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Abstract

Chimeric antigen receptor (CAR) Icell therapy has shown incredible success against
haematological malignancies, but its efficacy against solid tumours remains limited.
Key challenges include impaired trafficking, a hostile tumour microenvironment, and
subsequenCAR T-cell exhaustion, leading to reduced persistence and loss of tumour
control. This thesis explores the potential of enhancing CAR-CEIl memory
phenotypes by overexpressing specific transcription factors (TFs) to promote a-stem

like state charaterised by reduced exhaustion and increased persistence.

Il nitially, four I L13 mutein CAR censtr |
expressing cell linegn vitro to identify the construct with the highest activation and
exhaustion profile. The IL13KR.28z construct emerged as the lead candidate due to its
hei ghtened sensitivity t o l ow 1 L13RU2
proliferation, and increased expressioof terminal exhaustion markers, making it

ideal for further exhaustion mitigation modifications. Given the Wnt signalling

pat hwayos r ol eT-cell rstemnessy U linxdstigategl the effect of
overexpressingkey family membersi TCF 1 , L E fedtenin faon €ARar-cell

stemness during manufacture and repeated antigen exposure.

Traditional lentiviral methods initially resulted in suboptimal CAR and TF expression.

This was addressed by developing a dual vector approach that separated the CAR and

TF constructs, which successfully maintained high CAR expression and TF
overexpression, confirmed using RFP expression as a surrogate marker for the TF.
Phenotypic assessment of |1 L13KR. 28eninCARSs
through repeat st i mul-cateninoverexpressi@a gignificargly e a | e
reduced proliferationand increased the proportion of naive and central memory T

cells, consistent with amore stem-like phenotype and suggestive of enhanced leng

term persistenceConversely TCF1 and LEF1 overexpression had minimal impact,

likely due to variable baseline expression or the presence ofrepressors.



These findingsatemdardsc qproe eat i al as a th

CAR T-cell persistence and reduce exhaustion in both solid and liquid tumours.



Impact Statement

CAR T-cell therapy remains at the forefront of immunotherapeutic research, with
ongoing development of CAR constructs for various tumours. However, its
application against solid tumours faces significant challenges, particularly due to the
suppressive andhostile tumour microenvironment that accelerates CAR -@ell

exhaustion, diminishing their persistence and efficacy in controlling tumours.

In recent years, there has been an increased focus into the phenotypic state of CAR
T-cells, especially with the discovery of stem cell memory-@ells (Tscm) and long
lived CAR T-cells detected in patients several years post treatment. Sequencing
analyss have highlighted key genes and pathways associated with these-loregl
cells, influencing manufacturing protocols as well as CAR design to simulate these

durable CAR TFcells capable of longerm survival and tumour control.

This thesis focused on the pot e-denimail of
key members of the Wnt signalling pathway in an attempt to induce a stenrtike
phenotype in the CAR Tcells. Through extensiven vitro analysis, | demonstrated

t h a-taterdn overexpression promotes a steike phenotype in CAR Tcells,

evident following the CAR T-cell manufacture and against repeated antigen
stimulation. Importantly, t h ecaténin effect was consistent across different donors,
making it broadly applicableto diverse patient populationsT hi s di sc-overy
cateninbés r ol e -likephenotype dds isigndicard im@di¢atons for
advancing CAR Tcell therapy, particularly by enhancing CAR Jcell persistence,
reducing exhaustion, and maintaining a multipotent pool of tumotantigen specific

CAR T-cells, crucial for effective longterm tumour control.

Academically, this research provides a foundation for further exploration into the
specific roles transcription factors play in the generation of memorycElls, the
impact of manufacturing processes on CARCEIl phenotype, and the potential of
manipulatin g -cadenin or the Wnt pathway to enhance the stettike nature of CAR

T-cells. Furthermore, this thesis provides a simple dual vector method through which
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multiple different TFs and CAR combinations can be tested for efficazyvitro and

n vivo.

Globally, these findings could lead to improved therapeutic strategies, and increase
the efficacy of CAR Tcell therapies against solid tumour$he ability to enhance the
stemlike phenotype ofany CAR T-c e | | t hcatenim @verexpression could
reduce the number of CAR Tcells needed for treatment, lower the risk of side effects,

improve patient outcomes, and ultimately decrease the global cancer burden.



Acknowledgments

First and foremost, | would like to express my deepest gratitude to my supervisor,
Prof. John Anderson for his invaluable mentorship,positive outlook unwavering
support, and insightful guidance throughout the course ofy researchHis expertise
and encouragemenhave been crucial to my growth as a researchetis passion for

science was infectious and | thoroughly enjoyealir chats over coffee.

| would also like to thank my secondary supervisor Dr. Laura Donovan fakvays
supporting my ideas an@rogress| would also like to acknowledge the support of my
thesis committee and department tutar for guiding me through my research and
ensuring| had a realistic approach to my workMy sincere gratitude goes to Little

Princess Trust for funding myesearch.

| owe a big thank you to my friend and Post Do®r. Benjamin Draper forall the
invaluable help, encouragementand sanity he providedThank you for upholding

rigorous scientific standards

| am thankful to all the other members of the Anderson and Donovan Lalvho have

made this journey enjoyable and always bebappy to helpwithout hesitation.

I would like to appreciate my best friend angartner, Jackfor always being there for

me through the highs and lows

Lastly,| dedicate this thesiso my family without whom none of this would havebeen

possible Rajni, Prabha, Rohin, Chetna and Riy¢hank you forkeeping the fire alive.



Table of Contents

ABSTRACT ettt et e e e as eeaebee e e e e e e e aas eeaabeeeeeeaareeaeeanres 3
IMPACT STATEMENT ..ottt iiiies tee ittt ssitrees eeesastbeeessasbeeeessanbees aeeesssnees 5
ACKNOWLEDGMENTS ....cciiiiiiiiii i iiiiiiiiiis arititiiie e e e e e ae e e e e s saniee eeeseaaanbebreeeeaaaaaaaaaaaaae aaeeeeens 7
TABLE OF CONTENTS.....oiiiiiiiiiieiiiiiiiies aeeiitiie e e st e e sniteeee s teessitaeaessanbeeeesanbreees aaessssees 8
LIST OF FIGURES........tiiiiiiiiiiiiie it ttitte sttt s st e e nte bteeeessnnnbeeesssnnbeeeesanes annbeeeessnsens 12
LIST OF TABLES. ...t oottt e e e ins taeae e e s e s s reeeaaeeaaes eeeeeaaaesseaanns 18
ABBREVIATIONS ...ttt oottt et e e e e e e e s eeaeeesaaanbrbbe e e e aaaaaaaaas  eeeeaeeesssanns 19
1 INTRODUGCTION....c.ttiiiiiiiiiiii e iiiiies eteeeiititee e s s st eeesstteees eeeesassbreeeesstaeeeesantrees  teeeesnes 24
11 THE IMMUNE SYSTEM . utttuiiiiaie e e et et e e e e eeeies teeeeeeaae e e e et e eeeeeeaebeirries ceeeessssernsnnan e ens 24
1.1.1  The innate iMMUNE FESPONSE......coiuiiiieeiiiiiiee e e et hreee et e e et e e e e e breeeesanannes 25
1.1.2 The adaptive iMmMUNE MESPONSE.....ciiii i e e e e eeeiieeeeiiiiiis ceereeeeeaeee e e e, aeeeeeaeees 26
R N o= | IS o] Y o = 27

1.2 CANCERIMMUNOTHERAPY. ....cciiiiiiiiiiiiieieiiiiiiite eeeeeeesesststennsnanaaaaaes anaaaaaaaaeaaaaaaaaans 29
1.2.1 Foundations of IMMUNONErapY..........ccouviiiiiiiiiiiiiii e e 29
1.2.2 Understanding the molecular mechanisms of cancer immunity..................c.c...... 31
1.2.3  Antibody-based TNEraPY........oocuviiiiiiiiiiiiiee it et e e e s anneeee s 35
1.2.4  Checkpoint BIOCKAAE TREIAPY .. ccceiiiiiiiiieeiiiiiiiee it ereieee et crreeeeeanes 40
1.2.5  CANCEI VACCINES......cciiiiiiiitiiiiiieeetetees teeee e e e e eees teetaaaaaaaaaaaaaaaaareeaeees .44

1.2.6  Adoptive Cell Therapy (ACT) and Engineereec@lls. ............ccooeeeviiiiiiiiiinn ceviieeenn. 45

1.3 PHENOTYPIC DEFINITION OF-CELL STATES.....ieiicetttiiieiereeaeaaains tereeeesssssansnsnenneeeeeeeees .49
1.3.1  EffECHON TCRIIS .t e e a e s 51

1.3.2  MEMOIY TFCEIIS oot et ceeee e ——— 51

1.3.3 Stem-cell memory T-CellS (TSCM)....coiiiiiiiiieiiiiiiie e et e 52
1.3.4  EXhAUuSted TCEIIS ... s et es ceree e e e e e e e e ———————— 53

1.4 CHIMERICANTIGENRECEPTORI-CELLS(CART-CELLD....ccceeteieieeeeeeeveveiiiiiies evvvernennnnnnnnnns 54
1.4.1  EVOIULION Of CARS.. ..ottt es ceeee e e e e ees cereeaaeeeaaesaaaannnnnreneeees 54
1.4.2  CAR TCEII SITUCIUIE. ..oeiiiiiie e eciiiiiie eeeie e et e e e e e e e s e e e eee ceeeereeraeaaeaeaesaaaanns 55
1.4.3 Different CAR ItEratiONS.........eeiiiiiiiiiiiiiiiiiiis it e 59
1.4.4 CARS N IQUIA tUMOUIS......uuuiiiiiiiiiiiiee i ittt aaeeaeeb e eeaeas 60
1.45 CARS N SOl tUMOUIS......uiiiiiiiiiiee e et ctteiieerre e e e ae e e e e e s aesanns srnssernnrenerrreeeeeens 63

15 IMPROVINGCART-CELL THERAPY AGAINST SOLID TUMOURS ....ttvriririereeeeiniiiie aeeeesnnnnnns 63
1.5.1 Obstacles in SOl tUMOUIS. .......coouuiiiiiiiieiiieiaeaes e e e es aeeeaaaaaaaaanes 64
1.5.2 CAR engineering solutions against solid tumour obstacles...........cccccccecvvveeeenes oo, 66



1.5.3 Transcription Factor modifications for nextgeneration CARS..............ccccccvvvvvnnen. .69
1.6 BRAINCANCER AS A SOLID TUMOUR MODEL .....uutiiiiiiiiiiiiiiiiiies aeeeeennsiinnnnneneeeneeeenens o 73
1.6.1 CAR Tcell therapy for brain tUmOUrS...........ccccviiiiiiiiiiiceees e e 74
162 f xT®A YIHEt tO¢ Oqd.1l..6.Glh.e.qRENQQE.L.DI... oo 75
1.7 AIMS ANDOBUIECTIVES. ...ttteiiiiieeeiiiiiiiiiiins aosiisrisneeeeeereeessssaans aeessssnssnnnnnnneeererees 75
2 MATERIALS AND METHODS.......ccoiiiiiiiiiiiiiiiiiis eeieieiiiiii s e e s araaaaaaaaaaaaaaaaaaaans 76
2.1 IMEDIA ANDSOLUTIONS ..ttt stee st esteesireeste teteessseesbeesneesteesneente testeesseesseesseensenas 76
2.2 BUFFERS ...ttt ottt e e e e e tenn e e e aeeeenaaae 77
2.3 MOLECULARBIOLOGY.....uutiiiiiiiieeeiaiiiiiiiies aesriniinnnnseeereneeesssnnaaes teeesssssnssnnnnnneeeresees 78
2.3.1 PolymeraseChain Reaction (PCR)........cccuuiiiiiiiiieieiies ceviiiiiiiniinnirerr e e ne e e e e aeeeeen 78
2.3.2  RESIICHON DIGESTS...uiiiiiiiiee it i it i ciiiiies evtrrerreree e e e e e s s s s assaares rrrarrrrerreaaeaeesesanannnns 79
2.3.3  Agarose Gel EIECtrOPNOrESIS.......coiiuiiiieiiiiiiiiees ittt e e e 79
2.3.4  Ligation or Hifi ASSEMDIY........uuuuiiiiiii it s e 80
2.3.5 Bacterial Transformation...........occcvviiiiiiiiiies o oo 81
RS I T |V 11 11 o (=] o OO PP PP PP SPPPPI 82
2.3.7 SequencingwPlasmid ConfirMation............ccuueeiiiiiiiiiiees i e 82
2.3.8  Midi / MAXEPIEP .ieieeeeeiieeeeeeee eeeee e e et et a e e e e —eeeaera i aaaaaas o 83
2.3.9 B S A e e —ee e e e tereenrr 84
2.3.10 WESEEIN BlIOt...... it e cee e et e s 84
2.4 CARCONSTRUCTION.....ctttiiiiiiiieiee i eereniiiiirirrier e s taeeessssssirrareseerenees 86
2.5 TISSUECULTURETECHNIQUES. . ..uuiittiiiiiiiiieiiieiiiiees cetiiesiiestessnsssneessestees  teesresssnsssnsens 88
251 Cell Types and CUIUIE........coiiiiiiiii ety i e e e s abreee e 88
2.5.2 Stable Transduction of Cell LINES........ccoiiuiiiiiiiiiiiiiees vt i 89
2.5.3 Lentiviral production and titrationN..............ueueiiiiiiiiiieeees e e e e e ees e 90
2.5.4 Peripheral Blood Mononuclear Cell Isolation and Activation..................ccccc.uuee.... .93
255 T Cell TrANSAUCTION......ciiiiiiiiiiiei ity ittt cerib e e e e 94
2.5.6  CO-CUIUIE ASSAYS......cevvriiiuiiiiiiiiieieeees ceetittiti s asae s e e e aeaaaaates aaiaasaaeaeeaaaaaaeaeennnes 94
2.6 FLOW CYTOMETRY....uuiitiiiiiiiiiie it aeees i st e na e e s e i teenesssssssisnrreseraraeee s .97
2.7 DATAANALYSIS ..ottt et e s 100

3 INVITROEé xO Nf§ WS[ WNWIXxf f9 xxolAEXEEé NwWwf x NOA®

CONSTRUCT S e eerebeb b a e e e aes aaraiaaaaaaaaees 101
3.1 LN I3 ] 58 o O 101
3.2 AIMS . e e aaaarare e e e e e e e e e e tat e terereeeeeennnne 102
3.3 RESULTS. .ottt e eeee e taeaeaena 103
331 ?2WnRURUNIOQSE IOG YT 2 ¢l ORY & GYafetitgeCAReR.0.2. Y08 2 1T OR
3.3.2 Generating the CAR CONSIIUCES.......cccoiiiiiiiiieiiiiiies cevriiicee e ceeieiee 104
333 fTW0qRN! RUNIKOf x T ®A....Y.OGY.t..R.q.R.2.1J R 1J.0.0. 10, F08 13
334 110U ¢ qRUNIOE RNG IOf x T ®A... . Y.HOL+.GL..13t.+.. RU.NIOHD i § Ol R L

9



3.35
3.4
34.1
3.4.2
3.4.3
3.4.4

Functional assessment of the four CAR constructs in vitron=6..................c....... 114
DISCUSSION . ..ctiiiiiiieei it iiiiiis ot e e eeeenirrr e e e e e e e aeeeeas 130
(O g =T 01 (=] B I 11 1o I PP .130
Methodological considerations and construct validation............cc.ccccceevevviiiinn oo 131
Observations on CAR “ell functionality against target antigens.............c.cccc...... 131
Conclusions from Chapter 3.......c.ueiiieiiiiiieeee s e ceee e 132

4 DEVELOPMENT OF A VIRAL VECTOR SYSTEMNOR N § lWx E [-OARENIN ? LI

OVEREXPRESSION. ...t et ettt bttt e e s aaaaaaaas 134
4.1 INTRODUGCTION ....cciiiiiititteiiietieeesees eeteeieesss s s e e raeees reeeeeeaesessssannenrnrnnneees ae 134
B2 AIMS oottt ete ettt ee ettt ettt oo 135
4.3 RESULT S, ettt e e e e e e eee orree e e e e e e e e e e e e e e e e e e rrr s teeeeeeeeeen e rerenenaaas 136

4.3.1 Identifying the protein targets to overexpress to manipulate-gell stemness. ....... 136
4.3.2 Cloning the transcription factors and CAR construct into a singular vector plasmid.

433
434

4.4
4.4.1
4.4.2
443
4.4.4
445

137

Moving from a 2¢ generation to 3 generation lentiviral delivery system.............. 151
Modifying the CAR and transcription factor expression plasmids....................... 165
DISCUSSION ...ctiiiiiiiiii it iiiiiiiiis e eees e aeeees 173
(O =T o) (=T g = 1] TSP .173
Background in CAR VECION AESIgN.......ctiiiiiiiiiieeiiiiiies ceriiiiiee e e e e e eiieees eeen 174
Initial attempts and obServations.............ccoovvvviiiiiiies e e 174
Strategy modification and dual vector approach............cccceevvvviiiiiiins cevvvvviveeninnns 175
Final vector validation and expression analysSiS........ccccoocveevieiiiiees coviniiieeeeennins 176

5  IN VITROFUNCTIONAL AND PHENOTYPIC EVALUATION OF CABELLS
S6EAEAAAEEET ] WN9 [CNFENIN BGANSTLENDOGENOUSLY EXPRESSED

f X NOA® ZWNLLALERNER. ... et e eene aeveeenanns 177
5.1 INTRODUCTION ..t ttteteeenteesteeanteess aesseeanseesseeanseessenanseesns  tesseeensesssseensessnsesnsenane  ees 177
5.2 AIMS . et eaee aaaaaaaaaaaaeeaeeeteteteerrr. terereeeeeeennnn 178
5.3 RESULTS. .ottt e eee s aaeaeaaaa 179

531 f 1T WUqRnNn! RUNWWIUT YNUWUYet 0! KUAGL.1LLRUNIGO
5.3.2 Comparable expression of CAR on surface of@ells. .........cccoovvvviviiiiiiinnns vvvenens 183
5.3.3 Functional evaluation of CAR CONSIUCES iN VitrD.........ccvvveeeiniiiiieens veiieeeeeeinnee, 187
54 DISCUSSION ... ittt eeeeee e e e s aeaeaaa s e e e e e e e e e e e eenenererenne aeeeres 226
Lo R O F=T o1 1= g S 3= V1 0 PR .226
5.4.2 Methodological CONSIAErations. .........c.uuuiiiiiiiiiiiiiaaes e ceeeeeans 227
5.4.3 Observations on CAR -Eell expression and CytOtOXIiCitY.............ooveuuvuriiiieeenes wene. 227
544 Al YOGRNWUI ¢ qRYUE Uc¢ catdniR dveexpidssog.s..10. a1l n.n. 1J BP§
5.4.5 Phenotypic characterisation and stemlike properties. ...........ooocecuviiiiiiiiees ceveenn. 229
5.4.6 Exhaustion profile and Cytokine SECretion............c.uuveeeeiiiiiiaiies covieiiiiiiieeeee, 230

x TOA

HOY n KO



6

547 9YUGe¢!l ¢ qR21JK0¢ U écditenin &t FTOFLILGE1Idv@idxdession.......... 231
5.4.8 Conclusions from Chapter S...........eeeiiiiiiiiiiiiiiii i aeeeeiieees 232
DISCUSSION AND CONCLUSION. . ..ottt et eee avereaneeens 233
6.1 CURRENTPLANNED EXPERIMENTS....tuuiittieitieeietiieeies aeeeeineesssnesetneesssnsesees  aeresneeeees 237
6.2 FUTUREDIRECTIONS ..utiittiii ittt iiiiies aetieete st e et ettt s e saassbes saessbseranessnsesnaesraees 238
SUPPLEMENTARY DAT A ..ot ettt et eret aeertte e e et e e e e eaaaas 239
7.1 WESTERNBLOTS FORDONORSA-6 ....cvuiiiiiiiiiiiiieiiieeiie eeeeiee e e et e e et eeenns eeeaaaeeens 239
7.2 CAR+THROLIFERATION CTVHISTOGRAMS. ....uittiiitiiiiiiiieiieeiis creesieeraeeisesaesiaees 242
7.3 T-SNEFIGURES IDENTIFYING SCM-LIKE POPULATION. ... cuutiitiiiiiiieeeineiiies ceeeieesnessnnns 244
7.4 CONSTRUCTSEQUENCEST AMINO ACID SEQUENCE .......ciiveiiiiiieeieiiieeies eeveaieseaaeeeennnns 252
741 RQRS8 + ILL3KR.28Z.. ..o ciiiiiie it ceee ettt e et eeeatin e e e ee e e eeeaaes 252
A N O it R = T 252
A T I R o 253
TA4.4 7 -CatNIN + REP...oe e e e 253
L L O i 255

11



List of Figures

Figure 1.1. Overview of the Immune SYStemL...........ccoovviiiiiiiiiiene e 24
Figure 1.2. Summary of various-€ell SUbtypes............cccvveiiiiiiiiii e 28
Figure 1.3. Structure of the TCR interacting with MHC..................ccooiiinnnns 33
Figure 1.4. Summary Of ACT SHrategi€S......cceeeuuruuriuriiiiimeeeeeriiiniaee e e e e e eeeeeed 47

Figure 1.5 Diagrammatic representation of the structure of CAR molecules.....55

Figure 1.6 Diagrammatic representation of the canonical Wnt signalling pathwag.

Figure 2.1. Maps of constructed plasmidsS.............uuueeeririiiieemiiiiiiiiiieeeeeee e e e e 87

Figure 2.2. Serial dilution of Neat LentiVirus...........ccccuuvviiiiiiirieemiiiiiiiiieeeeeeeeeee 92

Figure 3.1. Schematic representation of the four CAR constructs under investigation

Figure 3.2.Representative circular plasmid and sequencing confirmation........ 105

Figure 3.3. Schematics representing the generation and titration of lentivirus..106

Figure 3.4. Flow based lentiviral titration of the four CAR constructs............... 107

Figure 3.5. Observed | L13RU2 expre%08i on

Figure 3.6. Cytotoxic response suggests D425 Wildtype cells express low levels of

I L L 3 R 2o e 110

Figure 3.7. 1L13RU1 is naot..expr.es.sgd

Figure 3.8. Generation of | L13RU2..4318d

Figure 3.9. Quantificati an..of..lL.L1L3RE2

12

1

e G



Figure 3.10. Linear schematic depicting the sherm and repeatstimulation assay.

Figure 3.11. Consistent an d-targetingCARsa | e €

Figure 3.12. The IL13KR binder show# vitro superiority in detecting low antigen

expression and CYtoKiNe release.............oovvvvvviiiiieeee e 119
Figure 3.13. Gating strategy for postim 4 and 7 analySesS.........ccceevvveeeeeeeerienn. 121
Figure 3.14. CARs proliferate morel2dgai n:

Figure 3.15. Increased CAR -Gells expansion and cytokine release against

D425 . | LLBRIUZ e, 125

Figure 3.16. CAR binder and estimulatory domains influence the exhaustion

phenotype in CAR TFcells following antigenicstimulation...............ccccoevvvvvivvieeen. 127

Figure 3.17. D425.1L13RU2 cells incdlsce a
compared to Jur.kat....LL3RUZ2. .. 128

Figure 4.1. Linear schematic presenting the CAIanstructs under investigation137
Figure 4.2. Gating strategy for virus titration and transduction efficiency......... 138

Figure 4.3. Evaluation of lentiviral transduction efficiency in HEK293T cells using

FIOWCYTOMEIIY. ..o e e 140
Figure 4.4. Low transduction rates for titrated virus on PBMCs............cccco...... 142

Figure 4.5. Poor transduction efficiency in PBMCs using neat virus compared to

(o0 g[61=) 811 2= 1 (=10 A/ [ (U E T ORI 144

Figure 4.6. Graphical representation of viral titre following two independent rounds

(o] o0 1 a101=] 011 =11 (o] FRUTEUTE TR 145



Figure 4.7. Transduction efficiency across three donors using concentrated lentivirus.

Figure 4.8. Significant CAR cytotoxicity againstur kat . | L 1.3.RU02148 el | s

Figure 4.9. Transcription factor expressing CAR cytotoxicity and cytokine release

following repeat StMUIALION... ... 150

Figure 4.10. Linear schematic of thirgieneration (PCCL) lentiviral CAR constructs.

Figure 4.11. HEK2937based titration of thirdgen lentivirus produced using
[ | = NOZA e 1 o A o7 Y | £ PSP 154

Figure 4.12. Higher titre lentivirus and improvedransduction efficiency obtained

using the LentiX cells and PCCL lentiviral backbone................cccovriiieee e 155

Figure 4.13. CAR Vector size significantly inversely proportional to transduction

EFfICIENCY. ..t 157

Figure 4.14. Cytotoxicity against D425.IL13Ra2 cells is proportional to the expression
level Of CAR ON TFCeIIS ... e e 159

Figure 4.15. Heterogeneity of cytotoxicity between different targets and different

CAR-TF CONSIITUCTS.. ...ttt ee ettt emee 162
Figure 4.16. Longerm CAR cytotoxicity is dependent on CAR expressian......163
Figure 4.17. Equivalent expression of RQR8 and ILCAR on T-cell surface.......166
Figure 4.18. Linear schematic of the overexpression vectors containing RER.167

Figure 4.19.Comparable CAR expression levels following double transduction with

RQREKR and proteinRFP ViIUS...........uuuiiiiiiiiiiiiiiiieeeiiiieieeeeee e 168

Figure 420. CARTc el | s can successfully -caterent expr



Figure 4.21. CAR Tcells can be transduced to significantly overexpress TCF1, LEF1,

=N AT ¢ Tor= 1 =1 0| o FO PP PUPPPPPR P IRTPPPPRR 172
Figure 5. 1. Med211 PDX..da.e.s...naot..exp/bess |

Fi gur e 5. 2endodeholisB Ripr2ssad st varying levels across glioblastoma

(ol | T[T TP RPRPRPRTRN 181

Figure 5.3. Timeline representing -Eell expansion and repeat stimulation assay for

functional analysis Of CAR TCEelIS.........oooveiiiiiiiiiie e 182

Fi g ur ecaténindverexpressing Tcells have lower CAR expression on the T

cell surface compared to control RQREBR............cccuiiiiiiiiiiiiieeeeeeeeeeee e 183

Figure 5.5. Visualising caexpression and defining the CAR populations for

AOWNSIIEAM ANAIYSES... .. uueiii et eeeet e eeme e ann 185

Figure 5.6. Contour plots showing gating strategy for functional and phenotypic

analysis Of CAR TCEIIS.......eiiiiiiiiiie e 188

Figure 5. 7. Comparabl e cyt otcatenin expréessingb et w

CAR T-cells expanding the mosagainst antigen stimulation..................ccc......... 190

Fi g ur ecaténin 8xpresaing CAR-TEells proliferate significantly less than control

RQREKR CAR T-CeIIS. ..ot a e 194

Figure 5.9. Overexpressing Wrgignalling pathway proteins in CAR Jcells increases

the percentage Of CD4+ CellS.......ccoooeiiiiiiiiiieeee e 197

Figure 5.10. Changes in CAR-@ell memory phenotype can be observed between

constructs and over time using flow CytomMetry..........cccoccvviviiiiiieeeniieeieeee 200

Figure 5.11. Over expr-eaesin io @ARGCellsThfuentes L EF

the memory phenotype they exhibit..............c.coooiiiiiiicce e, 203

15



Fi gur e -catenih Ddverexpressing CAR -Tells have a significantly higher

percentage of central memory and naivegells.............cccceeeeeiiiiiiiceeciccccieee e, 206

Fi g ur e-catenirt£AR Faells exhibit a significantly higher percentage of stem

Cell MEMOIY T-CeIIS .. errer e e nnnes 209
Figure 5.14. Gating strategy or$SNE plots to identify constructs...................... 212

Figure 5.15. 1SNE phenotypic marker expression following dimensional reduction on
CAR+RFP+ cells on KIBCAT construct following stim 4 to confirm identification of

LS O\ e (015 (= TR 213

Figure 5.16. fSNE pl ots showing | L7RU expressi ol
L 2 T=] 0 ] £ 215

Figure 5.17. {SNE plots showing CD45RA expression in eacbnstruct across four
TIMIEPOINTS ...ttt rmmne e e e s e e e e 216

Figure 5.18. %TSCM+ cells in each construct quantified usin@NE plots.......... 217

Figure 5.19.Changes in expression of exhaustion markers PBnd TIM-3 can be

observed between constructs and over time using flow cytometry................... 219

Figure 5.20.Transcription factor overexpression in CAR -€Tells influences their

exXhaustion PhENOLYPE. .......oooi it e e e e e e an 221

Figure 5.21. Over exprcateninin LIBKROGAR TcEllsdoes L EF:

notaffectIl-2 or | NFA..S.C..e. b il Niiiiiieeeenenenn, 225
Figure 7.1. TCF1 and Loading control WB donors6.............cccceeevvvivviiieeneeeennnn. 239
Figure 7.2. LEF1 and Loading control WB donorst..............cccccvvvivvmiimennnnnnnns 240
Fi g ur ecat@nin @and Loading control WB donord-6................ccccevvvvveerieennns 241

Figure 7.4. CAR+RFP+ proliferation over repeat stimulations as measured by CTV

dilution for three independent biological donors.............cccooeeiiiiiiiiccciii e, 242



Figure 7.5. CAR+RFP+ proliferation over repeat stimulations as measured by CTV

dilution for independent biological donors 4 and S............ccceeeeeviiiivieeen e, 243

Figure 7.6. tSNE phenotypic marker expression following dimensional reduction on
CAR+RFP+ cells on KIBCAT construct at Day 0 to confirm identification of TSCM

(o] (1] (<] G U 244

Figure 7.7. tSNE phenotypic marker expression following dimensional reduction on
CAR+RFP+ cells on KBBCAT construct Following Stim 2 to confirm identification
OF TSCM ClUSTEI...c et e e e e e e e e e emnnn s 245

Figure 7.8. tSNE phenotypic marker expression following dimensional reduction on
CAR+RFP+ cells on KEBCAT construct Following Stim 6 to confirm identification
OF TSCM ClUST I .c..eeeeeeeeeeee e e et r e e e e e e seeeeeees 246

Figure 7.9. tSNE plots showing CCR7 expression in each construct across four

L] 0TT 001 1 TP P RPN 247

Figure 7.10. tSNE plots showing CXCR3 expression in each construct across four

L 2 T=] 0 ] £ 248

Figure 7.11. 1SNE plots showing KLRG1 expression in each construct across four

L] 01=T 0o ][ 1 7T P RPN 249

Figure 7.12. {SNE plots showing PEL expression in each construct across four

L0 T=] 00T 0] £ 250

Figure 7.13. {SNE plots showing TIM3 expression in each construct across four

114 01T 0o ][ 1 TSP R TTTP 251

17



List of Tables

Table X1 - List of FDA approved Antibody Drug Conjugates..............ccccvvvvvvvvnes 38
Table :2. List of FDA and EMA approved CAR-Cell therapies.............ccccceennn.. 61
Table 21, BUEIS ... e e e e e e ssmmneeeee e d
Table 22, Cell tYPES ..o e 88
Table 23. Lentiviral production reagents.............cuuvvvuuuniiiiccmreeerieiiirses e e e eeeeenans 91
Table 24. Antibodies used in Flow cytometry experiments...............cocvvvvvvvnieeee.. 98
Table 25. Antibodies used in Western Blot experiments..............oocooeciviiennnenns 99
Table 26. List of reagents/Kits for FIow cytometry..........cccccuvvviiiiiiirieeeciiiiiinee 100

Table 4.1. Table showing the number of base pairs added to the IL13KR28z backbone

for each overexpression CONSIIUCL........cciiiiiiii e cceeeece e eene e 138

Table 4.2. Table showing the size of each transfer vector in a seeaordthird-

generation Vector DackbOne..............uuiiiiiii e 152

18



Abbreviations

Ab

ACT

ADC

ADCC

ADPC

AICD

ALL

AML

ANOVA

AP1

APC

ATCC

BATF

BCAT

BCMA

BSA

CAR

CCR7

CDC

CDR

CMvVv

COH

CRISPR

CRS

Antibody

Adoptive Cell Therapy

Antibody-Drug Conjugates

Antibody dependent cellular cytotoxicity
Antibody-dependent cellular phagocytosis
Activation Induced Cell Death

Acute Lymphoblastic Leukaemia

Acute Myeloid Leukaemia

Analysis of Variance

Activator protein 1

Antigen Presenting Cell

American TypeCulture Collection

Basic Leucine zipper transcription factor
a-catenin

B-Cell Maturation Antigen

Bovine Serum Albumin

Chimeric Antigen Receptor

C-C Motif Chemokine receptor 7
ComplementDependent Cytotoxicity
Complementarity Determining regions
Cytomegalovirus

City of Hope

Clustered Regularly Interspaced Short Palindromic Repeats

Cytokine Release Syndrome

19



CSF

CTL

CTLA-4

CTVv

DLBCL

DMEM

DMSO

DNA

dNTP

DTT

E:T

EC

ECL

ECM

EDTA

eGFP

EGFR

ELISA

EMA

EMD

FAB

FACS

FBS

FCS

FDA

Cerebrospinal fluid

Cytotoxic T-cells

Cytotoxic T-Lymphocyte Associated protein 4
Cell Trace Violet

Diffuse Large Bcell Lymphoma
Dulbecco's Modified Eagle Medium
Dimethylsulfoxide

Deoxyribonucleic acid
Deoxynucleoside Triphosphate
Dithiothreitol

Effector : Target

Extracellular

Enhanced chemiluminescence
Extracellular Matrix
Ethylenediaminetetraacetic acid
enhanced Green Fluorescent Protein
Epidermal Growth Factor Receptor
Enzyme Linked Immunosorption Assay
European Medical Agency

Earth Movers Distance

Fragment antigenbinding
Fluorescent Associated Cell Sorting
Foetal Bovine Serum

Foetal Calf Serum

Food and drug administration

20



ffluc

FMO

Fv

G3MB
GVHD
HEK293T
HIV

HLA

HRP

IL13
IL13KR
| L13F
IL2

| NFA
U

LB
LEF1
LTR

LV
mAb
MB

MCL

Firefly Luciferase

Fluorescence Minus One

Variable fragment

Group 3 Medulloblastoma
Graft-VersusHost Disease

Human Embryonic Kidney 293T cells
Human Immunodeficiency Virus
Human Leukocyte Antigen
Horseradish peroxidase
Intracellular

Immune effector Cell Associated Neurotoxicity Syndrome
Immunoglobulin

Interleukin 13

Baylor IL13 CAR

Interleukin 13 Receptor Alpha 2
Interleukin 2

Interferon Gamma

International units

Luria Broth

Lymphoid enhancerbinding factor 1
Long Terminal Repeat

Lentivirus

monoclonal antibody
Medulloblastoma

Mantle Cell Lymphoma

21



MDSC Myeloid Derived Suppressor Cell

MFI Mean Fluorescence Intensity
MHC Major Histocompatibility complex
MOA mechanism of action

MOI Multiplicity Of Infection

NEB New England Biolabs

NT Non transduced

PBMC Peripheral Blood mononuclear cells

PBS Phosphate Buffered Saline

PCR Polymerase Chain Reaction

PDX Patient-derived xenograft

PET Positron Emission Tomography

PHA Phytohemagglutinin- Red kidney bean lectin
RFP Red Fluorescent Protein

RNA Ribonucleic Acid

RPMI Royal Park Memoriallnstitute

RT Room Temperature

scFv single chain variable fragment

SPECT  single-photon emission computed tomography

TA Tumour antigen
TAA Tumour Associated Antigen
TAM Tumour Associated Macrophage

TCF1 T cell Factor 1
TCM Central Memory T-cells

TCR T cell Receptor



TE

TEFF

TEM

TEM

TEMRA

TEX

TF

TFH

TH

TLE

™

TME

Tn

TREG

TRM

TSA

TSCM

VH

VL

WHO

Transduction Efficiency

Effector T-cell

Effector Memory T-cells

Effector Memory T-cell
Terminally differentiated effector memory Fcells
Exhausted Tcell

Transcription Factors

T Follicular Helper cell

Helper T-cell
Transducinlike-enhancer of split
Transmembrane

Tumour microenvironment
Naive T-cells

Regulatory Tcell

Tissue Resident Memory -Eell
Tumour Specific Antigen

Stem cell Memory Fcells

Heavy Chain

Light Chain

World Health Organisation

Wildtype

23



1 Introduction

Cancer is a multifaceted disease and one of the leading causes of death globally. A
recent statistic from WHO estimated 2@nillion new cancer diagnoses and 9.7 million
deaths in 2022 alone Despite progress in cancer research and succegsfohune-
targeting therapies for some malignanciesontinued innovation is imperative to
address the pressing demand for novel and more effective therapeutic interventions

to combat cancer effectively.

1.1 The Immune System.

The immune system is a complex and interactive network composed of lymphoid
organs, cells, humoral factors, and cytokines, all working together to defend the body
against pathogert including bacteria, viruses, fungi, and parasitesas well as
abnormal cellssuch as cancer celldts essential function is hostlefence which is
achieved through two major pathways: the innate immune response and the adaptive
immune responsé These pathwaysgoverned primarily by the speed of their
response, involve a diverse range of specialized immune cells, as illustratédguare

1.1

Innate Immune System ‘ : g A‘l:v'/b Adaptive Immune System
" : g
[ ]

Dendritic cell
Macrophage Phagocyte
Phagocyte when
Immature Cytotoxic Helper
) T-cell: Cell- T-cell Memory
mediated Activates B- T-cell
Immunity cells

Figure 1.1. Overview of the Immune System.

Figure taken frammps://www.meresearch.orgthifialancenintroductietotheimmuneystem/
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1.1.1 The innate immune response.

The innate immune responserovides immediate defenceagainst pathogensand
includesphysical, chemical and microbiological barriers to entrfhe specialised cells

do not target specific pathogens but respond to generakéees of microbial invaders.

Neutrophils, the most abundant white blood cells, are rapid responders that engulf
anddestroy bacteria and fungi through phagocytosiss well as through theelease of
reactive oxygen species and antimicrobial peptides. Complementing these roles are
eosinophils and basophils which are primarily involved in combating parasitic
infections and modulating allergic responses through the release of cytotoxic granules
and inflammatory mediators.Mast cells located in tissues, play a pivotal role in
initiating inflammatory responses by releasing histamine and other mediators that
increase vasculgpermeability and recruit other immune cells to the site of infection

or injury 2.

The Natural Killer (NK) cells are another crucial component of the innate immune
response capable of targeting and eliminating virusfected cells and tumar cells.

NK cells recognize abnormal cells based on the absence of "self" markers, such as
Major Histocompatibility Complex (MHC) Class | molecules, and induce apoptosis
through perforin and granzyme releasdmportantly, MHC class | moleculesare
expressed on nearly all nucleated cellnd are usually downregulatedn infected or

cancer cells, signéihg the activation of NK cells.

Among the innate immune cellsthe dendritic cells (DCs)and macrophageserve as
professional antigerpresenting cells (APCs), bridging the innate and adaptive
immune responses. These cells process and present pathdgemed antigens on

their surface usingMHC molecules, a critical step in activating T celis

1.1.1.1 The role of MHC in Antigen presentation.

The MHC system is central to immune recognition and coordination between innate

and adaptive responses. MHC molecules display processed peptide fragments derived
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from pathogens or abnormal cells on the cell surface, allowing T cells to "scan" for
non-self or altered selantigens.MHC Class | moleculegprimarily present shorter
peptides, typically 8 10 amino acids in length, to CD&ytotoxic T cells. This process
enables the immune system to monitor intracellular pathogens, such as viruses, and
target infected cells for elimination.Crosspresentationadds a layer of versatility to
this pathway, allowing certain professional APCs, such as dendritic cells, to présen
extracellular antigens via MHC Class |, thereby activating cytotoxic T cells even in

cases where the presenting cell itself is not infected

In contrast, MHC Class Il moleculegpresent longer peptides, usually 138 amino
acids in length, derived from extracellular antigens such as engulfed bacteria or
cellular debris, to CD4 helper T celld. This interaction is crucial for initiating
adaptiveimmunity, as helper T cells coordinate the activation of cytotoxic T cells, B
cells, and other immune mechanisms. The polymorphic nature of MHC genes further
enhances the diversity of antigens that can be presented, ensuring the immune system
remains adapmble to a wide range of threats. This diversity, coupled with mechanisms
like crosspresentation, underscores the centrality of the MHC system in bridging

innate and adaptive immune responses.

1.1.2 The adaptive immune response.

The adaptive immune response is characterized by its specificity and immunological
memory, primarily mediated by lymphocytes of the T cell and B cell lineages. These
cells originate from reematopoietic stem cells in the bone marrow and undergo
further differentiation and maturation to perform their specialized roles. Unlike the
innate immune cells, adaptive lymphocytes recognize specific antigens through
highly specialized receptors generatevia somatic recombination, allowing an almost

limitless diversity of antigen recognition.

T cells derived from progenitors in the bone marrow and maturing in the thymus,
play a central role in cellular immunity. There are several subtypes of T cells, each

with distinct functions. All T-cells express CD3 on theisurface andare further
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classified based on whether they express the CD4 or CD&eceptor. The variousT-
cell subsethave cytotoxic and regulatory functiongoverned ly distinct lineagesas a

result ofthe cytokines presentThese will be discussed further in the next subsection.

B cells which mature in the bone marrow, are the primary mediators of humoral
immunity. Upon activation, B cells differentiate into plasma cells that secrete
antibodies tailored to neutralize specific antigens. Antibodies can directly neutralize
pathogens, promte opsonization for phagocytosis, or activate the complement
system. In lymphoid follicles,B cells which have captured antigen via membrane
bound immunoglobulin and present processed antigen via MHIT interact with
follicular helper T cells (Tfh @lls) to promote B cell class switching and somatic
hypermutation to produce highaffinity antibodies’. Like T cells, B cells also generate
memory cells that ensure faster and stronger responses upon subsequent antigen

exposure.

The adaptive immune system's reliance on T and B cells ensures a highly specific
response to pathogens, complemented by the letmym protection offered by
memory lymphocytes. This intricate system enables not only tbkearance of current
infections but also the establishment of immunological memory that forms the basis

of vaccine efficacy.

1.1.3 T-cell subtypes.

T-cells are a diverse group of lymphocytes central to the adaptive immune response.
As previously mentioned, hey are broadly categorized based on the expression ef co
receptorsCD4or CD8, which determine their function and the type of MHC molecule
they recognize. CD#4 T-cells, also known as helper -€ells, recognize antigens
presented on MHC Class Il molecules and primarily function to regulate and
coordinate immune responses by secreting cytokines. GDB8-cells, commonly
referred to as cytotoxic T lymphocies (CTLS), recognize antigens on MHC Class |
molecules and are primarily involved in the direct killing of infected or abnormal

cells. In the thymus, immature Tcells initially express both CD4 and CDS8 eo
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receptors (doublepositive T-cells) before undergoing positive and negative selection
processes, which ensure sdfflerance and determine their final lineage as either

CD4 or CD8 single-positive cells.

Traditionally, CD4+ T-cells have been associated with helper functions, while CD8+
T-cells are linked to cytotoxicity. However, evidence suggests functional plasticity in
these subsets. Studies have shown that certain CD4eells can also exhibit cytotoxi
activity by expressing granzyme B and perforin, especially in viral infections and
cancef. Conversely, CD8+ Jcells have been observed to adopt regulatory roles,
suppressing immune responses through cytokine production or direct a=dll
interactions, which is particularly relevant in autoimmunity and transplant
tolerance€. This flexibility underscores the adaptability of T cells in addressing diverse
immunological challengesThe cytokines presentegulate the differentiation of the

various T-cell subsets as summarisedFigure1.2.
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Figure 1.2. Summary of various T-cell subtypes.

CD4+ and CD8+ T cells can differentiate into various specialized subtypes, each characters

distinct functions and cytokine secretion profiles. This differentiation is influenced by the c\

milieu within their microenvironment, which guedesapeent of these cells into phenotypes
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tailored to specific immune chall&énge® taken framips://www.nature.com/articles/s12276
02301105«

Helper T cells Th CD4+) are further subdivided into specialized subsets based on their
cytokine profiles and transcription factors, which are influenced by the
microenvironment during activation. Thl cells characterized by IFNA pr oduct i c
promote macrophage activation and are critical in combating intracellular pathogens.
Th2 cellssecrete Il-4, IL-5, and IL-13, driving B cell differentiation and antibody
production, particularly in response to extracellular parasiteBh17 cells producing
IL-17, play a key role in recruiting neutrophils and defending against fungal and
bacterial infections. T regulatory cells (Tregs expressing the transcription factor
FoxP3, suppress immune responses to maintain -selérance and prevent
autoimmunity. Similarly, cytotoxic T-cells (CD&) can differentiate into various
functional states based on cytokine signals and antigen exposure, ranging from
effector CTLs with high cytolytic activity to exhausted Jcells in chronic infections
and cancer$ The functional diversity of Fcell subtypes is vital for tailoring immune

responses to specific threats and maintaining immune homeostasis

The immune system's ability to recognize and respond to various threats, including
abnormal cells, has long been a focus of medical research. This inherent capacity of
the immune system to target and eliminate tunuo cells forms the foundation for
cancer immunotherapy, an evolving field that leverages the body's immune response
to fight cancer. Immunotherapy, which has emerged as a transformative approach to
cancer treatment, draws on the understanding of immune sgst mechanisms to

enhance t h¢tocanbat dadignandies.| i

1.2 Cancer Immunotherapy.

1.2.1 Foundations of immunotherapy.

Immunotherapy represents a contemporary milestone in medical science, yet

historical evidence illustrates the concept of modulating the immune system for
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disease prevention dates as far back as the third century.Bwer the centuries, there
have been various reports of tumours spontaneously disappearing after an infection
with high feveri® The earliest scientific exploration of this phenomena can be traced
back to 1866, when two German physicians, Fehleisen and Busch, attempted to
replicate tumour regression using bacterial infection with little succésDespite the
lack of immunological understanding at the time, these findings, along with others,

laid the groundwork for the advancement of immunotherapy.

In 1891, William B. Coley postulated that injecting a patient suffering from inoperable

bone cancer withStreptococcus pyogenasould have the side effect of shrinking the
tumour®2 His success inspired him to conductfarther experiment and he injected

two further patients with S. pyogenedespite tumour eradication, severe infection

from the bacterial concoction led to the death of one of his patients. From this
experiment, Coley learned that using anilder form of bacteriai through heat
inactivation T resulted in similar tumour eradication without the severity of
infection?2. This concoction of heat inactivated bacterial products became known as

Col ey o6s Toxins and was used to treat 0
Unfortunately, with the rise of radiotherapy, inconsistencies with patient treatment

and follow-up, and lak o f mechani stic knowledge belt
Coleybébs |l egacy was widely forgotten. As
proved correcti stimulating the immune system may be effective in treating cancer

ifearning him tfthel mmuan et¥idradmed o

The fundamental principles of immunology as a scientific discipline were cemented
in the late 19" century through acknowledgment of host immunity as an important
defence mechanism with two major breakthrougks Firstly, the identification of
phagocytic cells by E. Metchnikoffi capable of engulfing and killing foreign
pathogensi formed the foundation of innate immunity’>. Second, the identification
of antibodies by E. Behring and P. Ehrlich, establishing acquired immunftyThis
information paved the way for distinction between cellular and humoral immunity.

However, there was a considerable del@gfore innate and acquired immunity were
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considered as interactive partners with mutually beneficial activities. In 19608P.
Ehrlich and E. Metchnikoff were jointly awarded the Nobel Prize in Physiology or

Medicine Ain recognition of their work ol

In 1890, research undertaken by E. Behring and S. Kitasato revealed that serum from
infected animals contained antiseptic properties specific for the infectious adgemt

the same time, Ehrlich demonstrated that milk from breastfeeding mothers also
contained these factors which provided the child with high degree of immunity
These serum factors were latecharacterised as antibodieswith B-cells being
discovered as the producers of these antibodies in 194he interplay between the
acquired and innate immune response was brought to light by experiments conducted
by A. Wright. He showed that phagocytosis of bacteria was specifically facilitated by
antibodies, revealing that specific antibodies were required interact with the
phagocytes to elicit the host defenée The 1950s and 1960s saw the development of
the clonal selection theory by F.M. Burnet which revolutionised our understanding
of how the immune system recognises and responds to diverse antigénsrhis
theory was further refined by D. Talmage whproposeda selection process for the
specific antibody producing cett. This shifted interest in the field from the chemical

structure of antibodies to the biological understanding of how specificity is generated.

1.2.2 Understanding the molecular mechanisms of cancer immunity.

Immunobiology was at the forefront of scientific exploratiom n t h ¢ holvér& 0 6 s
a major cell type involved in the acquired immune response was still missing.
Experiments conducted in animal models showed that when allografts from donors
with genetic differences were transplanted, they induced clustering and killing by the
host cellg:. Further studies demonstrated that this cytotoxic reaction was selective,
exhibiting sensitisation to specific tissues and resultant elimination of the sensitised
tissue without affecting unargetedtissued’. Work by J. Miller led to the discovery

that the T cells were the specific cell type essential for and efficient in triggering this
cytotoxic reaction*?> The nextconceptual breakthroughwasdetermining how the T

cellsgenerated this specificity and recognition of antigenwith results coming from
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the convergence of immunobiology and transplantation biologf. Doherty and R.
Zinkernagel illustrated that Major Histocompatibility Complex (MHC) molecules
were not only accountable for transplant rejection but also fordell recognition of
any antigenic type.The importance of their work was honoured by the Nobel Prize

in 1966%.

The MHC moleculeis a protein expressed on the surface of cells and presents short
peptides within a groove which are subsequently recognised by immune cells. It was
discovered as the main factor involved in transplant rejection based on studies using
inbred mouse strainsAn important observation was made when cytotoxic T cells
(CTLs) from virus infected mice were transplanted into mice where target cells were
treated to remove MHC moleculesyhich led to the abolition of recognition and
killing of the inf ected target cells by CTE&? This conclusively demonstrated the

essential role of MHC molecules in antigen presentation to T cells.

Concurrently, similar observations were made in human cells, leading to the
discovery of Human Leukocyte Antigen (HLA) restriction. Studies showed that
human T cells recognized antigens presented by specific HLA molecules, mirroring
the MHC class restricton observed in mic&. Phenotypic characterisation of the T

cells revealed two distinct phenotypes governed by distinct MHC clas&es

Despite advancing knowledge of Jcell functions, a fundamental question that
required addressing was how the immune cells recognised their targekhis
breakthrough came int h e 1 9sh@ bybridomau technology and antibody
recognition mechanisms as a baselthescientists E. Reinherz and S. Schlossman were
able to identify antigenspecific receptors on T lymphocytesnd classified them a3 -

cell Receptos(TCR).They determined that theTCR could recognise specific antigens
presented byantigen presentingcells through binding via highly variable regiors.
Soon after the genes encoding the receptor where identified, antigen spedfiRs

were successfullgloned.
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1.2.2.1 Structure of TCR.

The TCR is a specialized molecule expressed on the surface of T lymphocytes, essential
for antigen recognition and Fcell activation. Each TCR is highly specific, binding to
a unique peptideMHC complex displayed on the surface @fPCstumour cells as

displayedin Figure1.3.
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Figure 1.3. Structure of the TCR interacting with MHC.

TCRsignalling is initiated when the variable regions of the TCR bind to a specific antigen pe
presented by a major histocompatibility complex (MHC) molecule. This interaction is stabili:
coreceptor binding, with CD4 engaging MHED8 engagiMidiCGl, depending on the

antigen presentation pathkigyre taken from
https://jhoonline.biomedcentral.com/articles/10.11-83/30302%

Structurally, the TCRi s a heterodi meric protein comp
or, less frequently, a A and U chain, ea
variable regions are generated through somatic recombination, enabling the receptor

to achieve the extrardinary diversity required to recognize a vast repertoire of
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antigens. Upon engagement with a peptide bound to MHC molecule, the TCR
triggers intracellular signalling through the associated CD3 protein complex. This
process is facilitated by LCK, a tyrosine kinase linked to the CD4 or CD&eceptors,

which are brought into the immune synapse upon MHC recognition.

LCK plays a crucial role by phosphorylating the immunoreceptor tyrosiimsed
activation motifs (I TAMs) on the CD3a
activates ZAP70, initiating downstreansignalling pathways?. These cascades drive
critical T-cell responses, including proliferation, differentiation, and effector
functions, which are essential for mounting an effective immundefence The
intricate coordination of TCR signalling underscores its central role in adaptive

immunity.

The characterisation of the highly specific mechanism ofdell activation cemented

the sheer power of our immune system to detect and defend against foreign pathogens.

However, the immune system's involvement in cancer progression remained
perplexing until 1957 when M.Burnet** and L.Thomas introduced the concept of
immunosurveillance.They proposed that the immune system constantly monitors the
body for development of cancerous or maleveloping cells and eliminates them
before they can proliferate and form tumours. Cancer occurred when this system

malfunctioned, and aberrant cells eaped the immune surveillancé=,

A main way in which these cancerous cells are controlled is through antibody
recognition of the abnormal proteins or antigens displayed on the maladapted cells.
The antibodies would bind to these cells, marking them for elimination. The

importance of antitbdies was recognised by the Nobel Prize award in 1972 to G.
Edelman and R. Porter for the discovery and description of the structure of
antibodies’. In 1975, G. Kohler and C. Milstein produced monoclonal antibodies

using a technique called hybridoma technolo&®. It permitted reliable and large

scale production of a single antibody clone with known specificity.
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Originally, the monoclonal antibodies formed were of mouse origin made by fusion
of mouse myeloma with mouse spleen cells from an immunised donor. The
applicability of these monoclonal antibodies (mAb) was limited due to their
immunogenic nature and resuéint short sera haHives®. An elegant solution to this
issue arose from protein engineering to form chimeric human antibody molecules.
The Variable (V) region genes from the mouse cell line could be ligated to the human
constant (C) region genes forming a novel humanised antibody moleéiife As a
result, we now had the potential to produce mostly human antibodies, which are

stable and noAimmunogenic in large quantities.

1.2.3 Antibody-based Therapy.

An antibody (Ab) is the secreted form of the Hell receptor and has two distinct
functions. One, the direct and specific binding to target antigen and two, to elicit an
immune response against the target antigen through recruitment of cells and proteins
of the innate immune systerfi“2 In very simplistic termsi the Ab is a roughly Y
shaped molecule containing two light chains and two heavy chaiinscollectively
termed immunoglobulin (Ig)i attached to a constant region by a flexible hinge region.
The specificity of the Ab comes fromhte variable regions within the heavy and light
chains i made off hypervariable loops known as complementarity determining

regions (CDRs) which directly interact with the antigefi.

Mechanisms involved in antibody mediated tumour cell death includeantibody-
dependent cellular cytotoxicity (ADCC), complemenrtlependent cytotoxicity (CDC),

and antibody-dependent cellular phagocytosis (ADCPAdditionally, antibodies can

induce apoptosisof tumour cells indirectly through attracting and highlighting

tumour cell surface receptorso the immune systemThe success of Ab therapies is
due to the i mmunoglobin foldds advanced
featuring a modular architectur&43. This design grants antibodies the flexibility to
adaptto the challenging extracellular environments found within vertebrate bodies.

A recent extensive deep sequencing study of circulating B cells from ten individuals
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revealedthe extremely diverse and personalised human antibody repertoire with an

estimated106-10'8 unique variable fragment (Fv) sequencés

The discovery of mAbs facilitated several significant scientific achievements. First, it
enabled precision targeting of cells, proteins and, or pathogens through unique
molecules. This was further developed for use in biomedical research as a diagnostic
tool, enabling detection, quantification, and purification of various molecules. These
techniques are still in use, such as flow cytometry, immunohistochemistry, and
western blotting to name a few. Second, it enabled the namvasive visualisation of
specifc targets in vivo through development of highly sophisticated imaging
techniques such as positron emission tomography (PET) and shmjleton emission
computed tomography (SPECT). Lastly, the most important application of mAb was

the development of novel lherapeutic drugé.

All the antibody-based therapies approved by the U.S Food and Drug Administration
(FDA) fall into 3 main categories which can be defined by their mechanism of action
(MOA) i 1) natural property basedquch asituximab, trastuzumab),2) delivery of
cytotoxic payloads (antibody drug conjugates), aBilengagement of cytotoxic Icells

(Ipilimumab, Pembrolizumabe.

1.2.3.1 MOA i Natural property based.

In 1997, the FDA approved the first chimeric mAb for cancer therafiya pan Bcell
antigen, CD20i known as Rituximab (Rituxan®y. Following promising results from
initial clinical trials, it was noted that use of Rituximab as a single agent therapy was
not effective’®+%. However, when combined withfour different chemotherapy agents
(cyclophosphamide, doxorubicin, vincristine, and prednisone), it leads to improved
survival rates for patients with CD20+ B cell lymphomakh recent years, it has also
been applied in other combinations such as small molecule targeted therapies or
maintenance therap§p. Despite its widespread use and positive results, there is still a

lot of uncertainty around its mechanism(s) of actioim vivo.
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The true potential of mAbs as a cancer therapeutic was realised following the phase 1
clinical trial of the humanised HER2targetting mAb Trastuzumab (Herceptin®) in
1992 and its subsequent FDA approval in 1998. HERs part of the ErbB family of
receptor tyrosine kinases and is found to be overexpressed in around3P9o of
human breast cancets Trastuzumab binds with high affinity to the extracellular
domain of HER2 and causes a marked reduction in the proliferative capacity of the
tumour. It was shown to be well tolerated and effective as a monotherapy in woman
with prior treatment records. k was also trialled as a combination therapy, with 9/37
patients achieving partial response and 9/37 patients achieving stable disease (median

duration 5.3 months) in a phase Il clinical tria.

Using the natural properties of antibodies as the main mechanism of action for novel
antibody therapies was promising, however, majority of the responses were restricted
to a small number of patients who expressed the target antigen. Another hinderance
which emerged from this approach was the outgrowth of antigen negative disease. A
simple solution to the antigen escape problem was the generation of dual antigen

targeting antibodies (bispecific antibodies), broadening their dse

1.2.3.2 MOA i Delivery of cytotoxic payloads.

Another pioneering class of targeted therapies came from the invention of antibody
drug conjugates (ADC). AD@ombine the specificity ofmAbs with the cytotoxic
potency of chemotherapeutic agents. By conjugating potent cytotoxic payloads to
mADbs, ADCs enable selective delivery of toxic drugs to cancer cells while sparing
normal tissues, thereby minimizing systemic toxicity, and enhancing theeagic
efficacy.Examples of conjugated therapeutic payloads include radioisotopes, bacterial
toxins, and various smll molecules, which typically function as DNA intercalators or

microtubule disruptorg®3,

The main structure of ADC involves an antibody, a linker, and the payloddhe linker
can be classified as cleavable or noleavablei determining the method of payload

delivery. Furthermore, theamount of drug that can be conjugated to an antibody is
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determined by the conjugationmethod. As of May 20241 the FDA has approved 15

different ADC for the treatment of cancer shown inTable 1-1, with a variety of

binders and conjugates being uséd

Table 1-1 - List of FDA approved Antibody Drug Conjugates.

Agent Target Conjugate Condition Approval Year
Gemtuzumab | CD33 | Calicheamicin relapsed AML | 2000, 2017
ozogamicin
Brentuximab | CD30 | Monomethyl relapsed HL | 2011
vedotin auristatin E and relapsed

SALCL
Trastuzumab | HER2 | Mertansine HER2+ breast | 2013
emtansine cancer (mBC)
Inotuzumab CD22 | Calicheamicin ALL 2017
0zogamicin
Moxetumomab | CD22 | Pseudomonas exotoxil HCL 2018
pasudotox
Polatuzumab | C79b Monomethyl DLBCL 2019
vedotin-piiq auristatin E
Enforfumab Nectin- | Monomethyl ucC 2019
vedotin 4 auristatin E
Trastuzumab | HER2 | Deruxtecan HER2+ BC 2019
deruxtecan
Sacituzumab | Trop-2 | SN-38 Metastatic 2020
govitecan TNBC
Belantamab BCMA | Mafodotin MuMy 20201
mafodotin-bimf With drawn

2022
Cetuximab EGFR | photosensitizer IR700 | Head and neck| 2020
saratolacan cancer
Loncastuximab | CD19 | Pyrrolobenzodiazeping DLBCL 2021
tesirine-Ipyl
Disitamab GPC3 | monomethyl auristatin | HER2+ gastric | 2021
vedotin E carcinoma
Tistot_umab Tissue | monomethyl auristatin | Cervical 2021
vedotin-tftv Factor | E cancer
(TF)
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Mirvetuximab | FRU maytansinoid DM4 Ovarian 2022
soravtansine Cancer

gyxn

ALCL Anaplastic Large Cell Lymphoma; ALL Acute Lymphoblastic Leukaemia; AML

Acute myeloid leukaemia; BC Bladder Cancer; DLBCL Diffuse Largecefl
Lymphoma; HCL Hairy Cell Leukaemia; HER+BC HER2+ Breast Cancer; HL
Hodgkinds Lymphoma; Mu WNBC Wriple NeégatileeBreddty e | o

Cancer; UC Urothelial Cancer.

Despite complex design structures and incomplete vivo functionality information,
some ADCs have proved highly successfW.th increasing knowledge in antibody
formation, engineering, and technological progress, the potential to broaden the scope
of therapeutic applicability of ADC issignificant. Examplesinclude new linker
technology for enhanced stability, development of novel potent cytotoxic payloads,
multivalent targeting through bispecific ADCs, and dual payload carrying ADC to

name a few?.

One drawback of antibodybased cancer therapies is thdifficulty in identifying
tumour specific antigens (TSA)not expressed on healthy cell#\s a result tumour
associated antigens (TAA) ammore commonly used TAA are antigens which are
found on tumour cells but can also be found expressed on normal healthy cedtsch

can result in ontarget offtumour effects with serious sideffects subject to the
payloads. As an alternative to ADC, antibody technology has been applied to engage

the immune system and reinforce the adaptive response to cancer.

1.2.3.3 MOA i Engagement of cytotoxic T cells.

Further development andthe evolution of antibody therapy ha focused on
integrating synthetic mechanisms of action that activate the adaptive immune system
upon engagement. This approach is based on the immunosurveillance principle
proposed by Burnet and Thométs There are four main ways through which the T

cell engaging antibodies execute their functiéh
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1. Engagement of Tcell receptor with one arm and cancesurface antigen with
the other arm, termed BIiTEs (Bispecific-€ell engagers). There is currently
only one FDA approved BIiTE called Blinatumoméhi for ALL lacking the
Philadelphia chromosomei which provides a survival benefit over other
treatments. It is composed of tweeparatesingle chain variable fragments
(scFvs) directedrespectively against CD® on T-cells (a T-cell receptor
component) and CD19 on malignant B cells. With thionformation, immune
cells with irrelevant specificity can be redirected to kill CD19+ tumour
cells'®:56,

2. Binding immune checkpoins on T-cells or thecheckpoint ligands presented
on the cancer cell surfacémmune checkpoint inhibitors (ICI)).

3. Generation of synthetiaeceptors on Fcells to directly bind the cancer surface
antigen (Chimeric antigen receptors).

4. Engaging the antigen presenting cells in the tumour microenvironment.

Each of these methods engage various parts of the adaptive immune system,
individually enhancing the advancement of cancer therapy and will be discussed in

more detail in subsequent chapters.

1.2.4 Checkpoint Blockade Therapy.

Since the advent of checkpoint blockade therapy in 2011 as a successful treatment for
unresectable metastatic melanoma, its application in multiple cancers has

revolutionised cancer immunotherapy.

Evolving from the immunosurveillance theory, Tcells or tumour infiltrating
lymphocytes (TILs) have been found in many tumours and serve as a good prognostic
biomarker for clinical outcomein many cancer type%. Naturally, immune checkpoint
molecules are upregulated on the surface of immune cells to prevent unrestrained T
cell activation. They provide immunological tolerance to prevent off target damage.

Mice lacking these checkpoint molecules show development of lymphoproliferative
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disorders and early deat® Tumour cells have hijacked thsecloaking/ immune-

inhibition pathway system to evade -Cell mediated antitumour immunity 7.

Within the tumour microenvironment (TME), multiple factors are involved in a
context dependent manner to suppress immune surveillance. The tumour cells can
upregulate the expression of inhibitory immune receptors whilst simultaneously
downregulating stimulatory receptors on their cell surfaceiriving T-cell suppression.
Unfortunately, most of the TILsexamined display phenotypic markers indicative of
increased interactions with inhibitory moleculesand signs of exhaustiof§% The
upregulated markers commonly associated with immunosuppression include
cytotoxic T-lymphocyte-associated protein (CTLA}, programmedcell death protein

1 (PD-1), andLymphocyte Activation Gene 3 (LAG3jo name a few. Notably, these
markers aresimilar to those observed in chronic viral infections, where-€ellsfalil to
eliminate the pathogenAs such, the presence of these immune checkpoint markers
on T-cells is now recognised as a sign ofc€ll exhaustion. Clinically, the expression
of these markerson T-cells denotes poor amttumour activity and reduced pre

immune cytokine responsés

1.2.4.1 Cytotoxic T-lymphocyte antigen humber 4CTLA-4)

CTLA-4 was first discovered by Burne#r al in 1987, however, its true function and
potential remained unclear. It was J. Allison and team whdefined CTLA4 as a
checkpoint inhibitor through an experiment using purified Tcells and showing that
a reduction in proliferation was attributed to CTLA4 interacting with its ligand B7

2 (also known as CD80/86%.

CTLA-4 is naturally expressed on regulatory -gells (Trec9 and activated
conventional T-cells. Its mechanism of suppression is through disruption of the
costimulatory pathwayi CD28 binding to CD80/86 as CTLA4 has ten times higher
affinity for CD80/86 compared to CD28. It is also responsible for downregulatiof

CD80/86 upon binding through transendocytosis, further reducing the number of
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these stimulatory receptors available to CD2&pressing Tcells critical for priming

T-cells263

Ipilimumab is a monoclonal antibody targeting CTLA! and is the first FDA approved
checkpoint inhibitor for the therapy of advanced melanoma. It directly binds to
CTLA-4 on the T-cell surface and prevents it interacting with its ligands CD80/86 on
antigen presenting cells (APCs)This gives Ipilimumab particular potencyin the
context of T-cell priming, with its administration resulting in increased TFcell
activation and proliferaticn, enhancing their antittumour effect Importantly, around
20% of the patients involved in the firstipilimumab clinical trial for metastatic
melanomaprior to its approval are still alive and disease fréeshowing the power of
checkpoint blockade therap¥t. Since then, ipilimumab has been approved for other
cancer types, including as a first line therapy or in combination with other

inhibitors 64,

1.2.4.2 Programmed cell death protein 1 (PL1)

PD-1 is another heavily researched immune checkpoint, however, it was initially
discovered as a gene involved in apoptosis using mouse méddisllowing the
discovery of two ligands programmed death ligand 1 (PIL1) and PDL2 7T and of
lupus like autoimmune disease in P knockout mice, PD1 is now characterised as

one of the main immunosuppressive receptors expressed onTieell surfacée.

Nivolumab was the first antiPD-1 mAb to be FDA approved in 2014 for the treatment
of metastatic melanoma and since then there have been several other-BBti/L1
antibodies approved for cancer therapy Anti-PD-1 therapy such as nivolumab or
pembrolizumab prevents activation of the P receptor by blocking its ligands PD
L1/L2 (usually expressed on tumour cells) from binding. Conversely, aRib-L1
therapies such aatezolizumaband durvalumabdirectly bind to PD-L1 expressed on
cancer cells or other cells within the TME and prevent its interaction with P2 on

the T-cell surface. Both of these mechanisms restoredll function through allowing
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T-cell activation and enabling a more robust and effective atimour immune

responsé-¢e,

One phase 3 clinical trial KEYNOTE006*°1 compared Pembrolizumab (artPD-1)

to Ipilimumab (anti-CTLA-4) for treatment of patients with advanced melanoma.
Overall, they found similar rates of responses for either drug, but lower adverse effects
coupled with longer survival rates with pembrolizinal#®. Similar results for
pembrolizumab efficacy have been noted in other clinical trials for the treatment of
renal cell carcinoma, melanomaand head and neck squamous cell carcinofhdhe
importance of identifying the PD-1 receptor and its therapeutic application was
recognised by the award of the Nobel Prize in Physiology and Medicine to James Allison

and Tasuku Honjo in 2018.

Despite both anttCTLA-4 and anttPD-1 therapies working to reduce the suppressive
effect of immune checkpoint interaction, their mechanisms of action are distinct and
elicit different immune responses.Anti-CTLA-4 activity primarily works by
removing the brakes on the initial activation of T cells by dendritic cells, whereas
anti-PD-1 therapy focuses on rejuvenating prexhausted T cells, rather than those
that are terminally exhausted. This distinctiorallows for combinatorial checkpoint
therapy, such asusing pembrolizumab in combination with ipilimumab, which
targets PD1 and CTLA4, respectively”7 Alternatively, checkpoint inhibitors can
be combined with other immunotherapies to achieve morgotent anti-cance

effects2.

1.2.4.3 Alternative checkpoints

As the success of checkpoint blockade therapy was realised, there was also evidence
of varying responses in patients as well and potential relapses following treatment,
driving the need to identify other potential markers whilst furthering research into
CTLA-4 andPD-1. As a result, several other positive and negative immune regulators
have been identified. Some of which areymphocyte activation gene3 (LAG-3), T

cell immunoglobulin and mucin-domain containing-3 (TIM-3), T-cell

immunoglobulin and immunoreceptortyrosine-basedinhibitory -motif domain
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(TIGIT), B7-H3, and B- And T-Lymphocyte-Associated Protein (BTLA) receptoit®
name a few. As of February 2023, there are 9 immune checkpoint inhibitors approved

for use with the FDAS.

Further research into these I mmune regul ¢
mechanisms of action will enable better and more targeted therapeutic drugs to be
produced, along with different combinatorial regiments suited to each patiént

specific expression profiles. As much as a@irLA-4 and antiPD-1 therapy showed

superior efficacy, there was also increased side effects, highlighting the need to better

understand their downstream pathway$s

Whil st i mmune checkpoint therapy might n
treating various cancers further highlights the power within our immune system for
eradicating cancers and underlines the importance of understanding how our immune

system woks for future development of successful cancer treatments.

1.2.5 Cancer Vaccines

Taking inspiration from our immune syster@ adaptive immunity processethe field
of cancer vaccinesas ariseri this is referring toa type of immunotherapy designed
to stimulate the natural processes of our immune system to recognise and attack

cancer cells.

Unlike traditional vaccines which prevent disease through priming the immune
system against specific pathogens, cancer vaccines aim to trigger an immune response
against tumourassociated antigens (TAA) or tumotspecific antigens (TSA) present
on cancer ells’%. An important consideration is that tumours are derived from self
and as such are subject to strong immune tolerance mechanisms. Resultantly, a
multitude of approaches to find and deliver the TAA or TSA to the immune system

have been considered as mentied below?®.

1. Peptidebased vaccines which use peptides derived from tumour antigens,

presented on antigefpresenting cells (APCs) to activate the-dells.
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2. Protein-based vaccines utilise whole proteins or large fragments from tumour
cells which are fed to APCs which then present various different peptides to
T-cells, expanding the potential repertoire of TAA or TSA.

3. DNA or RNA based vaccines use plasmid DNA or mRNA encoding tumour
antigens which are taken up by the cell, processed and subsequently presented
on the surface, eliciting an immune response.

4. Viral vector vaccines use viruses which have been genetically engineered to
express tumour antigeri the virus infected cell will produce the tumour
antigen and elicit an immune response.

5. Dendritic cell vaccines whereby the
manipulated ex vivoto present tumour antigens and then reintroduced to the
patient as educated APCs. This technology led to the first approved cancer
vaccine, sipuleucell (Provengd ). SipuleucelT uses patients APCs
challenged against a TAAvhich is highly expressed in prostate cancer cells
called prostate acid phosphatase alongsmi@nulocyte macrophage colonry
stimulating factor (GMCSFJ%. A phaselll clinical trial showed a 22%
reduction in the risk of death with sipuleucelT treated patients compared to
placebo, resulting in a higher median survival of 25.8 months in the treatment
group compared to 21.7 months with placebo despite no difnce in

progression timé’.

While cancer vaccines have demonstrated therapeutic potential, several challenges
persist, such as identifying TAAovercoming immune suppression, and optimizing
vaccine delivery and efficac¥. Advancements in cancer immunology and vaccine
technology are driving progress ithe development ofnew cancer vaccines with

increased efficacy and safety profiles.

1.2.6 Adoptive Cell Therapy (ACT) and Engineered-&ells.

Realising and harnessing the immune systems potency in the prevention and
treatment of cancer has been a focal point of research over the past few decédake

antibody-based andimmune checkpoint blockade therapieswork to rejuvenate
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immune cells within the tumour microenvironment, another approach involves
expanding and/or genetically modifying Icells ex vivoto enhance their tumair-

killing ability.

The conceptual foundation of ACT began as early as the 1960s, where genetically
similar lymphocytes from immunised rodents were transferred to tumour bearing rats
resulting in modest tumour growth inhibition®7. This was further tested through
administering a mix of patient leukocytes with autologous tumour cells and shown to
cause immune rejection of the tumours. Despite the tumour response being
inconsistent and unpredictable, this data conferred that leukoeg could produce
anti-tumour effect$®. Unfortunately, without the ability to culture the leukocytesex

vivo at that time, the mechanism behind their antiumour effect remained unknown.

ACT was catapulted into the forefront of research following the characterisation and
/n vitro production of T-cell growth factor (now called 1-2) in 1976, enabling
researchers to grow and expand lymphocytesx vivo without loss of effector
function’88L Pivotal work by Dr. S Rosenberg showed that administering high doses
of IL-2 alone, or usingin vitro 1L2 expanded lymphocytes into mice could inhibit
tumour growth®. The ability to culture immune cells /in vitro propelled our
knowledge of the inner workings of our immune system and its potential as a major

weapon against cancer.

As time has progressed, ACT has transitioned from harvesting +specific
lymphocytes to the engineering of sophisticated, canespecific lymphocytes. ACT
can currently be classified into three main categories, each with distinct mechanisms
of action as summarised inFigure 1.4. Namely, ACT with tumour-infiltrating
lymphocytes (TILs), TCR gene therapy, and chimeric antigen receptor (CARg€ll
therapy?.
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Figure 1.4. Summary of ACT strategies.

Summarydureof ACTaken frornttps://doi.org/10.3390/cancers15010094

1.2.6.1 Tumour infiltrating lymphocytes (TILS)

In 1985, some patients with metastatic melanoma achieved complete tumour
regression following IL2 therap§. This result alluded to the presence of cancer
specific T-cells which were actively proliferating in response to the synthetic IL2
given. This led to the hypothesis for the existence of a specific subset-o€lls which
could infiltrate the tumour microenvironment and were capable of recognising the
tumour and eliciting an immune response. Evidence for this theory came from murine
tumour model studies whereby syngeneic TILs expandeéd vitro with 1L2 would

result in regression of established lung and liveimours following adoptive transfef.

Whilst TIL therapy sounded promising, clinical results were not as expected, with

TILs barely being detected in circulation days after infusion. However, a vital
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improvement to the application of ACT came from the discovery that
lymphodepleting using nonmyeloablative chemotherapy immediately prior to TIL
infusion resulted in increased cancer regression and the survival and clonal expansion

of the transferred lymphaytes®.

Asthe capacity to culture, and expand-tells ex vivodeveloped, so didhe ability to
genetically modify immune cells, creating a plethora of opportunities for innovative

and targeted anticancer therapies.

1.2.6.2 T-cell receptor engineered Jcells (TCRT cells)

T-cell activation and an immune response is only triggered when the TCR recognises
the antigenic peptide presented by MHC molecules on the surface of cells. One
method to define and manipulate the specificity of adell is to introduce a genetically
modified TCR with a predefined tumour antigen specificity. An additional benefit of
this technology compared to antibodyased therapy is the MHC class restriction of
TCRs, enabling recognition of intracellular protein antigeffs This presents the
engineered TCRT cell with a larger pool of potential tumour specific antigens whilst

also reducing the probability of ortarget off-tumour toxicity.

Conversely, one major challenge is determining the target antigen and determining
its level of heterogeneity which without proper testing could result in unexpected and
severe side effectsusually related toon-targetoff-tumour effects This issue was
brought to light when a TCRT cell was designed against an intracellular melanocyte
antigen (MART1) for the treatment of melanoma. Whilst clinically it demonstrated
anti-melanoma effects, patients also suffered severe side effects incfudin
cardiotoxicity and hearing loss through oftarget offtumour attack on healthy
melanocytes expressing MARTEE. As more data was obtained from clinical studies,
TAA were found to be safer targets owing to their high expression on tumour cells
compared to healthy tissue. Altering the TCR affinity could ensure artimour
effects whilst preventing recognition of thdower TAA expression on healthy cells.

For example, targeting WTL1, a highly expressed TAA on acute myeloid leukaemia
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(AML) and acute lymphoblastic leukaemia (ALL) whilst only minimally expressed on

healthy tissue¥.

Another challenging aspect of TCR cell therapy is the pairing of the engineered
TCR U and a chains. Mispairing or crosseactivity impacts the efficacy and could
potentially cause grafiversushost-disease toxicity (GVHD®. The various toxicities
attributed to TCRT cell therapy led to the introduction of stringent preclinical
peptide scanning and testing to ensure the specificity of the TCR is maintained and

the threshold for activation is above the level of antigen exg®on on healthy tissue.

Despite these challenges, some TdRcell antigen targets have proven successful.
These include TCRT cells targeting N¥YESO1 and previously mentioned WT<,
Clinical studies have shown N¥ESO1 targeted therapy to be effective against
melanoma and synovial sarcoma with a response rate of 45% and 67% respectively

and no serious side effecéfs

While TCR-T cell therapies have demonstrated significant success, including the
ability to target intracellular antigens, they are constrained by MHC class restriction,
which can be a doubleedged sword. This restriction poses two significant
disadvantages. Firstly, downregulation of MHC molecules on tumours reduces the
activation potential for the engineered cells. Second, the TCRs require matching

patient MHC haplotypes, reducing the generalisability tfiese therapie®.

Another version of ACT is CAR Tcell therapy which maintains the same effector
functions as TCRT cell therapy, independent of MHC restriction. As it is the main

focus ofthis thesis, it will be discussed in further detail as an independent chapter.

1.3 Phenotypic definition of T-cell states.

T-cells or T lymphocytes are a type of white blood cell essential in orchestrating the
adaptive immune response. A hallmark of the adaptive immune system is the
multipotent, long-lived, selfrenewing memory lymphocytes, which upon re
activation can prolifeate and differentiate into progeny with diverse fatés
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The definitive marker of T-cells is CD3xpressiorand is present at all stages ofcell
development. These CD3+-Tells can be broadly classified into two main categories
based on the caeceptors expressed: CD4+cElls and CD8+ Tcells. As mentioned
previously, CD4+ Tcells aremostly involved in activating other immune cells such
as B cells and macrophages following antigen recognition via MHC class Il. While
CD8+ T-cells directly attack and kill cells through antigen recognition via MHC class

| presertation. Both CD4+ and CD8+ T cells are pivotal in cancer immunotherapy
strategies, contributing to more effective and targeted treatments against various

malignancie&.

The T-cell lineage and formation of effector versus memorycells is influenced by a
multitude of factors. Thes include, costimulatory or inhibitory signals, the cytokine
environment surrounding the cells, cell transcriptional regulation, cell metabolic
state, TFcell microenvironment and epigenetic modificatiorf§®. T-cell
differentiation is a highly regulated process and understanding the interplay and

influence of these factors is crucial for the development of effective immunotherapies.

Despite significant advances in our understanding ofcEll biology, defining and

characterizing immunological memory continues to be a topic of active debate. The
complex and dynamic nature of immunological memory makes categorization
challenging. Nevertleless, scientists have succeeded in identifying and defining

various T cell states through the surface expression of specific markers.

Principally, all T-cells released by the thymus are defined as naivedls which have
not encountered their cognate antigen. They are characterized by the surface
expression of markers including <€ Chemokine receptor type 7 (CCR7)-4electin
(CD62L), M45RA, CD27, CD28, and CD127 (Interleukif receptor subunitJi IL-
7RU %2%. Emerging data supports a model where the naivecg&lls develop into
memory T-cells first before some proliferate further to produce the effectorcell
pool+®’. This data directly correlates to the memory -Tells having reduced

proliferation levels and longer telomeres compared to the effectoic&ll counterparts.
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1.3.1 Effector T-cells

Effector T-cells (Ter) are the frontline soldiers of the adaptive immune response,
rapidly responding to infections or malignancies. Their primary function is the

elimination of pathogens and infected cells.

Following activation, the CD4+and CD8+T-cells produce differenttypesof effector
cells governed by the membrane and secreted proteins expressed or released. The
CD4+T-cells split intotwo major categorieshelper (Th) or regulatory T-cells (TrReg),
(which can be further divided into T follicular, TH1l, TH2, and TH17), through
production of interferon-A(INFA) and IL-4 respectively While the CD8+T-cells form
cytotoxic T-cells (CTLs) and produce perforin, granzyme B, and cytokirieddlFAand

TNF-U (Tumour necrosis factoiU)®e.

Terrcells are commonly associated with downregulation of surface markers expressed
by naive T-cells, namely CD45RA, CCR7, CD62L and upregulation of activation
markers such as CD69, CD25, PDand KLRG1 to name a féw The effector state is

generally transient, with cells undergoing apoptosis following pathogen clearance.

1.3.2 Memory T-cells

The memory T-cells provide longterm immunity, persisting in the body and poised
to respond rapidly and effectively upon rexposure to antigetf. As our knowledge
and understanding of the immune response has progressed, so has our ability to define

and identify various markers associated with the range of memory phenotypes.

A defined set of canonical markers are used to delineate the subsets including
expression of CD45RACCR7 CD62L, CD27 and CD95. For simplicity, the major
subsets are classified into central memory-CElls (Tcm), effector memory Fcells

(Tewm), and tissueresident memory Fcells (Trm)%.
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1.3.2.1 Central memory Fcells (Tcm)

Tcwm cells express high levels &ECR7and CD62L, which facilitate their homing to
lymphoid organs and are CD45RA negative. They also expressstimnulatory
molecules such as CD27 and cytokine receptois-7RU  ( C D andl 1L)2Ra
(CD122y2 They have high proliferative capacity and longevity which gradually

decreases upon differentiation.

1.3.2.2 Effector memory Fcells (Tem)

Tem cells are found in the peripheral tissues and blood following loss@ER7and
CD62L expression. They are the main source of effector molecules following antigen
encounter. They also begin to upregulate markers involved ircEll regulation such
asPD-1, CTLA4 and TIM 3. The combination ofTcm and Tem pools enables complete

surveillance of the body for sites of infecticf

1.3.2.3 Tissueresident memory Fcells (Trm)

As the name suggestsrm cells are found embedded in specific tissues throughout the
bodyi providing rapid local immune responses upon pathogeneatry i and do not
enter the circulating pool of memory cells. Th@rwm cells are characterised by the

expression of cell adhesion molecules CD1@3H49a, andCD69.

A challenging aspect of this compartmentalic approach isthat it overlooks the
heterogenous andlynamic nature of memory Fcells, which may share phenotypic
traits and or have overlapping functiondNevertheless, €cognizing and defining these
subsets, even if not perfectly accurate, has advanced and refined immunotherapy.
Classification of memory Tcell subsetshas contributed to improved response
prediction, enhancedtreatment precision andadvances in vaccine development

among other benefits.

1.3.3 Stemcell memory T-cells (Tscv)

Tscmcells represent a relatively recently defined subset of lefiged memory T-cells
with potent self-renewal and differentiation capabilities, akin to stem cells. They
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express surface markers associated with naive @nd cells such as CD45RACCR7,
CD62L, CD27, CD95, antL-7RU. Importantly, these cells were also found to highly
express the transcription factor TGE (T cell factor 1), responsible for the

transcription of stemrelated gene%-1%%

Key research into theTscm population within mice with GVHD demonstrated that
these transplanted cells were able to fully reconstitute the effector and memorgdil
pools whilst maintaining their own pool siz&2 This subset's potential for sustained
Immune responseand capacity to generate the entire spectrum of differentiated cells
makes them a significant focus for immunotherapeutic strategies, includif@T in

cancer treatment.

1.3.4 Exhausted ¥cells

Exhausted Tcells (Tex) represent a dysfunctional fcell statemarked by a reduced
cytokine secretion capacity and amelevated cell surface expression of inhibitory
receptors. The key markers ofex cells include high expression of P2, CTLA4,

TIM-3, LAG-3, and TIGIT®%:,

Naturally, T-cell exhaustion serves as a mechanism to limicéll activity and effector
function to prevent damage to healthy tissues. However, in the context of chronic
viral infection and cancer, it limits the effector function of Fcells resulting in dsease
progression. Unfortunatelythe reduced effector function ofTex cells is a result of
altered metabolic, epigenomic, and transcriptomic profiles which we currently do not
have the knowledge or technology to rever&81%4 As such, the presence of these cells
can have devastating implications in the context of immunotherapy. Current research
efforts are focused on developing strategies to prevent or reverse these epigenetic and
transcriptomic changes to enhance the effeetiness of immunotherapies and improve

outcomes for patients with chronic infections or cancer.

The presence of these diverse-cCell states underscores the complexity and
specialisation within our adaptive immune respons@err cells immediately act to

eliminate threats, memory Tcells ensure rapid and robust responses upon antigen re
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exposure and the Tscwm cells provide the longlasting reservoir for sustained
immunity. Understanding these Tcell states and thepathways andfactors which
govern them will enhance our ability to manipulate Tcells for better

immunotherapies.

1.4 Chimeric Antigen Receptor Fcells (CAR Fcell).

In recent history, rise of genetic manipulation capabilities within -Eell biology has
brought forward a new era of cancer immunotherapy. Unlike TGBngineered F
cells, CAR TFcell therapy enables the targeting of novel and varied antigenic
molecules with defined affinity and without MHC class restriction. This ismade
possible through its ingenious design, combining an antibedgrived variable region
(the heavy and light antibody variable chains) and an intracellular signalling domain

inspired by the TCR®.

1.4.1 Evolution of CARs

The earliest attempt at redirecting the specificity of a-@ell was performed by Dr. Y
Kurosawa in 1987. Kurosawa fused the variable fragments of an antibody targeting
phosphorylcholine to the constant regions of the TCRmaking two pairs, \-Ca a n d
VH-CU ap@U Vanr-@aV¥Y o f orbro d# Afcdlcium flux was detected
upon challenge with phosphorylcholinepositive bacteria, implying the antigen
specific T-body could activate Fcells®>1%¢ This work was taken further by Dr. Z
Eshhar and his teanbetween 19891993, using similar techniques to form a-body
unrestricted by MHC presentation. Additionally, his team also addressed the low
transduction issue by forming the first singkehain chimeric receptor by fusing their
scFvto anintracellularlynp hocyt e signalling domain (el
found that this modification enabled higher transduction efficiencies as well as being
able to activate Tcell signalling without the conventonal TCR complex. This seminal

work formed the backbone for all current CAR desigis
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1.4.2 CAR T-cell Structure.

The design of CAR Tcells has evolved through 5 generations in the past three
decades, beginning with the incorporatioc
generation), or a combination of various intracellular signalling modules conferring
additional benef i ts i ncluding CD34& HasheSuaressive t o
generationhas amendments made to the intracellular costimulatory domaii$ese
are depicted inFigure 1.5.
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Figure 1.5 Diagrammatic representation of the structure of CAR molecules.

The signalling and activation capabilities of the CAR molecules has evolved over every gen
Every CAR contains an antibasld targeting moiety from an scFv (orange) fused to a flexible
extracellular linkgtinge regiongreenjand transmembrane domaini (bMe). The first
generation CAR has a singular CD3g¢ signa
CARs have one or two additional costimulatory signally molecules (green) respectively. Thes
added to mi#ite the poor pesteince observed with-flest CARs and can be various co
stimulatory molecules such as CIbB8, @CD137), CD27, and OX40 to name a few. The fourth
and fifth generation CARs are based off thegeaeoation CAR with either an inducible
transgenic pen to stimulate the release of cytokines such as IL12 or with novel stimulat

domains which can activate other specific signalling pathways such as STAT 3/5.
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1.4.2.1 The Extracellular antigen binding domain or scFv.

The singlechain variable fragment (scFv), also known as the extracellular binding
region, is the antigenarecognition domain of theCAR. It is derived from the variable
regions of the heavy (VH) and light (VL) chains of a monoclonal antibody, linked by
a short peptide linker to ensure proper folding and stabilitigither orientation of the
scFv is acceptable VH-linker-VL or VL-linker-VH i and canimpact the expression,
stability and binding of CAR molecul&g The scFv is responsible for the specific
recognition and binding of the target antigen on the surface of tummocells, forming

the critical interface between the CAR Jcell and its intended target.

The scFvdés binding affi detetmynans of CARBTealc i f i C
functionality. High-affinity scFvs are essential for efficient antigen engagement and
subsequent Tcell activation, but excessive affinity can lead to efarget effects or
activation-induced cell death (AICD). Moreover, the choe of scFv can influence

CAR T-cell persistence, cytokine secretion profiles, and overall therapeutic efficdty

In addition to affinity, the structural orientation and stability of the scFv are
important for maintaining functionality, particularly in the hostile and

immunosuppressiva ME*®,

Effective CAR design requires c abindrfgu l C C
properties to ensure specificity while minimizing adverse effect$he structural
orientation of the scFv, particularly the arrangement of théH and VL chains, plays

a critical role in its binding efficiency and stability. Evidence suggests that improper
orientation can compromise CAR function and antigen recogniti®® Another
significant challenge is the immunogenicity of the scFv, especially when murine
derived sequences are utilized. Such sequences can trigger the host immune system to
produce anttCAR antibodies, which may limit CAR Tcell persistence and efficacy.
Efforts to humanize or fully humanize scFvs aim to reduce this immunogenicity while
maintaining robust antigen recognition. Together, the scFv and associated hinge
region ensure the CARIt el | 6s ability to preciusely

associatd antigens, making it the cornerstone of CARased therapies.
56



1.4.2.2 The hinge region

The hinge or spacer region is located between the antigeimding domain and
transmembrane domain of the CAR construct, providing flexibility and accessibility

to the CAR T-cell, and facilitating effective antigen engagement. Various studies have
demonstraed that the choice and length of the hinge region are critical for overall

CAR T-cell performancétt While affinity is primarily determined by the scFv
binding strengt h, the hinge region influ
antigens, particularly important in spatially challenging locations such as the solid

TME. More importantly, the hinge region also significantly impacts CAR -Tell

avidity by affecting the spatial arrangement and accessibility of multiple CAR
molecules on the Tcell surface A properly designed hinge allows multiple CARs to

engage with multiple antigens on the target celénhancing overall binding strength.

Accordingly, two distinct hinge regions aCD8stalk and an optimised IgG4-c linker

I were selected for functional evaluation. IgG based spacers are generally quite long
I around 220 amino acids and are known to produce very robust responsgsvitr o.
Optimised versions involving mutations within the Fedomain (specifically the CH2
section) minimise nonspecific interactions with F& r e ¢ eFeAR)p theseby (
reducing activation induced cell death (AICD). Conversely, theCD8 stalk is
relatively short, at 45 amino acids long, and demonstrates comparable efficacy whilst
avoiding potential nonspecific FER interactions. Importantly, the comparison
bet ween different spacer region | engths
binding sites of the IL13 muteins used. Additionally, the optimised Ig&% linker
sequence was part of the CARdell construct assssed by researchers at City of Hope,

providing additional /n vitro and /n vivo functional validation.

1.4.2.3 The transmembrane domain

The transmembrane domain (TM) is a hydrophobic segment that anchors the CAR
within the T -cell membrane and is usually derived from CR3CD28,CD4, or CD8

molecules. It plays a vital role in maintaining the stability, expression, and density of
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the CAR molecule on the Tcell surface, as well as in transducing signals to the
intracellular CAR modules. Whilst the TM domain does not directly influence
affinity, it facilitates optimal antigen binding through correct membrane anchoring
and CAR orientaion, supporting the formation of strong multivalent interactions

critical for maintaining high avidity2,

There are three different TM domains used in this thesis, CD&r KR.28z and
KR.41BBz CARs, CD28 for the YR.28z CAR, and CD4+ for the YR.41BBz CAR. The
CD8U TM domain was mai nt ai-88 dnd-#18Bzwesseoms t h e
to assess its impact on intracellular signalling, whilst CD4 and CD28 were used in the
IL13 (YR) binder to observe their effect in combination with an Ig&C hinge region

and to ensue comparability with the constructs used by our collaborators at City of

Hope.

1.4.2.4 The intracellular co-stimulatory molecules

The intracellular signalling domains of CAR constructs are critical for determining

the response elicited by the CAR-€ell upon antigen engagement. C[A3vas the first
intracellular domain incorporated into C,
initiate the signalling cascade. As time has progressed, various othestouulatory
molecules have been integrated into the CAR designs to enhance sigmtalimprove

functional output, and prevent anergyKigure 1.5).

Whilst there are a whole host of available estimulatory molecules including CD28,
4-1BB 0OX40, ICOS, and IL2R T and their combinations, there is no defined
consensus on the optimal combination to generate successful CABells. Among
these, cestimulatory molecules CD28 and-1BBare the most widely investigated in
the context of CAR TFcell therapy. Currently, only CAR TFcell therapies
incorporating CD28 and 41BB costimulatory molecules are approved by the

FDA/EMA (Table1-2) and as such, are used within this thegtggure 3.1.

CD28, a transmembrane glycoprotein and member of the immunoglobulin
superfamily, provides the -eell acévatbnandis Nfsi g
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expressed on bot&D4+andCD8+T-cells. CD28 mainly signals through the PI3K/Akt
and NFéB pathways and is associated with rapid and robust@ll responses, faster
proliferation and heightened cytokine production. Consequently, this high
proliferative capacity is associated with a more immediate but shorteted response,

linked to earlier T-cell exhaustiori!3114

4-1BB is a glycoprotein receptor belonging to the tumour necrosis factor receptor
superfamily (TNFRSF) and mainly signals via the NB and MAPK pathways. It is
expressed on various immune cells includingcells, monocytes, dendritic cells and
natural killer cells. In comparison toCD28, 4-1BB signalling results in slower and
more sustained Tcell proliferation and gradual cytokine production. Resultantly,
CAR T-cells expressingl-1BBhave been found to exhibit enhanced persistence and

durability /n vivot4113

1.4.3 Different CAR iterations

The evolution of CAR constructs extends beyond modifications to the intracellular
domains, as illustrated ifrigure 1.5, encompassing advancements in the extracellular
scFv region. These refinements have driven the development of specialized CAR
designs aimed at improving efficacy, specificity, and safemong these ardogic
CARs which use Boolean principles such as ANfgates, NO¥gates, and dual
targeting strategies to refine tumar recognition and mitigate offtumour toxicity.
These advanced CARs aim to overcome limitations of traditional sintgeget CARs,
particularly in complex tumaur microenvironments or when targeting antigens

expressed on both cancerous and healthy tissues

AND-gate CARsequire simultaneous recognition of two distinct antigens to activate
the T-cell*', These CARs are typically engineered to express two receptors: one
signallingreceptor and another cestimulatory receptor. Activation only occurs when
both antigens are present, reducing the risk of effimour activity and collateral

damage to healthy tissues. However, a potential disadvantage is the need for precise
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co-expression of target antigens, which may not be consistent across all wmoells,

potentially leading to incomplete tumair eradication.

NOT-gate CARsincorporate inhibitory signalling domains to suppress -tell
activation when a specific antigen is encounter&d For example, if a healthy tissue
antigen is present alongside wmour-associated antigen, the inhibitory domain
dampens the immune response, preventing damage to normal tissues. While NOT
gate CARs enhance specificity, their efficacy relies heavily on the spatial and
quantitative separation of inhibitory and activating angiens, which may vary in

heterogeneousumours.

Dual-targeting CARscan confer specificity to two or more different antigens (OR
gate) andemploy either two distinct CARs on a single -Eell or a single CAR
engineered to recognize multiple antige®$. This approach enhances flexibility and
reduces the risk oftumour escape through antigen loss. Dutdrgeting CARs are
particularly useful for targeting heterogeneougumours but can increase the
complexity of CAR design and manufacturing. Furthermore, the presence of multiple
antigen targets may increase the likelihood of effimour effects if one or both

antigens are expressed on healthy tissues.

Each of these specialized CAR designs brings unique advantages tailored to specific
therapeutic contexts. By integrating advanced logic and targeting mechanisms, these

CARs represent a promising step toward safer and more effective immunotherapies.

1.4.4 CARs in liquid tumours.

Haematological malignancies were the first targets for CARCEIll therapy, with focus
on | e uk agelymplotas, and multiple myeloma. Unobstructed CAR-G@ell

trafficking and easy access to the target antigen made these diseases good candidates.

Early therapeutic success with mAbs targeting CD19 provided a strong rationale to
generate CAR T cells against this antigéti Importantly, CD19 has broad

expression on a range of-Bell malignancies, is not expressed on nd&acells and the
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loss of healthy CD19+ Rells can be managedeadily with immunoglobulin

replacement therapy?®. Secondgeneration CARs with either CD28 or 4BB co

stimulatory domains combined with CD& proved to be efficacious against CD19+

tumour models and were taken forward in various clinical trials for CD19+

malignancies?2

In 2012, the first CD19 targeting CAR-Eell therapy was given to a{year-old patient

with relapsed/refractory Bcell acute lymphoblastic leukaemia (r/r BALL). The

successful treatment resulted in disease free survival with no relapse observed for over

S5years. This breakthrough | ed to

tchlle

therapy (tisagenlecleucel) for r/r BALL in 201723124 Since then various clinical trials

have demonstrated remarkable outcomes with remission rates ranging between 50

93%#2>1%6 To date, the FDA and European Medicines Agency (EMA) have approved 6

CAR T-cell products listed inTable 1-2, all against haematological malignanciés

Table1-2. List of FDA and EMA approved CAR-Tell therapies.

Product Target Condition

(commercial name)
Tisagenlecleucel (Kymriah) CD19 r/r B-ALL, DLBCL, L&HG BCL
Axicabtagene ciloleucel (Yescarta) | CD19 FL, BCL, PMBCL
Brexucabtagene autoleucal CD19 r/r MCL, B-ALL
(Tecartus)
Lisocabtagene maraleucel (Breyanzl CD19 DLBCL, PMBCL, FL3B
Idecabtagene vicleucel (Abecma) BCMA r'r MM
Ciltacabtagene autoleucel (Carvykti) BCMA r'r MM

r/ri relapsed or refractorLRRT B-cell acute lymphoblastic leukaemia; DDHfCise large
B-cell Lymphoma; L&HG BClLarge and higjnadeB-cell ymphoma; FL3B-ollicular
lymphoma (grade 3B); PMB@®imary mediastiritell lymphoma; MGLMantle cell

lymphoma; MMMultiple myeloma.

Despite CAR Tcell therapy success in liquid cancers, there remains the potential for

FDA

life-threatening adverse events, the most common being cytokine release syndrome
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(CRS) and immune effector celhssociated neurotoxicity syndrome (ICANS) CRS

is the result of elevated pranflammatory cytokine levels (nost commonly,IL-1 and
IL-6) in response to the activated CAR-@ells, causing hypotension, fever, and other
systemic symptoms. Monocytes and macrophages were found to be the primary
source of CRSdetermined by murine model studié%®. Importantly, CRS can be
mitigated through IL-1 and IL-6 receptor blockers such as anakinra and tocilizumab

respectively0129.139

ICANS is the second most common toxicity associated with CAR therapy and usually
accompanies CRS with varying degrees of severity. The precise mechanism behind
ICANS is still unclear but one possible theory relates to-ILrelease following positive
results from studies involving anakinra administratiofit32 Alternatively, ICANS
could result from CAR TFcell targeting unanticipated CD19 cells present within the
brain, correlating to its increased incidence in CD1@rgeting therapie®?134 This
discovery further highlights the importance of tumour antigen selection, and the

effects ontargetoff-tumour mechanisms can have with immunotherapies.

Despite these toxicities, CAR-Eell therapies still provide hope foacure, and almost
limitless potential in our fight against cancer. As our experience with these therapies
grows, so does our ability to mitigate and avoid tlmmonly associatedoxicities.
Either with the help of drugs or better biomarkers to identity those at higher risk. For
example,in 2017, the FDA approved tocilizumalfor use in combination with CAR
therapy to avoid CRS® Recent studies have also found that tracking the levels of
certain cytokines and proteins present in the blood following CAR infusion can serve
as helpful markers for severity of CRS. One paediatric model was able to predict CRS
with a sensitivity of 100% and specificity of 96% by looking at peak values of INF
IL-13 andMIP1-Ut6. Moreover, fourth-generation CARs are also being developed to

release inducible proteins which can also be used to block CRS such as-&mlAb.
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1.4.5 CARs in solid tumours.

Following the remarkable success of CAR-CEll therapy in the treatment of
haematological malignancies, scientists attempted to replicate this in solid tumaurs

encountering unique and additional challenges.

Unlike liquid tumours, solid tumours are embedded in a complex microenvironment
constructed to promote tumour growth and simultaneously evade the immune
system. As such, using secomgneration CARs similar to the CD1¢argetting CARs
resulted in substantlly inferior responses and even poorer persisteficé®
Nevertheless, CAR-cells targeting various antigens across a range of tumours have
been developed and eacl? vitro and in vivo experiment provides essential

information helping to create better CAR products.

One such CAR, targeting glioblastoma associatederleukin-13 receptor alpha 2

(1 L13RU2) achieved compl ete r esnpasavig i n
and intraventricular CAR infusions with minimal adverse side effe¢f& This success
underlines the progress being made in identifying suitable target antigens and
developing methodologies relevant to solid tumours. In order to make CARcAll

therapy a viable treatment option for patients with solid tumours, we must identif

and understand the obstacles present within the TME and refine our approach

accordingly.

1.5 Improving CAR T-cell therapy against solid tumours

Recent advances involving the design and outputs of ngdneration CAR Tcells are
aimed at increasing the efficacy and persistence of CAR products within solid

tumours.

Theoretically, increasing CAR Tcell trafficking and subsequent proliferative and
survival signalling will result in effective solid tumour eradicatiorwhen combined
with optimal target selection Practically, a recentPhase 1Il academic clinical trial

using a third-generation GD2targetting CAR (incorporating CD28,41 BB and CD3
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co-stimulatory domains)in 27 children showed promising resultswith minimal
adverse effects and infused CARs persistifog a median of 3 months (range-30
months)“0. Despite this victory, majority of current clinical trials are using second
generation designs with results showing inconsistent responses, hampered efficacy
and functional exhaustio®s. To design better and more suitable CAR construdty

solid tumours we must first understand the intricacies within theomplex TME

1.5.1 Obstacles in solid tumours.

1.5.1.1 Physical barriers to Tcell trafficking

Unlike haematological cancers present in the circulatory system, solid tumour
targeting CAR Fcells must travel to the tumour site and subsequently extravasate and
infiltrate the dense TME. Research has shown that tumour cells can disrupt the
chemokine netvork which hinders T-cell migration to the tumour site and Tcell
infiltration 42 A potential solution could be intratumour injections; however, these

are not practical for metastatic tumour types.

Tumour blood vessels form through angiogenesis, resulting in abnormal and poorly
organised structures. As a result, they have suboptimal blood flow and high interstitial
pressure, creating a physical and hypoxic barrier tecéll infiltration 43144 Even if the
T-cells manage to successfully infiltrate the tumour, they are faced with a hostile
microenvironment containing limited nutrients, hypoxic conditions and a dense

fibrous matrix with large populations of cancer associated stromal célls

1.5.1.2 Hostile TME and Immunasuppression.

The hostile TME is the combinatorial result of the six hallmarks of cancer, with each
playing an active role in tumour progression and immune evasion. The hostility
towards infiltrating T-cells arises from a combination of factors including the presence
of immunosuppressive cells, expression of inhibitory cytokines, and hypoxic and
acidic conditions. Together, these factors severely impede CAREll infiltration and

anti-tumour activity 4.
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Immunosuppression is a major contributor of CAR-@ell inefficiency within solid

tumours, composed of various cellular and soluble factors. A key player is the
immature myeloid cells termed myeloiederived suppressor cells (MDSCs) which

have been found to have an enhanced suppressive phenotype compared to MDSCs
found in peripheral tissues. They are responsible for the secretion of anti
inflammatory and inhibitory cytokines (suchas W10 and TGFa) , and expr e s

checkpoint inhibitorst47:148

Other suppressive cells involved in solid tumour progression are the regulatorgells
(Treay T subduing effector Fcell activity T and the tumourassociated macrophages
(TAMs). All of these factors work together to maintain a highly immunosuppressive
environment, inhibiting T-cell proliferation and dampening the anttumour

responsés.

1.5.1.3 Antigen loss

Majority of the CAR constructs are generated to efficiently target and kill a single
tumour antigen. There are two main ways through which this results in antigen loss
or downregulation. Firstly, there is a selective pressure on the tumour to
downregulatethe targeted antigen. Unless the antigen is essential for tumour survival,
this eventually leads to an outgrowth of antigen negative cells rendering the CAR T
cells futile*s. Second, tumour cells often express antigens heterogeneously, coupled
with reduced efficacy of CAR Tcells within hostile TME can result in inefficient
killing of tumour cells and outgrowth of tumour cells in which the antigen is
undetected by the CAR Tcells'*°. Both these phenomena have been observed in CAR
therapy against haematological malignancies, whereby relapse occurs with antigen
negative disease or a mutation within the antigeendering it unrecognisable to the

CAR T-cells®®,

1.5.1.4 CAR exhaustion

CAR T-cell exhaustion is a significant obstacle against solid tumours, characterised by

progressive loss of -Eell function, an altered transcriptional profile, and declining
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proliferative capacity. CAR exhaustion arises due to a combination of several factors
within the TME including chronic antigenic stimulation, immunosuppressive signals,
upregulation of immune checkpoint molecules and metabolic stresses such as hypoxia,
low pH, and insufficient nutrients. The presence of exhausted CARcé&lls has been
linked to poor clinical outcome®%2 Optimising the molecular structure and
functionality of CARs is essential for preventing or delaying CAR exhaustion within

the solid TME.

1.5.2 CAR engineering solutions against solid tumour obstacles

When accounting for the aforementioned obstacles, it is evident that further
engineering and modification of CAR Tcells is essential for them to be successful in
the context of solid tumours. Relevantly, various fourthand fifth-generation
constructsi using known pathways and proteins involved in reducing CAR efficacy

i are being assessed preclinically and demonstrating enhanced efficacy in solid

tumour control.

1.5.2.1 Navigatingphysical barriers

Successful Icell migration to the tumour site requires expression of the appropriate
chemokine receptors and adhesion molecules. There are currently a few different

methods under investigation.

One possible solution is to modify CAR -Eells to overexpress specific chemokine
receptors which will aid the migration of the Fcells to the tumour site. This has been
practically demonstrated using a CD#argeting CAR modified to overexpress 1B
recepbrs CXCR1 or CXCR2, showing better tumour infiltration and artumour
effectg>3154 Similarly, CXCR4modified CD25targeting CAR TFcells have shown a
reduced tumour burden in mice with research progressing towards preliminary

clinical trialstss,

Alternatively, to improve immune cell infiltration, the CAR T-cells can locally release

chemokines such as CXCL9 to enhance recruitment of various immune cells as well
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as polarise effector helper cells and inhibit angiogené%isAn alternate approach
involves enhancing T-cell access through improving the vasculature by blocking
vascular endothelial growth factor (VEGFE)a central mediator of angiogenesis.
Evidence suggests this approach can reprogram the TME and normalise the tumour
vasculature, enhancing the antiumour respons&®157 Additionally, CAR T-cells can
also be engineered to express heparindsan enzyme that degrades heparan sulfate
proteoglycans, a main component of the ECMwhich has shown increase -Cell

migration and antitumour activity 158,

Importantly, improving CAR T-cell trafficking will enhance the safety préile of CAR

T-cells by reducing the required cell dose as well as-target offtumour toxicity.

1.5.2.2 Combating immunosuppression

Once the CAR Tcells have successfully infiltrated the tumour, they are faced with a
highly immunosuppressive environment brought about by multiple factors.
Therefore, finding a way to disrupt this network and inhibit the key cell types
involved is essentll to successful CAR antumour activity. There are various
strategies which have been developed, either attempting to inhibit or remodify the
immune suppressive cells or to promote an immune supportive environment through

secretion @ cytokines or ligands.

CARs targeting a TR2 receptor expressed on MDSCs have been shown to be effective
in improving CAR functionality in three different breast cancer model%.
Alternatively, fourth -generation CAR designs have trialled the inducible secretion of
IL-127 an inflammatory cytokine which improvesCD8+cell cytotoxicity, enhances
antigen-presentation, and can reprogram MDSGsin ovarian and hepatocellular
cancer models. They have shown 112 secretion can remodel the TME and evade

PD-L1 mediated suppression to produce superior atumour effectg60.161

1.5.2.3 Improving target selection

Whilst ensuring optimal T-cell trafficking, effector function, and proliferation within

the TME is essential, the most important factor is targeting the correct tumour
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antigen,where antigen heterogeneity and potential offarget effects pose significant

challenges

To prevent antigen escape through downregulation or mutation, novel engineering
approaches have been applied to target multiple TAAs at once. One of the easiest ways
to do this is through the expression of two different CAR molecules on the surface of
the T-cells. Various iterations of these are being tested, with some constructs showing
promising data from early clinical trials such as CD19 and CD22 dual targeting CARs

(NCT0244383 2163164

More genetically complex methods involve the eexpression of bispecific -Cell
Engagers (BiTES), expression of synthetic notch receptors, and tggied CARs (such
as ANDgate and NOTgate CARs) to name a fef1% As previously mentioned,
BiTEs are made up of two scFvs, one specific to CD3 and the other to a TAA, joined
by a linker to attach a tumour cell to a icell. Notably, blinatumomabi the CD19
targeted BIiTE is currently approved by the FDA for the treatmat of ALL”. NOT-
gate CARs are designed to express two distinct recepioas activating CAR and an
inhibitory CAR 1 whereby if both receptors are engaged, the inhibitory CAR
dominates and terminates CAR signalling. The N©jate CAR reduces the chance of
on-target offtumour toxicity whilst providing a robust mechanism to enhance the
precision and safety oCAR T-cell therapy. There are multiple different constructs

currently undergoing preclinical testings 169

Improving target antigen selection involves a combination of advanced screening
techniques, comprehensive expression analysis, and innovative engineering
strategies. These approaches aim to enhance the specificity, efficacy, and safety of
CAR T-cells in targeting solid tumars, ultimately leading to more effective cancer

treatments.

1.5.2.4 Preventing CAR Fcell exhaustion

CAR exhaustion represents a state of dysfunction and is associated with inferior CAR

functionality and poor clinical outcomes. As CAR exhaustion arises from a
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combination of factors within the TME, it is imperative that we fully understand the
molecular processes behind-@ell exhaustion to engineer solutions to prevent or

delay the onset of exhaustion.

There are two main ways through which this can be addressed, modification of the
CAR construct to withstand or modify the hostile TME, or enhanogent of the
proliferative and stemlike phenotype of the CAR TFcells prior to tumour exposure.
Research has shown that combining CAR therapy with PDblockade, or the removal
of PD-1 receptor via CRISPR has reduced CARcé&ll exhaustioni>:17%7L Similarly,
CARs have been designed to disrupt the T@Fsignalling cascadé responsible for
suppressing Jcell proliferation, effector function and migrationi through binding

and inhibiting it72

A major breakthrough in immunotherapy arose when transcription factors, notably T
cell Factor 1 (TCF1), were discovered to play a role incé&ll differentiation and
memory cell formation'’3. Transcription factors are proteins that bind to specific DNA
sequencesnd regulate the transcription of target gengsither through repression or

upregulation,often in response to signalling pathwaytkat control cellular processes.

This propelled the idea that exhaustion could be prevented through increasing the
concentration ofmemory and stem cells present within the CAR-€ell product. This
was further corroborated when researchers showed that CARcélls lackingDNA
methyltransferase 3 A (DNMT3A) involved in methylation of 7CF7alongside other
transcription factorsi maintained proliferative ability and antitumour responses
despite repeated antigenic stimulatiéff. As research has progressed, it is evident that
CAR exhaustion, in part, arises from the repression of stassociated genes and
maintaining their expression and functionality is key to preventing the advent of an

exhausted phenotypé:.

1.5.3 Transcription Factor modifications for nextyeneration CARS

Transcription factors are now at the forefront of immunotherapy research, offering

strategies to enhance the longevity and efficacy ofcEll responsed.everaging these
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transcription factors canreduce exhaustion and improve the persistence and
functionality of CAR T-cells, potentially overcoming the challenges posed by the
immunosuppressive microenvironment of solid tumws and leading to more effective

and durable cancer treatments.

Through manipulating usually overexpressing key transcription factors that govern
T-cell stemness, memory, and exhaustion, researchers are developing gexeration
CAR T cells with improved persistence and functional capabiliti&s Unlike strategies
which aim to skew T-cells towards a memory phenotype during CAR manufacture
such atlinical trial NCT0186561%¢1 in which no improved efficacyresulted from
using CD62L-purified T-cells compared to norenriched CAR TFcells modifying
transcription factors provides a stable and moderrable output of functional Fcells

which retain their memory characteristics posinfusiont”.

A recent example of the potential of directly modifying transcription factors in CAR
constructs was performed by R. Lynet al They showed that ectopically expressed
clun i a transcription factorinvolved in the T-cell activation pathwayi enhanced
expansion potential and improved the antumour activity and persistence of CAR-T
cells in five different mouse tumour modelg? vivo'’8, Similarly, research into chronic
viral infection found FOXO1 deletion caused loss of memorycElls and viral control
over time. FOXO1is a member of the forkheadranscription factor family involved

in the regulation of various including cellular growth control and stem cell
homeostasis, to name a fewnaking it a prime candidate for CAR therapy.
Subsequently, researchers overexpressed a constitutively active variant of FOXO1
(FOXO1-ADA) in CAR T-cells and showed an increase in mitochondrial fitness,

persistence, and artiumour activity /n vitro and in vivo's,

The overexpression or deletion of various transcription factofssuch as 7CF/
BACHZ, RUNX3and BATFto name a few are currently under investigation for their
ability to stably modify CAR T-cell phenotypes and subsequently have the potential
to overcome many of the hurdles currently faced by CARGell therapy in the context

of solid tumourgst1s3,
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1.5.3.1 TCF1 and Wnt signalling pathway.

TCF1 is known as a master regulator ofcCell stemness and is part of the canonical
wnt-signalling pathway, involved in the maturation and homeostasis of peripheral
memory T-cells®4 Data from various clinical trials and academic research has shown
TCFI+ cells to have an increased memory phenotype and form the main pool of

persisting cellg’7185188,

Gattinoni and colleaguedirst identified Wnt family signalling as a central player in
the generation and maintenance of th&scm pool'®. Preliminary experimentsused
glycogensythasekinase 3a (GSk3a) inhibitors to mimic Wnt signalling and show

its role in promoting the generation of TSCM celt&
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Figure 1.6 Diagrammatic representation of the canonical Wnt signalling pathway

Panel (a) showse canonical Wnt Signalling pathway when activated and Pectivdigd
highlights the repression of TCFitiaaBtription factdimga Groucho/TLE comptethe
a b s e n eaenin(Figurés taken from (&}tps://bpsbioscience.com/resaezab/wnt

signalingathwawnd (b) https://www.nature.com/articles/ns$912

The canonical mechanism of Wnt signalling shown in Figure 1.6 1 involves

disruption of the destruction complex mediated by Dishevelled inhibiting GSKa a n d
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subsequent s-tatkehn. Theswllisedaacatenia then accumulates in the
cytoplasm, leading to its nuclear localisation where it functions as a transcriptional
activator by directly interacting with transcription factors T cell factor 1 (TCF1) and
lymphoid enhancerb i ndi ng f a c-caeminatcunfulatbriFhhs been Bnked

to increased levels of TCF1/LEF1 interactions as well as other Wnt target genes such

asJunand Frizzled 7°1.184

When the Wnt pathway i n i n h i-chtéenin ertlergoe&phosphorylaion via
interaction with the destruction complex andis subsequentlysent for degradation
through ubiquitin-mediatedproteolysis.The repression oT CF1 and LEF1 is mediated
by a repression complex comprising dsroucho/TLE proteins. Grouchaqoroteins,
originally identified in drosophilafor their role in neuronal and sex determination
have human homologues known as transducin-like-enhancerof-split (TLE)
molecules as depicted irFigure 1.6b. The TLE moleculesre thought todirectly bind

to TCF1/LEF1represing their transcriptional activationt*. The exactmechanismby
which a-catenin overcomes the TLE repression complex to activate TCF1/LEF1

transcription remains unclear.

Promisingresearchinto transcription factor modifications provides evidence towards
transcriptional reprogrammingto mitigate CAR exhaustio#>19219 This leads to the
hypothesis thatoverexpression offCF1 LEF1, or a-catenin in CAR T-cells could

work synergistically and drive T cell stemnessa the Wnt pathway.

1.6 Brain Cancer as a solid tumour model

Brain tumours are the most common solid tumour ehildren and adolescents, with
medulloblastoma (MB) being the most common malignant brain tumour, accounting
for around one third of cases per yeéat. Similarly, adults diagnosed with glioblastoma
i the most aggressive form of brain cancérface a median survival rate of less than

21 months following diagnosi$®1%
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Survival rates vary depending on tumour type and extent of undetected growth,
hovering at around 6070% for nonmetastasized tumours under current standard of
care treatment®>°7 These nonrspecific treatment regimens include, surgery,
radiotherapy and or chemotherapy. However, despite this promising survival rate,
most survivors are left with severe lifdong side effects, whilst those that relapse have
universally lethal outcome'®s. In consequence a push towards more targeted
therapies, with reduced side effects and lower remission rates is being sought out using

molecular and genetic screening approaches.

1.6.1 CAR T-cell therapy for brain tumours.

The exclusiveand enclosed environment of the brain poses several unique challenges
as well as serves as a compelling model for studying the application of-4gexteration
CAR T-cell therapies. Thedelicate location and complex architecturean make
determining the true size of tumours difficult, and surgicalomplete resection is often
impossiblei CAR therapy can offelan alternate strategyhrough minimally invasive

locoregional delivery directly to the tumour site

Unrestricted inflammation has the potential to damage the brain through increased
intracranial pressure. As such, the central nervous system has evolved various
molecular and cellular immunosuppressive mechanisms to tightly regulate the brain
environment'®s, This immunosuppression is amplified within brain tumours and
hampers effective immune responses. In this context, CAR:8ll therapy provides a
targeted and potent therapeutic option as it can be engineered to overcome this

suppressive environment.

A further challenge results from the high degree ofintra-tumour heterogeneity
observed within brain tumours, which can be addressed through the targeting of
multiple TAA simultaneously®8, Dual targeting and trivalent CAR T-cells are under
experimentation with positive initial results$®®2© There are currently seven principal
targets under investigation in clinical trials n a me | vy ; B7HS3, HER2,

vill, GD2, CD7, MMP2 and NKG2P.
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162/ L13RU2 as a therapeutic target

|l L13RU2 was first identified as a poten
gliobl ast oma, in the | ate 19906s and i s
overexpressed in about 79% of glioblastomas and is often associated with a
mesenchymal phaotype and poor prognosf&'203 Additionally, research conducted

by Donovanet al showedl L 1 3 RU2 ean pathgsnsry and relapse samples

of group 3 medulloblastomathrough histological analysi®* Crucially, it is not
expressed significantly in the normal brain parenchyma or most normal tissues, except

the testes, making it a candidateAIA for CAR-T cell therapy?®.

| L 1 3iR&n2onomeric membrane receptor that binds tiee anti-inflammatory TH2

cytokine IL-13 with high affinity. It is closely related tol L 1 3;RdWwever, it has a

very short cytoplasmic tdi and cannot signal through the canonical JAK/STAT
signalling pathway. Receninvestigations have demonstrated that it functions beyond

an IL-13 decoy receptor since addition of 13 to bindl L 1 3 R4uIBs in signalling

via activator protein 1 (AP1) and ERK which promotes tumour invasion and
metastasi®¥320207, |n consequence t ar geti ng | L-desRiltonly t h C
direct immune effector function against tumour cells, but will also disrupt the invasive

and survival signals, enhancing tumour eradication. There are currently 6 clinical

trials listed, evaluatingl L 1 3-Ruldeéting CAR TFcellstherapeutic potential.

1.7 Aims and Objectives

This thesis will detail the work | have done to investigate whethegenetically
modifying CAR-T cells to maintain a steniike phenotype will reduce CAR T-cell
exhaustion and enhance persistence in a repeated stimulation model compared to a
standard secondjeneration CAR. The genetic modifications explored include the
overexpression of transcription factors from the Wnt signalling pathwawhich

regulate Tcell proliferation and renewal.
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2 Materialsand Methods

2.1 Media and Solutions.

All media was made under sterile conditions.

1 R10- Roswell Park Memorial Institute (RPMI) medium+ 4.5g/L Glucose
(SGMA 1 BE12167 F/12)supplemented with
0 10% Foetal Calf Serum (FCS)
0 2mM L-Glutamine (GIBCO- 11539876
9 D1I0OTDul beccods Modified Eagle Mediium (L
D0822 supplemented with
0 10% Foetal Calf Serum (FCS)
0 2mM L-Glutamine (GIBCO- 11539876
f Complete IMDMilscoveZs Modi fi ed(IMDM) b45cgioZs |
glucose (Sigma 13390) supplemented with
0 10% Foetal Calf Serum (FCS)
0 2mM L-Glutamine (GIBCO- 11539876
1 DBTRG1 media Roswell Park Memorial Institute (RPMI) medium + 4.5g/L
Glucose(SGMA i BE12167 F/12)supplemented with

(@)

10% Foetal Calf Serum (FCS)
0 2mM L-Glutamine (GIBCO- 1153987
0 1% MEM Non-Essential Amineacids(SIGMAT M6074)
0 1% Sodium Pyruvate$IGMAT S8636
T PBS-Dul beccoZs Phos pliaxcenceBtatfofii SIGVAT Sal i 1
D8537).
1 Red Blood Cell (RBD) lysis buffer (SIGMA - 11814389001
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2.2 Buffers

All buffer compositions used are listed ifiable2-1. Buffers

Table2-1. Buffers

Buffer

10x running buffer i
Western Blot

10x TBST, pH 7.47.6

1X Laemmli buffer

5% milk

3% BSA (Bovine Serum
Albumin) #9998S

5% BSA (Bovine Serum
Albumin) #9998S

Cell freezing mix

Flow cytometry wash
and staining (FACS)
buffer

LB agar

LB broth

Composition
10x Tris/Glycine/SDI#1610732
Diluted with ddH20 to 1X for use.
10x Tris Buffered Saline (TB%¥170643%

1x TBST made with ddH20 and 1% v/v Tween
20 (VWR #8.22184.005padded.

250 pL 4X Laemmli buffe(Biorad #1610747)
750 pLddH=0

Made up freshi no long-term storage.

DTT (100mM)(Thermo #R0861pdded just
before use.

2.5g skim milk powder, 50mL 1x TBST

39 BSA100mL Ix TBST

2.5g BSA, 50mL 1XBST

Filtered FBS, 10% DMS@SIGMA #D2650)

DPBS, 3% FBS

369 LB Broth with agar (Miller)(SIGMA
#L.3147) powder per 1L ofddH-0. Autoclaved at
121°C for 15 minutes.

Allow LB agar to coolbefore adding either
kanamycin (5qug/mL) or ampicillin (10Qug/mL),
then add BmL per10cm petri dish.

20g LB Broth (Lennox)SIGMA #L.3022)powder
per 1L ofddH20. Autoclaved at 129C for 15
minutes.

Once at RT, either kanamycin (5Qg/mL) or
ampicillin (100 pg/mL) was added.

Storage

RT

RT

N/A

4°C

4°C

4°C

4°C

4°C

4°C

4°C
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TB Broth

MACS bhuffer

ELISA Wash Buffer

ELISA Assay Diluent

47.6g9 TB Broth (Merck 1.01629.050@pwder
per 1L of ddH20, 4 ml Glycerol (#49781)
Autoclaved at 121C for 15 minutes. 4°C

Once at RT, either kanamycin (5Qg/mL) or
ampicillin (100 pg/mL) was added.

DPBS, 0.5% bovine serum albumin (BSA), 2 m

EDTA ac
PBS supplemented with 0.5% Tween 20 (Sigm. RT
P9416

PBSsupplemented with 5% 0.2@M filtered 4°C

FCS.

2.3 Molecular Biology

2.3.1 Polymerase Chain Reaction (PCR)

PCR is used to amplify a selected region of DNA from a vector plasmid or gene

fragment block (gBlock). Primers were designed to bind to a minimum of 18 base

pairs (bp) of the desired sequence and have a melting temperature betwee653C.

All reactions were carried out using New England Biolabs (NEB) Phusion polymerase

andrecommended cycling conditions

All PCR reactions were carried out in a 0.2mL reaction tube with a total volume of

50uL. Starting materials for the PCR reaction were as follows:

A =4 4 A4 4 -

Nucleasefree water

5x Phusion GC buffe(#B0519SVIAL
dNTPs at 10mM

Forward and reverse primers at 25uM

Template DNA between 10200ngfiL.

Phusion DNA polymerase (0.5uL per 50puL reactioqM0530SVIAL

Reactions were placed in a thermocycler with manufacturer settings as follows:

a) 98°C 2ming Initial denaturation

b) 98°C 103 Denaturing

78



c) 60-65°C 308 Annealing

d) 72°C 40s/1000 base€xtension
e) Repeat steps-dl 34 times.

f) 72°C 10ming Final extension

g) 4°C hold

Reactions were then stored at 4°C until confirmation via gel electrophoresis.

2.3.2 Restriction Digests

An efficient and effective way to edit plasmid DNA is through use of restriction
enzymes which cleave DNA at a specific sequence. There are two main applications

for this; It allows the cutting and pasing of DNA fragments which have
compl ementary Asticky endso produced thr
enzyme. A particular DNA sequencecan be confirmedthrough a diagnostic digest,

producing fragments of various sizes by cutting with specific enzymes.

Starting materials for a digest are as follows:

Template DNA (0.25ug 1u9)
Restriction enzymes (NEB) 10units/reaction.
10x restriction enzyme buffer (NEB)

Nucleasefree water

= =2 =4 4 =

37°C oven/ heat block

A total reaction volume of 50uL for cloning or 20uL for diagnostic digest is set up as
per manufacturerds instructions (NEB) in
is then incubated at the appropriate temperature of the enzymes used (usually 37°C)

for 15-30mins and then stored at 4°C until further use.

2.3.3 Agarose Gel Electrophoresis

This is the most efficient method of isolating and extracting specific sizes of DNA

fragments following a PCR reaction or restriction digest.
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Protocol:

1 1% agarose was dissolved in 1x TBE buffer in a 500ml Duran bottle using a
microwave and when cool, diluted with SybrSAFE (1:10,000)hermo
#10328162.

1 A gel running tray is prepared with the appropriate gel combs and the
melted agarose poured into the tray to solidify.

1 The set gel was placed into an appropriate gel tank and filled with 1x TBE,
ensuring the gel was completely submerged. Following this, the combs
were removed.

1 DNA loading buffer was added to the samples and then loaded into the gel
wells along with a DNA ladder into the first well of the gel.

1 A powerpack was set to 120V, with the negative charge on the side of the
loaded wells, ensuring the negatively charged nucleic acids are repelled
and run down the gel.

1 Once the loading buffer has reached midway down the gel. The powerpack
is stopped and the gel removed.

1 The DNA bands were visualised using a Blue Light Transilluminator (so as
not to destroy the DNA using UV) and images recorded using a camera.

1 The correct gel fragments were then excised using a scalpel and purified

using NEB gel extract kit as per the

2.3.4 Ligation or Hifi Assembly

There were two methods used through which cut DNA fragments could be ligated

together to form a singular, circularised DNA plasmid.

Traditional ligation (NEB Quick Ligase kit M22003 utilises DNA ligase enzyme to
covalently bind plasmid fragments that have compatible sticky ends, usually through
digestion with the same restriction enzyme. DNA fragments are mixed at a 3:1
Insert:Vector ratio with DNA ligase and incubated at room tempature for 5 mins

and then used immediately or stored aR0°C for future use.
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NEBuilder HiFi Assembly E5520% is a more accurate and efficient method of
combining one or more fragments of DNA usgapproximatelyl5bp complementary
ends in a single reaction tub3b waxtonua |l lk
activity creates single stranddeldy DBIA oV e
pol ymerase then extends the 306 emgdisks.and ¢

The mix can then be used immediately or stored-&0°C for future use.

2.3.5 Bacterial Transformaltion

To successfully expand cloned plasmids or maintain laboratory stocks, plasmid DNA
is introduced into replication competentEscherichia (E.) coliSuccessful uptake of
plasmids is ensured through plating the bacteria on antibiotic resistant agar plates,
with colonies forming in the presence of the antibiotic resistance gene in the desired

plasmid.

NEB® 5alpha CompetentE. coli (High Efficiency) - C2987H were used for all

transformations.

1 To maintain laboratory stock, 1ug of plasmid DNA was added to 10uL high
competencyE.coliand incubated on ice for 20 minutes.

1 For ligated plasmids, 2uL of the ligated DNA mixture was added to 25uL
high competencyE.coliand incubated on ice for 20 minutes.

1 The bacteria DNA mix was then heashocked in a watembath for 35s at
42°C and then immediately placed on ice for a further 2 minutes.

1 2100uL of SOC media was added to the bacteria and then pipetted onto an
agar plated and spread using a spreader.

1 The plate was then incubated at 37°C for-18h and then used or stored at

4°C for 1 week.
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2.3.6 Minijprep

Following successful transformation, a number of colonie®re chosen and expanded
in E.coliby miniprepping to obtain small quantities of DNA required for confirming

plasmid cloning.

1 6-12 singular colonies were picked from the agar plate using 10pL pipette
tips and placed into a bacterial tube containing 4mL LB broth and relevant
antibiotic.

1 The tubes were then placed in a shaker at 37°C, 220rpm for186.

1 1ml of the bacterial culture was transferred to a 1.5ml centrifuge tube and
spun at 13000rcf for 5 minutes.

1 The supernatant was discarded.

1 The pellet was then miniprepped as per the NEB miniprep kit10109

manual and eluted in 30puL nuclease free water.

2.3.7 Sequencing Plasmid Confirmation

To ensure the cloning has been successful, the plasmid is tested in two ways.

First a 20uL diagnostic digest is performed on all miniprepped colonies. One enzyme
or a combination of enzymes was chosen to produce a distinct pattern to distinguish
between the newly cloned plasmid and the original vector. This was then run on an

agaros gel.

The gel can be viewed under UV light to determine which colonies have produced
the desireddigestionpattern. Following this, two correct colonies are taken forward
for sanger sequencing. This final confirmation ensures no mutations or mismatches
have been introduced during the cloning process which cannot be observed through

a diagnostic digest.

5uL of a predetermined primer at fM was mixed at a 1:1 ratio with gL of the selected
miniprep DNA, with a concentration ranging between 10@00ngfL. The forward

primer binds the plasmid just before the inserted sequence and a reverse primer which
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binds just after the inserted sequence. We assume each primer would yield around
800bp of sequencing reads. For longer inserts, more than two primers should be used
to cover the entire inserted sequence. These premixed samples were sent for

sequencing to @newiz®.

Any incorrect clones were discarded, and the correct clone DNA was labelled and
stored in-20°C. The bacterial culture from the correct clone was mixed with 1mL 50%
glycerol at a 1:1 ratio to make up the glycerol stock of the new plasmid and stored at

-80C.

2.3.8 Midi / Maxi-prep

Midi or Maxi-prep are used to obtain large quantities of pure DNA for downstream
purposes. With the Qiagen kits, 100ug (Midi2143 or 500ug (Maxi 12162) of pure

DNA can be obtained respectively.

1 150uL of the correct miniprep bacterial culture was added to 100mL TB
broth with antibiotics in a 1L Erlenmeyer flask and incubated in a bacterial
shaker at 37°C, 220rpm for 168h.

1 The bacterial culture was then equally split in 50mL falcon tubes and
centrifuged at 4000rcf for 20 minutes.

1 The supernatant free pellets were then resuspended in cold resuspension
buffer and pooled.

T DNA was then extracted according to

1 The DNA pellet was then dried and resuspended in 150uL nuclease free
water.

1 A Nanodrop machine was used to quantify plasmid purity and
concentration. The plasmid concentration was then adjusted to 1ug/uL and

added to the laboratory archives.

83



2.3.9 ELISA

Enzyme linked immunosobent assays (ELISAs) are a method by which we can
determine the concentrations of inflammatory cytokines present in the culture

supernatant.
ELISA kits for IL2 431803 andINFA (430103 from Biolegend were used.

1 Supernatant from24-hour co-cultures was diluted in assagiluent.
o INFAT between 1:8 and 1:12
o IL27 1:2 or neat
1 ELISA pl at es and standards wer e prep:;
instructions.
1 Following addition of stop solution, the absorbance was read at 450nm by
a plate reader.
{ Standard curves and interpolation of the unknown samples was

determined using Prism or Excel software.

2.3.10Western Blot

2.3.10.1Sample preparatioi Whole cell lysateextraction.

To extract whole cell lysate (WCL), cells were washed twice with DPBS and pelleted
by centrifugation at 350 x g for 5 minutes. The supernatant was completely removed,
and the protein was either extracted immediately or frozen aB0°C for later

extraction. The cells were resuspended in 5 pellet volumes of 1X Laemmli buffer,
vortexed, lysed through mechanical shearing by passing through a syringe, and

denaturedat 95°C for 5 minutes.

2.3.10.2Protein Quantification

The total protein concentration was determined using thRierceE 660nm Protein
Assay(sensitivity range 502000 pg/mL) with all measurements done in duplicates.
The assay was done in a 9@ell flat bottom plate with 10 pL of sample or

standard/reaction.
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Sample and BSAtandard preparation.

For quantification of WCL and nuclear extract (in 1X Laemmli buffer), 25uL of
standards and samples were prepared to contain 50% 1x Laemmli buffer and 50%
water as the 660nm Protein Assay is a colorimetric method and Laemmli buffer

contains bromophenol ble.

1 The Quick Start Bovine Serum Albumin (BSA) Standards (set of 7 protein
concentration standards; 0.123.0 mg/mL) were diluted 1:1 (v/v) in 1X
Laemmli buffer and the WCL and nuclear extract samples were diluted
1:20. The BSA standards for quantification aftoplasmic extracts were
used neat.

1 One pack of lonic Detergent Compatibility Reagent (IDCR) was added to
20 mL of the Pierce 660nm Protein Assay Reagent and dissolved
completely before performing the assay. 10uL of each standard and diluted
sample was loaded into a 9&ell flat-bottom plateand 150uL of the IDCR
Assay Reagent was added. The well contents were mixed by pipetting
without creating bubbles. The plate was then covered and incubated at RT
for 5 minutes. The absorbance was measured at 660 nm uaiBgectraMax
iD3 Multi -Mode Microplate Reader

1 A standard curve was generated by plotting the average bleOnm
measurement for each BSA standard vs. its concentration in pg/mL. The
standard curve was used to determine the protein concentration of each

unknown sample.

2.3.10.3SDS-PAGE and Protein Transfer

The samples were loaded on an SIPAGE gel and subjected to electrophoresis at 100
V in 1X running buffer. After electrophoresis, protein was transferred to a 0.2 pm
polyvinylidene fluoride (PVDF) membrane (part of the Tran8lot Turbo Mini 0.2 um
PVDF Transfer Pack) using the Bio Rad TraBdot Turbo Transfer System. The
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transfer programme used was the BRad preprogramed proto

(Turbo)dé (1.3 A; 25 V; 7 minutes).

2.3.10.4immunoblotting and Protein Detection

1 The membrane was blocked in either 5% Milk or BSA dependent on the
specific Antibody being used for 1 hour at RT shaking.

1 Primary antibody was then added at 1:1000 dilution directly to the
blocking buffer and incubated overnight at 4Cwith shaking.

1 Following this, the membrane was washed 3 times for 10mins each in 1x
TBST and then incubated with HRPconjugated secondary antibody at
1:5000 in 10ml of 3% BSA/Milk for 1hour RT shaking.

1 The membrane was washed again as before.

1 Signal was detected using the Clarity Western ECL Substrate on the Bio
Rad ChemiDo&" MP.

For re-probing, the membrane was stripped using the RestBreWestern Blot

Stripping Buffer.

1 The membrane was washed once for 5 minutes in FBSo remove the
chemiluminescent substrate, followed by -6inute incubation in
Restoré&e Western Blot Stripping Buffer at RT with gentle shaking.

1 The stripped membrane was then washed twice for 5 minutes in PBS and

blocked before continuing with the second immunoprobing.

2.4 CAR Construction

Sequences for the IL13 muteins were obtained from publicly available patent and
research data and ordered in a Geiock format through IDT. The IL13 muteins
were then amplified, digested, and cloned into"2generation HIV lentiviral vector
with a CMV promoter with existing CD28z and 41BBz CAR endodomains.
Confirmation of correctly generated plasmids was done through enzymatic test digests

and sanger sequencing provided through Genewiz. Subsequent cloning of

86



transcription factor modified CARs was also accomplished through ordering of main
component sequences as a geleck and using digestion to incorporate the genes
into existing ILL3KR CAR backbone. The transcription factors were also cloned into
a 29 generation HIV lentiviral vector with an SFFV promoter containing Red

Fluorescent protein (RFP). CARs and plasmids used in this thesis are described in

Figure2.1.
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Figure 2.1. Maps of constructed plasmids.

CARs were constructed using molecular cloning techniques. The two IL13 muteins being co
I IL13KR contains two amino acid substitutions E13K and K105R and IL13YR contains E1:
K105R; CD8HM i s CD8 U -205)iCD28 andno acis2BNE1BB amino acids
2142 55; CD3 ¢ -Emig@dop cadon odtimises amino s@Afsv@ith substitutions

87



S108P, L115E and N177Q; TCF7 amine38d&EF1 amino acieds 9 3catenm amino
acids 4788; RFP amino acihb. H hinge; TM transmembrane domain; T2AZlE2/isglf
2A peptide.

2.5 Tissue Culture Techniques

2.5.1 Cell Types and Culture

All cell lines were cultured in appropriate media and passaged when reaching between
60-80% confluency. Cells were either counted manually using a counting chamber or
Countess 3 automated cell counter (Thernfosher) diluted at a 1:1 ratio with trypan
blue. Cells were maintainedh an incubator at 37°C with 5% CO2 and 80% humidity.
Cell washing was performed through centrifugation of suspended cells at 400rcf for 5
minutes, discarding supernatant and resuspending in appropriate volume of- pre
warmed culturemedium. All tissue culture work was performed in a sterile laminar
flow hood using aseptic technique. The Cell lines were also regularly tested for
mycoplasma contamination. The cell lines and primary cells used in this thesis are

listed in Table2-2.

Table 2-2. Cell types

el Tissue Origin/ source Culture
medium
Human Embryonic ATCC
HEK293T Kidney Cell Line |(i/(|)|:r)n|\5|)|ete
(adherent) (CRL-11268)
Human Embryonic Takara Bio
Lenti-X 293T Kidney Cell Line D10
(adherent) CAT-632180
i ATCC
Jurkat Perlphergl Blood R10
(suspension) TIB-152
D425 Med Brain (partially Gifted by the Taylor Lab, D10
adherent) Toronto, Canada
[ ' ATCC
D341 Brain (partially 510
adherent) HTB-187
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Gifted by the Taylor Lab,

Med8A [ i
e Brain (suspension) Toronto, Canada. D10

Human Glioblastoma  ECACC

U87-MG
cell line (adherent) (89081402:16L024) D10
Human Glioblastoma  ECACC

U251-MG ) D1
cell line (adherent) (09063001:17C028) 0

i ATCC

e Hum.an Glioblastoma D10
cell line (adherent) (CRL-2020:63918311)

Primary Blood b inheral blood Healthy volunteers / cones

mononuclear _ R10

cells (PBMCs) (suspension) from NHSBT

2.5.1.1 Cell culture ethics.

Ethical approval for usef human primary cells waslready in place in the lab under
the name of John Andersomprovided by NHSBT. Healthy volunteersalso provided

singed consent forms for use of their blood products.

2.5.2 Stable Transduction of Cell Lines.

To aid experimental setup, target cell lines were stably transduced with a PCCL
lentiviral vector that co-expresses firefly luciferase (ffLuc) and green fluorescent
protein (GFP) separated by &hosea asigrrabosomal 2A skip peptide. Some cell lines
were also stably transduced with a PCCL
produce my target antigen cell line HEK293T cells were used to produce the

lentivirus, which was aliquoted and snap frozen for later use.

The cells for transduction were split the day before to ensure they were in an
exponential growth phase. For transduction,dp Ttcells were added to a 6 well plate
with 1ml of lentivirus and 4ug of Polybrene (Sigma) and underwent Spinoculation at

1000G for 40 minutes with no brake.

Following expansion post transduction, the cells were single cell sorted using FACs
Aria 3 to ensure a uniform and stable expansion. Correct clones were determined
using flow cytometry and expanded and frozen to produce a working bank for this
thesis. To asure stability, clones were also maintained in culture for an extended
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period of time and periodically run onan LSR-ortessaflow analyserto ensure

expression of target genes.

2.5.3 Lentiviral production and titration.

2.5.3.1 Lentiviral production

Transient transfection of HEK293T cells allows for production of Ientiviral
supernatant used to stably transduce cell lines or PBMCs with proteins encoded for
by the transfer vector. Compared to gammaretroviral production, use of @ar 3¢
generation lentivirus has been shown to be safer, obtain higher neat viral titres, have
increased stability of viral particles upon freezing, and produce superior PBMC
transduction due to their ability to infect both dividing and nordividing cells. All

virus produced fa this thesis is from a lentiviral vector.

HEK293T and later, LentiX 293T cells below passage 20 were used to generate
lentivirus supernatant following either a second or thirdgeneration lentiviral

protocol.

1 Cells were seeded at Day 0 at &b rtcells/10cm plate or &p tcells/10cm
plate for HEK293T or LentiX respectively and incubated overnight.
1 Transfection was conducted on Day 1 once cells had reached98%

confluency following the relevant masterdetailed in Table2-3.
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Table 2-3.

Lentiviral production reagents

2 Gen LV 39 Gen mix LV

Plain IMDM 470uL Plain IMDM 470uL

Geneliice 30uL Genejuice 30uL

VSV-G envelope 1.5ug VSV-G envelope 1.56.9
pMDLg/pRRE

PsPAX2 gagpol 5 | ; ior 3.12

expression plasmid H9 gagpo. = 3-129
plasmid

Transfer Vector 3.75u9 pRSV/Rev 1.56.9

Transfer Vector = 6.25ug

Plain IMDM and Geneluice are mixed and left to incubate at RT for 5
minutes. Following this, the transfer vectors for each construct are mixed
in separate wells, mixed with th&seneJuicAMDM mix and incubated for
15 minutes at RT.

The liposome containing mixture is then added dropwise to the plated
cells, and gently swirled to ensure even distribution.

Day 21 the media is replaced on the transfectquates.

Day 31 48 hours post transfection viral supernatant is harvested and 10ml
of complete media replaced on the plated cells.

Day 47 72-hour post transfection viral supernatant is harvest.

The 48 and 72hour virus is spun down to remove debris, it can then be
pooled or maintained individually,aliquotedand snap frozen for future use

and viral titre testing.

2.5.3.2 Lentiviral Titration

Determination of viral titre T the number or infectious units per mL; is essential when

transducing PBMCs. In clinical practice, CAR -€ell products must not havean

excessive number ointegration eventsof virus per cell (i.e. over ~5)to maintain
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safety. This is determined through the multiplicity of infection (MOI) value. Most

clinical products are transduced with an MOI of 5 and below.

To determine viral titre, various cells lines such #&EK293Tor Jurkat can be used, as
well as PBMCs. For this thesis, all titrations were conducted BIEK293Tcells. Cells
are plated at 50,000 cells/mL in a 24 well plate witrug/mL Polybrene. 50QL of
frozen virus is defrost and serially diluted 1/8 for 6 dilution factors and added to the

plated cells as shown ifigure 2.2.

Serial Dilution of Neat Lentivirus - 1:8, 6 points.

60 pL 60 pL 60 uL 60 uL 60 uL

NN NN\

Neat LV (ub) 500

cD10 (ub) - 420 420 420 420 420
: l lOO pL/well l !
volummol (100 125 15625 0195 0.0244 0.003

Figure 2.2. Serial dilution of Neat Lentivirus.

The cells and virus undergo Spinoculation at 1000G for 40 minutes with no brake and
then are incubated at 3Wfor 2-3 days. Following incubation, thedEK293Tcells can

be harvest and stained for the relevant marker expression and run on flow cytometry
to determine the transduction efficiency at each dilution. Generally, theral titre is
determined using the number of cells plated and the volume of virus for which there

is between 2030% transduction.

The equation is as followsA Viral titre (IU/mL) = (number of cells plated x

(%transduction efficiency/100)) / (vector volume (mL))

2.5.3.3 Lentiviral concentration.

Lenti-X Concentrator was purchased from Takd® (Cat no 631231)The protocol

belowisa ver si on of t he -ataéglantedRT44842)er 6s pr ot @
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Following lentivirus harvest, viral supernatant is combined with Lenti-X
Concentrator at a 3:1 volume ratian a maximum volume of 461L in a 50mL falcon
tube and mixed by gentle inversion. The mixture is then incubated at@for 1 hour
(it can be stored anywhere between 30 minutes and overnighat)d then centrifuged

at 1500cf for 45 minutes at 4C.

An off-white pellet can be seen following centrifugation. The supernatant is carefully
removed taking care to not disrupt the pellet. The pellet is then gently resuspended
in 1/10 to 1/10@ of the original volume in complete medium and aliquots frozeat -

80°Cfor future use.

2.5.4 Peripheral Blood Mononuclear Cell Isolation and Activation.

Peripheral blood mononuclear cells (PBMCs) isolated from healthy donors allows for

rapid testing of CAR functionality in/n vitro assays.

1 Either 50mL of fresh venous blood from consenting donors or leukocyte
cones provided by NHSBT were used. Blood was dilutgd v/v using PBS
and 30mls carefully layered on top of 15ml of Ficoll solution for density
gradient separation. The mixture wasentrifuged at 800G for 30 minutes
at RT with no brakes.

1 Post centrifugation, the falcortubescontained heavy erythrocytes at the
bottom, followed by a layer of Ficoll solution and a cloudy layer of PBMCs.

1 This layer was transferred to a fresh falcdanbe containing 30mL PBS and
washed prior to being resuspended in 20mL complete RPMI and cell
density determined using trypan blue an@ountess.

1 To expand the T lymphocytes, cells were labelled with CD56 microbeads
and negatively selected using strong magnets.

1 The pool of CD56 negative cells was theasuspended to a concentration
of 2ap tcells/mL in complete R10, 5uL/mlPhytohemagglutinin (PHA)
and 100iu IL2/mLadded.
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1 21ml of cells were transferred to each well of a 24 well plate aledt for 24
hours in the incubator. 24 hours post activation, cells were counted and

resuspended todp ttcells/mL and 1001U/mL IL2 was added to the cells.

2.5.5 T cell Transduction

Stable transduction of cells with lentivirus allows for assessment of CAR expression

and antrtumour activity /n vitro and /in vivo.

1 The day before transduction, 2Q@ of RetroNectin (Takara Bio) was
diluted in 12mL PBS. 500L of this mix was added to each well of a 24 well
non-TC treated plated, sealed and stored &C4

1 On the day of transductionPHA and IL2 activated T cells were counted
and resuspended to 6up TTcells/mL in warm R10with 4001U/mL IL2.

1 The RetroNectin mix was pooled and either plated into another plate or
frozen at-20°Cfor future use.

1 0.5mL of the diluted cells were added to each well tfie RetroNectin
coated 24 welplate.

{ Titrated virus was defrosted and added to the T cells in 1.5mL final volume
with fresh media at a MOI ranging between 1@0.

1 Spinoculation of cells at 1000G for 40mins with no brake promoted T cell
transduction and plates were then left in the incubator for 72 hours.

1 Following incubation, transduction efficiency was assessed by flow

cytometry using 20,000 cells.

2.5.6 Co-culture Assays

Co-culturing T cells with antigen expressing tumour/target cells can provide essential
information on CAR T cell functionality and the antitumour activity it confers to the
T-cell. Through this assay we can examine tumour cell killing, CAR T cell
proliferation, and observe changes to the markers of phenotype and exhaustion on the
T cells. For this thesis, the CAR T cells were expanded for 10 days post transduction

to mirror clinical production timelines prior to assessing functionality.
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CAR T cells are plated at various effector to target (E:T) ratios in appropriately sized
plates and always adjusted for transduction efficiency. Typically, 50,000 cells/well in
a 96bottom plate for suspension target cells and-%0,000 cells/well in a 48well

plate for adherent target cells. The readouts range betweeg1ldays.

2.5.6.1 Assessing T cell Proliferation

Using a fluorescent dye thastably and covalently binds to all the free aminesn the
surface and within cellsenables tracking of cell proliferation through dilution of the
dye as the cells divide. CAR T cells are harvested, counted, and resuspendegtarl
cells/mL. Cell Trace Violet (CTV) is diluted 1:1000 in PBS and 1mL of this mixture is
used for every 1@p 1 cells, and incubated in the dark for 30 minutes at RTThe
staining was quenched through addition of 5nit10mediaand incubated for a further

5 mins. Labelled cells were washed and resuspendeB i mediaat a concentration

of 0.50p TMCAR T cells/mLi adjusting for transduction efficiencyThe co culture can

then be set up with antigen expressing target cells.

2.5.6.2 Target cell cytotoxicity assays

Tumour cell lysis is the main form of tumour regression caused by CAR T cells.

2.5.6.2.1 Luciferase based cytotoxicity.

Firefly luciferase is a protein with enzymatic activity. When in the presence of oxygen
and an appropriate substrate, usually luciferin, oxidation of the substrate occurs

releasing a photon which can be detected using a luminescence plate reader.

Target cell lines used in ceaultures were stably transduced to expressed GFP and
firefly luciferase. Target cells were plated at various E:T ratios with CAR T cells and
incubated for 24 hours. Following 24 hours, the plate can tentrifuged,and half the
supernatant removed. ELuciferin was added to the caulture at a concentration of
200pg/mL. Thiswasincubated for 5 minutes RT and then readout ddpectraMax iD3

Multi -Mode Microplate ReaderThe luminescence recorded is directly proportional
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to the live target cells present in the caulture and can be normalised against control

wells containing target cells alone to determine percentage killing.

Luminescence emission can be measured at various timepoints throughout the co

culture and following every stimulation with target cells.

2.5.6.2.2 Flow-based Cytotoxicity.

Flow cytometric analysis can also be used to determine percentage target cell lysis

through direct or indirect staining of target antigen from the caulture.

If the target cells are labelled with GFP, their fluorescence can be measured uaing
flow cytometric analyser detecting emission of fluorescencet a wavelength of
530nm using aBlue laser to detect live cells expressing the fluorescent protein

compared to control wells only containing target cells.

Alternatively, the target cells can be directly stained for specific marker proteins

present on their cell surface such as t hi

2.5.6.3 Cytokine Analysis

Following activation of T-cell signalling via the CAR, various inflammatory cytokines
are released in response. These cytokines can be harvested directly from the co
culture supernatant and analysed to determine the concentrations released in

response todrget antigen.

Cytokines must be harvested 24 hours after the-calture is set up, bycentrifuging

the plate and taking half the volume of the supernatant to avoid harvesting cells or
debris. The cytokines can either be directly assayed or frozen for later use with
BioLegend ELISA kits. The two main cytokines analysed within this thesis are IL2 and

INFA and all assays were performed on frozen cytokine supernatant.

2.5.6.4 Repeat Stimulation Assays

A major obstacle in CAR T cell therapy is long term persistence of the cells within a

patient. Short term cecultures are useful in providing insight into antitumour
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activity; however, they do not represent the challenges CAR T cells face within the
tumour microenvironment (TME). Replicating these stressful conditions in vitro is
essential to further improve immunotherapy and identify CARs capable of multiple

rounds oftumour killing and enhanced persistence.

As such, repeat stimulation assays are set up similarly to short teratgiures with

one major difference. Here, the CARSs are repeatedly hit with target cells until failure.
For this thesis, two main approaches were applied, either adding fresh targés ¢e

the culture every day or adding targets every other day ata 1:1 or 1:2 E:T ratio. Various
timepoints are chosen to assess the CAR T cells for phenotypic changes and exhaustion
phenotypes, and the experiment is run until failure of the CARs. Cytokda from
supernatant are also harvested 24 hours following every stimulation to track the

inflammatory cytokine release occurring in response to antigenic stimulation.

2.6 Flow Cytometry

Flow cytometry allows for the detection of various fluorescent markers on single cells
in suspension. Fluorescently labelled antibodies can help visualise the expression
levels of proteins on or within individual cells, essential for assays including cell

transduction, phenotypic analysis, and tumour cytotoxicity to name a few.

All flow cytometry was performed using CytoFLEX or BD IR Symphony A5 and
analysed using FlowJ® Software. All Antibodies used in this thesis are listed Trable
2-4 and Table 2-6. The general protocol for preparing cells for flow cytometry is

written below.

1 Cells can either be harvested and run in FACS tubes, or run directly from
the 96-well plates they were set up in.

1 The cells arecentrifuged (800rcf for 2 minutes), supernatant discarded and
washed in 2ml or 200L of PBS in either FACS tubes or plates respectively.

1 For antibody staining’ appropriate antibodies are made up in a mastaix

to a final volume of 5QIL in PBS and added to the cells, gently mixed and
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incubated at 4C for 30 minutes. For phenotypic analysis, staining for 30
minutes at RT was preferred.

1 Following incubation, the cells are washed in PBS and then either
resuspended in 2@ 0.4% formalin in PBS for analysis or subsequent
staining mixes.

1 For compensation, 13 of compensation beads were directly stained with
1uL of each antibody and fluorescent minus one (FMO) controls using the
same cells were set up.

1 Stained cells were usually run within one hour of staining as fluorescent

proteins or proliferation dyes could not be fixed for later use.

Table2-4. Antibodies used in Flow cytometry experiments.

Target Clone Conjugate Manufacturer Cr::::zg‘:e
CCR7 GO043H7 PECy7 BioLegend, UK 353226
CD27 M-T271 BV711 BioLegend, UK 356430
CD3 UCHT1 BV711 BioLegend, UK 300464
CD3 UCHT1 PerCRCy5.5 BiolLegend, UK 300430
CD3 UCHT1 APC-Cy7 BioLegend, UK 300426
CD4 SK3 AF700 BioLegend, UK 344622
CD4 SK3 Spark UV 387 BioLegend, UK 344686
CD45RA HI100 PECy5 BioLegend, UK 304110
CD45RA HI100 BV711 BioLegend, UK 304138
CD8a HIT8 BV605 BioLegend, UK 300936
CD95 DX2 PEDazz594 BioLegend, UK 305634
CD95 DX2 Bv421 BioLegend, UK 305624
C-Jun 60A8 AF647 Cell Signalling, US 40502S
C-Jun 60A8 PECy7 Cell Signalling, US 43690S
CXCR3 GO025H7 AF700 BioLegend, UK 353742
CXCR3 GO025H7 BV510 BioLegend, UK 353726
Human IgG FC M1310G05 APC BioLegend, UK 410711
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IL13 JES1bA2 PE BioLegend, UK 501903

IL13 JES1BA2 APC BioLegend, UK 501907
I L13RU1 SS12B PE BioLegend, UK 360403
I L13RU2 SHM38 APC BioLegend, UK 354405
I L13RU2 47 PE BioLegend, UK 360306
IL7Ra A019D5 PECy5 BioLegend, UK 351324
IL7Ra A019D5 AF700 BioLegend, UK 351344
KLRG1 MAFA BVv421 BioLegend, UK 368604
LEF1 C12A5 AF488 Cell Signalling, US 8490S
PD-1 EH12.2H7 PECy7 BioLegend, UK 329918
PD-1 EH12.2H7 PerCP BioLegend, UK 329938
PD-1 EH12.2H7 BV750 BioLegend, UK 329966
Rabbit IgGiso DALE PECy8 Cell Signalling, US 97492S
RQR8 (CD34) QBENnd10 AF488 BIO TECHNE, UK FAB7227G
TCF1 C63D9 AF700 Cell Signalling, US 90904S
TCF1 C63D9 PECy7 Cell Signalling, US 90511S
TIM-3 F382E2 BV650 BioLegend, UK 345028
TIM-3 F382E2 BV711 BioLegend, UK 345024
TIM-3 F382E2 BV510 BioLegend, UK 345030
TIM-3 F382E2 BV650 BioLegend, UK 345028
TIM-3 F382E2 APC BioLegend, UK 345012
&-catenin D10AS8 AF647 Cell Signalling, US 23371S
a-catenin D10A8 AFA488 Cell Signalling, US 88187S

Table2-5. Antibodies used in Western Blot experiments.

Target (isotype) Clone Conjugate Manufacturer Catalogue number
Anti-Rabbit IgG HRP Cell Signalling, US  7074S
C-Jun 60A8 Cell Signalling, US  9165S
LEF1 C12A5 Cell Signalling, US  2230S
LEF1 D6J2W Cell Signalling, US  76010S

TCF1 C63D9 Cell Signalling, US  2203S



a-Actin 8H10D10 HRP Cell Signalling, US  12262S
a-catenin D10A8 Cell Signalling, US  8480T

Table2-6. List of reagents/Kits for Flow cytometry.

Target Manufacturer Catalogue number
Near Infra-Red Live/Dead Dye ThermoFisher, UK L34975
Zombie Green Live/Dead Dye ThermoFisher, UK L34969
Fixable BlueLive/Dead Dye ThermoFisher, UK L23105
FcR Blocking Reagent Human Miltenyi Biotech, UK  130-059-901

eBioscience Transcription Factor Staining ThermoFisher, UK 00-552300

Precision count beads Biolegend UK 424902

2.7 Data Analysis

2.7.1.1 StatisticalAnalysis

To assess whether experimental data is significant, appropriate statistical tests were
carried out. All data were derived from biological replicates; for analysis of multiple
groupswith normal distribution of data, one or two-way ANOVA (dependent on
number of i ndependent var oab | DBeusmuitples ol | o
comparison test were usedror norn-normal distribution of datg Mann-Whitney test

or KruskalWallis test were performed.

Statistical tests were carried out using either GraphPad Prism versiin0.0 for
Windows, Microsoft Excel version2405 for Microsoft 365 or Google collaborator

python v3.10.

2.7.1.2 Figure Production

Flow cytometry plots were produced using FlowJo vBIL (TreeStar) foMWindows.

Data charts were produced in GraphPad Prisri®/0.0 for Windows 365.
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3 /nvitroeval uation of 4 clini
targeting CAR constructs.

3.1 Introduction

Preliminary investigations using IE13 cytotoxinsi a fusion protein generated using

IL-13 and a mutated form of Pseudomonas exotokishowed potent toxicity against

human glioblastoma cellgn vitro and /n vivo with minimal non -specific toxicity2°e,

This work established I L13RU2 as a vital
|l L13RU2 makes an attractive TAA owing to
cancers such aglioblastoma and medulloblastoma, and concurrently insignificant

expression on normal, healthy brain tissef@

Traditionally, CARs are constructed using an extracellular antibodigrived antigen

targeting domaini termed scFvi as seen inFigure 1.5. However, in the case of

Il L13RU2, mut at eeddogerudk-iL3ocytakineaife usedhtermed IL-

13 muteinsiwhi ch confer enhanced selecti?e bin
Research conducted by various scientists has shown that selective mutations within

the amino acid sequenceofil 3 skew i ts binding affinit:
increasing its safety profile by reducingff-target off-tumour effects (namely,

tar get i n @923 Then3o& boteyvorthy mutations include swapping glutamic

acid for tyrosine at position 13 (E13Y), glutamic acid for lysine at position 13 (E13K)

and lysine for arginine at position 105 (K105R). Mutations E13Y and K105R were
shown to have a 50and 7#foldhi gher affinity for | L13RU

IL-13 respectively:©.212

For this thesis, two different iterations of I1L13 were chosernwhich have previously
been tested for functional ity /mavrddand/yt ot o
vivoi an IL13YR (IL13[E13Y][K105R]) mutein developed by City of Hof#¢éand an
IL13KR (IL13[E13K][K105R]) mutein created in Baylor College of medicie
Incorporating either 41BE or CD2& intracellular signalling domains to further

evaluatethe phenotypic differences produced by the different signalling moieties.
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As discussed, the affinity of the CAR for its target and subsequent costimulatory
molecules present affects the overalytotoxic ability, persistence, and phenotype of

the CAR T-cells. Comparing the E13¥105R versus E13KK105R mutation will
determine which modification provides 1 nc
as determinng whether the minimal antigenic expression required for CAR signalling

is affected by the respective mutation€oncurrently, comparing between 41BB and

CD28 castimulatory domains will help elucidate which pathway promotes increased
persistence in stressducing conditions. Moreover, an IL13[E13Y].41BR variant is

currently being evaluated in a Phase 1 clinical trighCT0220836Y providing useful

insights into persistence and safety within patients

3.2 Aims

1. Generate the four clinically relevant CAR constructs.

2.l denti fy or generate suitable | L13RU;:
testing of CAR Fcells/n vitro.

3. Assess the four constructs? vitro for functionality and phenotype against

| L 1 3-Bxpréssing tumour cell lines.
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3.3 Results

331Defi ni ng t he modul ar components

targeting CARSs.

As the main goal of this thesis was to enhance persistence and stemness of CAR T
cells,it was decided to use prevalidated CAR TFcell binders and instead focus on the

other CAR components and their role in the functionality and persistence of the CAR
T-cells. These components can be seen represented as a linear schemBatguire 3.1.

As previously mentioned, two i ndtargetingdent
IL13 muteins with positive data confirming their functionality /7 vitro and /in vivo.

As such, the two muteins explored within this thesis are, IL13YR

(IL13[E13Y][K105R]) and IL13KR (IL13[E13K][K105RY).

Antigen

b|nd|.ng | Hinge H TM domain ‘ Intracellular co-stim
domain - molecules
IL13 mutein

KR.28z —[ IL13KR cD8s ]—[ CD&TM cD28 ]—[ cD3z

KR.BBz _[ IL13KR cD8s ]_[ CD8TM 41BB ]—[ cD3z

— IL13YR 1gG4op CD28TM CD28 ]—[ CD3z
YR.BBz |— IL13YR 1gG4op CD4TM —[ 41BB ]—[ CD3z ]—

Figure 3.1. Schematic representation of the four CAR constructs under investigation

i
i

= T =
T T T

YR.28z

Linear schemasbowing the individual compooénte four CARce@ll constructs to be
evaluatedThis includes the antigen binding IL13 mutein, the hinge and transmembrane (
domains, and the intracellustiroalatory moleculé€3D284-1BBand CD&

The CAR is a complex synthetic protein involved in a multitude of precise molecular
interactions and as such, we musarefully consider all constituent parts of the CAR
construct in assessing its functionali®y®. Two critical parameters influencing CAR

signalling, and consequently -Eell proliferation and persistence, are affinity and
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avidity. Affinity refers to the strength of a single interaction between a CAR and its
specific antigen, determining the activation threshold, whereas avidity denotes the
overall strength of multiple binding interactions between the CAR -€ell and the

target cell.

Using a secondgyeneration CAR design as depictad Figure 1.5, there are three
primary components of interesthat influence the affinity and avidty, and thus the
efficacy of the CAR, in addition to the antigen binding domain, namely, the hinge

region, the transmembrane region and, the choice of-simulatory moleculgs).

3.3.2 Generating the CAR constructs

Geneblock fragments containing IL13KR, IL13YR.IgG4.CD28TM, and
IL13YR.IgG4.CD4TM were purchased from IDT following confirmation of their
respective sequences with their creators. The PGK lentiviral vector, displayed in
Figure 3.2a, served as the backbone for all CAR constructs in this chapter and was
derived from our in-house anti-B7H3 TE9 CAR. All four CAR constructs were
generated using the molecular cloning techniques detailedNfethods2.3. Successful
plasmid generation was confirmed using a pattern digest on eight colonies, from
which two correct colonies were sent for sequencing either through Source
Bioscience or Genewiz sanger sequencing, and #eguencing trace aligned to the

respective CAR sequences shown inFigure3.2b and ¢
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Figure 3.2. Representative circular plasmid and sequencing confirmation

Molecular cloning plans were designed, visualised, and analysed usiagft3raap@gene
Representative circular plasmid map showing the PGK lentiviral backbone used for al
constructs. Comprising of an ampicillin resistance gene, flanking LTRs for viral integration, ¢
1 y packaging signal , PGFKe,tperlLd3KR.28e).rFpllovang d
plasmid generation, correct sequence integration was determined through sanger sequenci

visualised as)@sequenceaceromoverlapping primerdc) trace files.

3.3.2.1 Generating high titre lentivirus and viral titration

Lentiviral vectors, a subclass of retrovirusesan integratetheir genetic material into
the host genome and represent the leading standard in virus production for CAR T
cell therapy. Compared to traditional gammaetroviral vectors, lentiviral vectors

offer several advantagesncluding, higher transduction efficiency (through
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transducing both dividing and nonrdividing cells), increased safety and stability,
larger payload capacity, and lonterm stable expression of the transgene in

transduced cells.

High titre lentivirus was made using theHEK293Tpackaging cell line (below passage

20) and titrated using the methods detailed iMethods2.5.3and depicted inFigure

3.3.
a) b)
Plate 48 hour Serial Dilution of Neat Lentivirus - 1:8, 6 points.
293T h
arvest
Transfect 72 hour 60uL  60pL  60pL  60pL 6Ol
cells - 85% harvest
-y /—\ /\ /—\ /\ /—\
l Replace l
| ! meldia X i | Neat LV (uL) 500
cD10 (uL) - 420 420 420 420 420
T0 M T2 T3 T4 15 l l l l l l
: 100 pliwell
Virus Generation Timeline Final IV
volume/well (pL) 100 12.5 1.5625 0.195 0.0244 0.003

Figure 3.3. Schematics representing the generation and titration of lentivirus.

(a) Timeline detailing lentivirus generation ustigKip@3packaging cell line. (b) Visual
representation of the serial dilutions required to titrate neat lentivirus.

The viral titre refers to the number of infectious viral particles per unit volume
(IU/mL) and is essential for determining the appropriateolume, and subsequently
the number of viral particlesrequired to achievea successful level of CARtegration
in T-cells to elicit the desired therapeutic effectMultiplicity of infection (MOI)
represents thecalculatednumber of infectious units addedper cell; it approximates
the number of viral particlesper pL based on theassumptionaused inthe viral titre
calculation. For TFcell transductionsin a clinical setting the MOI is usually set
between 510based on the calculated viral titrgypically resulting in 2-3 integrations
per cell, dependent on the constructherefore, it is critical to obtain an accurate viral
titre. In clinical settings, the viral titre is first assessed usitdEK293T cells and
subsequently validated on at least three independent biological donors as the viral

titre can vary depending on the cell type used.
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In an /n vitro setting, using cell lines such as Jurkat BIEK293T cells to determine
viral titre is an accepted practice, offering a fast, cost effective and relatively accurate
measurement. For this thesidurkat cells werelated at 5p T cells per well in a 24
well plate with serially diluted virus, in accordance wittFigure 3.3b, and determined

the resultant transduction efficiency following a 72hour incubation using flow
cytometry (Figure 3.4). The viral titre was calculated using the formula specified in

Method<s2.5.3.2for transduction efficiencies between 230%.

Viral Titre (IU/mL) No Virus 100 pL 125 uL 1.562 uL 0.390 uL 0.185 uL 0.048 L
"1 IL13 CAR B IL13 CAR 1 IL13 CAR 1 IL13 CAR 1 IL13 CAR L13 CAR q IL13 CAR
W 1 203 1 96.1 1 843 1 350 | - 165 =4 786 -4 5.06
2.67x107 | 4 b | - 4 | 4 - 4 | ! i
5 | e | e ] L {
IL13CAR " 1L13 CAR "1 IL13 CAR "1 1L13 CAR "1 L13 CAR " 1L13CAR 1 1L13 CAR
IL13KR.41BBz 122 ad 980 = 86.2 370 162 983 = 6.22
1.53x107 -~ @ e - - - - -
1L13 CAR " 1L13 CAR "1 IL13 CAR "1 1L13 CAR L13 CAR IL13 CAR 1 1L13 CAR
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Figure 3.4. Flow based lentiviral titration of the four CAR constructs.

Following virus generation, Jurkat cells were platédedis5SriD24ell plate and incubated

with 100ul of serially diluted virus accoRiguge®3b. Following incubation for 72 hours, the
Jurkat cells were assayed for transduction efficiency by flow cytometry. Resultant pseudc
flow plots illustrate transduction efficiency of lentivirus on Jurkat cells at the respective viral d
for thdourCAR Tcell constructs with the associated viral titre obtaifeshioweam the left

innumber of infectious ImitDatas from one experiment using three technical replicates.

As this lentivirus is generated using the VSY envelope, it is stable and can withstand
freezethaw cycles. As such, all harvested virus was frozen in 1.5mL aliquots and a
sample defrosted to determine the viral titre upon defrosting. Once defrosted, the

virus was not refrozen.
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333/ dentifying |IL13RU2 positive cel

To ensure precise functional -targeting €ARt ot 0 X
constructs/n vitro, it was necessary to identifappropriate and biologically relevant

cell linesexpressing theargetantigen | L13RU2. Given that maj
are known to expr es tredreadlhavdilableneduloblastomal L 1 3 F
cell linesi D425, D341, and Med8A were recovered and stained for L 1 3 RU 2
expression(Figure 3.5). Two different clonesofantil L 1 3 RU2 a n tagsdssed y W ¢

i clone 47 and SHM38 alongside isotype controls and Jurkat cells as the negative

control.
a) ..... Isotype control Stained control b) e [sotype control
e |L13RaZ Ab
o Med8A ‘““ . D341 “ . D425
s} . 300
= :
2 o 1 S0 .
k] i Sw
B . FER so 20
3 L gge
£ S - em 8
S HARY ES© 1m0
z i . : L5 R : : 0L gy r v &
IL13Ra2 PE (Clone 47) 0 MedSA D341 D425
C) Target Cell Lines
..... Isotype control Stained control
L Med8A | "7 D341 | "3 D425 | "7 ¢ Jurkat
<} wd
< i l
hi
©
o}
2 | o
®
E .
o f
z2 v
IL13Ra2 APC (Clone SHM38)

Figure35.0bserved | L13RU2 expressilgenatuleevel s ¢

Target cel l | i n e sxpressaneng tvo difierent ahtibddy clones With 3 F
matched isotype controls and visualised using histoddaentplets.t i on «lfnel L 13
47is depicted {@@)and quantifiagsing the geometric mealnes oPEfluorescende (b)
Detecti on €lbneSHM3S i3 depied bl datg shown hemrejgesentative

from three technical repeats.

Based on stainingusinganti L 1 3 RU 2 idigwes.sa/bé Med8a and D341 cells
were negative f o,withiD42b Gelspdentally expressing mioimal

levels Saining D425, Med8A, D341, and Jurkat cellssing antil L1 3 RU2 ¢l o
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SHM38 showed no positive results. However, this clone is less frequently used in the

literature compared to clone 47.

The discrepancy in these resultsomparedtop si t i ve | L13dtd! expr
literature, and lack of a positive controbuggests that the antibodies may be non
functional, | L13RU2 expression on D425 c
mi g ht inherently lack detectable 1 L13RU;
hypothesis, a preliminaryfunctional assaywas established withtwo of the IL13

mutein CARs to indirectly assessf o r t he pr es e ithooegh cell I L1
cytotoxicity on the aforementionedcell lines.IL13KR.28z and IL13KR.41BBz CAR T

cells wereco-cultured with cell trace violet (CTV) stained target cell lines to observe
cytotoxicity. The target cells included medulloblastoma lines D425, D341 and Med8A

and Jurkat cells as a negative control. Comparable transduction efficiencies were
obtained across three indepelent donors, shown in the representative histogram in

Figure 3.6a. After 24 -hours, target cell cytotoxicity was evaluated via flow cytometry

and quantified aghe relative cell surviving fraction comparedo control targetwells

cultured without CAR T-cells(Figure 3.6b).

109



3 — IL13KR.41BBz
O A
> — IL13KR.28z
o
£ — NT
o
2
©
£
2
o l“'l.)" "'104 11 05 11 0o TO7 R
IL13 PE ]
b)
1.5+ ** ns
i * Bl NT
5 . * Bl |L13KR.28z
E O 1.0 g BE IL13KR.41BBz
© .
o« i
2o
55
g § 057
3
® -

& e e
o s
0 @0

Target cell lines

Figure 3.6. Cytotoxic response suggest®425 Wildtype cells express lowevels of
|l L13RU2.

A preliminary -calture was sep using IL13KR.28z and IL13KR.41BBzc€llsRagainst
labelledlurkat, D425, D341, and Med8a w{Miypeell lines(a) One donor representative
histogram showing transduction efficiency of both CAR. damgetiatgtotoxicity was
assessedly flowcytomefollowing culture forirs at a 1:1 E:T ratol quantified tee
relativecell surviving fractcmmpared to control target @ISignificant killing of D425 WT
cellswasobserved by both CAR caststaompared to Aeensduced (NT) control. N=3. Error
bars represent standard deviation; Significance was determied gy atwdl OV A wi t h

mul tiple comparisons between constructs;
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Interestingly, both CAR constructs displayed significagtgreatercytotoxicity against
D425 wildtype (WT) cells compared tdNT T-cells Figure 3.6b). These findingsare
consistent withmi ni ma | | L 1 3 R SuBggestnxtimar tkesDsl25 OMT celk

staining usingthe clone 47 antibody wasaccurate.

A degree of nonspecific cytotoxicity was noted against D341 and Med8a cell lines
Figure3.6b. A potential hypothesis for this cytotoxicitycould bedue tothe expression

of | L @an3He tédted cell linesAlthough the IL13 muteins have a higher affinity
towards | L13RU2, they could potentially s

specificity, the target celéxprdssion.es wer e
a)
Med8A . D341 | D425 Jurkat |
% ’ Isotype
= control
e
s*1 i 1 i 1 §i °1 i Stained
a I | il 3 31 trol
£ contro
o I %, %, : “ %
z ey O g O S T
IL13Ral1 PE

8000
e |sotype control

e [L13Ral Ab

IL13Ra1 PE
Clone S812B
- (2]
3 8
o o

Geometric Mean -
n
o
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o

0

Med8A D341 D425 Jurkat
Target Cell Lines

Figure 3.7.1 L 1 3 R Wat expressed on target cell lines.

| L 1 3eRptkdsiomas determined on target cellugieg the adtiL 1 3(dobelSS12B)
antibodyo check for potential-specific crogeactivity with the IL13 mutein CARs. Target cell

l ines were stained for | L13RU1 expressio
overlaid histogram plots (a) and quantified (b) using geometric meas v o f t he

fluorochrome (PE).

None of the cell linesassessedhowed positive staining with thel L 1 3 Boecific
antibody, confirming that the observed cytotoxicityagainst D425 WT cell$ andthe

non-specific cytotoxicity against D341 and Med8A cells6 was independent of
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| L13RU1 e boweverdafinitivenproof of antigenspecific killing by the 1L13

mutein would require the use of paired isogenic cell lings/-1 L1 3 RU2 expres
unavailable at the time Collectively looking at the preliminary ceculture and

staining data, there was enough evidence to accept that D425 WT cells express low

l evels of 1 L13RU2, the I1L13RU2 clone 47
and the IL13KR CARs generatedarefic t i onal against | L13RU2

at low levels.

334Generating high | L13RU2 expressi

To functionally assess the four CAR-const
overexpressing cell lines as there were no readily available cell lines with high

endogenously expressed | L13RU2.

The 1 L13RU2 protein s e gnpehand symhessedaba ai n
GeneBlock by IDT. A thirdgeneration lentiviral plasmid, containing enhanced green
fluorescent protein (eGFP) and firefly luciferase (ffluc) was kindly gifted by the Fisher

Lab and served as the backbone for creating a lentiviral\eet encodi ng | L
(Figure 2.1). For experimental ease andn vivo applicability, target cells were
transduced to cee x pr es s Il L13RU2, e GF P, and ff1l uc
cytometry-based tracking of the target cells via eGFP and luminescebhesed

tracking or cytotoxicity assessment through luciferase detection.

Jurkat and D425 cells were selected as the target cell lines to transduce with the

|l L13RU2 vector to functionally assess the
as a biologically and morphol ogically re
expressio levels, whereas the Jurkat cells were used as a secondary control cell line.

To ensure stable expression bfL 1 3RU2 and e GFP, the chose
doubl e transduct i on -fflwd lantivirus dnd \BeRe Bubsequantly e GF
single cell soted for the highestcoe x pr essi on of | L13RU2 an:
Figure 3.8. Various clones from each cell | i ne

and eGFP expression and frozen dowFRollowing expansion over 6 weeks, three
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clones from each cell line, as shown iRigure 3.8b, were confirmed to stably express

the inserted transgenes.

a)
Non-Transduced Transduced
4 oo @ 0 e az
072 1] 0039 1000
vn’-_{ 0®
E _ e D425
[ LI
B Jurkat
o E 107 =
Lo . 3 :
O o (3% %
q) ] " e T T T il
IL13Ra2 PE
b) Jurkat sorted cells D425 sorted cells

Cc10 C9

C9 C2

Normalised to Mode

IL13Ra2 PE

Figure38. Generation of | L13RU2 and eGFP dou

Jurkat and D425 cell lines were transduced to concurrently ekaRilé @FRiciferase

(a). Single cell flbased sorting was used to generate various clones withlalrahg® BfU 2
expression as visualised in the histogram (b). Three clones from each cell line were expand
frozen down for future WSE = wildtype; C = clone.

113



| L13RU2 expression was u a(Figuref3.pbgfdr onesi n g
stable clone from the sorted Jurkat and D425 cells, as depicteBigure 3.8b, prior to

the functional assessment dfie four CAR T-cell constructs

a) ; .
A I
| ‘ul ||I|
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[=] [ \ \
= / \'. AN \ — lurkat.GFRffluc
o \ M \
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T A\ gy
2 — D425WT
©
E |
5 /| \
z e e a us
\\\\\\\ 0 ot Ty
IL13Ra2 PE eGFP
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bl 2000000
o e WT cells
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LR |
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; I| | = 20000
8|~ ‘| — D425WT E  15000-
% [ | — Quantibrite bead peaks 8 10000 =
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5| .14 olrt, .
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Figure39.Quanti fi cation of | L13RU2 on target

Oneclonefromor t ed D425 and Ju rwksachoseh forlugefnitd . e GF
assays antl L 1 3eRpk8sion confirmeg flowcytometrprior to experimental se&)p (
Additionally, the relative expressibrL df 30R th2 chosen clones was quantified using
Quantibrite beads (b) and geometrivahgegc).

Before conducting functional assewas ment
confirmed in the target cell lines.Importantly, the D425 WT cells maintaired low
expression of | L13RU2, a edla trhaen gseo rotfe dl LDL4
seeninFigure39. Conversely, the Jurkat WT cell s
negative control) and the single cell sorted Jurkat cells express a narrower range of

|l L13RU2 than the D425 .Figwd3®RU2 sampl e as

3.3.5 Functional assessment of the four CAR constructs in vitroi=6

A short-term andrepeat stimulationbased ceculture, illustrated in Figure 3.10, was

designed to evaluate the cytotoxic ability, proliferative capacity, cytokine release, and
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persistence pr of i-tagetingfCAR Treals. Withuhis extehdedB R U 2
assay, multiple variables of CAR functionality can be evaluated simultaneously.
Additionally, the inclusion of target cells three times per week aims to represent the
stresstil tumour microenvironment where CAR TFcells are constantly interacting

with tumour antigens. Moreover, the target cells are not irradiated prior to addition

in the culture to further mimic the TME; whereby target cells are expanding alongside

or over the CAR-T cells. This approach enhances the predictive value tiese
preclinical /n vitro studies, facilitatingthe identification of potential exhaustion and

persistence mechanisms within each of the four CAR constructs.

Set up
co-culture
Readout - Readout -
24hr cytox & ~ post post ¢ Addition of
cytokine stimulation 4 stimulation 7 IL13Ra2

e

expressing target
cellsata 1:2 E:T

J|'%¢|I|J|'|J|'%J|'|||Iratio
B I Y I Y Y O Y Y

D10 D15 D20

DO

Figure 3.10. Linear schematic depictingthe short-term and repeat-stimulation

assay.

A refinement on standarcuttoires, this assay aims to induce stressful conditions on the CAR
cells similar to those found within solidihEMigculture is set up with multipler@b48vell

plates at various Effector : Target (E:T) ratios, with eGFP positigartdrgdtVv labelled
effectors. To mimic the stressful conditions within solid tumours, fresh target cells are addec
effector cells three times a week until exhaustion. Readouts tmuludey@t@4icity assay

and cytokimeadout, followed by a-Hagedand cytokineeadout 2hours post stimulation 4

and 7D = Day.

Six biological donors were transduced at an MOI between 10 and 2@lculated using
the viral titres noted in Figure 3.4 i to achieve transduction efficiencieaveraging
between 55-75%, presented inFigure 3.11b. Notably, ransduction efficiencies are

consistent between donors for the respective CAR constrycésmd within donors
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across constructas noted inFigure 3.11a. Interestingly, the median fluorescence
intensity (MFI) of the IL13KR CARs showd a marked increaseompared to IL13YR
CARs, averaging aroundne log difference between the two. Additionally, the
geometric mean of both the 28z and 41BBz expressing IL13KR CARs are significantly
different to the respective 28z and 41BBx expressing IL13YR CARBSs observation
may indicatean inherent differencein the stability of the ILL3YR mutein,or differing
affinities for the IL13 antibody.However, the latter possibility is less likely given that
the two mutein binders differ by a single point mutation. It is more plausible that the
observed differencesarise due to the distinct hinge and TM domains Most
importantly, there is no significant difference in the transduction efficiencies between
constructs Figure 3.11b) and therefore differences in CAR-Eell proliferation can be
attributed to their biophysical properties rather than being an artefact of how

efficiently they package into virus.

116



IL13YR.41BBZ
—IL13YR.28Z
—IL13KR.41BBZ
—IL13KR.28Z
—NT PBMCs

IL13 PE- CAR Expression

b) c)
y
£ 100 -
g 80 o8
by < 2
§ 58
5 4 S E
3 % 8
c 20 20
« (14
- 0
s ,‘3,1, ¥ mq,w g
ﬁ“uﬁ & W
$Q.. -\q.o
CART cell constructs CART cell constructs

Figure3.11. Consi stent and compar a-tailjgeaing€ARsore s si o
PBMCs.

PBMCs were isolated from healthy donors or apheresisactimatednaith-2Land PHA for
48hours prior to transduction with titrated lentivirus. 6 biological donors from two indepe
experiments were transduced to express the four CAR detestmicesd by flow cytometry

(a), and showing no significant difference in transduction efficiencies between binders
Significant difference in expression between IL13srobssEnged using geometric mean
valuegc) N=6. Error bars represent standard deviation; Significance was det€raskeald by a
Wallist e st (b) and Friedman test (c) wi t h
*pOP.*xpP500. 01, ***pO0.001
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Following confirmation of successful CAR expression on-cCElls 96hours post
transduction, the CAR Tcells were expanded for a total of 14 days post activation,
matching current clinical practices. Prior to caulture setup, the CAR Fcells were
labelled with Cell Trace Violet (CTV) and target cells checked for expression of

| L13RU2 aRigdre3®®.F P (

3351 IL13BKRCARTFc el Il s detect and respond to | o

To tease outhe differences in cytotoxic ability between theCAR constructs, ce
cultures between CTV labelled effectors and eGFP.ffluc expressing target eadie
setup atl:1 and 1:%:T ratios Following 24-hours, the magnitude okilling of targets
was quantified using luciferase emissiolfFigure 3.12a/b). The viable target cells
expressthe firefly luciferase enzyme (ffluc), which catalysesadded luciferin to
produce luminescence which can be detected on a spectrophotometer and quantified.
This value is compared to control wells which only contain target cells to determine

the percentage kill orrelative change in viability.

Cytokine secretion profiles are another essential parameter for evaluating the
therapeutic efficacy and functional state of CAR-@ells. Interleukin 2 (IL-2) and

I nterferon gamma (1 NFA) are the -gabst s
performance. Quantification 6 IL-2 a n d | NFA secretions in
commonly performed using an enzyménked immunosorbent assay (ELISA), as

detailed in Method<2.3.9

Detection of IL-2 in CAR T-cell supernatant is a direct indicator of CAR -Tell
activation in response to target antigens. Highék-2 secretion is correlated with

greater functional potency and is an accepted biomarker for CARc@ll efficacy.

INFAsecretion is closely linked to cytotoxic function and is a robust indicator of CAR
cytotoxic activity. High INFA levels in the supernatant are associated with more

effective CAR Fcell responses and better therapeutic outcomes.
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Figure 3.12. The IL13KR binder showsin vitro superiority in detecting low antigen

expression and cytokine release.

Co-cultures were set up against Jurkat and D425 (WT and IL13ra2) cell lindsagetlciferase
assay was used to determine CAR cytotoxicity against the targets at a 1:1 E:T (a) or 1:5 (
following 24 hours. The supernatant from the l-dulifestown in (a) was analysed
determine the concentratiolL2f(c) and INF(d)releasedN=6 from two independent
experiments; error bars represent standard deviation; statistical significance determined by
way ANOVA wi t hcompanid@ecgniparing niativeen @gntl evithin WT and
overexpressed cell s; *p OWNot& &l constracts Sighificantly,  *
killed and released cytokines against | L
controls. Additionally, there was no significant difference between the constructs against

respective cell line unlessvsion graplad.

Focusing on target kill at the 1:1 E:T ratio, displayed kgure 3.12a, there is a stark

contrast in CAR cytotoxicity between the
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expressing D425 WT cells. Whilst there is no significant difference in kill between
the two IL13KR containing constructs there is significance compared tdhe
endodomains pairedIL13YR constructs. Furthermore, there is no significant
di fference in kildl bet ween the D425. WT
CAR T-cellsi implying comparable levels of toxicity againsboth high and low

| L13RU2 ingtarpgetse sS§here is comparable kil

a

D425. 1 L13RU2 acr os sept thel IL13KR.28r sdnstruct wisch e X

significantly kills moreD 4 2 5 . | Lcdli§tRad R.13YR.BBzonstruct

The magnitude of IL13KR.28z CAR cytotoxicity can be observed when increasing the
stress conditionsi in the 1:5 E:T assayFgure 3.12b) i whereby, significant
cytotoxicity is maintained against D425 WT cells compared to NT control atite
IL13KR.41BBzconstruct Addi tionally, the | evel-of
overexpressing cell lines decreases across all constructs, concurrent with the decrease

in number of CAR T-cells against target cells.

IL2 (Figure 3.12c) and INFA (Figure 3.12d) release were also analysed from the
supernatant 24hours post culturelmportantly, IL2 andINFArelease was not detected

against antigen negative cel(Surkat WT), confirming minimal autoactivation of CAR

and target specifiactivatonnDe s pi t e comparabl e cytotoxic

cells, thetwo IL13KR containing constructsrelease significantly higher IL2 andNFA
I consistent with enhanced Tcell activation and potentially increased avidity.
Additionally, cytokine releasei both IL2 and INFA i is higher against the
D425. 1 L13RU2 cel |l s ¢ o mspierhgher antgen &xpreskient .

on the Jurkat cells (shown ifrigure 3.9) and comparable levels of cytotoxicity.

Overall, the IL13KR containing constructsproduce higher cytokine responses and
significantly greater cytotoxicity againsD425 WT cells,which express lower levels
of| L 1 3,Rdhpared tathe IL13YR containing constructs Importantly, the IL13KR
constructsalsodisplayhigher MFI, indicative of higher CAR expressioand increased
stability, compared to the IL13YR constructsuggestinghat the enhancedeactivity

against antigendim targets could potentially reflect greater avidityrather than
120
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differencesin affinity. Furthermore, amongthe binders, IL13KR.28z confers higher
cytotoxicity, but significantly lessINFA release compared to IL13KR.41BBwgainst
antigen-dim targets However, it remains unclearwhether this differenceis due to
variationsin CAR T-cell activation ortarget cellengagementFurther investigations

are required to explore these differences in more detalil.

3.3.5.2 IL13KR CARs proliferate more in response to target antigen.

A simple yet effective way to observe proliferation of CAR cells involves nuclear
staining of the cells with a dye which will dilute out as the celldivide. As previously
mentioned, the CAR Tcells were stained with CTV prior to the experimental satp
and this dilution of CTV can be detected via flowcytometry following stimulation 4
and 7. The gating strategy shown irigure 3.13 outlines how the different cell

populations were determined and classified.
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£

9 .
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1 IL13 CAR total
572

CellTrace Violet
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IL13 PE
Figure 3.13. Gating strategy for poststim 4 and 7 analyses.

Pseudocolour Flow plots showing how cell populations were defined for further analysis.
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stimulation 7, showing no downregulation of target antigen. Conversely, detection of

CAR using anttIL13 antibody was not straightforward, with very few Tcells showing

IL13 postivity for the ILL3YR binder, as depicted inFigure 3.15b. As such, he

exhaustion phenotype (PEL versus TIM3) was assessed in the total-cEll

population, based on the assumption that the majority of cells present were CAR T

cells, as CARhegative T cells likely underwent apoptosis due to a lack of stimulation.

Cytotoxicity data were collected following the fourth and seventh rounds of

stimulation.
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Effector cells were labelled with CTV at the start-ailtiwe.cBilution of CTV is directly
proportional to the number of divisions and is used as a measucelfq@raiétation. This

is visualised in a stacked histograagaiast) u r k at andD 4 B R.Ul2delséhdR U 2
quantified using the geometric mean ,gbr€3antetbr eachimepoint individuglyand
combined (d\=3; error bars represent standard deviation; statistical significance was detern
by a twavay ANOVA with Téukey mul t i pl e cconstuasrand aelhliges; b e t
*p0O0.05, **pO0.01, ***pO0.001, ****pOO. O

Proliferation of CAR T-cells can be visualised using a histogram plot, where successive

cell divisions result indye dilution and a leftward shift of thehistogram peal(Figure

3.14a). Subsequently, quantitative assessment of proliferation can be achieved using
geometric mean values derived from CTV expression and viewed graphic&ligure

3.14b shows geometric mean graphs for each time point separately, allowing for a
clearer comparison of the subtle differences at each time point. In contrdagure

3.14c combines thedata into a single graph to display the geometric mean for both

time points, using a consistent-gxis scaleLower geometric mean values correspond

to higher CAR T-cell proliferation. Notably, CAR Tcells cultured against
D425. 1 L13RU2 cells exhibit increased prol
Jur kat . | LildBeRsURi tcee IHisgher dnUurkatRel® follewingr e s s i
four rounds of stimulation. Furthermore, significant differences in proliferation
between CAR constructs targeting Jurat . | L13RU2 cells sugges
primarily governed by CAR activation and signalling rather than antigen expression
alone. This implies the presence of addi

co-culture stimulating the CAR TFcells.

Interestingly, by the seventh stimulation, proliferation rates amongst the CAR
constructs and between target cell lines becomes similar as evidenced by the
comparable geometric mean values presentedrigure 3.14b (right figure). Based on

the minimal change in geometric mean values for the CAR constructs against
D425. 1 L13RU2 cell s bet ween stimul ati on

proliferation.
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3.3.5.3 Repeat stimulation cytotoxicity, CAR expansion, and cytokimelease.

Accurate quantification of cell numbers in each well of the eculture is made possible
through use of a plate reader attachment when running samples through the flow
cytometer. A set volume is acquired from each well, which is then calculated along
with live cell count to determine the total cell number in each well. For example,
16QuL are acquired from a total volume of 2Q@, and 20,000 live cells acquired. To
obtain the total cell count, the number of cells pgiL is calculated and then multiplied
by the total volume (20QIL). Through this method, it is relatively easy to determine

target killing and CAR expansion numbers as seerFigure 3.15.
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Figure 3.15. Increased CAR T-cells expansion and cytokine release against

L13RU2.

D425.

Using eGFP and CTV to identify target cells and effector cells respectively, we can quant
total T cell number {alal CAR-Gell numbeb), angbercentage target killepgdllowing the

fourth and seventh stimulatibBs(d) antNFA (e) release in supernatant is also quantified

following the fourth and seventh stimuldti@nserror bars represent standard deviation;
Tukeyods

statistical significance was determined by atwo ANOV A  wi t h

between construéts each target cellline* p O0. 05,

comparisons are insignificant unless stated on the graph.

** pOo0.

o All,
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Following stimulation four, all CAR constructs effectively contra) ur k at .dnd 1 3 RU
D425 . | L deBsR Bxpibiting no significant difference betweenindividual
constructs in terms of cytotoxic activity (Figure 3.15c). However, significant
differences arise when looking at the corresponding number of CARc&lls present

per condition. Across all constructs, a higher number of total T cells and CARdIls

is observed againsD4 2 5. | LcklB B&hd ur k at . tellslad Rdpizted in

Figure 3.15a and Figure 3.15b, respectively. This result likely stems from the
D425 . | Lcall8edHditiBg a more robust stimulation of the CAR-Eells compared

toJur k at . dellsifiBtiRetddrroborated by the heightened levels of cytokines
released againdd 4 2 5 . | Lcdll§ Rdur2 3.15d/e).

By stimulation seven, CAR constructs | o
whilst maintaining control oftheD4 2 5. | L13RU2 cell s. One col
result is the consistently lower numberof CAR-T el | s present agains
cells. The decline in CAR Jcell number mirrors the reduction in cytotoxicity
observed agai nst DstinuBtion sever8 Krailarly loveet ldvels op o s t
cytokines are observed postimulation 7 compared to posstimulation 4.
Nevertheless, the CAR Tells demonstrate similar behaviour across constructs as

evidenced by the lack of significant difference betwed¢hem.

3.3.5.4 Exhaustion analysis.

PD-1 and TIM-3 are considered markers of activation and exhaustion depending on
the context and timepoint under investigation. Within the field, it is widely accepted

that T-cellsco-expressing high PBL and TIM-3 are considerederminally exhausted
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—vs Jurkat
IL13Ra2

Post stim 4
-vs D425
IL13Ra2

Post stim7
—vs Jurkat
IL13Ra2

Post stim 7
-vs D425
IL13Ra2

PD-1

Figure 3.16. CAR binder and costimulatory domains influence

phenotype in CAR T-cells following antigenic stimulation.

the exhaustion

Contour plots showing expression of exhaustion markers HEB in one representative
donor againdtu r k a t orD 4 21 38 .RId&MS fBlIBwatae fourth and seventh stimulations.

When looking at the representative contour plots ifigure 3.16. CAR binder and ce

stimulatory domains influence the exhaustion phenotype in CAR-Gells following

antigenic stimulation. Distinctive differences are observed between the fourth and

seventh stimulations, but the comparisons between constructs and target cell lines is

harder to discern. The percentage values from each quadrant can be graphically

presented in a stacked bar chaidr easier comparisons.
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PD1 and TIN3 expression levels were quantified based on theRyguire§.16, following
stimulatioiour(a) and stimulatsever{b)and presented as a stacked bar chart to easily observe
the changes occurring between constructs and Ték Ipesentage of-PBTIMB+ cells

within the-@ell compartment following stimulation 4 and 7, against both cell lines is graphi
presented (&Y=3; error bars represent standard deviation; statistical significance was determ
by atwawvay ANOVA with Tukeyds multiple c¢comg
*p0O0. 05, **pOO0.00OL., ***pOO0.001, ****pOO.

Since bothTIM -3 and PD-1 are expressed as a response to activation as well as being
considered markers ofxhaustion, their expression patterns in isolation must be
interpreted in the context of the activity of the CAR Tcells at the timepoint analysed.
When looking at the representative contour plots ¢¥D-1 versusTIM -3 (Figure 3.16),
there is a clear increase i®D-1 expression from post stimulation four to seven.
Alternatively, focusing on the stacked bar chartsFigure 3.17) highlights the
difference in the effect of thechosen target cell ling irrespective of target antigen
density or expression on the CAR T-cell constructs following stimulation four and
seven.Despite no significant difference observed between the CAR constructs at
either timepoint, there is a markededuction in the percentage oPD-1-/TIM-3- cells
(purple) T consistent with a shift towards a more exhausted phenotyfiebetween
stimulation 4 and 7 and with D425 versus Jurkat cells in all scenarios, matching data
from all other readouts.Importantly, this reduction in percentage oPD-1-/TIM-3-

cells is paralleled by an increase in the percentagd@i-1+/TIM -3+ cells, confirming

the shift towards an exhausted phenotype. Focusing on the percentade®fl+/TIM -

3+ cells Figure 3.17b), the IL13KR.28z CAR Tcells have the highest expression post
stimulation 7 against D425.1L13RU2 cell s
IL13YR.41BBz CAR Tcells.

Based off the data generated from th& wifro experiments detailed abovethe
IL13KR.28z CAR construcdemonstrates the most potentiallt presentswith the
highest sensitivity against low antigen density target cells, consistent wehhanced
signalling. This is further borne ouby elevatedexpression olL-2 and INFA as well

as exceptional prol i f er adxpreasgngtargets pxoepts e s
129



againstD4 2 5. | Lcelg RWiete all CAR constructsshowed high levels of
proliferation. Additionally, IL13KR.28zCARs pesent with this highest percentage of
terminally exhausted cells, characterised by high PD-1+/TIM-3+ expression
following seven rounds of antigen stimulationThese findings provide sufficient
rationale to advancethe IL13KR.28z CAR construct for further evaluation of

exhaustion mitigation strategies.

3.4 Discussion

3.4.1 Chapter 3 aims.

Four | ltatg8tiR@QAR constructs were generated, comprising of two different
IL13 muteins and two sets of intracellular costimulatory modulésCD28C D3 & or
4 1 B B . .Jlme3nain aim of this chapter was to identifglead CAR construct which
presentedsuperior cytotoxicity, cytokine release and proliferative potential against

| L13RU2 expressing target cells, but al.
defined as those cexpressing high levels of P2 and TIM-3. The lead CAR was
identified as IL13KR.28z.

The key conclusionsthat justify this decision include: 1) IL13KR.28z CARXxhibits
the highest CAR expressioonn the T-cell surfaceand achieveshigher viral titres in
viral production studies. 2) Itexhibits sensitivity towards dim antigen expression,
specificallyagainstD425 WT cells which have very low levels df L 1 3 &ptéssion,
further supported by cytotoxicity data at 1:1 and 1.5 E:T ratios and cytokine
production analyses3) It exhibits the highestlevels ofproliferation, cytokine release
and percentage of terminally exhausted cells RD-1hi+/TIM-3+) when cultured
against) ur kat and -Bxpressingllines4)3TRCH28CD3z costimulatory
domain combination is associated witlearlier exhaustioncompared to4-1BBCD3z

according to literaturé4,
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3.4.2 Methodological considerations and construct validation.

Literature reviews based on histological analysesadicate that medulloblastomas
typically ex pr ess . IHbowle®R Uldw cytometry assays on three
medulloblastoma cell linesrevealedthat only D425 cellsexpressed low levels of
| L1 3 Kahgequentlyl L 1 3 Rdd&ctopically expressedn Jurkat and D425 cell
lines for functional analysis.Although high expressioncell lines may not be
comparable to biological datathey were sufficient for /n vitro functional studies

potentially inducing exhaustion faster due to high antigen load.

Despite comparable viral titres, the IL13YR constructnsistently demonstrated
significantly reducedCAR expressionl{13 PEfluorochrome MFI) compared to the
IL13KR constructsOne possibleexplanation could behe addition of the IgG4hinge
domain, which could beinterfering with the stability of the IL13 mutein or altering
the accessibility of the IL13 mutein to thedetection antibody. Alternatively,
expression could be impacted suboptimal posttranslational modifications on the
hinge and transmembrane components of the ILL3Y®RARS which are crucialfor
CAR stability and antigerbinding capability. Nevertheless, as the transduction
efficiencies between the four constructerere comparable despite the difference in
MFI, it was feasible to proceed within vitro analysisto determine the lead CAR.
Furthermore, the IgG4 hinge domain was retained to maintain comparability with the

clinical trial construct.

3.4.3 Observations on CAH-cell functionality against target antigens.

The importance of using biologically relevantines for CAR T-cell analysis was
highlighted in the 24-hour cytotoxicity assaysDespite comparable cytotoxicity of the
Jur kat .andOBRI.21 LdrgetRelacrossall four constructs,significant
differences incytokine releasewere observed Lower cytokine levelswere recorded

for all constructsagainst) u r k a t . targetic8liRbahtaredoD 4 2 5 . | Llcdll® RU 2
Furthermore, the IL13YR CARs produced lowelt-2 and INFA levelsin response to

Jur k at . dellsin@idatth@ reduced CAR activation and signalling compared to
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the IL13KR CARSs.This is very interesting asboth target cell lines exhibited
comparable levels of L 1 3 Sutie2e expressigrsuggestinghat CAR activationand
subsequent signallingre influencednot only by CAR-antigen interaction but also the
type of target cell andts growth patterns (Jurkat cells grow in suspension whilst D425
cells are partially adherent) CAR proliferation also differs significantly between
Jur kat . andBXR3).2| Lcelgfe@arh construct mirroring the cytokine
release data The observed reduction in cytotoxicity, cytokine release, and
proliferation of the IL13YR CAR constructs may be due to decreased CAR expression
on the T-cell surface or suboptimal CAR design. Mever, further experimentation is

requiredto determine the exact cause, anslbeyond the scope of this PhD.

A critical limitation identified in the long-term repeat stimulation assaywas the
difficulty in detecting CAR+ T-cells following multiple stimulation rounds. Data
presented inFigure3.15a/b highlights this issue showinga large discrepancy between
the total number of Tcells and CAR+ Tcells detected following the fourth and
seventh stimulationsFurthermore, all constructs achieve over 90% cytotoxicityand
comparabldNFAlevelsagainst) u r k a t . dells bIRWRrg the fourth stimulation,
however barely any IL13YR.BBz CAR+ cells were detectddhis discrepancy could
potentially arise due to a varying rate of CAR cyclingsupported by higher
IL13YR.BBz CAR expressioand detection againsD 4 2 5 . | Lcéll8 derdpre to
Jur k at . dellslABeRa&tigely, there is a possibility that theantibody used to
directly stain for the IL13CARs was subopnhal or interference arose from
competition for bindingtheIL-1 3 mut ei n bet ween the anti b
cells Future experiments should address this inability to deteCAR anddetermine

whether it is an antibody issue or potential CAR downregulation

3.4.4 Conclusions from Chapter 3.

Overall, the IL13KR.28z CARis the best candidate for genetic modificatioras ithas
the highestT-cell surfaceexpressioncytotoxic activity, cytokine release, proliferative
capacity, andlargest proportion ofcells expressing markers associated witkhauston

in T-cells. Reversing tle exhausted phenotype angromoting a more sternlike
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phenotypein the IL13KR.28z CARsn vitro would be sufficient evidence tqroceed

with the modified CAR in /n vivo studies.
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4 Development of a viral vector system for TCF1,
LEF1, anda-catenin overexpression.

4.1 Introduction

Since the first successful human gene therapy led by F. Andersgma/.in 1992, he
developmentand useof viral systems for gene delivery has revolutiossd the field of
genetic engineeringgespeciallyin the context of therapeutic applicationsAmong the
various viral vectors available, lentiviral vectors have emerged as the preferred
method for stable gene transfer into fcell$1s. In 2023, there were 230 clinical trials

for CAR T-cell therapy with majority using lentiviral based gene delivery methotis

Lentiviral vectors are characterised by three main components, each with unique
considerations which influence their design and subsequent strengths and
weaknesses. The first is the transgene of interest, which needs to be expressed by the
infected cell toproduce a specific effect. Second is the protein envelope (capsid) which
encapsulates the genetic payload, determines antigen recognition, and influences cell
tropism. Third is the regulatory cassette, made up of the promoter, enhancer, and
other auxiliary elements which regulate the transcription, translation, and stability of

the transgené's.

Use of lentiviral vectors for the expression of constructs used in this thesis offers
safety, stability, reproducibility, and flexibility over gammaretroviruses, and a
packaging capacity of up to 9Kb. This ability to accommodate larger constructs or
multi ple constructs should enable the addition of transcription factors aisto the
CAR construct. However, large insert sizes can impact the viral packaging efficiency
and in turn negatively affect transduction efficiency and the expression of target
genesVSV-G (glycoprotein of vesicular stomatitis virusyas the chosen envelope for
all constructs.Despite being mildly cytotoxic, the VSWG envelope provides the
lentiviral particles with high stability and resistance to freezéhaw cycles.
Additionally, it has a broad tropism, and can infect dividing and nediving cells,

increasing transduction effiency?'’.
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This chapter explores the development and optimization of lentiviral vectors for the
co-expression of transcription factors and CAR constructs incéElls, specifically

focusing on maintaining the expression of CAR on the surfaceletells.

4.2 Aims

1. Find the optimal viral system to incorporateT CF 1 , L E-Batenin o r
(transcription factor) expression in CAR Jcells.
2. Maintain CAR expression on the surface ofdells when overexpressinthese

transcription factors.
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4.3 Results

4.3.1 ldentifving the protein targets to overexpress to manipulatedell

Stemness.

As explored in Chapter 1.4.3, leveraging transcription factors which regulatecdll
stemness have the potential to address and overcome some of the challenges faced by
CAR T-cells in the solid TME.Using R. Lynn et al.'sresearch as a reference, |
incorporated the transcription factor ajn and its truncated form, dJun into my CAR

vector as acomparatorwith functional data available in literaturé?.

Over the past decade,TCF1 has been prominent in research focused on
reprogramming TFcell states and memory. TCGE expression is associated witfscm
and Tex cell fates and serves as a master regulator of memory function, operating

downstream of the canonical Wnt signalling pathwayas shown inFigure 1.6'89218.219

Given the aim of this thesisto enhance Fcell stemness, targeting components of the
wnt signalling pathway was an appropriate starting point. Thereforgranscription
factors TCF1 and LEF1, along with the upstream ceactivator a-catenin where
chosen for overexpressioalongside expression of thé13KR.28zCAR construct.For
clarity throughout this thesis, the overexpressed proteins (cJun, dcJun, TCF1, LEF1,
a n dcatanin) will collectively be referred to as transcription factors (TFAlthough
a-catenindoes not directly bind DNA, itis classifiedas a TRn this context dueto its

role as part otranscription regulation complex

In total, seven constructs were evaluated for comparison against IL13KR.28z in the
first instance. These included five plasmids with a single protein expressed
downstream of the CAR in one vector , and two plasmids with either TaFor LEF

1 a ncdtenid downstream of theCAR, asdepicted in Figure 4.1. As a-catenin
functions as a ceactivator of these transcription factors, it would be intriguing to
compare the dual overexpressing construct against the CARcells individually

overexpressing TCH or LEF1.

136



4.3.2 Cloning the transcription factors and CAR construct into a singular

vector plasmid

3k %% “cpog cpag

LiskR % ‘cozs  cosg  Tea cJun
kR e cozs  cosy  T2A dcJun
IL13KR ffr“ﬁ cD28  cD3z  T2A TCF7

ILskR 2% “cpgs | o3y T2a p-Catenin
LR (TG Co2  comp  TA TeF7 E2A B-Caterin
W3R [ D28 cosy T2 LEF1 E2A B-Catenin

Figure 4.1. Linear schematic presenting the CAR constructs under investigation.

All genetic modifications were cloned into the original IL13KR.28z backbone using mol
cloning techniqu&8 HT M i s CD8 U -20HiCD28 andno actis2@I03 7 CD3 ¢
amino acids 854;TCF7 amino acid884; LEF1 amino acikbs 4 9catenfm amino acids 1

788 H hinge; TM transmembrane domalia2A28elfcleaving 2A peptide.

Gene sequences for each construct were obtained from Uniprot, codon optimised and
generated as a Gerdock from IDT. Each construct was cloned into the IL13KR.28z
CAR plasmid backbone using HiFi cloning as detailedMethods2.3 Table4.1 shows

the increase in base pair numbers for each plasmid following addition of the gene
blocks. Following successful cloning and sequence verification using sanger
sequencing,HEK293T cells were used to generate lentivirus for each plasmid, as

detailedMethod<2.5.3
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Table4.1. Table showing the number of base pairs added to the IL13KR28z backbone

for each overexpression construct.

Construct Increase in base pair (bp)

PGK-KR-cJun +1071 bp
PGK-KR-dcJun +771 bp

PGK-KR-TCF1 +1230 bp
PGK-KR-LEF1 +1275 bp
PGK-KR-BCAT +2427 bp
PGK-KR-TCF1-BCAT +3657 bp
PGK-KR-LEF:BCAT +3702 bp

4.3.2.1 Lentiviral titration and test transductions.

The lentivirus generated from transiently transfectinglEK293Tcells was titrated on
HEK293T cells using the methods detailed inMethods2.5.3 and transduction

efficiency determined by flow cytometry.

Near-IR - live/dead

SSC-A
SSC-H
SSC-A

FSC-A FSC-A FSC-A IL13-PE

Figure 4.2. Gating strategy for virus titration and transduction efficiency.

Pseudocolour flow plots depicting the sjedtegyapplied to determine the percentage
transduction efficiency for viral titration and transduction effécsiEntSingle cells; Live
cells; IL13 PositivBBCA T side scatter area; FA&T forward scatter area; Near nRar
infrared live dead dye. A minimum of 5000 liveezreeses for each anays

Viral titre was assessed using the atitil3 antibody to directly stain for the CAR, as

outlined in the gating strategy. The expression of transcription factors was not

138



evaluated for 2 reasons. First, because titration was conducted on an immortalized cell
line, the protein levels were likely higher than normal, not reflecting true expression
from the transfected construct. Second, intracellular staining was neither preat nor
costeffective. Since the constructs were designed with the CAR upstream of the
transcription factors, separated by a salfeaving 2A peptide, | assumed equimolar
expression of the transcription factors, as they are translated from a single taps

Therefore, detecting CAR expression alone was sufficient to determine viral titre.
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KR.28z CJUN dCJUN TCF1 BCAT LEF1 BCAT BCAT
CAR CAR CAR CAR CAR
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Neat LV
CAR CAR CAR CAR CAR CAR CAR CAR
12.5uL
CAR CAR CAR CAR
544 825 B4t Y-S S—
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CAR CAR
0.39 pL

FSC-H

e T

>

IL13 PE

Viral Titre (IU/mL)

3.85X10°7

4X10"7

3.08X10"7

2.02X10"7

2.25X10"7

2.25X10"7

Figure 4.3. Evaluation of lentiviral transduction efficiency in HEK293T cells using flowcytometry.

1.14X10"7

8.14X10"6
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Following virus generatitialK293Tells were plated at 3icklls in a 24ell plate and
incubated with J0®f serially diluted virus accordigus.3b. Following incubation for 72

hours, thelEK293€ells were assayed for transduction efficiency through detection of IL13 us
the antiL13 antibody using flow cytometry. Equimolar expression of the CAR and transcri
factors was assumed through use of ttleasetig 2A peptides. Resultantqusdodr flow

plots illustrate transduction efficiency of lentiiki@ @Bicells at the respective viral dilutions

for the 8 CARCEIl constructandthe associated viral titre obtained faheaahin the table

as infectious units per Ailconditions were set up in duplicate with average values calculate

for each.

Viral titres for each construct were calculated using the equation:

Viral titre (IU/mL) = (number of cells plated x (%transduction efficiency/100)) /

(vector volume (mL))

All titres from the initial virus generation were acceptable, except for the PGKR-
LERBCAT constructi at 8.14p 1 IU/mL i which was similar to titres typically

obtained when generating gammeetrovirus.

The next step was to evaluate if the virus generated could transdueeells. Two
donor PBMCs were activated and transduced with the titrated lentivirus at an MOI

of 20.
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Figure 4.4. Low transduction rates for titrated virus on PBMCs.

PBMCs were isolated from two healthy donors and activateddviRikA_for-a8urs prior

to transduction with titrated lentivirus at MOI 20. Follotwng ac@fbation, the CAR
expression on the surface of¢b#siwas determined througlingtaising adtil3 antibody.
Resultant pseudocolour flow plots show the transduction efficiencies for each CAR construc
donors including the-transduced control cells.-AS@rward side scatterj @bnor 1; D2

T donor 2.

Poor transduction efficiencies across two donors are suggestive of an overestimated
viral titre. This is further supported by the low transduction rates for the original
IL13KR.28z construct, at 35% and 43% compared to an average of over 6(Bigure

3.11b across six donors transduced at an MOI of 20.
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Additionally, there is a discrepancy in the transduction efficiencies for the CAR
constructs expressing TGE, LEF1  a ncdtenia across two donors, despite almost
similar viral titres shown in Figure 4.3. Even if the viral titres are disregarded, the
pseudocolour flow plotsfrom that figure show similar transduction efficiencies at
each dilution point for PGKKR-TCF, PGKKR-LEF, and PGKKR-BCAT constructs.
This implies that aside from an overestimated viral titre, ther@re potential issues
with the production or expression of these constructs in PBMCs. Two hypotheses are:
inefficient cleavage between the CAR and transcription factor pesanslation,
reducing CAR expression on the PBMC surface, or inefficient viral packagaighe
plasmids, not evident in titration, asHEK233T cells are easier to transduce than

PBMCs.

The initial step was to address the overestimation of viral titre by generating more
virus, concentrating it, and using this to transduce PBMCs. A cedtective and
efficient method to concentrate virus is using the LenX concentrator (Takara
BioSciencg, as detailed inMethods2.5.3.3 The newly generated virus was initially

concentrated tenfold.

As lentivirus can be frozen, | activated PBMCs and transduced them with both
unconcentrated lentivirus (1.5mLviral volume) and tenfold concentrated virus at an
MOI of 30 (determined by the viral titres shown inFigure 4.5b) to ensure comparable

conditions and no donor variability affecting the transduction efficiencies obtained.
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Figure 4.5. Poor transduction efficiency in PBMCs using neat virus compared to

concentrated virus.

A new batch of lentivirus was generated using loweHp&2a®jEells, with some virus

either stored neat or concentrated tenfold usihg leotin c ent r at or ( Takar
PBMCs were isolated and activated2natid PHA for-48urs prior to transduction with 1.5mL
neat lentivirus (a) or concedttatgivirus at MOI 30 (b). Followingauihcubation, CAR
expression on the surface oftb#siwas determined through staining udiriBanttibody.
Representative pseudocdlow plots showing the expression of CAR on the surface of the

transduced PBMCs, using neat lentivirus (a) or concentrated virus (b).

The increase in Tcell transduction efficiency observed when using concentrated

virus (Figure 4.5b) compared to neat virus confirms the initial viral titration
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performed in Figure 4.3 was an overestimation. Further evidence comes from the
concentrated viral titres which are similar to the initial titres despite a tenfold

concentration.

Although there was an overall increase in CAR expression when using the
concentrated virus, most constructs showedinacceptably low transduction
efficiencies.Neverthelesssome CAR expression was observed in the R&R-LEF1,
PGK-KR-TCFL1BCAT, and PGKKR-LEFL1BCAT constructs, suggesting that further
concentration of the virusmay enhance these results. Therefore, a final round of

twenty-fold virus concentration was conducted.

2x10° m BN PGK-KR

_1.25x10°9 BN PGK-KR-CJUN

E BN PGK-KR-dCJUN

£ s5x108 -

> . — I PGK-KR-TCF1

= 15x10

o 7 B PGK-KR-LEF1

% 1x108 BN PGK-KR-BCAT

S BN PGK-KR-TCF1-BCAT
5x107 H H BN PGK-KR-LEF1-BCAT

0 = Inw

x10 concentration x20 concentration

Figure 4.6. Graphical representation of viral titre following two independent rounds

of concentration.

Lentivirus waenerated and concentrated as detailed in2VethGdaphical representation
of the viral titre for each construct followold & twerkyld concentratioging LerX
concentratér. All viral titres were obtained from an average of duplicaté treedidigsed
293T cells.

Unfortunately, increasing the virus concentration from tento twenty-fold did not
improve the viral titre for the PGK-KR-TCFLBCAT, and PGKKR-LEFX:BCAT
plasmids. This indicates that inefficient viral packaging is most likely affecting the
neat titre, prabably due to the larger size of the transfer vector, as reflected by the
increase in base pairs as shownTiable4.1. The same could also be said, to a lesser

degree, for the pl asmi dcateremalpne.eAs suchndgetol CF 1
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lower titres and transduction efficiencies, there was not enough concentrated virus
for constructs expressing LEF1, BCAT, TCBCAT and LEFABCAT to transduce

three biological donorsat an MOI of 40 for functional analysis.

The four constructs with the highest viral titre from the twentyfold concentrated
virus batch were used to transduce three independent biological donors at an MOI of
30 to determine if they could express the IL13KR.28z CAR and be utilized in a

functional assay to assess any effects from adding the transcription factors.

a)
_ | PGK-KR-CJUN || PGK-KR-dCJUN | | PGK-KR-TCF1 | PGK-KR.282
‘52_’_‘ . 519_'_—
Donor1
Donor 2
:IE ..A .. 4 g Donor 3
(O} I d | " -
wn e e
IL13 PE
*
b) * %

> 80 X

g - = PGK-KR.28z

3 6 B PGK-KR-CJUN

& @8 PGK-KR-dCJUN

S 40 . = PGK-KR-TCF1

o

el

2 20

s

-

=0 —

Constructs

Figure 4.7. Transduction efficiency across three donors using concentrated

lentivirus.
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Pseudocolour flow plots (a) and graphical representation (b) of the relative CAR express
three independdmologicalonors following transduction with concentrated lentivirus (x20) at &
MOI of 40. FS€T Forward scatter height; N=3. Error bars represent standard deviatio
Significance was determined by Broms yt he and Wel ch ANOVA

compasions between constructs; *pOO0. 05, **p

The twenty-fold concentrated virus achieved the highest transduction efficiency on
PBMCs for the four constructs irFigure 4.7a. Interestingly, while the transduction
efficiencies for KR28z and both cJun constructs were consistent across three donors,
PGK-KR-TCF1 was significantly lower(Figure 4.7b). Additionally, examining the
median fluorescence intensity (MFI) of CAR expression on theaXis Figure 4.7a),
PGK-KR-TCF1 cells exhibited an MFI expression level almost a log lower than the
other constructs. This indicates that -Eells overexpressing TGE have fewer CAR

molecules on their surface compared to those overexpressing cJun and dcJun.

Overall, this dataindicates poorexpression ofL13KR.28z CARon T-cellstransdued
with the KR.TCFL1 virus. This could be attributed toseveral factors including,
inefficient viral packaging due to the large construct size, or reduced protein stability
resulting from suboptimalcleavage of the 2A skip sequencer the potential impact

of TCFloverexpressioron cell viability leading tothe survival ofonly cells with low-
copy insertiors and correspondinglylow CAR expression levelsNevertheless, the
transduction efficiency of allfour constructs was sufficient for functional experiments

against | L13RU2 expressing Jurkat and D4;

Prior to initiating large scale functional assay#, was essential to validate that the

CAR T-cells overexpressing transcription factors retained their cytotoxic capacity
against | L13RU2 e x p-hoarpaiodragd intaaepegtestimsilationv e r
setup. Therefore, a 24hour cytotoxicity assaywas setummgai nst Jur kat . | |
D425. 1 L13RU2 cells at 1: 1, 1:5 and 1:10
assay are the same clones as those usdeignre39, expressing | L13R!
luciferase. A luciferasébased assay was used to measure cytotoxicity as detailed in

Methods2.5.6.2.1
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Figure48.Si gni fi cant CAR cytotoxicity against

A 24hour ceulture was set up using 3 donors expressing four different CARiganstructs (
4.7) against Jurkat and D425 IPL8Rpressing target cells at 1:1, 1:5 and 1:10 Effector : Targe
ratios. Cytotoxicity was measured by detecting luminescence from the luciferase positive
cells compared to target cell only control wells. All conditions were run in triplidetes N=3. E
represent standard deviation; Significance was determingddya twoN OV A wi t h
mul tiple comparisons between constructs;
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Al l CAR constructs displayed subopti mal |
lower E:T ratios, with the unmodified PGKKR-28z achieving an average of 50%
cytotoxicity at a 1:1 E:T ratio. Interestingly, this killing percentage is lower than that
obsened at a 1:1 E:T with PBMCs transduced with unconcentrated virus, as shown in
Figure 3.12. With further scrutiny, a marked decrease in the MFI of CAR expression

was noted when using the concentrated virus compared to the unconcentrated virus,

as shown inFigure4.7 andFigure3.11, respectively. Notably, this reduction in surface

CAR expression did not I mpair CAR <cyt ot
achieving significant killing across all constructs and E:T ratios except for the RGK

KR-TCF1 construct at 1:10 E:T.

Two observationscan be drawn from this experiment. Firstlylower CAR MFI is
associated with reduced cytotoxicitypotentially due to reduced avidityhowever this

is not causal proofMoreover, there is no apparent association between cJunT@F1
expression andCAR cytotoxicity following 24-hours.SecondlyJ ur kat . | L1 3 RU:
are more susceptible to killing than D4
interactions with the CAR, as Jurkatells are in suspension while D425 cells are

partially adherent(reducing thesurface area for interaction betweeGAR and target)

For longterm cytotoxic analysis, a repeat stimulation assay was getas shown in

Figure4.9a, with cytotoxicity readouts following the fourth and seventh stimulations.
Additionally, cytokine readouts were performed following the fourth and seventh
stimulation to assess any differences in CAR signalling iac@&lls overexpressing

transcription fadors compared to the control PGKKR-28z CAR.
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Figure 4.9. Transcription factor expressing CAR cytotoxicity and cytokine release

following repeat stimulation.

Linear schematic (a) depicting a repeat stimulation experiment at 1:1 E:T ratio was with luci
based cytotoxicity readouts (b) and IL2 [S)F&(d) cytokine analyses following 4 and 7

stimulations with ILIBRxpressing target cell lines. All samples were run in duplicate. N=3. Er
bars represent standard deviation; Significance was determimed lyy atwwdl OV A wi t h

mul tiple comparisons between conmnlstruct s;

The CAR T-cellsused for the repeat stimulation experiment were derived from the
same batch as those used in the-Bdur cytotoxicity assay above. Notably, these CAR
T-cell s exhibited an enhanced performance
stimulation setup compared to the 24hour assay, achieving an average of 70%

cytotoxicity across all constructs following the fourth stimulation, as shown Fgure
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