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Abstract

In the two decades since their discovery, T helper type 17 (Th17) cells have become widely
accepted as key immune sentinels at mucosal barriers such as the gut. During homeostasis,
they play an important role in protecting against microbial translocation by strengthening
the epithelial cell layer present within these niches and by enhancing the production of
antimicrobial peptides. These environments can be highly dynamic and Th17 cells have
evolved to display functional plasticity, rapidly upregulating a number of inflammatory

programmes in response to physiological or immunological stimuli.

However, aberrant activation of these inflammatory programmes has the capacity to drive a
number of pathological processes, including the initiation and development of colorectal
cancer (CRC). Despite an abundance of literature suggesting that Th17 cells are deleterious
in CRC, accumulating evidence has implied that some Th17 populations may serve a more
protective role. One reason for these seemingly antithetical functions may be due to the

transcriptional heterogeneity which Th17 cells display.

In this thesis, we first explore the extent of this heterogeneity in human CRC using a variety
of computational techniques before validating our findings ex vivo using patient resections.
We describe a population of CD69* CD103* Th17 cells that are enriched in the tumours of
some patients. We speculate that this population, which we term Th17 resident memory
(Th17RM) cells due to their enrichment with several tissue resident memory T cell markers,
develop from a pool of homeostatic Th17 cells in the presence of inflammatory cytokines such
as IFN-y, TNF-o, TGF-B1 and IL-18 derived from tumour associated macrophages. Th17RM

cells are clonally expanded and exhibit gene programmes that suggest they proliferate in



response to antigen within the tumour microenvironment. Tumours that are enriched with
Th17RM-associated genes correlate with improved prognosis in patients with colon
adenocarcinoma and this protection is similarly observed in those with melanoma. However,
such protection is not afforded to patients with rectal adenocarcinoma, lung or breast
carcinomas. Th17RM cells are enriched with cytotoxic molecules such as granzyme A,
granzyme B, IFN-y and TNF-a and can be found embedded within the tumour epithelium,

suggesting that this protection might at least partially be mediated by direct cytotoxicity.



Declaration of authorship

We utilised single cell RNA-sequencing datasets uploaded to the Gene Expression Omnibus
repository under the accession codes GSE108989 and GSE146771 that were sequenced by
the laboratories of Zemin Zhang and Xin Yu, respectively’?. To investigate intercellular
communication networks, we used a publicly available spatial transcriptomics dataset

curated by the Gao laboratory?3.

The writing of this thesis, including analysis of the above single cell RNA-sequencing and

spatial transcriptomics datasets and generation of data presented hereon is solely my own.



Acknowledgements

I would first like to thank Cancer Research UK and to all those who have ever contributed to
or supported the charity. I would not have had the opportunity to dedicate time to and work
on something that I am completely fascinated by without their generosity. This research
would also not be possible without the patients who so altruistically donated tissue whilst
going through, what I can only imagine to be, one of the most challenging periods of their
lives. I hope that this research may one day play a part in something tangible for those who

are living with, or will live with, cancer.

Next, I would like to thank Prof Dame Fiona Powrie for taking a gamble and allowing me to
work in your team. You have taught me, challenged me and allowed me access to one of the
greatest minds in science. You advocated for and trusted me to represent your lab in Boston
and in Lisbon and for that I am humbled. Thank you for your mentorship and for hosting

some of the most legendary Christmas parties!

To my supervisor Prof Holm Uhlig and my Confirmation of Status examiners Prof Audrey
Gérard and Prof Simon Leedham, thank you for your intellectual guidance and help to shape
this narrative. I would also like to thank Prof Wendy Garrett, Dr Jodi Hirschman and all others

in OPTIMISTICC for allowing me to be part of their team.

To Marisa Cabrita, Meg Perry, Yukari Kimura, James Chivenga, Shana-Lee Bownes and Jon
Memish in the TGU Biobank, thank you for the many late nights spent collecting samples for
me and for the many early mornings collecting even more samples! You all do an incredible

job. I would also like to thank Prof Simon Buczacki for such a generous collaboration.

To Dr Catherine Swales, I will be forever grateful for your encouragement and support. Your
vision and drive pioneered this Oxford MB DPhil programme and the countless hours you
have dedicated to making sure that we felt looked after throughout these four years has been
immense. Thank you for your patience and your kindness, especially when having to sit

through some of my incredibly dubious tutorial answers!



To Dr Michael Youdell, Kea Hinsley, Emily Annear and all those in the Oxford Cancer network,
you have made it an absolute pleasure being part of this programme and your support has

been nothing short of monumental throughout.

Within the Kennedy Institute, I would like to acknowledge the hard work and mentorship of
Jon Webber, who helped me to learn flow cytometry and FACS, and Dr Carl Lee whose magic
at the CellDIVE certainly earns him the title of ‘the chosen one'. Thank you to Emma Carter-

Biggs and to all the others who keep the Kennedy standing upright on a daily basis!

Within the Powrie lab, I would certainly not have made it this far without Dr Claire Pearson.
Thank you to Juan Arroyo too, without whom the lab would probably be in a meltdown! I am
enormously thankful to all the current and former members of the group who have so
generously offered their time to help me develop my work and for creating such an enjoyable
and collaborative working environment. In particular, I would like to thank Dr Elizabeth Mann,
Dr Raphael Sanches Peres, Dr Xinyue Li, Dr Dehui Chang and Dr Kelsey Jones for their time
and expert advice. I will always be indebted to Dr Rebecca Jeffery for giving me the rare
opportunity to mention Elton John and £. coliin the same sentence in front of thousands of

people and for organising an experience I will never forget.

To Dr Sam Watson and Dr Lucy Reynolds who have very much been on this journey with me,
despite never signing up for such levels of second-hand stress. Thank you for feeding me,

watering me and for letting me write in front of the best view in the whole of Liverpool.

To Daniel Luo, Alex Thompson, Matty Johnson, Miles Clark, thank you for creating my happiest
memories at Oxford. To Felix Gallagher, your steadfast support has not gone unnoticed and
am incredibly fortunate to have you as a friend. To Owen Lawton, Sophie Lawrence and Nick
Limin the ¥ Guido's Gossip Chat @ gang, you are legends of the game. Thank you
for roasting me, for finding completely (?)legal ways to stream our favourite TV show and for
never being scared to tell me that my colour palettes are ‘icky’. Thank you especially to Nick

for being so patient with my skills in RStudio and for helping me discover stackoverflow.com.



To the one and only soon-to-be Dr Alex Grannell, I am blessed that our paths have crossed
and your passion and talent motivates me on a daily basis. Never before has someone made

me lose so much water from my eyes - let's replace it with a pint soon.

I would like to specially mention my mentors and friends Dr Alina Janney, Dr Alice Bertocchi
and Dr Mathilde Pohin - you are all inspirations beyond what you can imagine. Alina, I am
lucky to have been touched by your fierce intellect and heartfelt support. I hope someone
continues to leave skin-resident CD8* T cell papers on your desk in the future (if not, I'll post
some). Alice - your scientific curiosity, astonishing intelligence and wonderful kindness has
made sitting next to you these past few years an absolute joy. I am unable to truly express
how grateful to you I am, Mathilde, for adopting me as a student whilst supervising half the
Kennedy and alongside conducting your own staggeringly high quality research. There is not

enough fine wine in France to offer you as a gift of my gratitude.

To Terry, Andrea and Niamh, you have been a second family whilst I've been in Oxford. Thank

you for all your endless hospitality and generosity.

I would not have made it through these four years without the incredible support of you,
Immy. Your selfless warmth and wonderful humour has been a constant source of comfort
during the most challenging times and I am so very lucky to have you in my life. Thank you
for every laugh, hug and word of positivity that has kept me going these past few years. I'll

make you some tortellini for putting you through this!

To my siblings, Aiden, Caitlin and Rosie, your individual successes are remarkable and you

are a source of continuous inspiration.

Lastly, I would like to save my final acknowledgement for my parents, Karen and Ki, without
whom I would not be where I am today. I am so fortunate to have received such dedication,
sacrifice and unwavering encouragement from them throughout my life. Knowing that they
are only a phone call away is such a privilege and their unabating support has got me through

the most difficult periods.



Table of contents

ADSTFACE ...t 2
Declaration of @UthOrSRIP......coeeiriiiie ettt 4
ACKNOWIEAGEMENTS ...ttt sttt ettt ettt ettt se s b s b et b et e e e e e e eneene 5
Table Of CONLENTS ..o 8
LISt Of fIQUIES ..ttt sttt ettt b e s b s b st e st et e e e e enee st enesaens 15
LISt Of tADIES ... 19
List Of @bDreViations .......c.ccciviiiiiniiii e 20
Chapter 1:  INTrOAUCEION c..uiiiiieiecee e 25
1.1 The aetiology of colorectal CaNCer.......cocivveivicncc e 25
1.1.1  Epidemiology and risk factors .........ccoeeveirerncninerneeereeeeeeee e 25
1.1.2  Tumourigenesis and cancer developmeNnt........cccocvvereeniincrenenneeeeeeeeeeeee 27
1.1.3  Classification systems in colorectal CanCer ........coccoveveererincreneineeeeeee 28
1.1.4  Patient management and current treatment strategies..........ccecvevererreneenennn 29

1.2 The human innate iIMMUNE SYSEEM ......coiriririieeieee e 30
1.3 The human adaptive immuNe SYSTEM ......ccccvviereinerreeeeeee e 32
131 B CRIIS e 33
1.3.2 Bridging the innate and adaptive immune SyStems..........cccoecevecnerenenneneeenenne 34

1.4 T CRIIS e 35
1.4.1 T cell deVelOPMENT .....coiieeeee ettt sttt sae s 35



S I o= | =Tt V7= 1 o o [P PRRRRRR 37

1.4.3  An early dualistic paradigm for T cell immunity......cccoceoeveineineinerncreeeeen 39
1.4.4  An expanding family of T CellS ..o 40
1.4.5 T cells can exhibit polyfunctionality ......c..coceeererenenienieiinrneeeeeeeeeeeeans 41
1.5 TRTTZ CIIS e 42
1.5.1  The role of Th17 cells during homMeostasis .........cccevvevirireneneneneniereeeeeeeeeane 43
1.5.2  Induction and maintenance of Th17 CellS......c.ccovivrinriniineneneeeeeee 45
1.6 Th17 cell heterogeneity in CANCEN ......cccviiveienecrcee e 47
1.6.1  Microbial perturbations and Th17 cell phenotype.......ccccevereneneneneninencnenens 47
1.6.2  Tumour microenvironment-induced heterogeneity ........cccocevceverenenenerrenenennens 48
1.7 The role of Th17 cells in cancer iMmMUNITY.....coccoovevieririnnneeseeeeee e 49
1.7.1  Th17 cells can shape the tumour cell landscape........c.ccccoevverenecnerenenneneeenn 49
1.7.2  Th17 cells can directly promote cancer progression ......c..coceeceeeeereeerrenerreneenennene 49
1.7.3  Th17 cells can directly protect against CANCEr .......cccoeveerirereeneereeeeeeeeeeee 51
1.8 T COII MEBMIONY ..ttt ettt ettt a et et sesae b ne 52
1.8.1  The family of MemMOry T CellS ..o 52
1.8.2  Memory T cells in tumOoUr IMMUNITY.....cocceviiiniirireeeeeeeee e 54
1.8.3  ThESIS @IMS..ciiiiiiiiiiiic e 56
Chapter 2: Exploring Th17 cell heterogeneity in human colorectal cancer....................... 57
2.1 INErOAUCLION ... e 57



2.3 RESUILS ettt ettt e st eessaae e e ssabeeessasstesssasreesssnsaeessnseeessnrreesssnrreessnrees 59

2.3.1  Utilising scRNA-seq to identify Th17 cells in human CRC........cccccecveinecencnennencns 59

2.3.2 Transcriptionally distinct Th17 cell populations exist in human colorectal cancer

70
2.3.3 Apan-Th17 surface marker remains elusiVe ..........cccoeveinienieneincreereeeees 76
2.3.4 Each Th17 population is spatially enriched..........cccccoeveiniininincnereeeens 80
2.3.5 Each Th17 population can be identified ex vivoin CRC patients........c.cccceeuenenc. 82

2.3.6 Each Th17 cell may highlight a single moment in a continuum of adaptations 86

2.4 DISCUSSION ..ttt 92
2.4.1  Why are unifying Th17 markers S0 elUSiVe?........ccccccvevirinreneenieneeneeneeenenens 92
2.4.2 Theimportance of RORyt* FoxP3* Th17 cells in the tumour........cccocccvecneennenen. 94

2.43 What phenotype, or phenotypes, best capture the earliest timepoint in the

evolution Of TRT7 CelIS? ..o 95
244 Do Th17CM cells represent @ Th17 re€SErvoir? .....cccceeveeenerereeneeeneeneerreeenenens 98

2.5 CONCIUSIONS ettt 99
Chapter 3: Investigating the tumour niches in which Th17RM cells reside in ................ 101
3.1 INEFOAUCLION .. 101
3.2 AMIS o 103
33 RESUILS ..ot 103

10



3.3.1 Using cellular deconvolution to explore the immune landscape of colon

AdenoCarcinOMa PALIENTS ...ccceiviriirierierieieee ettt sbe sttt et bbb seneen 103

3.3.2 Curating Th17EM and Th17RM cell gene signatures.........cccceceeeveverenenerennenne. 105

3.3.3 Th17EM and Th17RM cells might feature as part of different tumour immune

FESPONSES ...ttt et et et e st e st e st e st e s be e bt e s st e s aeesse e e e e s b e s be e st e s st e sme e st e e s e s b e e reeaneesaeesneeeanean 109
3.3.4 Identification of Th17 cells in a cell type replete scRNA-seq dataset ................ 113
3.3.5 Th17RM cells are driven by a highly inflammatory tumour milieu.................... 122

3.3.6 Inflammatory, tumour-residing macrophages produce the majority of Th17RM

Predicted HGanAS. ...ttt sttt ettt se bbb naens 129

3.3.7 Some putative Th17RM ligands are enriched in the tumours of Th17RMPMigh

PATIENES .ttt s s s b e e e st e s e e s e e e ane s 133

3.3.8 Th17RM intercellular interactions are difficult to observe by spatial

8= T a1 T o1 ¥o] 0 1 (ol TSP U PP UROPRUPRRROOt 136

3.3.9 Multiplex fluorescence imaging reveals that Th17RM cells co-localise CD68

CD11c inflammatory Macrophages........coevererierienienieineeeeesrese ettt sr e 143
3.3.10 Later tumour stages have a higher Th17RM score in TCGA-COAD ............... 151
3.4 DISCUSSION ..ttt 152
3.4.1 Deconvoluting the tumour immune landscape ........cccocevererereenesinienenenenienes 153
3.4.2 Elucidating the signalling networks that polarise Th17RM cells........................ 155
3.4.3 Heterogeneity in Th17RM polarising myeloid populations...........cccccccvevvruenenne. 158
3.4.4 Expanding the search for Th17RM interactions beyond the tumour ................ 159

11



3.45 Heterogeneity Within THT7RM CellS .....coovuirieviiiieiieieireeeeeeeee e 161

3.5 (@00 g [of [ To ] o 1= 162

Chapter 4: Exploring the function of Th17RM cells within the tumour microenvironment

163
4.1 INEFOAUCTION .ot 163
4.2 AIMIS ottt ettt n et n et e 164
4.3 RESUIES ... 165
4.3.1  Th17RM cells might clonally expand in response to tumour antigen............... 165
4.3.2 Th17RM cells express cytotoxic effector molecules.........ccccoevevevrvnenencnennne. 170
4.3.3 Granzyme B* Th17RM cells associate with tumour cells.......cccccocvverinenenenene. 175

4.3.4 High expression of a Th17RM signature is associated with favourable prognosis

in colon adenoCarCiNOMA.......ccciiiiiiniii e 176
4.3.5 The protective Th17RM signature extends to melanoma patients.................... 180

4.3.6 Do Th17RM cells exhibit superior tumour control compared with Th17EM cells?

183
4.4 DISCUSSION ...ttt 187
4.5 CONCIUSIONS ..ttt ettt sn s 190
Chapter 5: DISCUSSION ..ttt sttt a et e be s b s b e be s e enesnees 192
Chapter 6: Materials and MEethOAS .....cc.ccviiriririreeee e 200
6.1 MaterialsS aNd FEAGENTS ....c..cvuiveirieieieeeeet sttt sttt et b b b ees 200
6.1.7  Cell liN€S aNd CUITUIE......eeieiiiecec e 200

12



6.1.2  Antibody library (flow CytoOmMEetry)......coevevievieiiriinirireseereeeee e 200
6.1.3  Antibody library (multiplex fluorescence imaging)......cccceceeevveververervenenenennene. 202
6.2 EX VIVO METNOAOIOGY ..c.uerviriiiiiiieieeeeetsiesiere ettt ettt ees 203
6.2.1  Human subjects and ethiCS.......ccceevirireniinieienreneeeee e 203
6.2.2  Processing of NUMaN tiSSUE........ccoeiviriirieniiiiiereeeeeeeee e 203
6.2.3  Cytokine restimulation @SSAY .......cc.ceevererierierierinineeesesre ettt sse s ees 204
6.2.4  Flow cytometry, FACS and magnetic enrichment......c..cocovevevevennvenenenenennene. 204
6.2.5  CYLOTOXICILY @SSAY ..verrererieerienierieree it net ettt ettt st st b e s b et e s e e saeesmeesaeeas 205
6.3 In SiIcO METNOAOIOGY...cuuiiiieiiriieiieieeiererereet ettt sbe e 206
6.3.1T R PACKAGE lIDrary .ccceeieieieieeeeeeee ettt 206
6.3.2 scRNA-seq data quality control, pre-processing and clustering .........cccceceeunee 207
6.3.3 Gene set enrichment @nNalysis .....cocoevireriiiieieinee e 208
6.3.4 Pseudotime trajectory analySis ......cocoevererierieiirinenenesiesieneeseetet e sre e 209
6.3.5 Curating Th17EM and Th17RM cell Signatures.........coceceveveeveevernenenienenenennennes 209
6.3.6  CIBERSORTX cellular deconVolution...........ccecveveeirireninenienieeeeeeeeeeiesee e 209
6.3.7 TCGA data processing and GSVA SCOMNQG ..cc.ecueerererererenieniereeeeeeeeessessessessenees 210
6.3.8  VOICANO PIOLS..cutiriiiiieieieieee ettt sttt ettt et sb e b s s 210
6.3.9 NicheNet ligand-receptor analySiS.......coccoeverrrrenereninerereteeeeeee e 211
6.3.10 Spatial tranSCriPtOMICS.....covvieieiertereeee ettt 211
6.3.11 GENE ONTOIOGY ettt ettt st ettt et et saesbesbenaens 212

13



6.3.12 T cell cloNal @NAIYSIS.....coveieiiieieeeeeee ettt 212

6.3.13 Univariate patient survival and multivariate analysis .......cccccoeevecnennenenne. 212

6.4 In SIEUMELNOAOIOQY ..ttt sbe e 213
6.4.1  Processing and multiplexed imaging of tiSSUE.......ccccecevererierieriernenenerereenes 213
6.4.2 Cell DIVE imaging of stained tiSSUES.......ccecueviririrereririerierieteeeeeeeeeie e 214
SUPPIEMENTANY FIQUIES ..ceeeieieieteeeeetee ettt sttt sbe s b b tens 216
RETEIENCES ..ttt sn e 228

14



List of figures

Figure 1.1 | Th17 cells during homeostasis and inflammation.........c..cccoeeveinenninnnccnnne. 44
Figure 2.1 | Generating a T cell enriched scRNA-seq dataset from CRC patients................... 60

Figure 2.2 | RORCtranscripts are detected in T cells located within the blood, healthy normal

adjacent and tumour tissue of CRC PALIENTES .....c.evveireeerieirceeeneeeee e 61

Figure 2.3 | Seven distinct clusters of RORC* CD3D* T cells can be identified in scRNA-seq

AAta FrOM GSETOO8O.....ccooceeeieeeeeeeieeteesrrteeesetteessisteessssseesssssseesssssssesssssseessssssessssssesssssssessssseesssnns 65

Figure 2.5 | Removal of persistent CD8* T cell and Treg contaminants...........c.cceceevvereeennene. 69

Figure 2.6 | Differential gene expression comparing each Th17 cell population with one

F=Y g L01 1 a [=) PR 75

Figure 2.7 | Enrichment analysis for each Th17 population demonstrates alignment with

unique T cell aCtiVatioN STAtES......co it 76

Figure 2.8 | Differential gene expression comparing Th17 cell populations with other T cells

N GSETO8BI8I ...ttt 80
Figure 2.9 | Each sampled tissue location is enriched with a different Th17 population...... 82
Figure 2.10 | Gating strategy used to identify Th17 cells by flow cytometry .......ccccccevveuenneee. 84

Figure 2.11 | Th17 populations identified by scRNA-seq can be found ex vivoin CRC patients

15



Figure 2.13 | Each Th17 population is temporally regulated by transcription factors........... 91

Figure 3.1 | Deconvoluting tumour immune cell infiltrate in colon adenocarcinoma patients

......................................................................................................................................................... 105
Figure 3.2 | Curating @ Th17EM cell SIGNAtUre .....cccoevverierieieinineneseseieteeeeee e 107
Figure 3.3 | Curating @ Th17RM Cell SIgNatUre ......cceeivuenievieieirererieseeseeeteeeee e 108

Figure 3.4 | Th17EM and Th17RM cells are associated with different immune landscapes in

TCGA-COAD PATIENES ..ottt ettt sttt et et s e st s s b e e be e s e st e smeesmeesanesneeanes 113
Figure 3.5 | Identification of Th17RM-like cells in a validation cohort .........c..ccceoevrinrennencne 115
Figure 3.6 | Refining the selection of Th17RM cells in GSET146771 .....ccoceovveerevenenreneccneenens 117
Figure 3.7 | Th17 cells in GSE146771 share the same tissue enrichments..........ccccceeenenene 119
Figure 3.8 | Projecting the six gene Th17EM signature into GSE146771 .....ccceveverevevcnnenne 120
Figure 3.9 | Projecting the seven gene Th17RM signature into GSE146771 .......cccccevvenuenene 121

Figure 3.10 | Ligands, such as IL-23, IFN-y, IL-1B, TNF, IL-16, TGF-B1 and IL-18 are predicted to

drive a Th17RM transcriptional programme........c..coeeeeererienierieenenenesesreneesteee e ssesaesseeens 126

Figure 3.11 | Th17EM cells might self-regulate their phenotype more than Th17RM cells. 128

Figure 3.12 | Macrophages are the dominant producers of Th17RM cell ligands................ 133

Figure 3.13 | The expression of putative Th17RM ligands positively correlates with Th17RM

signature score in bulk RNA-seq data from colon adenocarcinoma patients .........c.cccceuec.. 135

Figure 3.15 | Identifying tissue niches in CRC patients using spatial transcriptomics......... 139

Figure 3.16 | Validating the transfer of cell type annotations from GSE146771 onto each

spatial transcriptomMics tiSSU SECLION ..c..ivuivieieieireeeetereterte ettt ettt saeeens 140

16



Figure 3.17 | There is no correlation between the tissue distribution of Th17RM cells and

myeloid cells by spatial tranSCriPtOMICS ......ccuvirireririreieiee et 143

Figure 3.18 | AFKJS-9, a monoclonal antibody against mouse and human RORyt, exhibits

intranuclear staining on FFPE slides from CRC patientsS.........cocceveverenerenienieinenenenesesieens 146

Figure 3.19 | Th17RM cells can be identified in CRC patients /17 S/itu..........cccoeeeeeeereneecnnencne 147

Figure 3.20 | Th17RM cells are found adjacent to CD68* CD11c* tumour associated

MACTOPRNAGES ...ttt ettt st ettt et e st st s b s b s b e s b et et et ent et eaeebessessensenee 150
Figure 3.21 | Higher Th17RM GSVA score associates with more developed tumours......... 152
Figure 4.1 | Gene Ontology indicates that Th17RM cells are responding to antigen .......... 166
Figure 4.2 | Th17RM cells constitute a clonally expanded population.........ccccceevrevrcnnenene 170

Figure 4.3 | Th17RM cells are transcriptomically enriched with cytotoxic effector molecules

compared with other Th17 cell POPUIAtIONS ........ccoeviriririeeeeeeeee e 172

Figure 4.4 | Tumour CD103* Th17 (Th17RM) cells produce more granzyme A, B and IL-17A

than their CD103" COUNTEIPAITS ....evuevuerieieieteieeeerese ettt ettt sttt se b b eas 174

Figure 4.5 | Putatively cytotoxic Th17RM cells are proximal to the tumour epithelium...... 176

Figure 4.6 | The Th17RM cell signature is protective in colon adenocarcinoma but not in rectal

F=Yo (=Y To Yo=Y ol 112 T0] a1 1= ISR 179

Figure 4.7 | A high Th17RM signature score is not universally protective in cancer............ 182

Figure 4.8 | CD103, CD161 and CXCR6 collectively define a population of CD4* T cells enriched

TOP RORYE o ettt ettt e et este e s e e s e st e sabeease e b e e b e e baesaaesasesasesnseenseensaensaenseesssesnseensennsenn 185

Figure 4.9 | The cytotoxicity achieved by T cells after magnetic enrichment from blood is not

FELAINEA DY FACS ...ttt ettt sttt et sb e bbbttt s b b benbe e 187

17



Figure S2.1 | Enrichment analysis for each Th17 population demonstrates specificity for each

MEMOIY T COII STALE .ttt b e sttt et b s b b s e 216

Figure S2.2 | Expression level of €D27 and SLAMF6 in each Th17 population in GSE108989

......................................................................................................................................................... 217
Figure S3.1 | Tumour immune landscapes across TCGA-COAD patients........cccccceeveveecneenene 218
Figure S3.2 | UMAP clustering of GSE146771 SCRNA-seq data .....ccccecevveveevieerrenenenenenienene 219
Figure S3.3 | Distribution of enterocytes and goblet cells by spatial transcriptomics......... 220
Figure S3.4 | Distribution of tumour Th17 CeIlS ....coovivieniiiieieirreeeeeeeee e 221
Figure S3.5 | Distribution of T cell subsets in patient T........cccccvvererinenenenenereereseeeseeenee 223
Figure S4.6 | Th17RM cells can be found within the tumour epithelium...........ccccceerenncn. 224
Figure S4.7 | CD103+ Th17 cells do not always co-express CD161 or CXCR6..........ccceeruenee 225

Figure S4.1 | Gene ontology indicates that Th17EM cells are more activated than Th17CM

Figure S4.2 | Expression level of LAMP7(CD107a) and KLRK7(NKG2D) in each Th17 population

IN GSETOBO8Y ..ottt 227

18



List of tables

Table 1.1 | Consensus molecular subtype (CMS) classification system in CRC .........ccoccceeneeens 29
Table 6.1 | Antibody library (flow CytOMEtry)......coevireriirieiieieireeeeeee e 202
Table 6.2 | Antibody library (multiplex fluorescence imaging)......c.cecevevevieveevenvenienenenennene 203
Table 6.3 | R Package lIDrary ...ttt 207

19



List of abbreviations

ACK
AID
AIRE
APC
APC
ATAC-seq
B2M
BCR
BCL-2
BSA
CAR
CCL
CCR
CD
CD40L
CDR3
CMS
CO;
CRC
CTLA-4
CXCL

CXCR

Ammonium-chloride-potassium
Activation-induced cytidine deaminase
Autoimmune regulator gene

Antigen presenting cell

Adenomatous polyposis coli gene
Assay for transposase-accessible chromatin with sequencing
Beta, microglobulin

B cell receptor

B cell ymphoma-2

Bovine serum albumin

Chimeric antigen receptor

Chemokine ligand

Chemokine receptor

Cluster of differentiation

CD40 ligand

Complementarity determining region 3
Consensus molecular subtype

Carbon dioxide

Colorectal cancer

Cytotoxic T lymphocyte associated protein-4
Chemokine ligand

Chemokine receptor

20



DC

DMSO

DNA

DNase

DTT

EAE

EDTA

FACS

FBS

FcR

FGF-2

FLT3L

FMO

FoxP3

G-CSF

GM-CSF

GO

GPR183

GSEA

H&E

HEPES

HNSCC

IBD

Dendritic cell

Dimethyl sulfoxide

Deoxyribonucleic acid

Deoxyribonuclease

1,4-Dithiothreitol

Experimental autoimmune encephalomyelitis
Ethylenediaminetetraacetic acid
Fluorescence-activated cell sorting

Foetal bovine serum

Fragment crystallisable receptor

Fibroblast growth factor 2

Feline McDouglas sarcoma (FMS)-like tyrosine kinase ligand
Fluorescence minus one

Forkhead box protein P3

Gravity

Granulocyte-colony stimulating factor

Granulocyte macrophage-colony stimulating factor
Gene ontology

G protein-coupled receptor 183

Gene set enrichment analysis

Haematoxylin and eosin
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Head and neck squamous cell carcinoma

Inflammatory bowel disease

21



ICOS
ICOSL
IFN-a
IFN-B
IFN-y
IL
ILC3
IPEX
IR
IRF4
JAML
LAG-3
MAIT
MHC
mLN
MOGss.ss5
NHS
NK
NKT
PBMC
PBS
PCA
PD-1

PFA

Inducer of co-stimulation

Inducer of co-stimulation ligand
Interferon-alpha

Interferon-beta

Interferon-gamma

Interleukin

Type 3 innate lymphoid cell
Immunodysregulation polyendocrinopathy enteropathy X-linked
Infrared

Interferon regulatory factor 4

Junctional adhesion molecule-like protein
Lymphocyte activation gene-3

Mucosal associated invariant T

Major histocompatibility complex
Mesenteric lymph node

Myelin oligodendrocyte glycoprotein zs.ss
National Health Service

Natural killer

Natural killer T

Peripheral blood mononuclear cell
Phosphate buffered saline

Principal component analysis
Programmed cell death-1

Paraformaldehyde

22



PGE;
PHA-L
PMA
RAG1
RAG2
RNA
RNA-seq
RORyt
RPMI
S1P
ST1PR1
SCA-1
SCID
SCRNA-seq
TCF-1
TCGA
TCR
Tfh
Th1
Th2
Th17
TIM-3
TNF

TNF-a

Prostaglandin E;
Phytohaemagglutinin-L

Phorbol 12-myristate 13-acetate
Recombination activating gene 1
Recombination activating gene 2
Ribonucleic acid

RNA-sequencing

Retinoic acid receptor-related orphan receptor gamma t
Roswell Park Memorial Institute
Sphingosine-1-phosphate
Sphingosine-1-phosphate receptor 1
Stem cell antigen-1

Severe combined immunodeficiency
Single cell RNA-sequencing

T cell factor-1

The Cancer Genome Atlas

T cell receptor

T follicular helper

T helper type 1

T helper type 2

T helper type 17

T cell immunoglobulin and mucin domain-3
Tumour necrosis factor

Tumour necrosis factor alpha

23



Treg
UK
UMAP
UMI
V(D))

VEGF

T regulatory

United Kingdom

Uniform manifold approximation and projection
Unique molecular identifier
Variable-diversity-joining

Vascular endothelial growth factor

Degrees Celsius

24



Chapter 1: Introduction

1.1.1 Epidemiology and risk factors

CRC, cancer of the colon or rectum, is the third most common cancer and cause of cancer-
related death in both men and women worldwide. Over 2 million new cases are reported

annually and almost 1 million deaths can be attributed to CRC per year*.

In those over 50 years of age from high-income countries, CRC incidences have remained
relatively stable which can partially be explained by the success of routine screening methods
that target this age group, namely faecal immunochemical testing in the UK. This trend has
not been seen in low- to middle-income countries and the number of new CRC cases has
instead been steadily rising. Additionally, the incidence of CRC in young, European individuals
(clinically defined as < 50 years of age) has risen rapidly in the past decade, with the strongest

increase of 7.9% per year observed in those aged between 20 and 29 years>.

Although the exact reasons for this rise remain unknown, it is plausible that a combination
of poor dietary habits, alcohol intake, low physical activity, obesity and antibiotic use drive
this phenomenon®. Exposure to these risk factors can have broad consequences; not only can
they cause genetic and epigenetic alterations in the epithelial cells that line the gut but they
can also impact the microbiota and host immune cells which reside at this interface. The risk
of developing CRC is further increased in individuals who have a family history of disease and,
accordingly, a positive family history is documented in approximately 15-20% of CRC

patients’.

25



A specific subgroup of CRC patients is made up of those affected by hereditary CRC
syndromes. Whilst this population is relatively small, accounting for 5-15% of CRC patients?,
it is important that these individuals are identified early to allow for diligent surveillance as a

significant risk of CRC-associated mortality exists.

The most common syndrome in this category is Lynch syndrome, caused by mutations in
DNA mismatch repair genes such as MLHT7 or MSHZ28. The impairment of these machineries
increases the likelihood of DNA mutations during cell division, particularly in microsatellite
DNA fragments with repetitive nucleotide sequences. Individuals with Lynch syndrome are
also predisposed to cancers of at least eight other organs: the endometrium, stomach, small

intestine, hepatobiliary system, upper urologic tract, ovary, pancreas, breast and prostate®.

The second most common syndrome is familial adenomatous polyposis (FAP), caused by
mutations in APC, a tumour suppressor gene that functions to sequester the Wnt signalling
target B-catenin'. A considerable number of patients with FAP develop large adenomas that
progress to CRC at a young age. Other far rarer hereditary syndromes include those
belonging to the hamartomatous polyposis cluster of syndromes, such as Peutz-Jeghers
syndrome (mutations in LKB7) and juvenile polyposis (mutations in SMAD4), as well as the

hereditary syndrome characterised by recessively inherited mutations in MYH ™.

Finally, chronic colitis due to IBD is another major risk factor for CRC. Encouragingly, the
number of CRC cases that arise secondary to IBD (currently about 1% of CRC cases) appears
to be falling, with the success of anti-inflammatory strategies and improved surveillance

thought to be driving this trend’.
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1.1.2 Tumourigenesis and cancer development

The environmental and genetic factors that cause CRC do so by promoting the acquisition
and accumulation of driver mutations in the epithelial cells that line the colon or rectum. The
majority of these tumours become progressively genomically unstable in a well-documented,
stepwise fashion commonly referred to as the ‘adenoma-carcinoma sequence’ that

culminates in the formation of invasive carcinoma’.

Premalignant epithelial cells usually initiate this dysplastic trajectory with inactivating
mutations in APC. The accumulation of B-catenin signals the triggering of pathological
epithelial proliferation and the development of early polyps. Next, the acquisition of
mutations in KRAS or BRAFdrive pathological activation of MAPK signalling pathways, which
further enhance cellular proliferation and survival mechanisms. Inactivation of canonical TGF-
B/SMAD tumour suppressor signalling exacerbates this failure to regulate proliferation and,
finally, loss of the critical tumour suppressor 7P53 (p53) permits outgrowth into the
adenocarcinoma stage. This sequence describes that taken by tubular and tubulovillous
adenomatous polyp lesions as they progress towards CRC and encompasses around 90% of

CRC tumours.

However, some tumours can evolve from a subset of polyps known as sessile serrated polyps.
These emerge by distinct molecular and histological events whereby dysregulated Wnt
signalling is induced via mutations in CTNNBT7 (B-catenin) and loss of MAPK signalling is
usually associated with mutated BRAF, PIK3CAand TGFBRZ. Tumours of this origin arise more
frequently on the right side of the colon (caecum, ascending and transverse colon) and

commonly display microsatellite instability with heightened aberrant CpG island DNA
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methylation, known as a CpG island methylator phenotype (CIMP). Conversely, tumours on
the left side (descending and sigmoid colon plus rectum) are more commonly microsatellite

stable and a larger proportion carry mutant ARAS.

1.1.3 Classification systems in colorectal cancer

These compounded genetic instabilities can result in somatic gene copy number alterations
(SCNA) and the acquisition of additional mutations that contribute to the remarkable tumour
heterogeneity observed between CRC patients'. This variation has translational implications
and one of the most prominent is observed in those with either proficient (pMMR) or deficient
(dMMR) mismatch repair systems. In patients that lose this regulatory machinery, the high
rate of somatic mutations can lead to an abundance of neoantigens that are capable of
eliciting tumour-specific T cell responses’. These patients have a high (~50%) response to
immune checkpoint blockade therapy, whereas those which have intact machinery have low

mutational burden and are largely unresponsive to immunotherapy'"".

Recent work has set out to delineate commonalities within this variation, which has led to the
generation of the consensus molecular subtype (CMS) classification system''® that is now
routinely used as part of the clinical categorisation of tumours. This classification system
encompasses intrinsic tumour characteristics as well as categorising immune hubs present

within each tumour niche (Table 1.1).
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CMS subtype CMS1 CMS2 CMS3 CMSs4
Pathotype MSI immune Canonical Metabolic Mesenchymal
Incidence 14% 37% 13% 23%
Molecular MSI SCNA high Mixed MSI status SCNA high

features CIMP high CIMP low
Hypermutation SCNA low
Key mutation BRAF KRAS
Immune High infiltration Metabolic Stromal rich
landscape High activation dysregulation | TGF-B activation
Angiogenesis
Prognostic Worse survival Worse relapse-
information after relapse free and overall
survival

Histological Serrated Tubular Tubular Mesenchymal

description® serrated

Anatomical Proximal colon | Distal colon & No specific Distal colon &

location?'22 rectum enrichment rectum

Table 1.1 | Consensus molecular subtype (CMS) classification system in CRC. CIMP = CpG

island methylator phenotype, MSI = microsatellite instability, SCNA = somatic gene copy

number alteration. Table adapted from Guinney et a/.'®.

1.1.4 Patient management and current treatment strategies

For patients with early stage disease, surgery remains the mainstay treatment. In those with

more progressive or metastatic disease, combined surgery with neoadjuvant chemotherapy
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is more commonly used and fluoropyrimidines, irinotecan, oxaliplatin and trifluridine
chemotherapeutic agents are most frequently used. Tumour heterogeneity can play a big
part in determining which treatments patients receive and this is especially highlighted by
the use of immunotherapies. As mentioned previously, many patients with dMMR tumours
exhibit robust responses to anti-PD-1 immunotherapy'>"’. However, these individuals make
up only a fraction of CRC patients and anti-PD-1 immunotherapy may actually heighten
patient insensitivity to conventional chemo- and radiotherapies in some individuals by

directly suppressing intrinsic PD-1 signalling in tumour cells?*.

CART cell therapies have also proved to be a revolutionary tool in the arsenal against cancer.
Whilst their use has proved enormously successful in the treatment of haematological
malignancies, comparable translational success in CRC (like many other solid tumours)
remains to be seen. The longevity of CAR T cells /n vivo remains a major limitation to their
use, as is their inability to penetrate impermeable tumours?®. Improving our understanding
about which phenotypes that the most successful CAR T cells adopt /n vivo to eradicate solid

tumours will be necessary to augment their efficacy.

Maintaining homeostasis is necessary for the survival of any organism. Infection, abnormal
or damaged cellular material pose considerable threat to this balance and organisms have
evolved intricate and elegant ways of dealing with such challenges. The human immune
system broadly comprises two major mechanisms that defend against these threats: firstly,

germline-encoded receptors activate innate immune components; secondly, antigen-specific
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receptors initiate adaptive immune responses?®. These systems are not distinct entities and

successful immune responses often rely on a complex interplay between the two.

The innate immune system acts as a first line of defence and utilises pattern recognition
receptors (PRRs) to detect potential threats. These receptors have broad specificities for
common structural motifs or patterns that can be derived from microorganisms (pathogen-
associated molecular patterns, PAMPs) or from host cell damage (damage-associated
molecular patterns, DAMPs). PAMPs are often essential for the survival of microorganisms
and thus generally have molecular structures that cannot be found in host cells. These
include lipopolysaccharide or lipoteichoic acid found in bacterial cell walls, bacterial DNA or
the fungal cell wall component B-glucan. DAMPs, such as heat shock proteins, ATP, uric acid

or calreticulin, are released by dying cells and initiate sterile inflammation?’.

Key classes of innate immune cells that express these PRRs include DCs, macrophages,
monocytes, granulocytes (neutrophils, eosinophils, basophils and mast cells) and NK cells.
Despite stemming from non-haematopoietic origins, fibroblasts, epithelial and endothelial
cells can also express PRRs and are thus considered by some to be part of the innate immune

system?8,

Toll-like receptors (TLRs) are perhaps the best known PRR, with NOD-like, RIG-I-like, AIM-2-
like and C-type lectin receptors comprising the other major receptor types?°. Upon ligation,
each aforementioned receptor initiates extensive signal transduction cascades that activate
NK-kB, AP-1, STAT3 and NFAT transcription factors which upregulate pro-inflammatory

cytokines and type I interferons?®. Several signalling pathways also promote the assembly of
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NLRP3 or AIM2 inflammasomes which induce the secretion of IL-18 and IL-18 to initiate

pyroptosis, a form of pro-inflammatory cell death*.

The induction of inflammation by innate immune cells represents an important feature in
many favourable anti-tumour immune responses. Pro-inflammatory macrophages boast
robust phagocytic activity and antigen presentation capabilities which function to both
directly eradicate tumour cells and prime components of the adaptive immune system.
Specific cell type functionalities can also be particularly advantageous. An enriched presence
of CD1¢* DCs (cDC2s) within the tumour has been mechanistically linked with greater CD4* T
cell mediated tumour rejection by enhanced cross-presentation of tumour antigens®'. As
such, many studies are focussing on manipulating the innate immune system for therapeutic

benefit32,

However, the tumour microenvironment hosts a variety of complex signalling networks and
administering exogenously generated innate immune cells, such as DCs, is not always
sufficient to recapitulate the anti-tumour immune responses seen in some studies. Some
tumours are adapted to secrete large amounts of VEGF, for example, which inhibits the
activity of FLT3L that is essential for the development and persistence of cDC2s, and indeed
other DCs*34. Thus, it is necessary to consider the broader immune landscape to most

efficiently manipulate host immunity.

The second branch of the human immune system belongs to that of adaptive immunity. In
contrast with the broad recognition specificity demonstrated by PRRs, receptors in the

adaptive system recognise precise antigens. This is owed to each adaptive receptor being
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assembled from variable and constant fragments through an imprecise, stochastic process
termed V(D)) recombination, achieved via the activity of RAG1 and RAG2 endonucleases®-¢.
This process yields an astonishingly vast number of possible receptor combinations - in the
range of 10%° - and patients with defective RAG7 or RAGZ2 can exhibit a remarkable level of

immunodeficiency®’.

There are two main cell types which express these adaptive receptors: B cells and T cells.

1.3.1 Bcells

The initiation of B cell responses requires interactions between native antigens and a BCR,
which usually takes place in secondary lymphoid organs such as lymph nodes, Peyer’s
patches or the spleen. The cells types that present antigens vary depending on the tissue,
although specialised stromal cells called follicular DCs most commonly facilitate this

process:.

Upon encounter with antigen, BCR-antigen complexes activate intracellular signalling
cascades that drive proliferation before becoming internalised and undergoing a series of
processing steps which allow B cells to function as APCs by presenting processed antigen on
MHC class II. Activated B cells then move to the interface of the B cell follicle and T cell zone
where they interact with Tfh cells via CD40/CD40L and receive activatory signals via IL-21. In
this scenario, B cells differentiate into germinal centre B cells and undergo class switching. B
cells that do not receive these signals from Tfh cells instead become plasma cells that produce

low-affinity antibody394°.
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Within germinal centres, B cells undergo rapid proliferation and somatic hypermutation.
During this process, activation-induced deaminases induce mutations into the variable
regions of immunoglobulin genes to increase diversity. At the same time, B cells must
compete for antigen and growth factors and thus increasingly specific clones survive in an
evolutionary process termed affinity selection. Finally, germinal centre B cells either
differentiate into memory plasma cells, memory B cells or repeat the process to generate B

cell clones with even greater antigen specificity*'.

1.3.2 Bridging the innate and adaptive immune systems

As mentioned previously, the most favourable immune responses in cancer often occur when
the innate and adaptive immune systems function harmoniously. One example of a beneficial
collaboration is the immunological phenomenon termed epitope-spreading. Here, tumour
antigens are first taken by professional APCs which prime neo-epitope-specific Tfh cells.
These cells then trigger the expansion and differentiation of tumour-reactive plasma cells
which further facilitates APC activation via FcR-mediated uptake of immune complexes*. This
intricate chain of events is considered desirable in cancer owing to its ability to broaden

antigen reactivity and foster multimodal tumour eradication.

As emphasised with the innate immune system, it is also important to consider the landscape
in which tumour-associated B cells function in, to better appreciate their role they play in anti-
tumour immune responses. Quantifying the absolute number of B cells present within a
given tumour has mixed associations, with prognosis depending on the tumour type*.

Contrastingly, B cells found within mature tertiary lymphoid structures are largely associated
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with favourable prognoses across a range of tumour types, including CRC, melanoma and

breast cancer*.

Research into the mechanisms that underlie T cell-mediated immunity in cancer has received
substantial interest in the past few decades and the recent success of several cancer
immunotherapies has only fuelled this further. Techniques such as scRNA-seq have led to an
unprecedented ability to dissect T cell functionality in ever more specific factions which are
beginning to become exploited by contemporary strategies such as CAR T immunotherapy.
Comprehensively understanding the factors which elicit the most beneficial T cell adaptations

will be key for the continued development of T cell based immunotherapies in cancer.

1.4.1 Tcell development

All aspirational T cells begin as precursors arising from haematopoietic stem cells residing in
the bone marrow in adults or within the foetal liver. These thymic seeding progenitors (TSPs)
migrate to the thymus where they undergo a series of maturation and differentiation
processes that ultimately dictate their fate as they transition into functional v3, ap CD4* or o

CD8* T cells.

Upon entering the thymus, TSPs receive a wave of Notch signals from cortical epithelial cells
which drives the upregulation of TCF-1 (7CF7), GATA-3 and Bcl11b**/. Together, these
transcription factors initiate thymopoiesis by suppressing differentiation programmes
associated with B cells, myeloid cells or innate immune cells, enforcing the commitment of

TSPs towards the T cell lineage**>'. Next, these committed TSPs, which are double negative
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for CD4 and CD8 (DN), make their second major fate decision by rearranging TCRp, TCRy and
TCRS chains to continue developing as either y3 or af T cells. Although the exact mechanisms
that underlie this bifurcation in fate are not completely understood, it is thought that strong
and sustained Notch signalling drive TSPs to preferentially rearrange TCRy and TCR3 chains

and become v3 T cells®?°3,

TSPs which upregulate TCRB must pass a series of additional checkpoints before they may
become fully developed ap CD4* or CD8* single positive (SP) T cells. The first checkpoint is
termed B-selection, whereby the rearranged TCRp chain associates with an invariant pre-
TCRa chain and CD3 to create a pre-TCR signalling complex. During B-selection, these pre-
TCRs must successfully interact with peptide-MHC on thymic stromal cells before a T cell can
progress and become a double positive (DP, CD4* CD8*) T cell. Cells which pass this checkpoint
must then undergo allelic exclusion to restrict their TCRp chain clonotypes to one per cell and
replace the pre- TCRa chain with a rearranged TCRa chain to form a mature off TCR complex.
T cells which complete this second process and possess functional TCR complexes are
protected from apoptosis and undergo rapid proliferation as they develop into DP

thymocytes>*.

In the final stages of o T cell development, DP thymocytes that recognise peptide-MHC class
I or Il with a moderate affinity on cortical thymic epithelial cells (cTECs) are first spared from
apoptosis in a process termed positive selection. This process ensures that TCRs can
recognise antigens in the context of MHC molecules and therefore are ‘useful’ clones*>. DP
thymocytes which do not interact with peptide-MHC on cTECs die in a process termed ‘death
by neglect’. Positive selection also functions to determine whether DP thymocytes progress

towards the CD4* or CD8* T cell lineage as those which recognise MHC class I develop into
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CD8* thymocytes via loss of CD4 and vice versa *¢. The importance of this step was cleverly
demonstrated using ‘flip-flop’ mice, which had Cd4 genes engineered into the Cd8locus; DP
thymocytes with MHC class II-restricted TCRs were then misdirected to the CD8* T cell lineage

(and vice versa) and failed to mount effective immune responses following infection®’.

Finally, CCR4 and CCR7 on newly-generated SP thymocytes direct them into the thymic
medulla where they interact with self-antigen presented on medullary thymic epithelial cells
(MTECs), controlled by AIRE®®*9. SP thymocytes that strongly interact to peptide-MHC on
mTECSs, or any of the other self-antigen-presenting APCs present in the medulla such as DCs,
B cells or thymic mimetic cells (cells that mimic diverse extrathymic cell types), undergo clonal
deletion or become Treg cells. This process, termed negative selection, is crucial for the
removal of self-reactive T cells and prevention of autoimmunity®. The ‘useful’ and self-
tolerant T cells which successfully complete this developmental process finally follow S1P

gradients that direct them into the circulatory system.

Rarer MAIT and unconventional NKT cells are also produced in the thymus though are
generated via slightly different developmental pathways. MAIT cells express a semi-invariant
af TCR that recognise microbial-derived vitamin B metabolites presented on MR1 and are
thought to become positively selected by MR1-expressing DP cortical thymocytes®'-¢3. NKT
cells, on the other hand, recognise glycolipids presented on the ,M-associated MHC class I-

like molecule CD1d and developmentally branch off at the DP thymocyte stage®+¢®.

1.4.2 T cell activation

Once released from the thymus, naive T cells scour peripheral tissues in search for cognate

antigen presented on MHC molecules. It is the interaction between peptide-MHC complexes

37



with the TCR in the periphery that initiates the process of T cell activation and allows naive T
cells to adopt more specialised functions. However, antigen recognition alone is not sufficient
for complete activation and T cells must simultaneously receive additional co-stimulatory

signals and cytokines to adopt a complete effector profile®®.

Co-signalling in T cells can be broadly partitioned into co-stimulatory and co-inhibitory
pathways. These signalling molecules localise with the TCR-MHC-peptide complex within the
immunological synapse during interactions with APCs and function to either promote or
inhibit T cell activation and functionality. Co-stimulatory interactions between APCs and T cells
such as CD80 or CD86/CD28, ICOSL/ICOS, CD70/CD27 or CD40/CD40L, induce T cell
proliferation and survival. Conversely, co-inhibitory interactions such as CD80 or CD86/CTLA-
4, PD-L1/PD-1, or between ligands that bind to LAG-3 or TIM-3 on T cells (exact ligands remain
unknown), inhibit cell cycle machinery, promote T cell exhaustion and can trigger apoptosis®’.
Preventing these co-inhibitory interactions has proved to be a revolutionary strategy that can

re-ignite host immunity in cancer®®.

These co-signalling events can be mediated by several different cell types, although co-
signalling molecules have been best described on professional APCs, which have the ability
to capture and cross-present exogenous antigens to T cells on MHC class II. The best known
examples of which include DCs, macrophages and B cells®. The presentation of foreign
antigen via MHC class II has been more recently been described on basophils, mast cells,
eosinophils and tumour cells which have been recently termed ‘amateur APCs', although the

exact role they play in priming anti-tumour immune responses is less well-characterised® 7.

38



1.4.3 An early dualistic paradigm for T cell immunity

In combination with TCR signalling and co-stimulatory activation, cytokines act as the third
signal that imparts nuanced characteristics onto recipient T cells. The notion that T cells could
express heterogenous phenotypes was first described in the 1980s, with seminal
experiments from Timothy Mossman and Robert Coffman revealing that some T cells made
IFN-y, IL-2 and GM-CSF (termed Th1 cells) whereas some produced IL-4 and IL-5 (termed Th2
cells), depending on their environment and stimulatory context”'. Later experiments in the
1990s went on to show that IL-12 was essential for the induction of Th1 properties in naive
CD4* T cell precursors’73, whilst IL-4 was alternatively required for the induction of Th2

properties’+’>.

Cytokines, rather than the type of antigen, are the crucial determinants of T cell effector
phenotypes as naive CD4* T cells with the same TCR co-cultured with APCs can become
polarised either way depending on the presence of IFN-y or IL-47%77. Furthermore, each
lineage can adopt the other phenotype by swapping the stimulation conditions early after
differentiation’®. It was later demonstrated that IFN-y and IL-4 initiate distinct intracellular
signalling pathways in naive CD4* T cells, with STAT4 and the transcription factor T-bet
responsible for Th1 cell development’®# and STAT6 with GATA-3 responsible for Th2 cell

development®'-83,

Importantly, these two lineages were thought to embody stable phenotypes that represented
a clear division of labour to eliminate specific classes of immunogens; Th1- derived cytokines

mediated the immune destruction of intracellular pathogens by potentiating CD8+ T cell and
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macrophage responses, whilst Th2 cytokines promoted the activation of mast cells,

eosinophils and basophils to clear extracellular parasites®.

1.4.4 An expanding family of T cells

A third CD4* population which preserved immune tolerance, Treg cells, was discovered in the
late 1980s. Controlled by the master transcription factor FoxP3%>%” and characterised by rich
expression of the high-affinity IL-2 receptor a chain CD258%, Treg cells actively restrained
inflammation via an array of suppressive mechanisms including secretion of IL-10 and TGF-
B1 in conjunction with the expression of CTLA-48%92, production of immunosuppressive

adenosine® as well as by directly killing other effector immune cells®.

The functional importance of these regulatory cells was elegantly demonstrated in early
studies utilising the T cell transfer model of colitis, whereby the transfer of Treg cells into SCID
immunodeficient hosts abrogated the inflammation driven by co-transferred CD4*
CD45RB"9" cells®®¢, It is now well-established that both thymic-derived natural Treg (nTreg)
cells, which arise during thymic positive selection, and peripherally-induced Treg (iTreg) cells,
which develop from naive T cells in the presence of TGF-B1, have important regulatory
functions that extend beyond protecting against colitis. In mice, a systemic defect in Treg cells
driven by deleterious mutations in Foxp3 results in lethal multi-organ autoimmunity®’.
Human males with comparably defective mutations (FOXP3 resides on the X chromosome)

develop IPEX syndrome, which comprises a similar muti-system autoimmune phenotype°,
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1.4.5 T cells can exhibit polyfunctionality

The discovery of IL-17* Th17 (discussed in detail later) and IL-21* Tfh cells in the early 2000s
not only invalidated the dualistic principle of T cell immunity but also scrutinised the idea that
each T cell lineage could be responsible for only one, distinct cytokine profile. Tfh cells
(marked by CXCR5) performed a functionally unique role by helping with the rearrangement,
class switching and affinity maturation of immunoglobulin in B cells, as well as aiding in the
formation of follicular structures192, However, they were found to mediate these effects via
secretion of canonical T helper cytokines including IFN-y'03104 T .-4105-107 | -10'%8 and IL-17"%°.
Furthermore, the Tfh master transcription factor Bcl-6 functions unlike other master
regulators of T cell transcription, instead operating as a transcriptional repressor that binds
to the promoters of T-bet, GATA-3 and RORyt (Th17 master transcription factor)'%'"". Whether
Tfh cells truly represent a stable, terminal developmental fate remains contentious and some
argue that the adoption of Tfh-like effector programmes are a consequence of
compartmentalised adaptations given their elevated propensity to localise within B cell

follicles™2,

Th17 cells can express a similarly multifunctional cytokine profile depending on the cytokine
environment. In response to homeostatic IL-27 in the gut, Th17 cells can co-express IL-10
(under the control of c-Maf) along with their characteristic cytokine IL-17, and function like
Treg cells to suppress effector T cell activity and restrain inflammation™3. Alternatively, upon
exposure to IL-1f or IL-23, Th17 cells can upregulate T-bet alongside RORyt which allows them

to secrete large amounts of IFN-y like Th1 cells™4"6,
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More contemporary facets of the T helper lineage include Th9, Th22 and Th25 cells based on
their expression of IL-9, IL-22 and IL-25, respectively''”'20. However, the polyfunctional
profiles displayed by Tfh and Th17 cells suggests that such a nomenclature is too simplistic.
Furthermore, it does not account for T cell plasticity which can occur in response to dynamic
cytokine fluxes that are commonly encountered /n vivo. Our understanding of EAE, the mouse
model of multiple sclerosis, represents an exemplar which highlights the pitfall for such a
nomenclature where, for so long, Th1 cells were thought to drive disease progression due to
the causative role for IFN-y'?'. This assumption held true for many years until it became
appreciated that Th17 cells that had evolved to co-express IFN-y were the pivotal drivers of

pathology'#.

Modern technologies such as scRNA-seq have enabled researchers to simultaneously explore
multiple transcription factors, cytokines and signalling receptors in individual cells. As a direct
consequence of their utilisation, it has now become appreciated that most T cell effector
programmes can exhibit marked complexity, especially within dynamic tissue environments
such as the gut'?. Several new models have been proposed that aim to accommodate these
ever expanding T cell profiles and generally recommend that future classifications should
consider the broader effector programmes elicited, rather than focussing on single cytokines,

and consider the cell types affected by each profile!24126,

As mentioned previously, EAE was thought to be driven by Th1 cells. IFN-y played a causative
role in disease progression and the loss of T-bet was sufficient to prevent pathology'?’.

However, a series of findings in the early 2000s challenged this notion. Firstly, the loss of
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STAT1, which lies upstream of T-bet, could not elicit a similar phenotype’’. The discovery of
IL-23 as a novel cytokine added further doubt to the idea that Th1 cells were the causative
pathogenic population, as loss of IL-23 signalling but not Th1-inducing IL-12 protected mice
from disease’'2°. Adoptively transferring IL-17* CD4* T cells expanded with IL-23 was
sufficient for the induction of EAE in susceptible mice and, in 2005, Th17 cells were proposed
to represent an independent T cell subset'2. In 2006, RORyt was identified as the master
regulator of Th17 cells and has since been used alongside IL-17 and the surface marker CCR6

to study the role of Th17 cells in both homeostasis and disease'3%31,

1.5.1 The role of Th17 cells during homeostasis

During steady state conditions, Th17 cells are predominantly found at mucosal sites where
they function to maintain barrier integrity and protect against microbial translocation (Fig.
1.1). These protective functions are largely due to the well-characterised activities of Th17-
derived IL-17A, IL-17F and IL-22. Together, and often in synergy, these cytokines act on
epithelial cells to strengthen the structural and physical barriers present within these niches,
including supporting tight junction formation'?, promoting the production of mucins'? and

stimulating the secretion of antimicrobial peptides'3413,

IL-17 and IL-22 also function to protect the health of epithelial cells themselves. IL-22 protects
intestinal stem cells from genotoxic stress'*” and IL-17 is a key regulator of their proliferation
and differentiation’®. The epithelial lining of the gut is one of the most rapidly self-renewing
tissues in the body, turning over a new gut lining approximately every three days'®, and so a

constant presence of IL-17 is vital for its homeostatic maintenance.
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Tissue homeostasis is not a static event, however, and tissue resident cells must rapidly
respond to infection or injury by evoking inflammatory responses in order to return to steady
state. As such, IL-17 signals via non-haematopoietic cells to upregulate the production of
potent neutrophil chemoattractants, such as G-CSF, CXCL12 and CXCL5'4%-'42, which act as first
responders to inflammatory insults. In order to limit the tissue damage elicited by
inflammatory processes, Th17-derived IL-17 also cooperates with FGF-2, secreted by Treg

cells, to expedite epithelial repair programmes’3.
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Figure 1.1 | Th17 cells during homeostasis and inflammation. Schematic depicting the
role of Th17 cells during intestinal homeostasis, inflammation and upon resolution of
inflammation. APCs migrate from tissue to prime naive CD4* T cells in secondary lymphoid
organs, which differentiate into Th17 cells. Chemokine receptors such as CCR6 recruit Th17
cells back into the tissue where they secrete IL-17A, IL-17F and IL-22. Upon the induction of
inflammation, cytokines such as IL-23 and IL-1f can induce the production of IFN-y and GM-
CSF in Th17 cells, alongside IL-17 and IL-22. GM-CSF and IL-17 can promote angiogenesis by

stimulating vascular endothelial cells to produce VEGF'#'%> IEC = intestinal epithelial cell.
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1.5.2 Induction and maintenance of Th17 cells

The earliest investigations into the key drivers of Th17 cell functionality focused on cytokine
combinations which were able to induce RORyt expression and elicit IL-17 production in naive
CD4* T cells. IL-6 and TGF-B1 were early candidates based on these parameters'30.146.147,
However, this model of polarisation was complicated by ensuing studies which showed that
naive CD4* T cells polarised with other cytokines, such as IL-1f alone or in combination with
IL-6 and IL-23, could also induce RORyt and IL-17. In contrast to the cells induced by IL-6 and
TGF-B1, these Th17 cells expressed a far more inflammatory phenotype, characterised by the
secretion of IFN-y alongside IL-17"4">, Furthermore, after adopting this population into
MOGss.ss immunised mice, these IFN-y* Th17 cells could rapidly instigate EAE, unlike their IFN-
y-counterparts'#®'° The development of more sophisticated techniques to explore how each
of these Th17 profiles is linked /n vivo, such as fate mapping using 7/77a ¢ fate reporter mice
has since revealed that IL-17* Th17 cells constitute a progenitor pool for IFN-y* IL-17* Th17
cells during inflammation™’. Furthermore, the integration of ATAC-seq with scRNA-seq has
led to the prediction of several regulatory factors which regulate each of these Th17
phenotypes. £5T7, BACHZ, FOSLZ and RBP/ are predicted to control IL-17* Th17 cells whilst
ATF3, BHLHE40, FOS, NR4AT, EOMES and TBX21 (T-bet) are predicted to control IFN-y* Th17

cells™2,

More recently, a number of additional cytokines have been implicated in the development of
Th17 cells which highlights their exquisite sensitivity to local environmental cues. Th17 cells
appear to be particularly sensitive to members of the TGF-f superfamily of cytokines, with
activin A and TGF-f3 driving homeostatic and pathogenic phenotypes, respectively. IL-27 can

drive IL-10 production and a homeostatic profile in Th17 cells, which may be derived from
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resident Treg cells /n vivo 53134, Additionally, IL-21 appears to act as an ‘intermediary’ cytokine
by preparing Th17 cells to respond to IL-23 signals via upregulation of IL-23R"5*>'¢, This would
agree with suggestions that IL-23 functions to maintain inflammatory characteristics in Th17

cells, rather than induce them directly'’.

More physiologically, hypoxia, high levels of sodium chloride, growth hormone-related
hormone or serum amyloid A have all been reported to upregulate of inflammatory
characteristics in Th17 cells whilst melatonin alternatively suppresses their development’>®
162, The complexity and diversity of local niches within the human body would suggest that
an assortment of Th17 cell phenotypes can be identified /n vivo. Recent scRNA-seq profiling
of Th17 cells during homeostasis confirmed that Th17 cells exhibit tissue-specific gene
signatures'®, although how and indeed if this translational variation engenders functional

variation remains unknown.

In vivo, the microbiota act as key upstream modulators of a variety of tissue cytokine
environments and play a crucial role in the induction of Th17 cells via APCs. Seminal work
revealed that the presentation of SFB-derived antigens on MHC class Il by CD11c* DCs in mice,
within either the lamina propria or secondary lymphoid organs, was sufficient for the
induction of Th17 cells with a phenotype analogous to those primed with IL-6 and TGF-
p1130.164-168 Contrastingly, Candida albicans - and Citrobacter rodentium -pulsed monocytes
primed Th17 cells with rich IFN-y expression and Staphylococcus aureus -specific Th17 cells

produced IL-17 and IL-10 upon restimulation®&70,
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1.6.1 Microbial perturbations and Th17 cell phenotype

The potential implications that arise as a consequence of microbial and Th17 diversity are
particularly relevant in cancer, in which dysbiosis constitutes an important hallmark of
disease''. Furthermore, as the composition of such altered microbiota communities can vary
so considerably between cancer patients'”?, it is pressing that the functional implications of

tumour-associated Th17 heterogeneity are established.

It has been established that dysbiosis in cancer patients can impact the number of Th17 cells
present within the tumour. This principle can be demonstrated by reconstitution studies,
whereby germ-free mice orally gavaged with microbiota from donors with CRC have a higher
Th17 count than those from healthy donors'”. Although there is no obvious consensus about
whether certain microbes elicit superior or more deleterious immune protection than others,
some bacterial strains enriched in the microbiota of CRC patients have been more associated
with promoting the infiltration of Th17 cells, including Peptostreptococcus anaerobius,
Bacteroides fragilis, Fusobacterium nucleatum and Parvimonas micra '7#7°. Whether these
Th17 cells are recruited from the circulation or become differentiated from a naive pool

remains to be established, as is the effect of these bacteria on Th17 functionality.

The microbiota may also regulate the spatial enrichment of Th17 cells within the tumour
microenvironment. In CRC, tumour progression and any resulting breakdown in barrier
integrity likely facilitates the close proximity between host immunity and the microbiota,
permitting microbiota to inhabit regions previously devoid of their presence'®. This tumour-

associated translocation could generate pockets of tissue more conducive to Th17 cell
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polarisation and increased levels of IL-6 and IL-23 have been described in colorectal tumours

colonised with bacteria'®".

1.6.2 Tumour microenvironment-induced heterogeneity

Numerous cell types, particularly myeloid and stromal cells, play a crucial role in shaping the
profile of tumour Th17 cells'. The vast majority of cytokines mentioned previously which
influence the recruitment, differentiation and expansion of Th17 cells have strong
associations with macrophages, DCs and fibroblasts. IL-1p secretion from tumour associated
macrophages, for example, can strongly induce IL-17 production in naive CD4* T cells'3,
whilst CCL20 from cancer-associated fibroblasts can recruit them into the tumour
microenvironment via CCR6'8'85. Furthermore, IL-23 derived from macrophages and DCs

within the tumour can fuel strong IFN-y production in Th17 cells'83186-188,

Not all tumour milieus function to strengthen Th17 profiles, however. High levels of TGF-f
and PGE; reportedly synergise to skew Th17 cells towards a regulatory phenotype. These ‘ex-
Th17 Treg cells’, which can maintain IL-17 expression alongside upregulation of FoxP3,
facilitate tumour growth in a mouse model of ovarian cancer and similar populations of IL-
17* FoxP3* cells have been identified in ovarian cancer patients'®. As highlighted by the CMS
classification of CRC, tumours can exhibit remarkable heterogeneity and it is likely that Th17
cells similarly display different effector functionalities in different clusters of CRC patients.
The extent of this inter-Th17 cell heterogeneity in CRC, or indeed other cancers, remains to

be explored.
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1.7.1 Th17 cells can shape the tumour cell landscape

The relationship between Th17 cells and the tumour landscape is reciprocal and Th17 cells
can also influence the cells present in these niches. IL-17 functions as a potent
chemoattractant and can recruit several cell types into the tumour, including macrophages,
myeloid-derived suppressor cells, eosinophils and neutrophils'®219-193_Once recruited, these
immune cells can elicit further changes to this landscape by promoting angiogenesis and
driving the recruitment of additional immune cells™*. More directly, CCR6* DCs, Treg cells,
CD8* T cells and other Th17 cells can all follow CCL20 chemotactic gradients generated by

Th17 cells within the tumour'93.195-197,

Th17 cells can also shape the transcriptional programme of fibroblast by activating collagen
deposition genes which can function to exclude T cells from the tumour'™®%. Mechanistically,
this process may aid the formation of ‘cold’ tumours, whereby immune cells fail to infiltrate
the tumour. Endothelial cells are another major responder to Th17 cell cytokines and IL-17
can stimulate the production of VEGF by vascular endothelial cells which can fuel tumour

neovascularisation'44200.201,

1.7.2 Th17 cells can directly promote cancer progression

Whilst the functional plasticity exhibited by Th17 cells undoubtedly impacts their role in anti-
tumour immunity, it is likely that intrinsic tumour properties and contextual factors within
the local milieu also influence their effect on disease progression. The proliferative and stem-
inducing activities of IL-17 and IL-22 that are so beneficial during epithelial homeostasis also

define two important hallmarks of cancer’' and tumour cells have adapted to exploit this
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homeostatic signalling. IL-17R is overexpressed in pancreatic epithelial cells after oncogenic
activation of Aras, for example, which renders newly neoplastic cell hypersensitive to IL-17-
driven proliferation?®2. A similar phenomenon is observed in colonic epithelial cells which
have lost normal function of Apc and homeostatic levels of IL-17 can instead drive

pathogenic, uncontrolled cell-cycle progression whilst protecting cells from apoptosis?®.

In conjunction with mutant KRAS, IL-22 can similarly drive hyperproliferation in colonic
epithelial cells via aberrant activation of the STAT3 signalling pathway?°42%7. Importantly
though, IL-22 also drives stemness properties in epithelial cells, upregulating genes including
NANOG, SOX2 and POUS5FT 2%, Cancer stem-like cells are less differentiated than normal
malignant cells and can rapidly give rise to new tumour cells, rendering their presence highly
advantageous for tumour progression?®. Th17 cells may also play a more direct role in
tumour extravasation as both IL-17 and IL-22 have been implicated in the initiation of
epithelial-mesenchymal-transition. Both cytokines can repress both the epithelial marker E-
cadherin and the mesenchymal marker Vimentin whilst activating the key EMT-associated

transcription factors Snail, Slug and ZEB127:210,

Inflammatory processes are known to exacerbate the acquisition of these somatic mutations
and it is now widely appreciated that several environmental factors, infection and chronic
inflammation and autoimmune conditions can predispose tissue to oncogenic mutations; the
most notable being smoking, Helicobacter pylori-induced gastritis and IBD, respectively?'".
Subclinical systemic inflammation, such as that seen in obesity, can also promote or increase
the risk of several cancers?'2. Whilst Th17 cells have been implicated in the development and

sustenance of all the aforementioned pathologies?'*2', the acquisition of such tissue

50



mutations as a consequence of Th17 presence is unlikely. Rather, the support that Th17 cells

provide in maintaining chronic inflammation is plausibly a more important mechanism?'°.

1.7.3 Th17 cells can directly protect against cancer

Not all interactions between Th17 cells and the tumour are deleterious, however. Producing
IFN-y appears to be a particularly beneficial adaption in tumour Th17 cells and adoptively
transferring tumour antigen-specific IFN-y* Th17 cells can efficiently eradicate established
melanoma in mice'®220, Properties specific to Th17 cells were important facilitators of this
anti-tumour ability as adoptively transferring tumour antigen-specific Th1 cells could not

confer the same level of protection'®’.

One hypothesis is that Th17 cells may display enhanced persistence within the tumour
microenvironment. Like tumour cells, it appears that the expression of stem-associated
genes, such as 7CF7 and BCLZ, might provide a survival advantage for tumour Th17 cells,
making them refractory to senescence and permitting long-term immunity'822'. Whether the
Th17 cells associated with worsened prognosis express comparable levels of these stem-
associated genes and which environmental drivers encourage this phenotype remains
unclear. IL-6 may somewhat play a role??2, however comprehensively understanding the
complete cytokine milieu which fuels this profile, as well as defining persistence-associated

surface markers and transcription factors, will be important to determine.

The tissue tropism of Th17 cells for mucosal sites might also rationalise these observations
and it would be interesting to explore whether IFN-y* Th17 cells offer similarly heightened
protection compared with Th1 cells against tumours of non-mucosal origin. It also remains

unclear whether a reservoir of stem-like Th17 cells exists in which IFN-y* Th17 cells are
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differentiated from. Such a regenerative pool has been recently identified in mice'’3163.223,
however further work is required to characterise a comparable population in humans. Finally,
whether the production of IFN-y is the only direct mean by which Th17 cells can elicit anti-
tumour protection (other than cell recruitment) remains to be determined. Studies in multiple
sclerosis have shown that Th17 cells can directly kill human neurons and
oligodendrocytes??#22> via granzyme-mediated cytotoxicity and CD26M9" Th17 cells, which
mediate efficient protection against mesothelioma, pancreatic cancer and melanoma in mice,
also express granzyme B¢, However, the exact modality of anti-tumour function in this
CD26"9" population was undetermined and it remains unclear if Th17 cells can directly kill

tumour cells.

1.8.1 The family of memory T cells

After receiving the three signals from APCs required for full activation and polarisation, naive
CD4* T cells undergo a proliferative burst before they begin to extensively produce their
respective effector molecules. This process is highly energy intensive and the majority of
these activated T cells will only mediate short-lived immune protection before undergoing
apoptosis. However, a small portion of these antigen-experienced T cells will form long-lived
memory cells that can persist long beyond the clearance of pathogen. Such memory
populations elicit protective, anamnestic immunity by rapidly reconstituting antigen-specific
T cell pools upon re-encounter with the same antigen. Additionally, memory T cells can
produce effector cytokines without the same dependence on co-stimulatory signals that

naive T cells have227-229,
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Technologies such as flow cytometry and scRNA-seq have enabled the dissection of T cell
memory based on defined surface markers and by varying degrees of multipotency. This
diversity is advantageous and allows for variable differentiation pathways, localisation, recall
ability and effector functionality to maximise the surveillance and protection offered by

memory cells.

The least differentiated memory population, termed stem-like memory T cells (TSCM), was
initially identified after observations that a population of T cells with a naive-like phenotype
(CD45RA* CCR7* CD27*) could sustain GVHD upon serial transplantation into allogeneic hosts.
Furthermore, this novel population could reconstitute a complete effector pool and other
memory subsets whilst maintaining its own pool through self-renewal®3%?*. The
characterisation of CD95 (Fas receptor), IL-2RB, CXCR3 and SCA-1 as surface markers which
could be used to differentiate TSCM cells from naive T cells?32233 permitted the identification
of an analogous population in the circulatory and lymphatic systems of humans only a few
years later342%, Ex vivo, the IL-2 family members IL-7 and IL-15 are necessary for the

differentiation of TSCM from naive precursors as well as for their homeostatic turnover*.

Acting as a bridge between TSCM cells and more functional memory profiles are central
memory T (TCM) cells. TCM cells can be defined by the expression of lymph node homing
markers such as CCR7 and CD62L (SELL, L-selectin), as well as expression of CD45R0%7 - the
CD45 isoform associated with T cell activation?®. Effector memory T (TEM) cells, on the other
hand, have a weaker capacity for self-renewal, lack the expression of CD62L and CCR7 but
have a greater propensity for induction of effector functions upon restimulation.
Furthermore, TEM cells upregulate the marker CD69 which serves to promote peripheral

tissue retention by binding to and sequestering S1PR1 which mediates T cell egress?37-241,
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Resident memory T (TRM) cells are a recent addition to the family of memory phenotypes and
can be identified by the co-expression of CD69 with integrin oE (CD103), which binds to E-
cadherin on epithelial cells. As such, TRM cells have been identified in a number of mucosal
sites, including the skin, lungs, gut and vaginal mucosae?®*. Early parabiosis experiments
hinted that TRM cells are restricted to these peripheral tissues?, although more recent
studies have suggested that TRM cells can migrate to regional lymph nodes upon induction
of anamnestic immunity?*“. In CD8* TRM cells, TGF-B1 acts as the master regulator of their
differentiation and key driver of CD103 expression, with IL-15 sustaining their presence in
non-lymphoid tissues?#. In CD4* TRM cells, which are relatively understudied, IL-15 and IL-7
are thought to be implicated in their development?424’. The role of TGF-B1 is more
controversial in CD4* TRM cells as few studies have reported the expression of CD103 in this

popU|ati0n246,248,249.

Finally, at the most differentiated end of the spectrum lies terminally differentiated effector
T (TEMRA) cells which usually have the most cytotoxic profile?*°. However, these functionalities
co-exist alongside exhaustion, which broadly describes a state of late stage differentiation
where T cells become hypofunctional and upregulate a number of inhibitory receptors, such

as PD-1, CTLA-4 and LAG-3%>",

1.8.2 Memory T cells in tumour immunity

Recent work has identified memory T cells as key determinants of cancer immunity through
their role in replenishing effector populations?*?2%, Memory populations that express

tumour-specific TCRs have also been found to persist long after tumour eradication which
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suggests that cancer survivors can maintain durable memory that protect against future

recurrence?>s,

Despite their primary function as an effector reservoir, memory T cells can be active cytokine
secretors and it is thought that this functionality acts as a second mechanism by which
memory T cells can suppress tumour development. TRM cells appear to be a key memory
population that acts in this manner and a number of studies have reported rich expression
of granzymes, perforin, IFN-y and TNF in TRM cells?¢258, Granzymes and perforin directly lyse
and kill tumour cells whilst IFN-y and TNF have been shown to promote a phenomenon known
as tumour dormancy, whereby tumour cells become quiescent and tumour growth is

arrested?°9.260,

The production of these cytokines can also trigger DC maturation and epitope spreading
which recruits and activates additional effector cells into the tumour microenvironment?®'.
Furthermore, the expression of several immune checkpoints on memory T cells renders them
highly sensitive to immune checkpoint blockade and numerous studies have correlated
heightened tumour infiltration of memory T cells before the administration of therapy with

improved patient response??,

One factor that complicates the study of memory T cells in cancer, as opposed to studying
those which develop secondary to most infections, is the presence of persistent antigen
within the tumour microenvironment. Whilst bona fide memory T cells adopt a relatively
quiescent state, the chronic stimulatory conditions that tumour-reactive memory T cells exist
within can quickly drive them along an exhausted trajectory. How, and indeed if, memory T

cells can persist in these environments whilst retaining effective functionality remains to be
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established. It is possible that memory T cells may rely on migratory circuits into tumour
lymphoid tissue to avoid chronic stimulation, as TRM cells have been tracked moving into
local draining lymph nodes after stimulation with antigen and transient rest is known to

restore their T cell functionality#4263,

Additionally, whether the type of effector programme that a given memory T cell adopts can
impact longevity requires further study. The elevated expression levels of 7CF7and BCLZin
Th17 cells makes them more refractory to senescence than other canonical T helper
programmes and this stemness is attributed with their superior tumour clearance over Th1
cells due to augmented persistence within the tumour microenvironment'264, A recent
report of protective Tc17-like CD8* TRM cells in melanoma could suggest that the acquisition
of Th17-like features by memory T cells may be a mechanism by which exhaustion is avoided
and persistence is achieved in TRM cells?®> and whether analogous populations of Th17-like

CD4* TRM cells exist in cancer is unclear.

1.8.3 Thesis aims

The range of adaptations that Th17 cells can acquire within the tumour microenvironment
remains unclear. Furthermore, how Th17 heterogeneity might impact anti-tumour immune

responses is also poorly understood. Therefore, this thesis seeks to achieve the following:

1. Establish whether Th17 cell heterogeneity exists in CRC.
2. Determine whether distinct Th17 profiles associate with certain tumour landscapes.
3. Explore the functional role for each Th17 profile and determine how their presence

within the tumour impacts patient prognosis.

56



Chapter 2: Exploring Th17 cell heterogeneity in

human colorectal cancer

The role of Th17 cells in cancer remains contentious. Some reports suggest that the
chemokines secreted by Th17 cells can recruit populations more typically associated with
tumour eradication, such as CD8* T cells and NK cells'93266:267 and some suggest that Th17
cells can directly suppress tumour growth'®”.188222264  However, accumulating evidence
implies that some Th17 populations may serve a more deleterious role. This multitude of
conflicting reports might be a product of undocumented heterogeneity within populations of
intratumoural Th17 cells. As tumours progress, extraordinary levels of heterogeneity can
arise, both between and within tumour types. This heterogeneity is often accompanied with
vastly different cytokine, chemokine and metabolite milieus, the key manipulators of local
immune cell phenotypes including Th17 cells which strongly suggests that Th17 cells can

differentially adapt as tumours evolve over time.

Despite the many potential avenues in which Th17 cells might become polarised within the
tumour, a considerable number of studies still simply correlate the number of IL-17
expressors or overall levels of IL-17 with patient outcome?®®2%, disregarding the broader
tumour landscape or phenotypic adaptations these Th17 cells may exhibit. The studies which
do explore Th17 functionality often choose to focus on cells with phenotypes analogous to
those described in EAE. This biased approach has proved somewhat fruitful, revealing a
protective role for IFN-y* Th17 cells in melanoma, which can eradicate established tumours

more efficiently than Th1 cells despite secreting comparable levels of IFN-y'®’. These
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observations have also laid the foundation for more comprehensive profiling investigations
of these intratumoural IFN-y* Th17 cells, revealing the expression of genes associated with

stemness and self-renewal that aid with long-term Th17 tumour protection'88222.264.270,

However, this bias to seek out and investigate IFN-y* Th17 cells has also stifled the exploration
of prospective, novel effector programmes which Th17 cells may adopt in the many complex
milieus and niches found in tumours. Some groups have attempted to utilise reports of novel
surface markers found on Th17 cells in non-tumour settings, such as CD26%’", and translate
these findings to explore whether these same markers can demarcate intratumoural Th17
cells with distinct effector profiles. Using this process, researchers have found that Th17 cells
expressing high levels of CD26 also express higher levels of granzyme B, IFN-y, TNF-a. and IL-
17A in mouse mesothelioma then those with intermediate levels of CD26%%. Although this is
one example of successful exploration, this strategy is limited by the publishing rate of
contemporary Th17 markers and the laborious process of investigating Th17 populations one

marker at a time.

There is therefore a necessity to broadly explore the existence of novel Th17 populations in
cancer. Understanding the signatures which demarcate specific functions or niches could be
used to stratify patients based on a histological cancer pathotype and it might also allow for

the selective use of treatments to optimise their efficacy.
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Here we focus on CRC due to the abundance of Th17 cells in the gut and the important role
they play during homeostasis. In this first experimental chapter, we aim to utilise SCRNA-seq
and establish a novel workflow to explore Th17 heterogeneity in an unbiased manner. Using
this strategy, we aim to define undescribed Th17 adaptations and seek to establish how each

population temporally relates to one another.

2.3.1 Utilising scRNA-seq to identify Th17 cells in human CRC

Most studies that utilise mouse models of cancer rely on techniques such as fate mapping or
1/77a reporters to track Th17 cells /n vivo and these technologies have underpinned huge
advancements in our understanding of Th17 biology. However, to investigate Th17 cells in
human cancer, such tools cannot be utilised. To overcome these limitations, we opted to
explore Th17 heterogeneity using data collected from a recently published, publicly available
scRNA-seq dataset (GSE108989)". In this dataset, single cells from venous blood, resected
healthy adjacent and tumour tissue of 12 treatment-naive CRC patients were antibody
stained before CD4* and CD8* T cells were collected by FACS. Libraries were constructed,
amplified and purified before each cell and its TCR was sequenced using Smart-seq2 scRNA-
seq technology (Fig. 2.1), a highly sensitive and accurate method of profiling?’2. In total,

transcriptomic data from 11,138 T cells and 7,274 TCR sequences were acquired.
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Figure 2.1 | Generating a T cell enriched scRNA-seq dataset from CRC patients. A
schematic of the methodology used to generate the T cell enriched, publicly available scRNA-
seq dataset (adapted from Zhang et a/') which we utilised to transcriptomically explore Th17
cell heterogeneity in CRC. Venous blood, healthy normal adjacent and freshly resected
tumour tissue was obtained from 12 treatment naive CRC patients. CD4* and CD8* T cells

were sorted using FACS and sequenced along with their TCR using Smart-seq2 technology.

K nearest neighbours were then calculated using the FindNeighbours function in the R
package Seurat before each cell was plotted on a UMAP plot for general visualisation
purposes (Fig. 2.2A). T cells broadly grouped together based on sample location with distinct
regions of the UMAP exclusively composed of cells from the blood and tumour. T cells derived

from healthy normal adjacent tissue appeared more dispersed.

To explore putative Th17-like populations within this dataset, the expression of RORC(RORyt)
was examined in each T cell. We chose to explore RORC expression, rather than a more
classical marker of Th17 function such as IL77A (IL-17A), due to appreciable functional
heterogeneity described in the Th17 literature. In Th17 cells exposed to high levels of IL-23
and IL-1B, for example, IFN-y secretion is upregulated alongside a simultaneous reduction in

IL-17A secretion. Yet, despite suppressed levels of IL-17A in these cells, RORyt remains an
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essential transcription factor that functions to both stabilise and propagate this phenotype?”3.
In GSE108989, RORC was identified in cells originating from all three tissue types (Fig. 2.2B,
Fig. 2.2C). Overall, RORC * cells made up 5.9% (199/3,350) of the total blood T cells, 6.3%
(165/2,637) of the total T cells in normal healthy tissue and 8.23% (424/5,149) of the total T

cells in tumour tissue.
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Figure 2.2 | RORC transcripts are detected in T cells located within the blood, healthy
normal adjacent and tumour tissue of CRC patients. (A) UMAP of T cells sequenced in
GSE108989, coloured by origin tissue type. (B) UMAP of RORC transcript detection, where
colour represents expression level. Grey represents low frequency of transcripts, whilst blue

represents a high frequency of transcripts. (C) Bar plot representing the number of RORC*

cells per tissue sample.

To characterise these putative Th17-like cells with increased granularity, positive RORC
expressors from GSE108989 were subset out and new neighbours were identified using k
means clustering and a shared nearest neighbours based clustering algorithm. This process
generated seven transcriptionally distinct clusters (Fig. 2.3A) and the most differentially
expressed genes were determined using Wilcoxon rank sum test with Bonferroni correction

(Fig. 2.3B) and used to help annotate each cluster.
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Clusters 0, 1 and 2 expressed the highest overall level of RORC and expressed high levels of
CCR6, a chemokine receptor that recognises CCL20 and is often used as a putative surface
marker for Th17 cells™". All seven clusters also expressed RORA(RORw), a transcription factor
which binds to and stabilises RORyt to sustain the expression of type 17 effector functions?’4,
suggesting that the transcriptomic expression of RORCalso indicates functional transcription

factor activity.

Focussing on the more individual signatures belonging to each cluster, cluster 0 appeared to
represent a highly activated community. Cells in cluster 0 strongly expressed CD69, a marker
of T cell activation and tissue residency?*”?’5, alongside the transcription factors NR4A2 and
JUNB, both of which are reported to augment typically pro-inflammatory characteristics in

Th17 cells, including IL-23R expression with IFN-y and GM-CSF secretion?76-279,

Cluster 1 exhibited more stem-like properties and was enriched with a number of receptors
involved in T cell tissue egress and lymph node homing, including S7PR7, SELL (CD62L) and
CCR7, as well as transcription factors known to antagonise the acquisition of T cell effector

properties (LEF1, TCF7(TCF-1) and KLF2)%*°.

The transcriptomic signature of cells in cluster 2 overlapped somewhat with those from
cluster 0, with both communities expressing CCL20. More distinctly though, cluster 2 cells
expressed the activation marker CD38 and the cytokine /.26, which is reportedly produced
by a population of circulating CCR6* CCR4* memory T cells that do not express IL-17A but
rapidly upregulate IL-17A upon exposure to TGF-B12%'. Conflictingly, /L 77A transcripts were
also detected in cluster 2 cells (Fig. 2.3C), suggesting that they may not completely overlap

with this recently described Th17 precursor population.

62



The most differentially expressed genes in cells belonging to clusters 3-6 aligned towards
non-Th17 populations and were annotated accordingly, with signatures associated with CD8*
or NKT cells (CD8A, NKG?), Tfth cells (CXCR5, PDCD1 (PD-1), BCL6), Treg (FOXP3, CCR8) and

cycling T cells (MKI67(Ki67)), respectively.
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Figure 2.3 | Seven distinct clusters of RORC* CD3D* T cells can be identified in scRNA-
seq data from GSE10989. Cells simultaneously expressing RORC and CD3D transcripts were
subset and grouped by first calculating k nearest neighbours then by identifying clusters
using a shared nearest neighbours based clustering algorithm from the Seurat package in R.
(A) Annotated UMAP of RORC* CD3D * clusters. (B) To inform the naming of each cluster
annotation, differential gene expression analysis was performed to determine the most
enriched genes within each cluster. Wilcoxon rank sum test with Bonferroni correction was
used to identify significantly differentially expressed genes, with log, fold change > 0.5 and
p.adj (adjusted p value) < 0.05 considered significant. (C) Violin plots of a selection of genes

used to inform cluster annotations.

Given the ubiquitously high expression levels of RORCin cluster 0, 1 and 2, as well as the lack
of distinctive signature annotation found in the literature, the cells belonging to these
clusters were subset out and new neighbours were identified. Clusters were then formed and
visualised on a UMAP plot (Fig. 2.4A), with differential gene expression analysis used to

inform the labelling of each cluster (Fig. 2.4B).

This time, four transcriptomically distinct communities were observed. The newly formed
clusters 0, 1 and 2 transcriptomically aligned with the previously described clusters 0, 1 and
2 (Fig. 2.4C) and were renamed Th17-like_0, Th17-like_1 and Th17-like_2, respectively (Fig.

2.4A).

However, despite the previous elimination of a CD8* T cell cluster, a new group of what
appeared to be highly cytotoxic SLAMF7* CD8" T cells was formed?®?, indicating that
contaminant cells had filtered through the Th17-like subsetting. We postulated that this CD8*
T cell cluster might represent a group of cytotoxic Tc17 cells, however they did not express

IL77A nor IL23R, two key transcripts associated with a Tc17 phenotype?® (Fig. 2.4C).
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Figure 2.4 | A contaminant CD8* T cell cluster is identified after re-clustering Th17-like
groups. Clusters 0, 1 and 2 from the previous clustering of RORC* CD3D* T cells were re-
clustered to identify any contaminant cell populations. (A) Annotated output UMAP after re-
clustering. (B) To inform the naming of each cluster annotation, differential gene expression
analysis was performed to determine the most enriched genes within each cluster. Wilcoxon
rank sum test with Bonferroni correction was used to identify significantly differentially
expressed genes, with log: fold change > 0.5 and p.adj (adjusted p value) < 0.05 considered

significant. (C) Violin plots of a selection of genes used to inform cluster annotations.

To further purify the Th17-like clusters, each Th17-like population was subset out, with new
neighbours calculated and the updated clusters visualised on a UMAP plot (Fig. 2.5A). To

validate the complete removal of CD8* T cell contaminants, CD8A and CD8B expression levels
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were superimposed onto separate UMAP plots (Fig. 2.5B). Rather surprisingly, very small

communities of CD8* T cells that were not defined as individual clusters clearly remained.

In response to these findings, we gradually raised the clustering resolution used, a process
which permits the identification of more communities within a given dataset. At the
resolution level that captured each CD8* T cell group as a distinct cluster, a plethora of other
clusters had also been formed (Fig. 2.3C). Differential gene expression analysis revealed that
a number of these, previously annotated as Th17-like, were enriched with the Treg master
transcription factor FOXP3 (Fig. 2.5D). Curiously, some of these FOXP3* cells also expressed
IL77A, especially those in cluster 7 which appeared to demarcate highly activated, pro-

tumourigenic Treg cells expressing the IL-1 decoy receptor /L 7R228428 (Fig. 2.5E, 2.5F).

Our findings that some T cells co-express RORyt with FoxP3 does not describe a novel
population. In the intestinal and colonic lamina propria of both mice and humans, microbiota
induced Treg cells frequently co-express FoxP3 with RORyt and these double positive Tregs
play a crucial role in restraining local inflammatory processes®’-2°. The ontology of our
double positive T cells, however, was harder to determine. RORyt* Th17 cells can upregulate
FoxP3 and acquire immunosuppressive qualities in the presence of TGF-p1'8291292 and,
conversely, FoxP3* Treg cells can upregulate RORyt and IL-17A in the presence of the
inflammatory cytokines IL-6 and IL-1p2%2%. Whether our RORC* FOXP3* T cells were Treg

cells with Th17-like properties or Th17 cells with Treg like properties was difficult to establish.

Although we had little doubt that these RORC* FOXP3* ILT1R2" cells, and indeed other double
positive T cells would provide interesting insights into the general diversity of T cell profiles

within CRC, we rationalised that the strict expulsion of all potential contaminant Treg (and
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CD8* T) cells would allow us to focus on populations which we could confidently describe as
Th17 cells in our downstream analysis. Therefore, all cells with a CD8A expression level of >
0.1 (Fig. 2.5G) or FOXP3expression level of >0.01 were excluded from our analysis (Fig. 2.5H).
The resulting Treg/CD8* T cell deplete clusters were renamed Th17_A, Th17_B and Th17_C
(Fig. 2.5I) and to validate that all three Th17 populations did not express CD8A or FOXP3
transcripts, the expression of each respective gene was superimposed onto a UMAP plot (Fig.

2.5)).

68



CD8A CcD8B
s".“.' 4 ) * 25
Th17-like_0 ol | 8 > I fg
Th17-like_1 . 2 10
[QV —li oV S, 9V X :
= s 0 s 0.0
-] -} -}
UMAP 1 UMAP 1 UMAP 1
c D FOXP3 E IL1R2
0 5 . b 4 3 TR ;
1 6 4dp® ":° I 5 o3 I 3
2 7 : 2
3 8 o 1 N
o 4 P % . 1
< s A 0 s 0
% ) )
UMAP 1 UMAP 1 UMAP 1
F IL17A G CD8A H FOXP3
: : 37
foe _— 4 _
2% s I 5 % 3 1 %
Foin® 4 | -
3 &2q | S
[V 2 a a
o 1 o o
Q14 [}
2 ° 3 B N
UMAP 1 L FP SRS
| J
CD8A FOXP3
3 3
Th17_A I 2 I 2
Th17_B
o Thi7.C LI 1
% T %
= s 0 s 0
-] o} -}
UMAP 1 UMAP 1 UMAP 1

Figure 2.5 | Removal of persistent CD8* T cell and Treg contaminants. Despite previous
removal of a contaminant CD8* T cell population, clustering the remaining Th17-like
populations revealed persistent contamination with CD8* T cells and a number of FOXP3*
cells. (A) UMAP plot after removal of the contaminating CD8* T cell cluster. (B) Expression of

CD8A and CD8B transcripts superimposed onto a UMAP plot. (C) To investigate any further
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contamination, the clustering resolution was increased to identify a larger number of
communities. Output UMAP is displayed. Expression of (D) FOXP3, (E) IL7RZ and (F) IL77A
transcripts superimposed onto the UMAP plot. Violin plots showing the expression level of
(G) CD8A and (H) FOXP3, split by Th17-like cluster. The red dashed line on (G) and (H) marks
the expression level threshold for exclusion, where cells above the line were removed. (I)
Output UMAP after expression level exclusion. (J) The expression levels of CD8A and FOXP3
superimposed onto the UMAP in (I) to confirm the complete elimination of CD8A and FOXP3

expressing cells.

2.3.2 Transcriptionally distinct Th17 cell populations exist in human

colorectal cancer

To comprehensively establish the gene signatures that discriminate between each Th17
cluster, differential gene expression analysis was performed, comparing each Th17

population with one another.

In both pairwise comparisons (Fig. 2.6A, Fig. 2.6B), Th17_A cells displayed a gene signature
which strongly aligned with that of a stem-like memory or central memory T cell; devoid of
functional effector molecules and rich in markers associated with secondary lymphoid organ
homing (SELL (CD62L), CCR7) and T cell persistence (LEF7, IL7R (IL-7Ra), TCF7(TCF-1)). CD29
(integrin 1) was also enriched, which demarcates highly cytotoxic CD4* and CD8* T cells?962%7,
although such effector functions in Th17_A cells were not evident. A large number of genes
encoding ribosomal proteins (RPL3, RPL4, RPL5, RPL13, RPS6) were also notably enriched in
Th17_A cells, the accumulation of which might mechanistically facilitate the repaid
engagement of translational machinery in response to an activating stimulus?2%,
Enrichment of 7XNIP (thioredoxin-interacting protein) would also lend to the notion that

Th17_A cells represent a functionally quiescent Th17 population, as Txnip is concomitantly
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upregulated during the contraction phase of Th2 immunity and generation of long-lived
memory Th2 cells in mice3%®. Mechanistically, TXNIP can also regulate T cell metabolism by
simultaneously promoting oxidative phosphorylation and suppressing the uptake of glucose,

a key energy source required for the production of inflammatory cytokines in Th17

Cel |S1 68,301,302

Whether the signature of Th17_A cells aligned more towards a stem-like memory phenotype,
characterised by antigen inexperience, or a central memory phenotype, characterised by
quiescence and longevity following activation, was difficult to determine given the
considerable overlap between the two profiles®. As the expression level of RORCand CCR6
in Th17_A cells was comparable to that observed in Th17_B and Th17_C cells, we reasoned
that Th17_A cells were more likely to represent a polarised central memory state given the
activatory requirements that are required to adopt a type 17 phenotype343¢ We later
characterise Th17_A cells as CD45R0O* by flow cytometry, validating this assumption (Section

2.3.5).

Comparatively, Th17_B cells were enriched with a substantial number of AP-1 transcription
factor motifs (JUN, JUNB, JUND, FOS), members of the NR4A orphan nuclear receptor
superfamily (NR4A7, NR4A2) and STAT3-modulating phosphatases (DUSP1, DUSP2), the
majority of which have been associated with the induction of a range of cytokines in Th17
cells, including IL-17A, IL-21, GM-CSF and IFN-y?76-279307308 = §O(S3, a negative feedback
regulator which lies downstream of IL-6 and IL-21 induced STAT3 signalling3®®, was also
heavily upregulated, and in combination suggest that Th17_B cells are located within a niche
rich in Th17 polarising cytokines. Fewer differential cell surface markers were detected in

Th17_B cells with CD83, CXCR4, CD69 and ICOS making up the most notable candidates.
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Antigen-specific Th17 cells simulated with ICOS signalling, rather than more traditional CD28
co-stimulatory pathways, augment their production of IFN-y and their anti-tumour capacity
is superior to that of their CD28-stimulated counterparts in mice bearing human
mesothelioma tumour xenografts3'%3'". In skin CD8* T cells, ICOS signalling cooperates with
c-Maf and IL-7 as part of a circuit that preferentially induces the production of IL-17,

highlighting its importance in the propagation of type 17 immunity3'2.

More uniquely, the number of differentially expressed genes on Th17_C cells varied
considerably depending on the comparator population. Against Th17_A cells, Th17_C cells
appeared far more functionally active, strongly upregulating a number of effector cytokines
including /L77A and IL26 as well as the cytolytic serine proteases GZMA (granzyme A) and
GZMB(granzyme B) (Fig. 2.6B). However, when compared against Th17_B cells, many of these
functional disparities were lost (Fig. 2.6C). The most differentially expressed genes here, of
which there were far fewer, were dominated by markers of resident memory T cells?”> (ITGAE,
CXCR6) and a number of adhesion molecules (LGALS3), hinting that the major differences

between Th17_C and Th17_B cells may arise as a consequence of different tropisms.

CD103 (encoded by ITGAE, integrin aE) strongly binds to E-cadherin, a cell adhesion molecule
found abundantly on the surface of epithelial cells®'3, and the chemokine receptor CXCR6
regulates T cell trafficking to and retention within inflamed mucosal sites®'%3'¢, suggesting
that Th17_C cells may differentially reside at an inflammatory epithelial interface. More
specifically to Th17 cells, CXCR6 expression is often associated with secretion of IFN-y, GM-
CSF and TNF-o, with CXCR6* Th17 cells readily inducing EAE upon adoptive transfer into
MOGss.ss immunised mice'3317 (though these cytokines were not upregulated in Th17_C cells,

data not shown).
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The consistent upregulation of the co-stimulatory molecule JAML in Th17_B cells during both
comparisons was another interesting observation, as JAML has recently been found to define
a population of memory CD8* T cells whose tumour infiltration is positively associated with
survival in non-small cell lung carcinoma patients3'8. ENTPD7, which encodes the ATP-cleaving
ectonucleotidase CD39, has been suggested to protect T cells from ATP-induced apoptosis
within ATP rich tumour microenvironments3' and was also consistently upregulated in
Th17_C cells. Co-expression of CD39 with CD103 has also been recently shown to define
tumour antigen-specific CD8* T cells in both head and neck squamous cell carcinoma and CRC
patients320323, suggesting that Th17_C cells might form an important population of tumour

Th17 cells.

The transcriptional alignment of each Th17 population towards different T cell differentiation
states3** prompted us to reconsider our nomenclature. As Th17_A cells were enriched with
lymph node migration markers, like central memory T cells, we reclassified them as Th17CM
cells, the nomenclature we use henceforth. Highly activated Th17_B cells were renamed
Th17EM, in line with an effector memory T cell phenotype. Finally, the collective expression
of ITGAE, CXCR6 and JAML in Th17_C cells led to their recategorisation as Th17RM cells due

to their transcriptional overlap with the resident memory phenotype.
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Figure 2.6 | Differential gene expression comparing each Th17 cell population with one
another. Differential gene expression analysis was performed, comparing each Th17
population with one another. Wilcoxon rank sum test with Bonferroni correction was used to
identify significantly differentially expressed genes, with log, fold change > 0.5 and p.ad;j
(adjusted p value) < 0.05 considered significant. Volcano plots displaying the differentially
expressed genes, where (A) displays those differentially upregulated in Th17CM (left) and
Th17EM (right) cells, (B) displays those differentially upregulated in Th17CM (left) and Th17RM
(right) cells and (C) displays those differentially upregulated in Th17EM (left) and Th17EM
(right) cells. A selection of genes have been annotated. Dashed lines are drawn at log; fold
change = 0.5 and p.adj = 0.05. Blue data points are genes upregulated in Th17CM cells, green
data points are those upregulated in Th17EM and cells and purple data points are those
upregulated in Th17RM cells. Grey data points represent genes which did not meet the

threshold for significance. NS = not significant, FC = fold change.

To validate the alignment of our Th17 populations with these three T cell states of
differentiation, we used GSEA3% to respectively explore the enrichment of central memory,
effector memory and resident memory gene sets, as curated by two reference
publications?’>3%, within our newly termed Th17CM (Fig. 2.7A), Th17EM (Fig. 2.7B) and
Th17RM cells (Fig. 2.7C). As predicted, each gene set was significantly enriched within in each
respective Th17 population. To confirm the specificity of each enrichment, we next compared
mismatched pairs e.g. the TCM gene set with Th17EM and Th17RM cells. Negative enrichment
was observed for most mismatched pairs (Fig. S2.1A-E) although the enrichment score for
the TRM signature in Th17EM cells was not significant. We could not contrast the TEM gene
set with Th17RM cells as there were no significant gene overlaps and this was perhaps due

to the few genes specifically enriched in Th17RM cells.
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Figure 2.7 | Enrichment analysis for each Th17 population demonstrates alignment
with unique T cell activation states. GSEA was used to score the enrichment analysis of
central memory (TCM), effector memory (TEM) and resident memory (TRM) T cell gene
signatures?’>32%, in Th17CM, Th17EM and Th17RM cells, respectively. NES = normalised

enrichment score, p.adj = adjusted p value, RLM = ranked list metric.

2.3.3 A pan-Th17 surface marker remains elusive

A persistent challenge when working with Th17 cells is the lack of unifying, identifiable
surface marker. Unlike immunosuppressive Treg cells, for example, where FoxP3 activity is
well correlated with high surface expression of CD25 and diminished presence of the IL-7Ra

subunit (CD127)892327328 reliable, analogous markers are yet to be defined for RORyt activity.
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For many years, CCR6 has been used as a putative surface marker for Th17 cells, despite its
expression on a number of other cell types, including Tregs3¥, B cells**® and dendritic cells'™®.
IL-23R has more recently been used as another surrogate surface marker for Th17 cells,
although reliable antibody clones against this receptor are yet to be established and both Th1
and Treg cells are also able to respond to IL-23 via IL-23R signalling®'333. Markers for more
nuanced Th17 phenotypes, such as CXCR6 for IFN-y* Th17 cells'®33'7 or gasdermin E for IL-1a*
Th17 cells'° are gradually becoming elucidated however the vast majority of reliable, pan-

Th17 cell markers remain intracellular, such as STAT3334, IRF433>, BATF*3¢ and RORyt3¥,

We speculated that the depth of sequencing and range of T cell phenotypes available in
GSE108989 would enable us to uniquely explore putative pan-Th17 surface markers by
contrasting our Th17 populations with other T cell clusters in the dataset. Differential gene
expression analysis was performed, as described previously, comparing each Th17
population with all the other T cells subsets, collectively termed ‘other’. Any overlapping
genes which were significantly differentially upregulated in Th17 cells were then collated and

assessed with the aim of identifying novel surface markers for Th17 identification (Fig. 2.8A).

Rather surprisingly, only three genes were commonly upregulated in our Th17 cells,
compared with the ‘other’ T cells: RORC, as expected due to the clustering hierarchy used;
CD40L (CD40 ligand, CD154), a co-stimulatory molecule usually associated with Tfh cells
although its expression is reported on Th17 cells that have been induced by strong antigenic
signalling®®¥, and TNFRSF25 (DR3, death receptor 3), whose interaction with its cognate ligand

TL1A drives Th17 differentiation and proliferation3* (Fig. 2.8B).

77



To explore commonality between Th17 populations, we repeated the process but grouped
each Th17 population in pairs with one another. Only /L7R, the receptor for a key anti-
apoptotic and lymphocyte survival cytokine IL-7340341 was similarly upregulated in both
Th17CM and Th17EM cells. Th17CM and Th17RM cells shared the upregulation of S700A44, a

gene with undefined functions in T cells.

The most overlapping phenotype belonged to Th17EM and Th17RM cells, with 13 significantly
upregulated genes shared between them. The majority of these genes constituted
established Th17 markers (/L77A4, IL17F, IL23R, CCR6, KLRB1, RORA) and some, such as /D2,
have been referenced as part of broader analyses of T cell differentiation34234. CSTH
(cathepsin H) has also been previously identified in Th17 cells as part of RNA-seq screening

although no investigations into its function have been carried out34434,

As part of a final exploration into the differentially expressed genes that define each Th17
population, we characterised the genes enriched in each individual Th17 cohort, as compared
with all other T cells within GSE108989 (Fig. 2.8C). Most hits had been identified by our
previous intra-Th17 cell analysis (Fig. 2.7). Of note though from this analysis, both BHLHE40
and MCAM have established associations with inflammatory cytokine induction in Th17
cells™0274346 and were significantly upregulated in Th17EM and Th17RM cells, respectively.
Additionally, RUNXZis a key transcription factor that potentiates a cytotoxic resident memory
phenotype in CD8* T cells, with its expression in this population associated with improved

prognostic outcome in patients with metastatic melanoma3®.

78



Th17CM

IF144 1
D2 4
RORA 1
CCR6
KLRB1 1
ADAM19 4
CTSH
IL17A 1
IL23R 1

IL17F 4

S100A4-|
IL7Fi-|

TNFRSF25
CD40LG
RORC

Th17EM

SN

Th17RM

Otll'ler

Th17CM Th17EM Th17RM

Percentage of cells in group

0 25 50 75100

c CTLA4 A

ITGAE A
PDCD1 1
CD38 A
SLAMF1 A
LGALS3 A
CXCR6 A
JAML 1
RUNX2 A
GPR34 1
MCAM -
IL26 1

IL22 4
CD83 A
CSF2A

NR4A1 4
BHLHE40 1
DUSP2 A

FOS 1
KLF6 1

JUN 1

AHR A
1L411 4
NFKBIA 4
CD69
CCL20+
TNFAIP3 A

AQP3A
MAL A
ITGBT1 1
TCF7 1
TXNIP A
KLF2+
SELL A
S1PR1 1
RPL13
RPL3

Otll'ler

Th17CM Th17EM Th17RM

Average expression across subset

-1.0

79

0.0

1.0



Figure 2.8 | Differential gene expression comparing Th17 cell populations with other T
cells in GSE108989. Differential gene expression analysis was performed comparing each
Th17 population with other T cell communities in GSE108989, collectively termed ‘other’.
Wilcoxon rank sum test with Bonferroni correction was used to identify significantly
differentially expressed genes, with log: fold change > 0.5 and p.adj (adjusted p value) < 0.05
considered significant. (A) Venn diagram showing the number of significantly regulated
genes shared by > 1 Th17 population. Dot plots showing a selection of significantly
upregulated genes either (B) shared by > 1 Th17 population or (C) significantly upregulated
in only one Th17 population. Dot size represents the percentage of cells in each population
expressing the gene and colour saturation indicates the relative expression level, scaled

across each population.

2.3.4 Each Th17 population is spatially enriched

Th17 functionality is highly influenced by the tissue milieu. As each Th17 populations we have
identified thus far is transcriptionally distinct, we hypothesised that each might display a
unique tissue tropism. To investigate this, we first plotted each Th17 population on a UMAP
then overlayed the tissue type from which each Th17 cell was identified. We observed a
distinctive segregation of Th17 population by tissue type, with Th17CM cells almost
exclusively restricted to the circulation, Th17EM cells broadly observed within tissue and
Th17RM cells highly enriched within tumour tissue (Fig. 2.9A). Overall, Th17CM cells made up
2.2% (74/3,350) of the circulating compartment, Th17EM cells made up 3.6% (99/2,637) of the
healthy T cell compartment and Th17RM cells made up 0.7% (36/5,149) of the tumour T cell

compartment in GSE108989.

Whilst these enrichment patterns were quite striking, they could have been skewed by
individual patients with particularly high counts for one specific Th17 population. To test this,

we first stratified the Th17 cells from each patient by sample location (Fig. 2.9B) and next by
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Th17 annotation (Fig. 2.9C). Th17 cells were found in 92% (11/12) of the patients (data not
shown for the patient in which Th17 cells were not identified), with reasonable representation
from all three tissue types per patient; Th17 cells were identified in blood samples from 83%
(10/12) of the patients, in 75% (9/12) from normal healthy adjacent tissue samples and 92%

(11/12) of the patients had Th17 cells identified within the tumour (Fig. 2.9B).

Looking at the distribution of Th17 cell annotations by patient, 93% of patients had circulating
Th17CM cells and Th17EM cells were found in 83% of patients. Rather conflictingly however,
Th17RM cells were only found in 25% (3/12) of patients, with the large majority of these

identified in a single patient, P0701 (Fig. 2.9C).

Given the small patient sample size of this dataset, we were underpowered to determine
whether or not this inverse Gaussian Th17RM distribution correlated with any clinical
metadata. Differential niche selection due to sample heterogeneity may have also influenced
the Th17 populations isolated from each patient, as some Th17 phenotypes may be more
enriched within the submucosa or epithelium, for example, than others. Correlating the
presence of Th17RM cells with other niche specific cell types, such as RSPO3* GREM1T *
fibroblasts localised nearby intestinal crypt bases®, might have allowed for further
exploration. However, as GSE108989 was a T cell enriched dataset, this option was not

available to us.
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Figure 2.9 | Each sampled tissue location is enriched with a different Th17 population.
(A) UMAP of each Th17 population and the tissue location in which they were identified in and
quantitative representation of Th17 population distribution across sampled tissue locations.
Stratification of the number of cells from each (B) tissue location and (C) Th17 population

across patient samples.

2.3.5 Each Th17 population can be identified ex vivoin CRC patients

To validate whether these computational findings were representative of that seen in CRC
patients, we explored the expression of a selection of surface markers by flow cytometry that
characterised each Th17 population on Th17 cells from CRC patients. Fresh single cells were
obtained from venous blood, healthy normal adjacent and tumour tissue from CRC patients

undergoing surgery before extracellular staining for the relevant markers, permeabilisation

82



and intranuclear staining for transcription factor analysis (gating strategy with RORyt FMO

and isotype control shown in Fig. 2.10).

As predicted computationally, the expression of SELL (CD62L) and CD29 (integrin B1) were
both significantly enriched on circulating Th17 cells, compared with those isolated from
normal and tumour tissue (Fig. 2.11A, Fig. 2.11D). The relative lack of surface markers that
were predicted to differentially define Th17EM cells was also reflected at the protein level.
Although significantly higher levels of CD69 were detected on Th17 cells from normal healthy
adjacent tissue, the majority of tumour derived Th17 cells also expressed CD69 (Fig. 2.11B,
Fig. 2.11D). No other Th17EM markers computationally predicted (CD83, CXCR4, ICOS) were

enriched in Th17 cells from healthy tissue either (data not shown).

In the tumour tissue, Th17 cells expressed significantly more CD103 and CD39 compared with
blood and normal Th17 cells. Although there was a trend towards Th17 cells expressing CD38
in the tumour, there were not significantly more CD38* Th17 cells in the tumour compared

with in normal tissue (Fig. 2.11C, Fig. 2.11D).
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Figure 2.10 | Gating strategy used to identify Th17 cells by flow cytometry. To validate
the existence of Th17 populations identified by scRNA-seq in CRC patients, Th17 cells from
fresh venous blood, healthy normal adjacent and resected tumour tissue patients
undergoing CRC surgery were first identified by flow cytometry. (A) Gating strategy used to
characterise CD4* T cells (single, viable CD45RO* CD3* CD4* CD8 lymphocytes). (B)
Identification of Th17 cells (RORyt* CD4* T cells) (left), with RORyt FMO (middle) and rat IgG2a

isotype control (right) staining shown.
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Figure 2.11 | Th17 populations identified by scRNA-seq can be found ex vivo in CRC
patients. Freshly isolated single cells from venous blood, healthy normal adjacent (normal)
and resected tumour tissue collected from patients undergoing CRC surgery were used to
analyse Th17 cell marker expression by flow cytometry. (A) The gating strategy used to
identify single, viable CD45RO* CD3* CD4* CD8 RORyt* (Th17) cells [DP165; GI 9214] alongside
(B) a RORyt FMO [DP165; GI 9214] and a rat IgG2a, k isotype control [DP165; GI 9214]. The
expression profiles of (C) integrin 1 (CD29), (D) CD69 and (E) integrin a.E (CD103) on blood,
normal tumour tissue-derived Th17 cells are shown. The percentage of Th17 cells per tissue
sample expressing each respective marker are shown above the gate. (F) The frequency of
Th17 populations expressing different markers stratified by tissue location (blood, n = 5;
normal and tumour, n = 7). Wilcoxon tests with Benjamini-Hochberg correction was used to
calculate the statistical comparisons. Adjusted p values (p.adj) are numerically shown above

each comparison and p.adj < 0.05 is considered statistically significant.

2.3.6 Each Th17 cell may highlight a single moment in a continuum of

adaptations

The development of fate reporter mice to track cells has greatly improved our understanding
of Th17 cell plasticity, allowing researchers to follow the natural history of individual Th17
cells from the earliest stages of pathogenesis through to the resolution of inflammation.
Since the first reported use of an //77a fate reporter model'®', it has been established that
Th17 cells can not only co-express cytokines associate with other T cell subsets, such as IFN-
y183 or IL-10%%, but are plastic enough to become entirely reprogrammed into distinctive T cell

populations such as Tfh3* or Tr12%2 cells.

Our identification of three Th17 populations in human tissue meant that we could only
observe each Th17 state in the ‘snapshot’ of time when the tissues were processed. However,

techniques such as pseudotime analysis are designed to computationally predict the
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developmental trajectories that cells may take using these ‘snapshot’ data points. Using the
pseudotime functions from the Monocle 3 package in R, we predicted that Th17CM cells
represent the earliest population along the developmental trajectory, with Th17EM cells
constituting an intermediate population and Th17RM cells embodying the most terminally
differentiated community (Fig. 2.12A). These predictions aligned with comparable
chronological analyses performed in CD8* T cells, where transcriptional downregulation of
S7pr7 in the most naive populations is inversely correlated with surface CD69 expression,
which itself precedes the expression of CD103 in resident memory CD8" T cells3035', A
comparable sequence of surface marker changes was observed as cells transitioned from

Th17CM to Th17EM and finally Th17RM functional states (Fig. 2.12B-G).

We found the strict confinement of CXCR4 to Th17EM cells in comparison with the gradual
upregulation of CXCR6in late Th17EM/Th17RM cells intriguing. CXCL12, the ligand for CXCR4,
is classified as a homeostatic chemokine due to its constitutive expression in lymphoid,
circulatory and peripheral tissues, functioning to facilitate broad immunosurveillance32. On
the other hand, CXCL16, the ligand for CXCR6, is far more niche specific. The secretion of
CXCL16 is restricted to inflammatory environments, with cancer associated fibroblasts®*3,
dendritic cells®®, inflammatory macrophages®>** and tumour cells®*>> known to be the main
producers. The distribution of these chemokine receptors by pseudotime further implies that
Th17EM and Th17RM have different tropisms. It suggests that Th17EM cells are recruited into
inflammatory tumours where they rapidly lose the ability to leave, reducing their ability to
respond to follow homeostatic CXCL12 gradients and upregulating tissue retention integrins

such as CD103 (Fig. 2.12D-G).
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Figure 2.12 | Pseudotime analysis of surface marker genes expressed by Th17 cells. (A)
UMAP of Th17 cells with pseudotime trajectory. Selection of surface markers projected by
pseudotime, coloured by pseudotime and cluster for (B) (C) Th17CM, (D) (E) Th17EM or (F) (G)
Th17RM cells.

Transcription factors are the key drivers of these dynamic cellular changes over time. As such,
we explored how a selection of key transcription factors identified during prior differential

gene expression analysis fluctuated across pseudotime.

Neither the transcription factors that control Th17CM nor Th17RM cells were normally
distributed, with a clear skewing towards their respective cell populations. 7CF7, LEF1, KLF2
and /D3 were all restricted to the earliest events in pseudotime (Fig. 2.13A). /D2 and RUNXZ,
Th17RM transcription factors, displayed the reverse trend (Fig. 2.13B). We also explored how
PRDM1 (BLIMP-1) and ZNF683 (Hobit), two additional transcription factors that act as key
regulators of resident memory properties in CD4* T cells3>, vary with pseudotime, expecting
them to follow a similar trend to /D2 and RUNXZ. It was instead surprising how ubiquitously
low the expression of PRDM7 and ZNF683 was across pseudotime (Fig. 2.13B) and it would
be informative to explore the expression of BLIMP-1 and Hobit by flow cytometry to see if

these expression levels translate into functional transcription factor activity.

Prior differential gene expression analysis of Th17EM cells was dominated by transcription
factors and so we were particularly intrigued to understand how their expression ranged with
pseudotime. Quite unlike the patterns seen in Th17CM and Th17RM cells, transcription factor
expression in Th17EM cells appeared to exist in three temporal waves; with the AP-1
transcription factor motifs JUN, JUNB and FOS, as well as DUSPT collaboratively enriched in

early pseudotime Th17EM cells, DUSP2, NR4AZ, NR4AT and KLF6enriched at an intermediate
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timepoint, and BHLHE40 and CREM upregulated together in latest moments in pseudotime
(Fig. 2.13C). Coincidentally, three branch points within the Th17EM cluster were also

identified by pseudotime (Fig. 2.13A), perhaps highlighting the presence of three distinct fate

points experienced by Th17EM cells.
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Figure 2.13 | Each Th17 population is temporally regulated by transcription factors. (A)
Th17CM, (B) Th17RM and (C) Th17EM transcription factor expression plotted by pseudotime.
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Blue, black and red vertical dashed lines in (C) represent the early, intermediate and late

timepoints of transcription factor expression.

Using GSE108989, a publicly available, T cell enriched scRNA-seq dataset from patients with
CRC, we identify three transcriptionally distinct Th17 populations. Each population is enriched
within a unique tissue environment and expresses a gene profile that aligns with a defined T
cell adaptive state. Th17CM cells, rich in lymph node homing marker, are found in the
circulation and exhibit stem-like features. Th17EM cells are found in normal, healthy tissue
and display a highly activated profile. Th17RM cells are associated with the tumour
microenvironment and may develop from Th17EM cells in response to a tumour-related

stimulus.

2.4.1 Why are unifying Th17 markers so elusive?

Identifying a reliable marker of Th17 cells has proven intriguingly difficult since their initial
identification two decades ago. RORyt was identified early on as the key transcription factor
that dictates IL-17 expression'? and, since then, a host of other intracellular regulators of

Th17 cells have been elucidated, including STAT3, IRF4 and BATF.

Convincing surface markers have remained more elusive. For many years, CCR6 has been
used as a putative Th17-specific chemokine receptor due to its expression on both mouse
and human Th17 cells, as well as its reasonably uniform expression level in Th17 cells found
in the small and large intestine, Peyer's patches and spleen®’. We performed differential
gene expression analysis comparing our three Th17 populations with all other T cells from

GSE108989 with the aim of identifying novel markers for Th17 identification. Only three
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significantly enriched genes were detected; RORC, CD40L and TNFRSF25(DR1). CCR6was not
significant, aligning with reports of its expression in other T cell subsets, primarily Treg

cells328,

One potential reason as to why so few markers exclusively associate with Th17 cells is their
tropic enrichment at mucosal barriers. Especially in the gut, rapid epithelial cell turnover
combined with close proximity to a staggering number of microbes means these niches are
highly dynamic environments. The T cells which patrol these borders, such as Th17 cells, Treg
cells, ILC3s and MAIT cells, must possess a capacity to rapidly induce inflammation in
response to aberrant epithelial proliferation or loss of barrier integrity, as well as a capacity
to halt inflammatory responses as quickly to prevent excess tissue damage. The necessity for
such multifaceted effector functions could therefore explain why the majority of Th17
associated markers, such as CCR6, CXCR6 and CD161, have been described in all three of
these mucosal T cell subsets as well as a number of other mucosal-resident cells such as DCs
and NK cells3>359360_ Furthermore, memory signatures have been extensively described in
CD8* T cells. The considerable transcriptional overlap between each Th17 population and
TCM, TEM and TRM CD8* T cells would also lend to the idea that Th17 cell effector functions

are tightly linked with signals from local niches.

Due to the paucity of surface markers revealed by our scRNA-seq analysis, it may be better
to define Th17 populations using combinatorial signatures that define more specific effector
functions, such as the Th17CM, Th17EM and Th17RM cells we describe. This nomenclature
follows a principle to that akin to describing Th17 cells as ‘non-pathogenic’ or ‘pathogenic’, a

popular nomenclature now widely used in the literature based on the ability of Th17 cells to

93



produce IFN-y. However, these terms describe the function of Th17 cells in EAE and it can be

confusing, or even misleading, when used to name Th17 cells in the context of cancer.

2.4.2 The importance of RORyt* FoxP3* Th17 cells in the tumour

To obtain a pure population of Th17 cells for downstream analysis, RORC* T cells expressing
FOXP3transcripts were removed from our clustering output. Under homeostatic conditions,
RORyt* FoxP3* T cells are commonly found in gut lamina propria and are induced by symbiotic
members of the microbiota, including multiple members belonging to the genera Firmicutes,
Bacteroides and Fusobacteria. Functionally, these double positive (DP) T cells plays an
important role in restraining local inflammation?®’. Despite a necessity for these DP T cells in
maintaining gut homeostasis, we chose to exclude double expressors from our downstream
analysis due to difficulty in identifying their ontogeny. Whilst some Th17 cells can acquire and
co-express FoxP3, they do not define a stable population but mark a transitionary state as
Th17 cells transdifferentiate into Treg cells'®. In the reverse direction, the acquisition and co-
expression of RORyt in Treg cells appears more stable, permitting the sustained presence of
polarising cytokines. Whilst there are no reports of Th17 cells co-expressing FoxP3 then
returning back to a Th17 profile, RORyt* Treg cells that rest from IL-6 and IL-1pB /n vitrofail to
produce IL-17 upon restimulation and display equivalent levels of suppression as compared
with Treg cells isolated ex vivo?%3. Together, these data suggest that the cells expressing both

RORCand FOXP3in our clusters have either lost or are set to lose their Th17 functionality.

With more time, it would have been interesting to explore the functional impact of these DP
clusters on tumour immunity. Given the presence of DP Treg cells in the gut lamina propria

during homeostasis?®, it is perhaps not surprising that other studies have concluded they
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play a role in polyposis, one of the earliest events as tissue transitions from healthy to
neoplastic. In this context, DP T cells have been shown to exhibit reduced suppressive ability
which permits mast cell degranulation, an essential process in the development of intestinal
polyps®*®', and enhances the infiltration of cytotoxic cells into hyperplastic tissue regions3¢2.
Despite these convincing observations, contradictory functions for DP T cells have been
reported in other pathologies. In EAE, DP T cells exhibit potent immunosuppression and their
induction is sufficient to completely abolish Th17-mediated CNS inflammation3%3. The extent
of overlap between the transcriptional profiles of these two contrasting T cell populations has
not been established. Heterogeneity within DP T cells, likely a result of distinct tissue milieus,
might underpin one reason as to why these two DP populations display seemingly antithetical

functions.

2.4.3 What phenotype, or phenotypes, best capture the earliest timepoint

in the evolution of Th17 cells?

It is now well established that Th17 cells, as a population, can exhibit remarkable plasticity.
However, whether all homeostatic Th17 cells display the same capacity to differentiate along
distinct trajectories is not known. Furthermore, a thorough phenotypic characterisation of
the intermediary facets in which Th17 cells transition through as they evolve has also not

been performed.

Recent scRNA-seq analysis of IL-17* T cells from multiple tissues in //77a reporter mice has
provided evidence to suggest that homeostatic Th17 cells exhibit strong tissue-specific
signatures’3. These observations might suggest that distinct tissue-specific Th17

populations are poised to respond differently to identical environmental cues. In support of
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this hypothesis, polarising Th17 cells in vitro with TGF-B1, IL-23 and IL-6 largely generates

IFN-y* Th17 cells, yet a small population of IL-10* Th17 cells is also produced3¢-.

Despite our pseudotime analysis being correlative, the numerous branch points detected in
such few Th17EM cells, in combination with the seemingly trimodal temporal expression of
immunomodulatory genes, makes the idea that Th17EM cells capture a functionally

homogenous population with diverging trajectories intriguing.

One major limitation with pseudotime analysis as a technique is the necessity to manually
annotate the ‘root’ community before trajectories are calculated. Normally the root, the least
differentiated population, is determined by prior biological knowledge. Across the three Th17
populations, Th17CM cells exhibit the most commonality with naive T cells, with both subsets
expressing an overlapping signature composed of CCR7and SELL, amongst a host of other
stem-like markers3®. However, how naive Th17CM cells really are remains unclear. The first
study to describe TCM cells suggested they develop directly from CD45RA" naive T cells??” and
differentiate in response to low affinity ligand*®>. However, we demonstrate that Th17CM cells
express CD45RO which would suggest that they have been previously activated. Thus,
whether Th17CM cells instead comprise a population of contracted, long lived effector cells
and potentially deriving from cells kindred to those in the Th17EM community, is perhaps not

unreasonable.

Examining the three distinct temporal transcription factor clusters within the Th17EM
community might hint to the notion that Th17EM cells represent the biological ‘root’
community and plastic gateway population that gives rise to a spectrum of phenotypic

adaptations. There is evidence to suggest that AP-1 transcription factor motifs found within
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the first temporal cluster, such as JUN, JUNB and FOS, represent key drivers of stem-like
persistence and protection against exhaustion in T cells*®¢ and therefore may demarcate the
gateway Th17 phenotype that gives rise to Th17CM cells. The expression of BHLHE40 and
CREM, activated downstream of IL-1f signalling and found in Th17EM cells at the latest
timepoint, has been heavily associated with the induction of an inflammatory facade in Th17
cells, with both transcription factors regulating GM-CSF production. Furthermore, the
suppression of either transcription factor is sufficient to protect mice against EAE346.367-369 This
could indicate that the Th17EM cells that branch at the latest point in pseudotime follow a

trajectory towards Th17RM cells, or a similarly pro-inflammatory equivalent.

The presence of proteins belonging to the NR4A orphan nuclear receptor superfamily in T
cells is tightly linked with the induction of a regulatory phenotype, forming a positive
feedback cycle with FoxP3 to promote the development of Treg precursor cells®”°.
Furthermore, NR4A factors can mechanistically suppress AP-1 activity®”’ and therefore this
intermediate timepoint captured by pseudotime might embody early precursor cells in the

well-documented pathway of Th17 to Treg transdifferentiation.

Calculating pseudotime positions on a broader range of cell types might be one way to
explore this hypothetical model. Utilising RNA velocity comprises another computational
technique that may offer alternative insights into the interconnected relationships between
each Th17 population and other T cell states. We did attempt to perform this RNA velocity
analysis however logistical difficulties obtaining the raw FASTQ files from the laboratory that
published GSE108989 prevented us from taking this analysis further. It would also be
interesting to profile the gene signatures Th17 cells within homeostatic tissue based on

relative expression of AP-1 transcription factors, NR4A family member or CREM and explore
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whether each putative subpopulation spatially co-localises with one another. Selectively
blocking AP-1 transcription factors, NR4A members or CREM signalling in tissue-derived Th17
cells in the presence of polarising cytokine combinations could offer additional insights into

the relevance of progenitor heterogeneity.

2.4.4 Do Th17CM cells represent a Th17 reservoir?

One early study exploring the natural history of Th17 cells during intranasal infection with
Listeria monocytogenes in mice concluded that they comprise short-lived effector cells.
Although robust type 17 immunity was elicited after initial infection, few antigen-specific IL-
17A* cells could be detected three months after the resolution of infection®’2 and this fleeting
Th17 presence was attributed to low expression of CD27, a marker of T cell longevity3’3. A
separate report which concluded that IL-2, a cytokine that provides essential survival signals
for all other T cell subsets, antagonises Th17 differentiation3 further eluded to the notion

that type 17 immunity merely represents a fugacious cellular state.

Itis likely that antigen specific Th17 cells transdifferentiated during the resolution of infection
and adopted regulatory features?®?, giving the illusion of a short-lived population if only
tallying IL-17* effector cells. As such, a contradictory study published only a year later
reported that Th17 cells in fact express high levels 7¢f7, self-renew and demonstrate superior
persistence and anti-tumour activity in a mouse model of melanoma, as compared with Th1
cells™®. Since then, numerous reports of durable Th17 memory responses have been

described, both in response to microbial infection4¢37>376 and in cancer?2264377,

However, true memory reservoirs required for anamnestic immune responses not only

display features of multipotency, such as 7cf7 expression, but usually lack robust effector
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functions®”8, unlike the memory Th17 cells reported in the previous studies. The more recent
identification of metabolically and transcriptomically distinct CD27* and CD27- Th17
populations alluded to the existence of such a reservoir in Th17 cells. CD27* Th17 cells were
enriched in the circulation of mice, perhaps explaining why CD27- cells were found in the
inflamed mucosa of mice challenged with L. monocytogenes 72. CD27* Th17 cells also
displayed low metabolic activity and gave rise to CD27- IL-17A* Th17 cells, which themselves

gave rise to an EAE-inducing IFN-y* Th17 cells??.

To our knowledge, a true Th17 reservoir has not been described in humans. The Th17CM cells
we describe are similarly enriched in the circulation, do not display prominent effector
cytokine transcripts and also express high levels of D27 (Fig. S2.2). They do not express
SLAMF6, another recently described marker in ‘stem-like’ Th17 cells, though this Slamf6*
population, whilst expressing high levels of 7¢7, was found in mouse intestinal tissue and
secreted IL-17A'%3. We therefore speculate that Th17CM cells function as a reservoir in
humans, sustaining a homeostatic effector pool that itself gives rise to Th17 populations with
more nuanced functions that develop in response to non-homeostatic milieu. Isolating
Th17CM cells from the circulation, stimulating them with anti-CD3 antibody and overlapping
the resulting cytokine signature with Th17EM cells could be one way to establish this putative

relationship.

To our knowledge, the identification of Th17 cells by RORCexpression in a human CRC dataset
represents a novel and unbiased method to explore Th17 heterogeneity. The advent of deep

sequencing methodologies has aided the discovery of numerous clinically relevant T cell
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populations with remarkable granularity. Within the tumour, some of these distinct T cell
adaptations mark subsets of cells particularly responsive to novel immunotherapy strategies.
Therefore, understanding the functional importance of our Th17 signatures, as well as which
cells they co-exist with in the niches in which they can be found, will be key to leveraging any
translational benefits that may arise from their presence. These are key questions which we

aim to address in the forthcoming chapters.
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Chapter 3: Investigating the tumour niches in

which Th17RM cells reside in

For a given T cell to functionally contribute to an anti-tumour immune response, it is usually
a prerequisite that they reside within the tumour microenvironment. However, it is becoming
increasingly appreciated that simply identifying immune cells within the tumour provides
limited information regarding their functional impact. Considering additional features, such
as their association with certain immune populations or residence within a specific niche, can
substantially impact their prognostic value. Intratumoural tertiary lymphoid structures are
one good example of this; these organised, ectopic lymphoid organs found in non-lymphoid
tumour tissue such as the colonic submucosa in CRC, provide a specialised niche whereby
antigen-laden APCs can educate tumour infiltrating lymphocytes and foster robust, adaptive
immune responses*. Accordingly, the prognostic impact of intratumoural lymphocytes is
heightened when their presence is also affiliated with the presence of tertiary lymphoid

structures in a number of cancers379-384,

There is evidence to suggest that distinctive tumour niches can regulate the anti-tumour
capacity of Th17 cells. By histologically screening a large CRC patient cohort, a recent
investigation concluded that the enrichment of Th17 cells in different tumoural regions
provided differing prognostic information; on one hand, positive /n situ staining for
intraepithelial IL-17* CD4* (Th17) cells was associated with improved prognosis by virtue of
Th17-mediated recruitment of CD8* T cells and CD16* myeloperoxidase-secreting

neutrophils'3. Contrastingly, the presence of Th17 cells embedded within the peritumoral
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stroma provided no prognostic benefit, perhaps indicating that either stromal Th17 cells fail
to acquire the functionalities necessary to traffic CD8* T cells and neutrophils, or their
residence within the stromal niche physically inhibits their recruitment towards adjacent
tumour cells. Regardless, this exemplar highlights the importance of considering both the
composition and organisation of the tumour microenvironment in tandem and might provide

one explanation as to why such contrasting evidence exists for the role of Th17 cells in cancer.

Alterations to the cytokine milieu drive nuanced Th17 profiles. In the previous chapter, we
identify three distinct Th17 profiles in human CRC, with Th17CM cells expressing CD62L,
Th17EM cells expressing CD69 and Th17RM cells additionally expressing CD103 alongside
CD69. Utilising pseudotime trajectory analysis, we predicted that Th17RM cells arise from a
population of Th17EM cells, adopting phenotypic adaptations that permit their specialised
habitation at epithelial interfaces rich with E-cadherin, the ligand for CD103. As Th17EM cells
can be identified in both healthy and neoplastic tissue but Th17RM cells are specifically
enriched within the tumour, we place a particular focus on what may differentially regulate

the differentiation of Th17RM cells in this chapter.

In vivo, Th17 polarisation is largely attributed to cells belonging to the myeloid lineage. Both
DCs and macrophages are key producers of the classic polarising combinations of IL-6 and
TGF-B1 or IL-1p and IL-23. Like Th17 cells though, both DCs and macrophages exhibit a
diverse range of phenotypes in cancer, with each phenotype associated with a similarly broad
amalgamation of cytokines, co-stimulatory and immunosuppressive molecules that have the

potential to differentially shape and refine Th17 tumour immunity38>3#7,
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A clear understanding of the cell types that Th17EM and Th17RM cells interact with and
establishing whether their transcriptomic differences are a product of regional enrichment

will be key to modulating these populations therapeutically.

In this chapter, we aim to characterise the cell types that co-localise with the non-circulating
Th17 phenotypes described in Chapter 3, placing a particular focus on tumour Th17RM cells
due to their apparent absence within homeostatic tissue. Using ligand-receptor analysis
algorithms, we aim to define the ligands responsible for the acquisition of each phenotype
and intend to use these ligand directories to predict which patients may exhibit Th17RM
enrichment. Finally, we aim to validate the intercellular interactions predicted by ligand-
receptor analysis using techniques such as spatial transcriptomics and multiplex

fluorescence imaging.

3.3.1 Using cellular deconvolution to explore the immune landscape of
colon adenocarcinoma patients

The T cell enriched scRNA-seq dataset curated by Zhang et a/. (GSE108989)' was informative

due to the depth of sequencing and large number of cells used. However, to explore the

cellular composition of the tumours in which Th17EM and Th17RM cells can be found, a

dataset containing a broader range of cell types is required.

To initially explore the broad immune landscape that associate with Th17EM or Th17RM cells

in the tumour, we exploited the substantial amount of publicly available data stored in The
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Cancer Genome Atlas colon adenocarcinoma (TCGA-COAD) repository®®. The TCGA-COAD
repository contains bulk RNA-seq information from the resected tumours of 522 colon
adenocarcinoma patients, providing us with information about the broad RNA signatures
expressed in each tumour in conjunction with a considerable number of patients for reliable

statistical analysis.

We first deconvoluted the bulk RNA-seq information from each patient using CIBERSORTX, a
computational tool which can infer cell type abundance from bulk RNA-seq profiles®°, and
predicted the tumour immune landscape per patient. We used the LM22 immune signature
matrix to deconvolute each sample, a specially developed gene expression matrix for use
with CIBERSORTx which contains the transcriptional signatures of 22 immune cells from both

myeloid and lymphoid cell lineages®*° (Fig. S3.1).

We next planned to curate uniquely identifying gene signatures for Th17EM and Th17RM cells
which would be used to score each patient using GSVA, a method which estimates the
variation of gene sets over a sample population in an unsupervised manner3*'. TCGA-COAD
patients would then be divided into equal tertiles based on their Th17EM or Th17RM
signature score, with the associated immune landscapes from those in the lowest and highest

tertiles compared against each other (Fig. 3.1)
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Figure 3.1 | Deconvoluting tumour immune cell infiltrate in colon adenocarcinoma
patients. A schematic of the workflow used to determine the broad immune cell landscape
associated with the presence of Th17 cells in colon adenocarcinoma patients. Patient scoring
using a Th17RM gene signature is used as an example in the schematic. CIBERSORTX is first
used to deconvolute bulk RNA-seq data from The Cancer Genome Atlas colon
adenocarcinoma (TCGA-COAD) cohort using a cell signature expression matrix specifically
designed for utilisation with CIBERSORTx (LM22). CIBERSORTx then outputs the relative
abundance of each cell type per patient, who is then scored based on their expression of a
curated Th17RM signature. The immune landscape of those expressing the lowest Th17RM
signature score (Th17RM") is finally compared with that seen in the highest scoring patients

(Th17RMMigh),

3.3.2 Curating Th17EM and Th17RM cell gene signatures

To curate the Th17 signatures that we would use to score each TCGA-COAD patient with,
differential gene expression analysis was first performed using the original GSE108989
scRNA-seq dataset, comparing Th17EM or Th17RM cells with all non-Th17EM/RM cells,
grouped together and collectively termed “other T cells”. For each Th17 population, we
combined the markers validated at protein level (RORyt with CD69 or CD103) with the top five
most differentially expressed genes at the transcriptomic level to curate each respective Th17

signature.
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For Th17EM cells, the five most differentially upregulated genes consisted of 722, CCL20,
IL717F, IL17A and CD69, and we combined these transcriptional outputs with RORyt (RORC) to
make a six gene Th17EM cell signature (Fig. 3.2A). To validate the specificity of this signature,
we scored each cell in GSE108989 using the AddModuleScore function in the Seurat package
from R and contrasted the scores for each cell type annotation. Our six gene Th17EM
signature was able to significantly differentiate Th17EM cells from all other T cell subsets (Fig.

3.2B), validating its reliability.

We next repeated this process for Th17RM cells and found that the five most differentially
upregulated genes were IL77A, KLRB7 (CD161), CTSH (cathepsin H), CXCR6 and LGALS3
(galectin-3) (Fig. 3.3A). In combination with the RORyt and CD103 (/7GAE£) validated at the
protein level, this seven gene Th17RM signature was similarly able to differentiate Th17RM

cells from all other T cells in GSE108989 (Fig. 3.3B).
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Figure 3.2 | Curating a Th17EM cell signature. Differential gene expression analysis was
performed by comparing Th17EM cells with all other T cell clusters in GSE108989. (A) Volcano
plot displaying the differentially expressed genes. Green dots represent genes differentially
enriched in Th17EM cells and blue dots represent genes differentially enriched in non-
Th17EM (other) T cells. Wilcoxon rank sum test with Bonferroni correction was used to identify
differentially upregulated genes in Th17EM cells, with log, fold change (FC) > 0.5 and p.adj
(adjusted p value) < 0.05 considered significant. Dashed lines are drawn where log; fold
change = 0.5 and p.adj = 0.05. (B) Each cluster was scored using the six gene Th17EM
signature (RORC, CD69, IL22, CCL20, IL17F, IL17A). Signature scores are displayed as box and
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whisker plots showing the median, 25" and 75 percentiles and two whiskers at the 1.5x
interquartile range for each cluster. Each data point represents an individual cell. Pairwise
Wilcoxon tests with Benjamini-Hochberg correction were used to calculate the statistical
comparisons, with Th17EM cells set as the reference population. The four least statistically

significant adjusted p values are displayed. p.adj < 0.05 is considered statistically significant.
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Figure 3.3 | Curating a Th17RM cell signature. Differential gene expression analysis was
performed by comparing Th17RM cells with all other T cell clusters in GSE108989. (A) Volcano

plot displaying the differentially expressed genes. Purple dots represent genes differentially
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enriched in Th17RM cells and blue dots represent genes differentially enriched in non-
Th17RM (other) T cells. Wilcoxon rank sum test with Bonferroni correction was used to
identify differentially upregulated genes in Th17RM cells, with log, fold change (FC) > 0.5 and
p.adj (adjusted p value) < 0.05 considered significant. Dashed lines are drawn where log: fold
change = 0.5 and p.adj = 0.05. (B) Each cluster was scored using the seven gene Th17RM
signature (RORC, ITGAE, IL17A, CTSH, KLRB1, CXCR6, LGALS3). Signature scores are displayed
as box and whisker plots showing the median, 25" and 75" percentiles and two whiskers at
the 1.5x interquartile range for each cluster. Each data point represents an individual cell.
Pairwise Wilcoxon tests with Benjamini-Hochberg correction were used to calculate the
statistical comparisons, with Th17RM cells set as the reference population. The four least
statistically significant adjusted p values are displayed. p.adj < 0.05 is considered statistically

significant.

3.3.3 Th17EM and Th17RM cells might feature as part of different tumour

immune responses

To explore the immune landscape of patients with high or low levels of Th17EM or Th17RM
cells based on signature expression in bulk RNA-seq data from the tumour, we chose to
compare patients in the lowest scoring tertile with those in the highest. This would maximise
the differences observed and give a more reliable indication as to which populations were

alternatively enriched.

The immune landscape in patients with high Th17EM signature score (Th17EM"9") seemed to
capture a humoral tumour response, with activated CD4* T cells, dendritic cells, plasma cells
and Tfh cells displaying the most significant levels of enrichment (Fig. 3.4A). Together, these
cells constitute major cell type components found within mature tertiary lymphoid structures,
which are usually associated with more favourable prognosis in a variety of cancer types3®2.

Conversely, unpolarised (M0) macrophages and resting mast cells were more enriched in
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patients with a lower Th17EM signature score (Th17EM"Y), indicative of a homeostatic

epithelial barrier.

In patients with a high Th17RM signature score (Th17RMP"9h), the immune landscape was
considerably altered. Most prominently in the myeloid compartment, patients had far more
resting dendritic cells than those with a low Th17RM signature score (Th17RM'¥). These cells
were perhaps replaced with those from the macrophage lineage as a significant increase in
the proportion of activated macrophages, displaying both inflammatory (M1) and anti-
inflammatory (M2) phenotypes, was seen (Fig. 3.4B). A higher proportion of resting mast cells
was also observed in Th17RM"9" patients, as well as infiltration of CD4*, CD8* and y§ T cells
subsets, which may indicate more robust activation of the cellular arm of adaptive tumour

immunity.

Consistent across both Th17EM"e" and Th17RMM9" cohorts was the upregulation activated
CD4* T cells, Tfh cells and Treg cells. Generally, the presence of Treg cells in the tumour
microenvironment is indicative of hindered immunosurveillance, largely due to their ability
to reduce APC-mediated effector T cell activation, production of large quantities of
immunosuppressive adenosine, ability to starve effector T cells of the stimulatory cytokine
IL-2 and by direct killing of anti-tumour immune populations via secreted granzymes and
perforin3%. Together, these effector functions can promote development and progression of
tumours. However, whilst deconvolution techniques such as CIBERSORTx are able to hint at
the presence of immune populations within the tumour, one major limitation is their inability
to allude to cellular tissue functions. In the presence of high levels of type I (IFN-a, IFN-B) or
type II (IFN-y) interferons, for example, Treg cells exhibit heightened functional fragility which

can instead result in augmented anti-tumour immunity3%43%. Therefore, the enhanced
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presence of Treg cells in Th17EMPi9" and Th17RMM9" patients does not necessarily stipulate
immunosuppression and establishing which cell types that Treg cells in Th17EMM3" and
Th17RMPigh patients co-localise with would be more informative, as the type Linterferons from
the M1 macrophages or type II interferons from the CD8* T cells similarly enriched in

Th17RMMih patients could negate any suppressive Treg activity.
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Figure 3.4 | Th17EM and Th17RM cells are associated with different immune landscapes
in TCGA-COAD patients. GSVA was used to score patients from The Cancer Genome Atlas
colon adenocarcinoma (TCGA-COAD) cohort based on the expression of our curated six gene
Th17EM cell signature or seven gene Th17RM cell signature. This signature score was then
used to divide the cohort into equal tertiles, with patients in the lowest tertile termed
Th17EM/RM'* and those in the highest scoring tertile named Th17EM/RMM¢h. Direct
comparison of cell type proportions in TCGA-COAD patients based on (A) Th17EM signature
or (B) Th17RM signature. Wilcoxon test was performed for statistical analysis. Mean and
standard error are displayed. NS (not significant), * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
**%% (p < 0.0001).

3.3.4 Identification of Th17 cells in a cell type replete scRNA-seq dataset

To unbiasedly investigate intercellular communication networks that exist between Th17 cells
and their interacting counterparts by scRNA-seq, we were required to identify each Th17
population in a dataset containing all cell types. Our original scRNA-seq, GSE108989, was not

sufficient as it was enriched for T cells.

We therefore selected another publicly available dataset, GSE146771, for this analysis.
GSE146771 was curated by sequencing both the CD45* and CD45  components of blood,
healthy normal adjacent and tumour tissue from 18 CRC patients using Smart-seqg2, totalling
10,468 cells?. Epithelial cells (hE), malignant cells (hC), fibroblasts (hF), myeloid cells (hM), B

cells (hB), ILCs (hI), CD4* and CD8* T cells (hT) were captured in the sequencing (Fig. S3.2).

To identify putative Th17 cells, the same clustering strategy was employed as described in
Chapter 3. RORC *CD3D * cells were firstly subset and clustered before differential gene
expression analysis was performed (Fig. 3.5A), which identified communities of Th17CM-,

Th17EM- and Th17RM-like cells. Th17RM-like cells high expressed high levels of /L23R with
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low levels of FOXP3, whilst Th17EM-like cells conformed to a profile intermediate to that of
LEFT * Th17CM-like and T1h17RM-like cells (Fig. 3.5B). To confirm the alignment of these
Th17-like populations to our previous Th17 annotations, we projected the newly curated
signatures onto each of the RORC *CD3D * cells. The Th17RM signature was significantly
enriched in Th17RM-like cells in this new dataset (Fig. 3.5C, 3.5D). However, the Th17EM
signature failed to differentiate between Th17EM-like and Th17RM-like cells, indicating a

stronger transcriptional overlap between these two clusters in this dataset (Fig. 3.5E).

After the clustering of RORC*CD3D* cells in our original scRNA-seq, we encountered some
contamination from extraneous cell types which required further subsetting and re-
clustering to remove. Given the considerable number of cells present in our new, putative
Th17-like clusters, we speculated that a similar contamination had occurred and therefore
repeated the process of subsetting and re-clustering each Th17-like cluster. Differential gene

expression was then re-performed to aid with annotating the new output clusters.

As predicted, a number of contaminants were identified, including Tfh cells, another CD8*
population and two communities of Treg cells (Fig. 3.6A, 3.6B). To again confirm the
robustness of our Th17 annotations, we projected each signature onto the cells. The Th17RM
signature was again most associated with Th17RM-like cells (Fig. 3.6C, 3.6D) and the Th17EM

signature similarly failed to distinguish between Th17EM and Th17RM cells (Fig. 3.6E).
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Figure 3.5 | Identification of Th17RM-like cells in a validation cohort. To validate the

existence of Th17RM cells in a second cohort, cells expressing both RORC and CD3D were

subset out of the scRNA-seq dataset GSE146771. (A) UMAP of RORC* CD3D* cells with cluster

annotations based on the output of differential gene expression analysis. Wilcoxon rank sum

test with Bonferroni correction was used to identify significantly differentially expressed



genes, with log; fold change > 0.5 and p.adj (adjusted p value) < 0.05 considered statistically
significant. (B) Violin plots of differentially expressed genes. (C) Cells were scored using the
seven gene Th17RM signature as curated previously with the AddModuleScore function in
the Seurat package. Relative score enrichment is denoted by the colour gradient and
displayed by UMAP. (D) Th17RM and (E) Th17EM signature scores displayed as box and
whisker plots showing the median, 25" and 75™ percentiles and two whiskers at the 1.5x
interquartile range for each cluster. Each data point represents an individual cell. Pairwise
Wilcoxon tests with Benjamini-Hochberg correction were used to calculate the statistical
comparisons, with (D) Th17RM and (E) Th17EM cells set as the reference population. The four
least statistically significant adjusted p values (p.adj) are displayed. p.adj < 0.05 is considered
statistically significant. The colours used in (B), (D) and (E) match the colours assigned to each

cluster in (A).
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Figure 3.6 | Refining the selection of Th17RM cells in GSE146771. To remove contaminant

cells from the previously characterised Th17RM-like population, a second round of clustering

was performed. (A) UMAP of Th17RM-like cells re-clustered and re-annotated based on the
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output of differential gene expression analysis. Wilcoxon rank sum test with Bonferroni
correction was used to identify significantly differentially expressed genes, with log, fold
change > 0.5 and p.adj (adjusted p value) < 0.05 considered significant. (B) Violin plots of
differentially expressed genes. (C) Cells were scored using the seven gene Th17RM signature
as curated previously with the AddModuleScorefunction in the Seurat package. Relative score
enrichment is denoted by the colour gradient and displayed by UMAP. (D) Th17RM and (E)
Th17EM signature scores displayed as box and whisker plots showing the median, 25" and
75t percentiles and two whiskers at the 1.5x interquartile range for each cluster. Each data
point represents an individual cell. Pairwise Wilcoxon tests with Benjamini-Hochberg
correction were used to calculate the statistical comparisons, with (D) Th17RM and (E)
Th17EM cells set as the reference population. The four least statistically significant adjusted
p values (p.adj) are displayed. p.adj < 0.05 is considered statistically significant. The colours

used in (B), (D) and (E) match the colours assigned to each cluster in (A).

Finally, to validate that the tissue enrichment of each Th17 phenotype held true in this new
scRNA-seq dataset, each cell was plotted on a UMAP (Fig. 3.7A) and the sample location of
origin was overlayed (Fig. 3.7B). In line with that seen in the original GSE108989 dataset,
Th17CM cells in GSE146771 were restricted to the blood, whilst Th17EM cells were the most
dominant Th17 population in healthy normal adjacent tissue. Despite finding a few Th17RM
cells in healthy tissue, the vast majority were found within in the tumour (Fig. 3.7B), in
agreement with our ex vivo findings (Fig. 3.11D). One reason for the detection of these
Th17RM cells in normal tissue could be a sampling issue, as the healthy adjacent tissue

captured may have not been peripheral enough from the tumour site.
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Figure 3.7 | Th17 cells in GSE146771 share the same tissue enrichments. (A) Th17CM,
Th17EM and Th17RM clusters displayed by UMAP. (B) Qualitative and quantitative tissue

distributions for each Th17 population.

As a final check to validate the reliability of our Th17 annotations, each cell in our new scRNA-
seq dataset was scored with the two Th17 signatures. As shown previously, many Th17RM
cells also scored highly for the Th17EM signature, although the signature was able to

distinguish Th17EM cells from all the other cell types (Fig. 3.8).

Despite our Th17RM signature reliably distinguishing Th17-like cells in this new dataset, when
projected against all the existing cellular annotations we noticed that it was unable to
distinguish Th17RM cells from a population of CD4* T cells expressing /L23R(hT08_CD4-IL23R)
(Fig. 3.9). One explanation could be that some cells annotated as hT08_CD4-IL23R also
express RORyt but RORC transcripts were not detected by the sequencing given the

established difficulty detecting transcription factors by scRNA-seq.
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Figure 3.8 | Projecting the six gene Th17EM signature into GSE146771. Clusters in
GSE146771 were scored using the six gene Th17EM signature as curated previously with the
AddModuleScore function in the Seurat package. Th17EM signature score displayed as box
and whisker plots showing the median, 25" and 75% percentiles and two whiskers at the 1.5x
interquartile range for each cluster. Each data point represents an individual cell. Pairwise
Wilcoxon tests with Benjamini-Hochberg correction were used to calculate the statistical
comparisons, with Th17EM cells set as the reference population and an adjusted p value <
0.05 is considered statistically significant. The five least statistically significant pairwise

comparisons are displayed.
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Figure 3.9 | Projecting the seven gene Th17RM signature into GSE146771. Clusters in
GSE146771 were scored using the seven gene Th17RM signature as curated previously with
the AddModuleScore function in the Seurat package. Th17RM signature score displayed as
box and whisker plots showing the median, 25" and 75% percentiles and two whiskers at the
1.5x interquartile range for each cluster. Each data point represents an individual cell.
Pairwise Wilcoxon tests with Benjamini-Hochberg correction were used to calculate the
statistical comparisons, with Th17RM cells set as the reference population and an adjusted p
value < 0.05 is considered statistically significant. The five least statistically significant

pairwise comparisons are displayed.
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3.3.5 Th17RM cells are driven by a highly inflammatory tumour milieu

The consequence of exposure to variable ligand combinations during Th17 polarisation is
well established. It is therefore likely that the unique transcriptional signatures attributed
with Th17EM and Th17RM cells arise from different ligand interactions within distinct cellular
niches. To better understand these phenotypic drivers, as well as garnering information
regarding the chemokine gradients which may recruit these Th17 cells and the cell types from
which they originate, we employed NicheNet, a ligand-receptor network interaction package.
Similar to other ligand-receptor network analysis tools, such as CellPhoneDB3% or CellChat3%7,
NicheNet utilises a public repository of known ligands, receptors and their documented

interactions to quantitively infer intercellular communication networks from scRNA-seq data.

In principle, the receptors expressed by each Th17 cell type are matched with sender cells
expressing their cognate ligands, enabling the computational elucidation of communication
networks. Unlike CellPhoneDB or CellChat, NicheNet has the additional benefit of calculating
and accounting for active signal transduction networks within the recipient cell, incorporating
this information to generate a continuous score for the most likely ligand-receptor
interactions®®. For example, if /L23R and IFNGR17 are equally expressed in Th17RM cells and
IL23A and IFNG transcripts are detected at equal levels in macrophages and CD8* T cells,
respectively, CellPhoneDB and CellChat would conclude that both ligands equally contribute
to the Th17RM expression profile. However, if target genes downstream of IL-23 signalling
are more upregulated than those downstream of IFN-y signalling, as informed by the
literature, NicheNet would infer that IL-23 plays a stronger role than IFN-y in dictating the

Th17RM transcriptional programme.
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To capture as many reliable intercellular interactions as possible, every cell type in GSE146771
was set as a potential sender population with Th17EM or Th17RM cells set as the recipient
population. Ligand activity was defined as the Pearson correlation coefficient between the
vector of the recipient cell gene signature and the target genes score for that ligand, with a
correlation coefficient over 0.075 used as a threshold to define active ligands based on recent

utilisation of this technique3*°.

Initially focussing on Th17RM cells due to their enrichment within the tumour, we found that
a highly inflammatory tumour milieu was associated with their phenotype, with the highest
ranking correlation coefficients belonging to IL-23, IFN-y, IL-18, TNF, CCL2, IL-6, TGF-B1, IL-18,
ICAM-1 ADAM17 and CD40 (Fig. 3.10A), as determined by the combined scoring of ligand-
Th17RM receptor interactions (Fig. 3.10B) and downstream target gene expression (Fig.

3.10C).

A number of these ligands have previously been associated with influencing nuanced Th17
programmes. Together, IL-6 and TGF-B1 instruct the secretion of IL-17 in CD4* T cells and the
addition of IL-23 and IL-1pB stimulates additional pro-inflammatory characteristics /n vitro
including the secretion of IFN-y, GM-CSF and TNF-a'">46, The CCR2/CCL2 axis drives Th17
recruitment into the CNS during late, but not early, EAE and it is thought that persistent TCR
stimulation plus IL-23 exposure are prerequisite conditions for CCR2 upregulation on the

surface of Th17 cells*°°,

Meanwhile, the role of IL-18 in Th17 biology is less well understood. IL-18, an inflammasome-
driven member of the IL-1 family of cytokines, initially binds to the IL-18Ra subunit (encoded

by IL78R7), which then recruits the IL-18RB subunit (/L 78RAP) before the complete, high
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affinity heterodimeric receptor can initiate downstream signalling cascades*'-4%4,. Co-
culturing naive CD4* T cells in Th17 polarising conditions in the presence of IL-18 somewhat
reduces the number of IL-17* cells produced as compared to those polarised in the absence
of IL-18%5, although a considerable number of Th17 cells can still be differentiated and
colonic inflammation is not reduced in 7/78r7 - mice after the induction of experimental
colitis, suggesting that IL-18 might not functionally impact the acquisition of inflammatory
properties*®. It has been speculated that IL-18 might partially antagonise IL-1B driven Th17
polarisation, as Th17 count remains unchanged in /L 7r7- or Myd88~"- CD4* T cells*®, however
Th17RM cells appear to respond to IL-1B (Fig. 3.10A), suggesting that IL-18 may function

differently in human Th17RM cells.

IL-18 is predicted to control the transcription of CCL5, CCL20 and IFNGin Th17RM cells (Fig.
3.10C), which could collaboratively promote the recruitment and activation of CCR5* (receptor
for CCL5) CCR6" (receptor for CCL20) CD8* T cells into the tumour, a population which has
been shown to be highly anti-tumourigenic in CRC'3. Furthermore, how IL-18 ligation can
modulate the phenotype of already differentiated Th17 cells, rather than that of naive T
cells*®, also remains undetermined and will be a crucial to test the activity of these ligands in
future /n vitro experiments. In CD8* T cells, IL-18 functions to amplify the production of IFN-
y406-4%8 and works synergistically with other cytokines such as IL-12 to elicit the strongest
production of IFN-y#240°_ In our NicheNet output, /FNG (IFN-y) is both predicted to be
upregulated in response to IL-18 (Fig. 3.10C) and predicted to influence the Th17RM
transcriptional programme (Fig. 3.10B), hinting that IL-18 may function to initiate an

autocrine positive feedback cycle that strengthens the Th17RM phenotype.
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The high correlation coefficient of ADAM17 (a disintegrin and metalloproteinase 17) was also
surprising. Although ADAM17 has been previously implicated in Th17 biology, it does not
influence their phenotype by direct interaction. ADAM17 functions to cleave membrane IL-6R
into its soluble form which facilitate IL-6 trans-signalling, a form of IL-6 signalling that can
exacerbate inflammatory processes by expanding the range of cells capable of responding
to IL-6 beyond those expressing IL-6R*°. Blocking IL-6 trans-signalling does inhibit the
expansion of Th17 cells /n vitro #'" although it is thought that classical IL-6 signalling is
primarily required for the maintenance of inflammatory Th17 characteristics*'2. Which form
of IL-6 signalling Th17RM cells respond to within the tumour is difficult to interpret from our

results. ADAM17 also cleaves pro-TNF-a into its active, soluble form*'3,
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Figure 3.10 | Ligands, such as IL-23, IFN-, IL-18, TNF, IL-16, TGF-B1 and IL-18 are
predicted to drive a Th17RM transcriptional programme. NicheNet ligand-receptor
network analysis was used to predict the ligands that functionally interact with Th17RM cells.
(A) The predicted ligands which are most likely to interact with Th17RM cells based on (B) the
level of cognate receptor expression and (C) the expression of downstream target genes for

each respective signalling pathway.
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Comparatively, the cytokines NicheNet predicted to most strongly interact with Th17EM cells
allude to the notion that Th17EM cells may self-regulate a number of their transcriptional
programmes. We were initially surprised to see that IL-17A had the highest correlation
coefficient (Fig. 3.11A), binding to the heterodimeric IL-17R (Fig. 3.11B), composed of IL17RA
and IL-17RC chains*'4, and upregulating a broad array of genes in Th17EM cells (Fig. 3.11C).
However, an IL-17 mediated regulatory autocrine loop has been recently described in Th17
cells that functions to restrain the secretion of GM-CSF, IL-17F and IL-22 to restrict their
pathogenicity in EAE*'>, making the prospect of a similar autocrine loop in Th17EM cells a
plausible conclusion. IL-1a can also function in an autocrine manner in Th17 cells, although
the resulting phenotype contradicts that seen with IL-17A regulation. Autocrine IL-1a
signalling represses the production of IL-10 whilst concomitantly upregulates secretion of IL-

1a, IFN-y and IL-17A released by Th17 cells to instead enforce their pathogenicity'°.

The correlation coefficient of leukaemia inhibitory factor (LIF) was also surprisingly high, a
cytokine which functions to antagonise IL-6 driven Th17 differentiation by upregulating the
level of the STAT3 inhibitor SOCS34'¢. Although this corroborates with the increased SOCS3
identified in our previous Th17EM transcriptional analysis (Fig. 2.6A, 2.6C), the functional
impact of LIF signalling contradicts the strong Th17 signature associated with Th17EM cells.
Furthermore, IL-6 exhibits a correlation coefficient of 0.09 in Th17EM cells (data not shown),
similar to that calculated in Th17RM cells (Fig. 3.10A) and instructs a phenotype more similar
to the one we have described in Th17EM cells*'’, challenging the biological relevance of LIF

as an output cytokine.
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Figure 3.11 | Th17EM cells might self-regulate their phenotype more than Th17RM cells.

NicheNet ligand-receptor network analysis was used to predict the ligands that functionally

interact with Th17EM cells. (A) The predicted ligands which are most likely to interact with

Th17EM cells based on (B) the level of cognate receptor expression (C) and the expression of

downstream target genes of each respective signalling pathway.
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3.3.6 Inflammatory, tumour-residing macrophages produce the majority of

Th17RM predicted ligands

We next sought to describe the tumour niche that drives Th17EM cells to acquire resident
memory characteristics by establishing the major sender cell types for Th17RM ligands.
Firstly, we broadly visualised the cell type distribution for the top sender ligand-receptor pairs
using a Circos plot, where each connecting arrow was colour coded depending on the
specificity of the ligand to a distinct sender cell type. Ligands that had transcripts detected in
numerous cell types were coloured green and those with transcripts found almost exclusively,
if not exclusively, in one cell type were coloured a non-green colour depending on the cell

type in question.

The majority of sender ligands were expressed by multiple different cell types, with only CCL2
and JL 7B uniquely expressed by fibroblasts and myeloid cells, respectively (Fig. 3.12A, 3.12B).
The expression of the more extensively shared ligands agreed with observations from within
the literature. CCL20, for example, was found to be more enriched in the Th17 cells, of which
they are known to be a dominant producer'’®, with lower expression levels also being
detected in malignant cells. What was more surprising was that Th17EM and Th17RM cells
were relatively enriched for /L23A (IL-23p19), as IL-23 secretion is typically associated with
cells that derive from the myeloid lineage*'®. One explanation could be the detection of non-
functional IL-23p19 transcripts in these Th17 populations, having been recently shown that
following TCR ligation, CD4* T cells can secrete IL-23p19 but not the IL-23p40 additionally

required to form functional IL-234'°,
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To explore the sender cell types with increased granularity, we next plotted the minor cell
type annotations against each predicted ligand (Fig. 3.12C). A cluster of three inflammatory
macrophages, hM08_Macro_NLRP3, hM12_TAM_C1QC and hM13_TAM_SPP1, were enriched
with nearly all the Th17RM sender ligands, strongly suggesting the existence of Th17RM
cell/inflammatory macrophage niche within the tumour. It has been previously established
that osteopontin (5PP7) from APCs in the inflamed lungs of smokers is known to drive IL-17
and IFN-y secretion in CD4* T cells?'3, as are ligands downstream of NLRP3 inflammasome

activation such as IL-1p">.

Other notable sender populations included hM03_cDC2-CD1C and hM04_cDC1_BATF3 cells,
which have been reported to elicit strong Th17 responses /n vivo #2°422, Within the tumour,
these dendritic cell populations have also been associated with the generation of robust anti-
tumour responses in a number of mouse models of cancer, including against fibrosarcoma
and melanoma#*?3424 by mediating the capture of tumour antigens and cross-priming T cells
to generate immunotherapy responsive, resident memory CD8" T cells#?5427. Additionally,
BATF3* DCs also characteristically express CD1034%8, further suggesting that these cells could

plausibly co-localise with CD103* Th17RM cells at an E-cadherin* epithelial interface.

Exploring ligand expression across all cell types within GSE146771 also revealed potential
heterogeneity between patient tumours which could impact the Th17 cell facades found
within the microenvironment. The malignant cell clusters hC01_P0413 and hC02_P0825
appeared to be rich in /L78and low in CCL20, whilst the malignant clusters hC03_P0411 and
hC04_P1212 displayed the reverse profile (Fig. 3.12C). It is intriguing to speculate that CCL20*
tumours might be more likely to recruit Th17 cells from non-malignant tissue, which could

possibly display more Th17EM-like properties, whilst tumours that secrete IL-18 more actively
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induce Th17RM-like features in local Th17 cells already present within the tumour niche.
Using immunohistochemistry to stain a varied CRC cohort for IL-18, CCL20, Th17EM and

Th17RM markers could be an informative way of validating this conjecture.
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Figure 3.12 | Macrophages are the dominant producers of Th17RM cell ligands. The
expression of predicted ligands for Th17RM cells was transcriptomically explored in B cell,
malignant cell, epithelial cell, fibroblast, innate immune cell, myeloid cell and T cell clusters
in GSE146771. (A) Circos plot displaying predicted Th17RM ligands on the bottom semicircle
and putative cognate Th17RM receptors on the top semicircle. Connections are coloured by
cell type, where peach represents ligands exclusively expressed by fibroblasts, blue
representing ligands exclusively expressed by myeloid cells and green representing ligands
expressed by > 1 cell type. (B) Dot plot displaying the expression and distribution of predicted
ligands across broad cell type annotations. (C) Dot plot displaying the expression and
distribution of predicted ligands across specific cell type annotations. For (B) and (C), dot size
represents the percentage of cells in each cell type annotation expressing the ligand. Dot
colour plus colour saturation indicates the relative expression level, scaled across the total

number of populations.

3.3.7 Some putative Th17RM ligands are enriched in the tumours of

Th17RM"ish patients

We postulated that the expression of these putative Th17RM ligands, if they functionally
associate with the recruitment or development of Th17RM cells /n vivo, should be enriched in
the tumours of TCGA-COAD patients displaying the highest GSVA Th17RM signature score. To
explore this hypothesis, we contrasted the expression level of ligands with a correlation
coefficient > 0.075 in Th17RM"" and Th17RMPM9" patients (Fig. 3.13), as stratified previously.
10 of the 14 ligands were significantly upregulated in Th17RM"" patients, including CXCL9,
IL78 and IFNG which displayed the strongest positive shift. Rather surprisingly, some of the
top hit cytokines from our NicheNet analysis, and indeed from the literature - 7L23A4, IL 7Band
IL6 - displayed no significant difference in the bulk RNA-seq data of Th17RMMd" and
Th17RM"" colon adenocarcinoma patients. We considered the possibility that the lack of

upregulation in these cytokines could be a consequence of the location in which the tumour

133



samples were taken, as the scRNA-seq suggested that dense epithelial regions could be
particularly depleted of all three cytokines (Fig. 3.12B). However, the large sample size of the
TCGA-COAD cohort should compensate for such a confounder. Another plausible explanation
is that IL-23, IL-1p and IL-6 are implicated in the development of both Th17EM and Th17RM

cells.
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Figure 3.13 | The expression of putative Th17RM ligands positively correlates with
Th17RM signature score in bulk RNA-seq data from colon adenocarcinoma patients.

GSVA was used to score patients from The Cancer Genome Atlas colon adenocarcinoma
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(TCGA-COAD) cohort based on the expression of our curated seven gene Th17RM cell
signature. Signature score was used to divide the cohort into equal tertiles, with patients in
the lowest tertile termed Th17RM"" and those in the highest scoring tertile named
Th17RMMieh, The expression level of each putative Th17RM ligand in bulk RNA-seq data from
Th17RM"" and Th17RMMd" patients was then compared against one another. Data are
displayed as box and whisker plots showing the median, 25" and 75" percentiles and two
whiskers at the 1.5x interquartile range for each cluster. Each data point represents an
individual patient. Two way unpaired t-test was performed for statistical analysis and p values
are numerically displayed above each comparison. p < 0.05 is considered statistically

significant.

3.3.8 Th17RM intercellular interactions are difficult to observe by spatial

transcriptomics

Ligand-receptor network analysis revealed a predictive association between inflammatory
tumour associated macrophages and the acquisition of resident memory characteristics in
Th17 cells. We next sought to confirm these intercellular interactions and observe more direct
co-localisation between the two populations within the same tumour niche. We approached
this aim twofold; firstly, by utilising spatial transcriptomics (Section 3.3.9) and secondly, by

using multiplex fluorescence imaging (Section 3.3.10).

For our initial exploration using spatial transcriptomics, we made use of a dataset composed
of tissue obtained from four CRC patients. Patients 1 and 2 were treatment naive, whilst 3
and 4 were partial responders to neoadjuvant chemotherapy. Each patient also had
metastatic dissemination to the liver. To firstly demarcate the histological regions of interest

for each tissue sample, unsupervised spot clustering was performed alongside differential
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gene expression analysis, with the output of each used to facilitate the manual annotation of

each tissue region. Considerable tissue heterogeneity was observed between each patient.

The tumour region of patient 1 could be dissected into two clusters, with tumour region A
expressing a number of ribosomal stress proteins (RPS27A, RPS715A) and tumour region B
more enriched with genes associated with cellular proliferation (REG3A, REGTA, EIF2S2).
Region A also appeared to be punctuated by fibroblast (COL3A7, COLT12A7, COL4AT) clusters.
A considerable portion of lamina propria (/IGHG1, PIGR, SERPINAT) and healthy epithelium
(MUCT, MUCZ, SPINK4) was also defined in patient 1 (Fig. 3.15A). Large portions of the tissue
from patients 2 and 3 were made up of smooth muscle cells (MYH171, TAGLN, MYL9, SMTN,
FLNCQ), with smaller interspersed endothelial clusters (MCAM, VIM, PLN) identified (Fig. 3.15B,
Fig. 3.15C). The tumour region of patient 4 appeared to be encapsulated and was separated

from a fibroblast zone by healthy epithelium and lamina propria (Fig. 3.15D).
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Figure 3.15 | Identifying tissue niches in CRC patients using spatial transcriptomics.
Histological sections from four CRC patients were processed by Wu et al. 2 for analysis by
spatial transcriptomics using the 10X Visium platform. Each processed slide was downloaded
and data spots were clustered using FindClusters function in the Seurat package in R.
Differential gene expression analysis was used to inform the tissue niche cluster annotations.
Wilcoxon rank sum test with Bonferroni correction was used to identify significantly
differentially expressed genes, with log; fold change > 0.5 and p.adj (adjusted p value) < 0.05
considered significant. (A), (B), (C) and (D) represent CRC patients 1-4. H&E staining of each
tissue section are displayed on the left and annotated tissue niche clusters are displayed on

the right.

In order to visualise the distribution of Th17RM cells and inflammatory tumour associated
macrophages, the most differentially expressed genes by each GSE146771 cluster annotation
were overlapped onto the tissue spots sequenced by spatial transcriptomics to determine the
probabilistic correlation that a given cell was present per spot using an anchor-based
integration method, as initially described by the Satija laboratory**. Once the anchors were
established, each spot was scored per each cell type using the 7ransferDatafunction in Seurat

and scaled by colour for visualisation.

To test how reliably the cell type annotations were projected onto each tissue section, we first
explored the distribution of enterocyte and goblet cell clusters as control populations, which
we rationalised should be enriched within the adjacent epithelial regions of each tumour
slide. As expected, both cell types were observed to be strongly enriched in regions manually
labelled as epithelium in patients 1 (Fig. 3.16), 2, 3 and 4 (Fig. S3.3A-C), suggesting that the

cell type annotations had been reliably transferred onto the tissues.
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Figure 3.16 | Validating the transfer of cell type annotations from GSE146771 onto each
spatial transcriptomics tissue section. To explore the distribution of different cell types
within the tissue of each CRC patient, data spots were individually scored based on the
expression of cell type signatures using the 7rarnsferDatafunction in Seurat. Differential gene
expression analysis was used to generate a gene signature for each cell type. Wilcoxon rank
sum test with Bonferroni correction was used to identify significantly differentially expressed
genes, with log: fold change > 0.5 and p.adj (adjusted p value) < 0.05 considered significant.
To validate the reliability of signature scoring per spot, the distribution of two well-
characterised epithelial subtypes was visually inspected. Spot colour represents the
probability that a given cell type can be found within that region, with blue representing low
probability and yellow representing high probability. Annotated tissue niches are displayed
on the left and distribution of hE02_Enterocyte_GUCA2B plus hEO3_Goblet-SPINK4 cells are

displayed on the right.

Next, we explored the distribution of tissue Th17 cells and the selection of myeloid cells most
strongly predicted to interact with Th17RM cells (Fig. 3.17A). As predicted, Th17EM cells were
largely restricted to healthy lamina propria and some regions annotated as epithelium. On
the other hand, Th17RM cells were the dominant Th17 population within the tumour niche

(Fig. S3.4).

The five selected myeloid populations all seemed to be enriched in a similar zone within the
tumour. Although large myeloid dominated regions are not uncommon in CRC*°, we

wondered whether these results could also arise from a sequencing bias if spots became
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dominated by a single cell population as each spot (~50 pm) contains multiple cells. For
example, if 10 hM03_cDC2-CD1C cells were present in a spot along with 1 Th17RM cell, the
Th17 transcripts might become diluted to the point where they are minimally detected. To
support this idea, Th17RM cells were spatially associated most other T cell phenotypes and
no T cell we investigated was strongly enriched in the healthy epithelial region (Fig. S3.5),
presumably due to the abundance of epithelial transcripts despite intraepithelial
lymphocytes comprising an important cell population within this niche®'. It was therefore
less surprising when we contrasted the localisation scores of Th17RM cells and each myeloid
population and found that there was no co-habitation observed, with the R values essentially
0 for all five cell types due to the majority of Th17RM scoring spots devoid of myeloid cells
and vice versa (Fig. 3.17B). The frequency of positive co-localisation spots was also low so we
ultimately concluded that our spatial transcriptomics analysis was insufficient to reliably

confirm interactions within the tumour.
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Figure 3.17 | There is no correlation between the tissue distribution of Th17RM cells and
myeloid cells by spatial transcriptomics. To explore whether correlations between the
distribution of tissue Th17 and myeloid cells exist in CRC, signatures for each cell type were
projected onto individual spots on a tissue from patient 1 processed by 10X Visium for spatial
transcriptomics. (A) Histological annotations with probability scores for Th17EM cells,
Th17RM cells and a selection of myeloid cell types per tissue spot. Spot colour represents the
probability that a given cell type can be found within that region, with blue representing low
probability and yellow representing high probability. (B) Correlation between Th17RM spot
probabilities and myeloid spot probabilities in CRC patient 1. Each data point represents a

spot on the tissue. Pearson correlation is displayed with corresponding R value.

3.3.9 Multiplex fluorescence imaging reveals that Th17RM cells co-localise

CD68 CD11c* inflammatory macrophages

In light of the inconclusive results from our spatial transcriptomics, we next probed the
spatial enrichment and intercellular interactions of Th17RM cells within the tumour at higher
resolution using multiplex fluorescence imaging. This technique permits qualitative analysis
at the protein level whilst incorporating spatial information within the tissue. Each tissue
sample can be stained with up to three fluorescent antibodies at a time before images are
acquired, fluorescence is quenched and the process is repeated. In theory, this process can
be repeated an unlimited number of times and thus an unlimited number of proteins probed,

with tissue degradation being the limiting factor.

Studying human Th17 cells /n situis challenging due to a lack of reliable RORyt antibody for
use with FFPE tissue, precluding direct histological identification by transcription factor
expression. We therefore first had to test and validate an anti-human RORyt antibody to

permit the demarcation of Th17RM cells within the tissue. To identify Th17 cells by flow
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cytometry we used the rat IgG2a anti-human RORyt clone AFKJS-9 (Fig. 2.10) which, to our
knowledge, has only been validated for use by flow cytometry. We speculated that this clone
might yield similar staining success in human FFPE tissue sections, which are similarly fixed

the cells prepared for intranuclear staining by flow cytometry with 4% PFA.

To test this hypothesis, sequential FFPE sections from a resected CRC tumour were selected
for preliminary validation of the clone AFKJS-9 and we chose to focus on a region of cells
adjacent to an epithelial crypt (Fig. 3.18A). A rat IgG2a isotype with Alexa Fluor 647 secondary
detection antibody (Fig. 3.18B) or secondary detection antibody only Fig. 3.18C) were used
as negative controls to confirm that AFKJS-9 was not binding non-specifically via FcR-
mediated interactions. For the full stain, whilst some non-specific binding was observed,
particularly in spaces demarcating the epithelial border, convincing intranuclear staining was
observed in a number of lymphocyte sized cells (Fig. 3.18D). Furthermore, the virtual H&E
section confirmed that a considerable quantity of background staining could be attributed to
erythrocyte autofluorescence, which we unable to remove (Fig. 3.18A). Therefore, we chose

to focus on RORyt* DAPI* cells only for our downstream analysis.
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Figure 3.18 | AFKJS-9, a monoclonal antibody against mouse and human RORyt, exhibits
intranuclear staining on FFPE slides from CRC patients. Validation of AFK|S-9, a rat IgG2a
monoclonal antibody against mouse and human RORyt, using sequential FFPE sections from
CRC patient GI 8416. Images were acquired with an IN CELL 2500HS widefield imaging system
and multiplexed using the Cell DIVE platform. (A) Virtual H&E staining where the left image
scale bar represents 400 pixels and the right represents 50 pixels. Immunofluorescent images
taken with (B) rat IgG2a isotype control plus goat anti-rat Alexa Fluor 647, (C) goat anti-rat
Alexa Fluor 647 or (D) AFKJS-9 plus goat anti-rat Alexa Fluor 647. Scale bar on the left image
represents 100 um and on the right image represents 10 um for (A), (B), (C) and (D). White

arrows represent positive intranuclear staining of RORyt in (D).

We next validated a number of surface antibodies which we planned on using to identify
Th17RM cells, including CD45R0, CD3, CD4, CD103, CXCR6 and CD161. Anumber of additional
antibodies were also validated, such as CD8, FoxP3, T-bet (did not work), IL-23p19, CD40, E-
cadherin, Ki67 and CD20, which would be used to identify additional cell types within the
tissues and negatively demarcate Th17RM cells (such as CD8 and FoxP3). Multiplexed rounds
of imaging revealed that Th17RM cells, which we defined as CD45RO* CD3* CD4* CD8 RORyt*

CD103* CXCR6* CD161* cells, could be identified in a number of our patients (Fig. 3.19A).
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Figure 3.19 | Th17RM cells can be identified in CRC patients /n situ. Multiplexed staining
of FFPE tissue sections from CRC patients was used to identify Th17RM cells /n situ. Images
were acquired with an IN CELL 2500HS widefield imaging system and multiplexed using the

Cell DIVE platform. Each image shows representative single colour images of the marker
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staining used to identify Th17RM cells, classed as CD45RO* CD3* CD4* CD8 RORyt* CD103*
CXCR6* CD161* cells. Scale bar represents 2 pm.

One drawback of using immunohistochemistry over a computational strategy, such as spatial
transcriptomics, is the relative inflexibility to explore nuanced cellular heterogeneity without
directly staining tissue sections with an extensive panel of markers. The number of myeloid
populations identified by scRNA-seq capable of producing the broad inflammatory cocktail
speculated to drive Th17RM cells would result in validating an unrealistic quantity of markers
to identify a precise sender phenotype /n situ. Furthermore, we speculated that Th17RM cells
are not a product of an individual intercellular interaction but are rather compartmentalised
within a broader inflammatory tumour niche and the range of potential sender cell types for
cytokines such as IL-18, which have epithelial and myeloid origins due to the ubiquity of the

inflammasome*3?, reinforcing this notion.

As such, to streamline the prerequisite antibody validation and optimisation phase, we
sought to determine whether Th17RM cells are found in proximity to CD68* macrophages
that express CD11c. This combination of markers identifies gut macrophages which are
known to exhibit specialised pro-inflammatory functions in IBD, by secreting IL-23, IL-1p and
TNF-a4334% as well as mediating the cross-presentation of antigens from apoptotic tumour
cells to augment anti-tumour CD8* T cell immunity**>. We observed a number of Th17RM cells
in very close proximity with CD68* CD11c* macrophages (Fig. 3.20A-C) and, across three select
patients with a high Th17RM count, quantitatively determined that Th17RM cells tended to
be in closer proximity with CD68* CD11¢* macrophages than their CD68* CD11c counterparts,

although this was not statistically significant (Fig. 3.20D).

148



A

o

CD11C CD68 CD103 RORyt

149



o

CD11C CD68 CD103 RORyt

100  0.0804

oO—T—T—
CD11c* CD11c”
CD68* macrophage

Figure 3.20 | Th17RM cells are found adjacent to CD68* CD11c* tumour associated
macrophages. Multiplexed staining of FFPE tissue sections from 3 CRC patients was used to
qualitatively and quantitatively explore the relationship between Th17RM (CD45RO* CD3*
CD4* CD8 RORyt* CD103* CXCR6* CD161*) cells and CD68* CD11c* tumour associated
macrophages /n situ. Cellular co-localisation in patient (A) GI 8790, (B) GI 8870 and (C) GI 8898.
Images were acquired with an IN CELL 2500HS widefield imaging system and were
multiplexed using the Cell DIVE platform. Scale bars represent 100 pm (top left, virtual H&E),
100 pm (bottom left) and 20 pm (right) per patient and staining in (A), (B) and (C) is

representative of all 3 patients. (D) Bar graph representing the spatial proximity of Th17RM
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cells with CD68* CD11c” or CD68* CD11¢c* macrophages. Paired T test used for statistical

comparison.

Although a considerable number of Th17RM cells were found adjacent to inflammatory
macrophages, a striking number of Th17RM cells were also found embedded within the
tumour epithelium (Fig. $3.6). As tumour epithelial cells strongly express E-cadherin, the
ligand for CD103, we were not surprised to observe Th17RM cells positioned at this epithelial
interface and we explore potential functional implications of this localisation in Chapter 5.
Additionally, tumour cells are important producers of IL-18, TGF-1 and the chemokines
CCL20 and CXCL16, all of which Th17RM cells are predicted to respond to (Fig. 3.11C).
Whether Th17RM cells become differentiated by inflammatory macrophages and then
migrate towards the malignant epithelium, or can be polarised by either cell type, is difficult
to determine using immunohistochemistry but these observations permit the postulation of
both mechanisms which are not mutually exclusive. Our observations that tumour cells
exhibit heterogeneity in the level of IL-18 produced between patients (Fig. 3.11C) might
support the idea that each mechanism can shape Th17 immunity depending on the tumour
type, with CCL20 rich tumour cells favouring Th17 recruitment and IL-18 rich tumours

favouring the differentiation of local Th17 cells.

3.3.10 Later tumour stages have a higher Th17RM score in TCGA-COAD

Finally, to probe the intrinsic properties of the tumours in which Th17RM cells develop, we
ran multivariate Cox regression analysis on the TCGA-COAD cohort based on GSVA Th17RM
signature score and ran regression analysis on variety of tumour features, including location,
patient gender and tumour stage (Fig. 3.21). We tried to assess tumour mutation status and

CMS classification although had difficulty accessing these metadata.

151



Th17RM score was not significantly affected by tumour location and nor by patient gender.
Tumour stage, on the other hand, was influenced by Th17RM score in almost directly
proportional manner, with stage T4 (HR = 8.79, 1.79-43.20, p = 0.007) and T4a (HR = 11.08,
2.03-60.32, p = 0.005) displaying the largest hazard ratios. This progressive association could
be a consequence of sample preparation, with later stage tumour samples spanning more
tissue niches and perhaps resulting in a heightened likelihood of Th17RM cells being

captured for sequencing.
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Figure 3.21 | Higher Th17RM GSVA score associates with more developed tumours.
Multivariate regression analysis comparing Th17RM GSVA score with clinical variables within
The Cancer Genome Atlas colon adenocarcinoma (TCGA-COAD) cohort. Cox proportional
hazards regression was used to calculate hazard ratios and statistical significance. HR =

hazard ratio, CI = confidence interval. p < 0.05 is considered statistically significant.

The functional profile of Th17 cells is highly susceptible to the local cytokine milieu. As we

have previously described three transcriptionally distinct Th17 populations: Th17CM, Th17EM
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and Th17RM cells, we deduced it was highly likely that these differences were a consequence

of presiding within unique tissue microenvironments.

3.4.1 Deconvoluting the tumour immune landscape

We first assessed the relative tumour compositions of patients with high or low levels of
Th17EM or Th17RM cells using a large, bulk RNA-seq cohort of colon adenocarcinoma
patients. Several /n silico deconvolution techniques have been developed in the past decade,
with each capable of estimating the cellular composition of a given tissue sample from its
bulk gene expression profile. These deconvolution techniques can be divided into partial or
complete deconvolution methods, with partial methods relying on an input file of markers
which are known to be expressed in a cell-specific manner and complete methods revealing

cellular tissue compositions without any prior knowledge about the underlying cell types*®.

In complex tissue types, such as that seen in dissected tumours, partial deconvolution
techniques are considered more robust**” and so we chose to use the partial methodology
utilised by the CIBERSORTx algorithm, which has been validated in tissue from HNSCC
patients and optimised for immune cell deconvolution3®. Moreover, a recent comparison of
several deconvolution methodologies in bulk RNA-seq tissue from human brain tissue ranked

CIBERSORTXx as the most reliable algorithm to impute cellular fractions with#’.

We used the TCGA-COAD cohort patient cohort to first explore the composition of the
immune environment associated with Th17EM or Th17RM cells, using deconvoluted results
with the LM22 cell signature matrix specially curated for use with CIBERSORTXx. In patients
with a higher Th17EM signature score, we found more prominent infiltration of activated

CD4* T cells, DCs, plasma cells and Tfh cells. This was an associative analysis and did not allow
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us to determine which cell types modulated one another. However, it is known that CCR6*
DCs and CCR6* B cells can migrate into the tumour tissue following CCL20 chemotactic
gradients?¢5438, 3 key cytokine produced by Th17EM cells (Fig. 2.8C) that might explain these
associations. The collective upregulation of DCs, plasma cells and Tfh cells also alludes to the
presence of tertiary lymphoid structures in some of these patients with a high Th17EM
signature score. Th17 cytokines such as IL-17 and IL-22 have been implicated in the formation
of these structures during chronic inflammatory processes*°442 although a direct
mechanistic link is yet to be described. Histologically associating the presence of TLSs in CRC
patients with the presence of Th17EM cells would provide further insights into this

speculative association.

Th17 cells have also been linked with the recruitment of CD8* T cells into the tumour
Site'83193266 gand such an enrichment was observed in patients with a high Th17RM score,
meaning that Th17RM cells may have particular adaptations that exacerbate this process.
One mechanism of recruitment is mediated by the synergistic actions of IFN-y and IL-17,
which together act on tissue resident macrophages to upregulate the CXCL9 and CXCL10 that
CXCR3* CD8* T cells migrate towards'. As the number of polarised macrophages was also
increased in patients with a high Th17RM signature score, it is plausible that escalated CXCL9
and CXCL10 gradients are generated in response to the presence of Th17RM cells. These two
chemokines can also be abundantly expressed in both the stromal and epithelial
compartment*? and so repeating our deconvolution with a broader input signature matrix,
which could be generated from the scRNA-seq dataset, would facilitate more comprehensive

cellular deconvolution of the tumour microenvironment.
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3.4.2 Elucidating the signalling networks that polarise Th17RM cells

Next, to probe which ligands and cellular interactions drive the acquisition of tissue resident
memory characteristics in Th17RM cells, we performed NicheNet ligand receptor analysis to
compare putative ligand drivers with those predicted to drive Th17EM cells. Th17RM cells
were responsive to an assortment of cytokines, including IL-23, IFN-y, IL-18, TNF, TGF-1 and
IL-18. However, without the additional /n vitro validation step for each ligand, or ligand
combinations, it remains unclear as to what contribution each speculative cytokine adds to

the overall profile of Th17RM cells.

Comparing our results to the known ligand drivers that skew CD4* TRM cells would intuitively
confirm ligands of interest for further validation. However, our present knowledge regarding
the factors required for the tissue establishment and maintenance of CD4* TRM cells is poor.
In CD8* TRM cells, which have been far more extensively studied, TGF-B1 constitutes the
master regulator of their differentiation and is the key driver for CD103 expression, with IL-
15 sustaining their presence in non-lymphoid tissues?*. A key reason as to why TGF-B1 has
not been similarly implicated in the development of CD4* TRM cells is a reported lack of CD103
surface expression in these cells?#248249 However, this is in stark contrast to our findings -
we have described the expression of CD103 on Th17RM cells at the transcriptomic level with
scRNA-seq and twice at the protein level using flow cytometry and immunohistochemistry.
Thus, directly comparing our NicheNet output with the existing CD4* TRM literature may not

be the most reliable method to establish ligands of interest.

To our knowledge, only one other report has described CD103 on a population of Th17 cells.

These cells were located within the skin, required IL-23 for their maintenance and mediated
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anamnestic immunity against infection with C albicans. CD301b* myeloid cells were an
important producer of the IL-23 necessary for the persistence of these Th17 TRM cells*.
However, other than the initial infection with C albicans, the exact ligands or driver cell
population which initially permitted the generation of these CD69* CD103* Th17 cells,

remains to be determined.

NicheNet did indicate that Th17RM cells respond to TGF-B1, which could mean that they
upregulate CD103 by a mechanism comparable to that seen in CD8* TRM cells. However, TGF-
B1 signalling has been implicated in the development of Th17 cells for two decades without
surface CD103 being reported. One possibility is that the presence of additional cytokines can
alter the biological impact of TGF-B1 signalling. This phenomenon has been well-
characterised in the context of Treg or Th17 skewing where the additional presence of IL-6 is
enough to oppose the regulatory effects of TGF-p1 signalling alone**. Similar amendments
to the activity of TGF-1 have been reported in CD8" TRM cells, with IFN-B or IL-12
supplementation sufficient to effectively abrogate the stimulatory effect that TGF-1 has on

CD103 upregulation.

Not all cytokines have this suppressive compounded effect, however. When IL-18 signals in
tandem with TGF-B1 in naive CD8* T cells, no observable changes to surface CD103 levels can
be seen, meaning that the important polarising effects of TGF-B1 can indeed be maintained
with additional cytokine stimulation*®. The augmented anti-tumour properties that CAR T
cells exhibit in response to IL-18 signalling**’ additionally make IL-18 a particularly interesting
speculative Th17RM ligand and investigating the effect of TGF-B1 plus IL-18 exposure on Th17

cells in vitro could be an interesting next step.
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It is also feasible that Th17 cells might express alternative signalling networks not observed
in other CD4* T cells. TGF-B1 mediates the upregulation of CD103 via the Runx2 and Runx3
transcription factors in CD8* TRM cells, which are additionally responsible for controlling CD8*
TRM cytotoxicity®#44. Runx3 has not been detailed in CD4* T cells and this deficiency has
been shown to directly underpin their reported lack of responsivity towards TGF-$144°. We did
explore the expression of both Runx2 and Runx3 in our Th17 populations and found there
was a positive trend in expression as cells progressed from Th17EM to Th17RM phenotypic
states (Fig. 2.13B). However, we did not directly compare these expression levels with that
seen in CD8* T cells to give an indication as to whether this expression level was of that
required for biologically active signalling. Exploring the activity of Smad3, which signals
downstream of TGF-BR ligation*?, could be further used to insinuate TGF-B1 responsivity in

Th17RM cells.

Finally, whilst NicheNet was able to provide a list of putative ligand drivers for Th17RM cells,
it will be necessary to assess contribution of each to the expression profile of Th17 cells /in
vitro. We have worked under the assumption that all Th17EM cells transition into Th17RM
cells under the appropriate polarising conditions but we should not overlook the possibility
that transitionary Th17 cells may exhibit disparate propensities for these driver signals.
Within lymphoid tissues, persistent exposure to TGF-$1 in naive CD8* T cells can actually
favour their differentiation along the TRM trajectory upon immune challenge®' and this
environmentally determined proclivity for TRM differentiation could mean that Th17 cells in

pre-defined niches experienced an enhanced reaction to putative Th17RM ligands.
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3.4.3 Heterogeneity in Th17RM polarising myeloid populations

We initially assessed the expression of the Th17RM ligands by each broad class of cell within
the scRNA-seq dataset GSE146771. Myeloid cells were the major sender population, enriched
with ligands such as IL-1B, IFN-y, TNF, TGF-B1 and IL-18. To explore these phenotypes of these
myeloid sender cells with more granularity, we assessed ligand expression across each of the
minor cell type annotations. Here, it was quite clear that a cluster of three macrophages
(NLRP3*, C1QC*, SPPT") and two DC populations (CD7C*, BATF3*) were poised to secrete

Th17RM ligands.

Heterogeneity in the cell types that are capable of polarising TRM cells is similarly reported
in the literature. In mice, IL-15, IL-12 and the co-stimulatory molecule CD24 have been shown
to be essential for the differentiation of mouse skin and lung TRM cells, with all three being
provided by BATF3* DCs during cross-priming of dead cell antigen*2. Such cross-priming
events by BATF3* DCs are also necessary for the development of TRM cells in the tumour
setting, driving the acquisition of TRM properties in circulating central memory T cells which
enter the tissue and mediate effective tumour control*?’. The exploitation of scRNA-seq
technology in recent years has also led to further dissection of the DC community and unique
states are being continuously described*3. In the wake of such advances, novel CD11c* DCs
marked by CD1c, CD163 and CD14 have been implicated in the preferential induction of a
TRM-like transcriptome during priming, explained by their ability to provide active TGF-B1
during these early T cell interactions**4>>, DCs with this combination of surface markers have
also been reported to abundantly produce the cytokines IL-23 and TNF-a. and exhibit superior

ability to induce Th17 cells*®.
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We predicted interactions between Th17RM and DCs expressing both CD1c and BATF3 from
NicheNet. However, exploring functional heterogeneity within each DC cluster could give
additional clues as to which is more associated with Th17RM cells, if not a combination of all
three. To further pinpoint the exact interactions that occur during Th17RM polarisation,
recently developed techniques such as CosMx could aid with more precise characterisation
regarding the myeloid cells that Th17RM cells interact with whilst retaining important spatial

information concerning these interactions.

The identity of the macrophage phenotypes that best induce TRM cells in tumour tissue is
less well understood, making it difficult to draw comparisons between our three identified
clusters and what has been established. ‘Hot’ tumours with rich M1 macrophage infiltration
have been associated with elevated TRM presence and better prognosis in lung cancer
patients*’, which aligns well with our conclusion that Th17RM cells reside in close proximity
to CD11c* macrophages and observations in viral infections where macrophages play a key
role in sustaining protective CD4* TRM cells*®. Furthermore, although macrophage-derived
IL-18 has not been directly implicated in TRM formation or sustenance, the role of TRM cells
as rapid responders to secondary immune insults would strongly suggest some form of

interplay between these two cell types.

3.4.4 Expanding the search for Th17RM interactions beyond the tumour

We chose to validate putative Th17RM cell interactions /n situ using tumour tissue from CRC
patients by spatial transcriptomics and immunohistochemistry. The selective enrichment of
Th17RM cells by scRNA-seq within the tumour constituted the major rationale behind this

decision, whilst tissue availability from our CRC patient cohort formed a second. We expected
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to observe convincing interactions between Th17RM cells and their corresponding sender
cells in these tissue sections and, whilst we did observe Th17RM cells in closer proximity to
CD11c* macrophages than their CD11c counterparts, some Th17RM cells were found in
niches where macrophages were sparse. Therefore, it remains unclear whether the proximity

of Th17RM cells with these CD11¢* macrophages is indicative of polarisation.

Within the literature, exactly where TRM cells become polarised remains inconclusive. Some
reports describe the priming of CD8* TRM cells adjacent to the epithelial border during both
homeostasis and in the tumour setting due to epithelial expression of ay integrins?>°460,
Others have suggested that the induction of TRM cells takes place within lymphoid tissue by
specialised APCs that similarly express these TGF-B1-activating av integrins®'. The tissue
distribution of different subpopulations of TRM cells is also reported to vary*®'462 and so the

location in which priming occurs could also impact TRM phenotype.

It has also been posited that TRM cells are far less static within non-lymphoid tissues than
previously thought, despite the expression of markers that promote their retention such as
CD69, CD103 and CXCR63'. Circulating CD4* TRM cells have been found in the circulation*63
and, upon the induction of anamnestic immune responses, some TRM cells leave the tissue
and migrate into local draining lymph nodes?*. Additionally, pathogen specific CD8* TRM cells
can be found in all peripheral tissues regardless of whether these sites were directly infected
and established TRM can further redistribute themselves based on the level of tissue
inflammation, preferentially relocating into the most inflammatory milieus, regardless of the
inflammatory stimulus?#4¢4, This phenomenon is likely intended to provide global protection

in the wake of local immune insults, though it does raise the possibility that Th17RM cells,
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despite being found within the tumour, are not polarised here and the key intercellular

interactions that drive their functional profile occur within more distal sites.

To broaden the scope of our exploration into these intercellular interactions, it could be highly
informative to stain tissue samples from the local draining lymph nodes of CRC patients, such
as those within the mesenteric lymphatic network. Such tissue samples were not available to
us although future collaborative work may facilitate the acquisition of these tissues. Another
resourceful option might be to computationally explore Th17RM interactions in scRNA-seq

datasets that sequence draining lymph nodes’®.

3.4.5 Heterogeneity within Th17RM cells

Whilst exploring the distribution of Th17RM cells by immunohistochemistry, we noticed that
a number of T cells displayed a ‘partial’ Th17RM phenotype, characterised by the expression
of CD103 with either CD161 or CXCR6 (on top of a baseline expression combination of CD450*
CD3* CD4* CD8 RORyt*), but not both (Fig. S3.7). We were unsure how to classify these cells
and did not investigate their proximity to either Th17RM or CD11¢* macrophages, however

they may be indicative of heterogeneity within tissue Th17RM cells.

Functional variability within CD8* TRM cells has been described. The expression of CD49a, for
example, can clearly dissect CD8* TRM cells on a compartmental and functional level within
the skin. CD49a* TRM preferentially secrete IFN-y and granzyme B and accumulate within the
epidermis, eradicating local melanocytes where they propagate a vitiligo-like pathology in
response to IL-15. Contrastingly, CD49a TRM are characterised by the secretion of IL-17, are
compartmentalised within the dermis and epidermis and are expanded in skin biopsies from

patients with psoriasis*®2.
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Whether the co-expression of CD161 or CXCR6 alongside CD103 discriminates between
functionally diverse Th17RM cells remains unclear. Their differential expression may also
describe Th17RM cells moving into niches with a different ligand makeup, as chemokine

receptors become internalised after receptor ligation or TCR stimulation4e.

Th17 cells are highly adaptive within their local environments and can display nuanced
phenotypes in response to fluctuations in ligand availability. Because of this, we rationalised
that the tumours niches that house Th17EM and Th17RM are composed of different cellular
landscapes. In this chapter, we find that patients who have tumours enriched with Th17RM-
associated genes cells also display greater infiltration of activated macrophages, CD8* and v&
T cells compared with tumours enriched with Th17EM-associated genes. Ligand-receptor
network analysis revealed that these macrophages are likely to promote the skewing of
Th17EM cells into Th17RM cells by secreting a myriad of inflammatory cytokines, including
IFN-y, TNF, TGF-B1 and IL-18, which are also found at higher levels in patients with higher
Th17RM-associated genes. This proposed mechanism requires further validation /n vitro to
confirm the unique contribution of each ligand towards the complete Th17RM profile. Finally,
we explore these interactions /n situ and confirm that macrophages expressing the
inflammatory marker CD11c are in closer proximity to Th17RM cells than those devoid of this

marker.
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Chapter 4: Exploring the function of Th17RM cells

within the tumour microenvironment

The contribution of T cells during anti-tumour immune responses is complex. The enormous
spectrum of phenotypes, tissue adaptations and tumour contexts in which they function can
make deciphering their effect on protective immune responses a challenge. However, certain
T cell profiles have been more associated with better patient outcomes than others. The
acquisition of a TRM phenotype is one of these more beneficial profiles and the accumulation
of TRM cells within the tumour is more associated with favourable outcome in a number of

cancers, including CR(?58:320:466-468,

One mechanism by which TRM cells achieve these robust anti-tumour responses is by
initiating epitope spreading cascades via local dendritic cells?®', a process whereby primary
anti-tumour responses facilitate additional secondary responses against novel antigens that
arise from tumour cell death. Increasing evidence from experimental work in mouse tumour
models and from observations in patient samples has also supported a role for TRM cells in
the direct eradication of tumour cells, as well the propagation and maintenance of broader
protective immune responses. Not only do both CD4* and CD8* T cells expressing CD103
display heightened cytotoxic functionalities than their CD103-negative counterparts44% put
it is now postulated that these effector functions can be selectively executed towards tumour
cells in a cancer setting. Here, CD103* TRM cells are thought to encompass highly expanded
tumour-reactive T cell clones that can physically interact with tumour cells in an MHC-

dependent manner3%,
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Appreciating the importance of TRM cells has precipitated translational benefits too. A
heightened frequency of intratumoural TRM cells is not only indicative of more favourable
patient outcome but their presence within the tumour is now becoming appreciated as a
useful biomarker that can stratify patient response to some immunotherapies?65460:470471 gnd

cancer vaccination strategies®’2474,

We have previously described the existence of Th17RM cells, a population of CD103* Th17
cells which reside within inflammatory tumour niches alongside specialised antigen-
presenting macrophages, demarcated by the expression of CD11c. The functional
implications of this cell type on tumour development and patient outcome, however, remain
undetermined. Understanding the immunological consequence of accommodating
intratumoural Th17RM cells could not only dictate whether resources are utilised to promote
or inhibit their development /n vivo but might also describe a beneficial phenotype that can

be manipulated to inform the next advances in CAR T cell immunotherapies.

In this final experimental chapter, we aim to establish the functional programmes that are
enriched in Th17 cells which acquire TRM characteristics (Th17RM) and establish how their
cytokine profile differs from tumour-resident Th17 cells that fail to upregulate these
properties. By exploring intercellular interactions using multiplexed immunohistochemistry,
we probe how these effector functions might impact tumour development. Finally, we explore
whether Th17RM cells feature as part of desirable anti-tumour immune responses in CRC
patients, as well exploring whether these associations are conserved in a number of other

cancer types.
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4.3.1 Th17RM cells might clonally expand in response to tumour antigen

Whilst the exploration of differentially expressed genes is necessary to elucidate identifiable
population markers by scRNA-seq, studying them in isolation does not allow for their
contextualisation within the broader signalling pathways or communication networks in
which they may function. To translate the assortment of differentially expressed genes
enriched in Th17RM cells into biologically relevant functionalities, overrepresentation
analysis was employed using terms from the Gene Ontology biological processes category.
This analysis enabled the catalogue of differentially expressed genes to be clustered and

annotated based on the role they play as part of established biological processes.

Consistent with the activated effector profile of Th17RM cells, their tissue tropism and the
comparative abundance of stem-like genes enriched in Th17CM cells (Fig. 2.6B), the most
overrepresented pathways in Th17RM cells compared with Th17CM cells unsurprisingly
constituted a number of T cell activation programmes and cellular adhesion pathways (Fig.
4.1A). This was also seen when compared with Th17EM cells (Fig. S4.1).Previous differential
gene expression analysis had revealed a more similar transcriptional profile in Th17RM and
Th17EM cells, with fewer upregulated genes defining Th17RM cells (Fig. 2.6C). Thus, the
number of significantly enriched pathways in Th17RM cells after overrepresentation analysis
was more surprising. TCR signalling, cellular proliferation and metabolic adaptations
comprised the major differential pathways (Fig. 4.1B) which, in combination, describe the
earliest events downstream of antigen recognition. In response to TCR ligation with cognate

peptide-MHC and co-stimulatory signals, T cells switch their metabolic preferences towards
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aerobic glycolysis, a state which rapidly, yet inefficiently, produces ATP to support the rapid

production of cytokines and fuel intrinsic proliferative machineries#>47,
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Figure 4.1 | Gene Ontology indicates that Th17RM cells are responding to antigen. Gene
Ontology (GO) biological process overrepresentation analysis was used to explore the
relationship between differentially expressed genes in Th17RM cells, as compared with (A)
Th17CM and (B) Th17EM cells, and enriched functional pathways. Wilcoxon rank sum test with

Bonferroni correction was used to identify differentially upregulated genes in Th17RM cells,

>

with log. fold change > 0.5 and p.adj (adjusted p value) < 0.05 considered significant.
Significantly upregulated genes were then mapped onto terms within the GO biological
processes ontology. One-sided hypergeometric test with Benjamini-Hochberg correction was
used to determine the functional significance of each biological process. The top 15 most

significantly upregulated biological processes are illustrated.
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It is tempting to speculate that Th17RM cells may develop and proliferate in response to
tumour antigen presented on APCs such as dendritic cells, tumour associated macrophages
or epithelial cells. CD103, the key differentially expressed surface integrin that we have used
to demarcate Th17RM cells, is selectively expressed by tumour reactive CD8" T cells in a
number of different malignancies, including CRC, and forms part of a signalling complex with
CD61 that enhances the TCR signalling and downstream cytotoxicity of tumour infiltrating T
cells320477.478 ‘Moreover, the enhanced proliferation and cytotoxicity of CD103* CD8* T cells in
non-small cell lung cancer patients is associated with IL-17 expression, with the accumulation
of these CD103* Tc17-like cells in treatment-naive patients also functioning as a positive
predictor of response to anti-PD-1 immunotherapy?%>. Furthermore, IL-18, a key cytokine
upregulated alongside the presence of Th17RM cells (Fig. 3.13), can upregulate MHC class II
expression on epithelial cells via an IFN-y positive feedback loop*?, potentially facilitating

interactions between Th17RM and tumour cells.

However, despite major advances in machine learning and the development of high
performance computational reconstruction models*%42 imputing antigen specificity and
reliably mapping cognate antigens to TCRs remains a challenging task*®. Nevertheless, if the
generation of Th17RM cells is a product of antigen recognition, we would expect to observe
an expanded clonal repertoire within the Th17RM cluster. To investigate this idea, we
explored the diversity of CDR3 TCR o chain sequences within each Th17 population,
sequenced by Zhang et al. as part of the GSE108989 dataset’, and compared this sequence

diversity with that observed in each other T cell cluster.

Over 75% of the TCRs within Th17RM population (n7 = 36) contained an expanded clone, far

more than the approximately 30% of Th17EM and 5% of Th17CM cells, suggesting they
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constitute a greatly expanded cluster (Fig. 4.2A). Although cells in the CX3CR7 *, GZMK
(granzyme K)* and LAYN (layilin)* CD8* T cells clusters contained a higher frequency of
expanded clones, they also contained more overall cells (n = 771, n = 840, n = 831,
respectively), making a direct comparison difficult to interpret. To account for this limitation,
we utilised extrapolation by constructing rarefaction curves for each T cell cluster to enable a
more reliable comparison of overall TCR diversity. Rarefaction analysis subsamples each
population before calculating individual diversity indices using interpolation in order to
extrapolate the results as if a complete population were sequenced, allowing comparisons
between clusters of different starting sizes. After extrapolation, we found that the clonal
diversity within Th17RM TCRs was similar to that observed in CXCL73*, GNLY (granulysin)*
and GZMK* CD4* as well as CX3CR7* CD8* T cell clusters (Fig. 4.2B). These populations have
all been associated with efficacious anti-tumour responses by augmenting humoral
responses*®* and mediating tumour eradication by direct cytotoxicity*®48, hinting that
Th17RM cells may also exhibit similar functional benefits. Finally, we compared the extent of
clonal overlap across all cells within the dataset (Fig. 4.2C). Potentially due to the small sample
size within the Th17RM cell cluster, Th17RM cells showed relatively dissimilar clonal repertoire
compared with other T cells. Most of their clonal overlap was shared with cells belonging to
the 7/L23R* CD4* T cell cluster, perhaps unsurprisingly given the shared transcriptomic
signature. Only one clone was shared with CXCL73* CD4* T cells and 2 were shared with those

from the CTLA4* CD4* T cell cluster.
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Figure 4.2 | Th17RM cells constitute a clonally expanded population. CDR3 nucleotide
sequences for T cells in GSE108989 were determined by TCR a chain repertoire analysis,
performed by Zhang et a/. Clonotype counts were calculated as the number of T cells sharing
a common CDR3 nucleotide sequence. (A) The clonal repertoire profile of each T cell
annotation where the frequency of CDR3 sequences is indicated by colour. (B) Rarefaction
analysis to establish the relative clonal richness within each T cell population. Clonal diversity
was first calculated using interpolation before being extrapolated to estimate the number of
unique clonotypes within a complete T cell population. (C) The frequency of overlapping

clonotypes between cell populations, indicated numerically and by colour.

4.3.2 Th17RM cells express cytotoxic effector molecules

For Th17RM cells to exhibit overlapping effector properties with anti-tumour CD8* T cells, it
is implied that they would be enriched with a similarly tumouricidal cytokine profile. Anti-
tumour CD8"* T cells usually protect against tumour growth by releasing granules containing
a cocktail of cytotoxic proteins, namely perforin, granulysin and granzymes. Mechanistically,
perforin and granulysin create pores in the target cell membrane, allowing the entry of
granzymes into the cytoplasm. Here these granzymes, particularly granzymes A and B, induce
DNA breaks, trigger mitochondrial damage and activate caspases, initiating a number of

apoptotic pathways that eventually lead to target cell death?87-4%,

To explore any commonalities that may exist between the cytokine profiles of CD8* and
Th17RM cells, we first explored the transcriptomic expression of these key tumouricidal
cytokines, alongside a selection of more established Th17-related effector molecules. Nearly
all Th17RM cells expressed transcripts for GZMA (granzyme A), GZMB (granzyme B), PRF1
(perforin) and GNLY(granulysin). In fact, a higher percentage of Th17RM cells expressed more

cytotoxic transcripts than transcripts encoding any other transcript tested, including 7L77A
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and CCLZ0 (Fig. 4.3A). The cells expressing the highest levels of cytotoxic proteins appeared
to localise in the bridge between Th17EM and Th17RM cells when plotted by UMAP (Fig. 4.3B),
perhaps suggesting that these putatively cytotoxic effector functions are acquired early in

the transition phase as Th17 cells accumulate resident memory adaptations.

We next sought to determine whether the expression of these genes was comparable to that
measured in CD8* T cells. The expression level of GZMA, GZMB, PRF7 and GNLYin each Th17
population was contrasted with that detected in CD8* T cell clusters from GSE108989. As anti-
tumour properties have been described in CX3CR1*, granzyme K (GZMK)* and layilin (LAYN)*
CD8* T cells*'4%5, we hypothesised that a comparable expression level in Th17RM cells might

confer a similar degree of protective immunity.

No significant difference in the expression of GZMA was detected in Th17RM cells compared
with the majority of high-expressing CD8* T cells, with only LAYN* CD8* T cells expressing
more (Fig. 4.3C). However, although Th17RM cells were the highest Th17 expressors of GZMB
and PRF1, expression was significantly less than that measured in most CD8* T cells (Fig. 4.3D,
Fig. 4.3E). The median expression value of GLNY was almost 0 in all of the cell types
investigated although a reasonable expression distribution in some of the CD8* T cell clusters

was observed (Fig. 4.3F).

Whether these differences in expression translate into functional differences remains
unclear. An analogous comparison between cytotoxic CD4* and CD8* T cells in human
melanoma showed comparable levels of GZMA, GZMB, PRFT1 and GNLY transcripts®s,
suggesting that cytolytic activity might be less robust than that seen in CD8* T cells. However,

whilst the release of cytotoxic granules is one mechanism by which CD4* T cells can exhibit
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cytotoxicity*®, it is not the only mechanism. The production of IFN-y is also sufficient for CD4*

T cells to elicit tumouricidal activity*®’, of which Th17RM cells additionally express (Fig. 4.3A).
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Figure 4.3 | Th17RM cells are transcriptomically enriched with cytotoxic effector
molecules compared with other Th17 cell populations. (A) Quantitative representation of

transcriptomic cytokine expression. Dot size represents the percentage of cells in each
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population expressing the cytokine and colour saturation indicates the relative expression
level, scaled across each population. (B) Normalised expression level and distribution of
GZMA (granzyme A), GZMB (granzyme B), PRF1 (perforin) and GNLY(granulysin) expression
across Th17 UMAP clusters. Comparative normalised expression levels of (C) GZMA, (D)
GZMB, (E) PRFT and (F) GNLYin Th17 and CD8* T cell annotations. Data are displayed as box
and whisker plots showing the median, 25" and 75% percentiles and two whiskers at the 1.5x
interquartile range for each cytokine. Pairwise Wilcoxon tests with Benjamini-Hochberg
correction were used to calculate the statistical comparisons, with Th17RM cells set as the
reference population. Adjusted p values are shown, where NS (not significant), * (p < 0.05),

** (p <0.01), *** (p < 0.001), **** (p < 0.0001).

To establish whether the expression of cytokine transcripts translated into the secretion of
functional cytokines, we liberated single cells from the primary tumour resections of four CRC
patients then stimulated them with PMA and ionomycin in the presence of brefeldin A. In
combination, these pharmacological agents mimic early TCR signal transduction pathways
and block intracellular protein trafficking, trapping cytokines in the endoplasmic reticulum

for downstream analysis.

To validate the reliability of our intracellular cytokine detection by flow cytometry, we first
confirmed that positive staining for IL-17A was indicative of RORyt expression (Fig. 4.4A).
Next, to address the hypothesis that a resident memory phenotype in Th17 cells is associated
with heightened expression of cytotoxic molecules, the percentage of CD103* Th17 (CD45R0O*
CD3* CD4* CD8 RORyt") cells positive for these proteins was compared with their CD103
counterparts (Fig. 4.4B). Both granzyme A and granzyme B were significantly upregulated in
CD103* Th17 cells, as was IL-17A (Fig. 4.4C). Although there was a generally positive trend for
both IFN-y and TNF-o, neither reached statistical significance, alluding to the notion that

CD103* Th17 cells are not simply an analogous ‘pathogenic’ Th17 population found within the
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tumour. Perforin expression was also measured however it was not detected in Th17 or CD8*

T cells, suggesting that the antibody staining did not work (data not shown).
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Figure 4.4 | Tumour CD103* Th17 (Th17RM) cells produce more granzyme A, B and IL-17A
than their CD103" counterparts. Recently frozen (< 4 months) resected tumours from CRC
patients was thawed and digested to liberate single cells, which were stimulated with PMA
and ionomycin in the presence of brefeldin A for 6 hours. Stimulated cells were then
extracellularly stained for Th17RM-identifiable markers before being fixed, permeabilised
and intracellularly stained for cytokines. (A) Flow cytometry plots displaying the gating
strategy to identify RORyt* cells, alongside the same gates on RORyt PE-eFluor 610 FMO and
rat IgG2a PE-eFluor 610 isotype control samples. (B) Gating strategy to identify cytokine* non-
Th17RM (CD45RO* CD3* CD8 CD4* RORyt* CD103") cells (blue box) and cytokine* Th17RM
(CD45RO* CD3* CD8 CD4* RORyt* CD103*) cells (purple box). Percent cytokine expression in
non-Th17RM and Th17RM populations was calculated as the number of cytokine* cells divided
by the total number of cells per population (non-Th17RM cell total = blue gate plus bottom

left grey gate; Th17RM cell total = purple gate plus top left grey gate). Granzyme A flow
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cytometry plot is representative of all the cytokines measured. (C) Percent cytokine
expression in non-Th17RM (CD103") and Th17RM (CD103*) cells. Data are displayed as box
and whisker plots showing the median, 25" and 75% percentiles and two whiskers at the 1.5x
interquartile range of the percent tumour Th17 population cytokine expression. n = 4 with
paired t-test used to calculate statistical comparison. p values are shown in numerical form,

where p < 0.05 is considered statistically significant.

4.3.3 Granzyme B* Th17RM cells associate with tumour cells

The ability of cytotoxic anti-tumour T cells to eradicate tumour cells is not simply determined
by volume of cytotoxic proteins released into the tumour microenvironment. The proximity
of tumouricidal T populations to malignant cells represents another key feature that
influences the efficacy of protective immune responses. Although anti-tumour T cells can
often be physically identified within tumour masses, their prevention from directly interacting
with tumour cells is frequently correlated with poor clinical outcome?*%¥4%, Some of the best
characterised mechanisms of immune exclusion include physical impediment by stromal cells
enveloping tumour nests®%%*" and the ineffectual utilisation of T cell engagement machinery

by non-productive engagement with tumour associated macrophages>®.

We utilised multiplex immunofluorescence staining to characterise the precise tumour niche
in which granzyme B* Th17RM cells could be located. Whilst the absolute number of
observable granzyme B* Th17RM cells did vary considerably per patient within our staining
cohort, perhaps due to tumour heterogeneity or the variable depth at which each tumour
slide was cut, we did consistently find that the majority of these putatively cytotoxic Th17RM
were embedded within the tumour epithelium (Fig. 4.5A, 4.5B). Exploring the expression level
of apoptotic markers within tumour cells, such as cleaved caspase 3, would be a useful

additional test for validating a functional cytotoxic relationship with Th17RM cells.
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Figure 4.5 | Putatively cytotoxic Th17RM cells are proximal to the tumour epithelium.
Immunofluorescent staining of Ki67 (orange), E-cadherin (dark blue), granzyme B (GzmB,
yellow), DAPI (grey), CD103 (peach), RORyt (aquamarine), CD4 (purple) and CD8 (red) in
tumour sections from CRC patients to visualise the localisation of granzyme B* Th17RM cells
(white arrows) in (A) patient GI 8790 and (B) GI 8870. Th17RM cells are defined by positive
staining for CD45R0, CD3, CD4, CD103, CD161 and CXCR6 and images are representative of
staining in the whole patient cohort. Scale bars are 20 pm in the left image and 5 pm in the

middle and right images.

4.3.4 High expression of a Th17RM signature is associated with favourable

prognosis in colon adenocarcinoma

If the notion that Th17RM cells have tumouricidal properties is true, we would speculate that

an increased number of Th17RM-tumour interactions would positively impact the clinical
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outcome of CRC patients. Whilst we were able to quantify the frequency of observable /n situ
interactions in the CRC cohort used for immunofluorescence staining, we did not have
enough patients to control for extraneous variables such as tumour stage and would not
have the statistical power to reliably conclude whether the number of interactions had any

impact on clinical outcome.

To mitigate these limitations, we utilised the large and clinically detailed colon and rectum
adenocarcinoma TCGA cohorts to establish whether Th17RM cell infiltration impacts
prognostic outcome. Like before, GSVA was used to score each patient based on the
expression of our previously curated seven gene Th17RM signature within their bulk RNA-seq
data. Each cohort was then divided into equal tertiles, with the highest scoring 33% of
patients collectively termed Th17RMPMi9", those with medium score values termed Th17RM™ed
and those in the lowest scoring tertile termed Th17RM"". Cox proportional hazards
regression was then performed, incorporating the survival status of each patient before

Kaplan-Meier curves were plotted to visualise the results.

In colon adenocarcinoma, a high Th17RM score was significantly associated with increased
survival, compared with patients in both Th17RM™¢d and Th17RM'" groups (Fig. 4.6A).
However, this immunological protection was not conserved in the rectal adenocarcinoma
cohort, with no significant differences observed between any of the patient groups (Fig.

4.6B).

Although the medical and surgical interventions used for colon and rectal adenocarcinomas
have considerable overlap, hence the two diseases are frequently amalgamated into the

broad umbrella term of ‘colorectal cancer’, it is becoming increasingly appreciated that each
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disease contains distinct histological and anatomical features that associate with variable
clinical outcomes®®. Some of these differences also extend to immunological heterogeneity.
CMS1 tumours which are MSI and are more associated with the infiltration of anti-tumour T
cells (Table 1.1), for example, are more frequently found in the colon®%43%. Conversely, CMS4
tumours are found more frequently in the rectum and are associated with stromal infiltration,

rich TGF-B1 signalling and worsened prognosis.

Observing the histology of the tumours analysed by multiplex fluorescence imaging which
had high infiltration of Th17RM cells, they appeared to be serrated in nature with good
immune infiltration (Fig. 3.20). This would suggest that these tumours belonged to CMS1
which might be why patients with rectal adenocarcinoma are not protected. Confirming the
association between Th17RM cells and CMS1 tumours by extending our multivariate

regression analysis to include CMS subtype (Fig. 3.21) will be a necessary step.
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Figure 4.6 | The Th17RM cell signature is protective in colon adenocarcinoma but not in
rectal
adenocarcinoma (TCGA-COAD) and (B) rectal adenocarcinoma (TCGA-READ) cohorts were
scored using GSVA with our previously curated seven gene Th17RM signature (Fig. 3.2). Each

cohort was divided into equal tertiles, with patients in the lowest scoring tertile termed
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Th17RM"", those in the middle scoring tertile termed Th17RM™ and those in the highest
scoring tertile termed Th17RM"9". Cox proportional hazards regression was then performed
with the associated patient survival metadata before Kaplan-Meier survival curves were
plotted, stratified by each GSVA tertile. p values calculated using Cox proportional hazard
regression analysis are displayed on the Kaplan-Meier plots. Log-rank test with Benjamini-
Hochberg correction was used to calculate pairwise statistical comparisons between each

GSVA tertile. p < 0.05 is considered statistically significant.

4.3.5 The protective Th17RM signature extends to melanoma patients

As Th17 cells typically mediate tissue surveillance at mucosal barrier surfaces, they are
implicated in a range of other cancers. Whether the presence of Th17 cells is prognostically
beneficial or deleterious remains an open question and the extraordinary plasticity of Th17
cells, as well as the variety of cellular compositions that make up tumour milieus, likely
contribute to the discordant conclusions reported and inconclusive stance taken by the
scientific community. To explore whether the particular adaptations acquired by Th17RM cells
correlate with immunological protection in non-CRC malignancies, we scored TCGA cohort

patients from a number of cancer types in which Th17 cells have been implicated.

One highly studied cancer in the context of Th17 cells is melanoma and multiple reports that
adoptively transferring /n vitro polarised TCR transgenic Th17 cells into B16 melanoma
expressing mice results in tumour eradication has led to the general consensus that Th17
cells may provide one form of therapeutic protection in melanoma'87.188.266270.506 | jke colon
adenocarcinoma, cutaneous melanoma patients with the highest Th17RM score had a
significantly improved survival probability (Fig. 4.7A), suggesting that putatively cytotoxic
Th17RM cells may form an important mechanism of anti-tumour immunity. However, despite

the striking outcome stratification seen in melanoma patients, Th17RM score had no impact
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on survival probability in any of the other cancer types we tested, including lung
adenocarcinoma, lung squamous cell carcinoma, invasive breast carcinoma and head and
neck squamous cell carcinoma (Fig. 4.7B). Tumour heterogeneity might provide one
explanation for these starkly contrasting observations, whist the range of adaptations that
TRM cells acquire in different tissues may form a second interpretation. Although a core
cluster of markers are commonly used to demarcate TRM cells, such as CD103 and CD69,
recent single cell profiling of lung, jejunum and skin-resident TRM cells revealed distinct
tissue-specific gene signatures®®’. This may indicate that analogous, protective Th17RM cells
in other cancer types might not share the same seven gene signature that defines those

characterised in colon adenocarcinoma.
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Figure 4.7 | A high Th17RM signature score is not universally protective in cancer.

Patients from The Cancer Genome Atlas (A) cutaneous melanoma (TCGA-SKCM), (B) lung

adenocarcinoma (TCGA-LUAD), (C) lung squamous cell carcinoma (TCGA-LUSC), (D) invasive

182



breast carcinoma (TCGA-BRCA) and (E) head and neck squamous cell carcinoma (TCGA-HNSC)
cohorts were scored using GSVA with the seven gene Th17RM signature curated previously
(Fig. 3.2). Each cohort was divided into tertiles, with patients in the lowest scoring tertile
termed Th17RM", those in the middle scoring tertile termed Th17RM™¢¢ and those in the
highest scoring tertile termed Th17RM"9". Cox proportional hazards regression was then
performed on the associated patient survival metadata before Kaplan-Meier survival curves
were plotted, stratified by each GSVA tertile. p values calculated using Cox proportional
hazard regression analysis are displayed on the Kaplan-Meier plots. (A) Log-rank test with
Benjamini-Hochberg correction was used to calculate pairwise statistical comparisons

between GSVA tertiles. p < 0.05 is considered statistically significant.

4.3.6 Do Th17RM cells exhibit superior tumour control compared with

Th17EM cells?

As the expression of CD103 on tumour Th17 cells is associated with augmented effector
functionality and the Th17RM signature is protective in both colon adenocarcinoma and
cutaneous melanoma patients, we speculated that Th17RM might have a direct role in
restricting tumour cell viability. To test this hypothesis, we planned to isolate Th17 cells from
tumour resections, dividing them into CD103* and CD103- fractions then co-culturing them

with a CRC cell line to measure cytotoxicity.

In our previous ex vivo or in situ experiments, we have utilised the rat antibody clone AFKJS-
9 to mark and identify RORyt* Th17 cells. However, to establish heightened effector
functionality in the CD103* Th17 fraction translates into more efficient tumour control, we
would be required to sort viable Th17RM cells from tissue using FACS. This means that the
fixation and permeabilisation steps required for the intranuclear staining of RORyt would not

be compatible with this experimental design as these processes are cytotoxic.
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In mouse models, Th17 cells are frequently isolated from blood or tissue using Rorcor 1/77a
reporter mice. These reporters allow for the identification and subsequent sorting of cells
expressing translated Roryt or I117a without the need to fix or permeabilise the cells before
downstream /n vitro culture. However, these techniques are not compatible with human cells
and so we were first required to validate a surface marker panel which could be used as a

surrogate for RORyt expression and the subsequently the identification of Th17RM cells.

In situ, we defined Th17RM cells as CD45R0O* CD3* CD4* CD8 RORyt* CD103* CD161* CXCR6*
cells. To firstly explore how effectively this surface marker combination encapsulates cells
expressing RORyt, we stained three freshly resected tumours for analysis by flow cytometry
and compared the expression of RORyt in the CD4* T cell compartment with those additionally
expressing CD103, CD161 and CXCR6. We saw a remarkably consistent increase in the
percentage of cells expressing RORyt when co-expressing CD103* CD161* CXCR6* alongside
CD4. Approximately 72% of CD4*CD103* CD161* CXCR6* T cells expressed RORyt, as opposed
to the approximately 35% of CD4* T cells within the tumour expressing RORyt (Fig. 4.8).
Although an arbitrary comparison, early studies using Roryt transgenic mice showed that only
65% of Roryt* IL-17* cells in the small intestine expressed the surface chemokine receptor
CCR6, a commonly used surrogate marker for Th17 cells®¥, satisfying us that our surface
panel of CD4* CD103* CD161* CXCR6* was sufficient specific to sort Th17RM cells without

RORyt staining.

184



CD4* CD103*

CD4* T cells CD161* CXCR6™ T cells .S 100 -
— . w
1] % p=0.01
o100 s E § 75 1
- 4 a
~ -
5 10° E 3 E:. 50
= 0 A ' 1 S
N | . E 5 0 A
| -107 5 o
Hlllﬂ‘ TT IIIIII T IIHII‘ TTIT ||l|"l||"|l|||ll| TT |l|ll] T Illll‘ TTIT T T
1040 104 10° 108 CD4*'Tcells  CD4* CD103*
— RORyt | PE-eFluor 610 > CD161" CXCR6"
T cells

Figure 4.8 | CD103, CD161 and CXCR6 collectively define a population of CD4* T cells
enriched for RORyt. Freshly resected tumours from CRC patients were digested to liberate
single cells, extracellularly stained for Th17RM-identifiable markers then fixed, permeabilised
and intracellularly stained for RORyt. Representative flow cytometry plots (left) and
quantification (right) of RORyt* cells in CD4* (CD45RO* CD3* CD4* CD8;, gating as performed
in Fig. 3.10) and CD4* CD103* CD161* CXCR6* T cell populations are shown. Quantitative data
are displayed as box and whisker plots showing the median, 25" and 75% percentiles and two
whiskers at the 1.5x interquartile range of the percent RORyt expression. 1= 3 with paired t-

test used to calculate statistical comparison. p < 0.05 is considered statistically significant.

As a first optimisation step for the co-culture assay, Colo205 cells (human CRC cell line) were
cultured with magnetically enriched CD3* T cells from PBMCs banked from healthy patients.
The T cells were then stimulated with solitomab, PMA with ionomycin or PHA-L for 2 hours
before killing efficacy was determined across a range of effector-target (ET) ratios, ranging
from 0.125:1 to 1:1. Solitomab is a recombinant bispecific antibody that recognises human
CD3 and EpCAM>% and we used this to activate and redirect T cells towards EpCAM* Colo205
cells. PMA with ionomycin mimics early TCR signal transduction pathways and PHA-L is often
used as an alternative for anti-CD3/28 stimulation in CAR T cells due to its ease of use and

cost-effectiveness>0910,
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We observed clear a dose-dependent dose dependent killing of tumour cells in all three T cell
stimulation conditions, as measured using a kit to detect the activity caspase-3, a reliable
apoptotic marker>"" (Fig. 4.9A). At the highest E:T ratio tested, PHA-L might slightly augment
T cell mediated cytotoxicity. We next repeated the co-culture using CD3* T cells isolated using
FACS from the same bank of healthy patient PBMCs. This time, the number of apoptotic
Colo205 cells was greatly reduced and the dose-dependent effect was lost (Fig. 4.9B). We are

currently repeating these experiments to confirm these findings.

The underlying reason for this difference is unclear. The cell purity achieved with FACS is
greater than that with magnetic enrichment and some contaminant populations from the
latter process, such as APCs or NK cells, might therefore be enhancing the effect of T cell
cytotoxicity by activating co-stimulatory networks or by directly mediating cytotoxicity, in the
case of NK cells. FACS is also a longer and more abrasive process for cells than magnetic
enrichment which could have an unwanted implications for T cell functionality. As of yet,
these optimisation steps are ongoing with the ultimate aim of whether Th17RM cells possess

adaptations which allow them to directly mediate tumour cytotoxicity.
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Figure 4.9 | The cytotoxicity achieved by T cells after magnetic enrichment from blood
is not retained by FACS. CD3* T cells were magnetically enriched or isolated by FACS from
thawed, venous blood from healthy donors. T cells were stimulated with solitomab, PMA with
ionomycin or PHA-L and co-incubated with Colo205 cells for 2 hours. T cell-mediated killing

was assessed by activity of caspase-3. Each colour represents a different E:T ratio.

Cytotoxicity against tumour cells is an important feature seen in the most robust anti-tumour
T cell responses. For many years, the emphasis was placed on CD8" T cells due to the
longstanding notion that CD4* T cell effector functions centre around cytokine production
and CD8* T cells mediate target cell killing. As research has progressed, studies in pre-clinical
and clinical contexts have identified CD4* T cells that not only express cytotoxic molecules but

demonstrate functional cytotoxicity in a variety of disease contexts, including cancer®'2.

Multiple lines of evidence are also beginning to stress the influence that antigen recognition
by CD4* T cells has on dictating patient response to immunotherapy. In melanoma, the
expression of tumour MHC class II correlates with both clinical response and overall survival
following anti-PD-1 immunotherapy®'3. Moreover, insights into how patients will respond to
these treatments can be predicted before their administration, as individuals with the highest
levels of intratumoural IFN-y and tumour MHC class II expression experience the best overall

survival following anti-PD-1 checkpoint blockade>'.

CD4* T cells have also been directly implicated in the initiation of potent CD8" immune
responses in response to melanoma neoantigens®® and CD4* T cells are the primary
population that becomes activated in response to some melanoma and glioblastoma

neoantigen vaccination strategies®'®>'8, In CRC, a recent large scale genetic screen has also
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identified several neoantigens that elicit strong IFN-y production from CD4* tumour

infiltrating lymphocytes®™.

The importance for MHC class II-mediated immunity in cancer has therefore made our
observations that Th17RM cells are enriched with signalling pathways downstream of
antigen-receptor signalling and comprise a clonally expanded population of particular
interest. From these results, it is tempting to speculate the Th17RM cells proliferate in
response to the ligation of tumour antigens presented on MHC class II. The inflammatory
cytokine IL-18, implicated in the generation of Th17RM cells, may facilitate these interactions.
IL-18 can promote MHC class II upregulation on epithelial cells by augmenting IFN-y

production in lymphocytes*’?, a cytokine also upregulated in CD103* Th17 cells (Fig. 4.4C).

Tumour antigens are not the only peptides that Th17RM TCRs may react to within the tumour
microenvironment. Melanoma tumour cells have been shown to present antigens from
intracellular bacteria on their surface via MHC class I and II, namely those derived from
Staphylococcus caprae, Actinomyces odontolyticus, Fusobacterium nucleatum and
Staphylococcus capitis >*°. These findings have since been reiterated in glioblastoma®?' and,
given the staggering density of microbes found in the human gut, it is almost impossible to

think that microbial presentation does not also occur in CRC patients.

The possibility that Th17RM cells respond to microbially-derived antigens within the tumour
does not necessarily indicate that they are unable to play a role in protective anti-tumour
responses. The fact that microbially-derived antigens can look so ‘foreign’to T cells, compared
with many host tumour antigens that display relatively low immunogenicity, can actually

elevate the strength of anti-tumour immune responses. To support this idea, injecting
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tumours with attenuated bacterial spores can hasten the eradication of malignant tissue>
and several studies have demonstrated improved response to immune checkpoint inhibitors
in the presence of certain bacteria®?5%. If tumour cells are destroyed by Th17RM cells,
whether in response to tumour or microbial antigens, this could also initiate epitope
spreading cascades via local DCs, a sequence of events which has also been shown to amplify

adaptive anti-tumour immune responses?'.

Whether Th17RM cells mediate tumour protection by direct cytotoxicity or via the recruitment
of other immune components remains an unresolved question which we are actively
pursuing. We explored a variety of molecules expressed by Th17RM cells and found that they
were heavily enriched for key genes that make up cytotoxic granules, including PRF1, GZMA,
GZMB and GNLY. Whilst these transcripts were found at higher levels in Th17RM cells than
Th17EM cells, all except for GZMA were found to be expressed at lower levels compared with
a number of anti-tumour CD8* T cell clusters in the same scRNA-seq dataset. This contrast
might represent the more traditionally observed division of labour between CD4* and CD8* T
cells, with CD8* T cells being more predisposed to upregulate lytic killing machinery. We did
not detect any LAMP7 (CD107a) transcripts in Th17RM cells, a marker of cytotoxic granule
release*>, nor any transcripts of KLRK7 (NKG2D), which could have suggested that Th17RM

cells elicit TCR-independent cytotoxicity>2¢ (Fig. S4.2).

However, redundancy is built into these killing mechanisms and lysis is not the only process
by which T cells can eradicate tumours. Non-lytic mechanisms, such as the secretion of IFN-y
or TNF-q, can inhibit the proliferation of neoplastic cells®?’, as well as recruiting and activating
CD8* or NK cells within the tumour niche®?. The production of these cytokines is a key way

by which CD4* T cells control tumour development**” and CD4* T cells with these functions
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canrescue T cell responses against MHC class I deficient tumours that escape direct targeting
by CD8* T cells>®. Although neither reached statistical significance, there was a convincingly
positive trend for both IFN-y and TNF-a. in CD103* Th17 cells, suggesting that they might
favour non-lytic cytotoxicity in CRC. Co-culturing Th17RM cells with a reporter CRC cell line in
the presence of blocking antibodies against IFN-y or TNF-o. would be a preferable way to
explore this hypothesis. Exploring the expression of LAMP7 (LAMP-1, CD107a) or FASLG (Fas
ligand, CD95L), two surface markers associated with degranulation in CD8* or NK cells, could

be another way to infer the reliance of Th17RM cells on lytic destruction.

By inference, the protective immunity offered by Th17RM cells is observed in colon
adenocarcinoma and cutaneous melanoma patients, as tumours enriched for the Th17RM
signature were significantly associated with a superior survival probability. We found it
surprising that this signature offered no protection at all in a number of other cancers that
we tested, including rectal adenocarcinoma, lung adenocarcinoma, lung squamous cell
carcinoma, invasive breast carcinoma and head and neck squamous cell carcinoma. Tumour
immunity is highly varied across tissue types, due to an abundance of tumour intrinsic and
spatial factors, and the enrichment of Th17 cells in the skin and colon during homeostasis
might favour the generation of protective Th17-mediated immunity the development of

cancer.

In this final experimental chapter, we show that the gene expression profile enriched in
Th17RM cells is one that reflects a cellular state procured in response to antigen recognition.

We support the idea that Th17RM cells proliferate in response to tumour microenvironment-
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associated antigens as TCR profiling shows the presence of highly expanded clones within
this population. When questioning whether Th17RM cells function as part of broader
efficacious anti-tumour immune responses, we find that patients enriched with the Th17RM
signature in colon adenocarcinoma or cutaneous melanoma tumour tissue have significantly
improved survival outcomes, although this protection is not universal among all cancer types.
We postulate that the protective immunity conferred by Th17RM cells in these two cancers
may be a result of heightened IFN-y and TNF-a production. However, we also observe
granzyme B* Th17RM cells embedded within the neoplastic epithelium in CRC patients /n situ,
suggesting that Th17RM cells may also offer a degree of protection via tumour lysis.
Validating this putative cytotoxicity will be a key final experiment to confirm that the presence

of Th17RM cells may be advantageous in some cancer patients.
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Chapter 5: Discussion

Since their discovery two decades ago, Th17 cells have been widely accepted as key members
of the mucosal immune system. During homeostasis, they play a crucial role in protecting
against microbial translocation by strengthening the structural barriers present within these
niches. The highly dynamic nature of these microbial interfaces also means that Th17 cells
are phenotypically plastic and are continually poised to rapidly upregulate a number of
inflammatory characteristics in response to barrier breach or infection. However, like that
seen in a variety of other immune cell types present within these environments, aberrant
activation of their pro-inflammatory programmes has the capacity to drive a number of

pathological processes, including the initiation and development of cancer.

Whilst targeting these inflammatory programmes might appear as an obvious strategy to
limit tumour progression, some reports have also noted a role for Th17 cells in mediating
anti-tumour immune responses by virtue of their ability to promote inflammation and recruit
beneficial immune populations into the tumour niche?®. Exactly why such contradictory
findings have been reported for the role of Th17 cells in cancer is not fully understood.
However, it is likely a that a combination of intrinsic tumour-related properties and the
remarkable plasticity demonstrated by Th17 cells is one underlying cause. We therefore
aimed to probe the diverse range of Th17 cell phenotypes observed in patients with CRC, an

anatomical region in which Th17 cells can usually be found in abundance.

Using deep scRNA-seq from a publicly available dataset, we have described the presence of
three transcriptionally distinct populations of Th17 cells in CRC patients. These Th17 cells

display adaptations which allow them to persist within different tissue types; with SELL
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(CD62L)* Th17CM cells enriched in the circulation, CD69* Th17EM cells stationed in gut tissue
during both homeostasis and cancer and CD69* CD103* Th17RM cells specifically enriched
within the tumour microenvironment. The existence of each populations was validated in CRC
patients using flow cytometry and we predicted that each transcriptional state is

ontogenically related to one another using pseudotime trajectory analysis.

We found the expression of CD103 on Th17RM cells a particularly intriguing observation.
CD103 functionally mediates cellular adhesion to E-cadherin® epithelial cells and an
increasing body of evidence is reporting its presence on a group of CD8" T cells that
functionally persist in tissue environments and is increasingly associating their presence with
improved prognosis in a number of cancer types®®. Less is known about the role of CD103

on CD4* T cells and even less so about how its expression modulates Th17 cell functionality.

To explore what environmental drivers might signal the development of Th17RM cells, we
first used a variety of computational techniques, such as cellular deconvolution and NicheNet
ligand-receptor interaction analysis, to determine the cell types and ligands most likely to
induce this specific Th17 transcriptional programme. Using a large cohort of patients with
colon adenocarcinoma from The Cancer Genome Atlas repository (TCGA-COAD), we deduced
that tumours rich in Th17RM-associated genes also had significantly higher infiltration of
activated macrophages and CD8* T cells. We hypothesised that these macrophages adopt an
inflammatory profile, potentially in response to activation of the inflammasome, and secrete
cytokines such as TGF-B1, TNF-a. and IL-18 that collaboratively drive the acquisition of Th17RM
characteristics in proximal Th17EM cells. Additional cytokines enriched in Th17RMM"io"
tumours, such as IFN-y, may be derived from infiltrating CD8* T cells or may signal in an

autocrine manner via Th17RM cells themselves to further dictate nuanced transcriptional
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programmes in this CD103* population. The ligands that we have predicted to most likely
influence Th17RM activity, especially that of TGF-p1, are supported by robust evidence from
the literature which has implicated their role in the upregulation of CD103 and strengthening
of effector programmes in CD8* tissue resident memory T cells. Confirming the optimal
combinations and exact concentrations at which these cytokines most efficiently elicit a
Th17RM phenotype /n vitro constitutes an important ensuing experiment. Not only will
understanding these parameters allow us to potentially control their differentiation /n vivo
for more translational studies but it opens the door to a readily-available pool of Th17RM cells
for further functional testing /n vitro - the lack of which embodies a considerable problem we

have had to endure throughout this project.

Although investigating the properties of Th17RM cells ex vivo arguably manifests the most
representative method to explore their functionality, obtaining resected tissue from CRC
patients (either fresh or frozen) has proven to be a significant hurdle that has substantially
bottlenecked our non-computational investigations. At best, resected tissue was collected

from surgery once every two weeks. At worst, collections took place once every few months.

The fallout from the COVID-19 pandemic was partially responsible for this tissue shortage,
with the Oxford Biobank team severely depleted of personnel. To add to this, the vast majority
of the CRC surgeries overran into antisocial hours. Combined with a lack of available out-of-
hours pathologists, this resulted in an unfortunate number of samples being stored in
formalin for clinical examination the next morning, rendering them unusable for functional

validation experiments.
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We therefore attempted to elucidate as much information about Th17RM cells as we could
via computational means or by using existing banks of tissue stored pre-pandemic by the lab.
As such, we endeavoured to validate interactions between Th17RM cells and inflammatory
macrophages firstly with a publicly available spatial transcriptomics dataset and secondly
using multiplexed immunohistochemistry on a cohort of banked CRC patients. We found that
none of the predicted myeloid populations correlated with Th17RM cells by spatial
transcriptomics and considered the possibility that the limited RNA readouts per data spot
became saturated by the presence of broad cell types. To support this speculation, we failed
to detect the presence of any T cell subsets within the regions of healthy epithelium, despite
intraepithelial lymphocytes representing an important cell type within this niche. Exploring
the spatial relationship of Th17RM cells with inflammatory macrophages using more recently
generated spatial transcriptomics datasets might allow us to work with higher quality RNA
sequencing depths per spot. Correlating the presence of Th17RM cells with individual

cytokines, such as TGF-B1 or IL-18, could form another angle to validate our hypothesis.

Using multiplexed immunohistochemistry, we found that Th17RM cells were located in closer
proximity to macrophages when they expressed the surface marker CD11c, a population with
specialised antigen presentation functions and an inflammatory profile**>. We used this
marker because of the inflammatory cytokines thought to interact with Th17RM cells,
although a more extensive phenotypic validation of the driver myeloid cell(s) in question will
enhance our ability to generate Th17RM for future /n vivo work. Recent advances in spatial
techniques, such as the advent of the CosMx platform, which permits the subcellular

localisation of transcripts on FFPE slides, could help to answer this question.
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As mentioned previously, CD103 defines a population of CD8* T cells which display enhanced
persistence within tissues and possess enhanced effector functions than CD103
counterparts. In the context of cancer, it is also becoming increasingly appreciated that the
expression of CD103 in CD8* T cells can also be used to identify tumour-reactive clones that
exhibit potent tumouricidal effector functions and whose presence is associated with better
survival outcomes various cancers. We wondered whether Th17RM cells had comparable
functionalities and sought to explore whether their presence in the tumour niche similarly

impacts patient prognosis.

Our initial probe into the functional pathways enriched in Th17RM cells using gene ontology
was encouraging, as Th17RM cells displayed elevated levels of transcripts associated with
antigen-induced signalling pathways compared with Th17EM cell controls. We also found that
Th17RM cells constituted a highly expanded population by comparing clonal diversity with
other tumour-associated T cell subsets. Whilst these results were convincing enough to
conclude that Th17RM cells respond to antigen within the tumour microenvironment,
formally comparing clonal diversity with CD103* CD8* T cells, which are known to react with
tumour antigens, would further reinforce our conjecture that Th17RM cells are tumour-

specific.

This exemplifies another limitation with some parts of our analysis - what we reflectively
perceive as a lack of detailed cluster annotations. For both GSE108989 and GSE146771 scRNA-
seq datasets, we utilised the existing cluster annotations made by the authors after the
identification of Th17CM, Th17EM and Th17RM cells to conduct our analyses. A more
stringent and personalised approach to cluster identification and labelling, such as that

demonstrated when discerning each Th17 population, could have provided more insight for
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downstream experiments. Our ligand-receptor interaction analysis could have particularly
benefitted from these alterations and they might have helped pinpoint the exact myeloid
population most likely to drive Th17RM cells. Pooling scRNA-seq datasets to increase the
number of cells available to cluster, similar to that demonstrated in a recent analysis of CRC
scRNA-seq data by Zhang et a/>*', could be one way to facilitate more detailed cluster

annotations.

After observing that the presence of Th17RM cells was protective in patients with colon
adenocarcinoma and cutaneous melanoma, we began to explore the mechanism by which
these cells might mediate this protective immunity. At a transcriptional level, Th17RM cells
were heavily enriched with cytotoxic markers when compared with the other Th17 profiles.
Against CD8* T cells, only GZMA was transcribed to a level that we assumed could be
biologically functional. However, speculating on biological function by transcript expression
is perhaps misguided as both granzyme A and B were significantly upregulated at the protein
level in Th17RM cells. Protein expression of non-lytic tumouricidal cytokines, such as IFN-y
and TNF-a, was also raised (though not significant) in Th17RM cells, which perhaps indicates
that protective immunity conferred by Th17RM cells is accomplished by multiple
mechanisms. Observations that granzyme B* Th17RM cells can be found within the tumour
epithelium further alludes to a direct form of anti-tumour function, as well as any benefits

that Th17RM cells may mediate via cellular recruitment.

Integrated redundancies that are built into the immune system are a feature that makes it
such a powerful biological weapon. Cytotoxicity within the CD4* compartment, for example,
can effectively compensate for a loss of CD8" driven immunity in tumours which

downregulate the expression of MHC class I°?°. The array of effector mechanisms employed
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by immune cells represents a second example, whereby malignant cells can be targeted by
cellular, antibody or cytokine-mediated modalities to maximise successful eradication®s. A
recent study describing the accumulation of highly beneficial IL-17* CD103* CD8* TRM
(Tc17RM) cells in anti-PD-1-responsive lung cancer patients?®> therefore raises a question
regarding the importance of the contribution made by Th17RM cells within a system built
upon redundancy. It is injudicious to consider Tc17RM and Th17RM as mutually exclusive
entities within efficacious anti-tumour immune responses. However, given the specialisation
of CD8* T cells for cytotoxicity, it is worth exploring their contribution. Mouse models of
cancer represent the most complete system whereby this question can be functionally
addressed and such observations could be made using Cd4 & Rorcsplit-ERT2¢® x Itgae ¥
mice, which would have a selective deletion of CD103 in CD4* Roryt* T cells after the

administration of tamoxifen.

A comprehensive understanding of Th17RM cell biology in CRC (as well as their functions in
other cancers) has translational implications too that could inform future immunotherapeutic
strategies. A considerable number of studies have begun to report the acquisition of Th17-
like properties in adoptively transferred CAR T cells in the most complete responders, with
these CAR T cells upregulating cytokines such as IL-17 and IL-22 /n vivo 2?2532, As a product of
these observations, some of the most recent CAR T strategies have started experimenting
with the polarising conditions used during the manufacturing process to expedite the
acquisition of these properties. This strategy has so far proved fruitful and CART cells primed
to exhibit Th17 functionalities by RORy agonists or by ICOS stimulation can efficiently
eradicate established tumours in mouse xenograft models of melanoma and mesothelioma

by IFN-y and IL-17A-dependent mechanisms?2226430%6506  Fyrthermore, CAR T cells that are
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conditioned to upregulate TRM characteristics by culturing them beforehand with TGF-p1
similarly display the features of enhanced residency and stemness that align so well with
efficacious responses®3. It is therefore plausible that CAR T cells conditioned to adopt
Th17RM cell characteristics during the production stage can amalgamate and further

enhance these protective features.

It is therefore critical that we are able to conclusively establish the conditions or cell types
most able to elicit these features in Th17 cells. The increasing pressure to develop novel
cancer strategies that are able to take advantage of host immunity exemplifies this necessity.
Th17 cells are key immune players at a number of barrier sites and we have shown that
heterogeneity within this population can have functional consequences for anti-tumour
immunity. In elderly patients whose immune system has become adversely impacted by
immunosenescence, it is unclear whether these new immunomodulatory strategies will elicit
maximal responses. However, with the rates of young-onset CRC on the rise, characterising
the most beneficial immune phenotypes for exploitation should remain a priority. CD103*
Th17 cells might comprise one of these advantageous phenotypes and we hope that they

may be exploited in the near future to provide therapeutic relief for some cancer patients.
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Chapter 6: Materials and methods

6.1.1 Cell lines and culture

The Colo205 CRC cell line was obtained from The American Type Culture Collection and
sustained in complete medium, composed of RPMI 1640 cell culture medium (Gibco,
11875093) with 10% FBS (Atlanta Biologicals, S12550H) and 100 U/mL penicillin-streptomycin

(Sigma, P0781) at 37 °C with 5% CO..

6.1.2 Antibody library (flow cytometry)

Antigen CD number Fluorophore Dilution Clone Cat #
CCR6 CD196 BUV737 1:100 11A9 612780
CCR7 Ccb197 BV510 1:200 2-L1-A 566760
CDh3 Cb3 PE-Cy5 1:200 UCHT1 300410
Cb4 Cb4 PE-Cy7 1:200 OKT4 317413
Cb4 Cb4 BV785 1:200 OKT4 317442
CD8 CD8 Spark Blue 550 1:200 SK1 344760
CD38 CD38 BUV805 1:200 HB7 742074
CD39 CD39 BV711 1:200 Al 328227
CD39 CD39 PerCP-Cy5.5 1:200 Al 328217

CD45R0O CD45R0O BUV563 1:200 UCHL1 748369
CD69 CD69 BV785 1:200 FN50 310932
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CD83 CD83 BV421 1:200 HB15e 305323
CD161 CD161 BUV395 1:200 HP-3G10 748280
CXCR4 CD184 BV605 1:200 12G5 740418
CXCR6 CD186 BUV805 1:200 13B1E 748448
FoxP3 - PerCP-Cy5.5 1:100 PCH101 45-4776-41
FoxP3 - Alexa Fluor 647 1:100 206D 320113
Granzyme A - R718 1:100 CB9 566976
Granzyme B - PE 1:100 QA16A02 372208
ICOS CD278 Alexa Fluor 700 1:200 C398.4A 313528
IFN-y - FITC 1:100 B27 506504
IFN-y - APC-Cy7 1:100 B27 506523
IL-17A - BV605 1:100 BL168 512328
IL-22 - PE-Cy7 1:100 22URTI 25-7229-42
Integrin oE CD103 Alexa Fluor 488 1:200 Ber-ACT8 350208
Integrin oE CD103 APC 1:200 B-Ly7 17-1038-42
Integrin p1 CD29 APC-Cy7 1:200 TS2/16 303014
Perforin - Pacific Blue 1:100 dG9 308117
RORyt - PE-eFluor 610 1:100 AFKJS-9 61-6988-80
SELL CD62L BV650 1:200 DREG-56 304831
T-bet - Alexa Fluor 647 1:100 4B10 644804
TIM-3 CD366 BUV615 1:200 7D3 752363
TNF-a - BV510 1:100 MAb11 502950
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Table 6.1 | Antibody library (flow cytometry).

6.1.3 Antibody library (multiplex fluorescence imaging)

Antigen CD # Fluorophore Dilution Clone Cat #
CCR7 CD197 Alexa Fluor 647 1:100 EPR23192-57 ab2755165
CD3 CD3 Alexa Fluor 555 1:100 SP162 ab245731
CD4 CD4 Alexa Fluor 488 1:100 EPR6855 ab196372
CD8a CD8 Alexa Fluor 647 1:100 C8/144B 372906

CD11c CD11c Alexa Fluor 555 1:50 EP1347Y ab279329
CD20 CD20 Alexa Fluor 488 1:100 EP459Y ab198941

CD45RA CD45RA Alexa Fluor 488 1:100 H100 304114

CD45R0O CD45R0 Alexa Fluor 488 1:100 UCHL1 304212
CD69 CD60 Alexa Fluor 488 1:100 8B6 NBP1-51607

Integrin aE CD103 Alexa Fluor 647 1:100 EPR1466(2) ab225153
CD161 CD161 Alexa Fluor 647 1:100 EPR26340-6 ab302565
CXCR5 CD185 Alexa Fluor 555 1:100 EPR23463-30 ab272936
CXCR6 CD186 Alexa Fluor 555 1:100 | EPR24686-113 ab273116

Granzyme B - Alexa Fluor 555 1:100 D6EOW 79903SF
FoxP3 - Alexa Fluor 555 1:50 D2W8E 74816SF
RORyt - Alexa Fluor 647 1:50 AFKJS-9 14-6988-82
T-bet - Alexa Fluor 647 1:50 D6N8B 27112SF
TCF-1 - Alexa Fluor 555 1:50 C63D9 85942SF
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Table 6.2 | Antibody library (multiplex fluorescence imaging).

6.2.1 Human subjects and ethics

CRC patients were recruited from the colorectal surgery department at the Churchill Hospital,
Oxford University Hospitals NHS Foundation Trust, UK. All patients gave informed consent
and collection was approved by the NHS National Research Ethics Service under the reference

number 16/YH/0247.

6.2.2 Processing of human tissue

PBMCs from CRC patients were isolated from heparinised venous blood samples, whilst those
from healthy donors were isolated from blood cones collected via the NHS Blood and
Transplant service. PBMCs were enriched using Lymphoprep (STEMCELL) by density-gradient
centrifugation from both sources, and cone-derived PBMCs were additionally incubated in
ACK lysis buffer for 5 minutes at room temperature to maximise erythrocyte removal. Isolated
PBMCs were then analysed downstream or resuspended in FBS with 10% DMSO (Sigma) in

liquid nitrogen vapour phase for long-term storage.

Resected tissue samples were obtained after surgery and classified as either tumour or
normal adjacent by a pathologist. Two 5 mm?3 sections were initially cut, with the first
suspended in RNAprotect (Qiagen) at -20 °C for the preservation of RNA. The second section
was stored in 4% (w/v) formaldehyde (Thermo Fisher) overnight at 4 °C before transferring to

70 % ethanol for long-term storage before histological analysis.
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Banked tissue was suspended in cryopreservation medium (Merck), cooled slowly at a rate of
-1 °C/minute until a temperature of -80 °C was reached, then stored in liquid nitrogen vapour
phase for long-term storage. For freshly processed specimens, excess fat and submucosal
tissue were manually removed using sterile forceps and scissors before being washed twice
in PGA solution, containing PBS (Gibco), 100 U/mL penicillin-streptomycin, 50 pg/mL
gentamycin (Sigma), 2 pg/mL amphotericin B (Sigma), 1 pg/mL ciprofloxacin (Sigma) and
supplemented with 1 mM DTT (Roche), for 15 minutes at 37 °C on an orbital shaker to remove
epithelial cells. Remaining tissue was then rinsed in RPMI 1640 with 5 mM HEPES (Sigma)
before two incubations in digestion medium, composed of RPMI 1640, 5 mM HEPES, 0.3 U/mL
collagenase A (Sigma) and 10 pg/mL DNase I (Roche), for 30 minutes each at 37 °C on an
orbital shaker. Liberated cells were filtered through 70 pm cell strainer (Thermo Fisher) into
FACS buffer, made up of PBS, 0.1% BSA (Sigma) and 5 mM EDTA (Invitrogen), before later

downstream analysis.

6.2.3 Cytokine restimulation assay

Single cells obtained from tissue resections were incubated with a stimulation medium
composed of complete medium supplemented with 50 ng/mL PMA (Sigma), 1 pg/mL
ionomycin (Sigma) and 5 pg/mL brefeldin A (Biolegend), for 6 hours at 37 °Cin 5% CO, before

analysis by flow cytometry.

6.2.4 Flow cytometry, FACS and magnetic enrichment

Single cells were washed in FACS buffer, centrifuged at 300 x g for 5 minutes at room
temperature, before resuspending in a blocking solution made up of human FcR blocking

reagent (Miltenyi) and LIVE/DEAD fixable blue stain (Invitrogen) for 10 minutes at room
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temperature. The cells were washed again in FACS buffer before staining for surface
antibodies for 30 minutes at room temperature. For samples where only surface antigens
were investigated, cells were fixed with fixation buffer (Biolegend) before being resuspended
in FACS buffer. For the investigation of intracellular or intranuclear antigens, cells were
incubated in fixation/permeabilisation solution (Thermo Fisher) for 30 minutes, washed and
resuspended in permeabilisation buffer from the FoxP3 transcription factor staining kit
(Thermo Fisher, 00-5521-00). Samples were then stained for 30 minutes at room temperature.
Fluorescence was detected with an Aurora spectral cytometer (Cytek) and the data were

processed with SpectroFlo (Cytek) and OMIQ (Dotmatics).

Samples prepared for FACS were processed similarly to those prepared for flow cytometry
however non-viable cells were marked with LIVE/DEAD fixable near IR stain (Invitrogen,
L34994) and were resuspended in FACS buffer supplemented with 200 pg/mL DNase I before
sorting with a FACSAria III cell sorter (BD Biosciences). Data were processed using FACSDiva
(BD Biosciences). For magnetic enrichment, T cells were positively selected with the EasySep

human CD3* positive selection kit (STEMCELL) as per the manufacturer’s instructions.

6.2.5 Cytotoxicity assay

Isolated CD3* T cells were cultured with either 1 pg/mL solitomab (Thermo Fisher), 50 ng/mL
PMA (Sigma) with 1 pg/mL ionomycin (Sigma) or 2.5 pg/mL PHA-L (Sigma) for 2 hours in the
presence of 4x10* Colo205 cells/mL. Cells were then prepared for flow cytometry as usual
with the addition of the NucView488 caspae-3 assay kit (Biotium) just before analysis, as per

the manufacturer’s instructions.
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6.3.1 R package library

R package Version
Seurat 4.4.0
tidyverse 2.2.0
ggplot2 3.5.1
EnhancedVolcano 1.22.0
clusterProfiler 4.12.0
org.Hs.eg.db 3.19.1
enrichplot 1.24.0
fgsea 1.30.0
GSEAbase 1.66.0
ggpubr 0.0.6
monocle3 1.3.7
viridis 0.6.5
ggh4x 0.2.8
tibble 3.2.1
MAST 1.30.0
tidyr 1.3.1
TCGAbiobanks 2.32.0
SummarizedExperiment 1.34.0
reshape 0.8.9
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vctrs 0.6.5
GSVA 1.52.2
RColorBrewer 1.1.3
rstatix 0.7.2
nichenetr 2.1.5
circlize 0.4.16
patchwork 1.2.0
dplyr 1.1.4
png 0.1.8
gridExtra 2.3
stringr 1.5.1
grid 4.4.0
survival 3.5.8
survminer 0.4.9
survivalAnalysis 0.3.0

Table 6.3 | R package library.

6.3.2 scRNA-seq data quality control, pre-processing and clustering

Publicly available scRNA-seq datasets were downloaded from Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) with the accession numbers GSE108989, GSE146771
and processed using the Seurat package. Count matrices and corresponding metadata files

were combined into a Seurat object using CreateSeuratObject. Cells with > 2% mitochondrial
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reads were removed. The gene expression matrices were normalised and the total UMI
counts per cell were transformed using the natural log scale. After selecting the 2,000 most
variable genes using the FindVariableFeatures function, PCA was performed on the genes.
FindNeighbours was then run on the top 30 principal components. FindClusters was set with
a resolution ranging from 0.3 to 1.3 to explore cell clusters. Two-dimensional UMAP was used
to represent cell clusters. To accommodate for multiple rounds of clustering, Seurat objects
were subset to enrich for clusters of choice before repeating the process from the
“FindVariableFeatures” stage. To cluster RORC * populations, cells expressing a positive
transcript count for RORCand CD3D were first subset from the scRNA-seq dataset before the
process above was initiated. Differentially expressed genes were visualised using the V/nF/ot
function in Seurat, the £nhancedVolcano plot in EnhancedVolcano or the DotP/ot function in

Seurat. Figures were compiled using the ggarrange function in ggpubr throughout.

6.3.3 Gene set enrichment analysis

Enriched gene set expression profiles were determined using GSEA, a tool published by
Subramanian et a/3?. Significantly differentially expressed genes, as calculated in 6.3.2, were
first ranked according to log: fold change. Custom gene lists for TCM, TEM and TRM cells
(published by Szabo et a/32¢ and Kumar et a/.?’> were downloaded and normalised enrichment
scores were calculated with 10,000 permutations and a p value cut off set to 0.05 using the
GSEA function in the fgsea package. Normalised enrichment scores and ranked list metrics

were visualised using the gseap/ot2function in the GSEAbase package.
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6.3.4 Pseudotime trajectory analysis

Pseudotime trajectory analysis was performed using the Monocle3 package, published by
Cao et al>*. The Th17 Seurat object was first converted into a cell data set (CDS) before size
factors were determined using the estimate size factors function. Cells were then re-
clustered and the /earn_graph function was employed to produce a trajectory through the
CDS. The root was manually set using the order cells function and pseudotime trajectories
were visualised using p/ot cells. Fluctuations in individual genes over pseudotime were

plotted using the p/ot genes in_pseudotime function.

6.3.5 Curating Th17EM and Th17RM cell signatures

To calculate the transcriptional gene signatures for Th17EM and Th17RM cells, all T cell
clusters other than Th17EM/RM in GSE108989 were grouped together in an ‘other_clusters’
variable before the FindMarkers function was employed with the MAST package. Genes with
an adjusted p value of < 0.05 and log: fold change > 0.5 were ranked by fold change and the
top 5 were combined with the major flow cytometry identifiers (RORyt and CD69 or CD103,
respectively) for downstream analysis. To determine how specific each signature was for the
respective Th17 population, the AddModuleScore function from Seurat package was
employed. Pairwise Wilcoxon tests with Benjamini-Hochberg correction was used to calculate

the significance of each statistical pairwise comparison.

6.3.6 CIBERSORTX cellular deconvolution

CIBERSORTY, a tool published by the Alizadeh lab3®, was used to deconvolute bulk RNA-seq
data downloaded from the publicly-available TCGA-COAD repository. Cell fractions were

imputed using the LM22 signature matrix, generated by the Alizadeh lab specifically for use
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with the CIBERSORTXx platform. Batch correction was disabled, as was quantile normalisation,
as these settings were recommended for RNA-seq data. Deconvolution was run in absolute

mode and 1,000 permutations were set for statistical analysis.

6.3.7 TCGA data processing and GSVA scoring

TCGA bulk RNA-seq expression matrices were downloaded using GDCquery from the
TCGAbiolinks package. Data.category was set to ‘transcriptome profiling’, data.type set to
‘gene expression quantification’ and workflow.type set to ‘STAR-Counts’. Data matrices were

read and prepared using the GOCprepare function.

To score individuals in the TCGA-COAD cohort based on expression of the curated Th17EM/RM
gene signatures, gene set variation analysis (GSVA) was employed, as described by
Hanzelmann et a/*'. The kcdf was set to ‘Gaussian’ as the bulk RNA-seq matrix had already
been normalised. Patients in the TCGA-COAD cohort were divided into equal tertiles based
on the output GSVA score and each stratified group was matched back to their CIBERSORTx-
deconvoluted profile to compare tumour immune landscapes. Stat compare_meansfrom the
ggpubr package was used to calculate statistical significance between each group per cell

type, using a Wilcoxon test.

6.3.8 Volcano plots

Differential gene expression analysis was performed using the FindMarkers function in the
Seurat package (version 4.4.0). Top differentially expressed genes were selected based on

their adjusted p value and annotated using the £nhancedVolcano function in the
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EnhancedVolcano package (version 1.22.0). Each Volcano plot was combined into a single

figure using the ggarrange function from the ggpubr package (version 0.6.0).

6.3.9 NicheNet ligand-receptor analysis

To explore ligand-receptor interactions, we utilised NicheNet, a tool created by the Saeys
lab3%8. Th17EM/RM cells were set as the ‘receiver’ population and a list of sender and receiver
genes were generated by comparing Th17 cells to all other cell types in GSE146771, classed
as ‘sender’ cells. Differentially expressed genes in each Th17 population were determined by
comparing them with CD4* T cells, as the reference population. A minimum of 10% of the
receiver cells were required to express the genes to be considered and 10% of the sender
cells were required to express the considered sender ligands. Scoring of the predicted targets

was based on a Pearson correlation coefficient, as described in the NicheNet vignette3*2.

6.3.10 Spatial transcriptomics

Gene-spot matrices generated by the Visium platform and paired histological images were
downloaded from a publicly-available repository published by Wu et a/3. Spots were clustered
using the same process utilised to clusters single cells with the Seurat package. To project cell
signatures from GSE146771, anchors in the spatial transcriptomics dataset were generated
using the FindTransferAnchors function and combined with the scRNA-seq gene signatures
using 7ransferData. Differentially expressed genes with an adjusted p value of < 0.05 and
log: fold change > 0.5 were transferred. Spatial feature expression plots were generated with

SpatialFeaturePlot.
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6.3.11 Gene ontology

In order to compare differentially enriched pathways between each Th17 subpopulation,
gene ontology was performed on genes where the log fold change > 0.5. Pathways enriched

within the ‘biological processes’ ontology were selected after Benjamini-Hochberg correction.

6.3.12T cell clonal analysis

For analysis of paired TCR sequencing from GSE108989, the R package immunarch was used.
Clonality was explored using the repC/onalityfunction, with breaks defined as 1, 2-3, 4-10, 11-
30, 31-100 and 100+. Overlap analysis was performed using the morisita method of the
repOverlap function, which calculates the extent of sharing based on clonal abundance.
Comparative clonal diversity was estimated using rarefaction, employed using the

repDiversityfunction, due to the dissimilar cell numbers within each cluster.

6.3.13 Univariate patient survival and multivariate analysis

The clinical metadata columns ‘days_to_last_follow_up’, ‘days_to_death’ and ‘vital_status’ were
incorporated into the GSVA data frame in preparation for patient survival analysis. Survfrom
the survival package was used to generate a survival object which was subjected to Cox
proportional hazards regression. The Kaplan-Meier method was used to generate survival
curves and the log-rank test was used to determine the overall statistical significance of
differences in survival. Benjamini-Hochberg correction was used for multiple comparisons
between tertiles. Survival curves were constructed using the survival and survminer
packages. Analyse multivariate from the survivalAnalysis package was used to generate

multivariate hazard ratios and forest p/otwas used to visualise the scores.
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6.4.1 Processing and multiplexed imaging of tissue

Resections were fixed in 4% paraformaldehyde for 24 hours before being transferred into
70% ethanol for long-term storage. Before processing, samples were placed into paraffin
using a tissue processor and embedded in paraffin blocks in an anteroposterior orientation.

Tissues were sectioned at 5 pm using a microtome.

Multiplex fluorescence imaging was performed to validate intercellular interactions and
explore the tissue localisation of Th17 subpopulations. Sections of matched healthy control
and tumour tissue were baked overnight at 60 °C. Slides were transferred into xylene for
dewaxing followed by a series of rehydration steps in ethanol solutions (100%, 95%, 70% and
50%). Each step was repeated twice for 5 minutes each, followed by 2 washing steps in 1X
PBS. The tissue was then permeabilised for 10 minutes in 0.3% Tris X-100 and washed for a
further 5 minutes in 1X PBS. Heat-induced epitope retrieval was performed using a
decloaking chamber with both citrate (pH 6.0) and Tris (pH 9.0) antigen retrieval solutions.
The chamber was programmed to incubate the slides in citrate (Dako) solution for 20 minutes
reaching 110 °C and 6.2 PSI, which was maintained for 4 minutes before cooldown was
initiated. Slides were transferred to a Tris (Dako) solution for 20 minutes followed by an
additional 10 minute incubation at room temperature (RT). Tissue slides were blocked with a
5% donkey serum (Sigma) and 5% BSA (Sigma) solution overnight at 4 °C. Slides were then
washed in 1X PBS for 10 minutes and stained with DAPI (Sigma) for 15 minutes. Slides were
washed again in 1X PBS for 5 minutes and coverslipped with 50 pL of a 50% glycerol (Sigma)

and 4% propyl gallate (Sigma) mounting media.
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6.4.2 Cell DIVE imaging of stained tissues

The GE Cell DIVE system was used to image tissues using the ImageApp imaging software.
An initial image using a 10X objective lens of the entire tissue was used for ROI selection and
the background autofluorescence of the tissue was captured using a 20X imaging round.
FITC, Cy3 and Cy5 channels were used alongside the DAPI channel to create a virtual H&E
image. This background imaging was used to subtract autofluorescence from all the

subsequent rounds of staining.

Slide coverslips were removed in 1X PBS prior to staining. Each staining round consisted of a
master mix of 3 antibodies prepared in antibody diluent (3% BSA in 1X PBS). The initial round
used primary antibodies which were incubated in the dark for 1 hour at RT followed by 3
washes in 1X PBS. Secondary antibodies conjugated with either Alexa Fluor 488, 555 or 647

were then incubated for an additional hour at RT before being coverslipped and imaged.

Fluorophores were bleached between each round of staining using NaHCOs (0.1 M, pH 11.2
(Sigma)) and 3% H,O, (Sigma). Slides were bleached 3 times for 15 minutes each with a 1
minute wash in 1X PBS in between bleaching rounds. Slides were then re-stained with DAPI
for 2 minutes and washed in 1X PBS for 5 minutes in order to enable with image registration
and alignment. Dye-inactivated slides were then imaged in order to calculate the new
background subtraction (and for each subsequent background subtraction). Slides were then
multiplexed with the next panel of 3 markers with iterative staining, bleaching and imaging.
A negative control slide stained with isotype-matched antibodies was used at the same
concentration as the corresponding primary antibodies and using the same exposure

settings. QuPath software (v0.4.4) was used for image visualisation and isotype controls were
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contrast-matched to samples stained with primary antibodies for comparison. The HALO

(v3.0) nearest neighbour analysis was utilised to calculate intercellular distances.
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Supplementary figures
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Figure S2.1 | Enrichment analysis for each Th17 population demonstrates specificity for

each memory T cell state. GSEA was used to score the enrichment analysis of central

memory (TCM), effector memory (TEM) and resident memory T (TRM) cell gene
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signatures?’>32%, in Th17CM, Th17EM and Th17RM cells, respectively. NES = normalised

enrichment score, p.adj = adjusted p value, RLM = ranked list metric.
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Figure S2.2 | Expression level of CD27and SLAMF6in each Th17 population in GSE108989.
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Figure S3.1 | Tumour immune landscapes across TCGA-COAD patients. Output cell type

proportions from the CIBERSORTx deconvolution of TCGA-COAD patients using the LM22

signature matrix. Each column represents one patient.
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Figure S3.2 | UMAP clustering of GSE146771 scRNA-seq data.
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Figure S3.3 | Distribution of enterocytes and goblet cells by spatial transcriptomics.
Probability scores for hEO2_Enterocyte-GUCA2B and hEO3_Goblet-SPINK4 cells across tumour
samples from (A) patient 2, (B) patient 3 and (C) patient 4. Histological annotations are in the
left column. Spot colour in the middle and right column represent the probability that a given
cell type can be found within that region, with blue representing low probability and yellow

representing high probability.
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Figure S3.4 | Distribution of tumour Th17 cells. Probability scores for Th17CM, Th17EM and
Th17RM cells across tumour samples from (A) patient 1, (B) patient 2, (C) patient 3 and (D)
patient 4. Spot colour represents the probability that a given cell type can be found within

that region, with blue representing low probability and yellow representing high probability.

221



Th17EM Th17RM hT14-CD8-CX3CR1 hT03-CD4-GNLY

[N || |l T
000 001 002 003 0.00 0.05 0.10 0.15 0.20 0.0 0.1 0.2 0.3 0.00 0.05 0.10 0.15 0.20 0.25

hT15-CD8-GZMK hT13-CD8-GPR183 hT12-CD8-LEF1 hT01-CD4-CCR7
[ | e [ [ | [_____sinay
00 01 02 03 04 00 0.1 02 0.0000.0250.0500.0750.1000.125 0.0 01 02 03

hT02-CD4-ANXA1 hT10-CD4-FOXP3 hT09-CD4-CXCL13 hT11-CD4-CTLA4
|| || R T
00 01 02 03 04 000 0.05 0.10 0.15 0.20 025 0.00 005 0.10 0.15 0.20 00 01 02 03 04

& i

hT05-CD4-CXCR6 hT04-CD4-TCF7 hT17-CD8-CD160 hT16-CD8-CD6
T T [N T
0.00 0.05 0.10 015 0.20 025 00 01 02 03 04 000 005 010 015 000 005 010 0.5 020

hT18-CD8-LAYN hT08-CD4-IL23R hT07-CD4-GZMK hT06-CD4-CXCR5
| R [ T
00 01 02 03 000 005 010 015 0.20 000 005 010 0.15 0.20 00 02 04 06

222



Figure S3.5 | Distribution of T cell subsets in patient 1. Probability scores for each T cell
subset in the tumour sample from patient 1. Spot colour represents the probability that a

given cell type can be found within that region, with blue representing low probability and

yellow representing high probability.
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CD103 RORyt

Figure S4.6 | Th17RM cells can be found within the tumour epithelium. Multiplexed
staining of FFPE tissue with a Th17RM (CD45RO* CD3* CD4* CD8 RORyt* CD103* CXCR6*
CD161%) cell embedded in the tumour epithelium (E-cadherin*), as indicated by a white arrow.

Scale bar represents 50 pm.

224



- - - &

Figure S4.7 | CD103+ Th17 cells do not always co-express CD161 or CXCR6. Multiplexed

staining of FFPE tissue with a CD103* CD161* CXCR6 Th17 (CD45R0O* CD3* CD4* CD8 RORytY)
cell from patient GI 8858 on the left and a CD103* CD161- CXCR6* Th17 cell from patient GI

8841 on the right . Scale bar represents 5 pm.
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Enriched GO terms in Th17EM vs Th17CM
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Figure S5.1 | Gene ontology indicates that Th17EM cells are more activated than
Th17CM cells. Gene ontology (GO) biological process overrepresentation analysis was used
to explore the relationship between differentially expressed genes in Th17EM cells, as
compared with Th17CM cells. Wilcoxon rank sum test with Bonferroni correction was used to
identify differentially upregulated genes in Th17RM cells, with log. fold change > 0.5 and
p.adj (adjusted p value) < 0.05 considered significant. Significantly upregulated genes were
then mapped onto terms within the GO biological processes ontology. One-sided
hypergeometric test with Benjamini-Hochberg correction was used to determine the
functional significance of each biological process. The top 15 most significantly upregulated

biological processes are illustrated.
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Figure S5.2 | Expression level of LAMP17 (CD107a) and KLRK7 (NKG2D) in each Th17
population in GSE108989.
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