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Abstract 

 

Diffuse large B-cell lymphoma (DLBCL) not otherwise specified (NOS) is the most frequent 

subtype of lymphoma with approximately 4,800 new cases per year in the UK. Although it is 

a curable disease with standard immunochemotherapy, up to one third of patients are 

primary refractory or relapse after a period of remission. Until recently the prognosis for 

these patients was extremely poor. The recent approval of chimeric antigen receptor T 

(CAR-T) cell therapy has significantly improved the outlook for this group, however over half 

of the patients treated will progress and many others will not be suitable due to rapid 

disease progression. There are currently a multitude of new agents in development which 

hold much promise and will likely improve the outlook further for the highest risk patients. 

However, there remain several unmet needs including improved translation of biological 

insights to directly benefit patient care. 

 

Recent studies have focused on the genomic landscape in DLBCL, with new subgroups 

proposed based on the presence of recurrent and potentially actionable mutations, 

including many which facilitate escape from immune detection. In addition to molecular 

signals from the malignant lymphoma cells, there are reproducible signals from the non-

malignant compartment in both the tissue and peripheral blood microenvironment, with 

relevance to disease biology. Considerable variation is seen in immune cell composition and 

function between individuals in both health and disease, but this has not been well 

characterised in DLBCL. 

 

We focused predominantly on the peripheral blood immune compartment in this work, 

confirming the presence of a relative monocytosis and lymphopenia in DLBCL and their 

relevance to survival. We present a detailed description of the immune landscape in DLBCL, 

and document disease and outcome associated immune signatures. We identify 

mechanisms to account for these variations, widespread cytokine dysregulation and 

multiple bases of immune dysfunction. We also establish monocytes as the main peripheral 

blood source of cytokine production in DLBCL. Finally, we establish a pipeline for detailed 

characterisation of the tissue immune microenvironment using imaging mass cytometry. 

 



 4 

Dedication 

 

Mum, Dad, George, Mina, Jena and Johar. 

My friends. 

My colleagues. 

My patients. 

Erland Cooper for the Orkney Triptych. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 5 

Acknowledgements 

 

Supervisors 

Professor John Gribben - with thanks for his belief, support and mentorship both in the lab 

and clinically. I will always be grateful for the opportunity. 

 

Professor Maria Calaminici – for her support and advice. 

 

Colleagues and Co-workers 

Dr Jeff Davies – for his helpful advice and thoughts. 

 

Dr Joseph Taylor – for his enthusiasm for science, always being willing to discuss ideas and 

collaboration with developing an analysis pipeline for the imaging mass cytometry work. 

 

Dr Frances Seymour – for her help getting started with mass cytometry. 

 

Dr Jenny Ball – for her help with cell culture. 

 

Dr James Aries – for his enthusiasm for all things mass cytometry. 

 

Dr Arantxa Romero Toledo – for her support in the lab. 

 

Dr Thomas Erblich – for his enthusiasm. 

 

Dr Julfa Begum, Mr Stephen Rodgers, Mr Hira Ale, Dr Shreya Sharma and Mr Joseph 

Hartlebury – for their support with mass cytometry and imaging mass cytometry. 

 

With thanks also to Dr Rebecca Gresham, Dr Sabari Vallath, Elen McCabe, Sara Muradi and 

Helena Church. 

 

Funding 

This work was supported by Barts Charity and London clinic grants to Professor John Gribben. 



 6 

Table of Contents 

List of Figures .................................................................................................................... 9 

List of Tables ................................................................................................................... 11 

Abbreviations .................................................................................................................. 12 

1. Introduction ............................................................................................................. 18 

1.1 B cell development .............................................................................................................. 18 
1.1.1 VDJ recombination ............................................................................................................................ 19 
1.1.2 Antigen encounter ............................................................................................................................. 20 
1.1.3 Class switch recombination ............................................................................................................... 21 
1.1.4 The germinal centre reaction ............................................................................................................ 22 
1.1.5 Somatic Hypermutation .................................................................................................................... 22 
1.1.6 Control of the germinal centre reaction ............................................................................................ 24 

1.2 Diffuse large B-cell lymphoma, not otherwise specified ....................................................... 27 
1.2.1 Clinical features and diagnostic workup ............................................................................................ 29 
1.2.2 Cell of origin assignment ................................................................................................................... 30 
1.2.3 Molecular and cytogenetic characteristics ........................................................................................ 31 
1.2.4 Clinical assessment and staging ........................................................................................................ 32 
1.2.5 Clinical prognostic tools .................................................................................................................... 32 

1.3 Genetics and pathogenesis of DLBCL ................................................................................... 36 
1.3.1 Cell of origin assignment ................................................................................................................... 36 
1.3.2 Molecular high-grade signatures ....................................................................................................... 39 
1.3.3 Genetic subtypes of DLBCL ................................................................................................................ 39 

1.4 Microenvironment biology in DLBCL .................................................................................... 49 
1.4.1 Immune escape ................................................................................................................................. 51 
1.4.2 Microenvironment composition ........................................................................................................ 55 

1.5 Management of patients with DLBCL ................................................................................... 60 
1.5.1 Management of patients with relapsed / refractory DLBCL .............................................................. 62 
1.5.2 Novel approaches in development .................................................................................................... 66 

1.6 Mass cytometry and imaging mass cytometry ..................................................................... 71 

1.7 Summary and hypothesis .................................................................................................... 72 

2. Materials and Methods ............................................................................................... 73 

2.1 Human samples and clinical data......................................................................................... 73 
2.1.1 Ethics statement ................................................................................................................................ 73 
2.1.2 Healthy donor peripheral blood mononuclear cells (PBMCs) ........................................................... 73 
2.1.3 PBMC cryopreservation ..................................................................................................................... 74 
2.1.4 DLBCL patient PBMCs ........................................................................................................................ 74 
2.1.5 DLBCL patient and healthy donor serum ........................................................................................... 75 
2.1.6 Tissue Single cell suspensions (SCS) .................................................................................................. 75 
2.1.7 Formalin-fixed paraffin-embedded (FFPE) tissues ............................................................................ 75 
2.1.8 Clinical and follow-up data ................................................................................................................ 76 

2.2 Mass cytometry (MC) .......................................................................................................... 76 
2.2.1 Antibody panels ................................................................................................................................. 76 
2.2.2 Choice of metal reporter ................................................................................................................... 76 
2.2.3 Heavy-metal conjugation of antibodies ............................................................................................ 81 
2.2.4 Antibody titration and validation of cryopreserved samples ............................................................ 81 
2.2.5 Cell resuscitation following cryopreservation ................................................................................... 84 
2.2.6 Cell stimulation for functional assays ................................................................................................ 85 



 7 

2.2.7 Cell surface staining protocol ............................................................................................................ 85 
2.2.8 Intracellular staining protocol ........................................................................................................... 86 
2.2.9 Cell-ID iridium intercalator staining protocol .................................................................................... 86 
2.2.10 Data acquisition ............................................................................................................................... 87 
2.2.11 Cryopreservation of samples post staining ..................................................................................... 87 
2.2.12 Number of events to acquire on the CyTOF2 .................................................................................. 88 
2.2.13 Data normalisation and gating ........................................................................................................ 90 
2.2.14 High-dimensional data analysis methods ........................................................................................ 90 
2.2.15 Quality control (QC) ......................................................................................................................... 91 

2.3 Mesoscale discovery (MSD) electrochemiluminescence cytokine detection ......................... 95 
2.3.1 Principles of assay ............................................................................................................................. 95 
2.3.2 Assay workflow .................................................................................................................................. 96 

2.4 Immunohistochemistry (IHC) and imaging mass cytometry (IMC) ........................................ 98 
2.4.1 FFPE tissues for IHC and IMC ............................................................................................................. 98 
2.4.2 IHC staining ........................................................................................................................................ 98 
2.4.3 Haematoxylin counterstaining .......................................................................................................... 99 
2.4.4 IMC staining ....................................................................................................................................... 99 

2.5 Statistical analysis ............................................................................................................. 101 

3. Clinical prognostic tools and diagnostic full blood counts in DLBCL ............................. 102 

3.1 Introduction ...................................................................................................................... 102 

3.2 Aims .................................................................................................................................. 103 

3.3 Methods ........................................................................................................................... 103 
3.3.1 Patient selection .............................................................................................................................. 103 
3.3.2 Statistical analysis ............................................................................................................................ 104 

3.4 Results .............................................................................................................................. 105 
3.4.1 Patient characteristics ..................................................................................................................... 105 
3.4.2 Performance of the clinical prognostic tools ................................................................................... 107 
3.4.3 Absolute monocyte and lymphocyte count in DLBCL and healthy donors ...................................... 109 
3.4.4 Absolute monocyte and lymphocyte count as prognostic factors in DLBCL ................................... 111 
3.4.5 Absolute monocyte and lymphocyte count prognostic score ......................................................... 113 

3.5 Discussion ......................................................................................................................... 115 

4. Comprehensive immunophenotyping of peripheral blood immune populations in DLBCL
 ...................................................................................................................................... 118 

4.1 Introduction ...................................................................................................................... 118 

4.2 Aim ................................................................................................................................... 119 

4.3 Methods ........................................................................................................................... 119 
4.3.1 Patient selection .............................................................................................................................. 119 
4.3.2 Immunophenotyping antibody panels ............................................................................................ 119 
4.3.3 Mass cytometry staining ................................................................................................................. 121 

4.4 Results .............................................................................................................................. 121 
4.4.1 Patient characteristics ..................................................................................................................... 121 
4.4.2 Healthy donors ................................................................................................................................ 124 
4.4.3 Peripheral blood immune cell subsets ............................................................................................ 124 
4.4.4 Disease associated immune signatures in DLBCL ............................................................................ 131 
4.4.5 Outcome associated immune signatures in DLBCL ......................................................................... 137 
4.4.6 Differential expression analysis ....................................................................................................... 149 

4.5 Discussion ......................................................................................................................... 152 



 8 

5. Cytokine dysregulation in DLBCL ................................................................................ 156 

5.1 Introduction ...................................................................................................................... 156 

5.2 Aims .................................................................................................................................. 157 

5.3 Methods ........................................................................................................................... 157 
5.3.1 Patient selection .............................................................................................................................. 157 
5.3.2 Mesoscale discovery (MSD) electrochemiluminescence cytokine detection .................................. 158 
5.3.3 Intracellular cytokine staining by mass cytometry .......................................................................... 160 

5.4 Results .............................................................................................................................. 160 
5.4.1 Patient characteristics ..................................................................................................................... 160 
5.4.2 Cytokine dysregulation in DLBCL ..................................................................................................... 162 
5.4.3 Cytokine correlations ...................................................................................................................... 166 
5.4.4 Cellular origin of cytokines in DLBCL ............................................................................................... 168 
5.4.5 Cytokines in molecular subtypes ..................................................................................................... 174 

5.5 Discussion ......................................................................................................................... 174 

6. The tissue microenvironment in DLBCL ....................................................................... 178 

6.1 Introduction ...................................................................................................................... 178 

6.2 Aims .................................................................................................................................. 179 

6.3 Methods ........................................................................................................................... 179 
6.3.1 Patient selection .............................................................................................................................. 179 
6.3.2 Mass cytometry staining ................................................................................................................. 180 
6.3.3 Imaging mass cytometry staining .................................................................................................... 180 

6.4 Results .............................................................................................................................. 181 
6.4.1 Patient characteristics ..................................................................................................................... 181 
6.4.2 T cell microenvironment in DLBCL tissue ........................................................................................ 181 
6.4.3 T cell function in DLBCL microenvironment .................................................................................... 188 
6.4.4 Imaging mass cytometry panel optimisation .................................................................................. 190 

6.5 Discussion ......................................................................................................................... 194 

7. Discussion .................................................................................................................. 197 

7.1 Data summary and interpretation ..................................................................................... 198 

7.2 Limitations of the study ..................................................................................................... 201 

7.3 Future work ...................................................................................................................... 203 

7.4 Concluding statement ....................................................................................................... 205 

8. Meeting Abstracts ..................................................................................................... 206 

9. References ................................................................................................................. 207 

10. Appendix ................................................................................................................. 232 

10.1 Myeloid antibody panel .................................................................................................. 232 

10.2 T cell and lymph node panels .......................................................................................... 233 

10.3 Cytokine panel ................................................................................................................ 235 

10.4 Imaging mass cytometry panel ........................................................................................ 236 

 



 9 

List of Figures 
 

1.1 Age-specific incidence of DLBCL     27 

1.2 The germinal centre reaction      29 

1.3 Disrupted signalling pathways in ABC DLBCL    38 

1.4 Genomic landscape in DLBCL.      41 

1.5 Genetic subtypes of DLBCL     42 

1.6 T cell activation requires two distinct signals    52 

1.7 Limited role of autologous stem cell transplant in the rituximab era   63 

1.8 Schematic representation of a chimeric antigen receptor T cell   65 

2.1 Mass cytometry sources of signal interference    80 

2.2 Metal minus one (MMO) experiment to assess signal interference   83 

2.3 Healthy donor JF PBMCs stained prior to and post cryopreservation    84 

2.4 Healthy donor JF Myeloid panel batches    92 

2.5 Healthy donor JF Myeloid panel batches    93 

2.6 Healthy donor JF T cell panel batches     94 

2.7 MSD U-Plex immunoassay on a 10-assay plate     96 

2.8 MSD U-plex workflow overview      97 

2.9 Hodgkin's lymphoma lymph node for IMC validation    101 

3.1 Probability of overall survival for all patients with diffuse large B-cell lymphoma   105 

3.2 Probability of overall survival by the international prognostic index   107 

3.3 Probability of overall survival by the revised IPI    108 

3.4 Probability of overall survival by NCCN-IPI     109 

3.5 Absolute monocyte and lymphocyte counts     110 

3.6 No correlation of age with absolute monocyte and lymphocyte counts   110 

3.7 Probability of overall survival for DLBCL patients separated by AMC and ALC (X-tile) 112 

3.8 Probability of overall survival for DLBCL patients separated by AMC and ALC   112 

3.9 Multivariate analysis for overall survival in DLBCL    113 

3.10 Probability of overall survival for DLBCL patients separated by AMC / ALC score  114 

4.1 Antigen targets for comprehensive immunophenotyping of peripheral blood immune cells  120 

4.2 Gating strategy for T cell and NK cells with the ‘Myeloid’ panel   126 

4.3 Gating strategy for monocyte and dendritic cell subsets with the ‘Myeloid’ panel  127 

4.4 Gating strategy for T cell subsets with the ‘T-cell’ panel   128 

4.5 Gating strategy for B cell subsets with the ‘T-cell’ panel   129 

4.6 Dimensionality reduction with opt-SNE and UMAP    130 

4.7 Gating derived frequencies of immune populations (Myeloid panel)   132 

4.8 Gating derived frequencies of immune populations (T cell panel)   133 

4.9 Differential abundance analysis (Myeloid panel)    134 

4.10 Differential abundance analysis (T cell panel)    135 

4.11 Differentially abundant immune populations in DLBCL   136 

4.12 Overview of immune composition of all healthy donor and patients PBMC samples  138 

4.13 Gating derived frequencies of immune populations for all DLBCL (Myeloid panel)  139 

4.14 Gating derived frequencies of immune populations for all DLBCL (T cell panel)  140 



 10 

4.15 Differential abundance analysis for outcome (Myeloid panel)   141 

4.16 Differential abundance analysis for outcome (T cell panel)   142 

4.17 Dimensionality reduction with opt-SNE for all DLBCL patient monocytes   144 

4.18 Differential abundance analysis of monocyte FlowSOM clusters    144 

4.19 Heatmap of antigen expression for FlowSOM monocyte clusters   145 

4.20 Dimensionality reduction with opt-SNE for all DLBCL patient T cells   147 

4.21 Differential abundance analysis of T cell FlowSOM clusters    147 

4.22 Heatmap of antigen expression for FlowSOM T cell clusters   148 

4.23 Differential expression of CD184      150 

4.24 Differential expression of CD27      151 

5.1 Serum cytokine levels in DLBCL      163 

5.2 Individual serum Cytokine levels      164 

5.3 Unsupervised hierarchical clustering of all samples by cytokine levels  165 

5.4 Correlation matrix of cytokine levels, LDH, age, IPI factors and AMC/ALC  167 

5.5 Gated percentage of unstimulated monocytes positive for indicated cytokines  169 

5.6 Gated percentage of NK cells positive for cytotoxic markers   170 

5.7 Gated percentage of T cell and NK cells positive for indicated cytokines  171 

5.8 Gated percentage of monocytes positive for MIP-1a, IL-6 and TNF following LPS stimulation  172 

5.9 Gated percentage of T cells positive for IL-2 and TNF following PMA/ionomycin stimulation  173 

6.1 Gated percentages of T cell subsets for RNLT donor T9611    182 

6.2 Gating derived frequencies of T cell subsets     184 

6.3 Differential abundance analysis of gated T cell subsets    185 

6.4 Dimensionality reduction with opt-SNE     185 

6.5 Differential abundance analysis of FlowSOM T cell clusters    186 

6.6 Heatmap of antigen expression for FlowSOM T cell clusters   187 
6.7 Gated percentage of CD8 T cells positive for cytokines and cytotoxic markers following 
stimulation  189 

6.8 Gated percentage of CD4 T cells positive for cytokines following stimulation   190 

6.9 Optimised antibody panel for imaging mass cytometry   191 

6.10 Tonsil stained with IMC panel     192 

6.11 DLBCL lymph node stained with IMC panel    192 

6.12 Hodgkin lymphoma lymph node stained with IMC panel   193 

6.13 Analysis pipeline for IMC data     194 
 
 
 

 

 

 

 

 

 



 11 

List of Tables 
 

1.1 International prognostic index factors     33 

1.2 Outcome according to the international prognostic index and revised-IPI    34 

1.3 National Comprehensive Cancer Network IPI     34 

2.1 MC antibody panels used in this study     78 

2.2 Total number of events to be acquired for a given coefficient of variation  89 

3.1 Patients characteristics       106 
3.2 Overall survival estimates for high-risk patients     115 

4.1 Patient characteristics for the peripheral blood immunophenotyping study  123 

4.2 Healthy donor samples for the peripheral blood immunophenotyping study  124 

5.1 Cytokines assayed by the mesoscale discovery platform   159 

5.2 Patient characteristics for the serum cytokine study    161 

5.3 Patients included in the intracellular MC cytokine staining study   168 

6.1 Patients with tissue suspensions for mass cytometry experiments   180 
 

  



 12 

Abbreviations 

 

A 
  

Adenine 
   

ADC  
  

Antibody drug conjugate 
  

ADCC 
  

Antibody dependent cellular cytotoxicity 
 

ALC 
  

Absolute lymphocyte count 
  

AMC 
  

Absolute monocyte count 
  

B-NHL 
  

B-cell non-Hodgkin’s lymphoma 
 

B2M  
  

Beta-2-microglobulin 
  

BCL-2 
  

B-cell lymphoma 2 protein 
  

BCL-6 
  

B-cell lymphoma 6 protein 
  

BCOR  
  

BCL6 corepressor 
  

BCR 
  

B cell receptor 
  

BiTE 
  

Bispecific T cell engager 
  

BM  
  

Bone marrow 
  

BMAT 
  

Bone marrow aspirate and trephine 
 

BTLA 
  

B and T lymphocyte attenuator 
 

C 
  

Cytosine 
   

CAR-T 
  

Chimeric antigen receptor T cells 
 

CARD11 
  

Caspase recruitment domain family member 11 

CCL3  
  

C-C chemokine ligand 3 
  

CCR2  
  

C-C chemokine receptor 2 
  

CD 
  

Cluster of differentiation 
  

cDC 
  

Conventional dendritic cells 
 

CDKN1A 
  

Cyclin dependent kinase inhibitor 1A 
 

CDKN2A  
  

Cyclin dependent kinase inhibitor 2A 
 

CIITA 
  

Class II major histocompatibility complex transactivator 

CM  
  

Central memory 
  

CMV  
  

Cytomegalovirus 
  

CNS 
  

Central nervous system 
  

CR 
  

Complete remission 
  



 13 

CREBBP 
  

CREB binding protein 
  

CRS 
  

Cytokine release syndrome 
  

CSB  
  

Cell staining buffer 
  

CSF-1 
  

Colony stimulating factor 1 
  

CSF-1R 
  

Colony stimulating factor 1 receptor 
 

CSR 
  

Class switch recombination 
  

ctDNA 
  

Circulating tumour DNA 
  

CTLA-4 
  

Cytotoxic T lymphocyte associated protein 4 

CyTOF  
  

Cytometry by time of flight 
  

DA  
  

Differential abundance 
  

DC  
  

Dendritic cells 
  

DE  
  

Differential expression 
  

DEL  
  

Double expressor lymphoma 
 

DLBCL, NOS 
  

Diffuse large B-cell lymphoma, not otherwise specified 

DMSO  
  

 Dimethyl sulfoxide 
  

DNA 
  

Deoxyribonucleic acid 
  

DNMT 
  

DNA methyltransferase 
  

ECM  
  

Extracellular matrix 
  

ECOG PS 
  

Eastern Cooperative Oncology Group performance status 

EDTA  
  

Ethylenediaminetetraacetic acid 
 

EM  
  

Effector memory 
  

ETV6  
  

ETS variant transcription factor 6 
 

EZH2 
  

Enhancer of Zeste homolog 2 
 

FAS  
  

Fas cell surface death receptor 
 

FBS 
  

Foetal bovine serum 
  

FC  
  

Fold change 
   

FDC 
  

Follicular dendritic cells 
  

FDR  
  

False discovery rate 
  

FL  
  

Follicular lymphoma 
  

FMO  
  

Fluorescence minus one 
  

G 
  

Guanine 
   



 14 

GC 
  

Germinal centre 
  

Gd  
  

Gadolinium 
   

GNA13 
  

Guanine nucleotide binding protein subunit alpha 13 

HBV 
  

Hepatitis B virus 
  

HCV 
  

Hepatitis C virus 
  

HDAC 
  

Histone deacetylase 
  

HGBL-DH/TH  

  

High grade B-cell lymphoma with MYC and BCL2 and / or BCL6 

rearrangements (double-hit / triple-hit) 

HIV 
  

Human immunodeficiency virus 
 

HLA 
  

Human leucocyte antigen 
  

HVEM  
  

Herpes virus entry mediator 
  

ICAM-1  
  

Intracellular adhesion molecule 1 
 

ID3  
  

 Inhibitor of DNA binding 3 
  

Ig 
  

Immunoglobulin 
  

IgH 
  

Immunoglobulin heavy chain 
 

IgL 
  

Immunoglobulin light chain 
 

IKBKB  
  

Inhibitor of nuclear factory kappa B kinase subunit beta 

IL  
  

Interleukin 
   

IL-1RA  
  

Interleukin 1 receptor antagonist 
 

IMC  
  

Imaging mass cytometry 
  

IPI 
  

International prognostic index 
 

Ir  
  

Iridium 
   

IRF4 
  

Interferon regulatory factor 4 
 

IRF8 
  

Interferon regulatory factor 8 
 

Kappa 
  

Kappa light chains 
  

KMT2B 
  

Lysine methyltransferase 2B 
  

KMT2D 
  

Lysine methyltransferase 2D 
 

La  
  

Lanthanum 
   

LAG-3  
  

Lymphocyte activation gene 3 protein 
 

LAM  
  

Lymphoma associated macrophages 
 

Lambda 
  

Lambda light chains 
  



 15 

LDH 
  

Lactate dehydrogenase 
  

LLMPP  
  

Leukaemia/Lymphoma Molecular Profiling Project 

LN  
  

Lymph node 
   

LP  
  

Lumbar puncture 
  

M  
  

Metal 
   

M-CSF 
  

Macrophage colony stimulating factor receptor 

M-CSF R 
  

Macrophage colony stimulating factor 
 

MC  
  

Mass cytometry 
  

MDSC  
  

Myeloid derived suppressor cells 
 

MEF2B 
  

Myocyte enhancer binding factor 2B 
 

MHC 
  

Major histocompatibility complex 
 

Miz1  
  

MYC interacting zinc finger protein 1 
 

MMO  
  

Metal minus one 
  

MMR  
  

Mismatch repair pathway 
  

MRI 
  

Magnetic resonance imaging 
 

MZL 
  

Marginal zone lymphoma 
  

NCCN 
  

National Comprehensive Cancer Network 
 

ncMMR  
  

Non-canonical mismatch repair 
 

Nd 
  

Neodymium 
   

NFKBIA 
  

NF kappa B inhibitor alpha 
  

NFKBIE 
  

NF kappa B inhibitor epsilon 
 

NLRC5 
  

Nod like receptor family CARD domain containing 5 

ns  
  

Not significant 
  

OS  
  

Overall survival 
  

PB  
  

Peripheral blood 
  

PBMC 
  

Peripheral blood mononuclear cells 
 

PC  
  

Plasma cells 
   

PCNSL 
  

Primary central nervous system lymphoma 

PD-1 
  

Programmed death 1 
  

PD-L1 
  

Programmed death ligand 1 
  

PD-L2 
  

Programmed death ligand 2 
  



 16 

pDC 
  

Plasmacytoid dendritic cells 
 

PIM1 
  

 Pro-viral integration for Moloney murine leukaemia virus1 

PLO 
  

Primary lymphoid organ 
  

PMBL 
  

Primary mediastinal B-cell lymphoma 
 

PolaBR 
  

Polatuzumab, Bendamustine, Rituximab 
 

PRDM1 
  

PR domain zinc finger protein 1 
 

PS  
  

Performance status 
  

PTEN 
  

Phosphatase and tensin homolg  
 

R-IPI 
  

Revised international prognostic index 
 

R/R  
  

Relapse / refractory 
  

RAG 
  

Recombination activating gene 
 

rcf  
  

Relative centrifugal force 
  

RCHOP 
  

Rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone 

RDHAP 
  

Rituximab, dexamethasone, cytarabine, cisplatin 

RGDP 
  

Rituximab, gemcitabine, dexamethasone, cisplatin 

RGEMP 
  

Rituximab, gemcitabine, methylprednisolone, cisplatin 

RHOA 
  

Ras homolg family member A 
 

RLNT  
  

Reactive lymph node / tonsil 
 

RNA 
  

Ribonucleic acid 
  

rpm  
  

Revolutions per minute 
  

RPMI 
  

Roswell Park Memorial Institute medium 
 

Rt  
  

Room temperature 
  

RT  
  

Radiotherapy 
  

S  
  

Switch region 
  

SCS  
  

Single cell suspension 
  

SGK1 
  

Serine/Threonine protein Kinase 1 
 

SHM 
  

Somatic hypermutation 
  

SIRPa 
  

Signal regulatory protein alpha 
 

SLO 
  

Secondary lymphoid organ 
  

Sm  
  

Samarium 
   

SPEN  
  

Spen family transcriptional repressor 
 



 17 

SPIB  
  

Spi-B transcription factor 
  

T 
  

Thymine 
   

TC 
  

Cytotoxic T cell 
  

TCF4  
  

Transcription factor 4 
  

TCRDLBCL 
  

T cell rich diffuse large B cell lymphoma 
 

TEMRA  
  

 T effector memory RA 
  

TET2 
  

Tet methylcytosine dioxygenase 2 
 

TFH 
  

Follicular helper T cell 
  

TH 
  

Helper T cell 
   

TIL 
  

Tumour infiltrating lymphocytes 
 

TLS  
  

Translesion synthesis 
  

TMA 
  

Tissue microarray 
  

TMEM30A 
  

Transmembrane protein 30A 
 

TNF 
  

Tumour necrosis factor 
  

TNFAIP3  
  

TNF alpha induced protein 3 
 

TNFRSF14 
  

Tumour necrosis factor superfamily member 14 

U  
  

Uracil 
   

VDJ 
  

Variable, diversity and joining genes 
 

WM 
  

Waldenstrom's macroglobulinaemia 
 

Y  
  

Yttrium 
   

Yb  
  

Ytterbium 
   

 

 



 18 

1. Introduction 
 

The B-cell Non-Hodgkin’s Lymphomas (B-NHL) are a heterogeneous group of disorders, 

consisting of many distinct clinical and biological entities. They share the common feature of 

accumulating malignant B-cells, predominantly in lymphoid tissue but also at extra-nodal 

sites (1). They are broadly divided into aggressive and indolent types based on clinical 

behaviour, which is a consequence of the stage of differentiation of the clonal B-cell at 

maturation arrest, as well as the genetic aberrations they harbour (2, 3). It is also 

increasingly recognised that malignant cells coevolve with varying numbers of genetically 

stable immune and stromal cells, forming dynamic and bidirectional interactions in a 

complex tissue environment (4). This work will focus on the non-malignant compartment in 

Diffuse Large B-cell Lymphoma (DLBCL), not otherwise specified (NOS), referred to as DLBCL 

in this thesis. In order to begin to understand the pathogenesis of DLBCL, we must first 

consider normal B cell development with particular reference to the germinal centre (GC) 

reaction.  

 

 1.1 B cell development 
 

Mature B cells are a subtype of lymphocyte defined by expression of a B cell receptor (BCR). 

BCRs consist of clonally diverse surface membrane immunoglobulin (Ig) for antigen 

recognition, in association with CD79a (Iga) and CD79b (Igb), the transmembrane signalling 

components (5). B cells have two main functions in adaptive immune responses which are 

achieved through BCR activation, antibody production (humoral immunity) and antigen 

presentation to T cells (cellular immunity). B cell development and differentiation are also 

controlled through the BCR, beginning in primary lymphoid tissue (foetal liver / adult bone 

marrow) from a common lymphoid progenitor cell and progressing through maturation in 

secondary lymphoid organs (SLO) (lymph nodes / spleen) (6).  
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1.1.1 VDJ recombination 
 

B cells are dependent on BCR diversity for their role in immune responses. This diversity 

arises as a consequence of recombination events during development in the bone marrow 

(BM). Igs, also known as antibodies, are large glycoproteins produced by B cells with 

specialised immune functions. They exist in 2 forms, either attached to the cell surface as a 

component of the BCR or a soluble secreted form (7). All Ig, including that of the BCR is 

composed of four polypeptides, two identical pairs of heavy (IgH) and light (IgL) chains, held 

together by disulphide bridges. The antigen binding sites of the surface Ig are distal to the 

membrane and are known as the variable regions, whose gene sequences are randomly 

rearranged during B cell development to generate the unique BCR in a process called V(DJ) 

recombination (7, 8). The IgH genes are located on chromosome 14 and IgL on 

chromosomes 2 (kappa, k) and 22 (lambda, l), with the 5’ end of each encoding the antigen 

binding domain (variable region) and consisting of numerous variable (V), diversity (D, IgH 

only) and joining (J) gene segments (9). The IgH locus can produce 5 major subtypes 

(isotype) of heavy chain (IgM, IgA, IgG, IgD and IgE) whereas the IgL loci produce a single 

light chain isotype each (10). These genes, together with those for the T cell receptors (TCR), 

exist in the germline in a non-functional state, requiring assembly through these 

recombination events to generate antigen receptor diversity (11). Each developing B cell 

undergoes multiple such recombination events, each requiring the introduction of breaks in 

chromosomal DNA. The risk of occasional errors during this process represents an important 

mechanism of genome instability with the potential to contribute to lymphomagenesis (12). 

The double strand DNA breaks essential to the somatic recombination of the V(D)J segments 

are initiated by the RAG recombinase complex encoded by recombination activating gene 1 

(RAG1) and recombination activating gene 2 (RAG2), which binds and cleaves DNA at 

specific sequences adjacent to each V, D and J gene segment (11, 13).  

 

V(D)J recombination during B cell development occurs in distinct steps beginning with DH to 

JH rearrangement at the IgH locus (pro-B cell), followed by VH rearrangement with DHJH, 

resulting in the random joining of one gene segment from each, and subsequent generation 

of a new heavy chain variable region (14-16). This ‘pre-BCR’ Ig is assessed for functional 

capacity and if competent, VDJ recombination of the other allele is suppressed (allelic 
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exclusion) and the developing lymphocyte reaches the pre-B stage (17, 18). Light chain VL to 

JL recombination now takes place at the k loci on chromosome 2, and in case of non-

functional rearrangements, the l loci on chromosome 22 are rearranged. As a result, B cells 

express either k or l light chains (isotype exclusion) (19). V(D)J recombination has been 

estimated to generate an Ig repertoire of > 5 x 1013 antigen specificities (20) but at this stage  

the heavy chain is exclusively of the IgM isotype and coupled with the signalling subunits 

CD79a and CD79b mediates BCR activity. Lymphocytes with self-reactive BCRs are negatively 

selected and removed from the B cell pool, while those naïve B cells with a functional BCR 

progress to co-express IgM and IgD via differential splicing of the heavy chain variable 

region exon to the constant region exons of the IgM and IgD isotypes. Co-expression of both 

IgM and IgD indicates the mature naïve B cell is ready for antigen encounter. VDJ 

recombination essentially results in the generation of a primary repertoire of relatively low 

affinity Ig prior to antigen encounter and further B cell development takes place subsequent 

to this in SLOs. 

 

1.1.2 Antigen encounter  
 

Following successful V(D)J recombination and expression of a functional BCR in the BM, 

naïve B cells circulate in the peripheral blood (PB) and SLO until they are activated by 

encounter with their cognate antigen. A fraction of such activated B cells proliferate and 

differentiate to form short lived plasma cells (PC), mainly in the extra-follicular areas of SLOs 

and express low affinity IgM antibodies (21). The remainder, migrate to the T cell rich areas 

of the SLO where interaction with CD4+ T helper cells (TH) results in further stimulation, 

proliferation and development of primary follicles to form GCs (22). B cell maturation in the 

GC involves clonal expansion and Ig affinity maturation, processes which require rapid 

proliferation in the context of physiologic genetic remodelling processes, involving DNA 

strand-breaks, recombination and mutation, posing a high risk to B cells for 

lymphomagenesis (23-25). 
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1.1.3 Class switch recombination 
 

After interaction and priming with cognate TH, activated B cells alter the isotype and hence 

function of the Ig they produce via the process of class-switch recombination (CSR) (26). CSR 

involves rearrangement of intrachromosomal DNA at the Ig heavy chain locus whereby the 

IgH constant region is changed from IgM to another isotype (IgG, IgA or IgE) (26, 27). The 

resulting isotype switched B cell produces Ig that retains antigen specificity but can trigger 

immune responses via different effector pathways. CSR was widely believed to take place in 

the GC for many years, however recently published data point to its occurrence prior to the 

establishment of the GC (27). 

 

The genetic remodelling events of CSR are primarily driven by an enzyme called activation-

induced cytidine deaminase (AID), which is a member of the APOBEC family of cytidine 

deaminases and catalyses targeted deamination of deoxycytidine on single-strand DNA of 

rearranged Ig genes to deoxyuridine (28). The consequence of AID activity is the conversion 

of C:G pairs to U:G mis-pairs. Uracil is not a usual DNA nucleotide base and the outcome 

following deamination depends on how the U:G lesion is recognised and processed by DNA 

repair mechanisms. During CSR, the result is removal of segments of the Ig heavy chain gene 

locus, which are deleted followed by re-joining of the of the adjacent segments to form a 

functional gene. More specifically, enzymatic targeting of switch (S) regions located 

upstream of the heavy chain constant regions for all isotype genes, except IgD, introduce 

DNA double strand breaks (DSB) allowing recombination of the variable heavy-chain (VDJ) 

segment with the heavy chain constant gene segment for an alternative isotype (26).  

 

Following initiation by AID, subsequent error prone repair mechanisms such as the base 

excision repair (BER) pathway create single-strand breaks (SSB) and if sufficiently close to an 

SSB on the opposite strand a DSB occurs, otherwise the mismatch repair (MMR) pathway 

facilitates a DSB (26). In the BER pathway, the enzyme Uracil DNA glycosylase (UNG) can 

excise the mismatched U resulting in an abasic site – deoxyribose-phosphate backbone with 

no nucleotide base – which can be recognised and cleaved by apurinic/apyrimidinic 

endonuclease 1/2 (APE1/2) (10). In the MMR pathway, the U can be recognised by an 

MSH2-MSH6 heterodimer, which in turn recruits MLH1-PMS2 and exonuclease 1 (Exo 1), 
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facilitating the DSB (29). The ‘switched’ IgM or IgD heavy chain constant gene segments 

between two S regions are removed, allowing substitution of an IgG, IgA or IgE constant 

region gene segment. CSR is completed by non-homologous end joining (NHEJ) between 

blunt ends of donor and acceptor S regions, linking a variable domain gene segment with a 

new constant region (10, 26). In the presence of staggered DNA breaks the segments are 

linked by alternative NHEJ (30). 

 

1.1.4 The germinal centre reaction 
 

Activated B and TH cells in the T cell zones of SLO migrate into B cell follicles and initiate the 

GC reaction (31). GCs are transient histological structures with a distinct architecture 

specialised for the generation of high-affinity antibody producing B cells, an orchestrated 

process controlled by dynamic transcriptional networks (25). Morphologically, the GC 

consists of a dark zone, populated by highly proliferating B cells known as centroblasts, and 

a light zone, populated by resting B cells known as centrocytes. The centrocytes of the light 

zone are present together with follicular T helper (TFH) cells, macrophages and follicular 

dendritic cells (FDC). Dark zone centroblasts undergo Ig gene remodelling in a process called 

somatic hypermutation (SHM), whereas in light zone centrocytes are selected for further 

maturation or apoptosis based on the antigen affinity of their BCR (25, 32). Although the GC 

is functionally polarised into 2 zones, B cell development following antigen encounter is not 

a unidirectional process from dark to light zone but instead involves ‘cyclic re-entry’ in which 

GC B cells return to the dark zone for further SHM and proliferation after selection in the 

light zone (33). Ultimately, the GC reaction results in terminal differentiation of antigen 

experienced B lymphocytes into either memory B cells or PCs. 

 

1.1.5 Somatic Hypermutation 
 

SHM takes place in rapidly proliferating dark zone centroblasts, shares similarities with CSR 

and is responsible for improving the affinity of the BCR for its cognate antigen (34). SHM is 

dependent on transcriptional activity and introduces non-random iterative single nucleotide 

substitutions, resulting in point mutations, deletion and duplications, in the Ig variable 
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region genes (29, 35). As with CSR, SHM is initiated by AID and the resulting uracil can be 

subsequently processed in a number of ways to create the nucleotide substitutions 

characteristic of the process (36). AID preferentially targets certain hotspot motifs 

downstream of the IgV promoter together with a few other loci, including genes involved in 

regulating the GC reaction (37). Physiologic SHM increases the mutational rate in target 

genes by approximately one million-fold to an estimated frequency of every 1000 base pairs 

per cell division, with all four nucleotide bases targeted (29). 

 

SHM typically results in both transversions, pyrimidine nucleotide (C/T) to purine (A/G) or 

vice versa, and transitions, where the targeted nucleotide is replaced by the other in its class 

(38).  Following initiation by AID, five different mechanisms of uracil processing have been 

implicated in generating the mutational spectrum of SHM. First, replication across the 

template uracil, due to its similarity to thymine, results in pairing with an adenine creating a 

C/G to T/A transition (39). Second, UNG2 mediated excision of the uracil results in a non-

informative abasic site that can be bypassed by the trans-lesion synthesis (TLS) polymerase 

REV1, playing a key role in C/G to G/C transversions (40, 41). Third, C/G transversions can 

also result from cooperation between UNG2 and the non-canonical mismatch repair 

pathway (ncMMR), however the details of this interaction remain unclear (29, 38). Fourth, 

A/T mutations can be generated by the ncMMR with MSH2/MSH6 recognition of the uracil 

mismatch followed by EXO1 generation of single-strand DNA and activity of the error prone 

TLS polymerase eta (POLH) key steps (42). Finally, a subset of A/T mutations are thought to 

occur independently of ncMMR, with sites downstream of UNG2 generated abasic sites 

being subject to the BER pathway involving the activity of polymerase eta (38).  

 

Thus, multiple complex mechanisms which introduce B cell genomic instability are at play 

during Ig affinity maturation and errors here can contribute to the multistep process of B-

NHL development. AID has been shown to mutate recognised oncogenes outside of its 

physiological targets and DNA strand breaks, required for CSR, have been implicated in 

pathogenic chromosomal translocations (28, 43). 
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1.1.6 Control of the germinal centre reaction 
 

Initiation of the GC reaction requires the coordinated induction of a number of related 

transcriptional networks. MYC is a transcription factor oncogene whose target genes 

influence cellular proliferation and metabolism. Its expression is tightly regulated but is an 

early requirement for GC formation (44). MYC is then silenced by the transcriptional 

repressor B cell lymphoma 6 (BCL6), which can silence >1000 target genes via recruitment of 

co-repressors (45). BCL6 is critical for the initiation and maintenance of GC reactions and 

considered the master regulator - it is first detected in developing B cells of the 

interfollicular zone that have encountered antigen and engaged TH cells (25). Its expression 

involves the transcription factors interferon regulatory factor 8 (IRF8), IRF4 (also known as 

multiple myeloma 1, MUM1) and monocyte-specific enhancer factor 2B (MEF2B) (25). 

Although precise details of this control are not known, gain of function mutations in MEF2B 

lead to increased BCL6 expression (46). BCL6 has key roles in the formation and 

maintenance of the GC that require fine control of its expression such that following 

induction, it exerts a negative feedback mechanism in which it binds its own promotor to 

repress transcription with failure of this regulatory mechanism identified in a subset of 

lymphomas (47).   

 

The function of BCL6 as a transcriptional repressor requires binding at specific DNA motifs 

and recruitment of histone deacetylase complexes either directly or via co-repressors, 

however it can also promote gene expression indirectly via repression of repressors, 

including microRNAs (25). Targets relevant to GC reaction control include repression of DNA 

damage response genes such as tumour protein 53 (TP53), cell cycle checkpoints including 

cyclin-dependent kinase inhibitor 1A (CDKN1A), the anti-apoptotic protein BCL2 and 

repression of negative regulating miRNAs to promote AID expression, facilitating an 

environment permissive to dark zone B cell SHM and cell cycle progression (48-50). 

Pathways involved in B cell differentiation are also repressed to prevent premature exit 

from the GC. The critical role of BCL6 in GC biology was confirmed by the absence of GC 

formation in BCL6 deficient mice and the promotion of lymphomagenesis by its constitutive 

expression (51, 52).  
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Enhancer of zeste homologue 2 (EZH2), the catalytic component of the Polycomb repressive 

complex 2, is a lysine methyltransferase enzyme that tri-methylates the lysine 27 residue of 

histone 3 (H3K27 to H3K27me3), resulting in transcriptional repression (53, 54). EZH2 

expression is required for GC development and in mature B cells is restricted to the GC 

stage, where it directs epigenetic silencing in the dark zone to promote proliferation and 

block terminal differentiation (55, 56). EZH2 and BCL6 share target promoters and 

cooperate in transcriptional silencing, with the key role of EZH2 confirmed by reduced GC 

development in murine models with deletion / inhibition of its activity and GC hyperplasia 

and lymphomagenesis seen with gain of function (55).  

 

Dark zone B cells also preferentially express the transcription factor E2A, encoded by TCF3, 

which induces gene expression to promote proliferation and regulation of BCR expression / 

signalling, and is required for GC formation (25). IRF4 has a bimodal expression pattern, 

being transiently expressed at initiation to promote BCL6 expression, followed by repression 

in dark zone proliferating centroblasts and is then re-expressed in the light zone centrocytes 

destined for PC differentiation (57). Nuclear factor-kB (NF-kB) is also expressed in a bimodal 

distribution, being active during GC initiation, absent in most dark zone B cells and re-

expressed in light zone B cells following antigen re-encounter (22, 33, 58).  

 

Dark zone B cells, having undergone cycles of proliferation and SHM transit to the light zone 

where they are selected based on high antigen affinity and subsequently either move back 

to the dark zone ‘cyclic re-entry’ or terminally differentiate into memory B cells or PCs. 

Those B cells without sufficient antigen affinity do not receive survival signals via their BCR 

from immune interactions with TH and FDC and are programmed for apoptosis (22). As with 

initiation of the GC reaction, the GC B cell fate is governed by dynamic epigenetic and gene 

expression profiles which in turn are controlled by various transcription factors based on 

their recruitment of co-activator / co-repressor complexes (59). Having been silenced in the 

majority of dark zone centroblasts by BCL6, MYC expression is reinduced in those light zone 

B cells with high affinity BCRs selected for ‘cyclic re-entry’ back into the dark zone to 

experience further proliferation (45). Once a GC reaction has been established, deletion of 

MYC results in disruption and collapse of GCs, establishing it and hence ‘cyclic re-entry’ as 

critical elements in maintaining the GC reaction (44, 45).  
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Exit from the GC is controlled via differentiation signals received by B cells through their 

BCR, toll-like receptors (TLR) and CD40 (25). CD40 signalling converges on NF-kB activation 

which in turn induces IRF4 re-expression, which having cooperated in BCL6 expression at 

initiation, now plays a role in BCL6 downregulation, which is accompanied by release of 

CREB binding protein (CREBBP) and E1A binding protein 300 (EP300) from BCL6 repression 

(60, 61). CREBBP and EP300 are both histone acetyltransferases involved in epigenetic 

regulation of genes driving GC exit terminal differentiation. The opposing actions of IRF4 on 

BCL6 regulation during the GC reaction likely involve differential recruitment of co-

activators and co-repressors. IRF4 also plays a key role in PC differentiation through PRDM1, 

which encodes B lymphocyte-induced maturation protein 1 (BLIMP1), the master regulator 

of PC differentiation, directly via up-regulation and indirectly by release from BCL6 mediated 

repression (62). Multiple other pathways are also involved in BCL6 inhibition, including 

mitogen activated protein kinase (MAPK) mediated phosphorylation and degradation, F-box 

only protein 11 (FBXO11) mediated ubiquitylation and degradation and acetylation by 

CREBBP and EP300, disrupting its ability to recruit co-repressors and rapidly attenuating 

BCL6 function (59).  

 

Although the control mechanism for memory B cell differentiation remains unclear, 

evidence supports differential affinity selection whereby precursors are selected based on 

broadly reactive lower affinity and precursors of PCs on high affinity, such that TFH 

interactions in the light zone are key to this process (63). PC development requires a change 

in transcriptional programme from that driven by transcription factors such as paired box 5 

(PAX5) and BCL6, to a PC expression profile driven by IRF4, BLIMP1 and X-box binding 

protein (XBP1) (21, 25). BLIMP1 is a transcriptional repressor which maintains BCL6 down-

regulation, inhibits proliferation and activates a PC specific gene expression profile together 

with an antibody secreting phenotype via XBP1 (64).   
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 1.2 Diffuse large B-cell lymphoma, not otherwise specified  
 

DLBCL, NOS is the most frequent lymphoma subtype with an annual incidence of 7.5 per 

100,000 and an estimated 4880 new cases each year diagnosed in the UK (Haematological 

Malignancy Research Network, www.hmrn.org). It is slightly more common in males than 

females and is increasingly common with age, with a median age at diagnosis of 70 (figure 

1.1). The cause remains largely unknown with epidemiological studies suggesting a likely 

complex interplay between genetic and environmental factors, including immune 

dysregulation, viruses and environmental and / or occupational exposures playing a role 

(65). It is not considered a heritable disease, but first-degree relatives of affected patients 

have a modestly increased risk and multiple genetic susceptibility loci have been identified 

through genome-wide association studies (66, 67). 

 

 

 

Figure 1.1 Age-specific incidence of Diffuse large B-cell lymphoma. DLBCL is increasingly 

common with age. Figure from www.hmrn.org. 
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The vast majority of patients present de novo, but DLBCL can arise following transformation 

of a previously diagnosed or occult low-grade NHL, most commonly follicular lymphoma 

(FL). It is an aggressive disease which would be universally fatal if left untreated, with a 

median survival of < 12 months without treatment, but shows marked clinical heterogeneity 

and response to therapy, representing one of only a few malignancies that remain curable 

even when widely disseminated. Current standard first line immuno-chemotherapy with 

Rituximab, a monoclonal antibody targeting CD20, and anthracycline based chemotherapy 

(RCHOP, Rituximab, Cyclophosphamide, Doxorubicin, Vincristine and Prednisolone) cures up 

to two thirds of patients (68). Despite this success, approximately 10-15% will be primary 

refractory and a further 20-30% relapse after initial remission (69). A minority of these 

relapse / refractory (R/R) patients can achieve long-term disease-free survival with 

conventional therapy but the outlook for this group is generally poor. These differential 

outcomes are a reflection of the marked biological heterogeneity within a histologically 

uniform disease, which was first appreciated following landmark gene expression profiling 

(GEP) studies identifying molecular subtypes based on cell of origin (COO) (70, 71).  

 

DLBCLs have somatically mutated Ig genes in their genomes and are considered to have 

arisen from the GC stage of development, perhaps as a consequence of the high risk nature 

of this process (72). Lymphomagenesis is stepwise, whereby characteristic oncogenic 

chromosomal translocations may occur prior to the GC stage but differentiation arrest and 

hence malignant transformation, occur during the GC reaction, with the precise stage 

reflected in the COO (figure 1.2). The latest World Health Organisation (WHO) classification 

revision incorporates GEP and chromosomal rearrangements alongside morphology, 

immunohistochemistry (IHC) and clinical features, however it is now recognised that there is 

significant molecular granularity beyond the COO subgroups such that DLBCL should no 

longer be considered a single disease entity, with a novel taxonomy to facilitate 

personalised therapeutic approaches the likely direction of travel (73, 74). However 

numerous barriers remain before this can be achieved in the routine clinical setting. We will 

next review the current state of knowledge across various aspects of the disease and set out 

the rationale for this work. 
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Figure 1.2 The germinal centre reaction with the relevant stage of differentiation indicated 

for each cell of origin (COO) subtype of DLBCL. Somatic hypermutation (SMH) occurs in the 

dark zone and affinity selection in the light zone. For the germinal centre B (GCB) subtype, 

double hit signature / molecular high grade (DHITsig/MHG) arise from cells resembling dark 

zone centroblasts and non-DHITsig/MHG resemble light zone centrocytes. Activated B cell 

(ABC) cases more closely resemble the plasmablast stage of differentiation. Tfh, T follicular 

helper cell; FDC, follicular dendritic cell. Figure adapted from Ennishi et al (73). 

 

1.2.1 Clinical features and diagnostic workup 
 

Clinical presentation can vary from an otherwise asymptomatic single lymph node swelling 

to a rapidly enlarging mass with widespread organ involvement with extra-nodal disease 

identified in up to one third and systemic ‘B symptoms’ (fever, weight loss, drenching night 

sweats) in a similar number (75, 76). The diagnosis is based on tumour tissue morphology 

and immunophenotype which is dependent on an adequate histological specimen, with an 

excisional biopsy preferred to fully assess tissue architecture but increasingly replaced by 
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radiological core needle biopsy (69). The diagnostic tissue examination requires expert 

haemato-pathologist review within the context of a specialist integrated haematological 

malignancy diagnostic service and clinical / radiological correlation in the multidisciplinary 

team (MDT) setting (www.nice.org). Typical lymph node morphology is effacement of the 

normal architecture by sheets of large atypical lymphoid cells most commonly resembling 

centroblasts, or occasionally immunoblasts or a mix of both. The immunophenotype is 

confirmed by IHC, which demonstrates positivity for pan B cell markers (CD19, CD20, CD22, 

CD79a) and the leucocyte common antigen CD45. A variable number also express BCL2, 

BCL6, CD10 and IRF4/MUM1 with the proliferation fraction determined by ki67 staining 

usually > 40% (77-80). Confirmation of a pathological diagnosis essentially involves 

elimination of other B-cell lymphoproliferations in the context of morphology, 

immunophenotype and clinical features. 

 

1.2.2 Cell of origin assignment 
 

The subtypes identified by GEP based on COO include one expressing genes characteristic of 

germinal centre B cells (GCB) and another expressing genes induced during activation of 

peripheral blood B cells, activated B-like DLBCL (ABC) (70). Subsequent work confirmed a 

third ‘unclassified’ group representing 10-15% of cases, defined primary mediastinal B-cell 

lymphoma (PMBL) as a separate disease entity and demonstrated that the COO subtypes 

differed in biology and outcome following RCHOP (71, 81-83). The COO is prognostic, with 

the GCB group having improved survival and the current WHO classification requires COO 

assessment at diagnosis (1). Although COO assignment was originally based on GEP, this is 

not widely available in routine clinical practice and surrogate IHC algorithms are considered 

acceptable. The Hans algorithm - based on staining with CD10, BCL6 and IRF4/MUM1 - is 

most widely adopted in the UK but several others have been developed (84, 85).These IHC 

algorithms generally correlate with GEP but fail to identify the ‘unclassified’ group, giving a 

binary result of GCB or non-GCB, have reproducibility issues and do not have the same 

prognostic value as COO based on GEP (86). The COO is documented at diagnosis as per the 

WHO recommendation, along with the algorithm used, but does not guide clinical decision 

making except in the setting of clinical trials. 
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1.2.3 Molecular and cytogenetic characteristics 
 

Aberrations of the MYC gene are also associated with prognosis in the Rituximab era (87). 

Expression of MYC protein is increased in up to half of DLBCL and is associated with BCL2 

overexpression in approximately one third when measured by IHC (1). The majority of these 

cases do not harbour chromosomal rearrangements of these genes and are known as 

‘double expressor lymphomas’ (DEL), which mostly occur in the ABC subgroup and are 

associated with inferior outcome (88-90). DEL are not considered as a separate classification 

given that increased protein expression may result from distinct molecular mechanisms, but 

DEL are considered a prognostic group and expression of both proteins should be 

documented at diagnosis.  

 

MYC chromosomal rearrangements occur in 5-15% of DLBCL, with additional translocations 

involving BCL2 and / or BCL6 frequently co-identified resulting in 5-10% of newly diagnosed 

patients with ‘double-hit’ or ‘triple-hit’ genetics (90). These cases usually have a GCB 

phenotype but poor outcomes following RCHOP and are now considered as a separate 

entity – high grade B-cell lymphoma with MYC and BCL2 and / or BCL6 rearrangements 

(HGBL-DH/TH) (1). It is appreciated that many of these tumours lack distinctive 

morphological features and therefore all newly diagnosed DLBCL require fluorescence in situ 

hybridisation (FISH) testing for MYC rearrangements to be incorporated into the workup. 

Nice guidelines recommend screening all patients with high grade B-cell lymphoma for MYC 

rearrangements and if present, screening for the Ig partner and for the presence of BCL2 

and BCL6 rearrangements, although in practice most patients will be screened for all 3 

routinely. The importance of the MYC translocation gene partner in HGBL-DH/TH has 

recently been highlighted in a study by the Lunenburg Lymphoma Biomarker Consortium 

(LLBC) which suggests the historical negative impact is largely due to cases with an Ig gene 

partner (91). It is also recognised that rare cases with high grade or blastoid morphology 

lack chromosomal rearrangements and these cases are now grouped as HGBL, NOS.  
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1.2.4 Clinical assessment and staging 
 

The presence of B symptoms, physical examination and performance status (PS) assessment 

should be documented. A full blood count (FBC), biochemistry including lactate 

dehydrogenase (LDH) and uric acid together with serological screening for human 

immunodeficiency virus (HIV), hepatitis B (HBV) and hepatitis C (HCV) are recommended 

(75). Fluorodeoxyglucose positron emission tomography (FDG-PET)/computed tomography 

(CT) imaging is the gold standard for radiological staging of DLBCL (92). FDG-PET/CT is more 

sensitive than bone marrow aspirate and trephine (BMAT) for bone marrow involvement 

and is highly specific, however may miss low level involvement and discordant low-grade 

lymphoma (93). BMAT is not required when there is bone or marrow FDG positivity but still 

recommended for patients without these, especially where limited stage disease exists, and 

an abbreviated course of therapy considered (75). Magnetic resonance imaging (MRI) and 

lumbar puncture (LP) should be considered where central nervous system (CNS) 

involvement is suspected. Cardiac function should be assessed with electrocardiogram (ECG) 

and echocardiography considered where appropriate in view of anthracycline (doxorubicin) 

based therapy. Risks to fertility and fertility preservation strategies should be discussed and 

local guidelines followed. Final staging according to the Ann Arbor classification should be 

documented.  

 

1.2.5 Clinical prognostic tools 
 

A number of prognostic scoring systems have been employed to guide risk assessment 

based on routinely available clinical and radiological parameters but do not routinely alter 

therapy outside of clinical trials. The international prognostic index (IPI) and an age adjusted 

version (aa-IPI) for younger patients were first developed over quarter of a century ago and 

remain in clinical use today (94). The IPI pre-dates the incorporation of Rituximab into 

treatment and identified 4 risk groups with overall survival (OS) at 5 years following 

chemotherapy of 73%, 51%, 43% and 26% based on 5 factors (table 1.1). The significant 

improvements seen across all outcome metrics with the addition of Rituximab to CHOP 

resulted in the revised IPI (R-IPI) based on the same 5 factors but defining 3 risk groups with 
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4-year OS from 94% to 55% (table 1.2) (95). The limited effectiveness of the R-IPI in 

identifying those patients with aggressive disease at high risk of progression following 

RCHOP resulted in the development of the National Comprehensive Cancer Network IPI 

(NCCN-IPI) which was again based on the same clinical parameters but redistributed the 

scoring resulting in 4 risk groups with 5-year OS rates ranging from 96% to 33% (table 1.3) 

(96). Ruppert and colleagues evaluated all 3 risk scoring systems in a large cohort of patients 

treated in multi-site clinical trials during the Rituximab era and found that the NCCN-IPI had 

the greatest absolute difference between highest and lowest risk groups but that none of 

the scores clearly identified a poor risk group with less than 50% long-term survival (97). The 

prognostic tools were also compared in a cohort of patients treated in a large UK trial with 

their utility acknowledged but with the conclusion that novel prognostic tools are required 

to identify the highest risk patients (98).  

 

Table 1.1 International prognostic index (IPI) factors. One point is scored for the presence 

of each IPI factor. The standard IPI consists of four groups, low risk with 0 or 1 factor, low-

intermediate risk with 2 factors, high-intermediate risk with 3 factors and high risk with 4 or 

5 factors. The revised-IPI (R-IPI) consists of three groups, very good risk with 0 factors, good 

risk with 1 or 2 factors and poor risk with 3, 4 or 5. ECOG PS, Eastern Cooperative Oncology 

Group performance status; LDH, lactate dehydrogenase; EN, extra-nodal. 

 

 

 

 

 

 

 

IPI factors IPI R-IPI
Age > 60 Low (0,1) Very Good (0)

ECOG PS ≥ 2 Low-int (2) Good (1,2)
LDH elevated High-int (3)

EN sites >1 High (4,5) Poor (3,4,5)
Stage III/IV
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Table 1.2 Outcome according to the international prognostic index (IPI) and revised-IPI (R-

IPI). Data for 365 patients treated with RCHOP in British Columbia. Table from Sehn et al 

(95). 

 

  

 

Table 1.3 National Comprehensive Cancer Network IPI (NCCN-IPI). The risk factors are the 

same as for the IPI and R-IPI except the age and lactate dehydrogenase (LDH) are 

redistributed as indicated. Extra-nodal (EN) disease is only a risk factor if the indicated sites 

are involved. BM, bone marrow; CNS, central nervous system; GI, gastrointestinal; ECOG PS, 

Eastern cooperative Oncology Group performance status. Four risk groups are defined, low 

with 0 or 1 points, low-intermediate with 2 or 3 points, intermediate with 4 or 5 points and 

high 6 or more points. 

 

 

NCCN IPI factors Score
Age, y

>40 to ≤60 1
>60 to ≤75 2

>75 3
LDH, normalised

>1 to ≤3 1
>3 2

Ann Arbor Stage III/IV 1

EN disease BM, CNS, liver/GI tract or lung 1

ECOG PS ≥2 1
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Several recent studies have focused on quantifying circulating tumour DNA (ctDNA) as a 

prognostic factor at diagnosis as well as for early relapse detection (99-102). Both pre-

treatment levels of ctDNA and those after the first and second cycles of chemotherapy 

could stratify patients with distinct outcome, but again this method did not clearly select the 

highest risk patients, and the techniques employed remain outside routine clinical practice 

at this time.  
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1.3 Genetics and pathogenesis of DLBCL 
 

The development of clinically apparent DLBCL represents the culmination of a multistep 

process of accumulating genetic aberrations that influence the expression and / or function 

of proto-oncogenes and tumour suppressor genes involved in normal B-cell development. 

Similar to many other cancers, multiple mechanisms of genetic disruption can drive the 

malignant process such as non-silent somatic mutations and gene copy number alterations. 

However, the DLBCL genome is also susceptible to alteration by chromosomal 

translocations, as a consequence of errors during VDJ recombination / CSR / SHM, and 

aberrant SHM (ASHM) mediated by AID (43, 103). Following the initial discovery of 

molecular subtypes of DLBCL there have been numerous attempts to further characterise 

this heterogeneity and distil it into biologically meaningful entities in order to improve 

patient outcomes. This was initially through the lens of the COO classification with the 

discovery of their distinct transcriptional, genetic and epigenetic alterations and more 

recently moving beyond the COO, through recurrent genetic subgroups and their pathway 

dependencies, together with the associated role of the microenvironment. 

 

1.3.1 Cell of origin assignment 
 

Tumour profiling studies approximately 20 years ago resulted in the COO classification, with 

the 2 major subtypes having transcriptional programmes representative of different GC 

stages and distinct clinical outcomes. Both closely relate to GC light zone B-cells, but GCB 

DLBCL shares features of both dark zone centroblasts and light zone centrocytes, and lacks 

expression of early post-GC differentiation markers, whereas the ABC transcriptional 

phenotype is that of GC experienced B cells committed to PC differentiation (70, 104). 

 

GCB is the most frequent COO subtype comprising 50% of DLBCL cases with a 5-year OS of 

78% in the Rituximab era (105, 106). The pathogenesis of GCB is complex and only partially 

understood, sharing a number of features with FL including chromosomal translocations of 

BCL2, resulting in ectopic expression of the anti-apoptotic protein BCL2, which are found in 

up to 40% of GCB as well as all HGBL-DH/TH, which also display a GCB transcriptome (107-
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109). Recurrent genetic alterations in the epigenetic chromatin / histone modifying genes 

EZH2, CREBBP and KMT2D (MLL2), as well as TNFRS14, similar to those observed in FL have 

all been reported (37, 110-112). Other biologically relevant pathway disruptions include 

inactivation of PTEN with resultant PI3K (phosphatidylinositol 3-kinase) pathway activation 

and mutations of GNA13 associated with B-cell survival and dissemination from the GC (73, 

112, 113).  

 

ABC DLBCL is associated with worse outcome, with 5-year OS rates of 56% in the Rituximab 

era and accounts for approximately 30% of cases (105, 106). This subtype is characterised by 

constitutive activation of the NFkB pathway and inhibition of PC differentiation, both of 

which result from distinct genetic events (37, 114). NFkB represents a family of inducible 

transcription factors involved in the regulation of a vast number of genes essential for B-cell 

development, with its activation conferring a survival advantage to ABC DLBCL (25). 

Constitutive NFkB activation occurs due to a variety of genetic lesions involving multiple 

signalling molecules downstream of the BCR and Toll-like receptor (TLR), often 

complemented by lesions blocking terminal differentiation (37). BCR signalling can occur via 

antigen independent, ‘tonic’ and antigen dependent ‘chronic active’ mechanisms, the latter 

dependent on a signalling cascade initiated by CD79A and CD79B involving SYK (spleen 

tyrosine kinase), BTK (Bruton’s tyrosine kinase), PKCb (protein kinase C) resulting in the 

formation of the CARD11/BCL10/MALT1 (CBM, caspase recruitment domain family member 

11, B-cell lymphoma 10, mucosa-associated lymphoid tissue lymphoma translocation gene 

1) complex and subsequent NFkB activation (figure 1.3) (3, 25). TLR signalling, which 

involves the recruitment of adapter proteins including MYD88 (myeloid differentiation 

primary response 88), can also activate NFkB as well as the JAK/STAT pathway (51). 

Recurrent mutations in a number of components of these pathways are described in ABC 

DLBCL. They frequently occur in association with terminal differentiation blockade, which is 

usually a consequence of genetic lesions converging on inactivation of BLIMP1, either 

directly or via BCL6 upregulation (37). Data from mouse models support the concept of 

constitutive NFkB signalling cooperating with BLIMP1 disruption in the development of ABC 

DLBCL (115). Details of the lesions identified in these pathways are discussed in the section 

on mutational profiling. 
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Figure 1.3 Disrupted signalling pathways in activated B cell (ABC) DLBCL. ABC DLBCL is 

defined by a variety of mutations, including gain of function mutation in CD79A, MYD88, and 

CARD11 and loss of A20 (TNFAIP3), that converge on constitutive NFkB activation. Adapted 

from Shaffer et al (3). 

 

Given the differential pathway disruptions between subtypes and reports of COO specific 

activity of novel agents, there exists a rationale for COO to guide management strategy in 

DLBCL. However, any prospective application of COO in guiding treatment decisions is 

dependent on highly accurate classification, which is currently beyond the reach of available 

IHC algorithms (85, 86). The microarray technology using fresh frozen tissue samples in the 

initial COO studies prevented the adoption of GEP into clinical practice, however the 

intervening years have seen a number of methodologies for GEP applied to the formalin 

fixed paraffin embedded (FFPE) tissue widely available in clinical practice. One such method, 

the Lymph2Cx assay (Nanostring), measures the expression of 20 genes and is reported to 

have high concordance with GEP methods using fresh frozen tissue and between 

independent laboratories (116). Another, known as the DASL assay (cDNA-mediated 

annealing selection, extension and ligation) generates transcriptomic data with COO 

determined by a machine learning tool and has been employed ‘real-time’ in a prospective 
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phase 3 clinical study in DLBCL (117, 118).  At the current time these methods remain 

outside widespread clinical use but with the likelihood of one or a similar method being 

increasingly incorporated into future practice. 

 

1.3.2 Molecular high-grade signatures  
 

Two independent groups have recently identified a poor risk GCB subgroup based on gene 

expression signatures associated with HGBL-DH/TH but lacking characteristic chromosomal 

translocations, termed ‘DHITsig’ and molecular high grade (MHG) (119, 120). Both groups 

found that almost all HGBL-DH/TH expressed this signature together with an equal number 

of non-HGBL-DH/TH GCB cases, which had a similarly poor outcome following RCHOP. Those 

HGBL-DH/TH without this expression signature did not have a worse outcome than other 

GCB cases. Defining HGBL by GEP would result in approximately double the number of cases 

as currently identified on the basis of FISH testing. The cases with high grade expression 

profiles were enriched for mutations in epigenetic modifiers, had proliferation signatures 

that closely resembled dark zone centroblasts or intermediate zone GC B-cells, and were 

immunologically ‘cold’, with reduced tumour infiltrating lymphocytes (TIL) and frequent loss 

of MHC-I and/or MHC-II expression (major histocompatibility complex I / II) (73). These 

studies, together with reports of MYC and BCL2 rearrangements not detected by FISH, 

suggest that reclassification of such tumours together with the majority of HGBL-DH/TH 

based on GEP will likely follow once the technology to identify them is routinely available 

(121).  

 

1.3.3 Genetic subtypes of DLBCL 
 

In recent years, the advances in high throughput sequencing technologies have resulted in a 

number of independent studies providing insight into the mutational landscape of the 

DLBCL genome across > 2000 cases (112, 122-124). There have now been over 150 putative 

driver genes identified, with many featuring recurrent alterations which are now beginning 

to form the basis of novel classification systems centred on shared genomic abnormalities 

with potentially actionable lesions and therapeutic implications (73, 74). However, these 
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studies have also highlighted the extensive mutational heterogeneity of DLBCL, with one of 

the larger studies identifying a median of 17 genetic alterations per case with a range of 0-

48, with no mutations identified in approximately 5% of patients (122). The findings that 

although a number of mutations characteristically enrich according to the COO, many more 

do not, with a sizeable fraction detected in < 10% of patients, results in another layer of 

genetic complexity and a typical long tail of mutational frequencies (figure 1.4) (112, 122). It 

is worth noting that genetic heterogeneity may also exist within individual cases of DLBCL, in 

both space (biopsy location) and time (relapse v diagnosis) and that the non-coding genome 

remains understudied, with some studies suggesting lesions at regulatory sites may play a 

role in pathogenesis (125-127). Despite these potential barriers there has been a clear trend 

towards viewing DLBCL in the context of genetic subtypes with 3 major studies identifying 

broadly consistent molecular groups across independent cohorts and with distinct 

approaches supporting the validity of their findings, which are discussed below (122-124).  

 

The integration of mutational data together with information on chromosomal 

translocations and copy number alterations in these studies has accelerated progress 

towards a more meaningful classification. The work by Schmitz et al, the NCI (National 

Cancer Institute) cohort, reported 4 prominent genetic groups (MCD, BN2, N1 and EZB), 

with aberrations affecting multiple genes that distinguished each subtype from other DLBCL 

but only classified 45% of cases (123). Chapuy and colleagues identified 5 genetic clusters 

(C1-C5) with a sixth (C0) lacking genetic drivers, classifying all samples studied (122). The 

HMRN cohort was resolved into 5 molecular groups (MYD88, BCL2, SOCS1/SGK1, TET2/SGK1 

and NOTCH2), together with 27% of cases ‘not elsewhere classified’ (NEC) (124). A recent 

revision of the NCI classification proposed 7 genetic subtypes (figure 1.5) together with a 

small genetically composite group with characteristics of >1 subtype and 37% classified as 

‘other’, largely aligning the findings of these 3 studies (74).  
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Figure 1.4 Genomic landscape in DLBCL. Recurrently mutated genes in 304 DLBCL cases 

demonstrating the genetic heterogeneity, both in terms of number of mutations per patient 

and frequency of each mutation in the cohort. Adapted from Chapuy et al (122). 
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Figure 1.5 Genetic subtypes of DLBCL. The seven genetic subtypes of DLBCL proposed by 

Wright et al to align the recent genomic landscape studies. Each subtype was named 

differently (right) in the original publications (see text). The not elsewhere classified (NEC) or 

cluster (C0) group is not shown. Figure adapted from Wright et al (74). 

 

 

 MCD, C5 and MYD88 
 

The cases in this group have an ABC expression profile and are enriched for MYD88L265P 

mutations and mutations / amplifications of CD79B, resulting in constitutive NFkB activation 

via the bypassing of TLR signalling or chronic active BCR signalling (37, 128, 129). MYD88L265P 

mutations result in a gain-of-function that drives lymphoma development through 

regulation of kinases and transcription factors, which can be demonstrated in mouse 

models where B-cell specific expression results in lymphoproliferation (130). Gain-of-

function mutations in CD79B drive activation of NFkB through attenuation of a negative 

feedback loop resulting in unchecked BCR signalling (128). Although CD79B mutations 

disrupt the regulation of BCR signalling they do not directly activate the pathway and a role 

for autoantigen BCR stimulation in ABC DLBCL has been demonstrated (131). The 

dependence of some cases of ABC DLBCL on BCR signalling has been demonstrated by the 
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clinical responses seen with BTK inhibition, including in some with the absence of CD79B 

mutations (132). Importantly, patients with MYD88 mutations did not respond, with the 

exception of those cases carrying both MYD88 and CD79B mutations, suggesting functional 

coupling of these pathways.  

 

This subtype also features very frequent gain / amplifications of 18q, one of the most 

common alterations in ABC DLBCL, with resultant BCL2 overexpression and associated poor 

outcome (122). The gene for transcription factor 4 (TCF4) is also located at this site (18q21), 

with gains resulting in upregulated MYC expression consequent on increased binding of 

TCF4 to the MYC enhancer (133). Other dominant aberrations in this group include 

mutations of PIM1 and ETV6 and frequent loss of CDKN2A (124). Inactivating mutations of 

PRDM1 (BLIMP1) as well as gain / amplification of SPIB also occur, which contribute to the 

characteristic phenotype of ABC DLBCL by blocking formation of PCs while promoting 

plasmacytoid differentiation (115, 123).  

 

Immune editing was another prominent feature in this subgroup with many acquiring 

inactivating lesions of HLA -A, HLA-B or HLA-C (human leucocyte antigen) and CD58 (123, 

134). Chapuy et al noted that their C5 cluster signature resembled the lesions their group 

had previously described in testicular and primary central nervous system lymphoma 

(PCNSL), suggesting an extra-nodal tropism for DLBCL within this group, which was 

recapitulated in the HMRN study, which also found cases with breast involvement clustered 

here (122, 124, 135). The genetic lesions identified in this group were typical of AID activity 

and ASHM, consistent with B-cells that have transited through the GC. 

 

 BN2, C1 and NOTCH2 
 

This group consisted of cases with all 3 gene expression profiles, with ABC and unclassified 

most frequent, and associated with favourable outcomes. The cases assigned here enriched 

for BCL6 structural variants and activating NOTCH2 mutations, resulting in increased 

transcriptional abundance of their target genes and suggestive of a marginal zone B-cell 

origin with biological similarity to marginal zone lymphoma (MZL) (73, 124). BCL6 

translocations occur in up to one-third of DLBCL preventing BCL6 downregulation by a 
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mechanism known as ‘promotor substitution’ whereby the BCL6 gene is positioned under 

the control of another promotor, most commonly those of Ig genes (37). NOTCH pathway 

aberrations other than NOTCH2 mutations were also found, including truncating mutations 

of its negative regulator SPEN (122). BCL6 fusions were more frequent in cases with NOTCH 

activation suggesting cooperation between these pathways within this group.  

 

Lesions activating the NFkB pathway were also prominent including deletion of its negative 

regulator TNFAIP3, which encodes A20, and direct activation through gains / amplifications 

of BCL10 a component of the CBM (122, 123). In addition, mutations resulting in loss of 

TMEM30A are clustered here which are associated with increased BCR signalling and a 

favourable prognosis (124, 136). It is also notable that these cases featured multiple genetic 

lesions to facilitate immune escape including inactivation of B2M (beta-2-microglobulin), 

CD70 and FAS (CD95) and structural variants of PD-L1 and PD-L2 (122). 

 

 EZB, C3, and BCL2 
 

The majority of cases assigned here were of the GCB phenotype and characteristically had 

mutations of BCL2 with concordant translocations (t(14:18)), bringing its expression under 

the control of the IgH enhancer, as well as mutations of chromatin modifiers, frequently 

EZH2 but also CREBBP and KMT2D (122-124). Gene expression profiling revealed a 

predominance of the MHG signature, the presence of which subdivides this group into 2, 

each with distinct phenotype and outcome (73). Transformed FL cases, which were included 

in the HMRN study, also mapped to this subgroup (124). BCL2 is an antiapoptotic protein 

usually negatively controlled by BCL6, but their inverse relationship is frequently disrupted 

in DLBCL. Ectopic BCL2 expression driven by chromosomal translocation, as well as ASHM 

induced promoter mutations with resultant increased sensitivity to Miz1 activation, 

promotes GCB cell survival in the presence of death signals (Fas) or absence of survival 

signals (BCR) in DLBCL (137).  

 

Epigenetic dysregulation was also a prominent feature of this grouping. EZH2 gain-of-

function mutations are common in GCB-DLBCL and promote lymphoma via repression of 

genes controlling proliferation checkpoints (CDKN1A) and terminal differentiation (IRF4 and 
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PRDM1) (59). Mutations of EZH2 are heterozygous and target the catalytic domain resulting 

in synergy with the wild-type protein and increased methyltransferase activity (138). As well 

as cooperating with BCL6 via shared target genes, EZH2 has also been shown to cooperate 

with BCL2 overexpression to drive lymphomagenesis in murine models (55). EZH2 mutations 

have recently been shown to epigenetically reprogramme the GC microenvironment. This 

occurs via repression of genes involved in immune synapse formation, attenuating B-cell 

need for T cell help and by promoting downregulation of MHC-I and -II expression, with 

accompanying impairment of T cell infiltration (139, 140).  

 

Inactivating mutations of KMT2D are the single most frequent somatic mutation in DLBCL 

and result in loss of methyltransferase activity and gene repression, epigenetically 

deregulating BCL6 target genes and cooperating with BCL2 overexpression to contribute to 

lymphoma development (59, 141). KMT2D is required for recruitment of the histone 

acetyltransferases CREBBP and EP300, whose genes are also inactivated in a mutually 

exclusive, haplo-insufficient manner in this subtype (73, 110). CREBBP usually opposes BCL6 

activity via direct acetylation of the BCL6 protein as well as acetylation of histones at 

regulatory sequences of its target genes (142, 143). CREBBP mediated acetylation also plays 

a critical role in activation of the tumour suppressor p53 as well as expression of key antigen 

presentation and processing machinery, with its loss facilitating oncogenesis and immune 

escape (37). 

 

Other alterations included those of the B-cell transcription factors genes MEF2B and IRF8, 

and inactivation of TNFRSF14 (HVEM) and PTEN. MEF2B promotes GC formation and 

modulates genes involved in proliferation, DNA repair, apoptosis and confinement of B-cells 

to the GC, with mutant forms gaining function through resistance to co-repressor binding to 

contribute to lymphomagenesis (144). Loss-of-function mutations of TNFRSF14 facilitate 

cell-autonomous B-cell proliferation while inducing a supportive microenvironment due to 

disruption of TNFRSF14 interaction with BTLA (145). PTEN loss occurs via focal loss at 

10q23.31 as well as by truncating mutations, activating signalling downstream of the BCR via 

the PI3K pathway (146).  
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 C4 and SOCS1/SGK1 and TET2/SGK1  
 

The C4 cluster was described by the Shipp group (122) and included predominantly cases 

with a GCB expression profile and favourable outcome compared with the GCB cases found 

in the C3, EZB and BCL2 group described above. The more recently published work by the 

HMRN group described 2 separate groups which seem to mostly align here, and the recent 

revised classification of the original NCI cohort labelled most of these cases ST2 (74, 123, 

124). The C4 cluster was characterised by genetic alterations of H1 linker histones and core 

histones including HIST1H1/2, together with multiple immune evasion bases (CD83, CD58 

and CD70), BCR/PI3K signalling intermediates (RHOA, GNA13 and SGK1), NFkB modifiers 

(CARD11, NFKBIE and NFKBIA) and RAS/JAK/STAT pathway molecules (BRAF and STAT3) 

(122). The SOCS1/SGK1 group contained mutations in many known targets ASHM, including 

SOCS1 and had significant overlap with the C4 cluster. SOCS1 and SGK1 inactivation are 

associated with promotion of JAK/STAT and PI3K signalling respectively (74). The authors 

also noted that SOCS1 mutation is frequently found in PMBL and cases in this subgroup with 

no clinical features of PMBL enriched for gene expression signatures associated with PMBL, 

suggestive of biological similarity and consistent with the observation that some cases with 

a PMBL expression profile lacked mediastinal masses (124, 147). The other subgroup of C4 

identified by the HMRN group was labelled TET2/SGK1 and enriched for mutations of both 

TET2 and SGK1, along with mutations in multiple components of the ERK pathway (124). 

Inactivation of TET2 has been shown to trigger GC hyperplasia, disrupt terminal 

differentiation and block GC exit, confirming its role in lymphoma development (148). Some 

of the cases not originally grouped in the NCI cohort were found to have recurrent 

truncating mutations of SGK1, these DLBCL were associated with TET2 mutations and 

significantly overlap with C4 and TET2/SGK1 and are now classified as ST2 by the NCI group 

(74). 

 

 C2 
 

The hallmark of this cluster was the presence of TP53 inactivation (122). C2 has recently 

been aligned with some of the DLBCL not classified in the NCI cohort, with TP53 being the 

most frequently mutated gene (25%) not significantly present elsewhere within these cases 
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(74). Inactivation of TP53 is associated with aneuploidy in DLBCL, a finding confirmed within 

the NCI cohort by the presence of gains and losses of chromosomal segments in cases with 

homozygous deletion or heterozygous deletion and mutation of TP53 (74), which have now 

been classified as A53 (aneuploid with TP53 inactivation) (74). Biallelic inactivation of 

TP53BP1, which codes for the DNA damage sensor 53BP1 also occurs in this group with 

consequent increased risk of chromosomal arm gains / losses (149). The C2 cluster was also 

found to feature loss of 9p21.13 (CDKN2A) and 13q14.2 (RB1), with associated chromosomal 

instability and cell cycle disruption (122). Other abnormalities included the prognostically 

significant gain of 13q31.31 (miR-17-92) as well as the ABC associated deletion of 6q 

(TNFAIP3 and PRDM1) and BCL2 amplification (122, 150). The microRNA miR-17-92 

regulates the expression of many genes, is intimately involved in regulation of MYC activity 

and overexpression in murine models drives lymphoproliferation (151, 152). These cases 

also frequently evolved immune escape mechanisms, commonly via inactivation of B2M 

(134). DLBCL with both ABC and GCB expression profiles were included here and generally 

had less favourable outcomes.  

 

 N1 
 

This small subgroup consisting of <2% of DLBCL was described in the NCI cohort and 

characterised by activating NOTCH1 mutations similar to those seen in other B-NHL (74). 

Other lesions identified targeted regulators of B-cell differentiation such as IRF4, ID3 and 

BCOR and regulators of NFkB including IKBKB (IkB kinase b, IKK-b) and TNFAIP3 (A20), 

consistent with the highly expressed plasma cell signature that was observed (123). This 

group also expressed signatures of multiple immune cell types and had less favourable 

outcomes with RCHOP. 

 

 C0 and NEC 
 

Genetic driver aberrations were not identified in a small cluster labelled C0, which included 

cases of the rare entity T-cell/histiocyte rich large B-cell lymphoma (TCRDLBCL) (122). The 

HMRM group report included 27% that were ‘not elsewhere classified’ which included many 

cases classified by the NCI group as N1 and some from A53, as well as 5% with no 
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abnormalities detected by their targeted panel (124). The NCI group originally classified 47% 

of their cases which increased to 63% following development of their revised classifier (74).  

 

There was a consistent feature throughout these independent studies that some cases had 

few or no genetic lesions, or lesions characteristic of >1 subgroup, or novel aberrations not 

recurrently reported in DLBCL. Although a small number of these may have been due to 

sample quality or technical considerations, each study found a significant proportion of 

patients that did not fit into a specific genetic subtype. This means that any new 

classification system is still likely to have a group of patients with unclassified DLBCL. These 

studies have clearly moved the field forwards and identified genetically distinct entities with 

potential for personalised therapy, but requirements for further validation together with 

widely available reproducible assays are currently limiting adoption into a clinically useful 

taxonomy. 
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1.4 Microenvironment biology in DLBCL 
 

Malignant tissues consist not only of cancerous cells but also a complex and continuously 

evolving tumour microenvironment (ME), comprised of immune populations, fibroblasts, 

stroma and endothelial cells, together with signalling molecules, and their interactions with 

the malignant cells (153, 154). Interactions within the tumour ME are dynamic and are 

generally considered to be pro-tumoral, through various mechanisms including stimulation 

of tumour proliferation and survival as well as facilitating treatment resistance and immune 

escape (153). DLBCL generally efface the normal structures of involved lymph nodes and as 

such have been considered less dependent on their surrounding ME for growth and survival 

signals than other cancers including low-grade B-NHLs (155). This is supported 

experimentally by the relative ease of establishment of many DLBCL cell lines in culture 

compared with other lymphoma subtypes (156). Each DLBCL subtype exerts different 

patterns of influence over their ME and this variability exists both between and within 

lymphoma entities, relating to the genetic lesions they harbour and the composition of 

infiltrating non-malignant cells, together with their arrangement in the supporting 

structures of the extracellular matrix (ECM), blood and lymphatic vessels. The influence of 

the host immune system on cancer development and progression may paradoxically be 

either supportive or inhibitory, a relationship described in the process of ‘immunoediting’ 

which is recognised to consist of 3 stages, elimination, equilibrium and escape (157). During 

development, DLBCL cells must initially survive immune elimination, with potentially 

lymphoma-genic events thought to be common in health but most do not progress beyond 

the elimination stage (158). Ultimately, to form a clinically relevant lymphoma, transformed 

cells must escape host immune surveillance, with increasing evidence that the ME and 

disrupted crosstalk with various immune cells facilitates this process as well as subsequently 

contributing to therapeutic resistance (153). 

 

The potential importance of the microenvironment in DLBCL was first highlighted by the 

Leukaemia/Lymphoma Molecular Profiling Project (LLMPP) which defined 2 groups based on 

‘stromal’ signatures from the non-malignant cells, occurring independently of COO, with 
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distinct outcomes (106). The stromal-1 signature was associated with a favourable outcome 

and included genes associated with ECM deposition (collagens and laminins) and 

remodelling (matrix metalloproteinases) as well as those associated with mononuclear 

phagocytes. The stromal-2 signature predicted a less favourable outcome and included 

genes associated with endothelial cells (von Willebrand factor and CD31) and angiogenesis. 

 

The relevance of the immune system is also highlighted by genome-wide association 

studies, which have identified several susceptibility loci at pathways involved in critical 

immune functions (66, 67). Exposure to certain viruses which are known to negatively 

impact the immune system are also associated with an increased risk of DLBCL, as well as 

other types of lymphoma, including Epstein-Barr virus (EBV), human immunodeficiency virus 

(HIV) and hepatitis viruses B and C (HBV, HCV) (65). Other associations relevant to immune 

function are autoimmune and connective tissue disorders, which involve B-cell activation, 

immune suppressing drugs such as methotrexate, as well as post-transplant 

immunosuppression, for both solid-organ and stem cell (159). Lymphoma arising in the 

context of a transplant is frequently of DLBCL histology, again highlighting the critical role of 

immune suppression but is considered a separate entity, Post-Transplant 

Lymphoproliferative disorder (PTLD) (1). 

 

Recently, a large transcriptomic analysis of multiple independent DLBCL cohorts described 

four ME subtypes, each with distinct cellular and pathways associations (160). In addition to 

the differential microenvironment composition within these four categories, each was 

associated with specific biological aberrations and outcome following therapy. The four MEs 

were termed ‘germinal centre-like’, with a similar composition to the GC, ‘mesenchymal’, 

with an abundance of stromal cell and ECM pathway signals, ‘inflammatory’, associated with 

inflammatory cells and pathways and ‘depleted’, which in contrast to the other groups had a 

lower presence of ME cells and signals and a high incidence of MHC class I and II negativity, 

and increased lymphoma proliferation. The ‘germinal centre-like’ group was associated with 

the best response to therapy and the ‘depleted’ with the worst, followed by ‘inflammatory’. 

 

ME biology clearly plays a critical role in DLBCL development and response to therapy with 

multiple lines of evidence supporting this, however inconsistent and contradictory findings 
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have limited its incorporation into classification systems, with the recent successes in 

genomic landscape studies resulting in a shift of attention. As we shall see in this and the 

next section on management, the ME has importance for disease biology, prognosis and 

therapeutic targeting in DLBCL. 

 

1.4.1 Immune escape 
 

DLBCL cells have developed a number of mechanisms to escape from the host immune 

system and there is evidence to suggest that the efficacy of chemotherapy may in part 

depend on reinstating immune recognition, emphasizing the importance of this mechanism 

in aggressive lymphoma (161). An anti-lymphoma immune response requires presentation 

of a tumour antigen in the context of major histocompatibility complex (MHC) molecules 

expressed on the surface of professional antigen presenting cells (APC) or the malignant 

cells followed by T-cell activation. All nucleated cells express MHC-I and can present 

endogenous antigen to cytotoxic CD8 T cells (TC) whereas APC, which include malignant B-

cells as well as monocytes, macrophages and dendritic cells (DC), can present exogenous 

antigens to both CD4 T-cells via MHC-II and CD8 T-cells via MHC-I (162). T cell activation is a 

process that requires two distinct signals, the first occurs via T-cell receptor (TCR) 

recognition of antigen presented in the context of MHC and the second is a costimulatory 

signal via CD28 on the T-cell surface, usually provided by engagement of a B7 molecule (B7-

1, CD80 or B7-2, CD86) on the surface of the APC (figure 1.6) (163). Following activation, T-

cells undergo differentiation and expansion, however if antigen is presented without a 

costimulatory signal the T-cell becomes anergic and undergoes apoptosis. Immune 

activation in this way is tightly regulated to prevent threats from infected or malignant cells 

but also autoimmunity and unnecessary tissue destruction, a process involving immune 

regulatory cells, expression of coinhibitory receptors and checkpoints together with soluble 

mediators (164). T-cell activation in health and disease therefore involves complex interplay 

between a number of immunomodulatory signals with key activating signals also received 

via CD137 (4-1BB), CD134 (OX40) and CD27 and inhibitory signals through CTLA-4 (cytotoxic 

T-lymphocyte antigen 4), PD-1 (programmed death 1), BTLA (B and T lymphocyte 

attenuator, CD272), LAG-3 (lymphocyte activation gene 3, CD223) and TIM-3 (T-cell 
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immunoglobulin mucin-3, CD366) (165). Over 70% of DLBCL have genetic bases of immune 

escape, which occurs through 2 broad mechanisms - lymphoma cells can either ‘hide’ by 

evading immune detection or ‘defend’ themselves against immune destruction (166).  

 

 

 

Figure 1.6 T cell activation requires two distinct signals. The first signal is mediated by 

antigen presented to the T cell receptor (TCR) in the context of major histocompatibility 

complex (MHC) molecules. The second signal is mediated via the interaction of CD28 on the 

T cell surface with costimulatory molecules (CD80/86). APC, antigen presenting cell; PFN, 

perforin; GzmB, granzyme B; IFN, interferon; TNF, tumour necrosis factor. Figure made with 

Biorender. 

1.4.1.1 Mechanisms to hide from the immune system 
 

A common mechanism by which DLBCL can become ‘invisible’ to the immune system is 

through attenuation of antigen presentation machinery expression, with loss of MHC-I 

occurring in 40-60%, in both GCB and ABC, and loss of MHC-II in 20-40%, more frequently in 

ABC (134, 167-169). Mutation of B2M is the most common cause of MHC-I disruption in 

DLBCL (134). Challa-Malladi et al reported that inactivating mutations/deletions in B2M, 

which is required for MHC-I assembly, frequently co-occurred with similar lesions in CD58, 

impairing the cytolytic capacity of natural killer (NK) cells, resulting in evasion from TC and 

NK mediated destruction. Alterations directly affecting HLA genes, which in humans code for 

MHC molecules, also frequently accounts for MHC-I loss in DLBCL including loss of HLA-I loci 

at 6p21 (140). Mutations of EZH2, GNA13 and MEFD2B, and PTEN deletions were 

significantly associated with MHC-I loss whereas deletions of CD70 and TP53 were 
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associated with MHC-I expression (140). Antigen presentation by MHC-II can be perturbed 

by several mechanisms, including aberrant cytoplasmic localisation, deletion of HLA-II loci 

and inactivation of MHC-II trans activator CTIIA, resulting in downregulation of MHC-II 

surface expression and reduced tumour immunogenicity (170, 171). MHC-II expression is 

epigenetically regulated by CREBBP, which upregulates CTIIA expression via acetylation at its 

regulatory sequences, with CREBBP mutations in DLBCL preventing CTIIA, and hence MHC-II 

expression (142, 143). Histone deacetylase inhibitors have been demonstrated to restore 

MHC-II expression in CREBBP mutated cell lines (172). Genetic lesions associated with ABC 

DLBCL including PRDM1 and TNFAIP3 were frequently seen with MHC-II loss, consistent with 

MHC-II loss being more common in ABC (140, 173). MHC-II loss is also seen in GCB, with GEP 

data suggesting that GCB tumours with MHC-II loss were more closely related to DZ 

centroblasts, while those expressing MHC-II resembled LZ centrocytes (140). Within GCB 

cases, MHC loss was associated with a reduction in both CD4 and CD8 T cells, whereas no 

difference in T-cell infiltration was observed in ABC cases based on MHC expression, 

indicative of COO dependent effects of MHC on the ME (140). EZH2 mutations were 

enriched in DLBCL with MHC-II loss, as in cases with MHC-I loss, with the likely mechanistic 

link repression of their respective trans-activators, NLRC5 and CIITA. EZH2 mutations were 

shown to induce MHC deficiency and immunologically cold tumours in vivo, with EZH2 

inhibition in EZH2 mutated DLBCL cell lines restoring MHC expression (140). Consistent with 

the report of 39% of the EZB molecular subtype having lesions in MHC-II pathway genes 

(123). It is also worth noting that even when expressed, MHC-II may drive immune inhibition 

via interaction with LAG-3 and other immune checkpoints, which are frequently expressed 

on TILs, with increased expression of immune checkpoint genes observed in MHC-II positive 

cases  (140, 166). 

 

The B7 family molecules CD80 and CD86 can have either co-stimulatory activity via CD28, or 

co-inhibitory activity via CTLA-4 effects on T-cells, with a greater affinity for the inhibitory 

pathway (174). The B7 molecules can be expressed both by the lymphoma cells and in the 

ME in DLBCL with loss of CD86 associated with reduced TILs and representing a further 

strategy to avoid immune recognition (175). Intracellular adhesion molecule 1 (ICAM-1, 

CD54) is involved in cell interactions and has a key role in immune synapse formation, with 
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its loss reported in 7% of DLBCL and associated with decreased TILs and immune evasion 

(175). 

1.4.1.2 Mechanisms to defend from the immune system 
 

Lymphoma cells can defend from immune attack via resistance to apoptosis, with 

upregulation of BCL2 a frequent event in DLBCL that can occur via a number of mechanisms. 

The BCL2 family regulate the cell intrinsic pathway of mitochondrial apoptosis with both 

pro- and anti-apoptotic members, with BCL2 a key anti-apoptotic protein (176). Its 

overexpression by DLBCL cells confers a survival advantage over immune killing which was 

associated with inferior outcomes pre-Rituximab, and still is when found in association with 

MYC upregulation (88, 89). The extrinsic pathway of apoptosis activated through 

interactions with T and NK cells via death receptors can also be co-opted to support 

lymphoma survival in DLBCL. FAS (CD95) is a TNF receptor family member with the capacity 

to induce apoptosis in malignant cells following ligation with FAS ligand (FASL, CD95L) 

expressed on TC and NK cells, via a caspase dependent mechanism (177). This process is of 

physiological importance during affinity selection in the light zone of the GC for those B-cells 

not selected (178). Inactivating mutations of FAS occur in 20% of DLBCL, with increased 

frequency in cases with extra-nodal involvement and association with the BN2, C1 and 

NOTCH2 clusters, facilitating escape from immune induced apoptosis (166). It is also 

reported that DLBCL can express FASL, by which they can trigger apoptosis in FAS expressing 

cytotoxic immune cells and is an adverse prognostic marker (179).  

 

DLBCL may also utilise the expression of inhibitory ligands to control immune responses in 

their favour, with MYC expression known to induce inhibitory checkpoints (180). The PD-

1/PD-L1 axis is an immune checkpoint which functions to regulate the balance between T-

cell activation, self-tolerance and autoimmunity, which delivers an inhibitory signal resulting 

in T-cell anergy/exhaustion (181). Corruption of this pathway can facilitate immune escape. 

PD-L1 is known to be expressed in DLBCL by both the lymphoma cells and immune cells in 

the ME, whereas PD-1 expression is generally restricted to the non-malignant, T-cell 

compartment (182). Genetic aberrations involving the PD-L1 locus have been described in 

10-27% of DLBCL, with the Ig locus and CIITA common partners resulting in overexpression, 

but the overall contribution of this pathway to disease biology remains unclear and the 
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efficacy of checkpoint inhibitors in early phase clinical trials have been modest (183-186). 

The C1 cluster was noted to have 20% of cases with gains, amplifications and translocations 

of the PD-L1/2 locus associated with upregulation, consistent with the association of PD-L1 

expression with non-GCB DLBCL (122, 182). Cases with PD-L1 aberrations have also been 

reported to associate with downregulated MHC but increased presence of TILs, NFkB 

activation and higher relapse rates (186). 

 

CD47 is a ubiquitous transmembrane protein known to interact with monocytes, 

macrophages and DC via signal regulatory protein a (SIRPa) to form an innate immune 

checkpoint, delivering an inhibitory, anti-phagocytic signal (187). Expression of CD47 is 

reported in DLBCL and associates with worse outcome, constituting an interaction with the 

myeloid ME that could contribute to Rituximab resistance by suppressing phagocytic activity 

(188). Currently there are a number of promising innate checkpoint inhibitors in 

development to target this mechanism in DLBCL and other cancers, which may act 

synergistically with Rituximab and other monoclonal antibodies (mAb) (187-189). In addition 

to induction of phagocytosis, blocking of this innate checkpoint pathway can also facilitate 

antitumour T-cell responses through presentation of lymphoma antigens following 

phagocytosis (190). 

 

1.4.2 Microenvironment composition  
 

DLBCL typically arise in lymphoid tissues and hence the composition of the ME is usually 

representative of the remaining underlying lymph node structure and despite the frequent 

presence of immune populations, they do not eradicate the lymphoma cells but rather exert 

a regulatory or suppressive effect over the immune response (155). During lymphoma 

development an immunosuppressive ME is induced to promote lymphoma growth and 

further facilitate immune escape mechanisms intrinsic to the malignant cell. This process 

occurs via a number of strategies including suppressive cell populations, ME expression of 

inhibitory checkpoints and excretion of soluble signalling proteins known as cytokines. 
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1.4.2.1 Peripheral blood monocytes and lymphocytes 
 

A number of retrospective studies have shown that pre-treatment absolute monocyte and 

absolute lymphocyte counts (AMC and ALC) provide independent prognostic information at 

both diagnosis and relapse (191-193). These studies have employed the full blood count 

(FBC) to assess the AMC and ALC as surrogate markers of the ME and immunity with higher 

AMC and lower ALC at diagnosis associated with worse outcome after therapy, in both the 

pre- and post-Rituximab era. Although a detailed understanding of the underlying 

mechanism is lacking, myeloid cells play a critical role for innate immunity and regulation of 

T-cell responses by bridging innate and adaptive response. Expansion of circulating myeloid-

derived suppressor cells (MDSC) of monocytic origin have been identified in DLBCL and 

linked to T-cell suppression and outcome (194, 195). These suppressive myeloid cells have 

reduced HLA-DR (MHC-II) expression with consequent effects on antigen presentation and 

are thought to develop in response to IL-10 of malignant B-cell origin (196). MDSC mediated 

suppression has been linked to IL-10 release, PD-L1 expression and modulation of amino-

acid metabolism, as well as correlating with circulating regulatory T cells (Tregs) (194). In-vitro 

work has also demonstrated that co-culture of monocytes with DLBCL cells results in 

proliferation, enabling prolonged B-cell survival (197), with evidence to suggest direct cell 

contact was important, and that the addition of B-cell activating factor of the TNF family 

(BAFF) and IL-2 (interleukin-2) enhanced this proliferative effect. Monocytes from NHL 

patients have also been demonstrated to have impaired innate and adaptive immune 

stimulatory functions (195). Taken together these studies support impaired innate immunity 

in DLBCL and highlight a level of dependency on signals from the myeloid ME, however this 

aspect of ME biology remains understudied (198). Although low ALC has been consistently 

associated with worse outcomes there are only limited data attempting to explore this 

aspect of ME biology. A reduced percentage of CD3 T-cells compared with healthy donors 

has been reported and low CD4 T cell counts have been associated with poor prognosis 

(199, 200). There have been contradictory reports on the levels of circulating 

immunosuppressive Tregs in DLBCL and their relevance to prognosis (200-203). 
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1.4.2.2 Tissue macrophages 
 

Monti et al performed GEP on a large cohort of newly diagnosed DLBCL, reporting variable 

expression of macrophage genes between different disease subsets, and while this did not 

predict survival it reinforced the expression profile heterogeneity in DLBCL and relevance of 

the ME (204). Several groups have employed immunohistochemistry using CD68 as a target 

for macrophage identification in diagnostic biopsy specimens. Work from our own 

laboratory did not find any relation between CD68 staining and outcome (205) and results 

from other groups have been inconsistent (206), perhaps reflecting differences in methods 

and patient populations. Other groups have employed additional markers - including HLA-

DR, CD163 and SPARC - to define subsets of tumour-associated macrophages (TAM) with 

variable results (207-209). Recently the German high grade NHL study group published a 

lymphoma-associated macrophage interaction score based on GEP applicable to FFPE 

biopsies which had a prognostic impact in their cohort (210). An interesting observation by 

Riihijarvi et al was that an increase in TAM in diagnostic samples, as measured by CD68, 

predicted poor outcome in patients treated with chemotherapy alone, but that the opposite 

was seen in patients with the addition of Rituximab to chemotherapy (211). Although the 

precise in-vivo mechanism of action for Rituximab in not known, experimental data supports 

a prominent role for antibody-dependant cellular cytotoxicity (ADCC) of innate immune 

cells, including monocytes and macrophages, via engagement of their FcgR with opsonised 

B-cells, resulting in phagocytosis (212-214). It has also been reported that lymphoma 

patients harbouring a polymorphism in FcgRIIIa (CD16a) - an Fc receptor expressed on NK 

cells, monocytes and macrophages which is important for ADCC – which results in a higher 

affinity receptor, have improved responses to Rituximab (215, 216). Negative regulators of 

phagocytosis such as the CD47-SIRPa axis and adenosine, are known to impair ADCC and 

hence Rituximab activity (217). Induction of an adaptive T-cell response against tumour 

antigens following presentation by APC including macrophages may play a critical role in 

long term disease control following anti-CD20 therapy. These observations would support 

the hypothesis that Rituximab can influence the prognostic impact of TAM in DLBCL.  

 

Interestingly, unpublished data from our laboratory has also identified highly differential 

transcriptomes between macrophages isolated from DLBCL specimens and reactive tissues, 
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and that macrophage depletion in a murine model of aggressive B-cell lymphoma reduced 

tumour volume, further supporting the rationale to explore the myeloid ME in DLBCL. 

 

 1.4.2.3 Tumour infiltrating lymphocytes 
 

A recently published study interrogating the DLBCL tissue ME with GEP and IHC reported 

that the proportion of T-cell infiltration did not associate with survival and as with previous 

studies, lymphoma expression of HLA-I and -II associated with an increased T-cell infiltrate 

(154). They also observed significant heterogeneity within T-cell phenotypes, with a higher 

proportion of immune checkpoint positive T-cells associating with poor outcome, especially 

with a high proportion of TIM-3, LAG-3 and PD-1 positive T-cells, with TIM-3 positivity an 

independent predictor of survival (154). Infiltration by Tregs was frequent in a subset of 

cases but their impact on outcome could not be validated. A previous study assessing TILs 

by flow cytometry on fresh lymphoma tissue identified an increased CD4 T infiltrate as a 

good prognostic factor, with a subsequent study by this group employing ratios of immune 

effector cells as prognostic factors (218, 219). A further study also confirmed the 

importance of immune checkpoint expression in the T-cell compartment finding that LAG-3 

high TILs were a negative prognostic factor and enriched for PD-1 and TIM-3 expression.  

IHC data from our lab found that increased density of CD3 and FOXP3 (forkhead box P3, Treg 

marker) staining were both markers of improved outcome in RCHOP treated patients (205). 

Overall, published studies to date have consistently highlighted the importance of TIL 

signatures but have found inconsistent results with the identification of specific phenotypes 

and / or functional subsets, such as exhausted T-cells expressing multiple inhibitory 

checkpoints, likely key to improved understanding. 

 

 1.4.2.4 Cytokines 
 

Cytokines are small signalling proteins secreted by immune cells to communicate, mediating 

many of the bidirectional interactions between lymphoma cells and the ME, with levels of 

various cytokines found to be upregulated and associated with outcome in DLBCL (220-223). 

Common polymorphisms in TNF and IL-10 have been identified as susceptibility loci for risk 

of DLBCL, suggesting a key role for immune signalling in lymphoma development (224, 225). 
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Cytokines may be secreted by DLBCL cells directly or from the ME cells both within the 

tumour site and at distant sites, with potent immunomodulatory effects on both the 

lymphoma and immune function. IL-10 is a multifunctional immunosuppressive cytokine 

which has been associated with MDSC development and function in DLBCL, induction of Tregs 

to support immune tolerance and stimulates B-cell growth and differentiation, all with the 

potential to enhance lymphoma survival (196, 223). High levels of IL-10 at diagnosis are 

linked to higher AMC and worse outcomes (196, 223). Increased TNFa levels are also found 

in DLBCL and associated with outcome (221). It is an immunostimulatory cytokine which 

plays a role in a number of inflammatory disorders and tumour promotion. IL-6 is a potent 

growth factor for B-cells and has been shown to promote MYC driven lymphomagenesis in 

murine models with increased serum levels associating with poor outcomes (221, 226). 

Finally, TGFb is a T-cell suppressive cytokine expressed by lymphoma cells that induces an 

exhausted T-cell phenotype with high inhibitory checkpoint molecule expression, Treg 

differentiation and impairment of monocyte antigen presentation (163, 227). TGFb is a key 

suppressive molecule secreted by Tregs but can also inhibit lymphoma growth through 

effects on proliferation and apoptosis, with some lymphomas known to acquire resistance 

to its effects (228). TGFb therefore has both the potential to restrict and promote 

lymphoma growth with no clear prognostic impact identified (166). 
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1.5 Management of patients with DLBCL 
 

DLBCL is a curable disease. The addition of Rituximab to the anthracycline containing CHOP 

backbone has improved outcome across all measures, with the benefit maintained over 

extended follow-up such that approximately 60-65% of patients with be cured with frontline 

therapy (68, 229-231). Real world data from our own experience and that reported by the 

HMRN is consistent with this picture. As we have seen with the clinical prognostic scores, 

there is great heterogeneity in outcome in DLBCL but there is currently no reliable method 

to select the highest risk patients not destined to gain benefit from RCHOP. Several 

attempts have been made to improve outcomes by increasing dose and time intensity of 

chemotherapy delivery without clear benefit (232-235). Several retrospective studies from 

the Nordic groups have reported improved outcomes in younger patients with the addition 

of etoposide to standard therapy (RCHOEP), but randomised data are lacking (236-238). The 

GELA (Groupe d’Etudes des Lymphomas de l’Adulte) reported a randomised phase 3 trial 

comparing the intensified regimen RACVBP (Rituximab, Doxorubicin, Cyclophosphamide, 

Vindesine, Bleomycin, Prednisolone) with RCHOP in younger patients with 1 IPI factor, which 

demonstrated superiority over RCHOP at the cost of increased toxicity and their reported 

outcomes with RCHOP were in the lower range of those expected (239). Both RCHOEP and 

RACVBP are included as options for younger patients in the most recent ESMO (European 

Society for Medical Oncology) guidelines but have not been adopted in UK practice (75). A 

phase 3 trial of the infusion-based regimen dose-adjusted REPOCH, containing the same 

agents as RCHOEP, demonstrated no benefit over RCHOP (240). The recently reported UK 

phase 2 trial of the dose and time intensive regimen R-CODOX-M / R-IVAC (Rituximab, 

Cyclophosphamide, Vincristine, Doxorubcin, Methotrexate / Rituximab, Ifosfamide, 

Etoposide, Cytarabine) in patients with IPI scores 3-5 demonstrated a 2 year progression 

free survival of 68% comparing favourably with historical RCHOP data in this group however 

toxicity, especially in patients >50, and requirement for prolonged hospital admission will 

likely limit its use outside selected patients (241). Taken together these studies suggest that 

there is little to be gained from increasing dose and time intensity of conventional 

chemotherapy in DLBCL. 
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A number of attempts have also been made to incorporate novel agents into frontline 

therapy based on biologically actionable insights and efficacy in the relapse setting, but 

again without demonstrating superiority over standard therapy (118, 242-244). Addition of 

an alternative anti-CD20 mAb, Obinutuzumab, to CHOP demonstrated almost the same 

outcomes as with Rituximab, with increased adverse events reported with novel antibody 

(242, 245). The addition of Bortezomib, a proteosome inhibitor targeting the NkFB pathway, 

to RCHOP in the REMoDL-B study also failed to demonstrate benefit over RCHOP, including 

in the ABC subtype as defined by GEP, who were confirmed to have activation of the NkFB 

pathway (118). Targeting of the BCR with the BTK inhibitor Ibrutinib in combination with 

RCHOP in ABC DLBCL also failed to demonstrate benefit over RCHOP in the frontline setting, 

with a subgroup analysis suggesting benefit in younger patients (244). The 

immunomodulatory drug Lenalidomide (Revlimid) is known to have multiple effects on both 

the cellular and cytokine ME, activating NK and T-cell antitumour responses, down 

regulating pro-tumour cytokines and enhancing Rituximab activity, as well as direct anti-

tumour activity, with single agent efficacy in relapsed DLBCL (246, 247). It has also been 

reported to have preferential activity in the ABC subtype with a small phase 2 study 

reporting feasibility of combination with RCHOP (R2CHOP) and abrogation of the negative 

impact of the non-GCB phenotype, as assessed by IHC, compared with database controls 

(248). However, a subsequent phase 3 trial comparing R2CHOP with RCHOP in untreated 

ABC subtype patients, as defined by GEP using a Nanostring platform, failed to meet its 

primary end point with equivalence in PFS (243). Lenalidomide has also been studied in the 

maintenance setting for older patients responding to RCHOP, where 24 months of 

Lenalidomide was compared to placebo, with a PFS but no OS benefit demonstrated, at the 

cost of increased toxicity (249). 

 

Therefore, despite considerable efforts and incorporation of novel agents with efficacy in 

the relapse setting, there has been no improvement on first-line treatment of DLBCL with 

RCHOP, which remains standard of care in the UK. In certain situations, additional therapy is 

recommended for CNS prophylaxis and radiotherapy (RT) to specific sites (e.g., bulk) as well 

as combined modality abbreviated RCHOP and involved field RT (IFRT) for early-stage non-

bulky disease (69, 250). For patients not considered fit enough for RCHOP, dose modified 

immunochemotherapy or substituting the anthracycline for Gemcitabine are options (251, 
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252). It seems likely that either incorporation of biological insights beyond the COO into 

patient stratification, or new combinations based on the RCHOP-X strategy, will be required 

to improve frontline results. However, if robust methods to identify the highest risk patients 

can be developed, moving away from RCHOP in a subset of patients, to entirely novel 

combinations based around immunotherapy may be appropriate. 

 

1.5.1 Management of patients with relapsed / refractory DLBCL 
 

Approximately 10-15% of patients will progress either during or very shortly following initial 

therapy with up to a further 20-30% relapsing after a period of remission (69). Progressive 

disease occurs early in DLBCL, with time to relapse prognostic and event free survival at 24 

months (EFS24) clinically relevant, with those achieving EFS24 having comparable survival to 

age and sex matched controls (253, 254). Late relapses do occur but are infrequent and a 

significant subset of these patients present with low-grade histology highlighting the need 

for repeat biopsy at relapse (255). For patients fit enough, the current standard of care at 

relapse remains re-induction with intensive non-cross resistant chemotherapy followed by 

high-dose chemotherapy and autologous stem cell transplant (ASCT) in chemo-sensitive 

patients (253, 256). Consistent with the requirement to demonstrate chemo-sensitivity prior 

to ASCT, the pre-transplant PET/CT is highly predictive of outcome (257, 258). The 

randomised CORAL study found no difference between 2 commonly employed re-induction 

regimens, with a subgroup analysis indicating that RDHAP (Rituximab, Cisplatin, Cytarabine, 

Dexamethasone) may be more effective in GCB DLBCL (253, 259). The LY12 study showed 

non-inferior results with RGDP (Rituximab, Gemcitabine, Dexamethasone, Cisplatin) 

compared with RDHAP, with less toxicity (260). Although responses to re-induction 

chemotherapy are lower in the Rituximab era, patients who relapse >12 months after 

RCHOP and those with chemo-sensitive disease still gain similar benefit from ASCT as 

Rituximab naïve patients (253, 261). Attempts to improve re-induction strategies including 

addition of Ofatumumab to chemotherapy and maintenance Rituximab post ASCT have 

failed to improve outcomes (253, 262). Currently, only in the region of 10% of patients 

relapsing post RCHOP will gain long-term disease free survival following conventional 

approaches with re-induction followed by ASCT, with many patients not considered fit 
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enough, not demonstrating chemo-sensitivity or progressing post-transplant (figure 1.8) 

(263). 

 

 

 

Figure 1.8 Limited role of autologous stem cell transplant (ASCT) in the rituximab era. Only 

in the region of 10% of relapse patients will be cured with conventional approaches. Figure 

from Friedberg 2011 (263). 
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1.5.1.1 Chimeric antigen receptor T-cells (CAR-T) 
 

For patients not responding to re-induction chemotherapy, outcomes are poor with 

conventional approaches (264, 265). A pooled analysis of several studies in relapse / 

refractory NHL, the SCHOLAR-1 study, reported that median OS for patients with chemo-

resistant disease at relapse was 6 months and only 20% were alive at 2 years (266). In the 

past selected patients with a matched donor, refractory to re-induction or relapsing post-

ASCT, were considered for allogeneic stem cell transplant, with some gaining long-term 

benefit (267-269). However, in early 2019 NICE (www.nice.org.uk) approved the use of 

chimeric antigen receptor T-cells (CAR-T) for patients with DLBCL progressing after 2 or 

more lines of therapy and those relapsing after stem cell transplant, and this is now the 

standard approach for this situation. CAR-T cells are adoptive cellular therapy produced 

from apheresis collected autologous T-cells, which are genetically engineered to express 

CAR constructs. The construct consists of an extracellular tumour antigen binding receptor 

(anti-CD19) to facilitate non-MHC restricted target recognition, a hinge region, a 

transmembrane domain and an intracellular costimulatory / TCR signalling domain to 

activate cell signalling (figure 1.9) (270). Data from 2 pivotal studies of CAR-T therapy in 

refractory DLBCL led to its approval, with remarkable response rates in patients with 

expected poor outcomes with conventional approaches (271, 272). The ZUMA-1 study 

included PMBL and transformed FL as well as DLBCL patients and reported an ORR of 82% in 

101 patients with complete responses (CR) in 54% and OS at 18 months of 52% with 

axicabtagene ciloleucel (271). The updated results show that median OS was not reached, 

and 2-year survival was >50% suggestive of long-term disease control (273). The JULIET 

study reported similarly impressive results with 40% CR and high rates of durable responses 

with tisagenlecleucel (272). It is worth noting that although applicable to some patients not 

considered fit enough for intensive chemotherapy, CAR-T cell therapy is associated with a 

unique set of complications including cytokine release syndrome (CRS) and immune effector 

cell associated neurotoxicity syndrome (ICANS) which require in-patient hospital 

management.  
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Figure 1.9 Schematic representation of a chimeric antigen receptor (CAR) T cell. Figure 

made with Biorender. 

 

1.5.1.2 Relapse in unfit patients 
 

For those patients with relapsed disease not considered fit for ASCT options were fairly 

limited until recently. One strategy involved use of a reinduction regimen delivered 

predominantly as an out-patient and associated with less toxicity, but without consolidation 

ASCT. This would include regimens such as RGDP or RGEMP, which incorporates 

methylprednisolone over the dexamethasone in RGDP (260, 274). Other options include 

Gemcitabine and Oxaliplatin combinations, single agent Pixantrone or purely palliative 

approaches but whatever the approach expected outcomes were very poor (275, 276). The 

recent approval, however, of the antibody-drug conjugate (ADC) Polatuzumab, which 

targets the BCR component CD79b, in combination with the alkylating agent Bendamustine 

and Rituximab (PolaBR) has improved the outlook for ASCT ineligible patients, with reported 

CR rates of 40% and median OS >12 months (277). Polatuzumab consists of an antibody with 

specificity for CD79b covalently linked to a cytotoxic microtubule disrupting drug called 

MMAE (monomethyl auristatin) which is released following internalisation into the target 
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cell. Patients receiving PolaBR would then be potentially eligible for CAR-T cell therapy at 

progression, if deemed appropriate.  

 

1.5.2 Novel approaches in development 
 

There are several novel agents in development for DLBCL therapy which have shown great 

promise, many of which target or modulate the immune system shifting the paradigm from 

cytotoxic chemotherapy. It is likely that some of these agents will gain approval in the 

relapse setting in the near future and may be incorporated into novel combinations for 

frontline trials. 

 

Targeting CD19 
 

CD19 is a highly expressed target on DLBCL as well as normal B-cells and continues to be 

expressed post anti-CD20 mAb therapy in the relapse setting, as demonstrated by the 

success of CAR-T cells against CD19. Tafasitamab is a humanised CD19 directed mAb with an 

Fc domain engineered to reduce affinity for the inhibitory FcgRIIa (CD32) and increase 

affinity for the stimulatory FcgRIIIa (CD16) on immune effectors, resulting in more potent 

ADCC (278). A recent phase 2 study of Tafasitamab in combination with Lenalidomide in 

patients with relapsed DLBCL not eligible for ASCT reported a 43% CR rate with median PFS 

of just over 12 months and a number of durable responses (279). This agent is currently 

being explored in the relapse setting with BR and frontline in combination with RCHOP +/- 

Lenalidomide (280). Loncastuximab is an ADC consisting of a humanised anti-CD19 mAb 

with a cytotoxic pyrrolobenzodiazepine dimer attached (281). A phase 2 study reported 

response rates of 45% and it is currently being investigated in combination with other 

agents in the relapse setting (280). A number of CAR-T cell strategies targeting CD19 are also 

in development with the aims of reducing toxicity and increasing activity (282-284). 
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 Targeting CD20 
 

Bispecific antibodies link 2 antibody fragments, resulting in dual specificity for targets on 

both lymphoma and T-cells in the ME, bringing immune effectors into proximity with the 

malignant cell and stimulating cytotoxicity and cytokine release. Mosunetuzumab is one 

such bispecific T cell engager (BITE) which binds both CD20 (lymphoma) and CD3 (T-cell) and 

has demonstrated efficacy in the relapse setting including relapse post CAR-T cell therapy 

with response rates of 37% and CR rates approaching 20% (280, 285). It is currently being 

trialled in newly diagnosed elderly patients unfit for chemotherapy and updated results are 

awaited. Another BITE currently in development is Glofitamab, which also targets CD20 and 

CD3, but in a ‘2:1’ ratio so that it has two CD20 binding moieties and one for CD3 as well as 

a modified structure to extend its half-life (285). It has been safely combined with anti-CD20 

mAbs to mitigate toxicity and has shown promising results in heavily pre-treated patients. 

Odronextamab, previously known as REGN1979, is a third BITE being studied which also 

targets CD20 and CD3, and has shown efficacy and tolerability in relapsed DLBCL, including 

those patients previously treated with CAR-T cell therapy (280). Finally, Epcoritamab is a 

subcutaneous BITE targeting CD20 and CD3 which can induce potent T-cell mediated 

cytotoxicity in DLBCL with a favourable safety profile also in development (286). Bispecific 

CAR-T cells targeting CD20 as well as CD19, to overcome antigen loss as a mechanism of 

resistance are under investigation (280). 

 

 Targeting CD79b 
 

As discussed above, the ADC Polatuzumab is currently licensed for relapsed patients not 

suitable for reinduction chemotherapy and has also been used in the UK as a bridging 

therapy for patients proceeding CART-T cells.  It is now being studied in the relapse setting 

in combination with anti-CD20 mAbs and Lenalidomide as well as frontline in a phase 3 trial 

with RCHOP versus standard RCHOP, which has now completed accrual with results awaited 

(285). 
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 Targeting CD47 
 

The innate immune checkpoint pathway mediated by the interaction of CD47, expressed on 

DLBCL as well as many other tumours, and SIRPa expressed on monocytes and 

macrophages, is the dominant ‘don’t eat me’ signal employed by normal cells to avoid 

phagocytosis but co-opted in malignancy. Magrolimab is a humanised anti-CD47 mAb that 

induces macrophage phagocytosis by releasing the block on this pathway and has 

demonstrated clinical activity in DLBCL in combination with Rituximab, which provides a 

positive ‘eat me’ signal, with updated results reporting response rates of 36% with durable 

responses seen (189, 280). It was safely combined with other agents and well tolerated with 

anaemia as the main side effect, which was expected given red cells express CD47. 

 

 Targeting the BCR pathway 
 

Although inhibiting the BCR with Ibrutinib did not show a clear benefit in frontline therapy in 

combination with RCHOP, some patients with DLBCL do gain benefit and alternative 

combinations may prove more fruitful (244). As well as inhibiting the BTK, Ibrutinib also has 

activity against ITK (IL-2 inducible kinase) which can promote T helper type 1 (TH1) 

expansion and an antitumour immune response (287). It is currently being investigated with 

Rituximab and Lenalidomide (IR2), which has shown impressive activity in relapsed non-GCB 

DLBCL with response rates in the region of 65%, some of which were durable (288). IR2 has 

also show activity in untreated DLBCL where initial chemo-free treatment with IR2 followed 

by chemotherapy has resulted in impressive responses in high-risk patients (280). 

 

 Targeting BCL2 
 

As we have seen, the BCL2 antiapoptotic protein is overexpressed in up to 30% of DLBCL, 

where in association with concomitant MYC expression (DEL) it confers worse outcome (89). 

Venetoclax is a highly selective inhibitor of BCL2 which is currently licensed in chronic 

lymphocytic leukaemia (CLL) and acute myeloid leukaemia (AML). It has efficacy in patients 

with relapsed disease and has shown high response rates in combination with RCHOP, with 

most DEL cases achieving CR, with further investigation ongoing (289). 
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 Targeting epigenetic pathways  
 

DLBCL patients harbour frequent mutations across many epigenetic controls and disruption 

of these pathways have been implicated in therapeutic resistance as well as immune 

evasion (290). For example, DNA methylation constitutes one of the main epigenetic 

pathways and abnormal patterns of methylation, particularly targeting key genes such as 

BCL6, EZH2 and MYC, occur in DLBCL and are associated with worse survival (291). Abnormal 

methylation patterns influence chemoresistance through dysregulated control of genes 

involved in cell cycle, DNA repair and apoptosis, and restoring normal methylation patterns 

can restore chemosensitivity (290). The DNA methyltransferase (DNMT) inhibitor 5-

Azacytidine can reverse aberrant methylation induced chemoresistance and has been 

investigated in combination with RCHOP in DLBCL with high CR rates (292). We have already 

seen that activating EZH2 mutations occur recurrently in DLBCL, being a seed for one of the 

genetic subtypes, cooperate with BCL6 activity and are linked to loss of MHC expression 

(123, 140, 293). EZH2 mutations have therefore been considered to uncouple GCB cells from 

the normal selection process facilitating growth and survival independent of antigen affinity 

(294). EZH2 inhibitors have demonstrated activity in restoring MHC expression in 

experimental work and combinations with other agents are in clinic development, and while 

responses are more frequent in mutated cases, they also occur in unmutated disease (140, 

294). Inactivating mutations in the histone acetyltransferase CREBBP also occur recurrently, 

with reduced acetylation and resultant gene silencing facilitating immune escape and 

promoting lymphoma development in cooperation with BCL2 overexpression (142). This has 

led to trials of epigenetic modulation with histone deacetylase (HDAC) inhibitors, to restore 

expression of CREBBP regulated genes and hence immune responses, with pre-clinical data 

to suggest combination with checkpoint blockade (e.g., PD-1/PD-L1) may be successful 

(294). HDAC inhibitors are also currently under investigation in combination with 

chemotherapy across various trials in an attempt to circumvent chemoresistance (290). 

Epigenetic modifiers are therefore rational partners for both chemotherapy and 

immunotherapy in DLBCL therapy. 
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 Allogeneic CAR-T cells 
 

In order to reduce the manufacturing time currently required to produce CAR-T cells and 

improve T-cell fitness compared with current autologous T-cells, which may have been 

exposed to cytotoxic agents, and provide economic advantages, premanufactured 

allogeneic CAR-T cells are under study. There is evidence from patients previously in receipt 

of an allogeneic stem cell transplant with subsequent relapse, then treated with CAR-T cells, 

that donor-derived T-cells are effective with minimal graft versus host disease (GVHD) (295). 

Potential complications of an allogeneic product would be rejection due to HLA mismatching 

and GVHD. Genetic engineering techniques have used to produce allogeneic T cells 

expressing a CAR but with HLA expression knocked out (296). 

 

 Concluding remarks on novel approaches 
 

A number of therapies have shown remarkable activity in patients with advanced disease, 

but as with CAR-T cell therapy potentially face a number of challenges to maximise success 

and improve outcomes. CAR-T cell efficacy is currently negated by T-cell exhaustion and 

immune evasion, antigen loss and lack of persistence, with at least half of patients treated 

not gaining long term benefit. Although manageable in most patients, toxicities of CAR-T 

cells can also limit their use together with excessive costs. Many of these limitations will 

apply to other immunomodulatory strategies being developed. It is likely that combination 

with other novel agents to overcome some of these issues or with chemotherapy earlier 

during the disease course will be result in improved efficacy. Sequencing of therapies will 

also be a challenge, as efficacy of certain agents may be impaired after failure of another 

with the same target. Other potential issues include understanding and abrogating the 

unique side-effects, which are very different from conventional cytotoxic drugs, determining 

appropriate combinations based on biology and mechanisms of resistance, as well as the 

development of predictive biomarkers and health economic restraints. The future outlook 

has significantly improved over recent years for patients with DLBCL not cured by RCHOP, 

which may soon come under threat as the standard of care, with trials incorporating 

additional agents such as Polatuzumab yet to report, but there remains much work still to 

be done.    
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1.6 Mass cytometry and imaging mass cytometry  
 

Mass cytometry (MC) and imaging mass cytometry (IMC) are relatively recently developed 

techniques using CyTOF (cytometry by time of flight) technology to study cell suspensions 

and solid tissue architecture respectively. MC shares many features with traditional 

fluorescence-based cytometry (FC) in single cell analysis, however instead of fluorophores 

MC utilises stable isotopes of rare earth metals coupled with antibodies as reporters of 

protein expression, which are detected and quantified by the CyTOF mass cytometer (297). 

The CyTOF is an adaptation of an inductively coupled plasma mass spectrometry (ICP-MS) 

detection system. Samples are vaporised one cell at a time in a high temperature plasma, 

creating an elemental ion cloud which is detected and analysed to reveal the relative 

abundance of each isotopic reporter. Heavy metal isotopes give discrete atomic mass 

readouts allowing many more parameters to be measured simultaneously without the 

concern of spectral overlap seen with FC (298). Since the isotopes used as reporters rarely 

occur in biological tissues and laboratory environments there is little background signal 

analogous to auto fluorescence (299). 

 

Until recently MC technology had only been applied to cell suspension samples. IMC was 

developed to couple immunohistochemistry (IHC) methods with MC based high-resolution 

laser ablation to facilitate highly multiplexed tissue imaging with spatial information (300). 

Tissues are stained using an adapted IHC workflow with antibodies tagged with metal 

isotope reporters. A region of interest (ROI) on the stained slide is then laser ablated in a 

Hyperion imaging system (Fluidigm) and the resulting ion cloud, corresponding to a single 

laser shot, is detected and analysed. IMC allows interrogation of multiple protein markers in 

tissue sections at cellular and subcellular resolution (approximately 1µm2) while preserving 

tissue architecture and cell morphology. Nuclear stains and membrane counter stains 

facilitate cell boundary definition and segmentation. A data matrix is produced which can be 

used to generate false-colour images in which several markers can be viewed 

simultaneously in different colours. A number of analysis tools are available or in 

development to facilitate single cell and spatial analysis from tissues analysed with IMC 

(301, 302). Both MC and IMC will be used in this work. 
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1.7 Summary and hypothesis 
 

A number of lines of evidence including disease associations, susceptibility loci, GEP studies, 

recurrent genetic lesions, the prognostic nature of PB immune cell counts and the success of 

many immune targeting / modulating approaches, all suggest that the non-malignant 

immune ME is critical to DLBCL development and outcome following therapy. Currently the 

major unmet needs include improved patient stratification at diagnosis, a clinically 

actionable sub-classification, predictive biomarkers, improved outcome following frontline 

therapy, novel options for those patients not fit enough for RCHOP and better outcomes for 

those with relapsed disease, all while minimising toxicity. Although great progress has been 

made across many of these needs, improved understanding of disease biology will be key to 

further advancement. 

 

It is known that PB immune cell populations vary enormously between individuals but are 

remarkably stable within healthy individuals (303). Despite this, the simple metrics of AMC 

and ALC have repeatedly been shown to be prognostic in DLBCL, yet interpretation of 

individual features can be difficult, with variation across immune populations and signalling 

proteins often coordinated. Therefore, understanding the system in a more complete way is 

likely key to identifying relevant patterns associated with disease and response to therapy. 

This work will focus primarily on the PB immune compartment in DLBCL to perform 

comprehensive immune monitoring at diagnosis. We will also develop novel methods to 

facilitate the interrogation of diagnostic tissue biopsies with relevance to the ME based on 

our immune monitoring work. 

 

We hypothesise that detailed study of the ME immune populations in DLBCL will reveal key 

insights into the immune system at the population, single-cell and signalling protein levels, 

and provide key insights into the mechanism of the prognostic significance of the AMC and 

ALC as well as the influence of the ME on disease biology and response to therapy. 

Ultimately, we aim to develop immune signatures associated with both disease and 

outcome with translational relevance to patient stratification and targeted therapy.  
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2. Materials and Methods 
 

2.1 Human samples and clinical data 
 

2.1.1 Ethics statement  
 

All human blood and tissue samples used in this work were collected from patients prior to 

receiving any treatment are detailed in the relevant chapter. Samples were accessed under 

approval from the London Research Ethics Committee (LREC) of east London and the city 

health authority for the study ‘the impact of the tissue microenvironment and immune 

system on haematological malignancies’ (05/Q0605/140). All patients gave written informed 

consent according to the Declaration of Helsinki and blood and tissue suspension samples 

were collected and stored by the Barts Cancer Institute (BCI) tissue bank team.  

 

2.1.2 Healthy donor peripheral blood mononuclear cells (PBMCs) 
 

Human leucocyte cones produced during apheresis platelet donation by anonymous healthy 

blood donors were obtained from the National Health Service blood and transplant 

(NHSBT). All donors gave informed consent and cones were received by the transfusion 

laboratory at St Bartholomew’s hospital (Barts). PBMCs were isolated by density gradient 

centrifugation using Lymphoprep (Stemcell technologies) as per manufacturer’s 

instructions. Briefly, cones were cut open at both ends and inserted into a 50ml falcon tube, 

the blood product was pushed through the cone by injection of air followed by rinsing with 

phosphate buffered saline (PBS). The blood product was made up to 50ml in PBS and mixed 

thoroughly. Lymphoprep was then added in 5ml aliquots to 5 x 15ml falcon tubes, followed 

by 10mls of the blood product PBS mix such that it layered on top of the Lymphoprep with 

minimal mixing. The 5 x 15ml falcons were then centrifuged at 1500 revolutions per minute 

(rpm) for 30 minutes at room temperature (rt) with slow acceleration / deceleration. 

Following centrifugation, the buffy coat, the middle layer consisting of the leucocytes, was 

aspirated with a Pasteur pipette from each tube into a single 50ml falcon and made up to 
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50ml in PBS and centrifuged at 1500 rpm for 5 minutes at rt. The wash step was repeated, 

and the supernatant discarded, followed by a 5-minute incubation with Red Cell Lysis Buffer 

(Biolegend) at rt. Cells were washed x 2 in PBS followed by cell counting with the LUNA-II 

automated cell counter and cryopreserved or rested overnight at 37 °C in a 5% CO2 

humidified incubator for immediate applications. 

 

2.1.3 PBMC cryopreservation  
 

Following the final PBS wash the supernatant was discarded and the cell pellet resuspend in 

complete medium of Roswell Park Memorial Institute 1640 medium (RPMI) with 10% FBS 

and 1% Penicillin-Streptomycin at 2 x the required cell concentration per ml. A 

cryoprotectant mix of 20% dimethyl sulfoxide (DMSO) in foetal bovine serum (FBS) was 

prepared. A mix of 0.5ml cells and 0.5ml cryoprotectant was added to each cryovial for a 

final concentration of 10% DMSO. Cryovials were then place in a Mr. Frosty (Nalgene) filled 

with 100% isopropyl alcohol and placed at -80 °C for 24 hours prior to storage in liquid 

nitrogen. PBMCs were stored at 10, 30, 50 or 100 x 106/ml. 

 

2.1.4 DLBCL patient PBMCs  
 

Cryopreserved (liquid nitrogen) PBMCs isolated from patients with newly diagnosed DLBCL 

prior to any therapy, including steroids, were obtained from the BCI tissue bank. Patients 

were identified from the Barts clinical database as those treated in the Rituximab era who 

received treatment and subsequent follow up at our institution. Patients subsequently 

identified to have transformed from another type of lymphoma and those diagnosed in the 

context of immune suppression (HIV, PTLD, methotrexate treatment) were excluded, as 

were patients with PMBL and TCRDLBCL. 
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2.1.5 DLBCL patient and healthy donor serum 
 

Frozen serum samples stored at -80 °C which had been collected from patients with newly 

diagnosed DLBCL prior to therapy were obtained from the BCI tissue bank. Samples were 

chosen based on availability and to overlap where possible with the DLBCL PBMC samples. 

Exclusions as previously. Healthy donor serum was collected by the BCI tissue bank from 

anonymised healthy donors working at BCI. 

 

2.1.6 Tissue Single cell suspensions (SCS) 
 

Cryopreserved (liquid nitrogen) tissue SCSs from both non-lymphoma patients, reactive 

lymph nodes and tonsils (RNLT) and DLBCL patients, lymph node (LN), were obtained from 

the BCI tissue bank based on availability. Surplus material from diagnostic biopsies was 

collected under sterile conditions by tissue bank technicians. Briefly, samples were dissected 

on a pre-cooled tray and passaged through a 70µm filter under gravity followed by x2 

washes (1500 rpm, 5 minutes, rt) in sterile complete media. Following viability assessment, 

SCSs were the cryopreserved as described above for healthy donor PBMCs.  

 

2.1.7 Formalin-fixed paraffin-embedded (FFPE) tissues 
 

Patients were identified by searches of the Barts lymphoma database and the Barts clinical 

pathology reporting system. Diagnostic histology reports were then assessed to identify 

cases with sufficient tissue that would be appropriate for tissue microarray (TMA) 

preparation. Samples with potential suitability were retrieved from the pathology archive or 

BCI histology storage. Clinical databases were used to confirm pre-treatment status. 

Exclusions as previously. Reactive tissues and Hodgkin’s lymphoma samples that had been 

well characterised in other work were used for validation work and control groups. 
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2.1.8 Clinical and follow-up data  
 

The Barts clinical information systems and lymphoma database were used to confirm 

diagnosis and pre-treatment status in all patients included in this study. Patient 

characteristics, including IPI factors and diagnostic FBC were documented. All patients were 

confirmed to have been treated with RCHOP. Follow-up and outcome data were collected 

for all patients.  

 

2.2 Mass cytometry (MC) 
 

2.2.1 Antibody panels 
 

Initial feasibility experiments were carried out with the Maxpar human monocyte / 

macrophage phenotyping panel kit (Fluidigm) using healthy donor PBMCs and RNLT SCSs. 

Subsequently, four broad antibody panels were designed to identify the main immune 

populations and subsets, and to interrogate the expected phenotypic and functional 

heterogeneity within the DLBCL PB and tissue MEs. Target antigens were selected based on 

their ability to identify specific populations (‘lineage markers’), subsets within populations 

and activation / functional status. The four panels were termed ‘Myeloid’, ‘T-cell’, ‘Cytokine’ 

and ‘Lymph node’ with certain essential markers represented in each panel (Table 2.1).  

 

2.2.2 Choice of metal reporter 
 

Although panel design for MC is less problematic than for flow cytometry due to the use of 

metal reporter molecules, overlap or signal interference may still occur, and a number of 

factors need to be considered when pairing antibodies with metal tags in panel design (304).  

 

Commercially available pre-conjugated antibody-metal pairs: Validated, published antibody-

metal tag pairs that were available from Fluidigm were selected where available. Where an 
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antibody was available with multiple tags, the tag with the least signal interference 

according to the Maxpar panel designer was chosen. 

 

Metal Sensitivity: mass cytometers are set up for maximum ion detection in the mass range 

of 153 - 176 – up to 3 x higher than at either end of the spectrum. Therefore, it is considered 

standard practice to use ‘bright markers’ which are highly expressed on positive cells (e.g., 

CD45) conjugated to metals detected in the least sensitive mass window (e.g., 89 Y, 

Yttrium). This also reduces signal interference from abundant targets. Conversely, markers 

with lower abundance per positive cell or with a continuum of expression are paired with 

metals detected in higher sensitivity channels, allowing for maximum signal detection. 

 

 

Table 2.1 MC antibody panels used in this study. See appendix for vendor, clone and 

staining concentration. Grey – common lineage markers used across panels. CD, cluster of 

differentiation; HLA, human leucocyte antigen; PECAM1, platelet endothelial adhesion 

molecule 1; IL, interleukin, IL-1RA; LAG-3, lymphocyte activation gene 3 protein; CCR2, C-C 

chemokine receptor 2; TIM-3, T cell immunoglobulin and mucin domain-containing protein 

3; CCL3, CC chemokine ligand 3; TGF, transforming growth factor; IFN, interferon; NKG2D, 

natural killer group 2D; MMR, macrophage mannose receptor; CTLA-4, cytotoxic T 

lymphocyte associated protein 4; CX3CR1, CX3C chemokine receptor 1; PD-1, programmed 

cell death protein 1; PD-L1, programmed death-ligand 1; CXCR4, C-X-C chemokine receptor 

4 (Table on next page). 
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Table 2.1 MC antibody panels used in this study. Legend on previous page. 

 

 

Metal Tag Myeloid T-Cell Cytokine Lymph node
89 Y CD45 CD45 CD45 CD45

141 Pr CD47 IL-10 CD47

142 Nd CD19 CD19 CD19 CD19

143 Nd HLA-DR CD197 HLA-DR CD197

144 Nd CD38 CD38 CD38 CD38

145 Nd PECAM-1 (CD31)

146 Nd CD64

147 Sm CD11c CD20 CD20 CD20

148 Nd CD14 CD14 CD14 CD14

149 Sm CD56 CD56 CD56 CD56

150 Nd CD223 (LAG-3) IL-1RA CD223 (LAG-3)

151 Eu CD123 CD123 CD107a

153 Eu CCR2 (CD192) GATA-3

154 Sm CD3 CD3 CD3 CD3 

155 Gd CD172a T-Bet T-Bet T-Bet

156 Gd CD366 (TIM-3) CCL3 CD366 (TIM-3)

158 Gd CD33 CD134 (OX40) IL-2 CD134 (OX40)

159 Tb CD274 CD274

160 Gd CD28 CD28 CD28

161 Dy CD25 IL-6 CD25

162 Dy CD8 CD8 CD8 CD8

163 Dy CD272 TGFβ

164 Dy CD86

165 Ho CD163 IFNɣ NKG2D

166 Er CD13 FoxP3 FoxP3 FoxP3

167 Er CD11b CD27 CD27 CD27

168 Er MMR (CD206)

169 Tm CD32 CD45RA CD45RA CD45RA

170 Er CD40 CD152 (CTLA-4) IFNα CD152 (CTLA-4)

171 Yb CD226 (DNAM-1) Ki67 CD226 (DNAM-1)

172 Yb CX3CR1 CD279 (PD-1) CD279 (PD-1) CD279 (PD-1)

173 Yb CD91 Granzyme B Granzyme Granzyme

174 Yb CD127 CD127

175 Lu CXCR4 (CD184) Perforin Perforin Perforin

176 Yb CD4 CD4 CD4 CD4

191/193 Ir Iridium Iridium Iridium Iridium

195 Pt Cisplatin Cisplatin Cisplatin Cisplatin

209 Bi CD16 CD16 CD16 CD16
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Signal Interference: there are 3 sources of ‘overlap’ in MC experiments, termed isotopic 

impurity, metal oxidation and abundance sensitivity (figure 2.1) (304). The metal tags 

available from Fluidigm, either pre-conjugated to an antibody or for custom conjugation, are 

of high purity (97-99%), with any impurity originating from trace presence of other isotopes 

of the same metal. Isotopic impurity is usually the most prominent source of signal overlap. 

All custom conjugations were performed with metal isotopes acquired from Fluidigm. Prior 

to acquisition of a sample, the CyTOF instrument is tuned to ensure that oxidation is less 

than 3% for Lanthanum (La), the most readily oxidised metal. The two metals used as 

reporters with the potential to form significant oxides are Nd (Neodymium) and Sm 

(Samarium), and where possible these metals were paired with less abundant targets or 

those where the antibody paired with the channel at risk of signal interference was a 

mutually exclusive target. Signal from oxidation is detected in the metal (M) +16 channel, 

for example oxidation from 146 Nd would be detected in the 162-mass channel. Abundance 

sensitivity, where a highly detected signal spills into the adjacent channel, either 

immediately above or below (M +/-1), was generally negligible except where the adjacent 

channel was also a target for isotopic impurity. All antibodies were titrated to minimise 

signal interference. 
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Figure 2.1 Mass cytometry sources of signal interference. There are 3 potential sources of 

signal interference or overlap in MC experiments a. Isotopic impurity occurs due to the 

presence of traces of other isotopes of the specific metal tag for a particular antibody (e.g., 

naturally occurring neodymium Nd has 5 stable isotopes 142, 143, 145, 146 and 148). 

b. Oxidation occurs during plasma ionisation of isotopes (cells are re-suspended in water 

prior to acquisition). Oxide formation gives a predictable signal at M+16 (oxygen has an 

atomic mass of 16). c. Abundance sensitivity results in signal detection in the M+/- 1 

channel. Figure from Takahashi et al, 2016 (304). 
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2.2.3 Heavy-metal conjugation of antibodies 
 

The majority of antibodies used in this study were purchased from Fluidigm already pre-

conjugated with the appropriate heavy-metal isotope. Where required, custom 

conjugations were performed using Maxpar X8 antibody labelling kits according to the 

manufacturer’s protocol. Purified antibodies in PBS for the required target were purchased 

prior to conjugation. The conjugation process involves 3 steps, preloading or chelating the 

polymer with the appropriate heavy-metal isotope, partially reducing the antibody, to break 

the disulphide bonds in the Fc portion, exposing sulfhydryl groups, and conjugation of the 

antibody with the metal-loaded polymer. Briefly, antibody concentration was determined 

using a spectrophotometer (Nanodrop) at 280nm, followed by buffer exchange by washing 

100ug of antibody with R buffer (Fluidigm) using a 50 kDa Amicon Ultra centrifugal unit, 

0.5ml (Millipore). The polymer was then preloaded by incubation with L buffer (Fluidigm) 

and the appropriate heavy-metal isotope at 37 °C for 40 minutes. The metal-loaded polymer 

was washed x 2 with L buffer using a 3 kDa Amicon Ultra centrifugal unit. The antibody was 

partially reduced by incubation with 4mM TCEP (Tris (2-carboxyethyl) phosphine 

hydrochloride, Thermo Fisher) solution at 37 °C for 30 minutes. The partially reduced 

antibody was conjugated with the washed metal-loaded polymer by incubation at 37 °C for 

90 minutes. Conjugated antibodies were washed x 5 with W buffer (Fluidigm) and collected 

by adding W buffer to the filter and inverting into a new collection tube and centrifuging x 2. 

Protein content was measured with the Nanodrop and the conjugated antibody was stored 

in antibody stabilisation buffer (Candor Bioscience) supplemented with 0.05% (w/v) sodium 

azide at 4 °C. To ensure that the recovered antibody had been tagged with the metal 

reporter following conjugation, capture beads (BD biosciences) were stained and acquired 

prior to titration.  

 

2.2.4 Antibody titration and validation of cryopreserved samples 
 

For MC experiments, antibodies are titrated not to saturating levels, but to the minimum 

concentration that would allow robust identification of positive and negative populations 

while minimising signal interference. This was most relevant to highly abundant target 
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antigens where potential for spill over was greatest. Metal minus one (MMO) staining was 

also performed, analogous to fluorescence minus one (FMO) in FC, to assess potentially 

significant signal interference (figure 2.2). Titration and validation experiments were carried 

out using healthy donor PBMCs. Given that all patient samples available for this work were 

cryopreserved and stored in liquid nitrogen, an assessment was made of staining 

consistency on a single healthy donor (JF) both pre- and post-cryopreservation whereby 

PBMCs were stained following isolation from a leucocyte cone and again following 

resuscitation after a short period of time in liquid nitrogen. The same donor was used 

throughout the study as a quality control sample and staining consistency was monitored 

throughout the study. This allowed assessment of technical variation induced by the 

cryopreservation process. The cryopreservation process resulted in some cell loss as well as 

some minor loss in signal intensity from a number of markers, which was most prominent 

for CD16 on NK cells (figure 2.3). However, both manual gating and unsupervised clustering 

of cell populations was highly consistent as were staining patterns for all markers tested. 

Following these initial validation experiments the original CD16 antibody, conjugated to 148 

Nd was substituted for CD16 – 209 Bi (Bismuth) and CD14, previously tagged with 160 Gd 

(Gadolinium) was moved to 148 Nd, which resulted in consistent staining patterns with 

improved CD16 signal on cryopreserved samples.  
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Figure 2.2 Metal minus one (MMO) experiment to assess signal interference. Healthy 

donor PBMCs were stained with antibody A (171Yb) but not antibody B (172Yb). Increasing 

concentration of antibody, A (left to right) results in increasing signal detected in the 171Yb 

channel (upper panel, x-axis) but also increasing signal ‘spill’ into the 172Yb channel (lower 

panel, x-axis). Signal interference occurs here due to both isotopic impurity (171Yb tag 

contains traces of 172Yb) and abundance sensitivity (adjacent channel). Titrating down the 

staining concentration of antibody A reduces spill while still allowing separation of A+ and A- 

cells (far left upper and lower panels). 
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Figure 2.3 Healthy donor JF PBMCs stained post isolation from the leucocyte cone (top 

row) and following cryopreservation and thaw (bottom row). These viSNE plots show 

expression of selected antigen markers to highlight T cells, myeloid cell and NK cells. Each 

point on the map represents a single cell, with cells of a similar phenotype being placed 

close to each other, such that each population can be recognised as a distinct ‘island’ on the 

map. The cryopreservation resulted in some minor signal loss but with consistency of 

staining for all markers except CD16, particularly on NK cells. An alternative CD16 antibody 

with a more consistent pattern of staining on cryopreserved samples was used for patient 

samples. 

 

2.2.5 Cell resuscitation following cryopreservation 
 

Cryovials were transferred from liquid nitrogen storage to the laboratory on dry ice. Aliquots 

of 1mg/ml DNase 1 (Sigma) were thawed at rt. Complete media was warmed to 37 °C. 

Cryovials were thawed rapidly at 37 °C. A volume of 1ml DNase 1 diluted to 0.05mg/ml in 

complete media was added dropwise with a Pasteur pipette directly into the cryovial and 

the cells and media were transferred to 15ml falcons containing 8mls of complete media 

with 0.05% DNase 1. Cells were washed at 1500 rpm for 8 minutes at rt. The supernatant 

was discarded, and the cell pellet resuspend in 0.5ml of 1mg/ml DNase 1. A volume of 1ml 
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of warm media was added and the cells and media were filtered through a 70µm sterile 

CellTrics cell strainer (Sysmex) into a new 15ml falcon. The cells were topped up to 10ml 

with media and washed as previously. The supernatant was discarded, 1ml of media added 

and cell-counts and viability assessed with the LUNAR-II. Cells were adjusted to required 

concentration for staining or rested in a humidified incubator prior to functional 

experiments. This protocol was applied to both PBMC and SCS samples. 

 

 

2.2.6 Cell stimulation for functional assays 
 

Cell stimulation was performed in a 250µl volume in a 96 well plate for PBMCs and in a 

500µl volume for SCSs. For monocyte stimulation in PBMC samples, LPS (lipopolysaccharide) 

solution 500x was added at 0.5µl per well together with 0.5µl of protein transport inhibitor 

cocktail 500x for 6 hours in a humidified incubator. The protein transport inhibitor cocktail is 

a mixture of brefeldin A and monensin. For T-cell stimulation, cell stimulation cocktail plus 

protein transport inhibitors 500x was added at 0.5µl per well for PBMCs and at 1µl in SCSs 

for 6 hours in a humidified incubator. The cell stimulation cocktail is a mixture of phorbol 

12-myristate 13-acetate (PMA), ionomycin, brefeldin A and monensin. For unstimulated 

samples only the protein transport inhibitor cocktail was added at 0.5µl for PBMCs and 1µl 

for SCSs. All cell stimulation reagents were purchased from eBiosciences (Thermo Fisher). 

 

2.2.7 Cell surface staining protocol 
 

PBMCs were stained in 96 well v-bottom plates (Grenier-Bio) and SCSs were stained in 5ml 

falcons. A cell-surface antibody staining master-mix (x2) was prepared with appropriate 

volumes of each antibody diluted in cell staining buffer (CSB, Fluidigm) to a total volume of 

50µl per sample to be stained. The master-mix was made up in a 0.1µm spin-filter 

(Millipore) and centrifuged at 12000 rcf (relative centrifugal force) at rt for 1 minute to 

remove antibody aggregates. See relevant chapter for antibody staining concentrations. 

Aliquots of up to 3 x 106 cells were washed in CSB at 300 rcf at rt for 5 minutes and 

resuspended in 35ul CSB, then 15µl of human TruStain FcX Fc receptor blocking solution 
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(BioLegend) was added at rt for 15 minutes. After Fc block, 50ul of the cell-surface antibody 

staining master-mix (x2) was added to each sample and incubated at 4 °C for 45-60 minutes 

followed by x 2 CSB washes. Cells were then stained with cisplatin (Fluidigm), a viability 

reagent able to permeate the membranes of dead cells and bind covalently to cellular 

proteins, by spiking the cell pellet with 100ul of 5µm cisplatin in PBS at rt for 3 minutes. A 

final concentration of 2.5µm was used for SCSs. The cisplatin reagent contains a mixture of 

naturally occurring platinum (Pt) isotopes and was best detected in the 196 Pt channel. The 

cisplatin reaction was quenched with CSB, and cells were washed x 3 in CSB. Cells were then 

fixed in 2% formaldehyde freshly diluted from the stock supply of Pierce 16% Formaldehyde 

(w/v), (Thermo Fisher), in PBS and stored overnight at 4 °C prior to intracellular staining. For 

surface staining only, the fix step and cell-ID iridium intercalator step were combined, see 

below. 

 

2.2.8 Intracellular staining protocol 
 

Intracellular staining for both transcription factors and cytokines was with the eBiosciences 

FoxP3 / transcription factor staining buffer set (Thermo Fisher), according to the 

manufacturer’s protocol. Fixed samples were retrieved from 4 °C storage and washed x 2 

with CSB at 800 rcf at rt for 5 minutes. The cell pellet was resuspended in 200µl of FoxP3 

Fix/Perm working solution at rt for 60 minutes, followed by 2 x Perm buffer washes at 600 

rcf at rt for 5 minutes. Intracellular staining antibody master-mix (x2) as per surface staining. 

See relevant chapter for antibody staining concentrations. The cell pellet was resuspended 

in 50µl of Perm buffer and 50µl of the intracellular staining antibody master-mix (x2) was 

added to each sample and incubated at rt for 30-45 minutes followed by x 2 Perm buffer 

washes.  

 

2.2.9 Cell-ID iridium intercalator staining protocol 
 

Cell-ID iridium (Fluidigm) is a cationic nucleic acid intercalator which contains natural 

abundance iridium (Ir), 191 Ir and 193 Ir. It is live cell membrane impermeable but following 

fixation it can freely diffuse inside stained cells and form non-covalent interactions with 
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DNA in the cell nucleus. It is used to mark nucleated cells and for doublet exclusion. A 

working intercalator solution was prepared by adding Cell-ID iridium to freshly prepared 

1.6% formaldehyde to a final concentration of 125nM. For surface staining only, this step 

was combined with fixation such that the intercalator solution was prepared in 2% 

formaldehyde to the same concentration. Cell pellets were resuspended in 100µl of 

intercalator solution and incubated at 4 °C overnight. 

 

2.2.10 Data acquisition 
 

Prior to acquisition, samples were washed x 2 in CSB at 800 rcf at rt for 5 minutes followed 

by 2 x washes in Maxpar water (Fluidigm). Cells were resuspended at 0.5 - 0.75 x 106 

cells/ml (PBMCs) or 0.25 – 0.3 x 106 cells/ml (SCSs) in Maxpar water supplemented with 1 x 

EQ four element calibration beads (Fluidigm) and acquired on a CyTOF2 mass cytometer 

(Fluidigm) via a super-sampler fluidics system at an event rate of < 500/second.  

 

2.2.11 Cryopreservation of samples post staining 
 

On occasion, due to technical issues with the CyTOF instrument it was not possible to 

acquire samples immediately after staining as planned. In this situation if the delay was a 

short duration samples were kept stored in the intercalator solution for up to 48 hours prior 

to acquisition. However, for longer periods, samples were cryopreserved as per Sumatoh et 

al (305). Briefly, following cell-ID iridium staining samples were washed x 2 in CSB and 

resuspended in 150µl of FBS with 10% DMSO and snap frozen at -80 until acquisition. This 

was only required for some PBMC samples and not for SCSs. Plates were thawed at rt on the 

day of acquisition and final washes were as per data acquisition section.  

 

 

 

 



 88 

2.2.12 Number of events to acquire on the CyTOF2 
 

In order to ensure acquisition of an appropriate number of events it is helpful to know the 

estimated frequency of the rarest population of interest in the relevant sample. However, 

when high-dimensional single-cell techniques are used to analyse complex biological 

samples there is potential to discover uncharacterised populations where frequency data is 

unknown. In the process of MC, stained cells (events) are presented for ablation and hence 

analysis at random and their distribution will be described by Poisson statistics. Any subset 

of (rare) cells (of interest) will also be distributed at random with the parent population. The 

essential feature of Poisson distributions is that if N target events are collected, the 

standard deviation (SD) of that number of target events is the square root of N. The 

coefficient of variation (CV) is given by 100 x SD/N (306). This has important consequences 

in determining how many events to collect, for example if a cell subset of interest is smaller 

by a factor of S than another population of interest then the total number of events 

processed must be increased S x to maintain precision. Table 2.2 demonstrates how this 

information can be used to determine the total number of events to be acquired for a given 

precision. 
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Desired CV 

(%) 

  1 2.5 5 10 20 

  
 

  
   

  

Events of interest 10,000 1,600 400 100 25 

  
 

  
   

  

  
 

  
   

  

Occurring at a frequency of Total number of events required for a given precision 

  
 

  
   

  

% 1 in            

  
 

  
   

  

10 10 100,000 16,000 4,000 1000 250 

1 100 1,000,000 160,000 40,000 10,000 2,500 

0.1 1000 10,000,000 1,600,000 400,000 100,000 25,000 

0.01 10,000 100,000,000 16,000,000 4,000,000 1,000,000 250,000 

 

 

Table 2.2 Determination of the total number of events to be acquired for a given 

coefficient of variation (CV). For single cell techniques, including mass cytometry, simple 

calculations based on Poisson statistics can be used to determine the total number of events 

to be acquired for a given precision, for populations of interest occurring at varying 

frequencies. Table adapted from Hedley and Keeney, 2013. 

 

Therefore, for a CV of 5% and a population of interest occurring at 10% frequency of PBMCs 

a total of 4,000 events would need to be collected, whereas if the frequency was 1% of 

PBMCs, a total of 40,000 events would need to be acquired to maintain the same CV. The 

majority of sample acquisitions for this work have been > 50,000 events which gives a 

practical balance between efficient use of machine time and likely frequency of immune 

populations of interest in the peripheral blood. Some patient samples contained fewer 

events than this, with 5,000 live CD45+ events considered the minimum acceptable for 

population frequency analysis. However, all events were combined for initial data 

exploration with approximately four million events analysed, facilitating rare population 

discovery. 
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2.2.13 Data normalisation and gating 
 

Following acquisition, data were transformed into fcs file format by the CyTOF2 software 

and normalised. Normalised fcs files were then uploaded to either Cytobank 

(www.cytobank.org) or OMIQ (www.omiq.ai) and manually gated to remove beads, debris, 

doublets and dead cells. Live singlets were gated for CD45+ events. Plots of CD19 v CD3 and 

CD14 v CD3 were viewed to estimate remaining doublets from the dual positive populations 

and gating refined where necessary to ensure this was <0.5%. Manual gating of immune cell 

subsets and further analysis using a combination of high-dimensional data analysis tools was 

performed in OMIQ. 

 

2.2.14 High-dimensional data analysis methods 
 

Visual inspection of 2-dimensional marker plots to identify known cell populations positive 

for lineage and/or functional markers traditionally used in FC data analysis has a number of 

limitations, which are magnified with the increasing number of parameters used in MC data 

generation (307). These limitations include problems with operator bias, reproducibility and 

identification of unknown or unexpected populations. To address these issues a number of 

clustering and dimensionality reduction algorithms have been developed to facilitate data 

analysis. Clustering algorithms essentially define populations of cells with similar expression 

patterns of the markers used for clustering in an automated way. These automated analysis 

techniques are generally grouped into unsupervised and supervised methods (308). 

Unsupervised approaches use clustering methods to detect cell populations, which can be 

from a single sample or from multiple samples, allowing the potential for unknown 

populations to be identified in an unbiased manner. Such algorithms are useful for 

exploratory analyses, assessing the diversity of populations within and between samples 

and have been used to compare population frequencies between groups of samples (309). 

Supervised approaches rely on inputs of a biological and / or clinical variables, for example 

disease status or outcome, describing each sample to train a model, which can then be used 

for differential abundance analysis or to predict the status of a new sample (307). These 

methods are useful for biomarker discovery, where a cell population abundance or 
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expression of a specific marker can be used to predict future occurrence of the input 

variable e.g., disease status. Unsupervised analysis techniques used during this work for 

dimensionality reduction were viSNE, Opt-SNE and UMAP and for clustering Phenograph 

and FlowSOM (310-313). The edgeR framework and SAM (statistical analysis of microarrays) 

were used for statistical differential abundance and feature analysis described by disease 

and outcome status (314-316). 

 

2.2.15 Quality control (QC) 
 

Daily calibration: sensitivity drift for signal detection in individual mass channels of the 

CyTOF2 are accounted for by daily acquisition of a high purity standard tuning solution, 

containing known quantities of elements, prior to running samples. Only when the signal 

interference from oxidation of 139 La in the tuning solution is <3% is the instrument 

considered ready for sample acquisition, thus minimising undesired signal. 

 

EQ calibration beads: errors can also result from signal sensitivity drift across all channels 

over time during acquisitions due to variations in instrument performance (317). This can be 

accounted for by mixing samples with polystyrene beads embedded with metal isotopes, EQ 

calibration beads, prior to acquisition, followed by data normalisation to correct for signal 

fluctuations. The EQ beads contain a mixture of natural abundance cerium (Ce), europium 

(Eu), holmium (Ho) and lutetium (Lu), metals which cover the mass range of the CyTOF2. 

The beads can be used to assess the sensitivity of the CyTOF2 and sample transmission 

efficiency prior to running samples, as well as normalisation post acquisition. Any variation 

in the bead signal following normalisation may be used to determine data quality, following 

which the beads are gated out prior to further analysis. 

 

Control PBMCs: A standard healthy donor control PBMC sample (JF) was stained and run 

with each batch of patient PBMC samples for QC purposes. These samples were assessed to 

ensure signal intensities and frequency of immune populations were consistent with each 

batched run. See figures 2.4 -2.6 demonstrating manually gated events for each JF control 

sample from 10 batches acquired with the myeloid panel (parent CD45+ live events) and 
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from 7 batches acquired with the T-cell panel. The samples acquired with the cytokine and 

lymph node panels were run in 2 batches with control samples.  

 

 

 

 

 

Figure 2.4 Frequencies of gated immune populations for healthy donor JF across each of 

10 MC PBMC Myeloid panel staining batches. Parent population CD45+ live events. 

Populations as per key. NK, natural killer, cDC, conventional dendritic cells, pDC, 

plasmacytoid dendritic cells.  
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Figure 2.5 Frequencies of gated immune populations for health donor JF across each of 10 

MC PBMC Myeloid panel staining batches. Parent population CD45+ live events. 

Populations as per key. DP, double positive, DN, double negative, NK, natural killer, cDC, 

conventional dendritic cells, pDC, plasmacytoid dendritic cells. 
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Figure 2.6 Frequencies of gated immune populations for health donor JF across each of 7 

MC PBMC T-cell panel staining batches. Parent population CD3+ live events. Populations as 

per key. TEMRA, CD45RA positive effector memory, DP, double positive, DN, double 

negative, NKT, natural killer T cells. 
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2.3 Mesoscale discovery (MSD) electrochemiluminescence cytokine detection 
 

2.3.1 Principles of assay 
 

The MSD electrochemiluminescence platform was used to assay cytokine and chemokine 

levels in the serum of healthy donors and pre-treatment DLBCL patients. MSD multi-array 

technology enables multiplex detection of soluble proteins using electrochemiluminescence 

technology. Specifically, SULFO-TAG labels are used which emit light upon electrochemical 

stimulation initiated at the electrode surfaces of multi-spot microwell plates. This system 

offers the ability to simultaneously measure 10 analytes in the same well with minimal 

background and high signal to background ratios since the electrical stimulation mechanism 

is uncoupled from the light signal detection mechanism. The U-plex system was used, which 

facilitated design of a multiplex assay with a custom combination of analytes. The principle 

of the assay is that biotinylated capture antibodies are coupled to U-plex linkers which 

assemble onto unique spots in each well of the U-plex plate. Analytes of interest in the 

sample then bind to the capture antibody. A detection antibody conjugated to a SULFO-

TAG, which acts as the electro-chemiluminescent label, binds the analyte to complete the 

sandwich immunoassay (figure 2.7). Once the assay is complete, the U-plex plate is loaded 

into the MSD instrument (MESO QuickPlex) where a voltage is applied to the plate 

electrodes causing any bound detection antibody SULFO-TAG to emit a light signal. The 

instrument measures the intensity of the emitted light signal, which is proportional to the 

amount of analyte, giving a quantitative measure of each analyte of interest detected in the 

sample. Each assay is supplied with a set of calibrators containing known concentrations of 

all the analytes of interest, which are assayed in duplicate along with the samples. The 

calibrators are used to generate a standard curve from the maximum calibrator standard 

(point 1, top of curve), across 6 serial dilutions (4-fold dilutions, points 2-7) and zero (point 

8, bottom of curve) to generate an 8 point standard calibration curve, from which the signal 

assayed samples are quantified. 
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Figure 2.7 MSD U-Plex immunoassay on a 10-assay plate. Biotinylated capture antibodies 

are coupled to U-plex linkers, which bind to specific spots on the assay plate (numbered). 

Analytes of interest in the sample bind to the capture antibody. The sandwich assay is 

completed by binding of the detection antibody, which has an electrochemiluminescent 

label (Sulfo-tag) which is detected by the plate reader (figure adapted from 

www.mesoscale.com). 

 

2.3.2 Assay workflow 
 

All cytokines and chemokines were assayed in duplicate with serum samples according to 

the manufacturer’s instruction. All assays were done in 96-well plates with 10 analytes 

assayed per plate, all reagents were from MSD. Briefly, all reagents and samples were 

brought to room temperature (rt) and each antibody was assigned to a unique linker, 

corresponding with the numbered spot in the well as per figure 2.8. Each biotinylated 

antibody was coupled with its selected unique linker by combining and incubating at rt for 

30 minutes. Each of the 10 linker-coupled antibodies per plate were combined and coated 

to each well. The plate was sealed and incubated with shaking at rt for 1 hour. The plate was 

washed x 3 with PBS-T (PBS with 0.05% Tween-20, Thermo Fisher). The calibrator standards 

were prepared in serial 4-fold dilutions. Calibrator standards and samples were added to 

each well and the plate was sealed and incubated at rt for 1 hour, followed by x 3 washes 

with PBS-T. Detection antibody was then added to each well and the plate incubated with 

shaking at rt for 1 hour, followed by x 3 washes with PBS-T and addition of MSD gold read 

buffer. The plate was immediately read using the MSD instrument. Initial data generation 
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was done in the MSD discovery workbench software and raw data was exported for further 

analysis. See figure 2.8 for schematic workflow overview. 

 

 

   

 

Figure 2.8 MSD U-plex workflow overview. The workflow involves three steps, coupling the 

capture antibodies to the corresponding U-plex linkers, coating the plate with the coupled 

antibodies, followed by addition of the sample and detection of the analytes of interest 

(figure adapted from www.mesoscale.com). 
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2.4 Immunohistochemistry (IHC) and imaging mass cytometry (IMC) 
 

2.4.1 FFPE tissues for IHC and IMC 
 

All tissues used were FFPE, either individual tissue blocks or TMAs. All sections were cut by, 

and TMAs constructed by Andrew Clear. All tissues were reviewed by an expert Haemato-

pathologist, Professor M Calaminici, to confirm diagnosis and select arears of tissue 

appropriate to array. Patients were selected to array based on availability of quality tissue 

and where possible to overlap with availability of other diagnostic samples. Validation work 

was done with individual tissue sections from both reactive tissues (tonsil) and Hodgkin 

lymphoma tissue (lymph node) that had been extensively characterised by my colleague Dr 

Joseph Taylor with IHC as part of another project. The TMA construction process involved 

expert pathology review of a Haematoxylin & Eosin (H&E) stained section, followed by 

marking of areas of interest on the slide and also corresponding areas on the original tissue 

block. Marked donor blocks were then arrayed by taking a core of tissue from the block and 

inserting it into a recipient block in either duplicate or triplicate. In this way many patient 

cases can be analysed on the same slide at the same time. Also, due to the time constraints 

of ablating large areas of tissues across many slides, IMC is ideally suited to analysing TMAs.  

 

2.4.2 IHC staining  
 

IHC was used primarily to validate antibodies to be conjugated to heavy-metal isotope 

reporters for development of an IMC panel of antibodies and to confirm consistency of 

tissue staining between the 2 modalities. Tissue sections were cut to 3µm thickness and 

dried overnight at 60 °C in an oven. Sections were then de-waxed and dehydrated through 2 

x 10-minute changes of xylene and 1 x 10-minute change of industrial methylated spirits 

(IMS). This was followed by blocking of endogenous peroxidase activity in 2% H2O2 in IMS 

solution for 2 x 5-minute incubations and 1 x 5-minute incubation in IMS. Slides were then 

transferred to distilled water. Heat induced epitope retrieval was performed using a 

pressure cooker with slides incubated in citric acid based unmasking solution (Vector) at full 

pressure for 10 minutes. Slides were cooled in running tap water followed by x 1 wash in 
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distilled water for 10 minutes. Slides were marked with a hydrophobic barrier pen and 

rinsed x 2 in wash buffer (tris-buffered saline with tween, Dako), followed by x 2 PBS washes 

and then blocked with SuperBlock blocking buffer (Thermo Fisher) for 45 minutes at rt. 

Slides were then incubated with the appropriate dilution of primary antibody in Signal stain 

antibody diluent (Cell Signalling Technologies, CST) in a hydration chamber at 4 °C overnight. 

Detection was performed with the Vectastain ABC HRP kit (Vector) as per manufacturer’s 

instructions. Slides were rinsed x 2 in wash buffer and incubated with the appropriate 

Vector biotinylated secondary antibody, diluted in antibody diluent, to recognise the 

primary antibody of interest at rt for 30 minutes. Slides were rinsed x 2 in wash buffer and 

incubated with the ABC reagent at rt for 20 minutes. Finally, slides were rinsed x 2 in wash 

buffer and DAB applied at rt for 10 minutes. Slides were then rinsed in distilled water and 

dried prior to Haematoxylin counterstaining. 

 

2.4.3 Haematoxylin counterstaining 
 

Following antibody staining and detection slides were counter stained by immersion in Gill’s 

Haematoxylin for 5 minutes, running tap water wash, 3 x rapid dips in acid alcohol, running 

tap water wash, immersion in Scott’s solution for 3 minutes and running tap water wash. 

The sections were then dehydrated through 3 x 2 minutes in IMS followed by 3 x 5 minutes 

in xylene to clear. Slides were then cover slipped by Andrew Clear. Once dried slides were 

scanned using a digital slide scanner (Pannoramic 250 Flash, 3DHISTECH or NanoZoomer, 

Hamamatsu). 

 

2.4.4 IMC staining  
 

An extensive panel of antibodies was developed and validated to characterise the tissue 

microenvironments of both DLBCL and Hodgkin lymphoma, working with another project by 

Joe Taylor. I focused mainly on the antibody validation and staining, while Joe Taylor worked 

on image analysis, specifically cell segmentation pipelines for downstream analysis. 

Antibodies were purchased pre-conjugated to heavy-metal isotope reporters (Fluidigm) or 

purified in PBS for custom conjugation. Maxpar X8 antibody labelling kits were purchased 
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from Fluidigm, and the conjugation protocol was as described above. The staining protocol 

was optimised based on our pre-optimised IHC protocol. Briefly, antigen retrieval steps were 

performed as per IHC staining, following the pressure cooker step, slides were washed for 

10 minutes in distilled water, encircled with a hydrophobic barrier pen, rinsed x 2 in wash 

buffer, washed x 2 in PBS and blocked with SuperBlock at rt for 45 minutes. During the 

blocking step, the required antibody master-mix (x1) was prepared by diluting appropriate 

volumes of each antibody in antibody diluent in a 0.1µm spin-filter, followed by 

centrifugation at 12000 rcf at rt for 1 minute, to remove antibody aggregates. Slides were 

then incubated with 100 - 200µl of antibody master-mix depending on tissue area and 

incubated in a hydration chamber at 4 °C overnight. The following morning, slides were 

washed x 2 with wash buffer and x 2 with PBS followed by nuclear staining with iridium 

intercalator diluted in PBS to 125nM in a hydration chamber at rt for 30 minutes. Slides 

were washed x in distilled water and air died overnight. Prior to acquisition, the Hyperion 

imaging mass cytometry system was tuned with a 3-element tuning slide (Fluidigm) for daily 

QC as per manufacturer’s protocol. Regions of interest were selected based H&E slides or 

whole cores for TMAs. Tissue was ablated at 200Hz. Data was exported as MCD files and 

assessed for staining quality visually using MCD viewer (Fluidigm, figure 2.9). TIFF image 

stacks were exported from MCD viewer and uploaded to Visiopharm for cell segmentation. 
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Figure 2.9 Hodgkin lymphoma lymph node for IMC validation. Sections stained with both 

PD-L1 and PD-1 by IHC (left, staining by Dr Joseph Taylor) and with PD-L1 by IMC (right, 

stained by Dr Ed Truelove). 

 

2.5 Statistical analysis 
 

Raw data were uploaded to Cytobank and OMIQ for MC experiments. MSD data were 

generated used workbench discovery. Data were exported and processed in Microsoft Excel 

and R (version 4.0.3). Statistical comparisons were performed in OMIQ, GraphPad Prism 9 

and R. For frequency correlations between different batches of CyTOF runs linear regression 

was used to compare gated populations from the health donor JF. Data was assessed for 

normal distribution visually and by both D’Agostino-Pearson and Shapiro-Wilk normality 

tests. For normally distributed data, the paired t-test was performed, where not normally 

distributed, the Mann-Whitney test was used for paired analysis. For correlation of non-

normally distributed data, Spearman’s rank correlation was used. Overall survival was 

estimated using the Kaplan-Meier method and compared with the log-rank test. EdgeR was 

used for differential abundance analysis performed in OMIQ with a false discovery rate 

(FDR) of 0.05 (318).  
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3. Clinical prognostic tools and diagnostic full blood counts in DLBCL 
 

3.1 Introduction 
 

DLBCL is a curable disease but there is heterogeneity in outcome among individual patients. 

One strategy with potential to improve outcomes would be development of reproducible 

tools to identify the highest risk patients at diagnosis, facilitating upfront treatment with an 

alternative strategy, such as entry into a clinical trial of RCHOP X, with a novel agent added 

to standard care or cellular therapies currently reserved for relapsed disease. As we have 

seen, there are a number of clinical prognostic tools available and routinely used including 

the IPI, R-IPI and NCCN-IPI, but while these scoring systems give useful prognostic 

information, they fail to identify sufficiently those patients who do not benefit from RCHOP 

(94-96). The improved outcomes seen in the rituximab era, together with the intrinsic 

biological heterogeneity of DLBCL hinder the ability of the clinical parameters incorporated 

into these tools to act as surrogates for the genetic and molecular features of the tumour. 

However, although recent genetic studies have identified reproducible subtypes, a 

significant proportion of cases were not classified, and the molecular techniques required 

for classification are not available to most patients (122-124). The prognostic tools include 

factors specific to the patient, such as age and performance status, and to the lymphoma 

such as stage, involved sites of disease and LDH but do not incorporate parameters 

reflecting immune system variation. A number of retrospective studies have utilised 

peripheral blood counts as surrogates for the lymphoma ME and host immune response, 

which have been shown to provide prognostic information at both diagnosis and relapse 

(191-193, 319). These studies demonstrate that a higher absolute monocyte count (AMC) 

and lower absolute lymphocyte count (ALC) at diagnosis consistently associate with worse 

outcome. A detailed understanding of the underlying mechanism is lacking but monocyte 

populations have been linked to immune suppression and tumour supportive functions in 

DLBCL (194-197). A further layer of supportive evidence for the importance of immune cells 

in DLBCL is provided by the mechanism of action of a number of novel therapies, including 

bispecific T cell engager (BiTE) antibodies, innate immune checkpoint inhibitors and cellular 

therapies, which harness the power of immune effector cells (189, 271, 280, 285, 320).  
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3.2 Aims 
 

We sought to assess the prognostic nature of the clinical prognostic tools (IPI, R-IPI and 

NCCN-IPI) and diagnostic AMC and ALC in patients treated with RCHOP or RCHOP-like 

therapy at our centre. 

 

3.3 Methods 
 

3.3.1 Patient selection 
 

Patients were identified through the Barts lymphoma data base and pathology reporting 

system and confirmed to have a diagnosis of DLBCL or as healthy stem cell donors, used for 

a comparator group. Patients with clinical samples available for analysis, detailed in relevant 

chapters, were prioritised for inclusion together with patients with available IPI parameters 

and pre-treatment FBC. All available data were confirmed using clinical information systems 

with reference to pathology reports, radiology reports, MDT forms and clinical letters. Date 

of diagnosis was confirmed by diagnostic histopathology report and date of last clinic 

follow-up or date of death recorded. All patients received RCHOP, RCHOP plus bortezomib 

or RCODOXM/RIVAC as first line therapy. Patents with PMBL, TCRDLBCL, underlying low 

grade lymphoma and lymphoma diagnosed in the context of immune suppression (HIV, 

PTLD, methotrexate) were excluded. The IPI, R-IPI and NCCN-IPI were calculated as 

previously described (94-96). 
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3.3.2 Statistical analysis 
 

Overall survival was calculated from the date of diagnosis to date of last follow-up or death 

and estimates were obtained by the Kaplan-Meier method and compared between groups 

using the two-tailed log-rank test (321). The AMC and ALC were analysed as dichotomised 

variables either split as determined by X-tile (http://www.yalepath.org/edu//PathCamp/x-

tile/) or as previously published (191, 322, 323). The Cox proportional hazards model was 

used to evaluate the AMC, ALC and IPI factors as prognostic variables.  
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3.4 Results 
 

3.4.1 Patient characteristics 
 

A total of 195 patients with histologically confirmed DLBCL, treated at our centre with 

frontline rituximab and anthracycline based therapy with available follow-up data were 

identified. Of these patients, full IPI data were available for 179, NCCN-IPI data for 169 and 

pre-treatment FBC for 146. Patient characteristics and prognostic groups are summarised in 

table 3.1. The median age was 62 years (range, 17-90) and 56% were age over 60 years. 

Most patients had Ann Arbor stage III/IV disease (57%), ECOG performance status of 0 or 1 

(76%) and a raised LDH (70%). Extra-nodal involvement at 2 or more sites was identified in 

21% of patients. The median follow-up was 4 years (range, 0.1-13.7) and median overall 

survival (OS) was 10.9 years, with an estimated 5-year OS of 72% (95% confidence interval, 

62-74) and 68 deaths recorded (figure 3.1). 

 

 

Figure 3.1 Probability of overall survival for all patients with diffuse large B-cell lymphoma 

(n=195). Vertical lines at censored events. 
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Table 3.1 Patients characteristics (n=179 for IPI and R-IPI, n=169 for NCCN-IPI). Data are n 

(%) except age, median (range). NCCN organ involvement = bone marrow, central nervous 

system, liver/gastrointestinal tract or lung 

 

 

Characteristic Data

Age, years
Median (range) 62 (17-90)

Age groups, years
≤40 26 (15)
41-61 52 (29)
61-75 63 (35)
>75 38 (21)

Ann Arbor stage
I/II 77 (43)
III/IV 102 (57)

ECOG performance status
0/1 136 (76)
≥2 43 (24)

LDH
Normal range 53 (30)
1-3 x ULN 94 (52)
>3 x ULN 32 (18)

Extranodal sites
0/1 141 (79)
≥2 38 (21)

NCCN organ involvement
No 122 (72)
Yes 47 (28)

IPI risk group
Low (0/1) 60 (34)
Low-intermediate (2) 38 (21)
High-intermediate (3) 42 (23)
High (4/5) 39 (22)

R-IPI risk group
Very good (0) 18 (10)
Good (1/2) 80 (45)
Poor (3/4/5) 81 (45)

NCCN-IPI risk group
Low (0/1) 23 (14)
Low-intermediate (2/3) 64 (38)
High-intermediate (4/5) 53 (31)
High (6/7/8) 29 (17)
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3.4.2 Performance of the clinical prognostic tools 
 

Patients were allocated into groups according to each of the 3 prognostic tools (table 3.1). 

The IPI identified 34% as low risk, 21% as low-intermediate risk, 23% as high-intermediate 

risk and 22% as high risk. The R-IPI categorised 10% as very good risk, 45% as good risk and 

45% as poor risk. The NCCN-IPI, which applies a weighted score to age and LDH and 

recognises only specific extra-nodal sites as prognostic indicators, identified 14% as low risk, 

38% as low-intermediate risk, 31% as high-intermediate risk and 17% as high risk.  

 

 

 

 

Figure 3.2 Probability of overall survival by the international prognostic index (IPI), n=179. 

Vertical lines at censored events, Log-rank p-value<0.0001. 
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Figure 3.3 Probability of overall survival by the revised international prognostic index (R-

IPI), n=179. Vertical lines at censored events, Log-rank p-value<0.0001. 

 

The IPI, R-IPI and NCCN-IPI all defined risk groups with significantly different OS (p<0.0001). 

The 5-year OS estimates for the four IPI groups were 88%, 75%, 69% and 39% (figure 3.2), 

for the three R-IPI groups were 100%, 81% and 55% (figure 3.3), and for the four NCCN-IPI 

groups were 100%, 82%, 64% and 33% (figure 3.4). The NCCN-IPI had the greatest absolute 

difference between 5-years OS for the highest and lowest risk groups defined. The R-IPI and 

NCCN-IPI both identified a subgroup of patients with very favourable long-term outcomes 

with no deaths recorded during the follow-up period. However, the R-IPI in particular 

allocated a poor risk group with heterogeneous outcome, with 5-year OS estimates > 50%. 

The IPI and NCCN-IPI identified high risk groups with 5-year OS estimates of 39% and 33% 

respectively.  
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Figure 3.4 Probability of overall survival by national comprehensive cancer network 

international prognostic index (NCCN-IPI), n=169. Vertical lines at censored events, Log-

rank p-value<0.0001. 

 

3.4.3 Absolute monocyte and lymphocyte count in DLBCL and healthy donors 
 

For the 146 DLBCL patients with FBC data available prior to commencing therapy, the AMC 

and ALC were compared to a healthy donor group consisting of 116 stem cell donors (figure 

3.5). The median AMC was higher in DLBCL patients (0.6 x 109/L range, 0.1-2.3 x 109/L) than 

in healthy donors (0.4 x 109/L range, 0.2-0.9 x109/L). The median ALC was lower in DLBCL 

patients (1.5 x 109/L range, 0.2-6.8 x 109/L) than in healthy donors (1.68 x 109/L range, 0.79-

3.76 x109/L). The normal ranges for AMC and ALC at our centre are 0.2-1.0 x 109/L and 1.0-

3.0 x 109/L respectively. The median age of the healthy donors was 47 years (range, 18-62). 
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Although the age of the healthy donor group was lower than the DLBCL patients, there were 

no correlations between either AMC or ALC and age within either group (figure 3.6).  

 

 

 

Figure 3.5 Absolute monocyte and lymphocyte count data from healthy stem cell donors 

(n=116) and DLBCL patients (n=146). Median AMC is higher and ALC lower in DLBCL 

(p<0.0001). Comparisons by Mann-Whitney U-test. 

 

 

 

 

 

Figure 3.6 No correlation of age with absolute monocyte and lymphocyte counts from 

healthy stem cell donors (n=116) and DLBCL patients (n=146). All correlations not 

significant (ns) by Spearman rank. Age v AMC (red), r=-0.04 (healthy donors), r= 0.03 

(DLBCL). Age v ALC (blue), r=-0.1 (healthy donors), r= -0.06 (DLBCL).  
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3.4.4 Absolute monocyte and lymphocyte count as prognostic factors in DLBCL 
 

To evaluate the prognostic significance of the pre-treatment AMC and ALC, they were 

assessed as dichotomised variables, using cut-points defined by X-tile as well as those 

previously reported (191, 322, 323). The optimal cut-points identified by X-tile were 1.1 x 

109/L for AMC and 0.9 x 109/L for ALC, which both separated our cohort into groups with 

different outcome (p<0.05, figure 3.7). In the published literature, 0.6 x 109/L and 1.1 x 109/L 

have been used as cut-points for AMC and ALC, respectively. These cut-points were also 

able to separate our cohort into groups with distinct outcome (p<0.05, figure 3.8). Although 

the cut-points identified in our cohort by X-tile performed slightly better in separating 

outcome groups, the previously published cut-points were taken forward for further 

analysis as they demonstrated significance in our patients as well as in independent cohorts. 

On univariate analysis, both AMC high (≥ 0.6 x 109/L) and ALC low (< 1.1 x 109/L) were 

associated with inferior outcome with hazard ratios of 2.6 (95% CI, 1.1-5.8, p=0.023) and 3.0 

(95% CI, 1.6-5.5, p<0.01), respectively. For comparison, each of the IPI factors were also 

assessed on univariate analysis with all except >1 extra-nodal site of disease being 

associated with inferior outcome (p<0.05). Including the IPI factors with significance on 

univariate analysis with AMC high and ALC low on multivariate analysis demonstrated that 

ALC low, age, performance status and stage all retained significance as adverse prognostic 

factors (figure 3.9). The AMC and ALC were not different in DLBCL based on the cell of origin 

(COO) subtype defined by immunohistochemistry (IHC) (p ns by Mann-Whitney U-test). 
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Figure 3.7 Probability of overall survival for DLBCL patients separated by AMC and ALC. 

DLBCL patients with AMC < 1.1 x109/L had superior outcomes that those with AMC ≥ 1.1 x 

109/L, while patients with ALC < 0.9 x 109/L had inferior outcomes to those with ALC ≥ 0.9 x 

109/L (p<0.05). Cut-points defined by X-tile. 

 

 

 

  

 

 

Figure 3.8 Probability of overall survival for DLBCL patients separated by AMC and ALC. 

DLBCL patients with AMC < 0.6 x109/L had superior outcomes that those with AMC ≥ 0.6 x 

109/L, while patients with ALC < 1.1 x 109/L had inferior outcomes to those with ALC ≥ 1.1 x 

109/L (p<0.05). Cut points defined by previously published studies (191). 
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Figure 3.9 Multivariate analysis for overall survival in DLBCL. Hazard ratio > 1 indicates an 

increased risk of death in the presence the specific factor. AMC high, absolute monocyte 

count ≥ 0.6 x109/L; ALC low, absolute lymphocyte count < 1.1 x109/L; IPI, international 

prognostic index; LDH, lactate dehydrogenase; PS, performance status. 

 

 

3.4.5 Absolute monocyte and lymphocyte count prognostic score 
 

The AMC / ALC prognostic score has also been developed as a tool to stratify patients based 

on the pre-treatment FBC (191). This groups patients into 3 categories based on the 

presence of AMC high and ALC low as adverse factors, such that low risk patients have 

neither, intermediate risk have one and high risk both. Applying this score to our cohort 

separated 3 groups with distinct outcome, but as with the IPI scores failed to clearly identify 

the highest risk patients (p<0.0001, figure 3.10). 
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Figure 3.10 Probability of overall survival for DLBCL patients separated by AMC / ALC 

prognostic score. The prognostic score is based on presence of AMC high (≥ 0.6 x 109/L) and 

ALC low (< 1.1 x 109/L) as adverse factors. Low risk patients have neither adverse factor, 

intermediate risk 1 and high risk both. Log-rank p-value<0.0001. 

 

Applying the AMC / ALC prognostic score to the highest risk patients identified by each of 

the prognostic tools was able to further stratify these groups. Patients with a high AMC / 

ALC prognostic score in each of the highest risk groups according to the IPI, R-IPI and NCCN-

IPI had 1-year OS estimates of 32%, 38% and 24% with 5-year OS estimates of 16%, 32% and 

0%, respectively (all p<0.05), with the NCCN-IPI and prognostic score combining to identify 

the highest risk group in our cohort (table 3.2). 
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Table 3.2 Overall survival estimates at 1-year and 5-years for patients in the high-risk 

prognostic tool groups with a high AMC / ALC prognostic score. 

 

3.5 Discussion  
 

Each of the clinical prognostic tools developed for DLBCL could identify distinct groups of 

patients based on outcome in our cohort of patients. The NCCN-IPI performed best in terms 

of identifying a group with the poorest outcome as well those with a very favourable long-

term survival. The R-IPI also identified a group with very favourable outcome but failed to 

discriminate a group with < 50% 5-year OS. All 3 risk scores were unable to clearly identify 

patients with the most aggressive disease for whom RCHOP could be considered 

inadequate, consistent with their performance in other independent cohorts (97, 98). 

 

Data from both preclinical studies and trials of novel agents have highlighted the 

importance of the immune system in DLBCL, and a number of groups have demonstrated 

the ability of parameters from the pre-treatment FBC to define prognostic groups (106, 163, 

189, 191, 192, 194, 195, 197, 201, 203, 218, 280, 284, 285, 324, 325). We have shown in our 

cohort that DLBCL patients have a higher AMC and lower ALC than healthy donor controls 

and confirmed that within DLBCL patients, both AMC high and ALC low are adverse 

prognostic factors. The presence of both factors predicts poor outcome and further 

stratifies the poor risk patients identified by each of the IPI, R-IPI and NCCN-IPI. This 

OS estimates for high risk prognostic tool groups with AMC / ALC prognostic score high

1-year OS (95% CI) 5-year OS (95% CI) p value

IPI high 32% (9-59%) 16% (1-47%) 0.020

R-IPI poor 38% (18-57%) 32% (12-52%) 0.002

NCCN-IPI high 24% (4-52%) 0% NA 0.020
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suggests that incorporation of features relevant to the immune ME into conventional 

prognostic scores may improve discrimination of the poorest risk patients.  

Cells of the myeloid lineage have the potential to impact disease progression both 

negatively, by suppressing anti-tumour T-cell mediated immunity and through lymphoma 

supportive functions, but also positively via their innate phagocytic capacity, critical to the 

mechanism of action of monoclonal antibodies (mAb) and disruption of the CD47-SIRPa 

pathway (189, 194, 326). The observed relative monocytosis has prognostic significance in 

DLBCL, which may be explained by the presence of suppressive populations, acting via 

inhibitory ligand or suppressive cytokine expression, and / or by secretion of factors 

supporting lymphoma growth and proliferation (194, 195, 327, 328). The recent success 

seen in relapsed DLBCL with CAR-T cells suggest that T-cell suppression likely plays a key 

biological role in lymphoma immune evasion, which can be overcome in some patients 

treated with immune effector cells, whereas in others continued ME suppression is critical 

to their failure (284). This is likely facilitated, at least in part by cells of the myeloid ME. 

 

The relative lymphopenia we have observed in DLBCL, again with prognostic significance, 

may also feasibly represent a biomarker of impaired immunity. The examples of PTLD and 

HIV associated lymphoma allude to a key role of immune suppression in development and 

progression of lymphoma. The ALC also represents a key marker of immune reconstitution 

and outcome predictor following both autologous and allogeneic stem cell transplantation 

(323, 329-331). As we have seen, genetic mechanisms of evasion from T and NK cell 

recognition, lineages represented in the ALC, frequently co-occur in DLBCL, suggesting that 

the relative lymphopenia may represent a quantitative mechanism of immune escape in 

DLBCL (134). Taken together these data imply that the relative lymphopenia seen in DLBCL 

reflects underlying immune dysfunction. 

 

The evidence linking both AMC high and ALC low with adverse outcomes in DLBCL raises the 

possibility that improved biological understanding of these immune cell populations might 

facilitate development of novel prognostic models and therapeutic strategies. To address 

this question and understand the biological basis of these changes in immune cell 

populations, we performed a detailed phenotypic single-cell analysis of the peripheral blood 
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immune ME and explored cytokine signatures together with the cytokine producing capacity 

of immune cell populations in DLBCL. These data will be presented in the next two chapters. 

 

Limitations of the study 

 

Whilst the findings in this study have confirmed the utility of the clinical prognostic scores 

and the AMC / ALC in separating patients in our cohort into groups with distinct outcome, 

there are limitations which must be acknowledged. Firstly, there were several patients with 

missing data, with 10 excluded from NCCN-IPI assessment and 33 from AMC / ALC 

assessment. The blood count data proved particularly challenging due to a change in 

pathology results technology at St. Barts hospital during the late 2000’s. This resulted in a 

‘black hole’ period in which retrospective pathology reporting data was not easily available.  

During the data collection phase, patient sex was not documented since it does not feature 

in the prognostic scoring systems. However, some studies have suggested male sex to be an 

adverse factor, especially in those treated with Rituximab containing therapy (332). Finally, 

we did not capture cytomegalovirus (CMV) status during data collection for our patient 

cohort. As with sex, CMV status does not feature in the clinical assessment tools but, 

however is known to influence immune responses and this data would have been 

interesting considering our subsequent work detailed in the remainder of the thesis. 
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4. Comprehensive immunophenotyping of peripheral blood immune 
populations in DLBCL 
 

4.1 Introduction 
 

The human immune system consists of a complex network of many cell populations and 

signalling molecules with specialised functions and shows considerable inter-individual 

variation but with relative stability within an individual over time, at least in healthy subjects 

(303). Immune cell populations can vary according to a broad range of host specific and 

environmental factors including genetics, aging, sex, the microbiome, viral exposure and 

vaccination, as well as various disease states (333). A given individual’s immune system will 

encounter a unique combination of myriad exposures, but despite this, patterns emerge 

within groups of patients which can facilitate our understanding of immunological response 

to disease. In recent years the emergence of immune monitoring with mass cytometry (MC) 

has facilitated the simultaneous analysis of multiple immune populations in high dimension 

within a single sample across many patients (334). Single-cell technologies such as MC lend 

themselves to the study of complex and variable immune cell populations found in human 

samples. Such approaches can define the cellular landscape at both a global and population 

level, as well as cellular behaviours down to a single cell, with the potential for discovery of 

immune signatures associated with disease and response to treatment. Once such pattern is 

the relative increase in monocytes and decrease in lymphocytes seen in DLBCL which 

consistently associate with outcome following therapy. Although a number of studies point 

to potential mechanisms for this observation, a detailed characterisation of these 

populations in DLBCL patients is lacking, with study of the heterogeneous myeloid 

compartment particularly neglected (198, 335). Further, given the shift in focus towards 

harnessing the power of the immune system for therapeutic benefit in lymphoma there 

exists a clear rationale to improve our biological understanding of the immune landscape in 

DLBCL. We hypothesised that a detailed phenotypic analysis by MC of the monocyte and 

lymphoid populations in DLBCL would help us to understand the pathophysiology of the 

immune environment in this disease.  
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4.2 Aim 
 

To comprehensively phenotype the peripheral blood immune cell populations in DLBCL with 

a focus on delineating myeloid heterogeneity and lymphocyte subsets with known 

phenotypic and functional characteristics. 

 

4.3 Methods 
 

4.3.1 Patient selection 
 

Peripheral blood mononuclear cells (PBMCs) were accessed via the Barts tissue bank for 43 

different DLBCL patients collected at the time of diagnosis prior to commencing any therapy 

based on availability of samples. All samples were cryopreserved and stored in liquid 

nitrogen. Diagnostic biopsy reports were reviewed to confirm the diagnosis. All patients 

were treated with RCHOP except for two, who were both randomized and received 

bortezomib plus RCHOP in the ReMoDL-B study (118). Several patients received additional 

methotrexate, either intravenously or intrathecally for central nervous system (CNS) 

prophylaxis as per established local guidelines. PBMCs from eight healthy blood donors 

isolated from leucocyte cones were included as a control group with an aliquot from one of 

these, healthy donor ‘JF’, included with each experiment for quality control.  

 

4.3.2 Immunophenotyping antibody panels 
 

The major immune cell lineages that make up the AMC and ALC are found in PBMC samples 

and consist of myeloid populations together with lymphocytes of the T, B and NK cell 

subtypes. We therefore designed and optimised two antibody panels targeting 

predominantly surface proteins, but also several intranuclear transcription factors, to 

identify the relevant cell lineages, together with their known phenotypic and functional 

subsets. These panels were termed ‘Myeloid’ and ‘T-cell’ (see table 2.1). For T-cells, multiple 

cell subpopulations, together with maturation and antigen-experience states can be 
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identified robustly based on expression of surface markers and transcription factors (336-

338). In addition to subset discrimination, the capacity to identify expression of various 

immune checkpoint molecules, with relevance to T-cell activation states and therapeutic 

targeting, was also key to our panel development. For the myeloid compartment, subsets of 

monocytes and dendritic cells can be delineated based on expression of surface markers, 

but great diversity is known to exist in these populations in both health and disease, and 

therefore a number of targets with relevance to myeloid biology, function and activation 

states were included (339-344). Figure 4.1 details the protein targets selected for this study 

with their relevance to cell identification and functional / activation states.  

 

 

 

Figure 4.1 Antigen targets for comprehensive immunophenotyping of peripheral blood 

immune cells in DLBCL. Proteins were selected based on their relevance to subpopulation 

identification and to define maturation, activation and functional states. 
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4.3.3 Mass cytometry staining 
 

PBMC samples were resuscitated from liquid nitrogen storage and stained as described in 

chapter 2. Samples were stained in 96-well plates in batches of 20 patient or healthy donor 

control samples, with an aliquot from the same healthy donor control ‘JF’ also stained with 

each plate. Patient samples were selected at random for staining and where enough cells 

were available or multiple vials existed, were split evenly between 2 plates, one stained with 

the ‘myeloid’ and one with the ‘T-cell’ panel, although as detailed below, not all samples 

had sufficient cells to allow staining with both panels. Due to the majority of the healthy 

donor control samples being stored in a lower number of large aliquots, all healthy donor 

samples were stained on the same plate for each antibody panel, together with the ‘JF’ 

control and a batch of patient samples. This allowed optimal usage of the available cells 

from the healthy donors, which once resuscitated were divided and stained with both 

phenotyping panels and also used for functional experiments as detailed in chapter 5. 

Antibody master-mixes were made up for each plate for n=21 samples (20 patient / healthy 

donors and 1 reference ‘JF’ sample) with 10% excess for every staining run to ensure 

consistency of pipetting volume across experiments. Samples were acquired on the CyTOF2 

in batches of 6-8 depending on the cell numbers post staining. Staining consistency was 

checked for each batch with reference to the EQ beads and the ‘JF’ control sample. 

 

4.4 Results 
 

4.4.1 Patient characteristics 
 

The characteristics of all the patients included in this study are summarised in table 4.1. Of 

the 43 DLBCL patient PBMC samples used in this study, 42 were analysed with the ‘Myeloid’ 

panel and 32 with the ‘T-cell’ panel, with 31 patients having data acquired with both panels. 

The median age at diagnosis of these was 63 (range, 30-84) and 26 patients were over 60 

years of age. Twenty-seven patients were in maintained complete remission at > 24 months 

from completion of frontline therapy and 15 had documented relapse / refractory disease, 

12 of whom progressed within 12 months of initial treatment. For one patient, no follow up 
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data was available and therefore this patient was included in the initial analysis but 

excluded from the outcome analysis. The cell of origin (COO) based on immunohisto-

chemistry (IHC) was available for 30 patients. IPI data was available for all patients and pre-

treatment AMC and ALC for 27. All but 7 patients had a serum sample also available for 

cytokine / chemokine analysis (see chapter 5).  

 

 

Table 4.1 Patient characteristics for the peripheral blood immunophenotyping study. 

Table on the next page. Patient ID, anonymised identification code; Vial ID, vial 

identification code; Myeloid panel, stained with this panel (Yes) or not (x); T-cell panel, 

stained with this panel (yes) or not (x); Diagnosis, Diffuse large B-cell lymphoma (DLBCL); 

Outcome, unknown for one patient, COO, cell of origin based on the Han’s algorithm, GCB, 

germinal centre B cell or not (Non_GCB); Age, at diagnosis; IPI factors, number of 

international prognostic index factors; Serum, sample available for cytokine analysis; 

Treatment, RCHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone, 

with addition of bortezomib (B) in 2 patients; AMC, absolute monocyte count; ALC, absolute 

lymphocyte count. 
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Patient ID Vial ID Myeloid panel T cell panel Diagnosis Outcome COO Age IPI factors Serum Treatment AMC (x 109/L) ALC (x 109/L)
6518 R2225 Yes Yes DLBCL Remission GCB 72 1 Yes RCHOP 0.5 2.0
6541 R2157 Yes x DLBCL Relapse Non_GCB 65 3 Yes RCHOP 0.6 0.8
6561 R2102 Yes Yes DLBCL Relapse GCB 47 3 Yes RCHOP 0.9 1.1
6623 R2928 Yes Yes DLBCL Remission Non_GCB 71 1 Yes RCHOP 0.7 2.7
6649 R3448 Yes x DLBCL Relapse GCB 61 4 Yes RCHOP 0.7 0.7
6651 R3056 Yes Yes DLBCL Remission GCB 35 0 Yes RCHOP 0.6 1.6
6657 R2795 Yes Yes DLBCL Remission GCB 58 3 Yes RCHOP 0.2 0.4
6719 R3134 Yes x DLBCL Remission GCB 52 1 Yes RCHOP 0.4 2.7
6722 R3615 Yes x DLBCL Remission Unknown 66 3 Yes RCHOP 0.6 0.9
6797 R3101 Yes Yes DLBCL Remission GCB 58 1 Yes RCHOP 0.4 0.9
7065 R1959 Yes Yes DLBCL Unknown Unknown 65 4 x RCHOP x x
7140 R5448 Yes Yes DLBCL Relapse Unknown 67 3 Yes RCHOP x x
7189 R5749 Yes x DLBCL Remission Unknown 30 0 x RCHOP x x
7238 R5935 Yes Yes DLBCL Remission Unknown 69 1 Yes RCHOP x x
7306 R6229 Yes x DLBCL Remission Non_GCB 72 3 Yes RCHOP x x
7318 R6517 Yes x DLBCL Remission Non_GCB 57 3 Yes RCHOP x x
7351 R6907 Yes Yes DLBCL Remission Unknown 84 1 Yes RCHOP x x
7354 R6732 Yes Yes DLBCL Remission GCB 61 1 Yes RCHOP x x
7368 R6408 Yes Yes DLBCL Remission Unknown 57 1 Yes RCHOP x x
7373 R7214 Yes x DLBCL Remission GCB 59 1 Yes RCHOP x x
7374 R7219 Yes x DLBCL Relapse Unknown 32 2 Yes RCHOP x x
7407 R6852 Yes Yes DLBCL Remission Non_GCB 67 3 Yes RCHOP x x
7638 R8792 Yes Yes DLBCL Relapse Unknown 68 3 Yes RCHOP x x
7723 R8950 Yes Yes DLBCL Relapse Non_GCB 63 5 x RCHOP x x
7889 R9481 Yes Yes DLBCL Relapse Non_GCB 79 4 Yes RCHOP x x
7951 R9903 Yes Yes DLBCL Remission Non_GCB 34 0 x RCHOP x x
8107 T0833 Yes x DLBCL Remission Non_GCB 79 5 Yes RCHOP 0.8 1.9
8479 T1962 Yes Yes DLBCL Remission Non_GCB 43 0 Yes RCHOP 0.3 2.1
8686 T3714 Yes Yes DLBCL Remission Non_GCB 78 3 Yes RCHOP 0.6 1.7
8792 T4358 Yes Yes DLBCL Remission Non_GCB 77 2 Yes RCHOP 1.2 1.3
9115 T5632 Yes Yes DLBCL Remission GCB 62 3 Yes RCHOP 1.2 1.3
9231 T6117 Yes Yes DLBCL Relapse Non_GCB 65 3 x RCHOP 0.4 1.9
9311 T6450 Yes Yes DLBCL Relapse Unknown 69 3 Yes RCHOP 2.0 2.7
9371 T6696 Yes Yes DLBCL Remission Non_GCB 80 4 Yes RCHOP 0.4 1.4
9394 T6808 Yes Yes DLBCL Relapse Unknown 42 3 x RCHOP 1.0 1.0
9440 T7002 Yes Yes DLBCL Remission Non_GCB 48 2 Yes RCHOP 0.2 0.9
9618 T7615 Yes Yes DLBCL Relapse Non_GCB 75 1 Yes RCHOP 0.7 1.6
9974 T8690 Yes Yes DLBCL Relapse Non_GCB 39 2 Yes RCHOP 1.9 6.8

10115 T9536 Yes Yes DLBCL Remission Non_GCB 50 1 x B + RCHOP 0.8 1.8
10146 T9596 Yes Yes DLBCL Remission Unknown 62 3 x B + RCHOP 1.8 1.6
10403 C0685 Yes Yes DLBCL Remission Non_GCB 65 1 Yes RCHOP 0.3 1.7
10416 C0339 Yes x DLBCL Relapse Unknown 53 4 Yes RCHOP 0.8 0.3
10900 C1872 x Yes DLBCL Relapse Non_GCB 82 4 Yes RCHOP 0.7 1.0
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4.4.2 Healthy donors 
 

PBMCs from 8 healthy donors were included in this study. All were isolated from leucocyte 

cones from health blood donors from which no further demographic data was available. All 

healthy donor samples were analysed with both immunophenotyping panels and ‘JF’ was 

analysed on every plate and every batch acquisition. 

 

Table 4.2 Healthy donor samples for the peripheral blood immunophenotyping study. 

 

 
 

 

4.4.3 Peripheral blood immune cell subsets 
 

Following staining and acquisition, data were normalised using the EQ beads and cleaned to 

remove the beads, debris, doublets and dead cells with DNA+, live CD45+ single events 

taken forward for further analysis. A sequential gating strategy based on that used by 

Hartmann et al (334) was employed to identify the major peripheral blood immune cell 

populations present in the PBMC samples (figures 4.2-4.5). All expected immune 

populations could be identified using canonical lineage markers with further subsets 

identified based on relevant marker expression, with all population frequencies for healthy 

donors consistent with those previously reported (333). A small percentage of cells were left 

unassigned due to the cut-offs imposed by manual gating but were included in the analysis 

using dimensionality reduction and clustering approaches discussed below. The 

experimental approach was demonstrated to yield largely consistent results over time with 

Donor ID Myeloid panel T cell panel Diagnosis
CB Yes Yes Healthy Donor
CK Yes Yes Healthy Donor
CP Yes Yes Healthy Donor
JA Yes Yes Healthy Donor
JB Yes Yes Healthy Donor
JE Yes Yes Healthy Donor
JF Yes Yes Healthy Donor

NC Yes Yes Healthy Donor
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an aliquot of PBMCs from the healthy donor ‘JF’ being acquired with every run and gated 

cell percentages compared between runs (see chapter 2).  

 

A number of dimensionality reduction algorithms have been developed to facilitate 

exploratory analysis of large datasets of single cell cytometry data (309, 310, 313, 345). This 

is a useful approach to assess the overall structure of data, especially that containing 

multiple diverse cell populations, while conserving the single cell nature and high 

dimensional structure. In essence, all cells within the analysis are projected onto a 2-

dimensional map, which can then be coloured by expression of markers, gates or clusters. 

The location of each cell on the map is determined by its position in high dimensional space, 

such that cells that are similar to each other with respect to the analysed parameters are 

located in proximity and those that are dissimilar are far apart. Immune cell subsets can 

thus be differentiated in an automated way without the reliance on manual gating, which 

can potentially miss unexpected or unknown populations, and is subject to operator bias / 

reproducibility issues. Therefore, together with the gating strategy outlined above, data 

were also assessed by dimensionality reduction. Figure 4.6 demonstrates examples of opt-

SNE and UMAP projections, which include data from all 8 healthy donors in his study. 
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Figure 4.2 Gating strategy for T cell and NK cells with the ‘Myeloid’ panel.  Cells were pre-gated to DNA+, live CD45+ events. An initial CD19 v 

CD3 gate facilitated assessment of doublets (dual positive events) and separation of B, T and non-B/T cells for further gating as indicated. 

HD_CB, healthy donor CB; CD, cluster of differentiation; NK, natural killer.
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Figure 4.3 Gating strategy for monocyte and dendritic cell subsets with the ‘Myeloid’ panel. Cells were pre-

gated to DNA+, live CD45+ events. Gating as indicated following initial CD19 v CD3 gate. HD_CB, healthy donor 

CB; CD, cluster of differentiation; pDCs, plasmacytoid dendritic cells; cDCs, conventional dendritic cells. 
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CD4+ T cell subsets 

CD8+ T cell subsets 

Figure 4.4 Gating strategy for T cell subsets with the ‘T-cell’ panel. Cells were pre-gated to DNA+, live CD45+ events. Gating as 

indicated following initial CD19 v CD3 gate.  NKT, natural killer T; TEMRA, T effector memory RA; T reg, regulatory T cell; TH1, T helper 1.  
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Figure 4.5 Gating strategy for B cell subsets with the ‘T-cell’ panel. Cells were pre-gated to 

DNA+, live CD45+ events. Gating as indicated following initial CD19 v CD3 gate. HD_CB, 

healthy donor CB; CD, cluster of differentiation; NK, natural killer. 

 

In the left plot, cells are coloured according to assignment from manual gating and in the 

right, by expression of CD4, highlighting CD4+ T cells and CD4 expressing myeloid cells. The 

manual and automated approaches demonstrated high concordance based on canonical 

lineage markers, with some further separation into subpopulations evident on the opt-SNE 

map. In addition, clustering algorithms are also useful in high-dimensional data analysis, in 

which cells with similar patterns of marker expression are clustered together in an 

automated way (307, 311, 312, 346). This enables the discovery of unknown or unexpected 

subpopulations which may otherwise be missed. The FlowSOM algorithm, which uses self-

organising maps followed by hierarchical consensus meta-clustering to merge clusters was 

used in this study. It is able to perform rapidly with large datasets giving an overview of how 

all markers are expressed on all cells in the analysis and has been shown to effectively 

identify multiple subpopulations within complex samples (307, 308, 312).
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Figure 4.6 Dimensionality reduction with opt-SNE and UMAP. Data from all healthy donors 

(n=8) was randomly subsampled to 50,000 CD45+ events and subject to dimensionality 

reduction with the opt-SNE (top) and UMAP (bottom) algorithms using the lineage markers 

CD3, CD4, CD8a, CD11b, CD11c, CD14, CD16, CD19, CD33, CD56, CD123 and HLA-DR. Cells 

are coloured according to their lineage assignment by manual gating (left plot). The yellow 

unfiltered cells were unassigned by gating. Cells coloured by expression of CD4 (right plot). 

DP, double positive; DN, double negative; NK, natural killer; cDCs, conventional dendritic 

cells; pDCs, plasmacytoid dendritic cells; NKT, natural killer T cells. 
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4.4.4 Disease associated immune signatures in DLBCL 
 

Data from all DLBCL patient and healthy donor samples were initially explored by manual 

gating as described above, with the results summarised in figures 4.7 for the myeloid panel 

and 4.8 for the lymphoid panel. The effector memory populations could be further gated to 

EM1 – EM4 based on expression of CD27 and CD28 (347). There were no differences in the 

frequency of B-/T-/NK-cells and monocytes as a percentage of CD45+ events between DLBCL 

and healthy donors. We did, however find significant differences in the frequency of 

intermediate monocytes, non-classical monocytes, T-bet+ CD4 T cells, T-bet+ CD8 T cells and 

CD8 TEMRA, which were all increased in DLBCL, and pDCs, CD4 effector memory 1 (EM1) 

and CD8 central memory (CM) which were decreased, compared to healthy donors (p<0.05, 

Mann-Whitney U-test). 

 

To investigate for the presence of a peripheral blood immune signature in DLBCL we 

performed a differential abundance (DA) analysis with EdgeR to calculate fold change (FC), p 

values and false discovery rates (FDR), corrected for multiple-hypothesis testing, for each 

cell type identified by manual gating.  This confirmed significant differences in intermediate 

and non-classical monocytes, pDCs, T-bet+ CD4, CD8 TEMRA, CD4 EM1 and CD8 CM 

between DLBCL and healthy donors (FDR<0.05, figures 4.9 and 4.10). Plasma-blasts / plasma 

cells were also increased in DLBCL, but these cells were present in the peripheral blood in 

extremely low frequencies overall. The increase in T-bet+ CD8 T cells in DLBCL failed to 

reach significance in the DA analysis.  

 

Overall, the manual gating strategy identified a relative increase in the frequency of 

intermediate and non-classical monocytes and a decrease in plasmacytoid DCs in DLBCL, 

consistent with the increased AMC observed. While there was no abundance difference in 

classical monocytes, we observed marked heterogeneity in marker expression within this 

population, with distinct subpopulations apparent on dimensionality reduction. We further 

interrogated this monocyte heterogeneity within the DLBCL patients with unsupervised 

FlowSOM clustering, as discussed below.  
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Figure 4.7 Gating derived frequencies of immune populations for all DLBCL patients (n=42, red) and healthy donors (n=8, blue) analysed 

with the ‘myeloid’ panel. Data from all patients analysed with the ‘myeloid’ panel.  DN, double negative; DP, double positive; NKT, natural 

killer T cells; NK, natural killer; cDCs, conventional dendritic cells; pDCs, plasmacytoid dendritic cells. (Mann-Whitney U-test ** p<0.01, *** 

p<0.001). 
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Figure 4.8 Gating derived frequencies of immune populations for all DLBCL patients (n=32, red) and healthy donors (n=8, blue) analysed 

with the ‘T-cell’ panel. Data from all patients analysed with the ‘T-cell’ panel.  CM, central memory; EM, effector memory; TEMRA, T effector 

memory RA; T Reg, regulatory T cell; DN, double negative; DP, double positive. (Mann-Whitney U-test * p<0.05, ** p<0.01). 
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Figure 4.9 Differential abundance analysis between DLBCL patients (n=42) and healthy 

donors (n=8). Volcano plot showing false discovery rate (FDR) against fold change (FC) of 

immune cell populations between healthy donors and DLBCL. Left of centre indicates 

population is increased in DLBCL, right increased in healthy donors, green indicates 

statistical significance (FDR<0.05). Analysis from data acquired with the ‘Myeloid’ panel. 
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Figure 4.10 Differential abundance analysis between DLBCL patients (n=32) and healthy 

donors (n=8). Volcano plot showing false discovery rate (FDR) against fold change (FC) of 

immune cell populations between healthy donors and DLBCL. Left of centre indicates 

population is increased in DLBCL, right increased in healthy donors, green indicates 

statistical significance (FDR<0.05). CM, central memory; EM, effector memory; PC, plasma 

cell; TEMRA, T effector memory RA. Analysis from data acquired with the ‘T-cell’ panel. 
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Figure 4.11 Differentially abundant immune populations in DLBCL. Non-classical and intermediate monocytes, T-bet+ CD4 and CD8 effector 

memory RA (TEMRA) are all increased in DLBCL. Plasmacytoid dendritic cells (DC), CD8 central memory (CM) and CD4 effector memory (EM1) 

are all decreased in DLBCL. Box plots show the interquartile range with lines at the median (solid) and mean (dash). All false discovery rate 

(FDR) <0.05, n=42 DLBCL for left 3 plots (‘Myeloid’ panel) and n=32 for right 4 plots (‘T-cell’ panel), n=32 healthy donors. (Mann-Whitney U-test 

** p<0.01, *** p<0.001).
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There was no overall difference in the frequency of the major lymphocyte populations, but 

there was a trend to reduced T cells and CD4 T cells in DLBCL. We identified differences in T 

cell subsets, with a relative increase in DLBCL in CD4 T cells with a TH1 phenotype (T-bet), 

and reduced frequencies of CD8 CM and CD4 EM1 effector memory subset, which express 

both of the co-stimulatory molecules CD27 and CD28 (347, 348). Frequencies from the 

differentially abundant immune populations defined by gating are shown in boxplots in 

figure 4.11. 

 

4.4.5 Outcome associated immune signatures in DLBCL 
 

Given the association of AMC and ALC with outcome in DLBCL, we next sought to further 

dissect these populations within the patient samples with reference to outcome. Those who 

remained in complete remission 24 months after frontline therapy were termed ‘CR’ and 

those whose disease was refractory or subsequently relapsed, ‘R/R’. One patient did not 

have outcome data available and was excluded from this analysis. The data for all samples in 

this study is summarised in figure 4.12, which demonstrates the pattern of increased 

monocyte and decrease T cell frequencies at diagnosis in patients with subsequent R/R 

disease. The frequency of CD3 T cells was increased at diagnosis in cases with maintained CR 

whereas the frequency monocytes and the non-classical subset were increased in cases with 

subsequent R/R (p<0.05, Mann-Whitney U-test). Within the T cell population, there was a 

global trend to reduced frequency of most subsets at diagnosis in patients with R/R disease 

but with only the reduced frequency of CD8 TEMRA reaching significance (p<0.05, Mann-

Whitney U-test). The data for immune population frequencies at diagnosis, with comparison 

between CR and R/R patients is summarised in figures 4.13 and 4.14. Next, we performed 

DA analysis with EdgeR, which identified non-classical monocytes and CD8 effector memory 

3 (EM3) cells as being significantly more abundant at diagnosis in patients who went on to 

relapse (FDR<0.05, figures 4.15 and 4.16). Although there were no significantly increased 

lymphocyte subsets in the CR group discovered by DA analysis, there was an overall increase 

in CD3 T cell frequency and a trend for increased frequency within many T cell subsets, 

including CD4 CM, CD4 naïve, T-bet+ CD4, CD4 TEMRA and T-bet+ CD8, as well as CD8 

TEMRA, which was significant by Mann-Whitney. 



 138 

 
 

 

Figure 4.12 Overview of immune composition of all healthy donor and patients PBMC samples (n=50). Frequencies % of CD45+ events. CR, 

complete remission; Un, unknown; RR, relapse/refractory; DC, dendritic cells; NK, natural killer. 
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Figure 4.13 Gating derived frequencies of immune populations for all DLBCL patients (n=41) separated by outcome. R/R, relapse / refractory 

(n=14); CR, complete remission (n=27). Data from all DLBCL patients analysed with the ‘myeloid’ panel and outcome data available. DN, double 

negative; DP, double positive; NKT, natural killer T cells; NK, natural killer; cDCs, conventional dendritic cells; pDCs, plasmacytoid dendritic 

cells. (Mann-Whitney U-test * p<0.05). 
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Figure 4.14 Gating derived frequencies of immune populations for all DLBCL patients (n=31) separated by outcome. R/R, relapse / refractory 

(n=11); CR, complete remission (n=20). Data from all DLBCL patients analysed with the ‘T-cell’ panel and outcome data available. CM, central 

memory; EM, effector memory; TEMRA, T effector memory RA; T Reg, regulatory T cell; DN, double negative; DP, double positive. (Mann-

Whitney U-test * p<0.05). 
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Figure 4.15 Differential abundance analysis at diagnosis between DLBCL patients with R/R 

(n=14) and CR (n=27). Volcano plot showing false discovery rate (FDR) against fold change 

(FC) of immune cell populations between DLBCL. Left of centre indicates population is 

increased at diagnosis in relapse/refractory (R/R) disease; right increased in complete 

remission (CR); green indicates statistical significance (FDR<0.05). Analysis from data 

acquired with the ‘Myeloid’ panel. 
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Figure 4.16 Differential abundance analysis at diagnosis between DLBCL patients with R/R 

(n=11) and CR (n=20). Volcano plot showing false discovery rate (FDR) against fold change 

(FC) of immune cell populations between DLBCL. Left of centre indicates population is 

increased at diagnosis in relapse/refractory (R/R) disease; right increased in complete 

remission (CR); green indicates statistical significance (FDR<0.05). EM, effector memory. 

Analysis from data acquired with the ‘T-cell’ panel. 
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To further explore monocyte heterogeneity, we performed unsupervised clustering with 

FlowSOM. We clustered all of the monocytes from the DLBCL patient samples acquired with 

the ‘Myeloid’ panel. The clustering used all markers except for CD3, CD4, CD8, CD19 and 

CD56, given the lymphoid and NK cell populations were excluded from this part of the 

analysis. This approach identified 20 clusters of cells within the monocyte population based 

on differential patterns of expression of the analysed markers. This is represented in figure 

4.17, with each cluster represented by a different colour and overlaid on to an opt-SNE map, 

the overlay of gated monocyte subsets is shown for comparison. The complementary 

techniques of dimensionality reduction and clustering both demonstrate much 

heterogeneity beyond the subsets defined by CD14 and CD16 expression. To define a 

monocyte immune signature at diagnosis associated with outcome, we performed DA 

analysis of the monocyte clusters between R/R and CR patients (figure 4.18). This identified 

2 classical and 1 intermediate monocyte clusters present at diagnosis associated with 

treatment failure following RCHOP-like therapy. These clusters all expressed the myeloid 

markers CD11b, CD11c, CD13, CD14, CD31, CD33 and CD172a (SIRPa) as well as the Fcg 

receptors CD32 and CD62, and the activation marker CD38. The most differentiating cluster 

09, with the greatest fold change (FC) difference had a suppressor phenotype with low HLA-

DR (MHC-II) and high expression of CD163, CD184 (CXCR4) and CD192 (CCR2). Both of the 

other differentiating clusters expressed HLA-DR. Cluster 07 was positive for CD192, the co-

stimulatory molecules CD40 and CD86, and highly expressed CD206. Consistent with an 

intermediate phenotype, cluster 10 had strong expression of CD16 and low CD192, together 

with strong expression of both CD40 and CD86. The non-classical monocytes were clustered 

largely into 2 subclusters, cluster 15 and cluster 20, which individually did not reach 

significance in the DA analysis. The median expression levels of all antigens for each of the 

monocyte clusters are demonstrated in the heatmap, figure 4.19. 

 

Differences in T cell subsets were also assessed by FlowSOM clustering. The CD3 T cells from 

all patient samples acquired with the “T-cell” panel were clustered with all markers except 

CD14 and CD19, given the monocytes and B cells were excluded from this part of the 

analysis. This identified 40 T cell clusters representing different subpopulations based on 

patterns of antigen expression, shown by colour overlay on to an opt-SNE map (figure 4.20). 
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Figure 4.17 Dimensionality reduction with opt-SNE for all DLBCL patient monocytes 

analysed with the ‘Myeloid’ panel (n=41). Maps are coloured by gated monocyte 

populations (left) and FlowSOM clusters (right). 

 

Figure 4.18 Differential abundance analysis of monocyte FlowSOM clusters at diagnosis 

between DLBCL patients with R/R (n=14) and CR (n=27). Left of centre indicates cluster is 

increased at diagnosis in R/R, right increased in CR. Green indicates significance (FDR<0.05).  
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Figure 4.19 Heatmap of antigen expression for FlowSOM monocyte clusters. Median expression of all analysed antigen markers (columns) for 

each FlowSOM identified cluster (rows).  Clusters 07, 09 and 10 were present in increased abundance at diagnosis in patients with subsequent 

R/R disease (boxed).

07 

09 

10 
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In order to establish a T cell immune signature at diagnosis with relevance to outcome, DA 

analysis was next performed on the T cell clusters identified by FlowSOM. This discovered 3 

CD8 T cell clusters with increased abundance at diagnosis in patients with subsequent R/R 

disease (figure 4.21). As with the gating analysis, no T cell clusters were identified as being 

significantly more abundant in the CR cases at diagnosis, with a trend for increased 

abundance across many of the bigger clusters, suggestive of a global reduction in T cell 

frequency across many subsets explaining the adverse nature of a low ALC at diagnosis. The 

heatmap in figure 4.22 displays the median expression of the ‘T-cell’ panel antigens for each 

of the FlowSOM defined clusters. The most differentiating population, cluster 13, was 

negative for CD45RA, CD197 (CCR7), CD27 and CD28, consistent with the CD8 effector 

memory 3 (EM3) population identified by gating and DA analysis. Cluster 13 was positive for 

T-bet, consistent with a TC1 phenotype, the cytotoxic markers, granzyme B and perforin, as 

well as PD-1. Cluster 17 had an EM1 phenotype, expressing both the co-stimulatory 

receptors CD27 and CD28, together with T-bet and PD-1. CD38, the activation marker, was 

highly expressed but the cytotoxic markers were low. Cluster 14 had a similar phenotype to 

cluster 17 but with stronger expression of T-bet and positivity for both granzyme B and 

perforin. 
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Figure 4.20 Dimensionality reduction with opt-SNE for all DLBCL patient T cells analysed 

with the ‘T-cell’ panel (n=31). Maps are coloured by gated T cell populations (left) and 

FlowSOM clusters (right). DN, double negative; DP, double positive. 

 

 

 

Figure 4.21 Differential abundance analysis of T cell FlowSOM clusters at diagnosis 

between DLBCL patients with R/R (n=11) and CR (n=20). Left of centre indicates cluster is 

increased at diagnosis in R/R, right increased in CR. Green indicates significance (FDR<0.05). 
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Figure 4.22 Heatmap of antigen expression for FlowSOM T cell clusters. Median expression 

of all analysed antigen markers (columns) for each FlowSOM identified cluster (rows).  

Clusters 14, 17 and 13 were present in increased abundance at diagnosis in patients with 

subsequent R/R disease (boxed). Figure on previous page. 

 

4.4.6 Differential expression analysis 
 

In order to compare immune cell states between health and disease, as well as outcome in 

DLBCL, we also performed differential expression (DE) analysis using SAM (significance 

analysis of microarrays) on the gated monocyte and lymphocyte populations (315). SAM is a 

statistical method used to find significant feature differences between populations based on 

median expression of specified markers. The gated populations were used for this analysis 

rather than the FlowSOM clusters, since the gated populations were defined based on 

lineage markers only, whereas clustering with FlowSOM incorporated all of the markers. The 

lineage markers were therefore excluded from the DE analysis, with all cell state, co-

stimulatory and checkpoint molecules included. The DE analysis between healthy donors 

and DLBCL using the ‘Myeloid’ panel data defined CD184 (CXCR4) as being expressed at 

reduced intensities in DLBCL patients across all of the myeloid subsets identified in the 

gating strategy (figure 4.23). Expression of CD38 was reduced on non-classical monocytes 

and conventional DCs, and CD86 reduced on classical and intermediate monocytes in DLBCL. 

Non-classical monocytes in DLBCL had significantly higher expression of CD32 and CD40 

compared to healthy donors. Within the DLBCL patients, the myeloid populations in those 

who went on to relapse demonstrated increased expression of co-stimulatory molecules 

and activation markers at diagnosis. Intermediate monocytes had increased CD86 

expression, whereas CD40 was increased on all monocyte subsets and on conventional DCs, 

and CD38 was increased on classical and intermediate monocytes.  

 

DE analysis with the ‘T-cell’ panel data demonstrated that expression of CD38 and the co-

stimulatory molecules CD27 and CD28 was lower across a range of T cell subsets, B cells and 

NK cells in DLBCL compared to healthy donors, again consistent with a global immune defect 

in DLBCL. The TH1, TC1 and NKT populations in DLBCL all expressed higher levels of the 
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cytotoxic markers granzyme B and perforin. There was also increased expression of the 

checkpoint molecule PD-1 on CD4 subsets in DLBCL. Within the DLBCL patients, median 

expression of both CD27 and CD28 was higher on CD4 and CD8 subsets at diagnosis in those 

patients who achieved prolonged CR after therapy (figure 4.24). This suggests a pattern of 

decreased expression of these co-stimulatory molecules across various T cell subsets in 

DLBCL, which is more pronounced in those patients who subsequently fail RCHOP.  

 

 
 

 

Figure 4.23 Differential expression of CD184 (CXCR4) between DLBCL (n=42) and healthy 

donors (n=8). Median expression of CD184 was decreased in DLBCL compared to healthy 

donors across all myeloid subsets. cDCs, conventional dendritic cells; pDCs, plasmacytoid 

dendritic cells. (Unpaired t-test * FDR<0.05, ** FDR<0.01 *** FDR<0.001). 
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Figure 4.24 Differential expression of CD27 between DLBCL (n=32) and healthy donors 

(n=8), top and DLBCL R/R (n=11) and CR (n=20), bottom. Median expression of CD27 was 

globally decreased across a number of T and NK cell subsets in DLBCL, and within DLBCL this 

was more pronounced at diagnosis in patients who went on to relapse. CM, central 

memory; TEMRA, T effector memory RA; EM, effector memory; T reg, regulatory T cell; NKT, 

natural killer T; NK, natural killer. (Unpaired t-test * FDR<0.05, ** FDR<0.01 *** FDR<0.001). 
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4.5 Discussion 
 

The peripheral blood immune compartment is of interest in DLBCL given the association of 

absolute monocyte and lymphocyte counts with outcome (191, 193). Immune monitoring 

approaches with mass cytometry (MC) have been applied to blood samples to study the 

phenotype and behaviour of immune populations in both health and disease (303, 334, 349-

351). However, the peripheral immune cells and their subsets have not been studied in 

detail in DLBCL. We therefore comprehensively explored this compartment with MC, 

targeting both the myeloid and lymphocyte populations. We analysed the resulting data 

with both traditional biaxial gating and automated high dimensional data analysis 

approaches to define disease and outcome associated immune signatures in DLBCL. We 

validated our method with healthy donor PBMCs and ensured data quality and 

reproducibility through acquisition of the same standard health donor control with each 

experimental run.  

 

We found an increased frequency of intermediate and non-classical monocytes at diagnosis 

in DLBCL consistent with the increased AMC. The frequency of classical monocytes was not 

elevated but did reveal great heterogeneity in marker expression. In particular, there was a 

striking reduction in CD184 expression on all myeloid subsets in DLBCL which differentiated 

these patients from healthy donors. CD184 plays key roles in chemotaxis and 

haematopoiesis, with expression on monocytes linked to their return to the bone marrow 

(BM) niche (352). Thus, loss of CD184 may promote the increase in circulating monocytes in 

DLBCL by blocking return to the BM. The differential expression analysis also revealed 

reduced CD86 expression on monocytes in DLBCL, predominantly on the classical and 

intermediate subsets, which is known to play a key role in T cell activation. Within the DLBCL 

samples, the patients who subsequently relapsed had increased frequencies of monocytes 

and non-classical monocytes consistent with the prognostic nature of AMC high, with the 

non-classical subset remaining significant on DA analysis. Clustering further dissected the 

monocyte heterogeneity in DLBCL to identify 2 classical and 1 intermediate monocyte 

clusters with increased abundance at diagnosis in patients who went on to relapse. The 

most differentiating cluster was consistent with a suppressor phenotype with low HLA-DR 

and expressed both CD163 and CD184. Expression of CD163 in the myeloid ME has been 
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linked to IL-6 driven pro-tumoral functions in human malignancy (353). The other classical 

monocyte cluster was distinguished by CD206 positivity. CD206 expression by myeloid cells 

has also been linked to tumour support, both via T cell suppression and directly inducing 

proliferation (354, 355). Both classical monocyte clusters expressed CD192 (CCR2) highly 

which is the primary mediator of monocyte recruitment in malignancy (356). 

 

In the T cell compartment, consistent with the lower ALC seen in DLBCL, we found a trend to 

decreased frequency of total CD3 and CD4 T cells compared to healthy donors, but with only 

subset reductions in CD4 EM1 and CD8 CM reaching significance. CD4 T cells with a TH1 (T-

bet+) phenotype and CD8 TEMRA were present at increased frequency in DLBCL. The 

reduced frequency of CD8 CM and increase in CD8 TEMRA are suggestive of increased T cell 

differentiation and reduced expansion potential (348, 357). CD8 TEMRA are known to 

increase with chronic antigen stimulation and have been linked to senescence and aging 

(348, 358, 359). They have also been reported to have potent effector functions and to play 

a role in pathogenic processes, including transplant rejection (360, 361). Decreased CD4 

EM1 frequency is also reported with aging (348), while the increase in TH1 in DLBCL is 

consistent with an inflammatory response (362, 363).  Consistent with the adverse nature of 

ALC low, patients with subsequent relapse had a lower CD3 T cell frequency at diagnosis 

than those with CR. There was a trend to reduced frequency in a number of T cell subsets in 

the R/R patients at diagnosis, with CD8 TEMRA reaching significance on the DA analysis. 

Although increased CD8 TEMRA are associated with DLBCL in our cohort, within DLBCL 

patients, increased CD8 TEMRA are associated with prolonged remission following therapy. 

We also identified a CD8 effector memory 3 (EM3) population by both manual gating and 

FlowSOM clustering that was enriched in patients who went on to relapse. In the clustering 

analysis this population had a TC1 (T-bet+) phenotype, expressed markers of cytotoxicity as 

well as the activation / exhaustion marker PD-1. CD8 EM3 T cells have been shown to 

represent a more differentiated effector subset, which have experienced a high number of 

cell divisions and have marked cytolytic activity (347). Interestingly, we identified a global 

reduction in CD27 expression across multiple T cell subsets as well as NK cells at diagnosis in 

DLBCL, with the reduction more marked in patients who went on to relapse. This was also 

seen with CD28 but was less pronounced.  CD27 and CD28 are co-stimulatory molecules 

which regulate T cell activation with CD27 critical to the generation and maintenance of T 
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cell immunity (364, 365). Progressive loss of CD27 and CD28 is associated with 

differentiation and upregulation of markers of cytotoxicity (347). Thus, the differential 

expression pattern of CD27 is consistent with increased T cell differentiation in DLBCL, with 

reduced capacity for co-stimulation and activation. Of note, CD27 agonist antibodies have 

been demonstrated to enhance the anti-tumour activity of anti-CD20 therapy in murine 

models of B-cell lymphoma (366). This would support our finding that CD27 loss is 

associated with relapse following rituximab-based therapy. 

 

Overall, we find distinct immune signatures associated with DLBCL and outcome following 

therapy. We identify marked myeloid heterogeneity with consistent downregulation of 

CD184 in DLBCL across all subsets, distinguishing them from healthy donor myeloid 

populations. Increased abundance of 2 classical and 1 intermediate monocyte clusters at 

diagnosis differentiated patients who went on to relapse. These clusters expressed markers 

associated with pro-tumoral function and likely contribute to the adverse nature of AMC in 

DLBCL. A trend for reduced frequency of T cells was observed across multiple subsets in 

DLBCL, together with an associated increase in differentiation. Features associated with the 

aging process were also seen in the DLBCL cohort, consistent with the demographics of this 

population. Strikingly, we report a marked reduction in CD27 expression across many T cell 

and NK populations at diagnosis in DLBCL. This was more pronounced in the patients who 

subsequently relapsed. Taken together these findings are suggestive of immune dysfunction 

in DLBCL with immunosuppressive / pro-tumoral myeloid populations and increase T cell 

differentiation with global impairment in T cell immunity. 

 

Limitations of the study 

 

Although our cohort of patients represents the largest described in any mass cytometry 

(MC) based peripheral blood immune monitoring study in DLBCL, given the clinical and 

biological heterogeneity of the disease, very large cohorts of patients are required for the 

most meaningful conclusions to be drawn. It would have also been of interest to analyse 

samples post therapy to identify immune variation at different time points in the disease 

course, as well as at relapse.  A small number of samples at relapse were potentially 

available for this study, however these were not pair with diagnostic samples and therefore 
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the focus of the study remained immune monitoring at diagnosis, in view of the signal from 

the pre-treatment AMC and ALC. 

 

All samples available for this work were cryopreserved, with the peripheral blood processed 

as peripheral blood mononuclear cells (PBMCs) with the potential to introduce technical 

variation. With regard to cryopreservation, we clearly demonstrated that beyond cell loss 

and some negligible loss in signal intensity, immune populations in healthy donor PBMCs 

were not significantly affected by storage. In addition, our study would not have been 

feasible to run with fresh samples as this would have resulted in many more staining 

batches, with the risk of increased batch effect. Although processing the samples to PBMCs 

could have resulted in technical variation, this is the predominant tissue used for both flow 

cytometry (FC) and MC research, and the immune composition of both our patient and 

control samples were consistent with those previously reported in studies using whole 

blood (303). One feature unique to MC is that during acquisition, samples are nebulised and 

hence destroyed and unavailable for further downstream applications in contrast to FC, 

which resulted in some samples not having enough cells available for functional analysis. 

However, this was recognised during the study design, with the trade-off between higher 

parameter phenotyping with MC versus FC and sample loss following MC analysis accepted.  

 

In addition to the factors discussed above, any phenotyping study is potentially limited by 

the choice of parameters to analyse. Most markers for T cell subset identification are 

accepted with reproducibility demonstrated in the published literature, however monocytes 

represent a highly plastic immune population with dynamic phenotypes and less supporting 

data available. Therefore, the markers incorporated into the phenotyping panel where 

selected based on the published literature from both FC and MC based studies of PBMCs in 

both health, lymphoma and other malignant disorders to facilitate subset identification, 

activation states, checkpoint marker expression and functional state. During the 

optimisation phase of the work several cytokine receptors were assessed for inclusion in the 

‘myeloid’ panel, including interleukin 4 (IL-4) receptor alpha (CD124) and colony stimulating 

factor receptor 1 (CSFR1). However, we were unable to optimise and demonstrate 

consistent staining with either of these antibodies on cryopreserved samples and therefore 

they were excluded from the experimental design.  



 156 

5. Cytokine dysregulation in DLBCL 
 

5.1 Introduction 
 

Cytokines are key signalling molecules secreted by immune cell populations to coordinate 

the regulation of immune responses and drive haematopoiesis and cellular differentiation. 

Many cytokines exhibit polyfunctionality, affecting survival, differentiation, maturation and 

functional status of target cells (367). Cytokines act via specific receptors on target cells, the 

binding of which triggers signalling cascades and ultimately results in altered gene 

expression to effect a change in cell state or function. Cytokines often act in concert and can 

exert their effects in an autocrine (act on cell of production), paracrine (act on neighbouring 

cell) or endocrine (act on distant cell) fashion (368). In addition to cytokines, immune cells 

also receive signals from antigens, and are therefore constantly integrating this complex 

information to drive immune responses (369). Therefore, immune cell density and 

phenotype is determined by cytokine networks. As we have already seen, there is significant 

immune system variation between individuals, and this occurs not only at the cellular level 

but also at the plasma protein level. This variance is explained by both inherited traits and 

nonheritable factors, with the latter accounting for the majority of the variation (333). 

Despite this variation, patterns emerge between immune cell composition and phenotype, 

and signalling protein levels in both health and disease (303). Cytokine signalling is usually 

regulated by negative feedback inhibition and epigenetic repression to maintain 

homeostasis; however, dysregulation can arise in a number of pathological states including 

autoimmunity and cancer (370, 371). In the most extreme situations immune system 

dysregulation can have devastating consequences. Cytokine release syndrome (CRS) is a 

toxicity of chimeric antigen receptor (CAR) T cell therapy in which excessive cytokine 

production and immune system hyperactivation drive a life-threatening inflammatory 

response (372). A similar phenomenon is thought to account for the multi-organ failure seen 

with the most severe cases of coronavirus disease 2019 (SARS-CoV-2) (373).  

 

Normal and malignant lymphocytes are known to rely on cytokine signalling for growth and 

survival and a number of interleukins (IL) play key roles in B cell differentiation and ME 
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interactions (374-376). Patterns of cytokine dysregulation are reported in DLBCL and 

elevated levels of a number of cytokines including IL-6, IL-10 and TNF are associated with 

worse outcome (221, 377). IL-6 is known to be a growth factor for B-cells and promotes 

lymphoma development in murine models, whereas IL-10 is associated with 

immunosuppressive functions, which may be mediated through cells of myeloid origin (196). 

Polymorphisms in cytokine genes are associated with susceptibility to B-cell lymphoma and 

elevated IL-10 has been linked with increased AMC in DLBCL (196, 223, 224). The available 

data point to a role for cytokine dysregulation in lymphoma biology, but it remains unclear 

how cytokine levels are linked to immune system variation in DLBCL, and the AMC / ALC and 

their prognostic significance. Although IL-6 has been shown to be produced ectopically by 

lymphoma cells in murine models, and both IL-6 and IL-10 to be expressed by ABC DLBCL 

cell lines, the role of peripheral immune cells in cytokine dysregulation in DLBCL is not 

known (226, 378). 

 

5.2 Aims 
 

We aimed to assess cytokine overproduction in DLBCL, identify cytokine cellular origin, and 

to analyse cytokine signatures and their association with AMC/ALC, IPI, COO, molecular 

subtypes and peripheral blood immune cells.  

 

5.3 Methods 
 

5.3.1 Patient selection 
 

Serum samples for cytokine measurements were accessed via the Barts Haemato-Oncology 

tissue bank for 64 different DLBCL patients collected at the time of diagnosis and prior to 

any treatment. An initial cohort of 34 were selected based on availability from those 

patients who also had PBMCs available. A second cohort of 30 were selected based on 

sample availability only. All serum samples from patients were confirmed to have DLBCL and 

were treated with RCHOP. Serum samples from 11 healthy donor controls were accessed via 
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the Barts tissue bank based on availability. All samples were stored frozen at -80°C. In 

addition, PBMC samples from 11 DLBCL patients were used in the intracellular cytokine 

staining mass cytometry (MC) experiments. Selection was based on those with remaining 

cells following the immunophenotyping studies detailed in chapter 4. The same 8 healthy 

donor PBMCs isolated from leucocyte cones used in the immunophenotyping study were 

used as controls. 

 

5.3.2 Mesoscale discovery (MSD) electrochemiluminescence cytokine detection 
 

The U-plex MSD platform was used to assay 20 cytokines in serum samples from 34 DLBCL 

patients and 11 healthy donors in duplicate. The 10 most deregulated cytokines were 

assayed as a confirmatory cohort in a further 30 DLBCL patients and the same 11 healthy 

donors in duplicate. The 20 cytokines assayed were selected based on the published 

literature in DLBCL as well as relevance to monocyte and lymphocyte biology (Table 5.1). 

 

All samples were thawed at room temperature and assayed as detailed in chapter 2. Plates 

were read on the MESO Quickplex SQ 120 instrument and raw data exported from the MSD 

discovery workbench software. All cytokine measurements were performed in duplicate and 

reported in picograms per millilitre. For cytokine clustering, raw data were logarithmically 

transformed (log10) and standardised across all samples by the z-score as previously 

reported (379). 
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Table 5.1 Cytokines assayed by the mesoscale discovery (MSD) electrochemiluminescence 

platform. Plates 1A and 1B were run for the initial cohort of 34 DLBCL patients and 11 

healthy donors. The 10 most deregulated cytokines were combined on plate 2 and assayed 

in a further 30 DLBCL patients and the same 11 controls. Greyed-out cytokines omitted on 

plate 2. IFN-g, interferon gamma; IL, interleukin; IL-1RA, interleukin 1 receptor antagonist; 

TNF-a, tumour necrosis factor alpha; CCL, C-C motif chemokine ligand; MCP, monocyte 

chemotactic protein; M-CSF, macrophage colony stimulating factor; MDC, macrophage 

derived chemokine; MIP, macrophage inflammatory protein; CXCL, C-X-C motif chemokine 

ligand; SDF, stromal derived factor; VEGF, vascular endothelial growth factor. 

 

 

 

   

Plate 1A Plate 1B Plate 2
IFN-γ IL-16 IFN-γ
IL-10 IL-1RA IL-10

IL-12p70 CCL2 (MCP-1) IL-16
IL-13 CCL13 (MCP-4) IL-1RA

IL-17A CSF1 (M-CSF) CSF1 (M-CSF)
IL-1β CCL22(MDC) CCL22 (MDC)
IL-2 CCL3 (MIP-1α) CCL3 (MIP-1α)
IL-4 CCL4 (MIP-1β) CCL4 (MIP-1β)
IL-6 CXCL12 (SDF-1a) IL-6

TNF-α VEGF TNF-α
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5.3.3 Intracellular cytokine staining by mass cytometry 
 

PBMC samples were resuscitated from liquid nitrogen as described in chapter 2. Samples 

were prioritised for immunophenotyping but where sufficient cells were available 

intracellular cytokine staining was performed. Cells were rested overnight in a humidified 

incubator. Functional assays were performed in 96 well plates in a 250µl volume. For 

unstimulated wells, transport inhibitor cocktail was added only, and for stimulated wells 

either LPS or cell stimulation cocktail, plus transport inhibitor cocktail was added for a 6-

hour period in a humidified incubator. Following this incubation, EDTA 

(ethylenediaminetetraacetic acid) was added to a concentration of 2mM for 15 minutes at 

room temperature and staining was carried out as previously described, using the ’cytokine’ 

antibody panel. 

 

5.4 Results 
 

5.4.1 Patient characteristics 
 

The characteristics of the patients included in the serum cytokine study are summarised in 

table 5.2. The median age at diagnosis was 62 (range, 31-84) with 38 of the 64 patients 

included over 60 years of age. Forty-six patients were in maintained complete remission at 

>24 months post completion of RCHOP (CR), 16 relapsed / refractory (R/R) within 12 months 

of initial therapy (R/R) and two relapsed after five years. The two patients with late relapse 

were included in the DLBCL cohort analysis but excluded from the CR v R/R comparisons. 

The cell of origin (COO) was available for 40 patients and diagnostic FBC for 45. The healthy 

donors were anonymised staff members, with no demographic data available. 
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Table 5.2 Patient characteristics for the serum cytokine study. COO, cell of origin; GCB, 

germinal centre B cell; IPI, international prognostic index; AMC, absolute monocyte count; 

ALC, absolute lymphocyte count. 

 

   

Patient ID Vial ID Myeloid panel T cell panel Diagnosis Outcome COO Age IPI factors Treatment AMC (x 109/L) ALC (x 109/L)
6518 s8276 Yes Yes DLBCL Remission GCB 72 1 RCHOP 0.5 2.0
6541 s8269 Yes x DLBCL Relapse Non_GCB 65 3 RCHOP 0.6 0.8
6561 s8259 Yes Yes DLBCL Relapse GCB 47 3 RCHOP 0.9 1.1
6609 s8302 x x DLBCL Relapse GCB 64 1 RCHOP 0.4 1.1
6623 s8364 Yes Yes DLBCL Remission Non_GCB 71 1 RCHOP 0.7 2.7
6634 s8323 x x DLBCL Late Relapse Non_GCB 72 1 RCHOP 0.6 1.5
6647 s8414 x x DLBCL Remission Unknown 82 3 RCHOP 0.8 2.3
6649 s8429 Yes x DLBCL Relapse GCB 61 4 RCHOP 0.7 0.7
6651 s8375 Yes Yes DLBCL Remission GCB 35 0 RCHOP 0.6 1.6
6657 s8354 Yes Yes DLBCL Remission GCB 58 3 RCHOP 0.2 0.4
6718 s8448 x x DLBCL Remission Unknown 55 0 RCHOP 0.7 1.8
6719 s8387 Yes x DLBCL Remission GCB 52 1 RCHOP 0.4 2.7
6722 s8443 Yes x DLBCL Remission Unknown 66 3 RCHOP 0.6 0.9
6746 s8467 x x DLBCL Remission Unknown 48 1 RCHOP 0.4 1.8
6778 s8293 x x DLBCL Remission Unknown 61 1 RCHOP 0.4 1.8
6797 s8381 Yes Yes DLBCL Remission GCB 58 1 RCHOP 0.4 0.9
6865 s8469 x x DLBCL Remission Unknown 61 3 RCHOP 0.7 1.1
6986 s8476 x x DLBCL Remission GCB 48 0 RCHOP 0.6 2.1
7140 s8608 Yes Yes DLBCL Relapse Unknown 67 3 RCHOP x x
7238 s8667 Yes Yes DLBCL Remission Unknown 69 1 RCHOP x x
7306 s8705 Yes x DLBCL Remission Non_GCB 72 3 RCHOP x x
7318 s8736 Yes x DLBCL Remission Non_GCB 57 3 RCHOP x x
7351 s8841 Yes Yes DLBCL Remission Unknown 84 1 RCHOP x x
7354 s8770 Yes Yes DLBCL Remission GCB 61 1 RCHOP x x
7355 s8748 x x DLBCL Remission Unknown 79 1 RCHOP x x
7368 s8724 Yes Yes DLBCL Remission GCB 57 1 RCHOP x x
7373 s8947 Yes x DLBCL Remission GCB 59 1 RCHOP x x
7374 s8948 Yes x DLBCL Relapse Unknown 32 2 RCHOP x x
7390 s9012 x x DLBCL Remission Unknown 61 2 RCHOP x x
7407 s8812 Yes Yes DLBCL Remission Non_GCB 67 3 RCHOP x x
7638 s9282 Yes Yes DLBCL Relapse Unknown 68 3 RCHOP x x
7676 s9354 x x DLBCL Relapse Non_GCB 79 4 RCHOP x x
7683 s9204 x x DLBCL Remission GCB 48 2 RCHOP x x
7789 s9440 x x DLBCL Remission Non_GCB 31 0 RCHOP x x
7838 s9478 x x DLBCL Late Relapse Non_GCB 79 3 RCHOP x x
7851 s9385 x x DLBCL Remission GCB 33 3 RCHOP x x
7889 s9492 Yes Yes DLBCL Relapse Non_GCB 79 4 RCHOP x x
8107 s9797 Yes x DLBCL Remission Non_GCB 79 5 RCHOP 0.8 1.9
8217 s9840 x x DLBCL Remission Non_GCB 64 1 RCHOP 0.6 1.2
8279 s9831 x x DLBCL Remission GCB 77 2 RCHOP 1.2 1.3
8397 s10089 x x DLBCL Remission Unknown 42 0 RCHOP 0.5 2.2
8400 s9932 x x DLBCL Remission Unknown 58 2 RCHOP 0.5 1.3
8449 s9993 x x DLBCL Remission Unknown 59 3 RCHOP 0.1 1.8
8479 s9988 Yes Yes DLBCL Remission Non_GCB 43 0 RCHOP 0.3 2.1
8681 s10306 x x DLBCL Relapse Non_GCB 60 3 RCHOP 0.4 0.4
8686 s10315 Yes Yes DLBCL Remission Non_GCB 78 3 RCHOP 0.6 1.7
8792 s10356 Yes Yes DLBCL Remission Non_GCB 77 2 RCHOP 1.2 1.3
9115 s10430 Yes Yes DLBCL Remission GCB 62 3 RCHOP 1.2 1.3
9253 s10481 x x DLBCL Remission Unknown 60 1 RCHOP 0.6 4
9311 s10510 Yes Yes DLBCL Relapse Unknown 69 3 RCHOP 2.0 2.7
9371 s10526 Yes Yes DLBCL Remission Non_GCB 80 4 RCHOP 0.4 1.4
9440 s10553 Yes Yes DLBCL Remission Non_GCB 48 2 RCHOP 0.2 0.9
9618 s10626 Yes Yes DLBCL Relapse Non_GCB 75 1 RCHOP 0.7 1.6
9974 s10741 Yes Yes DLBCL Relapse Non_GCB 39 2 RCHOP 1.9 6.8

10026 s10769 x x DLBCL Remission Unknown 73 1 RCHOP 0.5 1.3
10146 s10883 x x DLBCL Remission Unknown 62 3 RCHOP 1.8 1.6
10181 S10926 x x DLBCL Remission Unknown 63 4 RCHOP 0.7 0.4
10384 S11090 x x DLBCL Remission Unknown 55 0 RCHOP 0.4 2
10403 s11083 Yes Yes DLBCL Remission Non_GCB 75 1 RCHOP 0.3 1.7
10416 s11015 Yes x DLBCL Relapse Unknown 53 4 RCHOP 0.8 0.3
10647 s11226 x x DLBCL Relapse Non_GCB 70 5 RCHOP 0.7 0.3
10715 S11252BM x x DLBCL Remission Unknown 43 0 RCHOP 0.7 2.4
10728 S11338PB x x DLBCL Remission GCB 65 1 RCHOP 0.8 2.3
10900 s11454 x Yes DLBCL Relapse Non_GCB 82 4 RCHOP 0.7 1.0
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5.4.2 Cytokine dysregulation in DLBCL 
 

Initial measurement of the 20 cytokines on plates 1A and 1B identified cytokine 

dysregulation in DLBCL compared to the healthy donor cohort, which was more pronounced 

in the patients who went on to have R/R disease. The levels of IL-1b, IL-2, IL-4, IL-12p70, IL-

13 and IL-17A were either undetectable or detected at low levels in all patients and healthy 

donors. The serum cytokine levels for all other measured analytes are summarised by mean 

cytokine concentration normalised to levels observed in the healthy control group, for all 

DLBCL patients, CR patients and R/R patients in figure 5.1. The 10 most deregulated 

cytokines were assayed on plate 2 in a second cohort of DLBCL patients and in the same 11 

healthy donor samples. The individual measurements (mean of 2 replicates) for these 10 

cytokines from all DLBCL patients and healthy donors are shown in figure 5.2. Comparison of 

healthy donor controls and DLBCL, and CR and R/R patients was performed by Mann-

Whitney U-test. The median concentrations of eight of the analysed cytokines were 

elevated in DLBCL patients compared to healthy donors (p<0.05). Within the DLBCL patients, 

IL-1RA (p=0.0166), IL-6 (p=0.0001), IL-10 (p=0.0112), CCL3 (p=0.0049) and TNF (p=0.0032) 

were all significantly elevated at diagnosis in those patients who developed R/R disease with 

12 months of RCHOP compared with those in maintained CR at 24 months. 

 

Unsupervised clustering of cytokine levels across all samples clustered most of the DLBCL 

patients together based around broad patterns of cytokine expression, with the healthy 

donors and a small group of DLBCL patients with low cytokine levels clustering together 

(Figure 5.3). Consistent with cytokine dysregulation at diagnosis being most pronounced in 

patients who went on to develop R/R disease, these patients largely clustered together as 

indicated by the red bars in figure 5.3. Interestingly, the five cytokines significantly more 

elevated in the patients with R/R disease clustered together, suggesting coordinated 

patterns of cytokine expression in high-risk patients. To assess if this was a reflection of the 

COO, we compared the cytokine levels between GCB and non-GCB cases in the 40 patients 

with this information available. For the five cytokines increased in R/R patients, only IL-1RA 

was significantly different based on COO, being elevated in non-GCB (p=0.0116).   
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Figure 5.1 Serum cytokine levels in DLBCL (n=34). Cytokines are positioned left to right in order of highest to lowest fold elevation versus 

healthy donor controls (n=11). Bars represent mean normalised to controls. IL, interleukin; CCL, C-C motif chemokine ligand; TNF, tumour 

necrosis factor; IFN, interferon; CSF1, colony stimulating factor 1; RA, receptor antagonist; CXCL, C-X-C chemokine ligand; VEGF, vascular 

endothelial growth factor. 
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Figure 5.2 Individual serum Cytokine levels in DLBCL (n=64) compared with healthy donors (n=11). All patient samples take prior to 

treatment. Levels (pg/ml) indicate mean of 2 replicates. CR, complete remission maintained > 24 months post RCHOP (n=46); R/R, relapsed / 

refractory disease within 12 months of RCHOP (n=16). (Mann-Whitney U-test * p<0.05, ** p<0.01, *** p<0.001, **** p< 0.0001). 
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Figure 5.3 Unsupervised hierarchical clustering of all samples by cytokine levels. The top bar and dendrogram indicate sample type, either 

DLBCL (n=64) or healthy donor control (n=11). The left bar and dendrogram indicate cytokine clusters. The red bars at the bottom indicate 

cases that went on to have relapse / refractory disease. IFN, interferon; CCL, C-C chemokine ligand; CSF1, colony stimulating factor 1; IL, 

interleukin; TNF, tumour necrosis factor; RA, receptor antagonist.  
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5.4.3 Cytokine correlations 
 

In order to identify co-deregulated immune cell and cytokine pathways in DLBCL with 

relevance to disease biology, we next used correlation analysis to assess the relationship of 

cytokine levels with IPI factors, AMC and ALC (figure 5.4). The five most deregulated 

cytokines at diagnosis in patients who went on to R/R disease all strongly positively 

correlated with each other (p<0.000001). They also positively correlated with LDH and total 

number of IPI factors (p<0.00001) but not age. IL-6 was positively correlated with the AMC 

(p=0.014), but levels of the other cytokines did not correlate with the AMC. CCL3, IL-10 and 

TNFa had negative correlations with the ALC (p<0.05). The AMC was positively correlated 

(p=0.028), and the ALC negatively correlated (p=0.00013) with the IPI factors. There was no 

correlation between AMC and ALC.  

 

The gated percentage of monocytes and CD3 T cells both correlated positively with the AMC 

and ALC, respectively (p<0.05). The frequency of classical, intermediate and non-classical 

monocytes all positively correlated with the frequency of total monocytes (p<0.05). The 

AMC and the frequency of total, classical and intermediate monocytes all negatively 

correlated with the frequency of CD4 T cells (p<0.05). The monocyte clusters identified by 

FlowSOM to differentiate CR and R/R patients in chapter 4 correlated with monocyte 

subsets. Cluster 07, which had a classical phenotype and expressed CD206, correlated 

positively with classical and intermediate monocytes (p<0.05). Cluster 09, which had a 

suppressor phenotype, correlated positively with classical and intermediate monocytes and 

cluster 10, which had an intermediate phenotype correlated with both intermediate and 

non-classical monocytes (p<0.05). Cluster 07 correlated positively with both clusters 09 and 

10 (p<0.05). There were no significant correlations between gated myeloid and T cell 

populations, or FlowSOM differentiating clusters with cytokine levels, consistent with a 

complex interplay between immune cells and signalling protein networks in driving the 

observed phenotypes. 
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Figure 5.4 Correlation matrix of cytokine levels, LDH, age, IPI factors and AMC/ALC. Cell numbers indicate Spearman correlation coefficient, r 

(left) or p values (right). All significant correlations (p<0.05) unlabelled and coloured deep purple (right). CCL3/4/22, C-C motif chemokine 

ligand 3/4/22; IL, interleukin; RA, receptor antagonist; TNF, tumour necrosis factor; CSF1, colony stimulating factor 1; IFN, interferon; LDH, 

lactate dehydrogenase; IPI, international prognostic index; AMC, absolute monocyte count; ALC, absolute lymphocyte count.  
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5.4.4 Cellular origin of cytokines in DLBCL 
 

To identify cytokine producing populations in DLBCL, we employed an intracellular cytokine 

staining MC protocol incorporating both lineage markers, to identify cell type, and cytokine 

/ cytotoxicity markers, to identify the cellular source of cytokine production (‘cytokine’ 

panel, see table 2.1). PBMC samples from 11 DLBCL patients (table 5.3) with sufficient 

remaining cells following immunophenotyping were analysed across these experiments and 

compared with the same healthy donor control PBMCs isolated from leucocyte cones 

detailed in chapter 4. Analysis of the unstimulated samples identified monocytes to be the 

main cellular source of cytokine production with constitutive over expression of MIP-1a and 

IL-6 by monocytes in DLBCL (figure 5.5). 

 

Table 5.3 Patients included in the intracellular MC cytokine staining study. Samples were 

either unstimulated or activated as detailed. LPS, bacterial lipopolysaccharide; PMA/I, 

phorbol 12-myristate 13-acetate / ionomycin. 

 

 

 
 

 

 

Patient ID Vial ID Unstimulated LPS PMA/i
7065 R1959 x Yes x
7140 R5448 Yes Yes Yes

7189 R5749 x Yes x
7306 R6229 Yes x x
7374 R7219 x Yes x
7407 R6852 Yes x Yes

7851 R9081 x Yes x
8686 T3714 Yes x Yes

9311 T6450 x Yes x
9974 T8690 x Yes x
10146 T9596 Yes Yes Yes
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Figure 5.5 Gated percentage of unstimulated monocytes positive for indicated cytokines. 

Top, gated monocytes for one DLBCL patient and one health donor showing expression of 

MIP-1a and IL-6. Bottom, gated percentage of cytokine positive monocytes for all samples 

analysed (DLBCL, n=5, healthy donors n=7). CCL3, C-C chemokine ligand 3; IL, interleukin; 

TNF, tumour necrosis factor; TGF, transforming growth factor; RA, receptor antagonist; IFN, 

interferon. (Mann-Whitney U-test ** p<0.01). 
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The percentage of unstimulated monocytes positive for MIP-1a and IL-6 was increased in 

DLBCL compared with the healthy donors (p=0.0025). The DLBCL cytokine producing 

monocytes were all positive for both CCL3 and IL-6, with expression positively correlated, 

whereas healthy donor cytokine producing monocytes were positive only for CCL3 with 

minimal IL-6 production. There was also a trend to increased monocyte positivity for IL-10 

and TNF, but these cytokines were secreted at low levels and did not reach significance. 

Cytokine production was predominantly by CD14+ classical monocytes. 

 

Unstimulated cytokine production by T and NK cells was generally low, with less than 5% of 

cells positive, but despite this there were significantly increased percentages of IL-10, TNF, 

IFNg and IL-2 positive T cells in DLBCL (p<0.05). Interestingly, the frequency of NK cells 

positive for CCL3 and IL-2 in DLBCL were increased, as were granzyme B and perforin 

positive NK cells suggestive of increased NK cell activation in DLBCL (p<0.05) (figures 5.6 and 

5.7). 

 
 

Figure 5.6 Gated percentage of NK cells positive for cytotoxic markers. Frequency of 

perforin and granzyme B (GZB) positive natural killer (NK) cells for all samples analysed 

(DLBCL, n=5, healthy donors, n=7). (Mann-Whitney U-test, * p<0.05, **p<0.01). 
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Figure 5.7 Gated percentage of T cell and NK cells positive for indicated cytokines. 

Frequency of cytokine positive CD3 T cells and NK cells for all samples analysed (DLBCL, n=5, 

healthy donors n=7). CCL3, C-C motif chemokine ligand 3; IL, interleukin; TNF, tumour 

necrosis factor; TGF, transforming growth factor; RA, receptor antagonist; IFN, interferon.  

(Mann-Whitney U-test, * p<0.05, **p<0.01). 

 

To assess monocyte activation potential in DLBCL, we stimulated PBMC samples with 

bacterial lipopolysaccharide (LPS), a potent monocyte activator which acts through toll like 

receptor 4 (TLR4) and requires CD14 to activate downstream signalling via myeloid 

differentiation factor 88 (MYD88) (380). Both DLBCL and healthy donor monocytes 

responded to LPS stimulation with cytokine production, predominantly of CCL3, IL-6 and 

TNF (figure 5.8). 
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Figure 5.8 Gated percentage of monocytes positive for CCL3, IL-6 and TNF following LPS 

stimulation in DLBCL (n=8) and Healthy donors (n=8). CCL3, C-C motif chemokine ligand 3; 

IL-6, interleukin 6; TNF, tumour necrosis factor. (Mann-Whitney U-test, ***p<0.001). 

 

 

Overall, the monocytes from DLBCL patients demonstrated blunted responses in terms of 

cytokine production with LPS stimulation compared to healthy donors. Comparing the 

percentage of cytokine positive monocytes for CCL3, IL-6 and TNF following LPS stimulation 

between DLBCL and healthy donors, there was an increased frequency of TNF positive 

monocytes in healthy donors (p=0.0006). There was a trend to an increased frequency of 

CCL3 and IL-6 expressing monocytes post stimulation in healthy donors, but this did not 

reach significance. There were seven healthy donor samples and two DLBCL samples that 

were analysed both unstimulated and following LPS stimulation. These paired samples were 

compared using the paired t test statistic. The mean differences in frequency of CCL3, IL-6 

and TNF positive monocytes post LPS stimulation were all increased in healthy donors 



 173 

(p<0.0001). There was no significant difference in expression of these cytokines post 

stimulation in the two DLBCL pairs. 

 

Finally, we assessed T cell cytokine secretion in response to stimulation with 

PMA/ionomycin. We found no evidence of exhaustion, with robust cytokine production in 

DLBCL T cells, with coproduction of TNF and IFNg, production of IL-2 and expression of the 

cytotoxic markers granzyme B and perforin. However, we did observe hypersensitivity of IL-

2 and TNF production by T cells in DLBCL, most marked by CD4 T cells compared with 

healthy donors. 

 

 

 
 

Figure 5.9 Gated percentage of T cells positive for IL-2 and TNF following PMA/ionomycin 

stimulation in DLBCL (n=4) and Healthy donors (n=8). IL-2, interleukin 2; TNF, tumour 

necrosis factor. (Mann-Whitney U-test, * p<0.05, **p<0.01). 
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5.4.5 Cytokines in molecular subtypes 
 

A total of 24 patients included in the serum cytokines study had mutational data available as 

they were included in the genetic and functional drivers in DLBCL study (112). Seven 

patients could be identified as belonging to the EZB/C3/BCL2 group and nine to the 

MCD/C5/MYD88 group based on their mutational profiles (see section 1.3.3) (122-124). 

There were trends in the EZB/C3/BCL2 cases for decreased CCL3 and TNF levels and 

increased IL-10 and IL-1RA, and in the MCD/C5/MYD88 for decreased CCL3, TNF, IL-10 and 

IL-1RA, however no significant associations with cytokine levels were identified in the 

molecular subtypes in this small subset of patients. 

 

5.5 Discussion 
 

A number of previous studies have identified cytokine overproduction in DLBCL and 

associated specific cytokines with poor outcome (223, 226, 378). The overexpression of both 

IL-6 and IL-10 have been linked to the NFkB pathway, which is constitutively activated in 

ABC DLBCL, suggesting a lymphoma cell origin (378). These cytokines can then signal in an 

autocrine manner to stimulate B-cell survival through the JAK/STAT pathway. DLBCL cell 

lines and murine models have been demonstrated to express IL-6, and mutations 

inactivating the IL-6 negative regulator SOCS1 recurrently occur in DLBCL (124, 226). IL-10 

receptor genes are also reported to amplified recurrently in DLBCL, with preclinical evidence 

supporting blockade of the IL-10 receptor as a therapeutic strategy (381). However, there 

are limited data on the association of cytokine dysregulation with the AMC and ALC and 

their role as prognostic indicators, as well as the role of peripheral blood immune cells in 

cytokine overproduction. 

 

In this study we report overproduction of several cytokines in DLBCL, including IL-1RA, IL-6, 

IL-10, CCL3 and TNF, which were all significantly more increased at diagnosis in patients who 

were refractory to, or relapsed after RCHOP. Unsupervised clustering linked these five 

cytokines together and clustered a group of DLBCL patients together based on a pattern of 

generalised cytokine elevation at diagnosis, particularly across these five cytokines. Most of 
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the patients clustered in this group went on to fail frontline therapy. A small group of DLBCL 

patients clustered with most of the healthy controls, based on a pattern of low cytokine 

levels and all these patients achieved a maintained complete remission following RCHOP. 

The cytokines most elevated at diagnosis in patients who went on to R/R disease were 

independent of COO except for IL-1RA, which was increased in the non-GCB group. IL-1RA is 

an anti-inflammatory cytokine than binds the IL-1 receptor but does not activate 

intracellular signalling. Elevation of IL-1RA may represent a physiological response to 

constitutive activation of downstream signalling via MYD88, and it is interesting to note that 

3 of the 4 patients in our cohort with the MYD88 mutation had elevated IL-1RA. It is also 

noteworthy that several cytokines are reported to be aberrantly epigenetically regulated in 

malignant disorders given that mutations in epigenetic regulators are frequently found in 

DLBCL (59, 382). In our cohort, four patients carried a mutation in the KMT2D (MLL2) gene, 

and all had widespread elevated cytokine levels. 

 

IL-6 levels positively correlated with the AMC and IL-10, CCL3 and TNF all negatively 

correlated with the ALC. We identified unstimulated monocytes as the main peripheral 

blood cellular source of cytokines in DLBCL, with increased secretion of CCL3 and IL-6, 

suggesting a non-cell autonomous role for monocytes in the cytokine overproduction seen 

in this disease. This would suggest that elevated IL-6 may be a consequence of, rather than a 

driver for, the increased monocyte count observed in DLBCL. Although CSF1 is known to be 

a key cytokine in driving myeloid differentiation and monocyte production (383), and was 

elevated in our DLBCL cohort compared with controls, it did not have a significant 

association with AMC or monocyte frequency. We did, however, identify down regulation of 

CD184 (CXCR4) in the immunophenotyping study as a potential mechanism to increase the 

monocyte count in DLBCL by preventing bone marrow homing. Monocytes in DLBCL also 

had increased CCL3 production, which plays a role in myeloid differentiation and has been 

implicated in ME dysfunction in several malignancies, including haematologic (384). This 

would potentially support a positive feedback of monocyte derived CCL3 driving further 

monocyte production, although CCL3 did not correlate with AMC in our data. It did 

however, correlate negatively with ALC, and has been shown to both inhibit proliferation of 

primitive haematopoietic progenitor cells and activate proliferation of mature myeloid 
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progenitors, consistent with a role in mediating the relative monocytosis and lymphopenia 

in DLBCL (385).  

 

In the stimulated experiments we observed attenuated cytokine production responses in 

DLBCL monocytes compared to healthy donor monocytes, which robustly upregulated 

secretion of IL-6, CCL3 and TNF. Due to the baseline cytokine over-production in DLBCL 

monocytes, only the frequency of TNF positive monocytes was significantly increased post 

stimulation in the healthy donor group compared with DLBCL. In the paired samples, the 

healthy donors significantly upregulated cytokine expression in response to LPS, whereas 

the DLBCL patients did not. Thus, we find evidence of cytokine overproduction by DLBCL 

monocytes but reduced ability to respond to stimuli, suggestive of a pattern of sustained 

activation resulting in a degree of exhaustion and dysfunction in DLBCL. 

 

We observed increased positivity for several cytokines in T and NK cells in DLBCL, which was 

most marked for NK cell MIP-1a, although overall only low frequencies of these cells were 

cytokine positive in the unstimulated experiments. Most of the NK cells in the DLBCL 

samples were positive for the cytotoxic markers consistent with baseline NK activation. In 

the stimulated experiments, we found no evidence of peripheral T cell exhaustion with 

coproduction of IFNg, IL-2 and TNF. The DLBCL cases demonstrated hypersensitivity to 

stimulation with increased frequency of cytokine positive cell compared to healthy donors, 

which was predominantly driven by CD4 T cells, including FoxP3 positive regulatory T cells. 

 

Overall, we find cytokine dysregulation in DLBCL with outcome associations. We establish 

monocytes as playing a role in cytokine overproduction and infer possible links with the 

AMC / ALC and their prognostic nature. We find evidence to support poor monocyte 

responsiveness and possible exhaustion, with NK cell activation but no evidence of 

peripheral T cell exhaustion. The exaggerated responses of CD4 T cells to direct stimulation 

are consistent with underlying immune dysfunction and interesting given our observation 

that the costimulatory molecules CD27 and CD28 were down regulated in DLBCL. 
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Limitations of the study 

 

As previously, the samples assayed in this work were all cryopreserved. Serum samples were 

used to assess peripheral blood cytokine levels and MC staining of PBMCs to assess cellular 

origin. While both serum and plasma samples have been assayed to measure cytokine 

levels, we choose serum purely based on availability. Differences in cytokine levels are 

reported between serum and plasma samples, largely because of coagulation, with levels 

generally increased when serum samples are used. This remains an accepted material to 

study cytokines, however and we were consistent throughout the study with both healthy 

donor and DLBCL samples. Cryopreservation is generally not considered an issue providing 

repeated freeze thaw cycles are avoided.  Several factors can affect the levels of both serum 

and plasma cytokines including receptor binding, temperature degradation, urinary 

excretion and cellular breakdown (386). In addition, cytokines act in a paracrine manner and 

display variable levels during the day and therefore levels can be influenced by the timing of 

venepuncture. Serum cytokine levels can therefore be considered to provide an indirect 

estimate of cytokine activity in the peripheral blood and likely do not reflect activity in 

disease sites and in the bone marrow.  

 

There was a significant overlap between the patients with PBMC and serum samples 

available, but some patients only had one or the other available for analysis. Most 

importantly though, since the PBMC samples were prioritised for the phenotyping arm of 

the study, many patients did not have enough available cells to be included in the cellular 

cytokine expression arm of the study. Finally, although we were able to use a health donor 

control group with serum samples, these samples did not have demographic data available 

and represented a population that was not age matched.
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6. The tissue microenvironment in DLBCL 
 

6.1 Introduction 
 

Although the bulk of this work has focused on the peripheral blood immune compartment, 

DLBCL is primarily a disease of lymph node tissue, with approximately one third of patients 

having extra-nodal involvement, but primary extra-nodal or isolated bone marrow disease is 

much less frequent (75, 387, 388). The initial importance of the ME in DLBCL was highlighted 

in work by the Leukaemia/Lymphoma Molecular Profiling Project (LLMPP) in which two 

groups of patients were identified based on ‘stromal’ signatures from the non-malignant 

cells within diagnostic tissue biopsies (106). The two signatures were based on differential 

expression of genes associated with the immune ME and extracellular matrix (ECM), with 

each group associated with a distinct outcome. In addition, other gene expression profiling 

(GEP) studies have strengthened the evidence that the non-malignant component in the 

DLBCL tissue ME contributes to disease pathogenesis (154, 204, 210, 389). Several groups 

have applied single or dual marker immunohistochemistry (IHC) strategies to biopsy 

specimens to enumerate the non-malignant immune cells and distinguish functional 

subsets, often with inconsistent results (205-209, 211, 218). The recent genetic studies, 

which have opened the door to a new molecular classification in DLBCL, highlight 

recurrently mutated genes which establish a critical role for immune evasion in disease 

evolution (73). Recent years have also seen a move away from conventional cytotoxic 

chemotherapy, towards novel therapies based on harnessing the power of the immune 

system to improve outcomes, especially in the relapse setting (189, 280, 284, 285). Taken 

together, the current data support a key role for the tissue ME in disease biology and 

response to therapy, however, as with the peripheral blood compartment much of the basic 

immunology in terms of immune composition, including phenotypic and functional subsets, 

as well as spatial context remains understudied or lacking. We therefore hypothesised that 

single cell strategies such as MC and IMC could be applied to the complex tissue ME in 

DLBCL to further our existing knowledge and contribute to the deconvolution of immune 

subset heterogeneity.  
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6.2 Aims 
 

Our aims for this study were to apply MC to diagnostic tissue suspensions in DLBCL to 

characterise the immune populations and develop an IMC pipeline to apply to FFPE tissue to 

facilitate in depth immune subset identification with spatial context. 

 

6.3 Methods 
 

6.3.1 Patient selection 
 

Diagnostic tissue single cell suspensions (SCS) were accessed through the Barts tissue bank 

for five patients with DLBCL, all lymph node (LN) and five patients with reactive disorders, 

four LN and one tonsil (reactive lymph node / tonsil, RLNT). Samples were selected based on 

availability and all were collected prior to any therapy and cryopreserved in liquid nitrogen. 

All DLBCL patients were subsequently treated with RCHOP. For the IMC validation work, 

tonsil tissue was provided by Andrew Clear and Hodgkin lymphoma tissue by Dr Joseph 

Taylor. Two DLBCL tissue microarrays (TMAs), one constructed for a prior study (390) and 

one during this work to include 18 cases with PBMC phenotyping data and a balance 

between CR and R/R cases, have now been stained. 
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Table 6.1 Patients with tissue suspensions for mass cytometry experiments. LN, lymph 

node; RCHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone. 

 

 
 

6.3.2 Mass cytometry staining 
 

SCS were resuscitated from liquid nitrogen storage and stained as previously described. 

Samples were stained in 5ml polypropylene falcon tubes and acquired in 2 batches, with 

one of the RLNT samples being acquired with both batches to ensure consistency between 

runs. The SCS samples were stained with the ‘lymph node’ panel, which was based on the 

‘T-cell’ panel given previous work in our laboratory had shown T cells to be the predominant 

viable cells in these samples, suggesting the malignant cells and myeloid populations 

identifiable on FFPE tissues did not survive the processing and cryopreservation. For 

functional studies, SCS were rested overnight in 12-well plates in a humidified incubator and 

stimulated with PMA/ionomycin with transport inhibitors in a 500µl volume and stained 

with the ‘cytokine’ panel to assess T cell cytokine production. 

 

6.3.3 Imaging mass cytometry staining 
 

Individual tissue sections or TMA sections were stained as described in section 2.4 for IHC 

and IMC to optimise an antibody panel to interrogate the tissue ME in both DLBCL and 

Hodgkin lymphoma. Samples were selected based on prior IHC characterisation for the 

Patient ID Vial ID Diagnosis Tissue Treatment Outcome
6719 R3153 DLBCL LN RCHOP Remission
10085 T8477 DLBCL LN RCHOP Relapse
10115 T9041 DLBCL LN RCHOP Remission
10344 C0447 DLBCL LN RCHOP Relapse
10403 C0572 DLBCL LN RCHOP Remission
NA T9611 Reactive LN NA NA
NA C0939 Reactive LN NA NA
NA C1587 Reactive LN NA NA
NA C1130 Reactive LN NA NA
NA C1171 Reactive Tonsil NA NA
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specific antibodies under validation. In total, two DLBCL TMAs, labelled TMA 2018 and TMA 

2020, one Hodgkin lymphoma TMA and one reactive TMA have now been stained as part of 

the experimental work of this thesis, however data acquisition and analysis are ongoing and 

therefore only details of the validated panel are presented here. 

 

6.4 Results 
 

6.4.1 Patient characteristics  
 

SCS were only available for five DLBCL cases at diagnosis and all received RCHOP. The 

median age at diagnosis was 55 (range, 50-67). Two relapsed within 12-months of RCHOP 

and the remaining three achieved prolonged remission. There were five RLNT tonsil cases 

consisting of four LN and one tonsil. A malignant diagnosis was excluded in all cases, and 

they received no specific therapy other than antibiotics following biopsy. No further 

demographic details were available. See table 6.1. 

 

6.4.2 T cell microenvironment in DLBCL tissue 
 

Interrogation of the ME in the SCS samples focused on the T cell compartment. Although the 

diagnostic histology reports confirmed the presence of predominantly malignant cells but 

also myeloid and T cells, previous work from our laboratory had demonstrated T cells to be 

the predominant viable cell type in these samples, which was confirmed in our work. Data 

were processed as previously described and gated to live CD45+ CD3+ single events prior to 

further analysis. The samples were acquired in two batches with cells from the reactive 

donor T9611 included in both for quality control (figure 6.1).  
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Figure 6.1 Gated percentages of T cell subsets for RNLT donor T9611 for each of two MC 

batches. An aliquot of single cell suspension (SCS) from donor T9611 was aquired with each 

batch of SCS samples, with the results of each T9611 control showing comparable results, 

indicating staining consitency between batch runs. DP, double positive; DN, double 

negative; EM, effector memory; TEMRA, T effector memory RA; CM, central memory 

 

As before, data were analysed with manual gating (figure 4.4) and with opt-SNE 

dimensionality reduction and FlowSOM clustering. Data from all 10 SCS were gated into T 

cell subsets and are summarised in figure 6.2. The effector memory populations could be 

further gated to EM1 – EM4 based on expression of CD27 and CD28 (347). CD4 T cells were 

the predominant cell type in both RNLT and DLBCL but with a skew in the CD4:CD8 ratio in 

DLBCL with a relative decrease in median CD4 T percentage (57.6 v 79.3, p=0.032) and an 

increased CD8 percentage (33.2 v 16.8, p=ns). In the subset analysis, CD4 naïve T cells were 

reduced as a percentage of T cells and CD8 effector memory (EM) increased in DLBCL as 

compared with RNLT (p=0.0317). Differential abundance (DA) analysis with EdgeR revealed 

similar results with significant fold change decreases in CD4 naïve T cells and increases in 

1 2

DP T cells

DN T cells

CD8 T cells

CD4 T cells
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CD8 EM subsets EM1 and EM4, CD8 central memory (CM) and natural killer T (NKT) cells in 

DLBCL, however NKT cells were present at low frequencies in all samples (figure 6.3). 

 

Overall, the gating analysis identified a skew towards a reduced CD4:CD8 ratio compared to 

reactive tissues, with a shift in differentiation away from naïve and towards an EM 

phenotype in both CD4 and CD8 T cells in DLBCL. We next performed FlowSOM clustering of 

the CD3 T cells in all samples, using all the T cell and checkpoint markers to further 

interrogate these subsets. We identified 25 T cell clusters, each representing a phenotypic 

subset, which are shown by colour overlay on to an opt-SNE map (figure 6.4). DA analysis of 

the clusters identified six T cell subsets present in increased abundance in DLBCL tissues 

compared with RLNT. The clusters represent three CD4 T, one CD8 T, one double negative 

(DN) and one double positive (DP) T cell subsets. Cluster 06 had the phenotype of regulatory 

T cells (Treg), with CD25 and FoxP3 expression and low CD127 expression. The cluster also 

expressed PD-1 consistent with a suppressive Treg population. Clusters 10 and 12 had 

similar CD4 EM4 phenotypes with expression of T-bet and the activation markers CD38 and 

CD134 (OX40). Although both clusters expressed PD-1, they were distinguished by higher 

expression on cluster 10. Cluster 11 had a CD8 EM1 phenotype consistent with the gating 

analysis and expressed both inhibitory checkpoints PD-1 and TIM-3 (CD366). The DN 

population, cluster 13 also expressed PD-1 and the DP population, cluster 15 expressed the 

activation marker CD38. The median expression levels of all antigens analysed for each T cell 

cluster are shown in the heatmap (figure 6.6).  
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Figure 6.2 Gating derived frequencies of T cell subsets for all DLBCL (n=5) and RLNT controls (n=5).CM, central memory; TEMRA, T effector 

memory RA, EM, effector memory; Treg, regulatory T cells; DN, double negative; DP, double positive; DN, double negative; NKT, natural killer 

T; RNLT, reactive lymph node and tonsil. (Mann-Whitney U-test, * p<0.05)  
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Figure 6.3 Differential abundance analysis of gated T cell subsets between DLBCL (n=5) 

and RLNT (n=5). Volcano plot showing false discovery rate (FDR) against fold change (FC) of 

T cell subsets between DLBCL and reactive lymph node and tonsil (RNLT) controls. Left of 

centre indicates population increased in DLBCL, right increased in RLNT, green indicates 

statistical significance (FDR<0.05). 

 

  
 

Figure 6.4 Dimensionality reduction with opt-SNE for all DLBCL (n=5) and RNLT (n=5). Maps 

are coloured by gated populations (left) and FlowSOM clusters (right). 
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Figure 6.5 Differential abundance analysis of FlowSOM T cell clusters between DLBCL (n=5) 

and RLNT (n=5). Volcano plot showing false discovery rate (FDR) against fold change (FC) of 

T cell subsets between DLBCL and reactive lymph node and tonsil (RNLT) controls. Left of 

centre indicates population increased in DLBCL, right increased in RLNT, green indicates 

statistical significance (FDR<0.05). 
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Figure 6.6 Heatmap of antigen expression for FlowSOM T cell clusters. Median expression of all analysed markers (columns) for each 

FlowSOM cluster (row). Clusters 6, 10, 11, 12, 12 and 15 were present in increased abundance in DLBCL compared with RLNT. 
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6.4.3 T cell function in DLBCL microenvironment 
 

The cytokine producing ability of the T cells in the DLBCL microenvironment was assessed in 

response to stimulation with PMA/ionomycin. We found no evidence of CD8 T cell 

exhaustion in DLBCL in terms of cytokine production, with similar frequencies of cells 

positive for IFNg and TNF in response to stimulation when compared with RLNT. They were 

also able to produce IL-2, with a trend to reduced production. There were increased 

frequencies of granzyme B and perforin positive CD8 T cells in lymph node tissue in DLBCL 

(figure 6.7). Although the CD4 T cells in the DLBCL ME were able to produce cytokines in 

response to stimulation, there were some features consistent with exhaustion. There were 

significantly less IL-2 and TNF positive CD4 T cells compared to reactive controls (p<0.05) 

(figure 6.8). There were no differences in ability to produce IFNg and IL-10. Overall, there 

were relatively few T cells positive for IL-10 in both the DLBCL and reactive groups, most 

likely due to the shorter stimulation period of 6 hours.  

 

In summary we found no evidence of CD8 T cell exhaustion, with robust cytokine production 

observed post stimulation. The finding of an increased frequency of CD8 T cells positive for 

the markers of cytotoxicity is also consistent with a lack of exhaustion and suggestive of an 

increased baseline of activation in this compartment. Within the CD4 T cells we identified 

blunted responses in terms of IL-2 and TNF production compared with RLNT, suggestive of a 

level of exhaustion in this compartment. Interestingly, we found the opposite in the 

peripheral blood CD4 T cell compartment with an exaggerated IL-2 and TNF response to 

stimulation. 
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Figure 6.7 Gated percentage of CD8 T cells positive for the indicated cytokines and cytotoxic markers following PMA/ionomycin stimulation 

in SCS from DLBCL (n=5) and RLNT (n=5). Granzyme B (GZB) and perforin positive CD8 T cells were increased in DLBCL compared with RLNT 

following stimulation. IL, interleukin; TNF, tumour necrosis factor; IFN, interferon. (Mann-Whitney U-test, * p<0.05).
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Figure 6.8 Gated percentage of CD4 T cells positive for indicated cytokines following 

PMA/ionomycin stimulation in SCS from DLBCL (n=5) and RLNT (n=5). IL-2 and TNF positive 

CD4 T cells were decreased in DLBCL compared with RNLT following stimulation. IL, 

interleukin; IFN, interferon. (Mann-Whitney U-test, * p<0.05, ** p<0.01). 

 

6.4.4 Imaging mass cytometry panel optimisation  
 

During the experimental work for this thesis a protocol and antibody panel for imaging mass 

cytometry (IMC) were optimised to characterise the infiltrating immune populations in the 

tissue ME of DLBCL and Hodgkin lymphoma. IMC is a relatively recent adaptation of MC for 

high dimensional profiling of tissue sections. This has been applied to both malignant and 

non-malignant tissues to characterise tissue architecture and immune cell subpopulations, 

facilitating analysis with spatial context (301, 391, 392). However, as yet there remains 

limited published data applying IMC to lymphoma tissues (316). The panel of antibodies was 

designed to be complimentary to the work already presented in this thesis and that of a 

parallel project on Hodgkin lymphoma (figure 6.9).  
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Figure 6.9 Optimised antibody panel for imaging mass cytometry. SMA, smooth muscle 

actin; PD-1, programmed death 1; PD-L1, programmed death ligand 1; LAG-3, lymphocyte 

activation gene 3; TIM-3, T cell immunoglobulin and mucin domain-containing protein 3; 

Macrophage mannose receptor; MUM1, multiple myeloma oncogene 1; IRF4, interferon 

regulatory factor 4; HLA, human leucocyte antigen. 

 

The above panel has been used to stain DLBCL, Hodgkin lymphoma and reactive TMAs with 

acquisition and data analysis ongoing. Representative images are shown for selected 

antibodies on tonsil (figure 6.10), DLBCL (figure 6.11) and Hodgkin lymphoma (figure 6.12) 

tissues. As part of a collaboration, my colleague Dr Joseph Taylor developed a multiplex 

imaging analysis pipeline for use with both multiplex IHC and IMC data. This involved 

designing a customised application for the Visiopharm analysis software to perform cell 

segmentation on multiplexed tissues using a composite of the cell surface markers for cell 

boundaries and a composite of intracellular markers to define individual cells. Data can then 

be exported for further analysis with dimensionality reduction and clustering as for MC data 

with spatial context retained for further modelling analysis (figure 6.13). 

 

 

Leucocytes / nuclear markers Tissue architecture and blood vessels
CD45 Leucocyte common antigen αSMA alpha smooth muscle actin
Histone H3 Nuclear marker Collagen 1 ECM protein
Iridium DNA marker CD31 Endothelial cells
Ki67 Proliferation marker CD34 Endothelial cells

T and NK cells Myeloid cells
CD3 T cells CD11c Complement receptor, Monocytes, DCs
CD4 CD4+ T cells CD14 LPS receptor, Monocytes / Macrophages
CD8a CD8+ T cells CD16 Fcɣ Receptor III, Monocyte subsets 
CD45RA Naïve cells CD68 Myeloid cells
FoxP3 Treg transcription factor CD163 Scavenger receptor
T-bet T helper (TH1) transcription factor CD206 (MMR) Macrophage mannose receptor
Granzyme B Cytotoxicity CX3CR1 Chemotaxis, myeloid subsets
CD16 Fcɣ Receptor III, NK cells HLA-DR Antigen presentation (MHC-II)

Immune checkpoint molecules B-cell / Tumour Markers
B7H4 Negative regulator of T cell immunity CD20 B cells, DLBCL
PD-1 Immune checkpoint CD30 Hodgkin's cells
PD-L1 Immune checkpoint MUM1/IRF4 Expressed by ABC DLBCL
LAG-3 Immune checkpoint CD10 GC B cells
TIM-3 Immune checkpoint HLA-DR Antigen presentation (MHC-II)
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Figure 6.10 Tonsil stained with IMC panel. The image shows a ’false colour’ representation 

of alpha-SMA (blue), CD31 (red), collagen 1 (yellow) and CD10 (green) highlighting the 

germinal centre B cells (green), vasculature (blue/red) and collagen (yellow). 

 

 

 

Figure 6.11 DLBCL lymph node stained with IMC panel. The image shows CD20 (green) and 

ki67 (blue) highlighting the proliferating lymphoma cells and CD68 (red) highlighting the 

macrophages.  
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Figure 6.12 Hodgkin lymphoma lymph node stained with IMC panel. The image highlights 

the large Hodgkin’s cells which are CD4 positive (red), the surrounding CD3 (green) CD4 dual 

positive T cells and the CD8 (blue) T cells which are largely excluded from the tumour area. 
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Figure 6.13 Analysis pipeline for IMC data. Figure provided by Dr J Taylor. Following 

acquisition, data are exported as stacked TIFFs and uploaded to Visiopharm for cell 

segmentation based on membrane and intracellular markers. Segmented data can then be 

analysed with downstream clustering and dimensionality reduction algorithms. Spatial 

modelling can be performed to assess whether the distribution of one cell type (immune 

subsets) can be predicted from the density of another (tumour cells). 

 

6.5 Discussion 
 

The tissue immune ME in DLBCL shows significant heterogeneity between individual cases 

but the non-malignant compartment has been used to define subgroups and associates with 

outcome in histological and gene expression profiling studies (106, 205, 211). Immune 

evasion is a key component in disease biology, highlighted by recurrent genetic and 

epigenetic bases of escape from immune detection (74). However, in depth characterisation 

of immune subsets at a single cell level is largely lacking from the published data with recent 

studies focusing on the genomic landscape.  
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Most patients are diagnosed with a lymph node or tissue biopsy which is formalin fixed and 

paraffin embedded (FFPE) with the result that many studies investigating the ME have 

focused on histological approaches. Also, in recent years there has been a dramatic increase 

in the use of core needle biopsies over excisional approaches for diagnostics with the result 

that less tissue is available for research studies. In contrast to the number of peripheral 

blood samples, we were able to identify only five DLBCL tissues SCS for analysis with MC 

with a similar number of reactive control tissues. In this group we focused our analysis on 

the CD3 T cell compartment as this was the predominant viable cell type in these samples. 

We identified a skew in CD4:CD8 ratio with a relative decrease in CD4 T cells and increase in 

CD8 T cells in DLBCL, with a trend for this to be more pronounced in the cases that went on 

to relapse. The data also demonstrated an increase in differentiation of the DLBCL T cell 

subsets with reduced naïve and increased effector memory (EM) populations, which again 

showed a trend to being more pronounced in the relapse cases and similar to the pattern in 

the peripheral blood. The clustering analysis identified a Treg subset with high expression of 

PD-1, consistent with suppressive function as being increased in abundance in the DLBCL 

samples. The differentiating CD8 T cell cluster more abundant in DLBCL also expressed 

inhibitory checkpoint molecules associated with limiting immune responses, with a recent 

profiling study associating a high proportion of checkpoint positive T cells with adverse 

outcome (154). We also found increased abundance of a DN cluster and a DP cluster of T 

cells which have both been associated with immunoregulatory functions and immune 

tolerance, but overall, these cells were present at low frequencies (393, 394). 

 

In the functional work, we found that CD8 T cells in the DLBCL ME remained fully capable of 

cytokine production with similar frequencies of positive cells as the reactive tissues and 

increased cells positive for the cytotoxic markers. The increase in granzyme b and perforin 

positive CD8 T cells may reflect a generalised immune dysfunction or activated state, with 

an increase in activated CD8 T cells associated with autoimmune diseases (395). The CD4 T 

cell compartment did demonstrate some features consistent with exhaustion with reduced 

cytokine positive cells compared with the reactive controls. In contrast, we found 

hyperresponsiveness of CD4 T cells in the peripheral blood in terms of cytokine production 

following stimulation. 
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Finally, we established a broad immune panel of antibodies to characterise the lymphoma 

tissue ME in high dimension at the single cell level with imaging mass cytometry, and in 

collaboration with colleagues develop an analysis pipeline for the data. The results from this 

work are not yet available and will form part of the future work associated with this project, 

discussed further in the final chapter. 

 

These data support a suppressive tissue ME in DLBCL with increased differentiation, an 

increased abundance of Tregs as well as expression of immune checkpoint molecules by the 

infiltrating cytotoxic T cells. Although the CD8 T cells remain functional in response to 

stimuli, the immunosuppressive ME and / or lymphoma immune evasion likely hinder their 

effectiveness. This would also provide a rationale for targeting the suppressive ME alongside 

immune effector approaches including CAR-T cell therapy to maximise efficacy. 

 

Limitations of the study 

 

Unlike the PBMC samples in our earlier study, the tissue processing and / or 

cryopreservation affected the lymph node SCS populations, with relatively few malignant 

cells and only rare myeloid cells identified following analysis. These populations are clearly 

observed by IHC and IMC and therefore are likely lost due to technical variation introduced 

by the sample processing and storage. In recent years radiological core biopsies have been 

increasingly employed for diagnostic sampling with the result that SCS are now infrequently 

available with only 5 DLBCL cases available, limited the conclusions we can draw from this 

work and precluding any outcome assessment. As with the previous studies, the lack of CMV 

status for all patients and demographics data for the control group were considered limiting 

factors.  

 

Finally, although the IMC experimental work has completed, the analysis of this data 

remains ongoing and cannot be considered in the conclusions presented in this work. Many 

of the patients in the IMC study overlap with the PBMC and serum samples and therefore 

when this data is available, we will have a more complete immune cell and cytokine 

landscape for our cohort of DLBCL patients. 
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7. Discussion 
 

DLBCL is a curable disease, but great heterogeneity is seen in disease biology, clinical 

behaviour and outcome following standard therapy. Although in the region of 60-65% of 

patients treated with RCHOP can expect long-term survival there remain several unmet 

needs including improved prognostic and predictive tools; a widely available, clinically useful 

novel classification system to capture targetable molecular heterogeneity; a risk adapted 

approach to facilitate precision medicine and limit unnecessary toxicity; improved frontline 

options for older patients and those where comorbidities prevent use of RCHOP; improved 

options for patients with relapsed / refractory disease; appropriate sequencing of novel 

agents during an individual patient’s disease course. Many of these issues have been 

extensively explored in translational research studies and / or are currently being addressed 

in the context of clinical trials. Notably, the recent genomic landscape studies have offered 

new insights into genetic heterogeneity, with reproducible molecular subtypes of DLBCL 

identified in independent studies with recurrent targetable lesions (122-124). The 

knowledge generated from these studies is now being used to develop novel systems of 

classification, with the caveats that a significant minority of patients remain unclassified 

and, at least at present, most patients will not have their tumour profiled in such depth to 

allow subtype assignment (73, 74). Nevertheless, these studies represent a landmark in 

refining the molecular heterogeneity of DLBCL. In the clinical setting, the RCHOP-X model of 

adding a novel agent to standard therapy has as yet failed to demonstrate superiority for 

agents including bortezomib, ibrutinib and lenalidomide but with results for the addition of 

polatuzumab awaited (118, 243, 244, 280). Novel chemotherapy-free approaches are also 

being investigated in the frontline setting for older and unfit patients with studies ongoing 

(280). Again, there has been remarkable progress in developing several targeted therapies 

for DLBCL patients, particularly in the relapse setting, with CAR-T cells and polatuzumab 

combinations now approved for patients in the UK. In terms of prognostication, the clinical 

tools based around the international prognostic index (IPI) remain in use but fail to clearly 

identify the highest risk patients. The concept of using the peripheral blood monocyte and 

lymphocyte counts as prognostic markers has been reported in several studies and is 

consistent with the transcriptomic data highlighting the relevance of ME biology in DLBCL 
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(106, 191-193, 204). These findings are also complementary to the interests of our 

laboratory and were the starting point for the conceptualisation of this work. 

 

7.1 Data summary and interpretation 
 

We identify the absolute monocyte count (AMC) as being increased and the absolute 

lymphocyte count (ALC) decreased in DLBCL compared with controls, but no clear 

correlation between the two counts. We also confirm the prior finding that AMC high and 

ALC low associate with worse outcome, with the presence of both a poor prognostic factor 

at diagnosis that can further stratify the highest risk patients identified with the clinical 

prognostic tools. Given these findings, together with the fact that many of the basics of the 

human immune system in health and disease remain incompletely understood, we focused 

the bulk of our experimental work on characterisation of the peripheral blood immune 

compartment in DLBCL. 

 

We identified an increased frequency of intermediate and non-classical monocytes in DLBCL 

and significant heterogeneity within the classical monocytes, with a continuum seen across 

populations and with expression of antigen markers. We also found consistently reduced 

expression of CD184 (CXCR4) on the myeloid populations in DLBCL. This could feasibly 

represent a mechanism explaining the relative monocytosis we observed given that 

inhibition CD184 with plerixafor is known to mobilise cells expressing this receptor from the 

bone marrow (BM) niche, with expression of CD184 associated with BM homing (396). The 

reduced expression of CD86 we observed on classical monocytes in DLBCL would support a 

role in limiting T cell immune responses due to its key role in costimulatory signalling. The 

clustering analysis identified three monocyte subsets in DLBCL associated with subsequent 

relapse. One of these had a phenotype consistent with that described for myeloid derived 

suppressor cells (MDSC), with low HLA-DR and positivity for CD163, which is associated with 

IL-10 polarised myeloid populations and IL-6 driven pro-tumoral function (194, 340, 353). 

Both cytokines were elevated in our DLBCL cohort. Another cluster expressed CD206, which 

has documented roles in both T cell suppression and tumour support (354). Both 

populations highly expressed CD192 (CCR2), which mediates monocyte recruitment, 
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another potential mechanism to explain the relative monocytosis we observed. However, 

both ligands for this receptor analysed in this study, CCL2 (MCP-1) and CCL13 (MCP-4), were 

only moderately elevated and not associated with outcome.  

 

Interrogating the T cell landscape, we found a generalised reduction in frequency across 

several subsets in DLBCL, with significantly reduced CD4 effector memory 1 (EM1) and CD8 

central memory (CM) T cells, with an increase in CD8 T effector memory RA (TEMRA) 

consistent with increased activation and differentiation. Further support for T cell activation 

was provided by the finding of an increased frequency of CD4 T cells with a TH1 phenotype. 

There was a reduced frequency of CD3 T cells at diagnosis in patients who went on to fail 

RCHOP, compared to those who did not, consistent with the adverse nature of ALC low. 

These patients also had reduced frequency of the CD8 TEMRA, such that although this 

subset was increased in DLBCL compared to controls, within the DLBCL cohort the highest 

frequencies were seen in patients achieving sustained remission with RCHOP. The increase 

in CD8 TEMRA may reflect a response to chronic antigen stimulation and immune activation 

in DLBCL, with the highest risk patients less able to respond. However, it is also notable that 

increased CD8 TEMRA and decreased CD4 EM1 have been associated with aging (348). We 

also report increased CD8 EM3 with a TC1 phenotype and PD-1 expression in DLBCL patients 

who went on to relapse. These cells represent a differentiated effector population, and 

while the PD-1 expression could represent activation, it also provides a base for inhibitory 

signalling. Perhaps most strikingly in the T cell compartment, we observed widespread 

reduced expression of CD27 and CD28 on T and NK cells compared to controls, and this 

finding was most pronounced in patients who went on to relapse. Given that CD27 and 

CD28 are critical to T cell immune responses, and without signals from these molecules T 

cells become refractory to further stimuli, this represents a potentially critical disruption to 

anti-tumour immune responses. Our data are therefore consistent with a reduced 

frequency of T cells in the peripheral ME being an adverse prognostic factor, with increased 

T cell differentiation and activation seen, together with bases of immune suppression from 

both the myeloid and T cell compartments, likely resulting in a dysfunctional immune 

response.  
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To establish the relationship between the immune cell landscape and the cytokine 

dysregulation reported in DLBCL, we assessed the levels of a number of cytokines and found 

that CD14 monocytes were the main cellular source of peripheral blood cytokines. In 

accordance with published studies, we found widespread cytokine elevations in DLBCL with 

significantly increased levels of IL-1RA, IL-6, IL-10, CCL3 and TNF at diagnosis in the patients 

who went on to relapse. IL-6 is known to be a potent growth factor for both normal and 

malignant B cells, with murine models of B-NHL demonstrating both a critical role in 

lymphomagenesis for IL-6 and its production by the lymphoma cells (226, 376, 397). We 

confirm the adverse prognostic nature of elevated IL-6 in DLBCL and establish a non-cell 

autonomous role for monocyte derived IL-6 in DLBCL. Interestingly, unpublished data from 

our laboratory in a mouse model of aggressive MYC driven lymphoma demonstrated that 

high levels of IL-6 were associated with disease progression and that inhibition of the CSF-1 

receptor (CSF-1R / M-CSF receptor) resulted in reduced lymphoma burden and reduced IL-6 

levels. In this model, CSF-1R inhibition also resulted in reduced monocytes and 

macrophages, with no effect of normal B and T cells. No direct effect of CSF-1R inhibition 

was observed on lymphoma cells, suggesting the efficacy to be mediated through myeloid 

cell depletion. Consistent with these findings, we report increased IL-6 in DLBCL, IL-6 as an 

adverse prognostic factor as well as increased production of IL-6 by unstimulated DLBCL 

monocytes. We also identified elevated CCL3 levels in DLBCL, associated them with poor 

outcome and established monocytes as the main peripheral cellular source. CCL3 correlated 

negatively with the ALC consistent with its known role in ME dysfunction (384). We also 

observed a reduced ability to upregulate cytokine production in response to stimulation in 

DLBCL monocytes, suggestive of deregulated cytokine production but a limited capacity to 

respond to immune challenges. In the lymphocyte compartment, we report NK cell 

activation in DLBCL and find no evidence of peripheral T cell exhaustion, with robust 

cytokine responses to stimuli. We did observe hypersensitivity of the CD4 T cells to 

stimulation, with increased IL-2 and TNF responses, consistent with retained cytokine 

producing capacity but in the context of a dysfunctional immune response. 

 

In addition to the peripheral microenvironment, we also characterised the lymph node T cell 

compartment finding a skew towards reduced CD4 T cells and increased CD8 when 

compared to reactive tissues, consistent with a recently published study (398). Similar to our 
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findings in the peripheral blood T cell compartment, we also identified evidence of 

increased differentiation, with reduced naïve CD4 and increased effector memory CD8 

subsets. The clustering analysis discovered increased abundance of PD-1 positive regulatory 

T cells and immune checkpoint expressing CD8 T cells in DLBCL. The functional work 

demonstrated no evidence of CD8 exhaustion in terms of cytokine production, with 

increased frequencies of cytotoxic marker positive cells. There were some features of 

exhaustion in the CD4 T cells, with attenuated cytokine responses, in contrast to the 

peripheral blood CD4 T cell response to activation. Although we were only able to analyse a 

small number of cases due to the rarity of single cell suspension (SCS) material, our data are 

suggestive of an activated and differentiated T cell ME, with increased regulatory T cells and 

checkpoint marker expression. Taken together and considered with the frequent immune 

evasion strategies employed by the lymphoma cell, such as loss of MHC molecule 

expression, these findings support a suppressive microenvironment, with increased 

cytotoxic CD8 T cells with functional potential, which are unable to recognise and eradicate 

the lymphoma cells. 

 

7.2 Limitations of the study 
 

Although our findings reveal key insights into the peripheral blood immune landscape in 

DLBCL, they must be interpreted in the light of the limitations of this study. We profiled the 

immune cells in blood samples from 42 DLBCL patients with the ’myeloid’ panel and 32 with 

the ‘T cell’ panel with mass cytometry (MC), a high parameter technology only applied to a 

very limited number of DLBCL cases in the published literature (335). However, as we have 

seen DLBCL is a disease of biological heterogeneity and as such, requires large cohorts for 

meaningful conclusions to be drawn, especially when data are viewed in the context of 

outcome, cell of origin (COO) subgroups or genomic aberrations. The predominant focus of 

this work was the peripheral blood immune cell composition in DLBCL and thus the available 

samples were prioritised for these experiments. This did result in only a limited number of 

samples having enough cells available for the cytokine staining experiments. While we 

observed significant differences between DLBCL and healthy donors, the limited sample size 

of these experiments precluded assessment of differences in cytokine producing monocytes 
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between outcome groups. In contrast to diagnostic biopsy tissue, peripheral blood 

represents a relatively easy sample to obtain and usually yields sufficient viable cells for 

meaningful analysis, therefore larger studies in the future are entirely feasible for both the 

immunophenotyping and functional work. 

 

All of the samples used for this work were cryopreserved and the blood samples stored as 

peripheral blood mononuclear cells (PBMCs), potentially introducing technical variation with 

implications for discovery of biological variation. In terms of cryopreservation, our study 

design would not have supported using freshly stained cells from DLBCL patients and would 

have resulted in many more experimental batches, another potential source of technical 

variation. To validate our method, we stained a healthy control PBMC sample immediately 

following isolation, having never been cryopreserved and again repeatedly over the course 

of the study with comparable results. While other groups have reported effects of 

cryopreservation on immune cell populations, we did not observe this and could identify 

expected cell subsets with consistency between the fresh and frozen samples (399). This 

healthy donor was also stained and acquired with each experiment and used for quality 

control in assessing potential batch effect. In order to analyse sufficient numbers of 

samples, future studies would almost certainly face the requirement for cryopreservation 

and batch acquisition. 

 

The SCS samples we analysed in this study did seem to suffer from technical variation with 

the main viable cell being CD3 T cells, however examination of corresponding formalin fixed 

paraffin embedded (FFPE) tissue blocks revealed the presence of abundant malignant B cell 

and the presence of myeloid cells. Other groups have reported similar issues with tissue 

suspensions and identified the specific method and enzymes used for tissue digestion as key 

factors in sample preparation (400). SCS also represent a rare tissue due to the nature of 

their acquisition and preparation. However, the advent of multiplex tissue analysis 

applicable to both FFPE and fresh frozen tissues has somewhat circumvented this issue and 

we are currently addressing this with in depth characterisation of the lymphoma tissue ME 

in our ongoing imaging mass cytometry (IMC) study. 
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Although demographic information was not available for the control groups used in this 

study, these samples still provided a useful baseline against which to assess the immune and 

cytokine landscape in DLBCL. The PBMCs were isolated from leucocyte cones from healthy 

blood donors and the serum samples from staff members, almost certainly representing 

much younger age groups than our patient cohort. In addition to the demographics of our 

controls, cytomegalovirus (CMV) status was not available for our control or patient cohorts. 

While this information was not deemed essential to the study, CMV is known to influence 

an individual’s immune cell composition and response to immunological challenges (333).  

 

7.3 Future work 
 

With direct reference to our study rationale, there remains much we do not known about 

the basics of the immune system in DLBCL and how and why this differs from healthy 

individuals. We have used MC to broadly capture the immune system heterogeneity in 

health and DLBCL, increasing our understanding of the landscape and analysing many 

millions of cells, but in a relatively small cohort overall. Therefore, to build on the work we 

have presented in this thesis, we suggest immune monitoring approaches as critical to 

improving our knowledge of immune system variation in DLBCL. This would likely be best 

achieved as a sub-study associated with a large-scale clinical trial in which peripheral blood 

samples could be collected from large numbers of patients and at time points throughout 

frontline therapy and at progression / relapse in those not cured by initial therapy. During 

the course of the current study, a lyophilised antibody master-mix to facilitate delineation of 

37 immune populations with automated analysis software for rapid preliminary analysis, has 

become commercially available (401). Having run preliminary samples with this assay, we 

suggest this would be an ideal starting point for any such large-scale study, with a number 

of channels available for addition targets to be added. For comparison the recent genomic 

studies have captured hundreds to thousands of cases. Given the diversity of immune cells 

in the peripheral blood it is likely that similar numbers of cases will need to be studied to 

fully understand this compartment. 
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In regard to some of the specific findings of this work, IL-6 appears to be critical to 

lymphoma biology, with our study identifying peripheral blood monocytes as a cellular 

source. Other work has indicated the lymphoma cell as a source of IL-6, with the dual 

production by the tumour and the ME perhaps highlighting its importance in lymphoma 

survival. Other cells, such as macrophages, in the tissue ME may also be important cellular 

sources and this remains to be defined in future work. It would also be of interest to 

monitor IL-6 levels to assess their potential as a biomarker of disease activity, the IL-6 

response to immune targeting therapies such as disruption of the CD47 pathway and the 

activity of IL-6 inhibition in preclinical disease models. The other cytokine identified to be 

elevated and over produced by monocytes in DLBCL was CCL3, with one report suggesting 

that BCR activation in ABC DLBCL results in lymphoma secretion of this cytokine (402). The 

direct impact of CCL3 on DLBCL cells and other cellular sources of origin remain to be 

defined, however as for IL-6, the existing data and our findings support a key role in 

lymphoma biology which warrants further study. The findings of decreased expression of 

CD184 (CXCR4) on all myeloid populations and the global reductions in CD27 and CD28 

expression on T cell subsets also warrant confirmation and further exploration as potential 

biomarkers of disease, with CD27 and CD28 downregulation more prominent in cases that 

subsequently relapsed. 

 

Finally, although this work focused on peripheral blood immune cells, there are abundant 

tumour infiltrating immune cells in DLBCL. We have developed a protocol and analysis 

pipeline for IMC to be applied to lymphoma tissues with the primary aim of characterising 

the immune cell populations and phenotypes in high dimension. The experimental work and 

data acquisition for this is now largely complete with the analysis still ongoing. This work will 

facilitate confirmation of our findings in the T cell compartment of SCS tissues and allow 

detailed study of the myeloid compartment together with the spatial context of the immune 

cell and tumour populations. We will also use this data to correlate paired information from 

the overlapping cases presented in this work. 
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7.4 Concluding statement 
 

We have presented confirmation of the prognostic nature of AMC and ALC in DLBCL, 

together with a detailed immunophenotypic characterisation of these cells and their subset 

frequencies. We identify potential mechanisms to account for the relative monocytosis 

observed in DLBCL, including increased IL-6 and reduced CD184 (CXCR4) expression. We find 

a number of cytokines to be associated with relapsed DLBCL and identify CD14 monocytes 

as key cellular sources of two of these, IL-6 and MIP-1a. We report several potential 

peripheral blood biomarkers which warrant further study, including the above cytokines, 

CD184 (CXCR4) expression on myeloid populations and CD27 and CD28 expression on T 

cells. In the lymph node T cell analysis, we find limited evidence of T cell exhaustion, with 

only the CD4 T cell compartment demonstrating reduced cytokine producing capability.  

However, we identify increased T cell differentiation, similar to the peripheral blood, and 

multiple potential bases of immune suppression, including increased regulatory T cell with 

PD-1 expression and cytotoxic T cell with immune checkpoint expression. We have already 

established a complementary approach to study the tissue immune composition with IMC 

which will facilitate unprecedented characterisation of the DLBCL immune 

microenvironment. 
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10. Appendix 
 

10.1 Myeloid antibody panel 
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*Indicates custom in-house conjugated antibody 

10.2 T cell and lymph node panels 
 

Myeloid Panel
Metal Tag Marker Clone Vendor µl per test 

(100µl staining volume)

89 Y CD45 HI30 Fluidigm 0.5
141 Pr
142 Nd CD19 HIB19 Fluidigm 0.5
143 Nd HLA-DR L243 Fluidigm 0.25
144 Nd CD38 HIT2 Fluidigm 0.5
145 Nd PECAM-1 (CD31) WM59 Fluidigm 0.5
146 Nd CD64 10.1 Fluidigm 0.5
147 Sm CD11c Bu15 Fluidigm 0.5
148 Nd CD14 M5E2 Fluidigm 0.125
149 Sm CD56 NCAM16.2 Fluidigm 0.5
150 Nd
151 Eu CD123 6H6 Fluidigm 0.5
152Sm
153 Eu CCR2 (CD192) K036C2 Fluidigm 0.5
154 Sm CD3 UCHT1 Fluidigm 0.25
155 Gd CD172a 15-414 *Biolegend 2
156 Gd
158 Gd CD33 WM53 Fluidigm 0.25
159 Tb CD274 29E.2A3 Fluidigm 1
160 Gd
161 Dy
162 Dy CD8 RPA-T4 Fluidigm 0.25
163 Dy CD272 MIH26 Fluidigm 0.5
164 Dy CD86 IT2.2 *eBiosciences 0.7
165 Ho CD163 GHI/61 Fluidigm 0.5
166 Er CD13 WM15 *Biolegend 0.3
167 Er CD11b ICRF44 Fluidigm 0.5
168 Er MMR (CD206) 15-2 Fluidigm 1
169 Tm CD32 FUN-2 Fluidigm 0.25
170 Er CD40 HB14 *Miltenyi 0.3
171 Yb
172 Yb CX3CR1 2A9-1 Fluidigm 1
173 Yb CD91 A2MR-α2 *BD biosciences 1
174 Yb
175 Lu CXCR4 (CD184) 12G5 Fluidigm 0.5
176 Yb CD4 RPA-T4 Fluidigm 0.5
209 Bi CD16 3G8 Fluidigm 0.5
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*Indicates custom in-house conjugated antibody. Grey indicates lymph node panel only. 
 
 
 

T cell and Lymph node panels 
Metal Tag Marker Clone Vendor µl per test 

(100µl staining volume)

89 Y CD45 HI30 Fluidigm 0.5
141 Pr CD47 B6H12 *eBiosciences 0.9
142 Nd CD19 HIB19 Fluidigm 0.5
143 Nd CD197 G043H7 *Biolegend 1.6
144 Nd CD38 HIT2 Fluidigm 0.5
145 Nd
146 Nd
147 Sm CD20 2H7 Fluidigm 0.5
148 Nd CD14 M5E2 Fluidigm 0.125
149 Sm CD56 NCAM16.2 Fluidigm 0.5
150 Nd CD223 (LAG-3) 11C3C65 Fluidigm 1
151 Eu
152 Sm
153 Eu GATA3 REA174 *Miltenyi 2
154 Sm CD3 UCHT1 Fluidigm 0.25
155 Gd T-bet 4B10 *eBiosciences 1.6
156 Gd CD366 (TIM-3) F38-2E2 *Biolegend 1.75
158 Gd CD134 (OX40) ACT35 Fluidigm 1
159 Tb
160 Gd CD28 CD28.2 Fluidigm 0.5
161 Dy CD25 MA251 *Biolegend 6
162 Dy CD8 RPA-T4 Fluidigm 0.25
163 Dy
164 Dy
165 Ho CD314 (NKG2D) BAT221 *Miltenyi 5
166 Er FoxP3 PCH101 *eBiosciences 1.6
167 Er CD27 L128 Fluidigm 0.5
168 Er
169 Tm CD45RA HI100 Fluidigm 0.25
170 Er CD152 (CTLA-4) 14D3 Fluidigm 1
171 Yb CD226 (DNAM-1) DX11 Fluidigm 0.5
172 Yb CD279 (PD-1) EH12.2H7 *Biolegend 1.2
173 Yb Granzyme B GB11 Fluidigm 0.5
174 Yb CD127 A019D5 *Biolegend 3
175 Lu Perforin B-D48 Fluidigm 0.5
176 Yb CD4 RPA-T4 Fluidigm 0.5
209 Bi CD16 3G8 Fluidigm 0.5
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10.3 Cytokine panel 
 

 
 
 
*Indicates custom in-house conjugated antibody. 
 

Cytokine Panel
Metal Tag Marker Clone Vendor µl per test 

(100µl staining volume)

89 Y CD45 HI30 Fluidigm 0.5

141 Pr IL-10 JES3-9D7 *Biolegend 1

142 Nd CD19 HIB19 Fluidigm 0.5

143 Nd HLA-DR L243 Fluidigm 0.25

144 Nd CD38 HIT2 Fluidigm 0.5

145 Nd
146 Nd
147 Sm CD20 2H7 Fluidigm 0.5

148 Nd CD14 M5E2 Fluidigm 0.125

149 Sm CD56 NCAM16.2 Fluidigm 0.5

150 Nd IL-1RA MA5-29353 *Invitrogen 3

151 Eu CD123 6H6 Fluidigm 0.5

152Sm TNFα Mab11 Fluidigm 1

153 Eu
154 Sm CD3 UCHT1 Fluidigm 0.25

155 Gd T-bet 4B10 *eBiosciences 1.6

156 Gd CCL3 (MIP-1α) Polyclonal *R & D systems 0.6

158 Gd IL-2 MQ1-17H12 *Biolegend 2

159 Tb
160 Gd CD28 CD28.2 Fluidigm 0.5

161 Dy IL-6 MQ2-13A5 *Biolegend 2

162 Dy CD8 RPA-T4 Fluidigm 0.25

163 Dy TGFβ TW4-6H10 Fluidigm 0.5

164 Dy
165 Ho IFNɣ B27 *Biolegend 0.7

166 Er FoxP3 PCH101 *eBiosciences 1.6

167 Er CD27 L128 Fluidigm 0.5

168 Er
169 Tm CD45RA HI100 Fluidigm 0.25

170 Er IFNα 7N4-1 *BD biosciences 5

171 Yb Ki67 Ki67 *Biolegend 2

172 Yb CD279 (PD-1) EH12.2H7 *Biolegend 1.2

173 Yb Granzyme B GB11 Fluidigm 0.5

174 Yb
175 Lu Perforin B-D48 Fluidigm 0.5

176 Yb CD4 RPA-T4 Fluidigm 0.5

209 Bi CD16 3G8 Fluidigm 0.5
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10.4 Imaging mass cytometry panel 
 

 
 
 
*Indicates custom in-house conjugated antibody. 

IMC Panel
Metal Tag Marker Clone Vendor Dilution

89 Y
141 Pr alpha SMA 1A4 Fluidigm 1/200
142 Nd HLA-DR LN3 *Biolegend 1/50
143 Nd CD34 ICO115 *Cell Signalling Technology 1/25
144 Nd CD14 EPR3653 Fluidigm 1/100
145 Nd T-bet D6N8B Fluidigm 1/50
146 Nd CD16 EPR16784 Fluidigm 1/50
147 Sm CD163 EDHu-1 Fluidigm 1/100
148 Nd CD30 E4L4I *Cell Signalling Technology 1/40
149 Sm
150 Nd CD10 Polyclonal *R & D systems 1/50
151 Eu CD31 EPR3094 Fluidigm 1/100
152Sm CD45 CD45-2B11 Fluidigm 1/100
153 Eu LAG3 D2G40 Fluidigm 1/50
154 Sm CD11c D3V1E *Cell Signalling Technology 1/50
155 Gd FOXP3 236A/E7 Fluidigm 1/50
156 Gd CD4 EPR6855 Fluidigm 1/200
158 Gd MUM1/IRF4 Polyclonal *R & D systems 1/62.5
159 Tb CD68 KP1 Fluidigm 1/50
160 Gd
161 Dy CD20 H1 Fluidigm 1/400
162 Dy CD8 C8/144B Fluidigm 1/100
163 Dy
164 Dy TIM-3 D5D5R *Cell Signalling Technology 1/25
165 Ho PD-L1 E1L3N *Cell Signalling Technology 1/50
166 Er B7H4 H74 Fluidigm 1/50
167 Er Granzyme B EPR20129-217 Fluidigm 1/100
168 Er ki67 B56 Fluidigm 1/50
169 Tm collagen 1 polyclonal Fluidigm 1/300
170 Er CD3 polyclonal Fluidigm 1/100
171 Yb CX3CR1 8E10.D9 *Biolegend 1/25
172 Yb PD-1 EH12.2H7 *Cell Signalling Technology 1/33
173 Yb CD45RA HI100 *Biolegend 1/66
174 Yb
175 Lu CD206 E2L9N *Cell Signalling Technology 1/33
176 Yb Anti Histone H3 D1H2 Fluidigm 1/300
209 Bi


