
Investigating The Effect Of Radiotherapy 

On The Tumour Microenvironment To 

Identify Potential Prognostic And Predictive 

Biomarkers Of Radiotherapy Response 

 
 

 A thesis submitted to the University of Manchester for the degree of 
Doctor of Philosophy in the Faculty of Biology, Medicine and Health 

 

Shuhui Cheng 

2023 

 

 

 

 

 

 

 

Division of Cancer Sciences 

School of Medical Sciences 



2 

 

CONTENTS 

LIST OF FIGURES ........................................................................................................................................ 6 

LIST OF TABLES .......................................................................................................................................... 9 

LIST OF ABBREVIATIONS ......................................................................................................................... 10 

ABSTRACT ............................................................................................................................................... 14 

DECLARATION ......................................................................................................................................... 15 

COPYRIGHT STATEMENT ......................................................................................................................... 16 

ACKNOWLEDGEMENTS ........................................................................................................................... 17 

THE AUTHOR ........................................................................................................................................... 20 

PUBLICATIONS ........................................................................................................................................ 21 

CHAPTER 1 INTRODUCTION .................................................................................................................... 22 

1.1 THE ROLE OF THE IMMUNE SYSTEM IN CANCER ................................................................................................ 22 

1.2 THE TUMOUR MICROENVIRONMENT ............................................................................................................. 23 

1.2.1 TME composition .......................................................................................................................... 23 

1.2.2 TME classification ......................................................................................................................... 25 

1.3 THE EFFECTS OF RT ON THE TUMOUR MICROENVIRONMENT .............................................................................. 25 

1.3.1 RT induced immunostimulation .................................................................................................... 26 

1.3.2 RT induced immunosuppression ................................................................................................... 28 
1.3.2.1 RT effects mediated by hypoxia .............................................................................................................28 
1.3.2.2 RT effects on the vasculature and stroma .............................................................................................28 
1.3.2.3 RT effects on the immune system ..........................................................................................................29 

1.4 BIOMARKERS............................................................................................................................................ 29 

1.4.1 Biomarker definitions and Types of biomarkers ........................................................................... 29 

1.4.2 Platforms for biomarker discovery ............................................................................................... 32 
1.4.2.1 Using multiplex IHC/IF to explore local TME ..........................................................................................32 
1.4.2.2 Exploring the Systemic Immune Environments Using flow cytometry and CyTOF ................................34 

1.4.3 Biomarkers to ICIs ......................................................................................................................... 36 
1.4.3.1 PD-L1 ......................................................................................................................................................36 
1.4.3.2 Immunoscore .........................................................................................................................................37 
1.4.3.3 Tumour mutational burden ...................................................................................................................38 
1.4.3.4 The emerging role of MSI/MMR status ..................................................................................................39 
1.4.3.5 Neoantigens ...........................................................................................................................................40 
1.4.3.6 Other emerging biomarkers ...................................................................................................................40 

1.4.4 Radiotherapy related Biomarkers................................................................................................. 41 

1.5 RATIONAL COMBINATIONS OF IMMUNOTHERAPY WITH RADIOTHERAPY AND ONGOING CLINICAL TRIALS EVALUATING TME 

CHANGES ...................................................................................................................................................... 43 

1.6 SUMMARY AND RATIONAL .......................................................................................................................... 45 

1.7 HYPOTHESES ............................................................................................................................................ 46 

1.8 AIMS ...................................................................................................................................................... 46 

CHAPTER 2 MATERIALS AND METHODS .................................................................................................. 47 

2.1 MATERIALS AND PATIENT POPULATIONS ....................................................................................................... 47 

2.1.1 PD-RAD lung cancer study ............................................................................................................ 47 

2.1.2 Biobank bladder study .................................................................................................................. 47 



3 

 

2.1.3 Biobank rectal study ..................................................................................................................... 48 

2.1.4 Raji Cell line culture ...................................................................................................................... 51 

2.2 SAMPLE PROCESSING ................................................................................................................................. 51 

2.2.1 Isolation of PBMCs from whole blood .......................................................................................... 51 

2.2.2 Isolation of UDL from urine samples ............................................................................................ 53 

2.3 IMMUNE PHENOTYPING OF PBMC BY CYTOF ................................................................................................ 54 

2.3.1 Surface labelling for CyTOF........................................................................................................... 54 

2.3.2 Barcode, pool and Intracellular marker labelling ......................................................................... 55 

2.3.3 CyTOF acquisition and analysis .................................................................................................... 57 

2.4 CYTOKINE / CHEMOKINE MEASUREMENT IN URINE AND PLASMA ......................................................................... 58 

2.4.1 Creatinine Urinary Detection Assay .............................................................................................. 58 

2.4.2 Cytokine Detection Assay Using luminex 34-Plex Cytokine Panel ................................................ 58 

2.4.3 Preparations of Human Samples and Antigen Standard vials ...................................................... 60 

2.4.4 luminex assay ............................................................................................................................... 61 

2.4.5 Data Acquisition on luminex Platform and Data Normalisation for downstream analysis .......... 63 

2.5 IMMUNE PHENOTYPING OF URINE SAMPLES BY FLOW CYTOMETRY ....................................................................... 63 

2.5.1 Preparation of Specimen groups by UDL with antibodies ............................................................ 63 

2.5.2 Preparation of compensation controls ......................................................................................... 65 

2.6 GENE PROFILING USING NANOSTRING PLATFORM ............................................................................................ 66 

2.6.1 Pathological slides preparation and annotation of tumour areas ............................................... 66 

2.6.2 RNA extraction and sequencing using the PanCancer Immune Profiling kit ................................ 67 

2.6.3 Data analysis and visualisation in R ............................................................................................. 68 

2.7 IMMUNOHISTOCHEMICAL ANALYSIS OF TUMOUR BIOPSIES USING ULTIVUE® ....................................................... 68 

2.7.1 Preparation of pathological slides and performing staining with Ultivue immuno 8 kit .............. 68 

2.7.2 Image scanning with VS120 ......................................................................................................... 69 

2.7.3 Image analysis using HALO Software ........................................................................................... 69 

2.7.4 Identification of Phenotypes ......................................................................................................... 70 

2.8 MULTIPLEX IMMUNOHISTOCHEMISTRY (IHC) ON TUMOUR BIOPSIES ................................................................... 72 

2.8.1 Preparation of Slides and Automatic Staining in Ventana ........................................................... 72 

2.8.2 Image Scanning with VS120 scanner ............................................................................................ 75 

2.8.3 Image analysis in HALO Software ................................................................................................. 75 

2.8.1 Identification of Phenotypes ......................................................................................................... 76 

2.9 STATISTICAL ANALYSIS ................................................................................................................................ 77 

CHAPTER 3 MCRC BIOBANK 19_TIIL_04 STUDY: INVESTIGATING THE EFFECT OF RADIOTHERAPY ON THE 

TUMOUR MICROENVIRONMENT TO IDENTIFY POTENTIAL PROGNOSTIC AND PREDICTIVE BIOMARKERS 

OF RADIOTHERAPY RESPONSE IN RECTAL CANCER ................................................................................. 79 

3.1 INTRODUCTION ......................................................................................................................................... 79 

3.2 RESULTS .................................................................................................................................................. 82 

3.2.1 Patient characteristics and endpoints to evaluate the responses to RT. ...................................... 84 

3.2.2 Immune profiling of rectal cancer before and after RT by MIHC .................................................. 93 
3.2.2.1 Analysis of immune phenotypes Before RT vs After RT .........................................................................93 
3.2.2.2 Analysis of immune phenotypes responders vs non-responders ..........................................................99 
3.2.2.3 Spatial analysis-Comparison of immune phenotypes in tumour area and stroma area ......................104 

3.2.3 Immune profiling of rectal cancer before RT and after RT by Ultivue technology ......................107 
3.2.3.1 Analysis of immune phenotypes  Before RT vs After RT ......................................................................107 
3.2.3.2 Analysis of immune phenotypes in responders vs non-responders.....................................................110 
3.2.3.3 An exploratory workflow for analysing the spatial intra-tumour heterogeneity using the “SPIAT” 

package ............................................................................................................................................................112 



4 

 

3.2.3.3.1 Predicting cell phenotypes using marker intensity levels- an efficient and automatic method

 113 
3.2.3.3.2 Charactering immune cells of interest in neighbourhood within the TME ..............................115 
3.2.3.3.3 Calculating the minimum distances between cell types ..........................................................116 
3.2.3.3.4 Characterising the distribution of the cells of interest in identified tissue regions .................117 

3.2.3.4 Comparison of ultivue and mIHC .........................................................................................................119 
3.2.4 Gene expressions profiling of rectal cancer before and after RT in responders and non-

responders ...........................................................................................................................................120 
3.2.4.1 Longitudinal analysis in responders and non-responders respectively ................................................120 
3.2.4.2 Responders vs non-responders at baseline and post RT ......................................................................127 
3.2.4.3 Validation and comparison with Wilkins’ study ...................................................................................129 
3.2.4.4 Cell types inferred by Nanostring data do not correlate with the phenotypes quantified in the TME 

using mIHC .......................................................................................................................................................131 
3.2.4.5 The Immune Score and Stromal Score inferred by Nanostring data are not prognostic to treatment 

outcome ...........................................................................................................................................................136 

3.3 DISCUSSION ...........................................................................................................................................138 

CHAPTER 4 BIOBANK PROTEOMIC STUDY: INVESTIGATING THE EFFECT OF RADIOTHERAPY ON THE 

TUMOUR MICROENVIRONMENT TO IDENTIFY POTENTIAL PROGNOSTIC AND PREDICTIVE BIOMARKERS 

OF RADIOTHERAPY RESPONSE IN BLADDER CANCER ............................................................................ 149 

4.1 INTRODUCTION .......................................................................................................................................149 

4.2 RESULTS ................................................................................................................................................153 

4.2.1 Patient Characteristics and Treatment summary .......................................................................153 

4.2.2 Profiling of the TME in bladder cancer by flow cytometry on urine samples .............................161 

4.2.3 Profiling of cytokines and chemokines in the TME of bladder cancer during RT by luminex on 

urine samples ......................................................................................................................................164 

4.2.4 Profiling of cytokine and chemokine in the TME of bladder cancer during RT by luminex on 

plasma samples ...................................................................................................................................176 

4.2.5 Immune profiling of the TME in bladder cancer by multiplex IHC on diagnostic samples ..........184 

4.3 CONCLUSION AND DISCUSSION ..................................................................................................................191 

CHAPTER 5 PD-RAD STUDY: INVESTIGATING THE EFFECT OF RADIOTHERAPY LOCALLY ON THE TUMOUR 

MICROENVIRONMENT AND SYSTEMICALLY ON THE PERIPHERAL BLOOD TO IDENTIFY POTENTIAL 

PROGNOSTIC AND PREDICTIVE BIOMARKERS OF RADIOTHERAPY RESPONSE IN NSCLC PATIENTS ........ 197 

5.1 INTRODUCTION .......................................................................................................................................197 

5.2 RESULTS ................................................................................................................................................199 

5.2.1 Immune phenotyping of the TME of paired biopsies before and after RT by ultivue .................201 

5.2.2 Immune phenotyping of PBMC during RT by mass cytometry ...................................................206 
5.2.2.1 Manual identification of cell clusters ...................................................................................................206 
5.2.2.2 Differential expression analysis ...........................................................................................................211 

5.2.3 Investigating dynamic changes in cytokines and chemokines in plasma during RT using luminex 

technology ...........................................................................................................................................212 

5.3 CONCLUSION AND DISCUSSION ..................................................................................................................217 

CHAPTER 6 ILROG COVID STUDY: EFFICACY AND SAFETY OF A COHORT OF PATIENTS TREATED WITH 

HYPOFRACTIONATED RT FOLLOWING THE ILROG EMERGENCY GUIDELINES FOR RADIOTHERAPY OF 

HAEMATOLOGICAL MALIGNANCIES DURING THE COVID PANDEMIC .................................................... 221 

6.1 INTRODUCTION .......................................................................................................................................221 

6.2 PATIENT POPULATION AND METHODS .........................................................................................................223 

6.2.1 Inclusion criteria .........................................................................................................................223 

6.2.2 Treatment ...................................................................................................................................223 



5 

 

6.2.3 Follow-up and evaluations .........................................................................................................225 

6.2.4 Data management .....................................................................................................................225 

6.2.5 Statistical Analysis ......................................................................................................................226 

6.3 RESULTS ................................................................................................................................................226 

6.3.1 Review of the use of radiotherapy for treatment of haematological malignancies ...................226 

6.3.2 Patient characteristics ................................................................................................................226 

6.3.3 Evaluation of preliminary efficacy and acute toxicity of the hRT schedule ................................232 
6.3.3.1 Diffuse large B cell lymphoma ..............................................................................................................232 
6.3.3.2 Follicular lymphoma .............................................................................................................................234 
6.3.3.3 Multiple Myeloma ................................................................................................................................236 
6.3.3.4 Cutaneous lymphoma ..........................................................................................................................238 
6.3.3.5 Toxicity .................................................................................................................................................244 

6.4 DISCUSSION ...........................................................................................................................................247 

CHAPTER 7 FINAL DISCUSSION .............................................................................................................. 254 

7.1.1 Investigating the immunological changes of RT .........................................................................254 

7.1.2 Immune biomarkers of RT response ...........................................................................................256 
7.1.2.1 PD-L1 ....................................................................................................................................................257 
7.1.2.2 CD8 T cells ............................................................................................................................................258 

7.2 IMPACT OF THIS RESEARCH WITHIN THE FIELD ...............................................................................................259 

7.3 LIMITATIONS AND CHALLENGES .................................................................................................................264 

7.4 FUTURE DIRECTIONS ................................................................................................................................266 

REFERENCES .......................................................................................................................................... 268 

 

WORD COUNT : 57837 

  



6 

 

List of Figures 

Figure 2.1 Layers of centrifuged blood. ......................................................................................................... 53 

Figure 2.2 Isolation of mononuclear cells from whole blood using Lymphprep density gradient media. ..... 53 

Figure 2.3 The process of the 4-fold serial dilution standard vials ................................................................ 61 

Figure 2.4 Flowchart of flow cytometry experiment ..................................................................................... 64 

Figure 2.5 The brief visual workflow of RNA sequencing using Nanostring platfrom ................................... 67 

Figure 2.6 Representative picture of the H&E slides with marked up invasive tumour area ........................ 67 

Figure 2.7 The brief visual workflow of multiplex IHC ................................................................................... 72 

Figure 2.8 Flowchart for selecting the appropriate standard statistical test based on data type and analysis 

design ............................................................................................................................................................. 78 

Figure 3.1 Flowchart of experimental design and analysis strategies. .......................................................... 83 

Figure 3.2 AJCC Tumour Grading System Grade (TRG) seems not suitable to classify patients and not 

associated with ΔTCD. .................................................................................................................................... 87 

Figure 3.3 No responders were identified by Mandard TRG with all patients having a Mandard TRG score 

greater than 3 ................................................................................................................................................ 88 

Figure 3.4 ΔTCD classify patients three RT response groups: “Good”, “Moderate”, “Poor”. ........................ 89 

Figure 3.5 Responders have significantly more favourable PFS and OS than non-responders. .................... 92 

Figure 3.6 RT induces changes in T helper cells (CD4+CD8- cells) and PD1+ Cytotoxic T cells (CD8+CD4-

PD1+) in rectal cancer .................................................................................................................................... 94 

Figure 3.7 RT induced changes in PD-L1+ M1 macrophages (PanCK-CD68+CD163-PD-L1+) and M2 

macrophages (PanCK-CD68+CD163+) in rectal cancer. ................................................................................. 96 

Figure 3.8 RT induced changes in PMN-MDSC (CD11b+CD15+HLA-DR-CD14-) in rectal cancer. .................. 98 

Figure 3.9 Responders have more Cytotoxic T cells (CD8+CD4-) than non-responders in rectal cancer ....100 

Figure 3.10 No difference was found between responders and non-responders in Tumour cells and 

macrophages. ...............................................................................................................................................102 

Figure 3.11 No significant changes were found between responders and non-responders at baseline or 

after RT. ........................................................................................................................................................103 

Figure 3.12 The workflow of spatial analysis with separate images and representative images. ...............105 

Figure 3.13 T helper cells (CD4+CD8- cells) preferentially infiltrate stroma area in responders of rectal 

cancer at baseline. .......................................................................................................................................106 

Figure 3.14 A representative image showing identification of the cells of interest using Ultivue technology

 .....................................................................................................................................................................108 

Figure 3.15 RT induces a decrease in Treg (CD3+CD4+CD8-FOXP3+) cells and T helper (CD3+CD4+CD8-PD1-

) cells (detected by ultivue technology) .......................................................................................................109 

Figure 3.16 Responders have more cytotoxic T cells (CD3+CD8+CD4-PD1-) than non-responders of rectal 

cancer (identified by Ultivue technology) ....................................................................................................110 

Figure 3.17 Responders have lower PD1+CD8/CD8 ratio in post-RT samples, showing less immune 

exhaustion. ...................................................................................................................................................111 

Figure 3.18 Phenotype prediction by SPIAT shows high similarity to HALO identification results ..............114 

Figure 3.19 The average intensity of CD8 from PanCK within a Radius of 50nm are higher in a responder 

than in a non-responder. .............................................................................................................................115 

Figure 3.20 Heatmap of average minimum distance between the reference cells and target cell types ...116 

Figure 3.21 Classification of cells based on their locations relative to the margin ......................................118 

Figure 3.22 No difference was observed in the percentage of immune phenotypes (Treg, CD8 cytotoxic T 

cells, Tumour cells, PD-L1 cells) between the technologies Ultivue and mIHC in tumour biopsies ............119 

Figure 3.23 Volcano plot of differential gene expression of pre-RT vs post-RT in responders vs non-

responder. ....................................................................................................................................................121 

Figure 3.24 61 genes were altered by RT in responders. .............................................................................122 



7 

 

Figure 3.25   18 genes were altered by RT in non-responders. ...................................................................123 

Figure 3.26 Pathways are mostly activated in responders during RT while pathways are mostly inhibited in 

non-responders during RT. ..........................................................................................................................126 

Figure 3.27 Volcano plot of differential gene expression of pre-RT vs post-RT in responders and non-

responder respectively.................................................................................................................................128 

Figure 3.28 The predictive 40-gene signature reported by publication does not stratify responders and 

non-responders in the Biobank rectal study. ...............................................................................................130 

Figure 3.29 Cibersort could infer the percentages of 22 immune cells using Nanostring data. ..................132 

Figure 3.30. The comparison of 6 main immune cells with mIHC and with Nanostring data inferred by 

Cibersort. ......................................................................................................................................................134 

Figure 3.31 Cibersort inferred that RT induces an increase in CD8 T cells. .................................................135 

Figure 3.32 The ImmuneScore and StromalScore Inferred by the Estimate algorithm is not  correlated with 

PFS. ...............................................................................................................................................................137 

Figure 4.1 The RT regimen and timepoint of the sample collection of bladder patients. ...........................157 

Figure 4.2 The progression-free survival of responders and non-responders (grouped by the cystoscopy at 

any time, Group  2) ......................................................................................................................................160 

Figure 4.3 The gating strategy to identify myeloid cells in urine samples from patients with bladder cancer.

 .....................................................................................................................................................................162 

Figure 4.4 The abundance of CD66b+CD14- cells from urine samples of patients with bladder cancer 

increased significantly at the second week of RT. .......................................................................................163 

Figure 4.5 No changes in urinary levels of IL-9, IL-10, IL-17A, IL-21, IL-22, IL-23 and IL-27 at any timepoint 

during RT compared to baseline ..................................................................................................................166 

Figure 4.6 No changes in urinary levels of GM-CSF, IFN-γ, IL-1β, IL-2, IL-4 and IL-5 at any timepoint during 

RT compared to baseline .............................................................................................................................167 

Figure 4.7 No changes in urinary levels of IL-6, IL-8, IL-12p70, IL-13, IL-18 and TNFα at any timepoint during 

RT compared to baseline .............................................................................................................................168 

Figure 4.8 No changes in urinary levels of IFNα, IL-1α, IL-7, IL-1RA, IL-15 and IL-31 at any timepoint during 

RT compared to baseline .............................................................................................................................169 

Figure 4.9  No changes in urinary levels of Eotaxin, CXCL1, CXCL2, CCL2, CCL3, CCL4, CCL5 and SDF1a at any 

timepoint during RT compared to baseline .................................................................................................170 

Figure 4.10 No differences between responders vs non-responders at baseline of RT from urine samples 

from patients with bladder cancer ..............................................................................................................171 

Figure 4.11. Classification of patients based on fold change of neutrophils in urine pre week 3 of RT and 

their progression-free survival. ....................................................................................................................173 

Figure 4.12 Significant changes in urinary IL-4 and CCL4 at Pre.wk3 in the Neutrophil-hi group, correlating 

with CD66b+CD14- neutrophil increase in urine .........................................................................................174 

Figure 4.13 No significant changes in urinary IL-8 and CXCL1 at Pre.wk3 in the Neutrophil-hi group, 

correlating with CD66b+CD14- neutrophil increase in urine .......................................................................175 

Figure 4.14 RT induced an increase in CCL2 and IFNγ and a decrease in IL-27, IL-4, IL-12p70, IL-15 and IL-7  

from plasma, differences are more significantly in responders. .................................................................178 

Figure 4.15 No changes in IL-9, IL-10, IL-17A, IL-21, IL-22 and IL-23 in plasma at any timepoint during RT 

compared to baseline ..................................................................................................................................179 

Figure 4.16 No changes in GM-CSF, IFN-γ, IL-1β, IL-2 and IL-5 in plasma at any timepoint during RT 

compared to baseline ..................................................................................................................................180 

Figure 4.17 No changes in IL-6, IL-8, IL-12p70, IL-18 and TNFα in plasma at any timepoint during RT 

compared to baseline ..................................................................................................................................181 

Figure 4.18 No changes in IFNα, IL-1α, IL-7, IL-1RA and IL-31 in plasma at any timepoint during RT 

compared to baseline ..................................................................................................................................182 



8 

 

Figure 4.19  No changes in Eotaxin, CXCL1, CXCL2, CCL3, CCL4, CCL5 and SDF1a in plasma at any timepoint 

during RT compared to baseline ..................................................................................................................183 

Figure 4.20 Representative image of T cell panel on bladder cancer before RT. ........................................185 

Figure 4.21 Multiplex IHC can characterise and quantify the immune components in the TME of bladder 

cancer. ..........................................................................................................................................................186 

Figure 4.22 Responders were infiltrated with more PD-L1+ M1 macrophages, PD-L1+ cells and M2 

macrophage than Non-responders at pre-treatment TME of bladder cancer. ...........................................188 

Figure 4.23 No significant changes in the percentages of Tregs, CD8+PD1+ cytotoxic T cells, and CD8+ T 

cells between responders and non-responders, with a higher frequency of these cell types observed in 

responders. ..................................................................................................................................................189 

Figure 5.1 Representative images and superimposition process in HALO Software for Ultivue Immuno 8 kit 

stained biopsies from NSCLC pre- and post-RT. ...........................................................................................201 

Figure 5.2 Representative fused images and phenotypes of interest from a patient with NSCLC. .............202 

Figure 5.3 RT leads to increase in PD-L1 expression in patients responding to RT (Patient 1). ...................203 

Figure 5.4 RT leads to an increase in PD-L1 expression in stroma area in patients responding to RT (Patient 

1). .................................................................................................................................................................205 

Figure 5.5 Heatmap of the median marker intensities of the 37 markers across the 20 cell populations 

obtained with FlowSOM clustering method (pooled analysis of the total 12 samples) ..............................207 

Figure 5.6 Cell clusters can be identified by the FlowSom Scatter Plot. ......................................................209 

Figure 5.7 Classical monocytes increased during RT and were highest in patients with the best RT outcome 

in NSCLC. ......................................................................................................................................................211 

Figure 5.8 Heatmap of all cytokines during RT for each patient with NSCLC in PD-RAD study ...................213 

Figure 5.9 Heatmap of all cytokines during RT for each timepoint with NSCLC in PD-RAD study ...............215 

Figure 6.1 The average age of patients who received hRT was older than that in control group ...............231 

Figure 6.2 Kaplan-Meier survival curves of the local control of DLBCL according to different RT regimens

 .....................................................................................................................................................................234 

Figure 6.3 Kaplan-Meier survival curves of the local control of FL according to different RT regimens .....235 

Figure 6.4 Kaplan-Meier survival curves of the local control of MM according to different RT regimens ..236 

Figure 6.5 Kaplan-Meier survival curves of the local control of skin lymphoma according to different RT 

regimens ......................................................................................................................................................240 

 

  



9 

 

List of Tables 

Table 1.1 The characteristics of Flow Cytometry and CyTOF......................................................................... 36 

Table 2.1 The number and thickness of sections size cut for RNA extraction for Nanostring RNA gene 

sequencing ..................................................................................................................................................... 50 

Table 2.2 The 38-marker CyTOF panel ........................................................................................................... 56 

Table 2.3 ThermoFisher™ 34-plex Cytokine Panel: Cytokines/Chemokines measurable by the Panel ......... 59 

Table 2.4 The provided components in the ThermoFisher™ 34-plex Cytokine kit ........................................ 59 

Table 2.5 Additional special equipment and materials necessary for the assay not included in the kit ....... 60 

Table 2.6 Example of the 96-well layout ....................................................................................................... 62 

Table 2.7 An 11-marker panel for myeloid cell detection using flow cytometry: Antibodies used in 

experiments ................................................................................................................................................... 64 

Table 2.8 Identification of human tumour-infiltrating myeloid cells ............................................................. 65 

Table 2.9 The recommendation of phenotypes based on the 8 markers included in the ultivue immuno 8 

kit. .................................................................................................................................................................. 71 

Table 2.10 List of primary antibodies and the conjugated fluorophore for automated protocol on Ventana.

 ....................................................................................................................................................................... 74 

Table 2.11 The phenotypes of T cell panel based on CD4, CD8, FOXP3 and PD1 .......................................... 76 

Table 2.12 The phenotypes of myeloid cell panel based on CD11b, CD14, CD15 and HLA-DR ..................... 76 

Table 2.13 The phenotypes of macrophage cell panel based on CD68, CD163, PD-L1 and PanCK ............... 77 

Table 3.1 Pathological information from surgery pathology reports of patients with paired biopsies ......... 84 

Table 3.2 Evaluations of the response of rectal cancer to neoadjuvant RT (TRG, Mandard TRG, TCD). ....... 86 

Table 3.3 The information on PFS and OS and outcome group defined by PFS ............................................ 91 

Table 4.1 The pathological information of patients with bladder cancer ...................................................154 

Table 4.2 The treatment summary of patients with bladder cancer ...........................................................156 

Table 4.3 The classifications of responses to RT in bladder patients ..........................................................158 

Table 4.4 The list of patients with urine samples in different timepoints processed by flow cytometry ...161 

Table 4.5 The list of patients whose urine samples were collected and analysed with luminex. ...............164 

Table 4.6 Defining response groups based on urine CD66b+CD14- neutrophil increase. ...........................172 

Table 4.7 The list of patients whose plasma samples were collected and analysed with luminex. ............176 

Table 5.1 The clinical samples collected in the PD-RAD study from patients with non-small cell lung cancer.

 .....................................................................................................................................................................199 

Table 5.2 Brief information about the outcome of the patients in PD-RAD study-last follow-up June 2021

 .....................................................................................................................................................................200 

Table 5.3 Manual identification of cell clusters ...........................................................................................210 

Table 6.1 Standard and proposed emergency fractionation schemes for curative and palliative RT for some 

commonly seen hematologic malignancies suggested by ILROG guideline .................................................224 

Table 6.2 Patient Demographics and Baseline Clinical Characteristics of patients referred for hRT between 

March and August 2020 ...............................................................................................................................227 

Table 6.3 The treatment intent and site of hRT ...........................................................................................228 

Table 6.4 The list of control group who received conventional RT .............................................................230 

Table 6.5 The follow up information of patients with DLBCL ......................................................................233 

Table 6.6 The follow up information of patients with FL .............................................................................235 

Table 6.7 The follow up information of patients with MM .........................................................................237 

Table 6.8 The follow up information of patients with cutaneous lymphoma .............................................239 

Table 6.9 The follow up information of patients in the unclassified group .................................................243 

Table 6.10 Incidence of radiotherapy-related acute toxicities (CTCAE 5.0) ................................................244 

Table 6.11 Acute toxicities in patients with DLBCL ......................................................................................246 



10 

 

List of Abbreviations 

 

ADT Androgen deprivation therapy 

ALK Anaplastic lymphoma kinase 

APC Antigen-presenting cells 

BCG Mycobacterium bovis Bacillus Calmette-Guérin 

BED Biological equivalent dose 

CAF Cancer-associated fibroblast 

CCRT Concurrent chemoradiation 

COVID Coronavirus 

CRC Colorectal cancer 

CRT Chemoradiotherapy 

CTC Circulating tumour cell 

CTCAE Common Terminology Criteria for Adverse Events 

CTCL Cutaneous T cell lymphoma 

CTL Cytotoxic T cells 

CWP Christie Web Portal 

CyTOF Cytometry by Time-Of-Flight 

DAMP Damage-associated molecule patterns 

DC Dendritic cell 

DE Differential expression 

DLBCL Diffuse large B cell lymphoma 

dMMR Mismatch repair deficit 

DMSO Dimethyl sulfoxide 

ECOG Eastern Cooperative Oncology Group 

EGFR Epidermal growth factor receptor 

EQD₂ Equivalent dose in 2-Gy fractions 

FBS Fetal Bovine Serum 

FFPE Formalin-fixed paraffin-embedded 

FL Follicular lymphoma 

GEP Gene expression profile 

H&E Hematoxylin and eosin 

HBSS Hanks Buffered Saline Solution 



11 

 

HIF Hypoxia-Inducible Factor 

HL Hodgkin Lymphoma 

HMGB High mobility group box 

HNSCC Head and neck squamous cell carcinoma 

hRT Hypofractionated radiotherapy 

ICD Immunogenic cell death 

ICI Immune checkpoint inhibitors 

IFNγ Interferon-gamma 

IHC Immunohistochemistry 

ILROG International lymphoma radiation oncology group 

IO Immuno-oncology 

MCRC Manchester Cancer Research Centre 

MDSC Myeloid-derived suppressor cell 

MHC Major histocompatibility complex 

MIBC Muscle-invasive bladder cancer 

mIF Multiplex immunofluorescence 

mIHC Multiplex Immunohistochemistry 

MM Multiple myeloma 

M-MDSC Mononuclear MDSC 

MSI-hi High microsatellite instability 

NAC Neoadjuvant chemotherapy 

NCCN National Comprehensive Cancer Network 

neoCRT Neoadjuvant chemotherapy 

NHL Non-Hodgkin Lymphoma 

NICE National Institute for Health and Care Excellence 

NK cells Natural killer cells 

NKG2D Natural Killer Group 2D 

NMIBC Non-muscle-invasive bladder cancer 

NSCLC Non-small cell lung cancer 

ORR Overall response rate 

OS Overall survival 

PBMC Peripheral blood mononuclear cells 

PCR Polymerase chain reaction 

pCR Pathological complete response 
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pCRT Preoperative chemoradiotherapy 

PD-1 Programmed death-1 

PD-L1 Programmed death receptor ligand 1 

PFA Paraformaldehyde 

PFS Progression-free survival 

PMN-MDSC Polymorphonuclear or granulocytic MDSC 

QC Quality control 

RBC Red blood cell 

RNAseq RNA sequencing 

RPMI medium Roswell Park Memorial Institute Medium 

RT Radiotherapy 

RTOG Radiation Therapy Oncology Group 

SA-PE Streptavidin-PE 

SCRT Short-course radiotherapy 

SPIAT Spatial Image Analysis of Tissue 

TAA Tumour-associated antigen 

TAM Tumour-associated macrophages 
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TCR T-cell receptor 

TGF-β Transforming growth factor-β 

TIL Tumour-infiltrating lymphocytes 

TLR Toll-like receptor 

TMA Tissue microarray 

TMB Tumour mutational burden 

TME Tumour microenvironment 

TMT Trimodal therapy 

TRAIL Tumour necrosis factor-related apoptosis-inducing ligand 

Treg Regulatory T cell 

TRG Tumour Grading System Grade 

TSEBT Total skin electron beam therapy 

TURBT Transurethral resection of bladder tumour 

UDL Urine-derived lymphocytes 

VEGF Vascular endothelial growth factor 

WBC White blood cell 
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WES Whole-exome sequencing 

WGS Whole-genome sequencing 
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Abstract 

Radiotherapy (RT) plays a vital role in cancer treatment. Preclinical evidence has shown 

RT induces changes in tumour cells and immune cells in the tumour microenvironment 

(TME), potentially leading to enhanced activation of the innate immune system and 

priming of tumour-specific T-cell immunity. However, the impact of RT on the TME in vivo 

and its potential effects on tumour response to RT remain unclear. In this thesis, the local 

and systemic immune effects of RT on the TME and blood were investigated in patients 

with rectal cancer, bladder cancer, and non-small cell lung cancer (NSCLC). 

In rectal cancer, the longitudinal analysis from multiplex IHC revealed significant changes 

induced by RT in various immune cells, suggesting that RT induces immunostimulatory 

effects in the TME. Responders demonstrated significantly higher levels of cytotoxic T cells 

at baseline than non-responders. Gene sequencing analysis revealed an inflamed gene 

expression profile in responders and a suppressed gene expression profile in non-

responders. In bladder cancer, RT induced an increase in the percentages of neutrophils 

(CD66b+CD14- cells) in urine samples during RT.  In NSCLC, the majority of immune cells 

in the blood were classical monocytes, which increased during RT. The increase in PD-L1 

on tumour cells may be higher in patients responding to RT. 

Overall, the findings suggest that RT exerts local and systemic immune effects in different 

cancer types, but these effects differ across cancer types. The findings are hypothesis-

generating and require validation in ongoing and future clinical trials, including the TIMM-

RAD study, to further develop biomarkers of immunological responses to RT. 

Additionally, analysis of the ILROG study data suggests that hypo-fractionated RT achieves 

good local control and manageable safety profiles in the treatment of haematological 

malignancies. This provides a rationale for further studies on reduced doses with 

shortened RT and demonstrates that hypo-fractionated RT is a feasible option for future 

health crises where limiting hospital visits may be critical. 

In summary, this thesis provides valuable insights into the immune effects of RT in 

different cancer types and highlights the need for further research to develop optimal 

combinations of immuno-oncology agents with RT to enhance RT responses and tumour 

control in the clinic. 
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Chapter 1 Introduction 

1.1  The role of the immune system in cancer 

Cancer is a significant global health burden and is the second leading cause of death in 

many nations, trailing only cardiovascular disorders (Ma et al. 2006). Recent research has 

shown  that immunity can, in fact, promote cellular transformation, stop or limit tumour 

expansion, and influence the immunogenicity of tumours (Hanahan et al. 2000) and  

informed  the immune editing theory (Hanahan et al. 2011). Cancer immunoediting 

concepts have established the foundation for understanding the dual host-protective and 

tumour-sculpting activities of immunity on cancer (Hanahan et al. 2011), as well as laying 

the foundation for novel individualised cancer immunotherapies. Cancer immunoediting 

is the process by which the immune system can both prevent and stimulate tumour 

growth, which is divided into the three stages of elimination, equilibrium, and 

escape(Mittal et al. 2014). The third and final stage of the process is called the "Escape 

phase," during which immunologically shaped tumours start to develop gradually, show 

up clinically, and create an immunosuppressive tumour microenvironment (TME). A key 

idea in cancer immunoediting is that the immunological eradication or shaping of a 

developing tumour is triggered by T-cell identification of tumour antigens. While evidence 

for the Elimination phase came mostly from research using mouse tumour models, 

evidence for the Equilibrium and Escape phases was derived from   both  mouse tumour 

models and human cancer (Mittal et al. 2014, Starling 2017). As a result, escaping immune 

destruction is recognised as one of the 'Hallmarks of Cancer' (Hanahan et al. 2011). 

Tumours have a repertoire of recruited presumably normal cells that contribute to the 

development of characteristic qualities by generating the "tumour microenvironment" in 

addition to cancer cells (Hanahan et al. 2011). This represents a major new insight in our 

understanding of cancer with the recognition that biology of tumours requires more than 

the study of the cancer cells alone; and must include the role of the "tumour 

microenvironment'"  in both carcinogenesis and response to anti-cancer treatment. This 

idea has been strengthened and expanded throughout the course of the following decade 
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(Hanahan et al. 2011). The recognition of the broad applicability of these concepts is likely 

to have a growing impact on the creation of novel cancer therapies for people. 

 

1.2 The tumour microenvironment  

1.2.1 TME composition 

The "tumour microenvironment"  refers to a specific environment that affects the growth 

and progression of tumours (Hanahan et al. 2011) (Mantovani et al. 2019). It consists of 

complex interactions between cancer cells, stroma cells, immune cells, and various 

messengers that play a role in the immune response (Hanahan et al. 2011). The different 

cell types within the TME, such as T cells, dendritic cells, tumour-associated macrophages, 

myeloid-derived suppressor cells (MDSC), mast cells, and natural killer cells, release 

various factors that directly or indirectly affect the immune response. The composition 

and interactions within the TME are crucial in determining the outcome of tumour 

evolution and response to treatment (Hanahan et al. 2011). 

Certain cell types within the TME are crucial for detecting and fighting against cancer cells, 

including dendritic cells (DCs), cytotoxic T cells, and natural killer cells. DCs are the most 

effective cells at presenting antigens to immune cells and can capture and process dying 

cancer cells to present their antigens to CD8+ T cells through major histocompatibility 

complex (MHC) molecules. In addition to DCs, other antigen-presenting cells (APCs) in the 

TME include macrophages and B cells. DCs can also activate T cells by signalling through 

Toll-like receptors (TLRs) that detect invading pathogens and initiate cytokine production 

(Diebold 2009).  

Antigen-specific CD8+ T cells play a critical role in starting the immune response against 

tumours. They identify tumour antigens that are presented by MHC molecules through T 

cell receptors (TCRs) on their surface and facilitate an attack against the tumour. 

Activation and expansion of CD8+ T cells occur upon engagement of antigen-TCR. 

However, the activity of CD8+ T cells can be inhibited by the interaction of certain 

costimulatory molecules on their surface with the corresponding ligands on tumour cells 
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and APCs. Examples of such inhibitory molecules include CTLA-4 or Programmed death-1 

(PD-1) (Chen et al. 2013). 

NK cells can spontaneously eliminate tumour cells without relying on MHC molecules. 

They are distinguished by their expression of CD56 and lack of CD3. The activity of NK cells 

can be enhanced or suppressed depending on a balance between activating and inhibitory 

signals they receive. These signals can be mediated by pro-inflammatory factors like 

interleukin or IFN-γ, or stress-induced ligands present on the surface of target cells, which 

engage with activating receptors like Natural Killer Group 2D receptors (NKG2D) (Guillerey 

et al. 2016).Conversely the TME can suppress the immune system through the interactions 

of different immune cells, including MDSCs, Tregs, and TAMs. Tregs play a significant role 

in promoting immune escape and tumour progression by inhibiting effector T cells 

through various mechanisms, such as releasing inhibitory cytokines, activating inhibitory 

receptors, and inducing metabolic disruption. They can also directly target tumour cells 

and induce inhibitory dendritic cells (Vignali et al. 2008). A low number of Tregs before 

treatment has been linked to favourable clinical outcomes in breast cancer patients 

(Chaudhary et al. 2016). MDSCs are a heterogeneous population of myeloid cells (Lindau 

et al. 2013) that can synergize with Tregs to play a potent immunosuppressive role 

(Gabrilovich et al. 2009). Although clinical evidence is limited, MDSCs have been linked to 

a poor prognosis in certain cancers (Lindau et al. 2013). Tumour-associated macrophages 

(TAMs) have in the past been divided into two groups based on their characteristics. The 

first type, called M1 macrophages, produce reactive oxygen species, participate in Th1 

responses, and help fight against tumours. The second type, known as M2 macrophages, 

have different cell surface receptors, secrete different cytokines, and are more involved 

in tissue repair, angiogenesis, and suppressing anti-tumour immunity. An emerging view 

is that the TME tends to promote the plasticity of macrophages that may switch from M1 

to M2 macrophages. 
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1.2.2 TME classification 

It is becoming more well acknowledged that a tumour's microenvironment influences how 

well it responds to therapy. In order to tailor the treatment to the TME landscape, it is 

crucial to understand how immunostimulatory and suppressive effects are reflected and 

balanced in the TME. Retrospective analyses of patients who were treated with ICI have 

shown that tumours with certain types of TME are more likely to respond to ICI (Chen et 

al. 2013).  In this context, Teng and colleagues established a concept that stratifies the 

TME into four distinct types based on the presence or absence of tumour-infiltrating 

lymphocytes (TIL) and Programmed death-ligand 1 (PD-L1) expression. They fall into 4 

categories: type I (PD-L1 +, TIL+), type II (PD-L1 -, TIL-), type III (PD-L1 +, TIL-), and type IV 

(PD-L1-, TIL+) (Teng et al. 2015). This classification, which is based on the assumption that 

an underlying immune deficit contributed to the progression of the tumour and the 

responses to anti-PD-1 therapy, may assist in choosing a more specialised treatment 

approach in light of the TME of the patients. Lack of PD-L1 in the presence of TIL could be 

interpreted as a defect in the pro-inflammatory process, such as a failure to recognise 

tumour antigen, because TIL can promote PD-L1 expression through the generation of 

IFN. Consequently, it is speculated that RT may be effective to boost the accumulation of 

TIL in type III patients who often do not respond to anti-PD-1 therapy by augmenting the 

immunogenicity of tumour antigens (Zhang et al. 2016). 

1.3 The effects of RT on the tumour microenvironment 

RT is known to be highly effective at direct tumour cell kill and is utilised extensively in the 

treatment of a broad range of cancer types. However, emerging data suggests that RT can 

also induce tumour rejection by enhancing local and systemic anti-tumour immune 

responses. This is perhaps best demonstrated by the "abscopal effect," which describes a 

process in which the tumour regresses outside of the irradiation location,  presumed to 

be secondary to the generation of systemic immunity (Mole 1953) (Postow et al. 2012). 

The abscopal effect is however extremely rare in routine clinical practice (Reynders et al. 

2015). Using RT in combination with immunotherapy to boost immunostimulatory effects 
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and overcome innate immunosuppression within the TME may result in higher clinical 

response rates. 

1.3.1 RT induced immunostimulation  

Several studies have shown that RT can increase anti-tumour immune responses, which 

can lead to cancer rejection (Nesslinger et al. 2007, Schaue et al. 2008, Formenti et al. 

2009, Dovedi et al. 2014, Sharabi et al. 2015, Twyman-Saint Victor et al. 2015). 

Unfortunately, the majority of the favourable data on RT-induced immunostimulation are 

based on animal tumour models, while clinical evidence is lacking (Reynders et al. 2015). 

In addition to having immunogenic effects on tumour cells, RT can also have 

immunostimulatory effects on the immune system. 

RT can increase tumour cell antigenicity by triggering or upregulating the release of 

tumour-associated antigen (TAA) via tumour cell death and raising the expression of MHC 

class I molecules expressed on the surface of tumour cells. RT can also substantially affect 

the repertoire of MHC class I restricted peptides (Reits et al. 2006). 

Apoptosis has traditionally been seen as a kind of cell death incapable of inducing 

immunological responses, whereas necrosis has been defined as pro-inflammatory and 

immunogenic (Galluzzi et al. 2012). However, recent data has demonstrated that RT can 

cause single-strand and double-strand breaks, which can cause cell death, and that it is 

effective at inducing tumour-specific adaptive immune responses via signals released by 

dying cells (Kroemer et al. 2013). Tumour cells dying after RT are classified as 

immunogenic cell death (ICD), a type of cellular death brought on by a series of intricate 

responses. ICD is now seen as a crucial event for RT to trigger immunological reactions. 

After exposure to RT, tumour cells can also send out a number of signals to warn not only 

their neighbours but the entire organism of impending danger (Kroemer et al. 2013). In 

this way, tumour cells can express damage-associated molecule patterns (DAMP), such as 

exposing calreticulin (CRT), releasing ATP and high mobility group box 1 (HMGB1) into the 

extracellular space, and releasing uric acid. CRT is a protein that can act as a "eat me" 

signal, encouraging macrophages and immature DCs to engulf dying tumour cells and their 

apoptotic debris (Obeid et al. 2007). ATP molecules can produce a strong signal that 
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activates myeloid cells such as monocytes/macrophages and immature DCs. HMGB1 is a 

substance secreted by dead cells that interacts with a variety of pattern recognition 

receptors, including Toll-like receptor 4. (TLR4). Thus, RT can play a critical role in 

enhancing the recruitment, differentiation, and efficient acquisition, processing, and 

presentation of TAA by inducing the maturation of DC within TME (Honeychurch et al. 

2017). 

Furthermore, RT has the capability to make tumours more vulnerable to immunological 

attacks through a variety of mechanisms. Numerous death receptors activated by RT on 

the surface of tumour cells, such as FAS (also known as CD95) and tumour necrosis factor-

related apoptosis-inducing ligand (TRAIL) receptors 1 and 2 (TRAIL-R1 and TRAIL-R2), 

render tumour cells susceptible to apoptosis (Kroemer et al. 2013). 

In addition to these immunogenic and phenotypic alterations, RT can trigger 

immunological responses through interactions with the immune system. While it is yet 

unclear how directly infiltrating versus resident T-cells contribute to overall tumour 

control, it has been demonstrated that the abundance and activity of tumour-infiltrating 

lymphocytes increase in response to single, ablative doses of RT. Similarly, both high 

single-dose and fractionated RT have been found to affect TCR diversity and clonality, 

mostly through enriching T-cell clones already present in the TME (Twyman-Saint Victor 

et al. 2015, Dovedi et al. 2017). 

RT can also increase the expression of MHC class I molecules, allowing cytotoxic T cells to 

better recognise tumour cells, and higher NKG2D expression may lead to more NK cell-

mediated tumour eradication (Gasser et al. 2005, Honeychurch et al. 2017). 

Production of type I interferons as a result of RT-induced cytosolic DNA accumulation and 

activation of the STING pathway (Durante et al. 2018) can also cause increased tumour-

specific T cell proliferation as a result of enhanced cross-presentation of tumour antigens 

by dendritic cells. RT can stimulate the generation of chemokines that are pro-

inflammatory, such as CXCL9, CXCL10, and CXCL16, which chemotactically attract effector 

CD8+ T-cells to the TME. Similarly, conventional RT (2 Gy) can cause an 

immunosuppressive M2 TAM to change into a tumour-killing TAM (Klug et al. 2013). By 
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mediating vascular homeostasis and encouraging T-cell recruitment, M1 macrophages 

help the body reject tumours. 

1.3.2 RT induced immunosuppression  

While RT may have some immunostimulatory effects, it can also have a number of 

immunosuppressive effects that may have a negative effect on immunity against cancer. 

These effects can be applied directly to the TME, such as when immune cells are damaged, 

or indirectly, when stromal cells and the tumour vasculature are modulated. 

 

1.3.2.1 RT effects mediated by hypoxia  

RT damages DNA by the generation of free radicals. In hypoxic conditions, free radical 

generation is reduced, and thus RT produces less DNA damage. RT-mediated hypoxia also 

promotes the synthesis of vascular endothelial growth factor (VEGF), reactive oxygen 

species (ROS), and Hypoxia-Inducible Factor-1 (HIF-1) (Barker et al. 2015). HIF-1 engages 

in a number of distinct pathways that lead to the vascularization and reoxygenation of 

tumours. Moreover, it was reported to be an independent predictor of a poor outcome 

following RT (Barker et al. 2015). 

 

1.3.2.2 RT effects on the vasculature and stroma  

Normal tissue that has been exposed to RT goes through a process of fibrosis, wound 

healing, and inflammation. This process comprises the proliferation of cancer-associated 

fibroblasts (CAFs) and extracellular matrix modelling, which results in post-RT tumour 

hardness and shrinking, and eventually enables tumour spread or recurrence (Barker et 

al. 2015). CAFs are a diverse cell population that make up the majority of cells in the 

stroma of many carcinomas. RT activates CAFs by damaging DNA and generating ROS 

(Wang et al. 2019). CAFs that have been irradiated can contribute to cancer progression 

via the TGF—CXCL12 dependent pathway. Yet, based on the characteristics of signals, 

CAFs may either kill tumours or promote tumour growth (Augsten 2014). By the 
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recruitment of MDSCs by CXCL-12 and HIF-1, tumour hypoxia worsens RT-induced 

vascular damage (Kioi et al. 2010). 

 

1.3.2.3 RT effects on the immune system  

RT can also trigger the release of pro-inflammatory cytokines and chemokines (such TNF, 

interleukin, and TGF-β) and the consequent recruitment of immune cells that inhibit the 

immune system, like MDSCs, TAMs, and Tregs (Barker et al. 2015). TGF-β is a robust 

immunosuppressive cytokine that suppresses the cross-priming of T cells by inhibiting 

dendritic cells' ability to present antigens and the functional differentiation of T cells into 

effectors (Vanpouille-Box et al. 2015). Tregs can cause cytotoxic CD8+ T cell deactivation 

by producing the checkpoint inhibitor molecule CTLA-4. Interestingly, on occasion, these 

inhibitory effects can be reversed by RT-induced immune stimulation, which is 

characterised by ICD-induced antigen exposure, DC maturation, T cell recruitment, and 

activation. 

1.4  Biomarkers 

1.4.1 Biomarker definitions and Types of biomarkers 

 The Biomarkers Definitions Working Group (Biomarkers Definitions Working 2001) define 

a biomarker as a characteristic that can be measured and evaluated in a clear and 

objective way. It can indicate whether a person's body is functioning normally, if there are 

signs of disease, or if a treatment is having the desired effect. With the increasing depth 

of understanding in immunology, the definition has evolved significantly over the years 

(Fuentes-Arderiu 2013).  

Biomarkers can serve different purposes (Grassberger et al. 2019). Cancer biomarkers are 

categorised into the following groups based on their purposes(Goossens et al. 2015). 

Diagnostic biomarkers are used to determine whether or not a patient has a particular 

disease. Several tumour markers are now widely incorporated into routine clinical practice 

for the purpose of diagnosis and surveillance (Gutman et al. 2006), such as PSA, CA125, β-

HCG, and AFP.  Stool cancer DNA testing has recently been used to implement diagnostic 
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indicators for CRC surveillance (Imperiale et al. 2014). Predictive biomarkers indicate how 

a patient is likely to respond to a particular treatment. In the case of breast cancer, 

colorectal cancer, and lung cancer, several well-established predictive biomarkers are 

increasingly utilised in clinic to guide treatment decisions for targeted therapies.   For 

instance, in non small lung cancer, patients with metastatic NSCLC and PD-L1 expression 

levels of ≥50%—but who also have a targetable driver oncogene molecular alteration 

(eg, EGFR, ALK, ROS1) are recommended by the NCCN guideline committee to receive 

first-line targeted therapy for that oncogene (Ettinger et al. 2019). In  breast cancer, as 

HER2 activation or positivitypredicts trastuzumab response(Slamon et al. 2001). Similarly, 

in colorectal cancer (CRC), KRAS-activating mutations predict resistance to EGFR inhibitors 

such as cetuximab (Van Cutsem et al. 2009). Additionally, the third generation EGFR 

inhibitor osimertinib has demonstrated clinical benefits for patients with EGFR mutations 

in stage IB to IIIA NSCLC after complete tumour resection with curative intent (Tsuboi et 

al. 2023). The BRAF V600E–targeted therapy regimen (a combination of chemotherapy 

and cetuximab or panitumumab) was recommended in the NCCN guideline for patients 

with KRAS/NRAS/BRAF WT mutated metastatic CRC (Benson et al. 2020).  Prognostic 

biomarkers indicate overall disease outcome like cancer recurrence or disease 

progression in the future. They may not be directly connected to or trigger specific 

therapeutic decisions. The 21-gene recurrence score is an illustration of a prognostic 

cancer biomarker. It was found to be predictive of breast cancer recurrence and overall 

survival in node-negative, tamoxifen-treated breast cancer (Paik et al. 2004). Biomarkers 

can also be divided into two categories: static biomarkers and dynamic biomarkers. 

Dynamic biomarkers are sampled during the path to the response, including the pre-

transition state (after the treatment begins), as opposed to static pre-treatment 

biomarkers, which are collected at the start in the initial state. One method of discovering 

dynamic biomarkers is taking biopsy samples at multiple time points in responders versus 

non-responders and mapping the molecular networks linked to effective tumour 

regression following treatment. It is becoming more widely acknowledged that 

establishing dynamic biomarkers may help distinguish between patients who are 
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responding and those who are not, as well as facilitate the search for new therapeutic 

targets to enhance the efficacy of current therapies(Lesterhuis et al. 2017). 

Biomarker research has also undergone significant evolution in recent years, progressing 

from the first generation of blood-based markers to the second generation of mutation-

based markers, and subsequently to the third and fourth generations of genomics- and 

proteomics-based markers, respectively(Srinivas et al. 2001). Many biomarkers have been 

identified and are being developed; each has their own advantages and disadvantages 

due to their own characteristics (Califf 2018). Both blood-based and mutation-based 

biomarkers have undergone extensive development and have demonstrated remarkable 

success in clinical use. For instance, AFP in blood  has long been used as a diagnostic 

biomarker in hepatocellular carcinoma, similarly, the KRAS/NRAS/BRAF mutations have 

emerged as predictive biomarkers for EGFR inhibitors in NSCLC and CRC in recent years. 

However, markers based on genomics and proteomics are still in the developmental 

phase, and there are existing gaps and challenges that need to be addressed before their 

application in clinical settings. One possible explanation and perspective is that patients 

with any of the KRAS/NRAS/BRAF mutations are more likely to respond to targeted drugs. 

In contrast, most IO agents, except ICIs, do not function differently or rely solely on the 

presence or absence of a specific biomarker. Even for ICIs, which have well-defined targets 

such as PD-1/PD-L1 and CTLA-4, there are still practical challenges in establishing a 

definitive biomarker with a universally accepted standard. These issues will be discussed 

in greater detail in Section 1.4.3.1. Many novel biomarkers have emerged  in recent years, 

each with unique origins and properties, such as cell-free DNA (cfDNA) (Kohler et al. 2011), 

cell-free circulating tumour DNA (ctDNA) (Dawson et al. 2013), circulating tumour cells 

(CTC)(Dawson et al. 2013, Marquette et al. 2020), tumour mutational load (Chan et al. 

2019, Samstein et al. 2019), cytokines and chemokines (Brenner et al. 2014), microbiome 

(McQuade et al. 2019, Temraz et al. 2019), gene signatures (Sheng et al. 2020) and blood 

counts such as neutrophil to lymphocyte ratio (NLR)(Templeton et al. 2016). Biomarkers 

can be measured from serum or plasma, blood, as well as from tissues or tumours. 

Additionally, biomarkers can be accessed through non-invasive techniques, such as 

buccal-cell isolates (Srinivas et al. 2001), urine (Khamis et al. 2017), and stool samples 
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(Glockner et al. 2009). Several cutting-edge platforms are being developed to find these 

biomarkers in these samples. These platforms include metabolomics (Armitage et al. 

2014), proteomics (Srinivas et al. 2002), genomics(Simon et al. 2013) such as RNA 

sequencing (RNAseq), single cell sequencing, flow cytometry, CyTOF (Cytometry by Time 

of Flight), ELISA, and luminex for blood and urine samples, as well as 

Immunohistochemistry (IHC) for pathological tissues. These cutting-edge platforms 

improve our capacity to study the molecular processes involved in the development of 

cancer and may help us overcome the difficulties associated with early detection (Srinivas 

et al. 2001). 

 

 

1.4.2 Platforms for biomarker discovery 

1.4.2.1 Using multiplex IHC/IF to explore local TME 

Increasingly more tools are being developed to investigate the TME. These tools can be 

used to examine patient samples and animal models to provide a thorough insight into 

the TME. In addition, multiplex labelling allows for the simultaneous detection of 

numerous markers as well as the investigation of their spatial relationships. The 

commonly used ones include flow cytometry, cytometry by Time-Of-Flight (CyTOF), IHC, 

multiplex IHC/IF and proteomics assays. Flow cytometry examines immune cell 

populations in the TME. Some transcriptomics and proteomics commercial kits can 

analyse the gene and protein expression profiles of the cells in the TME. CyTOF as an 

advanced form of flow cytometry can examine the expression of various markers in a 

single cell.  

Multiplex IHC (Immunohistochemistry, mIHC) and Multiplex IF (Immunofluorescence, mIF) 

are both advanced techniques based on fluorescence to detect and visualise numerous 

markers in the same tissue sample. 

Compared to traditional IHC, multiplex IHC and multiplex IF have several advantages: 

Firstly, multiplex IHC allows for the analysis of multiple markers in a single tissue section, 

reducing the need for multiple tissue sections and separate staining procedures. This is 
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very important for clinical studies when tissues are precious. The specific number of 

markers that can be identified on a single tissue slide can vary based on the available 

technology and the size of the tissue sample being analysed. Currently, a widely used 

platform (Roche Diagnostics GmbH) can detect up to 5+ markers in a single staining 

(Srabani Bhaumik et al. n.d.). The number of markers that can be discovered is expected 

to keep growing in the future because multiplex IHC technology is still under development 

(Tan et al. 2020). Secondly: multiplex IHC enables more precise identification of cells and 

phenotypes due to the simultaneous analysis of multiple markers. This adapts to the 

increasing demand for investigating the immune components in the complex TME, for 

example, the regulatory CD4 T cells will take into account the co-localization of at least 2 

markers: CD3, CD4, and FOXP3. Cytotoxic CD8 T cells can be a heterogeneous population 

depending on whether they express PD-1. Thirdly, mIHC can reduce the time of traditional 

IHC by combining multiple staining procedures into one. For example, one mIHC protocol 

for 4 markers only required 2-3 hours of manual work and can be finished automatically 

in the Ventana machine overnight, while a traditional histochemistry experiment will take 

2 separate days of manual work for one marker. Finally, mIHC provides more accurate 

information on the distribution and spatial information of multiple markers in tissue 

sections. With the development of advanced digital pathology software and machine 

learning, this information can potentially be used to lead to a better understanding of 

disease mechanisms and biomarker development. 

In mIHC, antibodies are coupled to a signal amplifying agent (such as HRP), which is then 

detected through binding to fluorophores. The resulting colour or fluorescence is used to 

visualize the presence and location of specific protein markers in the tissue. On the other 

hand, in mIF, primary antibodies are directly conjugated to fluorochromes, similar to flow 

cytometry. 

By contrast, mIHC has the advantage of being able to be performed on paraffin-embedded 

tissue sections, which are commonly used in histopathology. On the other hand, multiplex 

IF can provide higher sensitivity and specificity but requires for the use of fresh or frozen 

tissue sections, which might not be ideal for many applications. 
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Ultivue is a novel and advanced form of mIHC.   Ultivue can be used to analyse multiple 

protein markers in a single tissue section, just the same as mIHC can. The main differences 

between mIHC and Ultivue are the principles and the number of markers. Ultivue utilises 

an InSituPlex technique that recognises an unique DNA barcode combined to the primary 

antibodies. This makes it possible to multiplex at a higher order without compromising 

the tissue sample. A single slide can be used by Ultivue to simultaneously detect tumour 

cells, macrophages, and T cells using an 8-marker panel (Ultivue n.d.). A panel comprising 

of up to 16 makers is in development. Ultivue offers ready-to-use, commercial kits that 

have already been optimised. Although the kits are more expensive than mIHC, this option 

is useful when tissue samples are valuable and a lab lacks the knowledge and resources 

to optimise mIHC method. 

1.4.2.2 Exploring the Systemic Immune Environments Using flow cytometry and CyTOF 

 Mass spectrum/flow cytometry flow cytometry and CyTOF (Cytometry by Time-of-Flight) 

are two techniques used to analyse cells and other biological specimens.  

Flow cytometry is an effective analytical technique for measuring the physical and 

chemical properties of individual cells in a liquid suspension. In flow cytometry, cells are 

primarily marked with fluorescent probes that bind to particular biological targets, such 

as antibodies or other molecular markers. The probes emit light at specific wavelengths 

as these labelled cells move through the laser beam. This light is then gathered and 

evaluated by detectors. The presence and concentration of particular proteins, genes, or 

other cellular components can then be identified and determined using the fluorescence 

intensity and spectrum properties of each cell. CyTOF, or Cytometry by Time-of-Flight, is 

a mass cytometry technique that utilises lasers to ionise and detect metal-labelled 

antibodies, allowing for the simultaneous analysis of multiple protein markers in a single 

cell. The principle of CyTOF is the mass spectrometric measurement of the time-of-flight 

(TOF) of individual ions, which is proportional to their mass-to-charge ratio (m/z).  The 

high mass resolution and the ability to label cells with several isotopes enables high-

dimensional analysis of cellular protein expression. 



35 

 

These two technologies share a number of features, including the capacity to examine a 

wide range of biological specimens and the ability to generate high-dimensional data. 

They can also measure numerous markers per cell. Despite these similarities, they differ 

in a number of important ways. Firstly, the principle of flow cytometry is to measure the 

light-scattering and fluorescence properties of individual cells in a liquid suspension using 

lasers and fluorescent probes. CyTOF, in contrast, use lasers and mass spectrometry to 

measure the mass and elemental composition of individual cells inside a liquid 

suspension. Finally, in terms of data output and analysis tools, the distribution of the 

detected cells is usually shown using dot plots, histograms, and scatter plots, which are 

examples of data output produced by flow cytometry. With the development of the 

software and algorithms, the most widely used software for processing flow cytometry 

data, FlowJo, can now handle high-dimensional data and display the distribution of cells 

in heatmaps or tSNE plots. However, because CyTOF's output data is typically huge, the 

CyTOF procedure requires software applications (like CyTOFkit), a Linux-based processing 

environment, and greater bioinformatics expertise.  Finally, depending on the equipment 

and probes being used, flow cytometry can measure up to 20–30 markers per cell 

simultaneously, whereas this number can be up to 40–50 for CyTOF. The number of 

markers that flow cytometry can detect simultaneously is limited by the spectral 

compatibility of the lasers and fluorophores used. In contrast, CyTOF is also limited by the 

number of isotopes, which are less likely to overlap and can be better distinguished. 

Whilst flow cytometry has been used for years, a number of limitations might hinder the 

wider use of CyTOF. To start with, CyTOF equipment is more expensive than flow 

cytometry equipment. Second, the preparation of samples for CyTOF involves specialised 

methods that can be time-consuming and technically difficult, such as metal-conjugated 

antibody labelling and high-purity cell suspensions. The number of markers that can be 

measured simultaneously is still restricted by the number of isotopes that can be 

successfully differentiated. 

The features of these two technologies are summarised in Table 1.1 .  
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Table 1.1 The characteristics of Flow Cytometry and CyTOF 

 Flow Cytometry CyTOF 

Principle measuring the light-scattering and 
fluorescence properties of 
individual cells in a liquid 
suspension using lasers and 
fluorescent probes 

measure the mass and elemental 
composition of individual cells inside a 
liquid suspension 

Data Output dot plots, histograms, and scatter 
plots 

scatter plots and heat maps 

Number of markers 20-30 40-50 

Data Output dot plots, histograms, and scatter 
plots 

scatter plots and heat maps 

Data analysis software FlowJo, a biologist friendly 
software, in any Windows/Mac 
based environment 

CyTOFkit, in a Linux-based processing 
environment 

Limitations Multiplexing Capabilities 

Laser Compatibility 

Expensive cost in instrument  

Sample preparation 

Limited Multiplexing Capabilities 

Similarities The capacity to simultaneously measure multiple markers per cell 

The capacity to analyse a wide variety of biological specimens 

The production of high-dimensional data 

 

1.4.3 Biomarkers to ICIs 

1.4.3.1 PD-L1 

Some studies suggest that PD-L1 expression in tumours is related to an immune-active 

environment and that higher PD-L1 expression levels are correlated with a better 

response to treatment. A clinical trial involving 296 patients with 5 different types of 

cancer showed that the response rate of patients with PD-1 expressing cells within the 

TME was 36% (9 out of 25 patients) after treatment with the anti-PD-1 antibody "BMS-

936558." However, patients with PD-1 negative tumours did not respond to the treatment 

and had a response rate of 0% (Topalian et al. 2012). This idea was then supported by 

additional clinical trials in various cancer types (Taube et al. 2014, Borghaei et al. 2015, 

Larkin et al. 2015, Robert et al. 2015). However, other studies have found that PD-L1 



37 

 

expression does not necessarily predict treatment outcome. A phase 3 clinical trial 

compared the outcomes of 931 patients with metastatic urothelial carcinoma who 

received either Atezolizumab or chemotherapy. The results showed that patients with 

high PD-L1 expression, defined as 5% or more of the immune cells being labelled "IC2/3", 

had a similar prognosis regardless of whether they received Atezolizumab or 

chemotherapy (Powles et al. 2018). 

PD-L1 is one of the most extensively studied and intriguing immune-related biomarker 

that serves as a guide for treatment involving IO agents and has been approved by FDA 

for use in various cancer types (Davis et al. 2019). However, it is important to acknowledge 

a few limitations. Firstly, the studies that demonstrate the utility of PD-L1 exhibit 

significant variability in terms of the type of tissue tested (fresh versus archival), the 

specific PD-L1 assay used, the cut-off values for PD-L1 expression, and the types of cells 

(tumour versus immune versus both) assessed for PD-L1 expression (Topalian et al. 2012, 

Taube et al. 2014, Borghaei et al. 2015, Larkin et al. 2015, Robert et al. 2015). This poses 

a significant challenge for pathologists and clinicians in interpreting the various testing 

methods and applying them in routine clinical practice. Secondly, PD-L1 expression is 

regulated by multiple molecular pathways and can be influenced by other immune cells 

within the tumour microenvironment, resulting in variable immunogenicity across 

different tumour types. Thirdly, PD-L1 expression displays temporal and spatial 

heterogeneity and can be altered following exposure to prior therapies (Dovedi et al. 

2014, Zhang et al. 2018). 

 

1.4.3.2 Immunoscore 

In recent years, a concept known as "immunoscore" has been established, which 

considers the number, type, and location of tumour-infiltrating lymphocytes in primary 

tumours that was first demonstrated in CRC (Galon et al. 2006). It is now being 

investigated in other cancer types and can potentially be used as a prognostic factor for 

various cancers, including colorectal, melanoma, renal cell, prostate, ovarian, and breast 

cancer (Ascierto et al. 2013). The definition of immunoscore varies from the pre-
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treatment presence of CD3+CD8+ T cells within and around tumours (Pages et al. 2010) 

to the density of two lymphocyte populations, CD8+ cytotoxic T cells and CD45RO memory 

T cells. This score has been shown to indicate pre-existing anti-tumour immune responses 

and is associated with increased survival and improved response rates to immunotherapy, 

independent of treatment modality (Galon et al. 2013). 

Immunoscore has shown independent prognostic value beyond TNM staging in colorectal 

cancer (Galon et al. 2006) and has the potential for integration into other cancer types . 

However, it is important to acknowledge certain limitations (Angell et al. 2020). Firstly, 

when comparing the evaluation of tumour-infiltrating immune cells using traditional 

methods (H&E staining) and Immunoscore, there was a difference of 48%, emphasizing 

the necessity of standardised digital pathology for accurate and reproducible assessment 

(Pagès et al. 2018). It is worth noting that Immunoscore is the first biomarker that 

necessitates the use of digital pathology. Accurate quantification of the Immunoscore 

relies on strict adherence to standardized staining protocols. Any deviation from these 

procedures can result in inaccurate measurement of the biomarker. 

 

1.4.3.3 Tumour mutational burden 

Genetic mutation is an important hallmark of cancer (Hanahan et al. 2011), and it exists 

in metastatic settings across many cancer types, particularly in bladder cancer, melanoma, 

NSCLC, CRC, and head and neck squamous cell carcinoma (HNSCC) (Zehir et al. 2017). The 

term "tumour mutational burden" (TMB) describes how many DNA mutations there are 

per megabase in a cancer cell. TMB has emerged as an emerging cancer biomarker in 

recent years, based on findings that TMB correlates with treatment response rate and can 

predict survival following immunotherapy across many tumour types (Snyder et al. 2014, 

Rizvi et al. 2015) (Yarchoan et al. 2017, Hellmann et al. 2018). TMB, on the other hand, 

has been claimed to impact short PFS, often spanning weeks, but may not be a persistent 

marker of overall survival, based on a disappointing outcome from 423 patients with 

untreated stage IV or recurrent NSCLC after nivolumab or platinum-based treatment 

(Carbone et al. 2017). 
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The discrepancy between these findings emphasises the need to uncover the underlying 

mechanisms through which TMB can contribute to immune responses. Evidence from lung 

cancer suggests that TMB and PD-L1 may be two distinct prognostic biomarkers that are 

imperfect on their own but may perform better when used in combination (Hellmann et 

al. 2018). Including both TMB and PD-L1 expression into multivariable prediction models 

should increase their predictive accuracy (Rizvi et al. 2018). 

There is currently no standardised definition of a high TMB (Samstein et al. 2019). It is 

necessary to further standardise TMB measurement, including the technique utilised, the 

optimal time to analyse TMB (such as before therapy or in diagnostic biopsies), and the 

ideal samples (e.g. primary tumour versus metastasis). Whole-exome sequencing (WES) 

and whole-genome sequencing (WGS) are two DNA next generation sequencing 

techniques for determining TMB (WGS). WES is regarded the gold standard test since it 

generates a huge quantity of data and provides an overview of the gene mutation 

landscape; nevertheless, the fact that it is expensive and requires more DNA may limit its 

wider implementation. Targeted gene panels cannot cover all tumour mutations, but they 

are less expensive and require less DNA, allowing for easier integration into hospital labs. 

 

1.4.3.4 The emerging role of MSI/MMR status  

Due to instability in DNA repair, tumours with mismatch repair deficit (dMMR) are linked 

to a high TMB. The DNA MMR complex fails to function cooperatively to detect and repair 

errors made during DNA duplication as a result of the loss of expression of one or more 

MMR complex member proteins (MSH1, MSH2, MSH6, or PMS2) (Richman 2015). 

Furthermore, dMMR causes a mutation known as high microsatellite instability (MSI-hi) 

(Hause, Pritchard et al. 2016). MSI-hi refers to a variation in the length of highly repetitive 

strands of mutant DNA in comparison to inherited DNA. PD-1/PD-L1 inhibition has been 

reported to be effective in tumours with a high number of somatic mutations caused by 

dMMR and subsequent MSI-hi in 12 different tumour types (Le et al. 2015) (Le et al. 2017). 

In particular, although ICI response rates in CRC are low, a subset of CRC patients with 

MSI-hi tumours show significantly improved responses after ICI (Le et al. 2015). This 
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prompted the FDA to approve pembrolizumab (an anti-PD-1) for the treatment of MSI-

hi/dMMR solid tumours, independent of cancer origin. MSI and MMR status can be 

determined by a number of diagnostic techniques, the majority of which rely on 

microsatellite analysis by polymerase chain reaction (PCR) or identification of MMR-

related proteins by IHC (Kawakami et al. 2015). 

 

1.4.3.5 Neoantigens 

Neoantigens are small peptide epitopes produced by tumour-specific mutations that are 

processed and presented on MHC molecules as downstream products of TMB (Efremova 

et al. 2017) (Schumacher et al. 2019). Unlike tumour-associated antigens (TAA), which are 

typically shared by patients with the same tumour type, neoantigens are tumour-specific 

and generally patient-specific. The recognition of neoantigens may be a major driver of 

anti-immune reactions to T cell targeted treatment, including ICI (Schumacher et al. 2019) 

(Schumacher et al. 2015, McGranahan et al. 2016, Yarchoan et al. 2017). One study 

revealed that the majority of clinical responses to ICIs are observed in individuals with pre-

existing neoantigen-specific T cells in tumours (Tumeh et al. 2014). 

Yet, because only about 1% of all tumour mutations produce a neoantigen with enough 

affinity for MHC to stimulate T cell responses, determining how to define a high-quality 

neoantigen capable of eliciting a strong immune response remains a substantial issue. 

Interestingly, Łuksza and colleagues established a neoantigen fitness model based on two 

principal factors: the probability of neoantigen presentation by the MHC and subsequent 

recognition by T cells (Luksza et al. 2017). Another study discovered that in patients 

receiving ICI, T cells targeting clonal mutations expressed by all tumour cells (trunk 

mutations) can produce superior anti-tumour immune responses than T cells targeting 

mutations expressed only in a part of tumour cells (subclonal branch mutations) 

(McGranahan et al. 2016). 

1.4.3.6 Other emerging biomarkers 

Several possible biomarkers are being developed. According to a new study in HNSCC, HPV 

positivity is associated with higher immune cytolytic activity and an inflammatory gene 
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expression profile in T-cells. This suggests that HPV status can be used to predict the 

efficiency of PD-1 inhibitors in HNSCC, independent of PD-L1 expression and TMB, and 

that this likely arises from an inflamed TME caused by HPV infection and anti-tumour 

activity of T cells that specifically recognise the HPV antigen (Wang et al. 2019). 

1.4.4 Radiotherapy related Biomarkers   

While several biomarkers regarding RT are being studied, there are not many reliable 

biomarkers that can be used in clinical settings to inform scheduling or predict responses 

to RT. To date, rather than useful biomarkers of response, RT planning on dose, fraction, 

and site has been dictated by the tumour or metastatic site, anatomical characteristics, 

and the delicate balance between treatment benefit and toxicity. 

Investigating immune biomarkers in the TME is a promising approach to identify patients 

who are more likely to respond to RT-based treatments and further understand  both RT 

induced immunological suppressive and immune stimulatory effects. There is growing 

evidence that higher CD8+ CTL cell counts and/or reduced Treg infiltration can predict 

responses to a variety of therapeutic modalities, including RT (Lhuillier et al. 2018). 

The immunological composition of the TME has been demonstrated to be a significant 

predictive and prognostic indicator of response to (chemo) RT in HNSCC with high CD8+ 

T-cell numbers, TIL infiltration (Balermpas et al. 2014), PD-L1 expression on cancer cells 

(Fukushima et al. 2018), immune gene signatures, and cytokine/chemokine plasma 

profiles (Brondum et al. 2017). A retrospective study involving 73 patients revealed that 

glucose-independent tumour metabolism is predictive for HNSCC patients treated with 

curative chemoradiotherapy (CRT) (Krupar et al. 2018). A prospective study suggested 

using a composite immune gene signature score as a predictive tool to predict survival in 

a subset of HNSCC patients receiving CRT (Hess et al. 2019). The predictive usefulness of 

immunoscore was also discovered in a retrospective research of 55 CRC tumours 

undergoing preoperative CRT (Anitei et al. 2014) and another study of 81 patients with 

brain metastases treated with whole-brain RT (Berghoff et al. 2016). 

In terms of non-immune related biomarkers, high TMB may be a predictive and prognostic 

biomarker, based on the findings of a multicenter retrospective study which 
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demonstrated that high TMB was associated with poorer survival in patients with HNSCC 

who were treated with definitive concurrent chemoradiation (CCRT) (Eder et al. 2019). 

Given the strong correlation between high TMB and response to ICI, high TMB in HNSCC 

patients undergoing concurrent CCRT may also serve as a predictor for patients who may 

benefit from CCRT-ICI combinations. Another potential biomarker for RT could be the 

hypoxia-related pathway. HIF-1 is a recognised marker of hypoxia and has been linked to 

a worse prognosis following RT in patients with HNSCC, cervical cancer, and NSCLC 

(Aebersold et al. 2001, Ishikawa et al. 2004, Salem et al. 2018).  

Hypoxia gene signatures are one of the best examples of novel biomarkers in RT (Yang et 

al. 2019). Three gene profiles were established as predictive biomarkers in retrospective 

investigations of randomised trials of hypoxia-targeting treatments in bladder cancer 

patients (Yang et al. 2017). The clinical potential of hypoxia gene expression signatures 

has been demonstrated, and they are now being investigated in a number of randomised 

trials. A 26-gene head and neck hypoxia signature is currently being prospectively 

validated in the UK Phase III NIMRAD study (Thomson et al. 2014), and a Danish 15-gene 

head and neck signature is also being evaluated prospectively (Toustrup et al. 2016). 

To date, there have been over 100 ongoing prospective studies that examine the effects 

of using RT in combination with ICI (Cushman et al. 2018), but much fewer have shown 

positive results using biomarkers. One prospective clinical trial with 39 lung cancer 

patients found that 21 completed treatment, with 18% having a positive response. 

Analysis of 20 patients showed that increased levels of serum IFN-β after RT and early 

changes in T cell clones were strong predictors of positive response. Additionally, one 

patient showed that T cells targeting a specific gene upregulated by RT controlled a 

neoantigen and led to a positive response. However, this study only performed in-depth 

analysis in one responding patient, and the response rate was low, so further research is 

needed to confirm these findings and better understand the mechanisms (Formenti et al. 

2018). Another prospective study looked at patients with stage I (n = 26) and stage III 

NSCLC (n = 18) who were treated with RT or CRT. They found that CD244 was a negative 

predictor of survival in stage I NSCLC, while CR2 and IFNGR2 were positive predictors in 

stage III NSCLC. They also identified CXCL10 and IL-10 as negative predictors of survival, 
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but serum-induced interferon response was a positive predictor. However, the study had 

limitations such as a small sample size and missing baseline samples for some patients. 

Additionally, the study did not compare immune-related protein levels in both the tumour 

and the circulation, due to lack of tumour samples (Vaes et al. 2021).  

 The identification and validation of biomarkers that can inform clinical decision-making 

in RT is a critical aspect of cancer treatment. While many markers have been proposed in 

association with RT and immunotherapy, none has become established into routine 

clinical practice. Therefore further work is required in the development and validation of 

biomarkers that can inform clinical decision making. 

 

1.5 Rational combinations of immunotherapy with radiotherapy and 

Ongoing clinical trials evaluating TME changes  

Following the discovery that immune check point inhibitors (ICIs) are capable of 

generating durable anti-tumour responses in a variety of different cancer types. Although 

radiotherapy (RT)  is able to induce immunostimulatory effects the abscopal effect with 

RT is a rare phenomenon (Reynders et al., 2015) combining RT with ICI in animal tumour 

models has been shown to increase systemic anti-tumour immune responses. Therefore 

combining of RT and immunotherapy was proposed to enhance overall response rate 

(ORR) (Zhang et al. 2022) and evaluated in multiple cancer types including lung 

cancer(Spaas et al. 2019), head and neck cancer(Wong et al. 2022) and ovarian cancer 

(Herrera et al. 2019), CRC.  

The promising preclinical results catalysed a large number of clinical trials assessing 

immunotherapy alone or in combination with conventional oncology treatments such as 

RT or chemotherapy has increased, with thousands of clinical trials currently ongoing or 

in the planning stages(Kang et al. 2016) attempting to induce the abscopal effect with 

combination therapies in clinical trials. Among these trials, one of the landmark studies is 

the PACIFIC trial (Antonia et al. 2017), which has significantly impacted the management 

of non-small cell lung cancer (NSCLC). In this phase III trial, the PD-L1 antibody durvalumab 
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was evaluated in patients with locally advanced, unresectable NSCLC. Patients treated 

with durvalumab exhibited a median progression-free survival (PFS) of 16.8 months, 

compared to 5.6 months for patients receiving placebo. Furthermore, the study revealed 

a significant improvement in overall survival with durvalumab compared to placebo. This 

finding was supported by additional results, including patient-reported outcomes, 3-year 

survival rates, and 4-year survival rates, all of which confirmed the clinical benefit 

achievable through the combination of immunotherapy and chemoradiotherapy in the 

PACIFIC trial (Antonia et al. 2018, Hui et al. 2019, Faivre-Finn et al. 2021). 

However emerging results from these clinical trials have largely been disappointing with 

low ORRs (Voronova et al. 2022). For instance, two large phase III clinical studies, namely 

KEYNOTE412 and JAVELIN head and neck 100, evaluating the combination of RT and ICIs 

in HNSCC, did not demonstrate clinical benefits (Lee et al. 2021, Machiels et al. 2022). 

Considering the disparate outcomes in NSCLC and HNSCC, it is worth noting a significant 

difference in study design. For instance, the JAVELIN 100 trial in HNSCC (Lee et al. 

2021)incorporated both concurrent and adjuvant ICIs in the experimental arm, whereas 

the PACIFIC trial in NSCLC solely evaluated the value of adjuvant immunotherapy. The 

timing and sequencing of ICIs and radiation in relation to treatment efficacy remain critical 

aspects that necessitate further investigation. The assumptions regarding radiation-

induced T-cell death may present challenges when ICIs are administered concurrently, as 

opposed to sequentially. Another distinction is that due to the high risk of lymph node 

metastases in patients with locally advanced HNSCC, standard radiation treatment 

typically includes elective irradiation of the draining cervical lymph node chains. In 

contrast, elective lymph nodes are not intentionally irradiated in NSCLC. These draining 

lymph nodes are precisely where antigen-presenting cells migrate to facilitate T-cell 

priming following irradiation to the primary tumour.  Therefore further investigations 

leading to an enhanced understanding of the immunological responses of RT, may inform 

stratifying patients for different RT and immunotherapy combination trials and lead to 

tailored treatment. 

The number of ongoing translational studies investigating the immunological effects of RT 

exploring potential, including those in CRC and HNSCC, is substantially fewer, according to 
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a more focused search. A study (NCT03129061) that assesses the immunological reactions 

to anti-PD-1 in HNSCC is currently recruiting participants (ClinicalTrials.gov, Accessed on 

6th November 2019). This study will have two groups, Cohort 1 and Cohort 2. Cohort 1 

will consist of patients with unresectable or metastaticHNSCC cancer who will receive 

standard of care anti-PD-1 treatment. Cohort 2 will be neoadjuvant study participants who 

will receive one dose of anti-PD-1 treatment before undergoing tumour resection or RT. 

Here the aim of the study is to determine whether a novel biomarker known as "[18F]F-

AraG" may be utilised as a non-invasive method of determining T cell activity at the 

tumour site while receiving anti-PD1 treatment. Another ongoing study (NCT03313804) 

examines the effect of RT in patients with advanced NSCLC and HNSCC who are receiving 

immunotherapy (ClinicalTrials.gov, Accessed on 8th November 2019). Participants will 

receive a short course of RT to a single systemic location within fourteen days after 

receiving the first dose of immune checkpoint inhibitors.  

In conclusion, clinical benefits of combining IO and RT has been suggested by numerous 

studies in NSCLC and is currently being investigated in other other contexts or treatment 

settings. However, several questions remain to be answered, such as the optimal RT 

regimen in terms of the doses, fractionation and sequence of RT and IO drugs.  In order to 

further improve the synergy of RT in combination with various immunotherapy 

modalities, future research in both preclinical and clinical settings is necessary to 

determine the ideal RT regimen and potential biomarkers. 

1.6 Summary and rational 

RT is highly effective at killing tumour cells and recently has been found to induce a variety 

of pro-immunogenic and phenotypic changes in tumour cells and the immune effector 

cells within the TME. This can lead to both enhanced activation of the innate immune 

system and priming of tumour-specific T-cell immunity, as well as potentially adverse 

immune suppressive effects (Honeychurch et al. 2017). A systematic investigation into the 

effects of RT in human tumours is needed to enhance our understanding of the underlying 

mechanisms of RT induced immune changes and to inform the selection of the optimal 

combinations of RT and IO agents in the clinic. Successful clinical translation will require 
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careful investigation of the most suitable choice of IO agents to add to RT in order to 

deliver the promise of improved patient outcomes. Against this background the 

hypotheses to be investigated in this thesis are： 

 

1.7 Hypotheses 

1. RT has immunomodulatory effects locally in the TMEand systemically in blood. 

2. The composition of the immune cell infiltrate in the TME prior to RT determines 

treatment outcome. 

3. The RT induced changes locally in TME and systemically in the blood can be used 

to predict treatment outcome. 

1.8 Aims 

1. To characterise the local immune effects of RT on the TME in a retrospective 

cohort of rectal cancer patients. 

2. To characterise the systemic immune effects of RT in the blood and urine of 

patients with bladder cancer. 

3. To characterize the pre-treatment TME in patients with bladder cancer. 

4. To characterise the local and systemic immune effects of RT on the TME and in the 

blood of patients with NSCLC enrolled in the PD-RAD study. 

5. To use the information obtained in aims 1-4 and determine if the immune TME 

prior to RT is predictive of response to RT. 
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Chapter 2 Materials and Methods  

2.1 Materials and Patient Populations 

2.1.1 PD-RAD lung cancer study 

The PD-RAD study (IRAS study ID: 297993) was designed to investigate changes in the TME 

over time following RT for NSCLC. Specifically, the study aimed to explore the feasibility 

of obtaining an additional lung biopsy during the second week of RT in NSCLC patients 

undergoing RT (55Gy in 20 fractions +/- carboplatin plus gemcitabine or 39Gy in 13 

fractions), and to analyse changes in PD-L1 expression in paired biopsy samples collected 

before and after treatment. 

The study was conducted in accordance with the declaration of Helsinki, and informed 

consent was obtained from all patients. Peripheral blood mononuclear cells (PBMCs) were 

collected from 5 patients and analysed using the CyTOF technique (Section 2.3). In 

addition, plasma samples were collected from 5 patients at several timepoints during RT 

and analysed using the luminex platform (Section 2.4) to measure the expression of 

cytokines and chemokines. The Ultivue mIHC platform (Section 2.7) was used to measure 

eight immune-related markers and their relevant phenotypes in paired diagnostic and 

post-RT surgical biopsies from 3 NSCLC patients. 

2.1.2 Biobank bladder study 

The Manchester Cancer Research Centre (MCRC) Biobank proteomic 18_CAWE_03 aimed 

to collect 80 patients in total (20 per tumour type); the bladder study is one of the arms. 

This study aimed to investigate effects of RT on the TME and systemically in blood. FFPE 

diagnostic biopsies, plasma and urine samples were collected for the bladder cancer 

patients before and weekly during a course of radical CRT (52-55Gy in 20 fractions, 

concurrent gemcitabine +/- cisplatin/ carboplatin or carboplatin and etoposide). The 

cytokine and chemokines levels in the Plasma and urine samples were measured by 

luminex platform. To evaluate myeloid cell infiltration in the local TME, urine samples 

were collected and analysed using flow cytometry (Section 2.5). FFPE blocks were 
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sectioned and analysed with mIHC to quantify infiltration of macrophages, myeloid cells 

and T cells (Section 2.8). 

2.1.3 Biobank rectal study 

The MCRC Biobank rectal study (Biobank 19_TIIL_04) aimed to investigate immunological 

changes in the TME in patients with rectal cancer who received short-course radiotherapy 

(SCRT). Ethical approval was obtained from the MCRC Biobank to collect paired diagnostic 

and surgical samples from rectal cancer patients treated at the Christie Hospital receiving 

short-course RT (20 Gy in 4 fractions or 25Gy in 5 fractions). Patients were identified from 

the MCRC Biobank database based on their donation of surgical samples and delivery of 

RT. 

The study included 15 patients who received short-course RT and underwent surgery 

within 14 days of completing RT. FFPE blocks were collected for both diagnostic and 

surgical samples and sections were cut and used in the following order: first for H&E 

staining (1x 4µm), followed by Ultivue (1x 4µm), Nanostring RNA gene sequencing (4-20 x 

8-20µm), and mIHC (3x 4µm). The number and thickness of sections cut for Nanostring 

RNAseq is shown in   
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Table 2.1. 

The study also recorded survival data, including relapse status, progression-free survival, 

and date of death, as well as the number of days between the end of RT and surgery. 
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Table 2.1 The number and thickness of sections size cut for RNA extraction for Nanostring RNA gene 
sequencing 

Biobank ID Section Size (µm) 

C000694T1PTa 2X20  

C001087T1PTa 10X10   

H000506T1PTb 10X8 

H000699T1PTb 10X10 

H001044T1PTa 15X10 

H001050T1PTa 15X10 

H001343T1PTb 10X10 

H001636T1PTa  15X10 

H001657T1PTa 10X10 

P000141T1PTb 4X20 

P000372T1PTa 4X20 

W001527T1PTc 6X10 

W002958T1PTa 4X20 

H000526T1PTa 10X10 

C000593T2PTa 4X20 

C000694T2PTa 15X10 

C001087T2PTa 15X10 

H000506T2PTa 15X10 

H000699T2PTa 4X20 

H001044T2PTa 20X10 

H001050T2PTa 15X10 

H001343T2PTa 20X10 

H001636T2PTa 4X20 

H001657T2PTa 20X10 

P000141T2PTa 20X10 

P000372T2PTa 15X20 

W001527T2PTa 12X10 

W002958T3PTa 4X20 

H000526T2PTa 20X10 

H001020T1PTa 3X20 

H001020T2PTa 3X20 

W001329T1PTc 3X20 

W001329T2PTa 3X20 

T1 is the post RT surgical sample and T2 the diagnostic biopsy. 
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2.1.4 Raji Cell line culture 

The Raji cell line (ATCC number CCL-86) is a B lymphocyte cell line derived from Burkitt's 

Lymphoma. In order to serve as a Live/Dead compensation control group for flow 

cytometry, this cell line was cultured for the study. Raji stock vials were thawed in a 37°C 

water bath after being taken out of liquid nitrogen, and the cells were then resuspended 

in 5 mL of growth medium (RPMI Medium 1640 (Gibco # 21870) supplemented with 10% 

Foetal Bovine Serum (FBS) and 2mM L-Glutamine, (both Gibco, Thermo Fisher Scientific). 

The media was then discarded after centrifuging the cells for 5 minutes at 400g. The cell 

pellet was resuspended in 15 mL of growth medium and put into a 75 cm2 tissue culture 

flask for incubation in a humidified 37°C, 5% CO2 incubator and passaged every 3-4 days 

(1:10 – 1:20 dilution). 1ml of the cells was taken at ~80% confluency into a 1.5ml 

Eppendorf and heated at 85°C for 10 minutes to induce cell death. 

2.2 Sample Processing 

2.2.1 Isolation of PBMCs from whole blood  

Whole blood was collected from patients at the Christie Hospital, University of 

Manchester or healthy donors (Research donors, Cambridge Bioscience). Blood was 

obtained with ethical consent from NHS Research Ethics Committee, the University of 

Manchester research ethics committee (health donors) or the MCRC Biobank in 

accordance with the declaration of Helsinki and shipped overnight at room temperature. 

Blood samples were processed in the lab of the Targeted Therapy Group, Alderley Park. 

For the PD-RAD study, both plasma and lymphocytes were collected. In order to isolate 

plasma, the K3EDTA vacutainers were centrifuged at 2000g at room temperature for 10 

minutes without brake. This spinning leads to the separation of blood into 3 different 

layers: from top to bottom; plasma, the cloudy buffy layer of white blood cells (WBC), red 

blood cells (RBC) (Figure 2.1). Supernatant plasma was harvested and stored at -80°C until 

use in 1ml aliquots. 

In order to isolate PBMC the collected buffy coat was diluted 1:4 with Hanks Buffered 

Saline Solution (HBSS, Sigma Aldrich, Poole, UK) and then carefully layered on 

Lymphoprep density gradient solution (Stemcell Technologies, Grenoble, France) – 20 ml 
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of diluted blood layered equally onto 2×4 ml of lymphoprep media in 2×15 Falcon ml tubes 

(Corning, Amsterdam, The Netherlands). The 2 tubes were then centrifuged at 800g at 

room temperature for 20 minutes without brake. This density gradient centrifugation 

leads to the separation of blood into 4 different layers: from top to bottom, HBSS, PBMCs, 

lymphoprep, RBCs (Figure 2.3). The supernatant HBSS was discarded and the PBMC layer 

was collected through the use of 10 ml transfer pipettes (Sarstedt, Leicester, UK), topped 

up to 50ml with HBSS in a 50ml Falcon tube and then centrifuged at 400g at room 

temperature for 10 minutes with brake 9. The supernatant HBSS was discarded and the 

PBMC pellet was resuspended again in 10ml HBSS and centrifuged at 400g at room 

temperature for 5 minutes with brake 9. The pellet was resuspended in 10ml HBSS and 

10µl of lymphocytes was diluted 1:1 with Trypan Blue (Sigma-Aldrich, Poole, UK) to 

calculate the amount of PBMCs under the microscope. Following a further centrifugation, 

PBMCs was re-suspended in freezing media consisting of 50% human AB serum (Sigma-

Aldrich), 40% RPMI supplemented with 2mM L-glutamine and 1mM sodium pyruvate (Life 

Technologies, Paisley, Scotland)) and 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) and 

stored at -80°C in a CoolCell container for up to one week before transfer to liquid nitrogen 

(-196°C) for long-term storage until use. 

For the MCRC biobank bladder study, vacutainers were spun at 2000g for 10 minutes and 

plasma was extracted by the MCRC Biobank on the day of blood draw before blood was 

transported to the laboratory for isolation of PBMC the following day. Plasma depleted 

blood was processed as described above without the 2000g centrifugation step.  
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Figure 2.1 Layers of centrifuged blood.  

By high-speed centrifugation, blood was separated into three layers based on the density. The middle layer 
contains platelets and white blood cells (WBC) containing the desired mononuclear cells (also called the 
buffy coat). The upper yellow layer contains plasma in which proteins and hormones can be detected and 
red blood cells (RBC) are pelleted in the bottom layer. 

 

Figure 2.2 Isolation of mononuclear cells from whole blood using Lymphprep density gradient media.  

Peripheral blood is layered over the Lymphprep density gradient media and, following centrifugation (with 
brake off), the blood components are separated into (1) HBSS, (2) lymphocytes, monocytes, platelets, (3) 
Lmphoprep and (4) granulocytes, red blood cells (RBC) pellet. The lymphocytes, monocytes, and platelets 
layer can be extracted, centrifuged to remove platelets with the residual cells representing the peripheral 
blood mononuclear cell population (PBMCs). 

 

 

2.2.2 Isolation of UDL from urine samples 

The isolation of urine-derived lymphocytes (UDL) from urine samples was performed 

using the following protocol.  

When a urine sample was received, it was labelled with the Biobank ID number, and the 

details of the sample were checked against the included paperwork. The urine was 

dipsticked for nitrites and leukocytes using a urine test strip (Amazon, UK). The samples 
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were centrifuged at 400 g with acceleration 9 (i.e. fast) and brake 9 (i.e. high) for 10 min. 

1 ml urine was aliquoted into 3 eppendorfs labelled ‘U’ with the Biobank ID number, 

processing date, and aliquot number and stored at -80°C. 

The remaining supernatant was discarded, and the cell pellet was resuspended in 10 mL 

of HBSS, pooled into a single 50 mL Falcon tube, and centrifuged for five minutes at 400 g 

with acceleration and brake set to 9. The supernatant was discarded, and the cell pellet 

was resuspended in 1 mL of HBSS. The cell count for UDL was determined with a 1:1 

mixture with Trypan Blue solution, and the cell count was recorded. 

The UDL was then centrifuged again for five minutes at 400 g with acceleration and brake 

set to 9, and the supernatant was discarded. The UDL could then be cryopreserved in 40% 

serum-free RPMI (2mM L-glutamine, 1mM sodium pyruvate), 50% HS, and 10% DMSO 

(freezing mixture) for downstream translational analyses and stored at -80°C in a CoolCell 

container for up to one week before transfer to liquid nitrogen (-196°C) for long-term 

storage until use. The DMSO was added only just before freezing, as it had detrimental 

effects on cell viability at room temperature. 

2.3 Immune phenotyping of PBMC by CyTOF 

2.3.1 Surface labelling for CyTOF 

An aliquot of PBMC was thawed and added dropwise to 1ml of serum free RPMI 1640 (sf 

RPMI). A further 9ml of sf RPMI was added and cells centrifuged at 400g for5 minutes, 

PBMC were resuspended in 1ml sf RPMI plus 5mM Mg2+ (Sigma Aldrich) with 0.2mg/ml 

DNase I (Sigma Aldrich) and incubated at 37°C for 10 minutes. 1ml of sf RPMI with 0.5mM 

EDTA (Sigma Aldrich) was added, an aliquot taken for cell counting and centrifuged at 400g 

for 5 minutes.  PBMC were then resuspended in Maxpar® Cell Staining Buffer (CSB, 

Fluidigm™, Catalogue Number, 201068)  at 12x106/ml  with 270µl taken forward for CyTOF 

analysis.  

 PBMC were pelleted at 400g for 5 minutes and re-suspended in 1µM 198Pt Cisplatin for 

a one-minute incubation. The cells were then pelleted in CSB, re-suspended in a 20µl 

Heparin solution and 2µl Fc block (Trustain FcX block, Biolegend), and incubated for 5 

minutes at room temperature. 50µl of an extracellular antibody mastermix  was added 



55 

 

and incubated for 45 minutes on ice. The cells were then washed twice in 2ml CSB, fixed 

with 1ml FoxP3 Fix Perm buffer (eBioscience, ThermoFisher Scientific) and incubated for 

30 minutes at room temperature. The cells were then pelleted and washed before being 

re-suspended in 1ml 10% DMSO-containing CSB solution for storage at -20°C until further 

processing for barcoding and intracellular labelling could take place. 

2.3.2 Barcode, pool and Intracellular marker labelling   

The samples were thawed at room temperature, and 2 ml of CSB was added. The cells 

were then spun at 1000g for 6 minutes, followed by a wash with PBS. The cells were 

vortexed and re-suspended in 1 ml of ice-cold PBS containing the Fluidigm cell ID Pd 

barcoding labels, and incubated for 15 minutes at room temperature. Subsequently, the 

barcoding was quenched with the addition of 3 ml of CSB. The cells were washed twice 

with 3 ml of CSB, and the barcoded samples were then pooled into 4 ml of FoxP3 perm 

buffer in a single tube. The cells were pelleted, re-suspended in 20 µl of heparin for every 

3x106 cells, and treated with 1 µl of Fc block. This was followed by incubation for 5 minutes 

at room temperature.  

The intracellular antibody mastermix was added in 50 µl of CSB for every 3x106 cells and 

incubated for 45 minutes in the dark at room temperature. 4 ml of CSB was added, and 

the cells were spun at 1000g. The cells were washed once more with CSB, re-suspended 

in 1 ml of 4% paraformaldehyde (PFA) in PBS (fixation buffer, Biolegend) per 3-6x106 cells, 

and left to fix for at least 18 hours. Finally, 1 µl of iridium solution (10mg/ml in 0.1M NaOH 

in Fluidigm Maxpar water) was added per 3x106 cells and incubated for 1 hour at room 

temperature. The cells were washed with 4 ml of PBS, pelleted at 1000g for 6 minutes, 

washed twice with 4 ml of water, re-suspended in 15% EQ beads in water (Fluidigm) at 

1x106 cells/ml, and filtered twice through 70 µm filcons. 
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Table 2.2 The 38-marker CyTOF panel 

Metal Target Clone 
Cat. 
Number 

Metal Target Clone Cat. Number 

89Y CD3 UCHT1 in house∆ 158Gd OX40 ACT35 3158012B 

113In CD11c 3.9 in house 159Tb CCR7 G043H7 3159003A 

115In CD163 GHI/61 in house 160Gd CD28 CD28.2 3160003B 

141Pr CD45 HI30 3141009B 161Dy CTLA-4* 14D3 3161004B 

142Nd CXCR1  3142009B 162Dy FoxP3* PCH101 3162024A 

143Nd CD127 A019D5 3143012B 163Dy CD33 WM53 3163023B 

144Nd CD11b ICRF44 3144001B 164Dy CD45RO UCHL1 3164007B 

145Nd CD4 RPA-T4 3145001B 165Ho IFNγ*° B27 3165002B 

146Nd CD8 RPA-T8 3146001B 166Er KLRG1 2388C in house 

147Sm CD7 CD7-6B7 3147006B 167Er CD27 L128 3167006B 

148Nd CD16 3G8 3148004B 168Er ICOS C398.4A 3168024B 

149Sm CD25 2A3 3149010B 169Tm CD19 HIB19 3169011B 

150Nd LAG3 1C3C65 3150030B 170Er CD3e  3170001B 

151Eu CD14 M5E2 3151009B 171Yb CD68° Y1/82A 3171011B 

152Sm CD66b 80H3 3152011B 172Yb Ki67* B56 3171011B 

153Eu CD62L DREG-56 3153004B 173Yb Granzyme B* GB11 3173006B 

154Sm Tim3 F38-2E2 3154010B 174Yb HLA-DR L243 3174001B 

155Gd CD45RA HI100 3155011B 175Lu PD1 EH12.2H7 3175008B 

156Gd PD-L1 29E.2A3 3156026B 176Yb CD56 NCMA16.2 in house 

All of the antibodies are anti-human, mouse species, and were purchased from Fluidigm (Standard Bio 
Tools). *These markers are intracellular: IFNγ, CD68, Ki67, CTLA4, FoxP3, granzyme B; °IFNγ, CD68, are both 
surface and intracellular. ∆ in house, this antibody was conjugated manually by Dr Toni Banyard from CRUK 
Manchester Institute core facilities. 
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2.3.3 CyTOF acquisition and analysis 

The samples were loaded into the Fluidigm Helios Mass Cytometer's super sampler and 

the acquisition process was initiated at a rate of 30µl per minute, with a data acquisition 

rate of 300-500 events per second. The data was quality-controlled (QC'd) using FlowJo 

software to eliminate acquisition artifacts by applying Gaussian gating, excluding the EC 

normalization beads, and gating for single cells, live cells (negative for 198Pb Cisplatin), 

and CD45+ (141Pr) cells. The QC'd data was then analysed through CyTOFkit2 to generate 

Rphenograph scatter plots, Rphenograph mean heat maps, and identify positive labels in 

the designated clusters.  

The visualization of the data was performed on the interactive CyTOFkit2.0 platform, 

which was implemented by R and has been published on 

Bioconductor(https://bioconductor.org/packages/CyTOFkit/). Technical support for using 

CyTOFkit2 via Phoenix HPC system with big memory capacity has been provided by 

Sci.Com CRUK MI. For the analysis settings, equal events of 125000 (the minimum cell 

among the 12 files seen in FlowJo) were chosen for each sample. All channels of the 

stained markers except CD45 were selected. Unsupervised clustering was performed with 

the FlowSOM algorithm based on the median marker expression of markers (after arcsinh- 

transformed), and results of clusterings was presented visually with the UMAP algorithm. 

Cell population identification was carried out manually based on the heatmaps and UMAP 

plots created by the above steps.   
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2.4 Cytokine / chemokine measurement in urine and plasma 

2.4.1 Creatinine Urinary Detection Assay 

The Creatinine Urinary Detection Kit (ThermoFisher, catalogue number EIACUN) was used 

to detect and quantify the level of creatinine in urine samples. Urine samples were first 

diluted ≥1:20 in distilled or deionized water. 200 µl of creatinine standard was added to 

one tube containing 800 µl distilled or deionized water and labelled as 20 mg/dL 

creatinine. 500 µl  of distilled or deionized water was added to each of 7 tubes labelled as 

10, 5, 2.5, 1.25, 0.625, 0.3125, and 0 mg/dL creatinine. One in two serial dilutions of the 

standard were made and mixed thoroughly between steps.  

Samples or diluted standards were added to the appropriate wells. Chromogenic 

detection reagent was added to each well, tapped to mix, and incubated for 30 minutes 

at room temperature. The plate was read to generate the standard curve. The absorbance 

was read at 490 nm, and Microsoft Excel software was used to generate the standard 

curve. A four-parameter algorithm was provided the best standard curve fit. The 

concentrations for unknown samples and controls were read from the standard curve, 

and the appropriate factor was multiplied to correct for sample dilution.  

 

2.4.2 Cytokine Detection Assay Using luminex 34-Plex Cytokine Panel 

For the cytokine detection assay, a 34-plex luminex Cytokine panel (Catalogue number 

EPX340-12167-901, ThermoFisher™) was used (See Table 2.3). The target list include: 

Th1/Th2 related: GM-CSF, IFN gamma, IL-1 beta, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12p70, IL-13, 

IL-18, TNF alpha; Th9/Th17/Th22/Treg related: IL-9, IL-10, IL-17A (CTLA-8), IL-21, IL-22, IL-

23 , IL-27; Inflammatory cytokines: IFN alpha, IL-1 alpha, IL-1RA, IL-7, IL-15, IL-31, TNF beta; 

Chemokines: Eotaxin (CCL11), GRO alpha (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1 

alpha (CCL3), MIP-1 beta (CCL4), RANTES (CCL5), SDF-1 alpha, and experiments were 

performed as per manufacturer’s instructions at half manufacturer’s recommended 

concentrations of magnetic beads and detection antibodies.  
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Table 2.3 ThermoFisher™ 34-plex Cytokine Panel: Cytokines/Chemokines measurable by the 
Panel 

Target Cytokines/Chemokines 

Th1/Th2 GM-CSF, IFN gamma, IL-1 beta, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12p70, IL-13, IL-18, 
TNF alpha 

Th9/Th17/Th22/Treg IL-9, IL-10, IL-17A (CTLA-8), IL-21, IL-22, IL-23, IL-27 

Inflammatory cytokines IFN alpha, IL-1 alpha, IL-1RA, IL-7, IL-15, IL-31, TNF beta 

Chemokines Eotaxin (CCL11), GRO alpha (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1 
alpha (CCL3), MIP-1 beta (CCL4), RANTES (CCL5), SDF-1 alpha 

 

Table 2.4 The provided components in the ThermoFisher™ 34-plex Cytokine kit 

Components supplied 

Antigen Standards premixed 

Detection Antibody (50X) 

Antibody Coupled Magnetic Beads premixed panels (1X) 

Streptavidin-PE (SA-PE) (1X) 

Wash Buffer Concentrate (10X) 

Detection Antibody Diluent 

Universal Assay Buffer (1X) 

Reading Buffer 

PCR 8-Tube Strip 

96-well Flat Bottom Plate 

Black Microplate Lid 

Plate Seals 
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Besides the kit, there are other essential equipment and materials required for the assay 

(Table 2.5). 

 

Table 2.5 Additional special equipment and materials necessary for the assay not included in the kit 

Type/Function Equipment/Materials 

Running Machine MAGPIX™, luminex™ 200™, FLEXMAP 3D™, or 
luminex™-based instrument 

To incubate reagents Multichannel pipette reservoir 

To mix reagents Hand-held Magnetic Plate Washer, vortex mixer, 
and Microtiter™ plate shaker. 

To transfer reagents to the 96-plate Adjustable single and multichannel pipettes with 
disposable tips 

 

 

2.4.3 Preparations of Human Samples and Antigen Standard vials 

Urine or plasma samples were diluted as per kit instructions (diluted 1:2 with the provided 

Universal Assay Buffer (1X), shown in Table 2.4. All samples were kept on ice for later use. 

The antigen standard vials were prepared by centrifuging each standard vial for 10 

seconds, adding 50 μL of Universal Assay Buffer (1X) into each vial, gently vortexing, and 

incubating on ice for 10 minutes. The antigen standard vials were then mixed by gently 

vortexing, centrifuging, and adding 40 μL of each standard and 120 μL of Universal Assay 

Buffer (1X) to the first well of the provided PCR 8-Tube Strip (See Figure 2.3). The 4-fold 

serial dilution was prepared by adding 150 μL of Universal Assay Buffer (1X) to tubes 2-7, 

transferring 50 μL of the reconstituted antigen standards from Tube 1 to Tube 2, mixing, 

and repeating the process for Tubes 3-7. Tube 8 was used as a blank. The process of 

making the 4-fold serial dilution is shown in Figure 2.3. 
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Figure 2.3 The process of the 4-fold serial dilution standard vials 

The tubes labelled as Std 1 refer to Tube 1 and the other tubes in the series. Tube 8 was kept as a blank.   

 

 

2.4.4 luminex assay  

Magnetic beads were diluted in Wash Buffer (the provided Wash Buffer Concentrate (10X) 

1:10 diluted in ddH2O) and added to the provided 96-well flat-bottom plates (Table 2.6). 

The beads were then washed by inserting the plate into a Hand-Held Magnetic Plate 

Washer, waiting 2 minutes, removing the liquid, blotting, adding 150 μL of Wash Buffer 

(1X), waiting 30 seconds, and removing the Wash Buffer. Then, 150 μL of the 4-fold serial 

dilution of the antigen standards prepared previously were added to designated wells of 

the 96-well flat-bottom plates and incubated for 30 minutes at room temperature. 25 μL 

of prepared standards (which includes blanks) or samples were added into designated 

wells in duplicate. The plate layout was defined with allocations of samples (Table 2.6). 

The samples and standards were then topped up with 25ul of Universal Assay Buffer (1X) 

so that the total volume per well was 50ul. Plates were shaken at 500 rpm for 30 minutes 

at room temperature and refrigerated overnight at 4ᵒC.  
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Table 2.6 Example of the 96-well layout 

Standards Samples 

1 1 1 1 9 9 17 17 25 25 33 33 

2 2 2 2 10 10 18 18 26 26 34 34 

3 3 3 3 11 11 19 19 27 27 35 35 

4 4 4 4 12 12 20 20 28 28 36 36 

5 5 5 5 13 13 21 21 29 29 37 37 

6 6 6 6 14 14 22 22 30 30 38 38 

7 7 7 7 15 15 23 23 31 31 39 39 

Blank Blank 8 8 16 16 24 24 32 32 40 40 

The column standards were arranged in the same order as presented earlier, with each assay having two 
duplicates. The columns of samples contained multiple numbered samples, with each sample having two 
duplicates. 

 

 

On the following day, the plate was taken out of the fridge and shaken at 500 rpm for 30 

minutes at room temperature. Afterward, the 96-well plate was shaken for a further 30 

minutes at room temperature before being washed twice with 150 μL of wash buffer (1X) 

using a multi-channel pipette into each well. 

To prepare the detection antibody mixture, 30 μL of each detection antibody concentrate 

(4 in total) were added to a mixing bottle with 3 mL of detection antibody diluent (i.e. 120 

μL of detection antibodies plus 2880 μL detection antibody diluent). Next, 25 μL of the 

detection antibody mixture was added to each well of the 96-well plate using a multi-

channel pipette. The plate was sealed with the black microplate lid, pipetted up and down, 

and incubated for 30 minutes at room temperature at 500 rpm on a plate shaker.  

The 96-well plate was washed again using a magnetic plate holder, before incubating with 

50 μL streptavidin-PE (SA-PE) for 30 minutes with shaking at room temperature. The 96-

well plate was washed twice, then each well was filled with 80 μL of reading buffer. The 

plate was sealed and incubated for 5 minutes. Finally, the seal was removed, and the plate 

was run on a luminex instrument. 
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2.4.5 Data Acquisition on luminex Platform and Data Normalisation for 

downstream analysis 

Data was acquired on a luminex MAP-200 platform (Millipore). Bead counts and standard 

curves were reviewed per analyte to ensure validity of results. The assays were performed 

in duplicate. The luminex xPONENT software automatically calculated the absolute 

amounts of urine or plasma cytokines/chemokines as pg/ml. Urine samples, which were 

normalised by urine creatinine concentration in Microsoft Excel. Results were reported as 

concentration values of pg/ml per mg creatinine. 

2.5 Immune phenotyping of urine samples by flow cytometry 

2.5.1 Preparation of Specimen groups by UDL with antibodies 

UDL were taken out from the -80 freezer and thawed rapidly in a water bath at 37°C. The 

cells were resuspended in 30ml of fluorescence-activated cell sorting (FACS) buffer (1 in 

100 in PBS, 1% FCS, and 5mM EDTA) and pelleted at 400g for 5 minutes. UDL were then 

first stained with an amine-reactive dye (LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, 

ThermoFisher, L23105) for 30 minutes at 1:1000 dilution at room temperature in 200 

µlPBS to exclude dead cells. UDL were pelleted at 400g for 5min and resuspended in 100µl 

Human Fc-receptor binding inhibitor (Human TruStain FcX, BioLegend, Cat 422301) for 30 

minutes at 4°C. UDL were then washed in 1ml FACS buffer and pelleted at 400g for 5 min. 

This procedure is used to prevent undesired antibody binding. Following centrifugation, 

the cell pellets were stained with 100µl of antibody mixture containing 50 µl brilliant violet 

stain buffer (BD HorizonTM, BD Biosciences, Catalogue number 563794)  (11 antibodies 

whose concentrations had been previously optimised (Table 1.1) by incubation for 30-45 

min at 4°C. Cells were washed in 1ml FACS buffer, pelleted at 400g for 5min and 

resuspended in 200µl 1% paraformaldehyde (Cell Fixation Buffer, Biolegend) in 5ml facs 

tubes labelled as the specimen tube(s) prior to acquisition on a BD Fortessa X20 flow 

cytometer.  

FACS tubes were prepared and grouped into specimen tube(s), compensation tubes, Live 

and Dead (L/D) control tube, and a number was assigned to each tube. A detailed visual 

representation of the procedure was shown in  Figure 2.4. 
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Figure 2.4 Flowchart of flow cytometry experiment 

PFA, paraformaldehyde (to fix the cells). 

 

 

Table 2.7 An 11-marker panel for myeloid cell detection using flow cytometry: Antibodies used 
in experiments 

Reagents Clone Host 
Species 

Catalogue 
number 

Titrated volume 
in 100ul staining 

volume 

Fluorophore Laser 

CD3 SK7 Mouse 344808 2.5 PerCpCy5.5 488 A 

CD11b ICRF44 Mouse 301310 0.75 APC 640 C 

CD14 HCD14 Mouse 325606 2.5 PE 561 E 

CD16 3G8 Mouse 302040 1.25 BV 605 405 D 

CD33 P67.6 Mouse 366610 0.75 BV 510 405 E 

CD45 2D1 Mouse 368508 1.25 FITC 488 B 

CD66b QA17A51 Mouse 396912 0.75 PE/Dazzle 594 561 D 

CD206 15-2 Mouse 321134 0.5 APC/Fire 750 640 A 

HLA-DR LN3 Mouse 327014 1 AF 700 640 B 

PD-L1 MIH3 Mouse 374506 0.75 PE/Cy 7 561 A 

CD86 BU63 Mouse 374212 2.5 BV421 405 F 

These antibodies all came from the same Supplier, Biolegend.  

https://www.biolegend.com/fr-fr/search-results?Clone=3G8
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2.5.2 Preparation of compensation controls  

To compensate spectral overlap between fluorophores, beads (Invitrogen's UltraComp 

eBeadsTM Compensation Bead 203770) were added at a rate of two drops per tube in 

100 µl facs buffer. 1 µl of antibody was added, cells beads were briefly spun and then 

incubated at 4°C for 15-30 minutes. 1ml of facs buffer was added, beads were pelleted at 

400g for 5 min and resuspended in 1% paraformaldehyde. Raji cells which had been 

heated at 85°C for 10 minutes were pelleted, resuspended in 100 µl 1:1000 live dead 

fixable blue dye, incubated at room temperature for 30 minutes in the dark, washed in 

1ml FACS buffer and resuspended in 200 µl 1% paraformaldehyde. 

The pre-designed optimal concentrations, the combination of fluorophores and the 

channels is shown in the flowchart of the flow cytometry experiment in Figure 2.4.  

Table 2.8 showed the classification and surface markers of myeloid cells circulating in the 

peripheral blood and tumour tissue in human cancer that have been identified and 

defined. It was used as a reference to design the flow cytometry panel used in this study 

and to identify the myeloid immune cell populations in the urine of bladder cancer 

patients. After staining, sample acquisition was performed on the Flow Cytometer (BD 

Fortessa), data were exported in FCS format. Data analysis and visualization were 

performed with FlowJo 10.6.2 and GraphPad Prism 8.0.2, R 4.0.3.  

Table 2.8 Identification of human tumour-infiltrating myeloid cells 

 Neutrophil 
Inflammatory 
neutrophil 

G-
MDSC 

M-
MDSC 

M1-
Macrophage 

M2-
Macrophase 

CD66b ++  +    

CD15 ++  +    

CD16 +      

CD11b +  + +   

CD33   + +   

CD14  +  +   

HLA-DR  high low low + + 

CD68     + + 

CD86     +  
CD163      + 

CD206      + 
Adapted from a previous publication which presents an overview of human myeloid cells found in the 

bone marrow, blood, and tissues of cancer patients    (Elliott et al. 2017)
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2.6 Gene profiling using Nanostring platform 

2.6.1 Pathological slides preparation and annotation of tumour areas 

The Nanostring platform was used to perform gene profiling on tumour biopsies from 

Biobank rectal study. Formalin-fixed paraffin embedded (FFPE) tissue were requested 

from MCRC Biobank, then sectioned as described in Table 2.1 and mounted on slides by 

the CRUK MI histology core facility. The workflow from experiments to data analysis is 

illustrated in Figure 2.5.  

Hematoxylin and Eosin (H&E) staining was performed and the boundaries of the tumours 

were manually marked on H&E slides by an expert gastrointestinal pathologist (Pedro 

Oliveras, consultant pathologist from the Christie hospital, NHS Foundation Trust) (See 

Figure 2.6). The tumour regions were macrodissected into eppendorf tubes for reference 

for the subsequent RNA extraction to characterize the entire TME. 
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Figure 2.5 The brief visual workflow of RNA sequencing using Nanostring platfrom 

 

 

 

Figure 2.6 Representative picture of the H&E slides with marked up invasive tumour area 

This figure depicts an annotated area marked (green line) by a pathologist, which was identified as 
adenocarcinoma, rather than adenoma in situ, muscle or normal tissue. This specific area was used for RNA 
extraction in the Nanostring analysis and for the regions of interest in mIHC.  

 

 

2.6.2 RNA extraction and sequencing using the PanCancer Immune Profiling kit 

Following the manufacturer's instructions, nucleic acids were extracted using Roche High 

Pure FFPET extraction kit (Cat No. 06650775001) and measured using Qubit Fluorometry 

(Thermo Fisher Scientific, UK) at the CRUK MI core facilities. Afterwards, 150 ng of isolated 

RNA was hybridized to the 770 genes PanCancer Immune Profiling Panel (NanoString 

Technologies) for 20 hours at 65 °C by CRUK MI’s Tumour Immunology and Inflammation 
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Lab, Cancer Biomarker Centre (TIMML), also following the manufacturer's instructions. 

After hybridization, the sample cartridge was transferred to the Digital Analyzer where 

Digital counting was used to determine gene expression.  

2.6.3 Data analysis and visualisation in R 

The expression of the 760 genes in the NanoString PanCancer Immune Panel (NanoString 

Technologies, Seattle, Washington) was assessed and normalized with the Nanostring 

nCounter system. To ensure accurate normalization, positive and negative controls were 

used along with the housekeeping genes contained in the panel. Only genes that showed 

non-zero expression in 75% or more of the samples were retained. The presence of a 

batch effect in log2 transformed and normalized data was evaluated using the exploBatch 

Bioconductor-based R tool. The nSolver Analysis Software (version 4.0) was utilized for 

data analysis, and the geNorm technique was used to normalize the data.  

The normalised data from nSolver was exported for downstream analysis in R. The 

Differential Expression (DE) package was used to identify specific targets with significantly 

increased or decreased expression, and the false discovery rate was estimated using 

moderately conservative Benjamini-Yekutieli (B.Y.) estimates. 

 

2.7 Immunohistochemical Analysis of Tumour Biopsies Using Ultivue® 

2.7.1 Preparation of pathological slides and performing staining with Ultivue immuno 8 

kit 

4 µm slides were sectioned from FFPE blocks. FixVUE Immuno-8TM Kit (Ultivue Inc., 

Cambridge, MA, USA; CD8, PD-1, PD-L1, CD68, CD3, CD8, FoxP3, and pan-CK/SOX10 

cocktail) was used to stain FFPE tissue sections mounted on slides using the antibody 

conjugated DNA-barcoded multiplexed immunofluorescence (mIF) approach. These kits 

come with the necessary reagents and buffers to conduct the experiments, including the 

following: nuclear counterstain reagent, fluorescent probes, corresponding buffers, 

amplification enzyme, and pre-amplification mix. The Leica Biosystems BOND RX 

autostainer was used to perform H&E and mIF staining. 

FFPE tissue sections were heated vertically at 60–65 °C for 30 min prior to loading on the 

BOND RX to remove extra paraffin before carrying out the mIF staining. Slides were 
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stained following the manufacturer’s instructions. The kit's reagents were prepared and 

loaded onto the autostainer in Leica Titration containers during the assay setup process. 

The other bulk reagents for BOND RX were purchased from Leica, as well as solutions for 

epitope retrieval (ER2, Leica Biosystems cat# AR9640), BOND Wash (Leica Biosystems cat# 

AR9590). 

The sample was first treated with a combination of all 8 antibody conjugates throughout 

this test, and then the DNA barcodes of each target were simultaneously amplified to 

increase the assay's sensitivity. The first round of four targets (DAPI, CD8, PD1, PDL1, CD68) 

were then bound and labelled with fluorescent probes conjugated with complimentary 

DNA barcodes, and a Round 1 fluorescence image was then captured. Following coverslip 

removal by soaking in PBS, a gentle signal removal step was performed to remove the 

fluorescent probes from the first set of markers before introducing the fluorescent probes 

for the second set of four markers (CD3, CD4, FOXP3, PanCK) and imaging the slide a 

second time to obtain the Round 2 fluorescent image. No quenching, bleaching, or other 

techniques to reduce signal between rounds were required. The stained slides were 

coverslipped with Fisherbrand Cover Glass 22 40 mm, #1.5, and mounted with Prolong 

Gold Anti-Fade mountant (Thermo Fisher Scientific, cat# P36965) before each imaging 

session. The following marker/fluorophore pairings were used in the Immuno8 images: 

FITC (CD8 Round 1 (R1), CD3 Round 2 (R2)), TRITC (PD-1 R1,CD4 R2), Cy5 (PD-L1 R1, FoxP3 

R2), and Cy7 (CD68 R1, panCK/Sox10 R2).  

2.7.2 Image scanning with VS120 

The stained images were scanned by a high-resolution microscope at a magnitude of 20 

(Olympus VS120) to generate pictures in digital VSI format. Each slice has corresponding 

images from the first-round and second-round.  

2.7.3 Image analysis using HALO Software 

The images were analysed using the HALO v3.1.1076.429 (Indica Labs, New Mexico, 

United States) software, an automated digital pathology platform that enables advanced 

analysis with machine learning algorithms. Scanned images were imported into HALO and 

fused with the DAPI channel, which serves as a nuclear counterstain for focusing and 

alignment. Registered and stacked images were then aligned and fused to create 
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composite images with 9 channels (8 markers and DAPI) for each slide. These composite 

images were retained for further analysis. 

The nuclear channel was applied to segment cells, and the cytoplasm of each cell was 

defined as a fixed-width ring surrounding each nucleus. In order to reduce the frequency 

of over- and under-segmentations, observed artefacts, and missed cells, nuclear 

segmentation settings were adjusted through visual verification of segmentation 

performance on random groups of cells. 

Signal thresholds was defined for each individual biomarker as determined by visual 

assessment of each image independently. The annotated tumour areas from H&E slides 

were mapped to the composite images to mark regions of interest Annotations were 

made around the tissue sections to choose regions of interest based on the pathologist 

markup used for RNA extraction. Based on the mix of signals listed in Table 2.9, cellular 

phenotypes were determined using the positive and negative criteria for each marker.  

For advanced analysis, tissue segmentation was performed with the Random Forest 

modules in HALO to classify tumour areas (marked by PanCK) and surrounding stroma.  

Data on all individual cells and summary information (average intensity of each certain 

marker, the percentage of single and double positive cells over the total number of cells) 

were collected and export into spreadsheets. Data analysis and visualisation were done 

with GraphPad 8.0.2. 

2.7.4 Identification of Phenotypes 

Phenotypes were defined by a combination of different markers. The recommended 

phenotypes that can be identified using the 8 markers included in the immune 8 kit were 

shown in Table 2.9. 
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Table 2.9 The recommendation of phenotypes based on the 8 markers included in the ultivue immuno 8 

kit. 

Phenotype CD3 CD4 CD8 CD68 FOXP3 PD-1 PD-L1 PanCK 

T cells +        

T helper cells + + -      

Cytotoxic immune cells  - +      

Cytotoxic T cells + - +      

FOXP3+ T cells  + -  +    

Exhausted T cells +     +   

Treg + + -  +    

CD4/CD8 Double-positive T cells + + +      

CD8+ Treg + - +  +    

Exhausted, Cytotoxic T cells +     +   

Macrophages    +    - 

Immunosuppressive macrophage    +   + - 

Tumour cell        + 

Immune-evading tumour cell       + + 

Treg, Regulatory T cells 

The information in this table has been taken and adapted from recommended phenotypes from the website 
ultivue. A link to the original material provided below. 

https://ultivue.com/immuno8-fixvue-panel/ 

  

https://ultivue.com/immuno8-fixvue-panel/
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2.8 Multiplex immunohistochemistry (IHC) on tumour biopsies  

2.8.1 Preparation of Slides and Automatic Staining in Ventana 

The fluorescent IHC techniques were performed on the Roche Ventana Ultra Discovery 

Autostainer platform. A concise visual representation of the mIHC workflow, from 

experiments in the lab to data analysis utilizing pathological software and R, is shown in 

Figure 2.7.  

 

 

Figure 2.7 The brief visual workflow of multiplex IHC 

 

 

The 5-plex multiplex protocol for bladder cancer and rectal cancer was developed and 

optimised based on a previously established 7-plex protocol (originally developed by the 

pathologist Dr. Richard Byers and Dr. Anna-Maria Tsakiroglou, previous researchers 

working at the University of Manchester). All necessary antibody and opal dilutions were 

prepared prior to the initiation of the experiment, as detailed in Table 2.10. 

The following steps in the optimised protocol were then dictated on the on the Ventana 

device, which will then establish a protocol and perform the procedures automatically. 

Slides were warmed up, deparaffinized at 69°C for 24 minutes and underwent antigen 

retrieval in buffer CC1 for 40 minutes and blocked with the Roche discovery inhibitor. Each 

marker was stained sequentially by incubating the slide with a primary antibody and then 

a secondary antibody (Roche DISC UMap anti-mouse HRP or Roche DISC UMap anti-rabbit-

HRP). The opal fluorophores (Akoya biosciences) were then applied, except for opal 780 

which was applied last after incubation with TSA-DIG and a 20-minute wash in PBS. An 

antibody denaturing step was performed after incubation with each opal at 90°C for 8 
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minutes in CC2 buffer. After the Ventana protocol was completed, After the Ventana 

protocol was completed, the slides underwent three 5-minute washes with EZ Prep 

solution diluted at 1:10. Then, they were rinsed in PBS and incubated with DAPI diluted at 

1:20 in TBST (1X Tris-buffered saline with 0.1% Tween ® 20 Detergent). After rinsing with 

TBST and distilled water, two drops of antifade reagent (prolong gold antifade reagent, 

Thermo Fisher Scientific) were added to the coverslip, which was then placed on the slide 

and left to dry for 4 hours or overnight in the dark. A more detailed description of the 

protocol is provided in Table 2.10 including the incubation time, concentrations of each 

antibody, and the fluorophores used. 
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Table 2.10 List of primary antibodies and the conjugated fluorophore for automated protocol on 

Ventana. 

Order 
Antibody Dilution Incubation 

time(min) 
Clones Host 

Species 
Company Cat. Number 

1 
CD4 /* 16 Ventana SP35 Rabbit Roche 790-4423 

 
650 1:200 16 / / Akoya FP1496001KT 

2 
PD1 1:500 32 CAL-20 Rabbit Abcam ab237728 

 
570 1:150 16 / / Akoya FP1488001KT 

3 
FOXP3 1:60 60 236A/E7 Mouse Abcam ab20034 

 
520 1:150 16 / / Akoya FP1487001KT 

4 
CD8 1:300 32 C8/144B Mouse DAKO M7 10301-2 

 
TSA-DAG 1:100 12 / / Akoya FP1501001KT 

 
780 1:25 60 / / Akoya FP1501001KT 

1 
CD68 1:3000 60 KP1 Mouse Abcam ab955 

 
650 1:200 16 / / Akoya FP1496001KT 

2 
PD-L1 /* 32 SP263 Rabbit Roche 740-4907 

 
520 1:150 16 / / Akoya FP1487001KT 

3 
CD163 1:500 60 EPR19518 Rabbit Abcam ab213612 

 
570 1:150 16 / / Akoya FP1488001KT 

4 
PanCK /* 32 AE1/AE3/P

CK26 
Mouse Roche MA1-82041 

 
TSA-DAG 1:100 12 / / Akoya FP1501001KT 

 
780 1:25 60 / / Akoya FP1501001KT 

1 
CD15 /* 60 MMA Mouse Abcam ab17080 

 
650 1:200 16 / / Akoya FP1496001KT 

2 
CD14 1:100 60 SP192 Rabbit Abcam ab230903 

 
520 1:150 16 / / Akoya FP1487001KT 

3 
CD11b 1:100 60 SP331 Rabbit Abcam ab224800 

 
570 1:150 16 / / Akoya FP1488001KT 

4 
HLA-DR 1:3000 60 TAL1B5 Mouse Abcam ab20181 

 
TSA-DAG 1:100 12 / / Akoya FP1501001KT 

 
780 1:25 60 / / Akoya FP1501001KT 

 *Pre-diluted 
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2.8.2 Image Scanning with VS120 scanner 

The Olympus VS120-L100-W-12 scanner was used to acquire images of fluorescein-

stained slides (Olympus Corporation, Tokyo, Japan). Exposure times were modified to 

maintain the saturation level at 30 000 to 40 000. A minimum signal-to-noise ratio of 3:1 

is suggestive of positive staining, and fixed scaling was frequently changed to permit easier 

differentiation between background (also known as noise) and real staining (also known 

as signal). After evaluation of three to five randomly selected tissues, the same VS120 

settings were applied to the whole sample size. Raw files in VSI format were saved to the 

institute server. Copies of the raw data were used for the data analysis. 

2.8.3 Image analysis in HALO Software 

The scanned images were initially evaluated using the Olympus OlyVIA v3.2.1 sofware and 

the final data analysis was performed using the HALO software. Annotations were made 

around the tissue sections to choose regions of interest. Cell segmentation was made 

based on DAPI. The major quantification analysis was performed using the algorithm 

HighPlex FL v3.2.1 (Indica Lab). Channels such as Cy3, Cy5, Cy7, FITC, and DAPI were 

automatically selected. To detect nuclear pixels, the nuclear contrast threshold was 

adjusted, and the nuclear intensity was changed to take faintly stained nuclei into 

consideration. For marker detection, the positive threshold for the nucleus or the 

cytoplasm was adjusted depending on whether the marker was only expressed in the 

nucleus or in the cytoplasm/membrane. The percentage of positive cells for each 

phenotypic generated was retrieved and exported for additional R analysis.  

The phenotypes were defined according to the instructions on the Ultivue website. 
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2.8.1 Identification of Phenotypes 

Phenotypes were defined by combination of different markers. The phenotypes for T cell 

panel, myeloid cell panel and macrophages are shown in Table 2.11, Table 2.12, Table 

2.13. 

 

Table 2.11 The phenotypes of T cell panel based on CD4, CD8, FOXP3 and PD1 

Phenotype CD4 CD8 FOXP3 PD1 

T helper cell + - 
  

Treg + - + 
 

Double-positive T cell + + 
  

Cytotoxic T cell - +   

CD8+FOXP3 T cell - + +  

CD4+CD8+FOXP3 T cell + + + 
 

Exhausted helper T cell + - 
 

+ 

Exhausted Cytotoxic T cell  +  + 

The information in this table has been taken and adapted from recommended phenotypes from the website 
ultivue. A link to the original material provided below. 

https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-T-reg-panel.pdf 

https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-PD-1-panel.pdf 

 

Table 2.12 The phenotypes of myeloid cell panel based on CD11b, CD14, CD15 and HLA-DR 

Phenotype CD11b CD14 CD15 HLA-DR 

Myeloid cell/lymphoid cell + 
   

Monocytes/Macrophages/Dendritic cell + + - + 

M-MDSC + + - -/low 

Granucytes(neutrophil/eosinophil) + - + + 

PMN-MDSC + - + -/low 

Antigen-presenting cell 
 

+ 

The information in this table has been taken and adapted from recommended phenotypes from the website 
ultivue. A link to the original material provided below. 

https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-MDSC-panel.pdf 

 

https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-T-reg-panel.pdf
https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-PD-1-panel.pdf
https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-MDSC-panel.pdf
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Table 2.13 The phenotypes of macrophage cell panel based on CD68, CD163, PD-L1 and PanCK 

Phenotype CD68 CD163 PD-L1 PanCK 

M1 macrophages  + - 
 

- 

M2 macrophages  + + 
 

- 

Immunosuppressive M1 macrophages  + - + - 

Immunosuppressive M2 macrophages  + + + - 

The information in this table has been taken and adapted from recommended phenotypes from the website 
ultivue. A link to the original material provided below. 

https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-PD-L1-panel.pdf 

 

 

2.9 Statistical analysis 

Generation of figures and statistical analysis was performed using R 4.0.3 and GraphPad 

8.0.2. The choice of appropriate statistical tests depended on the research questions and 

the type of data being analysed, as guided by the flowchart shown in Table 2.8. The 

normality of the data was tested using the "shapiro.test" command in R. The results were 

subsequently visualized using either a histogram or a Q-Q plot to better understand the 

data distribution (Marshall et al. 2017). 

Paired t-test was selected for comparing paired data before and after RT if the data was 

parametric; otherwise, the Wilcoxon ranked sign test was chosen for non-parametric data. 

For comparing independent data from responders and non-responders, the two-sample 

t-test was selected if the data was parametric; otherwise, the Wilcoxon rank sum or Mann-

Whitney test was adopted. Statistical methods used for specific analysis were indicated in 

the corresponding figure legends.  

Significance is reported as p ≤ 0.05. 

https://info.ultivue.com/hubfs/content-assets/brochures/brochure-FixVUE-PD-L1-panel.pdf
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Figure 2.8 Flowchart for selecting the appropriate standard statistical test based on data type and analysis 
design 

The contents of this figure, including the methods for checking normality, were adapted from open access 
statistical resources (Marshall et al. 2017). 
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Chapter 3 MCRC Biobank 19_TIIL_04 study: Investigating the 

effect of radiotherapy on the tumour microenvironment to 

identify potential prognostic and predictive biomarkers of 

radiotherapy response in rectal cancer 

 

3.1 Introduction 

Colorectal cancer is the fifth most common and fatal cancer globally, among which rectal  

cancer represents a third of cases of all new diagnoses (Sung et al. 2021). Radiotherapy 

plays a vital role in the treatment of rectal cancer, as it aids in downsizing or downstaging 

large tumours in both the curative and neoadjuvant setting. Neoadjuvant 

chemoradiotherapy (neoCRT) is recommended in Europe by the ESMO (Glynne-Jones et 

al. 2017) and NICE guidelines (NICE 2020) in cases of advanced disease, lymph node 

involvement and inadequate circumferential resection margin  and by the National 

Comprehensive Cancer Network (NCCN) guideline in the USA for all but stage I tumours 

(Benson et al. 2021).  

However, the responses to neoadjuvant CRT vary, with pathological complete response 

(pCR) rates of approximately 20% (Fischer et al. 2021) (ranging from 8-29%) (Alexandrescu 

et al. 2021). SCRT (25 Gy in 5 fractions over 5 days), in comparison with long-course CRT 

(45 Gy in 25 fractions over 5 weeks concomitant with fluoropyrimidine based 

chemotherapy) (LCRT), showed similar local tumour control benefits (Argilés et al. 2020, 

Amariyil et al. 2022)  (pCR rates 20% in LCRT versus 30% in SCRT, p>0.05). In the remaining 

patients without a pCR, a wide variation in response is observed, therefore more detailed 

radiological response evaluation after CRT (a lot of evaluations have been developed or 

are in research such as MRI imaging (Lambregts et al. 2019), ΔTCD (Wilkins et al. 2021)) 

and a search for more personalised therapeutic strategies is needed. The development of 

new biomarkers has the potential to personalise treatment strategy for patients with 

rectal cancer by improving selection of responders who can avoid additional treatment 
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and expect excellent outcomes in contrast to the poor responder who may benefit from 

more intensified or different treatment approaches (Kirilovsky et al. 2022). 

In recent years it has become increasingly understood that the diverse range of immune 

effector cells  and associated chemokines in the TME (TME) strongly contributes to 

intratumour heterogeneity, and importantly may modulate responses to treatment as 

well as representing  potential targets to facilitate personalised therapy in cancer 

treatment (Whiteside 2006, Gajewski et al. 2013, Kirilovsky et al. 2022). The composition 

of the TME has been shown to regulate the PD-L1 and influence response to immune 

checkpoint blockade (ICB), which has confirmed clinical benefits as assessed in large 

clinical trials and approved for use in multiple cancers such as melanoma, non-small lung 

cancer (Borghaei et al. 2015), Hodgkin lymphoma (Armand et al. 2016), hepatocellular 

carcinoma (El-Khoueiry et al. 2017), head and neck cancer (Ferris et al. 2016) and rectal 

cancer (Le et al. 2015).  In rectal cancer, several ICBs like nivolumab and pembrolizumab 

(PD-1 blockade) are approved by the US Food and Drug Administration to treat patients 

with deficiency mismatch repair (dMMR) and / high levels of microsatellite instability 

(MSI-H).  

Several research groups have assessed the predictive and prognostic power of the 

immune components in the TME in patients receiving RT for rectal cancer (McCoy et al. 

2015, Teng et al. 2015, Hecht et al. 2016, Huang et al. 2019), among which the immune 

filtrates (such as the immunoscore (Galon et al. 2006) are the most deeply understood 

(Galon et al. 2006, Guo et al. 2020) . The “immunoscore” is based on the numeration of 

two lymphocyte populations (CD3/CD45RO, CD3/CD8 or CD8/CD45RO) both in the centre 

(CT) and the invasive margin (IM) of the tumour and has been demonstrated to be an 

indicator of prognosis independent of the TNM staging system (Pagès et al. 2018) and 

recommended as a biomarker by guidelines (Galon et al. 2012, Argilés et al. 2020). In 

addition to the density of T cells, spatial immune profiling has also been explored with 

promising results. By way of example, a combinatorial model which integrated 

lymphocytic infiltration, the number of lymphocytes within 50-μm proximity to tumour 

buds (TBs), and the CD68+/CD163+ macrophage ratio was created and validated to 

successfully identify a subpopulation of patients who exhibit 100% survival over a 5-year 

follow-up period (Nearchou et al. 2020). Other infiltrates, despite low levels of evidence, 
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can probably also affect the outcome (for instance, B cells and NK cells are correlated with 

more favourable prognosis (Edin et al. 2019), while immune suppressive cells, like T 

regulatory cells or M2 type macrophages, were associated with tumour progression and 

worse outcome (Schreiber et al. 2011), implying that these immunosuppressive cells in 

the TME might also be potential therapeutic targets (Mezheyeuski et al. 2021). Gene 

expression profiling (GEP), has been applied in clinical trials to identify high-risk patients 

for adjuvant chemotherapy in breast cancer (Harris et al. 2007) and has also emerged as 

a promising platform to identify differences in expression levels of genes relevant to 

different responses to RT in rectal cancer (Wilkins et al. 2021) (Akiyoshi et al. 2012, Gantt 

et al. 2014, Lopes-Ramos et al. 2015, Park et al. 2020, Emons et al. 2022). Gene signatures 

have been developed to classify patients and has been tested and validated in 

independent cohorts. such as  a 21-transcript signature from baseline biopsies which was 

demonstrated to yield the best classification of pCR in 161 patients (Emons et al. 2022). 

In another study 40 genes were significantly upregulated in poor (n=12) versus good 

responders (n=21), including myeloid and stromal cell genes (Wilkins et al. 2021). Such 

classifiers could help select rectal cancer patients for a “watch and wait” strategy, which 

is proved to be safe but better risk stratification and more precise patient selection is 

required (Smith et al. 2019). 

RT may have an immunomodulatory effect in the immune TME, but whether RT induces 

favourable (anti-tumour) or unfavourable (pro-tumour) immunomodulatory effects and 

how this varies from tumour to tumour is underexplored. Additionally, some immune cells 

such as macrophage may exhibit “plasticity” and can vary their phenotypes and functions 

over time, thus switching between “tumour-inhibiting” and “tumour-promoting” . For 

example, the expression of PD-L1 and PD-1 on myeloid cells can be upregulated during 

tumour evolution and is relevant to response to ICIs (Bally et al. 2016).  

Preclinical studies from our laboratory have demonstrated that low doses of fractionated 

RT (5 x 2Gy) led to PD-L1 upregulation on tumour cells (Dovedi et al. 2014) in a syngeneic 

CT26 CRC mouse models of cancer (Dovedi et al. 2017). Interestingly this acquired 

resistance to fractionated RT mediated by production of IFN-y by CD8 T cells could be 

overcome by concurrent PD-L1 blockade (Dovedi et al. 2014). Therefore, it is important to 
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investigate the impact of RT on the TME in rectal cancer and whether these potential 

changes to the immune contexture impact the clinical responses. 

Given that the TME in rectal cancer has been shown to be of prognostic importance, in 

order to understand the effects of RT on the TME, tumour samples from patients with 

rectal cancer were obtained from the MCRC Biobank. Immune markers against tumour-

associated macrophages/tumour cells (PanCK, PD-L1, CD68, CD163), myeloid cells (CD11b, 

CD14, CD15, HLA-DR) and T lymphocyte subsets (CD4, CD8, FOXP3, PD1) were identified 

and measured by mIHC. Immune profiling by mIHC and RNA gene expression, as measured 

by Nanostring technology, from diagnostic and post-RT samples were compared between 

responders and non-responders. The outcome /RT response group were classified as 

“responders” with the PFS over 5 years, and “non-responders” when the PFS was less than 

5 years. The associations between immune cells, gene profiling and clinical outcome 

(tumour grading systems and PFS) was evaluated.  

This chapter focuses on the dynamic changes in the immunological gene expression 

profiles, phenotypes during treatment of RT, and their associations with responses to 

neoadjuvant RT at baseline and longitudinally. The hypothesis is that RT induces changes 

in the immune contexture and gene signatures, and these changes will be prognostic or 

predictive. The hope is that in the future these types of investigations could inform 

immune biomarkers discovery and eventually translate to novel immunotherapy 

combination strategies to improve tumour response to RT in rectal cancer. 

3.2 Results 

To investigate the effects of RT on the TME, a retrospective study was set up through the 

MCRC Biobank, diagnostic biopsies and surgical samples taken within 14 days of 

neoadjuvant short course RT were collected. 15 patients were included in this study, 

samples were analysed by mIHC and Nanostring gene expression profiling and the 

experimental design and analysis strategies are summarised in Figure 3.1.  

Sections were cut from FFPE blocks. A H&E stain was performed and reviewed by a 

pathologist to identify and mark areas of invasive adenocarcinoma (Figure 2.6). RNA was 

extracted from digested tissue from area of tumour regions as circled by the pathologist 
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based on the digitalized H&E images using macrodissection or whole sections as 

appropriate.  

 

 

 

Figure 3.1 Flowchart of experimental design and analysis strategies.  

Analysis 1 will focus on the comparisons between diagnostic biopsies and surgical biopsies in gene 
expression and immune profiling, which is also referred as longitudinal analysis. Analysis 2 will focus on the 
comparisons between responders (n=10) vs. non-responders (n=4) in gene expression and immune 
profiling.  
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3.2.1 Patient characteristics and endpoints to evaluate the responses to RT. 

All of the 15 patients in this study had short-course RT before surgery. The pathological 

reports were collected, and staging information is shown in Table 3.1. 7 patients were in 

Dukes A stage, 2 in Dukes B stage, 4 in Dukes C1 stage, 1 in C2 stage.  

Table 3.1 Pathological information from surgery pathology reports of patients with paired biopsies 

Biobank number T stage N stage M stage Dukes stage 

C000593 ypT2 ypN0 ypMx A 

C000694 ypT3 ypN1 M0 C1 

C001087 ypT2 ypN0 ypMx A 

H000506 pT1 pN0 M0 A 

H000526 pT3 pN0 M0 B 

H000699 pT2 N0 Mx A 

H001044 ypT2 pN0 M0 A 

H001050 pT2 pN2 M0 C1 

H001343 pT3 N1 Mx C2  

H001636 pT3 pN0 M0 B 

H001657 pT2 pN0 M0 A 

P000141 pT3 N1 Mx C1 

P000372 NA NA M1*  

W001527 ypT2 ypN0 M0 A 

W002958 pT3 pN1 M0 C1 

* Colorectal liver metastases; Mx: Distant spread cannot be evaluated. 

Abbreviations used in the figure: 'p' denotes a measurement taken by a pathologist from tissue removed 
during surgery, while 'yp' after denotes a measurement taken by a pathologist after neoadjuvant therapy. 
'MX' indicates that metastasis cannot be measured, 'M0' indicates that cancer has not spread to other parts 
of the body, and 'M1' indicates that cancer has spread to other parts of the body. Total n number=15. 
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To evaluate responses to RT, all cases were reviewed by expert pathologists, using  

internationally accepted criteria: AJCC TRG(Edge SB 2009), Mandard TRG (Mandard et al. 

1994).  Wilkins and colleagues  focused on the rectal patients with RT (both short-course 

and long-course) ((Wilkins et al. 2021) In this study an unbiased and unique 

histopathological quantification method (change in tumour cell density (ΔTCD)) was used 

to classify each patient’s tumour response into three categories (good, intermediate or 

poor) using k- means clustering. To fully assess the responses to RT and explore endpoints 

to use for this study, in collaboration with Dr Nicholas West (consultant pathologist, 

University of Leeds), Dr West reviewed the slides and scored the TCD and ΔTCD. The TCD 

scores will were then be tested to determine whether they are a suitable surrogate for 

evaluating the response to RT. 

Table 3.2 presents the response to RT as evaluated by various methods. The average TCD 

of the diagnostic sample ranged from 16.00% to 49.76% (Table 3.2, column 2), while the 

figures for the whole surgical samples ranged from 5.36% to 59.35% (Table 3.2, column 

3). When evaluating response by fold change of these two figures, 10 patients exhibited a 

decrease in tumour cells (fold change of TCD from 14.56% to 98.97%, Table 3.2, column 

5), indicating a reduced tumour burden. Conversely, tumour cells appeared to increase in 

5 patients (fold change of TCD from 109.01% to 211.85%, Table 3.2, column 5). When 

Delta TCD was used to assess the response to RT, 10 patients showed a reduction in 

tumour cells (ΔTCD ranging from -31.44% to -0.51%, Table 3.2, column 6), while tumour 

cells increased in 5 patients (fold change of TCD from 2.95% to 31.33%, Table 3.2, column 

6). In brief, TCD evaluation involves quantification of tumour cells at 300±15 individual 

points distributed across the whole tumour area on digital H&E stained tumour sections.  

The TRG results for patients treated with neoadjuvant RT were as follows:  TRG 2 (n = 8, 

53.5%); and TRG 3 (n = 7, 46.7%) (Table 3.2, column 7). The Mandard TRG results were:  

Mandard TRG 3 (n = 2, 13.35%), Mandard TRG 4 (n = 6, 26.7%), Mandard TRG 5 (n = 7, 

46.7%) (Table 3.2, column 8).
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Table 3.2 Evaluations of the response of rectal cancer to neoadjuvant RT (TRG, Mandard TRG, TCD). 

Biobank 
number 

Baseline* 
Resection 
whole֍ 

Resection 
greatest∆ 

Response©  ΔTCD▪ TRG◊ 
Mandard 
TRG¶ 

C000593 16.00% 21.24% 47.86% 132.72% 5.24% 3 5 

C000694 17.27% 8.95% 24.77% 51.82% -8.32% 2 4 

C001087 48.57% 32.98% 49.29% 67.90% -15.59% 3 5 

H000506 43.70% 47.64% 64.45% 109.01% 3.94% 3 5 

H000526 36.80% 5.36% 7.09% 14.56% -31.44% 2 4 

H000699 42.58% 39.86% 72.51% 93.62% -2.72% 3 5 

H001044 28.02% 59.35% 72.00% 211.85% 31.33% 3 5 

H001050 47.35% 18.02% 34.40% 38.06% -29.33% 2 4 

H001343 16.26% 15.18% 58.42% 93.35% -1.08% 2 3 

H001636 49.76% 49.25% 75.68% 98.97% -0.51% 3 5 

H001657 19.23% 33.88% 41.20% 176.20% 14.65% 3 5 

P000141 49.07% 17.65% 33.81% 35.97% -31.42% 2 4 

P000372 28.85% 31.80% 40.53% 110.22% 2.95% 2 3 

W001527 43.70% 14.86% 32.93% 33.99% -28.84% 2 4 

W002958 30.45% 23.83% 29.10% 78.25% -6.62% 2 4 

*The average TCD of the diagnostic sample; ֍The average TCD of the whole surgical sample; ∆The greatest 
TCD at surgical sample; ©  The fold change of ֍ and *; ▪The ΔTCD, the difference between ֍ and *; TCD, 
Tumour cell density.  

¶Mandard TRG, Tumour Regression Grade by Mandard et al, Mandard TRG 3, more tumour cells but fibrosis 
still dominated; Mandard TRG 4, Residual tumour cells outgrowing fibrosis; Mandard TRG 5, Absence of 
regressive changes. 

◊ TRG, short for AJCC TRG, TRG 2, more than single cells or rare small groups of cancer cells with evident 
tumour regression; TRG 3, extensive residual tumour or no regression. 
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The associations between "TRG," "Mandard TRG," and ΔTCD were examined in this cohort 

to determine the appropriate endpoint for the study. As outlined in the methods of a 

previous publication (Wilkins, Fontana et al., 2021), Mandard TRG scores of 1 and 2 were 

considered as responders, while scores of 3, 4, and 5 were classified as non-responders 

using the Mandard tumour regression grade system. In the AJCC TRG system, tumours 

were categorised as "total responders" when assigned a TRG score of 0, "partial 

responders" for TRG1 and TRG2, and "non-responders" for TRG3. With this standard, AJCC 

TRG stratified these 15 patients into 2 groups: “Moderate Response” (n=8) and “Little/No 

Response” (n=7), and no patients had a complete response (TRG 0) and could be classified 

as a responder (Figure 3.2). The ΔTCD of the “Moderate Response” group ranges from -

0.3144 and 0.0295, while that in the “Little/No Response” group ranging from -0.1559 to 

0.3133, which suggested that the two groups of TRG do not show different levels of ΔTCD. 

Furthermore, because of a lack of patients with complete responses using TRG, these 

criteria were further evaluated to explore the most appropriate endpoint for this cohort 

by investigating first the Mandard TRG, then progression free survival. 

 

 

Figure 3.2 AJCC Tumour Grading System Grade (TRG) seems not suitable to classify patients and not 
associated with ΔTCD. 

8 patients were grouped as “Moderate Response” and 7 patients were grouped as “Little/No Response”, 
there are no patients scored as TRG 0, which could be seen as responders. 

 



88 

 

This analysis was conducted to evaluate the utility of Mandard TRG. All patients were 

assigned to the "Little/No Response" group (Mandard TRG 3/4/5), with ΔTCD ranging from 

-0.3144 to 0.3133 (Figure 3.3). This appears to be contradictory, as Mandard TRG 3/4/5 is 

classified as "little or no change after RT" (Thies et al. 2013, Wilkins et al. 2021). A negative 

ΔTCD is expected to signify a decrease in tumour cell density after RT, but the large 

number (n=10) of positive ΔTCD indicating an increase in tumour RT may suggest a lack of 

response to RT. The pathologist performing the TCD also explained it could be due to some 

surgical samples failing to show the full face of the tumour from luminal surface to deep 

invasive edge. Thus, these samples may not be fully representative of how the entire 

tumour responds to RT, as they only represent a biopsy of a single part of the tumour. 

Given the lack of separation of patients into good and poor response groups using 

Mandard TRG, this endpoint of Mandard TRG does not appear to be suitable for this 

cohort. 

 

 

Figure 3.3 No responders were identified by Mandard TRG with all patients having a Mandard TRG score 
greater than 3 

All 15 patients were grouped as “Little/No Response”, there’s no patients scored as TRG 0-2, which would 
be seen as responders.  



89 

 

The patients were classified based on their ΔTCD values using the same method (k-means 

clustering) as described in the publication (Wilkins et al. 2021), and the resulting 

classifications are displayed in Figure 3.4. Two patients (H001044, H001657) had a "Poor" 

response (ΔTCD ranging from 0.15 to 0.31), eight patients (C000593, C000694, H000506, 

H000699, H001343, H001636, P000372, W002958) had a "Moderate" response (ΔTCD 

ranging from -0.08 to 0.05), and five patients (C001087, H000526, H001050, P000141, 

W001527) had a "Good" response (ΔTCD ranging from -0.32 to -0.16). Statistical 

comparisons were made using the Kruskal-Wallis test, which revealed significant 

differences between the "Good" vs. "Moderate" and "Poor" vs. "Moderate" groups. 

However, due to the limited sample size of the "Good" (n=5) and "Poor" (n=2) response 

groups, the analysis had limited value. The "Moderate" response group, which comprised 

more than half of the patients, was excluded from the analysis presented in the paper that 

demonstrated the usefulness of ΔTCD (Wilkins, Fontana et al. 2021). 

 

 

Figure 3.4 ΔTCD classify patients three RT response groups: “Good”, “Moderate”, “Poor”.  

Allocation of three RT response groups according to change in TCD (ΔTCD) was made by k-mean clustering 
method with the k-mean package in R 4.1.1. The Wilcox test was used for statistical comparisons.  
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This retrospective study included clinical cases from years ago, with a sufficiently long 

follow-up period to evaluate long-term efficacy, and information on PFS and OS was 

available. A survival analysis was conducted to determine whether TCD could serve as a 

prognostic indicator for OS or PFS. The 5-year PFS rates for the "Good," "Moderate," and 

"Poor" response groups were 71.4%, 57.1%, and 100%, respectively. However, no 

significant differences were found between the groups (p=0.3). The results were 

unexpected, as the 5-year OS rates for the "Good," "Moderate," and "Poor" response 

groups were 80.0%, 85.7%, and 100%, respectively, and there were no significant 

differences (P=0.72). 

Since TRG, Mandard TRG, and ΔTCD were not suitable endpoints for this cohort, the 

outcome group was manually defined by the length of PFS and explored further. Ten 

patients had PFS over 5 years, while four patients had PFS less than 2 years (Table 3.3), 

indicating two distinct patient groups. The 5-year PFS rates for responders and non-

responders were 100% and 0%, respectively.  The median PFS was not reached for 

responders but was only 13 months for non-responders (Figure 3.5). Similarly, the 5-year 

OS rates for responders and non-responders were 100% and 0%, respectively, with a 

median OS of 114 months for responders and only 43 months for non-responders (Figure 

3.5). This classification based on the length of PFS allowed for the stratification of patients 

into two groups with distinct PFS and OS. Therefore, it could serve as a surrogate endpoint 

for this cohort and was adopted as the primary endpoint for most of the analysis. 

  



91 

 

Table 3.3 The information on PFS and OS and outcome group defined by PFS 

Patient ID PFS OS progression status 
at last follow-up 

Alive/dead at last 
follow-up 

Outcome group 

H001050 3 43 Recurrence Died Non-responder 

H001343 9 9 no recurrence Died  Unknown* 

W002958 13 33 Recurrence Died Non-responder 

H001636 21 71 Recurrence Alive Non-responder 

P000372 18 37 Recurrence Alive Non-responder 

C000593 64 64 no recurrence Alive Responder 

C000694 102 102 no recurrence Alive Responder 

C001087 73 73 no recurrence Alive Responder 

H000506 66 88 Recurrence Died Responder 

H000526 84 84 no recurrence Died ֍ Responder 

H000699 99 99 no recurrence Alive Responder 

H001044 94 94 no recurrence Alive Responder 

H001657 74 74 no recurrence Alive Responder 

P000141 114 114 no recurrence Died ֍ Responder 

W001527 77 77 no recurrence Alive Responder 

Responders were defined as PFS over 5 years, including patients who survived salvage treatment against 
relapse in 5 years.  Non-responders were defined as PFS with less than 5 years. *The patient H001343 had 
no relapse but died, and had third primary cancer (head and neck cancer) which could be a confounding 
factor to evaluate the responses to RT for rectal cancer, , therefore was defined as response unknown,, and 
was not included for analysis where responders and non-responders were compared. ֍, The patients 
P000141 and H000526 had no recurrence, but died of bowel obstruction and pneumonia respectively, and 
counted as a censored case for survival analysis.  
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Figure 3.5 Responders have significantly more favourable PFS and OS than non-responders. 

Responders and non-responders defined manually by survival outcome. PFS, progression free survival. OS. 
Overall survival. 
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3.2.2 Immune profiling of rectal cancer before and after RT by MIHC 

3.2.2.1 Analysis of immune phenotypes Before RT vs After RT 

The effects of RT on the TME were evaluated by analysing diagnostic and surgical post RT 

biopsies using mIHC (details can be found in Materials and Methods). Three panels were 

used to examine the TME composition: T cell panel (CD4, CD8, FoxP3, PD-1); macrophage 

panel (CD68, CD163, PD-L1, pan-cytokeratin); myeloid cell panel (CD11b, CD14, CD15, 

HLA-DR). This section compares the percentages of immune and tumour cells exhibiting 

various phenotypes before and after RT in all patients, regardless of response. 

The effects of RT on T cells was analyzed using the T cell panel and the results showed a 

significant decrease in T helper cells (CD4+CD8-) and PD1- T helper cells (CD4+CD8-PD1-) 

after RT (P=0.0017 and P=0.003, respectively). However, the changes in Treg (CD4+CD8-

FOXP3+) and PD1+ T helper cells (CD4+CD8-PD1+ cells) varied among patients. Although 

a numerical decrease was observed in Treg cells in 10 patients, it was not statistically 

significant and a larger sample size is required to draw a more definitive conclusion. In 

terms of CD8+ T cells, there was an increase in PD1+ cytotoxic T cells (CD8+CD4-PD1+ T 

cells) after RT (P=0.048), while no significant difference was found in cytoxic T cells 

(CD8+CD4- cells). These results are presented in Figure 3.6. 
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Figure 3.6 RT induces changes in T helper cells (CD4+CD8- cells) and PD1+ Cytotoxic T cells (CD8+CD4-PD1+) 
in rectal cancer  

FFPE tumour samples taken before and after short-course RT were sectioned. Sections were stained for 
CD4, CD8, PD-1 and FoxP3 using an automated protocol on the Ventana discovery platform with HRP 
conjugated secondary antibodies and opal-TSA fluorophores. Nuclei were counterstained with DAPI and 
slides were scanned using the Olympus vs120 slide scanner. Images were then imported into the HALO 
software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each antibody 
was set up manually to determine positive and negative cells, phenotypes of interest were identified with 
the co-expression of antibodies and the percentage of the defined phenotype of interest was calculated 
with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. The percentage of cells in marked tumour areas 
which were A) CD4+CD8-, B) CD4+CD8-FoxP3+, C) CD4+CD8-PD1+, D) CD4+CD8-PD1-, E) CD8+CD4-, F) 
CD8+CD4-PD1+ is shown. Data are presented as percentages for each immunophenotype, statistical 
difference determined by paired t-test. P-values are reported values.  
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Changes in the tumour cells were investigated, and it was found that there were no 

significant changes in the tumour cells (defined by PanCK+CD68-CD163-) and PD-L1+ 

tumour cells after RT (PanCK+CD68-CD163-PD-L1+). However, these non-significant 

findings may be due to the limited sample size. 

Regarding macrophages within the TME, it was found that RT altered the percentages of 

PD-L1+ M1 macrophages (defined by PanCK-CD68+CD163-PD-L1+, P=0.03) and M2 

macrophages (defined by PanCK-CD68+CD163+, P=0.04). However, RT did not appear to 

induce significant changes in M1-type macrophages (defined by PanCK-CD68+CD163-) or 

PD-L1+ M2 macrophages (defined by PanCK-CD68+CD163-PD-L1+). These results are 

presented in Figure 3.7. 
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Figure 3.7 RT induced changes in PD-L1+ M1 macrophages (PanCK-CD68+CD163-PD-L1+) and M2 
macrophages (PanCK-CD68+CD163+) in rectal cancer. 

FFPE tumour samples taken before and after short-course RT were sectioned. Sections were stained for 
CD68, CD163, PD-L1 and pan-cytokeratin using an automated protocol on the Ventana discovery platform 
with HRP conjugated secondary antibodies and opal-TSA fluorophores. Nuclei were counterstained with 
DAPI and slides were scanned using the Olympus vs120 slide scanner. Images were then imported into the 
HALO software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each 
antibody was set up manually to determine positive and negative cells, phenotypes of interest were 
identified with the co-expression of antibodies and the percentage of the defined phenotype of interest was 
calculated with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. The percentage of cells in marked 
tumour areas which were (A) Tumour cells (panCK+CD68-CD163-); (B) Tumour invading cells (panCK+CD68-
CD163-PD-L1+); (C) M1 macrophages (panCK-CD68+CD163-); (D) PD-L1+ M1 macrophages (panCK-
CD68+CD163-PD-L1+); (E) M2 macrophages (panCK-CD68+CD163+), F) PD-L1+ M1 macrophages (panCK-
CD68+CD163- PD-L1+)  is shown. Data are presented as percentages for each immunophenotype, statistical 
difference determined by paired t-test. P-values are reported values. 
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Upon investigating the myeloid cell compartment, it was found that RT induced a 

significant change in PMN-MDSC cells (polymorphonuclear or granulocytic MDSC, defined 

by CD11b+CD15+HLA-DR-CD14-) with a reduction in percentage from 0-12% to 0-6.4% 

(P=0.0042, Figure 3.8, D). However, the changes induced by RT in neutrophils (defined by 

CD11b+CD15+HLA-DR+CD14- cells, Figure 3.8, C), M-MDSC (mononuclear MDSC, defined 

by CD11b+CD14+HLA-DR-CD15-, Figure 3.8, A), and monocytes (defined by 

CD11b+CD14+HLA-DR+CD15- cells, Figure 3.8, B) were not consistent across all patients. 

There are clearly changes after RT in individual patients with some patients seeing 

increases in monocytes and neutrophils, others decreases and some patients no change. 
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Figure 3.8 RT induced changes in PMN-MDSC (CD11b+CD15+HLA-DR-CD14-) in rectal cancer.  

FFPE tumour samples taken before and after short-course RT were sectioned. Sections were stained for 
CD11b, CD14, CD15, HLA-DR using an automated protocol on the Ventana discovery platform with HRP 
conjugated secondary antibodies and opal-TSA fluorophores. Nuclei were counterstained with DAPI and 
slides were scanned using the Olympus vs120 slide scanner. Images were then imported into the HALO 
software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each antibody 
was set up manually to determine positive and negative cells, phenotypes of interest were identified with 
the co-expression of antibodies and the percentage of the defined phenotype of interest was calculated 
with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. The percentage of cells in marked tumour areas 
which were A) CD11b+CD14+HLA-DR-CD15- cells (M-MDSC), B) CD11b+CD15+HLA-DR-CD14- cells (PMN-
MDSC); C) CD11b+CD14+HLA-DR+CD15- cells (monocytes) and D) CD11b+CD15+HLA-DR+CD14- cells 
(neutrophils) is shown. Data are presented as percentages for each immunophenotype, statistical difference 
determined by paired t-test. P-values are reported values. 
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3.2.2.2 Analysis of immune phenotypes responders vs non-responders 

As the effects of RT on immune phenotypes varied considerably from patient to patient, 

with increases in some patients and decreases in others, a further analysis was done to 

evaluate the percentages of these cells in responders and non-responders.   

In the analysis of the number of CD4+ T cells in the TME, no differences were observed in 

in T helper cells (Figure 3.9 A), PD1+ T helper cells (Figure 3.9 C), PD1- T helper cells (Figure 

3.9 D), Treg (Figure 3.9 B) between responders and non-responders, either at baseline or 

after RT. Interestingly, responders showed significantly higher percentages of cytotoxic 

CD8+ T cells in the TME (0 vs. 0-11%, P=0.028, Figure 3.9, E) than non-responders at 

baseline. While PD1+ cytotoxic T cells appeared to increase more after RT in responders 

than non-responders, this increase was not significant (P=0.79, Figure 3.9, F). 
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Figure 3.9 Responders have more Cytotoxic T cells (CD8+CD4-) than non-responders in rectal cancer 

FFPE tumour samples taken before and after short-course RT were sectioned. Sections were stained for 
CD4, CD8, PD-1 and FoxP3 using an automated protocol on the Ventana discovery platform with HRP 
conjugated secondary antibodies and opal-TSA fluorophores. Nuclei were counterstained with DAPI and 
slides were scanned using the Olympus vs120 slide scanner. Images were then imported into the HALO 
software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each antibody 
was set up manually to determine positive and negative cells, phenotypes of interest were identified with 
the co-expression of antibodies and the percentage of the defined phenotype of interest was calculated 
with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. The percentage of (A) T helper cells; (B)Treg; 
(C) PD1+ T helper cells; (D) PD1- T helper cells; (E) cytotoxic CD8+ T cells; (F)PD1+ cytotoxic T cells is shown. 
Label1 abbreviations: Pre_R, responders before RT; Post R, responders after RT; Pre_NR, non-responders 
before RT; Post_NR, non-responders after RT. Responders (n=10); Non-responders (n=4). Data are 
presented as percentages for each immunophenotype, statistical difference determined by Wilcox test. P-
values are reported as actual values.  
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However, when looking at RT induced changes in macrophages and tumour cells there 

were no significant differences found in and of the tumour cells and macrophage 

phenotypes identified by the panel between responders and non-responders (Figure 

3.10). 
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Figure 3.10 No difference was found between responders and non-responders in Tumour cells and 
macrophages. 

FFPE tumour samples taken before and after short-course RT were sectioned. Sections were stained for 
CD4, CD8, PD-1 and FoxP3 using an automated protocol on the Ventana discovery platform with HRP 
conjugated secondary antibodies and opal-TSA fluorophores. Nuclei were counterstained with DAPI and 
slides were scanned using the Olympus vs120 slide scanner. Images were then imported into the HALO 
software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each antibody 
was set up manually to determine positive and negative cells, phenotypes of interest were identified with 
the co-expression of antibodies and the percentage of the defined phenotype of interest was calculated 
with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. The percentage of (A) Tumour cells 
(panCK+CD68-CD163-); (B) Tumour invading cells (panCK+CD68-CD163-PD-L1+); (C) M1 macrophages 
(panCK-CD68+CD163-); (D) PD-L1+ M1 macrophages (panCK-CD68+CD163-PD-L1+); (E) M2 macrophages 
(panCK-CD68+CD163+); (F) PD-L1+ M1 macrophages (panCK-CD68+CD163- PD-L1+) is shown. Label1 
abbreviations: Pre_R, responders before RT; Post R, responders after RT; Pre_NR, non-responders before 
RT; Post_NR, non-responders after RT. Data are presented as percentages for each immunophenotype, 
statistical difference determined by Wilcox test. P-values are reported as actual values. Responders (n=10); 
Non-responder (n=4) 
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No significant differences were found in myeloid cells between responders and non-

responders either at baseline or after RT (Figure 3.11). 

 

 

Figure 3.11 No significant changes were found between responders and non-responders at baseline or after 
RT.  

Figure FFPE tumour samples taken before and after short-course RT were sectioned. Sections were stained 
for CD11b, CD14, CD15, HLA-DR using an automated protocol on the Ventana discovery platform with HRP 
conjugated secondary antibodies and opal-TSA fluorophores. Nuclei were counterstained with DAPI and 
slides were scanned using the Olympus vs120 slide scanner. Images were then imported into the HALO 
software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each antibody 
was set up manually to determine positive and negative cells, phenotypes of interest were identified with 
the co-expression of antibodies and the percentage of the defined phenotype of interest was calculated 
with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. The percentage of cells in marked tumour areas 
which were A) CD11b+CD14+HLA-DR-CD15- cells (M-MDSC), B) CD11b+CD15+HLA-DR-CD14- cells (PMN-
MDSC), C) CD11b+CD14+HLA-DR+CD15- cells (monocytes) and D) CD11b+CD15+HLA-DR+CD14- cells 
(neutrophils) is shown. Label1 abbreviations: Pre_R, responders before RT; Post R, responders after RT; 
Pre_NR, non-responders before RT; Post_NR, non-responders after RT. Data are presented as percentages 
for each immunophenotype, statistical difference determined by Wilcox test. P-values are reported as actual 
values. 
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3.2.2.3 Spatial analysis-Comparison of immune phenotypes in tumour area and stroma 

area  

To further understand how the immune TME responded to RT, using the panel with the 

tumour marker PanCK, a workflow defining tumour area and stroma and spatial analysis 

was developed in the digital pathological software HALO. The workflow with 

representative images are shown in Figure 3.12 . Then changes in the composition of 

immune cells were compared in the tumour area and stroma in responders and non-

responders.  
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Figure 3.12 The workflow of spatial analysis with separate images and representative images.  

(A-C) Step 1: Tissue segmentation with the tissue classifier action.  (A) The macrophage panel (PanCK, PD-
L1, CD68, CD163) was used to train a tissue classifier to distinguish tumour area (PanCK+) from stroma area 
(PanCK-). The red line was used to define the tumour area, and the green line for stroma area. All lines were 
used to train the software. (B) The real-time tuning window shows how the tissue classifier algorithm 
identifies the tumour and stroma areas. The accuracy of the classifier can be improved by adjusting the 
training lines in the figure (A) until the areas generated by the algorithm match well with those seen by the 
human eyes. (C) The generated tumour and stroma areas determined by the tissue classifier machine 
learning algorithm. 

(D-F) Step 2: Image alignment with the landmarks, to make sure the images were aligned cell with cell. The 
images from macrophage panel (D), T cell panel (E), and myeloid cell panel (F), which were originally from 
three serially cut sections, were aligned up with landmarks (the cross marks) in HALO.  

(G-I) Step 3: Mask the tumour area and stroma area on all images. Tumour and stroma areas were 
generated from the macrophage panel with PanCK marker (G) and overlaid onto two other images without 
the PanCK marker (H and I, representing T cell and myeloid cell panels, respectively). This allowed for the 
annotation of all images with tumour and stroma areas. Phenotypes observed in these images were then 
quantified and compared in tumour and stroma areas, respectively. The tissue classifier algorithm generated 
the red curves marking the shapes of pathological structures. The area circled by the red line represents the 
stroma area projected from the macrophage panel. The accuracy of the tissue classifier algorithm is highly 
dependent on the image alignment in Step 2. 
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Only results that showed significant differences and might be biologically relevant are 

presented.  At baseline, responders showed a significant difference in the distribution of 

T helper cells, with most of them infiltrating the stromal area (18-52%) compared to the 

tumour area (0.2-25%) (P=0.00078), whereas non-responders did not show this significant 

difference. However, given that CD4+CD8- T cells were higher in the stroma of non-

responders vs responders (P=0.036) the low numbers of non-responders might 

complicate this analysis. No significant differences were found for the two types of PD1 

expressing T cells, namely CD8+CD4-PD+ cells and CD4+CD8-PD1+ cells (Figure 3.13). 

 

 

Figure 3.13 T helper cells (CD4+CD8- cells) preferentially infiltrate stroma area in responders of rectal 
cancer at baseline. 

Data are presented as percentages of cells in tumour and stroma area in patients with rectal cancer by mIHC 
technology. Statistical difference determined by wilcox test. P-values are reported values;  

Label2 abbreviated for better visualization: T_R, Tumour_Non-responder; T_NR, Tumour_Non-responder; 
S_R, Stroma- Responder; S_NR, Stroma-Non-responder. 
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3.2.3 Immune profiling of rectal cancer before RT and after RT by Ultivue 

technology 

3.2.3.1 Analysis of immune phenotypes  Before RT vs After RT 

There is considerable heterogeneity in phenotypic marker expression across the tumour 

and TME, which requires validation and comparison with different technology platforms. 

Therefore, paired biopsies were stained with an 8-immuno marker panel available from 

the company Ultivue, which utilizes different principles to the previous panels such as 

DNA-barcoded antibodies and all markers stained on one slide. From here onwards, it will 

be referred to as "Ultivue" to differentiate it from the previous mIHC that used opal TSA 

technology. 

The immune contexture before and after RT was compared using Ultivue IHC. CD3 was 

used in addition to CD4 or CD8 to identify T cells, and Ultivue can identify T helper cells, 

Tregs, M1 macrophages, and tumour cells. Representative images were presented in  

Figure 3.14. 
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Figure 3.14 A representative image showing identification of the cells of interest using Ultivue technology 

Diagnostic and surgical biopsies from rectal cancer patients with short-course RT were sectioned and 
tumour areas marked by a pathologist (see Figure 2.6). Staining was performed according to the manual of 
the Ultivue Immuno8 panel kit. Briefly, all DNA-barcoded antibodies, were added at the beginning of the 
first round of staining followed by four barcode-conjugated opal flurophores. The slides were then scanned 
using the Slide Scanning Olympus VS120 machine. Next, the fluorophores (probes) from the first round were 
stripped, and the same slides were then stained with the second set of barcoded flurophores and the slides 
were then scanned again. Nuclei were counterstained with DAPI. Images were acquired and imported into 
the HALO software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity threshold of each 
antibody was set up manually to determine positive and negative cells, phenotypes of interest were 
identified with the co-expression of antibodies and the percentage of the defined phenotype of interest was 
calculated with the HighPlex FL algorithm (HighPlex FL v3.2.1) in HALO. 
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In line with the results from mIHC, a significant decrease in Treg cells (0.7-3% to 0-2.0%, 

P=0.041) (Figure 3.15, A) and PD-1- T helper cells (0.5-18.5% to 0.31-5.1%, P=0.033) was 

seen (Figure 3.15, B). 

 

 

Figure 3.15 RT induces a decrease in Treg (CD3+CD4+CD8-FOXP3+) cells and T helper (CD3+CD4+CD8-PD1-) 
cells (detected by ultivue technology) 

Biopsies from before and after RT were section and stained using the Ultivue Immuno 8 panel as per the 
manufacturer’s instructions. Slides were scanned on the Olympus VS120 after each round of staining and 
analysed using Halo software. The percentage of cells (determined by quantification of nuclei) positive for 
various combinations of markers (determined by manually setting the fluorescence intensity thresholds for 
positivity) was calculated by Halo. The percentage of cells positive for (A) CD3+CD4+CD8-FoxP3+ and (B) 
CD3+CD4+CD8-PD1- is shown. Statistically significant differences between before and after RT was 

determine by paired t-test. P-values are reported as: * p≤0.05. 
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3.2.3.2 Analysis of immune phenotypes in responders vs non-responders 

Next the ultivue platform was used to potentially validate the significant findings from 

mIHC in responders vs non-responders. Consistent with the results from mIHC, 

responders have significantly higher percentages of PD1- cytotoxic T cells (CD3+CD8+CD4-

PD1-) cells at baseline than non-responders (P=0.004) (Figure 3.16, B).  

 

Figure 3.16 Responders have more cytotoxic T cells (CD3+CD8+CD4-PD1-) than non-responders of rectal 
cancer (identified by Ultivue technology) 

Biopsies from before and after RT were section and stained using the Ultivue Immuno 8 panel as per the 
manufacturer’s instructions. Slides were scanned on the Olympus VS120 after each round of staining and 
analysed using Halo software. The percentage of cells (determined by quantification of nuclei) positive for 
various combinations of markers (determined by manually setting the fluorescence intensity thresholds for 
positivity) was calculated by Halo and compared in responders versus non responders (defined by PFS). The 
percentage of cells positive for (A) CD3+CD8+CD4- and (B) CD3+CD8+CD4-PD1- is shown. Statistically 
significant differences between before and after RT was determine by paired t-test. P-values are reported 

as: * p≤0.05. 
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To further understand the distribution and expression of PD1, the ratio of PD1/CD8+ TIL 

was calculated. At baseline, there was a large range in the ratio of PD1/CD8+ TIL in the 4 

non-responders and no difference was seen between responders and non-responders. 

For the post-RT samples, responders have a lower ratio than non-responders although 

this was not significant (Figure 3.17).  

 

 

Figure 3.17 Responders have lower PD1+CD8/CD8 ratio in post-RT samples, showing less immune 
exhaustion.  

Biopsies from before and after RT were section and stained using the Ultivue Immuno 8 panel as per the 
manufacturer’s instructions. Slides were scanned on the Olympus VS120 after each round of staining and 
analysed using Halo software. The percentage of cells positive for CD3+CD8+CD4-PD1+ and CD3+CD8+CD4- 
was calculated in Halo and the ratio of PD1+ CD8 cells to total CD8 cells was calculated. Data was shown as 
the tumour-infiltrating PD-1+ to CD8+ lymphocyte ratio: PD-1/CD8 ratio. Plot was made by GraphPad Prism 
8.0.2.  
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3.2.3.3 An exploratory workflow for analysing the spatial intra-tumour heterogeneity 

using the “SPIAT” package 

Intratumour heterogeneity is of increasing interest within the field of cancer research, 

with many influential papers being published on the subject (Yuan et al. 2012, O'Connor 

et al. 2015, Hao et al. 2016, Lloyd et al. 2016, Spagnolo et al. 2017). Here paired rectal 

cancer biopsy samples have been used to acquire mIHC images, to display multiple tissue 

markers on a single slide with single-cell resolution for identifying cell phenotypes. These 

images provide an opportunity to explore the spatial distribution of intratumour 

heterogeneity. A workflow using the open-source R package SPIAT (Spatial Image Analysis 

of Tissue) was therefore developed using the Ultivue fluorescence images. SPIAT has 

unique algorithms for identifying cell clusters, margins, gradients, and predicting cell 

phenotypes, as well as quick implementation for calculating cell distances and detecting 

communities (Yang et al. 2020). This technology has been tested in other tumour types 

such as prostate cancer, melanoma(Trigos et al. 2020). With the help of the University of 

Manchester Bioinformatic team, an integrated workflow was developed to analyse whole-

slide immunofluorescence images, including segmentation, quantification, and 

heterogeneity analysis algorithms. A workflow for high-dimensional immunofluorescence 

image analysis is presented to potentially explore spatial information in rectal cancer with 

the aim of facilitating future data analysis and biomarker discovery. 
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3.2.3.3.1 Predicting cell phenotypes using marker intensity levels- an efficient and 

automatic method 

One of the functions of SPIAT is to predict cell phenotype, which is advantageous because 

it can analyse an image in just a few minutes, compared to the manual work involved in 

analysing a TIFF image, which can take over 16 hours per image. In clinical trials with a 

large sample size, this time-consuming process can be challenging and require additional 

trained professionals.   

The predict phenotypes function in SPIAT works by using marker intensity levels to predict 

cell phenotypes, which can then be compared to those assigned by inForm or HALO. 

Additionally, it has the potential to automate manual phenotyping. The algorithm utilized 

is based on marker intensity density distribution and works best with OPAL data. However, 

one disadvantage is that it does not take into account cell shape or size, which could be 

further improved in the future. A density plot is generated which compares its prediction 

to pre-existing phenotypes and then returns a table containing the predicted and actual 

phenotypes from inForm/HALO. Here, an example of figures produced by SPIAT is shown 

below, displaying a comparison between SPIAT's predictions and the results obtained 

from the HALO pathological imaging software (Figure 3.18). As can be seen from the 

figures, the predicted results by SPIAT are very similar to the actual results obtained by 

HALO for almost all markers. The marker CD68 was predicted more frequently by SPIAT 

than it was identified by HALO (Figure 3.18 G). However, this issue can be resolved by 

utilizing one of the functions of this package, which involves retaining the actual 

phenotypes from HALO if the predicted phenotypes are unsatisfactory. 
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Figure 3.18 Phenotype prediction by SPIAT shows high similarity to HALO identification results 

This representative image, taken from a pre-treatment tissue slide of a non-responder patient (H001050), 
shows the distribution of different markers within the tissue. The simulated image is shown on the left, 
while the corresponding predictions generated using the predict phenotypes function in SPIAT are shown 
on the right in each subfigure. The green dots indicate cells with positive nuclei (as identified by DAPI), while 
the red dots indicate positive markers detected by HALO (left) or predicted by SPIAT (right) in each subfigure. 
A, C,E,G are markers stained in the first round; B,D,F,I are markers stained in the second round.  
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3.2.3.3.2 Charactering immune cells of interest in neighbourhood within the TME 

Next, the spatial analysis that SPIAT can do is shown. One function called Cells In 

Neighbourhood (CIN) can analyse the relationships between different markers within a 

certain radius. Instead of analysing cells based on their cell types, this function focuses on 

the marker intensities of cells within a certain distance from a reference cell that has a 

positive result for a specific marker. The function calculates the average intensity of a 

target marker within the radius and produces results that represent the average 

intensities within that radius. The function is useful in identifying suitable radii for other 

analysis functions, and the radius unit is in pixels. 

Here, a representative figure showing the relationship between CD8 and PanCK from a 

responder and non-responder is shown.  

 

 

Figure 3.19 The average intensity of CD8 from PanCK within a Radius of 50nm are higher in a responder than 
in a non-responder.  
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3.2.3.3.3 Calculating the minimum distances between cell types 

The minimum distances between cell types can also be calculated using the function which 

calculates the_minimum_distances_between_cell types. Unlike calculating pairwise 

distances between all cell types of interest, in this case, the distance to the closest cell of 

type B is identified for each reference cell of type A. It should be noted that more 

computing power is required to complete the pairwise distance calculation between all 

cell type. An example from one patient is presented here, where the summary statistics 

of the minimum distances are visualized using a heatmap. The results are visualized in the 

heatmap, and an example interpretation of this result could be: "The average minimum 

distance between cells of CD8+PD1+ and Tumour is approximately 10,000 nm" (Figure 

3.20). 

 

 

Figure 3.20 Heatmap of average minimum distance between the reference cells and target cell types 

The heatmap displays the average minimum distances between the targeted cell types (rows) and reference 
cell types (columns), with the colour indicating the mean average distance. The annotations denote the 
phenotypes that are positive for the markers on the cells. 
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3.2.3.3.4 Characterising the distribution of the cells of interest in identified tissue 

regions 

The goal of this function is to analyse the spatial distribution of a specific type of cell 

population relative to other tissue regions. One example of this functionality is to 

characterise the immune population in tumour structures. The analysis performed 

focused on the tumour/immune example, including determining whether there is a clear 

tumour margin, automatically identifying the tumour margin, and finally quantifying the 

proportion of immune populations relative to the margin. Margins can be identified with 

the function identify_bordering_cells, which utilizes the alpha hull method (Pateiro-Lopez, 

Rodriguez-Casal, and. 2019) from the alpha hull package. The bordering cells are identified 

using tumour cells (Tumour marker) as the reference. However, these analyses can also 

be generalised to other tissue and cell types. 

The structure categories can be plotted and coloured. Figure 3.21 shows an example of 

how structures such as Tumour and Stroma can be visualized for a single patient. This 

example shows that the analysis of phenotypes within individually defined structures is 

feasible and can be tailored to specific research needs. Additionally, the proportions of 

immune cells in each location and distance summaries for immune cells within the tumour 

structure can be calculated. This information can be used for visualisation and for making 

comparisons between groups in any condition.  
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Figure 3.21 Classification of cells based on their locations relative to the margin 

Principle of this function: The distances of cells to the tumour margin are calculated, which allows for the 
definition of four locations relative to the margin based on distances: "Internal margin", "External margin", 
"Outside" and "Inside". The area within a specified distance to the margin is defined as either "Internal 
margin" (bordering the margin, inside the tumour area) and "External margin" (bordering the margin, 
surrounding the tumour area), while the areas located further away than the specified distance from the 
margin are defined as "Inside" (i.e. the tumour area) and "Outside" (i.e. the tumour area). Cells are classified 
based on their location by using a distance cutoff of 5 cells from the tumour margin. The average minimum 
distance between all pairs of nearest cells is first calculated, and then this number is multiplied by 5. The 
number of cell layers can be adjusted by users to change the margin width. 

X,Y  axis shows the X and Y coordinates of cells on the tissue. Each dot represents a cell, the structure and 
the locations were indicated by colour. Plot made by SPIAT package. 
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3.2.3.4 Comparison of ultivue and mIHC 

The percentages of immune cells in the TME were quantified and compared using mIHC 

and Ultivue. 

There were no differences in the immune phenotypes, including Treg, CD8 cytotoxic T 

cells, tumour cells, and PD-L1 cells, when comparing the Ultivue and mIHC technologies 

(Figure 3.22). 

 

Figure 3.22 No difference was observed in the percentage of immune phenotypes (Treg, CD8 cytotoxic T 
cells, Tumour cells, PD-L1 cells) between the technologies Ultivue and mIHC in tumour biopsies 
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3.2.4 Gene expressions profiling of rectal cancer before and after RT in responders and 

non-responders 

3.2.4.1 Longitudinal analysis in responders and non-responders respectively 

Longitudinal changes in immune gene expression during RT were evaluated in responders 

(n=10) and non-responders (n=4) separately. In responders, 51 immune genes showed 

significant upregulation and 10 immune genes were downregulated in the post-RT 

resection specimen when compared with the pre-RT biopsy when the threshold of 

adjusted p-value and log2FoldChange is set to be <0.1 and >1 (Figure 3.23 A). The 

upregulated genes include genes related to CD8 T cells activation (TNFSF8, IFNA2), 

adaptive immune response (IFNA1), T-helper 1 type immune response (IL12B), antiviral 

activity (IFNA17, IFNA7), macrophages (CD163). which suggested an inflamed GEP.  

In comparison, in non-responders, the expression of only 5 genes was significantly 

upregulated and 13 downregulated by RT treatment when the threshold of adjusted p-

value and log2FoldChange is set to be <0.1 and >1 (Figure 3.23 B). The downregulated 

genes include genes related with response to hypoxia (SELL). When looking at genes 

significantly altered by RT in all patients,7 genes were altered both in responders and non-

responders during RT: CD70, CDKN1A, CSF3R, CXCR1, CXCR2, FOS, S100A8. Genes 

specifically significantly altered in responders include the IFN family genes (Figure 3.24).  

Genes specifically altered in non-responders are shown in Figure 3.25.  
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Figure 3.23 Volcano plot of differential gene expression of pre-RT vs post-RT in responders vs non-responder.  

The core tumour areas were marked and annotated on H&E slides by a specialist pathologist, and these tumour areas were then macrodissected from unstained slides to 
capture the whole TME. Nucleic acids were extracted and quantified using Qubit Fluorometry (both from Thermo Fisher Scientific, UK), according to manufacturer’s 
instructions. Nanostring experiment was performed following the manual book of NanoString PanCancer Immune Panel (NanoString Technologies, Seattle, Washington) kit 
on 15 paired biospies (See Method). This 770-gene Nanostring PanCancer immune profiling panel was used and performed by CRUK MI Cancer Biomarker Centre. The gene 
expression data was normalised then exported from Nanostring nSolver Software (Nanostring™). Only genes with non- zero expression in 75% or more of the samples were 
retained. Gene expression profiles from 14 paired rectal tumour samples were analysed with R. The differential gene analysis was performed by DESeq2 package. The volcano 
plots were generated by the package “EnhancedVolcano” in R 4.1.1. Each point represents the average value of one gene. The expression difference is considered significant 
for a log2 fold change of 1 (dotted vertical lines) and for an adjusted P value of 0.1. The fold change is based on the pre-RT samples as the denominator level. Red dots on 
the right represent upregulated genes and on the left downregulated genes. Blue dots were tested as insignificantly regulated genes. Genes are overlapped and the significant 
genes are not all annotated. Responders (n=10); Non-responder (n=4).
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Figure 3.24 61 genes were altered by RT in responders. 

The gene expression levels of genes in the Nanostring pan cancer immune profiling panel were standardized 
and log2 transformed, and then were scaled within rows for visualization. The aqua bar at the top indicates 
sample ‘before RT’ and blue bar ‘after RT’. The columns have been grouped using unsupervised clustering. 
The gene expressions were standardized and log2 transformed, and then were scaled to make each gene 
across 28 samples range from -2 to 2 with Z-score transformation. Heatmap was generated by the Heatmap 
package in R 4.1.1. The list of 61 genes was obtained from longitudinal differential analysis in responders 
(n=10). 
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Figure 3.25   18 genes were altered by RT in non-responders. 

The gene expression levels of genes in the Nanostring pan cancer immune profiling panel were standardized 
and log2 transformed, and then were scaled within rows for visualization. The aqua bar at the top indicates 
sample ‘before RT’ and blue bar ‘after RT’. The columns have been grouped using unsupervised clustering. 
The gene expressions were standardized and log2 transformed, and then were scaled to make each gene 
across 28 samples range from -2 to 2 with Z-score transformation. Heatmap was generated by the Heatmap 
package in R 4.1.1. The list of 1genes was obtained from longitudinal differential analysis in non-responders 
(n=4). 
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To understand the biological pathways represented by the altered genes in responders 

and non-responders, pathway analysis was done with IPA software. Using the ingenuity 

pathways analysis system with a threshold of adjusted p-value<0.1 and z-score>2, the list 

of 61 differentially expressed genes from responders (Figure 3.24) and 18 from non-

responders (Figure 3.25) were imported and analysed in IPA separately. 

 In responders, 181 canonical pathways were found to be enriched. The top 5 canonical 

pathways  "Pathogen Induced Cytokine Storm Signalling Pathway", “Role of Cytokines in 

Mediating Communication between Immune Cells”, “Role of 

Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza”, “Macrophage 

Classical Activation Signalling Pathway”, “IL-12 Signalling and Production in Macrophages” 

are all activated (z-score>2) along with many other pathways associated with the 

inflammatory response.  

Subsequent disease and function analysis indicated that in responders, the DEGs are 

involved in diseases and function, including "Inflammatory response", "organismal injury 

and abnormalities", "cell‑to‑cell signalling and interaction, and cell death and survival.  

In addition, 50 upstream regulators were enriched, including 5 molecules (TLR4, MAVS, 

STAT1, STING1, DDX58) that were predicated to be strongly activated (Z‑score >2). Among 

them, the most significant regulatory effect networks were ‘activation of the central 

nervous system’ and ‘antiviral response’. The 10 top upregulated analysis-ready 

molecules are APOE, IFNA17, CT45A1, CDKN1A, CHIT1, C7, SPP1, GAGE1, IFNA8, IFNA2 

and the 10 top downregulated analysis-ready molecules are DMBT1, IL1B, CXCR2, S100A8, 

NOS2, TNF, CXCR1, CCL28, IL27A, CSF3R.  

The graphic summary shows the main involved molecules and pathways and their causal 

relationships using one word to represent the core molecule in this process. In responders 

IFNA2 is the core molecule in this process; IFNA2 increases the activity of the Canonical 

“Pathway Pathogen Induced Cytokine Storm Signalling Pathway”, “Role of RIG1-like 

Receptors in Antiviral Innate Immunity”, “Role of Hypercytokinemia/hyperchemokinemia 

in the Pathogenesis of Influenza”, and has an inferred relationship with KRAS gene (which 

is important in rectal cancer). This suggests a network of activation of antiviral pathways 

(Figure 3.26 A).  

 In the non-responders, 67 canonical pathways were found to be enriched. The top 5 

canonical pathways were "Granulocyte Adhesion and Diapedesis", “Pathogen Induced 

Cytokine Storm Signaling Pathway”, “S100 Family Signaling Pathway”, “Agranulocyte 



125 

 

Adhesion and Diapedesis”, “Role of IL-17A in Psoriasis” and many others found to be 

associated with the inflammatory response. Subsequent disease and function analysis 

indicated that in responders, the DEGs are involved in diseases and function, including 

"Inflammatory response", “inflammatory disease”. In addition, 50 upstream regulators 

were enriched, including 1 molecule (MRGPRX3) that was predicated to be strongly 

inhibited. The only 1 upregulated analysis-ready molecule is CXCL5 but the 10 top 

downregulated analysis-ready molecules are CDKN1A, EGR1, DPP4, FOS, NCAM1, JAML, 

TREM1, CXCR2, GNLY, CD70.  

The graphic summary shows that, in non-responders, all key canonical pathways were 

inhibited (z score<2): the inhibition of IL1B (the core molecule in this process) decreases 

the activity of the Canonical “S100 Family Signalling Pathway”, “Pathogen Induced 

Cytokine Storm Signalling Pathway” and affects the activity of  “Granulocyte Adhesion and 

Diapedesis”, and decreases cell movement of neutrophils mediated by the interferon-

gamma (IFNγ) pathway (Figure 3.26 B). This suggests that RT could potentially induce an 

immunosuppressive effect on the TME in non-responders on a gene level. In both 

responders and non-responders there was no  difference in gene expression levels 

between Mandard score 4 and Mandard score 5 or between TRG score 2 and 3 which are 

both tumour regression grades evaluated on post-RT biopsies (Details refer to Section 

3.2.1 ).  
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Figure 3.26 Pathways are mostly activated in responders during RT while pathways are mostly inhibited in non-responders during RT. 

IPA’s graphical summary for each comparison: Graphical summary of 62 DEGs identified before RT and vs after RT in responders captures the potential role of the activity of 
IFNA and antiviral pathway during RT. Method: The 62 sig genes in responders (A) and the 18 sig genes in non-responders (B) were selected and imported for IPA pathway 
analysis (Features - Bioinformatics Software and Services | QIAGEN Digital Insights). The Graphic summary provides a quick overview of the major biological themes in your 
IPA Core Analysis and illustrates how these concepts relate to one another, This feature selects and connects a subset of the most significant entities predicted in the analysis, 
creating a coherent and comprehensible synopsis of the analysis. Only entities with absolute z-scores>2 and p-value <0.05 are shown here. The predicted activation or 
inhibition of canonical pathways are shown in orange and blue. Z-Scores greater ± 2.0 are considered to be significant (z-score is the parameter IPA uses to assess whether 
an entity is activated or inhibited). Solid lines represent direct interactions, while dashed lines represent indirect interactions. DEG differentially expressed gene, IFN 
interferon, IPA Ingenuity Pathway Analysis. For a detailed explanation of molecule shapes and relationship types, see 
http://qiagen.force.com/KnowledgeBase/articles/Basic_Technical_Q_A/Legend

http://qiagen.force.com/KnowledgeBase/articles/Basic_Technical_Q_A/Legend
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3.2.4.2 Responders vs non-responders at baseline and post RT 

The immune GEP of responders (n=10) and non-responders (n=4) were compared at 

baseline and  post-RT separately. Only 2 genes were regulated (CFD, CFI) in pre-RT samples 

in responders compared with non-responders, whilst in post-RT samples 124 genes 

showed significantly higher expression in responders compared with non-responders and 

2 genes were downregulated when the threshold of p value and fold change is set to be 

<0.1 and >2.   No overlap was observed between the 2 genes and 126 genes that were 

expressed differently in responders compared with non-responders in pre-RT samples and 

post-RT samples respectively (Figure 28).  

However, of these 124 genes, 27 genes were also found in the 62 genes that were 

regulated during RT in responders. These regulated genes are involved in CD8 T cells 

activation (TNFSF8, IFNA2), immune regulation (IL12B) and antiviral activity (IFNA17, 

IFNA7) and markers of macrophages (CD163). These genes are a reflection of an inflamed 

and immunostimulatory microenvironment enriched for specific T cell populations. The 

27 immune genes significantly upregulated in the post-RT biopsies of responders may 

potentially represent mechanisms of response to RT/CRT. Pathway analysis showed no 

pathway enrichment when responders vs. non-responders were compared in pre-RT and 

post-RT samples (data not shown).  
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Figure 3.27 Volcano plot of differential gene expression of pre-RT vs post-RT in responders and non-responder respectively.  

Each point represents the average value of one gene. The expression difference is considered significant for a log2 fold change of 1 (dotted vertical lines) and for a adjusted 
P value of 0.1. The fold change is based on the pre-RT samples as the denominator level. Red dots on the right represent upregulated genes and on the left downregulated 
genes. Blue dots were tested as insignificantly regulated genes. Responders (n=10); Non-responder (n=4).
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3.2.4.3 Validation and comparison with Wilkins’ study 

In order to see if there are any other factors which correlate with treatment outcome and 

could be an endpoint for GEP some exploratory analyses were done with the Nanostring 

data. 

It was reported that when the immune GEP at baseline of good and poor responders 

(n=14) were compared using SAM analysis, 40 genes showed significantly higher 

expression in poor compared with good responders using ΔTCD as a surrogate for good or 

poor response to RT (Wilkins et al. 2021). In our study, only 2 genes were found to be 

differentially expressed between responders and non-responders in baseline samples. We 

would like to validate if the gene-signature identified by Wilkins et al that was associated 

with prediction of RT response, could be predictive in this study too. Therefore the 

expressions of the 40 genes identified by Wilkins et al were evaluated in pre-RT samples 

from this MCRC Biobank retrospective study. The heatmap showed that expression of 

genes in this 40-gene sets seems to be higher in patients with TRG score 2 than TRG score 

3 (except outlier patients W002968, H000506, H001636) (Figure 3.28 A). However, no 

clear difference was observed in expression of this gene set between responders and non-

responders (Figure 3.28 B).  

Among these 40 genes, 5 genes (CSF3R, C1S, SPP1, CD163, MSR1) were also found to 

change in responders during RT in the current cohort of this Biobank rectal study, CD163 

is marker of alternatively- activated (M2- like) macrophages which are thought to have 

tumour- promoting effects. The CD163 gene was significantly upregulated in poorly 

responding tumours in Wilkin’s study but seemed to be upregulated in responders during 

RT in this Biobank rectal study (adjusted P=0.03, log2Fold change= 0.8).  
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Figure 3.28 The predictive 40-gene signature reported by publication does not stratify responders and non-
responders in the Biobank rectal study. 

The 40 genes were filtered for all pre-RT samples. The legends on the right showed the response group, TRG 
score and Mandard score, which were listed and illustrated in Figure 3.2, Figure 3.3, Figure 3.4. The 
annotations below show the sample ID. 
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3.2.4.4 Cell types inferred by Nanostring data do not correlate with the phenotypes 

quantified in the TME using mIHC 

 The Nanostring GEP was interrogated using an analysis package called Cibersort, which 

can computationally infer the cellular components from bulk tissue gene expression 

profiles (GEPs) based on prior knowledge of gene expression profiles from purified 

leukocyte subsets in peripheral blood. A general estimate of the immune cells, including 

some rare cells, can be obtained using this algorithm, facilitating robust and reproducible 

analyses of cellular heterogeneity in both new and archived genomic datasets (Chen et al. 

2018). It should be noted that the Cibersort was developed based on leukocyte subsets 

and validated for use with tumour samples profiled by microarray or RNA-Seq. Although 

Nanostring is also RNA-seq, it covers fewer genes than whole-gene sequencing. However, 

further investigation suggests that it might be possible to use Nanostring data for 

Cibersort. As no extra samples were required to identify many immune cell types, this 

method was used here as an exploratory analysis. 

The Cibersort algorithm was used to analyse Nanostring data on 22 different types of 

infiltrated immune cells in rectal cancer before and after RT. Analysis of the distribution 

of immune cells in each sample showed that pre-treatment rectal cancer was primarily 

infiltrated by macrophages, indicating an immunosuppressive TME (Figure 3.29).  

 



132 

 

 

Figure 3.29 Cibersort could infer the percentages of 22 immune cells using Nanostring data.  

The Cibersort algorithm was used on Nanostring data to quantify and categorise cells in the TME using gene expression profiles. Data is shown as the proportion of infiltrated 
immune cells in samples  before RT and after RT, presented as cumulative distribution. The Y axis is decimal fraction ranging from 0-1 which represents percentage % (0-
100%). Each patient is represented by two bars: the left bar represents the immune cell distribution before RT, while the right bar represents the distribution after RT.  
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To validate whether the quantification of the immune components with this Cibersort 

method matches with the real time expression of immune cells in the TME quantified by 

mIHC, 6 immune cells were compared: CD8 cells, T regulatory cells, M1 macrophages, M2 

macrophages, Neutrophils, and monocytes. The percentages of CD8 cells and T regulatory 

cells, inferred by Cibersort do not seem significantly different from what was measured in 

mIHC (Figure 3.30 A,B). However, there are significant differences in the percentage of 

other cell types between Cibersort and mIHC, ie. monocytes, neutrophils, macrophages 

(Figure 3.30 C, D, E, F). which suggests that the proportions of immune cells inferred by 

Cibersort using RNAseq data do not match with real data from mIHC. 

Since the ranges in CD8 cells and Treg cells measured by mIHC and Cibersort are similar, 

it's interesting to see the changes in these 2 phenotypes during RT with Cibersort. The 

percentages of cells quantified before RT and after RT, mIHC were compared with what 

was inferred by Cibersort; it's interesting that RT induced an increase in CD8+ cells in some  

patients as inferred by Cibersort, although it was not significant (P<0.05) (Figure 3.31). 

These differences suggest that Cibersort using Nanostring might not be as robust at 

estimating immune cells as Cibersort using RNAseq data. 
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Figure 3.30. The comparison of 6 main immune cells with mIHC and with Nanostring data inferred by 
Cibersort.  

The Cibersort algorithm was used to quantify the immune cell components from the gene expression 
profiles. The following immune cell types were compared to their corresponding counterparts as defined by 
IHC: T.cells.CD8, which corresponds with CD8+CD4- cells; T.cells.regulatory.Tregs, which corresponds with 
CD4+CD8-FOXP3+ cells; Monocytes, which corresponds with CD11b+CD14+HLA-DR+CD15- cells; 
Neutrophils, which corresponds with CD11b+CD15+HLA-DR+CD14- cells; Macrophages.M1, which 
corresponds with PanCK-CD68+CD163- cells; and Macrophages.M2, which corresponds with PanCK-
CD68+CD163+ cells. 

Data are presented as percentages for each immunophenotype, statistical difference determined by paired 

t-test. P-values are reported as: ns, * p≤0.05, **p≤0.01 ***p≤0.001, and **** p≤0.0001. 
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Figure 3.31 Cibersort inferred that RT induces an increase in CD8 T cells. 

Data are presented as percentages for each immunophenotype, statistical difference determined by wilcox 
test. P-values are reported as: ns, not significant. 
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3.2.4.5 The Immune Score and Stromal Score inferred by Nanostring data are not 

prognostic to treatment outcome 

The ESTIMATE algorithm, which uses gene expression signatures to infer tumour purity 

and the fraction of stromal and immune cells in biopsy samples (Yoshihara et al. 2013), 

allows consideration of tumour-associated normal cells in genomic and transcriptomic 

studies. Note that this was originally developed and designed for RNA-seq data, however, 

this algorithm was adopted as an exploratory work. This method may help discover a score 

that combines all the gene data into one score for a sample, which could be used as a new 

variable. 

To assess the prognostic value of the Immune Score and Stromal Score, survival analysis 

was performed. The results showed that the high-Immune Score group had a more 

favourable 5-year PFS (83%) than the low-Immune Score group (62.5%). Similarly, the 

high-Stromal Score group had a higher 5-year PFS (100%) than the low-Stromal Score 

group (62.5%), although this was not significant (Figure 3.32).
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Figure 3.32 The ImmuneScore and StromalScore Inferred by the Estimate algorithm is not  correlated with PFS. 

The cut-off value of the ImmuneScore and StromalScore were determined by the “surv_cutpoint” package in R and survival were compared. Survival analysis was carried out 
using KaplanMeier methods and the log rank test. 
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3.3 Discussion 

In this chapter, exploratory analyses investigating immune responses to RT in the TME 

were performed to establish and compare platform technologies with the aim that this 

preliminary date would enable hypothesis generation for subsequent larger studies. The 

association between the immune cells in the local TME following neoadjuvant CRT and 

treatment response in locally advanced rectal cancer was investigated in this study. Given 

the increasing evidence for immune-mediated effects of RT locally and systemically 

(Formenti et al. 2009, Lumniczky et al. 2015, Herrera et al. 2017), it was hypothesized that 

the immune profile would change over the course of RT and that changes are dependent 

on the pre-treatment TME itself. Nanostring gene sequencing and mIHC were performed 

in 15 paired pre-RT and post-RT rectal cancers to identify immune genes, pathways, and 

cells associated with RT response. 

Longitudinal analysis of immune cells quantified by mIHC shows that RT induces changes 

in T helper cells (CD4+CD8- cells) (P=0.0017), PD1- T helper cells (CD4+CD8-PD1-) 

(P=0.003), PD1+ Cytotoxic T cells (CD8+CD4-PD1+) (P=0.003), PD-L1+ M1 macrophages 

(PanCK-CD68+CD163-PD-L1+) (P=0.035), M2 macrophages (PanCK-CD68+CD163+) 

(P=0.044), PMN-MDSC (CD11b+CD15+HLA-DR-CD14-)(P=0.0042). When investigating 

whether immunological changes are associated with response to RT, PFS was used as a 

surrogate for RT response. It was observed that responders had significantly higher levels 

of cytotoxic T cells (P=0.028) than non-responders at baseline and only responders saw a 

significant reduction in PMN-MDSC after RT (P=0.011). No significant difference was found 

between responders (n=10) and non-responders (n=4) in tumour cells, macrophages, and 

other myeloid cells. Spatial analysis showed that T helper cells (CD4+CD8- cells) are more 

infiltrated in the stroma area than the tumour area in responders at baseline (P=0.00078).  

These findings were all obtained from mIHC and further validated on sequential sections 

from the same FFPE blocks using Ultivue technology, demonstrating that these findings 

can be replicated across different sections of the tissue using different analysis platforms. 

However, there were some differences between the two IHC platforms. For instance, the 

finding that RT induces a decrease in Treg cells was only observed with Ultivue technology, 

and not with mIHC. These differences may be attributed to the technologies or instead to 

the immune infiltrate heterogeneity in the tissue samples used, which could have been 
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impacted by the removal of large amounts of tissue for RNA extraction between the 

sections used for Ultivue and those used for the other mIHC analysis. 

In addition to analysing the percentages of immune cells, the tumour-infiltrating PD-

1+CD8 to the total CD8+ lymphocyte ratio (PD-1/CD8 ratio) was also examined. Results 

showed that in post-RT samples, responders had a lower PD-1/CD8 ratio than non-

responders although this wasn’t significant (perhaps due to the low number of non-

responders). It has been previously established that PD-1+ CD8+ T cells exhibit an 

exhausted phenotype, which is defined by impaired proliferation, cytokine production, 

and cytotoxicity. Therefore, these findings might suggest that responders have a TME that 

is infiltrated by less exhausted cytotoxic T cells. This is in line with previous publications, 

which have demonstrated that the high-PD-1/CD8 ratio group had significantly worse 

relapse-free and overall survival rates compared to the low-PD-1/CD8 ratio group 

(relapse-free survival: p=0.0257, overall survival: p=0.0363) in 90 patients with stage II/III 

CRC who underwent curative surgery (Shibutani et al. 2017).  

Further validation with larger patient cohorts is necessary to confirm the findings 

presented above, given the limited sample size of this study. Despite the exploratory 

nature of this study, the results obtained may provide insights or serve as a basis for future 

investigations. Firstly, the results demonstrate that multiplex IHC is a powerful tool for 

analysing the TME. Secondly, they suggest the potential importance of CD8+ T cells in 

response to RT. Thirdly, the location of CD8+ T cells in the tumour versus stroma may also 

play a role. CD8 levels have been shown to have prognostic impact across multiple cancer 

indications (Raskov, Orhan et al. 2021), and intra-tumoural CD8+ T cell densities are 

associated with response to anti-PD-1 (pembrolizumab) treatment in melanoma and 

dMMR cancers, including colon cancer(Yoon et al. 2019). Therefore, enumerating CD8+ T 

cell densities from archival tumour samples may serve as a predictive biomarker for colon 

cancer patients who might benefit from the addition of PD-1/PD-L1 blockade to RT. Since 

CD8+ T cells are hypothesized to be the final effector cells that mediate tumour cell killing, 

changes in intra-tumoural CD8+ T cell dynamics serve as a pharmacodynamic marker of 

clinical activity in certain indications. 

In this study, apart from the quantity, the locations were also considered by exploring 

spatial information by evaluating the expression of immune cells in tumour and stroma 

areas. The results showed that the CD8+CD4- T cells are more infiltrated in the tumour 

area (0-25%) than the stroma area (0-5%) in responders, while in non-responders, this 
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phenotype is more expressed in the stroma area than the tumour area although these 

differences were not significant. Conversely, CD4+CD8- T cells were found at significantly 

higher levels in the stroma than the tumour in responders but this increase was non-

significant in non-responders. The locations of CD8+ T cells can be classified into more 

categories which involves invasive margin, parenchyma and stroma (Naito et al. 1998, 

Shimizu et al. 2019). In the Biobank rectal study, the tumour area and stroma area are 

defined by the Tissue Classifier algorithm in HALO with the tumour marker PanCK, which 

is standardised and reproducible without bias, and this attempt at least supports the 

technical validity of doing spatial analysis with mIHC. The method of defining tumour area 

and stroma area with the tumour antibody has been reported to be a valid approach in 

melanoma (Halse et al. 2018). These findings fit with the previous findings on the 

immunoscore which has been demonstrated to be prognostic in CRC (Pagès et al. 2018), 

which has also taken into account the locations of CD8 T cells, although the immunoscore 

is derived from the mean of four density percentiles (the densities of CD3+ and cytotoxic 

CD8+ T cells in the tumour and in the invasive margin). Additionally, it was demonstrated 

that only CD8+ lymphocytes located within the tumour epithelium positively affected 

prognosis, whereas those in the stroma or margin did not show any effect(Naito et al. 

1998). However, the evidence regarding CD4+ cell infiltration and its location in rectal 

cancer is limited. A study of 93 colorectal cancer patients who underwent curative surgery 

suggested that CD4+ cell infiltration in the stroma was higher in lower-stage pathologically 

tumours (Menon et al. 2004). Nevertheless, further research is needed to better 

understand the association between CD4+ cell infiltration and prognosis in rectal cancer. 

These findings highlight the need for additional investigation into the influence of immune 

cell infiltration with spatial information considered. 

This study did not identify any significant differences in RT induced upregulation of PD- L1, 

albeit responders appeared to have higher levels of PD-L1+ cells and PanCK+PD-L1+ cells 

at baseline compared to non-responders. While an increase in PD-L1+ cells was observed 

in non-responders, a decrease was observed in responders. Given the small number of 

non-responders in this study, it is inappropriate to postulate further on the potential role 

of PD-L1 as a biomarker for response to RT. However, PD-L1 expression has been 

associated with an unfavourable prognosis in many malignancies due to its induction by 

the TME, resulting in immune escape (adaptive immune resistance). It should also be 

noted that the heterogeneity of immune infiltration within the TME should be taken into 
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consideration when using a single tissue to quantify protein expression. While Rehman et 

al. have demonstrated that variability in PD-L1 signal within a block is greater than 

between blocks from the same tumour and that one block is sufficient to represent 

heterogeneity in a tumour sample (Rosenbaum et al. 2016)., This study's mIHC and ultivue 

techniques only focused on the defined regions of interest marked by pathologists as 

invasive as adenocarcinoma, which may not fully represent the entire TME. Further 

studies with larger sample sizes are warranted to validate these findings and explore the 

potential of PD-L1 as a predictive biomarker for response to RT in colon cancer patients. 

In this study, gene expression profiling was assessed, and longitudinal analysis was 

conducted to evaluate the regulation of genes by RT in both responders and non-

responders. It was found that RT regulated gene expression changes in all patients, albeit 

differently in responders and non-responders. Specifically, in responders, 62 immune 

genes were significantly regulated, reflecting an increased T-cell-inflamed GEP, type-I 

interferon, and macrophage population. Pathways involved during RT in responders were 

mostly activated, including biological processes such as differentiation of antigen 

presenting cells and IFNγ, which mimic an anti-viral reaction. The activation of these 

pathways was consistent with previous findings (Wilkins et al. 2021). In contrast, in non-

responders, 18 immune genes were regulated, and pathways involved during RT were 

almost all inhibited, including biological processes and pathways such as movement of 

myeloid cells, cytokines, and IFNγ  pathway. These findings were consistent with previous 

studies that showed good responders had longitudinal upregulation of 198 immune 

genes, reflecting an increased T-cell-inflamed GEP, type-I interferon, and macrophage 

population (Wilkins et al. 2021). 

Different genes were observed between pre-RT and post-RT in responders, including 

immune activated genes such as IFNA1, IFNA17, IFNA2, IFNA7, IFNA8, IFNB1, and IFNL2. 

Previous publications showed that some upregulated genes (IFN family) were associated 

with improved survival or predictive of CRT (Nehls, Okech et al. 2007 Chang, Jung et al. 

2005, Nehls, Okech et al. 2007, Chan, Kinsella et al. 2013, Chiang, Huang et al. 2019, Fucini, 

Messerini et al. 2012, Lauret Marie Joseph, Kirilovsky et al. 2021). In contrast, 

downregulated genes (CXCR2) were associated with worse responses to CRT  (Desurmont 

et al. 2015, Zhao et al. 2017). 

In comparing responders and non-responders, it was observed that more genes were 

expressed at significantly different levels in post-RT samples than at baseline. Specifically, 
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in post-RT samples, 124 genes were upregulated and 2 genes were downregulated in 

responders compared with non-responders. Responders exhibited higher gene expression 

of CD8 T cell activation-related genes (TNFSF8, IFNA2), antiviral activity-related genes 

(IFNA17, IFNA7), and markers of macrophages (CD163) than non-responders in post-RT 

samples, indicating an immune-active TME where macrophage activities were activated. 

In contrast, only 2 genes were significantly different between responders and non-

responders in gene profiling at baseline. The top differentially expressed genes between 

responders and non-responders were enriched in pathways related to activated 

cytotoxicity of natural killer cells, cytotoxicity of leukocytes, and cytotoxicity of 

lymphocytes. These findings suggest that responders may have a more immunologically 

"hot" TME than non-responders after RT/CRT. 

The mechanisms underlying the differences in RT-induced immune response between 

good and poorly responding tumours remain poorly understood. Wilkins et al previously 

reported that, at baseline, 40 genes were significantly upregulated in poor (n=12) versus 

good responders (n=21), including myeloid and stromal cell genes. In contrast, our study 

found only 2 significantly regulated genes between responders and non-responders at 

baseline (Wilkins et al. 2021). This discrepancy may be due to the different methods used 

to classify patients. Wilkins et al employed a parameter known as "ΔTCD" as a surrogate 

for classification, which raises questions about the optimal parameter to use for 

stratification of response to RT. The lack of consensus on this issue, as well as the 

heterogeneity and design of studies, and inconsistent parameters of RT response across 

published reports, poses challenges in determining which parameter should be widely 

adopted. In the study of this thesis, no correlation was observed between tumour 

regression grade (TRG) or ΔTCD and survival outcomes, which is in contrast to Wilkins et 

al's data indicating that ΔTCD was a surrogate for TRG and could be used as a predictor. 

The present study considered various parameters as potential stratifying factors to define 

responders and non-responders. However, when using the Mandard tumour regression 

grade system to classify patients, all patients were deemed non-responders, as they were 

classified as either Mandard 3 (n=2), Mandard 4 (n=6), or Mandard 5 (n=7). Alternatively, 

if the AJCC TRG system was used, which categorizes tumours as "total responders" (TRG0), 

"partial responders" (TRG1 and TRG2), and "non-responders" (TRG3), the study had 8 

partial responders (TRG2) and 7 non-responders (TRG3). 
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In this study, several parameters were considered as stratifying factors for RT response, 

including ΔTCD. However, our evaluation of the prognostic value of ΔTCD for PFS/OS did 

not yield significant results. While some reports have demonstrated the prognostic value 

of TRG and Mandard TRG for PFS/OS in gastric carcinoma (Zhu et al. 2017), the use of TCD 

as a surrogate for direct responses to RT has only shown associations with TRG/Mandard 

TRG, rather than with PFS/OS directly (West et al. 2010, Wilkins et al. 2021). Hence, the 

utilization of TCD as a classification technique for this cohort may not be optima, although 

its potential as a substitute for direct responses to RT in the tumour cannot be dismissed. 

Instead, PFS was used as a stratifying factor in our study, as it reflects local control and 

can be used to assess response to RT. Although complete response is less common after 

short-course CR, and tumour regression can continue for up to 12 weeks post-CRT 

(Glimelius 2014), using pathological grading scores from surgical samples taken within two 

weeks of the end of RT may underestimate the importance of RT. Moreover, PFS is a 

reliable and objective clinical assessment that is not subject to observation bias by 

pathologists scoring tumour H&E sections. 

In this study, the paired biopsies were stained with immune related antibodies using both 

mIHC and the ultivue technologies. While the sample size was limited and the absence of 

a “golden standard” method hindered the validation of their diagnostic accuracy, the 

comparison of these two technologies revealed very similar results in the main 

phenotypes of interest. The results from ultivue and mIHC supported each other on the 

key findings that RT induces a significant increase in CD3+CD4+CD8-PD1- cells and 

responders have more CD3+CD8+CD4-PD1- cells than non-responders. Apart from that, 

results from the ultivue showed that RT induced a significant decrease in CD3+CD4+CD8-

FOXP3+ (Treg) cells, and mIHC also demonstrated that RT induced a significant decrease 

in RT induced a significant decrease in CD11b+CD14-HLA-DR-CD15+ cells (PMN-MDSC) as 

mIHC used a panel which covers the markers to detect myeloid cells whilst the ultivue kit 

used only had 8 markers to cover tumour cells, M1 macrophages and T cells.  

Although the ranges of CD3+CD4+CD8-FOXP3+ from mIHC and Ultivue were similar (0-3.3% 

vs. 0-3.0%), some patients showed relatively large variances. The acceptable standard 

deviations, however, are unknown due to tissue heterogeneity. The differences observed 

could be attributed to several factors. Firstly, the marker used to define phenotypes was 

different; Ultivue used an additional marker (CD3) to define T cells, while mIHC only used 

CD4, CD8, and FOXP3 to define T cells. Secondly, Ultivue used exactly the same slide with 
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8 markers, while the 3 panels on mIHC were from 3 sequential section slides, which could 

vary in size. Additionally, a large number of sections were cut for RNA extraction between 

the ultivue slide and the mIHC slides so the size of the tissue areas varied significantly in 

some patients. 

The variances observed may potentially be explained by the utilization of DNA barcodes 

in the Ultivue technology, which can amplify the signal of each positive marker, thereby 

enhancing its ability to detect low expressed markers like FOXP3 (CD3+CD4+CD8-FOXP3+ 

cells range 0-3% in this study) (McNamara et al. 2020). Additionally, the inclusion of CD3 

in Ultivue panels may aid in defining Treg cells more accurately. Each technology 

possesses both advantages and disadvantages. Ultivue's drawback is that the commercial 

kit was pre-designed with fixed markers, although flex kits are now available, and is also 

expensive. In contrast, mIHC allows for the design of additional markers across more 

panels at a lower cost. For instance, in this study, three panels were utilized to detect T 

cells, macrophages, and myeloid cells. However, optimizing antibody concentration and 

staining order can be time-consuming. 

The significance of the findings from these two technologies lies in their novel approach 

to exploring biomarkers by considering spatial information. Recent discoveries have 

emphasized the importance of demonstrating the spatial relationship between specific 

biomarkers, such as PD-1 and PD-L1, in understanding a patient's likelihood of responding 

to checkpoint inhibitor therapy. These spatially informed analyses cannot be conducted 

using cells dissociated from tumour specimens by flow cytometry; instead, intact tissue 

sections must be examined (McNamara et al. 2020). The mIF-based technologies can 

facilitate this process. The 8-marker Ultivue panel allows staining of all markers on the 

same slide, making it possible to investigate the spatial relationship between any two 

phenotypes of interest using pathological imaging software HALO™. the spatial analysis 

conducted using mIHC requires the merging of several serial images to superimpose the 

PanCK marker staining into every panel for defining the tumour and stroma areas. 

Therefore, if spatial analysis is intended to be performed using mIHC by HALO™, PanCK 

needs to be included in every panel.  In addition, as biopsy samples are limited and 

precious, it is crucial to develop panels with more immune markers to gather more 

information with fewer sections. 

Future studies will employ new technologies such as CODEX2 (Phenocycler, Akoya), which 

enables up to 30 marker detection, and spatial transcriptomics platforms such as 
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Nanostring Geomx, which combine numerous protein markers with GEP. These 

developments offer exciting possibilities for spatially informed analysis and will allow for 

a more comprehensive understanding of the relationships between various biomarkers in 

the TME.   

Spatial analysis was performed on Ultivue fluorescence images using the SPIAT package, 

and a comprehensive workflow was presented. Further exploratory and deeper spatial 

analysis is currently being developed within the lab. Previous research has indicated that 

changes in genetic spatial heterogeneity occur in cancer patients who receive 

neoadjuvant chemotherapy, and these changes are associated with negative long-term 

outcomes after adjuvant therapy (Janiszewska et al. 2015). This platform offers a distinct 

opportunity to identify pathological spatial information on relevant phenotypes and their 

interactions, which may provide insights into this heterogeneity. Ultimately, this may lead 

to the development of novel biomarkers and more personalized therapeutic approaches 

for individual patients. 

In this study, the adoption of Nanostring technology instead of RNAseq was based on the 

requirement of less RNA (150ng compared to RNAseq's minimum of 1µg total RNA) and 

its compatibility with degraded RNA obtained from FFPE samples. Biopsies were collected 

by the MCRC Biobank and archived as FFPE samples, which often results in RNA 

degradation. The NanoString nCounter platform has been proven to be compatible and 

reliable for gene expression profiling using RNA obtained from FFPE samples (Veldman-

Jones et al. 2015). However, this technology has a limitation in that it can only detect a 

limited number of preselected genes that are publication based, which in this study were 

771 genes in total. RNA seq, on the other hand, can detect the whole transcriptome and 

is more suitable for biomarker discovery.  

In this study, pathway analysis was performed using IPA software and GO pathway. The 

longitudinal analysis in responders revealed only one pathway, which is scavenger 

receptor activity, indicating myeloid cell activity. In addition, more interesting information 

was found in the IPA analysis. It should be noted that IPA and GO pathway use different 

databases, statistical tests, and definitions/classifications (Nguyen et al. 2019).  

This study has several limitations that must be considered. Firstly, the study cohort is fairly 

small, and specifically, it only includes patients with SCRT schedules. Additionally, the 

endpoint is manually defined due to the difficulty in stratifying an optimal response group, 

and there is a lack of patients with pCR. The imbalance in the number of patients between 
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the two groups also makes it difficult to conduct meaningful statistical comparison 

analyses. Another limitation of gene sequencing is that the absence of validation on an 

external data cohort means that the findings of the RNAseq data should not be 

overinterpreted. However, multiple tools (nSolver, GO term database, IPA) were used to 

evaluate the data and identify a gene list and activated pathways that were previously 

demonstrated to be prognostic. Despite the inherent limitations of this study, it provides 

explorative TME profiling using all available technologies to explore potential differences 

or trends between different groups. These findings underscore the importance of further 

studies and require validation in larger cohorts of rectal cancer patients. Validation will be 

performed in another independent prospective cohort within the ongoing TIMM-RAD 

study (ClinicalTrials.gov Identifier: NCT05076500).  

Despite its limitations, this study makes a contribution to the research field of 

investigating immune changes during RT/CRT in rectal cancer with human samples. Few 

studies have utilized a larger sample size than the one used in this study. To ensure 

unbiased data analysis, all available endpoints (TRG, Mandard TRG, ΔTCD) were tested in 

this cohort. This study provides a comprehensive evaluation of immune changes during 

RT in the TME, utilizing advanced platforms for biomarker candidate exploration through 

identification and quantification of different immune cell populations, their spatial 

relationship, and immune gene signature. The study's serial sampling before and after RT, 

as well as the choices on clinical assays on these samples and endpoints to stratify 

responses to RT, demonstrate the feasibility of characterizing meaningful genomic and 

immune profiling in rectal cancer. The results of the present study might facilitate the 

discovery of transcript biomarkers associated with RT and provide new insights into the 

immune effects of RT at the gene level. The study's comparison of results from different 

technologies provides a useful point of reference for determining optimal platforms in 

future studies. The gene data suggest that dynamic profiling of rectal tumours shows 

transcriptomic evolution during treatment, supporting ongoing trials of 

immunomodulatory treatments in combination with, and following, RT in rectal cancer. 
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In summary, the main findings in this chapter include the following: 

• The longitudinal analysis from mIHC revealed significant changes induced by RT in 

various immune cells, including T helper cells (CD4+CD8- cells) (P=0.0017), PD1- T 

helper cells (CD4+CD8-PD1-) (P=0.003), PD1+ cytotoxic T cells (CD8+CD4-PD1+) 

(P=0.003), PD-L1+ M1 macrophages (PanCK-CD68+CD163-PD-L1+) (P=0.035), M2 

macrophages (PanCK-CD68+CD163+) (P=0.044), and PMN-MDSC 

(CD11b+CD15+HLA-DR-CD14-) (P=0.0042). Changes in PMN-MDSC were specific to 

responders. 

• Responders demonstrated significantly higher levels of cytotoxic T cells at baseline 

than non-responders (P=0.028), whereas no significant differences were observed 

between responders (n=10) and non-responders (n=4) in tumour cells, 

macrophages, and myeloid cells. 

• Spatial analysis indicated that T helper cells (CD4+CD8- cells) were more infiltrated 

in the stroma area than the tumour area in responders at baseline (P=0.0078). 

• Results from the ultivue technology confirm results from mIHC that RT induces a 

significant increase in CD3+CD4+CD8-FOXP3+ (Treg) cells and CD4 + cells 

(CD3+CD4+CD8-PD1-), and responders have more CD3+CD8+CD4-PD1- cells than 

non-responders. 

• The use of the SPIAT package enables the exploration of spatial analysis with 

Ultivue data. 

• Responders showed longitudinal (pre-RT vs post-RT samples) regulation of 

immune genes, which involves CD8 T cells activation (TNFSF8, IFNA2), adaptive 

immune response (IFNA1), T-helper 1 type immune response (IL12B), antiviral 

activity (IFNA17, IFNA7), macrophages (CD163), and this may suggest an inflamed 

GEP. 

• Pathways involved during RT in responders are mostly activated, including 

biological process such as differentiation of antigen presenting cells, IFNγ, which 

mimic an anti-viral reaction. 

• Non-Responders showed longitudinal (pre-RT vs post-RT samples) regulation of 18 

immune genes, reflecting an inhibited GEP. 

• Pathways involved during RT in non-responders are almost all inhibited, including 

biological process such as movement of myeloid cells, Cytokines, IFNγ. 
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• In post-RT samples, 124 genes are upregulated, and 2 genes downregulated in 

responders compared with non-responders. 

• Responders have higher gene expression of genes related to CD8 T cells activation 

(TNFSF8, IFNA2), antiviral activity (IFNA17, IFNA7) and markers of macrophages 

(CD163) than non-responders in post-RT samples, which suggested an immune 

active TME where macrophages activities were activated.  

• Only 2 genes (CFD, CFI) were significantly different between responders and non-

responders in gene profiling at baseline. 

• In conclusion, this section analysed the enriched DEGs along with their associated 

canonical signalling pathways, diseases and functions, upstream regulatory 

molecules, regulatory effects and interaction networks.  
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Chapter 4 Biobank proteomic study: Investigating the effect of 

radiotherapy on the tumour microenvironment to identify 

potential prognostic and predictive biomarkers of radiotherapy 

response in bladder cancer 

 

 

4.1 Introduction 

Bladder cancer is the second most common urological malignancy and one of the top 10 

common cancers amongst men globally (Sung et al. 2021). Bladder cancer is a 

heterogeneous disease and can be clinically classified by stage as either muscle-invasive 

or non-muscle-invasive based on the involvement of the detrusor muscle. Around 75% of 

cases are diagnosed with non-muscle-invasive bladder cancer (NMIBC), which can be 

cured by complete resection of the tumour followed by induction and maintenance 

immunotherapy with intravesical BCG (Mycobacterium bovis Bacillus Calmette-Guérin) 

vaccine or intravesical chemotherapy (Kamat et al. 2016). Muscle invasive bladder cancer 

(MIBC) (T2-T4), is life-threatening, with long-term survival of approximately 50% (Shelley 

et al. 2002, Kozak et al. 2012). Approximately 25% of patients will have MIBC at diagnosis, 

the standard practice is a multimodal treatment involving radical cystectomy (removal of 

the entire bladder and nearby lymph node) with neoadjuvant chemotherapy. For selected 

patients, bladder-preservation therapy consisting of transurethral resection of bladder 

tumour (TURBT) (removal of the cancer cells with/without nearby tissues down to the 

muscle layer of the bladder wall) with CRT is also an option with good disease control 

(NICE 2015). RT-based bladder preservation treatment consisting of maximum TURBT 

followed by RT with concurrent chemotherapy seem to have a similar long-term outcome 

with those after cystectomy (5-year OS, 60-70%) (Zhang et al. 2015, Kamat et al. 2016). 

Despite the benefit of preserving normal bladder function, some patients do not respond 

to neoCRT. Better identification of the non-responders to chemo-radiation could 

potentially avoid side effects of these treatments and the delays in delivering definitive 

surgery.  
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The use of BCG as a standard treatment for high-risk NMIBC (NICE 2015) and the approval 

of checkpoint inhibitor blockers (ICI) in the treatment of metastatic urothelial carcinoma 

(NCI 2017) has shown the therapeutic potential of generating anti-tumour immune 

responses in bladder cancer. In MIBC, the use of ICI has proven clinical benefit for a small 

minority of around 20% of bladder cancer patients. However, currently, there are no 

established validated biomarkers available to predict response for bladder cancer patients 

being considered for ICIs (Chhaya et al. 2023). The development of such novel predictive 

biomarkers requires a deeper mechanistic understanding that will ultimately help guide 

the tailored selection of therapy based on the intrinsic biology of the tumour.  

Currently, there are no validated biomarker to guide the treatment of MIBC, but there is 

much interest in IHC and transcriptional markers (Comperat et al. 2022) and  emerging  

molecular alterations and genomic signatures as prognostic or predictive biomarkers in 

bladder cancer  (Miyamoto et al. 2018). These include genomic targets of drugs in bladder 

cancer include fibroblast growth factor receptor 3, EGFR, VEGF, mechanistic target of 

rapamycin, signal transducer and activator of transcription 3, androgen receptor, and 

CD24 (van Kessel et al. 2015). Other promising biomarkers in bladder cancer previously 

reported include: PD-L1, CD8, TMB, or TGF-β (Comperat et al. 2022), macrophages, 

circulating neutrophil-lymphocyte ratio (NLR) and MDSC (Joseph et al. 2019). In recent 

years it is increasingly understood that immune components (immune cells with diverse 

phenotypes and function and non-cellular components) in the TME (TME) may strongly 

contribute to intratumour heterogeneity and modulate responses to treatment. Immune 

cells such as neutrophils, macrophages, natural killer (NK) and T cells are also believed to 

be involved in local immune responses (Joseph et al. 2019). Thus targeting immune 

effector cells within the TME may potentially facilitate personised cancer treatment and 

improve outcomes (Whiteside 2006, Gajewski et al. 2013, Kirilovsky et al. 2022). 

The bladder tumour microenvironment is reported to be rich in growth factors and 

inflammatory cytokines that induce tumour growth or progression and suppress the 

immune system (Shadpour et al. 2019, Hatogai et al. 2020). In addition, cytokines and 

chemokines could activate non-specific immune responses by recruiting immune cells to 

the bladders (which ultimately causes the shedding of both remnant tumour and normal 

urothelial cells), which is speculated to potentially be one of the underlying mechanisms 

for the efficacy observed with the BCG vaccine (Alexandroff et al. 1999). Treatment 

response to BCG therapy has been shown to be associated with the levels of interleukin-
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2 (IL-2), IL-8 and IL-18 secreted in the urine, and a few chemokines have also been 

discovered in the urine of patients who received BCG therapy (Seow et al. 2008). These 

findings suggest the value of studying chemokines and immune cells in anti-cancer 

immune responses and the potential utility of urine samples for biomarker 

research. However, the role of cytokines in patients with primary muscle-invasive bladder 

cancer undergoing curative CRT is under investigated and poorly understood. 

RT has been demonstrated to have immunomodulatory effects in the immune TME 

(Barker et al. 2015). However, it is still unknown how it is modulated during RT and 

whether this modulation is favourable or unfavourable in bladder cancer. Furthermore, 

many immune effector cells may vary their phenotypes and immune functions over time, 

potentially switching from “tumour-inhibiting” to “tumour-promoting” within the TME. 

Therefore, it is important to understand the impact of RT on the TME in bladder cancer 

dynamically over a period of time during treatment to assess whether this impact on 

immune effector cells within the TME may influence treatment responses. If such immune 

biomarkers were to be identified and validated in prospective clinical trials, this would 

enable the identification of subgroups of patients who are more likely to benefit from one 

treatment over another and guide the use of combination therapies that include other 

modalities, such as immunotherapy, which might act synergistically with RT.  Several 

clinical trials on the combination therapy of RT and immunotherapy are ongoing in MIBC 

(Daro-Faye et al. 2021) . 

The aims of this chapter were to characterise the dynamic changes in the expression of 

cytokine/chemokines in urine and plasma, immune phenotypes in the TME before RT, and 

their associations with responses to neoadjuvant RT at baseline and longitudinally. 

Diagnostic tumour biopsies from patients with MIBC who received CRT were obtained 

from the MCRC Biobank. No post-RT biopsies were obtained, but urine samples were 

collected as a surrogate to investigate the TME ((Wong et al. 2018)). Flow cytometry was 

used to detect myeloid cells in the urine samples, as preliminary studies by other members 

of the lab indicated a lower abundance of T cells and a higher abundance of myeloid cells. 

 Immune markers against tumour-associated macrophages/tumour cells (Pan CK, PD-L1, 

CD68, CD163), myeloid cells (CD11b, CD14, CD15, HLA-DR) and T lymphocyte subsets 

(CD4, CD8, FOXP3, PD1) were identified and measured by mIHC. Cytokine and chemokine 

levels at different timepoints during RT (measured by luminex technology) from urine and 



152 

 

plasma samples were compared longitudinally and between responders and non-

responders. 
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4.2 Results 

4.2.1 Patient Characteristics and Treatment summary 

The MCRC Biobank proteomics study (18_CAWE_03) was set up to investigate RT-induced 

changes in PBMC in 4 different tumour types (sarcoma, prostate cancer, bladder cancer, 

head and neck cancer). The goal set within the NIHR BRC advanced RT theme, of recruiting 

at least 20 patients in each tumour type was achieved in bladder cancer. Weekly during 

RT PBMC and urine samples along with diagnostic tumour biopsies were collected. Urine 

collection was introduced later in the study so was not available for all patients. All except 

one patient (C009742) have muscle-invasive bladder cancer (MIBC) and are confirmed as 

having urothelial carcinoma, the main pathological type of bladder cancer (Table 4.1). 

Most patients were in T2 stage (tumour infiltrating the muscle), with one patient in T1 

(tumour infiltrating the lamina propria), and one in T3 (tumour infiltrating the perivesical 

tissue).  
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Table 4.1 The pathological information of patients with bladder cancer 

Biobank ID Stage Grade Type Muscle invasion 

C006455 T2 3 urothelial carcinoma yes 

C006631 T2 3 urothelial carcinoma yes 

C006786 T2 3 urothelial carcinoma yes 

C007338 T2 3 urothelial carcinoma yes 

C007339 T2a 3 urothelial carcinoma yes 

C007380 T2 3 urothelial carcinoma yes 

C007447 T2 at least 3 urothelial carcinoma yes 

C007652 T3b NA* NA* yes 

C007795 T2a 3 urothelial carcinoma yes 

C007836 T2 3 urothelial carcinoma yes 

C007967 T2 3 urothelial carcinoma yes 

C008072 T2a NA* urothelial carcinoma yes 

C008291 T2a 3 urothelial carcinoma yes 

C008373 T2 3 urothelial carcinoma yes 

C008466 T2a 3 urothelial carcinoma yes 

C008958 T2a 3 urothelial carcinoma yes 

C009025 T2a 3 urothelial carcinoma yes 

C009095 T2 3 papillary urothelial carcinoma yes 

C009098 T2 3 urothelial carcinoma yes 

C009171 T2a 3 urothelial carcinoma yes 

C009172 T2 3 urothelial carcinoma yes 

C009209 T2 3 urothelial carcinoma yes 

C009225 T2 3 urothelial carcinoma yes 

C009322 T2 3 urothelial carcinoma yes 

C009617 T2a 3 urothelial carcinoma yes 

C009742 T1 3 papillary urothelial carcinoma yes 

The pathological reports of diagnostic samples are unavailable. Staging of bladder cancer based on 
Committee on Cancer (AJCC) TNM system(Magers et al. 2019):  T1: The cancer has grown into the layer of 
connective tissue under the lining layer of the bladder, but has not reached the layer of muscle in the bladder 
wall;  T2: The cancer has grown into the inner (T2a) or outer (T2b) muscle layer of the bladder wall, but it 
has not passed completely through the muscle to reach the layer of fatty tissue that surrounds the bladder. 
T3: The cancer has grown through the muscle layer of the bladder and into the layer of fatty tissue that 
surrounds the bladder (T3a or T3b).
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Among the 26 patients included in the study, two patients (C007836 and C008291) were 

diagnosed with metastatic disease and received RT for curative intent (Table 4.2). The 

decision to administer this treatment was based on clinical experience and judgment of 

the consultants. Specifically, it was deemed that some metastatic patients, particularly 

those with nodal relapse (as opposed to distant metastasis), may benefit from radical RT 

following six cycles of chemotherapy, and that such an approach might enable them to 

achieve long-term survival. Given that the study endpoint is local control, these two 

patients were included in this study for subsequent analysis. 
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Table 4.2 The treatment summary of patients with bladder cancer 

Biobank ID M stage at 
diagnosis 

chemotherapy regimen Dose (cGy) Fractions 

C006455 M0 Gemcitabine and Cisplatin 5260 20 

C006631 M0 Gemcitabine and Cisplatin 6000 20 

C006786 M0 GemX (Gemcitabine with Concurrent RT)  5260 20 

C007338 M0 Gemcitabine and Cisplatin 5460 20 

C007339 M0 Gemcitabine and Cisplatin 5240 20 

C007380 M0 Gemcitabine and Cisplatin 5460 20 

C007477 M0 GemX (Gemcitabine with Concurrent RT) 5220 20 

C007652 M0 Gemcitabine and Carboplatin 5220 20 

C007795 NA Gemcitabine and Cisplatin 5260 20 

C007836 M1 Gemcitabine and Cisplatin 5220 20 

C007967 M0 

 

5440 20 

C008072 NA GemX (Gemcitabine with Concurrent RT)  5300 20 

C008291 M1b Gemcitabine and Cisplatin 5260 20 

C008373 M0 Gemcitabine and Cisplatin 5240 20 

C008466 NA GemX (Gemcitabine with Concurrent RT) 5260 20 

C008958 NA Gemcitabine and Cisplatin 5200 20 

C009025 M0 Gemcitabine and Cisplatin 5200 20 

C009095 M0 Gemcitabine and Cisplatin 5260 20 

C009098 M0 GemX (Gemcitabine with Concurrent RT) 5220 20 

C009171 NA Carboplatin and Etoposide 5200 20 

C009172 M0 GemX (Gemcitabine with Concurrent RT) 5500 20 

C009209 M0 GemX (Gemcitabine with Concurrent RT)  5460 20 

C009225 M0 GemX (Gemcitabine with Concurrent RT) 5460 20 

C009322 M0  5200 20 

C009617 M0 GemX (Gemcitabine with Concurrent RT) 5200 20 

C009742 M0 Gemcitabine and Carboplatin 5300 20 

Total n number=26
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 Urine and PBMC samples were collected at specific timepoints during the course of RT, 

including before RT, at the beginning of week 2 of RT, the beginning of week 3 of RT, the 

beginning of week 4 of RT, and the end of RT, as depicted in Figure 4.1. These timepoints 

Baseline, Pre.wk2, Pre.wk3, Pre.wk4, Pre.final will be used  for subsequent analysis. 

 

 

Figure 4.1 The RT regimen and timepoint of the sample collection of bladder patients. 
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Treatment responses can be classified differently depending on the endpoints applied 

(Table 4.3).  

 

Table 4.3 The classifications of responses to RT in bladder patients 

Biobank.ID 
Local relapse by  

3-month cystoscopy Group 1 

Local relapse by the first 
reported cystoscopy (>3 
months) Group 2 

C007795 No Responder No Responder 
C008072 No Responder No Responder 
C009171 local relapse Non-responder local relapse Non-responder 
C007338 No Responder No Responder 

C009322 No Responder No Responder 
C009617 local relapse Non-responder local relapse Non-responder 
C009742 ND Unknown group  superficial recurrence Non-responder 
C007339 ND Unknown group  local relapse Non-responder 
C007380 No Responder No Responder 
C006455 No Responder No Responder 
C009098 No Responder No Responder 
C006631 ND Unknown group  No Responder 
C008373 No Responder No Responder 
C009095 No Responder No Responder 
C009225 No Responder No Responder 
C009209 No Responder No Responder 
C008291 ND Unknown group  superficial recurrence Non-responder 
C008958 ND Unknown group  No Responder 
C009025 No Responder No Responder 
C006786 ND Unknown group  node relapse Non-responder 
C008466 local relapse Non-responder local relapse Non-responder 
C007836 No Responder No Responder 
C007967 No Responder No Responder 
C007652 No Responder No Responder 
C009172 ND Unknown group  No Responder 
C007477 No Responder No Responder 
ND, not performed. Total n number=26
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Two different methods were utilized to classify responders and non-responders in this 

study. Conventionally, a responder is defined as being cancer-free at the first check 

cystoscopy, which usually occurs at around 3 months. If cystoscopy within 3 months was 

used to classify treatment response (Group 1), 16 patients were identified as responders, 

3 patients were identified as non-responders, and 7 patients were classified as an 

unknown group due to cystoscopy not being performed within 3 months.  

It should be noted that determining whether a patient is a responder or non-responder 

can present certain difficulties. For instance, the first cystoscopy (particularly flexible 

cystoscopy) may not show evidence of a tumour or may not be performed, but CT scan 

may reveal nodal involvement or distant metastasis, as in the case of C006786. 

Additionally, in some cases, the first cystoscopy after RT may not be performed, but a re-

resection may be done and the histology may show residual disease, as in the case of 

C007339. In other cases, the first cystoscopy after RT (beyond 3 months) may show a 

suspicious recurrent site, but repeated biopsy may confirm this to be RT changes with no 

evidence of residual malignant lesions, as in the case of C006631. Similarly, the first 

cystoscopy after RT (beyond 3 months) may be clinically suspicious of possible recurrence, 

but repeated biopsies may show no malignant cells, as in the case of C008958. Another 

scenario is when the first cystoscopy after RT shows superficial recurrence, which is then 

followed by BCG treatment, and the interval cystoscopy reveals no clinical evidence of 

recurrence, as in the case of C009742. Lastly, in cases where distant metastasis is 

diagnosed shortly after RT, and death occurs before the 3 months cystoscopy is 

performed, it can be challenging to determine the patient's response to treatment. 

Therefore, treatment responses were classified based on the first reported cystoscopy 

after RT. Responders were defined as patients who did not show recurrence and 

demonstrated an absence of disease on the earliest cystoscopy since the completion of 

RT. With this classification (Group 2), 19 patients were identified as responders, and 7 

patients were identified as non-responders. Notably, two patients had a superficial 

relapse, and it was challenging to determine if this relapse was related to the original 

disease; thus, they were classified as non-responders. 

To assess the utility of Group 2 (stratified by the cystoscopy at any time), progression-free 

survival was compared between responders and non-responders. Responders showed 
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significantly more favourable progression-free survival than non-responders (P=0.0006) 

(Figure 4.2), suggesting they may have different disease features and may represent 

different TME. All analysis was undertaken using Group 1 and Group 2 classifications, but 

for the purposes of this thesis, only the Group 2 classification is presented. 
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Figure 4.2 The progression-free survival of responders and non-responders (grouped by the cystoscopy at 
any time, Group  2) 
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4.2.2 Profiling of the TME in bladder cancer by flow cytometry on urine samples 

Urine samples at different timepoints during RT from some patients among this cohort 

were collected. Preliminary analysis suggested low numbers of T cells and larger numbers 

of myeloid cells in the urine (data not shown). As a result, urine samples from 18 patients 

were analysed with flow cytometry using a myeloid panel (details shown in Materials and 

Methods Table 2.7). The list of patients whose urine samples were collected and 

processed by flow cytometry were shown in Table 4.4. 

 

Table 4.4 The list of patients with urine samples in different timepoints processed by flow cytometry 

 
Baseline Pre.wk2 Pre.wk3 Pre.wk4 Pre.final 

C007477 √ √ √ √ √ 

C007652 √ √ √ √ 
 

C007795 √ 
 

√ √ 
 

C007836 √ √ √ √ √ 

C007967 √ √ √ √ 
 

C008072 √ 
 

√ 
  

C008291 √ 
 

√ 
  

C008466 √ √ 
   

C008958 √ √ 
 

√ √ 

C009095 √ √ √ √ √ 

C009098 √ √ √ √ √ 

C009171 √ √ √ √ √ 

C009172 √ √ √ √ √ 

C009209 √ √ √ √ 
 

C009225 √ √ √ √ √ 

C009332 √ √ √ √ √ 

C009617 √ √ √ √ √ 

C009742 √ √ √ √ √ 

√, means the sample at this timepoint was collected and had enough cells for flow cytometry. Total n 
number=18. 
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The gating strategy used is illustrated in Figure 4.3.  Using this gating strategy, two main 

cell subsets were identified: neutrophils, which were CD66b+CD14-, and inflammatory 

monocytes, which were CD66b-CD14+. 

 

 

Figure 4.3 The gating strategy to identify myeloid cells in urine samples from patients with bladder cancer.  

Urine samples from different timepoints during RT were collected. Cell components were separated and 
stored at -80 degrees as per the SOP. Urine samples were defrosted on the day of the experiment, stained 
with amine-reactive cell-impermeant dye (LIVE/DEAD Stain Kit; Life Technologies, Thermo Fisher Scientific) 
for dead cell exclusion according to the manufacturer’s instructions, Fc receptors blocked and then stained 
with 11 antibodies. Sample acquisition was performed on the Flow Cytometer (BD Fortessa), data were 
exported as FCS format. The gates on the left, middle, and right were used to filter out the single cells, live 
cells, CD66b+CD14- cells (neutrophils), and CD66b-CD14+ cells (inflammatory monocytes). Data analysis and 
visualisation were performed with FlowJo 10.6.2. 
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The percentages of the CD66b+CD14- among single live cells at different timepoints were 

compared and shown in Figure 4.4. An increase in neutrophils (CD66b+CD14- cells) is 

observed after 2 weeks of RT. No significant change in monocytes was seen (data not 

shown). 
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Figure 4.4 The abundance of CD66b+CD14- cells from urine samples of patients with bladder cancer 
increased significantly at the second week of RT.  

Urine samples from different timepoints during RT were collected. Cell components were separated and 
stored at -80 degrees as per the SOP. Urine samples were defrosted on the day of experiment, stained 
with amine-reactive cell-impermeant dye (LIVE/DEAD Stain Kit; Life Technologies, Thermo Fisher Scientific) 
for dead cell exclusion according to the manufacturer’s instructions, Fc receptors blocked and then stained 
with 11 antibodies. Sample acquisition was performed on the Flow Cytometer (BD Fortessa), data were 
exported as FCS format. The timepoints “Baseline”, “Pre.wk2”, “Pre.wk3”, “Pre.wk4”, “Pre.final” represent 
before RT, the beginning of the 2nd , the beginning of 3rd, the beginning of 4th week of RT, and the end of 
RT respectively. The bar chart of the fold change of the CD66b+CD14- cells from baseline (time post during 
RT/ Baseline); The bar shows the median value of all patients at each timepoint, the error bars shows the 
standard error of the mean (SEM). Data analysis and visualization were performed with FlowJo 10.6.2 and 
GraphPad Prism 9.0. Paired t-test was used when comparing the levels at any timepoint with at baseline. 
P-values are reported as: **** p<0.0001. 
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4.2.3 Profiling of cytokines and chemokines in the TME of bladder cancer during RT by 

luminex on urine samples 

In order to investigate changes in cytokines/chemokines in RT and identify novel urine 

protein biomarkers of bladder cancer, urine samples at different timepoints during RT 

were analysed with a luminex-based screening platform (n=23) (Table 4.5). 20 patients 

have urine samples from baseline, 19 have samples from Pre.wk2 (the beginning of the 

2nd week of RT), 18 from Pre.wk3 (the beginning of 3rd week), Pre.wk4 (the beginning of 

4th week of RT), Pre.final (the end of RT) respectively. 

 

Table 4.5 The list of patients whose urine samples were collected and analysed with luminex. 

Patient ID Baseline Pre.wk2 Pre.wk3 Pre.wk4 Pre.final 

C007338 √ √ NA √ NA 

C007339 √ √ √ √ NA 

C007380 √ √ NA √ √ 

C007477 NA √ √ √ √ 

C007652 √ √ √ √ √ 

C007795 √ NA √ √ NA 

C007836 √ √ NA √ √ 

C007967 √ √ √ √ NA 

C008072 NA √ NA NA √ 

C008291 √ NA √ NA NA 

C008373 √ NA √ NA NA 

C008466 √ √ NA NA NA 

C008958 √ √ NA √ √ 

C009025 NA √ √ √ √ 

C009095 √ √ √ √ √ 

C009098 √ √ √ √ √ 

C009171 √ √ √ √ √ 

C009172 √ √ √ √ √ 

C009209 √ NA √ √ NA 

C009225 √ √ √ √ √ 

C009322 √ √ √ √ √ 

C009617 √ √ √ √ √ 

C009742 √ √ √ √ √ 

The timepoints “Baseline”, “Pre.wk2”, “Pre.wk3”, “Pre.wk4”, “Pre.final” represent before RT, the beginning 
of the 2nd , the beginning of 3rd, the beginning of 4th week of RT, and the end of RT respectively. In the table, 
√ means sample collected, NA means no sample collected in this timepoint. Total n number: 23. 
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The expressions of 37 cytokines and chemokines sequentially during RT were compared. 

Longitudinal analysis (any timepoint during RT vs baseline) found that no 

chemokine/chemokine seems to significantly change during RT, either in responders or 

non-responders (Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9). 
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Figure 4.5 No changes in urinary levels of IL-9, IL-10, IL-17A, IL-21, IL-22, IL-23 and IL-27 at any timepoint 
during RT compared to baseline 

This figure illustrates the levels of T helper cytokines (Th9/Th17/Th22/Treg) in urine samples at several 
timepoints during RT. Longitudinal analysis (comparing any timepoint with Baseline) was conducted. The 
luminex assay was performed using a 34-plex luminex kit (See Methods). Data was shown as actual value of 
the level of each cytokine/chemokine (pg/ml). Data analysis and visualization were performed with R 4.1.1. 
Statistical significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented in the 
figure. 
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Figure 4.6 No changes in urinary levels of GM-CSF, IFN-γ, IL-1β, IL-2, IL-4 and IL-5 at any timepoint during RT 
compared to baseline 

This figure illustrates the levels of Th1/Th2 type cytokines in urine samples at several timepoints during RT. 
Longitudinal analysis (comparing any timepoint with Baseline) was conducted. The luminex assay was 
performed using a 34-plex luminex kit (See Methods). Data was shown as actual value of the level of each 
cytokine/chemokine (pg/ml). Data analysis and visualization were performed with R 4.1.1.  Statistical 
significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented in the figure. 
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Figure 4.7 No changes in urinary levels of IL-6, IL-8, IL-12p70, IL-13, IL-18 and TNFα at any timepoint during 
RT compared to baseline 

This figure illustrates the levels of Th1/Th2 type cytokines in urine samples at several timepoints during RT. 
Longitudinal analysis (comparing any timepoint with Baseline) was conducted. The luminex assay was 
performed using a 34-plex luminex kit (See Methods). Data was shown as actual value of the level of each 
cytokine/chemokine (pg/ml). Data analysis and visualization were performed with R 4.1.1.  Statistical 
significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented in the figure. 
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Figure 4.8 No changes in urinary levels of IFNα, IL-1α, IL-7, IL-1RA, IL-15 and IL-31 at any timepoint during 
RT compared to baseline 

This figure illustrates the levels of Inflammatory cytokines in urine samples at several timepoints during RT. 
Longitudinal analysis (comparing any timepoint with Baseline) was conducted. The luminex assay was 
performed using a 34-plex luminex kit (See Methods). Data was shown as actual value of the level of each 
cytokine/chemokine (pg/ml). Data analysis and visualization were performed with R 4.1.1. Statistical 
significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented in the figure. 
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Figure 4.9  No changes in urinary levels of Eotaxin, CXCL1, CXCL2, CCL2, CCL3, CCL4, CCL5 and SDF1a at any 
timepoint during RT compared to baseline 

This figure illustrates the levels of Inflammatory cytokines in urine samples at several timepoints during RT. 
Longitudinal analysis (comparing any timepoint with Baseline) was conducted. The luminex assay was 
performed using a 34-plex luminex kit (See Methods). Data was shown as actual value of the level of each 
cytokine/chemokine (pg/ml). Data analysis and visualization were performed with R 4.1.1. Statistical 
significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented in the figure. 
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Figure 4.10 No differences between responders vs non-responders at baseline of RT from urine samples 
from patients with bladder cancer 

This figure illustrates the levels of all the 34 cytokines in urine samples in a comparison was between 
responders and non-responders. The luminex assay was performed using a 34-plex luminex kit (See 
Methods). Data was shown as actual value of the level of each cytokine/chemokine (pg/ml). Data analysis 
and visualization were performed with R 4.1.1. Statistical significance was determined by the Wilcoxon test, 
and only P-values < 0.05 are presented in the figure. 



172 

 

In summary, no significant changes were observed in the urine levels of any of the studied 

cytokine/chemokines at any timepoint compared to baseline, and no significant 

differences were found between responders and non-responders at baseline. However, 

to investigate whether any cytokine/chemokine associated with neutrophils correlated 

with the observed significant increase in CD66b+CD14- neutrophils in urine during RT, an 

exploratory analysis was conducted. Flow cytometry data was analysed on urine samples 

from 15 patients at the timepoints of "Baseline" and "Pre.wk3"(Figure 4.4), who had 

matched data from the luminex on urine samples. These 15 patients were classified into 

two groups based on the fold change of neutrophils at the "Pre.wk3" timepoint, with a 

manually set cut-off value of 2. The patients with a fold change over 2 were categorized 

as the "Neutrophil-hi" group (n=9), and those below 2 were classified as the "Neutrophil-

lo" group (n=6) (Table 4.6). 

 

Table 4.6 Defining response groups based on urine CD66b+CD14- neutrophil increase. 

Patient.ID Fold change* Fold change* >2 Group  

C009742 2.202898551 Yes Neutrophil-hi 

C007477 7.040441176 Yes Neutrophil-hi 

C007652 12.88492707 Yes Neutrophil-hi 

C007836 7.93911007 Yes Neutrophil-hi 

C009098 2.20625 Yes Neutrophil-hi 

C009332 4.159952 Yes Neutrophil-hi 

C008291 1.657142857 No Neutrophil-lo 

C009617 1.613540197 No Neutrophil-lo 

C009171 0.251149425 No Neutrophil-lo 

C007795 1.603174603 No Neutrophil-lo 

C007967 1.235015773 No Neutrophil-lo 

C009095 0.10177305 No Neutrophil-lo 

C009172 0.501702611 No Neutrophil-lo 

C009209 1.266435986 No Neutrophil-lo 

C009225 1.010169492 No Neutrophil-lo 

The Neutrophil-hi group included patients with a fold change greater than 2, indicating an obvious increase 
in neutrophil percentages, while the Neutrophil-lo group included patients with a fold change less than 2, 
indicating no obvious increase in neutrophil percentages. *Fold change was calculated as the ratio of 
CD66b+CD14- neutrophil percentages at the timepoint of "Pre.wk3" to percentages at baseline. Total n 
number=15. 
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The progression-free survival of the two groups was depicted in Figure 4.11 B. Although a 

more favorable progression-free survival was observed in the "Neutrophil-hi" group 

compared to the "Neutrophil-lo" group based on the survival analysis, the difference was 

not significant (P=0.50). Furthermore, due to the small sample size in each group, no 

definitive conclusions can be drawn. 
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Figure 4.11. Classification of patients based on fold change of neutrophils in urine pre week 3 of RT and their 
progression-free survival. 

(A) This figure illustrates the two groups of patients classified based on the fold change of CD66b+CD14- 
neutrophils in urine samples at the timepoint of "Pre.wk3" compared to baseline. (B) The progression-free 
survival of these groups was analyzed using the Kaplan-Meier estimate method and plotted using GraphPad 
9. 

 

 

An additional exploratory analysis was conducted comparing the expression of cytokines 

and chemokines between these two groups. Results from the luminex analysis on the 

urine indicated a significant increase in IL-4  and CCL4 at the "Pre.wk3" timepoint in the 

"Neutrophil-hi" group (Figure 4.12). However, no significant changes were noted in the 

levels of neutrophil recruiting chemokines CXCL8 and CXCL1 (Figure 4.13). 
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Figure 4.12 Significant changes in urinary IL-4 and CCL4 at Pre.wk3 in the Neutrophil-hi group, correlating 
with CD66b+CD14- neutrophil increase in urine 

The figure depicts the levels of IL4 and MIP1β in the urine of the "Neutrophil-hi" and "Neutrophil-lo" groups, 
respectively. (A) IL-4, (B) CCL4, n=6 for neutrophil-hi and n=7 for neutrophil-lo; The classification of the 
groups was based on the increase of CD66b+CD14- neutrophils in urine during RT. The luminex assay was 
performed following the instructions in the luminex 34-plex kit. Data are presented as the actual value of 
the level of each cytokine (ng/ml), with statistical differences determined by wilcox test. P-values are 
reported as: * p<0.05. 
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Figure 4.13 No significant changes in urinary IL-8 and CXCL1 at Pre.wk3 in the Neutrophil-hi group, 
correlating with CD66b+CD14- neutrophil increase in urine 

The figure depicts the levels of IL-8 and CXCL1 in the urine of the "Neutrophil-hi" and "Neutrophil-lo" groups, 
respectively. (A) IL-8, n=3 for neutrophil-hi and n=6 for neutrophil-lo (B) CXCL1, n=6 for neutrophil-hi and 

n=9 for neutrophil-lo; The classification of the groups was based on the increase of CD66b+CD14- 
neutrophils in urine during RT (shown in Table 4.6). The luminex assay was performed following the 
instructions in the luminex 34-plex kit. Data are presented as the actual value of the level of each cytokine 
(ng/ml), with statistical differences determined by wilcox test. P-values are reported as: * p<0.05. 
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4.2.4 Profiling of cytokine and chemokine in the TME of bladder cancer during RT by 

luminex on plasma samples 

Plasma samples from 22 patients were collected. The available samples at each timepoint 

during RT are shown in Table 4.7. 

 

Table 4.7 The list of patients whose plasma samples were collected and analysed with luminex. 

Patient ID Baseline Pre.wk2 Pre.wk3 Pre.wk4 Pre.final 

C006455 1 1 1 1 1 

C006631 1 1 1 1 1 

C006786 1 1 1 1 1 

C007338 1 1 1 1 1 

C007339 1 1 1 1 1 

C007380 1 1 1 1 1 

C007477 1 1 1 1 1 

C007652 1 1 1 1 1 

C007795 1 1 1 1 1 

C007836 1 1 1 1 1 

C007967 1 NA 1 1 NA 

C008072 1 1 1 NA NA 

C009025 1 1 1 1 1 

C009095 1 1 1 1 1 

C009098 1 1 1 1 1 

C009171 1 1 1 1 1 

C009172 1 1 1 1 1 

C009209 1 1 1 1 NA 

C009225 1 1 1 1 1 

C009322 1 1 1 1 1 

C009617 1 1 NA 1 1 

C009742 1 1 1 1 1 

The timepoints “Baseline”, “Pre.wk2”, “Pre.wk3”, “Pre.wk4”, “Pre.final” represent before RT, the beginning 
of the 2nd week, the beginning of 3rd week, the beginning of 4th week of RT, and the end of RT respectively. 
In the table, 1 means sample collected, NA means no sample collected in this timepoint. Total n number=22. 
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The expression of cytokines/chemokines in plasma was analysed in responders and non-

responders to RT. A significant decrease in the expression of IL-27 was observed at the 

timepoints "Pre.wk2" and "Pre.wk3" in responders, compared to their baseline levels 

(p<0.05). For the Th1/Th2 cytokines, a significant decrease in IL-12p70 was seen only in 

responders (p<0.05). 

Responders showed an increase in IFNγ, a Th1-type cytokine, following RT. Conversely, a 

decrease in IL-12p70 and IL-4 was observed at Pre wk2 (13.75Gy) in both groups, 

compared to their respective baseline levels. 

As for inflammatory cytokines, a significant decrease was observed in IL-15 after RT at Pre 

wk2 (13.75Gy) and Pre wk3 (27.5Gy) in responders (p<0.05). Additionally, responders 

showed a decrease in IL-7 at Pre wk2 (13.75Gy) compared to their baseline levels (p<0.05). 

Finally, responders exhibited an increase in CCL2 at Pre wk3 (27.5Gy) compared to their 

baseline levels (p<0.05) (Figure 4.14). 
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Figure 4.14 RT induced an increase in CCL2 and IFNγ and a decrease in IL-27, IL-4, IL-12p70, IL-15 and IL-7  
from plasma, differences are more significantly in responders.  

This figure illustrates the levels of T helper cytokines (Th9/Th17/Th22/Treg) in plasma samples at several 
timepoints during RT. Longitudinal analysis (comparing any timepoint with Baseline) was conducted. The 
luminex assay was performed using a 34-plex luminex kit (See Methods). Data are presented as the actual 
value of the level of each cytokine (pg/ml), with statistical differences determined by wilcox test. P-values 
are reported as: * p<0.05.  
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Longitudinal analysis (any timepoint during RT vs baseline) in the remaining 

cytokines/chemokines found that no chemokine/chemokine seems to significantly change 

during RT, either in responders or non-responders (Figure 4.15, Figure 4.16, Figure 4.17, 

Figure 4.18, Figure 4.19). 

 

Figure 4.15 No changes in IL-9, IL-10, IL-17A, IL-21, IL-22 and IL-23 in plasma at any timepoint during RT 
compared to baseline 

This figure illustrates the levels of T helper cytokines (Th9/Th17/Th22/Treg) in plasma at several timepoints 
during RT. Longitudinal analysis (comparing any timepoint with Baseline) was conducted. Data was shown 
as actual value of the level of each cytokine/chemokine (pg/ml). Data analysis and visualization were 
performed with R 4.1.1. Statistical significance was determined by the Wilcoxon test, and only P-values < 
0.05 are presented in the figure. 
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Figure 4.16 No changes in GM-CSF, IFN-γ, IL-1β, IL-2 and IL-5 in plasma at any timepoint during RT 
compared to baseline 

This figure illustrates the levels of Th1/Th2 type cytokines in plasma samples at several timepoints during 
RT. Longitudinal analysis (comparing any timepoint with Baseline) was conducted. Data was shown as actual 
value of the level of each cytokine/chemokine (pg/ml). Data analysis and visualization were performed with 
R 4.1.1. Statistical significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented 
in the figure. 
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Figure 4.17 No changes in IL-6, IL-8, IL-12p70, IL-18 and TNFα in plasma at any timepoint during RT 
compared to baseline 

This figure illustrates the levels of Th1/Th2 type cytokines in plasma samples at several timepoints during 
RT. Longitudinal analysis (comparing any timepoint with Baseline) was conducted. Data was shown as actual 
value of the level of each cytokine/chemokine (pg/ml). Data analysis and visualization were performed with 
R 4.1.1. Statistical significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented 
in the figure. 
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Figure 4.18 No changes in IFNα, IL-1α, IL-7, IL-1RA and IL-31 in plasma at any timepoint during RT compared 
to baseline 

This figure illustrates the levels of Inflammatory cytokines in plasma samples at several timepoints during 
RT. Longitudinal analysis (comparing any timepoint with Baseline) was conducted. Data was shown as actual 
value of the level of each cytokine/chemokine (pg/ml). Data analysis and visualization were performed with 
R 4.1.1. Statistical significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented 
in the figure. 
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Figure 4.19  No changes in Eotaxin, CXCL1, CXCL2, CCL3, CCL4, CCL5 and SDF1a in plasma at any timepoint 
during RT compared to baseline 

This figure illustrates the levels of Chemokines in plasma samples at several timepoints during RT. 
Longitudinal analysis (comparing any timepoint with Baseline) was conducted. Data was shown as actual 
value of the level of each cytokine/chemokine (pg/ml). Data analysis and visualization were performed with 
R 4.1.1. Statistical significance was determined by the Wilcoxon test, and only P-values < 0.05 are presented 
in the figure. 
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Overall, the findings of this section indicate that RT might alter the levels of T helper and 

inflammatory cytokines (such as CCL2, IFNγ, IL-27, IL-4, IL-12p70, IL-15 and IL-7) in plasma, 

with potential variations observed between responders and non-responders. 

Nevertheless, due to the limited sample size in each group, it remains challenging to draw 

a conclusive interpretation from the results. 

 

4.2.5 Immune profiling of the TME in bladder cancer by multiplex IHC on diagnostic 

samples 

In this study, dynamic changes induced by RT in the TME could not be investigated using 

matched post-RT biopsies, as such samples were not available. However, diagnostic 

samples from 25 patients with muscle-invasive bladder cancer (MIBC) (18 responders and 

7 non-responders, group classification defined in Table 4.3) were utilized to characterize 

the urothelial microenvironment before RT, using the mIHC platform (details shown in 

Section 2.8). The phenotypes representing T cells, myeloid cells, tumour cells, and 

macrophages were examined and quantified to identify baseline biomarkers that could 

aid in predicting the response to RT. Representative images of these phenotypes are 

visualized in Figure 4.20.  
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Figure 4.20 Representative image of T cell panel on bladder cancer before RT. 

Diagnostic biopsies from MIBC patients who received RT were collected and sectioned into slides (Patient 
N=26). The multiplex immunofluorescence protocol for T cells is optimised and set up using the Roche 
Ventana machine (Ventana Discovery). After the slides were stained with the 4 markers, slides were 
scanned, and images were acquired in the VS 120 machine (Slide Scanning Olympus VS120). Images were 
then imported into the HALO software (Indica Labs' HALO®) for analysis. In HALO, the fluorescence intensity 
threshold of each antibody was set up manually to determine positive and negative cells and the percentage 
of the defined phenotype of interest was calculated with the HighPlex FL algorithm (HighPlex FL v3.2.1) in 
HALO. (A). The image of the TME stained by Macrophage markers; (B) The output analysed image filtered 
by CD68+CD163-PD-L1+ cells; (C) The output analysed image filtered by PD-L1+ cells; (D). The image of the 
TME stained by myeloid markers; (E) The output analysed image filtered by CD11b+CD14+CD15-HLA-DR-; 
(F) The output analysed image filtered by CD11b+ cells;(G). The image of the TME stained by T cell markers; 
(H) The output analysed image filtered by CD4+FOXP3+ T cells; (I) The output analysed image filtered by 
CD8+PD1+ cells; 
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The results showed that T cells, myeloid cells, and macrophages had infiltrated the TME 

and could be captured by and quantified using mIHC (Figure 4.21). In most patients the 

tumour cells were the biggest cell population quantified by mIHC. 
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Figure 4.21 Multiplex IHC can characterise and quantify the immune components in the TME of bladder 
cancer. 

Diagnostic tumour biopsies were performed with mIHC. The experimental details are as described in Section 
2.8. Data shown as the percentage of each immune cell. Figure was generated by GraphPad 8.0.2. 
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A comparison of the immunophenotypes between responders and non-responders 

revealed that responders have significantly higher percentages of PD-L1+ M1 

macrophages, PD-L1+ cells and M2 macrophages (Figure 4.22). PD-L1+ cells refer to any 

cell that could express PD-L1, including tumour cells, myeloid cells and macrophages. 

Interestingly the expression of PD-L1 in most non-responders was barely detectable, 

compared to a median value of 7.63% (0.1-55.35%) in the responders. No significant 

differences were found in T regs, PD1+ CD8 T cells and CD8+ T cells between responders 

and non-responders although the tumours with the highest levels of these T cell 

populations were all responders (Figure 4.23). 



188 

 

Non-responder Responder

0.0

0.5

1.0

1.5

% PD-L1+ M1 Macrophages

P
ro

p
o

rt
io

n
s

✱

Non-responder Responder

0

20

40

60

% PD-L1+Cells

P
ro

p
o

rt
io

n
s

✱

Non-responder Responder

0

2

4

6

8

10

% M2 Macrophages

P
ro

p
o

rt
io

n
s

✱

A

B

C

 

Figure 4.22 Responders were infiltrated with more PD-L1+ M1 macrophages, PD-L1+ cells and M2 
macrophage than Non-responders at pre-treatment TME of bladder cancer.  

PD-L1+ M1 macrophages, PanCK-CD68+CD163-PD-L1+ cells; PanCK-CD68+CD163+ cells. Diagnostic tumour 
biopsies were analysed by mIHC. The experimental details are as described in Section 2.8. The X axis labels 
Responders and Non-responders classified by local relapse detected by cystoscopy. Responders (n=18); 
Non-responders (n=7). Data are presented as percentages for each immunophenotype, statistical difference 
determined by wilcox test. P-values are reported as: * p<0.05. 



189 

 

Non-responder Responder

0

5

10

15

% CD4+FOXP3+ Treg Cells

P
ro

p
o

rt
io

n
s

Non-responder Responder

0

2

4

6

% CD8+PD1+ Cytoxic T Cells

P
ro

p
o

rt
io

n
s

Non-responder Responder

0

2

4

6

8

10

% CD8+ T Cells

P
ro

p
o

rt
io

n
s

A B

C

 

Figure 4.23 No significant changes in the percentages of Tregs, CD8+PD1+ cytotoxic T cells, and CD8+ T 
cells between responders and non-responders, with a higher frequency of these cell types observed in 
responders.  

Diagnostic tumour biopsies were analysed by mIHC. The experimental details are as described inn Section 
2.8.The X axis labels Responders and Non-responders were classified by local relapse detected by 
cystoscopy. Responders (n=18); Non-responders (n=7). Data are presented as percentages for each 
immunophenotype, statistical difference determined by wilcox test. P-values are reported as: * p<0.05. 
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The main findings in this chapter are: 

• The percentages of neutrophils (CD66b+CD14- cells) in urine samples from 

patients with bladder cancer increased significantly after the second week of RT.  

• No significant changes were observed in the urine levels of any of the studied 

cytokine/chemokines at any timepoint compared to baseline, and no significant 

differences were found between responders and non-responders at baseline. 

• RT might alter the levels of T helper and inflammatory cytokines (such as CCL2, 

IFNγ, IL-27, IL-4, IL-12p70, IL-15 and IL-7) in plasma, with potential variations 

observed between responders and non-responders. 

• Using mIHC to characterise the TME of bladder cancer is feasible. 

• Responders appeared to have higher levels of infiltration of PD-L1+ M1 

macrophages, PD-L1+ cells and M2 macrophages than non-responders in the pre-

treatment TME of bladder cancer. 

  



191 

 

4.3 Conclusion and Discussion 

In this chapter, the pre-RT TME and the immunological effects of RT on cells in the urine 

and the blood in bladder cancer were investigated, and potential immune biomarkers 

associated with RT response were explored. 

The main findings of the mIHC analysis showed that "responders" had significantly higher 

levels of PD-L1+ M1 macrophages, PD-L1+ cells, and M2 macrophages in the pre-

treatment TME compared to non-responders. Flow cytometry results showed that the 

percentages of tumour associated neutrophils (CD66b+CD14- cells) from urine samples of 

patients with bladder cancer increased significantly after the second week of RT.  The 

luminex experiments conducted on urine samples did not identify any 

cytokines/chemokines that significantly changed during RT, suggesting that these factors 

may not be promising biomarkers of response to RT in bladder cancer. Similarly, the 

luminex experiments conducted on plasma samples showed that most 

cytokines/chemokines did not significantly alter during RT. However, some cytokines, 

such as IFNy and CCL2, increased in responders. 

The first question regarding the immunological effects of RT was investigated through 

longitudinal analysis of cytokines/chemokines in plasma and myeloid cells in urine. Urine 

samples were used as a possible surrogate to characterize the local TME, while plasma 

was used to reflect systemic effects. The results of longitudinal analysis of cytokine and 

chemokine levels in urine samples showed that no significant changes were observed in 

any of the studied cytokines/chemokines at any time point compared to baseline, and no 

significant differences were found between responders and non-responders at baseline. 

This might suggest that RT does not exert immunological effects in the TME which can be 

detected by changes in the cytokines/chemokines in urine. 

A longitudinal analysis of flow cytometry on urine revealed an increase in CD66b+CD14- 

neutrophils during RT. Patients exhibiting an elevated percentage of CD66b+CD14- 

neutrophils in their urine showed a more favourable progression-free survival rate. 

although statistical significance was not achieved (might be due to the small sample size 

in each group). There is currently no published evidence to support an increase in 

CD66b+CD14- neutrophils in urine, and the significance of neutrophils in urine is still 

unknown. It is unclear whether these neutrophils originate from the TME, RT-induced 
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inflammation, or normal bladder tissue. However, due to the low abundance of 

neutrophils in the TME detected by mIHC at baseline and the low abundance of 

neutrophils in urine measured by flow cytometry at baseline, urine may serve as a 

surrogate marker for myeloid cells in the TME. Prior studies have suggested that urine 

samples can reflect T cells in the TME ((Wong et al. 2018)), but it remains unclear whether 

an increase in neutrophils in urine is predictive or prognostic. Nevertheless, numerous 

studies have demonstrated that the systemic inflammatory response based on the 

neutrophil-to-lymphocyte ratio (NLR) is a prognostic marker in bladder cancer (Gondo et 

al. 2012, Tang et al. 2017), where high absolute neutrophil counts (ANCs) represent 

inflammation, which is also associated with inferior survival.. However, measuring the NLR 

is usually done directly through the complete blood count (CBC)  on peripheral blood 

(Howard et al. 2019), which is often collected as part of standard clinical care and provides 

insights into the systemic response. Since blood samples were not available in the current 

study, the evaluation of the percentage of neutrophils and lymphocytes in urine using flow 

cytometry, which serves as the only surrogate method and potentially reflects the local 

response, may not be suitable or cost-effective. Additionally, validating the prognostic 

biomarker would usually require a longer follow-up period and substantial number of 

OS/PFS events to yield meaningful results (Gondo et al. 2012, Krane et al. 2013, Viers et 

al. 2014). Though NLR might truly be a prognostic biomarker in bladder cancer with some 

unresolved disputes (as in whether to analyze NLR as a dichotomized variable or in a 

continuous form) (Dolan et al. 2017, Ojerholm et al. 2017), it was not investigated in the 

present study. Additionally, low pretreatment absolute lymphocyte count (ALC) is 

associated with poor survival outcomes in certain solid cancers (Joseph et al. 2016, Price 

et al. 2022), though the implication in clinic pratice is not adequately validated. 

Lymphocytopaenia may represent a state of cancer-induced immune incompetence 

which may limit tumour control following treatment with radiotherapy and 

chemotherapy. Nevertheless, similar to the discussion on neutrophil-to-lymphocyte ratio 

(NLR), published studies often treat ALC values from CBC as dichotomized  variable, rather 

than utilizing it as a continuous variable. While the findings on ALC and NLR suggests that 

blood collection may be more practical and feasible for biomarker development 

compared to urine collection, investigations involving serial urine samples during 
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radiotherapy might provide different valuable insights into the role of neutrophils in urine 

and their impact on treatment response. 

A longitudinal analysis of cytokines and chemokines in plasma samples was conducted to 

investigate the systemic immunological effects of RT. The levels of T helper and 

inflammatory cytokines such as CCL2, IFNγ, IL-27, IL-4, IL-12p70, IL-15, and IL-7 were found 

to be altered in plasma, with potential variations observed between responders and non-

responders. While most of the cytokines/chemokines did not change over RT, changes in 

some markers were consistent with previous publications. An increase in IFNy was 

detected in plasma, suggesting a potential systemic immune response induced by RT. IFNy 

is widely accepted as a critical chemokine in mediating and signalling anti-tumour immune 

response, and tumour-specific T cell effector functions are known to be dependent on 

IFNy signalling (Gocher et al. 2022). The effectiveness of RT in inducing the production of 

IFNy, which enhances anti-tumour immunity, has been reported before (Lugade et al. 

2008). The current study detected an increase in IFNy in plasma, suggesting a potential 

systemic immune response induced by RT. Previous publications on IFNy in bladder cancer 

have primarily focused on either pre-clinical models of testing IFNy-based therapy or 

NMIBC in the setting of BCG in the clinic (Arnold et al. 2004). It’s important to bear in mind 

the small sample size when interpretating the results, however, this interesting result 

suggests that further studies of systemic IFNy in patients receiving bladder RT might be 

worthwhile. 

In terms of the cytokines that decrease, IL27, which is produced by activated antigen-

presenting cells including dendritic cells (DCs), monocytes, and macrophages in response 

to immune stimuli, plays a role in regulating CD4+ T cell differentiation and immune 

response (Meka et al. 2015). Additionally, it has been shown to synergize with IL27 and 

IL12 to promote IFNy production by CD4, CD8, and NKT cells (Carl et al. 2008). IL-15, a 

cytokine with diverse biological functions in various cell types, is another important 

cytokine (Perera et al. 2012). IL12P70, the activated form of IL12 and a key player in the 

regulation of T cell responses, is produced by monocytes, macrophages, and dendritic cells 

in response to infection (Gee et al. 2009). Given the close relationship between the 

functions of IL12 and IL15 and monocyte-macrophages, the observed increase in IL12p70 

and IL15 levels in responders during RT is consistent with the finding that classical 
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monocytes increase in this population (the experiment was performed by a member 

within the research group, results not shown here). This correlation suggests that RT may 

induce an inflammatory response in responders.  

In conclusion, it was found that no cytokine/chemokine in urine appeared to change 

over the course of RT, whereas certain cytokines/chemokines in plasma showed changes 

in responders during RT. This suggests that cytokines/chemokines in urine may not serve 

as reliable indicators of immunological changes induced by RT. However, the 

cytokines/chemokines that were found to be altered during RT may still prove to be 

useful and warrant further investigation. 

The second question about whether there were potential biomarkers predictive or 

prognostic to RT response was addressed by comparing immune components in the pre-

treatment biopsies examined by mIHC between responders and non-responders. The 

results indicate that most non-responders expressed negligible PD-L1 on cells, which 

would suggest T cells in the TME would not be suppressed by tumour cells. This could 

also be interpreted as there being fewer infiltrated T cells (something which is also 

suggested by the IHC data but not statistically significant). Conversely, responders 

exhibit higher expression of PD-L1, which, despite appearing initially counterintuitive, 

may reflect a greater host immunological response to the tumour, leading to PD-L1 

upregulation through adaptive resistance as a result of IFNγ production by T cells(Dovedi 

et al. 2014). Such findings suggest that responders are potentially more likely to respond 

to PD-L1 inhibitors than non-responders. 

The present study, the characterisation of the TME using mIHC identified the significant 

differences in PD-L1+ M1 macrophages, and M2 macrophage between responders and 

non-responders. Although M1 macrophages have been historically known to be anti-

tumour, M2-polarized macrophages have been found to contribute to many pro-

tumourigenic outcomes in cancer. However, the prognostic and predictive value of both 

M1 and M2 macrophages in bladder cancer remains a subject of debate (Sharifi et al. 

2019). A recent study involving 457 NSCLC patients' tissue found that PD-L1 expression 

was primarily in CD68+ cells, which were defined as macrophages. Moreover, the study 

demonstrated that expression of PD-L1 in macrophages correlated with better OS in 

patients treated with immunotherapy (Liu et al. 2020). These findings suggest the need 
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for further translational studies on the role of other types of immune cells expressing PD-

L1 and their potential predictive value for additional immunotherapy. In contrast, the 

finding about M2 macrophages is counterintuitive, as they are often reported to promote 

tumour progression (Sica et al. 2008). Another study involving 21 patients with bladder 

cancer showed that high infiltration of M2 macrophages (CD163+) was associated with 

poor prognosis(Takeuchi et al. 2016). However, when analysing discrepancies between 

previous studies, it is essential to consider factors such as pathological type, disease stage, 

the method used to define and measure macrophages, and the treatment. Therefore, 

caution must be exercised in interpreting the present results, given the small sample sizes 

in both responder and non-responder groups, particularly the latter (n=7). Further studies 

with larger sample sizes are warranted to confirm the findings.  

When interpreting the results, it is important to bear in mind that they are highly 

dependent on the definition of responders and non-responders. For monitoring patients 

undergoing Trimodal therapy (TMT) for bladder cancer, cystoscopy and imaging are the 

standard modalities (Comperat et al. 2022). Cystoscopy remains the gold standard for 

bladder cancer detection, as recommended by the NICE guideline(NICE 2015). However, 

in clinical practice, cystoscopy after treatment may not always be performed within three 

months. Therefore, in this study, the earliest cystoscopy performed after RT (median 

interval of the cystoscopy following RT: 10 months) was used to evaluate response to RT 

and classify responders and non-responders. It is not uncommon to use cystoscopy at non-

recommended timelines for research in bladder cancer. For instance, in another study on 

hypofractionated RT in locally advanced bladder cancer, cystoscopic examination 

occurred six months after RT (Choudhury et al. 2021). Regarding the endpoint, attempts 

were made to classify the groups based on the increase of CD66b+ cells in the urine at the 

beginning of the third week of RT and to compare whether there were any changes in 

cytokines or chemokines as a result of higher numbers of neutrophils in the urine/ tumour. 

It might be interesting to look at baseline mIHC based on whether patients had hi or lo 

neutrophils at week 3.  

One contribution of this chapter lies in the sample collection and method development, 

which employs multiple platforms. Specifically, pre-treatment biopsies of bladder cancer 

were collected in order to characterize the tumour microenvironment prior to therapy. 
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Multiplex IHC was performed to identify immune changes within the TME. The study 

demonstrates the feasibility of utilizing this technology to characterize and quantify the 

TME in bladder cancer biopsies. 

The main limitation of this study is the small sample size and the heterogenous 

pupulation, which could introduce bias into the conclusions. The study population consists 

of a mixed group of patients, including those undergoing neoadjuvant and 

chemoradiation treatments, as well as those with metastatic and non-metastatic disease. 

Considering this diversity, it is important to acknowledge that the implications of the 

findings may be limited. Additionally, while the results indicate that mIHC is a feasible 

method for characterizing the tumour environment, it is essential to acknowledge the 

limitations of the assay. For example, standardization and validation of staining protocols 

and image analysis intensity thresholds are necessary to ensure consistency and reliability 

across different institutions. Research parameters and scoring methods must also be 

verified to improve the efficiency and accuracy of mIHC assays. Tissue exhaustion and test 

efficiency are also important considerations, and further investigation into specific 

markers for different cancer types could maximize the utility of precious tissue samples. 

This chapter presents efforts towards characterizing the TME on molecular level, i.e. 

quantifying immune components and immune infiltrate. However, further work is 

necessary to push the field forward. For instance, future studies should aim to validate 

these findings in larger patient cohorts and develop more standardized and efficient 

protocols and platforms. Additionally, exploring transcript (RNA-associated) markers for 

RT-associated markers in bladder cancer may offer valuable insights. 

In conclusion, the TME of bladder cancer was found to be infiltrated to varying degrees by 

T cells, myeloid cells, and macrophages, which could be quantified using mIHC. 

Responders showed a significantly higher abundance of PD-L1+ cells, PD-L1+ 

macrophages, and M2 macrophage at baseline than non-responders. Furthermore, 

CD66b+CD14- neutrophils were observed to increase in urine during RT. RT also induced 

an increase in CCL2 and IFNγ and a decrease in IL-27, IL-4, IL-12p70, IL-15, and IL-7 in 

plasma, suggesting potential systemic immune effects of RT. Future studies with large 

sample sizes and gene sequencing data are required to validate the findings and better 

understand the effect of RT on the TME of bladder cancer.  
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Chapter 5 PD-RAD study: Investigating the effect of radiotherapy 

locally on the tumour microenvironment and systemically on the 

peripheral blood to identify potential prognostic and predictive 

biomarkers of radiotherapy response in NSCLC patients  

 

5.1 Introduction 

Lung cancer is one of the leading causes of death from cancer worldwide. Non-small-cell 

lung cancer (NSCLC) accounts for approximately 80% of all lung cancer cases. At diagnosis, 

more than 65% of NSCLC cases present with locally advanced or metastatic disease, which 

is incurable. RT plays a vital role in the management of NSCLC (Thai et al. 2021). For stage 

I NSCLC, stereotactic body radiotherapy is a treatment option that presents efficacy that 

is non-inferior to surgery, and is better tolerated by medically unfit patients. CRT is the 

standard treatment for locally advanced NSCLC. However, despite advancements in 

treatment, the prognosis for NSCLC remains poor, with 5-year overall survival (OS)  

ranging from 73% for stage IA disease to just 13% for stage IV disease (stage based on 

TNM staging system) (Woodard et al. 2016). Given the urgent need to improve NSCLC 

treatment outcomes, further research and development in this area are crucial. 

In recent years, NSCLC has seen substantial changes in disease concepts, treatment 

principles/options, and drug development (Thai et al. 2021). In particular, the approval of 

immune checkpoint inhibitors (ICI) has led to a shift in the treatment guidelines for 

advanced-stage or metastatic NSCLC patients (Ettinger et al. 2022). However, the 

response rate of NSCLC patients to ICI is approximately 20% in unselected patients, 

leading to the question of how best to use these therapies in clinical practice (Mazieres et 

al. 2019).  

Biomarkers that have become established in NSCLC include several oncogenic driver 

alterations, e.g., epidermal growth factor receptor (EGFR), and anaplastic lymphoma 

kinase (ALK), which are relevant for selecting the most beneficial regimen (Kerr et al. 

2021). For instance, selecting patients with EGFR mutations and ALK fusions for therapy 
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with an EGFR or ALK inhibitor has been a successful example of biomarker utilization in 

the clinic (Lindeman et al. 2013).  In contrast, advanced-stage NSCLC patients without 

these genomic tumour aberrations benefit from anti-PD-1/PD-L1 therapy alone or 

combined with chemotherapy  (Liu et al. 2019). Furthermore, programmed death 

receptor ligand 1 (PD-L1) and tumour mutational burden (TMB) are predictive biomarkers 

for favourable response to ICIs in NSCLC (Yarchoan et al. 2019).  

 The TME heterogeneity has been reported to potentially  play an essential role in lung 

cancer heterogeneity, and the immune components in the TME might be associated with 

the prognosis of lung cancer (Wang et al. 2017).  Consequently, the immune contexture 

in the TME is considered a potential treatment-associated biomarker. While the 

immunomodulatory effects of RT have been increasingly recognized, there is still a lack of 

understanding of how RT affects the immune contexture of the TME in NSCLC. 

This leads to the idea that the immune contexture in the TME might also be potential 

treatment-associated biomarkers. Although the immunomodulatory properties of RT 

have been increasingly recognised, how RT potentially modulates the immune contexture 

of the TME in NSCLC is underexplored. It remains unclear with limited data from 

prospective translational studies to inform how the immune TME changes over time in 

patients receiving RT.  Prospective collection of tumour and blood samples during or post-

RT, is therefore important in developing predictive and prognostic biomarkers for RT.  

 This chapter focuses on characterising the immune TME of NSCLC. In order to understand 

the effects of RT on the TME, tumour and blood samples from patients with NSCLC who 

received RT were obtained from the PD-RAD study. The immune profiling of diagnostic 

and post-RT samples was conducted using mIHC and mass cytometry, and the levels of 

cytokines in the plasma were assessed by luminex. The hypothesis is that RT induces 

immunomodulatory changes and these exploratory analyses might aid in the future 

development of potential immune biomarkers of RT response and novel combination 

strategies of immunotherapy with RT in NSCLC. 
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5.2 Results 

The PD-RAD trial (ClinicalTrials.gov identifier: NCT03258788, research funding by 

AstraZeneca), was a translational clinical trial aiming to investigate PD-L1 expression 

before and after RT in NSCLC patients and demonstrate the feasibility of obtaining paired 

biopsies. This study was approved by the NHS research ethics committee and followed 

the regulations of HRA and R&D of the Christie NHS Foundation Trust.  

Biopsies were performed pre-RT (archival diagnostic biopsy) and at week 2 during RT, and 

blood samples were taken pre-biopsy (at baseline), at week 2 during RT, and at the end of 

RT. 

The study was prematurely closed at the  onset of the covid-19 pandemic. Recruitment 

was slow, partly due to delays to sites outside of the Christie opening. Only six patients 

were enrolled, one of whom did not receive RT. Of the five patients who underwent RT, 

three patients completed the required complete sample collection (pre and during RT 

biopsies and all blood samples), one patient had only the diagnostic biopsy and all blood 

samples (biopsy during RT declined due to patient needing a repeat diagnostic biopsy and 

not wanting to then have a second biopsy), and the last patient had only the diagnostic 

biopsy (due to ill health). The timing of samples collected in the PD-RAD study is shown in 

Table 5.1.  

 

Table 5.1 The clinical samples collected in the PD-RAD study from patients with non-small cell lung cancer. 
 

RT 
sched
ule 

Blood 
50ml 

Blood 
10ml 

Blood 
10ml 

Blood 
10ml 

Blood 
50ml 

Bloo
d 
10m
l 

Blood 

50ml 

Biopsy Biop
sy  

Pati
ent 
ID 

Gy/ 
fractio
n 

Baseli
ne 

Pre RT 
#2 

W1 W1 W2 
(Biops
y) 

W3 End of 
treatme
nt 

pre-
treatment 

durin
g RT 

1 55/20* Y Y Y   Y Y Y Y Y 

2 55/20* Y Y Y Y Y 
 

Y Y N 

3 55/20* Y Y Y Y Y Y Y Y Y 

4 39/13 Y Y Y 
 

Y Y Y Y Y 

5 55/20 Y 
     

Y Y N 

Y, yes means sample collected at the time point; N, no. W = week of RT; *, concurrent chemotherapy with 
carboplatin plus gemcitabine was also given during RT  
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The clinical information about the outcome from 4 patients is shown in Table 5.2.  

 

Table 5.2 Brief information about the outcome of the patients in PD-RAD study-last follow-up June 2021 

 Death (months post 
RT) 

Progression (months post RT) Overall Survival (months post 
RT) 

Patient 1 Alive No >27 

Patient 2 Alive No >26 

Patient 3 16 9 16 

Patient 4 NA 13 >23 

NA, clinical information unavailable due to a loss of follow-up of patient who was recruited at another site. 
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5.2.1 Immune phenotyping of the TME of paired biopsies before and after RT by 

ultivue  

Biopsies from pre and during RT from 3 patients (Patient 1, 3, 4) were stained using a pre-

optimised commercial Ultivue Immuno 8 kit (detects 8 immune markers: CD3, CD4, CD8, 

FOXP3, CD68, PanCK, PD-1, PD-L1) (Ultivue n.d.) following the manufacturer’s instructions 

(Ultivue, Inc. Cambridge MA). This ultivue immuno-8 kit allows identification and 

visualisation of 8 markers in one pathological slide by 2 rounds of staining. In brief, the 

images from 2 rounds of staining were aligned and fused in the digital pathological 

imaging software HALO® (Indica Labs, US) (Figure 5.1).  

 

 

Figure 5.1 Representative images and superimposition process in HALO Software for Ultivue Immuno 8 kit 
stained biopsies from NSCLC pre- and post-RT.  

The biopsies pre and post-RT from NSCLC patients were stained with the ultivue immuno 8 kit following the 
instruction book. (A) Round 1 staining with 4 markers (CD8, PD1, PDL1, CD68). (B) Round 2 staining with 4 
markers (CD3, CD4, CD8, FOXP3). The color of channels in HALO software can be manually adjusted. Here, 
DAPI channels in rounds 1 and 2 were set to green and red, respectively, to show composite images below. 
(C) Merged image. The color of most nuclei (DAPI channel) is yellow (red + green), indicating good alignment 
between cells. 
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Upon obtaining the composite images in HALO, 13 potential phenotypes of interest were 

identified using the antibody panel. These phenotypes cover the main subsets in the TME, 

such as T cells, macrophages, and tumour cells, as suggested on the Ultivue website, based 

on different combinations/co-localisations of the markers in Ultivue immuno 8 kit (Table 

2.9). For instance, regulatory T cells (Treg) were defined as CD3+CD4+FOXP3+ cells. The 

representative images taken from HALO suggested that the cell segmentation and 

phenotypes recognitions were working well, clearly capturing positive and negative 

markers (Figure 5.2).  

 

 

Figure 5.2 Representative fused images and phenotypes of interest from a patient with NSCLC. 

(A) The 8 markers are visualised using different colours with DAPI staining the nucleus in blue. (B) The 
random forest classifier was employed to perform tissue segmentation in NSCLC tissue. The random forest 
classifier in HALO was used to partition the image into three categories: tumour, stroma, and background. 
The classifier identified cells stained in red as Pan-CK positive and classified them as tumour regions. The 
resulting classifier mask was overlaid on the composite Ultivue images. Classified regions are shown in pink, 
stroma regions in green, and background regions in grey-yellow.  (C) Immune Invading cells, PanCK+PD-L1+ 
cells; (D) Cytotoxic immune cells, CD8+ cells; (E) Immune suppressive macrophages, CD68+PD-L1+ cells; (F) 
Cytotoxic T cells, CD3+CD8+ cells. 
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An exploratory endpoint of this study was the investigation of PD-L1 expression changes 

induced by RT. Therefore, the percentage of PD-L1+ cells in both tumour and stroma areas 

were compared, and fold changes were calculated. Patient 1 showed a much greater fold 

change in the percentage of PD-L1+ cells in both the tumour and stroma areas (fold 

change: 5.4 in tumour area and 4.9 in stroma area) (Figure 5.3). Interestingly, this was the 

who had an excellent outcome with no disease progression, compared to Patient 3 (fold 

change: 0.6 in tumour area, 0.5 in stroma area) and Patient 4 (fold change: 1.7 in tumour 

area, 1.9 in stroma area), who had worse outcomes. 
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Figure 5.3 RT leads to increase in PD-L1 expression in patients responding to RT (Patient 1). 

Biopsies from before and after RT were section and stained using the Ultivue Immuno 8 panel as per the 
manufacturer’s instructions. Slides were scanned on the Olympus VS120 after each round of staining and 
analysed using Halo software. The percentage of cells (determined by quantification of nuclei) positive for 
various combinations of markers (determined by manually setting the fluorescence intensity thresholds for 
positivity) was calculated by Halo and are shown as the fold change of the percentage of PD-L1+ cells after 
RT, which was calculated as post-RT/ pre-RT (Fold change=Post-RT/Pre-RT). P1: Patient 1; P2, Patient 3; P4, 
Patient 4. 
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To investigate the changes induced by RT on immune cells within the TME, the fold 

changes of the phenotypes of interest in the tumour and stroma were compared in three 

patients. The results showed that patient 1 exhibited the greatest upregulation of PD-L1 

expressing cells, including immune-suppressive macrophage cells (PD-L1+CD68+) and 

immune-invading tumour cells (PD-L1+PanCK+) in the stroma post-RT. The fold change of 

immune-invading tumour cells was over 4 in patient 1, while the corresponding figures for 

patients 3 and 4 were lower, ranging from 1-2. Moreover, patient 1 showed an increase 

in cytotoxic immune cells (CD8+) post-RT (fold change ~4), whereas patients 3 and 4 

exhibited decreases in all T cell populations during RT. 

In contrast, in the tumour area, patient 1 also exhibited the greatest increase in immune-

suppressive macrophages, as well as T helper cells and macrophages. 
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Figure 5.4 RT leads to an increase in PD-L1 expression in stroma area in patients responding to RT (Patient 
1). 

Biopsies from before and after RT were section and stained using the Ultivue Immuno 8 panel as per the 
manufacturer’s instructions. Slides were scanned on the Olympus VS120 after each round of staining and 
analysed using Halo software. The percentage of cells (determined by quantification of nuclei) positive for 
various combinations of markers (determined by manually setting the fluorescence intensity thresholds for 
positivity) was calculated by Halo. Data are shown as the fold change of the percentage of each phenotype 
of interest after RT which was calculated as Post RT level /Pre RT level). P1: Patient 1; P2, Patient 3; P4, 
Patient 4. 
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5.2.2 Immune phenotyping of PBMC during RT by mass cytometry 

5.2.2.1 Manual identification of cell clusters 

In order to look at whether RT induced systemic immune changes, PBMC were isolated 

from peripheral blood samples taken at different timepoints (Pre-RT, During week 2 RT, 

End of RT)) during RT from 4 patients (thus 12 samples in total). Stored PBMC were thawed 

and analysed by mass cytometry using a CyTOF 38-marker panel (see Materials and 

Methods Section 2.3). CD45+ cells (immune cells) were manually gated out in FlowJo 

10.6.2 and imported into cytofkit for downstream analysis. The FlowSom median heat 

map, and the FlowSOM scatter plots were automatically produced by cytofkit which 

visualised the separation of cell clusters and co-localisation of markers in each cell cluster.  

The expression intensity of each marker in each cluster can be found in the heatmap 

(Figure 5.5) and this was used to define the relevant markers in each cluster. For example, 

cluster 5 can be defined as CD66b-CD33+HLA-DR+CD11b+CD14+CD16- cells, postulated to 

be classical monocytes. Apart from the lineage markers, which were mainly used for 

identification (CD4, CD8, CD11b), the expression of the functional markers was also 

investigated. Firstly, the expression intensities of Tim-3, CD68, CXCR1, CD25, OX40, CD11c, 

IFN-G, CD163, CD86, LAG-3, CD56, PD-L1, CD28 were low in all cell populations. KLRG and 

PD1, CTLA, and ICOS were predominantly localized on CD4 or CD8 T-cell subsets, whilst 

Granzyme B was expressed on T-cell subsets and neutrophils/MDSCs. Interestingly, CTLA4, 

Ki67, and ICOS were all expressed within the CD4 T cell clusters, which suggested T-cell 

inactivation (CTLA4), effector function (Granzyme-B), and proliferation (Ki-67) (Figure 5.5). 
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Figure 5.5 Heatmap of the median marker intensities of the 37 markers across the 20 cell populations 
obtained with FlowSOM clustering method (pooled analysis of the total 12 samples) 

PBMC from blood samples of patients in the PD-RAD study were thawed and stained with a 38 marker cytof 
panel and acquired on a Helios mass cytometer and analysed using FlowJo and cytofkit. The dendrogram on 
the left represents the hierarchical similarity between the 20 clusterings. The colour of each box in the 
heatmap represents the median of the arcsinh, 0-1 transformed expression of a marker in a cluster. For a 
certain marker, the colour's shade indicates expression level. 
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Based on the expression of each marker on the heatmap, manual identification of cell 

clusters were carried out and annotations were manually made on the automatically 

produced FlowSom scatter plot (Figure 5.6).  

At the top part of the FlowSom scatter plot, cluster 3 was identified as B cells as cells were 

CD19 positive, which is the typical lineage marker for B cells. Then for the cell populations 

clustered on the left side of the FlowSom scatter plot, clusters 17 and 18 were close to 

each other spatially, which shows they are presumed to be similar cells with a common 

lineage marker: CD8a+. These two CD8a+ T cell populations were further separated into 

naive (Cluster 18) or central memory (CM) cells (Cluster 17) by expression of CD45RO, 

CD45RA, and CCR7. The same strategy was used to differentiate CM CD4 T cells (Cluster 

12), CD4 Tem (effector memory) (Cluster 13), and Naïve CD4 T (Cluster 14). In addition, 

the CD4 T cells were divided into different subsets by the expression of the phenotypes:  

KLRG+ PD1+ CD4 T cells (Cluster 9) and CTLA+ ICOS+ CD4 Treg (Cluster 10,11). There were 

also KLRG+ CD8 T cells (Cluster 6, 7). Clusters 1 and 2, Granzyme B positive but CD4/ CD8 

negative, were presumed to be NK cells, as the NK cell marker CD56 did not appear to 

work in this panel with no cells appearing positive for CD56. Regarding the myeloid cells, 

neutrophils were defined as CD66b+ and further segregated into different subsets based 

on the expression of CD33, HLA-DR, CD11b, CD14, and CD16. These include neutrophils 

(Cluster 15, 19) and neutrophils/MDSCs (Cluster 20).  

 The monocytes subsets were also separated into non-classical/intermediate monocytes 

(Cluster 4: CD66b-CD33+HLA-DR+CD4+CD45RA+CD11b+CD14+CD16+) and classical 

monocytes (Cluster 5: CD66b-CD33+HLA-DR+CD11b+CD14+CD16-) and classical 

monocytes/DCs (Cluster 8: CD4+CD66b-CD33+ HLA-DR+CD11b+CD14+CD16-). 
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Figure 5.6 Cell clusters can be identified by the FlowSom Scatter Plot. 

PBMC from blood samples of patients in the PD-RAD study were thawed and stained with a 38 marker cytof 
panel and acquired on a Helios mass cytometer and analysed using FlowJo and cytofkit. Data shown as 
FlowSOM scatter plot of PMBC from all samples with UMAP algorithm. Each dot represents a cell. The 
distance between cells showed their similarity or disparity, so the closer two cells are, the more likely they 
are to be the same type of cell. Each cluster was allocated with a colour; within a cluster, the denser an area 
is, there are more cells. Cluster 8 (green dots) and 20 (red dots) are scattered across cluster 5 (yellow dots). 
The annotations in the blue boxes were manually made based on the heatmap. 
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The definitions of each cluster based on the heatmap and FlowSom plots is summarised 

in Figure 5.3. 

 

Table 5.3 Manual identification of cell clusters 

Cluster 
No. 

Cell population Phenotype 

18 Naïve CD8 T CD66b- CD8a+ CD45RO- CD45RA+ 

17 CM CD8 T CD66b- CD3+ CD8a+ CD4- CD45RO+ CD45RA-  

9 KLRG+ PD1+ CD4 T CD66b- CD3+ CD4+ PD1+ KLRG1+ iCOS+ 

11,10 CTLA+ ICOS+ CD4 Treg CD66b- CD3+ CD4+ FOXP3+ 

CTLA+ ICOS+ 

12  CM CD4 T CD66b- CD3+ CD4+ CD45RO+ CD45RA-  CCR7+ CD27+ 

13  CD4 Tem CD66b- CD3+ CD4+ CD45RO+ CD45RA- CCR7- CD27- 

14 Naïve CD4 T CD66b- CD3+ CD4+ CD45RO- CD45RA+ 

7 KLRG+ PD1+ CD8 T CD66b- CD3+ CD8+,PD1+, KLRG1+, ICOS+ 

6 KLRG1 CD8 T CD66b- CD3+ CD8a+ KLRG1+ , PD1-, ICOS- 

3 B CD19+ 

16 Unknown Lineage negative 

19,15 Neutrophils CD66b+ CD33b- 

20 Neutrophils/MDSCs CD33+CD66b+HLA-DR+CD11b+CD14+CD16+ 

4 Non-classical/intermediate 
monocytes 

CD66b-CD33+HLA-
DR+CD4+CD45RA+CD11b+CD14+CD16+ 

5 Classical monocytes CD66b-CD33+HLA-DR+CD11b+CD14+CD16- 

8 Classical monocytes/DCs CD4+CD66b-CD33+ HLA-DR+CD11b+CD14+CD16- 

1,2 NK Granzyme B+ 
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5.2.2.2 Differential expression analysis  

In order to investigate how these cell phenotypes change over time, the expression of 

each cell population was quantified and compared longitudinally (before RT vs. during RT 

vs. end of RT). The percentages of each cell cluster amongst the total cell population of 

each patient at different timepoints during RT are shown in Figure 5.7. Cluster 5 (most 

likely to be classical monocytes) was the largest cell population and increased during RT 

in all four patients. The percentage of pre-treatment classical monotypes in Patient 1 (64%) 

with the best outcome was much higher than in Patient 2 (48%), Patient 3 (30%), and 

Patient 4 (40%) and increased further to the highest levels during RT (75%) and after RT 

(73%) which was higher than in all other patients at those timepoints.  

 

 

Figure 5.7 Classical monocytes increased during RT and were highest in patients with the best RT outcome 
in NSCLC.  

PBMC from blood samples of patients in the PD-RAD study were thawed and stained with a 38 marker cytof 
panel and acquired on a Helios mass cytometer and analysed using FlowJo and cytofkit. Data are shown as 
the percentages of each cell cluster among the total cell population of each patient at different timepoints 
during RT. B1, before RT; BX, during the second week of RT;  BE, End of RT; 01, Patient 1; 02, Patient 2; 03, 
Patient 3; 04, Patient 4. 
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5.2.3 Investigating dynamic changes in cytokines and chemokines in plasma during RT 

using luminex technology 

To investigate the effect of RT on the cytokines and chemokines circulating in blood, 34 

different cytokines and chemokines were quantified in plasma samples from 4 patients 

with a 34-plex luminex panel before, during and after RT.  

To show the dynamic changes in chemokines/cytokines over RT, the levels of cytokines 

and chemokines were normalized and shown by heatmaps (Figure 5.8). Whilst no 

consistent pattern was seen across the 34 cytokines and chemokines there were several 

chemokines which showed similar changes across all 4 patients. IL-7 decreased at the final 

timepoint compared to baseline in all four patients. In contrast, MCP-1 increased over 

time in all four patients. Interestingly, Eotaxin increased at the final timepoint despite 

some fluctuations during RT in patients 01 and 02. In contrast, it decreased throughout RT 

in patients 3 and 4 (Figure 5.8).  
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Figure 5.8 Heatmap of all cytokines during RT for each patient with NSCLC in PD-RAD study 

Each figure illustrates the levels of cytokines and chemokines in plasma samples at several timepoints during 
RT of a patient. luminex assay was performed using a 34-plex luminex kit (see Methods) to measure the 
concentrations of cytokines and chemokines. The data was normalized and scaled to make the values of 
each cytokine across different timepoints range from -1 to 1. Heatmap was generated with R 4.1.1. Each 
row represented a timepoint, timepoints included: B1, Baseline; B3, the first week of RT; B4, the second 
week of RT; BX, the second week of RT, when the biopsy was taken; B5, the third week of RT; BE, end of RT.   
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Next, it was interesting to look at whether changes in cytokines or chemokines correlated 

with the patients which showed the greatest changes in TME by IHC. In general patient 1 

showed an increase in immune cells in the TME by IHC whereas patient 3 and 4 showed 

no change or a decrease in immune cells (no IHC data was available for patient 2 or patient 

5). At timepoint B1 (baseline), IFN alpha appeared low in patient 1 and 2, whilst it was 

comparatively higher in patient 3 and 4. Similarly, at timepoint BE (end of treatment), 

higher levels of IL-9, IL17A, SDF1 alpha, GM-CSF, IL-31, and IL8 (CXCL8) were observed in 

patients 3 and 4 compared to patients 1 and 2 (Figure 5.9). 
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Figure 5.9 Heatmap of all cytokines during RT for each timepoint with NSCLC in PD-RAD study 

Each figure illustrates the levels of cytokines and chemokines in plasma samples across patients during RT 
of a certain timepoint. luminex assay was performed using a 34-plex luminex kit (see Methods) to measure 
the concentrations of cytokines and chemokines. The data was normalized and scaled to make the values 
of each cytokine across different timepoints range from -1 to 1. Heatmap was generated with R 4.1.1. Each 
row represented a patient, timepoints included: B1, Baseline; B3, the first week of RT; B4, the second week 
of RT; BX, the second week of RT, when the biopsy was taken; B5, the third week of RT; BE, end of RT.   
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The main findings from this chapter are: 

•     Biopsies during RT were feasible in a small number of NSCLC patients recruited to the 

PD-RAD study. 

•     RT may increase PD-L1 expression on tumour cells. 

•     The increase in PD-L1 on tumour cells may be higher in patients responding to RT. 

• CD14+CD16-HLA-DR+ classical monocytes appeared to increase in the blood during 

RT and this requires further study in larger numbers of patients. 
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5.3 Conclusion and Discussion 

This study is one of the first prospective feasibility studies to investigate   

immunomodulatory changes in both the PBMC and TME in NSCLC patients.    

The primary endpoint of this study was to achieve paired biopsies for PD-L1 assessment 

in 21 of the 30 evaluable participants. This study collected six patients but was stopped 

early due to the COVID pandemic. Whilst this endpoint was not achieved with only four 

patients with blood samples and three with pre and post RT tumour biopsies available for 

downstream analysis, the study demonstrated that the collection of tumour and blood 

samples was potentially achievable. The secondary endpoint was to determine the 

suitability of pre and during RT biopsies for PD-L1 testing and was achieved. Other 

exploratory endpoints include the change in the PD-L1 expression level during treatment 

and immune monitoring of primary tumour and peripheral blood mononuclear cells. 

Whilst the study was unable to meet its primary endpoint, a number of interesting and 

potentially important observations were made from the limited number of samples. The 

ultivue mIHC analysis of NSCLC tumours demonstrated an increase in PD-L1 expressing 

cells in a patient who responded well in contrast to two patients where no increase was 

observed in PD-L1 expression who experienced progressive disease. High-dimensional 

mass cytometry (CyTOF) analysis revealed an increase in CD14+CD16-HLA-DR+ classical 

monocytes in the blood which was highest in the patient with a good response. 

This PD-RAD study attempted to investigate the immunomodulatory effects of RT in the 

TME and peripheral blood.  Regarding the effect of RT on the TME, the ultivue mIHC 

analysis on the tumour biopsies showed a PD-L1 increase was observed in a patient who 

responded well (Patient 1, with the longest survival and no relapse). The value of PD-L1 

has been explored in lung cancer, and there are over 800 clinical trials involving PD-L1 in 

lung cancer on the website of clinicaltrials.gov (ClinicalTrials.gov n.d.). Current caveats 

exist in testing PD-L1 expression and establishing PD-L1 as a biomarker. Firstly, the 

quantification of PD-L1 depends on the assay (IHC platforms) and the tissues (the 

heterogeneity between diagnostic and surgical biopsies). Secondly, as a protein biomarker, 

the expression of PD-L1 is never binary but ranges from low to high, with the cut-off value 

varying in different studies. In addition, the expression of PD-L1 can be altered by the 

interactions of the tumour cells and their immune effector cells in the TME. It may also be 
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altered by treatment such as chemotherapy or targeted drug therapy. A preclinical study 

also showed RT can regulate the PD-L1 expression on tumour cells (Dovedi et al. 2014) in 

a variety of syngeneic mouse models (Dovedi et al. 2017). Acquired resistance to 

fractionated RT can be overcome by concurrent PD-L1 blockade mediated by the 

production of IFN-y by CD8 T cells (Dovedi et al. 2014).  Interestingly in this small number 

of NSCLC patients, RT  appeared to induce an increase in PD-L1 (fold change >4) in a 

patient who had a good outcome and no significant increase in PD-L1 (fold change ranging 

from -1 to 1) in two patients  who experienced progression of disease. Due to the small 

number of patients, these findings should not be over-interpreted and are at best 

hypothesis generating. In contrast to this finding in tumour tissue, an  increase in PD-L1 

expression in circulating tumour cells during RT has  been previously observed  and was 

associated with a poorer prognosis in NSCLC (Wang et al. 2019).    

Regarding the immunological effects of RT systemically in blood, high-dimensional mass 

cytometry (CyTOF) analysis revealed that the population of CD14+CD16-HLA-DR+ classical 

monocytes was the largest in the blood, indicating potential significance of this subset as 

a predictive biomarker of response to RT. Specifically, the patient with the best outcome 

had the highest level of these monocytes, suggesting that further investigation is 

warranted. Despite the limited sample size, the potential of CD14+CD16-HLA-DR+ classical 

monocytes as a predictive marker is consistent with a previous study that demonstrated 

the predictive value of pre-treatment levels of classical CD14+CD16−CD33+HLA-DR hi 

monocytes in response to anti-PD-1 immunotherapy (Krieg et al. 2018). The utilization of 

CyTOF in this study allowed the identification of several rarely seen cell populations, 

including CTLA4+ ICOS+ CD4 Treg, KLRG+ PD1+ CD4 T cells, KLRG+ PD1+ CD8 T cells, and 

the heterogeneity of one immune cell subset. Additionally, this study identified three 

subsets of monocytes, based on the different expressions of lineage markers CD66b, CD33, 

CD14, CD16, and HLA-DR, including classical monocytes, non-classical/intermediate 

monocytes, and classical monocytes/DC. Previous studies have reported that classical 

monocytes exhibit remarkable diversity in NSCLC, with specific subsets associated with 

treatment response to anti-PD-1 therapy  (Olingy et al. 2022).  Another study utilizing 

CyTOF also reported that classical monocytes, NK cells, and ICOS+ CD4+ T cells were 

associated with Pembrolizumab efficacy in lung cancer patients (Rochigneux et al. 2022).  
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This chapter contributes to the research field by demonstrating the successful 

identification of various cell populations using CyTOF. This chapter also demonstrated that 

using the novel platforms CyTOF and ultivue mIHC and luminex Assays in NSCLC is a 

feasible and reproducible approach to quantify the immune components in blood and 

TME. These findings highlight the potential of CyTOF as a powerful tool for immune subset 

detection. However, it is important to consider the limitations and advantages of the 

platform when designing future studies. Firstly, the ability to detect diverse immune 

subsets largely depends on the panel of markers used. Therefore, careful selection of 

panel markers is crucial for future studies utilizing CyTOF. The use of CyTOF in the current 

study has significant implications as it offers a less invasive, convenient, and cost-effective 

method for monitoring immune cells in blood samples. If PD-L1 on tumour and classical 

monocytes in blood was found to correlate with response in future clinical studies with a 

larger sample size, these findings could improve the prediction of the response to RT in 

patients with advanced NSCLC, as well as identify those who may benefit from ICI addition.  

Whilst this chapter presents interesting findings, it is important to note that the small 

sample size limits the extent of the conclusions that can be drawn. Further investigation 

is necessary to validate these results. Nonetheless, this study has informed a larger 

prospective cohort within the TIMM-RAD study, which is currently recruiting samples 

from five different tumour types undergoing RT (ClinicalTrials.gov Identifier: 

NCT05076500). 

In future work,  gene profiling will  be explored if there is enough tissue, considering the 

potential application of tumour heterogeneity and gene profiling for developing 

biomarkers in lung cancer (Singhal et al. 2008, Hodgkinson et al. 2014). 

In conclusion, these analyses profile a spectrum of immune cell populations in NSCLC 

patients at serial timepoints during a radical course of RT over 4 weeks. Interestingly, the 

patient with the best outcome showed a distinct immune cell pattern with an increase in 

PD-L1 in the TME and the highest CD14+CD16-HLA-DR+ classical monocytes in blood, 

compared to the patients with worse outcomes who had  a different immune contexture 

within the TME and RT induced immunoregulation. However, these analyses and 

interpretations are seriously limited by the small number of patients and underline the 

importance of further studies in larger cohorts of lung cancer patients.  
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Chapter 6 ILROG COVID study: Efficacy and Safety of a cohort of 

patients treated with hypofractionated RT following the ILROG 

emergency guidelines for radiotherapy of haematological 

malignancies during the COVID pandemic 

6.1 Introduction 

COVID-19 precipitated a global health crisis and pandemic in 2020. Whilst it became clear 

early in the pandemic that COVID-19 was going to lead to substantial increases in excess 

death rates over those death rates usually experienced in most countries worldwide, the 

effects of the pandemic on cancer treatments and outcomes was much less clear. At the 

outbreak of the pandemic the International Lymphoma Radiation Oncology Group (ILROG) 

collaboration taskforce responded to the consequences of the pandemic by developing 

shorter or “hypofractionated” radiotherapy courses to reduce the number of hospital 

visits to radiotherapy departments and also to accommodate the global increase in 

demand for radiotherapy services as surgery and systemic anti-cancer therapies were 

suspended or substantially reduced.  

Hypofractionated RT (hRT) provides a larger RT fraction size and shorter treatment course 

and potential for reduced hospital visits and costs as well as improved patient 

convenience (Irabor et al. 2020, Tringale et al. 2022). The efficacy and safety of hRT has 

been well validated in large randomised clinical trials and more widely applied in clinical 

practice in other cancer types such as breast cancer (36 Gy in 15 fractions, UK IMPORT 

LOW trial) (Coles et al. 2017) (26 Gy in 5 fractions over 1 week) (UK FAST-Forward 

trial)(Murray Brunt et al. 2020), prostate cancer (64.6 Gy in 19 fractions, 3 fractions per 

week, HYPRO trial) ((Incrocci et al. 2016)), stage I NSCLC (54 Gy in 3 fractions, 18 Gy per 

fraction, or 48 Gy in 4 fractions, 12 Gy per fraction, TROG 09.02 CHISEL trial ) (Nyman et 

al. 2016).  

In hematologic malignancies, the RT fractionation sensitivity in hematologic malignancies 

is under reported in clinical series reports. However, preclinical data suggest little to no 

shoulder (which is often present in the dose region around 2 Gy) on the linear-quadratic 
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model of cell survival in lymphoid cell lines, leading to a large value for the α/β ratio. In RT 

biology, a large value of of α/β means that single hit damage does not readily accumulate 

to lethal effects and there is little increase in cell killing per unit dose for higher total 

doses) (Aldridge et al. 1998). It is therefore expected that the biological effect of RT on 

lymphoma cells could be measured by the biologically equivalent doses (defined as EQD₂, 

denoting equivalent total doses in 2-Gy fractions, for example, the formula is EQD₂ = Total 

dose x (Fraction dose + α/β) / (2 + α/β)). And the EQD₂ of hRT in hematologic malignancies 

could lie between EQD₂ calculated using α/β=10 Gy and the EQD₂ total dose (when single 

fraction=2Gy) (Yahalom et al. 2020). Though the hRT concept is based mainly on 

calculated equivalent biological efficacy aiming to maintain the same level of tumour 

control (Yahalom et al. 2020), in terms of the intrinsic radiosensitivity, the radiosensitivity 

of  haematological cancers is considered to be higher than for many other solid tumour 

types (Henry et al. 2021). 

Further to these radiobiological considerations, previous successful use of hRT in 

cutaneous lymphoma and HL (Young et al. 2006), made hRT a potential alternative 

schedule as a response to reduced medical resources in the pandemic, as was also 

proposed in many other cancer types (Portaluri et al. 2020) such as head and neck cancer 

(Thomson et al. 2020), breast cancer (Braunstein et al. 2020, Coles et al. 2020), lung cancer 

(Guckenberger et al. 2020), gastrointestinal malignancies (Tchelebi et al. 2020), rectal 

cancer (Romesser et al. 2020) and prostate cancer (Zaorsky et al. 2020). Against this 

background, the ILROG task force generated hypofractionated dose and fractionation 

schedules in haematological malignancies to use during the pandemic. 

The aims of this research were to investigate the impact of these hRT used in lymphoma 

treatment, and report to health care providers nationally and internationally on the local 

control and adverse reactions of these shorter treatment  regimens (Yahalom et al. 2020). 

These additional data are required to investigate whether the clinical benefit and safety 

of shorter courses of RT is in line with the longer standard fractionation.   

The hypothesis is that the shorter fractionated regimens used in lymphoma would still 

deliver similar treatment outcomes of local tumour control and equivalent side effects 

compared to the standard longer RT fractionated regimens used pre-COVID-19 times.  The 

study aims to evaluate the outcomes of patients with hematologic malignancies treated 
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at the Christie NHS Foundation Trust hospital with RT, during the COVID-19 era as part of 

the ILROG collaboration taskforce group. In this chapter the safety and efficacy are 

reported in a cohort of patients with the aim of reducing the risk of exposure to COVID-

19 in hospital without sacrificing local control rates or increasing toxicities. This study is 

part of an international collaboration with another 10 cancer institutions from the UK, 

USA, Italy, Denmark and China. The hope is that if these reduced fractionation shorter RT 

approaches are equally effective and well tolerated, they could become a more a more 

convenient treatment option for lymphoma patients in the future. 

6.2 Patient population and Methods 

6.2.1 Inclusion criteria 

Patients were included in this analysis if they had received RT for a haematological 

malignancy with the ILROG hypofractionated regimen, which were defined as either fitting 

the suggested RT regimen of the ILROG emergency guideline (Yahalom et al. 2020) or 

received the hRT regimens by the judgement of clinicians based on clinical considerations.   

6.2.2 Treatment 

The ILROG recommendations for RT dose and fractionation have been described 

previously (Yahalom et al. 2020). The suggested RT regimens for related pathological type 

in the study reported in this chapter were shown in Table 6.1. Baseline clinical data were 

collected for each patient which included general patient characteristics and performance 

status. Treatment intents were classified as either curative or palliative. Systemic therapy 

treatment details were recorded, including the types of chemotherapy regimens, the 

number of chemotherapy cycles given, and any “salvage” therapy, given for recurrent 

disease. Details regarding RT were recorded including the RT treatment technique, dose, 

fraction size, if delivered. Outcomes including time of follow-up, recurrences of any type 

and location, death (overall, disease-specific, and/or COVID-related), and treatment 

response were collected. Toxicities during and after treatment based on grading 

assessments (CTCAE will be adopted) were collected. COVID-19 infection status before, 

during, and after therapy was defined as positive RT-PCR test result. 
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Table 6.1 Standard and proposed emergency fractionation schemes for curative and palliative RT for some 

commonly seen hematologic malignancies suggested by ILROG guideline 

 Standard Emergency COVID-19 crisis alternative dose 
fractionation 

BED calculations, 
Gy 

 Total 
dose, 
Gy 

No. of 
fractions 

Comments Total 
dose, 
Gy 

No. of 
fractions 

EQD₂  

α/β=3 
Gy 

EQD₂ 

α/β 
=10 Gy 

Curative 

Aggressive NHL, 
chemosensitive 

30 15 No significant cardiac 
and/or lung exposure 
and no overlapping 
critical organs 

25 5 40 32 

   Some cardiac/lung 
exposure or 
overlapping critical 
organs 

27 9 32 29 

Aggressive NHL, 
chemorefractory 
disease 

40-50 20-25 No significant cardiac 
and/or lung exposure 
and no overlapping 
critical organs 

30 6 48 38 

Localized 
aggressive 

NHL, primary RT 

alone (not chemo 

candidate) 

  Some cardiac/lung 
exposure or 
overlapping critical 
organs 

36-39 12-13 43-47 39-42 

Indolent 
lymphoma, 

limited stage 

24 12 Start with 4 Gy ×1, 
reevaluate after 2-3 
mo→ 

4 1 6 5 

   If insufficient 
response, proceed to 
definitive RT 

20 5 28 23 

Palliative  

Symptomatic 
indolent 

lymphoma 

4 2 No cord compression 4 1 6 5 

   Cord compression 20 5 28 23 

Symptomatic 
multiple myeloma 

20 5 No cord compression 8 1 18 12 

   Cord compression 20 5 28 23 

BED, biological equivalent dose; chemo, chemotherapy; EQD₂, equivalent dose in 2-Gy fractions; NHL, Non-
Hodgkin Lymphoma. This table is taken from the ILROG guideline (Yahalom et al. 2020).  
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6.2.3 Follow-up and evaluations 

After completion of RT, regular follow-up and periodic assessments, including disease 

status (local recurrence or distant recurrence), and long-term toxicity were done at a 

minimum frequency of once every 3 months during the first 2 years, and every 6 months 

thereafter.  

Local-regional control was defined as the absence of disease recurrence within the 

previously administered RT field. The first assessment was performed at 4-6 weeks after 

RT was completed.  The local control survival time was measured from the first 

assessment to the follow-up time. The development of progressive cancer within or 

adjacent to the RT field (including regional nodes) was considered to be local-regional 

failure. Patients were censored at the date of death if they died from distant metastases 

or died without documented progressive cancer; they were censored at the date of last 

follow-up if they were still alive with no evidence of local-regional failure. 

Acute toxicity was evaluated weekly during treatment and the first month after RT. Late 

toxicity was defined as morbidity occurring at least 6 months after the completion of RT. 

The severity of adverse events was assessed according to the National Cancer Institute 

Common Toxicity Criteria, version 5.0 (Cancer Therapy Evaluation Program, Common 

Terminology Criteria for Adverse Events, Bethesda, MD, USA). 

6.2.4 Data management 

Recruited patient data was gathered in accordance with Christie local Research & 

Development (R&D) Information Governance regulations. The database with specific RT 

related information and outcomes was securely stored on restricted access Christie NHS 

Foundation Trust computers. There was cooperation between national and international 

sites and experiences shared with colleagues from other institutions around the world. 

The data sharing was approved by the Christie regulatory team and confirmed with the 

Material transfer agreement (MTA) agreement.  
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6.2.5 Statistical Analysis 

Conventional literature-supported statistical methods (e.g. Kaplan-Meier) were used to 

assess outcomes and associations among variables. Death not related to recurrence was 

not considered as an end point for the local control survival calculation but is included and 

censored on the date of death. Survival analyses were done using Kaplan-Meier estimates, 

with the difference of its curves evaluated by the log-rank test if applied) and figures were 

made by GraphPad 8.0.2. 

 

6.3 Results 

6.3.1 Review of the use of radiotherapy for treatment of haematological malignancies  

Between March and August 2020, 84 target sites in 79 patients received hRT which 

followed the ILROG guidelines and form the focused population of this study. Those 

patients who received standard RT during this period were also included as the control 

group (n=26) (Table 6.4). These two groups have different characteristics when clinicians 

made the choice of RT regimens (not randomised).  There was no intent to compare these 

2 groups at the beginning of study design, clinical outcome and toxicity data were 

therefore not collected from the control group, but clinical information such as age, 

diagnosis, and RT regimens were collected to provide additional insights as which RT 

regimens were selected for different patient groups.  

6.3.2 Patient characteristics 

79 patients who received hRT represent the study population. Patient characteristics are 

listed in Table 6.2. The median age was 64 years (range, 24-86 years). The number of male 

and female patients are 32 (40.5%) and 47 (59.4%) respectively. Most patients had a 

Eastern Cooperative Oncology Group (ECOG) Performance Status of 0 (26, 32.9%) or ECOG 

1 (27, 34.2%). The most common histological type of haematological malignancy was 

diffuse large B cell lymphoma (DLBCL) (24, 30.4%), followed by multiple myeloma (MM) 

(16, 20.3%), cutaneous lymphoma (12, 15.2%) and  follicular lymphoma (FL) (12, 15.2%).  
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Table 6.2 Patient Demographics and Baseline Clinical Characteristics of patients referred for hRT between 
March and August 2020  

Characteristics No.     % 

Age at Start of Treatment (years) 

 

Median 64 

Range 24-86 

Sex  

 

Male 32 40.5% 

Female 47 59.4% 

ECOG 

 

0 26 32.9% 

1 27 34.2% 

2 14 17.7% 

3 11 13.9% 

4 1 1.3% 

Histology   

Diffuse Large B Cell Lymphoma 24 30.4% 

Follicular Lymphoma 11 13.9% 

Multiple Myeloma  16 20.3% 

Skin lymphoma 12 15.2% 

Other  16 20.3% 

Total n number=79 
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In terms of the treatment intent, 53 (67.1%) patients received hRT for palliative intent and 

26 patients (32.9%) hRT for curative intent. The most common anatomical treatment site 

was head and neck (19, 24.1%), followed by pelvis (16, 20.3%), CNS (14, 17.7%) and 

extremity (15, 19.0%). There were 5 patient who received hRT to more than one 

anatomical site (See Table 6.3).  

 

Table 6.3 The treatment intent and site of hRT 

Treatment Intent n % 

Palliative 53 67.1% 

Curative 26 32.9% 

Current Treatment Site 

Head and Neck  19 24.1% 

Thorax 7 8.9% 

Abdomen 3 3.8% 

Pelvis 16 20.3% 

Extremity 15 19.0% 

CNS 14 17.7% 

RT course >1 * 5 6.3% 

*these patients had 2 RT courses in different sites. Total n number=79. 
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Initially treatment compliance according to the ILROG study guidelines was evaluated. 

With the exception of 1 patient who died after 7 fractions of a 9 fraction regimen (ILROG 

No. Man 56, see Table 6.5) and 1 patient who stopped at the 3rd fraction due to 

chemotherapy side effects (ILROG No. Man 57), all the remaining patients completed the 

planned RT. 1 patient with Adult T-cell leukemia/lymphoma (ATLL) had concurrent 

chemotherapy (PEP-C) during RT period (ILROG No. Man 57). Two patients had a 

treatment break of more than 5 days due to COVID symptoms (ILROG No. Man 66) and 

chemotherapy side effects (ILROG No. Man 57) respectively.  

In order to provide the demographics of patient selected for hRT schedules in this 

pandemic period,  age, diagnosis and RT regimens of the control group was also collected 

(Table 6.4, Figure 1). The first observation to emerge from this analysis was that the 

patients in hRT group were older than the control group, with median ages 67 (24-86) yrs 

vs 59 (18-84) yrs. 
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Table 6.4 The list of control group who received conventional RT 

Age at start of 
RT 

Histology RT 
dose 

RT fractions 

78 FL, Stage IV 24 12 

57 Nodule lymphocyte predominant Hodgkin's 
lymphoma Stage 2/3 

30 15 

54 Stage IE gastric extra nodal marginal zone 
lymphoma 

24 12 

73 HL, stage II 30 15 

28 HL, stage II 30 15 

71 DLBCL 30 15 

51 DLBCL 30 15 

66 HL 20 10 

56 Plasmacytoma 40 20 

48 HL 30 15 

42 FL  24 12 

62 HL 20 10 

84 Solitary plasmacytoma of the thoracic spine T8 40 20 

81 MF 10 5 

67 DLBCL, stage IVXB 30 15 

70 DLBCL IVB  30 15 

70 B-Cell NHL 24 12 

29 Mediatinal B cell lymphoma 30 15 

41 FL 24 12 

50 FL 24 12 

74 MALT 24 12 

52 NHL 24 12 

18 NHL 30 15 

81 NHL 30 15 

34 FL 24 12 

61 DLBCL, stage IVXB 30 15 

FL, Follicular Lymphoma; MF, Mycosis Fungoides; NHL, Non-Hodgkin Lymphoma; DLBCL, Diffuse large B 
cell lymphoma; Total n number=26. 
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Figure 6.1 The average age of patients who received hRT was older than that in control group 

The hRT group (n=79); The control group (n=26). 
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6.3.3 Evaluation of preliminary efficacy and acute toxicity of the hRT schedule  

As this is a heterogeneous cohort involving patients treated with curative and palliative 

intent and different pathological types, the treatment responses will be evaluated in three 

predominant pathological types (DLBCL, MM, FL, skin lymphoma) separately.  

6.3.3.1 Diffuse large B cell lymphoma 

In the 24 patents with DLBCL, all except one patients (ILROG number: Man56) completed 

RT as prescribed, 21 patients achieved local control at the first time assessment, which 

made the ORR 87.5% (21/24) (See Figure 6.2, Table 6.5).  Three patients subsequently 

relapsed in the RT field, which made the local progression event rate 12.5% (3/23).  

The treatment histories provide further insights into the potential mechanisms underlying 

local RT failure.  

Within 8 months (range 0-30) of median follow-up time, the 2-year local control rate for 

the DLBCL subgroup were 81.4%, the patients who received 20Gy/5f and 27Gy/9f 

achieved 2-year local control rate of 100% and 80% (Figure 6.2). The regimen 36Gy/12f 

and 6Gy/1f drops to 0 at 2 months and 8 months because of the smalll sample size and 

the relapse of one patient in each group.  
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Table 6.5 The follow up information of patients with DLBCL 

ILROG ID 
∆ Therapy Intent Stage 

Relapse in RT 
field 

Status of 
Death 

OS 
(months) 

PFS 

(months) 
RT 
regimen 

Man06 Radical NA֍ 0* 0 23 23 27Gy/9f 

Man08 Radical NA 0 1 2 2 27Gy/9f 

Man09 Radical IIXA 0 0 16 16 27Gy/9f 

Man10 Radical NA 0 0 26 26 27Gy/9f 

Man22 Radical III 0 0 26 26 27Gy/9f 

Man23 Radical IEA 0 0 21 21 20Gy/5f 

Man26 Radical IIEXB 0 1 8 8 20Gy/5f 

Man28 Palliative IV 1 1 9 8 6Gy/1f 

Man31 Palliative IV 0 1 1 1 20Gy/5f 

Man33 Radical IVXA 0 0 26 26 27Gy/9f 

Man35 Radical IIEXB 0 0 2 2 27Gy/9f 

Man36 Radical IXA 0 0 17 17 27Gy/9f 

Man38 Radical IA 0 0 9 9 27Gy/9f 

Man40 Radical IEA 0 0 3 3 20Gy/5f 

Man47 Palliative IIa 0 1 2 0 20Gy/5f 

Man49 Radical IVB 1 0 7 2 36Gy/12f 

Man50 Palliative IVA 1 1 5 4 20Gy/5f 

Man56 Palliative IVXA 0 1 2 2 27Gy/9f® 

Man58 Radical IEA 0 1 30 30 27Gy/9f 

Man63 Radical IEA 0 0 29 29 20Gy/5f 

Man64 Radical IIAEX 0 0 1 1 36Gy/12f 

Man70 Radical IIa 0 0 2 2 27Gy/9f 

Man75 Radical NA 0 0 11 11 20Gy/5f 

Man90 Palliative NA 0 1 0 0 20Gy/5f 

 

֍NA, not available; *0, censored or event didn’t happen; 1, event happens; ® this patient was prescribed 
27Gy/9f, but stopped at the 7th fraction. ° this patient was prescribed 36Gy/12f, but stopped at the 3rd 
fraction; ∆, the ILROG number in our institution (in Manchester) all started with prefix: Man. Total n 
number=24. 
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Figure 6.2 Kaplan-Meier survival curves of the local control of DLBCL according to different RT regimens 

DLBCL, diffuse large B cell lymphoma; Local control is defined as the absence of disease recurrence within 
the previously administered RT field, the first assessment was performed at 4-6 weeks after RT was 
completed, the local control survival time will be measured from the first assessment to the latest follow-
up time or the date of event (i.e. death or local relapse). Kaplan-Meier survival plots were made by using 
GraphPad Prism 8.0.2.  

 

6.3.3.2 Follicular lymphoma 

In the 11 patients with FL, at 27 months of median follow-up time, all patients achived 

local control, which made the ORR 100% (Table 6.6). The most commonly applied RT 

regimens were 20Gy/5f (n=5) and 4Gy/1f (n=5). There is 1 patient who had a less 

commonly used RT regiment and history of this patient is as follows: the patient with FL 

(ILROG number: Man24) had palliative RT of 8Gy/1f to thoracolumbar paraspinal lesion to 

relieve back pain. It may be noticeable that one patient (ILROG number: Man29) had good 

local control but subsequently died a month later with progressive disease.  

The local control rate was excellent as shown in Figure 6.3 , with the 2-year local control 

rate in each regimen group at 100%. These findings need to be interpreted cautiously due 

to the small number of patients and short follow-up time (some of the patients had a 

follow-up time of less than 1 year), and consideration of the possibility of ‘relapse 

elsewhere’ which could reduce the survival benefit. 
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Table 6.6 The follow up information of patients with FL 

ILROG No. Relapse in RT field Status of Death OS PFS RT regimen 

Man13 0 1 30 2 20Gy/5f 

Man29 0 1 1 0 20Gy/5f 

Man41 0 0 27 27 20Gy/5f 

Man42 0 0 27 27 20Gy/5f 

Man73 0 0 26 26 20Gy/5f 

Man15 0 0 2 2 4Gy/1f 

Man21 0 0 29 29 4Gy/1f 

Man51 0 0 8 8 4Gy/1f 

Man80 0 0 30 30 4Gy/1f 

Man87 0 0 27 27 4Gy/1f 

Man24 0 0 31 31 8Gy/1f 

*0, censored or event didn’t happen; 1, event happens; FL, follicular lymphoma. Total n number=11. 

  

Figure 6.3 Kaplan-Meier survival curves of the local control of FL according to different RT regimens 

FL, Follicular Lymphoma. Local control is defined as the absence of disease recurrence within the previously 
administered RT field, the first assessment was performed at 4-6 weeks after RT was completed, the local 
control survival time will be measured from the first assessment to the latest follow-up time or the date of 
event (i.e. death or local relapse). Kaplan-Meier survival plots were made by using GraphPad Prism 8.0.2.  
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6.3.3.3 Multiple Myeloma 

At 10 months of median follow-up time,  in the 16 patients with MM, one patient (ILROG 

number: Man27) subsequently relapsed in the irradiated field, which made the ORR 98.8% 

(15/16) (Table 6.7). This patient had bony disease at diagnosis and had palliative RT of 

8Gy/1f in L4 Sactum. This patient was tested to be COVID-19 positive 2 months after RT 

and assessed to have refractory relapse at 3 months after RT. 2 patients (ILROG number: 

Man02, Man81) were lost to follow up and were counted as censored data. 2 Patients 

(ILROG number: Man72 and Man81) had 2 courses of RT during this period.   

As Figure 6.4 shows,  the 1-year local control rate for the MM subgroup was 100%, the 2-

year local control rate for the RT regimen 20Gy/5f and 8Gy/1f are 100% and 76%, the 

median survival was not reached.  

 

Figure 6.4 Kaplan-Meier survival curves of the local control of MM according to different RT regimens 

MM, Multiple myeloma. Local control is defined as the absence of disease recurrence within the previously 
administered RT field, the first assessment was performed at 4-6 weeks after RT was completed, the local 
control survival time will be measured from the first assessment to the latest follow-up time or the date of 
event (i.e. death or local relapse). Kaplan-Meier survival plots were made by using GraphPad Prism 8.0.2.  



237 

 

Table 6.7 The follow up information of patients with MM 

ILROG No. 
Relapse in RT 
field Status of Death 

OS 
(months) 

PFS 
(months) RT regimen 

Man02 0 0 0 0 20Gy/5f 

Man66 0 1 1 1 20Gy/5f 

Man67 0 0 1 1 20Gy/5f 

Man18 0 1 2 2 8Gy/1f 

Man76 0 1 3 2 20Gy/5f 

Man19 0 1 3 3 8Gy/1f 

Man20 0 1 4 0 8Gy/1f 

Man25 0 1 10 10 8Gy/1f 

Man81 0 0 11 11 8Gy/1f 

Man27 1 1 13 13 8Gy/1f 

Man11 0 0 13 13 20Gy/5f 

Man30 0 1 16 8 8Gy/1f 

Man12 0 1 17 17 8Gy/1f 

Man34 0 0 26 26 20Gy/5f 

Man17 0 1 27 27 8Gy/1f 

Man72 0 0 32 24 8Gy/1f 

*0, censored or event didn’t happen; 1, event happens; Total n number=16.
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6.3.3.4 Cutaneous lymphoma  

Characteristics of 12 patients with skin lymphoma who received hRT were assessed 

separately. The median age at the start of RT for the entire cohort was 62 (range 50-80) 

years old, cutaneous T cell lymphoma was the most common pathological type (n=6), 2 

patients had Mycosis fungoides, 1 patient with B cell lymphoma (ILROG number: Man60, 

Table 6.8). Note that 7 patients (Man43, Man44, Man45, Man48, Man61, Man65, Man69) 

received hRT, although the decisions to chose hRT were not dictated entirely by the COVID 

pandemic, the RT regimens used are within those outlined in the ILROG emergency covid-

19 guidelines, and thus these 7 patients were included for the final analysis.  

The median follow-up period was 12.5 months (range 1–31). The most commonly used RT 

regimens were 20Gy/5f (n=4) and 8Gy/1f (n=4). With 12 months of median follow-up 

time, One patient relapsed in irradiated site (ILROG number: Man 54), 8 patients died of 

disease progression elsewhere or second primary cancer. The ORR of the whole skin 

lymphoma group is 91.6% (11/12), the 1-year local control rate for the entire group was 

90.9%.  The subgroup 8Gy/1f achieved 1-year local control rate of 75% (Figure 6.5). None 

of the patients with the other RT regimens relapsed in the irradiated field.  

2 out of 12 patients developed grade 1 toxicities (G1 fatigue, G1 oral mucositis) only while 

1 patient developed grade 2 toxicities (G2 skin reaction). No patients developed grade 4–

5 adverse events.  
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Table 6.8 The follow up information of patients with cutaneous lymphoma 

ILROG 
No. 

Ag
e 

Gende
r 

ECO
G 

Histology 
RT 
regimen 

Relaps
e in RT 
field 
status 

Statu
s of 
Deat
h 
statu
s 

OS 
(Month
) 

PFS 
(Month
) 

Man54 

50 Male 1 Subcutaneous 
panniculitis-like T-
cell lymphoma 8Gy/1f 1 0 23 1 

Man89 
71 Femal

e 
0 

Mycosis fungoides 8Gy/1f 0 1 2 2 

Man68 

55 Male 1 relapsed/refractor
y  ATLL (leukemia 
subtype) 12Gy/3f 0 1 1 1 

Man60 

80 Femal
e 

1 Low grade B-cell 
lymphoma of the 
skin (SLL) 20Gy/5f 0 0 14 14 

Man57 

42 Femal
e 

3 ALK-positive 
anaplastic large 
cell lymphoma (T 
cell) 

27Gy/9f 
* 0 1 0 0 

Man43 
76 Male 1 Cutaneous T-cell 

lymphoma 12Gy/4f 0 1 8 8 

Man44 
59 Male 0 Cutaneous T-cell 

lymphoma 6Gy/1f 0 0 31 31 

Man45 
57 Male 0 Cutaneous T-cell 

lymphoma 20Gy/5f 0 1 5 5 

Man48 
65 Male 0 Cutaneous T-cell 

lymphoma 8Gy/1f 0 1 13 13 

Man61 
65 Male 1 Cutaneous T-cell 

lymphoma 20Gy/5f 0 1 20 20 

Man65 
52 Femal

e 
2 

Mycosis fungoides 
8Gy/1f
֍ 0 0 29 29 

Man69 
74 Male 1 Cutaneous T-cell 

lymphoma 20Gy/5f 0 1 12 12 

*this patient was prescribed 27Gy/9f, but stopped at the 3rd fraction and died 2 days after RT. 

֍right arm, thigh, ankle 8Gy/1, right eyelid 8Gy/1#; Total n number=12.
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Figure 6.5 Kaplan-Meier survival curves of the local control of skin lymphoma according to different RT 
regimens 

Local control is defined as the absence of disease recurrence within the previously administered RT field, 
the first assessment was performed at 4-6 weeks after RT was completed, the local control survival time will 
be measured from the first assessment to the latest follow-up time or the date of event (i.e. death or local 
relapse). Kaplan-Meier survival plots were made by using GraphPad Prism 8.0.2. 

The lines near 100% of y-axis were adjusted to avoid overlap. 
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The remaining 16 patients are a heterogeneous population in terms of histological 

diagnosis and the treatment outcome and RT regimens are shown for each patient in 

Table 6.9. One patient relapsed in the irradiated field over 1 month after RT (ILROG 

number: Man54). This patient was diagnosed with a particularly aggressive subcutaneous 

panniculitis-like T-cell lymphoma (CTCL) and had palliative RT of 8Gy/1f on the right 

forearm. One patient (ILROG number: Man04, 66 years old) with marginal zone lymphoma 

transformed to DLBCL was previously treated with multiple lines of multi-agent 

immunochemotherapy for an increasingly aggressive Non-Hodgkin Lymphoma (NHL) and 

received RT of 36Gy/12f. This patient progressed during RT and stopped RT at the 3rd 

fraction.  

3 patients with Hodgkin Lymphoma (HL) all responded to RT, either 18Gy/6f or 27Gy/9f. 

The 2 patients (ILROG number: Man 07, Man37) who received 18Gy/6f were early-stage 

chemosensitive HL (favourable group), whilst the 1 patient (ILROG number: Man77) who 

had 27Gy/9f had IVSEB stage with IPS point 5 (unfavourable group) who had previously 

responded PR to previous chemotherapy.  

There were 3 patients treated with primary CNS lymphoma who all responded to well to 

27Gy/9f but subsequently died within 2 years. The relevant clinical information is as 

follows: two patients (ILROG number: Man74, Man78) with CNS lymphoma (DLBCL 

histotype) treated with intensive chemotherapy (MATRix) had palliative whole brain RT 

for relapse and achieved complete radiologic response from RT but had symptomatic 

relapse followed by the BTK inhibitor Ibrutinib. One patient (ILROG number: Man74, 

Man78) with CNS lymphoma treated with upfront chemotherapy followed by autologous 

stem cell transplant and orbital RT had local control in irradiated field but progressed with 

a mass in another region of the brain.  

In 3 patients with marginal zone lymphoma, no one reported relapses in the irradiated 

field, 2 patients received 4Gy/1f, 1 patient received 20Gy/5f.  

In the 2 patients with AML, palliative RT of 8Gy/1f was delivered to a spinal lesion (ILROG 

number: Man 79), and 20Gy/5f to right breast (ILROG number: Man 16). Local control was 

achieved in both patients. The patient with Burkitt’s lymphoma (ILROG number: Man88) 
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was supposed to have 27Gy/9f to a huge left maxillary disease which has extended to left 

neck and SCF, but the disease progressed at the 1st treatment. 

There were 3 patients who had Burkitt's lymphoma (ILROG number: Man88), Left extra 

nodal marginal zone lymphoma of the left orbit (ILROG number: Man14) and ALK-positive 

anaplastic large cell lymphoma (ILROG number: Man57) respectively who were lost to 

follow up and were therefore unavailable for assessment of treatment responses.  
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Table 6.9 The follow up information of patients in the unclassified group 

ILROG 
No. Histology 

Relapse in 
RT field 
status 

Status of 
Death OS (months) 

PFS 
(months) 

RT 
regimen 

Man07 HL 0 0 29 29 18Gy/6f 

Man37 HL 0 0 2 2 18Gy/6f 

Man77 HL 0 0 25 25 27Gy/9f 

Man32 

Localised 
follicular NHL 
(query 
transformed) 

0 0 7 7 27Gy/9f 

Man04 

Marginal zone 
lymphoma 
transformed to 
DLBCL 

1 1 12 7 36Gy/12f° 

Man53 
Primary CNS 
lymphoma 

0 1 9 9 27Gy/9f 

Man74 
Primary CNS 
lymphoma 

0 1 24 24 27Gy/9f 

Man78 
Primary CNS 
lymphoma 

0 1 2 2 27Gy/9f 

Man14 
EMZL of the left 
orbit 

0 0 19 19 4Gy/1f 

Man39 EMZL of the skin 0 0 13 13 4Gy/1f 

Man59 EMZL of thyroid 0 0 29 29 20Gy/5f 

Man79 AML 0 1 27 27 8Gy/1f 

Man16 
Relapsed AML 
(Myeloid sarcoma 
right breast) 

0 1 16 16 20Gy/5f 

Man71 
Extramedullary 
plasmacytoma 

0 0 30 30 36Gy/12f 

Man88 
Burkitt's 
lymphoma (B cell) 

0 1 0 0 3Gy/1f 

Man03 
Mantle Cell 
Lymphoma (B 
cell) 

0 0 10 10 20Gy/5f 

HL, Hodgkin Lymphoma; EMZL, Extranodal marginal zone lymphoma;  Total n number=16.
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6.3.3.5 Toxicity 

Acute adverse events were shown below and almost half of patients did not experience 

any side-effects (Table 6.10). In general, the observed irradiation-related toxicities were 

mild. The most frequent RT-related toxicity events were Grade 1 Erythema (7, 8.8%). The 

maximum toxicity was Grade 3 acute bowel discomfort, which was observed in a patient 

with stage IV double-hit lymphoma (also known as High-grade B-cell lymphoma) who had 

RT on abdomen with 20Gy/5F. However, all those patients experiencing acute toxicities 

recovered well. There was no grade 4 or grade 5 RT-related toxicities. No other late 

toxicities were reported.  

 

Table 6.10 Incidence of radiotherapy-related acute toxicities (CTCAE 5.0)  

 

Toxicities 

No. of patients   

Grade 0 Grade 1 Grade 2 Grade 3 Grading 
unknown
* 

General disorders       

Fatigue 66  5  0 0 2  

Fever 71 0 0 0 1  

Skin and subcutaneous tissue 
disorders 

     

Erythema 61  7  3  0 2  

Hyperhidrosis 71  0 0 0 1  

Nervous system disorders      

Lethargy 70  2  0 0 0 

Respiratory, thoracic and mediastinal 
disorders 

     

Sore throat 70 1  0 0 1  

Gastrointestinal disorder      

Dry mouth 71  1  0 0 0 

Esophagitis 65  4  3  0 0 

Dysphagia 70  2  0 0 0 

bowel discomfort 69  2  0 1 (1.4) 0 

Nausea 68  1  3  0 0 

Loss of Appetit 71  0 0 0 1  

Grading unknown*: the patients had the side effect but grading unknown or unavailable.  
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 The toxicities were looked further in more detail for DLBCL, which was the largest cohort. 

The specific acute toxicities of DLBCL were listed in Table 6.11. The most common 

toxicities were G1 pharyngitis / oesophagitis after RT in head and neck area and G1 

erythema. The most severe toxicity was G3 bowel discomfort after RT of 20Gy/5f in pelvis. 

Other patients who had RT in pelvis and abdominal areas did not report any unusual side 

effects. In the 12 patients who received the RT regimen 27Gy/9f, the treatment sites were 

chest (n=3), axilla (n=2), eyes (n=1), spine (n=1), pelvis (n=3), neck (n=3). In the 3 patients 

who had RT in the chest area (ILROG number: Man06, Man33, Man35), the toxicities were 

all well managed: G1 fatigue, G1 dysphagia, G2 oesophagitis.  
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Table 6.11 Acute toxicities in patients with DLBCL  

ILROG No. ECOG 
Therapy 
Intent 

Current Treatment 
Site 

Acute Toxicity  RT regimen 

Man10 0 Radical Left pelvis G2 nausea 27Gy/9f 

Man06 2 Radical right lung G1 fatigue  27Gy/9f 

Man08 0 Radical left neck G1 oesophagitis  27Gy/9f 

Man09 0 Radical 
left neck G2 oesophagitis, G1 skin 

reaction 
27Gy/9f 

Man22 3 Radical right axilla G1 skin toxicity  27Gy/9f 

Man23 0 Radical right lat thigh No side effects 20Gy/5f 

Man26 1 Radical left abdo pelvis G1 dry mouth  20Gy/5f 

Man28 3 Palliative right pelvis No side effects 6Gy/1f 

Man31 0 Palliative pelvis G3 BOWEL  20Gy/5f 

Man33 1 Radical mediastinum G1 dysphagia 27Gy/9f 

Man35 1 Radical mediastinum G2 oesophagitis 27Gy/9f 

Man36 1 Radical left axilla G1 erythema G1 lethargy 27Gy/9f 

Man38 0 Radical right groin G1 bowel and G1 lethargy 27Gy/9f 

Man40 1 Radical Scrotum No side effects 20Gy/5f 

Man47 3 Palliative Abdomen No side effects 20Gy/5f 

Man49 2 Radical 
porta hepatis LN Mild tiredness with slight loss of 

appetite 
36Gy/12f 

Man50 2 Palliative left groin No side effects 20Gy/5f 

Man56 3 Palliative 
T11- SACRUM 
(metastasis) 

G0 27Gy/9f 

Man58 0 Radical right eye No side effects 27Gy/9f 

Man63 0 Radical left forearm None reported 20Gy/5f 

Man64 0 Radical thyroid phase 2 G1 oesophagitis, G1 Sore throat  36Gy/12f 

Man70 0 Radical right neck G1 oesophagitis  27Gy/9f 

Man75 1 Radical L5 spine No side effects 20Gy/5f 

Man90 1 Palliative both neck No side effects 20Gy/5f 

Total n number=24. 
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6.4 Discussion 

This is the first prospective study, to evaluate the role of hypofractionated RT (hRT) in 

patients with haematological malignancies in a COVID-risk-adapted RT treatment 

approach. This multi-cancer taskforce (a total of 11 institutions participated) collected a 

total of 226 patients, amongst which our institution contributing contributed over one 

third (77/226) of cases.  

In this study, a heterogenous group of haematological malignancies hRT was delivered to  

the four largest subgroups, DLBCL, MM, FL and cutaneous lymphomas and other 

haematological malignancies.  

For DLBCL, in 8 months of median follow-up time, the ORR was 87.5 %, the 2-year local 

control rate was 81.4%, the patients who received 20Gy/5f and 27Gy/9f achieved 2-year 

local control rate of 100% and 80% respectively. As a comparison, previous studies in 

aggressive NHL (predominantly DLBCL) treated with standard fractionated RT (30Gy/15f 

as per NICE 2016)  have reported an ORR of 92% (Lowry et al. 2011).   The ORR in this 

cohort treated with hRT appears on first inspection to be slightly lower than that reported 

using 30Gy in 15 fractions, but there are many caveats in cross study comparisions. These 

include that DLBCL is a highly hetergeneous disease, there is likely to be huge 

heterogeneity in the study populations,  as regards the stage, remission status and 

chemosenstivity of the disease. By way of example, in this ILROG study there are a 

disproportionate number of high risk chemotherapy refractory disease patients (3 

patients with advanced disease and multiple chemotherapy refractory disease), with 

refractory  double-hit or triple-hit DLBCL, DLBCL transformed from FL or MALT, GCB type 

DLBCL, primary mediastinal B cell lymphoma, who are likely not have been included in a 

randomised clinical trial. By way of example, one patient (ILROG number: Man50, 68 years 

old) had refractory DLBCL, having undergone more than three lines of chemotherapy, 

including salvage therapy. Despite receiving 20Gy/5f RT at the left groin, the disease 

progressed with a PET CT Deauville score of 4, and the patient eventually passed away 

two months after RT, though the cause of death is unclear. Another patient (ILROG 

number: Man49, 60 years old) with stage IVB DLBCL achieved only partial response (PR) 

to chemotherapy after four cycles of treatment. Following administration of 36Gy/12f RT 

to a porta hepatis lymph node mass, refractory disease persisted with a PET-CT Deauville 
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score of 5. Additionally, a third patient (ILROG number: Man28, 85 years old) with stage 

IV DLBCL exhibited PR response to chemotherapy, yet a single 6Gy/1f RT to the right pelvis 

failed to produce any clinically meaningful response. Overall, all 3 patients who failed to 

respond to palliative RT had chemotherapy refractory disease and it is well documented 

that local control with RT is less likely to be achieved in chemotherapy refractory DLBCL 

and higher doses of RT are required. Of note patient Man58 had 2 courses of RT to left 

eye and right eye respectively during this period. It is therefore  encouarging that the ORR 

was similar to that previously reported in Lowry et al 2011, suggesting that local control 

has not been substantially undermined with hRT compared to standard longer course RT 

used pre-COVID-19 pandemic.  

Local control appeared excellent for hRT for all haematological maligancies and at 27 

months of median follow-up time, subgroup analysis shows that patients with FL achieved 

an ORR of 100% and 2-year local control of 100%, with no relapses in the irradiated field. 

The toxicity profile for the whole group also appeared mild and within the range expected 

for longer courses of RT.  Overall, results showed that hRT local control is comparable with 

standard longer course RT and with certainly no increase in acute toxicity and for the low 

dose RT in FL the possibility of reduced or no toxicity, single 4Gy fraction (n=5), which 

followed the ILROG emergency guideline for indolent lymphoma at limited stage for 

palliative intent. For indolent (low grade) lymphoma, 24Gy in 12 fractions was established 

as the standard RT regimen based on the landmark randomized phase III study that no 

difference in ORR (93% and 92%, respectively) between the standard (40–45 Gy in 20–23 

fractions) and the lower dose arms (24Gy in 12 fractions) for indolent NHL (predominantly 

follicular NHL and marginal zone lymphoma) was seen (Lowry et al. 2011).  

In addition, one FL patient in the cohort had 8Gy in one fraction palliative RT for spinal 

cord compression as part of the Metastatic Spinal Cord Compression (MSCC) protocol. 

Though motor function and post-treatment ambulation was not assessed, there was no 

recorded relapse in the site of spinal irradiation.  The use of 8Gy in one fraction in this 

patient is a deviation from the ILROG guideline and was due to the patient’s reluctance to 

go to hospital and the max dose in one fraction was given to relieve back pain. The 

rationale for this approach was based on the hospitals MSCC protocol where short-course 

RT with 20 Gy in 5 fractions or 8Gy single fraction are known to deliver comparable clinical 

outcomes    in terms of motor function, post-treatment ambulation rates and local control 
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(in-field recurrence rates at 2 years were 24% for the regimen 8 Gy in one fraction (n = 

261) and 26% for the regimen 20 Gy in 5 fractions (n = 279), P = 0.44) (Rades et al. 2005). 

8 Gy per fraction was recommended for patients with poor predicted survival (Rades et 

al. 2018). 

 In summary, comparison of the findings from this Manchester cohort of the ILROG 

emergency guidelines to other published studies suggests that hRT in indolent NHL results 

in similar excellent response rates and local control compared to standard RT. However, 

to confirm any of these observations in NHL would require a suitably powered randomised 

trials and definitive conclusion cannot be made from this analysis. 

For MM, at 10 months of median follow-up time, MM achieved ORR of 98.8%, the 1-year 

local control rate was 100%, the 2-year local control rate for the RT regimen 20Gy in 5 

fractions and 8Gy in single fraction was 100% and 76% respectively. These outcomes 

appeared similar to a previously reported study showing that the commonly used RT 

regimen with lower dose per single fraction (20-24Gy in 10-12 fractions) achieved 2-year 

local control rates of 86.3% and a local radiographic failure rate of 12.2% (Elhammali et al. 

2020). Although the mainstay treatment for MM is systemic chemotherapy, RT is 

frequently needed to palliate symptomatic lesions. The optimal dose and fraction outside 

of the pandemic situation remains controversial (Guerini et al. 2022); and the concept of 

hRT with recommendations of 8 Gy in single fraction or 20 Gy in 5 fractions has been 

introduced and illustrated in previous ILROG published guidelines (Tsang et al. 2018) but 

the use of hRT in MM lacks validation from  randomised clinical data. The study suggests 

that the use of these hRT regimens in MM appears effective and safe.  This study used the 

local control of irradiated field as endpoint, yet for MM, there is no standard radiographic 

criterion to determine local tumour progression after spine RT; some other important 

functional and tumour control end points have previously been reported (e.g., motor 

function, ambulation, and local progression-free survival, pain relief, recalcification and 

the quality of life (QoL)) (Rades et al. 2016, Rudzianskiene et al. 2017). Therefore, a future 

study with a larger sample size and more comprehensive endpoints and toxicities would 

be needed to formally evaluate the optimal use of palliative RT for symptomatic MM. 

For the cutaneous lymphoma patients, at 12 months of median follow-up time the ORR 

was 91.6% and the 1-year local control rate was 90.9%. The subgroup 8Gy/1f (in which 2 

patients with MF) achieved 1-year local control rate of 75%. The use of low-dose total skin 
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electron beam therapy (TSEBT) has previously been explored in cutaneous T cell 

lymphomas (CTCL), including MF, and demonstrated an excellent response rate and many 

clinical benefits (Hoppe et al. 2015, Morris et al. 2017). Prior studies show that 

conventionally TSEBT (in the range of 10–12 Gy over 3 weeks) is a safe and effective 

modality for CTCL patients, with an ORR reaching 96% ((Jeans et al. 2020)).  Here the use 

of low-dose 8Gy/1f hRT in MF is safe with similar response rates and local control to the 

standard  dose of 36 Gy (Hoppe 2003, Moraes et al. 2014). This study showed that hRT is 

potentially feasible and safe option for patients with CTCL.  

There were very few HL (HL) patients (n=3) treated with hRT. HL disease is frequently 

characterized by bulky mediastinal disease, and more severe toxicity has been reported 

with the application of hRT (Cosset et al. 1988) and therefore hRT is not generally 

considered for the treatment of HL in the curative setting. In this study, 3 patients with HL 

were included in this hRT group; 2 patients in an early stage HL unfavourable 

chemosensitive group (57yrs, 50yrs) had 18Gy/6f and 1 in advanced stage HL 

chemosensitive group (60yrs) had 27Gy/9f. All 3 patients had excellent local control with 

either 18Gy in 6 fractions or 27Gy in 9 fractions. The limited number of HL patients treated 

with hRT and the fact that they were all over the age of 50 and were treated palliatively 

potentially highlights a selection bias for hRT where clinicians may have been concerned 

about longer term toxicity of the hRT approach with larger fraction sizes in younger 

patients.  

All of the larger group of HL patients in the “standard treatment group” were being 

treated with curative intent for early-stage disease and received 20 Gy in 10 fractions 

(early stage, favourable outcome) or 30 Gy in 15 fractions (early stage, unfavourable 

outcome). Some of these patients were young and concerns about possible late toxicity 

of hRT delivered to a group of HL patients with expected long-term survival outweighed 

the potential benefits of hRT and critical RT resource shortage. 

For patients with primary CNS lymphoma, all 3 CNS lymphoma (DLBCL type) patients who 

received palliative RT with 27Gy in 9 fractions achieved local control in the irradiated field 

but progressed either in the non-irradiated field or systematically. Whole-brain RT has 

been commonly used to treat primary central nervous system lymphoma (PCNSL) 

patients. The rationale for using a whole-brain field is that PCNSL is often multiple and 

that the boundary of PCNSL lesions is obscure (Shibamoto 2013). Those patients who were 
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chosen for hRT had one of the following considerations: incurable disease with a poor 

prognosis, significant toxicity from upfront immunochemotherapy or poor performance 

status where reduced hospital visits are clearly of benefit. RT achieved excellent rapid 

local control, albeit that whole brain RT may increase neurotoxicity (Thiel et al. 2010) and 

a high dose per fraction is usually considered to potentiate this neurotoxicity (normal 

brain tissue is considered to have a low α/β ratio of approximately 2-3 Gy) (Shibamoto 

2013). Despite the caveats of short follow-up, no cognitive function impairment or 

decreased life quality was reported in these 3 patients but a detailed neurocognitive 

assessment was not performed. This suggests that hRT might be an option for highly 

selected patients with CNS lymphoma in palliative situations and should perhaps be 

further studied in a clinical trial with a bigger sample size. 

In terms of the safety profile of hRT, acute toxicity data are shown according to the 

different haematological malignancies, RT regimens and treatment site, with all toxicities 

resolved in later follow-up, and no ongoing toxicities noted at later timepoints. It was also 

found that most cases had RT in proximity to the pelvis area; cases who had RT to the 

thorax were less frequent (n=7, 9.7%), which made substantial cardiac or lung exposure 

limited to low levels. The numbers are too small to comment on long term data.  

The radiobiological rationale of proposing the hRT in lymphoma is based on the 

assumption that the biological effect of RT on lymphoma cells, measured as equivalent 

dose in 2-Gy fractions (EQD₂) to lie between EQD₂ using α/β=10 Gy and EQD₂  total dose. 

The suggested hRT schemes have little reduction of the total dose aiming to maintain the 

same level of tumour control (taking DLBCL for example: standard RT regimens is 30Gy in 

15 fractions, Biological equivalent dose (BED)=30Gy, for the suggested hRT regimen 27Gy 

in 9 fractions, BED=29 using α/β=10 Gy). The risks of acute and late toxicity to normal 

tissues associated with large dose per faction and higher EQD₂ for α/β=3 Gy (Dubray et al. 

1995) are currently mitigated by the use of modern conformal RT techniques. 

Technological advances in RT treating lymphoma allows steep dose gradients around the 

target tumour with most of the surrounding normal tissues in the low-dose volume (Li et 

al. 2011, Fiandra et al. 2012, Hoppe et al. 2012, Hoppe et al. 2012). The risks are also 

mitigated by the low RT doses used in haematological malignancies, particularly the 

indolent types. It is important to acknowledge that the pattern of cell kill in 

hypofractionation may not align well with the traditional linear-quadratic model. The 
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accuracy of the prediction of the α/β model may be less for larger RT fraction sizes. Some 

researchers have raised concerns regarding the accuracy of the LQ model in predicting 

responses at high doses and the potential need for alternative models (Kirkpatrick et al. 

2008).Therefore, to mitigate clinical risk, the ILROG team selected dose-per-fractionation 

regimens that many in the clinical community are already familiar with and know are well 

tolerated (e.g. MM (Tsang et al. 2018)). 

Hypofractionation has been adopted and recommended for the palliative setting in 

indolent lymphoma or cutaneous lymphoma for years (Morris 2012). However, hRT has 

not been rigorously tested in prospective randomized trials in the curative treatment of 

hematologic malignancies. To better show how the patients were selected for proposed 

RT schedules, some clinical characterises were considered: advanced age, worse ECOG 

which suggested poor general conditions or logistic problems in visiting the hospital, and 

shorter life expectancy. In this study, the patients in the hRT group were older than the 

control group, with median ages 67 (24-86) yrs vs 59 (18-84)yrs. 34.8% of patients had 

ECOG 2, 3, 4 whilst in the control group, all patients had ECOG 0 and 1. Therefore, though 

the treatment schedules proposed were originally recommended to apply only to the 

emergency situation of the COVID-19 pandemic and with highly selected patients with the 

characteristics discussed above, these schedules may be an option in other clinical 

situation in the future when treatment resources are limited. 

Although the findings here should be interpreted with caution, this study does potentially  

provide some new insights into both efficacy and safety profile of hRT in haematological 

malignancies, which have previously not been reported.  

There are however a number of limitations that need to be noted regarding the present 

study. Firstly, this is a single-arm study in which only patients who received hRT were 

included for core analysis, the basic information (such as age, RT regimen) of patients who 

received conventional RT regimen (n=26) during the same period were collected, but the 

efficacy and toxicity were not evaluated, therefore we could only use historical controls 

and standard treatment groups for comparison. Secondly, the ORR and local control rate 

were used as endpoints for the entire heterogeneous cohort which consisted of multiple 

pathological types. For some refractory diseases in special sites (such as CTCL, CNS 

lymphoma), more specific endpoints were proposed to assess the treatment outcome 

(Meyers et al. 2003, Olsen et al. 2011, Herrlinger et al. 2017, Campbell et al. 2020). Finally, 
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due of the retrospective nature of this study, all the follow-ups were performed with a 

combination of strategies, mainly clinical notes, a few with telephone calls by treating 

clinicians and available correspondence with the local GP. In other words, the follow-up 

may not have been performed regularly for some patients (who did not come back to the 

hospital after cancer treatment). Furthermore, the assessment of toxicity and treatment 

outcome was not performed and recorded in the standard detailed fashion as would be 

in a case report form (a paper or electronic questionnaire specifically used in clinical trial 

research). This might lead to missing or unreported information that could result in 

significant biases.  

In conclusion, the data suggests that hRT achieves a good local control and manageable 

safety profile in the treatment of haematological malignancies and provides the rationale 

for further studies on reduced doses with shortened RT and demonstrates hRT is a feasible 

option not only for future health crises where limiting hospital visits may be critical but in 

selected patients in routine care. Future suitably powered prospective randomised 

studies with additional endpoints to assess outcomes and long-term follow-up would be 

required in order to draw more definitive conclusions regarding comparisons of hRT 

regimens to current standard approaches. 

 

 

 

 

 

 

 

  



254 

 

Chapter 7 Final Discussion 

 

It has long been established that RT causes the direct killing of cells through DNA damage. 

Recently, RT has been found to induce a variety of pro-immunogenic and phenotypic 

changes in tumour cells and the immune effector cells within the TME. However, the 

effects of RT on the TME remain unclear and underexplored, with a paucity of clinical data. 

Additionally, it is unknown whether the immunomodulatory effects of RT may be 

favourable (anti-tumourigenic) or unfavourable (pro-tumourigenic). To date, there is still 

limited clinical evidence regarding the dynamic effects of RT on the TME and systemically 

in the blood. Researching the TME in clinical tumour samples may enhance our 

understanding of the effects of RT on the TME and provide new data on the 

immunomodulatory effects of RT. 

 

7.1.1 Investigating the immunological changes of RT 

The first hypothesis of this project was to investigate whether RT has immunomodulatory 

effects locally in the TME and systemically in the blood. This hypothesis was addressed by 

longitudinal analysis (before RT vs after RT) of the local TME in bladder cancer (using urine 

samples), lung cancer, and rectal cancer (using biopsies), as well as the systemic immune 

TME in bladder cancer (using plasma and urine) and lung cancer (using PBMC and plasma). 

The results presented in this thesis provide new insights from tumour samples that RT 

may induce changes in the microenvironment of several cancer types. These changes may 

differ in various tumour types, as shown in each chapter focused on a different tumour 

type, including increased activation of T cell subsets and changes in myeloid cell 

expression. In addition, while addressing the first hypothesis, this work emphasises the 

importance of considering real-time dynamic changes and facilitating the development of 

dynamic biomarkers. Although biopsies provide information about immune responses, 

they are sometimes taken after treatment (e.g. rectal cancer surgical cancer) and are 

therefore not able to provide information about how the treatment may be affecting the 

TME in real-time. Blood and urine samples are more straightforward for detecting real-

time changes in immune components but do not necessarily reflect the TME. While the 

concept of dynamic markers has been previously explored in dictating the use of ICI 
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(Lesterhuis et al. 2017), there is limited clinical evidence focused on their use during RT 

treatment. 

In rectal cancer, results from mIHC demonstrated that RT alters T helper cells (P=0.0017), 

PD1- T helper cells (P=0.003), PD1+ Cytotoxic T cells (P=0.003), PD-L1+ M1 macrophages 

(P=0.035), M2 macrophages (P=0.044), and PMN-MDSC (P=0.0042). This suggests that in 

rectal cancer, RT exerts immunomodulatory effects in the TME. The investigation into 

gene sequencing before and after RT indicates that RT responses include the activation of 

CD8 T cells (TNFSF8, IFNA2), an adaptive immune response (IFNA1), a T-helper 1 type 

immune response (IL12B), antiviral activity (IFNA17, IFNA7), and macrophages (CD163), 

which may indicate an inflamed GEP. Responders also exhibited longitudinal upregulation 

of 61 immune genes (pre-RT vs. post-RT samples).  The majority of the pathways 

implicated in RT in responders are activated, as well as biological processes such as IFNG 

differentiation, which mimics an antiviral response. 18 immune genes were upregulated 

in non-responders longitudinally, which indicated a suppressed GEP. Nearly all of the 

pathways involved in RT in non-responders are inhibited, including biological processes 

such as myeloid cell migration, cytokines, and IFNγ. This analysis suggests that the way in 

which tumours respond to RT, with up- and down-regulation of genes evident even after 

a short course of RT, potentially suggests that tumours may be susceptible to dynamic 

immune-mediated regression even after a short period of RT. 

In bladder cancer, cytokines and chemokines play a crucial role as immune components 

in many cancer types, particularly in bladder cancer treated with BCG therapy (Alexandroff 

et al. 1999). However, despite analysing a panel of 34 markers in urine and plasma, only a 

few showed significant changes during RT, and these changes were not consistent across 

the duration of RT. Nonetheless, the alterations in cytokines and chemokines were linked 

to changes in specific cell types that appeared to produce them. This suggests that a more 

targeted approach to cytokines and chemokines might be more appropriate in future 

studies. The findings of an increase in classical monocytes populations during RT in the 

blood of patients with lung cancer and bladder cancer and HNSCC (as per work by other 

members of the lab, not part of this thesis) is of considerable interest and worthy of 

further investigation. The changes in the local TME could not be examined in bladder 

cancer due to the lack of post-RT biopsies.  

In lung cancer (PD-RAD), due to the small sample size, definitive conclusions cannot be 

drawn regarding whether RT induces immune regulatory changes in the TME and whether 
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these changes are predictive of response to RT. Nevertheless, this work has enabled a 

comprehensive workflow for CyTOF analysis of PBMC samples. Findings from ultivue mIHC 

of biopsies are of interest and suggest that in the patient who responded to RT, RT may 

enhance PD-L1 expression on tumour cells. CD14+CD16-HLA-DR+ classical monocytes 

were found to make up the majority of immune cells in the blood according to a CyTof 

study and this population increased during RT. Interestingly, the proportion of this subset 

of monocytes was largest in the patient who had the best outcome, suggesting that 

CD14+CD16-HLA-DR+ classical monocytes are worthy of greater investigation as a 

potential predictive biomarker of response to RT. This finding is consistent with a 

previously reported study where the frequency of classical CD14+CD16CD33+HLA-DR-hi 

monocytes was found to predict responsiveness to anti-PD-1 immunotherapy (Krieg et al., 

2018). CyTOF analysis also showed the existence of many cell types in the peripheral blood 

mononuclear cells (PBMC) of NSCLC patients, including some infrequently observed cell 

populations, such as CTLA4+ ICOS+ CD4 Treg, KLRG+ PD1+ CD4 T cells, and KLRG+ PD1+ 

CD8 T cells. 

Taken together, these findings from longitudinal analysis suggested that RT does exert 

immune regulatory changes in lung cancer, rectal, and bladder cancer and these immune 

changes vary in different tumour types.  

7.1.2 Immune biomarkers of RT response 

The second hypothesis of this project was to determine whether the composition of the 

immune cell infiltrate in the TME prior to RT determines treatment outcome, and the third 

hypothesis was to investigate whether the RT induced changes locally in TME and 

systemically in the blood can be used to predict treatment outcome. These two 

hypotheses were then addressed by comparisons of important cell types and gene 

expression between responders and non-responders. Whilst it was never expected that 

this comparison would be enough to identify a robust predictive biomarker, it was hoped 

that this exploratory analysis would inform future biomarker development.  

Perhaps the two most important and interesting findings are that responders have higher 

percentages of CD8 cytotoxic T cells and PD-L1 than non-responders at baseline in 

bladder, rectal and lung cancers.  
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7.1.2.1 PD-L1 

Bladder cancer patients who responded to treatment showed higher levels of PD-L1+ M1 

macrophages and PD-L1+ cells in the pre-treatment TME compared to non-responders, as 

demonstrated by mIHC analysis. Similarly, the results from mIHC in rectal cancer showed 

that responders had a clearly higher number of PDL1+ tumour cells compared to non-

responders at baseline, although the differences were not statistically significant. 

However, with a larger sample size, these differences may become statistically significant. 

This suggested high PD-L1 expression may indicate a favourable treatment outcome. In 

fact, high baseline PD-L1 expression has been proposed as a potential prognostic 

biomarker. For example, a study involving 72 patients with muscle-invasive bladder cancer 

treated with bladder-sparing TMT showed that high PD-L1 expression in bladder tumours 

was associated with low response rates and high rates of locoregional failure (Wu et al. 

2016) , which suggested that high PD-L1 expression at baseline may be indicative of an 

unfavourable treatment outcome. The discrepancies in these findings may be attributed 

to tumour heterogeneity, endpoints, and differences in immunohistochemical reagents, 

methods, and cut-off values used to quantify PD-L1 expression between TMT and non-

TMT cohorts. Further research is needed to determine the role of PD-L1 expression as a 

prognostic or predictive biomarker in the context of CRT. In the future, if the 

quantification of PD-L1 was standardized  and the value of PD-L1 is validated, combining 

immune checkpoint inhibition with bladder-sparing TMT could be a promising therapeutic 

approach due to the potential synergy between RT and immunotherapy (Buchwald et al. 

2015).  

In lung cancer, the ultivue analysis of NSCLC showed an PD-L1 increase in a patient who 

responded well in contrast to two patients where no increase was observed in PD-L1 

expression who experienced progressive disease. The difference in PD-L1 changes induced 

by RT between responders and non-responders suggests that dynamic changes in PD-L1 

expression induced by RT may be correlated with treatment outcomes. This has not been 

studied by any other clinical trial previously, but evidence from mouse models suggests 

that RT can increase PD-L1 expression and overcome adaptive resistance to anti-PD-L1 

inhibitors(Dovedi et al. 2014). While the usefulness of PD-L1 status as a biomarker for 

predicting response to immune checkpoint inhibitors in lung tumour tissue is 

controversial, monitoring PD-L1 expression has been proposed as a potential biomarker 

for selecting patients who may benefit from anti-PD-1 or anti-PD-L1 antibodies regardless 
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of whether RT is used. A study of 24 stage IV NSCLC patients found that the presence of 

circulating tumour cells (CTCs) and PD-L1 expression on their surface were associated with 

poor patient outcomes at baseline and 3 months of treatment. However, at 6 months of 

treatment, patients with PD-L1 negative CTCs all benefited from treatment, while patients 

with PD-L1 positive CTCs experienced progressive disease, suggesting that the persistence 

of PD-L1 positive CTCs may be a mechanism of therapy escape (Nicolazzo et al. 2016). The 

discrepancies could be explained by differences in the sources of PD-L1 (liquid biopsies), 

methods, cut off value, endpoints, and clinical stage of the cohort (advanced stage). This 

reveals the value of developing dynamic biomarkers, but many questions remain 

unanswered regarding the value of dynamic changes in PD-L1 in lung cancer and rectal. 

7.1.2.2 CD8 T cells 

In the retrospective rectal study, results from the ultivue technology confirm results from 

mIHC that responders have more CD3+CD8+CD4-PD1- cells than non-responders at 

baseline, which suggests that the level of CD8 T cells before treatment may be indicative 

of favourable treatment outcome. Interestingly, responders have higher gene expression 

of genes related to CD8 T cells activation (TNFSF8, IFNA2), antiviral activity (IFNA17, 

IFNA7) than non-responders in post-RT samples, which suggested an immune active TME. 

The prognostic significance of CD8 levels in the TME are in line with previous publications. 

This is also consistent with the well-established “immunoscore” in rectal cancer in which 

pre-treatment presence of CD8+ T cells were scored (Raskov et al. 2021). In addition, intra-

tumoural CD8+ T cell densities are related to responsiveness to anti-PD-1 (pembrolizumab) 

therapy in melanoma and mismatch repair defective malignancies, including colon cancer. 

Hence, assessing the number of CD8+ T cells in archive tumour samples might be used as 

a biomarker to predict which subsets of patients may benefit from adding PD-1/PD-L1 

blockade to RT. 

It is important to note that understanding how RT or CRT affects TME is essential to 

advance treatment strategies in patients. Changes in intratumoural CD8+ T cell dynamics 

serve as a pharmacodynamic measure of clinical effectiveness in some indications 

because CD8+ T cells are thought to be the final effector cells that trigger cancer cell death. 

Monitoring the dynamic changes of T cells has also been proposed as significant and 

predictive of treatment outcome, although it might not always be CD8+ T cells. For 

example, a recent study investigated the effects of chemoradiotherapy on locally 
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advanced rectal cancer (LARC) by analysing paired biopsies taken before and after 

treatment from 158 patients(Cho et al. 2022). The researchers used multiplex 

immunofluorescence staining to measure the delta values of various immune cell 

populations (Δ = density of immune cell subpopulation after preoperative CRT - density of 

immune cell subpopulation at baseline). They found that high delta values of CD3+ T cells 

and PD-L1+ lymphocytes after CRT were associated with good disease-free survival, while 

high delta values of CD4+FoxP3+ Tregs were associated with poor DFS. These results 

suggest that modulating the TME could be a promising strategy for improving the 

outcomes of LARC patients undergoing CRT and required further research. At the time of 

writing the ongoing prospective TIMM-RAD trial, has enrolled more than 20 patients with 

rectal cancer, with further recruitment planned and this will further inform the RT induced 

immunomodulation in rectal cancer. 

Overall, there remain many challenges in the utility of CD8 T cells and PD-L1 as a potential 

biomarker. These challenges include the fact that evaluation of these immune effector 

cells infiltrates is time-consuming and requires special training. Therefore if progress is 

going to made,  digital analysis needs to be developed  into standardized pathology 

workflows, and automatic tumour detection and quantitative density value scoring should 

be developed (Galon et al. 2016). 

7.2 Impact of this research within the field 

One of the most significant contributions of the research described in this thesis was the 

development of the workflow of several advanced platforms used to investigate and 

characterize the TME and systemic immune responses in human cancer samples. These 

platforms included mIHC and Ultivue mIHC to characterize the local tumour environment 

in biopsies, luminex and CyTOF on blood samples, and flow cytometry and luminex on 

urine samples. Considerable effort has been devoted to profiling the TME and the 

systemic landscape over the past few years, leading to the development of new platforms. 

The analysis presented in this thesis demonstrates that these research platforms appear 

“fit for purpose” to be used to investigate and detect changes in the immune contexture 

during RT. The findings from these platforms are consistent with previous publications, 

and the workflow developed in these studies could be used as a foundation of method 

development for future research.  
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Multiplex IHC/ IF were used in rectal cancer, lung cancer and bladder cancer. In rectal 

cancer, a comparison of mIHC and ultivue has provided more confidence in drawing 

conclusions about whether RT induces immunomodulatory effects in the local TME. 

Another novel and promising area involves characterizing the spatial information of the 

TME to reveal the interactions of the immune components. This type of spatial 

information may represent a significant step forward in the concepts of biomarker 

discovery. If this workflow is optimized and tested thoroughly, it may help to develop a 

more accurate prediction model for treatment outcomes and choice of therapy. Multiplex 

IHC/ultivue is expected to play a crucial role in future studies of cancer immunology, 

particularly when studying samples from rare cancers where tissues may be limited in 

availability.  

CyTOF was performed on blood samples from patients with lung cancer with the 

development of a 38 parameter CyTOF panel protocol. The results presented here 

demonstrated that CyTOF was capable of quantifying cell lineages, markers of cell 

differentiation, function, activity, and exhaustion, and identifying the proportions of cell 

subsets critical to cancer control and immunotherapeutic response, including T cells, 

Tregs, dendritic cells, macrophages, and MDSCs, using PBMC from lung cancer patients. 

Furthermore, CyTOF identified some uncommon immunological phenotypes that would 

require multiple panels and possible more samples to be tested using the alternative 

technology flow cytometry, highlighting another crucial benefit of this approach. CyTOF 

has been previously tested with success on PBMC in several other tumour types, such as 

breast cancer and melanoma (Gadalla et al. 2019) and CRC (Ijsselsteijn et al. 2019). 

The Nanostring platform was used to analyse biopsies from rectal cancer patients before 

and after treatment, instead of RNAseq. This decision was made because RNAseq requires 

a larger amount of undegraded RNA, which can be difficult to obtain from archived FFPE 

samples, and the Nanostring technology has been shown to be reliable for gene 

expression profiling using RNA from FFPE samples (Graw et al. 2015, Veldman-Jones et al. 

2015). However, the Nanostring platform can only detect a limited number of pre-selected 

genes (in this case, 771 genes), which is a limitation compared to RNAseq, which can 

detect the entire transcriptome and is better suited for biomarker discovery. In the future 

translational research designs, the decisions about which research platforms should be 

used will depend on the sample type and the study design. Spatial transcriptomics is also 

worthy of investigation as it combines the power of RNAseq with spatial information. 
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Although CyTOF technology offers numerous benefits, it is important to acknowledge its 

limitations in future studies. One of the most challenging parts of the CyTOF workflow is 

data analysis. The CyTOF technology has intensified the complexity of data due to the 

substantial increase in the number of parameters, which requires deeper analysis and new 

bioinformatics approaches to interpret and visualise the data. Additionally, designing an 

optimal CyTOF panel is also challenging, and the high cost of metal-tagged antibodies, 

conjugation kits, and running reagents may hinder the widespread use of CyTOF. Despite 

these advantages and drawbacks, CyTOF can still be a useful tool for exploratory research 

and hypothesis generation, especially when available clinical tumour samples are limited. 

In future studies, the choice of platforms should be based on the research questions and 

the ability to analyse different datasets in meaningful ways. 

The luminex platform was used to measure cytokines and chemokines in both lung cancer 

and bladder cancer. The adoption of the 34-plex luminex kit has successfully measured 34 

immune related cytokines and chemokines with the limited available sample. However, 

not all the cytokines and chemokines showed changes over RT but some cytokines and 

chemokines in urine appeared to be associated with changes in CD66b+CD14- neutrophils 

in urine. The results show that the luminex platform is valuable in developing ideas for 

further research, especially when there are only a few clinical samples available. Previous 

studies have highlighted the benefits of using multiplex cytokine assays instead of 

standard ELISA assays. These benefits include the ability to work with smaller sample 

volumes, higher throughput, and lower costs compared to equivalent ELISAs (dupont et 

al. 2005). Given the potential value of cytokines and chemokines as biomarkers, further 

investigations are warranted. However, efforts should be focused on certain promising 

cytokines and chemokines with more clinical evidence such as IFN-y (Arnold et al. 2004) 

and IL-8 (Vanarsa et al. 2021) to support their rationality, which can be measured using 

the alternative ELISA platform. 

Taken together, the research platforms used in this thesis were tested and demonstrated 

real-world performance on human tumour and blood samples. Workflows for these 

platforms were thoroughly explored and developed, which will save time and effort in 

subsequent clinical studies and can still be utilized in future research. However, in future 

pilot work, the study design, hypothesis, and sample size should all be considered as 

important factors in determining the best choice of the platform. 
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The projects in this thesis cover three distinct tumour types: NSCLC, rectal cancer, and 

bladder cancer. The results showed that tumour sample collection is feasible and can yield 

tissue that can be investigated. Some tumour sites are easier to biopsy and achieve 

material than other sites and lung cancer samples are particularly challenging. In rectal 

cancer, paired biopsies were collected (n=15), while no blood samples were available as 

this was a retrospective study. In bladder cancer, diagnostic biopsies were collected, but 

surgical biopsies were unavailable (n=26). For this study, blood and urine samples at 

different time points of RT were collected. In lung cancer, paired biopsies and blood 

samples at different time points were collected (n=4). The differences in sample size and 

available sample types could be due to several reasons. The invasive procedure of taking 

lung tissue biopsies is more demanding and can reduce the willingness to donate post-RT 

biopsies. In bladder cancer, as per NICE guideline (NICE 2015), taking random biopsies of 

normal-looking urothelium during TURBT is not a routine procedure after complete 

regression from neo-adjuvant CRT and the bladder tissue is often extremely inflamed after 

RT, making it difficult to obtain post-RT samples. In comparison, it is more feasible to take 

surgical biopsies during curative surgery following neoCRT in rectal cancer. Attempts to 

collect samples in retrospective studies suggest that available sample types can vary from 

patient to patient and establishing multi-centre studies in some tumour types could be 

helpful when sample collection is difficult.  

In this thesis, whilst clinical samples are precious and difficult to obtain, the most 

commonly used samples of blood (half-invasive), urine (non-invasive) and biopsies 

(invasive) were collected here. This showed that collecting these samples is technically 

and ethically feasible in cancer research. Blood is commonly utilised as a surrogate sample 

in many clinical research studies due to its accessibility, simplicity of storage, and 

processing. Blood, however, is an example of a heterogeneous sample  because it has a 

high degree of compositional diversity due to inter-person variations and disease-specific 

changes, amongst other factors (Ford 1979). Urine could potentially  provide a more 

plentiful source of tumour-derived material from tumours within the bladder as well as a 

less complex, relatively clean, and biofluid (Satyal et al. 2019) and has promising potential 

utility in detecting DNA and RNA (Crocetto et al. 2022). Due to the frequent contact that 

urine has with the bladder mucosa and bladder tumour, and that UDLs were identified to 

be  a convenient source of T cells (Wong et al. 2018),  it was anticipated in this thesis that 

urine samples would represent the local immune response (Crocetto et al. 2022) . The 
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sensitivity and specificity of detecting myeloid cells in urine samples, as well as the 

appropriate interpretation of the results, still need to be confirmed. Despite the potential 

advantages and flaws highlighted above, the majority of research to date has utilised 

tissue, serum, plasma, or urine from cancer patients and healthy controls. The data 

generated from these samples are valuable for providing hypothesis-generating insights 

and developing methods and should still be used for biomarker discovery.  

When appraising the value of potential markers and their correlation with treatment 

outcomes, it is important to consider how subsets of patients were classified, as this can 

impact the conclusions drawn. In this thesis, every effort was made to attempt to define 

responders and non-responders according to criteria already published or those that are 

currently being evaluated. While the endpoints adopted in the studies in this thesis are 

evaluated and believed to be appropriate and objective, discussions about future research 

endpoints remain open to further study. In the rectal cancer study the endpoint was PFS, 

while in bladder cancer, the endpoint was local relapse status determined by cystoscopy. 

However, it is acknowledged that these endpoints may not fully represent the response 

to RT. Several clinical factors can impact treatment outcomes, and in the setting of CRT, 

both chemotherapy and RT may contribute to progression-free survival, especially in 

scenarios where curative or salvage surgery is involved. Finally, early clinical trial sample 

sizes are typically too small to enable statistically significant conclusions, even though the 

results may still be informative for future research design. This is a common problem   in 

the majority of biomarker discovery research studies (Dancey et al. 2010). Thus, while it 

is still meaningful to explore different endpoints in small cohorts at this stage, efforts 

should be made to develop other perhaps more accurate endpoints for clinical trials with 

larger samples in the future to further inform biomarker discovery design.  

Definitive conclusions cannot be drawn due to the small number of patients in each group. 

Nevertheless, some differences were observed that may represent "hot" and "cold" 

environments, which could be clinically significant if further investigated and validated. 

The terms "hot" and "cold" are currently used to refer to T cell-infiltrated, inflamed and 

non-infiltrated, and non-inflamed tumours respectively, reflecting the higher and lower 

Immunoscore categories(Galon et al. 2019). For example, in rectal cancer (Chapter 3), 

responders had more CD8+ cytotoxic T cells, representing a "hot" environment. Overall, 

this exploratory analysis in this thesis partially addresses the second hypothesis and the 

promising results presented suggest that RT induced immune components in the TME 



264 

 

might be associated with treatment outcome. Cytotoxic CD8 T cells and PD-L1 may serve 

as potential biomarkers for RT or combination therapy, but further research is needed 

before these immune markers can be translated into clinical practice.  

7.3 Limitations and Challenges 

The major limitation of the projects in this thesis are the relatively small number of 

patients and the interpretation of these results. As mentioned in each chapter, several 

findings need to be repeated using a larger sample size to definitively address research 

questions. This is primarily due to the statistical power required and the heterogeneity of 

cancer. The patient cohorts are typically heterogeneous in terms of the tumour histology 

and previous treatments, just like the majority of other early stage clinical studies (Dancey 

et al. 2010).  

Thus, it is important to keep in mind that all potential biomarkers investigated in early 

phase trials are usually exploratory, that is, to generate preliminary data that could be 

helpful in the understanding of the treatment and mechanisms, and assays may not be 

well characterised (Dancey et al. 2010). The types of biomarker hypotheses that can be 

investigated and the validity of the results that can be reached may be restricted by these 

considerations. 

However, whether in retrospective or prospective studies, obtaining a big sample size can 

be difficult. In Biobank-based retrospective studies, practical challenges include difficulty 

in obtaining biospecimens of adequate numbers and quality. In prospective clinical trials, 

collecting tissue samples or other biological specimens may be difficult due to patient 

reluctance, especially in cases where invasive procedures are required. This is exemplified 

by the difficulty of recruitment for some tumour types, such as NSCLC, in the PD-RAD 

chapter of this thesis. The trial began in early 2019, and 6 eligible patients were recruited 

up until March 2020, when the COVID-19 pandemic occurred. The Trial Steering 

Committee decided to end the study in March 2020 due to concerns about the mortality 

it might cause in patients with pre-existing lung problems. There are also logistical 

problems in sample collection. Advanced platforms like single-cell sequencing and CyTOF 

require fresh tissues, but in practice, it can be difficult to collect these tissues and deliver 

them to the lab in high quality. To overcome these challenges, suggestions include sharing 

existing specimens and data to increase the sample size and power of the study and 

encouraging collaboration among cancer centres. 
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Another significant challenge in the development of robust predictive and prognostic 

biomarkers are problems in the study design (retrospective or prospective), sample 

availability, the lack of valid endpoints and clinical variability. Prospective sample 

collection is perhaps the optimal approach but is costly and time-consuming. To establish 

a prospective clinical trial, the process of validating and gaining regulatory approval for 

biomarkers can be lengthy and complex.  In contrast, retrospective analysis of samples 

from previous trials provides an alternative source of available material. In addition, there 

is still a lack of valid endpoints in biomarkers. Defining biomarkers based on unreliable 

endpoints, such as objective response in cancer trials or short-term outcomes from 

retrospective studies, often leads to failure in developing strong predictive and prognostic 

biomarkers (Goossens et al. 2015). The challenge of identifying an appropriate endpoint 

can be demonstrated through the example of bladder cancer research. While there is no 

consensus on examining the response to RT, cystoscopy at three months is considered the 

standard response definition. However, not all patients underwent cystoscopy at this time 

point, making it difficult to obtain accurate response rates outside of a carefully controlled 

clinical trial. Furthermore, when searching for biomarkers for a standard of care therapy 

such as RT, it may be challenging to implement strict testing protocols such as cystoscopy 

at three months, particularly if it was not performed for clinical reasons. 

Furthermore, it should be noted that clinical variability must be accounted for when 

examining the immunological effects of RT and immunotherapy. This variability can make 

it challenging to identify biomarkers that accurately predict response in all cases, as 

clinical responses can vary greatly among patients. For instance, in the context of bladder 

cancer, cystoscopy as the gold standard for evaluating local RT response is not always 

performed at the 3-months following RT, which can pose challenges for retrospective 

studies. Additionally, the assessment of systemic metastasis, means local cystoscopy has 

limitation as an examination for endpoint determination. Thus, to overcome these 

challenges, it is crucial to pre-define standardized methods when designing prospective 

clinical trials. Recommended strategies for improvement include improving the quality of 

annotations on specimens, more efforts on standardisation of endpoint, and encouraging 

the development of pilot projects(Goossens et al. 2015). 

After discussing the challenges associated with investigating the effects of RT in human 

samples and biomarker development, the potential of this field remains promising, with 

some preliminary results showing excitement. Future directions include increasing the 
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sample size, promoting collaboration among cancer centres, and standardizing assays and 

platforms. Currently, there is much interest in the immune effects of RT and the potential 

combination of RT and IO agents, which has led to the setup of numerous clinical studies. 

7.4 Future directions 

In the future, further characterising the TME at baseline and in real time during RT may 

enable patient stratification. For example, identifying the characteristics of "hot" tumours 

could enable the selection of subsets of patients who may benefit from radical RT, along 

with targeted immunotherapy such as anti-CTLA-4 and anti-PD-L1. Identifying the 

characteristics of "cold" tumours could allow the proposed approach to overcome the lack 

of a pre-existing immune response, ultimately turning "cold" tumours into "hot" tumours. 

This approach involves combining a priming therapy that enhances T cell responses, such 

as vaccines, adoptive T cell transfer (ACT), or strategies that turn the tumour into a 

vaccine, with the removal of co-inhibitory signals, such as ICIs or MDSC depletion, and/or 

the supply of co-stimulatory signals, such as anti-OX40 or anti-GITR (Galon et al. 2019). 

Several clinical trials around the world have been completed, are ongoing, or are in plan 

with sample collections and a plan for deeper analysis with advanced platforms. For 

instance, The TIMM-RAD study is a non-randomised, non-blinded translational clinical trial 

at a single site (ClinicalTrials.gov Identifier: NCT05076500). It aims to provide paired pre- 

and on-treatment biopsies for immune analysis in patients receiving RT. Matched blood 

samples will also be collected. Tumour types were selected based on biopsy feasibility, 

and there will be five study arms with disease-specific protocols. These 5 tumour types 

are cervical cancer, rectal cancer, nodal non-Hodgkin lymphoma, cutaneous lymphoma, 

Head & Neck cancer. The study will recruit a minimum of 10 and up to 20 patients per 

arm, with a maximum of 100 patients in total and to date has 23 matched biopsies for 

short and long course RT in rectal cancer and 19 in cervical cancer. Similarly, the CR07 trial 

(Sebag-Montefiore et al. 2009) initiated in Leeds, which had a similar tissue collection 

protocol to  the Biobank 19_TIIL_04 study, collected tissue samples (FFPE blocks) at 

diagnosis and after short course RT at surgery. The study collected around 80 matched 

cases and will perform mIHC, H&E staining, AI-based quantification of TILs from the H&E, 

RNAseq/Nanostring, and microbiome sequencing on the tissue sections. 

Another trial led within the ICR, the CHIMERA study, aims to characterize immunological 

and molecular changes evolving during RT. The CHIMERA study will investigate the change 
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in tumour IFN-γ signature following RT as compared with the pre-RT IFN-γ signature and 

the change in frequency of CD8+ tumour-infiltrating lymphocytes (TILs) post-RT compared 

with pre-RT TILs. The CHIMERA study will collect at least 12 paired samples from five 

tumour types: lung cancer, bladder cancer, head and neck cancer, cervical cancer, and 

rectal cancer. Other translational profiling will also be characterized, including spatial 

transcriptomics and metabolomics, microbiome, and will integrate biology with multi-

parametric MRI. 

In the United States, the National Institute of Health (NIH) initiated a study called The 

Radiation Oncology-Biology Integration Network (ROBIN) Molecular Characterization Trial 

(MCT) of Standard Short Course Radiotherapy for Rectal Cancer (Protocol No. 22-

08025121), referred to as the NIH ROBIN study, which Prof Tim Illidge will be a co-

investigator in. The NIH ROBIN study will include a research biopsy at baseline, before RT, 

at the end of RT, and at week 6 during surgery.  

In conclusion, findings in this project suggested that RT exerts local and systemic immune 

effects in rectal cancer, lung cancer and bladder cancer, but these effects differ slightly in 

different cancer types. Some of the components in the immune TME prior to RT might be 

predictive of response to RT. Platforms detecting these results are efficient and useful; 

comprehensive workflows of several advanced platforms including mIHC, CyTOF and 

Nanostring techniques to analyse immune cells in the tumour and blood were established 

and could be used in the future. These preliminary findings will need to be validated by 

ongoing clinical trials including the TIMM-RAD study and future studies to determine 

biomarkers of immunological responses to RT.  
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