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!

Introduction:!Triple!negative!breast!cancers!(TNBC)!are!high>grade!tumours,!with!poorer!
disease>specific!survival.!Following!diagnosis!of!metastatic!disease,!survival!is!typically!
short!and!novel!treatment!strategies!are!required.!The!immune!system!is!increasingly!
recognised!to!play!an!important!role!in!TNBC!biology;!the!tumour!microenvironment!
(TME)!is!central!to!immune!evasion.!I!explored!the!interaction!between!the!TME,!
immunogenicity!and!prognosis!in!a!cohort!of!young!women!with!TNBC.!!

Methods:!The!POSH!study!is!a!prospective!observational!study!of!almost!3000!patients!
aged!40!years!or!younger!with!a!first!diagnosis!of!invasive!breast!cancer.!Associations!
between!clinicopathological!features!and!molecular!markers!(using!tissue!microarrays)!
and!prognosis!were!assessed!in!those!with!TNBC.!These!factors!were!integrated!into!a!
prognostic!score!using!ROC!analysis.!Correlates!of!immune!activity!were!identified!and!
digital!pathology!analyses!utilised.!Murine!breast!fibroblasts!were!differentiated!into!the!
myofibroblastic!phenotype!in#vitro,!with!qtPCR,!western!blot,!cell!count,!
immunofluorescence!and!metabolism!assays!performed.!The!effect!of!myofibroblast!co>
injection!on!tumour!growth!using!the!4T1!model!in#vivo#was!studied.!Finally,!AZD0156,!a!
novel!cancer>associated!fibroblast!(CAF)!inhibitor,!was!assessed!for!efficacy!and!
compared!to!immunotherapy!in#vivo.!!

Results:!Tumour>infiltrating!lymphocyte!(TIL)!density!was!highly!prognostic!and!was!
significantly!higher!in!those!with!a!germline!BRCA#mutation.!Bioinformatics!of!publically!
available!datasets!revealed!that!extracellular!matrix!pathways!were!upregulated!in!
lymphocyte>deplete!TNBC!cases.!An!inverse!correlation!between!smooth!muscle!actin!
(SMA)!and!TIL!was!found.!Murine!breast!fibroblasts!were!transformed!in#vitro!using!TGF>
β;!myofibroblasts!augmented!tumour!growth!in!a!TNBC!murine!model.!An!ATM!inhibitor!
(AZD0156)!inhibited!the!myofibroblastic!phenotype!and!was!effective!at!reducing!tumour!
growth!using!the!CAF>rich!4T1!model!in#vivo.!This!effect!was!not!mediated!via!CD8!
infiltration!but!there!was!a!reduction!in!CAF!density.!!

Conclusion:!The!TME!is!an!important!factor!in!immune!evasion!in!TNBC.!CAF!inhibition!
may!be!an!effective!treatment!strategy!and!should!be!investigated!in!combination!with!
other!agents.!!
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Chapter*1 Introduction*

!

1.1 Background*–*breast*cancer*

!

Breast!cancer!is!the!most!common!neoplasm!in!women;!there!are!over!55,000!new!

diagnoses!per!year!in!the!UK(1).!The!vast!majority!(approximately!94%)!of!patients!with!

breast!cancer!present!with!disease!localised!to!the!breast!and!axillary!lymph!nodes!and!

are!treated!with!the!aim!of!cure(2).!Overall!survival!rates!are!continuing!to!improve;!the!

five>year!survival!rate!in!the!UK!has!increased!from!5%!in!1972!to!87%!in!2011!(Figure!1.1)!

(3).!!

!

Breast!cancer!is!a!heterogenous!disease,!both!clinically!and!at!a!molecular!level.!It!has!

traditionally!been!divided!into!subtypes!based!on!immunohistochemistry!(IHC)!and!the!

presence!or!absence!of!oestrogen!(ER),!progesterone!(PR)!and!HER2!receptor!staining.!

The!proportion!of!cells!which!stain!positively!for!ER!and!PR!ranges!from!0!to!100%,!

although!≥1%!(approximately!75%!of!breast!cancers)!is!considered!ER!or!PR!positive!for!

clinical!purposes(4).!HER2!expression!is!scored!in!the!range!of!0>3+,!with!0/1+!considered!

negative!and!3+!positive.!A!score!of!2+!is!regarded!as!borderline!and!mandates!further!

assessment!with!in#situ!hybridisation(5).!Triple!negative!breast!cancers!(TNBC)!are!

defined!by!lack!of!ER!and!PR!staining!by!IHC!and!absence!of!HER2!overexpression!by!IHC!

or!gene!amplification!by!in3situ!hybridisation.!This!classification!has!been!primarily!driven!

by!the!ability!to!treat!patients!with!targeted!agents!depending!on!their!receptor!status.!

However,!the!true!diversity!of!breast!cancer!has!become!apparent!in!recent!years!with!

the!advances!of!genomic!and!transcriptonomic!technology.!!

!
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!

Figure*1X1.*AgeXStandardised*FiveXYear*Net*Survival*over*time.*
For*women*with*a*diagnosis*of*breast*cancer*(Aged*15X99),*England*and*Wales*1971X
2011.*
FiveXyear*survival*has*increased*from*53%*in*1971X72*to*87%*in*2010X2011.**Ten*year*
survival*has*increased*even*further:*from*40%*to*78%.*Survival*for*2010X2011*is*predicted*
using*an*excess*hazard*statistical*model.**
Image*from*Cancer*Research*UK(3).*

!

1.2 Metastatic*breast*cancer*

!

Although!most!patients!diagnosed!with!breast!cancer!are!now!cured,!unfortunately!there!

is!still!a!significant!risk!of!recurrence.!The!risk!of!recurrence!for!a!patient!undergoing!

treatment!for!localised!breast!cancer!is!difficult!to!estimate!as!breast!cancer!recurrence!

risk!continues!even!24!years!after!treatment,!particularly!for!ER+!disease(6).!With!on>

going!evolution!of!increasingly!effective!therapies,!recurrence!rates!for!the!current!

population!of!patients!will!never!be!precise.!In!one!study!involving!4105!patients!enrolled!

in!international!trials!from!1978>1985,!the!distant!recurrence!rate!was!24.4%(6).!This!rate!
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is!likely!to!be!somewhat!lower!in!the!modern!era!and!the!recurrence!risk!for!an!individual!

patient!clearly!depends!on!multiple!factors,!including!staging!and!breast!cancer!subtype.!!

!

Unfortunately,!the!prognosis!for!those!with!metastatic!breast!cancer!(MBC)!remains!poor!

and!treatment!is!usually!with!palliative!intent(7,!8).!The!median!survival!is!2!to!3!years.!

However,!some!patients!with!ER+!or!HER2+!disease!live!much!longer!(more!than!10!years!

in!some!HER2+!cases)!(9,!10).!!Most!patients!with!MBC!develop!secondary!metastatic!

disease!later,!following!a!diagnosis!of!a!primary!cancer.!However,!6>7%!of!patients!with!

MBC!have!a!diagnosis!of!metastatic!disease!at!first!presentation!(known!as!“de#novo!

metastatic!disease”;!dnMBC).!It!is!not!clear!how!the!pathology,!presentation!and!

outcome!for!patients!who!present!with!dnMBC!compare!to!those!who!later!develop!

distant!metastases!following!a!diagnosed!primary!(recurrent!MBC;!rMBC).!!

!

Some!studies!have!shown!a!longer!survival!time!for!those!presenting!with!dnMBC!

compared!to!those!with!rMBC!(11>14).!In!one!multicentre!retrospective!study!evaluating!

815!consecutive!patients!with!MBC!in!the!Netherlands!from!2007!to!2009,!with!a!median!

follow>up!of!37.1!months,!this!was!only!true!for!rMBC!patients!with!a!metastasis>free!

interval!(MFI)!of!less!than!24!months(15).!In!common!with!other!studies!on!this!subject,!

the!follow>time!is!insufficient!as!late!ER+!recurrences!are!omitted!from!the!data.!

Additionally,!most!MBC!survival!analyses!are!retrospective,!with!a!median!age!of!53>65!

(with!less!than!15%!of!participants!being!aged!under!40)(11,!15,!16).!Baseline!imaging!

investigations!for!metastatic!disease!are!not!mandatory!in!early!breast!cancer!(unlike!in!

some!other!solid!tumours)!and!are!generally!done!at!the!discretion!of!the!treating!

physician.!In!general,!imaging!(such!as!a!CT!scan!of!the!chest,!abdomen!and!pelvis)!is!only!

performed!for!clinically!positive!axillary!nodes,!large!tumours!(≥5cm)!or!clinical!signs!or!

symptoms!suggestive!of!metastatic!disease!or!aggressive!biology(17).!

!

1.3 Background*–*Immunology*In*Cancer*

!
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It!has!long!been!known!that!the!immune!system!is!important!in!tumour!biology.!In!1893!

William!Coley!published!his!data!using!live!bacteria!to!stimulate!the!immune!system!in!

the!treatment!of!cancer.!Using!a!preparation!derived!from!streptococcal!cultures!he!

injected!over!900!cancer!patients!with!an!alleged!cure!rate!of!10%(18).!It!is!now!

established!that!the!host!immune!system!can!recognize!and!eliminate!malignant!cells,!

with!tumours!only!developing!when!these!cells!are!able!to!evade!immune!recognition.!

This!was!acknowledged!as!one!of!the!emerging!hallmarks!of!cancer,!in!addition!to!the!six!

original!hallmarks!in!the!seminal!paper!by!Hanahan!et#al!!(Figure!1.2)(19).!

A.*

!

*

B.**

!



! ! Chapter!1!

27!

Figure*1X2.*Hallmarks*of*Cancer*

A.*In*their*seminal*article*published*in*2000,*Hanahan*et*al(20)*attempted*to*simplify*
cancer*biology*into*a*number*of*key*principles.*They*argued*that*all*cancers*can*be*
defined*by*six*hallmarks*that*govern*neoplastic*development.*These*six*hallmarks*were:*
selfXsufficiency*in*growth*signals,*insensitivity*to*antiXgrowth*signals,*evasion*of*apoptosis,*
replicative*immortality,*sustained*angiogenesis*and*tissue*invasion/metastasis.*

B.*In*2011,*the*authors*published*an*updated*paper,*outlining*two*emerging*hallmarks*
and*two*emerging*“characteristics”*(defined*as*features*which*lead*to*the*development*of*
hallmarks).*The*new*hallmarks*were*deregulated*metabolism*and*evasion*of*the*immune*
system.*The*emerging*characteristics*were*genomic*instability*and*inflammation(19).*

Therefore*the*study*of*immunology*is*now*recognised*to*be*of*vital*importance*in*cancer*
biology*and*therapeutics.**

Images*from*Hanahan*et#al(19).*

!

Cancer!cells!are!potentially!immunogenic;!they!can!produce!antigens!recognized!as!

foreign!by!the!immune!system!and!tumour>specific!T>cell!clones!can!be!grown!from!

animals!bearing!tumours(21).!There!are!several!ways!in!which!a!tumour!can!become!

antigenic,!including!the!generation!of!mutated!neoantigens,!expression!of!oncofetal!

antigens!or!viral!proteins!and!the!overexpression!of!normal!self!antigens(21).!The!primary!

factor!in!determining!tumour!antigenicity!is!the!degree!to!which!it!expresses!epitopes!

selectively!recognized!by!T>cells.!An!epitope!within!a!mutated!protein!has!to!be!

sufficiently!non>self!to!be!immunogenic.!The!number!of!tumour>specific!antigens!differs!

between!tumours!and!the!immunogenicity!of!these!antigens!is!also!variable;!therefore!

some!tumours!are!highly!immunogenic!while!others!are!relatively!immune>silent(22).!The!

overall!immunogenicity!of!a!tumour!is!also!dependent!on!other!immunomodulatory!

mechanisms,!including!the!ability!of!cytotoxic!T>cells!to!effectively!infiltrate!the!

tumour(23).!It!is!clear!that!immunogenicity!varies!between!tumours!and!this!is!reflected!

in!responsiveness!to!immunotherapy;!melanoma,!renal!cell!carcinoma!and!non>small!cell!

lung!cancer!are!examples!of!the!most!immunogenic!tumours,!whereas!uterine!carcinoma!

and!glioblastoma!are!considered!poorly!immunogenic(24).!!

!

The!host!response!commences!with!processing!and!presentation!of!the!antigen!in!

association!with!the!major!histocompatibility!complex!(MHC)!on!the!surface!of!an!
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antigen>presenting!cell!(APC).!Naïve!T>cells!interact!with!the!APC!and!are!activated!in!a!

secondary!lymphoid!organ.!Activation!requires!both!T>cell!receptor!(TCR)/MHC!

interaction!and!co>stimulatory!signals.!Differentiation!and!clonal!expansion!of!specific!T>

cells!then!occurs,!resulting!in!the!production!of!effector!and!memory!T>cells(25).!The!

innate!and!adaptive!immune!systems!coordinate!to!eliminate!the!foreign!cells.!!

*

Mononuclear!cells!localising!within!a!tumour!are!thought!to!reflect!the!adaptive!host!

response!and!are!known!as!tumour>infiltrating!lymphocytes!(TILs).!They!can!be!

considered!a!surrogate!marker!of!immunogenicity(22).!In!solid!tumours!they!are!largely!

composed!of!CD3+!T>cells;!CD20+!B>cells!are!seen!infrequently.!The!CD3+!T>cells!are!

further!subdivided!into!CD8+!cytotoxic!T>cells,!CD4+!regulatory!T>cells!and!CD4+!helper!T>

cells!(26).!CD8+!T>cells!recognise!antigens!presented!by!MHC!class!I!molecules!and!CD4+!

helper!T>cells!recognise!those!presented!by!MHC!class!II!molecules.!The!anti>tumour!

response!is!primarily!cytotoxic!(mediated!by!CD8+!cells)!as!tumour!cells!are!usually!

negative!for!class!II!and!positive!for!class!I!MHC!molecules.!However,!the!CD4+!T>cells!also!

play!an!important!role,!with!the!Th1!cells!assisting!in!cellular!immunity!and!the!Th2!cells!

in!humoral!immunity(25).!

!

The!process!whereby!the!immune!system!and!tumour!interact,!resulting!in!elimination,!

equilibrium!and/or!escape!of!malignant!cells!is!known!as!immunoediting(27).!Tumours!

may!be!weakly!immunogenic!or!exhibit!tumour!evasion!strategies!which!result!in!an!

inadequate!immune!response.!Tumours!use!a!multitude!of!mechanisms!to!evade!immune!

destruction,!including!promotion!of!immunosuppressive!cells!in!the!microenvironment!

(e.g.!tumour>derived!regulatory!T>cells),!downregulation!of!antigen!

processing/presentation,!production!of!immunosuppressive!cytokines,!expression!of!

inhibitory!molecules!(e.g.!PD>L1)!and!apoptosis!of!cytotoxic!T>cells(28).!In!addition,!

intratumoural!heterogeneity!and!clonal!evolution!significantly!contribute!to!the!challenge!

the!immune!system!has!in!successfully!eliminating!tumour!cells.!!

!
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1.4 TumourXinfiltrating*Lymphocytes*

!

1.4.1 The*assessment*of*TILs*in*breast*cancer*

!

Although!not!classically!considered!an!immunogenic!tumour,!there!is!emerging!evidence!

that!the!immune!system!is!important!in!the!pathogenesis!of!some!types!of!breast!cancer,!

in!particular!HER2>positive!and!TNBC.!As!outlined!above,!in!every!study!using!

transcriptonomic!and/or!genomic!data!to!subclassify!breast!cancer,!an!“immune>active”!

subtype!has!been!identified,!which!confers!a!good!prognosis.!!

!

In!contrast!to!normal!breast!tissue,!in!which!only!very!low!numbers!of!CD4+!and!CD8+!T>

cells!are!detected,!breast!tumours!and!their!associated!stroma!have!high!numbers!of!

immune!cells(29).!The!presence!of!TILs!in!a!solid!tumour!is!generally!associated!with!a!

positive!prognosis!and!they!have!long!been!known!to!have!prognostic!implications!in!

breast!cancer(26,!30).!!TILs!are!detected!using!light!microscopy!with!haematoxylin!and!

eosin!(H&E)!stained!histological!slides.!TILs!can!be!divided!into!those!seen!within!the!

stroma!(sTILs)!and!within!the!tumour!itself!(intratumoural).!The!majority!of!TILs!in!breast!

cancer!are!located!in!the!stroma.!Stromal!and!intratumoural!TILs!are!highly!correlated,!

but!sTILs!are!seen!in!higher!numbers!and!display!larger!variability!between!tumours(29).!

Therefore,!sTILs!are!now!considered!to!be!a!better!biomarker!in!predicting!patient!

response!to!treatment!and!subsequent!outcome!and!when!quantifying!TILs,!it!is!now!

advised!to!report!the!stromal!component!only(31).!!

!

TILs!are!a!broad!marker!of!lymphocyte!infiltration!but!do!not!tell!us!which!lymphocyte!

subpopulations!are!present.!In!general,!TILs!are!primarily!CD8!cells,!along!with!variable!

numbers!of!CD4!(helper!T!cells),!CD19!(B!cells),!macrophages!and!NK!cells(29).!

Immunohistochemical!staining!can!be!used!to!identify!which!subtypes!of!immune!cells!

are!present.!!
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!

Clearly!if!TILs!are!going!to!be!used!as!a!biomarker,!it!is!important!that!their!evaluation!

must!be!standardised!and!reproducible!with!clear!methodology.!In!order!to!facilitate!this,!

international!guidelines!for!the!evaluation!of!TILs!in!breast!cancer!were!published!in!2014!

and!the!guidelines!are!reproduced!in!Table!1.1.!!!

!

Table*1X1.*Recommendations*for*assessing*TILs*in*breast*cancer.**

Reproduced*from*recommendations*by*an*International*TILs*Working*Group*2014(31).**

1!

!

TILs!should!be!reported!for!the!stromal!compartment.!The!denominator!used!to!

determine!the!%!stromal!TILs!is!the!area!of!stromal!tissue!(i.e.!area!occupied!by!

mononuclear!inflammatory!cells!over!total!intratumoral!stromal!area),!not!the!

number!of!stromal!cells!(i.e.!fraction!of!total!stromal!nuclei!that!represent!

mononuclear!inflammatory!cell!nuclei).!

2! TILs!should!be!evaluated!within!the!borders!of!the!invasive!tumor.!

3! Exclude!TILs!outside!of!the!tumor!border!and!around!DCIS!and!normal!lobules.!

4! Exclude!TILs!in!tumor!zones!with!crush!artifacts,!necrosis,!regressive!hyalinization!

as!well!as!in!the!previous!core!biopsy!site.!

5! All!mononuclear!cells!(including!lymphocytes!and!plasma!cells)!should!be!scored,!

but!polymorphonuclear!leukocytes!are!excluded.!

6! One!section!(4–5!μm,!magnification!x200–400)!per!patient!is!currently!considered!

to!be!sufficient.!

7! Full!sections!are!preferred!over!biopsies!whenever!possible.!Cores!can!be!used!in!

the!pre>therapeutic!neoadjuvant!setting;!currently!no!validated!methodology!has!

been!developed!to!score!TILs!after!neoadjuvant!treatment.!

8! A!full!assessment!of!average!TILs!in!the!tumor!area!by!the!pathologist!should!be!

used.!Do!not!focus!on!hotspots.!

9! The!working!group’s!consensus!is!that!TILs!may!provide!more!biological!relevant!

information!when!scored!as!a!continuous!variable,!since!this!will!
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allow!more!accurate!statistical!analyses,!which!can!later!be!categorized!around!

different!thresholds.!However,!in!daily!practice,!most!pathologists!

will!rarely!report!for!example!13.5%!and!will!round!up!to!the!nearest!5%–10%,!in!

this!example!thus!15%.!Pathologist!should!report!their!scores!in!

as!much!detail!as!the!pathologist!feels!comfortable!with.!

10! TILs!should!be!assessed!as!a!continuous!parameter.!The!percentage!of!stromal!

TILs!is!a!semi>quantitative!parameter!for!this!assessment,!for!

example,!80%!stromal!TILs!means!that!80%!of!the!stromal!area!shows!a!dense!

mononuclear!infiltrate.!For!assessment!of!percentage!values,!the!

dissociated!growth!pattern!of!lymphocytes!needs!to!be!taken!into!account.!

Lymphocytes!typically!do!not!form!solid!cellular!aggregates;!therefore,!

the!designation!‘100%!stromal!TILs’!would!still!allow!some!empty!tissue!space!

between!the!individual!lymphocytes.!

11! No!formal!recommendation!for!a!clinically!relevant!TIL!threshold(s)!can!be!given!

at!this!stage.!The!consensus!was!that!a!valid!methodology!is!currently!more!

important!than!issues!of!thresholds!for!clinical!use,!which!will!be!determined!

once!a!solid!methodology!is!in!place.!Lymphocyte>predominant!breast!cancer!can!

be!used!as!a!descriptive!term!for!tumors!that!contain!‘more!lymphocytes!than!

tumor!cells’.!However,!the!thresholds!vary!between!50%!and!60%!stromal!

lymphocytes.!

#

These!guidelines!were!updated!in!2017,!to!include!guidance!on!TIL!assessment!in!the!

setting!of!post>neoadjuvant!chemotherapy!and!carcinoma!in#situ(32).!! !

!

1.4.2 TILs*and*survival*in*breast*cancer*

!

Increased!density!of!tumour>infiltrating!CD8+!lymphocytes!has!long!been!associated!with!

increased!survival!in!breast!cancer(30,!33)!although!in!many!studies,!the!association!has!
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been!limited!to!ER>negative!(34)!and/or!basal>like!TNBC!(35).!This!reflects!the!

heterogeneity!of!breast!cancer!and!the!importance!of!immunology!in!the!treatment!of!

this!subtype.!Tumours!that!have!a!high!degree!of!TIL!infiltration!are!named!lymphocyte>

predominant!breast!cancers!(LPBC)!and!accordingly!have!the!best!prognosis.!The!

threshold!is!usually!defined!as!greater!than!50!or!60%!TIL!infiltrate.!Studies!have!reported!

LPBC!rates!of!between!4.4!and!28.3%(36,!37).!Unfortunately,!this!probably!reflects!the!

heterogeneity!of!TIL!scoring,!although!the!International!Working!Guidelines(31)!should!go!

some!way!towards!standardising!this.!

!

1.4.3 TILs*as*a*biomarker*

!

TILs!can!be!used!as!a!predictive!biomarker!of!chemotherapy!response!in!TNBC;!there!is!a!

strong!and!consistent!association!between!TIL!density!or!expression!of!immune!markers!

and!the!likelihood!of!achieving!a!pCR!after!neoadjuvant!chemotherapy!(37,!38)!(Table!

1.2).!In!a!prospective!study!of!580!patients!with!HER2>positive!and!triple>negative!breast!

cancers,!both!greater!TILs!and!elevated!expression!of!12!mRNA!immune!markers!were!

significantly!associated!with!pCR!to!neoadjuvant!chemotherapy(37).!LPBC!tumours!had!a!

pCR!rate!of!59.9%!vs.!33.8%!for!non>LPBC.!!This!was!confirmed!in!a!large!pooled!analysis!

of!906!patients!treated!neoadjuvantly!for!TNBC(39).!They!found!increased!TILs!were!

associated!with!longer!PFS!and!OS,!even!when!adjusted!for!baseline!parameters!within!a!

multivariable!analysis!(MVA).!The!implication!being!that!the!immune!system!is!necessary!

for!chemotherapy!efficacy!in!TNBC;!the!exact!mechanisms!by!which!this!interaction!leads!

to!improved!outcomes!are!unknown.!It!is!presumed!that!immunogenic!cell!death!allows!

cross>presentation!of!antigens,!activation!of!dendritic!cells!and!induction!of!cytotoxic!T>

cells(40).!Multiple!agents,!including!anthracyclines,!gemcitabine!and!hormonal!therapy,!

have!been!shown!to!be!capable!of!inducing!immunogenic!cell!death(41).!It!is!likely!that!

chemotherapy!can!have!a!modulatory!effect!on!the!immune!system!–!neoadjuvant!

chemotherapy!can!convert!a!low>TIL!tumour!to!a!high>TIL!tumour!in!a!number!of!

patients(42).!

!
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TILs!can!also!be!used!as!a!prognostic!biomarker!at!baseline!in!patients!receiving!adjuvant!

therapy.!In!this!setting,!increasing!TIL!density!has!again!been!found!to!have!a!robust!and!

consistent!correlation!with!better!outcomes(36,!41,!43>45)!(Table!1.2).!In!the!BIG02>09!

trial!consisting!of!256!ER>negative!HER2>negative!node>positive!patients!treated!with!

adjuvant!chemotherapy,!the!5>year!OS!was!92%!for!those!with!the!LPBC!phenotype!

(10.6%!of!all!patients)!vs.!71%!for!those!without(41).!In!a!large!study!combining!481!TNBC!

patients!from!two!phase!III!adjuvant!trials!(Eastern!Cooperative!Oncology!Group![ECOG]!

2197!and!ECOG!1199),!for!every!10%!increase!in!sTILs,!a!19%!reduction!of!risk!of!death!

was!observed(36).!sTILs!were!found!to!be!an!independent!prognostic!marker!of!DFS!and!

OS.!!

!

TILs!can!also!be!used!as!a!biomarker!of!residual!disease.!Early!work!compared!25!tumour!

samples!from!unselected!breast!cancer!patients!pre!and!post!neoadjuvant!

chemotherapy(46).!They!found!that!of!six!patients!without!TILs!at!baseline!but!with!a!CR,!

four!showed!development!of!TILs!following!chemotherapy!(67%).!Only!three!of!the!12!

patients!with!a!partial!response!developed!TILs!and!none!of!the!three!with!stable!disease!

did.!Another!group!evaluated!T!cell!infiltration!before!and!after!neoadjuvant!

chemotherapy!in!111!consecutive!HER2>negative!tumours!and!found!that!high!CD8!

infiltrate!after!chemotherapy!was!significantly!associated!with!DFS!and!OS(47).!Although!

overall!absence!of!pCR!indicates!a!poor!outcome,!they!found!a!subgroup!of!patients!with!

minor!residual!tumour!but!a!high!CD8/FOXP3!ratio!with!a!long>term!DFS!and!OS!of!almost!

100%.!More!recently,!a!retrospective!series!of!278!TNBC!patients!treated!with!

neoadjuvant!chemotherapy!found!that!those!with!high>TIL!residual!disease!had!

significantly!better!five>year!DFS!!(81.5%!vs.!46%)!and!OS!(91%!vs.!55%)!than!the!low>TIL!

group(40).!Of!the!19!cases!where!a!pre>treatment!biopsy!was!available!for!review,!only!

one!patient!had!a!lower!sTIL!score!after!chemotherapy.!Therefore!in!the!vast!majority!of!

patients,!chemotherapy!appeared!to!induce!lymphocyte!activation!and!infiltration!into!

the!tumour.!!

!

Little!is!known!about!the!molecular!characteristics!of!TIL>dense!breast!cancers!–!such!as!

the!T>cell!subtype!repertoire!and!the!genomic!characteristics!of!the!tumour.!Given!that!
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chemotherapy!can!convert!a!TIL>negative!tumour!into!a!TIL>positive!state,!it!is!rational!to!

postulate!whether!we!can!augment!TIL!infiltration!by!other!mechanisms.!It!may!be!

possible!to!alter!the!balance!of!chemokines!to!promote!cytotoxic!activity!locally.!In!one!

neoadjuvant!study!using!lymphocyte!mRNA!expression,!two!immune!markers!that!

correlated!with!pCR!and!TILs!were!CXCL9!and!CXCL13(37).!These!chemokines!may!be!

released!by!tumour!cells!and!attract!CD8+!lymphocytes.!Toll>like!receptor!agonists!have!

been!shown!to!enhance!antigen>specific!CD8+!T>cell!responses!in!pre>clinical!models(48).!

Histone!deacetylase!inhibitors,!which!can!upregulate!MHC!class!I!and!II!molecules,!have!

been!used!in#vitro#to!alter!the!immunogenicity!of!cancer!cells(49,!50).!

!

1.4.4 CD4+*TILs*

!

While!CD8+!lymphocyte!infiltration!is!associated!with!positive!outcomes!in!TNBC,!there!is!

evidence!that!the!opposite!may!be!true!for!CD4+!infiltration.!In!other!cancers,!the!

accumulation!of!FOXP3+!immunosuppressive!regulatory!T>cells!(Tregs)!correlates!with!

shorter!survival,!presumed!to!be!due!to!the!suppression!of!endogenous!anti>tumour!

activity!(51).!When!the!impact!of!Tregs!on!prognosis!in!breast!cancer!has!been!studied,!

the!results!have!been!conflicting.!In!one!study,!evaluation!of!677!treatment>naïve!breast!

cancers!revealed!that!a!low>CD8/high>CD4/high>macrophage!immune!signature!was!

associated!with!significantly!reduced!OS!and!DFS,!controlling!for!other!clinicopathologic!

variables!(52).!A!pCR!to!neoadjuvant!chemotherapy!has!been!associated!with!the!

disappearance!of!FOXP3+!cells!by!the!end!of!treatment(47).!Tregs!may!promote!

metastasis!in!breast!cancer!by!acting!in!a!paracrine!fashion!via!RANK!ligand,!in!addition!to!

their!usual!role!as!mediators!of!immune!tolerance!(53).!!

!

However,!the!negative!association!between!the!presence!of!Tregs!and!outcome!is!not!a!

universal!finding!and!may!depend!on!the!subtypes!being!analysed.!In!a!series!of!237!

breast!tumours,!higher!numbers!of!FOXP3+!cells!were!correlated!with!shorter!DFS!and!OS!

(54).!When!the!ER>negative!tumours!were!evaluated!alone!however,!this!correlation!was!
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not!found.!In!another!series!of!175!ER>negative!tumours,!high!FOXP3+!infiltration!was!

actually!associated!with!longer#recurrence>free!survival,!particularly!amongst!basal!

tumours(55).!In!common!with!the!previously!mentioned!neoadjuvant!study(47),!generally!

there!was!a!decrease!in!the!number!of!FOXP3+!cells!by!the!end!of!chemotherapy.!The!

difference!in!association!between!FOXP3+!cells!and!outcome!may!be!partly!explained!by!

the!higher!number!of!FOXP3+!cells!in!ER>negative!tumours!and!the!differing!cut>offs!used!

for!defining!the!amount!of!cells!infiltrated.!In!the!latter!study!that!showed!FOXP3+!

infiltration!to!have!a!positive!impact!on!survival!in!ER>negative!tumours,!they!used!a!cut>

off!that!they!felt!was!more!relevant!to!this!group.!It!should!be!noted!that!the!positive!

impact!of!FOXP3+!cells!was!dependent!on!the!simultaneous!presence!of!large!numbers!of!

CD8+!lymphocytes.!The!authors!hypothesised!that!CD8+!and!FOXP3+!T>cells!accumulate!

in!tumours!by!the!same!mechanisms.!To!explain!the!benefit!in!prognosis!they!found,!it!

was!suggested!that!either!the!regulatory!T>cells!can!exert!pro>inflammatory!functions!in!

ER>negative!tumours!(e.g.!through!suppression!of!tumour>associated!macrophages)!or!

they!may!be!exerting!their!usual!suppressive!function!but!at!an!insufficient!level!to!

combat!the!activity!of!the!CD8+!cells(55).!In!a!much!larger!series!of!1445!breast!tumours,!

the!number!of!FOXP3+!cells!was!not!an!independent!prognostic!factor,!in!either!ER>

positive!or!ER>negative!tumours(56).!!

!

Clearly!further!evaluation!of!the!role!of!Tregs!in!ER>negative!tumours!is!required,!

including!assessment!of!their!phenotype!and!function,!in!addition!to!the!mechanisms!by!

which!they!accumulate,!before!strategies!to!target!them!as!a!source!of!anti>tumour!

immunity!can!be!employed.!Blockade!of!CD25!(a!receptor!on!FOXP3+!cells)!has!been!

shown!to!reprogram!Tregs!and!enable!them!to!produce!IFNγ!in#vitro!and!when!used!in#

vivo!in!patients!with!metastatic!breast!cancer!resulted!in!depletion!of!circulating!Tregs!

(57).!
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Table&1(2.&Summary&of&studies&evaluating&TILs&in&ER(ve/HER2(ve&or&Triple&Negative&Breast&Cancer1.&

First!Author! Year! Study!
type!
(R/P2)!

PR!
status!

No.!of!!
patients3!

2nd!
pathologist!

Median!
follow!
up!
(m/y4)!

Median!
age!(y)!

Median!
%!sTIL!
score!

Threshold
!%!TILK
high!

%!TIL!
high!

%!
TIL!
low!

Outcomes!

No(chemotherapy&studies&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&OS&UVA&–&HR&for&death!

Park(58)!

!

2019! R! ✔! 476! NK! 8y! 65! 10! 30! 29.0! 71.0! 10%!TILs:!0.91!(0.82K
1.00,p=0.06)!

Adjuvant&studies!

Loi(41)! 2013! R! ✖! 256! Yes! 8y! 49! 20! 50! 10.6! 89.4! 10%!TILs:!0.82!(0.70K
0.96,!p=0.016)!
LPBC:!0.30!(0.094K0.95,!
p=0.040)!

Adams(36)! 2014! R! ✔! 481! Yes! 10.6y! NK!

(22.7%≤!

40)!

10! 50! 4.4! 95.6! 10%!TILs:!0.81!(0.69K
0.95,!p=0.01)!

Loi(43)! 2014! R!! ✔! 134! Yes! 62m! 50.9! 25! 50! K! K! 10%!TILs:!0.80!(0.62K
1.03,!p=0.08)!
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Dieci(44)! 2015! R! ✖! 199! No! 12.7y! 54! 15! 50! 5.0! 95.0! 10%!TILs:!0.89!(0.78K
1.02,!p=!0.1)!

Pruneri(45)! 2016! R! ✔! 647! Yes! 6.9y! 52! 18! 50! 18.4! 81.6! 10%!TILs:!0.83!(0.74K
0.92,!p<0.001)!
LPBC:!0.42!(0.22K0.78,!
p=0.006)!

LeonK
Ferre(59)!

2018! R! ✔! 605! No! 10.6y! 56.3! 20! 50! 27.0! 73.0! 10%!TILs:!0.90!(0.84K
0.96,!p=0.001)!
LPBC:!0.60!(0.43K0.83,!
p=0.001)!

&

Neoadjuvant&studies&&&&&&&&& Outcomes&as&reported&

Denkert(37)! 2015! P! ✔! 314! Yes! NK! 47! NK! 60! 28.3! 71.7! pCR!rate!UVA!!
LPBC:!HR!2.01!(1.22K
1.31,!p=0.006)!
10%!TILs:!HR!1.15!
(1.05K1.26,!p=0.004)!

Denkert(39)! 2017! R/P!

(pooled!

analysis)!

✔! 906! No! 62.8m! NK!(19%!

≤!40)!

NK! 60! 30.0! 70.0! pCR!rate!!
31%!low,!31%!
intermediate,!50%!high!
(p<0.0001)!
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!

!

!

!

!

!

!

!

!

!

!

!

!

pCR!rate!UVA!
1%!TILs:!HR!1.16!
(1.10K1.22,!p<0.0001)!
OS!UVA!–!HR!for!death!
10%!TILs:!0.92!(0.86K
0.99,!p=0.032)!

Mori(60)! 2017! R! ✔! 248! No! 68m! 58.4K!

61.85!

NK! 50! 47.6! 53.4! OS!UVA!–!HR!for!death!
TILs!high!vs.!low:!0.4!
(0.2K0.8,!p=0.015)!

Ruan(61)! 2018! R! ✔! 166! Yes! NK! 50! 15! 50! 4.2! 95.8! pCR!rate!UVA!
10%!TILs:!HR!1.07!
(1.03K1.10,!p=0.0001)!

Telli(62)! 2019! R!! ✔! 161! No! NK! 49.4! NK! 50! 8.1! 91.9! pCR!rate!UVA!
10%!TILs:!HR!1.16!
(0.97K1.40,!p=0.107)!!

Ochi(63)! 2019! R! ✔! 80! Yes! 98m! 52! NK! 50! NK! NK! pCR!rate!!
4%!low!&!43.6%!
intermediate/high!
(p<0.001)!
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1Between!January!2010!and!December!2019,!I!identified!studies!of!interest!by!conducting!a!literature!search!using!the!PubMed!database.!I!used!the!keywords:!“breast!

cancer”,!“triple!negative”,!“neoadjuvant”,!“lymphocytes”,!“TILs”,!“adjuvant”,!“TILs”,!“TIL”!and!“infiltrate”.!I!also!reviewed!references!from!review!articles!to!identify!

additional!studies!not!found!in!my!search.!I!included!studies!that!were:!1)!published!in!English!between!the!above!dates,!2)!included!patients!with!early!stage!triple!

negative!or!ERKnegative!breast!cancer,!3)!included!at!least!50!cases!of!ERKnegative!breast!cancer!or!TNBC,!4)!investigated!the!prognostic!role!of!TILs!in!the!

neoadjuvant/adjuvant/noKchemotherapy!settings,!prior!to!the!administration!of!chemotherapy!5)!reported!stromal!TILs!as!a!percentage!infiltrate,!6)!reported!hazard!

ratios!for!overall!survival!(OS),!or!pCR!rate!for!neoadjuvant!studies,!7)!used!H&E!slides,!not!tissue!microarrays!or!specific!markers!such!as!CD8,!8)!Published!as!original!

articles.!Studies!were!manually!reviewed!for!quality!and!excluded!if!not!meeting!this!threshold.!
2R=retrospective;!P=prospective!
3In!studies!without!progesterone!status,!number!consists!of!ERKve!HER2Kve!patients!
4m/y!=!months!or!years,!depending!on!what!was!reported!
5Median!age!for!entire!cohort!not!reported;!median!age!was!58.4!years!for!patients!with!PDKL1+ve!cancer,!61.8!years!for!patients!with!PDKL1Kve!cancer!

!

PR!=!Progesterone!Receptor,!HR!=!hazard!ratio,!NK!=!not!known,!UVA!=!univariable!analysis,!pCR!=!pathological!complete!response,!LPBC!=!lymphocyte!predominant!

breast!cancer!(threshold!reported!in!Table)
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!

1.5 Triple*Negative*Breast*Cancer*–*heterogeneity*and*genomics*

!

1.5.1 Background*

!

Triple!Negative!Breast!cancers!(TNBC)!are!defined!by!lack!of!ER!and!PR!staining!by!IHC!and!

absence!of!HER2!overexpression!by!IHC!or!gene!amplification!by!in#situ!hybridisation.!The!

majority!are!classified!histologically!as!invasive!ductal!carcinoma,!not!otherwise!specified!

(IDCKNOS)(64).!TNBCs!comprise!15K20%!of!breast!cancers!and!are!typically!highKgrade!

tumours,!with!poorer!diseaseKspecific!survival(65).!!

!

Unlike!the!other!subtypes!of!breast!cancer,!neither!endocrine!nor!HER2Kdirected!

therapies!are!of!clinical!benefit!in!TNBC.!PARP!inhibitors!are!now!approved!by!the!Food!

and!Drug!Administration!(USA)!for!the!treatment!of!metastatic!breast!cancer!in!patients!

with!a!germline!or!somatic!BRCA1/2.mutation(66).!!There!are!no!NICEKapproved!targeted!

therapies!and!novel!strategies!are!required.!Treatment!of!earlyKstage!TNBC!is!comprised!

of!surgery,!radiotherapy!and!cytotoxic!chemotherapy.!Chemotherapy!can!be!neoadjuvant!

(prior!to!surgery),!adjuvant!(after!surgery)!or!palliative!(for!metastatic!disease).!A!number!

of!regimens,!consisting!of!a!combination!of!agents,!are!used,!as!the!optimum!

combination!has!not!yet!been!determined.!!

!

Despite!its!poorer!prognosis!relative!to!other!breast!cancers,!patients!with!TNBC!are!

more!likely!to!respond!to!chemotherapy,!particularly!when!given!in!the!neoadjuvant!

setting.!This!is!sometimes!referred!to!as!the!TNBC!paradox.!In!fact,!30K40%!of!early!stage!

TNBC!patients!treated!with!standard!neoadjuvant!anthracycline!and!taxane!based!

chemotherapy!regimens!achieve!a!pathological!complete!response!(pCR)!to!

treatment(42).!pCR!is!considered!a!surrogate!marker!of!improved!survival!in!TNBC(67);!
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those!with!residual!disease!have!a!6Kfold!higher!risk!of!relapse!and!a!12Kfold!higher!risk!of!

death(68).!

!

Neoadjuvant!or!adjuvant!chemotherapy!is!considered!for!stage!I!to!III!(earlyKstage)!TNBC.!

The!chemotherapy!recommended!for!earlyKstage!disease!is!not!unique!to!this!subtype;!in!

general!this!is!anthracycline!and!taxane!based!treatment(69).!However,!there!is!growing!

evidence!that!platinum!compounds!may!be!particularly!active!in!TNBC.!A!metaKanalysis!of!

nine!randomised!controlled!trials!(RCTs)!incorporating!platinums!into!neoadjuvant!

chemotherapy!for!TNBC!indicates!an!improvement!in!pCR!rate!from!37.0%!to!52.1%!(OR!

1.96,!95%!CI!1.46–2.62,p<0.001)!but!at!the!expense!of!increased!haematological!

toxicity(70).!Of!the!two!RCTs!included!that!reported!survival!outcomes,!there!was!no!

improvement!in!overall!survival!(OS).!Therefore,!platinum!therapy!is!currently!considered!

an!option!in!the!management!of!earlyKstage!TNBC,!but!whether!it!translates!into!a!

meaningful!survival!benefit,!possibly!in!a!subset!of!patients,!remains!unclear.!!

!

The!lack!of!specific!targets!is!a!major!challenge!in!the!treatment!of!TNBC.!In!recent!years!

there!has!been!a!drive!to!understand!its!biology!at!a!molecular!level!in!order!to!further!

define!the!heterogeneity!of!this!disease!and!discover!potential!novel!targets.!!

!

1.5.2 Heterogeneity*

!

Beyond!the!traditional!IHCKbased!classification!of!breast!cancer,!with!advances!in!

genomic!technology!it!is!now!evident!that!the!disease!is!far!more!heterogenous!than!

these!basic!subtypes.!This!may!account!for!the!differences!in!biological!characteristics,!

clinical!outcomes!and!response!to!treatment!within!the!same!IHC!subtype(71).!Attempts!

have!been!made!to!further!delineate!breast!cancer!into!molecular!subgroups!with!

biological!and!prognostic!relevance.!In!their!seminal!paper!in!2000,!Perou!et.al(72).used!

gene!expression!profiles!to!define!five!subgroups!of!breast!cancer!with!distinct!biological!
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and!clinical!features:!Luminal!A,!Luminal!B,!HER2Kenriched,!normalKlike!and!basalKlike.!

Later,!analysis!of!genomic!data!across!multiple!platforms!from!825!breast!cancer!patients!

from!the!Cancer!Genome!Atlas!(TCGA)!confirmed!these!five!intrinsic!subtypes(73),!

although!they!found!normalKlike!to!be!very!infrequent.!!

!

One!of!the!intrinsic!subtypes!of!breast!cancer,!basalKlike,!has!significant!overlap!with!

TNBC,!although!the!two!are!not!synonymous.!There!are!no!accepted!international!criteria!

for!identification!of!basalKlike!tumours!and!so!its!use!remains!controversial(74).!In!two!

studies!using!mRNA!expression!array!analysis,!8K29%!of!TNBCs!did!not!have!a!basalKlike!

subtype(74).!Overall!the!overlap!appears!to!be!in!the!order!of!60K90%(75,!76).!BasalKlike!

cancers!are!characterised!by!overexpression!of!basal!markers!(such!as!cytokeratins!8!and!

18)!and!enrichment!of!genes!involved!in!cell!cycle!checkpoints,!proliferation!and!response!

to!DNA!damage(74).!There!is!also!overlap!with!the!BRCAness!phenotype,!which!is!

characterised!by!homologous!recombination!repair!(HRR)!defects!and!an!inability!to!

repair!double!strand!DNA!breaks;!it!has!not!been!defined!at!a!genomic!level(77).!!Indeed,!

three!quarters!of!tumours!in!germline!BRCA1.mutation!carriers!are!basalKlike(75)!(Figure!

1.3).!A!BRCA1!mutation!can!be!inherited!or!the!gene!can!be!mutated!somatically.!

Dysfunction!of!the!BRCA!pathways!can!also!occur!by!other!mechanisms!such!as!defects!in!

other!HRR!genes!or!BRCA1.promoter!hypermethylation(77).!!!

!

Over!the!last!ten!years,!genomic!and!transcriptonomic!analyses!have!been!integrated!

with!clinical!outcome!data!in!an!attempt!to!define!novel!biological!subgroups!and!

elucidate!common!molecular!themes.!Some!early!work!using!a!pooled!analysis!of!gene!

expression!data!in!over!2000!cases!of!breast!cancer!showed!only!the!immune!response!

gene!module!had!an!association!with!clinical!outcome!in!both!univariate!and!multivariate!

analysis!in!the!ERKve!HER2Kve!subtype(78).!!Similarly,!a!sevenKgene!immune!response!

module!was!able!to!identify!a!subgroup!of!patients!with!ERKve!disease!with!reduced!risk!

of!distant!relapse(79).!Another!group!refined!a!sixKgene!TKcell!related!metagene!and!

found!that!in!patients!with!ERKve!HER2Kve!disease,!there!was!a!higher!rate!of!pCR!and!a!

higher!rate!of!metastasisKfree!survival!at!five!years!(85.4%!vs.!43.9%!in!the!highest!vs!

lowest!tertile!of!expression)(80).!
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!

!

Figure*1@3.*Overlap*between*triple@negative*(TNBC),*basal@like*(BLBC)*and*BRCA1@associated*
breast*cancers.*

Although*there*is*significant*overlap*between*these*classifications,*they*are*based*on*
different*technologies*and*are*distinct.*TNBC*is*an*immunohistochemical*classification*
while*BLBC*is*a*molecular*subtype*based*on*gene*expression*profiling.*BLBC*typically*
express*genes*such*as*cytokeratins*5,*14,*17,*smooth*muscle*actin*and*P@cadherin*(usually*
expressed*in*cells*of*the*normal,*non@luminal,*myoepithelial*layer*of*the*breast*duct(81).**

BRCA1@associated*breast*cancers*may*occur*as*a*result*of*a*germline*or*somatic*mutation;*
alternatively*they*can*occur*due*to*epigenetic*modification*of*the*gene*or*abnormalities*in*
other*members*of*the*BRCA1*pathway(77).*

Image*from*Carey*et(al(81).*

!

In!the!largest!cohort!using!integrated!genomic/transcriptonomic!and!clinical!data!in!

breast!cancer,!Curtis!et.al(82)!used!discovery!and!validation!sets!of!997!and!995!tumours,!
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respectively,!to!identify!10!novel!subgroups!based!on!joint!clustering!of!copy!number!and!

gene!expression!data.!One!subgroup!called!“IntClust4”!or!“CNAKdevoid”!had!a!flat!copy!

number!landscape!with!a!high!proportion!in!this!group!showing!heavy!lymphocytic!

infiltration.!The!IntClust4!group!was!heterogenous,!composed!of!both!ERKnegative!and!–

positive!cases,!with!a!good!clinical!outcome.!!

!

!

Figure*1@4.*TNBC*subtypes*with*characteristic*gene*ontologies.**

TNBCs*subdivided*into*six*subtypes*using*gene*expression*clustering*from*587*cases*from*
public*data*sets*–*includes*basal@like@1*and*@2,*immunomodulatory*(IM),*mesenchymal,*
mesenchymal@stem@like*and*luminal*androgen*receptor*subtypes.*Data*from*Lehmann*et(
al(83).(

!

TNBC!has!been!further!subclassified!into!six!subtypes!using!gene!expression!clustering!

from!587!cases!from!public!data!sets!–!basalKlikeK1!and!K2,!immunomodulatory!(IM),!

mesenchymal,!mesenchymalKstemKlike!and!luminal!androgen!receptor!subtype!(83).!

These!subtypes!had!characteristic!gene!ontologies!and!distinct!clinical!outcomes!

(additionally!there!was!one!unstable!cluster)!(Figure!1.4).!The!IM!subtype!was!enriched!
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for!genes!involved!in!immune!signalling!and!antigen!presentation.!They!acknowledged!

the!potential!for!stromal!contamination!but!in!microdissection!the!same!proportion!of!IM!

subtype!was!found.!Using!RNA!gene!expression!clustering,!198!fresh!frozen!TNBC!samples!

were!subdivided!into!four!subtypes!(84)!and!a!“basalKlike!immune!activated”!subtype!was!

identified.!This!subtype!had!upregulation!of!genes!involved!in!B!cell,!T!cell!and!natural!

killer!(NK)!cell!function!and!had!the!best!prognosis.!!

!

Therefore,!TNBC!is!treated!as!a!single!disease!entity,!but!is!clearly!heterogenous!at!a!

molecular!level.!This!may!reflect!why!it!does!not!respond!to!treatment!in!a!uniform!

manner.!Gradually,!treatments!are!emerging!which!target!these!subtypes,!or!molecular!

alterations!occurring!across!subtypes.!For!example,!bicalutamide!and!enzalutamide!are!

undergoing!phase!II/III!clinical!testing!for!androgenKreceptorKpositive!TNBC(85).!

Activation!of!immune!gene!pathways!appears!to!confer!a!good!prognosis!in!a!subset!of!

TNBCs.!It!may!be!that!immuneKtargeted!therapies!would!be!most!efficacious!in!this!

subset.!It!is!likely!that!future!trials!in!TNBC!will!utilise!biomarker!stratification.!In!the!

PARTNERING!study,!patients!with!residual!TNBC!disease!after!neoadjuvant!chemotherapy!

were!stratified!by!TIL!score!and!then!allocated!to!receive!either:!a!combination!of!a!cell!

cycle!checkpoint!inhibitor,!a!PARP!inhibitor!or!an!immune!checkpoint!inhibitor(86).!

!

1.5.3 Genomic*changes*in*TNBC*

!

1.5.3.1 Genomic*instability*

!

Recent!developments!in!highKthroughput!sequencing!technology!have!facilitated!greater!

understanding!of!the!mutational!landscape!of!cancers.!Somatic!alterations!can!include!

copy!number!or!structural!aberrations,!mutations,!transcriptional!modification!and!

epigenetic!changes.!It!is!hoped!that!elucidating!the!driver!signalling!pathways!underlying!

the!pathogenesis!of!specific!subtypes!will!enable!the!development!of!specific!therapies.!!
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!

Tumour!mutational!burden!is!defined!as!the!total!number!of!somatic!mutations!per!

coding!area!of!a!tumour!genome.!Mutations!can!be!clonal!(present!in!every!tumour!cell)!

or!subclonal(87).!On!average,!TNBCs!have!a!somatic!mutation!rate!of!1.68!per!Mb!

(approximately!60!mutations!in!each!tumour).!The!mutation!rate!is!variable,!with!some!

tumours!having!a!mutation!burden!of!more!than!4.68!per!Mb(42).!BasalKlike!tumours!

have!a!more!heterogenous!genomic!landscape!than!nonKbasal,!with!variable!

transcriptional!and!DNA!copy!number!activity(88).!Genomic!rearrangements!occur!at!a!

much!higher!rate!in!basal!tumours!compared!to!the!luminal!A!subtype!(237!vs.!30!

rearrangements)(89).!TNBCs!are!more!likely!to!have!nonsense,!frameshift!and!complex!

mutations!compared!to!other!subtypes.!They!are!characterised!by!frequent!DNA!copy!

number!losses!and!gains!(71)!and!have!a!higher!expression!of!a!chromosomal!instability!

signature!compared!to!ERKpositive!tumours(90).!!

!

A!minority!of!somatic!mutations!in!tumours!can!produce!neoantigens,!defined!as!antigens!

derived!from!mutations!that!can!potentially!be!recognised!and!targeted!by!the!immune!

system.!More!highly!mutated!tumours!can!produce!a!greater!number!of!neoantigens,!

hypothesised!to!enhance!immune!reactivity!and!checkpoint!blockade!responses.!Indeed!

high!tumour!mutational!burden!and!neoantigen!load!have!been!associated!with!response!

to!checkpoint!blockade!(see!section!1.6.3).!!

!

Overall,!TNBC!exhibits!greater!genomic!instability!and!a!higher!mutational!burden!than!

the!other!subtypes,!resulting!in!the!generation!of!a!greater!number!of!neoantigens!(42).!

This!may!be!why!triple!negative!tumours!appear!to!be!more!immunogenic.!!

!

1.5.3.2 Driver*mutations*

!



! ! Chapter!1!

48!

It!was!hoped!that!the!identification!of!driver!mutations!would!lead!to!the!development!of!

novel!and!effective!targets!in!cancer.!Unfortunately,!intratumoural!heterogeneity,!clonal!

evolution!and!development!of!resistance!mechanisms!often!render!these!therapies!

ineffective.!For!instance,!in!the!treatment!of!nonKsmall!cell!lung!cancer!with!epidermal!

growth!factor!receptor!(EGFR)!tyrosine!kinase!inhibitors!(TKIs),!many!tumours!develop!a!

point!mutation!of!EGFR!that!alters!the!conformation!of!the!binding!domain,!reducing!the!

drug’s!potency!through!altered!binding!affinity(91).!Using!whole!exome!sequencing!of!

chronic!lymphocytic!leukaemia!cells!at!two!time!points,!drug!treatment!has!been!shown!

to!select!for!resistant!subclones,!possibly!by!removing!competition!between!subclone!

populations(92).!!

!

Nevertheless,!a!better!understanding!of!the!neoplastic!mechanisms!should!deepen!our!

understanding!of!TNBC!at!a!molecular!level.!In!a!recent!large!study,!whole!genome!

sequencing!was!performed!on!560!breast!cancers!(93).!They!identified!93!genes!carrying!

probable!driver!mutations,!all!in!exons.!At!least!one!driver!was!identified!in!95%!of!cases.!

The!10!most!frequently!mutated!genes!accounted!for!62%!of!drivers!(Figure!1.5).!

Although!they!found!high!mutation!frequencies!in!nonKcoding!regions,!it!was!felt!that!this!

was!secondary!to!structural!features!in!these!areas!and!they!were!unlikely!to!contain!

drivers.!They!identified!at!least!12!base!substitution!mutational!signatures!and!6!

rearrangement!signatures.!!

!

Analysis!of!466!breast!cancers!from!the!TCGA!dataset!identified!only!three!genes!(TP53,!

PIK3CA!and!GATA3)!that!had!somatic!mutations!at!an!incidence!of!>10%!across!all!breast!

cancers,!with!the!majority!of!mutations!occurring!in!only!a!very!small!proportion!of!cases.!

Consistently,!basalKlike!and!TNBCs!have!shown!a!high!frequency!of!TP53!mutations!(80%)!

and!loss!of!RB1.and!BRCA1.are!also!found.!Activation!of!the!PI3K/Akt!pathway!is!also!

seen,!by!mechanisms!that!include!loss!of!PTEN.or!amplification!of!PIK3CA.!However,!

PIK3CA.was!also!one!of!the!more!commonly!mutated!in!basalKlike!tumours!(9%)!in!the!

TCGA!cohort(73).!!

!
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!

!

Figure*1@5.*Somatic*mutation*rates*in*ER@positive*and*ER@negative*tumours.*

Image*from*Nik@Zainal*et(al(93).**

This*constitutes*a*list*of*curated*driver*genes,*sorted*in*descending*order*of*frequency.*The*
total*ER@positive*samples*were*366*and*ER@negative*samples*were*194;*the*fraction*of*
samples*found*to*have*a*mutation*in*the*driver*gene*is*shown*in*grey.*The*genes*
highlighted*in*green*have*new*or*additional*evidence*supporting*that*they*are*likely*to*be*
novel*breast*cancer*genes.***

!

Using!wholeKexome!sequencing!of!104!early!TNBC!cases,!TP53!was!again!shown!to!be!the!

most!frequently!mutated!gene,!in!62%!of!basal!TNBCs!and!43%!of!nonKbasal!TNBCs.!The!

next!five!most!commonly!mutated!genes!were!PIK3CA.(10.2%),.USHA2A.(9.2%),!MYO3A.
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(9.2%),!PTEN.(7.7%)!and!RB1.(7.7%)(88).!Excluding!MYO3A,!these!genes!were!mutated!at!

a!similar!frequency!in!the!TCGA!study(73).!Other!more!common!mutations!in!other!

studies!have!included!MLL3,!GATA3!and!amplification!of!CCNE1(71).!!

!

Overall,!TNBCs!bear!a!diverse!range!of!mutational!patterns,!with!relatively!few!

recurrently!mutated!genes,!except!for!TP53..Given!the!predictability!of!a!mutation!in!

TP53,.its!downstream!molecules!have!been!investigated!as!potential!targets,!e.g.!

CHEK1/2,.ATM!and.ATR(71).!The!PI3K/Akt!signalling!pathway!is!frequently!activated!in!

TNBC,!via!activating!mutations!in!PIK3CA!or!AKT1!and/or!loss!of!PTEN(94).!There!are!early!

phase!clinical!trials!underway!(in!patients!with!metastatic!disease)!studying!the!role!of!

PI3K!inhibitors!in!TNBC(95).!One!study!identified!recurrent!MAGI3#AKT3!fusion!gene,!

present!in!five!out!of!72!TNBC!samples(89).!This!translocation!leads!to!constitutively!

active!Akt!kinase!signalling,!which!can!be!targeted!by!a!small!molecule!inhibitor.!In!the!

phase!II!PAKT!trial!assessing!the!safety!and!efficacy!of!an!Akt!inhibitor!(capivasertib)!in!

140!patients!with!untreated!metastatic!breast!cancer,!the!PFS!was!5.9!months!in!the!

paclitaxel!and!capivasertib!arm!versus!4.2!months!in!the!paclitaxel!and!placebo!arm!

(p=0.06)(94).!Median!OS!was!19.1!months!and!12.6!months!respectively!(p=0.04).!Of!

those!tested,!25%!(n=28)!had!activating!PIK3CA/AKT1!mutations!or!inactivating!PTEN!

alterations!and!there!was!a!PFS!benefit!of!9.3!vs.!3.7!months!for!those!who!received!the!

Akt!inhibitor!in!this!subgroup.!Inhibitors!of!mTOR,!a!protein!kinase!downstream!effector!

of!the!PI3K!pathway,!are!already!licensed!for!clinical!use!in!ER+!disease(96)!and!are!also!in!

early!stage!clinical!trials!for!TNBC(95).!Other!potential!targets!could!include!amplification!

of!receptor!tyrosine!kinases!such!as!FGFR1/2,!cKKIT!and!MET(73).!Use!of!targeted!therapy!

in!unselected!TNBC!patients!is!unlikely!to!generate!high!response!rates;!upfront!

biomarker!selection!is!likely!to!yield!better!results.!

!

Attempts!have!been!made!to!correlate!mutations!with!clinical!features!and/or!outcome!

in!TNBC.!Next!generation!sequencing!of!56!preKtreatment!primary!TNBC!biopsies!was!

performed!in!order!to!identify!mutations!that!correlated!with!clinical!features(97).!The!

most!common!mutations!found!were!in!TP53,!TTN.and!PIK3CA!(rates!of!55%,!14%!and!9%!

respectively).!Mutations!in!TTN!are!however!often!described!as!a!falseKpositive!



! ! Chapter!1!

51!

finding(98).!The!mutation!rates!were!similar!between!those!who!responded!to!

chemotherapy!and!those!who!didn’t!(average!mutation!rate!9!vs.!8!mutations).!No!

recurrent!mutations!were!associated!with!outcome.!Those!with!a!relapse!were!noted!to!

have!a!higher!copy!number!alteration!rate.!

!

Expression!profiling!of!residual!disease!following!neoadjuvant!chemotherapy!for!TNBC!

has!been!used!to!identify!subgroups!with!prognostic!relevance!in!a!chemoresistant!

subset(99).!In!one!study,!molecular!profiling!of!residual!disease!in!74!TNBC!cancers!

identified!a!potentially!actionable!therapeutic!target!in!90%!of!cases(100).!Alterations!

more!frequently!found!in!this!cohort!(compared!to!TCGA!cohort)!were!suggested!as!

having!a!role!in!the!development!of!chemoresistance.!There!was!a!greater!frequency!of!

MCL1!amplifications,!PTEN!deletions/mutations!and!JAK2,!CDK6!and!CCND1#3!

amplifications.!As!discovered!previously,!a!wide!diversity!of!somatic!alterations!were!

found,!with!most!present!in!less!than!5%!of!lesions.!!

!

1.5.3.3 Intratumoural*heterogeneity*

!

In!addition!to!extensive!interKpatient!somatic!variability,!extensive!intratumoural!

heterogeneity!has!also!been!identified(101).!Using!single!nuclei!sequencing!of!one!ER+!

and!one!TNBC!tumour,!aneuploidy!was!found!to!occur!early!in!tumour!evolution,!

remaining!stable!during!clonal!expansion(102).!Point!mutations!however!evolved!

gradually,!contributing!to!extensive!clonal!diversity.!Again,!these!mutations!frequently!

occurred!at!a!low!frequency!in!the!tumour!mass!(<10%).!It!was!found!that!the!TNBC!cells!

had!an!increased!mutation!rate!(13.3x)!whereas!the!ER+!tumour!cells!did!not.!Whether!

this!holds!true!across!all!tumours!within!these!traditional!immunohistochemical!subsets!

(ERKpositive,!TNBC,!etc.)!remains!to!be!seen.!!

!

In!another!study!using!single!nuclei!sequencing,!1000!cells!from!primary!tumours!from!12!

patients!with!treatmentKnaïve!TNBC!were!used!to!investigate!clonal!substructure(101).!

They!found!that!a!large!number!of!copyKnumber!aberrations!(CNAs)!are!acquired!at!an!
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early!stage!in!tumour!evolution,!followed!by!stable!clonal!expansion!(“clonal!stasis”).!In!

each!tumour!they!identified!one!to!three!major!clonal!subpopulations!with!a!common!

evolutionary!precursor.!CNAs!appeared!relatively!stable!throughout!the!tumour.!This!

challenges!the!accepted!dogma!of!gradual!tumour!evolution!and!also!contradicts!

previous!reports!of!extensive!intratumoural!heterogeneity!in!TNBC.!!As!these!studies!are!

only!using!a!small!number!of!tumours,!this!likely!reflects!the!interKpatient!heterogeneity!

of!TNBC,!with!some!tumours!having!a!small!number!of!driver!pathways!and!few!

mutations!and!others!having!extensive!mutation!burden!and!a!diverse!set!of!pathways!

involved.!Overall,!TNBC!tends!to!have!higher!clonality!at!diagnosis!compared!to!other!

breast!cancers!but!this!is!not!absolute(88).!

!

In!addition!to!heterogeneity!within!a!single!tumour!mass,!there!can!also!be!variability!

between!lesions,!e.g.!primary!tumour!and!metastases.!In!order!to!investigate!this,!one!

study!used!10!preKtreatment!primary!TNBC!tumours!with!matched!lymph!node!

metastases!to!compare!CNAs!and!verified!their!findings!with!five!additional!pairs!of!

tumours!(primary!and!metastasis)(103).!There!was!no!increase!in!CNAs!in!the!lymph!node!

metastases,!indicating!a!high!clonal!relationship!with!the!primary!tumour.!!Using!matched!

primary!tumour!and!brain!metastasis!from!a!patient!with!basalKlike!breast!cancer,!it!was!

found!that!the!mutation!frequency!range!in!the!primary!tumour!was!wide,!indicating!

significant!intratumoural!heterogeneity(104).!However,!the!mutation!frequency!range!

was!much!narrower!in!the!metastasis,!indicating!that!the!metastasis!had!arisen!from!a!

small!subset!of!cells!from!the!primary!tumour.!There!were!two!de.novo!mutations!and!a!

large!deletion!not!present!in!the!primary!tumour,!indicating!onKgoing!clonal!evolution.!

More!recently,!whole!genome!and!mRNA!sequencing!were!performed!on!two!primary!

TNBC/basalKlike!breast!cancers!with!an!aggressive!clinical!phenotype,!in!addition!to!four!

or!five!siteKspecific!metastases!matched!with!each!tumour(105).!They!found!that!overall!

gene!expression!signatures,!copy!number!patterns!and!mutation!patterns!were!similar!

between!the!primary!tumour!and!associated!metastases.!The!primary!tumour!and!

metastases!were!closely!related!by!hierarchical!clustering!and!were!more!closely!matched!

than!to!primary!tumours!or!metastases!from!other!patients.!Almost!every!mutation!in!the!

primary!tumour!was!detected!in!a!metastasis!and!many!were!shared!across!the!primary!



! ! Chapter!1!

53!

tumour!and!all!matched!metastases.!Of!note,!each!metastasis!originated!from!multiclonal!

seeding!rather!than!a!single!cell!of!origin.!There!were!a!small!number!of!mutations!

identified!only!in!the!metastases;!the!majority!of!these!were!present!in!two!or!more!sites.!

Only!a!few!of!the!metastasisKspecific!mutations!were!expressed!in!mRNAs,!indicating!that!

those!arising!after!seeding!were!more!likely!to!be!passenger!mutations.!!

!

In!a!prospective!study!designed!to!improve!understanding!of!the!biology!of!metastatic!

disease,!whole!exome!sequencing!and!SNP!arrays!were!performed!on!primary!tumour!

and!longitudinal!metastatic!biopsies,!in!addition!to!autopsy!biopsies,!from!a!single!patient!

with!TNBC(106).!The!case,!which!had!an!aggressive!clinical!course,!again!showed!that!a!

clone!from!the!primary!was!present!in!all!the!metastases!(liver!and!lung).!However,!there!

were!also!new!clones!that!derived!from!an!earlier!progenitor!to!the!primary!clone.!Some!

of!the!metastases!showed!very!similar!subclonal!structures,!indicating!possible!metastatic!

cross!seeding!(rather!than!dissemination!from!the!primary!alone).!In!addition,!there!was!

evidence!of!recurrent!subclonal!mixtures,!indicating!possible!cooperation!between!

clones,!which!enhance!each!other’s!survival.!Although!only!one!case!was!sequenced,!the!

depth!of!information!about!multiple!metastatic!sites!enables!us!some!insight!into!the!

clonal!evolution!of!metastatic!TNBC.!Whether!these!findings!can!be!generalized!is!

unclear,!and!many!more!cases!will!need!to!be!sequenced!in!future!studies.!!

!

1.5.4 BRCA@deficient*tumours*

!

1.5.4.1 BRCAness*

!

There!is!significant!overlap!between!basalKlike!and!tripleKnegative!tumours!with!the!

“BRCAKness”!phenotype.!Breast!cancer!in!BRCA1!mutation!carriers!has!a!basalKlike!

phenotype!in!75K90%!of!cases!and!high!levels!of!genomic!instability!are!observed!(107).!

BRCA!proteins!repair!double!stranded!DNA!breaks!by!HRR!and!are!also!involved!in!cell!
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growth!and!cell!division!regulation.!They!therefore!function!to!maintain!genomic!

stability(108).!Individuals!with!a!germline!mutation!in!BRCA1!or!BRCA2!are!at!a!high!

lifetime!risk!of!developing!cancer,!particularly!breast!and!ovarian.!It!is!generally!accepted!

that!oncogenesis!in!those!carrying!a!pathogenic!germline!BRCA!mutation!follows!the!

“twoKhit”!rule!with!the!second!hit!being!somatic!inactivation!of!the!wildKtype!allele.!!

!

Although!the!majority!of!breast!cancers!are!not!associated!with!a!germline!BRCA!

mutation,!at!a!somatic!level!there!has!been!found!to!be!loss!of!at!least!one!BRCA1!allele!

in!between!50!and!70%!of!sporadic!breast!cancers.!Epigenetic!modification!of!BRCA1!

promoters!has!also!been!found!in!sporadic!tumours(109)!and!may!lead!to!a!BRCAness!

phenotype.!Somatic!BRCA1!promoter!methylation!and!a!germline!BRCA1.mutation!

appear!to!be!mutually!exclusive!events(110).!The!mutation!of!genes!which!stabilize!or!

promote!the!function!of!BRCA1/2!can!also!produce!the!BRCAness!phenotype,!e.g.!PALB2.

and!BRIP1(108).!Mutations!in!other!genes!involved!in!HRR,!such!as!EMSY!and!RAD51C!

may!also!be!grouped!together!with!these!tumours.!!!

!

1.5.4.2 The*molecular*biology*of*BRCA1@mutated*tumours*

!

BRCA1Kdeficient!cells!exhibit!genomic!instability!and!frequently!have!chromosomal!

translocations!with!large!deletions!and/or!amplifications!involving!multiple,!nonK

homologous!chromosomes(109).!The!function!of!BRCA1!is!now!known!to!be!more!

complex!and!varied!than!HRR!alone,!by!way!of!its!interaction!with!over!100!different!

proteins.!Downstream!effects!including!transcriptional!regulation,!apoptosis!and!DNA!

damage!signaling(109).!

!

It!is!not!clear!how!different!BRCA1Kmutated!basalKlike!tumours!are!at!a!genomic!level!

from!their!nonKBRCA1Kmutated!counterparts;!i.e.!how!loss!of!BRCA1!alters!the!mutational!

landscape!of!a!breast!cancer.!In!order!to!investigate!this,!one!group!interrogated!the!

TCGA!database!and!identified!12!tumours!with!BRCA1!germline!mutations,!seven!with!

somatic!mutations!and!one!with!both!germline!and!somatic!mutations(111).!There!were!

only!minor!molecular!differences!observed!between!BRCA1Kmutated!versus!wild!type!
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basal!cancers,!according!to!gene!or!protein!expression,!miRNA!expression!and!DNA!

methylation.!No!genes!were!differentially!expressed.!They!did!however!identify!250!

genes!with!higher!amplification!(i.e.!DNA!copy!number!aberration)!rates!in!BRCA1K

mutated!tumours!compared!to!basalKlike!wildKtype!tumours,!including!ID4,.which!

negatively!regulates!BRCA1!and!BRCA2!expression.!The!BRCA1Kmutated!tumours!showed!

a!higher!average!number!of!mutations!(122.6!versus!80.3,!p=0.004)!and!TP53.mutations!

were!found!in!100%!(versus!75.9%!of!wildKtype).!PIK3CA.mutations!were!not!found!in!the!

BRCA1#mutated!tumours,!compared!to!10%!in!wildKtype(111).!The!implications!of!this!are!

obviously!limited!by!the!small!sample!size.!!

!

Therefore,!despite!the!increased!somatic!mutations!and!genomic!instability!found!in!

BRCA1Kmutated!tumours!in!this!small!cohort,!no!difference!in!protein!expression!

(according!to!the!limited!protein!array!expression!data!using!171!unique!

proteins/phosphorKproteins)!was!found,!i.e.!there!was!no!phenotypic!change!in!BRCA1K

mutated!tumours.(111).!Of!note,!four!of!the!14!chromosomal!regions!with!higher!

amplification!rates!found!in!the!BRCA1Kmutated!tumours!are!characteristic!of!highKgrade!

serous!ovarian!carcinomas.!!In!the!original!TCGA!report,!similarities!were!found!between!

the!basalKlike!(and!TNBC)!mutation!spectrum!and!that!of!serous!ovarian!cancers;!both!

having!only!one!gene!mutated!at!a!frequency!of!>10%!(TP53)(73).!Other!features!in!

common!included!BRCA1!inactivation,!RB1.loss,!Cyclin.E1!amplification,!increased!

expression!of!AKT3.and.amplification/increased!expression!of!cMYC.!!Both!also!exhibited!

widespread!genomic!instability!and!frequent!gains!at!1q,!3q,!8q!and!12p!and!losses!at!4q,!

5q!and!8p.!Gene!expression!analysis!also!showed!high!correlation!between!the!two!

tumour!types!(in!addition!to!squamous!lung!carcinomas).!!

!

In!a!large!study!by!NikKZainal!et.al(93),!whole!genome!sequencing!was!performed!on!560!

breast!cancers!(all!subtypes),!of!which!90!had!germline!or!somatic!BRCA1/2!mutations!(60!

were!germline).!Of!these!90!cases,!loss!of!wildKtype!chromosome!13!or!17!was!observed!

in!80!cases.!Inactivating!BRCA1/2.mutations!were!found!to!confer!many!genomic!

rearrangements!and!characteristic!rearrangement!signatures!were!identified.!At!least!five!

mutational!signatures!of!BRCAKdeficient!tumours!were!found.!A!number!of!breast!cancers!

without!an!identifiable!BRCA!mutation!segregated!with!these!tumours!in!hierarchical!
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clustering;!it!was!suggested!that!promoter!methylation!or!other!mechanisms!might!be!

conferring!a!similar!effect!in!these!cases.!This!group!has!recently!developed!a!whole!

genome!sequencingKbased!predictor!(HRDetect;!HRD)!in!an!attempt!to!quantitatively!

define!genomic!features!of!BRCAKdeficiency.!Of!note,!HRD!was!able!to!detect!BRCAK

deficiency!from!formalin!fixed!paraffin!embedded!(FFPE)!tissues.!Of!the!560!breast!cancer!

patients!enrolled!in!their!study,!124!samples!had!an!HRD!score!of!>70%!for!BRCA1/2!

deficiency.!Of!these,!55!had!a!germline!BRCA!mutation!and!22!had!somatic!BRCA.

deficiency!(epigenetic!or!genetic!inactivation).!Amongst!these!were!47!samples!(of!which!

42!were!ERKnegative)!that!did!not!have!a!germline!or!somatic!BRCA!mutation!and!either!

absent!promoter!hypermethylation!of!BRCA1.(n=10)!or!unavailable!methylation!

information!(n=37).!Three!of!these!47!patients!had!a!mutation!in!another!HRR!gene.!The!

authors!highlighted!the!fact!that!nearly!a!third!of!patients!with!a!high!HRD!score!did!not!

have!an!identifiable!deficiency!of!BRCA!by!genetic!or!epigenetic!means!and!suggested!the!

possibility!that!these!patients!may!also!respond!well!to!treatments!found!to!be!beneficial!

for!BRCAKdeficient!tumours.!!!

!

!

1.5.4.3 Targeting*BRCA@deficient*tumours*

!

Using!these!signatures!as!a!biomarker!of!defective!HRR!may!widen!the!net!for!use!of!

drugs!such!as!platinums!and!poly!(ADPKribose)!polymerase!(PARP)!inhibitors,!which!have!

been!identified!as!potentially!useful!in!BRCAKmutated!cancers(69).!Within!the!TCGA!

cohort,!they!noted!that!around!20%!of!the!basalKlike!tumours!had!a!germline!or!somatic!

mutation!of!BRCA1/2(73).!PARP!inhibitors!exploit!the!principle!of!synthetic!lethality,!while!

platinums!cause!fatal!intraKstrand!crosslinking,!the!repair!of!which!is!deficient!in!BRCAK

null!cells(112).!Given!the!underlying!defect!in!DNA!damage!repair,!it!is!not!surprising!that!

BRCAKdeficient!tumours!appear!to!be!more!sensitive!to!treatment!with!platinums.!

Amongst!the!43!patients!with!advanced!TNBC!enrolled!in!the!TNT!trial!with!a!germline!

BRCA.mutation,!the!response!rate!was!68.0%!for!single!agent!carboplatin!versus!33.3%!

for!docetaxel(113).!The!median!progressionKfree!survival!(PFS)!for!BRCA#mutated!patients!

receiving!carboplatin!was!6.8!months,!versus!3.1!months!in!those!with!wild!type!BRCA..
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There!was!no!difference!in!OS.!In!further!exploratory!analysis,!this!group!found!no!

improvement!in!response!for!those!with!epigenetic!silencing!of!BRCA1.(BRCAness!

subgroup)(114)..Unfortunately,!only!a!small!number!had!available!tumour!sequencing!

data,!limiting!investigation!of!responses!in!those!with!a!somatic!BRCA.mutation.!In!the!

neoadjuvant!setting,!in!the!GeparSixto!trial,!the!presence!of!a!germline!BRCA!mutation!

was!predictive!of!a!better!pCR!rate!(compared!to!those!without!a!mutation)!following!

neoadjuvant!chemotherapy;!however!there!was!no!additive!effect!from!carboplatin(115).!

!

PARP!inhibitors!have!been!shown!to!be!effective!in!patients!with!platinumKsensitive!

relapsed!ovarian!carcinoma!and!a!germline!or!somatic!BRCA!mutation!in!a!phase!III!

trial(116).!Median!PFS!was!significantly!longer!with!the!PARP!inhibitor!(olaparib):!19.1!vs.!

5.5!months.!Olaparib!is!now!approved!as!treatment!in!this!setting(117).!In!a!phase!III!trial!

of!302!patients!with!metastatic!germline!BRCAKmutated!HER2!negative!breast!cancer,!

olaparib!monotherapy!had!a!significantly!longer!PFS!of!7.0!vs.!4.2!months!for!physicians’!

choice!chemotherapy(118).!In!order!to!ascertain!whether!PARP!inhibitors!may!be!useful!

in!patients!with!breast!cancer!and!HRR!deficiency!at!a!somatic!level,!a!phase!II!study!is!

underway!evaluating!the!efficacy!of!a!PARP!inhibitor!in!patients!with!HER2Knegative!

metastatic!breast!cancer!with!a!BRCAness!phenotype(119).!!

!

There!has!been!only!limited!investigation!of!the!somatic!picture!in!germline!BRCAK

mutated!cancers!relative!to!their!sporadic!counterparts!and!this!warrants!further!

attention.!Elucidating!molecular!markers!of!BRCAness!is!of!importance!now!that!PARP!

inhibitors!are!in!use!clinically!and!for!stratification!within!clinical!trials,!e.g.!for!

immunotherapy.!Currently,!olaparib!is!recommended!by!NICE!for!the!treatment!of!

women!with!germline!BRCA1/2!mutations!and!platinumKsensitive!relapsed!ovarian,!

fallopian!tube!or!peritoneal!cancer!after!three!or!more!courses!of!chemotherapy(117).!

Niraparib!is!licensed!for!use!in!the!UK!and!NICE!has!recommended!it!as!a!candidate!for!

use!in!the!Cancer!Drugs!Fund!for!women!with!a!germline!BRCA.mutation!and!ovarian!

cancer!after!2!courses!of!platinumKbased!chemotherapy(120).!In!the!UK,!PARP!inhibitors!

are!currently!only!available!for!patients!with!breast!cancer!in!the!context!of!a!clinical!trial.!!

!
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1.5.4.4 The*immunogenicity*of*BRCA@deficient*tumours*

!

Microsatellite!instability!(caused!by!defects!in!DNA!mismatch!repair)!is!frequently!found!

in!colorectal!cancer!and!gives!rise!to!the!accumulation!of!repetitive!sequences!of!DNA.!

This!generates!immunogenic!neoantigens,!with!enhanced!antiKtumour!response!and!CD8!

infiltration(121).!Given!the!role!of!BRCA!in!the!maintenance!of!genomic!integrity,!it!has!

been!hypothesised!that!a!germline!BRCA!mutation!will!also!give!rise!to!a!higher!

mutational!burden!and!subsequently!greater!immunogenicity.!In!one!study!using!a!small!

number!of!tumours!from!the!TCGA!data!set,!BRCA#1!mutated!TNBCs!(n=29)!had!a!higher!

TIL!score!(and!a!higher!number!of!nonKsilent!mutations)!compared!to!wild!type!

(n=64)(122).!CD8,!PDK1!and!CTLA4!also!correlated!with!a!BRCA#1!mutation.!It!is!hoped!

that!this!will!translate!to!an!immunotherapy!benefit!in!these!patients.!Indeed,!there!are!a!

number!of!Phase!I/II!trials!currently!recruiting!that!are!investigating!the!combination!of!a!

PARP!inhibitor!with!checkpoint!inhibitor!immunotherapy(123).!In!contrast!to!

microsatellite!instability,!BRCA.mutations!lead!to!structural!variation!in!the!genome,!with!

resultant!genetic!damage!and!impairment!of!cell!growth(124).!This!does!not!however!

necessarily!lead!to!neoantigen!formation!and!may!mean!that!immunotherapy!is!not!as!

effective!in!BRCAKmutant!cases!as!it!has!been!proven!to!be!in!microsatellite!unstable!

tumours.!!

!

Recently,!in!a!paper!designed!to!investigate!the!mutational!load,!immune!profile!and!

response!to!checkpoint!blockade!in!a!BRCA1#deficient!tumour!model,!the!authors!first!

interrogated!TCGA.!They!found!that!TNBCs!from!patients!with!a!germline!BRCA1.mutation!

had!an!increased!somatic!mutational!load!and!greater!lymphocyte!infiltration,!along!with!

increased!expression!of!PDK1!and!CTLA4!compared!to!BRCA1#wild!type!tumours.!They!

postulated!that!BRCA1Kdeficient!tumours!have!a!greater!burden!of!neoantigens,!

stimulating!the!recruitment!of!tumourKspecific!effector!TKcells.!However,!they!only!

provided!evidence!of!increased!mutational!burden!(not!neoantigens)!in!BRCA1Kmutant!

TNBC!tumours!(BRCAK1!mutant!cases!n=7,!p=0.05).!Using!a!BRCA1.homozygous!mutant!

mouse!model!with!TNBC!mammary!tumours,!they!found!that!dual!immunotherapy!with!

antiKPDK1!and!antiKCTLA4!improved!antitumour!immunity!when!the!mice!were!treated!

with!cisplatin.!This!response!was!characterised!by!activation!of!TILs,!enhanced!dendritic!
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cell!activation!and!reduced!suppressive!FOXP3!regulatory!TKcells(122).!These!effects!may!

be!mediated!by!mechanisms!other!than!neoantigen!stimulation,!e.g.!via!components!of!

innate!immunity.!DNA!damage!responseKdeficient!TNBC!cells!have!been!shown!to!

activate!the!cyclic!GMPKAMP!synthase!(cGAS)/stimulator!of!interferon!genes!(STING)!

pathway,!resulting!in!the!production!of!proinflammatory!cytokines!and!resultant!TKcell!

recruitment(125).!!

!

Very!recently,!the!immunogenicity!of!BRCAKdeficient!breast!cancers!was!investigated!

using!genetic/somatic!BRCAKmutated!samples!from!the!TCGA!dataset!(n=89),!in!addition!

to!35!local!cases(126).!The!authors!sought!to!determine!why!immune!infiltration!varies!

between!BRCAKdeficient!cases,!despite!generally!having!a!higher!mutational!load.!They!

used!a!homologous!recombination!repair!deficiency!(HRD)!score,!which!combined!three!

independent!DNAKbased!measures!of!genomic!instability.!They!confirmed!that!mutational!

burden!and!neoantigen!load!were!higher!in!BRCA1/2Kmutated!tumours!from!the!TCGA!

dataset.!The!HRD!score!was!also!higher!in!BRCA1/2Kmutated!tumours.!Mutational!burden!

correlated!with!increased!HRD!score.!!

!

HighKHRD!BRCA1/2Kmutated!cancers!also!appeared!to!be!more!genomically!unstable,!as!

evidenced!by!greater!aneuploidy(126).!Cytolytic!index,!a!measure!of!CD8Kcytotoxicity,!

was!also!higher!in!BRCAKdeficient!cases.!Unexpectedly,!HRDKhigh,!BRCAKdeficient!cancers!

had!lower!cytolytic!and!immune!ESTIMATE!(a!measure!of!lymphocytic!infiltration)!scores.!!

!

Amongst!BRCA1/2Kmutated!cases,!TNBCs!had!a!higher!cytolytic!index!despite!comparable!

mutational!burden(126).!Membrane!PDKL1!was!higher!in!TNBC!cases.!The!greatest!

disparity!when!evaluating!cytolytic!index!and!immune!ESTIMATE!scores!in!BRCA1/2K

deficient!cases!was!TNBC!HRDKlow!(where!these!scores!were!high)!and!receptorKpositive!

HRDKhigh!cancers.!This!was!validated!by!IHC!in!a!small!number!of!local!cases.!They!

therefore!suggested!that!HRD!and!hormone!receptor!expression!independently!impacted!

immunogenicity!in!BRCAKdeficient!cases.!The!HRDKlow!subset!was!the!most!highly!

immunogenic,!indicating!that!there!are!mechanisms!other!than!mutational!burden!driving!
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the!immune!response,!e.g.!dysfunction!in!apparatus!involved!in!the!recruitment!or!

activation!of!immune!cells.!Of!note,!they!found!increased!TGFKβ!signalling!to!be!a!

prominent!feature!of!the!HRDKlow!microenvironment.!!

!

1.6 Mechanisms*of*Immune*Evasion*

!

Immune!editing!explains!why!tumours!can!remain!present,!but!dormant,!for!many!years!

before!becoming!more!proliferative!and!clinically!apparent!again.!The!immune!system!is!

able!to!recognize!and!destroy!some!tumour!cells!that!present!antigens,!but!cell!turnover!

and!new!mutations!results!in!the!generation!of!clones!that!are!able!to!evade!immune!

destruction.!The!primary!mechanisms!by!which!cancer!cells!achieve!this!are!loss!of!

antigenicity!and!loss!of!immunogenicity.!Antigenicity!is!the!ability!to!be!recognised!by!

antibodies,!specifically!generated!by!the!immune!system!in!response!to!the!foreign!agent.!

Immunogenicity!is!the!ability!to!activate!the!immune!response.!A!substance!can!be!

antigenic,!without!being!immunogenic!(whereas!immunogenicity!implies!antigenicity)!

(127).!!

!

1.6.1 Altered*Antigenicity*

!

MHC!class!I!proteins!are!membraneKbound!proteins!expressed!on!almost!all!nucleated!

cells,!encoded!by!three!genes!at!the!human!leukocyte!antigen!(HLA)!locus!(HLAKA,!KB!and!

–C)!(128).!The!binding!affinity!between!MHCKI!and!peptides!is!a!major!component!of!how!

“antigenic”!these!peptides!are;!MHCKI!is!consequently!vital!for!an!antiKtumour!immune!

response.!A!potential!mechanism!for!immune!evasion!in!solid!tumours!is!HLA!loss,!

resulting!in!reduced!ability!to!present!neoantigens.!HLA!mutations!have!also!been!

described,!resulting!in!disrupted!MHCKantigen!interactions.!This!is!not!however!common!

(129).!Recently,!HLA!loss!of!heterozygosity!has!been!shown!to!occur!in!40%!of!nonKsmall!

cell!lung!cancers!and!this!was!associated!with!increased!neoantigens,!PDKL1!upregulation!
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and!greater!cytolytic!activity(130).!This!was!suggested!to!be!a!late!event!in!tumour!

evolution,!as!evidenced!by!their!subclonality!and!enrichment!within!metastases.!

!

A!limited!number!of!studies!(using!variable!techniques)!have!reported!a!positive!

association!between!MHCKI!and!KII!and!TILs,!in!addition!to!survival(131K133).!

Downregulation!of!MHC!class!I!has!been!reported!in!different!tumour!types!and!

correlated!with!poor!prognosis(134K136).!There!are!no!studies!evaluating!MHC!class!I!IHC!

staining!in!TNBC!specifically.!!

!

Recent!work!has!also!focused!on!a!patient’s!individual!genotype!and!its!effect!on!the!

tumour!mutations!present.!The!combination!of!six!MHCKI!alleles!carried!by!an!individual!

determines!which!peptides!can!be!presented!effectively.!One!group!was!able!to!show!

that!patient!MHCKI!genotypes!had!an!impact!on!the!mutations!emerging!in!their!

tumours(128).!Reduced!presentation!of!a!specific!mutation!was!correlated!with!a!higher!

frequency!of!expression!of!that!mutation.!They!therefore!hypothesised!that!a!person!has!

an!inherited!personal!cancer!susceptibility!shaped!by!MHCKI!genotypeKrestricted!

immunoediting.!

!

In!addition!to!presentation,!the!processing!of!antigens!within!the!endoplastic!reticulum!is!

also!critical!in!the!generation!of!the!immunopeptidome.!This!comprises!the!thousands!of!

peptides!presented!by!MHC!class!I!and!II!molecules!on!all!of!a!person’s!cells!(including!

tumour!cells)(137).!Endoplastic!reticulum!aminopeptidases!(ERAP1!and!2)!are!enzymes!

now!known!to!play!a!critical!role!in!the!generation!of!antigenic!peptides!in!the!MHC!class!

I!pathway.!!

!

Following!the!cytosolic!degradation!of!proteins!by!the!proteasome!and!processing!by!

peptidases,!a!small!proportion!of!peptides!are!then!transported!into!the!endoplastic!

reticulum!by!the!Transporter!Associated!with!antigenKProcessing!(TAP)!heterodimer.!On!

arrival!in!the!endoplastic!reticulum,!peptides!are!of!varying!lengths.!Proteasomes!can!
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generate!peptide!fragments!ranging!from!2K25!residues!long,!although!TAP!preferentially!

transports!those!of!8K16!residues!long(138).!As!MHC!I!molecules!require!a!peptide!of!a!

specific!length!(typically!8!to!10!amino!acid!residues)!to!fit!into!their!groove,!many!

peptides!require!further!NKterminal!trimming!prior!to!loading(139).!ERAP1!appears!to!

perform!a!unique!function,!acting!as!a!“molecular!ruler”,!preferentially!trimming!peptides!

of!9K16!residues!and!generating!optimal!lengths!for!class!I!presentation(138).!It!can!also!

destroy!peptides!by!excess!processing(140).!In!this!way,!the!enzyme!is!well!placed!to!

influence!the!antigenic!repertoire!presented!to!TKcells.!!

!

It!has!been!observed!that!absence!of!ERAAP!(the!mouse!homolog!of!ERAP1)!depletes!the!

repertoire!of!MHCKpeptide!complexes!in!antigenKpresenting!cells.!!Additionally,!its!

absence!was!found!to!elicit!changes!in!the!stability!of!the!MHCKpeptide!complexes!with!

the!production!of!unique!but!structurally!unstable!complexes!which!paradoxically!elicited!

a!potent!immune!response(141).!Therefore!ERAP1!has!a!dynamic!and!complex!role!in!the!

generation!of!the!immunopeptidome.!It!therefore!follows!that!investigation!of!ERAP1!

variation!in!cancer!is!important;!perhaps!ERAP!modulation!is!a!mechanism!by!which!

tumours!evade!immune!destruction.!Using!a!murine!colorectal!carcinoma!model,!it!was!

shown!that!ERAAP!downregulation!resulted!in!increased!generation!of!a!protective!

epitope!(the!hypothesis!being!that!ERAAP!overprocesses!this!epitope,!silencing!it!to!the!

immune!system)!and!a!cytotoxic!response,!resulting!in!tumour!rejection.!They!also!

showed!that!topical!application!of!an!ERAAP!inhibitor!resulted!in!arrest!or!reduction!in!

size!of!established!tumours(142).!It!has!been!shown!that!p53!binds!to!and!upregulates!

ERAP1!and!through!this!mechanism!leads!to!a!corresponding!increase!in!MHC!complex!I!

expression(143).!There!is!known!to!be!variable!expression!of!ERAP1!and!2!in!

tumours(139).!Downregulation!of!ERAP1,!in!addition!to!other!proteins!involved!in!MHCKI!

presentation,!has!been!shown!in!a!small!number!of!TNBC!cases!using!mass!

spectrometry(133).!!

!

1.6.2 Immunomodulation*

!
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Although!weak!antigenicity!is!likely!to!be!one!of!the!primary!causes!of!a!poor!host!

immune!response!to!a!tumour,!there!are!a!number!of!mechanisms!that!generate!a!

tumourKpromoting!immunosuppressive!environment!that!opposes!any!existing!host!

response.!The!tumour!stroma!has!a!pivotal!role!in!the!orchestration!of!a!hostile!

environment.!The!plasticity!of!the!tumour!microenvironment!may!explain!why!some!

tumours!are!able!to!effectively!evade!the!immune!system!and!will!be!discussed!in!detail!

in!Section!1.8.!Additionally,!tumours!can!produce!cytokines!that!attract!

immunosuppressive!cells!to!the!microenvironment,!including!regulatory!TKcells!and!

myeloidKderived!suppressor!cells.!These!cytokines!can!alter!the!immune!balance,!e.g.!by!

shifting!from!a!Th1!to!a!Th2!response.!Additionally!they!can!downregulate!tumour!

antigens!themselves,!in!addition!to!inducing!apoptosis!in!cytotoxic!TKlymphocytes(28).!!

!

1.6.3 Mutational*Burden*and*Immunogenicity*in*TNBC*

!

The!neoepitope!load!is!predicted!by!the!burden!of!nonKsynonymous!mutations;!overall!

this!is!low!in!breast!cancer(144).!The!relationship!between!genomic!aberrations!and!

immunogenicity!has!been!explored!in!many!solid!tumours.!In!a!pooled!analysis!of!solid!

tumours!from!the!TCGA!database,!there!was!a!correlation!found!between!both!the!

neoantigen!load!and!the!total!number!of!somatic!mutations!and!immune!

infiltration(145).!Therefore,!one!hypothesis!is!that!immune!infiltration!occurs!in!tandem!

with!more!genomic!alterations,!as!a!result!of!the!generation!of!immunogenic!

neoantigens.!!

!

In!melanoma!the!level!of!mutational!load!has!been!correlated!with!clinical!benefit!from!

antiKCTLA4!therapy!(146).!However!there!were!patients!with!a!high!mutational!load!that!

did!not!respond!to!immunotherapy,!so!alone!this!did!not!necessarily!translate!to!a!clinical!

benefit.!These!authors!found!there!were!a!number!of!shared!tetrapeptide!sequences!

(neoepitope!signatures)!shared!across!patients’!tumours!that!demonstrated!a!stronger!

association!with!response!and!survival!than!mutational!load!alone.!In!another!study!in!
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melanoma,!comparable!levels!of!potentially!immunogenic!antigens!were!found!in!

immuneKhot!vs.!immuneKcold!tumours(24).!Of!note,!only!a!low!number!of!mutations!

were!found!to!be!immunogenic,!producing!reactive!TKcell!clones,!although!there!are!likely!

to!be!technical!limitations!in!the!detection!of!mutations!present!in!only!a!small!number!of!

tumour!cells.!Additionally,!immunotherapy!is!effective!in!renal!cell!carcinoma,!which!does!

not!have!a!large!mutational!burden(144).!Therefore,!it!is!likely!that!there!are!mechanisms!

other!than!mutational!load!alone!that!drive!immune!infiltration!and!improve!response!to!

immunotherapy.!

!

Mutations!in!specific!genes!(e.g.!in!the!PI3K!pathway(147))!have!been!shown!to!affect!the!

immune!microenvironment!in!other!solid!tumours.!Recently,!in!an!attempt!to!identify!

DNA!level!changes!correlating!with!either!high!or!low!immune!gene!expression!in!breast!

cancer,!a!group!used!RNAKseq,!DNA!copy!number,!mutation!and!germline!SNP!data!from!

over!1000!cases!from!the!TCGA!database!(including!191!TNBC!cases)(148).!They!were!

unable!to!identify!any!recurrent!DNA!alterations!significantly!associated!with!immune!

expression.!It!was!found!that!higher!immune!metagene!expression!was!significantly!

associated!with!lower!clonal!heterogeneity.!In!TNBC!specifically,!greater!mutation!rates,!

neoantigens!and!CNV!loads!were!also!consistently!(but!not!statistically!significantly)!

associated!with!lower!expression!of!immune!metagenes.!The!hypothesis!presented!was!

that!breast!cancers!with!minimal!TIL!infiltrate!have!greater!clonal!diversity!due!to!escape!

from!immune!surveillance(148).!These!cells!are!therefore!no!longer!undergoing!clonal!

elimination!by!the!immune!system.!They!suggested!that!highKTIL!tumours!were!in!a!state!

of!“nearKequilibrium”!with!low!clonal!diversity.!Consistent!with!previous!studies!discussed!

above,!a!broad!spectrum!of!gene!and!pathway!level!alterations!were!found!in!breast!

cancer,!each!being!significant!in!only!a!small!number!of!patients!within!each!IHC!subtype.!!

!

1.7 Immunotherapy*

!
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1.7.1 Checkpoint*inhibition*

!

The!field!of!cancer!immunotherapy!has!developed!dramatically!over!the!previous!decade,!

with!the!emergence!of!effective!therapies!now!used!in!a!wide!variety!of!cancers.!One!

potential!mechanism!of!immune!resistance!includes!immune!checkpoints,!which!function!

to!limit!TKcell!effector!function!and!mediate!immune!tolerance.!Antibodies!to!these!

checkpoint!ligands!and!receptors!have!now!been!developed!and!are!licensed!for!use!in!a!

number!of!cancers.!When!PDKL1!on!a!tissue!surface!binds!to!the!PDK1!receptor!on!a!TKcell,!

inactivation!of!the!lymphocyte!occurs.!It!is!now!well!established!the!PDKL1!plays!a!key!role!

in!limiting!the!cytotoxic!antiKtumour!response.!Agents!that!target!cytotoxic!T!lymphocyteK

associated!moleculeK4!(CTLAK4)!and!programmed!cell!death!ligandK1/receptorK1!(PDK

L1/PDK1)!are!the!most!widely!used!at!present!but!novel!targets!continue!to!emerge(144).!!

!

Therefore,!one!might!expect!PDKL1!expression!to!be!associated!with!an!

immunosuppressive!microenvironment!and!poor!prognosis,!but!results!have!been!

conflicting!and!seem!to!depend!on!tumour!type.!PDK1!expression!is!associated!with!T!cell!

exhaustion!and!in!general!high!expression!is!associated!with!a!poor!prognosis!in!a!range!

of!cancers,!e.g.!renal!cell!and!nonKsmall!cell!lung!cancer!(149,!150).!Thirty!percent!of!all!

breast!cancers!have!unregulated!PDKL1!on!the!tumour!cell!surface(151),!thereby!

downregulating!the!lymphocyte!response.!PDKL1!expression!has!been!correlated!with!TIL!

density!across!all!breast!cancers(151K153)!and!in!TNBC!specifically(60,!154),!acting!as!a!

surrogate!marker!for!immune!response!(albeit!its!downregulation).!However!it!is!

probably!an!overKsimplification!to!state!that!all!PDK1!positive!lymphocytes!are!exhausted;!

some!may!indeed!be!activated!in!breast!cancer(155).!!

!

The!association!of!PDK1/PDKL1!with!survival!in!TNBC!is!not!clear.!In!general,!PDK1!and!PDK

L1!expression!are!greater!in!TNBC!compared!to!the!other!subtypes;!even!in!metastatic!

TNBC,!41%!of!tumours!were!found!to!be!positive!(≥1%)!for!PDKL1!expression!(152,!156).!

The!combination!of!high!PDKL1!expression!with!low!TIL!density!has!been!shown!to!be!a!

negative!prognostic!factor!in!treatmentKnaïve!TNBC!cases(60).!However,!two!recent!
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reports!in!smaller!TNBC!cohorts!have!found!a!positive!correlation!between!PDKL1!and!

survival;!one!of!these!validated!these!findings!at!a!transcriptional!level!and!in!a!separate!

cohort!using!publically!available!datasets!(149,!154).!Another!study!showed!PDKL1!was!

adversely!prognostic,!but!only!in!tumours!where!TILs!were!low(60).!This!may!fit!in!with!

the!developing!“adaptive!resistance”!model!in!melanoma!and!colorectal!cancer,!where!

the!prognostic!impact!of!PDKL1!appears!to!be!influenced!by!the!TIL!infiltrate(150).!!!

!

So!far,!clinical!trials!using!PDKL1/PDK1!immune!checkpoint!blockade!(ICB)!in!advanced!

TNBC!has!yielded!responses!in!only!a!small!number!of!patients!(up!to!19%)(157).!

Biomarkers!are!sought!to!identify!the!responders.!There!are!conflicting!results!regarding!

the!association!between!PDKL1!expression!at!baseline!and!response!to!antiKPDKL1!

therapy;!TILs!may!be!a!better!biomarker!of!response!to!immune!checkpoint!therapy(158).!

For!instance,!a!subgroup!of!patients!with!residual!disease!and!high!TILs!may!be!a!good!

target!for!ICB(159).!In!the!KEYNOTEK086!study!of!pembrolizumab!(antiKPDK1)!for!

metastatic!TNBC,!PDKL1!positivity!on!the!tumour!had!no!impact!on!objective!response!

rates!(ORR).!However!those!previously!untreated!for!their!metastatic!disease!and!with!

available!tumour!blocks!(n=46)!with!TIL!levels!above!the!median!had!an!ORR!of!39%!

versus!9%!in!those!with!low!TIL!scores(160).!They!therefore!hypothesised!that!TILs!may!

be!used!as!a!biomarker!of!response!to!immunotherapy!for!metastatic!TNBC,!particularly!

in!the!firstKline!setting.!It!should!be!noted!that!TILs!were!measured!on!metastatic!biopsies!

in!most!cases!and!on!the!primary!(archival)!tumour!in!others.!A!trial!designed!to!stratify!

patients!according!to!TIL!status!with!a!standardised!method!of!sampling!the!tumour!

would!be!more!robust.!!

!

Overall,!ICB!has!yielded!only!modest!responses!in!TNBC;!given!that!tumour!

immunogenicity!may!wane!with!advancing!disease!it!may!be!more!successful!if!given!

earlier!in!the!disease!process,!e.g.!with!neoadjuvant!therapy.!Additionally,!ICB!is!unlikely!

to!be!sufficient!alone,!particularly!in!those!with!low!TILs!and!immune!escape.!Efforts!are!

now!focused!on!combining!immunotherapy!with!chemotherapy!in!the!hope!that!there!

will!be!a!synergistic!effect.!!
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!

The!Impassion130!trial!is!a!phase!III!trial!in!which!patients!with!unresectable/locally!

advanced!or!metastatic!TNBC!were!randomised!to!receive!nabKpaclitaxel!with!the!PDKL1!

antibody!atezolizumab!or!placebo.!At!a!median!followKup!of!12.9!months,!the!median!PFS!

of!those!in!the!PDKL1!treatment!group!was!7.2!months!vs.!5.5!months!in!those!who!

received!placebo!(p=0.002),!with!an!OS!benefit!of!21.3!months!vs.!17.6!months!(p=0.08)!

at!interim!analysis(156).!The!OS!benefit!for!those!with!PDKL1!positivity!(40.9%)!was!25.0!

vs.!15.5!months!(pKvalue!not!calculated),!indicating!this!was!a!useful!biomarker!in!this!

group!of!patients!as!those!with!PDKL1!expression!appeared!to!derive!more!benefit.!

!

Two!phase!II!trials,!IKSPY2!and!KEYNOTEK173,!showed!a!significant!improvement!in!pCR!

rates!with!the!addition!of!neoadjuvant!pembrolizumab!(antiKPDKL1)!to!

chemotherapy(161).!More!recently,!pembrolizumab,!was!combined!with!chemotherapy!

in!a!phase!III!trial!(KEYNOTEK522)!in!the!neoadjuvant!setting(162).!At!a!median!follow!up!

of!15.5!months,!the!PDKL1!arm!showed!a!statistically!significant!improvement!in!pCR,!

from!51.2%!to!64.8%!(p=0.00055).!Whether!this!translates!to!an!improvement!in!survival!

remains!to!be!seen.!The!efficacy!of!immunotherapy!in!the!adjuvant!setting!is!also!being!

investigated.!!

!

1.7.2 Immunotherapy*beyond*checkpoint*inhibition*

!

Cancer!vaccines!have!been!developed!in!the!hope!that!their!administration!will!produce!

an!effective!immune!response!against!tumourKspecific!antigens.!The!aim!is!usually!to!reK

establish!host!immunity!to!a!tumour!associated!antigen!following!the!development!of!a!

cancer(23).!Two!major!limitations!of!vaccines!include!the!lack!of!an!effective!and!

sustained!immune!response,!and!an!appropriate!antigenic!target.!Vaccines!can!be!

monovalent!against!a!single!antigen!or!polyvalent!against!multiple!antigens(157).!Cancer!

testis!(CT)!antigens!are!attractive!targets!for!immunotherapy!as!they!are!not!found!in!

normal!somatic!tissue(65).!Vaccines!are!being!developed!against!CT!antigens!that!have!
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been!identified!in!TNBC,!including!MAGEKA!and!NYKESOK1.!Vaccines!have!also!been!

developed!against!the!glycosylated!form!of!MUCK1,!another!antigen!expressed!on!breast!

cancer!cells(65).!!

!

To!date,!cancer!vaccine!trials!have!been!unsuccessful!across!multiple!tumour!types(157).!

This!is!likely!to!be!related!to!the!failure!of!vaccination!to!engage!multiple!components!of!

the!immune!system!(e.g.!cytotoxic!cells!in!addition!to!BKcells),!immune!escape!

mechanisms!and!the!testing!of!vaccination!in!patients!with!established!advanced!

disease(163).!Modern!vaccination!strategy!is!likely!to!involve!combination!regimens!that!

elicit!a!more!complete!immune!response!that!is!able!to!overcome!immune!tolerance.!As!

vaccine!therapy!may!be!limited!by!TKcell!exhaustion,!checkpoint!inhibition!is!being!

combined!with!them!in!the!treatment!of!TNBC(158).!NeoantigenKtargeted,!personalised!

vaccines!have!also!been!designed,!in!order!to!overcome!the!propensity!for!tumours!to!

evolve!to!evade!antigenic!targeting!from!simple!vaccines(157).!

!

Adoptive!T!cell!transfer!involves!the!administration!of!lymphocytes!to!mediate!

antitumour!effects!and!can!include!TILs,!TKcell!receptor!cells!and!chimeric!antigen!

receptors!(CAR!TKcells)(164).!CAR!TKcells!have!the!advantage!of!being!able!to!activate!TK

cells,!independently!of!MHCKrestriction,!meaning!that!tumourKinduced!loss!of!MHC!can!

be!circumvented(164).!CAR!TKcells!have!produced!responses!in!melanoma!and!

haematological!malignancies(165).!Its!use!is!being!investigated!in!other!solid!tumours.!To!

date!this!approach!has!not!been!successful!in!breast!cancer!despite!the!development!of!

CAR!TKcells!targeted!to!cKMet!(for!TNBC)!and!HER2(144).!The!infusion!of!HER2Kspecific!T!

cells!in!a!patient!with!metastatic!colon!cancer!resulted!in!a!fatal!cytokine!storm(144).!

Unfortunately,!one!limiting!factor!with!CAR!TKcells!is!their!lack!of!specificity!to!cancer!

cells;!in!this!case!unintended!targeting!of!HER2Kpositive!cells!in!the!lung!epithelium!

triggered!a!deleterious!response(164).!The!tumour!microenvironment!is!a!further!limiting!

factor;!the!addition!of!immunotherapy!to!CARKT!therapy!is!being!investigated!as!a!

possible!adjunct(164).!!

!
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1.8 Tumour*Microenvironment*

!

1.8.1 The*Stroma*In*Cancer*

!

Until!recently,!the!field!of!cancer!therapeutics!has!focused!on!the!tumourKcentric!model!

and!the!role!of!the!stroma,!or!tumour!microenvironment!(TME),!has!been!relatively!

ignored.!The!TME!may!play!a!critical!role,!due!to!factors!such!as!the!presence!of!

immunosuppressive!cells,!the!metabolic!state!and!the!density!of!the!extracellular!matrix.!

Elucidating!mechanisms!to!target!these!factors!is!likely!to!be!crucial!in!the!future!

management!of!TNBC,!in!addition!to!other!solid!tumours.!

!

The!TME!is!composed!of!the!extracellular!matrix!(ECM)!and!nonKmalignant!stromal!cells,!

including!immune!cells,!endothelial!cells!and!fibroblasts(166).!This!complex!environment!

can!alter!the!behaviour!of!tumour!cells,!depending!on!the!balance!of!cytokines,!growth!

factors!and!cells!present.!The!restriction!of!tumourKspecific!T!cells!to!stromal!regions!

(rather!than!into!tumour!islands)!implicates!a!role!for!the!stroma!in!immunosuppression!

in!cancer(167).!As!the!tumour!evolves,!the!microenvironment!also!changes!in!a!dynamic,!

progressive!way!via!paracrine!signaling!between!the!tumour!and!stromal!cells(168).!Thus,!

the!interaction!between!neoplastic!cells!and!the!TME!is!now!considered!to!be!of!pivotal!

importance!in!tumour!progression.!Targeting!the!TME!is!also!attractive!because!there!

may!be!more!mechanistic!homogeneity!between!patients/tumours,!compared!to!the!

heterogeneity!of!cancer!cells.!!

!

One!group!performed!a!spatial!analysis!of!the!immune!cells!present!in!TNBC(169).!They!

classified!CD8!staining!into!Fully!Inflamed,!Stroma!Restricted!or!Margin!Restricted!

(tumour!immune!microenvironment!classification(170))!using!a!bioinformatics!analysis!of!

publically!available!transcriptonomic!and!genomic!datasets.!Again!they!found!

heterogeneity!between!subtypes,!with!the!immunomodulatory!subtype!being!fully!
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inflamed,!whereas!M,!MSL!and!LAR!had!the!highest!levels!of!a!marginKrestricted!

signature.!BasalKlike!was!predominantly!stromal!restricted.!Of!note,!stromal!restricted!

tumours!were!associated!with!younger!patients.!This!spatial!classification!was!also!

correlated!with!TME!signatures:!the!inflamed!tumours!were!negatively!associated!with!

stroma/metabolism!signatures,!while!the!margin!restricted!tumours!highly!expressed!

stromal!signatures.!Stromal!restricted!tumours!on!the!other!hand!were!primarily!

associated!with!metabolism!signatures.!This!reflects!the!diverse!and!heterogenous!

stromalKimmune!microenvironment!present!within!TNBC.!

!

1.8.2 CAFs*

!

Fibroblasts!are!the!most!abundant!cell!present!in!the!TME!and!they!have!a!multifactorial!

role,!including!the!production!of!the!ECM,!regulation!of!cellular!differentiation!and!

alteration!of!the!immune!response(171).!They!are!spindleKshaped!cells,!with!a!notable!

lack!of!specific!marker(172).!Normal!fibroblasts!suppress!tumour!formation,!while!cancerK

associated!fibroblasts!(CAFs)!are!generally!thought!to!be!proKtumorigenic(173).!CAFs!are!

characterised!by!expression!of!αKsmooth!muscle!actin!(αKSMA)!and!fibroblast!activation!

proteinKα!(FAPKα)(173).!Their!activated!phenotype!is!analogous!to!“normal”!fibroblasts!

involved!in!fibrosis!or!wound!healing(172).!These!activated!cells!can!also!be!referred!to!as!

myofibroblasts.!Key!features!of!myofibroblasts!include!the!ability!to!newly!express!αK

SMA.!αKSMA!is!an!isoform!of!actin,!which!increases!the!ability!of!myofibroblasts!to!

contract.!Following!tissue!injury,!myofibroblasts!secrete!increased!amounts!of!ECM!

proteins,!such!as!collagens!and!fibronectin(174).!!

!

There!is!mounting!evidence!that!CAFs!are!associated!with!tumour!initiation,!progression!

and!metastasis.!This!effect!is!mediated!by!a!number!of!mechanisms,!including!promotion!

of!proliferation,!neoangiogenesis!and!extracellular!matrix!remodelling(173).!There!is!also!

evidence!that!CAFs!contribute!to!an!immunosuppressive!microenvironment.!The!degree!

to!which!CAFs!mediate!the!dysfunction!of!CD8+!TKcells!and!the!mechanisms!by!which!this!
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may!occur!are!unclear.!Mechanisms!are!likely!to!include!the!secretion!of!

immunosuppressive!cytokines,!TKcell!apoptosis!and!induction!of!protumoural!

macrophages(175).!CAFs!may!even!present!antigen,!in!an!APCKlike!manner,!and!kill!CD8+!

TKcells!in!an!antigenKdependent!manner(167).!!

!

CAFs!do!not!exhibit!a!universal!phenotype.!Indeed,!there!is!not!a!single!universal!marker!

of!CAFs;!αSMA,!FAPKα,!integrinβ1,!PDGFRβ!and!caveolin!1!have!all!been!proposed(173).!In!

one!study!using!human!breast!cancer!samples,!fluorescentKactivated!cell!sorting!was!used!

to!distinguish!four!CAF!populations,!using!expression!of!various!markers.!In!the!same!

study,!they!showed!that!TNBC!exhibited!the!highest!expression!of!CAF!markers.!TNBC!

tumours!were!enriched!with!the!S1!and!S4!subsets,!both!of!which!showed!high!

expression!of!SMA.!Overall!the!subsets!were!enriched!in!different!breast!cancer!subtypes!

and!had!different!spatial!distributions.!They!also!appeared!to!be!associated!with!different!

immune!cells;!for!instance!the!S1!subtype!was!associated!with!more!FOXP3!cells.!

Furthermore,!the!S1!and!S4!subtypes!had!different!transcriptonomic!profiles.!S1!cells!

were!involved!in!cell!adhesion!and!ECM!organisation,!as!well!as!the!immune!response,!

and!S4!cells!behaved!more!like!pericytes,!with!muscle!contraction!and!oxidative!

metabolism!being!features.!The!S1!subset!appeared!to!orchestrate!immunosuppression,!

through!attraction!and!retention!of!CD4+!TKlymphocytes!and!promoting!differentiation!

into!FOXP3+!TKcells.!In!another!study!using!single!cell!RNA!sequencing!from!breast!

tumours,!CAFs!were!divided!into!three!major!groups!based!on!gene!expression!patterns.!

Function!appeared!to!differ!between!CAF!subsets(176).!

!

A!group!from!Sweden!has!delineated!a!role!for!plateletKderived!growth!factor!receptors!

(PDGFR)!in!the!attraction!and!behaviour!of!CAFs!in!breast!cancer.!They!have!shown!that!

one!of!the!plateletKderived!growth!factor!(PDGF)!ligand!isoforms,!expressed!by!breast!

cancer!epithelial!cells,!is!associated!with!poor!prognosis!in!breast!cancer.!They!showed!

that!this!ligand!(PDGFKCC)!was!correlated!with!the!basal!subtype!of!breast!cancer.!The!

corresponding!PDGFRs!were!expressed!by!CAFs.!Genetically!PDGFKdeficient!mice!had!

reduced!tumour!growth!and!reduced!collagen!deposition.!Finally,!in.vitro,.they!showed!

that!PDGFKCC!might!promote!a!malignant!ERKve!phenotype!via!expression!of!growth!



! ! Chapter!1!

72!

factors!such!as!hepatocyte!growth!factor!(HGF)(168).!In!a!separate!study,!they!showed!

association!between!PDGFKCC!and!the!triple!negative!subtype!and!increased!risk!of!5Kyear!

disease!recurrence(177).!This!indicates!one!potential!mechanism!by!which!paracrine!

signaling!between!tumour!cells!and!CAFs!promotes!tumour!growth!and!perhaps!

influences!the!molecular!phenotype!of!breast!cancer.!

!

1.8.3 Targeting*CAFs*

!

Despite!the!potential!role!of!CAFs!in!tumour!progression!and!immunosuppression,!

clinically!effective!treatments!targeting!CAFs!have!not!been!developed.!To!date,!research!

has!focused!on!targeting!the!growth!factors!produced!by!the!stroma!(e.g.!matrix!

metalloproteinase!inhibitors),!the!TGFKβ!pathway!and!eliminating!CAFs!directly(178).!

!

Depletion!of!FAPKpositive!cells!in.vivo!has!been!shown!to!facilitate!immunological!control!

of!pancreatic!adenocarcinoma(179).!In!a!4T1!in.vivo.model,!a!FAP!vaccine!was!effective!at!

reducing!tumour!growth,!increasing!CD8!influx!and!suppressing!metastases,!when!given!

in!combination!with!doxorubicin!chemotherapy(180).!This!effect!appeared!to!be!

mediated!by!a!shift!from!Th2!to!Th1!polarisation,!reduction!in!tumourKassociated!

macrophages!(TAMs)!and!an!increase!in!CD8+!TKcells.!However,!a!monoclonal!antibody!to!

FAP!has!been!ineffective!in!the!treatment!of!metastatic!colorectal!cancer!in!a!phase!II!

trial(181).!!

!

Given!the!importance!of!TGFKβ!in!the!differentiation!to!the!myofibroblastic!phenotype,!

drugs!targeting!this!cytokine!have!been!developed.!However,!TGFKβ!also!acts!as!a!tumour!

suppressor!in!early!carcinogenesis!and!TGFKβ!monoclonal!antibodies!have!resulted!in!the!

development!of!cutaneous!keratoacanthomas/squamous!cell!carcinomas!in!earlyKphase!

human!studies(182).!It!appears!that!the!context!is!crucial!with!regards!to!the!effect!of!

TGFKβ.!Our!group!has!therefore!sought!a!more!specific!CAF!inhibitor!and!has!published!
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work!showing!NOX4!is!crucial!for!fibroblast!to!myofibroblast!differentiation.!NOX4!

inhibition!by!genetic!or!pharmacological!methods!(such!as!GKT831)!was!effective!in!

reducing!myofibroblastic!CAFs!and!slowing!tumour!growth!in.vivo!(183).!A!number!of!

other!drugs!which!potentially!target!CAFs!are!in!preclinical!testing,!including!PDGFR!

signalling!blockade!and!CXCR4!inhibitors(184).!Exploring!the!interaction!between!cancer!

cells!and!CAFs!may!also!result!in!success;!for!instance!IL11!is!secreted!by!CAFs!and!may!

enhance!the!metastatic!potential!of!tumour!cells(185).!

!

Despite!remarkable!progress,!immunotherapy!is!only!successful!in!a!proportion!of!

patients!who!receive!it.!One!possible!reason!for!immunotherapy!resistance!could!be!the!

impact!of!the!TME!on!the!function!and!repertoire!of!immune!cells.!The!production!and!

alteration!of!ECM!components!by!CAFs!may!generate!a!physical!barrier!preventing!the!

infiltration!of!T!cells.!CAFs!have!therefore!been!implicated!in!resistance!to!

immunotherapy!by!their!possible!role!in!this!exclusion!effect.!!In!a!murine!study!of!

pancreatic!adenocarcinoma,!which!is!typically!resistant!to!immunotherapy,!depletion!of!

FAP+!stromal!cells!(CAFs)!rendered!both!antiKCTLAK4!and!antiKPDKL1!treatment!more!

effective;!the!authors!singled!out!CXCL12!as!the!chemokine!secreted!by!FAP+!cells!

responsible!for!this!immune!evasion(186).!

!

In!one!study,!a!large!cohort!of!patients!with!metastatic!urothelial!cancer!who!received!

immunotherapy!was!studied!and!correlates!of!response!determined(187).!Those!who!did!

not!respond!had!greater!expression!of!TGFKβ!signalling!in!fibroblasts.!The!authors!noted!

that!patients!had!exclusion!of!TKcells!from!the!tumour!parenchyma;!these!CD8!cells!were!

instead!resident!in!the!stroma.!They!then!targeted!TGFKβ!and!PDKL1!in!a!CD8Kexclusion!

mouse!model!and!found!this!allowed!the!T!cells!to!penetrate!into!the!centre!of!the!

tumour.!!

!

In!a!colorectal!cancer!model,!mouse!strains!were!generated!bearing!four!oncogenic!

mutations,!targeted!to!intestinal!stem!cells(188).!They!found!that!mice!bearing!all!four!of!

these!mutations!had!an!immune!excluded!phenotype;!the!severity!of!this!phenotype!
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correlated!with!the!number!of!mutations!introduced.!These!tumours!had!high!levels!of!

stromal!TGFKβ!and!genes!induced!by!TGFKβ.!Using!flowKsorted!RNAKsequencing,!they!

confirmed!that!CAFs!are!the!main!source!of!TGFKβ!in!this!model.!They!then!used!a!

TGFBR1Kspecific!inhibitor!galunisertib,!which!was!effective!in!reducing!tumour!volume!

and!metastases;!this!appeared!to!be!dependent!on!CD8!and!CD4!cells.!!However,!once!

metastatic!disease!was!established,!galunisertib!was!not!able!to!induce!remission;!the!TK

cells!in!this!case!appeared!to!have!increased!expression!of!PDK1!and!the!metastases!

(particularly!TAMs)!had!marked!PDKL1!expression.!With!the!addition!of!antiKPDKL1!therapy!

to!galunisertib,!lymphocytic!infiltration!was!increased!and!resulted!in!the!eradication!of!

most!metastases!(even!after!cessation!of!treatment).!Therefore,!these!authors!

demonstrated!that!immune!cold!tumours!could!be!targeted!via!TGFKβ!suppression,!

conferring!susceptibility!to!checkpoint!inhibition!and!resultant!immune!infiltration.!!

!

Therefore,!although!CAF!inhibition!is!unlikely!to!be!a!successful!agent!used!alone!in!

cancer!therapy,!it!could!be!a!useful!adjunct!when!used!with!other!systemic!therapy.!It!

could!particularly!be!useful!for!the!large!subset!of!patients!who!are!resistant!to!

immunotherapy.!!!

!

1.8.4 The*DNA*Damage*Response*Pathway*and*Fibroblast*Differentiation*

!

The!DNA!Damage!Response!(DDR)!pathway!is!triggered!by!DNA!damage!or!replication!

stress,!mediated!by!sensors.!The!DDR!pathway!is!a!protein!kinase!cascade,!with!

transducers!such!as!ataxiaKtelangiectasia!mutated!(ATM)!protein(189).!DDR!is!crucial!as!it!

regulates!key!events!such!as!apoptosis!and!differentiation,!thereby!promoting!tumour!

suppression!in!the!context!of!DNA!damage(190).!Given!that!defective!DDR!signals!are!

known!to!occur!in!cancer!(allowing!uncontrolled!cell!proliferation!even!in!the!presence!of!

damaged!DNA),!efforts!have!been!made!to!target!them.!It!is!possible!that!one!could!

capitalise!on!existing!DDR!defects!in!a!tumour,!in!order!to!utilize!synthetic!lethality!
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(similar!to!PARP!inhibition)(191).!Specific!DDR!inhibitors!have!been!developed,!which!

target!proteins!including!ATR,!ATM,!CHK1!and!WEE1.!

!

ATM!is!a!serine/threonine!protein!kinase!and!is!an!upstream!master!regulator!of!the!DDR!

pathway!(189).!ATM!is!therefore!involved!in!a!large!number!of!processes!that!function!to!

maintain!genomic!stability,!for!instance!through!activation!of!p53!and!subsequent!

apoptosis(191).!It!is!specifically!activated!by!DNA!double!strand!breaks.!ATMKdeficiency!

results!in!increased!neoplasm!formation,!in!addition!to!altered!immune!responses!and!

metabolism.!Many!of!these!outcomes!in!ATMKdeficient!mice!have!been!linked!to!redox!

homeostasis(190).!However,!targeting!the!DDR!pathway!is!hypothesised!to!render!

tumour!cells!sensitive!to!DNAKdamaging!therapy.!

!

Elevated!Reactive!Oxygen!Species!(ROS)!is!implicated!in!the!development!and!progression!

of!pathological!fibrosis(192).!Our!group!have!previously!shown!that!NADPH!Oxidase!4!

(NOX4)Kgenerated!ROS!is!crucial!for!differentiation!into!myofibroblasts!and!highlighted!

NOX4!as!a!viable!potential!target!in!the!field!of!stromal!targeting!for!cancer(183).!ATM!

can!be!activated!following!oxidative!stress!(without!DNA!damage).!Cells!with!an!absence!

of!ATM!are!also!sensitive!to!insults!such!as!oxidative!stress(193).!In!systemic!sclerosis,!an!

autoimmune!fibrotic!disease,!ATM!mediates!WIFK1!silencing!(again!in!response!to!

oxidative!damage)!via!phosphorylation!of!the!transcription!factor!cKJun.!Knockdown!of!

WIFK1!in!normal!fibroblasts!resulted!in!increased!Wnt!signaling!and!increased!collagen!

production,!postulated!to!contribute!to!fibrosis!in!the!setting!of!systemic!sclerosis(194).!

In!a!mouse!model!of!renal!injury,!ATM!phosphorylation!increased;!a!concomitant!increase!

in!pSMAD3!levels!indicated!this!was!TGFKβ!driven.!!In.vitro,!ATM!inhibition!decreased!

expression!of!TGFKβ!target!genes!including!fibronectin.!It!was!shown!that!ATM!was!

necessary!for!fibrotic!mechanisms,!driven!by!TGFKβ,!in!fibroblasts,!in!a!redoxKsensitive!

manner(192).!Our!group!has!previously!shown!that!RNAKsequencing!of!HFF2!fibroblasts,!

transdifferentiated!by!TGFKβ,!are!enriched!for!the!DDR!pathway(195).!The!NOX/ATM/p53!

axis!is!therefore!suggested!as!a!possible!therapeutic!target!in!fibrotic!disorders;!cancer!

can!be!considered!to!be!amongst!these.!
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!

1.9 The*POSH*Study*

!

Throughout!this!work,!I!will!be!using!data!and!biological!samples!from!the!POSH!cohort!to!

explore!themes!within!breast!cancer.!The!POSH!cohort!is!a!prospective!observational!

study!of!almost!3000!patients!aged!40!years!or!younger!with!a!first!diagnosis!of!invasive!

breast!cancer!(196).!The!primary!aim!of!the!study!was!to!evaluate!the!impact!of!inherited!

genetic!factors!on!the!prognosis!of!patients!with!breast!cancer(197).!Young!patients!were!

recruited!specifically!in!order!to!enrich!the!cohort!for!BRCA!mutation!carriers.!Patients!

were!recruited!between!2000!and!2008!from!127!hospitals!in!the!UK.!The!main!eligibility!

criteria!was!a!diagnosis!of!invasive!breast!cancer!at!an!age!of!40!years!or!younger;!

patients!could!be!recruited!within!12!months!of!initial!diagnosis.!This!young!breast!cancer!

cohort!has!different!baseline!pathology!characteristics!than!the!general!breast!cancer!

population,!including!lower!frequency!of!T1!tumours!and!higher!grade,!absence!of!

hormone!receptors,!vascular!invasion!and!lymph!node!involvement.!In!addition,!patients!

with!young!onset!breast!cancer!are!also!recognised!to!have!an!increased!risk!of!disease!

recurrence!and!death(196).!

!

The!POSH!cohort!is!a!large!study,!set!up!locally,!with!a!wealth!of!clinicopathological!data!

available!and!genotyping!of!germline!BRCA.mutation!status!for!the!vast!majority!(>94%).!

Published!work!utilizing!this!cohort!to!date!has!included!papers!regarding!outcomes!for!

those!of!different!ethnicities(198),!family!history(199),!BMI(200)!and!germline!BRCA!

status(201).!The!latter!described!similar!survival!for!breast!cancer!occurring!in!BRCA!

mutation!carriers!compared!to!wild!type.!A!possible!survival!advantage!in!the!first!few!

years!after!diagnosis!of!TNBC!for!those!with!a!germline!BRCA.mutation!was!noted.!I!

therefore!felt!it!was!an!appropriate,!and!available,!dataset!to!explore!outcomes!in!both!

metastatic!disease!and!triple!negative!breast!cancer.!Both!of!these!constitute!an!unmet!

need!in!the!field!of!breast!cancer.!!

!
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1.10 Summary*

!

TNBC!is!a!relatively!common!disease,!with!poorer!diseaseKspecific!survival!relative!to!the!

other!breast!cancer!subtypes!(202).!There!is!a!need!to!develop!targeted!therapies!that!

are!effective!in!this!subtype!of!breast!cancer.!There!is!emerging!evidence!that!the!

immune!system!plays!an!important!role!in!TNBC!biology.!In!integrated!

genomic/transcriptonomic!analyses,!an!immuneKactive!subtype!of!TNBC!with!improved!

prognosis!has!been!defined(82,!84).!Although!immunotherapy!is!undergoing!trials!in!this!

disease,!combination!approaches!are!likely!to!be!required!to!improve!response!rates.!!

!

TILs!are!now!established!as!being!a!useful!biomarker!in!early!TNBC.!However,!the!

biological!mechanisms!that!render!some!tumours!immuneKrich!and!others!immuneKcold!

are!unclear.!The!tumour!microenvironment!may!play!a!critical!role,!including!factors!such!

as!the!presence!of!immunosuppressive!cells,!the!metabolic!state!and!the!density!of!the!

extracellular!matrix.!Elucidating!mechanisms!to!target!these!factors!is!likely!to!be!crucial!

in!the!future!management!of!TNBC
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!

1.11 Aims*of*this*research*project*

!

The!central!hypothesis!of!this!project!was!that!an!immune!correlate!could!be!identified!

from!clinical!and!immunopathological!analysis!of!breast!cancer!cases!from!the!POSH!

cohort!and!subsequently!targeted!in!an!in.vivo.murine!model!of!triple!negative!breast!

cancer.!

!

The!aims!were!to:!

!

• Describe!the!differences!in!clinical!pattern!and!baseline!features!of!de.novo!versus!

metastatic!breast!cancer!

• Explore!the!prognostic!impact!of!baseline!clinicopathological!features!in!earlyK

stage!TNBC!

• Construct!tissue!microarrays!from!primary!tumour!samples!from!the!POSH!cohort!

• Incorporate!bioinformatics!of!publicly!available!datasets!in!the!identification!of!

relevant!molecular!markers!!

• Explore!the!prognostic!impact!of!molecular!markers!in!earlyKstage!TNBC!

• Identify!clinicopathological!and!molecular!correlates!of!immune!activity!

• Utilise!digital!pathology!in!the!scoring!of!molecular!markers!

• Utilise!digital!pathology!to!undertake!a!spatial!analysis!in!fullKface!TNBC!tumours!

• Undertake!further!in.vitro!and!in.vivo!work!using!above!findings!to!alter!immune!

infiltration!in!a!murine!TNBC!model!

• Identify!a!possible!target!for!tumour!microenvironment!remodelling!in!TNBC!!

!
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Chapter*2 Methods*

2.1 General*materials**

!

Agarose!(highKresolution)! !Sigma!Aldrich!

Amphotericin!B!!! !Gibco!

βKmercaptoethanol! !Sigma!Aldrich!

Bovine!Serum!Albumin!(BSA)! !Sigma!Aldrich!

Captisol!! !Glentham!

Dulbecco’s!Modified!Eagle!Medium!(DMEM)! !Sigma!Aldrich!

Dimethyl!sulfoxide!(DMSO)! !Sigma!Aldrich!

EDTAKtrypsin!(0.25%)! !Gibco!

Ethanol!(99%)! !Thermo!Fisher!Scientific!

Fetal!Calf!Serum!(FCS)! !GE!Healthcare!

Isopropranolol!(99%)! !Thermo!Fisher!Scientific!

Kanamycin! !Melford!Biolaboratories!

LKglutamine! !Sigma!Aldrich!

Midori!green! !Nippon!Genetics!

Optimem! !Gibco!

Paraformaldehyde! !Thermo!Fisher!

Penicillin/streptomycin! !Sigma!Aldrich!!

PhosphateKbuffered!saline!(PBS)! !Thistle!Scientific!

RIPA!buffer! !Thermo!Fisher!Scientific!

RNase!Zap! !Sigma!Aldrich!

Standard!agarose!(high!resolution)! !Sigma!Aldrich!

TGFKβ1! !R&D!systems!

TritonKX! !BioKRad!

Trypan!blue!(0.4%)! !Gibco!

Tween20! !Sigma!Aldrich!

Water!(PCRKgrade)! !Life!Technologies!

!
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2.2 POSH*study*

2.2.1 Patient*population*and*study*design*

!

The!Prospective!study!of!Outcomes!in!Sporadic!versus!Hereditary!breast!cancer!(POSH)!

was!a!prospective!cohort!study!of!women!aged!18!to!40!years!old!and!diagnosed!with!a!

first!episode!of!invasive!breast!cancer.!The!primary!aim!of!this!study!was!to!determine!

whether!the!prognosis!from!breast!cancer!was!changed!by!inherited!genetic!factors!

(197).!A!detailed!report!of!the!presenting!characteristics,!pathology!and!treatment!of!this!

cohort!was!published!in!2013!and!the!primary!outcome!paper!was!published!in!2018(196,!

201).!Patients!were!excluded!if!they!had!a!previous!invasive!malignancy!(excluding!nonK

melanomatous!skin!cancer).!Patients!were!consented!within!12!months!of!initial!

diagnosis.!All!patients!received!treatment!according!to!local!protocols.!A!detailed!

protocol!has!been!published(197).!In!total,!3021!female!patients!were!recruited!from!127!

UK!hospitals!between!2000!and!2008!within!12!months!of!initial!diagnosis.!The!study!

received!approval!from!the!South!West!Multicenter!Research!Ethics!Committee!(MREC!

00/6/69).!Written!informed!consent!was!obtained!from!all!participants.!!

!

Information!regarding!personal!characteristics,!tumour!pathology,!stage!and!treatment!

received!were!collected!from!medical!records!at!study!entry.!Family!history!was!collected!

by!questionnaire.!Pathology!and!imaging!data!were!verified!with!copies!of!original!

reports.!FollowKup!data!including!date!and!site!of!disease!recurrence!were!obtained!from!

medical!records!at!6!months,!12!months!and!thereafter!annually!until!death!or!loss!to!

followKup.!FollowKup!interval!was!determined!according!to!local!standards;!no!imaging!or!

other!investigation!was!mandated!by!this!study,!as!it!was!observational.!Adjuvant!

chemotherapy!was!manually!categorised!into!regimens!and!anthracycline/taxaneK

containing.!Patients!were!flagged!in!the!National!Health!Service!Medical!Research!

Information!Service!to!facilitate!automatic!notification!of!date!and!cause!of!death.!This!

work!presents!analyses!conducted!on!followKup!data!received!until!26!June!2016.!

!
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Oestrogen!receptor!(ER),!progesterone!receptor!(PR)!and!HER2!receptor!status!of!primary!

tumours!were!determined!from!routine!diagnostic!pathology!reports!including!

immunohistochemistry!(IHC)!and/or!FISH.!Hormone!receptor!concentrations!equivalent!

to!an!Allred!score!of!3!or!more!were!categorised!as!positive.!Tissue!microarray!(TMA)!

immunohistochemical!staining!was!used!to!supplement!missing!information!regarding!

receptor!status.!Triple!negative!breast!cancer!(TNBC)!was!defined!as!tumours!that!were!

oestrogen!receptorKnegative,!HER2Knegative,!and!progesterone!receptorKnegative!or!

unknown.!

!

DNA!for!genotyping!was!extracted!from!whole!blood!samples!collected!at!recruitment.!A!

multiplex!ampliconKbased!library!preparation!system,!Fluidigm!Access!Array!(Fluidigm!UK,!

Cambridge,!UK)!was!used!to!sequence!a!panel!of!breast!cancer!susceptibility!genes,!

including!BRCA1/2.and!TP53.!Illumina!HiSeq2500!Next!Generation!Sequencing!Platform!

was!utilized!(Illumina,!Little!Chesterford,!UK).!If!patients!met!current!UK!guidelines!for!

genetic!testing,!multiplex!ligation!probe!analysis!was!used!to!ensure!mutations!consisting!

of!large!exonic!deletions!or!duplications!were!not!missed.!Pathogenic!variants!were!

confirmed!by!Sanger!sequencing.!Those!with!variants!of!unknown!significance!were!

classified!as!BRCA#negative.!!

!

The!study!size!and!power!calculations!are!discussed!in!the!study!protocol(196).!In!brief,!

the!power!estimates!were!dependent!on!the!prevalence!of!BRCAKmutation!carriers.!The!

initial!power!analyses!were!based!on!a!cohort!of!2000!patients;!if!the!prevalence!rate!of!

BRCA1Kmutation!carriers!was!10%,!a!study!with!200!BRCA1Kmutation!carriers!has!97%!

power!to!detect!a!difference!in!2Kyear!event!rate!of!20%!in!geneKmutation!carriers!vs.!

10%!for!wild!type!carriers.!Based!on!preliminary!mutation!testing!from!120!early!

participants!in!2006,!the!recruitment!target!was!accordingly!revised!to!3000!patients.!!

 

!
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2.2.2 Metastatic*cohort*definitions*

!

For!the!work!included!in!Section!3.2.1,!the!dnMBC!cohort!consisted!of!patients!with!

confirmed!distant!metastatic!disease!at!diagnosis!(stage!M1)!according!to!the!local!site.!

Patients!who!initially!had!localised!disease!(stage!M0)!but!developed!distant!metastatic!

disease!within!the!followKup!period!comprised!the!rMBC!cohort.!Tissue!diagnosis!of!

metastatic!disease!was!not!mandated!by!the!study.!Patients!without!metastatic!disease!

at!any!time!were!not!included!in!this!analysis.!!

!

2.2.3 Metastatic*cohort*statistics*

!

Statistical!analyses!were!performed!according!to!a!preKspecified!statistical!analysis!plan!

(Appendix!B)!as!per!STROBE!guidelines(203).!

!

The!primary!objective!was!the!comparison!of!overall!survival!(OS)!of!patients!with!dnMBC!

with!that!of!patients!with!rMBC!with!a!MFI!of!less!than!12!months!(early12).!OS!was!

defined!as!the!time!from!date!of!diagnosis!to!death!from!any!cause.!MFI!was!defined!as!

the!time!from!date!of!diagnosis!to!date!of!first!distant!relapse.!

!

Secondary!objectives!included!the!comparison!of!OS!and!post!distant!relapse!survival!

(PDRS)!of!patients!with!dnMBC!with!that!of!patients!with!rMBC!with!a!MFI!of!less!than!24!

months!(early24).!PDRS!was!defined!as!time!from!date!of!diagnosis!of!first!distant!

metastases!(date!of!diagnosis!of!primary!tumour!for!patients!with!dnMBC)!to!death!from!

any!cause.!Other!secondary!objectives!included!the!comparison!of!PDRS!of!patients!with!

dnMBC!vs.!early12!patients!and!the!description!of!clinicopathological!features!in!patients!

with!dnMBC!and!those!with!rMBC!in!four!cohorts!(recurrent!disease!within!12!months,!

within!24!months,!between!24!and!60!months,!and!after!60!months).!Patient!and!tumour!
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characteristics!included!ethnicity,!body!mass!index!(BMI),!germline.BRCA!status,!first!site!

of!metastasis!and!primary!tumour!grading/receptor!status.!!

!

Time!to!event!outcomes!were!described!using!KaplanKMeier!curves!and!analysed!using!

Cox!regression!models;!stratified!Cox!models!or!flexible!parametric!survival!models!were!

used!in!cases!where!hazards!were!time!varying.!For!Kaplan!Meier!analysis,!patients!were!

censored!at!date!of!last!followKup!or!death!from!any!cause.!All!multivariable!analyses!

were!adjusted!for!age!at!diagnosis,!BMI,!grade,!tumour!size,!pathological!N!stage,!

ethnicity,!and!ER!and!HER2!tumour!status.!Further!objectives!included!the!comparison!of!

OS!of!dnMBC!patients!who!had!surgery!(either!breast!conserving!surgery,!nodal!surgery!

only!or!mastectomy)!vs.!those!who!had!no!surgery!and!assessment!of!correlation!

between!MFI!and!PDRS!in!rMBC!patients!using!the!survcorr!command!in!R.!Statistical!

analyses!were!carried!out!using!Stata!v15.1!and!RStudio!v1.1.456.!!

!

All!statistical!tests!were!twoKsided!and!a!pKvalue!less!than!0.05!were!considered!

significant.!

!

2.2.4 Early@stage*TNBC*cohort*definition*

!

For!the!work!included!in!Section!3.2.2!and!Chapter!4!and!5!(the!“early!stage!TNBC”!

cohort;!see!CONSORT!diagram!in!Figure!4.1),!only!patients!with!a!confirmed!diagnosis!of!

TNBC!(categorised!as!per!Section!2.2.1)!and!stage!IKIII!disease!were!included.!Patients!

who!received!neoadjuvant!chemotherapy!were!excluded!in!order!to!homogenise!the!

cohort!and!due!to!the!complexity!of!assessing!preK!and!postK!neoadjuvant!tumour!

samples!(there!are!no!TILs!to!assess!in!a!case!of!pCR;!in!many!cases!both!samples!were!

not!available!for!comparison).!H&E!slides!and!FFPE!tissue!was!sought!for!all!eligible!

patients.!!

!
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2.2.5 Statistical*analysis*of*early@stage*TNBC*cohort**

!

2.2.5.1 Analysis*of*clinicopathological*features*and*molecular*panel*

!

OS!was!defined!as!the!time!from!date!of!diagnosis!to!death!from!any!cause.!Time!to!event!

outcomes!were!described!using!KaplanKMeier!curves!(with!logKrank!Mantel!Cox!test)!and!

analysed!using!Cox!regression!models.!The!proportional!hazards!test!was!used!to!identify!

factors!that!were!not!proportional.!Backwards!elimination!in!a!Cox!regression!model!was!

used!to!determine!which!factors!to!include!in!multivariable!analyses;!these!were:!

pathological!nodal!stage!and!stratification!by!LVI.!It!was!necessary!to!ensure!there!was!no!

difference!between!the!baseline!clinicopathological!features!of!the!TILKscored!cohort!and!

the!TNBC!cohort!as!a!whole!(including!those!who!were!not!scored!because!pathology!

material!was!not!available),!in!order!to!rule!out!selection!bias!for!the!TILKscored!cohort.!

Each!category!was!therefore!compared!between!the!two!groups.!The!ChiKsquare!test!was!

used!for!categorical!variables!and!the!MannKWhitney!test!for!continuous!variables.!

Correlation!between!TIL!score!and!clinicopathological!factors!was!sought,!using!Pearson’s!

correlation!coefficient!(for!ordinal!variables)!and!SPSS!nonKparametric!median!test!(for!

categorical!variables).!Statistical!analyses!were!carried!out!using!SPSS!v26.!!

!

2.2.5.2 ROC*analysis*for*survival*prediction*model*

!

To!evaluate!the!prognostic!impact!of!various!factors,!threeKyear!overall!survival!was!used.!

This!survival!“cut!off”!was!used,!as!there!were!an!insufficient!number!of!events!occurring!

by!oneKyear!to!generate!statistical!significance.!In!TNBC!the!highest!risk!of!recurrence!

occurs!in!the!first!three!years(204);!by!five!years!there!were!a!larger!number!of!cases!

censored!(51!cases!of!the!total!cohort,!compared!to!14!cases!at!three!years)!and!the!data!

from!these!cases!would!be!omitted!from!the!analysis,!reducing!the!power.!The!detection!

rate!(sensitivity)!and!falseKpositive!rate!(1Kspecificity)!were!calculated.!The!detection!rate!
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is!the!proportion!of!patients!who!died!at!three!years!with!a!positive!marker,!while!the!

falseKpositive!rate!is!the!proportion!of!patients!who!did!not!die!at!three!years!with!a!

positive!marker.!Likelihood!ratios!were!obtained!(detection!rate/falseKpositive!rate),!

indicating!the!power!of!an!individual!marker.!A!prognostic!model!was!then!developed!

using!binary!logistic!regression,!with!a!backwards!selection!procedure.!The!initial!

variables!entered!included:!TIL!percentage,!TIL!category,!CD3,!CD4,!CD8,!FOXP3,!CD4:CD8!

ratio,!FOXP3:CD8!ratio,!GLUT1,!smooth!muscle!actin!(SMA;!a!marker!of!cancerKassociated!

fibroblasts),!p53,!Ki67,!ALDH1,!CK5/6,!EGFR,!MHC,!PDLK1!(lymphocytes),!age!at!diagnosis,!

BMI,!clinical!T!stage,!pathological!T!stage,!maximum!invasive!tumour!size,!maximum!

overall!tumour!size!and!number!of!pathological!lymph!nodes.!The!regression!parameter!

estimates!were!used!to!create!a!prognostic!score.!ROC!analysis!was!performed!and!the!

area!under!the!curve!was!calculated.!!

!

All!statistical!tests!were!twoKsided!and!a!pKvalue!less!than!0.05!were!considered!

significant,!unless!otherwise!specified.!

!

2.2.6 TMA*construction*and*scoring*

!

Tissue!microarrays!(TMAs)!were!constructed!using!triplicate,!randomly!selected!within!

tumour!border,!paraffinKembedded!1Kmm!tumour!cores!(Alphelys!Minicore!2,!Mitogen,!

Harpenden,!UK).!Automated!immunostaining!(Autostainer!Link!48,!Agilent!Dako,!Santa!

Clara,!California,!USA)!was!performed!by!Maria!Monette!Lopez!in!a!CPAKaccredited!

clinical!cellular!pathology!department!using!antibodies!optimised!to!national!diagnostic!

standards!(NEQAS).!Antibody!expression!was!scored!in!triplicate!by!a!single!consultant!

breast!histopathologist!using!a!Zeiss!AxioCam!MRc5!microscope!(Zeiss,!Cambridge,!UK)!

and!mean!calculated.!KiK67!and!p53!were!scored!as!a!percentage!in!5%!increments.!

ALDHK1!(stromal)!and!EGFR!were!scored!as!negative/lowKstaining!(0),!moderate!staining!

(1)!or!high!(2)!staining.!CK5/6!was!scored!as!either!positive!or!negative,!following!a!semiK

quantitative!appraisal.!For!SMA,!CD3,!CD4,!CD8,!FOXP3,!MHC,!GLUT1!and!ERAP1,!
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expression!was!scored!as!negative/lowKstaining!(1),!moderate!staining!(2)!or!high!staining!

(3).!PDKL1!was!marked!separately!for!tumoural!and!lymphocyte!expression.!!

!

2.2.7 Assessment*of*TILs*

!

FullKface!H&E!sections!were!assessed!for!stromal!TIL!infiltration!by!a!single!consultant!

breast!histopathologist!using!a!Zeiss!AxioCam!MRc5!microscope!(Zeiss,!Cambridge,!UK).!

The!scoring!method!followed!guidelines!published!by!the!International!TILs!Working!

Group(31).!In!brief,!all!mononuclear!cells!in!the!stromal!compartment!and!within!the!

borders!of!the!invasive!tumour!were!evaluated.!The!edges!of!the!tumour!and!areas!of!

necrosis!were!avoided!and!polymorphonuclear!leukocytes!were!excluded.!To!allow!for!

intratumoural!heterogeneity,!10!high!power!fields!(x40)!were!scored!in!5%!increments!

and!then!an!average!count!taken.!The!pathologist!was!blinded!to!clinical!information.!

!

2.2.8 Categorisation*of*immune*and*molecular*markers*

!

For!the!purposes!of!survival!analysis,!biomarker!expression!was!categorised!into!low!and!

high.!Thresholds!were!determined!from!literature!review.!For!p53,!high!was!determined!

as!≥10%!of!tumour!cells!staining!positive.!In!a!study!of!7739!patients!with!all!subtypes!of!

breast!cancer,!a!ROC!analysis!identified!10%!as!the!optimal!cutKoff!for!IHC!staining!of!p53!

predictive!for!survival!(205).!This!cutKoff!has!also!been!used!in!TNBC(206).!The!association!

of!p53!with!survival!was!also!evaluated!in!two!categories!based!on!mutant!pattern!as!

previously!defined(207):!mutant!(0%!or!>50%!positive)!or!wildKtype!(1K49%!positive).!For!

Ki67,!a!cutKoff!of!≥20%!was!used!in!line!with!other!studies(208K210).!EGFR!and!CK5/6!are!

considered!positive!if!≥1%!cytoplasmic!or!membranous!tumour!cell!staining!is!

positive(211,!212).!For!ALDH1,!negligible!staining!(≤0.333!out!of!2)!was!considered!

absent/low,!as!per!previous!work!in!breast!cancer(213,!214).!For!TILs,!survival!was!
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evaluated!according!to!whether!the!case!was!TIL!high!(lymphocyte!predominant!breast!

cancer)!(>60%),!moderate!(11K59%)!or!low!(≤10%)!as!previously!defined(39).!

!

For!the!immune!markers!used!in!Chapter!5,!there!were!no!clearly!defined!thresholds!in!

the!literature.!Therefore,!the!median!score!for!each!marker!was!determined!and!the!

median!was!then!used!as!the!threshold!between!high/low.!!

!

In!order!to!assess!the!impact!of!being!classified!as!basal,!cases!were!categorised!by!their!

expression!of!the!markers!EGFR!and!CK5/6.!Both!markers!were!assessed!as!above:!

positive!if!≥1%!cytoplasmic!or!membranous!tumour!cell!staining!is!positive(211,!212).!

Basal!cancers!were!defined!as!those!that!were!positive!for!either!marker.!In!order!to!

determine!whether!cases!were!“high!basal”,!they!were!also!categorised!based!on!a!mean!

intensity!score!of!≥1.5/3!for!EGFR!and!≥0.5/1!for!CK5/6.!These!thresholds!were!based!on!

work!showing!≥50%!EGFR!or!CK5/6!staining!to!be!prognostic!in!TNBC(215,!216).!“High!

basal”!cases!were!defined!as!those!that!were!highKpositive!for!either!marker.!!

!

2.2.9 Digital*analysis*

!

2.2.9.1 Image*acquisition*

!

For!TMA!analysis,!image!acquisition!of!whole!slide!images!of!TMA!cores!of!TNBC!tumours!

from!the!POSH!cohort!was!performed!by!Hayley!McKenzie!using!a!Zeiss!AxioScan!Z1!

(Zeiss,!Cambridge,!UK)!at!resolution!equivalent!to!x20!magnification.!!!

!
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For!multiplex!analysis,!image!acquisition!of!whole!slide!images!of!TNBC!tumours!from!the!

POSH!cohort!was!performed!by!Monette!Maria!Lopez!using!a!Zeiss!AxioScan!Z1!(Zeiss,!

Cambridge,!UK)!at!resolution!equivalent!to!x20!magnification.!!!

!

For!mouse!tumours,!image!capture!of!select!fields!was!performed!at!x20!magnification!by!

Gareth!Thomas!using!an!Olympus!CKX41!microscope!(Olympus,!Tokyo,!Japan)!using!cell�

B!imaging!(Olympus,!Tokyo,!Japan)!software.!!

!

2.2.9.2 Image*processing*

!

Digital!image!analysis!of!TMAs,!multiplex!slides!and!mouse!tumours!was!performed!using!

Definiens!Developer!XD!version!2.7!(Munich,!Germany).!!Analysis!is!composed!of!three!

distinct!stages:!Tissue!Identification!–!separation!of!tissue!and!glass!regions!at!resolution!

equivalent!to!x5!magnification;!Exclusion!of!Artefacts!–!identification!of!necrotic!and!

blood!regions,!and!any!folds!or!staining!anomalies;!and!Cellular!Analysis!–!identification!of!

nuclear!staining!and!segmentation!of!cellular!structures.!!!

!

Two!methods!of!stain!identification!were!employed!for!each!batch!of!slides!(with!each!

individual!stain!of!all!tissues!treated!as!a!single!batch):!classic!thresholding!based!on!the!

source!stain;!and!background!exclusion!using!sliding!window!filtering.!!Classic!

thresholding!is!based!on!identification!of!significant!increases!and!peaks!in!a!histogram!

derived!from!centiles!of!the!stain!positive!region!(each!centile!gives!a!threshold!that!

identifies!the!given!percentage!of!pixels!with!the!highest!values).!!The!background!

exclusion!method!uses!two!modified!representations!of!the!source!stain;!a!coarse!grained!

representation!generated!using!a!251x251!pixel!window,!which!removes!the!local!peaks!

in!staining!giving!the!overall!stain!character,!and!a!fine!grained!representation!(7x7!pixel!

window),!which!shows!local!peaks.!!Subtraction!of!coarse!from!fine!gives!a!normalised!

representation!of!local!peaks.!
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!

Following!identification!of!staining,!conjoined!nuclei!were!separated!using!size!and!

morphology!based!constraints.!

!

For!mouse!tissues,!there!was!a!high!degree!of!nonKspecific!staining!so!an!enhanced!

background!reduction!method!was!employed!to!identify!true!positive!staining.!A!coarsely!

filtered!(moving!average!in!a!>151!pixel!square)!image!is!generated!to!represent!the!

background!stain!level,!smoothing!out!peaks!and!troughs.!This!is!then!subtracted!from!

each!original!pixel!value,!leaving!only!local!maxima!with!a!value!greater!than!

background(217).!!

!

2.2.9.3 TMA*analysis*

!

The!whole!slide!images!containing!the!TMAs!were!segmented!automatically,!followed!by!

manual!checks!to!ensure!all!cores!were!accurately!separated,!and!then!assigned!to!a!grid!

system!for!reporting.!

!

For!survival!analysis!using!digital!automated!scores,!the!median!automated!score!was!

calculated.!The!median!was!then!used!as!the!threshold!between!high/low.!!

!

2.2.9.4 Multiplex*analysis*

!

The!multiplex!image!sets!comprised!a!consistent!counterstain!and!tumour!marker!stain!

(haematoxylin!and!DAB!stained!pancytokeratin!(CK),!respectively)!plus!temporary!AEC!

stained!secondary!markers.!!Images!were!registered!using!the!DAB!stain!in!ImageJ!

(National!Institute!of!Health,!Bethesda,!Maryland,!USA).!!This!produced!a!pseudo!

fluorescent!representation!of!the!multiplex!AEC!staining.!!Following!identification!of!
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nuclear!objects!using!the!original!brightfield!image,!cellular!regions!were!described!by!

expanding!each!nucleus!to!a!distance!of!~40µm!from!the!nucleus!border.!!These!cellular!

objects!were!then!classified!as!positive!or!negative!for!the!various!multiplex!stains.!!

Distance!from!tumour!(DAB!staining)!was!also!measured!and!exported.!

!

For!the!spatial!analysis,!nine!cases!were!randomly!selected!from!the!following!two!

categories:!TILKhigh!(>15%)!and!TILKlow!(≤15%).!!

!

The!proportion!of!positive!cells!was!determined!by!dividing!the!cell!count!for!a!particular!

stain!combination!(e.g.!CD8+/SMAKve)!by!the!total!cell!count.!For!the!inside!tumour!to!

outside!tumour!comparison,!the!proportion!of!positive!cells!within!the!tumour!border!(as!

determined!by!cytokeratin)!was!divided!by!the!number!of!positive!cells!outwith!the!

tumour!border.!For!comparison!of!inside:outside!ratios!between!two!groups,!an!unpaired!

tKtest!with!Welch’s!correction!was!performed.!!

!

2.3 Bioinformatics*

!

For!the!bioinformatics!analysis!of!TCGA,!weightedKgene!coKexpression!network!analysis!

(WGCNA)!was!applied!to!TCGA!RNAKseq!data!from!tripleKnegative!breast!cancer,!as!

described!previously(218).!!Briefly,!after!data!preKprocessing,!a!measure!of!topological!

overlap!was!calculated!based!on!pairwise!correlations!between!14,958!expressed!genes!

across!66!samples.!!Within!this!dissimilarity!matrix,!89!modules!were!identified!by!

unsupervised!clustering.!!To!assign!cell!type!to!modules,!each!gene!signature!was!

statistically!evaluated!by!Fisher's!exact!test!for!overlap!with!gene!signatures!from!

Immgen!and!xCell!databases(219,!220).!

!
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2.4 In*Vitro*Fibroblasts*and*Tumour*Cells*

!

2.4.1 Prevention*of*contamination*

!

In!order!to!reduce!the!risk!of!contamination!with!other!DNA/RNA!samples,!a!number!of!

precautions!were!taken.!All!PCR!work!took!place!within!a!dedicated!laminar!flow!cabinet.!

The!cabinet!was!cleaned!with!RNaseZap™!(Thermo!Fisher!Scientific,!Swindon,!UK)!prior!to!

use.!All!pipettes,!pipette!tips!and!other!consumables!were!exposed!to!UV!radiation!within!

the!PCR!hood!prior!to!commencement!of!work.!All!pipette!tips!had!aerosol!filters!and!

were!PCRKgrade.!NucleaseKfree,!PCRKgrade!water!was!used.!A!clean!lab!coat!was!worn!

and!fresh!gloves!were!used!prior!to!DNA!purification!and!then!another!fresh!set!prior!to!

the!PCR!reaction.!!All!cell!line!work!took!place!in!a!class!II!laminar!flow!hood!using!aseptic!

technique.!

!

2.4.2 Origin*of*cells*

!

Breast!fibroblasts!were!outgrown!from!mammary!tissue!of!wild!type!Balb/c!female!

weaning!mice.!The!isolation!technique!is!described!in!2.4.4.!!

!

BalbKneuKT!murine!cancerKassociated!fibroblasts!were!kindly!donated!by!Kirsty!Ford.!They!

had!been!outgrown!from!spontaneous!mammary!tumour!tissue!of!Balb/c!mice!transgenic!

for!the!rat!HerK2/neu!gene!(BalbKneuKT).!The!mice!were!kindly!donated!by!Natalya!

Savelyeva.!!

4T1!cells!are!a!6Kthioguanine!resistant!transplantable!epithelial!breast!cancer!cell!line!

derived!from!Balb/c!mice.!This!cell!line!is!known!to!be!highly!oncogenic!and!invasive;!it!is!

capable!of!spontaneous!metastasis(221).!Frozen!vials!were!kindly!donated!by!Kirsty!Ford,!
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previously!donated!by!Professor!John!F!Marshal!from!Bart’s!cancer!institute,!Queen!Mary!

University!of!London.!!!

!

2.4.3 Cell*culture*

!

DK10!medium!was!prepared!by!adding!5!mls!LKglutamine,!5mls!penicillin/streptomycin!

and!50mls!FCS!to!a!500ml!bottle!of!HighKglucose!DMEM.!

DK20!medium!was!prepared!by!adding!5!mls!LKglutamine,!5mls!penicillin/streptomycin!

and!100mls!FCS!to!a!500ml!bottle!of!HighKglucose!DMEM.!

All!medium!was!sterile!filtered!when!first!prepared!using!a!0.22uM!filter!(Millipore).!All!

media!was!stored!at!4°C!for!a!maximum!of!one!month.!

25mls!of!media!was!added!to!a!TK75!culture!flask!(Corning,!New!York,!USA).!Cells!were!

cultured!in!a!37°C!incubator.!

Fibroblasts!and!CAFs!were!routinely!cultured!in!DK20!and!4T1!cells!in!DK10.!!

!

Cells!were!split!when!confluence!reached!70K80%!and!the!medium!was!replaced!every!2K

4!days!depending!on!the!cell!type.!To!split!the!cells,!15mls!of!media!was!transferred!into!a!

universal!and!the!remaining!10mls!disposed.!The!flask!was!washed!with!5mls!of!PBS.!In!

order!to!lift!the!cells!off!from!the!flask,!5mls!of!EDTAKTrypsin!was!added.!The!flask!was!

placed!in!the!37°C!incubator!for!between!2!and!10!minutes,!until!a!single!cell!suspension!

was!formed.!The!suspension!was!then!pipetted!into!the!universal!containing!15mls!of!

media.!The!universal!was!placed!in!the!centrifuge!at!200!x!g!for!5!minutes.!The!

supernatant!was!poured!off!then!the!cells!resuspended.!10mls!of!PBS!was!added.!If!

required,!a!cell!count!was!performed!by!adding!15μl!of!cells!to!15μl!of!TrypanKBlue,!then!

10μl!loaded!onto!a!haemocytometer!and!viewed!under!the!microscope.!1mls!of!cell!

suspension!was!added!to!24mls!of!D10!medium!in!a!TK75!flask!and!placed!back!in!the!

37°C!incubator.!
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!

2.4.4 Isolation*of*cells*

!

Mammary!tissue!from!Balb/c!female!weaning!mice!was!dissected!and!cut!into!small!

pieces!in!sterile!PBS!with!4%!penicillin/streptomycin!and!0.25ug/ml!amphotericin!B.!

These!pieces!were!washed!three!times!with!this!PBS!in!a!class!II!laminar!flow!hood.!!A!12!

well!tissue!culture!plate!was!scored!with!a!scalpel!to!create!a!groove!in!the!centre!of!each!

well!in!the!shape!of!a!cross.!A!small!piece!of!tissue!was!placed!on!the!centre!of!this!cross!

using!tweezers.!750μl!of!DK20!was!added!to!each!well!around!the!periphery!to!keep!the!

tissue!in!place.!The!entire!plate!was!then!left!in!a!hypoxic!(3%!O2!/5%!CO2)!(37°C)!

incubator!for!5!days.!After!this!time!the!media!was!changed!every!72!hours.!After!

approximately!14!days,!cells!were!growing!in!the!media!and!the!antibiotic!concentration!

was!lowered!to!2%.!When!confluence!reached!75K90%,!the!wells!were!washed!with!PBS!

and!then!detached!with!0.05%!trypsin/EDTA!solution.!These!wells!were!aspirated!then!

added!to!growth!medium!to!neutralize!the!trypsin!solution.!They!were!centrifuged!at!200!

x!g!for!5!minutes.!They!were!then!added!to!a!T75!tissue!flask!(Corning,!New!York,!USA)!in!

15mls!of!DK20.!!!

!

Once!a!sufficient!number!of!cells!were!grown!in!culture,!they!were!cryopreserved!and!

stored!in!liquid!nitrogen.!

!

2.4.5 Cell*defrosting*

!

After!removing!vials!from!liquid!nitrogen,!they!were!transferred!on!dry!ice!to!a!37°C!

water!bath.!They!were!thawed!rapidly!by!agitation!in!the!bath!then!aspirated!and!added!

to!a!TK75!flask!containing!preKwarmed!medium.!The!flask!was!left!overnight!in!a!37°C!
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incubator.!After!18K24!hours,!the!medium!was!changed!to!remove!all!remaining!DMSO,!

which!can!be!toxic!to!cells!when!defrosted.!!

!

2.4.6 Maintenance*of*cells*in*culture*

!

Medium!was!changed!every!72!hours!while!cells!were!in!culture.!Once!cells!reached!75K

90%!confluence,!medium!was!removed!and!the!cells!were!washed!with!PBS.!0.05%!

trypsinKEDTA!solution!was!added,!then!the!cells!left!at!37°C!for!approximately!2!to!5!

minutes!until!detached!from!the!flask.!They!were!then!aspirated!and!added!to!warmed!

medium!to!neutralize!the!trypsin!solution.!They!were!then!centrifuged!at!200!x!g!for!5!

minutes,!then!resuspended!in!medium.!They!were!then!diluted!in!further!medium!to!

allow!splitting!into!new!sterile!flasks.!For!fibroblasts/CAFs,!this!was!usually!1!in!3;!for!

cancer!cells!this!was!usually!1!in!5.!!

!

2.4.7 Freezing*of*cells*

!

In!order!to!maintain!cell!stocks,!or!if!cells!were!reaching!too!high!a!passage!number,!cells!

would!be!frozen.!They!were!washed,!trypsinised!and!centrifuged!in!the!same!method!as!

the!previous!section.!However,!they!would!be!resuspended!in!freezing!medium!(cooled!to!

4°C)!containing!90%!FCS!and!10%!DMSO.!DMSO!was!used!as!it!is!a!cryoprotectant,!in!

order!to!reduce!ice!crystal!formation,!which!can!result!in!cell!membrane!rupture!with!

freezing!and!thawing.!1x10
6!
cells!were!added!to!1ml!of!freezing!medium!in!a!croyovial.!

They!were!frozen!in!a!Mr.!Frosty™!freezing!container!(Thermo!Fisher!Scientific,!Swindon,!

UK)!filled!with!isopranolol!at!K80°C!overnight.!The!following!day!they!were!transferred!to!

liquid!nitrogen!and!stored!indefinitely.!!

!
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2.4.8 Senescing*cells*

!

To!induce!senescence!confluent!fibroblasts!were!detached!and!irradiated!in!suspension!

with!10Gy!ϒKrays!and!plated!at!subKconfluent!densities.!Cells!acquired!a!fully!senescent!

phenotype!4K6!days!postKtreatment.!

!

2.4.9 Metabolism*Assay*

!

The!MTT!assay!is!used!to!measure!cellular!metabolic!activity!as!a!correlate!of!cellular!

viability,!proliferation!and!cytotoxicity.!This!colorimetric!assay!is!based!on!the!reduction!

of!a!yellow!tetrazolium!salt!(3K(4,5KdimethylthiazolK2Kyl)K2,5Kdiphenyltetrazolium!bromide!

or!MTT)!to!purple!formazan!crystals!by!metabolically!active!cells.!First,!cells!were!plated!

on!a!96Kwell!plate.!Four!wells!were!reserved!per!condition!for!MTT!assay.!After!culture,!at!

the!time!of!the!assay!the!supernatant!was!aspirated!off.!20μl!of!MTT!reagent!(Promega,!

Southampton,!UK)!and!100μl!D20!medium!were!added!to!each!well.!The!plate!was!left!to!

incubate!in!the!37°C!incubator!for!three!hours.!The!plate!absorbance!was!then!analysed!

on!a!Varioskan™!Flash!(Thermo!Fisher!Scientific,!Swindon,!UK)!microplate!reader!at!

490nm.!!

!

2.4.10 Cell*Viability*Assay*

!

To!further!assess!proliferation,!cells!were!counted!using!a!CASY
®
!counter!(RocheK

Innovatis,!Bielefeld,!Germany).!This!works!by!exposing!the!cells!to!a!low!voltage;!if!the!

membrane!is!intact!the!voltage!does!not!pass!through!the!cell.!Thereby!the!machine!is!

able!to!measure!the!number!of!viable!cells!by!detecting!the!amplitude!of!electrical!signal.!!

!
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Cells!were!plated!on!a!96Kwell!plate.!Two!wells!were!reserved!per!condition!for!viability!

assay.!After!culture,!at!the!time!of!the!assay!the!supernatant!was!aspirated!off.!The!wells!

were!washed!with!PBS!then!100μl!of!trypsin!added!to!each!well!until!effectively!

trypsinised.!For!each!well,!all!100μl!of!cells!were!added!to!9.9mls!of!CASYton!(RocheK

Innovatis,!Bielefeld,!Germany)!(an!electrolyte!for!cell!suspension).!The!cell!count!was!then!

performed!on!the!CASY!counter,!using!two!replicates!per!well.!!

!

2.4.11 Measurement*of*nucleic*acid*concentrations*

!

The!concentration!of!all!DNA!and!RNA!samples!was!measured!by!analysing!a!1μl!sample!

on!a!NanoDrop™!1000!spectrophotometer!(NanoDrop!Technologies,!Inc.!Wilmington,!

USA),!according!to!the!manufacturer’s!instructions.!As!nucleic!acids!have!an!absorbance!

maximum!at!260nm,!the!ratio!of!this!maximum!to!the!absorbance!at!280nm!is!used!as!a!

measure!of!DNA/RNA!purity.!A!ratio!of!1.8!is!accepted!as!pure!for!DNA!and!2.0!as!pure!for!

RNA.!!

!

2.4.12 RT@quantitative*PCR*from*6@well*culture*plate*

!

2.4.12.1 RNA*extraction*

!

6Kwell!plates!requiring!extraction!of!RNA!were!washed!with!PBS,!then!placed!on!dry!ice,!

then!transferred!to!the!K80°C!freezer.!RNA!extraction!was!then!performed!using!the!

RNeasy!mini!kit!(Qiagen,!Manchester,!UK).!!

!

30μl!of!betaKmercaptoethanol!was!added!to!3mls!of!Buffer!RLT.!350μl!of!the!RLT!mixture!

was!added!to!each!well!and!the!cell!scraper!used!to!lift!the!cells!from!the!plate!surface.!
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350μl!of!70%!Ethanol!was!then!added!to!each!well!and!pipetted!vigorously!to!lyse!cells.!

The!mixture!was!then!pipetted!into!a!spin!column.!This!was!placed!in!the!centrifuge!for!

15!seconds!at!8,000!x!g!and!the!flowKthrough!discarded.!!

!

For!the!DNAse!step,!350μl!of!Buffer!RW1!was!added!to!the!spin!column!and!placed!in!the!

centrifuge!for!15!seconds!at!8,000!x!g!and!the!flowKthrough!discarded.!10μl!of!DNAse!was!

added!to!70μl!of!Buffer!RDD,!mixed!and!then!all!80μl!added!to!each!spin!column.!This!was!

incubated!at!room!temperature!for!15!minutes.!350μl!of!Buffer!RW1!was!then!added!

then!the!column!was!placed!in!the!centrifuge!for!15!seconds!at!8,000!x!g!and!the!flowK

through!discarded.!

!

500μl!of!RPE!was!added!and!then!the!column!was!placed!in!the!centrifuge!for!15!seconds!

at!8,000!x!g!and!the!flowKthrough!discarded.!500μl!of!RPE!was!added!and!then!the!

column!was!placed!in!the!centrifuge!for!two!minutes!at!8,000!x!g!and!the!flowKthrough!

discarded.!The!column!was!placed!in!a!new!Eppendorf!and!then!placed!in!the!centrifuge!

for!one!minute!at!8,000!x!g.!The!column!was!placed!in!a!new!Eppendorf!again!and!20K

25μl!of!RNAaseKfree!water!added.!This!was!then!placed!in!the!centrifuge!for!one!minute!

at!8,000!x!g!and!placed!on!ice.!The!concentration!was!checked!using!a!NanoDrop™!1000!

spectrophotometer!(NanoDrop!Technologies,!Inc.!Wilmington,!USA).!If!not!being!used!

immediately,!the!RNA!was!stored!at!K80°C.!!

!

2.4.12.2 cDNA*synthesis*

!

Using!a!template,!the!volume!of!RNA!and!Millipore!water!required!per!sample!was!

calculated.!These!volumes!were!then!added!to!a!small!PCR!tube,!along!with!4μl!of!5xrt!

buffer,!2μl!of!20x!dNTP,!1μl!20x!random!primer!and!1μl!of!multiscribe!enzyme!from!the!

RevertAid!First!Strand!cDNA!synthesis!kit!(Thermo!Fisher!Scientific,!Swindon,!UK).!The!

cDNA!was!placed!in!a!PTCK200!thermal!cycler!(MJ!Research)!at!25°C!for!five!minutes!42°C!
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for!60!minutes!and!70°C!for!five!minutes!then!cooled!to!4°C.!The!cDNA!was!then!stored!at!

K80°C!or!used!immediately!for!rtPCR.!!!

!

2.4.12.3 Quantitative*PCR*

!

Primers!were!kindly!donated!by!Kirsty!Ford;!she!had!previously!designed!them!using!

Primer!Blast!online!software.!!The!oligonucleotide!sequences!were!manufactured!by!

Sigma!Aldrich!(Gillingham,!UK),!resuspended!to!100μM!in!H20!(autoclaved)!and!stored!at!K

20°C!(Table!2.1).!cDNA!was!diluted!to!12.5x!by!adding!5.6μl!of!cDNA!to!64.4μl!PCRKgrade!

water.!3!wells!were!made!per!target!per!sample.!In!a!96Kwell!PCR!plate,!in!each!well,!5μl!

of!diluted!PCR!was!added!to!12.5μl!SybrGreen!(10x!stock)!(Life!Technologies,!Thermo!

Fisher!Scientific,!Swindon,!UK)!and!the!desired!working!concentration!of!each!primer.!The!

remaining!volume!was!made!up!of!PCRKgrade!water!to!a!total!volume!of!25μl!per!well.!

The!plate!was!then!run!on!the!7599!Real!Time!PCR!System!(Applied!Biosystems,!Thermo!

Fisher!Scientific,!Swindon,!UK)!at!50°C!for!two!minutes,!95°C!for!10!minutes,!95°C!for!15!

minutes,!then!60°C!for!one!hour,!for!40!cycles.!Relative!gene!expression!was!calculated!by!

comparing!target!gene!cycle!threshold!to!housekeeping!gene!cycle!threshold!(deltaKdelta!

cycle!threshold!used!for!analysis).!A!foldKchange!value!was!then!calculated!by!comparing!

these!normalized!gene!values.!!

!

Table*2@1.*PCR*Primers*Used*

Gene!target! Forward!sequence! Reverse!sequence! Working!

[]!(uM)!

ACTA2! CCTATGCCATCATGCGTCT! AATCTCACGCTCGGCAGTAG! 0.1!

Col1A1! GTGTTCCCTACTCAGCCGTC! ACTCGAACGGGAATCCATCG! 0.4!

Col1A2! GCTGGTGTAATGGGTCCTCC! CGACCGGCATCTCCATTAGG! 0.2!

ATM! CGATATGCCAGTCTTTTCAGGG! CTCAAGGCTGCCCTTACTCA! 0.5!
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Fibronectin1! GAAGACAGATGAGCTTCCCCA! GGTTGGTGATGAAGGGGGTC! 0.1!

Beta2M! TGCTATCCAGAAAACCCCTCAA! GGATTTCAATGTGAGGCGGG! 0.05!

!

2.4.13 Western*Blot*

!

To!analyse!protein!from!frozen!cells!in!monolayer!in!wells,!cells!were!first!lysed.!100μl!of!

chilled!RIPA!buffer,!containing!1%!protease!and!phosphatase!inhibitors!(Calbiochem,!

Merck!Millipore,!Watford,!UK)!was!added!to!each!well!of!a!6Kwell!culture!plate.!A!cell!

scraper!was!used!to!remove!the!cells!from!the!plate!surface!and!then!aspirated!into!an!

eppendorf!and!pipetted!vigorously!to!lyse.!The!eppendorf!was!left!on!ice!for!30!minutes.!

The!eppendorf!was!placed!in!the!centrifuge!at!16,000!x!g!at!4°C!for!20!minutes.!The!

supernatant!(lysate)!was!then!placed!in!a!fresh!eppendorf!and!kept!on!ice.!!

!

In!order!to!calculate!the!quantity!of!protein!in!the!lysate,!the!DC!Bio!Rad!protein!assay!kit!

(BioKRad,!Watford,!UK)!was!used!according!to!manufacturer!instructions.!24.5μl!of!

Reagent!A,!3μl!of!autoclaved!water!and!0.5μl!of!Reagent!S!was!pipetted!into!each!well!of!

a!96Kwell!plate.!Two!wells!were!used!per!lysate!and!two!wells!were!used!for!negative!

control.!2μl!of!lysate!was!added!to!each!well!and!2ul!of!RIPA!mix!to!the!negative!control!

wells.!200μl!of!reagent!B!was!then!added!to!each!well!and!left!at!room!temperature!for!

15!minutes.!The!plate!was!then!run!on!the!Varioskan™!plate!reader!at!650nm!(Thermo!

Fisher!Scientific,!Swindon,!UK).!

!

The!Varioskan!absorbances!(subtracting!the!negative!control!wells)!were!used!to!

calculate!a!standard!quantity!of!protein!from!each!sample!(up!to!50μg).!The!desired!

volume!of!each!lysate!was!then!made!up!to!37.5μl!with!Millipore!water!in!an!eppendorf.!

12.5μl!of!NuPage!LDS!Sample!buffer!(4X)!(Invitrogen,!Thermo!Fisher!Scientific,!Swindon,!

UK)!and!5ul!of!Reducing!Agent!(Invitrogen,!Thermo!Fisher!Scientific,!Swindon,!UK)!were!

then!added!to!the!eppendorf.!The!eppendorf!was!placed!on!the!heating!block!at!95°C!for!
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five!minutes.!The!eppendorfs!were!then!placed!in!the!centrifuge!at!16,000!x!g!for!30!

seconds.!Using!a!4K12%!10Kwell!polyacrylamide!BIS!NuPAGE!precast!gel!(Invitrogen,!

Thermo!Fisher!Scientific,!Swindon,!UK)!loaded!into!a!gel!tank!(BioKRad,!Watford,!UK),!10ul!

of!a!Page!Ruler!preKstained!protein!ladder!(Thermo!Fisher!Scientific,!Swindon,!UK)!was!

loaded!and!then!35μl!of!the!boiled!lysate!loaded.!The!gel!was!run!at!60V!for!20!minutes,!

MES!SDS!NuPage!running!buffer!(Invitrogen,!Thermo!Fisher!Scientific,!Swindon,!UK)!

redistributed!if!required!and!then!increased!to!130V!for!60!to!90!minutes.!!

!

Transfer!of!the!polyvinylidene!membrane!(Merck!Millipore,!Watford,!UK)!was!then!

performed.!Methanol!was!poured!onto!the!membrane!to!activate!it!then!the!membrane!

was!soaked!in!NuPage!transfer!buffer!(Invitrogen,!Thermo!Fisher!Scientific,!Swindon,!UK).!

Sponges!and!blotting!paper!were!soaked!in!transfer!buffer.!The!transfer!unit!was!

assembled!then!run!overnight!at!27V!at!4°C.!!

!

The!membrane!was!then!washed!well!in!TBSKT!then!soaked!in!5%!milk!in!TBSKT!at!room!

temperature!on!the!rocker!for!one!hour,!then!washed!in!TBSKT.!The!primary!antibody!

(Table!2.2)!was!diluted!in!BSA/tween!then!the!membrane!incubated!in!this!for!two!hours.!

The!membrane!was!washed!three!times!for!five!minutes!in!TBSKT.!The!secondary!

antibody!was!prepared!in!2.5%!milk!in!TBSKT!at!a!concentration!of!1:5000.!The!membrane!

was!soaked!in!the!appropriate!horseradish!peroxidase!(HRP)!conjugated!secondary!

antibody!(Dako,!Agilent,!Santa!Clara,!California,!USA)!(Table!2.2)!at!a!dilution!of!1:5000!for!

one!hour!at!room!temperature!on!the!rocker.!The!membrane!was!washed!three!times!for!

five!minutes!in!TBSKT.!The!membrane!was!then!developed!using!400μl!each!vial!from!a!

chemo!luminescent!substrate,!ECL!Super!Signal!West!Pico!(Thermo!Fisher!Scientific,!

Swindon,!UK).!A!signal!booster!of!100μl!of!each!vial!from!ECL!Super!Signal!West!Femto!

(Thermo!Fisher!Scientific,!Swindon,!UK)!was!used!for!weaker!antibodies.!Photographs!

were!taken!using!a!ChemiDocKIt!Imagine!System!(UVP,!Upland,!California,!USA)!and!

VisionWorks!(UVP,!Upland,!California,!USA)!software.!Quantification!of!Western!Blot!

bands!was!performed!using!the!area!under!the!curve!function!in!ImageJ!(National!

Institute!of!Health,!Bethesda,!Maryland,!USA).!
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*

Table*2@2.*Western*Blot*antibodies*

Antibody! Manufacturer! Dilution! Secondary!(HRP)! Molecular!weight!

(kDa)!

Collagen1! Novus! 1!in!1000! AntiKrabbit! 139!

Hsc70! Santa!Cruz! 1!in!1000! AntiKmouse! 73!

SMA! Sigma!Aldrich! 1!in!1000! AntiKmouse! 42!

!

2.4.14 Immunofluorescence*

!

On!a!96Kwell!opaque!black!plate,!cells!were!cultured.!Before!each!step,!the!solution!from!

the!previous!step!was!aspirated.!!

!

Each!well!was!washed!with!150μl!of!PBS!three!times.!They!were!then!fixed!in!100μl!of!4%!

paraformaldehyde!at!room!temperature!for!20!minutes.!Each!well!was!washed!with!

150μl!of!0.1%!TritonKX!diluted!in!PBS!three!times.!0.5%!TritonKX!was!then!left!on!the!cells!

for!ten!minutes.!Ammonium!chloride!was!then!left!on!the!cells!for!10!minutes.!Each!well!

was!washed!with!150μl!of!0.1%!TritonKX!diluted!in!PBS!three!times.!100ul!of!2%!BSA!in!

0.1%!TritonKX!(block)!was!added!to!each!well!for!at!least!90!minutes.!The!primary!

antibody!(Table!2.3)!was!diluted!in!blocking!solution!and!100μl!added!to!each!well,!

incubation!occurred!overnight!at!4°C.!Each!well!was!washed!with!150μl!of!0.1%!Triton!X!

diluted!in!PBS!three!times!for!five!minutes!on!the!rocker.!The!appropriate!fluorescent!

secondary!antibody!(Thermo!Fisher!Scientific,!Swindon,!UK)!(Table!2.3)!was!diluted!to!

1:250!in!blocking!solution!and!100μl!added!to!each!well!in!the!dark,!incubation!occurred!

over!45!minutes!at!room!temperature.!Each!well!was!washed!with!150μl!of!0.1%!Triton!X!

diluted!in!PBS!three!times!for!five!minutes!on!the!rocker!(covered).!DAPI!was!diluted!to!

1:1000!in!PBS!then!100μl!added!to!each!well!in!the!dark.!Each!well!was!washed!quickly!

with!PBS!twice.!200μl!of!PBS!was!then!added!to!each!well!and!the!plate!stored!covered!at!
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4°C!or!immediately!viewed!on!an!Olympus!IX81!(Olympus,!Tokyo,!Japan)!fluorescent!

microscope!using!Xcellence!imaging!software!(Olympus,!Tokyo,!Japan).!!

!

DAPI!nuclear!staining!allowed!the!selection!of!fields!of!view!with!similar!numbers!of!cells.!

Quantification!of!images!was!performed!using!ImageJ!software(222)!(National!Institute!of!

Health,!Bethesda,!Maryland,!USA).!Mean!intensity!was!calculated!as!a!mean!of!four!fields!

of!view!per!variable.!In!addition,!a!control!condition!with!cells!exposed!to!secondary!

antibody!only!was!prepared!to!ensure!specificity!of!secondary!antibody!binding.!!

!

Table*2@3*Immunofluorescence*antibodies*

Antibody! Manufacturer! Dilution! Secondary!

SMA! !Sigma!Aldrich! 1!in!750! Goat!antiKmouse!546!(red)!

Fibronectin! Sigma!Aldrich! 1!in!800! Goat!antiKrabbit!488!(green)!

Collagen1! Abcam! 1!in!500! Goat!antiKrabbit!546!(red)!

!

2.4.15 siRNA*transfection*

!

RNA!interference!can!be!used!to!silence!or!knock!down!the!expression!of!a!target!gene,!

by!inactivating!its!corresponding!mRNA!by!doubleKstranded!RNA.!Here!the!target!mRNA!

(for!ATM)!is!degraded!by!short!interfering!RNA!(siRNA).!!

!

5x10
4
!CAFs!were!plated!in!each!well!of!a!6Kwell!plate.!The!plate!was!left!overnight!in!a!

37°C!incubator.!On!day!2,!siRNA!was!prepared!according!to!manufacturer’s!instructions:!

50μl!of!siRNA!Buffer!(Thermo!Fisher!Scientific,!Swindon,!UK)!and!250μl!of!RNAKse!free!

H20!was!added!to!the!siRNA!tube!(onKtarget!mATM)!(Dharmacon,!Lafayette,!Colorado,!

USA),!then!vortexed!for!2!minutes.!The!negative!control!silencer!(Ambion!AM4635;!
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Invitrogen,!Thermo!Fisher!Scientific,!Swindon,!UK)!was!prepared!in!the!same!way.!200μl!

of!optimem!was!added!to!2.75μl!of!siRNA!or!negative!control!solution!for!each!well!and!

both!eppendorfs!pipetted!vigorously.!3.3μl!of!oligofectamine!(Invitrogen,!Thermo!Fisher!

Scientific,!Swindon,!UK)!and!13.2μl!of!optimem!for!each!well!was!then!added!together!in!

an!eppendorf.!This!solution!was!left!at!room!temperature!for!5!minutes.!Then!16.5μl!per!

well!of!the!oligofectamine/optimem!solution!was!added!to!each!eppendorf!and!pipetted.!

This!was!then!placed!in!a!37°C!incubator!for!20!minutes.!The!medium!was!then!aspirated!

off!the!6Kwell!plates,!then!800μl!of!optimem!added!to!each!well.!210μl!from!the!siRNA!or!

negative!silencer!eppendorfs!was!then!added!to!relevant!wells!in!a!droplet!fashion,!with!

swirling,!to!ensure!adequate!coverage!of!all!cells!with!the!siRNA.!!

On!day!3,!1ml!of!40%!DMEM!was!added!to!each!well!in!order!to!prevent!prolonged!serum!

starvation.!!

On!day!4,!day!2!transfection!was!repeated.!

On!day!5,!1ml!1ml!of!40%!DMEM!was!again!added!to!each!well.!!

!

The!plates!were!frozen!at!K80°C!on!day!8.!!

!

2.5 In*Vivo*Fibroblasts*and*Tumour*Cells*

!

All!persons!conducting!in.vivo!work!held!a!valid!Procedure!Individual!Licence!(PIL)!License.!

Accordingly,!all!attended!a!mandatory!Home!Office!accredited!PIL!course.!Experiments!

were!conducted!under!a!project!license!at!a!licensed!establishment,!according!to!Home!

Office!guidelines.!!

!

2.5.1 The*4T1*model*

!
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4T1!breast!cancer!cells!were!cultured!in.vitro!and!harvested!by!trypsinisation!as!per!

Section!2.4.6.!4T1!cells!were!either!injected!alone,!or!in!combination!with!Balb/c!breast!

fibroblasts,!with!or!without!ex.vivo!treatment!with!TGFKβ!2ng/ml!for!one!week!prior,!

BalbKneuKT!CAFs!or!Balb/c!breast!fibroblasts!irradiated!to!make!senescent!(see!2.4.8).!The!

cells!were!resuspended!in!100μl!PBS!for!injection.!

!

Cells!were!injected!subcutaneously!into!the!top!right!mammary!fat!pads!of!Balb/c!mice!

aged!6K8!weeks.!Tumours!typically!developed!4K6!days!after!injection!and!were!then!

measured!every!48K72!hours!by!calipers.!Tumour!volume!was!calculated!using!the!

formula!4/3πxr
3
,!described!previously(223),!where!r!is!the!radius!and!is!calculated!as!an!

average!of!length!and!width.!!Mice!were!culled!when!the!tumour!size!exceeded!15x15mm!

in!diameter!or!tumours!were!ulcerated!for!more!than!five!days!(considered!humane!end!

points).!Upon!culling,!the!tumours!were!excised!and!divided!in!half!with!a!scalpel.!One!

half!was!placed!in!4%!PFA!(Sigma!Aldrich,!Gillingham,!UK)!and!the!other!half!was!snap!

frozen!in!OCT!(CellPath,!Powys,!UK)!in!foil!packets!on!dry!ice.!The!latter!were!then!stored!

at!K80°C.!!

!

2.5.2 AZD0156*

!

Captisol!(Glentham,!Corsham,!UK)!solution!was!prepared!by!adding!12g!to!sterile!H20!to!a!

volume!of!40mls.!This!was!vortexed!and!then!placed!on!the!roller!for!5!minutes!or!until!it!

became!transparent.!It!was!then!filtered!using!a!0.22uM!filter!(Merck!Millipore,!Watford,!

UK).!This!solution!was!kept!at!4°C!for!up!to!one!month.!For!the!control!solution!(without!

the!drug),!1mls!of!DMSO!was!added!to!9mls!of!30%!captisol!and!stored!at!4°C.!Prior!to!

administration,!the!solution!was!stirred!at!room!temperature!for!one!hour.!

!

The!ATM!inhibitor!AZD0156!(Astrazeneca,!Cambridge,!UK)!was!prepared!by!adding!

28.9mg!to!656.82μl!of!DMSO,!vortexing!for!one!minute!then!sonicating!for!30!mins!at!
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level!7,!5!seconds!on,!2!seconds!off.!DMSO!solvent!was!added!to!increase!the!solubility!of!

the!drug!in!captisol!solution.!The!DMSOKAZD0156!mixture!was!then!diluted!in!captisol!to!

the!desired!concentration,!to!administer!100μl!by!oral!gavage!to!each!mouse,!e.g.!for!

20ml/kg,!the!mixture!was!added!to!5911.36mls!of!captisol,!with!each!100μl!dose!

containing!0.44mg!of!AZD0156.!This!solution!was!stored!while!being!stirred!at!4°C!for!one!

week.!Prior!to!administration,!the!mixture!was!stirred!at!room!temperature!for!one!hour.!!

!

2.5.3 CTLA4*

!

Intravenous!antiKCTLA4,!InVivoPlus!BP0164!(Bio!X!Cell,!Lebanon,!New!Hampshire,!USA)!

was!given!at!a!dose!of!200μg!(20mg/kg)!in!200μl!PBS,!every!48!hours!for!3!doses!from!the!

day!tumours!became!palpable.!!The!dilution!was!stored!at!4°C.!

!

2.5.4 Immunohistochemistry*of*mouse*tissues*

!

2.5.4.1 Frozen*OCT*tissue*

!

The!frozen!OCT!tumours!in!foil!were!placed!on!the!cryostat!(Microcom!HM500)!and!5K

10μm!sections!cut!through!the!centre!of!the!tumour!onto!Super!Frost!slides!(Thermo!

Fisher!Scientific,!Swindon,!UK).!These!were!left!overnight!to!dry.!All!subsequent!steps!

took!place!at!room!temperature.!The!slides!were!then!fixed!in!100%!acetone!for!10!

minutes.!They!were!then!air!dried!for!2!minutes!then!an!Immedge!hydrophobic!barrier!

pen!(Thermo!Fisher!Scientific,!Swindon,!UK)!used!to!demarcate!the!tissue.!The!samples!

were!then!washed!three!times!with!PBS!containing!0.05%!Tween!20!(PBS/Tw).!100μl!of!

peroxidase!suppressor!(Thermo!Fisher!Scientific,!Swindon,!UK)!was!applied!for!15!

minutes.!They!were!again!washed,!twice!with!PBS/Tw.!They!were!then!blocked!with!2.5%!

normal!goat!serum!diluted!to!2.5%!in!PBS/Tw!for!30!minutes.!The!blocking!buffer!was!
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then!tapped!off!and!100μl!of!primary!antibody!(Table!2.4),!diluted!in!PBS/Tw,!applied.!

This!was!incubated!for!two!hours.!The!slides!were!then!washed!three!times!with!PBS/Tw.!

One!drop!of!the!appropriate!HRP:Polymer!(ImmunoPress,!Vector!Laboratories,!

Peterborough,!UK)!was!then!applied!to!sections!for!30!minutes.!The!tissue!was!again!

washed!three!times!with!PBS/Tw.!Vector!NovaRed!chromagen!(Vector!Laboratories,!

Peterborough,!UK)!was!formulated!according!to!the!manufacturer’s!instructions!and!one!

drop!applied!to!each!section!for!up!to!10!minutes.!The!slides!were!washed!with!PBS!twice!

and!then!placed!into!a!slide!pot,!then!washed!in!tape!water!twice.!!The!pot!was!then!

immersed!in!haematoxylin!(Vector!Laboratories,!Peterborough,!UK)!for!30!seconds,!then!

again!washed!in!tap!water!twice.!The!slides!were!then!dehydrated!in!alcohol!sequentially:!

90%,!then!100%.!They!were!then!cleared!in!Histoclear!(National!Diagnostics,!Atlanta,!

Georgia,!USA).!A!small!drop!of!Vectamount!mounting!solution!(Vector!Laboratories,!

Peterborough,!UK)!was!then!applied!to!a!coverslip,!which!was!then!lowered!down!onto!

each!slide.!The!slides!were!left!to!dry!overnight!and!thereafter!stored!indefinitely!at!room!

temperature.!!

!

Sections!were!viewed!on!an!Olympus!CDKX41!!(Olympus,!Tokyo,!Japan)!microscope!using!

cell�B!imaging!(Olympus,!Tokyo,!Japan)!software.!

!

Table*2@4.*Immunohistochemistry*antibodies*for*mouse*tissues*

Antibody! Manufacturer! Dilution!

CD8! In!House! 1!in!3000!

NK!p46! Biolegend! 1!in!50!

F4/80! Biorad! 1!in!100!

!

2.5.4.2 PFA@fixed*tissue*

!
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Tissue!fixed!in!4%!PFA!was!sent!to!Research!Histology,!Pathology,!Southampton!General!

Hospital,!for!sectioning!and!staining!for!SMA.!This!was!performed!by!Monette!Maria!

Lopez.!!

!

2.5.4.3 Images*and*quantification*

!

Image!capture!of!select!fields!was!performed!at!x20!magnification!by!Gareth!Thomas!

using!an!Olympus!CKX41!microscope!(Olympus,!Tokyo,!Japan)!using!cell�B!imaging!

(Olympus,!Tokyo,!Japan)!software.!Quantification!was!performed!using!ImageJ!software!

(National!Institute!of!Health,!Bethesda,!Maryland,!USA),!with!appropriate!thresholding!

and!calculated!from!a!control!stained!tissue.!!

!

2.5.5 Pre@clinical*Statistics*

!

For!analysis!within!Section!5.2.4.2!and!Chapters!6!and!7,!GraphPad!Prism!version!8!was!

used!to!perform!statistical!analysis!and!produce!graphs.!The!number!of!repeats!

performed!is!given!in!each!individual!set!of!data.!For!the!analysis!of!multiple!groups!

together,!a!oneKway!ANOVA!was!performed.!For!the!comparison!between!two!groups,!an!

unpaired!twoKtailed!tKtest!was!performed.!Where!control!values!were!fixed!across!

experiments!(e.g.!1!for!qPCR!fold!change),!then!unpaired!tKtests!were!performed!against!

control.!!When!comparing!tumour!volumes,!an!AUC!comparison!was!performed!for!each!

group,!in!addition!to!a!twoKway!repeated!measure!ANOVA!over!time.!!

!

Unless!otherwise!specified,!figures!portray!means!with!error!bars!displaying!the!standard!

error!of!the!mean!(SEM).!Significance!pKvalues!were!denoted!by:!ns=≥0.05,!*=<0.05,!

**=<0.01!***=<0.001,!****=<0.0001.!Specific!p!values!are!written!when!values!fall!just!

below!the!5%!significant!level.!!
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!

2.6 i@c@TNBC*

!

During!the!course!of!my!work!here,!I!designed!a!trial,!“iKcKTNBC”,!to!facilitate!the!

recruitment!of!newly!diagnosed!TNBC!patients,!in!order!to!collect!blood!and!tumour!

samples!to!enable!genomic!work.!A!secondary!purpose!was!to!provide!a!validation!cohort!

for!the!analyses!performed!here.!In!order!to!set!the!study!up,!I!wrote!the!protocol!

(Appendix!A)!and!obtained!ethical!approval.!The!iKcKTNBC!study!is!a!nonKinterventional,!

prospective,!observational!cohort!study!at!a!single!site.!Patients!were!recruited!from!the!

breast!cancer!chemotherapy!clinic!at!University!Hospital!Southampton!NHS!Foundation!

Trust!between!2016!and!2018.!It!should!be!noted!that!recruitment!was!suspended!for!a!

period!of!12!months!during!maternity!leave.!Only!patients!with!stage!IKIII!disease!were!

included.!All!patients!were!recruited!prior!to!the!start!of!systemic!antiKcancer!therapy.!

Data!regarding!patients’!diagnosis,!treatment!and!clinical!outcome!was!recorded!and!

anonymised.!Access!to!diagnostic!histopathological!H&E!slides!for!TIL!review!and!use!of!

excess!tissue!block!specimens!was!granted.!Ethical!approval!was!granted!by!HRA!

(16/YH/0385).!
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Chapter*3 Clinical'Prognostic'Factors'in'Young'Breast'

Cancer*

!

3.1 Introduction*

!

As!discussed!in!the!introduction,!TNBC!has!a!higher!likelihood!of!disease!recurrence!and!

death!compared!to!other!subtypes!of!breast!cancer.!There!are!currently!no!NICEK

approved!targeted!therapies.!The!incidence!of!breast!cancer!in!young!women!(aged!less!

than!40)!is!low,!but!increasing(17).!Young!women!are!more!likely!to!have!breast!cancer!

with!adverse!biological!features,!including!higher!grade,!absence!of!hormone!receptors,!

lymph!node!involvement!and!vascular!invasion(196).!Young!age!has!been!consistently!

shown!to!be!an!adverse!prognostic!factor,!with!a!higher!risk!of!distant!recurrence,!

independent!of!other!factors!(17,!224).!There!is!limited!published!data!on!the!prognostic!

features!of!young!women!with!TNBC!(a!particularly!adverse!combination)!from!

prospective!studies!in!the!literature.!!

!

Although!young!women!present!more!frequently!with!stage!III!breast!cancer!than!older!

patients,!de!novo!metastatic!breast!cancer!(dnMBC)!is!found!infrequently!(1%!of!those!

aged!under!40!in!one!retrospective!study)!(225).!The!POSH!study,!a!prospective!

observational!study!of!almost!3000!patients!aged!40!years!or!younger!with!a!first!

diagnosis!of!invasive!breast!cancer!(196),!provides!a!unique!opportunity!to!study!the!

natural!history!of!dnMBC!in!young!women.!Initially!I!aimed!to!characterise!the!clinical!

features,!pattern!of!disease!progression!and!survival!of!young!breast!cancer!patients!who!

present!with!metastatic!disease!(dnMBC),!compared!to!those!who!later!develop!distant!

metastases!after!initially!localised!disease!(recurrent!MBC;!rMBC),!in!this!large!

prospective!cohort!genotyped!for!germline!BRCA1/2.!With!particular!relevance!to!the!

work!presented!here,!I!investigated!the!outcomes!stratified!by!whether!they!had!TNBC!or!

a!nonKTNBC!subtype.!
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!

Given!the!poor!outcomes!for!TNBC,!I!also!undertook!a!detailed!clinicopathological!

assessment!of!early!stage!TNBC!in!this!cohort!of!young!women.!Parameters!included!

were!ethnicity,!BMI!and!BRCA!status,!in!addition!to!traditional!pathological!prognostic!

factors!such!as!grade,!tumour!size!and!nodal!staging.!I!have!correlated!these!

clinicopathological!factors!with!survival,!in!order!to!ascertain!prognostic!features!in!this!

cohort.!!

!

This!chapter!therefore!comprises!a!comprehensive!analysis!of!clinicopathological!features!

and!their!association!with!survival!in!young!women!with!metastatic!breast!cancer!and!

with!earlyKstage!TNBC.!

!

!

!

!

!

!

!

! *
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3.2 Results*

3.2.1 Metastatic*cohort*

3.2.1.1 Characteristics*of*the*metastatic*dataset*

!

!

Figure*3@1.*CONSORT*diagram*for*the*metastatic*cohort.*
Includes*analyses*conducted*on*follow@up*data*received*until*26*June*2016.*

!
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!

A!total!of!3021!eligible!women!were!recruited!to!the!POSH!study.!For!this!study,!44!

women!were!excluded!(42!were!aged!41K50!years!and!2!had!missing!primary!tumour!

data).!Those!aged!41K50!were!included!in!the!original!POSH!criteria!if!they!had!a!known!

BRCA!mutation,!in!order!to!enrich!for!mutation!carriers.!They!were!not!however!included!

in!outcome!analyses!to!date(197).!Of!the!2977!women!included,!862!(29.0%)!were!

diagnosed!with!metastatic!disease!and!comprise!the!analysis!population.!There!were!76!

women!(2.6%)!who!presented!with!dnMBC.!To!date,!the!distant!recurrence!rate!amongst!

the!2901!women!with!localised!disease!at!presentation!is!27.1%!(n=786)!(CONSORT!

diagram!in!Figure!3.1).!

!

Of!patients!with!rMBC,!there!were!70!women!(8.9%)!who!developed!metastases!within!

12!months!of!diagnosis!(early12).!There!were!268!women!(34.1%)!who!developed!

metastatic!disease!within!24!months!of!their!first!diagnosis!(early24),!360!(45.8%)!within!

24!to!60!months!(early24K60)!and!158!(20.1%)!after!60!months!(late).!Median!followKup!of!

the!analysis!population!was!11.00!years!(95%!CI!10.79!to!11.59;!n=862).!

!

3.2.1.2 Demographics*and*clinicopathological*features*of*the*metastatic*cohort*

!

For!the!862!women!diagnosed!with!metastatic!disease!at!diagnosis!or!during!followKup,!

clinicopathological!data!is!presented!in!Table!3.1.!Only!one!patient!with!dnMBC!had!a!

BRCA1!mutation!(1.3%;!1/76),!whereas!there!was!a!larger!proportion!with!a!BRCA2!

mutation!(11.8%;!9/76).!However,!amongst!the!early24!patients,!8.6%!(23/268)!had!a!

pathogenic!BRCA1.mutation!whereas!only!3.0%!(8/268)!of!them!had!a.BRCA2!mutation.!!

!

On!review!of!tumour!characteristics,!TNBC!was!least!common!in!the!late!relapse!group!

(9.5%)!and!most!common!in!the!early24!group!(37.3%);!the!proportion!of!TNBCs!
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decreased!with!increased!time!to!relapse.!TNBC!was!uncommon!in!the!dnMBC!group!

(10.5%).!!!

!

Table*3@1.*Demographic*table*for*patients*in*the*POSH*cohort*diagnosed*with*
metastatic*disease*at*any*time.*

N=862.*

!

M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

Age**(years)*

* * * * * * *18!to!25! 4!(5.3%)! 0! 4!(1.5%)! 6!(1.7%)! 2!(1.3%)! 16!(1.9%)!

26!to!30! 6!(7.9%)! 13!(18.6%)! 37!(13.8%)! 37!(10.3%)! 8!(5.1%)! 88!(10.2%)!

31!to!35! 27!(35.5%)! 26!(37.1%)! 95!(35.4%)! 117!(32.5%)! 53!(33.5%)! 292!(33.9%)!

36!to!40! 39!(51.3%)! 31!(44.3%)! 132!(49.3%)! 200!(55.6%)! 95!(60.1%)! 466!(54.1%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

Ethnicity*

* * ! ! ! !Caucasian! 67!(88.2%)! 60!(85.7%)! 236!(89.7%)! 328!(91.6%)! 136!(86.6%)! 767!(89.8%)!

Black! 6!(7.9%)! 7!(10.0%)! 17!(6.5%)! 18!(5.0%)! 13!(8.3%)! 54!(6.3%)!

Asian! 3!(3.9%)! 3!(4.3%)! 8!(3.0%)! 10!(2.8%)! 7!(4.5%)! 28!(3.3%)!

Other! 0! 0! 2!(0.8%)! 2!(0.6%)! 1!(0.6%)! 5!(0.6%)!

Total! 76!(100%)! 70!(100%)! 263!(100%)! 358!(100%)! 157!(100%)! 854!(100%)!

Missing! 0! 0! 5!(1.9%)! 2!(0.6%)! 1!(0.6%)! 8!(0.9%)!

Body*mass*
index*

! ! ! ! ! !Underweight!

/normal!

32!(45.1%)! 30!(44.8%)! 119!(45.4%)! 167!(47.2%)! 80!(51.3%)! 398!(47.2%)!

Overweight! 21!(29.6%)! 21!(31.3%)! 85!(32.4%)! 105!(29.7%)! 38!(24.4%)! 249!(29.5%)!

Obese! 18!(25.4%)! 16!(23.9%)! 58!(22.1%)! 82!(23.2%)! 38!(24.4%)! 196!(23.3%)!

Total! 71!(100%)! 67!(100%)! 262!(100%)! 354!(100%)! 156!(100%)! 843!(100%)!

Missing! 5!(6.6%)! 3!(4.3%)! 6!(2.2%)! 6!(1.7%)! 2!(1.3%)! 19!(2.2%)!

BRCA*(BRCA1*
or*2)*status*

! ! ! ! ! !
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!

M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

BRCAK! 66!(86.8%)! 62!(88.6%)! 237!(88.4%)! 325!(90.3%)! 138!(87.3%)! 766!(88.9%)!

BRCA+! 10!(13.2%)! 8!(11.4%)! 31!(11.6%)! 35!(9.7%)! 20!(12.7%)! 96!(11.1%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

BRCA1*status*

! ! ! ! ! !BRCA1K! 75!(98.7%)! 66!(94.3%)! 245!(91.4%)! 346!(96.1%)! 148!(93.7%)! 814!(94.4%)!

BRCA1+! 1!(1.3%)! 4!(5.7%)! 23!(8.6%)! 14!(3.9%)! 10!(6.3%)! 48!(5.6%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

BRCA2*status!

! ! ! ! ! !BRCA2K! 67!(88.2%)! 66!(94.3%)! 260!(97.0%)! 339!(94.2%)! 148!(93.7%)! 814!(94.4%)!

BRCA2+! 9!(11.8%)! 4!(5.7%)! 8!(3.0%)! 21!(5.8%)! 10!(6.3%)! 48!(5.6%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

Histological*
Grade*

! ! ! ! ! !1! 2!(2.9%)! 0! 1!(0.4%)! 10!(2.8%)! 6!(3.9%)! 19!(2.3%)!

2! 23!(33.8%)! 9!(13.0%)! 42!(16.0%)! 123!(35.0%)! 74!(48.7%)! 262!(31.4%)!

3! 43!(63.2%)! 60!(87.0%)! 220!(83.7%)! 218!(62.1%)! 72!(47.4%)! 553!(66.3%)!

Total! 68!(100%)! 69!(100%)! 263!(100%)! 351!(100%)! 152!(100%)! 834!(100%)!

Missing! 8!(10.5%)! 1!(1.4%)! 5!(1.9%)! 9!(2.5%)! 6!(3.8%)! 28!(3.2%)!

Histological*
Type*

! ! ! ! ! !Ductal! 65!(86.7%)! 68!(97.1%)! 239!(89.8%)! 308!(86.8%)! 136!(87.2%)! 748!(87.8%)!

Ductal!and!

Lobular! 4!(5.3%)! 2!(2.9%)! 7!(2.6%)! 12!(3.4%)! 4!(2.6%)! 27!(3.2%)!

Lobular! 3!(4.0%)! 0! 6!(2.3%)! 21!(5.9%)! 14!(9.0%)! 44!(5.2%)!

Medullary! 0! 0! 2!(0.8%)! 2!(0.6%)! 0! 4!(0.5%)!

Metaplastic! 0! 0! 4!(1.5%)! 0! 0! 4!(0.5%)!

Mixed! 2!(2.7%)! 0! 4!(1.5%)! 4!(1.1%)! 0! 10!(1.2%)!

Other! 1!(1.3%)! 0! 1!(0.4%)! 8!(2.3%)! 2!(1.3%)! 12!(1.4%)!
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M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

Unclassified! 0! 0! 3!(1.1%)! 0! 0! 3!(0.4%)!

Total! 75!(100%)! 70!(100%)! 266!(100%)! 355!(100%)! 156!(100%)! 852!(100%)!

Missing! 1!(1.3%)! 0! 2!(0.7%)! 5!(1.4%)! 2!(1.3%)! 10!(1.2%)!

Surgical*
Margins*
(mm)*

! ! ! ! ! !0! 5!(12.2%)! 6!(10.0%)! 27!(11.9%)! 33!(12.0%)! 15!(11.7%)! 80!(11.9%)!

>0!to!<1! 0! 3!(5.0%)! 7!(3.1%)! 3!(1.1%)! 3!(2.3%)! 13!(1.9%)!

>=1!to!<=5! 19!(46.3%)! 36!(60.0%)! 115!(50.9%)! 155!(56.4%)! 66!(51.6%)! 355!(53.0%)!

>5! 17!(41.5%)! 15!(25.0%)! 77!(34.1%)! 84!(30.5%)! 44!(34.4%)! 222!(33.1%)!

Total! 41!(100%)! 60!(100%)! 226!(100%)! 275!(100%)! 128!(100%)! 670!(100%)!

Missing! 35!(46.1%)! 10!(14.3%)! 42!(15.7%)! 85!(23.6%)! 30!(19.0%)! 192!(22.3%)!

LVI1*

! ! ! ! ! !Absent! 18!(31.0%)! 15!(23.1%)! 68!(27.4%)! 121!(35.6%)! 60!(41.1%)! 267!(33.7%)!

Present! 40!(69.0%)! 50!(76.9%)! 180!(72.6%)! 219!(64.4%)! 86!(58.9%)! 525!(66.3%)!

Total! 58!(100%)! 65!(100%)! 248!(100%)! 340!(100%)! 146!(100%)! 792!(100%)!

Missing! 18!(23.7%)! 5!(7.1%)! 20!(7.5%)! 20!(5.6%)! 12!(7.6%)! 70!(8.1%)!

No.*Positive*
Lymph*Nodes*

! ! ! ! ! !0! 11!(23.4%)! 11!(16.2%)! 66!(25.5%)! 96!(26.8%)! 49!(31.4%)! 222!(27.1%)!

1!to!3! 12!(25.5%)! 21!(30.9%)! 89!(34.4%)! 128!(35.8%)! 70!(44.9%)! 299!(36.5%)!

4!to!9! 11!(23.4%)! 19!(27.9%)! 52!(20.1%)! 86!(24.0%)! 30!(19.2%)! 179!(21.8%)!

10+! 13!(27.7%)! 17!(25.0%)! 52!(20.1%)! 48!(13.4%)! 7!(4.5%)! 120!(14.6%)!

Total! 47!(100%)! 68!(100%)! 259!(100%)! 358!(100%)! 156!(100%)! 820!(100%)!

Missing! 29!(38.2%)! 2!(2.9%)! 9!(3.4%)! 2!(0.6%)! 2!(1.3%)! 42!(4.9%)!

ER*status*

! ! ! ! ! !Negative! 23!(30.7%)! 41!(58.6%)! 146!(54.7%)! 99!(27.6%)! 25!(15.8%)! 293!(34.1%)!

Positive! 52!(69.3%)! 29!(41.4%)! 121!(45.3%)! 260!(72.4%)! 133!(84.2%)! 566!(65.9%)!

Total! 75!(100%)! 70!(100%)! 267!(100%)! 359!(100%)! 158!(100%)! 859!(100%)!
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!

M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

Missing! 1!(1.3%)! 0! 1!(0.4%)! 1!(0.3%)! 0! 3!(0.3%)!

PR*status!

! ! ! ! ! !Negative! 24!(40.7%)! 41!(66.1%)! 161!(70.6%)! 122!(41.9%)! 27!(21.8%)! 334!(47.6%)!

Positive! 35!(59.3%)! 21!(33.9%)! 67!(29.4%)! 169!(58.1%)! 97!(78.2%)! 368!(52.4%)!

Total! 59!(100%)! 62!(100%)! 228!(100%)! 291!(100%)! 124!(100%)! 702!(100%)!

Missing! 17!(22.4%)! 8!(11.4%)! 40!(14.9%)! 69!(19.2%)! 34!(21.5%)! 160!(18.6%)!

HER2*status*

! ! ! ! ! !Negative! 38!(52.1%)! 44!(62.9%)! 177!(67.6%)! 224!(66.3%)! 106!(75.7%)! 545!(67.0%)!

Positive! 35!(47.9%)! 26!(37.1%)! 85!(32.4%)! 114!(33.7%)! 34!(24.3%)! 268!(33.0%)!

Total! 73!(100%)! 70!(100%)! 262!(100%)! 338!(100%)! 140!(100%)! 813!(100%)!

Missing! 3!(3.9%)! 0! 6!(2.2%)! 22!(6.1%)! 18!(11.4%)! 49!(5.7%)!

TNBC*status! ! ! ! ! ! !

Not!TNBC! 68!(89.5%)! 46!(65.7%)! 168!(62.7%)! 305!(84.7%)! 143!(90.5%)! 684!(79.8%)!

TNBC! 8!(10.5%)! 24!(34.3%)! 100!(37.3%)! 55!(15.3%)! 15!(9.5%)! 178!(20.2%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

Missing! 0! 0! 0! 0! 0! 0!

Focality*

! ! ! ! ! !Localised! 30!(61.2%)! 40!(63.5%)! 161!(66.5%)! 202!(61.6%)! 89!(64.5%)! 482!(63.7%)!

Multifocal! 19!(38.8%)! 23!(36.5%)! 81!(33.5%)! 126!(38.4%)! 49!(35.5%)! 275!(36.3%)!

Total! 49!(100%)! 63!(100%)! 242!(100%)! 328!(100%)! 138!(100%)! 757!(100%)!

Missing! 27!(35.5%)! 7!(10.0%)! 26!(9.7%)! 32!(8.9%)! 20!(12.7%)! 105!(12.2%)!

Path*T*stage2*

! ! ! ! ! !T0! 1!(2.1%)! 1!(1.5%)! 7!(2.7%)! 7!(2.0%)! 3!(1.9%)! 18!(2.2%)!

T1! 16!(33.3%)! 16!(23.9%)! 79!(30.6%)! 136!(38.7%)! 68!(43.9%)! 299!(36.8%)!

T2! 22!(45.8%)! 34!(50.7%)! 128!(49.6%)! 168!(47.9%)! 70!(45.2%)! 388!(47.8%)!

T3! 9!(18.8%)! 14!(20.9%)! 41!(15.9%)! 38!(10.8%)! 14!(9.0%)! 102!(12.6%)!

T4! 0! 2!(3.0%)! 3!(1.2%)! 2!(0.6%)! 0! 5!(0.6%)!
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!

M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

Total! 48!(100%)! 67!(100%)! 258!(100%)! 351!(100%)! 155!(100%)! 812!(100%)!

Missing! 28!(36.8%)! 3!(4.3%)! 10!(3.7%)! 9!(2.5%)! 3!(1.9%)! 50!(5.8%)!

Path*N*stage3*

! ! ! ! ! !N0! 11!(23.4%)! 11!(16.2%)! 66!(25.5%)! 96!(26.8%)! 49!(31.4%)! 222!(27.1%)!

N1! 36!(76.6%)! 57!(83.8%)! 193!(74.5%)! 262!(73.2%)! 107!(68.6%)! 598!(72.9%)!

Total! 47!(100%)! 68!(100%)! 259!(100%)! 358!(100%)! 156!(100%)! 820!(100%)!

Missing! 29!(38.2%)! 2!(2.9%)! 9!(3.4%)! 2!(0.6%)! 2!(1.3%)! 42!(4.9%)!

Max*tumour*
size*(invasive)*
(mm)*

! ! ! ! ! !Median! 35! 32! 30! 27! 25! 28!

Range! 2!to!80,! 3!to!160,! 2!to!160,! 0!to!199,! .5!to!102,! 0!to!199,!

IQR
4
! 18!to!49! 25!to!60! 20!to!47! 18!to!41! 18!to!40! 19!to!43!

Missing! 29!(38.2%)! 5!(7.1%)! 18!(6.7%)! 21!(5.8%)! 6!(3.8%)! 74!(8.6%)!

Surgery*

! ! ! ! ! !No!surgery! 26!(34.2%)! 2!(2.9%)! 5!(1.9%)! 1!(0.3%)! 1!(0.6%)! 33!(3.8%)!

Surgery! 50!(65.8%)! 68!(97.1%)! 263!(98.1%)! 359!(99.7%)! 157!(99.4%)! 829!(96.2%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

Surgical*Type*

! ! ! ! ! !BCS
5
! 16!(21.1%)! 18!(25.7%)! 97!(36.2%)! 120!(33.3%)! 59!(37.3%)! 292!(33.9%)!

Mastectomy! 33!(43.4%)! 50!(71.4%)! 166!(61.9%)! 238!(66.1%)! 98!(62.0%)! 535!(62.1%)!

Nodal!surgery!

only!

1!(1.3%)! 0! 0! 1!(0.3%)! 0! 2!(0.2%)!

None! 26!(34.2%)! 2!(2.9%)! 5!(1.9%)! 1!(0.3%)! 1!(0.6%)! 33!(3.8%)!

Total! 76!(100%)! 70!(100%)! 268!(100%)! 360!(100%)! 158!(100%)! 862!(100%)!

Site*of*
metastases*at*
any*time*

! ! ! ! ! !

Bone! 8!(10.5%)! 7!(10.0%)! 31!(12.0%)! 31!(8.9%)! 14!(10.0%)! 84!(10.2%)!

BoneKBrain! 4!(5.3%)! 4!(5.7%)! 7!(2.7%)! 13!(3.7%)! 2!(1.4%)! 26!(3.2%)!
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!

M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

BoneKVisc
6
! 22!(28.9%)! 12!(17.1%)! 84!(32.4%)! 128!(36.8%)! 65!(46.4%)! 299!(36.3%)!

BoneKViscK

Brain!

20!(26.3%)! 15!(21.4%)! 41!(15.8%)! 68!(19.5%)! 19!(13.6%)! 148!(18.0%)!

Brain! 3!(3.9%)! 4!(5.7%)! 18!(6.9%)! 11!(3.2%)! 5!(3.6%)! 37!(4.5%)!

Nodal! 4!(5.3%)! 3!(4.3%)! 8!(3.1%)! 15!(4.3%)! 10!(7.1%)! 37!(4.5%)!

Visc! 12!(15.8%)! 21!(30.0%)! 53!(20.5%)! 55!(15.8%)! 17!(12.1%)! 137!(16.6%)!

ViscKBrain! 3!(3.9%)! 4!(5.7%)! 17!(6.6%)! 27!(7.8%)! 8!(5.7%)! 55!(6.7%)!

Total! 76!(100%)! 70!(100%)! 259!(100%)! 348!(100%)! 140!(100%)! 823!(100%)!

Missing! 0! 0! 9!(3.4%)! 12!(3.3%)! 18!(11.4%)! 39!(4.5%)!

Site*of*1st*
metastases*

! ! ! ! ! !

Bone! 23!(30.3%)! 16!(22.9%)! 52!(20.1%)! 73!(21.1%)! 30!(21.7%)! 178!(21.7%)!

BoneKBrain! 0! 2!(2.9%)! 4!(1.5%)! 6!(1.7%)! 0! 10!(1.2%)!

BoneKVisc! 20!(26.3%)! 12!(17.1%)! 73!(28.2%)! 108!(31.2%)! 58!(42.0%)! 259!(31.6%)!

BoneKViscK

Brain! 0! 5!(7.1%)! 13!(5.0%)! 22!(6.4%)! 2!(1.4%)! 37!(4.5%)!

Brain! 1!(1.3%)! 4!(5.7%)! 18!(6.9%)! 13!(3.8%)! 5!(3.6%)! 37!(4.5%)!

Nodal! 12!(15.8%)! 4!(5.7%)! 17!(6.6%)! 23!(6.6%)! 15!(10.9%)! 67!(8.2%)!

Visc! 20!(26.3%)! 25!(35.7%)! 73!(28.2%)! 88!(25.4%)! 23!(16.7%)! 204!(24.9%)!

ViscKBrain! 0! 2!(2.9%)! 9!(3.5%)! 13!(3.8%)! 5!(3.6%)! 27!(3.3%)!

Total! 76!(100%)! 70!(100%)! 259!(100%)! 346!(100%)! 138!(100%)! 819!(100%)!

Missing! 0! 0! 9!(3.4%)! 14!(3.9%)! 20!(12.7%)! 43!(5.0%)!

Brain*
Metastases*

! ! ! ! ! !

Yes! 30!(39.5%)! 27!(38.6%)! 83!(32.0%)! 119!(34.2%)! 34!(24.3%)! 266!(32.3%)!

No! 46!(60.5%)! 43!(61.4%)! 176!(68.0%)! 229!(65.8%)! 106!(75.7%)! 557!(67.7%)!

Total! 76!(100%)! 70!(100%)! 259!(100%)! 348!(100%)! 140!(100%)! 823!(100%)!

Missing! 0! 0! 9!(3.4%)! 12!(3.3%)! 18!(11.4%)! 39!(4.5%)!
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!

M1*
(dnMBC)*

RMBC*<*12*
months*

RMBC*<*24*
months*

RMBC*24*to*
60*months*

RMBC*60+*
months*

Total*

!

(n=76)* (n=70)* (n=268)* (n=360)* (n=158)* (n=862)*

Bone*
Metastases!

! ! ! ! ! !

Yes! 54!(71.1%)! 38!(54.3%)! 163!(62.9%)! 240!(69.0%)! 100!(71.4%)! 557!(67.7%)!

No! 22!(28.9%)! 32!(45.7%)! 96!(37.1%)! 108!(31.0%)! 40!(28.6%)! 266!(32.3%)!

Total! 76!(100%)! 70!(100%)! 259!(100%)! 348!(100%)! 140!(100%)! 823!(100%)!

Missing! 0! 0! 9!(3.4%)! 12!(3.3%)! 18!(11.4%)! 39!(4.5%)!

Visceral*
Metastases!

! ! ! ! ! !

Yes! 57!(75.0%)! 52!(74.3%)! 195!(75.3%)! 278!(79.9%)! 109!(77.9%)! 639!(77.6%)!

No! 19!(25.0%)! 18!(25.7%)! 64!(24.7%)! 70!(20.1%)! 31!(22.1%)! 184!(22.4%)!

Total! 76!(100%)! 70!(100%)! 259!(100%)! 348!(100%)! 140!(100%)! 823!(100%)!

Missing! 0! 0! 9!(3.4%)! 12!(3.3%)! 18!(11.4%)! 39!(4.5%)!

1
LVI!=!lymphovascular!invasion!

2
Path!T!stage!=!Pathological!TKstage;!T1=≤2cm,!T2=2K5cm,!T3=>5cm,!T4=involvement!chest!wall,!

skin!or!inflammatory!!
3
Path!N!stage!=!Pathological!nodalKstage;!N0=!no!cancer!cells!in!regional!lymph!nodes,!N1=!

regional!nodal!
4
IQR!=!interquartile!range!

5
BCS!=!breastKconserving!surgery!!

6
Visc!=!visceral!metastatic!disease!

!

3.2.1.3 Survival*of*the*metastatic*cohort*

!

Those!who!relapsed!within!12!months!(n=70)!had!a!significantly!worse!OS!than!the!

dnMBC!group!(Figure!3.2A),!with!a!HR!for!death!of!2.64!(1.84K3.77;!p=<0.001).!For!those!

who!relapsed!after!24!months!(n=518),!the!OS!varied!over!time,!consistent!with!the!delay!

from!first!diagnosis!of!breast!cancer!to!onset!of!metastatic!disease!(clearly!the!HR!for!

death!at!2!years!was!very!small).!However,!by!5!years!the!risk!of!death!for!those!who!

relapsed!between!24!and!60!months!(n=360)!was!increased!compared!to!the!dnMBC!
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group!with!a!5yr!HR!of!1.55!(1.10!–!2.18;!p=0.013)!and!10yr!HR!2.21!(1.02!–!4.77;!p=0.044)!

(Figure!3.2B).!Similarly,!for!those!who!relapsed!after!60!months!(n=158),!compared!to!the!

dnMBC!group,!the!10yr!HR!was!1.74!(0.80!–!3.78;!p=0.160).!There!was!longer!survival!

following!distant!metastases!for!dnMBC!compared!to!all!other!groups!who!developed!

metastases,!including!those!with!late!relapse!after!60!months!(HR!2.46;!1.79K3.38,!

p<0.001)!(Figure!3.3).!!

A.*

!

*

*

*

*

*

*

*

*
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*

*

*

*

B.**

!

!

Figure*3@2.*Kaplan*Meier*analyses*of*OS.**

A.*OS*for*dnMBC*vs.*early12*and*B.*OS*for*dnMBC*vs.*early24,*early24*to*60,*and*early*60+;*
reference*category:*dnMBC.*Time@varying*hazard*ratio*(and*95%*CI)*for*death*following*
initial*diagnosis*shown*for*early24*to*60*and*late60+,*relative*to*dnMBC,*is*shown.*For*
early24,*an*overall*HR,*relative*to*dnMBC,*is*shown.**The*proportion*of*patients*alive,*at*2,*
5*and*10*years*is*also*shown*for*each*category.***

*

*

*

*
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B.!

!

Figure*3@3.*Kaplan*Meier*analyses*of*PDRS.**

A.*PDRS*for*dnMBC*vs.*early12*and*B.*PDRS*for*dnMBC*vs.*early24,*early24*to*60,*and*late*
60+;*reference*category:*dnMBC.*Time@varying*hazard*ratio*(and*95%*CI)*for*death*following*
diagnosis*of*metastatic*disease*shown*for*early12,*relative*to*dnMBC,*For*early24*to*60*and*
late60+,*an*overall*HR*is*shown,*relative*to*dnMBC.*The*proportion*of*patients*alive,*at*2,*5*
and*10*years*is*also*shown*for*each*category.**

!

3.2.1.4 Parameters*affecting*survival*of*the*metastatic*cohort*

!

A!multivariable!analysis!(MVA)!to!assess!for!factors!related!to!duration!of!survival!in!those!

with!dnMBC!vs.!early12!was!performed.!!For!OS,!early12!patients!maintained!a!

significantly!worse!OS!compared!to!dnMBC!after!adjustment!for!other!factors!(HR!3.76;!

2.22K6.38;!p<0.001).!Positive!axillary!nodes!were!found!to!be!associated!with!significantly!

higher!risk!of!death!(HR!2.29;!1.17K4.47;!p=0.015)!whilst!patients!with!HER2Knegative!
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tumours!were!at!reduced!risk!of!death!(HR!0.500;!0.311K0.802;!p=0.004).!!Similar!results!

were!also!found!in!the!MVA!for!PDRS!(results!not!shown).!

!

For!early24!patients,!PDRS!was!worse!compared!to!dnMBC!patients!after!adjustment!for!

other!factors!at!2!and!5!years!(HR!2.84;!1.72K4.69;!p<0.001!and!HR!1.68;!1.03K2.74;!

p=0.036).!Again,!positive!axillary!nodal!status!was!found!to!be!an!independent!risk!factor!

for!earlier!distant!relapse!(HR!1.41;!1.04K1.90;!p=0.026)!whilst!patients!with!HER2!positive!

tumours!had!longer!survival!(HR!0.690;!0.53K0.89;!p=0.004).!!ERKpositive!status!was!

protective!for!survival!at!2!years!compared!to!ERKnegative!(HR!0.50;!0.37K0.66;!p<0.001),!

but!not!at!5!or!10!years.!

!

3.2.1.5 Survival*of*the*metastatic*cohort*stratified*by*TNBC*status*

!

In!order!to!assess!whether!TNBC!status!is!a!negative!prognostic!factor!in!the!setting!of!

metastatic!disease!in!young!women,!Kaplan!Meier!survival!analyses!were!performed!for!

rMBC!and!dnMBC!separately,!when!stratified!by!TNBC!vs.!nonKTNBC.!For!patients!who!

developed!rMBC,!the!outcomes!(OS,!DFS!and!PDRS)!were!worse!for!those!with!TNBC,!

compared!to!those!without!TNBC!(p<0.0001)!(Figure!3.4).!

For!patients!with!de.novo.metastatic!disease,!those!with!TNBC!had!a!significantly!worse!

OS!than!those!without!(Figure!3.5).!!

!
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!

Figure*3@4.*Kaplan*Meier*survival*analyses,*stratified*by*TNBC*status.**

X@axis*=*Time*from*the*development*of*metastases*to*outcome*(death*or*date*of*last*follow@
up)*in*days.**
A.*DFS,*B.*OS*and*C.*PDRS,*for*rMBC*patients,*TNBC*(n=170)*vs.*non@TNBC*(n=662),*from*the*
POSH*cohort.*Log@rank*mantel*cox*P<0.0001*(all).*A.*Median*DFS*716*(633@799)*days*vs.*1091*
(1012@1170)*days,*B.*Median*OS*3.010*(2.588@3.432)*years*vs.*5.180*(4.825@5.535)*years,*C.*
Median*PDRS*312*(257@367)*days*vs.*632*(558@706)*days.*

!

!

!

!
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!

Figure*3@5.*Kaplan*Meier*survival*analysis*for*dnMBC*stratified*by*TNBC*status.*

X@axis*=*Time*from*diagnosis*to*outcome*(death*or*date*of*last*follow@up)*in*years.**
Includes*dnMBC*patients*in*the*POSH*cohort,*OS*TNBC*(n=8)*vs.*non@TNBC*(n=68).*Log@rank*
mantel*cox*P<0.0001.*Median*OS*1.070*(0.000@2.484)*years*vs.*3.910*(3.380@4.440)*years.*

!

3.2.1.6 Sites*of*metastases*

!

Regarding!sites!of!metastases!(at!any!time!during!disease!course),!I!defined!widespread!

disease!as!those!who!developed!bone,!visceral!and!brain!metastases.!The!dnMBC!and!

early12!groups!had!a!higher!frequency!of!widespread!disease!(26.3%!and!21.4%!

respectively)!than!the!late!relapse!group!(13.6%).!Early12!patients!were!the!most!likely!to!

develop!only!visceral!disease!(30.0%).!Of!those!who!presented!with!a!late!relapse,!46.4%!

developed!bone!and!visceral!disease!(compared!to!17.1%!in!the!early12!group).!Patients!

with!dnMBC!were!most!likely!to!develop!brain!metastases!(39.5%),!compared!to!24.3%!in!

the!late!relapse!group.!The!presence!of!bone!metastases!at!any!time!during!the!disease!

course!was!least!common!in!the!early12!group!(54.3%,!compared!to!71.1%!of!the!dnMBC!

group).!Visceral!metastases!at!any!time!were!equally!prevalent!throughout!all!groups.!!

!
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In!the!rMBC!group!with!TNBC,!patients!who!were!diagnosed!with!brain!metastases!at!any!

time!during!the!disease!course!had!a!reduced!HR!for!death,!compared!to!those!with!TNBC!

who!did!not!develop!brain!metastases!(HR!0.68,!95%!CI!0.48K0.97,!p=0.030)!(Figure!3.6A).!

When!PDRS!was!compared,!there!was!no!significant!difference!(Figure!3.6B).!!

!
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Figure*3@6.*Kaplan*Meier*survival*analyses*for*relapsed*metastatic*TNBC*patients,*stratified*
by*brain*metastases*status.*

A.*OS*and*B.DFS*for*patients*with*TNBC*treated*with*adjuvant/neoadjuvant*intent*but*later*
experienced*recurrent*metastatic*disease,*stratified*by*1)*developed*(n=51)*and*2)*never*
developed*(n=106)*brain*metastases*during*course*of*disease.*P=0.030*(A)*and*P=0.170*(B);*
reference*category:*no*brain*metastases.**

!

3.2.2 The*TNBC*dataset*

!

I!have!shown!above!that!the!outcomes!for!those!with!metastatic!TNBC!are!worse!than!

those!with!metastatic!nonKTNBC.!I!then!proceeded!to!evaluate!the!characteristics!and!

outcomes!for!those!with!earlyKstage!TNBC!amongst!the!POSH!cohort.!There!were!609!

patients!from!the!POSH!cohort!with!earlyKstage!TNBC!at!diagnosis.!Those!treated!with!

neoadjuvant!chemotherapy!(n=104)!were!excluded,!leaving!505!patients!treated!with!

either!adjuvant!(n=491)!or!no!chemotherapy!(n=14).!!

!

3.2.2.1 Demographics*and*clinicopathological*features*of*the*TNBC*cohort*

!

Baseline!characteristics!for!the!primary!cohort!of!505!and!the!pathology!cohort!(within!

the!primary!cohort)!of!350!(discussed!in!the!next!chapter)!can!be!seen!in!Table!3.2.!The!

majority!(93.4%)!had!grade!3!tumours!(466/499).!With!regards!to!TKstage,!only!6.0%!were!

T3!(30/502),!none!were!T4.!The!majority!(62.4%)!were!nodeKnegative!(314/503).!Almost!

all!patients!(97.2%)!received!adjuvant!chemotherapy!(491/505).!One!quarter!(25.9%)!had!

a!BRCA!mutation!(131/505),!122!in!BRCA1!and!9!in!BRCA2..The!clinicopathological!

features!of!the!pathology!cohort!(n=350)!were!compared!to!the!entire!cohort!(n=505)!

and!were!not!found!to!be!significantly!different!(nonKsignificant!pKvalues!for!each!variable!

when!comparing!the!two!groups).!The!disease!pattern!for!those!who!developed!

metastatic!disease!amongst!the!earlyKstage!cohort!(n=120)!is!also!shown!(Table!3.3).!!

!
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Table*3@2.*Baseline*characteristics*of*early@stage*TNBC*patients*in*POSH*cohort.*

N=505.*Excluding*those*with*metastatic*disease*at*diagnosis*or*those*treated*with*
neoadjuvant*intent.*

* No.*POSH*
cohort*(n=505)*

%1* No.*pathology*
cohort*(n=350)*

%*

Age*at*diagnosis*(years)*

18K25! 7! 1.4! 4! 1.1!

26K30! 52! 10.3! 39! 11.1!

31K35! 178! 35.2! 134! 38.3!

≥36! 268! 53.1! 173! 49.4!

BMI2* ! !

≤25.0! 249! 50.2! 170! 49.3!

>25.0!to!≤30.0! 142! 28.6! 102! 29.6!

>30.0!to!≤40.0! 90! 18.1! 65! 18.8!

>40.0! 15! 3.0! 8! 2.3!

Not!known! 9! 1.8! 5! 1.4!

Ethnicity* ! ! ! !

White/Caucasian! 461! 92.4! 324! 93.6!

Black! 18! 3.6! 12! 3.5!

Asian! 16! 3.2! 9! 2.6!

Other! 4! 0.8! 1! 0.3!

Not!known! 6! 1.2! 4! 1.1!

T@stage3* ! !

1! 233! 46.4! 156! 44.6!

2! 239! 47.6! 172! 49.1!

3! 30! 6.0! 22! 6.3!

Not!known! 3! 0.6! 0! 0.0!

N@stage4* ! !

0! 314! 62.4! 210! 60.2!
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* No.*POSH*
cohort*(n=505)*

%1* No.*pathology*
cohort*(n=350)*

%*

1! 134! 26.6! 100! 28.7!

2! 55! 10.9! 39! 11.2!

Not!known! 2! 0.4! 1! 0.3!

Grade* ! !

1! 2! 0.4! 2! 0.6!

2! 31! 6.2! 16! 4.7!

3! 466! 93.4! 326! 94.8!

Not!known! 6! 1.2! 6! 1.7!

Lymphovascular*invasion* ! !

Present! 188! 38.4! 133! 39.2!

Absent! 302! 61.6! 206! 60.8!

Not!known! 15! 3.0! 11! 3.1!

Focality* ! !

Localised! 412! 86.4! 284! 85.5!

Multifocal! 65! 13.6! 48! 14.5!

Unknown! 28! 5.5! 18! 5.1!

NPI5*category* ! !

Excellent! 1! 0.2! 1! 0.3!

Good! 13! 2.6! 7! 2.0!

Moderate! 342! 68.5! 231! 67.2!

Poor! 143! 28.7! 105! 30.5!

Not!calculable! 6! 1.2! 6! 1.7!

Adjuvant*chemotherapy* ! !

FEC
6
!+/K!AC

6
!+/K!docetaxel! 232! 45.9! 164! 46.9!

ECMF
6
!! 121! 24.0! 82! 23.4!
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* No.*POSH*
cohort*(n=505)*

%1* No.*pathology*
cohort*(n=350)*

%*

EC
6
!+/K!paclitaxel!+/K!

gemcitabine!

93! 18.4! 68! 19.4!

AC!+/K!paclitaxel!+/K!

docetaxel!

31! 6.1! 17! 4.9!

ACMF
6
,!CAF

6
,!CMF

6
! 11! 2.2! 9! 2.6!

Other! 3! 0.6! 0! 0.0!

No!chemotherapy! 14! 2.8! 10! 2.9!

Chemotherapy*category* ! !

Anthracycline!and!taxane! 114! 22.6! 86! 24.6!

Anthracycline! 373! 73.9! 252! 72.0!

Taxane! 1! 0.2! 0! 0.0!

Other!(CMF)! 3! 0.6! 2! 0.6!

No!chemotherapy! 14! 2.8! 10! 2.9!

Adjuvant*radiotherapy* ! !

Yes! 426! 84.4! 307! 87.7!

No/unknown! 79! 15.6! 43! 12.3!

Surgery* ! !

BreastKconserving!surgery! 331! 65.5! 235! 67.1!

Mastectomy! 173! 34.3! 114! 32.6!

NodalKonly!surgery! 1! 0.2! 1! 0.3!

BRCA*status* ! !

BRCAK1!gene!mutation! 122! 24.2! 82! 23.4!

BRCAK2!gene!mutation! 9! 1.8! 7! 2.0!

No!gene!mutation! 374! 74.1!! 261! 74.6!

Distant*recurrence* ! ! ! !

Yes! 120! 23.8! 85! 24.3!

Died!of!breast!cancer
7
! 6! 1.2! 4! 1.1!
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* No.*POSH*
cohort*(n=505)*

%1* No.*pathology*
cohort*(n=350)*

%*

No! 379! 75.0! 261! 74.6!

1!
=!Percentages!calculated!from!total,!excluding!cases!where!factor!is!“not!known”.!Not!known!

percentage!is!calculated!from!number!in!total!cohort.!

2!
=!BMI!=!body!mass!index!

3!
=!pathological!staging;!T1=≤2cm,!T2=2K5cm,!T3=>5cm!in!greatest!dimension

!

4
!=!pathological!staging;!N0=!no!lymph!node!metastases,!N1=metastases!in!1K3!lymph!nodes,!N2=!

Metastases!in!>4!lymph!nodes!

5!
=!Nottingham!Prognostic!Index(226)!=!(0.2xS)!+!N!+!G;!S!is!the!size!of!the!index!lesion!in!

centimetres,!N!is!the!node!status:!0!nodes!=!1,!1K3!nodes!=!2,!>3!nodes!=!3,!G!is!the!grade!of!

tumour:!Grade!I!=1,!Grade!II!=2,!Grade!III!=3.!Scoring!classification:!≤2.4!=!Excellent,!>2.4!to!

≤3.4=Good,!>3.4!to!≤5.4!=!Moderate,!>5.4!=!Poor!

6!
=!FEC=5Kfluorouracil,!epirubicin!and!cyclophosphamide,!EC=!epirubicin!and!cyclophosphamide,!

AC=doxorubicin!and!cyclophosphamide,!ACMF=!Doxorubicin!Plus!Cyclophosphamide,!

Methotrexate,!and!5Kfluorouracil,!CAF=!Cyclophosphamide,!Doxorubicin,!5KFluorouracil,!CMF=!

Cyclophosphamide,!Methotrexate,!and!5Kfluorouracil!

7!
=!Not!documented!as!having!a!relapse,!but!breast!cancer!listed!as!cause!of!death!

!

Table*3@3.*Characteristics*of*metastatic*disease*for*early@stage*TNBC*patients*in*POSH*
cohort.*
Excluding*those*with*metastatic*disease*at*diagnosis*or*those*treated*with*neoadjuvant*
intent.*Includes*only*patients*who*have*developed*recurrent*metastatic*disease*
(n=120).*

Site*of*1st*metastasis** N=120* * N=85* !

Bone
!

13! 11.1! 8! 9.4!

Bone!and!visceral
!

23! 19.7! 17! 20.0!

Bone!and!CNS
1!

3! 2.6! 3! 3.5!

Bone,!visceral!and!CNS
!

8! 6.8! 4! 4.7!

Brain
!

8! 6.8! 6! 7.1!

Nodal!only
!

15! 12.8! 11! 12.9!

Visceral
!

39! 33.3! 30! 35.3!

Visceral!and!CNS
!

8! 6.8! 6! 7.1!

Not!determined
!

3! 2.5! 0! 0.0!
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Site*of*all*metastases*at*any*

time*
! ! ! !

Bone
!

9! 7.7! 6! 7.1!

Bone!and!visceral
!

25! 21.4! 20! 23.5!

Bone!and!CNS
!

5! 4.3! 4! 4.7!

Bone,!visceral!and!CNS
!

13! 11.1! 10! 11.8!

Brain
!

10! 8.5! 8! 9.4!

Nodal!only
!

9! 7.7! 6! 7.1!

Visceral
!

28! 23.9! 22! 25.9!

Visceral!and!CNS
!

12! 10.3! 9! 10.6!

Not!determined
!

3! 2.5! 0! 0.0!

Brain*metastases*at*any*

time*
! ! ! !

Yes
!

43! 36.8! 31! 36.5!

No
!

74! 63.2! 54! 63.5!

Not!determined
!

3! 2.5! 0! 0.0!

Bone*metastases*at*any*

time*
! ! ! !

Yes
!

58! 49.6! 40! 47.1!

No
!

59! 50.4! 45! 52.9!

Not!determined
!

3! 2.5! 0! 0.0!

Visceral*metastases*at*any*

time*
! ! ! !

Yes
!

84! 71.8! 61! 71.8!

No
!

33! 28.2! 24! 28.2!

Not!determined
!

3! 2.5! 0! 0.0!

1
=!Central!Nervous!System!(i.e.!cerebral!metastases!or!leptomeningeal!disease)!

!

!

!
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3.2.2.2 Survival*of*the*TNBC*cohort*

!

Of!the!primary!cohort!of!505!patients!with!TNBC!treated!with!adjuvant!intent!(or!surgery!

alone),!there!have!been!124!deaths!(90!of!these!were!amongst!the!scored!cohort).!In!two!

cases!the!cause!was!another!cancer!(oesophageal!and!unknown)!in!patients!with!BRCA1!

and!TP53!mutations!respectively.!In!one!case!the!cause!was!infection!in!a!patient!with!a!

recent!distant!relapse!of!their!breast!cancer!and!in!another!case,!the!cause!was!unknown!

(in!a!patient!who!died!less!than!a!year!after!their!breast!cancer!diagnosis).!In!the!

remaining!120!cases,!the!cause!of!death!was!breast!cancer.!Estimated!median!OS!was!

12.87!years!at!a!median!followKup!of!8.27!years.!!

!

3.2.2.3 Clinical*factors*affecting*survival*of*the*TNBC*cohort*

!

The!impact!of!traditional!clinical!and!pathological!features!on!survival!was!assessed!using!

both!univariable!and!multivariable!analyses.!

!

In!order!to!determine!which!clinical!parameters!to!include!in!MVA,!backwards!elimination!

in!a!Cox!regression!model!for!OS!was!performed!(see!Methods!2.2.5).!It!was!found!that!

lymphovascular!invasion!(LVI)!and!nodal!stage!were!significant!prognostic!indicators!for!

OS.!However,!a!proportional!hazards!test!identified!that!LVI!is!not!proportional.!Therefore!

for!MVA!in!this!section!I!have!adjusted!for!NKstage!and!stratified!by!LVI.!!

!

!

!
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Table*3@4.*Hazard*ratios*for*mortality*for*clinicopathogical*parameters*for*all*stage*I@III*
TNBC*cases*from*the*POSH*cohort.*

Excludes*those*treated*with*neoadjuvant*chemotherapy*(n=505).*Univariable*and*
multivariable*hazard*ratios*obtained*from*Cox*regression*analysis.!

! Univariable!HR!(95%!

CI)!

pK

value!

Multivariable!HR
1
!! pK

value!

Age! * *

18K30! 1! ! 1! !

31K35! 1.497!(0.753K2.975)! 0.250! 1.364!(0.683K2.724)! 0.380!

36K40! 1.621!(0.835K3.148)! 0.153! 1.565!(0.802K3.055)! 0.189!

41K50! 0.513!(0.065K4.028)! 0.525! 0.809!(0.101K6.457)! 0.842!

BMI*! ( (

Normal!(≤25.0)! 1! ! 1! !

Overweight!

(>25.0!to!≤30.0)!

1.780!(1.194K2.653)! 0.005* 1.578!(1.045K2.380)! 0.030*

Obese!(>30.0)! 1.228!(0.761K1.983)! 0.401! 1.329!(0.818K2.160)! 0.251!

Ethnicity* ! ! . .

Asian/Other! 1! ! 1! !

White! 1.753!(0.556K5.531)! 0.338! 4.375!(0.607K31.514)! 0.143!

Black! 1.723!(0.384K7.726)! 0.477! 3.520!(0.390K31.758)! 0.262!

T@stage*! ( (

1! 1! ! ! !

2! 1.663!(1.134K2.439)! 0.009* 1.296!(0.874K1.923)! 0.197!

3! 2.370!(1.222K4.598)! 0.011* 1.171!(0.560K2.449)! 0.675!

N@stage*! ( (

0! 1! ! 1! !

1! 2.773!(1.862K4.130)! <0.00
01!

2.202!(1.426K3.399)! 0.000
368*

2! 4.226!(2.616K6.825)! <0.00
01!

2.970!(1.748K5.044)! <0.00
01*
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! Univariable!HR!(95%!

CI)!

pK

value!

Multivariable!HR
1
!! pK

value!

NPI2*! ( (

Poor! 1! ! 1! !

Moderate!! 0.338!(0.236K0.485)! <0.00
01!

0.703!(0.386K1.283)! 0.251!

Good/Excellent! 0.312!(0.096K1.011)! 0.052! 0.849!(0.211K3.408)! 0.817!

LVI*! ( (

Absent! 1! ! 1! .

Present! 2.741!(1.908K3.938)! <0.00
01!

1.836!(1.226K2.751)! 0.003*

Focality*! ( (

Localised! 1! ! 1! !

Multifocal! 1.450!(0.909K2.313)! 0.119! 0.954!(0.580K1.569)! 0.852!

BRCA*mutation*status*! ( (

None! 1! ! 1! !

Pathogenic!

BRCA1!mutation!

0.667!(0.426K1.045)! 0.077! 0.703!(0.446K1.106)! 0.127!

Pathogenic!

BRCA2!mutation!

0.807!(0.199K3.273)! 0.764! 0.757!(0.185K3.095)! 0.698!

Chemotherapy* ! ! . .

Anthracycline!

and!taxane!

1! . 1! !

Anthracycline,!no!

taxane!

0.649!(0.440K0.959)! 0.030* 1.003!(0.656K1.534)! 0.987!

Other/None! 0.220!(0.051K0.943)! 0.042* 0.552!(0.122K2.495)! 0.440!

Radiotherapy* . . . .

No! 1! ! 1! !

Yes! 0.880!(0.555K1.396)! 0.588! 0.587!(0.359K0.961)! 0.034*

Breast*surgery* . . . .

BCS! 1! ! 1! .
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! Univariable!HR!(95%!

CI)!

pK

value!

Multivariable!HR
1
!! pK

value!

Mastectomy! 1.654!(1.161K2.356)! 0.005* 1.258!(0.861K1.838)! 0.235!

Brain*metastases*
at*any*time*

N=117* * . .

No!(74)! 1! * 1! .

Yes!(43)! 0.706!(0.477K1.044)! 0.081! 0.707!(0.461K1.086)! 0.113!

Bone*metastases*
at*any*time*

N=117* * ! .

No!(59)! 1! * 1! .

Yes!(58)! 0.954!(0.654K1.392)! 0.808! 0.965!(0.648K1.437)! 0.862!

Visceral*
metastases*at*
any*time*

N=117* * ! .

No!(33)! 1! * 1! .

Yes!(84)! 1.205!(0.787K1.845)! 0.385! 1.226!(0.782K1.923)! 0.374!

!

1
Adjusted!for!NKstage!and!stratified!by!LVI!

2
Nottingham!Prognostic!Index(226)!=!(0.2xS)!+!N!+!G;!S!is!the!size!of!the!index!lesion!in!

centimetres,!N!is!the!node!status:!0!nodes!=!1,!1K3!nodes!=!2,!>3!nodes!=!3,!G!is!the!grade!of!

tumour:!Grade!I!=1,!Grade!II!=2,!Grade!III!=3.!Scoring!classification:!≤2.4!=!Excellent,!>2.4!to!

≤3.4=Good,!>3.4!to!≤5.4!=!Moderate,!>5.4!=!Poor!

!

The!univariable!and!multivariable!hazard!ratios!(HRs)!for!survival!for!each!

clinicopathological!factor!separately!can!be!seen!in!Table!3.4!(Forest!plot!for!univariable!

ratios!shown!in!Figure!3.7).!For!univariable!analysis,!improved!survival!was!significantly!

associated!with!a!Nottingham!Prognostic!Index!(NPI)(226)!score!of!moderate!or!better.!

Worse!survival!was!significantly!associated!with!a!body!mass!index!(BMI)!of!25K30!(Figure!

3.8),!nodal!stage!of!2/3,!presence!of!LVI!and!multifocal!tumours.!!

!
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In!addition!to!nodal!involvement/LVI,!being!categorised!as!overweight!remained!a!

significant!negative!prognostic!factor!with!a!HR!of!1.578!(1.045K2.380;!p=0.030)!after!

adjustment!in!MVA!(Table!3.4).!On!univariable!analysis,!treatment!with!adjuvant!

radiotherapy!was!not!prognostic,!but!after!MVA!it!was!found!to!be!significantly!

prognostic!with!an!HR!of!0.587.!

!

Figure*3@7.*Forest*plot*of*univariable*hazard*ratios*of*clinical*factors*for*overall*survival*for*all*
patients*with*TNBC.*

Includes*patients*in*POSH*study*treated*with*adjuvant*or*neoadjuvant*intent*(n=505).*
Reference*line*shown*(1.00)*@*for*reference*categories,*please*refer*to*Table*3.3.!

!

!

!
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*

Figure*3@8.*Kaplan*Meier*survival*analysis*for*stage*I@III*TNBC*cases*from*the*POSH*cohort,*
stratified*by*BMI.*

Normal/underweight*(n=249),*overweight*(n=142)*and*obese*(n=105).***

Log*rank*(mantel@cox)*p=*0.016.!

!

! *
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3.3 Discussion*

!

Here!I!have!presented!a!comprehensive!review!of!the!outcomes!for!young!patients!with!

breast!cancer!who!present!with!de.novo!vs.!recurrent!metastatic!breast!cancer.!I!have!

then!analysed!the!TNBC!cohort,!including!factors!such!as!clinicopathological!parameters!

at!diagnosis!of!the!primary!cancer,!and!evaluated!associations!with!survival.!

!

3.3.1 Survival,*incidence*and*features*of*dnMBC*and*rMBC*amongst*young*women*

!

This!is!the!largest!published!prospective!study!to!evaluate!the!clinicopathological!

features,!patterns!of!disease!and!outcomes!in!young!patients!with!metastatic!breast!

cancer!(Appendix!D)(227).!These!data!have!shown!that!young!women!who!develop!

secondary!metastatic!disease,!even!if!greater!than!five!years!after!diagnosis,!have!shorter!

survival!time!following!diagnosis!of!metastases!compared!to!those!who!present!with!de.

novo!metastatic!disease.!When!survival!from!initial!diagnosis!(OS)!was!compared,!this!was!

superior!for!those!who!relapsed!after!24!months,!compared!to!the!patients!with!dnMBC.!!

!

Only!2.6%!of!this!cohort!had!metastatic!disease!at!presentation,!lower!than!the!national!

prevalence!of!5.2%!from!the!National!Cancer!Registry!from!2012K2017(228).!In!the!USA!

this!figure!is!6%!according!to!SEER!data(229).!Late!stage!at!diagnosis!is!reported!to!be!

more!common!in!women!aged!greater!than!80!and!so!this!likely!contributes!to!the!higher!

figures!in!the!unselected!age!population!(1,!225).!Previous!retrospective!studies!have!

identified!de.novo!rates!in!the!same!age!group!as!1K3.9%!(225,!230K232).!!

!

!
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It!is!notable!that!62.1%!of!patients!had!a!mastectomy,!a!comparatively!high!rate.!It!is!

likely!that!this!is!related!to!adverse!tumour!features!at!original!diagnosis!in!those!that!

developed!recurrent!metastatic!breast!cancer!(e.g.!nodal!involvement!in!72.9%).!!

!

3.3.2 Metastatic*outcome*stratified*by*tumour*subtype*

!

Amongst!women!with!rMBC,!those!with!TNBC!had!significantly!worse!outcomes!for!OS,!

DFS!and!PDRS!compared!to!other!subtypes!as!a!whole.!Women!with!dnMBC!and!TNBC!

also!had!worse!outcomes!than!those!without.!

!

Of!note,!amongst!patients!with!rMBC!of!the!triple!negative!subtype,!the!development!of!

brain!metastases!did!not!negatively!impact!PDRS,!with!a!slight!improvement!in!OS.!It!is!

possible!that!for!those!who!survived!longer!from!initial!diagnosis!of!breast!cancer,!the!

longer!interval!time!to!develop!metastases!resulted!in!a!higher!incidence!of!dissemination!

to!the!central!nervous!system.!!It!is!also!likely!that!many!of!these!women!had!

uncontrolled!and!rapidly!progressive!visceral!metastatic!disease,!so!the!brain!metastases!

did!not!have!a!significantly!additional!adverse!impact!on!their!limited!prognosis.!!

!

Of!note,!only!a!small!proportion!of!dnMBC!cases!were!of!the!triple!negative!subtype!

(10.5%),!in!common!with!previous!studies!showing!dnMBC!to!have!a!favourable!biological!

profile(8).!The!reason!for!this!is!unclear!but!could!perhaps!be!related!to!larger,!more!

detectable!primary!lesions,!with!less!time!to!develop!distant!metastases!before!diagnosis.!

!

3.3.3 BRCA*prevalence*in*the*metastatic*cohort*

!
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The!POSH!cohort!is!unique!not!only!for!its!age!but!for!completeness!of!germline!BRCA!

gene!mutation!testing.!A!notable!proportion!of!patients!with!de.novo!disease!(11.8%)!had!

a!BRCA2.mutation,!whereas!just!one!(1.3%)!had!a!BRCA1.mutation.!The!overall!BRCA2!

mutation!rate!in!the!metastatic!population!was!5.6%!(48/862).!Although!the!69.3%!ERK

positivity!rate!in!this!group!may!explain!this!to!some!extent,!the!ERKpositivity!was!higher!

in!the!early24to60!and!late!relapse!groups!with!a!lower!BRCA2!prevalence!(5.8%!and!6.3%!

respectively).!Across!the!cohort!of!862!patients!with!metastatic!disease,!the!BRCA2!

mutation!rate!was!5.6%.!We!have!previously!reported!a!BRCA2!mutation!rate!of!5.0%!

across!the!POSH!cohort!as!a!whole!(excluding!dnMBC!patients);!with!a!lower!proportion!

of!Grade!3!tumours!and!greater!oestrogen!receptor!expression!(and!relatively!few!cases!

of!triple!negative!tumours)!amongst!them!(201).!Therefore!it!is!surprising!that!the!BRCA2.

mutation!prevalence!amongst!the!dnMBC!cases!was!relatively!high.!!

!

It!is!unknown!whether!a!BRCA1/2.mutation!confers!independent!prognostic!risk!for!de.

novo!metastatic!breast!cancer(118).!Tumours!associated!with!a!BRCA1!mutation!are!

associated!with!high!grade,!tripleKnegative,!basalKlike!tumours,!while!BRCA2Kmutated!

tumours!are!usually!ERKpositive/HER2Knegative,!high!grade!tumours(201).!Compared!to!

ERKpositive!sporadic!tumours,!BRCA2!tumours!do!not!have!easily!identifiable!features!at!

an!immunohistochemical!level(233).!There!is!limited!published!data!on!de.novo!vs.!

recurrent!metastatic!disease!in!patients!with!a!BRCA2!gene!mutation.!In!one!Scandinavian!

study,!54!breast!cancer!patients!from!22!families!with!BRCA2!germline!mutations!found!

that!BRCA2Kassociated!cases!were!more!often!clinical!stage!IV!at!presentation,!compared!

to!controls!(OR=4.6;!95%!CI!1.3K17,!p=0.021)(234).!We!know!that!overall!a!BRCA2!

mutation!does!not!confer!a!worse!outcome!in!the!POSH!cohort(201),!but!perhaps!in!a!

subset!the!combination!of!homologous!recombination!repair!deficiency!with!other!

somatic!mutations!leads!to!early!invasive!behaviour.!However,!it!is!also!possible!that!

those!with!a!BRCA2.mutation!had!a!strong!family!history!of!breast!and!ovarian!cancer!and!

were!subsequently!more!vigilant!regarding!symptoms!suggestive!of!metastatic!disease.!

Another!possibility!is!that!bone!pain,!resulting!from!bone!metastases!(more!common!in!

ERKpositive!disease,!the!phenotype!associated!with!a!BRCA2!mutation)!in!a!young!person!

is!a!red!flag!symptom!that!led!to!early!imaging.!The!proportion!of!BRCA1.mutation!
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carriers!was!highest!in!the!early24!group;!this!is!likely!to!reflect!the!high!frequency!of!ERK

negative!cases!in!this!group.!!

!

3.3.4 Clinicopathological*features*affecting*early@stage*TNBC*survival*

!

In!the!second!half!of!this!chapter,!I!evaluated!the!clinicopathological!features!of!the!earlyK

stage!TNBC!cohort!(n=505).!The!majority!of!this!cohort!received!adjuvant!chemotherapy.!

Approximately!one!quarter!had!a!pathogenic!BRCA.mutation.!The!majority!was!grade!3!

but!nodeKnegative.!

!

I!then!evaluated!the!prognostic!impact!of!the!baseline!clinicopathological!features.!As!

would!be!expected,!NKstage,!TKstage,!LVI!and!NPI!score!all!had!a!significant!impact!on!

survival.!!

!

A!BMI!of!25K29.9kg/m
2
!(categorised!as!overweight!by!the!World!Health!Organisation)!was!

also!significantly!associated!with!an!increased!risk!of!death!and!this!remained!significant!

after!adjusting!for!nodal!stage!and!stratifying!by!LVI.!The!negative!impact!of!BMI!on!

prognosis!on!the!POSH!cohort!as!a!whole!has!been!published(200),!but!has!not!been!

studied!in!the!TNBC!subtype!within!this!cohort!specifically.!A!large!metaKanalysis!found!an!

association!between!obesity!and!poorer!breast!cancer!specific!survival!in!preK!and!postK

menopausal!women,!but!did!not!analyse!by!subtype(235).!A!previous!study!of!just!118!

nonKmetastatic!TNBC!cases!found!an!association!between!obesity!and!mortality(236).!Of!

note,!they!did!not!find!this!association!for!the!other!breast!cancer!subtypes.!The!authors!

of!this!study!noted!previous!work!highlighting!a!possible!interaction!between!obesity,!

elevated!adipokines!(e.g.!leptin)!and!the!prognosis!of!triple!negative!tumours.!There!is!

increasing!evidence!that!the!chronic!inflammatory!environment!of!adiposity!contributes!

to!enhanced!proliferation!and!metastatic!potential!of!breast!cancer!cells(237).!

!
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The!positive!prognostic!effect!of!anthracycline!chemotherapy!relative!to!anthracycline!

and!taxane!combination!is!likely!to!be!related!to!treatment!selection!bias;!patients!

treated!with!anthracyclines!only!were!likely!to!have!tumours!with!comparatively!

favourable!baseline!features;!combination!chemotherapy!would!have!been!given!to!those!

with!more!highKrisk!disease.!In!the!period!during!which!POSH!recruited,!taxanes!were!

only!given!to!those!with!nodeKpositive!tumours.!In!keeping!with!this,!the!effect!

disappeared!after!MVA.!The!survival!results!were!similar!for!mastectomy!but!with!a!

negative!prognostic!effect!that!was!not!present!after!MVA.!!

!

Adjuvant!radiotherapy!was!not!prognostic!on!univariable!analysis,!but!it!was!found!to!be!

significantly!prognostic!after!MVA!(HR!0.587).!This!implies!a!suppression!effect!of!NKstage!

and!LVI!in!univariable!analysis.!The!reason!for!this!may!be!that!radiotherapy!was!given!to!

higher!risk!patients!(e.g.!higher!TKstage),!meaning!that!the!adverse!pathological!features!

were!confounding!factors,!resulting!in!radiotherapy!not!being!found!to!have!a!survival!

benefit!in!univariable!analysis.!However!when!NKstage!is!controlled!for!in!MVA,!a!

beneficial!effect!of!radiotherapy!is!found.!A!large!metaKanalysis!has!shown!the!beneficial!

effect!of!radiotherapy!in!reducing!breast!cancer!recurrence!and!death,!but!this!only!

included!patients!treated!with!BCS!(238).!The!analysis!here!also!includes!patients!who!

have!undergone!a!mastectomy!and!is!therefore!likely!to!have!more!confounding!factors!

due!to!the!heterogeneity!of!the!population.!When!this!is!controlled!for,!to!some!degree,!

in!my!MVA,!the!beneficial!effect!of!radiotherapy!is!revealed.!!

!

3.3.5 Limitations*

!

This!study!is!limited!by!some!elements!of!the!POSH!trial.!Patients!were!not!recruited!

consecutively.!There!is!a!possibility!there!was!a!degree!of!selection!bias;!instead!of!

enrolling!in!an!observational!trial,!young!patients!with!metastatic!disease!may!have!

preferred!to!opt!into!an!interventional!trial.!As!invitation!to!patients!to!participate!in!the!
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trial!was!at!the!discretion!of!the!treating!physician/surgeon,!there!was!potentially!bias!

against!recruiting!patients!with!metastatic!disease.!!

!

Additionally,!recruitment!for!this!study!took!place!between!2002!and!2008.!This!has!the!

benefit!of!long!followKup!but!means!that!some!treatment!modalities!may!be!outdated.!

There!have!been!changes!in!systemic!options!available!since!recruitment!took!place,!

although!most!patients!in!this!study!were!treated!with!anthracycline!+/K!taxane!

chemotherapy!and!approximately!half!received!trastuzumab!if!HER2+(196).!Trastuzumab!

was!only!approved!as!adjuvant!therapy!in!2005,!a!number!of!years!after!the!trial!

commenced!recruitment.!Therefore!patients!recruited!early!in!the!POSH!timeline!may!

have!received!it!only!in!the!metastatic!setting.!Additionally,!recent!developments!in!the!

treatment!of!TNBC,!particularly!with!regards!to!platinum!therapy!and!PARP!inhibitors,!

means!that!outcomes!will!likely!be!improved!for!patients!now!diagnosed!with!TNBC.!In!

terms!of!the!metastatic!work,!there!is!an!increasingly!proactive!approach!to!staging!

investigations,!including!the!use!of!advanced!imaging,!such!as!positron!emission!

tomography.!This!may!mean!that!more!patients!are!now!diagnosed!with!occult!

metastases!at!presentation,!affecting!the!characteristics!of!the!de.novo.group.!!Finally,!

the!youth!of!the!cohort!means!that!our!findings!may!not!be!translatable!to!the!TNBC!

population!as!a!whole.!However,!as!detailed!previously,!POSH!participants!recruited!from!

England!represented!23%!of!the!available!population!during!the!recruitment!period!and!

comparison!with!cancer!registry!data!confirmed!that!the!cohort!is!representative!of!the!

wider!population!of!those!with!breast!cancer!diagnosed!at!40!years!or!younger(201).!The!

strengths!of!this!study!include!the!large!cohort!size!and!complete!germline!BRCA.testing.!

There!are!few!missing!data!(with!HER2!status!missing!in!only!5.7%!of!cases)!and!long!

followKup,!with!only!a!small!number!of!patients!lost!to!followKup.!!

!

For!the!earlyKstage!TNBC!dataset,!cases!treated!with!neoadjuvant!chemotherapy!(n=104)!

were!excluded!from!the!dataset!for!reasons!explained!in!Section!2.2.4.!This!does!leave!

the!data!susceptible!to!a!certain!amount!of!selection!bias.!For!instance,!some!of!the!

larger!tumours!(few!were!T4!in!this!dataset)!with!more!adverse!biological!features!are!

likely!to!have!been!excluded.!To!some!extent,!this!limits!the!applicability!of!the!data!
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presented,!as!there!is!increasing!use!of!neoadjuvant!chemotherapy!in!the!modern!era.!

Future!analyses!could!incorporate!the!104!cases!excluded!here.!!

!

3.4 Summary*

!

In!this!chapter,!I!have!shown!that!young!women!who!develop!secondary!metastatic!

disease,!even!if!greater!than!five!years!after!diagnosis,!have!shorter!survival!time!

following!diagnosis!of!metastases!compared!to!those!who!present!with!de.novo!

metastatic!disease.!For!young!women!who!develop!metastatic!disease,!outcomes!are!

worse!for!those!with!TNBC!compared!to!the!other!subtypes!as!a!whole.!Of!note,!brain!

metastases!did!not!confer!a!worse!outcome!for!those!with!metastatic!TNBC.!For!the!

earlyKstage!TNBC!cohort,!an!increased!BMI!was!associated!with!a!poor!prognosis.!Other!

prognostic!features!were!as!anticipated!(NKstage,!TKstage!and!LVI).!!

!

Advances!in!genomic!and!transcriptonomic!analysis!have!revealed!a!host!of!potential!

targets!in!TNBC,!including!immune!signatures!and!the!tumour!microenvironment.!There!is!

a!drive!to!identify!patients!who!will!benefit!from!immunotherapy!and!means!of!

enhancing!immunotherapy!efficacy.!I!therefore!proceeded!to!assess!the!prognostic!

associations!of!a!number!of!potential!molecular!biomarkers!in!the!earlyKstage!TNBC!

cohort.!.
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Chapter!4 Molecular)Prognostic)Factors)in)Young)Breast)

Cancer'!

!

4.1 Introduction*

!

A!biomarker!is!an!objective!characteristic!that!can!be!measured!in!a!reproducible!way.!A!

prognostic!biomarker!influences!or!predicts!the!outcome!from!a!disease,!whereas!a!

predictive!biomarker!indicates!the!likely!benefit!derived!from!a!particular!treatment.!

Biomarkers!can!be!useful!to!guide!clinical!decisionKmaking!and!are!increasingly!being!

used!to!guide!therapeutic!strategies!and!patient!selection(239).!Some!possible!

biomarkers!identified!in!basal!breast!cancer/TNBC!include!p53,!Ki67,!ALDH1,!EGFR!and!

CK5/6!(213,!240K245).!In!the!introduction,!I!outlined!the!evidence!underlying!TILs!as!a!

prognostic!biomarker!(Section!1.4).!These!biomarkers!have!not!been!evaluated!

specifically!in!a!young!age!group.!Breast!cancer!arising!in!young!women!has!been!shown!

to!have!different!gene!expression!patterns!compared!to!the!older!age!group!and!biology!

in!this!cohort!is!more!aggressive(246).!

!

As!markers!of!the!basal!phenotype,!EGFR!and!cytokeratin!5/6!(CK!5/6)!have!long!been!

established!as!potential!markers!of!poor!prognosis!in!TNBC(211,!242).!However,!

discordance!between!the!PAM50!intrinsic!subtype!and!the!IHCKbased!surrogate!markers!

has!been!reported!and!basal!TNBCs!have!even!been!suggested!to!be!more!

chemosensitive!(with!an!associated!improved!prognosis)!compared!to!their!EGFRKve/CK!

5/6Kve!counterparts(247,!248).!Therefore,!further!evaluation!of!the!prognostic!value!of!

these!markers!in!a!large!cohort!of!TNBC!cases!is!required.!!

!

KiK67!is!a!proliferation!marker!and!its!level!has!been!associated!with!poor!prognosis!in!a!

variety!of!cancers(241).!It!has!been!established!as!a!useful!prognostic!marker!in!ERK
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positive!breast!cancer(208).!Its!significance!in!TNBC!is!unclear!as!it!has!been!associated!

with!a!poor!prognosis!in!some!studies!but!not!in!others(244,!249,!250).!Similarly,!p53!has!

variably!been!associated!with!poor!prognosis!in!TNBC(240,!244).!ALDHK1!is!a!marker!of!

normal!and!malignant!breast!stem!cells(251).!Cancer!stem!cells!(CSCs)!are!believed!to!be!

highly!tumorigenic;!effective!markers!to!define!CSCs!have!not!been!fully!delineated!and!

may!differ!between!tumour!subtypes(252).!ALDHK1!has!been!correlated!with!a!poor!

prognosis!in!breast!cancer!in!general(253).!Studies!evaluating!its!prognostic!relevance!in!

TNBC!have!been!small!and!contradictory(252,!254K257).!Further!evaluation!is!therefore!

required!in!a!large!cohort.!!

!

The!hypothesis!was!that!EGFR,!p53,!Ki67,!ALDH1!and!CK!5/6!would!be!independent!

adverse!prognostic!features.!It!was!anticipated!that!increasing!stromal!TILs!would!be!

protective,!given!this!has!previously!been!found!in!the!allKages!population!with!TNBC.!

Using!tissue!microarrays!(TMAs),!I!performed!a!preKplanned!molecular!analysis!of!the!

TNBC!cohort!using!a!panel!of!these!potential!biomarkers.!I!looked!for!a!correlation!

between!these!markers!and!survival,!in!order!to!ascertain!prognostic!features!in!this!

cohort.!I!adjusted!for!established!prognostic!clinicopathological!parameters!to!determine!

whether!these!markers!were!independently!prognostic.!!

!

! !
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4.2 Results*

!

4.2.1 TNBC*Cohort*from*POSH*

!

4.2.1.1 The*pathology*cohort*

!

There!were!505!patients!(see!Section!3.2.2.1)!who!were!defined!as!TNBC!and!were!

treated!with!either!adjuvant!(n=491)!or!no!chemotherapy!(n=14).!There!was!no!archival!

pathology!material!available!for!134!patients,!either!because!the!material!was!being!used!

as!part!of!another!study!or!the!tissue!was!never!received!from!the!local!centre.!In!a!

further!21!cases,!there!was!insufficient!or!absent!tumour!tissue!available,!for!instance!in!

some!cases!there!were!already!tissue!cores!removed!for!other!studies!and!only!DCIS!

remaining!on!the!block.!!The!pathology!cohort!was!therefore!the!350!patients!from!whom!

there!was!suitable!pathology!material!available!(69.3%!of!the!total!cohort!of!505)!(Figure!

4.1).!!

!
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!

Figure*4@1.*CONSORT*diagram*for*all*stage*I@III*TNBC*patients*in*POSH*study.*

N=609,*with*505*patients*included*in*clinicopathological*analysis*and*350*patients*with*
tissue*available*for*further*testing.*

!

4.2.1.2 Molecular*analysis*and*correlation*with*survival*

!

The!frequencies!of!expression!of!the!biomarkers,!in!addition!to!the!univariable!and!

multivariable!hazard!ratios!for!survival!for!each!marker,!are!shown!in!Table!4.1.!The!

univariable!analyses!can!be!viewed!in!a!forest!plot!in!Figure!4.2.!The!thresholds!for!each!

marker!were!chosen!according!to!literature!review!and!are!described!in!Methods!(Section!

2.2.8).!Stromal!TIL!scoring!revealed!that!7.1%!had!≥60%!infiltration!or!“lymphocyteK

predominant!breast!cancer”!(LPBC)!(25/350).!The!remainder!were!categorised!as!

moderate!(45.4%)!or!low!(47.4%).!The!majority!were!CK5/6!and/or!EGFRKpositive,!

consistent!with!a!basal!phenotype.!Most!cases!were!low!in!ALDH1.!Approximately!half!of!

cases!were!p53Khigh!and!half!were!Ki67Khigh.!
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*

Table*4@1.*Hazard*ratios*for*mortality*for*molecular*panel*performed*on*tissue*
microarray*samples*from*stage*I@III*TNBC*patients*from*the*POSH*cohort.*
Excluding*those*treated*with*neoadjuvant*chemotherapy*(n=350).*Univariable*and*
multivariable*hazard*ratios*obtained*from*Cox*regression*analysis.*

! No.!(%
1
)! Univariable!HR!(95%!

CI)!

pK

value!

Multivariable!HR
2
!! pK

value!

P53.

Low!(<10%)! 130!(40.1)! 1! ! 1! !

High!(>=10%)! 194!(59.9)! 1.131!(0.725K1.764)! 0.589! 0.966!(0.610K1.531)! 0.884!

Unknown
3
! 26!(7.4)! ! ! ! !

Ki67(

Low!(<20%)! 144!(44.0)! 1! ! ! .

High!(>=20%)! 183!(56.0)! 0.830!(0.539K1.277)! 0.396! 0.781!(0.492K1.241)! 0.296!

Unknown! 23!(7.0)! ! ! ! !

CK5/6(

Negative!! 111!(35.0)! 1! ! 1! !

Positive!

(≥1%)!!

206!(65.0)! 0.778!(0.499K1.214)! 0.269! 0.813!(0.514K1.287)! 0.378!

Unknown! 33!(9.4)! ! ! ! !

Stromal*TILs(

Low!(≤10%)!! 166!(47.4)! 1! ! 1! !

Moderate!

(11K59%)!

159!(45.4)!! 0.492!(0.317K0.765)! 0.002* 0.528!(0.336K0.829)! 0.006*

High!(≥60%)!! 25!(7.1)! 0.095!(0.013K0.684)! 0.019* 0.139!(0.019K1.024)! 0.053!

ALDH1!

Low!

(absent/wea

k4)!

243!(76.2)! 1! * 1! !
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! No.!(%
1
)! Univariable!HR!(95%!

CI)!

pK

value!

Multivariable!HR
2
!! pK

value!

High!

(moderate/st

rong)!

76!(23.8)! 0.723!(0.412K1.267)! 0.257* 0.822!(0.467K1.447)! 0.497!

Unknown! 31!(8.9%)! ! ! ! !

EGFR.

Negative!! 32!(9.9%)! 1! ! 1! !

Positive!

(≥1%)!

292!

(90.1%)!

1.869!(0.756K4.622)! 0.176! 2.273!(0.918K5.632)! 0.076!

Unknown! 26!(7.4%)!! ! ! ! !

1
Percentages!are!calculated!as!a!total!of!the!available!data!for!that!category.!For!unknown!data,!

the!percentage!is!calculated!for!the!whole!cohort!(n=350)
!

2
Multivariable!analysis,!adjusted!for!NKstage!and!stratified!by!LVI!

3
Unknown!data!is!due!to!the!absence!of!tissue!blocks!(n=3)!or!due!to!failure!of!the!stain/TMA,!e.g.!

due!to!absence!of!tumour!tissue!on!all!three!cores!or!significant!artefact/folding
!

4!
Mean!expression!calculated,!range!0K2.!For!moderate/strong!expression,!the!mean!was!greater!

than!0.333,!out!of!a!maximum!of!2.!For!more!details!see!Methods.!

!

Of!all!the!prognostic!biomarkers!studied,!the!only!marker!with!significant!impact!on!OS!

was!stromal!TILs.!A!high!TIL!score!(≥60%)!was!markedly!associated!with!a!reduced!risk!of!

death!from!breast!cancer,!with!a!hazard!ratio!of!0.095!(0.013K0.684;!p=0.002)!relative!to!

low!(p=0.040).!The!hazard!ratio!for!those!with!moderate!TIL!infiltration!was!0.492!(0.317K

0.765;!p=0.002),!relative!to!low.!Therefore,!there!has!been!a!failure!to!reject!the!null!

hypotheses!for!all!the!other!markers.!!

!

When!classified!by!p53!mutation!pattern,!with!a!mutant!pattern!being!absent!or!>50%!

staining!positive!(according!to!previously!defined!criteria(207)),!there!was!no!difference!in!

survival.!There!were!273!cases!labelled!as!mutant!and!51!as!wildKtype.!
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!

Figure*4@2.*Forest*plot*of*univariable*hazard*ratios*of*histological*factors*for*overall*survival*
for*stage*I@III*TNBC*cases*from*the*POSH*cohort.*

N=350.*Reference*line*shown*(1.00)*–*set*as*low*for*all*variables*(see*Table*4.1).*

!

4.2.1.3 Basal*markers*

!

The!univariable!and!multivariable!HRs!for!basal!categories!(dependent!on!the!expression!

of!EGFR!and!CK5/6)!are!shown!in!Table!4.2.!EGFR!is!shown!at!two!cutKoffs:!positive!(≥1%)!

and!negative,!in!addition!to!high!(mean!intensity!score!≥1.5/3)!and!low.!CK5/6!is!shown!at!

two!cutKoffs:!positive!(≥1%)!and!negative,!in!addition!to!high!(mean!intensity!score!

≥0.5/1)!and!low.!The!frequency!of!basal!(either!CK5/6!or!EGFR!positive)!and!“high!basal”!

(either!CK5/6!or!EGFR!scored!as!high)!are!also!shown.!The!rationale!behind!these!cutKoffs!

is!described!in!Section!2.2.8.!!

!

There!was!no!relationship!between!gBRCA!mutation!status!and!p53,!EGFR,!CK5/6!or!Ki67.!

Its!relationship!with!TIL!score!will!be!discussed!in!the!next!Chapter.!

!

!



! ! Chapter!4!

156!

Table*4@2.*Additional*frequencies*and*hazard*ratios*for*death*for*basal*criteria*in*stage*I@
III*TNBC*patients*from*the*POSH*cohort.*
Excluding*those*treated*with*neoadjuvant*chemotherapy*(n=350).*Univariable*and*
multivariable*hazard*ratios*obtained*from*Cox*regression*analysis.*

! No.!(%
1
)! Univariable!HR!

(95%!CI)!

pK

value!

Multivariable!HR
2
!! pK

value!

CK5/6(

Negative!* 111!(35.0%)* 1* * 1* *

Positive!* 206!(65.0%)* 0.778!(0.499K

1.214)*
0.269* 0.813!(0.514K

1.287)*
0.378*

Unknown
3* 33!(9.4%)* * * * *

CK5/6(

Low* 133!(42.0%)* 1* * * (

High!* 184!(58.0%)* 0.871!(0.562K

1.350)*
0.538* 0.968!(0.614K

1.526)*
0.889*

Unknown* 33!(9.4%)* * * * *

EGFR(

Negative!* 32!(9.9%)* 1* * 1* *

Positive!* 292!(90.1%)* 1.869!(0.756K

4.622)*
0.176* 2.273!(0.918K

5.632)*
0.076*

Unknown* 26!(7.4%)! * * * *

EGFR(

Low!* 183!(56.5%)* 1* * 1* *

High!* 141!(43.5%)* 0.841!(0.542K

1.303)*
0.438* 0.849!(0.545K

1.325)*
0.472*

Unknown! 26!(7.4%)! ! ! ! !

Basal4!

NonKbasal!! 13!(4.0%)! 1! * 1! !

Basal!! 308!(96.0%)! 1.263!(0.399K 0.691! 1.237!(0.389K 0.719!
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! No.!(%
1
)! Univariable!HR!

(95%!CI)!

pK

value!

Multivariable!HR
2
!! pK

value!

4.003)! 3.935)!

Unknown! 29!(8.3%)! ! ! ! !

High*basal5.

Non/low!! 78!(24.7%)! 1! ! 1! !

High!! 238!(75.3%)! 0.806!(0.497K

1.307)!

0.382! 0.835!(0.507K

1.374)!

0.478!

Unknown* 34!(9.7%)* * * * *

High*basal*category6*

Positive!for!

EGFR!or!

CK5/6!*

151!(63.4%)* 1* * * *

Positive!for!

both!*
87!(36.6%)! 0.852!(0.496K

1.463)*
0.561* 0.910!(0.521K

1.590)*
0.742*

1
Percentages!are!calculated!as!a!total!of!the!available!data!for!that!category.!For!unknown!data,!

the!percentage!is!calculated!for!the!whole!cohort!(n=350)
!

2
Multivariable!analysis,!adjusted!for!NKstage!and!stratified!by!LVI!

3
Unknown!data!is!due!to!the!absence!of!tissue!blocks!(n=3)!or!due!to!failure!of!the!

stain/microarray,!e.g.!due!to!absence!of!tumour!tissue!on!all!three!cores!or!significant!

artifact/folding
!

4
Basal!is!defined!as!CK5/6!and/or!EGFR!expression!as!≥1%!!

5
High!basal!is!defined!as!mean!expression!CK5/6!≥0.5/1!and/or!EGFR!mean!expression!≥1.5/3!!

6
High!basal!–!positive!for!one!high!basal!marker!(CK5/6!or!EGFR)!is!used!as!a!reference!for!Cox!

regression,!negative!for!both/unknown!excluded!from!survival!analysis!for!this!category
!

!

!

!

!
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4.2.1.4 Further*survival*analysis*using*TIL*score*

!

Given!the!significance!of!the!univariable!Cox!regression!for!survival!according!to!TILKscore!

(Table!4.1),!a!Kaplan!Meier!survival!analysis!was!performed.!A!TIL!score!of!moderate!or!

high!were!both!associated!with!improved!OS!(p=0.0002!logKrank!Mantel!Cox)!(Figure!4.3).!

!

!

Figure*4@3.*Kaplan*Meier*survival*analysis*for*stage*I@III*TNBC*patients*in*POSH*cohort*with*
stromal*TIL*score*evaluated.*

TIL@score:*High*(lymphocyte@predominant*breast*cancer)*=*≥60%*TILs*(n=25),*Moderate*=*
11@59%*TILs*(n=159),*Low*=*≤10%*(n=166).*Log@rank*Mantel*Cox*p=0.0002.*

!

A!multivariable!Cox!regression!analysis!using!TILs!as!a!continuous!numerical!variable,!

adjusting!for!NKstage!and!stratified!by!LVI,!is!shown!in!Table!4.3.!It!shows!that!TIL!

percentage!is!associated!with!a!reduced!risk!of!death!for!every!unit!increase!and!is!an!

independent!prognostic!factor!for!survival.!

!

!
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!

Table*4@3.*Multivariable*Cox*regression*analysis*for*overall*survival.*
N=337.*

Variable* Hazard*Ratio* Standard*Error* P@value* 95%*Confidence*

Interval*

TIL!percentage
2!

0.983! 0.007! 0.019! (0.968,!0.997)!

NKstage!1
1
! 2.390! 0.261! 0.001! (1.433,!3.986)!

NKstage!2
1
! 3.367! 0.315! <0.001! (1.818,!6.236)!

1
!NKstage!0=reference!category.!A!HR>1!represents!an!increased!risk!in!death!for!patients!

compared!to!NKstage!0!patients.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

2
!A!HR<1!represents!a!reduced!risk!of!death!for!every!unit!increase!in!TIL%!!

!

!

! !
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4.3 Discussion*

!

In!this!chapter,!I!performed!TMA!staining!to!evaluate!the!prognostic!effect!of!a!panel!of!

biomarkers!that!have!been!variably!associated!with!prognosis!in!TNBC!in!the!literature,!

but!require!further!evaluation!in!a!large!cohort!of!this!kind.!There!were!350!tumours!from!

stage!IKIII!TNBC!cases!from!the!POSH!cohort!included.!!

!

4.3.1 Ki67*

!

In!terms!of!the!biomarkers!assessed,!Ki67!is!a!wellKestablished!marker!of!cell!

proliferation,!although!not!in!routine!use!clinically(241).!I!used!a!cutKoff!of!≥20%!as!the!

threshold!between!high!and!low!proliferation!categories,!in!line!with!other!studies(208K

210).!In!a!study!of!1577!ER+!breast!cancer!cases,!20%!was!defined!as!optimal!to!stratify!

highKrisk!patients!(reduced!diseaseKfree!and!overall!survival)(208).!Using!TMAs!from!707!

breast!cancers!(all!subtypes),!this!cutKoff!again!was!most!useful!for!prognosis,!with!a!high!

proliferation!index!being!associated!with!large!tumours!and!nodal!metastasis(209).!

However,!this!cutKoff!was!developed!in!studies!using!ER+!cases!and!may!not!be!

appropriate!in!TNBC!specifically.!!

!

Ki67!is!a!nuclear!protein,!the!expression!of!which!varies!throughout!the!cell!cycle.!It!has!

been!established!as!a!prognostic!biomarker!in!luminal!cancer,!but!its!importance!in!TNBC!

is!unknown.!It!is!a!difficult!marker!to!standardise.!A!high!Ki67!has!been!associated!with!

adverse!outcomes!in!one!study!of!156!cases!of!TNBC(244).!Concordant!results!have!been!

found!in!another!smaller!study(243).!In!the!latter!study!using!the!same!cutKoff,!Ki67!

positivity!was!74.7%.!The!rate!was!higher!(83.3%)!in!the!larger!study!but!a!cutKoff!of!14%!

was!used(244).!The!positivity!rate!in!this!present!study!was!lower!at!56.0%.!This!is!

comparatively!low!compared!to!other!studies.!!Given!that!both!the!quoted!studies!

appeared!to!use!fullKface!sections,!it!may!be!that!the!nature!of!TMAs!has!resulted!in!some!
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areas!of!highKKi67!staining!being!missed!by!random!selection.!Additionally!this!marker!is!

traditionally!used!in!ER+!disease!and!may!not!be!prognostic!in!the!younger!TNBC!

population.!This!marker!could!be!used!as!a!continuous!variable!instead!of!categorical!in!

future!survival!analyses.!!

!

4.3.2 p53*

!

P53!is!a!tumour!suppressor!gene!that!regulates!multiple!processes,!including!the!cell!

cycle!and!apoptosis,!giving!it!the!title!of!“guardian!of!the!genome”(258).!As!discussed!in!

the!introduction,!p53!is!one!of!the!most!commonly!mutated!genes!in!breast!cancer,!

particularly!in!the!TNBC!subtype.!!

!

Mutant!p53!by!missense!mutations!often!result!in!increased!stability!of!the!protein!and!

accumulation/detection!by!IHC(206).!A!truncating!or!nonsense!p53!mutation!can!result!in!

undetectable!p53.!Additionally,!normal!p53!can!accumulate!at!detectable!levels!due!to!

DNA!damage(259).!Therefore,!p53!expression!by!IHC!appears!to!be!a!poor!surrogate!for!

the!underlying!mutation!status!of!the!gene.!This!may!explain!why!previous!IHC!studies!

attempting!to!correlate!p53!expression!with!outcome!in!breast!cancer!have!been!

contradictory!(244).!!

!

In!one!study!of!156!TNBC!cases,!p53!expression!(positive!in!71.3%)!correlated!with!poor!

outcomes(244).!!However!in!two!larger!studies,!p53!was!positive!in!49.9%!and!56.4%!and!

associated!with!better!OS(258,!259).!In!one!of!these!studies,!the!authors!suggested!that!

wildKtype!p53!accumulating!as!a!mechanism!to!repair!DNA!damage!accounts!for!its!

expression!being!associated!with!an!improved!prognosis(258).!In!this!study!we!found!

“any”!p53!positivity!to!occur!at!a!rate!of!68.2%.!Using!a!stricter!criteria!of!>=10%!of!

tumour!cells!staining!positive,!the!rate!was!59.9%.!In!a!study!of!7739!patients!with!all!

subtypes!of!breast!cancer,!a!ROC!analysis!was!performed!to!define!the!optimal!cutKoff!for!
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IHC!staining!of!p53!predictive!for!survival.!The!lowest!pKvalue!to!predict!OS!across!all!

cases!(and!luminal!A!specifically)!was!at!10%!(205).!There!was!no!association!between!

p53!expression!and!OS!found!in!this!study!and!so!unfortunately!the!relationship!remains!

ambiguous.!!

!

4.3.3 ALDH@1*

!

ALDHK1!is!a!marker!of!normal!and!malignant!breast!stem!cells(251).!Cancer!stem!cells!

(CSCs)!are!believed!to!be!highly!tumorigenic;!effective!markers!to!define!CSCs!have!not!

been!fully!delineated!and!may!differ!between!tumour!subtypes(252).!In!a!small!study!that!

included!56!TNBCs,!ALDH1!correlated!with!the!basal!subtype!and!with!more!extensive!

lymphocytic!infiltration(252).!In!another!small!study!of!180!breast!cancers!(unclear!

number!of!TNBCs),!higher!ALDHK1!stromal!expression!was!correlated!with!longer!

survival(245).!However,!this!study!was!limited!by!short!survival!times!and!the!relevance!

of!ALDHK1!within!subtypes!was!not!clear.!!ALDHK1!has!been!correlated!with!ER/PRK

negativity!and!the!basal!subtype,!but!its!prognostic!effect!within!those!subtypes!is!not!

clear(252,!253,!260).!There!have!been!no!previous!studies!specifically!evaluating!the!

prognostic!impact!of!this!marker!in!TNBC.!Here,!we!have!shown!no!significant!correlation!

between!ALDHK1!and!survival.!Its!relationship!with!lymphocytic!infiltrate!will!be!explored!

in!the!next!chapter.!!

!

4.3.4 Basal*markers*

!

EGFR!and!CK5/6!can!be!considered!surrogate!IHC!markers!of!basalKlike!breast!cancer(211,!

261).!They!are!considered!positive!if!≥1%!cytoplasmic!or!membranous!tumour!cell!

staining!is!positive(211,!212).!It!has!previously!been!suggested!that!tumours!classified!as!

basal!confer!the!poor!prognosis!amongst!the!TNBC!group!(with!the!addition!of!these!two!

markers!being!significantly!more!prognostic!than!TNBC!status!alone)!(211).!However,!
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currently,!classification!into!basal/nonKbasal!subgroups!is!overall!not!felt!to!be!clinically!

useful!as!a!prognostic!marker!as!the!vast!majority!of!patients!with!TNBC!still!require!

neoadjuvant!or!adjuvant!chemotherapy!(and!56K95%!classify!as!basal,!so!not!particularly!

discriminatory)(262).!However,!given!the!evolution!of!potentially!effective!and!specific!

treatments!for!TNBC,!such!as!immunotherapy,!PARP!inhibitors!and!platinums,!further!

molecular!classification!may!evolve!to!have!a!role!in!precision!therapeutics.!In!a!study!of!

258!consecutive!TNBC!cases!in!Italy,!EGFR!positivity!was!found!to!be!associated!with!

worse!OS!for!thresholds!of!≥30%!and!≥50%!(more!pronounced!for!the!latter)!but!not!for!

≥10%(215).!In!another!study!of!192!consecutive!TNBC!cases!in!the!USA,!combined!

expression!of!EGFR!and!CK5/6!(but!only!at!thresholds!of!15%!and!50%!respectively;!

defined!by!ROC!analysis)!was!predictive!of!poor!outcome,!but!neither!marker!was!

prognostic!alone(216).!In!another!study!of!352!TNBCs,!EGFR!expression!(threshold!≥1%;!

positive!in!53.5%)!did!not!correlate!with!DFS!or!OS.(206).!Using!fluorescent!inKsitu!

hybridization!(FISH),!Sanger!and!nextKgeneration!sequencing!and!qPCR!of!mRNA!(all!from!

FFPE!tissue),!the!authors!of!this!study!stated!that!EGFR!gene!amplification/mutations!are!

unusual!in!TNBC.!Of!note,!when!EGFR!and!p53!IHC!were!evaluated!together,!they!found!

patients!with!EGFRKve/p53Kve!or!EGFR+ve/p53+ve!to!have!the!best!prognosis.!!

!

The!proportion!of!cases!that!were!classified!as!basal!was!high!(96.0%).!It!must!be!noted!

that!EGFR!and!CK5/6!are!only!considered!surrogate!IHC!markers!of!this!molecular!

classification.!The!unusually!high!proportion!classified!as!basal!here!may!be!related!to!the!

staining!thresholds!used.!Typically,!EGFR!positivity!in!TNBC!has!been!reported!as!42K

76%(206).!Here!90.1%!of!cases!were!EGFR!positive!if!the!≥1%!criteria!were!used.!Using!a!

threshold!of!mean!intensity!score!≥1.5/3!(“EGFR!high”),!43.5%!were!positive.!CK5!was!

positive!in!71K76%!of!TNBC!cases!in!the!studies!discussed!above(206,!216);!65.0%!here.!

Using!stricter!criteria!of!mean!intensity!score!≥0.5/1!(“CK5/6!high”),!56.3%!were!positive.!

There!was!no!impact!on!prognosis!for!any!of!these!categories,!even!when!combined!into!

basal/nonKbasal!or!highKbasal/lowKbasal!categories.!When!the!high!basal!group!was!

evaluated!alone,!there!was!no!impact!on!prognosis!when!doubleKpositive!(both!CK5/6!

and!EGFR!“high”)!tumours!were!compared!to!singleKpositive!(only!one!marker!“high”)!
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tumours,!unlike!in!the!study!above!where!there!was!a!significantly!worse!prognosis!for!

doubleKpositives(216).!

!

4.3.5 Stromal*TILs*

!

Of!this!panel!of!biomarkers,!only!stromal!TILs!were!found!to!be!prognostic!for!overall!

survival.!The!Kaplan!Meier!survival!analysis!using!TILs!as!a!categorical!variable!was!striking!

(Figure!4.3).!Using!TILs!as!a!continuous!variable,!after!MVA!adjustment!for!nodal!stage!

and!stratification!by!LVI,!TILs!were!independently!prognostic!with!a!hazard!ratio!of!0.983!

(0.968K0.997;!p=0.019)!for!every!1%!increase!in!TIL!percentage.!!

!

To!my!knowledge,!TIL!infiltration!has!never!been!specifically!evaluated!in!the!young!

breast!cancer!population!before.!In!one!of!the!largest!studies!evaluating!the!prognostic!

impact!of!TILs!in!TNBC!managed!with!adjuvant!treatment,!only!88!patients!(of!647)!were!

aged!less!than!40.!In!this!study,!younger!patients!had!a!higher!median!TIL!score!compared!

to!other!age!groups!(26%;!IQR!10K52%)(45).!Given!that!biology!is!more!adverse!in!this!

younger!age!group!with!worse!outcomes!and!that!there!may!be!a!difference!in!TIL!

infiltration,!it!was!prudent!to!confirm!that!TILs!are!prognostic!in!this!cohort.!

!

4.3.6 Limitations*

!

This!study!is!limited!by!our!methodology!of!scoring!EGFR!and!CK5/6.!Instead!of!the!

percentage!of!cells!staining!positive,!we!scored!in!staining!intensities!of!0K3!and!0K1!

respectively.!This!was!done!for!efficiency!reasons;!each!antibody!was!evaluated!by!a!

single!pathologist!on!greater!than!1000!TMA!cores.!The!use!of!a!single!pathologist!did!

mean!that!marking!was!more!likely!to!be!consistent,!given!the!absence!of!interKobserver!

variability.!In!order!to!determine!which!markers!are!expressed!above!the!threshold!of!
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≥1%!this!marking!system!is!acceptable,!as!a!score!of!zero!was!only!given!for!absence!of!

staining.!However,!we!are!unable!to!compare!our!results!to!studies!using!a!threshold!of,!

e.g.!15%!or!50%,!as!we!do!not!have!the!equivalent!information.!For!high!expression,!

instead!of!50%!threshold,!we!have!used!mean!intensity!≥0.5/1!or!≥1.5/3!as!thresholds!but!

this!is!not!expected!to!be!equivalent.!In!the!future!I!would!utilise!a!semiKquantitative!

system!to!evaluate!these!markers!to!increase!the!complexity!and!discrimination!of!the!

scoring.!In!order!to!optimise!cutKoff!thresholds!for!use!in!TNBC!specifically,!further!

statistical!work,!e.g.!using!ROC!analysis,!could!be!employed.!!

!

Immunohistochemistry!(IHC)Kbased!classification!is!a!somewhat!crude!surrogate!for!the!

complex!genomic!alterations!resulting!in!altered!proteins.!However,!its!use!is!accessible!

and!affordable,!so!when!clinically!relevant!can!be!utilised!widely!in!clinical!practice.!Gene!

expression!profiles!could!be!performed!on!a!select!number!of!cases!and!compared!to!the!

IHC!classification!in!order!to!confirm!the!accuracy!of!these!markers!as!a!surrogate!of!the!

underlying!genetic!changes.!!!

!

Finally,!there!may!be!a!degree!of!selection!bias!in!terms!of!the!blocks!that!were!available!

for!analysis.!As!work!has!been!done!on!some!of!the!tissue!previously,!it!may!be!that!some!

of!the!smaller!tumours!have!insufficient!tissue!left!and!are!thus!not!included!in!this!

analysis.!In!order!to!investigate!this,!the!characteristics!of!the!cases!excluded!based!on!

tissue!availability!could!be!compared!to!the!dataset.!On!the!other!hand!some!of!the!

larger!tumours!would!have!received!neoadjuvant!chemotherapy;!neoadjuvant!cases!were!

not!included!in!the!stage!IKIII!cohort!here!(n=104/609).!!

!

4.4 Summary*

!

I!have!shown!that,!notwithstanding!nodal!stage,!TIL!is!the!most!prognostic!variable!

predictive!of!outcome!in!young!women!with!TNBC.!In!the!next!chapter,!I!explore!this!
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further!and!attempt!to!delineate!some!correlates!of!lymphocytic!infiltration!in!order!to!

further!understand!possible!mechanisms!affecting!this!in!TNBC.!
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Chapter!5 Immunomodulation+in+Triple+Negative+Breast+

Cancer!

!

5.1 Introduction*

!

In!the!previous!chapter,!I!used!a!panel!of!possible!molecular!markers!to!assess!their!

correlation!with!prognosis!in!a!cohort!of!young!women!with!stage!IKIII!TNBC.!Of!these!

markers,!the!most!prognostic!for!overall!survival!was!TILs.!In!this!chapter,!I!explore!TIL!

infiltration!in!this!cohort!in!more!detail,!including!correlation!with!clinicopathological!

parameters,!association!with!immune!markers!and!a!more!detailed!prognostic!analysis.!

The!mechanisms!by!which!some!tumours!are!rendered!immune!“hot”!and!others!immune!

“cold”!in!TNBC!are!unclear!(see!Section!1.4).!There!has!been!no!association!found!

between!immunogenicity!and!the!number!of!somatic!mutations!or!neoantigens!in!breast!

cancer!or!melanoma(24,!148).!

!

Here,!I!evaluated!for!associations!between!TIL!score!and!baseline!clinicopathological!

features.!The!POSH!cohort!is!relatively!unique!for!its!complete!germline!BRCA!testing.!

Tumours!associated!with!a!BRCA1!mutation!have!long!been!suggested!to!have!higher!

lymphocytic!infiltration,!although!this!has!been!contested(124,!263).!This!cohort!offers!an!

ideal!resource!for!further!evaluation!of!lymphocytic!infiltration!in!BRCAKmutated!cases,!

given!the!relatively!large!number!of!cases!involved.!!!!

!

It!is!not!clear!whether!a!specific!immune!cell!marker!could!be!more!predictive!of!outcome!

than!TIL!score!alone!and!the!impact!of!lymphocytic!subtypes!warrants!further!

investigation.!Comparing!mRNA!gene!signatures!amongst!the!TNBC!molecular!subtypes,!a!

group!have!recently!found!differing!proportions!of!adaptive!and!innate!cells!in!the!

different!subtypes(169).!The!immunomodulatory!subtype!was!most!enriched!in!adaptive!
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cells,!whereas!the!mesenchymal!stem!cell!like!subtype!was!mainly!composed!of!innate!

cells.!Therefore,!the!immune!cell!composition!was!heterogenous!between!subtypes.!!The!

prognostic!impact!of!FOXP3!expression!in!TNBC!is!unclear!as!few!studies!are!powered!to!

evaluate!their!prognostic!impact!within!molecular!subtypes(264).!As!discussed!in!the!

Introduction!(Section!1.7.1),!the!impact!of!PDKL1!expression!on!prognosis!in!TNBC,!

particularly!when!evaluated!in!the!context!of!the!TIL!infiltrate,!is!not!clear.!!

!

In!order!to!determine!factors!that!may!affect!immune!infiltration!in!TNBC!more!generally,!

I!have!utilised!bioKinformatics!to!interrogate!a!publicly!available!dataset,!the!Cancer!

Genome!Atlas!(TCGA)(73).!This!enables!the!inclusion!of!genomic!and!transcriptomic!data!

within!this!exploration!of!immune!modulation!in!TNBC.!!!

!

I!sought!to!utilize!digital!pathology!in!order!to!validate!pathologist!scoring!and!determine!

whether!automated!analysis!could!be!used!for!prognostic!evaluation!in!the!future.!!In!

addition,!this!technology!offers!an!opportunity!to!explore!the!spatial!relationship!

between!immune!cells,!by!using!multiplex!immunohistochemistry!(mIHC)!of!a!selected!

number!of!fullKface!cases.!mIHC!enables!detection!of!multiple!markers!on!a!single!tissue!

section(265).!Primarily!I!have!sought!evidence!of!the!fully!inflamed,!stroma!restricted!and!

margin!restricted!phenotypes!previously!described(169).!

!

Ultimately,!by!utilising!tissue!microarrays!(TMAs),!digital!technology!and!bioinformatics,!I!

have!explored!immunomodulation!in!TNBC.!Aside!from!the!TCGA!dataset,!the!cases!are!

from!the!POSH!cohort.!Although!a!limitation!of!the!POSH!data!set!is!its!limited!age!range,!

the!size!of!the!study,!its!prospective!nature!and!completeness!of!data!(including!BRCA!

status)!mean!it!is!a!unique!and!valuable!resource.!Additionally,!the!study!was!set!up!

locally!K!this!means!I!was!well!placed!to!access!data!and!tissue!from!the!trial.!!

!

!
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5.2 Results*

!

5.2.1 TILs*&*association*with*clinicopathological*variables*

!

In!the!previous!chapter,!it!was!shown!that!stromal!TILs!have!been!assessed!in!the!350!

patients!from!whom!there!was!suitable!pathology!material!available!(69.3%!of!the!total!

cohort!of!505).!Of!these,!25!had!lymphocyteKpredominant!breast!cancer!(LPBC;!(≥60%!

stromal!TILs)!(7.1%)!(H&E!examples!of!TIL!scores!are!shown!in!Figure!5.1).!The!median!TIL!

score!was!15%!(range!0K80%;!IQR!5K35%)!(Figure!5.2).!

!

Figure*5@1.*H&E*example*images*of*varying*TIL*concentration.**

A.*Lymphocyte@predominant*breast*cancer*(≥60%),*B.*TIL*count*11@59%,*C.*TIL*count*
≤20%,*from*stage*I@III*TNBC*cases*from*the*POSH*cohort.*Stromal*TILs*measured*as*per*
International*TILs*Working*Group*guidelines(31).*Resolution*X20.*

!

!



! ! Chapter!5!!

170!

!

Figure*5@2.*Distribution*of*TIL*score*frequency.*
Bar*chart*and*box*plot*with*median*(15%)*and*IQR*(5@35%)*shown,*for*all*patients*with*stage*I@
III*TNBC*included*from*the*POSH*cohort*(n=350).*

!

There!was!a!clear!association!with!survival,!with!improved!outcomes!for!those!with!

moderate!or!high!TIL!infiltration!(p=0.0002!logKrank!Mantel!Cox;!see!previous!chapter!for!

Kaplan!Meier!survival!analysis).!

!!!!!!!!!!!!!!!!!!!!!!!!!!

The!cumulative!hazard!ratio!for!survival!over!time,!per!TIL!increments!of!10%,!shows!the!

highest!risk!of!recurrence!or!death!in!those!with!a!TIL!score!of!0K10%!and!the!lowest!in!

those!with!LPBC!(≥60%)!(Figure!5.3).!In!the!previous!chapter!I!performed!multivariable!

Cox!regression,!which!showed!that!TILs!were!an!independent!prognostic!factor!for!

survival!for!every!1%!increase.!
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!

Figure*5@3.*Cumulative*hazard*estimates*analysis*for*recurrence*or*death*for*TNBC*patients*
in*POSH*cohort*with*TIL*score*performed.*

Shown*in*increments*of*10%*(n=350).*Log@rank*(Mantel*Cox)*p=0.002*

!

I!assessed!for!associations!between!TIL!score!and!clinicopathological!parameters.!Using!

Pearson!correlation!coefficient,!an!association!between!TIL!score!and!numerical!variables!

was!sought!(Table!5.1).!Of!these,!only!age!was!found!to!have!a!significant!correlation!with!

TILs,!with!an!r!of!K0.144!(p=0.007)...

.

Using!the!nonKparametric!median!test!in!SPSS,!it!was!identified!that!the!median!TIL!score!

was!significantly!lower!in!those!with!multifocal,!LVIKpositive!and!nodeKpositive!tumours!

(Table!5.2).!The!TIL!score!was!higher!in!tumours!from!patients!with!a!germline!BRCA1!or!2!

gene!mutation!(20!vs.!10,!pKvalue!0.043)!(Figure!5.4).!

!

!
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Table*5@1.*Correlation*of*TIL*score*with*ordinal*variables.*
N=350**

Factor! Pearson’s!correlation!

coefficient!

pKvalue!

Age! @0.144* 0.007*

BMI! K0.081! 0.133!

Tumour!size! K0.078! 0.146!

!

Table*5@2.*Correlation*of*TIL*score*with*categorical*variables.**
N=350**

Factor! Category!1!

(number)!

Median!

Category!2!(number)!

Median!

pKvalue!!

! Multifocal!(48)! Localised!(284)! !

Focality! 10! 15! 0.023*

! Present!(133)! Absent!(206)! !

LVI! 10! 15! 0.002*

! Present!(139)! Absent!(210)! !

Nodal!involvement!! 10! 15! 0.018*

! Mutation!(89)! No!mutation!(261)! !

BRCA! 20! 10! 0.043*

! Yes!(31)! No!(54)! *

Brain!metastases! 10! 10! 0.635*

! Yes!(40)! No!(45)! *

Bone!metastases! 10! 10! 0.964*

! Yes!(61)! No!(24)! *

Visceral!metastases! 10! 7.5! 0.676*

! NonKvisceral!(19)! Visceral!(66)! *

1
st
!site!of!metastases! 10! 10! 0.423*
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!

!.

Figure*5@4.*Box*plot*showing*median*TIL*score*with*IQR*in*cases,*categorised*by*BRCA*
status.*

Median*TIL*score*10*for*those*without*a*germline*BRCA*mutation*(n=261)*vs.*20*for*those*
with*a*germline*BRCA*mutation*(n=89)*(p=0.043,*SPSS*non@parametric*median*test*p@value).*
Stage*I@III*cases*from*the*POSH*cohort.*

*

5.2.2 TCGA*analysis*

!

Weighted!gene!coKexpression!analysis!utilizes!an!algorithm!to!identify!correlations!

between!gene!pathways!in!the!context!of!a!system!network!and!has!been!used!to!good!

effect!before!in!head!and!neck!cancer(218).!TNBC!cases!from!the!Cancer!Genome!Atlas!

(TCGA)!database!(a!publically!available!dataset)!were!subdivided!into!Immunogenomic!

categories!using!the!Thorsson!criteria(266).!The!lymphocyteKdeplete!(C4)!subtype!was!

lowest!and!the!IFNKγ!_Dominant!(C2)!subtype!highest!in!CD8!expression!(Figure!5.5).!

Macrophage!gene!module!expression!was!highest!in!C2!and!C4!(Figure!5.6).!Expression!of!

the!extracellular!matrix!(ECM)!modules!was!consistently!highest!in!the!lymphocyteK

deplete!subtype!(Figure!5.7).!!!
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!

!

Figure*5@5.*TNBC*cases*from*the*Cancer*Genome*Atlas*(TCGA)*database*categorised*into*
Immunogenomic*subtypes*and*analysed*by*lymphocyte*markers.**

Subtyped*using*the*Thorsson*criteria(249).**

C1=*wound*healing,*C2=*IFN@gamma*dominant,*C3=*inflammatory,*C4=*lymphocyte@
depleted.**
A.*Percentage*leukocyte*fraction*
B.**SNV@neoantigens*
C.*Weighted*gene*coexpression*network*analysis*(WCGNA)*for*CD8*T@cell*module*
(lightpink4);*image*depicts*the*gene*modules*included*in*the*analysis*in*the*graph*in*5.5D.**
The*algorithm*(WCGNA*package*in*R)*for*WCGNA*provides*information*regarding*both*the*
correlation*between*two*genes*and*the*degree*of*similarity*between*the*correlation*
between*these*two*genes*and*their*correlation*structure*within*the*network*as*a*whole.*
This*contributes*to*the*understanding*of*the*interaction*between*the*tumour,*stroma*and*
the*immune*system.*This*is*described*in*more*detail*in*Ottensmeier*et(al.*
D.*CD8*T@cell*module*p<0.0001.**

!

!

!
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!

Figure*5@6.*TNBC*cases*from*the*Cancer*Genome*Atlas*(TCGA)*database*categorised*into*
Immunogenomic*subtypes*and*analysed*by*macrophage*gene*module*expression.**

Subtyped*using*the*Thorsson*criteria(249).*

C1=*wound*healing,*C2=*IFN@gamma*dominant,*C3=*inflammatory,*C4=*lymphocyte@
depleted.*A.*network*analysis*for*CD68*macrophage*(plum2)*and*B.*Macrophage*module*
p<0.0001.*

!

*

*

*

*
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!

Figure*5@7.*TNBC*cases*from*the*Cancer*Genome*Atlas*(TCGA)*database*categorised*into*
Immunogenomic*subtypes*and*analysed*by*ECM*expression.**

Subtyped*using*the*Thorsson*criteria(249).*

C1=*wound*healing,*C2=*IFN@gamma*dominant,*C3=*inflammatory,*C4=*lymphocyte@
depleted.*A.*network*analysis*for*ECM*(magenta2*FN1),*B.*ECM*magenta*module*p<0.0001,*
C.*network*analysis*for*ECM*(sienna1*TGFB1/3),*D.*ECM*sienna*module*p<0.0001.*

!

This!raised!the!hypothesis!of!the!extracellular!matrix!inhibiting!CD8!expression.!As!

fibroblasts!are!the!primary!cell!type!involved!in!production!of!the!ECM,!I!decided!to!

investigate!smooth!muscle!actin!(SMA;!a!marker!of!cancerKassociated!fibroblasts)!

expression!in!this!cohort.!!

!

Using!the!same!dataset,!an!inverse!correlation!between!glycolysis!and!CD8!expression!

was!found.!I!therefore!included!a!marker!of!glycolysis,!GLUT1,!in!the!following!analyses.!!

!
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5.2.3 Immune*cells**

*

In!order!to!undertake!a!more!detailed!analysis!of!the!immune!cells!present!in!earlyKstage!

TNBC,!I!performed!an!immune!panel!using!the!TMAs,!consisting!of:!CD3,!CD4,!CD8,!

FOXP3,!smooth!muscle!actin!(SMA),!MHC!1,!GLUT1,!ERAPK1!and!PDKL1.!I!then!went!on!to!

assess!for!a!correlation!between!these!immune!parameters!and!survival,!using!both!

univariable!and!multivariable!(adjusting!for!nodal!stage!and!stratifying!by!LVI)!Cox!

regression!analysis!(Table!5.3).!A!Forest!plot!is!shown!in!Figure!5.8.!Thresholds!for!these!

categories!were!chosen!as!per!Section!2.2.8.!!!

!

Table*5@3.*Hazard*ratios*for*mortality*for*histological*parameters*of*stage*I@III*TNBC*
patients*in*POSH*cohort.*
Excluding*those*treated*with*neoadjuvant*intent*(n=350).*Univariable*and*multivariable*
hazard*ratios*obtained*from*Cox*regression*analysis.*

! No.!(%
1
)! Univariable!HR!

(95%!CI)!

pKvalue! Multivariable!HR
2
!! pK

value!

Stromal*TILs*

Low!(≤10%)!! 166!(47.4)! 1! ! 1! !

Moderate!

(11K59%)!

159!(45.4)!! 0.492!(0.317K

0.765)!

0.002! 0.528!(0.336K

0.829)!

0.006!

High!(≥60%)!! 25!(7.1)! 0.095!(0.013K

0.684)!

0.019* 0.139!(0.019K

1.024)!

0.053!

SMA(

Low!(<2)
3
! 192!(58.9)! 1! ! 1! !

High!(≥2)! 134!(41.1)! 1.207!(0.782K

1.865)!

0.395* 1.107!(0.711K

1.723)!

0.652!

Unknown
4
! 24!(6.9)! ! ! ! !

CD3.

Low!(<2)! 134!(41.0)! 1! ! 1! !

High!(≥2)! 193!(59.0)! 0.598!(0.388K

0.923)!

0.020! 0.684!(0.439K

1.067)!

0.094!
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! No.!(%
1
)! Univariable!HR!

(95%!CI)!

pKvalue! Multivariable!HR
2
!! pK

value!

Unknown! 23!(6.6)! ! * ! !

CD4(

Low!(<1.333)! 171!(51.8)! 1! ! 1! !

High!

(≥1.333)!

159!(48.2)! 0.514!(0.328K

0.805)!

0.004* 0.464!(0.265K

0.813)!

0.007*

Unknown! 20!(5.7)! ! * ! *

CD8(

Low!(<1.667)! !165!(50.3)! 1! ! 1! !

High!

(≥1.667)!

!163!(49.7)! 0.508!(0.325K

0.794)!

0.003! 0.574!(0.365K

0.901)!

0.016*

Unknown! 22!(6.3)! ! * ! *

FOXP3(

Low!(≤1)! !166!(50.5)! 1! ! 1! !

High!(>1)! !163!(49.5)! 0.562!(0.360K

0.878)!

0.011! 0.658!(0.418K

1.037)!

0.072!

Unknown! 21!(6.0)! ! * ! *

MHC*1* . . . . .

Low!(<2)! 119!(36.3)! 1! ! 1! .

High!(≥2)! 209!(63.7)! 0.530!(0.344K

0.814)!

0.004* 0.748!(0.471K

1.189)!

0.219!

Unknown! 22!(6.3)! ! * ! !

GLUT1* * * * . .

Low!(<2.333)! 161!(49.2)! 1! * 1! .

High!

(≥2.333)!

166!(50.8)! 0.819!(0.534K

1.254)!

0.358! 0.997!(0.600K

1.658)!

0.992!

Unknown! 23!(6.6)! ! ! ! !

ERAP1* * * * ! .

Low!(<2)! 49!(31.6)! 1! * 1! .
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! No.!(%
1
)! Univariable!HR!

(95%!CI)!

pKvalue! Multivariable!HR
2
!! pK

value!

High!(≥2)! 106!(68.4)! 0.765!(0.412K

1.421)!

0.397! 0.737!(0.393K

1.382)!

0.341!

Unknown! 195!(55.7)! ! ! ! !

PD@L1*(tumour)!

Absent
5
! 204!(63.4)! 1! ! 1! !

Present!

(≥1%)!

118!(36.6)! 0.653!(0.407K

1.047)!

0.077! 0.798!(0.488K

1.305)!

0.369!

Unknown! 28!(8.0)! ! * ! *

PD@L1*(lymphocytes)!

Absent! 169!(52.6)! 1! ! 1! !

Present!

(≥1%)!

152!(47.4)! 0.424!(0.267K

0.674)!

<0.001* 0.516!(0.321K

0.829)!

0.006*

Unknown! 29!(8.3)! ! * ! *

1
Percentages!are!calculated!as!a!total!of!the!available!data!for!that!category.!For!unknown!data,!

the!percentage!is!calculated!for!the!whole!cohort!(n=350)
!

2
Multivariable!analysis,!adjusted!for!NKstage!and!stratified!by!LVI

!

3!
=!For!SMA,!CD3,!CD4,!CD8,!FOXP3,!MHC,!GLUT1!and!ERAP1,!mean!expression!calculated,!range!

1K3.!For!high!expression,!the!mean!was!greater!than!or!equal!to!the!median;!for!FOXP3!high!

expression!was!calculated!as!greater!than!the!median!to!ensure!the!groups!were!balanced!

4
Unknown!data!is!due!to!the!absence!of!tissue!blocks!(n=3)!or!due!to!failure!of!the!

stain/microarray,!e.g.!due!to!absence!of!tumour!tissue!on!all!three!cores!or!significant!

artefact/folding!

5!
=!For!PDKL1,!expression!was!categorised!as!≥1%!or!absent!

!
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!

Figure*5@8.*Forest*plot*of*univariable*hazard*ratios*for*immune*markers*and*overall*survival*
for*stage*I@III*TNBC*cases*from*the*POSH*cohort.*

N=350.*Immune*markers*determined*by*TMA*scoring.*Reference*line*shown*(1.00)*–*set*as*
low*for*all*variables*(see*Table*5.3).*

!

Survival!was!significantly!longer!for!those!with!CD3!high!vs.!low,!CD4!high!vs.!low,!

FOXP3!high!vs.!low,!CD8!high!vs.!low,!MHC!I!high!vs.!low!and!PDKL1!(lymphocyte)!

high!vs.!low!(Table!5.3;!Figure!5.8).!This!remained!significant!for!CD4,!CD8!and!PDKL1!

following!MVA.!!Selected!Kaplan!Meier!survival!analyses!are!shown!in!Figure!5.9.!!

*

*

*

*

*

*
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!

Figure*5@9.*Kaplan*Meier*survival*analysis*for*stage*I@III*TNBC*cases*from*the*POSH*cohort,*
stratified*by*immune*markers.*

A.*CD8*high*(n=157)*vs.*low*(n=161),*p=0.002,*B.*MHC*I*high*(n=209)*vs.*low*(n=119),*p=0.003,*C.*
PD@L1*(tumoural)*high*(n=97)*vs.*low*(n=225),*p=0.001,*D.*PD@L1*(lymphocytes)*high*(n=125)*vs.*
low*(n=196),*p=0.000170.**

p@values*from*log@rank*Mantel*Cox*test.**

*

In!order!to!explore!whether!or!not!PDKL1!was!prognostic!within!TIL!subgroups,!I!then!

divided!cases!into!4!categories!based!on!TIL!high/low!(cutKoff!>15%)!and!PDKL1!

(lymphocytes)!present/absent!and!performed!a!Kaplan!Meier!survival!analysis!(Figure!

5.10).!A!threshold!of!15%!(the!median!TIL!score)!was!chosen!as!the!threshold!to!divide!TIL!

infiltration!into!two!evenly!split!groups.!TILKpositive,!PDL1Kpositive!cases!had!the!best!

survival!and!TILKnegative,!PDL1Knegative!the!worst.!The!remaining!two!survival!curves!

overlapped.!!



! ! Chapter!5!!

182!

!

Figure*5@10.*Kaplan*Meier*survival*analysis*for*overall*survival*for*patients*with*stage*I@III*TNBC*
from*the*POSH*cohort.*

N=320*

TIL+ve/PDL@1+ve:**n=98.*
TIL@ve/PDL@1+ve:*n=*54.*
TIL+ve/PDL@1@ve:*n=32.*
TIL@ve/PDL@1@ve:*n=136.*

Reference*line*shown*(1.00)*–*set*as*low*for*all*variables.**

P<0.0001*log@rank*mantel*cox*

*

A!ROC!analysis!using!3Kyear!overall!survival!as!the!primary!outcome!was!performed!using!

backwards!elimination!with!24!initial!variables,!including!clinical!variables!in!addition!to!

CD8!and!PDKL1!score.!The!initial!positive!predictive!value!(PPV)!was!0.8324!(95%!CI!

0.7728K0.8919)!(Table!5.4).!After!elimination,!the!most!prognostic!factors!were!TIL!

percentage!(PPV!0.6823)!and!the!number!of!pathological!lymph!nodes!involved!(PPV!

0.7049).!!Combined,!the!PPV!for!these!two!factors!was!0.7603!(Figure!5.11).!

!
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Table*5@4.*ROC*association*statistics,*using*3@year*survival*as*outcome,*with*TNBC*cases*
from*the*POSH*cohort.*
N=350*

ROC*Model* Mann@Whitney**

Area* Standard*
Error*

95%*Wald*
Confidence*Limits*

TIL*Percentage* 0.6868! 0.0476! 0.5935! 0.7801!

TIL*Category* 0.6335! 0.0368! 0.5613! 0.7057!

CD3* 0.5653! 0.0522! 0.4631! 0.6675!

CD4* 0.6176! 0.0482! 0.5233! 0.7120!

CD8* 0.6562! 0.0414! 0.5751! 0.7372!

FOXP3* 0.6328! 0.0441! 0.5463! 0.7192!

CD4:CD8*Ratio* 0.4577! 0.0528! 0.3543! 0.5612!

FOXP3:CD8*Ratio* 0.5090! 0.0535! 0.4042! 0.6138!

GLUT1* 0.5472! 0.0502! 0.4488! 0.6457!

SMA* 0.4891! 0.0517! 0.3878! 0.5904!

P53* 0.5117! 0.0495! 0.4147! 0.6088!

KI67* 0.4959! 0.0536! 0.3909! 0.6010!

ALDH1* 0.5732! 0.0402! 0.4944! 0.6520!

CK56* 0.5377! 0.0496! 0.4404! 0.6350!

EGFR* 0.4965! 0.0477! 0.4031! 0.5900!

MHC* 0.6297! 0.0483! 0.5350! 0.7244!

PDL1*(lymphocytes)* 0.6609! 0.0377! 0.5870! 0.7349!
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ROC*Model* Mann@Whitney**

Area* Standard*
Error*

95%*Wald*
Confidence*Limits*

Age*at*Diagnosis* 0.5579! 0.0506! 0.4587! 0.6571!

BMI* 0.5304! 0.0507! 0.4310! 0.6298!

Clinical*T*Stage* 0.6234! 0.0459! 0.5333! 0.7134!

Path*T*Stage* 0.6403! 0.0411! 0.5597! 0.7209!

Max*invasive*tumour*size* 0.6353! 0.0453! 0.5465! 0.7240!

Max*overall*tumour*size* 0.6188! 0.0456! 0.5294! 0.7082!

Heterozygote*Risk* 0.5497! 0.0550! 0.4419! 0.6575!

Combination* 0.8324! 0.0304! 0.7728! 0.8919!

!

!
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!!

Figure*5@11.*ROC*analysis,*using*3@year*OS*as*outcome,*of*TNBC*cases*from*the*POSH*
cohort.*

N=350.*Backwards*elimination*of*24*variables*resulted*in*two*highly*prognostic*variables:*
TIL*percentage*(PPV*0.6823)*and*pathological*lymph*nodes*(“nonodespositive”)*(PPV*
0.7049).*The*combined*PPV*was*+0.7603.**

*

I!assessed!for!correlations!between!TIL!score!and!the!expression!of!all!the!markers!

studied,!including!those!from!the!previous!chapter!(Table!5.5).!There!was!a!very!

significant!positive!correlation!between!TIL!score!and!CD3,!CD4!and!CD8.!FOXP3!also!

positively!correlated.!There!was!also!a!significant!positive!correlation!between!TIL!score!

and!ERAP1,!MHC!I,!Ki67,!ALDH1!and!PDKL1!(both!tumoural!and!on!lymphocytes).!There!

was!no!correlation!between!TILs!and!GLUT1,!p53,!CK!5/6!or!EGFR.!The!only!marker!that!

inversely!correlated!with!TILs!was!SMA!(r=K0.211,!p=0.000126).!!
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*

Table*5@5.*Correlation*of*TIL*score*with*expression*markers.*
N=350**

Factor! Pearson’s!correlation!

coefficient!

pKvalue!

CD3! +0.494* 1.5825E@21*

CD4! +0.416* 3.1829E@15*

CD8! +0.638* 4.9466E@39*

FOXP3! +0.398* 5.7689E@14*

SMA! @0.211* 0.000126*

GLUT1! K0.050! 0.370!

ERAP1! +0.329* 0.000029*

MHC1! +0.436* 1.2702E@16*

P53! +0.062! 0.267!

Ki67! +0.231* 0.000025*

ALDH1! +0.300* 4.6976E@8*

CK!5/6! +0.016! 0.782!

EGFR! +0.059! 0.291!

PDL1T! +0.433* 3.6849E@16*

PDL1L! +0.598* 1.792E@32*

!

5.2.4 Digital*imaging*

!

5.2.4.1 Automated*TMA*analysis*

!
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The!TMAs!were!scanned!in!and!then!Definiens!software!was!used!to!analyse!the!images!

of!TMAs!stained!with!CD8!and!PDKL1!(see!Methods!2.2.9).!I!then!looked!for!a!correlation!

between!automated!and!pathologist!(manual)!scoring!(Figure!5.12).!There!was!a!close!

correlation!for!both!CD8!and!PDKL1!(R=+0.822!and!+0.790!respectively).!The!distribution!

of!automated!scoring!is!shown!in!Figure!5.13;!there!was!a!negative!skew!for!both!

markers,!but!this!more!extreme!for!PDKL1.!!

!

Figure*5@12.*Pearson’s*two@tailed*correlation*coefficient*between*automated*and*manual*
CD8/PD@L1*scoring.*

A.*CD8*(R=+0.822,*n=325,*p=<0.001)*and*B.*PD@L1*(R=+0.790,n=320,*p=<0.001).*

!

!

Figure*5@13.*Boxplot*for*automated*CD8*and*PD@L1*scoring*of*stage*I@III*TNBC*cases*from*the*
POSH*cohort,*using*Definiens*software.*

Median*(CD8=0.107618,*PD@L1=0.018681)*and*interquartile*range*shown.!

!
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I!used!Kaplan!Meier!survival!analysis!to!assess!the!prognostic!impact!of!automated!

CD8/PDKL1!scoring!(Figure!5.14).!They!were!categorised!into!high!and!low!by!using!the!

median!as!a!threshold.!Like!manual!scoring,!automated!scoring!of!CD8!high!and!PDKL1!

high!were!prognostic!for!better!outcome,!compared!to!low!scoring.!On!Cox!regression!

univariable!analysis,!the!HR!for!CD8!(automated)!high!vs.!low!was!0.470!(0.300K0.738;!

p=0.001)!and!for!PDKL1!(automated)!high!vs.!low!was!0.350!(0.220K0.559;!p<0.0001).!On!

MVA!(adjusted!for!nodal!stage!and!stratified!by!LVI),!the!HRs!were!0.496!(0.315K0.780;!

p=0.002)!and!0.425!(0.263K0.685;!p=0.0004)!so!they!both!remained!independently!

statistically!significant.!When!PDKL1!and!CD8!positive/negative!were!combined!into!four!

categories,!CD8+PDL1+!had!the!best!survival!(Figure!5.14C).!!

!

Figure*5@14.*Kaplan*Meier*survival*analysis*for*automated*CD8/PDL@1*scores.*

A.*Automated*CD8,*high*(n=163)*and*low*(n=162),*p=0.001,*B.*Automated*PD@L1,*high*
(n=160)*and*low*(n=160),*p<0.0001*and*C.*Automated*CD8+/PDL1+ve*(n=109),*CD8+/PDL1@
ve*(n=54),*CD8@ve/PDL1+ve*(n=45)*and*CD8@ve/PDL1@ve*(n=117),*p<0.0001.*p@values*
calculated*with*log@rank*Mantel*cox.!

!

Finally,!I!assessed!for!a!correlation!between!TIL!score!and!automated!CD8!and!PDKL1!

score.!Both!correlations!were!positive!at!+0.613!(p=<0.0001)!and!+0.475!(p=<0.0001).!!

!
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5.2.4.2 Multiplex*full@face*analysis*

!

In!order!to!undertake!spatial!analysis!in!detail!using!a!small!number!of!cases,!I!selected!9!

TILKhigh!and!9!TILKlow!cases!from!the!POSH!cohort!at!random.!The!hypothesis!was!that!

tumours!with!pathologistKdefined!high!TILs!would!have!a!lower!number!of!SMAKpositive!

cells!within!the!tumour!border!and!that!the!pathologistKdefined!SMAKhigh!cases!would!

have!a!lower!number!of!CD8Kpositive!cells!within!the!tumour!border,!with!a!higher!

number!outside!the!tumour!border!(indicating!an!“exclusion”!effect).!Multiplex!staining!

was!performed!using!cytokeratin!(tumour!cell!marker),!CD8!(CD8+!TKcell!marker)!and!SMA!

(CAF!marker).!The!number!of!cells!which!stained!positively!for!either,!or!both,!within!the!

tumour!border!and!outside!the!tumour!border!were!determined,!then!divided!by!the!

total!number!of!cells!in!this!area,!in!order!to!calculate!the!proportion!of!cells!that!were!

positive!in!each!compartment.!The!results,!stratified!by!TIL!status!moderate/high!(>15%)!

vs.!low!(≤15%),!are!shown!(Figure!5.15).!I!then!stratified!the!cases!by!whether!they!were!

SMAKhigh!or!–low!(according!to!previous!criteria)!(Figure!5.16).!Finally,!I!evaluated!the!

ratio!of!the!positive!cells!inside!the!tumour!divided!by!the!positive!cells!outside!the!

tumour!(Figure!5.17).!!

!

!

!
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!

Figure*5@15.*Scatter*dot*plots*shown*for*proportion*of*cells*positive*for*CD8+/@*and*SMA+/@*
stratified*by*TIL*category*for*full@face*images*from*stage*I@III*TNBC*cases*from*the*POSH*cohort.**

Multiplex*staining*with*CD8,*SMA*and*cytokeratin.*Median*value*shown*by*line*in*each*graph.*
TIL@high,*n=9;*TIL@low,*n=9.*Unpaired*t@test*with*Welch’s*correction*performed,*no*significant*
difference*found.*

!

!

!
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!

Figure*5@16.*Scatter*dot*plots*shown*for*proportion*of*cells*positive*for*CD8+/@*and*SMA+/@*
stratified*by*SMA*category*for*full@face*images*from*stage*I@III*TNBC*cases*from*the*POSH*
cohort.**

Multiplex*staining*with*CD8,*SMA*and*cytokeratin.*Median*value*shown*by*line*in*each*graph.*
SMA@high,*n=9;*SMA@low,*n=9.*Unpaired*t@test*with*Welch’s*correction*performed,*no*
significant*difference*found.*

!

!

!

!
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!

Figure*5@17.*Scatter*dot*plots*shown*for*ratio*of*positive*cells*inside*the*tumour*border*to*
outside*the*border*for*full@face*images*from*stage*I@III*TNBC*cases*from*the*POSH*cohort.*

Multiplex*staining*with*CD8,*SMA*and*cytokeratin.*Median*value*shown*by*line*in*each*graph.*
TIL@high,*n=8;*TIL@low,*n=10.*SMA@high,*n=9;*SMA@low,*n=9.*Unpaired*t@test*with*Welch’s*
correction*performed,*no*significant*difference*found.*

!

There!were!no!significant!differences!in!the!median!proportion!of!cells!or!the!ratios!

studied.!There!were!more!CD8+!TKcells!(CD8+/SMAKve)!inside!and!outside!the!tumour!for!

TIL!high!tumours,!vs.!low,!but!the!difference!was!not!significant.!When!evaluated!

according!to!SMA!status,!the!CD8+!TKcells!(CD8+/SMAKve)!were!lower!both!inside!and!

outside!the!tumour!for!SMAKhigh!tumours.!The!ratio!of!CD8+SMAKve!cells!was!lower!for!

TILKlow!tumours.!Overall,!this!shows!that!the!number!of!CD8!cells!was!generally!high!for!

the!TILKhigh!tumours!and!generally!low!for!the!SMAKhigh!tumours.!Compared!to!TILKhigh!

tumours,!the!TILKlow!tumours!had!more!cells!inside!the!tumour!border,!relative!to!

outside,!i.e.!appeared!to!be!more!cellular.!In!contrast,!TILKlow!tumours!had!less!CD8!cells!

inside!the!tumour!relative!to!outside.!!

!
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*

5.3 Discussion*

!

5.3.1 Prognostic*value*of*TILs*

!

In!this!cohort!of!350!patients!aged!less!than!40!with!stage!IKIII!TNBC!treated!with!adjuvant!

or!no!chemotherapy,!we!have!shown!that!stromal!TILs!are!prognostic,!with!a!hazard!ratio!

for!those!with!high!(≥60%)!infiltration!(LPBC)!of!0.095!(0.013K0.684;!p=0.019)!compared!

to!those!with!low!(≤10%)!infiltration.!For!those!with!moderate!(11K59%)!infiltration!the!

hazard!ratio!was!0.492!(0.317K0.765;!p=0.002)!compared!to!low.!Although!consistent!with!

previous!studies(36,!43K45),!this!has!not!previously!been!reported!specifically!in!patients!

aged!less!than!40!years.!Generally,!TNBC!cohorts!have!included!only!small!numbers!of!

women!aged!less!than!40!(less!than!a!quarter!of!the!total!number)!(36,!44).!The!median!

stromal!TIL!score!was!15%,!consistent!with!previous!reports!of!10K18%!in!TNBC(36,!44,!

45).!TIL!score!was!an!independent!prognostic!factor!when!evaluated!as!a!continuous!

variable!and!adjusted!for!nodal!status!and!stratified!by!LVI..When!evaluated!as!part!of!a!

backwards!elimination!model,!using!3!year!survival!as!the!primary!outcome,!the!TIL!

percentage!was!second!only!to!the!number!of!pathological!lymph!nodes!in!terms!of!

prognostic!significance.!Traditional!risk!factors,!such!as!clinical!T!stage!and!grade,!were!

less!prognostic.!The!combined!PPV!for!TILs!and!number!of!lymph!nodes!was!+0.7603.!!

!

5.3.2 TILs*and*clinicopathological*associations*

!

I!evaluated!the!association!of!TILs!with!clinicopathological!features.!TILs!and!MHC!class!I!!

(but!not!ERAP1)!negatively!correlated!with!age!in!this!cohort,!an!interesting!finding!given!

this!is!an!already!comparatively!youthful!cohort.!Immunosenescence!is!the!phenomenon!

of!impaired!immunity!as!we!age,!usually!used!in!reference!to!the!elderly.!The!adaptive!
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immune!system!appears!to!be!particularly!affected.!Older!people!have!a!lower!number!of!

circulating!naïve!CD8+!TKcells!(with!potentially!impaired!immune!responses!to!

neoantigens)!and!have!reduced!TKcell!receptor!diversity!(267K269).!This!is!likely!to!

contribute!to!the!increasing!incidence!of!infections,!autoimmune!diseases!and!neoplasms!

with!age.!Following!infection!with!an!intracellular!organism,!old!animals!have!been!shown!

to!have!a!reduction!in!expansion!of!antigenKspecific!CD8+!TKcells,!with!an!impaired!

effector!response(270).!Elderly!people!respond!less!effectively!to!vaccines.!In!a!murine!

model!of!metastatic!breast!cancer,!old!mice!did!not!develop!a!CD8!response!to!MageKb!

vaccination(271).!Although!these!changes!are!reasonably!well!characterised,!the!impact!

on!immunosurveillance!and!prognosis!in!cancer!and!responses!to!immunotherapy!are!

unclear.!It!is!interesting!that!I!have!found!a!correlation!between!TIL!scores!and!age!in!this!

cohort,!given!they!are!all!comparatively!young.!It!would!be!worth!exploring!this!

association!further!in!TNBC!in!a!cohort!with!indiscriminate!age!in!future!work.!!

!

Patients!with!a!BRCA!mutation!had!a!higher!TIL!score!than!those!without!(20!vs.!10,!

p=0.043).!It!has!recently!been!established!that!the!136!patients!with!a!BRCA!mutation!

and!TNBC!in!the!POSH!cohort!(TNBC!cohort!n=558)!might!have!a!survival!advantage!in!the!

first!few!years!after!diagnosis;!the!OS!difference!was!significant!at!two!years(201).!

Although!this!could!be!due!to!increased!chemotherapy!sensitivity,!the!results!here!

provide!evidence!for!increased!immunogenicity!in!BRCAKmutation!carriers!and!the!

strategy!of!pursuing!a!role!for!immunotherapy!in!those!patients.!Combined!

immunotherapy!has!been!used!successfully!in.vivo!for!mammary!tumours!in!BRCA1#

deficient!mice(122).!!In!general,!inactivated!BRCA!is!felt!to!be!a!predictive!marker!for!

response!to!immunotherapy!(157).!Further!results!in!clinical!trials!are!however!awaited;!a!

phase!II!trial!of!antiKPDKL1!therapy!for!advanced!breast!cancer!in!the!context!of!a!

germline!BRCA!mutation!is!underway!(NCT03025035).!However,!the!degree!of!

immunogenicity!found!in!BRCAKmutated!patients!is!wide!and!many!BRCAKdeficient!

tumours!still!have!low!lymphocytic!infiltrate.!The!degree!of!homologous!recombination!

and!the!presence!of!alleleKspecific!loss!of!heterozygosity!have!been!implicated!to!

influence!the!immunogenicity!of!BRCAKdeficient!tumours(126).!Therefore,!it!is!likely!that!
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further!molecular!stratification!is!required!to!develop!precision!treatments!even!within!

the!cohort!with!a!BRCA.mutation.!!

!

Across!all!cases,!localised!(vs.!multifocal)!and!LVIKnegative!(vs.!positive)!cases!had!a!

statistically!higher!median!TIL!count.!I!hypothesise!that!cases!with!a!high!TIL!infiltrate!are!

in!a!state!of!“nearKequilibrium”!in!the!process!of!immunoediting,!with!the!immune!

system!keeping!the!tumour!in!check!with!potentially!lower!clonal!diversity!and!

consequently!a!more!localised,!less!aggressive!tumour!burden.!!

!

5.3.3 Bioinformatics*analysis*

!

To!identify!gene!signatures!whose!expression!differed!amongst!TNBC!subsets,!we!

integrated!immunogenomic!classification!with!weighted!gene!coexpression!network!

analysis!of!TNBC!tumours!from!the!TCGA!dataset!and!found!that!ECM!modules!FN1!and!

TGFKβ1/3!were!highly!expressed!in!the!lymphocyteKdeplete!subset.!This!is!consistent!with!

work!demonstrating!promotion!of!an!immunosuppressive!TME!by!TGFKβ!signalling!(which!

promotes!the!differentiation!of!fibroblasts!into!myofibroblasts)!and!possible!exclusion!of!

TKcells!by!CAFs!(which!upregulate!fibronectin)(173,!187).!!This!would!support!further!

investigation!of!the!role!of!CAFs!in!TNBC!tumour!progression.!

!

A!strong!correlation!between!13!immune!metagenes!and!histologic!TIL!counts!has!been!

observed!in!breast!cancer!cases!of!all!subtypes(148).!In!this!bioinformatics!analysis,!an!

analysis!of!an!association!with!histologic!TIL!counts!in!the!TCGA!dataset!was!not!

performed.!In!Safonov!et.al,!they!also!attempted!to!identify!DNA!level!alterations!that!

were!associated!with!immune!gene!expression!and!were!unable!to!identify!any(148).!

Here!there!has!not!been!an!attempt!to!identify!DNA!level!alterations!or!neoantigens,!

instead!the!focus!has!been!on!correlations!between!more!broad!gene!modules.!

!
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5.3.4 Immune*panel*

!

Using!multivariable!analysis,!we!found!that!CD4!and!CD8!expression!were!all!associated!

with!improved!prognosis!(FOXP3!near!significance).!FOXP3!expression!has!previously!

been!shown!to!correlate!with!poor!outcomes!in!breast!cancer(56,!272),!however!when!

ERKnegative!cases!were!evaluated!alone!results!have!been!in!agreement!with!what!is!

shown!here(55,!273).!In!general,!regulatory!TKcells!are!thought!to!suppress!antiKtumour!

immunity.!However!in!some!cancers,!such!as!colorectal!cancer,!they!have!been!

associated!with!an!improved!prognosis!(274).!Mechanisms!might!include!inhibition!of!

proKinflammatory!cells!(e.g.!Th17!cells)!and!suppression!of!microbialKdriven!

inflammation(275).!In!colorectal!cancer,!there!have!been!shown!to!be!two!distinct!

subtypes!of!FOXP3+!cells!exerting!different!effects,!with!the!“inflammatory”!subtype!

being!protective(276).!Further!work!needs!to!be!performed!to!understand!the!phenotype!

and!function!of!FOXP3+!cells!in!TNBC.!!

!

Of!note,!pathologist!assessment!of!TIL!score!outperformed!CD8!expression,!in!terms!of!

prognostication.!This!is!likely!to!be!related!to!the!larger!variability!within!the!TIL!score!(0!

to!100%)!relative!to!CD8!expression!(low,!moderate,!high),!in!addition!to!the!use!of!fullK

face!images!for!TILs!and!the!inclusion!of!all!lymphocyte!phenotypes,!meaning!a!more!

complete!assessment!of!the!tumour.!!

!

In!this!cohort,!PDKL1!expression!on!both!tumour!cells!and!lymphocytes!were!both!

correlated!with!TIL!score!and!improved!outcome.!A!number!of!recent!reports!in!smaller!

TNBC!cohorts!have!been!consistent!with!this!finding(149,!154)!and!high!PDKL1!expression!

has!been!associated!with!the!triple!negative!subtype(153),!as!well!as!response!to!

neoadjuvant!chemotherapy(151).!In!a!spatial!analysis!study!that!demarcated!TNBC!into!

microenvironment!subtypes,!the!good!prognosis,!Fully!Inflamed!subtype!had!the!highest!

gene!expression!of!several!immune!checkpoints,!including!CTLAK4!and!PDKL1(170).!!

!
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It!is!now!well!established!that!PDKL1!plays!a!key!role!in!limiting!the!cytotoxic!antiKtumour!

response!via!its!interaction!with!PDK1!receptor!on!immune!cells.!In!previous!studies!it!has!

been!suggested!that!the!finding!of!PDKL1!being!associated!with!improved!prognosis!in!

TNBC!is!solely!a!reflection!of!its!coKlocalisation!with!TILs(153)!and!thus!an!antiKtumour!

inflammatory!response!(as!part!of!a!negative!feedback!loop).!However,!in!this!cohort!we!

have!found!the!prognostic!impact!of!PDKL1!to!be!independent!of!TILs.!Although!PDK1!has!

been!established!as!a!marker!of!TKcell!exhaustion,!human!breast!tumour!CD8+!TILs!

expressing!PDK1!have!recently!been!found!to!retain!cytokine!production!and!

degranulation!capability(155).!This!was!found!to!be!in!contrast!to!melanoma.!This!study!

highlighted!the!need!to!be!cautious!about!labelling!all!PDK1+/CD8+!TILs!as!being!of!the!

exhausted!phenotype!across!all!cancers.!Further!work!to!determine!the!usefulness!of!PDK

1/PDKL1!as!a!predictive!biomarker!when!used!in!isolation!for!response!to!checkpoint!

blockade!in!TNBC!is!required.!An!understanding!of!the!complex!and!dynamic!nature!of!

the!interaction!between!the!immune!system!and!the!tumour!is!required!to!define!

appropriate!predictive!biomarkers!and!a!number!of!markers!may!need!to!be!incorporated!

into!a!“predictive!score”,!e.g.!TILs,!tumour!mutation!burden,!in!addition!to!PDKL1.!!

!

In!addition,!there!is!a!need!to!validate!and!standardise!PDKL1!scoring.!The!assays!used!to!

score!expression!of!PDKL1!have!been!developed!in!conjunction!with!the!individual!drugs,!

using!different!antibody!clones,!scoring!algorithms!and!cutKoffs!for!determining!whether!

a!patient!is!PDKL1!“negative”!or!“positive”(277).!There!is!controversy!with!regards!to!

optimal!cutKoff!“threshold”!for!PDKL1!scoring,!in!addition!to!the!type!of!cells!on!which!PDK

L1!expression!is!most!relevant(278).!In!addition,!there!are!a!number!of!different!assays!

used!to!assess!PDKL1!expression!clinically!and!the!use!of!1%!as!a!cutKoff!has!been!shown!

to!decrease!concordance!between!assays(279).!As!this!is!commonly!the!cutKoff!used!to!

determine!whether!or!not!patients!are!eligible!for!checkpoint!inhibition!clinically,!it!is!

clearly!important!that!the!most!robust!assay!is!being!used.!In!the!future,!centralisation!of!

PDKL1!scoring!and!multiKparameter!algorithms!(with!PDKL1!expression!being!just!one!

input)!may!be!necessary.!

!
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Here!I!have!also!shown!that!MHC!class!I!and!ERAP1!expression!are!correlated!with!TIL!

infiltration!in!TNBC.!MHC!I!was!also!associated!with!improved!survival,!on!univariable!

analysis!only.!MHC!class!I!proteins!are!membraneKbound!proteins!expressed!on!almost!all!

nucleated!cells;!they!are!encoded!by!HLA#A,.#B.and!–C!genes.!The!ERAP1!protein!is!

involved!in!NKterminal!trimming!during!antigen!processing!and!appears!to!be!critical!in!

the!generation!of!the!immunopeptidome(139).!Downregulation!of!MHC!class!I!has!been!

reported!in!different!tumour!types!and!correlated!with!poor!prognosis(134K136).!Clearly!

the!absence!of!antigen!presentation!is!likely!to!assist!in!immune!evasion!via!reduced!

antigenicity,!although!this!has!not!been!reported!extensively!in!TNBC.!In!a!small!study!

utilising!proteomic!profiling!of!TNBC,!downregulation!of!proteins!involved!in!the!MHC!

class!I!pathway!(such!as!ERAP1!and!TAP!1/2)!were!associated!with!shorter!OS(133).!!

!

In!this!cohort,!Ki67!and!ALDH1!positively!correlated!with!TILs,!while!SMA!negatively!

correlated,!but!none!of!these!markers!were!individually!correlated!with!prognosis.!Ki67!is!

a!wellKestablished!marker!of!cell!proliferation,!although!not!in!routine!use!clinically(241).!

ALDHK1!is!a!marker!of!normal!and!malignant!breast!stem!cells(251).!To!our!knowledge,!

neither!Ki67!nor!ALDHK1!has!been!correlated!with!TILs!before.!However,!in!one!study!of!

colorectal!cancer,!cancerKinitiating!cells!(characterised!by!ALDHK1!expression)!have!been!

shown!to!have!low!immunogenicity(280).!SMA!is!a!marker!of!cancerKassociated!

fibroblasts!(CAFs),!which!are!increasingly!thought!to!mediate!progression!of!breast!cancer!

through!mechanisms!such!as!extracellular!matrix!remodelling!and!secretion!of!growth!

factors!and!cytokines(171).!Increasingly,!fibroblasts!are!being!implicated!in!the!exclusion!

of!TKcells,!mitigating!resistance!to!immunotherapy(187).!Much!like!FOXP3+!cells,!there!

are!likely!to!be!multiple!subtypes!of!CAFs,!with!differing!phenotypes(173).!!

!

In!one!study!using!116!consecutive!preKmenopausal!cases!of!TNBC,!the!lymphocyteK

predominant!subtype!was!associated!with!a!lower!frequency!of!basal!cytokeratins!and!

EGFR(281).!Here!we!found!no!association!between!TIL!score!and!either!of!the!basal!

markers!evaluated.!P53!has!been!positively!correlated!with!TILs!in!TNBC,!but!I!did!not!find!

this!here(282).!As!discussed!in!the!previous!chapter,!the!associations!between!p53!and!

outcomes!in!TNBC!have!been!variable!in!previous!studies;!p53!was!not!found!to!be!
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prognostic!in!this!cohort.!P53!IHC!is!a!poor!surrogate!marker!of!the!underlying!gene!

status!regardless!and!it!may!not!be!associated!with!immunogenicity!in!TNBC.!!!

!

5.3.5 Digital*pathology*validation*

!

I!utilised!digital!pathology!analysis!to!compare!with!pathologist!scoring!and!performed!

spatial!analysis.!Digital!pathology!and!automated!image!analysis!offer!many!benefits!

including!reduced!subjectivity!and!human!error!(such!as!transcribing!errors)(283).!

Additionally,!there!are!opportunities!to!produce!data!that!are!not!visible!with!the!naked!

eye,!but!have!potential!significant!prognostic!or!predictive!implication.!Although!digital!

imaging!is!not!used!clinically!widely!at!present,!it!is!likely!to!be!adopted!with!increasing!

frequency,!due!to!the!potential!for!improved!efficiency!and!quality!of!pathology!

reporting.!The!evaluation!of!expression!staining!is!certainly!subject!to!interKobserver!

variability.!

!

The!correlation!between!pathologist!and!automated!scoring!of!CD8!and!PDKL1!was!

strong,!with!an!R!of!+0.822!(p<0.0001;n=325)!and!+0.790!(p<0.0001;!n=320).!Using!Cox!

regression!multivariable!analysis!to!assess!the!automated!scores!in!a!categorical!manner,!

the!HRs!were!0.496!(p=0.002)!and!0.425!(p=0.0004)!for!CD8!and!PDKL1!high!vs.!low,!

indicating!they!are!independently!prognostic.!When!combined!into!one!category!by!

automated!scoring,!CD8+/PDKL1+!had!the!best!prognosis!compared!to!the!other!three!

categories,!e.g.!CD8+/PDKL1K.!The!combination!of!PDKL1Kpositivity!and!high!TILs/CD8s!

conferring!a!positive!prognosis!has!been!found!in!previous!work(152)!and!it!is!

hypothesised!that!TILKrich!tumours!that!also!express!PDKL1!have!better!immune!

surveillance.!With!some!further!validation,!future!analyses!could!utilize!this!automated!

method.!!

!
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5.3.6 Spatial*analysis*

!

Finally,!I!performed!a!spatial!analysis!of!CD8K!and!SMAK!positive!cells!in!the!context!of!the!

location!of!the!tumour!(cytokeratinKpositive!cells)!using!fullKface!TNBC!cases!from!the!

POSH!cohort.!The!ratio!of!CD8Kve!cells!inside!the!tumour!relative!to!outside!was!highest!

for!TILKlow!tumours.!It!is!hypothesised!that!these!are!tumour!cells!or!immunosuppressive!

cells.!It!was!expected!that!the!SMAKhigh!tumours!would!have!a!reduced!ratio!of!CD8+!

cells!inside!relative!to!outside!(due!to!CAFs!physically!excluding!CD8!cells!outside!the!

tumour!border),!but!this!was!not!the!case.!It!therefore!may!be!that!CAFs!exert!an!

immunosuppressive!effect!in!TNBC!through!cytokines!and!other!secreted!factors!in!the!

TME,!which!affect!stromal!regions!out!with!the!tumour!border,!rather!than!simply!

forming!a!physical!barrier.!In!the!microenvironment!classification!paper!discussed!above,!

the!immune!desert!and!margin!restricted!phenotypes!(both!with!low!CD8!expression)!had!

the!poorest!prognosis!and!showed!elevated!signatures!of!activated!stroma,!fibrosis!

(including!TGFKβKdependent!signatures)!and!fibrotic!foci(170).!Here,!the!TILKlow!tumours!

had!less!CD8+!cells!inside!the!tumour!relative!to!outside,!indicating!some!evidence!of!a!

possible!exclusion/marginKrestricted!phenotype.!

!

5.3.7 Limitations*

!

This!study!is!limited!by!the!use!of!TMAs,!which!may!under!or!overestimate!expression!of!

markers!due!to!intratumoural!heterogeneity.!In!order!to!validate!TMA!scoring,!a!number!

of!cases!could!be!selected!for!fullKface!scoring!and!these!results!could!be!compared!to!the!

TMA!scores.!We!also!acknowledge!that!scoring!is!not!standardised!for!all!markers!(such!

as!MHC!class!I),!which!limits!reproducibility!to!a!degree.!The!method!of!scoring!was!

relatively!simplified,!in!the!interests!of!practicality.!It!is!much!quicker!to!score!a!core!as!

“low,!medium!or!high”!than!to!score!in!a!semiKquantitative!way,!which!requires!the!

estimation!of!the!percentage!of!cells!positive!in!addition!to!intensity.!Further!work!could!

utilise!a!more!inKdetail,!semiKquantitative!system,!e.g.!including!both!percentage!of!cells!
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staining!positive!in!addition!to!staining!intensity.!A!classic!example!of!this!is!the!Allred!

score!for!ER!expression,!which!combines!the!number!of!cells!staining!positive!with!the!

intensity!of!staining!to!produce!a!combined!score(284).!There!are!a!number!of!

quantitative!methods!being!developed,!such!as!dotKcounting!systems(285).!In!one!study!

evaluating!a!quantitative!antigen/antibody!complex!IHC!method,!the!novel!method!was!

found!to!be!as!reliable!at!detection!of!HER2!as!standard!methods,!with!a!broader!range!

and!higher!sensitivity(285).!Given!the!results!here!and!the!promise!of!reproducibility!and!

efficiency,!I!would!incorporate!digital!technology!in!future!IHC!analyses.!The!automated!

analysis!generated!a!continuous!variable,!which!could!be!used!in!survival!analyses!instead!

of!dividing!the!continuous!variable!into!categories.!!

!

5.4 Summary*

!

In!this!study!we!have!shown!that!a!higher!TIL!score!is!significantly!associated!with!

improved!survival!in!young!women!with!TNBC.!H&E!TIL!scoring!outperformed!CD8!

expression!and!was!second!only!to!number!of!involved!lymph!nodes!using!a!backwards!

elimination!ROC!analysis!for!3Kyear!survival.!High!PDKL1!expression!is!also!associated!with!

improved!survival!in!this!cohort.!This!indicates!a!need!to!further!understand!the!function!

of!the!PDKL1/PDK1!pathway!and!the!phenotype!of!TILs!in!TNBC,!given!this!divergence!from!

other!tumour!types.!This!may!better!inform!combination!approaches!with!

immunotherapy!in!this!disease.!Given!the!importance!of!lymphocytic!infiltrate!in!

prognosis,!it!is!vital!to!understand!mechanisms!of!immune!exclusion!in!this!disease.!Using!

a!systems!biologic!approach,!we!identified!upregulation!of!TGFKB/fibronectin!gene!

modules!in!lymphocyteKdeplete!TNBC.!In!this!cohort,!we!also!found!the!presence!of!CAF!

in!the!tumour!stroma!to!inversely!correlate!with!TILs.!Together!these!data!suggest!that!

these!cells!may!be!immunosuppressive.!!Inhibition!of!CAFs!may!therefore!be!a!strategy!to!

improve!clinical!response!to!immunotherapy.!I!therefore!subsequently!developed!a!

murine!CAFKrich!TNBC!model!in!which!to!explore!the!efficacy!of!CAF!targeting.
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Chapter!6 Developing*a*CAF@rich%Model%of%Triple%

Negative(Breast(Cancer!

!

6.1 Introduction*

!

There!is!increasing!interest!in!the!role!of!the!stroma!in!neoplastic!progression!and!

metastatic!spread.!Fibroblasts/cancerKassociated!fibroblasts!(CAFs)!are!the!most!

abundant!cell!type!in!the!tumour!microenvironment!(TME)!and!are!likely!to!be!central!to!

stromal!disruption!in!malignancy.!The!signalling!pathways!that!mediate!the!

transformation!from!normal!fibroblasts!into!CAFs!have!not!been!fully!elucidated,!but!

transforming!growthKfactorKbeta!(TGFKβ)!is!clearly!a!key!growth!factor/cytokine.!In.vitro,!

TGFKβ!can!induce!fibroblasts!to!differentiate!into!the!CAF!phenotype(172).!Myofibroblasts!

can!also!release!TGFKβ,!providing!a!positive!feedback!loop(174).!Our!group!has!previously!

shown!that!fibroblast!to!myofibroblast!transdifferentiation!was!dependent!on!Nox4!(via!

the!generation!of!a!delayed!phase!of!intracellular!ROS)(183).!!

!

Although!CAFs!are!generally!accepted!to!have!a!myofibroblastic!phenotype,!this!is!not!

universally!true.!CAFs!can!also!be!senescent;!this!phenotype!can!be!induced!by!DNA!

damage!or!repeated!cell!division.!Although!the!impact!of!senescent!CAFs!within!the!

tumour!microenvironment!is!not!fully!elucidated,!our!group!has!shown!that!senescent!

HFFF2!fibroblasts!developed!a!myofibroblastKlike!phenotype!in.vitro!and!activated!

canonical!TGFKβ!signaling(195).!However,!gene!expression!was!different!between!

myofibroblastic!and!senescent!CAFs!and!the!senescent!cells!appeared!to!be!less!able!to!

remodel!the!ECM.!The!relative!abundance!and!importance!of!myofibroblastic!vs.!

senescent!CAFs!in!human!cancer!are!unclear!and!warrant!further!study.!!

!
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In!breast!cancer!around!80%!of!stromal!fibroblasts!acquire!the!activated!CAF!

phenotype(172);!it!is!now!well!established!that!patients!with!an!increased!stroma:tumour!

ratio!tend!to!have!worse!survival(286).!Using!microdissection!of!53!primary!breast!

tumours,!a!“stromaKderived!prognostic!predictor”!was!derived!from!gene!expression!

profiles,!reflecting!the!importance!of!stromal!factors!in!malignant!progression(287).!

Increased!expression!of!αKSMA!has!been!correlated!with!a!higher!grade,!lymph!node!

spread!and!a!worse!prognosis,!in!addition!to!drug!resistance!and!reduction!of!antiK

tumour!immunity(171,!173).!In!chapter!5!I!have!demonstrated!that!SMA!is!negatively!

correlated!with!CD8!cells!in!triple!negative!breast!cancer.!!

!

There!was!therefore!a!rationale!for!further!studying!the!role!of!CAFs!and!the!potential!for!

stromal!targeting!in!breast!cancer.!Here!I!have!explored!the!effect!of!TGFKβ!stimulation!

on!breast!fibroblasts!and!CAFs!in.vitro!and!the!impact!of!different!fibroblast!phenotypes!

on!breast!tumour!growth!in.vivo.!The!hypothesis!was!that!normal!breast!fibroblasts!

would!be!transformed!into!the!myofibroblast!phenotype!when!stimulated!by!TGFKβ.!In!

order!to!evaluate!the!phenotype!with!and!without!TGFKβ,!cell!count,!metabolism,!

quantitative!PCR,!western!blot!and!immunofluorescence!were!performed.!The!in.vivo!

hypothesis!was!that!myofibroblasts!(CAFs!or!TGFKβKtreated!fibroblasts)!would!augment!

4T1!tumour!growth!and!inhibit!CD8!infiltration!compared!to!control!(no!fibroblast)!

tumours.!!

!

!

!

!

! !
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6.2 Results*

!

6.2.1 TGF@β*stimulation*in*vitro*

!

In!order!to!proceed!with!in.vitro!experiments,!normal!breast!fibroblasts!were!isolated!

from!tumours!from!Balb/c!mice!as!described!in!Section!2.4!.4.!Breast!“CAFs”!originated!

from!BalbKneuKT!mice.!It!is!acknowledged!that!the!“CAF”!cells!isolated!would!be!

accurately!described!as!tumourKderived!fibroblasts,!likely!to!be!heavily!enriched!with!

CAFS.!From!here!onwards!they!are!referred!to!as!CAFs.!!

!

In!order!for!fibroblasts!to!differentiate,!transcription!of!myofibroblast!genes!must!take!

place!and!this!is!primarily!regulated!by!the!cytokine!TGFKβ(288).!To!assess!the!

proliferative!effect!of!TGFKβ,!breast!fibroblasts!and!CAFs!were!treated!with!TGFKβ!in!

culture!and!the!viability!count!and!metabolism!assessed!after!3!and!5!days.*

!

Figure!6.1!demonstrates!that,!for!fibroblasts,!there!was!a!small,!nonKsignificant!increase!

in!cell!number!and!metabolism!with!TGFKβ!treatment!on!Day!3,!but!a!significant!increase!

on!Day!5.!CAFs!similarly!showed!a!small!nonKsignificant!increase!in!cell!number!on!Day!3,!

but!a!significant!increase!on!Day!5.!The!metabolism!decreased!with!TGFKβ!treatment!

(significant!at!Day!3),!despite!the!small!increase!in!cell!count.!Therefore!the!proliferative!

effect!of!TGFKβ!was!more!pronounced!on!fibroblasts.!!

!



! ! Chapter!6!!

206!

!

Figure*6@1.*Balb/c*murine*fibroblasts*and*Balb@NeuT*murine*CAFs,*cell*count*and*MTT*3*and*
5*days*after*TGF@β*treatment.**

Standard*deviation*shown*for*n=2*(cell*count)*and*n=4*(MTT).*

p@values*shown*for*TGF@β*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

In!order!to!assess!whether!TGFKβ!was!effective!at!differentiating!cells!into!the!

myofibroblastic!phenotype,!fibroblasts!and!CAFs!were!treated!with!TGFKβ!in!culture.!They!

were!harvested!after!3!or!6!days!and!analysed!by!RTKPCR!and!Western!blotting.!

!

qtPCR!was!performed,!analysing!ACTA2!(SMA),!Fibronectin,!Collagen1A1!(Col1A1)!and!

Collagen1A2!(Col1A2);!betaK2Kmicroglobulin!(β2M)!was!used!as!a!control.!The!fold!change!

in!mean!expression!was!calculated!relative!to!β2M.!Figure!6.2!demonstrates!that,!for!

fibroblasts,!TGFKβ!treatment!augmented!transcription!of!three!of!the!four!myofibroblastic!

genes!studied!(not!significant!for!ACTA).!This!indicates!that!TGFKβ!induced!a!

myofibroblastic!phenotype!in!the!breast!fibroblasts!isolated.!!

*
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!

Figure*6@2.*qPCR*normal*Balb/c*fibroblasts,*after*3*days*of*treatment*with*TGF@β,*vs.*
control.**

In*each*graph,*control*was*set*at*1.00*fold*change*mean*RW*and*standard*error*of*the*mean*
is*shown*(experiment*n=2).*

p@values*shown*for*TGF@β*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

Figure!6.3!demonstrates!that!TGFKβ!augmented!ACTAK2!and!Col1A1!expression!in!CAFs.!

TGFKβ!did!not!change!expression!of!fibronectin!or!Col1A2.!There!are!no!pKvalues!

performed!because!the!experiment!was!only!performed!once!(albeit!with!PCR!performed!

in!triplicates).!

!
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!

Figure*6@3.*qPCR*Balb@neu@T*CAFs,*after*3*days*treatment*with*TGF@β,*vs.*control.**

In*each*graph,*control*was*set*at*1.00*fold*change*mean*RW*and*standard*error*of*the*mean*
is*shown.*

CAFA*=*control,*CAFD=ATMi,*CAFT=*TGF@β,**CAFTD=TGF@β*and*ATMi*

!

To!assess!protein!expression!following!stimulation!by!TGFKβ,!Western!blot!of!fibroblast!

plates!following!3!days!of!TGFKβ!treatment!was!performed.!SMA!and!Col1A1!antibodies!

were!used,!with!Hsc70!as!a!positive!control.!Figure!6.4!demonstrates!that!TGFKβ!appeared!

to!increase!protein!expression!of!Col1A1!in!fibroblasts!(despite!under!loading!of!the!

housekeeper!extraction!on!the!gel).!There!was!minimal!effect!on!CAFs.!SMA!was!not!

enhanced!by!TGFKβ!in!fibroblasts.!If!anything,!there!was!a!marginal!reduction!in!SMA!in!

CAFs!treated!with!TGFKβ.!Therefore,!TGFKβ!positively!effected!myofibroblastic!protein!

expression!in!fibroblasts,!but!not!in!CAFs.!!

!

!
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!

Figure*6@4.*Western*blot,*using*normal*Balb/c*breast*fibroblasts*or*Balb@Neu@T*CAFs,*treated*
+/@*TGF@β.*

A=*control,*T/TGFb=!TGF@β*treatment.*Graphs*show*intensity*calculated*using*area*under*
curve*in*ImageJ.*

!

In!order!to!further!assess!the!effect!of!TGFK!β!on!the!phenotype!of!fibroblasts!in.vitro,!

immunofluorescence!was!performed!after!seven!days!of!treatment!of!fibroblasts/CAFs!

(Figure!6.5!and!6.6).!TGFKβ!significantly!augmented!immunofluorescence!intensity!of!

SMA,!fibronectin!and!collagen!on!fibroblasts.!There!was!no!change!of!intensity!of!

fibronectin!or!SMA!using!CAFs!treated!with!TGFKβ,!but!collagen!was!significantly!

increased.!!

!

!

!

!
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!

!

!

Figure*6@5.*Immunofluorescence*with*Normal*Balb/c*breast*fibroblasts,*control*vs.*7*days*
treatment*with*TGF@β.**

Graphs*show*mean*colour*intensity*of*immunofluorescence*with*fibroblasts,*using*Image@J*
(n=4*per*condition).**

p@values*shown*for*TGF@β*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01****=<0.001,*
****=<0.0001*(no*asterisk*indicates*no*significance).*

*

!

!
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!

!

Figure*6@6.*Immunofluorescence*with*Balb@neu@T*CAFs,*control*vs.*7*days*treatment*with*TGF@
β.**

Graphs*show*mean*colour*intensity*of*immunofluorescence*with*fibroblasts,*using*Image@J*
(n=4*per*condition).**

p@values*shown*for*TGF@β*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01****=<0.001,*
****=<0.0001*(no*asterisk*indicates*no*significance).*

!

6.2.2 Effect*of*fibroblasts*on*4T1*tumours*in*vivo*

!

It!has!previously!been!suggested!that!CAFs!within!the!tumour!microenvironment!facilitate!

an!immune!suppressed!environment,!meaning!that!cancer!cell!proliferation!continues!in!

the!absence!of!immune!recognition(180).!In!order!to!assess!the!effect!of!different!
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fibroblast!phenotypes!on!4T1!tumours!in.vivo,.30!Balb/c!mice!were!treated!with!

subcutaneous!mammary!coKinjection.!Each!mouse!was!injected!on!Day!0!with!25,000!4T1!

cells,!in!addition!to!150,000:!

A:!Control!K!nil!

B:!Normal!Balb/c!breast!fibroblasts!!

C:!TGFKβ!treated!normal!Balb/c!breast!fibroblasts!–!treated!6!days!prior!to!injection!

D:!Senescent!fibroblasts!–!irradiated!5!days!prior!to!injection!

E:!BalbKNeuKT!CAFs!

*

Tumours!were!measured!from!Day!6!when!palpable!and!the!mice!were!culled!on!Day!14!

at!humane!endpoint.!Tumour!volumes!are!shown!in!Figure!6.7.!

!

Figure*6@7.*Tumour*volumes*for*Balb/c*mice*injected*with*4T1*cells*and*other*fibroblast*types,*
ratio*6:1.**

Mean*tumour*size*and*mean*tumour*size*with*SD*shown*in*graphs.*Area*under*curves*shown*in*
Table.*No*significant*difference*using*two@way*repeated*measure*ANOVA*over*time.*

*



! ! Chapter!6!!

213!

Given!the!overlapping!confidence!intervals,!there!is!no!statistically!significant!difference!

in!the!areas!under!the!curve.!!

!

Figure*6@8.*Balb/c*mice*injected*with*4T1*cells*and*other*fibroblast*types,*ratio*6:1,*
immunohistochemistry*performed*with*CD8*antibody.**

For*both*graphs,*N=*4*mice*per*group,*3*slides*per*case.*Mean*with*SEM*shown.*Two@tailed*
unpaired*t@test*performed*(each*test*condition*compared*to*control).*p@values**=<0.05,*
**=<0.01****=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance)*

For*first*graph,*CD8*count*calculated*per*slide*in*ImageJ*after*thresholding,*CAFs*vs.*control:*
p=0.0728.*

For*second*graph,*CD8*count*calculated*in*Definiens*after*thresholding,*producing*a*positivity*
index,*CAFs*v.*control:*p=0.0955.*

!

!

!
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!

Figure*6@9.*Balb/c*mice*injected*with*4T1*cells*and*Balb@Neu@T*CAFs,*ratio*6:1,*
immunohistochemistry*performed*with*SMA*antibody.***

A*single*H&E*example*shown.**

Magnification*x20.*

!

In!order!to!determine!whether!the!fibroblasts!effected!any!change!in!effector!TKcell!or!

CAF!infiltration,!CD8!and!SMA!immunohistochemistry!staining!were!performed!(Figures!

6.8!and!6.9).!There!was!no!significant!difference!in!CD8!expression!for!any!of!the!cell!

types!used.!For!CAFs!vs.!Control,!the!cell!count!was!lower!with!a!pKvalue!near!significance!

at!0.0728!and!0.0955!for!ImageKJ!and!Definiens!calculations!respectively.!!SMA!was!

universally!high!throughout!all!fibroblast!conditions!studied,!therefore!not!calculated!in!

ImageJ!(National!Institute!of!Health,!Bethesda,!Maryland,!USA).!

!

6.2.3 Effect*of*change*of*fibroblast*ratio*in*vivo*

!

In!the!previous!section,!I!showed!that!there!was!an!abundance!of!fibroblasts!present!in!

the!4T1Kcontrol!tumours!and!no!impact!on!tumour!growth!with!the!addition!of!TGFKβK

activated!fibroblasts!or!CAFs!at!a!6:1!ratio.!Therefore,!I!repeated!the!experiment!with!an!

increase!in!fibroblast!to!tumour!ratio!from!6:1!to!10:1,!in!order!to!evaluate!whether!this!

changed!the!tumour!growth!and!histological!fibroblast!density!between!conditions.!Thirty!
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Balb/c!mice!(n=6!per!group)!were!injected!on!Day!0!with!15,000!4T1!cells,!in!addition!to!

150,000:!!

!

A:!Control!K!nil!

B:!Normal!Balb/c!breast!fibroblasts!!

C:!TGFKβ!treated!normal!Balb/c!breast!fibroblasts!–!treated!6!days!prior!to!injection!

D:!Senescent!fibroblasts!–!irradiated!5!days!prior!to!injection!

E:!BalbKNeuKT!CAFs!

!

Tumours!were!measured!from!Day!5!when!palpable!and!the!mice!were!culled!on!Day!16!

at!humane!endpoint.!!

!

!

!

!

!
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!

Figure*6@10.*Tumour*volumes*for*Balb/c*mice*injected*with*4T1*cells*and*varying*fibroblast*
types*at*a*10:1*ratio.*

The*top*left*graph*shows*the*mean*tumour*volume;*the*top*right*graph*shows*the*mean*with*
SEM,*for*each*variable.*The*mean*with*SEM*is*also*shown*separately*in*the*bottom*two*
graphs*for*TGF@β@activated*fibroblasts*and*CAFs,*compared*to*control.**
Difference*was*assessed*using*two@way*repeated*measure*ANOVA*over*time,*compared*to*
control.*p@values**=<0.05,***=<0.01****=<0.001,*****=<0.0001*(no*asterisk*indicates*no*
significance).*

!

!
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!

Figure*6@11.*AUC*for*tumour*volumes*for*Balb/c*mice*injected*with*4T1*cells*and*varying*
fibroblast*types*at*a*10:1*ratio.*

Area*under*the*curves,*in*addition*to*95%*CI,*for*tumour*size*shown.*

!

The!tumours!were!significantly!larger!for!all!conditions!relative!to!control!(Figure!6.10).!

The!confidence!intervals!for!the!area!under!the!curve!were!not!overlapping!(Figure!6.11).!!
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*

Figure*6@12.*SMA*immunohistochemistry*using*tumours*from*Balb/c*mice*injected*with*4T1*
cells*and*varying*fibroblast*types*at*a*10:1*ratio.*

N=*4*mice*per*group,*3*slides*per*case.*Mean*with*SEM*shown.*SMA*percentage*of*total*area*
calculated*per*slide*in*Image@J*after*thresholding.**

Two@tailed*unpaired*t@test*performed*(test*condition*compared*to*control).*p@values**=<0.05,*
**=<0.01****=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

In!order!to!determine!whether!there!was!a!change!in!abundance!of!myofibroblasts!

between!the!different!conditions,!SMA!immunohistochemistry!staining!was!performed!

(Figure!6.12).!SMA!expression!was!significantly!higher,!relative!to!control,!for!senescent!

fibroblasts,!TGFKβKactivated!fibroblasts!and!CAFs.!The!normal!fibroblast!arm!had!no!

change!in!SMA!expression!relative!to!control.!!

!
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*

Figure*6@13.*F4/80*immunohistochemistry*using*tumours*from*Balb/c*mice*injected*with*
4T1*cells*and*varying*fibroblast*types*at*a*10:1*ratio.*

N=*4*mice*per*group,*3*slides*per*case.*Mean*with*SEM*shown.*F4/80@positive*percentage*of*
total*area*calculated*per*slide*in*Image@J*after*thresholding.**

Two@tailed*unpaired*t@test*performed*(test*condition*compared*to*control).*p@values*
*=<0.05,***=<0.01****=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

Macrophages!are!an!important!component!of!the!leukocyte!infiltrate!present!in!tumours!

and!can!attract!fibroblasts!via!the!secretion!of!chemokines(289,!290).!TumourKassociated!

macrophages!(TAMs)!have!previously!been!correlated!with!poor!prognosis!in!breast!

cancer(291).!In!order!to!determine!whether!the!different!fibroblast!phenotypes!had!an!

effect!on!macrophage!infiltration,!F4/80!staining!was!performed!(Figure!6.13).!There!was!

no!significant!difference!in!expression!between!each!of!the!experiment!arms,!compared!

to!control.!!

!

! !
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6.3 Discussion*

!

6.3.1 In(vitro(–*Stimulation*of*fibroblasts*with*TGF@β*

!

In!this!chapter,!I!have!demonstrated!successful!isolation!of!breast!CAFs!from!murine!

tumours.!In!vitro,!TGFKβ!stimulates!the!development!of!myofibroblastic!features!in!

normal!breast!fibroblasts,!such!as!increased!collagen!and!fibronectin!expression.!I!have!

shown!this!using!qPCR,!western!blot,!immunofluorescence,!cell!count!and!metabolism!

assays.!!

!

6.3.2 In(vivo(–*Effect*on*4T1*tumours*by*costimulation*with*fibroblasts*

!

I!then!proceeded!to!explore!the!effect!of!fibroblast!coKinjection!in.vivo.!Initially,!using!a!

6:1!ratio!of!CAFs/fibroblasts!to!tumour!cells,!coKinjection!did!not!alter!the!tumour!growth!

of!the!4T1!mouse!model.!The!model!used!is!a!4T1!tumour!in!immunocompetent!Balb/c!

mice;!this!is!an!accepted!spontaneous,!metastatic!murine!model!of!TNBC(292).!However,!

on!review!of!the!immunohistochemistry,!I!noted!that!the!control!tumours!were!already!

significantly!fibrotic.!It!was!therefore!hypothesized!that!a!significant!number!of!

fibroblasts!would!need!to!be!coKinjected!to!alter!the!fibrosis!within!the!tumour!

sufficiently!for!a!change!in!growth.!Using!a!10:1!ratio,!the!growth!in!coKinjected!mice!

significantly!increased.!This!was!most!significant!for!the!CAF,!senescent!fibroblast!and!

TGFKβ!fibroblasts!arms.!SMA!expression!was!significantly!increased!in!these!groups,!

compared!to!the!control!tumours.!!

!

Given!that!normal!breast!fibroblasts!also!increased!the!growth!of!4T1!tumours!in.vivo,!it!

is!hypothesised!that!after!coKinjection,!some!of!these!cells!were!activated!within!the!

tumour,!resulting!in!differentiation!to!CAFs!during!the!course!of!the!experiment.!A!
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number!of!different!cell!types!can!differentiate!into!CAFs,!including!resident!tissue!

fibroblasts(184).!FibroblastKactivating!factors,!tumourKderived!exosomes!and!epigenetic!

modification!could!all!contribute!to!this!process(184).!TGFKβ!is!certainly!involved!in!

promoting!the!differentiation!into!activated!fibroblasts.!CAFs!secrete!large!amounts!of!

this!cytokine!resulting!in!the!generation!of!an!autocrine!loop(178).!Tumour!cells!can!also!

secrete!enough!TGFKβ!to!activate!primary!fibroblasts;!indeed!breast!cancer!cells!have!

been!shown!to!induce!matrixKmetalloproteinase!9!(via!TGFKβ)!in!fibroblasts(293).!Even!a!

transient!interaction!between!breast!cancer!cells!and!normal!fibroblasts!appears!

sufficient!to!modify!the!tumour!microenvironment,!increase!neoplastic!behaviour!and!

enhance!metastatic!potential!of!cancer!cells!in.vivo.(modified!by!TGFKβ)!(294).!!

!

However,!it!should!be!noted!that!in!this!experiment,!SMA!expression!was!not!significantly!

higher!for!mouse!tumours!resulting!from!coKinjection!with!normal!fibroblasts!relative!to!

control.!Therefore,!it!is!presumed!that!not!all!of!the!cells!have!transformed.!One!of!the!

most!unique!features!of!CAFs!is!their!ability!to!remodel!and!synthesise!the!extracellular!

matrix,!resulting!in!mechanical!stiffening!of!tissue.!Increasing!stromal!stiffness!has!been!

correlated!with!poor!prognosis!in!breast!cancer!(295).!The!activated!normal!fibroblasts!in!

the!4T1!model!may!not!have!had!sufficient!time!to!evolve!to!this!proKtumorigenic!

behaviour!prior!to!the!end!of!the!experiment,!given!the!relatively!short!length!of!murine!

experiments.!!

!

Fibroblasts!activated!by!TGFKβ!prior!to!coKinjection!increased!tumour!growth!and!SMA!

expression,!similar!to!CAFs.!Given!the!key!role!of!TGFKβ!in!the!differentiation!of!precursor!

cells!into!CAFs,!this!is!perhaps!not!surprising(296,!297).!Once!nearby!each!other,!tumour!

cells!and!CAFs!participate!in!crossKtalk!which!facilitates!ECM!remodelling!and!deposition,!

immune!cell!polarization,!cellular!proliferation!metabolic!reprogramming!and!promotion!

of!stemKlike!behaviour(296).!Breast!stromal!fibroblasts!remaining!in!“normal”!tissue!

following!surgical!resection!have!even!been!shown!to!have!gene!expression!comparable!

to!that!of!CAFs;!this!was!hypothesised!to!occur!secondary!to!TGFKβ!or!metabolic!

programming!and!to!provide!an!environment!for!local!recurrence(298).!!
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!

6.3.3 Senescent*fibroblasts*

!

In!these!experiments,!senescent!fibroblasts!have!performed!similarly!to!CAFs!and!TGFKβK

activated!fibroblasts!in.vivo.!Our!group!has!previously!shown!that!induction!of!fibroblast!

senescence!appears!to!generate!a!myofibroblasticKtype!cell(195).!In!those!experiments,!

senescent!fibroblasts!did!not!appear!to!deposit!collagenous,!proKtumorigenic!ECM!at!the!

same!rate!as!TGFKβKactivated!fibroblasts.!However,!senescent!human!fibroblasts!are!

known!to!secrete!factors!that!stimulate!malignant!breast!epithelial!cells!(such!as!matrix!

metalloproteinases)!and!deposit!matrix!that!is!proKtumorigenic(299).!Here,!it!has!been!

shown!that!senescent!fibroblasts,!along!with!normal!breast!fibroblasts,!promote!growth!

of!the!tumour!and!are!associated!with!increased!SMA!expression.!However,!it!is!unclear!

to!what!degree!the!senescent!nature!of!these!cells!contributes!to!tumourKpromoting!

behaviour!and,!if!so,!by!which!mechanisms.!The!relative!importance!of!the!secretory!and!

matrixKdepositing!functions!of!myofibroblastic!cells!in!tumour!promotion!needs!further!

clarification.!!!

!

6.3.4 Macrophages*

!

Although!not!significant,!there!was!a!trend!to!a!larger!number!of!macrophages!in!the!

TGFKβ!and!CAF!arms!compared!to!the!control!arm.!TumourKassociated!macrophages!

(TAMs)!are!known!to!be!involved!in!neoangiogenesis,!tumour!cell!invasion!and!

immunosuppressive!effects(300).!TAMs!can!be!polarized!towards!the!M1!or!M2!subtype;!

the!latter!is!proKtumorigenic!while!the!former!exerts!opposing!effects(175).!Tumour!cells!

can!promote!polarization!of!TAMs!towards!the!M2!subtype;!this!effect!is!mediated!by!

several!cytokines!including!TGFKβ(300).!!Indeed!CAFs!have!previously!been!implicated!in!

the!recruitment!and!proliferation!of!M2!macrophages!in!the!TME(175).!CAFs!have!been!

correlated!with!TAMs!in!TNBC(301).!In!future!experiments,!it!would!be!important!to!
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understand!what!proportion!of!M1!vs.!M2!TAMs!are!present!in!CAF!targeting!

experiments.!Expansion!of!human!TMA!staining!to!incorporate!macrophage!staining!

would!also!be!useful.!!!!

!

6.3.5 Limitations*

!

As!discussed!in!6.2.1,!the!“CAFs”!isolated!are!acknowledged!to!be!tumourKderived!

fibroblasts,!likely!to!be!enriched!in!CAFs.!In!order!to!identify!the!percentage!of!these!

isolated!cells!that!are!CAFs,!further!evaluation!of!the!cells!present!in!this!population!could!

be!performed!(e.g.!with!flow!cytometry)!at!baseline.!In!addition,!the!CAFs!have!been!

isolated!from!BalbKneuKT!mice,!which!is!a!murine!HER2+!breast!cancer!model.!There!is!

potential!that!the!phenotype!of!CAFs!from!a!HER2+!breast!tumour!is!phenotypically!

different!to!those!from!a!TNBC!tumour.!It!has!been!acknowledged!that!CAF!subsets!(at!

least!four)!accumulate!differently!in!different!subtypes!of!breast!cancer,!with!each!subset!

having!different!properties!and!effects!on!the!tumour!microenvironment(173).!

!

The!in.vivo!experiment!performed!here!would!need!to!be!repeated!to!validate!the!

important!results!found.!When!the!optimised!ratio!experiment!is!repeated,!I!would!

perform!CD8!staining,!as!despite!three!attempts!the!CD8!staining!for!this!experiment!was!

unsuccessful.!To!better!assess!the!functional!status!of!CD8!cells,!other!markers!could!be!

assessed,!e.g.!by!flow!cytometry,!such!as!LAG3!and!TIM3.!Some!of!the!in.vitro!

experiments!have!only!been!performed!once!and!also!warrant!repeating.!Functional!

assays,!such!as!gel!contraction!studies,!could!also!be!performed!in.vitro!to!measure!

changes!in!the!myofibroblastic!phenotype.!!

.

6.4 Summary*

!
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Here!I!have!shown!that!TGFKβ!differentiates!normal!murine!breast!fibroblasts!into!

myofibroblasts!in.vitro.!In!the!4T1!“triple!negative”!mouse!model,!myofibroblasts!and!

senescent!fibroblasts!augment!tumour!growth,!associated!with!increase!SMA!deposition.!

This!result!is!in!keeping!with!the!relationship!between!SMA!and!outcome/CD8!expression!

in!human!TNBC!described!in!Chapter!5,!indicating!that!CAFs!may!contribute!to!an!immune!

exclusion!phenotype.!Given!this,!I!have!decided!to!explore!the!possibility!of!targeting!

CAFs!in!further!in.vivo.work(184)..

*

! *
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Chapter*7 Targeting)Cancer@associated)Fibroblasts)in)

Breast'Cancer*

!

7.1 Introduction*

*

As!outlined!in!Section!1.8.3,!CAF!inhibition!could!be!useful!in!combination!with!other!

therapy;!its!adjunctive!role!with!immunotherapy!is!of!particular!interest.!The!

NOX/ATM/p53!axis!has!been!identified!as!being!important!in!myofibroblast!

differentiation!(see!Section!1.8.4)!and!is!therefore!a!possible!therapeutic!target!in!fibrotic!

disorders!and!cancer.!Our!group!has!explored!NOX!inhibition!in!previous!work(183).!ATM!

has!been!shown!to!mediate!TGFKβ!fibrotic!responses!in!a!redoxKsensitive!manner(192).!

The!extent!to!which!ATM!activity!is!required!for!myofibroblast!differentiation!is!unclear.!

!

The!ATM!inhibitor!(ATMi),!AZD0156,!is!a!potent,!firstKinKclass,!bioavailable!drug!

undergoing!clinical!testing!in!a!phase!I!trial!(NCT02588105)(302).!It!is!being!tested!as!a!

monotherapy!but!also!in!combination!with!targeted!therapy!including!PARP!inhibitors,!in!

the!treatment!of!solid!tumours(191).!In.vitro,!it!has!been!shown!to!be!a!radioKsensitiser.!

In.vivo,!it!has!been!shown!to!enhance!lung!tumour!control!using!radiotherapy.!It!has!also!

been!shown!to!improve!the!efficacy!of!olaparib,!using!TNBC!xenograft!models(302).!!In!

general,!DDR!inhibitors!are!being!used!in!combination!with!other!therapies,!with!the!aim!

of!exploiting!synthetic!lethality,!or!in!patients!who!have!specific!genomic!alterations!(e.g.!

DNA!repair!deficiencies)!in!tumour!cells(191).!However,!these!inhibitors!may!also!have!a!

role!to!play!in!targeting!the!tumour!microenvironment;!their!application!may!therefore!

be!useful!in!a!wider!patient!group.!!

!

The!potential!for!ATM!targeting!to!inhibit!the!fibrotic,!tumourKpromoting!

microenvironment!in!cancer!has!not!been!explored.!I!have!therefore!assessed!the!effect!
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of!ATM!inhibition!on!breast!cancer!CAFs!in.vitro,!initially!using!the!dose!advised!by!

AstraZeneca!(Cambridge,!UK).!I!then!evaluated!for!a!change!in!effect!at!different!doses.!

Finally,!I!investigated!whether!ATM!inhibition!influences!tumour!growth!and!immune!cell!

influx!in.vivo.!!
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7.2 Results*

!

7.2.1 Initial*ATM@inhibitor*in(vitro*testing*

!

!

Figure*7@1.*Balb/c*murine*fibroblasts*and*Balb@NeuT*murine*CAFs,*cell*count*and*MTT*3*and*
5*days*after*TGF@β*and/or*ATM*inhibitor*(AZD0156)*[1.25uM]*treatment.**

Mean*with*standard*deviation*shown*for*n=2*(cell*count)*and*n=4*(MTT).*

p@values*shown*for*treatment*arm*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

FibA/CAFA*=*control,*FibD/CAFD=ATMi,*FibT/CAFT=*TGF@β,**FibTD/CAFTD=TGF@β*and*ATMi*

!

In!order!to!assess!for!the!effect!of!ATM!inhibition!on!the!proliferation!and!metabolism!of!

breast!fibroblasts!and!CAFs,!cell!count!and!MTT!assays!were!performed!after!3!and!5!days!

of!treatment!with!AZD0156!(Figure!7.1).!The!ATM!inhibitor!was!effective!at!inhibiting!

metabolism!for!both!fibroblasts!and!CAFs,!with!or!without!TGFKβ!treatment.!AZD0156!
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reduced!the!number!of!viable!cells!in!every!condition,!raising!concerns!about!cellular!

toxicity.!

!

Figure*7@2.*qPCR*normal*Balb/c*fibroblasts,*after*3*days*of*treatment*with*
TGF@β*and/or*ATM*inhibitor*(AZD0156)*[1.25uM],*vs.*control.**

In*each*graph,*control*was*set*at*1.00*fold*change*mean*RW*and*mean*with*
standard*error*of*the*mean*is*shown.**

FibA=*control,*FibD=ATMi,*FibT=TGF@β,*FibTD=TGF@β*and*ATMi*

!

In!order!to!test!whether!ATM!inhibition!was!capable!of!inhibiting!the!myofibroblastic!

phenotype!of!breast!fibroblasts!and!CAFs,!the!cells!were!treated!with!3!days!of!AZD0156!

and/or!TGFKβ!and!thereafter!qtPCR!and!Western!Blot!performed.!QtPCR!compares!

relative!gene!expression!for!the!chosen!target!genes!relative!to!the!housekeeper!gene!

(betaK2!microglobulin).!A!foldKchange!value!was!then!calculated!by!comparing!these!to!

the!normalised!gene!values.!The!cells!alone!(without!the!addition!of!TGFKβ!or!ATM!

inhibitor)!were!used!as!the!control!arm.!The!qtPCR!experiments!showed!a!moderate!

reduction!in!myofibroblastic!gene!expression!when!fibroblasts!were!treated!with!the!

ATMKinhibitor,!slightly!more!pronounced!after!pretreatment!with!TGFKβ!(Figure!7.2).!!
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!

Figure*7@3.*qtPCR*Balb@neu@T*CAFs,*after*3*days*of*treatment*with*TGF@β*and/or*
ATMi*inhibitor*(AZD0156)*[1.25uM],*vs.*control.**

In*each*graph,*control*was*set*at*1.00*fold*change*mean*RW*and*mean*with*
standard*error*of*the*mean*is*shown.*

CAFA=*control,*CAFD=ATMi,*CAFT=TGF@β,*CAFTD=TGF@β*and*ATMi.*

!

For!CAFs,!ATM!inhibition!again!reduced!myofibroblastic!gene!expression!K!this!was!more!

pronounced!without!pretreatment!with!TGFKβ!(and!fibronectin!expression!actually!

increased!after!treatment!with!the!drug!in!combination!with!TGFKβ)!(Figure!7.3).!There!

are!no!pKvalues!performed!because!the!experiment!was!only!performed!once!(albeit!with!

PCR!performed!in!triplicates).!!
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!

Figure*7@4.*Western*blot,*using*normal*Balb/c*breast*fibroblasts*or*Balb@Neu@T*CAFs,*treated*
with*3*days*of*TGF@β*and/or*ATM*inhibitor*(AZD0156)*[1.25uM],*vs.*control.**

Graphs*show*intensity*calculated*using*area*under*curve*in*ImageJ.*

*

To!assess!for!changes!in!protein!expression!following!ATM!inhibition,!western!blot!was!

performed!(Figure!7.4).!For!fibroblasts,!ATM!inhibition!slightly!reduced!the!expression!of!

SMA!and!collagen.!Once!cells!were!treated!with!TGFKβ!however,!ATM!inhibition!did!not!

reduce!their!expression.!For!CAFs!treated!with!TGFKβ,!ATM!inhibition!did!not!reduce!the!

expression!of!these!antibodies.!!
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!

!

!
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Figure*7@5.*Immunofluorescence*with*Normal*Balb/c*breast*fibroblasts,*control*vs.*7*days*of*
treatment*with*TGF@β*and/or*ATM@inhibitor*(AZD0156)*[1.25uM].**

Graphs*show*mean*and*standard*deviation*of*colour*intensity*of*immunofluorescence*with*
fibroblasts,*using*ImageJ*(n=4*per*condition).**

p@values*for*unpaired*two@tailed*t*test:**=<0.05,***=<0.01****=<0.001,*****=<0.0001*(no*
asterisk*indicates*no*significance).*

*

To!further!assess!for!a!change!in!phenotype!with!ATM!inhibition,!immunofluorescence!

was!performed!after!the!cells!were!treated!for!7!days!with!ATMKinhibitor!and/or!TGFKβ!

(Figures!7.5!and!7.6).!For!fibroblasts!alone,!the!drug!increased!expression!of!SMA!and!

made!no!difference!to!expression!of!collagen!or!fibronectin.!For!fibroblasts!activated!with!

TGFKβ,!the!drug!inhibited!expression!of!all!three!markers.!!For!CAFs,!the!drug!only!

changed!the!immunofluorescence!of!collagen!and!only!after!pretreatment!with!TGFKβ.*

!



! ! Chapter!7!!

233!

!
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!

Figure*7@6.*Immunofluorescence*with*Balb@neu@T*breast*CAFs,*control*vs.*7*days*treatment*with*
TGF@β*and/or*ATM@inhibitor*(AZD0156)*[1.25uM].**

Graphs*show*mean*and*standard*deviation*of*colour*intensity*of*immunofluorescence*with*
fibroblasts,*using*ImageJ*(n=4*per*condition).**

p@values*for*unpaired*two@tailed*t*test:**=<0.05,***=<0.01****=<0.001,*****=<0.0001*(no*
asterisk*indicates*no*significance).*

!

Given!the!significant!reduction!in!viable!cells!(for!both!CAFs!and!fibroblasts)!found!after!

treatment!with!the!ATMKinhibitor,!I!was!concerned!about!the!toxicity!of!the!

recommended!in.vitro!dose!of!1.25uM.!I!therefore!decided!to!repeat!the!above!

experiments!with!varying!doses!of!the!drug!to!explore!whether!the!myofibroblastic!

phenotype!could!be!effectively!inhibited!with!a!lower,!less!toxic!dose.!!

!
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7.2.2 ATM*dosing*in(vitro*

!

!

Figure*7@7.*Balb/c*murine*fibroblasts*and*Balb@NeuT*murine*CAFs,*cell*count*and*MTT*3*days*
after*ATM*inhibitor*(AZD0156)*treatment,*control*then*escalating*doses*from*0.5*to*1.5uM.**

Mean*with*standard*deviation*shown*(experiment*n=2).*Samples*per*experiment:*n=2*(cell*
count)*and*n=4*(MTT).*

p@values*shown*for*treatment*arm*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

!

!

!
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!

Figure*7@8.*Balb/c*murine*normal*breast*fibroblasts*activated*with*TGF@β,*cell*count*and*MTT*3*
days*after*ATM*inhibitor*(AZD0156)*treatment,*control*then*escalating*doses*from*0.5*to*
1.5uM.*

Mean*with*standard*deviation*shown*(experiment*n=2).*Samples*per*experiment:*n=2*(cell*
count)*and*n=4*(MTT).*

p@values*shown*for*treatment*arm*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

To!determine!whether!changing!the!dose!of!the!ATMKinhibitor!had!an!effect!on!cellular!

toxicity,!cell!count!and!metabolism!assays!were!performed!for!normal!breast!fibroblasts,!

CAFs!and!fibroblasts!activated!with!TGFKβ!with!escalating!doses!of!ATMKinhibitor!relative!

to!control!(Figures!7.7!and!7.8).!For!fibroblasts!alone,!ATM!inhibition!did!not!significantly!

affect!the!cell!count!or!metabolism.!For!fibroblasts!pretreated!with!TGFKβ,!the!ATMK

inhibitor!significantly!reduced!the!viable!cell!count!and!metabolism!for!all!doses!studied.!

There!was!no!significant!difference!in!toxicity!between!successive!doses.!!

!

!

!

!

!

!

!
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A.*

!

B.*

!
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C.*

!

Figure*7@9.*qPCR*of*Balb/c*breast*fibroblasts*of*Balb@neu@T*CAFs*treated*with*TGF@β*and*
carrying*doses*of*ATM@inhibitor*(AZD0156).**

A.*normal*Balb/c*breast*fibroblasts,*B.*Balb@neu@T*CAFs*and*C.*normal*Balb/c*breast*fibroblasts*
pretreated*with*TGF@β,**after*3*days*of*treatment*with*varying*doses*of*ATM@inhibitor*
(AZD0156),*in*addition*to*control*and*a*no@TGF@β*control*for*C.*In*each*graph,*control*was*set*at*
1.00*fold*change*mean*RW*and*mean*with*standard*deviation*is*shown*(experiment*n=2).*

p@values*shown*for*treatment*arms*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

!

To!determine!whether!the!phenotypic!change!in!cells!was!found!at!different!doses!of!

ATM!inhibitor,!qtPCR!and!Western!Blot!experiments!were!repeated!at!varying!doses.!

qtPCR!of!normal!fibroblasts!showed!that!the!ATMKinhibitor!reduced!expression!of!

collagen1A1!and!collagen1A2,!more!significantly!for!the!higher!doses!of!1.25uM!and!

1.5uM!(Figure!7.9A).!The!results!were!similar!for!CAFs!but!ACTA2!was!also!reduced!(nonK

significant!for!higher!doses)(Figure!7.9B).!For!TGFKβ!activated!fibroblasts,!the!expression!

of!all!myofibroblastic!genes!was!reduced!by!the!ATMKinhibitor!(not!significant!at!some!
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doses)(Figure!7.9C).!For!ATM,!expression!was!only!reduced!by!the!drug!when!the!TGFKβ!

activated!fibroblasts!were!treated,!and!only!significantly!at!one!dose.!!

!

Figure*7@10.*Western*blot,*using*normal*Balb/c*breast*fibroblasts*or*Balb@Neu@T*CAFs,*treated*
with*3*days*of*ATM@inhibitor*(AZD0156)*at*varying*doses,*0.5*to*1.5uM.**

Graphs*show*intensity*calculated*using*area*under*curve*in*ImageJ.*

!

!
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!

Figure*7@11.*Western*blot,*using*normal*Balb/c*breast*fibroblasts*or*Balb@Neu@T*CAFs,*treated*
with*3*days*of*ATM@inhibitor*(AZD0156)*at*varying*doses,*0.5*to*1.5uM.**

Graphs*show*intensity*calculated*using*area*under*curve*in*ImageJ.*

!

!

!
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Figure*7@12.*Combined*results*of*2*western*blot*experiments,*using*normal*Balb/c*breast*
fibroblasts*or*Balb@Neu@T*CAFs,*treated*with*3*days*of*ATM@inhibitor*(AZD0156)*at*varying*
doses,*0.5*to*1.5uM.**

Graphs*show*intensity*calculated*using*area*under*curve*in*ImageJ.*Mean*with*standard*
deviation*shown.**

p@values*shown*for*treatment*arms*vs.*control,*unpaired*two@tailed*t*test:**=<0.05,***=<0.01*
***=<0.001,*****=<0.0001*(no*asterisk*indicates*no*significance).*

*

Western!blot!using!normal!fibroblasts!and!varying!doses!of!ATMKinhibitor!showed!

collagen!was!not!detected!in!any!of!the!treated!arms!(Figure!7.10,!7.11!and!7.12).!For!

CAFs,!the!ATMKinhibitor!successfully!inhibited!collagen,!with!an!increasing!degree!

correlated!to!dose.!SMA!was!not!inhibited!using!either!cell!type.!!

!

!

Figure*7@13.*Western*blot,*using*normal*Balb/c*breast*fibroblasts*activated*with*TGF@β,*then*
treated*with*3*days*of*ATM@inhibitor*(AZD0156)*at*varying*doses,*0.5*to*1.5uM.**

Graphs*show*intensity*calculated*using*area*under*curve*in*ImageJ.*******

No*p@values*shown*as*experiment*n=1.*

*
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For!TGFKβ!activated!fibroblasts!treated!with!varying!doses!of!the!ATMKinhibitor,!the!drug!

successfully!inhibited!collagen!to!an!increasing!degree!with!higher!doses!(Figure!7.13).!

SMA!was!similarly!inhibited!under!the!same!conditions.!!!

!

!

Figure*7@14.*Western*blot,*using*Balb@neu@T*CAFS*+/@*ATM@knockdown*(siATM).*

No*p@values*shown*as*experiment*n=1.**

*

To!confirm!that!ATM!targeting!suppresses!the!myofibroblast!phenotype,!gene!knockdown!

of!ATM!by!siRNA!(see!Methods!2.4.15),!with!a!negative!silencer!used!for!the!control!cells,!

in!breast!CAFs!was!performed.!Protein!expression!by!Western!Blot!was!then!compared!to!

assess!for!change!in!the!myofibroblastic!phenotype.!Cells!treated!with!ATMKknockdown!

showed!a!reduction!in!both!SMA!and!ATM!expression!compared!to!control!(Figure!7.14),!

suggesting!that!ATM!is!an!effective!target!for!reversing!the!myofibroblastic!phenotype.!!

!
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7.2.3 Pilot*study*of*ATM*inhibitor*in(vivo*

!

In!the!previous!sections,!I!have!shown!that!pharmacological!inhibition!of!ATM!can!inhibit!

TGFKβ!induced!myofibroblastic!transKdifferentiation!in.vitro..In!order!to!proceed!with!an!

assessment!of!the!drug’s!efficacy!in.vivo,!I!needed!to!assess!the!toxicity!of!AZD0156!in!

mice.!I!therefore!performed!a!pilot!study!using!a!small!number!of!mice!with!4T1/CAF!

tumours!given!different!doses!of!the!drug.!!

!

Each!mouse!was!injected!on!Day!0!with!25,000!4T1!cells!and!150,000!BalbKneuKT!breast!

CAFs.!On!day!6!treatment!commenced!with!daily!oral!gavage!with!the!ATM!inhibitor!

AZD0156!(Astrazeneca,!Cambridge,!UK),!resuspended!in!10%!DMSO!and!90%!captisol!

(Glentham,!Corsham,!UK).!Four!mice!were!treated!with!vehicle,!two!with!20mg/kg,!two!

with!10mg/kg,!two!with!5mg/kg!and!two!with!2.5mg/kg!(all!given!at!a!volume!of!100μl!!!

!

Tumour!sizes!were!measured,!volumes!calculated!and!the!tumours!were!resected!at!the!

end!of!the!experiment!for!immunohistochemistry.!!The!lungs!were!also!dissected!to!

assess!for!metastases.!All!mice!were!culled!on!day!18.!

!

The!lungs!did!not!show!any!metastases.!There!was!no!observed!toxicity!from!the!drug,!

although!it!did!not!appear!to!affect!tumour!size!(Figure!7.15).!However,!the!drug!was!

commenced!on!Day!6!(two!days!after!the!tumours!became!palpable)!and!some!doses!

were!omitted!for!pragmatic!reasons.!In!addition!the!4T1:CAF!ratio!was!6:1!rather!than!the!

optimal!ratio!of!10:1.!!Immunotherapy!with!CTLA4!has!been!used!successfully!in!the!4T1!

murine!model!in!the!adjuvant!setting,!with!concomitant!infiltration!of!CD8+!TKcells!into!

the!tumours(303).!However,!the!4T1!model!is!not!considered!to!be!particularly!

immunogenic.!It!is!hypothesised!that!antiKfibrotic!therapies!could!be!used!in!combination!

with!immunotherapy!in!tumours!where!immunotherapy!is!not!effective!alone.!Therefore!

it!was!decided!to!repeat!the!experiment!using!the!largest!(recommended)!dose!of!

20mg/kg!and!compare!the!results!to!treatment!with!immunotherapy!with!CTLAK4!
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antibody.!The!intention!was!to!compare!antiKtumour!efficacy!and!CD8!infiltration!

between!these!arms!and!the!control!arm,!with!a!view!to!a!combination!therapeutic!

experiment!in!the!future.!!

!

!

Figure*7@15.*Tumour*volumes*for*Balb/c*mice*injected*with*4T1*cells*and*Balb@neu@T*CAFs,*ratio*
6:1,*then*treated*with*varying*doses*of*ATM@inhibitor*(AZD0156).**

Mean*tumour*volume*and*mean*tumour*volume*with*SD*shown*in*graphs*(n=4*in*control*
group,*n=2*in*test*groups).*Area*under*curves*shown*in*Table.*No*significant*difference*using*
two@way*repeated*measure*ANOVA*over*time.*

!

7.2.4 Therapeutic*experiment*with*ATM*inhibitor*in(vivo*

!

For!this!experiment,!each!mouse!was!injected!on!Day!0!with!15,000!4T1!cells!and!150,000!

BalbKneuKT!breast!CAFs.!On!day!4!treatment!commenced!with!oral!gavage!of!the!ATM!

inhibitor!AZD0156!(Astrazeneca,!Cambridge,!UK),!resuspended!in!10%!DMSO!and!90%!

captisol!(Glentham,!Corsham,!UK).!Eight!mice!were!treated!with!oral!vehicle,!eight!with!

20mg/kg!AZD0156!and!eight!with!oral!vehicle!and!intravenous!antiKCTLA4!(Bio!X!Cell,!
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Lebanon,!New!Hampshire,!USA)!at!a!dose!of!200ug!(20mg/kg)!given!every!48!hours!for!3!

doses,!commencing!on!day!4.!

!

Tumour!sizes!were!measured,!volumes!calculated!and!the!tumours!were!resected!at!the!

end!of!the!experiment!for!immunohistochemistry.!All!mice!were!culled!on!day!19.!

!!

!

!
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Figure*7@16.*Balb/c*mice*injected*with*4T1*cells*and*Balb@neu@T*CAFs,*ratio*10:1,*then*treated*
with*vehicle*only*(Control),*CTLA@4*antibody*or*ATM@inhibitor*(AZD0156).**

Mean*tumour*size*with*standard*deviation*shown*in*graphs*(n=8*per*group).*Area*under*curves*
shown*in*Table.**

p@values*shown*for*treatment*arms*vs.*control,*difference*using*two@way*repeated*measure*
ANOVA*over*time.:**=<0.05,***=<0.01****=<0.001,*****=<0.0001*(no*asterisk*indicates*no*
significance).*

*

With!a!10:1!ratio!and!ATM!inhibitor!treatment!starting!from!Day!4,!the!drug!was!effective!

at!reducing!tumour!growth!(Figure!7.16).!The!CTLAK4!antibody!did!not!significantly!inhibit!

tumour!growth.!!

!

!

!! !

Figure*7@17.*Balb/c*mice*injected*with*4T1*cells*and*Balb@neu@T*CAFs,*ratio*10:1,*
immunohistochemistry*performed*with*CD8*antibody.**

N=*4*mice*per*group,*3*slides*per*case.*Mean*with*standard*error*of*the*mean*shown.*CD8*
count*calculated*per*slide*in*ImageJ*after*thresholding.*

Two@tailed*unpaired*t@test*performed.*p@values**=<0.05,***=<0.01****=<0.001,*****=<0.0001*
(no*asterisk*indicates*no*significance)*
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!

Figure*7@18.*Balb/c*mice*injected*with*4T1*cells*and*Balb@neu@T*CAFs,*ratio*10:1,*
immunohistochemistry*performed*with*SMA*antibody.**

N=*4*mice*per*group,*3*slides*per*case.*Mean*with*standard*error*of*the*mean*shown.*SMA*
percentage*of*total*area*calculated*per*slide*in*Image@J*after*thresholding.*

Two@tailed*unpaired*t@test*performed.*p@values**=<0.05,***=<0.01****=<0.001,*****=<0.0001*
(no*asterisk*indicates*no*significance)*

!

To!assess!whether!ATM!inhibition!or!immunotherapy!altered!CAF!infiltration,!SMA!

staining!was!performed!(Figure!7.18).!The!ATMKinhibitor!significantly!reduced!SMA!

expression!within!the!tumour,!indicating!a!reduction!in!CAF!density.!The!CTLAK4!antibody!

did!not!affect!SMA!expression.!!

!

Given!the!role!tumourKassociated!macrophages!(TAMs)!play!in!orchestration!of!the!

immune!microenvironment,!I!wanted!to!assess!whether!there!was!any!change!in!

macrophage!infiltration!found!with!the!treatments!administered!in!this!experiment!by!

staining!for!F4/80.!!
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!

Figure*7@19.*Balb/c*mice*injected*with*4T1*cells*and*Balb@neu@T*CAFs,*ratio*10:1,*
immunohistochemistry*performed*with*F4/80*antibody.**

N=*4*mice*per*group,*3*slides*per*case.*Mean*with*standard*error*of*the*mean*shown.*F4/80*
percentage*of*total*area*calculated*per*slide*in*Image@J*after*thresholding.*

Two@tailed*unpaired*t@test*performed.*p@values**=<0.05,***=<0.01****=<0.001,*
****=<0.0001*(no*asterisk*indicates*no*significance)*

!

There!was!no!significant!difference!in!macrophage!expression!between!any!of!the!three!

experiment!arms!(Figure!7.19).!However,!comparing!CTLA4!vs.!control,!the!pKvalue!was!

near!significant!at!0.0655!for!a!reduction!in!macrophages!in!the!CTLA4!arm.!

!

! !
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7.3 Discussion*

!

7.3.1 ATM*inhibitor*efficacy*

!

In!this!chapter,!I!have!investigated!one!method!of!CAF!targeting,!using!the!ATM!inhibitor!

AZD0156!in.vitro!and!in!a!mouse!model!of!TNBC.!In.vitro!the!ATM!inhibitor!was!found!to!

exert!some!toxicity!to!fibroblasts,!but!was!not!doseKdependent.!In!an!initial!pilot!study!to!

evaluate!in.vivo.toxicity!in!the!4T1!model,!using!the!lower!CAF:4T1!ratio!of!6:1,!there!did!

not!appear!to!be!any!effect!on!tumour!growth.!The!recommended!20mg/kg!dose!did!not!

appear!to!have!any!adverse!toxic!effects.!Therefore,!I!went!on!to!perform!an!experiment!

using!the!higher!10:1!ratio!and!comparing!ATM!inhibition!with!checkpoint!inhibitor!

immunotherapy!and!control.!ATM!inhibition!significantly!reduced!tumour!growth!

compared!to!control.!SMA!expression!was!also!significantly!reduced!compared!to!control!

in!the!ATMiKtreated!mice.!SMA!is!generally!considered!to!be!a!marker!of!CAFs,!rather!

than!normal!fibroblasts,!but!it!is!unclear!whether!the!ATMi!is!exhibiting!a!toxic!effect!on!

all!fibroblasts,!i.e.!it!is!unclear!whether!its!effect!are!CAFKspecific.!Unfortunately,!the!

experiment!was!terminated!at!day!19!due!to!the!tumours!of!the!control!mice!exceeding!

ethical!size!limits,!but!there!was!a!trend!to!inhibition!of!tumour!growth!in!the!CTLAK4!arm!

and!this!may!have!become!significant!with!time.!I!would!like!to!repeat!this!experiment!

using!a!smaller!number!of!tumour!cells!in!the!hope!that!the!experiment!length!could!be!

increased!to!observe!a!more!differential!effect.!!

!

7.3.2 Mechanisms*of*anti@tumour*effect*by*ATM*inhibitor*

!

CD8!expression!was!not!increased!in!conjunction!with!the!reduction!in!myofibroblastic!

activity!found!in!ATMiKtreated!tumours.!Therefore,!although!the!ATMi!was!effective!in!

reducing!the!myofibroblastic!burden!and!antiKtumour!effect,!this!did!not!appear!to!be!

mediated!by!influx!of!CD8!cells.!It!follows!that,!in!this!model,!CAFs!must!alter!the!



! ! Chapter!7!!

250!

microenvironment!to!support!tumour!progression!via!CD8Kindependent!mechanisms,!e.g.!

the!production!of!cytokines!and!growth!factors!(e.g.!by!recruiting!TAMs)!or!

neoangiogenesis.!The!ATMi!could!also!be!working!directly!on!the!tumour!cells!or!other!

nonKCAF!mechanisms;!ATM!has!been!shown!to!mediate!PDKL1!expression,!macrophage!

activation!and!release!of!cytokines!(e.g.!ILK8)(190,!304).!Its!regulation!of!ILK8!has!been!

proposed!as!one!mechanism!by!which!ATM!may!promote!cell!migration!and!

invasion(190).!!

!

Expression!of!the!macrophage!marker!was!not!statistically!lower!in!the!treatment!arms,!

compared!to!the!control!arm!but!was!nearKsignificant!for!CTLA4.!As!explained!in!the!

previous!chapter,!M2KTAMs!are!proKtumorigenic.!Both!tumour!cells!and!CAFs!can!help!

recruit!and!proliferate!M2KTAMs!via!TGFKβ!secretion,!in!addition!to!other!cytokines.!TGFKβ!

has!also!been!shown!to!induce!PDKL1!overexpression!–!the!effect!of!TGFKβ!inhibitors!in!

combination!with!antiKPDKL1!therapy!is!being!explored!in!earlyKphase!clinical!trials(300).!

Therefore,!the!mechanism!by!which!macrophages!are!reduced!in!the!experimental!arms!

here!may!be!via!a!reduction!of!TGFKβ!in!the!TME!as!a!result!of!CAF!targeting.!!

!

It!should!be!noted!that!in!a!previous!study!using!a!FAP!vaccine!to!deplete!CAFs,!

monotherapy!was!ineffective(180).!The!antiKtumour!effect!(and!CD8!influx)!was!only!seen!

when!the!vaccine!was!combined!with!chemotherapy.!It!might!be!that!the!tumour!cell!

death!from!chemotherapy!is!required!in!combination!with!antiKCAF!therapy!in!order!to!

produce!an!effective!antiKtumour!response.!In!this!way,!the!tumour!microenvironment!is!

more!optimized!to!allow!the!effects!of!chemotherapy!and!subsequent!immune!control.!!

!

7.3.3 ATM*in*cancer*

!

Ataxia!telangiectasia!is!a!rare!autosomal!recessive!disorder,!resulting!from!pathogenic!

mutations!in!the!ATM.gene.!Women!who!carry!a!heterozygous!ATM.gene!mutation!have!
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an!increased!risk!of!breast!cancer(305).!It!is!therefore!considered!to!be!a!breast!cancer!

susceptibility!gene.!Clearly!there!is!a!paradox!that!mutations!in!genes!involved!in!DDR!can!

both!promote!and!counteract!neoplastic!formation.!DDR!mutations!can!lead!to!the!

accumulation!of!oncogenic!mutations!and!cell!survival;!however!targeting!the!DDR!

pathway!can!induce!sensitivity!to!DNAKdamaging!therapeutic!agents.!ATM!inhibition!may!

be!effective!in!cancer!treatment!because!cancer!cells!would!be!expected!to!have!higher!

levels!of!replicative!stress!compared!to!normal!cells!and!many!have!already!acquired!a!

DNA!repair!pathway!defect!early!in!neoplastic!transformation!(thereby!leaving!them!

reliant!on!ATM!if!it!is!intact)(306).!Therefore!targeting!ATM!could!be!potentially!lethal!to!

cancer!cells!while!sparing!normal!cells.!In!contrast,!having!a!globally!defective!ATM!from!

birth!results!in!neoplasm!development!following!a!somatic!“second!hit”.!Here!I!have!used!

an!ATM!inhibition!to!target!CAFs;!this!is!a!novel!use!for!a!drug!that!has!been!developed!

with!the!aim!of!inhibiting!cancer!cells.!!

!

7.3.4 Checkpoint*inhibition*

!

Here!we!have!shown!that!although!there!was!a!trend!towards!reduced!tumour!growth,!

there!was!no!significant!difference!in!tumour!size!between!CTLAK4!and!control!groups.!

The!4T1!mouse!model!is!thought!to!be!poorly!immunogenic!and!highly!metastatic(310).!

Eradication!of!myeloidKderived!suppressor!cells!and!MUC1!vaccination!have!both!been!

used!successfully!to!improve!the!antiKtumour!response!of!immunotherapy!in!the!4T1!

model(310,!311).!Tumour!microenvironment!focused!approaches!have!also!been!used;!

one!group!used!enzymatic!degradation!of!hyaluronic!acid!to!improve!tumoural!uptake!of!

antiKPDKL1!in!the!4T1!model,!with!a!concomitant!increase!in!CD8+!T!cells(312).!The!

mechanism!by!which!hyaluronic!acid!promotes!tumour!growth!is!suggested!to!be!

associated!with!increased!interstitial!pressure!and!vascular!collapse/hypoxia(312).!!

!
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7.3.5 Limitations*

!

There!are!a!number!of!in.vitro.experiments!that!warrant!repeating,!e.g.!unfortunately,!

the!well!containing!extract!from!CAFs!treated!with!ATMKinhibitor!treatment!in!the!

Western!lot!experiment!(Figure!7.4)!was!overloaded,!making!interpretation!difficult.!The!

in.vivo!experiments!here!have!only!been!performed!once,!which!is!a!major!limitation.!The!

lack!of!repetition!of!certain!experiments!was!due!to!reaching!the!end!of!my!available!

funding!and!time!within!the!laboratory.!!As!mentioned!above,!using!a!smaller!number!of!

tumour!cells!could!be!useful!to!allow!extension!of!the!experiment!and!a!greater!number!

of!doses!of!therapy.!Using!a!greater!number!of!mice!would!allow!more!inKdepth!analysis!

of!the!tumours,!e.g.!flow!cytometry,!analysis!of!macrophage!polarisation.!Flow!cytometry!

following!tumour!disaggregation!would!also!allow!an!assessment!of!the!spatial!location!of!

lymphocytes.!!!

!

7.4 Summary*

!

Here!I!have!shown!that!ATM!inhibition!effectively!reduces!the!growth!of!4T1!tumours!in!

Balb/c!mice,!with!no!change!in!CD8!influx!but!a!reduction!in!macrophages.!Given!the!

promising!results!for!ATM!inhibition!shown!here,!I!would!repeat!the!therapeutic!

experiment!in!order!to!verify!the!results!and!I!would!like!to!repeat!the!experiment!with!a!

reduced!number!of!tumour!cells.!I!would!like!to!stain!the!murine!tumours!for!CD31!to!

assess!vasculature!and!I!would!also!consider!flow!cytometry!analysis.!Assuming!a!positive!

result!was!found,!I!would!proceed!to!an!in.vivo.experiment!combining!the!ATMi!with!

chemotherapy,!in!order!to!determine!whether!a!more!effective!response!can!be!obtained!

with!combination!therapy.!I!would!hope!that!by!reducing!the!CAF!burden,!the!immune!

response!elicited!by!chemotherapy!could!be!rendered!more!effective.!!!

!
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Chapter!8 Summary!and$future$directions!

!

This!work!was!designed!to!explore!mechanisms!that!might!underlie!alteration!in!immune!

infiltrate!in!a!subtype!of!breast!cancer,!in!the!hope!that!potential!therapeutic!avenues!

might!be!unearthed.!Triple!negative!breast!cancer!(TNBC)!is!a!particularly!attractive!target!

for!immune!modulation!therapy!as!there!are!no!existing!targeted!therapies!and!it!is!often!

characterised!by!an!aggressive!disease!course.!The!POSH!study!was!used!throughout!this!

work;!a!unique,!large!prospective!cohort!of!women!diagnosed!with!breast!cancer!prior!to!

the!age!of!40,!with!a!wealth!of!clinicopathological!and!survival!data,!in!addition!to!

genomic!DNA!and!tumour!tissue.!

!

As!part!of!my!initial!work!exploring!outcomes!in!young!women!with!breast!cancer,!I!

undertook!a!detailed!assessment!of!clinical!factors!associated!with!prognosis!in!the!POSH!

cohort.!The!differences!in!clinical!pattern!and!baseline!features!of!de.novo!versus!

metastatic!breast!cancer!remain!unclear!and!this!cohort!offers!an!excellent!opportunity!

to!explore!this.!This!data!has!now!been!published!(Appendix!D)(227).!Here!I!showed!that!

TNBC!was!a!negative!prognostic!factor!compared!to!nonKTNBC,!for!both!patients!who!

presented!with!de.novo!metastatic!breast!cancer!and!those!who!developed!metastatic!

disease!later!after!an!initial!diagnosis.!!

!

I!proceeded!to!examine!prognostic!markers!in!the!cohort!with!earlyKstage!TNBC.!Amongst!

baseline!clinicopathological!features,!a!BMI!classification!of!overweight!was!an!

independent!negative!prognostic!feature!for!survival.!The!other!prognostic!factors!were!

as!anticipated:!TKstage,!NKstage,!NPI!score,!LVI.!Data!showing!a!worse!outcome!for!obese!

patients!in!the!POSH!cohort!has!been!published!previously,!but!was!not!evaluated!in!the!

TNBC!cohort!specifically(200).!Further!work!to!investigate!the!interaction!between!

adiposity,!inflammation!and!cancer!is!ongoing(237,!313).!The!data!set!available!within!

POSH!could!be!explored!to!investigate!differences!in!the!tumour!microenvironment!

comparing!tumours!stratified!by!patient!BMI.!The!4T1!model!could!be!used!in!mice!fed!
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obesogenic!diets!vs.!those!on!a!normal!diet,!to!explore!changes!at!the!tumour!level!in!

mice!with!high!adiposity.!!

!

Host!factors!have!not!been!adequately!explored!as!a!modulating!factor!in!the!immune!

response!to!cancer.!In!order!to!interrogate!possible!genetic!factors!influencing!

immunogenicity!in!patients!with!TNBC,!I!am!undertaking!the!first!GWAS!study!correlating!

TIL!infiltrate!with!SNPs!(Appendix!C).!As!part!of!this!work,!I!set!up!a!study!entitled!“iKcK

TNBC”.!Its!purpose!was!the!obtainment!of!fresh!blood!from!patients’!with!TNBC!

(unselected!age),!for!genetic!analysis!(Appendix!A).!However,!a!secondary!purpose!was!to!

provide!a!cohort!for!validation!work!for!the!analyses!performed!here.!The!hypothesis!for!

the!GWAS!study!was!that!germline!variation!in!immune!pathway!genes!might!alter!

immune!signaling!in!the!tumour!microenvironment!and!subsequently!affect!lymphocyte!

activation!and!invasion.!Pilot!data!has!flagged!up!some!possible!SNPs!of!interest,!for!

example!in!the!MERTK.gene.!Whether!there!is!an!inherited!predisposition!to!lymphocytic!

infiltrate!is!an!interesting!hypothesis!that!has!not!been!investigated!in!this!way!before.!As!

we!have!now!gained!funding!to!complete!genotyping!on!a!further!160!samples,!report!on!

a!completed!GWAS!will!follow!and!may!generate!further!candidates!for!functional!work.!

This!will!constitute!the!first!GWAS!assessment!of!SNP!correlation!with!TILs!in!TNBC.!!

!

I!then!assessed!a!panel!of!molecular!markers!to!assess!for!any!correlation!with!survival!in!

TNBC,!using!tissue!microarrays.!Only!stromal!TILs!were!found!to!be!prognostic!for!overall!

survival.!There!is!established!evidence!that!TIL!infiltrate!is!correlated!with!survival!in!

TNBC,!in!both!the!neoadjuvant!and!adjuvant!settings.!However,!there!are!only!a!small!

number!of!young!patients!included!in!previous!work!(88/647!in!one!of!the!largest!

studies)(45).!I!have!validated!this!finding!in!a!large!cohort!of!patients!aged!less!than!40!

with!TNBC!naïve!to!chemotherapy!treatment.!Multivariable!Cox!regression!analysis!

confirmed!TILs!to!be!an!independent!prognostic!factor!in!this!cohort.!Using!a!ROC!analysis!

with!3Kyear!survival!as!the!primary!outcome,!TIL!percentage!was!second!only!to!the!

number!of!pathological!lymph!nodes!in!terms!of!prognostic!significance.!Combining!TIL!

score!and!the!number!of!lymph!nodes!into!a!predictive!score!had!a!positive!predictive!

value!of!+0.7603.!!
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!

In!order!to!determine!potential!features!that!may!be!associated!with!immunogenicity,!I!

assessed!for!clinicopathological!and!molecular!correlates!of!TILs.!The!TIL!score!was!higher!

in!patients!with!a!germline!BRCA1!or!2!gene!mutation.!This!has!been!shown!previously,!

but!in!smaller!numbers(122).!Possible!mechanisms!are!genomic!instability!and!increased!

neoantigen!load.!The!latter!has!been!demonstrated!in!BRCAKmutated!ovarian!carcinoma!

using!TCGA!analysis(314).!As!discussed!in!section!1.5.4.4,!the!immunogenicity!is!variable!

even!within!BRCAKmutated!cases,!this!is!likely!to!be!secondary!to!factors!related!to!

genomic!instability(126).!This!supports!efforts!to!utilize!immunotherapy!in!patients!with!a!

BRCA!mutation,!but!further!stratification!and/or!combination!therapy!is!likely!to!be!

required.!Of!note,!there!was!no!association!between!BMI!and!TIL!score.!!

!

In!order!to!further!explore!how!the!genetic!characteristics!of!tumours!associated!with!

BRCA.mutations!might!correlate!with!clinical!features!and/or!prognosis,!I!have!formed!an!

international!collaboration!to!facilitate!sequencing!of!paired!genomic!(whole!blood)!DNA!

and!tumour!(FFPE)!DNA!from!patients!from!the!POSH!cohort.!This!required!local!ethics!

and!research!approval!(Appendix!E).!The!team!I!have!been!collaborating!with!at!the!

University!of!Pennsylvania,!USA!are!international!leaders!in!the!field!of!BRCA1/2!genetics!

and!genomics,!with!their!recent!work!focusing!on!the!somatic!characterization!of!tumors!

associated!with!BRCA1/2.germline!mutations(126).!To!date,!tumour!and!genomic!DNA!

samples!from!201!patients!from!the!POSH!cohort!have!been!sent!to!Pennsylvania.!Once!

this!whole!exome!sequencing!data!is!generated!it!will!be!a!rich!resource!for!future!work.!!

!

Using!fullKface!multiplex!imaging,!digital!analysis!was!performed!to!analyse!the!spatial!

location!of!CD8!and!SMA!positive!cells.!Although!none!of!the!results!were!significant,!

likely!due!to!the!relatively!few!cases!analysed!(n=18),!there!was!a!trend!for!an!increased!

number!of!CD8KSMAK!cells!and!lower!number!of!CD8+!cells!inside!the!tumour!borders!for!

TILKlow!tumours!(relative!to!outside).!It!was!hypothesised!that!the!former!are!tumour!

cells!or!immunosuppressive!cells;!further!multiplex!staining!would!need!to!be!performed!

to!categorise!these!cells!further.!A!greater!number!of!cases!will!need!to!be!included!in!



! ! Chapter!8!!

256!

further!multiplex!analysis!to!determine!whether!these!initial!results!are!significant.!It!is!

also!possible!that!further!digital!analysis!using!other!parameters!such!as!CD8!to!tumour!

cell!measurements!could!be!utilised!to!provide!further!spatial!data.!Digital!automated!

analysis!of!TMA!expression!was!also!found!to!be!an!effective!alternative!to!pathologist!

scoring!in!this!setting!and!could!prove!an!efficient!means!of!processing!TMA!data!in!

future!work.!!

!

I!also!utilised!a!bioinformatics!approach!to!investigate!correlates!with!lymphocytic!

infiltration!in!a!publically!available!dataset.!The!approach!of!integrating!

genomic/transcriptonomic!data!with!histopathological!features!has!been!used!effectively!

before(218)!and!it!is!a!rational!approach!to!further!understand!the!mechanisms!

underlying!variable!immunogenicity!in!TNBC.!Interrogation!of!the!TCGA!database!

revealed!a!positive!correlation!between!extracellular!matrix!(ECM)!modules!and!

lymphocyte!depletion!in!TNBC.!This!highlighted!the!potential!importance!of!cancerK

associated!fibroblasts!(CAFs),!as!the!primary!ECM!cell!type,!in!TNBC!biology.!I!therefore!

included!smooth!muscle!actin!(SMA;!a!marker!of!CAFs)!amongst!an!immune!panel!of!

molecular!markers.!!

!

All!lymphocyte!markers,!in!addition!to!MHC!class!1!and!PDKL1!(on!lymphocytes)!were!

positively!prognostic!for!survival.!In!addition,!PDKL1!was!positively!correlated!with!TILs.!

SMA!significantly!negatively!correlated!with!TILs.!Given!this!validated!the!TCGA!analysis!

findings,!I!decided!to!investigate!the!possibility!of!targeting!cancerKassociated!fibroblasts!

(CAFs)!in!TNBC.!!!

!

I!first!evaluated!the!effect!of!TGFKβ!stimulation!of!murine!normal!breast!fibroblasts!in.

vitro!and!confirmed!differentiation!into!the!myofibroblastic!phenotype.!An!initial!in.vivo!

experiment!comparing!fibroblast!phenotypes!in!a!coKinjection!model!with!4T1!tumour!

cells!showed!a!reduction!in!CD8!cells!present!with!CAFs/TGFKβKactivated!fibroblasts!but!

no!change!in!tumour!volume.!As!SMA!was!noted!to!be!high!in!this!model,!the!

fibroblast:tumour!ratio!was!increased.!With!this!change,!there!was!a!significant!increase!
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in!tumour!volume!noted!with!CAFs/TGFKβKactivated!fibroblasts,!with!concomitant!

increase!in!SMA!staining.!There!was!a!trend!to!increased!macrophage!infiltration!in!these!

two!arms.!Therefore,!this!shows!that!myofibroblasts!augment!tumour!growth!in!this!

mouse!model.!!

!

I!wanted!to!assess!the!efficacy!of!a!novel!antiKCAF!drug!using!the!above!model.!There!are!

no!published!studies!evaluating!the!use!of!an!ATM!inhibitor!to!target!myofibroblasts!in!

cancer,!but!there!is!evidence!of!the!importance!of!ATM!in!TGFKβKmediated!fibrosis!(see!

Section!7.1).!First!I!assessed!its!effect!on!cells!in.vitro.!There!was!some!evidence!of!a!

reversal!of!the!myofibroblastic!phenotype!for!both!CAFs/TGFKβKactivated!fibroblasts!

when!treated!with!the!ATM!inhibitor,!AZD0156.!Gene!knockdown!of!ATM!confirmed!

reduced!expression!of!the!SMA!protein.!!I!proceeded!to!perform!a!therapeutic!

experiment!utilising!coKinjection!of!CAFs!with!4T1!tumour!cells,!comparing!control!to!an!

immunotherapy!arm!and!an!ATM!inhibitor!arm.!ATM!inhibition!was!effective!at!reducing!

tumour!growth!in.vivo.!CD8!infiltration!on!the!other!hand!was!only!increased!in!the!

immunotherapy!arm,!indicating!that!ATM!inhibitor!effect!was!independent!of!cytotoxic!

lymphocytes.!However,!SMA!was!markedly!reduced!in!the!ATM!inhibited!tumours,!

indicating!that!its!effect!was!at!least!partly!mediated!via!inhibition!of!CAFs.!Of!note!there!

was!a!trend!to!a!reduction!in!tumourKassociated!macrophages!in!both!treatment!arms.!

This!therapeutic!experiment!bears!repeating!with!additional!work!to!assess!for!the!effect!

on!tumours;!e.g.!PDKL1!staining,!flow!cytometry!with!macrophage!polarisation.!!

!

This!work!was!designed!to!investigate!the!immunogenicity!of!TNBC!tumours!from!a!

cohort!of!young!women.!It!is!generally!accepted!that!an!important!stimulus!for!the!

immunogenicity!of!a!tumour!is!the!repertoire!of!mutated!peptides!present.!However,!it!is!

increasingly!being!recognised!that!the!microenvironment!is!of!central!importance,!with!

the!balance!of!stimulatory!and!suppressive!signalling!key!in!tipping!the!immunoediting!

equilibrium!in!favour!of!the!tumour.!Here!I!have!shown!that!CAF!targeting,!via!ATM!

inhibition,!has!potential!as!a!therapeutic!strategy!in!TNBC.!Modulation!of!the!

microenvironment!is!likely!to!become!a!more!common!mechanism!of!antiKcancer!agents.!

There!is!no!doubt!that!combination!therapy!with!novel!agents!and!immunotherapy!will!
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be!necessary!for!some!patients.!As!our!understanding!of!the!heterogeneity!of!tumours!

and!their!microenvironments!grows,!we!will!be!able!to!select!appropriate!strategies!to!

find!the!best!combinations!for!our!patients.!!
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Appendix*A i@c@TNBC%study%protocol*

*

i@c@TNBC:*immune*recognition*of*triple*negative*breast*

cancer!

Short!title:!iKcKTNBC!

Protocol!v2!

*

Chief*Investigator:**

Dr!Hayley!McKenzie!

CRUK!Research!Fellow!

Cancer!Research!UK!Centre!!

Somers!Cancer!Research!Building,!MP824!!

Southampton!General!Hospital!!

Tremona!Road!!

Southampton!!

SO16!6YD!

!

Principal*Investigator:*

Dr!Hayley!McKenzie!

Cancer!Research!UK!Centre!!

Somers!Cancer!Research!Building,!MP824!!

Southampton!General!Hospital!!

Tremona!Road!!

Southampton!!

Chief*Investigator:**

Dr!Ellen!Copson!

CRUK!Associate!Professor!of!Medical!Oncology!

Cancer!Research!UK!Centre!!

Somers!Cancer!Research!Building,!MP824!!

Southampton!General!Hospital!!

Tremona!Road!!

Southampton!!

SO16!6YD!

!
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SO16!6YD!

!

Co@investigators:**

Professor!Anthony!Williams!

Professor!Diana!Eccles!

Dr!Edd!James!

!

Study*Sponsor:**

University!Hospital!Southampton!NHS!Foundation!Trust!

Tremona!Road,!Southampton!!

SO16!6YD!!

Telephone:!023!8120!8215!

Email:!R&Doffice@uhs.nhs.uk.!!

!

Study*Site:**

University!Hospital!Southampton!NHS!Foundation!Trust!

Tremona!Road,!Southampton!

SO16!6YD!!

Tel:!023!8077!7222!(Switchboard)!!

*

1.!Background!

!

An*immune*subtype*of*TNBC*

!

TNBC!by!definition!is!characterised!by!lack!of!expression!of!oestrogen,!progesterone!and!

HER2!receptors!using!immunohistochemistry!and!comprises!10K20%!of!breast!cancers.!
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TNBC!tends!to!be!high!grade!and!there!is!a!greater!chance!of!relapse!within!5!years!

compared!to!other!subtypes(315).!There!are!no!targeted!treatments.!!

!

It!is!now!accepted!that!increased!lymphocytic!infiltration!at!diagnosis!is!associated!with!

decreased!disease!recurrence!rates!and!improved!overall!survival!in!triple!negative!breast!

cancer(36,!43).!!It!is!also!correlated!with!increased!expression!of!immune!and!

inflammatory!markers(37,!78).!Additionally,!increased!stromal!TIL!infiltration!has!been!

consistently!associated!with!a!complete!response!to!neoadjuvant!chemotherapy!in!

TNBC(37,!316).!It!has!therefore!been!suggested!that!TILs!can!be!used!as!a!biomarker!for!

chemotherapy!response!and!prognosis!in!TNBC.!Some!have!suggested!treatment!should!

be!stratified!according!to!TIL!status(29).!

!

In!every!study!using!transcriptonomic!and/or!genomic!data!to!subclassify!breast!cancer,!

an!“immuneKactive”!subtype!has!been!identified,!which!confers!a!good!prognosis.!The!

mechanisms!by!which!this!subtype!gains!recognition!of!the!immune!system!and!resultant!

TIL!infiltration!are!not!clear.!!

!

MHC*Class*I*presentation*

!

Generation!of!an!effective!immune!response!is!a!cascade,!which!commences!with!antigen!

presentation.!Tumour!cells!present!epitopes!generated!from!tumourKassociated!antigens!

(TAA)!using!MHC!class!I!molecules,!which!are!then!recognised!by!cytotoxic!T!cells.!

Assuming!immune!recognition,!a!durable!and!effective!T!cell!response!then!needs!to!be!

maintained.!!SelfKantigens!are!usually!ignored!by!T!cells,!whereas!nonKself!and!mutated!

proteins!should!generate!an!adaptive!immune!response.!Some!TAA!may!be!tumourK

specific!neoantigens!but!most!reported!thus!far!are!normal!selfKantigens!(317).!A!limited!

repertoire!of!immunogenic!antigens!may!be!one!reason!why!some!tumours!are!not!

infiltrated!by!lymphocytes.!!
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!

The!generation!of!optimal!peptides!for!class!I!presentation!takes!place!in!the!cytoplasm,!

endoplastic!reticulum!(ER)!and!Golgi!apparatus!and!requires!a!multitude!of!different!

molecules!and!proteins,!knows!as!MHC!class!I!antigen!processing!and!presentation!

machinery!(APM).!Any!defect!in!this!pathway!could!affect!the!formation!of!optimum!

peptide!fragments!and!subsequent!immune!recognition(318).!Antigen!presentation!

commences!with!proteolysis!in!the!cytoplasm.!Proteins,!such!as!those!generated!by!

cancer!cells,!are!cleaved!into!smaller!fragments!by!the!ubiquitinKproteasome!pathway.!A!

small!number!of!peptides!are!then!transported!into!the!ER!by!the!transporter!associated!

with!antigen!processing!(TAP).!!

!

ER!aminopeptidase!(ERAP1)!performs!a!critical!function!in!the!final!processing!of!MHC!

class!ligands!at!this!stage.!On!arrival!in!the!ER,!peptides!are!of!varying!lengths.!

Proteasomes!can!generate!peptide!fragments!ranging!from!2K25!residues!long(138),!

although!TAP!preferentially!transports!those!of!8K16!residues!long(138).!Class!I!molecules!

are!very!restrictive!regarding!the!length!of!peptides!that!can!fit!into!their!groove,!

preferring!those!of!9!to!10!residues.!Peptides!therefore!require!further!processing!by!NK

terminal!trimming!in!order!to!be!of!optimal!length.!ERAP1!appears!to!perform!a!unique!

function,!acting!as!a!“molecular!ruler”,!preferentially!trimming!peptides!of!9K16!residues!

and!generating!optimal!lengths!for!class!I!presentation(138).!It!can!also!destroy!peptides!

by!excess!processing(140).!In!this!way,!the!enzyme!is!well!placed!to!influence!the!

antigenic!repertoire!presented!to!T!cells.!!

!

The.ERAP1!gene!is!encoded!in!chromosome!5q21!and!is!composed!of!20!exons!and!19!

introns(319).!ERAP1!is!highly!polymorphic!and!unique!allotypes!continue!to!emerge;!in!

one!study!13!allotypes!were!reported!and!more!than!70!polymorphisms!have!been!

documented!(320).!It!is!codominantly!inherited!and!so!a!“normal”!trimming!allele!may!be!

able!to!compensate!for!a!“lowKtrimming”!allele,!producing!a!normal!phenotype.!In!mouse!

models,!ERAAP.(the!murine!aminopeptidase!equivalent)!has!been!shown!to!be!vital!for!

the!generation!of!many!antigenic!epitopes!and!to!influence!the!repertoire!of!peptides!
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produced(142).!!

!

The*role*of*ERAP1*in*cancer*

!

Following!on!from!evidence!from!genomeKwide!association!studies,!ERAP1.has!been!most!

extensively!studied!in!ankylosing!spondylitis!(AS).!The!functional!intersection!of!ERAP1!

and!HLAKB27!underlies!its!importance!in!this!disease.!Variation!in!ERAP1.is!however!likely!

to!have!impact!on!a!wider!set!of!diseases!and!its!role!in!cancer!immune!surveillance!is!

expanding.!!

!

In!a!murine!colon!carcinoma!model,!downregulation!of!ERAAP!(the!mouse!equivalent!of!

ERAP1/2)!resulted!in!an!increased!number!of!antigenic!epitopes!and!led!to!a!greater!

cytotoxic!response!and!tumour!rejection(142).!The!conclusion!drawn!was!that!ERAAP!

normally!overtrims!TAA,!such!as!GSW11,!in!this!colon!carcinoma!model.!They!were!also!

able!to!transiently!downregulate!ERAAP!in!this!model!using!a!small!molecule!inhibitor,!

paving!the!way!for!ERAP1!as!a!potential!target!for!anticancer!immunomodulation!

therapy.!!

!

Given!the!importance!of!cytotoxic!and!NK!cell!responses!in!the!immune!response!to!

tumour!cells,!it!has!been!hypothesised!that!naturally!occurring!polymorphic!variants!of!

ERAP1!may!have!an!influence!on!an!individual’s!predisposition!to!certain!cancers(139).!

This!host!effect!may!have!most!influence!at!the!early!stages!of!cellular!transformation,!

with!a!certain!ERAP1!variant!preventing!engagement!of!the!immune!system!and!allowing!

further!oncogenic!mutations!to!occur.!!

!

The!association!of!ERAP1.haplotypes!with!certain!cancers!has!been!studied!to!a!limited!

degree.!One!group!identified!specific!ERAP1!polymorphisms!as!being!associated!with!

cervical!carcinoma!in!a!geographic! subgroup!in!Indonesia!(RKP!at!127!and!QKE!
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at!730)(321).!In!a!separate!study,!they!investigated!the!association!of!these!

polymorphisms!with!outcome!in!cervical!carcinoma!and!found!variants!at!two!loci!that!

were!significantly!associated!with!decreased!overall!survival(322).!They!also!correlated!

certain!haplotypes!with!lymph!node!metastases.!Given!that!SNPs!have!been!found!to!

have!an!effect!on!the!expression!of!the!ERAP1!protein,!trimming!activity!and!substrate!

specificity(139),!it!was!hypothesised!that!the!altered!processing!of!the!Human!Papilloma!

Virus!!(such!as!protein!E7)!by!certain!ERAP1!haplotypes!could!lead!to!a!change!in!the!

persistence!of!infection!and!the!ability!of!transformed!cells!to!evade!the!immune!system.!

It!raises!the!possibility!that!genetic!variation!in!antigen!processing!could!also!change!the!

genetic!predisposition!to!nonKviral!induced!cancer.!

!

Given!that!TIL!infiltration!can!be!used!as!a!surrogate!marker!of!the!immune!response,!

investigating!the!impact!of!ERAP1!variation!first!in!the!cancers!for!which!this!has!a!

prognostic!impact!seems!reasonable.!In!humans,!so!far!efforts!have!focused!on!cervical!

carcinoma!and!head!and!neck!cancer,!both!HPVKrelated.!This!is!the!first!time!the!ERAP1!

genotype!has!been!evaluated!in!patients!with!TNBC.!

!!

2.!Aims!and!Objectives!

!

This!study!aims!to!explore!the!association!between!ERAP1!genotype!and!TIL!infiltration!

pattern!in!triple!negative!breast!cancer!

!

Primary!Objectives:!

To!collect!fresh!blood!samples!from!patients!with!recently!diagnosed!triple!negative!

breast!cancer!(TNBC)!in!order!to!sequence!both!alleles!of!ERAP1!in!peripheral!blood!

mononuclear!cells.!

To!assess!the!degree!of!TIL!infiltration;!moderate/high!or!low)!in!TNBC!tumours!and!

investigate!the!association!between! certain!single!nucleotide!polymorphisms!
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(SNPs)!and!degree!of!TIL!infiltration!will!be!investigated.!!

!

Secondary!Objective:!

To!perform!functional!assays!to!determine!the!trimming!function!of!these!alleles!and!

determine!whether!there!is!any!association!between!the!phenotype!and!TIL!density.!

!

3.!Study!design!

!

This!study!is!a!nonKinterventional,!prospective,!observational!cohort!study!intending!to!

evaluate!the!influence!of!the!ERAP1!gene!on!lymphocyte!infiltration!in!triple!negative!

breast!cancer.!Patients!will!be!recruited!prospectively!after!they!receive!their!diagnosis!of!

invasive!breast!cancer!and!prior!to!the!start!of!systemic!antiKcancer!therapy.!Two!

additional!samples!of!blood!will!be!collected!when!they!undergo!venepuncture!for!

routine!blood!tests!prior!to!surgery!or!first!chemotherapy!treatment.!The!blood!samples!

will!be!analysed!in!the!Cancer!Sciences!department!of!the!University!of!Southampton.!

Access!to!patients’!histology!slides!for!an!assessment!of!TIL!infiltration!will!be!required;!

this!will!be!performed!onKsite!at!the!University!of!Southampton!NHS!Foundation!Trust.!

Data!regarding!patients’!diagnosis,!treatment!and!clinical!outcome!will!be!recorded!and!

anonymised!(see!Section!5).!!Access!to!excess!tissue!block!material!will!be!requested!for!

future!work,!specifically!related!to!ERAP1.!!

3.1!Study!population.

.

Recruitment!will!not!be!randomised.!A!maximum!of!100!patients!will!be!recruited!over!a!

period!of!three!years.!!

!

3.2!Study!plan!



! ! Appendix!A!!

! ! ! ! ! ! !
266!

.

Upon!recruitment,!patients’!will!have!two!additional!blood!samples!taken.!This!will!be!

taken!at!the!time!of!venesection!for!the!purposes!of!preKsurgical!assessment!or!prior!to!

chemotherapy.!Therefore!no!additional!venepuncture!will!be!necessary.!One!10ml!EDTA!

and!one!6ml!EDTA!sample!will!be!taken!(a!total!of!16mls),!to!be!stored!as!peripheral!

blood!mononuclear!cells!(PBMCs),!whole!blood!and!serum.!The!samples!will!be!processed!

in!accordance!with!local!protocol!and!stored!on!the!day!of!collection!in!a!research!

freezer.!All!samples!will!be!anonymised!and!identified!only!a!by!a!unique!patient!

identification!number.!The!sample!number!and!date!of!receipt!will!also!be!recorded.!!

!

Following!surgery!for!the!primary!tumour,!access!to!diagnostic!histopathological!slides!

will!be!required!for!the!purposes!of!TIL!assessment.!These!will!be!reviewed!onKsite!in!the!

cellular!pathology!department!of!University!Hospital!Southampton!under!the!supervision!

of!a!consultant!histopathologist.!!!

!

In!addition,!signed!consent!will!be!sought!from!study!participants!to!permit!future!

pathology!review!and!ERAP1!related!analysis!(pending!additional!funding)!of!pathology!

tissue!block!specimens!from!breast!surgery!performed!as!part!of!the!routine!

management!of!early!breast!cancer!in!patients!participating!in!this!study.!

!

3.3!Patient!recruitment!

.

Potential!study!participants!will!be!identified!at!the!weekly!breast!multiKdisciplinary!

meeting.!!Eligible!women!will!be!invited!to!participate!in!the!study!during!their!routine!

breast!clinic!appointment!by!their!clinician.!The!clinician!or!research!nurse!will!introduce!

the!study!and!women!who!express!an!interest!in!being!involved!in!the!study!will!then!be!

given!a!written!patient!information!sheet!and!permission!will!be!sought!for!the!PI!to!

subsequently!contact!them!by!telephone!to!discuss!the!study!further!should!this!be!
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necessary.!

!

Patients!who!wish!to!participate!will!be!asked!to!sign!a!written!consent!form!by!the!PI,!

clinician!or!research!nurse!when!they!attend!for!routine!venepuncture!at!either!surgical!

preKassessment!or!chemotherapy!clinic.!!

!

All!patients!will!be!given!a!minimum!of!24!hours!to!consider!this!study!before!they!sign!a!

consent!form;!however,!should!a!patient!specifically!request!to!consent!and!participate!in!

this!study!in!a!shorter!time!frame!then!this!will!be!permitted!for!the!patient’s!

convenience.!Approach!to!consent!will!follow!local!University!of!Southampton!protocol.!

!

3.4!Inclusion!criteria!

.

1.!Patients!diagnosed!with!triple!negative!breast!cancer,!defined!as!ERKnegative!(Quick!

score!≤3)!,!PRKnegative!!(Quick!score!≤3)!and!HER2Knegative!(IHC!score!0!K1!or!IHC!2!and!

FISH!negative),!according!to!local!immunohistochemistry.!

2.!Aged!18!years!or!older.!

3.!Able!to!understand!the!reasoning!for!study!and!provide!written!informed!consent.!

!

3.5!Exclusion!criteria!

.

1.!Aged!less!than!18!years.!

2.!Unwilling!or!unable!to!consent!to!inclusion!within!the!study.!

!

3.6!End!of!study!participation!and! withdrawal!of!consent!
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!

Active!participation!will!be!limited!to!the!single!blood!test!performed!following!patient!

consent.!Participants!will!be!asked!to!consent!to!the!research!team!continuing!to!track!

their!clinical!progress!from!case!note!review!following!the!termination!of!their!time!in!the!

study.!Patients!will!be!informed!that!they!will!be!able!to!withdraw!their!consent!to!take!

part!in!the!study!at!any!time.!At!this!time!the!blood!sample!held!by!the!University!of!

Southampton!will!be!destroyed!according!to!local!protocol.!!!

!

Consent!will!be!sought!for!any!remaining!blood!samples!to!be!transferred!to!the!Cancer!

Sciences!tissue!bank!at!the!completion!of!this!research!study.!

!

3.7.!Collection!of!clinical!and!histopathological!data!

!

Information!regarding!patients’!personal!and!histopathological!characteristics!will!be!

recorded!on!study!specific!case!report!forms!(CRF),!linked!to!anonymised!samples.!Data!

collected!will!include:!age,!histological!features!of!the!surgical!specimen,!treatment!

administered,!clinical!outcome.!All!essential!documents!will!be!retained!for!a!minimum!of!

15!years!following!the!end!of!the!study.!Analytical!data!will!be!stored!electronically!on!

password!protected!data!files!by!the!investigators.!The!Chief!Investigator!and!coK

investigators!will!have!access!to!the!data!for!analyses.!Patient!confidentiality!will!be!

maintained!by!removing!patient!identifiable!labels!other!than!an!assigned!study!specific!

number.!No!information!that!could!identify!a!study!participant!will!be!released!in!any!

publication!or!report.!!

!

4.!Processing!of!samples!

!

Blood!samples!are!taken!primarily!for!the!purposes!of!sequencing!the!ERAP1.gene.!This!
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gene!is!not!considered!high!risk,!does!not!currently!have!implications!beyond!the!scope!of!

this!study!and!is!not!subject!to!guidance!with!regards!to!any!additional!treatment,!

investigations!or!familial!testing.!Further!processing!of!blood!may!also!be!performed,!

related!to!immunological!factors!in!TNBC.!!

!

The!blood!samples!will!be!processed!on!the!day!of!collection.!Coordination!between!the!

phlebotomist!and!Chief!Investigator!will!be!required!regarding!the!timing!of!venesection!

in!order!to!ensure!this!occurs!promptly.!Once!processed,!samples!will!be!stored!at!K80!

degrees!centigrade!in!a!research!freezer!in!the!University!of!Southampton.!!

!

Histopathology!slides!will!be!reviewed!for!the!purposes!of!TIL!infiltration.!Slides!will!not!

be!removed!from!site.!Should!excess!tissue!blocks!be!required!for!further!investigation,!

they!may!be!moved!to!the!University!of!Southampton!for!processing.!Only!material!which!

is!excess!to!clinical!use!will!be!used!and!the!use!of!this!material!will!have!no!effect!on!the!

patients’!clinical!management.!

5.!Ethics,!governance!and!funding!

!

This!study!will!be!performed!subject!to!Research!Ethics!Committee!(REC)!and!Health!

Research!Authority!(HRA)!approval;!local!Research!and!Development!approval!will!be!

gained.!It!will!be!conducted!in!accordance!with!International!conference!on!

harmonization!of!technical!requirements!for!registration!of!pharmaceuticals!for!human!

use!(ICH)!Good!Clinical!Practice!(GCP)!guidelines.!!

!

This!study!is!funded!by!Cancer!Research!UK,!under!a!fellowship!grant!held!by!Hayley!

McKenzie.!The!local!sponsor!is!University!Hospital!Southampton!NHS!Foundation!Trust.!!

!
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Appendix*B POSH%metastatic%study%Statistical%Analysis%
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!

Statistical*Analysis*Plan*for*the*POSH*study*(Prospective*Study*of*Outcomes*in*

Sporadic*versus*Hereditary*breast*cancer)*–*Mo*vs*M1*paper*

!

[Please.note.this.statistical.analysis.plan.has.been.written.in.the.past.tense.because.it.will.form.the.

basis.of.a.paper].

!
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*

1. *Introduction*

*

1.1. Background*/*Rationale*

!

Breast!cancer!is!the!most!common!neoplasm!in!women,!with!a!yearly!incidence!of!over!55,000!in!

the!UK(323).!When!localized!to!the!breast!and!lymph!nodes!it!is!often!curable,!but!for!the!3!to!6%!

who!present!with!de.novo!metastatic!breast!cancer!(dnMBC)!it!is!not!likely!(7,!8).!!Overall,!the!

median!survival!of!those!with!metastatic!breast!cancer!(MBC)!is!2!to!3!years(9),!although!the!

range!is!wide,!with!some!patients!with!ER+!or!HER2+!disease!living!much!longer.!!

!

Most!studies!to!date!have!shown!a!longer!survival!time!for!those!presenting!with!DNMBC!

compared!to!those!who!develop!recurrent!MBC!(11K14).!In!one!study!this!longer!survival!time!was!

limited!to!patients!with!a!metastasisKfree!interval!of!greater!than!24!months;!those!with!a!shorter!

interval!had!a!significantly!worse!prognosis(15).!The!phenotype!of!breast!cancer!for!those!with!

DNMBC!is!unclear.!Some!studies!have!reported!more!favourable!pathological!features(12),!while!

others!have!reported!an!aggressive!phenotype!in!those!with!de.novo!MBC(8).!Data!regarding!

clinical!presentation!has!also!yielded!conflicting!results;!some!reports!suggest!a!similar!pattern!of!

metastatic!disease(12),!while!others!show!a!lower!prevalence!of!brain!metastases!compared!to!

those!with!recurrent!disease(11,!15).!Locoregional!management!in!patients!with!DNMBC!is!an!

ongoing!debate;!results!from!randomised!trials!have!been!conflicting(324).!Therefore,!the!

clinicopathological!presentation,!prognosis!and!optimal!treatment!for!patients!with!de.novo.

metastatic!breast!cancer!are!not!yet!fully!elucidated.!

!

Women!aged!less!than!40!at!diagnosis!are!more!likely!to!have!breast!cancer!with!adverse!

biological!features,!including!higher!grade,!absence!of!hormone!receptors,!lymph!node!

involvement!and!vascular!invasion(196).!We!plan!to!characterise!the!clinical!features,!pattern!of!

disease!progression!and!survival!of!young!breast!cancer!patients!who!present!with!metastatic!

disease,!compared!to!those!who!later!develop!distant!metastases!in!a!large!prospective!cohort!of!

young!patients!genotyped!for!germline!BRCA1/!2!and!other!high!and!moderate!penetrance!breast!

cancer!susceptibility!genes.!

*
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1.2. Objectives*

*

This!paper!presents!the!results!from!analyses!carried!out!on!data!collected!from!the!POSH!study.!

To!ensure!clarity!is!provided!in!the!objectives,!the!following!definitions!are!provided!below:!

!

Definitions:**

• dnMBC!(de!Novo!Metastatic!Breast!Cancer)=M1!stage!patients!

• early24=M0!stage!patients!who!have!experienced!a!distant!relapse!within!24!months!

• early12=M0!stage!patients!who!have!experienced!a!distant!relapse!within!12!

• months!

• early24_to_60=M0!stage!patients!who!have!experienced!a!distant!relapse!after!24!

months!but!within!60!months!

• early60+=M0!stage!patients!who!have!experienced!a!distant!relapse!after!60!months!

!

The!primary!objective!was!to:!

• To!compare!Overall!Survival!(OS),!defined!as!time!from!date!of!diagnosis!to!death!from!

any!cause,!of!early12!with!that!of!dnMBC!patients.!

!

Secondary!objectives:!

• To!compare!OS!of!early24!with!that!of!dnMBC!patients.!

• !To!compare!Post!Distant!Relapse!Free!Survival!(PDRS),!defined!as!time!from!date!of!

distant!metastases!to!death!from!any!cause,!early12!with!that!of!dnMBC!patients.!

• To!compare!PDRS,!defined!as!time!from!date!of!distant!metastases!to!death!from!any!

cause,!early24!with!that!of!dnMBC!patients.!

!

• To!describe!patient!and!tumour!characteristics!(including!Body!Mass!Index![BMI],!BRCA!

status!and!sites!of!metastatic!disease)!and!clinicopathological!features!of!primary!

tumours!in!M!distant!groups:!!

o dnMBC!

o early12!

o early24!

o early24_to_60!

o early60+!

o All!patients!

(with!formal!comparisons!between!dnMBC!v!early12,!and!also!between!dnMBC!v!

early24).!!

!
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• dnMBC!patients!only:!To!compare!OS!in!dnMBC!patients!who!had!breast!conserving!

surgery!(BCS)!or!mastectomy!(or!nodal!surgery)!vs!those!who!had!no!surgery.!

• !

• dnMBC!patients!only:!To!compare!PDRS!in!dnMBC!patients!who!had!BCS!or!mastectomy!

(or!nodal!surgery)!vs!those!who!had!no!surgery.!

!

• M0!stage!patients!only!i.e.!nonKdnMBC:!To!assess!the!correlation!between!MFI!

(metastasisKfree!interval),!defined!as!time!between!date!of!diagnosis!and!date!of!first!

distant!relapse,!and!PDRS!in!M0!patients!who!later!develop!metastatic!disease.!

*

2. Methods*

*

a. Study*Design*

*

The!POSH!study!is!a!prospective!cohort!study.!The!protocol!for!the!study!can!be!found!in!the!

following!journal!article!http://www.biomedcentral.com/1471K2407/7/160.!

!

b. Setting*

*

The!POSH!study!recruited!women!from!breast!centres!across!England,!Scotland,!Wales!and!

Northern!Island!between!1
st
!June!2001!to!31

st
!January!2008.!

*

c. Participants*

.

The!study!recruited!≈3000!women!aged!40!years!or!younger!at!breast!cancer!diagnosis.!The!

women!had!to!have!been!diagnosed!with!breast!cancer!between!January!2000!and!January!2008.!

In!addition,!43!women!aged!41K50!were!included!if!they!had!a!known!BRCA1!or!BRCA2!gene!

mutation!and!were!diagnosed!with!invasive!breast!cancer!within!the!study!period!but!were!

excluded!for!this!analysis.!Women!were!excluded!if!they!had!a!previous!invasive!malignancy!(with!

the!exception!of!nonKmelanomatous!skin!cancer),!were!not!available!for!follow!up!or!refused!

consent!to!retain!diagnostic!and!follow!up!data.!A!total!of!2977!women!were!included!in!the!

analysis!population.!

!
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Clinical!follow!up!data!were!obtained!from!the!patient!medical!records!by!the!clinical!trials!

practitioner!(CTP)!at!each!recruiting!centre.!Data!forms!collecting!information!at!diagnosis,!6!

months,!12!months!were!completed!by!the!CTP!usually!at!12!months!from!diagnosis.!Annual!data!

collection!was!continued!from!the!date!of!definitive!diagnosis!until!death,!loss!to!follow!up!or!

until!the!end!of!the!current!phase!of!the!study!(June!2016).!!

!

d. Variables!

!

Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

Primary*outcome!

Time!to!death!

(OS)!,!in!years!

Survival!data!

!

Date!of!death!from!any!

cause!–!Date!of!invasive!

breast!cancer!diagnosis!

N/A,!patients!who!haven’t!

experienced!an!event!will!be!

censored!at!the!date!of!their!

last!follow!up!visit!

N/A!

Secondary*outcomes!

Time!from!first!

relapse!to!death!

from!any!cause!

(PDRS)!

Survival!data!

!

Date!of!death!(or!last!

followKup!if!not!died)!–!

Date!of!distant!relapse!

N/A,!patients!who!haven’t!

experienced!an!event!will!be!

censored!at!the!date!of!last!

followKup.!

N/A!

Candidate*predictor(s)!
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Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

M!stage! Multiple!binary!

categories:!

!

• deMBC!vs.!

early12!

• deMBC!vs.!

early24!

!

Also!categorical:!

• deMBC!

• early12!

• early24!

• early24_to_60!

• early60+!

26!records! Consider!

Missing!

Completely!at!

Random!

(MCAR)!

Surgical!Indicator! Binary!(BCS!or!

Mastectomy!or!Nodal!

surgery!only!vs.!No!

surgery)!

0!records! N/A!

Potential*confounders*/*effect*modifiers!
1. Age!at!

diagnosis,!in!

years!

Continuous,!in!years!

In!addition,!Categorical:!

18!to!25,!26!to!30,!31!to!

35,!36!to!40!

0!records! N/A!

2. Duration!of!

followKup,!in!

years!

Survival!data!(reverse!

KaplanKMeier!of!OS)!

!

Date!of!last!followKup!–!

date!of!diagnosis.!

!

Patients!who!die!from!

any!cause!are!censored!at!

the!date!of!last!followKup.!

0!records! N/A!
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Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

3. Ethnicity!
Categroical!

(Caucasian/White,!Black,!

Asian,!Other,!or!

Missing/unknown)!

40!records! Consider!

MCAR!

4. Body!mass!

index!
Categorical!

(Underweight/Normal,!

Overweight,!Obese)!

116!records! Patients!who!

had!not!had!

chemotherapy!

were!less!

likely!to!have!

their!weight!or!

height!

measured.!In!

addition,!some!

patients!might!

have!had!

chemotherapy!

privately!and!

not!had!their!

weight!or!

height!

recorded.!

Assume!MAR.!

5. Family!

History!

(patients!

with!at!least!

one!first!or!

second!

degree!

relative!with!

breast!

cancer)!

Categorical!

Yes,!no,!or!

missing/unknown.!

122!records! MCAR!

6. Presentation!
Categorical!

Symptomatic,!screenK

detected,!other,!or!

missing/unknown!

14!records! MCAR!
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Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

7. Histological!

grade!

(Grade)!

Categorical!

1,!2,!3,!or!not!

graded/missing/unknown!

89!records! Consider!MAR!

8. Histological!

type!
Categorical!

Ductal,!lobular,!ductal!&!

lobular,!mixed,!

medullary,!metaplastic,!

other,!unclassified,!not!

graded,!or!

missing/unknown!

50!records! Consider!MAR!

9. Focality!of!

cancer!
Categorical!

Multifocal,!localised,!or!

missing/unknown!

297!records! Consider!MAR!

10. ER!status!
Categorical!

Negative,!positive,!or!

missing/unknown!

18!records! MCAR!

11. HER2!status!
Categorical!

Negative,!positive,!!or!

missing/unknown!

350!records!! Missing!when!

diagnosis!

predated!

routine!

testing.!

Potential!bias!

towards!

missing!in!

patients!not!

experiencing!

disease!

recurrence.!

Consider!MAR!

for!this!

analysis.!

12. PR!status!
Categorical!

Negative,!positive,!or!

missing/unknown!

584!records!! Consider!MAR!
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Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

13. Pathological!
N!stage!

(lymph!node!

status)!

Categorical!!

N0,!N1!or!

missing/unknown!

29!records! No!axillary!

surgery,!no!

lymph!nodes!

in!resected!

specimen.!

Consider!MAR!

14. Lymphovascu

lar!Invasion!
Categorical!

Absent,!present,!or!

missing/unknown!

229!records! Consider!MAR!

15. Number!of!

positive!

axillary!

lymph!nodes!

Continuous!(integer)!

!

76!records! Consider!MAR!

16. Maximum!

tumour!!

diameter!

invasive,!in!

cm!

Continuous!

!

199!records!

!

Consider!MAR!

17. Maximum!

tumour!

diameter!

overall!

(including!

ductal!

carcinoma!inK

situ)!

(pathological)

,!in!mm!

Continuous!

!

157!records!

!

Consider!MAR!

18. Maximum!

tumour!

diameter!inK

situ,!in!mm!

Continuous!

!

2588!records!

!

Consider!MAR!

19. Pathological!!
T!stage!(for!

patients!

receiving!

neoKadjuvant!

chemotherap

y)!

Categorical!

T0,!T1,!T2,!T3,!T4,!Tis,!Tx,!

or!missing/unknown!

119!records! MCAR!
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Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

20. Chemotherap

y!timing!
Categorical!

Adjuvant,!neoKadjuvant,!

palliative,!or!not!

applicable!

0!records! N/A!

21. Adjuvant!
trastuzumab!

Categorical!

Yes,!no/missing/unknown!

2609!records! MAR!

22. Adjuvant!
Radiotherapy!

!

Categorical!

Yes,!no/missing/unknown!

2380!records! MAR!

23. Hormone!

treatment!
Categorical!

Yes,!no/missing/unknown!

1132!records! MAR!

24. Year!of!
diagnosis!

Categorical!

2000,!2001…!,!2008!

0!records! N/A!

25. Patient!status!
(for!PDRS)!

Categorical:!

Alive!following!distant!

relapse,!censored!at!last!

followKup!

Dead!following!distant!

relapse!!

0!records! N/A!

26. Censored!
variable!(for!

PDRS)!

Binary!(0,1)!

0=Did!not!experienced!

death!after!distant!

relapse!

1=Experienced!death!

after!distant!relapse!

0!records! N/A!

27. Patient!status!
(for!OS)!

Categorical:!

Alive,!censored!at!last!

followKup!

Dead!

0!records! N/A!
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Variable* Type*of*data*/*categories*
Amount*of*missing*data* Possible*

reasons*for*
missing*data**

28. Censored!
variable!(for!

OS)!

Binary!(0,1)!

0=Did!not!experienced!OS!

event!

1=Experienced!OS!event!

0!records! N/A!

*

*
e. Data*sources/measurement*

*

The!tumour!biopsy,!definitive!histopathological!report,!clinical!and!radiological!reports!were!all!

submitted!to!the!study.!Pathological!characteristics!of!the!tumours!were!taken!from!the!

diagnostic!and!surgical!histopathology!report,!or!clinic!letters!if!not!available,!clinical!staging!from!

the!clinical!and!radiological!reports!or!clinical!letters!where!above!not!available.!For!patients!

treated!with!neoadjuvant!chemotherapy!radiological!tumour!size!was!used!as!in!previous!papers.!!

*

National!death!data!were!obtained!for!patients!in!the!cohort!from!the!Medical!Research!

Information!Service!(MRIS).!

*

ER,!PR!and!HER2!data!are!taken!from!pathology!reports.!Scoring!systems!varied!as!expected!

across!contributing!hospitals.!Positive!and!Negative!categories!are!straightforward!however!

borderline!results!exist!in!all!three!IHC!categories!and!were!classified!as!positive!or!negative.!The!

borderline!category!was!merged!with!positive!for!the!purposes!of!these!analyses.!!

*

HER2!data:!There!are!concerns!regarding!the!amount!of!missing!HER2!data!obtained.!This!is!

covered!in!more!detail!in!the!BRCA!v1!SAP.!Her2!was!not!routinely!accessed!or!recorded!at!the!

start!of!the!study.!However!if!patients!diagnosed!prior!to!this!date!relapsed,!then!where!the!

primary!tumour!was!reassessed!the!information!was!added!to!the!primary!tumour!data.*

*
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This!paper!presents!the!results!of!analyses!conducted!on!follow!up!data!available!up!until!26!June!

2016.!

*

f. Representativeness*

!

Clinical!data!for!all!patients!were!collected!via!standard!clinical!research!forms!which!were!

completed!from!the!clinical!notes!by!the!Clinical!Trials!Practitioner!in!each!centre,!and!by!copies!

of!original!pathology,!scan!reports!and!medical!notes.!

.

Recruiting!bias:!Possibly!patients!presenting!with!metastases!were!not!invited!(no!evidence!of!

this).!Possibly!patients!who!just!had!surgery!for!very!small!tumours!were!not!recruited!since!we!

recruited!mainly!through!oncology!clinics.!

!

Survival!bias:!Patients!who!were!diagnosed!with!invasive!breast!carcinoma!but!died!before!

consenting!to!the!trial!were!not!included!in!the!trial.!As!a!result,!this!could!lead!to!a!healthier!

sample!of!the!UK!population!being!analysed!for!the!POSH!cohort.!!

*

g. Study*Size*

*

This!is!covered!in!the.BMC!paper.!

!

h. Statistical*Methods*

*

Patients*excluded*from*the*analyses*

Patients!were!excluded!from!this!analysis!if!they!were!41!years!of!age!or!over!at!the!date!of!

invasive!breast!cancer!diagnosis!(43!patients)!i.e.!a!patient!born!on!01KJanK1960!would!be!

included!if!she!was!diagnosed!before!01KJanK2001!and!excluded!if!she!was!diagnosed!on!or!after!

01KJanK2001.!Patients!were!also!excluded!if!they!were!diagnosed!outside!of!the!study!period!

(n=1),!did!not!have!invasive!cancer!(n=72)!or!did!not!have!any!followKup/primary!tumour!
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information!available!(n=2).!As!a!result,!a!total!of!2977!patients!were!included!in!the!analysis!

population.!

*

Primary*Endpoint*

• Overall!Survival!(OS),!where!OS!is!defined!as!time!from!date!of!diagnosis!of!primary!breast!

cancer!to!date!of!death!from!any!cause.!

!

Secondary*Endpoints*

The!secondary!endpoints!are:!

• Post!Distant!Relapse!Free!Survival!(PDRS)!defined!as!time!from!date!of!diagnosis!of!distant!

metastatic!disease!to!date!of!death!from!any!cause.!

!

Statistical*analyses* *

1. We!described!the!baseline!patient!and!tumour!characteristics!of!the!cohort!by!M!

categorisation:!

Patient!characteristics:! !

• Age!at!diagnosis,!in!years!–!median!(range,!IQR),!n!(%);!

• Age!at!diagnosis!(18K25,!26K30,!31K35,!36K40)!–!n(%);!

• Ethnicity!(Caucasian/White,!Black,!Asian,!Other,!or!missing/unknown)!–!n(%);!

• Obesity!(BMI)!–!median!(range,!IQR),!n(%);!

• Family!History!(yes,!no,!or!missing/unknown);!

• Presentation!(Symptomatic,!screenKdetected,!other,!or!missing/unknown)!–!n!(%);!

• Genotype!(BRCA1+,!BRCA2+.!TP53+!,!other!cancer!susceptibility!gene!(CSG)!mutation,!

sporadic)!

Tumour!characteristics:!! !

• Histological!grade!(1,!2,!3,!not!graded/missing/unknown)!–!n!(%);!

• Histological!type!(Ductal,!lobular,!ductal!&!lobular,!mixed,!medullary,!metaplastic,!

other,!unclassified,!not!graded,!or!missing/unknown)!–!n!(%);!

• Surgical!margins!(0,!>0!and!<1,!≥1!and!≤5,!>5,!or!missing/unknown)!–!n!(%);!

• Extensive!in!situ!(EIC)!component!(EIC!Positive,!EIC!Negative,!or!missing/unknown)!–!n!

(%);!

• Lymphovascular!invasion!(Absent,!Present,!or!missing/unknown)!–!n(%);!

• Number!of!positive!axillary!lymph!nodes!(0,!1K3,!4K9,!10+,!or!missing/unknown)!–!

n(%);!

• Oestrogen!receptor!(ER)!status!(negative,!positive,!or!missing/unknown)!–!n!(%);!

• Progesterone!receptor!(PR)!status!(negative,!positive,!or!missing/unknown)!–!n!(%);!

• Human!Epidermal!growth!factor!receptor!2!(HER2)!status!(negative,!positive!or!

missing/unknown)!–!n!(%).!

• Focality!of!cancer!(multifocal,!localised,!or!missing/unknown)!–!n!(%);!
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• Pathological!T!stage!(T0,!T1,!T2,!T3,!T4,!Tis,!Tx,!or!missing/unknown)!–!n(%);!

• Pathological!N!stage!(N0,!N1,!or!missing/unknown)!–!n!(%);!

• Maximum!diameter!invasive!tumour,!in!mm!–!median!(range,!IQR),!n(%),!

missing/unknown!–!n(%).!

!

2. We!described!the!primary!oncological!treatment!of!the!cohort!by!treatment!type!

• Breast!surgery!median!(definitive!type:!BCS/!mastectomy–!n(%);!

• Axillary!clearance/sample!details!(only!if!available!at!the!time!of!analysis)!(yes!or!

no/missing/unknown)!–!n(%).!

• Palliative!Chemotherapy!–!n(%);!

• Palliative!trastuzumab!(yes!or!no/missing/unknown)!–!n(%);!

• Palliative!Radiotherapy!(yes!or!no/missing/unknown)!–!n(%);!

• Hormone!treatment!(yes!or!no/missing/unknown)!–!n(%);!

!

3. We!produced!KaplanKMeier!survival!curves!for!OS!and!PDRS!for!the!following!groups!and!

provided!Hazard!Ratios!(except!for!the!all!patients!group):!

• All!patients;!

• dnMBCvs.!early12!

• dnMBCvs.!early24!

• dnMBCvs.!early24_to_60!

• dnMBCvs.!early60+!

!

4. For!deMBC!patients!only:!We!produced!KaplanKMeier!survival!curves!for!OS!and!PDRS!for!the!

following!groups!and!provided!Hazard!Ratios:!

• Surery!vs.!no!surgery.!!

!

5. For!M0!stage!patients!only:!We!assessed!the!correlation!between!MFI!and!PDRS.!!

!

6. We!fitted!a!multivariable!model!for!OS!and!PDRS!for!the!following!covariates!to!compare!

dnMBCvs.!early12!and!dnMBCvs.!early24,!with!the!following!covariates!fitted:!

• Age!at!diagnosis,!in!years!(fitted!as!a!continuous!covariate);!

• Body!Mass!Index!(fitted!as!a!categorical!covariate![Underweight/Healthy,!Overweight!or!

Obese]);!

• Histological!Grade!(fitted!as!a!categorical!covariate![1,!2!or!3]);!

• Maximum!invasive!tumour!size,!in!mm!(fitted!as!a!continuous!covariate);!

• N!stage!(fitted!as!a!binary!covariate![N0!or!N1]);!

• ER!status!(fitted!as!a!binary!covariate![Negative!or!Positive]);!

• HER2!status!(fitted!as!a!binary!covariate![Negative!or!Positive]);!

• Ethnicity!(fitted!as!a!categorical!covariate![Caucasian,!Black!or!Asian]);!

• Surgery!vs.!no!surgery.!

*

Hazard!Ratios!

Evidence!suggests!that!the!effect!of!ER!status!on!the!HR!for!relapse!changes!over!time!
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(Azzato,!et!al,!2009,!Bellera!et!al,!2010)
1
.!Indeed,!this!was!evident!after!testing!the!

proportional!hazards!assumption!based!on!the!Schoenfeld!residuals!and!using!the!identity!

matrix!for!the!timeKscaling!function
2
.!This!result!provided!strong!evidence!against!the!Cox!

proportional!hazards!assumption,!which!was!also!seen!when!plotting!the!scaled!Schoenfeld!

residuals!over!time
2
.!We!therefore!stratified!any!Cox!models!by!ER!status.!

*

Method*used*to*handle*missing*data*

This!was!a!complete!case!analysis.!
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*

*Consort*Flow*diagram*

Total!number!of!patients!recruited!to!

the!POSH!study!

Satisfying!eligibility!criteria!

Patients!aged!40!years!or!younger!at!

diagnosis!included!in!analysis!

Excluded!as!ineligible!(n=74):!

K Diagnosed!outside!of!the!study!

period!(n=1)!

K No!invasive!breast!cancer!

(n=72)!

K NonKmutation!carrier!aged!41K

50!(n=1)!

Eligible!but!excluded!from!this!analysis!

(n=44):!

Gene!carriers!aged!41K50!(n=42)!

Missing!primary!tumour!data!(n=2)!
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Appendix*C !GWAS%Study*

Introduction/background  

It is now well established that the amount of tumour-infiltrating lymphocytes (TIL) in the 
stroma or intratumoral compartment plays an important role in the efficacy of 
chemotherapy for early breast cancer1–5. In all breast cancer subtypes, the amount of TILs 
vary from zero in 10-20% of patients to lymphocyte predominant breast cancer (LPBC) 
with over 50% lymphocyte infiltrate which occurs in 5-10% of patients2,6. A complete 
pathological response (pCR), whereby residual cancer cells are absent in the resected 
breast tissue and axillary lymph nodes following neoadjuvant chemotherapy (NAC), is 
achieved in 40% of patients with LPBC1,2. In contrast, only 7% of patients without TILs have 
a pCR. The effect of TILs is particularly apparent in triple negative (TNBC) and HER2-
positive (HER2+) subtypes of breast cancer. The TNBC subtype is characterised by little or 
no tumour expression for oestrogen receptor (ER), progesterone receptor (PR) and human 
epidermal growth factor receptor 2 (HER2). HER2+ cancers over-express the HER2 cell 
membrane receptor and may be either positive or negative for hormone receptors (ER and 
PR). Both TNBC and HER2+ subtypes have a higher incidence of LPBC (20% in TNBC and 
16% in HER2+) and more TILs in general than other subtypesl7. In TNBC and HER2+ 
subtypes, even incremental increases in the concentration of TILs are associated with an 
increase in pCR rate after NAC1,6,8. Additionally, high TIL concentrations are associated 
with improved survival (disease free survival and overall survival in the neoadjuvant and 
adjuvant setting) in both TNBC and HER2+ subtypes and also in highly proliferative ER 
positive (ER+) cancers6,8–10.  

The biological mechanisms that contribute to these variable levels of immune infiltration 
are poorly understood and very few studies have evaluated the effect of germline 
variation on TIL density. Recently, the association between immune metagene expression, 
which correlates with histologic TIL counts, and various molecular features (clonal 
heterogeneity, total mutation load, copy number variations (CNV), somatic mutation, and 
germline polymorphisms) was investigated in ER+, HER2+ and TNBC subtypes11. This study 
identified several genomic features that are associated with immune gene expression 
including germline single nucleotide polymorphisms (SNPs) in CFHR1 (Complement Factor 
H related 1), which inhibits the complement cascade12, and MBP (Myelin Basic Protein), 
that can regulate T-helper 2 cells13, in TNBC.  

Hypothesis/aims 

The aims of the proposed study are to (i) identify germline SNPs that influence the level of 
immune infiltration in TNBC (ii) determine whether TIL associated SNPs influence survival 
and (iii) to explore the functional relevance of associated SNPs and implicated genes. 
Germline polymorphisms are associated with susceptibility to immune disorders and 
response to infectious agents14–16. Furthermore, germline SNPs in TGFBR2 (transforming 
growth factor beta receptor 2), which promotes proliferation of regulatory T cells (Treg) 
and immune evasion, have prognostic associations in patients with ER-negative breast 
cancer17. More recently, germline SNPs have been associated with low TIL concentrations 
in TNBC11. We therefore hypothesise that further germline variation in 
immunosuppression pathway genes is likely to contribute to variation in TIL 
concentrations via altered immune signalling in the tumour microenvironment (TME). We 
plan to explore this hypothesis by performing the first genome-wide association study 
(GWAS) of TIL concentrations in TNBC. 

Identification of these germline factors will improve our understanding of the 
mechanisms that drive immune exclusion in breast cancer. They may also serve as 
biomarkers which could be used to predict TIL concentration, estimate response to 
chemotherapy and select patients who are more likely to respond to immunotherapies. 

Plan of investigation 

Overview and samples 

To identify SNPs associated with the proportion of TILs we will conduct a two stage GWAS 
consisting of 292 patients at stage 1 and 191 independent patients at stage 2. All of 
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these patients will have a diagnosis of invasive TNBC. The stage 1 patients will be 
selected from the Prospective study of Outcomes in Sporadic versus Hereditary breast 
cancer (POSH)18. The POSH patients were recruited from UK hospitals between 2000 and 
2007 and were aged forty years or younger at diagnosis. These early onset cases are 
particularly appropriate for this investigation since high lymphocyte infiltration is 
associated with young onset ages19,20. The stage 2 patients will be selected from The 
Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/) which is publicly available 
without limitations or restrictions.  

Quantification of TIL  

To date we have assessed stromal TILs in 210 patients from the POSH cohort using 
haematoxylin and eosin-stained sections. The remaining 82 stage 1 patients have been 
selected and will be scored using the same protocol between now and August 2018. The 
scoring method follows guidelines published by the International TILs Working Group21. In 
brief, all mononuclear cells in the stromal compartment and within the borders of the 
invasive tumour were evaluated and scored in 5% increments from 0 to 100%. The 
pathologist was blinded to clinical information. In the stage 2 samples, TIL concentrations 
will be inferred based on the expression level of 13 immune metagenes as previously 
described11. 

Genotyping, quality control and imputation 

As part of a separate study, 132 of the stage 1 samples have already been genotyped 
using Illumina 660-Quad arrays22. The remaining 160 samples will be genotyped using 
Illumina Global screening arrays. Prior to the analysis of any genotypic data there will be 
rigorous quality control procedures. SNPs and samples with ≥10% missing genotypes and 
SNPs with minor allele frequencies less than 5% will be removed. SNPs with significant 
deviations from Hardy-Weinberg equilibrium (P-value ≤ 1x10-10) will also be excluded. We 
will undertake multi-dimensional scaling analyses using PLINK23 to identify and remove 
any ancestry outliers when referenced against HapMap populations. Pairwise identity by 
state scores (IBS) will also be used to test for cryptic relatedness and samples with ≥86% 
IBS will be removed. Samples which exceed empirical thresholds of genome-wide 
heterozygosity may indicate contamination and will also be removed. Finally, checks will 
be performed for plate/batch calling effects, and to test the concordance of duplicate 
genotypes. To aid merging of the stage 1 samples that will be genotyped using different 
arrays and to increase the resolution of the stage-1 data, additional SNPs will be imputed 
using the Sanger imputation server (https://imputation.sanger.ac.uk/). The imputation 
sever uses EAGLE2 for imputation into the Haplotype Reference Consortium (r1.1) which 
is the largest reference panel of human haplotypes. The imputed genotypes will be 
quality controlled by excluding SNPs with a posterior probability less than 0.9, a minor 
allele frequency less than 5%, greater than 10% missing genotypes, or significant 
deviations from Hardy-Weinberg equilibrium (P-value ≤ 1x10-10). 

Stage 1 data analysis   

Logistic regression will be used to identify SNPs associated with the percentage of TILs. 
TILs will be analysed as a quantitative trait because there are no established cut-offs and 
because each increase in TIL concentration is associated with a further increase in the 
rate of pCR1,21. A Shapiro-Wilk test will be used to query the distribution of TIL scores. In 
the event of a non-normal distribution, TIL scores will be ranked and normalised using 
Blom’s inverse normal transformation24. Significant SNPs will be selected for further stage 
2 analyses based on significance alone and a combination of significance and biological 
relevance with respect to neighbouring genes in immunosuppression pathways. 

Stage 2 data analysis  

At stage 2, significant SNPs from stage 1 will be tested for association in 191 
independent patients from TCGA. These patients have been genotyped using Genome-
Wide Affymetrix SNP6 arrays. This genotypic data will be analysed using the same quality 
control and statistical methods as stage 1. A standard fixed effects inverse variance 
weighted meta-analysis will be used to combine evidence from stages 1 and 2 and to 
determine the final effect size and significance level.  

Power calculation 
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To estimate the statistical strength of the study, R was used assuming a combined 
sample size of 483 patients, a genome-wide significance level of P-value = 5x10-8 and that 
the additive effect of an associated SNP explains 8% of the variance in TIL concentrations. 
According to these assumptions, the study is estimated to have 80% power to detect SNPs 
associated with the density of TIL infiltration. Although our sample size is relatively small 
for a GWAS it is sufficient to generate pilot data that will support further funding 
applications. Our focus on a particular breast cancer subtype (TNBC) will also help to 
increase power by reducing genetic heterogeneity. Furthermore, other GWAS with similar 
sample sizes and precisely defined phenotypes have been successful25,26.        

Survival analysis and functional inference 

To identify SNPs associated with overall survival (OS) and/or disease-free survival (DFS), 
we will conduct Cox regression analyses using GenABEL27 and follow-up data from the 
POSH cohort. For SNPs associated with both TIL concentration and survival, we will use 
Mendelian randomisation28 to examine the causal relationship and determine if the 
association with survival is due to the SNPs effect on TIL concentration. To explore the 
functional relevance of the regions associated with TIL concentration, HaploReg29, 
RegulomeDB30 and SeattleSeq31 will be used to interrogate ENCODE data32 and annotate 
the risk SNPs with respect to a range of functional motifs. To gain further functional 
insight, expression quantitative trait locus (eQTL) analysis will be performed using the 
Genotype-Tissue Expression (GTEx) portal33 to query RNAseq data from breast mammary 
tissue in 183 samples with genotype data.  
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Strategy*for*further*funding*

Please(provide(a(clear(plan(for(how(data(from(this(research(will(pump@prime(more(substantive(

funding.(Including(the(names(of(sponsors(and(collaborators(and(schemes(to(be(targeted(if(

possible:*

This proposal will generate pilot proof of principal results that will be used to support 
further funding applications to Breast Cancer Now (project grant deadline Friday 22nd 
June 2018) and Breast Cancer UK (deadline Autumn, 2018). These applications will seek 
funding for a much larger and higher statistically powered GWAS into the impact of 
germline polymorphisms on TIL concentrations in TNBC and additional breast cancer 
subtypes (including HER2+ and ER+) which are available from the POSH cohort.  

The composition of TILs may also play an important role in mediating the response to 
chemotherapy (Emans et al 2012, Galon et al 2013) and could be influenced by germline 
SNPs. Approximately 75% of TILs are T cells, the remainder consists of macrophages, 
natural killer cells (NK) and dendritic cells (DC). These can be subdivided into cell types 
which restrict tumour growth (such as CD4+ T-helper 1 cells (Th1), CD8+ cytotoxic T-cells 
(CTL), NK cells, M1 macrophages and DC) and those that promote tumour growth 
and/or immunosuppression  (such as CD4+ T-helper 2 (Th2), CD4+ forkhead box P3 
(FOXP3+), CD4+ regulatory T-cells, M2 macrophages and myeloid-derived suppressor cells 
(MDSC)). This functional heterogeneity of infiltrating lymphocytes may explain why high 
TIL concentrations are not associated with improved survival in luminal-HER2 negative 
tumours1. In future work we will therefore use immunohistochemistry (IHC) to quantify 
TIL subtypes (CD4, CD8, FOXP3) and use these measures as covariates when testing for 
association with TIL.  

In collaboration with the Breast Cancer Stratification project (BCAST: www.b-cast.eu) 
whole transcriptome sequencing is being performed in approximately 400 patients from 
the POSH cohort. We will use this data to test for associations between gene expression 
and TIL concentration and to perform eQTL analyses on the genes implicated by our 
GWAs. 

To replicate our findings we will use publicly available datasets from Metabric 
(https://www.synapse.org/) and TCGA (https://cancergenome.nih.gov/).  

*

*

!

!

!
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McKenzie!HS,!Maishman!T,!Simmonds!P,!Durcan!L,!Group!PS,!Eccles!D.et.al.!Survival!and!
disease!characteristics!of!de!novo!versus!recurrent!metastatic!breast!cancer!in!a!cohort!of!

young!patients.!Br!J!Cancer,!!(2020)!doi:!10.1038/s41416K020K0784Kz!(227).!
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Appendix*E !BRCA%ExomeSeq%collaboration%proposal*

!

The!BRCA!ExomeSeq!project!is!a!collaboration!between!the!POSH!group!here!at!

Southampton!(including!Chief!and!Principal!Investigators!Diana!Eccles!and!Ellen!Copson)!

and!long!standing!collaborating!clinicians!scientists!Professors!Katherine!Nathanson!and!

Susan!Domchek!of!the!Basser!Center!for!BRCA!at!the!University!of!Pennsylvania,!USA.!In!

order!to!facilitate!the!transfer!of!tissue!material!from!Southampton!to!Pennsylvania,!an!

MTA!needs!to!be!in!place.!!

!

The!BRCA!ExomeSeq!project!is!covered!by!the!POSH!protocol!and!consent!form!and!

therefore!covered!by!the!current!POSH!ethics!approval!which!was!approved!in!2001!by!a!

multicentre!research!ethics!committee!predating!the!introduction!of!IRAS!

(MREC!00/6/69);!it.!The!documents!are!attached!to!this!ERGO!application!with!relevant!

sections!highlighted.!In!particular!it!should!be!noted!that!all!patients!specifically!

consented!to!the!use!of!their!surplus!breast!cancer!tissue!for!further!analysis.!It!should!

also!be!noted!that!over!a!third!of!recruited!patients!are!no!longer!alive!and!that!patient!

representatives!and!lay!representatives!with!legal!background!consider!that!it!would!be!

both!impractical!and!potentially!distressing!to!return!to!participants!to!request!

permission!for!a!specific!related!research!study!like!this!when!the!principle!is!already!

covered!by!the!current!consent.!!!

!

In!brief,!the!project!will!involve!sending!a!sample!of!formalinKfixed!paraffin!embedded!

tumour!tissue!and!a!matched!DNA!sample!extracted!from!blood!for!cases!identified!

within!the!POSH!cohort!where!there!has!been!a!confirmed!germline!BRCA!mutation!

(approximately!200K220!cases!in!total).!The!team!at!Pennsylvania!will!extract!DNA!from!

tumour!tissue!and!sequence!tumour!and!blood!DNA!pairs!allowing!analysis!of!the!
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acquired!genetic!alterations!in!the!tumour.!The!pattern!of!tumour!genetic!alterations!will!

then!be!correlated!with!a!minimal!dataset!relating!to!tumour!characteristics!and!

treatment!outcomes.!The!sequence!data!generated!in!Pennsylvania!will!be!returned!to!

the!POSH!group!(as!with!previously!completed!MTAs)!and!will!enable!further!research!

opportunities!for!the!University!of!Southampton!within!the!field!of!breast!cancer!biology!

and!homologous!repair!deficiency.!Dr.!Nathanson!has!extensive!experience!with!this!type!

of!tumour!sequencing!and!this!collaboration!is!considered!to!be!of!great!value!to!the!

POSH!group!in!pursuing!high!impact!research!outputs!therefore!of!benefit!to!the!

University!of!Southampton.!!

!

It!should!be!noted!that!in!the!POSH!protocol,!the!main!purpose!of!the!study!was!to!be!a!

“first!class!biological!resource!that!will!allow!a!number!of!key!research!questions!about!

hereditary!breast!cancer!to!be!addressed”!and!this!current!project!plans!to!utilize!this!

resource!with!this!exact!aim!in!mind.!!

!

Recruitment!to!the!POSH!study!began!in!2000!and!therefore!predates!some!requirements!

now!in!place!as!part!of!ethics!and!research!governance.!With!regards!to!data!sharing,!I!

have!attached!the!most!recent!POSH!data!management!policy,!which!was!updated!in!

May!2018.!This!was!written!by!Ellen!Copson!as!part!of!a!Cancer!Research!UK!grant!

application.!Please!note!Section!4.1!“Mechanisms!for!sharing”!which!includes!details!on!

previous!collaborations!using!data!from!POSH.!!

!

!

Hayley*McKenzie*

Cancer*Research*UK*Clinical*Research*Fellow,*PhD*student*

Cancer*Sciences,*University*of*Southampton*

February*2019*
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