20, 10, 5, and 1 ng.  

In the case of immobilised hPDL1-Fc, the HEK293T-derived sPD1HAC variant 

demonstrated a strong inhibitory effect on rhPD1 binding to PDL1, whereas sPD1WT 

showed no measurable inhibition, with signals almost indistinguishable from the 

untransfected control across the titrations apart from small fluctuations attributable to 

assay noise. At a concentration of 40 ng rhPD1, the binding was reduced to 

approximately 8% of the control, signifying that 92% of PDL1 was effectively occupied 

by the sPD1HAC variant. 
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B)                                                                                           C) 

Figure 4.4 Solid-phase competition assay for rhPD1 

interaction with immobilised PDL1 and PDL2 in the 

presence of sPD1 variants. Supernatants containing 

graded amounts of sPD1 variants (40, 20, 10, 5, 1, 0.5, and 0.1 

ng per well) derived from CHO (upper bar charts) or HEK293T 

(lower bar charts) producer cell lines were tested in a solid-

phase binding competition assay. sPD1HAC is shown in 

magenta, sPD1WT in cyan, and matched untransfected control 

in grey. A) Assay workflow. High-binding plates were coated 

with recombinant hPDL1-Fc or hPDL2-Fc (50 ng per well), 

incubated with biotinylated rhPD1 (50 ng per well) premixed 

with the indicated supernatants, and bound rhPD1 was detected 

using streptavidin-HRP with absorbance read at 450 nm. B) 

Competition assay using immobilised hPDL2-Fc. C) 

Competition assay using immobilised hPDL1-Fc. Binding was 

normalised to control wells containing rhPD1 with matched 

untransfected supernatant, defined as 100%. Exact p-values 

are indicated in the figures where applicable. Data are 

presented as mean ± SE from three independent experiments. 
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Lower concentrations, such as 20 ng, 10 ng, and 5 ng, exhibited similar binding 

reductions to 9%, 8.4%, and 10.2 % respectively. Even with 1 ng and 0.5 ng of 

sPD1HAC concentrations, rhPD1 binding was reduced to approximately 74% and 78%, 

respectively. All these decreases were statistically significant when compared to 

controls, highlighting the robust efficacy of the HEK293T-derived sPD1HAC variant in 

disrupting the PD1/PDL1 interaction (Figure 4.4C). 

Although the extent of inhibition was relatively lower than observed in HEK293T 

supernatants, CHO-derived sPD1HAC significantly reduced rhPD1-PDL1 binding at all 

concentrations except 0.1 ng (Figure 4.4C). In the presence of sPD1HAC, residual 

rhPD1 binding was approximately 17%, 20%, 22%, 10%, 18%, and 23% at 40, 20, 10, 

5, 1, and 0.5 ng, respectively, corresponding to a consistent inhibition of 77-90%. 

Notably, this effect was maintained even when sPD1HAC was applied at a 100-fold 

lower concentration than rhPD1. By contrast, sPD1WT showed no measurable 

inhibition, yielding binding values comparable to the positive control irrespective of the 

producer cell line. 

 

4.2.2 Cell-based binding competition assay was established utilising RKO 

cells and 4000 ng rhPD1  

Whether derived from CHO or HEK293T, the HAC variant was approved to block the 

rhPD1-PDL1 pathway on cell-free assays. To investigate if it can show the same 

competitive binding for PDL1 on the surface of cancer cells, a cell-based assay was 

established. In this assay, a cancer cell line with high PDL1 expression (to ensure flow 

cytometric visibility of the binding) and the concentration of rhPD1 that can occupy all 

the ligands on this cancer cell line needed to be unveiled. For the cancer cell line 

determination, we referred to our PDL1 detection study on cancer cell lines, and RKO 

cells were the straightforward candidate with significantly high PDL1 expression 

without any interference. Therefore, RKO cells were chosen as they were expected to 

provide an extended interval from the isotype control signal to the bound biotinylated 

rhPD1 signal, thereby giving enough space for visualising the reduction.  

To establish a saturating dose of rhPD1 for on-cell binding, the standard cell-based 

competition assay was run on RKO cells in the absence of any PD1 competitor. Cells 
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stained with streptavidin-PE alone served as the negative control. Biotinylated rhPD1 

was titrated (50, 100, 250, 500, 1000, 2000, 3000, and 4000 ng per 4x105 cells). Signal 

intensity increased monotonically with concentration up to ~3000 ng and then 

approached saturation (Figure 4.5). Signals at 3000 and 4000 ng were 

indistinguishable, indicating receptor saturation. Therefore, 4000 ng was selected as 

the saturating rhPD1 amount for subsequent RKO assays. 

 

 

Figure 4.5 Titration of biotinylated rhPD1 binding to RKO cells for the cell-based 

competition assay. Overlaid PE histograms showing binding of biotinylated rhPD1 to 4x105 

RKO cells following titration of 50, 100, 250, 500, 1000, 2000, 3000, and 4000 ng rhPD1 per 

sample (100 µL). Streptavidin-PE only is shown in black as the negative control. Histograms 

represent streptavidin-PE fluorescence corresponding to bound biotinylated rhPD1 on the cell 

surface. This titration was used to define the rhPD1 input for subsequent cell-based 

competition assays on RKO cells. 

 

4.2.3 HEK293T- and CHO- derived sPD1HAC outcompetes rhPD1 on the 

cell surface 

To further substantiate the supremacy of sPD1HAC binding on rhPD1-PDL1 interaction, 

cell-based binding competition was designed. In brief, cell-based competition was 

quantified as the percentage of rhPD1 binding to membrane-bound PDL1 relative to 

the positive control. Test samples contained rhPD1 co-incubated with a competitor 

(sPD1HAC or sPD1WT). The positive binding control contained rhPD1 without a 

competitor, and the negative control omitted biotinylated rhPD1 and sPD1 variants 

(streptavidin-PE only). Bound biotinylated rhPD1 4,000 was detected with streptavidin-

PE. An overview of the experimental design is shown in Figure 4.6A. 
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In cell-based binding competitions, sPD1HAC inhibited rhPD1 binding irrespective of 

the sourced cell line. In the flow cytometry histogram results, which display the single-

cell distribution of streptavidin-PE fluorescence (x-axis, biotinylated rhPD1 bound to 

PDL1 on the RKO cells) against event count (y-axis), the magenta line (sPD1HAC 

mixed sample) was overlapped with the black line (negative control, lack of PD1), 

indicating significant binding reduction. On the contrary, the cyan line (sPD1WT mixed 

sample) overlapped with the blue line (positive control, only biotinylated rhPD1), 

indicating limited inhibition and retention of the majority of the binding signal. Binding 

was quantified across biological replicates as a percentage of rhPD1 binding (mean ± 

SE) after background subtraction. For each sample, the MFI value was first corrected 

by subtracting the negative-control MFI and then expressed relative to the 

background-subtracted positive control. In agreement with the histogram shifts, 

HEK293T- and CHO-derived HAC significantly reduced binding to 6% and 8% 

respectively, while WT reduced it to 90% and 86% respectively, as an average result 

of three independent experiments (Figure 4.6B and C).  
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Figure 4.6 Cell-based binding competition assay for rhPD1 interaction with 

membrane-bound PDL1 on RKO cells in the presence of sPD1 variants derived 

from CHO and HEK293T cells.  A) The illustration shows the experimental groups and 

workflow. PDL1 on the surface of RKO cells was targeted by biotinylated rhPD1 alone (positive 

control), together with sPD1HAC, or together with sPD1WT. The negative control group included 

only streptavidin-PE, which was used for biotin detection, and binding was measured by flow 

                        A) 

 

 

 

 

 

 

 

B)                                                                                     C) 
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cytometry. B) In the histogram, the addition of CHO-derived HAC variant (magenta) reduced 

the binding of rhPD1 from positive control (blue line) towards the negative control (black), 

whereas WT had minimal effect. Reductions were quantified as background-corrected rhPD1 

binding, expressed as a percentage of the positive control. C) Similarly, HEK293T-derived 

sPD1HAC caused a leftward shift of the cell-surface binding histogram and, binding was 

quantified as background-corrected percentage of rhPD1 binding relative to the positive 

control. Values represent mean ± SE from three independent experiments. Only statistically 

significant p-values are indicated on the figure. 

 

Overall, results of competitions against rhPD1 indicated that not sPD1WT but sPD1HAC 

variant was able to highly significantly inhibit rhPD1-PDL1 binding, whether on a solid-

phase or on the cell surface. 

 

4.3 sPD1HAC significantly inhibits anti-hPDL1 binding 

Despite the fact that a cell-based binding competition assay is highly sensitive for hard-

to-detect antibodies and, as an indirect immunofluorescence method due to signal 

amplification of the secondary antibody, another binding competition was constructed 

to ensure sPD1HAC exhibits the same binding capability across directly PE-conjugated 

anti-PDL1 antibodies. Although the indirect immunofluorescence method has its own 

advantages, direct immunofluorescence provides competition against monoclonal 

recombinant antibodies, lower background unspecific binding, and minimal human 

error with fewer steps for the assay. In this assay, instead of the rhPD1 protein, PE-

conjugated anti-hPDL1 was mixed with sPD1 variants to treat RKO cells. The binding 

signal was detected directly after incubation with this mix (without a second 

incubation), representing the samples. While the negative control included cells 

treated with the corresponding isotype, the positive control included cells treated only 

with anti-hPDL1 (Figure 4.7A). Then PE fluorescence was measured by flow cytometry 

and recorded as MFI. For each condition, background was removed by subtracting the 

isotype-control MFI, and values were then expressed relative to the background-

corrected positive control to yield percentage anti-hPDL1 binding. Data are presented 

as mean ± SE across three independent experiments, with statistical comparisons 

shown on the bar charts. 

The overlaid histograms reveal a pronounced leftward displacement of the anti-hPDL1 

trace in the presence of CHO-derived sPD1HAC, bringing the distribution close to the 
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isotype-control baseline. This behaviour is consistent with robust competition at PDL1 

on intact cells. In contrast, CHO-derived sPD1WT produces a trace that remains near 

the positive-control position, indicating little or no inhibition. Quantification after 

background correction and normalisation shows that sPD1HAC reduces anti-hPDL1 

binding to in the region of 24%, whereas sPD1WT retains around 108% of the positive-

control signal. The slight elevation above 100% is readily explained by run-to-run 

variability inherent to cytometric measurements rather than any true increase in 

binding. The difference between the HAC variant and the controls is reflected in the 

statistics annotated on Figure 4.7B (p < 0.0001 versus the positive control; p < 0.003 

versus WT). 

A closely parallel pattern is observed when the variants are produced in HEK293T 

cells. HEK293T-derived sPD1HAC shifts the histogram decisively towards the isotype 

trace, and, after normalisation, reduces anti-hPDL1 binding to about 8%. By 

comparison, HEK293T-derived sPD1WT fails to achieve meaningful inhibition; across 

three independent experiments, the normalised values fluctuate at 73%, 96%, and 

108% of the positive control, yielding an average close to 92% (Figure 4.7C). These 

findings are supported by the statistical annotations (p = 0.001 for HAC versus WT; p 

= 6 × 10⁻⁶ for HAC versus the positive control). 

Together, these data show that sPD1HAC robustly competes with a PE-labelled 

monoclonal anti-hPDL1 for access to RKO cell-surface PDL1, whereas sPD1WT is 

largely ineffective; the effect is reproduced with CHO and HEK293T sources. 

Up to this point, the PD1 constructs, their secretion by CHO/HEK293T cells, and their 

ability to block the PD1/PDL1 pathway had been verified. The next objective was to 

transduce MSCs to secrete sPD1HAC and to evaluate whether the MSC-derived 

sPD1HAC variant could compete across the various competition settings. 
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Figure 4.7 Antibody binding competition assay against PE-conjugated anti-

hPDL1 antibody in the presence of sPD1 variants. A) Antibody binding competition 

assay schematic. RKO cells were incubated with PE-conjugated anti-hPDL1 mixed with sPD1 

variants (sample/competition). Controls were isotype only (negative) and anti-hPDL1 only 

(positive). For each condition, the isotype MFI was subtracted, and values were then 

normalised to the background-corrected positive control to yield percentage anti-hPDL1 

binding. B) Representative histogram and quantification for CHO-derived sPD1 variants. C)  

Representative histogram and quantification for HEK293T-derived sPD1 variants. Data are 

shown as mean ± SE from three independent experiments; statistical comparisons are 

annotated on the bar charts. Key: isotype (black), anti-hPDL1 (blue), sPD1WT (cyan), sPD1HAC 

(magenta). 

 

4.4 AT-MSCs emerged as the most suitable source after PD1/PDL1 

screening  

Having verified construct integrity, secretion from CHO/HEK293T producers, and 

robust blockade of the PD1/PDL1 axis, the next step was to nominate a clinically 

relevant stromal vehicle for delivery. Two MSC sources, adipose tissue (AT) and bone 

marrow (BM), were profiled by flow-cytometric surface staining at baseline and after 

IFNγ exposure for 48 hours (readouts expressed as an MFI ratio defined as the 

sample’s MFI divided by the isotype’s MFI) to minimise intrinsic pathway confounds 

and to favour a source compatible with high-yield PD1 secretion. In AT-MSCs, basal 

PDL1 staining (blue line) overlaps the isotype control (black), indicating little to no 

detectable surface PDL1 at rest and represented with a 1.2 MFI ratio. Following IFNγ 

exposure, the anti-hPDL1 histogram (red line) shows a rightward shift relative to 

untreated/isotype baselines, evidencing slightly inducible up-regulation of PDL1 with 

a 1.7 MFI ratio. The magnitude of induction was greater in BM-MSCs than in AT-MSCs 

evidenced by both histograms (Figure 4.8A) and the MFI ratio of 1.6 increased to 4.0 

with IFNγ treatment. 

Potential medium effects on PDL1 expression were also evaluated in AT-MSCs at 

baseline and after IFNγ by comparing αMEM and MesenPRO. PDL1 profiles were 

similar across media. For PDL1, mean MFI ratios in αMEM were 1.0 at baseline and 

2.6 after IFNγ, and in MesenPRO were 1.2 at baseline and 3.4 after IFNγ, indicating 

no medium-dependent difference in the qualitative pattern of induction under the 

conditions used (Figure 4.8B). 
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In addition to commercial sources, MSCs from patients with myeloma (n=3) were 

assessed by the same surface-staining protocol. PD1 remained at isotype-control 

levels in all three donors, whereas PDL1 exhibited a rightward shift, consistent with 

cytokine exposure within the tumour microenvironment. This increase in PDL1 was 

consistent in each donor (Figure 4.4C). Mean PDL1 MFI ratios (sample/isotype) were 

as follows: patient 003, 0.8 at baseline and 3.2 after IFNγ; patient 006, 0.6 at baseline 

and 2.1 after IFNγ; patient 007, 1.0 at baseline and 3.5 after IFNγ. 

 

 

 

 

Figure 4.8 Commercial MSCs increase PDL1 expression upon IFNγ stimulation 

regardless of the medium utilised. Black traces indicate isotype control, blue indicates 

anti-hPDL1 at baseline, green indicates anti-hPD1 at baseline, and red indicates anti-hPDL1 

following IFNγ treatment for 48 hours. A) Histograms depict surface PDL1 expression on 

MSCs derived from adipose tissue (AT) or bone marrow (BM) at baseline or with 48-hour IFNγ 

(100 ng/ml) treatment. Representative histograms are shown for AT-MSCs and BM-MSCs. B) 

AT-MSCs grown in αMEM and in MesenPRO display surface PDL1 staining profiles under 

A)                                                                                       B) 
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baseline and IFNγ-treated conditions. C) MSCs, derived from myeloma patients, exhibit 

surface PD1 and PDL1 staining profiles. 

 

Taken together, this screen highlighted AT-MSCs as the most suitable candidate, 

combining negligible basal PD1/PDL1 with respectively slightly less IFNγ inducibility 

and practical advantages for production. Hereafter, “MSCs” refers to AT-MSCs, and 

MesenPRO was used for routine maintenance. 

 

4.5 MSC transduction yielded stable sPD1HAC expression without affecting 

viability or cytokines 

Since MSCs’ tissue origin and media were decided, attention then turned to the 

engineering step. MSCs were transduced for sPD1HAC secretion while assessing the 

effects of transduction on cell viability and immunomodulatory state. Viability was 

quantified alongside routine culture performance by the cell viability assay (also called 

the Nicoletti assay), and the cytokine milieu was surveyed to detect any unintended 

activation or suppression relative to matched controls by employing a cytokine array. 

Together, these evaluations established both the choice of MSC source and the safety 

of the transduction procedure, setting the foundation for all subsequent competition 

assays using MSC-derived sPD1HAC. 

MSCs were transduced with an adenoviral vector carrying sPD1HAC (Ad.sPD1HAC) or 

Luciferase enzyme (Ad.LUC) as a control (Figure 4.9A). First, various multiplicities of 

infections (MOI) effects on transduction were examined, and then PD1 secretion of 

these cells was determined by human PD1 DuoSet ELISA. The sPD1HAC cassette was 

successfully inserted into MSCs, and MSCs secreted adequate PD1 for future 

competition assays and for potential therapeutic purposes. The MOI providing the 

balance between cell viability and transduction efficiency was determined as 1000, 

and we achieved a secretion level of 1160 ng/ml for the sPD1HAC variant at this MOI. 

Together with these expression levels, cell viability was checked on the same cells 

and found no considerable effect of PD1 transduction on MSCs with 90-93% cell 

viability (Figure 4.9B). 

The effects of PD1 insert were also analysed by checking cytokine differentiation 

between MSC.HAC and MSC.LUC by C6 cytokine array and results reveal no 
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considerable differentiation in cytokine expression between control and MSC.HAC 

(Figure 4.9C). 

 

 

Figure 4.9 MSCs express and secrete sPD1HAC following transduction with an 

adenoviral vector carrying the variant. A) The panel summarizes the workflow of MSC 

transduction, secretion, and detection steps. B) ELISA results show the PD1 secretion levels 

of engineered MSC.HAC and MSC.LUC relative to MOI. MSCs, transduced at 1000 MOI were 

analysed for PD1 secretion. Transduced MSCs were also analysed for apoptosis by the 

Nicoletti assay, and results are shown for MSC.HAC and MSC.LUC. C) C6 cytokine array was 

applied to the supernatants of these transduced MSC supernatants, and results are shown for 

MSC.HAC and MSC.LUC. The mean concentration of PD1 and viability were derived from 

three independent assays. Error bars represent the mean ± SEM. 

A)                                                                                   B) 
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4.6 MSC-derived sPD1HAC reproduced strong competition in vitro 

In solid-phase, cell-based, and antibody binding competition assays, sPD1HAC leads 

to approximately 95% significant inhibition of the human PD1-PDL1 bindings in vitro 

when derived from MSC cells.  

 

4.6.1 MSC-derived sPD1HAC outcompetes with rhPD1 

After priming MSCs to produce sPD1HAC, the blocking capability of this variant was 

evaluated again in the form derived from MSCs. The first competition was for 50 

ng/well immobilised hPDL1-Fc chimaera protein attached to a solid phase. sPD1HAC 

concentrations ranging from 20 ng to 0.1ng against 50 ng of rhPD1 were utilised. Solid-

phase binding competition protocol was followed as detailed in the methods. Positive 

control wells were incubated with rhPD1 mixed with MSC.LUC supernatants that were 

equal volume to the corresponding titrations and binding percentage normalised 

according to the positive control of each titration. When results were analysed, 

inhibition of MSC-derived sPD1HAC was evident on rhPD1-PDL1 binding. It reduced 

the binding across all titrations significantly except for the 0.1 ng group of sPD1HAC 

variant, which has a ratio of 1:500 to the rhPD1. In the presence of 20, 10, 0.8, and 

0.6 ng sPD1HAC, the binding ratios of rhPD1 were 13%, 18%, 35%, and 68% with p-

values less than 8e-06, 0.0005, 0.008, and 0.05, respectively. This decrease in binding 

followed a steady trend with the decrease in sPD1HAC concentration. However, when 

the sPD1HAC concentration was dropped to very low levels, such as 0.1 ng across 50 

ng of rhPD1, the blocking ability of sPD1HAC lost its significance with giving an average 

of 80% binding to rhPD1 (Figure 4.10A). 

The second binding competition with MSC-derived sPD1HAC was on RKO cells for their 

endogenous PDL1. 4x105 RKO cells treated with MSC.HAC supernatant, which 

comprises 800 ng sPD1HAC or the same volume of MSC.LUC supernatant. For the 

negative control cells, resuspended in PBS. Then 4000 ng rhPD1 was added to these 

cells (except the negative control) and incubated for 25 min, and biotin detection was 

provided via a second incubation with streptavidin-PE. For the positive control, rhPD1 

was utilised alone in the first incubation, and this was defined as 100% rhPD1 binding 

in the analysis.  
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Figure 4.10 MSC-derived sPD1HAC in solid-phase and in cell-based competition 

assays against rhPD1. A) Solid-phase competition assay using 50 ng of rhPD1 and varying 

amounts (20, 10, 0.8, 0.6, 0.1 ng) of MSC-derived sPD1HAC against50 ng recombinant hPDL1 

immobilised on an ELISA plate. B) Cell-based binding competition assay on 4x105 RKO cells 

using 4000 ng rhPD1 mixed with MSC-derived sPD1HAC supernatant, containing 800 ng 

sPD1HAC, or the same volume of MSC.LUC supernatant. The positive control indicates only 

rhPD1-treated cells, while the negative control indicates untreated RKO cells stained only with 

PE-conjugated Streptavidin. The histogram shows representative rhPD1 binding profiles 

under the indicated conditions. The statistical bar chart shows background-corrected 

percentage of rhPD1 binding relative to the positive control. Results were collected from three 

independent assays (n=3) and p-values are indicated on the figure. 
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      B) 
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Flow cytometry histograms showed overlapping lines of sPD1HAC-mixed sample and 

negative control, indicating a strongly inhibited rhPD1 binding. Whereas the 

MSC.LUC-mixed sample was overlapping with the positive control, indicating a 

negligible effect (Figure 4.10B). Computational analysis of rhPD1 binding ratio was 

supported these findings with an average of 3.4% in the HAC variant added sample 

and 84% in the MSC.LUC added sample. Inhibition of rhPD1-PDL1 binding by the 

HAC variant was significant when compared to both normalization and MSC.LUC 

(Figure 4.10C).  

Overall, the MSC-derived sPD1HAC variant outcompetes rhPD1 for binding to PDL1, 

whether solid-surface attached or cell-surface attached. This inhibition was highly 

significant even in small concentrations across rhPD1, such as 1 in 83 in solid-phase 

competition, and 1 in 40 at cell surface competition. 

 

4.6.2 MSC-derived sPD1HAC outcompetes anti-hPDL1 

To further substantiate the PD1-PDL1 pathway blocking ability of the MSC-derived 

HAC variant, antibody binding competition was set against PE-conjugated anti-hPDL1 

on RKO cells. The antibody binding competition protocol was followed as detailed in 

the methods section. Positive controls included cells incubated only with anti-hPDL1 

(800 ng), negative controls included cells with the corresponding isotype (200 ng), and 

samples included anti-hPDL1 (800 ng) mixed with MSC.HAC supernatant containing 

800 ng of sPD1HAC or the same volume of MSC.LUC supernatant. After washing and 

fixation, cells were analysed by flow cytometer.  

MSC-derived sPD1HAC demonstrated similar inhibition capabilities against PE-

conjugated anti-hPDL1 antibody by significantly reducing its binding to 13%. 

Histogram also portrayed this inhibition with a leftward-shifted PE signal in the 

presence of the sPD1HAC variant compared to the positive control. Contrarily signal of 

MSC.LUC supernatant added samples were overlapping with the positive control, 

proving the reliability of the assay. In the analysis binding ratio of anti-hPDL1 in 

MSC.LUC added samples were averagely at 91% (Figure 4.11). 
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Figure 4.11 Antibody binding competition assay on RKO cells using MSC-

derived sPD1HAC and PE-conjugated anti-hPDL1. RKO cells were treated with PE-

conjugated anti-hPDL1 (positive control), anti-hPDL1 mixed with either MSC.HAC (containing 

800 ng sPD1HAC) or MSC.LUC supernatants (samples), and with the corresponding isotype 

(negative control). After washing and fixation PE signal was measured by flow cytometry. The 

blue line on the histogram represents positive control, the black line the negative control, the 

magenta line the MSC.HAC condition, and the cyan line the MSC.LUC condition. For the 

analysis of anti-hPDL1 binding, background was corrected by subtracting MFI value of the 

negative control from the MFI value of the positive control and accepted as 100% binding. The 

bar chart shows background-corrected anti-hPDL1 binding under each condition. Results 

were collected from three independent assays (n=3) and p-values are indicated on the figure. 

 

4.7 Durvalumab demonstrates similar or less inhibition than the HAC 

variant  

To indirectly compare them, the blocking capability of DUR was evaluated next to 

sPD1HAC in the solid-phase and cell-based competition assays. Firstly, they competed 

with rhPD1 for immobilised rhPDL1-Fc attached to a high-binding microplate. Either 

untransfected supernatant, HEK293T-derived sPD1HAC, or equimolar DUR in PBS, all 

in the same volume, were added to hPDL1 (50 ng/well) attached wells. Then 

biotinylated rhPD1 (50 ng/well) was added to cells, and this was incubated before 

streptavidin-HRP and TMB treatment. After adding the stop solution, the binding signal 

was detected by a microplate reader at 450 nm. and the rhPD1 binding ratio was 

calculated by setting untransfected supernatant-added samples to 100%. 
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Solid-phase binding competition results represented that sPD1HAC and DUR inhibited 

rhPD1 binding similarly when they were utilised in high concentrations, such as 40 (2.4 

pmol), 20 (1.2 pmol), 10 (0.6 pmol), and 5 ng (0.3 pmol) HAC variant and equivalent 

molar of DUR. However, in smaller concentrations such as 0.06 (1 ng HAC), 0.03 (0.5 

ng HAC), and 0.006 (0.1 ng HAC) pmol blocking efficacy of DUR drops losing its 

significance against rhPD1. On the contrary, sPD1HAC can still block rhPD1 binding 

significantly in these concentrations (Figure 4.12A).  

Similarly, DUR represented less inhibition of rhPD1-PDL1 binding on RKO cells. Cell-

based binding competition protocol was followed as outlined in the methods section 

with either 800 ng HAC variant or equimolar DUR against 4000 ng rhPD1. Although 

both HAC and DUR reduced the binding, while the signal of rhPD1 binding was 

regressed to the negative control (background signal) levels in the presence of 

sPD1HAC, DUR was not able to shift this binding signal as much as the HAC variant, 

whether produced by HEK293T or MSC cells (Figure 4.12B). Computational analysis 

of MFI values (normalised as in other cell-based assays) was also consistent with this 

observation. Both HEK293T- and MSC-derived sPD1HAC decreased the binding of 

rhPD1 to 8% and 5% respectively. On the other hand, DUR reduced it to approximately 

38-40% levels. Nevertheless, the reduction of both DUR and sPD1HAC was significant 

when compared to the positive control. Interestingly, while the binding reduction of 

HEK293T-derived HAC variant was significantly different than DUR, the MSC-derived 

HAC variant was not able to catch this significant difference (Figure 4.12C). 
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Figure 4.12 Comparison of durvalumab and sPD1HAC in solid-phase and cell-

based rhPD1 binding competition assays. A) Solid-phase binding competition assay 

using  immobilised hPDL1 and biotinylated rhPD1 in the presence of HEK293T-derived 

sPD1HAC or equimolar durvalumab (DUR), as indicated in pmol., and the binding of rhPD1 was 

detected with streptavidin-PE/HRP. Increasingly dilute competitors, DUR or sPD1HAC, were 

pre-incubated with the coated antigen as indicated (pmol). rhPD1 binding was normalised to 

samples receiving the same volume of untransfected supernatant, defined as 100%. B-C) 

A) 

 

 

 

 

 

 

       B)                                                                                      C) 
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Cell-based competition by flow cytometry on RKO cells using either HEK293T-derived 

sPD1HAC, MSC-derived sPD1HAC, or equimolar DUR against biotinylated rhPD1. Overlaid 

histograms show percentage of rhPD1 binding for each condition, and bar charts show 

background-corrected percentage of rhPD1 binding. Data represented as mean ± SE from 

three independent experiments and p-values are indicated on the figure. 

 

4.8 sPD1HAC inhibits DUR (PE) binding to PDL1 on RKO cells 

The effects of DUR and HAC on PD1-PDL1 were compared before, as in separate 

sample tubes, and when they both competed against rhPD1, which led us to wonder 

how they would compete against each other. For this reason, a PE-conjugated 

durvalumab biosimilar monoclonal antibody, DUR (PE), was utilised in an antibody 

binding competition setting. Again, 800 ng/ per 4x105 cells sPD1HAC produced in 

HEK293T and MSCs was used in a mix with DUR (PE) following the manufacturer’s 

instructions. Positive controls included cells only with DUR (PE), and negative controls 

included cells with the corresponding isotype. Cells were incubated for 25 min on ICE 

before washing and fixation. PE fluorescence was quantified by flow cytometry as MFI. 

Background from the negative control was subtracted from all samples. The 

background-corrected positive control was defined as 100% binding, and sample 

signals were expressed as a percentage of this reference. 

When competed directly against DUR (PE), sPD1HAC caused a pronounced inhibition. 

Histograms showing MSC- and HEK293T-derived HAC variant competitions both 

revealed that the assay effectively caught the PE signal of DUR (PE) as it is seen in 

the positive control (purple), but sPD1HAC addition to this sample shifts the binding 

towards the left, down to the negative control. By contrast, overlapping WT and 

positive control signals indicate sPD1WT cannot affect DUR (PE) binding (Figure 

4.13A). Analysis of these signals shows inhibition of DUR (PE) binding by HEK293T-

derived sPD1HAC to an average of 26%, which was significant compared to the positive 

control with a p-value less than 0.003, although sPD1WT inhibits it to an average of 

88%. In the same way, MSC-derived HAC variant curtained the DUR (PE) binding ratio 

by repressing it to 6% (p < 7e-06), while WT scaled it down to 90% (Figure 4.13B). 

Therefore, it was established that sPD1HAC was a competent high-binding blocker for 

the PD1-hPDL1 pathway, even sufficient to dampen a commercial monoclonal 

antibody, Durvalumab, binding on RKO cells as well as on a solid-phase. 
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Figure 4.13 Antibody binding competition assay between sPD1 variants and PE-

conjugated durvalumab on RKO cells. An antibody competition assay performed on 

RKO cells using PE-conjugated durvalumab biosimilar, DUR (PE), as the binding probe. 

HEK293T-derived or MSC-derived sPD1HAC and sPD1WT were mixed with DUR (PE) before 

incubation with 4x105 RKO cells. The positive control consisted of cells treated with DUR (PE) 

alone, and the negative control consisted of cells treated with the corresponding isotype 

control. After incubation, PE fluorescence was measured by flow cytometric analysis as MFI. 

Background from the negative control was subtracted from all samples, and the background-

corrected positive control was defined as 100% DUR (PE) binding. Sample signals were 

expressed as background-corrected percentage of DUR (PE) binding relative to the positive 

control. A) Representative histograms for HEK293T- and MSC-derived sPD1HAC competition 

against DUR(PE). B) Quantification of the competitions. Results were collected from three 

independent experiments (n = 3), and significant p-values are indicated on the figure. 

\ 

4.9 Murine PDL1-PD1 bindings were blocked by sPD1HAC 

Although sPD1HAC was successful at blocking human PDL1-PD1 bindings, as a 

therapeutic, it is crucial that it has similar inhibition capabilities in murine cell lines. 

Interestingly, in vivo experiments regarding the blocking ability of monoclonal anti-

A) 

 

 

 

 B)                                                                                                                                                       
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PD1/PDL1 therapies were not available in the literature. Particularly, in vivo 

examinations were skipped in the very first trials of Durvalumab. The binding 

evaluation of these agents is primarily based on clinical trial data and 

immunohistochemical assays performed on human tumour biopsies. Although 

monoclonal anti-PD1/PDL1 therapies were engineered for human targets, this gap in 

the literature may also suggest that testing PD1/PDL1 blockers on murine cells may 

not be feasible or quite suitable due to the differences in binding properties, protein 

packing, and/or protein structure itself between species. Since there is no concrete 

evidence of these suspicions, the blocking ability of sPD1HAC on mouse PDL1 was 

examined in a stepwise manner. Before levelling up to in vivo assays, mPDL1 and 

murine cancer cell lines were inspected in terms of sPD1HAC-mPDL1 binding. 

 

4.9.1 HAC variant has various blocking effects on various anti-mPDL1 

antibodies 

HEK293T cells were initially utilised as an mPDL1 source. These cells were 

transfected with full-length mouse PDL1 and stained with three different anti-mPDL1 

monoclonal antibodies, namely, MIH6, MIH7, and 10F.9G2 clones. For this, 

pFUSE.mPDL1 was transfected into the HEK293T cell line, and expression of mPDL1 

was confirmed by the surface staining method and flow cytometry. Despite 

optimisation and titration efforts of the anti-mPDL1 concentrations in these 

experiments, the staining always resulted in two mPDL1 signal peaks for all three 

antibody clones (Figure 4.14A). These findings suggest that overexpression produces 

at least two surface-displayed forms of mPDL1, likely differing in the extent of post-

translational modification. 

After establishing mPDL1-overexpressing cells, antibody binding competition assays 

were conducted on these cells with all three antibodies. Although the PD1/PDL1 

blocking efficacy of sPD1HAC cannot be observed when it competes against 

recombinant anti-mouse PDL1, clone MIH6, it represented stronger blocking ability in 

competitions with MIH7 and 10F.9G2 clones. 

Firstly, clone MIH6 was utilized as PE-conjugated recombinant anti-mPDL1, which is 

a competitor for sPD1HAC. HEK293T.mPDL1 cells (4x105 cells per sample) were 
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treated with supernatant from sPD1HAC-transfected or untransfected HEK293T cells 

as duplicates, and samples were incubated for 25 mins at room temperature. Then the 

samples were stained with either PE-conjugated recombinant anti-mPDL1 (clone 

MIH6), or its isotype, and incubated for 25 mins more on ice. After that, cells were 

washed, fixed, and analysed by flow cytometry. Results revealed that the sPD1HAC 

variant is not able to block murine PDL1 on transfected HEK293T cells when it 

competes against MIH6. Further, this diminish in blocking efficacy of sPD1HAC was 

inspected to find whether it is dependent on the recombinant anti-mPDL1 mAb clone. 

For this, competition against MIH6 was repeated, and the same competition was 

conducted on mPDL1-transfected HEK293T cells against two other mouse anti-PDL1 

clones: MIH7 and 10F.9G2. Surprisingly, the sPD1HAC variant showed various binding 

blocking efficacy for mPDL1 across different clones. While the sPD1HAC variant mildly 

but still significantly reduced MIH7 binding (approximately 40%), it inhibited 10F.9G2 

binding to an average of 5%, similarly to human PDL1 blocking experiments (Figure 

4.14B). 

Another critical observation in this assay was the binding variance between these 

three recombinants, anti-mPDL1 monoclonal antibodies. When the detection signals 

for mPDL1 obtained from the same transfection of HEK293T cells were compared, a 

wide range of signal intensities was observed among the three antibody clones. While 

MIH6 indicates the highest number of expressed mPDL1, followed by the 10F.9G2 

clone, MIH7 shows the lowest number of mPDL1 (Figure 4.14C). These results likely 

reflect distinct epitope usage, with partial overlap between the MIH7 and 10F.9G2 

epitopes and the sPD1HAC contact surface, and no such overlap for MIH6. Collectively, 

the data indicate that sPD1HAC can block antibody binding to mPDL1 when an epitope 

overlap exists. Nevertheless, our variant was verified for interfering with mPDL1 and 

PD1 interactions in the experimental cell line, HEK293T.  
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Figure 4.14 Interaction of sPD1HAC with murine PDL1 on HEK293T.mPDL1 cells 

assessed using anti-mPDL1 clones. Antibody binding competition assays were 

conducted on HEK293T.mPDL1 cells, between each PE-conjugated anti-mPDL1 mAb clone 

(MIH6, MIH7, and 10F.9G2) and HEK293T-derived HAC variant. Cells treated only with PE-

conjugated anti-mPDL1 mAb clone were utilised as a positive control, and cells treated only 

with isotype utilized as a negative control. The binding ratio was calculated by subtracting the 

negative controls’ MFI from all samples’ MFI and setting the corrected positive control’s MFI 

to 100%. A) Related histograms of each competition. B) Computational analyses of 

background-corrected percentage anti-mPDL1 binding for each clone in the presence of 

sPD1HAC. C) Representative overlaid histograms showing the positive-control staining profiles 

of MIH6, MIH7, and 10F.9G2 on HEK293T.mPDL1 cells to allow comparison of clone-specific 

binding signals. Results were collected from three independent experiments (n = 3), and p-

values are indicated on the figure. 
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4.9.2 LL/2 and MC38 cells are not convenient for binding competition 

assays 

Next, murine cancer cell lines were evaluated for their cell surface PDL1 expression. 

Since binding competition assays require high cell surface PDL1 expression for a 

sensitive competition and clear representation of the PD1-PDL1 inhibition activities, it 

is beneficial to detect a cell line with high mPDL1 expression. Specifically, Lewis Lung 

carcinoma (LL/2), colorectal carcinoma (MC38), melanoma (B16.F10), and myeloma 

(5TGM1) cell lines were stained with anti-mPDL1 mAb (clone 10F.9G2) to measure 

endogenous PDL1 expression levels. Flow cytometric analysis shows that not LL/2 

and MC38 but B16.F10 and 5TGM1 cells have distinct cell-membrane PDL1 

expression without stimulation (Figure 4.15). Then these cell lines were treated either 

with IFNγ (100 ng/ml) or chemotherapeutic drug gemcitabine (GEM, 10nM) for 48 

hours to induce PDL1 expression. Surface staining with the 10F.9G2 clone, assessed 

by flow cytometry, indicated a modest increase in mPDL1 surface expression on LL/2 

and MC38 cells following IFNγ treatment, although this was not significant by MFI ratio. 

By contrast, a significant increase was observed in B16.F10 cells treated with GEM 

and in 5TGM1 cells treated with IFNγ. 
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Figure 4.15 Surface mPDL1 staining in murine cancer cell lines at baseline and 

after IFNγ or gemcitabine treatment. Cell surface staining and flow cytometric analysis 

were used to assess mPDL1 expression in LL/2, MC38, B16.F10, and 5TGM1 cells under 

baseline conditions and after treatment with gemcitabine (10 nM, 48 h) or IFNγ (100 ng/ml, 

48h) Black traces indicate isotype control, blue indicates anti-mPDL1 at baseline, purple 

indicates anti-mPDL1 following GEM treatment, and red indicates anti-mPDL1 following IFNγ 

treatment. Representative histograms are shown for each cell line.  

 

4.9.3 Abundancy of sPD1HAC does not lead stronger inhibition of mPDL1 

binding on 5TGM1 cells on the analysed scale 

After establishing 5TGM1 and B16.F10 cells as experimental models due to their 

endogenous mPDL1 cell surface expression levels, the possible effect of sPD1HAC 

concentration on the binding inhibition was investigated. For this antibody competition 

on 5TGM1 cells were set using the 10F.9G2 clone and various concentrations of 

HEK293T-derived sPD1HAC.  

Basically, 4x105 cells/per sample were treated with 0.6, 0.8, 1, 1.2, and 1.5 ng of 

sPD1HAC, or sPD1WT. Then, cells were either stained with anti-mPDL1 (clone 10F.9G2) 

or the corresponding isotype. Positive control was cells treated only with anti-mPDL1, 

and negative control was cells treated only with the isotype control. Anti-mPDL1 

binding ratio was calculated the same way as before in antibody binding competitions. 

In the concentration array we examined, 0.6 ng and 0.8 ng of sPD1HAC blocked 

approximately 60% and 50% mPDL1 binding, and these inhibitions were significant 

with p-values lower than 0.004 and 0.03, respectively (Figure 4.16). Although all 

concentrations caused inhibition of this pathway, higher concentrations, such as 1 and 

1.5 ng, did not lead to higher inhibition levels, which represented 70% and 90% anti-

mPDL1 binding. sPD1WT, on the other hand, represented an interesting inhibition at 

0.8 ng concentration.  

Subsequently, a 0.8 ng concentration, which was already utilised before for human 

cancer cells, was found to be feasible to continue, since higher inhibitions could not 

be achieved.  

These results indicated that the 800ng concentration of sPD1HAC that was used before 

was feasible to continue with. However, HAC variant inhibition on other anti-mPDL1 
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clones, as well as their ability to detect mPDL1 surface expression was, still a question 

to be answered in the next step. 

 

  

 

Figure 4.16 Effect of sPD1HAC concentration on anti-mPDL1 binding to 5TGM1 

cells. 4x105 5TGM1 cells per sample treated with either various concentrations of sPD1HAC, 

sPD1WT, or PBS (for controls). Then, sPD1 added samples were stained with PE-conjugated 

anti-mPDL1 (10F.9G2) and PBS-added cells were stained with PE-conjugated anti-mPDL1 

(for positive control) or corresponding isotype (for negative control). MFI values were corrected 

by subtracting background (negative control), and the corrected positive control was accepted 

as 100% anti-mPDL1 binding. Results were collected from three independent experiments (n 

= 3), and p-values are indicated on the figure. 

 

4.9.4 MSC-derived sPD1HAC inhibitory effect on 10F.9G2 binding was 

evident on 5TGM1 and B16.F10 cells. 

To further validate the differences between the binding of anti-mPDL1 clones and the 

inhibition effect of sPD1HAC on these bindings MSC-derived HAC variant was used on 

5TGM1 and B16.F10 cells. The same experimental setup of antibody binding 

competition, which was used for mPDL1 overexpressing HEK293T cells (section 

4.9.1), was utilized.  

On 5TGM1 cells HAC variant inhibited 10F.9G2 and MIF7 binding, but it was not able 

to interfere with the binding of MIH6. In the histograms, it was evident that sPD1HAC 
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shifted the 10F.9G2 binding signal towards the negative control; MIH7 binding could 

not move that much, and MIH6 binding almost did not change (Figure 4.17A). Although 

fairly lower endogenous mPDL1 expression levels than RKO and HEK293T.mPDL1 

present a clear representation of sPD1HAC inhibition on histograms, anti-mPDL1 

binding ratio analysis confirmed these histograms with 15, 65, and 92% binding in that 

order, for 10F.9G2, MIH7, and MIH6, in the presence of HAC variant. Inhibitions of 

MIH7 and 10F.9G2 bindings were significant with p-values lower than 0.00005 and 

0.003, respectively (Figure 4.17B). 

In terms of anti-mPDL1 clones’ bindings in the absence of a competitor, similar results 

were observed on 5TGM1 and HEK293T.mPDL1 cells. MIH6 was giving the highest 

signal indicating high mPDL1 expression, followed by 10F.9G2; however, MIH7 was 

able to detect less mPDL1 than these clones. This comparison was represented by 

giving the positive control signals of all three clones on 5TGM1 cells in a histogram 

(Figure 4.17C).  

On B16.F10 cells, the HAC variant produced leftward shifts in the histograms for all 

three anti-mPDL1 clones. The pattern matched 5TGM1, with 10F.9G2 showing the 

largest shift, MIH7 intermediate, and MIH6 the smallest; shifts for MIH6 and MIH7 were 

marginally larger on B16.F10 than on 5TGM1 (Figure 4.17D). Anti-mPDL1 binding 

ratios were 87%, 58%, and 21% for MIH6, MIH7, and 10F.9G2 clones with p-values 

less than 0.2, 0.08, and 0.0003, respectively (Figure 4.17E). When only positive 

controls were compared, B16.F10 cells showed slightly higher binding by 10F.9G2 

than by MIH6, in contrast to 5TGM1 and HEK293T.mPDL1, while MIH7 remained the 

lowest binder to mPDL1 (Figure 4.17F). 
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Figure 4.17 sPD1HAC blocking effect on anti-mPDL1 clones binding to mPDL1 on 

both 5TGM1 and B16.F10. Antibody binding competition assays were applied as described 

before on 5TGM1 and B16.F10 cells between MSC-derived sPD1HAC and mPDL1 clones 

(MIH6, MIH7, 10F.9G2), and normalisation and analysis of data were applied as outlined for 

antibody binding assays before. A) Histograms of antibody competitions against MIH6, MIH7, 

and 10F.9G2 clones of mPDL1 on 5TGM1 cells are shown. B) mPDL1 binding ratios are 

shown for MIH6, MIH7, and 10F.9G2 antibodies in the presence of HAC variant. C) Positive 

controls of competitions were represented in one histogram for binding comparison of these 

clones. D) Histograms of antibody competition on B16.F10 cells with these clones are shown. 

E) Data analysis shows 21%, 58%, and 87% binding ratios, respectively. F) Comparison 

histograms show the highest binding for the 10F.9G2 clone on B16.F10 cells, followed by 

MIH6 and MIH7. Results were collected from three independent experiments (n = 3), and p-

values are indicated on the figures. 

 

Consequently, B16.F10 cells were identified as a feasible candidate to explore the 

therapeutic effect of MSC-derived sPD1HAC in in vivo experimental settings, due to 

strong inhibition of HAC variant on these cells within other murine cancer cell lines 

analysed. 

 

4.10 Binding of mPDL1 on B16.F10 to Durvalumab monoclonal antibody 

was significantly inhibited by sPD1HAC 

To confirm the strong blocking capability of the HAC variant and to confirm the murine 

cancer cell line that will be used in vivo, lastly, binding reductions of HAC and 

Durvalumab monoclonal anti-PDL1 therapeutic antibody were compared on B16.F10 

cells. Two different competitions were conducted with this aim: a cell-based binding 

assay, in which DUR and HAC, each, competes against biotinylated rmPD1 (the main 

competitor), and an antibody binding assay, in which HAC variant competes against 

PE-conjugated Durvalumab, DUR (PE), utilised as a main competitor. While antibody 

binding competition provides direct competition of these two blockers, cell-based 

provides in direct comparison by giving the inhibition effect of both on biotinylated 

rmPD1. 

B16.F10 cells incubated with 800 ng/per sample sPD1HAC (either derived from 

HEK293T or MSC) or molar equivalent DUR mixed with biotinylated rmPD1 (4000 

ng/per sample) for 25 min. Positive controls were incubated only with rmPD1, and 

negative controls were incubated only with PBS in this step. Then they were treated 
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with streptavidin-PE for another 25 min for the detection of rmPD1 binding. Lastly, cells 

were cleared and fixed for PE detection on flow cytometry. The rmPD1 binding ratio 

was calculated by taking the background-corrected positive control as 100% binding. 

Results show that both DUR and HEK293T-derived sPD1HAC inhibit the mPDL1-

rmPD1 binding on B16.F10 cells, letting 37% and 5% rmPD1 bind, respectively, but 

sPD1HAC inhibition was significantly stronger than DUR (p < 0.0003). Similarly, MSC-

derived sPD1HAC caused highly inhibited rmPD1 binding with 7%, while DUR could 

only reach approximately 63% rmPD1 binding in this assay (Figure 4.18A). Still, both 

of these binding reductions were significant compared to the positive control, and 

sPD1HAC inhibition was still substantially higher than the DUR (p < 0.0002). 

In antibody binding competition, here we used DUR (PE) as a main competitor and 

binding probe, which consequently directly competes against sPD1 variants. Briefly, 

B16.F10 cells were treated with one of the HEK293T-derived sPD1 variants (sPD1HAC/ 

sPD1WT), MSC.LUC, or MSC-derived sPD1HAC. Then DUR (PE) was added to the 

samples following the manufacturer’s instructions, and cells were incubated with these 

mixes for 25 min. For positive control, cells were treated with only DUR (PE), and for 

negative control, they were treated with the corresponding isotype.  

After flow cytometric analysis, HEK293T-derived sPD1HAC was revealed as a strong 

inhibitor of mPDL1-DUR (PE) binding. The histogram shows a wide leftward shift in 

the presence of sPD1HAC, indicating inhibited DUR (PE) binding, while the addition of 

sPD1WT was able to shift the signal moderately (Figure 4.18B). However, this inhibition 

of sPD1WT was particularly interesting due to its strength, since sPD1WT has not been 

able to cause this much inhibition on any of the main competitors (rhPD1, rmPD1, anti-

mPDL1, or ahPDL1) before. 

sPD1HAC produced in MSCs was capable of reducing mPDL1-DUR (PE) binding. This 

was evidenced on the histogram by the leftward shifting signal from positive control to 

negative in the presence of sPD1HAC (Figure 4.18B). Analysis of MFI ratios indicated 

that MSC-derived HAC variant significantly (p < 0.0004) inhibited DUR (PE) binding to 

18%, while MSC.LUC was not effective on it (Figure 4.18C).  
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Figure 4.18 sPD1HAC and DUR competition for PDL1 on B16.F10 cells. A) Cell-

based binding competition assay was utilised with the same parameters as detailed before on 

B16.F10 cells and utilising biotinylated recombinant mouse PD1 (rmPD1). The binding of 

rmPD1 was accepted as 100% by subtracting the MFI of the negative control from the MFI of 

the positive control. DUR, MSC-derived sPD1HAC, and HEK293T-derived sPD1HAC competed 

against rmPD1 for the PDL1 on B16.F10 cells. B) To establish the competition between DUR 

and sPD1HAC directly, PE-conjugated DUR was used as the main binding probe in the antibody 

binding competition setting. 4x105 B16.F10 cells treated with sPD1HAC or PBS (positive 

control), then stained with DUR (PE) or its isotype (negative control). Corrected MFI of the 

positive control was accepted as 100% DUR (PE) binding. C) Analysis of the antibody 

competition on B16.F10 cells shows the percentage of background-corrected PE-conjugated 

DUR binding in the presence of sPD1 variants or MSC.LUC. Results were collected from three 

independent experiments (n = 3), and p-values are indicated on the figure. 

 

Consequently, it was established that the HAC variant was significantly effective at 

blocking not only human PD1-hPDL1 bindings but also on murine PD1-mPDL1 

bindings, as well as the cross-species bindings of this pathway (mPDL1-DUR). 

Particularly, in the presence of sPD1HAC derived from MSCs, more than 72% of all 

explored PD1-PDL1 reactions were inhibited significantly. The fact that these 

therapeutics (DUR or HAC) were not generated for murine cells, the HAC variant was 

found effective even on murine cancer cells by reducing mPDL1 bindings significantly 

to approximately a 10% range. Besides, MSCs have proven themselves as a feasible 

therapeutic carrier with the lowest endogenous PDL1 expression, high yields of sPD1, 

and no change in cytokine secretion after the sPD1 gene insertion. All these odds 

taken together, the next step was found viable, and in vivo experiments were set to 

see the inhibition ability of the HAC variant on mice.  

 

4.11 MSC-delivered sPD1HAC reduces pulmonary metastatic burden in a 

syngeneic melanoma model 

Having established that sPD1HAC, specifically the MSC-secreted version of it, blocks 

PD1-PDL1 engagement and reduces binding of selected recombinant anti-PDL1 

antibodies as well as recombinant PD1 proteins both in human and murine systems, 

in vivo efficacy was next evaluated in an immune-competent setting. The B16.F10 

model was selected because intravenous inoculation yields reproducible pulmonary 
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metastases in C57BL/6 mice within a short interval, and it is widely used to assess 

checkpoint-directed interventions (Sitnik et al., 2020; Tata et al., 2021)  

C57BL/6 mice were randomised to treatment and control groups (8 per group; two 

independent cohorts, total=16). On day 0, B16.F10 cells were administered by tail vein 

injection at 4x105 cells in 100 µL PBS to seed lung lesions. Seven days later, mice 

received a single intravenous dose of MSC.sPD1HAC 4x105 cells in 100 µL PBS or 

control MSC.LUC in PBS at the same volume. Macroscopic lesion counts were 

conducted by investigators blinded to treatment assignment. Animals were euthanised 

on day 14, lungs were dissected and fixed in 4% PFA, photographed for surface nodule 

enumeration, and processed for histology (Figure 4.19A). The primary endpoint was 

the number of surface metastases per lung.  

At day 14, control lungs (MSC.LUC) displayed numerous black metastatic nodules 

consistent with B16.F10 growth, whereas MSC.sPD1HAC-treated lungs showed visibly 

fewer and smaller nodules (Figure 4.19B). Quantitatively, median surface nodule 

counts were reduced approximately six-fold in the MSC.sPD1HAC group relative to 

MSC.LUC (median 215 vs 35 nodules per lung). This magnitude of reduction was 

replicated across independent cohorts with comparable variance (p < 0.008), 

supporting the robustness of the effect. Representative gross images illustrate the 

qualitative difference in metastatic load (Figure 4.19C). 

Macroscopic lung nodules in the sections were enumerated by visual inspection using 

a millimetre ruler for size reference after embedding lung lobes in paraffin blocks and 

sectioning them through various dimensions. Counts were then stratified by diameter 

(1-0.5 mm and ≤0.5 mm) and recorded under a microscope at 4x. Section nodule size 

and count inspection revealed a parallel decrease in mean nodule number. Mean 

number of nodules with a diameter size of 1 mm to 0.5 mm decreased on averagely 

from 3.7 to 0.6 with MSC.sPD1HAC treatment, and nodules with a diameter size of 0.5 

mm or smaller decreased from 127 to 43 (Figure 4.19D).  

Treatment with MSC.sPD1HAC consistently reduced pulmonary metastatic burden in 

the B16.F10 model across macroscopic counts and quantitative section-based metrics 

(Figure 4.19A-D). The magnitude of effect was notable given the cross-species 

context, as sPD1HAC was engineered for human PDL1 yet demonstrated activity in a 

murine system in which partial cross-reactivity had been observed in vitro. These 
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results indicate that sustained delivery of sPD1HAC from MSCs can produce a 

therapeutically meaningful reduction in tumour load within a short dosing window. 

 

 

 

Figure 4.19 In vivo effects of PD1/PDL1 blocking by MSC-delivered sPD1HAC in a 

syngeneic B16.F10 model. A) Study schema. C57BL/6 mice received B16.F10 cells 

(4×105 cells, i.v., day 0), followed on day 7 by a single i.v. dose of MSCs secreting sPD1HAC 

(MSC.sPD1HAC, 4×105 cells) or control luciferase-expressing MSCs (MSC.LUC, 4×105 cells). 

Lungs were collected on day 14 for macroscopic counting and histology assessment. B) 

Representative gross lung images from MSC.LUC and MSC.sPD1HAC-treated mice. Lung 

lobes were embedded in paraffin wax, sectioned at 5 μm from multiple planes across the lung 

lobes and stained with H&E. Microscopic images of the representative sections are shown, 

with metastatic foci indicated by arrows (scale bar: 3mm). Lower panels show corresponding 

10x magnification views with a scale bar of 300 μm. C) Analysis of macroscopic surface nodule 

counts of randomised lungs. D) Quantification of metastatic nodules in lung sections stratified 

by diameter. Results are shown as mean ± SE, and p-values indicated on the figure.  
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The current study was designed as a short-term metastasis-burden read-out rather 

than a survival study; durability of response and optimal dosing frequency, therefore, 

remain to be defined. Additional studies will evaluate alternative schedules (for 

example, dosing on days 7 and 10), dose-response of MSC numbers, and 

biodistribution of infused MSCs. Orthogonal read-outs such as ex vivo cytotoxic T-cell 

activity, cytokine profiling, and longitudinal imaging are expected to strengthen 

mechanistic attribution. Given the efficacy signal and acceptable tolerability observed 

here, escalation to survival endpoints in subcutaneous or orthotopic models is 

warranted. 
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5. Discussion 

Collectively, these data show that sPD1HAC, when delivered via MSCs, inhibits PD1-

PDL1 interactions both in vitro and in vivo, resulting in a marked reduction of metastatic 

burden in a syngeneic C57BL/6 highly aggressive melanoma model. Unlike other cell 

therapies, this MSC-based novel approach addresses the central barriers of delivery, 

infiltration, and durability by exploiting the MSC homing ability for targeted delivery and 

employing a non-antibody sPD1HAC, which has a high PDL1 affinity exceeding that of 

commercial anti-PDL1 antibodies, including durvalumab.  

Additionally, although hot-cold tumour phenotypes are defined by not only T-cells but 

overall inflammation and cell type composition of TME, we found that T-cell markers 

alone can stratify patients into hot/cold phenotypes which was then indicate melanoma 

as the most susceptible to PD1 therapies, followed by lung adenocarcinoma and 

breast invasive carcinoma consistently with the responsive cancer types to these 

therapies in the literature (Cormedi et al., 2021). Colorectal cancer was not found in 

the top three of inflamed cancer types, probably due to the mix of samples with or 

without mismatch repair deficiency (Mao et al., 2023). Therefore, it shows PD1 

therapies are tightly dependent on developmental lineage and the presence of T-cells, 

as well as inflamed TME and genomic factors such as high tumour mutational burden, 

dMMR, and high microsatellite instability (Ribas, 2025). Second analysis of cancer 

types for PDL1 co-expression profiles showed that, particularly in skin cutaneous 

melanoma, PDL1 expression significantly correlated with 128 other immune-related 

genes, followed by breast invasive (101) and colorectal cancer (100). In contrast, 16 

other cancer types cannot reach a total of 58 correlated genes, further explaining the 

response rates to monoclonal therapy in these cancer types. 

Engineering of CHO, HEK293T, and MSC cells showed that sPD1HAC can be secreted 

efficiently from these producer cells. Secretion was approximately 3.5-5.5 fold higher 

with IgG1-Fc fusion and was achieved in all cell types, with CHO reaching 

approximately 3μg /ml for sPD1HAC, HEK293T reaching 8μg /ml, and MSC reaching 

1.2μg/ml at 48 h, without compromising producer-cell viability, thereby supporting 

scale-up potential for bioactive payload provision in vitro and in vivo. The IgG1-Fc 

domain confers advantageous pharmacokinetic and effector properties to fusion 

proteins. Fusion to Fc increases the hydrodynamic size and reduces renal clearance. 
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At the same time, engagement of the neonatal Fc receptor (FcRn) in a pH-dependent 

recycling pathway protects the protein from endosomal degradation and thereby 

extends plasma half-life (Ward et al., 2015). In immune effector terms, Fc ligation of 

Fcγ receptors (FcγRs) on leukocytes can elicit antibody-dependent cellular 

cytotoxicity, with target-cell killing mediated by perforin, granzymes and tumour 

necrosis factor (Nimmerjahn et al., 2015). Among human IgG subclasses, IgG1 

exhibits the highest overall affinity for activating FcγRs and is correspondingly one of 

the most potent in recruiting cytotoxic effector pathways (Cohen Saban et al., 2023). 

These features render the IgG1-Fc scaffold attractive in oncology applications that 

require selective elimination of tumour cells and, when appropriately configured, 

enhance the therapeutic performance of sPD1HAC. 

Cell-based, solid-phase and antibody-based competition assays supported this 

approach and cumulatively demonstrated that MSC-derived sPD1HAC inhibited rhPD1 

binding to PDL1 by approximately 77-92% across titrations as low as 0.5-1 ng 

sPD1HAC against 50 ng rhPD1 in solid-phase assays, while showing no measurable 

inhibition of rhPD1-PDL2 binding, indicating maintained ligand selectivity. Relative to 

a clinically used anti-PDL1 antibody, durvalumab, sPD1HAC achieved similar or greater 

inhibition. It retained this activity by inhibiting the binding of rPD1 and anti-PD1 

antibodies, including Durvalumab, approximately 80-94% on melanoma, colorectal, 

and myeloma cancer cell lines. 

Aligning with this evidence, intravenous injection of MSC.sPD1HAC to B16.F10 bearing 

mice resulted in a marked reduction of metastatic burden in a syngeneic C57BL/6 

melanoma model. Together, the data support a model in which local ligand interception 

within the tumour bed, provided continuously by homing MSCs, can restore cytotoxic 

function where PDL1 is abundant and T-cell tone is sufficient. These sections interpret 

the mechanistic basis for this effect, situate the findings within the context of prior 

literature on checkpoint modulation and MSC vectors, delineate limitations, and outline 

testable predictions and translational steps.  
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5.1 Melanoma is the most susceptible cancer type to PD1 therapies due 

to inflamed and PDL1-related expression networks 

PD1-PDL1 monoclonal therapies were the first to gain recognition by demonstrating 

durable responses in metastatic melanoma. Since then, several cancer types have 

been treated, showing promising results, such as renal cancer, non-small lung cancer, 

and triple-negative breast cancer (Balar and Weber, 2017; Brahmer et al., 2010). 

However, the response rate was higher in melanoma patients (Eroglu et al., 2018), 

and the reason behind this hold-back in monoclonal therapies has been rigorously 

studied to date, with the aim of finding a patient group that can benefit from these 

therapies. Several studies indicate that patients with dMMR, MSI-H, or high tumour 

mutational burden exhibit higher response rates to PD1 therapy (Darvin et al., 2018). 

An inflamed, T-cell-rich TME is likewise associated with improved benefit (Homet 

Moreno et al., 2015). Nevertheless, the mechanistic basis for melanoma’s apparent 

susceptibility to PD1 blockade remains incompletely defined.  

 

5.1.1 Pan-cancer immune landscapes rationalise where a PDL1-focused 

strategy should work 

In this study, the TCGA Pan-Cancer Atlas studies were inspected from two 

perspectives: T-cell markers and 323 other immune-related genes. According to T-cell 

marker analysis, “hot” and TEX-dominant “cold” states, with melanoma, lung and 

breast cancer, are harbouring broader and more intense hot sample numbers across 

7 cancer types. Although this study was limited to a predetermined gene group and 

specific cancer types, melanoma yielded the highest results in both studies, with a hot 

intensity of 1.2 (95% CI), a hot summary score of 0.28, and 128 out of 323 genes 

correlating with PDL1 expression. This inflamed TME and dense connections to PDL1 

expression may underlie comparatively high response rates in melanoma (Eroglu et 

al., 2018). Prospective stratification across larger, multi-tumour cohorts, analysed 

alongside treatment outcomes, will be needed to clarify this relationship and optimise 

patient selection.  

In 2021, it was found that the IFNγ expression loop, which leads to anti-PD1 

immunotherapy resistance, is caused by a downstream effector, yes-associated 
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protein (Du et al.; Yu et al., 2021). Based on this finding, we can say that there are 

narrow adaptive-resistance subgroups within several cancer types, characterised by 

the co-elevation of activation markers, PDL1, and TEX features, consistent with IFN-

γ-driven negative feedback. This pattern also predicts that local interception of PDL1 

should be most productive where pre-existing activation is measurable and ligand is 

induced. Therefore, targeting this phenotype with combinational MSC-cell therapy that 

harbours sPD1HAC and a YAP inducer may be the next strategy to overcome 

resistance. 

 

5.1.2 PDL1 tracks IFNγ-linked activation yet lacks a universal regulatory 

signature, implying indication-specific biomarkers.  

Expansion from a narrow T-cell activation panel to a 323-gene immune-related gene 

panel reveals that PDL1 lacks a single pan-cancer correlational fingerprint applicable 

to all cancer types. Melanoma exhibits the strongest association with PDL1 among 

immune markers, whereas other cancer types display mixed or tissue-specific 

associations. This argues against a one-size-fits-all biomarker approach and supports 

tumour type-specific cut-offs or composite scores that integrate abundance, activation, 

and immune context. Overall, the cancer types in which PDL1 expression correlated 

with more immune-related genes were the representative cancer types where PD1 

monoclonal therapies are recommended the most, including melanoma, breast and 

colorectal cancer. This may suggest that certain cancer types and tissues are more 

likely to utilise PDL1 as an escape mechanism. 

In the present study, the preclinical focus on melanoma and colorectal cancer systems 

is consistent with the bioinformatic expectation that PDL1-centric interventions will 

perform the best where hotness and IFNγ-induced PDL1 are present. The dataset also 

cautions that immune-desert tissues or TEX-dominant cold states without abundance 

are less likely to benefit without priming or recruitment strategies that raise T-cell tone. 

Spatial context is also critical, since PDL1 confined to stromal myeloid cells without T-

cell ingress may be less informative than tumour cell proximal ligand within inflamed 

nests. Accordingly, thresholds should be calibrated per indication and platform, and 

composite predictors should be prospectively validated with harmonised assays to 

reduce false negatives and enable cross-trial comparability. 
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5.1.3 The biology of IFNγ-PDL1 induction and PD1 expression on target 

cells clarifies the scope and boundary conditions 

IFNγ robustly induces PDL1 on several tumour lines, whereas PD1 is absent from 

tumour cell surfaces in this panel. Across assayed cancer cell lines, IFNγ increased 

PDL1 significantly on 15 cell lines out of 18, aligning with the expectation of adaptive 

resistance in hot microenvironments. It was stated before that tumour intrinsic PD1 

promotes tumorigenesis in many cancer types (Chen et al., 2023). Starting with this 

knowledge, we wondered whether they have PD1 attached to their cell membranes. 

No detectable PD1 was found on tumour surfaces, reducing concern that tumour-cell 

PD1 might sequester sPD1HAC. These observations support a ligand-interception 

mechanism that does not involve significant off-target scavenging by cancer cells 

themselves. Although the inducing ability of IFNγ on PDL1 expression has been well-

studied, these studies were limited to 1 to 4 cancer types or focused on downstream 

pathways of the induction mechanism (Garcia-Diaz et al., 2017; Iwasa et al., 2019). 

This leaves a gap in the literature, as it is not determined how cancer cell lines respond 

to IFNγ induction, particularly those commonly utilised in cancer research. Ultimately, 

this knowledge informs future project designs to utilise the most suitable cell line. 

The combination of inducible PDL1 and absent tumour PD1 provides favourable 

pharmacology for an MSC-delivered soluble PD1. In such contexts, sPD1HAC 

competes primarily at the intended 

 ligand, with minimal diversion to tumour PD1 sinks. 

 

5.2 sPD1HAC variant blocks the PD1-PDL1 pathway both in vitro and in 

vivo 

IgG1-Fc fusion of sPD1HAC enabled high-yield secretion without producer toxicity while 

preserving selectivity for PDL1. Across orthogonal solid-phase and cell-based assays, 

sPD1HAC consistently displaced rhPD1 from PDL1 more effectively than sPD1WT and 

DUR, with negligible activity on PDL2; when delivered by MSCs, this translated into a 

reduced pulmonary metastatic burden in a B16.F10 model, supporting ligand 
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interception as the operative mechanism and motivating studies of durability, Fc 

silencing, and functional co-culture readout. 

 

5.2.1 Molecular engineering choices enabled high-yield secretion without 

imposing producer toxicity 

IgG1-Fc fusion increased secretion by approximately threefold and fivefold, and 

stabilised the payload in both human and hamster producer lines, respectively. 

Expression from pFUSE with sPD1 binding to IgG1-Fc yielded higher secretion than 

sPD1 variants in both CHO and HEK293T. The increase for sPD1HAC was significant 

in both lines, with a more substantial effect in HEK293T, while sPD1WT exhibited a 

significant increase in HEK293T and a non-significant trend in CHO. These gains, 

together with viability preservation measured by Nicoletti hypodiploidy assays, indicate 

that Fc fusion improved trafficking and secretion without evident cytotoxic cost at 48 

h. This has two mechanistic consequences. First, Fc fusion likely contributes to avidity 

and half-life in conditioned media and in the pericellular milieu of MSCs, which may 

increase functional occupancy of PDL1 at a given secretion rate. Second, a stable Fc-

bearing scaffold supports consistent competition readouts across assays.  

The signal peptide and furin site ensured entry into and processing through the 

secretory pathway, while the sPD1HAC mutational constellation encoded at residues 

64, 65, 66, 68, 70, 74, 78, 122, 125 and 132 enhanced affinity to PDL1. Interestingly, 

it is suggested that the most flexible T59, N74, P89 and key contributors of binding 

N33, Q75, T76, R104, K131, and K135 residues were more suitable to perform multi-

site mutagenesis by Du et al. sPD1HAC variant argues this by representing competitive 

and high binding abilities in vitro and in vivo. In the same study, Du et al. identified that 

K135 changes the affinity of the protein. However, it is not in the contact area, 

indicating that structural proteomic techniques require coupling with biological context 

assays to determine high affinity (Du et al., 2018). Additionally, the absence of 

measurable binding interference to PDL2 across tested concentrations indicates that 

the affinity optimisation preserved selectivity in the context of this fusion and assay 

configuration.  
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Although 48 h secretion and viability look favourable, longer secretion windows and 

stress assays were not reported here and will be needed to define durability. 

Glycosylation and Fcγ receptor engagement were not profiled; while the Fc is used 

primarily for secretion and stability, inadvertent engagement could modulate local 

myeloid tone in vivo. An Fc-silenced or non-effector variant would clarify whether any 

Fc-dependent biology contributes to efficacy. 

 

5.2.2 sPD1HAC exhibited robust PDL1-selective competition in solid-phase 

formats 

Solid-phase competition demonstrated profound, selective inhibition of rhPD1-PDL1 

binding, with a negligible effect on PDL2. Across titrations as low as 0.5-1 ng of 

sPD1HAC against a fixed 50 ng rhPD1, residual PD1 binding to PDL1 was 8-23% 

depending on producer line and concentration, while sPD1WT remained near control 

levels. By contrast, neither variant altered rhPD1-PDL2 binding under identical 

conditions. These data isolate ligand-centric interference and exclude a generalised 

artefact of biotinylated PD1 handling. This antibody binding competition is also a novel 

approach, with one exception. Ji Yeon Ha et al. have used a similar protocol to 

compare PD1 bindings in 2023, but their study focused on Glycan-controlled PD1 

variants. For the competitions, they utilised the same or higher concentrations of PD1 

variants than the ligand (Ha et al., 2023). Other than this study, the binding abilities of 

a PD1 variant and its ability to re-establish PD1-PDL1 binding have been studied 

through biochemical and proteomic assays such as surface plasmon resonance, 

phage display screening and affinity tests (Li et al., 2018; Maute et al., 2015; Pascolutti 

et al., 2016) however, this technique allow PD1 variants to compete for the limited 

source of ligand, thereby imitating biological environment they would be in as a 

therapeutic. 

 

5.2.3 Cell-based competition on RKO cells confirmed on-cell 

displacement of rhPD1 

A saturating dose of rhPD1 was established at approximately 4,000 ng per 4 × 105 

RKO cells. Under these conditions, conditioned media containing 5-fold less sPD1HAC 
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reduced detectable rhPD1 occupancy on PDL1 and outcompeted rhPD1 in multiple 

assays, determined by flow cytometric readouts with streptavidin-PE detection. 

sPD1HAC variant blocked almost all ligands leaving 7.6%, 6%, and 3.4% residual 

rhPD1 binding when derived from CHO, HEK293T, and MSC cells, respectively. While 

sPD1WT retained 86-90% rhPD1 binding. It is also noteworthy that the blocking ability 

of CHO-derived sPD1HAC was the lowest among these producer cell lines, which may 

indicate differences in the glycosylation step between human and animal cells. Overall, 

the direction and relative magnitudes were consistent with the solid-phase results, and 

a clear separation was observed between sPD1HAC and sPD1WT.  

Lázár-Molnár et al. also developed a high-affinity PD1 variant. Although they studied 

it in a protein structure-guided method, they utilised a fairly similar binding method on 

the cell surface. They used PD1 variants as a base together with the producer cells 

and added ligands on these cells. Then they measured bound ligands for each 

condition, and detection was provided through APC-conjugated IgG and anti-hPDL1 

antibodies. However, this assay differs from the usage of endogenous PDL1 

expressed on the surface of colorectal cancer cells, providing a more physiologically 

relevant model. 

 

5.2.4 sPD1HAC has higher blocking ability than DUR, particularly in smaller 

concentrations  

sPD1HAC achieved similar or stronger competition than DUR in solid-phase competition 

for hPDL1-Fc on high-binding plates. Notably, smaller concentrations, 0.03 and 0.006 

pmol of sPD1HAC and DUR, which were respectively 100-fold and 500-fold smaller than 

rPD1 that they competed for, sPD1HAC continuously showed inhibition, while DUR lost 

its ability to displace rPD1. The difference between them was significant (p < 0.02 for 

both concentrations). Although DUR, as a commercial anti-PDL1 monoclonal antibody, 

achieved high response rates in many studies, particularly in a non-small lung cancer 

cohort with 473 patients, the 24-month overall survival rate was 66.3% (Antonia et al., 

2018), sPD1HAC holds more potential in lower doses. Considering that the approved 

dose is 10 mg/kg every 3-4 weeks for up to 12 months (Alvarez-Argote and Dasanu, 

2019), an MSC. sPD1HAC therapy would perform better, secreting less PD1 without 
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frequent patient visits and possibly decreasing dose-dependent adverse effects that 

have been linked to the high doses (Colard-Thomas et al., 2023). 

The second competition platform was the cell surface; sPD1HAC and DUR competed 

with rPD1 for RKO cell surface attached PDL1, in which sPD1HAC again showed higher 

inhibition. While DUR inhibits, on average, 60% of the sPD1-PDL1 binding, MSC-

derived sPD1HAC caused approximately 95% binding reduction. 

To be confident about the blocking superiority of sPD1HAC over DUR, we designed 

another competition where they can compete against each other. For this, we utilised 

PE-conjugated DUR, which may negatively affect DUR binding performance due to 

the increased mass of the PE tag; however, this effect was negligible as the assay 

followed the manufacturer’s recommended doses. This final direct competition 

indicated 94% binding reduction of DUR (PE) in the presence of sPD1HAC, suggesting 

high-affinity and epitope-advantaged occupancy by sPD1HAC on the native ligand. 

Antibodies provide systemic exposure and Fc-dependent mechanisms that may 

contribute to in vivo effects. By contrast, MSC-derived sPD1HAC emphasises spatially 

concentrated ligand sequestration at tumour sites, potentially resulting in reduced 

systemic exposure. This difference may translate to distinct safety and efficacy trade-

offs, particularly in immune-desert or myeloid-dominated tumours, where Fc-enabled 

myeloid modulation may be advantageous for antibodies, but where distribution limits 

can hamper their access. Conversely, in dense, inflamed lesions, local interception 

may better sustain effective occupancy. 

sPD1HAC overcompeted not only DUR but also other recombinant anti-PDL1 

antibodies specifically designed to bind PDL1. CHO-, HEK293T-, and MSC-derived 

sPD1HAC reduced anti-hPDL1 binding to 24%, 8% and 13%, respectively. Its blocking 

efficacy was consistent even in cross-species settings by reducing all three anti-

mPDL1 clones on the surface of both B16.F10 and 5TGM1 cells, suggesting that 

sPD1HAC can rival a full-length monoclonal in a ligand-occupancy context, particularly 

when delivered by MSCs. However, specific monoclonal antibodies and sPD1HAC 

include different Fc-mediated mechanisms that may operate differently in vivo and may 

not be captured by binding competition alone.  

In murine systems, sPD1HAC blocked mPDL1-PD1 binding and inhibited multiple anti-

mPDL1 clones with varying magnitudes. B16.F10 and 5TGM1 systems were 
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informative, whereas LL/2 and MC38 proved suboptimal for competition formats. The 

absence of a monotonic relationship between increasing sPD1HAC concentration and 

inhibition of 5TGM1 within the analysed range suggests that surface presentation, 

local concentration, or epitope overlap can limit functional inhibition before mass action 

saturates the system or reaches the limits of sPD1HAC blocking ability on murine 

cancer cells. Nevertheless, binding competition does not equate to functional 

antagonism in all contexts. While ligand occupancy is a prerequisite, signalling 

outcomes depend on spatial organisation, cis versus trans interactions, and local 

cytokine and myeloid states. Future assays should therefore include functional 

readouts such as phospho-signalling in T-cells, cytokine rescue, or killing assays to 

couple occupancy to function in co-culture. 

 

5.2.5 MSCs are credible vehicles for sPD1HAC delivery, with AT-MSCs 

offering a favourable baseline 

MSC source screening identified AT-MSCs as operationally optimal for the vector role. 

Baseline PD1/PDL1 expression in MSC sources was low and inducible by IFNγ. AT-

MSCs emerged as the best candidate as the least affected type of MSCs from IFNγ 

treatment, balancing transducibility, stability (no viability lost after transduction), and 

neutral cytokine output at baseline and after engineering (no change observed in 

cytokine array), which reduces confounding paracrine effects unrelated to the sPD1 

payload.  

Stable transduction produced durable secretion without affecting viability or cytokine 

profiles. Engineered MSCs sustained sPD1HAC expression with preserved viability and 

without a detectable shift in cytokine secretion within the measured panel, supporting 

their use as a delivery vehicle that is mechanistically clean with respect to the 

endpoints studied. 

In vivo, MSC tropism to inflamed or remodelling tissues positions the secreted 

sPD1HAC in proximity to PDL1-bearing tumour and myeloid cells. Continuous local 

production may partially overcome challenges that limit bolus antibody delivery in 

dense stroma and may maintain higher effective occupancy during IFNγ-driven 

adaptive resistance, where PDL1 is dynamically upregulated. 
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MSCs can adopt immunoregulatory phenotypes in response to specific contexts. 

Although cytokine output did not change in the measured conditions, in vivo 

polarisation by tumour factors could theoretically attenuate efficacy or, conversely, 

enhance it by providing additional chemokine gradients that recruit effector cells. 

Biodistribution and persistence studies, with lineage tracing and quantitative 

proteomics of sPD1HAC in situ, will be necessary. 

5.2.6 In vivo efficacy in a melanoma lung metastasis model demonstrates 

the functional consequence of ligand interception  

Single-dose MSC.sPD1HAC reduced the pulmonary metastatic burden compared to 

MSC.LUC controls. In C57BL/6 mice bearing B16.F10 pulmonary metastases initiated 

on day 0 and treated on day 7 with a single intravenous dose of engineered MSCs, 

lungs harvested on day 14 exhibited visibly fewer and smaller macroscopic lesions in 

the sPD1HAC group. Quantitative measures of nodule count showed that macroscopic 

lesions were reduced 7-fold, and nodules smaller than 0.5 mm/section were reduced 

3-fold by MSC.sPD1HAC, with visual and descriptive endpoints indicating a marked 

reduction.  

The efficacy is consistent with the in vitro selectivity profile and with the melanoma 

bioinformatics that identify a robust inflamed subset with adaptive resistance 

signatures. The reduction in metastatic burden following a single dose suggests that 

even transient occupancy can tip cytotoxic balance in hot lesions. Durability and dose 

response remain to be defined. 

The syngeneic B16.F10 model, while stringent for lung colonisation, differs from 

orthotopic or spontaneous models in vascular access, stromal composition, and 

myeloid tone. A single dose and a 7-day window provide a conservative estimate of 

benefit; repeated dosing, earlier administration, or combination with priming agents 

could increase effect sizes but will require careful safety evaluation. Blinded histology 

and IHC quantifying CD8, PDL1, and Treg markers would tie efficacy to the predicted 

immune mechanism. Mularz et all who studied on mouse versus human PDL1 

bindings on MC38 induced C57BL/6 mice and found that Durvalumab and small 

molecule inhibitors were found to be ineffective in blocking mPDL1 interactions 

(Magiera-Mularz et al., 2021). Our study updates this opinion by blocking mPDL1 as 

a small molecule inhibitor. 
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The present work agrees with prior evidence that IFNγ induces PDL1, that ligand 

occupancy can relieve PD1-mediated inhibition, and that MSCs can deliver functional 

proteins to pathological tissues. The decoy approach is conceptually aligned with 

efforts to present PD1 domains as engineered ligands or trap constructs to neutralise 

PDL1. 

Reports emphasising MSC-associated immunosuppression often involve alternative 

contexts, including different tissue sources, activation states, or cargoes. Here, AT-

MSCs were selected following PD1/PDL1 screening and showed stable sPD1HAC 

expression without shifts in cytokine profiles, which may explain the absence of overt 

suppression in the studied assays. Outcome differences across platforms can arise 

from differential Fc engagement, epitope geometry/valency, species constraints, or 

distribution dynamics, which are not captured by binding competition alone (Van Der 

Horst et al., 2020). 

The bioinformatic analyses indicate that the benefit is conditional on pre-existing T-cell 

abundance and activation, as well as IFNγ-inducible PDL1. In immune-desert states, 

ligand interception alone is unlikely to suffice, as increasingly evidenced across recent 

studies (Chen et al., 2021; Ouyang et al., 2024). Because the determinants of PDL1 

expression vary across cancers and are not as favourable as in melanoma, ligand 

occupancy alone is unlikely to suffice universally, which may explain reduced benefit 

in some settings and the need for priming strategies. 

 

5.3 Scope and next steps 

The present work prioritised binding-competition readouts in vitro and a single-dose 

evaluation in one syngeneic model, establishing proof-of-principle. Binding 

competition assays demonstrate ligand interception at the tumour cell surface, 

including displacement of rhPD1 or anti PDL1 reagents, but they remain surrogate 

readouts of pathway blockade. Ligand occupancy alone does not confirm relief of PD1 

mediated suppression or restoration of T-cell function, including T-cell reactivation, 

cytokine release, or restored tumour cell cytotoxicity, even though these outcomes 

have been demonstrated for checkpoint blockade in the wider literature. 

Demonstration of functional rescue, therefore, requires additional assays, ideally 

tumour and T-cell co-culture systems in which activation markers, effector cytokines, 
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and target cell killing are quantified under conditions that maintain PD1 and PDL1 

engagement. 

For the in vivo evaluation, the IgG1-Fc was used to enhance secretion and stability, 

while detailed characterisation of Fc-dependent effector pathways was outside the 

scope. Likewise, quantitative biodistribution, persistence, and in situ concentrations 

after MSC delivery to the murine model were not measured. These aspects are readily 

addressable through antigen-specific co-culture/killing assays to directly quantify 

functional restoration, alongside multi-dose orthotopic studies with blinded pathology, 

Fc-tuned comparators, and pharmacokinetic analyses (e.g., tagged sPD1HAC or mass 

spectrometry) in tumour and normal tissues, strengthening translational implications 

and testable predictions.  

The integrated dataset suggests a biomarker strategy centred on PDL1 levels and T-

cell abundance, ideally integrating a composite score that reflects activation and 

excludes TEX-dominant cold states if abundance is low. The predictive metrics for 

inflamed T-cells applied here, including Hot Summary Score and Hot Intensity, can be 

adapted as a preclinical filter to prioritise indications such as melanoma and subsets 

of lung and breast cancers where adaptive resistance is likely to be operative. In 

immune-desert lesions, priming agents that increase T-cell infiltration and antigen 

presentation will be required. In myeloid-dominant tumours, agents that reduce 

suppressive tone may be necessary to complement PDL1 interception. Where PDL1 

is abundant but T-cells are terminally exhausted, coupling sPD1HAC with co-stimulatory 

agonists may be advantageous. 

The single-dose in vivo design suggests that transient occupancy can be beneficial; 

however, the kinetics of MSC localisation and secretion argue for schedules that 

sustain local sPD1HAC above an empirically defined occupancy threshold. A dose-

finding study measuring lung and tumour sPD1HAC concentrations versus inhibition of 

ex vivo DUR(PE) binding would directly link pharmacokinetics to pharmacodynamics. 

Ligand interception localised by MSCs may reduce systemic immune perturbation 

relative to systemic antibodies, but ectopic deposition in inflamed non-tumour tissues 

could still occur. Off-tumour on-target risks can be evaluated by profiling sPD1HAC in 

secondary lymphoid tissues and by monitoring T-cell activation markers systemically. 
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5.4 Concluding remarks 

Taken together, the evidence supports a tractable model in which MSC-delivered 

sPD1HAC achieves local ligand interception at PDL1, preserves selectivity over PDL2, 

and meaningfully reduces metastatic burden in an aggressive melanoma setting. 

Concordant bioinformatic signals indicate that benefit is most likely where hotness and 

IFNγ-inducible PDL1 coincide, with melanoma showing the most substantial 

alignment, while immune-desert or TEX-dominant states are less likely to respond 

without priming. The secretion gains conferred by the IgG1-Fc scaffold, the absence 

of producer toxicity, and superior low-dose competition versus a clinical monoclonal 

together position sPD1HAC as a credible payload for spatially concentrated checkpoint 

interception. 

Translationally, these findings motivate the development of a composite, indication-

specific biomarker that integrates PDL1 levels, T-cell abundance, and activation, with 

prospective calibration of thresholds across platforms. Following these experiments, 

occupancy should be coupled to function in antigen-specific co-cultures, 

pharmacokinetics, and in situ concentrations after MSC delivery should be defined, 

and repeated dosing and orthotopic models with blinded pathology should be tested. 

Fc-tuned or Fc-silent comparators, YAP-axis or priming combinations in feedback-

adapted niches, and biodistribution and safety studies will refine scope and boundary 

conditions. If validated, MSC-directed sPD1HAC offers a practical route to sustain 

effective PDL1 occupancy in inflamed lesions, while potentially reducing systemic 

exposure, providing a clear rationale for staged progression from preclinical to early 

clinical trials. 
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Supplementary Figure 1. The heatmaps cancer types (n>150) in TCGA PanCancer 

atlas studies, showing the correlation between mRNA Z-scores of PDL1 and 323 

immune-related gene markers. Rows are genes (y-axis) and columns are tumour 

samples (x-axis). mRNA expression for the predefined immune-related genes was 

retrieved from the cBioPortal and plotted using the dataset-provided values. Genes 

and samples were reordered by hierarchical clustering (average linkage; Euclidean 

distance). A companion analysis computes Pearson correlations between each gene 

and PDL1 (Green hue, strong positive association defined as r > 0.5). Cancer type is 

denoted on the bottom left of the figures. 
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Supplementary Table 1. The full list of gene markers that significantly correlated with 

PDL1 expression in the supplementary figure 1 heatmaps.  Pearson correlations (r) 

were computed between PDL1 and immune-related genes using z-score–normalised 

expression values. Correlations with r > 0.5 were considered strong positive 

associations, downloaded for each cancer type. Number of correlated genes were 

given as “n” for each cancer type. 
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