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Abstract

Cancer is a common disease, which results in considerable amounts of morbidity and mortality
worldwide. It is now recognised that the tumour immune response is essential in determining cancer
biology. However, anti-tumour immunity varies considerably between cancers, and even within the
same cancer type. In part, it is determined by the tumour mutational landscape. But much remains to
be understood about how the interaction with the cancer genome shapes the tumour immune

microenvironment, and influences clinical outcomes.

In this research, I demonstrated that tumour CD8cell infiltrate is significantly associated with
reduced recurrence risk and improved overall survival in stage II/III colorectal cancer (CRC).
Importantly, this relationship was independent of key confounding factors, including genomic
instabilities that have been shown to influence both anti-tumour immunity and clinical outcomes.
Furthermore, this relationship was not consistent across all stage II/III CRCs, but rather varied
according to tumour and nodal status. Mismatch repair deficiency (MMRA) is a form of genomic
instability that contributes to the development of both CRC and endometrial cancer (EC). I showed
that MMRA is associated with improved outcomes in CRC, but not EC. This might be a reflection of
differences in the immune landscape between MMRd CRC and EC: MMRd CRCs had much greater
levels of infiltrate T lymphocytes. Furthermore, MMRd ECs showed an enrichment for loss of
function J4K ] mutations, which was associated with abrogated IFNy signalling activation. Finally,
this research demonstrated a murine model to allow functional investigation of MMR loss and its
impact on the tumour microenvironment. Conditional, inducible MIA1 loss resulted in a specific
phenotype, with the development of intestinal polyps. In contrast to human disease, these polyps

showed CD8" T cell exclusion, which may be a secondary to Beta-2 Microglobulin loss.

In summary, this work constitutes a correlative and functional study of the associated between the

immune response and clinical outcome, and how the this is influenced by tumour genomic instability.
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Figure 1-2: Normal epithelium to polyp to colorectal cancer sequence. Colorectal cancers result
from stepwise neoplastic transformation of normal epithelial cells. There are two well defined
pathways: the classic adenoma-carcinoma sequence, and the serrated neoplasia pathway. Whilst each
of these are characterised by distinct genetic alterations, they share dysregulation of similar signalling
pathways. APC: adenomatous polyposis coli. SMAD4: SMAD family member 4. CTNNB1: catenin-
B 1. PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-a. PTEN: phosphatase

and tensin homologue. TGF: transforming growth factor 8. TGFBR2: TGFp receptor 2. Reproduced

Figure 1-3. The immune microenvironment in cancer. Elements of the immune response can either
be pro or anti-tumour. Neutrophils are typically considered to have pro-tumorigenic effects, and this
may be in part from production of CXCLS5. In contrast, elements of the adaptive immune response
have clear anti-tumour effects. In particular, CD8" cytotoxic T-lymphocytes (CTLs) and NK cells are
able to directly destroy tumour cells. The former do so after activation by antigen presentation
through the MHC class I pathway, whilst the latter are able to act independently. Tumour cells may
avoid CTL destruction by upregulation of immune checkpoints such as PD-L1. Tyl helper cells exert
anti-tumour effects by driving an IFN-y immune based response; they are activated primarily by
antigen presentation via MHC class Il interaction with antigen presenting cells such as dendritic cells.
B-cells act as professional antigen presenting cells, or induce humoral macrophage phagocytosis by
antibody production. CTL: cytotoxic T-lymphocytes. NK cells: natural killer cells. TCR: T-cell
receptor. PD-L1: programmed cell death ligand 1. PD1: programmed cell death protein 1. Figure
adapted from Bruni et al [4]. Further details of the immune cells represented are available in Tables
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Figure 4-2. T cell infiltrate quantification by multispectral immunofluorescence staining in full
faced FFPE tumour sections. This quantification method has been previously published and validated
[2]. FFPE: formalin fixed, paraffin embedded..........c..cooieiiiiiiiiiiiiiciiciceceeeee e 101
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Figure 4-4. Forest plot showing the meta-analysis results for the association between MMRd and
overall survival in CRC and EC. MMRd was significantly associated with a reduced risk of disease
recurrence in CRC (HR 0.69 95%CI 0.59-0.79) but not in EC (HR 1.33 95%CI 0.98-1.68). MMRd:
mismatch repair deficient. MMRp: mismatch repair proficient. HR: hazards ratio. 95%CI: 95%
CONTIACNCE INLETVALS ...ttt sttt esbe e bt e sb e s bt e sbe e bt e sbeenbeenaeas 107
Figure .4-5. Multispectral immunofluorescent quantification of immune cells in FFPE
CRC and EC tissue A. Shows the imaging and quantification methodology used to analyse
multispectral IF stained FFPE tumour slides. B. Example images of CRC MMRp, MMRd
Sporadic and MMR germline tumours. C. Example images of CRC MMRp, MMRd Sporadic
and MMR germline tumours. C. Example images of EC MMRp, MMRd Sporadic and MMR
germline tumours. MMRp: Mismatch repair proficient. MMRd: mismatch repair deficient. LS:
Lynch Syndrome. Pan-CK: pan cytokeratin. DAPI: 4',6-diamidino-2-phenylindole .............. 110
Figure 4-6. T-cell infiltrate in CRC and EC MMRp and MMRd tumours quantified by
multispectral IF staining A) Intraepithelial CD3" and CDS8" cell infiltrate. B) IntrastromalCD3" and
CDS8" cell infiltrate. Individual data points coloured according to whether MMRd was sporadic or
Lynch syndrome. P values between MMR groups for each cancer type determined by non-parametric
Mann-Whitney testing and P for interaction by aligned rank ANOVA, MMRp — mismatch repair
proficient; MMRd — mismatch repair deficient. CRC: colorectal cancer. EC: endometrial cancer ... 111
Figure 4-7. Intrastromal and intraepithelial FoxP3" cell infiltrate in CRC and EC MMRp and
MMRd tumours; quantified by multispectral IF staining. P values between MMR groups for each
cancer type determined by non-parametric Mann-Whitney testing and P for interaction by Aligned
Rank ANOVA. MMRp — mismatch repair proficient; MMRd — mismatch repair deficient. CRC:
colorectal cancer. EC: endometrial CANCET.........coeieieriiriieieieeeeieiee ettt 113
Figure 4-8. Heatmap showing relative tumour proportion of tumour-infiltrating immune cells,
IFNYy response score and expression of immune checkpoints. The cancer type, MMR status and

immune subgroup (C1-C6). MSI: microsatellite unstable. MSS: microsatellite stable. CRC: colorectal



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

cancer EC: endometrial cancer. NK cells: Natural killer cells. The right column graphically represents
the Log10 transformed P value for comparisons of CRC MSS Vs MSI (red), EC MSS. Vs MSI (blue)
(both determined by Mann-Whitney U Test) and Pivreraction value (green) (aligned rank ANOVA
1ST1 1 TSRO PSRRI 115
Figure 4-9. Immune cell infiltrate in TCGA CRC and EC cancers determined by CIBERSORT
processing of bulk RNAseq data. P values between MMR groups for each cancer type determined by
non-parametric Mann-Whitney testing and P for interaction by Aligned Rank ANOVA. CRC:
colorectal cancer. EC: endometrial cancer. MSS: microsatellite stable. MSI: microsatellite unstable.
NK cells: Nnatural KilIer CEIIS........eiuiiierieieieeeie ettt sttt et se et et e sseeneeneeneas 116
Figure 4-10. Immune checkpoint expression in TCGA CRC and EC RNAseq data. P values
between MMR groups for each cancer type determined by non-parametric Mann-Whitney testing and
P for interaction by Aligned Rank ANOVA. LAG3: Lymphocyte Activation Gene 3. VSIR: V-set
Immunoregulatory Receptor. TIGIT: T-cell Immunoreceptor with Immunoglobulin and ITIM domain.
HAVCR2: Hepatitis A Virus Cellular RECEPLOr 2 ......cvivvviiiiiiiciicieeieeeee et e 117
Figure 4-11. Gene set enrichment analysis results comparing CRC MSI cancers with CRC MSS
cancers, and EC MSI cancers with EC MSS cancers. Notably, in CRC MSI cancers a number of the
upregulated pathways are related to IFN-y signalling.. CRC: Colorectal cancer. EC: endometrial
cancer. MSS: microsatellite stable. MSI: microsatellite unstable............ccccooeririierininieceeeeeeee 119
Figure 4-12. The total non-silent mutation rate, indel neoantigens and SNV neoantigens for
TCGA CRC and EC MSS and MSI cancer. P value for comparisons within cancers generated by
non-parametric Mann-Whitney testing and P for interaction by Aligned Rank ANOVA. CRC:
colorectal cancer. EC: endometrial cancer. MSS: microsatellite stable. MSI: microsatellite unstable.
SNV: single NUCICOtIAE VATTANTS........cc.eeviiiiiieiiieiieieeteesteeste et esieeeteesteesteesteesbeesbeesseesteesteesssesssesseses 120
Figure 4-13. MLH1 methylation and expression A. MLH1 promoter methylation in TCGA CRC
and EC MSS and MSI cancers B. MLH1 expression in TCGA CRC and EC MSS and MSI cancers.

CRC: colorectal cancer. EC: endometrial cancer. MSS: microsatellite stable. MSI: microsatellite

xi



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

Figure 4-14. The frequency and type of immune evasion associated mutations in TCGA MSI
CRC and EC. P values for comparison of mutation frequency between cancer types obtained using
Fisher's exact test. CRC: Colorectal cancer. EC: endometrial cancer.............ccoceeeeeveerieeeneeneeeeeenee. 123
Figure 4-15. IFN-y and JAK1 loss of function (LOF) mutations in TCGA CRC and EC. A [FN-y
pathway response in TCGA CRC and EC MSS and MSI cancers B. Linear regression examining the
association of MMR status, mutational load and immune escape mutations on IFN-y signalling C.
JAK1 expression in TCGA CRC and EC MSI cancers according to JAK1 mutational status. D IFN-y
response in TCGA CRC and EC MSI cancers according to JAK1 mutational status. P values for
within cancer comparison generated by Mann-Whitney test and P for interaction by aligned rank
ANOVA. CRC: colorectal cancer. EC: endometrial cancer. MSS: microsatellite stable. MSI:
microsatellite unstable. fs: frameshift MUtation ............ccoccoeeieiiiiiieiee e 125
Figure 4-16. JAK1 mutations and IFN-y pathway activation in EC cancer cell lines in vitro. A.
JAK1 expression in EC cell lines under resting conditions. B. IFN-y stimulation of JAK1 WT and
mutant cell lines. JAK1 mutation was associated with reduced activation of the JAK-STAT pathway
1N TESPONSE 10 IFIN - 1ottt et e et e e s b e e st e e s beeesbeeesbae e saeessseesssaessseeenseeenseeas 128
Figure 5-1. Outlines the breeding plan used to obtain experimental mice for this work. A.
breeding to achieve Vil-CreERT2"*"@Apc”™MIh17". B. breeding to achieve Vil-
CreERT2"¢2Apc”™1h1*". C.breeding to achieve Vil-CreERT2 74" Apc”™Ih1™" .........ccocoecc.... 144
Figure 5-2. H&E images of representative GI polyps seen in Apc del, Apc del/Mlh1 del and Apc
del/MIh1 null and Mlh1 null mice shown at 2x, 10x and 20x magnification. ............c.c.ceevverrrerrrennen. 149
Figure .5-3. Gastrointestinal (GI) tract polyps.in the Apc del, Apc del/MIhl1 del and Apc del/MIhl
null and Mlh1 null A. total polyp counts for 90, 120 and all time points for the four genotypes
included in this work. B GI Polyp formation in the proximal, medial and distal intestine, and colon for
each of the four genotypes. C. GI polyps in the four genotypes by sex. NS: not significant.............. 151
Figure 5-4: Example of phenotype of Apc del/Mlh1 null mice at 120 days. The severity of the
phenotype required culling of the mice for humane reasons. A. Macroscopically, the mice had
distended and necrotic caeca and appendices B. Evidence of multiple polyps throughout the

ASLTOINEESTINAL TTACT. L.ouvviiiiiieiiii ettt et e et e e s ta e e et e e et e e esbeeesbbeetaeessseesssaesssaeenseeenseean 152

X1l



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

Figure 5-5. H&E staining of an invasive caecal carcinoma in a Mlh1 null mouse (Apc wildtype).
This mouse had to be culled early due to severe ill health, and necropsy revealed a large caecal
tumour with intestinal ODSIIUCLION. .......ccuiiuiiieieieiee ettt 153
Figure 5-6. Examples of IHC from CD8+ cells in normal intestinal mucosa of Black-6 WT and
Vil-CreERT 2, mice shown at 2x, 10x and 20x magnification. CD8+ cell infiltrate was
widespread across normal mucoSal tiSSUE...............cc.eeecviiiiiiiiiiiieiii e 158
Figure 5-7. Quantification of IHC CD8" positive cells using the QuPath analysis software
platform. Adenomas are manually identified in FFPE gut roll sections. ROIs for quantification are
annotated as appropriate (adenoma — red; normal — yellow). Quantification is then conducted: marker
positive and negative cells are identified. Initially, the quantification is refined by adjusting thresholds
before quantification of all samples. ROI: region of interest..........ccceevvieeciieiciieeciie e eieeeiee e 159
Figure 5-8. CD8" quantified by ITHC in A) normal intestinal epithelium and B) intestinal polyps in
Apc del, Apc del/Mlh1 del Apc del/Mlh1 null and Mlh1l null Mice.......ccvevvveeviieiieiieiieieeie e 159
Figure 5-9. Examples of IHC for CD8" cells in normal intestinal mucosa and intestinal adenomas
in Apc del, Apc del/Mlh1 del and Apc del/MIhl1 null and Mlh1 null mice shown at 2x, 10x and 20x
magnification. Visual inspection revealed marked CD8" cell exclusion in polyps in each of the fur

o0 11011 0157 SO SUUSRUP 160
Figure 5-10. Examples of IHC from CD4+ cells in normal intestinal mucosa of Black-6 WT and
Vil-CreERT 2 mice. Shown at 2x, 10x and 20x magnification. CD4+ cell infiltrate was widespread
ACTOSS NOTMAL TNUCOSAL LISSUE .....euvieieeieieetietieiete et etet et et etestesetentesteeseentenseeseeseessesseeseensasesseensensens 162
Figure5-11 Examples of IHC for CD4" cells in normal intestinal mucosa and intestinal polyps in
Apc del, Apc del/Mlh1 del and Apc del/Mlh1 null and Mlh1 null mice shown at 2x, 10x and 20x
F00F:Te 1 U Lo 1510 FO OO TSRO PSR 163
Figure 5-12. CD4" quantified by IHC in A) normal intestinal epithelium and B) intestinal polyps in
Apc del, Apc del/Mlh1 del Apc del/Mlh1 null and Mlh1 null MiCe.......ccoeevveeviieviieiieiicieeie e 164
Figure 5-13.Examples of IHC from C19" cells in normal intestinal mucosa of WT and Vil-CreERT
2 mice shown at 2x, 10x and 20x magnification. CD19" cell infiltrate was sparse in normal intestinal

epithelium, except for Peyer’s patch areas (red arrow).........coveeveiieiiiiieciesieciesee e 165

xiii



404

405

406

407

408

409

410

411

412

Figure 5-14 Examples of IHC for CD19" cells in normal intestinal mucosa and intestinal polyps
in Apc del, Apc del/Mlh1 del and Apc del/MIh1 null and Mlh1 null mice shown at 2x, 10x and 20x
magnification. Note the red arrow denotes the presence of a Peyer’s patch, which acts as an internal
positive control for CD19 THC StaINING. ......c.ccevvieriiieriieerieeiteeeieeeseeesveeereeereeeseeeseeesaeessseesssesssnes 166
Figure 5-15. Examples of IHC for B2m cells in normal intestinal mucosa and GI polyps in Apc
del, Apc del/Mlh1 del and Apc del/Mlh1 null and Mlh1 null mice shown at 2x, 10x and 20x

magnification. B2m loss was universal to all polyps in each of the four genotypes examined.......... 168

Xiv



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

Table of Tables

Table 1-1. The consensus molecular subtype classification of CRC as proposed by Guinney et al
[48]. SCNA: somatic copy number alteration. MSI: microsatellite instability. EMT: epithelial to
MESENCRYMAL TTANSIHION. ... .eiviiiiiceieciicieeieete et e ettt e e e e etreeteeetaeseaesebestseetseetseessesssesesesssesssesssesssesssenens 7
Table 1-2. The TNM staging classification for CRC .....................cccooviiiiiiiiiiicceeeeee e 8
Table 1-3. Factors associated with a higher risk of disease recurrence post-surgery in stage 11
CRC patients [49]. CEA: carcinoembryonic anti@eN ...........ccuecverveereereeseesreenieeseesreesseesseesseessesssesssens 9
Table 1-4. The TNM and FIGO staging systems for endometrial carcinoma................................ 13
Table 1-5. Summary of the key innate immune cells, their function and clinical relevance in cancer.
TGF-f : transforming growth factor beta. IL: interleukins. IFN-y : interferon gamma APC: antigen
presenting cells. TNF-a: tumour necrosis factor alpha. TLR: Toll-like receptor. OS: overall survivall.
PFS: progression free survival CRC: colorectal cancer. LUAD: lung adenocarcinoma. HCC:
hepatocellular carcinoma. SKCM: skin cutaneous melanoma. HNSC: head and neck squamous cell
carcinoma.GC: gastric cancer. BRCA: breast invasive carcinoma. ccRCC: clear-cell renal cell
CATCITIOMIIA ...ttt ettt et e et eateeateeateeabeeateea et e aeeeateeateeabeembeeaeeemeeeaeeeateeabeembeemeeemeeemteeabeembeembeeneeenteanneans 23
Table 1-6 Summary of the key adaptive immune cells, their function and clinical relevance in
cancer. TGF-f : transforming growth factor beta. IL: interleukins. IFN-y : interferon gamma APC:
antigen presenting cells. TNFa: tumour necrosis factor alpha. TLR: Toll-like receptor.CRC:
colorectal cancer. LUAD: lung adenocarcinoma. HCC: hepatocellular carcinoma. SKCM: skin
cutaneous melanoma. HNSC: head and neck squamous cell carcinoma.GC: gastric cancer. BRCA:
breast invasive carcinoma. NSCLC: non-small cell lung Cancer............ccceevveveevieenieneeneesieeeeeveenn 24
Table 2-1 Details of the antibodies used for T-cell quantification human CRC tissue ................. 35

Table 2-2: Details of the antibodies used for immune cell quantification in murine FFPE tissues

............................................................................................................................................................... 36
Table 2-3. Details of the primary antibodies used in Western Blot experiments........................... 37
Table 2-4. Details of the secondary detection antibodies used in Western Blot experiments....... 37
Table 2-5 Mlh1 floxed allele PCR reagents ................cccoooveiiiiiiiiieieeieereereere e eve v eveeae e 39

XV



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

Table 2-6 APC floxed allele PCR Fea@ents .................cccocovieiiiiiiiiieieeieeieere e ere e ereeveeveeveeveens 40
Table 2-7 Mlh1 floxed allele PCR reagents ................cccocoveiiiiiiiiieiiieiectecreete et eve et eve v eveeaeens 42
Table 3-1. Summary of the T cell populations and markers most commonly used in CRC
Prog@nOSTIC STUAIES. ........ooiiiiiiiiiiii ettt e s ae e e e st e e esbee e et eestbeessbeessseeesseeessseensaeenns 46
Table 3-2.Summary of selected previous studies examining T cell infiltrate and clinical outcome
in CRC. OS: Overall Survival. DFS: Disease Free Survival. RFS: Recurrence Free Survival. IM:
Invasive Margin. CT: Centre of Tumour. IHC: Immunohistochemistry. MV: multivariable .............. 47
Table 3-3. Comparison of the baseline characteristics of the QUASAR2 and VICTOR trial cases
used in this biomarker study. pT: pathological tumour (T) stage; MMR: DNA mismatch repair;
MMRp: mismatch repair proficient; MMRd: mismatch repair deficient; POLE-mutant: pathogenic
POLE exonuclease domain mutation; KRAS-mutant: KRAS mutation at codons 12, 13 or 61. BRAF-
mutant: BRAF hotspot V60OE mutation. *determined by unpaired Student’s t-test. Tdetermined by

Fisher exact test (in cases which marker status was determined). Reproduced from Glaire et al 2019

Table 3-4. Comparison of baseline characteristics of VICTOR and QUASAR2 cases included in
biomarker study vs. cases not included. *determined by unpaired Student’s t-test. fdetermined by

Fisher exact test (in cases which marker status was determined). Reproduced from Glaire et al 2019

Table 3-5 Preliminary analyses of CD3" and CD8+ cell fraction in the QUASAR2 trial samples.
AIC: Akaike’s Information criterion. P value calculated by Cox proportional hazards model............ 63
Table 3-6. Relationship between clinicopathological/molecular characteristics and tumour CD8+
cell density in the combined QUASAR?2 and VICTOR trial population. IQR: interquartile range.
pT : primary tumour stage. POLE-mutant: pathogenic POLE mutation. MMR: mismatch repair
MMR-p: mismatch repair proficient. MMR-d: mismatch repair deficient. KRAS-mutant: KRAS
mutation at codons 12, 13 or 6. BRAF-mutant: BRAF hotspot V600E mutation * P value determined
by non-parametric Mann-Whitney test. YDetermined by 10g-rank test.............occovevevereevvererereeeneeenenn. 64
Table 3-7. Multiple linear regression analysis of the relationship between

clinicopathological/molecular characteristics and CD8" cell density in the combined QUASAR2

xvi



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

and VICTOR trial samples. POLE-mutant: pathogenic POLE mutation. MMRd: mismatch repair
deficieny. MMRp: mismatch repair proficient. CIN: chromosomal instability. CRC: colorectal cancer.
KRAS-mutant: KRAS mutation at codons 12, 13 or 6. BRAF-mutant: BRAF hotspot V600E
TITUEAEION 1.ttt ettt ettt et ettt et e e bt et e et e ea bt eateemteeabeea bt e bt embeemb e et e et e e bt e bt enbe e be e be e bt e beebeebean 65
Table 3-8. Univariable and multivariable analyses of time to colorectal cancer recurrence and
overall survival in pooled VICTOR and QUASAR2 trial population. pT : primary tumour stage.
POLE-mutant: pathogenic POLE mutation. MMR: DNA mismatch repair MMRp: mismatch repair
proficient. MMRd: mismatch repair deficient. KRAS-mutant: KRAS mutation at codons 12, 13 or 61.
BRAF-mutant: BRAF hotspot V60OE mutation. Reproduced from Glaire et al [1].......ccccceveevveneennen. 70
Table 3-9. Estimated probabilities of colorectal cancer recurrence and overall survival
according to tumour risk strata and CD8+ cell density dichotomized at sample median in the
pooled QUASAR?2 and VICTOR trial population Glaire et al 2019 [1]......ccccveviiieiciieeiieeieeieens 74
Table 3-10. Estimated probabilities of colorectal cancer recurrence and overall survival
according to tumour risk strata and CD8+ cell density dichotomized at sample median in the
pooled QUASAR?2 and VICTOR trial population ................c.ccccooeiiiiiiiiniiiieceecee e 75
Table 3-11. Details of the seven publicly available independent series included in the external
ValIdation COMOTL...........oooiii ettt et ettt sb et et e bt e beenbeebeas 80
Table 3-12. Details markers being using for multispectral, immunofluorescence
immunoprofiling project of ~5000 cancers from QUASAR2 and SCOT trial ................cc..c...... 86
Table 4-1. Genetic alterations of Lynch Syndrome and the associated phenotype. The exact
phenotype exhibited by LS sufferers depends on the underlying genetic abnormality. Reproduced
TTOII [284] oottt ettt et e et e et e e et e e etteestbeeesbeeasseesasaeesbaeessbeeasbeeasbeeassaeansaeersaeeraeenn 95
Table 4-2. Tumour infiltrating lymphocyte density by marker and compartment according to
cancer type and MMR status. Values shown are sample medians with interquartile rangers (IQR) in
parentheses. P values calculated by non-parametric Mann-Whitney U Test. Test for interaction were
performed by aligned rank ANOVA. MMRp: Mismatch repair proficient. MMRd: Mismatch repair

AEITCIEIT ..ttt ettt e e e e e e et e e e e s ee e st eeeeseeaea e e eeeesesasaaeeeesesaasaaeeeesssassraaeeeeessannnes 112

Xvii



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Table 4-3. Multiple linear regression analysis of the effect of MMR status, mutational load and
immune escape mutation on the IFN-y response in TCGA CRC and EC cancers. LOF — Loss of
Function. CRC: colorectal cancer. EC: endometrial cancer. MSS: microsatellite unstable. MSI
MICTOSAEIIIEE SEADIE.......eeieiiitieeieie ettt ettt ettt et e st est et e b e e se et eseeneeneeneas 126
Table 5-1. Summary of the key murine models for the study of intestinal carcinogenesis. APC:
adenomatous polyposis coli. AOM: azoxymethane. Cdx2: caudal type homeobox 2............c.cu..... 137
Table 5-2. Summary of the key murine models for the study of the immune response and cancer
development. Ifng: Interferon gamma. Pfp: perforin. TRAIL: TNF-a related apotosis inducing
ligand. B2m: beta-2 microglobulin. Statl: signal transducer and activator of transcription 1 ........... 138
Table.5-3. Summary of the key murine models for the study of the immune deficiency and
cancer genetic modification. Ifng: Interferon gamma. Pfp: perforin. Statl: signal transducer and
activator Of tranNSCIIPLION 1 ...ccviiiiiieie ettt et e et eebe e e bae e taeessaeesssaessseeenseeenseeas 139
Table 5-4. Summary of selected studies that have investigated mismatch repair loss in mice... 142
Table 5-5. Gastrointestinal polyps in experimental mice. Median number of polyps in the Apc del,
Apc del/MIh1 del and Apc del/MIh1 null and Mlh1 null. IQR: Interquartile Range.......................... 148
Table 5-6. Site of gastrointestinal polyp formation. Median number of polyps in the Apc del, Apc
del/Mlh1 del and Apc del/Mlh1 null and Mlh1 null according to gastrointestinal section................. 155
Table 5-7. Multiple linear regression analysis of the relationship between total polyp number
and mouse sex, timepoint and GENOLYPE..............cccvieiiiiiciiiiiii ettt 156
Table 5-8 CD8" cell infiltrate in Apc del, Apc del/MIh1 del and Apc del/Mlh1 null and Mlh1 null
normal intestine and polyps. Median values of CD8" cells/mm? presented with IQR in parentheses 159
Table 5-9 CD4" cell infiltrate in Apc del, Apc del/MIh1 del and Apc del/Mlh1 null and Mlh1 null

normal intestine and polyps. Median values of CD4" cells/mm? presented with IQR in parentheses 164

XViil



519  Glossary of abbreviations

520
AOM Azoxymethane
APC Adenomatous Polyposis Coli
B:-M Beta-2 Microglobulin
BER Base Excision Repair
CIN Chromosomal Instability
CRC Colorectal cancer
CTL Cytotoxic T-lymphocytes
DFS Disease Free Survival
EC Endometrial Cancer
EMT Epithelial-to-mesenchyme transition
FAP Familial adenomatous polyposis
FFPE Formalin Fixed Paraffin Embedded
FIGO International Federation of Gynaecological and Obstetrics
H&E Haematoxylin and Eosin
HR Hazard Ratio
ICI Immune Checkpoint Inhibitors
IFN-y Interferon gamma
IHC Immunohistochemistry
JAK1 Janus Kinase 1
LOH Loss of Heterozygosity
LS Lynch Syndrome
MAP MUTYH associated polyposis
MDSC Myeloid Derived Suppressor Cell
MHC Major Histocompatibility Complex
MMR Mismatch Repair Deficiency

XiX



521

MSI

oS

PBS

PCR

PFS

POLE

SNV

TAA

TCGA

TILs

TLS

TMA

TMB

TNF-a

UICC

WHO

Microsatellite instability

Overall Survival

Phosphate buffered saline
Polymerase Chain Reaction
Progression Free Survival

DNA Polymerase &

Single Nucleotide Variants
Tumour Associated Antigens

The Cancer Genome Atlas
Tumour Infiltrating Lymphocytes
Tertiary Lymphoid Structure
Tissue microarray

Tumour Mutational Burden
Tumour Necrosis Factor alpha
Union for Interventional Cancer Control

World Health Organisation

XX



522 Publications arising from my work

523  Glaire MA, Ryan NAJ, Ijsselsteijn ME, Kedzierska K, Obolenski S, Ali RCrosbie EJ, Bosse T, de
524  Miranda N, Church DN.

525  Discordant prognosis of mismatch repair deficiency in colorectal and endometrial cancer reflects
526  variation in antitumour immune response and immune escape.

527  Under review.

528

529  Glaire MA, Domingo E, Sveen A, Bruun J, Nesbakken A, Nicholson G, Novelli M,

530  Lawson K, Oukrif D, Kildal W, Danielsen HE, Kerr R, Kerr D, Tomlinson I, Lothe

531  RA, Church DN. Tumour-infiltrating CD8" lymphocytes and colorectal

532 cancer recurrence by tumour and nodal stage.

533 BrJ Cancer. 2019. PMID: 31388185

534

535  Glaire MA, Brown M, Church DN, Tomlinson 1.

536  Cancer predisposition syndromes:lessons for truly precision medicine.

537  J Pathol. 2017. PMID: 27859368.

538

539  de Jonge MM, Auguste A, van Wijk LM, Schouten PC, Meijers M, Ter Haar NT, Smit VTHBM,
540  Nout RA, Glaire MA, Church DN, Vrieling H, Job B, Boursin Y, de Kroon CD, Rouleau E, Leary A,
541  Vreeswijk MPG, Bosse T.

542 Frequent Homologous Recombination Deficiency in High-grade Endometrial Carcinomas.

543  Clin Cancer Res. 2019. PMID: 30413523

544

545  Workel HH, Lubbers JM, Arnold R, Prins TM, van der Vlies P, de Lange K, Bosse

546 T, van Gool IC, Eggink FA, Wouters MCA, Komdeur FL, van der Slikke EC, Creutzberg CL, Kol A,
547  Plat A, Glaire MA, Church DN, Nijman HW, de Bruyn M. A

548  Transcriptionally Distinct CXCL13" CD103" CD8" T-cell Population Is Associated with B-cell
549  Recruitment and Neoantigen Load in Human Cancer.

550  Cancer Immunol Res. 2019. PMID: 30872264.

551

552  Ryan NAlJ, Glaire MA, Blake D, Cabrera-Dandy M, Evans DG, Crosbie EJ.

553 The proportion of endometrial cancers associated with Lynch syndrome: a systematic

554  review of the literature and meta-analysis.

555  Genet Med. 2019 PMID: 31086306

556

xx1



557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

Ryan NAJ, Blake D, Cabrera-Dandy M, Glaire MA, Evans DG, Crosbie EJ.
The prevalence of Lynch syndrome in women with endometrial cancer: a systematic
review protocol.

Syst Rev. PMID: 30115102

Ryan NAJ, Walker TDJ, Bolton J, Ter Haar N, Van Wezel T, Glaire MA, Church

DN, Evans DG, Bosse T, Crosbie EJ.

Histological and Somatic Mutational Profiles of Mismatch Repair Deficient Endometrial Tumours of
Different Aetiologies.

Cancers (Basel). PMID: 34572765

Jiang D, Hveem TS, Glaire M, Church DN, Kerr DJ, Yang L, Danielsen HE.
Automated assessment of CD8" T-lymphocytes and stroma fractions
complement conventional staging of colorectal cancer.

EBioMedicine. 2021 PMID: 34479131

Domingo E, Freeman-Mills L, Rayner E, Glaire MA, Briggs S, Vermeulen L,
Fessler E, Medema JP, Boot A, Morreau H, van Wezel T, Liefers GJ, Lothe RA,
Danielsen SA, Sveen A, Nesbakken A, Zlobec I, Lugli A, Koelzer VH, Berger MD,

Castellvi-Bel S, Mufioz J; Epicolon consortium, de Bruyn M, Nijman HW, Novelli M,

Lawson K, Oukrif D, Frangou E, Dutton P, Tejpar S, Delorenzi M, Kerr R, Kerr D,

Tomlinson I, Church DN.

Somatic POLE proofreading domain mutation, immune response, and prognosis in colorectal cancer:
a retrospective, pooled biomarker study.

Lancet Gastroenterol Hepatol. 2016 PMID: 28404093.

Temko D, Van Gool IC, Rayner E, Glaire MA, Makino S, Brown M, Chegwidden L,

Palles C, Depreeuw J, Beggs A, Stathopoulou C, Mason J, Baker AM, Williams M,

Cerundolo V, Rei M, Taylor JC, Schuh A, Ahmed A, Amant F, Lambrechts D, Smit VT,

Bosse T, Graham TA, Church DN, Tomlinson I.

Somatic POLE exonuclease domain mutations are early events in sporadic endometrial and
colorectal carcinogenesis, determining driver mutational landscape, clonal neoantigen burden and

immune response.

J Pathol. 2018 PMID: 29604063

XX11



591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

Introduction

1. Introduction

Cancer is a common disease that results in considerable morbidity and mortality worldwide [5], with
an estimated 20 million new diagnoses, and 10 million cancer deaths annually. The World Health
Organisation (WHO) ranks cancer as the first or second leading cause of death for those below 70
years old in 112 of 183 countries (Figure 1.1) [5]. Moreover, global cancer incidence and mortality

are increasing, reflecting an aging population and increasingly prevalent risk factors [7].

°
o
e ©

Ranking of cancer
Premature mortality (0-69)

1st (57)

2nd (55)

3rd - 4th (23)
5th-0th (48)

[ No data  [__| Not applicable

The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever Data source: GHE 2020 World Health
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authorities, Map production: CSU 12 Organization
or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines World Health Organization N

for which there may not yet be full agreement. © WHO 2020. All rights reserved

Figure 1-1. Cancer is a leading cause of premature death (death of those below age 70 years) in 112
countries worldwide. Data from the World Health Organisation and figure reproduced from GLOBOCAN 2020
report. [5]

Cancer is a disease caused by genetic and epigenetic aberrations that result in the loss of tumour
suppressor gene function (genes that normally function to restrain cell growth), and gain of oncogene
function (genes that serve to promote cellular growth) [8]. Whilst there is considerable biological
variation between different types of neoplastic disease, underlying genetic aberrations result in
fundamental characteristics that are shared by all cancer types; often termed the hallmarks of cancer
[9, 10]. The original, highly influential, publication which proposed these, defined six biological
hallmarks that enable tumour growth and metastatic spread [10]. These included:

e Sustaining proliferative signalling
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e Evading growth suppressors

e Activating invasion and metastasis

e Enabling replicative immortality

¢ Inducing angiogenesis

e Resisting cell death
Considerable advances in the field of oncology research led to the inclusion of two more hallmarks in
the latest iteration of this work, published in 2011, less than a decade after the first [9]:

e Deregulating cellular energetics

e Avoiding immune destruction
The inclusion of immune evasion as a hallmark of cancer was the culmination of longstanding interest
in the intricate relationship between cancer and the immune response, first postulated by pathologist
Rudolf Virchow over 100 years ago [11]. In the past three decades, this connection has become the
focus of renewed attention, and substantial advances in understanding [12]. This has resulted in the
development of anti-cancer immunotherapies, in particular immune checkpoint inhibitors (ICIs),
which have provided dramatic responses in previously treatment-refractory cancers [13]. Immune
checkpoint inhibitors work by potentiating a pre-existing, but ineffective, immune response [14].
However, their efficacy is far from universal across cancer types, or even within the same type of
cancer [13]. In part, cancer immunity is determined by the underlying tumour’s mutational landscape:
higher mutational loads have been associated with a stronger immune response [15, 16]. But this
alone is not sufficient to explain the variation in the quantity or quality of the antitumour immune
response. Efforts are needed to fully elucidate how the tumour immune microenvironment is shaped
by the interaction with the cancer genomic landscape and other factors. This will not only improve
our understanding of the fundamentals of cancer biology, but may also help fully realise the

therapeutic potential of the antitumour immune response.
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1.1. Colorectal cancer

1.1.1.Epidemiology

Colorectal cancer (CRC) describes cancers arising from the epithelium of the colon or rectum [17]. It
is the third commonest cancer worldwide in males and females, and as such is the cause of much
morbidity and mortality [18, 19]. In the UK, it accounts for 11% of all new cancer diagnoses, with over
40,000 new cases, and 17,000 deaths, each year. The mean CRC incidence across the UK is 63.7 per
100,000 people [20]. It is commoner in males than females, with 56% of new cases being diagnosed in
men. Fortunately, in the last decade CRC incidence has decreased by approximately 5%, and mortality
rates by 10% [20]. This decrease in mortality may partly be explained by the introduction of the NHS
bowel cancer screening programme for those aged 60 and over in the UK; the original trial data
suggested CRC screening could reduce mortality rates by up to 15% [21]. The incidence of CRC varies
by age with over 40% of cases diagnosed in people aged 75 and over. There is a sharp increase in

incidence at ages 50-54, and the peak incidence is reached at 85-98 years old [20].

1.1.2. Aetiology

Both genetic and environmental factors play important roles in CRC development. 10-20% of CRC
patients have a positive family history of the disease [22]; however, only 5-7% can be directly
attributed to a Mendelian familial cancer syndrome [23]. Such Mendelian syndromes are often
classified as either polyposis (characterised by the development of multiple pre-malignant
adenomatous polyps — in some cases thousands — in addition to increased CRC risk), or non-polyposis
(in which the increased CRC risk occurs in the absence of polyposis, although CRCs still typically
develop from pre-malignant adenomatous lesions) [24]. The most common familial syndrome
contributing to CRC development, and the predominant non-polyposis condition, is Lynch syndrome
(previously referred to as hereditary non-polyposis colorectal cancer — NNPCC) [25], which will be
discussed further below and in Chapter 4. Familial adenomatous polyposis (FAP) is the next most
common hereditary condition associated with CRC [23]. It is an autosomal dominant condition that is

caused by inheritance of a mutated copy of the APC gene [26]. The disease is characterised by very
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large numbers of colonic polyps that begin to form in the second and third decade of life. The
associated risk of developing CRC is almost 100%, and sufferers are often offered a prophylactic total
colectomy or a proctocolectomy [27]. MUTYH associated polyposis (MAP), another important
familial polyposis disease, is an autosomal recessive condition caused by defective base excision
repair (BER) pathway, which leads to accumulation of DNA damage caused by reactive oxygen
species, including DNA methylation, deamination and hydroxylation [28]. Sufferers develop multiple
adenomas, although fewer than seen in FAP and typically no more than 100, and have a lifetime risk
of CRC development of 60-70% [29, 30]. Other familial polyposis syndromes include POLE/POLD1
polyposis, Peutz-Jeghers syndrome, Juvenile polyposis syndrome and GREM I mixed polyposis

syndrome [23].

The risk of developing CRC is also moderately influenced by modifiable risk factors. Lifestyle
choices such as eating red meat [31], prolonged heavy smoking [32, 33], and alcohol consumption all
increase risk [34]. Moderate alcohol consumption (2-3 units/day) is associated with a 20% increased
lifetime risk, whilst more substantial consumption correlates with a 50% increase [3]. Increased
bodyweight has also been associated with significantly increased CRC risk in epidemiological studies;
it is estimated that every one unit increase in body mass index (BMI) results in 2-3% CRC risk
increase [35]. Type II diabetes mellitus is a risk factor, independent of the association with obesity
and a sedentary lifestyle [36]. Conversely, there are a number of factors that can decrease the risk of
CRC, which include: dairy product consumption, high amounts of dietary fibre, fruit and vegetable
intake, vitamin D and calcium supplementation [3]. Low dose daily aspirin has also been shown to

decrease CRC risk, but this may only apply to individuals of a certain genotype [37].

1.1.3.Pathogenesis

The factors detailed above promote the acquisition of genetic and epigenetic aberrations in normal
colonic epithelial cells, which in combination may perturb the cell’s normal regulatory processes. A
key, and early event in colorectal carcinogenesis is the development of genomic instability; evidence

of which is found in the majority of early precancerous lesions [38, 39]. Once genomic instability has
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arisen, there is an acceleration in the accumulation of the genetic and epigenetic alterations in
oncogenes and tumour suppressor genes that drive the malignant transformation of colonic cells [40].
A commonly held model is that loss of tumour suppressor gene function and gain of oncogene
function leads to the development of cancer stem cells [41]. Studies from mice show that Lgr5" stem
cells, which reside between the base and the 4+ position in the colonic crypt, are one population

capable of such transformation [42, 43], though there may be others.

Normal intestinal Aberrant crypt Adenoma Early cancer Advanced cancer
epithelium foci
— — — — ‘
L J
Adenoma carcinoma APC NRAS/KRAS SMAD4 TP53
pathway

Serrated neoplasia

pathway CTNNBT KRAS/BRAF PIK3CA e
Pathway activated WNT MAPK PI3K or TGFB p53
signalling signalling signalling signalling

Figure 1-2: Normal epithelium to polyp to colorectal cancer sequence. Colorectal cancers result from
stepwise neoplastic transformation of normal epithelial cells. There are two well defined pathways: the classic
adenoma-carcinoma sequence, and the serrated neoplasia pathway. Whilst each of these are characterised by
distinct genetic alterations, they share dysregulation of similar signalling pathways. APC: adenomatous polyposis
coli. SMAD4: SMAD family member 4. CTNNB1: catenin- 1. PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit-a. PTEN: phosphatase and tensin homologue. TGFf: transforming growth factor £3.

TGFBR2: TGFB receptor 2. Reproduced from [3]

There are two well described pathways for the development of CRC. The “classic” adenoma-
carcinoma sequence, and the serrated-neoplasia pathway (Figure 1.2) [3]. Each of these is
characterised by distinct genetic and molecular features. The classic adenoma-carcinoma sequence
accounts for 70-90% of CRCs and was first described by Fearon and Vogelstein (Figure 1.2) [44]. It
begins with the formation of a small adenoma (<1cm) that arises from an aberrant crypt. This
adenoma develops into a large adenoma (>1cm) and finally into a colorectal cancer. Each stage in this
sequence is accompanied by histological and epigenetic/genetic changes. The entire process is
estimated to take around 10-15 years [45]. The classic adenoma-carcinoma sequence is characterised
by a form of genomic instability known as chromosomal instability (CIN), and the initiating event is

most commonly APC loss [46]. The polyps formed during this process are of tubular or tubular-
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villous histology. Alternatively, approximately 5-10% of CRCs arise from polyps of sessile serrated
histology [45]. In this case the sequence of progression is hyperplastic polyp to sessile polyp to
adenocarcinoma. The exact molecular and genetic characteristics of CRCs arising from the sessile
pathway depends on the “sidedness” of the cancer [47]. Those that originate on the right side of the
colon (caecum, ascending and transverse colon) typically have a CpG island methylator phenotype
(CIMP) and exhibit microsatellite instability (MSI), a type of genomic instability that will be
discussed in depth below. In contrast, left sided tumours more frequently harbour KR4S mutations

and an attenuated from of CIMP [47].

Further classification of CRCs has also been made on the basis of gene expression data. Although
multiple classifiers have been proposed, perhaps the most important initiative pooled data from
multiple series to propose the consensus molecular subtypes (CMS) of colorectal cancer [48]. This
comprises four main groups: CMS1 — 4 (summarised in Table 1.1). Each of these subtypes are

characterised by distinct molecular and genetic features.
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Table 1-1. The consensus molecular subtype classification of CRC as proposed by Guinney et al [48].
SCNA: somatic copy number alteration. MSI: microsatellite instability. EMT: epithelial to mesenchymal transition

Consensus
molecular
subtype

CMS1
(MSI)

CMS2
(canonical)

CMS3
(metabolic)

CMS4
(mesenchymal)

Proportion of
CRCs (%)

14

37

13

23

1.1.4.Clinical features

1.1.4.1. Diagnosis and staging

Key Features

MSI hypermutated
with CIMP. Frequent
BRAF mutations

Increased SCNA;
frequent APC and
TP53 mutations with
WNT and MYC
activation
Mixed MSI status.
Both CIMP and SCNA
low. High rate of
KRAS mutations

Increased TGF-f8
pathway activation
with EMT. Poorly
responsive to
chemotherapy

Side

Right

Left

Right = Left

Left (distal)

Sex .
.. Prognosis
association
Better in
early
stage;
Female .
worse
after
relapse
Male =
Male = Female -
Worse
relapse
free
Male .
survival
and overall
survival

In the first instance, it is recommended that the diagnosis of a primary CRC lesion be made by full

colonoscopy [49]. This has the advantage of allowing for tumour marking and obtaining biopsies for

tissue diagnosis; additionally, it also allows for removal of synchronous early cancerous or

precancerous lesions. To assess distal disease spread, patients undergo computed tomography scans of

the thorax, abdomen and pelvis with iv contrast; in addition to baseline haematology, biochemistry

and CEA measurements [49].

Staging of CRCs are made in accordance with the tumour, node, metastasis (TNM) classification

developed by the Union for Interventional Cancer Control (UICC) [50] (Table 1.2). TNM staging

determines the primary course of treatment, and in addition is useful for prognostication.
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Table 1-2. The TNM staging classification for CRC

T
AJCC Stage (Primary Tumour)
0 Tis
T1, T2
1A T3
1B T4a
Ic T4b
TlorT2
1A
T1
T3 or T4a
1B T2 or T3
T1lorT2
T4a
1C T3 or T4a
T4b
IVA Any T
IVB Any T
IVC Any T
1.1.5.Management

Or

Or

Or

Or

Or

N
(Regional Lymph
Nodes)

NO

NO

NO

NO

NO

N1/Nic

N2a
N1/Nic

N2a

N2b
N2a

N2b
N1 or N2
Any N

Any N

Any N

M
(Distant
Metastasis)

MO

MO

MO

MO

Mla

M1b

M1lc

Description

Earliest stage — carcinoma in situ.
Tumour has not grown beyond the
mucosa
The tumour has grown through the
submucosa (T1), or into the muscularis
propria (T2). There is no lymph node
(NO) or distant site spread (MO0)

The tumour has either grown into the
subserosa or pericolic/rectal tissues (T3);
or has invaded into the visceral
peritoneum (T4a); or has grown into
nearby tissue or organs (T4b). No lymph
node (NO) or distal spread (MO0)

Tumour stage T1 — T4 with lymph node
involvement. Metastasis in 1 regional
lymph node (N1a), in 2-3 regional lymph
nodes (N1b), or in the non-
peritonealised pericolic/perirectal soft
tissue without regional lymph node
involvement (N1c). Alternatively,
metastasis in 4-6 regional lymph nodes
(N2a), or more than 7 (N2b)

Any tumour and any nodal stage, with
distal disease spread: metastasis
confined to one organ (M1a), more than
one organ (M1b) or metastasis to
peritoneum with/without other organ
involvement (M1c)

The choice of management strategies is dependent on the disease stage; however, in essentially all

cases surgical resection is required if cure is to be achieved. For some early stage CRCs (pTis and

pT1 pedunculated polyp carcinomas), it is possible to resect the tumour through minimally invasive

endoscopic techniques with proper follow up [49]. Locally infiltrative cancers, however, cannot be

resected endoscopically and as such require laparoscopic or open surgery. The exact operation, and

extent of colonic resection is dictated by the tumour’s anatomical location. In addition to removal of
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the bowel segment, excision of the local lymphatic drainage is also required [49]. Although at present
there is some debate of the benefit of extensive lymphadenopathy versus more limited dissection, it is

generally accepted that >12 lymph nodes should be retrieved to enable accurate prognostication [45].

Following surgery, adjuvant (post-operative) chemotherapy is often given with the intention of
sterilising possible micrometastatic disease and thus increasing probability of cure [49]. The decision
to administer such therapy is based on balancing the risk of recurrence with the expected
chemotherapy benefits and the potential for harmful side effects. At present, adjuvant chemotherapy
is recommended for all stage III CRCs, and a subset of stage II cancers with factors indicative of an
increased recurrence risk (Table 1.3). Chemotherapy regimens generally involve either 5-fluorouracil
(typically given as capecitabine — an oral 5-FU treatment) alone or in combination with oxaliplatin

[49].

Table 1-3. Factors associated with a higher risk of disease recurrence post-surgery in stage Il CRC
patients [49]. CEA: carcinoembryonic antigen

Major prognostic factors
<12 lymph nodes sampled
pT4 stage including perforation

Minor Prognostic factors
High tumour grade
Vascular invasion
Perineural invasion
Tumour presenting with obstruction

High peri-operative CEA levels

For stage IV disease there is some debate over the benefit of offering resection of the primary tumour,
compared with no resection and administration of systemic chemotherapy [51]. Localised resections

of metastases in the lung and liver can be undertaken, with a view to long term disease control or even
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possibly a cure. Whilst overall the prognosis for stage IV disease remains poor, the recent
introduction of ICI therapies for the relatively small group of patients with mismatch repair deficient
(MMRA)/MSI disease has provided some hope [52]. Pembrolizumab (anti PD-L1 humanised
monoclonal antibody treatment) has been approved by NICE for previously untreated, metastatic

MMRJ/MSI CRCs [53].

The prognosis for CRC patients is very much dependent on disease stage at diagnosis. Whilst early-
stage disease is associated with excellent outcomes, the outlook remains poor for patients with

advanced CRC. Stage I disease is associated with a 93.1% 5-year survival rate, stage Il 84.1%, stage
11T 64.9% and stage IV 10.3% [45, 49]. There is an urgent to develop better treatment modalities for

metastatic CRC, and for those patients with disease recurrence despite optimal treatment.

1.2. Endometrial cancer

1.2.1.Epidemiology

Endometrial cancer (EC), or more formally, uterine corpus endometrial cancer, refers to malignancies
arising from endometrial lining of the uterus. It is the fourth most common cancer in women
worldwide, and the commonest gynaecological cancer in high-income countries [54]. In the UK,
there are 9,400 new cases diagnosed each year, accounting for approximately 5% of all cancer
diagnoses in women. More than a quarter of these diagnoses are in women aged 75 and over [55].
Unlike most other malignancies, there has been an increase in the incidence of EC over the last four
decades. The age standardised incidence rate was 18.4 in 1993, but this rose to 29.1 in 2017 [55]. It
has been suggested that this may be in part due to a reduction in hysterectomies for benign reasons, or
increasing obesity levels [55]. There are approximately 2,500 deaths from EC every year; this has

risen by a quarter in the last decade in the UK [55].

10
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1.2.2. Aetiology

Similarly to CRC, risk factors for EC can be considered as environmental and genetic. Approximately
3% of EC are associated with LS. Female LS sufferers have a 40-60% lifetime risk of EC, and the
median age of diagnosis is 48 years [56, 57]. Environmental risk factors also play a considerable role
in the development of EC [58]. The environmental risk factors are those that lead to the uterus
receiving unopposed oestrogen exposure, which can either be from endogenous or exogenous sources
[59]. In resource rich countries, obesity and metabolic syndrome associated conditions, such as
diabetes and polycystic ovarian syndrome, are becoming increasingly important risk factors. For
example in the USA, 57% of all endometrial cancers are attributable to obesity [60]. The lifetime risk
of EC for women with a BMI in the normal range is 3%. For every 5-unit increase in BMI this
increases by more than 50% [61]. Alternatively, exogenous oestrogen sources can play a role in EC
development. These include oestrogen only hormone replacement therapy, and tamoxifen treatment,
which has an anti-oestrogenic effect in the breast but a pro-oestrogenic effect in the endometrium. The
risk of EC is doubled after 5 years of tamoxifen treatment [62, 63]. In contrast, the oral contraceptive

pill protects against the development of EC, with a risk reduction of 30-40% with long term use [64].

1.2.3.Pathogenesis

ECs arise from the epithelial lining of the uterus, and historically has been divided into two types on
the basis of risk factors and tumour histopathology. The first is endometroid type cancers (Type 1)
which are oestrogen dependent and account for 75-80% of ECs. The second is non-endometroid
carcinomas (Type 2), which are oestrogen independent and are further subdivided into serous cell
(10%) and clear-cell carcinomas (4%), along with other rarer histotypes. Endometroid endometrial
cancers (EEC) are recognised to arise from precursor lesions in both pre- and post-menopausal
women [65]. The carcinogenesis process is believed to begin with uninterrupted endometrial
proliferation, caused by excessive and unopposed oestrogen exposure. This leads to endometrial
hyperplasia, and from there localised lesions of premalignant atypia arise, known as endometrial
intraepithelial neoplasia (EIN) [66]. These may then progress into endometrial adenocarcinomas,

which are characterised by myometrial invasion. The transformation from normal epithelium to

11
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cancer is driven by the acquisition of PTEN, PIK3CA and KRAS mutations [58]. In contrast,
endometrial serous carcinomas are similar to high-grade serous ovarian and fallopian carcinomas, and
are characterised by p53 mutations and CIN. Clear-cell carcinomas are relatively rare, and have a

mixture of Type 1 and Type 2 features [65].

This traditional pathological grouping of EC was refined by work from the TCGA consortium, which
sought to perform detailed molecular analysis of endometrial cancers using whole exome sequencing,
methylation profiling and gene expression analysis. The results from this landmark study suggested
four molecular EC subsets [67]:

1. Ultramutated ECs: characterised by POLE mutations, and a very high mutational load
(232x10°° mutations per Mb)

2. Hypermutated ECs: cancers that have microsatellite instability due to defective DNA
mismatch repair, most commonly caused by MLHI promoter methylation. This subset has
mutation burden of 18x10 mutations per Mb (approximately tenfold higher than MSS
cancers)

3. Copy number low ECs: typically endometroid tumours with a lower mutation burden (2.9x10
% mutations per Mb), proficient mismatch repair and low levels of copy number alterations

4. Copy number high ECs: typically of serous histology (though some are endometrioid) with
low mutation burden (2.39x10 mutations per Mb). The majority had 7P53 mutations, and a

high frequency had FBXW?7 (22%) and PPP2R1A4 (22%) mutations

1.2.4.Clinical management

A large percentage of ECs are diagnosed at an early stage due to the presentation of abnormal uterine
bleeding in the majority of cases (90%). A histological diagnosis of EC was traditionally made from
samples obtained from dilation and curettage (D&C). However, the accuracy of this method has been
called into question [68] and there is an emphasis on the use of less invasive techniques such as

endometrial biopsy, vaginal ultrasound scanning and hysteroscopy [69].

12
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Staging is conducted using the TNM classification and the International Federation of Gynaecology
and Obstetrics system (FIGO) [50, 70, 71] (Table 1.4). It provides important information for
prognostication, and aids decisions about the use of adjuvant therapies. The mainstay of management
for endometrial cancer is surgery. Typically, for stage I disease patients undergo total hysterectomy
with bilateral salpingo-oopherectomy; for stage II disease this often accompanied by systematic pelvic
lymphadenectomy with or without para-aortic lymph node removal. In the cases of stage III and IV

disease, maximal surgical debulking is typically performed for tumours that are resectable [68].

Table 1-4. The TNM and FIGO staging systems for endometrial carcinoma

TNM Classification FIGO system Description
Tx Primary tumour cannot be assessed
TO No evidence of primary tumour
T1 Tumour confined to the corpus uteri

Tumour limited to the endometrium, or invades less than

Tla 1A
half of myometrium
Tib IB Tumour invades half or more of myometrium
T2 Tumour invades cervical stroma; no extension beyond the
Il
uterus
T3 11
T3a A Tumour invades the serosa of the corpus uteri or adnexa
Vaginal or parametrial involvement (direct extension or
T3b 1B
metastasis)
T4 Tumour invading the bladder mucosa, bowel mucosa or
IVA
both
N1, N2 lc Metastasis to pelvic or para-aortic lymph nodes
N1 lc1 Metastasis to pelvic lymph nodes
Metastasis to para-aortic lymph nodes, with or without
N2 nec2
pelvic lymph node involvement
MO No distant metastasis
M1 IVB Distant metastasis
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Following surgical resection of EC, post-operative radiotherapy and sometimes chemotherapy may be
given with the aim of curing localised disease and distant metastases respectively, with their use
determined by patient and tumour factors. Grade 1-2, stage I tumours with less than 50% myometrial
involvement do not require adjuvant radiotherapy [68]. The remaining stage I cases are further
stratified on the basis of age, tumour grade, histological features, the degree of myometrial invasion
and lymph node involvement. In the past, patients with early stage disease defined to high risk of
recurrence — those with grade 3 tumours and invasion beyond 50% of the myometrium — were offered
pelvic radiation therapy [68]. However, the results from two large prospective studies showed that
there was no benefit from this approach [72]. The presence of spread to lymph nodes in the pelvic or
paraaortic regions deems patients at high risk of local and distant recurrence. At present there isn’t a
consensus about the best way to treat these patients. The PORTEC-3 trial showed that patients with
stage III benefited from chemoradiotherapy in the form of four cycles of carboplatin and paclitaxel
chemotherapy: it was associated with improved overall survival and 5-year recurrence free survival
[73]. However, the COG -249 trial did not show a benefit of adding chemotherapy to radiotherapy in
the treatment [74]. For patients with advanced or recurrent disease, treatment options remain
relatively limited. Chemotherapy is used for advanced disease, and hormonal therapy for those not
suitable for chemotherapy [68]. In the USA, the FDA has approved the use the immune checkpoint
inhibitor pembrolizumab for the treatment of all metastatic MSI/MMRA cancers, including

endometrial.

Overall, the 5-year survival rate for EC is good, largely reflecting the fact that most cases are
diagnosed at an early stage. Approximately three quarters of women diagnosed to EC will survive 5
years or more. In the UK, the 5-year survival for stage 1 disease is 92.2%, for stage II 74.1%, stage 111

47.8% and for stage IV is 15.1% [55].
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1.3. Genomic instability in colorectal and endometrial cancer

As discussed previously, human cancers arise due to the acquisition of DNA alterations that
collectively lead to unchecked cell proliferation, and loss of normal homeostatic mechanisms [9]. The
mutagenic agents that cause DNA damage can be broadly classified as endogenous and exogenous. In
melanoma and lung cancer, for instance, the major contributing mutagenic forces are exogenous (UV
radiation and tobacco smoking respectively). In contrast, DNA alterations in CRC and EC are thought
to arise mainly from endogenous agents (although there is increasing awareness of the mutagenic role
of the microbiome in CRC) [75]. To ensure the integrity of the genome is maintained, cells employ a
number of mechanisms to prevent and repair DNA damage should it arise. Failure of one, or more of
these mechanisms, leads to genomic instability — a characteristic of almost all human cancers [40].
The exact form of genomic instability depends on which mechanism has failed, but can be broadly
classified into three groups [76]:

I.  Chromosomal instability (CIN), which is the increase in the rate of changes in chromosome
number and structure compared to normal cells. This can be caused by failure of chromosome
segregation during mitosis, or failure of mitotic checkpoints

II.  Mutations at the DNA base level, which includes point mutations (single nucleotide variants —
SNVs), small insertions and deletions (indels) and DNA microsatellite losses or expansions.
These are often caused by inaccurate DNA synthesis, failure of Base Excision Repair
(BER)/Nucleotide Excision Repair (NER), or MMRd
III.  Gross chromosomal rearrangements, copy number variants (CNV) and loss of heterozygosity

(LOH). These result from the combination of single stranded DNA gaps (ssDNA) or double
strand breaks (DSBs), and dysfunctional homologous recombination, which is responsible for
repairing these breaks.

Understanding of the mutational processes that contribute to cancer development has greatly

increased in the last decade. Previously research has focused on the discovery of driver mutations,

which are key somatic mutations central to carcinogenesis. However, it has been recognised that

cancer genomes contain not only driver mutations, but also numerous passenger mutations. These
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may not have a causative role in cancer development, but they can provide an “historical log” of the
mutational forces that have acted upon cancer cell genomes. Efforts to decipher this have been greatly
aided by the advent of next generation sequencing technologies, which have vastly increased the
speed and scale of sequencing efforts [77]. In particular, work by Alexandrov and colleagues, using
data from TCGA and other sources, have produced a compendium of the mutational signatures
detected in cancer [78]. SNVs, or point mutations, are a common type of DNA alteration and involve
the replacement of one base for anther in one of six possible ways (C-G—A-T, C:G—G-C,
C-G-oTA, T-A—>AT, T'A—C-G and T-A—G-C). While it has long been known that some point
mutations occur more commonly with specific types of DNA damage, more recently it also became
clear that the sequence flanking the mutation is important and affects the rate of mutation.
Considering the bases 5’ and 3’ to the mutation, it is possible to define 96 different trinucleotide
mutation patterns (6 possible base pair substitutions multiplied by 16 possible adjacent nucleotides)
[77]. Alexandrov and colleagues found that the exact number and frequency of the 96 variants could
be correlated with particular mutagenic agents and processes. For instance, in adenocarcinomas,
squamous cell carcinomas and small cell carcinomas of the lung there was increased levels of C>A
substitutions with a transcription strand bias, which was defined as Signature 4 (Catalogue of Somatic
Mutations in Cancer (COSMIC) SBS4). This corresponds to DNA damage caused by tobacco
smoking. In melanoma samples, there was a high frequency of Signature 7, which is C>T mutations at
trinucleotides CpCpN and TpCpN, which are the result of UV radiation. Analysis of the mutational
signatures in CRC and EC show that apart from Signature 1B (age associated) these two cancers share
specific forms of DNA damage associated with errors introduced during genome replication:
Signatures 6, 14 and 15, the result of MMR deficiency [78], and Signature 10a and b, caused by

POLE mutations [79].

1.3.1.DNA Polymerase £ (POLE) mutations
Accurate and efficient DNA replication is essential to ensuring genomic stability; an error rate of 1

x10 per base or one mutation per genome doubling is testament to the effectiveness of the processes
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involved [80]. This achieved by a combination of the proofreading activities of DNA polymerases,
and post-replication surveillance and repair conducted by the MMR system (mentioned below, and
discussed fully in chapter 4). In humans, there are three replicative DNA polymerases: a, § and ¢.
Synthesis of the leading and lagging DNA strands is initiated by the Pol @ — RNA primase complex;
the DNA synthesis for the leading strand is carried out by Pol §, and the lagging strand by Pol € [81]
Both of these DNA polymerases are composed of four subunits, the largest of which contains the
catalytic and exonuclease domains, and is coded for by POLDI and POLE respectively [82].
Incorporation of an incorrect base results in pausing of the polymerase activity, and activation of the
exonuclease function. This results in excision of the aberrant base, and replacement with the correct
base to allow DNA synthesis to resume [83]. Loss of the proofreading function of Pol § or Pol &
results in genomic instability. In yeast models using S. cerevisiae, disruption of the exonuclease
domain in either of these two polymerases resulted in 100 fold increase in the mutation rate [84, 85].
Furthermore, mice with a similar loss of polymerase proofreading function also show an increase in

mutation rate and develop tumours, including gastrointestinal malignancies[83, 86].

Mutations in DNA polymerase proofreading domains have similar consequences in humans. Analyses
of CRC exome data by TCGA found 16% of the tumours to carry substantially elevated mutational
load (>10 mut/Mb) [87]. The majority of these exhibited microsatellite instability, in keeping with
loss of DNA mismatch repair, typically due to MLH]I silencing by hypermethylation, However,
unexpectedly one quarter of hypermutated tumours were found to be microsatellite stable. These
tumours were found to carry somatic POLE mutations within the exonuclease domain — most
commonly a proline to arginine/histidine substitution at codon 286 (POLE"*5"™), or substitutions at
codons 411(POLE"*""") and 459 (POLES*°F) [87]. Interestingly, the mutation burden of these cancers
was even greater than that of the hypermutated MSI phenotype, and as such they were labelled
“ultramutated”. Subsequent studies demonstrated that somatic POLE proofreading mutations also
occur in endometrial cancer with even greater prevalence [67]. Overall, POLE proofreading domain
mutations occur in 1-2% of CRCs and 7-12% of ECs, and are also observed, albeit less frequently, in

cancers of the brain, pancreas, ovary, breast and stomach [88].
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In addition to somatic gene mutations, loss of polymerase proofreading function can occur as a result
of germline mutations. Work by Palles and colleagues showed that heterozygous germline mutations
in POLD1(POLDI%7*Ny and POLE(POLE"***") were present in affected individuals in families with
hereditary CRC unexplained by other predisposition variants [89]. The POLD] variant was also
associated with the development of EC [89]. These mutations were confirmed to have a deleterious

effect on DNA proofreading function in yeast models [84].

The consequences of POLE mutations for tumour biology, and clinical outcomes are important.
POLE mutant CRCs and ECs are characterised by a vigorous immune reaction, with high densities of
tumour infiltrating T-lymphocytes [90, 91]. This is thought to be the consequence of their very high
mutational burden leading to an increased repertoire of tumour neoantigens [92]. In both EC and

CRC, POLE mutations are associated with more favourable prognosis [90, 91].

1.3.2.The DNA Mismatch Repair System

The DNA mismatch repair system is also essential for maintaining genomic stability. This is the focus
of Chapter 4, and will be discussed in detail there; hence a brief summary only is provided here. A
highly evolutionary conserved system, it is responsible for correcting insertion deletion loops (IDLs)
and base-base pair mismatches that are introduced during genomic replication [93]. Loss of mismatch
repair machinery (MMRA) results in a genomic instability referred to aMSI, and is an important
contributor to the development of both CRC and ECs. MMRd characterises 15-20% of CRCs and 20-
30% of EC [94]. Pertinently, MMRd in CRC is associated with a vigorous anti-tumour immune
response, improved prognosis and more favourable response to ICI [95]. However, the clinical

consequences are less well characterised in EC.

1.4. The immune microenvironment in cancer

Virchow’s original observations on the antitumor immune response focused on the frequent presence

of leukocytes in human tumour tissue [11]. He hypothesised that this was the result of cancers
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commonly arising at sites of chronic inflammation [96]. In the years since Virchow’s work, our
understanding of cancer and the immune system has been greatly enhanced and refined. It is widely
accepted that the immune system can promote cancer development through chronic, persistent and
unresolved inflammation [97]. It has been suggested that chronic inflammation increases cancer risk
in all organs and tissues [98]. Specific key examples include gastric cancer associated with
Helicobater pylori infection, hepatocellular cancer occurring secondary to Hepatitis B or C infection
and CRC risk from inflammatory bowel disease (IBD) [12]. However, it is also now clear that the
immune system is essential in preventing cancer development, as evidenced by human studies as well
as functional analyses of mouse models [99]. Whether the immune system exerts a pro- or anti-
tumorigenic effects appears to depend not only on the specific immune cell subtype(s) involved but
also the microenvironmental context (Figure 1.3). Chronic inflammation is a common consequence of
a seemingly diverse group of factors recognised to increase cancer risk, including smoking, obesity
and viral infections [12]. In the earliest stages of malignancy, chronic inflammation creates an
environment that propagates malignant transformation, and may even contribute to genomic
instability developing [100, 101]. Broadly speaking, the establishment of an inflammatory response is
predominantly driven by the innate immune system, key elements of which are summarised in Table
1.5 and Figure 1.3. Neutrophils, which are the most abundant immune cell type and the first attracted
to sites of inflammation, are recognised to favour tumour growth [4]. Meta-analyses have found that
neutrophils are associated with worse outcomes in practically all cancer types. Templeton and
colleagues showed that a neutrophil to lymphocyte ratio of more than four correlated with worse
disease-free survival (DFS), progression-free survival (PFS) and overall survival (OS) in numerous
different solid malignancies [102]. It was suggested this adverse prognostic association could reflect
the pro-inflammatory nature of neutrophils that prevents an effective anti-tumour immune response.
In particular, the cytokine CXCLS5, produced by neutrophils, is associated with worse survival in
several cancers [103-106]. The production of other proinflammatory cytokines, such TNF-a and IL-6,
by neutrophils and other innate immune cells promotes malignant cell transformation as well as

encouraging further immune cell infiltration [107].
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Figure 1-3. The immune microenvironment in cancer. Elements of the immune response can either be pro or
anti-tumour. Neutrophils are typically considered to have pro-tumorigenic effects, and this may be in part from
production of CXCL5. In contrast, elements of the adaptive immune response have clear anti-tumour effects. In
particular, CD8" cytotoxic T-lymphocytes (CTLs) and NK cells are able to directly destroy tumour cells. The
former do so after activation by antigen presentation through the MHC class | pathway, whilst the latter are able
to act independently. Tumour cells may avoid CTL destruction by upregulation of immune checkpoints such as
PD-L1. Tu1 helper cells exert anti-tumour effects by driving an IFN-y immune based response; they are activated
primarily by antigen presentation via MHC class Il interaction with antigen presenting cells such as dendritic cells.
B-cells act as professional antigen presenting cells, or induce humoral macrophage phagocytosis by antibody
production. CTL: cytotoxic T-lymphocytes. NK cells: natural killer cells. TCR: T-cell receptor. PD-L1: programmed
cell death ligand 1. PD1: programmed cell death protein 1. Figure adapted from Bruni et al [4]. Further details of
the immune cells represented are available in Tables 1.5. and 1.6.

In contrast to the pro-tumorigenic effects of the immune system, there is a substantial and ever-
expanding body of evidence that has demonstrated an anti-tumour role for the immune system [4].
Adaptive immune cells that play a key role in the tumour microenvironment are summarised in Table
1.6 and Figure 1.3. A key feature of the adaptive immune response is recognition of specific antigens,
or neoantigens [107]. The somatic alterations that accompany carcinogenesis leads to an altered
repertoire of neoantigens that are presented via MHC pathways [92]. This identifies malignant cells as
non-self. The recruitment of adaptive immune cells is driven by antigen presenting cells, and

cytokines such as [FN-y and IL-12 [107]. The interaction between the immune system and cells
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undergoing neoplastic transformation is a dynamic process, and is referred to as immunoediting [108].
There are three possible outcomes of this interaction (frequently referred to as “The Three E’s of
Immunoediting™) [108]:

o Elimination: nascent cancer cells are destroyed by an effective anti-tumour immune response

e Equilibrium: when cancer cells survive elimination but face continual selective pressure from

an effective adaptive immune response
e Escape: selection pressure from the immune response in the equilibrium phase results in the
development of clones that can grow in spite of intact anti-tumour immunity

T-cells, and in particular CD8" cytotoxic T lymphocytes (CTLs), are an essential part of effective
anti-cancer immunity. CD8" cells are predominantly responsible for defence against intracellular
pathogens such as bacteria and viruses, but are also capable of directly destroying cells that have
undergone malignant transformation. They are activated via antigens presented by the MHC class I on
tumour cells themselves, or via professional antigen presenting cells. Their anti-tumorigenic effect
appears to be almost universal across all cancer types studied with numerous studies showing their
positive association with improved clinical outcomes, including in CRC and EC [109]. Indeed, a
recent review by Bruni and colleagues, revealed that CD8" T cells had the strongest association with
patient survival of all immune cell subtypes analysed [4]. The potential of CD8" cells as a prognostic
biomarker has been especially well studied in CRC [110] and will be discussed in greater detail in
Chapter 3. Additionally, CD8" cells are also a predictive marker, with their presence within the
immune microenvironment being associated with ICI responsiveness [111]. Other notable adaptive
immune cell subtypes that are typically associated with anti-tumour effects including Tyl CD4" cells
and B-cells [109]. Tul CD4" are a subset of T helper cells that are associated with an IFN-y
dominated anti-tumour response. IFN-y can directly exert anti-tumorigenic effects [112], in addition
to promoting activation and differentiation of other T-cells, including CD8" T-cells [113, 114]. In the
tumour microenvironment, B-cells contribute to anti-tumour immunity by both acting as antigen
presenting cells, and hence participating in T-cell activation, and also production of tumour specific

antibodies, which can induce macrophage driven phagocytosis [115].
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The role of other immune cells in cancer biology is less clear. Macrophages are conventionally
subclassified into M1 (pro-inflammatory) and M2 (anti-inflammatory) subtypes [116]. To date there
has not been consistent demonstration that either macrophage subset are pro- or anti-tumorigenic with
some studies reporting favourable associations [117-119] and others the opposite [120-123]. In part,
this may reflect the fact that the M1/M2 classification lacks nuance and fails to adequately represent
the diversity in macrophage population [4]. Future work that would enable more precise immune cell

characterisation will help these efforts.
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Table 1-5. Summary of the key innate immune cells, their function and clinical relevance in cancer. TGF-{ : transforming growth factor beta. IL: interleukins. IFN-y :
interferon gamma APC: antigen presenting cells. TNF-a: tumour necrosis factor alpha. TLR: Toll-like receptor. OS: overall survivall. PFS: progression free survival CRC:
colorectal cancer. LUAD: lung adenocarcinoma. HCC: hepatocellular carcinoma. SKCM: skin cutaneous melanoma. HNSC: head and neck squamous cell carcinoma.GC:
gastric cancer. BRCA: breast invasive carcinoma. ccRCC: clear-cell renal cell carcinoma

Immune cell type

Neutrophils

Macrophages

Dendritic cells (DCs)

Natural Killer (NK)
cells

Myeloid-derived
suppressor cells
(MDSC)

Mast cells

Description

Most abundant immune cell. Recruited to
acute inflammation sites by chemokines (e.g CXCL8). Phagocytosis of
pathogens and release of antimicrobial factors

Tissue resident, differentiated monocytes; conventionally classified as M1
(pro-inflammatory response — secretion of IL-12 and ROS; promotion of
Tul-type response) and M2 (anti-inflammatory effects by secretion of IL-
10 and TGB-f)

Professional APC; essential for T-cell activation and maturation

Destruction of viral infected cells, and early malignant cells. Capable of
killing tumour cells without priming or prior stimulation. Secrete IFNy and
TNFa, which acts on other immune cells like macrophages and dendritic
cells

Immature myeloid cells with widespread immunosuppressive activity:
inhibit T-cell activation and prevent NK cell mediated killing. Two main
groups: polymorphonuclear MDSCs (PMN-MSDCs) and monocytic MDSCs
(M-MDSCs)

Long term tissue resident cells; important role in immune response to
parasitic infection and allergic reactions. Release cytokines upon
activation (IgE or TLR) that affect functioning of neighbouring immune
cells and promote systemic inflammation

23

Clinical relevance in cancer

Associated with worse outcomes across almost all cancer types —
independent of stage and subtype

Possible positive correlation with survival in CRC. Contrastingly TAMs
(usually pro-tumorigenic M2 phenotype) associated with worse OS in
BRCA, GC, ovarian, bladder and thyroid.

Dependent on particular subset. Increased levels of CD208* associated
with worse disease outcome in CRC, whereas mature/activated DCs
associated with improved outcomes. Increased levels of cDC1 assoicated
with improved survival in SKCM, BRCA, HNSC and LUAD

Associated with improved outcomes in CRC, HCC and ccRCC

Associated with worse PFS and OS in multiple solid tumours, including:
NSCLC, melanoma, thyroid, bladder, HCC, GC and CRC

Associated with improved prognosis in prostate, BRCA and CRC; poorer
prognosis in bladder cancer and GC

Refs

[102]

[117-119,
121-123]

[124-126]

[127-131]

[132-136]

[137-140]
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Table 1-6 Summary of the key adaptive immune cells, their function and clinical relevance in cancer. TGF-f : transforming growth factor beta. IL: interleukins. IFN-y :
interferon gamma APC: antigen presenting cells. TNFa: tumour necrosis factor alpha. TLR: Toll-like receptor.CRC: colorectal cancer. LUAD: lung adenocarcinoma. HCC:
hepatocellular carcinoma. SKCM: skin cutaneous melanoma. HNSC: head and neck squamous cell carcinoma.GC: gastric cancer. BRCA: breast invasive carcinoma. NSCLC:
non-small cell lung cancer

Immune cell type

Cytotoxic CD8* T-
cells

T helper (Ty1)

T helper (Ty2)

T helper (Ty17)

T helper (Tex)

Tregcells

B-cells

Description

Defence against intracellular pathogens (viruses and bacteria) and
tumour surveillance. Destruction of malignant cells via cytokine
production, release of cytotoxic granules and induction of apoptosis by
Fas/FasL interactions

Defence against intracellular pathogens by production of IFNy and
TNFa, which leads to macrophage and CD8* cell activation

Defence against extracellular pathogens; secretion of IL-4, IL5, IL-10 and
IL-13. Stimulate B-cell antibody production

Activated by APCs secreting IL-23. Responsible for defence against
extracellular bacteria and fungi by secretion of IL-17

Specialised subset of CD4+ cells: facilitate germinal centre formation,
and drive B-cell proliferation and maturation

Responsible for regulating and suppressing other immune cells:
maintenance of peripheral tolerance thus preventing autoimmunity and
chronic disease

Integral to adaptive humoral immunity. Antibody production (plasma
cells), and antigen presentation

24

Clinical relevance in cancer

Strongly associated with improved OS and DFS in numerous cancers at
different anatomical sites, including CRC and EC

Strongly associated with improved outcomes in almost all cancer types,
including CRC, BRCA, RCC and ovarian

Presence in TME of most aggressive cancers; associated with worse
outcomes in pancreatic cancer

Associated with poorer prognosis in CRC, NSCLC and HCC; improved OS
in oesophageal, GC, ovarian and cervical cancers.

Associated with improved outcomes in CRC and BRCA

Associated with improved outcomes in CRC, bladder, and head and neck
cancers; poor prognosis in cervical and renal.

Increased B cells associated with improved outcomes in CRC, HCC,
melanoma, ovarian, NSCL and BRCA.

Refs

[141-149]

[150-154]

[155]

[150, 156, 157]

[158, 159]

[160-165]

[120, 158, 166-
170]
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1.5. Determinants of the anti-tumour immune response

The composition of the tumour immune microenvironment is ultimately determined by the interplay
between the tumour characteristics, the immune system and other factors, such as host genetics or the

microbiome.

1.5.1. Tumour mutational landscape and antigens

The basis of an anti-tumour response lies in identification of malignant cells as non-self, a process
driven by recognition of tumour associated antigens (TAA), which may derive from expression of
mutated peptides or aberrant expression of peptides which are normally non-expressed [92]. The first
group, referred to as neoantigens, are novel peptides arising from DNA mutations. The widely
accepted paradigm is that tumours with higher mutational burdens are more likely to possess peptides
capable of binding to HLA molecules and stimulating the adaptive immune response. In a seminal
study, Rooney and colleagues conducted a pan-cancer study looking at the effects of tumour
characteristics on anti-tumour immunity [171]. The authors proposed the CYT metric, derived as the
geometric mean of perforin 1 (PRF1) and granzyme-B (GZMB) expression levels, as a composite
measure of tumour cytolytic activity, itself a reflection of the action of CD8" and NK cells. Across
cancers, including CRC, increasing tumour mutational count was significantly correlated with
increased cytolytic activity. The important contribution of a tumour’s overall mutational burden is
further reinforced by the active immune microenvironment, and responsiveness to ICI, common to
melanoma and lung cancer; two cancers with characterised by large numbers of DNA alterations
caused by external mutagens [172]. In CRC and EC, DNA alterations from external mutagens play a
limited role in the carcinogenesis process [17]. Rather genomic instabilities, resulting from disruption
of processes involved in DNA maintenance and repair, are the principal cause of higher mutation
counts. CRC tumours with MMRd or POLE mutations have very high mutation counts and typically
exhibit increased tumour T-cell infiltrate [87, 90]. In EC, POLE proofreading domain mutations, and
to a lesser extent MMRJ, are associated with an increased immune response [67]. This will be

discussed in depth in Chapter 4.
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In addition to neoantigens, there is evidence that aberrantly expressed self-antigens in cancer may be
capable of eliciting an immune response. Specific examples of this are T-cell based immunity to the
cancer testis antigen (CTA) NY-ESO1 in myeloma and sarcoma [173-176], and MAGE-A in
melanoma [177-179]. Across TCGA cancers, the role of CTAs was found to be limited [171], but

inducing CTA specific immune responses may represent a promising therapeutic avenue.

Alternatively, it is recognised that a number of malignancies are caused by oncogenic viruses, which
are capable of eliciting highly specific CTL based immunity. Across all TCGA cancers, Rooney and
colleagues found that limited evidence viral infection, excepte for particular cancer types. Notably,
these were human papilloma virus (HPV) infection in cervical cancer, Epstein Barr virus in gastric
cancer and hepatitis B in liver cancers. Consistent with our current understanding of the aectiology of
CRC and EC, there is a limited role of oncogenic viruses in determining immunogenicity in either of

these malignancies [171].

1.5.2.Immune escape

As mentioned above, the anti-tumour immune response exerts a continual selection pressure on cancer
cells. Reaching the escape stage of the immunoediting necessitates cancers acquiring mechanisms of
evading immune destruction [180]. The adaptive immune response to cancer is driven by recognition
of cancer specific neoantigen [92]. In their analysis of TCGA cancers, Rooney and colleagues
analysed the actual number of neoantigens observed compared with the expected number of
neoantigens derived from a model based on the non-silent mutation rate [171]. Interestingly, their
results showed significant depletion of neoantigens seen in CRC, consistent with immune elimination
of the most immunogenic cells. Furthermore, their results revealed that tumours with a strong adaptive
immune response, as defined by high CYT levels, showed an enrichment for mutations in antigen
presentation and extrinsically induced apoptosis pathways. Across all cancers, including CRC, the
most enriched immune escape alteration was CASPS loss of function mutations. A mechanistic
explanation for this enrichment is the associated capacity to evade TRAIL-induced apoptosis; in mice

it has been shown that Casp8 knockout confers resistance to CTL activity [181]. The second most
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frequently mutated gene was B2M, an integral part of the MHC class I antigen presentation pathway
that is essential for CTL immunity [182]. These mutations were more frequent in tumours with high
CYT. Similarly, mutations in HLA4-A and HLA-B, also components of the MHC class I pathway, were
enriched in tumours with high levels of cytotoxic activity. This pattern of immune escape mutations
was confirmed in a subsequent CRC specific study, which showed MSI CRCs had an enrichment for
B2M (11% of tumours), HLA-A (39%) of and HLA-B (33%) [183]. Taken together these results
suggest that adaptive immunity selects for cancer cells harbouring genetic mutations that abrogate

antigen presentation and/or immune induced apoptosis.

There also exist non-genetic mechanisms of immune evasion, and perhaps the best characterised are
immune checkpoints. Immune checkpoints are features of normal physiology, which contribute to
maintaining peripheral and central immune tolerance. The discovery of immune checkpoints began
with the mechanistic description of T-cell driven cytotoxicity, which was made possible by
advancements in molecular biology in the late 1980s/early 1990s [12]. Almost simultaneously, CTLA-
4 was discovered in mice, a member of the immunoglobulin superfamily, it was recognised to bind
with high affinity to CD28 [184]. However, its actual function remained controversial until the
development of a CTLA-4 null mice conclusively showed its crucial role in regulating T-cell based
immunity. PD-1 was discovered in the early 1990s by a group of Japanese based researchers who were
screening for genes involved in apoptosis [185]. Later work showed that PD-1exerted

immunomodulatory effects through binding with the PD-L1 present on APCs [186].

From our current knowledge of cancer immunity, and the process of immunoediting, it is clear that
acquisition of immune evasion mechanisms is an essential step in carcinogenesis. However, aside

from those described above, our understanding of immune evasion in cancer remains limited.

1.5.3.Host genetics
Variations in the tumour immune landscape between patients can be explained not only by differences

in cancer’s genetic makeup, but also by the inherited host germline line variants. A large, trans-ethnic
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meta-analysis demonstrated that levels of circulating leukocytes are influenced by single nucleotide
polymorphisms (SNPs) [187]. There is also evidence of heritable factors influencing the adaptive
immune response. In two large studies of adult female twins, it was found that the functioning of
adaptive immune cells, in particular of B-cells, CD4" and CD8" T-cells, was determined to a greater

degree by genetic factors rather than environmental [188, 189].

Correspondingly there is also evidence for the role of host genetics in defining the immune landscape
in cancer. For example, in melanoma immunomodulatory expression quantitative trait loci (¢QTL) that
are significantly associated with better overall survival were identified [190]. Expansion of these
findings was provided in a comprehensive analysis of 30 non-haematological cancers by Sayaman and
colleagues [191]. Their results showed that approximately 20% of tumour immune trait variation could
be explained by inherited variants. Furthermore, it was suggested that the abundance of CTLs, NK and
Trn cells, and the degree of IFN-y signalling were the traits most strongly influenced by germline
factors. The relevance of CTLs and IFN-y signalling will be highlighted in Chapters 3 and 4
respectively. Identification of germline variants that participate in shaping the immune
microenvironment will not only further out understanding of cancer biology but may also be directly
translatable to clinical practice. This is evident in the reported associations between polymorphisms in
immune related genes such as HLA [192], CTLA4 [193], IL2 and IL21 [194] and response to ICI

treatment.

1.5.4.The gut microbiome

Aside from host and cancer genetics, perhaps the most pertinent influencer of the tumour immune
microenvironment is the gut microbiome, which refers to the genetic composition of all the microbes
that exist within the human gastrointestinal tract. It has been implicated in a number of human
diseases, including cancer. The term microbiome is used in contrast to microbiota, which describes the
microbes themselves. Whilst consisting of approximately 100 trillion micro-organisms, the gut

microbiota is primarily comprised of two major phyla, Bacteriodetes and Firmicutes [195]. Its
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specific relevance to cancer relates to two main areas: cancer development, particularly CRC, and

influencing response to immune checkpoint therapies.

Alterations in the composition of the gut microbiome have been associated with various stages of CRC
development, from early polyp formation to metastatic disease. Significantly increasing abundance of
Fusobacterium nucleatum has been found with increasing disease stage, from carcinoma in situ to
late-stage disease [196]. Moreover, higher levels of Atopobium parvulum and Acintomyces
ondontolyticus were found in patients with multiple polyps compared with a solitary lesion [196].
Evidence supporting a causative role for F. nucleatum has been derived from experimental models: it
has been shown to increase CRC growth in vitro [197], and accelerate CRC xenograft growth in mice
[198]. It is postulated that dysbiosis may contribute to CRC development through a variety of
different mechanisms, including production of bacterial associated carcinogenic metabolites,
epithelial-to-mesenchymal transition (EMT) or by immune dysregulation with/without inducing

chronic inflammation [75].

In addition to influencing cancer development, the microbiome also appears to be integral in
determining response to cancer immunotherapies, namely ICIs. Early work in mice models suggested
that antibiotic treatment abrogated anti-tumour immunity [199]. Further to this, it was shown that the
mouse microbiome was altered by anti-CTLA-4 and PD-L1 treatment: specifically causing increased
levels of Bacterioidale and Burkdolderiales, and decreased abundance of Clostridiales. Administration
of broad-spectrum antibiotic prior to ICI treatment resulted in decreased efficacy of the treatment. But
this effect could be reversed by pre-feeding the mice oral Bacteroides fragilis, and Bacteroides
thetaiotaomicron or Burkholderia cepacian [200, 201]. These results are relatable to human disease. It
was found that responders to anti-PD1 therapy had significantly higher numbers Clostridiales,
Ruminococcaceae, and Faecalibacterium compared with non-responders [75, 202]. The microbiome

may represent an exciting future therapeutic target, for both cancer prevention and treatment.
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1.6. Clinical implications of the tumour immune microenvironment

Detailed analysis of the cellular elements that comprise the tumour immune landscape have raised the
prospect of identifying immune-based prognostic biomarkers. The first demonstration of the
prognostic utility of tumour infiltrating lymphocytes was demonstrated in gastric cancer almost 100
years ago [12], but the last two decades have seen a rapid expansion in this area. Immune based
biomarkers may serve to compensate for deficiencies in current prognostication strategies, such as
TNM staging, to improve patient stratification and aid in identifying those most at risk of disease
recurrence and in need of further monitoring and/or treatment. The potential of immune based
biomarkers has perhaps been best studied in CRC, and this will be discussed in greater depth in
Chapter 3. In particular, work has focused on the prognostic association of infiltrating T-lymphocytes,
including CD3" and CD8" cells [110]. Studies published to date have agreed on the positive prognostic
association of CD8" and CD3" cells; however, the clinical translation of this work has been limited by
the failure to use clinical trial study populations, and, for the majority, to adjust for key confounding
variables, such as MMRd status. The most advanced effort to develop an immune based biomarker is
the “Immunoscore”, which is prognostic tool based on IHC quantification of CD3" and CD8" cells in
the tumour centre and invasive margin [148]. Whilst its latest iteration did include adjustment for key
variables (not-published at the time of Chapter 3 completion), its clinical use remains limited by

forced dichotomisation for analysis.

Harnessing the immune system to treat cancer is not a novel concept. However, the field of immuno-
oncology has seen a great renaissance in recent years with the discovery of immune checkpoints, as
described above. The therapeutic implications of these checkpoint discoveries were demonstrated in
early mice models. Treatment with anti-PD-L1 antibody resulted in reduced tumour formation and
metastases, as well as augmented T-cell mediated tumour destruction [203]. These promising pre-
clinical results were soon translated into trials of human therapies, which began with treatment of
metastatic melanoma by CTLA-4 blockade in 2011 [204] and followed shortly after by anti-PD1

treatment in non-small cell lung cancer (NSCLC) [205]. The results of these treatments have been
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remarkable for a minority of patients: durable results lasting long after treatment cessation have been
observed in approximately 20% of melanoma patients [206]. Importantly, ICI responsive seems to be
dependent on the pre-treatment immune landscape. Increased responsiveness is associated with a “hot”
immune microenvironment characterised by increased levels of CTLs and counter balanced by
increased immune checkpoint expression [15, 111]. As described above, increased tumour
immunogenicity is associated with higher levels of somatic DNA mutational burden. Intuitively, this
would suggest that ICIs would be ineffective in unselected CRC and EC patients, as the majority of
these cancers have a relatively low mutational burden. Clinical trials proved this to be broadly true,
although responses have been observed in metastatic non-hypermutated ECs [207]. However, later
studies concentrated the treatment of CRC patients (and some EC patients) with MMRd cancers,
which produced far more promising results (discussed in greater depth in Chapter 4) [208].
Unfortunately, it remains the case that only a minority of patients overall respond. As such,
immunotherapies that will be effective irrespective of pre-treatment tumour immunity are highly
desirable. Examples of potentials include cancer vaccines, and CAR T-cell therapy. Whilst there have

been some exciting results, particularly for CAR T-cell therapy [209], their use is not yet widespread.

1.7. Summary and outstanding questions

Cancer is a disease of a disordered genome, which enables uncontrolled cell proliferation, tissue
invasion and metastatic spread [10]. Whilst it has long been suggested that the immune response has
important implications for cancer development and progression, research advances in the last four
decades have now demonstrated that it is an essential part of cancer biology. To this extent, immune
evasion is now a recognised central hallmark of cancer [9]. Furthermore, we better understand that
prognosis and response to treatment is in part determined by the composition of the tumour immune
microenvironment, and that the tumour immune microenvironment is a function of the interaction
between the immune system and the tumour genome. Furthering our understanding of this essential

relationship is a vital research endeavour.
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There are many key questions that remain to be addressed; I will attempt to answer a select few in the

research conducted during my DPhil and presented in this thesis:

Previous work has highlighted that quantification of tumour infiltrating immune cells in CRC
holds promise as a prognostic biomarker. However, it has not fully shown whether this prognostic
association is independent of underlying genomic and molecular. Furthermore, previous studies
have not shown whether immune cell quantification as a continuous variable provides relevant
prognostic information.

The consequences of MMRd have been relatively well characterised in CRC, making it an
important prognostic and predictive marker for this disease, but far less so in EC. It is vital to
understand whether this form of genomic has the same consequences in cancers of different
tissues, particularly in regards to shaping the anti-cancer immune response. This will have
important implications for our understanding of the genetic-immune interaction, and also in
dictating the clinical relevance of genomic instability

Much of our understanding of the relationship between immune response and tumour genetics is
derived from observational, correlative work on human samples. At present, there are no studies
reporting murine models that would enable work to improve our functional understanding of this
relationship. The development of mice models that will allow delineation of specific aspects of
this immune-genetic interaction is critical. This will help to investigate key issues, such as

mechanisms of immune evasion.
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2. Methods

2.1. TCGA data analysis

2.1.1.RNAseq data

2.1.1.1. FASTA file download and preparation

Prior to RNAseq analyses, it was necessary to download and pre-process raw FASTA files. The reason
for doing so was to avoid batch effect that may have been introduced by other downstream pipelines
[210]. FASTA files from TCGA were downloaded using the ‘“TCGA Biolinks’ package (version 3.13,

https://bioconductor.org/packages/release/bioc/html/TCGAbiolinks.html).

2.1.1.2. RNAseq quantification

To produce transcript- level quantification for RNAseq, the package ‘Salmon’ (https://combine-
lab.github.io/salmon/). This is a computationally efficient package that employs the use of quasi-
mapping to achieve accurate and rapid RNAseq quantification [211]. Results are produced as

Transcripts Per Million (TPM).

2.1.1.3. Differential gene expression analysis
Following transcript level quantification, RNAseq analyses were then preformed using the DESeq?2

package (https://bioconductor.org/packages/release/bioc/html/DESeq2.html) (Love). DESeq?2 tests for

differential gene expression using a negative binomial distribution.

2.1.2. TCGA tumour mutational analysis
2.1.2.1. MC3 MAF files
MC3 (Multi-Centre Mutation Calling in Multiple Cancer) MAF files were downloaded from

(https://gdc.cancer.gov/about-data/publications/mc3-2017) [212]
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2.1.2.2. Mutational frequency analysis
Analysis of mutational frequency and production of “Oncoprint” plot (Figure 4.14) was done in R

using the ‘maftools’ package (https://bioconductor.org/packages/release/bioc/html/maftools.html).

2.2.Cell culture

2.2.1.Cell culture conditions and media

Details of cell culture experiments, including cell lines and media used are provided in Section 4.2.5.

2.3. General histology and tissue staining

All histological worked described in Chapter 4 was conducted at the Pathology Department, Leiden
University Medical Centre (LUMC), Leiden, Netherlands. Histological procedures involving murine

tissue were carried out at the Wellcome Centre Human Genetics, University of Oxford.

2.3.1.Tissue storage

All FFPE tissue was stored at room temperature in appropriate conditions. Cut FFPE slides were
stored at 4°C if not processed after cutting. All human tissues were stored in compliance with the
Human Tissue Act 2004, and under Oxfordshire Research Ethics Committee B (Approval No

05\Q1605\66).

2.3.2.Tissue processing and sectioning
Formalin-fixed tissues and organs were processed by automated system and embedded. Tissue blocks

were then sectioned at 4um thickness using a Leica microtome

2.3.3.Haematoxylin and eosin staining
Haematoxylin and Eosin (H&E) staining of cut FFPE slides was conducted manually. FFPE slides
underwent rehydration in xylene (2x5 mins) and then graded alcohol (100%, 90% and 70% ethanol)

series to deionised water (dH,0). Slides were then stained with haematoxylin stain for 30 seconds,
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before immediately being rinsed in running water until clear. The slides were then dipped in Acid
alcohol (1% HCIl & 70% EtOH) briefly before emersion in dH,0. The slides were then stained with
eosin, and rehydrated through dH-0, graded ethanol series to xylene. The slides were then mounted

with DPX before being viewed by light microscopy

2.3.4. Immunohistochemistry

FFPE slides underwent rehydration in xylene (2x5 mins) and then graded alcohol (100%, 90% and
70% ethanol) series to dH»0. Endogenous peroxidise activity was quenched with 3% hydrogen
peroxide for 15 mins at room temperature before washing twice in 1x Phosphate buffered saline with
0.1% Tween (0.1% PBST). Antigen retrieval was achieved using a Citrate Buffer solution 1M (pH
6.0) in a pressure cooker at 125°C for 5 minutes. The slides were then cooled to room temperature in
ice water for 20 minutes, before washing 3X in PBST and blocking with 5% serum (same source as
secondary antibody) at room temperature for one hour. Slides were then incubated overnight at 4°C
with primary antibody at the optimised concentration. Following washes, slides were incubated for 2
hours with species-specific secondary horseradish peroxidise conjugated antibody at 1:200
concentration. Signal amplification was performed by the Vectastain kit (Vector Laboratories) and
labelling visualised with 3,3-diaminobenzidine (DAB), (Vector laboratories) as per manufacturer’s

instructions before counterstaining with haematoxylin (Vector laboratories).

2.3.4.1. Antibodies used for IHC based quantification of T-cells in CRC

The antibodies used for T-cell quantification in CRC TMAs (Chapter 3) are detailed in Table 2.1

Table 2-1 Details of the antibodies used for T-cell quantification human CRC tissue

Target Host Species Target species Manufacturer (clone) Op:;r:(l:sed
. . . Premade
CD8 Rabbit Human Leica Biosystems (4B11) .
formulation
CD3 Rabbit Human Abcam (EPR19514) 1:100
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2.3.4.2. Antibodies used for IHC immunoprofiling of mouse FFPE samples

The antibodies used for immunoprofiling of mouse samples (Chapter 5) are detailed in Table 2.2

Table 2-2: Details of the antibodies used for immune cell quantification in murine FFPE tissues

Target Host Species Target species Manufacturer (clone) Op:;r:(l:sed
. Cell Signalling Technology .
CD8a Rabbit Mouse (DAW22) 1:800
CD4 Rabbit Mouse Abcam (EPR19514) 1:500
Beta-2 Microglobulin Rabbit Mouse Abam (EPR21752-214) 1:2000
. Cell Signalling Technology .
CD19 Rabbit Mouse (D4V4B) 1:400
2.3.4.3. Image analysis

Stained FFPE mouse tissues slides were viewed by brightfield microscopy and images obtained by
Leica Aperio slide scanner, imager and software (Leica, United Kingdom). Positive marker cell

analysis was conducted using QuPath and details are provided in the relevant Chapters.

2.4.SDS-PAGE electrophoresis and immunoblotting

2.4.1.Cellular protein lysate collection
The cells for Western Blot analysis were first washed with ice cold PBS and then lysed in RIPA buffer
with protease and phosphatase inhibitors (Pierce Halt Cocktail, ThermoFisher). The lysates were then

kept on ice if they were going to be used immediately, or stored at -20°C long term.

2.4.2.Protein lysate quantification

Protein lysates concentration was determined using the CB-XTM Protein Assay (GBiosciences). For
each quantification, a standard curve was calculated from a six-protein standard of proteins
concentrations: 0, 0.2, 0.4, 0.6, 0.8 and Img/ml. Protein lysate samples were diluted 1:10 before
mixing 50ul with 1ml of CB-X assay. Following incubation at room temperature for 1 hour, the

samples’ absorbance was read at 595nm wavelength.
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1373 2.4.3.Western Blot

1374  30upg protein from of each sample was separated using NuPAGE 3 to 8%, Tris-Acetate gels

1375  (Invitrogen) and blotted onto PVDF membrane (Millipore) by wet transfer. Membranes were blocked
1376 with 5% milk in 0.1% TBST for one hour, incubated with primary antibody overnight at 4°C and 1
1377  hour at room temperature; washed with TBST x 3, incubated with loading control antibody to GAPDH
1378  for 1 hour at room temperature, washed x 3 and incubated with anti-mouse IgG/anti-rabbit IgG as
1379  appropriated 1:15000 in 5% milk at room temperature for 1 hour. Membranes were then imaged using
1380  the LI-COR imaging system.

1381

1382  2.4.4.Antibodies used Western Blot experiments

1383  Details of the primary (Table 2.3) and secondary antibodies (Table 2.4) used in Western Blotting.

1384 Table 2-3. Details of the primary antibodies used in Western Blot experiments

Target Host Species Target Species Manufacturer (clone) Op:;rrr:::sed
JAK1 Mouse Human BD Biosciences (AB_397627) 1:500
Thermo Fisher Scientific
STAT1 Mouse Human (AHO0832) 1:500
Phospho-STAT1 Mouse Human Thermo Fisher Scientific (33- 1:500
3400)
HLA C'Ca;:iLHea"y Mouse Human Nordic MUbio (MUB2037P) 1:1000
GAPDH Rabbit Human Cell Signalling Technology 1:1000
(5174)
1385
1386 Table 2-4. Details of the secondary detection antibodies used in Western Blot experiments
. . Optimised
Target Host Species Target Species Manufacturer (clone) conc
. LI-COR Bioscience (LIC-926- .
Mouse IgG Rabbit Mouse 68070) 1:1500
. . LI-COR Biosciences (LIC-925- .
Rabbit IgG Mouse Rabit 68071) 1:1500
1387
1388

37



1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

Methods

2.5. Mice

2.5.1. Mutations and background strains

Details of the mice used in this work are detailed in Chapter 5.3.3

2.5.2.Animal husbandry
Further details are provided in Chapter 5.3.1. All mice were housed in the animal unit of the Wellcome
Centre for Human Genetics, Roosevelt Drive, University of Oxford. The mouse work was conducted

under Project licence no. PDFOB94C3 and Personal licence: 12D1D1096

2.5.3.DNA Extraction

DNA was extracted from mouse ear tissue by the hot sodium hydroxide and Tris (HotSHOT) protocol
(Truett et al). HotSHOT protocol DNA extraction was preformed by adding 50ul of Alkaline lysis
reagent (25 mM NaOH, 0.2 mM EDTA, pH 12.0) to mouse tissue sample (obtained by ear clipping),
and the mixture incubated at 95°C for 1 hour. 50ul of Neutralising agent (40 mM Tris-HCI)

was then added, before the samples were centrifuged and stored at -4°C before further processing

2.5.4.Genotyping
2.5.4.1. Polymerase Chain Reaction (PCR)
Genotyping was preformed using the primers and reagents listed below. All reactions were preformed

using a MJ research DNA Tetrad 2 Thermal Cycler.

2.5.4.2. Gel electrophoresis

PCR products were separated and visualised by gel electrophoresis: 2.0% agarose in 0.5M TBE (Tris-
borate- EDTA) buffer was heated in the microwave for 2 minutes and cooled under running water.
2ug/ml of ethidium bromide was added and the solution allowed to set. 2ul of PCR marker (Bio-Rad)
was loaded and 8ul of PCR sample under TBE buffer. The gel was run at 120V for 20 minutes, then

visualised by transillumination by UV light with a Syngene Gene Genius.
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2.5.4.3. Mihl floxed allele PCR conditions

Primers:

Primer name
S5armWTEF:
CritWTR

Table 2-5 MIh1 floxed allele PCR reagents

Reagent

dH,0

Buffer (10x)
MgCI2 (50mM)
dNTPs

WT F Primer
WT R Primer
Q

Taq

Total volume (ul)

DNA sample

PCR conditions

Step

N o w N -

Working
Conc.
1
3mM
0.2mM
1uM
1uM
1X
0.2U/ul

Temp (°C)

95

94

55

72

72

4

Sequence (5°-37)

GGACCTAGTAGATGGTATCCAGGTT
ATGCTGCTACCACAGGGA

Volume (ul)
10.5

2.5
0.75
2

1

1

5
0.25
23

Time (minutes)
5
1
1
1

Repeat 2-4 for 40 cycles
5

Hold indefinitely

p—
-
89}
o

._A
Y
)
w
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Figure 2-1.Gel electrophoresis for the products of Mlh1
floxed PCR: Mih1 WT (wildtype) Mih1 Het (Heterozygous) and
Mih1 Hom (Hom)
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2.5.4.4. Apc floxed allele PCR conditions

Primers:
Primer name Sequence (5°-37)
Apcfl F GCCATCCCTTCACGTTAG
Apcfl R TTCCACTTTGGCATAAGGC

Table 2-6 APC floxed allele PCR reagents

Working
Reagent Conc. Volume (ul)
dH,0 10.5
Buffer (10x) 1 2.5
MgCI2 (50mM) 3mM 0.75
dNTPs 0.2mM 2
WT F Primer 1uM 1
WT R Primer 1uM 1
Q 1X 5
Taq 0.2U/ul 0.25
Total volume (ul) 23
DNA sample 2
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1434 PCR conditions

Step Temp (°C) Time (minutes) 1435
! 9> > 1436
2 94 1
3 55 1 1437
4 72 1 o
5 Repeat 2-4 for 40 cyclels‘Uzs
6 72 > 1439
7 4 Hold indefinitely

1440

1441 Figure 2-2. Gel electrophoresis for the products of Apc flox PCR: WT (wildtype) and Het (heterozygous)
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2.5.4.5. Vil-CreERT?2 floxed allele PCR conditions

Primers:

Primer name

Cre F
Cre R

Table 2-7 Mih1 floxed allele PCR reagents

Reagent

dH,0

Buffer (10x)
MgCI2 (50mM)
dNTPs

WT F Primer
WT R Primer
Q

Taq

Total volume (ul)

DNA sample

PCR conditions

Step

N oo WO N R

Working
Conc.
1
3mM
0.2mM
0.5uM
0.5uM
1X
0.2U/ul

Temp (°C)

95

94

55

72

72

4

Sequence (5°-37)

CGGTCGATGCAACGAGTGATGAGG

CCAGAGACGGAAATCCATCGCTCG

Volume (ul)
115

2.5
0.75
2
0.5
0.5
5
0.25
23

Time (minutes) 1451
5

1
1
1
Repeat 2-4 for 40 cycles
5

Hold indefinitely
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1453 Figure 2-3. Gel electrophoresis for the products of Cre PCR: Cre + (Heterozygous Vil-CreERT2 and WT
1454  (wildtype)
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1455
1456  2.5.5. Mouse Intestinal adenoma quantification

1457 After mice intestinal tissue had been formalin fixed for 24 hours and then contained in 70% for a
1458  further 24 hours, intestinal adenomas were counted. The intestinal tissue was briefly placed in

1459  methylene blue stain for 30 seconds and then rinsed in PBS. The polyps were then counted with light

1460  microscopy. Polyps were recorded according to their size and location
1461  2.6. Statistical analysis

1462  All statistical analysis was conducted using R, Version 4.0.1 (https://cran.r-project.org). Details of

1463  specific R packages used and statistical tests applied are detailed in the relevant chapters.
1464  2.6.1.Graph preparation
1465  All graphs shown in this thesis and submitted with manuscripts were prepared initially in R with

1466  package “ggplot2” (https://cran.r-project.org/web/packages/ggplot2) and edited in Adobe Illustrator.

1467

1468

1469
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3. The association between tumour-infiltrating CD8" lymphocytes
and clinical outcome in stage II/I1I colorectal cancer

3.1. Introduction

CRC is a significant cause of morbidity and mortality worldwide [19]. It causes approximately
250,000 deaths each year in Europe alone [54]. CRCs are staged according the AJCC TNM staging
system (explained in the Introduction; Table 1.2), which guides prognostication and treatment
strategies [49]. This is a composite score derived from pathological assessment of the primary tumour,
evidence of lymph node involvement and the presence/absence of distant metastases [50]. Prognosis
correlates with disease stage, and fortunately, the majority of patients are diagnosed at an early stage.
Patients with stage II (primary tumour stage (pT) 3 or 4 without spread to regional lymph nodes or
distant metastases) or stage I1I (any pT stage with spread to regional lymph nodes but no metastatic
disease) are generally managed by surgery with curative intent in the first instance. This is on the
whole successful, with post resection 5-year survival rates for stage Il and stage 111 disease of 68-83%
and 45-65% respectively [50]. As mentioned previously (Introduction 1.1.5), to reduce recurrence risk
postoperatively, all stage I1I patients and a subset of stage II defined with high-risk characteristics
(Table 1.3) are offered adjuvant chemotherapy (a fluoropyrimidine & oxaliplatin) provided they are fit
for this treatment [49]. It is estimated that fluoropyrimidine monotherapy reduces the absolute risk of
death by 3-5% in high risk stage Il and, and 10-15% in stage III, with oxaliplatin based agents

contributing a further 4-5% reduction [49].

The use of pathological staging described above does not fully delineate the substantial variation in the
clinical outcomes of stage II and III CRCs, and is alone insufficient to accurately stratify patients
according to their risk of recurrence. Consequently, many patients with stage II/III CRC who have
been cured by surgery alone receive needless cytotoxic chemotherapy from which they do not benefit,
and which puts them at risk of harmful side effects/toxicities and death. Additionally, patients who are

destined to recur despite standard adjuvant chemotherapy (and who may be candidates from trials of
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novel therapies) are not reliably identified. Furthermore, apart from MMRJ there is a paucity of
markers to identify patients who might benefit from novel immunotherapies such as immune
checkpoint inhibitors (ICIs), adoptive T cell transfer or targeted cancer vaccines. At present, ICIs are
the best and most widely used immunotherapy agent. In the UK, they are currently only licensed for
the treatment of metastatic CRC [53]. However, there is evidence from CTLA-4 and PD-L1 blockade
in melanoma that these therapies may also be beneficial in the non-metastatic setting; one-year of ICI
treatment was shown to reduce post-resection recurrence risk for stage IIIl melanoma patients [213,

214].

Importantly, ICI treatment appears to work best in tumours with a pre-existing anti-tumour immune
response [13] and as such, it is logical that MMRd status would identify those patients who are likely
to respond. However, in reality only approximately 50% of patients with MMRd metastatic colorectal
cancer actually respond to PD-1 inhibition [52]. Thus, there is a clear, and urgent, need for further

biomarkers to improve prognostication and prediction of therapeutic benefit.

3.1.1.Previous Work

As noted in the Introduction, a substantial, and increasing, body of evidence demonstrates that the
immune system plays a critical role in tumour development and progression [97]. The prognostic
implication of tumour infiltrating lymphocytes in cancer was first noted 100 years ago, in gastric
carcinoma [12]. Over the last two decades, there have been considerable efforts to understand the
relationship between particular populations of tumour infiltrating lymphocytes and clinical outcome in
CRC patients. The cell populations examined in these studies are outlined in Table 3.1. Early work
highlighted the possible prognostic association between CD4" and CD8" T-cells and clinical outcome
in CRC [143, 215]. This was expanded upon by Galon and colleagues, who first demonstrated that
tumours with high levels of CD45RO" cells (effector memory T-cells) had lower risk of metastatic
disease, and improved overall survival [146]. This was followed by a study looking at T-cell
infiltration in 415 patients. The levels of CD3", CD8" and CD45RO" cells were quantified at both the

tumour centre (CT) and invasive margin (IM). Cancers were classified as either “Hi” or “Lo”
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depending on whether the density of the T-cell infiltrate in either the CT or IM was greater than the
median. Patients with any of the three T-cell marker densities above the median in the CT, IM or both
were shown to have a greater overall survival [153]. This work provided the basis for the
“Immunoscore”, an immunohistochemistry (IHC) based prognostication tool. In the latest iteration,
total T-cell and cytotoxic T-cell populations were quantified by staining for CD3 and CDS in the
tumour centre and invasive margin. Using a mean from the four measurements, two markers in two
tumour compartments, tumours were scored as “Immunoscore Low” (immune cell density in the 0-25™
centile), “Immunoscore Intermediate” (25" -70™ centile) or “Immunoscore High” (70" -100™ centile).
Studies of the Immunoscore are only a few of many thatt have examined the association between
tumour T-cell infiltrate and clinical outcome in CRC. The key results of these and from selected

additional publications are summarised in Table 3.2.

Table 3-1. Summary of the T cell populations and markers most commonly used in CRC prognostic
studies.

Marker Lymphoofyte Description Refs.
population
D3 All T-cells CD3* common mar.ker to all T-cell [146, 153]
populations
CTLs protect against intracellular pathogens
D8 Cytotoxic T- (viruses and bacteria), as well destroy (148, 153]

lymphocytes (CTLs) = malignant cells. Predominantly activated via
antigen MHC | antigen presentation

Essential for initiating and shaping almost all
Cb4 T-helper cells forms of adaptive immunity; primarily [216]
activated via MHC Il pathway

Suppress and regulate other immune cells,
which maintains peripheral tolerance and [163, 164,
prevents autoimmunity/chronic 217]
inflammation

FoxP3 T regulatory cells

Provide antigen specific T-cell memory.
CD45R0O Memory T-cells Responsible for initiating immune response [146, 147]
against previously encountered antigens
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Table 3-2.Summary of selected previous studies examining T cell infiltrate and clinical outcome in CRC.

OS: Overall Survival. DFS: Disease Free Survival. RFS: Recurrence Free Survival. IM: Invasive Margin. CT:

Centre of Tumour. IHC: Immunohistochemistry. MV: multivariable

Marker
quantification

Effector memory
T-cells
(CD3*CD45R0") by
IHC

CD3*,CD8* and
CD45R0O* at IM
and CT by IHC
Tumour cytotoxic
T-cells (CTL)
quantified by
gene expression
analysis

CD3*and CD8* T-
cells at IM by IHC

CD8*, CD3*and
FoxP3* by IHC

CD8* by IHC and
IF

CD3*and CD8* by

IHC

CD8* and CD4RO*
by IHC

CD3*and CD8* by
IHC at IM and CT

CD3*and CD8* by
IHC at IM and CT

CD3*and CD8* by
IHC at IM and CT

CD3*and CD8* by
IHC at IM and CT

Study
Population

959 patients;
stage | — IV CRC.

415 patients;
stage | -1V

1203 patients;
stage I-IV

573 patients;
stage Il CRC.

555 patients;
stage | = IV CRC

1162 patients

215 patients;
stage | -1V

694 patients;
stage I-IV

799 patients;
stage | -1V

2861 patients;
stage | -1V

600 patients;
stage Il

1,322 patients;
stage Il

Clinical
Trial

No

No

No

No

No

No

No

No

No

No

Yes

Yes

MMR
adjusted for

No

No

Yes

Yes

Yes

Yes

Yes

47

Analysis method

Median dichotomisation

Median dichotomisation

“Overexpressed” tumours
compared with non-
overexpressed

Dichotomisation at lower
tertile

Optimal cut point
dichotomisation

Median dichotomisation

Semi-quantitative marker
scoring; grouped into low
and high infiltrated
tumours

“Immunoscore”: value of
0-4 based on the densities.
“14” corresponds to the
CD8 and CD45RO0 densities
in the highest quartiles in
both CT & IM

“Immunoscore”: value of
0-4 based. “14”
corresponds to the CD8
and CD3 densities in the
highest quartiles CT & IM
“Immunoscore”: value of
0-4 based. “14”
corresponds to the CD8
and CD3 densities in the
highest quartiles CT & IM
“Immunoscore”: value of
0-4 based. “14”
corresponds to the CD8
and CD3 densities in the
highest quartiles CT & IM
“Immunoscore”: value of
0-4 based. “14”
corresponds to the CD8
and CD3 densities in the
highest quartiles CT & IM

Key results

CD3*CD45R0O* cells
associated with absence of
early metastatic disease and

prolonged survival

Increased densities of all
markers associated with
Improved DFS

CTLs not significantly
associated with survival

Worse RFS and OS in
tumours with low CD3*/
CD8* infiltrate

CD8* positively associated
with OS in MV analyses only
in right sided tumours.
FoxP3* independently
associated with OS in rectal
tumours only

CD8* low tumours associated
with worse OS

CD8* and CD3* significantly
associated with OS.

Immunoscore significantly
associated with improved
DSS and OS; better predictor
of survival and recurrence
than MSI status

Higher Immunoscore
significantly associated with
improved DFS, DSS and OS

Higher Immunoscore
significantly associated
improved DFS

Higher Immunoscore
significantly associated with
improved DFS

Higher Immunoscore
significantly associated with
improved DFS

Ref

[146]

[153]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[148]

[144]

[225]
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3.1.2.Limitations of previous work

Whilst previous studies have demonstrated a potential role for tumour infiltrating lymphocytes as a
biomarker in CRC, there are limitations to these bodies of work. Firstly, they have mostly been
conducted using non-experimental cohorts, which pose a much greater risk for bias than clinical trial
series [226]. Secondly, whilst a small number of previous studies have suggested that the prognostic
association of tumour infiltrating lymphocytes (TILs) persists after adjustment for MMRd [148], they
have not adjusted for other molecular variables that are associated with both clinical outcome and
antitumour immune response. For instance, CIN is associated with a reduced T cell infiltrate and
poorer prognosis in cancer [227, 228], whilst POLE proofreading domain mutations confer a more
vigorous immune response, particularly T-cell response, and are associated with better clinical
outcomes [90]. Thirdly, it has not been addressed whether the prognostic association is uniform across
all CRCs, or whether it varies according to tumour stage, or other key molecular factors, such as BRAF
and KRAS mutation status. Mutations in both of these genes have been associated with worse clinical
outcome in non-MMRd CRCs [229, 230]. Moreover, KRAS has been shown to have
immunomodulatory effects [231]. Mice models of pancreatic cancer have shown that Kras knockout
has immunosuppressive effects [232], and in human CRC, KRAS mutations are associated with
reduced immune cell infiltration and checkpoint expression [233, 234]. Finally, previous work has
largely approached outcome analyses by forced dichotomization of TIL levels. Whilst superficially
attractive to clinicians, this approach discards important information [235], which may lead to an
underestimation of the variation in outcome between groups. Furthermore, dichotomising tumours
according to any given cut point reduces the sensitivity of a prognostic marker. For instance,
dichotomisation at a median cut point would mean that two tumours with immune cell densities at the
49" and 51* centile would be classified as “low” and “high” respectively. Despite the densities
differing by just two centiles, they would be predicted to have different clinical outcomes, and as such
may be receive radically different treatment regimes. In the most recent iteration of Immunoscore, this
risk has been somewhat mitigated by producing an aggregate score from the quantification of multiple
markers in different tumour compartments [110, 236]. Additionally, dichotomisation risks missing

non-linear associations between variables of interest and clinical outcomes [235, 237].
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3.1.3.Rationale for study and aims for chapter

There is a pressing need for biomarkers to improve the management of patients with early-stage CRC.
Immune cell-based biomarkers hold considerable promise in this regard; however, due to limitations
of previous research highlighted above this has yet to be fully realised. This study aimed to address
some of these issues. Using a large clinical-trial patient cohort, I wanted to study the prognostic
association of CDS8" infiltrating lymphocytes in early stage (stage II and IIT) CRC. The detailed
clinicopathological and molecular annotation enabled multivariable analyses with adjustment for key
confounding variables. In addition, it was possible to assess whether the prognostic association is
uniform across all early-stage CRC. Finally, CD8" cell infiltrate density was analysed as a continuous

variable to avoid some of the pitfalls incurred by forced dichotomisation.

The primary and secondary aims for this study were to assess the prognostic association between
CDS8" cell infiltrate, measured as a continuous variable, with time to recurrence (TTR) and overall
survival (OS) in the pooled VICTOR and QUASAR?2 clinical trials. Exploratory analyses were to

include examining the association according to clinical, pathological and molecular features.
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3.2. Methods

3.2.1.Trial cohorts used in this study

This study was a retrospective analysis of two large clinical trials: the QUASAR2 and VICTOR trials
[238, 239]. The QUASAR? trial examined the addition of bevacizumab to oral capecitabine as
adjuvant therapy for stage II/I1I patients who had had curative-intent surgery [238]. Bevacizumab is
humanised, monoclonal antibody that targets vascular endothelial growth factor, and had been shown
to be effective in treating metastatic disease [240]. In total, 1,952 patients were recruited for this trial
and 1,941 included in the final intention-to-treat analysis [238]. In the VICTOR trial, stage II/IIl CRC
patients who had had curative-intent surgery with or without adjuvant chemotherapy were randomised
to receive either the addition of rofecoxib, a selective cyclooxygenase (COX) 2 inhibitor, or placebo to
standard treatment. An initial 2,434 patients were recruited. However, the trial was terminated early
because of the global withdrawal of rofecoxib, at which point 2,327 patients had been enrolled (1,167
and 1,160 in the treatment and control arms respectively) [239]. The exclusion for QUASAR?2 and

VICTOR trails are shown in Table 3.3.

3.2.2.Inclusion of cases for biomarker study

Tissue microarrays (TMAs) are constructed of punch samples taken from tumour blocks. Both trials
consented patients for optional donation of FFPE tumour blocks for research. The TMAs were
constructed from FFPE blocks collected from 764 participants in the VICTOR trial and 1,144 in the
QUASARR? trial. The included cases were all those with tissue available in TMA format and clinical

outcome data.
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1614
QUASAR2
History of cancer
Inflammatory bowel disease
Active poetical ulcer requiring treatment in previous 2 years
Lack of physical integrity of upper Gl tract
Malabsorption syndrome
Inability to take oral medication
Moderate or severe renal impairment (creatinine clearance <30mL/min)
Absolute neutrophil count < 1.5 x 10° cells per L
Platelet count < 100 x 10°cells per L
Total bilirubin > 1.5 times upper limit of normal
Alanine aminotransferase, aspartate aminotransferase or alkaline phosphatase > 2.5 times upper limit of normal
Proteinuria worse than 500mg per 24 hours
Previous chemotherapy, immunotherapy or infradiaphragmatic radiotherapy
Use of any investigational drug, agent or procedure within 4 weeks of randomisation
Chronic use of full dose anticoagulants, high dose aspirin, antiplatelet drugs or known bleeding diathesis
Concomitant treatment with sorivudine or its chemically related analogues
History of uncontrolled seizures, CNS disorders or psychiatric disorders that precluded giving informed consent
Clinical important cardiac disease
Known coagulopathy
Known allergy to Chinese hamster ovary cell proteins
Pregnancy, lactation or no use of contraception in premenopausal women
VICTOR
Peptic ulceration or Gl bleeding in previous year
Receiving long term nonsteroidal anti-inflammatory drug therapy (except for low-dose aspirin)
Younger than 18 years old
History of cancer
Inflammatory bowel disease
Severe congestive heart failure
Pregnancy, lactation or no use of contraception in premenopausal women
1615

1616 Table 3-3. Multiple linear regression analysis of the relationship between clinicopathological/molecular
1617 characteristics and CD8+ cell density in the combined QUASAR2 and VICTOR trial samples. CNS — Central
1618 Nervous System

1619
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3.2.3.Determination of tumour T cell infiltrate by immunohistochemistry

CD8" and CD3" cellular infiltrate was determined in the cancer tissue samples by
immunohistochemistry (IHC). FFPE slides underwent deparaffinisation, antigen retrieval and
blockade of intrinsic peroxide activity, before overnight incubation at 4°C with CD8 antibody (Leica
Biosystems PA0183, mouse clone 4B11) and CD3 (Leica NCL-L-CD3-565, mouse clone LN10,
diluted 1:100). For the VICTOR trial, CD8" cell quantification was conducted in triplicate cores,
whilst for QUASAR2 CD3" and CDS8" cells were quantified in duplicate cores. The IHC was
conducted and slides scanned the Clinical Diagnostic Histopathology Laboratory, UCL Hospital,

London.

Quantification of marker-positive and negative cell numbers was done by computerized image
analyses using ImmunoPath 1.3.9.0 (Room4, Crowborough, UK). This method of quantifying marker
positive cells has been previously published and validated [241]. The ImmunoPath software platform
allows for selection and annotation of scanned CRC slides. Each TMA is broken into smaller squares
of interest for analysis. ImmunoPath is trained to recognise marker positive and negative cells, and
produce a final count for both. In previous work, the accuracy of ImmunoPath was found to be
comparable to manual counting techniques [241]. Automated quantification of CD8" and CD3" was
carried out by the group of Havard Danielsen at Oslo University, Norway. In addition to basic quality
control (QC) conducted by the Danielsen group, I preformed detailed QC of all the stained TMA
cores. This included checks to see if they contained at least 1000 cells in total, and visual inspection to

ensure no loss of tumour material following immunostaining.

3.2.4. Tumour molecular analysis

Molecular annotation of the VICTOR and QUASARR? trials had been previously conducted and
reported prior to commencement of this work [90, 238, 242]. For tumour molecular analysis, tumour
DNA was extracted from FFPE samples. MSI status was determined using the standard five marker

Bethesda panel (BAT25, BAT26, D2S123, D5346, and D17S250). Cases were defined to be MSI if >
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2/5 (40%) markers were positive. CIN status was determined by through preparation of FFPE sections
and quantification of nuclear DNA content by Ploidy Work Station Grabber. POLE proofreading
domain mutations were defined as recurrent variants known to cause an ultramutated phenotype and
an enrichment of associated mutational signatures. In the VICTOR trial, POLE mutational status was
determined by sequencing of the entire exonuclease domain whereas in QUASAR?2, targeted
sequencing of hotspot exons 9,13 and 14 was performed. For KRAS mutations, direct DNA sequencing

was performed for exon 12,13 and 61. For BRAF mutations, codon 600 was sequenced.

3.2.5.Validation series

To externally validate results, independent patient series were sought. Potential series for inclusion
were either widely known (such as TCGA) or found by searching the NCBI Gene Expression
Omnibus (GEO). All series selected for inclusion were required to have documentation of primary

tumour and nodal stage, CD8A expression and clinical outcome.

3.2.6.Statistical analysis

The REMARK (Reporting Recommendation for Tumour Marker Prognostic Studies) guidelines [243]
provide a gold standard for studies such as these; all analyses and reporting were conducted in
accordance with these. Comparison of the baseline demographic, clinicopathological and tumour
molecular factors between trials were assessed by unpaired student’s t-test, non-parametric Mann-
Whitney test, or Fisher’s exact test according to whether the data were continuous or categorical,
normally distributed or not. The primary and secondary endpoints of interest were the association of
CDS8" density, analysed as a continuous variable, with TTR of CRC (defined as the time from
randomisation to CRC relapse, with censoring at last contact or death in case of no recurrence), and
OS (measured as the time from randomization to death from any cause, with censoring at date of last
contact in patients still alive) respectively. For the multivariable models, predefined covariates were
included on the basis of known prognostic value, and included: age, sex, disease stage, pT4 primary

and MMRd/POLE-mutation. Additionally, clinicopathological variables that were independently
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associated with CD8" cell density in this study population were also included: primary tumour location
and BRAF mutation. Missing data were defined as data not stored for the variable of interest [244].
Overall, the rate of missing data in the QUASAR2/VICTOR cohort was low (a maximum of 11.6% for
any single co-variable). Logistic regression was used to determine the pattern of missing data, and was
suggestive of a pattern of missing at random (MAR). As such, it was possible to impute the missing
data by multiple imputation by chained equations with predicted mean matching, using the MICE

package in R [245].

3.2.7.Ethical approval

For the VICTOR trial, the protocol was reviewed by the Cancer Research Campaign, the multicentre
Research Ethics Committee and research ethic committees at participating centre. Ethical approval for
the QUASAR?2 trial was granted by the West Midlands Research Ethics Committee (Edgbaston,
Birmingham, UK; REC reference: 04/MRE/11/18). Both trials were conducted in accordance with the
Declaration of Helsinki. Ethical approval for this biomarker study was provided by North West —

Liverpool Central Research Ethics Committee (Liverpool, UK; REC reference: 17/NW/0252).
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3.3.Results

3.3.1.QUASAR?2 and VICTOR patient details

The CONSORT diagram showing the flow of cases included in this work is shown in Figure 3.1, and
the baseline demographic variables of the QUASAR2 and VICTOR trial cases used in this study are
shown in Table 3.4. In total, there were 1804 cases included in this study based on the availability of
tissue in TMA format and clinical outcome data. Importantly, comparison of included cases with non-
included did not reveal statistically significant differences in patient age, disease stage, sex or disease
recurrence (Table 3.4). In QUASAR? there was a significant difference in number of deaths between

included cases and non-included cases, though this was not the case for VICTOR (Table 3.4).

The two trials did not differ significantly in terms of baseline patient characteristics (age and sex),
molecular features (MMR, POLE mutation and CIN status) or outcome results (disease recurrence
events and death) (Table 3.5). As such, the two trials were pooled for purposes of analysis. POLE
mutations are rare in CRC (1-2% cases), and given that they are associated with an increased immune
response and a similarly favourable prognosis to MMRd [90], these two molecular disease subtypes

were combined into a ‘hypermutated’ group for analysis.
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1707
Original trial populations: Cases not available for TMA
« QUASAR2: 1952 cases ———P| - QUASAR2: 808 cases
+VICTOR: 2434 cases «VICTOR: 1670 cases
Tumour TMAs available: Incomplete TMA cores following
. QUASAR2: 1144 cases. N immunostaining or <1000 cell nuclei / core
-VICTOR: 764 cases » QUASAR2: 7 cases
«VICTOR: 60 cases
S;:nnpjsl'(eei .cores with >1000 Received pre-op RT
i - - :
- QUASAR2: 1137 cases [ enonRa: 0 cases
«VICTOR: 704 cases ’
No pre-op RT:
+ QUASAR2: 1137 cases
+VICTOR: 667 cases
- Total: 1804 cases
1708

Figure 3-1. CONSORT diagram showing the inclusion and exclusion of CRC cases from QUASAR2
and VICTOR trials. RT: radiotherapy. TMA: tissue microarray (reproduced from Glaire et al, 2019)

56



ot ek
o et O
—O\0

The association between tumour-infiltrating CD8+ lymphocytes and clinical outcome in stage II/I1I colorectal

Total
Age (years)
Median
(range)
Sex
Male
Female
Unknown
Disease stage
1l
1
Unknown
Primary tumour stage
pT1-3
pT4
Unknown
Primary tumour location
Right
Left
Unknown
MMR status*
MMRp
MMRd
Unknown
POLE status*

POLE wild-type
POLE-mutant
Unknown
Chromosomal instability
CIN high
CIN low
Unknown
KRAS
Wild-type
Mutant
Unknown
BRAF
Wild-type
Mutant
Unknown
Chemotherapy
No
Yes
Unknown
Bevacizumab
No
Yes
Unknown
Rofecoxib
No
Yes
Unknown
Disease Recurrence
No
Yes
Unknown
Death
No
Yes
Unknown

VICTOR
No. %
667 100
64.9
(24.6 —89.1)

426 63.9
241 36.1
0 0
314 47.1
353 52.9
0 0.0
520 78.0
134 20.1
13 1.9
284 42.6
368 55.2
15 2.2
492 73.2
73 10.9
102 15.3
477 71.5
4 0.6
186 27.9
370 55.5
178 26.7
119 17.8
377 56.5
186 27.9
119 17.8
509 76.3
58 8.7
100 15.0
253 37.9
414 62.1
0 0.0
667 100
0 0
0
330 49.5
337 50.5
0 0
505 75.7
162 24.3
0 0
542 81.3
125 18.7
0 0

cancer
QUASAR2
No. %
1137 100
65.0
(21.0-85.0)
657 57.8
480 42.2
0 0
394 34.7
743 65.3
0 0
719 63.2
418 36.8
0 0
446 39.2
604 53.1
87 7.7
932 82.0
145 12.8
60 5.3
1090 95.9
8 0.7
39 3.4
679 59.7
372 32.7
86 7.7
697 61.3
335 29.5
105 9.2
903 79.4
136 12.0
98 8.6
0 0.0
1137 100
0 0.0
555 48.8
582 51.2
0
1137 100
0 0
0 0
864 76.0
273 24.0
0 0
912 80.2
225 19.8
0 0

Combined
No. %
1804 100
65.0
(21.0-89.1)
1083 60.0
721 40.0
0 0
708 39.2
1096 60.8
0 0
1239 68.7
552 30.6
13 0.7
730 40.5
972 53.9
102 5.7
1424 78.9
230 12.1
162 9.0
1567 86.7
12 0.7
225 12.5
1049 58.2
550 30.5
205 11.4
1074 59.5
521 28.9
209 11.6
1412 78.3
194 10.8
198 11.0
253 14.0
1551 86
0 0.0
1222 67.7
582 32.3
0
1467 81.3
337 18.7
0 0
1369 75.9
435 24.1
0 0
1454 80.6
350 19.4

P
(VICTOR vs.
QUASAR?2)

0.2"

0.12"

2.1x 107"

3.7x10%"

0.7

0.81"

0.76

0.3"

0.8"

0.1"

2.2 x 10"

2.2x 10"

2.2 x 10"

0.9

0.6"

Table 3-4. Comparison of the baseline characteristics of the QUASAR2 and VICTOR trial cases used in this biomarker
study. pT: pathological tumour (T) stage; MMR: DNA mismatch repair; MMRp: mismatch repair proficient; MMRd: mismatch
repair deficient; POLE-mutant: pathogenic POLE exonuclease domain mutation; KRAS-mutant: KRAS mutation at codons 12,
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13 or 61. BRAF-mutant: BRAF hotspot V600E mutation. *determined by unpaired Student’s t-test. fdetermined by Fisher exact
test (in cases which marker status was determined). Reproduced from Glaire et al 2019 [1]

Total
Age (years)
Median
(range)
Sex
Male
Female
Unknown
Disease stage
1]
1
Unknown
Chemotherapy
No
Yes
Unknown
Bevacizumab
No
Yes
Unknown
Rofecoxib
No
Yes
Unknown
Disease Recurrence
No
Yes
Unknown
Death
No
Yes
Unknown

VICTOR
(included in
study)

No. %
667 100
64.9
(24.6 - 89.1)
426 63.9
241 36.1
0 0
314 47.1
353 52.9
0 0.0
253 37.9
414 62.1
0 0.0
667 100
0 0
0 0
330 49.5
337 50.5
0 0
505 75.7
162 24.3
0 0
542 81.3
125 18.7
0 0

VICTOR
(not included)

N %
1767 100
65
(25-89)
1132 64.1
635 35.9
0 0
853 48.3
914 51.7
0 0
627 35.5
1140 64.5
0 0
1767 100
0 0
0 0
875 49.5
892 50.5
0 0
1313 74.3
454 25.7
0 0
1415 80.1
352 19.9

P value
(included
vs. not-
included)

0.92*

1.0

0.30"

0.54"

1.0

0.47*

0.96"

QUASAR2
(included in
study)
No. %
1137 100
65.0
(21.0-89.1)
657 57.8
480 42.2
0 0
394 34.7
743 65.3
0 0
0.0
1137 100
0.0
555 48.8
582 51.2
0
1137 100
0 0
0 0
864 76.0
273 24.0
0 0
912 80.2
225 19.8
0 0

QUASAR2
(not included)

No. %
791 100
65.0
(23.0-88.0)
442 55.9
349 44.1
0 0
150 19.0
641 81.0
0 0
0 0
791 100
0 0.0
412 52.1
379 47.9
0 0
791 100.0
0 0
0 0
631 79.8
160 20.2
0 0
667 84.3
124 15.7
0 0

P value
(included vs.
excluded)

0.46*

0.35"

0.34"

1.0

0.14*

1.0

0.052°

0.02"

Table 3-5. Comparison of baseline characteristics of VICTOR and QUASAR2 cases included in biomarker
study vs. cases not included. *determined by unpaired Student’s t-test. fdetermined by Fisher exact test (in

cases which marker status was determined). Reproduced from Glaire et al 2019 [1]

3.3.2.Immune cell infiltrate

3.3.2.1. Quantification of T cell infiltrate

Slides containing TMA cores were stained for expression of the pan-T cell marker CD3 or the

cytotoxic T cell marker CD8 by immunohistochemistry as detailed in Section 3.2.3. Stained slides

were scanned and transferred electronically to the laboratory of Havard Danielsen (Oslo) for analysis.

For each TMA core, the total number of marker positive cells (CD3" or CD8" for QUASAR2; CD8"

only for VICTOR) and marker negative cells were quantified by automated analysis by ImmunoPath

software by Prof Danielsen’s group (Figure 3.2). The quantification process begins with defining a
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sub-area of interest within the tissue segment. Cells are then classed as either positive or negative on
the basis of HSV (Hue, Saturation and Value) threshold. A process of refinement is conducted, which
involves selecting and deselecting positive and negative cells until an acceptable level of true
positives/negatives are achieved (determined by visual review). The automated counts were
additionally validated by comparing to manual counting with Spearman rank correlation and Bland-
Altman tests [241]. Case level data files were returned to my group for analysis by me. During initial
review of the results, two possible ways of analysing the intensity of intratumoral T cell infiltrate were
considered:

(i) cell density (calculated as the number of marker positive cells/area of tissues)

(i1) cell fraction (number of marker positive cells/total number of cells) (the total number of

cells was determined from the total number of nuclei counted for each TMA sample)
There was a small but systematic difference in core size between the cores size in the two trial cohorts.

This was corrected for by using cell density per mm? in the metric used for analyses.

Interestingly, during preliminary analysis of the data, I noted that the median CD8" cell density
differed substantially between cases from the QUASAR? trial population (231.6 cells/mm? « 288.4)
and those from the VICTOR trial (145.0 + 188.0) (KS test £<0.0001). While the fraction of CD8+ cells
also differed between the trial cohorts, this was far less marked (Kolmogorov-Smirnov test D = 0.078,
P=0.0087). The explanation for this discordance was not immediately obvious (eg shrinkage of
VICTOR cores due to their greater age would be expected to increase marker density). In light of this
information and to minimise variation between cohorts, I decided to use marker positive cell fraction
for downstream analyses, bearing in mind this variation when considering the statistical models to be

used.

Prior to beginning analysis of the CD3" and CD8" cell infiltrate data, I wanted to conducted baseline
quality control. This firstly involved visual inspection of every TMA core to ensure that tissue loss had
not occurred; those cores with significant tissue loss were excluded (27 cases from VICTOR trial and

32 cases from QUASARR? trial) (Figure 3.1). Secondly, quantification results were checked to confirm
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that each core had least 1000 cells, to ensure each TMA core was a representative sample. This
resulted in the removal of an additional 70 from VICTOR trial and 58 cases from the QUASAR?2 trial

(Figure 3.1)

A
IHC marker negative cells  Annotated marker negative cells
/\
/\
B IHC CD3* positive cells Annotated marker positive cells

IHC marker negative cells Annotated me}rl‘(er negative cells

\ \
IHC CDB8* positive cells Annotated marker positive cells

Figure 3-2: T-cell infiltrate quantification. Representative image showing IHC based quantification of CD3* (A)
and CD8* (B) in TMA sections using the ImmunoPath automated software. For analysis, each histopathological
image is divided into subsections, and the software is trained to recognise marker positive and negative cells.
Total number of positive and negative cells are given per unit area

Variation in the CD8" cell infiltration between cores of the same patient was not assessed in this piece
of work. This presents an interesting opportunity for future research; first to understand the extent of
the variation in immune cells infiltration within individual cancers, and how this variation impacts
upon clinical outcomes. This will be assessed in the larger body of work investigating immune cell
infiltrate in the QUASAR2 and SCOT trails. For these trials, three cores per patient and five cores per

patient respectively have been analysed.
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3.3.2.2. Transformation of markers for analysis

Initial analysis of the data distribution revealed that the raw CD3" and CD8" cell fraction in the
QUASAR?2 and VICTOR cohorts showed a significantly negatively skewed distribution
(skewness=2.46) (Figure 3.3A). Similar non-normality is well recognised in analyses of gene
expression, where data are routinely log2 transformed prior to analysis. As such, cell fraction was log2
transformed to prior to further analyses, as this approximated a normal distribution, and enabled

downstream statistical analysis (Figure 3.3B)

A
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@
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[
a

10

0 |’ %%—Mhuuﬂ_

0.0 0.1 0.2 0.3 0.4
Unadjusted CD8* cell fraction
B

0.3 /

0.2 ]
= ¢
C
[0}

o
0.1 ‘ /
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Figure 3-3 CD8+ cell infiltration in the VICTOR and
QUASAR2 combined cohort. Histogram with overlaid kernel
density plot showing unadjusted CD8* cell fraction in the
VICTOR and QUASAR2 combined cohort (A) and the Log(2)
transformed CD8" cell fraction with representative images (B)
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1776 3.3.2.3. Comparison of the prognostic utility of CD3" and CD8" cell quantification in QUASAR?2
1777 trial samples

1778  The Immunoscore developed by Galon and colleagues arguably represents the most advanced effort to
1779  develop a T-cell based prognostic biomarker in CRC. In its latest iteration, a score is generated based
1780  on the combination of CD3" and CD8" positive cell densities at the invasive margin and tumour centre
1781 [148]. However, the individual contribution of each of these markers in predicting CRC prognosis is
1782  unclear. Furthermore, the importance of quantifying cell density in both of these tumour compartments
1783  has not been formally established. As such, initial analyses in this study sought to address these

1784  uncertainties. In the QUASAR2 TMA cores, which were all taken from the tumour centre, both CD3"
1785  and CDS8" cell infiltrates were quantified. They were found to be strongly positively correlated

1786  (Spearman rho 0.65; P<2.2x107'°). To investigate the relationship between T-cell infiltrate at the

1787  invasive margin and tumour centre a set of 51 full faced tumour sections from the QUASAR?2 cohort
1788  were stained for CD8" cells. Importantly, CD8" cell density at the invasive margin and tumour centre
1789  was also strongly positively correlated (Spearman rho 0.73, P=1.38x10"). This raised the possibility
1790  that at least some of the information captured by Immunoscore’s use of two compartments and two
1791  markers may be redundant.

1792

1793  3.3.2.4. Preliminary analysis of CD3, CDS8 fraction and clinical outcome in QUASAR?2 study

1794  To investigate the association between intratumoral CD3 and CDS infiltrate and clinical outcome,
1795  univariable analyses were conducted with CD3 alone and CD8 alone, and bivariable analyses

1796  preformed with both markers. In the univariable models, CD8" cell fraction was significantly

1797  associated with time to recurrence (TTR), and this association remained significant in a bivariable
1798  model that included CD3" (Table 3.6). However, CD3" fraction was not significantly associated with
1799  TTR in either univariable or multivariable analyses. Furthermore, the CD8" only model had a similar
1800  discriminatory ability and smaller Akaike’s Information Criterion (AIC) value (an indicator that

1801  allows comparison of the quality of statistical models) compared to the bivariable model (Table 3.6).

1802
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Given that CD8" cell infiltrate alone was a superior predictor of tumour recurrence than CD3" cell
infiltrate, and that the addition of CD3" to the prognostic model provided no apparent improvement, it
was decided that further analyses would concentrate on CD8" cells alone. Furthermore, the strong
correlation between CD8" infiltrate at the invasive margin and tumour centre suggested that the use of

TMAs cores taken from the tumour centre was likely to acceptable for purposes of quantification.

Variable HR (95% Cl) P Cindex AIC

Model 1. CD8"* cell density only (920 cases, 225 events)

0.90
CD8* cell density (log2 transformed) 0.011 0.549 2975.5
(0.83-0.98)

Model 2. CD3* cell density only (920 cases, 225 events)

0.92
CD3* cell density (log2 transformed) 0.17 0.531 2980.1
(0.83-1.03)
Model 3. CD8* and CD3* cell density (920 cases, 225 events)
) 0.90
CD8* cell density (log2 transformed) 0.030 0.549 2977.5
(0.81-0.99)
. 1.01
CD3* cell density (log2 transformed) 0.88
(0.88-1.16)

Table 3-6 Preliminary analyses of CD3* and CD8+ cell fraction in the QUASAR2 trial samples. AIC: Akaike’s
Information criterion. P value calculated by Cox proportional hazards model

3.3.2.5. Relationship between CD8+ cell infiltrate and other parameters in QUASAR2 and VICTOR
cohorts
To identify variables to be included in the multivariable models, the association between CD8" cell
infiltrate and other features of the QUASAR2 and VICTOR CRCs was initially assessed by
univariable analyses (Table 3.7). CD8" cell fraction was significantly greater in stage II than stage 111
disease (3.0% positive cells vs 2.2, P=1.5x10” determined by non-parametric Mann-Whitney test), but
not with pT stage (2.4% positive cells vs 2.7, P=0.15, non-parametric Mann-Whitney test).
Furthermore, CD8" was associated with right-sided tumour location (3.1 vs 2.2, P=4.1x10°, Mann-
Whitney test), MMRdJ/POLE mutation (2.4 vs 4.1, P=4.9x10"'2, Mann-Whitney test), lack of
chromosomal instability (CIN) (2.9 vs 2.4, P=1.2x10~, Mann-Whitney test), BRAF mutation (2.4 vs
3.1, P=3.2x10", Mann-Whitney test), and absence of disease recurrence (2.7 vs 2.0, P=7.3x107, log
rank test) and death (2.7 vs 2.0, P=3.2x107, log rank test). There was no significant association with

age, sex, or KRAS mutation observed (Table 3.7).
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1825
1826 Median CD8* cell
No. fraction, % (IGR) P
Total 1804 2.5(0.01-38.5) -
Age (years)
<65 902 2.6 (1.1-5.2) 0.06
265 902 2.4 (1.1-4.8)
Sex
Male 1083 2.5(1.1-4.9) 0.43
Female 721 2.6 (1.1-5.2)
Disease stage
I 708 3.0 (1.3-5.4) 1.5x10°
1 1096 2.2(1.0-4.7)
Primary tumour stage
pT1-3 1239 2.4 (1.1-4.9) 0.15
pT4 552 2.7 (1.2-5.4)
Unknown 13 2.6 (0.9-3.9_
Location
Right 730 3.1(1.3-6.0) 4.1x10°
Left 972 2.2 (1.0-4.6)
Unknown 102 2.5(0.9-4.8)
MMR & POLE status*
MMRp & POLE wild-type 1412 2.4 (1.0-4.7) 4.9x10712
MMRd or POLE-mutant 230 4.1(1.9-7.8)
Unknown 162 2.6 (1.2-6.0)
Chromosomal instability
CIN low 550 2.9 (1.3-5.4) 1.2x 103
CIN high 1049 2.4 (1.0-4.8)
Unknown 205 2.8 (1.2-6.0)
KRAS
Wild-type 1074 2.5 (1.1-4.9) 0.70
Mutant 521 2.5 (1.1-5.0)
Unknown 209 2.6 (1.2-6.0)
BRAF
Wild-type 1412 2.4 (1.1-4.8) 3.2x10°3
Mutant 194 3.1(1.5-5.9)
Unknown 198 3.1(1.2-6.1)
CRC recurrence
No 1369 2.7 7.3x10%
Yes 435 2.0
Death
No 1454 2.7 3.2x103Y
Yes 350 2.0

Table 3-7. Relationship between clinicopathological/molecular characteristics and tumour CD8+ cell
density in the combined QUASAR2 and VICTOR trial population. IQR: interquartile range. pT : primary
tumour stage. POLE-mutant: pathogenic POLE mutation. MMR: mismatch repair MMR-p: mismatch repair
proficient. MMR-d: mismatch repair deficient. KRAS-mutant: KRAS mutation at codons 12, 13 or 6. BRAF-mutant:
BRAF hotspot V600E mutation * P value determined by non-parametric Mann-Whitney test. "Determined by log-
rank test.
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Given the complex interrelationship of these factors, I further examined this by multiple linear
regression. This revealed that only tumour location (Effect = -0.25, P=7.2x10~*) and MMRJ/POLE
(0.52, P=3x10*) mutation status were statistically significant predictors of CD8" cell infiltrate (Table

3.8).

Linear Regression Results

Effect

(95% ClI) P
. -0-11
Age (continuous) (-0-27 - 0-04) 015
Sex
Male 0-0 (ref) -
0-04
Female (-0-13-0-21) 0-63
Location
Left 0-0 (ref) -
-0-25
i . -3
Right (-0-43 - -0-07) 7-2x10
Stage
1] 0-0 (ref) -
-0-17
I (-0-34-0-00) 00>
Primary tumour
pT1-3 0-0 (ref) -
0-00
PT4 (-0-18 - 0-18) 0.98
BRAF mutation
Wild-type 0-0 (ref)
0-0
Mutant (-0-29 - 0-27) 0-97
MMR & POLE status
MMR-P & POLE
wild-type 0-0 (ref) -
MMR-D or POLE- 0-52
-4
mutant (0-25-0-81) 3x10
Chromosomal instability
CIN low 0-0 (ref) -
. -0-05
CIN high (0:24-0.14) 059

Table 3-8. Multiple linear regression analysis of the relationship between clinicopathological/molecular
characteristics and CD8* cell density in the combined QUASAR2 and VICTOR trial samples. POLE-mutant:
pathogenic POLE mutation. MMRd: mismatch repair deficieny. MMRp: mismatch repair proficient. CIN:
chromosomal instability. CRC: colorectal cancer. BRAF-mutant: BRAF hotspot V600E mutation.
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3.3.3.Missing Data Imputation

Missing data is an important consideration when analysing large cohorts as it can have a substantial
impact on conclusions drawn [244, 246]. Of the 1804, QUASAR?2 and VICTOR cases used for the
final multivariable analyses, data were missing for covariables of tumour location in 102 cases (5.7%),
primary tumour stage in 13 cases (0.7%), KRAS mutation in 209 cases (11.6%), BRAF mutation in 198
cases (11.0%), MMRdA/POLE mutation in 162 cases (9.0%) and CIN in 205 cases (11.4%). Before
deciding a strategy to handle these missing data it was important to determine the missing data pattern.
Logistic regression analysis of the missing data using completely observed variables as covariates was
consistent with a pattern of MAR. MAR implies that any systematic differences between the missing
values and the observed values can be explained by differences in the observed data. This is in contrast
to a pattern of missing not at random (MNAR), which suggests that there are systematic differences

between the observed and missing values [247].

The MAR pattern of missing data in QUASAR2 and VICTOR cohorts meant that it was feasible to
impute the missing covariate data using multiple imputation by chained equations with predicted mean
matching,[248] using the MICE package in R.[245]. This method was chosen because it is able
impute missing variables of different data types (continuous, categorical, oridinal or binary) [249].
Furthermore, it has been suggested that it is the most appropriate imputation methodology for datasets
with missing data at a similar frequencies to those observed in this study [248]. A considerable
advantage of using multiple imputation, as opposed to exclusion of incomplete cases, is that it
prevents loss of statistical precision and power [247]. The multiple imputation models included all
available covariates, event status, and the Nelson-Aalen estimate of the hazard function.[249] For the

final multivariable models, imputed datasets were pooled using the Hmisc package in R.

3.3.4.CDS8" cell infiltrate and clinical outcome
The relationship between CD8" cell fraction and clinical outcome was next analysed by Cox
regression in univariable and multivariable models. The use of multivariable models enables

delineation of whether the prognostic association of CD8" cell infiltrate in CRC is independent of
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other variables known to be significantly associated with clinical outcome, CD8" cell infiltrate or both.
As such, the co-variables included in the multivariable models were those that have previously been
shown to be associated with prognosis in CRC, or those which I had shown to be associated with
CDS8" cell fraction (Table 3.7). Increasing CD8" cell fraction was associated with a significantly longer
TTR in univariable analyses (HR=0.90 for each two-fold increase (ie per doubling in CDS fraction);
P=1.7x10"). In keeping with previous research, univariable analyses showed both MMRd and POLE
mutations were also significantly associated with an improved TTR [90, 95] (HR= 0.68, 95% CI=0.49-
0.94, P=0.022), and CIN status with a worse TTR (HR=1.37, 95% CI=1.10-1.71, P=0.0051) (Table

3.9) [227].

To build the final multivariable models, the parameters included were either clinical variables of
known prognostic significance (age, sex, disease stage, pT4 primary stage and MMRd/POLE) or those
demonstrated to be significantly associated with CD8" cell infiltrate (BRAF and tumour location)
(Table 3.7). Interestingly, in the multivariable model, the association between TTR and CIN status, or
TTR and MMRdJ/POLE mutations did not remain statistically significant. However, CD8" cell density
did continue to be significantly associated with TTR (HR=0.92; 95% CI=0.87-0.97, P=3.6x10")
(Table 3.9 Figure 3.4A). Similarly, CD8" cell infiltrate was significantly associated with overall
survival in both univariable and multivariable models (HR=0.91; 95%CI =0.86-0.98, P=3.2x10 and
HR=0-93; 95% CI=0-87-0-99, P=0-024 respectively) (Table 3.9; Figure 3.4B). This translated to
estimated probabilities of being CRC recurrence-free at 3-years of 76.3% (95% CI=73.4 — 79.4) and
83.8% (95% CI= 81.4 — 86.3) for tumours with CD8" cell density at the 10™ and 90™ percentiles

respectively.

To allow for comparison with the previously published “Immunoscore”, patients were dichotomised
according to a median CD8" cell density cut point and the association with both TTR and OS
analysed. The results were plotted as Kaplan Meier curves and compared by the log-rank test. CD8"
cell high tumours (greater than the median density) compared with CD8" cell low (less than the

median density) were associated with a significantly reduced risk of recurrence (HR =0.71, 95%
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1887  CI=0.59-0.87, P=7.2 x10™) (Figure 3.4C) and improved overall survival (HR =0.71; 95% CI=0.57—
1888  0.88, P=1.6 x10”) (Figure 3.4D). These results were comparable to previously published

1889  Immunoscore based analyses of clinical trials. In 600 patients from the NCTG N0147, CD8" high
1890  tumours were at a reduced risk of recurrence (HR = 0.64; 95%CI=0.45-0.92, P=0.015) [144] and

1891  similarly in 1,322 patients from the IDEA trial (HR = 0.65; 95%CI=0.52-0.81, P=0.0001) [225].
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1892 Figure .3-4. The association between CD8"* cell infiltrate and clinical outcome in the VICTOR and

1893 QUASAR?2 trials. (A). Multivariable adjusted hazard ratio for risk of recurrence and CD8+ cell density in

1894  QUASAR?2 and VICTOR (B). Multivariable adjusted hazard ratio for risk of death and CD8+ cell density in
1895 QUASAR?2 and VICTOR (C). Kaplan Meier curves showing risk of recurrence with patient cohort divided at a
1896  median cut point. (D). Kaplan Meier curves showing overall survival with patient cohort divided at a median cut
1897  point. Reproduced from Glaire et al 2019 [1]
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1898
1899
1900
1901
1902
1903
1904
1905
1906
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1908

1909
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Age (continuous)

Sex
Male
Female
Location
Left
Right
Stage

Primary tumour

pT1-3
pT4

BRAF mutation
Wild-type

Mutant

MMR & POLE
status
MMRd & POLE
wild-type
MMRd or POLE-
mutant

1804

1083

721

972

730

708

1096

1239

552

1412

194

1412

230

TTR

events

435

281

154

167

167

115

320

248

191

325

55

357

40

0os

events

350

222

128

172

158

91

259

186

158

250

52

272

42

Univariable analysis

Time to recurrence

HR
(95% Cl1)

1.01
(1.00-1.02)

1.0 (ref)
0.83
(0.68-1.01)

1.0 (ref)

1.08
(0.93-1.31)

1.0 (ref)

1.89
(1.52-2.40)

1.0 (ref)
1.96
(1.61-2.37)

1.33
(1.00-1.78)

1.0 (ref)

0.68
(0.49-0.94)

P

0.063

0.45

6.4 x 10°

1.0x 101

0.048

0.022

Overall survival

HR
(95% Cl1)

1.03
(1.02-1.04)

1.0 (ref)
0.89
(0.72-1.11)

1.0 (ref)

0.77
(0.62-0.96)

1.0 (ref)

1.85
(1.45-2.35)

1.0 (ref)
2.12
(1.70-2.61)

1.68
(1.25-2.27)

1.0 (ref)

1.00
(0.73-1.39)

P

6.2x10°

0.31

0.019

5.6 x 107

1.1x10%

6.5x10*

0.98

Multivariable analysis

Time to recurrence

HR
(95% Cl1)

1.00
(0.99-1.01)

1.0 (ref)
0.83
(0.68 - 1.02)

1.0 (ref)
1.05

(0.85-1.31)
1.0 (ref)

1.96
(1.57 —2.44)

1.0 (ref)
2.14
(1.76 — 2.60)

1.0 (ref)

1.59
(1.18-2.17)

1.0 (ref)

0.72
(0.50-1.05)

P

0.43

0.075

0.63

1.34x10°

3.0x 101

2.7x10%

0.090

Overall survival

HR
(95% Ci1)
1.02
(1.01-1.04

1.0 (ref)
0.89
(0.71-1.11)

1.0 (ref)

0.83
(0.65-1.06)

1.0 (ref)
2.03
(1.59 - 2.60)

1.0 (ref)
2.20
(1.77 - 2.74)

1.55
(1.12-2.16)

1.0 (ref)

0.96
(0.65- 1.41)

1.0x10%

0.30

0.13

1.3x10°8

1.3 x1012

8.0x10%

0.85



1910

1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923

1924
1925

1926

1927
1928

1929

1930

Cont’d

Table 3-9. Univariable and multivariable analyses of time to colorectal cancer recurrence and overall survival in pooled VICTOR and QUASAR?2 trial population. pT :
primary tumour stage. POLE-mutant: pathogenic POLE mutation. MMR: DNA mismatch repair MMRp: mismatch repair proficient. MMRd: mismatch repair deficient. KRAS-
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Chromosomal
instability
CIN low

CIN high

Bevacizumab
treatment

No

Yes

CD8* cell density
(continuous, log2
transformed)

TTR
No.
events
550 110
1049 278
1222 279
582 156
1804 435

0os

events

88

214

223

127

350

Univariable analysis

Time to recurrence

HR

P
(95% Cl1)

1.0 (ref) -
1.37
(1.10-1.71)

0.0051

1.0 (ref) -

131
(1.03-1.67)

0.027

0.90
(0.85-10.95)

1.7 x10*

Overall survival

HR

P
(95% Cl1)

1.0 (ref) -
1.27
(0.99-1.62)

0.063

1.0 (ref) -

1.25
(0.96-1.63)

0.095

0.91
(0.86—-0.98)

3.2x10°3

Multivariable analysis

Time to recurrence

HR

P
(95% Cl1)

1.0 (ref) -
1.17
(0.93 -1.49)

1.0 (ref) -

1.28
(1.00- 1.62)

0.047

0.92
(0.87-0.97)

3.6x10%

mutant: KRAS mutation at codons 12, 13 or 61. BRAF-mutant: BRAF hotspot V600E mutation. Reproduced from Glaire et al [1]
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Overall survival

HR
(95% Ci1)

1.0 (ref) -
1.21
(0.94-1.58)

1.0 (ref) -
1.23
(0.95 - 1.60)

0.93
(0.87-0.99)

0.024
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1932
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1938
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1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956
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3.3.5.Prognostic association of CD8" cell infiltrate according to tumour and nodal risk strata
Whilst previous research has shown that there is a prognostic association between increased T cell
infiltrate and clinical outcome, it has not been fully investigated whether this relationship holds true
across all CRCs or whether it varies according to molecular and clinicopathological features [12,
148]. One particular advantage of using a large experimental trial cohort with detailed annotations is
the capacity to investigate this. As such, I next investigated whether the association between the CD8"
cell infiltrate and clinical outcome was consistent across this group of 1,804 stage II/II1 CRCs. In
univariable analysis, CD8" cell density was significantly associated with CRC recurrence irrespective
of patient age (<70 vs. >70 years), sex, tumour location (right vs. left sided), KRAS and BRAF
mutation status. Whilst the association was not statistically significant in MMR-D/POLE-mutant or
CIN-low subgroups, the hazard ratios were similar to those in MMR-P/POLE-wild-type and CIN-high

subgroups respectively. This was likely due to the low numbers of tumours in those subgroups.

Univariable and multivariable analyses did show that there was a notable difference in this association
between pT1-3 and pT4 tumours (multivariable-adjusted HR=0.96, 95% CI1=0.89—1.04, P=0.35; and
HR=0.87, 95% CI=0.80-0.95, P=1.9 x 107 respectively), and, between node negative and node
positive tumours (HR=0.94, 95% CI=0.84—-1.06, P=0.31; and HR=0.91, 95% CI=0.85-0.97, P=5.0
x107 respectively). To further analyse this variation, tumours were grouped according their risk of
recurrence. From the multivariable model (Table 3.9), pT4 and node positivity carried a similarly
reduced TTR. Furthermore, analysis of recurrence probability showed that pT1-3, pN1-2 and
pT4,pNO tumours were at a similar risk of disease recurrence. Visualisation of the recurrence risk by
Kaplan Meier curves suggested three distinct subgroups (Figure 3.5). As such, tumours were grouped
into three risk strata: low risk (pT1-3, NO), intermediate risk (pT4, pNO or pT1-3, pN1-2) and high

risk (pT4, pN1-2).
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Figure 3-5. Kaplan Meier curve showing the probability of recurrence
according to primary tumour and nodal stage in QUASAR2 and VICTOR
cohorts. Reproduced from Glaire et al [1]

The association between CD8" cell infiltrate and clinical outcome was examined across these groups.
Interestingly, it revealed that the association was practically absent in low-risk tumours (HR=1.03,
95% CI=0.87-1.21, P=0.75), modest in intermediate-risk cases (HR=0.92, 95% CI=0.86—1.00,
P=0.046), and strongest in high-risk cases (HR=0.87, 95% CI=0.79-0.97, P=9.4x107). However,
formal interaction testing between risk strata and recurrence probability was not statistically
significant result using a two-sided alpha of 0.05 (Piteraction=0.090) (Figure 3.6, Table 3.10). A
similar variation was found for the relationship between CD8" cell infiltrate and OS: low-risk tumours
(HR=1.04, 95% CI=0.87-1.24, P=0.69), intermediate-risk cases (HR=0.94, 95% CI=0.86—1.03,
P=0.22), and high-risk cases (HR=0.88, 95% CI=0.79-0.98, P=0.022), with a borderline significant P
value for interaction (Pteraction=0.056). The consequence of this variation is further highlighted by
examining the absolute CRC recurrence risk at 3 years in each risk strata. In the low-risk group,

tumours with a weak and intense T-cell response (defined as a CD8" cell density at the 25" or 75™
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1970  centiles) had 3 year recurrence free probabilities of 90.2% (95% CI 87.8-92.7%) and 90.1% (95% CI
1971  87.7-92.71%) respectively. In comparison, in the high-risk strata tumours corresponding tumours had
1972 3 year recurrence free probabilities of 58.3% (95% CI=52.8-64.4%) and 68.6% (95% CI=63.1—

1973  74.6%) (Table 3.10; Figure 3.7).

1974
8
O Low risk
32 6 Intermediate
g risk
o High risk
I
ie]
2
3 4 P =0.090
% interaction™ " *
P
Q
Q
8
IS
2 2
=
=
1 T T L
0.5
-10 -8 -6 -4 -2
Log(2) CD8*cell density
Figure 3-6. Multivariable adjusted hazard ratio showing association of CD8+ cell
infiltrate and recurrence risk divided into low risk (pT1-3), intermediate risk
(pT1-3 & pN1-2, pT4 & pNO0) and high risk (pT4 & pN1-2). Reproduced from Glaire
et al 2019 [1]
1975
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Table 3-10. Estimated probabilities of colorectal cancer recurrence and overall survival according to

cancer

tumour risk strata and CD8+ cell density dichotomized at sample median in the pooled QUASAR2 and
VICTOR trial population Glaire et al 2019 [1]

No.

Time to recurrence

Low risk 453
(pT3, NO)
Intermediate risk
(pT4, NO or
pT1-3,N1/2)

High risk 303
(pT4,N1/2)
Overall survival

1035

Low risk 453
(pT3, NO)
Intermediate risk
(pT4, NO or
pT1-3,N1/2)

High risk 303
(pT4,N1/2)

1035

No.

event:

60

242

132

52

177

120

Multivariable analysis

Predicted proportion event free at 3 Univariable analysis
s years
25" centile CD8" | 75™ centile CD8" HR P PINTERACTION HR
cell density cell density 95% CI) 95% CI)
(95% CI) (95% CI)
0.90 0.90 1.02 0.85 0.072 1.03
(0.88-0.93) (0.88-0.93) (0.86-1.20) (0.87-1.21)
0.79 0.82 0.91 0.016 0.92
(0.76 - 0.82) (0.80—-0.85) (0.85-0.98) (0.86-1.0)
0.58 0.69 0.86 4.7x10° 0.87
(0.53-0.64) (0.63-0.75) (0.78-0.96) (0.79-0.97)
0.95 0.95 1.03 0.72 0.051 1.04
(0.94-0.97) (0.93 -0.96) (0.87-1.23) (0.87-1.24)
0.89 0.90 0.94 0.20 0.94
(0.87-0.91) (0.88-0.92) (0.86-1.03) (0.86-1.03)
0.75 0.82 0.88 0.017 0.88
(0.71-0.80) (0.78 - 0.86) (0.79-0.97) (0.79-0.98)
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=
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0.046

9.4x10°

0.69

0.22

0.022

Figure 3-7. 3 year recurrence free probability according to risk strata: low

risk (pT1-3), intermediate risk (pT1-3 & pN1-2, pT4 & pNO) and high risk (pT4

& pN1-2). Reproduced from Glaire et al 2019 [1]

PINTERACTION

0.090

0.056
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1983  To again facilitate comparisons with previous publications, patients were dichotomised according a
1984  median cut point and the recurrence probability analysed. In the low risk group there was no

1985  significant difference in the risk of recurrence between CRCs with high CD8" infiltrate vs low (HR =
1986 1.03, 95%CI = 0.54-1.72, P=0.91). In contrast, and consistent with the previous results, similar
1987  analysis of the intermediate and high risk groups revealed statistically significant differences (HR =
1988  0.69, 95%CI=0.51-0.93, P=0.014 and HR = 0.59, 95%CI = 0.39-0.89, P=0.011 respectively)

1989  (Figure 3.9; Table 3.11).

1990

1991 Table 3-11. Estimated probabilities of colorectal cancer recurrence and overall survival according to
1992 tumour risk strata and CD8+ cell density dichotomized at sample median in the pooled QUASAR2 and
1993 VICTOR trial population

Intermediate risk

Low risk High risk
All cases (pT4, NO or
(pT3,N0) pT1-3, N172) (pT4,N1/2)
Time point
(years) CD8'lo % CDS" hi % CDS8" o % CDS8' hi % CDS8" o % CD8"hi % CD8'1o % CD8"hi %
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
CRC recurrence-free probability
3 76.5 84 86.9 89.6 79.0 85.7 552 67.4
(73.7-79.4) (81.6-86.6) (82.2-91.8) (85.8-93.6) (75.5-82.7) (82.6-89.0) (47.9-63.7) (59.7-76.1)
5 70.1 79.8 85.6 86.9 71.6 80.7 45.7 63.8
- (67.0-73.4) (77.0-82.7) (80.0-90.8) (82.4-91.5) (67.6-75.8) (77.1-84.5) (38.2-54.6) (55.8-72.9)
Overall survival probability
3 86.4 89.9 95.0 95.0 88.4 90.6 74.0 82.6
(84.0-90.0) (88.0-91.9) (93.4-96.8) (93.2-96.8) (86.2-90.7) (88.7-92.5) (68.5-79.8) (78.0-87.5)
5 75.8 81.8 90.8 90.6 78.9 82.6 559 69.2
- (72.3-79.5) (78.8-84.8) (87.8-93.8) (87.5-93.7) (75.5-82.4) (79.7-85.6) (48.7-64.1) (62.3-76.8)
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Figure 3-8. Kaplan Meier curve showing probability of recurrence according CD8+ infiltrate high or low
and by tumour risk strata. Reproduced from Glaire et al 2019 [1]

3.3.6.Prognostic implication of BRAF mutation and genomic status on clinical outcome in the
combined QUASAR?2 and VICTOR population
To understand the impact of BRAF mutation on clinical outcome in stage II/III CRC patients in the
VICTOR/QUASAR?2 cohort, patients were stratified into four groups according to hypermutation
status (MMR-D or POLE mutant) and BRAF mutational status. Examination of the Kaplan Meier
curves showed that BRAF mutant, non-hypermutated CRCs had considerable worse time to
recurrence and overall survival compared to BRAF wild-type, non-hypermutated CRCs (Figures 3.9
and 3.10). In comparison, there was no evidence of reduced time to recurrence or overall survival fo
BRAF wild-type, hypermutated CRCs and BRAF mutant, hypermutated CRCs. Furthermore, in
multiple linear regression model BRAF mutational status did not affect the positive effect of
hypermutation on CD8" cell infiltration (Table 3.12). Taken together these results confirm the

established finding that BRAF mutation may is a negative prognostic factor in non-hypermutated

hi

T
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(predominantly MMR-P) CRCS. In contrast, BRAF mutation in hypermutated (predominantly MMR-

D) CRCs does not influence CD8" cell infiltration, nor clinical outcome.

1.001
o T T L A
2  0.751
=
[
Qo
[}
o
[0
2 0507
3 p < 0.0001
c
[}
=
=}
3
& 0.257
+Non-hypermutated/ BRAF Mut
+Hypermutated/ BRAF WT
0.001
0 2 4 6 8
Years
Number at risk
Non-hypermutated/ BRAF Mutq 104 72 52 3
Hypermutated/ BRAF WTq 126 104 84 16 0
0 2 4 6 8
Years

Figure 3-9 Kaplan Meier curve showing the probability of recurrence
according to combined hypermutation (MMR-D or POLE mutation) and
BRAF mutation status in QUASAR2 and VICTOR cohorts. P value
calculated by log-rank test
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Figure 3-10. Kaplan Meier curve showing overall survival probability
according to combined hypermutation (MMR-D or POLE mutation) and
BRAF mutation status in QUASAR2 and VICTOR cohorts. P value
calculated by log-rank test
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Table 3-12. Multiple linear regression analysis of the relationship between clinicopathological/molecular
characteristics and CD8+ cell density in the combined QUASAR2 and VICTOR trial samples. POLE-
mutant: pathogenic POLE mutation. MMRd: mismatch repair deficieny. MMRp: mismatch repair proficient. CIN:
chromosomal instability. CRC: colorectal cancer. KRAS-mutant: KRAS mutation at codons 12, 13 or 6. BRAF-
mutant: BRAF hotspot V600E mutation. Effect, or beta-coefficient, represents the effect independent variables
have on the dependent variable (in this case, CD8" cell density).

Linear Regression Results

Effect p
(95% CI)
. -0-11
Age (continuous) (-0-27 - 0-04) 0:15
Sex
Male 0:0 (ref) -
0-04
Female (-013-0-21) 063
Location
Left 0:-0 (ref) -
. -0-25 3
Right (:0-43 —-007) 7-2x10
Stage
1] 0:0 (ref) -
-0-17
1 (-0:34-0:00) 00>
Primary tumour
pT1-3 0:0 (ref) -
0-00
pT4 (-0-18 - 0-18) 0.98
MMR & POLE status
MMR-P & POLE wild-type and
BRAF wild-type 0-0 (ref)
MMR-P & POLE wild-type and -0.064 071
BRAF mutant (-0.41-0.29) '
MMR-D or POLE-mutant and 0.46 83x 102
BRAF wild-type (0.12-0.80)
MMR-D or POLE-mutant and 0:59 335103
BRAF mutant (0-20-0-98)
Chromosomal instability
CIN low 0:-0 (ref) -
. -0-05
CIN high (-024-0.14) 0-59
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3.3.7.External validation of results

Given the novelty of this finding, it was essential to validate these results in an external, independent
cohort. Unfortunately, there were no publicly available datasets that have quantified CD8" cell
infiltrate in CRC by IHC. Instead, external validation was carried out on alternative, publicly
available sources. As an alternative to CD8" cell quantification by IHC, data series were sought out
that had performed quantification of CD84 expression, which is expressed by CD8 T cells [250] and
increasing expression levels of which have been previously associated with outcome in CRC [218].
Datasets were identified either through search of the NCBI GEO database, or were those that are well
known (such as TCGA). To be included, the datasets had to have gene expression data for CD8A,
detailed tumour and nodal staging, and clinical outcome information. In total, the validation set
included 1375 patients with stage II/III CRC tumours from seven independent series (Table 3.13).
Expression of CD8A was performed by either RNAseq or expression microarrays. Gene expression
data from log2 transformed, if not already done, and Z-score normalised within each series prior to

pooling.

Table 3-13. Details of the seven publicly available independent series included in the external validation
cohort

Gene expression

Cohort N'.Of patients quantification MMR. status Cancer stage Cohort Type Reference
included available
methodology
GSE103479 152 Expression Yes I & 11T Non-trial [251]
profiling by array
Expression
GSE12945 42 profiling by array Yes I-1v Non-trial [252]
(Affymetrix)
Expression
GSE33113 90 profiling by array No 11 Non-trial [253]
(Affymetrix)
Expression
GSE39582 440 profiling by array Yes I-1v Non-trial [254]
(Affymetrix)
Expression
GSE41258 96 profiling by array No -1V Non-trial [255]
(Affymetrix)
Expression
Oslo 257 profiling by array Yes II-111 Non-trial [256]
(Affymetrix)
TCGA 298 RNA sequencing Yes [-vI Non-trial 87]

(Illumina)
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Consistent with previous studies [218] and in keeping with analysis of QUASAR2 and VICTOR,
increasing tumour CD8A expression was significantly associated with an improved TTR in
multivariable analysis (HR for each 2-fold increase= 0.86, 95%CI= 0.76—0.97, P=0.018). Analysis of
the association between tumour and nodal status and CRC recurrence revealed similar separation of

cases into three risk strata as seen in the combined QUASAR2/VICTOR series (Figure 3.11)

I next examined whether the strength of the association between CD8A expression and tumour
recurrence displayed similar variation across risk strata as in the discovery cohorts. Concordant with
results from the VICTOR AND QUASAR?2 trial cases, the strength of this association varied between
low, intermediate and high-risk pT/N strata (HR=0.99, 95% CI=0.81-1.24, P=1.0 vs. HR=0.83, 95%
CI=0.69-0.99, P=0.034 vs. HR=0.77, 95% CI=0.51-1.16, P=0.21 respectively; Pinteraction =0.048)
(Figure 3.12). Again, this was reflected in substantial differences in 3 year recurrence risk. In the low
risk groups, tumours at the 25" and 75" centiles had a probability of being recurrence free at 3 years
of 85.5% (95% CI 82.3-89.7) and 86.0% (95% CI 82.4-89.7) respectively. In the intermediate group,
the corresponding probabilities were 68.7% (95% CI 63.4-74.5) and 74.7%(95% 10.0-79.6) and in the

high risk group 40.7% (95% CI 30.4-54.4) and 56.8% (95% 47.3-68.3).
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Figure 3-11.. Kaplan Meier curve showing the probability of
recurrence according to primary tumour and nodal stage in
the external validation cohort. Reproduced from Glaire et al
2019 [1]
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Figure 3-12 Multivariable adjusted hazard ratio showing association
of CD8A expression and recurrence risk divided into low risk (pT1-3),
intermediate risk (pT1-3 & pN1-2, pT4 & pNO0) and high risk (pT4 &
pN1-2) in the external validation cohort. Reproduced from Glaire et al
2019 [1]

83



2059
2060

2061

2062

2063

2064

2065

2066

2067

2068

2069

2070

2071

2072

2073

2074

2075

2076

2077

2078

2079

2080

2081

2082

2083

2084

2085

2086

The association between tumour-infiltrating CD8+ lymphocytes and clinical outcome in stage 1I/111 colorectal
cancer

3.3.8.Work planned but not completed due to COVID-19 pandemic

3.3.8.1. Multispectral immunoprofiling of QUASAR?2 and SCOT trial cohorts

The data presented above show the important association between CD8" cytotoxic T cells and clinical
outcome in early-stage CRC. Furthermore, these data show that IHC quantification of CD3" and CD8"
T cell populations may aid in the prognostication of CRC patients. However, IHC quantification of
single markers is limited by the data that it can capture. In particular, it is not possible to quantify
multiple immune populations in a single tumour section, and as such there is no opportunity to
analyse the relationship between different cell types beyond those identified by a small number of
markers. To this end, I wanted to conduct a more comprehensive analysis of the immune
microenvironment in early-stage CRC. I intended to achieve this using a multi-spectral,
immunofluorescence panel. This would be done using samples from the QUASAR?2 trial (detailed
above) and the SCOT trial. The SCOT trial was a phase III randomised, non-inferiority, trial
comparing 6 months versus 3 months of combined oxaliplatin and fluoropyrimidine adjuvant
chemotherapy for high-risk stage II/IIl CRC patients who had undergone curative resection [257]. The
results of this trial showed the 3 months of adjuvant chemotherapy was not inferior to 6 months, but
did result in reduced toxicity events and improved quality of life. The final pooled study population
for the multispectral immune analysis includes ~4800 SCOT patients and ~1200 QUASAR?2 patients,

and similar to the work described above, utilises FFPE TMA slides.

At the time of writing, all slides for both cohorts have been stained and scanned, and are under
analysis in collaboration with the group of Viktor Koelzer (University of Zurich). For most cases,
triplicate tumour core samples (ie 3 tumour regions, including the tumour centre and invasive margin)
have been stained and are under evaluation, however for a subset of SCOT trial patients, eight tumour
cores (ie 8 regions) will be analysed. Details of the immune panel are listed in Table 3.14, and a
representative image shown in Figure 3.13. To date, I have worked with the Translational
Histopathology Laboratory at the University of Oxford to develop and optimise the staining panel and

methodology. Having achieved this, I have also collaborated with the University of Glasgow to

84



2087

2088

2089

2090

2091
2092

2093
2094
2095

2096

2097

2098

2099

2100

2101

2102

2103

2104

2105

2106

The association between tumour-infiltrating CD8+ lymphocytes and clinical outcome in stage 1I/111 colorectal
cancer

organise samples for staining, and with the Kolzer laboratory, University of Zurich to begin
developing an analytical pipeline. All tissue staining has now been completed, and image analysis is

underway.

Figure 3-13.Representative imagex showing 7-plex co-immunofluorescence staining. These are example
images of the analysis of QUASARZ2 and SCOT trial samples that have been stained using the multispectral,
immunofluorescence panel detailed in Table 3.12

3.3.8.2. Analysis of MMR status of SCOT trial cohort
To complement the analysis above, TMAs cores from the SCOT trial have also been stained for
MMR protein (MLH1, PSM2, MSH2, MSH6) expression by immunohistochemistry and analysis will

be conducted by the group of Viktor Koelzer.

Unfortunately, both projects have been delayed by the COVID-19 pandemic, meaning that completion
has not been possible. I had aimed to completed part of this project, and particular areas that were of
relevance to my work so far are:

e Confirmation of the variation in the prognostic association of CD8" according to tumour and

nodal status in the SCOT trial cohort
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e The prognostic association of the quantities of other immune cell types in stage II/III CRC:
namely T-helper and B-cell
e Preliminary analysis of the spatial interaction between immune cell subtypes, which may will

give some insight into immune cell dynamics in the tumour microenvironment

Other analyses that were planned, but not to be performed by me included:
e Estimation of the heterogeneity of the immune cell infiltrate in stage II/III CRCs
e Estimation of the heterogeneity of MMR protein loss in stage II/IIl CRC and how this

correlates with immune cell infiltrate

Table 3-14. Details markers being using for multispectral, immunofluorescence immunoprofiling project
of ~5000 cancers from QUASAR2 and SCOT trial

Marker Description Refs.

Marker for CTLs, which have been shown to strongly correlate with
CD8 improved outcomes in CRC by the work above and numerous other
studies

[1, 143, 147, 149,
153]

Defines T-helper cells, which are essential co-ordinators of the
CD4 adaptive immune response. Associated with improved outcomes in [150-154]
diverse range of cancers

Defines Treg cells, which regulate other adaptive immune cells and are [161, 163, 258-

FoxP3 associated with improved outcomes 260]

B-cell marker; predominantly involved in humoral immunity but also
CD20 contribute to antigen presentation. Role in CRC remains relatively [158, 261]
under studied

Pan-macrophage marker. Association with clinical outcome varies

CD68 according the exact subset of macrophages examined

[117-119, 121-123]

. Marker of epithelial cells within the tumour. Will allow for localisation
Cytokeratin o -
of cells to epithelial or stroma
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3.4. Discussion

3.4.1.CD8" cell infiltrate and clinical outcome in early-stage CRC

Current prognostication strategies are insufficient to capture the substantial variation in clinical
outcome that is observed in early-stage CRC [49]. There is an urgent need for biomarkers to improve
CRC patient stratification, and identify those most at risk of disease recurrence despite optimal
treatment. Previous work has demonstrated the potential of immune based biomarkers, and in
particular this has focused on quantification of tumour infiltrate T-cell populations. This clinical
translation of this work has been limited by the use of non-experimental cohorts and a failure to adjust
for key molecular factors of known prognostic significance [262]. In addition, the use of forced
dichotomisation [148] for analysis presents a number of problems, including loss of important

information and reduced sensitivity of a prognostic marker [235].

In this chapter, intratumoral CD8" cell infiltrate was quantified by IHC in1804 clinical trial patients
with stage II/III CRC. Consistent with previous published research [147, 148, 153], this study showed
that increasing CD8" cell infiltrate was associated with an improved time to recurrence and overall
survival in stage II/III CRC. In contrast to previous work, I preformed these analyses with CD8" cell
infiltrate as a continuous variable. My results suggest this is a valid approach, which provides
pertinent prognostic information: every doubling in CD8" fraction was associated with a significantly
reduced recurrence risk (HR=0.90, 95% CI=0.85-0.95). Furthermore, the relationship between CD8"
cell infiltrate and clinical outcome remained significant in multivariable models after adjustment for
molecular variables. Importantly, these variables included MMR, POLE mutation and CIN status.
These three forms of genomic instability have all been associated with clinical outcome in CRC, and
differential tumour immune response. MMR status is routinely used in clinical work as a biomarker of
improved prognosis [49, 95] and a predictive marker for novel immunotherapies [52]; whilst,
experimental data has shown that POLE mutation [90] and CIN status [227] have been associated
with improved and worse outcomes respectively. It was particularly interesting that the prognostic

association between MMR status and clinical outcome was not significant in the full multivariable
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models. Whilst most previous studies have not adjusted for MMRd, the latest Immunoscore
publication (which had not been published at the time of completing this work) did include this as part
of the multivariable model [148]. Results in this study showed that MMRA status remained
significantly associated with TTR in multivariable analysis (HR = 0.63, 95%CI (0.44-0.90)). The
discordance in findings could possibly be explained by the use of a clinical trial cohort in my work,

and that I was able to adjust for other key molecular variables such as BRAF and KRAS mutations.

Interestingly, and not previously reported, the association between CD8+ cell infiltrate and clinical
outcome was not uniform across all CRCs. The relationship appears to be weakest in low-risk CRCs
(defined as pT1-3 and pNO), stronger in intermediate (pT1-3 and pN1-2; pT4 and pNO0) and strongest
in high-risk CRCs (pT4 and pN1-2). These novel findings were validated using an external,
independent cohort. These results have important implications for the utilisation of CD8" cell
infiltrate as a prognostic biomarker. It would suggest that quantification of CD8" cell infiltrate is of
greatest utility in cancers defined at high risk by TNM staging, the current mainstay of
prognostication. Patients who have high-risk cancers, and low CD8" cell infiltrate, may prove to be
ideal candidates for novel therapies that boost anti-tumour immunity, such as cancer vaccines or

CAR-T therapy.

3.4.2.Strengths

There are several strengths of this work compared to previous publications. Firstly, this work used an
experimental cohort formed with patients from two large clinical trials. In addition to providing
detailed clinicopathological annotations and carefully curated outcome data, it also minimises the risk
of bias [226]. Additionally, my work involved a large number of patients (1,804), approaching the
size of the largest Immunoscore study to date (2,681 patients) and larger than other studies which
have examined Immunoscore in clinical trials (600 and 1,322 patients from the NCTG N0147 and
IDEA trials respectively) [144, 225] Secondly, this work has shown the association between CD8"
and clinical outcome remains significant after adjustment for MMR, POLE mutation and CIN status.

The fact that the association of CD8" infiltrate with clinical outcome is independent of these
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molecular variables further strengthens the case for its use as a prognostic biomarker. At time of
embarking on this study, there were few previous works that had adjusted for genetic and molecular
confounding variables when assessing the association between T-cell infiltrate and clinical outcome.
The latest iteration of Immunoscore was published while the manuscript reporting this work was
under review, and involved validation on 2,681 patients (700 training set, 636 internal validation set
and 978 external validation set) [148]. Results showed that the Immunoscore was strongly associated
with time to recurrence, overall survival and disease-free survival; this relationship remained
significant after adjustment for MMR status [148]. However, in contrast to my work, this study did
not include multivariable adjustment for other key genetic and molecular variables in addition to
MMR deficiency, such as POLE mutations, CIN, KRAS and BRAF mutations. Thirdly, analysing the
relationship between clinical outcome and CD8" cell infiltrate as a continuous variable avoided
pitfalls of dichotomisation, which has been an approach commonly used in previous research efforts
[148]. Fourthly, the novel finding of the variability of CD8" cell infiltrate across CRCs was confirmed

using an entirely independent, external validation set.

3.4.3.Limitations

There are limitations to this work. For logistic reasons, only tumour cores were stained and quantified.
Future work should on assessing immune infiltrate across whole tumour sections, with particular
attention paid to the role of immune cell infiltrate at the invasive margin compared with the tumour
centre would be of benefit. It would seem that HRs from the dichotomised CD8" Hi vs Lo
comparisons are inferior to the whole tumour section tumour analysis in the largest Immunoscore
study (HR 0.56, 95%CI 0.49-0.71 compared with HR =0.71, 95% CI1=0.59-0.87, P=7.2 x10™ reported
in my work) [148]. However, my results are comparable to studies assessing Immunscore in clinical
trial patients (HR = 0.64; 95%CI=0.45-0.92, P=0.015 [144] and HR = 0.65; 95%CI1=0.52-0.81,
P=0.0001 [225]). The reason for this discrepancy could be the contribution of hidden cofounders,
which are more prevalent in non-trial cohorts. In addition, it was not possible to assess the
intratumoural heterogeneity of the T-cell infiltrate. Additionally, in this work, total CD8" (and CD3")

cell infiltrate was determined by IHC and automated quantification. This quantification methodology
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did not allow for localisation of the immune cells to the stromal or epithelial compartment. Previous
work has suggested that the exact localisation of T-cells is important in determining their use as
predictive and prognostic markers in CRC. It was shown in stage II CRC that high levels of
intraepithelial CD8" cells confer a favourable prognosis, whilst high levels of intrastromal CD3"
predicted benefit from immunotherapy treatment [263]. The prognostic utility of intraepithelial
immune infiltrate compared with intrastromal has been observed in endometrial cancer too. Analysis
of PORTEC -1 and -2 trials showed that intraepithelial CD8" cells were strongly associated with
outcome, whereas it appears that intrastromal immune infiltrate had no prognostic value [264]. The
capacity to assess intraepithelial vs intrastromal TILs will be essential in refining CD8" as a

prognostic biomarker, and is currently being analysed.

3.4.4.Future work

Work currently ongoing is seeking to undertake a more in depth immunoprofiling of two large clinical
trials (QUASAR?2 and SCOT) using multiplex immunofluorescence and machine learning based
quantification. This work will provide an important opportunity to validate the findings in this study,
and in particular confirm the variance in prognostic association seen across CRCs. Furthermore, it
will be important to understand the relationship between other immune cell populations of interest and
clinical outcome. Additionally, this study will not only be able to assess absolute immune cell
infiltrate quantities, but also analyse the spatial relationship within the tumour and with other immune

cell populations.

In summary, in this study of a large, experimental cohort of stage II/III CRCs it was shown that
increasing CDS8" cell infiltrate, analysed as a continuous variable, is independently associated with
improved clinical outcome. Importantly, this relationship is not a constant across all CRCs and
appears to vary according to tumour and nodal status. These findings will have significant
implications in the implementation of CD8" cell infiltrate as a prognostic biomarker, and may provide

important insights into the role of the adaptive immune response in CRC.
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4. The consequences of DNA mismatch repair deficiency in
colorectal cancer and endometrial cancer

4.1. Introduction

As discussed in the Introduction, cancers typically arise due to genetic and epigenetic aberrations that
collectively lead to unchecked cell proliferation, and loss of normal homeostatic mechanisms [9]. In
both CRC and EC, a substantial fraction of tumours acquire such mutations as a result of genomic
instability caused by failure of one, or more, safeguards that prevent DNA damage and/or correct it
should it arise [76]. The most frequent such safeguard, and an important actiological factor in CRC

and EC development, is loss of DNA mismatch repair.

4.1.1.The DNA Mismatch Repair System

The DNA mismatch repair system is critical for maintaining genomic integrity during genomic
duplication [93]. A highly evolutionary conserved system, it is responsible for correcting insertion
deletion loops (IDLs) and base-base pair mismatches that are introduced during genomic replication.
Loss of MMR function, MMRd, results in a mutator phenotype, and a failure to repair errors caused
by slippage of DNA polymerases at repetitive DNA microsatellites — a phenomenon referred to as
MSI. Microsatellites are repeated sequences of 1-6 base pairs repeated throughout the human genome;
they account for around 3% of the human genome [265]. These sites are particularly vulnerable to
mutations due to DNA polymerase slippage during replication. The terms MSI and MMRd do not
describe the same thing, but there is a considerable amount of overlap between them and they are

often used interchangeably.

MMRd may result from germline mutations in MMR genes in the familial cancer condition Lynch
syndrome, or as result of somatic alterations, most commonly epigenetic silencing of the MLH1
promoter, but also due to biallelic somatic mutations of MMR genes. MMRd is found in 15-20% of

CRCs and 20-30% of EC [94]. Its clinical relevance will be discussed below.
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Much of our understanding of the MMR system comes from the study of E. coli, in which the process
is driven by two homodimers. MutS and MutL are responsible for correcting errors produced by the
proofreading proficient DNA polymerase III [93, 266]. In eukaryotic cells, the situation is more
complex (Figure 4.1). Replication errors are introduced not just by one DNA polymerase, but rather
three different Family B DNA polymerases [267]. In humans, several MMR proteins have been
discovered based on their similarity to the E. coli counterparts. Whilst MutS and MutL are
homodimers in E. coli, the human equivalents are heterodimers [93]. hMutSea is formed from hMSH2
and hMSH3, and is the principal component responsible for recognising and initiating repair of DNA
mismatches [268-270]. It predominantly recognises single base-base and indel mismatches [271].
hMutSa contains two active ATPase sites, and binding with ATP and the DNA mismatch causes it to
conformationally change [272-275]. This allows it to form a clamp like structure capable of moving
along the DNA strand, and interacting with the protein PCNA (proliferating cell nuclear antigen)
[276]. PCNA acts as a matchmaker and in turn recruits hMutLe, a heterodimer of MLH1 and PMS2
[277]. In an ATP dependent manner, hMutLa then nicks the nascent DNA strand, which allows for
excision driven by EXO1 [278]. The DNA strand is repaired with DNA synthesised by polymerases &
or 6 and the break closed by DNA ligase [279]. Variations on the canonical MMR pathway also
contribute to correcting DNA replication errors. hMutSg is composed of MSH2 and MSH3, and
participates in repairing larger indel mismatches [280]. Additionally, there exists hMutLa
homologues that are comprised of either MLH1 and MLH2, or MLH1 and MLH3. It is worth noting
that the mutator phenotype induced by loss of MLH1, MSH2, MSH6 or PMS?2 is far more severe than
that associated with MSH3, MLH2 and MLH3 defects [93]. As such, the exact contribution of the
latter three proteins is not as well understood. MMR loss results in a 100-1000 fold increase in

mutation burden [281, 282], and in most cases, MSI as discussed above.
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Figure 4-1. Diagrammatic representation of the MMR system in eukaryotic cells. The MMR system is
responsbile to correcting base-base mismatches, and insert-deletion loops that are introduced during genomic
replication. Loss of the MMR system results in a mutator phenotype and genomic instability known as

microsatellite instability (MSI). MMR: Mismatch Repair Figure reproduced from [6]

2280



2281

2282

2283

2284

2285

2286

2287

2288

2289

2290

2291

2292

2293

2294

2295

2296

2297

2298

2299

2300

The consequences of DNA mismatch repair deficiency in colorectal cancer and endometrial cancer

4.1.2.Mismatch Repair Deficiency in Endometrial and Colorectal cancer
Mismatch repair deficiency is a hallmark of several different cancers, including CRC, EC, gastric and
ovarian [283]. As discussed above, it can arise either due to inherited germline DNA defects or from

alterations that are incurred somatically.

4.1.2.1. Lynch Syndrome

Lynch syndrome (LS) is the most common hereditary cause of CRC and overall, one of the most
common familial cancer syndromes [284]. It is an inherited disease of mismatch repair dysfunction,
and sufferers are at increased risk of developing one or more of a spectrum of cancers [25]. Most
commonly these are colorectal and endometrial, but gastric and ovarian cancers are also associated
[284]. LS is an autosomal dominant disease in which sufferers inherit a defective allele of one of the
four main MMR genes: MLH1, MSH2, MSH6 and PMS?2 [285-288]. Additionally, germline mutations
of the EPCAM gene can lead to epigenetic silencing of MSH?2 [289]. Associated cancers, which
typically, but not universally exhibit MSI (cases due to MSH6 defects less commonly display this),
arise following somatic loss of the second MMR allele. Overall, LS has an incidence of 1:1000 in the
general population and accounts for 2.5% of all CRCs [290-292]. LS results in a lifetime risk for
developing CRC of 60-70% in men and 30-40% for women, who also have a 40-80% risk of
developing EC [293]. The exact phenotype exhibited by individual patients varies, and is dependent

on the underlying genetic alterations (Table 4.1) [284].
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2301 Table 4-1. Genetic alterations of Lynch Syndrome and the associated phenotype. The exact phenotype
2302 exhibited by LS sufferers depends on the underlying genetic abnormality. Reproduced from [284]

Genetic Defect Phenotype Refs.

Heterozygous MLH1 mutation Predominance for CRC development; non-colon
[293, 294]
cancers less frequent than with MSH2 defect

Heterozygous MSH2 mutation Higher frequency of extracolonic cancers [269, 293, 294]
Heterozygous MSH6 mutation Overall, lower cancer risk than MLH1 and MISH2

[293]
carriers. High frequency of endometrial cancers

Heterozygous PMS2 mutation Excess of colonic polyps, but lower frequency of
[295, 296]
cancer development
Heterozygous EPCAM mutation Results in silencing of MSH2 expression.
[289]
Associated lower risk of extracolonic cancers
Monoallelic MLH1 epimutation Similar phenotype to MLH1 mutation. MLH1
epimutations can be inherited, but most arise de [297]
novo
Biallelic mutation in any of the four = Results in Constitutional Mismatch Repair
MMR genes Deficiency (CMMR-D) Syndrome: characterised by [298, 299]

very early onset paediatric cancers
2303
2304 A number of preventative strategies have been recommended for LS patients, including daily aspirin
2305  chemoprophylaxis and colonoscopy screening every two years [27]. Prophylactic hysterectomy and
2306  bilateral salpingo-oopherectomy may be advised for women who are past child bearing age [300].
2307
2308  4.1.2.2. Sporadic Mismatch Repair Deficiency
2309  Mismatch repair deficient colorectal and endometrial cancers can also arise due to somatic alterations
2310  [301]. Most commonly this is biallelic hypermethylation in the MLHI promoter region, which leads to
2311  epigenetic gene silencing [298, 302]. In CRC, but not EC, this is commonly associated with BRAF
2312 V600E hotspot mutation [303]. Whilst overall 15-20% of all CRCs are MMRd, the prevalence varies

2313 by stage: 20% in stage II disease, 12% stage III and relatively rare in stage IV (4%) [304]. Sporadic
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MMRd CRCs tend to be proximally located, poorly differentiated and more commonly exhibit

mucinous morphology [301].

Approximately 20-30% of ECs are MMRd, and 75% of these are of somatic aetiology. Similar to
CRC, MMRd EC are most commonly found to be of mucinous histology [304]. Unlike CRC, there is
not a similar association with BRAF mutations. Rather, high frequencies of truncating PTEN,

PIK3CA, ARID1A4 and RPL22 mutations are observed [67].

4.1.3.Mismatch repair deficiency and the tumour immune microenvironment

A key component of the anti-cancer immune response is T-cell recognition of specific tumour
antigens [171, 305, 306]. During the process of malignant transformation, cells acquire TAAs [171].
These can be either due to genomic mutations, which cause the formation of novel peptides that are
processed into neoantigens [307], or epigenetic alterations that cause aberrant expression of antigens
normally only present during embryonic development [174, 308]. Expression of neoantigens results in
the recruitment of tumour-specific adaptive immune cells, namely T and B cells. These are primed to
recognise TAAs in draining lymph nodes, or within the tumour at tertiary lymphoid structures (TLSs)
[309, 310]. Priming of T cells requires dendritic cells, which are activated in response to locally
released proinflammatory cytokines [311]. Dendritic cells present neoantigens via MHC class I (MHC
I) and/or MHC class II (MHC 1I) complex, and predominantly interact with T helper (CD4") cells
[312, 313]. T helper cells in turn activate cytotoxic T cells. Additionally, B lymphocytes differentiate
into plasma cells, capable of antibody production, upon antigen recognition [314, 315] There is also
some evidence that B lymphocytes are able to participate in antigen presentation [316]. The
immunogenicity of a given cancer, and hence the composition of the immune microenvironment, is in
part determined by the tumour’s mutational landscape [171]. It is recognised that a higher tumour
mutational burden (TMB) is associated with an increased number of potential neoantigens [317]. In
CRC, MMRd is associated with a 100-1000 fold increase in the mutation burden [87], This
accumulation of frameshift mutations results in an increased frequency of neoantigens, which induces

a robust antitumour response. Consequently, MMRd CRCs are characterised by high numbers of

96



The consequences of DNA mismatch repair deficiency in colorectal cancer and endometrial cancer

2342 tumour-infiltrating lymphocytes (TILs) [48]. The active tumour immune response is counterbalanced
2343 by immunosuppressive immune checkpoints that include PD-1, PDL1, CTLA4, LAG-3 and

2344  Indoleamine 2,3-dioxygenase-1 (IDO1) [111].

2345

2346  There has been much work demonstrating the association between T lymphocytes and clinical
2347  outcome in cancer. CD8" T cell infiltrate, as well as CD3" and CD45" cell infiltrate, has been

2348  correlated with improved overall survival in cancers of different histology and anatomical site,
2349  including colorectal (see Chapter 3) [1, 146, 153], breast [318, 319], ovarian [320] and gastric [258,
2350  321]. In addition to being a prognostic marker, T lymphocytes may also have a predictive role for
2351  identifying patients who will respond to novel immunotherapies, such as ICIs. In melanoma, it was
2352 shown that response to anti-PD1 therapy was best predicted by CD8" cell infiltrate at the tumour
2353  invasive margin [322, 323]. These results suggest that ICI response is dependent on an

2354  immunologically active tumour microenvironment.

2355
2356 4.1.4.MMR status as a biomarker in cancer treatment

2357  4.1.4.1. Prognostic biomarker

2358  In CRC, MMRd is a well-established marker of improved clinical outcome for early-stage disease:
2359  associated with both a reduced risk of recurrence and an improved overall survival [49]. Gryfe and
2360  colleagues were the first to report this. They demonstrated that MSI CRCs had a lower chance of
2361  metastasising to lymph nodes or distant organs [324]. These findings were later confirmed by
2362  Mouradov and colleagues, who showed that MSI is associated with improved disease-free survival
2363  (DFS) whilst CIN status is independently associated with worse outcomes [325]. In a large meta-
2364  analysis of 2,935 stage II and III CRCs, MSI was associated with a better overall survival (OS)
2365  compared to MSS with hazard ratio (HR) of 0.65 (95% CI, 0.59 — 0.85) [95]. Gustadenghi and
2366  colleagues confirmed this in a more recent meta-analysis of 12,782 patients showing that MSI was
2367  associated with improved OS odds ratio (OR) of 0.6 (95% CI 0.53 -0.69). and disease-free survival

2368  (DFS) (OR =0.58, 95% CI 0.47-0.72) [326]. Whilst MMRA is associated with improved outcomes in
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early-stage CRC, the converse may be true in the metastatic setting [304]. It has been suggested that
this is because metastatic lesions far more commonly harbour BRAF mutations (35% of metastatic
MMRd CRCs, compared with 24% of early stage MMRd CRCs), which have a detrimental effect on

clinical outcome [327].

Despite the fact that MMRA is actually more common in endometrial cancer than in colorectal cancer,
its prognostic value in this disease has received less attention, and there is a lack of data to show
similarly associated improved outcomes. Indeed, studies have suggested that there is either no
prognostic association [328], or possibly that MMRA is associated with a worse clinical outcome

[329], though the small size of most precludes firm conclusions.

4.1.4.2. Predictive biomarker

In addition to use as a prognostic biomarker, MMRd has been proposed as a predictive biomarker for
cytotoxic chemotherapy-based treatments, and is a proven biomarker for novel immunotherapies. It
has been suggested that MSI predicts an absence of benefit from 5-fluorouracil (5-FU); a cytotoxic
chemotherapy agent that works through inhibition of thymidylate synthase [330] and is the backbone
of systemic therapy for CRC. Initially it was shown by Ribic and colleagues that 5-FU adjuvant
chemotherapy was beneficial for stage II/IIl MSS CRCs, but not MSI CRCs [331]. These findings
were initially supported by other studies [332]; however, the largest study to examine this found no
predictive value of MMRA for fluoropyrimidine benefit [333]. In EC, it has been proposed that
MMRd may confer a predisposition to responding to radiotherapy [334], but as of yet it has not been

conclusively shown to predict benefit from chemotherapy agents.

The high mutational burden seen in MMRd, which could potentially induce a potent anti-tumour
response, may account for its well-established utility as a predictive biomarker for immunotherapy.
The advent of ICIs represent a considerable therapeutic advance in the field of oncology [13]. In
particular, these therapies have produced dramatic results in melanoma and non-small cell lung cancer

patients [335, 336], which are two cancers typified by very high mutation rate [78]. Initial trials
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testing ICIs on unselected CRC patient cohorts produced disappointing results [337, 338]. However,
further work that investigated stratifying patients according to tumour MMR status produced notable
results. An initial phase 2 clinical trial was conducted to investigate the efficacy of PD-1 inhibition
(pembrolizumab) on forty-one patients with metastatic, treatment refractory cancers; this included 11
MMRd CRC patients, 21 MMRp CRC patients and 9 MMRd non-CRC patients [208]. The results
showed an objective response rate of 40% in the MMRd CRC and 71% of MMRd non-CRC patients.
There was no evidence of response in MMRp patients [208]. The results of this trial, and others [339-
341] led to the FDA to approve the PD-1 inhibitor for unresectable or metastatic MMRd cancers

regardless of their anatomical site [342].

4.1.5.Rationale for study and aims for this chapter

Mismatch repair deficiency is a well described cause of genomic instability that is common in both
endometrial and colorectal cancers [304]. In CRC, evidence conclusively demonstrates that MMRd
portends an improved prognosis, which is probably at least in part a function of the dense T cell
infiltrate associated with this particular form of genomic instability. However, whilst there is a lack of
studies that have examined prognostic association EC, it would seem that MMRd does not convey the
same survival benefits. I first sought to examine this using high-quality patient cohorts. I next
examined the consequences of MMRd on the immune cell infiltrate in both CRC and EC. By doing it
so, it may be possible to explain why there exists a discordance in the prognostic association in these

two cancer types.

I aimed to first clarify the prognostic association of MMRd in early-stage CRC and EC by conducting
a systematic review and meta-analysis. To explain the discordance in prognostic association, I wanted
to quantify the T-cell infiltrate (given the depth of literature showing their association with prognosis

in cancer) in MMRd CRC and EC tumours using multispectral immunofluorescence quantification on
FFPE samples. Finally, I aimed to confirm and expand upon findings from FFPE tissue using a multi-

omics approach with publicly available TCGA data.
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4.2. Methods

4.2.1.1dentification of studies for meta-analysis

For the meta-analysis, the included studies were found by search PubMed using the terms
“endometrial” OR “colorectal” AND “mismatch repair” OR “microsatellite instability” AND
“prognosis”. Included results were limited to clinical trials published between 2000 and 2021, so as to
ensure consistency of MSI/MMRA classification and a period during which clinical treatment and

patient outcomes remained broadly consistent for both these cancer types.

4.2.2.Multispectral immunofluorescence quantification of T cell infiltrate

T-cell infiltrate in EC and CRCs was quantified using a previously published and validated method; 1
conducted this work at University of Leiden with the group who had developed it [2]. The CRC and
EC cases that underwent analysis were selected based on tissue availability, and no matching
according to stage was attempted. The staining methodology is shown in Figure 4.2. Full face FFPE
tumour sections of 4um were deparaffinised and then underwent antigen retrieval using citrate buffer
solution. The slides were then incubated overnight with primary antibodies for FoxP3 (236A/E7, 1:25,
ThermoFisher Scientific) and CD8 (4B11, 1:50, ThermoFisher Scientific). Subsequently, they were
washed in Tris-buffered Saline (TBS) before incubation for 1 hour with appropriate secondary
fluorophore antibodies (CFF633 goat anti-mouse IgG1, 1:100, Avantar and CF555 goat anti IgG2b,
1:100, Sigma-Aldrich for FoxP3 and CD8 detection respectively). Following further washes in TBS,
the slides were incubated with conjugated antibodies (primary antibody with fluorophore) for CD3
(D7A6E, 1:50, Cell Signalling Technology) and pan-cytokeratin (Pankeratin (C11), 1:50, Cell
Signalling Technology and cytokeratin, AE1/AE3, 1:50, ThermoFisher Scientific) for six hours. The
slides were then washed again, DAPI was applied as a nuclear stain and the slides were mounted

using ProLong Gold (Thermofisher).
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Figure 4-2. T cell infiltrate quantification by multispectral immunofluorescence staining
in full faced FFPE tumour sections. This quantification method has been previously published

and validated [2]. FFPE: formalin fixed, paraffin embedded

FFPE tissue slides undergo
deparaffinisation and antigen
retrieval

Primary Abs for CD8 and
FoxP3 are applied

Secondary, flurophore conju-
gated, Abs are then applied,
which allow for detection of
CD8*and FoxP3* cells

Finally, primary flurophore
conjugated Abs are applied
for CD3* cell detection,
before DAPI is used as a
nuclear stain
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4.2.3.Image acquisition and analysis

Stained tissue slides were scanned using the Vectra Polaris Imagine system (Perkin Elmer). Initially,
the entire tissue area was scanned and then sub regions were selected to be imaged in depth at 40X
magnification. I selected the regions of interest using the Perkin Elmer software; two regions from the
centre of the tumour and one from the invasive margin were chosen. After obtaining full slide scans,
the channels representing fluorophores of stained immune cells were unselected and using images
only showing staining of cytokeration (to allow for identification of epithelial and stromal regions)
were using for region of interest selection. When selecting regions, I was blinded to the genomic
status, i.e. whether they were MMRp or MMRd, Lynch syndrome or sporadic. Following image
capture, quantification was conducted using the same software platform. First, the quantification
software was trained to segment the tumour images into epithelium and stroma by the presence of the
cytokeratin stain. Next, cell segmentation training was done using DAPI as a nuclear marker and an
approach of refinement to define the cell membrane. The following cell populations were defined on
the basis of their marker positivity: FoxP3" T cells (CD3" membrane marker and FoxP3" nuclear
marker), CD8" T cells (CD3" and CD8" positive) and CD3" cell positive T cells. For each image
segment, the following metrics were obtained: total number of cells, number of negative cells and
number of marker positive for each population defined above. Results were presented as cells per
megapixel and from there it was possible to calculate the cell density (cells/mm?). Prior to analysis, all
the images underwent visual inspection to ensure correct tumour areas had been captured and to

remove those with obvious artefact effect that may disturb immune cell quantification.

4.2.4. TCGA analysis

MC3 MAFs containing curated TCGA colorectal (COADREAD) and endometrial (UCEC) cancer
whole exome sequencing (WES) data [212] were downloaded from the NIH Genomic Data Commons
(https://gdc.cancer.gov/about-data/publications/mc3-2017) along with tumor MSI status determined
by testing of microsatellite markers[343, 344]. Germline MMR gene mutations were identified by
analysis of controlled-access BAMs for pathogenic variants[345]. Controlled FASTq files for

RNAseq data were downloaded from the NIH GDC data portal (https://portal.gdc.cancer.gov/) and

102



2477

2478

2479

2480

2481

2482

2483

2484

2485

2486

2487

2488

2489

2490

2491

2492

2493

2494

2495

2496

2497

2498

2499

2500

2501

2502

The consequences of DNA mismatch repair deficiency in colorectal cancer and endometrial cancer

processed by Salmon [211] to obtain relative transcript abundance (Transcripts Per Million — TPM)
for downstream analysis (Methods 2.1.1). Estimates of tumour-infiltrating immune cell populations
and related data were downloaded from the supplementary material of Thorsson et al [346]. To
calculate absolute estimates of immune cell populations, proportional estimates were multiplied by
leucocyte fraction, the latter being an estimate of the total fraction of the bulk tumour due to immune
cells. Methylation data for TCGA cases were downloaded from the NIH GDC. Probes mapping to
MLH1 which were most differentially methylated according to tumor MSI status were identified using

the TCGAbiolinks package [347].

4.2.5.Cell lines

Human endometrial adenocarcinoma cell lines AN3CA, HEC-1A, HEC-108, EFE-184, EN, KLE and
SNG-II cells were a kind gift from Konstantin Dedes (University of Zurich, Switzerland). EN, HEC-
1B, Ishikawa, MFE-296 and NOUI1 cells were shared by Britta Weigelt (previously Cancer Research
UK, Lincoln’s Inn Fields UK). MFE-280 cells were purchased from the European Collection of
Authenticated Cell Cultures. HEC-251 and HEC-59 cells were obtained from the JCRB cell bank. All
cell lines were culture in an atmosphere of 5% CO2 at 37°C. SNG-II and AN3-CA were cultured in
DMEM medium with 10% foetal bovine serum (FBS); EN in DMEM with 20% FBS; MFE-280 and
MFE-296 in 40% RPM1/40% DMEM with 20% FBS; KLE and Ishikawa in DMEM/F12 with 10%
FBS; HEC-1-A and HEC-1-B in MEM with 10% FBS; NOU1, HEC-59 HEC-251 and HEC-108 in
MEM with 15% FBS, and EFE-184 in RPMI with 10% FBS. MSI status was determined by Promega
MSI analysis system and JAK1 mutation by WES done in-house or from by the Cancer Cell Line

Encyclopaedia: https://depmap.org/portal/ccle/

4.2.6.Interferon-gamma stimulation
Cells for interferon-gamma (IFN-y) stimulation were plated at 1x106 cells in 25cm?2 cell culture

flasks, grown to 70-80% confluency, and serum starved for 24 hours before treatment with IFN-y
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(554617, BD Biosciences) at 75ng/ml or equivalent volume of PBS for 16 hours before cell lysis and

protein collection.

4.2.7.Western blotting

Details of Western blot methodology in Methods 2.5

4.2.8.Gene Set Enrichment Analysis

Differential gene set enrichment analysis (GSEA) was preformed using the DESeq package [348].
The input for this package is normalised RNAseq data. GSEA is a three-step process: firstly,
enrichment scores (ES) are calculated, which reflect the degree to a set of genes are overrepresented
at the extremes (either top or bottom) of a ranked list of gene. Secondly, the statistical significance of
the ES is calculated using an empirical, phenotype-based permutation, which preserves the complex
correlations observed in gene expression data; the result is a nominal P value. Finally, the estimated

significance for each set is adjusted for multiple testing [349].

4.2.9.Statistical analyses

The statistical significance of differences between immune cell infiltrates in FFPE samples was
determined using the non-parametric Mann-Witney test, and interaction testing conducted using the
Aligned Rank ANOVA test. Statistical tests were two-sided, and hypothesis testing was performed at
the 5% significance level. The meta-analysis was conducted, and Forest plots generated in R using the
“meta” package. All statistical analyses were performed R, Version 4.0.1 (https://cran.r-project.org),
using packages ‘meta’[350], ‘ggplot2’[351], ‘DESeq2’[348], ‘clusterProfiler’[352],

‘TCGADiolinks’[347], and ‘MAFtools’[353].
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4.3. Results

4.3.1.Mismatch repair deficiency and clinical outcome in colorectal and endometrial cancer

A number of studies, including two meta-analyses [95, 326], have shown that MMRd is associated
with more favourable prognosis in early-stage CRC this. However, only one meta-analysis, published
in 2013 has examined the association between MMRd and prognosis in EC — its conclusion was that
no firm inference could be drawn [328]. Given this paucity of research, I wanted to examine the
prognostic association of MMRd in CRC and EC by systematic review and meta-analysis. To ensure
high-quality data, I restricted the search to clinical trials, which have multiple advantages for
biomarker research when compared to non-trial cohorts. In total, the search strategy identified 13
publications that reported clinical trials pertaining to MMRd/MSI and clinical outcome in CRC [90,
225,229, 325, 333, 354-360] (only 7 of these reported the association between MMRd and OS).
There were four studies that reported the association between MMRd and clinical outcome in EC
[264, 361-363]. Consistent with previous publications, MMRd was associated with a statistically
significantly lower risk of disease recurrence in CRC (HR=0.62; 95% CI=0.51-0.72%; P<le-04)
(Figure 4.3). In contrast, in EC there was no significant association between MMRd and risk of
recurrence (HR=1.15; 95% CI=0.72—1.58%; P=0.23) (Figure 4.2). There was no evidence of
significant heterogeneity in the studies for either CRC nor EC (I* = 35%, 12 = 0.0097, P = 0.09 and I*
=31%, 12 =0.0571, P = 0.23 respectively) Formal testing revealed a statistically significant
interaction between tumour type and the prognostic value of MMRd (Pinteraction = 0.02). Similar
results were demonstrated for OS, which was better for MMRd/MSI cases in CRC (HR=0.70; 95%
CI=0.57-0.83%; P=1.2e-05 ) but not in EC (HR=1.51; 95% CI=0.87-2.16%; P =0.34) (Figure 4.4).
Again, there was no evidence of significant heterogeneity for either included CRC or EC studies (12 =
33%,12=0.0103, P=0.17 and 12 = 50%, 12 = 0.19, P = 0.11 respectively). These results show that
MMRAd is associated with significantly reduced risk of recurrence and improved overall survival in
early-stage CRC, but not in EC, with a statistically significant difference between the two cancer
types. I next wanted to explore whether the divergent association with prognosis could be explained

by differences in the T cell infiltrate of MMRd CRCs and ECs.
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Figure 4-3. Forest plot showing the meta-analysis results for the association between MMRd and risk of
disease recurrence in CRC and EC. MMRd was significantly associated with a reduced risk of disease

recurrence in CRC (HR 0.62 95%CI 0.55-0.69) but not in EC (HR 1.10 95%CI 0.82-1.39). MMRd: mismatch
repair deficient. MMRp: mismatch repair proficient. c. 95%CI: 95% confidence intervals
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Figure 4-4. Forest plot showing the meta-analysis results for the association between MMRd and overall
survival in CRC and EC. MMRd was significantly associated with a reduced risk of disease recurrence in CRC
(HR 0.69 95%CI 0.59-0.79) but not in EC (HR 1.33 95%CI 0.98-1.68). MMRd: mismatch repair deficient. MMRp:
mismatch repair proficient. HR: hazards ratio. 95%CI: 95% confidence intervals

4.3.2.T cell infiltrate in CRC and EC

As shown in the previous Chapter and in multiple other studies, MMRA colorectal cancers display
increased lymphocytic infiltration [48], a feature which is widely thought to explain their better
prognosis. However, whether MMRA has a similar impact on the immune infiltrate in endometrial
cancer has not been conclusively determined. Given the discordant prognosis of MMRd colorectal
and endometrial cancers shown above, I wished to examine this. To do so, as part of a collaboration
between the University of Oxford, University of Manchester and Leiden University, I curated a cohort
of CRCs and ECs of known MMR status, and, in the case of MMRd tumours, known aetiology
(Lynch vs sporadic). The cases were selected based on tissue availability. There was no attempted

matching based on stage of the EC and CRC. ECs are frequently diagnosed at an earlier stage than
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CRC; this may have impacted immune cell quantification in FFPE tissue. Details of the cases used are
provided in Table 4.2. Due to the non-experimental nature of the CRC samples, detailed pathological

annotation was not available.

Table 4-2: Tissue samples used in the IF quantification of immune cells in CRC and EC FFPE Tissue samples

CRC EC
No. % No. %
Total 90 100 177 100
MMR status?
MMRp 33 73.2 69 39.0
MMRd (Sporadic) 33 10.9 51 28.8
MMRd (Lynch Syndrome) 24 15.3 57 32.2
Unknown 0 0 0 0
Disease stage
| 0 0 85 48.0
I 0 0 21 11.9
1 0 0 23 13.0
v 0 0 3 1.7
Unknown 90 100 45 25.4

These cases were analysed by multispectral immunofluorescence staining for immune markers CD3,
CDS8, CD68, FoxP3, the epithelial cell marker pan-cytokeratin (CK) and the nuclear stain DAPI (see
section 4.2.2 details), to permit quantification of immune infiltrate within the intraepithelial and
intrastromal compartments (Figure 4.5, A-C). In keeping with previous literature [90, 111, 364], both
intraepithelial CD3" and CD8" cell infiltrates were significantly greater in MMRd cancers compared
to MMRp cancers for CRC (Figure 4.6A, Table 4.3). This was true for measurements both at the
tumour centre and invasive margin. Similar analysis of endometrial cancers also revealed greater
density of infiltrating CD3" and CD8" cells in MMRd cases of both germline and sporadic cause;
however, the difference was much smaller and not statistically significant. Formal testing for an

MMRd*cancer type interaction confirmed a statistically significant difference for these comparisons
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(CD3" cells tumour centre Pnr= 0.0003 and invasive margin Pt = 0.0003; CD8": cells tumour

centre Pvr= 0.0073 and invasive margin Pr= 0.037; all Pivrderived by Aligned Rank ANOVA).

In CRC, MMRd sporadic cases had significantly greater levels of intraepithelial CD8" and CD3"cell
infiltrate compared to MMRp cases at the both the invasive margin and tumour centre (Table 4.3). In
contrast, Lynch Syndrome MMRd CRCs had significantly greater intraepithelial CD8" and CD3"cell
infiltrate at the tumour centre, but not at the invasive margin (Table 4.3). For EC, neither sporadic nor
Lynch syndrome MMRA cases had statistically significant greater levels of intraepithelial CD8" and
CD3 cell infiltrate compared to MMRp cases in either the tumour centre or invasive margin.
Consistent with previous publications [365], my results showed increased levels of intrastromal and
intraepithelial CD8" cell levels in Lynch syndrome MMRd ECs compared to sporadic MMRd ECs,

which was borderline statistically insignificant (P=0.051).
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A
Tissue Imaging Tissue Segmentation Cell Segmentation Quantification
1.Images of stained slides 2.Tissue segmentation is conduct- 3.Cell segmentation based on 4 All cells are quantified includ-
obtained by the Vectra Polaris ed based on Cytokeratin staining DAPI nuclear stain and mem- ing marker positive and negative
imaging system pattern. Red indicates epithelial brane markers cells
areas, green are stromal areas.
B

MMRd sporadic MMRd LS MMRd sporadic MMRd LS

Colorectal cancer Endometrial cancer

2601
Figure .4-5. Multispectral immunofluorescent quantification of immune cells in FFPE CRC and EC tissue A. Shows the imaging and quantification
methodology used to analyse multispectral IF stained FFPE tumour slides. B. Example images of CRC MMRp, MMRd Sporadic and MMR germline
tumours. C. Example images of CRC MMRp, MMRd Sporadic and MMR germline tumours. C. Example images of EC MMRp, MMRd Sporadic and
MMR germline tumours. MMRp: Mismatch repair proficient. MMRd: mismatch repair deficient. LS: Lynch Syndrome. Pan-CK: pan cytokeratin. DAPI:
4',6-diamidino-2-phenylindole
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Figure 4-6. T-cell infiltrate in CRC and EC MMRp and MMRd tumours quantified by multispectral IF
staining A) Intraepithelial CD3* and CD8" cell infiltrate. B) IntrastromalCD3" and CD8* cell infiltrate. Individual
data points coloured according to whether MMRd was sporadic or Lynch syndrome. P values between MMR
groups for each cancer type determined by non-parametric Mann-Whitney testing and P for interaction by aligned
rank ANOVA, MMRp — mismatch repair proficient; MMRd — mismatch repair deficient. CRC: colorectal cancer.

EC: endometrial cancer

Interestingly, in contrast to the intraepithelial compartment, intrastromal T-cell CD3 and CDS cell

densities were not significantly different when comparing MMRd CRCs vs MMRp ECs, nor for

MMRd ECs vs MMRp ECs (Figure 4.6B, Table 4.3).
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2615
2616
Colorectal Cancer Endometrial cancer
P P
P P PINTERACTION
(PMMR  (pMMR P
con':"aa':‘t‘:;ent MMRp MMRd sporadic MMRd LS (MMMNTF:’ d"s (MMRp vs (MMMJ: d"s MMRp SMO'\:';’?C dMMR LS vs vs (PMMRvs (c::'\c/le'\r/IR
P p) MMRd LS) al) P dMMR = dMMR = dMMR all) thatus)
sP) Ls)
Centre tumour
CD3+ 1105 738.6 837.0 74.1 168.5 144.9
intraepithelial (202-2461)  (189.9-1099.1) = (270.1-1380.5) = >>/¢0° 0.017 1.2e-04 (44.1-177.8) (61.2-245.2) (52.8-380.0) 0.50 0.32 0.39 4.3e-04
CD8+ 61.8 218.1 243.9 55.6 61.5 135.1
intraepithelial (12.4-190.6) (125.1-586.8) (113.1-665.2) 0.015 0.029 8.8e-03 (29.1-115.6) | (15.5-158.9) | (59.4-348.6) 0.98 0.059 0.41 7:3e-03
FOXP3+ 203 41.0 18.4 13.7 15.5 215
intraepithelial (10.2-73.9) (34.7-54.8) (9.9-88.9) 0.27 0.97 0.53 (3.4-31.2) (2.2-44.2) (13.0-43.9) 0.89 0.12 0.52 0.69
508.7 566.0
571.4 926.7 826.2 488.8
CD3+ intrastromal 1.8-:03 0.80 0.10 (330.9- (214.1- 0.61 0.87 0.83 0.01
(309.3-782.3) | (418.4-1229.1) = (127.1-1013.0) (213.5-782.7) 1051.2) 11414)
A 176.6 3417 287.4 112.4 116.0 206.6
CD8+intrastromal 0/ c457)  (208.0-1473.5) (252.7-529.3) 0.08 0.20 0.14 (49.5-230.8) (21.7-2442) | (95.8-801.2) 0.83 0.15 0.48 0.73
FOXP3+ 181.4 283.5 169.2 46.8 425 87.6
intrastromal (77.0-487.8) (139.6-393.4) (116.1-288.4) 0.75 0.96 0.86 (30.3-102.7) | (16.9-170.5) | (21.7-244.2) 0.63 0.68 0.90 0.95
Invasive margin
CD3+ 95.6 1114.3 4487 373 44.9 93.4
1.0e-03 0.12 3.3e-03 0.94 0.48 0.78 3.1e-04
intraepithelial (19.3-373.9) | (366.0-3185.6) = (221.0-1205.3) N ¢ (15.2-146.2) | (21.3-168.5) | (14.8-240.9) €
CD8+ 56.3 515.0 150.3 36.4 91.9 89.
intraepithelial (10.0-172.3) (297.6-556.0) (32.0-257.0) 4.6e-03 0.70 0.02 (17.9-122.5) | (25.1-154.7) | (48.3-217.5) 0.16 0.26 0.20 0.037
FOXP3+ 2238 322 295.0 14.7 6.1 11.1
intraepithelial (6.9-53.1) (7.2-51.7) (41.7-599.0) 10 0.036 0.25 (2.9-39.2) (2.8-41.4) (3.33-19.5) 0.56 0.49 0.51 0.03
A 546.0 1143.1 614.2 246.4 160.3 497.2
CD3+intrastromal 1313 1595) | (573.7-23977) | (69.1-1231.1) 0.018 0.69 0.43 (113.9-656.4) = (87.4-431.2)  (21.0-1488.8) 0.86 0.62 0.93 0.073
A 140.3 4495 358.4 262.1 300.2 254.8
CD8+intrastromal )4 »71.0) (140.7-721.9) (59.6-1092.0) 032 0.89 0.64 (33.5-446.6) | (119.1-563.9)  (36.6-816.9) 031 0.48 055 035
FOXP3+ 174.4 164.8 476.6 455 9.4 60.8
intrastromal (62.0-407.6) (35.2-288.1) (253.0 - 541.8) 0.47 0.078 0.52 (33.9-180.2) (0.0-63.9) (7.2-180.4) 0.06 0.64 0.15 0.22
2617

2618 Table 4-3. Tumour infiltrating lymphocyte density by marker and compartment according to cancer type and MMR status. Values shown are sample medians with
2619 interquartile rangers (IQR) in parentheses. P values calculated by non-parametric Mann-Whitney U Test. Test for interaction were performed by aligned rank ANOVA. MMRp:
2620  Mismatch repair proficient. MMRd: Mismatch repair deficient
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There was no significant difference seen in FoxP3" cell infiltrate between MMRd and MMRp cancers
in either EC or CRC. This was true for all comparisons for intrastromal and intraepithelial, and for

tumour centre and for invasive margin (Figure 4.7, Table 4.3).

These results suggest that MMRA has significantly different consequences for the T cell based
immune response in these two cancer types. These findings have not been reported previously, and
may provide some explanation as to why MMR status does not have the same significant association
with prognosis in EC that it does in CRC. I wanted to confirm these findings, and explore possible

explanations for it.

Intraepithelial Intrastromal

Center of tumor: FoxP3+* Invasive Margin: FoxP3* Center of tumor: FoxP3* Invasive Margin: FoxP3*

P=0.9 2202

] ’7
T

pPMMR dMMR pMMR dMMR __ pMMR dMMR _pMMR dMMR _ pMMR dMMR _pMMR dMMR __ pMMR _dMMR _ pMMR dMMR

Log2(cells/mm?)

— CRC — — EC — — CRC — —EC — — CRC — — EC — — CRC — — EC —
@ CRC dMMR Lynch syndrome EC dMMR Lynch syndrome
CRC dMMR sporadic @ EC dMMR sporadic

Figure 4-7. Intrastromal and intraepithelial FoxP3* cell infiltrate in CRC and EC MMRp and MMRd tumours;
quantified by multispectral IF staining. P values between MMR groups for each cancer type determined by non-
parametric Mann-Whitney testing and P for interaction by Aligned Rank ANOVA. MMRp — mismatch repair proficient;
MMRd — mismatch repair deficient. CRC: colorectal cancer. EC: endometrial cancer
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4.3.3.Validation in TCGA series

The Cancer Genome Atlas was a large US-based collaborative initiative to perform molecular
profiling of multiple cancer types, with results reported in a series of landmark publications [67, 87].
For colorectal and endometrial cancers, TCGA studied 633 and 560 cases respectively, using a
combination of whole exome sequencing (WES), RNAseq, methylation array, SNP array and reverse
phase protein array (RPPA). Following the landmark publications for both of these cancers data
continued to be updated and are publicly downloadable for research purposes. While comprehensive,
the TCGA datasets do not include in sifu immunohistochemical or immunofluorescence-based
immune cell quantification as used in the previous section. However, an alternative method to
estimate infiltrating leukocytes is the determination of cell populations from bulk RNAseq data.
Several methods have been published which perform this, one of the most widely-used of which is
CIBERSORT [366]. Using input matrix of reference gene expression signatures, CIBERSORT
generates estimates of the relative proportion of cells of interest. CIBERSORT analyses had
previously been conducted on CRC and EC samples from TCGA and published by Thorsson and
colleagues in a pan-cancer immune study [346]. To classify the TCGA cancers according to MMR
status I used tumour microsatellite stability, as this is widely accepted as a surrogate for MMR loss

(with exception of some endometrial cancers with germline MSH6 defects).

Analysis of immune cell proportions estimated by CIBERSORT according to cancer types and MMR
status was consistent with the above results. Comparison of selected immune cell populations,
immune checkpoint expression and IFN-y pathway activation are represented by the heatmap in
Figure 4.8. MSI CRC and ECs both had statistically significantly greater proportions of total
lymphocytes, CD8" T cells and activated CD4" cells compared to their MSS counterparts; however,
the magnitude of increase was far larger in CRC, again with statistically significant interactions
between MMR status and cancer type evident (Pint=0.002 and Pinr=0.005 respectively; Figure 4.9).
In addition to a greater enrichment of T cell infiltrate in MSI CRCs compared with ECs, M1

macrophages showed a greater upregulation in CRC than in EC. This result was notable given the
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known association of M1 macrophages with a Type 1 inflammatory response driven by interferon

gamma (IFN-y) signalling pathway [116].
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Figure 4-8. Heatmap showing relative tumour proportion of tumour-infiltrating immune cells,
IFNy response score and expression of immune checkpoints. The cancer type, MMR status and
immune subgroup (C1-C6). MSI: microsatellite unstable. MSS: microsatellite stable. CRC: colorectal
cancer EC: endometrial cancer. NK cells: Natural Killer cells. The right column graphically represents
the Log10 transformed P value for comparisons of CRC MSS Vs MSI (red), EC MSS. Vs MSI (blue)
(both determined by Mann-Whitney U Test) and PinteracTion Value (green) (aligned rank ANOVA test).
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Figure 4-9. Immune cell infiltrate in TCGA CRC and EC cancers determined by CIBERSORT processing of
bulk RNAseq data. P values between MMR groups for each cancer type determined by non-parametric Mann-
Whitney testing and P for interaction by Aligned Rank ANOVA. CRC: colorectal cancer. EC: endometrial cancer.
MSS: microsatellite stable. MSI: microsatellite unstable. NK cells: natural Killer cells

4.3.3.1. Immune checkpoint expression

It has previously been documented that the active immune microenvironment observed in CRC is
counterbalanced by an upregulation of inhibitory signalling molecules, such as PD-1, PD-L1, CTLA4,
LAG3 and IDO-1 [111]. This corresponds to the favourable response of MMRd CRCs to immune
checkpoint inhibition therapy. As anticipated the immune checkpoints PDCDI (PD1), CD274
(PDL1), CTLA4, HAVCR2, LAG3, TIGIT and VSIR were all substantially and significantly
upregulated in in MSI CRCs. Interestingly, similar comparison in EC revealed a more mixed picture;
with significantly upregulated markers (CTLA-4, PD-1, LAG3 and TI/GIT) showing less marked

upregulation in MSI cases when compared to CRC, and some markers either (PD-L1, HAVCR2 and

VSIR) showing borderline significant or non-significant differences between groups. This variation
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2679  between the two cancers was reflected in statistically significant interaction tests for all immune

2680  checkpoints examined (Figure 4.10).
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2682 Figure 4-10. Immune checkpoint expression in TCGA CRC and EC RNAseq data. P values between MMR
2683 groups for each cancer type determined by non-parametric Mann-Whitney testing and P for interaction by

2684  Aligned Rank ANOVA. LAG3: Lymphocyte Activation Gene 3. VSIR: V-set Inmunoregulatory Receptor. TIGIT: T-
2685 cell Immunoreceptor with Immunoglobulin and ITIM domain. HAVCR2: Hepatitis A Virus Cellular Receptor 2

2686

2687

117



2688

2689

2690

2691

2692

2693

2694

2695

2696

2697

2698

2699

2700

2701

2702

2703

2704

2705

The consequences of DNA mismatch repair deficiency in colorectal cancer and endometrial cancer

4.3.3.2. Gene set enrichment analysis

Both IF analysis of FFPE tumours, and analyses of TCGA RNAseq suggest that the consequences of
MMR loss on the T cell immune infiltrate differs significantly between CRC and EC. Next, I wanted
to explore the consequences of MMR deficiency on cellular processes in the two cancers. Using an
agnostic, hypothesis free approach, gene set enrichment analysis (GSEA) was conducted on RNAseq
data specifically looking to identify dysregulated pathways in MSI tumours compared with MSS in
both CRC and EC. Strikingly, while the gene sets examined included all biological processes curated
in the MSigDB database all of the top ten most dysregulated gene sets in CRC MSI tumours were
immune related (Figure 4.11). Of these, five were directly related to IFN-y signalling — a process of
critical importance to the antitumour immune response —, whilst a further three were related to a cell
mediated immune response. In contrast, none of the most significantly upregulated pathways in EC
MSI tumours were related to immune response but rather involved basic cellular metabolic processes.
Indeed, it was noticeable that four pathways related to interferon alpha (IFN-a@) response and type 1
interferon signalling were significantly downregulated. The top 30 up- and downregulated gene sets
for CRC and EC MSI Vs MSS GSEAs are shown in Appendix 7.1. These results support that MMR
deficiency is associated with an active immune microenvironment in CRC, but not in EC. And

furthermore, the immune response in MSI CRC is driven by IFN-y signalling.
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Figure 4-11. Gene set enrichment analysis results comparing CRC MSI cancers with CRC MSS cancers, and
EC MSI cancers with EC MSS cancers. Notably, in CRC MSI cancers a number of the upregulated pathways
are related to IFN-y signalling.. CRC: Colorectal cancer. EC: endometrial cancer. MSS: microsatellite stable.
MSI: microsatellite unstable

4.3.3.3. Mutational landscape in MMRd CRC and EC

As discussed previously, a substantial body of previous work indicates that the immune
microenvironment in cancers is at least partly determined by a tumour’s underlying mutational
landscape. A higher mutational burden leads to increased frequency of neoantigens that may stimulate
an adaptive immune response, and this believed to explain the high levels of TILs seen in MMRd
CRCs [92]. Given the above results, I next sought to analyse whether the differences in the adaptive
immune response seen between CRC and EC could be explained by differences in their mutational
landscape. As expected MSI CRCs had a greater overall number of mutations, as well as indel
mutations and SNV mutations specifically, than MSS CRCs (P<2.2¢-16 for all three). Similar
comparison in EC also revealed greater tumour mutational burden (TMB), SNV and indel mutations
in MSI tumours, however the magnitude of these increases was considerably smaller, with significant

interactions evident for each (Figure 4.12).
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Figure 4-12. The total non-silent mutation rate, indel neoantigens and SNV neoantigens for TCGA CRC
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and EC MSS and MSI cancer. P value for comparisons within cancers generated by non-parametric Mann-
Whitney testing and P for interaction by Aligned Rank ANOVA. CRC: colorectal cancer. EC: endometrial
cancer. MSS: microsatellite stable. MSI: microsatellite unstable. SNV: single nucleotide variants

As noted previously, the most common cause of sporadic MMRd among cancers of the colorectum

and endometrium is MLHI loss due to promoter hypermethylation. I next wanted to explore whether

this difference in mutational burden was possibly due to different levels of MLH1 promoter

methylation and consequently gene expression between MSI CRC and EC. As expected, the MLH1

promoter was more methylated, and gene expression lower, in MSI cancers of both types (Figure

4.13A,B). However, MLH1 expression levels were actually higher in the MSI CRCs vs MSI ECs, and

MLH1 promoter methylation relatively less. These data suggest that differences in MLHI expression

levels are not the explanation for the discordance in SNV and indel mutation burden seen between

MSI CRC and EC.
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Figure 4-13. MLH1 methylation and expression A. MLH1 promoter methylation in TCGA CRC and EC MSS
and MSI cancers B. MLH1 expression in TCGA CRC and EC MSS and MSI cancers. CRC: colorectal cancer.
EC: endometrial cancer. MSS: microsatellite stable. MSI: microsatellite unstable

4.3.4.Immune escape mutations

Increased mutational load typically results in an increase of neoantigens capable of stimulating an
adaptative antitumour immune response [92]. However, cancers may acquire mutations that disrupt
antigen presentation and consequently reduce immunogenicity. Collectively, these are known as
immune escape mutations. For example, previous work has shown that Beta-2-microglobulin (B2M)
mutations are enriched in MMRd CRCs. B2M is the light chain component of MHC Class I and as
such is integral in this antigen presentation pathway; loss of function mutations in B2M consequently
lead to reduced antigen presentation [183]. I wanted to explore whether immune escape mutation

frequency could explain the differential immune response between CRC and EC.

A curated list of candidate immune escape mutations was obtained from the publication by Grasso
and colleagues, who had analysed 1,211 CRCs [183], and mutation data for CRCs and ECs obtained
from TCGA MC3 MAFs. These MC3 MAFs files were produced from a seven mutation caller
pipeline that was designed with the intention to unify results across the TCGA cancer sets and

reduced artefact risk [212]. Comparison of MSI CRC vs MSI EC showed an enrichment of loss of
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function mutations (defined as truncating or frameshift mutations) in genes involved in antigen
presentation, namely: HLA-B, B2M, NLRC5 and TAP2 (P=0.01 to P=2.3¢-06, Fisher exact test)
(Figure 4.14). The enrichment for this type of immune escape mutation possibly reflects selection
pressure exerted by the tumour immune response. Interestingly, in MSI ECs, these genes were less
commonly mutated, with analysis instead demonstrating enrichment of JAK1 and RPL22 loss of
function mutations (mutational frequencies of 23.8% versus 4.2% of cases P=3.0e-04; 31.9% versus
8% of cases P=0.02 respectively for MSI EC vs MSI CRC; P values calculated by Fisher exact test).
It was not possible to tell this whether the JAK1 mutations were bi-allelic from the MAF data. This
would require copy number analysis and estimation of tumour purity. However, data from COSMIC
and CCLE showed that JAK1 p.K860Nfs*16 in EC are most commonly heterozygous. The observed
enrichment for RPL22 mutations in MSI ECs is consistent with previous publications [67, 367].
RPL22, Ribosomal Protein L22, is a component of the 60S ribosomal subunit that is capable of RNA
binding. In mice models, heterozygous RPL22 loss leads to accelerated T-cell lymphomagenesis
[368]. In human CRC, RPL22 loss is associated with increased expression of the highly homologous
paralog, RPL22L1. In turn, increased RPL22L1 is associated with poor prognosis and 5-FU resistance.
Interestingly, in cell line models induction of RPL22L1 was found to found to increase O6-
methyguanine-DNA-methyltransferase (MGMT) and decreased expression of MLH1 [369]. Previous
publications have confirmed the high frequency RPL22 mutations in ECs, and suggested no
association with stage, grade or clinical outcome [370]. Its role in immune escape is currently
undefined, although loss of other ribosomal subunits has been shown to alter MHC class I peptide
generation [368]. Interestingly, the majority of JAK1 mutations were a recurrent frameshift at codon
860 (p.K860NTs*16), the site of a DNA homopolymer run, potentially explaining its mutation
frequency. JAK1 (Janus-Kinase 1) is a critical component of the JAK-STAT signalling pathway,
responsible for mediating cellular responses to more than 50 cytokines and growth factors [369]. In
particular, JAK1 is involved in cellular responses to IFN-y signalling [370]. Given the absence of
IFN-y pathway enrichment seen in MSI ECs compared with MSI CRCs (Figure 4.8 above), the

enrichment for JAK 1 mutations in this tumour subgroup was of particular interest.
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2779 Figure 4-14. The frequency and type of immune evasion associated mutations in TCGA MSI CRC and EC.
2780 P values for comparison of mutation frequency between cancer types obtained using Fisher's exact test. CRC:
2781 Colorectal cancer. EC: endometrial cancer
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4.3.5.JAK1 LOF mutations are associated with reduced IFN-y pathway activation in MSI ECs
In the previous section, CD8" cells, CD4" cells and M1 macrophages were found to be increased in
MSI CRCs compared to MSI ECs, and enrichment for IFN-y related pathways in MSI CRC but not
EC was found by GSEA. Given these data, and the differences in immune escape mutations noted
above, I wanted to further analyse IFN-y pathway activation in CRC and EC. To do this I used a
published IFN-y pathway activation score, which is a composite measure of 28 genes that are

upregulated in response to IFN-y signalling [371].

CRC MSI cancers were associated with significantly increased IFN-y pathway activation compared to
CRC MSS cancers (P =1.7e-10) (Figure 4.15A). Contrastingly, EC MSI cancers exhibited
significantly reduced IFN-y pathway activation compared to EC MSS cancers (P=2.3¢-3, with highly
statistically significant interaction (Pinteraction=1.4e-13) (Figure 4.15A). To understand the
relationship of immune escape mutations, including JAK1, MMR status and cancer type on IFN-y
pathway activation, I performed multiple linear regression (Figure 4.15B, Table 4.4). Using MSS
CRC:s as the referent, and IFN-y score as the response variable, results showed that the presence of
MSI in EC and CRC was associated with increased IFN-y response score, with MSS EC also showing
greater pathway activity than CRC (Figure 4.15B). Strikingly, of the published immune escape
mutations included in the linear regression model, only J4K1 LOF was significantly associated with
reduced IFN-y pathway activity (f=-0.72, P=2.48¢-07). Stratification of MSI CRCs and ECs by J4K]
mutational status showed the truncating LOF mutations were associated with significantly lower
JAK1 expression levels (Figure 4.15C P =0.027 and P=5.0e-12 for CRC and EC respectively). In MSI
ECs, JAK] truncating mutations were also associated with a significant reduction in IFN-y pathway
activation. Non-truncating J4K mutations did not appear to have a similar impact on the IFN-y

pathway in MSI ECs (Figure 4.15D P =0.003 and P=1.7¢-8 for CRC and EC respectively).
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P for interaction by aligned rank ANOVA. CRC: colorectal cancer. EC: endometrial cancer. MSS: microsatellite

stable. MSI: microsatellite unstable. fs: frameshift mutation
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2817 Table 4-4. Multiple linear regression analysis of the effect of MMR status, mutational load and immune escape
2818  mutation on the IFN-y response in TCGA CRC and EC cancers. LOF — Loss of Function. CRC: colorectal cancer.
2819  EC: endometrial cancer. MSS: microsatellite unstable. MSI microsatellite stable

Predictor

CRC MSS

CRC MSI

EC MSS

EC MSI

Non-silent mutation rate

B2M LOF

BMPR?2 LOF

CASPS LOF

CD58 LOF

HLA-A LOF

HLA-B LOF

JAKI LOF

KLF3 LOF

MAMDC4 LOF

NLRC5 LOF

RFX5 LOF

RINGI LOF

RNF128 LOF

RPL22 LOF

TAP2 LOF

XYLT2 LOF

ZBTB20 LOF

ZFP36L2 LOF

2820
2821

Linear regression result

Effect (beta)

Ref

0.39

0.56

0.43

0.00

0.35

0.04

0.36

0.20

0.49

0.30

-0.72

0.07

-0.12

0.05

0.25

0.29

0.14

-0.05

-0.05

0.04

0.04

-0.10

P value

NA

0.016

<2e-16

4.16e-6

0.27

0.11

0.81

0.09

0.40

0.16

0.28

2.48e-7

0.73

0.71

0.84

0.33

0.44

0.56

0.67

0.86

0.81

0.80

0.51
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4.3.6.JAK1 loss of function mutations cause protein loss and abolishes IFN-y response in vitro
The analyses of TCGA RNAseq and mutational data presented above suggested that JAK1 LOF
mutations attenuate IFN-y pathway activation in MSI ECs, however confirmation of causality was not
possible with these data. To address this, I next performed functional analysis of cancer cell line
models in vitro. Our laboratory has assembled a large panel of endometrial cancer cell lines for such
work. I first determined the JAKI mutation status of all of these using either publicly available data
from the Cancer Cell Line Encyclopaedia: (https://depmap.org/portal/ccle/ ), or from whole exome
sequencing (WES) conducted in our laboratory. In particular, I wanted to understand the relationship
between JAKI mutations and MSI status in endometrial cancer cell lines. Next, I correlated these data
with JAK1 protein levels by Western Blot analysis and found that six of eight cell lines with JAK1
LOF mutations had complete loss of JAK1 protein (Figure 16A). A selection of these EC lines, both
MSI and MSS and JAK1 WT and mutant were selected for functional analysis. As expected, cell lines
with wild-type JAK1 and normal JAK1 protein levels demonstrated clear evidence of IFN-y pathway
activation following exogenous IFN-y stimulation, with induction and phosphorylation of STAT1
evident. In contrast, EC cell lines harbouring JAKI p.K860fs with loss of JAK1 protein, there was no
effect on components of the JAK1-STAT pathway following IFN-y stimulation: no upregulation of
the downstream target STAT1, nor evidence of STAT1 phosphorylation. Additionally, in response to
IFN-y stimulation J4KI WT cell lines showed an increase in MHC Class 1 protein expression. In
contrast, JAKI mutant HEC-59 and Ishikawa there was very low or absent MHC Class 1 expression
in both unstimulated and stimulated cell lines. In MFE-296 and HEC-108 cells there was no apparent
effect of IFN-y stimulation on basal MHC Class 1 expression. These in vitro results suggest that
JAKI p.K860Nfs mutations disrupt IFN-y response in EC MSI cancers (Figure 16B). Taken in
conjunction with TCGA analyses, these results support that the enrichment of recurrent JAK! LOF
frameshift mutations found in MSI ECs may in part explain the attenuated T cell immune response in
comparison to MSI CRCs through disruption of the IFN-y signalling pathway. IFN-y is essential for
effective cytotoxic immunity: it directly induces CD8" T cell differentiation and activation, as well as

promoting other elements of cell-based immunity [372, 373]. Furthermore, IFN-y has been shown to
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2849  effect upregulation of MHC Class I and II molecules on APC, which may encourage the recruitment

2850  of other immune cell types, such as CD4" T helper cells [374-376].
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Figure 4-16. JAK1 mutations and IFN-y pathway activation in EC cancer cell lines in
vitro. A. JAK1 expression in EC cell lines under resting conditions. B. IFN-y stimulation of

JAK1 WT and mutant cell lines. JAK1T mutation was associated with reduced activation of
the JAK-STAT pathway in response to IFN-y
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4.4. Discussion

4.4.1.The consequences of MMR loss in colorectal and endometrial cancer

Genomic instability characterises most, if not all, cancers [40]. Mismatch repair loss is one particular
example, and is on that is critically important in the development of colorectal and endometrial
cancers. In CRC, MMRd tumours are associated with a vigorous immune response [48], improved
prognosis in early stage disease [95, 326] and better response to immune checkpoint therapy in the
metastatic setting [208]. In EC, the prognostic association with MMRd has not been clearly
demonstrated [328], and it is unclear whether they are similarly responsive to immune checkpoint
inhibition. This chapter sought to formally confirm the apparent discordance in the prognostic
association of MMRd between the two cancer types and to explore whether this could be explained by
differences in the T-cell based immune response and tumour genome. This was achieved using
multispectral, IF quantification of tumour infiltrating T-cells in in FFPE tissue. The novel results

produced by this were then further explored using TCGA data, and in vitro cancer cell models.

Systematic review and meta-analysis confirmed that MMRd was associated with reduced recurrence
risk and improved overall survival in CRC but not in EC, with statistically significant interaction
between cancer types. Tumour infiltrating T cell quantification in FFPE tumours samples showed that
MMRd was associated with an enhanced T cell response in CRCs, but a far weaker difference in
endometrial cancers with a significant interaction between tumour type and MMR status for both
intraepithelial CD3" and CD8" cell densities. The discordance in immunophenotype was confirmed in
TCGA analyses, where MSI CRCs were found to have greater increases in lymphocytes and CD8"
cytotoxic lymphocyte infiltrate than MSI ECs when compared to their MSS counterparts.
Additionally, similar differences were also observed for other immune cell populations such as M1
macrophages. Agnostic gene set enrichment analysis revealed robust activation of the IFN-y pathway
in MSI CRCs, but not MSI ECs, which correlated with the frequent occurrence of JAKI p.K860Nfs
mutations in the latter. Functional analysis confirmed these mutations are associated with absent IFN-

y pathway activation in both TCGA data and in vitro cell line experiments.

129



2879

2880

2881

2882

2883

2884

2885

2886

2887

2888

2889

2890

2891

2892

2893

2894

2895

2896

2897

2898

2899

2900

2901

2902

2903

2904

2905

The consequences of DNA mismatch repair deficiency in colorectal cancer and endometrial cancer

In combination, these results suggest that the lack of prognostic benefit associated with MMRd in EC
may be in part explained by a weaker T cell immune response compared to that seen in MMRd CRCs.
From the data presented above it is possible to suggest some explanations for this. The weaker
immune response in MMRd ECs could be a reflection of a lower mutational burden seen in these
cancers compared to CRCs. A lower mutational rate results in fewer possible neoantigens, and less
immunogenic tumours [92]. One possible reason for the discordance in TMB between EC and CRC is
the role of gut microbiome, which is recognised as a mutagenic agent and contributor to CRC

development [75]. This would be an interesting question to explore in functional mouse models.

It was also observed that MMRd ECs exhibited lower levels of IFN-y pathways activation, both in
comparison to MMRd CRCs, but also MMRp ECs. The IFN-y gene signature is positively associated
with improved clinical outcome in many cancer types [109, 377], and has been shown to predict
response to anti-CTLA4 and anti-PD-1 therapies [378-380]. IFN-y exerts its tumour suppressor roles
through direct effects on tumours cells (inhibiting proliferation, whilst increasing MHC expression
and antigen presentation), and by increasing the activity of tumour infiltrating T cell populations, such
as cytotoxic CD8" T cells and Tyl T helper cells [113, 114]. It has also been suggested that IFN-y

may stop metastases formation by remodelling the tumour architecture [112].

These findings have important implications for the use of MMRA as both a prognostic and predictive
biomarker in EC. An active immune microenvironment appears to be a prerequisite for effective ICI
treatment, and a reduced T-cell infiltrate suggests that the expected response in MMRd ECs would be
less to this type of treatment. Additionally, JAK! LOF mutations have been shown as potential

mechanism of PD-L1 blockade resistance in melanoma [381, 382].

4.4.2.Strengths
This piece of work had a number of strengths. Firstly, a comparative analysis of the interplay between

the immune microenvironment and MMRJ in colorectal and endometrial cancer has not been
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conducted before. MMR status has been approved as a pan-cancer predictive marker for immune
checkpoint treatment by the FDA in the USA. However, this has been done without a full
understanding of whether MMRd has the same impact on tumour immunity in different cancers. This
is clearly an important area to clarify. Secondly, the differing impact of MMRd on the
immunophenotype in CRCs Vs EC was demonstrated using two data sets, and two different
quantification methodologies. In particular, the data available from TCGA has been produced in
accordance to rigorous standards. This reduces the possibility that observed difference is a
methodological artefact, or the result of batch effect. Thirdly, the use of multispectral IF
quantification allowed for localisation of T-cell infiltrates to either the stromal and tumour
compartment. As discussed above, this may be particularly important in determining their influence

on clinical outcomes.

4.4.3.Limitations

There were some limitations to this study. Due to available methodologies, immune cell
quantification in FFPE tumour samples focused on T-cell quantification. As described above, IFN-y
has pleiotropic effects on the adaptive immune response and promotes the activity of many different
immune cell types [4]. In particular, the role and influence of lymphocytes such as NK cells and B-
cells was not explored. It has been suggested that these two immune cell types are important in
determining immunotherapy response [383, 384]. Confirming with multispectral IF quantification
whether there was similar depletion of other IFN-y related immune cell populations would have been
pertinent. Furthermore, an additional step in the FFPE tissue analysis would have been to include
exome sequencing for JAK1 mutations, and/or IHC for JAK1 protein loss to further analyse the
association between this putative immune escape mutation and a diminished immune response. Due to
the analysis methodology, it was only possible to analyse snap shots of tumour. I would have liked to
examine the immune cell infiltrate across the whole tumour section, with a view to analysing possible
heterogeneity of the anti-tumour immune response in MMRd CRCs and ECs. Particularly, if this

could be correlated with variations in MMR and JAK1 protein expression within tumours.
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Additionally, whilst cancer cell line models provided a useful tool for exploring the effect of JAKI
mutations on IFN-y, they are an oversimplification of complex biological processes. The use of in
vivo animal models will provide a robust, functional, model to explore the interplay between genomic

instability, IFN-y signalling and T cell immune response.

4.4.4.Future Work

Future work should focus to address key questions raised in this study. In the first instance, expanding
the in situ tissue analysis to include more elements of the adaptive immune system will be important.
This should include not only quantification of other immune cell types, but also analysis of the spatial
interact between different populations. Additionally, further efforts should be directed to
understanding why the immune response differs between CRC and EC. This study has highlighted the
possible contribution from a difference in tumours total mutational burden. This difference could not
be explained by differences in MLHI1 loss, and it should be considered whether additional mutagenic
processes play a role in CRC and EC MMRd cancers. As well as differences in the overall number of
mutations, MMRd results in the selective enrichment of different particular gene mutations. This
study demonstrated an enrichment for J4K/ LOF mutations in MMRd ECs. Understanding why
MMR loss results in the predilection for particular gene mutations will help further our knowledge of
the biology of the disease, and illuminate potential therapeutic targets. And finally, work is already
underway to develop a mouse model to study MMRA in colorectal and endometrial tumorigenesis,
and to further examine the role of immune escape mutations such as B2M and J4K 1, data from which

are presented in Chapter 5.
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5. Functional analysis of mismatch repair loss in intestinal cancer

5.1. Introduction

As discussed in the Introduction and showin in Chapter 4, MMRd is an important driver of
carcinogenesis in the endometrium and colon. In colorectal cancer (CRC), I have shown, in agreement
with previous studies [95, 326], that MMRd cancers are associated with reduced recurrence risk and
improved overall survival compared to MMRp cancers (Chapter 4). I have presented data which
suggest this is at least partly explained by the vigorous immune response MMRd tumours elicit
(Chapter 4); particularly increased CD8" cytotoxic T-lymphocyte infiltration, which I have
demonstrated is strongly associated with improved outcomes in CRC irrespective of other molecular
or genomic variables (Chapter 3). Whilst these data offer important insights, they remain correlative
by their nature. Functional studies are required to further our understanding of the interplay between
tumour genomics and the immune response. Specific issues to address are why MMRd has discordant
effects on the immune microenvironment in colorectal compared with endometrial cancer (EC)
(Chapter 4). My data suggests that this be may be explained by enrichment for JAK/ loss of function
mutations in MMRd ECs. In contrast, MMRd CRC rarely acquired J4AK/ mutations, but frequently
exhibited B2M mutations. This raises the question of why immune escape mutations are differentially
enriched in cancers with the same underlying genomic instability, but arising at different anatomical
sites. More generally, our understanding of how immune escape mechanisms, such as B2M loss,
shape the immune microenvironment is relatively limited. This may prove to be an important area for

future therapeutic targeting.

5.1.1.The mouse as a tool for cancer research

Genetically modified mice (Mus musuculus) models have been invaluable in vitro experimental tools
in cancer research, and have contributed to a number of important discoveries [385]. The earliest
work studying cancer in mice was driven by the use of xenograft models, which involve the
transplantation of animal or human tumour lines into immunocompromised mice [386]. However,

xenograft tumours are inferior to autochthonous murine tumours in several important ways [387,
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388]. Of particular relevance to my research is the observation that the tumour microenvironment of
xenograft cancers lacks a number features that would be normally expected, including the presence of
immune cells [387, 388]. These shortcomings have been somewhat overcome by the use of
genetically engineered mice. Generally speaking, there are two main strategies of genetic
modification employed: loss of function changes, which includes knockout or knockdown models,
and gain of function, which includes transgenic or knock in models [385]. The first reported murine
cancer models involved were transgenic knock in experiments, which involve the introduction of
foreign DNA sequences into the pronuclei of fertilized zygotes [389, 390]. Initial experiments
concentrated on the in the overexpression of viral and cellular oncogenes, which were found to induce
carcinogenesis [389, 390]. Whilst the transgenic approach benefits from a simple methodology that
allows for rapid generation of experimental mice, it is disadvantaged by inaccurate control over the
level and pattern of transgene expression [385]. In contrast, studying tumour suppressor loss requires
a more targeted approach [386]. By utilising homologous recombination in mouse embryonic stem
cells, it is possible to either delete specific gene coding regions (knockout) or introduce exogenous
sequences (knock in) [385]. Seminal early experiments investigating tumour suppressor genes focused
on germline knockout of key tumour suppressors such as Rb [391], p53 [392] and Brcal [393, 394].
Whilst these mice have provided great insight into familial cancer syndromes (such as p53 mutant
mice and Li-Fraumeni) [392], they are limited by the fact that it is not possible to control the timing of
the mutation, nor tissue location [385]. The latter can prove particularly problematic as many
germline tumour suppressor mutations are embryonically lethal [393, 394].One potential path around
this is the use of conditional or inducible systems. Primarily, these are the Cre-/oxP and the flippase
(FLP) -flippase recognition target (FRT) systems [395]. Of the two, the Cre-loxP system is the more
commonly used. The enzyme Cre recombinase undertakes targeted DNA recombination between two
loxP sequences [396]. Whether this recombination results in excision, inversion or translocation is
dependent of the relative orientation of the loxP sites [396]. It is possible to achieve tissue specific
effects by introducing transgenes with Cre expression under the control of promoters known to only
be expressed at certain sites [397]. For example in Villin-Cre transgenic mice, the enzyme Cre

recombinase is only present in intestinal cells that express Villin [397]. Inducible Cre systems allow
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temporal control of murine genetic alterations [398]. The two most commonly used are tamoxifen
inducible and the tetracycline (Tet)-inducible Cre. In tamoxifen inducible system, a mutated oestrogen
receptor is joined to Cre-recombinase (Cre-ER” or Cre-ER™?); binding with tamoxifen (4-
hydoxytamoxifen) results in activation of the Cre recombinase enzyme [399, 400]. Thus, the use of a
conditional, inducible Cre-system allows for temporal and spatial control over genetic alterations in

mice, which makes it possible to more closely model human cancer development [385].

5.1.2.Mouse models of intestinal cancer

Murine models have led to a number of key discoveries in cancer research. These include the
recognition that key developmental pathways, such as Wnt/B-catenin or sonic hedgehog, can be
aberrantly expressed in tumours and are central to carcinogenic processes [401-403]. The
demonstration that multiple genetic alterations are required for tumour development (for example, in
mice ovarian cancer models p53 loss must be accompanied by disruption of a further two pathways to
cause tumour formation) [404]. Or that specific gene combinations cooperate to promote
tumorigenesis, such as Brcal and p53 loss accompanied by c-myc activation drives malignant
transformation of mice ovarian cells [405]. Correlatively, BRCAI mutant human tumours typically

also have p53 mutations and c-myc amplification [406].

Cancer formation in the gastrointestinal tract has also been the subject of considerable functional
research in the mouse; selected key models are summarised in Table 5.1. The first murine model
developed to investigate intestinal tumour specifically was the Apc*™. This model carries a truncating
mutation, discovered in mice exposed to the mutagen ethylnitrosourea, at codon 850 of the Apc gene
[407]. The term Min (multiple intestinal neoplasia) is a reflection of the phenotype - heterozygote
Apc™™ mice typically develop around 30 small intestinal polyps and die from anaemia by 120 days
age. Further intestinal mice models were developed as variations of the original Min model. For
instance, the ApcA’'® mice carry a truncating mutation at the 716 codon, and this results in an

1638N

approximately 10 fold increase in intestinal polyp frequency [408]. In contrast, Apc mice
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harbouring a chain-terminating mutation in the exon 15 have substantially reduced polyp formation
[409]. A model with greater specificity for colonic tumorigenesis was generated by combining Apc*™
with heterozygote deletion of Cdx2 [410]. This results in colonic polyposis that more closely
resembled human familial adenomatous polyposis (FAP) disease [410]. Mutagen exposure is another
way inducing murine intestinal carcinogenesis on its own [411], or can exaggerate the effects of
genetic modifications such as Apc*™[412, 413]. Commonly used is azoxymethane (AOM), which is
metabolised to methylazoxyformaldehyde, a compound capable of alkylating the DNA bases guanine
and thymine [414]. The advantage of using an AOM-based mouse model is the reliability in
mimicking human CRC morphological features [415]. And in fact, the addition of AOM treatment to

ApcM™ mice increases colonic, as opposed to small intestine, polyp formation [412, 413].
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3049

Table 5-1. Summary of the key murine models for the study of intestinal carcinogenesis. APC: adenomatous
polyposis coli. AOM: azoxymethane. Cdx2: caudal type homeobox 2

Model description

Min/850 model. Heterozygous Apc

stop mutation at codon 850

Apc

Apcl®3&N: heterozygous Apc chain-
terminating mutation in exon 15

ApcA7*®: heterozygous Apc stop
mutation at codon 716

ApcA'* : Apc inactivation by Cre-loxP
deletion of exon 14

ApcA?*?; gene trap cassette between
exons 7 and 8 - results in truncated
Apc product with no armadillo repeat
domain

ApcMin+p537 :Apc Min model
combined with complete p53
knockout

ApcA7*¢ Cdx2*/- mice model

Wild type mice exposed to AOM
carcinogen for 6 weeks

Min/+

Apc mice exposed to AOM

Phenotype

Multiple adenomas and a few invasive carcinomas
in large and small intestine,

Multiple colonic adenomas and adenocarcinomas

Multiple intestinal polyp formation from 3™ week of
life.

Multiple polyp formation (predominantly in the
colon; more so than Apc™™ mice)

Increased intestinal adenomas of smaller size
compared to Apc" mice,

No increase in adenoma formation or carcinoma
development compared with Apc"™ models alone

Greater concertation of colonic polyps than Apc™™*

Multiple colonic adenomas, but at 24 week no
evidence of carcinomas

AOM increases intestinal adenoma formation 1.5-6
fold. Furthermore, resulted in a greater number of
colonic polyps compared with untreated Apc"*

Ref.

[407]

[409]

[408]

[416]

[417]

[418]

[410]

[411]

[412, 413]
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3050  5.1.3.Modelling tumour-immune interaction

3051  In addition to delineating the role of genetic alterations in carcinogenesis, mouse models have also

3052  provided highly useful insights into the immune response and cancer. Perhaps the most important of

3053  these was the conclusive demonstration that the adaptive immune response plays an essential role in

3054  tumour suppression [107]. Seminal early work demonstrated that immunodeficient mice, with either

3055  absent IFN-y signalling or complete lymphocyte depletion, spontaneously developed tumours [419].

3056  These initial results were confirmed in subsequent publications; a selection of which are summarised

3057 in Table 5.2.

3058

3059 Table 5-2. Summary of the key murine models for the study of the immune response and cancer

3060 development. Ifng: Interferon gamma. Pfp: perforin. TRAIL: TNF-a related apotosis inducing ligand. B2m: beta-2
3061 microglobulin. Stat1: signal transducer and activator of transcription 1

Genetic modification

Rag2’-

Rag2/ Stat1”’

Ifng”-

Pfo

Trail”-

Pfp " Ifng

Pfo’-B2m"-

3062

3063

Immune defect

Inability to produce mature T or B
cells
Inability to produce mature T or B
cells. Stat1 loss results in resistance

to IFN-a, B and y

IFN-y deficient

Lacks perforin: a cytolytic molecule
crucial for the activity of NK and T-
cells
Loss of NK, B-cell and T-cell driven
apoptosis via the TRAIL signalling

pathway

IFN-y and perforin deficient

Lack perforin and B2m, an essential
component of the MHC class |

pathway

Description

Spontaneous development of intestinal adenomas, and

lung and colonic adenocarcinomas.

Increased carcinogenesis compared with Rag2”/-

Spontaneous development of lymphoma and lung
adenocarcinomas
Developed spontaneous B and T cell lymphomas. Also,
more susceptible to lymphomas transplanted from p53

null mice

Spontaneous development of lymphoid malignancies

Accelerated lymphoma formation compared to Pfp”-

mice alone

Accelerated lymphoma formation compared to Pfp”-

mice alone

Ref.

[419]

[419]

[420,

421]

[420,

421]

[422]

[420,

421]

[423]
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In addition to the revelation that immunodeficiency enables spontaneous tumour formation, it was
also been shown that immune function loss exacerbates carcinogenesis resulting from other genetic
alterations (select studies are described in Table 5.3). Of particular interest are the studies reporting
abrogation of cytotoxic immunity (Pfp knockout) or IFN-y signalling (/fng or Statl knockout) as

these are directly relevant to the results reported in Chapters 3 and 4 respectively.

Table.5-3. Summary of the key murine models for the study of the immune deficiency and cancer genetic
modification. Ifng: Interferon gamma. Pfp: perforin. Stat1: signal transducer and activator of transcription 1

Genetic modification Immune defect Description Ref.

IFN-y loss increases the rate and spectrum of

IFN-y deficiency combined with p53 carcinogenesis compared to p53 loss alone: mice
Ifngr1/Trp537/- [424]
knockout developed teratomas, haemangiomas and
chondrosarcomas

Stat1 loss increases the rate and spectrum of

carcinogenesis compared to p53 loss alone: mice
Stat1/-Trp537 Statlloss [424]
developed teratomas, haemangiomas and

chondrosarcomas

Perforin loss accelerated lymphoma formation
Pfp” Trp53 Perforin and p53 null mice [420]
compared to p53 null mice alone

Perforin loss accelerated B-lymphoma development in
Pfp’"MIh17- Perforin and MIh1 null mice [425]
Mih1 null mice

Mouse models have also been vital for driving treatment advances, such as immune checkpoint
inhibition. The therapeutic potential anti-CTLA4 [426], anti-PD1 [427] and anti-PDL1 [203]

antibodies was first demonstrated in murine models.

5.1.4.Mouse models of mismatch repair deficiency and cancer

Characterisation of the genetic alterations that lead to MMRA in human cancers has enabled the
development of murine models [428]. Similar to other eukaryotic organisms, mismatch repair in mice
is carried out by the MutS (Msh2 and Msh6) and MutL complexes (Mlh1 and Pms2). Mutations

resulting in loss of functions of these genes can result in microsatellite instability (MSI). Table 5.4
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summaries some of the previous publications that have reported mouse lines harbouring genetic
defects emulating those found in human disease. The spectrum of cancers, and hence the validity of
the model, depends on which genetic alteration is introduced and its organ specificity. For instance,
systemic homozygous knockout of Msh2 or Pms2 does not result in intestinal or endometrial cancers
that are typical of MMR deficiency in humans [429]. Instead these mice develop lymphoma, which is
not a malignancy associated with Lynch Syndrome [284]. Additionally, the severity of the phenotype
meant that mice commonly have to be culled at early time points for humane reasons, at which point a
GI phenotype may not be evident. In contrast, MIhl and Msh6 knockout mice do exhibit GI tract
tumorigenesis [430]. In light of these shortcomings, other groups have sought to use conditional
genetic modification to achieve a intestinal specific phenotype; these have included constitutive
Villin-Cre or inducible Lrg5-ERT2-Cre [431, 432]. Mouse models have also been developed which
perturb MMR genes less frequently involved in human disease. Msh3 knockout alone results in a mild

phenotype [433], whilst Pms! knockout mice were indistinguishable from wild type controls [430]).

A key feature of human MMRA features is a vigorous anti-tumour immune response. To date, there
has been little work to characterise the immune microenvironment of tumours arising in MMRd
mouse models. This is somewhat surprising, given the importance of the immune response in defining
tumour behaviour and development. Moreover, one of the biggest areas that requires addressing is the
role of immune escape mutations. To the best of my knowledge, there has been no functional work to
investigate the role of the immune escape mechanisms in shaping the tumour microenvironment of

MMRd.
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Genetic alteration

Non organ specific MMRd models

Homozygous Msh2 knockout (Msh2/")

Homozygous Msh2 knockout (Msh2/")

Homozygous Msh2 knockout (Msh2/) +
ApC“/Mi"

Homozygous Msh6 knockout (Msh67")

Homozygous Mlh1 knockout

Homozygous Pms2 knockout

Homozygous Pms2 knockout

Hetero- and homozygous M/h1 knockout
with/without APC*-

Homozygous Mlh1 missense mutation:
M/h1667R/GE7R

Pms2 endonuclease deficient: Pms2EK/Ek

Missense Msh6 mutation: Msh6™0/10

Msh2 point mutation (Msh266744/ G674A)

MIh1/-/Pms2/-Vs MIh1/- or Pms2-/-

Median
survival
(months)

2-3

Nr

12

12

NR

Functional analysis of mismatch repair loss in intestinal cancer

msl
detected

NR

Tumour type

Lymphoma
Lymphoma

Multiple intestinal tumour formation

Lymphoma; intestinal tract (predominantly small
bowel; adenoma and adenocarcinomas), liver, lung,
skin and endothelial tumours
Intestinal adenomas and adenocarcinomas
(predominantly small intestine). Lymphoma and
cutaneous malignancies

Lymphoma and sarcoma

Lymphoma and sarcoma

Intestinal adenomas and adenocarcinomas;
lymphomas. Phenotype exacerbated by combination
with APC*/-

Intestinal adenomas and adenocarcinomas;

lymphomas. Less tumour formation compared with
Mih1+

Lymphoma
Lymphoma; intestinal adenomas

Lymphoma formation; infrequentintestinal
adenocarcinomas (19% of mice)

Mlh1-/-/Pms2-/- similar mutation phenotype to Mlh1-/-

Male
fertility
affected

Immune
phenotyping

Ref.

[429]
[434]

[435]

[436]

[430]

[430]
[437]

[99]

[438]

[439]

[440]

[441]

[442]
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Cont’d
Median
. . . MSI
Genetic alteration survival Tumour type
detected
(months)

Intestine specific MMRd models

Vil-Cre Msh2toxP/null (homozygous Intestinal adenomas and adenocarcinomas (predominantly
knockout) or Vil-Cre Msh2LoxP/G674D 12 + small intestine). Msh2LoxP/G674D genotype resulted in higher
(missense mutation knock in) tumour rate than Msh2toxp/null

. Predominantly intestinal adenoma and adenocarcinoma
Inducible Msh2 loss: Lgr5-CreERT2- . y' . . .
Msh2flowl- 19 - formation. Occasional extra-intestinal neoplasms: lung, liver

and testis.

Table 5-4. Summary of selected studies that have investigated mismatch repair loss in mice

Male

fertility

affected

NA

NA

Immune
phenotyping

Ref.

[431]

[432]
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5.2. Rationale for study and aims of chapter

The use of genetically modified mice models has greatly increased our understanding of the
mechanisms that drive cancer in humans. There have been a number of published mouse models that
have attempted to recapitulate MMRd-driven carcinogenesis. However, as noted above, there are a
lack of studies describing the immune microenvironment in these models, or how it interacts with the

underlying genomic instability.

My aim was to develop a mouse model for MMRA intestinal carcinogenesis. Specifically, this would
be done using intestinal specific, inducible loss of Mlhldriven by Cre-loxP recombination. Mkl loss
was chosen as the focus because as shown in Chapter 4 it is the most common cause of sporadic
MMRd in CRC. The results from the correlative analyses presented in Chapter 4 raised several
hypotheses I wanted to investigate. To date, there has been little immunophenotyping of murine
MMRd tumours reported. I wanted to investigate with M/l loss resulted in similar vigorous immune
response, particularly increased T-cell infiltrate, that is observed in human cancers. Furthermore,
parallel work is investigating MIh1 in the endometrium. This will allow for exploration of the findings
presented in Chapter 4, and address the question of why MMRA has different effects in CRC versus
EC. Additionally, mechanisms of immune escape remain poorly understood. I wanted to investigate

the contribution of these in shaping the immune microenvironment of MMRd CRCs.
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5.3. Materials and methods

5.3.1.Murine housing and breeding

Animals were housed in a conventional facility with 12 hours of light and dark cycles. Normal chow
and water were provided ad-libitum. The genotype of adult animals intended for experimental use was
determined following ear clipping, which took place at around post-natal day 10. All mouse work was
conducted under Project licence no. PDFOB94C3 and Personal licence: 12D1D1096. The breeding

schemes employed are summarised in Figure 5.1

25% %W{IreERTZ“AApC”” Mih1

% X % 25% % Vil-CreERT2*2Apc*’* MIh 1%

25% % Vi-CreERT2**Apc MIh 10
il +/A +fl M fifl
ViCreERT2"MIh1 Apc Min1 25% % Vil-CreERT2*- Apc Mih 1"

25% % Vi-CreERT2+4Apc* Mih 1+

% 25% % Vi-CreERT2Apc+* Mih 1+
X Z % ) 25% %W-OreERTZ‘“Apc‘ A Mih 1+

Vil-CreERT2*5Mih 110 Apc+
26% &7, ViLCreERT2"Apc M1

50% §7,,\| VilCreERT2"4Apc'"
% X ;Zé ) 50% 47.,\) Vi.CreERT2" Apc'”

Vil-CreERT2+% Apct?

Figure 5-1. Outlines the breeding plan used to obtain experimental mice for
this work. A. breeding to achieve Vil-CreERT2"#"aApc*iMIh1". B. breeding to
achieve Vil-CreERT2*a Apc*IMIh 1+, C.breeding to achieve Vil-
CreERT2"dela pApc*/iMIh1+/+

5.3.1.1. Tamoxifen (4-hydroxytamoxifen) induction of Vil-Cre recombinase
Intraperitoneal (IP) tamoxifen induction to achieve Vil-CreERT2 recombination was carried out in
accordance with previously published protocols [443]. Administration of 4-hydroxytamoxifen began

when mice were 6 weeks of age. The dosing regime was 1mg of tamoxifen (prepared as 10mg/ml
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solution dissolved in corn oil) injected into alternating flanks for 5 consecutive days. The mice were
monitored for approximately 30 minutes post injection, and then weighed daily for the following five

days to monitor for ill effects of IP injection.

5.3.2.Genotyping PCR

Primers, conditions and reagents as detailed in Methods, Section 2.5.4.

5.3.3.Animal monitoring, sacrifice, necropsy and tissue preparation

Mice were monitored daily for signs of ill-health, and evidence of distress. The project licence for this
work was limited to moderate severity. As such, mice were sacrificed earlier than planned time points
if they displayed evidence of of ill health; signs for which included, reduced activity, hunching and
pale feet. The experimental times were chosen based on our own group’s experience with
constitutional Mih1 loss with Apc™™; these mice developed a phenotype at the 90-day timepoint.
There was no previously reports of inducible intestinal MIA1 loss to guide this decision. Experimental
and control mice who reached defined 90, 120 and 180 day timepoints were sacrificed by approved
Schedule 1 method (cervical dislocation) and subject to necropsy. Gut rolls were prepared in
accordance with best practice methodology [444]. The entire gastrointestinal tract from the stomach to
the rectum was removed en-bloc, the stomach removed and the remaining intestine washed in PBS.
This was then subdivided into 4 sections: proximal, medial and distal small bowel, and colon. The
intestinal lumen was flushed with PBS to remove its contents and opened longitudinally. Each
intestinal section was dissected onto filter paper and pinned to maintain a flat sheet of tissue. It was
then fixed in 10% neutral buffered formalin (10% NBF) for 24 hours before transfer to a 70% ethanol

solution before further processing.

5.3.4.Experimental mice
Heterozygous floxed Apc (Adenomatous polyposis coli) mice: Mice with heterozygous floxed

Apc (Apc™™) allele bred with Vil-CreERT?. The animals have been backcrossed >10 generations
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3164 on a Black6 background. Cre recombinase induction by 4-hydroxytamoxifen results in
3165 heterozygous Apc loss. MGI ID: 88039. Original publication: [445].

3166

3167 Heterozygous/Homozygous floxed MIh1 (MutL homolog 1) mice: Mice with

3168 heterozygous/homozygous floxed MIh1 allele bred with Vil-CreERT?. The animals have been
3169 backcrossed >10 generations on a Black6 background. Cre recombinase induction by 4-
3170 hydroxytamoxifen results in heterozygous/homozygous Mihl loss.

3171

3172 Heterozygous Vilin CreERT2 mice: Mice carrying transgene with a 4-hydroxytamoxifen
3173 inducible Cre recombinase under the control of the mouse Vi/l promoter. MGID: 2662274.
3174 Orginal publication: [446]

3175

3176  5.3.5.Quantification of intestinal polyps

3177  Intestinal polyps were measured in their maximum dimension and the number quantified using
3178  methylene blue staining and manual assessment using standard light microscopy (Section 2.5.5) .
3179  Polyp numbers were determined for each intestinal section, and for all in combination.

3180

3181 5.3.6.Tissue storage

3182  Tissues were stored as detailed in Methods, Section 2.3.1.

3183

3184  5.3.7.Histological analysis

3185  5.3.7.1. General methods

3186  General methods for fixation, tissue processing, and staining as described in Methods, Section 2.3
3187

3188  5.3.8.Immune cell quantification

3189  5.3.8.1. Immunohistochemistry of immune cells

3190  Immunohistochemistry (IHC) methods as described in Methods, Section 2.3.1
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5.3.8.2. Immune cell quantification
Immune cell quantification was conducted using QuPath software version 0.3.0. QuPath is a Java
based bioimage analysis software that enables cell marker annotation and quantification on whole

slide images (https://qupath.github.io/) [447]. Qupath was selected for immune quantification in

mouse tissue for two reasons: 1) it is a free, open source, software and as such, use is not prohibited by
the high costs associated with other platforms (for example HALO, Indica Labs) ii) our group has
extensive experience in using it, and it is compatible with the current slide scanning technologies

employed.

Stained slides were imaged under brightfield microscopy using the Leica Aperio slide scanner, and
the scanned images loaded into QuPath projects for each immune cell quantification. Firstly, the
images were manually inspected for baseline quality control, to ensure no areas of tissue loss of
folding. For positive marker cell quantification regions of interest (ROIs) were identified, which
included areas of normal epithelium and intestinal adenomas. Initially, quantification was refined
using one sample. After a ROI is defined, automated analysis allows for counting of the total number
of cells and the number of marker positive cells. Visual inspection is then used to determine the
accuracy, and the threshold values are adjusted to achieve optimal counting results. Once optimised,
the same thresholds are then used to count all ROIs in all samples. Results are presented as positive

marker cells/tissue area (cells’/mm?).
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5.4.1.Gastrointestinal tumorigenesis in Vil-CreERT2, Apc™™ MIh 1" mice

5.4.1.1. Homozgous Mlh1 deletion increases intestinal polyp formation

MIh1 loss lineage was not traced in this murine model but it would be of potentially considerable

value. As anticipated from previous studies [99, 408, 410, 417], heterozygous deletion of Apc in the

murine intestine (Vil-CreERT2, Apc™™ Mih1™" mice; hereafter referred to Apc del mice) led to the

development of gastrointestinal polyps (Table 5.5), with median of 16 polyps for all time points

(IQR=10.5 — 22.0). Representative H&E stains of these polyps are shown in Figure 5.2 upper row.

There was evidence of greater polyp frequency with increasing time (median of 12 polyps at 90 days

(IQR= 8.5-14.5), 13.5 at 120 days (IQR=10.5-22.0) and 26 at 180 days (IQR=NA). (Table 5.5;

Figures 5.3A).

Timepoint
(days)

90

120

180

All time points

No. of mice

Polyps
(IQR)

No. of mice

Polyps
(IQR)

No. of mice

Polyps
(IQR)

No. of mice

Polyps
(IQR)

Apcf" MIh1+*

3

12
(8.5-14.5)

7

16.0
(10.5-22.0)

1

26.0
(-)
11

16
(10.5-22.0)

Apc+/fl Mlh1+/fl

3

9
(8.5-14.5)

6

19.0
(15.25 - 22.75)

1

11.0
(-)
10

15.5
(11.75-21.5)

Apc+/f| MIh1f|/f|

5

19
(13.0-27.0)

12

385
(27.75 - 58.75)

3

345
(32.5-36.5)

20

34
(20.5-39.75)

Apc+/+ Mlh1f|/f|

0

(3.0-17.0)

Table 5-5. Gastrointestinal polyps in experimental mice. Median number of polyps in the Apc del, Apc
delMIh1 del and Apc delMIh1 null and Mlh1 null. IQR: Interquartile Range
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ApcMIh1++

Apc*MIn1"

Apc™*MIh1™

Apc”MIh1""

Figure 5-2. H&E images of representative Gl polyps seen in Apc del, Apc del/MIh1 del and Apc delMIh1 null
and MIh1 null mice shown at 2x, 10x and 20x magnification.

Heterozygous loss of Mkl did not increase the frequency of intestinal polyp formation compared to
heterozygous Apc loss alone. Mice with heterozygous deletion of MIh1 and Apc (Vil-CreERT2, Apc™'™
MIhI"™ mice; hereafter referred to as Apc del/MIh1 del mice) displayed no statistically significant
difference in the number of polyps than Apc del mice (median 16.0 IQR(10.5-22.0) versus 15.5
IQR(11.75-21.5) for all time points, P=0.12 by Mann-Whitney test) (Table 5.5; Figures 5.2 & 5.3A).
In contrast, homozygous loss of MIA1 substantially increased the frequency of polyp formation
compared to Apc loss alone. Mice with homozygous deletion of MIh1 and heterozygous deletion of

Apc (Vil-CreERT2, Apc™’™ Mih1"™ mice; hereafter referred to as Apc del/MIh1 null mice) had
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significantly greater number of polyps than Apc del mice (median 34 IQR (20.5-39.75) versus 16,
P=0.00016 Mann-Whitney U test for all time points) (Table 5.5; Figure 5.2 & 5.3A). There was also a
greater number of polyps in the Apc del/MIh1 null mice compared to the Apc del/MIh1 del mice

(median 34 polyps versus 15.5 polyps, P=2.2e-5 Mann-Whitney U test) (Figures 5.3A).

Previous work in our group using a constitutive, conditional model for deletion of MIAhl and Apc min
resulted in a statistically significant difference in polyp frequent at 90 days between genotypes of
interest. However, in my work the polyp frequency and size at 90 days did not differ significantly
between Apc del, Apc del/Mlh1 del and Apc del/MIh1 null (P=0.32 and P=0.15 respectively by Mann
Whitney U Test) (Table 5.5, Figure 5.3A). Consequently, the mice were aged to a timepoint of 120
days. Prior to this timepoint, several Apc del/MIhInull mice began to exhibit signs of illness
(hunching, pale feet and reduced activity), and required early sacrifice for humane reasons. Necropsy
of these animals revealed substantial burden of intestinal polyps, with several large lesions evident
(Figure 5.4). Formal quantification of polyp number in these mice and matched controls confirmed
combined homozygous Apc del/ MIh1 null mice had a substantially and significantly greater number
of GI polyps (median 38.5 polyps IQR(27.75 — 58.75)) than Apc del (16.0 IQR(10.5-22.0)) and 4Apc
del/ Mih1 del (19 IQR(15.25-22.75)) (P=0.0037 and P=5.5e-6 respectively, Mann-Whitney U test)

(Figure 5.3A)
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Figure .5-3. Gastrointestinal (Gl) tract polyps.in the Apc del, Apc del/Mih1 del and Apc delMIh1 null and Mih1
null A. total polyp counts for 90, 120 and all time points for the four genotypes included in this work. B Gl Polyp
formation in the proximal, medial and distal intestine, and colon for each of the four genotypes. C. Gl polyps in
the four genotypes by sex. NS: not significant
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Figure 5-4: Example of phenotype of Apc del/MIlh1 null mice at 120 days. The severity of the phenotype
required culling of the mice for humane reasons. A. Macroscopically, the mice had distended and necrotic caeca
and appendices B. Evidence of multiple polyps throughout the gastrointestinal tract.

5.4.1.2. Homozygous MIhl loss alone is sufficient to cause intestinal polyps

The results above clearly confirmed the ability of MIAl loss to promote intestinal tumorigenesis. In
view of this, I next examined whether MIh1 loss alone was sufficient to induce intestinal polpys.
Mice were bred and aged out to a timepoint of 180 days after completing 5 days of IP Tamoxifen
injections. The mice were sacrificed at this defined timepoint, unless they had to be culled earlier for
human reasons. One mouse with homozygous Mlh1 deletion alone (Vil-CreERT2, Apc™* Mih1™"
mice; hereafter referred to as MIh1 null mice) was sacrificed at 90 days to see if there was evidence of
GI tumour formation. Because there was no evidence, the majority of the remaining mice were aged
out to 180 days. At this point, the majority of these displayed few intestinal polyps with a median of 8
polyps (IQR: 3.0-17.0) at 180 days. These polyps occurred throughout the intestinal tract. They were
small (no polyp >3mm) and there was no evidence of invasion beyond the mucosa. This analysis
shows that MIh1 loss alone is sufficient to cause intestinal tumorigenesis in mice, but typically at a
slower rate than Apc del alone, or Apc and MIhl loss combined. Further analyses of these mice are

ongoing.
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Whilst most homozygous MIh1 loss mice had few intestinal polyps compared to Apc del, Apc
del/MIh1 del and Apc del/MlhI null mice, one mouse did have to be culled early due to signs of ill
health (substantial hunching, pale feet and reduced activity). Necropsy of this mouse revealed a large
caecal tumour that had caused intestinal obstruction. H&E staining of FFPE sections showed features
consistent with an invasive carcinoma; due to time constraints it was not possible to have this

formally reviewed by a pathologist (Figure 5.5).

Figure 5-5. H&E staining of an invasive caecal carcinoma in a Mlh1 null mouse (Apc wildtype). This mouse
had to be culled early due to severe ill health, and necropsy revealed a large caecal tumour with intestinal
obstruction.

5.4.1.3. Histological assessment
Lesion grade was not examined across the different genotypes due to time constraints. Final analyses

of the mouse models are ongoing currently, and will include assessment by a pathologist. Assessment

153



3282

3283

3284

3285

3286

3287

3288

3289

3290

3291

3292

3293

3294

3295

3296

3297

3298

3299

3300

3301

3302

Functional analysis of mismatch repair loss in intestinal cancer

of grade would be an important analysis as it would be expected from human cancers that lesions with

MIh1 loss would be a higher grade than those without.

5.4.1.4. MiIh1 and Apc loss predominantly results in small intestine tumorigenesis

In humans, somatic MMRd (most commonly secondary to MLHI promoter hypermethylation) is
typically associated with cancers of the colon, rectum, endometrium and infrequently stomach [304].
However, Lynch syndrome patients carrying Mlhl or Msh2 mutations are also at a marginally
increased risk of small bowel malignancies [293]. Previous mice models of non-conditional Msh2,
Msh6 or Pms2 loss have most commonly resulted in lymphoma formation, which has precluded
analysis of intestinal tumorigenesis [430, 436]. Non-conditional M/h1 knockout or intestinal Msh2
knockout has been shown to produce tumours primarily in the intestine. Unlike human disease,
however, tumour formation has tended to occur in the small intestine [99, 429]. | wanted to
investigate the site of polyp formation in the Apc del, Apc del/MIh1 del and Apc del/MIh1 null mice.
In keeping with these previous studies, analysis of polyp location in Apc del, Apc del/MIh1 del and
Apc del/MIh1 null showed they were predominantly in the small intestine, with colonic polyps
infrequently observed (Figure 5.3B, Table 5.6). Normalising the number of polyps for the length of
GI tract showed that there was a significantly greater number of small intestine polyps than large
intestine polyps in the Apc del (0.42 polyps/cm versus 0.26, P=0.03) and Apc del/MIhl null (1.1
polyps/cm versus 0.38, P=0.002); there was no significant difference in the Apc del/MIh1 del mice

(0.45 polyps/cm versus 0.38, P=0.062) (all P values calculated by Mann-Whitney U Test).
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Timepoint

(days)
90

120

180

All time
points

90
120

180

All time
points

90
120

180

All time
points

90
120

180

All time
points

Apcf MIh1**

4.0
(3.0-5.5)
6.0
(4.0-8.5)
13.0
()
6.0
(4.0-8.5)

4.0
(2.5-5.0)
4.0
(2.5 -6.5)
4
()
4.0
(2.5-6.0)

2.0
(1.5-2.5)
3.0
(0.5-4.5)
10.0
()

3.0
(1.0-4.5)

2.0
(1.5-2.0)
2.0
(0.0-3.0)
4.0
()
2.0
(0.5-3.0)

Apc+/fl Mlh1+/fl

6.0
(3.5-8.0)
7.0
(5.3-9.8)
4.0
()

5.5
(4.0-9.75)

4.0
(2.5-4.5)
2.5
(1.3-3.8)
2.0
()
2.5
(0.0-3.5)

2.0
(1.5-2.5)
5.5
(2.5-8.5)
5.0
()
3.5
(2.0-6.5)

1
(0.0-1.5)
45
(3.3-5.8)
0.0
(0)
1.0
(0.0-3.0)

Apc+/f| MIh1f|/f|

5.0
(4.0-6.0)
12.0
(8.0-13.5)
10.0
(8.0-10.5)
8.5
(6.0-11.0)

5.0
(3.0-8.0)
12.0
(6.5-16.3)
11.0
(12.0-15.0)
10.5
(5.0-14.5)

10.0
(5.0-14.0)
12.0
(5.5 -24.0)
12
(10.0-12.0)
11.0
(5.8-15.5)

0.5
(0.0-1.0)
2.0
(0.8-4.0)
1.0
(0.0-1.5)
2.0
(0.0-3.0)

Apc+/+ Mlh1f|/f|

2.0
(1.5-6.5)
2.0
(1.5-6.5)

1.0
(0.0-3.5)
1.0
(0.0-3.5)

2.0
(0.5-4.0)
2.0
(0.50-4.0)

2
(0.0-3.0)
2.0
(0.0-3.0)

Table 5-6. Site of gastrointestinal polyp formation. Median number of polyps in the Apc del, Apc del/MIh1 del

and Apc delMIh1 null and MIh1 null according to gastrointestinal section

5.4.1.5. Sex does not influence GI tumorigenesis in MIhl or Apc loss mice

In humans, male LS suffers are at increased risk of cancer than females afflicted with the disease

[293]. Additionally, previous studies have shown that deletion of MMR genes has different

consequences in terms of fertility and severity of phenotype in mice according to sex. It can cause

sterility in males but not in females [430]. I wanted to examine whether the intestinal tumorigenesis

resulting from MIhl loss varied according to sex. There was no significant difference in intestinal
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tumour formation in male compared with female mice in any genotype at any timepoint, or when all

timepoints were combined (Figure 5.3C).

5.4.1.6. Heterozygous Apc loss and homozygous Mlhl deletion is significantly associated with
increased polyp formation independent of other variables
I wanted to analyse the interaction between the variables described above, and the number of
intestinal polyps observed. To do so, I preformed multiple linear regression analysis using the
covariables: timepoint (continuous variable), sex (categorical variable: female (referent) and male),
Apc mutation status (ordinal variable: wildtype (referent) and heterozygous loss), and Mkl mutation
status (ordinal variable: wildtype (referent), heterozygous and homozygous loss). The results of the
regression model showed that only variables that significantly predicted increased numbers of
intestinal adenomas were Apc heterozygous loss (Effect 37.63, P=0.0058, Table 5.7) and MIhl
homozygous loss (Effect 37.63, P=0.0058, Table 5.7). These results suggest that genetic alterations,

and in particular Apc mutations, are the main determinant of intestinal tumour frequency.

Table 5-7. Multiple linear regression analysis of the relationship between total polyp number and mouse
sex, timepoint and genotype

Effect P
Timepoint (days) 0.19 0.13
Sex: female (referent) 0.00 -
Sex: male 4.46 0.43
Apc WT (referent) 0.0 -
Apc del 37.63 0.0058
MIh1 WT (referent) 0.0 -
Mih1 del 2.43 0.74
MlIh1 null 21.63 0.0035
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5.4.2.The immune microenvironment

As shown in Chapters 3 and 4, MMRd in CRC results in an enhanced immune response. Examination
of the immune microenvironment in human MMRd CRC revealed increased numbers of tumour
infiltrating immune populations, including CD8" and CD4" T cells and macrophages. The first point
wanted to investigate in my mouse model was whether M{i1 loss had a similar impact on immune cell
infiltrate in intestinal polyps. In addition, I wanted to further investigate the role of immune escape
mechanisms in determining the composition and intensity of the anti-tumour immune response. A
further motivation for this work is that it would be compared to additional mouse models, developed
in parallel, examining M/h1 loss in the endometrium. Given the findings presented in Chapter 4, it
would be pertinent to compare the immunophenotypes between the two cancer types. Unfortunately,

due to disruption caused by the COVID19 pandemic, this was not possible.

5.4.2.1. CD8" T lymphocyte infiltration in normal mucosa and intestinal polyps

As shown in Chapter 4, human MMRd CRCs display increased density of CD8" cytotoxic T-cells
compared to MMRp CRCs (Figure 4.8A). However, focusing solely on the cancer specimen precludes
comparison with the normal mucosa, which may be highly informative. The intestine is an immune-
rich organ, and in which the intensity and type of immune infiltrate could plausibly vary as a
consequence of genetic manipulation, even in the absence of neoplasia. I therefore began by
quantifying the background level of lymphocyte infiltration in normal mucosa in my models. The
aims of this were two-fold (i) to serve as a comparator for the intensity/type of infiltrate in polyps; (ii)
to assess whether field cancerisation could lead to widespread lymphocyte infiltrate in histologically
normally epithelium. Preliminary visualisation revealed that CD8" cells densely infiltrated the normal
mucosa of Black 6 wildtype (WT) mice and Vil-CreERT2" mice (Figure 5.6). Similarly, examination
of the normal mucosa of the four experimental genotypes (Apc del, Apc del/MIh1 del, Apc del/MIh1

null and MIh1 null) showed dense and widespread CD8" cell infiltrate (Figure 5.9).
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Figure 5-6. Examples of IHC from CD8+ cells in normal‘.l;nte.s'tir.wal muco;a of Black-6 WT ant; Vil;brel'ERT 2,
2181::9' :hown at 2x, 10x and 20x magnification. CD8+ cell infiltrate was widespread across normal mucosal
I wanted to formally quantify CD8" cell infiltrate in both the normal epithelial tissue and in the polyp
mucosa. This was done using the image analysis software QuPath (Section5.3.5, Figure 5.7). There
was no significant difference in the CD8" cell density in the normal mucosa between Apc del (median
731.3 IQR (333.8 — 856.2) CDS8"cells/mm?), Apc del/Mihl del (639.5 (591.7 — 737.5) CD8"cells/mm?)
and Apc del/Mih1 null (743.91 (266.4 — 1950.9) CD8 cells/mm?) (Table 5.8, Figure 5.8A). However,
Mih1 null mice did have significantly lower levels of CD8" cell infiltrate in normal mucosa compared

to Apc del/Mih del and Apc del/Mih del MIh1 null mice (188.7 (154.1-412.2) CD8"cells/mm?;

P=0.015 and P= 0.018 respectively; calculated by Mann Whitney U test).
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Intestinal adenomas in
FFPE gut roll sections
are manually found
using the QuPath
viewer

ROls are selected and
defined: adenoma
(red) and normal
tissue (yellow)
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Figure 5-7. Quantification of IHC CD8* positive cells using the QuPath analysis software platform.
Adenomas are manually identified in FFPE gut roll sections. ROlIs for quantification are annotated as appropriate
(adenoma — red; normal — yellow). Quantification is then conducted: marker positive and negative cells are
identified. Initially, the quantification is refined by adjusting thresholds before quantification of all samples. ROI:

region of interest
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Figure 5-8. CD8* quantified by IHC in A) normal intestinal epithelium and B) intestinal polyps in Apc del, Apc
delMIh1 del Apc delMIh1 null and Mih1 null mice
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3370 Table 5-8 CD8* cell infiltrate in Apc del, Apc del/MIh1 del and Apc delMIh1 null and MIh1 null normal intestine
3371 and polyps. Median values of CD8* cells/mm? presented with IQR in parentheses
Apc? MIh1** Apc/" MIh1*/f Apc*t MIh1f Apct* MIn17/f
No. of mice 4 2 5 5
(No. of polyps) (18) (12) (56) (20)
Normal 731.3 639.5 743.91 188.7
(338.8-856.2) (591.7-737.5) (266.4-1950.9) (154.1-412.2)
Pol 188.6 113.9 50.2 103.8
s (114.4-252.1) (49.2 -204.7) (0-146.3) (90.2-110.2)
3372
2X 10X 20X

Normal

Apc"*MiIh1++

Apc™*MiIh1"+

Apc*MIh 1™

ApcMIn1™ |

Figure 5-9. Examples of IHC for CD8* cells in normal intestinal mucosa and intestinal adenomas in Apc
del, Apc del/MIh1 del and Apc delMIh1 null and MIh1 null mice shown at 2x, 10x and 20x magnification. Visual
inspection revealed marked CD8* cell exclusion in polyps in each of the fur genotypes.
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In contrast to the normal mucosa, polyps arising in Apc del, Apc del/MIh1 del, Apc del/MIhl1 null and
MIh1 null mice were characterised by exclusion of CD8" cells (Figure 5.9), with significantly lower
levels of CD8" cell in intestinal polyps compared to normal mucosa of the same genotype (P=0.0021,
P=0.0039 and P=0.003 by Mann-Whitney U Test) (Table 5.8). Furthermore, there was significantly
lower density of polyp CD8" cells in Apc del/MIh1 null compared with Apc del (median CD8" cell
density 50.2 IQR (0-146.3) Vs 188.6 IQR (114.4-252.1) cells/mm?, P=0.0093 Mann Whitney U test)
(Figure 5.8B). There was no significant difference between Apc del/Mihi del and Apc del mice (188.6
IQR (114.4-252.1) versus 113.9 IQR (49.2 — 2 04.7) cells/mm?, P=0.12 Mann Whitney U test) (Figure
5.8B). This is in contrast to what would be expected based on MMRd CRCs in humans, which, as I
have shown in Chapter 4, are characterised by increased CD8" cell infiltrate. Interestingly, whilst the
number of polyps available for analysis was modest, CD8" cell exclusion was also observed in the
Mih1 null mice (103.8 (90.2-110.2) cells/mm?). Although this was not significant in comparison with
the normal mucosa from the same genotype (P=0.23, Mann Whitney U test). One previously
hypothesised mechanism of immune cell exclusion is upregulation of Wnt signalling, which in CRC
is most commonly associated with APC mutations [448]. The observation that CD8" cell exclusion
was present in polyps from mice with M[kh loss in the background of wild-type Apc suggests either
that these lesions have acquired (epi)mutations which activate the Wnt pathway or that alternative
mechanisms are responsible. One method to detect Wnt pathway activation is IHC for nuclear
localisation of its downstream target beta-catenin. Unfortunately, I did not have sufficient time to
perform this in my inducible models. However, previous work our group did not show an association

between CD8" cell exclusion and B-catenin levels in Apc™™" Mih1% mice.

5.4.2.2. CD4" T lymphocyte infiltration

Whilst much effort has focused on the significance of CD8" cytotoxic T-cells in the anti-tumour
immune response, the important contribution of CD4" T-helper cells is becoming increasingly well
recognised [216]. T-helper cells are highly versatile, multi-functional cells, which are essential for co-
ordinating several elements of the adaptive immune response [216]. Specifically, CD4" cells are

essential for the CD8" cytotoxic T cells response against cancers, and for maintaining their
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effectiveness [449, 450]. Furthermore, work presented in Chapter 4 and done by others have shown

that MMRd/MSI CRCs exhibit enrichment for Ty 1-like subset of CD4" cells that express the effector

cytokine IFNG [451] (Figure 4.9). Moreover, it seems that IFN-y signalling is integral to the adaptive

immune response in MMRdA/MSI CRCs (Figures 4.11 and 4.15), in marked contrast to MMRd/MSI

ECs. As such, I wanted to explore CD4" infiltration in my intestinal MIhl loss mouse models.

CD4" cells were frequently observed in the normal intestinal mucosa of WT and Vil-CreERT2 mice

(Figure 5.10). Furthermore, CD4" cells were also observed in the normal mucosa of all four

experimental genotypes (4Apc del, Apc del/MIh1 del and Apc del/MIh1 null and MIh1 null) (Figure

5.11), and density did not differ significantly between Apc del (median 373.1 IQR(283.2-502.3)

CD4"cells/mm?), Apc del/Mih1 del (616.3 IQR(541.9-660.7) CD4"cells/mm?), Apc del/MIh1 null

(446.9 IQR(294.4 — 463.9) CD4"cells/mm>) and M7k null mice (555.5 IQR(411.1-575.5)

CD4'cells/mm?) (no significant differences for all comparisons calculated by pairwise Wilcox with

Dunn’s test correction for multiple testing) (Table 5.9). Interestingly, it appeared that CD4 " cells

resided predominantly within the stromal compartment of the normal intestine (Figure 5.11).

Strikingly, and in marked contrast to CD8" cells, there was no evidence of CD4" exclusion from

polyps (Figure 5.12).

2X

WT

Vil-CreERT*

K

Bl ¥ S

Figure 5-10. Examples of IHC from CD4+ cells in normal intestinal mucosa of Black-6 WT and Vil-CreERT
2 mice. Shown at 2x, 10x and 20x magnification. CD4+ cell infiltrate was widespread across normal mucosal

tissue
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In contrast to CD8" cell infiltrate, there was no evidence of CD4" exclusion from intestinal polyps.
Apc del mice had significantly higher intra-polyp CD4" infiltrate than normal epithelium (620.0
IQR(531.0-709.1) versus 373.1 IQR(283.2-502.3) P=0.027 by Mann Whitney). The difference
between normal mucosa and polyp CD4" density was not significant for the other three genotypes.
Also interestingly, intra-polyp CD4" cell density did not differ significantly between Apc del (median
620.0 IQR(531.0 — 709.1) CD4 cells/mm?), Apc del/Mihl del (812.9 IQR(753.5-817.0)
CD4'cells/mm?), Apc del/MIhI null (568.1 IQR(404.7-737.0) CD4"cells/mm?) and MIh1 null mice
(1024.4 TQR(823.3-1232.2) CD4"cells/mm?) (no significant differences for all comparisons calculated

by pairwise Wilcox with Dunn’s test to correct for multiple testing) (Table 5.9, Figure 5.12).

2X 10X 20X

Normal Polyp Normal Polyp

Apc"MIn1++ N 2 S R e e

Apcﬂ/*MIh"”/* & j p 3 : ’ 2 < .,\ : ’,,‘é .; ; !':
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Figure5-11 Examples of IHC for CD4* cells in normal intestinal mucosa and intestinal polyps in Apc del,
Apc del/MIh1 del and Apc delMIh1 null and MIh1 null mice shown at 2x, 10x and 20x magnification.
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and polyps. Median values of CD4* cells/mm? presented with IQR in parentheses

Apc? MIh1** Apc/ MIh1*/f Apc*t MIh1/? Apc** MIn17/f
Mice 8 3 9 2
(No. of polyps) (12) (5) (33) (2)
Normal 373.1 616.3 446.9 555.5
(283.2-502.3 (541.9-660.7) (294.4 - 463.9) (411.1-575.5)
Pol 620.0 812.9 568.1 1024.4
P (531.0-709.1) (753.5-817.0) (404.7 -737.0) (823.3-1223.2)
A Normal epithelium B Intestinal polyp
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Figure 5-12. CD4* quantified by IHC in A) normal intestinal epithelium and B) intestinal polyps in Apc del, Apc
delMIh1 del Apc delMIh1 null and MIh1 null mice
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5.4.3.CD19" B lymphocyte infiltration

The adaptive immune response to cancer is also shaped by B-cells. They are able to do so through
cytokine and antibody production, and through direct antigen presentation to CD4" and CD8" T cells
[384]. In colorectal cancer, B-cell levels have been strongly correlated with CD8" T-cell infiltrate and
independently associated with improved survival in multivariable analysis [261]. However, analyses
in Chapter 4 did not suggest that there was significantly increased B-cell infiltrate in MSI cancers
compared with MSS. Given the absence of a dense CD8" cell infiltrate in mouse polyps as described

above, I wanted to analyse whether this was compensated for by a B-cell response.

Immunohistochemistry for the pan-B cell marker CD19 revealed that CD19" cells were observed
infrequently in the normal intestinal mucosa of WT and Vil-CreERT2 mice (Figure 5.13)

2X 10X 20X

WT | \

Vil-CreERT* ¥

s 13
gi%é?
L %

Figure 5-13.Examples of IHC from C19* cells in normal intestinal mucosa of WT and Vil-CreERT 2, mice
shown at 2x, 10x and 20x magnification. CD19* cell infiltrate was sparse in normal intestinal epithelium, except
for Peyer’s patch areas (red arrow)

Similarly, CD19" cell infiltrate was sparse in all four experiment mice genotypes (4pc del, Apc
del/MihI del, Apc del/Mih1 null and MIhI null) (Figure 5.14). Additionally, very few CD19" cells

were seen in polyp tissue, irrespective of the underlying genotype. Given the very low numbers,
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formal quantification of density was not undertaken. These results suggest that either B-cells do not
play a significant part in the anti-tumour immune response in murine models of MMR loss, or that

they localise outside the areas quantified in this study.

2X 10X 20X
Normal Polyp Normal Polyp
0@
Apc”*MIh1+* -
|3
ApcMIh1™+ O D'
O
a
Apc™MIh1™
*a/
W
i
| :
Apc”*MIh1"1 g

Figure 5-14 Examples of IHC for CD19* cells in normal intestinal mucosa and intestinal polyps in Apc del,
Apc del/MIh1 del and Apc delMIh1 null and MIh1 null mice shown at 2x, 10x and 20x magnification. Note the red
arrow denotes the presence of a Peyer’s patch, which acts as an internal positive control for CD19 IHC staining.
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5.4.3.1. Immune escape is universal in murine intestinal polyps

In humans, the acquisition of immune escape mutations enables tumours to avoid immune-mediated
cytolysis, and an active immune response selects for cancer cell clones that possess such genetic
aberrations [171]. As discussed previously, the MHC class I complex presents intracellular peptides to
CD8" T cells, and is a critical component of the antitumour immune response. Beta-2 microglobulin
(B2m), the light chain of the MHC-I complex [182] is frequently targeted by loss of function
mutations, which can retard this process [452]. In Chapter 4, I demonstrated an enrichment for f,m
mutations in MMRd CRCs with a mutation frequency of 22% — in agreement with previous
publications [171, 183]. Whilst B2M loss of function mutations have been associated with MMRd in
CRC, its influence on the tumour microenvironment have not been fully elucidated. I wanted to assess
whether the observed exclusion of CD8" cell from polyps in the mice models could be caused by loss

of f.m expression.

B2m IHC was optimised using normal kidney, and was widely observed in the normal intestinal
mucosa of all four mouse genotypes. It appeared to be strongest in the villi with limited expression in
the intestinal crypts (Figure 5.15, 20 x magnification). This served as an appropriate internal control.
Strikingly, examination of polyps revealed universal loss of .m protein in Apc del (10 of 14 polyps
from 8 mice), Apc del/Mlh1 del (11 of 15 polyps from 5 mice), Apc del/Mihi null (31 of 36 polyps
from 9 mice) and MIhI null (2 of 2 polyps from 2 mice) mice polyps examined. This raises the
interestingly possibility that loss of f2m expression may contribute to the absence of infiltrating CD8"

cell observed.

The mechanism of $2m loss remains unknown. Further efforts are underway to delineate this and will
include whole exome sequencing. It possible that the lack of labelling in tumours employs the same
mechanisms as the lack of labelling in crypts and this will be an important focus of future

investigation.
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Figure 5-15. Examples of IHC for B2m cells in normal intestinal mucosa and Gl polyps in Apc del, Apc
del/Mih1 del and Apc delMIh1 null and MIh1 null mice shown at 2x, 10x and 20x magnification. B2m loss was
universal to all polyps in each of the four genotypes examined.

Figure 5-16. Examples of IHC for B2m cells in normal intestinal mucosa and Gl polyps in Apc del, Apc
del/Mih1 del and Apc delMIh1 null and Mlh1 null mice shown at 2x, 10x and 20x magnification. B2m loss was
universal to all polyps in each of the four genotypes examined.

5.4.4.Planned analyses not completed due to the COVID19 pandemic

There were a number of further investigations I wished to perform, but unfortunately due to the
COVID-19 pandemic they were not possible. The first is to examine the genetic impact of Mlhl loss
in mice. [ would wish to firstly to confirm that M/h1 loss did in fact result in MSI and increased

mutational burden, such is seen in human tumours with M/h loss. In additional to analysing the
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overall mutational count, I would want to examine for the presence of specific mutations that could
potentially explain the CD8" cell exclusion that is seen in homozygous MIhI deletion tumours shown
in this work. It could be possible that Apc del/MIh1 null mice have acquired additional mutations in
genes key to MHC class I pathway and T cell recruitment. To this end, WES on large mouse tumours

from Apc del and Apc del/MIh1 null mice is planned.

Furthermore, I would want to expand my analysis of the immune microenvironment. Due to cost and
time constraints, immune cell quantification was carried out using IHC on individual slides. To better
investigate the immune cells, a multispectral IF approach would be extremely useful. Along with
analysing lymphocyte populations, it would be beneficial to examine for other immune cells that
could explain the lack for CD8" cell infiltrate, such as myeloid derived suppressor cells. Multispectral
IF quantification would also allow for determination of the spatial interaction between immune cell
subsets. My work presented above has presented the surprising finding that 3m loss appears to be
ubiquitous to murine intestinal adenomas. An interesting line of analysis would be to see whether
B2m deletion alone is sufficient to cause murine intestinal tumorigenesis, and whether induced £>m

deletion exacerbates polyp formation in Apc loss or Mih1 null mice.

Finally, one further area that would greatly benefit from functional studies is to investigate why
MMRd has discordant effects in CRC and EC. The development of endometrial specific M1 loss
model is underway. Comparisons would include of analysis of immune cell infiltrate, tumour
mutational burden and immune escape mutation enrichment. Furthermore, it will be interesting to

analyse the effect of Jak! mutations in murine CRCs, and >m mutations in murine ECs.
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5.5. Discussion

As discussed in detail in Chapter 4, MMRA plays a critical role in the development of CRC [304].
Moreover, it is particularly relevant in clinical management of the disease: MMRJ is a biomarker for
better prognosis [95] and more favourable response to immunotherapies [208]. These two
characteristics are at least in part the result of a vigorous anti-tumour immune response that typifies
MMRd CRCs. Genetically modified mouse models have been vital in advancing our understanding of
cancer biology, and have led to a number of seminal discoveries [385]. Whilst previous studies have
described MMRd mouse models, the degree to which they recapitulate human disease varies
considerably [428]. Moreover, no studies have reported detailed immunophenotype analysis.
Development of a mouse cancer model, which better portrays mismatch repair loss in humans, and
description of the associated tumour immune microenvironment is needed. This will enable detailed
functional study of the interplay between this particular form of genomic instability and the anti-

tumour immune response.

To this end, a Vil-CreERT2, Apc™™ MIh """ mouse model was generated to study mismatch repair loss
in gastrointestinal carcinogenesis. Consistent with previous publications, both heterozygous Apc
(Apc™™ MIh1™") and homozygous Mihl loss (Apc™™ MIh ™" resulted in the development of
gastrointestinal polyps. Combining heterozygous Apc loss and homozygous Mih1 loss (Apc™™ MIK"™)
resulted in a stronger phenotype with more polyps than either Apc loss or homozygous Mlhl1 loss
alone. Of particular relevance, homozygous MIh1 loss alone (Apc wildtype) was sufficient to cause
intestinal polyps, albeit with a substantially greater latency than those arising in the context of Apc
loss. In mice, polyps were predominantly found in the small intestine and colonic polyps were
infrequent. Surprisingly, across all mouse genotypes examined the intestinal polyps exhibited CD8"
T-cell exclusion. In Apc del and Apc del/MIh1 null, the polyp CD8" cell density was significantly less
than in the normal mucosa. In contrast, similar depletion was not observed for CD4" cells: increased
CD4" cell infiltrate was observed in the polyps of Apc del mice compared to normal mucosa, whilst

there was no significant difference for the same comparison in Apc del/MIhi del, Apc del/MIh1 null,
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MIh1 null mice. There was little evidence of compensatory B-cell response these mice: few to no
CD19" cells were found in either normal mucosa or gastrointestinal polyps. The exclusion of CD8"
cells may be partly explained by the loss of f>m expression in polyps, which was again observed in

all four genotypes examined.

Taken together, these results demonstrate that Vil-CreERT2, Apc™™ MIW"" loss results in an intestinal
specific murine model of carcinogenesis. Whilst this model shows some similarities to human disease,
it differs in several important aspects. CD8" T-cell exclusion from gastrointestinal polyps appeared to
be an almost universal phenomenon across all genotypes examined, irrespective of the Apc or Mihl
mutational status. Furthermore, loss of f.m expression appeared to be ubiquitous to all intestinal
polyps, again regardless of Apc or MIhl mutational status. In human CRCs, loss of function S>m
mutations are found in approximately 30% of MSI CRCs [453] and far less frequently in MSS CRCs;
there are no studies to my knowledge that have examined >m loss in mouse GI cancers. The finding
that $om loss was common to all polyps examined suggests that it may be an early and fundamental
step in murine GI tract carcinogenesis. The loss of f.m inactivates MHC class I antigen presentation
pathway [182], and this may explain the scarcity of intraneoplastic CD8" T-cells. In contrast, CD4"
cells are activated via the MHC class II complex, which is independent of fom [384]. This may be
particularly pertinent given that previous studies have suggested that S2m loss can result in a
compensatory CD4" cell based anti-tumour reaction. In a murine model of .m deletion, it was shown
that mice remained sensitive to ICI treatment (anti-PD1 and anti-CTLA4) and this was based on CD4"
cell-based immunity [454]. Furthermore, this relates to human disease; it has been shown patients
with MMRd CRC tumours remain sensitive to ICI treatment irrespective of §2M mutational status
[455]. Results from these studies suggest that CD4" cells may have a crucial role in determining ICI
treatment response [455]. The absence of a meaningful B-cell anti-tumour response cannot be entirely
explained by fm loss, except that co-localisation of CD20" (human equivalent of CD19") and CD8"
cells has been documented in breast, melanoma and ovarian cancers [166, 168, 456, 457]. It’s possible

that B-cell anti-cancer immunity is partly dependent on CD8" cell activation.
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5.5.1.Limitations

There are a number of limitations to the work presented above. Firstly, in human cancers mismatch
repair loss is an initiating driving event in colorectal carcinogenesis, and APC mutations occur
secondary to this. In this model, A4pc and MIhlI loss are combined. As such, it is not possible to
recreate the temporal relationship between key genetic events that are seen in human colorectal
carcinogenesis. Secondly, whilst it has been previously documented that homozygous MIA1 loss in
mice results MSI, this was not examined in this work due to the pandemic restriction. In humans, the
strength of the antitumour response is recognised to be positively correlated with a tumour’s
mutational burden. And in colorectal cancer, this is most commonly a function of genomic instability.
To fully validate this model of MMRd carcinogenesis, it will be important to show that MIA1 loss
results in MSI and the consequent increased mutational rate. Additionally, this may offer insights into
why increased CD8" T-cell infiltrate is not seen in intestinal polyps with MIA1 loss. In a similar vein,
this work did not confirm loss of Mlh1 protein expression. Thirdly, this work characterised a
relatively limited subset of immune cell populations. A more in-depth immunophenotyping effort
would be of considerable use. This work was limited by the use of consecutive FFPE sections and
IHC based quantification. Whereas utilisation of multispectral immunofluorescence quantification
would allow not only for analysis of more immune cell subtypes but also examination of the spatial
interaction between different cell populations. Finally, the original study design had that Apc del mice
would be the main control for experimental mice: Apc del/Mihl del, Apc del/Mih1 null and MIhI null.
Improvement on the work presented above would include larger numbers of control mice (both WT
and Vil-CreERT2"). This would allow for further characterisation of the immune cell infiltrate,

particular CD8" cell infiltrate, in normal mucosa tissue.

5.5.2.Future work
The work presented above lays the foundation for several avenues of future investigation. Initially, it
will be important to explore the mechanisms behind the observed CD8" exclusion from intestinal

neoplasia. This could include analysis of further immune escape mutations beyond f>m, such as Hla-
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a, Hla-b or TAP1/TAP2 mutations. Alternative routes of immune evasion should also be considered,
which could include increased numbers of myeloid derived suppressor cells, upregulation of immune
inhibitory molecules such as idolamine 2,3-dioxygenase-1 (IDO-1) or immune checkpoints such as
CTLA4, PD-1 or PD-L1. Additionally, it will be important to understand whether f,m loss is caused
by genetic mutations, or negative regulation at the transcription or post transcriptional level.
Depending on these findings, it would be interesting to see whether polyp CD8" infiltrate could be
increased with reconstitution of fom expression. This work showed that polyps exhibited CD4" cell
infiltrate, irrespective of 4pc and MIh1 mutational status. Whilst the findings of intraneoplastic T
helper cells suggests that they may be contributing to the anti-tumour response, it is important to
confirm that they are in fact active. In part this could be answered by knockout of CD4" cells, and
analysis to see whether this potentiates tumour formation. Murine models also offer the opportunity to
contrast and compare the effects of mismatch deficiency in other organs beyond the intestine. Work
presented in Chapter 4 highlighted that MMRA has substantially different consequences in the
endometrium compared to the colon. In particular, an attenuated immune phenotype is observed in
MMRd ECs, and this may be a consequence of an enrichment for JAKI loss of function mutations.
Mice models may help to explain why MMRA results in selective enrichment for different immune
escape mutations depending on anatomical site. It would be of value to understand whether 8,m loss
impacts carcinogenesis in the endometrium, and whether Jak! loss impacts colorectal carcinogenesis;
this work is underway but unfortunately delayed due to the COVID-19 pandemic. Finally, a small
portion of endometrial cancers are characterised by two forms of genomic instability: MSI and POLE
proofreading domain mutations [67]. The same has not been observed in colorectal cancer. Mouse

models offer a potential method to explore why this is the case.
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3627 6. Conclusions

3628  The work presented in this thesis demonstrates the critical importance of the antitumour immune
3629  response in determining tumour behaviour and its complex interaction with the tumour genome and
3630  epigenome[12]. Through correlative and functional analyses it provides evidence which supports the
3631  hypothesis that evasion of immune destruction is a fundamental characteristic of human cancers [9].
3632  And it provides an initial attempt, albeit a limited one, to understand the mechanisms responsible for
3633  the considerable variation between the tumour immune microenvironment of different cancer types,
3634  as well as between tumours of the same type of cancer. Whilst several factors have been suggested to
3635  influence anti-tumour immunity, my work suggests that the underlying tumour mutational landscape
3636  is the most important determinant. Much remains to be learnt about how the interaction between
3637  tumour genetics and the immune system shapes the tumour microenvironment. This is an area of great
3638  importance; it is becoming increasingly evident that the tumour immune microenvironment strongly
3639  influences clinical outcome and response to treatment.

3640

3641 The following summarises and provides context to some pertinent findings from my work.

3642
3643  6.1. Tumour infiltrating CD8" T lymphocytes are independently associated with
3644 improved recurrence free survival and overall survival in stage I1/I11

3645 colorectal cancer patients

3646  Currently, treatment decisions for colorectal cancer patients are made on the basis of TNM staging
3647  system. Unfortunately, this is insufficient to capture the variation in clinical outcome observed
3648  between early-stage CRC patients. A wealth of previous studies has demonstrated the positive
3649  prognostic association of tumour infiltrating T-cells, in particular CD8" T-lymphocytes, in CRC
3650  patients [4, 12]. However, translating this promise into a usable clinical biomarker has not yet been
3651  achieved. Using a large, clinical trial cohort of 1,804 patients, I showed that tumour CD8" cell
3652  fraction was significantly associated with reduced recurrence risk and improved overall survival in

3653  stage Il and III CRC patients [1]. Moreover, this relationship was independent of key confounding
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variables, such as mismatch repair deficiency (MMRA), POLE proofreading domain mutations and
chromosomal instability (CIN). This is particularly meaningful given that these forms of genomic
instability have been proven to influence the composition of immune microenvironment. Furthermore,
I demonstrated that treating CD8" cell infiltrate as a continuous variable was a valid way of analysing
the relationship between tumour infiltrating immune cells and clinical outcome. This is in contrast to
previous studies that used forced dichotomisation analysis, which poses a number of issues. These
results reenforce the prognostic utility of CD8" cell quantification, and may guide future studies to

avoid forced dichotomisation.

6.2. The prognostic association of CD8" T lymphocyte varies according to tumour

and nodal status

One notable advantage of using clinical trials is the detailed molecular and clinicopathological case
annotations. It has not been previously shown whether the prognostic association of tumour
infiltrating T-cells is constant across all early-stage CRCs, or whether it varies according to individual
cancer characteristics. My results showed that the prognostic association of CD8" cell infiltrate is not
uniform across all early-stage CRCs, but rather varies according to tumour and nodal status. The
association was effectively absent in CRCs at lowest risk of recurrence (pT3,N0), stronger in
intermediate risk CRCs (pT4,NO or pT1-3,N1/2) and strongest in highest risk CRCs (pT4,N1/2). This
variation has not been reported previously, and if further validated, may hold important implications
for the future utilisation of T-cell infiltrate as a prognostic biomarker. It may also give vital clues into

the underlying immune/cancer interaction.

6.3. The consequences of mismatch repair deficiency vary between endometrial

and colorectal cancer

MMRd is an important driver of carcinogenesis in endometrial and colorectal cancer. In CRC, MMRd
is associated with improved clinical outcomes, which may in part be explained by a vigorous anti-

tumour immune response [304]. In contrast, the same effect has not been well described in EC. By
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systematic review and meta-analysis, I confirmed that MMRA is significantly associated with reduced
recurrence risk and improved survival in CRC, but not in EC. This might be explained by the
differences in the immune infiltrate seen in these cancers. I found that MMRd CRCs showed much
greater increases in CD8" T cells, and other lymphocytes of known prognostic import compared to
MMRd ECs. These results were confirmed by multispectral IF quantification in FFPE tumour tissue
and by analysis of TCGA RNA-seq data. Explanation of this discordance can in part be derived from
the differing enrichment of immune escape mutations in MMRd CRCs versus EC. MMRd ECs
showed a striking enrichment for JAK/ loss of function mutations. I showed that these mutations are
associated with abrogation of IFN-y signalling, which is an important driver of an effective anti-
tumour immune response [458]. These results have implications for the use of MMRA as a prognostic
and a predictive biomarker. Immune checkpoint inhibition therapy effectiveness is dependent on
tumour immune microenvironment rich in cytotoxic T-cells and other immune cells associated with
IFN-y signalling [109]. JAKI loss of function mutations have also been associated with

immunotherapy resistance [381, 382].

6.4. A murine model of MIhl loss is associated with intestinal tumorigenesis

Whilst previous studies have sought to investigate the effects of MMR loss on intestinal tumour
formation in mice, there is a lack of studies that have investigate the immune microenvironment in
these tumours. I showed that conditional, inducible M/AI deletion combined with Apc loss, which was
driven by Cre recombinase, resulted in intestinal tumorigenesis. In contrast to human disease, these
polyps were located in the small intestine, and colonic polyps were infrequent. Strikingly,
homozygous loss of Mlhl alone was sufficient to cause polyps, though numbers were smaller then in

animals with concomitant Apc loss.
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6.5.CDS8"* T cell exclusion and B2m loss are common features of mouse intestinal

adenomas

Given my findings regarding the significant association of CD8" T-cells and clinical outcome in
human CRC, I wanted to analyse CD8" cell infiltrate in mouse tumours. Strikingly, my results showed
that CD8" cells were almost completely excluded from murine polyps resulting from Mlh1 loss.
Furthermore, and in contrast to expected findings based on human disease, CD8" cell infiltrate was
not increased in MIh """ Apc™/MIh1™" Apc*" mice compared to MIh1™" Apc*" mice. Next, given
that I had postulated an important role for immune escape mutations in determining the tumour
immune microenvironment, I wanted to investigate whether £>m mutations could explain the immune
cell exclusion. Surprisingly, 3.m loss was common to all murine adenomas I analysed, regardless of
the underlying genetic alterations. Taken together, these results show that gastrointestinal mouse M/lhl
loss, unlike human disease, does not result in an enhanced T-cell immune infiltrate. Moreover, 32m

loss may be an early and fundamental step in murine gastrointestinal carcinogenesis.

6.6. Future Perspectives

My results above have highlighted the importance of CD8" CTLs in the prognosis of early-stage
CRC. Furthering our understanding of the prognostic association of more immune cell populations,
and the interactions between these populations, will be of substantial benefit for efforts to introduce
immune cell-based biomarkers into routine clinical use. Additionally, my results have shown that the
same type of genomic instability can have substantially different effects depending the tumour’s
anatomical location. Elucidating why there is specific enrichment for different immune escape
mutations may help us understand how cancers are able to overcome the of immunosurveillance

hurdle in the carcinogenesis pathway.

The introduction of immune checkpoint inhibitors represents the paradigm of translational research:
basic science understanding of tumour immunology leading to a substantial therapeutic breakthrough.

These therapies have delivered remarkable results for a select group of patients with previously
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untreatable cancers, but their benefits are far from widespread. Future work must concentrate on

continuing to build our understanding of the anti-tumour immunity, particularly how it is shaped

through interaction with tumour genomics, and translating this knowledge into clinical advances for

patients who have recurrent or currently untreatable disease.
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Appendices

7.1. Gene set enrichment analysis results

7.1.1. Top 30 upregulated gene sets for MSI CRC vs MSS CRC

ID

G0:0045087

G0:0002250

G0:0034341

G0:0071346

G0:0060333

G0:0032609

G0:0001906

G0:0032729

G0:0051607

G0:0002228

G0:0032649

G0:0009615

G0:0031341

G0:0140375

G0:0050778

G0:0002831

G0:0045088

G0:0042613

G0:0042611

G0:0050776

G0:0002833

G0:0042267

G0:0002449

G0:0001774

G0:0002269

G0:0002715

G0:0150076

G0:0023023

G0:0002717

G0:0030101

Description

innate immune response
adaptive immune response
response to interferon-gamma

cellular response to interferon-gamma
interferon-gamma-mediated signaling
pathway

interferon-gamma production

cell killing
positive regulation of interferon-gamma
production

defense response to virus

natural killer cell mediated immunity
regulation of interferon-gamma production
response to virus

regulation of cell killing

immune receptor activity

positive regulation of immune response
regulation of response to biotic stimulus
regulation of innate immune response
MHC class Il protein complex

MHC protein complex

regulation of immune response
positive regulation of response to biotic
stimulus

natural killer cell mediated cytotoxicity
lymphocyte mediated immunity

microglial cell activation

leukocyte activation involved in
inflammatory response

regulation of natural killer cell mediated
immunity

neuroinflammatory response

MHC protein complex binding
positive regulation of natural killer cell
mediated immunity

natural killer cell activation

setSize

717

373

186

168

85

100

128

59

207

55

88

284

84

119

585

364

274

14

22

800

225

51

225

41

41

40

59

25

31

60

enrichmentScore

0.5762935

0.60246508

0.64116488

0.63707755

0.69384899

0.66184277

0.62511577

0.70996884

0.59286871

0.71427579

0.65511298

0.56198772

0.6547814

0.61134194

0.52208857

0.53745183

0.54678968

0.93447046

0.84250721

0.50716732

0.5548974

0.68797079

0.55114681

0.72979908

0.72979908

0.73050616

0.66460883

0.79570973

0.76163346

0.66143138

NES

2.74612018

2.74575731

2.70051914

2.64567661

2.63775457

2.61368401

2.55779071

2.55539056

2.55440042

2.54684124

2.52462083

2.50498086

2.48417811

2.46230737

2.45840796

2.43732721

2.43504789

2.43484829

2.43231492

2.4259466

2.42568439

2.42348428

2.409289

2.40903881

2.40903881

2.40680268

2.39212626

2.383244

2.38178742

2.37770143

pvalue
4.91E-60
1.76E-35
3.28E-22
3.94E-20
1.00E-14
3.50E-14

7.35E-14

3.62E-10
6.04E-19
1.20€-09
3.176-12
8.74E-21
1.88E-11
9.31E-13
6.18E-35
6.026-24
6.13E-19
1.10€-09
2.236-08
8.25E€-43
1.79€-15
7.65E-08
3.54E-15

3.98E-08
3.98E-08
2.22E-08
6.04E-08
2.57E-07
2.46E-07

2.18E-08

p.adjust
7.07E-56
8.46E-32
3.94E-19
2.47E-17
3.70E-12
1.17€-11

2.12E-11

5.42E-08
3.27€-16
1.57€-07
6.82E-10
6.99E-18
3.61E-09
2.27E€-10
2.226-31
7.89€-21
3.27€-16
1.46€-07
2.126-06
5.94E-39
7.38€-13
6.59E-06
1.38€-12

3.54E-06
3.54E-06
2.12E-06
5.27E-06
1.93E-05
1.87E-05

2.11E-06

179



3741 7.1.2.Top 30 downregulated gene sets for MSI CRC vs MSS CRC

ID
G0:0002002

G0:0002003
G0:0032281
G0:0035461
G0:0070696
G0:0016328
G0:0099061
G0:0006067
G0:1901338
G0:0099095
G0:0098962
G0:0034310
G0:0060393
G0:0033612
G0:0099146
G0:0060389
G0:0004497
G0:0006068
G0:0007631
G0:0005237
G0:0035240
G0:0099060
G0:0017147
G0:0030917
G0:0008083
G0:0042756
G0:0098948
G0:0002016
G0:0005179

G0:0098953

3742

Appendices

Description

regulation of angiotensin levels in blood

angiotensin maturation

AMPA glutamate receptor complex

vitamin transmembrane transport

transmembrane receptor protein serine/threonine kinase binding
lateral plasma membrane

integral component of postsynaptic density membrane
ethanol metabolic process

catecholamine binding

ligand-gated anion channel activity

regulation of postsynaptic neurotransmitter receptor activity
primary alcohol catabolic process

regulation of pathway-restricted SMAD protein phosphorylation
receptor serine/threonine kinase binding

intrinsic component of postsynaptic density membrane
pathway-restricted SMAD protein phosphorylation
monooxygenase activity

ethanol catabolic process

feeding behavior

inhibitory extracellular ligand-gated ion channel activity
dopamine binding

integral component of postsynaptic specialization membrane
Whnt-protein binding

midbrain-hindbrain boundary development

growth factor activity

drinking behavior

intrinsic component of postsynaptic specialization membrane
regulation of blood volume by renin-angiotensin

hormone activity

receptor diffusion trapping

11

11

17

13

17

56

36

19

11

12

10

13

52

21

39

55

78

11

68

50

37

128

53

66

-0.8491573

-0.8491573

-0.7440771

-0.7962026

-0.7371452

-0.5929213

-0.634942

-0.7131015

-0.8138636

-0.7881844

-0.8288291

-0.7729961

-0.5881803

-0.6910863

-0.6106504

-0.5799141

-0.5419804

-0.7939508

-0.5531395

-0.8701946

-0.9668131

-0.5813076

-0.6085601

-0.9626848

-0.4917645

-0.8551556

-0.5653859

-0.9243597

-0.5353191

-0.9399918

enrichmentScore NES

1.9063311

1.9063311

1.8564499

-1.85603

1.8391551

1.8384568

1.8309625

1.8274773

-1.827098

1.8256023

1.8106784

1.8019333

1.8001524

1.8000842

1.7951543

1.7935115

1.7837051

1.7823943

1.7821808

1.7755669

1.7653564

1.7625311

-1.758955

1.7578184

1.7476104

1.7448809

-1.744605

1.7355375

1.7224678

-1.716382

pvalue

p.adjust

1.76E-04  0.0060584
1.76E-04  0.0060584
7.59E-04  0.01884386
0.00117555 0.0266348
0.0012063  0.02702454
1.58E-04  0.00558331
3.60E-04  0.01061365
0.00231792  0.04493892
9.51E-04  0.02245976
0.0026369  0.04894909
0.00130445 0.02847063
0.00239485 0.04612
4.98E-04 0.01377621
0.0019559  0.03907725
8.83E-04 0.02133533
3.06E-04  0.00925715
1.28E-04  0.00472713
0.00197806  0.03941075
3.32E-04  0.00996806
0.00129698  0.02843682
6.58E-05  0.00266375
6.24E-04  0.01633643
8.45E-04  0.02056145
1.03E-04  0.00392387
1.84E-04  0.0062604
0.00243414  0.04668941
0.00108027 0.02489799
2.67E-04  0.00831828
0.00102518 0.02370411
7.45E-04  0.01858981
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3743  7.1.3.Top 30 upregulated gene sets for MSI EC vs MSS EC

ID
G0:0009226
G0:0006778

G0:0042168

G0:0016667
G0:0097237
G0:0097646
G0:1990410
G0:0009108
G0:0050662
G0:1901568
G0:0051188
G0:0006732
G0:0098754
G0:0016491
G0:0016054
G0:0046395
G0:0097647
G0:0055114
G0:0005759
G0:0006090
G0:0044282
G0:0051186
G0:0042542
G0:0048037
G0:0006631
G0:0019752
G0:0006790
G0:0034599
G0:0009636

G0:0006875
3744

3745

3746

3747

Appendices

Description setSize
nucleotide-sugar biosynthetic process 21
porphyrin-containing compound metabolic process 30
heme metabolic process 26
oxidoreductase activity, acting on a sulfur group of

donors 52
cellular response to toxic substance 152
calcitonin family receptor signaling pathway 4
adrenomedullin receptor signaling pathway 4
coenzyme biosynthetic process 115
coenzyme binding 210
fatty acid derivative metabolic process 74
cofactor biosynthetic process 184
coenzyme metabolic process 184
detoxification 72
oxidoreductase activity 468
organic acid catabolic process 172
carboxylic acid catabolic process 172
amylin receptor signaling pathway 3
oxidation-reduction process 667
mitochondrial matrix 406
pyruvate metabolic process 109
small molecule catabolic process 281
cofactor metabolic process 302
response to hydrogen peroxide 103
cofactor binding 325
fatty acid metabolic process 218
carboxylic acid metabolic process 664
sulfur compound metabolic process 246
cellular response to oxidative stress 215
response to toxic substance 295
cellular metal ion homeostasis 254

enrichmentScore

0.67714664

0.61104727

0.62355356

0.50210744

0.39581838

0.9702124

0.9702124

0.40518845

0.37474243

0.43014996

0.37514264

0.3743395

0.43091839

0.34815348

0.35989775

0.35989775

0.99506041

0.30822579

0.33813969

0.36699396

0.3404947

0.34075094

0.36548029

0.31365887

0.32150459

0.27418535

0.31296417

0.30574248

0.29843818

0.29208377

NES

2.22438841

2.17747564

2.16441398

2.00818291

1.92268324

1.86690917

1.86690917

1.86569308

1.85292177

1.82708443

1.82608027

1.82217083

1.81712106

1.78010715

1.77603493

1.77603493

1.7628042

1.73192093

1.72036635

1.71517891

1.68027251

1.67351456

1.66879907

1.59467595

1.56498013

1.54582543

1.54060154

1.51449245

1.4741614

1.45474318

pvalue

9.77E-05
1.22E-04

2.56E-04

5.61E-05
6.70E-07
8.47E-05
8.47E-05
1.00E-05
6.81E-08
1.84E-04
5.34E-07
6.07E-07
1.90E-04
1.05E-13
6.90E-06
6.90E-06
1.03E-05
5.14E-13
2.03E-10
1.80E-04
2.97E-08
2.70E-08
2.91E-04
4.60E-07
5.89E-05
6.63E-09
4.43E-05
2.21E-04
1.27E-05

7.12E-05
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p.adjust

0.02331239

0.02752574

0.04269825

0.01588506

5.83E-04

0.02103222

0.02103222

0.00549699

9.21E-05

0.03450958

5.79E-04

5.79E-04

0.03501015

1.27E-09

0.00419803

0.00419803

0.00549699

3.13E-09

8.25E-07

0.03430643

4.51E-05

4.51E-05

0.04658269

5.60E-04

0.01591797

1.34E-05

0.01380968

0.03894467

0.00556615

0.01844023



Appendices

3748  7.1.4.Top 30 downregulated gene sets for MSI EC vs MSS EC

ID

G0:0005201
G0:0099055
G0:0035455
G0:0060337
G0:0071357
G0:0031012
G0:0034340
G0:0062023
G0:0007411
G0:0097485

G0:0042734

G0:0006617
G0:0001654
G0:0150063
G0:0048667
G0:0048880
G0:0043010
G0:2001199
G0:0048812
G0:0120039
G0:0048858
G0:0007409
G0:0010975
G0:0045664
G0:0032990
G0:0005887
G0:0050767
G0:0031175
G0:0009887

G0:0051960
3749

3750

Description

extracellular matrix structural constituent
integral component of postsynaptic membrane
response to interferon-alpha

type | interferon signaling pathway
cellular response to type | interferon
extracellular matrix

response to type | interferon
collagen-containing extracellular matrix
axon guidance

neuron projection guidance

presynaptic membrane

SRP-dependent cotranslational protein targeting to

membrane, signal sequence recognition
eye development

visual system development

cell morphogenesis involved in neuron differentiation

sensory system development

camera-type eye development

negative regulation of dendritic cell differentiation

neuron projection morphogenesis

setSize

plasma membrane bounded cell projection morphogenesis

cell projection morphogenesis

axonogenesis

regulation of neuron projection development
regulation of neuron differentiation

cell part morphogenesis

integral component of plasma membrane
regulation of neurogenesis

neuron projection development

animal organ morphogenesis

regulation of nervous system development

76

20

17

68

68

215

72

186

134

134

54

178

180

321

181

155

347

359

362

248

290

366

379

523

450

562

555

493

enrichmentScore

-0.6699209
-0.7495716

-0.766587
-0.5852244
-0.5852244
-0.5194645
-0.5758138
-0.5048691
-0.5140074
-0.5140074

-0.5721218

-0.9757961
-0.4599092
-0.4568097
-0.4415983
-0.4561886
-0.4576585
-0.9931967
-0.4284907
-0.4223092
-0.4215149
-0.4267887
-0.4222451
-0.4180963
-0.4148801
-0.3952332
-0.3917751
-0.3881804
-0.3872437

-0.3893171

NES

-2.1893705

-1.9307752

-1.9101572

-1.8929476

-1.8929476

-1.8747182

-1.8725912

-1.7972397

-1.7912636

-1.7912636

-1.7660485

-1.6865562

-1.6320788

-1.6226181

-1.6224371

-1.6217708

-1.6095642

-1.5952128

-1.5803002

-1.5599921

-1.557184

-1.5529123

-1.5468766

-1.5439182

-1.5330217

-1.4753324

-1.4533853

-1.4527834

-1.4484325

-1.4475535

pvalue
3.01E-09
1.78E-04
1.58E-04
5.47E-05
5.47E-05
5.86E-09
3.06E-05
6.18E-07
1.28E-05
1.28E-05

3.06E-04

1.04E-04
1.25E-04
9.53E-05
5.37E-06
6.16E-05
3.05E-04
3.14E-05
4.69E-06
1.05E-05
1.19E-05
2.35E-04
1.53E-04
2.37E-05
1.08E-05
2.10E-05
1.04E-04
3.20E-05
3.09E-05

5.36E-05

p.adjust
9.14E-06
0.03430643
0.03154439
0.01585901
0.01585901
1.34E-05
0.01053427
5.79E-04
0.00556615
0.00556615

0.04779806

0.02393695
0.02764906
0.02320259
0.00363409

0.0162922
0.04779806
0.01053427
0.00352361
0.00549699
0.00556615
0.04080547
0.03135071
0.00902327
0.00549699
0.00824861
0.02393695
0.01053427
0.01053427

0.01585901
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