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Abstract 

Advances in T-cell engineering have facilitated the generation of CAR T-cells that 

successfully deplete malignant cells of haematological cancers. However, attempts to 

target solid tumours with CAR T-cells have been hindered by the unfavourable 

environments surrounding the malignant cells in this setting. An alternative approach that 

circumvents the arduous journey to reach tumour cells is to target cells of the tumour 

microenvironment, especially those proximal to the vasculature. Endosialin is a 

transmembrane glycoprotein upregulated on tumour-associated pericytes and 

fibroblasts which has previously been shown by our laboratory to have a role in 

promoting tumour cell intravasation and metastatic dissemination. 

The aim of this PhD was to evaluate endosialin-targeting CAR T-cells, known as 

Endo3 CAR T-cells, in the context of solid tumours. In vitro characterisation of Endo3 

CAR T-cells demonstrated endosialin-specific activation and cytotoxicity against both 

mouse and human cells. Endo3 CAR T-cells were evaluated in vivo in the context of 

three syngeneic models of cancer: 4T1, AT-3 and LLC. Modest effects on primary tumour 

growth were observed in 4T1 and LLC tumour-bearing mice, however a significant 

reduction in spontaneous lung metastasis was observed in these models. Conversely, in 

AT-3 tumour-bearing mice, Endo3 CAR T-cell therapy resulted in a significant reduction 

of primary tumour growth but did not limit metastatic lung disease. Endo3 CAR T-cell 

therapy was associated with toxicity in BALB/c 4T1 tumour-bearing mice that was not 

alleviated by anti-IL-6R treatment or delivering multiple low T-cell doses. Interrogation of 

the strain-specific Endo3 CAR T-cell products revealed differences in the CD4+:CD8+ T-

cell ratio and distinct efficacies in an immunodeficient setting.  

This thesis proposes that Endo3 CAR T-cell therapy is a potential candidate for 

targeted therapy of solid tumours. Further studies are required to gain better 
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understanding of Endo3 CAR T-cell dosing and tolerability in the context of different 

endogenous immune systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Statement regarding impact of COVID-19 on PhD studies 
 

5 
 

Statement regarding impact of COVID-19 on PhD studies 

On 24th March 2020, the ICR went into lockdown due to the COVID-19 pandemic and I 

was unable to attend the laboratory to conduct experiments for approximately 3 months. 

Upon returning to the lab on June 8th, 2020, the environment was different with additional 

challenges including: 

• Strict restrictions on the number of people allowed in the building at any given 

time. This meant reduced hours in the laboratory compared to pre-COVID. Even 

stricter restrictions were in place in the animal house resulting an additional delay 

in restarting in vivo work 

• Due to COVID/Brexit there have been multiple supply chain issues resulting in 

delays to experiments whilst waiting for reagents and equipment to arrive.  

• We experienced a much slower turnaround of samples submitted to core facilities 

due to staff shielding and isolation. 

Closure of our collaborator’s laboratory in Birmingham during the first COVID-19 

lockdown delayed the progression of my project further. The Birmingham laboratory 

reopened much later than ours and I did not receive another batch of CAR T-cells until 

1st December 2020 and I was unable to start a new experiment until January 2021, giving 

a one year gap when I was unable to perform a CAR T-cell in vivo study (Jan 2020 to 

Jan 2021).  

Date: 30th March, 2022.  

 

          Sarah Ash                                           Professor Clare M. Isacke 

……………………….                                  ………………………………… 



Acknowledgments 
 

6 
 

Acknowledgments 

First and foremost, I would like to thank my supervisors Professor Clare Isacke 

and Dr Frances Turrell for giving me their support, guidance and wisdom throughout 

this project and the writing of this thesis.  

Secondly, I would like to thank all members of the Isacke lab, past and present, 

who have helped support both myself and this project and become dear friends in 

doing so. I give special thanks to David Vicente and Rebecca Orha for their invaluable 

assistance with in vivo experiments. I also give thanks to my collaborator Dr Steven 

Lee and his colleagues for designing and generating mock transduced and CAR T-cells 

for this project.  

I am extremely grateful to CRUK, Breast Cancer Now and the Institute of 

Cancer Research for funding this project and the facilities required to complete this 

research. Additionally, I thank the ICR BSU staff for their assistance with in vivo studies 

and the Breast Cancer Now histopathology facility for their continuous efforts to supply 

me with high quality sections and IHC stains for this project.  

Je veux aussi remercier mon copain Arnaud pour son soutien sans limite et 

pour m'avoir donné de meilleurs repas que de la soupe en boite. Je ne sais pas ce que 

j'aurais pu faire sans toi. Merci beaucoup. 

I give a special thanks to my parents, David & Mandy, without whom I would not 

be the person I am today. Your love and support have helped me not only through this 

PhD, but through every challenge I have faced in life so far.  

Finally, I dedicate this thesis to the memory of my Grandad Keith Ash, who 

sadly lost his battle with lung cancer at the young age of 54 and to my Nan Margaret 

Rowbotham, who has been bravely surviving with breast cancer for the past 5 years. 



Table of Contents 
 

7 
 

Table of Contents 

ABSTRACT ........................................................................................................ 3 

STATEMENT REGARDING IMPACT OF COVID-19 ON PHD STUDIES .......... 5 

ACKNOWLEDGMENTS ..................................................................................... 6 

TABLE OF CONTENTS ..................................................................................... 7 

LIST OF FIGURES ........................................................................................... 12 

LIST OF TABLES ............................................................................................. 15 

LIST OF ABBREVIATIONS.............................................................................. 16 

CHAPTER 1 INTRODUCTION ......................................................................... 23 

1.1 Breast Cancer ................................................................................................................ 23 

1.1.1 Breast cancer incidence .............................................................................................. 23 

1.1.2 Risk factors associated with breast cancer ................................................................. 24 

1.1.3 Breast cancer diagnosis, staging and subtypes.......................................................... 25 

1.1.4 Breast cancer metastasis ............................................................................................ 27 

1.1.5 Breast cancer treatment .............................................................................................. 30 

1.2 The Tumour Microenvironment ................................................................................... 32 

1.2.1 Introduction .................................................................................................................. 32 

1.2.2 Tumour vasculature .................................................................................................... 33 

1.2.3 Pericytes ...................................................................................................................... 38 

1.2.3.1 Pericyte classification .......................................................................................... 38 

1.2.3.2 Pericyte function .................................................................................................. 39 

1.2.3.3 Pericytes & cancer .............................................................................................. 40 

1.2.4 Cancer-associated fibroblasts ..................................................................................... 43 

1.2.4.1 Normal fibroblasts ............................................................................................... 43 

1.2.4.2 Function of cancer-associated fibroblasts (CAFs) .............................................. 44 

1.2.4.3 Cancer-associated fibroblast subtypes ............................................................... 45 

1.2.4.4 The role of cancer-associated fibroblasts in tumour progression ....................... 47 

1.3 Endosialin ...................................................................................................................... 48 

1.3.1 Endosialin structure and family members ................................................................... 48 

1.3.2 Endosialin expression ................................................................................................. 50 

1.3.2.1 Endosialin-expressing cell types ......................................................................... 50 

1.3.2.2 Endosialin expression in embryonic and adult tissues........................................ 51 

1.3.2.3 Endosialin expression in tumour tissue and other disease pathologies ............. 53 

1.3.2.4 Regulators of endosialin expression ................................................................... 54 

1.3.3 Endosialin Function ..................................................................................................... 54 

1.3.3.1 Endosialin in development and cellular signalling ............................................... 54 



Table of Contents 
 

8 
 

1.3.3.2 Endosialin in angiogenesis .................................................................................. 57 

1.3.3.3 Endosialin in tumour angiogenesis and growth .................................................. 60 

1.3.3.4 Endosialin in metastasis ...................................................................................... 61 

1.3.3.5 Soluble endosialin ............................................................................................... 62 

1.3.4 Targeting Endosialin ................................................................................................... 63 

1.3.4.1 Endosialin targeting with MORAb-004 (Ontuxizumab) ....................................... 63 

1.3.4.2 Endosialin targeting with antibody-drug conjugates ............................................ 65 

1.3.4.3 Alternative clinical uses for endosialin targeting ................................................. 66 

1.4 CAR T-cell therapy ........................................................................................................ 67 

1.4.1 Cancer Immunotherapy ............................................................................................... 67 

1.4.2 CAR T-cell design, development & production ........................................................... 68 

1.4.2.1 CAR T-cell generations ....................................................................................... 68 

1.4.2.2 CAR T-cell production ......................................................................................... 71 

1.4.3 FDA approved CAR T-cell therapies ........................................................................... 72 

1.4.3.1 Kymriah (tisagenlecleucel) .................................................................................. 73 

    1.4.3.2    Yescarta (axicabtagene ciloleucel) ...................................................................... 77 

1.4.3.3 Abecma (idecabtagene vicleucel) ....................................................................... 81 

1.4.3.4 Tecartus (brexucabtagene autoleucel) ............................................................... 83 

1.4.3.5 Breyanzi (lisocabtagene maraleucel) .................................................................. 84 

1.4.4 Managing CAR T-cell associated toxicity .................................................................... 85 

1.4.4.1 Managing Cytokine Release Syndrome (CRS) ................................................... 86 

1.4.4.2 Managing Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) . 87 

1.4.4.3 Managing Tumour Lysis Syndrome .................................................................... 89 

1.4.5 Limitations of CAR T-cell therapy in solid tumours ..................................................... 89 

1.4.6 CAR T-cells targeting the tumour stroma .................................................................... 93 

1.4.6.1 Targeting cancer associated fibroblasts ............................................................. 93 

1.4.6.2 Targeting the tumour vasculature ....................................................................... 95 

1.4.7 Next Generation CAR T-cells ...................................................................................... 97 

1.4.7.1 Enhancing CAR T-cell migration and tumour infiltration ..................................... 98 

1.4.7.2 Enhancing CAR T-cell activation, proliferation and survival ............................... 99 

1.4.7.3 Limiting CAR T-cell associated toxicity and overcoming therapeutic resistance

 …………………………………………………………………………………………101 

1.4.7.3.1 Bi-specific CAR T-cells ................................................................................. 101 

1.4.7.3.2 Low affinity CAR T-cells ............................................................................... 105 

1.4.7.3.3 Inducible CAR T-cell control ......................................................................... 106 

1.4.7.3.4 CAR T-cell exosomes ................................................................................... 107 

1.4.7.4 Universal CAR T-cells ....................................................................................... 108 

1.4.8 CAR T-cells currently in clinical trials ........................................................................ 112 

1.5  Project rationale and aims .............................................................................................. 113 

CHAPTER 2 MATERIALS AND METHODS .................................................. 115 

2.1  Materials ............................................................................................................................ 115 

2.1.1 General reagents ...................................................................................................... 115 

2.1.2 Cell culture ................................................................................................................ 115 

2.1.3 Flow cytometry .......................................................................................................... 116 

2.1.4 Immunostaining ......................................................................................................... 117 

2.1.5 Western blotting ........................................................................................................ 117 

2.1.6 RNA isolation and RTqpCR ...................................................................................... 118 

2.1.7 ELISA ........................................................................................................................ 119 



Table of Contents 
 

9 
 

2.1.8 Cytotoxicity assays .................................................................................................... 119 

2.1.9 Generation of Endo3 CAR and Mock T-cells ............................................................ 119 

2.1.10 In vivo studies ........................................................................................................ 120 

2.2 Methods ........................................................................................................................ 121 

2.2.1 Cell culture ................................................................................................................ 121 

2.2.2 Western blotting ........................................................................................................ 121 

2.2.3 In vivo studies............................................................................................................ 122 

2.2.4 Histology .................................................................................................................... 125 

2.2.5 Immunostaining ......................................................................................................... 125 

2.2.6 Generation of Endo3 CAR and Mock T-cells ............................................................ 126 

2.2.7 Flow cytometry .......................................................................................................... 127 

2.2.8 RNA extraction and RTqPCR analysis ..................................................................... 128 

2.2.9 Cell viability assays ................................................................................................... 129 

2.2.10 Enzyme-linked immunosorbent assay (ELISA) ..................................................... 129 

2.2.11 Cytotoxicity assays ................................................................................................ 129 

2.2.12 Statistical analysis ................................................................................................. 130 

CHAPTER 3 GENERATION OF ENDO3 CAR T-CELLS AND VALIDATION 

OF ENDOSIALIN AS A CAR T-CELL TARGET ............................................ 131 

3.1 Introduction ................................................................................................................. 131 

3.2 Results ......................................................................................................................... 132 

3.2.1 mAb 3K2L recognises mouse and human endosialin ............................................... 132 

3.2.2 Endo3 CAR is transduced with high efficiency into mouse T-cells ........................... 134 

3.2.3 Endosialin is upregulated in tumour tissue compared to normal tissues .................. 135 

3.2.4 Endosialin expression in human breast cancer ........................................................ 142 

3.3 Discussion ................................................................................................................... 145 

3.3.1 Endo3 CAR is transduced with high efficiency into mouse T-cells ........................... 145 

3.3.2 Syngeneic models of breast cancer for Endo3 CAR T-cell evaluation ..................... 145 

3.3.3 Endosialin expression in human breast cancer ........................................................ 147 

CHAPTER 4 IN VITRO AND IN VIVO CHARACTERISATION OF ENDO3 CAR 

T-CELLS ......................................................................................................... 149 

4.1 Introduction ................................................................................................................. 149 

4.2 Results ......................................................................................................................... 150 

4.2.1 Endo3 CAR T-cells exhibit target-specific activity in vitro ......................................... 150 

4.2.2 Optimisation of Endo3 CAR T-cell in vivo therapeutic strategy ................................ 154 

4.2.3 Endo3 CAR T-cells expand in the circulation of BALB/c mice and deplete endosialin-

positive cells in the 4T1 tumour stroma ................................................................................ 157 

4.2.4 Endo3 CAR T-cell therapy is associated with toxicity in BALB/c mice but limits 

metastatic spread of 4T1 tumours ........................................................................................ 162 

4.2.5 Endo3 CAR T-cells do not cause toxicity in mice with healing wounds .................... 163 

4.3 Discussion ................................................................................................................... 168 

CHAPTER 5 ENDO3 CAR T-CELL ACTIVITY IN BALB/C MICE .................. 177 



Table of Contents 
 

10 
 

5.1 Introduction ................................................................................................................. 177 

5.2 Results ......................................................................................................................... 178 

5.2.1 Endo3 CAR T-cell targeting is specific to tumour tissue in Cd248WT mice ............... 178 

5.2.2 Endo3 CAR T-cell-associated toxicity is target and tumour specific ......................... 185 

5.2.3 Anti-IL-6R treatment does not alleviate Endo3 CAR T-cell-associated toxicity ........ 186 

5.2.4 Multiple low doses of Endo3 CAR T-cells reduce the incidence of, but do not fully 

alleviate, Endo3 CAR T-cell-associated toxicity.................................................................... 192 

5.3 Discussion ................................................................................................................... 196 

5.3.1 Endo3 CAR T-cells increase 4T1 tumour necrosis and limit spontaneous metastasis 

to the lungs in Cd248WT mice ................................................................................................ 196 

5.3.2 Endo CAR T-cells demonstrate no activity or toxicity in Cd248KO mice .................... 196 

5.3.3 Endo3 CAR T-cells demonstrate tumour-specific toxicity and do not attack normal 

tissues 197 

5.3.4 Endo3 CAR T-cell associated toxicity is not alleviated by anti-IL-6R co-treatment .. 199 

5.3.5 Multiple low doses of Endo3 CAR T-cells reduces the incidence but does not alleviate 

Endo3 CAR T-cell-associated toxicity ................................................................................... 201 

CHAPTER 6 ENDO3 CAR T-CELL ACTIVITY IN C57BL/6 MICE ................. 203 

6.1       Introduction ................................................................................................................. 203 

6.2 Results ......................................................................................................................... 204 

6.2.1 Characterisation of Endo3 CAR T-cell therapy in AT-3 tumour-bearing C57BL/6 mice

 204 

6.2.2 Endo3 CAR T-cells do not expand in Cd248WT or Cd248KO AT-3 tumour bearing 

C57BL/6 mice ........................................................................................................................ 209 

6.2.3 Endo3 CAR T-cells partially deplete endosialin-expressing cells in AT-3 tumours but 

not in the normal tissue ......................................................................................................... 211 

6.2.4 Endo3 CAR T-cells limit AT-3 tumour growth in Cd248WT but not Cd248KO mice 213 

6.2.5 Endo3 CAR T-cells do not limit AT-3 spontaneous metastasis to the lungs ............ 216 

6.2.6 Endo3 CAR T-cells significantly limit spontaneous metastasis of LLC tumours to the 

lungs 218 

6.3 Discussion ................................................................................................................... 222 

6.3.1 Endo3 CAR T-cells are not toxic in C57BL/6 mice at doses of up to 7.5 x 106 CAR T-

cells 222 

6.3.2 Endo3 CAR T-cells limit AT-3 primary tumour growth but not metastasis to the lung

 224 

6.3.3 Endo3 CAR T-cells do not limit LLC primary tumour growth but suppress metastasis 

to the lung.............................................................................................................................. 226 

CHAPTER 7 COMPARING BALB/C AND C57BL/6 DERIVED ENDO3 CAR T-

CELLS ............................................................................................................ 228 

7.1       Introduction ................................................................................................................. 228 

7.2 Results ......................................................................................................................... 229 

7.2.1 CD4+:CD8+ T-cell ratio in BALB/c and C57BL/6 derived Endo3 CAR T-cells........... 229 

7.2.2 BALB/c derived Endo3 CAR T-cells show delayed killing in vitro ............................. 229 



Table of Contents 
 

11 
 

7.2.3 C57BL/6 Endo3 CAR T-cells limit 4T1 metastasis, whereas BALB/c Endo3 CAR T-

cells are non-toxic but display no efficacy in NSG mice ....................................................... 231 

7.3 Discussion ................................................................................................................... 238 

7.3.1 BALB/c and C57BL/6 Endo3 CAR T-cells behave differently in vitro ....................... 238 

7.3.2 BALB/c Endo3 CAR T-cells are non-toxic but display no efficacy in NSG mice, 

whereas C57BL/6 Endo3 CAR T-cells limit 4T1 metastasis ................................................. 239 

CHAPTER 8 FINAL DISCUSSION AND FUTURE DIRECTIONS .................. 243 

8.1 Targeting endosialin as a novel CAR T-cell approach ............................................ 244 

8.2 Endosialin blockade vs pericyte ablation ................................................................. 248 

8.3 Is Endo3 CAR T-cell associated toxicity relevant to humans? .............................. 250 

8.4 Next steps for Endo3 CAR T-cell therapy ................................................................. 253 

8.5 Concluding remarks ................................................................................................... 255 

REFERENCES ............................................................................................... 256 

  



List of Figures 
 

12 
 

List of Figures 

FIGURE 1. 1 THE MOLECULAR SUBTYPES OF BREAST CANCER ...................................... 27 

FIGURE 1. 2 THE METASTATIC CASCADE ............................................................................. 28 

FIGURE 1. 3 THE TUMOUR MICROENVIRONMENT ............................................................... 33 

FIGURE 1. 4 MECHANISMS OF TUMOUR VASCULARISATION ............................................ 37 

FIGURE 1. 5 PERICYTES AND THE VASCULATURE ............................................................. 38 

FIGURE 1. 6 PERICYTE ROLES IN CANCER PROGRESSION .............................................. 41 

FIGURE 1. 7 THE ENDOSIALIN FAMILY MEMBERS ............................................................... 49 

FIGURE 1. 8 MULTIMERIN 2 (MMRN2) STRUCTURE AND PROPOSED FUNCTION ........... 59 

FIGURE 1. 9 CLASSIC T-CELL AND CAR T-CELL KILLING .................................................... 70 

FIGURE 1. 10 EARLY CAR GENERATIONS ............................................................................. 72 

FIGURE 1. 11 THE CAR T-CELL PRODUCTION PROCESS ................................................... 73 

FIGURE 1. 12 BISPECIFIC CAR T-CELLS .............................................................................. 103 

FIGURE 1. 13 THE UNICAR SYSTEM ..................................................................................... 111 

FIGURE 3. 1 MAB 3K2L RECOGNISES MOUSE AND HUMAN ENDOSIALIN ...................... 133 

FIGURE 3. 2 ENDO3 CAR CONSTRUCT ................................................................................ 135 

FIGURE 3. 3 TRANSDUCTION OF ENDO3 CAR CONSTRUCT INTO BALB/C AND C57BL/6 

T-CELLS ............................................................................................................................ 136 

FIGURE 3. 4 TRANSDUCTION EFFICIENCY OF ENDO3 CAR CONSTRUCT INTO BALB/C 

AND C57BL/6 DERIVED T-CELLS ................................................................................... 137 

 FIGURE 3. 5 ENDOSIALIN EXPRESSION IN THE HEALTHY, ADULT BALB/C MOUSE .... 139 

FIGURE 3. 6 ENDOSIALIN EXPRESSION IN THE HEALTHY, ADULT C57BL/6 MOUSE .... 140 

FIGURE 3. 7 ENDOSIALIN EXPRESSION IN SYNGENEIC MOUSE MODELS OF BREAST 

CANCER ........................................................................................................................... 141 

FIGURE 3. 8 DIRECT COMPARISON OF ENDOSIALIN EXPRESSION IN NORMAL SKIN AND 

4T1 TUMOUR TISSUE ..................................................................................................... 141 

FIGURE 3. 9 ENDOSIALIN EXPRESSION IN HUMAN BREAST CANCER ........................... 143 

FIGURE 3. 10 ENDOSIALIN EXPRESSION IN NORMAL HUMAN TISSUES ........................ 144 

FIGURE 4. 1 IFN-Γ RELEASE BY MOCK TRANSDUCED AND ENDO3 CAR T-CELLS CO-

CULTURED WITH TARGET CELL LINES ....................................................................... 152 

FIGURE 4. 2 VIABILITY OF TARGET CELL LINES CO-CULTURED WITH MOCK 

TRANSDUCED OR ENDO3 CAR T-CELLS ..................................................................... 153 

FIGURE 4. 3 IN VITRO VALIDATION OF C57BL/6 DERIVED ENDO3 CAR T-CELLS 

GENERATED BY DR STEVEN LEE’S LABORATORY ................................................... 154 

FIGURE 4. 4 NON-LETHAL WHOLE BODY IRRADIATION SAFELY DEPLETES 

LYMPHOCYTES ............................................................................................................... 156 

FIGURE 4. 5 4T1 TUMOURS ARE VASCULARISED, ENDOSIALIN-POSITIVE AND HAVE 

NOT METASTASISED TO THE LUNGS AT 2-3 WEEKS POST-IMPLANTATION. ........ 158 

FIGURE 4. 6 ENDO3 CAR T-CELL IN VIVO THERAPEUTIC STRATEGY FOR BALB/C MICE 

BEARING 4T1 TUMOURS ................................................................................................ 159 

FIGURE 4. 7 ENDO3 CAR T-CELLS EXPAND IN BALB/C MICE ........................................... 160 

FIGURE 4. 8 ENDO3 CAR T-CELLS DEPLETE ENDOSIALIN-POSITIVE CELLS IN 4T1 

TUMOURS (1) ................................................................................................................... 161 

FIGURE 4. 9 ENDO3 CAR T-CELL THERAPY LIMITS LUNG METASTASIS BUT IS 

ASSOCIATED WITH TOXICITY ....................................................................................... 164 

FIGURE 4. 10 ENDO3 CAR T-CELL IN VIVO STRATEGY FOR BALB/C WOUNDED MICE 165 

FIGURE 4. 11 ENDO3 CAR T-CELLS DO NOT AFFECT WOUND HEALING OR CAUSE 

TOXICITY IN WOUNDED MICE ....................................................................................... 166 

FIGURE 4. 12 ENDO3 CAR T-CELLS DO NOT DEPLETE ENDOSIALIN-POSITIVE CELL IN 

THE HEALING WOUND ................................................................................................... 167 



List of Figures 
 

13 
 

 

FIGURE 5. 1 THERAPEUTIC STRATEGY FOR TREATING CD248WT AND CD248KO MICE 

WITH ENDO3 CAR T-CELL THERAPY ........................................................................... 178 

 FIGURE 5. 2 ENDO3 CAR T-CELL EXPANSION AND ACTIVITY IN CD248WT AND CD248KO 

MICE ................................................................................................................................. 180 

FIGURE 5. 3 ENDO3 CAR T-CELLS DEPLETE ENDOSIALIN-POSITIVE CELLS IN 4T1 

TUMOURS (2) ................................................................................................................... 181 

FIGURE 5. 4 ENDO3 CAR T-CELLS DO NOT DEPLETE ENDOSIALIN-POSITIVE CELLS IN 

NORMAL TISSUE ............................................................................................................. 182 

FIGURE 5. 5 EFFICACY OF ENDO3 CAR T-CELL THERAPY AGAINST 4T1 TUMOURS IN 

CD248WT AND CD248KO MICE ......................................................................................... 184 

FIGURE 5. 6 ENDO3 CAR T-CELLS LIMIT 4T1 LUNG METASTASIS IN CD248WT BUT NOT 

CD248KO MICE .................................................................................................................. 185 

FIGURE 5. 7 ENDO3 CAR T-CELL ASSOCIATED TOXICITY IS LIMITED TO CD248WT, 

TUMOUR-BEARING MICE ............................................................................................... 187 

FIGURE 5. 8 VALIDATION OF ANTI-IL-6R MAB 15A7 AND ISOTYPE CONTROL MAB LTF2

 .......................................................................................................................................... 189 

FIGURE 5. 9 EXPERIMENTAL STRATEGY FOR INVESTIGATING ENDO3 CAR T-CELL AND 

ANTI-IL-6R CO-THERAPY IN BALB/C MICE ................................................................... 190 

FIGURE 5. 10 ANTI-IL-6R CO-THERAPY DOES NOT AFFECT ENDO3 CAR T-CELL 

PERSISTENCE ................................................................................................................. 191 

FIGURE 5. 11 ANTI-IL-6R CO-THERAPY DOES NOT ALLEVIATE ENDO3 CAR T-CELL 

ASSOCIATED TOXICITY IN BALB/C MICE ..................................................................... 193 

 FIGURE 5. 12 EXPERIMENTAL STRATEGY FOR INVESTIGATING MULTIPLE LOW DOSES 

OF ENDO3 CAR T-CELL THERAPY IN BALB/C MICE ................................................... 194 

FIGURE 5. 13 DELIVERING MULTIPLE LOW DOSES OF ENDO3 CAR T-CELL THERAPY 

ALLEVIATES CAR T-CELL-MEDIATED TOXICITY IN A SUBSET OF BALB/C MICE ... 195 

FIGURE 6. 1 AT-3 TUMOURS ARE VASCULARISED, ENDOSIALIN-POSITIVE AND HAVE 

NOT METASTASISED TO THE LUNGS AT 2-3 WEEKS POST-IMPLANTATION. ........ 205 

FIGURE 6. 2 ENDO3 CAR T-CELL IN VIVO THERAPEUTIC STRATEGY FOR C57BL/6 MICE 

BEARING AT-3 TUMOURS .............................................................................................. 206 

FIGURE 6. 3 ENDO3 CAR T-CELLS DO NOT EXPAND IN C57BL/6 MICE ........................... 207 

FIGURE 6. 4 ENDO3 CAR T-CELLS DEPLETE ENDOSIALIN-POSITIVE CELLS IN AT-3 

TUMOURS ........................................................................................................................ 208 

FIGURE 6. 5 ENDO3 CAR T-CELL THERAPY MAY LIMIT TUMOUR GROWTH IN AT-3 

TUMOUR-BEARING MICE WITHOUT ASSOCIATED TOXICITY ................................... 210 

FIGURE 6. 6 THERAPEUTIC STRATEGY FOR TREATING CD248WT AND CD248KO AT-3 

TUMOUR-BEARING MICE WITH ENDO3 CAR T-CELL THERAPY ............................... 211 

FIGURE 6. 7 ENDO3 CAR T-CELL NUMBERS AND ACTIVITY IN CD248WT AND CD248KO AT-

3 TUMOUR-BEARING MICE ............................................................................................ 212 

FIGURE 6. 8 ENDO3 CAR T-CELLS DEPLETE ENDOSIALIN-POSITIVE CELLS IN AT-3 

TUMOURS ........................................................................................................................ 214 

FIGURE 6. 9 ENDO3 CAR T-CELLS DO NOT DEPLETE ENDOSIALIN-POSITIVE CELLS IN 

NORMAL TISSUE IN AT-3 TUMOUR-BEARING MICE ................................................... 215 

FIGURE 6. 10 EFFICACY OF ENDO3 CAR T-CELL THERAPY AGAINST AT-3 TUMOURS IN 

CD248WT AND CD248KO MICE ......................................................................................... 217 

FIGURE 6. 11 ENDO3 CAR T-CELLS DO NOT LIMIT AT-3 LUNG METASTASIS ................ 218 

FIGURE 6. 12 THERAPEUTIC STRATEGY FOR TREATING LLC TUMOUR-BEARING MICE 

WITH ENDO3 CAR T-CELL THERAPY ........................................................................... 219 

FIGURE 6. 13 LLC TUMOURS ARE VASCULARISED, ENDOSIALIN-POSITIVE AND HAVE 

NOT METASTASISED TO THE LUNGS AT 2 WEEKS POST-IMPLANTATION. ........... 220 



 
 

14 
 

FIGURE 6. 14 ENDO3 CAR T-CELL NUMBERS AND ACTIVITY IN LLC TUMOUR-BEARING 

MICE ................................................................................................................................. 221 

FIGURE 6. 15 ENDO3 CAR T-CELLS LIMIT METASTASIS OF LLC TUMOUR CELLS TO THE 

LUNGS .............................................................................................................................. 222 

FIGURE 7. 1 BALB/C AND C57BL/6 DERIVED ENDO3 CAR T-CELLS HAVE DIFFERENT 

CD4+:CD8+ RATIOS .......................................................................................................... 230 

FIGURE 7. 2 BALB/C AND C57BL/6 DERIVED ENDO3 CAR T-CELL CYTOTOXICITY ....... 231 

FIGURE 7. 3 4T1 TUMOURS GROW AND METASTASISE MORE RAPIDLY IN NSG MICE 232 

FIGURE 7. 4 IN VIVO THERAPEUTIC STRATEGY FOR COMPARING BALB/C AND C57BL/6 

DERIVED ENDO3 CAR T-CELLS SIMULTANEOUSLY .................................................. 233 

 FIGURE 7. 5 NO TOXICITY OR EFFICACY AGAINST 4T1 TUMOURS IS OBSERVED IN NSG 

MICE TREATED WITH BALB/C OR C57BL/6 DERIVED ENDO3 CAR T-CELLS ........... 235 

FIGURE 7. 6 C57BL/6 DERIVED ENDO3 CAR T-CELLS MAY DEPLETE ENDOSIALIN-

POSITIVE CELLS MORE EFFECTIVELY THAN BALB/C DERIVED ENDO3 CAR T-

CELLS IN NSG MICE ....................................................................................................... 236 

FIGURE 7. 7 C57BL/6 DERIVED ENDO3 CAR T-CELLS LIMIT 4T1 LUNG METASTASIS BUT 

BALB/C DERIVED ENDO3 CAR T-CELLS HAVE NO EFFECT IN NSG MICE .............. 237 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Tables 
 

15 
 

List of Tables 

TABLE 1.1 CLASSIFICATION OF BREAST CANCER…………………………………………...25 

TABLE 1.2 THE RECEPTOR-BASED SUBTYPES OF BREAST CANCER……………………26 

TABLE 1.3 ACTIVE CAR T-CELL CLINICAL TRIALS…………………………………………….112 

TABLE 2.1 ANTIBODIES USED FOR FLOW CYTOMETREY…………………………………..116 

TABLE 2.2 ANTIBODIES USED FOR IMMUNOFLUORESCENT STAINING…………………117 

TABLE 2.3 ANTIBODIES USED FOR WESTERN BLOTTING………………………………….118 

TABLE 2.4 TAQMAN PROBES FOR RTQPCR…………………………………………………...119 

TABLE 2.5 MOUSE HEALTH SCORING CRITERIA……………………………………………..125 

 
 

  



List of Abbreviations 
 

16 
 

List of Abbreviations 

Abbreviations 

α-SMA – alpha-smooth muscle actin 

ADC – antibody-drug conjugate 

AIs – aromatase inhibitors  

ALL - acute lymphoblastic leukaemia 

alloHSCT - allogeneic haematopoietic stem cell transplant 

AWERB – animal welfare ethical review body 

BCMA – b-cell maturation antigen 

BCN – Breast Cancer Now 

BMSCs - bone marrow-derived stem cells  

BSA – bovine serum albumin  

CAFs – cancer-associated fibroblasts 

CAIX – carboxy-anhydrase-IX 

CAR - chimeric antigen receptor 

Cd248KO – endosialin knock-out 

Cd248WT – endosialin wild-type 

CEA - carcinoembryonic antigen  

CLEC14A – C-type lectin domain containing 14A 



List of Abbreviations 
 

17 
 

CLL - chronic lymphocytic leukaemia  

CNS - central nervous system  

CRS - cytokine release syndrome 

CRUK – Cancer Research UK 

CSM – co-stimulatory molecule 

CSSD – central sterile stores department 

CTLA-4 - cytotoxic T-lymphocyte-associated protein 4 

CTLD – C-type lectin-like domain 

DCIS – ductal carcinoma in situ 

DLBCL - diffuse large B-cell lymphoma 

DMEM – Dulbecco’s modified eagle medium 

DMSO – dimethyl sulfoxide 

ECL – enhanced chemiluminesence  

ECM – extracellular matrix 

EGF – epidermal growth factor  

EGFR - epidermal growth factor receptor 

ELISA – enzyme-linked immunosorbent assay 

EMILIN – elastic microfibril interfacer 

EMT – epithelial-to-mesenchymal transition 



List of Abbreviations 
 

18 
 

ER – oestrogen reception 

ERK – extracellular signal-regulated protein kinase 

ETBR - endothelin B receptor  

FAP – fibroblast activation protein 

FBS – fetal bovine serum 

FFPE – formalin-fixed, paraffin-embedded 

FGF – fibroblast growth factor  

FITC – fluorescin isothiocyanate  

FKBP2 - FK506-binding protein 

FMO – fluorescence minus one 

FRα - folate receptor α 

GVHD - graft-versus-host disease 

hCD34 – human CD34 

HER2 – human epidermal growth factor receptor 2 

HGF – hepatocyte growth factor  

HIF1α – hypoxia-inducible factor 1α 

HIF2α – hypoxia inducible factor 2α 

HIV - human immunodeficiency virus  

HLA - human leukocyte antigen 



List of Abbreviations 
 

19 
 

HR – hormone receptor 

HSV-TK - herpes simplex virus - thymidine kinase 

HUVECs – human umbilical vein endothelial cells 

ICAM-1 - intracellular adhesion molecule 1 

ICANS - immune effector cell-associated neurotoxicity syndrome 

ICOS - inducible T-cell costimulatory  

IFF – immunofluorescence buffer 

IFN-γ - interferon-γ 

IHC – immunohistochemistry 

IL- interleukin 

IL-6R – IL-6 receptor 

IP – intraperitoneal  

ITAMs - immunoreceptor tyrosine-based activation motifs 

IV - intravenous  

KD – knock-down  

KO – knock-out  

LDH – lactate dehydrogenase  

LLC – Lewis lung carcinoma 

mAb – monoclonal antibody 



List of Abbreviations 
 

20 
 

MHC - major histocompatibility complex 

MM - multiple myeloma 

MMPs – matrix metalloproteinases 

MMRN2 – multimerin 2 

MUC – mucin   

NCI – National Cancer Institute 

NG2 – chondroitin sulfate proteoglycan4/neural glial antigen 2 

NHL - non-Hodgkin’s lymphoma 

NOX4 – NADPH oxidase 4 

NSG - NOD-scid-gamma 

PARP – poly (ADP-ribose) polymerase 

PBMCs – peripheral blood mononuclear cells 

PD-1 - programmed death protein 1  

PDAC – pancreatic ductal adenocarcinoma 

PDGF – platelet-derived growth factor  

PDGFR – platelet-derived growth factor receptor  

PD-L1 - programmed death-ligand 1 

PDX - patient derived xenograft 

PLGA – poly (lactic-co-glycolic acid) 



List of Abbreviations 
 

21 
 

PNE - peptide neoepitope 

PR – progesterone receptor 

PSCA - prostate stem cell antigen  

PSMA - prostate-specific membrane antigen  

pSTAT3 – phosphorylated STAT3 

PVDF – polyvinylidene difluoride 

qPCR – quantitative polymerase chain reaction  

RIPA – radioimmunoprecipitation assay 

RPMI – Roswell park memorial institute  

RTqPCR – real time qPCR  

SAGE – serial analysis of gene expression 

scFv – single chain variable fragment 

SERDs – selective ER downregulators 

SERMs – selective ERM modulators 

SP1 – specificity protein 1 

TALENs - transcription activator-like effector nucleases 

TBS – tris-buffered saline 

TCR - T-cell receptor 

TEM1 – tumour endothelial cell marker 1 



List of Abbreviations 
 

22 
 

TEM8 - tumour endothelial marker 8  

TGF-β – transforming growth factor β 

TLS - tumour lysis syndrome 

TM - targeting molecule 

TME – tumour microenvironment 

TNBC - triple negative breast cancer 

TNF - tumour necrosis factor  

TRUCK - T-cells redirected for universal cytokine mediated killing 

UniCAR - universal CAR T-cell 

VEGF – vascular endothelial growth factor 

VEGFR – vascular endothelial growth factor receptor  

VHH - variable heavy chain  

VSMCs – vascular smooth muscle cells 

WHO – World Health Organisation 

WT – wild-type 

  



Chapter 1 Introduction 
 

23 
 

Chapter 1 Introduction 

1.1   Breast Cancer  

The definition of cancer is the uncontrolled division of abnormal cells in a given 

part of the body, triggered by genetic and epigenetic changes. However, the term cancer 

acts as an umbrella term for a wide range of diseases with different tissues of origin, 

treatment options and prognosis. In a seminal paper published in 2000, Hanahan and 

Weinberg defined the 6 common hallmarks of cancer: sustaining proliferative signalling, 

evading growth suppressors, activating invasion and metastasis, enabling replicative 

immortality, inducing angiogenesis and resisting cell death (Hanahan and Weinberg 

2000). In 2011, the authors updated these hallmarks to include: avoiding immune 

destruction, tumour-promoting inflammation, genome instability and mutation and 

deregulating cellular energetics (Hanahan and Weinberg 2011) and in 2022 a further 4 

hallmarks were added: unlocking phenotypic plasticity, nonmutational epigenetic 

reprogramming, polymorphic microbiomes and senescent cells (Hanahan 2022) . Breast 

cancer occurs when breast tissue acquires some or all of the 10 defined hallmarks of 

cancer.  

1.1.1 Breast cancer incidence 

In the UK, breast cancer has the highest incidence of all cancers (excluding non-

melanoma skin cancer) and accounts for 15% of all new cases, with 1 in 7 women and 

1 in 870 men being diagnosed in their lifetime (CRUK 2022). Globally, over 2 million 

women were newly diagnosed with breast cancer in the year 2020 and in the same year 

there were over 7.8 million women surviving with breast cancer, making it the world’s 

most prevalent cancer (WHO 2022). Although the incidence of breast cancer continues 

to increase in the UK and globally, survival rates are improving. The mortality rate of 

females with breast cancer has fallen by 21% over the last decade in the UK, with over 
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75% of women with breast cancer surviving their disease for 10 years or more (CRUK 

2022). Despite the encouraging trend in survival rates, breast cancer still accounts for 

15.5% of cancer related deaths in women worldwide (Sung et al. 2021).  

1.1.2 Risk factors associated with breast cancer 

Multiple factors that affect one’s risk of developing breast cancer have been 

identified. Reproductive factors such as early menarche, late menopause, late 

pregnancy and low parity increase breast cancer risk. For each year that the menopause 

is delayed, the risk of developing breast cancer increases by 3% and for each year that 

menarche or pregnancy is delayed, the risk of developing breast cancer decreases by 

5% and 10%, respectively (Sun et al. 2017). Several environmental factors are also 

associated with increased breast cancer risk including obesity, alcohol consumption and 

taking sources of exogenous oestrogen (such as the contraceptive pill and hormone 

replacement therapy). 

Heritable factors that increase the risk of developing breast cancer include 

ethnicity and genetics. It has been reported that women of black and Asian decent have 

a slightly decreased risk of developing breast cancer when compared to women of white 

decent, however this is likely due to differences in other risk factors, for example non-

white women were found to be less likely to drink alcohol, less likely to have been on 

hormone therapy and more likely to have given birth at a younger age (Chlebowski et al. 

2005). Germline mutations in certain genes also increase the risk of developing breast 

cancer. For example, women with a BRCA1 or BRCA2 mutation have a cumulative 

breast cancer risk to age 80 of 72% and 69%, respectively (Kuchenbaecker et al. 2017). 

Similarly, moderately penetrant inherited mutations in PALB2 and FGFR2 are also 

associated with increased breast cancer incidence (Easton et al. 2007; Antoniou et al. 

2014). 
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1.1.3 Breast cancer diagnosis, staging and subtypes 

New cases of breast cancer are diagnosed either during routine screens or 

following symptomatic presentation by patients. Upon diagnosis, the breast cancer is 

defined as Stage 0-4 based on characteristics described in Table 1.1. Patients diagnosed 

with stage 0, 1 or 2 breast cancer generally have a good prognosis, however patients 

diagnosed with stage 3 or 4 breast cancer have a significantly poorer prognosis.  

Table 1.1 Classification of breast cancer 

Stage Classification (CRUK 2022) 

Stage 0   Pre-invasive breast cancer/ ductal carcinoma in situ (DCIS) 

Stage 1 A – Tumour ≤ 2 cm with no extramammary spread 

B – Micrometastases in axillary lymph nodes and tumour ≤ 2 cm.  

Stage 2  A – Tumour ≤ 2 cm with metastases in 1-3 axillary or internal mammary 
lymph nodes OR tumour size 2-5 cm, with no metastases to lymph nodes. 

B – Tumour size 2-5 cm with metastases in 1-3 axillary or internal 
mammary lymph nodes OR tumour size > 5 cm with no metastases to 
lymph nodes.  

Stage 3  A – No tumour in breast but metastases found in 4-9 axillary or internal 
mammary lymph nodes OR tumour > 5 cm with metastases in 1-3 axillary 
or internal mammary lymph nodes.  

B – Tumour of any size involving skin or chest wall. Metastases in up to 9 
axillary or internal mammary lymph nodes.  

C – Tumour of any size involving skin or chest wall with metastases in 10 
or more axillary, internal mammary or supraclavicular lymph nodes. 

Stage 4 Tumour of any size with or without lymph node involvement that has 
metastasised to distant sites (e.g., liver, lung, brain, bone). 
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Breast cancer can be divided into subtypes based on expression of certain 

receptors and gene expression profile. The receptors involved in breast cancer subtyping 

are the oestrogen receptor (ER), the progesterone receptor (PR) (together referred to as 

hormone receptors (HR)) and the signalling receptor ErbB2 (HER2). The receptor-based 

subtypes of breast cancer are summarised in Table 1.2. Classification based on gene 

expression profiling is referred to as the molecular or intrinsic subtype. Global gene 

expression profiling by Perou and colleagues divided breast tumours into five subtypes: 

luminal A, luminal B, basal-like, HER2-enriched and normal breast-like (Perou et al. 

2000). Luminal A tumours are predominantly ER-positive and tend to be of low grade 

and proliferation rate. Luminal B tumours are also generally ER-positive, but may 

express lower levels of hormone receptors, be more proliferative, have a worse 

prognosis and be of a higher grade than luminal A tumours. The HER2-enriched subtype 

usually reflects amplification of the ERBB2 gene in tumours that can be HR-negative or 

HR-positive. The basal subtype mostly overlaps with triple negative HR-negative, HER2-

negative breast cancers (Figure 1.1). 

Table 1.2 The receptor-based subtypes of breast cancer 

Receptor Status Incidence* 5-year relative survival* 

HR+ HER2- 68% 94.3% 

HR+ HER2+ 10% 90.5% 

HR-HER2- 10% 76.9% 

HR-HER2+ 4% 84% 

- 7% 76.1% 

*statistics from (NCI 2022) 
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Figure 1. 1 The molecular subtypes of breast cancer  

Breast cancers can be divided into subtypes based on their gene expression profiles, 

described as molecular or intrinsic subtypes. Basal-like (triple negative) breast cancers 

are negative for oestrogen and progesterone hormone receptors (HR-) and the HER2 

receptor and are the most proliferative and of the highest grade. HER2-enriched 

tumours have increased HER2 expression and a high proliferation rate. Luminal A and 

B breast cancers are both generally oestrogen receptor (ER)-positive, however luminal 

B tumours may express lower levels of hormone receptors and tend to be more 

proliferative and of a higher grade than luminal A tumours. Adapted from (Harbeck et 

al. 2019). 

 

1.1.4 Breast cancer metastasis 

The metastatic progression of a tumour can be broken down into 5 key steps: (1) 

local invasion into the breast stroma, (2) intravasation into the vasculature, (3) survival 

in the circulation, (4) extravasation from the vasculature at the distal tissue, and (5) 

colonisation and proliferation to form a tumour at the secondary site. Collectively these 

steps are often referred to as the metastatic cascade (Figure 1.2). 
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Figure 1. 2 The metastatic cascade 

Diagram showing the 5 main steps of the metastatic cascade. (1) a single or cluster of 

tumour cells acquire epithelial-to-mesenchymal transition (EMT) features resulting in a 

more migratory and invasive phenotype. Tumour cells have to degrade and remodel 

the basement membrane and extracellular matrix allowing invasion into the local 

stromal tissue. (2) Tumour cells degrade the vascular basement membrane and disrupt 

tight endothelial cell-cell junctions to intravasate into the vasculature. (3) Once in the 

circulation, tumour cells must survive against extreme shearing forces and increased 

immune surveillance. Only small numbers of intravasated tumour cells will survive in 

the circulation. (4) At the secondary site, tumour cells adhere to the vascular wall and 

extravasate out of the blood vessels into the tissue parenchyma. (5) In the new 

microenvironmental niche, tumour cells can either die, become dormant or begin 

proliferating. Proliferating colonies result in micrometastases which will grow into 

clinically detectable macrometastases.  
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To invade through local tissue, tumour cells must secrete enzymes capable of 

degrading and remodelling the extracellular matrix (ECM), lose their anchorage 

dependence and increase their motility. The process during which tumours cells acquire 

these characteristics is commonly referred to as the epithelial-to-mesenchymal transition 

(EMT) (Thiery et al. 2009). Tumour cells may invade through local tissue alone or in 

clusters, in the latter case only the cells at the invading front undergo EMT and the 

following cells retain an epithelial state (Cheung et al. 2013). Disseminated tumour cells 

must then break down the basement membrane surrounding blood vessels and pass 

through the endothelial cell layer. In tumours, the vasculature is often poorly formed with 

loose endothelial cell junctions, which makes the passage of tumour cells into the 

circulation less challenging. Once inside the circulation, tumour cells face the challenge 

of surviving: they are exposed to the hydrodynamic shearing forces of the blood flow that 

can damage the tumour cell membrane; they are unanchored which can initiate anoikis, 

a type of programmed cell death triggered when anchorage-dependent cells are 

detached from the ECM; and they are in close proximity to circulating immune cells.  

Upon arriving in the vasculature of the secondary tissue, tumour cells must exit 

the circulation by extravasation which presents the challenges of becoming static and 

breaking down the endothelial cell junctions and basement membrane at the secondary 

site. Finally, tumour cells must adapt to survive and proliferate in an unfamiliar 

microenvironmental niche. If tumour cells succeed in surviving at the secondary site, they                          

will either continue to proliferate and form clinically detectable metastatic lesion or 

survive in a dormant state where they do not proliferate but remain viable. These dormant 

cells may become ‘awakened’, sometimes after long periods of time, resulting in relapse 

of the cancer, often many years after initial diagnosis (Dittmer 2017). The tumour 

microenvironment (TME) plays a significant role in multiple stages of the metastatic 

cascade and this will be further discussed in Section 1.3.  
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In 1889, Stephen Paget hypothesised that different types of cancer have 

preferences for different secondary sites and environments within the body, referred to 

as the “seed and soil hypothesis”. The most common sites of breast cancer metastasis 

are the bones, lungs, brain and liver (Minn et al. 2005). The bones are the most frequent 

site of metastasis in ER+ breast cancers, whereas for triple negative breast cancers 

metastasis to the lung is most common (Kennecke et al. 2010). Unfortunately, the 

prognosis for women with metastatic breast cancer is poor, with only 25% of patients 

surviving for 5 years or more after they are diagnosed (CRUK 2022). To date, metastatic 

breast cancer is not curable therefore treatments targeting or preventing breast cancer 

metastasis are a current clinical need.  

1.1.5 Breast cancer treatment 

The treatment a patient receives for their breast cancer depends on the stage 

with which they are diagnosed. Stage 0 breast cancer (DCIS) is primarily treated with 

lumpectomy plus radiation therapy or mastectomy. Early invasive (Stage 1a,b and 2a,b) 

and locally advanced (Stage 3a,b,c) breast cancers are non-metastatic and treatment 

for these breast cancers can be divided into three phases: pre-operative, surgical and 

post-operative. When the breast cancer is receptor-positive (ER, PR or HER2), pre-

operative (neoadjuvant) endocrine therapy or anti-HER2 targeting therapy can be given. 

In the case of triple negative breast cancer neoadjuvant chemotherapy can be given. In 

the surgical phase, patients are either subjected to lumpectomy or mastectomy. 

Following surgery patients may be treated with radiotherapy followed by post-operative 

(adjuvant) chemotherapy, targeted therapy, endocrine therapy, immunotherapy, or a 

combination of these approaches. Stage 4 metastatic breast cancer is not usually 

surgically resected, as this does not increase the probability of survival in these patients. 

Instead, the aim in treating stage 4 patients is to control the tumour growth for as long 
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as possible and to treat the symptoms of the disease. This can include a combination of 

therapies listed above for earlier stage breast cancers (Trayes and Cokenakes 2021).  

The aim of breast cancer surgery is to excise the tumour tissue along with a 

defined margin of normal breast tissue, whether this be a wide local excision, known as 

“lumpectomy” or by performing a mastectomy and removing the whole breast. Pre-

operative neoadjuvant therapy may be given to the patient with the aim of reducing the 

size of the tumour prior to surgery to allow breast-conserving surgery rather than a more 

radical procedure. Neoadjuvant therapy can also allow for an early assessment of how 

well a patients tumour responds to a given therapy which can guide future treatment 

decisions (Selli and Sims 2019). 

Following surgery, patients with early invasive or locally advance breast cancer 

are given post-operative (adjuvant) therapy to decrease the risk of recurrence. These 

therapies are given as a first line treatment to patients with advanced metastatic breast 

cancer.  

Radiotherapy and chemotherapy both take advantage of the fact that tumour cells 

are more vulnerable to DNA damage and cell cycle interruption than non-malignant cells. 

Radiotherapy utilises the ionising waves of x-ray radiation to cause DNA breaks within 

cells in a given area of tissue and chemotherapy describes the systemic delivery of 

agents that target tumour cells such as anthracyclines that cause double stranded DNA 

breaks or taxanes that disrupt microtubule formation.  

Targeted therapies exploit cellular targets which are upregulated by cancer cells 

and which the malignant cells depend on for survival. Examples include trastuzumab 

(Herceptin) which targets HER2 and prevents downstream signalling that promotes cell 

proliferation, palbociclib inhibits CDK4/6 causing cell cycle arrest and olaparib which 

inhibits poly(ADP-ribose) polymerase (PARP) and causes synthetic lethality in cells with 

BRCA1 and BRCA2 mutations.   
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Endocrine therapy focuses on perturbing oestrogen signalling which in turn 

prevents the proliferation of ER-positive tumour cells dependent on these pathways for 

survival. There are 3 categories of endocrine therapy: selective ER modulators (SERMs), 

such as tamoxifen, which bind to ER and competitively inhibit oestrogen binding, 

selective ER downregulators (SERDs), such as fulvestrant, which promote degradation 

of ER and aromatase inhibitors (AIs), such as letrozole, which prevent oestrogen 

production.  

Immunotherapy is an emerging branch of cancer therapy and is not currently 

widely licenced for the treatment of breast cancer. However, patients with high-risk early 

stage or advanced triple negative breast cancer (TNBC) may be offered the 

immunotherapy agent pembrolizumab, a PD-1 inhibitor, in combination with 

chemotherapy if their cancer is PD-1-positive (Cortes et al. 2020; Schmid et al. 2022).  

1.2 The Tumour Microenvironment  

1.2.1 Introduction  

The TME describes the environment associated with tumour cells which contains 

a variety of different cell types. These include fibroblasts, pericytes, vascular and 

lymphatic endothelial cells and immune cells (Figure 1.3). Cross-talk occurs between 

stromal cell types, as well as between stromal and tumour cells to promote tumour 

progression (Balkwill et al. 2012). In addition to the cellular compartments, the TME also 

consists of an aberrant ECM, which contributes to the tumour structure and stiffness.  

The TME facilitates the growth and survival of malignant cells by creating an 

immunosuppressive niche, the production of growth factors, supporting angiogenesis 

and facilitating dissemination. The mechanisms by which the TME supports cancer 

progression and dissemination are numerous. This thesis will focus on the contribution 
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of tumour-associated pericytes and cancer-associated fibroblasts (CAFs), with a 

particular focus on their role in metastatic progression.  

 

Figure 1. 3 The tumour microenvironment 

Solid tumours consist of a mass of tumour cells together with extracellular matrix, 

vascular and lymphatic endothelial cells, mesenchymal cells (CAFs and pericytes) and 

immune cells. Cross-talk between tumour cells and cells of the tumour microenvironment 

can be both of a pro-and anti-tumour nature, as can interactions between different cell 

types within the microenvironment. Adapted from (Junttila and de Sauvage 2013). 

 

1.2.2 Tumour vasculature 

The vascular system is a critical network which permits the passage of oxygen, 

nutrients and immune cells between tissues. Normal vascular structures consist of a 

lumen formed by tightly joined endothelial cells and mural cells that support the vascular 

structure. Endothelial and mural cells are surrounded by a vascular basement 
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membrane, to which both cell types contribute. Under normal physiological conditions, 

the vascular network is hierarchically organised and remodelled in a controlled manner 

to allow adequate perfusion of oxygen and other nutrients to all cells.  

Angiogenesis describes the process of new vessel formation from pre-existing 

vascular structures. In the human adult, angiogenesis only occurs under certain 

conditions of tissue remodelling, such as wound healing or pregnancy. Hypoxia within 

tissues is a key driver of angiogenesis, which results in the activation of pro-angiogenic 

pathways, such as the vascular endothelial growth factor (VEGF)-A pathway. Interaction 

of VEGF-A with vascular endothelial growth factor receptor (VEGFR)-2 on the 

endothelial cell surface results in an activated form of the endothelial cell, known as a tip 

cell, which is motile, invasive and protrudes filopodia. Tip cells produce factors to 

breakdown the basement membrane and spearhead new vascular sprouts towards the 

source of VEGF-A secretion. Following tip cells, stalk endothelial cells establish a lumen 

and proliferate to support sprout elongation. A basement membrane is then established 

and mural cells, such as pericytes, are recruited to stabilise the new vascular structure 

(Potente et al. 2011).  

The angiogenic process is tightly regulated by a balance of pro-and anti-

angiogenic factors in non-tumour tissues, however in tumour tissue this becomes 

dysregulated. A developing tumour can only grow to ~2 mm in size without vascular 

support, thus rapid establishment of a vascular network is essential for tumour survival 

and progression (Hanahan and Folkman 1996). One of the well-established hallmarks of 

cancer is the ‘angiogenic switch’, a process which occurs early in tumour development. 

The angiogenic switch describes an event in which the balance between pro-and anti-

angiogenic factors shifts towards a pro-angiogenic outcome, resulting in rapid 

vascularisation of the tumour tissue (Hanahan and Folkman 1996) (Figure 1.4A). The 

angiogenic switch may be triggered by a number of factors, including local hypoxia, 

expression of pro-angiogenic factors and tumour-associated inflammation (Lugano et al. 
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2020). Excessive and sustained pro-angiogenic signalling results in inefficient tumour 

vascularisation, with a poorly structured and disorganised vascular network. 

Unlike non-malignant cells, VEGF-A secretion by tumour cells is not only driven 

by ischaemia, but also by oncogenes and the loss of tumour suppressor genes, among 

other factors. Tumour cells therefore secrete a higher concentration of VEGF-A when 

compared to non-malignant cells. Intramuscular injection of high and low VEGF-A 

secreting myoblasts demonstrated that a higher local VEGF-A concentration is more 

likely to induce abnormal vascular structures (Ozawa et al. 2004). Therefore, the high 

concentration of VEGF-A secreted by tumour cells likely plays a key role in the 

development of abnormal tumour vessels.  

Blood vessels within the tumour tissue are immature, tortuous and 

hyperpermeable, with different subtypes of microvessels being indistinguishable. 

Vessels are inconsistent in diameter and shape and are not optimally structured, with 

endothelial cell junctions being poorly formed (Hashizume et al. 2000). When compared 

to normal blood vessels, tumour-associated vessels have reduced pericyte coverage 

and the pericytes are associated with endothelial cells less efficiently (Morikawa et al. 

2002). These properties render tumour-associated blood vessels leaky and poorly 

perfused, which results in excessive plasma leakage. The increased interstitial fluid 

pressure created by vessel hyperpermeability results in an accumulation of waste 

products in the tumour tissue, increased acidity and regions of hypoxia (Vaupel et al. 

1987). This in turn further promotes tumour angiogenesis resulting in an entirely 

dysregulated process. Further, poor pericyte coverage and loose endothelial junctions 

gives rise to vessels that are more easily infiltrated by tumour cells, thus facilitating 

metastatic intravasation.  

The dependency of tumours on the angiogenic process for survival led to the 

development of multiple anti-angiogenic agents for clinical use, such as the anti-VEGFA 
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and anti-VEGFR-2 monoclonal antibodies bevacizumab and ramucirumab, respectively. 

Although significant improvements in overall survival rates have been observed when 

such agents are combined with classical chemotherapy in cancers such as colorectal 

carcinoma (Hurwitz et al. 2004; Tabernero et al. 2015), in breast cancer limited success 

has been observed thus far (Brufsky et al. 2011; Gianni et al. 2013; Vrdoljak et al. 2016).  

Resistance to anti-angiogenic therapy is frequently observed and is one of the 

main reasons for its limited success. By inhibiting angiogenesis, regions of hypoxia form 

within the tumour, which in turn results in the upregulation of hypoxia-inducible factor 1α  

(HIF1α) in tumour cells. An increase in HIF1α expression leads to more pro-angiogenic 

factors being secreted by the tumour cells, which in turn promote angiogenesis and 

resistance to the anti-angiogenic therapy (Alessi et al. 2009; Hartwich et al. 2013). 

Further, hypoxia in the tumour and increased HIF1α expression in the tumour cells can 

promote metastatic spread (Jing et al. 2012; Ebright et al. 2020). In human breast cancer, 

a high level of HIF1α at diagnosis can predict early relapse and metastasis and 

correlated with poor clinical outcomes (Bos et al. 2003; Gruber et al. 2004; Generali et 

al. 2006). 

As well as via angiogenesis, tumours can hijack blood vessels in the surrounding 

normal tissue for vascular support, a process known as vessel co-option (Kuczynski et 

al. 2019) (Figure 1.4B). An example of vessel co-option in lung cancer was described by 

Pezzella and colleagues in which tumour cells invaded the alveolar spaces in a distinct 

pattern and co-opted the alveolar capillaries (Pezzella et al. 1997). Further examples of 

vessel co-option can also be observed in primary liver, brain and skin cancers 

(Nakashima et al. 1995; Döme et al. 2002; Bernsen et al. 2005) as well as in various 

metastases (Colpaert et al. 2003; Stessels et al. 2004; Bentolila et al. 2016).  

In some instances, tumours may also develop vascular structures from malignant cells 

in a process known as vascular mimicry (Figure 1.4C). Blood vessels created by vascular 
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mimicry lack endothelial cells and are instead lined with tumour cells with cancer stem 

cell features driving an epithelial-to-endothelial transition (Andonegui-Elguera et al. 

2020). This phenomena was first described in melanoma (Maniotis et al. 1999) and has 

since been identified in many other tumour types, including breast cancer where it has 

been associated with a more aggressive phenotype (Shirakawa et al. 2001). 

 

 

Figure 1. 4 Mechanisms of tumour vascularisation 

Tumours require a vascular network to survive and can develop this by (A) stimulating 

the generation of new vessels via angiogenesis (B) co-option of blood vessels from the 

normal surrounding tissue and (C) vascular mimicry in which tumour cells undergo an 

epithelial-to-endothelial transition and vessels lined with transformed tumour cells are 

created.  
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1.2.3 Pericytes  

1.2.3.1 Pericyte classification 

Pericytes were first identified in 1879 by Rouget as contractile cells surrounding 

small blood vessels and thus were first named ‘Rouget cells’ until Zimmermann renamed 

them pericytes in 1923, with “peri” and “cyte” meaning around and cell, respectively 

(Zimmermann 1923). Pericytes are now accepted to be a mural cell subclass that 

surround microvessels and are embedded within the vascular basement membrane, 

providing structural support to these vessels (Sims 1986) (Figure 1.5). Large-diameter 

blood vessels, such as arteries and veins, are covered by vascular smooth muscle cells 

(VSMCs), the other subclass of mural cells. Although it is believed that VSMCs and 

pericytes belong to the same lineage, they can be distinguished by their location, 

morphology and marker expression. However, this distinction is not absolute and a range 

of phenotypes exist from the classical VSMC to a typical pericyte (Armulik et al. 2005).  

                            

Figure 1. 5 Pericytes and the vasculature 

Pericytes are a subclass of mural cell that embed within the vascular basement 

membrane and surround the endothelial cell structure, providing structural support to 

the vasculature.  

Electron microscopy studies have morphologically defined pericytes as cells 

with prominent nuclei and several long processes that extend along the endothelial wall 

(Sims 1986). However, despite the extensive study of pericyte characteristics, pericytes 
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still remain a poorly defined cell type. To date, no marker with absolute pericyte 

specificity has been identified. Several markers have been used to identify pericytes 

such as α-smooth muscle actin (α-SMA), chondroitin sulfate proteoglycan4/neural glial 

antigen 2 (NG2), platelet-derived growth factor receptor (PDGFR)-β, desmin and 

vimentin, however none of these markers represent a pericyte-specific marker as they 

are also expressed by VSMCs and perivascular fibroblasts (Yamazaki and Mukouyama 

2018). Therefore, identification of pericytes to date relies on a combination of one or 

more of these surface markers with morphological characteristics and spatial location.  

1.2.3.2 Pericyte function 

The functional roles of pericytes under normal physiological conditions have been 

studied extensively and several important functions have been identified. First, pericytes 

play an important role in the regulation of angiogenesis and vessel maturation. As 

pericytes can be found in close proximity to vascular endothelial cells, the two cell types 

are able to interact via a range of signalling axes. For example, sprouting endothelial 

cells secrete platelet derived growth factor (PDGF)-B, the ligand for PDGFR-β expressed 

by pericytes. The binding of PDGF-B to PDGFR-β results in the recruitment and 

adhesion of pericytes to the developing endothelial cell layer, which in turn promotes 

vascular stabilisation (Betsholtz 2004). When this pathway is defective, decreased 

pericyte coverage can be observed alongside aberrant vasculature and microaneurysms 

(Lindahl et al. 1997). Moreover, genetic deletion of Pdgfb or Pdgfrb in mice results in 

perinatal death which can be attributed to vascular dysfunction (Levéen et al. 1994; 

Soriano 1994). As well as the PDGF-B/PDGFR-β axis, pericyte-endothelial cell 

interactions via the angiopoietin2/Tie2, transforming growth factor beta (TGF-β) and 

VEGF signalling axes are also important for angiogenic homeostasis and correct vessel 

maturation (Gaengel et al. 2009). Together, these observations suggest a crucial role for 

pericytes in regulating the angiogenic process and maintaining a stable vasculature.  
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The contractile nature of pericytes gives them a role in regulating the blood flow 

through microvessels (Caporarello et al. 2019). Pericytes express both cholinergic (α-2) 

and adrenergic (β-2) receptors, the stimulation of which lead to pericyte contraction and 

relaxation, respectively (Rucker et al. 2000). Owing to this, capillary pericytes mediate 

blood flow in response to local metabolic needs, for example it has been reported that 

pericyte relaxation occurs in response to a local increase in carbon dioxide concentration 

(Matsugi et al. 1997). Moreover, in the brain, the dilation of capillaries by pericyte 

relaxation occurs faster than that of arteriole dilation (Mapelli et al. 2017) suggesting that 

pericyte relaxation is important in the immediate response to local hypoxia. 

In addition to their physical properties, pericytes have been identified as a 

population of mesenchymal stem cells that are able to differentiate into other cell types, 

giving them roles that extend beyond vascular maintenance. For example, in the 

presence of chondrogenic or adipogenic medium, pericytes can differentiate into 

chondrocytes and adipocytes, which have the potential to form mineralised cartilage and 

adipocytic regions in vivo (Farrington-Rock et al. 2004). This suggests pericytes may 

also contribute to processes such as wound healing, growth and repair.  

1.2.3.3 Pericytes & cancer 

In pathological conditions such as cancer, pericytes have several roles in 

promoting disease progression (Figure 1.6). As outlined in Section 1.3.1, pericytes 

represent one of the many cell types found within the TME where they contribute towards 

tumour vascularisation, immunomodulation and metastasis (Ribeiro and Okamoto 2015). 

In tumours, pericytes support angiogenesis by interacting with endothelial cells to create 

stable vascular structures which support tumour growth. It has been shown that blockage  
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Figure 1. 6 Pericyte roles in cancer progression 

Tumour-associated pericytes have multiple roles in cancer progression. Coverage and 

support of the tumour vasculature results in a more stable tumour vasculature, whereas 

decreased pericyte coverage gives rise to leakier vessel that facilitate easier 

intravasation of metastatic tumour cells. Pericytes can interact with tumour cells via the 

CCL2/CCR2 signalling axis to promote tumour cell proliferation and can interact with 

immune cells to promote an immunosuppressive phenotype, though the mechanisms 

behind the latter interaction are currently not well understood. 
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of pericyte recruitment by inhibiting the PDGF-β pathway leads to endothelial cell loss 

and regression of tumour vessels (Lindahl et al. 1997), whereas overexpression of 

PDGF-β results in increased pericyte coverage and supports tumour growth (Guo et al. 

2003; Furuhashi et al. 2004). Owing to this, increased pericyte coverage correlates with 

poorer disease prognosis in renal carcinoma and bladder cancer (Yonenaga et al. 2005; 

O'Keeffe et al. 2008; Cao et al. 2013). However, conversely, it has been reported that 

decreased pericyte coverage in colorectal cancer results in increased metastasis and 

worse overall survival (Yonenaga et al. 2005). This may be due to increased leakiness 

of tumour vasculature, which in turn allows for increased tumour cell intravasation and 

metastasis. Therefore, it is likely that cancer subtypes are affected in different ways by 

the number of pericytes associated with their vasculature. This should be considered 

when targeting pericytes therapeutically in patients. 

Alongside communicating with endothelial cells to facilitate tumour angiogenesis 

or vessel co-option, pericytes can also interact with other cell types within the tumour. It 

has been demonstrated that loss of β3-integrin expression on tumour-associated 

pericytes promotes pericyte-tumour cell crosstalk via the CCL2/CCR2 axis, which results 

in enhanced tumour cell proliferation and tumour growth (Wong et al. 2020). Further, 

Ochs and colleagues have demonstrated that pericytes derived from gliomas have 

immunosuppressive properties when co-cultured with peripheral blood mononuclear 

cells (PBMCs) and that pericyte abundance in malignant glioma negatively correlates 

with the abundance of perivascular cytotoxic T-cells, suggesting an interaction between 

pericyte and immune populations in the TME (Ochs et al. 2013).  

In addition to supporting primary tumour growth, pericytes may play an important 

role in the metastatic cascade. However, it remains unclear whether pericytes promote 

or suppress metastasis. Our laboratory has previously demonstrated that the expression 

of endosialin by tumour-associated pericytes facilitates tumour cell intravasation and 

promotes metastatic spread in breast cancer (Viski et al. 2016). Similarly, Sinha and 
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colleagues have demonstrated that co-injection of ovarian cancer cells with pericytes in 

a xenograft model results in accelerated tumour growth and aggressive metastases 

(Sinha et al. 2016). In contrast, Xian and colleagues have shown that defective pericyte-

endothelial cell interactions lead to an enhanced metastatic potential in fibrosarcoma 

(Xian et al. 2006). It has also been demonstrated that pericyte ablation in tumours results 

in unstable and leaky tumour vasculature which in turn favour metastasis (Cooke et al. 

2012). It is well known that microvessels without sufficient pericyte coverage are leakier, 

therefore it makes sense that poor pericyte coverage within a tumour would give rise to 

greater opportunity for tumour cell intravasation. However, on the other hand, 

microvessels with reduced pericyte coverage may be less functional and more collapsed 

than well covered vessels, which in turn may impede tumour cell dissemination. The 

mechanisms by which adhered tumour-associated pericytes facilitate tumour 

progression are less clear. Recent studies have made progress on understanding this 

by examining pericyte interactions with tumour-associated macrophages via the 

interleukin (IL)-33-ST2 pathway, as well as the differentiation of pericytes into stromal 

fibroblasts, both of which were found to aid tumour progression (Hosaka et al. 2016; 

Yang et al. 2016).  

Taken together, these reported findings suggest that the presence of pericytes 

and their coverage of microvessels varies between different tumour types. It is therefore 

important to better understand the role of pericytes in the context of different cancer and 

translate this knowledge into pericyte-targeting therapies.  

1.2.4 Cancer-associated fibroblasts 

1.2.4.1 Normal fibroblasts 

Fibroblasts are mesenchymal cells that comprise the main cell type of connective 

tissue and can be characterised by their spindle-like morphology, alongside an absence 

of epithelial, vascular or leukocyte markers. In normal tissue, fibroblasts are usually 
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found within the interstitial space where they exist in a quiescent state. The primary 

function of tissue resident fibroblasts is the deposition of ECM components. The ECM 

generates the biochemical and mechanical properties of each organ, including the tensile 

strength and elasticity of the tissue. Further, the ECM is able to alter the behaviour of 

cells that interact with it via numerous signalling axes (Frantz et al. 2010).  

Under conditions of tissue remodelling, which includes remodelling of the ECM, 

fibroblasts become activated by mechanical stress and inflammatory mediators resulting 

in them differentiating to a myofibroblast phenotype. Myofibroblasts were first observed 

in the setting of wound healing (Gabbiani et al. 1971) and have been described as 

fibroblasts with smooth muscle cell-like features (Powell et al. 1999). At the electron 

microscope level, myofibroblasts are distinguishable from normal fibroblasts by their high 

levels of exocytotic vesicles and their stress fibres. In keeping with these morphological 

features, myofibroblasts secrete an array of growth factors and cytokines and can be 

distinguished from normal fibroblasts by their upregulation of the α-SMA protein (Baum 

and Duffy 2011). The principal role of myofibroblasts in wound healing is contraction of 

the wound, which they are able to do due to the presence of α-SMA fibres. Myofibroblasts 

also secrete an array of growth factors and cytokines which maintain the inflammatory 

response. Once the wound healing process is complete, myofibroblasts become 

apoptotic and disappear (Chitturi et al. 2015) 

1.2.4.2 Function of cancer-associated fibroblasts (CAFs) 

Much like in the aforementioned conditions of tissue remodelling, CAFs exhibit a 

myofibroblast-like phenotype. The key difference with CAFs however is that, unlike 

myofibroblasts involved in wound healing, they do not die by apoptosis but remain 

chronically active and proliferative. CAFs are the most effective cells within the tumour 

stroma at depositing and remodelling the tumour ECM, which is dysregulated and 

disorganised compared to normal tissues. The increased activity of matrix 



Chapter 1 Introduction 
 

45 
 

metalloproteinases (MMPs) results in enhanced ECM degradation, which facilitates the 

migration of vessels into the tumour, as well as assisting with tumour cell dissemination. 

CAFs also produce matrix cross-linking enzymes, for example collagen cross-linking 

lysyl oxidases, which contribute to the increased stiffness of the tumour tissue. An 

increase in collagen deposition in the tumour TME facilitates the growth and survival of 

malignant cells by increasing the rigidity of the TME, as well as enhancing growth factor 

sequestration (Sahai et al. 2020). 

 CAFs are able to crosstalk with tumour cells via the secretion of growth factors 

and cytokines, for example TGF-β secretion by CAFs promotes a pro-migratory 

phenotype in the tumour cells (Shimao et al. 1999; Fuyuhiro et al. 2012). Alongside TGF-

β, CAFs secrete a plethora of other factors that are known to affect tumour cell migration 

and invasion, including hepatocyte growth factor (HGF), fibroblast growth factor (FGF) 

and IL-6 (Erdogan and Webb 2017). 

As well as crosstalk with tumour cells to promote cancer progression, CAFs can 

communicate with immune cells within the tumour stroma. It has been shown that CAFs 

act in an immunosuppressive manner to both induce differentiation of naïve T-cells to T 

regulatory cells (Kinoshita et al. 2013) and kill cytotoxic CD8+ T-cells via PD-L2 and Fas 

ligand engagement (Lakins et al. 2018). Further, normalisation of CAFs via NADPH 

oxidase 4 (NOX4) inhibition promotes the infiltration of CD8+ T-cells into the tumour, 

suggesting a role for CAFs in the exclusion of cytotoxic CD8+ lymphocytes from the 

tumour environment (Ford et al. 2020).  

1.2.4.3 Cancer-associated fibroblast subtypes 

Within solid tumours, CAFs are an abundant and heterogeneous populations. 

Single-cell RNA sequencing of mouse mammary carcinoma CAFs has revealed three 

distinct subpopulations of CAFs in breast cancer: vascular CAFs, matrix CAFs and 

developmental CAFs plus a group of actively proliferating vascular CAFs termed cycling 
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CAFs (Bartoschek et al. 2018). Vascular CAFs were found to significantly differentially 

express genes associated with angiogenesis and vascular regulation, whereas for matrix 

CAFs and developmental CAFs ECM-related genes and stem cell markers were found 

to be significantly differentially expressed, respectively. Further, based on their 

expression profiles, it was proposed that these distinct CAF subpopulations were derived 

from different sources including perivascular cells, tissue resident fibroblasts and 

malignant cells for the vascular, matrix and development CAFs, respectively (Bartoschek 

et al. 2018).  

Similar single cell sequencing approaches have been performed on human 

breast cancers, where distinct subpopulations of CAFs were also identified. In the human 

setting, the subgroups identified were myofibroblastic CAFs, inflammatory CAFs and 

antigen-presenting CAFs. Myofibroblastic CAFs are characterised by activated fibroblast 

markers such as α-SMA, fibroblast activation protein (FAP) and podoplanin, 

inflammatory CAFs are characterised by the enrichment of CXCL12 chemokine 

expression and antigen-presenting CAFs are characterised by the specific expression of 

CD74 (Kieffer et al. 2020; Wu et al. 2021). In these studies, vascular CAFs were not 

identified and perivascular cells were considered an unrelated cell population.  

In Section 1.3.4.2, a number of CAF functions were discussed. The identification 

of multiple CAF subtypes suggests that these different functions may be undertaken by 

distinct CAF subpopulations. For example, it is likely that inflammatory CAFs are 

responsible for the immunomodulatory effects of CAFs and matrix CAFs may be 

predominantly responsible for the CAF-mediated remodelling of the ECM in tumours. 

Further work is required to extend our understanding of CAF subpopulations, however 

these recent discoveries may allow for more specialised targeting of CAFs in the tumour 

stroma. 
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1.2.4.4 The role of cancer-associated fibroblasts in tumour progression 

Although CAFs are generally considered to be a tumour-promoting cell type, in 

some cases CAFs have been found to play a role in tumour suppression. For example, 

in pancreatic ductal adenocarcinoma (PDAC) models, depletion of CAFs resulted in 

disease progression due to a decline in immune surveillance and increased infiltration of 

T regulatory cells (Özdemir et al. 2014; Rhim et al. 2014). Similarly, in a 3D co-culture of 

lung squamous carcinoma epithelial cells with CAFs, it was demonstrated that CAFs 

were able to reverse oncogenic changes within the epithelial cells, returning them from 

a state of dysplasia to a state of hyperplasia (Chen et al. 2018). In breast cancer, several 

studies have demonstrated that patients with stroma rich tumours have a poorer 

prognosis than those with less abundant stroma (de Kruijf et al. 2011; Moorman et al. 

2012; Dekker et al. 2013). However, the impact of CAFs on long-term survival in breast 

cancer is less clear. Whilst studies utilising either α-SMA or PDGFR-β as markers of 

CAFs generally demonstrate a negative correlation between these markers and patient 

survival (Surowiak et al. 2007; Paulsson et al. 2009; Parikh et al. 2014; Sinn et al. 2014; 

Nordby et al. 2017; Yixuan et al. 2018), studies utilising FAP as a CAF marker have 

shown both positive and negative correlations with overall survival (Ariga et al. 2001; Li 

et al. 2020). These conflicting results are likely due to the heterogeneity within the CAF 

population, with different subpopulations of CAF expressing different combinations of the 

classical CAF markers and being present in differing quantities across solid tumour 

types. As previously mentioned, both tumour-promoting and tumour-suppressing 

functions of CAFs have been identified. It remains to be determined whether different 

subpopulations of CAF can be categorised more distinctly as either pro-or anti-tumour 

CAFs.  

 As well as affecting tumour progression, there is increasing evidence that CAFs 

can aid in mediating resistance to cancer chemotherapy. Straussman and colleagues 

conducted an extensive study in which 23 stromal cell lines were co-cultured with 45 
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tumour cell lines and co-cultures were challenged with 35 targeted and cytotoxic anti-

cancer therapies (Straussman et al. 2012). This study demonstrated that CAFs were 

capable of directly mediating tumour cell resistance to an array of anti-cancer therapies. 

These finding have since been corroborated in vivo by studies demonstrating CAF-

mediated resistance to cisplatin, BRAF inhibitors and epirubicin, among others (Hirata et 

al. 2015; Long et al. 2019; Broad et al. 2021).  

Despite the tumour-promoting roles of CAFs and their contributions towards 

chemoresistance, both of which make CAFs good candidates for targeted therapy, the 

heterogeneity of the CAF population in solid tumours make this approach more 

challenging. As previously mentioned, total depletion of CAFs may result in undesirable 

disease progression (Özdemir et al. 2014; Rhim et al. 2014) and thus a more 

conservative approach may be required, such as targeting specific subpopulations or 

aiming to revert CAFs back to a more normal fibroblast phenotype. The latter approach 

has already seen some success in pancreatic cancer using a vitamin D receptor ligand 

to revert activated stellate cells back to a more quiescent state (Sherman et al. 2014). 

1.3 Endosialin  

1.3.1 Endosialin structure and family members 

Endosialin was first identified in 1992 by Rettig and colleagues during a search 

for tumour-associated vascular proteins suitable for immunological targeting. 

Subsequently, the authors described endosialin as a highly sialylated cell surface 

glycoprotein. Human endosialin is encoded by an intronless gene, CD248, located on 

chromosome 11q.13, resulting in a protein with no alternative splice variants (Rettig et 

al. 1992; S. Christian et al. 2001). Similarly, murine Cd248 is intronless and is located on 

chromosome 19, in a region that displays homology to the human chromosome region 

11q (Opavsky et al. 2001). Coding of these genes results in an ~80 kDa protein core 

consisting of a large extracellular domain, a transmembrane domain and a short proline-
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rich cytoplasmic tail. The extracellular domain contains an N-terminal C-type lectin-like 

domain (CTLD), a sushi domain, three epidermal growth factor (EGF) repeats and a 

membrane proximal mucin domain (Figure 1.7). The mucin domain is heavily modified 

by sialylated O-linked glycosylation, giving rise to a ~175 kDa mature glycoprotein 

(Christian et al. 2001). Consistently, a small portion of endosialin protein is found in the 

Golgi apparatus, the site of addition and modification of O-linked sugars (MacFadyen et 

al. 2005). Mammalian proteins containing a CTLD are classified into 17 groups, with 

endosialin belonging to C-type lectin family XIV (Zelensky and Gready 2005). 

Thrombomodulin, CD93 and C-type lectin domain containing 14A (CLEC14A) are the 

other members of this family, with CLEC14A exhibiting closest homology to endosialin. 

All family members share the same basic structure with a similar domain architecture 

(Figure 1.7).  

 

Figure 1. 7 The endosialin family members 

Endosialin (CD248) belongs to Group XIV of the C-type lectin-like domain (CTLD)-

containing protein family, along with thrombomodulin, CD93 and CLEC14a. Each 

family member has a single CTLD, a sushi domain, one or more EGF repeats and a 

heavily glycosylated mucin-like region of varying size followed by a transmembrane 

domain and a cytoplasmic domain. 
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CLEC14A is described as an endothelial-specific protein (Mura et al. 2012), 

whereas thrombomodulin and CD93 have been identified on the cell surface of multiple 

other cell types (Khan et al. 2019). The most studied protein of the C-type lectin family 

XIV is thrombomodulin, which has roles in many biological systems including 

coagulation, angiogenesis and inflammation (Loghmani and Conway 2018). High 

expression of thrombomodulin in tumours also correlates with a good prognosis (Hanly 

et al. 2005). Like thrombomodulin, CD93 is believed to have multiple roles which include 

the maintenance of endothelial cell junctions and regulation of the inflammatory response 

(Khan et al. 2019). However, conversely to thrombomodulin, high expression of CD93 in 

tumours correlates with poor prognosis (Langenkamp et al. 2015).  

CLEC14A and endosialin remain the least studied members of the C-type lectin 

family XIV, with the functions of these proteins remaining largely unknown. It has been 

suggested that both CLEC14A and endosialin have roles in angiogenesis and, 

specifically, that they may be important for mediating interactions between vascular cell 

types. This thesis will focus on endosialin and the function of endosialin will be discussed 

in more detail on Section 1.3.3.  

1.3.2 Endosialin expression  

1.3.2.1 Endosialin-expressing cell types  

Endosialin was initially identified as a cell surface protein expressed by vascular 

endothelial cells in tumour tissue (Rettig et al. 1992). A subsequent serial analysis of 

gene expression (SAGE) screen identified endosialin as the most highly upregulated 

transcript in human colorectal tumour endothelial cells when compared to normal tissue 

endothelial cells, resulting in endosialin being known as tumour endothelial marker 1 

(TEM1) (Croix et al. 2000). In 2004 Brady et al. reported the expression of endosialin on 

α-SMA-positive cells, leading to the endothelial-specific expression of endosialin being 

brought into question (Brady et al. 2004). It has since been demonstrated that the marker 
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used to isolate endothelial cells in the study by Croix et al. (CD146) is also expressed by 

perivascular cells, thus contamination from these perivascular cells may be responsible 

for the mistaken identification of endosialin as a protein predominantly expressed by the 

endothelium (MacFadyen et al. 2005). Further to this, using endosialin-specific 

monoclonal antibodies (mAb) generated by immunising mice with human fibroblasts, our 

laboratory demonstrated that human umbilical vein endothelial cells (HUVECs) do not 

express endosialin in either their normal or pro-angiogenic state (MacFadyen et al. 

2005). The authors conclusively show that endosialin is not expressed by CD31-positive 

endothelial cells, but rather by fibroblasts and perivascular cells and this has since been 

supported by additional reports (MacFadyen et al. 2005; MacFadyen et al. 2007; 

Simonavicius et al. 2008). 

Endosialin expression has also been identified in the naïve CD8+ population of 

human T-cells, although this was not apparent in the equivalent murine cells (Hardie et 

al. 2011). In human naïve CD8+ T-cells, endosialin is reported to be one of the genes 

with the highest level of enriched expression when compared to other T-cell types 

(proteinatlas.org). This finding has yet to be confirmed by subsequent studies, thus 

further work will be required to understand and characterise this expression. 

1.3.2.2 Endosialin expression in embryonic and adult tissues 

During murine embryonic development endosialin is expressed at a high level by 

mesenchymal cells in various tissues (Rupp et al. 2006; MacFadyen et al. 2007). The 

most notable endosialin expression in the embryo is found in the stroma around the 

developing hair follicles where strong immunohistochemical (IHC) staining is observed. 

Additional areas of strong endosialin staining are in the developing brain vasculature, 

lungs and mesangial cells of the kidneys, with most other organ systems remaining 

negative (Rupp et al. 2006; MacFadyen et al. 2007). In the new-born mouse, these 

positive areas of endosialin expression persist, although the level of expression is 
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significantly lower. Importantly, endosialin expression is reduced further in the adult 

mouse; only low levels of endosialin are observed in the lungs, kidneys and the skin and 

its expression is restricted to stromal fibroblasts, with little or no expression on normal 

tissue pericytes (MacFadyen et al. 2007). One notable exception to the loss of endosialin 

expression in normal adult tissues is the female uterus, which demonstrates high levels 

of endosialin expression even in adulthood (Rupp et al. 2006). While these studies 

confirm that the endosialin expression observed in mice during development is largely 

lost by adulthood, it is important to note that not all organs were examined. Expression 

of endosialin in a wider range of normal adult mouse tissue will be investigated in this 

thesis (Chapter 3.2.3).  

The pattern of endosialin expression in normal human tissue has also been 

examined at the mRNA level. Utilising eNorthern gene expression profiles, it was 

demonstrated that endosialin mRNA can be detected at low levels in all investigated 

tissue (Dolznig et al. 2005). Expression of endosialin mRNA was most notable in the 

normal breast, uterus, bladder and skin. IHC analysis confirmed the expression of the 

endosialin protein in the uterus, however other organs of notable mRNA expression were 

not examined by IHC. The liver and prostate were confirmed as endosialin-negative by 

IHC (Opavsky et al. 2001; Dolznig et al. 2005). Importantly, the expression pattern of 

endosialin in human tissues is largely recapitulated in the normal adult mouse. 

Interestingly, the bladder was identified as having a higher level of endosialin mRNA 

expression when compared to other normal human tissues. However, endosialin protein 

expression in the bladder was not assessed in the adult mouse (Dolznig et al. 2005; 

Rupp et al. 2006; MacFadyen et al. 2007).  

Taken together these data demonstrate that endosialin expression at the protein 

level is low or absent in adult murine and human tissues, despite some evidence for 

CD248 being transcribed in various human tissues to low or moderate levels. Crucially, 
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where endosialin expression was detected in normal adult tissues, the expression level 

was low compared to the level observed in developing tissues.  

1.3.2.3 Endosialin expression in tumour tissue and other disease pathologies 

As previously mentioned, endosialin was initially identified as a protein expressed 

by tumour vasculature (Rettig et al. 1992). Since then, our laboratory has demonstrated 

unambiguously that endosialin is expressed by tumour-associated pericytes in breast 

cancers (MacFadyen et al. 2005) and gliomas (Simonavicius et al. 2008). Further, 

Rouleau and colleagues analysed 250 human cancer specimens covering 20 cancer 

subtypes for endosialin expression. In all endosialin-positive carcinomas, endosialin 

expression was observed almost exclusively in the pericyte compartment of the 

vasculature, with endosialin-positive stromal cells also present in some specimens 

(Rouleau et al. 2008). An equivalent pattern of endosialin expression was detected in 

mouse xenografts (Rettig et al. 1992; Rupp et al. 2006). It is now widely accepted that 

endosialin expression in most solid tumours is restricted to fibroblasts and tumour-

associated pericytes.  

In carcinomas, with the exception of bladder carcinoma, endosialin expression is 

mostly absent in the malignant cells. In the case of sarcoma, however, up to 89% of 

samples displayed endosialin-positive tumour cells (Rouleau et al. 2008; Thway et al. 

2016) and endosialin expression correlated with disease grade (Rouleau et al. 2011). 

Further to this, endosialin-positive tumour cells were observed in metastatic lesions, 

suggesting malignant sarcoma cells can retain endosialin expression after 

dissemination, although only a small cohort of samples was tested (Rouleau et al. 2011).  

As well as in tumour tissue, increased endosialin expression has been reported 

in other disease settings, particularly in fibrosis and inflammation. An increase in 

endosialin expression has been observed in splenic enlargement (Lax et al. 2007), renal 

fibrosis (Smith et al. 2015), hepatic fibrosis (Mogler et al. 2015; Wilhelm et al. 2016), 
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pulmonary fibrosis (Bartis et al. 2016) rheumatoid arthritis (Maia et al. 2010) and 

atherosclerosis (Hasanov et al. 2017). In all reports, genetic deletion of endosialin was 

associated with a reduction in fibrotic/inflammatory phenotypes, suggesting a role for 

endosialin in the establishment of these pathologies. 

1.3.2.4 Regulators of endosialin expression  

To date there are three factors attributed to regulating endosialin expression: 

hypoxia, cell confluency and TGF-β signalling. The former was demonstrated by 

Ohradanova and colleagues who showed that endosialin expression is upregulated by 

the transcription factor hypoxia-inducible factor-2α (HIF2α) in hypoxic conditions. HIF2α 

activates the endosialin promoter both directly through binding to a hypoxia response 

element at a distal part of the promoter and indirectly by cooperating with Ets-1 and 

binding the proximal region of the endosialin promoter (Ohradanova et al. 2008). It has 

also been reported that endosialin is upregulated in vitro when cells reach confluency 

(Opavsky et al. 2001). This confluency-induced upregulation of endosialin is mediated 

via the transcription factor specificity protein 1 (SP1). Supporting the role of hypoxia in 

regulating endosialin expression, binding of SP1 to the proximal promoter of endosialin 

is partly induced by pericellular hypoxia in the confluent cultures (Ohradanova et al. 

2008). Finally, investigation into the mechanisms underlying endosialin downregulation 

in adult tissues demonstrated that TGF-β was able to suppress endosialin mRNA and 

protein levels in cultured fibroblasts and vascular smooth muscle cells. This was 

attributed to transcriptional downregulation through the canonical Smad 2/3 pathway. 

Interestingly, CAFs and tumour cells were resistant to this downregulation (Suresh Babu 

et al. 2014). 

1.3.3 Endosialin Function 

1.3.3.1 Endosialin in development and cellular signalling 
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To explore the function of endosialin, endosialin knock-out (KO) mice were 

generated (Nanda et al. 2006). Surprisingly, given the high levels of endosialin 

expression observed during embryonic development, the endosialin KO mice were 

viable, healthy and exhibited no sign of any developmental defects. Histopathological 

examination of organ systems from both developing and adult mice revealed no 

abnormalities in tissue structure or organisation. Moreover, there were no obvious 

phenotypic differences between endosialin wild-type (WT) and KO adult mice. These 

data suggest that there are compensatory mechanisms which allow endosialin KO mice 

to develop normally and also support the consensus that endosialin has a non-essential 

role in normal adult tissue.  

Subsequent to this original study, it was reported that endosialin KO mice have 

femora and tibiae with superior mechanical properties when compared to their WT 

counterparts. This was attributed to increased trabecular bone formation by osteoblasts 

with attenuated sensitivity to PDGF signalling (Naylor et al. 2012). These data suggest 

a role for endosialin in regulating the maturation of osteoblasts and subsequent bone 

formation via PDGF signalling pathways. Earlier reports also acknowledged a role for 

endosialin in PDGF signalling. Tomkowicz and colleagues reported reduced PDGF-BB-

dependent proliferation in endosialin-deficient human pericytes when compared to WT 

controls (Tomkowicz et al. 2010). PDGF-BB is a known pericyte growth factor secreted 

by endothelial cells which signals via PDGFR-β on pericytes. Subsequent signalling 

results in pericyte proliferation and recruitment to new vascular structures (Hellstrom et 

al. 1999). Tomkowicz and colleagues were able to demonstrate that endosialin knock-

down (KD) in human pericytes did not affect the surface expression of PDGFR-β or its 

ability to be phosphorylated in response to PDGF-BB stimulation. However, endosialin 

KD resulted in an significant decrease in extracellular signal-regulated protein kinase 

(ERK) 1/2 phosphorylation and c-Fos upregulation in response to PDGF-BB stimulation, 

suggesting a role for endosialin in propagating this signalling pathway downstream of 
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PDGFR-β (Tomkowicz et al. 2010). It has been suggested that endosialin interacts with 

the PDGF signalling pathway via its cytoplasmic domain, as fibroblasts lacking the 

endosialin cytoplasmic domain demonstrated impaired PDGF-BB-mediated migration 

(Maia et al. 2011).  

Endosialin has also been reported to be upregulated on fibroblasts during wound 

healing and to potentially facilitate the wound healing process by modulating PDGF 

signalling (Hong et al. 2019). In agreement with previous studies, endosialin KD in vitro 

resulted in diminished PDGF-BB-induced ERK-1/2 phosphorylation in cultured 

fibroblasts. In this study, KD of endosialin was also associated with a decrease in 

PDGFR-α expression and IHC staining of wounded tissue demonstrated some 

colocalisation of endosialin and PDGFR-α. In male mice with 8 mm punch wounds, 

endosialin KO resulted in a significantly decreased rate of wound healing (Hong et al. 

2019). These data suggest that endosialin expression is necessary for efficient wound 

healing and this may be due to the role of endosialin in PDGF signalling. However, it 

should be noted that contrasting wound healing results have been published in female 

mice with 6 mm punch wounds, with endosialin KO mice displaying normal wound 

healing (Nanda et al. 2006). Although the reason for this discrepancy is not clear, it may 

potentially be attributed to differences in gender or initial wound size.  

Taken together, these results suggest that endosialin influences the PDGF 

signalling cascade upstream of ERK-1/2 phosphorylation, either by influencing PDGFR-

α expression or acting downstream of PDGFR-β. However, it is not clear how the 

cytoplasmic domain of endosialin might mediate interaction with this pathway. It may be 

that the endosialin cytoplasmic domain interacts directly with proteins in the signalling 

cascade but, equally, endosialin may influence the pathway indirectly through regulation 

of other proteins involved in the signalling cascade. The cytoplasmic domain of 

endosialin contains three potential phosphorylation sites, as well as a PDZ domain, a 

domain associated with protein interactions (Lee and Zheng 2010). Therefore, it is 



Chapter 1 Introduction 
 

57 
 

possible that the cytoplasmic domain of endosialin may be involved in signalling 

interactions.  

Despite these reports that genetic deletion or KD of endosialin perturbs PDGF 

signalling in pericytes, it would be expected that endosialin-deficient pericytes might not 

be recruited to vascular structures as efficiently. However, our laboratory has 

demonstrated no significant difference in pericyte recruitment and coverage of vascular 

structure in both developing tissues and established tumour tissues (Simonavicius et al. 

2012; Viski et al. 2016).  

As well as mediating signalling downstream of PDGF, endosialin has been 

implicated in TGF-β signalling. KD of endosialin in human pericytes in vitro resulted in a 

reduction in TGF-β-induced α-SMA upregulation. Furthermore, treatment with an anti-

endosialin antibody in vivo resulted in a striking reduction in α-SMA-positive pericytes 

associated with tumour vasculature (Rybinski et al. 2015). As previously discussed in 

Section 1.3.2.4, there is some evidence that TGF-β downregulates endosialin 

expression. Therefore, it is possible that endosialin is involved in a negative feedback 

loop to control TGF-β signalling, where signalling is limited by TGF-β-mediated 

downregulation of endosialin, a potential activator of the pathway. Further investigation 

is warranted to delineate the role of endosialin in TGF-β signalling. Of particular interest 

are the mechanisms (direct or indirect) by which endosialin is interacting with the TGF-β 

and PDGF signalling pathways. 

1.3.3.2 Endosialin in angiogenesis 

Although no phenotypic differences are found between healthy tissues from 

endosialin WT and KO mice, endosialin-deficient tumours have been reported to have 

an increased number of microvessels (Nanda et al. 2006; Simonavicius et al. 2008; Viski 

et al. 2016). This suggests a role for endosialin in tumour angiogenesis, which is 
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supported by the evidence for hypoxia-induced expression of endosialin, as lack of 

oxygen is an important driver of angiogenesis (Opavsky et al. 2001). 

Studies involving retinal and aortic ring outgrowths from endosialin WT and KO 

mice demonstrated an increase in vessel density in the endosialin KO samples. Rather 

than an increase in vascular sprouting, this was attributed to a reduction in selective 

vessel regression, as demonstrated by a decrease in the number of collagen IV-positive, 

endomucin-negative sleeves and supported by the observation that culture with a soluble 

endosialin-Fc construct enhances endothelial cell apoptosis (Simonavicius et al. 2012). 

Further, observation of growing microvessels in the human telencephalon revealed that 

endosialin-positive pericytes associate with immature angiogenic vessels (Virgintino et 

al. 2007). Interestingly, the authors demonstrate that endosialin and NG2 double-positive 

pericytes are only found around the initial segment of the microvessel which also displays 

CD31-positive endothelial cells, whereas any distal pericyte projections are solely NG2-

positive. Taken together, these results suggest that endosialin likely interacts, directly or 

indirectly, with the endothelial cells of angiogenic vessels and that this interaction 

mediates vascular pruning.  

In support of endosialin being involved in pericyte-endothelial cell interactions, it 

was subsequently reported by Khan and colleagues that endosialin binds the vascular 

basement membrane protein multimerin-2 (MMRN2), secreted exclusively by endothelial 

cells (Khan et al. 2017). MMRN2 is an elastic microfibril interfacer (EMILIN) family 

extracellular matrix protein of ~ 500 kDa comprising a signal sequence followed by an 

N-terminal EMI domain, a central coiled coil region and a C-terminal C1q-like domain 

(Figure 1.8A) (Hayward et al. 1995; Sven Christian et al. 2001). MMRN2 is able to bind 

all members of the group XIV C-type lectins, with the exception of thrombomodulin. 

Interestingly, it was shown that CLEC14A and CD93 are able to bind to the MMRN2495-

674 fragment, whereas endosialin binds the distinct MMRN2133-486 fragment. Further to 

this, MMRN2 was able to bind CLEC14A and endosialin simultaneously (Khan et al. 
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2017). Both MMRN2 and CLEC14A have been described as regulators of angiogenesis, 

with CLEC14A being reported as pro-angiogenic (Mura et al. 2012; Lee et al. 2017) and 

MMRN2 being reported as both pro-angiogenic and angiostatic (Lorenzon et al. 2012; 

Zanivan et al. 2013; Colladel et al. 2016; Khan et al. 2017). As discussed previously, 

endosialin was demonstrated to play a role in selective vessel regression and vascular 

pruning (Simonavicius et al. 2012). Conversely, CLEC14A has been shown to promote 

endothelial cell migration and angiogenic sprouting (Noy et al. 2015). These opposing 

roles for endosialin and CLEC14A in vascular patterning may provide an explanation as 

to why MMRN2 is reported as both pro-and anti-angiogenic; it may be that the three 

proteins form an intricate angiogenesis-regulating system (Figure 1.8B).  

   

Figure 1. 8 Multimerin 2 (MMRN2) structure and proposed function  

(A) MMRN2 structure. The MMRN2 protein comprises a N-terminal EMI domain, a 

central coiled coil region and a C-terminal C1q-like domain. (B) Hypothesis of 

endosialin (CD248), MMRN2 and CLEC14a interaction. MMRN2 is able to bind 

endosialin expressed by pericytes and CLEC14a expressed by endothelial cells both 

singly and simultaneously and the three proteins may form an intricate angiogenesis 

regulating system. 
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1.3.3.3 Endosialin in tumour angiogenesis and growth 

As previously discussed in Section 1.3.2.3, endosialin expression is upregulated 

on tumour vasculature when compared to the normal tissue. Interestingly, a similar 

expression pattern was observed for MMRN2 and CLEC14A, with levels of both proteins 

higher in tumour-associated vessels compared to normal vessels (Zanivan et al. 2013). 

KO mice have been generated for endosialin, MMRN2 and CLEC14A and the 

subcutaneous growth of a number of tumour types have been assessed in these KO 

mice (Noy et al. 2015; Viski et al. 2016; Pellicani et al. 2020). Compared to WT controls, 

Lewis lung carcinoma (LLC) tumour growth was impaired in CLEC14A KO mice, a 

phenotype which was also observed by blocking the interaction between CLEC14A and 

MMRN2 (Noy et al. 2015). Conversely, an impairment of tumour growth was not 

observed in endosialin or MMRN2 KO mice (Viski et al. 206; Pellicani et al. 2020). 

Interestingly, a vascular phenotype was observed in all tumours; CLEC14A KO tumours 

displayed decreased microvessel density (Noy et al. 2015) and, conversely, both 

endosialin and MMRN2 KO tumours exhibited an increased microvessel density (Viski 

et al. 2016; Pellicani et al. 2020). These results support the findings of the respective in 

vitro and ex vivo studies that highlight opposing roles for CLEC14A and endosialin in 

vascular patterning and further suggest these proteins form a complex angiogenesis-

regulating system in developing tumours.  

To date, studies on the functional role of endosialin have focussed on its 

upregulated expression on tumour pericytes. However, in solid tumours, endosialin 

expression is also detected on CAFs. Recent single cell sequencing analysis of CAFs, 

isolated from tumours of the MMTV-PyMT mouse breast cancer model, demonstrated 

that CAFs may be categorised into spatially distinct sub-populations: vascular CAFs, 

matrix CAFs and developmental CAFs. Endosialin was found to be characteristic of the 

vascular CAFs, which were found to have originated from the perivascular location 

(Bartoschek et al. 2018). This suggests that endosialin-positive CAFs that are not 
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associated with the vasculature may have originated from the perivascular compartment 

and migrated into the tumour stroma. MMRN2 is secreted exclusively into the vascular 

basement membrane, therefore, endosialin-expressing CAFs that are not positioned 

proximally to vascular structures in the tumour will not see MMRN2. However, other 

members of the EMILIN family, EMILIN-1, EMILIN-2, and potentially MMRN1, have a 

wider stromal distribution in tumour tissue (proteinatlas.org 2020). It would be of interest 

to determine whether these MMRN2 family members can also serve as endosialin 

ligands. 

1.3.3.4 Endosialin in metastasis 

Although in the majority of tumour models studied endosialin depletion does not 

impair primary tumour growth, there are reports of endosialin depletion affecting distant 

site metastasis. Nanda and colleagues implanted HCT116 human colorectal carcinoma 

cells orthotopically in mice and monitored metastasis. Here they observed a significant 

decrease in distant site metastasis to the peritoneum and liver in endosialin KO mice 

compared to WT controls (Nanda et al. 2006). Our laboratory has reported equivalent 

results in the spontaneously metastatic 4T1 breast carcinoma and LLC models (Viski et 

al. 2016). Tumour cells were implanted subcutaneously and allowed to grow for 30 days, 

or primary tumours were resected after 9 days and mice were culled on day 93 or prior 

for health reasons. In both circumstances, metastatic burden in the lungs was 

significantly reduced in endosialin KO mice compared to WT controls. Subsequently, it 

was determined that endosialin was important for tumour cell intravasation, as no 

difference in lung metastatic burden was observed when tumour cells were injected 

directly into the circulation, via the tail vein, in endosialin WT and KO mice. Further to 

this, blood cultures from the spontaneously metastatic models revealed a reduced 

number of circulating tumours cells in endosialin KO mice. A role for endosialin in tumour 

cell intravasation was also supported by data from an in vitro transmigration assay, in 

which endosialin-depleted 10T½ pericyte-like cells reduced the movement of 4T1 tumour 
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cells across a sEND endothelial cell layer when compared to 10T½ WT controls (Viski 

et al. 2016).  

Taken together, these data suggest that endosialin may be important for optimal 

vascular patterning in developing tumour tissues that allows for efficient metastasis. It 

has been demonstrated that tumours with impaired pericyte recruitment have reduced 

vessel patency and diminished distant site metastasis (Chantrain et al. 2004; Bielenberg 

and Zetter 2015). Therefore, a similar effect may be observed in the absence of 

functional endosialin on the pericyte cell surface. It is also possible that endosialin 

interacts, directly or indirectly, with the tumour cells, promoting their migration across the 

endothelial cell layer. To date, only one endosialin ligand associated with tumour cells 

has been identified, Mac2-BP/90K. Mac2-BP/90K is a protein secreted by tumour cells 

and the interaction between endosialin and Mac2-BP/90K has been suggested to inhibit 

the adhesion of tumour cells to fibroblasts, thereby mediating repulsive positioning 

signals between the tumour and stromal cells (Becker et al. 2008). This repulsive force 

may aid in pushing tumour cells through the vascular basement membrane and into the 

circulation, although the extent that Mac2-BP/90K expressing tumour cells are found in 

close proximity to endosialin-positive cells in tumours is unclear. Therefore, further work 

is warranted to establish whether the Mac2-BP/90K-endosialin interaction contributes to 

endosialin function in tumours and specifically its pro-metastatic effects.  

1.3.3.5 Soluble endosialin 

Soluble endosialin has been detected in the serum of colorectal cancer patients 

where it was detected at higher concentrations than in the serum from healthy 

individuals. The authors also noted that the concentration of endosialin in the serum was 

significantly associated with tumour stage and correlated with overall survival (Pietrzyk 

and Wdowiak 2020) However, another study reported no difference in the levels of 

endosialin in the serum of colorectal cancer patients compared to healthy controls 
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(O'Shannessy et al. 2016; Pietrzyk and Wdowiak 2020). At this time, it is not clear 

whether the detection of endosialin in the serum is due to proteolytic cleavage or the 

detection of membrane vesicles released from damaged or dying cells into the serum. It 

is plausible that endosialin could be cleaved from the cells surface as all other members 

of the group XIV C-type lectins are cleaved (Lohi et al. 2004; Bohlson et al. 2005; Noy et 

al. 2016). It is currently not known whether this soluble endosialin has a physiological 

function and if so, what that might be.  

1.3.4 Targeting Endosialin  

As endosialin is only expressed at low levels in normal adult tissues and becomes 

upregulated in tumours and other pathologies, it is considered as a potential candidate 

for targeted therapy.  

1.3.4.1 Endosialin targeting with MORAb-004 (Ontuxizumab) 

Endosialin was originally identified by immunising a mouse with human 

fibroblasts, which gave rise to the FB5 mAb, which recognises human endosialin (Rettig 

et al. 1992). Since then, a collaboration has been established between the authors of 

this study and Morphotek to develop a humanised mAb from FB5, known as MORAb-

004 or Ontuxizumab. In vivo testing in a human endosialin knock-in mouse model 

inoculated subcutaneously with murine B16-F10 melanoma cells demonstrated a 

significant reduction in tumour growth in Ontuxizumab treated animals when compared 

to isotype controls. This result was also recapitulated in the same model inoculated with 

LLC tumours (Rybinski et al. 2015). Strikingly, Ontuxizumab treatment in an experimental 

metastasis model of B16-F10 melanoma resulted in a 70% reduction in lung deposits 

(Rybinski et al. 2015), a result which contrasts with data published by our laboratory in a 

4T1 mammary tumour experimental metastasis model, where no difference in lung 

tumour burden was seen in WT and endosialin KO mice (Viski et al. 2016). These 
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contrasting findings could be due to differences in using a therapeutic antibody compared 

to using a mouse model which is endosialin-deficient. Conversely, Ontuxizumab 

treatment was associated with an increased number of microvessels, which supports 

observations by our laboratory (Viski et al. 2016). Ontuxizumab was also found to cause 

endosialin internalisation and thus, expression of endosialin on the cell surface of 

pericytes was largely absent. This was concurrent with a decrease in α-SMA expression 

and depolarisation of pericytes (Rybinski et al. 2015). 

The first-in-human phase I trial for Ontuxizumab was conducted in the United 

States between 2009 and 2011 (Diaz et al. 2015). In this trial 36 adult patients with 

treatment refractory, extra-cranial solid tumours were given escalating doses of 

Ontuxizumab. The maximum tolerated dose was found to be 12 mg/kg and the main 

adverse effects observed were fatigue, headache, pyrexia, chills and nausea which 

never exceeded grade 3 in severity. Of the 32 evaluable patients in this study, 56% had 

stable disease and the median progression free survival was 8.4 weeks. Four patients 

displayed a minor decrease in tumour size, with the maximum observed decrease being 

21%. IHC analysis of diagnostic biopsies revealed that 3 of the 4 patients with tumour 

regression had high tumour endosialin expression pre-treatment. As biopsies were not 

taken post-treatment, it was not possible to assess whether endosialin expression was 

reduced by Ontuxizumab treatment (Diaz et al. 2015). The safety profile and potential 

anti-tumour activity of Ontuxizumab observed in this study led to the initiation of phase II 

studies in metastatic melanoma (D'Angelo et al. 2018), metastatic colorectal carcinoma 

(Grothey et al. 2018) and soft tissue sarcoma (Jones et al. 2019). Although Ontuxizumab 

was well tolerated in all of these studies, no significant differences in progression free or 

overall survival were observed in any study. Two additional phase I studies have been 

conducted in paediatric solid tumours (Norris et al. 2018) and gastric cancer and 

hepatocellular carcinoma (Doi et al. 2019). Again, Ontuxizumab was well tolerated in 
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both studies, however it was only the latter that reported any anti-tumour response, with 

33.3% of hepatocellular carcinomas displaying tumour shrinkage (Doi et al. 2019). 

Taken together, these results demonstrate that Ontuxizumab shows little clinical 

benefit across a range of cancer patient cohorts. The reason behind the disappointing 

results reported in these studies is not clear at this time. However, it is important to note 

that there is no data indicating that the FB5 monoclonal antibody has biological activity 

beyond promoting ligand internalisation. For example, it not known whether FB5 can 

block the interaction of endosialin with its well characterised ligand MMRN2 (see Section 

1.3.2.3). Further, the level of endosialin expression in tumour tissues post-treatment was 

not assessed and so it cannot be determined whether the lack of anti-tumour response 

was due to an insufficient decrease in endosialin expression. The majority of these 

studies gave doses close to maximum tolerated dose, thus further increasing the dose 

of Ontuxizumab is not a viable solution. There are currently no further clinical trials for 

Ontuxizumab registered (ClinicalTrials.gov 2020).  

1.3.4.2 Endosialin targeting with antibody-drug conjugates 

The tumour-specific expression of endosialin makes endosialin a good target for 

the guided therapy of drugs with systemic toxicities. A number of studies have been 

published investigating the potential of endosialin as a target for antibody-drug conjugate 

(ADC) therapy. The first of these studies examined shikonin-loaded poly (lactic-co-

glycolic acid) (PLGA) nanoparticles coated with anti-endosialin single chain variable 

fragment (scFv). These nanoparticles were able to interact with and be internalised by 

endosialin-positive MS1 cells, resulting in enhanced cytotoxicity when compared to 

uncoated nanoparticles or free drug (Matthaiou et al. 2014). No further work has been 

reported with this conjugate to date.  

Since this study, more comprehensive antitumour studies have been reported 

utilising various endosialin antibody conjugation systems. Mesoporous silica 
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nanoparticles coated with anti-endosialin scFv for targeted delivery of bevacizumab, a 

humanised anti-VEGF monoclonal antibody, have demonstrated endosialin-specific 

cytotoxicity in an endosialin-positive tumour cell line, superior to that observed with 

uncoated nanoparticles or free drug in vitro (Zhang et al. 2015). Further to this, three 

anti-endosialin ADCs have been tested in vivo for antitumour activity in sarcoma and 

neuroblastoma. The first utilises an endosialin-targeting scFv conjugated to 

monomethylauristatin E, a microtubule-targeting agent. In the endosialin-positive A-673 

Ewing’s sarcoma and SK-N-AS neuroblastoma mouse models the ADC was well 

tolerated. Moreover, targeting of the endosialin-positive tumour cells resulted in a 

prolonged anti-tumour response following ADC treatment that translated into superior 

overall survival for the ADC treated mice compared to the unconjugated antibody 

treatment group (Rouleau et al. 2015). The remaining two ADCs, an endosialin scFv 

conjugated to saporin (Guo et al. 2018) and a potent duocarmycin derivative (Capone et 

al. 2017), have displayed anti-tumour effects in the SJSA-1 osteosarcoma model.   

These data suggest that endosialin presents a good target for ADC therapy in 

sarcomas and potentially neuroblastomas and other subsets of endosialin-expressing 

tumours. Further work is required to assess the suitability of these ADCs for clinical use 

and to determine whether their efficacy extends beyond these mesenchymal tumour 

types where endosialin is expressed by the tumour cells to carcinoma where endosialin 

expression is restricted to the tumour vasculature.  

1.3.4.3 Alternative clinical uses for endosialin targeting  

A number of radiolabelled variants of endosialin antibodies have been generated 

to assess the status of both endosialin and the tumour vasculature in vivo. Two of these 

are radiolabelled variants of Ontuxizumab, the endosialin targeting antibody deemed 

safe in phase I and II clinical trials. To generate the Ontuxizumab variants the antibody 

was either iodinated with iodine125 and iodine124 (Chacko et al. 2014) or labelled with 
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zirconium89 (Lange et al. 2016). Both radiolabelled Ontuxizumab variants demonstrated 

tumour-specific pooling and were determined to be useful tools for assessing endosialin 

status in vivo. An additional study was published recently utilising the endosialin scFv 

that was generated by Guo and colleagues for the ADC discussed previously (Guo et al. 

2018). The authors radiolabelled scFv78-Fc with indium11 and assessed its 

biodistribution in both RD-ES Ewing’s sarcoma and SK-N-AS neuroblastoma tumours. 

In both models the radiolabelled scFv pooled in the tumour, with some pooling also 

observed in the liver (Cicone et al. 2020). These studies suggest that radiolabelled 

endosialin antibodies may be useful clinical tools for determining patient endosialin 

status in the future, thus helping to identify patients who may benefit from endosialin-

targeted therapies. Alternatively, as endosialin serves as a marker of tumour vasculature, 

radiolabelled Ontuxizumab may also be useful for investigating tumour vascular 

perfusion.  

1.4 CAR T-cell therapy  

1.4.1 Cancer Immunotherapy 

Cancer immunotherapy describes the adaptation and manipulation of the 

immune system to prevent, control or eliminate cancer (CancerResearchInstitute 2020). 

This is an emerging field within cancer research, with many new and innovative 

approaches being rapidly developed. The first documented use of immunotherapy in 

cancer can be attributed to William B. Coley in 1891 who, after recognising that a cancer 

patient had gone into spontaneous remission after developing erysipelas, a 

streptococcal skin infection, injected an attenuated version of the streptococcal organism 

into patients with inoperable bone and soft tissues sarcomas. Injection of ‘Coley’s Toxin’ 

led to remission in some cancer patients, with Coley predicting that the patient’s 

stimulated immune system in response to infection was key to tumour regression 

(McCarthy 2006). This concept of activating the patient’s own immune system to attack 
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the tumour is the basis for immunotherapies today, with further cancer vaccination 

strategies being developed, alongside antibody-based therapies and immune checkpoint 

therapy. In this thesis, I will focus on chimeric antigen receptor (CAR) T-cell therapy, 

which utilises the host’s own cytotoxic T-cells to generate genetically altered CAR T-cells 

that are able to target cells expressing specific antigens.  

1.4.2 CAR T-cell design, development & production  

1.4.2.1 CAR T-cell generations 

In the physiological setting, cytotoxic T-cells express a T-cell receptor (TCR) on 

their cell surface, which recognises a single, specific antigen. When these T-cells 

encounter a cell expressing that antigen, a dual signalling process occurs. First the TCR 

binds its antigen, which is presented on the cell surface by major histocompatibility 

complex (MHC) molecules. This interaction primes the T-cell for response and is followed 

by a secondary signal generated by the binding of co-stimulatory molecules on the 

surface of the target cell and the T-cell. Together, these signals result in the activation of 

the T-cell and the release of a cytotoxic load which leads to the death of the antigen-

presenting cell (Smith-Garvin et al. 2009) (Figure 1.9A).  

CAR T-cells are cytotoxic T-cells that have been genetically modified to express 

a CAR construct in place of the natural TCR, which allows the T-cells to recognise and 

act against cells expressing the target of interest. CAR constructs consist of three main 

components, an ectodomain, a transmembrane domain and an endodomain (Dotti et al. 

2014). The endodomain is most commonly made up of the T-cell activation molecule 

CD3ζ, either in the presence or absence of other co-stimulatory molecules such as CD28 

and 4-1BB. The ectodomain contains a spacer, the scFv portion of an antibody against 

the desired target, and a signal peptide. Upon encountering an antigen-presenting cell, 

the scFv portion of the CAR is able to bind to its target antigen; this in turn leads to 

changes in the conformation of the CAR linker, phosphorylation of CD3ζ immunoreceptor 
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tyrosine-based activation motifs (ITAMs) and activation of the T-cell. The death of the 

antigen-presenting cell is subsequently triggered by release of cytokines and other 

cytotoxic substances. Importantly, CAR T-cell-induced cell death, unlike that induced by 

an unmodified cytotoxic T-cell, triggers the subsequent death of the antigen-presenting 

cell without the need for MHC antigen presentation or cell surface co-stimulatory 

molecules, which are often not expressed on the surface of tumour cells (Dotti et al. 

2014) (Figure 1.9B).  

The first CAR T-cells were generated in the lab of Zelig Eshar at the Weizmann 

Institute of Science in Israel in 1989 (Gross et al. 1989). The CAR constructs described 

by the authors are known as first generation CARs. First generation CAR constructs are 

the simplest form of CAR, with only a CD3ζ molecule present in their endodomain (Figure 

1.10). Although these CAR T-cells elicited cytotoxic functions in vitro following activation, 

they lacked activation, persistence and killing efficacy in vivo (Brocker and Karjalainen 

1995). In 1998, Finney et al. and Krause et al. applied the knowledge of the dual 

signalling that is required during a physiological cytotoxic T-cell response to develop 

second generation CAR T-cells, which have a co-stimulatory molecule alongside CD3ζ, 

arranged in tandem in the CAR endodomain (Figure 1.10). Both second generation CAR 

T-cells described by the authors incorporated a co-stimulatory CD28 molecule in the 

endodomain, which showed improved efficacy when compared to first generation CAR 

T-cells (Finney et al. 1998; Krause et al. 1998). Other costimulatory molecules such as 

4-1BB, OX40, DAP10/12 and inducible T-cell costimulator (ICOS) have also been 

included in subsequent second generation CAR T-cells (Finney et al. 2004; Brentjens et 

al. 2007; Milone et al. 2009). In 2002, Michael Sadelain’s team generated the first 

effective second generation, tumour cell-targeting CAR T-cells. These CAR T-cells were 

directed against prostate-specific membrane antigen (PSMA), an antigen that is often 

overexpressed by prostate carcinomas, and were able to survive, proliferate and kill 

prostate cancer cells in vitro (Maher et al. 2002). Despite the promising results observed 



Chapter 1 Introduction 
 

70 
 

with PSMA-directed CARs, another CAR T-cell target would dominate the field the 

following year, CD19. This will be discussed in detail in Section 1.4.3.  

            

Figure 1. 9 Classic T-cell and CAR T-cell killing 

(A) Classic T-cell killing. The antigen-presenting cell (APC) presents antigens (e.g. 

Endosialin) on the cell surface via major histocompatibility complex (MHC) 

presentation. The T-cell receptor (CD3ζ) binds the target antigen, resulting in signal 1 

which primes the T-cell for response. A second signal is generated by the binding of 

co-stimulatory molecules on the antigen-presenting cell and T-cell surface. Together, 

signal 1 and 2 results in T-cell activation, cytokine release and cytolysis of the antigen-

expressing cell. (B) CAR T-cell killing. The scFv portion of the CAR recognises and 

binds the target antigen resulting in conformational changes in the CAR. Subsequently, 

signals 1 and 2 from the T-cell receptor molecule CD3ζ and co-stimulatory molecules, 

respectively, are generated in the CAR endodomain, resulting in T-cell activation, 

cytokine release and cytolysis of the antigen-expressing target cell. CAR T-cell killing is 

possible without MHC antigen presentation or co-stimulatory molecule expression by 

the target cell, both of which are frequently absent on malignant cells.  
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Following the success of second generation CARs, it was hypothesised that the 

addition of another co-stimulatory molecule would further increase the efficacy of CAR 

T-cells. Subsequently, CAR T-cells were engineered to incorporate multiple co-

stimulatory molecules, such as CD28 and 4-1BB together alongside CD3ζ in the 

endodomain, and a new generation of CARs was developed, termed third generation 

CAR T-cells (Figure 1.10). Surprisingly, multiple studies have reported that third 

generation CAR T-cells offer little additional antitumour benefit when compared to 

second generation CAR T-cells (Till et al. 2012; Gomes da Silva et al. 2016; Enblad et 

al. 2018), although the addition of 4-1BB has been demonstrated to enhance CAR T-cell 

persistence (Milone et al. 2009; Byrd et al. 2018). The mechanisms by which 4-1BB 

enhances CAR T-cell persistence are not yet fully understood, however it has been 

demonstrated that this enhancement requires NFkB and tumour necrosis factor (TNF) 

receptor-associated factors (Li et al. 2018). Owing to this, focus for clinical development 

was placed on second generation CAR T-cells and this will be discussed further in 

Section 1.4.3. Beyond this, there has been considerable focus on the development of 

new generations of CAR T-cells with enhanced properties that elicit a stronger and more 

specific anti-tumour response. This will be discussed further in Section 1.4.7.  

1.4.2.2 CAR T-cell production  

To date, the majority of CAR T-cell treatments are autologous, with the T-cells 

used for CAR T-cell generation being isolated from the patient. The manufacturing 

process begins with a collection of PBMCs from the patient via leukapheresis. T-cells 

are selected from the apheresis product and activated ex vivo using cell-based or bead-

based activation methods. Activated T-cells are then genetically transduced with the 

CAR construct via viral transduction or the transposon/transposase system and 

expanded by co-culture with artificial antigen-presenting cells or by feeding the cells in a 

bioreactor. Once the appropriate number of desired transduced CAR T-cells has been 

generated, CAR T-cells undergo a series of quality checks before being transfused back 
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into the original patient (Wang and Rivière 2016) (Figure 1.11). The development of 

allogeneic CAR T-cells that utilise T cells from universal donors may provide advantages 

over autologous CAR T-cell therapy, and this an active area of research. Allogeneic CAR 

T-cells will be discussed further in Section 1.4.7.4. All CAR T-cells described in the 

following Section, 1.4.3, were generated by the autologous method described above.  

           

Figure 1. 10 Early CAR generations 

All CAR generations have a signal peptide, scFv portion and linker molecule in the 

ectodomain, followed by a transmembrane domain. In the endodomain, first generation 

CARs have only the T-cell receptor CD3ζ, second generation CARs have a single co-

stimulatory molecule (CSM) and CD3ζ and third generation CARs have multiple 

costimulatory molecules and CD3ζ.  

 

1.4.3 FDA approved CAR T-cell therapies   

To date, all FDA approved CAR T-cell therapies are directed against 

haematological malignancies, with the majority targeting CD19. As CAR T-cells are 

infused directly into the blood, they can access circulating malignant cells relatively 

easily. Targeting solid tumours with CAR T-cells has thus far proven considerably more 

challenging and this will be discussed further in Section 1.4.5. 
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Figure 1. 11 The CAR T-cell production process 

Patients undergo leukapheresis to retrieve peripheral blood mononuclear cells 

(PBMCs) for CAR T-cell generation. T-cells are isolated from the apheresis product, 

activated using cell-based or bead-based methods and transduced to express the CAR 

construct. CAR T-cells are then expanded in culture to the desired number. When the 

CAR T-cell product has passed quality checks and is ready for infusion, patients begin 

preconditioning chemotherapy to achieve lymphodepletion and aid CAR T-cell 

engraftment. Finally, CAR T-cells are infused into the patient intravenously.  

 

1.4.3.1 Kymriah (tisagenlecleucel) 

Kymriah (a.k.a tisagenlecleucel, CTL019, CART-19) is a second generation CAR 

T-cell targeting CD19, a B-cell lineage-specific protein that is expressed on most 

malignant B-cells, as well as normal B-cells (Scheuermann and Racila 1995). The 

Kymriah story begins with Carl June’s group at the University of Pennsylvania in 2009.  

In initial studies, Milone and colleagues used primary human T-cells to generate CD19-
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targeting CAR T-cells expressing either CD28 or 4-1BB costimulatory molecules in the 

endodomain. Direct comparison of in vitro activity demonstrated little difference between 

the two CAR T-cells, with both activating specifically and producing cytokines. However, 

in vivo testing in a primary human pre-B acute lymphoblastic leukaemia (ALL) model 

revealed superior persistence and antitumour activity of the 4-1BB-containing CAR T-

cells (Milone et al. 2009). The significant antitumour activity of the 4-1BB-containing CAR 

T-cells in vivo, coupled with a lack of observed treatment-associated toxicities, led to an 

initial phase 1 clinical trial being conducted (Kalos et al. 2011; Porter et al. 2011). The 

three patients that participated in this trial had advanced chemotherapy-resistant chronic 

lymphocytic leukaemia (CLL) with high tumour burden and extensive bone marrow 

infiltration. Patients received lymphodepleting chemotherapy before dosing with 1.4 x 

107-1.1 x 109 CAR T-cells in a split dose regimen (10%, 30% and 60%) over three days 

to monitor for CAR T-cell-associated toxicities. The CAR T-cells expanded in the blood 

and persisted for at least 6 months as determined by quantitative polymerase chain 

reaction (qPCR) analysis. Strikingly, two patients demonstrated complete remission with 

no malignant cells detected for up to 10 months post-CAR T-cell infusion. The final 

patient achieved partial remission lasting greater than 8 months. Peak CAR T-cell 

expansion correlated with the onset of clinical toxicity which included fever and rigors. 

All toxicities developed between 7 and 12 days post-T-cell infusion and were short-term 

and reversible (Kalos et al. 2011). After demonstrating the effectiveness of these CD19-

targeting CARs in CLL, a further study published in 2013 assessed the use of these 

CARs, referred to as CTL019 T-cells, in the treatment ALL (Grupp et al. 2013). The study 

consisted of two paediatric patients with refractory and relapsed pre-B cell ALL. The first 

patient, Patient 1, did not receive lymphodepleting chemotherapy prior to CAR T-cell 

infusion and 1.2 x 107 CAR T-cells/kg bodyweight were administered over a three-day 

split-dosing regimen, as described in the CLL trial (Kalos et al. 2011). The second 

patient, Patient 2, received lymphodepleting chemotherapy followed by a single dose of 
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1.4 x 106 CAR T-cells/kg bodyweight. In both patients the CTL019 cells expanded and 

remission of the leukaemia was achieved. Patient 1 was still in complete remission at 11 

months post-T-cell infusion, however Patient 2 relapsed 2 months after CTL019 

treatment. Blast cells reappeared in the relapsed patient’s circulation and these cells 

were CD19-negative, suggesting the emergence of a CD19 escape variant in this patient. 

Approaches to circumvent this acquired resistance will be discussed further in Section 

1.4.7. Both children experienced a fever 4-6 days post-CAR T-cell infusion and 

developed a cytokine release syndrome (CRS). Prophylactic allopurinol was 

administered to prevent tumour lysis syndrome, with Patient 2 presenting with abnormal 

levels of uric acid, consistent with a mild form of this syndrome. Patient 1 developed a 

severe CRS and required glucocorticoids and anti-cytokine therapy (Grupp et al. 2013).  

Treatment with CTL019 CAR T-cells in these two small patient cohorts 

demonstrated that CTL019 CAR T-cells were tolerated, with any observed toxicities 

being reversible with clinical intervention. Further, impressive patient responses were 

observed, with some patients remaining in remission upon study completion. Following 

this, two phase 1/2a clinical trials were established (Maude et al. 2014; Schuster et al. 

2017). These studies recruited both paediatric and adult patients with relapsed or 

refractory B cell-ALL or follicular lymphoma and the patients were treated with 

lymphodepleting chemotherapy followed by CTL019 CAR T-cells (up to 5 x 108) as a 

single or split dose. CAR T-cells expanded in the patients in both studies and remained 

detectable in the blood for up to 24 months. At 6 months post-CTL019 CAR T-cell 

infusion, up to 57-63% of patients had achieved complete remission, with 57% of patients 

remaining progression free at 28.6 months in one trial (Maude et al. 2014; Schuster et 

al. 2017). As observed previously, treatment with CTL019 CAR T-cells was associated 

with CRS and neurological toxicities, however toxicity was reversible in all cases (Maude 

et al. 2014; Schuster et al. 2017).  
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Corroboration of the early phase 1 trial results in this larger cohort of CTL019 

CAR T-cell treated patients justified the progression of this therapy through to phase 2 

trials. Thus, two large, multicentre trials were established, both of which are ongoing. 

The first trial, the ELIANA trial, commenced in April 2015 and examines CTL019 CAR T-

cell therapy in paediatric patients with relapsed or refractory B-cell ALL and high risk B-

cell ALL. A total of 75 patients across 25 study centres have been infused with a single 

dose of CTL019 CAR T-cells, with a median dose of 1 x 108 CAR T-cells infused (Maude 

et al. 2018). The second phase 2 study is the JULIET trial, which investigates CTL019 

CAR T-cell therapy in adult patients with diffuse large B-cell lymphoma (DLBCL). This 

study commenced in July 2015, with a total of 111 patients over 28 study centres infused 

with a single dose of CTL019 CAR T-cells, with a median dose of 3 x 108 CAR T-cells 

(Schuster et al. 2018). The majority of patients were lymphodepleted prior to CAR T-cell 

infusion in both studies. CTL019 CAR T-cells expanded in patients and were detected in 

the blood for up to 2 years. Objective response rates of 52-81% were observed in these 

studies, with 59% of patients achieving progression free survival at 12 months in the 

ELIANA trial (Maude et al. 2018). Of those patients who relapsed, the majority presented 

with CD19-negative disease. CRS and neurotoxicities were common adverse effects 

associated with CTL019 treatment; CRS was observed in 77% and 58% and 

neurotoxicities in 40% and 21% of CTL019-treated patients in the ELIANA and JULIET 

trials, respectively. The interim analyses of these two studies suggest impressive 

antitumour efficacy of CTL019 CAR T-cells in these patient populations, with up to 81% 

of patients exhibiting a response. As a result, CTL019 CAR T-cells, marketed as Kymriah 

(tisagenlecleucel), were granted FDA approval for the treatment of children and young 

adults with relapsed or refractory B-ALL in 2017 and the treatment of adult patients with 

DLBCL in 2018 (Seimetz et al. 2019). 
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1.4.3.2 Yescarta (axicabtagene ciloleucel) 

Like Kymriah, the Yescarta (a.k.a axicabtagene ciloleucel, axi-cel, KTE-C19) 

story begins with the comparison of two CAR designs. Both CARs contained the scFv of 

the CD19-targeting FMC63 antibody, to recognise the CD19 antigen, but one CAR was 

second generation (containing the CD28 signalling domain; FMC63-28z) and the other 

was third generation (incorporating both the CD28 and 4-1BB signalling domains; 

FMC63-CD828BBz). Superior transduction efficiency was achieved in human T-cells 

transduced with the retrovirus encoding the FMC63-28z construct compared to the 

FMC63-CD828BBz construct. Furthermore, FMC63-28z CAR T-cells displayed greater 

expansion and cytokine production following stimulation with CD19-expressing CLL cells 

(Kochenderfer et al. 2009). The first and third ITAMs of CD3ζ have been shown to 

mediate T-cell apoptosis and so inactivation of CD3ζ ITAM 1 and 3 in this CAR construct 

was performed to investigate whether it would enhance the function of these CD19-

targeting FMC63-28z CAR T-cells. The CAR T-cells with inactivated first and third ITAMs 

of CD3ζ displayed enhanced survival and decreased non-specific activation in vitro. The 

transduction efficiency of T-cells with this modified FMC63-28z CAR was higher that had 

previously been observed with FMC63-28z, confirming no negative impact on the 

proportion of T-cells successfully transduced with the modified CAR (J. N. Kochenderfer 

et al. 2010). The superior in vitro results observed with this modified CAR led to its 

selection for further testing. In an intraperitoneal (IP) murine 38c13 lymphoma model, 

treatment with the modified FMC63-28z CAR T-cells resulted in all animals in the 

treatment group surviving 140 days post-CAR T-cell infusion, while mice that had either 

been treated with target irrelevant CAR T-cells or were treatment-naive had 0% survival 

at this time-point. Interestingly, the survival benefit following FMC63-28z treatment was 

only observed in mice pre-treated with 5 Gy total body irradiation to enhance CAR T-cell 

engraftment and dosed with IL-2 alongside CAR T-cell treatment. Long-term survival was 

also significantly improved in FMC63-28z-treated mice bearing subcutaneous 38c13 
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tumour masses, which were eradicated by the administration of FMC63-28z CAR T-cells 

but not irrelevant CAR T-cells (James N. Kochenderfer et al. 2010).  

The first patient was treated with FMC63-28z CAR T-cells by Kochenderfer and 

colleagues in 2010 at the National Cancer Institute (NCI) (J. N. Kochenderfer et al. 2010). 

The patient was diagnosed with refractory grade 1 stage IVB CD19+ follicular lymphoma. 

CAR T-cells were generated by transducing patient PBMCs with the FMC63-28z 

construct, achieving a 64% transduction efficiency. The patient was treated with 

lymphodepleting chemotherapy before 1 x 108 CAR T-cells were administered 

intravenously (IV). The next day, a second dose of 3 x 108 CAR T-cells was given and 

an IL-2 dosing regime was commenced with the patient receiving a dose of IL-2 every 8 

hours for a total of 8 doses, to enhance T-cell activity. CAR T-cells expanded in the 

patient and were detected in the blood from 1 to 27 weeks after CAR T-cell treatment. 

CT scans revealed an impressive partial remission of the lymphoma for a duration of 32 

weeks before progressive CD19+ disease was observed in the lymph nodes. The CAR 

T-cells were well-tolerated by this patient, with the only notable side effect being fever 

which lasted for two days. The patient was discharged 11 days after the second CAR T-

cell dose (J. N. Kochenderfer et al. 2010). This first-in-human trial demonstrated that 

FMC63-28z CAR T-cells were safe when administered at this dose and that treatment 

with the CD19-targeting CAR T-cells was able to induce partial remission of lymphoma 

in the first patient for which there was sufficient follow-up for analysis. 

Promising first-in human results justified the continuation of FMC63-28z CAR T-

cells through clinical trials. A phase 1 study was subsequently conducted with 8 patients 

diagnosed with relapsed indolent B-cell non-hodgkin’s lymphoma (NHL) or CLL 

(Kochenderfer et al. 2012). All patients were given lymphodepleting chemotherapy 

before receiving a single dose of FMC63-28z CAR T-cells (0.3-3 x 107 cells/kg), followed 

by a course of IL-2 treatment. One patient was treated with a second dose of CAR T-

cells 7 months after the initial infusion due to progressive disease. Of the 7 evaluable 
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patients, 6 patients achieved complete or partial remission that lasted a minimum of 7 

months with 2 patients continuing in remission for more than a year at the time of the 

report. CAR T-cell persistence was varied, with some patients having no detectable CAR 

T-cells within 20 days and other having readily detectable CAR T-cells for at least 130 

days. Toxicity was significant in this study, with FMC63-28z treatment resulting in 

prolonged B-cell aplasia lasting 6 months or more in 4 patients, as well as hypotension, 

fever, fatigue, renal failure and obtundation. These toxicities were associated with higher 

levels of inflammatory cytokines such as TNFα and interferon-γ (IFN-γ). All toxicities 

peaked by 8 days post-infusion and resolved completely over time (Kochenderfer et al. 

2012). 

With the aim of reducing the acute toxicities observed in the above study, the 

next cohort of 6 patients with indolent B-cell malignancies were given lower FMC63-28z 

CAR T-cell doses (1-5 x 106 cells/kg) and no post-infusion IL-2. Seven patients 

diagnosed with refractory DLBCL, the most aggressive form of NHL, were also treated 

in this study. As before, all patients with indolent B-cell malignancies demonstrated 

complete or partial remission following FMC63-28z CAR T-cell therapy. Interestingly, the 

absence of post-infusion IL-2 did not perturb CAR T-cell efficacy, suggesting it is not 

necessary for FMC63-28z CAR T-cell efficacy. Of the 7 treated DLBCL patients, 4 

patients achieved complete remission, 2 patients achieved partial remission and 1 

patient had stable disease. As previously, toxicities associated with cytokine elevation 

as well as some neurotoxicities were observed in the patients, however, all adverse 

effects were transient and reversible (Kochenderfer et al. 2015). Importantly, long-term 

follow up of treated DLBCL patients demonstrated that eventually 5 out of 7 patients 

achieved complete remission and 4 of these had durable remission lasting more than 38 

months, with none of these 4 cases of lymphoma having relapsed at the time of 

publication (J. N. Kochenderfer et al. 2017).   
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To further address the toxicities associated with FMC63-28z CAR T-cell therapy, 

a cohort of 22 patients with relapsed or refractory advanced stage lymphoma were 

treated. In this study, the patients were pre-treated with lower doses of lymphodepleting 

chemotherapy, as well as receiving the lower CAR T-cell doses administered in the 

previous study (J. N. Kochenderfer et al. 2017). The authors hypothesised that this 

amended treatment regime would result in comparable anti-lymphoma effects of the CAR 

T-cell treatment but with less toxicity, as well as aiding in the clearer evaluation of CAR 

T-cell efficacy, given the lymphodepleting chemotherapy can also have anti-lymphoma 

activity. The overall remission rate in this study was 73%, with 55% achieving complete 

remission. The complete remissions were all ongoing (7-24 months) at the time of the 

report. As before, CAR T-cells reached peak expansion at a median of 8.5 days and 

remained detectable for up to 3 months. In this study, remission was associated with a 

higher CAR T-cell number at peak expansion, while the levels of IL-15 and IL-10 in the 

serum before CAR T-cell therapy were correlated with peak CAR T-cell number. Overall, 

treatment-associated toxicity was reduced in this study when compared to those studies 

conducted previously, although patients with higher numbers of CAR T-cells were more 

likely to experience adverse effects, particularly neurotoxicity (James N. Kochenderfer 

et al. 2017). 

Achieving a reduction in overall toxicity associated with FMC63-28z CAR T-cells 

led to the establishment of the ZUMA-1 trial, a multicentre phase 1/2 trial spanning 36 

study centres, in collaboration with Kite Pharma. The ZUMA-1 trial began in January 

2015 and recruited 307 patients with either relapsed or refractory DLBCL, transformed 

follicular lymphoma, primary mediastinal B-cell lymphoma or high grade B-cell 

lymphoma. Patients in this trial were pre-treated with the low dose lymphodepleting 

chemotherapy regime established in the previous study (James N. Kochenderfer et al. 

2017), before receiving 1-2 x 106 FMC63-28z CAR T-cells, now known as KTE-C19 CAR 

T-cells. The initial phase 1 study of the Zuma-1 trial involved 7 patients and reported an 
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overall remission rate of 71%, with 3 patients remaining in complete remission at 12 

months. KTE-C19 CAR T-cells were well tolerated in this cohort with only 1 patient 

experiencing grade 4 CRS, which was reversible (Locke et al. 2017). Therefore, this 

treatment regimen was deemed safe for further study in phase 2. In this phase 2 study 

of the Zuma-1 trial, 101 patients were treated with the KTE-C19 CAR T-cell regime and 

interim analysis revealed an objective response rate of 82%. At 15.4 months post-

infusion, 40% of patients had achieved complete remission and overall survival at 18 

months was 52%. As previously, higher levels of circulating CAR T-cells were associated 

with increased response but also with adverse toxicities. Grade ≥3 CRS and 

neurotoxicity was observed in 13% and 28% of patients, respectively and all toxicities 

were reversible as before (Neelapu et al. 2017). Recently, an updated analysis has been 

published, addressing the long-term safety and efficacy of KTE-C19 CAR T-cells in these 

patients. The median follow-up was 27.1 months and there was an overall response rate 

of 83%, with 58% CRs, and a median response duration of 11.1 months. There were few 

additional reported toxicities at this stage (Locke et al. 2019).  

The impressive results from the ZUMA-1 trial lead to the FDA approval of KTE-

C19 CAR T-cells, marketed as Yescarta, for second-line treatment of DLBCL in October 

2017 (Seimetz et al. 2019). An additional phase 1/2 trial, known as ZUMA-6, was also 

established to investigate the efficacy of Yescarta therapy in combination with 

Atezolizumab, an anti-programmed death-ligand 1 (PD-L1) checkpoint inhibitor. Interim 

results from this trial are currently awaited (ClinicalTrials.gov 2020).   

1.4.3.3 Abecma (idecabtagene vicleucel) 

Abecma (a.k.a idecabtagene vicleucel, ide-cel, bb2121) is a second generation 

CAR T-cell that targets B-cell maturation antigen (BCMA), a member of the TNF-receptor 

superfamily which is expressed at only low levels in normal tissue, but is consistently 

upregulated on malignant plasma cells from multiple myeloma (MM) patients (Tai et al. 



Chapter 1 Introduction 
 

82 
 

2013). Preclinical studies utilising NOD scid gamma (NSG) xenograft models of MM 

demonstrated that doses of 5-10 x 106 bb2121 CAR T-cells could effectively induce 

tumour regression, with bb2121 CAR T-cell treated mice surviving to experiment 

termination in all cases. This was an improvement over the efficacy of the protease 

inhibitor bortezomib, a current line of treatment for MM patients in the clinic (Friedman et 

al. 2018). These striking results prompted the recruitment of 33 patients for a phase 1 

study. In line with common practice, patients were lymphodepleted with fludarabine and 

cyclophosphamide prior to treatment with a targeted ide-cel dose of between 50-800 x 

106 CAR T-cells. CAR T-cells expanded in all patients and persisted for up to a year 

post-transfusion. CRS was observed in 25 patients, however this was never more severe 

than grade 3 and resolved in all patients. Neurotoxicity and infection was observed in 14 

patients each, however, again, these complications were resolved in all patients. The 

objective response rate of ide-cel treatment was 85%, with 15 patients achieving a 

complete response. Of those 15 patients, 9 continued to respond with a median follow-

up of 11.3 months. Median progression free survival was 11.8 months in this study (Raje 

et al. 2019). The phase 2 study for Abecma, the KarMMa trial, involved 128 patients 

lymphodepleted with fludarabine and cyclophosphamide and treated with ide-cel at 

target doses of 150, 300 and 450 x 106 CAR T-cells in 4, 70 and 54 patients, respectively. 

CRS was observed in 107 patients, mostly at grade 1 or 2, however 7 patients had ≥ 

grade 3 CRS and one patient died from this. A further 3 patients died from ide-cel related 

adverse events (bronchopulmonary aspergillosis, gastrointestinal haemorrhage and 

cytomegaloviral pneumonia). At a median follow-up of 13.3 months 94 patients had a 

response to ide-cel with a complete response or better being observed in 25%, 29% and 

39% of patients treated with 150, 300 and 450 x 106 CAR T-cells, respectively. The 

overall median progression free survival was 8.8 months in this study, extended to 12.1 

months in patients treated with a dose of 450 x 106 CAR T-cells (Munshi et al. 

2021). Abecma was approved by the FDA in March 2021 for the treatment of adult 



Chapter 1 Introduction 
 

83 
 

patients with relapsed or refractory MM after four or more prior lines of therapy, including 

an immunomodulatory agent, a proteasome inhibitor and an anti-CD38 monoclonal 

antibody.  

1.4.3.4 Tecartus (brexucabtagene autoleucel) 

Tecartus (a.k.a brexucabtagene autoleucel, KTE-X19) is a second generation 

CAR T-cell designed to target CD19, similarly to Yescarta and Kymriah. Preclinical 

evaluation at the NCI demonstrated that these CD19-targeting CAR T-cells were able to 

eradicate established subcutaneous 38c13 lymphoma in female CH3 mice This resulted 

in long-term survival of CAR T-cell treated mice up to 140 days post-T-cell infusion, with 

all controls being sacrificed due to lymphoma burden within 3 weeks of T-cell infusion 

(James N. Kochenderfer et al. 2010). A phase 1 study was recruited between 2012-2014 

to assess the safety and tolerability of KTE-X19 CAR T-cells, with 21 young patients (1-

30 years old) with relapsed or refractory ALL or NHL being recruited. After fludarabine 

and cyclophosphamide lymphodepletion, the maximum tolerated dose was found to be 

1x 106 KTE-X19 CAR T-cells per kg of body weight and at this dose the most severe 

adverse event observed was grade 4 CRS. CRS was reversible in all patients, however 

one patient required resuscitation following cardiac arrest. Reversible neurotoxicity 

occurred in 6/21 patients. Complete response was observed in 66.7% of patients, with 

an overall survival of 51.6% at a median follow-up of 10 months (Lee et al. 2015). 

Following this initial trial, a phase 1/2 study was recruited between 2016-2018 under the 

name ZUMA-3. Patients with adult relapsed/refractory B-ALL were lymphodepleted with 

fludarabine and cyclophosphamide and 23 patients were treated with the previously 

determined MTD of 1 x 106 KTE-X19 CAR T-cells per kg. No fatal adverse events 

occurred in this cohort of patients. Grade 3 or higher CRS and neurotoxicity was 

observed in approximately a third of patients, however this was resolved in all cases. 

Overall remission rate following 1 x 106 KTE-X19 CAR T-cells per kg was 83% at a 

median follow-up of 22.1 months, with the median duration of relapse-free survival being 
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7.7 months (Shah et al. 2021). The second phase of this study remains ongoing, 

however Tecartus was approved by the FDA for treatment of adult patients with relapsed 

or refractory B-ALL in October 2021.  

1.4.3.5 Breyanzi (lisocabtagene maraleucel) 

Breyanzi (a.k.a lisocabtagene maraleucel, JCAR017) is another second 

generation CD19-targeting CAR T-cell therapy. Breyanzi can be differentiated from other 

CD19-targeting CAR T-cell therapies in that it is infused in two separate components: 

CD4+ and CD8+ CAR T-cell infusions at a 1:1 ratio. In preclinical studies, a 1:1 ratio of 

delivered CD4+ and CD8+ CAR T-cells was shown to improve CAR T-cell expansion and 

anti-tumour activity when compared to either T-cell component alone. Further, treatment 

with this CAR T-cell product resulted in the regression of Raji tumours and long-term 

survival of NSG mice (Sommermeyer et al. 2016). As Kymriah and Yescarta, which are 

also CD19 directed CAR T-cells, are tolerated in the clinic, a large scale phase 1 trial 

(TRANSCEND) for Breyanzi was recruited between 2016 and 2019 across 14 cancer 

centres in the USA. Recruited patients were adults with relapsed or refractory large B-

cell lymphomas and, of note, were a more diverse cohort in terms of disease subtype 

than those recruited for the ZUMA-1 and JULIET trials. Following fludarabine and 

cyclophosphamide lymphodepletion, a dose of between 50-150 x 106 CAR T-cells was 

delivered to patients. All doses were generally well tolerated with grade 3 or higher CRS 

and neurological events being observed in 2% and 10% of patients, respectively. 

However, 1 patient given 50 x 106 CAR T-cells died due to CAR T-cell associated diffuse 

alveolar damage. At a median follow-up of 18.8 months, complete response was 

observed in 53% of patients, with a median progression free survival of 6.8 months and 

median overall survival of 21.1 months (Abramson et al. 2020). Breyanzi was approved 

by the FDA in February 2021 for the treatment of adult patients with relapsed or refractory 

large B-cell lymphoma after two or more lines of systemic therapy. 
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1.4.4 Managing CAR T-cell associated toxicity 

Consideration of CAR T-cell toxicities is an important part of my thesis studies, 

consequently these are discussed in detail below. Clinical trials for CD19-targeting CAR 

T-cells revealed two main toxicities: CRS and neurotoxicity. CRS is a systemic 

inflammatory response that was first described as a toxicity associated with the anti T-

cell antibody muromonab-CD3 (OKT3) (Chatenoud et al. 1989). Subsequently, CRS has 

been described as a toxicity associated with many immunotherapies, including 

checkpoint inhibitors (Rotz et al. 2017; Dimitriou et al. 2019; Honjo et al. 2019). A fever 

of ≥38oC is usually the first objective sign of CRS, which is sometimes followed by more 

severe symptoms (Hay et al. 2017). CRS can be categorised into 5 severity grades that 

range from grade 1, where mild, non-life threatening symptoms like fever, nausea, 

fatigue and headache are present, to grade ≥4, where there are life-threatening 

symptoms including organ toxicity and respiratory failure which may result in death (Lee 

et al. 2014). Immune effector cell-associated neurotoxicity syndrome (ICANS) may occur 

during CRS or after CRS has subsided. Clinical presentation typically includes toxic 

encephalopathy with speech impairments, aphasia and confusion, however more severe 

cases involving decreased levels of consciousness, coma, seizure, motor weakness and 

cerebral oedema have been reported (D.W. Lee et al. 2019) 

CRS and ICANS are not usually observed with traditional cancer therapies, thus 

management of these toxicities was not well established in early CD19 CAR T-cell 

clinical trials. CRS and ICANS were limiting toxicities for both Kymriah and Yescarta, 

which resulted in the revision of their dosing schedules, however CRS and ICANS 

remained present in future patient populations (Maude et al. 2014; Kochenderfer et al. 

2015). As these toxicities could not be managed by amended dosing regimens, 

alternative approaches to directly treat CRS and ICANS have been explored.  
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1.4.4.1 Managing Cytokine Release Syndrome (CRS) 

CRS is an inflammatory condition resulting from T-cell activation and expansion, 

thus higher numbers of circulating CAR T-cells in patients results in more severe CRS 

(Kalos et al. 2011; Shimabukuro-Vornhagen et al. 2018). Owing to this, initial attempts 

to manage CRS turned to anti-inflammatory corticosteroids. Although corticosteroid 

treatment has been reported to successfully manage CRS (Porter et al. 2011; Brentjens 

et al. 2013; Grupp et al. 2013), the potential for impaired CAR T-cell efficacy to occur 

concurrently is of concern. CAR T-cell activation results in the subsequent activation of 

bystander immune and non-immune cells, such as macrophages and endothelial cells, 

respectively (Shimabukuro-Vornhagen et al. 2018). Activation of these cells results in an 

elevation in serum cytokines, such as IL-6, IFN-γ, IL-1 and TNF-α, which may be targeted 

directly to manage CRS (Lee et al. 2014). As serum IL-6 levels peaks during maximal T-

cell proliferation (Teachey et al. 2016), IL-6 targeting was investigated as an approach 

to managing CRS. Patients suffering severe CRS after T-cell therapy were given 

tocilizumab, a monoclonal antibody against the IL-6 receptor primarily used to treat 

arthritis, which resulted in rapid reversal of life-threatening CRS (Grupp et al. 2013; 

Teachey et al. 2013). Tocilizumab is now a widely accepted treatment for CRS and is 

incorporated into many CAR T-cell toxicity management strategies (Le et al. 2018).  

CRS following CAR T-cell therapy is universally managed via a graded 

intervention system. Patients with grade 1 CRS typically receive supportive care such as 

IV fluid hydration and antipyretics. For patients with grade 2 CRS, Tocilizumab is 

generally administered, with or without accompanying corticosteroids, alongside 

supportive care. For grade 3 or 4 CRS patients require intensive care, along with 

administration of a more rigorous Tocilizumab and corticosteroid regime (Neelapu et al. 

2018). 
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Patients with CRS may also have concurrent haematological disorders which are 

more common in patients with severe CRS. These include, but are not limited to, 

hypotension, coagulopathy and capillary leak (Hay et al. 2017). Disseminated 

intravascular coagulation has been reported in patients with severe CRS which was 

associated with poor prognosis. When present, it is vital that coagulation disorders are 

managed alongside CRS, with treatments including platelet transfusion and replacement 

of coagulation factors (Wang et al. 2019).  

In a comprehensive analysis of CRS kinetics, Hay and colleagues identified 

several predictive factors which positively correlated with CRS severity. These included, 

but were not limited to, bone marrow tumour burden, the number of CD8+ CAR T-cells 

infused and the severity of thrombocytopenia at dosing. These data suggest there are 

factors that may identify a patient at increased risk of developing CRS. Analysis of these 

factors prior to CAR T-cell infusion may influence the CAR T-cell treatment regime and 

the aftercare administered to each patient (Hay et al. 2017).  

1.4.4.2 Managing Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) 

Although CAR T-cell associated CRS has been well characterised, to date CAR 

T-cell associated ICANS is less well understood. In most cases, ICANS manifests after 

the onset of CRS and its incidence has been reported to correlate with CRS severity. 

ICANS severity also correlates with peak cytokine elevation (Gust et al. 2017; Neelapu 

et al. 2017; Santomasso et al. 2018). Analysis of cerebrospinal fluid from patients with 

severe ICANS revealed elevated cytokine, protein and leukocyte concentrations when 

compared to matched samples taken prior to CAR T-cell therapy, suggestive of 

increased blood-brain-barrier permeability. CAR T-cells were also detected in the 

cerebrospinal fluid. Further to this, in vitro analysis of human brain pericytes exposed to 

high concentrations of cytokines associated with CRS revealed an increase in pericyte 

IL-6 and VEGF secretion, both of which can activate endothelial cells and lead to 
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increased permeability of the blood-brain-barrier (Gust et al. 2017). Taken together these 

results suggest that the inflammatory phenotype associated with CRS leads to increased 

blood-brain-barrier permeability which allows the increased infiltration of multiple factors 

into the central nervous system (CNS). Analysis of brain tissue from patients who 

experience severe ICANS has confirmed increased cerebral endothelial activation which 

was paired with evidence of vascular disruption (Gust et al. 2017).  

As previously discussed, Tocilizumab treatment rapidly resolves CRS in most 

patients (Grupp et al. 2013; Teachey et al. 2013). As ICANS is associated with CRS 

severity, the effect of Tocilizumab treatment on ICANS has been studied. Time to ICANS 

resolution following Tocilizumab treatment was longer than time to resolution of CRS, 

suggesting treatment of CRS is important for the resolution of ICANS (Gust et al. 2017; 

Santomasso et al. 2018). Recent studies have suggested that macrophage-secreted IL-

1 has an important role in CAR T-cell associated toxicity (Giavridis et al. 2018). In a 

murine model of CAR T-cell induced CRS and ICANS, Anakinra, an IL-1 receptor (IL-

1R) agonist, abolished both CRS and ICANS (Norelli et al. 2018). Therefore IL-1R 

blockade may present an alternative approach for the concurrent treatment of CRS and 

ICANS.  

ICANS is managed via grade-based intervention similar to that of CRS. Patients 

with grade 1 or 2 ICANS are primarily managed with supportive care and diagnostic tests 

to rule out more severe underlying symptoms. Tocilizumab is administered only if CRS 

occurs simultaneously. Grade 3 ICANS is usually treated with corticosteroids with the 

patient also receiving supportive and diagnostic care. Grade 4 ICANS usually requires 

intensive care along with intubation and mechanical ventilation (Neelapu et al. 2018). 

Factors found to be predictive of ICANS severity were similar to those predictive of CRS 

severity, providing further support for that ICANS presents as a direct consequence of 

CRS (Gust et al. 2017). These data suggest that analyses of these factors prior to CAR 

T-cell therapy may aid in predicting the ICANS severity grade a patient may develop, 
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thus allowing for the appropriate consideration and preparation to be made ahead of 

CAR T-cell treatment.  

1.4.4.3 Managing Tumour Lysis Syndrome 

Tumour lysis syndrome (TLS) results from rapid tumour cell death leading to the 

release of intracellular metabolites, such as nucleic acids, proteins, phosphorous and 

potassium from lysed malignant cells. Elevation of these factors can result in 

hyperuricemia, hyperkalaemia, hyperphosphatemia, with or without hypocalcaemia and 

uraemia that may lead to renal failure, arrhythmias, seizures and even death (Cairo et 

al. 2010). TLS post-CAR T-cell infusion has been reported, however incidence is not 

common and rarely results in fatalities (Neelapu et al. 2017; Maude et al. 2018). As TLS 

can occur as a consequence of treatment with other non-immunology anti-cancer agents, 

TLS treatment regimens have been well established. Patients are treated with intensive 

care regimes, including increased hydration protocols, administration of rasbicurase, 

cardiac monitoring and, in more severe cases, renal dialysis (Jones et al. 2015). Patients 

who have a high tumour burden or elevated serum uric acid levels prior to commencing 

CAR T-cell therapy have a higher risk of developing TLS and thus it is recommended 

that they should receive prophylactic hydration and allopurinol or rasbicurase (Jones et 

al. 2015; Neelapu et al. 2018). 

1.4.5 Limitations of CAR T-cell therapy in solid tumours 

Despite the success in treating haematological cancers, targeting solid tumours 

using CAR T-cell therapy has proven difficult. Clinical trials testing a number of solid 

tumour-targeting CAR T-cells have demonstrated modest results at best (Slovin et al. 

2013; Beatty et al. 2014; Nabil Ahmed et al. 2015; Katz et al. 2015; Junghans et al. 2016; 

O’Rourke et al. 2016). The reasons for the limited success of CAR T-cells in solid 

tumours are several. First, selecting an appropriate, tumour-specific target can be 
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problematic as most solid tumours are epithelial in origin. Therefore, many tumour cell 

antigens will also be expressed in normal epithelial tissue. An example of this is the 

HER2 antigen which is highly expressed by the HER2+ subset of breast cancers. When 

used clinically for the first time, HER2-targeting CAR T-cells resulted in patient death 5 

days post-infusion. This was attributed to on-target, off-tumour toxicity in which the CAR 

T-cells attacked low level HER2-expressing epithelial cells in the lungs (Morgan et al. 

2010). HER2-targeting CAR T-cells have since been administered to patients without 

significant toxicity by using a lower dose with concurrent chemotherapy (N. Ahmed et al. 

2015). Dose-limiting toxicities observed in patients treated with carboxy-anhydrase-IX 

(CAIX) targeting CAR T-cells further exemplify the challenge of identifying tumour-

specific antigens for CAR T-cell therapy in solid tumours. Patients with metastatic renal 

cell carcinoma were treated with 0.2-21 x 109 anti-CAIX CAR T-cells and in subset of 

patients grade 2-4 liver enzyme disturbances were observed resulting in clinical 

intervention and termination of treatment. Further investigation revealed CAIX 

expression on the epithelial cells of the bile ducts and the authors conclude that on-

target, off-tumour targeting of these cells is likely to be responsible for the anti-CAIX CAR 

T-cell associated toxicity observed in this study (Lamers et al. 2013). These events 

demonstrate that CAR T-cell therapy can result in severe normal tissue toxicity, even 

with low levels of antigen expression, thus highlighting the importance of careful selection 

and evaluation of tumour-associated antigens for solid tumour CAR T-cell therapy. 

On-target, off-tumour toxicity has also been observed in a preclinical study 

utilising CAR T-cells targeting the GD2 ganglioside antigen, a protein abundant on the 

surface of neuroblastoma cells. In this study, treatment of neuroblastoma xenografts in 

mice with anti-GD2 CAR T-cells resulted in lethal CNS toxicity due to extensive CAR T-

cell infiltration and proliferation within the brain that ultimately resulted in fatal neuronal 

destruction (Richman et al. 2018). It must be noted, however, that in this study the scFv 

region of the anti-GD2 CAR T-cells was affinity matured (E101K-14g2a) in an attempt to 
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improve anti-tumour activity. It has been demonstrated, both by Richman and colleagues 

and others, that CAR T-cells generated from the E101K-14g2a scFv demonstrate higher 

tonic signalling and cytokine release in response to GD2+ cell lines when compared to 

the original non-matured scFv (14g2a) (Majzner et al. 2018; Richman et al. 2018). 

Preclinical studies utilising anti-GD2 CAR T-cells containing the 14g2a scFv, or the 

E101K-14g2a scFv in a CAR construct containing a CD28 co-stimulatory molecule in 

place of 4-1BB, have demonstrated effective tumour-targeting in the absence of 

neurotoxicity (Long et al. 2015; Long et al. 2016; Mount et al. 2017; Majzner et al. 2018). 

Further, clinical studies treating neuroblastoma patients with anti-GD2 CAR T-cells have 

shown expansion of anti-GD2 CAR T-cells in patients, without any evidence of 

neurotoxicity (Heczey et al. 2017; Straathof et al. 2020). Therefore, these studies 

demonstrate that GD2 can be targeted safely using CAR T-cells and highlight the need 

for caution when attempting to improve the anti-tumour activity of CAR T-cells by 

increasing affinity for their target antigen.  

The second hurdle encountered when using CAR T-cells to treat solid tumours is 

the physical barriers the T-cells face when infiltrating the tumour. Many solid tumours 

have a dense, fibrotic TME that must be penetrated by the CAR T-cells for them to reach 

their tumour cell targets (Jiang et al. 2017). Further to this, many solid tumours have an 

aberrant tumour vasculature which also contributes to poor delivery of CAR T-cells to the 

tumour (Schaaf et al. 2018). The barrier to CAR T-cell tumour infiltration may even begin 

at the vascular wall, where high levels of endothelin B receptor (ETBR) on the tumour 

endothelium decrease T-cell adhesion through deregulation of intracellular adhesion 

molecule 1 (ICAM-1) (Buckanovich et al. 2008).  

The final hurdle CAR T-cells face in solid tumours is the harsh physical and 

chemical environment that they must survive and activate in. Many solid tumours secrete 

immunosuppressive factors and thus have poor T-cell infiltration and survival. This is 

accentuated by the lack of T-cell chemokines being secreted by the TME, making it 
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difficult for T-cells to migrate into the tumour to reach the tumour cells (Nagarsheth et al. 

2017). CAR T-cells directed against ovarian cancer cells have been tested in the clinic, 

however they demonstrated limited persistence and efficacy, which was attributed to T-

cell inhibitory activity in the tumour (Kershaw et al. 2006). Further to this, upregulation of 

T-cell inhibitory enzymes, coupled with the expression of inhibitory receptors on the cell 

surface of the CAR T-cells, was attributed to a rapid loss of functionality in mesothelin-

targeting CAR T-cells (Moon et al. 2014). One of the inhibitory receptors that was 

upregulated on the CAR T-cells was programmed cell death protein 1 (PD-1). PD1, along 

with a second inhibitory receptor cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

have generated significant interest as immune checkpoint molecules (Leach et al. 1996; 

Freeman et al. 2000). In an inflammatory environment, many tumour cells upregulate 

PD-1 and CTLA-4 ligands, which in turn propagates T-cell suppression. Antibody 

mediated blockade of these molecules, known as immune checkpoint inhibition, has 

shown remarkable clinical activity in enhancing T-cell activation and infiltration for the 

treatment of solid tumours (Seidel et al. 2018). Therefore, combination of CAR T-cell 

therapy with immune checkpoint inhibitors may improve CAR T-cell infiltration and 

activity in solid tumours (John et al. 2013). As well as chemical factors, there are also 

metabolic factors that supress CAR T-cell activity within solid tumours. For example, 

when effector T-cells become activated, they switch from oxidative phosphorylation to 

glycolysis to allow for faster proliferation (Warburg et al. 1958; MacIver et al. 2013). 

However the TME is often depleted of glucose by the tumour cells, which significantly 

limits T-cell proliferation (Chang et al. 2015). These environmental factors make CAR T-

cell activation and survival within the tumour a difficult and inefficient process. 

Taken together, these hurdles present a significant challenge for taking solid 

tumour CAR T-cell therapy forward. A vast array of innovative research is now underway 

in attempt to overcome these limitations and this will be discussed further in Section 

1.4.7. 



Chapter 1 Introduction 
 

93 
 

1.4.6 CAR T-cells targeting the tumour stroma 

1.4.6.1 Targeting cancer associated fibroblasts 

To circumvent the problems associated with targeting the malignant cells of solid 

tumours, an alternative approach may be to target the tumour stromal cells instead. FAP 

was the first stromal antigen considered for CAR T-cell therapy. FAP is a type 2 dipeptidyl 

peptidase that was originally identified in CAFs within human sarcomas (Rettig et al. 

1988). Subsequently, FAP expression has been identified on CAFs in over 90% of 

common epithelial cancers and is associated with a poor prognosis (Garin-Chesa et al. 

1990; Saadi et al. 2010). Further to this, FAP is largely absent from normal adult tissue, 

making it a suitable candidate for targeted cancer therapy (Schuberth et al. 2013). The 

FAP binding monoclonal antibody, sibrotuzumab, has demonstrated little clinical benefit 

in early phase clinical trials, resulting in no further development (Welt et al. 1994; 

Hofheinz et al. 2003; Scott et al. 2003). Conflicting pre-clinical results have been reported 

following depletion of FAP-positive cells in vivo, with both decreased (Kraman et al. 

2010) and increased (Özdemir et al. 2014; Rhim et al. 2014) growth of PDAC tumours 

being observed. 

Despite conflicting results in the efficacy of depleting FAP-positive tumour-

associated cells, FAP-targeting CAR T-cells for the treatment of solid tumours were 

developed by a number of research groups. However, conflicting reports on the 

effectiveness of these CAR T-cells in treating solid tumours have been published. The 

first FAP-targeting CAR T-cell was developed by Tran and colleagues at the NCI (Tran 

et al. 2013). This third generation CAR T-cell contains CD28, 4-1BB and the scFv of the 

mAb FAP5 which recognises both murine and human FAP. FAP5 CAR T-cells 

demonstrated FAP specific activity in vitro, however this did not translate into significant 

in vivo activity. In a range of murine solid tumour models that were preconditioned with 

5 Gy total body irradiation, weak or no antitumour activity was observed upon treatment 
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with 1-2 x 107 FAP5 CAR T-cells in both C57BL/6 and BALB/c mice. Furthermore, FAP5 

CAR T-cell treatment was associated with severe bone marrow hypocellularity and 

cachexia in both strains, a phenomenon that was not observed in control mice. This 

toxicity was attributed to the depletion of FAP-positive bone marrow-derived stem cells 

(BMSCs) by FAP5 CAR T-cells (Tran et al. 2013). Conversely, three second generation 

FAP-targeting CAR T-cells, from independent groups, have demonstrated antitumour 

efficacy with the absence of CAR T-cell associated toxicities (Kakarla et al. 2013; 

Schuberth et al. 2013; Wang et al. 2014). Kakarla and colleagues utilised a CD28 

containing CAR T-cell generated with the scFv portion of the anti-FAP monoclonal 

antibody MO36 which, similarly to FAP5, recognises both murine and human FAP 

(Kakarla et al. 2013). These FAP-targeting CAR T-cells demonstrated FAP specific 

activation and killing in vitro, which was not observed with non-transduced T-cells. In an 

A549 human lung carcinoma xenograft model, three doses of 1 x 107 FAP-targeting CAR 

T-cells, alongside IL-2, were administered IV at weekly intervals. Mice that received the 

FAP-targeting CAR T-cells displayed significantly impaired tumour growth when 

compared to the non-transduced T-cell-treated group. However, the CAR T-cells did not 

persist well in vivo and eventually disease progression was observed in all animals 

(Kakarla et al. 2013). Similar antitumour effects were observed with second generation 

CD28-containing FAP-targeting CAR T-cells generated from the scFv portion of 

sibrotuzumab in a mesothelioma xenograft model (Schuberth et al. 2013). To note, in 

these studies the target for the CAR T-cells are the FAP-positive mesothelioma tumour 

cells rather than the tumour stroma. In an attempt to enhance the persistence of FAP-

targeting CAR T-cells, Wang and colleagues generated 4-1BB second generation FAP-

targeting CAR T-cells from a murine specific scFv. FAP-targeting CAR T-cells, but not 

control T-cells, were able to slow tumour growth by 35-50% in syngeneic mesothelioma 

and lung carcinoma models. However, as before, CAR T-cells did not persist well and 

depleted significantly after 10 days. Interestingly, no reduction in tumour growth was 
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observed following CAR T-cell treatment in NSG mice with mesothelioma tumours 

(Wang et al. 2014). These results contrast with the observations by Schuberth et al. who 

did observe a reduction in tumour growth in immunodeficient mice treated with FAP-

targeting CAR T-cells (Schuberth et al. 2013). This suggests that FAP may have tumour 

promoting roles that are both dependent and independent of the immune system.  

Following reports of antitumour activity of FAP-targeting CAR T-cells in preclinical 

studies, the first-in-human FAP CAR T-cell was administered in 2015 to a patient 

diagnosed with malignant pleural mesothelioma. The patient was given 1 x 106 FAP CAR 

T-cells via pleural effusion, which was well tolerated with no adverse events being 

recorded (Pircher et al. 2015). To date, no follow up to this study has been registered 

and there are no other clinical trials registered utilising single-targeted FAP CAR T-cells 

(ClinicalTrials.gov 2020).  

1.4.6.2 Targeting the tumour vasculature  

A small number of CAR T-cells targeting antigens associated with the tumour 

vasculature have been developed. CAR T-cells targeting VEGFR-2 have been designed 

by Steven Rosenberg’s group at the NCI (Chinnasamy et al. 2010). Direct comparison 

between first, second (CD28 only) and third (CD28 and 4-1BB) generation CAR T-cells 

revealed that superior in vitro activation and target cell killing was achieved with second 

and third generation CAR T-cells when compared to first generation CAR T-cells, with 

second and third generation CAR T-cells comparable one another, with the third 

generation CAR T-cells demonstrated increased persistence in vivo as determined by 

flow cytometry analysis of treated tumours. In a C57BL/6 syngeneic B16-F10 melanoma 

model, third generation VEGFR-2-targeting CAR T-cells significantly impaired tumour 

growth and improved tumour free survival, with doses up to 2 x 107 CAR T-cells being 

well tolerated. However, comparable experiments in BALB/c mice bearing CT26 or 

RENCA tumours resulted in severe and fatal toxicity. Interestingly, this toxicity was 
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attributed to an increased number of CD4+ CAR T-cells in the T-cell population isolated 

from BALB/c mice, as treatment with 2 x 107 purified CD8+ CAR T-cells was well tolerated 

in these mice. Further, C57BL/6 mice treated with 2 x 107 purified CD4+ CAR T-cells 

experienced severe toxicity (Chinnasamy et al. 2010). These results suggest that a 

higher CD4+ CAR T-cell population could be associated with CAR T-cell toxicity, however 

a higher CD8+ CAR T-cell population was associated with CRS in patients (Hay et al. 

2017), thus the composition of the transduced T-cell population should be considered in 

both preclinical and clinical studies. Despite the promising preclinical activity of VEGFR-

2-targeting CAR T-cells, no antitumour response was observed in a phase 1 trial 

consisting of 24 patients with metastatic melanoma treated with CD8+ only VEGFR-2-

targeting CAR T-cells, resulting in study termination (ClinicalTrials.gov 2020). Since 

these results were reported, an additional second generation (CD28) VEGFR-2-targeting 

CAR T-cell has been designed which contains only the variable domain of the heavy 

chain (VHH) from an anti-VEGFR-2 mAb. Thus far, this CAR T-cell has demonstrated 

specific activation and cytotoxicity in vitro, however it is yet to be tested in in vivo models 

(Hajari Taheri et al. 2019). The approach of using smaller, nanobody CAR constructs will 

be discussed further in Section 1.4.7.1.  

Recently, the integrin-like cell surface protein tumour endothelial marker 8 

(TEM8) was identified as a potential tumour vascular target for CAR T-cell therapy (Byrd 

et al. 2018). TEM8 was originally identified by St Croix and colleagues as a marker of 

colorectal cancer endothelium, in the SAGE screen that identified endosialin as TEM1 

(Croix et al. 2000). Similarly to endosialin KO mice (see Section 1.3.3.1), TEM8 KO mice 

exhibit no defects in development or wound healing (Cullen et al. 2009), however a 

number of studies have reported impaired primary tumour growth in TEM8 KO mice 

(Nanda et al. 2004; Fernando and Fletcher 2009; Chaudhary et al. 2012). Therefore, 

CAR T-cells targeting TEM8 were developed by Byrd and colleagues at the NCI (Byrd et 

al. 2018). Similar to VEGFR-2-targeting CAR T-cells, third generation (CD28 and 4-1BB) 
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CAR T-cells against TEM8 persisted longer in vivo when compared to second generation 

(CD28 only) CAR T-cells. Third generation TEM8 CAR T-cells induced tumour 

regression in both syngeneic and patient derived xenograft (PDX) models of TNBC and 

this regression was attributed to the destruction of tumour-associated vascular 

structures. Further, in a LMD231 metastatic TNBC model, TEM8-targeting CAR T-cells 

limited metastasis to the bone and the brain, resulting in 100% survival at day 50 in the 

CAR T-cell-treated group compared to 30% survival in the non-transduced T-cell-treated 

group. TEM8-targeting CAR T-cells were well tolerated in this study with no signs of on-

target/off-tumour toxicity observed. However, this toxicity testing was carried out in 

immunodeficient mice where the toxicities likely do not manifest to the same extent, for 

example due to lack of functional macrophages which were previously established to 

have an important role in CAR T-cell-mediated toxicities (Giavridis et al. 2018; Byrd et 

al. 2018).  

Taken together, these results suggest that targeting the tumour vasculature with 

CAR T-cells presents a promising alternative approach for the treatment of solid tumours, 

however care should be taken to avoid CAR T-cell related and on-target, off-tumour 

toxicities. The antitumour efficacy and tolerability of CAR T-cells targeting the tumour 

vascular target endosialin will be investigated in this thesis.  

1.4.7 Next Generation CAR T-cells  

Next generation CAR T-cells encompass a range of CAR T-cell designs that were 

developed with a common aim: to overcome the limitations associated with solid tumour 

directed CAR T-cell therapy. Approaches have been taken to improve the infiltration, 

specificity, activation and persistence of CAR T-cells, as well as to limit their toxicity. 

Although these CAR T-cells are yet to be evaluated clinically, many designs have shown 

promising result in preclinical studies.  
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1.4.7.1 Enhancing CAR T-cell migration and tumour infiltration  

Efficient T-cell migration and infiltration into the tumour tissue relies on a complex 

tumour-chemokine signalling network, in which factors secreted by the tumour cells 

interact with T-cell chemokine receptors to regulate T-cell migration (Chow and Luster 

2014). Therefore, one approach to improve CAR T-cell infiltration is to co-express a 

cognate chemokine receptor on the CAR T-cell surface that can promote T-cell 

migration. CCL2 is a T-cell attracting chemokine that is readily secreted by 

neuroblastoma cells in vivo (Craddock et al. 2010). Co-expression of the CCL2 receptor 

CCR2b on the surface of GD2-targeting CAR T-cells resulted in improved CAR T-cell 

infiltration and tumour regression in established murine subcutaneous SK-N-AS 

neuroblastoma tumours (Craddock et al. 2010). Similar results have also been observed 

with the co-expression of CCR4 (Di Stasi et al. 2009), CXCR1 or CXCR2 (Jin et al. 2019), 

the chemokine CCL19 (Adachi et al. 2018) and CXCR2 (Whilding et al. 2019) on the 

surface of CAR T-cells targeting CD30, CD70, CD20 and αvβ6, respectively. To develop 

this approach further, considerations have to be made regarding the heterogeneity of the 

chemokine network between tumour types and even patients, thus a personalised 

approach may be necessary (Liu et al. 2013; Norton et al. 2015). Further, caution should 

be taken to avoid T-cell recruitment to normal tissues that may result in enhanced CAR 

T-cell associated toxicity (Hillyer et al. 2003).  

A second approach to enhance CAR T-cell infiltration is to substitute the entire 

scFv portion of a mAb for the VHH region, known as a nanobody. Being smaller in size, 

nanobodies based CARs can reach epitopes more proximal to the target cell surface and 

they are also more stable and less immunogenic. Nanobodies exhibit antigen affinities 

comparable to their parental scFv molecule, however nanobody-based CAR T-cells 

require less construct optimisation than scFv-based CAR T-cells (Xie et al. 2019). 

Nanobody-based CAR T-cell design is a recent development in CAR T-cell biology 

however despite this a number of nanobody-based CAR T-cells have already been 
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developed and exhibit promising preclinical activity (An et al. 2018; Hassani et al. 2019; 

Xie et al. 2019; De Munter et al. 2020; Hassani et al. 2020). Further research is required 

to determine whether nanobody-based CAR T-cells have superior properties to 

conventional CAR T-cells. However, if effective, the use of nanobodies may present a 

more versatile approach to CAR T-cell design.  

1.4.7.2 Enhancing CAR T-cell activation, proliferation and survival 

As well as hindering the infiltration of CAR T-cells into the tumour, factors 

secreted by the TME can also suppress the activation, proliferation and survival of CAR 

T-cells once they are in the tumour tissue. Approaches have been taken to generate 

CAR T-cells capable of modifying the immunosuppressive TME to a more immune-

permissive environment. One approach is to armour the CAR T-cells with a pro-

inflammatory cytokine that is constitutively or inducibly expressed and secreted upon 

CAR T-cell activation. CAR T-cells designed in this manner are referred to as T-cells 

redirected for universal cytokine mediated killing (TRUCKs) and are often considered as 

the fourth generation CAR T-cells (Tokarew et al. 2019).   

CAR T-cells targeting folate receptor α (FRα) expressing ovarian cancer cells 

have previously been trialled in the clinic, however, these CAR T-cells showed limited 

persistence and efficacy, which was attributed to T-cell inhibitory activity (Kershaw et al. 

2006). More recently, CAR T-cells directed against the ovarian cancer antigen mucin 

(MUC) 16 have been armoured with IL-12, a proinflammatory cytokine that can suppress 

tumour-induced T-regulatory cell activity (Cao et al. 2009), in an effort to improve their 

persistence and activity. Armouring MUC16-targeting CAR T-cells with IL-12 resulted in 

significantly enhanced proliferation and cytotoxicity in vitro and in vivo, alongside an 

overall reduction in CAR T-cell apoptosis. Further, IL-12 armoured CAR T-cells resisted 

PD-L1 induced inhibition and demonstrated impressive antitumour activity in a syngeneic 

model of ovarian peritoneal carcinoma (Koneru et al. 2015; Yeku et al. 2017). A similar 
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outcome has been achieved by armouring carcinoembryonic antigen (CEA)-targeting 

CAR T-cells with IL-18, a cytokine that has previously been shown to activate 

lymphocytes without severe toxicity in patients (Robertson et al. 2008). Armoured CEA-

targeting CAR T-cells demonstrated superior proliferation and efficacy to non-armoured 

CAR T-cells in both pancreatic and lung tumour models, and this was attributed to a 

decrease in immune suppressive cells in the tumour (Chmielewski and Abken 2017). In 

addition, armouring with IL-18 improved the expansion and survival of CD19-targeting 

CAR T-cells (Hu et al. 2017).  

An alternative to cytokine armouring involves armouring CAR T-cells to secrete 

immune checkpoint inhibiting antibodies. Armouring both CD19-and MUC16-targeting 

CAR T-cells with scFvs against PD-1 resulted in enhanced lysis of antigen-positive 

tumour cells and improved overall survival in murine models of hematologic and ovarian 

cancer (Rafiq et al. 2018). Further, the armoured T-cells were able to induce PD-1 

inhibition in both an autocrine and paracrine manner, augmenting their own activation as 

well as that of endogenous T-cells in the TME. Importantly, immune checkpoint inhibitor-

armoured CAR T-cells may represent a safer alternative to CAR T-cell and immune 

checkpoint inhibitor combination therapy, as the immune checkpoint inhibiting antibodies 

secreted by the CAR T-cells were shown to remain localised to the tumour, thereby 

alleviating the systemic toxicities associated with immune checkpoint therapy (Rafiq et 

al. 2018). CAR T-cells targeting human carbonic anhydrase IX armoured with anti-PD-

L1 antibodies have also shown promising results in a preclinical model of renal cell 

carcinoma. Several clinical trials have now been initiated to test the safety and efficacy 

of CAR T-cells that secrete immune checkpoint inhibitors (ClinicalTrials.gov 2020). 

An additional approach to improving the function of CAR T-cells is to eliminate 

proteins that mediate T-cell death. Ren and colleagues describe a system in which 

CRISPR/Cas9 gene editing is used to generate CAR T-cells deficient of the endogenous 

T-cell receptor, human leukocyte antigen (HLA) class I molecule and PD-1. CAR T-cells 
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engineered by this system demonstrated prolonged survival in vivo. Interestingly, this 

system could be expanded to target four genes, in which expression of the endogenous 

TCR, HLA-1, PD-1 and CTLA-4 was ablated (Ren et al. 2017). Although this quadruple 

ablation is yet to be tested in vivo, CAR T-cells without PD-1 and CTLA-4-mediated 

immunosuppressive signalling are predicted to demonstrate superior in vivo persistence 

and activation.  

1.4.7.3 Limiting CAR T-cell associated toxicity and overcoming therapeutic resistance 

1.4.7.3.1 Bi-specific CAR T-cells 

As previously discussed, most tumour-associated antigens are not truly tumour-

specific resulting in off-tumour toxicities following CAR T-cell therapy. Further, 

expression of tumour-associated antigens is often heterogeneous within a malignant 

population, thus therapeutic resistance to the CAR T-cells can develop with the target-

negative variants escaping under selective pressure. Of concern, therapeutic resistance 

has been reported following CD19-targeted CAR T-cell therapy in the clinic (Grupp et al. 

2013; Maude et al. 2014). To address the issue of therapeutic resistance, CAR T-cells 

that are specific for two antigens have been developed. Multiple bi-specific CAR designs 

have been evaluated, with dual CAR T-cells, split CAR T-cells and tandem CAR T-cells 

being the most success approaches to date. Dual CAR T-cells are engineered to co-

express two complete CAR constructs on the cell surface, which are identical except for 

the scFv portions (Figure 1.12A). Dual CAR T-cells may activate upon engagement with 

either CAR antigen alone or both simultaneously, reducing the likelihood of antigen-

negative escape variants emerging (Ruella et al. 2016). Similarly, tandem CARs can 

activate upon binding with one or both antigens, however this design incorporates two 

scFvs linked together within the same CAR construct (Figure 1.12B), thus only relying 

on effective signalling via one receptor (Grada et al. 2013). Conversely, split CARs rely 

on the engagement of both antigens for activation as the activation and costimulatory 

signals are separated on two complementary CARs (Figure 1.12C). This generates a 



Chapter 1 Introduction 
 

102 
 

split signalling approach in which the first scFv is ligated to CD3ζ and the second scFv 

is ligated to the costimulatory molecule. Engagement of either scFv alone is therefore 

insufficient for T-cell activation as a complete activation signal is not provided (Wilkie et 

al. 2012).  

Activation in the presence of single or multiple tumour-associated antigens 

renders both dual CAR and tandem CAR T-cells interesting approaches for confronting 

CAR T-cell associated therapeutic resistance. In the context of CD19 CAR T-cell 

resistance, CD123 has been identified as an antigen commonly expressed by CD19- 

negative malignant cells. T-cells designed to co-express complete CD19- and CD123-

targeting CARs were able to lyse cells expressing either antigen and showed increased 

antitumour efficacy in vivo when compared to the single CAR-expressing T-cells (Ruella 

et al. 2016). In addition, dual CAR T-cells that target CD19 and CD22 were designed by 

Autolus. These dual CAR T-cells, known as AUTO3 CAR T-cells, are currently being 

investigated in clinical trials for the treatment of paediatric B-ALL. Early reports have 

revealed an objective response rate of 75% with CRS and ICANS rarely reported above 

grade 1. Importantly, in relapsed patients, no evidence of CD19 or CD22 antigen loss 

was observed, suggesting patients may be responsive to continued therapy (Amrolia et 

al. 2018). 
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Figure 1. 12 Bispecific CAR T-cells 

(A) Dual CAR T-cells simultaneously express two separate second generation CARs 

against different target antigens. Dual CAR T-cells may be activated by binding to 

either target antigen alone or both simultaneously. (B) Tandem CAR T-cells express a 

single CAR that has the scFv portion of two different mAbs linked together in its 

ectodomain. Tandem CAR T-cells may be activated by binding to either target antigen 

alone or both simultaneously. (C) Split CAR T-cells express two complimentary CARs 

in which one scFv is linked to the T-cell receptor CD3ζ and a different scFv is linked to 

a co-stimulatory molecule. In this instance, binding of both target antigens is required 

for T-cell activation.  

 

Tandem CARs offer a more compact design for dual antigen targeting, which 

does not rely on the efficient transduction of multiple constructs. The concept of tandem 

CARs was first described by Grada and colleagues (Grada et al. 2013), who designed a 

CAR T-cell that simultaneously targets CD19 and HER2. This proof-of-concept study 
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demonstrated that tandem CAR T-cells lyse cells positive for either antigen alone, 

however superior antitumour activity is observed when both CAR targets are expressed 

by the tumour cells. The antigens HER2 and CD19 are generally associated with different 

malignancies, thus these CAR T-cells are unlikely to have any clinical benefit. 

Nevertheless, this study generated substantial interest. T-cells transduced with a tandem 

CAR engineered to target both CD19 and CD20 demonstrated comparable in vitro 

properties to CD19 single-targeting CAR T-cells, however CD19/CD20 dual-targeting 

CAR T-cells were able to prevent antigen escape in vivo. This translated to improved 

survival when compared to CD19 single-targeting CAR T-cell treatment (Zah et al. 2016). 

Tandem CARs engineered to target both CD19 and CD20 have also demonstrated 

increased efficacy and reduced toxicity in high disease burden settings for B-cell 

malignancies. The superior tolerability of these CAR T-cells was attributed to optimised 

cell killing with a reduction in cytokine production (Schneider et al. 2017).  

A unique approach to the tandem CAR design was recently developed by Qin 

and colleagues (Qin et al. 2018) in which the two scFvs are linked in a loop that brings 

the molecules proximal to one another in the horizontal plane as opposed to the vertical 

plane. Modifying the scFv linker in this way allowed the CAR construct to recognise both 

its antigens, CD19 and CD22, with comparable efficiency, which resulted in impressive 

in vivo eradication of ALL cell line xenografts and PDXs from CD19-relapsed patients 

following treatment with the CAR T-cells (Qin et al. 2018). LoopCAR6, the CAR T-cell 

described here, is now being tested in clinical trials in patients with relapsed or refractory 

B-ALL or DLBCL (ClinicalTrials.gov 2020). Early phase 1 reports from these trials 

revealed a dose escalation from 1 x 106/kg to 3 x 106/kg LoopCAR6 resulted in low 

toxicity, with CRS and ICANS only being reported at grades 1 and 2 in all but one patient 

(Hossain et al. 2018; Schultz et al. 2019). There was sufficient time since treatment to 

report data for 12 ALL patients that were infused with LoopCAR6 (at dose level 1 or 2). 

All 12 patients achieved an objective response following treatment with LoopCAR6, with 
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11 out of 12 patients achieving complete remission (Schultz et al. 2019). The observed 

reduction in overall toxicity, alongside impressive and sustained antitumour efficacy, 

suggests dual-targeting CAR T-cells adopting the described loop design may be superior 

clinical candidates for the treatment of B-cell malignancies. Further investigation is 

warranted to confirm whether this dual-targeting approach should be employed in place 

of the single-targeting strategy currently used in the clinic for B-cell malignancies.  

The third class of bi-specific CAR T-cells, split CAR T-cells, were primarily 

generated to enhance tumour specificity of the CAR in solid tumours. Split CAR T-cells 

require the engagement of both antigens for complete T-cell activation, which is 

advantageous as tumour-associated antigens that are not found in close proximity in 

healthy tissue could be selected as targets, thereby reducing normal tissue toxicity. 

Conflicting reports on split CAR T-cell efficacy in solid tumours have since been 

published. Split CAR T-cells designed to target HER2 and MUC1 showed modest 

cytokine production when co-stimulated and only targeted HER2-positive cells in vitro 

(Wilkie et al. 2012). Conversely, split CAR T-cells designed to recognise PSMA and 

prostate stem cell antigen (PCSA) simultaneously in prostate cancer or mesothelin and 

FRα simultaneously in ovarian cancer have demonstrated potent anticancer activity in 

vivo. Both of these split CAR T-cells exhibited low or no activity against tumour cells 

expressing single antigens while displaying potent activity against dual antigen-

presenting tumour cells (Kloss et al. 2013; Lanitis et al. 2013). The increased tumour 

specificity of these split CAR T-cells is promising in the preclinical setting, however it is 

yet to be determined whether this will translate into reduced toxicity in the clinic.   

1.4.7.3.2 Low affinity CAR T-cells 

An alternative approach to limit CAR T-cell associated toxicity is to select a scFv 

that interacts with its target antigen with a lower affinity, thus reducing CAR T-cell activity 

in response to low levels of antigen expression. CAR T-cells containing a lower affinity 
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CD19 scFv have superior tolerability in a phase 1 clinical study, with no patients 

developing severe CRS (Ghorashian et al. 2019). This approach has also shown promise 

as a strategy to target solid tumours with reduced toxicity. Low affinity CAR T-cells 

against epidermal growth factor receptor (EGFR) and HER2 have been reported to have 

reduced activation in the presence of physiological levels of target antigen, whilst 

maintaining potent antitumour activity (Liu et al. 2015). Although in the early stages of 

development, the approach of substituting the original CAR T-cell scFv molecule for a 

lower affinity molecule may present an important approach for limiting off-tumour 

toxicities in the clinic. However, it must be considered that tumour antigen expression is 

often heterogeneous within a tumour, thus this approach may result in the escape of 

antigen-low tumour cell variants.  

1.4.7.3.3 Inducible CAR T-cell control  

CAR T-cell associated toxicities may also be reduced by engineering CAR T-cells 

so that their number and activity can be controlled in vivo. CAR T-cells have been 

designed to include an activatable “suicide gene” (Casucci et al. 2012; Minagawa et al. 

2016). The most common suicide gene currently used to control T-cell activity is inducible 

caspase 9, although designs incorporating herpes simplex virus-thymidine kinase (HSV-

TK) have also been reported (Bonino et al. 1997; Di Stasi et al. 2001; Tiberghien et al. 

2001; Straathof et al. 2005). The inducible caspase 9 suicide gene, known as iCasp9, 

consists of the sequence of a mutated form of the human FK506-binding protein (FKBP2) 

connected to the gene encoding human caspase 9 with its endogenous caspase 

activation and recruitment domain deleted. The mutated form of FKBP2 binds with high 

affinity to a small molecule dimerising agent which results in the dimerisation of iCasp9 

and the activation of the mitochondrial apoptotic pathway (Straathof et al. 2005; Di Stasi 

et al. 2011). A number of studies have reported this as an effective cell suicide system 

for adoptive cell transfer therapies, including CAR T-cell therapy, with high levels of CAR 

T-cell clearance observed within 24 hours (Quintarelli et al. 2007; Hoyos et al. 2010; 
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Budde et al. 2013; Minagawa et al. 2016; Diaconu et al. 2017; Stavrou et al. 2018; Duong 

et al. 2019).  

Although inclusion of a suicide gene in CAR T-cells enables control over 

associated toxicities, the depletion of CAR T-cell described above is irreversible and may 

result in disease relapse. To this end, CAR T-cells have been designed that can be more 

intricately controlled. CAR T-cells with a protease placed between the CAR and a 

degradation moiety may be controlled by the administration of a protease inhibitor, which 

results in CAR degradation and decreased expression on the T-cell surface. This 

approach allows the CAR to be removed from the cell surface without the elimination of 

the CAR T-cell. Further, ceasing delivery of the protease inhibitor allows CAR expression 

on the cell surface to resume. Altering the delivered dose of the protease inhibitor 

therefore can result in more or less CAR expression at the cell surface and thus aid in 

controlling CAR T-cell associated toxicities. (Juillerat et al. 2019). Alternatively, CAR T-

cells requiring the administration of a drug to induce CAR expression have also been 

developed (Wu et al. 2015; Sakemura et al. 2016; Drent et al. 2018; Gu et al. 2018). 

Inducible CAR T-cells have shown antitumour efficacy in solid tumours, as well as 

haematological malignancies, in preclinical studies (Mata et al. 2017). 

1.4.7.3.4 CAR T-cell exosomes 

An interesting concept explored by Fu and colleagues is the idea of utilising 

exosomes secreted by CAR T-cells for therapy (Fu et al. 2019). Second generation CAR 

T-cells against both EGFR and HER2 were generated and shown to have antitumour 

activity in vivo. Exosomes from both types of CAR T-cell were isolated and CAR 

expression was detected on the exosome surface. In multiple breast cancer models, 

CAR exosomes were found to target tumour cells with a similar efficacy to their parental 

CAR T-cell, with the exosomes also contain high levels of cytotoxic molecules. Further, 

CAR exosome activity was not hindered by PD-L1, as the exosomes were PD1-negative, 
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circumventing PD1-PD-L1-mediated immunosuppression. Importantly, in murine breast 

cancer models, CAR exosomes were tolerated significantly better than parental CAR T-

cells (Fu et al. 2019). The striking reduction in treatment-associated toxicity observed in 

this study indicates that further investigation is warranted to determine if CAR T-cell 

exosomes provide clinical benefit in patients.  

1.4.7.4 Universal CAR T-cells  

Whether using early or next generation CAR T-cells, one of the main challenges 

of CAR T-cell therapy is the time taken and expense incurred to generate a sufficient 

number of CAR T-cells from patient apheresis products. Therefore, multiple research 

groups have attempted to develop allogeneic CAR T-cells that may be universally 

administered to patients in an “off the shelf” approach.  

Lymphoma and leukaemia patients often receive an allogeneic haematopoietic 

stem cell transplant (alloHSCT) as part of their disease treatment. However, progressive 

malignancy is the leading cause of death in these patients following treatment (Brudno 

et al. 2016). Studies utilising donor cells originally intended for alloHSCT to generate 

CAR T-cells have been reported. Patients with disease that had progressed after 

alloHSCT received allogeneic CD19-targeting CAR T-cells generated from their 

respective donors. The allogeneic CAR T-cells were tolerated with no cases of graft-

versus-host-disease (GVHD) reported. Eight out of 20 patients responded to therapy, 

which is a poorer overall response rate than that observed with conventional autologous 

CD19-targeting CAR T-cells. However, it must be noted that this is a small cohort of 

patients and it not directly comparable to the large-scale studies carried out with 

autologous CD19-targeting CAR T-cells (Cruz et al. 2013; Kochenderfer et al. 2013; 

Brudno et al. 2016). 

In autologous CAR T-cell therapy, CAR T-cells are generated from patient 

PBMCs. Therefore, a superior approach may be to generate allogenic CAR T-cells from 
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healthy donor PBMCs. To do so, donor PBMCs must be rendered less immunogenic and 

this can be achieved by the elimination of the endogenous TCR (Torikai et al. 2012). In 

a proof-of-principle study, Torikaki and colleagues knocked out the endogenous TCR via 

a zinc finger nuclease system and the resulting CD19-targeting CAR T-cells were 

unresponsive to TCR stimulation. Further, the CD19-targeting ability of these CAR T-

cells was preserved in vitro (Torikai et al. 2012). Since this study, methods involving 

transcription activator-like effector nucleases (TALENs), megaTAL and CRISPR/cas9 

mediated KO have been used to eliminate endogenous TCR (Poirot et al. 2015; Osborn 

et al. 2016). CD19-targeting CAR T-cells with TCR deletion have shown comparable 

antitumour activity to standard CD19-targeting CARs in a murine lymphoma model 

(Poirot et al. 2015). However, a direct comparison of TALENs, megaTAL and 

CRISPR/Cas9 mediated TCR KO suggested that megaTAL and CRISPR/cas9 have 

superior disruption efficiency to TALENs (Osborn et al. 2016). In an alternative approach 

to TCR KO, the CAR transgene has been directly knocked in into the native TCR locus. 

CD19-targeting CAR T-cells generated via this method have been reported to perform 

at least comparably, if not superior to, standard CD19-targeting CAR T-cells in vivo 

(Eyquem et al. 2017; Hale et al. 2017; MacLeod et al. 2017; Ren et al. 2017). In addition 

to using the megaTAL method to eliminate TCR expression for use in allogeneic CAR T-

cells, Hale and colleagues describe another potential clinical application for this 

technique. By inserting the CAR transgene into the CCR5 locus, encoding a human 

immunodeficiency virus (HIV) co-receptor, CAR T-cells that are resistant to HIV infection 

can be generated. CCR5-deficient, CD19-targeting CAR T-cells have potential as a 

therapy in patients with HIV-associated B cell malignancies (Hale et al. 2017).  

Recently, universal CAR T-cells (UniCARs) have been designed which are T-

cells engineered to express a UniCAR that recognises a short peptide motif. The T-cells 

remain inactive when administered as the target is not available. A targeting molecule 

(TM) consists of a scFv for the tumour-associated antigen and an antigen motif 
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recognised by the CAR T-cells. This system therefore requires the presence of the TM 

for CAR T-cell activation, as the TM binds to the tumour-associated antigen and the 

UniCARs recognise the TM and are subsequently activated and lyse the tumour antigen-

presenting cell (Bachmann 2019) (Figure 1.13). This system allows for universal CAR T-

cells to be used across all patients, with the TM being altered depending on the disease 

and the tumour-associated antigen present. Further, proof-of concept and proof-of-

function studies have confirmed TM specific activation of UniCARs (Koristka et al. 2014; 

Cartellieri et al. 2015; Cartellieri et al. 2016). Importantly, the TMs are rapidly cleared 

from the peripheral blood. Therefore, this system could offer more controlled CAR T-cell 

therapy, with the ability to regulate T-cell activity while also allowing for alteration of the 

tumour-associated antigen target to limit the emergence of resistance (Cartellieri et al. 

2016; Albert et al. 2017). Michael Bachmann’s group have since published multiple 

studies confirming TM-specific activity of the UniCAR system in vivo, with comparable 

efficacy of these UniCAR T-cells to conventional CAR T-cells also demonstrated. 

Successful targeting of both haematological cancers and solid tumours has been 

demonstrated in preclinical UniCAR models, with no associated toxicities (Albert et al. 

2017; Bachmann et al. 2017; Feldmann et al. 2017; Mitwasi et al. 2017; Albert et al. 

2018; Loureiro et al. 2018; Arndt et al. 2020).  

Additional switchable CAR T-cells based on the same principle as the UniCAR 

system have also been generated, with the TMs being an scFv for the target antigen 

linked to either fluorescin isothiocyanate (FITC) or peptide neoepitope (PNE) molecules. 

Switchable CAR T-cells with TMs directed against the folate receptor or HER2 have 

shown promising antitumour activity in vivo, alongside improved tolerability (Lu et al. 

2019; Raj et al. 2019). Universal CAR T-cell systems provide a more tuneable CAR T-

cell approach and have so far been well tolerated in preclinical models, thus translation 

of these CAR T-cell systems to the clinic will be of considerable interest.   
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Figure 1. 13 The UniCAR system 

The UniCAR system utilises CAR T-cells designed to recognise a short peptide motif 

and not a physiologically expressed protein. (A) UniCAR T-cells cannot be activated 

when infused alone due to the absence of their target. (B) Simultaneous infusion of a 

target molecule, consisting of an scFv against the target antigen linked to the short 

peptide motif recognised by the UniCAR T-cells, create a bridge between the target cell 

and the UniCAR T-cell, resulting in T-cell activation and killing.  
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1.4.8 CAR T-cells currently in clinical trials 

Although CD19-targeting CAR T-cells remain the most widely investigated CAR 

T-cells worldwide, CAR T-cells directed against a number of other targets are being 

evaluated in clinical trials. Details of all current active CAR T-cell trials can be found in 

Table 1.3.  

Table 1.3 Active CAR T-cell clinical trials (clinicaltrials.gov) 
 

CAR T-cell Target Number of 
Active Trials 

Trial ID(s) 

CD19 47 NCT03684889, NCT02443831 
NCT03840317, NCT03085173 
NCT03434769, NCT04684472 
NCT03373071, NCT03302403 
NCT02028455, NCT03467256 
NCT04416984, NCT03939026 
NCT02735291, NCT03327285 
NCT02431988, NCT03984968 
NCT02601313, NCT01840566 
NCT03549442, NCT02659943 
NCT00586391, NCT02348216 
NCT03265106, NCT03624036 
NCT02926833, NCT03620058 
NCT01860937, NCT03483103 
NCT02706405, NCT03744676 
NCT02445248, NCT01683279 
NCT01087294, NCT02893189 
NCT04014894, NCT03761056 
NCT03105336, NCT01815749 
NCT04314843, NCT02051257 
NCT03144583, NCT00840853 
NCT00709033, NCT01318317 
NCT02153580, NCT00466531 

NCT04276870 

BCMA 18 NCT03070327, NCT03288493 
NCT03302403, NCT03338972 
NCT03602612, NCT03318861 
NCT03090659, NCT03548207 
NCT03274219, NCT03430011 
NCT02658929, NCT04181827 
NCT03361748, NCT03549442 
NCT02614066, NCT03380039 
NCT03716856, NCT03975907 

CD30 3 NCT02663297, NCT01316146 
NCT01192464 

GD2 3 NCT01953900, NCT01822652 
NCT00085930 

Mesothelin 3 NCT03323944, NCT02414269 
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NCT02792114 

PSMA 3 NCT03089203, NCT04227275 
NCT01140373 

CD123 2 NCT02159495, NCT03766126 

HER2 2 NCT04903080, NCT00902044 

CD22 2 NCT03244306, NCT03620058 

CEA 2 NCT03818165, NCT03682744 

CD4 2 NCT04712864, NCT03829540 

NKG2D 2 NCT03370198, NCT03310008 

CD19/CD22 bispecific 2 NCT04034446, NCT03287817 

CD19/CD20 bispecific 2 NCT03870945, NCT03019055 

MUC16 1 NCT02498912 

IL13Rα2 1 NCT02208362 

AXL 1 NCT03393936 

Lewis Y antigen 1 NCT03851146 

ROR2 1 NCT03960060, NCT03393936 

CD5 1 NCT03081910 

Glypican 3 1 NCT02905188 

CLD18 1 NCT03302403 

CD20 1 NCT03664635 

EGFRvIII 1 NCT05063682 

GPRC5D 1 NCT04555551 

HER2/PD-L1 bispecific 1 NCT04684459 

CD171 1 NCT02311621 

GPC3 1 NCT03302403 

CD19/BCMA bispecific 1 NCT03879382 

CD38 1 NCT03464916 

 

1.5  Project rationale and aims 

The upregulation of endosialin in the stroma of multiple solid tumour types and 

its role in promoting metastasis in solid tumours makes endosialin an interesting antigen 

for targeted therapy. Clinical trials utilising Ontuxizumab, a monoclonal antibody against 

endosialin, to target solid tumours have shown limited success, suggesting that using 

therapeutic antibodies against endosialin is not sufficient. 

To date, targeting solid tumours with CAR T-cells has proven challenging, owing 

to the physical barriers and immunosuppressive environments that they must cross to 

reach their target tumour cells. Targeting stromal cells proximal to the vasculature may 

aid in circumventing these issues associated with solid tumour targeting in CAR T-cell 
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therapy. Endosialin-positive pericytes are closely associated with the tumour 

vasculature, thus may present good targets for CAR T-cell therapy against solid tumours.  

Prior to this PhD, our collaborators, Dr Steven Lee and colleagues at the 

University of Birmingham designed and generated endosialin-directed CAR T-cells 

known as Endo3 CAR T-cells.  

The overall aims of this PhD were: 

• To characterise the specificity of Endo3 CAR T-cells in vitro 

• To determine the safety and tolerability of Endo3 CAR T-cells in vivo 

• To assess the efficacy of Endo3 CAR T-cells against multiple preclinical models 

of cancer.  
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Chapter 2 Materials and Methods 

2.1  Materials 

2.1.1 General reagents 

H2O: Central sterile stores department (CSSD). 

PBS: 137 mM NaCl, 2mM KCl, 8 mM Na2HPO4 1.5 mM KH2PO4 in H2O. pH adjusted to 

7.4 with HCl (CSSD). Stored at 4oC. 

Ultra-filtrated (UF) H2O: CSSD. Stored at 4oC. 

Ethanol: CSSD. 

2.1.2 Cell culture 

4T1-Luc cells: 4T1 mouse mammary carcinoma cell line (ATCC-CRL-2539) engineered 

to express firefly luciferase.  

10T½ cells: Mouse pericyte-like cells.  

AT-3 cells: AT-3 mouse mammary carcinoma cell line derived from C57BL/6 mice. 

MRC5 cells: Human fetal lung fibroblasts. ATCC (CCL-171). 

MCF7 cells: Human breast cancer cell line. ATCC (HTB-22). 

Cell freezing medium: 10% DMSO in FBS (see below). Stored at 4oC. 

CellTiter-Glo reagent: Promega (G7570).  

Cryovials: Thermo Scientific (363401). 

DMEM (Dulbecco’s modified Eagle’s medium): Invitrogen (41966-029) containing 4.5 g 

of glucose per litre. Stored at 4oC.  

Dimethyl sulfoxide (DMSO): Sigma (D2650).   

FBS (foetal bovine serum): Invitrogen (10106-169). Stored at -20oC.  

J774a.1 cells: Isacke Lab Stocks 
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Penicillin/streptomycin: Stock solution stored at -20oC. (1L) benzylpenicillin sodium 12 

g, streptomycin sulphate 20 g (CSSD). 

Lewis Lung Carcinoma (LLC) cells: mouse lung carcinoma cell line derived from 

C57BL/6 mice. ATCC (CRL-1642). 

RPMI 1640 (Roswell Park Memorial Institute Medium): Thermo Fisher Scientific 

(22400089). 

Tissue culture plastics: All tissue culture plastics were purchased from Falcon.  

Trypsin/EDTA: (1L) NaCl 8 g, KCl 0.2 g, Na2HPO4 1.15 g, D-glucose 1 g, KH2PO4 0.2 

g, EDTA 0.2 g, Tris 3 g, phenol red (1%) 1.5 mL, trypsin (Difco 1:250) 0.5 g, 

streptomycin sulphate 0.1 g, benzylpenicillin 0,06 g (CSSD). Stored at -20oC.  

2.1.3 Flow cytometry 

Control beads: UltraComp eBeads. eBioscience (01-2222-42). 

Counting beads: 123count eBeads. Invitrogen (01-1234).  

DAPI: 4’6-diamidino-2-phenylindole, dihydrochloride. Invitrogen (D1306).  

FACS buffer: 1% FBS in PBS. Stored at 4oC. 

FACS tubes: Falcon (352058).  

Red blood cell lysing buffer: BD Pharma (555899). 

V-bottomed 96-well plates: Costar (3894). 

Table 2.1 Antibodies used for flow cytometry 

Antibody Species Source (Cat. No.) Dilution 

Anti-mouse CD4-PE Rat Biolegend (100408) 1:100 

Anti-mouse CD8-FITC Rat Biolegend (10076) 1:100 

Anti-human CD34-APC Mouse Biolegend (343608) 1:20 
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2.1.4 Immunostaining 

4% paraformaldehyde in PBS: Paraformaldehyde powder, Sigma (15812-7), was 

added to PBS to make a 4% weight/volume mixture and dissolved at 50oC on a heated 

stirrer. pH 7.4.  

Antigen retrieval solution: Dako target retrieval solution 10x concentrate, diluted to 1x 

working solution, Dako (S1699). 

Histoclear: Agar Scientific (A2-0105). 

Ethanol: 70, 90 & 100% solutions made from CSSD stocks. 

Hoechst: Life Technologies (H3570). 

Immunofluorescence buffer (IFF): 1% bovine serum albumin (BSA), 2% PBS sterilised 

using a 20 µm syringe filter. Stored at -20oC.  

Prolong Gold antifade reagent: Invitrogen (P36934).    

Steamer: Braun pressure steamer. 

Table 2.2 Antibodies used for immunofluorescent staining 

Antibody/Marker Species Source (Cat. No.) Dilution 

Anti-endosialin (3K2L) Rat Isacke Lab 1:500 

Anti-endosialin (P13) Rabbit Isacke Lab 1:500 

Anti-endomucin (V7C7) Rat Santa Cruz (sc-65495) 1:1000 

Anti-nucleophosmin Mouse Invitrogen (32-5200) 1:2000 

Alexa488 Anti-rabbit Goat Invitrogen (A11034) 1:1000 

Alexa555 Anti-rat Goat Invitrogen (A21434) 1:1000 

2.1.5 Western blotting 

4-15% Mini-PROTEAN TGX Precast Protein Gel, 10-well, 30 µL: Bio-Rad (4561083). 

Blocking buffer: 5% powdered milk in TBS-T (see below). Made fresh each use. 
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Enhanced chemiluminesence (ECL) substrate: Clarity Western ECL substrate. Bio-Rad 

(1705061). 

Methanol: VWR Chemicals (85650.320). 

Precision Plus Protein Dual Colour Standards: Bio-Rad (161-0374) 

Polyvinylidene difluoride (PVDF) membranes: Trans-blot Turbo mini-size LF PVDF 

membrane. Bio-Rad (1704274). 

Radioimmunoprecipitation assay buffer (RIPA) buffer: Sigma (R0278). Stored at -20°C. 

Sample buffer: 4x Laemmli sample buffer. Bio-Rad (161-0747). 

Trans-Blot Turbo Transfer Stacks: Bio-Rad (10026930). 

Tris-buffered saline (TBS): 136.9 mM NaCl, 5 mM KCl, 24.77 mM Tris Base (CSSD). 

TBS-T: TBS plus 0.05% Tween 20. 

Tween 20: Sigma (P7949).  

Table 2.3 Antibodies used for western blotting 

Antibody/Marker Species Source (Cat. No.) Dilution 

Anti-endosialin (3K2L) Rat Isacke Lab 1:500 

Anti-β-actin Mouse Sigma (A5441) 1:25000 

Anti-rat-HRP Goat Abcam (ab205720) 1:5000 

Anti-mouse-HRP Goat Abcam (ab205719) 1:2000 

2.1.6 RNA isolation and RTqpCR 

Buffer PKD: Qiagen (1034963). 

Nuclease-free water: Invitrogen (AM9938). 

Mastermix: Qiagen (201443). 

RNeasy FFPE kit: Qiagen (73504). 

Qiashredder columns: Qiagen (79656). 
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Quantitect kit: Qiagen (205311). 

Table 2.4 Taqman probes for RTqPCR (Applied Biosystems) 

Probe ID Gene Species Reporter 

Mm00547485 Cd248 Mouse FAM 

Mm01201237 Ubc Mouse FAM 

Mm00437762 B2m Mouse FAM 

2.1.7 ELISA 

Mouse IL-6 ELISA Kit: Abcam (100712). 

Mouse IFN-γ ELISA Kit: Abcam (100689). 

2.1.8 Cytotoxicity assays 

Cyto Tox 96 non-radioactive cytotoxicity assay kit: Promega (G1780). 

2.1.9 Generation of Endo3 CAR and Mock T-cells 

β-mercaptoethanol: Gibco (31350-010). 

BALB/c splenocytes: Isolated from the spleens of 8-10 week old female BALB/c mice. 

Blocking buffer: 2% BSA in PBS. Stored at 4oC. 

C57BL/6 splenocytes: Isolated from the spleens of 8-10 week old C57BL/6 mice. 

Cell strainer (100 µm): Falcon (352360).  

Concanavalin A: Sigma (555899). 

Endo3 CAR plasmid: Designed and generated by Dr Steven Lee and colleagues using 

the MP71 plasmid backbone transferred from The Institute of Experimental Hematology 

at Hannover Medical School.  

Ficoll Paque: GE Healthcare Biosciences (17-5446-02).   

Fugene6 Transfection Reagent: Promega (E2691). 

Mouse interleukin-2 (mIL-2): Abcam (ab9856).  
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Mouse interleukin-7 (mIL-7): Peprotech (217-17). 

Non-TC treated plates: Falcon (353046) 

OptiMEM Reduced Serum Media: Thermo Fisher Scientific (31985062). 

pCL-eco plasmid: Packaging plasmid for pCL retroviruses. Gifted by Dr Steven Lee.  

Phoenix E cells: Human embryonic retroviral packaging cells. Gifted by Dr Steven Lee. 

RetroNectin reagent: Diluted in PBS to a final concentration of 30 µg/mL. Takara 

(T100B). Used for a maximum of 4 freeze/thaw cycles. 

2.1.10 In vivo studies  

Angiosense 750: Perkin Elmer (NEV10011). 

Anti-IL-6R (15A7): BioXcell (BE0047, lot 677718M2). 

BALB/c mice (WT): 8-10 week old, female BALB/c mice purchased from Charles River. 

BALB/c mice (Cd248-/-): 8-10 week old, female Cd248-/-(Nanda et al. 2006) mice 

backcrossed for >6 generations onto a BALB/c background and housed at Charles 

River. 

Biopsy punch (6 mm): Medisave (BI2000). 

C57BL/6 (WT): 8-10 week old, female C57BL/6 mice purchased from Charles River. 

C57BL/6 mice (Cd248-/-): 8-10 week old, Cd248-/-(Nanda et al. 2006) mice backcrossed 

for >6 generations onto a C57BL/6 background and housed at Charles River. 

Cellstor pots: 60 mL 10% neutral buffered formalin. CellPath (BAF-6000-08A). 

Cyclophosphamide: Sigma (C3250000). 

Endo3 CAR T-cells and mock transduced T-cells: Generated as described in Section 

2.2.6. 

Isotype control mAb (LTF2): BioXcell (BE0090, lot 707119J1) 

Lithium-heparin blood collection tubes: BD Biosciences (365966). 
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Matrigel: Growth factor reduced. Corning (356231). 

NOD scid gamma (NSG) mice: 8-10 week old, female NSG mice purchased from 

Charles River. 

X-ray irradiation machine: AGO (HS MP1 controller, HS 320 cabinet). 

2.2 Methods 

2.2.1 Cell culture 

Cell culture. Adherent cells were cultured at 37oC in a tissue culture incubator with 

humidified air, supplemented with 5% CO2. Cells were cultured in DMEM supplemented 

with 10% FBS and 0.5% penicillin/streptomycin, unless otherwise stated. Cells were 

cultured in tissue culture flasks and passaged when 80-90% confluent.  

T-cell culture: T-cells were cultured at 37oC in a tissue culture incubator with humidified 

air, supplemented with 5% CO2. T-cells were cultured in RPMI, supplemented with 10% 

FBS and 0.5% penicillin/streptomycin  

Frozen storage of cells. Adherent cells were detached from flasks using trypsin/EDTA, 

resuspended in culture medium and pelleted by centrifugation at 700g for 5 min. T-cells 

were pelleted by centrifugation at 700g for 4 min. Cells were resuspended in freezing 

medium and 1 mL of cell suspension was added to cryovials. Vials were placed at -80oC 

for at least 24 h before transfer to liquid nitrogen for long-term storage. 

2.2.2 Western blotting 

Cell were lysed on ice in 50-100 µL RIPA buffer for 30 min before being centrifuged in 

an Eppendorf microfuge at 13,200 rpm for 30 min at 4oC. Supernatants were transferred 

to a new tube and sonicated for 2 x cycles of 30 seconds. Protein concentrations were 

measured using a using a Direct Detect Infrared Spectrometer. 10-30 µg of protein per 

sample was diluted in sample buffer and sampled were boiled at 95oC for 5 min. 
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Separation was performed according to manufacturer’s instructions on a 4-15% Mini-

PROTEAN TGX Precast Protein Gel and transferred on to a methanol washed PVDF 

membrane using a Protean 3 Transblot machine. The membrane was blocked in 

blocking buffer for 1 h and probed with primary antibody overnight at 4oC followed by an 

HRP-conjugated secondary antibody for 1 h at RT at specified dilutions (Table 2.3) in 

blocking buffer. Membranes were developed in ECL solution for 3 min and visualised 

using a ChemiDoc MP Imaging System.  

2.2.3 In vivo studies  

All in vivo studies were performed under UK Home Office Project License P6AB1448A 

granted under the Animals (Scientific Procedures) Act 1986. All studies were performed 

at The Institute of Cancer Research (Establishment Licence, X702B0E74 70/2902). 

Ethical permission was granted by the Institute of Cancer Research "Animal Welfare and 

Ethical Review Body" (AWERB). Animals were housed in IVC type cages which are run 

under negative airflow. Mice were housed in groups of 2-5, had food and water ad libitum 

and monitored daily by ICR Biological Services Unit staff. Animal holding rooms were 

maintained at a temperature of 21oC ± 2oC, a humidity of 55% ± 10% and on a 12 h light, 

12 h dark cycle, as recommended by the Home Office Code of Practice. In all cases, 

animals were culled if the primary tumour reached a mean diameter of >17 mm and 

before the maximum allowable mean diameter of 18 mm was reached or if signs of ill 

health were close to limits (see health scoring criteria below). 

Tumour growth studies: 8-10 week old wild-type (Charles River, UK) female BALB/c, 

NSG or C57BL/6 mice were inoculated subcutaneously on the flank with 4T1-Luc or AT-

3 cells (2.5 x 105) in PBS. Tumour volume and body weight was measured bi-weekly 

following tumour cell inoculation. 4T1 tumour-bearing mice were sacrificed 13-20 days 

post-tumour cell injection and AT-3 tumour-bearing mice were sacrificed 16-21 days 

post-tumour cell injection.  
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Validation of lymphodepletion strategies: Wild-type BALB/c or C57BL/6 mice were 

subjected to 5 Gy x-ray or caesium whole-body irradiation or BALB/c mice were 

administered with 150 mg/kg cyclophosphamide via intraperitoneal injection. 24 h later, 

mice were bled via the tail vein and venous blood was analysed via flow cytometry for 

lymphocyte populations.   

In vivo characterisation of anti-IL-6R (15A7): 8-10 week old wild-type (Charles River, UK) 

female BALB/c mice were inoculated subcutaneously on the flank with 4T1-Luc cells (2.5 

x 105) in PBS. Tumour volume and body weight was measured bi-weekly following 

tumour cell inoculation. Mice were administered with 25 mg/kg anti-IL-6R (15A7) or 

isotype control (LTF2) mAb via intraperitoneal injection on day 12 post-tumour cell 

injection and with 12.5 mg/kg/day on days 13-17 post-tumour cell injection. Mice were 

sacrificed 22 days post-tumour cell inoculation. 

Wound healing immunotherapy studies: 8-10 week old wild-type (Charles River, UK) 

female BALB/c mice were given 6 mm punch wounds through the dorso-lateral skin and 

wounds were allowed 4 days to begin healing. Mice were subjected to 5 Gy caesium 

irradiation 18 h before being injected via the tail vein with 2.5 x 106 Endo3 CAR T-cells 

or HBSS vehicle alone. Mice were provided with Dietgel from the before day T-cell 

injection to study termination. Circulating CAR T-cell numbers were monitored via tail 

vein bleeding 7 days post-T-cell infusion, during which up to 100 µL of blood was 

collected, immediately heparinised and kept on ice for up to 1 h. Mice were sacrificed 10 

days post-T-cell injection and wounded skin and control non-wounded skin was collected 

and formalin fixed. 

Tumour directed CAR T-cell-studies: 8-10 week old wild-type (Charles River, UK) or 

Cd248-/-female BALB/c, C57BL/6 or NOD scid gamma (NSG) mice were inoculated 

subcutaneously on the flank with 4T1-Luc cells (2.5 x 105 in PBS), AT-3 cells (2.5 x 105 

in PBS), LLC cells (5 x 105 in 50:50 PBS:Matrigel) or left tumour-naïve. Tumour volume 
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and body weight was measured bi-weekly following tumour cell inoculation. After 10-12 

days (4T1), 14 days (LLC) or 16 days (AT-3) mice were sorted into groups with 

comparable tumour burden. Tumour-bearing BALB/c and C57BL/6 mice received 4-5 Gy 

total body x-ray or caesium irradiation. NSG mice were not irradiated. Where stated, 

mice were given Dietgel and daily intraperitoneal hydration injections of 200-400 µL 

water thereafter. After 18 h, mice were injected via the tail vein with 2.5-7.5 x 106 

transduced Endo3 CAR T-cells or mock-transduced T-cells. Where stated, mice were 

given an intraperitoneal injection of 25 mg/kg anti-IL-6R (15A7) or isotype control (LTF2) 

mAb the day before T-cell injection and 12.5 mg/kg of the same mAb on the day of T-

cell injection and days 1-7 post-T-cell injection. Circulating CAR T-cell numbers were 

monitored via tail vein bleeding at stated time points following T-cell infusion, during 

which up to 100 µL of blood was collected, immediately heparinised and kept on ice for 

up to 1 h. Where stated, a subset of animals were injected via the tail vein with 150 µL 

AngioSense 750 fluorescent imaging agent 6 days post-T-cell injection and subjected to 

IVIS imaging at 750/780nm 24 h later. At necropsy, blood was collected via cardiac 

puncture, immediately heparinised and kept on ice for up to 1 h. Blood samples were 

centrifuged in an Eppendorf microfuge at 13,200 rpm for 3 min and the serum 

supernatant was collected and stored at -80oC. Lungs were removed, inflated with 

formalin, formalin-fixed and paraffin-embedded. Primary tumours were removed, 

weighed ex vivo and isolated tissues were formalin-fixed. Other organs were also 

collected and formalin-fixed. 

Health scoring criteria: In CAR T-cell experiments animals were given a health score 

based on behaviour and appearance. These are defined in Table 2.5. 
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Table 2.5 Mouse health scoring criteria 

Health score  Definition 

0 Healthy, no signs of ill health 

-1 Some evidence of piloerection, behaviour normal 

-2 Obvious piloerection and some weight loss, behaviour normal 

-3 Obvious piloerection, some weight loss and subdued behaviour 
(hunching, squinting, malaise) Close to licence threshold and 
require culling. 

Tumour growth rate calculation: The rate of growth for each individual tumour was 

calculated by plotting log(tumour volume) over time and performing a simple linear 

regression analysis, where the slope value represents the rate of growth (Karp et al. 

2020). 

2.2.4 Histology  

Formalin-fixed tissues were embedded in paraffin wax and 3-4 μm sections were cut by 

the Breast Cancer Now (BCN) Histopathology facility. Lung metastasis and primary 

tumour necrosis was quantified manually from H&E stained sections provided by the 

BCN Histopathology facility.     

2.2.5 Immunostaining  

Cells were plated on 13 mm glass coverslips and cultured for at least 24 h prior to fixation 

in 4% paraformaldehyde for 30 min. Formalin-fixed, paraffin-embedded (FFPE) sections 

were deparaffinised, re-hydrated via immersion in a gradient of ethanol solutions (100-

70%) followed by immersion in water and antigen retrieved in DAKO antigen retrieval 

solution in a pressure cooker for 30 min. Sections were allowed to cool for 30 min. 

Coverslips or antigen-retrieved sections were washed twice with PBS and once with IFF. 

Coverslips or sections were then incubated with primary antibody at a specified dilution 

in IFF (Table 2.2) for 40 min at room temperature or at 4oC overnight, respectively. 

Coverslips or sections were washed 3 x 5 min with PBS before being incubated with the 
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appropriate conjugated secondary antibody in IFF for 40 min at room temperature. 

Coverslips/sections were washed 3 x 5 min with PBS containing Hoechst (1:10,000) or 

DAPI (1:10,000) before being rinsed in PBS and mounted with Prolong Gold reagent. 

Low power images were obtained from Hamamatsu NanoZoomer scans, high power 

images were obtained with a Leica SP8 confocal microscope.  

Quantification of endosialin-positive and endomucin-positive tissue area: ImageJ 

software was used to determine the endosialin-positive area of tissue sections stained 

for endosialin using a secondary antibody conjugated to Alexa 488 by colour thresholding 

in the hue range of 74-109 and saturation 0-255. Endomucin-positive area of tissue 

sections stained for endomucin using a secondary antibody conjugated to Alexa 555 was 

determined by colour thresholding in the hue range 20-50 and saturation 0-255. 

Brightness was set based on the mock controls of the image set. Only viable tissue areas 

were quantified. Percent positive area was calculated as (endosialin-positive area/total 

tumour area) x 100. 

2.2.6 Generation of Endo3 CAR and Mock T-cells 

Generation of retrovirus-containing and mock supernatants: Phoenix E cells were 

seeded into 175 cm2 flasks at a density of 1 x 107 cells in antibiotic-free DMEM 

supplemented with 10% FCS and incubated for 24 h at 37oC. Each 175 cm2 flask was 

transfected with 12 µg of Endo3 plasmid DNA, 12 µg of pCL-eco plasmid DNA, 120 µL 

Fugene6 transfection reagent and 3480 µL OptiMEM Reduced Serum Media in 13 mL 

antibiotic-free DMEM, prior to incubation at 37oC. Mock transduction was performed 

using OptiMEM alone. After 18 h media was changed for 21 mL of fresh antibiotic-free 

DMEM and flasks were incubated for a further 24 h at 37oC. Retrovirus-containing and 

mock phoenix E supernatants were harvested, passed through a 45 µm filter and 

centrifuged at 400g for 5 min to remove any contaminating phoenix E cells.  
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Isolation and activation of mouse splenocytes: 8-10 week old female BALB/c or C57BL/6 

mice were culled and spleens were removed and placed in sterile bijoux vials containing 

5 mL T-cell media. Cells were harvested by passing each spleen through at 100 µm cell 

strainer and washed in RPMI. Cells were resuspended in 10 mL red blood cell lysis buffer 

and incubated for 4 min at room temperature. Cells were washed in T-cell media, 

counted and adjusted to a concentration of 3 x 106 cells/mL. Concanavalin A and mIL-7 

were added to activate the T-cells at a final concentration of 2 µg/mL and 1 ng/mL, 

respectively. Additionally, 50 µM 2-mercaptoethanol was added to splenocytes and cells 

were incubated at 37oC for 48 h, with 2-mercaptoethanol being added again at 24 h.  

Transduction of mouse splenocytes: Non-tissue culture treated 6-well plates were coated 

with 2 mL 30 µg/mL RetroNectin reagent for 3 h at room temperature or overnight at 4oC. 

Plates were blocked for 30 min with 2 mL 2% BSA/PBS solution and washed with 4 

mL/well PBS. Plates were then centrifuged with 2 mL/well retrovirus-containing or mock 

supernatants at 2000g at 32oC for 2 h. Supernatants were removed and wells washed 

with PBS. Splenocytes were added to wells at a concentration of 1 x 106 cells/mL to a 

total density of 3-3.5 x 106 cells/well, in T-cell media containing 100 U/mL mIL-2. Plates 

were centrifuged at 700g for 5 min followed by a 24 h incubation at 37oC. Cells were then 

collected and purified using a Ficoll Paque density gradient, washed in T-cell media and 

frozen in freezing media. T-cells were kept at -80oC for a minimum of 24 h before being 

transferred to liquid nitrogen storage. Cryopreserved T-cells were used for all in vitro and 

in vivo experiments. 

2.2.7 Flow cytometry  

For analysis of transduced Endo3 CAR T-cells, 2.5-5 x 105 Endo3 CAR or Mock T-cells 

were plated into 96-well v-bottom plates. For analysis of circulating Endo3 CAR T-cells 

in mouse blood samples, up to 30 µL of whole tail vein blood was plated into 96-well v-

bottom plates and red blood cells were lysed in 200 µL red blood cell lysis buffer for 4 
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min at 37oC for two cycles. All samples were washed once in 200 µL FACS buffer before 

being incubated at 4oC for 30 min with directly conjugated antibodies against CD4, CD8 

and human CD34 at specified dilutions in FACS buffer (Table 2.1), or in FACS buffer 

alone. Fluorescence minus one (FMO) controls were created by abrogating a single 

antibody. Compensation controls were prepared simultaneously by adding 1 μL of each 

antibody to a drop of control beads. Samples were washed in FACS buffer and stained 

with DAPI (1:10,000) or FACS buffer alone at 4oC for 5-10 min. A final wash in FACS 

buffer was performed before samples were transferred to FACS tubes containing 300 μL 

FACS buffer. Finally, 50 μL counting beads were added to each tube and samples were 

analysed using a BD LSR II flow cytometer. Data analysis was performed using Flow Jo 

v10 software. Absolute cell counts were calculated as follows: absolute count (cells/mL) 

= [(cell count x counting bead volume)/(counting bead count x cell volume) x counting 

bead concentration] x 1000. 

2.2.8 RNA extraction and RTqPCR analysis 

RNA was extracted from FFPE tumour sections using the RNeasy FFPE kit. Briefly, 

sections were deparaffinised and scraped into 75 µL Buffer PKD and mixed by vortexing. 

Two sections were combined to give a total of two sections in 150 µL Buffer PKD. RNA 

was then extracted according to RNeasy FFPE kit instructions. RNA was eluted in 30 µL 

nuclease-free water, and the RNA concentration was determined using the Nanodrop-

8000 spectrophotometer. cDNA was produced by reverse transcribing 500 ng of RNA 

using the Qiagen Quantitect kit, according to the manufacturer’s instructions. 

Quantitative PCR reactions were performed on the Applied Biosystems QuantStudio6 

Real-time PCR system using 11.25 ng cDNA in 4.5 µL volume, 5 µL 2x qPCR mastermix 

and 0.5 µL Taqman Gene Expression Assay probes for mouse endosialin or 

housekeeping controls (Table 2.4), with all reactions being performed in triplicate. 

Relative quantification was achieved using the QuantStudio6-Flex Real-time PCR 
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software with the endogenous controls Ubc and B2m used to perform normalisation, and 

all expression data was normalised to highest mock T-cell treated control.  

2.2.9 Cell viability assays 

To assess Endo3 CAR T-cell efficacy, target cells and T-cells were cultured alone or at 

defined effector:target ratios in co-culture in T-cell media or DMEM (target cells alone) 

for 18-84 h in 96-well plates. T-cells were removed with 3 cycles of PBS washes before 

80 µL of T-cell media with 20 µL of CellTiter-Glo reagent was added to each well. Plates 

were agitated gently for 5 min at room temperature before luminescence was read at 

450nm on a Victor X machine. The average read-out from target cells cultured alone was 

defined as 100% viability. Viability of target cells from co-cultures was calculated per well 

as follows: [(value for target cells from co-culture/average target cell alone) *100]. 

2.2.10 Enzyme-linked immunosorbent assay (ELISA)  

All reagents, samples and standards were prepared and assayed according to the 

manufacturer’s instructions. Briefly, samples and standards were incubated on the assay 

plate for 2.5 h at room temperature, 1x biotinylated IL-6 or IFN-γ detection antibody was 

added for 1 h at room temperature, followed by 1x HRP-streptavidin for 45 min at room 

temperature and finally TMB One-Step Substrate Reagent for 30 min at room 

temperature in the dark. Wash steps were performed in between each reagent. The 

reaction was stopped with Stop Solution and absorbance per well was read immediately 

at 450 nm on a Victor X machine.  

2.2.11 Cytotoxicity assays 

T-cell cytotoxicity was determined by measuring lactate dehydrogenase (LDH) 

concentration in the supernatants of T-cell-target cell co-cultures using the Cyto Tox 96 

non-radioactive cytotoxicity assay according to manufacturer’s instructions. Briefly, T-



Chapter 2 Materials and Methods 
 

130 
 

cells and target cells were co-cultured in 96-well plates at defined effector:target cell 

ratios in T-cell media for 24-84 h. Control wells containing T-cells or target cells alone 

were used to determine the spontaneous LDH release of effector and target cells alone. 

Additional control wells containing target cells alone were treated with lysis solution 45 

min prior to measurement of LDH to determine the maximum LDH release of target cells. 

Wells containing T-cell media alone or T-cell media plus lysis solution were used to 

determine assay background. To determine LDH concentration, 50 µL supernatant was 

transferred to a new 96-well plate and 50 µL of Cyto Tox 96 reagent was added to each 

well. Plates were incubated at room temperature whilst being protected from light and 

after 30 min 50 µL of stop solution was added to each well. Absorbance was immediately 

read at 490 nm on a Victor X machine. Percent cytotoxicity was calculated as follows: % 

cytotoxicity = [(experimental – effector spontaneous – target spontaneous)/(target 

maximum-target spontaneous)] x 100.  

2.2.12 Statistical analysis  

Statistics were performed using GraphPad Prism 8 or 9 software. Unless otherwise 

stated, all comparisons between two groups were made using two-tailed, unpaired 

Student’s t-test. If the analysis did not pass normality testing (Shapiro-Wilk test), groups 

were analysed by Mann-Whitney U-test. When more than two groups were compared, 

one-way ANOVA analysis was performed with Tukey's test for multiple comparisons. If 

the analysis did not pass normality testing (Shapiro-Wilk test), groups were analysed by 

Kruskal-Wallis test with Dunn’s test for multiple comparisons. If multiple groups with a 

second variable were compared e.g. tumour-bearing or tumour-naïve, a two-way 

ANOVA followed by Sidak post-hoc testing was performed. If multiple groups with a 

second and third variable were compared e.g. tumour-bearing or tumour-naïve, Cd248WT 

or CD248KO, a three-way ANOVA followed by Tukey’s test for multiple comparisons was 

performed.   
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Chapter 3 Generation of Endo3 CAR T-cells and validation 

of endosialin as a CAR T-cell target 

3.1   Introduction  

CAR T-cell therapy has delivered striking results in the treatment of haematological 

cancers such as B-cell malignancies and ALL (Maude et al. 2018; Locke et al. 2019). 

However, to date, treatment of solid tumours with CAR T-cells has proven challenging, 

as discussed in Chapter 1.4.5. An alternative approach to targeting the tumour cells of 

solid cancers is to target the cells of the TME. This approach circumvents the need for 

CAR T-cells to penetrate deep within the tumour, thus removing some of the physical 

barriers that the CAR T-cells must navigate. To date, several CAR T-cells targeting 

antigens of the TME have been developed, including CAR T-cells against FAP, VEGFR-

2 and TEM8, with mixed results in vivo that have yet to translate into clinical efficacy 

(Chinnasamy et al. 2010; Kakarla et al. 2013; Schuberth et al. 2013; Tran et al. 2013; 

Wang et al. 2014; Byrd et al. 2018).   

The transmembrane glycoprotein endosialin (CD248) has been reported, by our 

laboratory and others, to be expressed at low levels in normal adult tissues (Rupp et al. 

2006; MacFadyen et al. 2007). However, in multiple solid tumours, including breast 

cancer and glioblastoma, endosialin is upregulated on tumour-associated pericytes and 

fibroblasts (Rettig et al. 1988; MacFadyen et al. 2005; Rouleau et al. 2008; Simonavicius 

et al. 2008). Further, by comparing endosialin wild-type (Cd248WT) and knock-out 

(Cd248KO) mice, our laboratory has previously demonstrated that stromal endosialin 

expression in breast cancer is required for efficient metastatic dissemination (Viski et al. 

2016). These characteristics identify endosialin as a promising antigen for targeted CAR 

T-cell therapy.  
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This Chapter provides validation of endosialin as a CAR T-cell target and evaluates the 

use of syngeneic mouse models of breast cancer for preclinical testing of endosialin-

targeting Endo3 CAR T-cells.   

3.2   Results 

Prior to the start of this project, the mAb 3K2L was generated by immunising rats 

with an Fc construct containing the mouse endosialin N-terminal globular domains 

(MacFadyen et al. 2007; Simonavicius et al. 2012). Based on mAb 3K2L, the laboratory 

of Dr Steven Lee (University of Birmingham) generated the Endo3 CAR construct 

described below and produced the initial Endo3 and mock transfected BALB/c and 

C57BL/6 CAR T-cells for use in this project. T-cells were frozen, transferred to the ICR 

by dry ice transportation and immediately stored in liquid nitrogen until use in vivo. 

3.2.1 mAb 3K2L recognises mouse and human endosialin 

In the clinic, CAR T-cell therapy may be associated with adverse events, with the 

most common manifestations being CRS and neurotoxicity, as discussed in Chapter 

1.4.4. Because of this, assessing the toxicity profile of CAR T-cells in an 

immunocompetent setting at the preclinical level is important. Further, it is challenging to 

identify a truly tumour-specific antigen in the context of solid tumours, therefore it is also 

important to evaluate potential on-target, off-tumour toxicities for a given CAR T-cell 

target.  

In this thesis, Endo3 CAR T-cell therapy is evaluated in the context of three 

syngeneic immunocompetent models of mouse cancer: 4T1 tumours in BALB/c mice 

and AT-3 or LLC tumours in C57BL/6 mice. In the syngeneic setting all cells, both normal 

and cancerous, are of mouse origin and thus the CAR T-cell therapy under evaluation 

must recognise its target antigen in the mouse form.  
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To confirm the specificity of mAb 3K2L, of which the scFv portion is utilised in the 

Endo3 CAR construct, mouse pericyte-like 10T½ cells were subjected to western blot 

analysis (Figure 3.1A) and immunostaining (Figure 3.1 B). Mouse 4T1 and AT-3 tumour 

cells and human MRC5 fibroblast and MCF7 tumour cells were also analysed via both 

methods to (a) confirm endosialin expression was absent on tumour cells and (b) 

determine if 3K2L was also able to recognise human endosialin. As expected, 3K2L 

successfully recognises mouse endosialin on 10T½ cells and indeed also recognises 

human endosialin on MRC5 fibroblasts. Both 4T1 and MCF7 tumours cells are found to 

be endosialin-negative, as expected, however a sub-population of AT-3 cells 

demonstrate endosialin-positive immunostaining in vitro. This population is, however, 

sparse and western blot analysis reveals minimal detection of endosialin protein in AT-3 

lysates when compared to 10T½ or MRC5 cells.   

      

Figure 3. 1 mAb 3K2L recognises mouse and human endosialin  

(A) Mouse 10T½, 4T1 and AT-3 and human MRC5 and MCF7 cell lysates were resolved 

by SDS-PAGE under non-reducing conditions and subject to western blotting with the 

anti-endosialin mAb 3K2L, followed by HRP-conjugated anti-rat Ig. β-actin was detected 

as a loading control. (B) Confocal images of fixed cells stained for endosialin with the 

mAb 3K2L (green). Nuclei were counterstained with Hoechst (blue). Representative 

images are shown. Scale bar = 125 µm.   
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3.2.2 Endo3 CAR is transduced with high efficiency into mouse T-cells 

Second generation CAR T-cells have irrefutably been shown to have superior 

characteristics when compared to first generation CAR T-cells (Finney et al. 1998; 

Krause et al. 1998; Finney et al. 2004; Brentjens et al. 2007; Milone et al. 2009), with 

third generation CAR T-cells demonstrating little additional benefit to those of the second 

generation (Till et al. 2012; Gomes da Silva et al. 2016; Enblad et al. 2018) (see Chapter 

1.4.2.1). Our collaborators, Dr Steven Lee and colleagues, developed a second 

generation endosialin-targeting CAR T-cell, utilising the scFv portion of the endosialin-

specific rat mAb 3K2L (MacFadyen et al. 2007; Simonavicius et al. 2012). The CAR 

portion of the Endo3 CAR construct contains a signal peptide, the scFv portion of mAb 

3K2L, a linker region and the signalling domains of the human co-stimulatory molecule 

CD28 and the human T-cell receptor molecule CD3ζ. The construct also contains a 

truncated version of human CD34 (hCD34) alongside a 2a self-cleaving peptide (Figure 

3.2). This allows the simultaneous expression of truncated hCD34 alongside the Endo3 

CAR, which facilitates the identification of Endo3 CAR T-cells within mouse samples. 

Initial studies carried out in Dr Steven Lee's laboratory demonstrated that the 

Endo3 CAR construct could be successfully transduced into mouse and human T-cells. 

In this thesis, early in vivo studies were performed using BALB/c or C57BL/6 Endo3 CAR 

T-cells and mock transduced T-cells generated by our collaborators, however later 

studies utilise T-cells that I generated in our laboratory. In both laboratories, Endo3 CAR 

T-cells were successfully generated (Figure 3.3A,B) with a consistently high transduction 

efficiency (>80%) in both BALB/c and C57BL/6 T-cells (Figure 3.4). As will be indicated 

in relevant sections of this thesis, Endo3 CAR T-cells produced in Birmingham and at 

the ICR behave comparably in the experiments performed during this PhD (see Chapter 

4). 
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Figure 3. 2 Endo3 CAR construct    

Diagram of the Endo3 CAR construct. 

The Endo3 CAR contains a signal peptide, the single-chain variable fragment (scFv) 

portion of the rat anti-endosialin mAb 3K2L, a linker, the cytoplasmic domains of the 

human co-stimulatory molecule CD28 and the human T-cell receptor molecule CD3ζ. 

The construct also contains truncated human CD34 co-expressed via a 2a self-cleaving 

peptide to allow identification in mouse samples. 

3.2.3 Endosialin is upregulated in tumour tissue compared to normal tissues  

An important consideration when evaluating CAR T-cell therapies is whether the 

target antigen of the CAR T-cells is expressed on cells of the normal tissues. On-target, 

off-tumour toxicities may result in clinical complications, and in severe cases, patient 

morbidity, as observed after patient transfusion with HER2-targeting CAR T-cells due to 

on-target, off-tumour targeting of lung epithelial cells (Morgan et al. 2010). 
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Figure 3. 3 Transduction of Endo3 CAR construct into BALB/c and C57BL/6 T-

cells  

Mock and Endo3 CAR transduced T-cell populations produced by (A) Dr Steve Lee and 

colleagues and (B) as part of this PhD project at the ICR, were analysed in the respective 

institutes by flow cytometry to evaluate Endo3 CAR transduction efficiency. Forward 

scatter area (FSC-A) and side scatter area (SSC-A) were used to gate out debris. FSC-

A and forward scatter height (FSC-H) were used to gate out doublets. DAPI was used to 

gate out dead cells. The resulting live single cells were visualised in FITC (CD8) and PE 

(CD4) channels to identify CD8+ and CD4+ T-cells. CD4+ and CD8+ T-cells were 

subsequently visualised in the APC (hCD34) channel to identify hCD34+ Endo3 CAR T-

cells and to confirm the absence of hCD34 in mock transduced T-cells.  
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Figure 3. 4 Transduction efficiency of Endo3 CAR construct into BALB/c and 

C57BL/6 derived T-cells  

BALB/c or C57BL/6 Endo3 CAR T-cell populations were determined using the gating 

strategy shown in Figure 3.3. Each data point represents the transduction efficiency of 

a single batch of T-cells (100-250 x 106 Endo3 CAR T-cells produced per batch). Red 

and pink data points represent Endo3 CAR T-cells generated at the ICR as part of this 

thesis. Grey data points represent Endo3 CAR T-cells generated by Steven Lee and 

colleagues at the University of Birmingham. Data shows mean ± SEM. Unpaired 

Student’s t-test.  

Consequently, the expression pattern of endosialin in the normal tissues of BALB/c 

(Figure 3.5) and C57BL/6 (Figure 3.6) mice was explored. In both strains, endosialin-

positive cells are observed in the skin, brain, adipose tissue, the bladder, connective 

tissue of the lungs and stomach and in the heart muscle wall. As expected, and as 

previously reported by our laboratory and others, high levels of endosialin expression 

are observed on CAFs and pericytes closely associated with endomucin-positive 

endothelial cells, but not the endothelial cells or tumour cells within AT-3 and 4T1 

tumours grown in C57BL/6 and BALB/c mice, respectively (Figure 3.7). 4T1 tumours 

were also grown in NSG mice for experiments described in Chapter 7 and the 

restricted pattern of tumour-associated endosialin expression is the same as in 4T1 

tumours in immunocompetent mice (Figure 3.7). Of note, the architecture of the AT-3 

and 4T1 tumours is distinct with AT-3 tumours containing tumour nests with few 

infiltrating CAFs surrounded by a well-established vasculature while 4T1 tumours 
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display a more disorganised vasculature and abundant infiltrating CAFs. Direct 

comparison of endosialin expression in the normal BALB/c skin and subcutaneous 4T1 

tumour tissue reveals endosialin-positive fibroblasts in both tissues, however a strongly 

increased endosialin level in the cells associated with the endomucin-positive 

vasculature is observed in 4T1 tumours (Figure 3.8). 

Taken together, these results confirm previous reports that endosialin is 

upregulated in and around the tumour tissue in mouse mammary cancers (MacFadyen 

et al. 2005). However, low levels of endosialin expression in some normal tissue could 

still result in on-target, off-tumour toxicity associated with Endo3 CAR T-cell therapy, 

therefore these organs were monitored closely in all in vivo experiments during this PhD. 
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Figure 3. 5 Endosialin expression in the healthy, adult BALB/c mouse 

Tissues from 8 week old, non-tumour bearing BALB/c mice (n=2) were formalin-fixed, 

paraffin-embedded (FFPE). Tissue sections were stained for endosialin (green). Nuclei 

were counterstained with DAPI (blue). Slides were scanned on a Hamamatsu 

NanoZoomer. Representative images from the same mouse are shown. Scale bars = 

500 µm (skin 2x higher magnification than all other tissues).  
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Figure 3. 6 Endosialin expression in the healthy, adult C57BL/6 mouse 

Tissues from 8 week old, non-tumour bearing C57BL/6 mice (n=2) were formalin-fixed, 

paraffin-embedded (FFPE). Tissue sections were stained for endosialin (green). Nuclei 

were counterstained with DAPI (blue). Slides were scanned on a Hamamatsu 

NanoZoomer. Representative images from the same mouse are shown. Scale bars = 

500 µm (skin 2x higher magnification than all other tissues).  
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Figure 3. 7 Endosialin expression in syngeneic mouse models of breast cancer 

Immunostaining of an AT-3 tumour grown for 29 days in a C57BL/6 mouse (left), a 4T1 

tumour grown for 15 days in a BALB/c mouse (centre) and a 4T1 tumour grown for 13 

days in an NSG mouse (right). Tumour cells were injected at a density of 2.5 x 105 cells.  

All mice were aged 8-10 weeks at the time of tumour cell injection. Confocal images of 

formalin-fixed, paraffin-embedded (FFPE) sections stained for endosialin (green) and the 

endothelial cell marker endomucin (red). Nuclei were counterstained with DAPI (blue). 

Representative images of n=3 tumours per group are shown. Scale bar = 250 µm. 

              

Figure 3. 8 Direct comparison of endosialin expression in normal skin and 4T1 

tumour tissue 

Skin from a non-tumour bearing 8-10 week old BALB/c mouse (left) and a 4T1 tumour 

grown in an age-matched BALB/c mouse (right) were formalin-fixed, paraffin embedded 

(FFPE). Tissues were stained for endosialin (green) and endomucin (red). Nuclei were 

counterstained with DAPI (blue). Slides were scanned on a Hamamatsu NanoZoomer. 

Representative images of n=3 mice per group are shown. Scale bar = 250 µm. 
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3.2.4 Endosialin expression in human breast cancer 

To address the clinical relevance of the findings in this Chapter, the expression 

of endosialin in human breast cancer stroma was explored. Staining of a human invasive 

breast cancer microarray, carried out previously in our laboratory, reveals endosialin 

expression on perivascular cells in 184 out of 219 (84%) and on CAFs in 147 (67%) of 

the cores, with no expression on tumour cells apart from rare metaplastic tumours 

(Figure 3.9A). This finding is further supported by single cell sequencing data performed 

by Wu and colleagues (Wu et al. 2021) of a primary breast cancer dissociated into distinct 

cell types, which shows endosialin (CD248) expression is largely restricted to the 

perivascular cells and CAFs with no expression on tumour cells or other stromal 

components (Figure 3.9B). Comparison of endosialin expression in microdissected 

breast tumour stroma and normal adjacent breast tissue stroma, carried out by Finak 

and colleagues (Finak et al. 2008), demonstrates significantly higher levels of CD248 

mRNA in the tumour stroma (Figure 3.9C), further supporting previous findings that 

endosialin is expressed at low levels in healthy adult tissue, but upregulated in the 

tumour stroma. Importantly, single cell sequencing data, accessed via the Human 

Protein Atlas, of normal breast, skin and adipose tissue reveals low levels of endosialin 

expression on pericytes in these tissues. The pericyte markers NG2, desmin and α-SMA 

were used to identify pericyte populations within the determined clusters. It must be 

noted however, that higher levels of endosialin expression are found on fibroblasts in 

these tissues, with fibuliln-1, collagen, type 1, alpha 1 and lysyl oxidase homolog 1 being 

used to identify fibroblast populations within the determined clusters (Figure 3.10).  

Taken together, these data provide further evidence of upregulated endosialin 

expression in the tumour stroma, especially on the perivascular cells, and support the 

clinical relevance of endosialin as a CAR T-cell target.  
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Figure 3. 9 Endosialin expression in human breast cancer 

(A) Formalin-fixed, paraffin-embedded (FFPE) human invasive breast cancer tumour 

microarray (TMA) stained for endosialin. Slides were scanned on a Hamamatsu 

NanoZoomer. Representative images of invasive breast cancer with endosialin staining 

predominantly restricted to the pericytes (left panel), CAFs (middle panel) and both 

pericytes and CAFs (right panel) are shown. Scale bar = 100 µm. (B) Endosialin (CD248) 

expression in different cell types dissociated from 26 primary human breast cancers. Re-

analysed data from single cell RNA sequencing conducted by Wu and colleagues (Wu 

et al. 2021) (C) Comparison of endosialin expression in six matched cases of 

microdissected breast tumour stroma and normal adjacent stroma. Re-analysed data 

from microarray analysis conducted by Finak and colleagues (Finak et al. 2008). Paired 

Student’s t-test.  
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Figure 3. 10 Endosialin expression in normal human tissues 

Endosialin (CD248) expression in different cell types dissociated from normal human 

breast (upper), skin (centre) and adipose tissue (lower). NG2 (CSPG4), desmin (DES) 

and α-SMA (ACTA2) are used to identify pericyte populations. Fibulin-1 (FBLN1), 

collagen, type 1, alpha 1 (COL1A1) and lysyl oxidase homolog 1 (LOXL1) are used to 

identify fibroblast populations. Colour scales normalised per row for each individual gene. 

Data from single cell RNA sequencing conducted by Karlsson and colleagues (Karlsson 

et al. 2021). Expression panels retrieved from Human Protein Atlas proteinatlas.org. 
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3.3   Discussion 

3.3.1 Endo3 CAR is transduced with high efficiency into mouse T-cells 

Whilst successful transduction of human T-cells with CAR constructs has been 

widely reported in the literature, the transduction of mouse T-cells is less well 

documented. Of those reports detailing mouse T-cell transduction with CAR constructs, 

the range of transduction efficiencies of 2nd generation or higher CAR T-cells is 40-80% 

(James N. Kochenderfer et al. 2010; Fu et al. 2013; Wang et al. 2014), likely due to 

suboptimal methodologies or reagents. In this thesis, the method for mouse T-cell 

transduction described in Chapter 2.2.9 was provided by our collaborator Dr Steven Lee 

and consistently achieved >80% transduction efficiency, with the highest observed 

transduction efficiency being 94.2%. This is in agreement with recent data reported by 

Lanitis and colleagues who achieved >80% CAR transduction efficiency of mouse T-

cells using a similar method of retroviral transduction (Lanitis et al. 2020). Interestingly, 

Lanitis and colleagues continue to culture their transduced CAR T-cells for 7 days post-

transduction in the presence of hIL-7/IL-15, which results in significant CAR T-cell 

expansion without compromising CAR T-cell viability. During this PhD, the number of 

CAR T-cells generated in a single protocol has been a limiting factor for the design of in 

vivo studies. Adopting this additional step following retroviral transduction of Endo3 CAR 

T-cells may allow for larger cohorts or larger Endo3 CAR T-cell doses in future in vivo 

studies.  

3.3.2 Syngeneic models of breast cancer for Endo3 CAR T-cell evaluation 

The majority of preclinical CAR T-cells studies reported in the literature to date 

focus on targeting human antigens expressed by tumour cells with human CAR T-cells 

(Hoyos et al. 2010; Lanitis et al. 2012; Budde et al. 2013). Consequently, the models 

used are often human tumour xenografts in immunodeficient mice. However, the lack of 
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endogenous immunity in these models hinders the safety and efficacy evaluation of CAR 

T-cell products at the preclinical level. Further, targeting human antigens within a mouse 

host system does not allow for the consideration of on-target, off-tumour toxicities against 

normal tissues, which may result in severe adverse reaction or even death (Lamers et 

al. 2006; Morgan et al. 2010; Tran et al. 2013).  

Engineering CAR T-cells with a scFv fragment that has the ability to recognise 

both mouse and human forms of the target antigen allows for preclinical evaluation of a 

CAR T-cell within the context of a fully competent immune system, as well as the 

investigation of potential on-target, off-tumour activity, without compromising the clinical 

translatability of the CAR T-cell. In this Chapter, the mAb 3K2L scFv portion of 

endosialin-targeting Endo3 CAR T-cells was shown to recognise both mouse and human 

endosialin, which suggests that Endo3 CAR T-cells can act upon both mouse and human 

cells expressing endosialin. 

Our laboratory has previously reported that endosialin is highly expressed in 

some normal tissues during embryonic development in mice, but is downregulated by 

age 10 weeks (MacFadyen et al. 2007). Despite being considerably downregulated when 

compared to embryonic tissue, MacFadyen et al, reported low levels of residual 

endosialin expression on fibroblasts in several organs including the skin, lungs and heart 

in C57BL/6 mice. In agreement with MacFadyen et al. the immunostaining performed in 

this Chapter in BALB/c and C57BL/6 mice identifies endosialin-positive cells in the lungs, 

skin and heart, but also in the brain, stomach, adipose tissue and bladder. It must be 

considered however that the mice analysed in this experiment were aged 8 weeks, 

therefore further downregulation of expression may take place as the mice age. 

Unpublished data from our laboratory comparing gene expression in the lungs of young 

adult mice and aged mice shows a significant decrease in endosialin expression in aged 

mice (data not shown). As most breast cancers are detected in individuals over the age 
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of 40, it is not anticipated that endosialin expression in normal tissue would cause on-

target, off-tumour toxicity in patients, however, this question will be addressed further in 

Chapter 4. 

It must be noted that the panel of normal tissues immunostained for endosialin in 

this chapter did not include bone tissue. It has previously been shown that endosialin is 

expressed by cells of the bone marrow, with high expression being observed on 

osteoblasts within bone marrow taken from newborn mice (Naylor et al. 2012). As 

previously mentioned in Chapter 1.4.6.1, Tran and colleagues observed severe bone 

hypocellularity and cachexia following the treatment of tumour-bearing mice with FAP 

targeting CAR T-cells, which was attributed to targeting of FAP-positive bone marrow-

derived stem cells (Tran et al. 2013). Therefore, examination of endosialin expression in 

the bone marrow of adult BALB/c and C57BL/6 mice may be an important addition to the 

normal tissue cross described in this Chapter.  

Reassuringly, direct comparison of normal BALB/c skin and 4T1 tumour tissue 

revealed increased levels of endosialin-positive staining around the tumour vasculature, 

and, consistent with previous reports (Rettig et al. 1988; MacFadyen et al. 2005; Rouleau 

et al. 2008; Simonavicius et al. 2008), endosialin expression was restricted to the 

vascular pericytes and CAFs in both 4T1 and AT-3 tumours.   

3.3.3 Endosialin expression in human breast cancer 

Prior to commencing a long-term study, it is important to confirm the relevance of 

a proposed CAR T-cell target antigen in the human setting. The data presented in this 

Chapter confirms the restriction of endosialin expression to CAFs and pericytes in human 

breast cancers, aside from rare metaplastic breast cancers, and the upregulation of 

endosialin in the tumour stroma when compared to normal breast stroma. Specifically, 

endosialin is notably expressed by perivascular cells in human breast cancer, but not by 



Chapter 3 Generation of Endo3 CAR T-cells and validation of endosialin as a CAR T-
cell target 
 

148 
 

perivascular cells in normal human breast, skin and adipose tissue. This concurs with 

the results observed when comparing mouse mammary carcinoma and normal skin 

tissues. It must be considered, however, that the normal human breast, skin and adipose 

tissue have endosialin-expressing fibroblasts in the stroma. Because of this, patients 

would require monitoring for on-target, off-tumour affects in the clinic if treated with 

Endo3 CAR T-cell therapy.  

In summary, the work presented in this Chapter demonstrates that the 3K2L mAb 

recognises both mouse and human endosialin, that the Endo3 CAR construct can be 

successfully transduced into both BALB/c and C57BL/6 T-cells and that the syngeneic 

tumour models used in this thesis are suitable for assessing the efficacy of CAR T-cells 

targeting cells of the tumour microenvironment. The next Chapter will describe the 

experiments performed to demonstrate the specificity and efficacy of Endo3 CAR T-cells.  
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Chapter 4 In vitro and in vivo characterisation of Endo3 CAR 

T-cells 

4.1   Introduction 

Endosialin is as a promising antigen for targeted anti-tumour therapy in breast 

cancer, owing to its upregulated expression in the tumour stroma. In Chapter 3.2.1, the 

endosialin specific mAb 3K2L, of which the scFv portion is utilised in Endo3 CAR T-cells, 

was shown to recognise both mouse and human endosialin. In turn, this suggests that 

Endo3 CAR T-cells have the potential to bind and kill both mouse and human cells 

expressing endosialin. The syngeneic 4T1 and AT-3 mouse models of breast cancer 

were identified in Chapter 3.2.3 as suitable preclinical models to test Endo3 CAR T-cells 

as they both develop an established vascular network and endosialin expression is 

restricted to the stromal compartment in both models.  

Owing to the success of CD19-targeting CAR T-cell therapy for the treatment of 

haematological cancers, preclinical strategies for investigating novel CAR T-cell designs 

remain largely based on the clinical strategies of Kymriah and Yescarta. Currently, both 

strategies involve prior lymphodepletion of patients, followed by the administration of a 

single dose of CAR T-cells. Patients are subsequently monitored for up to 4 weeks for 

adverse reactions following T-cell injections (J. N. Kochenderfer et al. 2017; Maude et 

al. 2018; Schuster et al. 2018). Previous reports have demonstrated that a 

lymphodepletion step aids in the engraftment and expansion of CAR T-cells (Muranski 

et al. 2006; Dudley et al. 2008; Heczey et al. 2017), thus lymphodepleting patients prior 

to CAR T-cell therapy is currently standard practice. As discussed in Chapter 1.4.4, CAR 

T-cell therapy may be associated with CRS or ICANS, thus patient monitoring post-T-

cell injection for signs of toxicity is crucial.  
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In this Chapter, the activity, specificity and tolerability of Endo3 CAR T-cells are 

investigated both in vitro and in vivo, with an in vivo therapeutic strategy for testing Endo3 

CAR T-cell therapy being developed based on current clinical practices.  

4.2 Results 

4.2.1 Endo3 CAR T-cells exhibit target-specific activity in vitro 

As previously discussed, the in vivo studies described in this thesis utilised mock 

transduced and Endo3 CAR T-cells generated by either our laboratory or the laboratory 

of Dr Steven Lee. All BALB/c studies described in this thesis utilise BALB/c T-cells 

produced by Dr Steven Lee’s laboratory. All C57BL/6 studies described in this thesis 

utilise C57BL/6 mock transduced and Endo3 CAR T-cells generated by our laboratory. 

The activity of BALB/c and C57BL/6 derived T-cells produced by Dr Steven Lee’ 

laboratory and C57BL/6 derived T-cells that I produced is explored in this Section.  

Upon activation, cytotoxic T-cells release a number of cytokines and other factors 

into their surrounding environment, including TNF-α, IL-2 and IFN-γ (Andersen et al. 

2006). To assess the specificity of Endo3 CAR T-cell activation in vitro, both mouse 

(10T½) and human (MRC5) endosialin-positive stromal cell lines were used as target 

cells alongside mouse (4T1 or AT-3) and human (MCF7) endosialin-negative tumour cell 

lines. Target cells were co-cultured with either BALB/c (generated in the Dr Steven Lee’s 

laboratory) or C57BL/6 (generated in our laboratory) derived mock or Endo3 CAR T-cells 

at various effector:target ratios. Culture supernatants were analysed via IFN-γ ELISA at 

24 h post-T-cell addition. As expected, IFN-γ levels are higher in supernatants derived 

from BALB/c (Figure 4.1A) and C57BL/6 (Figure 4.1B) Endo3 CAR T-cell co-cultured 

with endosialin-positive 10T½ and MRC5 cells, with only background levels of IFN-γ 

detectable in co-cultures with endosialin-negative 4T1, AT-3 and MCF7 cells. Mock T-

cells produce only low levels of IFN-γ in the presence of all target cell lines. Of note, 
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C57BL/6 derived Endo3 CAR T-cells release higher levels of IFN-γ after the 24 h 

incubation period than BALB/c Endo3 CAR T-cells. 

 To assess Endo3 CAR T-cell mediated killing of target cell lines, BALB/c and 

C57BL/6 T-cells were removed from co-cultures by washing with PBS 84 and 24 h after 

addition, respectively. BALB/c T-cell co-cultures were extended to 84 h due lack of visible 

cell death at 24, 48 or 72h (data not shown). After washing, cell viability was assessed 

by addition of CellTiter-Glo reagent, which quantifies the presence of ATP. Percent 

viability of endosialin-positive 10T½ and MRC5 cells co-cultured with BALB/c (Figure 

4.2A) and C57BL/6 (Figure 4.2B) Endo3 CAR T-cells is significantly reduced at 

effector:target ratios of 5:1 or greater, when compared to 10T½ and MRC5 cells co-

cultured with mock T-cells. In contrast, 4T1, AT-3 and MCF7 cell viability is unaffected 

by the presence of Endo3 CAR T-cells.  

To confirm that C57BL/6 derived T-cells produced by Dr Steven Lee’s laboratory 

behave comparably to those produced by our laboratory, their batch of mock transduced 

and Endo3 CAR T-cells were subjected to the same IFN-γ and target cell viability 

analysis as above. The Birmingham CAR T-cells produce IFN-γ (Figure 4.3A) and kill 

target cells (Figure 4.3B) in a comparable manner to those produced in our laboratory in 

the presence of endosialin-positive 10T½ and MRC5 cells. Again, only low levels of IFN-

γ are produced in the presence of endosialin-negative AT-3 and MCF7 cells and the 

viability of both tumour cell lines is unaffected by co-culture with Endo3 CAR T-cells. 

In summary, these data demonstrate that both BALB/c and C57BL/6 Endo3 CAR 

T-cells are able to activate in the presence of and kill both mouse and human cell lines 

in an endosialin-specific manner in vitro, and that CAR T-cells produced in Birmingham 

and at the ICR behave in a comparable manner in in vitro assays. 
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Figure 4. 1 IFN-γ release by mock transduced and Endo3 CAR T-cells co-cultured 

with target cell lines 

Target cells (mouse 10T½ pericyte-like, 4T1 tumour and AT-3 tumour cells, and human 

MRC5 fibroblasts or MCF7 tumour cells) were seeded at 1000-5000 cells per well in 96 

well plates, depending on growth rate. T-cells were added 24 h after target cell seeding. 

IFN-γ production by (A) BALB/c and (B) C57BL/6 derived mock transduced T-cells or 

Endo3 CAR T-cells when cultured for 24 h alone or with target cells at various 

effector:target ratios. Each data point represent one well. Data shows mean ± SD. The 

displayed results are representative of 3 independent experiments.  
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Figure 4. 2 Viability of target cell lines co-cultured with mock transduced or 

Endo3 CAR T-cells 

Target cells (mouse 10T½ pericyte-like, 4T1 tumour and AT-3 tumour cells, and human 

MRC5 fibroblasts or MCF7 tumour cells) were seeded at 1000-5000 cells per well in 96-

well plates, depending on growth rate. T-cells were added 24 h after target cell seeding. 

T-cells were washed off 24-84 h after addition and target cell viability was measured by 

quantifying the presence of ATP via CellTiter-Glo viability assay. Target cell viability of 

cells incubated with (A) BALB/c and (B) C57BL/6 derived mock transduced and Endo3 

CAR T-cells. The average read-out from target cells cultured alone were defined as 

100% viability, viability of target cells from co-culture wells was calculated as a 

percentage of the target cells alone . Each data point represents one well. Data shows 

mean ± SD. Two-way ANOVA. The displayed results are representative of 3 independent 

experiments.  
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Figure 4. 3 In vitro validation of C57BL/6 derived Endo3 CAR T-cells generated by 

Dr Steven Lee’s laboratory 

Target cells (mouse 10T½ pericyte-like and AT-3 tumour cells, and human MRC5 

fibroblasts or MCF7 tumour cells) were seeded at 1000-5000 cells per well in 96-well 

plates, depending on growth rate. T-cells were added 24 h after target cell seeding. (A) 

IFN-γ production by C57BL/6 derived mock transduced or Endo3 CAR T-cells when 

cultured for 24 h alone or with target cells at a 10:1 effector:target ratio. Data shows 

mean ± SD. (B) Target cell viability 24 h after T-cell addition measured by Cell-Titer-Glo 

assay. T-cells were washed off prior to addition of Cell-Titer-Glo reagent. Each data point 

represents one well. Data shows mean ± SD. Two-way ANOVA. 

 

4.2.2 Optimisation of Endo3 CAR T-cell in vivo therapeutic strategy 

Lymphodepletion prior to CAR T-cell infusion has been shown to improve CAR 

T-cell engraftment and expansion both in the preclinical and clinical setting (Muranski et 

al. 2006; Dudley et al. 2008; Heczey et al. 2017; Kueberuwa et al. 2018a). Clinically, 

lymphodepletion may be achieved via the administration of lymphodepleting 

chemotherapy, such as cyclophosphamide, or by radiotherapy (Brentjens et al. 2011a; 

Brentjens et al. 2011b), with the former being the most common method of 

lymphodepletion in patients. It has been reported by Kueberuwa and colleagues that 

lymphodepletion via 5 Gy whole body irradiation is a more efficient lymphodepletion 

method in BALB/c mice, with a more sustained level of lymphodepletion being observed 

(Kueberuwa et al. 2018a). Therefore, to investigate this further, the lymphodepleting 
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effects of cyclophosphamide chemotherapy, whole body x-ray irradiation and whole body 

caesium irradiation were assessed in BALB/c mice.  

The reported maximum tolerated dose of cyclophosphamide in BALB/c mice is 

300 mg/kg (Aston et al. 2017), with the lymphodepleting dose being reported between 

100-200 mg/kg (Huyan et al. 2011; Kueberuwa et al. 2018a; Kueberuwa et al. 2018b). 

Therefore, a single dose of 150 mg/kg cyclophosphamide was administered IP to three 

mice, with additional mice subjected to 5 Gy x-ray or caesium irradiation. After 18 h, 

venous blood was collected via the tail vein and whole blood was prepared for flow 

cytometry analysis (Figure 4.4A). Blood collected via cardiac puncture from untreated 

BALB/c mice was used as a control. CD4+ and CD8+ lymphocytes are significantly 

depleted by all lymphodepletion methods with no differences observed in 

lymphodepletion efficiency between the three methods (Figure 4.4B). However, 

treatment with cyclophosphamide chemotherapy was not tolerated in this experiment 

and within 24 h of administration mice were culled due to rapid weight loss and ill health. 

It was therefore concluded that either 5 Gy whole body x-ray or caesium irradiation were 

preferable methods for lymphodepletion in future experiments utilising BALB/c mice.  

As C57BL/6 mice were also utilised for Endo3 CAR T-cell studies in this thesis, 

the lymphodepleting effects of 5 Gy x-ray irradiation in C57BL/6 mice was investigated. 

Mice were sacrificed 24 h after receiving 5 Gy x-ray irradiation and blood was collected 

via cardiac puncture. Blood collected via cardiac puncture from untreated mice was used 

as a control. Similarly to BALB/c mice, CD4+ and CD8+ lymphocytes are significantly 

depleted by 5 Gy x-ray irradiation (Figure 4.4C). 
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Figure 4. 4 Non-lethal whole body irradiation safely depletes lymphocytes 

BALB/c mice were subjected to 5 Gy x-ray (n=3) or caesium (Cs) (n=3) irradiation or 

administered IP with 150 mg/kg cyclophosphamide (n=3). C57BL/6 mice were subjected 

to 5 Gy x-ray irradiation. 18 h later venous blood was collected via the tail vein or cardiac 

puncture. Blood collected from healthy, non-irradiated mice was used as a control (n=3). 

(A) Gating strategy used following staining with CD4 and CD8 antibodies. FSC-A and 

SSC-A were used to gate out debris and non-lymphocyte populations. FSC-A and FSC-

H were used to gate out doublets. DAPI was used to gate out dead cells. The resulting 

live single lymphocytes were visualised in FITC (CD8) and PE (CD4) channels to identify 

CD8+ and CD4+ T-cell populations. CD4+ and CD8+ cells were gated together. Healthy, 

non-irradiated control samples were used to set gating. (B) Total CD4+ and CD8+ cell 

counts after irradiation or cyclophosphamide administration in BALB/c mice. Each data 

point represents one mouse. Data shows mean ± SEM. Unpaired Student’s t-tests. (C) 

Total CD4+ and CD8+ cell counts after 5 Gy x-ray irradiation in C57BL/6 mice (n=3). Blood 

collected from healthy, non-irradiated mice was used as a control (n=3) Each data point 

represents one mouse. Data shows mean ± SEM. Unpaired Student’s t-test.  
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 Stromal endosialin expression has previously been shown to play a role in the 

intravasation step of the metastatic cascade in breast cancer, with Cd248+/+ mice having 

increased spontaneous metastasis to the lungs when compared to Cd248-/-mice (Viski 

et al. 2016). Therefore, it was hypothesised that the administration of Endo3 CAR T-cells 

prior to the point of early metastatic spread would be most effective at limiting lung 

metastasis via the targeted killing of endosialin-positive stromal cells in the tumour.  

It has been previously been demonstrated that 4T1 tumours have an established 

vascular network when they reach approximately 100 mm3 in size (Gregório et al. 2016). 

In the protocols used in our laboratory, 4T1 tumours reach this size at approximately 13 

days post-implantation of 2 x 105 tumour cells subcutaneously. To confirm the presence 

of endosialin-positive stromal cells at this time point, day 13 4T1 tumours were 

immunostained for endosialin and the endothelial cell marker endomucin (Figure 4.5, 

left). As expected, endosialin-positive CAFs and pericytes are detected, with positive 

endomucin staining also confirming the presence of a vascular network. Examination of 

the lungs of mice 13 days post-4T1 tumour cell implantation reveals an absence of 

detectable metastatic disease at this time point (Figure 4.5, right).  

4.2.3 Endo3 CAR T-cells expand in the circulation of BALB/c mice and deplete 

endosialin-positive cells in the 4T1 tumour stroma 

The strategy to assess the efficacy and tolerability of Endo3 CAR T-cells in 

Cd248WT BALB/c mice is shown in Figure 4.6. In brief, 8 week old female mice were 

injected subcutaneously on the flank with 4T1-Luc cells, or left tumour-naïve as controls. 

Tumours were allowed to grow for 13 days to 50-200 mm3 in size. All mice were 

subjected to 5 Gy whole body x-ray irradiation 18 h before 2.5 x 106 Endo3 CAR T-cells 

or mock T-cells were injected via the tail vein. Mice were monitored for signs of CAR T-

cell associated toxicities following T-cell injection and venous blood was collected 2, 5 

and 8 days post-T-cell injection. The original experimental endpoint was set at 16 days 
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post-T-cell injection, however all animals were culled 8-9 days post-T-cell injection due 

to ill health in a subset of tumour-bearing, Endo3 CAR T-cell treated mice.  

    

Figure 4. 5 4T1 tumours are vascularised, endosialin-positive and have not 

metastasised to the lungs at 2-3 weeks post-implantation. 

BALB/c mice were injected with 2.5 x 105 4T1 tumour cells and culled 13 days post-

tumour cell injection (n=3). Left, representative confocal image of a formalin-fixed, 

paraffin-embedded (FFPE) section of a 4T1 tumour (286 mm3) stained for endosialin 

(green) and the endothelial cell marker endomucin (red). Nuclei were counterstained with 

DAPI (blue). Scale bar = 125 µm. Right, representative H&E stained lungs from the same 

4T1 tumour-bearing mouse. Scale bar = 2.5 mm.  

 

To monitor circulating CAR T-cell number during the experiment, blood was 

collected via the tail vein 2, 5 and 8 days post-T-cell injection. On day 2 post-T-cell 

injection, an insufficient volume of blood was collected from the majority of mice, thus 

this time point was discarded. This difficulty reoccurred on day 8 post-T-cell injection 

within the tumour-bearing, Endo3 CAR T-cell treated group of mice, with sufficient blood 

volumes being collected from only 3 mice. Therefore, only these 3 mice were included in 

further analysis. Whole bloods were prepared and analysed via flow cytometry, with 
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Endo3 CAR T-cells being identified as CD4+hCD34+ or CD8+hCD34+ cells (Figure 4.7A). 

Endo3 CAR T-cells are identified in blood from both tumour-bearing and tumour-naïve 

mice and numbers expand in both subsets of mice. A significant expansion is observed 

in tumour-bearing mice between 5 and 8 days post-T-cell injection and at 8 days post-T-

cell injection Endo3 CAR T-cell numbers are 2.5 fold higher in tumour-bearing mice 

compared to tumour-naïve mice. Samples from tumour-bearing and tumour-naïve mock 

T-cell treated mice were analysed as hCD34-negative controls. As mock T-cells do not 

express hCD34, circulating mock T-cell numbers could not be monitored (Figure 4.7B).  

 

Figure 4. 6 Endo3 CAR T-cell in vivo therapeutic strategy for BALB/c mice 

bearing 4T1 tumours  

8 week old endosialin wild-type (CD248WT) BALB/c mice were injected subcutaneously 

with 2.5 x 105 4T1-Luc cells or left tumour-naïve. Tumours were allowed to grow for 12 

days to 50-200 mm3 volume. All mice were subjected to 5 Gy whole body x-ray irradiation 

18 h prior to injection via the tail vein with 2.5 x 106 Endo3 CAR T-cells or mock T-cells 

(tumour-bearing n=10 per group, tumour-naïve n=2 per group). Venous blood was 

collected via the tail vein 5 and 8 days post-T-cell injection. A subset of mice (tumour-

bearing, n=2 per group) were culled on Day 5. The remaining mice were culled 8-9 days 

post-T-cell injection due to ill health of tumour-bearing, Endo3 CAR T-cell treated mice 

(see text).  
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Figure 4. 7 Endo3 CAR T-cells expand in BALB/c mice  

Continuation of Figure 4.6. (A) Gating strategy used to determine Endo3 CAR T-cell 

populations. Following staining with CD4, CD8 and hCD34 antibodies, FSC-A and SSC-

A were used to gate out debris and non-lymphocyte populations. FSC-A and FSC-H 

were used to gate out doublets. DAPI was used to gate out dead cells. The resulting live, 

single lymphocytes were visualised in FITC (CD8) and PE (CD4) channels to identify 

CD8+ and CD4+ T-cell populations. CD4+ and CD8+ cells were gated together and the 

APC (hCD34) channel was used to identify Endo3 CAR T-cells. Mock T-cell treated 

controls were used to determine Endo3 CAR T-cell gates. (B) Number of circulating 

CD4+hCD34+ and CD8+hCD34+ Endo3 CAR T-cells in venous blood taken from tumour-

bearing and tumour-naïve mice 5 or 8 days post-T-cell injection. Blood collected from 

mock T-cell treated mice were used as negative controls. Each data point represents 

one mouse. Data shows mean ± SEM. Two-way ANOVA.  

 

To assess depletion of tumour-associated, endosialin-expressing cells, FFPE 

sections of 4T1 primary tumours were immunostained for endosialin. An endomucin co-

stain was utilised to visualise vascular structures. Endosialin-positive cells are observed 
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in tumours from both mock T-cell and Endo3 CAR T-cell treated mice culled 5 days post-

T-cell injection. As expected, endosialin expressing cells are predominantly in a 

perivascular location consistent with the upregulated expression of endosialin on tumour 

pericytes. By contrast, tumours from Endo3 CAR T-cell treated mice culled 8 days post-

T-cell injection are largely devoid of endosialin-expressing cells (Figure 4.8).  

Quantification of endosialin expression in mock T-cell and Endo3 CAR T-cells treated 

4T1 tumours by colour thresholding is performed and discussed in Chapter 5.  

This initial experiment demonstrates that Endo3 CAR T-cells expand more 

efficiently in tumour-bearing mice, and this expansion continues to at least 8 days post-

T-cell injection. Tumours remain endosialin-positive at 5 days post-T-cell injection, 

however by 8 days post-T-cell injection tumours are largely endosialin-negative. 

Therefore, Endo3 CAR T-cells efficiently deplete endosialin-expressing cells in the 

primary tumour and this depletion occurs following CAR T-cell expansion.    

  

Figure 4. 8 Endo3 CAR T-cells deplete endosialin-positive cells in 4T1 tumours 

(1) 

Continuation of Figure 4.6. Immunostaining of primary tumours from mock T-cell treated 

or Endo3 CAR T-cell treated mice at 5 (n=2) or 8 days (n=8) post-T-cell injection. 

Representative confocal immunofluorescence images of formalin-fixed, paraffin-

embedded (FFPE) sections stained for endosialin (green) and the endothelial cell marker 

endomucin (red) are shown. Nuclei were counterstained with DAPI (blue). Scale bar = 

150 µm.  
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4.2.4 Endo3 CAR T-cell therapy is associated with toxicity in BALB/c mice but 

limits metastatic spread of 4T1 tumours 

As discussed in Chapter 1.4.4, CAR T-cell therapy may be associated with 

adverse toxicities in the clinic, with the most common toxicities being CRS and ICANS 

(Maude et al. 2014; Kochenderfer et al. 2015). Post-T-cell injection, mice were monitored 

for signs of ill health, such as weight loss, malaise and abnormal behaviour. In the study 

described in Section 4.2.3, all mice experienced weight loss following irradiation and T-

cell injection, however mock T-cell treated mice and tumour-naïve mice recover weight 

over the week following T-cell injection. Conversely, 4T1 tumour-bearing mice treated 

with Endo3 CAR T-cells do not recover weight and either continue to lose weight or 

remain at a low weight during the week following T-cell injection (Figure 4.9A). As well 

as sustained weight loss, tumour-bearing mice treated with Endo3 CAR T-cells show 

multiple signs of ill health from 5 days post-T-cell injection, including hunching, 

piloerection and malaise. These symptoms are not observed in tumour-naïve or mock T-

cell treated mice. Upon post-mortem dissection, Endo3 CAR T-cell treated tumour-

bearing mice are observed to have blackened and enlarged gallbladders, a phenotype 

that is not present in any other group. Histological examination of gallbladder tissue 

reveals an accumulation of red blood cells and a thickening of the gallbladder wall in a 

number of Endo3 CAR T-cell treated tumour-bearing mice (Figure 4.9B). This phenotype 

is examined further in Chapter 5.  

Previously, our laboratory has reported that 4T1 primary tumour growth is not 

impaired by the genetic deletion of endosialin (Viski et al. 2016), but it was feasible that 

depletion of endosialin-positive cells, as opposed to depletion of the endosialin receptor, 

may impact tumour growth. To assess whether Endo3 CAR T-cell therapy impacted 

primary tumour growth, tumour measurements were taken bi-weekly from 6 days post-

tumour cell injection. Following T-cell injection, the growth rate of primary tumours from 
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Endo3 CAR T-cell treated mice slows in comparison to mock T-cell treated tumours, 

however no significant difference in final tumour volume is observed (Figure 4.9C). To 

assess lung metastatic burden, lungs were removed upon necropsy and metastatic 

burden was quantified by manually counting the number of metastatic deposits in the 

lung H&E stained FFPE sections. Endo3 CAR T-cell treatment is associated with a 

significant reduction in lung metastasis, with a striking 70% of Endo3 CAR T-cell treated 

mice having no detectable lung disease (Figure 4.9D).  

These results demonstrate that Endo3 CAR T-cell therapy shows potential as a 

metastasis limiting therapy in the preclinical 4T1 tumour-bearing BALB/c model of breast 

cancer, however the current regimen is associated with severe toxicity in tumour-bearing 

mice, which will be further addressed in Chapter 5.  

4.2.5 Endo3 CAR T-cells do not cause toxicity in mice with healing wounds 

As Endo3 CAR T-cell therapy is associated with toxicity in tumour-bearing mice, 

we sought to investigate whether Endo3 CAR T-cells would cause toxicity in mice with 

actively healing wounds. It has previously been demonstrated that fibroblasts associated 

with healing wounds have upregulated endosialin expression (Hong et al. 2019) 

therefore Endo3 CAR T-cells may target these cells. The strategy to assess this 

hypothesis is outlined in Figure 4.10. In brief, 8-10 week old Cd248WT BALB/c mice were 

given two 6 mm diameter punch biopsy wounds on the dorso-lateral skin and these were 

allowed 4 days to begin the healing process. Mice were then subjected to 5 Gy whole 

body caesium irradiation 18 h prior to being injected via the tail vein with either vehicle 

only or 2.5 x 106 Endo3 CAR T-cells. Mice were monitored for signs of CAR T-cell 

associated toxicities following T-cell injection and venous blood was analysed 7 days 

post-T-cell injection. Mice were culled 10 days post-T-cell injection with no signs of 

Endo3 CAR T-cell associated toxicity observed. Analysis of venous blood collected 7  
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Figure 4. 9 Endo3 CAR T-cell therapy limits lung metastasis but is associated 

with toxicity 

Continuation of Figure 4.6. (A) Body weights of individual mock T-cell treated and Endo3 

CAR T-cell treated mice. Each series represents one mouse (B) Representative H&E 

stained gallbladders showing enlargement and red blood cell pooling within a thickened 

gallbladder wall in 4T1 tumour-bearing Endo3 CAR T-cell treated mice. Scale bar = 1 

mm. (C) Tumour growth curves for mock T-cell treated and Endo3 CAR T-cell treated 

4T1 primary tumours. Data shows mean ± SEM for each time point. (D) Left, 

representative H&E stained lungs, arrowheads indicate metastatic deposits. Scale bar = 

250 µm. Right, quantification of spontaneous lung metastasis in mock T-cell treated or 

Endo3 CAR T-cell treated mice. Metastatic deposits were quantified by manually 

counting the number of deposits in H&E stained formalin-fixed, paraffin-embedded 

(FFPE) lung sections. Each data point represents one mouse. Data shows mean ± SEM. 

Unpaired Student’s t-test. 
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days post-T-cell injection demonstrates low levels of circulating Endo3 CAR T-cells 

compared with those observed 5-8 days post-T-cell injection in tumour-bearing mice in 

Section 4.2.3 (Figure 4.11A). As previously, a decrease in body weight is observed in 

both Endo3 CAR T-cell treated and vehicle only mice following whole body irradiation, 

however both groups progressively regain body weight from 2 days post-T-cell injection 

(Figure 4.11B). Importantly, no difference in the rate of wound closure is observed 

between Endo3 CAR T-cell treated mice and mice administered with vehicle only (Figure 

4.11C,D). Further, no evidence of Endo3 CAR T-cell-mediated depletion of endosialin-

expressing cells is observed 10 days post-T-cell injection in non-wounded skin (Figure 

4.12A) or at the site of the healing wound (Figure 4.12B). Of note, and in agreement with 

previous reports, an increased presence of endosialin-expressing cells is observed in 

wounded skin when compared to non-wounded skin in both vehicle treated and Endo3 

CAR T-cell treated mice (Figure 4.12A,B). 

 

Figure 4. 10 Endo3 CAR T-cell in vivo strategy for BALB/c wounded mice 

8-10 week old Cd248WT BALB/c mice were given 6 mm punch wounds through the dorso-

lateral skin and wounds were allowed 4 days to begin healing. Mice were subjected to 5 

Gy caesium irradiation (day -1) 18 h before being injected via the tail vein with 2.5 x 106 

Endo3 CAR T-cells or vehicle alone. Mice were provided with Dietgel from day -1 to study 

termination. Venous blood was collected via the tail vein 7 days post-T-cell injection. 

Mice were culled 10 days post-T-cell injection. No signs of ill health were present at this 

time 
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Figure 4. 11 Endo3 CAR T-cells do not affect wound healing or cause toxicity in 

wounded mice 

Continuation of Figure 4.10. (A) Number of circulating CD4+hCD34+ and CD8+hCD34+ 

Endo3 CAR T-cells in venous blood taken 7 days post-T-cell injection from Endo3 CAR 

T-cell treated mice. Samples from mock T-cell treated mice from the study described in 

Figure 4.6 were used as negative controls. Each data point represents one mouse. Data 

shows mean ± SEM. (B) Body weights of mice treated with vehicle alone or Endo3 CAR 

T-cells. Data shows mean ± SEM. (C) Wound area (starting on the day of wounding) of 

mice subsequently treated with vehicle alone or Endo3 CAR T-cells. Data shows mean 

± SEM. (D) Photographs taken 4 days post-T-cell injection of healing wounds on the 

dorso-lateral skin of mice treated with vehicle alone or Endo3 CAR T-cells. 

Representative of n=3 mice per group.  
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Figure 4. 12 Endo3 CAR T-cells do not deplete endosialin-positive cell in the 

healing wound 

Continuation of Figure 4.10. Non-wounded and wounded skin tissue from vehicle only 

(n=3) or Endo3 CAR T-cell treated (n=3) mice 10 days post-wounding was formalin-fixed, 

paraffin-embedded (FFPE) and sectioned. (A) Non-wounded skin was immunostained 

for endosialin (green). Nuclei were counterstained with DAPI (blue). Slides were scanned 

on a Hamamatsu Nanozoomer. Representative images are shown. Scale bar = 500 µm. 

(B) Wounded skin was stained with (left) H&E or (right) immunostained for endosialin 

(green). Nuclei were counterstained with DAPI (blue). Slides were scanned on a 

Hamamatsu Nanozoomer. Representative images are shown. Scale bar = 500 µm. 
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4.3 Discussion 

4.3.1 Endo3 CAR T-cells exhibit endosialin-specific activity in vitro  

To avoid off-target toxicity, it is important that CAR T-cells activate and kill in a 

target-specific manner. The data presented in this Chapter demonstrate that BALB/c and 

C57BL/6 derived Endo3 CAR T-cells are activated and kill target cells in an endosialin-

specific manner in vitro, as determined by IFN-γ ELISA and CellTiter-Glo analysis, 

respectively. BALB/c Endo3 CAR T-cells appeared to kill more slowly than C57BL/6 CAR 

T-cells and the levels of IFN-γ release after 24 h of co-culture with target cells are modest 

when compared to levels released by C57BL/6 Endo3 CAR T-cells. This is likely due to 

differences in immune activity between T-cells derived from BALB/c and C57BL/6 mice 

and this will be further explored in Chapter 6. It is likely that supernatants from BALB/c 

T-cell-target cell co-cultures collected at a later time point would have contained higher 

levels of IFN-γ, as target cell death was only evident after 84 h of co-culture, however 

this was not explored in this thesis. Nevertheless, the levels of IFN-γ detected in C57BL/6 

Endo3 CAR T-cell co-cultures with target-positive cells were comparable to those 

reported by others in the literature utilising other CAR T-cell designs (Castella et al. 2019; 

Liao et al. 2020; Liu et al. 2020). Similarly, C57BL/6 Endo3 CAR T-cells were able to 

reduce cell viability comparably with other 2nd generation CAR T-cells reported in the 

literature (Long et al. 2015; Hamieh et al. 2019), and this was also true of BALB/c Endo3 

CAR T-cells when co-cultures were extended to 84 h. It must be considered however 

that CellTiter-Glo assays determine cell viability by quantifying metabolic activity, 

therefore target cells with reduced CellTiter-Glo read-out may only have reduced 

metabolic activity, but not contain more dead cells. Future work may consider a second 

method of quantifying target cell viability to confirm cell death in the presence of Endo3 

CAR T-cells. 
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Importantly, both strains of Endo3 CAR T-cells were able to activate against and 

kill both mouse and human cells expressing endosialin. This suggests that Endo3 CAR 

T-cells have the potential to be directly translated to humans in the clinic, whilst retaining 

the advantages of being appropriate for use in syngeneic preclinical mouse models.  

As discussed in Chapter 4, various batches of Endo3 CAR T-cells and mock T-

cell were produced in this PhD, with early batches being produced by our Dr Steven 

Lee's laboratory in Birmingham and later batches being produced in our laboratory. 

Batches of T-cells produced by both parties were tested in vitro and the results obtained 

were comparable in all cases.  

4.3.2 Optimisation of Endo3 CAR T-cell in vivo therapeutic strategy 

To investigate Endo3 CAR T-cell efficacy in vivo, a preclinical strategy based on 

current clinical practices, including prior lymphodepletion, was assessed. In contrast with 

reports by Kueberuwa and colleagues (Kueberuwa et al. 2018a), 5 Gy whole body 

irradiation and cyclophosphamide chemotherapy were found to achieve comparable 

levels of lymphodepletion in BALB/c mice, however whole body irradiation was 

determined to be the most appropriate lymphodepletion method, as lymphodepleting 

doses of cyclophosphamide were not well tolerated by the mice. The reason for this 

intolerance is unclear, as previous reports utilising the doses used in this study, or higher, 

have demonstrated tolerance in BALB/c mice (Huyan et al. 2011; Aston et al. 2017; 

Kueberuwa et al. 2018a; Kueberuwa et al. 2018b).  

Our laboratory has previously demonstrated that endosialin plays a role in the 

intravasation step of the metastatic cascade (Viski et al. 2016), thus Endo3 CAR T-cell 

therapy should be delivered prior to early metastatic dissemination. In line with previous 

reports, 4T1 tumours were found to be well vascularised between the sizes of 50-200 

mm3 (Gregório et al. 2016) and endosialin-positive stromal CAFs and pericytes were 
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observed. At 13 post-tumour cell implantation, the lungs from mice bearing 4T1 tumours 

were free of metastatic disease, as determined by H&E stained FFPE lung sections. It 

must be considered, however, that a limitation of quantifying metastasis by H&E stains 

alone is that single mouse tumour cells cannot be detected by this method. Circulating 

tumour cells have been detected as early as 7 days post-tumour cell implantation in 

murine models of breast cancer (Ramani et al. 2019) and so it is possible that single 

cells may have begun to enter the lungs at the time points explored in this thesis.  

4.3.3 Endo3 CAR T-cells deplete endosialin-positive cells in the tumour stroma 

Utilising this preclinical strategy for investigating Endo3 CAR T-cell therapy, a 

pilot study examining the effects of Endo3 CAR T-cells on primary tumour growth and 

metastasis was performed in the 4T1 syngeneic mouse model of breast cancer, in 

BALB/c mice. Endo3 CAR T-cells were readily detectable in the venous blood collected 

at various time points post-T-cell injection. However, difficulties collecting blood were 

experienced 2 and 8 days post-T-cell injection. Following whole body irradiation, mice 

may experience radiation sickness which can lead to a decrease in food and water intake 

and thus dehydration and weight loss (Moccia et al. 2010). It has been reported that 

BALB/c mice are more sensitive to radiation sickness than other strains (Ponnaiya et al. 

1997). In the study described in Section 4.2.3, up to 13% body weight loss was observed 

post-irradiation even in mock T-cell treated controls. This suggests that animals may 

have been suffering from some degree of radiation sickness and this may explain why 

insufficient blood volumes were collected at 2 days post-T-cell injection. It was 

considered that it may be necessary to provide animals with nutritional gels and use 

methods to hydrate animals following irradiation procedures. Such aftercare regimens 

will be discussed further in Chapter 5. Insufficient blood volume collection from a subset 

of tumour-bearing Endo3 CAR T-cell treated BALB/c mice at 8 days post-T-cell injection 
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may also have been due to the ill health of the mice in this group and this will be 

discussed further below in Section 4.3.4.  

Where measurable, the greatest expansion of Endo3 CAR T-cells from 5 to 8 

days post-T-cell injection is observed in tumour-bearing mice, likely due to an increased 

CAR T-cell target density in tumour-bearing mice. A smaller expansion of Endo3 CAR T-

cells is observed in tumour-naïve mice, which may be due to general T-cell expansion 

following lymphodepletion (Williams et al. 2007), or low levels of endosialin expression 

in healthy tissues, as shown in Chapter 3.2.3 and by others (Rupp et al. 2006; 

MacFadyen et al. 2007).  

Immunostaining of Endo3 CAR T-cell treated primary 4T1 tumours revealed that, 

whilst little depletion of endosialin-expressing cells was observed 5 days post-T-cell 

injection, at 8 days post-T-cell injection Endo3 CAR T-cell treated tumours are largely 

endosialin-negative. This observation aligns with fact that significantly higher number of 

circulating Endo3 CAR T-cells are detected in the venous blood 8 days post-T-cell 

injection when compared to 5 days post-T-cell injection in tumour-bearing mice. Whilst a 

reduction in endosialin-positive staining indicates that the endosialin antigen is not 

readily detected in 4T1 tumours treated with Endo3 CAR T-cells, suggesting that 

endosialin-expressing cells have been targeted, it does not confer certainty that 

endosialin-positive pericytes have been depleted. Future work may consider staining 

with a pericyte marker, such as NG2, to confirm pericyte depletion post-therapy. 

Additionally, visualisation of Endo3 CAR T-cells within 4T1 tumours would provide 

evidence that Endo3 CAR T-cells are able to enter the primary tumour and interact with 

endosialin-expressing cells. Future work should focus on optimising methods of Endo3 

CAR T-cell visualisation in the primary tumours of Endo3 CAR T-cell treated mice.   
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4.3.4 Endo3 CAR T-cell therapy has a therapeutic effect in 4T1 tumour-bearing 

mice but induces toxicity  

The 4T1 murine breast carcinoma model is an attractive syngeneic preclinical 

model for triple negative breast cancer, as it spontaneously metastasises to the lung, 

brain, liver and bone, the four most common sites of breast cancer metastasis (Aslakson 

and Miller 1992; Pulaski and Ostrand-Rosenberg 1998; Eckhardt et al. 2005). Our 

laboratory has previously shown that genetic deletion of endosialin in BALB/c mice 

significantly reduces the spontaneous metastasis of subcutaneously implanted 4T1 

breast carcinoma cells to the lungs (Viski et al. 2016). Therefore, at the beginning of this 

project it was hypothesised that selective depletion of endosialin-expressing cells in 4T1 

tumours via the administration of Endo3 CAR T-cells would limit tumour cell metastasis 

to the lungs. 

Data previously published by our laboratory have demonstrated that endosialin 

knockout has no effect on primary tumour growth in syngeneic mouse models of breast 

cancer (Viski et al. 2016). However, in these experiments endosialin is not expressed by 

the CAFs and perivascular stromal cells, but the cells remain present in the stroma. As 

discussed in Section 4.3.3, Endo3 CAR T-cell therapy resulted in the depletion of 

endosialin-expressing cells in the tumour stroma and in turn this results in the transient 

slowly of 4T1 primary tumour growth. Evidence of slowed primary tumour growth became 

apparent between 5-8 days post-T-cell injection, corresponding with a significant 

expansion in circulating Endo3 CAR T-cells. It has been reported that human CAR T-

cells exhibit the most effective tumour cell killing in vitro in the first 48 h of co-culture 

(Anurathapan et al. 2014; Park et al. 2020) and it has been shown by in vivo imaging 

that human CAR T-cells against haematological targets can traffic to tumour sites and 

exhibit tumour cell killing within 5 days of administration (Cazaux et al. 2019; Minn et al. 

2019). As discussed in Chapter 1.4.5, CAR T-cells must overcome multiple barriers to 
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access targets within solid tumours. Although endosialin is expressed by perivascular 

cells that sit proximally to vascular structures, Endo3 CAR T-cells must still navigate the 

endothelial barrier and basement membrane to reach their target. This, together with the 

presence of the endogenous immune system in our syngeneic models, may account for 

the delay in Endo3 CAR T-cell activity when compared to CAR T-cells targeting 

haematological cancers. 

In 4T1 tumour-bearing mice, Endo3 CAR T-cell treatment results in a striking 

reduction in metastatic lung deposits, with 70% (7 of 10) of mice having no detectable 

metastatic disease. All mock T-cell treated control mice had detectable metastatic 

disease in this study. This suggests that depletion of endosialin-expressing cells in the 

primary tumour limits metastatic spread in this model. This finding supports data 

previously published by our laboratory demonstrating reduced spontaneous metastasis 

of 4T1 tumours to the lungs in endosialin KO mice (Viski et al. 2016), however, in this 

Chapter, Endo3 CAR T-cell therapy resulted in a transient slowing of 4T1 tumour growth, 

a phenotype not observed in endosialin KO mice bearing 4T1 tumours. This is likely 

because in endosialin KO mice, the CAFs and pericytes are still present in the tumour 

but do not express endosialin, whereas following Endo3 CAR T-cell therapy these cells 

are likely depleted, which may have additional anti-tumour effects. As previously 

mentioned, in this study the effects of Endo3 CAR T-cell therapy on 4T1 primary tumour 

growth were modest, however the reduction in spontaneous metastasis to the lungs 

following Endo3 CAR T-cells therapy was striking. It may be that the depletion of 

endosialin-positive cells in 4T1 tumours following Endo3 CAR T-cell therapy transiently 

perturbs the vascular structures through-out the primary tumour, which in turn limits 

tumour cell intravasation for a period of time, however as areas of viable tumour cells 

with endomucin-positive structures are observed in Endo3 CAR T-cell treated primary 

tumours at experiment end, it is likely that either depletion of endosialin-expressing cells 

does not perturb all vascular structures in the primary tumour or that compensatory 
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mechanisms to restore the vascular network are established. Endo3 CAR T-cell 

associated toxicities in BALB/c mice limited the duration of this study, with mice being 

culled after 22-13 days of tumour growth. To determine whether the effect of Endo3 CAR 

T-cell therapy on 4T1 spontaneous metastasis to the lung is also transient, it will be 

important to manage Endo3 CAR T-cell toxicities in BALB/c mice to extend the study 

duration further to assess the extent of Endo3 CAR T-cell-mediated metastasis limitation. 

This will be addressed further in Chapter 5.   

In this study, Endo3 CAR T-cell therapy was associated with toxicity specifically 

in 4T1 tumour-bearing mice. Three possible mechanisms for Endo3 CAR T-cell 

associated toxicity are: CRS triggered by the activation of Endo3 CAR T-cells; on-target, 

off-tumour activity of Endo3 CAR T-cells in the normal tissues; or off-target activity of 

Endo3 CAR T-cells. In the clinic, the most commonly reported toxicities are CRS and 

ICANS. CRS is a systemic toxicity resulting from the activation of CAR T-cells, which in 

turn release cytokines that activate bystander immune cells such as macrophages and 

dendritic cells. Activation of these cells result in the release of high levels of multiple 

cytokines, which leads to a systemic inflammation and if left untreated, damage to 

multiple organs. Toxicity associated with on-target, off-tumour activity of CAR T-cells 

results from CAR T-cells homing to and attacking normal tissues that contain cells 

expressing their target antigen. This can result in severe organ damage either by CAR 

T-cells killing vital cell populations or by triggering inflammation in vital organs. Off-target 

CAR T-cell activity can also result in severe organ damage in the same manner as on-

target, off-tumour toxicity, however this toxicity results from CAR T-cells recognising and 

killing cells expressing a non-relevant antigen.  

In this Chapter, 4T1 tumour-bearing, Endo3 CAR T-cell treated mice show the 

first signs of ill health 5 days post-T-cell injection and by 8 days post-T-cell injection some 

mice required culling. Affected mice appeared piloerect, hunched and lethargic and 

continued to lose weight or stay at a low weight post-irradiation, whilst mock T-cells 
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treated and tumour-naïve mice regained a healthy weight. The absence of ill health in 

mock T-cell treated mice and Endo3 CAR T-cell treated tumour-naïve mice suggest, 

respectively, that toxicity was not associated with T-cell injection alone and was tumour-

specific. Lack of toxicity in tumour-naïve mice suggests that, at the delivered Endo3 CAR 

T-cell dose, Endo3 CAR T-cells do not cause toxicity by targeting the normal tissues. 

However, greater levels of circulating Endo3 CAR T-cells were detected in tumour-

bearing mice when compared to tumour-naïve mice, thus it is not possible to conclude 

that Endo3 CAR T-cells do not exhibit on-target, off-tumour activity as this may occur 

when Endo3 CAR T-cells are circulating at higher levels. On this note, increased levels 

of circulating Endo3 CAR T-cells in 4T1 tumour-bearing mice may result in greater Endo3 

CAR T-cell activation and in turn greater activation of bystander immune cells, resulting 

in high levels of cytokine release and CRS. Murine models of CRS have been 

established and the mice demonstrate subdued behaviour, piloerection and continued 

weight loss in these studies (van der Stegen et al. 2013; Giavridis et al. 2018). As Endo3 

CAR T-cell treated mice displayed similar symptoms, Endo3 CAR T-cell associated 

toxicity may be due to CRS. In the clinic, a factor for CRS diagnosis is serum levels of 

various cytokines. To determine whether Endo3 CAR T-cell associated toxicity is likely 

due to CRS, it is important to interrogate serum cytokines in Endo CAR T-cell treated 

mice. This will be addressed in Chapter 5. Alongside CRS and on-target, off-tumour 

toxicity, Endo3 CAR T-cell associated toxicity may be attributed to off-target activity. The 

study described in this Chapter utilised only Cd248WT mice, thus we were not able to 

determine whether the observed toxicity is due to off-target activity of Endo3 CAR T-

cells. This will be addressed utilising Cd248KO in Chapter 5. 

4.3.5 Endo3 CAR T-cells do not cause toxicity in mice with healing wounds 

The fibroblasts present at the site of a healing wound have previously been show 

to upregulate endosialin during the healing process (Hong et al. 2019). In agreement 
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with these reports, comparison of wounded and non-wounded skin in the present study 

revealed an increased presence of endosialin-expressing cells at the site of the healing 

wound.  

As Endo3 CAR T-cells induce toxicity in 4T1-tumour bearing mice, it is important 

to investigate whether Endo3 CAR T-cells are capable of causing toxicity in mice with 

other physiological conditions involving endosialin upregulation. It is plausible that 

patients in the clinic may have actively healing wounds, thus any toxicity caused by 

Endo3 CAR T-cells attacking fibroblasts in the healing wound would be problematic. 

Fortunately, mice with 6 mm dorsolateral wounds administered with 2.5 x 106 Endo3 

CAR T-cells, the same dose given to tumour-bearing animals, did not present with signs 

of Endo3 CAR T-cell associated toxicity up to 10 days post-T-cell administration. At 7 

days post-T-cell injection the number of circulating Endo3 CAR T-cells detected in 

wounded mice was lower than that observed in tumour-naïve mice 8 days post-T-cell 

injection in Section 4.2.3, suggesting a lack of Endo3 CAR T-cell expansion in the 

wounded setting. Further, Endo3 CAR T-cell treatment had no effect on the rate of wound 

closure and there was no evidence that endosialin-expressing cells had been depleted 

in the healing wound 10 days post-T-cell injection. These results suggest that Endo3 

CAR T-cells either do not reach the endosialin-expressing cells in the healing wound or 

they do not activate in response to these cells. It is plausable that, due to endosialin 

expression in the tumour being tightly associated with the vasculature but fibroblasts in 

the healing wound being numerous and not necessarily associated with the vasculature, 

Endo3 CAR T-cells face additional difficulties to infiltrate the healing wound tissue and 

access the fibroblasts. Further investigation is required to address this hypothesis. 
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Chapter 5 Endo3 CAR T-cell activity in BALB/c mice 

5.1   Introduction  

Managing CAR T-cell associated toxicities remains one of the most significant 

challenges in treating patients with CAR T-cell therapy. In the clinic, patients are 

monitored closely following lymphodepletion and CAR T-cell infusion and regimens to 

maintain patient hydration and monitor cytokine levels are undertaken (Neelapu et al. 

2018). 

In Chapter 4, Endo3 CAR T-cells were shown to have endosialin-specific activity 

and promising efficacy against 4T1 tumours. However, in 4T1 tumour-bearing mice, but 

not in non-tumour-bearing or wounded mice, Endo3 CAR T-cell therapy was associated 

with toxicity. Mice displayed evidence of weight loss and were difficult to collect blood 

from within 2 days of CAR T-cell injection, which may be a consequence of dehydration. 

Further, 4T1 tumour-bearing, Endo3 CAR T-cell treated mice began to show signs of ill 

health from 5 days post-T-cell injection. As discussed in Chapter 1.4.4, CAR T-cell 

associated toxicities may manifest as a consequence of excessive CAR T-cell activation 

and cytokine release, rapid tumour lysis, on-target/off-tumour activity in which CAR T-

cells attack normal tissues, or off-target activity in which CAR T-cells recognise an 

inappropriate target (Sun et al. 2018). In the previous Chapter, toxicity was not observed 

in wild-type tumour-naïve mice treated with Endo3 CAR T-cells, suggesting that the 

observed toxicity was not due to on-target, off-tumour activity. 

In this Chapter, Endo3 CAR T-cell activity will be investigated in both Cd248WT 

and Cd248KO mice, aiming to further characterise Endo3 CAR T-cell associated toxicity, 

as well as confirm the absence of Endo3 CAR T-cell activity is endosialin-deficient mice. 

Approaches to limit Endo3 CAR T-cell associated toxicity in 4T1 tumour-bearing mice 

will also be explored.  
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5.2 Results 

5.2.1 Endo3 CAR T-cell targeting is specific to tumour tissue in Cd248WT mice 

The strategy to evaluate Endo3 CAR T-cell activity in both Cd248WT and Cd248KO 

is shown in Figure 5.1. In brief, 8-10 week old female mice were injected subcutaneously 

on the flank with 4T1-Luc cells, or left tumour-naïve as controls. Tumours were allowed 

to grow for 12 days to 50-200 mm3 in size. All mice were subjected to 5 Gy whole body 

x-ray irradiation 18 h before 2.5 x 106 mock T-cells or Endo3 CAR T-cells were injected 

via the tail vein. Mice were given water via intraperitoneal injection from day -1 to day 8 

and were supplied with Dietgel from day -1 to experiment termination. Venous blood was 

collected 2, 5 and 8 days post-T-cell injection and mice were monitored for signs of CAR 

T-cell associated toxicities throughout the study. The experiment was ended 8-9 days 

post-T-cell injection due to ill health in the Cd248WT, tumour-bearing, Endo3 CAR T-cell 

treated mice. All Cd248WT mice were culled 8 days post-T-cell injection, Cd248KO mice 

were culled the next morning 9 days post-T-cell injection.  

                 

Figure 5. 1 Therapeutic strategy for treating Cd248WT and Cd248KO mice with 

Endo3 CAR T-cell therapy 

8-10 week old endosialin wild-type (Cd248WT) and endosialin knock-out (Cd248KO) 

BALB/c mice were injected subcutaneously with 2.5 x 105 4T1-Luc cells or left tumour-

naïve. Tumours were allowed to grow for 12 days to 50-200mm3 volume. All mice were 

subjected to 5 Gy whole body x-ray irradiation 18 h prior to injection via the tail vein with 

2.5 x 106 mock T-cells or Endo3 CAR T-cells (Cd248WT tumour-bearing n=5-7 per group, 

tumour-naïve n=3-4 per group. Cd248KO tumour-bearing n=3 per group, tumour-naïve 

n=3-4 per group). Animals were given intraperitoneal (IP) hydration injections daily from 

day -1 to day 8 and supplied with Dietgel from day -1 until experiment termination. 

Venous blood was collected via the tail vein 2, 5 and 8 days post-T-cell injection. Mice 

were culled 8-9 days post-T-cell injection due to ill health of Cd248WT, tumour-bearing, 

Endo3 CAR T-cell treated mice (see text). 
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Venous blood samples were collected, as previously, to monitor circulating CAR 

T-cells. Sufficient blood volumes were collected 2, 5 and 8 days post-T-cell injection from 

at least n=3 mice per group, indicating that the hydration strategy used in this study 

overcame the previous problems with collecting blood 2 days post-T-cell injection. Whole 

bloods were prepared and analysed by flow cytometry, with Endo3 CAR T-cells being 

identified as CD4+hCD34+ or CD8+hCD34+ cells (Figure 5.2A). Samples from mock T-

cell treated mice were analysed as hCD24-negative controls. Endo3 CAR T-cells are 

identified in blood from both Cd248WT and Cd248KO tumour-bearing or tumour-naïve 

mice. An expansion of circulating Endo3 CAR T-cells is observed in all groups between 

days 2 and 5 post-T-cell injection, however a significant expansion between 5 and 8 days 

post-T-cell injection is only observed in Cd248WT, tumour-bearing mice (Figure 5.2B).   

To assess depletion of tumour-associated, endosialin-expressing cells in 

Cd248WT mice, and to confirm the absence of endosialin-expressing cells in Cd248KO 

mice, FFPE sections of 4T1 primary tumours were immunostained for endosialin. As 

expected, 4T1 tumours from Cd248KO mice, treated with either mock T-cells or Endo3 

CAR T-cells, show no endosialin-positive staining. Endosialin-positive cells are observed 

in Cd248WT mock T-cell treated tumours and as reported in Chapter 4.2.3, 4T1 tumours 

from Cd248WT Endo3 CAR T-cell treated mice are largely devoid of endosialin expressing 

cells (Figure 5.3A,B). To determine whether the depletion of endosialin-positive cells 

results in a reduction of vascular structures in the viable tumour tissue, 4T1 tumours from 

Cd248WT mock T-cell treated or Endo3 CAR T-cell treated mice were immunostained for 

the endothelial cell marker endomucin. A significant decrease in endomucin-positive 

area is observed in Endo3 CAR T-cell treated tumour when compared to mock T-cell 

treated controls (Figure 5.3C). 
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Figure 5. 2 Endo3 CAR T-cell expansion and activity in Cd248WT and Cd248KO 

mice 

Continuation of Figure 5.1. (A) Gating strategy used to determine Endo3 CAR T-cell 

populations. Following staining with CD4, CD8 and hCD34 antibodies, FSC-A and SSC-

A were used to gate out debris and non-lymphocyte populations. FSC-A and FSC-H 

were used to gate out doublets. DAPI was used to gate out dead cells. The resulting live, 

single lymphocytes were visualised in FITC (CD8) and PE (CD4) channels to identify 

CD8+ and CD4+ T-cell populations. CD4+ and CD8+ cells were gated together and the 

APC (hCD24) channel was used to identify Endo3 CAR T-cells. Mock T-cell treated 

controls were used to determine Endo3 CAR T-cell gates. (B) Combined number of 

circulating CD4+hCD34+ and CD8+hCD34+ Endo3 CAR T-cells in venous blood taken 

from Cd248WT or Cd248KO, tumour-bearing or tumour-naïve mice 2, 5 and 8 days post-

T-cell injection. Samples from mock T-cell treated mice were used as negative controls. 

Each data point represents one mouse. Data shows mean ± SEM. Three-way ANOVA. 
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Figure 5. 3 Endo3 CAR T-cells deplete endosialin-positive cells in 4T1 tumours 

(2) 

Continuation of Figure 5.1. (A) Primary tumours from Cd248WT or Cd248KO mice treated 

with mock T-cells or Endo3 CAR T-cells were formalin-fixed, paraffin-embedded (FFPE). 

Tumour sections were stained for endosialin (green). Nuclei were counterstained with 

DAPI (blue). Slides were scanned on a Hamamatsu NanoZoomer. Representative 

images are shown. Scale bar = 1 mm. (B) Quantification of endosialin-positive area in 

4T1 tumours treated with mock T-cell or Endo3 CAR T-cells. Data shows mean ± SEM. 

Unpaired Student’s t-test. (C) Quantification of endomucin-positive area in 4T1 tumours 

treated with mock T-cell or Endo3 CAR T-cells. Data shows mean ± SEM. Unpaired 

Student’s t-test. 
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 In addition to tumour tissue, FFPE sections of normal bladder and skin tissue 

from Cd248WT tumour-bearing mice were immunostained for endosialin. As expected, 

bladder and skin tissue from mice treated with mock T-cells shows a similar pattern of 

endosialin-expressing cells as was observed in Chapter 3.2.3. This pattern of endosialin-

expressing cells in normal tissue is not notably different in mice treated with Endo3 CAR 

T-cells (Figure 5.4).  

      

Figure 5. 4 Endo3 CAR T-cells do not deplete endosialin-positive cells in normal 

tissue 

Continuation of Figure 5.1. (A) Bladder and skin tissue from Cd248WT tumour-bearing 

mice treated with mock T-cells or Endo3 CAR T-cells were formalin-fixed, paraffin-

embedded (FFPE). Tissue sections were stained for endosialin (green). Nuclei were 

counterstained with DAPI (blue). Slides were scanned on a Hamamatsu NanoZoomer. 

Representative images are shown. Scale bar = 250 µm. 
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In Chapter 3.2.1 4T1 tumour cells were shown to be endosialin-negative in cell 

culture and in the present Chapter 4T1 tumours immunostained for endosialin do not 

show any positive tumour cell staining (Figure 5.3). Therefore, anti-tumour activity 

against 4T1 tumours would not be expected in Cd248KO mice. Indeed, Endo3 CAR T-

cell treatment does not result in decreased tumour volume in Cd248KO mice when 

compared to Cd248KO mice treated with mock T-cells. As expected, no difference in 

tumour volume is observed between Cd248WT and Cd248KO mice treated with either 

mock T-cells or Endo3 CAR T-cells. Additionally, no difference in tumour volume is 

observed between Cd248WT mice treated with mock T-cells or Endo3 CAR T-cells 

(Figure 5.5A). However, although no difference is observed in tumour volume, the tumour 

weights taken at necropsy from CD248WT mice reveal a trend for decreased weight of 

tumours taken from Cd248WT mice treated with Endo3 CAR T-cells when compared to 

Cd248WT treated with mock T-cells. This trend was not observed in Cd248KO mice (Figure 

5.5B). To assess whether this discrepancy between tumour volume and tumour weight 

in Cd248WT mice is due to the presence of dead tissue within the Cd248WT Endo3 CAR 

T-cell treated tumours, the necrotic tumour area was quantified. Tumours from Cd248WT 

Endo3 CAR T-cell treated mice have significantly increased necrotic area when 

compared to Cd248WT mice treated with mock T-cells. A trend is also observed for 

increased necrotic area in Cd248WT Endo3 CAR T-cell treated mice when compared to 

Endo3 CAR T-cell treated Cd248KO mice, however this difference is not significant 

(Figure 5.5C). To visualise these differences in necrotic area, tumours from Cd248WT or 

Cd248KO mice treated with mock T-cells or Endo3 CAR T-cells were immunostained for 

nucleophosmin, a ubiquitously expressed nucleolar phosphoprotein that is frequently 

overexpressed by solid tumour cells (Di Matteo et al. 2016). A visible reduction in viable 

nucleophosmin-positive tumour cells is observed in Cd248WT Endo3 CAR T-cell treated 

tumours when compared to both Cd248WT mock T-cell treated tumours and Cd248KO 

tumours treated with either mock T-cells or Endo3 CAR T-cells (Figure 5.5D). 
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Figure 5. 5 Efficacy of Endo3 CAR T-cell therapy against 4T1 tumours in Cd248WT 

and Cd248KO mice 

Continuation of Figure 5.1. (A) 4T1 tumour volumes taken at necropsy from Cd248WT or 

Cd248KO mice treated with mock T-cells or Endo3 CAR T-cells. Data shows mean ± 

SEM. Two-way ANOVA. (B) 4T1 tumour weights taken at necropsy from Cd248WT or 

Cd248KO mice treated with mock T-cells or Endo3 CAR T-cells. Data shows mean ± 

SEM. Two-way ANOVA (C) Percent necrotic area of 4T1 tumours from Cd248WT or 

Cd248KO mice treated with mock T-cells or Endo3 CAR T-cells. Necrotic area was 

determined from H&E stained tumour sections. Data shows mean ± SEM. Two-way 

ANOVA. (D) 4T1 tumours from Cd248WT or Cd248KO mice treated with mock T-cells or 

Endo3 CAR T-cells were formalin-fixed, paraffin-embedded (FFPE). Tumour sections 

were stained for nucleophosmin (red). Nuclei were counterstained with DAPI (blue). 

Slides were scanned on a Hamamatsu NanoZoomer. Representative images are shown. 

Scale bar = 2.5 mm. 
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As previously, lung metastatic burden was assessed by manually counting the 

number of metastatic deposits in H&E stained lung sections. A significant reduction in 

lung metastasis is observed between Cd248WT and Cd248KO mock T-cell treated mice, 

consistent with data published previously by our laboratory (Viski et al. 2016). Lung 

metastasis is further limited in Cd248WT mice receiving Endo3 CAR T-cells compared to  

both mock T-cell treated Cd248WT mice, consistent with results reported in Chapter 4.2.4, 

and Cd248KO mice (Figure 5.6). 

 

Figure 5. 6 Endo3 CAR T-cells limit 4T1 lung metastasis in Cd248WT but not 

Cd248KO mice 

Continuation of Figure 5.1. Left, representative H&E stained lungs, arrowheads indicate 

metastatic deposits. Scale bar = 250 µm. Right, metastatic deposits were quantified by 

manually counting the number of deposits in H&E stained formalin-fixed, paraffin-

embedded (FFPE) lung sections from Cd248WT or Cd248KO mice treated with mock T-

cells or Endo3 CAR T-cells. Data shows mean ± SEM. Two-way ANOVA.               

 

5.2.2 Endo3 CAR T-cell-associated toxicity is target and tumour specific 

Consistent with observations described in Chapter 4.2.4, and despite an 

improved aftercare regimen of Dietgel and water injections, Cd248WT tumour-bearing 

Endo3 CAR T-cell treated animals develop signs of toxicity from 5 days post-T-cell 



Chapter 5 Endo3 CAR T-cell activity in BALB/c mice 
 

186 
 

injection and their health continues to deteriorate until a number of animals in this group 

require culling as per the limits of our licence 8 days post-T-cell injection. All other 

animals in this study show no signs of ill health up to 8-9 days post-T-cell injection (Figure 

5.7A). Again, upon necropsy, pale livers with darkened and enlarged gallbladders are 

observed in Cd248WT tumour-bearing, Endo3 CAR T-cell treated mice, whereas mice in 

all other groups do not display this phenotype (Figure 5.7B).  

As discussed in Chapter 1.4.4., the most common manifestation of toxicity in CAR 

T-cell treated patients is CRS. CRS may be characterised by an elevation in serum 

cytokines, including IL-6 (Teachey et al. 2013; Pabst et al. 2020). Consequently, serum 

was collected from all animals and analysed for IL-6 levels. The two Cd248WT, tumour-

bearing, Endo3 CAR T-cell treated mice that were observed to be in the worst health 

show the highest serum IL-6 levels, which are at least 2-fold that of all other mice in the 

study (Figure 5.7C). 

5.2.3 Anti-IL-6R treatment does not alleviate Endo3 CAR T-cell-associated 

toxicity 

Patients that present signs of CRS post-CAR T-cell therapy in the clinic are 

administered tocilizumab, an IL-6 receptor (IL-6R) antagonist, as a first line of 

intervention (Yáñez et al. 2019). Tocilizumab acts to block the IL-6R, thus inhibiting IL-6 

signalling via this pathway and lessening the inflammatory response. The elevation of 

serum IL-6 in a subset of Cd248WT tumour-bearing mice indicated that Endo3 CAR T-

cell associated toxicity could be due to CRS. If this is the case, treatment with a mouse 

analogue of tocilizumab, mAb 15A7, should alleviate this toxicity.  

Binding of IL-6 to the IL-6R stimulates signalling via the JAK-STAT3 pathways, 

which results in the phosphorylation of STAT3 (Murray 2007). To confirm 15A7 (anti-IL-

6R) successfully blocks IL-6 signalling, phosphorylation of STAT3 was  
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Figure 5. 7 Endo3 CAR T-cell associated toxicity is limited to Cd248WT, tumour-

bearing mice 

Continuation of Figure 5.1. (A) Health score progression of mice in all groups. Animals 

were monitored closely after T-cell injection and given a health score based on 

appearance and behaviour (see Section 2.2.3). (B) Representative images of liver and 

attached gallbladders taken at necropsy from Cd248WT, tumour-bearing, Endo3 CAR T-

cell treated mice (upper) and all other animals (lower). (C) Serum was collected upon 

necropsy 8-9 days post-T-cell injection and analysed for mIL-6 concentration. Samples 

were analysed from mock T-cell treated or Endo3 CAR T-cell treated, tumour-bearing 

(solid circles) or tumour-naïve (grey circles), Cd248WT or Cd248KO mice. Data shows 

mean ± SEM. Two-way ANOVA (tumour-naïve mice were excluded from statistical 

analysis). 

 

examined in J774a.1 macrophage cells treated with media alone, media supplemented 

with mouse recombinant IL-6 only or media supplemented with mouse recombinant IL-6 

and anti-mouse IL-6R or an isotype control mAb that binds keyhole limpet hemocyanin 

(LTF2). Western blot analysis of J774a.1 cell lysates reveals an absence of 
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phosphorylated STAT3 (pSTAT3) in cells treated with media alone and increased levels 

of pSTAT3 when cells are cultured in the presence of recombinant mouse IL-6 (Figure 

5.8 A). The level of pSTAT3 is decreased in the presence of anti-IL-6R, but not in the 

presence of isotype control mAb, suggesting that the anti-IL-6R mAb is indeed acting to 

block IL-6 binding to the IL-6 receptor (Figure 5.8B).  

To determine whether anti-IL-6R treatment alone affects 4T1 tumour growth and 

metastasis, 8-10 week old female BALB/c mice were injected subcutaneously with 2.5 x 

105 4T1-Luc tumours cells and tumours were allowed to grow for 12 days to 50-200mm3 

in size. On day 12 post-tumour cell injection, mice were treated with 25 mg/kg anti-IL-6R 

or isotype control mAb by intraperitoneal injection. For the subsequent 5 days, mice were 

treated daily with 12.5 mg/kg anti-IL-6R or isotype control mAb via intraperitoneal 

injection (Figure 5.8C). This treatment regime has previously been reported to be well 

tolerated in SCID-beige mice (Giavridis et al. 2018). Animals were culled 22 days post-

tumour cell injection. Bi-weekly tumour measurements reveal that tumour growth is 

comparable between anti-IL-6R treated and isotype control treated mice (Figure 5.8D). 

Further, there was no difference in lung metastasis between anti-IL-6R and isotype 

control mAb treated mice (Figure 5.8E).  

The strategy to evaluate the efficacy of anti-IL-6R treatment in alleviating Endo3 

CAR T-cell associated toxicity in BALB/c mice is shown in Figure 5.9. In brief, 8-10 week 

old female mice were injected subcutaneously with 2.5 x 105 4T1-Luc cells and tumours 

were allowed to grow for 12 days to 50-200mm3 in size. All mice were subjected to 5 Gy 

whole body caesium irradiation and intraperitoneal injection with 25 mg/kg anti-IL-6R or 

isotype control mAb 18 h before 2.5 x 106 mock T-cells or Endo3 CAR T-cells were 

injected via the tail vein. From the day of T-cell injection to 7 days post-T-cell injection, 

mice were administered daily with 12.5 mg/kg anti-IL-6R or isotype control mAb via 

intraperitoneal injection. Venous blood was collected 7 days post-T-cell analysis. 

Animals were culled 8-14 days post-T-cell injection.  
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Figure 5. 8 Validation of anti-IL-6R mAb 15A7 and isotype control mAb LTF2 

(A) Mouse J774a.1 macrophage cells were plated at 5 x 105 cells per well in 6-well plates 

and cultured overnight. The next day, media was replaced with serum free media (A) 

with or without 100 ng/mL recombinant mIL-6 or (B) supplemented with 100 ng/mL 

recombinant mIL-6 alone or 100 ng/mL recombinant mIL-6 and either 20 or 50 µg/mL 

anti-IL-6R mAb 15A7 or 50 µg/mL anti-keyhole limpet hemocyanin mAb LTF2 (isotype 

control). After 30 min, wells were washed with PBS and cell lysates were collected and 

subject to western blotting with anti-pSTAT3 and anti-STAT3 antibodies, followed by 

HRP-conjugated anti-rabbit Ig. α-tubulin was detected as a loading control. (C) 

Experimental strategy for in vivo characterisation of anti-IL-6R (15A7) or isotype control 

(LTF2) mAb treatment. BALB/c mice aged 8-10 weeks were injected subcutaneously 

with 2.5 x 105 4T1-Luc cells on day 0. Tumours were allowed to grow for 12 days to 50-

200mm3 in size. Mice were administered with 25 mg/kg anti-IL-6R or isotype control mAb 

via intraperitoneal injection on day 12 post-tumour cell injection and with 12.5 mg/kg/day 

on days 13-17 post-tumour cell injection. The experiment was ended on day 22 day. (D) 

Tumour growth curves for anti-IL-6R (n=4) or isotype control (n=6) mAb treated mice 

bearing 4T1 primary tumours. Data shows mean ± SEM for each time point. (E) 

Metastatic deposits were quantified by manually counting the number of deposits in H&E 

stained formalin-fixed, paraffin-embedded (FFPE) lung sections from anti IL-6R or 

isotype control mAb treated mice. Data shows mean ± SEM. Unpaired Student’s t-test.  
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Figure 5. 9 Experimental strategy for investigating Endo3 CAR T-cell and anti-IL-

6R co-therapy in BALB/c mice  

8-10 week old Cd248WT BALB/c mice were injected subcutaneously with 2.5 x 105 4T1-

Luc cells. Tumours were allowed to grow for 12 days to 50-200mm3 volume. All mice 

were subjected to 5 Gy whole body caesium irradiation and administered with 25 mg/kg 

anti-IL-6R or isotype control mAb via intraperitoneal injection 18 h prior to injection via 

the tail vein with 2.5 x 106 mock T-cells or Endo3 CAR T-cells (n=8-10 per group). Mice 

were given additional intraperitoneal injections of 12.5 mg/kg anti-IL-6R or isotype control 

mAb on days 0-7 post-T-cell injection. Dietgel was provided to all mice from day -1 to 

study termination. Venous blood was collected via the tail vein 7 days post-T-cell 

injection. Mice were culled 8-14 days post-T-cell injection due to ill health of Endo3 CAR 

T-cell treated mice. Mock T-cell treated mice were culled 8-14 days post-T-cell injection 

as controls only. 

 

In this study, Endo3 CAR T-cell therapy had a significant effect on tumour growth 

rate in animals co-treated with isotype control mAb, however this was not observed in 

animals co-treated with anti-IL-6R mAb (Figure 5.10A). Analysis of CD4+&CD8+ hCD34+ 

cells in venous blood of mice treated with Endo3 CAR T-cells and anti-IL-6R or isotype 

control mAb reveals no difference in circulating Endo3 CAR T-cell levels on day 7 post-

T-cell injection (Figure 5.10B). To assess the effect of Endo3 CAR T-cell therapy on the 

tumour vasculature, a subset of three mice per group were injected via the tail vein with 

AngioSense reagent, a fluorescent macromolecule that pools in the tumour vasculature, 

and imaged on an IVIS Lumina imaging platform 24 h later. The AngioSense signal from 

4T1 tumours treated with mock T-cells is comparable whether co-treated with anti-IL-6R 

or isotype control mAb. Interestingly, AngioSense signal is reduced in 4T1 tumours 
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treated with Endo3 CAR T-cells and this effect appears exacerbated by anti-IL-6R co-

treatment (Figure 5.10C).  

        

Figure 5. 10 Anti-IL-6R co-therapy does not affect Endo3 CAR T-cell persistence  

Continuation of Figure 5.9. (A) Tumour growth rates for mock T-cell or Endo3 CAR T-

cell treated mice co-treated with anti-IL-6R or isotype control mAb. Data shows mean ± 

SEM. Two-way ANOVA. (B) Number of circulating CD4+hCD34+ and CD8+hCD34+ 

Endo3 CAR T-cells in venous blood taken 7 days post-T-cell injection from Endo3 CAR 

T-cell treated mice co-treated with anti-IL-6R or isotype control mAb. Samples from mock 

T-cell treated mice were used as negative controls. Each data point represents one 

mouse. Data shows mean ± SEM. Student’s t-test. (C) 6 days post-T-cell injection, mice 

were injected via the tail vein with AngioSense reagent (n=3 per group, average tumour 

volumes: mock + isotype control = 452 mm3, mock + anti-IL-6R = 448 mm3. Endo3 + 

isotype control =312 mm3. Endo3 + anti-IL-6R = 325 mm3). After 24 h, mice were 

subjected to IVIS imaging measuring fluorescence at 750/780 nm. Left, images of all 

mice injected with AngioSense reagent 24 h after injection. Right, quantification of total 

radiant efficiency measured on an IVIS Lumina imaging system. Data shows mean ± 

SEM. Two-way ANOVA.  
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Tocilizumab treatment has been found to increase free IL-6 in the serum 

(Nishimoto et al. 2008). Therefore, to confirm the anti-IL-6 treatment was working in vivo, 

IL-6 concentration was determined in serum from mock T-cell treated and Endo3 CAR 

T-cell treated mice co-treated with anti-IL-6R or isotype control mAb. An increase in 

serum IL-6 is observed in mice co-treated with anti-IL-6R mAb, in both mock T-cell 

treated and Endo3 CAR T-cell treated mice, when compared to isotype control mAb co-

treated mice (Figure 5.11A). This suggests that the anti-IL-6R mAb indeed functions to 

block the IL-6R in vivo. However, despite this, co-treatment of Endo3 CAR T-cells with 

anti-IL-6R mAb did not result in a survival benefit over mice co-treated with Endo3 CAR 

T-cells and isotype control mAb and all mice succumbed to the same toxicities as before 

(Figure 5.11 B). These results indicate that Endo3 CAR T-cell associated toxicity in 

BALB/c mice cannot be alleviated by classic treatment against CRS.  

5.2.4 Multiple low doses of Endo3 CAR T-cells reduce the incidence of, but do 

not fully alleviate, Endo3 CAR T-cell-associated toxicity 

In this Chapter, it has been demonstrated that Endo3 CAR T-cell associated 

toxicity is not alleviated by co-treatment with anti-IL-6R mAb. Therefore, it is unlikely that 

Endo3 CAR T-cell associated toxicity is solely due to CRS. In Section 5.2.1, Endo3 CAR 

T-cell treated tumours in Cd248WT mice were found to be more necrotic than those 

treated with mock T-cells. Therefore, Endo3 CAR T-cell associated toxicity may be in 

part due to the rapid death of 4T1 tumour cells leading to TLS, a condition that can be 

fatal if left untreated (Howard et al. 2014). It was hypothesised that separating the Endo3 

CAR T-cell treatment regime into 3 smaller doses, amounting to the same overall dose, 

would alleviate or significantly reduce Endo3 CAR T-cell associated toxicity, whether due 

to CRS, TLS or a combination of both.  

  



Chapter 5 Endo3 CAR T-cell activity in BALB/c mice 
 

193 
 

           

Figure 5. 11 Anti-IL-6R co-therapy does not alleviate Endo3 CAR T-cell 

associated toxicity in BALB/c mice 

Continuation of Figure 5.9. (A) Serum concentrations of mIL-6 in mock T-cell or Endo3 

CAR T-cell treated mice co-treated with anti-IL-6R or isotype control mAb (n=3-4 per 

group). Serum was collected upon necropsy 9-11 days post-T-cell injection. Data shows 

mean ± SEM. Two-way ANOVA (B) Kaplan-Meier survival analysis of Endo3 CAR T-cell 

treated mice co-treated with anti-IL-6R (n=9) or isotype control (n=8) mAb. Endo3 Car T-

cell treated mice were culled when they displayed signs of toxicity. Log-rank test, 

p=0.0770. Mock T-cell treated mice were culled in groups at the same time as Endo3 

CAR T-cell treated mice as controls only.  

 

The strategy to investigate whether multiple lower doses of Endo3 CAR T-cells 

can alleviate Endo3 CAR T-cell associated toxicity is outlined in Figure 5.12. In brief, 

Cd248WT female mice were injected subcutaneously with 2.5 x 105 4T1-Luc cells and 

tumours were allowed to grow for 12 days to 50-200 mm3 in size. Mice were subjected 
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to 5 Gy whole body x-ray irradiation 18 h before 0.83 x 106 mock T-cells or Endo3 CAR 

T-cells were injected via the tail vein. Additional doses of 0.83 x 106 mock T-cells or 

Endo3 CAR T-cells were delivered 5 and 10 days after the initial dose. Mock T-cell 

treated and Endo3 CAR T-cell treated mice were culled when they approached the 

severity limits of our licence, whether due to Endo3 CAR T-cell associated toxicity or 

metastatic lung burden. In contrast to previous studies described in this thesis in which 

100% of Endo3 CAR T-cell treated mice were culled due to Endo3 CAR T-cell associated 

toxicity, only 50% of mice displayed toxicity in the present study. The other 50% of Endo3 

CAR T-cell treated mice were culled due to lung metastatic burden. Some mice also had 

decreased use of one limb as well as laboured breathing. Comparison of survival rate 

between Endo3 CAR T-cell treated mice that did not show any signs of toxicity and mock 

T-cell treated mice shows a modest, but non-significant, survival advantage over mock 

T-cell treated mice (Figure 5.13).  

 
Figure 5. 12 Experimental strategy for investigating multiple low doses of Endo3 

CAR T-cell therapy in BALB/c mice 

8-10 week old Cd248WT BALB/c mice were injected subcutaneously with 2.5 x 105 4T1-

Luc cells. Tumours were allowed to grow for 12 days to 50-200mm3 volume. All mice 

were subjected to 5 Gy whole body x-ray irradiation 18 h prior to injection via the tail vein 

with 0.83 x 106 mock T-cells (n=14) or Endo3 CAR T-cells (n=20). Mice were injected via 

the tail vein with a further 0.83 x 106 mock T-cells or Endo3 CAR T-cells on 5 and 10 

days post-initial T-cell injection. Endo3 CAR T-cell treated mice were monitored for signs 

of ill health and were culled when signs of toxicity or high lung burden were apparent. 

Mock T-cell treated mice were culled either as histological controls for Endo3 CAR T-cell 

treated mice or when high lung burden was apparent.  
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Figure 5. 13 Delivering multiple low doses of Endo3 CAR T-cell therapy alleviates 

CAR T-cell-mediated toxicity in a subset of BALB/c mice 

Continuation of Figure 5.12. Upper panel, individual fates of mice treated with multiple 

0.83 x 106 doses of mock T-cells or Endo3 CAR T-cells. n= 5 Endo3 CAR T-cell treated 

mice were culled due to ill health before receiving the day 10 dose. n=6 Endo3 CAR T-

cell treated mice were culled due to ill health 12 days post-initial T-cell injection and n=6 

mock T-cell treated mice were culled simultaneously for histological comparison (not 

shown on graph). Lower panel, Kaplan-Meier survival analysis on the remaining mock 

T-cell treated (n=8) and Endo3 CAR T-cell treated (n=9). All mice were culled due to ill-

health associated with high metastatic burden. Log-rank test, p=0.088.  
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5.3 Discussion 

5.3.1 Endo3 CAR T-cells increase 4T1 tumour necrosis and limit spontaneous 

metastasis to the lungs in Cd248WT mice 

As seen in Chapter 4, Endo3 CAR T-cell therapy results in a striking decrease in 

lung metastasis in Cd248WT mice, which is significantly lower than that observed in 

Cd248WT mock T-cell treated mice and all Cd248KO mice. Interestingly, Cd248WT Endo3 

CAR T-cell treated tumours are not different in volume from all other groups, however 

they are found to weigh less and contain a higher proportion of necrotic tissue. This 

suggests that Endo3 CAR T-cell therapy results in increased tumour cell death in 4T1 

primary tumours. As Endo3 CAR T-cells target endosialin-positive perivascular cells, this 

may be due to a loss of vascular structures in the tumour, as tumour tissue cannot survive 

without a sufficient vascular network (Hanahan and Folkman 1996). Indeed, 

quantification of endomucin-positive cells in 4T1 tumours from Cd248WT Endo3 CAR T-

cell treated mice shows decreased endothelial staining when compared to mock T-cell 

treated controls. A decrease in endomucin-positive vasculature and increase in necrotic 

tumour tissue also likely contributes to the phenotype for reduced lung metastasis in 

Cd248WT Endo3 CAR T-cell treated 4T1 tumours.  

5.3.2 Endo CAR T-cells demonstrate no activity or toxicity in Cd248KO mice 

In Chapter 4, a pilot study of Endo3 CAR T-cell therapy against 4T1 tumours 

revealed that although Endo3 CAR T-cells demonstrated promising anti-tumour activity, 

therapy was associated with toxicity in tumour-bearing mice. Endosialin knock-out mice 

develop into adulthood without any obvious defects (Nanda et al. 2006) and our 

laboratory has previously demonstrated that 4T1 primary tumours grow subcutaneously 

in Cd248KO BALB/c mice at a comparable rate to 4T1 tumours implanted in Cd248WT 

BALB/c mice (Viski et al. 2016). Therefore, to assess the specificity of Endo3 CAR T-cell 
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activity and toxicity, Endo3 CAR T-cells were administered to both Cd248WT and Cd248KO 

4T1 tumour-bearing or tumour-naive BALB/c mice.  

Expansion of Endo3 CAR T-cells in Cd248KO mice is less than that observed in 

Cd248WT tumour-bearing mice with both tumour-bearing and tumour-naïve Cd248KO 

mice displaying comparable Endo3 CAR T-cells levels to those observed in Cd248WT 

tumour-naïve mice. As expected, Cd248KO tumours are confirmed negative for endosialin 

via immunostaining and Endo3 CAR T-cell therapy does not affect 4T1 tumour growth in 

Cd248KO mice. Consistent with previous reports by our laboratory (Viski et al. 2016), 

mock treated Cd248KO mice have a significantly decreased number of metastatic 

deposits in the lungs when compared to mock treated Cd248WT mice. However, the 

number of metastatic deposits in the lungs of Cd248KO mice is not affected by Endo3 

CAR T-cell therapy. Importantly, no evidence of Endo3 CAR T-cell associated toxicity is 

observed in any Cd248KO mice. These data suggest that Endo3 CAR T-cells do not 

demonstrate off-target activity and do not function against 4T1 tumour cells themselves, 

but indeed target stromal endosialin. Interestingly, Cd248WT mice treated with Endo3 

CAR T-cells demonstrate a further reduction in lung metastasis when compared to 

Cd248KO mice treated with mock T-cells. This suggests that depletion of endosialin-

expressing cells is more effective at preventing metastasis to the lungs than genetic 

deletion of the receptor alone.  

5.3.3 Endo3 CAR T-cells demonstrate tumour-specific toxicity and do not 

attack normal tissues 

Consistent with results reported in Chapter 4, the first Cd248WT tumour-bearing 

mice treated with Endo3 CAR T-cells succumb to adverse toxicity within 8 days post-T-

cell injection in the study presented in Section 5.2.1-2, despite an enhanced aftercare 

hydration regimen. However, this toxicity is not observed in tumour-naïve mice, 

suggesting that Endo3 CAR T-cells expand only where tumours are present. This 
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supports previous reports of endosialin being a tumour stroma-associated antigen 

(MacFadyen et al. 2005). 

In Chapter 3, low levels of endosialin expression were found in the BALB/c mouse 

bladder and skin tissue. Interestingly, immunostaining of these tissues from Cd248WT 

tumour-bearing Endo3 CAR T-cell treated mice reveals no evidence that endosialin-

expressing cells are depleted in the normal tissue. This is in line with results described 

in Chapter 4.2.5, in which Endo3 CAR T-cells were not found to deplete endosialin-

positive fibroblasts in the healing wound, and again this may be due to the additional 

barriers faced by Endo3 CAR T-cells to navigate beyond cells associated with the 

vasculature. In mice with actively healing wounds, circulating Endo3 CAR T-cell levels 

were found to be lower than those observed in Cd248WT tumour-bearing mice and thus 

the demonstration that Endo3 CAR T-cells do not deplete endosialin-expressing cells in 

the normal tissue even at higher circulating levels is an important and positive finding.  

Upon post-mortem dissection of animals, it was noted that Cd248WT tumour-

bearing mice treated with Endo3 CAR T-cells had pale livers and a visibly darkened and 

enlarged gallbladders, a phenotype that was exclusive to this group. A similar phenotype 

has been observed in an experimental model of sepsis where a combination of 

scavenger receptor A knock-out and caecal ligation puncture induced sepsis and 

resulted in a darkened and enlarged gallbladder (Drummond et al. 2012b). The authors 

of this study report this as comparable to acalculous cholecystitis in humans, which is 

associated with morbidity and mortality. As endosialin is expressed by perivascular cells, 

it may be that excessive targeting of vascular pericytes results in vascular breakdown, 

allowing the infiltration of septic factors into the circulation and resulting in sepsis. 

Alternatively, severe CRS can be associated with capillary leak syndrome (Lamers et al. 

2013), therefore the observed liver and gallbladder phenotype may be a direct 

consequence of CRS mediated leakage of septic factors into the circulation. As 

discussed in Chapter 4.3.4., CRS is also a common adverse event associated with CAR 
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T-cell activity and it may be characterised by the elevation of serum cytokines, including 

IL-6 (Teachey et al. 2013; Pabst et al. 2020). In the present study, the most unwell 

Cd248WT tumour-bearing mice had elevated serum levels of IL-6 compared to all other 

animals in the study. Together with the absence of normal tissue targeting, this suggests 

that the observed Endo3 CAR T-cell associated toxicity may be due to CRS. Approaches 

to limit CRS following Endo3 CAR T-cell therapy will be discussed in the following 

Section. 

5.3.4 Endo3 CAR T-cell associated toxicity is not alleviated by anti-IL-6R co-

treatment  

In Section 5.2.2, a subset of Cd248WT tumour-bearing, Endo3 CAR T-cell treated 

mice displayed elevated serum IL-6 levels when compared to all other mice in the study. 

CRS, the most common adverse event associated with CAR T-cell therapy, is 

characterised by increased concentrations of serum cytokines, including IL-6 (Pabst et 

al. 2020). CRS-like phenotypes have been reported in mice treated with CAR T-cells 

(Y.G. Lee et al. 2019; Sanderson et al. 2019) and the symptoms reported in these 

studies, weight-loss, hunching, piloerection and malaise, align with the symptoms 

observed in Section 5.2.2. Together with the elevated serum IL-6 levels, these findings 

suggest that Cd248WT tumour-bearing mice treated with Endo3 CAR T-cells displaying 

signs of ill health may be suffering from CRS following CAR T-cell injection.  

Giavridis and colleagues developed a mouse model of CRS that develops 2-3 

days post-CAR T-cell infusion and found that co-treatment with a mouse IL-6R blocking 

antibody prevents CRS-associated mortality, when compared to co-treatment with an 

isotype control. In this Chapter, the same anti-IL-6R and isotype control mAbs were 

utilised according to the same dosing schedule reported by Giavridis and colleagues 

(Giavridis et al. 2018). The anti-IL-6R mAb was batched tested to ensure correct 

functionality and was indeed found to reduce STAT3 phosphorylation in vitro and 
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increase free serum IL-6 in vivo, both of which indicate blockade of IL-6 signalling 

(Murray 2007; Nishimoto et al. 2008). Importantly, anti-IL-6R treatment alone is well 

tolerated and does not have any effects on 4T1 primary tumour growth or metastasis to 

the lung. Anti-IL-6R treatment had no effect on Endo3 CAR T-cell persistence in the 

circulation, which agrees with clinical findings in patients treated with other CAR T-cells 

and tocilizumab simultaneously (Davila et al. 2014; Neelapu et al. 2017; Maude et al. 

2018). However, unfortunately, anti-IL-6R treatment fails to increase survival of Cd248WT 

tumour-bearing mice treated with Endo3 CAR T-cells. On reflection, the levels of serum 

IL-6, though elevated in Cd248WT tumour-bearing, Endo3 CAR T-cell treated mice, are 

still relatively low compared to those reported in mouse models of CRS (Giavridis et al. 

2018; Norelli et al. 2018). This, together with the lack of response to anti-IL-6R treatment, 

suggests that Endo3 CAR T-cell therapy may not be due solely to CRS. 

Interestingly, co-treatment of Endo3 CAR T-cells and anti-IL-6R mAb further 

reduces the vascular signal from 4T1 tumours after AngioSense administration, when 

compared to Endo3 CAR T-cells and isotype control treatment. This suggests that anti-

IL-6R co-treatment may increase the efficacy of Endo3 CAR T-cells in vivo. However, 

this is contradicted by the fact that anti-IL-6R co-treatment does not enhance the 

reduction in primary tumour growth rate when compared to Endo3 CAR T-cell and 

isotype control co-treatment. Further, as Endo3 CAR T-cell therapy is associated with 

toxicity in 4T1 tumour-bearing BALB/c mice, it could be hypothesised that enhanced anti-

tumour activity would result in more severe or rapid toxicity, which was not evidenced in 

this study. These findings require additional investigation and are not explored further in 

this thesis. 
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5.3.5 Multiple low doses of Endo3 CAR T-cells reduces the incidence but does 

not alleviate Endo3 CAR T-cell-associated toxicity 

An additional reported side effect of CAR T-cell therapy, as well as CRS and 

neurotoxicity, is TLS caused by rapid tumour cell death (Porter et al. 2011; Kochenderfer 

et al. 2013). In mice, TLS can present with symptoms that include weight-loss, malaise 

and piloerection, similarly to CRS (Vogel et al. 2010; Zhang et al. 2016). In Section 5.2.1, 

Cd248WT 4T1 tumours treated with Endo3 CAR T-cells were found be more necrotic than 

those treated with mock T-cells and in Section 5.2.3 Cd248WT Endo3 CAR T-cell treated 

tumours were shown to have a decreased vascular signal. Therefore, it is possible that 

Endo3 CAR T-cell therapy causes a degree of TLS.  

It has been demonstrated that lowering the dose of CAR T-cells, or breaking it 

down into multiple smaller fractions, may reduce CAR T-cell associated toxicities in 

patients (Porter et al. 2011; Frey et al. 2016; Pan et al. 2017). Therefore, the Endo3 CAR 

T-cell therapy schedule was revised to 3 smaller doses of 0.83 x 106 Endo3 CAR T-cells, 

delivered 5 days apart, which the first dose being given 18 h after lymphodepleting 

irradiation. In contrast to previous studies, in which 100% of Endo3 CAR T-cell treated 

mice developed toxicity, 50% of mice succumbed to Endo3 CAR T-cell toxicity following 

the revised schedule. The remaining 50% survived until they became moribund with lung 

metastasis. However, taking into account only mice that did not present with Endo3 CAR 

T-cell toxicity, the survival advantage of Endo3 CAR T-cell treatment was modest at best. 

This is consistent with reports by Porter and colleagues, which demonstrate that lowering 

the delivered CAR T-cell dose, with or without fractionation, reduces overall response 

rate to the therapy, despite reducing the number of serious adverse events (Porter et al. 

2011).  
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Taken together, these results suggest that, although lowering and fractionating 

Endo3 CAR T-cell dose reduces the incidence of toxicity, this is not a viable strategy for 

treatment of 4T1 tumours in BALB/c mice.   
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Chapter 6 Endo3 CAR T-cell activity in C57BL/6 mice 

6.1 Introduction 

Despite associated toxicity, Endo3 CAR T-cell therapy demonstrates promising 

anti-tumour activity against 4T1 tumours in BALB/c mice. It has been previously reported 

that 4T1 tumour-bearing BALB/c mice are hypersensitive to PD-1/PD-L1 checkpoint 

blockade immunotherapy, with repeated dosing being fatal in this model (Mall et al. 

2015). However, hypersensitivity reactions were not observed in C57BL/6 mice bearing 

B16 melanoma tumours. This suggests that BALB/c mice may be more sensitive to 

toxicity associated with immunotherapy and therefore it is important to evaluate Endo3 

CAR T-cell therapy in a second non-BALB/c model.  

In immunotherapy research, C57BL/6 mice are often utilised in the syngeneic 

setting. The AT-3 tumour cell line is of C57BL/6 origin and was established from the cells 

of the primary mammary gland carcinoma of the PyMT transgenic mouse model of 

autochthonous mammary carcinoma (Stewart and Abrams 2007). It has been previously 

reported that AT-3 cells implanted as subcutaneous tumours spontaneously metastasise 

to the lungs (Mammadova-Bach et al. 2016; Patin et al. 2018), making the AT-3 tumour 

line a suitable second model for evaluating Endo3 CAR T-cell therapy in the context of 

breast cancer.  

Endosialin is not only upregulated in the stroma of breast cancers, but also of 

multiple other solid tumour types, including lung cancer. The LLC tumour cell line is also 

of C57BL/6 origin and spontaneously metastasises to the lungs (Yu et al. 2014; Hara et 

al. 2017; Kim et al. 2017). Further, our laboratory, in collaboration with others, has 

demonstrated that spontaneous metastasis of subcutaneous LLC tumours to the lungs 

is significantly reduced in Cd248KO mice when compared to Cd248WT mice (Viski et al. 
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2016). Therefore, the LLC lung cancer model is a suitable model for evaluating Endo3 

CAR T-cell therapy in the context of non-breast solid tumours.  

This Chapter will therefore investigate Endo3 CAR T-cell tolerability and efficacy 

in C57BL/6 mice in both the AT-3 mouse breast cancer model and LLC mouse lung 

cancer model.   

6.2   Results 

6.2.1 Characterisation of Endo3 CAR T-cell therapy in AT-3 tumour-bearing 

C57BL/6 mice 

To validate the AT-3 model as a suitable model for testing Endo3 CAR T-cell 

therapy, AT-3 tumour growth, endosialin-expression and early lung metastasis was 

explored. AT-3 tumours grow slower than 4T1 tumours, reaching approximately 100-200 

mm3 by 16 days post-subcutaneous inoculation of 2.5 x 105 tumour cells (Figure 6.1A). 

Day 16 AT-3 tumours were immunostained for endosialin and the endothelial cell marker 

endomucin (Figure 6.1B, left) and, similarly to the 4T1 model, AT-3 tumours display 

positive endosialin staining on CAFs and pericytes and endomucin staining reveals an 

established vascular network. H&E staining of lungs taken from AT-3 tumour-bearing 

mice 16 days post-tumour cell implantation also confirms the absence of detectable lung 

metastasis in the AT-3 model at this time point (Figure 6.1B, right).  

Doses of up to 1 x 107 CAR T-cells are frequently delivered systemically and well 

tolerated in C57BL/6 mice (Chen et al. 2019; Rodriguez-Garcia et al. 2021; Rousso-

Noori et al. 2021). To assess the tolerability of Endo3 CAR T-cell therapy in AT-3 tumour-

bearing C57BL/6 mice, a pilot study was performed utilising doses of up to 7.5 x 106 

Endo3 CAR T-cells. Figure 6.2 outlines the therapeutic strategy for evaluating Endo3 

CAR T-cell therapy in AT-3 tumour-bearing mice. Briefly, 8-10 week old female C57BL/6 

mice were injected subcutaneously on the flank with 2.5 x 105 AT-3 cells and tumours 
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were allowed to grow for 16 days to 100-200 mm3 in size. All mice were subjected to 5 

Gy whole body x-ray irradiation 18 h before 2.5, 5 or 7.5 x 106 Endo3 CAR T-cells or 7.5 

x 106 mock T-cells were injected via the tail vein. As before, mice were monitored for 

signs of CAR T-cell associated toxicities following T-cell injection and venous blood was 

collected for analysis 6 and 8 days post-T-cell injection. This experiment ended 20 days 

post-T-cell injection when the largest tumour reached the maximum allowable size. 

                     

Figure 6. 1 AT-3 tumours are vascularised, endosialin-positive and have not 

metastasised to the lungs at 2-3 weeks post-implantation. 

(A) BALB/c or C57BL/6 mice were injected subcutaneously with 2.5 x 105 4T1 or AT-3 

tumour cells, respectively. Tumour growth curves for 4T1 and AT-3 tumours are shown 

(n=4-5 per group). Data shows mean ± SEM. (B) C57BL/6 mice were injected with 2.5 x 

105 AT-3 tumour cells and culled 16 days post-tumour cell injection. Left, representative 

confocal image of a formalin-fixed, paraffin-embedded (FFPE) section of an AT-3 tumour 

(50 mm3) stained for endosialin (green) and the endothelial cell marker endomucin (red). 

Nuclei were counterstained with DAPI (blue). Scale bar = 125 µm. Right, representative 

H&E stained lungs from the same AT-3 tumour-bearing mouse. Scale bar = 2.5 mm.  
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Figure 6. 2 Endo3 CAR T-cell in vivo therapeutic strategy for C57BL/6 mice 

bearing AT-3 tumours 

8-10 week old endosialin wild-type (Cd248WT) C57BL/6 mice were injected 

subcutaneously with 2.5 x 105 AT-3 cells. Tumours were allowed to grow for 16 days to 

100-200 mm3 volume. All mice were subjected to 5 Gy whole body x-ray irradiation 18 h 

prior to injection via the tail vein with 2.5, 5 or 7.5 x 106 Endo3 CAR T-cells (n=1 per 

group) or 7.5 x 106 mock T-cells (n=2). Venous blood was collected via the tail vein 6 

and 8 days post-T-cell injection. Mice were culled 20 days post-T-cell injection due to 

tumours reaching the maximum allowable size in mock T-cell treated mice.  

 

Sufficient volumes of blood were collected for all mice at 6 and 8 days post-T-cell 

injection for flow cytometry analysis of Endo3 CAR T-cell number (Figure 6.3A). In this 

model, Endo3 CAR T-cells do not expand, with a decrease in circulating Endo3 CAR T-

cells observed 8 days post-T-cell injection when compared to 6 days post-T-cell injection 

in all dose groups (Figure 6.3B). This decrease in circulating CAR T-cell number is less 

apparent in the mouse treated with 7.5 x 106 Endo3 CAR T-cells.  

Despite the lack of Endo3 CAR T-cell expansion in AT-3 tumour-bearing mice, 

depletion of endosialin-positive cells in the tumour stroma is still observed in mice dosed 

with 5 and 7.5 x 106 Endo3 CAR T-cells (Figure 6.4). In the mouse dosed with 2.5 x 106 

Endo3 CAR T-cells endosialin-positive staining is comparable with that observed in the 

mock T-cell treated controls. 
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Figure 6. 3 Endo3 CAR T-cells do not expand in C57BL/6 mice  

Continuation of Figure 6.2. (A) Gating strategy used to determine Endo3 CAR T-cell 

populations. Following staining with CD4, CD8 and hCD34 antibodies, FSC-A and SSC-

A were used to gate out debris and non-lymphocyte populations. FSC-A and FSC-H 

were used to gate out doublets. DAPI was used to gate out dead cells. The resulting live, 

single lymphocytes were visualised in FITC (CD8) and PE (CD4) channels to identify 

CD8+ and CD4+ T-cell populations. CD4+ and CD8+ cells were gated together and the 

APC (hCD34) channel was used to identify Endo3 CAR T-cells. Mock T-cell treated 

controls were used to determine Endo3 CAR T-cell gates. (B) Number of circulating 

CD4+hCD34+ or CD8+hCD34+ Endo3 CAR T-cells in venous blood taken from mice 6 

and 8 days post-T-cell injection. Samples from mock T-cell treated mice were used as 

negative controls. Each data point represents one mouse.  

 

In this pilot study, Endo3 CAR T-cell therapy is not associated with toxicity at any 

dose. All Endo3 CAR T-cell treated mice maintain a healthy weight until experimental 

endpoint (Figure 6.5A) and no visual or behavioural signs of ill health are observed, 

including no observation of abnormal gallbladders upon necropsy and histology (Figure 

6.5B). Because of this, the experiment was able to continue until mice reached the 
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defined end point dictated by the tumour size limits of our licence. In turn, this allowed 

extended monitoring of tumour growth and metastasis. Continuous measuring of primary 

tumour volumes from 1 day prior to T-cell injection demonstrates a striking reduction in 

growth rate in the mouse treated with 5 x 106 Endo3 CAR T-cells when compared to the 

two mice treated with mock T-cells (Figure 6.5C). The mouse treated with 7.5 x 106 

Endo3 CAR T-cells also demonstrates a slight reduction in primary tumour growth, 

however this is modest compared to that observed in the mouse receiving the 5 x 106 

dose. Treatment with 2.5 x 106 Endo3 CAR T-cells has no impact on primary tumour 

growth in this model when compared to mice treated with mock T-cells.  

                   

Figure 6. 4 Endo3 CAR T-cells deplete endosialin-positive cells in AT-3 tumours 

Continuation of Figure 6.2. Immunostaining of AT-3 primary tumours from mock T-cell 

treated or Endo3 CAR T-cell treated mice at 20 days post-T-cell injection. Representative 

confocal immunofluorescence images of formalin-fixed, paraffin-embedded (FFPE) 

sections stained for endosialin (green) and the endothelial cell marker endomucin (red) 

are shown. Nuclei were counterstained with DAPI (blue). Scale bar = 75 µm.  
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As previously, metastatic burden in the lungs was assessed by manually counting 

the number of metastatic deposits in H&E stained lung sections. Unexpectedly, mock T-

cell treated tumours give rise to few metastatic deposits in the lungs, despite both mock 

T-cell treated control mice having large primary tumours (Figure 6.5D). The reason for 

this lack of metastatic burden in the control mice is unclear but may simply reflect the 

small numbers of animals in the experiment and the inherent variability of tumour growth 

and metastasis. Quantification of metastatic deposits in the lungs of mice treated with 

Endo3 CAR T-cells reveals a pattern between tumour size and lung burden, as would be 

expected, with the mice dosed with 2.5, 5 and 7.5 x 106 Endo3 CAR T-cells having 13, 0 

and 1 metastatic deposits, respectively.  

As a dose of 7.5 x 106 Endo3 CAR T-cells is tolerated, results in the smallest 

decrease in circulating CAR T-cells from 6-8 days post-T-cell injection and depletion of 

endosialin-expressing cells is observed in the AT-3 tumour treated with this dose, all 

further C57BL/6 studies were dosed with 7.5 x 106 Endo3 CAR T-cells.  

6.2.2 Endo3 CAR T-cells do not expand in Cd248WT or Cd248KO AT-3 tumour 

bearing C57BL/6 mice 

In Chapter 3, a subpopulation of endosialin-positive AT-3 tumours cells was 

observed. To confirm that anti-tumour activity of Endo3 CAR T-cells against AT-3 

tumours is due to stroma cell targeting and not tumour cell targeting, and to confirm the 

results observed in the pilot study described in Section 6.2.1, Endo3 CAR T-cell therapy 

was administered to Cd248WT and Cd248KO mice. The strategy to treat Cd248WT and 

Cd248KO mice is outlined in Figure 6.6. Briefly, 8-10 week old female C57BL/6 mice were 

inoculated subcutaneously on the flank with 2.5 x 105 AT-3 cells or left tumour naive. 

Tumours were allowed to grow for 16 days to 20-100 mm3 in size. All mice were 

subjected to 5 Gy whole body irradiation 18 h before being injected with 7.5 x 106 mock 

T-cells or Endo3 CAR T-cells. Venous blood was collected for analysis 3, 6 and 8 days 
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post-T-cell injection and mice were culled 20 days post-T-cell injection when the first 

tumour came close to reaching tumour size limits dictated by our licence.  

  

Figure 6. 5 Endo3 CAR T-cell therapy may limit tumour growth in AT-3 tumour-

bearing mice without associated toxicity 

Continuation of Figure 6.2. (A) Body weights of individual AT-3 tumour-bearing mock T-

cell or Endo3 CAR T-cell treated mice. (B) Representative H&E stained gallbladders 

from mock T-cell or Endo3 CAR T-cell treated mice. Scale bar = 1 mm. (C) Tumour 

growth curves for individual mice. (D) Left, representative images of metastatic deposits 

from H&E stained lungs. Scale bar = 200 µm. Right, quantification of spontaneous lung 

metastasis in mock T-cell treated or Endo3 CAR T-cell treated mice. Metastatic deposits 

were quantified by manually counting the number of deposits in H&E stained formalin-

fixed, paraffin-embedded (FFPE) lung sections.  
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In all mice, whether Cd248WT or Cd248KO, tumour-bearing or tumour-naïve, 

circulating Endo3 CAR T-cell levels remain at similar levels at 3, 6 or 8 days post-T-cell 

injection (Figure 6.7A,B). Levels of circulating Endo3 CAR T-cells are also comparable 

between all groups at each time point. This suggests that Endo3 CAR T-cells persist, but 

do not expand in this model up to 8 days post-T-cell injection.  

Figure 6. 6 Therapeutic strategy for treating Cd248WT and Cd248KO AT-3 tumour-

bearing mice with Endo3 CAR T-cell therapy 

8-10 week old endosialin wild-type (Cd248WT) and endosialin knock-out (Cd248KO) 

C57BL/6 mice were injected subcutaneously with 2.5 x 105 AT-3 cells or left tumour-

naïve. Tumours were allowed to grow for 16 days to 20-100mm3 volume. All mice were 

subjected to 5 Gy whole body x-ray irradiation 18 h prior to injection via the tail vein with 

7.5 x 106 mock T-cells or Endo3 CAR T-cells (Cd248WT tumour-bearing n= 12; tumour-

naïve, n=2. Cd248KO tumour-bearing, n=4). Animals were supplied with Dietgel from day 

-1 until experiment termination. Venous blood was collected via the tail vein 3, 6 and 8 

days post-T-cell injection. Mice were culled 20 days post-T-cell injection due to the first 

control tumours reaching maximum allowable size. 

 

6.2.3 Endo3 CAR T-cells partially deplete endosialin-expressing cells in AT-3 

tumours but not in the normal tissue 

To confirm (1) whether Endo3 CAR T-cells are capable of depleting endosialin-

expressing cells in the AT-3 tumour stroma and (2) the absence of endosialin-positive 

staining in AT-3 tumours from Cd248KO mice, tumours from Cd248WT or Cd248KO mock 

T-cell treated or Endo3 CAR T-cell treated mice were immunostained for endosialin. As 

expected, no endosialin-positive staining is observed in AT-3 tumours from Cd248KO 

mice, either treated with mock T-cells or Endo3 CAR T-cells. Evidence of reduced 
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Figure 6. 7 Endo3 CAR T-cell numbers and activity in Cd248WT and Cd248KO AT-3 

tumour-bearing mice 

Continuation of Figure 6.6. (A) Gating strategy used to determine Endo3 CAR T-cell 

populations. Following staining with CD4, CD8 and hCD34 antibodies, FSC-A and SSC-

A were used to gate out debris and non-lymphocyte populations. FSC-A and FSC-H 

were used to gate out doublets. DAPI was used to gate out dead cells. The resulting live, 

single lymphocytes were visualised in FITC (CD8) and PE (CD4) channels to identify 

CD8+ and CD4+ T-cell populations. CD4+ and CD8+ cells were gated together and the 

APC (hCD24) channel was used to identify Endo3 CAR T-cells. Mock T-cell treated 

controls were used to determine Endo3 CAR T-cell gates. (B) Combined number of 

circulating CD4+hCD34+ and CD8+hCD34+ Endo3 CAR T-cells in venous blood taken 

from Cd248WT or Cd248KO, tumour-bearing or tumour-naïve mice 3, 6 and 8 days post-

T-cell injection. Samples from mock T-cell treated mice were used as negative controls.  

Each data point represents one mouse. Data shows mean ± SEM. Three-way ANOVA. 
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 endosialin-positive staining is observed in Cd248WT tumours treated with Endo3 CAR T-

cells when compared to Cd248WT tumours treated with mock T-cells (Figure 6.8A) and 

quantification of the endosialin-positive area of Cd248WT AT-3 tumours confirms there is 

a significant reduction (negating the identified outlier) in endosialin-positive staining in 

Endo3 CAR T-cell treated tumours (Figure 6.8B). To determine whether Endo3 CAR T-

cell treatment affected the presence of endomucin-positive vessels in this model, AT-3 

tumours from CD248WT mice were immunostained for endomucin and the endomucin-

positive area was calculated. In this model, Endo3 CAR T-cell treated tumours do not 

show a decreased endomucin-positive area when compared to mock T-cell treated 

controls (Figure 6.8C).  

As previously, the normal bladder and skin from a random subset of Cd248WT 

tumour-bearing mice treated with mock T-cells or Endo3 CAR T-cells were collected and 

immunostained for endosialin as normal tissue controls. No differences in endosialin-

expressing cells are observed in either bladder or skin tissue treated with Endo3 CAR T-

cells when compared to those treated with mock T-cells (Figure 6.9A). This is confirmed 

by quantifying the endosialin-positive area of bladder tissue via colour thresholding in 

the green channel (Figure 6.9B).  

6.2.4 Endo3 CAR T-cells limit AT-3 tumour growth in Cd248WT but not 

Cd248KO mice 

To determine whether Endo3 CAR T-cell therapy has an effect on AT-3 primary 

tumour growth in Cd248WT or Cd248KO mice, tumour volumes were measured bi-weekly 

from the day before T-cell injection. Final tumour measurements taken on day 20 post-

T-cell injection, the day of study termination, and calculated tumour growth rates reveal 

that Cd248WT tumours treated with Endo3 CAR T-cells are significantly smaller at end 

point and have a significantly reduced growth rate compared to Cd248WT tumours treated 

with mock T-cells. Importantly, no difference in AT-3 tumour size or growth rate is 
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observed between tumours from Cd248KO mice treated with mock T-cells or Endo3 CAR 

T-cells (Figure 6.10A-C).  

                 

Figure 6. 8 Endo3 CAR T-cells deplete endosialin-positive cells in AT-3 tumours 

Continuation of Figure 6.6. (A) Primary tumours from Cd248WT or Cd248KO mice treated 

with mock T-cells or Endo3 CAR T-cells were formalin-fixed, paraffin-embedded (FFPE). 

Tumour sections were stained for endosialin (green) and the endothelial cell marker 

endomucin (orange). Nuclei were counterstained with DAPI (blue). Representative 

confocal images are shown. Scale bar = 250 µm. (B) Quantification of endosialin-positive 

area in AT-3 tumours treated with mock T-cell or Endo3 CAR T-cells. Data points circled 

in orange were identified as outliers via the ROUT method and excluded from statistical 

analysis. Data shows mean ± SEM. Unpaired Student’s t-test. (C) Quantification of 

endomucin-positive area in AT-3 tumours treated with mock T-cells or Endo3 CAR T-

cells. Data shows mean ± SEM. Unpaired Student’s t-test. 
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Figure 6. 9 Endo3 CAR T-cells do not deplete endosialin-positive cells in normal 

tissue in AT-3 tumour-bearing mice 

Continuation of Figure 6.6. Bladder and skin tissue from Cd248WT tumour-bearing mice 

treated with mock T-cells or Endo3 CAR T-cells were formalin-fixed, paraffin-embedded 

(FFPE). Tissue sections were stained for endosialin (green). Nuclei were counterstained 

with DAPI (blue). Slides were scanned on a Hamamatsu NanoZoomer. Representative 

images are shown. Scale bar = 250 µm. (B) Quantification of endosialin-positive area in 

bladder tissue from AT-3 tumour-bearing mice treated with mock T-cell or Endo3 CAR 

T-cells. Unpaired Student’s t-test. 
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Endo3 CAR T-cell treated Cd248WT 4T1 tumours are significantly more necrotic 

than mock T-cell treated controls, as demonstrated in Chapter 5. In contrast, AT-3 

tumours treated with Endo3 CAR T-cells demonstrate a trend of reduced necrosis when 

compared to mock T-cell treated Cd248WT mice and Cd248KO mice treated with mock T-

cells or Endo3 CAR T-cells. No difference in primary tumour necrosis is observed 

between mock T-cell treated and Endo3 CAR T-cell treated Cd248KO mice (Figure 

6.10D).  

In Chapters 4 and 5 4T1 tumour-bearing BALB/c mice treated with 2.5 x 106 

Endo3 CAR T-cells were found to have pale livers with darkened and enlarged 

gallbladders upon necropsy. Consistent with the pilot AT-3 experiment (Figure 6.2 -6.5), 

this phenotype is not observed (Figure 6.10E), and no other signs of toxicity were noted.  

6.2.5 Endo3 CAR T-cells do not limit AT-3 spontaneous metastasis to the lungs 

To determine whether Endo3 CAR T-cell therapy is able to limit metastasis to the 

lung in the AT-3 model, metastatic deposits were manually quantified from H&E stained 

lungs sections. Unexpectedly, no significant difference in the number of metastatic lung 

deposits is observed between Cd248WT mock T-cell treated or Endo3 CAR T-cell treated 

mice, despite the Endo3 CAR T-cell treated tumours being smaller. Comparison of 

metastatic deposits in the lungs of Cd248KO mice treated with mock T-cells or Endo3 

CAR T-cells also reveals no significant difference (Figure 6.11) 

 

 

 

 

  



Chapter 6 Endo3 CAR T-cell activity in C57BL/6 mice 
 

217 
 

            

Figure 6. 10 Efficacy of Endo3 CAR T-cell therapy against AT-3 tumours in 

Cd248WT and Cd248KO mice 

Continuation of Figure 6.6. (A) AT-3 tumour volumes taken at necropsy from Cd248WT or 

Cd248KO mice treated with mock T-cells or Endo3 CAR T-cells. Data shows mean ± 

SEM. Two-way ANOVA. (B) AT-3 tumour growth rates for Cd248WT or Cd248KO mice 

treated with mock T-cells or Endo3 CAR T-cells. Data shows mean ± SEM. Two-way 

ANOVA. (C) Photographs of AT-3 tumours from Cd248WT or Cd248KO mice treated with 

mock T-cells or Endo3 CAR T-cells. (D) Percent necrotic area of AT-3 tumours from 

Cd248WT or Cd248KO mice treated with mock T-cells or Endo3 CAR T-cells. Necrotic area 

was determined from H&E stained tumour sections. Data shows mean ± SEM. Two-way 

ANOVA. (E) Representative images of liver and attached gallbladders taken at necropsy 

from AT-3 tumour-bearing Cd248WT mock T-cell (upper) or Endo3 CAR T-cell (lower) 

treated mice. 
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Figure 6. 11 Endo3 CAR T-cells do not limit AT-3 lung metastasis  

Continuation of Figure 6.6. Left, representative H&E stained lungs, arrowheads indicate 

metastatic deposits. Scale bar = 500 µm. Right, metastatic deposits were quantified by 

manually counting the number of deposits in H&E stained formalin-fixed, paraffin-

embedded (FFPE) lung sections from Cd248WT or Cd248KO mice treated with mock T-

cells or Endo3 CAR T-cells. Data shows mean ± SEM. Two-way ANOVA.               

 

6.2.6 Endo3 CAR T-cells significantly limit spontaneous metastasis of LLC 

tumours to the lungs 

Our laboratory, in collaboration with others, has demonstrated that CAFs and 

pericytes associated with LLC tumours have upregulated endosialin expression and 

spontaneous metastasis of these tumours to the lungs is significantly limited by genetic 

deletion of endosialin (Viski et al. 2016). Therefore, to investigate whether Endo3 CAR 

T-cell therapy can limit the spontaneous metastasis of LLC tumours, 8-10 week old 

female C57BL/6 were injected with 5 x 105 LLC tumour cells, as outlined in Figure 6.12. 

Tumours were allowed to grow for 14 days to 100-200 mm3 in size. All mice were 

subjected to 5 Gy whole body irradiation 18 h before being injected via the tail vein with 

7.5 x 106 mock T-cells or Endo3 CAR T-cells. A subset of mice were culled on day 0 to 

examine the primary tumour and lungs at the point of T-cell injection. Venous blood was 

collected for analysis 6 and 8 days post-T-cell injection and mice were culled 13 days 
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post-T-cell injection due to tumour ulceration and ill health of multiple animals in both 

groups. 

 

Figure 6. 12 Therapeutic strategy for treating LLC tumour-bearing mice with 

Endo3 CAR T-cell therapy 

8-10 week old endosialin wild-type (Cd248WT) C57BL/6 mice were injected 

subcutaneously with 5 x 105 LLC cells. Tumours were allowed to grow for 14 days to 

100-200mm3 volume. All mice were subjected to 5 Gy whole body x-ray irradiation 18 h 

prior to injection via the tail vein with 7.5 x 106 mock T-cells or Endo3 CAR T-cells (n=12 

per group). Animals were supplied with Dietgel from day -1 until experiment termination. 

A subset of mice were culled on day 0 to examine primary tumour and lung phenotypes. 

Venous blood was collected via the tail vein 6 and 8 days post-T-cell injection. Mice were 

culled 13 days post-T-cell injection due to tumour ulceration in both groups (see text). 

 

Immunostaining of LLC tumours grown for 15 days for endosialin and endomucin 

confirms the presence of endosialin-positive cells and an established vascular network 

at the time of T-cell injection (Figure 6.13, left) and examination of H&E stained lungs 

taken from the same mouse reveals an absence of lung metastasis at this time point 

(Figure 6.13, right). As observed in Section 6.1.2 with AT-3 tumour-bearing mice, Endo3 

CAR T-cells do not expand in LLC tumour-bearing mice from 6 to 8 days post-T-cell 

injection (Figure 6.14A). No difference in final tumour weight or tumour growth rate is 

observed between mock T-cell and Endo3 CAR T-cell treated LLC tumours (Figure 

6.14B-D). As expected, no abnormal liver or gallbladder phenotype is observed upon 

necropsy of mock T-cell treated and Endo3 CAR T-cell treated mice (Figure 6.14E). 

Despite the lack of Endo3 CAR T-cell associated toxicity, multiple mice in both groups 

developed signs of ill health (malaise, hunching, piloerection) after T-cell injection, with 



Chapter 6 Endo3 CAR T-cell activity in C57BL/6 mice 
 

220 
 

2 and 3 mice being culled early in the mock T-cell treated and Endo3 CAR T-cell groups, 

respectively (not included in analysis). It appears that this ill health may be associated 

with ulceration of the LLC tumour.  

    
Figure 6. 13 LLC tumours are vascularised, endosialin-positive and have not 

metastasised to the lungs at 2 weeks post-implantation. 

Continuation of Figure 6.12. (A) C57BL/6 mice were injected with 5 x 105 LLC tumour 

cells and culled 15 days post-tumour cell injection. Left, representative confocal image 

of a formalin-fixed, paraffin-embedded (FFPE) section of an LLC tumour (167 mm3) 

stained for endosialin (green) and the endothelial cell marker endomucin (red). Nuclei 

were counterstained with DAPI (blue). Scale bar = 100 µm. Right, representative H&E 

stained lungs from the same LLC tumour-bearing mouse. Scale bar = 2.5 mm.  

 

Metastatic deposits were manually quantified from H&E stained lungs sections. 

Interestingly, the number of metastatic deposits in the lungs is significantly decreased in 

Endo3 CAR T-cell treated mice when compared to mock T-cell treated mice (Figure 

6.15).   

The analysis of this experiment remains ongoing at the time of thesis submission, 

including endosialin immunostaining of primary tumours and normal tissues.  
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Figure 6. 14 Endo3 CAR T-cell numbers and activity in LLC tumour-bearing mice 

Continuation of Figure 6.12. (A) Number of circulating CD4+hCD34+ and CD8+hCD34+ 

Endo3 CAR T-cells in venous blood taken 6 and 8 days post-T-cell injection from Endo3 

CAR T-cell treated mice. Samples from mock T-cell treated mice were used as negative 

controls. Each data point represents one mouse. Data shows mean ± SEM. Unpaired 

Student’s t-test. (B) LLC tumour weights taken at necropsy from mice treated with mock 

T-cells or Endo3 CAR T-cells. Data shows mean ± SEM. Unpaired Student’s t-test. (C) 

LLC tumour growth rates from mice treated with mock T-cells or Endo3 CAR T-cells. 

Data shows mean ± SEM. Unpaired Student’s t-test. (D) Photographs of LLC tumours 

from mice treated with mock T-cells or Endo3 CAR T-cells. (E) Representative images 

of liver and attached gallbladders taken at necropsy from LLC tumour-bearing, mock T-

cell treated (upper) and Endo3 CAR T-cell treated (lower) mice. 
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Figure 6. 15 Endo3 CAR T-cells limit metastasis of LLC tumour cells to the lungs  

Continuation of Figure 6.12. Left, representative H&E stained lungs, arrowheads indicate 

metastatic deposits. Scale bar = 500 µm. Right, metastatic deposits were quantified by 

manually counting the number of deposits in H&E stained formalin-fixed, paraffin-

embedded (FFPE) lung sections from mice treated with mock T-cells or Endo3 CAR T-

cells. Data shows mean ± SEM. Unpaired Student’s t-test. 

 

6.3   Discussion 

6.3.1 Endo3 CAR T-cells are not toxic in C57BL/6 mice at doses of up to 7.5 x 

106 CAR T-cells 

Second generation CAR T-cell products have been safely delivered to C57BL/6 

mice bearing various subcutaneous tumours at doses of up to 1 x 107 CAR T-cells (Chen 

et al. 2019; Rodriguez-Garcia et al. 2021; Rousso-Noori et al. 2021). In line with these 

reports, Endo3 CAR T-cell doses of up to 7.5 x 106 CAR T-cells are well tolerated in AT-

3 and LLC tumour-bearing mice. Tumour-bearing C57BL/6 mice treated with Endo3 CAR 

T-cells maintain a healthy weight post-T-cell injection, unlike 4T1-tumour bearing mice 

who lose weight continually following Endo3 CAR T-cell injection. Importantly, no 

targeting of normal tissues containing endosialin-positive cells is evident even at the 
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highest dose of 7.5 x 106 Endo3 CAR T-cells. This suggests that Endo3 CAR T-cells do 

not act in an on-target/off-tumour manner. 

Interestingly, Endo3 CAR T-cells do not expand from 6 to 8 days post-T-cell 

injection in either AT-3 or LLC tumour-bearing C57BL/6 mice. This is in contrast to the 

significant expansion observed during these time points in 4T1 tumour-bearing BALB/c 

mice (see Chapters 4 and 5). The reason for this discrepancy between mouse strains is 

currently unclear, however it may be due to immunological differences between BALB/c 

and C57BL/6 mice. The key immunological difference between BALB/c and C57BL/6 

mice is the innate immune response, with T-cells from C57BL/6 and BALB/c mice 

preferentially mediating a Th1 and Th2 response, respectively (Mills et al. 2000). BALB/c 

mice also tend to have stronger humoral responses than C57BL/6 mice (Guyach et al. 

2009).  

BALB/c mice have been found to have impaired bacterial clearance following 

cecal-ligation puncture when compared to C57BL/6 mice, which was accompanied by 

enhanced systemic inflammation and a significantly decreased survival rate (Watanabe 

et al. 2004). As discussed in Chapter 5.3.3, cecal-ligation puncture in mice can result in 

sepsis and a similarly darkened, enlarged gallbladder phenotype as observed following 

Endo3 CAR T-cell therapy in BALB/c mice (Drummond et al. 2012a). It is unlikely that 

Endo3 CAR T-cell therapy results in sepsis by damaging intestinal tissue owing to the 

lack of endosialin-positive cell targeting in the normal tissue. However, it may be that the 

endogenous immune response to Endo3 CAR T-cell therapy in BALB/c mice produces 

greater levels of systemic inflammation than in C57BL/6 mice, resulting in greater 

toxicity. Alternatively, differences in the endogenous immune systems of BALB/c and 

C57BL/6 mice may result in composition differences of their respective Endo3 CAR T-

cell products. This will be explored in the next Chapter. 
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6.3.2 Endo3 CAR T-cells limit AT-3 primary tumour growth but not metastasis to 

the lung 

In Chapters 4 and 5, we demonstrated a mild effect of Endo3 CAR-T cell 

treatment on 4T1 primary tumour growth that was not reproducibly significant between 

experiments, with CAR-T-cells eliciting other effects on the primary tumour such as 

increasing necrosis and reducing endothelial cell staining in the remaining viable tumour 

tissue. In contrast, in both the pilot and larger scale AT-3 tumour studies described in 

this Chapter, administration of Endo3 CAR T-cell therapy results in a significantly 

reduced growth rate of AT-3 tumours in Cd248WT mice when compared to those treated 

with mock T-cells at doses of 5 x 106 Endo3 CAR T-cells or higher. Further, AT-3 tumours 

from Cd248WT mice demonstrate a trend of reduced necrosis and no difference in 

endothelial staining when compared to mock T-cell controls, despite a significant 

reduction in endosialin-positive staining. The discrepancy in primary tumour phenotype 

between 4T1 and AT-3 tumours following Endo3 CAR T-cell therapy is currently 

unknown and requires further investigation. However, one explanation may be 

differences in tumour architecture. As discussed in Chapter 3, AT-3 tumours have a well-

organised vascular network with many large vessels surrounding tumour cell nests 

whereas 4T1 tumours have a more disorganised vascular network with more 

microvessels within the tumour core characteristic of a chaotic network. It may be that 

depleting endosialin-positive cells has a greater effect on the stability of smaller, less 

established blood vessels, which in turn results in oxygen deprivation and necrosis of 

the tumour tissue. In tumours with larger, well-organised vessels, depletion of endosialin-

positive cells may be sufficient to perturb the efficiency of the vascular network, resulting 

in slowed tumour growth, but not to cause vascular collapse and necrosis in the tumour 

tissue.  
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An alternative hypothesis is that the lack of Endo3 CAR T-cell expansion in AT-

3 tumour-bearing mice results in a transient effect on the primary tumour that is not 

sustained sufficiently enough to cause continued disruption to the primary tumour 

vasculature. Examining the number of Endo3 CAR T-cells reaching and persisting in the 

primary tumour model may aid in elucidating the differences in Endo3 CAR T-cell activity 

against 4T1 and AT-3 tumours. Unfortunately, as Endo3 CAR T-cells do not incorporate 

a tag that can be imaged in vivo, nor has a suitable antibody for visualising the truncated 

form of hCD34 co-expressed by Endo3 CAR T-cells in FFPE sections been identified, it 

was not possible to examine the location of Endo3 CAR T-cells post-injection. It is 

possible, however, to identify Endo3 CAR T-cells via flow cytometry analysis so future 

work may look at dissociating tumour tissue from 4T1 and AT-3 tumours at multiple time 

points post-T-cell injection to examine Endo3 CAR T-cell infiltration density by flow 

cytometry. In both 4T1 and AT-3 tumour-bearing mice, evidence of slowed primary 

tumour growth becomes apparent between 5-8 days post-T-cell injection. Flow cytometry 

analysis of dissociated tumour tissue over time would also allow for examination of how 

long it takes for Endo3 CAR T-cells to reach the tumour after infusion and whether this 

sits within the 5-8 days post-T-cell injection window.  

In Chapter 3 immunostaining and western blotting of AT-3 tumour cells revealed 

a small subset of endosialin-positive AT-3 cells. To ensure that the efficacy of Endo3 

CAR T-cells against AT-3 tumours is due to stromal cell targeting and not targeting of 

this tumour cell subset, AT-3 tumour-bearing Cd248KO mice were also treated with mock 

T-cells or Endo3 CAR T-cells. No differences in AT-3 tumour growth rate are observed 

between mock T-cell treated and Endo3 CAR T-cell treated Cd248KO mice. This agrees 

with data reported in 4T1 tumour-bearing Cd248KO mice and demonstrates that Endo3 

CAR T-cell efficacy is indeed associated with activity against stromal cell populations.  

In contrast to results reported in 4T1 tumour-bearing mice, Endo3 CAR T-cell 

therapy did not limit the spontaneous metastasis of AT-3 tumours to the lungs in Cd248WT 
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mice. This is a surprising result considering the significant effect on AT-3 primary tumour 

growth. As Endo3 CAR T-cell therapy did not result in increased necrosis or reduced 

endothelial cell staining in Cd248WT AT-3 tumours, it is likely that the absence of 

difference in spontaneous metastasis to the lungs can be attributed to an insufficient 

effect on the vascular network. Although a reduction in endosialin-positive staining is 

observed in Cd248WT Endo3 CAR T-cell treated tumours, Endo3 CAR T-cells do not 

expand in this model and thus likely exhibit a short term effect on the primary tumour. 

Future work may investigate greater or multiple doses of Endo3 CAR T-cells in this 

model.  

6.3.3 Endo3 CAR T-cells do not limit LLC primary tumour growth but suppress 

metastasis to the lung 

Previous reports have identified endosialin as an upregulated protein in the 

stroma of a wide variety of solid tumours, such as glioblastoma, lung cancer and 

colorectal cancer (Nanda et al. 2006; Simonavicius et al. 2008; Viski et al. 2016). To 

determine whether Endo3 CAR T-cell therapy could be used to target other cancer types, 

the LLC mouse lung cancer model was utilised. The same therapeutic strategy was 

applied to LLC tumours as was applied to AT-3 tumours, with a dose of 7.5 x 106 Endo3 

CAR T-cells being delivered. In contrast to results obtained from the AT-3 model, Endo3 

CAR T-cell therapy results in only modest slowing of LLC primary tumour growth, 

however a significant decrease in lung metastasis is observed. This is likely due to 

architectural differences in the vascular network of LLC tumours when compared to AT-

3 tumours. The LLC tumour vasculature is similar to that observed in 4T1 tumours (Viski 

et al. 2016) which may explain why a significant reduction in lung metastasis is observed 

in this model. However, the Endo3 CAR T-cell associated reduction in LLC lung 

metastasis is less striking than that observed in the 4T1-BALB/c model. Endo3 CAR T-

cells do not expand in LLC tumour-bearing mice from 6 to 8 days post-T-cell injection, 



Chapter 6 Endo3 CAR T-cell activity in C57BL/6 mice 
 

227 
 

thus it may be that Endo3 CAR T-cells initially deplete endosialin-positive cells and limit 

metastatic spread, however as Endo3 CAR T-cell numbers begin to decrease this effect 

is lessened. In contrast, Endo3 CAR T-cells do expand in 4T1 tumour-bearing mice and 

these mice are sacrificed at an earlier time point due to toxicity. Together, these factors 

may explain why a more striking reduction in metastatic disease is observed in Endo3 

CAR T-cell treated mice bearing 4T1 tumours. Therefore, a better Endo3 CAR T-cell 

treatment strategy in LLC tumour-bearing mice may be to deliver multiple doses over a 

number of days.  

Alternatively, like the differences in toxicity, the differences in efficacy against 

metastatic disease in LLC tumour bearing-mice compared to 4T1 tumour-bearing mice 

may also be due to differences in the composition of the BALB/c and C57BL/6 CAR T-

cell product. This will be discussed in the next Chapter.  

At the time of writing, the analysis of the LLC study remains ongoing. It will be 

important to investigate the presence of endosialin-positive cells in mock T-cell and 

Endo3 CAR T-cell treated LLC tumours from this experiment to confirm the observed 

difference in lung metastasis is due to endosialin-targeting. Further, it will be interesting 

to compare the endosialin-positive area in Endo3 CAR T-cell treated LLC tumours with 

Endo3 CAR T-cell treated AT-3 and 4T1 tumours. Endo3 CAR T-cell treated 4T1 tumours 

exhibited a greater reduction in endosialin-positive area when compared to mock T-cell 

controls than Endo3 CAR T-cell treated AT-3 tumours. As the efficacy against LLC 

tumour metastasis was a middle-ground between that observed in 4T1 tumours and AT-

3 tumours, it will be interesting to see whether this is also true of the endosialin-positive 

area post-therapy.  
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Chapter 7 Comparing BALB/c and C57BL/6 derived Endo3 CAR 

T-cells 

7.1  Introduction 

In Chapters 4 and 5 Endo3 CAR T-cell therapy was associated with fatal toxicity 

in 4T1 tumour-bearing BALB/c mice. However, conversely, in Chapter 6 treatment with 

Endo3 CAR T-cells did not result in toxicity in AT-3 or LLC tumour-bearing C57BL/6 mice. 

The reasons for this strain dependent difference in toxicity are unclear. In Chapter 5, 

strategies to alleviate Endo3 CAR T-cell toxicity in tumour-bearing BALB/c mice, 

including anti-IL-6R treatment and multi-dosing at lower CAR T-cell numbers, were 

unsuccessful. Therefore, examining the differences between BALB/c and C57BL/6 mice 

may provide useful insights into the cause of Endo3 CAR T-cell associated toxicity.  

Immunologically, C57BL/6 and BALB/c mice are quite different. It has previously 

been reported that C57BL/6 and BALB/c mice preferentially mediate a Th1 and Th2 

innate immune response, respectively and that BALB/c mice may have stronger humoral 

responses than C57BL/6 mice (Mills et al. 2000; Guyach et al. 2009). Therefore, Endo3 

CAR T-cell toxicity observed in tumour-bearing BALB/c mice may be due to 

immunological differences in the BALB/c Endo3 CAR T-cell product, differences in the 

interaction of the endogenous immune system with Endo3 CAR T-cells in BALB/c mice, 

or a combination of both. 

This Chapter will examine the composition and behaviour of Endo3 CAR T-cells 

derived from BALB/c or C57BL/6 splenocytes, including comparison of their function 

against 4T1 tumours in immunodeficient mice.  
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7.2   Results 

7.2.1 CD4+:CD8+ T-cell ratio in BALB/c and C57BL/6 derived Endo3 CAR T-

cells  

It has been reported that mouse CD4+ and CD8+ CAR T-cells function differently 

in vivo (Kägi et al. 1994; Stalder et al. 1994), therefore the CD4+:CD8+ ratio of BALB/c 

and C57BL/6 Endo3 CAR T-cells was analysed via flow cytometry. Interestingly, BALB/c 

Endo3 CAR T-cells have a CD4+:CD8+ ratio of ~75:25% (Figure 7.1A), whereas C57BL/6 

Endo3 CAR T-cells have the opposite CD4+:CD8+ ratio of ~25:75% (Figure 7.1B).  

7.2.2 BALB/c derived Endo3 CAR T-cells show delayed killing in vitro 

In Chapter 4, in vitro co-culture experiments demonstrated that Endo3 CAR T-

cells activate and kill target cells in an endosialin-specific manner. T-cell activation 

assays in Chapter 4 were analysed at 24 h post-T-cell addition and it was noted that 

BALB/c derived Endo3 CAR T-cells release less IFN-γ than C57BL/6 derived Endo3 

CAR T-cells after 24 h of co-culture. Therefore, to determine whether BALB/c Endo3 

CAR T-cells exhibit delayed cytotoxicity when compared to C57BL/6 Endo3 CAR T-cells, 

BALB/c or C57BL/6 mock T-cells or Endo3 CAR T-cells were co-cultured with endosialin-

positive mouse 10T½ cells for 24 or 84 h at various effector:target ratios. After 24 h of 

co-culture, C57BL/6 Endo3 CAR T-cells exhibit significant cytotoxicity against 10T½ cells 

when compared to mock T-cells (Figure 7.2A). In contrast, BALB/c Endo3 CAR T-cells 

are not cytotoxic to 10T½ cells after 24 h of co-culture (Figure 7.2B). However, if co-

culture is extended to 84 h, BALB/c Endo3 CAR T-cells exhibit significant cytotoxicity 

against 10T½ cells when compared to mock T-cells (Figure 7.2C). These data suggest 

that BALB/c derived Endo3 CAR T-cells have a delayed cytotoxic response to endosialin 

expressing cells.  
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Figure 7. 1 BALB/c and C57BL/6 derived Endo3 CAR T-cells have different 

CD4+:CD8+ ratios 

Gating strategy used to determine CD4+ and CD8+ Endo3 CAR T-cell populations in (A) 

BALB/c and (B) C57BL/6 derived Endo3 CAR T-cells. Following staining with CD4, CD8 

and hCD34 antibodies, FSC-A and SSC-A were used to gate out debris and non-

lymphocyte populations. FSC-A and FSC-H were used to gate out doublets. The 

resulting single lymphocytes were visualised in FITC (CD8) and PE (CD4) channels to 

identify CD8+ and CD4+ T-cell populations. CD4+ and CD8+ cells were gated together and 

the APC (hCD34) channel was used to identify Endo3 CAR T-cells. Mock T-cell treated 

controls were used to determine Endo3 CAR T-cell gates. Endo3 CAR T-cells were then 

inspected in the PE (CD4) or FITC (CD8) channels separately to obtain a CD4+ and CD8+ 

population percentage.  
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Figure 7. 2 BALB/c and C57BL/6 derived Endo3 CAR T-cell cytotoxicity 

Mouse 10T½ pericyte-like cells were seeded at 2000 cells per well in 96-well plates and 

mock T-cells or Endo3 CAR T-cells were added after 24 h. After a further 24 h (A,B) or 

84 h (C) of co-culture, cytotoxicity was determined using the Cytotox 96 non-radioactive 

cytotoxicity assay. Data shows mean ± SEM. Two-way ANOVA. 

 

7.2.3 C57BL/6 Endo3 CAR T-cells limit 4T1 metastasis, whereas BALB/c Endo3 

CAR T-cells are non-toxic but display no efficacy in NSG mice 

To establish whether 4T1 tumours grow and metastasise at comparable rates in 

NSG and BALB/c mice, 2.5 x 105 4T1 tumour cells were injected into NSG or BALB/c 

mice subcutaneously on the flank. 4T1 tumours grew more rapidly in NSG mice when 

compared to BALB/c mice, reaching the desirable size range for T-cell injection of 100-

200 mm3 approximately 10 days post-tumour cell injection (Figure 7.3A). Examination of 

4T1 tumours at 13 days post-T-cell injection, the day 0 time point for BALB/c Endo3 CAR 

T-cell experiments, reveals a comparable endosialin staining pattern to that observed in 

4T1 tumours from BALB/c mice (Figure 7.3B, left). However, H&E staining of lungs taken 
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from 4T1 tumour-bearing NSG mice 13 days post-T-cell injection reveals small 

micrometastases at this time point (Figure 7.3B, right). Therefore, it was decided that 

NSG mice bearing 4T1 tumours would be treated with Endo3 CAR T-cells after 10 days 

of tumour growth, when the primary tumour size is comparable to that observed in 

BALB/c mice and to reduce the likelihood of micrometastases being present in the lungs 

at the time of T-cell injection.  

         

Figure 7. 3 4T1 tumours grow and metastasise more rapidly in NSG mice 

(A) BALB/c or NSG mice were injected subcutaneously with 2.5 x 105 4T1. Tumour 

growth curves for 4T1 tumours are shown (n=5-6 per group). Data shows mean ± SEM. 

(B) NSG mice were injected with 2.5 x 105 4T1 tumour cells and culled 13 days post-

tumour cell injection. Left, representative confocal image of a formalin-fixed, paraffin-

embedded (FFPE) section of a 4T1 tumour (331 mm3) stained for endosialin (green) and 

the endothelial cell marker endomucin (red). Nuclei were counterstained with DAPI 

(blue). Scale bar = 250 µm. Right, representative H&E stained lungs from the same 4T1 

tumour-bearing NSG mouse. Scale bar = 2.5 mm.  
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To compare the efficacy of BALB/c and C57BL/6 derived Endo3 CAR T-cells in 

vivo, 4T1 tumours were established in NSG mice by injecting 2.5 x 105 tumour cells 

subcutaneously on the flank, as outlined in Figure 7.4. As NSG mice are 

immunodeficient, mice were not irradiated prior to T-cell injection. 10 days after 4T1 

inoculation, mice were injected via the tail vein with 2.5 x 106 BALB/c or C57BL/6 derived 

Endo3 CAR or mock T-cells. Mice were provided with Dietgel from day -1 to study 

termination. Venous blood was collected for analysis 6 and 8 days post-T-cell injection 

and mice were sacrificed 12 or 16 days post-T-cell injection. All mice were sacrificed due 

to tumour size or evidence of lung burden.  

 

Figure 7. 4 In vivo therapeutic strategy for comparing BALB/c and C57BL/6 

derived Endo3 CAR T-cells simultaneously 

8-10 week old NOD scid gamma (NSG) mice were injected subcutaneously with 2.5 x 

105 4T1-Luc cells. Tumours were allowed to grow for 13 days to 100-200 mm3 in volume. 

Mice were injected via the tail vein with 2.5 x 106 BALB/c or C57BL/6 derived mock T-

cells (BALB/c derived n=3, C57BL/6 derived n=3) or Endo3 CAR T-cells (BALB/c derived 

n=6, C57BL/6 derived n=6). Mice were supplied with Dietgel from day -1 to study 

termination. Venous blood was collected on day 6 and 8 post-T-cell injection and mice 

were culled 12 or 16 days post-T-cell injection due to tumour size or lung burden.  

 

No differences in primary tumour growth are observed between mock T-cell or 

Endo3 CAR T-cell treated mice whether derived from BALB/c or C57BL/6 T-cells (Figure 

7.5A,B). Analysis of venous blood collected 6 and 8 days post-T-cell injection reveals a 

comparable number of circulating Endo3 CAR T-cells in mice injected with BALB/c or 

C57BL/6 Endo3 CAR T-cells at both time points. A trend for expansion between day 6 

and 8 post-T-cell injection is observed in both BALB/c and C57BL/6 Endo3 CAR T-cell 
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treated mice, however this is not significant in those injected with either T-cell strain 

(Figure 7.5C). Of note, BALB/c and C57BL/6 Endo3 CAR T-cells remain majority CD4+ 

(CD4+:CD8+ = 75.3:24.7%) and CD8+ (CD4+:CD8+ ratio= 24.6:75.4%), respectively 

(Figure 7.5D). Importantly, no evidence of Endo3 CAR T-cell associated toxicity is 

observed in any animal, with all mice being culled due to tumour or metastatic burden 

and no abnormalities in liver or gallbladder appearance upon necropsy (Figure 7.5E).  

As before, tumours were immunostained for endosialin to examine the targeting 

of tumour-associated endosialin-positive cells. No evidence of substantial endosialin-

positive cell depletion is observed by visual inspection of immunostained tumour sections 

(Figure 7.6A), however RTqPCR analysis of RNA isolated from FFPE tumour sections 

reveals a decrease in endosialin expression in C57BL/6 Endo3 CAR T-cell treated 

tumours, albeit insignificant when compared to mock T-cell treated controls (Figure 

7.6B).  

To examine spontaneous metastasis of 4T1 tumours to the lung, mice were 

culled at either 12 or 16 days post-T-cell injection to ensure comparable primary tumour 

sizes and H&E stained lung sections from mock T-cell treated, BALB/c or C57BL/6 

Endo3 CAR T-cell treated mice were quantified manually (Figure 7.7A). Mock T-cell 

treated mice were not differentiated by strain due to imbalance in number culled at each 

time point. Comparison of the percentage of lung tissue occupied by metastatic disease 

reveals a significant decrease in lung metastatic burden between mock T-cell treated 

mice and C57BL/6, but not BALB/c, Endo3 CAR T-cell treated mice (Figure 7.7B, left). 

To determine whether this difference was due to a lower number of deposits or smaller 

metastases, indicative of reduced dissemination to the lungs and targeting of the 

deposits at the secondary site, respectively, the number of metastatic deposits per 

section were counted manually and the average deposit area was determined. A 

significant reduction in the number of deposits is observed in C57BL/6 Endo3 CAR T-

cell treated mice when compared to mock T-cell treated mice. Again, no difference is 
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observed when comparing BALB/c Endo3 CAR T-cell treated mice to mock T-cell treated 

mice (Figure 7.7B, centre). In contrast, the average metastatic deposit area is not 

significantly different between mock T-cell and C57BL/6 Endo3 CAR T-cell treated mice, 

nor between mock T-cell and BALB/c Endo3 CAR T-cell treated mice (Figure 7.7B, right). 

              
Figure 7. 5 No toxicity or efficacy against 4T1 tumours is observed in NSG mice 

treated with BALB/c or C57BL/6 derived Endo3 CAR T-cells 

Continuation of Figure 7.4. (A) Tumour growth curves for mice treated with BALB/c or 

C57BL/6 derived mock T-cells or Endo3 CAR T-cells. Data shows mean ± SEM. (B) 4T1 

tumour growth rates for NSG mice treated with BALB/c or C57BL/6 derived mock T-cells 

or Endo3 CAR T-cells. Data shows mean ± SEM. Two-way ANOVA. (C) Combined 

number of circulating CD4+hCD34+ and CD8+hCD34+ Endo3 CAR T-cells in venous 

blood taken 6 and 8 days post-T-cell injection. Samples from mock T-cell treated mice 

were used as negative controls. Each data point represents one mouse. Data shows 

mean ± SEM. Two-way ANOVA. (D) Breakdown of CD4+ and CD8+ Endo3 CAR T-cells 

detected in the circulation of NSG mice treated with BALB/c or C57BL/6 derived Endo3 

CAR T-cells. Data shows mean ± SEM. (D) Representative images of liver and attached 

gallbladders taken at necropsy from NSG mice treated with mock T-cells, BALB/c derived 

Endo3 CAR T-cells or C57BL/6 derived Endo3 CAR T-cells.  
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Figure 7. 6 C57BL/6 derived Endo3 CAR T-cells may deplete endosialin-positive 

cells more effectively than BALB/c derived Endo3 CAR T-cells in NSG mice 

Continuation of Figure 7.4. (A) 4T1 tumours from NSG mice treated with mock T-cells, 

BALB/c derived Endo3 CAR T-cells or C57BL/6 derived Endo3 CAR T-cells were 

formalin-fixed, paraffin-embedded (FFPE). Tissue sections were stained for endosialin 

(green) and endomucin (red). Nuclei were counterstained with DAPI (blue). Slides were 

scanned on a Hamamatsu NanoZoomer. Representative images are shown. Scale bar 

= 250 µm. (B) RNA was isolated from FFPE sections of 4T1 tumours treated with mock 

T-cells, BALB/c derived Endo3 CAR T-cells or C57BL/6 derived Endo3 CAR T-cells. 

Relative Cd248 expression was determined by qPCR analysis. Ubc was used to 

normalise Cd248 values. Data shows mean ± SEM. One-way ANOVA.  
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Figure 7. 7 C57BL/6 derived Endo3 CAR T-cells limit 4T1 lung metastasis but 

BALB/c derived Endo3 CAR T-cells have no effect in NSG mice 

Continuation of Figure 7.4. (A) Representative H&E stained lungs taken from mock T-

cell, BALB/c derived Endo3 CAR T-cell or C57BL/6 derived Endo3 CAR T-cell treated 

4T1 tumour bearing mice culled 16 days post-T-cell injection. Red outlines indicate 

metastatic deposits. Scale bar = 2.5 mm. (B) Mice were sacrificed either 12 or 16 days 

post-T-cell injection to ensure comparable primary tumour sizes. Lung tumour burden 

was assessed by manually quantifying the percent metastatic tumour area (left), number 

of deposits per mm2 (centre) or average deposit area (right) from H&E stained formalin-

fixed, paraffin-embedded (FFPE) lung sections taken from mice treated with mock T-

cells, BALB/c derived Endo3 CAR T-cells or C57BL/6 derived Endo3 CAR T-cells (n=6 

per group). All mock T-cell treated mice were treated as one group. Data shows mean ± 

SEM. One-way ANOVA. 
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7.3   Discussion 

7.3.1 BALB/c and C57BL/6 Endo3 CAR T-cells behave differently in vitro 

In Section 7.2.1, BALB/c and C57BL/6 derived Endo3 CAR T-cells were found to 

consist of CD4+ and CD8+ heavy T-cell populations, respectively. This is in agreement 

with several other studies published examining BALB/c and C57BL/6 lymphocyte 

populations (Chen et al. 2002; Pinchuk and Filipov 2008). It has previously been reported 

that CD4+ T-cells take longer to develop effector properties in vitro than CD8+ T-cells 

(Kaech et al. 2002; Hildemann et al. 2013). In agreement with this, co-culture of 

endosialin-positive 10T½ cells with CD8+ heavy C57BL/6 Endo3 CAR T-cells results in 

significant cytotoxicity after 24 h, however no significant cytotoxicity is observed in 10T½ 

co-cultures with CD4+ heavy BALB/c Endo3 CAR T-cells after 24 h. Evidence of BALB/c 

Endo3 CAR T-cell induced cytotoxicity is only observed after 84 h of co-culture with 

10T½ cells.  

The delay in cytotoxic activity of BALB/c Endo3 CAR T-cells may be due to 

differences in cytotoxic pathways utilised by CD4+ and CD8+ cytotoxic lymphocytes in the 

mouse system. CD4+ cytotoxic lymphocytes most frequently kill via the Fas/Fas ligand 

pathway, whereas CD8+ lymphocytes release perforin and granzyme molecules to kill 

the target cell (Kägi et al. 1994; Stalder et al. 1994). Lymphocytes are capable of storing 

and releasing cytotoxic granules rapidly, however low quantities of Fas Ligand are stored 

in lymphocytes, thus new ligand must be generated to facilitate the cytotoxic event, which 

is a slower process (Russell and Ley 2002).  

Delayed killing by CD4+ Endo3 CAR T-cells may explain the differences in Endo3 

CAR T-cell tolerability observed between tumour-bearing BALB/c and C57BL/6 mice. 

Slower target cell killing results in endosialin molecules being accessible to Endo3 CAR 

T-cells for longer, thus allowing for longer periods of CAR T-cell stimulation, activation 
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and proliferation. As a result, this may explain the higher levels of Endo3 CAR T-cell 

expansion observed in tumour-bearing BALB/c mice, which in turn results in greater 

systemic inflammation and toxicity.  

7.3.2 BALB/c Endo3 CAR T-cells are non-toxic but display no efficacy in NSG 

mice, whereas C57BL/6 Endo3 CAR T-cells limit 4T1 metastasis 

NSG mice are immunodeficient animals, with the majority of white blood cell 

populations being absent or defective. Because of this, NSG mice may be infused with 

CAR T-cells derived from any strain of mouse. 4T1 tumours were grown in NSG mice 

and treated with either BALB/c or C57BL/6 derived Endo3 CAR T-cells to (1) determine 

whether BALB/c Endo3 CAR T-cells are toxic in the absence of the endogenous immune 

system and (2) directly compare the efficacy of BALB/c and C57BL/6 Endo3 CAR T-cells 

against the same tumour model.  

Interestingly, treatment with BALB/c derived Endo3 CAR T-cells did not result in 

expansion of the CAR-T cells to levels previously seen or toxicity in 4T1 tumour-bearing 

NSG mice. This suggests that the endogenous immune system in BALB/c mice is key in 

mediating Endo3 CAR T-cell antitumour effects and associated toxicity. In the classical 

immune response, CD4+ T-cells are helper cells that recognise antigens expressed by 

antigen-presenting cells and secrete cytokines to engage other immune cells and it has 

previously been reported that CD4+ CAR T-cells are more effective at stimulating the host 

immune system than CD8+ CAR T-cells (Boulch et al. 2021). Therefore, CD4+ CAR T-

cells may also exhibit helper functions and stimulate other immune cells, such as 

dendritic cells and macrophages, to become active. NSG mice have absent or defective 

lymphoid cells and myeloid cells with the exception of neutrophils and monocytes, 

therefore, the absence of BALB/c Endo3 CAR T-cell associated expansion and toxicity 

in NSG mice suggests that in the syngeneic setting expansion and toxicity is driven by 

Endo3 CAR T-cells over-engaging with lymphoid and myeloid populations, which in turn 
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results in lethal systemic inflammation. Further, BALB/c mice are polarised towards a 

Th2 innate immune response, whereas C57BL/6 mice are polarised towards a Th1 

innate immune response (Mills et al. 2000). Excessive Th2 response results in the 

overactivation of humoral immunity, including activation of mast cells, eosinophils and 

dendritic cells. In turn this can result in hypersensitivity which can be fatal if untreated. 

Therefore, BALB/c specific Endo3 CAR T-cell toxicity may be due to excessive triggering 

of the endogenous Th2 response.  

As no toxicity is observed following treatment of tumour-bearing C57BL/6 mice 

with Endo3 CAR T-cells containing majority CD8+ CAR T-cells, it would be interesting to 

investigate whether selecting C57BL/6 Endo3 CAR T-cells for CD4+ CAR T-cells 

recapitulates the same toxicities observed in BALB/c mice. In the same context, selecting 

BALB/c Endo3 CAR T-cells for CD8+ CAR T-cells and assessing tolerability of this 

population alone in tumour-bearing BALB/c mice would be an interesting strategy to 

examine in future work. 

Although no differences in primary tumour growth or Endo3 CAR T-cell 

persistence are observed in BALB/c and C57BL/6 derived Endo3 CAR T-cell treated 

mice, CD4:CD8 CAR T-cell ratios remain in vivo and C57BL/6 derived Endo3 CAR T-

cells appear to be more efficacious. Spontaneous metastasis of 4T1 tumours to the lungs 

is significantly decreased in mice treated with C57BL/6, but not BALB/c, derived Endo3 

CAR T-cells and this is due to a decrease in the number of metastatic deposits rather 

than decreased deposit outgrowth. Previous work by our laboratory has demonstrated 

that endosialin plays a role in the intravasation step of the metastatic cascade and not in 

extravasation and colonisation of the secondary site (Viski et al. 2016). This finding is 

supported by the fact that Endo3 CAR T-cells limit the number of metastatic deposits in 

the lung but not size of their outgrowth. 
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 Interestingly, in the immunocompromised setting, no significant depletion of 

endosialin-positive cells is observed in 4T1 primary tumours following treatment with 

either BALB/c or C57BL/6 derived Endo3 CAR T-cells. However, in 4T1 tumours treated 

with C57BL/6 Endo3 CAR T-cells, there is a trend for decreased endosialin-expression 

when compared to BALB/c Endo3 CAR T-cell or mock T-cell treated 4T1 tumours. One 

hypothesis for this observation is that, again, BALB/c derived Endo3 CAR T-cells are 

limited by the absence of endogenous immune populations and thus have no effect on 

tumour-associated endosialin-expressing cells, whereas C57BL/6 derived Endo3 CART-

cells are active within the primary tumour, however in the absence of the endogenous 

immune system are only able to exhibit a minor effect on endosialin-expressing cells, 

suggesting that C57BL/6 Endo3 CAR T-cells too rely on interactions with the 

endogenous immune system to effectively target, deplete and clear endosialin-

expressing cells within the primary tumour. Alternatively, the dose of C57BL/6 derived 

Endo3 CAR T-cells delivered in this study may have been too low to affect primary 

tumour growth. In Chapter 6, pilot studies utilising C57BL/6 derived Endo3 CAR T-cells 

against AT-3 tumours in C57BL/6 mice demonstrated that a dose of 2.5 x 106 Endo3 

CAR T-cells was not sufficient to perturb AT-3 tumour growth, but doses of 5 x 106 or 

higher did decrease primary tumour growth rate. For direct comparison of BALB/c and 

C57BL/6 derived Endo3 CAR T-cells, it was important to deliver the same dose in 4T1 

tumour-bearing NSG mice, however future studies may consider treating with higher 

doses in this setting to determine whether this would result in greater anti-tumour efficacy 

of C57BL/6 derived Endo3 CAR T-cells.  

The apparent loss of BALB/c Endo3 CAR T-cell efficacy in the immunodeficient 

setting suggests that the endogenous immune system plays an important role in 

mediating Endo3 CAR T-cell response in BALB/c mice. It has been reported that, 

although CD4+ CAR T-cells are more effective at stimulating the host immune response, 

CD8+ T-cells are more efficient at target cell killing (Boulch et al. 2021). Therefore, with 
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BALB/c Endo3 CAR T-cells being a majority CD4+ T-cell population, a bystander effect 

in which endogenous immune cells engage in the CAR T-cell response is required in 

BALB/c mice, whereas in C57BL/6 mice Endo3 CAR T-cells rely less on this same effect.  

A limitation of the studies carried out in this thesis is the lack of Endo3 CAR T-

cell detection in vivo or in ex vivo tissues. The Endo3 CAR construct does not include a 

tag that allows bioluminescent imaging and a suitable antibody for identifying Endo3 CAR 

T-cells via truncated human CD34 in FFPE sections was not identified during this PhD. 

As previously mentioned in Chapter 4.3.3, visualisation of Endo3 CAR T-cells within the 

primary tumour of our syngeneic models would provide further evidence that Endo3 CAR 

T-cells reach and attack tumour-associated endosialin-expressing cells. In the 

immunodeficient setting, it would be of interest to determine whether the lack of BALB/c 

Endo3 CAR T-cell efficacy is due to Endo3 CAR T-cells not reaching their target cells 

within the primary tumour, and in the same context, whether C57BL/6 Endo3 CAR T-

cells demonstrate greater tumour penetration in this setting. Future work may focus on 

alternative methods of Endo3 CAR T-cell visualisation, such as trailing anti-hCD34 

antibodies on frozen tumour sections or by dissociating primary tumours and subjecting 

them to flow cytometry analysis for hCD34+ cells. Additionally, it may be of interest to 

interrogate endogenous immune cell populations in our syngeneic models to gain a 

deeper understanding of which cells of the endogenous immune system are important 

bystanders to BALB/c Endo3 CAR T-cell activity.  

Further investigation is warranted to determine the role of the endogenous 

immune system and the CAR T-cell CD4+:CD8+ ratio in BALB/c specific Endo3 CAR T-

cell efficacy and associated toxicity. At the time of writing, ongoing experiments are being 

carried out to characterise this further.  
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Chapter 8 Final discussion and future directions 

Advances in T-cell engineering in recent decades have facilitated research into 

CAR T-cell therapy for the treatment of cancers. Engineering T-cells to express a CAR 

construct allows the redirecting of T-cell populations against a cancer-specific antigen 

and CAR T-cells have the advantage of recognising the target antigen and killing the 

antigen expressing cell in the absence of MHC molecules, which are often not present 

on the surface of cancer cells. To date, only CAR T-cells directed against targets 

upregulated by haematological malignancies have been approved for clinical use and 

designing CAR T-cells that are effective against solid tumours remains a major challenge 

in the field at present.  

As discussed in Chapter 1.4.7 various approaches to improve CAR T-cell 

persistence, survival and infiltration into solid tumours have been investigated. An 

alternative approach to improve solid tumour targeting is to target cells of the TME 

instead of the harder to reach tumour cells. As CAR T-cells are infused intravenously, 

the most accessible cells upon reaching a malignant mass are those associated with the 

vasculature. Endosialin is a cell surface protein that is upregulated on tumour-associated 

pericytes, cells that are tightly associated with the tumour vasculature, with only low 

levels of expression in normal healthy tissue (MacFadyen et al. 2005; MacFadyen et al. 

2007; Simonavicius et al. 2008). Therefore, endosialin represents a novel target for CAR 

T-cell therapy and for targeting the tumour vasculature.  

The overall objective of this PhD was to investigate the potential of endosialin-

targeting CAR T-cells against the progression of solid tumours, with three overall aims. 

First, to characterise the specificity of endosialin-targeting Endo3 CAR T-cells in vitro. 

Data presented in this thesis demonstrate the specific activation and target cell killing of 

Endo3 CAR T-cells in the presence of endosialin-positive cell lines, both of mouse and 

human origin.  
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Second, to determine the safety and tolerability of Endo3 CAR T-cells in vivo. 

Administration of Endo3 CAR T-cells resulted in strain dependent Endo3 CAR T-cell 

associated toxicity in tumour-bearing BALB/c mice, with no toxicity observed in tumour-

bearing C57BL/6 mice or non-tumour bearing mice of either strain. Further, no toxicity 

was observed when BALB/c Endo3 CAR T-cells were delivered to tumour-bearing 

immunodeficient NSG mice, suggesting a role for the endogenous immune system in 

BALB/c Endo3 CAR T-cell associated toxicity. 

Finally, to assess the efficacy of Endo3 CAR T-cell therapy in multiple preclinical 

models of cancer. It was shown that treatment with Endo3 CAR T-cells resulted in a 

depletion of tumour-associated endosialin-expressing cells and a slowing of primary 

tumour growth in preclinical models of solid tumours. In tumours with a more aberrant 

vasculature, Endo3 CAR T-cell therapy also limited metastatic spread to the lungs. 

Together, the data presented in this thesis support the hypothesis that Endo3 

CAR T-cell therapy has the potential to limit solid tumour growth and metastasis by 

ablating tumour-associated endosialin expressing cells. Previous studies have reported 

conflicting results of tumour response to pericyte-ablating therapies (Xian et al. 2006; 

Cooke et al. 2012), however in the studies described in thesis, pericyte ablation was only 

associated with slowed and never accelerated tumour progression. This will be 

discussed further in Section 8.2. 

8.1   Targeting endosialin as a novel CAR T-cell approach  

The major limitation of CAR T-cell therapy for solid tumours is the arduous 

journey CAR T-cells face to reach the malignant cells, both in terms of physical barriers 

and immunosuppressive environments. Targeting cells tightly associated with the 

vasculature represents an approach that reduces the physical barriers to only that of the 

endothelial cell layer and the vascular basement membrane without needing to navigate 
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the immunosuppressive environment of the tumour mass. Solid tumours may be 

categorised broadly into ‘immune hot’ and ‘immune cold’ tumours, with the latter having 

little infiltration of immune cells due to the extremely immunosuppressive TME. Immune 

cold tumours are generally not responsive to immunotherapy (Appleton et al. 2021). 

Studies reported in this thesis demonstrate that Endo3 CAR T-cells are effective against 

immune cold, immune checkpoint-resistant 4T1 tumours (Mosely et al. 2017), which is 

an encouraging finding.  

An additional benefit of targeting endosialin-positive cells in the TME is the 

relative genetic stability of these cells when compared to tumour cells. An important 

challenge identified clinically in patients treated with FDA approved CD19-targeting CAR 

T-cells is the emergence of CD19-negative subpopulations of cancer cells that escape 

CAR T-cell killing and result in disease progression (Grupp et al. 2013; Maude et al. 

2014). As CAFs and pericytes are genetically stable compared to tumour cells, it is less 

likely that escape variants would emerge in response to Endo3 CAR T-cell therapy. 

Previous work by our laboratory and collaborators has shown that TNBCs 

implanted into endosialin KO mice metastasise significantly less than those implanted 

into endosialin WT mice (Viski et al. 2016), therefore identifying endosialin as an 

interesting target for the prevention of TNBC metastasis. TNBCs account for 

approximately 15% of diagnosed breast cancers in the UK (CRUK 2022), and are 

typically of high grade with greater metastatic potential. Within the first 5 years of 

diagnosis, up to 40% of TNBC patients will relapse with metastatic disease. In a study 

by Kassam and colleagues, the median survival of patients with metastatic TNBC was 

13.3 months (Kassam et al. 2009). As TNBCs are more proliferative and are often larger 

in size than other breast cancer subtypes, the first line of therapy is often neoadjuvant 

chemotherapy to reduce the size of the tumour prior to surgery. However, recent reports 

suggest that this neoadjuvant chemotherapy may promote metastatic dissemination 

(Karagiannis et al. 2017). Endo3 CAR T-cell therapy may offer an alternative or 
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compliment to neoadjuvant chemotherapy as it shows promising preclinical activity in 

both limiting the size of TNBCs and hindering metastatic spread. In a subset of patients 

with TNBC, the individual cannot have surgery due to other health conditions preventing 

them from receiving anaesthesia. The prognosis for these patients is worse than those 

with operable TNBC and thus Endo3 CAR T-cell therapy may present an interesting 

option for controlling tumour growth and limiting metastatic spread in these patients. 

Additional advantages of CAR T-cell therapy over conventional chemotherapy include 

the short duration of inpatient care required for delivery and monitoring and the fact that 

they are a ‘living drug’ capable of persisting in the body long term. Studies have reported 

detectable CAR T-cells in the body up to 130 days post-infusion (Kochenderfer et al. 

2012). Therefore, Endo3 CAR T-cells may be capable of attacking relapses in patients if 

they also contain endosialin-positive cells. This is an area that requires further 

exploration to gain knowledge and understanding of the specific long term benefits of 

Endo3 CAR T-cell therapy.  

Endosialin is also upregulated in the stroma of less superficial cancers that 

require much more invasive and risky surgery. One such example is lung cancer, which 

can involve the removal of an entire lung in severe cases. Further, metastatic lung cancer 

has a 5 year survival rate of <5% (CRUK 2022). Treatment of mice bearing subcutaneous 

LLC lung tumours with Endo3 CAR T-cells resulted in a modest reduction in LLC tumour 

growth but a significant reduction in metastasis to the lungs. The dose of 7.5 x 106 Endo3 

CAR T-cells was well tolerated in this model and thus higher doses, or multiple doses 

given over time, may be considered going forward to further improve this efficacy. As 

survival rates associated with secondary lung cancer are poor, Endo3 CAR T-cell 

therapy represents a promising therapy for the prevention of lung cancer metastasis.  

Simultaneously to the work carried out in this thesis, groups at the Ludwig 

Institute for Cancer Research in Lausanne, Switzerland were also examining the 

potential of endosialin-targeting CAR T-cell therapy. A recent study published by Fierle 
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and colleagues described the investigation of three second generation (CD28 

containing) endosialin-targeting CAR T-cells with scFv components differing to the 3K2L 

scFv utilised in Endo3 CAR T-cells (Fierle et al. 2021). In this study, CAR T-cells were 

successfully transduced into human T-cells, however all three CAR T-cells showed only 

modest activity in vitro. Co-culture of each of these endosialin-targeting CAR T-cells with 

human endosialin-positive cells lines resulted in a supernatant IFN-γ concentration of 

<10,000 pg/mL, as determined by IFN-γ ELISA assays. In this thesis, where significant 

target cell death was observed, co-culture of mouse Endo3 CAR T-cells with mouse 

endosialin-positive cells resulted in IFN-γ concentrations up to 6-fold higher than those 

reported by Fierle and colleagues. Further, work done by our collaborators has 

demonstrated that human Endo3 CAR T-cells co-cultured with human endosialin-

positive cells release between 30-40,000 pg/mL into the supernatant (Lee Laboratory, 

unpublished data). This suggests that Endo3 CAR T-cells are more efficiently activated 

than those reported by Fierle and colleagues, however no in vivo data was reported so 

it is not possible to compare how this translates to anti-tumour efficacy. CAR T-cell 

efficacy may be affected by the structure and affinity of the scFv used in the CAR 

construct (Fujiwara et al. 2020), therefore it may be that the characteristics of our scFv 

3K2L are more suited to CAR T-cell engineering than those of Fierle and colleagues.   

To date, few TME-targeting CAR T-cells have been developed and evaluated. At 

the preclinical level, the most promising TME-targeting CAR T-cells thus far are VEGFR-

2-targeting CAR T-cells (Chinnasamy et al. 2010), however only one clinical trial has 

been carried out utilising these CAR T-cells against metastatic melanoma, but this was 

terminated as no objective response were observed. Data has since been published 

suggesting that VEGFR-2 CAR T-cells compete with VEGF-A for receptor binding and 

that co-administration of an anti-VEGF-A antibody may improve VEGFR-2 CAR T-cell 

efficacy (Lanitis et al. 2021). At the time of writing, no clinical trials utilising VEGFR-2 

CAR T-cells, or any other TME specific CAR T-cells are active (ClinicalTrials.gov 2020). 
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Therefore, Endo3 CAR T-cells could represent the first TME-targeting CAR T-cells to 

show efficacy in human patients, however further work is required to optimise Endo3 

CAR T-cell dosing and safety profile before translation into human patients.  

Although Endo3 CAR T-cells have been evaluated in the context of stromal cell 

targeting in this thesis, Endo3 CAR T-cells may also be considered for tumour cell 

targeting. Solid tumours containing malignant cells of a mesenchymal lineage or that 

have differentiated into a mesenchymal phenotype, such as soft tissue sarcomas 

(Rouleau et al. 2008; Thway et al. 2016) or metaplastic breast cancers (Isacke Lab, 

unpublished data), have been shown to contain endosialin-positive tumour cells. The five 

year survival rate for soft tissue sarcoma and metaplastic breast cancers are 55% and 

56-78%, respectively (Nelson et al. 2015; Tadros et al. 2021; CRUK 2022). Therefore, 

both of these cancers represent an area of clinical need for improved therapies. As 

previously discussed, targeting the malignant cells in a solid tumour mass is more 

challenging than targeting cells associated with the vasculature, however future work 

should investigate the suitability of Endo3 CAR T-cells for tumour cell targeting and next 

generation engineering may be considered to enhance Endo3 CAR T-cell function in this 

setting.  

8.2   Endosialin blockade vs pericyte ablation  

The identification of endosialin as a tumour specific antigen resulted in the 

development of the anti-endosialin blocking mAb MORAb-004, more commonly known 

as Ontuxizumab. However, clinical activity of Ontuxizumab was modest at best when 

administered to patients diagnosed with a range of solid tumours (Diaz et al. 2015; 

D'Angelo et al. 2018; Grothey et al. 2018; Norris et al. 2018; Doi et al. 2019; Jones et al. 

2019). These results suggest that blockade of the endosialin protein is not sufficient to 

hinder tumour progression. However, it must be considered that no work was done to 

demonstrate efficient Ontuxizumab binding in patient tumours. Further, these studies 
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aimed to target endosialin expressed by tumour cells, not stromal cells. To date, the 

reasons for endosialin upregulation on malignant cells are not well understood. One 

hypothesis is that tumour cells expressing endosialin are of mesenchymal lineage and 

thus express endosialin solely as a by-product of their origin. If this hypothesis is correct, 

then it may be speculated that endosialin expressed by tumour cells serves no function 

and thus blockade of tumour cell expressed endosialin would be of little consequence.  

Identification of an endosialin ligand in the vascular basement membrane by 

Khan and colleagues facilitated important insights into the function of endosialin 

expressed by stromal cells closely associated with the tumour vasculature. MMRN2, a 

matrix protein secreted by endothelial cells into the vascular basement membrane, is 

able to bind endosialin whilst also simultaneously binding CLEC14A or CD93, proteins 

expressed on the endothelial cell surface (Khan et al. 2017). Endosialin has been shown 

to play a role in selective vessel regression and vascular pruning (Simonavicius et al. 

2012), whereas CLEC14A has been reported to promote endothelial cell migration and 

angiogenic sprouting (Noy et al. 2015). Interestingly, MMRN2 has been shown to be both 

a pro-and anti-angiogenic protein (Lorenzon et al. 2012; Zanivan et al. 2013; Colladel et 

al. 2016; Khan et al. 2017). This suggests that endosialin, MMRN2 and CLEC14A may 

form an intricate angiogenesis-regulating system and that blockade of endosialin with 

Ontuxizumab in this context may be more efficacious than blockade of endosialin 

expressed by tumour cells spatially distant from the vascular basement membrane.  

It has been demonstrated that tumours grown in endosialin KO mice have an 

increased number of microvessels and decreased number of large vessels when 

compared to those grown in endosialin WT mice (Viski et al. 2016). This suggests that 

endosialin plays a role in promoting vascular stability and maturation. Therefore, an 

alternative approach to blocking endosialin is to ablate endosialin expressing cells 

completely to perturb the stability of the associated vessels, thus disrupting the vascular 

supply to the tumour.  
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CAR T-cells directed against endosialin represent a therapeutic approach to 

ablate endosialin expressing cells. In this thesis, Endo3 CAR T-cell therapy successfully 

depleted the number of endosialin-expressing cells in preclinical models of breast 

cancer, which resulted in slowed primary tumour growth and, in some cases, decreased 

metastasis to the lungs. As discussed in Chapter 1.2.3.3, conflicting reports have been 

published concerning the effect of pericyte ablation on tumour progression (Xian et al. 

2006; Cooke et al. 2012), however it is likely that different tumour types respond in 

different ways to pericyte ablation depending on their vascular architecture. Ablation of 

endosialin expressing cells by Endo3 CAR T-cell therapy tended to result in a modest 

effect on primary tumour growth and significant limitation of metastasis in models with 

an aberrant vasculature, but significant effects on primary tumour growth and no effect 

on metastasis in tumours with a well organised and abundant vasculature. Therefore, in 

the clinical setting, examination of tumour architecture may play an important role in 

determining suitable patients for Endo3 CAR T-cell therapy.  

8.3   Is Endo3 CAR T-cell associated toxicity relevant to humans? 

In Chapters 4 and 5, Endo3 CAR T-cell therapy was associated with fatal toxicity 

when delivered to 4T1-tumour bearing mice. This toxicity was not alleviated by co-

administering anti-IL-6R treatment and was only partially alleviated by giving multiple 

lower Endo3 CAR T-cell doses. In contrast, no toxicity was observed when C57BL/6 

mice bearing either AT-3 or LLC tumours were given up to 3-fold higher doses of Endo3 

CAR T-cells. The most notable difference in vivo between Endo3 CAR T-cells delivered 

to BALB/c mice and those delivered to C57BL/6 mice is the greater levels of expansion 

in the circulation of BALB/c mice. Onset of CAR T-cell related toxicities in patients treated 

with CD19 targeting CAR T-cells often correlates with peak expansion of CAR T-cells in 

the circulation and higher levels of CAR T-cell expansion are associated with more 

severe toxicity (Teachey et al. 2016; Mackall and Miklos 2017). Therefore, it is likely that 
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the greater Endo3 CAR T-cell expansion in tumour-bearing BALB/c mice is at least in 

part responsible for the toxicity observed in this model.  

Data published by Chinnasamy and colleagues suggests that strain specific 

toxicity in BALB/c mice may be due to increased numbers of CD4+ CAR T-cells in the 

BALB/c CAR T-cell product. Interestingly, selection of only CD8+ CAR T-cells alleviated 

toxicity in BALB/c mice and selection of CD4+ CAR T-cells induced toxicity in C57BL/6 

mice (Chinnasamy et al. 2010). This finding is further supported by Cheadle and 

colleagues who also see strain specific CAR T-cell toxicity in BALB/c mice and attribute 

this to increased CD4+ CAR T-cell numbers (Cheadle et al. 2014). Indeed, in this thesis, 

BALB/c derived Endo3 CAR T-cells were found to have higher numbers of CD4+ CAR T-

cells than C57BL/6 derived Endo3 CAR T-cells. Therefore, it is likely that the BALB/c 

specific toxicity observed in this thesis is comparable to that observed in these two 

studies.  

Key differences in the innate immune response exist between BALB/c and 

C57BL/6 mice. Both strains have polarised innate immune systems, however C57BL/6 

mice are polarised towards Th1 response and BALB/c mice are polarised towards Th2 

response. CD4+ CAR T-cells are more effective at stimulating the hosts immune 

response (Boulch et al. 2021), so this coupled with the polarisation towards a Th2 

response may explain the systemic toxicities observed in the BALB/c model. In support 

of this, no toxicity was observed when the same dose of BALB/c CAR T-cells was 

delivered to NSG mice bearing 4T1 tumours.  

As toxicity in tumour-bearing BALB/c mice treated with Endo3 CAR T-cells could 

not be alleviated in this thesis, it is important to consider whether this toxicity may be 

observed in human patients. A key difference between the cytotoxic response in mice 

and humans is that in humans both CD4+ and CD8+ cytotoxic T-cells utilise the 

perforin/granzyme system to kill antigen expressing cells (Yasukawa et al. 2000), 
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whereas in mice CD8+ and CD4+ cytotoxic T-cells rely on the perforin/granzyme and Fas/ 

Fas Ligand pathways, respectively (Kägi et al. 1994; Stalder et al. 1994). Owing to this, 

the behaviour of mouse and human CD4+ CAR T-cells is not directly comparable. 

Current FDA approved CAR T-cells are delivered to patients at various 

CD4+:CD8+ ratios. It has been reported that apheresis products with an initial CD4+:CD8+ 

ratio of <1 tend to expand with an increased ratio, whereas products with an initial 

CD4+:CD8+ ratio of >1 have a decreased ratio after expansion (Castella et al. 2020). 

Therefore, it is likely that patients are treated with both CD4+ and CD8+ heavy CAR T-

cell populations. To date, no correlation between the number of CD4+ CAR T-cells 

present in the infused product and the severity of associated toxicity has been reported. 

On the contrary, a study by Hay and colleagues found a correlation between the number 

of CD8+ CAR T-cells and the severity of CRS in patients (Hay et al. 2017).  

Considering the differences in cytotoxic T-cell killing between mouse and human 

systems and the fact that correlations have only been found between CD8+ CAR T-cell 

number and toxicity in humans, it is unlikely that the Endo3 CAR T-cell associated toxicity 

observed in tumour-bearing BALB/c mice would be relevant in the majority of human 

patients. The studies performed in this thesis utilise inbred mouse strains with polarised 

immune responses, which does not reflect the human patient population. However, it 

must be considered that some patients may have conditions that give them a Th2 bias 

in their innate immune response, similar to BALB/c mice. These conditions include 

patients with zinc deficiency, allergies and lymphoma (Mori et al. 2001; Kawamoto et al. 

2006; Uciechowski et al. 2008). Therefore, caution should be taken in treating these 

subsets of patients.  
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8.4   Next steps for Endo3 CAR T-cell therapy 

Endo3 CAR T-cell therapy has demonstrated promising activity against solid 

tumours in multiple preclinical models as reported in this thesis. However, Endo3 CAR 

T-cell efficacy was variable between these models, thus it will be important to gain 

understanding on what tumour characteristics, beyond the presence of endosialin-

expressing cells, will determine a suitable candidate for Endo3 CAR T-cell therapy. It is 

likely that Endo3 CAR T-cell therapy is more efficacious against tumours with a more 

aberrant, disorganised vasculature, however the reason for this remains unclear and 

requires further investigation. It must also be considered that the efficacy of Endo3 CAR 

T-cells in this thesis may have been limited by the doses delivered, especially in the 

absence of associated toxicity. Future studies may explore increasing the delivered dose 

further, or alternatively delivering multiple doses at regular intervals. Studies utilising 

C57BL/6 mice may particularly benefit from multi-dosing, as Endo3 CAR T-cells do not 

expand in these models, which may limit the anti-tumour effects.  

In this thesis, Endo3 CAR T-cell therapy was explored in the context of breast 

and lung cancer. However, as previously discussed, endosialin is upregulated in the 

stroma of other solid tumour types (Rouleau et al. 2008; Simonavicius et al. 2008). In 

addition, in some tumour types such as sarcoma, endosialin is also expressed by the 

tumour cells (Rouleau et al. 2008; Thway et al. 2016). Therefore, it would be interesting 

to explore the efficacy of Endo3 CAR T-cell therapy in the context of endosialin-positive 

sarcomas and other solid tumours with endosialin-positive stromal cells, such as 

glioblastomas.  

As discussed in Section 8.3 the toxicity observed in Endo3 CAR T-cell treated 

BALB/c mice is likely a strain dependent effect and is unlikely to be relevant to human 

patients. However, approaches to improve the safety of Endo3 CAR T-cells may be 

taken. Endo3 CAR T-cell toxicity in BALB/c mice likely results from the rapid expansion 
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of Endo3 CAR T-cells observed between 6 and 8 days post-T-cell therapy, which in turn 

is likely to result in increased cytokine release and systemic inflammation. Engineering 

Endo3 CAR T-cells to include a suicide switch (Casucci et al. 2012; Minagawa et al. 

2016) that can be triggered by the administration of a small molecule would allow control 

of the maximum levels of circulating Endo3 CAR T-cells, which can be monitored by 

regular blood sampling. Alternatively, to preserve Endo3 CAR T-cells whilst transiently 

inhibiting their function, Endo3 CAR T-cells could be engineered to have their CAR 

function disrupted by a small molecule. A recent example of such technology is the STOP 

CAR developed by Giordano-Attianese and colleagues. The STOP CAR separates the 

CAR into two chains, a recognition chain (containing scFv and CD28) and a signalling 

chain (containing CD3ζ), that spontaneously dimerise to form a functional heterodimer. 

Administration of a small molecule can disrupt the dimer, resulting in loss of CAR function 

for as long as the molecule is present, with full CAR function returning after cessation of 

molecule delivery (Giordano-Attianese et al. 2020).    

A question not answered by this thesis is how rapidly and in what quantity Endo3 

CAR T-cells reach the tumour tissue and how are they changed in that environment, for 

example looking at markers of T-cell exhaustion. Investigating these characteristics will 

be important in determining whether Endo3 CAR T-cells are suitable as second 

generation CAR T-cells or whether they would benefit from next generation engineering 

to improve their tumour honing or survival in the circulation. An interesting consideration 

is the AngioSense reagent utilised in Chapter 5 of this thesis. AngioSense is a 

fluorescent macromolecule that pools specifically in the tumour vasculature to allow 

visualisation of vascular density in a solid tumour. Examination of the properties allowing 

AngioSense to pool specifically in the tumour vasculature may reveal interesting 

prospects for improving the honing of Endo3 CAR T-cells to the tumour tissue, thus 

improving the efficacy of this therapy.  
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As well as advances in next generation CAR T-cell engineering, progress is being 

made in understanding how to successfully engineer allogenic CAR T-cells (Cruz et al. 

2013; Brudno et al. 2016). At present, all CAR T-cells delivered to patients are 

engineered from autologous lymphocytes. Although CAR T-cell production protocols 

have been optimised and generally result in successful generation of enough CAR T-

cells to dose a patient, the process is both slow and costly. Allogenic CAR T-cells would 

allow advance manufacturing of CAR T-cell doses, thus reducing the time a patient must 

wait before receiving treatment. Additionally, allogenic CAR T-cells would also benefit 

patients that have impacted immune quality due to previous treatments. Multiple 

research groups are currently working to develop allogenic CAR T-cells, thus a final 

future consideration for Endo3 CAR T-cell therapy would be transduction into allogenic 

T-cells for a more accessible approach to treating patients.  

8.5   Concluding remarks 

In summary, the data obtained during this PhD suggest that Endo3 CAR T-cells 

are a novel CAR T-cell approach that successfully deplete tumour-associated endosialin 

expressing cells resulting in slowed tumour progression. Future studies should focus on 

establishing the best dosing strategy for Endo3 CAR T-cell therapy, improving the 

understanding of Endo3 CAR T-cell characteristics in the tumour tissue, evaluating 

Endo3 CAR T-cell therapy in the context of additional solid tumours and considering 

further engineering approaches to improve the safety and efficacy of Endo3 CAR T-cell 

therapy prior to clinical translation.    
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