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Abstract 
Introduction: Melanoma is a paradigm of how the treatment landscape can be revolutionised 
over a decade. The advent of immune checkpoint blockade (ICB) has dramatically improved 
the outcomes of patients with both early and advanced stage disease. Nevertheless, patients 
are still dying of their disease, highlighting the urgent need to identify which patients will 
respond to therapy, in order to improve patient stratification and avoid unnecessary toxicity 
risk. Thus, precision immuno-oncology approaches are required to improve cancer care. 
Therapy decisions need to be made based on patient-specific immunological signatures, but 
clinically validated biomarkers for this purpose are currently lacking.  The primary aim of this 
work was to explore liquid biopsy as a minimally invasive approach to investigate peripheral 
T cell evolution early on treatment as a potential predictive biomarker of response to 
immunotherapy in melanoma. Additionally, the impact of patient clinical variables on 
peripheral T cell and T cell receptor (TCR) repertoire evolution under the selective pressure 
of ICB in advanced melanoma was investigated.   
 
Methods: To assess the peripheral T cell compartment of metastatic melanoma patients 
undergoing first line anti-PD1 based ICB treatment, peripheral blood samples were taken prior 
to and early on treatment then analysed by flow cytometry. Phenotypic assessment of 
peripheral T cells and TCR sequencing data were used to correlate changes in peripheral T 
cell subset dynamics and TCR repertoire to patient clinical variables before treatment (T0) 
and after the first cycle of ICB at week 3 (W3). A prospective study was set up to investigate 
whether changes in peripheral T cells early on adjuvant ICB therapy can predict patient 
response in stage III melanoma. 
 
Results: Flow cytometry revealed expansion of a subset of CD8+ memory immune effector 
cytotoxic T cells in peripheral blood. At W3 after therapy initiation, expansion of these cells 
was significantly greater in patients that responded to ICB. An increase of 0.8% in the ratio of 
this subset of T cells relative to all CD8+ memory cells at W3 was associated with improved 
survival and separated 6-month responders from non-responders; this was confirmed in a 
separate validation cohort. Analysis from later W9 treatment time point revealed the presence 
of the T cell subset, however there was no longer a correlation with response, highlighting the 
dynamic nature of the immune signature and indicating that these changes occur early and 
are transient. Evaluation of whether changes in W3 T cell subset expansion were associated 
with immune related adverse events revealed no correlation between T  cell subset expansion 
and grade of toxicity, suggesting that these cells are not a predictive marker of immunotherapy 
toxicity in this setting. Notably, expansion of a separate regulatory T cell subset did correlate 
with grade of toxicity. Investigation of clinical variables associated with the immune signature 
demonstrated a correlation between the immune effector T cell subset abundance and age at 
T0 (r=0.40), which reduced following treatment at W3 (r=0.07). However, at W3 two 
significantly opposing patterns (p=0.03) of TCR repertoire rearrangement were observed in 
patients who responded to treatment, with patients ≥70 years of age showing an increase in 
TCR clonality and patients <70 years of age showing an increase in TCR diversity.  
 
Conclusion: This work has identified a peripheral blood early immune signature characterised 
by turnover of a specific subset of immune effector T cells. The magnitude of immune 
signature changes following the first cycle of ICB therapy anticipated which patients would go 
on to respond and ultimately correlated with overall survival. Additionally, a regulatory T cell 
subset demonstrated a correlation with toxicity grade. Furthermore, investigation of the clinical 
correlates associated with the immune signature identified a model whereby age does not 
affect peripheral immune effector T cell subset expansion in response to ICB, but does 
influence immunotherapy-induced peripheral TCR repertoire evolution. Thus, T cell repertoire 
analysis should be contextualised by patient age. Finally, the prospective study to assess the 
feasibility of translating the immune signature findings into the adjuvant setting to identify 
patients at high risk of relapse and predict response to ICB therapy in stage III melanoma 
remains undoubtedly clinically relevant.  
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Chapter 1: Introduction 
 

 

 

 

1.1 Cutaneous Melanoma  
 

Melanoma is a cancer of melanocytes, cells that produce melanin, the pigment that 

determines skin tone. Cutaneous melanoma is a type of skin cancer that develops when there 

is malignant transformation of melanocytes that leads to uncontrolled proliferation of and 

invasion by these cells. Melanoma can start in a pre-existing mole, in a new pigmented skin 

lesion or even in normal appearing skin. Cutaneous melanoma comprises a relatively small 

proportion of all skin cancers, approximately 4%, but it accounts for the majority, 80%, of skin 

cancer related deaths1,2, due to its ability to rapidly spread to other organs if not identified and 

treated early.  

 

1.1.1 incidence and prevalence  

The incidence of cutaneous melanoma is rising, both in the UK and worldwide. Worldwide, it 

accounts for 232,100 newly diagnosed cases and 55,000 deaths each year3. In the UK, 

cutaneous melanoma is the 5th most common cancer, with 16,200 people diagnosed each 

year, that is 44 new cases every day4. Despite it being common, mortality remains lower than 

other cancers, this is likely due to the majority of patients presenting with early stage disease 

that is easily resected. With increasing incidence, mortality rates have also risen, albeit at a 

slower rate, likely due to earlier detection and improvements in treatment modalities. At 

present, there are approximately 2,300 melanoma skin cancer deaths in the UK each year, 

equating to more than 6 deaths per day4. Clinical outcomes are known to correlate with 

disease stage at time of diagnosis5.  Prompt detection can result in a good chance of long-

term survival and even cure, particularly for those with earlier stage disease.  

 

1.1.2 Risk factors  

There are several risk factors that can contribute to the risk of acquiring melanoma, these 

include environmental and genetic factors. Cutaneous melanoma can occur at any age, 

although risk increases with advancing age; in the UK more than 25% of those diagnosed are 

aged 75 and above6. However, it is important to note that younger people can also develop 
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melanoma and it is the second most common cancer in individuals below 50 years of age6. 

Ultraviolet radiation (UVR) exposure, in particular ultraviolet B (UVB) radiation, is the main 

environmental risk factor for development of cutaneous melanoma and it is also the most 

modifiable7,8,9. UVR comes from the sun or sunbeds and in the UK, 85% of melanomas are 

caused by over exposure to UVR. The risk increases with increasing episodes of sunburn at 

any age. Intermittent sun exposure is associated with higher risk than regular sun exposure6. 

Notably, preclinical studies have highlighted that the use of sunscreen during intermittent sun 

exposure helps delay, but does not prevent melanomagenesis8. Individuals that have used 

sunbeds prior to age 30, have a 75% higher chance of being diagnosed with cutaneous 

melanoma compared to those with no exposure to artificial UVR10.  

 

Skin tone also plays a role, with fair skinned, white populations at higher risk11. Other host 

factors contributing to increased risk include, a personal12 or family history13 of melanoma and 

presence of moles, such as melanocytic or dysplastic naevi, in particular in the context of 

atypical mole syndrome14. Those with a previous non-melanoma skin cancer are 3 times more 

likely than the general population to develop melanoma6. Inherited genetic alterations are also 

important to consider in the susceptibility to melanoma development. These include mutations 

in MC1R (gene regulating pigment production), loss of CDKN2A (cell cycle control gene 

alteration observed in patients with familial atypical multiple mole melanoma, FAMM) or 

mutations in DNA repair genes XPC (genes in nucleotide excision repair pathway, frequently 

mutated in xeroderma pigmentosum patients). 

 

1.1.3 Diagnosis, staging and risk assessment 

Diagnosis should be based on a full thickness excisional biopsy. The histology report should 

note tumour, node, metastasis (TNM) classification and include: the maximum thickness in 

millimetres (Breslow) reported to the nearest 0.1 mm, presence of ulceration and clearance of 

the surgical margins. Melanoma is staged using the American Joint Committee on Cancer 

(AJCC) staging system and incorporates: primary tumour thickness, presence or absence of 

ulceration, lymph node involvement, regional and distant metastasis15. Accurate staging is 

vitally important to facilitate optimal use of effective therapies and adequately inform patients 

about their prognosis and treatment options. In patients with stage IV disease, elevated lactate 

dehydrogenase (LDH) and brain metastases have been shown to be independent poor 

prognostic factors16,17. Disease presentation at diagnosis will determine further staging and 

risk assessment procedures. Physical examination should focus on suspicious pigmented 

lesions, tumour satellites, in-transit metastases (ITM), regional lymph node (LN) and systemic 
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metastases. In low-risk melanomas (pT1a), no further assessment is required. However, in 

pT1b – pT4b further investigations in the form of ultrasound scan (USS) for locoregional LN 

metastasis and/or computed tomography (CT) or positron emission tomography (PET) scans 

as well as magnetic resonance imaging (MRI) of the brain may be performed to assess for 

tumour extension prior to surgical treatment and sentinel lymph node biopsy (SLNB). MRI 

head and PET CT/CT scans should be performed at baseline and as part of follow up protocol 

only for very high-risk patients (pT3b and higher)18. Table 1.1 and Table 1.2 illustrate the 

pathological and clinical melanoma staging groups respectively. Table 1.3 outlines the 

definition of distant metastasis and within Appendix A is the full AJCC TNM eighth edition 

staging system for melanoma15.  

 

Table 1.1 AJCC 8th edition melanoma pathological stage groups (adapted from 
Gershenwald et al15). 
 

Tumour (T) Lymph Node (N) Metastasis 
(M) 

Pathological 
stage group 

Tis N0 M0 0 

T1a N0 M0 IA 

T1b N0 M0 IA 

T2a N0 M0 IB 

T2b N0 M0 IIA 

T3a N0 M0 IIA 

T3b N0 M0 IIB 

T4a N0 M0 IIB 

T4b N0 M0 IIC 

T0 N1b, N1c M0 IIIB 

T0 N2b, N2c, N3b or N3c M0 IIIC 

T1a/b-T2a N1a or N2a M0 IIIA 

T1a/b-T2a N1b/c or N2b M0 IIIB 

T2b/T3a N1a-N2b M0 IIIB 

T1a-T3a N2c or N3a/b/c M0 IIIC 

T3b/T4a Any N N1 M0 IIIC 

T4b N1a-N2c M0 IIIC 

T4b N3a/b/c M0 IIID 

Any T, Tis Any N M1 IV 
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Table 1.2 AJCC 8th edition melanoma clinical stage groups (adapted from Gershenwald 
et al15). 
 

Tumour 
(T) 

Lymph 
Node 

(N) 

Metastasis 
(M) 

Clinical 
stage 
group 

Tis N0 M0 0 

T1a N0 M0 IA 

T1b N0 M0 IB 

T2a N0 M0 IB 

T2b N0 M0 IIA 

T3a N0 M0 IIA 

T3b N0 M0 IIB 

T4a N0 M0 IIB 

T4b N0 M0 IIC 

Any T, 
Tis 

N1 M0 III 

Any T Any N M1 IV 

 
 
 
 
Table 1.3 Definition of distant metastasis (adapted from Gershenwald et al15).  
 

Metastasis (M) Anatomic site  LDH level 

M0 No evidence of distant metastasis N/A 

M1 
 

M1a 
 
 

            M1a (0) 
M1a (1) 
 
M1b 
 
 
M1b (0) 
M1b (1) 
 
M1c 

 
 

M1c (0) 
M1c (1) 
 
M1d 
 
 
M1d (0) 
M1d (1) 

Evidence of distant metastasis 
 
Distant metastasis to skin, soft 
tissue, muscle, non-regional 
lymph node 
 
 
 
 
Distant metastasis to lung +/- 
M1a sites of disease 
 
 
 
Distant metastasis to non-CNS 
visceral sites +/- M1a or M1b 
sites of disease 
 
 
 
Distant metastasis to CNS +/- 
M1a, M1b or M1c sites of disease 

 
 
Not recorded or unspecified 
 
 
Not elevated 
Elevated 
 
Not recorded or unspecified 
 
 
Not elevated 
Elevated 
 
Not recorded or unspecified 
 
 
Not elevated 
Elevated 
 
Not recorded or unspecified 
 
 
Not elevated 
Elevated 

N/A= not applicable, CNS= central nervous system 
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1.1.4 Management of local disease 

Surgery is the mainstay of treatment and is often curative for localised, early stage primary 

cutaneous melanoma that has not spread. Patients with ‘high risk’ disease require close 

clinical follow up19.  Surgery is in the form of wide local excision (WLE) and Breslow thickness 

will determine the extent of the excision margin. A safety margin of 0.5 cm for in situ 

melanomas, 1 cm for tumours with a thickness of up to 2 mm and 2 cm for thicker tumours is 

recommended18.  

 

 

1.1.5 Management of locoregional disease 

There is no proven survival advantage from pursuing elective lymph node dissection, so it is 

not recommended3. SLNB is advised for accurate staging in melanoma where tumour 

thickness is >0.8mm (pT1b or higher) or in those <0.8mm with ulceration18. The Multicentre 

Selective Lymphadenectomy Trial I (MSLT-I) confirmed that important staging information is 

obtained from SLNB, however it did not show any survival benefit for this procedure compared 

to nodal observation in the 10 year follow up20. Therefore, SLNB should not be considered as 

a therapeutic option. Completion lymph node dissection (CLND) for patients with a positive 

sentinel node was standard of care until 2018. The results of the MSLT-I trial led to a further 

two studies, MSLT-II and the German Dermatologic Cooperative Oncology Group-selective 

lymphadenectomy (DeCOG-SLT) trials which were conducted to explore the value of routine 

CLND in sentinel node positive melanoma. Both studies revealed no increased survival benefit 

from immediate CLND compared to nodal observation alone21,22. However, CLND does offer 

further staging information, as approximately 20% of sentinel node positive patients have 

additional non-sentinel node involvement; despite this upstaging is uncommon at 

approximately 6% of cases18. Therefore, given the morbidity associated with routine CLND, it 

is no longer recommended practice. However, therapeutic lymph node dissection is deemed 

standard of care for patients with clinically detected, macroscopic, non-sentinel node isolated 

locoregional disease3. Prior to surgery, full staging investigations including high resolution 

CT/PET scan and MRI are required to exclude distant metastases. Evidence of metastatic 

disease would rule out surgery and patients would be considered for systemic therapy.  
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1.1.6 Molecular characterisation 

Cutaneous melanomas exhibit a higher mutation load compared to nearly all other 

cancers23,24. This is most likely due to the substantial number of somatic mutations generated 

by UVR exposure25. Based on the analysis of all mutations in The Cancer Genome Atlas 

(TCGA), cutaneous melanoma can broadly be divided into four major subclasses: BRAF 

mutant, NRAS mutant, NF1 mutant or triple wild type (WT)26. Approximately 40-50% of 

patients diagnosed with melanoma harbour a mutation in BRAF, with the V600E somatic 

mutation being the most common27. Approximately 28% of melanomas have a mutation in 

NRAS and 14% have mutations in NF128. Other genes such as KIT, CCND1 and TERT are 

also frequently altered in triple WT melanomas29.  

 

Testing for actionable mutations is advisable in patients with resectable or unresectable stage 

III/IV disease or high risk resected stage IIC disease, but not in stage I or stage IIA–IIB 

disease18. BRAF testing is compulsory, as it is the most clinically relevant, given the approval 

of BRAF inhibitors within the treatment paradigm. Although at present no approved targeted 

therapy options exist for the other drivers, they are important to identify for future opportunities 

and to aid patient selection for clinical trials.  More recently, clinically validated next-generation 

sequencing (NGS) panels covering all key oncogenic drivers are increasingly being used to 

investigate the mutational landscape in melanoma.  

 

 
 
 
  



 19 

1.2 Melanoma and the immune system 

There are three key means by which the immune system prevents tumour formation within the 

host: (1) eradicating or halting viral infections that could otherwise lead to formation of virus 

induced tumours,30 (2) promptly eliminating pathogens and resolving inflammation, preventing 

a chronic inflammatory state favourable for tumourignesis,31 (3) constant surveillance of host 

tissues for transformed cells and when identified they are removed before they can cause 

harm, this is known as the cancer immune-surveillance hypothesis32. However, tumours can 

still form in the presence of a functioning immune system and so this hypothesis has been 

updated to include mechanisms of tumour equilibrium and escape.  

Following oncogenic transformation, malignant cells undergo either recognition and 

elimination by the immune system, or immune equilibrium. In the equilibrium phase, tumour 

cells become less immunogenic due to immunoediting and are more resistant to immune cell 

attack. Subsequently, tumour microenvironment (TME) remodelling leads to formation of 

further mechanisms of immune evasion allowing the malignant cells to expand and escape 

immunological control, leading to a clinically detectable tumour. These steps are referred to 

as the immunoediting hypothesis33 and are depicted in Figure 1.1.  

 

The immune system has evolved to safeguard the host from a wide range of pathogenic 

threats and imperative to its role in mobilising a response to an invading pathogen is the ability 

to distinguish between self and non-self antigens34. The mechanisms that regulate this 

process and result in eradication of the threat can be divided into innate and adaptive 

immunity. Innate immunity encompasses all aspects of immune defence mechanisms, is non-

specific i.e. does not activate against particular antigens and is vital in the initial response to 

an attack on the host. The innate system includes physical epithelial barriers, soluble proteins 

and small molecules that are either continually present or secreted from cells when activated. 

The main cellular components are natural killer (NK) cells, natural killer T (NKT) cells, γδ T 

cells and the antigen presenting cells (APCs): dendritic cells (DC) and macrophages35. The 

innate system promotes anti-tumour responses both directly and indirectly by supporting 

cytotoxic T cell function. By contrast, the adaptive immune system responds to specific 

antigenic targets. These responses are a result of antigen specific receptors on the surface of 

B and T lymphocytes36. Melanoma is considered highly immunogenic and is capable of 

activating the adaptive immune response.  
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Figure 1.1 Immunoediting hypothesis 
The immune system is able to recognise and kill oncogenically transformed cells; this initial 
phase is known as tumour elimination which results in tumour suppression. However, over 
time tumour cells are able to first enter a phase of equilibrium by developing mechanisms of 
immune evasion, resulting in dormancy and then subsequently tumour escape leading to 
tumour growth and metastasis. Adapted from Cancer Immunosurveillance and 
Immunoediting: The Roles of Immunity in Suppressing Tumour Development and Shaping 
Tumour Immunogenicity, by Smyth et al 33.  
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1.2.1 Immunomodulation and checkpoint blockade 

The immune system plays a role in protecting from disease. The T cells of the immune system 

are able to recognise and kill pathogens, including cancer cells by eliciting a coordinated 

immune response including innate and adaptive responses. Activated T cells are primary 

mediators of immune effector functions and as such, they express multiple co-inhibitory 

receptors such as programmed death 1 (PD-1) and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4)37. The CTLA-4 and PD-1 pathways act at different stages of the immune 

response. PD-1 is recognised to primarily inhibit T cells in the effector phase of a response, in 

contrast to CTLA-4, which is known to be more important in the early phases of T cell 

activation. Figure 1.2 demonstrates the co-activatory and inhibitory pathways that have been 

recognised to regulate T cell function, the so-called immune checkpoint pathways. These 

immune checkpoint molecules are involved in regulating immune homeostasis and cancer 

cells are able to exploit these immune checkpoints as a way of evading immune detection and 

elimination. Tumours can activate suppressive immune checkpoint pathways in order to 

diminish the immune response to the tumour38. Thus, using monoclonal antibodies to block 

key immune checkpoint pathways could induce effective anti-tumour immunity.  

 

1.2.1.1 CTLA-4 blockade 

 
Early during the process of T cell activation, the checkpoint molecule CD28 transmits 

activating signals and CTLA-4 transmits inhibitory signals. Naïve T cells highly express CD28 

on their surface. When CD28 binds to CD80 (B7.1) or CD86 (B7.2) ligands on APCs, co-

stimulatory signals are produced39. This co-stimulation that occurs after binding of the T cell 

receptor (TCR) to the MHC antigen complex on the same cell is essential for activation of the 

T cell. CD28 ligation leads to phosphorylation of the molecule resulting in promotion of T cell 

proliferation, cytokine production and cell survival. If the TCR binds to MHC antigen complex 

in the absence of co-stimulation, T cell anergy and immune tolerance can occur40. CTLA-4 is 

also expressed on the surface of T cells (specifically, CD4+ and CD8+) and is upregulated on 

activated T cells. It competes with higher affinity than CD28 for binding to CD80 and CD86 on 

APCs. Once bound, an inhibitory signal is produced that blocks the T cell response and inhibits 

T cell activation41. The anti-CTLA-4 antibody can block this interaction resulting in activated 

antigen specific T cells that can induce anti-tumour immunity42. The monoclonal antibody 

ipilimumab, a CTLA-4 inhibitor (anti-CTLA-4), was the first treatment to demonstrate a survival 

advantage in patients with metastatic melanoma43. 
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1.2.1.2 PD-1 blockade 
 
While CTLA-4 mainly affects naïve T cells, PD-1 is primarily expressed on mature T cells 

in peripheral tissues and the TME42. PD-1 is a protein more broadly expressed on the 

surface of activated T cells, B cells, NK cells and DCs. Thus, PD-1 predominantly regulates 

effector T cell activity within tissues and tumours as opposed to regulating T cell activation 

in lymphoid organs44. PD-1 binds to its ligands PD-L1 and PD-L2 which are widely expressed 

on the surface of APCs, resting T cells, B cells, NK cells, DCs, macrophages and tumour 

cells45. Upon engagement with PD-L1 and PD-L2, ligation of PD-1 occurs and blocks T cell 

activation. Thus, T-cell proliferation and cytokine production are inhibited46. PD-1 and PD-

L1/PD-L2 belong to the family of immune checkpoint proteins that act as co-inhibitory factors 

that can prevent the development of the T cell response in cancer. Blocking PD-1 signalling 

with anti-PD-1 monoclonal antibodies has been shown to induce significant anti-tumour 

immune responses. Anti-PD-1 monoclonal antibodies pembrolizumab and nivolumab have 

shown clinical efficacy in melanoma and other tumour types such as non-small cell lung cancer 

(NSCLC), head and neck squamous cell carcinoma and gastric/gastro-oesophageal junction 

adenocarcinoma47.  

 

 

 
Figure 1.2 T cell function regulatory receptors (immune checkpoints) 
T cell activation requires several stimulatory mechanisms, such as recognition of the 
antigen/major histocompatibility complex (MHC) via T cell receptor (TCR) and CD28 
stimulation. In addition, activation of inhibitory receptors on T cell surface such as PD1 or 
CTLA4 results in inactivation of its function. Current immunotherapies focus on inhibition of 
these inhibitory receptors with antibodies targeting PD1 or CTLA4. 
APC = antigen presenting cell 
 



 23 

1.3 The new paradigm of systemic therapies for melanoma  
 

Over the last 20 years there has been an improvement in the understanding of the biology of 

melanoma and consequently a pivotal change in the treatment landscape of advanced 

disease over the last decade. Until 2011, no systemic therapy was shown to improve survival 

in patients with advanced or metastatic melanoma. Dacarbazine (DTIC) chemotherapy was 

standard of care for many years, however response rates were dismal (7-13%)48,49. The 

identification and characterisation of BRAF mutations led to the development of targeted 

drugs and today, in patients with metastatic disease, survival has improved significantly. 

Targeted therapy with BRAF and MEK inhibitor combinations were approved for use in 

patients with metastatic BRAF V600E/K mutated melanoma on the basis of phase III clinical 

trial data50,51,52. Indeed, targeted therapies substantially improved survival from a median 

survival of 6-9months53 with chemotherapy to a median of 25.9–33.6 months54,55. Since the 

introduction of immune checkpoint blockade (ICB) as single agent or in combination median 

survival has increased further to over 5 years56. However, despite various studies interrogating 

different agents, dosing and combinations within these two treatment groups there are still no 

results from direct prospective comparison of both targeted and immunotherapy approaches. 

This has meant that all stage IV patients without contra-indications are offered treatment with 

ICB. For those that are BRAF wild-type, this is their only treatment option with proven survival 

advantage. Those with BRAFV600E mutation are eligible for both targeted and immunotherapy 

approaches, however, evidence-based standard of care guidance is awaited regarding which 

strategy to employ first. 

 
 

1.3.1 Optimum sequencing of systemic therapy 

In the advanced melanoma first line setting, an analysis using a comparison of the digitised 

survival curves from pivotal clinical trials evaluating targeted therapy and ICB is depicted in 

Figure 1.357. Superiority of combination targeted therapy in the BRAF mutant population was 

observed within the first 6 months of starting treatment and then the survival curve began to 

drop. Anti-PD-1 with or without anti-CTLA-4 showed an initial drop in survival, however later 

at 14-16 months, there was a switch to clear superiority of ICB, as the survival curves start to 

cross the targeted therapy combination. At 2 years and beyond, it appears that the most 

durable effects are produced by anti-PD-1 based regimens. Overall, there appears to be 

superiority of combined BRAF plus MEK inhibitor therapy within the first 12 months after 

treatment initiation, then switching to a clear superiority of anti-PD-1 alone or in combination 

with anti-CTLA-4 therapy. These findings, although must be considered within the context of 
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the caveats of cross trial comparison, are extremely relevant as they demonstrate both the 

acquired resistance with mitogen activated protein kinase (MAPK) inhibitors observed in the 

clinic, explaining the decline in survival curve at 6 months and the primary resistance 

frequently encountered with ICB, accounting for the immediate drop in survival curve on 

starting treatment58. As this was a pooled analysis, there is a degree of selection bias within 

this population, driven by the good prognosis BRAF wild-type patients in the immunotherapy 

trials.  

 

 

 

 

 

Figure 1.3 Mean overall survival curves created by weighted averaging of digitised 
Kaplan Meier survival curves of melanoma patients treated in first line setting within 
selected clinical trials. Figure from: Survival of patients with advanced metastatic melanoma: 
The impact of MAP kinase pathway inhibition and immune checkpoint inhibition, by Ugurel et 
al57.  
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In patients that harbour a BRAF V600 mutation, the decision between targeted therapies or 

ICB in the first line setting was investigated in a randomised phase II study, SECOMBIT 

(NCT02631447), with the primary end point of overall survival (OS). Two hundred and fifty-

one patients with untreated metastatic BRAF V600 mutated melanoma were randomised 1:1:1 

to; arm A: combination targeted therapy until progression followed by combination ICB; arm 

B: combination ICB until progression followed by combination targeted therapy, or arm C: 

combination targeted therapy for 8 weeks followed by combination ICB until progression 

followed by combination targeted therapy until progression. The study primary endpoint was 

reached in each arm with at least 30 patients alive at 24 months. The median OS was not 

reached in any of the treatment arms. The progression free survival (PFS) rate at 2 and 3 

years was 46% and 41% in arm A, 65% and 53% in arm B, 57% and 54% in arm C 

respectively59. The OS and total PFS rates at 2 and 3 years indicate a better trend in arm B 

and C. This study will help to define the optimum sequencing of treatment and data collection 

is ongoing to provide additional information on the long-term benefit of the three treatment 

combinations. A similar study, in which recruitment is ongoing, the phase II EBIN trial 

(NCT03235245) was designed to compare combination BRAF + MEK inhibitor targeted 

therapy followed by ipilimumab plus nivolumab versus ipilimumab plus nivolumab, to evaluate 

whether a sequential approach with 12-week induction phase using targeted therapy prior to 

immunotherapy improves PFS compared to combination ICB alone in patients with BRAF 

V600 mutant advanced melanoma60.  

 

Furthermore, the phase III DREAMseq trial (NCT02224781), compared first-line treatment 

with combination targeted therapy versus ipilimumab plus nivolumab in BRAF V600 mutant 

metastatic melanoma, with the primary endpoint of 2-year OS and secondary endpoints PFS, 

objective response rate (ORR) and safety61. Two hundred and sixty-five patients were enrolled 

and randomised to receive step 1 with either ipilimumab and nivolumab (I+N) induction for 12 

weeks followed by nivolumab maintenance therapy (Arm A) or continuous combination 

targeted therapy (Arm B) and at PD were enrolled in step 2 receiving the alternate therapy, 

combination targeted therapy continuously (Arm C) or induction I+N with subsequent 

maintenance nivolumab (Arm D), respectively. Interim analysis at median 27.7 month follow 

up revealed, ORR for step 1 was 46% in I+N arm compared with 43% in the combination 

targeted therapy arm. For step 2, ORRs were 48% and 30% for patients crossing over to the 

combination targeted therapy and I+N arms respectively (p =0.136). The median duration of 

response was not reached in the I+N arm compared to 12.7 months in the targeted therapy 

arm (p<.001). The 2-year OS rate for patients starting with Arm A was 72% (95% CI: 62-81%) 

and for Arm B 52% (95% CI: 42-62%) (p= 0.0095). Median PFS among step 1 patients showed 

a trend in favour of Arm A, 11.8 months (95% CI, 5.9-33.5) in the I+N arm compared with 8.5 
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months (95% CI, 6.5-11.3) for the targeted therapy arm (p=0.054). Notably, Grade ≥3 toxicity 

was observed in 60% of patients in I+N arm A, compared to 52% in the targeted therapy arm 

B. Grade 5 treatment-related AEs included 2 patients on Arm A and 1 patient on Arm C. 

Although response rates were similar between step 1 regimes and for combination targeted 

therapy in both steps, I+N appears to be less effective following progression on targeted 

therapy compared to its utilisation as first line therapy. Thus, the treatment sequence 

beginning with the immunotherapy combination derived greater clinical benefit in this setting. 

However, considering the rate of significant toxicity and treatment related deaths with both 

regimes, the feasibility of a crossover approach will require further investigation.  

 

In view of these studies and the meta-analyses results shown in Figure 1.3, for patients with 

no clinical evidence of rapidly progressing disease, ICB should be considered in the first 

instance, preserving targeted therapy for second line treatment. Targeted therapies have 

limited efficacy in patients with NRAS mutated disease, or those with other drivers such as 

KIT or NF1 and therefore the first line ICB options of WT disease should be considered18. 

Clinical and laboratory parameters such as Eastern Cooperative Oncology Group (ECOG) 

performance status (PS), serum LDH level and the number of metastatic sites can act as 

prognostic and predictive markers for both therapeutic approaches62,63,64. Table 1.4 describes 

the systemic therapies approved for use in melanoma according to stage of disease. This 

thesis focuses on immunotherapy responses and therefore will concentrate on ICB when 

considering therapeutic options.  
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Table 1.4 Immune checkpoint blocker and targeted therapies approved for use in 
cutaneous melanoma according to stage of disease. 
 

 

 

 

  

Stage I No approval in this setting (surgery is mainstay of treatment) 

Stage II At present, no approval in this setting (surgery is current standard of 
care) 

Stage III Following surgery, up to 12 months of adjuvant therapy with either: 

• Immune checkpoint blockers 
- pembrolizumab 
- nivolumab  

 

• Targeted therapy (BRAF +/- MEK inhibitors) 

Unresectable 
stage III 
 
Stage IV 

Treatment options for metastatic disease: 

• Immune checkpoint blockers 
- pembrolizumab 
- nivolumab 
- ipilimumab 
- combination ipilimumab + nivolumab 

 

• Targeted therapy (BRAF +/- MEK inhibitors) 
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1.3.2 Immunotherapy in the metastatic setting 

Despite significant progress in the treatment of advanced disease, many questions remain 

unanswered, and for the majority of melanoma patients prognosis is still poor. Therefore, 

inclusion in clinical trials is a priority in all settings. The first immunotherapy-based phase III 

trial in metastatic melanoma (NCT00094653), compared ipilimumab with or without 

glycoprotein 100 (GP-100) vaccine versus placebo in the second line setting. It reported 

statistically significant improved OS for both ipilimumab arms, with a median OS of 10 months 

compared to 6.4 months in the placebo arm. The ipilimumab monotherapy arm had the best 

overall response rate (ORR) of 10.9% and a disease control rate of 28.5%. Responses in this 

group were durable, with 60% maintaining objective response for at least 2 years43. This study 

was pivotal in provoking the hope that immunotherapy may change the treatment landscape 

in a disease with previously much poorer outlook.  

 

With ipilimumab gaining approval for use, the emphasis to test other inhibitors targeting the 

checkpoint immune regulators such as PD-1 was huge. The phase III CheckMate 066 trial 

(NCT01721772)65 randomised previously untreated BRAF wild-type patients to receive either 

nivolumab or DTIC. Nivolumab was associated with a significant improvement in OS and 

progression free survival (PFS) compared to chemotherapy. The next step involved a head to 

head comparison of anti-PD-1 and anti-CTLA4 antibodies. KEYNOTE-006 (NCT01866319) 

compared pembrolizumab with then standard of care ipilimumab. The study concluded far 

superior response and survival rates with less high-grade toxicity in the anti-PD-1 

pembrolizumab arm66.  

 

Both of these key studies aided in the identification of the PD-1/PD-L1 axis as clinically 

relevant for the T cell response to melanoma and ultimately led to the approval of anti-PD-1 

antibodies, nivolumab and pembrolizumab.  

 

Ongoing efforts to further improve outcomes with immunotherapy in melanoma led to the 

hypothesis that a combined approach may have a survival advantage compared to single 

agent immunotherapy regimens. Dual immune checkpoint blockade with anti-CTLA4 antibody 

ipilimumab and anti-PD-1 antibody nivolumab was evaluated in the phase III CheckMate 067 

trial (NCT01844505)67. This study randomised treatment naïve patients to receive combination 

I+N versus monotherapy with ipilimumab or nivolumab alone. The combination of I+N was 

significantly superior to both monotherapy regimens in terms of ORR and PFS. The ORR was 

57% in the I+N combination arm, 43% in the nivolumab monotherapy arm and 19% in the 

ipilimumab arm. Median PFS with combination therapy was 11.5 months compared to 6.9 
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months with nivolumab alone and 2.9 months with ipilimumab68. These differences are 

maintained in the 6.5-year survival update, with median PFS of 34 months for I+N, 29 months 

for nivolumab monotherapy and 7 months for ipilimumab. Furthermore, the results show 

durable improved outcomes with median OS of 72.1 months in the combination arm, 36.9 

months with nivolumab, and 19.9 months with ipilimumab. Thus, there is a significantly 

improved outcome for combination I+N over nivolumab or ipilimumab monotherapy69.  

 

Based on these trials, in the first-line setting ICB is now standard of care for the majority of 

melanoma patients, regardless of their BRAF status, albeit, there are still many BRAF mutant 

patients that do require first line targeted therapy based on the fast and high response rates 

and response in vital organs such as the liver70. However, these responses may be limited 

over time, whereas combination ICB is associated with lower but durable response rates71. It 

is also important to consider that gains in efficacy have come at the expense of toxicity, with 

59% of patients treated with combination I+N experiencing grade 3/4 adverse events, 24% 

with nivolumab and 28% with ipilimumab, which can have a significant impact on quality of life 

69. Therefore, biomarkers are needed to better select patients that benefit from combination 

immunotherapy and if implemented into clinical practice will avoid patients being given 

ineffective yet toxic drugs.  

 
 

1.3.3 Immunotherapy in the adjuvant setting  

Adjuvant therapy is indicated in patients at a high risk of recurrence following definitive surgical 

resection with the aim to treat any residual micro-metastatic disease and reduce the risk of 

local and distant relapse. Until recently, the lack of effective systemic therapy in the advanced 

setting had halted the establishment of effective adjuvant therapies in high risk melanoma 

patients.  Over recent years, there has been a remarkable evolution in the management of 

melanoma. The emergence of active drugs has radically changed the treatment paradigm and 

a number of randomised clinical trials have been undertaken to evaluate ICB in the adjuvant 

setting. Several clinical trials have established a role for ICB in melanoma following curative 

intent surgery and anti-PD-1 therapy has now become a standard of care treatment option in 

the adjuvant setting72,73,74.  

 

EORTC 18071 (NCT00636168) was the first study to demonstrate benefit of adjuvant ICB in 

fully resected stage III melanoma72. Patients were randomised to ipilimumab 10mg/kg every 

3 weeks for four doses, then 3 monthly for up to 3 years versus placebo. The ipilimumab arm 

showed superiority with 3 year relapse free survival (RFS) rates of 46.5% versus 34.8% 
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respectively, (p=0.0013). The OS rate at 5 years was 65% in the ipilimumab cohort, compared 

to 54% the placebo group, (p=0.001). The OS advantage came at the cost of toxicity, with 

adverse events leading to 52% of patients in the ipilimumab group discontinuing treatment. 

Five patients (1%) had treatment related deaths. In view of this, the risk benefit ratio of 

ipilimumab at the dose and schedule used in this study required additional assessment. 

 

CheckMate 238 (NCT02388906) compared nivolumab (3 mg/kg every 2 weeks) to ipilimumab 

(10 mg/kg every 3 weeks for 4 doses and every 12 weeks thereafter) in patients with stage 

IIIB, IIIC or resected stage IV melanoma. Treatment was administered for up to 1 year or until 

disease recurrence or unacceptable toxicity. Treatment related grade 3/4 adverse events were 

reported in 14.4% of the patients in the nivolumab arm compared to 45.9% of patients in the 

ipilimumab arm. With 48 months of follow-up, nivolumab demonstrated superior RFS across 

all subgroups compared to ipilimumab with 4-year RFS rates of 52% vs 41% and median RFS 

of 52.4 months vs 24.1 months (p = 0.0003)73,75. KEYNOTE-054 (NCT02362594) compared 

pembrolizumab 200mg every 3 weeks for up to 1 year against placebo in resected stage III 

melanoma patients. Pembrolizumab had a superior RFS advantage after median follow up of 

15 months with RFS rate of 75% compared to 61% in the placebo arm (p<0.001), again with 

a favourable toxicity profile74. The results of these two studies led to European Medicines 

Agency (EMA) approval of both anti-PD-1 drugs in the adjuvant setting for high risk stage III 

melanoma in late 2018.  

 

CheckMate 915 (NCT03068455) again sought to explore the role of ipilimumab in high risk 

stage III or completely resected stage IV melanoma. This study compared the combination of 

I+N with nivolumab alone. The dose of ipilimumab was lowered to 1mg/kg in an attempt to 

reduce toxicity previously been seen with this agent. The addition of ipilimumab to nivolumab 

did not result in a statistically significant improvement in RFS in the all-comer (intention to 

treat) population76.  
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1.3.4 Immunotherapy in the neoadjuvant setting 

The neoadjuvant approach is primarily used to rapidly reduce tumour size in order to facilitate 

surgery. This approach using conventional chemotherapy combinations has been widely used 

in breast cancer and other solid malignancies77. Recently, the role of neoadjuvant 

immunotherapy in patients with high risk resectable or oligometastatic melanoma prior to 

surgical resection has been investigated and has demonstrated high response rates78.  The 

hypothesis driving the neoadjuvant ICB strategy is that if the tumour remains in situ at the time 

of ICB administration then the presence of tumour antigens might promote a stronger and 

more prolonged immune response compared to giving ICB therapy after surgery and this may 

lead to more robust prevention of disease relapse. It is important to consider, patients 

benefiting from adjuvant ICB following surgery must have residual microscopic disease that 

was not eliminated by surgical resection. However, neoadjuvant patients have higher stage 

disease and thus the risk of micrometastasis is higher than a sentinel node positive patient. 

 

Two studies looked at neoadjuvant ICB in high risk resectable melanoma to explore whether 

systemic treatment was more effective when administered prior to tumour removal. Both have 

shown promising results, but with significant toxicity79,80. The first study (NCT02519322) 

investigated neoadjuvant nivolumab (3mg/kg IV every 2 weeks) for up to 4 doses versus 

combined ipilimumab (3mg/kg IV) and nivolumab (1mg/kg IV) every 3 weeks for up to 3 

doses prior to surgery, then after surgery, both arms received nivolumab 3mg/kg IV every 2 

weeks for 13 doses. Patients were randomised 1:1, with a planned total accrual of 40 patients. 

However, the trial closed early after 23 patients were enrolled. Response was assessed using 

clinical imaging RECIST ORR and pathologic complete response rates (pCR). Combination 

therapy produced higher response rates (ORR 73%, pCR 45%), but at the cost of significant 

toxicity (73% [8 out of 11 patients] grade 3 treatment related adverse events). The response 

rate with single agent nivolumab was modest (ORR 25%, pCR 25%), but with less toxicity (8% 

grade 3). The trial was closed early due to safety concerns regarding high levels of toxicity 

and 2 out of 12 patients (17%) experiencing disease progression whilst receiving nivolumab 

monotherapy, which prevented curative intent surgery from taking place and highlighted 

clinical concerns with this approach80. The second study, OpaCIN (NCT02437279) compared 

an adjuvant and neoadjuvant approach to combination I+N in stage III melanoma. This study 

recruited 20 patients who were randomized 1:1 to each arm which consisted of four cycles of 

adjuvant therapy with ipilimumab 3 mg/kg and nivolumab 1 mg/kg or the same treatment 

regimen divided into two neoadjuvant treatments followed by two treatments after surgery. 

Again, toxicity was a significant issue with 90% of patients experiencing grade 3/4 treatment 

related adverse events in both arms, resulting in 18 out of 20 patients having to discontinue 
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treatment early. Notably, no delay or complications in surgery were reported. Pathological 

response in the neo-adjuvant arm was seen in 78% (7 out of 9 patients)79. After a median 

follow up of 36.7 months, none of the 7 patients with a pathological response have relapsed. 

The estimated 3 year RFS rate was 80% in the neoadjuvant arm compared to 60% in the 

adjuvant arm and the 3 year OS rates were 90% and 67%, respectively81.  

  

Subsequently, a multi-centre phase II OpACIN-neo trial (NCT02977052) was undertaken to 

explore whether alternative scheduling of neoadjuvant I+N might preserve efficacy while 

reducing toxicity82. Eighty-six patients with resectable stage III melanoma were randomised 

1:1:1 to either arm A: 2 cycles of ipilimumab 3mg/kg + nivolumab1mg/kg 3 weekly; Arm B: 2 

cycles of ipilimumab 1mg/kg + nivolumab 3mg/kg 3 weekly or arm C: 2 cycles of ipilimumab 

3mg/kg 3 weekly followed immediately by 2 cycles of nivolumab 3mg/kg 2 weekly. Arm C 

closed early due to toxicity with 50% affected by grade ≥3 adverse events. Toxicity (grade ≥3) 

was less in arm A at 40% and lower still in arm B at 20%. In terms of response, both arm A 

and B had a radiological response rate of 60%, with a pathological response rate of 80% (pCR 

43%) in arm A and pathological response rate of 77% (pCR 57%) in arm B. With median follow 

up of 7.7 months no patients with a pCR relapsed82. This study suggests that the lower dose 

ipilimumab 1mg/kg + nivolumab 3mg/kg regimen has lower rates of toxicity compared to 

standard dosing, but the response rates remain similar and thus this schedule could be 

compared to the adjuvant anti-PD1 approach in a phase III study.  

 

Neoadjuvant therapy appears to be feasible, although is associated with significant toxicity. 

These studies suggest that pCR could be a promising surrogate marker for RFS and OS in 

the neoadjuvant setting. However, the major issues facing the neoadjuvant immunotherapy 

approach are the clinical deterioration of non-responders and the onset of severe immune-

related adverse events, potentially interfering with curative intent surgery. At present, 

neoadjuvant treatment of early stage melanoma has not gained approval for use and remains 

under investigation with ongoing clinical trials. Further work is required to elucidate when this 

strategy may be preferred over adjuvant treatment. 
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1.4 Clinical challenges: melanoma immunotherapy  

 

The advent of immune checkpoint inhibitors has dramatically changed the treatment 

landscape and improved the outcomes of melanoma patients. In contrast to the majority of 

chemotherapy and targeted therapies, ICB can provide durable responses83. Nevertheless, In 

the advanced setting, although survival has significantly improved, 50% of patients are still 

dying of their disease56. ORR are seen in less than half of patients treated with monotherapy 

regimens and although combination therapy raises response rates, it inevitably also increases 

toxicity and cost84. Thus, highlighting the urgent need to further refine the appropriate selection 

of patients for ICB therapy.  

 

As discussed earlier, there is currently no biological rationale underpinning how patients are 

selected for treatment with immunotherapy. This has meant that the majority of patients with 

advanced melanoma without contra-indications to ICB are offered treatment with 

immunotherapy. For those that are BRAF wild-type, this is their only treatment option with 

proven survival advantage. For those patients with a BRAFV600E mutation, knowledge is 

currently lacking on optimum sequencing and combinations of therapy. There are several 

clinical trials underway investigating this, with the aim to improve patient stratification and 

clinical outcomes.  

 

1.4.1 Predictive Biomarkers of response to ICB in melanoma 

There are a number of factors that have been suggested as predictive of response and 

informative for treatment selection. Five-year outcomes from Checkmate 067 (NCT01844505) 

showed that at a minimum follow-up of 60 months, the nivolumab-containing arms continued 

to demonstrate improved OS, PFS, and response compared with ipilimumab alone56. 

Furthermore, subgroup analysis identified a number of factors that could aid prediction of long-

term responders and inform treatment selection. Those alive at 5 years are an enriched 

population that were more likely to have had a complete response (CR), normal LDH at 

baseline, and a lower number of metastatic sites of disease. In addition, of the patients that 

had an initial CR, 80% remained in CR at 5 years. The 20% of patients that progressed tend 

to be those with poorer prognostic features at baseline, such as M1c disease with metastases 

affecting visceral organs. Overall, patients with BRAF-mutant disease had better outcomes 

with combination I+N with OS of 60% compared to 48% for BRAF wild-type patients56.  
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Tumour PD-L1 expression has been identified as a predictor of response to anti-PD-1 and 

anti-PD-L1 therapy85. It has been shown that a higher proportion of patients with an objective 

response to these agents have PD-L1 positive disease86. Additionally, improved PFS and OS 

has been observed in patients with metastatic melanoma and NSCLC when comparing PD-

L1 positive and PD-L1 negative subgroups67,87,88. However, patients with PD-L1 negative 

tumours can still achieve clinical benefit with anti-PD-1 or anti-PD-L1 therapies67,86. PD-L1 

status is therefore an unreliable biomarker and this is likely multifactorial. Firstly, PD-L1 

expression can be transient, and intrapatient and intratumour heterogeneity in PD-L1 tumour 

expression can exist89. Therefore, tumour sampling at a single timepoint or at one tumour site 

may not accurately reflect the state of the PD-1 or PD-L1 axis90. Secondly, varying thresholds 

for PD-L1 positivity are accepted, for example, some studies using a cut off ≥1% tumour cells, 

and others use cut off ≥ 50%91. However, no studies have reported a threshold for which the 

positive or negative predictive value approaches 100%90.  

  

Immune gene signatures, such as those induced by interferon gamma (IFN), have been 

suggested as predictive biomarkers of response to anti-PD-1/anti-PD-L1 therapies90. In 

melanoma patients treated anti-PD-1/anti-PD-L1, high MHC class II (HLA-DR) expression was 

associated with improved clinical response, PFS and OS when compared to patients with low 

MHC class II expression92. A further retrospective analysis of an interferon inflammatory 

immune gene signature and response to anti-PD-1 pembrolizumab in patients with advanced 

melanoma was undertaken and an IFN score developed based on a 10-gene signature, 

which was subsequently expanded to a 28-gene signature in a validation cohort. The genes 

included those encoding IFN, granzyme A and B, perforin 1 (PFR1), Indoleamine 2,3-

dioxygenase 1 (IDO1), lymphocyte activation gene 3 (LAG3), as well as other immune-related 

genes. Both the 10-gene and 28-gene scores demonstrated significant correlation with 

response and PFS93.  

 

An important consideration within gene expression profiling is that the predictive utility of the 

algorithms may be dependent on specific treatments. For example, a phase I study evaluating 

the efficacy of antihuman glucocorticoid-induced tumour necrosis factor receptor (GITR) 

antibody MK-4166 as monotherapy or in combination with pembrolizumab in patients with 

advanced solid malignancies failed to demonstrate the ability of IFN gene expression profiles 

to predict response to treatment94. This suggests that IFN signalling may correlate only with 

response to therapy of directly related targets such as downstream PD-1/PD-L1 inhibition. 

Immune pathways involving targets such as tumour necrosis factor (TNF) may necessitate 

distinct and individualised gene expression assays. Tumours that are classified as inflamed 
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have high levels of immune cell infiltrate and proinflammatory cytokines95. These tumours are 

associated with better clinical outcomes and response to immunotherapy. However, not all 

patients with the inflamed phenotype respond to ICB90. In melanoma patients, baseline tumour 

CD8+ levels correlate with response to anti-PD-1, whereas, with anti-CTLA-4 agent 

ipilimumab, response is more strongly associated with post-treatment increases in tumour 

infiltrating lymphocytes (TIL) not baseline levels90,96,. This suggests that although the inflamed 

phenotype may support tumour response to ICB, treatment induced modulation of a less 

immunogenic tumour could also promote response, thus highlighting opportunities for 

therapeutic intervention.  

 

TMB can be defined as the total number of mutations present in a tumour specimen and was 

identified as a potential response biomarker for ICB in melanoma97. Further studies have 

strengthened the potential relevance of TMB in this setting98,99. However, at present 

consensus is lacking regarding the optimal TMB cut off for patient stratification. For example, 

Foundation Medicine defines high TMB (h- TMB) as >20 mutations/Mb, TMB-Intermediate as 

6–19 mutations/Mb, and TMB-Low as <5 mutations/Mb100. Yet, a genomic profiling assay of 

324 genes validated as an accurate assessment of TMB and approved by the FDA as a 

companion diagnostic for pembrolizumab defined h-TMB as greater than 10 mutations/Mb101. 

Furthermore, a study of advanced melanoma patients treated with anti-PD-1 monotherapy 

showed that high TMB correlated with OS, but not response. Thus, suggesting that high TMB 

might be an important marker of anti-tumour activity and may serve as a prognostic biomarker. 

However, a larger retrospective study investigating the prognostic impact of TMB across 20 

solid tumour types did not report a significant association with TMB as a predictive biomarker 

for OS across all cancer subtypes102, suggesting that gene panels tailored to specific cancer 

types may be necessary. 

 

A strategy that combines two or more methods for capturing the immune status of the TME, 

such as the incorporation of TMB into a panel that includes other orthogonal biomarkers such 

as PD-L1 and TIL might prove more effective as a composite predictive biomarker for ICB 

therapy. However, at present, there are no baseline factors that reliably predict ICB response 

on an individual patient basis allowing treatment strategies to be tailored and thus, the shift 

now is to early on treatment assessment.  

 
Gaining further insight and understanding into which factors predict clinical benefit from ICB 

will undoubtedly enhance selection of patient subsets who will respond, highlight the 

mechanism of action of novel immunotherapeutic approaches and potentially inform which 

patients require single agent versus various combination strategies.  In patients with 
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metastatic melanoma, identification of disease progression early on treatment is imperative. 

Not all patients will exhibit evidence of clinical response initially, however, it is important that 

patients that are not gaining any benefit are identified promptly, minimising the time spent on 

ineffective drugs and permitting a switch to second line therapies thereby limiting the time the 

tumour has to progress and improving the chances of achieving meaningful clinical benefit. At 

present response assessment is usually not performed until radiographic imaging is carried 

out at 12 weeks.  

 

1.4.2 Patient selection for adjuvant ICB  

Though surgical excision is the mainstay of treatment in stage III melanoma and this 

approach can be curative, approximately half of patients will suffer loco-regional recurrence 

or distant relapse with metastatic disease. Recent practice changing studies have shown that 

adjuvant ICB is likely to have a positive impact on OS, reducing the recurrence 

rate by eradicating minimal residual disease (MRD)103. Keynote-054 (NCT02362594), 

showed at median follow-up of 15 months, pembrolizumab was associated with significantly 

longer RFS than placebo in the overall intention-to-treat population (ITT) (Figure 1.4A), with 

1-year rate of RFS, 75.4% (95% confidence interval [CI], 71.3-78.9) compared to 61.0% (95% 

CI, 56.5-65.1); hazard ratio (HR) for recurrence or death, 0.57; 98.4% CI, 0.43-0.74; 

p<0.00174. Additionally, the trial highlighted that following surgical resection, only a proportion 

of patients have MRD requiring further intervention and 50% of patients do not relapse at 2 

years on the placebo arm (Figure 1.4 A), suggesting that a potentially toxic treatment is given 

to a subgroup of patients that may not require it. In the ITT population, the 3·5-year distant 

metastasis free survival (DMFS) rate was 65·3% (95% CI 60·9–69·5) in the pembrolizumab 

group and 49·4% (95% CI 44·8–53·8) in the placebo group (Figure 1.4B). DMFS was 

significantly longer in the pembrolizumab group compared to the placebo group (HR stratified 

by stage 0·60 [95% CI 0·49 - 0·73]; p<0·0001)104. 

 

At present there is no way to identify the subgroup with MRD upfront in order to appropriately 

select for adjuvant therapy and separate from patients cured by surgery alone. For these 

patients, the risk of relapse varies greatly and thus far there are no established biomarkers for 

predicting likelihood of recurrence or response to therapy in this setting. The risk of toxicity 

and potential for irreversible immune-related adverse events (irAEs) is also an important 

aspect to consider in a population potentially already cured by surgery. Treating all patients 

with expensive and potentially toxic treatment is not in every patient’s best interest nor is it the 

most economical approach. The key unmet clinical need in both early and advanced stage 
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disease is the identification of clinically validated predictive biomarkers to select patients who 

will benefit from ICB while sparing those who are unlikely to benefit from potential long term 

or life-threatening toxicity, thus minimising the number of patients exposed to potentially toxic 

treatment without clinical benefit.  

 

 

 

A 

 

B 

 

 

Figure 1.4: Kaplan–Meier estimate of recurrence free and distant metastasis free 
survival in the overall intention to treat population from KEYNOTE 054, phase III clinical 
trial of adjuvant pembrolizumab versus placebo in resected stage III melanoma  
A: RFS curves at 24 months from KEYNOTE 054 adjuvant pembrolizumab vs placebo74.  
B: Final results for the secondary efficacy endpoint, DMFS from KEYNOTE 054 adjuvant 
pembrolizumab vs placebo after 3.5 years follow up104.  
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1.5 Immunotherapy and toxicity 

Activation of the immune system with ICB drugs can result in off target toxicity also referred 

to as irAEs. The exact pathophysiology underlying irAEs is unknown but is thought to be 

related to the role that immune checkpoints play in maintaining immunologic homeostasis. 

Any organ or tissue can be affected, however certain irAEs appear more frequently than 

others. In particular, skin, colon, endocrine, liver and lung toxicities are the most common. Any 

irAE can be serious, lead to irreversible outcomes and is potentially life threatening. The 

clinical characteristics of irAEs can be insidious and may be difficult to determine in the early 

stages. Therefore, a major clinical challenge is the early identification of patients susceptible 

to irAEs prior to their onset and monitoring for the development of irAEs. Thus, patient 

education and clinician’s vigilance are paramount.  

 

1.5.1 Toxicity timing of onset and severity 

In general, with PD1/PDL1 blockade, irAEs tend to occur within the first few weeks to three 

months after starting treatment. Some toxicities seem to emerge earlier in the course of 

treatment. However, most irAEs are not expected to develop prior to the first 4 weeks of 

treatment. There appears to be a pattern of development of the different immune toxicities 

with skin and gastrointestinal generally occurring in the first 4-6 weeks, whereas liver and 

endocrine manifestations tend to occur later105. However, irAEs can develop at any time, even 

after discontinuation of treatment, and may wax and wane over time. It has been observed 

that in some cases the initial onset of irAEs has been as long as one year after ceasing 

treatment. While anti-PD1 or anti-PDL1 therapy can be used for months and even years, most 

studies have indicated that extended treatment does not result in a higher cumulative 

incidence of irAEs106. 

 

Treatment related adverse events with CTLA4 inhibitor ipilimumab can arise at any point, but 

usually present around the third or fourth dose.  They are usually more common than in PD-1 

inhibitors, occurring in approximately 60%–85% of patients and tend to be more severe107,108. 

Toxicities directly correlate with ipilimumab dose and the incidence of grade 3 or higher is 

approximately 10%–27%109. With combination treatment (I+N), irAEs were observed in 95% 

of patients and in 55% of patients these were of grade 3 or higher67. The onset of grade 3-4 

toxicities may develop earlier in combination therapy for example skin toxicity can occur within 

24 hours of the first dose, however adverse events can also develop over a prolonged period 

of time109.  
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1.5.2 Organ specific toxicity and management 

Patients treated with anti-CTLA-4 therapy experience a spectrum of irAEs that differ from 

those treated with anti-PD-1 agents66,110. For example, colitis and hypophysitis are more 

commonly observed with anti-CTLA-4 therapy, whereas pneumonitis and thyroiditis are more 

prevalent with anti-PD-1 therapy111,112,113,114. The reason behind the differences in organ 

specific toxicities observed with each of these agents remains to be fully elucidated. However, 

cases of hypophysitis report the presence of CTLA-4 on normal pituitary cells, potentially 

facilitating the toxicity of anti-CTLA-4 therapy115,116. Whereas, thyroid disorders develop in 

patients on anti-PD-1 therapy when anti-thyroid antibodies are present either pre-treatment or 

become detectable after commencing treatment. It has been postulated that in addition to T 

cell mediated immunity, anti-PD-1 or anti-PDL-1 therapies also regulate humoral immunity, 

thus enhancing pre-existing anti-thyroid antibodies114. PD-1 may also be associated with 

preserving self-tolerance, the mechanism that enables the immune system to recognise self-

produced antigens as non-threatening and preventing attack117. Cytokines have also been 

implicated in the pathophysiology of irAEs, one study identified increased levels of IL-17 in 

patients with colitis secondary to ipilimumab118. Anti-IL-17 drugs are currently used to treat 

auto-immune conditions such as psoriasis and ankylosing spondylitis. Reports suggest IL-17 

could also be an actionable target for treating ICB induced irAEs such as colitis and 

dermatologic toxicities118,119. To date, the immune biology of ICB associated irAEs has not 

been fully understood, thus limiting treatment options to broadly immunosuppressive 

strategies.  

Initiation of steroid treatment counteracts lymphocyte activation, resulting in regression of 

irAEs and is the mainstay of management of toxicity120. However, it is important to consider 

whether the immunosuppression associated with steroids and/or steroid sparing agents may 

reduce the anti-tumour efficacy of ICB. There are no prospective studies testing 

immunosuppressive strategies to address this, however retrospective studies have indicated 

that overall, outcomes were not inferior for patients who received immune-modulatory agents 

to manage checkpoint inhibitor-related toxicities when compared to outcomes for patients who 

did not receive immunosuppressive agents for irAEs121,122. In the majority of patients, response 

and durability of response was not adversely affected. There could be distinct exceptions to 

this, possibly associated specifically with the type of immunosuppressive treatment used123.. 

As the number of patients treated with ICB grows and the volume of real-world data increases, 

the aetiology and characterisation of immunotherapy related toxicities will become clearer, 

and management more targeted and effective. Since adverse events may occur late, even 
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after discontinuing active treatment, and there is a potential for long-term chronic 

complications, constant vigilance and early recognition and treatment of irAEs is paramount. 

 

1.5.3 Toxicity and efficacy of ICB 

Some studies propose that patients with irAEs have higher response rates than those patients 

who do not experience toxicity, however this is yet to be fully validated124, 125. In a large, 

retrospective study of ipilimumab, treatment outcomes were similar in patients with and 

without irAEs, suggesting that there is no association between irAE onset and anti-CTLA-4 

efficacy121. In contrast, across disease sites, the onset of irAEs is predictive of anti-PD-1 

response, with improved clinical outcomes as measured by ORR, PFS and OS126,127,128. 

However, the overall impression is that toxicity is not required to yield benefit from immune 

checkpoint inhibitors. A recent study of over 1000 patients with metastatic melanoma that 

received anti-PD1 monotherapy with pembrolizumab observed no significant association of 

irAEs with improved PFS or OS129. It is proposed that specific irAEs are more directly linked 

to anti-tumour response than others. For example, multiple studies involving melanoma 

patients have shown links between vitiligo and positive clinical outcomes130,131. As vitiligo is a 

side effect that is directly related to antigen specific immunity, it may be more strongly 

correlated with anti-tumour efficacy than other irAEs. 

 
 

1.5.4 Biomarkers of toxicity  

Several biomarkers have been identified as potentially predictive of irAEs, however, none 

have been prospectively validated. The candidate nonspecific and organ specific predictive 

and early on treatment biomarkers of irAEs that have been described in studies of melanoma 

and other tumour types are shown in Table 1.5 and Table 1.6 respectively. There has been 

limited progress on research into biomarkers of irAEs and the field remains in relative infancy. 

Biomarkers are not used routinely for clinical diagnosis or treatment of toxicity and their high 

costs are likely to limit clinical utility. Although ICB have transformed the treatment landscape 

for patients with advanced melanoma, only 15-60% respond, leaving a significant number of 

patients who do not derive benefit but risk exposure to potentially life-threatening toxicity132. 

Thus, development of measurable and cost-effective biomarkers of irAEs and identification of 

biomarkers to optimise identification of patients who will benefit from ICB is vital to 

personalising patient management in a clinically meaningful way.  
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Table 1.5: Non-specific biomarkers of irAEs (adapted from Jia et al133). 
 

Biomarker Tumour type Treatment Number of 
patients in 
study 

Correlation between 
biomarker and irAE 

CRP Melanoma Anti-PD-1 
Anti-CTLA-4 
 

37 Raised CRP at the onset of irAE 
predictive: CRP rise in 93% of 
patients to a mean of 52.7 mg/L 
from 8.4 mg/L at baseline (P < 
0.0001) in the absence of 
infection134.  

IL-6 Melanoma Anti-CTLA-4 
 

140 Low baseline IL6 serum levels 
were significantly and 
independently associated with 
higher risk of development of 
irAEs135. 

Blood cell 
count  

Melanoma Anti-PD-1 
 

101 Increase in white blood cell 
count (WCC) and  decrease of 
relative lymphocyte counts 
correlated with incidence of 
grade 3–4 irAEs136. 

Blood count Lung, 
melanoma, 
renal, 
urothelial, 
head and 
neck, merkel 
cell, colon 

Anti-PD-1 
 

167 Elevated baseline and rise in 
absolute lymphocyte count 
(ALC) following treatment 
initiation were associated with 
development of irAEs137.  

Cytokines Lung, Renal, 
Melanoma, 
bladder, liver, 
head and 
neck 

Anti-PD-1/L1 
Anti-CTLA-4 
 

65 Lower levels of CXCL9, 
CXCL10, CXCL11 and CXCL19 
at baseline and increases in 
CXCL9 and CXCL10 levels post 
treatment correlated with the 
development of irAEs138.   

Cytokines Melanoma Anti-PD-1 
Anti-CTLA-4 
 

98 Baseline and early on treatment 
cytokines, including G-CSF, 
GMCSF, Fractalkine, FGF-2, 
IFN-2, IL-12p70, IL-1a, IL-3 1B, 
IL-1RA, IL-2, IL-13, were 
significantly upregulated in 
patients with severe irAEs139.  

TMB 19 different 
solid tumours 

Anti-PD-1 16,397 Significant correlation between 
high TMB and development of 
irAEs140.  

Soluble 
CTLA-4 

Melanoma Anti-CTLA-4 
 

113 Higher baseline soluble CTLA-4 
levels were associated with the 
onset of any irAEs141. 
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Table 1.6: Organ specific biomarkers of irAEs (adapted from Jia et al133). 

 
IrAE Biomarker Tumour type Treatment Number 

of 
patients 
in study 

Correlation 
between 
biomarker and 
irAE 

Gastrointestinal Gut microbiome Melanoma Anti-CTLA-4 26 Baseline stool 
samples enriched 
with 
Faecalibacterium 
and other 
Firmicutes were 
more likely to 
develop immune-
related colitis142.  

Gastrointestinal CD177 and 
CEACAM1 
 

Melanoma Anti-CTLA-4 
 

162 Gene expression 
profiling (GEP) of 
whole blood 
identified high 
expression of 
CD177 and 
CEACAM1 at 
baseline and early 
on treatment in 
patients that 
develop GI 
toxicity143.  

Gastrointestinal mRNA 
expression 
(CCL3, CCR3, IL-
5, IL-8 and 
PTGS2) 
 

Melanoma Anti-CTLA-4 
 

210 Peripheral blood 
gene expression 
signature (mainly 
CCL3, CCR3, IL-5, 
IL-8 and PTGS2) 
was predictive of 
immune-related 
diarrhoea 
(particularly grade 
2–4)144.  

Gastrointestinal IL-17 
 

Melanoma Anti-CTLA-4 
 

35 Upregulation of IL-
17 level at baseline 
and 6 weeks after 
treatment identified 
a correlation with 
grade 3 
diarrhoea/colitis118. 

Gastrointestinal 
 

HLA allele 
 

Melanoma 
NSCLC 

Anti-PD-1 
Anti-CTLA-4 
 

102 Association 
between HLA type 
II variant HLA-dqb1 
* 03:01 and 
immune-related 
colitis145. 

Lung 
Pneumonitis 

CD74 Bladder, 
prostate 

Anti-CTLA-4  
Anti-PD-1 
 

8 Development of 
immune mediated 
pneumonitis 
correlated with 
raised plasma 
levels of CD74 
following ICB 
therapy146.  
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Endocrine 
Thyroid 

Peripheral blood 
rheumatoid factor 
(RF), antinuclear 
antibody (ANA), 
anti-thyroglobulin 
(TG) and anti-
thyroid 
peroxidase (TPO) 
 

NSCLC Anti-PD-1 137 Pre-existing 
antibodies 
associated with 
clinical benefit and 
with the 
development of 
irAEs. Patients with 
positive RF are 
more likely to 
develop dermal 
irAEs, and thyroid 
dysfunction is more 
common in 
patients with 
positive TPO Ab147.  

Endocrine 
Hypophysitis 

guanine 
nucleotide-
binding protein 
G(olf) subunit 
alpha (anti-
GNAL) and 
integral 
membrane 
protein 2B (anti-
ITM2B) 
autoantibodies 
 

Melanoma 
Prostate 
Renal cell 

ICB 
 

9 Elevated anti-
GNAL 
autoantibody both 
baseline and on-
treatment marker 
for irAE 
hypophysitis. 
Elevated anti-
ITM2B 
autoantibody on-
treatment marker 
for irAE 
hypophysitis146. 

Skin HLA alleles Melanoma 
NSCLC 

Anti-PD-1 
Anti-CTLA-4 
 

102 HLA- drb1 *11:01 
correlated with 
itching145.  

Skin IL-17 Melanoma Anti-PD-1 1 Psoriasiform 
dermatologic irAE 
resolved after 
treatment with 
systemic IL-17A 
blockade119. 
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1.6 Refining and personalising the approach to melanoma immunotherapy  

 

Traditional prognostic biomarkers in melanoma are based on immunohistochemical markers 

such as mitotic rate and rate of proliferation measured by Ki-67 expression, pathological 

markers such as Breslow thickness (measure of distance between upper layer of epidermis 

and deepest point of tumour penetration), presence or absence of ulceration and serological 

markers such as LDH148.  For ICB in metastatic melanoma, there is an estimated 5-year 

survival rate of 52% with combination PD-1 and CTLA-4 inhibitors and 44% with PD-1 

monotherapy56. Although the combination appears to be superior to monotherapy, the higher 

response rates (58% vs 44%) and improved survival rates are at the expense of significant 

toxicity (grade 3 and 4: 55% vs 16%)67. Therefore, there is a need to identify the patients that 

will benefit from single agent therapy, those that require the combination approach and those 

that will not respond to either and require a different treatment approach. Additionally, 

development of novel treatment strategies and improved prediction of toxicity will be key to 

improving patient outcomes. Thus, the focus has shifted to improving patient stratification, 

refining treatment regimens and personalising therapy.   

 

As our understanding of melanoma biology and the interactions between tumour and immune 

system improves, there has been a shift towards a more individualised approach to the 

management of patients one which utilises a more tailored approach to enhance patient care 

and improve clinical outcomes. As such, molecular testing has facilitated the identification of 

genetic mutations that confer sensitivity of cancer cells to targeted therapies. In this setting, 

the biomarker is characterised by a binary outcome, i.e. mutation present or absent and is 

highly predictive of response to treatment. The advent of immunotherapy has led to new 

challenges to this approach. The durable responses described above tend to be observed 

only in a small population of patients. Understanding what renders some responsive and 

others resistant is key to improving patient outcomes. This clinically evident disparity in 

response to ICB combined with the increasing cost of these drugs has prompted the pursuit 

of response biomarkers. Thus far, currently available predictive biomarkers that have been 

identified as potential indicators of response to ICB are lacking precision, so they are more 

nuanced in their application and are not binary in nature.  
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1.7 Peripheral blood biomarkers  

 

Tumour tissue is highly sought after for biomarker identification and analysis, due to the 

importance of the TME. However, access to tumour samples can be challenging for several 

reasons, including difficulty accessing lesions and heterogeneity of the biopsy site. Tumour 

biopsies are invasive, associated with increased risk of adverse events and impractical when 

considering multiple longitudinal tumour sampling. Thus, from a practical perspective the 

ability to use minimally invasive, easily reproducible liquid biopsy is vital for the development 

of biomarkers with clinical utility.  

 
Recently, circulating biomarkers in peripheral blood have come to the forefront as a potentially 

valuable platform for assessing therapeutic responses and predicting early relapse in 

melanoma. Those linked with early on treatment changes may help guide when to continue 

or switch treatment regime and the feasibility of longitudinal sampling makes liquid biopsy an 

attractive prospect. However, at present there are no validated circulating biomarkers in 

clinical use, although, a number of potential markers have been proposed as predictive of 

response to ICB in melanoma patients.  

 
 

1.7.1 Peripheral blood markers 

Raised levels of circulating LDH, C-reactive protein (CRP), S100 protein and protein vascular 

endothelial growth factor (VEGF), have been linked with clinical outcomes for melanoma 

patients treated with ICB149,150,151,152. In particular, serum LDH has been identified as 

prognostic in pivotal melanoma clinical trials56,153 and changes in LDH on ICB are likely a 

surrogate marker for response or progression154.  

 

Elevated baseline levels of serum LDH have been associated with worse OS in melanoma 

patients treated with ICB. Baseline serum LDH  twice the upper limit of normal (ULN) in 166 

patients treated with ipilimumab was associated with decreased OS and limited long-term 

benefit from treatment155. These findings were validated in an independent cohort of 64 

patients. Disease control and survival were found to be significantly associated with 

decreasing levels of serum LDH and CRP between baseline and end of treatment, at week 12 

in another study of 95 patients treated with ipilimumab156. The association between serum 

LDH level, OS and response to ICB was confirmed in a subsequent study. Anti-PD1 treated 

metastatic melanoma patients with an elevated baseline LDH who had a partial response to 

treatment had a mean reduction of 27.3% in their serum LDH in contrast to patients with 
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disease progression who had a mean increase of 39% in serum LDH. Those patients with a 

relative increase 10% from elevated baseline LDH had a significantly shorter OS compared 

with patients with ⩽ 10% change.  (4.3 vs 15.7 months, p<0.00623)157. 

 

In melanoma patients receiving ipilimumab, raised serum S100B at baseline in addition to 

week 3 and week 6 on treatment correlated with poor OS. Furthermore, S100B levels 

increased 12 weeks after starting ipilimumab in patients who progressed following 

treatment158,159. Although S100B levels were associated with improved PFS and melanoma-

specific survival, there was not a significant correlation with overall response160. 

 

A further retrospective analysis of S100B and LDH serum levels was assessed in 152 

melanoma patients treated with anti-PD-1 monotherapy and 86 patients treated with 

combination anti-PD1 plus anti-CTLA-4 therapy. In the monotherapy group, high baseline 

S100B or LDH correlated with poor OS compared to those with normal S100B (1-year OS: 

51.1% vs 83.1%, p< 0.0001) and normal LDH (1-year OS: 44.4% vs 80.8%, p=0.00022) 

respectively. An LDH rise >25% and S100B rise of >145% from baseline correlated with worse 

OS (p < 0.0001). In patients treated with combination therapy, baseline LDH, baseline S100B 

and rising S100B levels of >145% were associated with worse OS (p=0.005, p< 0.0001 and 

p=0.0006, respectively), however LDH rise >25% was not (p=0.64)161. Baseline S100B levels 

may act as a prognostic marker in melanoma patients receiving anti-PD-1 monotherapy. 

Additionally, increasing S100B levels on treatment may reflect patients that require earlier 

response assessment imaging.  

 

Analysis of peripheral blood from 176 melanoma patients treated with ipilimumab revealed 

that baseline VEGF  43 pg/mL correlated with decreased survival rates162. Another potential 

marker for both baseline and early on treatment changes is angiopoietin-2 which is a vascular 

growth factor known to be pro-tumour and pro-angiogenesis. Angiopoietin-2 is an immune 

modulator involved in resistance to anti-VEGF therapies163. Elevated baseline levels of 

circulating angiopoietin-2 were found to be associated with decreased OS in metastatic 

melanoma patients treated with ipilimumab monotherapy or ipilimumab in combination with 

anti-VEGF agent Bevacizumab (10.9 vs 19.3 months, p=0.0125). Raised angiopoietin-2 levels 

3 months post treatment initiation with ipilimumab were also linked to worse OS, (p=0.019). 

Similarly, in metastatic melanoma patients treated with anti-PD-1 therapy, elevated baseline 

levels of angiopoietin-2 were associated with decreased OS (p=0.004), and raised 

angiopoietin-2 at 3 months correlated with reduced response rates, (p=0.002)164.  
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Lymphocytes are the most commonly investigated peripheral blood component when 

evaluating potential predictors of immunotherapy response. Initial lymphopenia and 

subsequent rebound lymphocytosis is a known haematological side effect of interleukin-2 (IL-

2) therapy. One study identified a significant association between clinical response and extent 

of lymphocytosis in metastatic melanoma patients immediately after treatment with IL-2165. 

Two studies investigating ALC have shown that a baseline ALC > 1000μL prior to commencing 

therapy and a rise in ALC after two doses of ipilimumab correlate with response166,167. 

Decreasing regulatory CD4+ FoxP3+ T cells and increasing ALC during treatment with 

ipilimumab were positively associated with response and improved survival in patients with 

metastatic melanoma156. This finding of increasing ALCs correlating with clinical response to 

ICB has also been noted in another prospective analysis168. However, a pooled analysis from 

several studies identified the rise in ALC among all treated patients irrespective of benefit169.  

 

Neutrophil to lymphocyte ratio (NLR) has also been examined as a predictor of response to 

ICB in melanoma. One study identified that a decrease in NLR was associated with improved 

survival in 27 advanced melanoma patients treated with ipilimumab170. Conversely, another 

study of 720 advanced melanoma patients found that those with both baseline absolute 

neutrophil counts (ANC) ≥ 7500 and NLR ≥ 3 had a significantly increased risk of death and 

disease progression171.  

 

Myeloid derived suppressor cells (MDSCs), a heterogeneic immunoregulatory population of 

monocytic cells have also been investigated in peripheral blood as predictors of response to 

ICB therapy. Using flowcytometry, it has been noted that melanoma patients with a higher 

circulating level of MDSCs during the first 6 months of ICB treatment have a poorer prognosis, 

whereas those with lower baseline MDSC counts have improved clinical outcomes172,173. A 

further study confirmed a baseline low frequency of MDSCs in melanoma patients treated with 

ICB was associated with the highest probability of long-term survival174. This study proposed 

a baseline peripheral blood signature of low LDH and absolute monocyte count in combination 

with elevation in both lymphocyte and eosinophil counts and high levels of regulatory T cells 

to correlate with improved clinical outcomes, thus highlighting the potential need for monitoring 

multiple dynamic cell populations to attain predictive power.  
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1.7.2 MicroRNA  

Micro RNAs (MiRNAs) are another emerging class of non-invasive biomarker of disease and 

therapy response175,176,177. MiRNAs are released dynamically into the circulation from dying 

tumour cells. One group were the first to report the presence of circulating miRNA-21 as 

predictive of response to ICB178. Subsequent studies have investigated this further with larger 

miRNA panels. Notably, one study of metastatic melanoma patients, identified several 

miRNAs in the circulation as predictive of resistance to ICB therapy and poor survival179.  

 

 

1.7.3 Exosomes  

It has been shown that PD-L1 expression correlates with both response and survival rates180. 

However, PD-L1 expression as a biomarker of response to ICB has not been translated into 

the clinic for several reasons. Firstly, PD-L1 expression within tumours displays significant 

heterogeneity. This is because PD-L1 expression is a dynamic process, influenced by therapy 

and inflammation, thus levels of expression can vary181. Furthermore, there remains disparity 

in the antibodies used for immunohistochemical analyses of PD-L1, which requires 

optimisation to standardise the approach. The optimal level of PD-L1 expression level also 

remains ambiguous, as some patients deemed PD-L1 negative have responded to anti-PD-1 

therapy182.  

 

This has prompted the study of plasma levels of PD-L1 and their correlation with treatment 

responses. A novel class of biomarker is represented by exosomes which are micro-vesicles 

actively released from tumours into the circulation. Exosomes released into the circulation 

from metastatic melanoma patient tumours carry PD-L1 on their surface.  Lower baseline 

levels and increases in circulating exosomal PD-L1 during treatment positively correlates with 

response to pembrolizumab183. However, in another study of melanoma patients treated with 

anti-PD1 monotherapy, expression of PD-L1 mRNA in the exosomes was higher at baseline 

and significantly reduced following treatment in responding patients, remained stable in 

patients with stable disease and increased in patients with disease progression184. Thus, the 

information gained on response to ICB from transcripts of exosomal PD-L1 may be conflicting 

with that from direct measurement of PD-L1 proteins within circulating exosomes. Therefore, 

large prospective studies are required for validation.  
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1.7.4 Circulating tumour cells 

In a prospective study aiming to utilise blood-based monitoring to measure treatment 

response, peripheral blood samples were collected from 29 metastatic melanoma patients 

prior to and during ICB therapy. Longitudinal digital measurements of circulating tumour cells 

(CTCs) score using a quantitative 19-gene digital RNA signature was observed as predictive 

of clinical outcome. Those with a high number of CTCs had a significantly higher risk of 

relapse, whereas those with stable or a reducing number of CTCs had better OS. In addition, 

a decrease in CTC score within 7 weeks of treatment was associated with significant longer 

PFS and OS. Thus, the ability to serially sample CTCs using a minimally invasive approach 

during the course of ICB therapy may enable early assessment of response and 

progression185. More recently, CTCs were identified in peripheral blood from 52 patients with 

metastatic melanoma receiving ICB therapy. High numbers of CTCs correlated with raised 

LDH levels. This information was used to stratify patients as low-risk or high-risk and those 

defined as high-risk had worse disease-free survival (DFS) and OS. In addition, serial 

monitoring of CTCs enabled identification of subclinical disease in patients who went on to 

develop disease progression186. The lack of standardisation and the variety of methodologies 

used for CTC isolation has hampered the ability to implement analysis into prospective clinical 

trials to facilitate study of their prognostic and predictive applications in melanoma. Thus, there 

is a need to standardise protocols for CTC enrichment, detection, and quantification.  

 

1.7.5 Circulating tumour DNA and cell free DNA 

Circulating tumour DNA (ctDNA) is an emerging minimally invasive “liquid biopsy” that can be 

used to monitor patients, facilitating a more dynamic approach to identification of treatment 

response and relapse, thus informing early therapeutic decision making187.  Cell free DNA 

(cfDNA) is DNA that is freely circulating in the blood stream. CfDNA can be found in the blood 

stream of healthy subjects and the concentration can range between 0-100ng/mL188. However, 

in the setting of cancer, the levels of cfDNA are significantly higher ranging between 0-

1000ng/mL which may indicate underlying disease189. CtDNA is shed directly from the tumour 

into the peripheral circulation, therefore contributing to the total cfDNA in the blood. The 

mechanisms underpinning the release of cfDNA into the circulation have not been fully 

elucidated, although it is thought to be either a passive byproduct of cell death (i.e. necrosis, 

apoptosis) or as a result of active secretion from macrophages following cell phagocytosis190.  

In cancer patients, up to 1% of total circulating DNA is ctDNA originating from tumour cells191.  

Tumour-specific mutations such as BRAF and NRAS that can be tracked in circulation using 
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ctDNA have been proposed as a biomarker of disease status and for monitoring of 

immunotherapy response in advanced melanoma192.  

 

An illustrative study of 7 cases has suggested that BRAF/NRAS ctDNA monitoring of 

melanoma patients during anti-PD1 therapy can be utilised to monitor clinical benefit193. These 

findings are supported by a larger multi-institutional retrospective study of 229 melanoma 

patients194. To assess how TMB and ctDNA can be used to estimate response to ICB in 

metastatic melanoma a prospective study of 35 patients treated with combination I+N was 

undertaken. A panel of 710 tumour-associated genes was used to calculate TMB in liquid 

biopsies before and during treatment. TMB obtained from ctDNA prior to commencing therapy 

was significantly higher in responders compared to non-responders. In addition, undetectable 

ctDNA 3 weeks after treatment initiation was associated with clinical response and longer 

OS195.  

 
The predictive power of ctDNA as a response marker to ICB therapy has been evaluated in 

another prospective study of 85 advanced melanoma patients receiving anti-PD1 therapy. 

Those with undetectable ctDNA pre-treatment had longer PFS and OS compared to patients 

with detectable ctDNA. Furthermore, ctDNA levels also accurately reflected tumour burden196. 

Another study exploring the clinical utility of cfDNA as a surrogate biomarker for tumour burden 

in 38 metastatic melanoma patients supports these findings189. Moreover, another group 

prospectively confirmed ctDNA level correlated with clinical and radiologic outcomes in 

advanced melanoma197.   

 

Similarly, a further prospective analysis of 40 metastatic melanoma patients harbouring 

BRAFV600E/K or NRASQ61/G12/G13 mutations established the role of longitudinal ctDNA monitoring 

in predicting response to ICB (anti-PD1 monotherapy or in combination with ipilimumab) and 

clinical outcome. Patients with higher pre-treatment ctDNA levels that remained persistently 

elevated on treatment had a poorer prognosis with shorter PFS and OS. Undetectable ctDNA 

at baseline or within 8 weeks from treatment initiation was an independent predictor of 

response and improved survival198. These findings were confirmed in an independent 

validation cohort of 29 patients198.  

 
More recently, a prospective phase II clinical trial, INSPIRE (NCT02644369) was undertaken 

to assess the clinical utility of ctDNA as a prognostic and predictive biomarker in 5 different 

tumour types including melanoma. Patients were treated with anti-PD1 Pembrolizumab and 

ctDNA was measured prior to and serially on treatment. Those with better prognosis were 
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identified by early reduction in ctDNA following 2 cycles of pembrolizumab and on-treatment 

ctDNA clearance, independent of tumour type, TMB or PDL-1 status199.  

 

Monitoring response to treatment is essential to determine clinical benefit. Longitudinal 

tracking of BRAF or NRAS mutations in ctDNA identified that a decrease in ctDNA levels 2-4 

weeks following the initial dose of nivolumab accurately predicted response to therapy in 

advanced melanoma. Whereas, ctDNA levels increased within 2–4 weeks in patients with 

uncontrolled disease. Furthermore, ctDNA level was a superior indicator of treatment 

response and the emergence of therapy resistance compared to serum LDH level which lacks 

sensitivity and specificity200. A patient with metastatic KIT mutant vaginal mucosal melanoma 

that was not amenable to tissue biopsy received sequential targeted, immuno- and 

chemotherapy. Longitudinal analysis of cfDNA enabled monitoring of the patient’s response 

to therapy and identified the presence of two tumour subclones that responded differently to 

treatment. Furthermore, cfDNA analysis anticipated response to therapy and progression 

several weeks prior to radiological confirmation201. 

 
Interestingly a recent study seeking to evaluate the predictive value of pre-treatment ctDNA 

relative to line of therapy in advanced melanoma found that in patients receiving first line ICB, 

baseline ctDNA was a strong predictor of clinical outcome, with longer PFS202. This was 

confirmed in both a discovery cohort of 125 patients and an external validation cohort of 128 

patients. In contrast, the predictive value of ctDNA was not maintained in the second line ICB 

therapy setting, thus highlighting the potential limitation of pre-treatment ctDNA as a predictive 

biomarker in the second line setting202.  

 

Altogether these studies demonstrate that ctDNA is a novel minimally invasive strategy to 

assess response to immunotherapy both at baseline and on treatment and predict long-term 

survival in advanced melanoma. However, the clinical utility of ctDNA as a biomarker in the 

metastatic setting remains uncertain. The applicability of ctDNA is currently limited to specific 

research indications and clinical trials and future interventional studies are required to 

establish whether ctDNA can be used to guide clinical decision making.  

 

Figure 1.5 depicts the main candidate non-immune based circulating biomarkers predictive 

of response to ICB in melanoma described within the literature and discussed within this 

section.  
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Figure 1.5 Circulating biomarkers predictive of response to ICB in melanoma 
Radial chart of the main candidate non-immune based circulating biomarkers predictive of 
response to ICB in melanoma. 
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1.7.5.1 Clinical application ctDNA in the post-operative early stage melanoma setting 
 
1.7.5.1.1 Stratification of high-risk patients 

 
Two recent studies, in resected stage III disease, have shown that melanoma patients with 

detectable ctDNA following surgery have a poorer prognosis203,204, thus highlighting its 

potential utility as an additional means of patient stratification. The presence of ctDNA enables 

identification of a subgroup of patients at high risk of early relapse and inferior survival. The 

addition of ctDNA to routine clinical practice would facilitate stratification of patients to adjuvant 

regimens associated with increased risk of toxicity, but greater potential for efficacy. When 

taken at a single time point following surgery, the detection of ctDNA can provide additional 

‘personalised’ information in addition to current AJCC staging, by informing on individual 

specific prognosis. This information would facilitate discussion with patients regarding their 

own specific risks and benefits of adjuvant therapy. Detectable ctDNA would suggest that the 

patient is more likely to require further treatment as surgery alone has not completely cleared 

their disease and they are at higher risk of relapse. However, there is no current data to 

support ctDNA as a predictive biomarker for a particular therapy in this setting. Further 

research is required to assess post-operative baseline ctDNA detection and response to 

adjuvant therapy.  

 

1.7.5.1.2 Monitoring for molecular relapse 

 
CtDNA is a valuable surveillance strategy for early relapse of disease.  Based on current data, 

it is unlikely that one time point to sample for ctDNA following surgery is enough to identify all 

patients that are going to relapse205. Longitudinal sampling to monitor ctDNA, on treatment or 

during clinical follow up has been shown to identify micro-metastatic relapse, not visible on 

radiological imaging in several cancer types in the adjuvant setting205,206,207. These studies 

provide proof of principle that longitudinal monitoring of ctDNA can identify relapse early. The 

recent funding of a large multi-centre phase III clinical trial, DETECTION (NCT04901988) 

reflects the shift towards early detection and treatment to prevent the development of 

metastatic disease. The primary aim is to assess whether outcomes can be improved in stage 

II resected melanoma using longitudinal ctDNA monitoring to evaluate whether early diagnosis 

and treatment of molecular relapse with immunotherapy improves survival.  
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1.7.5.1.3 Monitoring response to adjuvant treatment 

 

Carrying out longitudinal ctDNA surveillance will enable monitoring of treatment response to 

adjuvant immunotherapy and early identification of treatment failure. There is limited data 

regarding the use of ctDNA to monitor response to adjuvant therapy. However, the ability to  

monitor response to therapy in the stage IV setting has been well documented208,209. 
 

 

1.8 Peripheral immune-based biomarkers 
 

The proficiency of the peripheral immune system has been identified in several studies as 

playing an important role in guiding treatment decisions. At present, there are no peripheral 

immune based biomarkers validated for use in oncology practice and significant hurdles 

remain in bridging the gap between identification of immune signatures correlating with 

response and prospectively validated predictive biomarker selection210. Studies of ICB have 

identified that the evaluation of peripheral blood prior to and on treatment offers insight into 

patients’ immune characteristics and how these relate to response to treatment.  

 

1.8.1 Peripheral T cells  

Analysis of peripheral blood mononuclear cells (PBMCs) at baseline and longitudinally during 

ICB with ipilimumab in 137 metastatic melanoma patients identified that proportions of 

baseline naïve and memory T-cells correlated with OS. Baseline levels of CD8 effector-

memory type 1 (EM1) T-cells >13% correlated with longer OS and better response rates 

(p=0.01), whereas high baseline levels of late stage-differentiated effector memory CD8 cells 

were associated with poor OS, but did not correlate with clinical response. This suggests that 

CD8 EM1 cells may represent surrogate predictive marker candidates and warrant further 

validation211.  

 
In a prospective study of pre-treatment PBMCs from 30 patients with advanced melanoma 

due to commence ICB therapy, it was noted that pre-treatment levels of CD45RO+CD8+ T 

cells varied significantly between patients. Baseline levels of CD45RO+CD8+ T-cell were found 

to be associated with response. Patients with normal baseline levels of CD45RO+CD8+ T cells 

had improved OS with ipilimumab212. 

 

PBMCs from 29 patients with metastatic melanoma were taken pre and post treatment with 

pembrolizumab to examine the utility of immune profiling of peripheral blood. Changes in 
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circulating exhausted-phenotype CD8+ T cells (Tex cells) were examined. Response was 

assessed in relation to the magnitude of change in Tex cells after pembrolizumab and adjusted 

for baseline tumour burden. Imbalance between T cell reinvigoration and tumour burden were 

associated with non-response. Lower pre-treatment tumour burden and higher magnitude 

change in Tex cell reinvigoration correlated with improved PFS. Thus, inferring Tex cell 

reinvigoration to tumour burden ratio can reliably distinguish clinical outcomes and predict 

response213. 

 

A subsequent pooled analysis of PBMCs from 190 melanoma patients with unresectable 

disease identified high levels of PD-L1 (and not CTLA-4) on peripheral blood CD4+ and 

CD8+ T cells predicted resistance to ipilimumab, whereas CD137 expression on circulating 

CD8+ T cells following lymph node or metastatic lesion resection in stage IIIc and IV 

melanoma was predictive of longer PFS for combination anti-CTLA-4 + anti-PD1 blockade with 

I+N214.  

 

A small prospective study, investigating response to anti-PD-1 monotherapy in advanced 

melanoma identified a subset of circulating central memory CD4+ T cells harbouring the 

CD27+FAS-CD45RA-CCR7+ phenotype as predictive of long-term survival. This subset of T 

cells expanded in a higher proportion in responders compared to non-responders to ICB when 

PBMCs were sampled 6-13 weeks following therapy initiation. These findings were validated 

in a separate patient cohort215.  

 

In another recent study, looking at cell-surface markers on host immune cells, high-

dimensional single-cell mass cytometry was utilised to characterise immune cell subsets in 

the peripheral blood of metastatic melanoma patients before and after 12 weeks of anti-PD-1 

immunotherapy. During therapy, a reduction in number of CD4+ and CD8+ peripheral T cells 

was observed in responders compared to non-responders. This was thought to be due to their 

enhanced ability to migrate to the tumour site. Pre-treatment, they found that the strongest 

predictor of progression-free and overall survival was the presence of CD14+CD16−HLA-

DRhi monocytes in patients that responded to ICB216. Similarly, a separate study identified an 

ALC increase 2-8 weeks after initiation of ipilimumab and increases in circulating CD4+ and 

CD8+ T cells 8-14 weeks after first dose of ipilimumab correlated with improved survival in 

metastatic melanoma patients217.  

 

In another study utilising mass cytometry, expression of co-stimulatory molecules on 

peripheral T cells was investigated in 67 melanoma patients, where high pre-treatment 

frequency of CD4+ and CD8+ memory T cell subsets were a potential marker for response to 
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anti-CTLA-4 therapy, whereas a higher incidence of distinct NK cell subsets was associated 

with response to anti-PD1 therapy218.  

 

 

1.8.2  T cell receptor on peripheral T cells 

T cell diversity is known to play a role in the development of tumour responses in patients 

receiving ICB therapy. A comparison of melanoma patients PBMCs at baseline and 30-60 

days after treatment with anti-CTLA4 agent tremelimumab was undertaken to study the 

changes in peripheral T cell clonality and diversity. Deep sequencing of the TCR Vβ CDR3 

region revealed that 19 out of 21 patients had a median increase of 30% in unique productive 

sequences of TCR V-beta CDR3. These changes were significant for diversity (p = 0.04) and 

richness (p = 0.01). The expansion of the number of TCR V-beta CDR3 sequences reflects a 

larger T-cell diversity following treatment. There was no significant difference between clinical 

responders and non-responders. However, PBMCs collected longitudinally over a 12-month 

period from healthy donors did not show any change in TCR V-beta CDR3 diversity, thus 

highlighting the pharmacodynamic effect of ICB therapy in relation to modulation of the 

immune system219.  

 

Another study assessing changes in TCR repertoire pre-treatment and at 4 weeks on anti-

CTLA-4 therapy in 21 melanoma patients confirmed that treatment increased peripheral TCR 

diversity. This was reflected by a higher number of new TCR clonotypes and reduced loss of 

existing clonotypes when compared with healthy donors. The number of clonotypes that 

increased with treatment was not associated with clinical outcome. This is in keeping with the 

findings from the parallel study described above. However, improved OS was associated with 

maintenance of the most abundant clones which were present at baseline. Although, patients 

who survived longer exhibited less clonotypic changes over time and maintained the most 

abundant clones which were present at baseline, whereas patients with shorter OS had a 

decrease in the most abundant clones with treatment.  These results suggest that CTLA-4 

blockade induces T cell repertoire evolution and diversification and that responders at baseline 

may possess pre-existing peripheral T cells relevant for the anti-tumour immune response220. 

These studies suggest that an increase in diversity of the TCR is associated with improved 

clinical outcomes in cancer immunotherapy. However, the relevance of TCR repertoire as a 

predictive biomarker for response to ICB therapy requires further exploration.  

 

One group analysed the pre-treatment peripheral TCR repertoire of 12 patients (4 responders 

and 8 non-responders), with advanced melanoma due to commence ipilimumab, to assess 
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the richness (observed V-J rearrangements) and evenness (similarity between the 

frequencies of specific V-J rearrangements) of the TCR repertoire. It was observed that low 

richness or evenness of the TCR repertoire significantly correlated with a lack of response to 

treatment, meaning that a less diverse or more clonal TCR repertoire is predictive of non-

response to therapy. There were no significant differences in terms of overall survival. The 

small sample size and retrospective nature of this study limits its utility and further prospective 

larger scale studies of peripheral TCR repertoire will be important when seeking to optimise 

clinical outcomes with ICB221.  

 

Consistent with these findings, a further retrospective study of metastatic melanoma patients 

treated with either ipilimumab or anti-PD1 agent pembrolizumab was undertaken with the aim 

to determine whether baseline TCR repertoire diversity could be used as a predictive 

biomarker of response to both anti-PD1 and anti-CTLA4 therapy. The results demonstrated 

that a more clonal (less diverse) repertoire was associated with a poor response to anti-CTLA4 

ipilimumab, but correlated with improved response and PFS in patients treated with anti-PD1 

therapy222. Conversely, in pancreatic ductal adenocarcinoma, low baseline diversity correlates 

with significantly longer survival after anti-PD1 therapy, but worse survival after anti-CTLA-4 

therapy223. In NSCLC there are also conflicting findings. Some studies have identified 

increased peripheral blood TCR diversity after anti-PD-1 treatment and significant overlap 

between TCR repertoires at pre and post treatment as correlating with better survival224,225, 

whereas others have shown that an increase in peripheral TCR clonality following ICB therapy 

is associated with longer PFS226.  

 

A study of 29 advanced bladder cancer patients treated with anti-PD-L1 agent atezolizumab 

identified that patients with a diverse repertoire of circulating T cells at baseline had a longer 

PFS and OS. Furthermore, expansion of tumour-associated TCR clones in the periphery 3 

weeks post treatment initiation was associated with clinical benefit. These findings suggest an 

important relationship between circulating and intratumoral immunity upon PD-L1 blockade227. 

TCR sequencing of tumour samples has enabled ICB therapy response to be predicted.  A 

higher baseline TCR clonality was observed in the tumours of melanoma patients that 

responded to pembrolizumab. On treatment samples from responders showed significantly 

more clonal expansion than non-responders228. Furthermore, a study of 24 patients with 

different solid malignancies treated with anti-PD-1 or anti-PD-L1 therapy revealed that patients 

with a radiological partial response to treatment had significantly increased peripheral TCR 

repertoire diversity compared to those with stable disease or progressive disease224.  
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These studies suggest that peripheral blood TCR repertoire could accurately guide the 

personalised approach to immuno-oncology, serving as a predictive biomarker of clinical 

response to ICB therapy. However, it is important to note that the discordant data suggest that 

TCR repertoire metrics may be associated with different outcomes dependent on the type of 

malignancy, mode of immune perturbation with either PD-1/PD-L1 or CTLA-4 agents, the type 

of sample analysed, peripheral T cells or TILs and if assessment is carried out on fresh or 

frozen clinical samples.  

 
Sequencing-based quantification of the TCR population offers a unique insight into the 

immune response. The significant diversity of the TCR repertoire poses a challenge when 

considering adequate capture and downstream analysis. This has led to the development of 

in-depth sequencing technologies. At present next generation sequencing based technologies 

are utilised for high-throughput analysis of the immune cell repertoire, however a gold 

standard method for the field had not yet been identified.  
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1.9 T cell biology 

1.9.1 T cell maturation 

All blood cells are derived from the pluripotent haemopoietic stem cells (HSC) present in the 

bone marrow and as depicted in Figure 1.6 these stem cells develop into multipotent 

progenitor cells which have the ability to differentiate into myeloid and lymphoid cells. Further 

differentiation of the lymphoid cells leads to the formation of a common lymphoid progenitor 

that can differentiate into T, B or NK cells229. T cells are a type of lymphocyte that play an 

important role in the adaptive immune system and the presence of a TCR on the surface of T 

cells distinguishes them from other lymphocytes.  

 
 
 

 
 
 
 
Figure 1.6 Differentiation of haematopoietic stem cells 
Schematic representation of haematopoiesis in which pluripotent stem and progenitor cells in 
the bone marrow divide and differentiate, to give rise to all blood cells. The multipotent stem 
cells differentiate into the lymphoid and myeloid progenitor lines. The lymphoid lineage 
differentiates in to NK, T and B cells. The myeloid lineage gives rise to platelets, white blood 
cells (eosinophil, basophil, monocyte and neutrophil) and red blood cells.  
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Although T cell development takes place in the bone marrow, they travel in the bloodstream 

to the thymus to mature. The thymus is made up of an outer cortex and an 

inner medulla region230. The developing progenitors within the thymus, also known as 

thymocytes, undergo a series of maturation steps that can be identified based on the 

expression of different cell surface markers.  The majority of cells in the thymus develop into 

ɑβ T cells, while approximately 4% become γδ T cells231. 

 

T cells can be either helper T cells or cytotoxic T cells based on whether they express CD4 

(helper) or CD8 (cytotoxic) glycoprotein. Immature T cells do not express either the CD4 or 

CD8 antigen and so are referred to as double-negative (DN) cells (CD4-CD8-). The DN 

population can be further sub-divided by the expression of CD44 (an adhesion molecule) and 

CD25 (Interleukin-2 receptor α chain) into 4 stages, DN1-DN4232. Figure 1.7 shows the 

expression of these markers at each stage.  

 

 

 

 
 
 
Figure 1.7 αβ T cell development, showing the different cell surface markers 
(CD44/CD25) expressed at the different stages of T cell development  
DN1 cells also known as early thymic progenitor cells (ETPs) are CD44+CD25-, DN2 cells are 
CD44+CD25+, DN3 cells lack expression of CD44, but express CD25. DN4 cells lack 
expression of both CD44 and CD25 and further differentiate into double positive (DP) CD4+ 
CD8+ thymocytes. Following selection, down-regulation of either co-receptor produces either 
naïve CD4 or CD8 single positive cells that exit the thymus into peripheral circulation.  
Figure Adapted from: A Positive Look at Double Negative Thymocytes, by Ceredig et al232. 
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DN1 cells, also known as early thymic progenitor cells (ETPs), are heterogeneous and may 

give rise to ɑβ T cells, γδ T cells, NK cells, DC, macrophages, or B cells.  DN2 cells migrate 

through the cortex of the thymus and begin the rearrangement of TCR locus gene segments. 

They are committed to the T cell lineage after transitioning from DN2 to DN3. Subsequently, 

DN3 cells undergo a process known as beta-selection, which selects for cells that have 

successfully rearranged their TCR-β chain locus, leading to T cell maturation and development 

of ɑβ T cells233. Cells that do not undergo beta-selection i.e. have failed to generate a 

functional TCR die by apoptosis and their DNA, which encodes the CDR3 unique regions, 

enters the blood as cfDNA234. The next stage in T cell maturation is when the cells then mature 

into DN4, which are further upregulated into CD4+ and CD8+ cells achieving a double positive 

(DP) status in the maturation process. This is followed by two distinct processes; positive 

selection in the cortex and negative selection in the medulla235.  

 

Positive selection is the process of movement of DP T cells (CD4+ and CD8+) to the cortex, 

where they encounter self-antigens236. The thymic cortical epithelial cells express self-

antigens on MHC molecules where the T cells interact with the molecules. The cells that do 

not interact with the molecules strongly enough die whereas others with high affinity to MHC 

cells survive237. Most thymocytes die in the process of development which lasts a number of 

days. The remaining 2% become mature T cells36. Positive selection results in the 

development of single positive CD4+ helper, CD8+ cytotoxic lineages or natural killer (NK) 

cells. T cells with TCRs that bind to MHC class I molecules develop into CD8+ T cells and T 

cells that bind to MHC class II become CD4+ T cells237. The cells that survive the positive 

selection move into the medulla and undergo negative selection, which eliminates thymocytes 

with a high affinity for self-antigens235. The cells that interact too strongly with the self-antigens 

receive an apoptotic signal resulting in cell death. During the same process, however, some 

cells are selected to form regulatory T cells (Tregs) which retain their ability to bind to self-

antigens in order to suppress overactive immune responses and protect against auto-

immunity238.  

 

The cells that successfully complete the selection process exit the thymus into the 

bloodstream as mature naïve T cells; they are also known as early thymic emigrants (ETE)234.  

These mature T cells are still referred to as naïve because they have not been presented with 

an antigen. They travel to sites that contain secondary lymphoid tissue, such as the lymph 

nodes and tonsils, where antigen presentation takes place239. This facilitates the development 

of antigen-specific adaptive immunity. The process of T cell maturation in the thymus is 

illustrated in Figure 1.8. With advancing age, the thymus contributes less cells and as it 

reduces in size by approximately 3% per year for the duration of middle age, there is a 
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subsequent reduction in thymic output of naive T cells (TN), thus clonal expansion of immature 

T cells contributes to a greater extent in protecting older individuals240.  

 

 

 

 

 

Figure 1.8 T cell maturation in the thymus 
In the thymus haematopoietic stem cells differentiate into double negative T cells (DN1), 
initiating T cell maturation. TCR receptor v/d/j rearrangement occurs in DN3 stage of 
maturation. DN3 to DN4 transition is marked by β selection and elimination of non-functional 
or self-recognising T cells. This is followed by differentiation into double positive (DP) cells, 
expressing both CD8 and CD4, which then differentiate into single positive CD4 or CD8 T cells 
or into natural killer cells. Naïve T cells exiting the thymus into the circulation are known as 
early thymic emigrants (ETE).  
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1.9.2 TCR development  

The TCR is a protein complex found on the surface of T cells, that is responsible for antigen 

recognition. TCRs are able to recognise an antigen when it is presented as a peptide in the 

MHC on the cell surface237. The process of antigen presentation and recognition is illustrated 

in Figure 1.9.  More than 90% of TCR complexes are comprised of an alpha (α) and beta (β) 

chain and a small subset of T cells express a TCR with gamma (γ) and delta (δ) chains. 

TCRαβ recognises peptides bound to MHC class I or II, whereas γδ TCRs recognise 

unprocessed antigens241.  

 
 
 

 
 
 
 
Figure 1.9 αβ T Cell Receptor and antigen presentation and recognition  

The TCR is a heterodimeric molecule with a single antigen-binding site. Cells expressing 
TCRαβ are called αβ T cells. T cell receptors recognise foreign antigens via α and β chains. 
Each chain is composed of variable (V), junction (J) and constant (C) regions. The antigens 
that TCRs bind are small peptide fragments, displayed by MHC molecules on the surface of 
APCs. TCRαβ recognises peptides bound to MHC class I or II. The variable regions of the 
TCR are responsible for antigen recognition and contain a unique CDR3 which interacts with 
the peptide and MHC complex. The CDR3β chain is more diverse than CDR3α, because it is 
encoded by an additional gene segment known as diversity (D).  
CDR3= complementarity-determining region 3 
 

https://www.sciencedirect.com/topics/immunology-and-microbiology/paratope
https://www.sciencedirect.com/topics/immunology-and-microbiology/t-cells
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TCR development occurs in the thymus through an error-prone process of somatic 

recombination which constructs a terminal sequence from a vast number of possible 

segments. In a TCR composed of α and β chains, each chain contains a variable region (V) 

and constant region (C), joined by a junction region (J). T cells can express one or more types 

of α chain but will only express one type of β chain36. The variable regions are responsible for 

antigen recognition and contain 3 hypervariable loops termed complementarity-determining 

regions (CDR1-3) which interact with the MHC complex. CDR1 and CDR2 are encoded by the 

variable (v) gene segment and influence sensitivity and affinity of the TCR binding to the MHC, 

whilst CDR3 interacts with the peptide and MHC complex36. The CDR3β chain is more diverse 

than CDR3α, because it is encoded by an additional gene segment known as diversity (D) in 

addition to the variable (V), and joining (J) segments (Vβ and Jβ segments), whereas the 

TCRα gene locus contains only variable (V) and joining (J) gene segments (Vα and Jα). 

Accordingly, the α chain is generated from VJ recombination and the β chain is produced 

from VDJ recombination242. This process of recombination is illustrated in Figure 1.10 and 

results in a highly diverse repertoire of TCRs, a defining feature of the adaptive immune 

system.  

 

During T cell maturation TCR recombination is a two-step process. Enzymatic activity 

encoded by recombination activating gene 1 (RAG1) and RAG2 initiates the rearrangement 

of first TCR-β and then TCR-α chain genes. RAG expression and thus TCR-β gene 

rearrangement (Dβ Jβ rearrangement followed by Vβ DJβ recombination) is initiated in DN 

thymocytes. RAG re-expression and thus TCR-α gene rearrangement is then initiated in DP 

thymocytes243. Both RAG1 and RAG2 are expressed by all lymphoid progenitors and naive 

T and B cells. They bind to and introduce double strand breaks at recombination signal 

sequences (RSS), which flank all TCR gene segments244.  

 

The TCR α chain comprises 46 variable segments, 8 joining segments and the constant 

region. The TCR β chain is comprised of over 50 variable segments, 2 diversity segments, 

13 joining segments and two constant regions245. A vital step in VDJ recombination is the 

contraction of the locus which produces a looping that allows the different V genes access 

to the already combined DJ segments with similar frequency246.  

 

The overall aim of recombination is to ensure a diverse repertoire of CDRs, as the CDRs 

are the antigen binding portion of the TCRs and thus a diverse capacity for recognition 

results in effective protection against pathogens and production of successful immune 

responses. VDJ recombination and the inclusion or removal of nucleotides at the junctions 

between gene segments give rise to such a substantial amount of TCR diversity, which 
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is thought to be greater than 1015 TCRs247. TCR revision is a mechanism whereby CDRs 

can be re-edited in the lymphoid periphery, causing an alteration in the antigen specificity 

of the TCR. This results in induction of self-tolerance in mature peripheral T cells and a 

highly selected but diverse TCR repertoire that protects against invading pathogens248.  

 
 

 
 
Figure 1.10 VJ and V(D)J recombination of alpha (α) and beta (β) chains of TCRs 
A: TCR gene locus showing the (V) variable (blue), (J) joining (pink) and (C) constant 
regions (green). The red triangles indicate the RSS at the border of each gene segment. 
Diversity (D) (purple) regions of the beta chain where DJ recombination occurs.   
B: After DJ recombination in the precursor cells, enzymatic activity encoded by RAG 
initiates the rearrangement of the TCR chain genes. The locus has moved to a more 
central location and V gene segments undergo looping allowing each an opportunity at 
combination with the DJ segments. 
C: Combination of the selected V regions with DJ segment. 
D: Mature TCR transcripts showing the location of complementary determining regions 
(CDRs). 
RSS= recombination signal sequences. Figure adapted from: An overview of T cell 
receptors, by Bio-Rad245. 
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1.9.3 T cell priming and activation 

Naïve T cells primed by APCs in the lymphatic system undergo clonal expansion. T cell 

homeostasis is maintained by subsequent contraction (turnover cycles), releasing further 

CDR3 DNA into the blood. T cell activation occurs after antigen presentation via MHC class I, 

which are present on the surface of all nucleated cells, or class II which are only present on 

the surface of ‘professional’ APCs such as dendritic cells237. The quality and nature of the 

immune response that follows is dependent upon further molecular signalling and cell to cell 

communication at the immune synapse. A second signal in the form of co-stimulatory molecule 

ligation is necessary for full T cell activation. This results in intracellular calcium ion release, 

required for T cell effector functions such as proliferation, differentiation and cytokine 

production249. Absence of this second signal or presence of co-inhibitory signals regulate the 

degree of calcium ion release and thus T cell activation and can lead to T cell anergy40.   

 

The most well characterised co-activatory and inhibitory pathways that have been recognised 

as regulating T cell function are described in section 1.2.1 and Figure 1.2, the so-called 

immune checkpoint pathways. In normal tissues, following T cell activation, the upregulation 

of co-inhibitory signals is the gatekeeper that attenuates the immune response and protects 

against aberrant recognition of self and auto-immunity250. However, tumour cells within the 

TME can overexpress and manipulate these inhibitory pathways, thus down-regulating anti-

tumour T cell responses251. Over time, this results in tumour equilibrium and ultimately tumour 

escape.   

 

 

1.9.4 T cell differentiation 

T cells are released form the thymus as TN which are known to express high levels of lymph 

node homing receptor CD26L, a cell adhesion molecule that plays a role in T cell trafficking 

and migration. TN cells also express the chemokine receptor CCR7 and the CD45RA isoform. 

Following antigenic stimulation, TN cells proliferate and differentiate into effector cells which 

migrate to peripheral tissues to facilitate destruction of infected targets. When the antigen has 

been cleared, the majority of effector cells die while a small number, approximately 5% 

develop into memory T cells252. T cells show mutually exclusive expression of CD45RA or 

CD45RO, as the CD45RA isoform is most highly expressed on resting or naïve T cells, 

whereas CD45RO is expressed on activated memory T cells. Thus, T cell subsets can be 

isolated by the expression of cluster differentiation markers on the surface of the cells that are 

linked to their functionality, as illustrated in Figure 1.11.  
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Memory T cells have the ability to mount a rapid immune response to a second exposure to 

an antigen. All memory cells express CD95253,254. Subsets of CD8+ memory T cells have been 

phenotypically defined based on their effector functions using a combination of CD27 (a 

member of the TNF receptor superfamily), CCR7 and CD45RA255,256. CD45RA- CD8+ memory 

T cells expressing CD27 produce IL-2 and IFN, but do not have immediate cytotoxic capacity, 

they are therefore termed ‘memory’, whereas CD45RA- CD8+ T cells that are CD27- produce 

IFN and TNF, but not IL-2 and possess immediate killing ability, they are therefore termed 

‘effectors’. Thus, memory T cells can be further divided into central (TCM) and effector (TEM) 

memory cells, and can be defined by expression patterns of CCR7 and CD45RA252.  

 

TCM cells possess a CCR7+ CD45RA- phenotype, are capable of homing to secondary 

lymphoid organs, but have a limited capacity to produce cytokines. TEM cells have a CCR7- 

CD45RA- phenotype and are able to display immediate effector function. A subset of TEM cells 

that re-express CD45RA, named effector T (TEFF) cells have been previously activated and 

primed, therefore downregulate CD62L and CCR7, as such TEFF migration is restricted. These 

cells have low proliferative and functional capacity, indicating terminal differentiation and their 

phenotype is CD8+CD45RA+CCR7-CD26L-257. 

 

In contrast to CD8+ T cells, CD4+ T cells can differentiate into several distinct effector 

phenotypes, these include, but are not limited to T-helper 1 (Th1), T-helper 2 (Th2), T-helper 

17 (Th17), and Tregs. The effector functions of these cells are mediated by the cytokines 

secreted by the differentiated cells252. Differentiated CD4+ T cells have several functions 

including regulating B cell and cytotoxic T cell responses within the TME and maintaining 

homeostasis and tolerance within the immune system258.  
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Figure 1.11 T cell differentiation 
The stages of T cell differentiation are defined by the cluster differentiation (CD) markers 
presented. Naïve T cells are the most stem cell like and possess significant proliferative 
capacity. Naïve T cells give rise to memory T cells which subsequently give rise to the most 
differentiated effector T cells. These cells are able to produce cytokines, but are also more 
senescent. Figure adapted from Metabolic Regulation of T Cell Longevity and Function in 
Tumour Immunotherapy, by Kishton et al259.  
TCM = T central memory, TEM = T effector memory, TEFF = T effector cells  
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2.0 Project Aims 
 

Despite several candidate circulating markers being suggested as predictive of immune 

response, these are yet to be prospectively validated for routine clinical use in a standardised 

and easily reproducible manner. Liquid biopsy represents a minimally invasive approach to 

monitor dynamic changes in immune responses through immunophenotypic characterisation 

of subpopulations of PBMCs. In particular, phenotypic investigation of the peripheral T cell 

compartment early on initiation of ICB treatment in melanoma patients may identify whether 

peripheral T cells can serve as actionable biomarkers for response to ICB therapy. The TCR 

is highly relevant in immunotherapeutics as it is here that cancer antigens presented on MHC 

molecules are identified by host T cells. TCR sequencing facilitates study of clonality and 

diversity of the receptor. The analysis of TCR repertoire has the potential to act as a predictive 

tool in order to facilitate patient stratification in the context of ICB therapy in melanoma. To 

date, this has mainly been exploited in tumour tissue whereas TCR sequencing of peripheral 

T cells has not been as fully explored and data is limited.  

 

Establishing predictive biomarkers of response to ICB could be instrumental in achieving 

effective patient stratification as well as tailoring optimal sequencing and scheduling of 

therapy. The increasing incidence rates of cancer worldwide highlight the ever-growing need 

to identify novel ways of refining patient care and improving outcomes using precision and 

personalised immuno-oncology approaches.  

 

  
My project therefore had the following aims:  

1. To determine if peripheral blood T cells can be used to predict response to ICB  

early after treatment initiation in stage IV melanoma.  

 

2. To identify a candidate biomarker of response to ICB in stage IV melanoma that can be 

utilised to improve patient care.  

 

3. To ascertain the impact of patient’s clinical variables on peripheral T cell and TCR 

repertoire evolution under the selective pressure of ICB in stage IV melanoma. 

 

4. To identify whether there are changes in circulating T cells early on adjuvant ICB that 

identify patients with MRD and predict response in stage III melanoma.  
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Chapter 2: Materials and Methods 
 

 

2.1 Ethical considerations for collection of patient samples 

Ethical approval was obtained and all patient samples were collected with written full-informed 

patient consent under Manchester Cancer Research Centre (MCRC) Biobank ethics 

application #07/H1003/161+5 and approval for the work obtained under MCRC Biobank 

Access Committee application 13_RIMA_01. Healthy volunteers were consented as part of 

study protocol ethics/12324 given favourable ethical opinion by the University of Manchester 

Senate Ethics Committee. For the study described in chapter 5, samples were collected under 

19_RIMA_08. All clinical investigations were conducted according to the principles expressed 

in the Declaration of Helsinki and Good Clinical Practice (GCP) guidelines. 

 

 

2.2 Human Tissue 

2.2.1 Tumour samples and matched patient blood 

Tumour samples were collected into MACS tissue storage solution (Miltenyi Biotech, 

Germany), stored at 4°C and processed within 4 hours (h). Blood samples were taken in EDTA 

coated Vacutainer tubes (Beckton Dickinson, UK), transported and stored at room 

temperature (RT). They were processed within 4 h of collection.  

 

2.2.2 Peripheral blood samples 

Peripheral blood was collected from patients undergoing first line immunotherapy for 

metastatic melanoma. 30mL of blood was collected in potassium-EDTA coated S-Monovette 

tubes (Sarstedt, Germany) for the study described in chapter 3. Healthy donor (HD) blood was 

collected for comparison and for optimisation of flow cytometry experiments. Blood was stored 

at RT and processed within 4 h.  

For the study described in chapter 5, peripheral blood was collected from patients with early 

stage melanoma undergoing SLNB or CLND surgery followed by adjuvant immunotherapy for 

stage III disease. For this study, 60mL of blood was collected in total per timepoint, 20mL in 
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x2 10mL potassium-EDTA coated S-Monovette tubes (Sarstedt, Germany) and 40mL in x 4 

10mL Streck tubes (Streck, USA). EDTA blood was stored at RT and processed within 4 h. 

Streck bloods were stored at RT and processed within 96 h. HD blood was collected and used 

in other method development work for PBMC and RNA extraction for use in CyTOF and TCR 

sequencing experiments. 

 

 

2.3 PBMC isolation from whole blood  

2.3.1 Isolation of PBMCs  

PBMCs were isolated from whole blood using the SepMateTM (STEMCELL Technologies, 

Cambridge, UK) protocol and density gradient centrifugation LymphoprepTM (STEMCELL 

Technologies, Cambridge, UK) as per manufacturer’s instructions. Briefly, to begin, 15mL 

density gradient medium (LymphoprepTM) was added to the 50mL SepMateTM tube by pipetting 

it through the central hole of the SepMateTM insert. The top of the density gradient medium 

was above the insert. Then, the blood sample was diluted with an equal volume of phosphate 

buffered saline (PBS) + 2% foetal bovine serum (FBS) (1:1) and gently mixed. Keeping the 

SepMateTM tube vertical, the diluted blood sample was added by gently pipetting it down the 

side of the tube. The sample was then mixed with the density gradient medium above the 

insert. The SepMateTM tube was placed in the centrifuge at 1200g for 10 minutes (min) at RT, 

with the brake applied. After centrifugation, the top layer containing the enriched PBMCs was 

poured into a fresh sterile 50mL centrifuge tube. To reduce platelet contamination in the 

enriched PBMCs, some of the supernatant above the PBMC layer was pipetted off before 

pouring. Cells were then washed with PBS + 2% FBS to make a total volume of 50mL. The 

samples were then centrifuged at 300g for 8 min at RT with the brake applied, the supernatant 

discarded, the cell pellet resuspended in PBS + 2% FBS to a total volume of 50mL and a 

further centrifuge at 300g for 8 min at RT with the brake on was carried out. Supernatant was 

discarded and cell pellet underwent red blood cell (RBC) lysis followed by cell counting. 

PBMCs were then used for downstream analysis (section 2.6.2) or cryopreserved in 1mL 

aliquots (section 2.4.1).  
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2.3.2 RBC lysis  

The 10X RBC Lysis Buffer (BioLegend, UK) was diluted to a 1X working concentration with 

deionized water. This was done by aliquoting 1mL of 10X lysis buffer into a 50mL falcon tube 

and adding 9mL of deionized water. The 1X solution was then warmed to RT prior to use. The 

cell pellet was resuspended in 2mL of 1X RBC Lysis Buffer. The tube was then gently vortexed 

immediately after adding the lysis solution and incubated at RT, protected from light for 10 

min. The sample was then centrifuged at 350g for 5 min with brake applied. Supernatant was 

then aspirated and the cell pellet was resuspended in PBS + 2% FBS and centrifuged again 

at 350g for 5 min with brake on. The supernatant was aspirated and the PBMC pellet 

resuspended in PBS + 2% FBS for cell counting.  

 

2.4 Cell cryopreservation, recovery and counting  

2.4.1 Cryopreservation of cells 

PBMCs were centrifuged at 250g, after aspiration of the media the cells were washed with 

PBS, centrifuged again at 250g. The cell pellet was resuspended in cryoprotectant freezing 

medium made from FBS with 10% Dimethyl sulfoxide (DMSO), (FBS/DMSO). Optimally, 1x106 

cells were re-suspended in 1mL FBS/DMSO. Cells were then gradually frozen using 1.8mL 

Nunc® cryotubes® (Sigma-Aldrich, UK) and a Mr FrostyTM 
(Thermo Fisher, Altrincham UK), 

an isopropanol freezing container, and stored at -80°C for at least 24 hours before being 

transferred to vapour phase liquid nitrogen tanks for long term storage. 

 

2.4.2 Recovery of cryopreserved cells  

PBMCs were thawed rapidly by placing cryovials in a water bath at 37°C until some ice crystals 

remained. Cell suspension was then pipetted into a 15mL falcon tube, 3mL of PBS was added 

to the cell suspension and then it was centrifuged at 250g and the supernatant discarded. 

Cells were then resuspended in media, counted and transferred to an appropriate tube for the 

experiment. 
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2.4.3 Cell counting 

Cells were counted using Trypan Blue exclusion dye (Thermo Fisher, Altrincham UK). 10μl of 

media/cells was pipetted 1:1 with Trypan Blue into a cell counter slide and then viable cell 

number per mL estimated using an automated TC20 cell counter (BioRad, Watford, UK). 

 

 

2.5 Tumour dissociation  
 

Melanoma tumour samples were mechanically and enzymatically dissociated using the 

gentleMACS system (Miltenyi Biotec, Germany) to disaggregate the tumour. Tissue was first 

weighed and then cut into small 2-4mm sections using a sterile scalpel. The tissue pieces 

were then transferred into a C tube with 4.7 mL Roswell Park Memorial Institute 1640 Media 

(RPMI), 200 μl of enzyme H, 100 μl enzyme R and 25 μl enzyme A as per the manufacturer’s 

instructions (Miltenyi Biotec). The C tube was then subjected to three mechanical 

disaggregation steps (programs h_tumour_01) separated by two 30 min incubations at 37 °C 

under continuous rotation using the MACSmix Tube Rotator (Miltenyi Biotec, Germany).  

Following tumour digest, the sample was passed through 70μm strainer into a fresh sterile 

50mL conical tube and washed with 20mL of RPMI. The cell suspension was then centrifuged 

at 300g for 7 min, supernatant was then aspirated. The cell pellet then underwent red blood 

cell lysis protocol (section 2.3.2) followed by cell counting and cryopreservation.  
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2.6 Flow cytometry  

2.6.1 Flow cytometry panel design 

A summary of the cellular targets chosen and the justification for these is appraised in Table 

2.1.  

Table 2.1 Summary of cellular targets included in flow cytometry panel 

 

Target  Justification for inclusion 

Live/Dead  Dead cells are highly auto-fluorescent and non-specifically bind 
antibody, staining allows removal from further analysis, reducing 
false positive events.  

CD3 A co-receptor of the TCR complex and plays a role in antigen 
recognition, signal transduction, and T cell activation. 

CD4 A co-receptor of the TCR. Identifies T helper cells. Specific for 
class II MHC protein. 

CD8  A co-receptor of the TCR. Identifies cytotoxic T cells. Specific for 
class I MHC protein. 

CD25 A glycoprotein known as the low-affinity IL-2 receptor (IL-2R), 
enables T cells to respond to the growth-promoting cytokine IL-2.  

CD27 Expressed on mature T cells and is upregulated upon T cell 
activation.  

CD31 An inhibitory co-receptor involved in regulation of T cell 
homeostasis, effector function and trafficking.  

CD45RA A specific splice variant of the transmembrane tyrosine 
phosphatase CD45. The CD45RA isoform is most highly expressed 
on resting/ naïve T cells. 

CD45RO  A splice variant of CD45, is expressed on activated memory T cells. 

CD127 Also known as the IL-7 receptor is a 60–90kDa type I 
transmembrane glycoprotein. 

CCR7 Both memory (CD45RO+) and naïve (CD45RA+) CD4+ and CD8+ T 
cells express the CCR7 receptor. Within the memory T cell 
population, CCR7 expression discriminates between T cells with 
effector function that can migrate to inflamed tissues (CCR7-) 
compared to T cells that require a stimulus prior to displaying 
effector functions (CCR7+).  

PD1 Inhibitory immune checkpoint molecule. Binding leads to reduced T 
cell proliferation.  

Ki67 Required for cell proliferation and is commonly used as a marker 
for proliferating cells.  
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The flow cytometry panels and antibody conjugates used for the study described in chapter 3 

are described in the tables below.  

 
Table 2.2 T cell regulatory panel 
 

Target Fluorophore Clone Antibody 

Dilution 

(μl) 

Company Catalogue 

Number 

Live/Dead Zombie UV  1:200 Thermo Fisher L23105 

CD3 PerCP/Cy5.5 OKT3 1:100 BioLegend 317336 

CD4 BV610 OKT4 1:100 BioLegend 317438 

CD8 PE-Cy7 HIT8a 1:40 BioLegend 300914 

CD25 APC BC96 1:10 BioLegend 302610 

CD127 PE A019D5 1:40 BioLegend 351304 

 

 
 
 
Table 2.3 T cell maturation panel  
 

Target Fluorophore Clone Antibody 

Dilution 

(μl) 

Company Catalogue 

Number 

Live/Dead Zombie UV  1:200 Thermo Fisher L23105 

CD3 PerCP/Cy5.5 OKT3 1:100 BioLegend 317337 

CD4 BV610 OKT4 1:100 BioLegend 317438 

CD8 FITC HIT8a 1:40 BioLegend 300906 

CD45RA BV421 HI100 1:100 BioLegend 304130 

CD45RO APC-Cy7 UCHL1 1:200 BioLegend 304228 

CD31 PE-Cy7 WM59 1:40 BioLegend 303118 

CD27 APC M-T271 1:200 BioLegend 356410 

CCR7 PE 150503 1:20 BD Pharmingen 560765 
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Table 2.4 T cell reinvigoration panel  
 
 

Target Fluorophore Clone Antibody 

Dilution 

(μl) 

Company Catalogue 

Number 

Live/Dead Zombie UV  1:200 Thermo Fisher L23105 

CD3 PerCP/Cy5.5 OKT3 1:100 BioLegend 317337 

CD4 BV610 OKT4 1:100 BioLegend 317438 

CD8 FITC HIT8a 1:40 BioLegend 300906 

CD45RA BV421 HI100 1:100 BioLegend 304130 

CD45RO APC-Cy7 UCHL1 1:200 BioLegend 304228 

CD27 APC M-T271 1:200 BioLegend 356410 

CCR7 PE 150503 1:20 BD Pharmingen 560765 

PD1 PE/Dazzle EH12.27 1:40 BioLegend 329939 

Ki67 Alexa Fluor 488  1:20 BioLegend 350507 
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2.6.2 Sample preparation for fluorescence-activated cell sorting analysis 

Following isolation, PBMCs were kept at 4°C in PBS plus 2% FBS and analysed within 24 h. 

PBMCs were suspended in fluorescence-activated cell sorting (FACS) buffer (PBS containing 

2% FBS, 2mM EDTA and 0.02% sodium azide) plus 50ul of Brilliant Stain Buffer (BD 

Biosciences, San Diego, CA, USA) and Human TruStain FcX (BioLegend, San Diego, CA, 

USA) as per manufacturer’s instructions, and incubated at RT for 40 min with T cell regulatory 

(Table 2.2) and T cell maturation (Table 2.3) panels of fluorochrome labelled antibodies. 

LIVE/DEAD Fixable Blue Dead Cell Stain was added to the final suspension to exclude dead 

cells. Stained PBMCs were washed once at 300g for 7 min in FACS buffer ready for analysis.  

For T cell reinvigoration staining, which was performed for 5 patients, PBMCs previously 

cryopreserved in FBS/DMSO were thawed in cold RPMI and washed twice. Then, PBMCs 

were suspended in FACS buffer and Human TruStain FcX (BioLegend, San Diego, CA, USA), 

as per the manufacturer’s instructions, and incubated at RT for 40 min with antibodies 

targeting the receptors described in Table 2.4. Stained PBMCs were then fixed and 

permeabilized with a Cytofix/Cytoperm kit (BD Biosciences, San Diego, CA, USA) according 

to the manufacturer's instructions and stained for Ki67 for 30 min at RT. Stained cells were 

then resuspended in FACS buffer ready for analysis.  

 

2.6.3 Flow cytometry controls 

For FACS analyses, it was necessary to use appropriate controls to record accurate and 

reliable results from the flow cytometry panel. As the various antibodies were conjugated to 

different fluorophores, compensation matrices were acquired by using single antibody stained 

compensation bead controls (Anti-Mouse Comp Beads, BioLegend, UK). Fluorescence minus 

one (FMO) controls were performed to identify correct gating positions. Biological controls of 

HD PBMCs were included where necessary to enable normalisation of data.  

 

2.6.3.1 Compensation Matrix  

Prior to data acquisition, correction for any fluorophore/fluorescent spectral overlap was 

performed by creating a compensation matrix that was subsequently applied to data 

acquisition. The compensation matrix corrects for fluorescence from fluorophore A that is 

emitted and can be detected in the channel for fluorophore B. This would give a false positive 

population in the read-out of fluorophore B. Therefore, compensation was performed using 

single stained antibody compensation beads, to allow for dimly expressed markers and to 

eliminate autofluorescence from cells.  
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2.6.3.2 Fluorescence minus one controls 

 
Fluorescence minus one (FMO) control wells exclude one fluorophore from the conjugated 

antibody fluorophore panel, and were used for each fluorophore in the panel. The purpose of 

FMO controls was to aid differentiation between specific and non-specific antibody binding 

and to identify any fluorescence spill-over into incorrect channels. Thus, they were an 

important gating control to confirm positive population gates were correctly placed and data 

accurately recorded. Exclusion of the fluorophore to be gated allowed observation of the true 

spread of the negative population and accounted for the background antibody staining of the 

remaining fluorophores. This gate was then applied to a sample which contained all 

fluorophores to identify the positive cells. 

 

2.6.4 Gating strategy 

The gating strategy for the identification of T cell subsets, specifically regulatory T cells and T 

cell maturation in peripheral blood of melanoma patients is illustrated in Figure 2.1. Two panels 

were designed to identify the aforementioned T cell populations. For both panels, all cells were 

assessed using the side scatter (SSC) and forward scatter (FSC) to provide information about 

the granularity and size. As these panels were aimed at identifying single lymphoid cells, FSC 

area (FSC-A) and width (FSC-W) were used to identify single cells and exclude doublets or 

multiple cells stuck to each other. Next, use of the live/dead dye distinguished viable cells from 

dead cells and therefore only viable cells were considered for downstream analysis. To identify 

regulatory, memory and emerging T cells, two different panels were designed. Panel 1 (Table 

2.2) has been used to identify CD3+ and CD4+ lymphoid cells. To identify regulatory T cells 

CD3+ CD4+ populations simultaneous analysis of CD25 and CD127 of the CD3+ CD4+ 

population revealed regulatory T cells. The proportion of CD3+ lymphocytes expressing the 

naïve/memory markers CD45RA and CD45RO were analysed using a second panel. This 

panel also included antibodies specific for CD4, CD8, CD27, CD31 and CCR7 to assess the 

phenotypes of differentiated T cells and was termed the maturation panel (Table 2.3). Immune 

effector T (TIE) cells were quantified as the percentage of CD27−CCR7− cells in the 

CD3+CD8+CD45RO+CD45− gate.  

 

2.6.5 Data acquisition and analysis 

Data acquisition was performed using LSR II, LSR Fortessa, Aria II or Aria III (Special Order 

Research Product) (BD Biosciences) cytometers and FlowJo v.10 software (Tree Star Inc., 

USA) was subsequently used to analyse the data.   



 79 

 
 
 
Figure 2.1 Gating strategy for identifying T cell subsets 
Single cell suspensions prepared from PBMCs were surface stained with antibodies against 
T cell markers.  
A) Lymphocytes are first identified by size and internal complexity on FSC-A and SSC- A.  
B) Doublets are excluded by selecting single cells on FSC-A and FSC-W dot plot. 
C) Live cells are selected by gating on cells negative for Zombie UV viability dye to exclude 
dead cells from subsequent gates. 
D) CD3+ gate for T cells. 
E) CD4+ and CD8+ gates were defined for “helper” and “killer” T cell subsets, regulatory T 
cells were identified in the CD4+ CD25+ CD127- population.  
F) CD4+ and CD8+ gates were defined for “helper” and “killer” T cell subsets, CD8+ population 
was used for identifying the mature T cells. CD8+ population was further characterised by 
CD45RA and CD45RO. CD8+ memory T cell subsets and CCR7- CD27- represents the TIE 
cells.  
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2.7 Statistical Analysis  

2.7.1 Peripheral T cells as an early biomarker for response and toxicity in melanoma 
patients treated with immunotherapy (Chapter 3) 

Correlation between continuous variables was performed with Spearman test, the Spearman 

r was reported as a measure of the correlation magnitude. Delta week 3 values (W3), were 

calculated as the difference between week 3 and baseline T0 values.  Delta week 12 values 

(W12) were calculated as the difference between week 12 and baseline T0 values. 

All statistical tests were two tailed and the statistical differences between two groups for 

numerical variables were assessed using two-tailed Mann-Whitney U test (unpaired 

comparisons) or Wilcoxon test (paired comparisons). Kaplan-Meier plots with the log-rank test 

(3-week landmark analysis) were used to analyse the survival data. Univariate Cox regression 

was used to calculate the hazard of death. P values <0.05 were considered significant. 

Circulating T cell phenotypic subset analyses was corrected for multiple testing (Bonferroni 

correction). Analyses were performed using Prism version 7.0.  

 

2.7.2 Clinical correlates of peripheral T cell responses to immunotherapy in melanoma 
(Chapter 4) 

Correlation between continuous variables was performed with Spearman test, the Spearman 

r was reported as a measure of the correlation magnitude. Delta week 3 values (W3), were 

calculated as the difference between week 3 and baseline T0 values.  Linear discriminant 

analysis was used to separate W3Renyi index and W3Gini coefficient and categorise the 

values in classes. Mann-Whitney U test (two-sided) was used for comparison between 

continuous variables. Comparison between categorial variables was performed with Fisher’s 

exact test. All tests were two-sided and p values <0.05 were considered significant. Analyses 

were performed using Prism version 7.0. 

 

TCR sequences were analysed using ImmunoSEQ® ANALYZER (Adaptive Biotechnologies, 

Seattle, USA). Gini coefficient was used as a measure of clonality260 and calculated with the 

function clonality from LymphoSeq R package. Diversity was calculated using Renyi index 

(=1) as per Spreafico et al261, with time point pairwise analysis for each individual patient. 
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2.8 Mass Cytometry by time of flight  
 

Mass cytometry by time of flight (CyTOF), is a variation of flow cytometry in which antibodies 

are labelled with heavy metal ion tags rather than fluorophores. Readout is by time of flight 

mass spectrometry using Helios (Fluidigm, USA). Conventional flow cytometers, that use 

fluorescently conjugated antibodies to detect cellular antigens have a limited spectral profile 

of approximately 14 channels262. The number of metals currently available is up to 40. 

Therefore, CyTOF has advantages over traditional fluorescent flow cytometry as it facilitates 

a significantly greater number of parameters to be studied per cell and has a higher sensitivity. 

Key advantages include the lack of spreading errors from fluorophores and no requirement 

for compensation controls as there is no equivalent to autofluorescence of cells in mass 

cytometry. The main disadvantage of the CyTOF platform, is that cells are incinerated and 

therefore there is no capability for cell sorting. 

2.8.1 Panel design 

Tables 2.5 and 2.6 illustrate the 37-marker custom design CyTOF panel used in the study 

described in Chapter 5.  

 
Table 2.5 Intracellular markers  
 

Target Clone Company Catalogue Number 

*127IdU  Fluidigm 201127 

Tbet 4B10 Fluidigm 3161014B 

FOXP3 PCH101 Fluidigm 3162024A 

Caspase 3 (cleaved) D3E9 Fluidigm 3142004A 

 

Ki-67 B56 BioLegend 350523 

EOMES 644730 R&D Systems MAB6166 

KLRG1 2388C R&D Systems MAB70293 

TIGIT MBSA43 Fluidigm 3153019B 

 
*5-Iodo-2′-deoxyuridine (IdU) incorporates into DNA of proliferating cells and is a marker of S-
phase of the cell cycle. It is detected in the 127I (iodine) channel of the CyTOF mass cytometer 
and bypasses the need for an antibody or DNA denaturation.  
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Table 2.6 Surface markers  
 

Target Clone Company Catalogue Number 

CD45  HI30 Fluidigm 3089003B 

CD45RA  HI100 Fluidigm 3169008B 

CD45RO  UCHL1 Fluidigm 3164007B 

CD3  UCHT1 Fluidigm 3141019B 

CD4  RPA-T4 Fluidigm 3145001B 

CD14  RMO52 Fluidigm 3148010B 

CD25  2A3 Fluidigm 3149010B 

CD223/LAG- 3  11C3C65 Fluidigm 3150030B 

CD103  Ber-ACT8 Fluidigm 3151011B 

CD95/Fas DX2 Fluidigm 3152017B 

CD183/CXCR3 G025H7 Fluidigm 3156004B 

CD16 3G8 Fluidigm 3165001B 

CD11b/Mac-1 ICRF44 Fluidigm 3167011B 

CD8a SK1 Fluidigm 3146001B 

CD152/CTLA-4 14D3 Fluidigm 3170005B 

CD185/CXCR5 51505 Fluidigm 3171014B 

HLA-DR L243 Fluidigm 3173005B 

CD279/PD-1 EH12.2H7 Fluidigm 3174020B 

CD274/PDL1 29E.2A3 Fluidigm 3175017B 

CD127/IL-7Ra A019D5 Fluidigm 3176004B 

CD56 NCAM16.2 Fluidigm 3163007B 

CD27 L128 Fluidigm 3155001B 

CD28 CD28.2 BioLegend 302937 
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CD62L DREG-56 BioLegend 304835 
 

TIM-3 F38-2E2 Fluidigm 3154010B 

Anti-TCF1 (TCF7) 7F11A10 BioLegend 655202  

CD39 A1 Fluidigm 3160004B 

CD134/OX40 ACT35 Fluidigm 3158012B 

CD197 (CCR7) G043H7 Fluidigm 3159003A 
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2.8.2 CyTOF Optimisation: Ficoll-paque PBMC isolation using LeucoSepTM 

Ficoll-paque PBMC preparation can be performed using LeucoSepTM or SepMateTM protocols. 

Ficoll contains iodine and is a density gradient medium used to separate mononuclear cells 

from whole blood. Iodine contamination can affect the CyTOF signal when analyzing samples, 

thus the PBMC isolation protocol used may affect the extent of iodine contamination and 

consequently the strength of the cyTOF signal when running samples on Helios. Therefore, a 

comparison of both the SepMateTM and LeucosepTM protocols was undertaken to assess cell 

viability and the extent of iodine contamination. The results are described in section 5.6.1 and 

section 5.6.2. The SepMateTM PBMC isolation protocol is described in section 2.3.1.  

 

The Leucosep TM protocol consisted of adding 15mL of Ficoll medium (Ficoll-Paque PlusTM, 

Amersham Biosciences) into a 50mL falcon tube by placing the stripette against the tube wall 

to avoid bubble formation. Next, 10mL of blood was added to a new 50 mL Falcon tube and 

10mL of PBS was added (1:1). The blood and PBS were mixed by gently inverting the Falcon 

tube two to three times. Using a 25mL stripette against the wall of the tube with low speed 

aspiration, the blood-PBS mix was added on top of Ficoll medium very gently, to avoid mixing 

of blood with Ficoll medium. The Ficoll-Blood-PBS mix was centrifuged at 1000g for 10 min at 

RT with no brake applied to create a density gradient. The plasma layer was removed using 

a Pasteur pipette up to a minimum remnant of 5-10mm above the interphase to prevent 

contamination of the enriched cells with platelets. The layer containing the PBMCs was then 

isolated with a fine bore Pasteur pipette and placed into a new 50 mL Falcon tube. The 

enriched cell fraction was then washed with 10mL PBS and subsequently centrifuged at 250g 

for 10 min at RT with breaks on. This wash step was repeated twice, supernatant discarded 

and the cell pellet resuspended in 5mL PBS. Cells were then counted and used for 

downstream applications or cryopreserved in 1mL aliquots.  
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2.8.3 CyTOF workflow 

The CyTOF workflow comprised of 3 days from receipt of whole blood sample to processing 

in the laboratory and subsequent analysis of the sample on Helios. On day 1, 20mL EDTA 

whole blood sample arrived in the laboratory, SepMateTM PBMC isolation protocol was 

performed. Single cell suspension was stained with cisplatin (198 cisplatin) in PBS for 5 min. 

Cisplatin is a live/dead stain preferentially labelling non-viable cells resulting in a platinum 

signal that is quantifiable by mass cytometry. Cells were quenched with MaxPar cell staining 

buffer and washed with MaxPar PBS then Fc blocking reagent was added to staining buffer 

for 10 min and cells stained with surface antibodies for 30 min. Following this, cells were 

washed with MaxPar PBS and stained with intercalator iridium (193Ir DNA2) in MaxPar 

fix/perm buffer before cryopreservation in cell staining media (CSM)/DMSO. 193Ir DNA2 was 

used to discriminate dead cells from live cells. This workflow is illustrated in Figure 2.4. 

 

When considering how to batch and run samples, waiting for each patient to undergo surgery 

and complete 5 cycles of 3 weekly ICB therapy could take approximately 5-6 months causing 

significant delay before acquisition of all of one patients’ samples would be possible. This 

approach was considered to try and minimize batch effects. However, this was time 

consuming and limited ability to generate data and assess for signal. Therefore, the optimised 

workflow involved prospective collection, processing and cryopreservation of each patient’s 

blood sample according to the day 1 work flow.  

 

The first 10 patients pre-operative blood samples were batched together for day 2 work flow, 

then the next 10 samples and so on for each time point. Figure 2.5 illustrates the steps 

involved in work flow for day 2. The 10 batched samples will be thawed, barcoded (multiple 

samples stained together, reducing technical variability) and pooled for intracellular antibody 

labelling then fixed in 4% paraformaldehyde (PFA) overnight. Prior to iridium labelling and 

acquiring samples on Helios on day 3 as illustrated in Figure 2.6. 

 

Data analysis performed with clustering algorithms in Bioconductor. These modules are run 

through R. A t-distributed Stochastic Neighbour Embedding (t-SNE) based clustering 

algorithm utilised and led by the bioinformatics team at Cancer Research UK Manchester 

Institute.  
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Figure 2.4 CyTOF work flow day 1 
Following receipt of whole blood sample to the laboratory the flow diagram illustrates the steps 
involved in sample processing on day 1 for downstream analysis.  

 

 

 

1. 20mL EDTA blood

2. PBMC isolation

3. Cisplatin staining

4. Staining buffer / Fc block

5. Surface antibody labelling

6. Fix / perm buffer  

7. Freeze in CSM/DMSO
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Figure 2.5 CyTOF work flow day 2 
When 10 samples have been batched, the flow diagram illustrates the steps involved in 
sample processing on day 2 for downstream analysis.  
 
 
 

 
 
Figure 2.6 CyTOF workflow day 3 
The flow diagram illustrates the steps involved in labelling on day 3 for sample acquisition.  
 

1. Batch 10 samples

2. Thaw and barcode

3. Pool and intracellular labelling

4. Fix in 4% PFA overnight

1. Iridium labelling

2. Labelling process ~1 hour/sample

(10 samples = 10 hours)

3. Run samples on Helios
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2.9 TCR Sequencing 
 

For the study described in Chapter 4, an immunoSEQ® TCRB Assay kit (Adaptive 

Biotechnologies) was used to amplify and sequence TCR sequences in DNA of PBMCs as 

per manufacturer instructions. This was carried out by Molecular Biology Core Facility at 

Cancer Research UK Manchester Institute. Pooled libraries were quantified by quantitative 

PCR using the KAPA Library Quantification Kit for Illumina platforms (#KK4873, Kapa 

Biosystems). Sequencing was carried out by clustering 0.6–1.1 pM of pooled libraries on the 

Illumina NextSeq 500. 

 

For the study described in Chapter 5, the approach for TCR sequencing on RNA extracted 

from PBMCs and CLND tumour using Qiagen Immune repertoire RNA library is described in 

section 5.5.1.4 and 5.5.2.2 respectively.  

 

 

2.10 RNA extraction and quantification 
 

For the study described in Chapter 5, RNA extraction was required for next generation 

sequencing (NGS) using the Illumina platform to assess the TCR repertoire of patients’ 

PBMCs at longitudinal time points pre-operatively and on ICB therapy. Additionally, there was 

a plan for TCR repertoire assessment on baseline fresh tumour samples from patients 

undergoing CLND.  

 

Initially, as part of the optimisation work, PBMCs were isolated from HD and RNA was 

extracted for fresh analysis of RNA concentration and RNA integrity (RIN) then compared with 

cryopreserved PBMCs from the same HD, which were subsequently thawed and RNA 

extracted to assess for significant differences in RNA concentration or RIN value that would 

affect downstream analysis. This experiment was performed to optimise the work flow for TCR 

sequencing and the method is described in section 2.10.1.   
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2.10.1 RNA extraction, concentration and quantification 

RNA from cell pellets was extracted using the RNeasy® plus mini kit (Qiagen, Manchester 

UK). Before starting, add 10µL of β-mercaptoethanol per 1mL of RNeasy Mini Kit lysis buffer 

(Buffer RLT Plus). The cells were disrupted by adding the appropriate volume of Buffer RLT 

Plus (350µL for <5x106 cells, 600µL for 5x106-1x107 cells) to the sample and mixed thoroughly 

using a pipette. Next, the lysate was homogenised by pipetting it into a QIAshredder spin 

column (Qiagen, UK) placed in a 2ml collection tube and centrifuged for 2 min at full speed 

(17,000g). Then the aliquots were mixed by pipetting with either 350µL or 600 µL of 70% 

ethanol (in order to keep a 1:1 ethanol: lysate ratio). Subsequently, up to 700µL of the sample 

was transferred to RNeasy spin column placed in a 2ml collection tube and centrifuged for 15 

seconds (s) at 13,500g and the flow through discarded. If the sample volume exceeded 700µL 

this step was repeated and the collection tube reused.  

 
Contaminating DNA was removed from each RNA extract by means of DNase treatment, 

which involved performing column DNase digestion. DNase I stock solution was prepared by 

dissolving lyophilised DNase I (1500KU) in 550µL of RNase free water. This was done by 

injecting the RNase free water into a vial containing the lyophilised DNase using needle and 

syringe then mixing gently by inverting the vial. Single use aliquots were then cryopreserved 

at -20°C and stored for up to 9 months. Next, 350µL Buffer RW1 (Qiagen, UK) was added to 

the RNeasy spin column placed in a 2ml collection tube and centrifuged for 15 s at 13,500g 

to wash the spin column membrane, the flow through was discarded and the collection tube 

reused. Then 10µL DNase I stock solution was added to 70µL Buffer RDD (Qiagen, UK) which 

was mixed gently by inverting the tube and centrifuged for 15 s at 13,500g to collect residual 

liquid from the sides of the tube. Next, the DNase I incubation mix (80µL) was added directly 

to the RNeasy spin column membrane and placed on the benchtop at RT (20-30°C) for 15 

min. Then, 350µL Buffer RW1 was added to the RNeasy spin column and centrifuged for 15 

s at 13,500g and flow through discarded. Subsequently, 500µL Buffer RPE (Qiagen, UK) was 

added to the RNeasy spin column placed in 2ml collection tube and centrifuged for 15 s at 

13,500g to wash the spin column membrane and flow through discarded and the collection 

tube reused. Then, 500µL Buffer RPE (Qiagen, UK) was added to the RNeasy spin column 

and centrifuged for 2 min at 13,500g to wash the spin column membrane. The longer 

centrifugation dries the spin column membrane, to ensure that no ethanol was carried over 

during RNA elution as residual ethanol may interfere with downstream analysis. After 

centrifugation, the RNeasy spin column was carefully removed from the collection tube so that 

the column did not contact the flow-through, to avoid carry over of ethanol. Then the RNeasy 

spin column was transferred to a new 2ml collection tube and centrifuged at full speed 

(17,000g) for 1 min to remove any potential carry over of Buffer RPE, or residual flow through 
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from the outside of the RNeasy spin column.  The RNeasy spin column was then placed into 

a new 1.5ml collection tube and 30–50µl RNase free water was added directly to the spin 

column membrane and a timer set for 1 min, before centrifuging for 1 min at 13,500g to elute 

the RNA. Measurement of RNA concentration was carried out using the Nanodrop 1000 

(Thermo Fisher Scientific, UK) and RNA quantified using the Qubit RNA HS Assay (Thermo 

Fisher Scientific, UK) according to manufacturer’s instructions. 
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2.11 ctDNA  
 

2.11.1 Screening for mutations in primary tumour to track in ctDNA 

The DNA mutations tracked in ctDNA were identified in the primary tumour FFPE samples. 

Primary tumour blocks sent to the Manchester Genomic Medicine Centre (MGMC) using the 

Royal Mail Safebox systemTM, which has been reliably used for a number of clinical trials. 

DNA was extracted from the formalin fixed and paraffin embedded (FFPE) primary tumours 

and sequenced using a targeted NGS panel of 34 genes by the MGMC, a UKAS accredited 

laboratory. The assay is validated to meet ISO15189 standards. The technology does not 

require germline DNA for analysis and is optimised for use with FFPE derived DNA samples.  

Tumour cell content was checked prior to DNA being extracted and the quality of DNA tested 

prior to NGS testing. Patients who did not have a BRAF, NRAS, or TERT mutation identified 

in the primary tumour that can be tracked by ctDNA were not enrolled in the study. The assay 

is capable of detecting single nucleotide variants (SNVs) and indels <40bp in size to at least 

5% allele fraction and gene level copy number gain/loss and loss of heterozygosity events. 

The assay uses Qiaseq primer extension enrichment technology, which incorporates unique 

molecular indexes ‘molecular barcodes’ to enhance variant detection. The assay comprises a 

custom panel of 34 oncogenes which are listed in Table 2.8.  

 

 

Table 2.8 Genes in validated NGS panel for use in FFPE samples 
 

Genes in validated NGS panel 

 

KRAS, NRAS, BRAF, PIK3CA, KIT, PDGFRA, EGFR, TP53, CDKN2A, HRAS, IDH1, IDH2, 

H3F3A, TERT, PTEN, H3F3B, ATRX, HIST1H3B, HIST1H3C, HIST2H3C, VHL, MET, 

CTNNB1, ALK, GNAQ, GNA11, B2M, STK11, ERBB2, AR, MAP2K1, AKT1, DDR2, FGFR3 
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2.11.2 Blood sample processing 

Blood samples were taken in Streck tubes (Streck, USA) at the patient’s appointment with the 

clinical team with a pre-specified 96 h window between the blood being taken and plasma 

extraction. Streck tubes stabilise ctDNA for up to 14 days. Plasma was processed to double 

spun plasma at The Christie NHS Foundation Trust and stored in MCRC Biobank until 

requested to be transferred to the Cancer Biomarker Centre at Cancer Research UK, 

Manchester Institute for cfDNA isolation and quantification. In order to test for mutations, blood 

was centrifuged and cell-free DNA extracted from plasma for downstream ctDNA analysis.  

 

2.11.3 ctDNA assay  

The ctDNA assay uses droplet digital polymerase chain reaction (ddPCR) technology 

(BioRad) to analyse for the presence of mutations in cfDNA. The ddPCR assay focuses on 

mutations that are well characterised in melanoma and have been reproducibly detected at all 

stages of disease263,192, BRAF, NRAS and TERT promoter mutations. They are either driver 

mutations and/or early events in the evolution of melanoma. Although NGS testing of the 

primary tumour will identify other mutations e.g. TP53, the study only included patients with 

the following mutations: BRAF (V600E, V600K and V600R), NRAS (Q61R, Q61K, Q61L and 

G12D), TERT promoter (146 C>T and 124 C>T), which can be tracked in ctDNA with exact 

point mutation known, as these have been fully validated and cover approximately 80% of 

patients. A droplet generator is used to partition the ddPCR reaction mix into thousands of 

nanolitre sized droplets. After PCR on a thermal cycler, droplets from each sample analysed 

individually using an optical detection system resulting in an absolute quantification of the 

mutations present. It does not require germline DNA or bioinformatics support, which is an 

advantage over NGS based ctDNA tests. Currently detectable ctDNA is defined as 1 mutant 

BRAF copy/20mL plasma (equivalent to 40mL of blood/4 tubes) by ddPCR. 

 

2.11.4 Longitudinal ctDNA monitoring 

Blood samples were collected from all potentially eligible patients consented into the study 

pre-operatively on the day of surgery. Recruited patients then had repeat blood sample taken 

for ctDNA longitudinally at baseline and prior to each cycle of adjuvant ICB therapy or until 

evidence of clinical/radiological disease progression. Following completion of adjuvant 

therapy, further longitudinal blood sampling taken at clinic visits every 3 months for up to 24 

months or until evidence of clinical/radiological disease progression.  
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Chapter 3: Peripheral T cells as an early 

biomarker for response and toxicity in 

melanoma patients treated with 

immunotherapy 

 
 

 

 

3.1 Introduction 
 
Over the last decade, melanoma research has driven some of the most significant changes in 

treatment approaches observed in oncology. The advent of ICB has dramatically changed the 

treatment landscape and improved the outcomes of melanoma patients. Despite this 

unprecedented progress, patients are still dying of their disease, indicating the urgent need to 

identify which patients will respond to therapy, in order to improve patient stratification and 

avoid unnecessary toxicity risk. In the metastatic setting, an unmet clinical need is the prompt 

identification of responders and non-responders to immunotherapy, to minimise time patients 

spend on ineffective drugs and permit a switch to second line therapies, thereby limiting the 

time the tumour has to progress and improving the chances of achieving meaningful clinical 

benefit.  

 

The lack of validated biomarkers to monitor immune response following ICB treatment is a key 

hurdle for the implementation of cancer immunotherapy. Despite ICB revolutionising cancer 

care, our understanding of T cell evolution on treatment, under the selective pressure of ICB 

remains incomplete, limiting our ability to acquire full clinical benefit from these drugs. The use 

of ICB has demonstrated durable responses in several malignancies. However, the response 

to treatment is variable and currently unpredictable. The immune landscape of host and 

tumour are integral in determining how patients will respond to ICB therapy. There has been 

recent emphasis on exploring T cell changes in the circulation during treatment and 

immunophenotyping has been utilised as a method of measuring these changes. However, in 

melanoma ICB therapy, attention to date has mainly centred around TILs. 

 

A pivotal study evaluating TIL T cell repertoires has identified that anti-PD-1 therapy enables 

selective intratumoural expansion of tumour-reactive clonotypes and diversity of the T cell 
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repertoire is associated with anti-PD-1 induced tumour clonal evolution228. The authors also 

found that changes in T cell repertoire were directly proportional to changes in the fraction of 

clonal mutations in patients with response to treatment228. It is therefore posited that as T cell 

clones expand within the tumour of responding patients, clonal mutations are targeted and 

removed. How these TIL T cell repertoire changes are then reflected in the periphery has not 

yet been fully elucidated.  

 

Furthermore, as immune checkpoints have been shown to modulate T cell responses to 

self-proteins as well as to infection and tumour antigens44, it is proposed that the immune 

response to ICB therapy in melanoma would follow similar dynamics to the T cell response to 

stimulus such as infection. Within the literature, a specific subset of cytotoxic memory effector 

T cells (CD8+CD4-CD45RO+CCR7-CD27-) has been extensively described in the context of 

effective cytotoxic response to viral infection252,264. These cells are characterised by production 

of IFN, perforin and IL-4, with immediate cytotoxic potential ex vivo265. Additionally, 

characterisation of TILs in tumours from melanoma patients revealed an increased infiltration 

of melanoma metastases by the same cytotoxic memory subset in patients who responded to 

single agent anti-PD1 therapy266. Given the inherent issues with tissue biopsies, blood-based 

biomarkers have the potential to guide clinical decision making, but have not been widely 

explored in this setting. Thus far, no immune-monitoring strategies have been validated for 

routine clinical practice. However, peripheral T cells do hold promise in biomarker research 

for melanoma, but require further evaluation in prospective studies to ascertain their predictive 

abilities. 
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3.2 Hypothesis and Aims 
 
Checkpoint inhibitor drugs awaken the immune system so that it attacks tumours. Sharing 

features with responses to infectious diseases267,268,269, tumour control by the immune system 

requires coordination between systemic and intratumoural immunity270, and although several 

studies have investigated intratumoural responses to immunotherapy214,213,216, few have 

focused on how ICB therapy affects the peripheral immune system, or whether changes in 

peripheral T cells are associated with patient responses213,216,271.   

This led to the hypothesis that because immune responses to tumours mirror normal defensive 

responses to pathogens, it would be possible to study patient responses to ICB by monitoring 

peripheral T cell evolution during treatment. The following aims were therefore proposed: 

1. To collect peripheral blood from a minimum of 30 patients undergoing first line ICB for 

metastatic melanoma at three time points; baseline, week 3 on treatment and week 9 

on treatment. 

 

2. To use an optimised multiparametric flow cytometry panel to characterise the 

peripheral T cell compartment in detail at these time points.  

 

3. To identify peripheral blood markers of response to immunotherapy early after 

treatment initiation in stage IV melanoma.  

 
4. To identify peripheral blood markers of toxicity to immunotherapy in stage IV 

melanoma.  

 

In this chapter, I present my contribution to the manuscript: Immune awakening revealed by 

peripheral T cell dynamics after one cycle of immunotherapy, by Valpione et al234, published 

in Nature Cancer February 2020, see Appendix B for the complete manuscript. I also present 

here data from: T cell immune awakening in response to immunotherapy is age dependent, 

by Salih et al272, (accepted for publication in European Journal of Cancer December 2021), 

see Chapter 4 for the full study and Appendix C for the manuscript in press. Details of the 

follow-up study from the work presented in this chapter are described in section 3.5.  
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3.3 Results 
 

3.3.1 Patient cohort 

Patients with confirmed metastatic melanoma on histology report from tissue biopsy and 

baseline CT scan were enrolled onto the study. Patients with previous systemic oncological 

treatment in the neoadjuvant, adjuvant or metastatic setting for melanoma or other cancers, 

concomitant therapy with immunosuppressant drugs at enrolment and synchronous other 

active malignancies were excluded from the study. Patients were eligible to enrol into the study 

if they had been consented to commence first line immunotherapy by the responsible clinical 

treating team. The immunotherapy regime used to treat each patient was decided by the 

treating physician in line with local guidance, a summary of the immunotherapy patients 

received and the clinical characteristics of the final patient group is described in Table 3.1.   

Peripheral blood samples were collected from a total of 50 patients with a diagnosis of 

metastatic melanoma. The initial cohort consisted of 30 patients and then a further 20 patients 

were included as the validation cohort. Written informed consent was then taken from patients 

who wished to participate in the study. Patient confidentiality was maintained by assigning an 

anonymous patient number to each sample. Peripheral blood (30mL) was taken from patients 

at three time points; at baseline prior to any systemic treatment (T0), 3 weeks after the first 

cycle of treatment, prior to cycle 2 (W3) and at 9 weeks prior to cycle 4 of immunotherapy 

(W9). The timeline of peripheral blood sample collection is illustrated in Figure 3.1.  HD 

samples were also used as controls within the study. 

Response to immunotherapy was assessed on CT scan at 12 weeks post treatment initiation 

(week 12 response) and recorded using RECIST 1.1273 as response evaluation criteria. CR 

was defined as disappearance of all target and non-target lesions. A partial response (PR), 

was defined as radiological evidence of at least 30% decrease in the sum of the longest 

diameter (LD) of target lesions compared to baseline. Progression of disease (PD), where 

there was at least a 20% increase in the sum of the LD of target lesions, taking as reference 

the smallest sum LD recorded since the treatment started or the appearance of one or more 

new lesions and/or unequivocal progression of existing non-target lesions. Stable disease 

(SD) where there was neither sufficient shrinkage to qualify for PR nor sufficient increase to 

qualify for PD, taking as reference the smallest sum LD since treatment started or persistence 

of one or more non-target lesions. CR, PR and SD were considered as disease control (DC). 

For late response evaluation, progression was confirmed or excluded after an additional 12 

weeks of treatment (best response).  
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As a surrogate measure of tumour burden the sum of target lesions on baseline and W12 CT 

scans were calculated using RECIST 1.1. Measurements from scans at both timepoints were 

available for 36 patients; the different number of patients included in the sub-studies reflects 

the availability of detailed target metastatic lesion measurements in the scan reports. Toxicity 

was measured using the Common Terminology Criteria for Adverse Events (CTCAE) v.4.0.  

 

 

 
 
Figure 3.1 Timeline of peripheral blood sampling  
The first collection occurred prior to administration of the first cycle of immunotherapy (T0). 
The second sample was taken immediately prior to cycle 2 of immunotherapy (W3), and the 
third sample was taken immediately prior to cycle 4 of immunotherapy (W9). Sampling was 
carried out when patients were attending The Christie NHS Foundation Trust for treatment to 
reduce inconvenience to study participants. 
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Table 3.1 Clinical characteristics of the patient cohort 
 

*The different number of patients included in the sub-study reflects the availability of detailed 
target metastatic lesion measurements in the scan reports. 
ULN=upper limit of normal 
 
 
  

Clinical Characteristics Number 

(%) 

Median 

(range) 

Total number 

of patients 

evaluated 

 

Gender 

Male 

Female 

 

 

32 (64%) 

18 (36%) 

  

50 

 

BRAF V600E/K Mutation Status  

Mutated 

Wild-type 

 

 

16 (32%) 

34 (68%) 

  

50 

 

Stage  

IIIC – M1a 

M1b 

M1c-d 

 

10 (20%) 

13 (26%) 

27 (54%) 

  

50 

 

Baseline LDH (IU/L) 

<ULN 

>ULN 

 

 

42 (84%) 

8 (16%) 

 

371 (165-

2987) 

 

 

50 

 

Age (years) 

 

  

70 (35 – 

85) 

 

50 

 

Number of organ sites  

with metastases 

  

2 (1-7) 

 

39* 

 

Immunotherapy Regime 

Ipilimumab + Nivolumab 

Pembrolizumab  

Nivolumab 

 

 

21 (42%) 

19 (38%) 

10 (20%) 

  

50 

 

Response to Immunotherapy  

Complete Response (CR) 

Partial Response (PR) 

Stable Disease (SD) 

Progression of Disease (PD) 

 

 

7 (14%) 

23 (46%) 

4 (8%) 

16 (32%) 

  

50 
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3.3.2 Identification of subset of immune effector T cells in the peripheral blood of 
metastatic melanoma patients undergoing ICB therapy  

The surface markers of the subset of cytotoxic memory effector T cells previously described 

as being involved in immune responses to infection and as also functionally relevant in the 

tumours of melanoma patients undergoing anti-PD-1 therapy were used as the starting point 

to explore the behaviour of peripheral T cells expressing those markers at baseline and early 

on ICB therapy252,264,266. To investigate T cell evolution in this setting, high dimensional FACS 

was utilised to characterise peripheral T cell subsets in the patients’ PBMCs (n=50), (panels 

and gating strategy described in section 2.6). The subset of immune effector T cells with the 

surface phenotype CD3+ CD4− CD8+ CD45RA− CD45RO+ CD27− CCR7− which will be referred 

to as immune effector T (TIE) cells were identified and appeared to show expansion in some 

patients between T0 and W3. Figure 3.1 illustrates an example of FACS data plots at T0 and 

W3 from a patient showing expansion of TIE cells, 18.2% at T0 compared to 69.3% at W3.  
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Figure 3.1 Peripheral TIE cell expansion at T0 and W3 
Example of gating around cell populations on 2D dot-plot graph. Identification of CCR7 and 
CD27 negative fraction of the cytotoxic memory effector T cells. Boxes within the plots 
highlight the gating and expansion of TIE cells from T0 (18.2%) to W3 (69.3%).  
Data shown here are the fcs. files acquired by the flow cytometer, n=1 example.  
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3.3.3 Patient radiological response to ICB correlates with an expansion in peripheral T IE 

cells 

The observation that expansion of peripheral TIE cells was occurring in some patients led to 

the hypothesis that this expansion may correlate with patients that are responding to ICB 

therapy. Flow cytometry was used to quantify the percentage of TIE cells in the patients’ 

circulating cytotoxic memory T cells from PBMCs prior to treatment at T0 and after one cycle 

of ICB at W3. From this, the change in TIE abundance at W3 compared to T0 was calculated 

(W3[TIE]-T0[TIE]=∆W3TIE). As a surrogate of tumour burden, the sum of the measured target 

RECIST lesions were calculated from the patients’ scans (T0 RECIST) and then the change 

at W12 compared to T0 was calculated (W12[RECIST]-T0[RECIST]=W12RECIST)274,275. 

Table 3.2 displays the median sum (including range) of RECIST 1.1 marker lesion diameters 

at both time points. Notably, patients with a W12RECIST of ≤0 (tumour shrinkage) had a mean 

∆W3TIE of 9.57% (range -2.55-50.62%), whereas patients with a W12RECIST of >0 (tumour 

growth) had a mean ∆W3TIE of 0.4% (range -17.5-20.2%) (Figure 3.2A), resulting in a negative 

correlation between TIE cell subset expansion and tumour burden changes (r=-0.35).  

 

Following activation, many T cells die through the process of turnover, releasing their DNA 

into the blood as cfDNA. The rearrangement efficiency score (RES) measures the proportion 

of functional TCR sequences as a product of all TCR sequences234. To evaluate T cell turnover 

(death), the TCR RES were determined from cfDNA in the patients’ blood. It was recently 

demonstrated that the change in cfDNA TCR RES at W3 compared to T0 (W3[RES]-

T0[RES]=∆W3RES) is a surrogate for the dynamic change in peripheral T cell turnover234. It 

was observed that patients with an average ∆W3RES of 0.02 (-0.16-0.17) had a 

W12RECIST>0, whereas patients with an average ∆W3RES of 0.1 (-0.15-0.30) had a 

W12RECIST≤0 (Figure 3.2B), indicating a negative correlation between peripheral T cell 

turnover and tumour size changes (r=-0.50). Thus, the magnitude of the peripheral TIE cell 

expansion and the magnitude of T cell turnover at W3 are both inversely proportional to tumour 

burden at W12 (r=-0.35, r=-0.50 respectively) (Figure 3.2A, Figure 3.2B).  
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Table 3.2 Sum of RECIST 1.1 marker lesion diameters at baseline and W12 

 

  
Median (range) 

 
Total number of patients evaluated 

 

Sum of RECIST 1.1 

marker lesion diameters at 

Baseline (cm) 

 
 

4.9 (1.1 – 21.5) 

 
 

37* 

 

Sum of RECIST 1.1 marker 

lesion diameters at W12 (cm) 

 
4.5 (0 – 31.1) 

 
36* 

* The different number of patients included in the sub-study reflects the availability of 
detailed target metastatic lesion measurements in the scan reports. 
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A 
 
 

 
 
 
B 
 
 

 
 
 
Figure 3.2 Correlation between radiological response and peripheral biomarkers  
A: Correlation (r=-0.35) between ∆W12RECIST and ∆W3TIE in the patient cohort (n=36).  
B: Correlation (r=-0.50) between ∆W3RES and ∆W12RECIST in the patient cohort (n=22 
patients with both measurements available).  
Data points represent individual patients. Dotted line is the linear regression line.  
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3.3.4 Peripheral TIE cell expansion in metastatic melanoma patients that respond to ICB 
therapy in the initial cohort  

Further analysis revealed that TIE cells expanded at W3 in patients who achieved DC, including 

late responders, however there was no evidence of T IE cell expansion in patients with PD on 

radiological response evaluation imaging (p=0.0007) (Figure 3.3A). The finding of TIE 

expansion at W3 in patients with radiological evidence of disease control was irrespective of 

whether they were treated with single agent anti-PD1 or combination anti-PD1 and anti-CTLA4 

therapy regimes (p=0.20) (Figure 3.3B). An increase of >0.8% in the TIE ratio relative to all 

CD8+memory T cells at W3 correlated with improved OS and segregated disease control, 

including late responders from patients with progressive disease, with a sensitivity of 0.94 and 

a specificity of 0.79 (accuracy = 0.87; area under the curve = 0.85) (Figure 3.3C). The TIE 

expansion at W3 was associated with significantly increased OS (median survival not 

reached) compared to patients without TIE expansion (median survival 9.6 months), the HR 

for patients without W3 TIE expansion was 3.7 (95% CI: 1.12–11.9), (p=0.013) (Figure 3.3D). 
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A       B 

 
       
  
C       D 

 
 
Figure 3.3 Peripheral TIE cell expansion in metastatic melanoma patients that respond 
to ICB therapy in the initial cohort 
A: ∆W3 TIE in patients with progressive disease (PD), maroon dots, (n=14; median:−0.58%) or 
disease control (DC), blue dots (n=16; median:10.04%), p=0.0007 (two-sided Mann–Whitney 
U-test). Dots represent individual patients; horizontal lines show median values and error bars 
represent standard deviation. 
B: ∆W3 TIE in patients receiving anti-PD1 monotherapy pembrolizumab or nivolumab (αPD1; 
green triangles, n=18; median:1.35%) or a combination of ipilimumab and nivolumab (I + N; 
pink squares, n=12; median:10.84%). p=0.20 (two-sided Mann–Whitney U-test).  
C: Receiver operating curve displaying sensitivity and false positive rate (1 − specificity) of ∆W3 
TIE values in identifying patients that would achieve disease control. * = maximum accuracy 
(cut-off=+0.8%).  
D: Kaplan–Meier survival curves for patients with TIE expansion ≥ 0.8% (blue; n=12; median 
survival not reached) at W3 compared with patients with TIE expansion <0.8% (red; n=18; 
median survival=9.6 months), p=0.013 (log-rank test). The dotted vertical line is landmark at 
W3. 
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3.3.5 Peripheral TIE cell expansion in metastatic melanoma patients that respond to ICB 
therapy in the validation cohort 

Following on from the initial cohort findings, these observations were confirmed in a further 

independent cohort of 20 advanced melanoma patients treated with first line ICB therapy. In 

this validation cohort, TIE cells also expanded at W3 in patients who achieved DC, including 

late responders, with no evidence of TIE expansion in patients with PD (p=0.019) (Figure 3.4A). 

TIE expansion >0.8% at W3 in this cohort was again associated with a significant increase in 

OS (median survival not reached) compared to those patients with T IE expansion < 0.8% 

(median survival 4.2 months) (p=0.003) (Figure 3.4B), again separating responders from non-

responders with a sensitivity of 0.82 and a specificity of 1 (accuracy=0.90; area under the 

curve AUC=0.92). 

 

 

 

A       B 

 
 
        
Figure 3.4 Peripheral TIE cell expansion in metastatic melanoma patients that respond 
to ICB therapy in the validation cohort 
A: ∆W3 TIE in patients with progressive disease (PD), maroon dots, (n=3; median:−1.3%) or 
disease control (DC), blue dots, (n=17; median: 3.3%), p=0.019 (two-sided Mann–Whitney U-
test). Dots represent individual patients; horizontal lines show median values and error bars 
represent standard deviation. 
B: Kaplan–Meier survival curves for patients with TIE expansion ≥ 0.8% (blue; n=15; median 
survival not reached) at W3 compared with patients with TIE expansion <0.8% (red; n=5; 
median survival = 4.2 months), p=0.003 (two-sided log-rank test). The dotted vertical line is 
landmark at W3. 
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3.3.6 Peripheral TIE cell expansion in metastatic melanoma patients at W9 and 
correlation with response to ICB therapy 

The next step was to explore the timeframe beyond W3 that TIE cell expansion discriminating 

responders from non-responders to ICB remained present. This was done by comparison of 

the percentage difference of TIE cells in the CD8+ memory T cell population in the PBMC of 

the patients at T0 and W9. By W9, TIE cells no longer discriminated patients with DC from 

patients with PD. Differences over time were not significant for PD, p=0.375 or DC, p=0.219 

and patient values for PD compared to DC did not differ at T0 (p=0.275 or W9; p=0.762) 

(Figure 3.5). The W9 samples were collected and analysed for an initial pilot of 10 patients 

and when no signal was detected collection at this time point ceased, hence the difference in 

patient numbers between T0 (n=30) and W9 (n=10).  

 

 

 

 

 
 

Figure 3.5 Peripheral TIE cell expansion in metastatic melanoma patients at W9 and 
correlation with response to ICB therapy 
Comparison of differential abundance of TIE in CD8+ memory T cells in the PBMCs of patients 
with progressive disease (PD, n=14) and disease control (DC, n=16) at T0 (n=30) and W9 
(n=10, PD, n=4, DC, n=6).  
Differences over time were not significant for PD (median=15.2 and 35.5; P=0.375; two-sided 
Wilcoxon test) or DC (median=7.9 and 24; p=0.219; two-sided Wilcoxon test); PD vs DC 
patient values did not differ at T0 (p=0.275; two-sided Mann-Whitney U test) or W9 (p=0.762; 
two-sided Mann-Whitney U test). Error bars represent standard deviation. 
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3.3.7 Ki67 and PD-1 expression in peripheral TIE cells  

The only predictive biomarker of response to ICB currently used in clinical practice is the 

expression of PD-L1 in tumour tissue as assessed by immunohistochemistry. Despite the use 

of PD-L1 as a biomarker, it has both technical and biological limitations that are discussed in 

section 1.4.1. Other tissue-based biomarkers, including tumour mutational burden have 

comparable predictive power to PD-L1 expression276. However, tissue biopsies are invasive, 

not always accessible and are less likely to represent the whole tumour due to intratumoural 

heterogeneity. In addition, the dynamic response of the immune system following ICB make 

serial tissue biopsies an unviable option in clinical practice. Ki67 expression has been utilised 

as a marker of T cell activation and PD-1 although known as a marker of exhausted T cells, it 

has also been observed as a marker of continued memory T cell function277,278.  For this 

reason, it was beneficial to investigate the expression of Ki-67 and PD-1 in peripheral TIE cells 

from the study cohort at both time points, T0 before the first cycle of ICB and W3 after the first 

cycle of ICB. This experiment was limited by the small sample size (frozen PBMC samples 

from 5 patients), therefore statistical comparison of the outcome groups, Ki67+/- PD1+/- and 

time points was not possible. However, FACS analysis revealed a propensity for T IE 

reinvigoration with increased Ki67+/PD-1+ expression after one cycle of ICB at W3 (Figure 

3.6).  

 
Figure 3.6 Ki-67 and PD-1 expression in peripheral TIE cells at T0 and W3 
Frozen samples of PBMCs from patients at T0 and at W3 after first cycle of ICB; expression 
of Ki67 and PD1 in the peripheral TIE cells as measured by FACS; horizontal line indicates 
median; error bar indicates standard deviation. n=5, statistical analysis was not possible due 
to the small sample size.  
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3.3.8 Correlation between peripheral T cell expansion and toxicity 

The growing clinical application of immunotherapy highlights the importance of the recognition 

and management of its unique toxicity profile. IrAEs, caused by ICB agents can lead to long-

term chronic complications and even fatal consequences and thus require early detection and 

aggressive management. However, at present robust biomarkers of irAEs are lacking. It was 

therefore of interest to explore whether there was a correlation between T IE cell expansion and 

toxicity. Within the total study population (n=50), patients were segregated into those with no 

reported toxicity, or toxicity < grade 3 (G3) and those with toxicity documented ≥ G3 in the 

clinical notes as per CTCAE v.4.0. Onset of toxicity occurred at any time between 2 weeks 

and 6 months from therapy initiation. Analysis of the data revealed that TIE expansion at W3 

was not associated with toxicity (p=0.347; Figure 3.7). However, expansion of a separate Treg 

subset did correlate with grade of toxicity (p<0.0001; Figure 3.8A). This subset of Treg is 

characterised by the surface phenotype CD3+CD4+CD8−CD25+CD127−/low. Figure 3.8B 

illustrates an example of FACS data plots at T0 and W3 from a patient with grade 3 toxicity, 

showing expansion of the Treg subset from 6.31% at T0 compared to 13.5% at W3.  

 
 

        
 
 

 
Figure 3.7 TIE cells and immunotherapy related toxicity  
∆W3 TIE in patients with less than (<) grade 3 toxicity (i.e. grade 0-2); (median=1.6; n=33) or 

with greater than or equal to () grade 3 (G3) toxicity (median=3.72; n=17), p=0.347 (two-
sided Mann–Whitney U-test). Horizontal lines show median values, error bars represent 
standard deviation and data points represent individual patients (maroon: progressive 
disease; blue: disease control; triangles: single-agent anti-PD-1; squares: combination 
ipilimumab + nivolumab.  
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Figure 3.8 Regulatory T cells (Treg) and immunotherapy related toxicity 
A: Expansion of CD25+CD127-/low in CD4+ T cells at week 3 (∆W3Treg) according to toxicity 
grade. p<0.0001; n=50; two-sided linear regression analysis, R2=0.29. The dotted line is the 
linear regression line.  
B: Example of 2D dot-plot graph showing expansion of CD3+CD4+CD8−CD25+CD127−/low Treg 
cells. Boxes within the plots highlighting the gating and expansion of T reg from T0 (6.31%) to 
W3 (13.5%). Data shown here are the fcs. files acquired by the flow cytometer, n=1 example.  
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3.4 Discussion 
 

The application of systemic therapy has been largely focussed on patients with stage IV 

disease. In the advanced setting, patients survive for more than 30 months and some show 

durable responses since the advent of immunotherapy279. However, it is important to note that 

not all patients respond to treatment, some experience major toxicity and a significant number 

still die of their disease, highlighting the heterogeneity of response. The mechanisms by which 

some melanomas escape ICB stimulation while others respond have not yet been fully 

elucidated. There is a critical need to develop validated assays and provide reliable platforms 

to stratify and monitor patient response to therapy, as currently there is no biological rationale 

underpinning how patients are selected for treatment with immunotherapy. To investigate the 

hypothesis that patient responses to ICB could be studied by monitoring peripheral T cell 

evolution during treatment the peripheral blood of patients undergoing first line immunotherapy 

for metastatic melanoma was examined. The initial cohort consisted of 30 patients and the 

study findings were validated in a subsequent independent cohort of 20 patients.  

 

Evaluation of how the selective pressure of the first cycle of ICB affects peripheral T cell 

evolution in treatment naïve advanced melanoma patients was undertaken. Expansion of a 

CD8+ cytotoxic memory effector subset that was CCR7-/CD27- was observed. This subset of 

lymphocytes is involved in cytotoxic response to infections and the findings from this study 

indicate that they are also associated with ICB responses252,257,264. Immune effector cells are 

the cells of the immune system that support anti-cancer immune surveillance280, and as this 

data has identified correlation of a specific T cell subset in this network, the term immune-

effector T cells, or TIE cells was applied. The data generated enhances knowledge of immune 

system biology and may have broader implications beyond immuno-oncology. In particular, 

the downregulation of CCR7 and CD27 in TIE cells, and their association with differentiated 

effector T cell release from lymph nodes to the periphery281,282,283,284.  

 

This study aimed to address a clinically relevant question: is it possible to predict patient 

responses to ICB by monitoring peripheral T cell evolution during treatment. This was 

achieved by assessing peripheral T cell changes that relate to pre-treatment and early on 

treatment time points. Early changes at W3 using flow cytometry demonstrated expansion of 

a subset of CD8+ memory effector cytotoxic T cells (CD3+CD4–CD8+CD45RA–

CD45RO+CD27–CCR7–). This expansion was significantly greater in patients with radiological 

evidence of response to ICB and correlated with subsequent 6 month ongoing responses to 

ICB therapy. An increase of 0.8% in the ratio of TIE cells to all CD8+ memory cells at W3 

following one cycle of ICB was associated with an increase in OS and segregated responders 
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from non-responders at 6 months, this was upheld with a separate validation cohort. 

Interestingly, TIE levels at W9 were not able to distinguish patients with DC from those with 

PD. This highlights the dynamic nature of these responses, indicating that the changes 

observed at W3 are prognostic for melanoma responses to ICB, but are no longer prognostic 

by W9. This is consistent with studies showing that the peak of immune activation is at 

W3213,271.  

 

Thus, changes in TIE abundance and the RES after the first cycle of immunotherapy identify 

which patients will achieve disease control at W12234.  These findings were extended by 

showing that in melanoma patients receiving ICB, changes in T IE cell abundance inversely 

correlated with changes in tumour burden determined by RECIST target lesion size in patients’ 

CT scans. This suggests that an increase in TIE abundance 3 weeks after the start of ICB 

therapy predicts tumour shrinkage at the W12 assessment. Similarly, it has been shown that 

the peripheral T cell pools undergo dynamic turnover proportional to the magnitude of 

response, confirming that the immune-signature described is a reliable early biomarker of 

response to ICB234.  

 

The ability of unidimensional measurements to accurately represent adequate assessment of 

total tumour burden has often been questioned. Several studies have compared 

unidimensional and bi-dimensional measurements in assessment of tumour burden and 

shown no difference in response and progression rates285,286,287. Volumetric measurement of 

tumour lesions as a more accurate marker of tumour burden has been investigated and shown 

promise288,289. However, there is variability in software platforms used, these are not widely 

available and have not yet been fully validated. Therefore, unidimensional anatomical 

assessment of tumour burden is currently the most reliable and accessible surrogate endpoint. 

 

Analysis of anti-tumour reactivity of TIE cells was out of the scope of this study. However, 

publicly available data demonstrate that peripheral TIE clones infiltrate melanoma and 

represent an abundant proportion of TILs with high repertoire clonality290,234. Additionally, 

within the literature, a similar cell population of TILs has been identified as correlating with 

response to ICB in melanoma266.  

 

To investigate the reliability and utility of TIE cell expansion at W3 in predicting response to 

ICB in melanoma, comparison with other candidate biomarkers in the published literature was 

undertaken. The accuracy of W3 TIE expansion in identifying patients who achieved disease 

control early during treatment in this study was 0.87. This is superior to W3 peripheral T 

lymphocyte invigoration-to-tumour burden ratio (Ki67/TB), where accuracy was 0.64 (16/24 
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patients with Ki67/TB > 1.94 had an objective response compared with 3/17 patients with 

Ki67/TB < 1.94)213. Moreover, W3 TIE expansion had greater accuracy than PDL-1 staining in 

pre-treatment melanoma biopsies, where the accuracy was 0.67 (78/148 patients with PD-L1 

positive biopsy had an objective response compared with 89/270 patients with PD-L1 negative 

biopsy)65. The novel observation that TIE expansion could identify which patients benefit from 

ICB with greater accuracy than standard biopsy PD-L1 staining or Ki67 is noteworthy. 

However, further research investigating the anti-tumour cytotoxicity and specificity of TIE cells 

and their potential for clinical development is required. Within this study, the sample size 

examined was too small to discern a statistically significant trend in increased peripheral Ki67 

expression and TIE reinvigoration at W3.  

 

Evaluation of whether W3 TIE expansion was associated with immunotherapy related toxicity 

was undertaken and no correlation was identified between TIE expansion at W3 and presence 

or grade of toxicity. However, a linear correlation between toxicity grade and expansion of a 

separate Treg subset characterised by the surface phenotype 

CD3+CD4+CD8−CD25+CD127−/low at week 3 was observed. Interestingly, a recent study also 

investigated baseline and early changes in Treg cells among PBMCs obtained at baseline and 

1 week after initiating anti-PD-1 therapy in thymic epithelial tumour (TET) and NSCLC patients. 

They found that the fold change in effector Treg cells post treatment was associated with the 

development of irAEs291. The impact of irAEs and toxicity are a key factor to consider in the 

patient centred approach to precision immuno-oncology and the development of reliable 

biomarkers that predict ICB toxicity could facilitate improved therapeutic decision making and 

safety monitoring protocols.  

 

In summary, to investigate T cell evolution on treatment as a potential predictive biomarker of 

response to immunotherapy, liquid biopsies were utilised for metastatic melanoma patients 

undergoing first line treatment with immunotherapy. Expansion of an immune effector subset 

of peripheral T cells, TIE that correlated with response was identified. These changes occur 

within 3 weeks of commencing ICB therapy in responding patients and interestingly are no 

longer detectable at W9, prior to the fourth cycle of treatment. Thus, dynamic and quantifiable 

changes in peripheral T cells that occur early on treatment using a minimally invasive 

approach have been identified. This novel approach will require further kinetic analysis and 

clinical validation, with the potential to provide tractable tools to refine patient care. Treatment 

may be stopped at an early stage in patients that do not possess the immune cell repertoire 

necessary for response and could therefore prevent further exposure to costly therapy and 

risk of toxicity. 
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These results advance our understanding of the dynamics of immune system evolution after 

one cycle of ICB. However, the similar responses observed with infection could limit specificity 

in the immunotherapy setting.  In addition, the relatively small size of the study cohort could 

limit the generalisation of these results, particularly, the lack of a significant difference between 

single agent and combination immunotherapy. In contrast, within the literature, bulk RNA 

sequencing with flow cytometry based immunophenotyping of peripheral blood from a cohort 

of metastatic melanoma patients sampled early on first line ICB indicated similar activation of 

the CD8+ effector memory T cell population with both monotherapy and combination ICB, 

although the magnitude of change was significantly higher with combination therapy292. If 

expansion of this CD8+ effector memory T cell population is validated in larger prospective 

studies as correlating with clinical response to both single agent and combination ICB therapy 

this could pave the way for treatment escalation studies in order to make more nuanced clinical 

decisions.  

Although further studies are required to determine the mechanisms underpinning the 

observations from this study and their specificity for ICB-induced response, this approach 

offers advantages inherent to minimally invasive liquid biopsies and may serve as an 

actionable biomarker of immune activation generating information in a clinically actionable 

time frame that could aid treatment decisions with the potential to contribute to the 

implementation of precision immunotherapy.  
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3.5 Design of Follow-Up Study Impacted by Global Pandemic 
 

The next step in validating this candidate early response marker is to identify at what time 

point the maximal differences in TIE cell expansion can be observed. If successful, there is 

potential to consider a feasibility study to assess whether these tools can be utilised in clinical 

practice to identify and segregate responders from non-responders early on ICB therapy so 

that treatment can be tailored to improve outcomes. Importantly, the prediction of response 

would occur within 3 weeks, significantly earlier than the current clinical response 

assessments that occur at 12 weeks. 

 

I conceived the rationale for this follow-up study and led on the design and set up of the 

protocol. Unfortunately, the global pandemic has interrupted study initiation. Section 3.5.1-

3.5.4 outlines the hypothesis, aims, research protocol and experimental plan for the study.  

 

 

3.5.1 Hypothesis and Aims 

As demonstrated in this chapter, an increase in TIE expansion at W3 was associated with 

increased OS and segregated DC, including late responders from patients with PD in the initial 

study. This work amongst other recently published studies has highlighted that peripheral T 

cell changes occur early on treatment213,271,292. Subsequent focus on earlier time points may 

give further insight into the kinetics of disease evolution on treatment to identify as early as 

possible which patients are likely to benefit from therapy and those for which a different 

combination or treatment regime may be indicated. 

 

Based on the rapid decay of TIE expansion from W3 to W9, I hypothesised that this expansion 

occurs rapidly and can be detected earlier than the W3 timepoint. In order to test this, the 

following experimental approach was proposed: 

 

1. To collect weekly blood samples for the first 6 weeks of treatment from a minimum of 

12 metastatic melanoma patients undergoing first line ICB therapy.  

2. To utilise flow cytometry to assess if the timepoint at which T IE changes occur on ICB 

can be further refined.  
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3.5.2 Research Protocol 

3.5.2.1 Clinical characteristics 
 

Blood samples from patients collected under the Manchester Cancer Research Centre 

(MCRC) Biobank ethics application #07/H1003/161+5 with written informed consent from the 

patients at The Christie NHS Foundation Trust. The study was approved by MCRC Biobank 

Access Committee application 13_RIMA_01. All clinical investigations conducted in 

accordance with the principles expressed within the Declaration of Helsinki and GCP 

guidelines. 

 

A total of 12 patients with metastatic melanoma treated as standard of care with either 

combination I+N or single agent pembrolizumab in the first line setting will be recruited, with 6 

patients recruited to each treatment arm. 

 
Response to treatment assessed at 12 weeks from first cycle of immunotherapy by CT scan, 

using RECIST 1.1 as response evaluation criteria.  

 

 

3.5.2.2 Key inclusion criteria 
 

1. Histological confirmation of cutaneous melanoma 

2. Stage IV disease confirmed on radiological imaging 

3. No previous systemic anti-cancer treatment in the neo-adjuvant, adjuvant or metastatic 

setting for melanoma or any other cancer 

4. No concomitant therapy with immunosuppressive medication at enrolment  

5. No synchronous other active malignancy.  

 
 
 

3.5.2.3 Feasibility of recruitment  
 

The Christine NHS Foundation Trust, melanoma clinical team were expected to see and 

commence treatment with immunotherapy, 3-4 patients with metastatic disease per month. 

Within 6-8 months there was potential to have recruited 12 patients. Total study duration was 

up to 12 months (3 months from recruitment of the final patient). It was considered that if 

treatment groups were unbalanced, it may take longer to complete the recruitment phase. 
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3.5.3 Experimental plan 

3.5.3.1 Addressing aim 1: To collect weekly blood samples for the first 6 weeks of 
treatment from a minimum of 12 metastatic melanoma patients undergoing first line 
ICB therapy  

 
The sample size required to power this study was assessed by Cancer Research UK 

statistician Cong Zhou based on analysis of the data generated from 50 patients in the initial 

study. To consider relevance for clinical trial feasibility design, the cohort can be expanded to 

explore strength of signal when the time point is refined. Patients recruited to the study should 

undergo weekly blood sampling during the first two cycles of therapy between T0 and week 6 

(W6). The W6 time point was chosen because analysis of data provided from another study 

informed that TIE expansion was also not present beyond W680. 

 

If this study reaches desired initial recruitment of 12 patients, this would equate to 7 blood 

samples per patient, a total of 84 samples. To maintain the conditions of the initial study, 

clinical samples will be processed within 4h of collection. The timeline for weekly peripheral 

blood sampling is illustrated in Figure 3.9. Baseline T0, W3 and W6 sampling would coincide 

with standard of care time points for phlebotomy prior to administration of each cycle of 

immunotherapy. Week 1 (W1), week 2 (W2), week 4 (W4) and week 5 (W5) are outside routine 

clinical follow up and require extra hospital visits. The logistics of phlebotomy taking into 

consideration what would be deemed acceptable and reasonable to patients was evaluated 

and an amendment to the pre-existing ethics protocol to incorporate additional phlebotomy 

was approved. This study is supported by the ‘man in van’ Cancer Research UK initiative, 

meaning that patients within the catchment area can attend their local pharmacy for 

phlebotomy. This would be necessary only on the outside standard of care blood sampling 

timepoints (W1, W2, W4 and W5) that would require extra hospital visits. Otherwise private 

transport to The Christie NHS Foundation Trust would be arranged for those patients outside 

of the catchment area willing to participate.  
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Figure 3.9 Timeline for weekly peripheral blood sample collection  
Stage IV melanoma patients commencing first line ICB therapy recruited to the study will 
undergo weekly bloods for the first 6 weeks of treatment. This is a total of 7 blood samples 
per patient. Highlighted timepoints in red squares represent immunotherapy cycles. 
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3.5.3.2 Addressing aim 2: To utilise flow cytometry to assess if the timepoint at which 
TIE changes occur on ICB can be further refined  
 

The same protocols from the initial study for PBMC isolation and FACS analysis will be used 

in this follow-on study (method described in section 2.3 and section 2.6). The dynamics of TIE 

cell behaviour will be monitored longitudinally on a weekly basis to explore whether the 

maximal differences observed occur earlier or later than the standard of care earliest timepoint 

of W3 identified in the initial study. The potential timepoints where maximal differences in TIE 

cell expansion may be observed could be at peak 1 (P1) [week 1 or 2], peak 2 (P2) [week 3] 

or peak 3 (P3) [week 4 or 5] and are illustrated in Figure 3.10. 

 

 

 

 

Figure 3.10 Graphical illustration exploring potential signal strength of TIE cell 
expansion at different timepoints  
Green = responders to ICB, disease control. Yellow = non-responders to ICB, progressive 
disease. Arrows indicate potential variation in signal strength at various timepoints highlighting 
the need to further refine the timepoint of maximal change in TIE expansion.  
P1 = peak 1, P2 = peak 2, P3 = peak 3.  

P 1 

 

P 2 

 

P 3 
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3.5.4 Conclusion 

Both the test and validation cohorts from the initial study confirmed that ICB induced 

measurable changes in peripheral TIE cells that revealed which patients will benefit from 

treatment. These tools have the potential to be highly clinically relevant in decision making for 

melanoma treatment and hold promise for exploration of their utility in earlier stage melanoma.  

It is important to consider that dosing and scheduling of ICB has changed since the global 

COVID-19 pandemic and so this study, although still relevant and necessary, would need to 

be adjusted in light of the changes to timing of administration of treatment cycles. The intention 

is to further validate this candidate biomarker in the stage IV setting and seek to use these 

tools to aid identification of patients in the stage III resected melanoma setting who will benefit 

from adjuvant therapy. This will be discussed further in Chapter 5. 
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Chapter 4: Clinical correlates of peripheral 

T cell responses to immunotherapy in 

melanoma 

 

 

4.1 Introduction 
 

To facilitate the identification of new therapeutic strategies and personalised treatments for 

melanoma patients, we need to understand the biological mechanisms that underpin why 

some patients benefit from ICB whereas others do not. Ideally, therapy decisions would be 

made on the basis of patient-specific cancer or immunological biomarkers. However, clinically 

validated biomarkers for this purpose are currently lacking although many factors are known 

to influence response to ICB including: disease stage, serum LDH and organ systems 

involved. Thus, to deliver effective precision immuno-oncology, assessment of patient specific 

factors is required to guide clinical decision making. 

 

When considering precision immunological biomarkers of response to immunotherapy in 

advanced melanoma, the study described in Chapter 3 sought to explore if patient responses 

to ICB could be predicted by assessing peripheral T cell changes that relate to pre-treatment 

and early on treatment time points. TCR sequencing in parallel with flow cytometry based 

immunophenotyping were used to assess T cell evolution in the context of patients undergoing 

immunotherapy for metastatic melanoma. Analysis of peripheral blood taken from patients 

prior to treatment and after the first cycle of ICB identified an immune signature that could 

discriminate, with an accuracy of 0.87, melanoma patients who will go on to respond to 

immunotherapy from those who will not respond to treatment234.  

 

Specifically, demonstrating that after one cycle of ICB, responding patients underwent early 

expansion of a subset of PBMCs, the immune effector T cells, termed TIE cells defined as the 

CD27-/CCR7- fraction of the CD8+ peripheral memory T cells, that were associated with 

improved OS234. In addition, the study explored TCR sequencing as a means of evaluating 

the peripheral TCR repertoire as a potential biomarker of response and demonstrated that 

after one cycle of ICB, patients who went on to respond to treatment presented an increase in 

either the clonality or diversity of the TCR on their circulating T cells. Patients who failed to 

respond to treatment did not develop this dichotomised evolution in their TCR repertoire234. 
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Additionally, changes in RES prior to and following the first cycle of treatment indicated that 

ICB increased peripheral T cell turnover in responding patients, but not in patients with 

progressive disease234.  To further understand the biology underpinning these observations, 

in this chapter I investigated the clinical correlates associated with this immune signature.   

 

 4.2 Hypothesis and Aims 
 

Despite the significant improvement in clinical outcomes since the introduction of 

immunotherapy to the treatment paradigm in melanoma, durable responses only occur in a 

minority of patients and treatment is associated with risk of toxicity and high cost. There 

currently are no definitive biomarkers that facilitate clinical decision making when considering 

which patients to select for treatment with ICB. Understanding of the dynamic nature of the 

immune response and the interaction of multiple host factors is required to define the best 

biomarkers of response to ICB.  

 

It is important to assess the strength of the novel immune biomarkers described in section 4.1 

in their ability to predict response to ICB in melanoma. Candidate circulating biomarkers 

identified in the literature to date have not been validated for clinical use, this is likely in part 

due to their tendency to be influenced by other clinical variables. It is hypothesised that patient 

clinical characteristics could affect the robustness of TIE and TCR repertoire changes as 

predictive biomarkers of response to ICB.  

 

To test this hypothesis, examination of the cohort of metastatic melanoma patients treated 

with first line immunotherapy (described in Chapter 3) was undertaken to explore whether 

clinical variables have an impact on the peripheral T cell immune profile prior to and following 

the first cycle of ICB.  

 

The aims of this study are: 

 

1. To ascertain the impact of clinical variables on peripheral TIE cell evolution and T cell 

turnover under the selective pressure of immunotherapy. 

 

2. To assess the impact of clinical variables on peripheral TCR repertoire changes under 

the selective pressure of immunotherapy.  
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In this chapter I present data from: T cell immune awakening in response to immunotherapy 

is age dependent, by Salih et al272, (accepted for publication in European Journal of Cancer 

December 2021), see Appendix C for manuscript in press. 

 
 

 

4.3 Results 
 

4.3.1 Patient samples 

Blood samples from patients were collected under MCRC Biobank ethics application 

#07/H1003/161+5, ethics code 18/NW/0092, with written informed consent from the patients 

at The Christie NHS Foundation Trust. The study was approved by MCRC Biobank Access 

Committee application 13_RIMA_01. All clinical investigations were conducted according to 

the principles expressed in the Declaration of Helsinki and GCP guidelines. The cohort of 

patients used in this study were the same as those from the study described in Chapter 3, 

which included a total of 50 patients with metastatic melanoma, treated with either single agent 

pembrolizumab or combination nivolumab plus ipilimumab as first-line therapy. Inclusion 

criteria included treatment naïve, inoperable locally advanced or metastatic melanoma. 

Patients were excluded if they had received any systemic oncological treatment in the 

neoadjuvant, adjuvant or metastatic setting for melanoma or other cancers, concomitant 

therapy with immunosuppressant drugs at enrolment, or had synchronous other active 

malignancies. Data from the previously reported cohort were analysed. Sample collection and 

processing were performed as previously described. TCR sequence data was retrieved for 29 

(PBMC) and 28 (cfDNA) of the 50 patients.  

 

4.3.2 Clinical characteristics of the patient cohort 

Fifty (32 male, 18 female), treatment-naïve metastatic melanoma patients attending The 

Christie NHS Foundation Trust were recruited. Just over half (54%) had stage M1c disease, 

16% (8/50) had baseline LDH >ULN, the median age was 70 years (range 35-85), and 68% 

(34/50) were BRAF wild-type (Table 4.1). The number of metastatic sites ranged from 1 to 7, 

and of the 27 patients (54%) with stage M1c or M1d disease (Table 4.1), 15 had hepatic 

metastases, 2 in combination with cerebral metastases.  

 

Patients received first-line single agent anti-PD1 drugs (200 mg pembrolizumab 3 weekly, or 

480 mg nivolumab 4 weekly; 29 patients) or combination anti-PD1 plus anti-CTLA4 (1 mg/kg 

nivolumab plus 3 mg/kg ipilimumab 3 weekly for 4 doses, followed by 3 mg/kg nivolumab 2 
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weekly; 21 patients) as per standard of care. Assessment of tumour response was performed 

by CT scan at W12 using RECIST 1.1. For late response evaluation, PD was confirmed or 

excluded after an additional 12 weeks of treatment (best response). DC was defined as CR, 

PR or SD. The clinical characteristics of the study cohort are further described in Table 4.1 

(reproduction of Table 3.1). 
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Table 4.1 Clinical characteristics of the patient cohort (reproduction of Table 3.1) 
 

*The different number of patients included in the sub-study reflects the availability of detailed 
target metastatic lesion measurements in the scan reports. 
ULN=upper limit of normal 

Clinical Characteristics Number 

(%) 

Median 

(range) 

Total number of 

patients evaluated 

 

Gender 

Male 

Female 

 

 

32 (64%) 

18 (36%) 

  

50 

 

BRAF V600E/K Mutation 

Status  

Mutated 

Wild-type 

 

 

16 (32%) 

34 (68%) 

  

50 

 

Stage  

IIIC – M1a 

M1b 

M1c-d 

 

 

10 (20%) 

13 (26%) 

27 (54%) 

  

50 

 

Baseline LDH (IU/L) 

<ULN 

>ULN 

 

 

42 (84%) 

8 (16%) 

 

371 (165-2987) 

 

 

50 

 

Age (years) 

 

  

70 (35 – 85) 

 

50 

 

Number of organ sites  

with metastases 

  

2 (1-7) 

 

39* 

 

Immunotherapy Regime 

Ipilimumab + Nivolumab 

Pembrolizumab  

Nivolumab 

 

 

21 (42%) 

19 (38%) 

10 (20%) 

  

50 

 

Response to Immunotherapy  

Complete Response (CR) 

Partial Response (PR) 

Stable Disease (SD) 

Progression of Disease (PD) 

 

 

7 (14%) 

23 (46%) 

4 (8%) 

16 (32%) 

  

50 
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4.3.3 The impact of patient clinical variables on peripheral T IE cells and T cell turnover  

Initially, I sought to understand if clinical factors affected TIE cell expansion and T cell turnover 

by comparing TIE cell abundance and TCR RES at T0 and W3 across established clinical 

parameters. The results are summarised in Table 4.2 and described here. Within the study 

cohort, 32 patients were male (64%) and 18 patients were female (36%). When investigating 

the relationship between peripheral TIE cells and patient gender, there was no significant 

association between TIE cell expansion at T0 in males compared to females, (p=0.76) or 

following one cycle of ICB at W3 (p=0.93) (Figure 4.1A). Additionally, there was no significant 

association between RES at T0 or W3 and gender (p=0.49 and p=0.75 respectively, Figure 

4.2A).  

 

When considering tumour genomics, approximately 40-50% of melanoma patients have an 

activating point mutation in BRAF, most commonly V600E/K mutation (MT) and are therefore 

more responsive to targeted therapies27. In the study cohort 16 patients (32%) had a BRAF 

V600E/K mutation and 34 patients (68%) were BRAF wild-type (WT) (Table 4.1). All patients 

were treatment naïve at baseline having received no prior immune or targeted based 

therapies. Peripheral TIE cells and RES were examined in relation to BRAF mutation status to 

explore whether presence or absence of BRAF V600E/K mutations impacts TIE expansion or 

changes in RES in cfDNA pre-treatment T0, and following one cycle of ICB therapy at W3. 

There was no significant association between TIE cell expansion or RES in BRAF MT 

compared to WT patients at T0 (p=0.68 and p=0.92 respectively) or W3 (p=0.10 and p=0.19 

respectively) (Figure 4.1B, Figure 4.2B).  

 

Melanoma staging facilitates reliable assessment of prognosis and rational treatment 

planning. The study cohort consisted of 10 patients (20%) with unresectable stage III/IV M1a 

disease, 13 patients (26%) with stage IV M1b disease and 27 patients (54%) with M1c/d 

disease (Table 4.1). There was no significant association observed between AJCC 8th edition 

stage of disease and TIE cell expansion at T0 (p=0.07) or W3 (p=0.09) (Figure 4.1C). 

Additionally, there was no correlation when considering disease stage and RES at T0 (p=0.81) 

and W3 (p=0.80) (Figure 4.2C). Moreover, peripheral TIE cells and RES were evaluated in 

relation to the number of organ sites involved with metastasis to ascertain whether the number 

of organ sites is associated with TIE expansion or changes in RES in the pre-treatment T0 

setting and following one cycle of ICB therapy at W3. Within the study cohort of 39 patients 

with available imaging reports, 27 (70%) had  3 organ sites and 12 (30%) had   3 organ 

sites affected by metastasis (Table 4.2). There was no significant association between TIE cell 

abundance or TCR RES at T0 in patients with  3 organ site metastases compared to patients 
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with  3 organ sites involved (p=0.49 and p=0.06 respectively) (Figure 4.1D, Figure 4.2D) and 

this remained non-significant at W3 for RES (p=0.44, Figure 4.2D). However, there was a 

significant association between W3 TIE and number of organ sites affected by metastasis 

(p=0.006, Figure 4.1D).  

 

Elevated serum LDH is one of the strongest independent prognostic biomarkers in metastatic 

melanoma and is the only serum marker that is accepted by the AJCC as a strong prognostic 

parameter and incorporated into the staging system for use in melanoma15,293,294. Furthermore, 

pivotal studies have shown a poorer outcome for patients with elevated LDH compared to 

normal LDH level at baseline54,56,295. Thus, patients were grouped according to baseline serum 

LDH below (<) or above (>) ULN and an assessment of association with TIE and TCR RES 

pre and post one cycle of ICB undertaken. Within the study cohort, 42 patients (84%) had 

baseline serum LDH levels <ULN and 8 (16%) >ULN (Table 4.1). A significant association 

was not observed between TIE cell abundance at T0 or W3, or TCR RES at T0 or W3, and 

LDH (p=0.65, p=0.27, p=0.29, p=0.91) (Figure 4.3A, Figure 4.3B).  

When considering ICB therapy options in metastatic melanoma, a key consideration is single 

agent anti-PD-1 or combination anti-PD-1 plus anti-CTLA4 therapy. The decision regarding 

choice of treatment regimen is ultimately determined by the treating clinician, whilst 

considering patient co-morbidities and performance status as the doublet regimen is 

associated with a significantly higher risk of toxicity, but yields higher response rates, PFS and 

OS56. In the study cohort all patients were treated in the first-line setting, 19 patients (38%) 

with single agent pembrolizumab, 10 patients (20%) with single agent nivolumab and 21 

patients (42%) with combination I+N (Table 4.1).  Intriguingly, an apparent association 

between treatment group and both TIE cell abundance at T0 (p=0.02, Figure 4.4A) and RES 

at W3 (p=0.01, Figure 4.4B) was observed, although it should be noted that a potential 

confounding factor here could be selection bias of preferential allocation of combined therapy 

to younger patients (mean age 58 years; range 35-79) and single agent therapy to older 

patients (mean age 73 years; range 51-85) (p<0.0001; Figure 4.5). 
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Table 4.2 Patient cohort clinical variables and their correlation with peripheral T IE cells 
and RES at T0 and W3 

 

 
The table summarises the values of T immune effector (TIE) cell percental abundance in the 
peripheral CD8+ memory T cells and rearrangement efficiency score (RES) in cell-free DNA 
before treatment (T0) and after 3 weeks on treatment (W3) across the clinical factors. 
αPD1=anti-PD1 therapy (pembrolizumab or nivolumab); αCTLA4=anti-CTLA4 therapy 
(ipilimumab); ULN=upper limit of normal; p is Mann-Whitney U test two-sided p or non-
parametric Analysis of Variance, values in brackets indicate the variable value range.  
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A 

 

B 

C 

 

D 

 

Figure 4.1 Patient cohort clinical variables and correlation with TIE at T0 and W3 
A: Correlation between TIE cell abundance and gender at T0 (p=0.76) and W3 (p=0.93).   
B: Correlation between TIE cell abundance and BRAF V600E/K mutation status at T0 (p=0.68) 
and W3 (p=0.10). 
C: Correlation between TIE cell abundance and disease stage at T0 (p=0.07) and W3 (p=0.09). 
D: Correlation between number of organ sites with metastases and T IE cell abundance at T0 
(p=0.49) and W3 (p=0.006). 
Data points represent individual patients. n=50 for all analysis with the exception of D; n=39, 
error bars show ± SD. Statistical analysis was performed using a Mann-Whitney test two-sided 
p or non-parametric Analysis of Variance. 
ns = not significant, WT = wild-type, MT = mutant, SD = standard deviation. 
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A 

 

B 

 

C 

 

D 

  

 
Figure 4.2 Patient cohort clinical variables and correlation with RES at T0 and W3 
A: Correlation between gender and RES at T0 (p=0.49) and W3 (p=0.75). 
B: Correlation between BRAF V600E/K mutation status and RES at T0 (p=0.92) and W3 
(p=0.19). 
C: Correlation between disease stage and RES at T0 (p=0.81) and W3 (p=0.80). 
D: Correlation between number of organ sites affected by metastasis and RES at T0 (p=0.06) 
and W3 (p=0.44). 
Data points represent individual patients. n=50 for all analysis with the exception of D; n=39, 
error bars show ± SD. Statistical analysis was performed using a Mann-Whitney test two-sided 
p or non-parametric Analysis of Variance. 
RES = rearrangement efficiency score, ns = not significant, WT = wild-type, MT = mutant,  
SD = standard deviation. 
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A 

 

 

 
 
B 

 

 
 
 
Figure 4.3 T0 ULN LDH and correlation with peripheral TIE cells and RES 
A: Baseline, T0 LDH values below (<) and above (>) ULN and their correlation with T IE cells 
at T0 (p=0.65) and after one cycle of ICB at W3 (p=0.27); n=50. 
B: Baseline, T0 LDH values below (<) and above (>) ULN and their correlation with RES at 
T0 (p=0.29) and after one cycle of ICB at W3 (p=0.91); n=28. 
Data points represent individual patients. Error bars show ± SD. Statistical analysis was 
performed using a Mann-Whitney test two-sided p.  
ns = not significant, RES = rearrangement efficiency score, ULN = upper limit of normal,  
SD = standard deviation. 
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B 

 

  

 

 
 
 
Figure 4.4 Treatment group and their correlation with TIE and RES at T0 and W3 
A: Correlation between treatment group and TIE cell abundance at T0 (p=0.02) and W3 
(p=0.30); n=50. 
B: Correlation between treatment group and RES at T0 (p=0.53) and W3 (p=0.01), n=28. 
Data points represent individual patients; error bars show ± SD. Statistical analysis was 
performed using a Mann-Whitney test two-sided p or non-parametric Analysis of Variance. 
RES = rearrangement efficiency score, I + N = ipilimumab + nivolumab; αPD1= nivolumab or 
pembrolizumab, SD = standard deviation. 
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Figure 4.5 Patient age in treatment groups  
Age (years) of patients receiving combination anti-CTLA4 plus anti-PD1 drugs (I+N; mean=58, 

n=21) or single-agent anti-PD1 drugs (PD1; mean=73, n=29); two-sided Mann-Whitney U 

test p<0.0001. Data points represent individual patients. 

I + N = ipilimumab + nivolumab, PD1=nivolumab or pembrolizumab. 
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4.4.4 There is a relationship between T IE abundance, RES and age, but the kinetics of 
TIE cell expansion and RES increase in response to ICB are not affected by age.  

Noting the age-dependent selection bias for treatment protocol, it was important to explore 

whether age had an impact on the robustness of the immune signature. Using the accepted 

geriatric oncology definition for the elderly population of 70 years of age296, it was observed 

that at T0 the mean TIE cell abundance was 11.2% (range 1.2%-33.1%) of the circulating CD8+ 

memory T cells in patients of 69 years and less, but 22% (range 2.54%-75.6%) in patients of 

70 years and older (Figure 4.6). Thus, as a proportion of the memory T cell pool, the TIE cell 

subset increased with age (r=0.4), and this finding may underlie the observed association 

between treatment group and TIE cells abundance at T0 (Figure 4.4A). At W3 a similar pattern 

was observed, a mean TIE cell abundance of 21% (range 3.47%-79.2%) of the circulating 

CD8+ memory T cells in patients of 69 years and less, and 24% (range 0.23%-73.4%) in 

patients of 70 years and older (Figure 4.6). Note that there was an increase in TIE cell 

abundance in responding patients at all ages as illustrated by the higher regression line at W3 

compared to T0. 

 

In addition, it was observed that at T0, the mean RES was 0.62 (range 0.47-0.74) in patients 

of 69 years and less, and 0.62 (range 0.38-0.84) in patients of 70 years and older, whilst at 

W3 the mean RES was 0.71(range 0.58-0.80) in patients of 69 years and less, but 0.65 (range 

0.51-0.84) in patients of 70 years and older (Figure 4.7). Again, there was an increase in RES 

in responding patients at all ages as indicated by the upward shift of the line of regression at 

W3 compared to T0. Although the inverse relationship between RES and age appears to be 

rather weak (r=-0.12 to -0.32), the slight increase in correlation between RES after treatment 

and age may underlie the observed association between treatment protocol and TCR RES at 

W3 (Figure 4.4B). 

 

4.4.4.1 Radiological Response to ICB is not age dependent 
 
Radiological response was evaluated in relation to age to understand if patient age impacts 

their response to therapy. There was no significant difference identified between patient age 

and response to therapy (p=0.44) (Figure 4.8). The median age of patients with disease 

control was 71 years, with a mean age of 65 years (range 35-84 years). In patients with 

disease progression, both the median and mean age was 69 years (range 47-85 years). 

 
  



 135 

 
 
 
Figure 4.6 Correlation between age and peripheral TIE cells  
Correlation between age (years) and TIE cell abundance at baseline (T0, pink, r=0.40; n=50) 
and after first cycle of immunotherapy (W3, blue, r=0.25; n=50). 
Data points represent individual patients, n=50. Statistical analysis was performed using 
Spearman test. Dotted line is the linear regression line. 
 
 
 
 

 

 
 
 
Figure 4.7 Correlation between age and RES  
Correlation between age (years) and TCR receptor RES at baseline (T0, purple, r=-0.12; 
n=28) and after the first cycle of immunotherapy (W3, maroon, r=-0.32; n=28). 
Data points represent individual patients. Statistical analysis was performed using Spearman 
test. Dotted lines represent the linear regression line for each time point. 
RES = rearrangement efficiency score. 
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Figure 4.8 Correlation between patient best response and age 
Correlation between best response DC (green), n=31 or best response PD (salmon), n= 19 
and patient age (years), p=0.44. 
Data points represent individual patients. n=50, error bars show ± SD. Statistical analysis was 
performed using a Mann-Whitney test two-sided p. 
ns = not significant, DC = disease control, PD = progressive disease, SD = standard deviation. 
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4.4.5 The impact of patient clinical variables on TCR repertoire evolution in response 
to ICB 

There was a significant correlation between patients that displayed an increase in either the 

clonality or diversity of the peripheral TCR repertoire after one cycle of ICB and response to 

treatment234. Therefore, it was important to examine whether peripheral TCR repertoire 

rearrangements in response to ICB therapy were affected by patient and tumour factors. 

PBMC TCR sequences were analysed using ImmunoSEQ® as described in section 2.7.2 to 

calculate clonality (Gini coefficient) and diversity (Renyi index)234. No significant association 

was identified between Gini coefficient, at T0 and W3, or Renyi index, at T0 and W3 and 

gender (p=0.21, p=0.38, p=0.27, p=0.38, Figure 4.9A), BRAF V600E/K mutation status 

(p=0.82, p=0.57, p=0.90, p=0.94, Figure 4.9B), AJCC stage of disease (p=0.63, p=0.78, 

p=0.99, p=0.72, Figure 4.9C), number of organ sites ( 3 or >3) affected by metastases 

(p=0.92, p=0.97, p=0.97, p=0.87, Figure 4.9D) or LDH levels (p=0.52, p=0.89, p=0.76, p=0.72, 

Figure 4.9E). However, an association was observed between treatment protocol and Gini 

coefficient at T0 (p=0.03) and W3 (p=0.05) (Figure 4.10A), and between treatment protocol 

and Renyi index at T0 (p=0.05) and W3 (p=0.03) (Figure 4.10B). The results presented here 

are displayed in Table 4.3 and include the mean values and range for each analysis. 
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Table 4.3 Patient cohort clinical variables and their correlation with peripheral TCR 
repertoire at both T0 and W3  
 

 
The table summarises the value of peripheral T cell clonality (Gini coefficient) and diversity 
(Renyi index) before treatment (T0) and after 3 weeks (W3) on treatment across the clinical 
factors. αPD1=anti-PD1 therapy (pembrolizumab or nivolumab); αCTLA4=anti-CTLA4 therapy 
(ipilimumab); ULN=upper limit of normal; p is Mann-Whitney U test two-sided p or non-
parametric Analysis of Variance; values in brackets are the variable range.  
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Figure 4.9 Patient cohort clinical variables and their correlation with peripheral TCR 
clonality (Gini coefficient) and diversity (Renyi index)  
A: Correlation between Gini coefficient and gender at T0 (p=0.21) and W3 (p=0.38); 
Correlation between Renyi index and gender at T0 (p=0.27) and W3 (p=0.38). 
B: Correlation between Gini coefficient and BRAF V600E/K mutation status at T0 (p=0.82) 
and W3 (p=0.57); Correlation between Renyi index and BRAF V600E/K mutation status at T0 
(p=0.90) and W3 (p= 0.94). 
C: Correlation between Gini coefficient and disease stage at T0 (p=0.63) and W3 (p=0.78); 
Correlation between Renyi index and disease stage at T0 (p=0.99) and W3 (p=0.72). 
D: Correlation between number of organ sites with metastases and Gini coefficient at T0 
(p=0.92) and W3 (p=0.97); Correlation between number of organ sites with metastases and 
Renyi index at T0 (p=0.97) and W3 (p=0.87). 
E: Baseline, T0 LDH values below (<) and above (>) ULN and their correlation with Gini 
coefficient at T0 (p=0.52), W3 (p=0.89) and Renyi index at T0 (p=0.76), W3 (p=0.72).  
Data points represent individual patients. n=50 for all analysis with the exception of D; n=39 
and E; n=29; error bars show ± SD. Statistical analysis was performed using a Mann-Whitney 
test two-sided p or non-parametric Analysis of Variance. 
ns = not significant, WT = wild-type, MT = mutant, SD = standard deviation. 
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Figure 4.10 Treatment groups and their correlation with peripheral TCR clonality (Gini 
coefficient) and diversity (Renyi index)  
A: Correlation between patients receiving combination anti-CTLA4 plus anti-PD1 drugs (I+N) 

or single-agent anti-PD1 drugs (PD1) and Gini coefficient at baseline, T0 (p=0.03) and after 

first cycle ICB at W3 (p=0.05).  
B: Correlation between patients receiving combination anti-CTLA4 plus anti-PD1 drugs (I+N) 

or single-agent anti-PD1 drugs (PD1) and Renyi index at baseline T0 (p=0.05) and after first 
cycle of ICB at W3 (p=0.03).  

Data points represent individual patients. I+N; n=21, PD1; N=29, error bars show ± SD. 

Statistical analysis was performed using a Mann-Whitney test two-sided p. 

I + N = ipilimumab + nivolumab, PD1=nivolumab or pembrolizumab, SD = standard deviation.  
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4.4.6 There is a correlation between TCR repertoire and age and TCR evolution in 
response to ICB is affected by age 

In view of the observed association between treatment protocol and clonality and diversity at 

T0 and W3 (Figure 4.10A, Figure 4.10B), and the preferential allocation of combined therapy 

to younger patients and single agent therapy to older patients (Figure 4.5), it was important to 

examine if age impacted clonality and diversity. At T0 it was observed that the Gini coefficient 

mean was 0.26 (range 0.13-0.44) for patients 69 years and less, and 0.38 (range 0.11-0.73) 

for patients of 70 years and older (Figure 4.11A). At W3 the mean Gini coefficients were 0.24 

(range 0.14-0.38) for patients 69 years and less, and 0.39 (range 0.09-0.78) for patients of 70 

years and over (Figure 4.11A). Thus, TCR clonality showed an overall positive correlation with 

age (r=0.36 and r=0.39 at T0 and W3 respectively), but unlike TIE abundance and TCR RES, 

the linear regression line did not shift up or down with ICB treatment, but changed in slope, 

suggesting a trend towards increased clonality in older patients on ICB therapy (Figure 4.11A).   

 

At T0 the mean Renyi index was 8.49 (range 7.09-9.29) for patients of 69 years and less, and 

7.64 (range: 4.82-9.73) in patients of 70 years and older (Figure 4.11B). At W3 the mean Renyi 

index was 8.62 (range 7.42-9.35) in patients 69 years and less, and 7.63 (range 4.84-9.72) in 

patients of 70 years and older (Figure 4.11B). Thus, TCR diversity showed an inverse 

relationship with age (r=-0.29 and r=-0.39 at T0 and W3 respectively) and as was observed 

with clonality, the linear regression line did not shift up or down with ICB treatment, but 

changed in slope, suggesting a trend towards increased diversity in younger patients on ICB 

treatment (Figure 4.11B). 
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Figure 4.11 Correlation between age and peripheral TCR clonality and diversity 
A: Correlation between age (years) and PBMC clonality (Gini coefficient) at baseline (T0, 
olive, r=0.36; n=29), and after the first cycle of immunotherapy (W3, red, r=0.39; n=29. 
B: Correlation between age (years) and PBMC T cell receptor diversity (Renyi index) at 
baseline (T0, grey, r=-0.29; n=29) and after first cycle of immunotherapy (W3, orange, r=-0.39; 
n=29). 
Data points represent individual patients. Statistical analysis was performed using Spearman 
test.  
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4.4.7 Relationship between peripheral TCR repertoire and TIE cells before and after the 
first cycle of ICB 

As the data suggest that peripheral TIE cell abundance and TCR repertoire rearrangements 

were both influenced by age, the next step was to compare these variables to each other. At 

T0, the mean TIE cell abundance was 17%, so using this as a cut-off, it was observed that 

patients with a TIE cell abundance <17% had a mean TCR Gini coefficient of 0.29 (range: 0.11-

0.73), whereas patients with a TIE cell abundance >17% had a mean TCR Gini coefficient of 

0.37 (range: 0.14-0.61) (Figure 4.12A). Conversely, patients with a TIE cell abundance <17% 

had a mean Renyi index of 8.35 (range: 4.97-9.25), whereas patients with a TIE cell abundance 

>17% had a mean Renyi index of 7.63 (range: 4.82-9.05) (Figure 4.12A). After one cycle of 

ICB treatment (W3), the mean TIE cell abundance was 22%, so using this as a cut-off, it was 

observed that patients with a TIE cell abundance <22% had a mean TCR Gini coefficient of 

0.30 (range: 0.09-0.78), whereas patients with a TIE cell abundance >22% had a mean TCR 

Gini coefficient of 0.34 (range: 0.14-0.60) (Figure 4.12B). Conversely, patients with a TIE cell 

abundance <22% had a mean Renyi index of 8.23 (range: 4.84-9.72), whereas patients with 

a TIE cell abundance >22% had a mean Renyi index of 7.93 (range: 5.48-9.31) (Figure 4.12B). 

Thus, both before and after one cycle of ICB treatment, there was a positive correlation 

between TIE cell abundance and peripheral T cell TCR clonality (r=0.43, r=0.19 respectively), 

but an inverse correlation between TIE cell abundance and peripheral T cell TCR diversity (r=-

0.42, r=-0.17 respectively) (Figure 4.12A, Figure 4.12B).  
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Figure 4.12 Correlation between TIE cells and peripheral TCR repertoire  
A: Correlation between TIE cell abundance at baseline T0 and PBMC T cell receptor Renyi 
index and Gini coefficient at T0 (green squares denote diversity, r=-0.42; purple triangles 
denote clonality, r=0.43).  
B: Correlation between TIE cell abundance after first cycle of immunotherapy W3 and PBMC 
T cell receptor Renyi index and Gini coefficient at W3 after first cycle of immunotherapy (green 
squares denote diversity, r=-0.17; purple triangles denote clonality, r=0.19). 
Data points represent individual patients. n=29. Statistical analysis was performed using linear 
regression.  
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4.4.8 Age is associated with different patterns of T cell repertoire rearrangement 

Finally, a comparison of how peripheral T cell clonality and diversity changed at W3 relative 

to T0 (W3-T0[Gini]=∆W3Gini; W3-T0 [Renyi]=∆W3Renyi) and assessment of the impact of age 

on the pattern of evolution was performed. To separate the TCR repertoire rearrangement at 

W3 according to evolution pattern (prevalence of increased clonality vs prevalence of 

increased diversity), a linear classifier algorithm was applied to segregate the changes of 

clonality and diversity at W3 into predominant clonal evolution (blue hemi-plot in Figure 4.13A) 

or predominant diversity evolution (pink hemi-plot in Figure 4.13A) for patients <70 years 

(purple dots in Figure 4.13A) and 70 years (green dots in Figure 4.13A). There were 5 

patients <70 years and 12 patients 70 years who fell into the predominant clonal evolution 

plot, whereas 9 patients <70 years and 3 patients 70 years fell into the predominant diverse 

evolution plot (Figure 4.13A). Thus, in patients <70 years of age, 5/14 had peripheral T cell 

TCR clonality dominance and 9/14 had peripheral T cell TCR diversity dominance (Figure 

4.13B), whereas in patients 70 years of age, 12/15 had peripheral T cell clonality dominance 

and 3/15 had peripheral T cell diversity dominance (p=0.03, Figure 4.13B). Therefore, in 

response to ICB therapy, TCR rearrangements trend towards increased diversity in younger 

patients but increased clonality in older patients.  

 
In a separate external cohort of 11 patients with metastatic melanoma treated with first line 

anti-PD1 based therapy, evaluation of TCR repertoire pre-treatment, T0 and after the first 

cycle at W3 was undertaken to validate the findings80. Calculating the change in peripheral T 

cell clonality and diversity from T0 to W3 using ∆W3Gini and ∆W3Renyi and segregating the 

changes of clonality and diversity at W3 into predominant clonal evolution (blue hemi-plot in 

Figure 4.14A) or predominant diverse evolution (pink hemi-plot in Figure 4.14A) for patients 

<70 years (purple dots in Figure 4.14A) and 70 years (green dots in Figure 4.14A). There 

was 1 patient <70 years and 3 patients 70 years who fell into the predominant clonal evolution 

plot, whereas 6 patients <70 years and 1 patient 70 years fell into the predominant diverse 

evolution plot (Figure 4.14A). Thus, in patients <70 years of age, 1/7 had peripheral T cell 

TCR clonality dominance and 6/7 had peripheral T cell TCR diversity dominance (Figure 

4.14B), whereas in patients 70 years of age, 3/4 had peripheral T cell clonality dominance 

and 1/4 had peripheral T cell diversity dominance (p=0.08, Figure 4.14B).  
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Figure 4.13 Relationship between age and peripheral TCR repertoire re-arrangement 
A: Scatter plot showing changes in peripheral TCR clonality (Gini coefficient) and diversity 
(Renyi index) after one cycle of anti-PD1 based treatment (W3 compared T0: ∆W3) for patients 

in the age group < 70 years (purple dots) and  70 years (green dots). The dotted line 

represents the linear discriminant (X0=0.024, slope=0.4) for TCR re-arrangement with 
increased peripheral T cell clonality (hemi-plot in blue) vs increased peripheral T cell diversity 
(hemi-plot in pink). Each dot is a single patient (n=29).  
B: Comparison of the number of patients with peripheral T cell re-arrangement pattern towards 
dominant clonality (blue) or dominant diversity in (pink) from A, according to age group (n=29; 
Fisher test p=0.03). N=number of patients. 
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Figure 4.14 External validation cohort of relationship between age and peripheral TCR 
repertoire re-arrangement 
A: Scatter plot showing changes in peripheral TCR clonality (Gini coefficient) and diversity 
(Renyi index) after one cycle of anti-PD1 based treatment (W3 compared T0: ∆W3) for patients 

in the age group < 70 years (purple dots) and  70 years (green dots). The dotted line 

represents the linear discriminant (X0=0.024, slope=0.4) for TCR re-arrangement with 
increased peripheral T cell clonality (hemi-plot in blue) vs increased peripheral T cell diversity 
(hemi-plot in pink). Each dot is a single patient (n=11). 
B: Comparison of the number of patients with peripheral T cell re-arrangement pattern towards 
dominant clonality (blue) or dominant diversity in (pink) from A, according to age group (n=11; 
Fisher test, p=0.08). N=number of patients. 
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4.5 Discussion 
 
Immunotherapy has revolutionised clinical outcomes in melanoma. However, not all patients 

will derive clinical benefit or durable responses, highlighting the need to identify reliable 

predictive biomarkers of response to immunotherapeutic agents. The development of 

biomarkers with high sensitivity, specificity and accuracy would enable early identification of 

responders from non-responders and improved tailoring of treatment strategy. This study was 

undertaken to explore the impact of patient clinical variables on candidate biomarkers 

identified as predictive of response to ICB in treatment naïve metastatic melanoma patients, 

specifically, peripheral TIE cell evolution, T cell turnover and TCR repertoire changes prior to 

and following the first cycle of ICB.  

 

Despite the acknowledged sex-related dimorphism in immune system response297, little is 

known about early changes in circulating T cells and their association with gender. However, 

studies of immunotherapy responses have identified that the magnitude of benefit is sex-

dependent as with advanced solid malignancies, males have a better response than females 

to treatment with ICB297. Another widely accepted marker of response to immunotherapy is 

TMB97,98. TMB has been correlated with gender, with higher TMB observed in males compared 

to females195,298. Within this study, limited availability of tumour tissue and unbalanced gender 

groups with predominantly more males than females in the cohort meant meaningful 

comparisons could not be made with the immune signature.  

 

Interestingly, no difference was observed in expression of the immune signature and 

melanoma BRAF mutation status, despite the typically different clinical disease courses 

observed. This finding suggests that the peripheral T cell phenotype is independent of the 

presence or absence of BRAF mutation. Evaluation of disease stage and peripheral T cell and 

TCR repertoire changes in the context of ICB did not reveal any significant correlations. 

However, it is important to consider that sites of metastasis such as liver and brain harbour 

different immune microenvironments299. Within the context of this study, it was not possible to 

evaluate this further by separating the M1c and M1d cohorts as at the time of patient 

recruitment, routine baseline brain imaging as part of clinical work up was not fully established 

within the treating organisation. Therefore, not all patients had undergone baseline brain 

imaging and so the study cohort may have included patients with undiagnosed brain 

metastasis.  

 

In the advanced disease setting, responses to ICB are heterogeneous depending on the 

metastatic organ sites involved and the tissue specific immunobiology within the TME which 
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are known to contribute to differential therapeutic responses300. Peripheral TIE expansion at 

W3 was associated with response to ICB and improved survival234. Thus, the significant 

difference in TIE cell abundance in patients with  3 organ sites compared to those with > 3 

organ sites with metastases at W3 may be due to a deeper interaction between local immune-

biological TME and the systemic adaptive immune system response. Patients with  3 organs 

affected by metastases had an increase in peripheral TIE cell abundance at W3 after one cycle 

of ICB, in keeping with the widely accepted concept that those with fewer sites of disease are 

more likely to respond to ICB therapy301.   

 

Notably, the LDH assay was modified during the course of the study and a change in the ULN 

cut off values affected 6 of 50 patients, which could have influenced the relationship between 

LDH ULN and the T cell biomarkers reported, thus making it difficult to draw any definitive 

conclusions from the LDH data in this setting.   

 

A significant difference in age between the two treatment groups was observed, which likely 

reflects selection bias from clinicians in the real-world setting, as patients 70 years were 

preferentially assigned to single agent therapy. This could affect the interpretation of the effect 

of treatment regimen on the biomarker dynamics, and the small sample size precludes the 

ability to gain meaningful insight from any intra-group comparisons. However, the absence of 

any change from pre-treatment in the relationships between treatment regimen and the 

immune-biomarkers that were measured after treatment initiation suggests a negligible effect 

of drug schedule in this cohort. Moreover, there was no effect of the clinical variables of 

gender, BRAF mutation, stage, and LDH status on TIE cell expansion, T cell turnover or 

peripheral T cell TCR repertoire rearrangements. This supports the importance of TIE cell 

expansion, T cell turnover and peripheral T cell TCR repertoire rearrangements as biomarkers 

of response to therapy.  

 

The role of age as a prognostic factor for melanoma is well described302,303,304,305, but it is 

unclear if this is a consequence of distinct melanoma biology306, different patterns of UV-

induced DNA damage9 or immune-senescence307. Notably, elderly patients often display 

greater benefit from ICB than younger patients308,309, but the mechanisms underlying this 

observation are unclear308, and it could be due to a selection bias caused by fitter patients with 

less advanced disease within the elderly cohort being offered ICB preferentially309. Taken 

together, these observations suggest that age plays an important role in the interactions 

between melanoma, the immune system and immunotherapy, and are consistent with the 

findings here that age affects immune-awakening in response to ICB.  
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Age is associated with different patterns of T cell repertoire rearrangement but has no 

significant impact on peripheral TIE cell dynamics. However, the increase in peripheral TIE cell 

abundance with advancing age is in line with previous reports showing that memory T cell 

pools expand with increasing age310, but also suggest that peripheral TIE subset responses to 

ICB therapies are age-independent. It has also been demonstrated that TIE cell abundance 

inversely correlates with peripheral TCR repertoire diversity and directly correlates with 

peripheral T cell repertoire clonality, consistent with a repertoire convergence in patients with 

pre-existing TIE expansion234. Moreover, as previously shown234 this relationship became less 

apparent as TIE expansion was boosted in patients benefitting from treatment, irrespective of 

age.  

 

It was demonstrated that although TIE expansion and peripheral T cell turnover are biomarkers 

of immunotherapy response across all age groups, patients in different age groups present 

different patterns of peripheral T cell TCR repertoire evolution in response to ICB. Specifically, 

after one cycle of immunotherapy, in patients 70 years immunotherapy leads to a preferential 

increase in peripheral T cell TCR clonality, whereas in patients <70 years it leads to a 

preferential increase in peripheral T cell TCR diversity. In a separate external cohort of 11 

patients80, there was no statistically significant difference in TCR repertoire observed between 

patients aged <70 years and those  70 years. However, there was a trend towards, patients 

aged ≥70 years displaying an increase in clonality as measured by the ∆W3Gini coefficient, 

whereas patients aged <70 years with the exception of one, had an increase in diversity as 

measured by ∆W3Renyi index. It is therefore likely that statistical significance was not reached 

due to the small number of patients in the validation cohort. However, the trend is consistent 

with the observation that in different age groups one cycle of immunotherapy induces different 

dynamics in peripheral T cell evolution.  

 

These findings are in keeping with the literature observing a differential pattern of response to 

ICB in older patients308,309. A multi-institutional cohort of over 500 patients were studied to 

analyse the relationship between age and response to anti-PD1 therapy. Older patients were 

found to respond more efficiently to anti-PD-1 and the likelihood of response increased with 

age even in the absence of a more complex mutational landscape308. A further study using a 

real-world patient cohort evaluated the efficacy of ICB in older compared to younger patients 

with metastatic melanoma and a survival benefit was observed in both younger and older 

patients. Interestingly, there was a statistically significant interaction between age and survival 

with ICB, where a greater benefit was observed for older patients309. These studies highlight 
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the importance of age as an integral factor in furthering our understanding of tumour response 

to ICB therapy. 

 

Furthermore, the data are consistent with the observation that age is associated with 

decreased thymic output234,311. Age-related regression of the thymus is accompanied by a 

decline in naïve T cell output, which is thought to contribute to the reduced T cell diversity in 

older individuals, and is linked to increased susceptibility to infection, autoimmune disease 

and cancer312. Although widely accepted, this age-associated TCR repertoire constriction has 

not been widely studied using direct methodologies313 and has not been analysed in cancer 

patients treated with immunotherapy. While it is acknowledged that high TCR repertoire 

diversity is a prerequisite for an effective adaptive immune response against new antigens314 

and that age impacts cancer therapy responses315, this is a novel finding of age-specific 

differential immune response patterns induced by immunotherapy in cancer patients. It is 

posited that these findings reflect age-related thymic involution316,317 and a consequent 

reduction of new clonotype output318 available to recognise and kill cancer cells319.   

 

Finally, the results of this study support a model whereby age does not affect peripheral TIE 

subset expansion in response to ICB, but does influence immunotherapy-induced peripheral 

TCR repertoire evolution. Although limited by the small sample size and these findings 

requiring validation in larger cohorts that can differentiate responses in younger versus older 

patients, these exploratory observations highlight the importance of considering age during 

the development of immunotherapy approaches and biomarker-led strategies. For example, 

TCR-based biomarkers should consider how age affects TCR repertoire evolution following 

treatment, and therapies that require more diverse T cell repertoires may be less effective in 

older patients. Critically, the inconsistent recruitment of older patients into clinical trials has 

led to the development of treatments largely in younger patients who typically have different 

biological and physiological responses320,321. Future work should focus on specific enrolment 

of patients ≥70 years of age in immunotherapy clinical trials and the reporting of age-group 

specific survival outcomes. Refinements in the design of preclinical and clinical trials is 

necessary to determine how aging impacts the efficacy of different classes of immunotherapy. 

These results provide testable hypotheses of how age and reduced thymic output influence T 

cell evolution in response to ICB, potentially providing a molecular explanation of the age-

related differences in response to immunotherapy.   
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Chapter 5: Personalising Immunotherapy 

in Early Stage Melanoma 

 
 
 
 

5.1 Introduction 
 
 
For early stage melanoma, surgical excision is the mainstay of treatment and this approach is 

curative for the majority of patients. Over 90% of patients with stage I melanoma will be alive 

5 or more years after diagnosis and in stage II melanoma this figure remains high, with 

approximately 80% of patients alive 5 or more years after diagnosis322. The survival rates 

begin to drop with more advanced disease stage, approximately 50% of patients with stage III 

melanoma are alive 5 or more years after diagnosis. This figure declines further in stage IV 

disease to 30-40% of patients alive 5 or more years from diagnosis57. Despite increased risk 

of death at stage IV, a higher number of patients diagnosed at earlier stages actually progress 

and succumb to their disease. This is the low risk paradox illustrated in Figure 5.1. 

 

 

 

 

Figure 5.1 Low risk paradox 
The individual risk of death increases with stage, however at a population level the number of 
patients dying from melanoma is highest for those presenting with lower stage of disease (I – 
III).  
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Immunotherapy and targeted therapy have revolutionised the outcomes for patients with 

advanced melanoma, with an increase in expected median survival from 6-9 months to 24 – 

36 months54,55, and more than 60 months in patients treated with combination immunotherapy, 

with emerging evidence of long-term benefit and potential cure for some patients56. Studies to 

identify the clinical features that are most likely to predict a benefit for treatment consistently 

show low tumour burden and good performance status to be among the most powerful 

indicators323,324. Over the years, and particularly since the advent of targeted and 

immunotherapies in melanoma, the main focus of research in the field has been in the stage 

IV advanced disease setting. However, recent trials have shown that adjuvant treatment of 

earlier stage disease results in improved survival and thus, focus is shifting towards early 

detection and intervention to minimise the number of patients that will develop metastatic 

disease.  

 

 

5.1.1 Stage II Melanoma 

Currently, following resection for stage II melanoma, adjuvant therapy is not approved for use, 

and current standard of care after resection of stage II melanoma is observation. Follow up of 

these patients consists of regular clinical examination for stage IIA and IIB patients. For 

patients with stage IIC disease, follow up includes regular cross-sectional imaging (CT or PET) 

and MRI brain in addition to clinical examination. The incidence of stage II melanoma is 

significantly higher than later stages (Figure 5.1 and Table 5.1). For these patients, the 

individual risk of recurrence is low, yet they account for approximately 30-50% of all those who 

subsequently develop metastases and succumb to their disease. This is the low risk paradox, 

thus identifying an effective and economical adjuvant treatment strategy for patients with stage 

II disease is an important unmet clinical need. Treating all patients with expensive and 

potentially toxic treatments is impractical, a better approach would be accurate identification 

of the important minority of patients who will progress to stage IV disease and may therefore 

benefit from early treatment initiation, and separate them from the majority of patients cured 

by surgery alone.  
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Table 5.1 Incidence and survival according to tumour thickness in Queensland 

Australia, 2005-2009 (adapted from Whiteman et al325).  

 

Characteristic 

(Primary thickness) 

Equivalent 

stage 

Incidence proportion 

(%) 

Mortality proportion 

(%) 

1mm I 68 22.7 

1.01-2mm I and II* 13.6 20.8 

2.01-4mm II 8 20.4 

>4mm II 4.7 14.2 

metastasis III and IV 2.8 15.9 

*dependent on ulceration 

 
 
Interestingly, patients with stages IIB/IIC melanoma have a poorer 5 year melanoma specific 

survival (MSS) compared to patients with stages IIIA/IIIB melanoma (87%/82% vs. 

93%/83%)15. Therefore, it is suggested that stages IIB/IIC should also be considered for 

adjuvant therapy326. The largest clinical trial to date in the stage II setting, KEYNOTE-716 

(NCT03553836) enrolled 954 patients and assessed the safety and efficacy of 1 year of 

pembrolizumab 200mg 3 weekly compared to placebo in high risk resected stage IIB and IIC 

melanoma. This phase III study met its primary end point RFS, for the adjuvant treatment of 

patients with surgically resected high-risk stage II melanoma. At median follow up of 14.4 

months, pembrolizumab showed a statistically significant and clinically meaningful 

improvement in RFS compared with placebo (HR 0.65, 95% CI 0.46-0.92; P=0.00658) and no 

new safety signals were observed327. 

 

The challenge for adjuvant therapy in stage II disease is that the majority of patients are cured 

by surgery. Treating such a large group of unselected patients upfront is likely to result in a 

significant burden of cost and toxicity to the health service and to patients. There is a need to 

personalise the approach to treatment to patients that are not cured by surgery alone and will 

relapse. It has been observed that ctDNA can be used to track melanoma burden in stage IV 

disease196,328. Furthermore, it has recently been shown that melanoma patients who were 

ctDNA positive after surgical resection of stage II/III melanoma had a very high risk of 

recurrence and death204. A subsequent retrospective study confirmed detection of ctDNA 

within 12 weeks of surgery was a strong predictor of RFS (HR 12; 95% CI 5.3-29; p<0.001).  

In addition, longitudinal ctDNA monitoring also identified disease at an early timepoint203. 

Taken together, these data suggest that ctDNA is a measure of micro-metastatic disease 

activity and is a powerful tool to identify MRD or early molecular relapse not detected by 
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imaging. The ongoing, phase III open label multicentre ctDNA guided therapy switch for stage 

IIB/C melanoma after surgical resection (DETECTION) trial (NCT04901988) will test whether 

ctDNA can identify patients at low risk by conventional staging but who are at very high risk of 

melanoma recurrence and evaluate whether early treatment of these patients improves 

outcomes. This approach differs from KEYNOTE-716 (NCT03553836) in that DETECTION 

enriches for the high-risk patients rather than treating all patients and will provide valuable 

information on this approach. If positive, this will be one of the first studies to show how ctDNA 

can be incorporated into improved clinical practice and will provide valuable clinical samples 

for translational research into predictors of patients at high risk of relapse and into early 

detection of recurrence in early stage melanoma. Furthermore, if a signal is seen in this study, 

a further trial in the stage III setting in which standard of care is adjuvant therapy with immune 

or targeted therapy could be performed. The aim would be to show non-inferiority of selecting 

patients for adjuvant therapy based on ctDNA, which would reduce the burden of toxicity in 

this group and also reduce costs for healthcare systems.  

 

5.1.2 Stage III Melanoma 

Treatment of stage III melanoma consists of complete surgical resection with curative intent. 

However, the risk of recurrence following surgery is high and outcomes are heterogeneous, 

resulting in 5-year OS rates between 30 and 78%. According to sub-stage, 5 year survival 

rates are; 78% for stage IIIA, 59% for stage IIIB, 40% for stage IIIC and patients with 

macroscopic lymph node metastasis, stage IIID have the poorest outcome with survival 

dropping to 30%62,304. A significant proportion will suffer loco-regional recurrence or distant 

relapse with metastatic disease. In stage III melanoma, most recurrences appear within the 

first 2 years of surgical resection329.  

 

Landmark clinical trials EORTC 18071 (NCT00636168), CheckMate 238 (NCT02388906), 

KEYNOTE-054 (NCT02362594) and COMBI-AD (NCT01682083) investigating adjuvant 

therapy in high risk resected stage III melanoma have reported significant benefits in terms of 

RFS and OS72,73,74,75,104,330. Thus, 12 months of adjuvant therapy has become standard of care 

in resected stage III melanoma. Intriguingly, KEYNOTE-054 (NCT02362594) showed that 

50% of patients do not relapse at 2 years on the placebo arm. This suggests that a potentially 

toxic treatment is given to a subgroup of patients that may not require it. There is a crucial 

need to identify the 30% of patients that do benefit and separate them from those cured by 

surgery alone.  
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The concept of MRD has traditionally been associated with haematological 

malignancies331,332. MRD is the presence of residual malignant cells even when so few cancer 

cells are present they cannot be identified by routine means, indicating micro-metastatic 

disease or molecular relapse that cannot be detected on imaging333. The term is used to 

describe disease detectable only by specific laboratory techniques, such as flow cytometry for 

the detection of leukaemia cells and PCR to detect specific TCR gene rearrangements such 

as BCR/ABL in chronic myeloid leukaemia (CML) patients334. This residual disease is believed 

to be minimal, given that it is identified in the absence of clinical signs or symptoms. More 

recently, it has been suggested that ctDNA enables the detection of MRD and molecular 

relapse in solid malignancies335,336. In stage III melanoma patients treated with surgery, the 

presence of MRD post operatively indicates that surgery alone has not been curative. Thus, 

MRD can distinguish those needing intensive and potentially more toxic therapy from those 

who do not. An important consideration is that MRD may be present and undetectable due to 

limits in current methodology335,337,338. Additionally, not all patients with MRD requiring further 

therapy will respond and therefore it is also important to identify this subgroup to effectively 

guide clinical care and treatment choice to increase cure rates. Identifying means of effectively 

detecting MRD and stratifying patients based on risk of relapse and response is therefore an 

important and significant challenge. Notably IMvigor010 (NCT02450331), a phase III adjuvant 

study that compared atezolizumab to observation after surgical resection for urothelial cancer, 

did not show a significant benefit in DFS in unselected patients339. However, exploratory 

analysis identified that patients with detectable ctDNA postoperatively had improved DFS and 

OS in the atezolizumab arm340. Thus, detecting MRD post operatively could have practice 

changing implications if validated, in that patients can be selected for adjuvant therapy based 

on a ctDNA MRD biomarker.  

 

Predictive and prognostic biomarkers of response to ICB have been discussed in section 1.7 

and section 1.8. Biomarkers of response to ICB in the adjuvant setting for stage III melanoma 

have not been widely explored. However, results from biomarker analysis of patients treated 

with adjuvant nivolumab or ipilimumab in CheckMate 238 found that patients with higher levels 

of a IFN gene expression signature, tumour mutational burden and CD8+ T cell infiltration 

gained the most clinical benefit with improved RFS for both ipilimumab and nivolumab341. 

Changes in the peripheral T cell compartment pre-treatment and early on treatment is an area 

of particular interest and remains relatively under studied in this setting. It has recently been 

demonstrated in the metastatic setting that peripheral blood TCR repertoire changes early on 

treatment are predictive of response to ICB234. In addition, phenotyping immune populations 

from PBMCs has also been effective in predicting response to ICB210,216,234,342. Therefore, an 

approach that utilises liquid biopsy to combine analysis of peripheral blood TCR repertoire 
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features and immune cell phenotyping to assess frequencies of T cell subpopulations prior to 

and longitudinally on treatment could prove to be a strong response predictor for ICB therapy. 

The encouraging results in the stage IV setting provides the rationale for considering this 

approach in stage III disease.   
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5.1.2.1 Potential patient outcomes on adjuvant immunotherapy in stage III melanoma 

 
The different trajectories of the potential patient journey in patients with high risk resected 

stage III melanoma receiving adjuvant therapy are illustrated in Figure 5.2. Questions that 

need to be addressed in this setting include, which patients need further intervention after 

surgery i.e. those with MRD. Which patients are ‘cured’ by surgery and do not have MRD post 

operatively (pink line, Figure 5.2). Which patients will benefit from adjuvant therapy (green 

lines, Figure 5.2). Which patients will progress on adjuvant ICB (primary progression, [blue 

line] versus acquired ‘immune escape’, [yellow lines], Figure 5.2). 

 
 
 
 

 
 

 

Figure 5.2 Graphical illustration of the potential patient outcomes on adjuvant 
immunotherapy in stage III melanoma  
Pink line: cured by surgery alone, no MRD post operatively and do not relapse (Disease free 
post operatively). Solid green line: detectable MRD post operatively that responds to treatment 
with ICB and becomes undetectable with no relapse (ICB responder). Dashed green line 
undetectable MRD that responds to adjuvant ICB, remains undetectable with no relapse (ICB 
responder). Blue line: detectable MRD but disease will progress early on adjuvant ICB 
(primary progressor). Solid yellow line: detectable MRD that becomes undetectable on 
treatment then relapses during ICB therapy (immune escape). Dashed yellow line: 
undetectable MRD that becomes detectable during treatment and disease will relapse 
(immune escape). 
X axis represents time, starting at diagnosis of stage III disease, followed by surgery then 
adjuvant ICB therapy and ongoing clinical follow up. Y axis represents disease burden at start 
of adjuvant treatment (0). MRD: minimal residual disease; ICB: immune checkpoint blockade 
with anti-PD-1 therapy.  
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5.1.2.2 Survival and relapse risk 
 

Clinicopathologic features such as primary tumour thickness, ulceration, number of mitoses in 

addition to nodal classification and disease stage represent conventional parameters for 

melanoma staging and prognosis and to date are the most powerful predictors of survival5. 

Gene expression profiling has identified subgroups that are associated with a poor outcome 

in stage I-III melanoma, but patient numbers were limited and have yet to be confirmed in 

larger cohorts343,344. As described in section 5.1.1, ctDNA has also been shown to be a 

powerful predictor of disease relapse post operatively in early stage disease, but is yet to be 

prospectively validated. Early identification of MRD or small volume disease has been shown 

to improve patient outcomes, with significantly increased likelihood of obtaining and 

maintaining a complete response65,67,73,324,345. Development of biomarkers that identify patients 

at high risk of relapse and those that will benefit from further treatment post-operatively is 

essential. Standard methods of predicting risk of relapse are not very precise and the approval 

of adjuvant therapy in stage III disease has resulted in over-treatment of some patients. 

 

Notably, detection and high levels of ctDNA have also reliably correlated with inferior 

prognosis in the stage IV setting, despite the new treatment paradigm197,208,346. Furthermore, 

in patients treated with both targeted and ICB therapy, baseline ctDNA levels have been 

shown to be associated with inferior survival and higher disease burden208,346. It is therefore 

hypothesised that patients with high risk resected stage III disease and detectable ctDNA in 

the adjuvant setting are less likely to respond or have durable responses to ICB. In addition, 

parameters such as the peripheral T cell compartment could be evaluated as part of a 

multifaceted approach to identify MRD and predict relapse and response, which might further 

improve a liquid biopsy test if combined with ctDNA.  
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5.2 Hypothesis and Aims  
 

Patients with high-risk stage III resected melanoma commonly develop distant metastases. At 

present, we cannot differentiate between patients who will recur or those who are cured by 

surgery. Prior to the introduction of adjuvant ICB therapy, it has been shown that ctDNA is a 

predictor of relapse and survival in patients with resected stage III melanoma203,204. CtDNA 

has emerged as one of the most promising circulating biomarkers for patient stratification and 

monitoring response to treatment335. It is hypothesised that patient segregation can be 

achieved using an integrated approach, combining primary tumour analysis with liquid 

biopsies at early stages of adjuvant treatment (e.g. up to week 12 of treatment). Therefore, I 

sought to assess whether tumour immunological features in addition to changes in circulating 

biomarkers such as immune cell repertoire and ctDNA upon adjuvant ICB can be used to 

predict clinical outcome in stage III melanoma patients. The main question is, can stage III 

melanoma patients with MRD after primary tumour resection that will benefit from adjuvant 

therapy be identified. When considering the categories of predicted patient response to 

adjuvant ICB in the setting of high risk resected stage III disease, the initial step is to identify 

patients with MRD from those with no MRD, at present the best tool to assess this is ctDNA. 

The next step is to strengthen ctDNA readout by combining with peripheral T cell changes to 

assess response to ICB in the adjuvant setting. This will involve segregating a group of 

patients from those who do not have MRD and those who have MRD but will not respond to 

adjuvant ICB, with the ultimate goal of utilising these methods to predict response and improve 

patient stratification. 

 

 

The following aims were therefore proposed:  

 

1. To identify whether in addition to ctDNA, there are changes in circulating biomarkers 

such as TIE cells and TCR repertoire early on adjuvant treatment that can be used to 

predict patient response to therapy. 

 

2. To identify tumour-associated biomarkers predictive of response to adjuvant 

immunotherapy in stage III melanoma. 

 

3. To investigate whether circulating biomarkers predictive of response (1) correlate with 

tumour biomarkers (2) and whether this can be used to predict clinical outcome.  
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5.3 Current study status 
 

I conceived the rationale for the project and led on the design and set up of the study protocol 

(Appendix D), which took approximately 12 months to develop and gain approval, opening to 

recruitment in January 2020. Since opening, 7 patients were consented and baseline samples 

were collected from these patients prior to lockdown in March 2020. The COVID-19 pandemic 

has had a significant impact on the progress of this study, which was reliant upon the 

availability of longitudinal prospective clinical samples from stage III melanoma patients prior 

to, during and post treatment. This has unfortunately not been possible due to the stopping of 

and subsequent restriction on clinical sample collection over the last 18 month period. Critical 

research activities have therefore suffered significant delay and the impact cannot be 

mitigated. The study will re-open to recruitment when COVID-19 restrictions have eased, but 

will be led by another clinician and will require modifications to the design and protocol given 

that dosing and scheduling of ICB has changed since the global COVID-19 pandemic and so 

this study, although still relevant and necessary, would need to be adjusted in light of the 

changes to timing of administration of treatment cycles.  
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5.4 Research Protocol 
 

5.4.1 Clinical characteristics  

Blood and tumour samples from patients at The Christie NHS Foundation Trust will be 

collected with written informed consent under the MCRC Biobank (project code: 

19_RIMA_08). Patient confidentiality will be maintained by assigning an anonymous patient 

number to each sample on arrival into the laboratory.  

 

The study population focusses on patients aged 16 or above with high risk resected stage III 

BRAF, NRAS or TERT promoter mutant cutaneous melanoma due to commence adjuvant 

ICB with Pembrolizumab. When considering ctDNA analysis, it is likely that 80% of patients 

will have either BRAF, NRAS or TERT mutations, thus capturing the majority of patients with 

these common mutations.  A validated ddPCR assay will be used to track these mutations in 

circulation longitudinally to monitor for MRD. Up to 20% of patients are likely to be wild type 

for these mutations and will therefore be ineligible for the study.  

 

Response to treatment will be assessed on CT scan, using RECIST 1.1 response evaluation 

criteria. Disease control defined as CR, PR, or SD on CT imaging. Baseline tumour tissue will 

be collected as standard of care at the time of surgery. Optional repeat tissue biopsy are to 

be performed on consenting patients that experience disease progression to allow study of 

mechanisms of resistance to therapy with paired biopsies. All blood sampling will be carried 

out at routine time points before, during and after completion of ICB. Thus, patients do not 

require additional hospital visits for phlebotomy. 

 

5.4.2 Key inclusion criteria  

1. Histological confirmation of cutaneous melanoma. 

2. Stage III disease. 

3. SLNB or CLND performed within 12 weeks of commencing ICB. 

4. Disease free status documented post operatively, both clinically and radiologically. 

5. Mutation confirmed in BRAF (V600E, V600K and V600R), NRAS (Q61R, Q61K, Q61L 

and G12D) or TERT promoter (146 C>T and 124 C>T), which can be tracked in ctDNA.  
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5.4.3 Exclusion criteria 

1. Prior ICB, chemotherapy, vaccine therapy or BRAF/MEK targeted therapy.  

2. Active auto-immune disease contra-indicating use of ICB, or subjects with a condition 

requiring systemic treatment with either corticosteroids (>10mg daily prednisolone 

equivalent) or other immunosuppressive medications.  

3. Any other active malignancy.  

 

 

5.4.4 Feasibility of recruitment  

Patients undergo resection of the primary lesion at the local hospital where the diagnosis of 

cutaneous melanoma is confirmed. Patients are then referred to The Christie NHS Foundation 

Trust, Plastic Surgery Department for either SLNB or CLND. The clinical research team 

identify these patients in the surgical outpatient clinic where they are informed about the study 

and arrangements made for consenting if appropriate. Approximately 150 patients per year 

are referred for SLNB to stage their disease. Of those, approximately 50 patients will have a 

positive SLNB and are subsequently referred to the Medical Oncology team for adjuvant 

therapy. The remaining 100 patients with negative SLNB are now offered the DETECTION 

trial (NCT04901988) or continue under clinical follow up, not requiring further active treatment. 

The initial steps involved in patient recruitment are illustrated in Figure 5.3. Of note, a further 

approximately 20 patients will undergo CLND for macroscopic disease and will then require 

adjuvant therapy and approximately 20 patients with satellite or in transit metastases are also 

eligible. Therefore, a potential total of approximately 90 patients per year treated within the 

adjuvant setting at The Christie NHS Foundation Trust, equating to approximately 7 patients 

per month. A proportion of these patients with a BRAFV600 mutation may commence adjuvant 

targeted therapy. However, only patients starting adjuvant anti-PD-1 monotherapy will be 

included, the aim is to recruit 60 patients.  
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Figure 5.3 Overview of patient recruitment  
Of the patients referred for SLNB or CLND, there will be an opportunity for patient blood 
sample pre-operatively potentially with disease in situ. If the SLNB result is positive then the 
patient is referred for adjuvant therapy. If the SLNB is negative then no further active treatment 
is required and patients will remain under clinical follow up only. Those with stage IIB/C 
disease will be offered the DETECTION clinical trial. CLND and in transit satellite metastasis 
patients will be offered adjuvant therapy.  
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5.4.5 Patients and clinical samples  

Figure 5.4 illustrates the patient journey from surgery to adjuvant ICB treatment and ongoing 

clinical follow up. The post-operative period before commencing adjuvant ICB can be up to 12 

weeks. Patients then complete 12 months of adjuvant treatment with Pembrolizumab 3 weekly 

cycles, unless discontinued early due to toxicity or disease progression. The routine clinical 

follow up period is usually 10 years. 

 

The study opened in January 2020 and recruitment was planned to take place over a 12 month 

period, with a minimum of 12 months follow up for each patient. Blood sampling scheduled to 

be taken at 6 time points: pre-operatively on the day of surgery, Cycle 1 (C1, usually Week 0), 

Cycle 2 (C2, usually Week 3), Cycle 3 (C3, usually Week 6), Cycle 4 (C4, usually Week 9), 

Cycle 5 (C5, usually Week 12). For 60 patients recruited, this equated to 360 blood samples 

in total (60 patients x 6 timepoints).  

 

 

 

Figure 5.4 Adjuvant ICB patient journey  
From surgery i.e. SLNB or CLND, through to the post-operative period, up to 12 weeks, 
followed by 12 month duration of adjuvant ICB treatment and then the clinical follow up period. 
SLNB = sentinel lymph node biopsy, CLND = completion lymph node dissection, <12w = less 
than 12 weeks, T0 = baseline, pre-treatment, W3 = week 3, W6 = week 6, W9 = week 9, W12 
= week 12, ICB = immune checkpoint blockade, FFPE = formalin fixed paraffin embedded. 
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5.5 Experimental Plan 
 

5.5.1 Addressing aim 1: To identify whether in addition to ctDNA, there are changes in 
circulating biomarkers such as TIE cells and TCR repertoire early on adjuvant ICB 
treatment that identify patients with MRD and can be used to predict patient response 
to therapy  

Three types of circulating biomarkers will be monitored in all recruited patients at baseline and 

during the first 12 weeks of treatment prior to each cycle of ICB: ctDNA, circulating immune 

cells and TCR repertoire. Figure 5.5 illustrates the timepoints for blood sample collection from 

patients undergoing adjuvant ICB as described above. A total of 60mL blood will be drawn 

from each patient at each timepoint. Two EDTA tubes (20mL blood) will be used for PBMC 

isolation. These cells will subsequently be utilised for CyTOF analysis and RNA extracted for 

TCR sequencing. The remaining 40mL of blood will be collected in 4 STREK tubes for ddPCR 

ctDNA analysis. 

 
 

 
 
 
Figure 5.5 Overview of predicted blood sample collection and how they will be utilised 
Blood samples from 60 patients will be taken baseline pre-operatively and then again at each 
of the subsequent 5 time points prior to each cycle of ICB in the first 12 weeks of treatment. 
Blood samples will be used to isolate PBMCs for CyTOF and TCR sequencing and plasma 
extracted for ctDNA monitoring. Patients with a negative SLNB will not be included in the 
study.  
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5.5.1.1 Multiparametric approach to liquid biopsy 
 

Following surgery, a patient can either harbour MRD or be disease free with no MRD. 

Currently, our best available tool to detect MRD is ctDNA monitoring, which has its limitations 

i.e. detection threshold of 1 copy of mutant allele/20mL blood. In view of previous data in stage 

IV disease, TCR monitoring and T cell repertoire (namely T IE expansion) will be used as a 

complement to strengthen ctDNA readout as part of the liquid biopsy approach. Clinical 

outcome will be monitored up to 1 year after completion of adjuvant treatment. The dynamics 

of immune biomarkers (T cell populations and TCR repertoire) will be correlated with relapse 

information available on CT scan 12 – 52 weeks after commencing treatment combined with 

monitoring ctDNA levels during treatment and on follow up. The predicted changes in TCR 

repertoire, TIE expansion and ctDNA status in the resected stage III setting, when adjuvant 

ICB therapy is applied is outlined in Figure 5.6.  

 

 

 

 
Figure 5.6 Potential patient outcomes in resected stage III melanoma treated with ICB.  
Patients with MRD can be further subdivided into detectable and non-detectable MRD by 
ctDNA monitoring. Patients with no MRD following surgery are disease free.  
The table summarises the possible outcomes for each biomarker potentially detectable at 
week 3 on adjuvant ICB according to the findings in stage IV disease.  
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5.5.1.2 ctDNA 
 

Primary excision FFPE tumour blocks will be requested retrospectively from the local hospitals 

via The Christie NHS Foundation Trust Pathology Department. The blocks will be used to 

determine baseline mutation status to confirm presence of trackable mutation in circulation for 

ctDNA monitoring. This will be done using a targeted NGS mutation panel on each patients’ 

primary lesion. The panel and method are described in section 2.11.   

 

The most common mutations (BRAFV600, NRASG12,Q61 and TERT promoter) found in 80% of 

melanoma patients will be tracked in ctDNA using ddPCR. This approach will allow 

identification of patients with detectable MRD, which is a crucial step in assessing response 

to ICB in this setting. Given the low to absent disease burden, ctDNA monitoring will be based 

on a digital signal (whether the aforementioned mutations can or cannot be detected) and how 

this signal changes during treatment. Responders will be classified as: ctDNA positive → 

negative. Non-responders will be classified as: ctDNA positive → positive and ctDNA negative 

→ positive. It is important to note that if ctDNA remains negative throughout, it will not be 

possible to distinguish responding patients from those that were cured by surgery alone using 

only ctDNA. Disease evolution will be further monitored beyond the initial 12 weeks on a 3-

monthly basis for a total duration of 2 years using the same ctDNA approach. This will equate 

to potentially a further 7 time points for plasma collection at month 6, month 9, month 12, 

month 15, month 18, month 21 and month 24. Thereby allowing assessment of the feasibility 

of monitoring for disease progression and response to therapy using ctDNA in the stage III 

setting in addition to standard of care CT scans.  

 

 

5.5.1.3 Circulating immune cells 
 

In the study of stage IV disease where patients present with high disease burden, TIE 

expansion was defined as >0.8% increase in the cell population. As the percentage increase 

is small, it has to be considered that in stage III disease, patients harbouring MRD (or disease-

free) systemic changes in the TIE subset may be undetectable, due to the minimal 

signal/background ratio. The specific subset of CD8+ effector memory T cells, TIE cells 

identified in the stage IV setting will be used as the starting point in this stage III study. The 

hypothesis is that there will also be early changes in these peripheral T cells on adjuvant 

therapy that are predictive of response. However, the challenge is whether the signal will be 

strong enough when disease burden is lower and also whether in the stage III setting clinical 

response correlates with the same subset of immune cells. To address this, rather than using 
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the optimised FACS panel employed in Chapter 3, CyTOF will be used as this will include 

peripheral TIE cells but, in the event that these cells are not identified, the ability to utilise a 

wider panel of additional markers will increase the likelihood of identifying meaningful changes 

relevant for immune response. The CyTOF platform to date has not been used to assess 

response to ICB in early stage disease and there are currently no defined subsets of T cells 

with potential predictive or prognostic value in this setting. Therefore, there is a need to explore 

this immune system biology to develop a new set of tools.  

 

CyTOF will be used to incorporate a broad panel of antibodies to identify circulating immune 

cells in the isolated PBMCs. This panel will include markers of T lymphocytes, monocytes and 

dendritic cells, comprising 37 antibodies that recognise the respective markers, these are 

described in section 2.8. Specific cell populations, such as TIE cells will be closely monitored 

on a longitudinal basis during the first 12 weeks of treatment in order to identify fluctuations in 

their percentages. t-SNE analysis will be performed on each sample and evolution of different 

T cell clusters will be followed throughout 12 weeks of adjuvant treatment. This information 

will then be correlated with patient outcome. 

 
 
 

5.5.1.4 TCR sequencing 
 

TCR sequencing will be performed on RNA extracted from PBMCs (Qiagen Immune repertoire 

RNA library) to assess TCR repertoire changes on treatment. As part of the optimisation 

phase, RNA was extracted from HD PBMCs using the Qiagen RNeasy plus kit, NanoDrop, 

HS RNA Qubit kit and Agilent bioanalyser were then used to quality control (QC) check the 

RNA as described in section 2.10.1. TCR library preparation and sequencing on the MiSeq 2 

x 251 base pair will be performed by the Circulating Biomarker Centre Laboratory at Cancer 

Research UK Manchester Institute. The rationale for RNA based TCR sequencing is described 

in section 5.5.2.2. 

 

Unlike stage IV disease, in the resected stage III setting, clonal expansion of T cells is less 

likely to be driven by disease burden, apart from in rapid progressors. Thus, the changes 

between pre-operative timepoint, T0 and the initial stages of immune response to ICB after 

the first cycle of treatment, at W3 may elucidate how CDR3 diversity evolves in the absence 

of metastatic disease. Unless patients become clinically symptomatic, there is likely to be no 

definitive information about patient response before the response assessment CT scan at 

week 12.  Clonal relatedness analysis will be performed on the obtained TCR sequences and 

assessment of the potential changes in TCR repertoire on adjuvant ICB during the first 12 
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weeks of treatment. Peripheral TCR diversity and clonality results from each of the 6 sample 

timepoints will be analysed and correlated to patient clinical outcome.  

 

5.5.2 Addressing aim 2: To identify tumour-associated biomarkers predictive of 
response to adjuvant immunotherapy in stage III melanoma 

Peripheral biomarker monitoring is appealing given the minimally invasive approach required 

for sample collection and the ability to monitor activity longitudinally over time, particularly on 

treatment. When considering predictors of response to ICB, a lot of focus has been placed on 

analysis of peripheral blood. However, it is important to consider whether these measurements 

have relevance and reflect anti-tumour immunity.  The initial objective of this project is to 

assess whether there are identifiable systemic changes in the circulation during adjuvant ICB 

treatment and to establish if these changes are relevant to identify the patients that need 

adjuvant treatment i.e. patients with MRD that will respond to ICB. To accomplish this, it is 

important to correlate clinical outcome with peripheral blood markers and the TME.  

 

It is important to consider the possibility that any meaningful circulating immune cell repertoire 

changes may not be identified in the resected stage III setting as in theory, after surgery there 

should not be any remaining residual disease and in the case of MRD, the minimal nature of 

the disease burden may not be enough to illicit significant changes in the immune repertoire 

early on ICB treatment compared to what has been observed in the stage IV setting. For this 

reason, tumour tissue will be collected for analysis and correlation with circulating immune 

repertoire changes and clinical outcome.  

 

One major advantage of studying tumour tissue in early stage melanoma is the relatively low 

intra-patient heterogeneity compared to advanced stage disease347. Given that the surgical 

sample (e.g. CLND) is likely to represent practically the entirety of that patient’s disease348, it 

is therefore likely to establish causality relationships with response as well as with circulating 

biomarkers findings. Immune cell infiltrates, TCR repertoire and tumour gene expression will 

be analysed in patient resected tissue to identify reliable markers of response to therapy. 

Tumour sample status (fresh or fixed) will dictate which analysis is the most reliable. 

 
 

5.5.2.1 Fresh CLND tumour samples 
 

Fresh CLND samples will be collected prospectively and split into 3 pieces: one piece will be 

flash frozen in liquid nitrogen for storage, one will be lysed for RNA extraction and the third 
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will be immediately digested into single cell suspension. Tumour digestion is described in 

section 2.5. 

 

 

5.5.2.2 TCR sequencing  

The Illumina based platform was selected for TCR sequencing as it is the most established 

technology. An RNA based approach was selected to facilitate potential sequencing of the 

complete V and J gene whilst also providing information about expression levels. This 

approach has the ability to identify pairs of the two TCR chains (αβ, γδ) at a single cell level 

and it is the pair that most closely reflects biological function in vivo.  

As discussed in section 1.9.2, the αβ chain of the TCR has three hypervariable loops termed 

complementary determining regions (CDR1-3) which interact with the MHC complex. CDR1 

and CDR2 are encoded by the V genes and influence sensitivity and affinity of the TCR binding 

to the MHC. The CDR3 region however interacts with the peptide and MHC complex. T cells 

can express one or more type of α chain but will only express one type of β chain. The CDR3β 

chain is more diverse than CDR3α because it is additionally coded using the diversity gene. 

Therefore, sequencing the CDR3β chain enables identification and quantification of unique T 

cell clones. This is illustrated in Figure 5.7 together with the Illumina TCR sequencing 

workflow. The QIAseq Immune Repertoire RNA Library Kit is highly optimised and 

incorporates unique molecular indices (UMIs) to facilitate ultrasensitive and accurate 

characterisation of the immune repertoire in cells and tissues with an input RNA amount of 

10-100ng349. 

TCR sequencing will be performed on RNA extracted from the tumour, which will be achieved 

using fresh tumour samples from CLND. When considering the approach for TCR sequencing, 

the Illumina platform offers multiple advantages including, the ability to sequence the alpha, 

beta, delta and gamma sequences of CDR3, higher sensitivity, that facilitates the detection of 

rare clonotypes and less bias due to only one annealing temperature. TCR sequences from 

tumour and peripheral blood will be correlated to identify which circulating TCR sequences 

are unique to the presence of the tumour. This information will complement circulating TCR 

repertoire and will be used to assess the relevance of circulating sequences. 
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Figure 5.7 TCR sequencing workflow using next generation sequencing Illumina 
platform 
TCR sequencing using Illumina MiSeq will be performed on RNA extracted from PBMCs and 
fresh tumour from CLND surgery to assess TCR repertoire at baseline and on treatment in the 
circulation.  
CDR = complimentary determining region.  
5’RACE based kit uses one annealing temperature for all primers therefore less bias. 
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5.5.2.3 Tumour cell gene expression  

 
Melanoma is a highly heterogeneous disease, particularly in terms of mutational burden and 

landscape, aggressiveness, response to treatment, histopathological and inflammatory / 

immunogenic traits, and metastatic patterns350,351,352. The more advanced the disease, the 

higher the interpatient as well as intrapatient heterogeneity353. In order to personalise the 

immunotherapeutic approach in oncology, there is a reliance upon both cancer and immune 

profiling. The increasing interest in accurate depiction of the tumour immune environment has 

highlighted RNA sequencing (RNAseq) as a potential tool in determining the molecular 

mechanisms underlying responses to ICB. RNAseq is an efficient and cost-effective tool for 

identifying differentially expressed genes, also known as gene signatures which can be used 

for whole transcriptome-based biomarker discovery, for diagnosis, prognosis, prediction and 

as a guide for treatment354.  

 

Traditional methods such as micro arrays and quantitative PCR have been used to develop 

clinically validated gene expression signatures such as OncotypeDX for breast cancer and 

GeneFX for lung and colon cancer which are well established and widely used in clinical 

practice354. The translatability of these panels into RNAseq signature panels has been 

demonstrated by comparing gene expression signatures using Affymetrix microarray and 

Illumina RNAseq  technology in breast cancer355. RNAseq based technology was found to be 

superior in transcriptome characterisation with similar predictive power for clinical outcomes 

when compared with microarrays. More recently, RNAseq-based signatures have been 

developed and validated, such as a diagnostic signature for thyroid cancer356, prognostic 

signatures for both Neuroblastoma357 and Lung Adenocarcinoma358, and predictive signatures 

for metastatic melanoma359,360. 

Notably, RNAseq may only provide an average gene expression profile and will lack spatial 

content354. However, RNAseq data will provide a more complete view of cancer-related 

genetic alterations for clinical applications when compared with DNA based or the other 

classic methods described. For example, RNAseq identified an alternative breast cancer 1 

(BRCA1) transcript in a subset of breast cancer patients that was not detected using 

conventional genomic analysis361 . The advantages include specific detail regarding base pairs 

ability to detect splicing variants, allele-specific expression, novel gene fusion, non-coding 

RNA, and novel RNAs. In addition, RNAseq can be applied to all tumour samples including, 

fresh, frozen, FFPE and liquid biopsy354. This study seeks to identify whether changes in gene 

expression, as assessed by RNAseq of the bulk fresh tumour, can provide useful information 

regarding risk of relapse and response to adjuvant ICB therapy.  
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5.5.2.4 FFPE SLNB tumour samples and CO-Detection by indEXing (CODEX)   
 

CODEX is a novel highly multiplexed tissue imaging platform. A recent meta-analysis of more 

than 50 studies, with outcome data for over 8,000 patients compared effectiveness of 

individual diagnostic approaches in predicting patient responses to anti-PD-1/PD-L1 ICB 

therapy in various different cancer types. Focussing on four main assay types most commonly 

utilised in immuno-oncology, CODEX had significantly greater diagnostic accuracy compared 

to TMB, PDL-1 immunohistochemistry (IHC), multiplex IHC and gene expression profiling for 

multiple tumour types362.  

 

CODEX has been observed as compatible with lymph node FFPE melanoma samples363. 

FFPE SLNB tumour samples will be collected retrospectively from the patients that have a 

positive SLNB and go on to receive adjuvant ICB. These FFPE SLNB samples will be used 

for single cell spatial analysis and multiplexed immunofluorescence using the Akoya 

Biosciences CODEX platform.  

 

Using a high level of multiplexed marker detection at the single cell level with spatial context, 

CODEX will enable the study of different cell phenotypes and how they interact in the tissue 

microenvironment to impact disease pathology and progression. The roles of spatial 

relationships between infiltrating immune cells and the remodelling of the cellular matrix are 

key components that define tissue heterogeneity364. The ability to characterise the 

complexities of the TME is a critical element in understanding the molecular and cellular 

mechanisms driving melanoma as well as therapeutic responses. The key advantage of this 

technology is the high level of multiplexing using more than 40 protein markers in tissue 

samples at single cell resolution allowing for greater interrogation of the TME with the potential 

to accelerate the discovery of better predictive biomarkers using FFPE tumour material which 

is the most easily accessible in routine clinical practice. Specifically, protein markers identified 

by CyTOF will be utilised to investigate their spatial expression within the tumour. 
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5.5.3 Addressing aim 3: To investigate whether circulating biomarkers predictive of 
response correlate with tumour biomarkers (1 and 2) and whether this can be used to 
predict clinical outcome  

It would be anticipated that early on ICB, those patients who are ctDNA positive with 

detectable MRD following surgical resection and respond to adjuvant ICB with no evidence of 

disease relapse, would display peripheral TIE cell expansion and TCR repertoire increase in 

clonality or diversity. Additionally, over the course of treatment ctDNA would become negative 

and remain negative on follow up; these patients would not relapse and be classified as ICB 

responders (solid green line Figure 5.2).  

 

The remaining patients with positive ctDNA and detectable MRD post operatively will go on to 

relapse on adjuvant ICB with clinical or radiological evidence of disease progression and their 

ctDNA will remain positive throughout.  These patients can be categorised as either primary 

progressors (blue line Figure 5.2) or immune escapers (solid yellow line Figure 5.2). In patients 

with primary progression, disease relapses early on treatment, it is expected that there will be 

no evidence of TIE cell expansion or TCR repertoire changes. In patients with immune escape 

whereby the disease initially appears to be responding to ICB, ctDNA changes from positive 

to negative, but later on treatment ctDNA reverts back from negative to positive with clinical 

or radiological confirmation of disease progression, it is posited that no meaningful peripheral 

T cell changes will be observed. 

 

In patients that have MRD following surgery, but this is below the threshold of detection and 

thus ctDNA is negative and MRD undetectable, a proportion will not relapse on adjuvant ICB 

or follow up; this group are termed ICB responders (dashed green line Figure 5.2) whereby 

ctDNA remains negative longitudinally. It is anticipated that there may be evidence of 

peripheral TIE cell expansion and peripheral TCR repertoire convergence with increased 

clonality or diversity. The remaining group of patients with undetectable MRD are ctDNA 

negative post operatively, but will relapse during ICB treatment. It is expected that ctDNA will 

remain negative longitudinally until the detection threshold is exceeded. These patients 

incorporate a further category of immune escape (dashed yellow line Figure 5.2) in which no 

meaningful peripheral T cell changes are anticipated.  

 

The final subgroup are those patients that do not have MRD, are ctDNA negative post 

operatively and remain ctDNA negative throughout the course of ICB treatment and on follow 

up. These patients are termed disease-free post operatively (pink line Figure 5.2) and are 

anticipated to have no residual disease following resection, thus cured by surgery alone. 

Therefore, it is expected that there are no dynamic peripheral T cell changes as there is no 



 177 

disease present to mount an immune response, however, these patients may mount an 

immune response to another stimulus and so will act as an important control group. 

Additionally, it would be anticipated that comparison of the tumour sample and pre-operative 

peripheral blood T cell repertoire with the longitudinal peripheral T cell findings might identify 

disease specific changes that were present prior to tumour removal and their dissipation may 

provide insight into tumour specificity.   

 

Tumour tissue analysis of CLND samples will explore the tumour specificity of any T cell 

findings identified in the circulation. TCR sequencing aims to identify the presence of tumour 

resident T cell clones and assess for the presence of shared sequences in the circulation and 

how these change in response to ICB. Multiparametric imaging technology such as CODEX 

to interrogate FFPE SLNB positive melanoma tissue will utilise high throughput technology 

staining multiple markers to gain co-expression information, spatial relationships and proximity 

information relating to the TME. Unlike conventional immunofluorescence and IHC which are 

limited to measuring few parameters simultaneously and single cell technology such as 

CyTOF which provides limited spatial information, it is anticipated that unbiased, hypothesis 

free biomarker discovery approaches utilising higher resolution of the TME may lead to further 

insight into patient response to ICB. Gene expression profiling has been successfully 

implemented in several malignancies such as breast and prostate cancer where it provides 

personalised treatment365. However, in melanoma whilst it is being implemented in a limited 

capacity to predict sentinel node positivity and studies have supported gene signatures such 

as IFN as both predictive and prognostic, these have not been validated for routine clinical 

use93,365,366,. The applicability of gene expression profiling to other aspects of melanoma care 

have not been fully explored and therefore its role in determining the utility of adjuvant therapy 

and surgical management is yet to be elucidated. It is anticipated that differences in gene 

expression between analysed patients in this study will be observed and that these differences 

may highlight a gene expression signature of patients at higher risk of relapse, such as those 

with ctDNA positivity post operatively. Additionally, potential gene expression signatures or 

trends in responders compared with non-responders to adjuvant ICB may be identified. 

Together host and tumour information will provide a broader understanding of melanoma 

response to ICB when correlated with clinical outcome. 

 

When considering tumour analysis in this study, a 60 patient cohort is underpowered to draw 

meaningful conclusions from specific subgroup analysis, however it is anticipated that trends 

in tumour and circulatory changes will be observed in each group when correlated with clinical 

outcome. Notably, relapse and clinical endpoint data will only be known after 2 years of follow 

up, thus if the initial hypothesis is corroborated and T cell repertoire and ctDNA changes follow 
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the expected trajectory early on adjuvant ICB in resected stage III melanoma, the preliminary 

findings from this study may provide the rationale for a larger feasibility study to assess the 

clinical utility of these findings.  

 

Although the study is in relative infancy, there is undoubtedly significant clinical relevance to 

the proposal and underlying aim to identify resected stage III melanoma patients with MRD 

that will benefit from adjuvant therapy and improve stratification and prediction tools for ICB 

response assessment. Thus, if the potential findings were validated in a future feasibility study, 

this would provide rationale for a larger scale clinical trial. The potential clinical trial schema 

for this is illustrated in Figure 5.8. These patient groups would be stratified according to 

prediction on biomarker analysis to be a responder or non-responder to anti-PD1 therapy or 

those that do not relapse and do not require adjuvant therapy based on ctDNA and immune 

cell profiling. These groups would be compared to patients that receive standard of care 

adjuvant anti-PD1 therapy unstratified. The primary endpoint suggested is PFS at 2 years and 

the hypothesis is that this would be improved in the stratified groups.  
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Figure 5.8 Proposed clinical trial schema 
Based on the analysis of peripheral blood and tumour samples of stage III patients if the 
hypothesis is corroborated and biomarkers of response/MRD identified. 
Targeted therapy = BRAF/MEK inhibitors, ICB = immune checkpoint blockade, N = nivolumab,  
I = ipilimumab, surgical responder = no MRD and remains disease free post operatively.  
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5.6 Optimisation Results 
 

5.6.1 Comparison of SepMateTM and LeucoSepTM PBMC isolation for downstream 
CyTOF application 

The aim here is to understand the effect of the PBMC isolation protocol on cell yield, cell 

viability and the extent of iodine contamination. It is important to consider iodine contamination 

of the cells being studied, because metal and non-metal contaminants can generate undesired 

background interference which can affect the signal generated within the detection channels, 

iodine (127DA) in particular can be found in some buffers and commercial reagents367. For 

example, Ficoll contains large amounts of iodine and so should be used with particular care. 

To limit contamination of cells by the iodine contained in Ficoll, it is important to avoid mixing 

cells with the layer of density gradient medium when using SepMate™ or Leucosep™ to 

isolate PBMCs367.  

 

SepMateTM and LeucoSepTM protocols were used to isolate PMBCs according to protocols 

described in section 2.3.1 and section 2.8.2, from the same HD (n=1). Eight mL of whole blood 

was taken from 1 HD, the sample was collected in an EDTA tube and split into 2 parts, 4mL 

of whole blood was used for each of the PBMC isolation protocols. Both 4mL samples were 

processed fresh and analysed in real-time. The cell yield was higher with LeucoSepTM at 7.5 

x 106/mL compared to 4.26 x 106/mL with SepMateTM. Similar cell viability between the two 

was observed, 95% with SepMateTM (Figure 5.9A) and 98% with LeucoSepTM (Figure 5.9C) 

when analysed on Helios, but there was a lower level of iodine contamination with SepMateTM 

at 12% (Figure 5.9B), compared to 16% with LeucoSepTM (Figure 5.9D).  
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A       B 

 
          
 
  
C       D  

 
 
 
Figure 5.9 Comparison of SepMateTM and LeucoSepTM preparation tubes for PBMC 
analysis on Helios 
PBMCs from a healthy donor were isolated and analysed using Helios to assess cell yield, 
cell viability and level of iodine contamination using SepMateTM and LeucoSepTM protocols, 
n=1 example shown. 8mL of whole blood was taken and 4mL was used for each protocol.  
A: Dot plot showing the SepMateTM PBMC protocol produced a cell viability of 95%. Gating 
on cells negative for cisplatin and positive for 193IrDNA2 live/dead cell markers.    
B: Dot plot showing the SepMateTM PBMC protocol produced an iodine contamination level of 
12%. Gating on cells positive for 127I (iodine channel) and positive for 193IrDNA2. 
C: Dot plot showing the LeucoSepTM PBMC protocol produced a cell viability of 98%. Gating 
on cells negative for cisplatin and positive for 193IrDNA2 live/dead cell markers.    
D: Dot plot showing the LeucoSepTM PBMC protocol produced an iodine contamination level 
of 16%. Gating on cells positive for 127I (iodine channel) and positive for 193IrDNA2. 
 
 
  

95% 

12% 

98% 

16% 
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5.6.2 CyTOF Optimisation: Fresh vs frozen PBMCs 

A comparison of fresh and frozen PBMC analysis using the same sample from a HD and run 

on Helios was required to assess to what extent cryopreservation affects the CyTOF signal. 

An n=1 experiment was carried out to assess the cell yield and viability of cryopreserved 

PBMCs from the same HD in section 5.6.1, where the results of fresh PBMC analysis using 

SepMateTM is described. Four mL of whole blood was processed using the SepMateTM PBMC 

isolation protocol described in section 2.3.1. Cells were cryopreserved in 1mL aliquot at -80C 

for 24 hours, cells were then thawed and counted. The cell yield was lower than fresh PBMCs 

using SepMateTM at 3.72 x 106/mL and cell viability was significantly lower at 67%.  Viable and 

non-viable dead cells are indicated in Figure 5.10.  

 

 

 

 

 
      
Figure 5.10 Cryopreserved PBMCs isolated using SepMateTM for analysis on Helios  
PBMCs from a healthy donor were isolated using the SepMateTM protocol, cryopreserved for 
24 hours then thawed and analysed using HELIOS to assess cell viability, n=1 example 
shown. 4mL of whole blood was used. Dot plot showing the SepMateTM PBMC protocol 
cryopreserved PBMCs produced a cell viability of 67%.  
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5.6.3 Optimisation of RNA extraction and quantification 

Three HD whole blood samples were used and 20mL of whole blood was taken from each 

volunteer. Subsequently, 10mL whole blood from each volunteer was used for fresh analysis 

and 10mL whole blood processed and PBMCs cryopreserved. Comparison of RNA quantity 

and RNA integrity from fresh and frozen PBMC was undertaken. For both fresh and frozen 

analysis, PBMCs were isolated using the SepMateTM protocol. RNA extraction, concentration 

and quantification were performed using the manufacturers protocols as discussed in section 

2.10.1. Table 5.2 illustrates the cell count, RNA concentration and RIN values for the 3 HD 

fresh PBMC samples and the cell count and RNA concentration from the same 3 HD PBMC 

samples. There was an expected drop in cell count and RNA concentration following 

cryopreservation and thawing of PBMCs. RNA integrity from fresh PBMCs was high and the 

bioanalyser profiles of RNA extracted from the fresh PBMCs of each of the 3 HDs is shown in 

Figure 5.11. It was not possible to perform the assessment of RNA integrity using the frozen 

samples due to the COVID-19 pandemic and temporary closing of laboratory facilities. 

 

 

Table 5.2 Optimisation of RNA extraction and quantification: n=3, fresh and frozen HD 

PBMC samples 

 
PBMC Sample 

 
Cell count (total 
per 10 mL blood) 

 
RNA 
concentration 
(ng/µL) 

 
RIN values 

 
Fresh 

 
8-10 x 106 

 
186 - 304 

 
9.5 – 9.8 

 
Frozen 

 
4-6 x 106 

 
88 - 165 

 
N/A* 

*N/A: not assessed  
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Figure 5.11 Bioanalyser profiles of RNA extracted from fresh HDs (n=3) 
A: HD 1 fresh PBMCs: Electropherogram from bioanalyser showing the high integrity of RNA 
isolated from cells, RIN value 9.80. 
B: HD 2 fresh PBMCs: Electropherogram from bioanalyser showing the high integrity of RNA 
isolated from cells, RIN value 9.50. 
C: HD 3 fresh PBMCs: Electropherogram from bioanalyser showing the high integrity of RNA 
isolated from cells, RIN value 9.70. 
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5.7 Discussion 
 

There has already been a dramatic paradigm shift in cancer treatment since the advent of 

immunotherapy, both as single agent and combination therapies. The advances in treatment 

for patients with metastatic melanoma have been rapidly translated to the high-risk adjuvant 

setting. However, primary and acquired resistance to ICB remains a challenge. Therefore, 

biomarkers predictive of response to therapy that can be assessed prior to initiation of 

treatment and early during the course of therapy are critical. Equally important is on-treatment 

biomarker monitoring that may predict the likelihood of treatment failure and disease relapse.  

 

The body of work aimed at addressing the issue of response to immunotherapy with the 

intention of personalising the approach to treatment in melanoma has been focussed to date 

on the stage IV setting144,215,216,219,221,228,368,369. Most of these studies include small sample 

sizes, address tumour and circulation separately and do not seek to integrate the approaches 

utilised. There has been very little progress in terms of understanding the biology behind why 

these drugs are not effective for every individual and how to improve outcomes. This is most 

likely due to our incomplete understanding of how ICB modifies the already complex immune 

response to cancer in addition to the contribution of immuno-editing to a dynamic tumour 

microenvironment.  

 

Establishing predictive biomarkers is likely to be instrumental in achieving effective patient 

stratification as well as tailoring optimal sequencing and scheduling of therapy. Despite the 

fact that several candidates discussed in Chapter 1, including circulating (CTCs, ctDNA, 

microRNAs, cytokines, exosomal PDL-1) and genomic markers (TMB, specific mutated gene 

pathways such as IFN and neoantigen load) have been suggested as predictive of immune 

response, these are yet to be validated for routine clinical use in a standardised and easily 

reproducible manner.  

 

The approval of ICB in resected stage III disease and the growing number of clinical trials 

investigating their efficacy in the stage II and neoadjuvant settings reflects the shift towards 

early detection and prevention of patients developing metastatic disease370,371,372. As the risk 

of relapse varies in the stage III setting, the development of tools that can identify patients at 

high risk of recurrence and those that will benefit from further treatment post-operatively 

remains an important yet considerable challenge. This study will provide a unique opportunity 

to evaluate the biology of the disease at an early stage, where although still heterogeneous, 

more amenable to tissue sampling at the time of surgery providing access to the primary or 

lymph node tissue. The potential findings in blood and/or tumour are more likely to be 
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representative of the entirety of the patients’ disease compared to the stage IV setting where 

any biopsy is likely to provide limited sample information. Combining peripheral blood 

circulating candidate biomarkers such as ctDNA and immune cell repertoire may mean that 

these could be measured by a single validated assay. The development of such a 

multiparametric assay and use of integrated platforms to reduce the heterogeneity and 

complexity of the host genomic and immunologic landscape would facilitate a comprehensive 

predictive system for immune response and clinical efficacy of ICB in cancer patients.  

 

CtDNA has been identified as a candidate liquid biomarker of MRD and molecular relapse and 

has been utilised within clinical trials to guide treatment decisions. However, there remains a 

lack of standardised detection assay, thus it has yet to be fully validated for routine clinical 

use187. In the meantime, there are other blood-based modalities that could be explored which 

might further improve a liquid biopsy test if combined with ctDNA. Peripheral blood T cell 

immunophenotyping was explored in a proof of principle study in multiple myeloma and NK-T 

and T cell peripheral immunophenotypes were found to differ in MRD positive and MRD 

negative patients, providing a distinctive signature for each373. This data supports exploration 

of immune profiling according to MRD defined responses to identify patients that may benefit 

from maintenance therapy in this setting. Several other studies have also identified peripheral 

immune cell immunophenotyping as a method of accurately capturing MRD in haematological 

malignancies374,375. However, this has yet to be explored in solid tumours and one approach 

could be to track peripheral T cell dynamics in combination with ctDNA. A multi-omic approach 

utilising ctDNA to track MRD and evaluation of peripheral T cell immunophenotyping in 

addition to assessment of the TCR repertoire may offer new and relevant insights into the 

impact of anti-PD1 therapy on T cell responses and how this correlates with MRD and the 

potential patient groups described earlier.  

 

In stage III disease, the tumour excised is of lymph node origin and could prove challenging 

to apply the CyTOF platform, as it is not possible to differentiate TIL from lymph node resident 

immune cells. This precludes comparisons with T cell changes identified in the peripheral 

circulation, so to account for this, CyTOF analysis on lymph node tumour and healthy matched 

lymph node tissue would be required. As such, CyTOF analysis on tumour tissue in this study 

would not be feasible.  If CyTOF analysis identifies a specific immune cell population in the 

circulation as being indicative of involvement in response, then the question regarding 

functionality in the tumour will be raised. In this event, the CLND patients will have dissociated 

single cell suspension frozen in FBS/DMSO that would be available for analysis. Gene 

expression analysis may give some preliminary insights that can be further explored in a 

subsequent study and potentially validated in FFPE tissue. A potential limitation within this 
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study, is the small number of patients undergoing CLND. Therefore, any gene expression 

findings will be difficult to correlate with response, particularly given that patients with 

macroscopic disease at presentation undergoing CLND are at a higher risk of relapse from 

the outset. 

 

Additionally, the assessment of fresh lymph node tumour tissue for tumour specific T cell 

responses will be undertaken, it is anticipated that there will be evidence of tumour resident 

T cell clones that are also present in the periphery and that expansion of these clones will 

correlate with response to ICB therapy. Recent retrospective studies have shown that high 

TCR diversity in pre-treatment TIL is prognostic for survival in melanoma patients who did not 

receive ICB, whereas baseline high tumour TCR clonality was identified as predictive of 

response to anti-PD1 ICB therapy305. Thus, suggesting that high TCR diversity in TIL identifies 

those patients whose immune system achieves durable tumour control without anti-PD1 ICB, 

whereas high TIL clonality determines which patients will mount an effective anti-PD1-induced 

immune response. This is in keeping with studies in which on treatment TIL sampling identified 

clonality as a predictor of response to ICB in melanoma369,376.  

 
With adjuvant anti-PD1 based therapy approved for use in high risk resected stage III 

melanoma and the recent interim results of Keynote-716 suggesting improved PFS 

(NCT03553836) following surgical resection in stage II melanoma, there is a high likelihood 

that approval will be imminent for adjuvant ICB in earlier stage disease, thus increasing the 

population of patients exposed to potentially toxic therapy. Further underscoring the need for 

predictive and prognostic immunotherapy biomarkers, particularly for patients with 

intermediate risk disease, where the risk of toxicity may outweigh the benefit of adjuvant ICB 

therapy. The addition of tumour assessment to peripheral blood T cell repertoire findings has 

the potential to further strengthen liquid biopsy readout by confirming tumour TCR specificity 

and ultimately aiding the pursuit for a reliable multiparametric tool for patient selection. 

The optimisation work initially sought to assess both PBMC isolation protocols to understand 

the impact on cell yield and viability, whilst then also considering the degree of iodine 

contamination which could have downstream effects on sample analysis as discussed in 

section 5.6.1. Both SepMateTM and LeucoSepTM had similar cell viability however the cell yield 

was higher with LeucoSepTM, although, this was at the cost of higher levels of iodine 

contamination. The cleaner signal with SepMateTM having a lower level of iodine contamination 

was a key determinant in the decision to proceed with SepMateTM protocol, despite the lower 

cell yield, as for CyTOF a minimum of 3 x 106/mL cells is required and the SepMateTM protocol 

provides cell numbers above this threshold. The experiment was limited by the n=1 sample 
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size, however, only 4mL of blood was used and minimum cell yield was exceeded and within 

the study protocol blood volumes of 20mL EDTA will be used for PBMC isolation to ensure a 

high cell yield. 

Subsequently, using the SepMateTM protocol for PBMC isolation, the effect of cryopreservation 

on cell yield and viability was studied. The cell yield was slightly lower compared to fresh 

analysis, but still within the acceptable threshold for CyTOF analysis. Notably, however, the 

cell viability was significantly lower compared to the fresh comparison. Thus, if the study went 

ahead with frozen PBMCs the possibility that small cell populations that could be significant 

may be lost and not captured by CyTOF should be considered377. For this reason, the study 

protocol is planned to proceed with fresh PBMC labelling in real time. Nevertheless, it is 

important to consider that assessment of peripheral cell immunophenotyping of any future 

external validation cohort would likely come from cryopreserved PBMC samples and so it may 

not be possible to recapitulate potential findings from this study. When evaluating optimisation 

for downstream peripheral TCR sequencing, RNA concentration and integrity were assessed 

on both fresh and frozen HD PBMC samples. The drop in RNA concentration following 

cryopreservation and thawing was expected, however it was not possible to assess the RNA 

integrity of the cryopreserved PBMCs. It is anticipated that there would not be a significant 

drop in RIN as cells were frozen immediately after isolation and thus results should be 

comparable378, indicating that there is likely to be minimal impact on quality of TCR sequencing 

from cryopreservation of PBMCs.  

 

Approximately 150 patients are referred to The Christie NHS Foundation Trust per year for 

SLNB to stage their disease. The pre-operative blood sample will be taken on the day of 

surgery and processed for all consented and eligible patients. According to available audit 

data from The Christie NHS Foundation Trust, of those, only approximately 50 patients will 

have a positive SLNB and will be confirmed as having stage III disease requiring referral to 

Medical Oncology for adjuvant ICB. The remaining 100 patients are expected to be SLNB 

negative and will remain under clinical follow up not requiring further treatment (stage IIB/C 

patients will be offered the DETECTION trial). This will result in 100 stored pre-operative 

PBMC and plasma samples not required for this study as these patients will be ineligible. It 

has been observed that up to 25% of SLNB negative patients will relapse379, therefore this 

patient cohort will be valuable for future studies exploring whether molecular monitoring in 

stage II disease could enable early identification of patients with micro-metastatic relapse that 

may benefit from early therapy initiation compared to standard of care follow up. 
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A growing number of patients with early stage melanoma are faced with an extremely high 

risk of recurrence and melanoma specific mortality. Adjuvant therapy has been validated as 

an efficacious management strategy for stage III melanoma and given that more patients are 

diagnosed with stage I and stage II melanoma compared to stage III, the role of adjuvant 

therapy has been evaluated in earlier stage disease. Understanding whether early treatment 

improves overall survival remains a critically important unanswered question and clinical trials 

are underway to address this. Melanoma has been a model cancer for immunotherapy and 

there are already data in the adjuvant and metastatic settings supporting the rationale that 

early treatment could lead to more durable responses and improvements in chance of 

cure69,104. This study in the surgically resected stage III setting, strives to have a positive 

clinical impact on the field that translates into a clinically meaningful benefit to patients in terms 

of the ability to limit adjuvant therapy to patients who have a higher risk of relapse and death 

and a higher likelihood of deriving benefit.  

 

Validation and clinical implementation of risk-assessment and response tools to enable 

detection of patients with MRD and appropriate selection of treatments that extend the 

duration of complete response over current empiric approaches could transform the way 

adjuvant therapy in stage III disease is utilised.  This prospective study in the adjuvant setting 

has the potential to validate findings from previous work whilst also examining treatment effect 

of ICB and the ability of ctDNA to capture responses in this population, to establish whether it 

is also a predictive biomarker for response to ICB203 . In particular, it has been observed that 

a single time point of blood sampling post operatively is unlikely to identify all patients that will 

relapse203,205, however, longitudinal sampling has identified relapse before radiological 

imaging in the stage IV setting and thus provides a rationale for this approach in stage III 

disease208. CtDNA detection at a single time point post operatively as a marker of MRD could 

inform on individual prognosis and adding to AJCC staging information and informing 

discussion with patients regarding the risks and benefits of adjuvant ICB. This study will enable 

identification of a subgroup of patients at high risk of early relapse and inferior survival, this 

coupled with the potential for ctDNA to be combined with peripheral T cell changes as a 

multiparametric marker of response to ICB would further strengthen the potential readout, thus 

facilitating stratification of patients to adjuvant therapies associated with significant toxicity, 

but with greater potential efficacy67.  

 

Additionally, when considering the issues surrounding the design of a clinical trial that tests 

the functional assessment of MRD and response biomarkers including peripheral T cell 

repertoire, surrogate endpoints such as eradication of detectable MRD and definitive 

endpoints such as PFS must be carefully selected to evaluate for superiority of a rational MRD 
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and response biomarker targeted treatment approach. Consideration must be given to 

frequency of liquid biopsy monitoring, threshold for therapeutic actionability and issues of 

standardisation and generalisability of implementation would need to be addressed, as will the 

availability of multiple potentially active therapeutics333. 

 

If ctDNA is validated as a marker of MRD and T cell repertoire changes correlate with response 

to adjuvant ICB which can also be tracked with ctDNA, the potential findings of this study could 

result in the development of clinically actionable multi-modality biomarkers for MRD and 

response to ICB which is a current unmet need in the clinic. Despite numerous candidate 

biomarkers demonstrating correlations with response in preclinical and clinical studies, no 

biomarker currently exists which is sufficiently robust to aid in patient selection. A major 

challenge which this study seeks to address is identifying a biomarker with sufficient negative 

predictive value to only exclude patients who are very unlikely to benefit, without depriving 

patients requiring treatment and may respond a chance at a potentially life-extending therapy. 

Focusing health care resources on patients at the highest risk will enable optimal resource 

utilisation and spare low-risk patients from the risks and potential toxicities of treatment.  

 

In summary, the key issues to be addressed for the adjuvant approach are the selection of 

patients, optimising therapeutic outcomes and minimising the number of patients exposed to 

potentially toxic treatment without gaining clinical benefit. This study strives to tackle these 

important emerging issues, with the aim to develop a multi-parametric tool facilitating patient 

stratification, with the ability to anticipate therapeutic responses in real-time. In the future, this 

study has the potential to aid personalised management and clinical decision making for 

oncology patients. Comprehensive predictive models developed by integrating different types 

of data based on different components of tumour-host interactions is the direction of future 

research and will have a profound impact in the field of precision immuno-oncology. 
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Chapter 6: Final Discussion 
 

 

 

 

 

 

6.1 Immunotherapy and melanoma 
 

Melanoma is a paradigm of how the treatment landscape can be revolutionised over a decade. 

Prior to this, patients with chemotherapy refractory advanced melanoma had an average life 

expectancy of three to six months. Today, patients are returning to clinic for their third year of 

follow up, giving hope where just a decade ago there was little. Behind the transformation in 

melanoma survival rates are both targeted therapy and checkpoint inhibitor drugs. Figure 6.1 

illustrates the timeline of melanoma therapy approval. Targeted therapy for BRAF mutated 

melanoma offers some extension in PFS and OS, although resistance is common380. Since 

the approval of ICB in 2011, there has been further improvement in the treatment landscape. 

Notably, in the USA, among all cancer types, cutaneous melanoma had the greatest decline 

in annual deaths, 6% per year, between 2014-2018381. More recently, these advances have 

been rapidly translated into the high-risk adjuvant setting, with ongoing studies investigating 

neoadjuvant ICB in high risk resectable melanoma.  

 

 
Figure 6.1 Timeline of treatment approvals for advanced melanoma patients 
MAPK=mitogen activated protein kinase, FDA=Food and Drug Administration.  
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Synergistic combinations were developed to heighten potency and duration of immune 

response. Immunotherapy regimes have evolved from the single agent approach to 

combination ICB such as anti-CTLA-4 plus anti-PD-1, and recent studies have paired ICB with 

conventional cancer therapies such as chemotherapy or targeted therapies382,383,384,385. At 

present there are no robust data in support of chemotherapy immunotherapy combinations in 

melanoma in the first line setting, however these combinations have been approved for PDL-

1 positive triple negative breast cancer (TNBC), PDL-1 positive head and neck squamous cell 

cancer (HNSCC) and all patients in the first-line setting irrespective of PDL-1 status for gastro-

oesophageal adenocarcinoma, leading to a paradigm shift in the treatment of these tumour 

types386,387,388.  

 

Despite the treatment armamentarium for patients with metastatic melanoma expanding 

significantly and checkpoint inhibitors having demonstrated unprecedented rates of durable 

responses, many patients treated do not respond and the burden of potentially serious toxicity 

exists.  Thus, there is a need to discover biomarkers that will aid patient selection and help 

tailor treatment regimes. The search for robust biomarkers is limited by our incomplete 

understanding of how ICB modifies the pre-existing complex immune response to cancer. 

Furthermore, candidate assays are yet to be deployed into large prospective studies, and the 

lack of standardisation in measurement and interpretation restricts their validity389.  

 

The current understanding of the clinical response to ICB therapy implies a single biomarker 

cannot predict patients who will benefit from immunotherapy. Thus, a predictive model that 

considers the different components that affect tumour–host interactions is needed. The 

development of a multiparametric assay and use of integrated platforms to compress the 

heterogeneity and complexity of the host genomic and immunologic landscape would allow a 

comprehensive predictive system for immune response and clinical efficacy of immunotherapy 

in melanoma patients. On-treatment biomarker monitoring that could predict likelihood of 

treatment failure and disease relapse is required and similarly, biomarkers predictive of 

response to ICB that can be assessed prior to treatment initiation and early during the course 

of therapy are vital in achieving precision immuno-oncology. 

 

The principal aim of this thesis was to explore liquid biopsy as a tool for effective patient 

stratification in melanoma immunotherapy. Chapter 3 focussed on utilising an optimised 

multiparametric flow cytometry panel to identify peripheral blood T cell markers of response 

to immunotherapy early after treatment initiation in stage IV melanoma and explored the 

potential to develop a prospective clinical study to test the hypothesis that early on treatment 

changes in peripheral T cell subsets can predict response to ICB therapy. Subsequently, 
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Chapter 4 addressed the impact of patient age and other clinical variables on peripheral T cell 

and TCR repertoire evolution and pattern of response under the selective pressure of ICB in 

stage IV melanoma. Finally, Chapter 5 sought to investigate the feasibility of translating these 

findings into the adjuvant setting to identify patients with MRD at high risk of relapse and 

predict patient response to ICB therapy in stage III melanoma. 

 

 

6.2 Summary of Key Results 
 

Assessment of peripheral T cell changes that relate to pre-treatment and early on treatment 

time points was undertaken in metastatic melanoma patients undergoing first line ICB therapy.  

Flow cytometry revealed expansion of a subset of CD8+ memory immune effector cytotoxic T 

cells, termed TIE cells in peripheral blood. Changes in TIE cell abundance inversely correlated 

with changes in the tumour burden as determined by size of RECIST target lesions on patient’s 

W12 CT scan and peripheral T cell pools experienced dynamic turnover proportional to the 

magnitude of response. At W3 after therapy initiation, expansion of peripheral TIE cells was 

significantly greater in patients that responded to ICB. An increase of 0.8% in the ratio of 

TIE cells relative to all CD8+ memory cells at W3 was associated with improved OS and 

separated 6-month responders from non-responders, this was confirmed in a separate 

validation cohort. Analysis from later W9 treatment time point revealed the presence of TIE 

cells, however there was no longer a correlation with response, highlighting the dynamic 

nature of these immune signatures and indicating that these changes occur early and are 

transient. TIE cell expansion at W3 was predictive of outcome in patients treated with both 

single agent anti-PD1 and combination ICB. 

 

Interestingly, when compared with other candidate biomarkers within the literature such as 

peripheral Ki67/TB or PDL-1 staining in pre-treatment melanoma biopsies, W3 TIE expansion 

displayed superior accuracy in identifying patients that achieved disease control early on 

treatment. However, within this study the small sample size limited a statistically meaningful 

result when comparing increased peripheral Ki67 expression and TIE expansion at W3. 

 

Evaluation of whether changes in W3 TIE cell expansion were associated with immune related 

adverse events revealed no correlation between TIE expansion and grade of toxicity, 

suggesting that TIE cells are not a predictive marker of immunotherapy toxicity in this setting. 

However, expansion of a separate Treg subset characterised by the surface phenotype 

CD3+CD4+CD8−CD25+CD127−/low did correlate with grade of toxicity.  
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The follow-on study described in Chapter 4 sought to extend these observations by analyzing 

the impact of patient clinical variables on peripheral TIE cells and TCR repertoire 

rearrangement. Although TIE expansion is a biomarker of immunotherapy response across all 

age groups, patients at different ages present different patterns of peripheral TCR repertoire 

evolution in response to ICB. Following the first cycle of ICB, in patients 70 years treatment 

resulted in an increase in peripheral TCR clonality, whereas in patients <70 years it led to an 

increase in peripheral TCR diversity. These findings were replicated in a separate validation 

cohort, although the patient numbers were too small to reach statistical significance, the trend 

was consistent with initial findings. There was a significant age difference between the two 

treatment groups (single agent ICB vs combination ICB), with older patients 70 years 

preferentially assigned to single agent therapy, likely reflecting selection bias from clinicians 

in a real world setting. This complicated interpretation of the effect of treatment regimen on 

the biomarker dynamics, but nevertheless there was no correlation identified between other 

clinical variables such as gender, disease stage, or BRAF mutation status on TIE cell 

expansion or peripheral TCR repertoire rearrangements supporting their validity as 

biomarkers of response to therapy.  

 

Although the study described in Chapter 5 could not be carried out, the investigation of these 

candidate biomarkers in early stage melanoma remains undoubtedly clinically relevant in 

identifying resected stage III patients with MRD that would benefit from adjuvant therapy and 

improving stratification and prediction tools for ICB response assessment. 
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6.3 Significance of Results Presented 
 

ICB therapy works by removing inhibitory signals of T cell activation, allowing tumour reactive 

T cells to overcome regulatory mechanisms and mount an effective anti-tumour response. 

Recently, particular focus has been placed upon peripheral T cell changes during ICB therapy 

as a readout of immunotherapy related changes in melanoma. To date analysis of TIL T cell 

repertoire has been at the forefront of research into ICB responses in melanoma, but 

understanding of how T cell repertoire changes in the tumour are then reflected in the 

circulation has been limited. The work here concentrated on an early, but clinically relevant 

time point of week 3, following one cycle of ICB therapy. This is in keeping with recent literature 

which suggests that in cancer immunotherapy, the peak of immune activation is at week 

3213,271. To date, the majority of studies interrogating pharmacodynamic changes in peripheral 

T cells had focussed on later time points between 3 and 12 weeks of ICB initiation, which may 

represent different aspects of T cell changes211,215,216,390,391.  

 

The work presented in this thesis suggests that activation of a common CD8+ immune effector 

memory cell subset may be relevant for monitoring early on treatment immunotherapy 

responses and highlights the dynamic changes observed among circulating T cells in 

peripheral blood. These findings are of particular significance given the correlation with 

subsequent clinical responses.  It has been established that this subset of lymphocytes is 

involved in cytotoxic response to infections and thus could limit specificity in the 

immunotherapy setting, necessitating further kinetic analysis and clinical validation252,257,264. 

Future work to delineate the anti-tumour reactivity and specificity of TIE cells is required. 

However, as far as is known, this is the first report demonstrating the relevance of peripheral 

TIE cells in cancer immunotherapeutics.  

 

Expanding on observations of the different variation of TIE cells in patients who benefitted from 

ICB compared to those who did not, the inverse correlation between changes in T IE cell 

abundance and radiological tumour burden suggest that an increase in T IE abundance 3 

weeks after start of ICB therapy is anticipatory of tumour shrinkage at W12. The magnitude of 

T cell turnover at W3 was proportional to the magnitude of response to ICB which is consistent 

with the immune signature acting as a reliable early biomarker of response to immunotherapy.  

 

There are differences in the time course of efficacy and toxicity between anti-PD-1 

monotherapy and anti-PD-1 plus CTLA-4 combination therapy109,392. However, the lack of 

significant differences observed between single agent and combination therapy suggests the 

findings described here are independent of treatment modality and reflect the final effects 
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needed for tumour elimination.  The relatively small patient cohort may limit the generalisation 

of the results, however, W3 TIE cell expansion could segregate patients that would benefit from 

ICB therapy with superior accuracy compared to standard biopsy PD-L1 staining for which 

predictive accuracy has already been validated65,393. It is likely that this is in part due to most 

of the immunological compartment being omitted from tumour tissue-based analyses. Thus, 

minimally invasive liquid biopsy acquired TIE cells hold promise for potential future clinical 

development.  

 

Checkpoint inhibitors are arguably the most important development in cancer therapy over the 

past decade. The indications for these agents continue to expand across malignancies and 

disease settings, reshaping many of the previous standard-of-care approaches. One of the 

costs of these advances is the emergence of a new spectrum of immune-related adverse 

events, which are often distinct from classical chemotherapy-related toxicities. Owing to the 

growing use of ICB in oncology, clinicians are increasingly confronted with common but also 

rare irAEs that can be irreversible. Thus, it is imperative to anticipate and have a better 

understanding of such toxicity. A multi-centre study seeking to explore whether irAEs reflected 

anti-tumour responses identified that the presence and number of irAEs in NSCLC patients 

was a strong predictor of response and survival outcomes394. This suggests a mechanistic 

association between irAEs and immunotherapy efficacy, therefore it was important to 

investigate TIE cell expansion at W3 as a potential biomarker of toxicity. Although there was 

no correlation identified between TIE cell expansion and the presence of  G3 toxicity, the 

potential for an association at another timepoint (prior to or later than week 3) cannot be 

excluded and remains an important focus for future investigation.  Moreover, as the clinical 

characteristics of irAEs can be insidious and are often difficult to determine in the early stages, 

the finding of a correlation between Treg expansion at W3 and toxicity severity provides 

rationale for active surveillance of patients with a rise in peripheral T regs which may facilitate 

early identification of patients susceptible to irAEs prior to their onset.   

 

An immune biomarker predictive of clinical outcome prior to treatment initiation would be 

optimal and preferably therapeutic decision making should be based on such patient specific 

immune markers. This would potentially avoid toxicity risk, have considerable cost benefits 

and avoid exposing patients to treatment they are unlikely to gain benefit from. In the absence 

of such clinically validated markers, an early response indicator, such as a biomarker of 

immune activation consistent with the first dose of ICB at W3, has the potential to facilitate 

treatment decisions in a clinically actionable time frame.  
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In response to ICB therapy, the trend of TCR rearrangements towards increased diversity in 

younger patients, but increased clonality in older patients suggests that at different ages one 

cycle of immunotherapy induces different dynamics in peripheral T cell evolution. These 

observations likely reflect the age-related thymic involution316,317 and the consequent reduction 

of new clonotype output318 available to recognise and kill cancer cells319. This novel finding is 

extremely clinically relevant as therapeutic strategies aiming to boost peripheral T cell 

repertoire diversification to recognise tumour neoantigens might be ineffective in elderly 

patients where successful new clonotype recruitment would be impaired by thymic involution. 

Although limited by a small sample size and the biological biases of an unselected population, 

taken together the data support a model whereby age does not affect peripheral TIE subset 

expansion in response to ICB, but does influence immunotherapy-induced peripheral TCR 

repertoire evolution.  

 

 

6.4 Future Challenges and Opportunities for Melanoma Immunotherapeutics 
 

This work has demonstrated that liquid biopsy is feasible for early on treatment monitoring of 

ICB therapy response in metastatic melanoma. However, the immune signature identified 

requires further kinetic analysis and clinical validation.  

There are inherent challenges associated with biomarker development in cancer 

immunotherapy. Unlike targeted therapies, where patients with targetable mutations or genetic 

alterations, such as BRAF mutation in melanoma and EGFR mutations or ALK translocations 

in lung cancer are defined as binary (yes or no) assays, candidate biomarkers in onco-

immunology are a continuous variable, as is the case with PD-L1 expression, and TMB, both 

of which can be defined at multiple different biomarker cut offs. This undoubtedly results in 

challenges in pre-defining a cut off to identify biomarker high versus low populations for 

prospective clinical trial design395. In Chapter 3, where early clinical testing of TIE cells as a 

biomarker of ICB response was being undertaken, the ROC curve was utilised as a valuable 

statistical tool in defining the TIE cell cut off as it was unclear whether the endpoint being 

measured was strongly associated with longer term outcomes. This finding requires validation 

in a much larger cohort of patients.  

Within the body of work described in this thesis, constraints upon availability of patient tumour 

tissue samples meant that phenotypic analysis of T cells was limited to peripheral blood 

samples. The study of TIL and tumour immune microenvironment interactions with the 

peripheral immune system has not been described here and should be considered a priority 
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for future pre-clinical work as elucidating whether there is cross-talk between the TME and 

expansion of TIE cells and TCR repertoire in peripheral blood will be important when 

considering tailoring treatment and design of future clinical trials.  

 

The work presented focused on delineating changes in CD8+ T cell populations in metastatic 

melanoma. It will be interesting to observe if the findings described within this thesis translate 

into the early stage setting utilising the study protocol from Chapter 5, as this will have clinically 

relevant implications on a subset of patients potentially cured by surgery alone. Additionally, 

exploring the relevance of the findings from this thesis in other solid tumour types such as 

NSCLC and renal cell carcinoma where immunotherapy is a key therapeutic modality could 

be considered. Future work should focus on combining biomarkers and streamlining their 

application to create a more clinically viable and cost-effective model for immune monitoring 

during ICB therapy as it is likely that immunological changes will depend on the context and 

timing of patient sampling. Thus, multiplexed, longitudinal analysis will add value to future 

studies. 

 

The recent phase III study RELATIVITY-047 (NCT03470922) in patients with treatment naïve 

advanced melanoma demonstrated a statistically significant and clinically meaningful 

improvement in PFS with anti-LAG3 antibody relatlimab plus nivolumab compared to 

nivolumab monotherapy with a manageable toxicity profile396. In parallel, a further investigator 

initiated single arm phase II study (NCT02519322) of nivolumab and relatlimab in patients 

with resectable melanoma demonstrated high pCR rates with a favourable toxicity 

profile in the neoadjuvant and adjuvant settings397. These studies provide potential 

novel checkpoint inhibitor combination treatment options in both early and advanced 

stage disease. 

 
The concept of different drug combinations and therapy escalation is intriguing, and early 

immune-based biomarkers could facilitate more nuanced clinical decision making, as despite 

the improved clinical outcomes observed with checkpoint inhibitors, approximately 40-60% of 

patients with advanced melanoma display primary resistance and do not respond to single 

agent ICB therapy with progression within the first 3 months of therapy and those that do 

respond, this can be transient with development of acquired resistance over time if 

progression occurs after a period of stable disease or response on therapy398. To overcome 

resistance and bring clinical benefit to the majority of patients the dissection of melanoma 

immunobiology will be instrumental in fully understanding the mechanisms that lead to an 

effective anti-tumour response and tumour cell-intrinsic and extrinsic factors that cause ICB 
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resistance. Elucidation of these mechanisms is likely to uncover vital clues to the next steps 

in the endeavour to overcome resistance to ICB therapy and further improve clinical outcomes. 

 

Several studies have explored the role of the gut microbiome in modulating response to ICB. 

Characterisation of stool samples from melanoma patients treated with anti-PD1 therapy 

identified a significant association between commensal microbial composition and clinical 

responses to immunotherapy399,400. Within the context of the work described in this thesis, it 

should be considered that the gut microbiome may also be an important factor that could not 

be controlled for in the patient cohort. It is unlikely that a favourable response to ICB can be 

linked to a single bacterium, but it remains unclear whether response could correlate to a 

distinct combination of species. Nevertheless, the therapeutic potential to improve clinical 

outcomes by manipulating the microbiome is an exciting one and where possible, should be 

incorporated into future work. 

 

Understanding the characteristics of the patient populations that will or will not respond to ICB 

is vital for making informed treatment decisions. This information could spare some patients 

from receiving treatment and the risk of side effects when they are unlikely to benefit and may 

also guide alternative more effective therapeutic strategies. Precision medicine in the context 

of immunotherapy has exciting advances on the horizon, but there remains a fundamental 

need to rethink how treatment can be optimised when transitioning forward into the next phase 

of cancer care. Ultimately, an improved understanding of the mechanisms underlying the 

biology that drives ICB therapy responses will be vital when improving the design of future 

clinical trials and rational drug combinations. The ability to collect serial peripheral blood 

samples from patients for T cell repertoire analysis and utilising these samples to inform further 

studies in a reverse translational manner may yield vital information for the identification of 

novel biomarkers of response. Identifying markers in the blood predictive of response to 

immunotherapy has the potential to provide a minimally invasive and early measure of whether 

treatment is going to benefit an individual patient.  
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6.5 Conclusion 
 

In summary, this work has identified a peripheral blood early immune signature characterised 

by turnover of a specific subset of T cells. These changes detected in blood provide the 

advantages inherent in minimally invasive liquid biopsies. Critically, the magnitude of immune 

signature changes following the first cycle of ICB therapy anticipated which patients would go 

on to respond and ultimately correlated with overall survival.  

 

Although TIE cells may act as early prognostic biomarkers irrespective of patients’ age, T cell 

repertoire analysis must be contextualised by the patients’ age. Investigation of the clinical 

correlates associated with the immune signature identified a model whereby age does not 

affect peripheral TIE subset expansion in response to ICB, but does influence immunotherapy-

induced peripheral TCR repertoire evolution. Therapeutic strategies aiming to boost peripheral 

T cell repertoire diversification to increase tumour neoantigen recognition are likely to be less 

effective in patients 70 years. These findings will have important ramifications both in the 

biomarker development field and for planning future therapeutic strategies. 

 

Further work is necessary to determine the mechanisms underpinning these observations and 

their specificity for ICB induced responses providing the rationale for a larger study to further 

investigate these novel findings. Future studies should also incorporate kinetic analysis and if 

validated, would represent a clinically significant, potentially practice changing result. 
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Appendix A: AJCC 8th edition cutaneous melanoma staging 
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Appendix B: Nature Cancer Publication 
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Supplementary Fig. 1 

 

 
 

 
 
Supplementary Fig. 2A & 2B 
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Appendix D: Early stage melanoma project study protocol 
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1. Project Details 

 

Project Type 

Method 

Development 
☐ 

Method 

Validation 
☐ 

Equipment 

Evaluation 
☐ 

Other ☒ 
Specify: Research 

Validation Level 
(If Applicable) 

Proof of 

principle 
☐ 

Fit for 

purpose 
☐ 

Fully  

Qualified 
☐ 

3o Endpoint ☐ 2o Endpoint ☐ 1o Endpoint ☐ 

Biomarker or 

Equipment to be 

assessed 

Peripheral blood biomarkers: TCR sequencing, CyTOF, and ctDNA. 

Tumour microenvironment biomarkers TCR sequencing (TIL) and 

tumour gene expression. 

Introduction 

 

The incidence of stage III melanoma is significantly higher than stage IV 

disease, resulting in a higher overall burden of mortality. Though surgical 

excision is the mainstay of treatment and this approach can be curative, 

approximately half of patients will suffer loco-regional recurrence or 

distant relapse with metastatic disease. Recent practice changing studies 

have shown that adjuvant immunotherapy is likely to have a positive 

impact on overall survival, reducing the recurrence rate by destroying 

minimal residual disease (MRD). However, there are no established 

biomarkers to predict likelihood of recurrence or response to therapy. 

 

As the risk of relapse varies greatly, the development of tools that can 

identify patients at high risk of recurrence and those that will benefit from 

further treatment post-operatively remains a considerable challenge. 

Standard methods of predicting risk of relapse are not very precise and 

the approval of adjuvant therapy has resulted in over-treatment of some 

patients. Treating all patients with expensive and potentially toxic 

treatment is not in every patient’s best interest nor is it the most 

economical approach. Therefore, it is imperative to identify and treat 

efficiently high-risk stage III patients.  

 

The main question underlying this project is: can we identify stage III 

melanoma patients with MRD after primary tumour resection that will 

benefit from adjuvant therapy.  This also involves segregating this group 

of patients from those who don’t have MRD and those who have MRD 
but will not respond to adjuvant immunotherapy. 

Introduction 

(continued) 

 

We hypothesise that this patient segregation can be achieved using an 

integrated approach, combining primary tumour analysis with liquid 

biopsies at early stages of adjuvant treatment (e.g. up to week 12 of 

treatment). Therefore, we seek to assess whether tumour molecular 

features (tumour gene expression profile, ctDNA) can be used in tandem 

with the assessment of the patient immune response to predict clinical 

outcome in stage III melanoma patients treated with adjuvant 

immunotherapy. 
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Project 

Objectives 

 

More specifically these are the aims of the project: 

 

1. To identify whether in addition to ctDNA, there are changes in 

circulating biomarkers such as TIE cells and TCR repertoire, 

early on adjuvant treatment that can be used to predict patient 

response to therapy. 

 

2. To identify tumour-associated biomarkers predictive of response 

to adjuvant immunotherapy in stage III melanoma. 

 

3. To investigate whether circulating biomarkers predictive of 
response (1) correlate with tumour biomarkers (2) and whether 

this can be used to predict clinical outcome 

Brief Overview of 

Equipment 

 
Equipment to be used will include that required for the following 

methods: 

 

• Targeted NGS panel of known melanoma mutations  

• CyTOF 

• Illumina MiSeq 

• DETECTION assay (ctDNA by ddPCR) 

• Potentially CODEX platform and Nanostring on FFPE tissue 

• RNA sequencing of fresh tumour 
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Brief Overview of 

Methods 

1. Number of patients to recruit: 160: 

o Approx. 100 will not proceed to immunotherapy. Baseline 

(pre-op) blood samples will be collected from these patients, 

but samples from later time points will not be collected. 

PBMCs will be stored from these patients and potentially 

used as controls – but still need surface labelling for cyTOF 

as this must be done prior to freezing PBMCs. 

o We expect 7 patients per month to commence adjuvant CPI 

(anti-PD1 Pembro) (approx. 60 patients during the length of 

the project). These patients will have blood samples collected 

at all time points 

 

2. Blood sampling: pre-op and during first 5 cycles of CPI  

o 6 time points for sampling: Pre-op, Cycle 1 (C1, usually 

Week 0), Cycle 2 (C2, usually Week 3), Cycle 3 (C3, usually 

Week 6), Cycle 4 (C4, usually Week 9), Cycle 5 (C5, usually 

Week 12) 

o Follow up: 3 monthly blood sampling to monitor MRD with 

ctDNA (up to 24 months) 

 

3. Blood samples will be used as follows:: 

o To monitor MRD using ctDNA (ddPCR for BRAFV600, 

NRASG12,Q61 and TERT promoter) 

o To monitor immune cell populations identified using cyTOF 

(T cell focussed antibody panel of 36 markers)  

o For TCR sequencing. This will be performed on RNA 

extracted from PBMCs (Qiagen Immune repertoire RNA 

library) to assess TCR repertoire changes on treatment.  

 

4. Primary excision FFPE tumour blocks: 

o Requested retrospectively from local hospital (via Christie 

pathology dept) 

o Used to determine baseline mutation status to confirm if 

trackable mutation in circulation for ctDNA monitoring 

o This will be done using a targeted NGS mutation panel 

 

5. Tumour tissue collected prospectively during the study will be used 

to: 

o Assess TCR repertoire, using RNA from fresh tumour and 

correlate the TCR sequences with those identified in 

circulation. 

o Assess differential gene expression of tumour cells between 

patients in order to correlate this information with clinical 

outcome (are there specific genes/pathways associated with 

response to therapy? – single cell RNAseq) 

o Assess immune cell infiltrates using immune fluorescence on 

fixed tissue (CODEX platform). 
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2. Timelines and Personnel 

 

Projected start date 01 January 2020 

Projected end date 30 September 2022 

Project Deadline Date 
(Date work MUST be completed 

by to facilitate other work or 
sample analysis) 

N/A 

Project Manager Nicola Overton 

Deputy Project 

Manager 
Zena Salih 

Analyst(s) Any trained analyst 

QA Representative 
N/A. This is a research project; therefore QA input is not 

required.  

 

 

3. Related Documents 

  

  

RSPs will be generated for: 

 

• PBMC isolation 

• RNA extraction/quantification 

• CyTOF antibody surface labelling 

• DETECTION ddPCR assay ctDNA isolation/quantification 

• Miltenyi Biotec Gentle MACS tumour dissociation protocol 

• Generation of TCR sequencing libraries / quantification  
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4. Samples Used During Study 

 

If clinical samples from other projects have been used as part of this project, please list the 

project codes and title under which the samples were collected.  Please ensure both consent 

and ethics are in place for the work to be conducted, and appropriate permission is granted.  

Evidence of permission to use the samples should be retained. 

 

Project Code Project Title 

CEP-0274 Healthy normal volunteer 

 

 

5. Kits, Reagents and consumables 

 
- EDTA tubes 

- STREK tubes 

- Miltenyi Biotec Gentle MACS columns 

- CyTOF antibodies and reagents (Helios PBS needed for PBMC processing) 

- Reagents for PBMC processing 

- Qiagen RNeasy kits 

- Reagents for TCR library prep and analysis 

 

 

6. Detailed Experimental Plan 

 
HNV blood: 

 

HNV blood will be used to assess the performance of SepMate and Leucosep tubes and for other 

method development work that may be required in order to develop a method of PBMC and RNA 

extraction for use in CyTOF and TCR sequencing experiments. 

 

Patient Blood: Pre-op, Cycle 1 (C1, usually Week 0), Cycle 2 (C2, usually Week 3), Cycle 3 (C3, 

usually Week 6), Cycle 4 (C4, usually Week 9), Cycle 5 (C5, usually Week 12 time points): 

60ml i.e. 6 tubes (2 EDTA and 4 STREK) will be collected from each patient at each time point 

 

- 2 EDTA blood tubes will be processed in real time to isolate PBMCs using Sepmate tubes 

 

- PBMCs will then be quantified and separated into aliquots: 

o One aliquot will be used to isolate/quantify RNA which will then be frozen for future 

TCR sequencing/library prep 

o One aliquot will require surface antibody labelling and then once labelled to be 

frozen in CSM/DMSO and stored for future cyTOF.  

o Additional aliquots may be stored in liquid nitrogen for future use 

 

- 4 STREK tubes (40ml blood) will be used for future ctDNA analysis using the ddPCR 

DETECTION assay (plasma will be processed to double spun plasma at The Christie and 

stored in biobank until requested to be transferred to CEP at Alderley Park for future cfDNA 

isolation and quantification).   

 

Patient Blood (3 monthly follow up time points - up to 24 months, therefore up to 8 follow ups 

per patient):  

 

40ml i.e. 4 tubes (STREK) will be collected from each patient at each time point 
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- 4 STREK tubes (40ml blood) will be used for future ctDNA analysis using the ddPCR 

DETECTION assay (plasma will be processed to double spun plasma at The Christie and 

stored in biobank until requested to be transferred to CEP at Alderley Park for future cfDNA 

isolation and quantification).   

 

Tumour: 

 

- Fresh tumour tissue will be enzymatically digested to a single cell suspension in the MolOnc 

lab. Single cell suspensions will be transferred to the CEP lab, logged into LIMS and stored. 

Immune infiltrates will be assessed using TCR sequencing. Tumour cell gene expression will 

be assessed using bulk RNA sequencing. Samples will also be snap frozen in the MolOnc lab. 

These frozen tumour samples will be transferred to CEP, logged into LIMS and stored. 

 

- FFPE tumour will be requested at a later date to assess immune infiltrates using 

immunofluorescence CODEX platform and/or targeted sequencing of tumour cells using 

Nanostring to validate data generated from fresh tissue analysis. Currently, the exact sample 

type is unknown as discussions with pathologists are ongoing.  

 

 

 

7.  Performance Criteria   

Applicable ☐ Not Applicable ☒ 

 

If Applicable, list the criteria to be met in order to progress to additional phases of work or 

to consider an assay fit-for-purpose.  This could include comparison to current laboratory 

standard procedures, or a set of performance requirements that must be met, as detailed in 

current policies or SOPs. 
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Appendix 1: Project Summary 

 

 

Visit Name* Alternative Visit ID 1* Alternative Visit ID 2* 

Pre-op Pre-op 
Pre-op 

C1 Cycle 1 
Week 0 

C2 Cycle 2 
Week 3 

C3 Cycle 3 
Week 6 

C4 Cycle 4 
Week 9 

C5 Cycle 5 
Week 12 

FU1 Follow up 1 
3 Month 

FU2 Follow up 2 
6 Month 

FU3 Follow up 3 
9 Month 

FU4 Follow up 4 
12 Month 

FU5 Follow up 5 
15 Month 

FU6  Follow up 6  
18 Month 

FU7  Follow up 7 
21 Month 

FU8 Follow up 8 
24 Month 

 
Name of site* Country City Site identifier code* (if 

available) 

The Christie UK Manchester  

 
What is the patient 

identifier?* 

Patient will be given a unique patient identifier allocated by the Biobank team.  

External Identifier* 

(if applicable) 

N/A  
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Sample storage 

Instructions (if 

applicable) 

Store samples in locations listed here:   

 

\\filestore-

01\Clinical_and_Experimental_Pharmacology\Operations\Resourcing 

and Requests\Allocated Freezer Space for Projects.xlsx 

 

Sample processing 

Information 

 

 Samples can be logged by any trained GCP analyst, then passed to the 

appropriate analysts for processing and storage as detailed below. 

2x 10ml EDTA (PBMC extraction) 

• Processing should begin within 4 hours of blood draw. If the sample 

arrives outside of this window process immediately and notify the PM 

as soon as possible.  

• Combine all of the EDTA tubes (create composite sample in LIMS), 

and then process to PBMCs and create child samples.  

• Follow RSP-50 and include the optional RBC lysis step.  

• Create aliquots of the PBMCs as follows: 

• Aliquot 1: 4x106 cells for RNA extraction 

• Aliquot 2: 5 x106 cells for CyTOF (if required – confirm with 

PM/DPM prior to creating this aliquot) 

• Aliquots 3 & 4: two equal aliquots of the remaining PBMCs, 

for freezing 

• Freeze aliquots 3 & 4 at -80oC overnight according to RSP-50. 

Transfer to liquid nitrogen within 7 days (location above) 

• Pass aliquot 2 to Zena Salih for surface staining and storage (location 

above). If Zena is unavailable, an alternative trained analyst may 

complete this staining if they are available. However, if no trained 

analyst is available, this staining will not be completed.  

• Extract RNA from aliquot 1 (follow RSP-82), and store extracted RNA 

(location above). 

Plasma samples (store) 

• Store plasma samples (location above) 

Dissociated tumour cells (store):  

• Store dissociated tumour cells samples (location above) 

Frozen tumour (store):  

• Store frozen tumour samples (location above) 

FFPE tumour tissue (store): 

• Store FFPE tumour samples (location above) 

* N.B. Entry format needs to be consistent with that used in LIMS. 

 

 

 

file://///filestore-01/Clinical_and_Experimental_Pharmacology/Operations/Resourcing%20and%20Requests/Allocated%20Freezer%20Space%20for%20Projects.xlsx
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