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Titre : Le Réle des Etats Interactifs des Régulateurs des Points
de Contréle Immunitaires dans le Cancer: Déterminé par
L'imagerie Quantitative Avancée.

REsumMeé : [4000 caractéres maximum, espaces compris]

Les points de contr6le immunitaires, tels que PD-1/PD-L1 et CTLA-4/CD80, sont des mécanismes de
régulation du systéme immunitaire concus pour favoriser l'autotolérance et éviter les maladies
auto-immunes. Une variété de cancers modulent ces points de contréle immunitaires, en augmentant
I’expression de leurs ligands apparentes, afin d'éviter la détection et la destruction immunitaires. Les
thérapies de blocage des points de contréle immunitaires ont amélioré le traitement du cancer dans les
cancers du poumon et du rein ainsi que dans le mélanome. Cependant, seul un petit sous-groupe de
patients obtient des effets durables et la plupart acquiérent une résistance primaire ou secondaire. La
plupart des patients sont stratifiés pour les traitements anti-PD-1 ou anti-CTLA-4 en fonction de
I'expression de leur ligand PD-L1. L'expression du ligand est actuellement évaluée par des approches
traditionnelles d'immunohistochimie (IHC), qui sont subjectives, manquent de quantification et n'ont
pas de gamme dynamique. Les progres de I'HC quantitative ont permis de résoudre spatialement
I'expression des ligands des points de contr6le immunitaires, mais cela ne correspond pas a
I'engagement du récepteur-ligand. Nous avons développé une nouvelle plateforme d'imagerie
guantitative, étayée par le transfert d'énergie de résonance de Forster (FRET) résolu dans le temps et
déterminé par la microscopie d'imagerie de durée de vie de fluorescence (FLIM) a domaine de
fréquence, afin de quantifier spatialement ces interactions de points de contrdle immunitaires a une
résolution nanoscopique (<10nm). Ce test est appelé immune-FRET (iFRET). Nous avons validé la
capacité de I"FRET a mesurer les engagements de PD-1/PD-L1 et CTLA-4/CD80 dans un essai de
co-culture cellulaire, puis nous avons appliqué I''FRET pour déterminer les interactions PD-1/PD-L1
dans une étude rétrospective sur le mélanome malin et le cancer du poumon « non a petites cellules »
(CPNPC) malin. Dans les mélanomes et les CPNPC, il a été observé que l'augmentation de I'état
d'interaction PD-1/PD-L1, déterminée par I'IFRET, était corrélée a une détérioration de la survie
globale. L'expression de PD-L1, le critére de stratification actuel de I'immunothérapie, n'a pas permis
d'établir une corrélation avec le résultat des patients. Nous avons appliqué I''IFRET a PD-1/PD-L1 et
CTLA-4/CDB80 dans une étude prospective. Un sous-groupe de patients atteints de cancer colorectal
avec des métastases pulmonaires qui ne répondent pas aux traitements classiques voient leurs
métastases traitées par ablation par radiofréquence (ARF). Entre les traitements par ARF, il a été
documenté gu'un effet abscopal peut se produire entre le traitement des poumons un et deux. Nous
avons donc appliqué I'FRET pour évaluer ces interactions de points de contréle dans les métastases

pulmonaires traitées avant et apres I'ARF. Bien que nous n'ayons pas pu rendre compte directement



des mécanismes d'un effet abscopal, nous avons détecté des modéles d'interaction PD-1/PD-L1 et
CTLA-4/CD80 différentiels chez les patients, qui peuvent étre utilisés pour prédire a quelles thérapies
un patient répondra. Nous avons également détecté une corrélation négative entre l'interaction
PD-1/PD-L1 et la densité CD3* intratumorale. De maniére critique, aucun des deux points de contrdle
n'était corrélé a I'expression du ligand. Cela pourrait changer le paradigme de I'immuno-oncologie
actuelle et le raisonnement derriére la sélection des traitements des patients. Enfin, nous avons cherché
a appliguer IFRET et CRISPR/Cas12 pour sonder les mécanismes intracellulaires par lesquels le
ITSM de PD-1 exerce ses effets négatifs. Nous avons généré des mutations Y248A et Y248E dans
I''TSM de PD-1 et prévoyons de vérifier si la SHP-2 seule ou la SHP-1 et la SHP-2 sont responsables
de la transduction du signal. Nous prévoyons également d'évaluer si I'état de phosphorylation Y248
constitue un mécanisme de régulation de I'état d'interaction PD-1/PD-L1. Pris ensemble, ces résultats
indiquent une nouvelle technique permettant d'évaluer I'engagement des points de contrdle
immunitaires dans les échantillons de patients. Cette technique pourrait fonctionner en tandem avec
d'autres techniques d'IHC quantitatives, telles que 1’imagerie par spectrométrie de masse, et pourrait
étre appliquée a une série de points de contrle immunitaires. Elle donne naissance a la notion de
surveillance immunitaire quantitative, qui pourrait permettre de suivre la protéomique fonctionnelle
des patients au fil du temps. En résumé, les résultats de cette étude pluridisciplinaire et donc la mise en
ccuvre de I"FRET pour effectuer une surveillance immunitaire quantitative pourraient modifier la
facon dont les patients sont sélectionnés pour les immunothérapies et fournir un mécanisme permettant

de surveiller leur réponse au traitement.

Mots clés :

FRET/FLIM, PD-1/PD-L1, CTLA-4/CD80, ablation par radiofréquence, surveillance
immunitaire quantitative




Title : The Role of Interactive States of Immune Checkpoint
Regulators in Cancer: Determined by Quantitative Imaging

Abstract : [4000 caractéres maximum]

Immune checkpoints, such as PD-1/PD-L1 and CTLA-4/CD80, are regulatory mechanisms in
the immune system designed to promote self-tolerance and avoid autoimmune diseases. A
range of cancers modulate these immune checkpoints, by upregulating their cognate ligands,
to avoid immune detection and destruction. Immune checkpoint blockade therapies have
enhanced cancer therapy in lung and renal cancers as well as melanoma. However, only a
small subset of patients experience durable effects, and most acquire primary or secondary
resistance. Most patients are stratified for anti-PD-1 or anti-CTLA-4 treatments based on
their PD-L1 ligand expression. Ligand expression is currently assessed by traditional
immunohistochemistry (IHC) approaches, which are subjective, lack quantitation and a
dynamic range. Advances in quantitative IHC have spatially resolved immune checkpoint
ligand expression, but this does not correlate with receptor-ligand engagement. We have
developed a novel quantitative imaging platform, underpinned by time-resolved Forster
resonance energy transfer (FRET) determined by frequency-domain fluorescence lifetime
imaging microscopy (FLIM) to spatially quantitate these immune checkpoint interactions at a
nanoscopic (<10nm) resolution. This assay is termed immune-FRET (iFRET). We validated
the ability of iIFRET to measure PD-1/PD-L1 and CTLA-4/CD80 engagements in a cell
co-culture assay and then applied iIFRET to determine PD-1/PD-L1 interactions in a
retrospective study with malignant melanoma and malignant non-small cell lung carcinoma
(NSCLC). In both melanoma and NSCLC, it was observed that increased PD-1/PD-L1
interaction state, determined by iFRET, correlated with a worsened overall survival. PD-L1
expression, the current stratification criterion of immunotherapy, failed to correlate with
patient outcome. We applied iIFRET to PD-1/PD-L1 and CTLA-4/CD80 in a prospective
study. A subset of colorectal cancer patients with lung metastases who fail to respond to
classical treatments have their metastases treated by radiofrequency ablation (RFA).
Between RFA treatments, it has been documented, that an abscopal effect may occur
between the treatment of lungs one and two. We therefore applied iIFRET to assess these
checkpoint interactions in pre- and post-RFA treated lung metastases. Whilst we could not
directly report on the mechanisms of an abscopal effect, we detected differential PD-1/PD-L1
and CTLA-4/CD80 interaction patterns within patients, which may be used to predict which
therapies a patient would respond to. We also detected a negative correlation between
PD-1/PD-L1 interaction and intratumoral CD3* density. Critically, neither checkpoint

engagement correlated with ligand expression. This could change the paradigm of current



immune oncology and the rationale behind selecting patient treatments. Lastly, we sought to
apply iFRET and CRISPR/Casl12 to probe the intracellular mechanisms by which the ITSM of
PD-1 effects its negative effects. We generated Y248A and Y248E mutations in the ITSM of
PD-1 and plan to probe if SHP-2 alone or SHP-1 and SHP-2 are responsible for signal
transduction. We also plan to assess whether Y248 phosphorylation state poses a regulatory
mechanism by which to regulate PD-1/PD-L1 interaction state. Taken together, these results
indicate a novel technique by which to assess immune checkpoint engagement in patient
samples. This could work in tandem with other quantitative IHC techniques, such as imaging
mass spectrometry (IMS) and may be applied to a range of immune checkpoints. The gives
rise to the notion of quantitative immune surveyance which may monitor the functional
proteomics of patients over time. To summarise, the results from this multi-disciplinary
investigation and thus the implementation of IFRET to carry out quantitative immune
surveyance may change the way patients are selected for immunotherapies and may provide

a mechanism by which to monitor their response to treatment.

Keywords :

FRET/FLIM, PD-1/PD-L1, CTLA-4/CD80, Radiofrequency Ablation, Quantitative Immune
Surveyance
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Abstract

Immune checkpoints, such as PD-1/PD-L1 and CTLA-4/CD80, are regulatory mechanisms in the
immune system designed to promote self-tolerance and avoid autoimmune diseases. A range of cancers
modulate these immune checkpoints, by upregulating their cognate ligands, to avoid immune detection
and destruction. Immune checkpoint blockade therapies have enhanced cancer therapy in lung and renal
cancers as well as melanoma. However, only a small subset of patients experience durable effects, and
most acquire primary or secondary resistance. Most patients are stratified for anti-PD-1 or anti-CTLA-4
treatments based on their PD-L1 ligand expression. Ligand expression is currently assessed by
traditional immunohistochemistry (IHC) approaches, which are subjective, lack quantitation and a
dynamic range. Advances in quantitative [HC have spatially resolved immune checkpoint ligand
expression, but this does not correlate with receptor-ligand engagement. We have developed a novel
quantitative imaging platform, underpinned by time-resolved Forster resonance energy transfer (FRET)
determined by frequency-domain fluorescence lifetime imaging microscopy (FLIM) to spatially
quantitate these immune checkpoint interactions at a nanoscopic (<10nm) resolution. This assay is
termed immune-FRET (iFRET). We validated the ability of iFRET to measure PD-1/PD-L1 and
CTLA-4/CD80 engagements in a cell co-culture assay and then applied iFRET to determine
PD-1/PD-L1 interactions in a retrospective study with malignant melanoma and malignant non-small
cell lung carcinoma (NSCLC). In both melanoma and NSCLC, it was observed that increased
PD-1/PD-L1 interaction state, determined by iFRET, correlated with a worsened overall survival.
PD-L1 expression, the current stratification criterion of immunotherapy, failed to correlate with patient
outcome. We applied iFRET to PD-1/PD-L1 and CTLA-4/CDS80 in a prospective study. A subset of
colorectal cancer patients with lung metastases who fail to respond to classical treatments have their
metastases treated by radiofrequency ablation (RFA). Between RFA treatments, it has been
documented, that an abscopal effect may occur between the treatment of lungs one and two. We
therefore applied iFRET to assess these checkpoint interactions in pre- and post-RFA treated lung
metastases. Whilst we could not directly report on the mechanisms of an abscopal effect, we detected
differential PD-1/PD-L1 and CTLA-4/CDS80 interaction patterns within patients, which may be used to
predict which therapies a patient would respond to. We also detected a negative correlation between
PD-1/PD-L1 interaction and intratumoral CD3" density. Critically, neither checkpoint engagement
correlated with ligand expression. This could change the paradigm of current immune oncology and the
rationale behind selecting patient treatments. Lastly, we sought to apply iFRET and CRISPR/Cas12 to
probe the intracellular mechanisms by which the ITSM of PD-1 effects its negative effects. We
generated Y248A and Y248E mutations in the ITSM of PD-1 and plan to probe if SHP-2 alone or
SHP-1 and SHP-2 are responsible for signal transduction. We also plan to assess whether Y248
phosphorylation state poses a regulatory mechanism by which to regulate PD-1/PD-L1 interaction state.

\



Taken together, these results indicate a novel technique by which to assess immune checkpoint
engagement in patient samples. This could work in tandem with other quantitative IHC techniques, such
as imaging mass spectrometry (IMS) and may be applied to a range of immune checkpoints. The gives
rise to the notion of quantitative immune surveyance which may monitor the functional proteomics of
patients over time. To summarise, the results from this multi-disciplinary investigation and thus the
implementation of iFRET to carry out quantitative immune surveyance may change the way patients
are selected for immunotherapies and may provide a mechanism by which to monitor their response to

treatment.
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Abstract

Les points de contrle immunitaires, tels que PD-1/PD-L1 et CTLA-4/CD80, sont des mécanismes de
régulation du systéme immunitaire congus pour favoriser l'autotolérance et éviter les maladies
auto-immunes. Une variété de cancers modulent ces points de contrdle immunitaires, en augmentant
I’expression de leurs ligands apparentes, afin d'éviter la détection et la destruction immunitaires. Les
thérapies de blocage des points de contréle immunitaires ont amélioré le traitement du cancer dans les
cancers du poumon et du rein ainsi que dans le mélanome. Cependant, seul un petit sous-groupe de
patients obtient des effets durables et la plupart acquiérent une résistance primaire ou secondaire. La
plupart des patients sont stratifiés pour les traitements anti-PD-1 ou anti-CTLA-4 en fonction de
l'expression de leur ligand PD-L1. L'expression du ligand est actuellement évaluée par des approches
traditionnelles d'immunohistochimie (IHC), qui sont subjectives, manquent de quantification et n'ont
pas de gamme dynamique. Les progrés de I'THC quantitative ont permis de résoudre spatialement
I'expression des ligands des points de contréle immunitaires, mais cela ne correspond pas a
I'engagement du récepteur-ligand. Nous avons développé une nouvelle plateforme d'imagerie
quantitative, étayée par le transfert d'énergie de résonance de Forster (FRET) résolu dans le temps et
déterminé par la microscopie d'imagerie de durée de vie de fluorescence (FLIM) a domaine de
fréquence, afin de quantifier spatialement ces interactions de points de contrdle immunitaires a une
résolution nanoscopique (<10nm). Ce test est appelé¢ immune-FRET (iFRET). Nous avons validé la
capacité de I'"FRET a mesurer les engagements de PD-1/PD-L1 et CTLA-4/CD80 dans un essai de
co-culture cellulaire, puis nous avons appliqué I"FRET pour déterminer les interactions PD-1/PD-L1
dans une ¢étude rétrospective sur le mélanome malin et le cancer du poumon « non a petites cellules »
(CPNPC) malin. Dans les mélanomes et les CPNPC, il a été observé que l'augmentation de 1'état
d'interaction PD-1/PD-L1, déterminée par IFRET, était corrélée a une détérioration de la survie
globale. L'expression de PD-L1, le critére de stratification actuel de l'immunothérapie, n'a pas permis
d'établir une corrélation avec le résultat des patients. Nous avons appliqué I'"FRET a PD-1/PD-L1 et
CTLA-4/CD80 dans une étude prospective. Un sous-groupe de patients atteints de cancer colorectal
avec des métastases pulmonaires qui ne répondent pas aux traitements classiques voient leurs
métastases traitées par ablation par radiofréquence (ARF). Entre les traitements par ARF, il a été
documenté qu'un effet abscopal peut se produire entre le traitement des poumons un et deux. Nous
avons donc appliqué 1"FRET pour évaluer ces interactions de points de contrdle dans les métastases
pulmonaires traitées avant et aprés I'ARF. Bien que nous n'ayons pas pu rendre compte directement des
mécanismes d'un effet abscopal, nous avons détect¢ des modeles d'interaction PD-1/PD-L1 et
CTLA-4/CDS80 différentiels chez les patients, qui peuvent étre utilisés pour prédire a quelles thérapies
un patient répondra. Nous avons également détecté une corrélation négative entre l'interaction
PD-1/PD-L1 et la densité CD3" intratumorale. De maniére critique, aucun des deux points de controle
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n'était corrélé a l'expression du ligand. Cela pourrait changer le paradigme de I'immuno-oncologie
actuelle et le raisonnement derriere la sélection des traitements des patients. Enfin, nous avons cherché
a appliquer I"FRET et CRISPR/Cas12 pour sonder les mécanismes intracellulaires par lesquels le ITSM
de PD-1 exerce ses effets négatifs. Nous avons généré des mutations Y248A et Y248E dans I'I'TSM de
PD-1 et prévoyons de vérifier si la SHP-2 seule ou la SHP-1 et la SHP-2 sont responsables de la
transduction du signal. Nous prévoyons également d'évaluer si I'état de phosphorylation Y248 constitue
un mécanisme de régulation de 1'état d'interaction PD-1/PD-L1. Pris ensemble, ces résultats indiquent
une nouvelle technique permettant d'évaluer 'engagement des points de controle immunitaires dans les
¢échantillons de patients. Cette technique pourrait fonctionner en tandem avec d'autres techniques d'THC
quantitatives, telles que I’imagerie par spectrométrie de masse, et pourrait étre appliquée a une série de
points de controle immunitaires. Elle donne naissance a la notion de surveillance immunitaire
quantitative, qui pourrait permettre de suivre la protéomique fonctionnelle des patients au fil du temps.
En résumé, les résultats de cette étude pluridisciplinaire et donc la mise en ceuvre de 1"FRET pour
effectuer une surveillance immunitaire quantitative pourraient modifier la facon dont les patients sont
sélectionnés pour les immunothérapies et fournir un mécanisme permettant de surveiller leur réponse

au traitement.
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Resumen

Los puntos de control inmunitarios, como PD-1/PD-L1 y CTLA-4/CD80, son mecanismos reguladores
del sistema inmunitario, el cual estd disefiado para promover laauto-tolerancia y evitar enfermedades
autoinmunes. Una serie de canceres modula estos puntos de control inmunitarios, mediante la
regulacion al alza de sus ligandos afines, para evitar la deteccion inmunitaria y su destruccion. Las
terapias de bloqueo de puntos de control inmunitario han mejorado la terapia contra el cancer tanto de
pulmoén como de rifion y melanomas. Sin embargo, solo un pequefio subgrupo de pacientes experimenta
efectos duraderos y la mayoria adquiere resistencia primaria o secundaria. A la mayoria estos pacientes
se les selecciona para tratamientos anti-PD-1 o anti-CTLA-4 segtin su expresion del ligando PD-L1. La
expresion del ligando se evalua actualmente mediante enfoques tradicionales de inmunohistoquimica
(IHC), que son subjetivos, carecen de cuantificacion y de rango dindmico. Los avances en IHC
cuantitativa han resuelto espacialmente la expresion del ligando que es punto de control inmunitario
pero esto no se correlaciona con el acoplamiento receptor-ligando. En esta tesis hemos desarrollado una
nueva plataforma de imagen cuantitativa, basada en transferencia de energia de resonancia de Forster
resuelta en el tiempo (FRET) determinada por medidas de tiempos de vida de la fluorescencia en el
dominio de frecuencia (FLIM) de las imagenes de microscopia. Esto nos permite cuantificar
espacialmente estas interacciones de puntos de control inmunitarios a una resolucién nanoscopica (<10
nm). Este ensayo es denominado inmuno-FRET (iFRET). Hemos validado la capacidad de iFRET para
medir PD-1/PD-L1 y las interacciones con CTLA-4/CD80 en un ensayo de co-cultivo de células y
posteriormente hemos aplicado iFRET para determinar las interacciones PD-1/PD-L1 en un estudio
retrospectivo en melanoma maligno y en cancer de pulmon de células no pequefias (NSCLC). Tanto en
el melanoma como en el NSCLC, se observo que un aumento del estado de interaccion

PD-1/PD-L1, determinado por iFRET, se correlacionaba con una peor supervivencia global. La
expresion de PD-L1, el criterio de clasificacion actual para la inmunoterapia,no mostraba esta

correlacion con respecto al futuro del paciente.

También hemos aplicado iFRET a PD-1/PD-L1 y CTLA-4/CD80 en un estudio prospectivo. A un
subconjunto de pacientes de cancer colorrectal con metastasis pulmonares que no responden a los
tratamientos clasicos se les trataron las metastasis mediante el método de ablacion por radiofrecuencia
(RFA). En los tratamientos de RFA, se ha documentado un efecto abscopal entre el tratamiento de un
pulmon y otro. En este trabajo, hemos aplicado iFRET para evaluar estas interacciones de puntos de
control en metastasis pulmonares tratadas antes y después de la RFA. Con los resultadosobtenidos, si
bien no podemos informar directamente sobre los mecanismos del efecto abscopal, detectamos
patrones diferenciales de interaccion PD-1/PD-L1 y CTLA- 4/CD80 dentro de los pacientes, que se
pueden utilizar para predecir a qué terapias responderian. También detectamos una correlacion
negativa entre Interaccion PD-1/PD-L1 y la densidad intratumoral de CD3". Muy importante, no se

ix



observo correlacion entre ninguno de los puntos de control con la expresion del ligando. Esto podria
cambiarel paradigma de la inmunooncologia actual y la justificacion de la seleccion de los tratamientos
para los pacientes. Por ultimo, intentamos aplicar iFRET y CRISPR/Casl2 para analizar los
mecanismos intracelulares por los cuales el ITSM (immunoreceptor tyrosine-based switching motif)
de PD-1 ejerce sus efectos negativos. Hemos generado mutaciones Y248A y Y248E en el ITSM de
PD-1, y planeamos investigar si SHP-2 so6lo o SHP-1 y SHP-2 conjuntamente son responsables de la
transduccion de sefiales. También planeamos evaluar si el estado de fosforilacion de Y248 constituye

un mecanismo regulador que module el estado de interaccion PD-1/PD-L1.

En conjunto, estos resultados permiten validar una técnica novedosa para evaluar en muestras de
pacientes la participacion de puntos de control inmunolégicos. Nuestra técnica podria funcionar
conjuntamente con otros métodos de la inmunohistoquimicacuantitativa (IHC), como la imagen
por espectrometria de masas (IMS), y podria aplicarse a una variedad de puntos de control

inmunitarios.

Esto nos lleva a la nocion de vigilancia inmunolodgica cuantitativa, que permitiria monitorizar la
protedmica funcional de pacientes a lo largo del tiempo. En resumen, losresultados de esta
investigacion multidisciplinar y la implementacion de iFRET para llevar a cabo una vigilancia
inmunologica cuantitativa pueden cambiar la forma en que se selecciona a los pacientes para su
tratamiento mediante inmunoterapias y proporcionar un mecanismo para realizar un seguimiento de

su respuesta al tratamiento.
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Chapter 1: Introduction

1.1: Cancer: Current Knowledge, Treatment and Prognostics

Cancer is the leading cause of death worldwide, accounting for nearly ten million deaths globally in
2020. In 2020, female breast cancer was the most commonly diagnosed cancer worldwide (2.26 million
cases), followed by lung cancer (2.21 million cases). Lung cancer accounted for the highest number of
worldwide cancer deaths in 2020 (1.80 million deaths) followed by liver and stomach cancer (0.83
million and 0.77 million deaths respectively) (Ferlay et al., 2021). As the leading cause of death
worldwide, it is crucial that the underpinnings of cancer development and progression are well
understood. The hallmarks of cancer outline a set of biological capabilities cancer cells exhibit in order
to form malignant tumours. Six hallmarks were first defined by Douglas Hanahan and Robert Weinberg
in 2000 (Hanahan and Weinberg, 2000). In the subsequent decade, four new hallmarks have been added

to this list. The 10 hallmarks in total are discussed below and summarised in Figure 1.1

Potentially the most central attribute of a cancer cell is the ability to sustain chronic proliferation. This
gives rise to the first hallmark sustaining proliferative signalling (Hanahan and Weinberg, 2011).
Normal cells carefully regulate the production and release of growth-promoting signals and carefully
regulate a cell’s progression through the cell cycle. However, cancer cells can dysregulate these
processes in several ways. This can be achieved by, improper growth factor production and response,
mutation-induced constitutive activation of kinases or a lack of activity from negative feedback
regulators, such as phosphatase and tensin homolog (PTEN) (Hanahan and Weinberg, 2011). In addition
to sustaining proliferative signalling, cancer cells must evade growth suppressors, which are in place
to prevent malignancies from forming. Tumour suppressors are known to counteract proliferative
signals and are dysregulated in a range of neoplasia; the retinoblastoma-associated (RB) and p53
proteins are notable examples of these. The RB protein largely responds to extracellular signals and
determines if a cell should progress through the cell cycle. The p53 protein largely responds to
intracellular signals and may halt the cell cycle in order to allow the cell to undergo repair in response
to “alarm signals”. If required, the p53 protein may also promote apoptosis. The prominence of p53
mutations is large, with over 50% of cancers harbouring a p53 mutation (Perri et al., 2016). In keeping
with the evasion of growth suppressors, cancer cells are also able to resist cell death. This can involve
resisting the extrinsic apoptotic pathway (i.e., the Fas ligand/Fas receptor) or the intrinsic apoptotic
pathway (e.g., the activation of caspases 8 and 9). Moreover, normal cells may undergo cellular growth
and replication a limited number of times. Cancer cells can enable replicative immortality, thus
allowing them to undergo unlimited replicative cycles. Furthermore, cancer cells induce angiogenesis

to increase the supply of nutrients to the cells. Maybe the most recognised clinical hallmark of cancer
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Figure 1.1: The Hallmarks of Cancer: The original six hallmarks of cancer were outlined by Hanahan and
Weinberg in 2000. These included the ability of cancer cells to enable replicative immortality, resist cell death,
activate invasion and metastasis, induce angiogenesis, evade growth suppressors and sustain proliferative
signalling. In 2011, four new hallmarks were added to this list, including genome instability and mutation,
dysregulating cellular energetics, tumour promoting inflammation and evading immune destruction.




is its ability to activate invasion and metastasis. This is facilitated by a number of transformations,
notably by the loss of E-cadherin which is crucial in maintaining quiescence and ordered epithelial cell
sheets. Increased expression of E-cadherin is listed as an antagonist of invasion and metastasis. These
are the original hallmarks of cancer that were described by Hanahan and Weinberg in 2000. In 2011,
four new hallmarks were identified: dysregulating cellular energetics, genome instability and
mutation, tumour-promoting inflammation and avoiding immune destruction. The avoidance of
immune destruction has led to a new focus in cancer therapies, with the spotlight falling on the concept
of enabling the immune system to specifically target and destroy cancer cells. The immune system is in
a constant state of immune surveillance, monitoring cells and tissues and naturally attacking nascent
tumours, late-stage tumours and micro metastases. Therefore, the formation of a tumour indicates that
to some degree, these cells have avoided the natural host defence in order to survive. Prior to dissecting
the mechanisms by which neoplasia can avoid immune detection, it would be pertinent to introduce the

immune system and its key components and functions.



1.2: An Introduction to the Innate Immune System

The immune system comprises of an assortment of cells, chemical messengers and processes that
function to protect the host from foreign antigens. Foreign antigens may comprise of microbes (bacteria
or fungi as examples), viruses, toxins and neoplastic cells (Marshall et al., 2018). The immune system
has two lines of defence. The first line of defence is known as the innate immune system and will be
introduced here. The second line of defence is the adaptive immune system, which is outlined in
Section 1.3. The innate immune system comprises of four defensive barriers: anatomical barriers, (e.g.,
skin, or mucosal membranes), physiological barriers (e.g., temperature and chemical mediators),
endocytic and phagocytic barriers (resulting in cell death) and inflammatory barriers. The innate
immune system can recognise pathogens using pattern recognition receptors (PRRs). There are four
major classes of PRR: Toll-like receptors (TLRs); nucleotide-binding oligomerisation domain
(NOD)- leucine rich repeat (LRR)-containing receptors (NLRs); retinoic acid-inducible gene 1
(RIG-1)-like receptors (RLRs); and the C-type lectin receptors (CLRs) (Amarante-Mendes et al., 2018).
This allows for a limited range of immune cells to identify a wide range of pathogens, all of which share
common structures known as pathogen associated molecular patterns (PAMPs) (such as
lipopolysaccharides) (Marshall et al., 2018). A key feature of innate immunity is a rapid recruitment of
immune cells to sites of infection and inflammation. This is achieved through the production of
cytokines and chemokines. Cytokines are small, secreted proteins which may be either
pro-inflammatory or anti-inflammatory (Figure 1.2). Cytokines can act on the cells that secreted them
in an autocrine manner, or act on nearby cells in a paracrine manner (Zhang and An, 2007). Key
inflammatory cytokines released in the early innate immune response include tumour necrosis factor

(TNF) and interleukins (IL) one and six (IL-1 and IL-6).
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immune system.




Chemokines (whose name derives from chemotactic cytokines) are also small secreted proteins that
induce signal response in cells through G-protein coupled heptahelical chemokine receptors. Their
function is to induce the migration of cells, often white blood cells, to sites of infection and
inflammation (Hughes and Nibbs, 2018). The signalling between, and migration of, the cells that make
up the innate immune system are critical for its efficient function. The cells that make up the innate
immune system consist of phagocytes, mast cells, dendritic cells, natural killer (NK) cells, basophils,
eosinophils, and innate lymphoid cells (Figure 1.3). Phagocytes, which are further subdivided into
macrophages or neutrophils, are responsible for phagocytosis (from the ancient Greek phagein, to eat,
and ctye, cell). Phagocytosis involves the engulfment and subsequent digestion of foreign antigens.
Neutrophils which contain digestive granules, are short lived, whereas macrophages are long-lived and
play a role in antigen presentation to the adaptive immune system. Mast cells are important in the
induction of acute inflammatory response by the release of inflammatory mediators such as histamine.
These usually exist in connective tissue near blood vessels and are also involved in physiological
homeostatic functions such as vasodilation regulation and angiogenesis (Krystel-Whittemore et al.,
2016). Dendritic cells are a class of specialised antigen presenting cell (APC) and act as key messengers
between the innate and adaptive immune response (Marshall et al., 2018). Alongside their antigen
presenting roles, dendritic cells are also involved in the phagocytosis of foreign antigens. NK cells play
an important role in tumour rejection, releasing perforins and granzymes which induce apoptosis in
targeted cells. Moreover, NK cells are a source of interferon gamma (IFNy) which mobilises APCs.
Basophils are found in the circulation and can also release inflammatory mediators such as histamine.
Eosinophils are granulocytes which again can release inflammatory mediators and can destroy foreign
bodies too large for phagocytosis (such as parasites). Innate lymphoid cells are the innate counterparty
of T-lymphocytes (which are found in the adaptive immune system) which lack antigen-specific
receptors (Panda and Colonna, 2019). These cells secrete effector cytokines and guide immune response

to the site of specific antigens, thus helping to regulate the innate immune response.

Whilst the innate immune system is a complex series of chemical messengers and effector cells that can
deal with a range of foreign antigens, it lacks memory. The ability to remember an invading body to

invoke a more rapid immune response upon re-exposure is a hallmark of the adaptive immune system.
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Figure 1.3: Summary of innate immune cells. Top panel: The innate immune system comprises of a range of cells such as:
macrophages, neutrophils, mast cells, natural killer cells, basophils, eosinophils, innate lymphoid cells, and dendritic cells. Both
macrophages and neutrophils are known as phagocytes. Dendritic cells are a class of professional antigen presenting cell and are
key in priming the adaptive immune response. Bottom panel: An example workflow of the innate immune system. The innate
immune system senses or detects common pathogenic patterns (such as lipopolysaccharide) which results in the phagocytosis of
that pathogen or antigen. Sometimes a macrophage can directly phagocytose a pathogen. Other times it will release
pro-inflammatory cytokines such as IL-8 to recruit further phagocytes, such as neutrophils, to phagocytose the pathogen.



1.3: An Introduction to the Adaptive Immune System

The adaptive immune system works in conjunction with the innate immune system and is crucial when
the innate immune response is unable to eliminate a foreign antigen. The primary role of the adaptive
immune system involves the recognition of specific non-self-antigens and the development of an
immunological memory (Marshall et al., 2018). The three major classes of cells involved in adaptive
immunity are APCs, T-lymphocytes (also known as T-cells) and B-lymphocytes (also known as
B-cells). T-lymphocytes are derived from haemopoietic stem cells in the bone marrow which migrate
to and mature in the thymus. Once matured, these cells express a unique antigen binding receptor known
as the T-cell receptor (TCR). To recognise and respond to an antigen, the antigen must be presented to
the T-lymphocyte by an APC. The APCs responsible for this are often dendritic cells but may also be
macrophages or B-lymphocytes. The APCs express proteins that form a major histocompatibility
complex (MHC). There are two classes of MHC, class I, which presents endogenous peptides to
cytotoxic T-lymphocytes, and class II, which present exogenous peptides to helper T-lymphocytes
(Marshall et al., 2018, Wieczorek et al., 2017). Endogenous peptides are fragments of antigen that arise
intracellularly when a cell has been infected, for example by a virus. Exogenous peptides arise
extracellularly and are formed from phagocytosed foreign bodies. The statistical chance of a
T-lymphocyte meeting an APC with the correct antigen presented is increased by the circulation of

T-lymphocytes through the blood and lymphatic systems as well as their accumulation in lymph nodes.

The TCR complex is formed from TCRo/ heterodimers and their hydrophobic interactions with CD3
subunits (CD3 subunits include v, 8, € or {) (Hwang et al., 2020). The TCRa/[} heterodimer recognises
the antigen presented by the MHC and triggers the recruitment and activation of several protein tyrosine
kinases (PTKs). These PTKs include Lck, Fyn and Zeta-chain-associated protein kinase 70 (ZAP-70).
Studies have indicated that Fyn is dispensable for TCR signalling whereas Lck is not (Groves et al.,
1996). Once bound to a peptide-MHC, the TCR results in the recruitment of CD45 (a tyrosine
phosphatase) which removes the inhibitory Yses ' phosphorylation of Lck. Lek then phosphorylates the
immune tyrosine-based activation motifs (ITAM) of CD3 subunits in complex with TCRa/B. These
phosphorylated ITAMs serve as docking sites for ZAP-70 which binds to the ITAM via a Src-homolgy-
2 (SH-2) interaction and is itself phosphorylated by Lck or Fyn (Zhang et al., 1998). ZAP-70
phosphorylates the adapter protein, linker for activation of T-cells (LAT), which results in the
recruitment and activation of phospholipase Cyl (PLCyl). PLCyl synthesises inositol
1,4,5-triphosphate (IP3) and diacylglycerol (DAG) from PtdIns(4,5)P,. IP; mobilises cytosolic Ca*" from
intracellular stores (Schmidt et al., 2012).

! To aid in the differentiation of amino acid sequences, cell surface (e.g., CD) markers and acronyms, amino
acid sequences are written in bold.
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However, TCR ligation alone fails to result in full activation of T-lymphocytes. For full activation to
occur, a co-stimulatory signal is also required, and this often propagates from the co-stimulatory
receptor CD28 (Figure 1.4). CD28 is expressed on approximately 80% of CD4" lymphocytes and 50%
of CD8" lymphocytes (Esensten et al., 2016). CD28 is a 220 amino acid protein which exhibits a 44kDa
glycosylated, disulphide-linked homodimer structure at the cell surface. Two ligands are known to bind
to CD28; CD8O (also known as B7.1) and CD86 (also known as B7.2). Both ligands comprise of single
V-set and C1-set IgSF (immunoglobulin superfamily) domains. The interaction of these ligands occurs
at the ”MYPPPYY'? motif within the V-set domain of the receptor (Esensten et al., 2016). The two
ligands originated from a gene duplication in early mammalian evolution, however significant sequence
divergence means that the two ligands now only share 26% amino acid sequence identity (Freeman et
al., 1993). Bioluminescence resonance energy transfer (BRET) has shown that, at the cell surface, CD80
is present as a non-covalent dimer whereas CD86 is present as a monomer (James et al., 2006).
Moreover, CD80”" mice are able to invoke almost normal humoral and cytotoxic T-lymphocyte
responses to antigens compared to wildtype mice. However CD86” mice fail to undergo antibody class
switching and exhibit impaired cytotoxic T-lymphocyte response and proliferation (Halliday et al.,
2020). Whilst both ligands have a higher affinity towards a competing receptor (CTLA-4, discussed in
Section 1.4.1), the relative bias of CD80 towards CTLA-4 impairs its function as a ligand for CD28,
resulting in CD86 being the preferred ligand for CD28 (Halliday et al., 2020).

Once CD28 is ligated to either CD80 or CD86, a cascade of intracellular T-lymphocyte signalling is
evoked. The membrane proximal YMNM and distal PY AP motifs are known to dock a range of kinases
and adaptor proteins via SH2 or SH3 interactions. One significant event is the phosphorylation of
cytoplasmic tyrosine domains of CD28 by Lck. Lck then docks at the PYAP motif and phosphorylates
phosphoinositide-dependant kinase 1 (PDK1) at Y9. PDK1 then phosphorylates protein kinase C theta
(PKCO) whose signalling activates the transcription factors: nuclear factor kappa-light-chain-enhancer
of activated B-cells (NFkB); activator protein 1 (AP-1) and nuclear factor of activated T-cells (NFAT)
(Esensten et al., 2016) (Figure 1.4). The promoters of many cytokines contain NFAT-AP1 binding
domains which greatly enhances their transcription upon TCR/CD28 mediated activation of NFAT and
AP-1 (Schmidt et al., 2012). Additionally, the adaptor proteins GRB2 (growth factor receptor-bound
protein 2) and GADS (Grb2-related adaptor downstream of Shc) are recruited to CD28 and result in the
activation of the Ras signalling cascade. Upon this activation, a T-lymphocyte undergoes proliferation
and secretes inflammatory cytokines to transmit the immune response. However, the immune response

that is mounted is formed from a range of T-lymphocyte subsets.

10



CD8+ T
Lymphocyte
Antigen presentation by
MHC

CD8+ Ty
CD8+ CD8+ Toy
effector
T-lymphocyte CD8+ T
. ‘.
« Jo o Granzyme B

Antigen Presenting cell
cancer cell

CD8+
) .

Some T cells are retained as

The majority of T.yundergo  Tememery Cells. This allows for a

apoptosis upon infection quicker immune response upon
clearance reinfection with the same

antigen

Figure 1.5: CD8" cells retain adaptive immune memory upon clearance of an infection. Upon ligation of a T-cell receptor on
a CD8" lymphocyte with an antigen presented by an MHC class I molecule, the lymphocyte differentiates into a Tefrector C€ll.
Effector lymphocytes secrete granzyme B and perforin to destroy infected cells or cancer cells. After the infection has cleared,
the majority of Tefector lymphocytes undergo apoptosis. Some Tefreetor lymphocytes remain and differentiate into Tmemory
lymphocytes. These memory lymphocytes remember an antigen and allow for a quicker immune response against that antigen
upon reinfection.
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Presentation of an antigen by an MHC class I molecule on an APC or cancer cell will differentiate a
naive cytotoxic T-lymphocyte (CD8" lymphocyte) into an effector cytotoxic T-lymphocyte. CD8"
effector lymphocytes are involved in the destruction of infected cells and neoplastic cells. Cell
destruction is achieved through the release of perforin and granzyme (Figure 1.5). Perforin is a
glycoprotein that forms pores in cell membranes, resulting in cell death (Osinska et al., 2014).
Granzymes are a family of serine proteases stored in the granules of cytotoxic T-lymphocytes whose
activity also result in targeted cell death (Boivin et al., 2009). After an infection has been resolved, the
majority of CD8" effector lymphocytes die and are phagocytosed. Critically, some of the lymphocytes
are retained as memory lymphocytes which, upon reinfection with the same antigen, rapidly

differentiate back into effector lymphocytes (Figure 1.5).

Another subset of T-lymphocytes are helper T-lymphocytes, or CD4" lymphocytes. Whilst these cells
lack an innate ability to destroy target cells, they are key in mediating the immune response by their
targeted cytokine release. The three most frequent subsets of CD4" lymphocytes are: Thl, Th2 and
Th17. Upon activation by an MHC class Il APC, Thl lymphocytes secrete [IFNy which activates the
bactericidal activities of macrophages. Thl lymphocytes also secrete TNFa (Figure 1.6). Moreover,
cytokines secreted from Thl lymphocytes increase the ability of B-lymphocytes (discussed below) to
synthesise opsonising antibodies (which increase phagocyte efficacy). Th2 lymphocytes typically
release IL-4, IL-5, IL-9 and IL-13 upon activation. This is linked with the expansion of immunoglobulin
E (IgE) synthesising B-lymphocytes (Zhu et al., 2010) (Figure 1.6). Moreover, the secretion of these
interleukins results in the recruitment of mast cells and eosinophils. Upon activation, Th17 lymphocytes
secrete IL-17, which is linked to ongoing inflammation, particularly in chronic infection, and IL-22
(Zhu et al., 2010) (Figure 1.6). As seen with CD8" lymphocytes, upon the resolution of an infection,

the majority of CD4" cells will die and be cleared, however a subset will remain as CD4" memory cells.

Alongside the diverse range of functions of T-lymphocytes, a second category of lymphocyte, the
B-lymphocytes, also exist. B-lymphocytes also arise from haemopoietic stem cells; however, they
undergo maturation in the bone marrow before migrating. Upon maturation these lymphocytes express
a unique antigen-binding receptor and can recognise antigens without APCs (Marshall et al., 2018). The
primary function of B-lymphocytes is antibody production, although in some instances B-lymphocytes
may also act as APCs. When activated by an antigen complimentary to the antigen specific receptor of
a B-lymphocyte, B-lymphocytes proliferate and differentiate into plasma cells or memory cells. Plasma
cells are short-lived cells which produce antibodies in large quantities and secrete them into the
circulation. After being secreted, antibodies bind to foreign antigens and mark them for destruction;
often through complement activation, opsonisation or phagocytosis (Hart et al., 2004). Memory
B-lymphocytes continue to circulate and express antigen-binding receptors. These can rapidly

differentiate into plasma cells upon reinfection.
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Figure 1.6: Differential cytokine exposure results in Th lymphocyte differentiation. Upon exposure to IFNy and IL-12, naive
CD4" lymphocytes differentiate into Thl lymphocytes. Thl lymphocytes secrete IFNy and TNFa. IL-2 or IL-4 exposure
differentiates naive CD4" lymphocytes into Th2 lymphocytes. These can secrete IL-4, IL-5, IL-9 and IL-13. IL-6, IL-23 and TGF
exposure differentiates naive CD4" lymphocytes into Th17 lymphocytes. These lymphocytes secrete IL-22 and IL-17, which is
linked to chronic infection. IL-10 and TGFB exposure causes CD4" lymphocytes to differentiate into Treg lymphocytes. Tregs
exert immunosuppressive functions and secrete the anti-inflammatory cytokines IL-10, IL-35 and TGFp.
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Whilst a rapid and efficacious immune response is critical in tackling infection and removing foreign
antigens from the body, abhorrent immune activation results in a range of pathologies. Therefore, a
tight regulation of immune activation is required. A subset of CD4" T-lymphocytes play an important
role in immune regulation. Regulatory T-lymphocytes (Tregs) are an immunosuppressive
subpopulation of CD4" lymphocytes that constitute approximately 5-10% of peripheral CD4"
lymphocytes (Hatzioannou et al., 2021). The hallmark of a Treg lymphocyte is expression of the
forkhead P3 (FOXP3) transcription factor, CD25"" and IL-2 receptor alpha (IL2Ra) (Sharma and
Rudra, 2019, Saleh and Elkord, 2019). FOXP3 expression is pivotal in maintaining correct immune
activation, with males who bear a loss of function mutation to the FOXP3 gene exhibiting immune
dysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome (Bennett et al., 2001).
Similarly in mice, male mice hemizygous for an X-linked frame shift in FOXP3 exhibit a scurfy
phenotype. This manifests as an expansion and hyperactivation of CD4" lymphocytes resulting in
multi-organ failure fatality within 16 to 25 days (Brunkow et al., 2001). FOXP3 can act either as an
activator of transcription (when bound to the transcription factors RELA, IKZF2 and KATS) or a
repressor of transcription (when bound to the transcription factors YY1, IKZF3 or the histone

methyltransferase EZH2) (Hatzioannou et al., 2021).

Alongside FOXP3 expression, Tregs also express a range of co-inhibitory molecules and co-stimulatory
molecules. To exert their suppressive functions, Tregs themselves must be TCR-activated in the
presence of IL-2. However CD28 co-stimulation is dispensable (Schmidt et al., 2012). Literature has
suggested there are multiple mechanisms by which Tregs exert their immunosuppressive effect
including: immunosuppressive cytokine production (Figure 1.6) cytolysis of conventional
T-lymphocytes; metabolic disruption; and suppression of the maturation and function of APCs (Figure
1.7). Immunosuppressive cytokines (outlined in Figure 1.2) can result in a downregulation of immune
activation. Treg IL-10 production results in the reduction of IFNy-induced activation of APCs.
Moreover IL-10 secretion leads to a reduction of IFNy secretion from CD8" lymphocytes and
downregulation of MHC II on tumour-associated macrophages. IL35 secretion from Treg lymphocytes
can lead to cell cycle arrest via the JAK/STAT (Janus kinase/signal transducer and activator of
transcription) pathway, reducing T-lymphocyte proliferation (Hatzioannou et al., 2021). Cytolysis can
be induced in CD4", CD8", and B-lymphocytes via the secretion of granzyme by Treg lymphocytes in
a perforin dependant or independent manner (Hatzioannou et al., 2021). Moreover, Tregs may express
tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), which upon binding to the death
receptor on target cells results in apoptosis and downregulation of the immune system. Tregs expressing
the IL2R consume IL-2 which negatively regulates CD4" and CD8" lymphocytes (Schmidt et al., 2012)
(Figure 1.7). High CD25 expression on Tregs in the tumour microenvironment also leads to depletion

of IL-2 which reduces CD4" and CD8" activation and induces their apoptosis.
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Figure 1.7: Tregs can exert their immunosuppressive function in multiple ways. They can secrete anti-inflammatory
cytokines such as IL-10, IL-35 and TGFf. Moreover, their expression of the IL2Ra chain allows for the mopping up of the
pro-inflammatory cytokine IL-2, thus reducing the activation signals available for CD4" and CD8" lymphocytes. Tregs can directly
induce apoptosis in CD4" and CDS8" cells via the release of granzyme and perforin in the presence of these lymphocytes. CTLA-4
engagement with CD80 can increase the secretion of anti-inflammatory cytokines from Tregs and can also induce indolamine 2,3
dioxygenase (IDO) in Tregs. LAG-3 engagement with MHC class II on a dendritic cell may induce the Erk-dependant recruitment
of the phosphatase SHP-1 to FcRy in membrane microdomains.
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1.4: How 1s the Immune System Implicated in Cancer Progression?

As stated by Hanahan and Weinberg, immune evasion is a hallmark of cancer, and there is a plethora
of mechanisms by which this is achieved. The bone marrow, blood, spleen and draining lymph nodes
form a communication network throughout neoplastic development and result in changes to immune
phenotype. Haematopoiesis within the bone-marrow becomes skewed and results in an expansion of
immature neutrophils and monocytes. A severe disruption of haemopoiesis is experienced in
tumour-burdened patients. Haemopoietic stem cells and progenitor cells proliferate and differentiate
into monocytic and granulocytic lineages which results in peripheral expansion of immature
immunosuppressive neutrophils, monocytes and macrophages (Hiam-Galvez et al., 2021). A
pan-cancer study identified that multipotent progenitors, granulocyte monocyte progenitors and
haematopoietic stem cells were elevated in the blood of breast, cervical, liver, lung, ovarian,
oesophageal and gastrointestinal cancer patients (Wu et al., 2014). Moreover, increased neutrophil
frequency has been correlated with a poor prognosis in mesothelioma, renal cell carcinoma, pancreatic
cancer, colorectal carcinoma, non-small cell lung carcinoma (NSCLC), hepatocellular carcinoma and
gastroesophageal cancer (Templeton et al., 2014). Dendritic cell levels are also perturbed in cancer,
with a decrease in peripheral blood dendritic cells seen in ovarian, prostate, breast, lung, renal and head
and neck squamous cell cancers as well as melanoma (Hiam-Galvez et al., 2021). Lymphopenia is
observed in several cancers (e.g., breast, sarcoma, lymphoma) and circulating T-lymphocytes in breast,
lung and cervical cancer patients experience reduced TCR diversity. Treg lymphocytes show an
expansion in the periphery and invasion into the tumour, eliciting immunosuppressive effects, alongside
IL-10 secreting regulatory B-lymphocytes. Natural killer cells from breast cancer patients are shown to
have dysregulated phenotypes with decreased expression of the activating receptors NKp30, NKG2D,
DNAM-1 and CD16. Moreover, NK cells in breast cancer patients may also experience increased
inhibitory receptor (NKG2A) expression (Mamessier et al., 2011). To conclude, it is now known that a
systemic corruption of the organisation of the immune system occurs in the neoplastic development and

progression of a range of tumour types (Hiam-Galvez et al., 2021).

A major mechanism by which cancers can evade immune attack is by the dampening down of
T-lymphocyte response towards cancer cells. This may be in part elicited by a cancer cells
downregulation of MHC class I and neoantigens on its cell surface (Saleh and Elkord, 2019).
Additionally, the identification of co-inhibitory molecules on the cell surface of T-lymphocytes has
provided an insight into how cancers may avoid T-lymphocyte-mediated destruction. The role of these
co-inhibitory molecules, known as immune checkpoints, is to control the balance between
T-lymphocyte tolerance and activation. Cancer cells are now known to highjack these pathways, by
providing the cognate co-inhibitory ligands for these receptors, thus reducing T-lymphocyte activation

in the tumour microenvironment.
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Figure 1.8: The crystal structure of CTLA-4 and CD80. The resolution of the displayed crystal
structure (PDB ID: 118L) resolution is 3.0A. CTLA-4 comprises of a single V-set domain and forms
homodimers through A and G B-strands on residues: V1o, Li2, Sis, Yi1s, I117 and Ei2. This creates
an interface that is largely hydrophobic. CTLA-4 binds to its cognate ligand, CD80 or CD86 by the
GFCC’ face of CTLA-4 and CD80 V-set domain. Contacts are made between the ligand and
receptor on the MYPPPYY'® sequence of CTLA-4. CTLA-4/CD80 binding zoom box modified
from Stamper et al., 2001.



Two major immune checkpoint receptors are the cytotoxic T-cell associated protein-4 (CTLA-4) and
the programmed death receptor 1 (PD-1). Drugs aimed at blocking the interaction of these receptors
with their cognate ligands are increasingly used in cancer therapy, particularly in malignant melanoma
and lung cancer (Ma et al., 2021). The mechanism of signal transduction of these two checkpoints,
alongside their targeting in cancer are discussed in Sections 1.4.2 and 1.4.3. Whilst these two
co-inhibitory molecules are prominent, other molecules exist such as: T-cell immunoreceptor with Ig
and ITIM (Immunoreceptor Tyrosine-based inhibition motif) domains (TIGIT); V-domain Ig
suppressor of T-cell activation (VISTA); T-cell immunoglobulin mucin 3 (TIM-3) and lymphocyte
activation gene-3 (LAG-3).

1.4.1: The Role of the CTLA-4/CD80 Signalling Axis in Cancer

The CTLA-4 pathway provides host protection against autoimmune diseases by downregulating
adaptive immune system activation. CTLA-4 is a homolog of the co-stimulatory molecule CD28
(discussed in Section 1.3). CTLA-4 comprises of a single V-set domain and human CTLA-4 monomers
interact through A and G B-strand residues (Vio, Li2, Si1s, Yi1s, Lii7 and Ei129) (Figure 1.8, resolution
3.0A). This creates an interface that is largely hydrophobic except for reciprocal interchain hydrogen
bonds between Sis and main-chain nitrogen of Ez0. Binding of CTLA-4 to CD80, one of its cognate
ligands, is facilitated by the GFCC’ face of CTLA-4 and CD80 V-set domains with an angle of
approximately 90° between the two B-sheets (Stamper et al., 2001). Interatomic contacts are made
between 13 residues of CTLA-4 and CD80, respectively. The hydrophobic ?MYPPPYY'® sequence
is prominent in the interaction between CTLA-4 and CD80. Within this sequence, Pio; is crucial in
forming cis-trans-cis main-chain conformation of the FG loop and directs Y100, Pi02, P103 and Y104 to
interact with CD80. Alanine substitutions of any residues in the "MYPPPYY'® sequence act to reduce
or abolish CTLA-4/CD80 interactions (Stamper et al., 2001). Whilst CD28 and CTLA-4 share similar
structures, their function and signalling dynamics drastically differ. Whereas CD28 is constitutively
expressed at the plasma membrane of T-lymphocytes and propagates T-lymphocyte activation, CTLA-4
surface expression is induced upon T-lymphocyte activation and is constitutively expressed in Tregs.
Approximately 90% of CTLA-4 is located in intracellular vesicles and upon surface expression,
CTLA-4 is typically internalised. It has been shown that depletion of the YKVM motif of CTLA-4
inhibits receptor internalisation, which is mediated by the clathrin adaptor AP-2 (Verma et al., 2017).
An experiment by Quershi et al, 2012, labelled CHO cells with anti-CTLA-4
phosphatidylethanolamine (PE) at 4°C to detect cell-surface CTLA-4 expression. Cells were then
warmed to 37°C for different times, transferred on ice and subsequently probed with a
chromophore-conjugated secondary antibody. This revealed the proportion of cell surface CTLA-4
remaining. It was seen that the majority of cell surface CTLA-4 was internalised within five minutes.

The data from this study, alongside the truncation of the YKVM motif, indicate that CLTA-4 is rapidly
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internalised in a ligand independent manner via its YKVM motif (Qureshi et al., 2012).

CTLA-4 and CD28 compete for the same ligands CD80 and CD86, however CTLA-4 has an increased
binding affinity compared to CD28 (Buchbinder and Desai, 2016, Parry et al., 2005). It is thought that
the dynamic ratio of CD28/CD80/6 and CTLA-4/CD80/6 binding determines whether a T-lymphocyte
will become activated or enter an anergic state, with CTLA-4 being able to outcompete CD28 and thus

prevent co-stimulation of T-lymphocytes (Stumpf et al., 2014).

It is also known that the kinases Fyn, Lck and ZAP-70 are constitutively activated in CTLA-4"" mice,
indicating an inhibition of TCR proximal events by CTLA-4. Moreover, immunoprecipitation analysis
has shown the tyrosine protein phosphatase SYP (now known as SHP-2) to be a binding partner to the
cytoplasmic tail of CTLA-4 (Marengere et al., 1996). Furthermore, a study by Stumpf et al., 2015 has
shown that the intracellular Y2¢1 residue of CTLA-4 may contribute to T-lymphocyte signalling. A point
mutated CTLA-4 (Y201V) led to increased CTLA-4 expression on T-lymphocytes and a Th2 bias upon
activation. However, homeostatic functions of T-lymphocytes were not altered in mice up to eight
weeks of age. A study assessing experimental autoimmune encephalomyelitis in these mice showed
that increased disease severity in Y201V mice is due to impairment of Tregs. This indicates that the
intracellular signalling of CTLA-4 plays a more prominent role in this subset of lymphocytes (Stumpf
et al., 2014). A third mechanism by which CTLA-4 can induce a downregulation is through its
aforementioned endocytosis. When CTLA-4 undergoes internalisation, it can “strip” its cognate ligand
from an antigen presenting cell in a process known as trans-endocytosis. The internalised ligand is then
degraded (Qureshi et al., 2011). This provides an additional, cell extrinsic, means by which CD28 is
deprived of CD80/CDS86 interaction. The mechanisms by which CTLA-4 provides an inhibitory

immune signal are summarised in Figure 1.9.

Due to the considerable roles in which CTLA-4 can repress the immune system, combined with the
immune evasion hallmark of cancer, it is to be expected that it has been explored as a promising
anti-cancer target. Ipilimumab is a recombinant human immunoglobulin G1 (IgG1) monoclonal
antibody designed by Bristol Meyer Squibb. Ipilimumab binds to CTLA-4 at its MYPPPYY'* motif,
blocking its interaction with its cognate ligands. In 2011, the Food and Drug Administration (FDA)
approved ipilimumab for use in late-stage metastatic melanoma. In the study that led to its approval,
ipilimumab extended the life of late-stage melanoma patients from an average of 6.5 months to an
average of 10 months. Since 2011, Ipilimumab has subsequently been licenced for the treatment of
NSCLC, mesothelioma, ovarian, breast, prostate, and urothelial cancers. Whilst a subset of patients

respond to treatment, some patients show no response to this treatment.
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Figure 1.9: The three mechanisms by which CTLA-4 exerts its immunosuppressive functions.
CTLA-4 can exert an immunosuppressive signal on the immune system in three ways. Top panel)
CTLA-4 has a higher affinity for the ligand CD80/86 than the co-stimulatory CD28 receptor.
Therefore CTLA-4 can outcompete CD28 and result in a negative immune response. Middle panel)
Studies have shown that the cytoplasmic tail of CTLA-4 recruits the phosphatase SHP-2, which
dephosphorylates kinases proximal to the TCR, thus reducing T-lymphocyte activation (Marengére et
al., 1996). Bottom Panel) CTLA-4 is usually internalised within 5 minutes of T-lymphocyte surface
expression. It can strip the ligand CD80/86 upon internalisation from the antigen presenting cell,
meaning it cannot ligate to the co-stimulatory CD28 receptor Qureshi et al., 2011).
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Moreover, ipilimumab treatment results in immune-related adverse effects (irAEs) in up to 65% of
patients. These commonly affect the skin, gastrointestinal tract and endocrine organs, although irAEs

have been recorded in almost all other organs (Rowshanravan et al., 2018).

Despite the efficacy shown with this treatment, increased efficacy may arise when targeting other
immune checkpoints alongside CTLA-4. Currently, the only other immune checkpoint for which
therapeutic blocking antibodies have been approved is the programmed death receptor (PD-1) /
programmed death ligand (PD-L1) (PD-1/PD-L1).

1.4.2: The Role of the PD-1/PD-L1 Signalling Axis in Cancer

PD-1 is a 228 amino acid membrane protein receptor with a canonical immunoglobulin (Ig)-like
extracellular domain (Zak et al., 2017). PD-1 is expressed on a subset of thymocytes, such as activated
T- and B-lymphocytes, monocytes, dendritic cells, and tumour-infiltrating lymphocytes (Sun et al.,
2015, Sheppard et al., 2004). When inflammatory cytokines such as IL-1 or IL-6 or TNFa are secreted
in the adaptive immune response, PD-L1 expression is induced in the surrounding tissue. When bound
to PD-1, this can lead to immune tolerance, whereby the immune system is unable to mount an immune
response, even in the presence of antigens and stimulatory signals (Mahoney et al., 2015). This results
in peripheral tolerance and, alongside the CTLA-4/CD80 checkpoint, provides a negative feedback

mechanism to maintain immune system homeostasis.

Figure 1.10A illustrates the crystal structure of the extracellular IgV of a high-PD-L1 affinity PD-1
mutant (As;L) obtained by X-ray diffraction (Lazar-Molnar et al., 2017). This structure has been
deposited on the Protein Data Bank (PDB) with the ID 3RRQ with a resolution of 2.10A. Other
extracellular-domain PD-1 structures have also been deposited, INPU and 2M2D, which were obtained
by X-ray diffraction and Nuclear Magnetic Resonance (NMR) spectroscopy respectively (Zhang et al.,
2004, Cheng et al., 2013). In the study carried out by Lazar-Molnar et al., 2017, diffraction-quality
crystals were unobtainable for wild-type PD-1, however the A3 mutant yields important data on the
structure of the extracellular domain of PD-1. The structure is typical of IgV domain topology with the
front and back B-sheets forming a two-layered B-sandwich which is stabilised by a disulphide bond

between Csq and Cr23 on the B and F strands, respectively.

Figure 1.10B highlights the interatomic contacts formed between murine PD-1 and human PD-L1 when
crystalised together. PD-1/PD-L1 interactions occur at their V-domain A’GFCC’ B-sheets, forming a
pair of V-domains in a Fv-like structure (Lin et al., 2008). Eighty-seven interatomic contacts are formed
between 18 murine PD-1 residues and 14 human PD-L1 residues. Fifteen of these residues are identical

to human resides, those that differ being Me4 (V4 in human), Nes (Yes in human) and Voo (Goep in human).
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Figure 1.10: The crystal structure of the extracellular domain of PD-1. A) The crystal structure of the extracellular domain of
PD-1 reveals a typical IgV domain topology with the front and back B-sheets forming a two-layered B -sandwich which is
stabilised by a disulphide bond between C54 and C123 on the B and F strands, respectively. The intracellular domain of PD-1
which does not have a resolved crystal structure is responsible for the intracellular signal transduction of the PD-1 pathway. B)
87 interatomic contacts are formed between the murine PD-1 and human PD-L1 crystalised by Yin-wei Lin et al., 2008 (using a
4A cut-off). This forms a buried surface area of 1870A2. Modified from Yin-wei Lin et al., 2008.
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Of'these differences, M4 and Voo result in smaller or absent amino acid side chains so would minimally
affect the binding interface. The resulting buried surface area of this binding interface is 1820A% which
is larger than the binding surface of CTLA-4/CD80 (approximately 1200 A?). Surface plasmon
resonance indicates a Ky of approximately 8uM between murine PD-1 and human PD-L1 (Lin et al.,

2008).

Steady-state (intensity-based) Forster resonance energy transfer (FRET) analysis performed by Zhang
et al., 2004 has shown that PD-1 exists in a monomeric state both in solution and at the cell surface.
Whilst the extracellular domain of PD-1 has been crystalised, the intracellular domain has not. It is the
intracellular domain of PD-1, the cytoplasmic tail, which is responsible for effecting PD-1 signal
transduction (Zhang et al., 2004). The cytoplasmic portion of the PD-1 receptor contains an N-terminal
sequence VDYGEL forming an Immunoreceptor Tyrosine-based Inhibition Motif (ITIM), defined as
V/I/LxYxxL, which recruits SH2 domain containing phosphatases. The cytoplasmic tail of PD-1 also
contains a C-terminal sequence TEYATI, forming an Immunoreceptor Tyrosine-based Switch Motif

(ITSM), defined as TxYxxL (Boussiotis, 2016, Yokosuka et al., 2012).

PD-1 is phosphorylated on two tyrosines of its cytoplasmic domain (Y223 and Y24s) after its interaction
with PD-L1. These residues are located in the ITIM and ITSM respectively (Boussiotis, 2016,
Yokosuka et al., 2012). Directed mutagenesis studies have shown that phosphorylation of residue 248
is crucial for PD-1 signalling, and the proteins Lck and Fyn, but not ZAP-70, have been suggested to
be responsible for the modification of this amino acid (Figure 1.11) (Patsoukis et al., 2020). Subsequent
deactivation of the T-lymphocyte is mediated in several ways. Firstly, upon the binding of PD-L1 to
PD-1, downstream of the PD-1 receptor, there is an activation and recruitment of the SH2 domain
containing tyrosine phosphatases-1 and 2 (SHP-1 and SHP-2 respectively) (Figure 1.11). SHP
phosphatases are responsible for the dephosphorylation of tyrosine residues. SHP-1 and SHP-2 have a
high sequence identity with both phosphatases containing an N-terminus SH2 domain, followed by a
catalytic Protein Tyrosine Phosphatase (PTP) domain and a C-terminal SH2 domain (Figure 1.12)
(Craggs and Kellie, 2001). When inactive, SHP-1 adopts a closed conformation whereby the N-SH2
domain binds the PTP domain.

This has been confirmed in crystal structures of tail-truncated SHP-1 and SHP-2 (Hof et al., 1998, Yang
et al., 2003). SHP-1 is predominantly expressed in haemopoietic cells and is primarily a negative
regulator of signalling pathways in T-lymphocytes (Yang et al., 2003). SHP-2 however is ubiquitously
expressed and activated by a range of signalling molecules such as hormones, cytokines, growth factors

and MHC-antigen complexes (Hof et al., 1998, Wang et al, 2011).
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Figure 1.11: PD-1/PD-L1 engagement results in the recruitment of SHP-2 to the pY2ss residue of the ITSM of PD-1. Upon
binding of PD-L1, (presented by a cancer cell or antigen presenting cell (APC)) and PD-1, present on the T-lymphocyte, a series
of signalling events occur to attenuate T-lymphocyte signalling (refer to Figure 1.4). The interaction of receptor and ligand results
in the phosphorylation of Y23 and Y24z, located on the ITIM and ITSM of PD-1, respectively. These phosphorylation events are
likely to be carried out by Lck or Fyn. Upon phosphorylation of Y243, SHP-2 is recruited via its SH-2 domain. This results in the
inhibition of the PI3K/Akt signalling pathway, resulting in reduced cell growth, survival, and proliferation. Also attenuated by
SHP-2 is T-lymphocyte activation and IL-2 production, this results from a dephosphorylation of ZAP70, located on the CD3z
chain. What remains poorly understood is to identify whether SHP-1 does bind to the pY24s residue. Furthermore, if binding should
occur, the activation state, and role of SHP-1 downstream of PD-1 remains unknown.
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The PD-1/PD-L1 signalling axis is becoming increasingly targeted in cancer therapies. In 2014, the
FDA approved nivolumab, a monoclonal antibody against the PD-1 receptor for the treatment of
advanced melanoma. This was expanded to lung cancer, chiefly NSCLC, in March 2015. Since then,
nivolumab has been licenced for the treatment of metastatic renal cell carcinoma (2015), Hodgkin’s
lymphoma (2016), head and neck cancer (2016) and hepatocellular carcinoma (2017), amongst other
indications. Another PD-1 blocking antibody, pembrolizumab, was approved in 2014 for the treatment
of advanced melanoma and has since been licenced for the treatment of a range of cancers. As well as
PD-1, the ligand, PD-L1 is also targeted in some cancers, with atezolizumab gaining FDA approval for

the treatment of urothelial carcinoma in 2016.

Often, patients are selected for checkpoint blockade therapies (against CTLA-4/CD80 or PD-1/PD-L1)
based on the expression of the PD-L1 ligand in the tumour (Madonna et al., 2018). This has several
critical limitations. Firstly, PD-L1 is not the cognate ligand for CTLA-4, thus highlighting the lack of a
predictive biomarker for CTLA-4/CD80 therapeutic intervention (Madonna et al., 2018). Secondly,
ligand expression does not report on receptor-ligand interactions. Studies have shown that PD-L1
expression does correlate with PD-1 blockade, with PD-L1 negative patients often experiencing
therapeutic benefit from these therapies (Nunes-Xavier et al., 2019, Sanchez-Magraner et al., 2020,
Davis and Patel, 2019). This could also highlight a mechanism by which patients prematurely acquire
secondary resistance, through the incorrect prescription of immune checkpoint blockades based on

ligand expression profiling.

Two approaches could be enlisted to elucidate a predictive biomarker for therapies against
CTLA-4/CD80 and PD-1/PD-L1. The first would be to identify a biomarker using spatial quantitative
immunohistochemistry, although this would still not report on the functional state of an immune
checkpoint. The second would be to elucidate a functional biomarker, which is also quantifiable and

spatially resolved, in order to predict patient response to therapy and to aid patient stratification.

25



v (o) (o) )

aa4-103 aa 110 - 210 aa 265 - 518 aa 519 - 595

VANEERVAN

y
y
<66% homology>

<70% homolog
<53% homolog

vz (o) (o) )

aa5-105 aa 112 - 213 aa 268 - 524 aa 525 -593

Figure 1.12: Linear structures of SHP-1 and SHP-2. SHP-1 and SHP-2 are protein tyrosine phosphatases that share a high
sequence homology. Both phosphatases contain an N-terminus SH2 domain, followed by a catalytic Protein Tyrosine Phosphatase
(PTP) domain and a C-terminal SH2 domain.
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1.5: Current Approaches to Quantitative Proteomics in Cancer

1.5.1: Current Shortcomings of Non-Quantitative Immunohistochemistry

Immunohistochemistry (IHC) has long been the gold standard for detecting the expression of a target
protein in tissue samples. Developed in 1941, the first instance of IHC was the detection of
pneumococcus using an anti-pneumococcus antibody conjugated to B-anthryl-carbamide (Coons et al.,
1941). IHC involves detecting a target protein via the detection of antigen-specific antibodies which are
often conjugated to fluorescent probes, bioluminescent probes or colorogenic substrates (Wang et al.,
2020). Whilst immunohistochemistry has become a routine process, there are several advantages and
disadvantages associated to the technique. The technique has become a low-cost routine process which
is able to inform a user on the expression of a protein or biomarker in a section of formalin-fixed
paraffin-embedded (FFPE) tissue. However, the use of antibodies, even monoclonal antibodies, which
are more expensive but inherently more antigen-specific, can lead to non-specific binding. When
utilising a one-site assay (an assay labelling one probe at a time) such as IHC, the introduction of
non-specific binding can result in the generation of false results and reduces the spatial resolution
obtainable from a sample. Furthermore, the assessment of [HC-stained sections is subject to operator
bias. For example, a pathologist assessing the expression profile of a given biomarker may score with
a binary (positive or negative) system, use a narrow grading system (grading expression from 0-4, for
example), or look at the percentage of positively stained cells within a sample (Bishop et al., 2018).
Therefore, the results obtained could vary drastically between operators. As an example, this has
culminated in, different laboratories offering different diagnoses when the same patient tissue was tested
(Jensen et al., 2017). Thus, if protein or biomarker expression is to be determined in a sample, it must
be carried out in a quantitative, rather than qualitative, manner which preserves the spatial resolution of

a sample.
1.5.2: Advancements of Quantitative Immunohistochemistry

The hallmark of quantitative IHC (qIHC) is the ability to accurately determine the spatial resolution of
a biomarker and quantify its expression, preferable in a manner free from operator bias. A study by
Jensen et al., 2017, created a qIHC platform which was able to quantify human epidermal growth factor
receptor 2 (HER?2) expression in cell lines and breast cancer tissue sections. The qIHC technique utilises
improved catalysed reporter deposition (iCARD), which is comprised of five steps, the first two being
largely identical to normal IHC experiments. Firstly, a sample is labelled with a primary antibody which
binds to the target biomarker (HER?2 in this instance). This is in turn labelled with a secondary antibody
which is conjugated to horseradish peroxidase (HRP). However, only a pre-determined fraction of the

secondary antibody applied is labelled to HRP. HRP catalyses the deposition of a reporter (a phenol
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conjugated to a detectable label such as fluorescein isothiocyanate (FITC)) which is added alongside a
cross-linking co-substrate. A F(Ab") fragment conjugated to alkaline phosphatase is added and binds to
the deposited cross-linker and substrate (Lohse et al., 2014). This causes a chromogenic amplification
and the creation of a red dot. This results in an assay whereby the number of red dots produced in a
sample is representative of the number of HER2 receptors in the sample. This assay was compared to
ELISA (enzyme-linked immunosorbent assay) and flow cytometry to rank five breast cancer cell lines
in order of HER2 expression. qIHC reported the same ranking of HER2 expressing cell lines as both
ELISA and flow cytometry. When applied to 44 breast cancer sections, qIHC was able to count the
number of dots per cell, reporting on the number of HER2 receptors per cell. Whilst IHC and qIHC
were both in concordance in the HER2 expression of these samples, IHC ranks HER2 expression as 0,
17, 2" or 3". This demonstrates an incredibly low dynamic range which is overcome by qIHC (Jensen
etal., 2017). In the 3" category, qIHC could further detect and stratify differences in HER2 expression
between patients. One of the advantages of this system is the ability to alter the ratio of conjugated and
unconjugated secondary antibody to allow for the detection of high or low expression biomarkers.
Furthermore, dot counting can be coupled to an automated counting algorithm to remove operator bias
from the analysis. Whilst qJHC demonstrates an improved dynamic range and reduction in operator
bias, it is still inherently dependant on antibody specificity and only reports on biomarker expression,
albeit in a spatial manner. Moreover, the assay outlined here is capable only of exposing the expression

profile of a single biomarker at a time.

To combat the lack of simultaneous biomarker detection in qIHC, a multiplexed immunofluorescence
approach could be utilised. The Vectra Polaris multispectral imaging platform (Akoya Bioscience)
allows for a user to stain a regular FFPE section with up to nine probes (conjugated to different
chromophores) and allows for a fully automated slide scan to reveal the spatial resolution of these
biomarkers simultaneously. NanoString technologies have increased the advancement of qIHC further
by introducing Digital Spatial Profiling (DSP). DSP involves labelling an FFPE section or tissue
microarrays (TMAsS), or frozen tissue section, with up to four fluorescently labelled primary antibodies.
The choice of antibody is free and allows for a user to stain for tissue morphology or markers of interest.
The slide is also labelled with a number of primary antibodies conjugated to indexing oligonucleotides
which are conjugated to the antibody via an ultraviolet (UV) cleavable linker. The section is then loaded
into a GeoMx digital spatial profiler (Nanostring Technologies), and the four fluorescent channels are
used to construct a digital image of the sample (Merritt et al., 2020). The user can create a region of
interest (either manually or automatically) and a digital micromirror device (DMD) directs UV light to
specifically illuminate the region of interest. The UV light cleaves the linker and releases the
oligonucleotides which are collected by microcapillary aspiration and then digitally counted (using the

nCounter system or next generation sequencing (NGS)) (Merritt et al., 2020). This allows for the
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collection of a vast amount of spatial expression profiles from a single tissue sample. Moreover, DSP
couples a high dynamic range and high sensitivity with a platform that does not require complex
instrumentation. Furthermore, this platform is capable of being run by non-specialised personnel which

is significant when translating research science to clinical applications.

Therefore, the remaining shortcomings of current quantitative proteomics are the following: 1) one-site
antibody-based detection methods are inherently sensitive to non-specific binding of probe antibodies;
2) whilst being spatially resolved, current qIHC techniques fail to report on post-translational
modifications and therefore do not report on biomarker functional states. This is critical as it is

biomarker functionality that drives disease progression, and not solely biomarker expression.
1.5.3: Quantitative Proteomics Determined by Mass Spectrometry

Proteomics refers to the analysis of all proteins in a living system and includes the description and
identification of protein post-translational modifications. Mass spectrometry (MS) is often central to
proteomic experiments and is able to identify and quantify proteins in a sample as well as reporting on
their post-translational modifications (Guerrera and Kleiner, 2005). Unlike IHC-based techniques, MS
can quantify biomarker abundance in a spatial manner without the reliance of antibody-based detection.
This overcomes the non-specificity issues that often plague IHC methodologies. The ability of
MS-based approaches to report on post-translational modifications is crucial in the analysis of

biomarkers.

Mass spectrometers consist of three fundamental components: an ion source, a mass analyser, and an
ion detector (Guerrera and Kleiner, 2005, Sinha and Mann, 2020). Briefly, a routine workflow for
utilising MS for proteomics is to isolate proteins from a sample and digest them with a sequence-specific
enzyme such as trypsin. The complex mixture of peptides is separated, often by reverse phase
chromatography, and turned into the gaseous ion phase, frequently by electrospray ionisation. Next, the
mass analyser, such as a quadrupole, is used to direct ions of choice (separated by their mass (m) over
charge (z) ratio) into the detector. This displays the m/z spectra for a given analysed peptide. Tandem
MS is the process by which analysed peptides are further fragmented and analysed. This is often carried
out in a data dependent manner, that is, a list of m/z peaks from analysed peptides is created, often
ranked in order of abundance. The mass analyser selects one ion in turn (based on the order of the
created list). Peptides are fragmented by collision—induced dissociation, the process of accelerating
ions through an electrical field into an inert gas (such as helium, nitrogen or argon) which fragments
the peptide ion (Sinha and Mann, 2020). Fragment ions are analysed by MS (MS analysis of a
fragmented ion is known as MS/MS or MS?) and yield greater information of protein structure and

amino acid sequence.
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Tandem MS can be used in proteomics to report on changes in protein abundance between samples
(such as disease vs control samples). For example, stable isotope labelling in amino acid cell culture
(SILAC) can be used to measure relative change in protein abundance in two different cell cultures.
Cells are grown in two different culture media with either light or heavy amino acids (heavy being '*C
lysine or "N arginine) for at least five division cycles (Chen et al., 2015). This allows for the
incorporation of heavy-isotope amino acids in synthesised proteins. One cell culture is then perturbed,
for example to mimic a disease state, and MS/MS used to compare the target protein(s) from each cell
population (either comparing changes to abundance or post-translational modifications for example).
This allows for the quantification of change in biomarker expression or structure between control and
disease states. Methods that utilise multiplexed isobaric labelling such as tandem mass tag (TMT) allow
for the relative quantitation of proteins in multiple samples at the MS? level (Macklin et al., 2020).
Whilst these MS applications yield vast proteomic data, they lack a spatial resolution and due to sample
digestion and separation, result in sample destruction. Matrix assisted laser desorption ionisation
(MALDI) coupled to time of flight (TOF) allow for the spatial resolution of samples when coupled to
MS.

MALDI imaging MS (IMS) is a technique capable of quantifying the relative abundance and spatial
resolution of proteins, peptides and lipids with a lateral resolution as low as 10uM (Schwamborn et al.,
2017). Here, samples (FFPE tissue samples for example) are mounted on a slide and covered in a low
molecular weight UV absorbing compounding known as a matrix. Next, a laser (often a 337nm laser)
is used to desorb and ionise the analytes that are now mixed with the matrix (the matrix aids the
desorption and ionisation) and the resulting ionised analytes are analysed by MS (Figure 1.13). The
laser raster scans the sample and in some instruments laser adjustments can be as low as 1um (Norris
and Caprioli, 2013). This allows for the simultaneous quantitation of multiple biomarkers within a

sample which can be spatially resolved and correlated to histopathology and tissue structure.

It is clear that MS-based approaches can overcome the shortcomings of IHC-based approaches, despite
the recent advances in the field of the latter. However, whilst reporting on post-translational
modifications, MS quantifies biomarker expression in a spatial manner. It is true that proteins are the
effectors that drive a host of pathologies, but it is their functionalities that confer disease progression.
Therefore, it is crucial that biomarker evaluation is, at least in part, quantitated from a functional

standpoint in a manner that preserves a high spatial resolution.
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Figure 1.13: MALDI-MS allows for the spatial resolution of biomarker abundance within a tissue section. MALDI imaging
MS quantifies the abundance and spatial resolution of biomarkers in a tissue section. A UV absorbing matrix is added to the
sample to aid with desorption and ionisation. A UV laser is directed to the tissue and results in the release of ionised analytes.
These are quantified by MS and spatially resolved on the tissue. The laser raster scans the section to build an image of biomarker
abundance across a tissue section.
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1.5.4: The Unmet Need: The Spatiotemporal Resolution of Functional Proteomics

Whilst gIHC has evolved to report on spatial biomarker expression in a high-plex manner, and MS is
able to showcase the spatial expression of functional protein groups, a system in which protein
(biomarker) functionality can be assessed in-situ is required. A two-site labelling assay, coupled to the
detection of Forster Resonance Energy Transfer (FRET) has been developed which is able to quantify
biomarker expression and functionality in a spatiotemporal manner. Whilst this subsection will outline
the development and applications of a two-site assay coupled to FRET, Section 1.6 will introduce and
explain FRET in detail. For the purpose of these case studies, FRET involves the transfer of energy
from a donor chromophore to an acceptor chromophore, providing the chromophores are within 10nm.
IHC is an example of a one-site assay whereby one probe at a time is resolved using an antibody
(coupled to a detectable probe such as a chromophore or fluorescent dye) within a sample. As discussed
above, non-specific antibody binding within a sample cannot be excluded (Veeriah et al., 2014). A
two-site (coincidence) assay has been developed which labels a biomarker on two distinct sites using
species-specific primary antibodies. These are then resolved with species-specific F(ab"), fragments
conjugated to either a donor or acceptor chromophore. When the chromophores are within 10nm,
resonance energy transfer occurs from the donor chromophore to the acceptor chromophore. Thus, in
this assay, FRET may act as a ‘chemical ruler’, quantifying distances of 1-10nm is biological systems

(Atkins and de Paula, 2009).

A notable achievement of this assay was its ability to determine the activation dynamics of the AGC
kinase, protein kinase B (PKB, also known as Akt). Frequently dysregulated in a range of cancers, PKB
signal transduction is responsible for cell proliferation, growth, survival, malignant transformations and
chemoresistance (Song et al., 2005, Hill and Hemmings, 2002). It was thought that PKB activation was
achieved through its recruitment to the plasma membrane, via an interaction of its pleckstrin-homology
(PH) domain with PtdIns(3,4,5)Ps;. The membrane-bound kinase was thought to be phosphorylated by
PDK1, which is also recruited to PtdIns(3,4,5)P; at the plasma membrane. This phosphorylation event
occurs at threonine-308 (T3es) in the T-loop of the protein. A secondary phosphorylation event, located
on serine-473 (S473) within the C-terminus of the kinase, leads to full kinase activation (Calleja et al.,
2007). However, the intracellular dynamics by which PDK1 and PKB interacted, remained unknown.
Calleja et al., utilised FRET to determine this interaction. The authors constructed two fusion proteins
by encoding enhanced green fluorescent protein (EGFP) to the N-terminus of PDK1 and encoding red
fluorescent protein (RFP) to the N terminus of PKBa. Here, EGFP acts as the donor chromophore and
RFP as the acceptor. The detection of FRET between the two chromophores indicated that, under basal
conditions, PKB and PDKI1 formed a complex in the cytoplasm. Upon cell stimulation with
platelet-derived growth factor (PDGF), the PKB-PDK1 complex translocates to the plasma membrane.
The authors also sought to elucidate the mechanism by which PKB makes its T3gs residue accessible to
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phosphorylation by PDK1. Two reporter PKB constructs were created: PKB tagged with green
fluorescent protein (GFP) (donor) on the N-terminus and PKB tagged with GFP on the N-terminus and
RFP (acceptor) on the C-terminus. It was seen under basal conditions that chromophores were held
within 10nm (i.e., FRET was occurring between the donor and acceptor chromophore), indicating the
protein was in a “closed, PH in” conformation. When stimulated with PDGF, FRET was no longer
detected, indicating the chromophores were >10nm apart. This was termed the “open, PH out”

confirmation, rendering T30 accessible for phosphorylation by PDK1 (Figure 1.14).

The role of a two-site FRET assay is not solely useful in cell signalling research but has also identified
predictive biomarkers for clinical utility. In 2014, Veeriah et al., used the two-site assay to label PKB
with a pan-Akt and pTses primary antibodies. The pTaos labels the phosphorylated Taos site of PKB
which is a marker of its activation state. The primary antibodies were in turn labelled with
species-specific F(ab”), fragments. Pan-Akt was labelled with a F(ab’).-fragment conjugated to
ORG488 (donor chromophore) and pTss labelled with a F(ab’),-fragment conjugated to
HRP-Alexa594 (acceptor chromophore). Here, an enzymatic (tyramide signal amplification) reaction
was used to bind the acceptor chromophore to the F(ab’), fragment, thus increasing the signal-to-noise
ratio of the assay. The resultant assay was named amplified FRET (aFRET). Thus, in this study, aFRET
would report on the activation state of PKB, with a higher FRET signal reporting on a higher activation
state of PKB. When correlated with overall survival in breast carcinoma, it was seen that higher PKB
activation significantly correlated with a worsened overall survival. Crucially, pTses expression levels
did not correlate with patient outcome, indicating that the expression of activated Akt alone was not
sufficient to predict patient survival (Figure 1.15) (Veeriah et al., 2014). In 2017, Miles et al., applied
the same labelling assay to assess PKB activation state in clear-cell renal cell carcinoma. Again, PKB
activation state correlated with a worsened patient outcome whereas pTzos expression did not (Figure

1.15) (Miles et al., 2017).
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Figure 1.14: Time resolved FRET unravels the activation dynamics of PKB. When inactive, PKB/Akt is held in a closed
conformation whereby GFP and mRPF, tagged to N and C termini respectively, are within 10nm. In this conformation, the PH
domain is not accessible and therefore cannot be phosphorylated by PDK 1. Upon translocation to the plasma membrane, PKB/Akt
undergoes a conformational change, making the PH domain accessible to PDK1. In this open, “PH out” conformation, GFP and
mRFP are brought to closer proximity, therefore the FRET efficiency observed between them is increased in this conformation.
Calleja et al., 2007.
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Therefore, it can be seen that biomarker functionality (the activation state of PKB in this instance) can
be predictive of patient outcome and survival in cancer, whereas biomarker expression is not. Moreover,
the measurement of distances of 1-10nm result in an assay with a high dynamic range, which is lacking
in non-quantitative IHC. Other techniques to perform intracellular or indeed intercellular measurements
are available, such as the proximity ligation assay (PLA). However, PLA has a working distance of up
to 40nm. This reports on proximity alone and cannot report on direct interactions and associates such
as aFRET (Soderberg et al., 2008). Coupled to fluorescence lifetime imaging microscopy (FLIM),
aFRET can be spatially resolved in tissue. The two-stie coincidence assay relies on the binding of two
primary antibodies to a target. This makes the assay more robust against the non-specific binding events
that plague traditional IHC. Whilst only reporting on one biomarker at a time, aFRET can overcome
the issues experienced in traditional IHC and can combine the spatial resolution of IMS with a highly
dynamic functional readout that holds significant clinical utility. Moreover, this assay can be
manipulated to target virtually any biomarker for which commercial primary antibodies exist.
Therefore, aFRET could be utilised to measure checkpoint interactions in cancer which may ultimately
be predictive of patient outcome and response. Prior to hypothesising the utility aFRET may hold in the
domain of immune oncology, it is crucial to explain the photophysical events that underpin FRET and

FLIM.
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Figure 1.15: aFRET quantifies biomarker activation state which is predictive of patient outcome. When using IHC to assess
oncoprotein expression, expression levels of proteins do not correlate to patient survival. This is in part due to the insensitive and
subjective nature of IHC assays. Two-site amplified FRET/FLIM assesses oncoprotein activation, whereby oncoprotein activation
correlates survival and can predict patient outcome in a range of solid neoplasia.
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1.6: Forster Resonance Energy Transfer (FRET) Determined by Fluorescence
Lifetime Imaging Microscopy (FLIM)

1.6.1: Introduction to FRET

Forster resonance energy transfer (FRET) was first documented in the 1940s by Theodore Forster
(Forster, 1946). FRET is a photophysical event which involves the non-radiative transfer of energy from
a one chromophore (termed the donor) to another (termed the acceptor) via long-range dipole-dipole
coupling (Bastiaens and Squire, 1999, Forster, 1946, Lakowicz, 2002). This transfer of energy only
occurs when chromophores are between 1-10nm (10-100A) apart. Unlike Dexter energy transfer, which
involves the transfer of an electron from an excited donor to an acceptor, FRET involves the transfer of
electronic energy from the donor to the acceptor (Valeur and Berberan-Santos, 2013). It is the transfer
of energy via the Coulombic interactions between electrons that allows FRET to operate over 10-100A
(whereas the transfer of an electron in Dexter energy transfer occurs at distances of 10A or less). For
FRET to occur, the donor chromophore absorbs a photon from an excitation light source. This excites
an electron from the ground state (So) which upon relaxation settles in the lowest excited singlet state
(S1). If the acceptor chromophore is within 10nm, the energy released when the electron returns to the
ground state may simultaneously excite an electron in the acceptor chromophore. Upon relaxation of
this electron from the S| to Sy state, the energy emitted by this relaxation is in the form of a photon;

providing no other quenching states exist (Figure 1.16).

FRET efficiency (E) is the quantum yield of energy transfer transition, that is, the fraction of energy
that is transferred per donor excitation event. FRET efficiency is calculated using the following

equation:

Equation 1-1
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Here, kgris the rate of FRET, kfis the rate of radiative relaxation and k;are the rates of non-radiative
relaxation. Within a point dipole-dipole approximation, the FRET efficiency (E) can also be used to

calculate the distance between the donor and acceptor chromophores using the following equation:

E =

Equation 1-2

Here, r is the distance between the two chromophores and R, (known as the Forster radius) is the

distance between the chromophores at which the FRET efficiency is 50%.
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Figure 1.16: Jablonski diagram indicating the Coulombic interactions that underpin resonance energy transfer. A

Jablonski diagram highlights the resonance energy transfer that occurs in FRET. When the donor chromophore absorbs a photon

of excitation source, at an equal or greater energy, an electron is excited to a higher energy state. The electron undergoes vibrational

relaxation to the S; energy level by a non-radiative process known as internal conversion. Fluorescence decay is a radiative process

where an electron drops to the ground state via the emission of a photon. If the donor chromophore is within 10nm of the acceptor,

rather than the release of a photon from the donor, the energy released is absorbed by the acceptor chromophore, which in turn
excites an electron within the acceptor chromophore. Upon relaxation of this electron back to the ground state, a photon (hv) is

released from the acceptor chromophore.
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For FRET to occur, the donor and acceptor chromophores must have suitable overlapping spectroscopic
properties. This means that within the donor, several vibronic transitions have practically the same
energy as the acceptor (Valeur and Berberan-Santos, 2013). The donor chromophore should be selected
to have a good ability to absorb and emit photons. That is, it should have a high extinction coefficient
and high quantum yield. The overlap of the donor emission spectrum and acceptor absorption spectrum
means that the energy lost from the donor upon deexcitation should excite the acceptor. With a higher
overlap of these spectra, one can achieve a higher efficiency of energy transfer. The overlap integral, /,

calculates that overlap between the donor and acceptor spectra:

J= j Fy(D)ea(DA*dA

o

Equation 1-3

Here, F}, represents the normalised emission spectrum of the donor, €4 stands for the molar absorption
coefficient of the acceptor, and 4 1is the wavelength. The required overlap of donor and acceptor
chromophores is outlined with a spectrum in Figure 1.17. The efficiency of energy transfer is also
relative to the emission transition dipole of the donor, and the absorption dipole of the acceptor. k?is
the orientation parameter and quantitates the interaction between two dipole moments. Values of kcan
theoretically range from 0O (perpendicular dipoles) to 4 (collinear dipoles). FRET may only occur when
dipoles are in a non-perpendicular orientation (Valeur and Berberan-Santos, 2013). k?2is calculated

using the following equation:

k? = (cosOy - 3cos8yc0s0,)? = (sinBysinb cos - 2cosh,sind,)?

Equation 1-4

k? is equal to 1 when the two transition dipoles are parallel. In a system where the donor and acceptor

. . 2
chromophores are permitted to rotate freely, k? is assumed to be 3
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A high Ry result in a high FRET efficiency (i.e., 50% FRET efficiency occurs when the chromophores
are farther away). Ry is a function of the quantum yield of the donor chromophore (¢p), the spectral
overlap of the donor and acceptor chromophores (J, calculated above) and is directly related to the
transition dipole orientation (k?) and refractive index of the medium (n). The following equation

outlines this relationship:

(Ro)® o k?pp] (M)n~*

Equation 1-5

The FRET efficiency can be calculated by three steady state methods (intensity-based) or time-resolved
methods (Valeur and Berberan-Santos, 2013).
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Figure 1.17: Excitation/emission spectrum from ATTO488 and Alexa594. For FRET to occur, a suitable chromophore pair
must be selected for use in experiments. Here, the donor chromophore, ATTO488 has an emission spectrum that overlaps with
the excitation spectrum of the acceptor chromophore, Alexa594. Therefore, upon excitation of ATTO488 (in this case with the
473nm laser indicated), the non-radiative transfer of energy may occur providing the chromophores are with 10nm of each other.
Importantly, the 473nm laser excitation source does not directly excite the acceptor chromophore.
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1.6.2: Steady-State vs Time-Resolved FRET

Intensity-based or steady-state FRET is calculated by measuring changes in either donor or acceptor

fluorescence intensity. The FRET efficiency can be resolved by three methods:

1) Decrease in donor fluorescence: Transfer of energy from the donor to the acceptor
chromophore results in a reduction of the quantum yield of the donor. The FRET efficiency is

calculated using the following equation:

¢T=1—¢_g
D

Equation 1-6

Here, ¢9 and ¢, are the quantum yields of the donor in the absence and presence of the acceptor,

respectively.

2) Comparison between the absorption spectrum and excitation spectrum (observed
through acceptor fluorescence): If complete transfer occurs (i.e., FRET efficiency ¢ is 1,
then the excitation band corresponding to donor excitation is lower than the absorption band.
The corrected excitation spectrum is calculated as follows, where C is the instrumental factor

constant:

Ly, 25™) = Cpa[An(D) + Ap(D)Pr

Equation 1-7

The absorption spectrum is:

A(A) = Ay(D) + Ap (D)

Equation 1-8
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3) Increase in acceptor fluorescence: The fluorescence of the acceptor chromophore is increased
upon energy transfer, thus measuring the ratio of acceptor fluorescence in the absence and
presence energy transfer (i.e., the absence or presence of the donor chromophore) yields the

efficiency of energy transfer:

_ MaG0) Lo d5™)
Ap(Ap) 13 (ﬂp,lﬁm)

¢r 1]

Equation 1-9

It should be noted, that whilst straightforward, method (1) cannot be utilised when using a donor with
a very low quantum yield. Moreover, steady-state measurements of FRET are dependent on the light
path and chromophore concentration (Wouters and Bastiaens, 2000). Therefore, steady-state
measurements should only be performed when the stoichiometry of the donor and acceptor
chromophores is 1. Time-resolved measurements report directly on FRET and are independent of light
path and chromophore concentration (Wouters and Bastiaens, 2000). One method to time-resolve

transfer efficiency is:

1) Measure decay of donor fluorescence: If the donor fluorescence decay is

monoexponential, then the transfer rate constant (k) can be measured as follows:

Equation 1-10

Here, 75 and 7, are the decay times (lifetimes) of the donor in the absence and presence of resonance
energy transfer (i.e., in the absence or presence of the acceptor chromophore). The transfer (FRET)

efficiency can therefore be calculated with the following calculation:

Tp
pr=1-=%
3))

Equation 1-11
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And the chromophore distance can then be calculated with the following equation:

Equation 1-12

Time-resolution of FRET efficiency can assess whether the decay in the absence and presence of the
acceptor is monoexponential or not. If a non-monoexponential donor decay exists in the absence of the
acceptor, this is likely reporting on heterogeneity of the donor chromophore microenvironment. This
can then be empirically modelled as a sum of exponentials and used to calculate the transfer efficiency
using the average donor decay times in the absence and presence of the acceptor using the following

two equations:

ip(D) = ) @ exp(—)

i

Equation 1-13

(Tp)
r=1-17
' (zp)
Equation 1-14
The amplitude-averaged decay times are defined as:
(1) = i T
i q

Equation 1-15

This approach to measure fluorescence decay of the donor is valid providing the decay is not too far

from a monoexponential.
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Figure 1.18: Intensity decay curve for time-domain FLIM. At time £p after an excitation light pulse, a sampling gate pulse is
applied to the photocathode of the intensifier. This allows for the detection of fluorescence at various time delays. For a
monoexponential decay, two delay times are sufficient to calculate the fluorescence. These times, t; and t,, are used alongside
the corresponding fluorescence signals Djand D,.
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When working with time-resolved FRET measurements, FLIM can be used to spatially measure

changes in the excited-state lifetime of a chromophore.
1.6.3: FLIM in the Time-Domain

Time-domain measurements of fluorescence decay are typically performed using fast-gated
single-photon counting detectors and a pulsed light (often laser) source which pulses at frequencies of
15kHz to 2MHz (Lakowicz, 2002). The use of a short light pulse (which is short in comparison to the
lifetime of the chromophore) allows for the recording of the exponential decay of the fluorescence
intensity of the chromophore (Bastiaens and Squire, 1999). This can be measured directly (by gated
detection or pulse sampling) or using time-resolved electronics. Time-resolved electronics, such as
time-correlated single-photon counting (TCSPC) measure the time between the excitation photon of the
laser reaching the sample and the emission photon of the chromophore reaching the detector. This
determines a photons time of arrival, which is converted into an analogue voltage using a
time-amplitude converter circuit. These counted photons are binned in a histogram as a function of time
to measure the number of photons emitted over time, thus giving a readout of fluorescence decay. In
typical TCSPC systems, at high photon count rates, most photons will not be measured due to the
“dead-time” of the instrument. This leads to an effect known as photon pile-up which can skew the
resulting lifetime histogram. To avoid this, a low photon count is required which is ideally less than

10% of the excitation repetition rate.

Within a gated image intensifier, at time ¢t after the excitation light pulse, a sampling gate pulse, At,

is applied to the photocathode of the intensifier. This allows for the detection of fluorescence at various
time delays. For a monoexponential decay, with the form a exp (_Tt), two delay times are sufficient to

calculate the fluorescence. These times, t; and t,, are used alongside the corresponding fluorescence

signals D;and D, calculated below:

ty+At —t
D, = J a exp (—)dt
¢ T

1

Equation 1-16

t,+AL —t
D, = J a exp (—)dt
" T

2

Equation 1-17
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Using tq, t,, D;and D,, (Figure 1.18) the resulting lifetime can be calculated using:

Equation 1-18

The need for just four parameters allows for lifetime images and results to be calculated quickly,
although the time resolution of the gated image intensifier (often around 3ns) is not sufficient for fast
decaying probes. If pixel-by-pixel deconvolution is needed for the resulting image, excessively long
computational times may arise. Frequency domain FLIM allows for the faster calculation and

acquisition of lifetime events.
1.6.4: FLIM in the Frequency-Domain

In the frequency domain, the optics and detection system are coupled to a continuous wave laser that is
acousto-optically modulated. The lifetime of a chromophore may also be measured by exciting the
chromophore with sinusoidally modulated light, that is, light whose intensity varies sinusoidally with
time (Figure 1.19) (Lakowicz, 2002). Upon excitation with modulated light, the chromophore will emit
sinusoidal wave at the same frequency but with a delay in phase and reduction in modulation. This is
calculated against a known fluorescence reference (Figure 1.19) (E Gratton et al., 1984, Valeur and
Berberan-Santos, 2013). In a homodyne system, the modulation frequency of the image intensifier and
excitation source is the same (Valeur and Berberan-Santos, 2013). For monoexponential decays, the
lifetime of a chromophore can be calculated by either determining the phase shift or modulation ratio

(¢ or M respectively) using the following equations:

Equation 1-19

Equation 1-20
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Here, w is the angular frequency (2rf).

The description of FRET determined by FLIM outlined here, coupled with the literature review above
indicate that FRET/FLIM holds the potential to make precise biological measurements, acting as a

“chemical ruler” which exhibits a high dynamic range and sensitivity.
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Figure 1.19: Sinusoidally modulated light is the excitation source for frequency-domain FLIM. In the frequency domain, a
continuous wave laser is sinusoidally modulated using an acousto-optical modulator. Once excited with sinusoidally modulated
light, a chromophore will emit sinusoidal wave of the same frequency but with a reduced amplitude (demodulation) and a delay
in phase (phase shift). Both the demodulation and phase shift can be used to calculate the lifetime of a chromophore.
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1.7: Aims and Hypotheses

The literature reviewed here has identified that, whilst the therapeutic targeting of the immune
checkpoints CTLA-4/CD80 and PD-1/PD-L1 (either with mono- or dual-therapies) is efficacious, it is
often prescribed to an incorrectly stratified patient subset. The use of ligand expression to predict
patients that should be prescribed these immunotherapies is insufficient, as multiple studies have shown
that biomarker functionality, as opposed to expression, correlates with patient outcome (Miles et al.,
2017, Veeriah et al., 2014, Kong et al., 2006, Sanchez-Magraner et al., 2020). It is thought that aFRET
could successfully be applied to immune oncology (and subsequently termed immune-FRET, (iFRET)
for the detection of intercellular interactions, and remain aFRET for intracellular applications) and
employed to measure receptor-ligand interactions in cancer, which would be predictive of patient

outcome, rather than ligand expression.

Whilst the emergence of qIHC and advancements in IMS have allowed for the spatial quantification of
biomarker expression, they fail to report on biomarker functionality. We propose that iFRET can be
used to quantitatively measure, at a nanometre resolution, CTLA-4/CD80 and PD-1/PD-L1 interactions
in solid cancer samples. We acknowledge the high-plex capabilities of IMS and qIHC, but we predict
that the quantitation of the functionality of a single biomarker at a time confers more biologically

relevant data than a large volume of expressional analyses.
Therefore, the following aims and hypotheses are proposed:
1.7.1: Hypotheses

1) iFRET will quantitatively measure CTLA-4/CD80 and PD-1/PD-L1 interaction states in a
range of solid tumours and correlate with patient survival. The analysis of ligand expression (CD80 or

PD-L1) will not correlate with patient outcome.

2) iFRET will determine the evolution of checkpoint interaction states in radiofrequency-ablated

lung metastases and elucidate the mechanism by which an abscopal effect occurs.

3) iFRET, coupled with aFRET, will quantitatively confirm that PD-1/PD-L1 signal transduction
is in part mediated by the phosphatase SHP-2. iFRET and aFRET will identify SHP-1 as a signal

transducer of the PD-1 receptor.
1.7.2: Aims and Objectives

1) Chapter 3: To establish iFRET as a two-site assay capable of measuring intercellular
PD-1/PD-L1 and CTLA-4/CDS80 interactions in a cell co-culture model. To validate PD-1/PD-L1

interaction states in solid tumour samples in retrospective malignant melanoma and NSCLC studies.
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2) Chapter 4: To use the established iFRET assay to assess the evolution of CTLA-4/CD80 and
PD-1/PD-L1 interaction states in metastatic lung samples pre- and post-treatment with radiofrequency
ablation. This will identify if these checkpoints play a role in an immune-mediated abscopal effect. This
study will be prospective with a future opportunity to correlate checkpoint interaction with patient

survival when available.

3) Chapter 5: Use iFRET and aFRET to confirm if the interaction of PD-1 and PD-L1 results in
the recruitment of SHP-2 to the Ya4s residue of PD-1. iFRET and aFRET will then elucidate whether
SHP-1 is a binding partner of the Yasresidue of SHP-1. CRISPR/Cas12 will be used to create modified
cell lines in which the 248 residue is mutated to be a phospho-inactive (Y248A) or phospho-mimetic
(Y24sE) residue, thus reporting on the significance of this phosphorylation event after receptor ligation

with PD-L1.
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Chapter 2: Materials and Methods

2.1: Buffers and Reagents
Please see Table 2.1for list a of antibodies used.

2.1.1Buffers

TAE Buffer (10X, pH 7.4): 24.2¢ tris-base, 1.86g ethylenediaminetetraacetic acid (EDTA) and acetic
acid to adjust pH.

Lysogeny Broth (LB): 20g of LB in 1L of ddH,O.

Phosphate Buffered Saline (10X, pH 7.4): 1.37M NaCl, 27mM KCI, 100mM Na,HPO,, 18mM
KH>POsmade up to 1L in distilled water.

DNA Loading Buffer (10X): 200mg bromophenol blue, 90mL glycerol, make up to 120mL with water.

2.1.2: Sample Preparation Solutions

Bovine Serum Albumin: Ilmg/mL in 1X PBS.
Sodium Borohydride Solution: 1mg/mL of sodium borohydride in 1X PBS.

Rhodamine B (50uM): 1.2mg rhodamine B in 50mL of distilled water. Used as fluorescence lifetime

imaging reference.

Please see Table 2.2 for complete list of reagents used.
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Name
1. aPD-1
2. aPD-L1
3. aCTLA-4
4. oCTLA-4
5. Ipilimumab
6. J1201
7. AffiniPure
F(ab')z
Fragment
Donkey
Anti-Mouse
IgG (H+L)
8. Peroxidase
AffiniPure
F(ab')z
Fragment
Donkey
Anti-Rabbit
IgG (H+L)

Description
Primary monoclonal antibody
Primary monoclonal antibody
Primary monoclonal antibody
Primary polyclonal antibody
Blocks CTLA-4/CD80 interactions
Blocks PD-1/PD-L1 interactions

Secondary F(ab’), fragment to label mouse
primary antibodies (aPD-1/aCTLA-4)

Secondary F(ab’), fragment conjugated to
horseradish peroxidase. For labelling of rabbit
primary antibodies (aPD-L1/aCD80)

Table 2.1: List of Antibodies.

Host Species
Mouse
Rabbit
Mouse
Rabbit

Donkey

Donkey

Catalogue Number
ab52587
ab205921
ab19792
MBS2522916
JA1020
J1201

715-006-150

711-036-152

Source

Abcam

Promega

Jackson ImmunoResearch
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Name
Heat-inactivated foetal
bovine serum
Gibco DMEM high
glucose with GlutaMax

Gibco RPMI1640
Penicillin/Streptomycin

Pierce endogenous
peroxidase suppressor

TSA signal amplification
Kit
TSA SuperBoost kit*

Prolong Diamond
anti-fade mount

Prolong Glass antifade
mount **

ATTO488 NHS ester

Sodium borohydride
Rhodamine B

Hydrophobic PAP pen

Table 2.2: List of Reagents.

Description

Cell growth medium supplement

Complete growth medium for HeLa cells

Complete growth medium for Jurkat and
MOLT-4 cells
Cell growth medium supplement
Quenches endogenous intracellular
peroxidases to prevent premature activation of
tyramide signal amplification step
Allows for the labelling and amplification of
the acceptor chromophore, Alexa594 to the
acceptor site of samples
Glycerol-based mount which protects against
photobleaching in the visible and near infrared
spectra
Glycerol-based mount which protects against
photobleaching in the visible and near infrared
spectra with a refractive index of 1.52,
resulting in enhanced imaging resolution
Donor chromophore, subsequently conjugated
to AffiniPure F(ab'), fragment donkey
anti-mouse IgG
Reduces the autofluorescence of samples
caused by fixative agents
Reference for mfFLIM system with a defined
lifetime of 1.840ns
For drawing a hydrophobic barrier around
sample tissue on a slide

Catalogue Number Source

A3840001
10569010

21875034
15140148

35000

Thermofisher Scientific
T20950

B40925

P36970

P36980

41698-1MG-F

45,288-2 Sigma Aldrich
234141-10G

Z377821-1EA
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Prevents non-specific labelling and binding of

antibodies A2153-100G

Bovine serum albumin

* TSA signal amplification kit (T20950) was used for all results presented in Chapter 3. Thermofisher Scientific discontinued this product which was
subsequently replaced with TSA SuperBoost kit (B40925). Optimisations were performed to ensure consistent fluorescence intensities and lifetimes were
achieved when moving from the old product to new.

** The samples presented in Chapter 3 were cured with Prolong Diamond antifade mount. Prior to the experiments carried out in Chapter 4, Thermofisher
released a new mount, Prolong Glass, with a higher refractive index (1.52) and increased photobleaching protection. Therefore, Prolong Glass was adopted for
experiments presented in Chapter 4.
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2.2: Molecular Biology

2.2.1: Design of CRISPR Cloning Strategy

For a list of oligonucleotides, enzymes and plasmids used, please see Tables 2.3, 2.4 and 2.5
respectively). CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) guides were
created and inserted into a vector plasmid coding for Cfpl, Casl2. These guides were designed to
specifically recognise a sequence of DNA 19bp from the site that was modified. pAsCpfl1(TYCV)(BB)
(pY211) was a gift from Feng Zhang (Addgene plasmid # 89352; http://n2t.net/addgene:89352; RRID:
Addgene 89352). The oligonucleotides 1 and 2 (see Table 2.3) were annealed to create the guide
sequence insert. Subsequently, the plasmid was opened by restriction digestion with BbsI prior to the
insertion of the guide sequence, CTAGGAAAGACAATGGTGGC, which corresponds to amino acids
Az49 t0 Sas5 of programme cell death protein 1 (PDCDI). The guide sequence was inserted after the U6

promoter of the plasmid.

To create donor-repair template inserts, oligonucleotides 5&6 and 7&8 were used to create Ya4sA and
Ya24sE mutations, respectively. These oligonucleotides also contained 9bp micro-homology arms
complimentary to the sequence that flanks the Y243 locus of the PDCDI gene. One oligonucleotide of
each pair (oligonucleotides 5 and 7) was phosphorylated on the 5° end using the T4 polynucleotide
kinase (PNK) kit from New England Biolabs as per the manufacturers instruction (please see Table 2.6
for a list of molecular cloning kits used). Oligonucleotides 5&6 and 7&8 were annealed. The annealed
primers were amplified using genomic DNA (gDNA) as a template with mNeonGreen (mNG) so as to
incorporate the positive selection marker into the insert sequence. A exonuclease digestion was carried

out which creates single stranded inserts and increases homology-directed repair.

Additionally, a full-length homology arm approach was undertaken. 956bp homology arms were
created by carrying out a polymerase chain reaction (PCR) with gDNA using primers 15-20. This
product was inserted into an opened vector plasmid, by Gibson Assembly, which also coded for the

positive selection marker mNG.

To complete the above cloning strategy, a range of molecular cloning techniques: gDNA extraction,
PCR, restriction digestion, ligation, Gibson assembly and bacterial transformation were carried out.

These techniques are explained in detail below.
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Name

BRI =

5. PDCDI 248Ala Fw

6. PDCDI 248Ala Rev

7. PDCDI 248Glu Fw

8. PDCDI 248Glu Rev

9 PDCDI Fw gDNA

10 PDCD1I Rev gDNA
11 PDCDI Fw gDNA
12 PDCDI Rev gDNA
13 PDCD1 Fw gDNA
14 PDCDI Rev gDNA
15 PDCDI Fw DNA

16 PDCD1 Rev DNA

gRNA pY211 Al 1
gRNA pY211 A2 2
gRNA pY211 B1 3
gRNA pY211 B2 4

Table 2.3: List of Oligonucleotides.

Sequence
CTAGGAAAGACAATGGTGGC
GCCACCATTGTCTTTCCTAG
GCTAGGAAAGACAATGGTGG
CCACCATTGTCTTTCCTAGC
TGAGCAGACGGAGGCCAAGAGCAACTCGGT
CGC

AGACAATGGTGGCGGCCCGTCGTGTAGATAA
CTACG
TGAGCAGACGGAGGAGAAGAGCAACTCGGT
CGC

AGACAATGGTGGCCTCCCGTCGTGTAGATAA
CTACG

GGTGTCCCCAGATCACACAG

CTCCTGAGGAAATGCGCTGA

GTGGGACAGCTCAGGGTAAG

TCCTGAGGAAATGCGCTGAC
GTGGTGTCCCCAGATCACAC

GAACACTGGTGGCCAAGGAA
AGGGACATTTCAGAGGGGGA

AAGGCCATCTCCAACCAGC

Length
20
20
20
20

33

36

33

36

20

20
20
20
20
20

20
19

63 then 72

63 then 72

68

69

69

69

Description

Create donor template Y24sA with
micro-homology arms

Create donor template Y24sA with
micro-homology arms

Amplify genomic DNA to check insertion
after transfection

Amplify genomic DNA to check insertion
after transfection

Amplify genomic DNA to check insertion
after transfection

Create full length homology arms to be
inserted in pBluescript
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17 PDCDI Fw DNA
18 PDCDI Rev DNA
19 PDCDI Fw DNA

20 PDCDI Rev DNA

21 Open pBS Fw

22 Open pBS Rev

23 Open pBS Fw
24 Open pBS Rev
25 gBRNA WT 7732 A
26 gRNA WT 7732 B
27 gBRNA WT 7749 A
28 gBRNA WT 7749 B
29 Open pBS Fw
30 Open pBS Rev
31 Open pBS Fw
32 Open pBS Rev
33 Open pBS Fw
34 Open pBS Rev

GGGGACATTGAGCCAGAGAG
CCCCAAGTTCAGGCAGGAG
GGGTGGGCTTGGTCATTTCT
TCCAAGGCCATCTCCAACCA

TGGTTGGAGATGGCCTTGGAATATCGAATTC
CTGCAGCC
AGAAATGACCAAGCCCACCCCAAGCTTATCG
ATACCGTCG
GCCACCATTGTCTTTCCTAGC
CTCCGTCTGCTCAGGG
agatTGAGCAGACGGAGTATGCCA
2aaaTGGCATACTCCGTCTGCTCA
agatCCACCATTGTCTTTCCTAGC
2aaaGCTAGGAAAGACAATGGTGG
GCCACCATTGTCTTTCCTAGCGGAATG
TACTCCGTCTGCTCAGGGACACAG
TGTCTTTCCTAGCGGAATGGGCAC
GCATACTCCGTCTGCTCAGGGAC
GGACTATGGGGAGCTGGATTTCCAGT
CTGAGGGGTCCTCCTTCTTTGAGGA

20

19

20

20

39

40

21
16
20
20
20
20
27
24
24
23
26
25

69

69

63 then 72

66

72

72

Create full length homology arms to be
inserted in pBluescript

Create full length homology arms to be
inserted in pBluescript

Open pBluescript prior to insertion of
homology arms

Open pBluescript prior to insertion of
mNeonGreen and point mutations
Guide RNA for PDCD] in wild type
Jurkats
Guide RNA for PDCD! in wild type
Jurkats
Open pBluescript prior to insertion of
mNeonGreen and point mutations
Open pBluescript prior to insertion of
mNeonGreen and point mutations
Open pBluescript prior to insertion of
mNeonGreen and point mutations
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L.

Name
Q5® High-Fidelity DNA polymerase
2. T4 DNA ligase
3. T7 DNA ligase
4. T4 polynucleotide kinase
5. Dpnl
6. Bsal
7. Scal
8. Bbsl
9. BamHI1
10. Xhol

Name
1. 329 Dig2
2. pBlueScript
3. pAsCpfI(TYCV)(BB) (pY211)

Table 2.4: List of Enzymes.

Type
DNA polymerase

DNA ligase

5’ kinase
Parental digestion

Type 1l restriction enzyme

Table 2.5: List of Plasmids.

Description
Opened pBlueScript vector digested with BamHI
and Xhol
Un-opened pBlueScript vector
Expresses humanised AsCpfl TYCV PAM
variant

Source

New England Biolabs

Source
Vaux Laboratory, Oxford, United Kingdom

Vaux Laboratory, Oxford, United Kingdom
Deposited by Feng Zhang on Addgene



L.

Name
1. Q5® High Fidelity
polymerase kit
2. Monarch ® DNA gel
extraction kit
3. Monarch® plasmid
miniprep kit

Name
Jurkat Clone E6
2. MOLT4

3. Hela

Table 2.6: List of Molecular Cloning Kits.

Description
High fidelity polymerase with accompanying buffer

Facilitates DNA product extraction and purification
from agarose gel
Purification of product plasmid from transformed E. coli
colonies

Table 2.7: List of Eukaryotic Cell Lines.

Description
Immortalised human leukemic cell line
Immortalised human leukemic cell line
Immortalised human cervical cancer cell line

Source

New England Biolabs

Source
ATCC and Vaux Laboratory, Oxford, United Kingdom
ATCC and Vaux Laboratory, Oxford, United Kingdom
Vaux Laboratory, Oxford, United Kingdom



2.2.2: Genomic DNA Extraction

The Monarch® genomic DNA purification kit was used following the manufacturers protocol (New
England Biolabs). 1x10° cells were pelleted by centrifugation at 1000g for 1 minute and resuspended in
cold PBS by pipetting up and down. 1pL of Proteinase K and 3ulL of RNase A were added to the
resuspended pellet and briefly vortexed to ensure proper mixing and dispersal. 100uL of cell lysis buffer
was added and vortexed immediately and thoroughly. The sample was incubated for five minutes at

56°C in a heat block with periodic vortexing (approximately vortexed for 3 seconds every 1 minute).

400uL of gDNA binding buffer was added to the sample and mixed thoroughly by pulse vortexing.
This solution was transferred to a gDNA purification column inserted into a collection tube. The sample
was centrifuged for 3 minutes at 1000g to bind the gDNA and the for a further 1 minute at maximum
speed (16000g). The flow through was discarded and column transferred to a new collection tube.
500uL of gDNA wash buffer was added and centrifuged for 1 minute at 1000g. The flow was discarded.
This washing step was repeated once more. The column was placed in a DNase-free 1.5mL microfuge
tube and 100uL of pre-heated (60°C) nuclease-free water was added to elute the gDNA. The water was
left for 1 minute at room temperature before being spun at maximum speed 16000g. The sample
concentration was quantified using a NanoDrop ND1000 spectrophotometer. Samples were sent for

Sanger Sequencing to confirm the correct DNA sequence was extracted with no mutations present.
2.2.3: Polymerase Chain reaction

The polymerase chain reaction (PCR) is a temperature dependant enzymatic reaction which is used to
amplify genetic sequences of interest. For a PCR reaction, template DNA (which contains the sequence
of interest), heat-stable polymerase, deoxynucleoside triphosphates (AINTPs) and forward and reverse
primers are required. The primers are designed to hybridise to sequences that flank either side of the
target sequence. These primers should be designed to be specific to this sequence only to avoid
off-target binding and the subsequent creation of unwanted product sequences. For every PCR reaction,
Ing of template DNA was combined with both forward and reverse primers (0.5uM), Q5 polymerase,
Q5 polymerase buffer, ANTPs (200uM) and betaine solution (5uL). The total reaction volume was
25uL. The reaction tube was placed in an Eppendorf MasterCycler. Annealing temperatures were
selected by introducing the sequence of each primer used into the NEB Tm Calculator. An extension
time of 30 seconds per 1000bp was used with 35 cycles. Table 2.8 outlines the temperatures and times

of each stage of the PCR reaction and the workflow is shown schematically in Figure 2.1
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Figure 2.1: Overview of the polymerase chain reaction. In the first step, template DNA, primers, dNTPs, polymerase, buffer
and betaine are added to a reaction tube and placed in a thermocycler. The PCR reaction denatures the DNA at 98°C for 2 minutes.
35 cycles then take place whereby the mixture is heated and cooled as shown to allow for denaturation, annealing and extension.
The PCR product is visualised on an agarose gel containing ethidium bromide under UV light. The product band is excised from
the gel. The gel id dissolved, and the DNA is purified and eluted.



Table 2.8: PCR reaction steps outlining the required temperatures, times, and number of cycles.

Step Temperature (°C) Time Number of Cycles
Initial denaturation | 98 2.5 minutes 1

Denaturation 98 10 seconds

Prime Annealing Tm 30 seconds 35

Elongation 72 30 seconds per 1Kbp

Final Elongation 72 2.5 minutes 1

Hold 4 ) -

2.2.4: Agarose Gel Electrophoresis

PCR products were combined with loading buffer (2.5uL of 10X loading buffer in a 25uL reaction) and
pipetted into the well of a 1% w/v agarose gel (agarose and 1X tris-acetate-EDTA (TAE) buffer).
Ethidium bromide solution was added to the gel prior to casting at a final concentration of 0.01% v/v.
A 1Kbp DNA ladder was added to the gel. The gel was submerged into an electrophoresis tank
containing 1X TAE buffer and run for approximately 25 minutes (dependant of product size) at 120V.

DNA bands were visualised in an ultraviolet (UV) transilluminator.
2.2.5: Gel Extraction and Purification

Correct product bands were excised from the gel using a clean surgical blade and put into a 1.5mL
microfuge tube. The Monarch® DNA gel extraction kit from New England Biolabs was used. The
excised band was weighed, and 4 volumes of gel dissolving buffer were added to the slice (i.e., 400uL
buffer per 100mg of excised gel). This was incubated at 50°C until the gel was completely dissolved.
The product was run through a separation column and centrifuged for 1 minute. 200uL. of DNA wash
buffer was added to the column and spun for 1 minute. This was repeated once. The column was
transferred to a new 1.5mL microcentrifuge tube and 7uL of nuclease-free water added. The column

was left for 1 minute before being spun to elute the DNA.

The eluted DNA was quantified using a NanoDrop ND-1000 spectrophotometer. Samples were sent for

Sanger Sequencing to confirm the correct DNA sequence was present in the plasmid with no mutations

64



present.
2.2.6: Restriction Digestion

Restriction digestion allows for the insertion of a target sequence into a vector. Restriction digestion
was carried out for the guide plasmid and guide sequence insert. Both the guide sequence (annealed and
amplified primers 1 and 2) and the vector plasmid (pAsCpfl(TYCV)(BB) (pY211)) were digested with
Bbsl. Bbsl digests the DNA and creates blunt ends on both the insert and vector which are
complimentary to each other. The vector or insert were incubated at 37°C with the appropriate
restriction enzyme for 30 minutes in a thermocycler. Dpnl digestion was carried out to digest any
unreacted starting material. Digested products were then separated on an agarose gel, excised, and

purified as described above.
2.2.7: Ligation

The digested insert and vector were incubated with T4 ligase which binds the insert into the vector at
the desired site. The ligation is carried out for 1 hour at 37°C in a thermocycler. A negative control was
carried out whereby only the digested vector was incubated with ligase to assess the ability of the vector
to self-ligate. The product was plated on pre-warmed ampicillin agar plates and grown overnight in an

incubator at 37°C.
2.2.8: Gibson Assembly

For the full-length homology arm donor-repair template, Gibson assembly was used to anneal desired
linear inserts into opened vector. The vector plasmid, pBlueScript, was opened by PCR using primers
21 and 22 prior to the insertion of the homology arms. The homology arms, created by a PCR with
gDNA and primers 15-20, were inserted into the plasmid by Gibson assembly. For each Gibson
Assembly, 15ng of vector was used and the amount of DNA in fmoles calculated. Twice this amount
of insert was added and combined with 2l of Gibson assembly master mix (New England Biolabs) and

ddH20 up to a final volume of 4pl. The samples were then incubated at 50°C for 30 minutes.

To insert the Y24A-mNG or YxusE-mNG sequences into the pBlueScript containing full-length
homology arms (vector), the vector was opened by PCR using primers 23 and 24. The inserts were

inserted into the vector using Gibson assembly as described above.

2.2.9: Bacterial Transformation

The ligated or assembled products, and their respective controls, were then transformed into competent

E. coli. For each transformation, 50uL of 5a competent E. coli was incubated with 2ul. of DNA
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(assembled product or control) and incubated on ice for 30 minutes. The bacteria were heat-shocked for
30 seconds at 42°C and returned to ice for 2 minutes. The bacteria were incubated with 950uL of super
optimal broth with catabolite repression (SOC) at 37°C for 1 hour. Bacteria were subsequently spread
onto pre-warmed ampicillin agar plates and incubated overnight at 37°C. The next day, colonies were
inoculated into 10mL of ampicillin-lysogeny broth (LB) and incubated at 37°C for 12-16 hours on an
orbital shaker. Cultured bacteria were purified with a Monarch® miniprep kit (New England Biolabs).
3mL of bacteria were pelleted by a 30 second centrifugation and subsequently resuspended in 200uL
of plasmid resuspension buffer. Plasmid lysis buffer was added at room temperature for 1 minute prior
to the addition of 400uL of plasmid neutralisation buffer and a further 2-minute incubation at room
temperature. The lysates were centrifuged for 5 minutes, and the supernatant transferred to a separation
column and subsequently spun for 1 minute. The immobilised plasmid was washed twice with plasmid

wash buffers before being eluted into SOuL of endonuclease-free water.

Plasmid concentrations were quantified by using a NanoDrop ND-1000 spectrophotometer. Samples
were sent for Sanger Sequencing to confirm the correct DNA sequence was present in the plasmid with
no mutations present. Bacterial stocks were prepared by mixing equal volumes of cultured medium and

50% glycerol in a cryotube and then stored at -80°C.
2.2.10: Fluorescence Activated Cell Sorting

Post-transfection (see Section 2.3.1, Cell Transfection), cells were sorted by fluorescence activated cell
sorting (FACS). Cells were sorted on a BD FACS Aria III (BD Biosciences, San Jose, CA, USA) run
with BD FACSDiva'" Software version 8.0.2 (BD Biosciences). Cells were single sorted into a 96-well
plate containing pre-conditioned media (RPMI1640) if 488nm fluorescence was 1000 times brighter
than control (non-transfected) cells. Cells also had to have positive nuclear (DAPI) staining to confirm

cell viability to be eligible for sorting.

66



2.3: Cell Biology

2.3.1: General Culture Conditions

The cell lines used are listed and described in Table 2.7. Jurkat and MOLT-4 cells were grown in RPMI
1640 media containing 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S). HeLa
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and 1%
P/S. Cells were grown in T75 flasks (75cm?® surface area with a working volume of 12-15mL) in an
aseptic incubator at 37°C with 5% carbon dioxide (CO.). Cells remained under aseptic conditions at all
times. This meant cells were worked on (manipulated, passaged, transfected) in a category two laminar
flow hood which is cleaned before and after every use with 70% ethanol. Once a week, the flow hood

was irradiated with UV light for 1 hour to maintain sterility.
2.3.2: Cell Passaging and Maintenance

Jurkat and MOLT-4 cells are non-adherent leukemic cell lines. To maintain a viable cell number in the
flask, cells were homogenised by pipetting up and down with a serological pipette and then
approximately 50% (6mL) of the cell solution was discarded by aspiration. 6mL of fresh pre-warmed
RPMI1640 (10% FBS and 1% P/S) was added to facilitate new cell growth. This was repeated twice a
week (typically on a Monday and Wednesday). Once a week cells were homogenised by pipetting and
transferred to a 15mL falcon tube (to allow for easy access to the cells using a Gilson pipette). 10uL of
cells were transferred to a neubauer haemocytometer cell counting chamber and the number of cells
counted under a brightfield microscope. The number of cells per mL of media was calculated and 1x10°
cells transferred to a new falcon tube. Cells were centrifuged for 5 minutes at 300g, and the supernatant
(consisting of old media) was discarded. The 1x10° cell pellet was resuspended in 12mL of fresh
pre-warmed RPMI1640 and transferred to a new sterile T75 flask. Cells were returned to the incubator

at 37°C with 5% CO..

For the passaging of HeLa cells, which are adherent cervical cancer cells, trypsinisation was carried
out. Typically, 2-3 times a week, and prior to cell confluence reaching 80%, flasks containing Hel.a
cells had their growth medium removed by aspiration. Cells were washed with 10-12mL of room
temperature 1X PBS which was subsequently aspirated. This is performed to remove traces of growth
media which contains proteins which inactivate Trypsin-EDTA. 1mL of Trypsin-EDTA was added to
the cells and incubated at room temperature until the cells had detached (typically within 5 minutes).
Cells were resuspended in 6mL of fresh pre-warmed DMEM. To maintain a desired and optimum
confluency of cells, a dilution of 1 in 12 was used. This means of the 6mL of resuspended cells, 0.5mL
was removed and added to new T75 flasks containing 11.5mL of fresh pre-warmed DMEM. Cells were
returned to the incubator at 37°C with 5% CO..
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2.3.3: Freezing of Cell Stocks

To maintain a biobank of cells, stocks were replenished when required. To carry this out adherent cells
were trypsinised as described above (this step is not required for non-adherent cells). Cells were
centrifuged at 300g for 5 minutes and the supernatant discarded. The pellet was resuspended in 1mL of
cold freezing medium (90% FBS, 10% dimethylsulfoxide (DMSO)). Cells were transferred to a cryovial
and immediately transferred to a -20°C freezer overnight. Cells were transferred to a -80°C freezer for

short to medium term storage. For long term storage, cryovials of cells were stored in liquid nitrogen.

2.3.4: Transfection

2.3.4.1: Lipofectamine 2000 Transfection:

Lipofectamine 2000 transfection was carried out as per the manufacturers protocol. In a 24 well plate,
4x10° Jurkat or MOLT-4 cells were plated per well in serum-free RPMI1640 media. As Jurkat and
MOLT-4 cells are non-adherent, cells can be plated and transfected on the same day. 250ng of guide
and 250ng of donor repair template were diluted in SOuL of OptiMEM and gently mixed. In a separate
Eppendorf, 1pL of Lipofectamine 2000 transfection reagent was mixed with SO0uL of OptiMEM. This
mixture was left for 5 minutes at room temperature. The two solutions (OptiMEM-DNA and
OptiMEM-Lipofectamine) were combined gently and left to incubate at room temperature for 20
minutes. The total volume (100uL) of this mixture was added to each well to be transfected. Cells were
returned to the incubator and cultured at 37°C with 5% CO, for 16 hours. Media was changed for

complete growth media and cells returned to the incubator for a further 24 hours.

2.3.4.2: Lipofectamine 3000 Transfection:

Lipofectamine 3000 transfection was carried out as per the manufacturers protocol. In a 24 well plate,
4x10° Jurkat or MOLT-4 cells were plated per well in serum-free RPMI1640 media. As Jurkat and
MOLT-4 cells are non-adherent, cells can be plated and transfected on the same day. 250ng of guide
and 250ng of donor repair template were diluted in 25uL of OptiMEM alongside 1uL of P3000 reagent
and gently mixed. In a separate Eppendorf, 1.5upL of Lipofectamine 3000 transfection reagent was
mixed with 25uL of OptiMEM. The two solutions (OptiMEM-DNA and OptiMEM-Lipofectamine)
were combined gently and left to incubate at room temperature for 15 minutes. The total volume (50pL)
of this mixture was then added to each well to be transfected. Cells were returned to the incubator and
cultured at 37°C with 5% CO; for 16 hours. Media was changed for complete growth media and cells
returned to the incubator for a further 24 hours. For the transfection of HelLa cells, the above protocol
was used, however cells were seeded in DMEM the day before transfection to allow for cell adherence.

Cell media was changed for serum-free DMEM at the time of transfection.
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2.3.4.3: FuGENE HD Transfection:

The FuGENE HD transfection kit has been published to transfect “difficult to transfect” cell lines, such
as Jurkat cells. Transfection was carried out using FuGENE HD as per the manufacturer’s instructions,
trialling differing ratios of transfection reagent to DNA shown below in Table 2.9. Cells were plated in
RPMI1640 on the day of transfection with 1x10° cells plated per well of a 96-well plate. DNA was
diluted in OptiMEM to 2ug/uL. The appropriate amount of FuGENE HD transfection reagent was
added (Table 2.9) and incubated for 15 minutes at room temperature. SuL of this mixture was added to

each well to be transfected and cells returned to the incubator for 48 hours.

Table 2.9: FuGENE HD transfection reagent:DNA ratios tested.
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2.3.4.4: Electroporation

An Amaxa Nucleofector II was used for the electroporation transfection of HeLa and MOLT-4 cells. A
24 well plate was prepared by adding 1000puL of complete growth medium to all wells to be transfected
(DMEM for HeLa cells and RPMI11640 for MOLT-4 cells). The plate was transferred to an incubator
at 37°C with 5% CO,. For MOLT-4 cells, 1x10° cells were pelleted by centrifugation for 4 minutes at
300g. Cells were resuspended in 100uL of room-temperature Nucleofector” solution. 1ug of plasmid
DNA was added (500ng of guide plasmid DNA and 500ng of donor repair template). The solutions
were transferred into a certified cuvette with the solution confirmed to be covering the bottom of the
cuvette with no air bubbles present. The cuvette was inserted into the nucleofector device, and the C-05
program run. This program is designed for MOLT-4 cells and listed on the manufacturer’s website.

After the program completed, 500uL of pre-equilibrated medium from the plate was added to the
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cuvette and the sample transferred to the plate. Cells were incubated for 48 hours at 37°C and 5% CO;

prior to visualisation to confirm transfection.

For HeLa cell transfection, cells were trypsinised from their flask and 1x10° cells pelleted by
centrifugation for four minutes at 300g. Prior to this, 1000uL of DMEM was added to each well of a
24-well plate to be transfected and the plate returned to an incubator at 37°C and 5% CO,. Cells were
resuspended in 100puL of room-temperature Nucleofector™ solution. 1pg of plasmid DNA was added
(500ng of guide plasmid DNA and 500ng of donor repair template). The solutions were transferred into
a certified cuvette with the solution confirmed to be covering the bottom of the cuvette with no air
bubbles present. The cuvette was inserted into the nucleofector device and either the O-05 (high
viability) or I-13 (high expression) program was run. These are specific HeLa cells transfection
programmes recommended by the manufacturer. 500puL of pre-equilibrated medium was added to each
cuvette transfected and cells returned to the 24 well plate. Cells were incubated for 48 hours at 37°C

and 5% CO; prior to visualisation to confirm transfection.

2.4: Forster Resonance Energy Transfer (FRET) Determined by Multiple-Frequency
Fluorescence Lifetime Imaging Microscopy (mfFLIM)

For a comprehensive introduction to Forster resonance energy transfer (FRET) and fluorescence
lifetime imaging microscopy (FLIM), please refer to Section 1.6. We have utilised time-resolved FRET
which directly measures the lifetime of a donor chromophore in the absence and presence of an acceptor
chromophore. Unlike steady-state FRET (which assesses changes in either donor or acceptor intensity
and is dependent on chromophore concentration) time-resolved FRET is independent of chromophore
concentration, as lifetime is an intrinsic property of a chromophore. We have determined our
time-resolved FRET measurements using FLIM in the frequency-domain. This allows for the quick

calculation of chromophore lifetime.
2.4.1: Frequency-Domain FLIM Acquisitions

The FLIM acquisitions were performed on a Nikon Eclipse Ti inverted widefield microscope equipped
with a 20X objective (Nikon S Plan Fluor, NA 0.45). The excitation source was a modulated Omicron
diode (LDM473-TA) laser which excites at 473nm. The modulation frequency was 40MHz with a peak
power of 30mW. The detector was a Lambert Instruments LI*> CAM which was also modulated at
40MHz, creating a homodyne system (where both the detector and excitation source are modulated at

the same frequency).

For FLIM acquisitions, Lambert Instruments LI-FLIM software was used. During FLIM acquisitions,

16 phase images were generated (each 22.5° apart) in pseudo-random order to minimise potential
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photobleaching. Each FLIM measurement is calibrated against a reference lifetime (1.840ns) made from
a freshly prepared 50puM solution of Rhodamine B. An exposure time of 1000ms was used for all tissue
samples acquired, and a 300ms exposure time used for cell experiments. The LI-FLIM software
calculates the average donor intensity of a sample, both the phase and modulation lifetimes, and their
respective standard deviations. However, an algorithm designed and created by Pierre Leboucher was
utilised for all experiments which allows for semi-automated FLIM acquisitions with minimal user

supervision.
2.4.2: Semi-Automated FLIM Sample Mapping and Acquisition

The hardware and software described above were controlled using a custom-made software called
FLIM 2019, designed by Pierre Leboucher. This software allows a user to create a mapping file, which
records regions of interest within a sample slide to be analysed. This mapping file contains the X, Y, Z
coordinates of all the regions of interest selected by the user. The software can then enter acquisition
mode, where all recorded points in a mapping file were sequentially analysed by the FLIM platform,
with the resulting data exported to a CSV file. The FLIM 2019 software contains an algorithm that
automatically excludes data below a predefined and universally applied threshold by applying a region
of interest to a sample image using the active contours method (Chapter 3 and (Veeriah et al., 2014)).
The data from all pixels outside this region of interest are not analysed. The algorithm detects the
signal-to-noise ratio of the sample and only pixels with a signal-to-noise ratio of at least four are
included in the ROI (Region of Interest) for analysis. The use of this software reduces the need for
operator supervision and input, thus reducing operator bias. The reduction of operator bias occurs when
analysing results, as regions of interest are designated based on signal-to-noise ratios rather than user

subjectivity.

2.5: Two-site Immune-Amplified Forster Resonance Energy Transfer (iIFRET)
Labelling Assay

2.5.1: Development and Principles of a Two-Site Assay

The current gold-standard of biomarker analysis in patient tumour samples has historically been
immunohistochemistry (IHC). Whilst this has shifted towards quantitative IHC (qIHC), IHC
methodologies are prone to non-specific binding of target antibodies and can be skewed by operator
bias and subjectivity (Kong et al., 2006, Veeriah et al., 2014, Miles et al., 2017, Sanchez-Magraner et
al., 2020). This is an inherent problem that is true of one-site assays, i.e., assays that detect one antigen
site at a time using chromophore-conjugated antibodies. This led to the development of a two-site assay.
A two-site (coincident) assay simultaneously labels a single protein on two distinct sites, or two separate

proteins on distinct sites, with donor- and acceptor-conjugated probes (Kong et al., 2006, Veeriah et al.,
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2014). This allows for the detection of FRET between the chromophores which results in FRET acting

as a “chemical ruler,” measuring distances of 1-10nm to report on biomarker functional states.

Initial attempts to create the two-site assay utilised primary antibodies against the desired antigen sites
that were directly conjugated to chromophores. This led to the presence of multiple chromophores at
the antigen recognition site, which negatively affects antibody-antigen binding. This limited the
maximum obtainable signal to the number of chromophores an antibody can bind to before experiencing
a reduction of antibody-antigen binding. There was also an inherent cost associated to this approach
due to the large amount of primary antibody required for chromophore conjugation (Veeriah et al.,
2014). An attempt was made to overcome these limitations by detecting the bound primary antibodies
with chromophore-conjugated secondary antibodies. Due to the dimensions of a secondary IgG
antibody (150-180kDa), this results in the conjugated chromophores being above the critical FRET
distance of 10nm. The authors creating this assay used F(ab’), fragments conjugated to donor and
acceptor chromophores rather than secondary antibodies. This has several advantages such as: the
critical FRET distance of 10nm being maintained due to their smaller size of 50-100kDa; they penetrate
cells and tissues more easily; the lack of Fc region results in the abolishment of non-specific binding to
Fc receptors within samples (Veeriah et al., 2014). Moreover, the authors of Veeriah et al., exploited a
tyramide signal amplification (TSA) step to increase the signal-to-noise ratio of the sample (detailed in

Section 2.5.2.4).

The two-site assay, coupled to a TSA step can be applied to any biomarker (e.g., Akt, STAT3), or
biomarker pair (e.g., human epidermal growth factor receptor (HER) 2/HER3, programmed death
receptor 1(PD-1)/programmed death ligand (PD-L1), cytotoxic T-lymphocyte associated protein 4
(CTLA-4)/CD80) that can be targeted by antibodies in a species-specific manner. In the labelling set-up
used here, the donor, either PD-1 or CTLA-4 was labelled with an anti-mouse antibody against the
extracellular domain. The acceptor, either PD-L1 or CD80, was labelled with an anti-rabbit primary
antibody, against the extracellular domain. In turn, the donor antibodies were labelled with F(ab’),
fragments conjugated to ATTO488, the donor chromophore, and the acceptor antibodies labelled with
F(ab’),-HRP (horseradish peroxidase) fragments. TSA (see Section 2.5.2.3) was used to conjugate the
acceptor chromophore, Alexa594, to the F(ab’),-HRP.

2.5.2: iFRET Labelling of Patient Tissue Sections

2.5.2.1: Antigen Retrieval and Primary Antibody Labelling of Tissue Sections

Two consecutive formalin-fixed paraftin-embedded (FFPE) tissue sections were mounted onto two
separate glass microscope slides to allow for donor-only and donor-acceptor labelling for all patient

samples. Samples then underwent dewaxing and antigen retrieval using Envision Flex retrieval solution
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(pH 9) in a Dako PT-Link instrument. In this process, slides are heated to 95°C for 20 minutes.
Remaining paraffin was removed by washing 3 times with PBS in a coplin jar with gentle agitation
using an orbital shaker. A hydrophobic border was drawn around the tissue on slides using a PAP pen.
Samples were treated with fresh effervescent 1mg/ml NaBH4 for 10 minutes to reduce autofluorescence
caused by fixative agents. Samples were washed 3 times with PBS. Two drops of Pierce endogenous
peroxidase suppressor were added to the samples and the slides were incubated for 30 minutes at room
temperature in a humidified tray. The humified tray was created by adding tissue paper moistened with
water to the bottom of a large plastic tray with a tight-fitting lid. This prevented samples from drying
out. After the 30 minute incubation with peroxidase suppressor the slides were washed with PBS 3
times in coplin jars with gentle agitation. Samples were then incubated for 1 hour with 1% (10mg/ml)
bovine serum albumin (BSA) to prevent the non-specific binding of labelling antibodies. Samples were
then labelled with primary antibodies using the concentrations shown in Table 2.10. Donor-only slides
were incubated with the donor primary antibody (aPD-1 or aCTLA-4) and donor-acceptor slides were
incubated with both the donor primary antibody and acceptor primary antibody (aPD-L1 or aCD80).

Slides were incubated overnight at 4°C.

Table 2.10: Primary antibody dilutions used for labelling the donor and acceptor sites of cell and
FFPE patient samples, respectively.

Biomarker Donor-Only Donor-Acceptor
PD-1/PD-L1 oPD-1 (1:100) oPD-1 (1:100) and aPD-L1 (1:500)
CTLA-4/CD80 o CTLA-4 (1:100) oCTLA-4 (1:100) and aCD80 (1:500)

2.5.2.2: Secondary Antibody Labelling

Samples were removed from the refrigerator and washed three times with 0.02% Tween20 in PBS
(PBST). Secondary F(ab’), fragments were added to the donor-only and donor-acceptor samples as
outlined in Table 2.11. Samples were incubated in a humidified tray in the dark for 2 hours at room
temperature. Slides were washed 3 times with 0.02% PBST in coplin jars. Donor-only slides were then
washed once with PBS in a coplin jar and mounted with Prolong Diamond (Chapter 3) or Prolong Glass
(Chapter 4). Donor-acceptor slides underwent tyramide signal amplification (see Section 2.5.2.4). The
edges of the donor-only slides were then sealed using clear nail varnish. Prior to the experiments carried
out in Chapter 4, Thermofisher Scientific released anew mountant, Prolong Glass, with a higher
refractive index, of 1.52, and increased photobleaching protection. Therefore, Prolong Glass was

adopted for experiments presented in Chapter 4.

73



Table 2.11: Secondary F(ab’), fragment dilutions used for the labelling of the donor and acceptor
primary antibodies, respectively.

Experiment Donor-Only Donor-Acceptor
ccRCC, malignant ATTO488 ATTO488 conjugated-F(ab’), donkey
melanoma and conjugated-F(ab’), anti-mouse (1:100)
NSCLC tissue donkey anti-mouse
sections (1:100) Peroxidase conjugated-F(ab”), donkey
anti-rabbit (1:200)
(Chapter 3)
ATTO488 ATTO488 conjugated-F(ab’), donkey
RFA-treated lung conjugated-F(ab’), anti-mouse (1:50)
metastases donkey anti-mouse
(1:50) Peroxidase conjugated-F(ab’), donke
(Chapter 4) e (@b’) Y

anti-rabbit (1:200)

2.5.2.3: Tyramide Signal Amplification

To detect the signal of a sample with good precision and overcome autofluorescence, especially in fixed
tissue samples, a signal-to-noise ratio of at least four must be observed. To achieve this, tyramide signal
amplification was carried out on donor-acceptor slides. The purpose of tyramide signal amplification
was to visualise the acceptor secondary F(ab’),-HRP fragments as well as to amplify the acceptor
labelling, thus increase the signal-to-noise ratio. Briefly, the reaction involves adding
tyramide-Alexa594 to the samples in the presence of hydrogen peroxide. Tyramide-Alexa594 is a
phenol ring with an Alexa594 chromophore at the para position to the hydroxyl group. The hydrogen
peroxide, in the presence of HRP (labelling the acceptor antibody), causes the formation of a free radical
on the phenol ring of the tyramide, which subsequently reacts and covalently binds to nearby tyrosine
residues in the sample (on the F(ab’), fragment). This is summarised schematically in Figure 2.2. The
tyramide signal amplification was performed for 20 minutes at room temperature in the dark. Slides
were washed 3 times with 0.02% PBST in coplin jars before a final PBS wash. Lastly, slides were
mounted with Prolong Diamond (Chapter 3), or Prolong Glass (Chapter 4) and the edges of the slides

sealed with clear nail varnish.

The entire labelling workflow is outlined schematically in Figure 2.3.

74



Tyramide Signal Amplification increases the signal-to-noise ratio of the sample

Alexa Alexa OH Alexa
594 594 594

HRP
H.0 t
. * NH,
OH 0
Tyramide (Alexa 594 Activated Nggrby.tyrosm? Tyramide covanelty
congugated to . residue in sample bonded to sample
phenol ring) Tyramide (on F(ab'), fragment) onae P

Figure 2.2: Tyramide Signal Amplification is Used to Conjugate the Acceptor Chromophore to the Sample. To observe a
high signal to noise ratio above the autofluorescence signal, tyramide signal amplification is performed on all samples. The
donor-acceptor site (PD-L1 or CD80) is labelled with a primary antibody which is labelled with a secondary F(ab’), fragment
conjugated to horseradish peroxidase (HRP). When tyramide (a phenol ring conjugated to Alexa594 at the para position) is added
to the sample in the presence of H,O», a free radical is generated. The tyramide covalently bonds to nearby tyrosine residues in
the sample (on the F(ab’), fragment). An incubation time of 20 minutes is used to prevent non-specific binding of the chromophore
to the sample.
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Figure 2.3: iFRET Labelling Workflow: Tissue sections undergo antigen retrieval before the tissue is contained on the slide
using a hydrophobic PAP pen. Endogenous peroxidases are quenched, and sodium borohydride is used to reduce tissue
autofluorescence. To reduce non-specific binding, slides are blocked with bovine serum albumin before being labelled with
primary antibodies overnight. The next day, secondary F(ab’), fragments are incubated and tyramide signal amplification carried
out to conjugate the acceptor chromophore to the acceptor F(ab’),-HRP. Slides are mounted with Prolong Diamond or Prolong
Glass antifade mount, and a coverslip sealed onto the sample with nail varnish.
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2.5.2.4: Pathology

2.5.2.4.1: Clear-cell Renal Cell Carcinoma

Biopsies from patients with clear-cell RCC (ccRCC), diagnosed and treated at the Cruces University
Hospital (Barakaldo, Bizkaia, Basque Country, Spain), were graded and staged within the study. All
patients gave written informed consent for the potential use of their resected tumours for research. This
study was approved by the Ethical and Scientific Committee (CEIC-Euskadi P12015060). The
International Society of Urological Pathology 2013 tumour grading system (Delahunt et al., 2013) was
used to assign each sample using routine haematoxylin and eosin (H&E) staining. Tumours were graded
and grouped as low (G1/2) and high (G3/4) grade for consistency. To assess PD-L1 expression, a
multisite tumour sampling (MSTS) method was used, which samples more areas of a tumour with the
aim of overcoming the problems of tissue heterogeneity (Lopez and Cortés, 2017). Samples were
determined PD-L1 positive (>1%) or negative (<1%) using the Roche VENTANA PD-L1 (SP142)
Assay.

2.5.2.4.2: Malignant Melanoma

Cases of malignant melanoma used in this study were selected from all patients diagnosed with
malignant melanoma between June 2003 and February 2017 at Nottingham University Hospital
(Nottingham, England, United Kingdom). The main selection criterion was tumours having a Breslow
thickness of >1 mm. Patients gave written informed consent for their specimens to be stored and used
for research. Patient clinicopathologic data were obtained from Nottingham University Hospital PAS,
WinPath, and NotlS databases. Data and specimens were anonymised by using only their designated
laboratory case reference. Ethical approval (ACP0000174) was gained from the Nottingham Health
Science Biobank Access Committee. A cohort of 176 primary malignant melanoma cases was used for
iFRET analysis as tissue microarrays (TMA). Within the TMAs, each patient had one tumour sample.
Table 2.12 summarises the clinical parameters of the 176 patients. Tumours were fully surgically
excised and FFPE in tissue blocks. Tissue cores of Imm diameter were selected by studying
H&E-stained sections most recently cut from the FFPE tissue block. The location of cores to remove
from the tissue block was selected by scanning the slides and using Pannoramic Viewer Software
(3DHisTech). Cores were removed from the FFPE tissue blocks using the TMA Grand Master
(3DHisTech) and arrayed into new paraffin blocks.

2.5.2.4.3: Non-Small Cell Lung Carcinoma

Biopsies from 60 metastatic NSCLC tumours were obtained during interventional radiology procedures
from Institut Bergonié (Bordeaux, France; Table 2.13). Thirty-six patients were male and 24 were

female, with a median age of 63 years (range, 44—86 years). Performance status was defined with 50

77



patients given a performance status of <1 and 10 patients given a status of >1. Performance status is a
measure of a patients’ progress, with a grade of zero being defined as fully active with the patient being
able to carry on all pre-disease activities without restriction. A score of 1-3 indicates increasing severity
of limitations to daily activities and self-care. A score of 4 is defined as completely disabled and 5 is
defined as dead (Oken et al., 1982). The clinical outcome of 40 patients who were treated with either
nivolumab (n=37) or pembrolizumab (n=3) was provided and used for Kaplan—Meier survival analysis.
Patients’ samples were collected between January 2014 and December 2017. This study was approved
by the Institutional Review Board of Institut Bergonié (Bordeaux, France). Excised samples were FFPE
in tissue blocks prior to being sliced and mounted on microscope slides. For iFRET analysis, three
consecutive tissue slices of each patient’s sample were provided. One slide for each patient sample was

labelled with H&E and a trained pathologist (J.I. Lopez) identified tumoral areas within the sample.
2.5.2.4.4: Radiofrequency-Ablated Lung Metastases

Samples from 16 patients were provided by Dr. Jean Palussiére from Institut Bergonié, France. This
study was approved by the Institutional Review Board of Institut Bergoni¢ (Bordeaux, France). Excised
samples were FFPE in tissue blocks prior to being sliced and mounted on microscope slides. Two slices
were provided per-patient prior the radiofrequency ablation procedure being carried out in the first lung.
After an interval of one month, prior to the procedure being carried out on the contralateral lung, another
two slices were provided per patient *. Of these patients 10 were male and six were female. The lowest
age was 64 and the highest age 89. The median age of the 16 patients was 73.2 years. All patients were
microsatellite stable (MSS) °.

? For three patients, no tissue was available from the second radiofrequency ablation procedure.
3 Microsatellite stability not available for one patient.
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Table 2.12: List of Clinical Parameters for Malignant Melanoma Patients.

Clinical Parameter Frequency n (%)
Gender Male 102 (59.9)
(n=173) Female 71 (41.1)
<50 30 (17.4)
Age at primary diagnosis 30-59 ZA(L)
(= 172) 60-69 37 (21.5)
70-79 36 (21.0)
>80 40 (23.2)
1A 1 (0.6)
1B 42 (24.4)
11 1 (0.6)
1A 30 (17.4)
11B 27(15.7)
Stage 1IC 17 (9.8)
(n=172) il 2(1.2)
ITA 1 (0.6)
111B 2(1.2)
I1C 9(5.2)
101D) 2(1.2)
v 38 (22.1)
Head and Neck 29 (16.9)
Trunk 19 (11.0)
Site of tumour Upper Limb(s) 38 (22.1)
(n=172) Lower Limb(s) 37 (21.5)
Pelvic Region 5(2.9)
Back 44 (25.6)
<lmm 0.0 (0)
Breslow thickness (mm) 1-1.9mm 48 (27.9)
(n=172) 2-3.9mm 69 (40.1)
4-5.9mm 26 (15.1)
>6mm 29 (16.9)
Ulceration Absent 110 (64.3)
(n=171) Present 61 (35.7)
Microsatellites Absent 165 (97.1)
(n=170) Present 5129
Tumour infiltrating lymphocytes lf;bsent 39 (22.9)
(n= 170) oca} 101 (59.4)
Extensive 30 (17.7)
Local recurrence Absent 157 (90.8)
(n=173) Present 16 (9.2)
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Table 2.13: List of Clinical Parameters for NSCLC Patients.

Clinical Parameters Frequency n (%)
Gender Male 36 (60)
(n=60) Female 24 (40)

Age 44-86 years Median 63 years
(n=60) Y y
TllIglO:llg‘O;ype Non-small cell lung carcinoma 60 (100)
Performance status <1 50 (83)
(n=60) > 1 10 (17)
Previous lines of treatment <1 39 (65)
(n=60) > 1 21 (35)

Treatment .

(n=60) anti-PD-1 therapy 60 (100)

2.6: Data Processing and Statistics

Statistical analysis and box and whisker plots were performed using Origin Pro8 (Chapter 3) and
GraphPad Prism 9 (Chapter 4). Prior to statistical analysis, a Shapiro-Wilk test was used to test result
data for normality. The result confirmed that the data did not follow a normal distribution. Therefore,
statistical differences were calculated between groups using the Mann—Whitney U test (values indicated
on the box and whisker plots). The Mann—Whitney U test is a non-parametric test, thus not assuming a
normal distribution of results. Box and whisker plots represent the 25%—-75% (box) and the 1-99
(whiskers) ranges. Statistical differences are indicated with P < 0.05. Kaplan—Meier survival analysis
was performed using SPSS. SPSS was also used to calculate Cox Regression for survival analysis to
assess which factors (age, sex, tumour stage, and interaction state) were impacting overall survival. For
the Kaplan Meier curves in Chapter 3, for NSCLC, patients were ranked in order of their FRET
efficiency (interaction status) and split into the two groups, those with the lowest 60% of median FRET
efficiencies and those with the highest 40%. For melanoma, patients were split into the highest 20% and
lowest 80% of FRET efficiencies. To determine these cut-off points for patients with melanoma and
NSCLC, maximally selected rank statistics were performed using the R statistical software (version
3.6.2) and the Maxstat (version 0.7-25) package, which provides several P-value approximations
(Lausen and Schumacher, 1992, Hothorn and Lausen, 2003). Maximally selected rank statistics can be
used for estimation as well as evaluation of a simple cut-off point mode. The results provided by
Maxstat were consistent with the choice of bottom 80% and top 20%, and 60% and 40%, respectively.
The log-rank (Mantel-Cox) test was carried out to determine significant differences between the groups.
Regression curves plotting intratumoral lymphocyte density vs checkpoint interaction (Chapter 3), were
drawn using Microsoft Excel. Spearman’s R? correlation coefficients were calculated using GraphPad

Prism 9.
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Chapter 3: High PD-1/PD-L1 Checkpoint Interaction Infers Tumour
Selection and Therapeutic Sensitivity to Anti-PD-1/PD-L1 Treatment

3.1: Preface

The work presented in this chapter is from the manuscript High PD-1/PD-L1 Checkpoint Interaction
Infers  Tumour Selection and Therapeutic Sensitivity to Anti-PD-1/PD-L1  Treatment,

Sanchez-Magraner and Miles et al., 2020 (see statement of originality).
3.2: Introduction

Disproportionate immune system activation can result in profound pathologies and there are, therefore,
regulatory mechanisms in place to maintain homeostasis (Hanahan and Weinberg, 2017). Interactions
referred to as immune checkpoints are critical in this, avoiding immune cell-related collateral damage
in pathogenic responses and in suppressing autoimmunity. Inhibitory receptors presented by immune
cells, T-lymphocytes in particular, include programmed death receptor-1 (PD-1) and cytotoxic
T-lymphocyte antigen-4 (CTLA-4) (Pardoll, 2012, Alsaab et al,, 2017). Cancers exploit these
physiological mechanisms to avoid immune attack by expressing inhibitory receptor cognate ligands,
programmed death ligand-1 (PD-L1) and cluster of differentiation 80/86 (CD80/86) (Hanahan and
Weinberg, 2017). The CTLA-4 receptor is a homolog of the immune-activating CD28 receptor, both of
which are found on T-lymphocytes and possess CD80 and CD86 as ligand partners (Engelhardt et al.,
2006). CTLA-4, however, provides a higher affinity binding site for CD80/86 and interaction with
CD&80/86 inhibits cell proliferation and IL-2 secretion by T-lymphocytes. The PD-1 immune checkpoint
limits later immune responses primarily in peripheral tissue by attenuating T-lymphocyte signalling

downstream of the T-cell receptor (TCR) (Okazaki and Honjo, 2006).

There are a number of approved therapeutic mAbs designed to reinstate immune-mediated tumour
destruction in immunogenic cancers, by inhibiting the aforementioned immune checkpoint interactions
(Mahmoudi and Farokhzad, 2017). In part, through the generation of neoantigens, immunogenicity is
strong in non—small cell lung carcinoma (NSCLC), renal cell carcinomas (RCC), melanoma, classical
Hodgkin lymphoma, head and neck squamous cell carcinoma, and urothelial carcinoma, all of which
show varying degrees of response to immune checkpoint interventions (Mahmoudi and Farokhzad,
2017, Ross and Jones, 2017, Heidegger et al., 2019). Notwithstanding some remarkable successes with
immune checkpoint inhibitors, the majority of patients display primary or acquired resistance to
treatment (Qin et al., 2019). There is, therefore, an unmet clinical need to identify biomarkers that
distinguish potential responders from non-responders to ensure that non-responders are not exposed to

the side-effects of these drugs for no therapeutic benefit. The development of different PD-L1
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immunohistochemistry (IHC) diagnostics utilising proprietary antibodies has resulted in four Food and
Drug Administration (FDA)-approved and CE-in-vitro diagnostics—marked assays, each linked to a
specific drug and scoring system (Sommer et al., 2020). However, it has become clear that the
expression of inhibitory ligands, namely PD-L1, is not an accurate diagnostic marker for use in
predicting patient prognosis and response to treatment. A recent study observed that patients with
NSCLC demonstrated an increase in response to the anti-PD-1 agent, pembrolizumab, in patients
exhibiting a tumour proportion score greater than 50% (Theelen and Baas, 2019). Nevertheless, the
response reached only 41% (Roach et al., 2016). Moreover, a different study assessed the efficacy of
PD-1 or PD-L1 inhibitors in different neoplasia (primarily lung cancer but also renal cancer and
malignant melanoma) in PD-L1- negative and PD-L1- positive cancers. Critically, benefit was seen in
patients within the PD-L1-negative group, clearly exposing the failure of PD-L1 expression to

determine which patients should receive immune checkpoint inhibitors (Nunes-Xavier et al., 2019).

As immune cell/tumour cell interplay via immune checkpoints is a prominent mechanism for tumour
immune evasion and survival, checkpoint interaction status may present a key mechanism-based
prognostic and/or predictive biomarker, replacing conventional protein expression readouts for
stratifying patients to immune checkpoint interventions. To this end, we have developed and tested an
imaging assay that provides a quantitative readout of immune checkpoint interaction between cells.
iFRET (immune-FRET) employs a two-site, cell-cell amplified Forster resonance energy transfer
(FRET) method, detected by fluorescence lifetime imaging microscopy (FRET/FLIM). Here, iFRET
acts as a “chemical ruler,” measuring cell—cell interactions in the range of 1-10 nm. Alternative assays
have assessed the PD-1/PD-L1 signalling axis in both cell assays and patient tissue, however, these
assays work at a distance greater than that of iFRET (Figure 3.1). Work carried out by Giraldo and
colleagues (2018), uses an imaging algorithm that determines when PD-1" and PD-L1" cells are within
close proximity (<20 mm) of each other. Such assays investigate distances that reflect proximity over
interaction (Giraldo et al., 2018). Johnson and colleagues (2018) also utilised an automated quantitative
analysis platform, which again maps cells based on PD-1 and PD-L1 expression profiles. In these
assays, the colocalisation of PD-1 and PD-L1—-expressing cells (i.e., mm range) is assumed to be an
interaction state (Johnson et al., 2018). Here, the intrinsic distance constraints of iFRET informs on
interaction states as receptor and ligand pairs within 1-10 nm of each other; distances exceeding 10 nm
are considered to be non-interacting. In this study, we have investigated the application of iFRET in
formalin-fixed, paraffin-embedded (FFPE) patient tumour biopsies to assess checkpoint interaction, to
understand the relationship of this to ligand expression, and to judge the predictive power of the data in

respect of patient response to immune checkpoint interventions.
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Figure 3.1: Scale Bar and iFRET Labelling Schematic. A) Scale bar indicating the working distances of iFRET (1-10nm)
compared to the proximity ligation assay (40-100nm) and intensity based colocalisation assays (70-100+ nm). At the distances of
1-10nm, iFRET can determine receptor-ligand interaction as opposed to receptor and ligand being in close proximity. The relative
sizes of the chromophores and primary antibodies (1nm and 5Snm respectively) are shown. B) iFRET uses a two-site assay which
determines the interactive states of the immune- checkpoint ligands and receptors. Both the receptor and ligand are labelled with
a primary antibody (anti-mouse and anti-rabbit respectively). The anti-mouse primary antibody (detecting CTLA-4 or PD-1) is
labelled with a F(ab’), fragment conjugated to ATTO488, the donor chromophore. The anti-rabbit antibody (detecting CDS80 or
PD-L1) is labelled with a F(ab’), fragment conjugated to horseradish peroxidase (HRP). Using tyramide signal amplification, the
HRP labels the sample with Alexa594 which acts as the acceptor chromophore. FRET can only occur at distances of 1-10nm; the
use of secondary F(ab’), fragments allows the critical FRET distance of 10nm to be maintained. In the schematic shown here, the
ligand and receptor are interacting.
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3.3: Materials and Methods

3.3.1: Pathology

3.3.1.1: Clear-cell RCC

Biopsies from patients with clear-cell renal-cell carcinoma (ccRCC), diagnosed and treated at the
Cruces University Hospital (Barakaldo, Bizkaia, Spain), were graded and staged within the study. All
patients gave written informed consent for the potential use of their resected tumours for research. This
study was approved by the Ethical and Scientific Committee (CEIC-Euskadi P12015060). The
International Society of Urological Pathology 2013 tumour grading system (Delahunt et al., 2013) was
used to assign each sample using routine haematoxylin and eosin (H&E) staining. Tumours were graded
and grouped as low (G1/2) and high (G3/4) grade for consistency. To assess PD-L1 expression, a
multisite tumour sampling (MSTS) method was used, which samples more areas of a tumour with the
aim of overcoming the problems of tissue heterogeneity (Lopez and Cortés, 2017). Samples were
determined PD-L1 positive (>1%) or negative (<1%) using the Roche VENTANA PD-L1 (SP142)
Assay.

3.3.1.2: Malignant Melanoma

Cases of malignant melanoma used in this study were selected from all patients diagnosed with
malignant melanoma between June 2003 and February 2017 at Nottingham University Hospital
(Nottingham, England, United Kingdom). The main selection criterion was tumours having a Breslow
thickness of >1 mm. Patients gave written informed consent for their specimens to be stored and used
for research. Patient clinicopathologic data were obtained from Nottingham University Hospital PAS,
WinPath, and NotlIS databases. Data and specimens were anonymised by using only their designated
laboratory case reference. Ethical approval (ACP0000174) was gained from the Nottingham Health
Science Biobank Access Committee. A cohort of 176 primary malignant melanoma cases was used for
iFRET analysis as tissue microarrays (TMA). Within the TMAs, each patient had one tumour sample.
Table 3.1 summarises the clinical parameters of the 176 patients. Tumours were fully surgically excised
and FFPE in tissue blocks. Tissue cores of Imm diameter were selected by studying H&E-stained
sections most recently cut from the FFPE tissue block. The location of cores to remove from the tissue
block was selected by scanning the slides and using Pannoramic Viewer Software (3DHisTech). Cores
were removed from the FFPE tissue blocks using the TMA Grand Master (3DHisTech) and arrayed

into new paraffin blocks.
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Table 3.1: List of clinical parameters - malignant melanoma.

Clinical Parameter Frequency n (%)
Gender Male 102 (59.9)
(n=173) Female 71 (41.1)
<50 30 (17.4)
Age at primary diagnosis 30-59 ZA(L)
(= 172) 60-69 37 (21.5)
70-79 36 (21.0)
>80 40 (23.2)
1A 1 (0.6)
1B 42 (24.4)
I 1 (0.6)
ITA 30 (17.4)
11B 27(15.7)
Stage 1C 17 (9.8)
(n=172) il 2(1.2)
1A 1 (0.6)
111B 2(1.2)
I1C 9(5.2)
101D) 2(1.2)
v 38 (22.1)
Head and Neck 29 (16.9)
Trunk 19 (11.0)
Site of tumour Upper Limb(s) 38 (22.1)
(n=172) Lower Limb(s) 37 (21.5)
Pelvic Region 5(2.9)
Back 44 (25.6)
<Imm 0.0 (0)
Breslow thickness (mm) 1-1.9mm 48 (27.9)
(n=172) 2-3.9mm 69 (40.1)
4-5.9mm 26 (15.1)
>6mm 29 (16.9)
Ulceration Absent 110 (64.3)
(n=171) Present 61 (35.7)
Microsatellites Absent 165 (97.1)
(n=170) Present 529
Tumour infiltrating lymphocytes bsent A7)
(n= 170) Foca} 101 (59.4)
Extensive 30 (17.7)
Local recurrence Absent 157 (90.8)
(n=173) Present 16 (9.2)
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3.3.1.3: Metastatic Non-Small Cell Lung Carcinoma

Biopsies from 60 metastatic NSCLC tumours were obtained during interventional radiology procedures
from Institut Bergonié (Bordeaux, France; Table 3.2). Thirty-six patients were male and 24 were female,
with a median age of 63 years (range, 44—86 years). Performance status was defined with 50 patients
given a performance status of <1 and 10 patients given a status of >1. Performance status is a measure
of a patients’ progress, with a grade of 0 being defined as fully active with the patient being able to
carry on all pre-disease activities without restriction. A score of 1-3 indicates increasing severity of
limitations to daily activities and self-care. A score of 4 is defined as completely disabled and 5 is
defined as dead (Oken et al., 1982). The clinical outcome of 40 patients who were treated with either
nivolumab (n=37) or pembrolizumab (n=3) was provided and used for Kaplan—Meier survival analysis.
Patients’ samples were collected between January 2014 and December 2017. This study was approved
by the Institutional Review Board of Institut Bergonié (Bordeaux, France). Excised samples were FFPE
in tissue blocks prior to being sliced and mounted on microscope slides. For iFRET analysis, three
consecutive tissue slices of each patient’s sample were provided. One slide for each patient sample was

labelled with H&E and a trained pathologist (J.I. Lopez) identified tumorous areas within the sample.

Table 3.2: List of clinical parameters - NSCLC.

Clinical Parameters Frequency n (%)

Gender Male 36 (60)
(n=60) Female 24 (40)
Age .

(n=60) 44-86 years Median 63 years
TllIglO:llgO;ype Non-small cell lung carcinoma 60 (100)
Performance status <1 50 (83)
(n=60) > 1 10 (17)
Previous lines of treatment <1 39 (65)
(n=60) > 1 21 (35)

Treatment .

(n=60) anti-PD-1 therapy 60 (100)
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3.3.2: Antibodies and Reagents

Monoclonal antibodies, mouse anti-PD-1 (catalogue no.: ab52587, clone number: NAT105), rabbit
anti-PD-L1 (catalogue no.: ab205921, clone number: 28-8), and mouse anti-CTLA-4 (catalogue no.:
ab19792, clone number: BNI3) were purchased from Abcam. Rabbit anti-CD80(catalogue no.:
MBS2522916, clone number: MEM-233) was purchased from MyBioSource. The experimental
antibody, J1201, which blocks PD-1/PD-L1 interactions was obtained from Promega. Ipilimumab,
which blocks CTLA-4/CD80 interactions was also obtained from Promega. Pierce endogenous
peroxidase suppressor (35000), Signal amplification kit (T20950), and Prolong Diamond antifade
mount (P36970) were obtained from Thermofisher Scientific. AffiniPure F(ab’), fragment donkey
anti-mouse IgG (immunoglobulin G) and peroxidase-conjugated AffiniPure F(ab’), fragment donkey
anti-rabbit IgG were purchased from Jackson ImmunoResearch Laboratories. ATTO 488 NHS ester
was purchased and conjugated to the AffiniPure F(ab’), IgG as described by Veeriah and colleagues
(Veeriah et al., 2014). Millicell 8-well plates (PEZGS0816) were purchased from Merck.

3.3.3: Time-resolved Amplified iFRET Detected by FLIM

iFRET relies on a two-site labelling assay, which is illustrated in Figure 3.1(lower panel). Briefly, two
primary antibodies are used to detect the receptor and ligand, respectively. These antibodies are then
labelled with F(ab’)* fragments conjugated to the donor chromophore ATTO488 (for the receptor) and
horseradish peroxidase (HRP) for the ligand. Tyramide signal amplification is then used to label HRP
with the acceptor chromophore, Alexa594 (Figure 3.1, upper panel). The conjugation of the
chromophores to F(ab’)* fragments, which bind to the two primary antibodies, allows the critical FRET
distance of 10 nm or less to be maintained and provides the appropriate tool for measuring cell—cell
interactions. It should be noted that additional stains, such as DAPI (4',6-diamidino-2-phenylindole),
cannot be added to iIFRET samples as they disrupt the ability of ATTO488 and Alexa594 to undergo
FRET.
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Using a semi-automated, high throughput mfFLIM (multiple-frequency FLIM) (FASTBASE Solutions
S. L; Figure 3.2, middle panel), a mapping file was created, which mapped each region of interest
according to its position on the slide (Veeriah et al., 2014). Phase lifetimes, average intensities, and
lifetime images were calculated automatically and translated to an excel spreadsheet. A decrease of
donor lifetime (tD) in the presence of the acceptor chromophore (tDA) is indicative of resonance
energy transfer. FRET efficiency (Ef%) values were calculated using the following equation, where tD

and TDA are the lifetimes of the donor in the absence and presence of the acceptor, respectively.

Ef(%) = (1 — TTD—A) . 100

Equation 3-1

Because of the Forster radius (Ro) of the chromophore pair ATTO488 and Alexa594, the minimum
distance that can exist between the chromophores is 5.83 nm (Figure 3.2, lower panel; see Chapter 2).

At this distance, energy transfer is maximal and yields a FRET efficiency of 50%.
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Figure 3.2: Schematics of TSA, mfFLIM and Forster Radius. A) To observe an elevated signal to noise ratio, tyramide
signal amplification is performed on all samples. The donor-acceptor site (PD-L1 or CD80) is labelled with a primary
antibody which is labelled with a secondary F(ab’), fragment conjugated to horseradish peroxidase (HRP). When
tyramide (a phenol ring conjugated to Alexa594 at the para position) is added to the sample in the presence of H,O», a free radical
is generated. The tyramide then covalently binds to nearby tyrosine residues in the sample (on the F(ab’), fragment). An
incubation time of 20 minutes is used to prevent non-specific binding of the chromophore to the sample. B) The top panel
illustrates the set-up of our mfFLIM platform. A 473nm diode laser is the excitation source which is modulated at 40MHz. The
LI-FLIM software (Lambert Instruments) calculates average donor lifetime per pixel of the generated image. The lower panel
demonstrates how the incident light source (blue) is acousto-optically modulated. The emitted signal from the sample is partially
de-modulated and out of phase. Our mfFLIM platform measures the phase shift to calculate donor lifetime. The equations given
are used to calculate the distance (r) of two- chromophores from the lifetime of the donor alone (D) and the lifetime of the donor
in the presence of the acceptor (DA). C) Left-hand panel shows the Forster radius (Ro) of ATTO488 and Alexa594 which is
5.83nm. This is the closest distance these two chromophores can be and is measured from the centre of each chromophore. The
right-hand panel shows a schematic of the iFRET assay. All objects are drawn to scale, and it can be seen that the transfer of
energy from donor to acceptor will only occur if the chromophores are between 5.83nm and 10nm.
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3.3.4: iFRET Assay for PD-1/PD-L1 Interaction in Cell Culture

The commercially validated Promega Blockade Bioassay, originally designed to measure the antibody
blockade of PD-1/PD-L1 and CTLA-4/CD80 interaction by luminescence, was adapted for an iFRET
protocol with the aim of verifying the technique for detecting intercellular interaction of these
receptor-ligand pairs. Cells were obtained from the Promega Blockade Bioassay and screened for
Mycoplasma prior to dispatch. These cells were thawed and directly used in this assay only. PD-L1-
expressing CHO-K1 cells were seeded onto Millicell 8-well plates and were incubated at 37°C with 5%
CO; for 16 hours. The experimental blocking antibody, J1201 (anti-PD-1), was added to four wells at
25 mg/mL final concentration to inhibit receptor-ligand interaction. PD-1—expressing Jurkat cells were
subsequently seeded in all wells and the plates were incubated for 20 hours at 37°C with 5% CO,. The
unbound cells were removed, and the plates were washed three 3 for 5 minutes with PBS before being
fixed with 4% paraformaldehyde (PFA) for 12 minutes. The PFA was then removed, and the plates
were washed 3 times for 5 minutes with PBS. All samples were incubated with endogenous peroxidase
suppressor for 30 minutes at room temperature before being washed with PBS. They were subsequently
incubated with 1% (10 mg/mL) BSA for 1 hour at room temperature before further washing with PBS

3 times.

Primary antibody staining was carried out by adding mouse anti-PD-1 (1:100 in BSA), the donor-only
(D) readout condition. Meanwhile, the donor plus acceptor (D/A) readout condition was labelled with
both anti-PD-1 (1:100) and rabbit anti-PD-L1 (1:500). The plate was incubated overnight at 4°C before
being washed twice with PBS containing 0.02% Tween 20 (PBST). Secondary F(ab’)* fragments were
added, the D wells were labelled with anti-mouse F(ab’)>-~ATTO488 (1:100) and the D/A wells labelled
with F(ab’)>-ATTO488 (1:100) and anti-rabbit F(ab’)>-HRP (1:200). The plate was then incubated for
2 hours at room temperature before being washed twice with PBST and once with PBS. Tyramide signal
amplification was performed on the D/A wells for 20 minutes in the dark, via the addition of
Alexa594-conjugated tyramide diluted in amplification buffer (1:100) in the presence of 0.15% H,O»
(Veeriah et al., 2014, Miles et al., 2017) (Figure 3.2, upper panel). The D/A wells were washed twice
with PBST and once with PBS to remove the tyramide. Prolong diamond antifade mount (5 pL) was

added to each well before being mounted with a coverslip.
3.3.5: iFRET Assay for CTLA-4/CD80 Interaction in Cell Culture

CTLA-4—expressing Jurkat cells were first seeded onto Millicell 8-well plate, before the blocking
antibody, ipilimumab (anti-CTLA-4), was added to four wells at 100 mg/mL final concentration. The
CD80-expressing Raji cells were subsequently seeded and incubated for 20 hours at 37°C with 5% CO,.
Unbound cells were removed by PBS washes. The cells were fixed, underwent endogenous peroxidase

suppression, and were blocked with BSA as described previously in the PD-1/PD-L1 cell assay. The
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primary antibodies were added; D wells were labelled with mouse monoclonal anti-CTLA-4 (1:100)
and the D/A wells labelled with both anti-CTLA-4 (1:100) and rabbit polyclonal anti-CD80 (1:100).
The rest of the protocol was conducted as described above for the PD-1/PD-L1 singe-cell assay.

3.3.6: iIFRET Assay for PD-1/PD-L1 Interaction in FFPE ccRCC Tissue

Human ccRCC tissue samples were provided by Cruces University Hospital (Barakaldo, Bizkaia,
Spain). Consecutive cross-sections of tissues were mounted on separate slides to allow D and D/A
antibody labelling. Samples were obtained from 22 patients, from which, five consecutive tissue section
slides were provided. Of the five samples, two were available for D and two for D/A staining, while the
remaining section was analysed using H&E staining to determine regions of immune infiltration. IHC
with PD-L1 (SP-142, Ventana) was performed in Benchmark Ultra (Ventana) Immunostainers
following the specific protocol recommended by the manufacturer. For iFRET sample preparation,
antigen retrieval was carried out using Envision Flex solution, pH 9, and a PT-Link Instrument (Dako),
where the slides were heated to 95°C for 20 minutes. Remaining paraffin was removed by PBS washes
before containing tissue areas with a hydrophobic PAP pen border. One to two drops per slide of
endogenous peroxidase suppressor were added and the slides were incubated in a humidified tray for
30 minutes at room temperature. The slides were then blocked with BSA, and D slides were labelled
with anti-PD-1, while D/A slides were labelled with anti-PD-1 plus anti-PD- L1, following the

previously described cell assay protocol.

3.3.7: iFRET Assay for PD-1/PD-L1 Interaction in FFPE malignant melanoma TMAs

Human malignant melanoma TMAs were provided by Nottingham University Hospital (Nottingham,
England, United Kingdom). Consecutive cross-sections of tissues were mounted on separate slides to
allow D and D/A antibody labelling. Samples from 176 patients, with two consecutive tissue section
slides per patient were provided. Of the two samples, one was available for D and one for D/A staining.
The primary antibodies used were anti-PD-1 and anti-PD-L1 following the same protocol as the FFPE
RCC tissue above.

3.3.8: iFRET Assay for PD-1/PD-L1 Interaction in FFPE Metastatic NSCLC

Human metastatic NSCLC tissue slices were provided by Institut Bergoni¢ (Bordeaux, France).
Consecutive cross-sections of tissues were mounted on separate slides to allow D and D/A antibody
labelling. Samples from 40 patients, with two consecutive tissue section slides per patient were
provided. Of the two samples, one was available for D and one for D/A staining. The primary antibodies

used were anti-PD-1 and anti-PD-L1 following the same protocol as the FFPE ccRCC tissue above.
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3.3.9: Statistical Analysis

Statistical analysis and box and whisker plots were performed using Origin Pro8. Statistical differences
were calculated between groups using the Mann—Whitney U test (values indicated on the box and
whisker plots). The Mann—Whitney U test is a non-parametric test, thus not assuming a normal
distribution of results. Box and whisker plots represent the 25%—75% (box) and the 1-99 (whiskers)
ranges. Statistical differences are indicated with P < 0.05. Kaplan—Meier survival analysis was
performed using SPSS. SPSS was also used to calculate Cox regression for survival analysis to assess
which factors (age, sex, tumour stage, and interaction state) were impacting overall survival. For
NSCLC, patients were ranked in order of their median FRET efficiency (interaction status) and split
into the two groups, those with the lowest 60% of median FRET efficiencies and those with the highest
40%. For melanoma, patients were split into the highest 20% and lowest 80% of mean FRET
efficiencies. To determine these cut-off points for patients with melanoma and NSCLC, maximally
selected rank statistics were performed using the R statistical software (version 3.6.2) and the maxstat
(version 0.7-25) package, which provides several P-value approximations (Lausen and Schumacher,
1992, Hothorn and Lausen, 2003). Maximally selected rank statistics can be used for estimation as well
as evaluation of a simple cut-off point mode. The results provided by maxstat were consistent with the
choice of bottom 80% and top 20%, and 60% and 40%, respectively. The log-rank (Mantel-Cox) test

was carried out to determine significant differences between the groups.

3.4: Results

3.4.1: Development, Validation and Benchmarking of a Novel Amplified FRET Imaging
Assay for Determining Immune Checkpoint Interaction in ex-vivo Assays

The iFRET assay used to measure the immune checkpoint interaction state is based on time-resolved
FRET. Here, FRET acts as a “chemical ruler,” measuring distances of 1-10 nm, which are the same
order of magnitude as cell surface interactions. The maximum FRET efficiency value permitted is 50%.
Our definition of interaction is distances under 10 nm, as opposed to proximity ligation assay (PLA),
which detects distances of tens of nm and colocalisation assays, which range from 100 nm up to 20 mm

Figure 3.2, upper panel) (Soderberg et al., 2008, Giraldo et al., 2018).

To develop and validate iFRET for the measurement of immune checkpoint interactions, two antibodies
(Promega) were employed; J1201, an experimental antibody for blocking PD-1/PD-L1 interactions, and
ipilimumab, for blocking CTLA-4/CD-80 interactions. These antibodies were used to verify iFRET as
a technique for detecting the intercellular interaction of these ligand-receptor pairs. These antibodies

and cell lines were chosen as they were components from a commercially available validated assay.
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Figure 3.3: iFRET detects and quantifies PD-1/PD-L1 interaction between CHO K1 and Jurkat cells. A) FLIM images
consist of grayscale expression maps indicating PD-1 expression (donor, ATTO488) and PD-L1 expression (acceptor, Alexa594).
Pseudocolour lifetime maps indicate the lifetime of the donor alone and lifetime of the donor in the presence of the acceptor. A
lifetime decrease from 1.39 + 011 ns to 1.19 + 0.12 ns yields a FRET efficiency of 14.38% in untreated cells. B) When treated
with 25 pg/mL J1201 (experimental anti-PD1 blocking antibody), the donor lifetime decreased from 1.35+0.10 ns to 1.29 +£0.13
ns. This gives a FRET efficiency of 4.44%, indicating a significant reduction of PD-1/PD-L1 interaction. C) Box and whisker plot
compares FRET efficiency values in the absence and presence of experimental blocking antibody, J1201 (25 pg/mL). Each point
on the graph represents one region of interest, which may contain between five and 25 cells. Mean FRET efficiencies + SEM are
indicated. Mann—Whitney U analysis determined statistical differences between treated and untreated cells. **, P=0.004.
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Figure 3.3 illustrates the intercellular interaction of PD-1 and PD-L1, on Jurkat and CHO-K1 cells,
using iFRET. Cells were not permeabilised and therefore, the observable interaction was that of two
membrane-bound, extracellular proteins. The FLIM images provided in the following figures consist of
pseudocolour lifetime maps, which represent lower lifetimes (red) and higher lifetimes (blue). Also
provided are grayscale intensity maps, which indicate donor (PD-1 or CTLA-4) expression and acceptor
(PD-L1 or CD80) expression. In untreated cells, a lifetime decrease from 1.39+0.11 ns to 1.19+0.12 ns
was detected, resulting in a FRET efficiency of 14.38% (Figure 3.3, upper panel). FRET efficiency is
correlated to molecular distance; Table 3.3 indicates the range of receptor—ligand distances obtained for
the following results. In cells treated with 25 mg/mL of experimental blocking antibody, J1201, the
lifetime reduced from 1.3540.10 ns to 1.29+0.13 ns, yielding a FRET efficiency of 4.44% (Figure 3.3,
middle panel). iFRET signal was not observed when either of the primary staining antibody was
omitted. Moreover, when each cell type was analysed alone, no interaction state was detected. The
findings indicate that the decrease in donor lifetime reflected by the high FRET efficiency was due to
the specific interaction of PD-1 and PD-L1, which was attenuated in the presence of J1201. In both
cases, intensity maps confirm the presence of the donor, PD-1 and acceptor, PD-L1. In Figure 3.3, lower
panel, a box and whisker plot compares FRET efficiency values in the absence and presence of
experimental blocking antibody, J1201 (25 mg/mL). Each point on the graph represents one region of
interest, which may contain between five and 25 cells. Mean FRET efficiencies SEM (standard error of
the mean) are indicated. Mann—Whitney U analysis determined statistical differences between treated
and untreated cells (**, P=0.004). Table 3.3 indicates how the FRET efficiencies of each figure correlate

to a nanoscopic receptor-ligand interaction.

Table 3.3: FRET efficiency can be used to calculate receptor-ligand distance.

— FRET Efficiency (%) Receptor-Ligand Distance

(nm)

Figure 4C (1) 14.38 7.85
Figure 4C (i1) 4.44 9.78
Figure 4D (i) 26.02 6.94
Figure 4D (i1) 3.88 9.95
Figure 4F (1) 17.28 7.57
Figure 4G (i1) 3.50 >10
Figure 4G (iii) 26.20 6.93
Figure 4I (1) 27.64 6.80
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Figure 3.4: iFRET precisely determines CTLA-4/CD80 interaction between Raji and Jurkat cells. A) In untreated Raji and
Jurkat cells, the donor lifetime decreased from 1.96 £ 0.17 ns alone to 1.45 £ 0.11 ns in the presence of the acceptor. This gives a
FRET efficiency of 26.02%. B) When treated with 100 pg ipilimumab, donor lifetime decreased from 2.06 + 0.12 ns to
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between five and 25 cells. Mann—Whitney U analysis determined statistical differences between treated and untreated cells.
kkk P=327 x 107
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Intercellular CTLA-4 and CDS0 interactions, in Jurkat and Raji cells, were also assessed using iFRET
(Figure 3.4). Here, in the absence of the blocking antibody, ipilimumab, donor lifetime decreased from
1.96+0.17 ns to 1.45+0.11 ns in the presence of the acceptor. This resulted in a FRET efficiency of
26.02% (Figure 3.4, upper panel). When ipilimumab was added at 100 mg/mL, the donor lifetime
decreased from 2.06+ 0.12 ns to 1.98+0.09 ns, resulting in a FRET efficiency of 3.88% (Figure 3.4,
middle panel). Intensity maps confirm the expression of CTLA-4 (donor) and CD-80 (acceptor). Box
and whisker plot (Figure 3.4, lower panel) compares FRET efficiency values in the absence and
presence of 100 mg/mL ipilimumab. Each point on the graph represents one region of interest, which
may contain between five and 25 cells. Mann-Whitney U analysis determined statistical differences

between treated and untreated cells (***, P=3.27x107).

To benchmark the effectiveness of the iFRET assay in clinically relevant settings, we compared the
assay with a PLA, which in principle can also visualise PD-1 and PD-L1 within proximities of
approximately 40 nm. To achieve this comparison, iFRET and PLA were run on sequential ccRCC
tissue sections from the same tissue block. Prior to the investigation, samples were determined PD-L1

positive (>1%) or negative (<1%) using the Roche VENTANA PD-L1 (SP142) assay.

PLA allowed the qualitative visualization of PD-1 and PD-L1 within close proximity (Figure 3.5, upper
panel). The PD-L1—positive ccRCC sample labelled with anti-PD-1, anti-PD-L.1, and PLA / probes
produced measurable PLA signals, albeit comparatively weak signals. Furthermore, PLA signals were
observed across both experimental and control groups (normal renal tissue), possibly due to PLA only
determining close proximity (up to 40 nm) as opposed to direct interaction (<10 nm), limiting the

specificity of the assay (Debaize et al., 2017).

The box and whisker plots show the interaction states in the PD-L1—positive and PD-L1-negative
groups. In the PD-L1-negative group, PLA failed to detect an interaction, whereas iFRET detected two
areas of significant interaction (Figure 3.5 lower panel). These observations suggest that iFRET
provides greater sensitivity and specificity than PLA, allowing the identification of tumour-mediated

immune suppression in patients otherwise considered as PD-L1 negative.
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Figure 3.5:PLA detects proximity between PD-1 and PD-L1 but does not report on interaction. A) Visualisation of PD-1
and PD-L1 colocalisation in PD-L1 positive (a) and PD-L1 negative (b) fixed ccRCC samples using PLA. Samples were labelled
with primary antibodies against PD-1 and PD-L1 and secondary PLA probes. Negative controls were included whereby PD-L1
and PD-1 primary antibodies were replaced with non-specific rabbit IgG and mouse IgG antibodies, respectively. Rolling circle
amplification (RCA) products and nuclei were labelled with Cy3 and DAPI, respectively. 30 images were acquired for the PD-L1
positive section stained with both PD-1 and PD-L1 antibodies and 15 for each control. Five images were acquired for each PD-L1
negative condition. B) PD-1 and PD-L1 interaction status determined by iFRET in fixed ccRCC patient samples. Box and Whisker
plots represent the FRET efficiency values for PD-L1 positive and PD-L1 negative tissue samples. The mean values = SEM are
indicated, and the median is represented by the midline. It is seen that a number of patients who would be labelled PD-L1 negative
had high PD-1/PD-L1 interaction states. Conversely, 10 patients who were deemed PD-L1 positive elicited no PD-1/PD-L1
interaction state.
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3.4.2: PD-L1 Expression Does Not Correspond to Interaction Status of PD-1 and PD-L1 in
ccRCC

Following iFRET optimisation and benchmarking, we assessed the interaction of PD-1 and PD-L1 in
the subsequent FFPE ccRCC tissue sections from the above cohort of patients with as yet unknown
outcomes. The series included samples from 22 patients considered as PD-L1 negative (<1%) or
positive (>1%), as determined using the Roche VENTANA PD-L1 (SP142) assay and MSTS. Three
regions of interest per patient sample were analysed and the mean FRET efficiency for each patient was
calculated. Across these patients, mean FRET efficiencies varied from 0.17% to 14.1%, indicating
iFRET is able to quantitatively detect the heterogeneity of PD-1 and PD-L1 interaction states in patients.
Figure 3.6, upper panel, shows a sample with a donor lifetime decrease from 1.91+0.18 ns to
1.58+0.19 ns. This resulted in a FRET efficiency of 17.28%. Notably, PD-L1 expression, classified by
MSTS, did not correlate with the interaction status of PD-1 and PD-L1 as determined by iFRET (Figure
3.6, lower panel). Crucially, iFRET detected significant interaction states in 11 of the 12 PD-L1-—
negative patients, a functional state that was not detected by conventional IHC methods. Conversely,

one PD-L1-positive patient showed a minimal interaction state (Figure 3.6, lower panel).
3.4.3: PD-1/PD-L1 Interaction State is Indicative of Patient Outcome in Malignant Melanoma

After analysing PD-1/PD-L1 interaction in ccRCC tissue, the interaction status in 176 patients with
malignant melanoma with known outcomes was assessed. The cohort, which consisted of treated and
untreated patients, was predominantly male with a split of 102 males/71 females and a mean age of 66.1
years. Twenty-five percent of patients had stage I tumours, 43.5% had stage II tumours, 9.4% had stage
III tumours, and 22.1% had stage IV tumours. Tumour-infiltrating lymphocytes were absent in 39
patients, and 101 patients had focal infiltration with 30 patients experiencing extensive infiltration
(Table 3.1). Of the 176 patients, 148 were untreated, 14 received immunotherapies (nivolumab,
pembrolizumab, or ipilimumab), and 14 received non-immune therapies (radiotherapy, chemo- therapy,

or small-molecule inhibitors, e.g., vemurafenib, trametinib, and dabrafenib).

Figure 3.7, upper panel, shows the H&E staining of a primary cutaneous malignant melanoma. The tiles
on the left show the H&E staining of patient 390, a non-ulcerated tumour sample with no
tumour- infiltrating lymphocytes, this patient had a FRET efficiency of 3.50%. The upper tile shows a
5x magnification with the lack of ulceration circled, and subsequent 10x magnifications show the lack
of tumour-infiltrating lymphocytes. The tiles on the right show patient 131, with high tumour-infiltrating
lymphocytes. This patient had a FRET efficiency of 26.20%. The top tile here shows a 5x magnification

indicating the tumour-infiltrating lymphocytes (black circled area) and tumour ulceration (blue circle).
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Figure 3.6: iFRET detects heterogeneity of PD-1 and PD-L1 interaction in FFPE ccRCC. A) Intensity images and lifetime
maps (pseudocolour scale) of FFPE human ccRCC patient sample 16-15203. A decrease in donor lifetime from 1.91 + 0.18 ns
alone to 1.58 + 0.19 ns in the presence of the acceptor gives a FRET efficiency of 17.28%. B) Box and whisker plots show the
interaction state of each patient in either the PD-L1-negative or PD-1—positive group. Here, iFRET identified that 11 of the 12

PD-L1-negative patients had a significant interaction state. Conversely, one patient in the PD-L1—positive group exhibited no
interaction state.
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Figure 3.7: PD-L1 expression does not correlate with PD-1/PD-L1 interaction state in malignant melanoma. A) The H&E
staining of the sample of patient 390 with a FRET efficiency of 3.50% (left). A scanning view of the non-ulcerated (blue circle)
tumour at 5x magnification, with the subsequent images showing high power (magnification, 10x) images of the tumour,
highlighting a lack of tumour-infiltrating leukocytes (top). The H&E staining of patient 131 with a FRET efficiency of 26.20%
(right). A scanning view of the tumour with the tumour-infiltrating leukocytes shown (black marked area) and tumour ulceration
(blue circle; top). Tumour leukocyte infiltration (middle) and tumour ulceration (bottom) at a magnification of 10x. B) FLIM
images show a melanoma with a low PD-1/PD-L1 interaction state. Expression images, based on PD-1 or PD-L1 intensity, show
the presence of the receptor and ligand, however, the lifetime map shows no change in pseudocolour, indicating a lifetime change
from 1.95 + 0.16 ns to 1.88 = 0.15 ns and thus, no interaction state. C) FLIM images show a melanoma sample with a high
PD-1/PD-L1 interaction state. Again, the expression maps show the presence of PD-1 and PD-L1 as in (A), however, the change
in pseudocolour represents a change in lifetime from 2.22 + 0.19 ns to 1.64 £ 0.15 ns, indicating a high interaction state.




The subsequent middle and bottom panels show 10x magnifications of lymphocyte infiltration and
tumour ulceration, respectively. The middle panel of Figure 3.7 shows FLIM images from the sample
of patient 390, where intensity maps illustrate the expression of PD-1 and PD-L1. Here, the
pseudocolour scale runs from 3.5 ns (blue) to 0.5 ns (red). Despite a high expression of PD-L1 in this
patient’s sample, a low change in donor lifetime was observed; donor lifetime alone was 1.95+0.16 ns
and slightly decreased to 1.88+0.15 ns in the presence of the acceptor. The resulting FRET efficiency
was 3.50%. Conversely, Figure 3.7, lower panel, shows the sample of patient 131. As observed in the
sample of patient 390, patient 131’s sample demonstrated a prominent level of PD-L1 expression.
However, unlike patient 390, patient 131 displayed a high interaction state between ligand and receptor,
with the donor lifetime decreasing from 2.22+0.19 ns to 1.64+0.15 ns when in the presence of the
acceptor, with a resulting FRET efficiency of 26.20%. These results reinforce the hypothesis that PD-L1

expression does not correlate with PD-1/PD-L1 interaction.

The interaction state was assessed with respect to clinical PD-L1 expression scores for 159 of the 176
patients in this cohort (PD-L1 scores were not available for the remaining 17 patients). Figure 3.7, upper
panel, shows the lack of correlation between clinical PD-L1 expression scores and interaction state
determined by iFRET. Here, the clinical IHC images of patient 390 (bottom) and patient 131 (top) are
shown. As this was performed on a TMA, each patient had one FRET efficiency value, with each point
of the box and whisker plot representing one patient’s FRET efficiency. Of the 117 patients who were
stratified as being PD-L1 negative, 58 showed a PD-1/PD-L1 interaction state; a functional state not
detected by conventional IHC methods. Of the 42 patients who were in the PD-L1—positive group, 19

showed no interaction despite the presence of the ligand.

We then correlated PD-1/PD-L1 interaction state with patient survival. The cohorts were ranked in order
of their FRET efficiency values and sorted into the following categories: those with the lowest 80% of
FRET efficiencies and those with the highest 20%. In the middle panel of Figure 3.8, Kaplan—-Meier
survival analysis revealed that those with the lowest 80% of FRET efficiencies had a significantly worse
outcome than those with the highest 20% (log-rank Mantel-Cox, P=0.05). Cox regression for survival
analysis revealed PD-1/PD-L1 interaction was the only significant factor impacting overall survival
(P=0.019). We then sought to apply Kaplan—Meier analysis to correlate the clinical PD-L1 scores with
patient outcome. In Figure 3.8, lower panel, there is no significant difference in outcome between the
PD-L1" and PD-L1" patients (log-rank Mantel-Cox, P=0.87). This illustrates that iFRET is more

informative on patient outcome than conventional IHC approaches reporting ligand expression.
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Figure 3.8: PD-1/PD-L1 interaction state predicts patient outcome in malignant melanoma, where PD-L1 expression fails
to do so. A) PD-L1 was labelled and patients' clinical PD-L1 expressions were determined as PD-L1 negative or PD-L1 positive.
PD-L1 expression status was correlated with interaction state. Within the patients' assessed as PD-L1 negative, iIFRET determined
58 patients that showed an interaction state, with 59 patients in the PD-Ll-negative group showing no interaction state.
Conversely, in those patients clinically stratified as PD-L1 positive, iFRET determined that 19 of 42 patients showed no interaction
state. The IHC PD-L1 images of patients 390 and 131 with FRET efficiencies of 3.50% and 26.2%, respectively, are shown. B)
Kaplan—Meier survival analyses comparing patients with the highest 20% of FRET efficiencies and those with the lowest 80%
(n =176). Those with a lower PD-1/PD-L1 interaction state (lower FRET efficiency) had an improved overall survival compared
with those with a higher interaction state (log-rank Mantel-Cox, P= 0.05), underpinning the ability of iFRET to predict patient
outcome. Clinical PD-L1 scores defined patients as being PD-L1 positive or PD-L1 negative. Kaplan—Meier analysis detected no
significant difference in patient outcome when correlated with PD-L1 expression (log-rank Mantel-Cox, P=0.87), exhibiting that
PD-L1 expression levels fail to predict patient outcome.
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3.4.4: Lower PD-1/PD-L1 Interaction States Correlation with Worsened Overall and
Progression-Free Survival in Metastatic NSCLC

Next, in an outcome blinded study, we applied iFRET to samples from patients with metastatic NSCLC.
A statistical power calculation indicated that, to obtain results with at least 80% significance, a sample
number of >30 was required, hence we tested 60 FFPE samples, all from anti-PD-1 post-treatment
patients. Of these 60 patients, 40 had clinical follow-up and outcome and were used to create Kaplan—
Meier survival plots. The cohort comprised of 36 males and 24 females with an age range of 4486
years (median age, 63 years; Table 3.2). Performance status was defined, and 50 patients had a

performance status of <1 and 10 patients had a status of >1 (see Chapter 2).

Pathologist assessment highlighted regions of interest within each sample by identifying tumours and
regions of immune cell infiltration for each sample. To analyse the whole region of interest within a
patient sample, multiple subregions were analysed for PD-1/PD-L1 interaction state, resulting in a range
of FRET efficiencies for each patient. Figure 3.9, upper panel, shows FLIM images demonstrating that
as in other tumour settings (see above), PD-1 and PD-L1 expression levels do not correlate with
interaction state. The pseudocolour scale (ranging from 1.0 ns to 2.7 ns) illustrates a donor lifetime
decrease from 1.99+0.17 ns to 1.44+0.14 ns yielding a FRET efficiency of 27.64%. The lower panel of
Figure 3.9 is a box and whisker plot, where each plot represents one patient. Each plot represents all the
FRET efficiency values obtained for each patient, with the median value written above each plot. The
highest median FRET efficiency value was 29.90% and the lowest being 0.00%. The box and whisker
diagram demonstrates the ability of iFRET to quantify inter- and intra-patient heterogeneity of

PD-1/PD-L1 interactions in metastatic NSCLC Figure 3.9, lower panel).

The survival data of 40 patients were subsequently analysed and correlated to each patient’s FRET
efficiency, indicating their PD-1/PD- L1 interaction state. Patients were then ranked in order of their
median FRET efficiency and split into the following two groups: those with the highest 40% of median
FRET efficiencies and those with the lowest 60% of median FRET efficiencies. Kaplan-Meier survival
analysis demonstrated that for these anti-PD-1—treated patients, those with the lowest 60% median
FRET efficiency values, and therefore, a lower PD-1/PD-L1 interaction state, had a significant worsened
overall survival (P=0.05; Figure 3.10, upper panel). When analysing PD-L1 expression (indicated by
acceptor intensity), Kaplan-Meier analysis failed to determine a difference between those with a high
PD-L1 expression and those with a low PD-L1 expression (P=0.97; Figure 3.10, lower panel). This

again shows the shortcomings of using PD-L1 expression levels to determine patient outcome.
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Figure 3.9: iFRET quantifies PD-1/PD-L1 interaction state in metastatic NSCLC alongside inter and intra patient
heterogeneity. A) FLIM images show intensity and lifetime maps of a FFPE metastatic NSCLC sample. Intensity images show
PD-1 and PD-L1 expressions, respectively. The pseudocolour scale illustrates a donor lifetime decrease from 1.99 + 0.17 ns to
1.44 £ 0.14 ns, yielding a FRET efficiency of 27.64%. B) Box and whisker plots quantify the interaction states observed, with
each plot representing the interaction states detected within each patient sample. Values above each plot represent the median
FRET efficiency value for each patient sample. The highest median FRET efficiency value observed was 29.90% and the lowest
0.00%. iFRET not only quantifies interpatient heterogeneity but also intra-patient heterogeneity.
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Figure 3.10: Lower PD-1/PD-L1 interaction correlates to a significantly worsened patient survival in metastatic NSCLC.
A) Anti-PD-1 post-treatment patients were ranked by their mean FRET efficiency value and grouped into the following: the lowest
60% of median FRET efficiencies and the highest 40% of median FRET efficiencies. Those with the lowest 60% of median FRET
efficiencies had a significantly (P= 0.05) worsened overall survival. B) Patients were ranked by their PD-L1 expression (acceptor
intensity) and split into the lowest 60% of median acceptor intensities and the highest 40%. Kaplan—Meier survival analysis was
unable to detect a difference between the two groups (log-rank Mantel-Cox, P= 0.97).
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3.4.5: Discussion

This study has demonstrated the application of iFRET to detect intercellular receptor-ligand
interactions. The method combines a two-site, time-resolved FRET assay and signal amplification, with
a tissue preparation time identical to that of IHC approaches. The high throughput frequency domain
FRET/FLIM imaging platform allowed mapping and automated acquisition of data from both cell
cultures and arrayed tissue samples, thereby creating a straightforward procedure for non-specialised
personnel (see Chapter 2). The automatic detection of regions of interest within the acquisition process
significantly reduced operator bias. This assay measures receptor—ligand distances of 1-10 nm and
determines interaction as any distance that falls within this range. Currently, alternative assays have
utilised PD-1 and PD-L1 expression to determine receptor—ligand proximity. Tumeh and colleagues,
2014, have applied an assay that determines the presence of PD-1 and PD-L1 in close proximity to be
an interaction (Tumeh et al., 2014). However, the working distances of intensity colocalisation assays
are far greater (70 nm—20 mm) than that of iFRET. Moreover, when expression readouts were used in
the pathologies assessed here, PD-L1 expression did not correlate with interaction state or patient

outcome.

The iFRET methodology was exemplified for assessing the interaction status of two immune checkpoint
pairs, PD-1/PD-L1 and CTLA-4/CDS0, in single-cell assays and biopsy tissue samples from patients
with ccRCC, primary malignant melanoma, and metastatic NSCLC. The initial validation of the method
in single-cell coculture assays, where manipulation of receptor-ligand interactions can be specifically
suppressed, has provided the confidence to assess these complexes in patient biopsies. The additional
controls with respect to the use of secondary labelled reagents only, without the presence of primary

antibodies, adds further control to this two-site assay.

Comparison of iFRET with PLA provided evidence that the latter did not perform as well in these
settings in identifying interaction. By its very design, the iIFRET methodology elaborated here provides
both a measure of receptor-ligand interaction and the spatial resolution of this interaction. Importantly,
this is readily achieved in routinely fixed samples from patient biopsies, offering great promise in being
able to inform on the more detailed behaviour of these interactions and their distribution within
pathologic settings. This is well illustrated here with the observed heterogeneity seen not simply
between patient biopsies, but within individual biopsies reflected in the spread of FRET efficiencies
across regions of interest for individual patients. This heterogeneity may reflect differential patterns of
reprogramming of the tumour microenvironment playing out in modified immune suppressive ligand

presentation and/or variability in the degree of immune cell infiltration.

A lack of correlation between the extent of PD-1/PD-L1 interaction state and the expression levels of

these two proteins was evident in ccRCC, malignant melanoma, and metastatic NSCLC cohorts. In both
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melanoma and NSCLC, it was shown that PD-L1 expression levels were unable to predict patient
outcome. This questions current protocols that rely on IHC PD-L1 expression levels to predict patient
outcome and, thus, have implications for the use of simple expression levels to stratify patients for
treatment. Moreover, in patients with ccRCC, high interaction states were observed in patients who
would otherwise be labelled as PD-L1 negative. Blockade of interaction would be predicted to be
effective in contexts where elevated levels of interaction occur and is by inference responsible for the

immune privileged state of the tumour. Hence, interaction would a priori be a criterion for treatment.

To examine the potential impact of this approach further, a unique cohort of patients with metastatic
NSCLC was studied. The cohort of patients from which the FFPE samples were derived were all treated
with anti-PD-1 monotherapies and had full clinical follow-up and outcomes. Within this cohort, iIFRET
has shown the potential for a high versus low PD-1/PD-L1 interaction state to be utilised as a predictive
clinical biomarker posttreatment. Conceptually, it is surmised that a high degree of PD-1/PD-LI
interaction infers tumour selection in patients, indicating that the patient’s tumour may be reliant on
PD-1/PD-L1 interaction to facilitate immune evasion. It is precisely this group of patients that would

be expected to respond to immune checkpoint inhibition.

As these were post-treatment samples from responsive patients with metastatic NSCLC, it was
questioned why a high level of PD-1/PD-L1 interaction state might be observed. The
pharmacodynamics of immune checkpoint disruption as a measure of target interaction have not been
monitored to date. As such, it is not known whether blockade of checkpoint interaction needs to be
either sustained or complete. The working hypothesis derived from this dataset is that interaction is
likely incomplete and as such, a threshold level of T-lymphocyte complex disengagement is sufficient
to trigger the observed responses to intervention. It will be informative in a suitable setting to monitor

complex disengagement as a function of time following treatment.

Those patients with low interaction and therefore, worsened survival, may nevertheless benefit from
alternative immune therapies. These tumours may evade the immune system by dysregulating
CTLA-4/CDS80 or other inhibitory interactions. Furthermore, no tumour will discretely dysregulate one
pathway, in fact, a tumour may evolve to evade host immune response by modulating multiple pathways
simultaneously, indicating a patient group who would benefit from dual checkpoint inhibitor therapies

(Autio et al., 2020, Intlekofer and Thompson, 2013).

iFRET can be exploited to monitor other intercellular protein interactions and there are ongoing
developments designed to capture related immune modulatory interactions pertinent to cancer and
emerging cancer treatments. This provides the potential for iFRET to become a useful predictive tool
informing on the nature of the tumour immune-privileged state. While single-region analysis has here

provided insight into treatment responses, multiregional analysis may provide a more comprehensive
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view. Furthermore, as a principle, it is clear that this approach has capabilities beyond immune—tumour
cell interactions and the broader uptake of the approach promises to be informative in many research

(e.g., axon guidance) and clinical (e.g., angiopathies) settings.

The exemplification of iFRET in tumour settings opens up exciting and powerful new opportunities to
move beyond the cataloguing of cell phenotypes in-situ and add functional attributes to our patient data
inventory, impacting clinical decisions. This is a routine parameter for small-molecule inhibitors
targeted at driver mutations, and we suggest it should become a routine for these more complex

biotherapeutic interventions.
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Chapter 4: The Quantification of PD-1/PD-L1 and CTLA-4/CD80
Interactions in Radiofrequency-Ablated Lung Metastases: Determined
by Time-Resolved immune-FRET

4.1: Preface

The results presented in Section 4.3.5 contain preliminary work carried out by Professor Franck Pages,
Hopital Européen Georges-Pompidou (Hopitaux Universitaires Paris-Ouest). Subsequent tissue
sections from the biopsies of iIFRET (immune-Forster resonance energy transfer) analysed patients were
sent to Professor Pages to stain and analyse for CD3 (T-lymphocyte) and CDS8 (cytotoxic T-lymphocyte)
infiltration. In Section 4.3.5, these immune infiltration results were correlated with immune checkpoint

interaction.
4.2: Introduction

Cancer remains the second largest cause of death in the USA, behind cardiovascular disease. However,
metastasis remains the highest cause of cancer deaths (Fares et al., 2020). As an example, one-third of
renal-cell carcinoma (RCC) patients will present with metastases at the time of diagnosis, with 60% of
total RCC patients eventually developing metastases (Lam et al., 2005). The American Cancer Society
lists the lungs as frequent locations of metastases from breast, colon, rectal, head and neck, kidney,
testicular and uterine cancers as well as lymphomas. Moreover, lung parenchyma is the second most
frequent site of metastases after the liver (Zhu et al., 2008, Hess et al., 2011). Treatments for lung
metastases include chemotherapy, radiotherapy and immunotherapies, however surgery is the most
effective treatment for patients with isolated pulmonary metastases (Hoffmann et al., 2004). Surgery is
often only used if a small number of metastases are present and metastases are confined to the lung
(Rama et al., 2009). Therefore, patients with a high number of bilateral tumours, or more advanced
metastatic diseases are confined to systemic treatments which can experience drawbacks such as
primary or acquired resistance, non-specificity and adverse effects. An advancement of specific
therapies to directly target lung cancer metastases will thus increase cancer survival rates by better

targeting the leading cause of cancer deaths.

Whilst surgery is an effective treatment of lung metastases, it is an invasive procedure, with inherent
associated risks. Two-thirds of patients who are technically eligible for resection make poor surgical
candidates due to the presence of comorbidities (Zhu et al., 2008). Furthermore, pulmonary resection
results in the removal of otherwise healthy functioning lung tissue alongside any neoplasia. For the
treatment of unresectable primary and metastatic lung cancer, the use of radiofrequency ablation (RFA)

as a minimally invasive technique has increased and was first performed in lung in humans in 2000 (de
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Baére et al., 2015). Compared to surgery, RFA has the advantage of sparing healthy lung tissue and
consequently has minimal impact on lung function. Moreover, RFA leads to reduced morbidity,
mortality and hospitalisation costs compared to open surgery (Zhu et al., 2008). The RFA procedure
requires the patient to be laid in the prone or supine position to allow the clinician to obtain the shortest
path to the tumour (de Baere et al., 2006). A multi-tined expandable electrode is introduced through the
skin and into the tumour site, guided by computer tomography (CT). The multi-tined electrode is
expanded, surrounding the tumour, and obtaining at least a Smm margin around the tumour (Figure
4.1). A high-frequency (450-550KHz) radiofrequency current is delivered through the electrode and
incrementally increased until a major increase in impedance occurs (de Baere et al., 2006). The
application of a high-frequency current to the tumour results in localised cellular ionic agitation which
results in coagulative necrosis (Zhu et al., 2008). Compared to other tissue types, the lung favours
RFA-treatment, with suitable heat-insulation and low electric conductivity allowing for a large ablation
per unit of energy applied (de Bacre et al., 2015). The procedure results in improved patient outcomes
and has success rates comparable to resection without the reduction of lung function (Palussiere et al.,
2011). However, in very rare instances, it has been documented that the treatment of one or more
tumours by RFA has resulted in a reduction of tumour size in untreated tumours. This phenomenon is
known as an abscopal effect. Two case studies have been reported by Rao et al., 2011 depicting this. In
the first case study, an RCC patient developed bilateral lung metastases. After conventional treatment
failed to control the metastatic disease, two RFA procedures were scheduled, the first on the right lung,
and the second on the left lung, four weeks later (Rao et al., 2011). The largest nodule (26mm) in the
right lung was targeted by RFA, although subsequent nodules in the right lung were not treated due to
the development of a large pneumothorax. The remaining nodules in the right lung were scheduled to
be treated four weeks later. When the patient returned for this treatment, a reduction of ground glass
opacity was observed around the largest nodule (which had been treated). Surprisingly, the regression
of another nodule was observed, which had reduced from 11mm to 9mm. Two other nodules had
reduced from 11mm to 10mm and 17mm to 9mm, respectively. One tumour had completely disappeared

within the four-week window between treatments (Rao et al., 2011).

The abscopal effect, derived from “ab,” away from, and “scopus” target, involves a massive antigen
release from ablated tumours which polarises an immune response against remaining untreated tumours.
This was first observed in 1928 when a nephrectomy procedure resulted in the complete regression of
pulmonary metastases (Bumpus, 1928). These antigens, known as Tumour Associated Antigens
(TAAs), are taken up by antigen presenting cells such as dendritic cells, and are then presented to CD4"
and CDS8" effector T-lymphocytes which can polarise an attack against the tumour (Ngwa et al., 2018,
Widenmeyer et al., 2011). Heat Shock Proteins (HSPs) have been shown to be a major class of tumour

debris that is released upon thermal ablation of tumours. A study by Schueller et al., 2004 identified
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Figure 4.1: Overview of radiofrequency ablation of lung metastases. Radiofrequency ablation (RFA) is able to provide
localised treatment to patients with bilateral lung metastases. Firstly (1) all lung metastases in lung number one are treated. The
treatment consists of applying a high frequency radiofrequency current to the tumour via a multi-tined electrode. This results in
ion fractioning, tissue heating and subsequently coagulative necrosis. This also results in a release of antigen from the tumour.
After an interval of one month, the tumours on lung two are treated in the same manner. In rare instances, a reduction in the
tumours of lung two has been observed after the treatment of lung one. This is known as an abscopal effect and is thought to be,
in part, mediated by the adaptive immune system.
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significant increases in HSP70 and HSP90 (HSPs with molecular weights of 70kDa and 90kDa
respectively) after ablation of a patient with hepatocellular carcinoma. Immunohistochemistry (IHC)
staining revealed RFA induced an increase of HSP70 expression in the cytoplasm and cell surface from
10% to 80%. HSP90 levels increased from 60% pre-ablation to 80% post-ablation (Schueller et al.,
2004). Whilst it is known that a large volume of tumour debris is released upon RFA treatment, less is

known about changes in immune-cell infiltrates around the metastases to be treated.

Loftler et al., 2019 showed that in a group of patients who received RFA treatment for liver metastases,
no drastic change in immune cell infiltrate was detected in distant metastasis (Loffler et al., 2019).
However, this may be dependent on the natural immune environment of a tumour microenvironment.
Lung metastases are shown to have higher immunophenotype score than brain, bone, or liver
metastases. Moreover, lung metastases have higher scores for antigen presentation and effector cells,
alongside lower scores for suppressor cells (Garcia-Mulero et al., 2020). This contrasts with liver
metastases which exist in a less immunogenic environment. Crucially, the study also highlighted that
lung metastases have a higher infiltration of myeloid dendritic cells, which could prove key in antigen

presentation of ablated materials to the immune system.

A study by den Brok et al., 2006, identified the prominence of dendritic cells as antigen presenting cells
in the abscopal effect mechanism. Firstly, the authors sought to confirm the presence of an abscopal
effect in mouse models. B16-OVA tumour-bearing mice exhibited low level protection and a delay in
tumour outgrowth when re-challenged with B16-OVA cells after RFA treatment of the initial tumour.
This was not exhibited in naive mice, nor when B16-OV A mice were re-challenged with an unrelated
cell line (EL4 thymoma cells) (den Brok et al., 2006). The mechanisms of the abscopal effect are not
fully understood or consistently observed between patients and are often weak and partial. A study by
Widenmeyer et al., 2011 indicated that out of 49 RFA-treated patients, only 4 had antibody or
TAA-reactive CD8" T-lymphocytes, highlighting the weak effect of RFA on the adaptive immune
system. Literature suggests that treatment of tumours with RFA combined with immune checkpoint
blockade could enhance abscopal effects. Critically, in the study carried out by de Brok et al., 2006, the
authors observed that the blockade of the immune checkpoint receptor, cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), in conjunction with RFA treatment enhanced the
survival of B16-OVA mice when re-challenged with B16-OVA cells compared to mice given an IgG
control. CTLA-4 blockade had no effect on primary tumours or re-challenges when administered alone.
Additionally, analysis of T-lymphocytes of these mice treated with both RFA and anti-CTLA-4 revealed
increased T-lymphocyte activation as measured by IFNy (interferon gamma) production (den Brok et

al., 2006).
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Figure 4.2: The three mechanisms by which CTLA-4 exerts its immunosuppressive functions. Top panel: CTLA-4 has a
higher affinity for the ligand CD80/86 than the co-stimulatory CD28 receptor. Therefore CTLA-4 can outcompete CD28 and
result in a negative immune response. Middle panel: Studies have shown that the cytoplasmic tail of CTLA-4 recruits the
phosphatase SHP-2, which dephosphorylates kinases proximal to the TCR, thus reducing T-lymphocyte activation (Marengere et
al., 1996). Bottom panel: CTLA-4 is usually internalised within 5 minutes of T-lymphocyte surface expression. It can strip the
ligand CD80/86 upon internalisation from the antigen presenting cell, meaning it cannot ligate to the co-stimulatory CD28 receptor
(Qureshi et al., 2011)
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The CTLA-4 pathway provides host protection against autoimmune diseases by downregulating
adaptive immune system activation. CTLA-4 (structure detailed in Chapter 1, Section 1.4.1) is a
homolog of the co-stimulatory molecule cluster of differentiation 28 (CD28). CTLA-4 and CD28 share
the same ligands CD80 and CD86 (also known as B7.1 and B7.2, detailed in Section 1.3), however
CTLA-4 has an increased binding affinity compared to CD28 (Buchbinder and Desai, 2016, Parry et
al., 2005). The mechanisms by which CTLA-4 exerts an immunosuppressive effect on T-lymphocytes

is detailed in Section 1.4.1 and outlined diagrammatically in Figure 4.2.

The aims of this chapter were to track the changes in CTLA-4/CD80 and PD-1/PD-L1 (programmed
death receptor 1/programmed death ligand 1) interaction states between RFA treatments administered
to patients. The rationale to probe CTLA-4/CDS80 interactions (as opposed to CTLA-4/CD86) are
two-fold. From a technical perspective, a wider range of species-specific (anti-rabbit) monoclonal
antibodies were available for CD80 compared to CD86. This resulted in CTLA-4/CD80 interactions
being validated in cells first (Chapter 3) as opposed to CTLA-4/CD86. From a biochemical perspective,
literature suggests that the increased bias of CD80 towards CTLA-4 impairs its function as a ligand for
CD28 (Halliday et al., 2020). We therefore inferred that CTLA-4/CD80 interactions were an appropriate
starting point with a view to probe CTLA-4/CD86 interactions in the future (discussed in Chapter 6).

The iIFRET (immune-Forster resonance energy transfer) assay was utilised and is described in detail in
Chapter 2 and outlined schematically in Figure 4.3. As discussed above, an abscopal effect may be seen
when treating patients with RFA. However, in currently treated patient cohorts, instances of this
phenomenon when treating lung metastases are rare. The first procedure performed on a patient used
RFA to ablate all the metastases in the first lung. The patient was sent home to recover for one month
before returning to have the RFA procedure carried out on the contralateral lung. In previous RFA
studies carried out at Gustave Roussy hospital, Paris, France, in some patients a partial decrease of
tumour size was observed in lung two, after the treatment of lung one as described in the case notes by
Rao et al., 2011. This indicated that a weak abscopal effect may be taking place in these patients and
gave rationale to study the role and evolution of immune checkpoint interactions in RFA-treated

patients. However, it must be reiterated that this phenomenon is rare.
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Figure 4.3: iFRET labelling schematic. iFRET utilises a two-site assay which determines the interactive states of the
immune checkpoint ligands and receptors. Both the receptor and ligand are labelled with a primary antibody
(anti-mouse and anti-rabbit respectively). The anti-mouse primary antibody (detecting CTLA-4 or PD-1) is then
labelled with a F(ab’), fragment conjugated to ATTOA488,the donor chromophore. The anti-rabbit antibody
(detecting CD80 or PD-L1)is then labelled with a F(ab’), fragment conjugated to horseradish peroxidase (HRP).
Using tyramide signal amplification, the HRP labels the sample with Alexa594 which acts as the acceptor
chromophore. FRET can only occur at distances of 1-10nm; the use of secondary F(ab’), fragments allows the critical FRET
distance of 10nm to be maintained. In the schematic shown here, the ligand and receptor are interacting.



4.3: Results

The aforementioned aims of this chapter were to elucidate the evolution in immune checkpoint
interactions (CTLA-4/CD80 and PD-1/PD-L1) before RFA-treatment and after RFA-treatment in lung
one. The ethical committee and study design, therefore, approved the sectioning of four consecutive
tissue slices of a tumour on lung one, prior to RFA treatment. Next, four consecutive sections were
taken from a tumour in lung two, after the treatment of lung one, and before the treatment of lung two.
Sixteen patients were included in this study. Thirteen of these patients had a biopsy pre- and post-RFA
treatment of lung one. The remaining three patients only had a biopsy taken pre-RFA treatment of lung
one This resulted in a total of twenty-nine tissue samples being analysed for both CTLA-4/CD80 and
PD-1/PD-L1 analysis. In all results discussed blow, RF1 indicates the biopsy pre-RFA treatment of lung
one, and RF2 indicates the biopsy of the second lung post-RFA treatment of lung one.

The foundation for this set up was to observe whether a change in interaction state between RFA
treatments could identify an evolution of immune-tumour interactions. We also sought to identify
whether this could also distinguish patients who would benefit from immune checkpoint inhibition to
boost their abscopal effect. However, a shortcoming of this study design was that the observed
differences may arise purely from intertumoral heterogeneity, which is that the tumour
microenvironment may differ from the tumours in contralateral lungs. Moreover, it was confirmed by

Dr Jean Palussicre that no abscopal effect was observed in this patient cohort.

Therefore, the aims of the chapter were modified to correlate PD-1/PD-L1 and CTLA-4/CD80
interactions with T-lymphocyte infiltration and to identify patients who may benefit from immune
checkpoint inhibition alongside RFA treatment. Despite a lack of clinical level abscopal effect, results
were still categorised as pre- and post-RFA treatment for two reasons. Firstly, whilst a clinical abscopal
effect was not witnessed, it cannot be ruled out that a change in immune infiltration and activation has
taken place. Secondly, the issue of intratumoral heterogeneity may result in the masking of small

checkpoint engagement changes if data of pre- and post-treated samples were mixed.

117



4.3.1: CTLA-4/CD80 antibody concentration optimisation in tissue microarray

The CTLA-4/CDS8O0 labelling antibodies used (Table 2.1, Chapter 2) were validated with our iFRET
assay in Chapter 3 (Figure 3.4). In this validation, the labelling antibodies were used to measure
CTLA-4/CDS80 interaction in a cell co-culture assay. However, these antibodies had not been validated
for use in tissue samples. Prior to their use to quantify CTLA-4/CDS8O0 interactions in RFA-treated lung
tissue, the concentrations used in the cell assay was verified in tissue. A commercial tumour microarray
(TMA) was purchased which contained duplicated cases of common lung cancer types. In total, the
TMA contained 150 cores. Two slides were used, one donor-only and one donor-acceptor. The antibody
dilutions used were the same as those used in the cell co-culture assay of Chapter 4 (1:100 for both

antibodies).

Figure 4.4 highlights the range of FRET efficiencies observed when using the CTLA-4/CD80 antibody
pair in these TMAs. Within a box and whisker plot, the box and whiskers represent the 25-75% and
1-99% range of the data, respectively. Each dot represents the average lifetime of all pixels analysed
within a given tumour core. A range of FRET efficiencies were observed across the tumour types, which
were classified as either non-small cell lung carcinoma (NSCLC) or small-cell lung carcinoma (SCLC).
The median FRET efficiency values obtained were 30.62% and 29.19% for the NSCLC and SCLC,
respectively. Table 4.1 demonstrates how FRET efficiency correlates with receptor-ligand distances.
The highest FRET efficiency observed in the NSCLC and SCLC groups were 42.79% and 36.23%
respectively. In both box and whisker plots, a population of high FRET efficiencies are detected; these
are values in the upper quartile of the plot. The detection of this upper quartile of data points gave rise
to the rationale of correlating the upper quartile of interaction states with immune cell infiltration in
Section 5.3.5. No significant differences in CTLA-4/CDS80 interaction states were observed between

the two groups.
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Figure 4.4: iFRET detects CTLA-4/CD80 interaction in FFPE sections for the first time. As the CTLA-4/CD80 antibody
dilutions, utilised in the cell co-culture assay in Chapter 3, had not been validated in tissue before, a commercial TMA containing
a mix of lung carcinoma samples was used to validate antibody dilutions. The antibody dilutions used were 1:100 for both
antibodies. The box and whisker plot has categorised the carcinomas as non-small cell lung carcinoma or small-cell lung
carcinoma. Elevated FRET efficiencies were observed across both groups, indicating a CTLA-4/CD80 binding in the analysed
samples. The median FRET efficiencies observed were 30.62% and 29.19% for NSCLC and SCLC groups, respectively. A
population of high interaction states are observed in the upper quartile of both groups, which may prove to be predictive values if
correlated with patient outcome.
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Figure 4.5: iFRET quantifies high and low CTLA-4/CD80 interaction states in lung metastases, detecting
inter and intratumoral heterogeneity. Representative FLIM images demonstrating high and low CTLA-4/CD80
interaction states. Top Panel: Greyscale images indicate CTLA-4 or CDS80 expression in donor-only or
donor-acceptor tissue slices for one patient. No difference is observed between CTLA-4 expression between the
donor-only and donor-acceptor slides. The lifetime map indicates the mean lifetime per pixel of an image. The
donor-only lifetime (2.27+0.24 ns) is represented by blue/green in the pseudocolour scale. In the donor-acceptor
slide, the lifetime of the donor is reduced to 1.53+0.32 ns, yielding a FRET efficiency of 32.77%. This is indicative
of a high CTLA-4/CD80 interaction state. Bottom Panel: Here, a good expression of CTLA-4 and CDS80 is
observed and no significant differences in expression profiles are seen between the top and bottom panels. The
donor-only lifetime is 2.32+0.29 ns which is not significantly reduced to 2.28+0.27 ns in the presence of the
acceptor, hence a low FRET efficiency of 1.55%. This indicates that CTLA-4/CD80 are undergoing little to no
interaction in this sample, despite the presence of both receptor and ligand. In both examples, high tissue level
coincidence is observed between the donor-only and donor-acceptor slices, meaning that donor lifetime changes

are due to the presence of the acceptor chromophore and are not reporting on intratumoral heterogeneity.
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Whilst our semi-automated fluorescence lifetime imaging microscopy (FLIM) platform acquired 150
cores per slide, only those with high coincidence between the donor and donor-acceptor, and an
appropriate phase lifetime standard deviation, were analysed further and plotted in the box and whisker
plot. The two-site coincidence nature of our assay requires a suitable spatial coincidence between the
donor and donor-acceptor slide to correctly analyse the spatio-temporal change in donor lifetime in the
presence of the acceptor. The signal observed, combined with the range of positive FRET efficiencies
indicate that the chosen antibody dilutions, previously used in cells in Chapter 3, were suitable for use
in tissue. Therefore, subsequent experiments using pre- and post-RFA treated lung biopsies were

analysed with these antibody dilutions.

4.3.2: Quantification of CTLA-4/CD80 and PD-1/PD-L1 interactions in pre-RFA treatment
lung metastases

As stated above, the manner in which biopsies of lung metastases were taken did not allow for the
tracking of immune checkpoint interactions between RFA treatment cycles. However, as a cellular level
abscopal effect may have occurred, albeit not at a clinical level, a decision was made to keep pre-RFA

treatment, and post-RFA treatment data separated.

We first determined the interaction state of CTLA-4/CD8O0 in sixteen lung metastases from lung number
one, before the RFA procedure was carried out. One sample (17 RF1) showed a consistently poor
signal-to-noise ratio of less than four so was not further analysed for CTLA-4/CD80 interaction or

CD8O0 expression.

Figure 4.5 shows representative FLIM images for patient 10 RF1. The top panel indicates a region of
interest with a high CTLA-4/CD80 interaction state. The greyscale images represent CTLA-4 and CD80
expression and the lifetime maps indicate the average donor lifetime of each pixel. The pseudocolour
scale runs from 0.00 ns (red) to 3.5 ns (blue). In this example, the lifetime of the donor alone is
2.27+0.24 ns, which was reduced to 1.53+0.32 ns in the presence of the acceptor. This yields a FRET
efficiency of 32.77%. In the bottom panel, the donor-only lifetime was 2.32+0.29 ns which was reduced
to 2.28+0.27 ns in the presence of the acceptor. This yields a FRET efficiency of 1.55% and indicates
an insignificant interaction state (>10nm). Critically, in both examples, good coincidence was seen
between the donor-only and donor-acceptor slides. In both instances, no significant difference was
observed in either CTLA-4 or CD80 expression, whereas the interaction state is significantly different

in both cases.
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All CTLA-4/CD80 interactions quantified from metastases in lung one, prior to RFA treatment, were
plotted on a box and whisker plot (Figure 4.6, top panel). The highest interaction state observed was
32.77% in patient 10. The lowest median FRET efficiency, 0.00%, was observed in patients 06 and 09.

The highest median interaction state of 22.01% was detected in patient 10.

PD-1/PD-L1 interaction was determined in the same sixteen lung metastases from lung one before the
RFA procedure was performed. Figure 4.8 shows representative FLIM images for high and low FRET
efficiencies within patient 01. The grayscale images represent PD-1 or PD-L1 expression and the
lifetime map shows the donor lifetime, per pixel, of the sample with a pseudocolour scale. In the

pseudocolour scale, blue represents a high lifetime (2.5 ns) and red represents a low lifetime (0.0 ns).

Table 4.1: FRET efficiency correlates with receptor-ligand distance.

FRET Efficiency (%) Receptor-Ligand Distance
(nm)
Highest FRET Efficiency: 39.05 6.28
Upper Quartile FRET Efficiency: 12.39 8.08
Median FRET Efficiency: 5.75 9.29
Lower Quartile FRET Efficiency: 0.00 >10nm
Lowest FRET Efficiency: 0.00 >10nm
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Figure 4.6: iFRET detects intra and intertumoral heterogeneity in both CTLA-4/CD80 and PD-1/PD-L1 interactions in
metastases from lung one (pre-RFA). Box and whisker plots show the statistical distribution of all interaction states recorded
for CTLA-4/CDS8O0 (top panel) and PD-1/PD-L1 (bottom panel) in metastases taken from lung one, before RFA was carried out.
Boxes represent the 25-75% of the data range and whiskers the 1-99%. Each point represents one region of interest for an analysed
patient sample. Note, no data was analysed for CTLA-4/CD80 interactions in patient 17 due to a poor signal-to-noise ratio.
Interaction states are generally higher in CTLA-4/CD80 than PD-1/PD-L1 with two patients having no PD-1/PD-L1 interaction
across the sample. Some patients have differential interaction profiles for the two pathways. Patient 5 has a low CTLA-4/CD80
interaction and high PD-1/PD-L1 interaction. A contrasting trend is seen in patient 20 who has a significantly higher
CTLA-4/CD8O0 interaction state than PD-1/PD-L1. Some patients, such as patient 13 showed no significant differences between
CTLA-4/CD80 and PD-1/PD-L1 interaction states.
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Figure 4.7: iFRET detects intra and intertumoral heterogeneity in both CTLA-4/CD80 and PD-1/PD-L1 interactions in
metastases from lung two (post-RFA). Box and whisker plots show the statistical distribution of all interaction states recorded
for CTLA-4/CD80 (top panel) and PD-1/PD-L1(bottom panel) in metastases taken from lung two, after RFA was carried out in
lung one. Boxes represent the 25-75% of the data range and whiskers the 1-99%. Each point represents one region of interest for
an analysed patient sample. Interaction states are generally higher in CTLA-4/CD80 than PD-1/PD-L1. Some patients have
differential interaction profiles for the two pathways. Patient 03 has low CTLA-4/CD80 interaction state and regions of high
PD-1/PD-L1 interaction. A contrasting trend is seen in patient 01 who has a significantly higher CTLA-4/CD80 interaction state
than PD-1/PD-L1. Some patients, such as patient 06 showed no significant differences between CTLA-4/CD80 and PD-1/PD-L1
interaction states.



In a pre-RFA treatment sample of patient 01, a good donor (PD-1) intensity was seen on both the donor
and donor-acceptor slide, with a strong acceptor (PD-L1) expression also seen on the acceptor slide.
The donor-only lifetime was 1.61+0.26 ns which was reduced to 1.21+0.31 ns in the presence of the
acceptor. This resulted in a FRET efficiency of 24.84%. In a post-RFA treatment sample of patient 01,
no PD-1/PD-L1 interaction was observed. Again, a strong PD-1 and PD-L1 expression profile was
observed across the sample, however in this instance the donor-only lifetime (1.77+0.19 ns) fails to
decrease in the presence of the acceptor, yielding a FRET efficiency of 0.00% (Figure 4.8). Critically,
in both FLIM images, tissue coincidence was seen between the donor and donor-acceptor slides. Thus,
the resulting lifetime changes are due to changes of the donor lifetime due to the presence of the acceptor

chromophore and not due to tissue environmental changes such as polarity and pH.

All PD-1/PD-L1 interaction states were plotted in a box and whisker plot (Figure 4.6, bottom panel).
The highest FRET efficiency observed, 31.25%, was in patient 05. The highest median FRET efficiency
observed, also in patient 05, was 26.00%. A large degree of intra- and intertumoral heterogeneity was
observed across the samples. When comparing the CTLA-4/CD80 and PD-1/PD-L1 interactions, the
CTLA-4/CD80 and PD-1/PD-L1 interactions are similar, although more patients have a net zero FRET
efficiency in the PD1/PD-L1 group (Figure 4.6). When comparing patients, some changes between the
two pathways were detected. Patient 05 has a lower CTLA-4/CD80 interaction state (median FRET
efficiency 2.62%) than PD-1/PD-L1 interaction state (median FRET efficiency 26.00%). A contrasting
trend is observed with patient 20, with CTLA-4/CD80 interactions being higher (median FRET
efficiency 9.28%) than PD-1/PD-L1 interaction (median FRET efficiency 0.00%). Some patients, such
as patient 13, showed no significant difference in checkpoint interaction state between CTLA-4/CD80

(median FRET efficiency 8.00%) and PD-1/PD-L1 (median FRET efficiency 4.98%).

4.3.3: Quantification of CTLA-4/CD80 and PD-1/PD-L1 interactions in post-RFA treatment
lung metastases

Following the quantification of CTLA-4/CD80 and PD-1/PD-L1 interaction states in the metastases of
lung one, pre-RFA treatment, we analysed the immune checkpoint interaction states in biopsies from
lung two, post-RFA treatment of lung one. Of the sixteen patients analysed above, thirteen had biopsies

taken from lung two, post-RFA treatment of lung one.

Figure 4.7 is a box and whisker plot analysing the CTLA-4/CD80 and PD-1/PD-L1 interaction states
observed in the thirteen patients. Here, PD-1/PD-L1 interactions are lower than CTLA-4/CD80
interactions with one PD-1/PD-L1 patient having a net zero FRET efficiency. The highest
CTLA-4/CDS80 interaction state observed was 39.05% in patient 17. The highest PD-1/PD-LI
interaction observed, also in patient 17, was 29.66%. The highest median FRET efficiency observed in

the CTLA-4/CD80 group was 23.66% in patient 17.
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Figure 4.8: iFRET quantifies high and low PD-1/PD-L1 interaction states in lung metastases, detecting inter and
intratumoral heterogeneity. Representative FLIM images demonstrating high and low PD-1/PD-L linteraction states.
Top Panel: Greyscale images indicate PD-1 or PD-L1 expression in donor-only or donor-acceptor tissue slices for one
patient. No difference is observed between PD-1 expression and the donor-only and donor-acceptor slides. The lifetime
map indicates the mean lifetime per pixel of an image. The donor-only lifetime (1.61ns+0.26 ns) is represented by
blue/green in the pseudocolour scale. In the donor-acceptor slide, the lifetime of the donor is reduced to 1.21+0.31 ns,
yielding a FRET efficiency of 24.84%. This is indicative of a high PD-1/PD-L1 interaction state. Bottom Panel: An
elevated expression of PD-1 and PD-L1 is observed and no significant differences in expression profiles are seen
between the top and bottom panels. However, the donor-only lifetime here is 1.77+0.19 ns which fails to reduce in the
presence of the acceptor, giving a FRET efficiency of 0.00%. This indicates that PD-1/PD-L1 are not interacting in
this sample, despite the presence of both receptor and ligand. In both examples, high tissue level coincidence is
observed between the donor-only and donor-acceptor slices, meaning that donor lifetime changes are due to the
presence of the acceptor chromophore and are not reporting on intratumoral heterogeneity.
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The highest median FRET efficiency observed in the PD-1/PD-L1 group was 12.28% (8.09nm) in
patient 06. Direct patient comparisons revealed that patient 01 had a higher CTLA-4/CD80 interaction
state (median FRET efficiency 4.41%) than PD-1/PD-L1 interaction state (median FRET efficiency
0.00%) (Figure 4.7). Patient 03 showed the opposite trend with a lower CTLA-4/CD80 interaction state
(median FRET efficiency 0.00%) than PD-1/PD-L1 interaction state (median FRET efficiency 0.00%).
Whilst the median values for patient 03 were both 0.00%, the box and whisker plots shows higher
PD-1/PD-L1 interactions than CTLA-4/CDS80 interactions. This again gave rise to the potential utility
of using the upper quartile of interaction states are a correlative value in subsequent results. Patient 06
showed no significant difference between checkpoint interaction states with a similar CTLA-4/CD80
(median FRET efficiency 10.13%) and PD-1/PD-L1 (median FRET efficiency 12.23%) interaction

states.

4.3.4: Immune Checkpoint Ligand Expression Does Not Correlate with Immune Checkpoint
Engagement

Current attempts to utilise immune checkpoints as predictive biomarkers have relied on ligand
expression as assessed by IHC. The results of Chapter 3 identified that PD-L1 expression is not
predictive of patient outcome whereas PD-1/PD-L1 interaction state was predictive in malignant
melanoma and NSCLC. Whilst no patient outcome was available for these patients (all are alive as this
is a prospective study) we aimed to identify if there was a correlation between ligand expression and
checkpoint interaction. The first correlations assessed checkpoint interaction versus ligand expression

in biopsies from lung one, prior to the RFA-treatment of lung one.

The scatter plots shown in Figure 4.9A, correlated CTLA-4/CD80 interaction and CD80 expression.
The x axis measures checkpoint interaction (FRET efficiency) and the y axis measures acceptor
chromophore intensity (arbitrary units) as a surrogate of CD80 expression. An rs value of 0.134,
P=0.632, indicates no significant correlation between CD80 expression and CTLA-4/CD80 interaction
state. Figure 4.9B shows the correlation between PD-1/PD-L1 interaction state, as measured by FRET
efficiency, and PD-L1 expression, as measured by acceptor chromophore intensity. An s value of -
0.211, P=0.428, again indicates a lack of corelation between PD-1/PD-L1 interaction state and PD-L1

expression.
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Figure 4.9: Checkpoint interaction does not correlate with ligand expression in RFA-treated metastases. A) Scatter plots
sought to identify a correlation between CTLA-4/CD80 interaction and CD80 expression in biopsies taken from lung one, before
RFA treatment. The x axis plots the median CTLA-4/CD80 FRET efficiency seen per patient and the y axis plots the median
acceptor chromophore intensity observed per patient. Acceptor chromophore intensity is used as a surrogate for CD80 expression
as it labels the CD80 ligand. An r; value of 0.134, P=0.632 indicates no correlation between CTLA-4/CD80 interaction state and
CDS80 expression, indicating that CD80 expression would be a poor marker for CTLA-4/CD80 interaction. B) Scatter plots
identifies a lack of correlation between PD-1/PD-L1 interaction and PD-L1 expression. The median PD-1/PD-L1 FRET efficiency
per patient was again plotted against acceptor chromophore intensity, here reporting on PD-L1 expression. An 15 value of -0.211,
P=0.428, indicates no correlation between PD-1/PD-L1 interaction state and PD-L1 expression. C) CTLA-4/CDS80 interaction
also failed to correlate with CD80 expression in post-RFA treated lung metastases, r~0.234, P=0.439. D) In post-RFA treated
lung metastases, no correlation was observed between PD-1/PD-L1 interaction and PD-L1 expression, r.=0.265, P=0.378. This

confirms that ligand expression does not corroborate or predict checkpoint engagement.



Next, we correlated checkpoint interaction and ligand expression in biopsies from lung two, after the
RFA-treatment of lung one had been performed. Figure 4.9C correlated CTLA-4/CD80 interaction state
with CD80 expression. The correlation was 1,=0.234, P=0.439, indicating no correlation between
CTLA-4/CDS80 interaction and CD80 expression. The bottom panel of Figure 4.9D demonstrates that
there is no correlation between PD-1/PD-L1 and PD-L1 expression (rs=0.265, P=0.378) in the second
lung, post-treatment of lung one. Together, the data from this section indicates, as was shown in Chapter

3, that ligand expression does not corroborate immune checkpoint interaction.

4.3.5: Correlation of immune checkpoint engagement with CD3" and CD8" T-lymphocyte
infiltration

Whilst an abscopal effect was not observed clinically in this patient cohort, a change in immune-cell
infiltration between RFA treatments cannot be ruled out. Therefore, we proceeded to correlate
CTLA-4/CD80 and PD-1/PD-L1 interaction states with intratumoral CD3+ and CD8+ cell infiltration.
The following n numbers were available for the immune-infiltration analyses presented below:
CTLA-4/CDS80 pre-RFA (n=14); PD-1/PD-L1 pre-RFA (n=15); CTLA-4/CD80 post-RFA (n=12);
PD-1/PD-L1 post-RFA (n=12).

First, we correlated immune-cell infiltration with checkpoint engagement in biopsies from lung one,
prior to its treatment. In the patients who had CD3" data available for lung one, there was no corelation
seen between CTLA-4/CDS80 interaction and intratumoral CD3" density (cells/mm?) as shown by an r,
value of 0.037, P=0.900 (Figure 4.10A). Figure 4.10B shows the correlation between PD-1/PD-L1
interaction state and intratumoral CD3" density. A moderate negative correlation was observed (rs=-
0.695, P=0.006) between intratumoral CD3" density and PD-1/PD-L1 interaction, indicating that higher
interaction states may be observed in tumour regions with lower CD3" infiltration. We then analysed
biopsies from lung two, post-treatment of lung one. Here, intratumoral CD3" density did not correlate
with CTLA-4/CD80 interaction (rs=-0.112, P=0.633) (Appendix 1.1A). PD-1/PD-L1 interaction state
also did not correlate with intratumoral CD3" density resulting in an r; value of 0.155,

P=0.632(Appendix 1.1B).
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Figure 4.10: Median PD-1/PD-L1 interaction state negatively correlates with intratumoral CD3" and CD8" density in
metastases from lung one (pre RFA). A) Scatter plots demonstrate a lack of correlation between intratumoral CD3" density
(cells/mm? and median CTLA-4/CD80 interaction (rs= 0.037, P=0.900) in metastases analysed from lung one (pre-RFA). B) A
moderate negative correlation exists between intratumoral CD3" density and median PD-1/PD-L1 interaction state
(r=-0.695, P= 0.006). This indicates, with significance, that higher median PD-1/PD-L1 interaction states are detected in areas
with lower intratumoral CD3" density. C) No correlation was observed between median CTLA-4/C80 interaction state and
intratumoral CD8" density, r;=0.158, P=0.591. D) Intratumoral CD8+ density moderately and negatively correlated with median
PD-1/PD-L1 interaction state, r~=-0.585, P=0.025. This indicates, with significance, that higher median PD-1/PD-L1 interaction
states are detected in areas with lower intratumoral CD8" density.



CDS8" infiltration was also measured in the patient biopsies, and we correlated this with intratumoral
CD8" density. Figure 4.10C, shows a scatter plot correlating intratumoral CD8" density with
CTLA-4/CDS0 interaction states. The 15 value obtained was 0.156, P=0.591 indicating that there is no
correlation between CTLA-4/CD80 interaction and intratumoral CD8" density in biopsies of lung one,
prior to RFA treatment. In PD-1/PD-L1 analysed samples, there was a moderate negative correlation
between checkpoint interaction and intratumoral CD8" density (rs=-0.595, P=0.025) (Figure 4.10D). In
biopsies from lung two, after RFA treatment of lung one, no correlations between intratumoral CD8"
density and checkpoint interaction were observed. The correlation of CTLA-4/CD80 and intratumoral
CD8" density resulting in an rs value of -0.182, P=0.573, indicating no correlation is occurring
(Appendix 1.1C). When PD-1/PD-L1 was correlated with intratumoral CD8" density, an rs value
of -0.014, P=0.973 was obtained, again indicating no correlation (Appendix 1.1D). All median FRET

efficiency correlations are listed in Table 4.2.

Table 4.2: Median interaction states vs intratumoral lvmphocyte density.

Correlation rs P
PD-1/PD-L1 RF1 vs intratumoral CD3 density -0.695 0.006
PD-1/PD-L1RF2 vs intratumoral CD3 density 0.155 0.632
CTLA-4/CD80 RF1 vs intratumoral CD3 density 0.037 0.900
CTLA-4/CD80 RF2 vs intratumoral CD3 density -0.112 0.633
PD-1/PD-L1 RF1 vs intratumoral CDS8 density -0.585 0.025
PD-1/PD-L1 RF2 vs intratumoral CDS8 density -0.014 0.973
CTLA-4/CD80 RF1 vs intratumoral CDS8 density 0.156 0.591
CTLA-4/CD80 RF2 vs intratumoral CDS8 density -0.182 0.537

As some patient samples had a median FRET efficiency of 0.00%, but still yielded positive interaction
states, we postulated that these may correlate with immune cell infiltration and may report on “immune
checkpoint hotspots” if the upper quartile of interaction states were used. The results for these
correlations are summarised in Table 4.3 and the scatter plots presented in Appendix 1.2 and 1.3. In
biopsies from the first lung, intratumoral CD3" density moderately correlated with the upper quartile of
PD-1/PD-L1 interaction states (rs=-0.714, P=0.004) (Appendix 1.2B). This demonstrates with
significance that higher PD-1/PD-L1 interaction states are observed in areas of lower CD3" density. As
with the use of median interaction states per patient, CTLA-4/CD8O0 failed to show correlation between

upper quartile interaction state and intratumoral CD3" density (r;=0.029, P=0.928). In biopsies from
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lung two, after treatment of lung one, no correlation was seen between intratumoral CD3" density and
upper quartile CTLA/CD80 or PD-1/PD-L1 interaction states (r=-0.357, P=0.192 and r~0.210,
P=0.509 respectively) (Appendix 1.3A-B).

Table 4.3: Upper quartile interaction state vs intratumoral lymphocyte density.

Correlation rs P
PD-1/PD-L1 RF1 vs intratumoral CD3 density -0.714 0.004
PD-1/PD-L1RF?2 vs intratumoral CD3 density 0.210 0.509
CTLA-4/CD80 RF1 vs intratumoral CD3 density 0.029 0.928
CTLA-4/CD80 RF2 vs intratumoral CD3 density -0.357 0.192
PD-1/PD-L1 RF1 vs intratumoral CDS8 density -0.510 0.054
PD-1/PD-L1 RF2 vs intratumoral CDS8 density -0.046 0.891
CTLA-4/CD80 RF1 vs intratumoral CDS8 density -0.160 0.584
CTLA-4/CD80 RF2 vs intratumoral CDS8 density -0.497 0.104

Intratumoral CD8" density also failed to correlate with upper quartile CTLA-4/CD80 interaction states
(r~=--0.160, P=0.584) in biopsies from lung one. The upper quartile of PD-1/PD-L1 interaction states
moderately correlated with CD8" density, however without statistical significance (r:==-0.510, P=0.054)
(Appendix 1.2C-D. A lack of correlation was seen in biopsies from lung two with upper quartile
CTLA-4/CD80 (r+~-0.497, P=0.104) and PD-1/PD-L1 (r~0.046, P=0.891) no correlating to
intratumoral CD8" density (Appendix 1.3C-D). All upper quartile correlation results are listed in Table
4.3 and scatter plots presented in Appendixes 1.2 and 1.3.
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4.4: Discussion

The aims of this chapter were to elucidate the interaction states of PD-1/PD-L.1 and CTLA-4/CD80 in
needle biopsies taken from RFA-treated patients. The original aims of the chapter had been to analyse
the role of immune checkpoint interaction states pre- and post-RFA treatment. However, the study
design did not allow for the removal of intertumoral heterogeneity, a factor that may infer changes in
checkpoint interaction status. Also, large intratumor heterogeneity is observed within metastases,
highlighting the need for more advance sampling methods to help quantify intratumor heterogeneity
(Lopez and Cortés, 2017, Lopez, 2016). Therefore, the aims were modified to assess whether iFRET
can detect PD-1/PDL1 and CTLA-4/CD80 interaction states in lung metastasis samples and whether
this could be correlated to ligand expression or T-lymphocyte infiltration. The heterogeneity between
tumours may present a problem as it has been shown that metastases from colorectal cancer (CRC) are

non-uniformly infiltrated with immune lymphocytes (Mlecnik et al., 2018).

The work in this chapter has quantified PD-1/PD-L1 interaction state in lung metastases and directly
quantified CTLA-4/CD80 engagement for the first time in any pathology. The novel result is the
validation of an assay which can precisely quantify differences in immune checkpoint interaction states
between patients. This will aid the correct stratification of patients and result in the precise prescription
of immune checkpoint blocking drugs to a correctly stratified patient subset. The results presented in
Figure 4.6 and Figure 4.8 highlight the ability of this assay to determine the differences between
checkpoint engagements in a single patient. The differences observed between the two pathways could
be a result of the biological roles of each checkpoint. The CTLA-4/CD80 checkpoint is more prominent
in early immune responses. Contrastingly, PD-1/PD-L1 signalling is associated with later immune
response and is linked to T-lymphocyte exhaustion due to chronic antigen exposure, a phenotype often
seen in tumour infiltrating lymphocytes (Sansom and Walker, 2019). The increased prominence of
PD-1/PD-L1 signalling in the tumour microenvironment could in part explain why no correlations were
observed between lymphocyte infiltration and CTLA-4/CD80 checkpoint interaction. Regardless, we
have showcased the ability of iFRET to identify which immunotherapies a patient would be likely to
respond to (monotherapy vs dual therapy). However, whilst any one tumour may evade host immune
response by engaging one immune checkpoint, this does not mean a tumour will fully succumb to a
blockade of this checkpoint. The use of a monotherapy against either PD-1/PD-L1 or CTLA-4/CD80
may apply a positive selection pressure to a tumour, resulting in the outgrowth of clones which are able
to modulate other immune checkpoints. Therefore, whilst iFRET may currently stratify patients that
would respond to initial mono or dual therapies, a continual monitoring of tumour-immune cell
interactions would be required to screen for an evolution of immune evasion. Additionally, the initial
and simultaneous assessment of several immune checkpoints could yield important data which could

further guide patient treatment regimens. Whilst within this cohort of patients, no abscopal effect was
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seen, a lack of increase of tumour growth could still indicate that an abscopal effect is taking place.

As also discussed in chapter 4, iFRET is the only assay capable of measuring intercellular interactions
in a spatiotemporal manner at distances of 1-10 nm. Competing technologies which claim to assess
receptor-ligand interaction (chiefly PD-1/PD-L1 interaction) measure molecule colocalisation which
has a working range in the order of micrometres (Giraldo et al., 2018). Furthermore, the correlations
calculated above indicate that no statistically significant correlation between checkpoint interaction and
ligand expression existed. This, as was seen in chapter 4, is a crucial finding as currently there are no
predictive biomarkers for patient response to ipilimumab (Buchbinder and Desai, 2016). Moreover,
previous work has indicated that in malignant melanoma and NSCLC, PD-L1 expression does not
correlate to patient outcome, whereas PD-1/PD-L1 interaction state does (Sanchez-Magraner et al.,
2020). To assess the ability of CTLA-4/CD80 interaction state to predict patient outcome, a large cohort
retrospective study must be carried out which uses iFRET to quantify these receptor-ligand interactions.
Furthermore, a new study design must be undertaken to address the original aims of this chapter. A
study whereby a tumour is biopsied in lung two, prior to RFA-treatment of lung one, and is again
biopsied post-RFA treatment of lung one, would allow for the elucidation of the roles of the two

checkpoints in abscopal effects.

Whilst ligand expression does not yield useful information on CTLA-4/CD80 interaction, retrospective
studies have identified that absolute T-lymphocyte count may be associated with patient response to
ipilimumab (Callahan et al., 2013). As there is a documented correlation between T-lymphocyte count
and immune checkpoint engagement, we sought to correlate immune checkpoint interactions with CD3"
and CD8" intratumoral density. It transpired that PD-1/PD-L1 interactions in pre-RFA treated samples
(lung one) significantly negatively correlated to intratumoral CD3" density. This indicated, with
significance, that higher checkpoint interaction was observed in areas with lower CD3" density. As
CD3" is a global T-lymphocyte marker, this could be in part explained by the following. Not all CD3"
infiltrate may be tumour specific, that is, the T-lymphocyte is naive to tumour specific antigens and
thus plays no role in mounting an immune response against the tumour. This could also be coupled to
the fact that lung metastases are amongst the most infiltrated metastases and immune infiltrates may be
performing other functions, such as response to infection (Figure 4.11) (Garcia-Mulero et al., 2020). A
study has shown that metastases with the least immune-cell infiltration correlate with a prolonged
survival, thus highlighting the need to investigate these infiltrates further (Mlecnik et al., 2018).
Moreover, in this chapter, more distinct subpopulations of T-lymphocyte infiltration should be defined
to assess for a correlation with immune checkpoint engagement or abscopal effect. In the preliminary
work carried out in this chapter, CD4" (T helper lymphocytes) were not assessed. This could yield
important data as CD4" lymphocytes play a critical role in adaptive immunity. Furthermore, once T
helper lymphocytes have differentiated from naive cells to effector cells, their role in targeting cancer
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evolves. Whilst effector cells themselves are short lived, a subset of CD4" effector cells form memory
against an antigen (Golubovskaya and Wu, 2016). These memory cells, once mobilised, can evoke a
more rapid immune response which is also persistent in the absence of antigen and more active
compared to initial responses by fresh effector cells. It could therefore be an interesting approach to
identify the infiltration of these CD4" memory cells which typically contain the following cell surface
marker profile: CD25°, CD45RA", CD45RO", CD127" (Golubovskaya and Wu, 2016). The role of CD4"
cells in increasing the efficacy of CD8" should also not be underestimated, as studies have shown that
CDS8" lymphocytes that are primed in the absence of CD4" lymphocytes have a cell intrinsic deficiency
in secondary expansion. That is, the T-lymphocyte help is programmed into CD8" lymphocytes (Janssen
et al., 2003). CD8" response against tumours is well documented, but as with CD4" lymphocytes, the
intratumoral infiltration of more distinct CD8" subpopulations should be analysed to create a more
in-depth immune barcode of a tumour. A study by Duhen et al., in 2018 identified two lymphocyte
markers which can identify a population of tumour reactive CD8" cells. CD8" lymphocytes which were
positive for both integrin oE (CD103) and CD39 were shown to have increased anti-tumour functions.
Volcano plot messenger ribonucleic acid (MRNA) comparisons between CD8", CD103" CD39" (termed
double positive) and CD8", CD103", CD39" (termed double negative) identified 219 differentially
regulated transcripts. Gene set enrichment analysis revealed double positive cells to have an exhausted
T-lymphocyte genotype with enriched programme cell death protein 1 (PDCDI1) (PD-1), CTLA4
(CTLA-4) and HAVCR?2 (TIM-3) (hepatitis A virus cellular receptor 2 (T-cell immunoglobulin mucin-
3)) genes.
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Whilst CD3* lymphocytes
infiltrate the tumour, they may
be naive to tumour specific
antigens.

If naive to the tumour, CD3*
lymphocytes may infiltrate the
lung to perform other functions,
such as the clearance of
infection shown here.

CD3* or CD8* infiltration may
negatively correlate with PD-1/PD-L1
interaction and not correlate with
CTLA-4/CD80 interaction due to
interactions with the tumour using
other checkpoints.

Other checkpoints include TIM-3,
TIGIT, LAG-3 and VISTA

Figure 4.11: CD3" and CD8" intratumoral density may not correlate with immune checkpoint interaction due to the
presence of naive T lymphocytes or the presence of other checkpoint interactions. Whilst CD3" cells infiltrate the tumour,
these cells may be naive to tumour specific antigens. In this case, lymphocyte infiltration will not result in a lymphocyte-mediated
attack of the tumour. Additionally, lymphocyte infiltration may report on lymphocytes performing other functions within the lung,
such as the clearance of infection. Alternatively, the tumour may evade host immune response by upregulating its interaction with
other checkpoints, such as TIM-3, TIGIT, LAG-3 and VISTA. Future studies will be required to identify these interactions.
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Flow cytometry reveals that PD-1 expression was higher on the double positive cells and CTLA-4 and
TIM-3 were almost exclusively expressed on this subpopulation. Despite exhibiting an exhausted
genotype these cells were shown to have an increased cytotoxic potential with a higher frequency of
granzyme B positive cells. Crucially the CD8", CD103", CD39" cells showed an increased ability to
recognise and kill autologous tumour cells and increased overall survival in HNSCC (head and neck
squamous cell carcinomas) patients (Duhen et al., 2018). This study therefore highlights the requirement
for distinct T-lymphocyte subsets to be quantified in tumours. Performing this quantification could yield
correlations with immune checkpoint engagement, particularly due to the increase in immune

checkpoint expression on these cells.

Whilst the CD8", CD103", CD39" cells discussed above exhibited increased expression of the immune
checkpoints PD-1, CTLA-4 and TIM-3 (Duhen et al., 2018), the results of this chapter have again shown
that checkpoint interaction does not correlate with ligand expression. Therefore, the use of iFRET,
coupled with the labelling of this lymphocyte subset will allow for an assessment of how a tumour is
evading these efficacious cells and the creation of a patient immune checkpoint signature. This approach
should be coupled to advance immune phenotyping, which can be spatially quantified using techniques

such as mass imaging CyTOF (cytometry by time-of-flight) (further discussed in Chapter 6).

To summarise, the ability of iIFRET to quantify immune checkpoint interactions in patients and
determine differences in the dysregulation of different checkpoints will change the paradigm in which
immunotherapies are prescribed. Moreover, iFRET has uncovered the need for, and provided the
method for advanced quantitative immune surveyance, as opposed to qualitative immune surveyance,
of patients which will greatly increase patient access to precision medicine. Other thermal ablative
techniques, such as cryoablation and microwave ablation may yield increased antigen release upon
tumour treatment. As the microsatellite stability of CRC patients can dictate their response to
immunotherapies, this could also yield an opportunity to unravel the functional proteomics that
underpin immunotherapy resistance in microsatellite stable (MSS) patients (Wang and Fakih, 2021).
iFRET may hold the potential to elucidate different functional immune checkpoint engagement profiles
between MSS patients and microsatellite instable (MSI) patients. There could also be a mechanism
whereby microsatellite stability underpins an immune-level resistance to abscopal effects. Therefore,
the work pioneered in this chapter could also be directly translatable to a range of thermal ablative

techniques in a range of tissue types.
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Chapter 5: The Elucidation of Programmed Death Receptor 1 (PD-1)
Activation Dynamics at Tyrosine-248 of the Immunoreceptor
Tyrosine-based Switch Motif (ITSM)

5.1: Introduction

A key component of the adaptive immune response is the ability of the immune cells to remember a
previous infection, and thus attack the infecting pathogen sooner when next encountered; a phenomenon
known as immunological memory (Beverley, 1991). A crucial element of the adaptive immune response
is a group of highly specialised lymphocytes known as T-lymphocytes. Once a T-lymphocyte has
recognised an antigen, presented by an antigen presenting cell’s (APCs) major histocompatibility
complex (MHC), the initiation of an immune response against that APC is triggered. For full activation
to occur, co-receptors, cluster of differentiation 4 (CD4) on T-helper lymphocytes and CD8 on cytotoxic
T-lymphocytes, must bind to invariant chains of the MHC. Additionally, co-stimulation from
stimulatory ligands on the APCs, such as CD80/86, which bind to CD28 on the T-lymphocyte are
needed for full activation (Acuto and Michel, 2003, Cantrell, 1996). Only when these three conditions
have been met does a full adaptive immune response against the presented antigen occur. Whilst
beneficial to the host immune response, this complex defence mechanism relies on a tight regulation in
order to maintain immune tolerance. which is the ability of an individual to ignore "self", while reacting
to "non-self". Without such regulation, unrestrained T-lymphocyte activation would contribute to a
breakdown in self-tolerance leading to autoimmune damage to the host. Hence, there are inhibitory
immune checkpoint pathways, such as the cytotoxic T-cell lymphocyte-associated protein 4 (CTLA-4)
or the programmed death receptor 1 (PD-1) and their complementary ligands, CD80 and CD86 (for
CTLA-4) as well as programmed death ligand 1 (PD-L1) (for PD-1). The latter of these two pathways
exist to control inflammation at sites of antigen presentation to prevent tissue damage. This is identified
as people with programme cell death protein 1 (PDCDI) polymorphisms have increased predisposition
to autoimmune diseases such as systemic lupus erythematosus, atopy, and rheumatoid arthritis (Cheng
et al., 2013). In addition, the modulation of the PD-1/PD-L1 signalling axis by some cancers can lead
to a loss of immunological control, which has been confirmed as a hallmark of cancer (Mahoney et al.,

2015, Hanahan and Weinberg, 2011).

The crystal structure of PD-1 is shown in Figure 1.10. The signalling pathway of PD-1/PD-L1 is shown
in Figure 5.1. Briefly, upon PD-1/PD-L1 engagement, two tyrosine residues of the immunoreceptor
tyrosine-based inhibition motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM) are
phosphorylated (Y223 and Y24z respectively). Y243 phosphorylation is conducted by Lck and Fyn. There

is thought to be a recruitment of the SH2 (Scr homology 2) domain containing tyrosine phosphatases-1
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and 2 (SHP-1 and SHP-2 respectively) to pYaas (Figure 5.2). A study by Sheppard et al., 2004 indicate
that both SHP-1 and SHP-2 bind to the ITIM of PD-1, whereas SHP-2 binds also to the ITSM (Sheppard
et al., 2004). Furthermore, it has been shown by Patsoukis et al., in 2020 that SHP-2 phosphatase
activation may be induced by the binding of the C-terminal SH-2 and N-terminal SH-2 domains of
SHP-2 to two pYa4s residues on two optimally-spaced PD-1 receptors (Patsoukis et al., 2020). Upon the
binding of SHP-2 to PD-1, a series of dephosphorylation events occur which act to attenuate
T-lymphocyte activation, proliferation, and survival. SHP-2 acts to attenuate T-lymphocyte signalling
by dephosphorylating the zeta-chain associated protein kinase 70 (ZAP-70)/CD3( signalosome,
resulting in reduced protein kinase C-theta (PKCO) activation and interleukin 2 (IL-2) production
(Sheppard et al., 2004, Smith-Garvin et al., 2009). Sheppard et al., 2004 recorded IL-2 production by
measuring [L-2 levels using enzyme-linked immunosorbent assay (ELISA) of culture supernatant three
days after stimulating T-lymphoblasts with either anti-CD3/IgG (immunoglobulin G) or
anti-CD3/PD-L1. Stimulation with anti-CD3/IgG resulted in approximately 2ng of IL-2 per ml of
culture medium. This was reduced to approximately 1ng per ml of culture medium when blasts were
stimulated with anti-CD3/PD-L1. Western blot analysis confirmed that PKC levels remained constant
when cells were treated with either anti-CD3/IgG or anti-CD3/PD-L1. However, in the presence of
anti-CD3/PD-L1, pTs3s levels were reduced, indicating a PD-L1 mediated reduction in PCK®6 activation
state. pTs3s expression is used as a surrogate of PKCO activation state. Likewise, T-lymphocyte
stimulation using anti-CD3 resulted in ZAP-70 phosphorylation which was subsequently abolished
when co-ligated with anti-CD3/PD-1. (Sheppard et al., 2004).

Whilst the mechanisms by which PD-1 and SHP-2 interact are better understood, less is known about
the association of SHP-1 and PD-1. Numerous studies have aimed to elucidate a link between this
phosphatase and receptor, however, literature to date reports contrasting results. For example, the study
in 2004 by Sheppard et al., utilised mass spectrometric identification of phospho-peptide precipitated
protein bands to confirm that SHP-1 does bind to the ITSM of PD-1 (Sheppard et al., 2004). However,
a study by Yokosuka et al., in 2012 used steady-state Forster resonance energy transfer (FRET) to
confirm that whilst SHP-1 was present, it did not directly interact with the ITSM of PD-1 (Yokosuka et
al., 2012). These contrasting results highlight the need for the role, and potential interaction of SHP-1
and pYass-PD-1 to be confirmed. Critically, a method which can quantify direct protein-protein
interactions should be employed. It should be noted that discrepancies between these observed results
may arise from two contrasting techniques (FRET, which is in-situ, and mass spectroscopy, which is
not). In addition to the roles SHP-1 and SHP-2 may play in transducing the inhibitory effects of PD-1,
feedback loops have not been studied to search for a role of pY24s in regulating the interaction of PD-1
with PD-L1. For example, it remains unknown whether the phosphorylation state of the ITSM of PD-1

bears any impact on the interaction state of the extracellular portion of PD-1 with the ligand PD-L1.
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Figure 5.1: PD-1/PD-L1 engagement results in phosphorylation of Yzs of the ITSM of PD-1. Upon binding of PD-L1,
(presented by a cancer cell or antigen presenting cell (APC)) and PD-1, present on the T-lymphocyte, a series of signalling events
occur to attenuate T-lymphocyte signalling (please refer to Figure 1.4). The interaction of receptor and ligand results in the
phosphorylation of Y223 and Ya4s, located on the ITIM and ITSM of PD-1, respectively. These phosphorylation events are likely
to be carried out by Lck or Fyn. Upon phosphorylation of Y24s, SHP-2 is recruited via its SH-2 domain. This results in the inhibition
of the PI3K/Akt signalling pathway, resulting in reduced cell growth, survival, and proliferation. Also attenuated by SHP-2 is
T-lymphocyte activation and IL-2 production, this results from a dephosphorylation of ZAP70, located on the CD3¢ chain. What
remains poorly understood is to identify whether SHP-1 does bind to the pY24s residue. Furthermore, if binding should occur, the
activation state, and role of SHP-1 downstream of PD-1 remains unknown.
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Figure 5.2: Linear structures of SHP-1 and SHP-2. SHP-1 and SHP-2 are protein tyrosine phosphatases that share a high
sequence homology. Both phosphatases contain an N-terminus SH-2 domain, followed by a catalytic protein tyrosine phosphatase

(PTP) domain and a C-terminal SH2 domain.

141



In order to elucidate this, time-resolved FRET as opposed to steady-state FRET can be used
(immune-FRET (iFRET), detailed in Chapter 2) in conjunction with a precise genetic modification
system in order to manipulate the intracellular signalling of PD-1. A genetic modification system which
allows for the accurate and specific implementation of point mutations to be introduced into the genome
should be used. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR
associated system (Cas) (CRISPR-Cas) is a novel genome editing tool which allows for the precise
targeting of deoxyribonucleic acid (DNA). The advantage of using CRISPR/Cas is its ability to maintain

an endogenous protein expression profile.

CRISPR-Cas9 provides a form of acquired immunity in bacteria and archaea (Mojica et al., 2005). In
these prokaryotes, CRISPR acts as a genomic memory of previous pathogenic infections. This memory
bank is used by Cas proteins which act as guided-endonucleases and introduce double strand breaks
(DSBs) if a matching genomic sequence is encountered again (Brouns et al., 2008). CRISPR systems
can be classified into six types which are also grouped into two classes. Types 1-3 are the most studied
whereas types 4-6 were discovered more recently, in 2015 (Lino et al., 2018). Type 2 CRISPR, which
falls into class 2, requires one protein only to scan, bind and cleave target DNA sequences. This system
is CRISPR-Cas9 (Makarova et al., 2011). In 2012, Doudna and Charpentier used CRISPR-Cas9 for the
first time to introduce DSBs in target DNA (Jinek et al., 2012). The simplicity and specificity of
CRISPR-Cas9 systems make it ideal for gene editing, where it holds the ability to introduce site-specific
deletions, additions, and point-mutations (Figure 5.3). A second class 2 endonuclease is Cpf1, or Cas12.
Cas9 recognises an NGG (where N can be A, C, T or G) protospacer adjacent motif (PAM). The PAM
site is a short sequence that follows the target-DNA sequence to be cleaved by the Cas protein. This
sequence is required for the Cas protein to cleave the DNA strand. Cas12 recognises an optimal PAM
sequence of TTTV, however C-containing PAM sites (CTTV, TCTV, TTCV, TYCV etc.) are also
recognised (where V can be A, C or G) (Chen et al., 2020). Cas12 has increased sensitivity to guide
RNA (ribonucleic acid) mismatches and therefore experiences less off-target recognition and cleavage

(Kim et al., 2020).
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Figure 5.3: An overview of CRISPR/Cas9 for gene editing. The CRISPR/Cas9 system can be used for gene editing in
mammalian cells. The Cas9 protein results in the formation of double strand breaks in target DNA. DNA is specifically targeted
by designing a guide plasmid which creates Cas9 protein and the guide RNA of choice. Non-homologous end joining results in
the disruption of the gene of interest. Homology-directed repair, in the presence of a donor repair template can be used to introduce
specific changes to a gene, such as point mutations.
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Here, CRISPR-Cas12 has been used with the intention to introduce site-specific point-mutations to the
Y24z residue of the ITSM of PD-1. Specifically, Y24sA and Y24sE point mutations have been created in

order to create phospho-inactive and phospho-mimetic 248 residues in PD-1 with the aims to:

) To confirm the interaction of SHP-2 and PD-1, documented in literature, using amplified
FRET (aFRET).
(i1) To elucidate, with a nanoscopic resolution, whether SHP-1 directly interacts with the ITSM

of PD-1 using aFRET.

(i)  To correlate Yas phosphorylation state with PD-1/PD-L1 interaction state using a
combination of iFRET and aFRET.
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5.2: Results

5.2.1: Creation of CRISPR Guides and Repair Templates

When creating a CRISPR-mediated point mutation, a suitable guide and repair template are required.
A suitable guide plasmid must code for the Cas protein which is required to cut the site of interest in
the target sequence and also contain a guide sequence. The guide sequence is required for the Cas
protein to successfully find the correct site in the target sequence and should contain minimal off-target

effects.

When creating a donor-repair template, several methods may be used to create different styles of
repair-template, all with varying efficiencies. The use of single stranded inserts with microhomology
arms may be employed. These homology arms can be as short as 9bp and are directly incorporated into
the primer design. This can reduce the cost of each genetic modification to be made by reducing the
amount of cloning steps to be conducted. This also inherently reduces the chance of erroneous mutations
and mistakes occurring during the creation of a construct. Critically, the use of microhomology arms
has been shown to retain similar CRISPR efficiency as the use of full-length homology arms (Fueller
et al., 2020). However, whilst this efficiency is similar, we opted to simultaneously pursue a full-length
homology arm route in order to compare the efficiency of both methods and have a multi-tined approach

to optimise experiments in the case that one method was unsuccessful.
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Figure 5.4: A pAsCpfl (Cas12) guide plasmid was created which contains a guide sequence homologous to
the 20 amino acids that follow the Y45 locus. Top: An pAsCfpl plasmid was purchased from Addgene. The
plasmid was modified to contain a 20-nucleotide guide sequence homologous to the 20 nucleotides following the
Y43 residue of PDCDI. The plasmid also contains an ampicillin resistance gene for use as a positive selection
marker. The PAM site for Casl2 is TCYV. Bottom: The sequence highlighted in yellow is a sequence
homologous to the 20 nucleotides that follow Yass in the PDCD1 gene, CTAGGAAAGACAATGGTGGC. This
sequence has been introduced by digestion and ligation after the U6 promoter region of the plasmid to allow for
successful RNA transcription in targeted cells.



5.2.2: Creation of PDCDI Y?248-Specific CRISPR Guides

In order to successfully carry out a genetic modification within a cell line using CRISPR, a site-specific
guide must be created. The plasmid, pAsCpfl(TYCV)(BB) (pY2i1), was purchased from Addgene and
codes for humanised Cpfl, or Cas12. As discussed above, Cas12 poses less off target effects than Cas9
whilst maintaining a similar efficiency (Kim et al., 2020). The primers 1 and 2 (see Table 2.3 in
Chapter 2) were annealed to create the guide sequence insert. Subsequently plasmid three was opened
by restriction digestion with Bbsl prior to the insertion of the guide sequence,
CTAGGAAAGACAATGGTGGC, which corresponds to amino acids As49 to Syss of PDCD]. This
guide sequence is specific for the targeted locus of the PDCDI gene with no off-target effects within
the exons of the gene. The off-target score for the guide sequence was 48.3, as listed on the webtool
Benchling. The guide sequence was inserted after the U6 promoter to allow for the transcription of

guide RNA in the target cell. Figure 5.4 outlines the designed CRISPR guide.

5.2.3: Creation of single-stranded Y248A and Y243E Point Mutation Repair Templates with
Microhomology Arms

To facilitate the precise modification of the Y248 residue, either a Y248A (a phospho-inactive mutant)
or Y2E (a phospho-mimetic mutant) donor repair template was created. A first attempt used
oligonucleotide pairs which contained 9bp microhomology arms and either the Y24sA or Y24E point
mutation. One oligonucleotide per pair (oligonucleotides 5 and 7, See Table 2.3) were phosphorylated
on the 5’ end using the T4 polynucleotide kinase. The oligonucleotide pairs (5&6 and 7&8) were then
annealed and amplified by polymerase chain reaction (PCR) to include the fluorescence protein
mNeonGreen (mNG) as a positive selection marker (See Chapter 2). Sanger sequencing confirmed the
successful creation of both point mutations and their amplification with mNG (Figure 5.5 and Figure
5.6).

5.2.4: Creation of Donor Repair Templates with Full-Length Homology Arms

In order to carry out the multi-tined approach discussed above, donor repair templates containing
full-length homology arms were also created simultaneously to the micro-homology arms approach
above. The use of full-length homology arms, 956bp in this instance, requires additional cloning steps
compared to micro-homology arms which can be incorporated into the primer design. First, a PCR was
conducted with genomic DNA (gDNA) to create the 956bp homology arms. A vector plasmid,
pBlueScript, was opened and the homology arms inserted by Gibson assembly. This was verified by
Sanger sequencing. The positive selection marker, mNG, was then inserted into the vector. This product
was then again opened by PCR and the Yas4sA or Ya4E repair template were inserted by Gibson

assembly. This product was then purified by agarose gel electrophoresis on a 1% agarose gel.
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Figure 5.5: Sanger sequencing analysis confirms the creation of the Y243A insert. Oligonucleotide 5 was phosphorylated on
the 5° end. This was then annealed with oligonucleotide 6 and amplified by PCR to contain the fluorescent protein mNeon Green
(mNG). Sanger sequencing identifies the correct insertion of the Y24sA point mutation and the presence of mNG.
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Figure 5.6: Sanger sequencing analysis confirms the creation of the Y,4E insert. Oligonucleotide 7 was phosphorylated on
the 5° end. This was then annealed with oligonucleotide 8 and amplified by PCR to contain the fluorescent protein mNeon Green
(mNG). Sanger sequencing identifies the correct insertion of the Y24sE point mutation and the presence of mNG.
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Bands were excised and purified using the Monarch® DNA gel extraction kit following the
manufactures protocol. The bands were eluted in ultrapure water and quantified using a NanoDrop
ND-1000. The product was transformed into competent E. coli which were subsequently inoculated
into lysogeny broth (LB). Bacteria were miniprepped using the Monarch® plasmid mini-prep kit as per
the manufacturer’s instructions. The purified plasmid was then amplified by PCR to create linear donor
templates, quantified, and sent for Sanger sequencing analysis. The correct sequence for each point
mutation was confirmed by Sanger sequencing and these are displayed in Figure 5.7 and Figure 5.8,
respectively. The created donor repair templates were then ready to be transfected, alongside the

CRISPR guide, into the target cells.
5.2.5: Transfection into Leukemic Cell Lines

As with the creation of the donor repair templates, a multi-tined approach was taken to transfect the
repair-templates and guides into leukemic T-cell lines, such as Jurkat cells and MOLT-4 cells. These
cell lines have long been utilised to study T-lymphocyte biology and signalling (Abraham and Weiss,
2004). However, these cells can prove challenging to transfect (Olden et al., 2018, Ayyadevara and
Roh, 2020). Literature has reported some success in transfecting Jurkat cells using cationic lipid-based
transfections (Ayyadevara and Roh, 2020, Zheng et al., 2019) as well as electroporation (Curnock and
Ward, 2003, Schubert et al., 2021). Therefore, an approach was taken which first evaluated cationic
lipid-based transfection and subsequently electroporation-based transfection in order to maximise the

chance of successfully transfecting these lymphoblast cell lines.

A literature review performed prior to transfection experiments revealed that Jurkat cells, in a basal
state, do not readily express PD-1 at the cell surface. A paper by Sugita et al., 2009 show that basal
Jurkat cells have only a 3% expression of PD-1, which is increased to around 20% upon CD3
stimulation (Sugita et al., 2009). The Protein Atlas (www.proteinatlas.org) indicated that of all typical
commercial leukemic T cell lines, MOLT-4 cells have the highest basal cell-surface expression of PD-1

(Atlas, 2021). Therefore, MOLT-4 cells were chosen to be transfected.

5.2.5.1: Cationic-Lipid-Based Transfection of MOLT-4 Cells

Following the creation of the donor repair template contained within the pBS vector, experiments were
conducted to transfect both the CRISPR guides and repair templates into MOLT-4 cells. We first
attempted to transfect the donor repair template with micro-homology arms alongside the CRISPR
guides using Lipofectamine 2000. Lipofectamine 2000 transfection was conducted as per the
manufactures protocol to transfect the CRISPR guide and either Y24sA donor repair template or YossE
donor repair template. Fluorescence activated cell sorting (FACS) analysis 48 hours post-transfection

failed to detect a distinct positive population of modified cells.
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Figure 5.7: The Y243A donor repair template with full-length homology arms was successfully cloned: confirmed by Sanger
sequencing analysis. Top Panel: The pBlueScript (pBS) plasmid was opened by PCR and the Y24sA-mNeonGreen (mNG) insert
was inserted by Gibson Assembly. The plasmid contains a minimal cytomegalovirus (minCMV) promoter, an ampicillin resistance
gene, allowing for positive selection pressure, and mNG as a second positive selection pressure. The YasA point mutation is
indicated. Bottom Panel: The Y2sA point mutation introduced into the plasmid by Gibson assembly was verified using Sanger
sequencing confirmed that at the 248 positions, GCC was present, coding for the desired alanine amino acid (highlighted by the

red box).
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Figure 5.8: The Y24E donor repair template with full-length homology arms was successfully cloned: confirmed by Sanger
sequencing analysis. Top Panel: The pBlueScript (pBS) plasmid was opened by PCR and the Y2sE-mNeonGreen (mNG) insert
was inserted by Gibson Assembly. The plasmid contains a minimal cytomegalovirus (minCMV) promoter, an ampicillin resistance
gene, allowing for positive selection pressure, and mNG as a second positive selection pressure. The YasE point mutation is
indicated. Bottom Panel: The Y.4E point mutation introduced into the plasmid by Gibson assembly was verified using Sanger

sequencing confirmed that at the 248 positions, GCC was present, coding for the desired alanine amino acid (highlighted by the
red box).



This was further backed up by gDNA extraction from the transfected cells, amplification, and
sequencing. As the results of this transfection may have arisen from a low repair efficiency, the
transfection was repeated using the donor repair templates with full-length homology arms. Again,
FACS analysis failed to detect positively modified cells. This was confirmed by gDNA extraction and
sequencing from the transfected cells. As this lack of transfection efficiency could be attributed to the
difficulty transfecting leukemic T-cell lines, two further cationic-lipid-based transfection techniques

were conducted using the full-length donor repair template (Figure 5.9A).

The next attempts made at transfecting MOLT-4 cells used Lipofectamine 3000. This was chosen as a
recently published manuscript Shi et al.,, 2018 indicated that Lipofectamine 3000 has increased
transfection efficiencies and lower transfection-associated toxicity compared to that of Lipofectamine
2000 (Shi et al., 2018). Lipofectamine 3000 was used as per the manufactures instructions in order to
transfect the CRISPR guide plasmid and either Y243A or Ya4E donor repair template plasmids. As was
seen with Lipofectamine 2000, a poor transfection efficiency was observed (<1%) as well as high low
cell viability (approximately 20%). As the results of this transfection may have arisen from a low
transfection efficiency, rather than a problem with the CRISPR-Casl2 system, a transfection using
green fluorescent protein (GFP) was carried out. A comparable low level of transfection efficiency was
also seen when transfecting GFP into MOLT-4 cells using Lipofectamine 3000, indicating the low
positive results arose from a low transfection efficiency (<1%) and low cell viability (approximately
10%) (Figure 5.9B). A simultaneous transfection was carried out to transfect GFP into HeLa cells to
assess the ability of the user to transfect correctly. Here, a suitable transfection efficiency was observed
(approximately 40%), indicating no operator-related issue was present in previous transfection
experiments. The results here are displayed in greyscale (left) and in the GFP channel (right) Figure
5.90).

The poor transfection results in MOLT-4 cells led to the trial of a different transfection reagent which
is proposed to have increased transfection efficiencies in “difficult to transfect” cell lines, FuGENE HD.
FuGENE HD has been used to transfect Jurkat E6 cells (Zheng et al., 2019), which was predicted to
translate to the ability to also transfect MOLT-4 cells. Transfection was carried out using FuGENE HD
as per the manufacturer’s instructions, trialling differing ratios of transfection reagent to DNA (see
Chapter 2). Again, a lack of transfection efficiency was observed (<1%). This led us to undertake a
different transfection approach, utilising electroporation rather than cationic-lipid reagents (Figure

5.9D).
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Figure 5.9: Representative images show high transfection cytotoxicity when transfecting MOLT-4 cells with lipid-based
or electroporation-based transfection. A) A representative image showing transfection cytotoxicity when using Lipofectamine
2000 to transfect the Y24sA donor-repair template with full-length homology arms, and CRISPR guide, into MOLT-4 cells. The
same was observed in multiple wells and observed for the Y24sE mutation. B) A representative image showing transfection
cytotoxicity when using Lipofectamine 3000 to transfect GFP into MOLT-4 cells. C) A representative imaging showing good
transfection efficiency when using Lipofectamine 3000 to transfect GFP into HeLa cells, thus confirming no operator related
issues were occurring during previous transfection experiments. D) A representative image showing transfection cytotoxicity
when using FuGENE HD to transfect the Y24sA donor-repair template with full-length homology arms, and CRISPR guide, into
MOLT-4 cells. The same was observed in multiple wells and observed for the Y24E mutation. E) A representative image showing
transfection cytotoxicity when using an Amax ii nucleofector electroporation device to transfect the Y24sA donor-repair template
with full-length homology arms, and CRISPR guide, into MOLT-4 cells. The same was observed in multiple wells and observed
for the Y24sE mutation.
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5.2.5.2: Electroporation-Based Transfection of MOLT-4 Cells

Whilst some literature had reported the ability to transfect leukemic T cell lines using cationic-lipid
based transfection, other publications had suggested that MOLT-4 cell are amenable to transfection by
electroporation (Agarwal and Tyner, 2016). Therefore, alongside the aforementioned lipid-based
transfections, a series of nucleofections were carried out. An Amax Nucleofector Il was used to perform
electroporation of MOLT-4 cells using the custom-made MOLT-4 electroporation program. As in
previous experiments, no transfected cells were observed (<1%) (Figure 5.9E). Future plans to optimise
the electroporation approach to transfection would include the use of a nucleofector device with variable
settings as opposed to pre-made programs. A paper published by Curnock and Ward., 2003, successfully
transfected Jurkat cells using electroporation parameters of 950uF, 300V. Other literature has suggested
electroporating MOLT-4 cells at 250V for 2ms, resulted in a cell viability of 86% or 79% confirmed
via cell counting or MTS assay respectively (Agarwal and Tyner, 2016). The use of an electroporator
with increased control over electroporation parameters could therefore yield increased transfection

efficiency in MOLT-4 cells, and ultimately successful genetic modifications by CRISPR.

5.3: Discussion

The fundamental scientific aim of this chapter was to provide insight into activation status of PD-1 with
regards to its intracellular biochemical signalling. This could elucidate Y245 phosphorylation state as an

additional biomarker by which to stratify patients for immune checkpoint blockade therapies.

This aim has been reported on by detecting pYass status as well as association of the SHP protein
tyrosine phosphatases (PTPs) to this domain. As a variety of literature has uncovered the roles of SHP-2
downstream of PD-1, precise confirmation of whether SHP-1 interacts with the Yas residue of the
receptor is lacking. An in-sifu technique, such as FRET/fluorescence lifetime imaging microscopy
(FLIM) would be favoured to probe this signalling event as it naturally occurs whilst reporting on the

spatiotemporal dynamics of the proposed event.

Moreover, our ability to precisely measure and quantify cell-cell interactions (Chapters 3 and 4) would
allow us to assess whether Ya4s phosphorylation bears any regulation on the interaction state of
PD-1/PD-L1. Had the transfection efficiency have been sufficient to modify the MOLT-4 cells, we
would have used our assays to: i) conclusively report with aFRET whether there is an interaction
between SHP-1 and Y243-PD-1; ii) confirm with aFRET the interaction of SHP-2 and Y243-PD-1; iii)
correlate the phosphorylation state of Y24 with PD-1/PD-L1 interaction state using iFRET and aFRET.

We postulated that an interaction between SHP-1 and Ejss in the Y24sE MOLT-4 cell line would occur
as the phosphorylated residue acts as a dock for the SH-2 domain of the phosphatase. Moreover,

Sheppard et al., 2004 confirmed SHP-1 interactions with PD-1 using mass spectrometric identification
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of phospho-peptides precipitated protein bands (Sheppard et al., 2004). Contrastingly, Y okosuka et al.,
2012 failed to detect SHP-1/PD-1 interactions when using steady-state FRET. However, steady-state
FRET is more sensitive than aFRET to chromophore concentration induced artifacts (Yokosuka et al.,
2012). Due to its ability to accurately quantify interactions over a 1-10 nm range, we postulate that
aFRET would have been a more suitable tool to assess this direct interaction. This distance constraint
would therefore be disrupted for example if an intermediary binding partner were present, thus only
yielding positive results if a direct SHP-1/PD-1 interaction was occurring. Conversely, it would be
predicted that no SHP-1/PD-1 interaction state would be observed in the Y243A cell line due to the lack
of apY docking site for the SH-2 domain of SHP-1. Figure 5.10 outlines the predicted SH-2 interaction
between SHP-1 and PD-1 in the Y243A and Y24sE cell lines.

As literature indicated the binding of SHP-2 to Y24, it would have been predicted in the confirmatory
experiments, that the SH-2 domain of SHP-2 would bind to the Ex4s residue in the Y24sE cell line but
not the Ajsg residue in the Ya43A line (Smith-Garvin et al., 2009, Sheppard et al., 2004, Patsoukis et al.,
2020).

In wild type cells, it could be predicted that some degree of basal interaction of both SHP-1 and SHP-2
may occur to maintain lymphocyte homeostasis, which is subsequently upregulated upon Yass
phosphorylation. The predicted result would be that PD-1/PD-L1 interaction increases SHP-1 and
SHP-2 interaction with Y243, and as a negative control, the use of a PD1/PD-L1 blocking antibody would
reduce this level back towards a basal state. As CRISPR/Cas12 has been used to create specific point
mutations in the PDCD] gene, it could be further used to probe the intracellular signalling events that
occur if the above hypotheses were not observed. Should we see no interaction of SHP-1 to pYaas, we
could engineer SHP-2 to contain R3;A and RissA mutations to inactivate the N and C terminal SH2
domains respectively (Patsoukis et al., 2020). This would abrogate the ability of SHP-2 to bind to pYaas
via SH-2 domain interaction. If this resulted in a detection of SHP-1/PD-1 interaction, it could then be

postulated that SHP-2 outcompetes SHP-1 for pYa4s binding.

If SHP-1 were still not revealed to interact with pYaus, it would be pertinent to assess the role of SHP-1
in transducing the signals of alternative immune checkpoints. As there are very few non-invasive
methods with sufficient precision to assess PD-1/PD-L1 interaction as iFRET/aFRET, we aimed to also
correlate Y43 phosphorylation state with PD-1/PD-L1 interaction state. It is known that PD-1/PD-L1
interaction state induces Y243 phosphorylation, however whether this acts to provide a negative feedback
signal to PD-1/PD-L1 interaction state, remains unknown. To the best of the authors knowledge, this

has not been assessed.
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Figure 5.10: Predicted SHP-1/PD-1 interactions. It would be predicted that SHP-1 will bind to the Y24E mutant but not the
Y248A mutant. Binding would occur via the SH-2 domain of SHP-1. Moreover, mutational studies could be carried out to inactivate
the SH-2 domains of SHP-2 and determine if SHP-2 outcompetes SHP-1 for pY24s PD-1 binding.
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As Patsoukis et al., 2020 have shown that a single SHP-2 molecule can bind to two separate pY 2as
residues via its C- and N-terminal SH-2 domains respectively, this gives a rationale that the
phosphorylation state of Y245 may regulate to some extent the binding of PD-1 and PD-L1. This study
gives rise to the concept the PD-1 forms non-covalent dimers by the bridging of PD-1 monomers by
SHP-2. Additionally, Patsoukis et al., showed that PD-L1 in its dimeric form, and not its monomeric
form, induced a dimerisation of PD-1. This was reduced when in the presence of kinase-inactive Fyn,
demonstrating both the role of Fyn in PD-1 signal transduction as well as the requirement for Yss
phosphorylation. Excluding iFRET, there are no assays capable of directly measuring PD-1/PD-L1
interaction states in-situ. Therefore, implementation of iFRET could uncover a negative-feedback
mechanism whereby Y24z phosphorylation regulates the binding of PD-1 to PD-L1 by modulation of

PD-1 dimerisation status.

To summarise, the cloning required to create a guide plasmid and donor template repair plasmids for
both Y243A and Y243E point mutations were successfully carried out. The sole aim to overcome for this
series of experiments will be to optimise transfection for MOLT-4 cells in order to conduct the proposed
experiments. The work that would arise from this chapter would be novel, both in terms of contribution
and technique, and able to uncover and determine the role of SHP-1 downstream of PD-1, a role that is
not yet fully established. Aside from confirming whether SHP-1 plays a crucial role in PD-1 signal
transduction, the work that could arise from this chapter would be amenable to studying SHP-1
signalling dynamics in depth. For example, it also remains unknown whether SHP-1 and SHP-2
compete for the pY2s domain and whether SHP-2 is able to outcompete SHP-1, which may lead to the
results in literature that SHP-2 is the predominant signal transductor. Alternatively, the activation state
of SHP-1 could be assessed by aFRET (quantifying the phosphorylation state of the Ys3s residue) and
this could be correlated with both Y243 phosphorylation state and PD-1/PD-L1 interaction state. This
could answer the more global immune question of exactly how SHP-1 acts in response to immune

checkpoint engagement.

Furthermore, this work can lead to the generation of a novel predictive biomarker. Bardhan et al., 2019
indicated that pYas is a marker of PD-1-mediated T-lymphocyte inhibition, as pPD-1" CD8"
T-lymphocytes were shown to have impaired function. The clinical implications of this could be that
PD-1/PD-L1 interaction state, Y243 phosphorylation state, SHP-1 and SHP-2 activation state are used to
predict patient response to immune checkpoint blockades. This would vastly improve the
immune-oncology field as current immune-oncology therapies are offered to an incorrectly stratified
patient subset. This subset of patients is determined for immune-oncology using the expression profile
of PD-L1, which does not correspond with PD-1/PD-L1 interaction (Sanchez-Magraner et al., 2020).
The result of Y243 phosphorylation state as a biomarker could be used in two manners. Firstly, it could
be used to assess which patients may benefit from PD-1/PD-L1 therapies, alongside the use of
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PD-1/PD-L1 interaction state. Secondly, this phosphorylation state could be used to track patient
response to PD-1/PD-L1 therapies. If it is confirmed by aFRET that SHP-1 binds to pYa24s, then SHP-1
activation state and pYa4s-binding state could be used to assess the degree of PD-1/PD-L1 mediated
immune evasion a tumour relies on (in comparison to other immune-evasion pathways such as
CTLA-4/CD80). This could help in the creation of personalised patient therapies whereby all elucidated

biomarkers are quantified and tracked to ensure correct dosing regimens are prescribed.

This could be critical as in a recent NSCLC study, 50% of patients failed to respond to the anti-PD-1
therapy, nivolumab (Theelen and Baas, 2019). Moreover, as one checkpoint is targeted, it may result in
the dysregulation of another immune checkpoint (such as CTLA-4/CD80, T-cell immunoreceptor with
Ig and ITIM domains (TIGIT), TIM3). Therefore, the work this chapter can generate may elucidate the
signal transductors of these other regulatory pathways. This can aid further the search for personalised

patient therapies and also the elucidation of resistance-mechanisms to immune checkpoint inhibitors.
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Chapter 6: Discussion

6.1: Summary of Results

The scope of this thesis was to apply functional proteomics in the form of time-resolved
amplified-Forster resonance energy transfer (FRET) (termed aFRET for intracellular applications and
immune-FRET (iFRET) for intracellular immune applications) to quantify immune checkpoint
interactions in a range of neoplasia. We set out to implement an assay capable of measuring these
intercellular immune interactions at a nanoscopic resolution, reporting on functionality that current
quantitative immunohistochemistry (qIHC) fails to detect. Once validated, we sought to identify
whether two immune checkpoints, programmed death receptor 1 (PD-1)/ programmed death ligand 1
(PD-L1) and cytotoxic T-cell lymphocyte-associated protein 4 (CTLA-4)/cluster of differentiation
(CD) 80 (CD80) could render prognostic value when analysed by iFRET in retrospective and
prospective patient samples. iFRET was then used to elucidate a molecular mechanism by which an
immune-mediated abscopal effect may be elicited in radiofrequency ablation-treated patients. Lastly,
we investigated how PD-1 signalling is transduced within T-lymphocytes by combining novel

molecular biology with advanced quantitative functional proteomics.

6.1.1: PD-1/PD-L1 Checkpoint Interaction State is Predictive of Patient Outcome in
Malignant Melanoma and Metastatic Non-Small Cell Lung Carcinoma

The use of immune checkpoint ligand expression is widely used to stratify which patients should receive
immune checkpoint blockade therapies. The problems with this are two-fold. Firstly, ligand expression
is often assessed by classical IHC methods, which lack a high dynamic range and specificity. Should
an immunohistochemical assay be used to quantify checkpoint ligand expression, it must be performed
in a quantitative and spatially resolved manner. Secondly, ligand expression is not a surrogate for
immune checkpoint interactions. The novel findings in Chapter 3 have, for the first time, detected and
validated immune-cell tumour-cell interplay in a cell co-culture model prior to demonstrating that, in
metastatic melanoma and metastatic non-small cell lung carcinoma (NSCLC), patient outcome is
significantly worsened in patients with a lower checkpoint interaction state. The use of ligand
expression failed to predict patient outcome. The methodological achievement of this chapter is the
application of the coincident time-resolved amplified-FRET (aFRET) to quantitate intercellular
receptor-ligand interactions for the first time. To our knowledge, no other technology exists which can
resolve, non-invasively, receptor-ligand interactions with a <10 nm resolution and a high dynamic
range. The novel biological relevance of these findings is identifying the preferable use of checkpoint
ligand functional state, rather than expression levels, as the preferred choice of stratification for patient

treatment regimens.
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6.1.2: iFRET Can Detect Differential Checkpoint Interactions within RFA-Treated Patients

Once the iFRET assay had been validated in retrospective patient studies for PD-1/PD-L1 and
CTLA-4/CD80 in Chapter 3, we sought to apply iFRET to a prospective study. A fraction of colorectal
patients with lung metastases acquire resistance to most conventional therapies and are therefore treated
with radiofrequency ablation (RFA). In very rare instances, an abscopal effect is observed between the
treatments of lungs one and two with RFA. This gave rise to the possibility of iFRET detecting any
immune checkpoint mediated mechanisms for the partial abscopal effects observed. Whilst the initial
study set up did not allow for the exclusion of intertumoral heterogeneity, iFRET was nevertheless
applied to samples from these patients to assess their CTLA-4/CD80 and PD-1/PD-L1 interactions. The
first key finding here was that iFRET can detect differences in CTLA-4/CD80 and PD-1/PD-L1
interactions within the same patient. This yields information about how a tumour may be preferentially
evading immune detection. Moreover, it was seen that PD-1/PD-L1 interaction states negatively
correlated with intratumoral CD3" density in patients. Whilst an interesting finding, the exact role of
these CD3" infiltrates remains ill-defined (as they could be responding to infection for example rather
than a tumour-specific response). Moreover, other CD marker identification is crucial to isolate
precisely which immune-subset of lymphocytes is infiltrating and interacting with the tumour.
However, it does identify that immune-cell infiltrates, if spatially quantitated and assessed by iFRET,
could help to better identify which immune-cell subsets hold the greatest antitumour potential.
Crucially, these findings give rise to the notion that patients should undergo “immune surveyance.”
That is, patients should be routinely monitored to assess which pathway(s) and immune-cell subtypes
are leading a tumours evasion of the immune system and subsequently what therapies (mono vs dual
therapy) should be prescribed to a patient. These combined findings may change the paradigm by which
immune checkpoint blockade therapies are prescribed to patients and how their subsequent response is

monitored.

6.1.3: CRISPR/Cas12 Coupled to aFRET and iFRET May Elucidate the Intracellular
Signalling Dynamics of PD-1 upon PD-L1 Ligation

Upon successfully applying iFRET to cell co-culture models, retrospective, and prospective studies, we
planned to couple iFRET with the advance molecular cloning technique CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats)/Cas12 (CRISPR associated system12) to elucidate intracellular
PD-1 signalling dynamics. The cytoplasmic tail of PD-1 contains a Y24g residue in its immunoreceptor
tyrosine-based switch motif (ITSM) which is known to become phosphorylated upon PD-1/PD-L1
engagement. Several studies have identified SH2 domain containing tyrosine phosphatase-2 (SHP-2)
as a binding partner to Yas, but studies assessing SH2 domain containing tyrosine phosphatase-1

(SHP-1) have given contrasting results, possibly in part due to conflicting techniques used between
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studies (Sheppard et al., 2004, Yokosuka et al., 2012). We therefore investigated whether the
phosphorylation state of Yasg acts as a docking site for SHP-1 using the two-site FRET assay.
CRISPR/Cas12 was used to introduce a phospho-inactive (Y243A) or phosphomimetic (Y243E) mutation
to the Y245 residue of PD-1. Moreover, we planned to assess whether the phosphorylation state of PD-1
regulated PD-1/PD-L1. Challenges within the molecular cloning were minimal, however challenges
arose during the transfection of CRISPR-modified plasmids into MOLT-4 leukemic cells. Despite using
a multi-tined approach to transfection, the MOLT-4 cells are yet to be transfected, although all
molecular cloning steps were carried out. This chapter brought about the combination of several novel
techniques in order to probe the intracellular signalling mechanisms of the PD-1/PD-L1 pathway in

tandem with their intercellular modulation.

Whilst these combination of novel techniques and biological findings, which sit at the interface of
fundamental research and the clinic, have yielded previously unknown functional proteomics of

immune checkpoints, questions surrounding these novel predictive biomarkers remain unanswered.
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Figure 6.1: Increased PD-L2 mRNA expression significantly correlates with an improved OS in NSCLC. The online tool,
KM Plotter, was used to assess whether PD-L2 mRNA expression correlated with clinical outcome in a retrospective NSCLC
study. It was observed that a higher median PD-L2 expression correlated with a significantly worsened overall survival (P=0.032)
in NSCLC. This indicates that PD-L2 mRNA expression may predict patient outcome, although this should be further studied at
the quantitative functional proteomic level.
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6.2: Future Perspectives

6.2.1: Unravelling the Intracellular Signalling Dynamics of PD-1 and CTLA-4

The first objective that would be set for the continuation of the work carried out in this thesis would be
the determination of the intracellular signalling dynamics of both PD-1 and CTLA-4. For PD-1, the
CRISPR-modified plasmids and guides would be successfully transfected into MOLT-4 cells or primary
human T-lymphocytes. If using primary T-lymphocytes, this would be performed by electroporation
after stimulation of the primary T-lymphocytes, which has been shown to significantly improve their
transfection efficiency (Zhang et al., 2018). As a previous study has indicated that SHP-1 may bind to
Y24z, (Sheppard et al., 2004), we predict that the nanoscopic resolution of FRET will allow for the
confirmation of PD-1/SHP-1 interaction. The effect of the phosphorylation state of Y24z on PD-1/PD-L1
interactions, using aFRET and iFRET, with both Y243A and Y24E modified cells should be investigated.
In the same manner aFRET can be exploited to determine which signal transducers associate at the
cytoplasmic tail of CTLA-4. Whilst a study has confirmed SHP-2 interacts with the cytoplasmic tail of
CTLA-4, aFRET could be used to assess other binding partners, such as SHP-1 (Watson et al., 2016).
Moreover, the use of CRISPR/Casl2 could be utilised to assess the regulatory mechanism of
cytoplasmic phosphorylation on the CTLA-4/CDS80 interaction state.

This could significantly improve cancer prognostics by assessing the functionality of both checkpoint
receptors alongside their interaction states. Thus, identifying intracellular phosphorylation events as

predictive biomarkers of response to therapy and improving patient stratification.

6.2.2: Assessment of CTLA-4/CD&86 and PD-1/PD-L2

Whilst CTLA-4/CD80 and PD-1/PD-L1 interactions have been extensively studied in this thesis and in
literature elsewhere, comparatively little is known about the engagement of these receptors with other
cognate ligands. The PD-1 receptor has another cognate ligand, PD-L2. Phylogenic studies have shown
that PD-L2 evolved from a gene duplication event of primordial PD-L1 (Philips et al., 2020). While
PD-L1 is expressed widely on both haemopoietic and non-haemopoietic cells, PD-L2 is restricted to
antigen presenting cells (APCs). A study has shown that PD-L2 binding to PD-1 on dendritic cells,
results in interleukin (IL)-12 production and T-lymphocyte activation. Moreover, an online tool, KM
Plotter, has been used to assess on a retrospective NSCLC study (Gy0rfty et al., 2013) whether PD-L2
mRNA (messenger ribonucleic acid) expression correlated with patient outcome. The tool reported that
median PD-L2 expression correlated with a significantly improved outcome (P=0.03, Figure 6.1). This
could give rise to the rationale that the functional proteomics of PD-1/PD-L2 could yield prognostic

value which is a hypothesis to be tested in the future.
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Similar to PD-1, CTLA-4 has two competing ligands, CD80 (B7.1) and CD86 (B7.2). CD86 has been
shown to be the preferred co-stimulatory ligand for CD28 on regulatory T-cells (Treg) cells, helping
maintain their homeostasis. Comparably to PD-L2, CD86 is constitutively expressed on APCs (Halliday
et al., 2020). The same tool was utilised to assess CD86 mRNA expression against patient survival in
NSCLC. Here, the lowest quartile of CD86 mRNA expression, rather than the median, indicated that
those with a lower CD86 expression experienced a significantly worsened outcome (P=0.041, Figure
6.2). This could indicate that, if protein functional states were analysed in a spatiotemporal manner,
CD86 could also yield prognostic value. However, whilst mRNA expression may be used to identify
potential differentially regulated targets of interest, future studies must ensure that the corresponding

protein functional states are analysed to yield to most relevant data.

Furthermore, Zhao et al., 2019 have shown, using steady-state FRET, that PD-L.1 and CD80 interact
directly in cis. The study went on to show that this interaction blocks PD-1 signalling and CTLA-4
signalling whilst preserving CD28 signalling. Thus, an increase in PD-L1/CD80 binding could result in
a net increase in immune activation via the stimulation of CD28. However, the ratio of PD-L1 to CD80
may alter the immune phenotype exhibited. If CDS8O0 is in excess of PD-L1, CD80 would act to block
PD-1/PD-L1 signalling (by forming PD-L1/CD8O0 interactions), allowing free CD80 to bind CTLA-4
in trans, thus downregulating the immune system (if bound to CTLA-4 on conventional
T-lymphocytes). If PD-L1 is in excess of CD80, the CD80/PD-L1 complexes would act to reduce
available CD80 to interact with CTLA-4 and free PD-L1 would trigger PD-1/PD-L1 signalling (Zhao
etal., 2019). Therefore, as part of the emerging philosophy of quantitative immune surveyance, constant
surveyance of CD80-PD-L1 complex dynamics, using a modified iFRET protocols could allow for

improved patient stratification and treatment in future work.
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Figure 6.2: Decreased mRNA CD86 expression significantly correlates with a worsened OS in NSCLC. The online tool, KM
Plotter, was used to assess whether lower quartile mRNA expression correlated with clinical outcome in a retrospective NSCLC
study. It was observed that a lower quartile CD86 expression correlated with a significantly worsened overall survival (P=0.041)
in NSCLC. This indicates that CD86 mRNA expression may predict patient outcome, although this should be further studied at
the quantitative functional proteomic level. Lower quartile mRNA expression was correlated to overall survival as median mRNA
expression failed to correlate with outcome.
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6.2.3: Simultaneous Functional Spatial Mapping of Multiple Immune Checkpoints: iFRET
and Imaging Mass Spectrometry as Complementary Techniques

The work in this thesis could change the paradigm of immune-oncology through the concept of
quantitative immune-surveyance. However, due to the complex nature of the immune system, precise
biomarker quantification must be coupled to advanced spatial quantification of the immune-cell subsets
that are interacting with a given tumour. Moreover, whilst the work here has, for the first time,
quantified checkpoint engagement at a resolution of <10 nm, only two checkpoints have been assessed.

A host of known checkpoints are yet to be determined in this manner.

The first point to be addressed would be the spatial quantitation of the immune cells infiltrating the
tumour microenvironment. This is likely to consist of a range of immune cells such as macrophages,
mast cells, natural killer (NK) cells, dendritic cells and both B- and T-lymphocytes (Giraldo et al.,
2019). It will be crucial to create a standardised approach by which these infiltrates are quantified. Of
particular importance in the tumour microenvironment are Tregs, tumour-associated macrophages and
myeloid-derived suppressor cells (Saleh and Elkord, 2019). Tregs are key mediators of tumorigenesis,
constituting 20-50% of circulating CD4" T-lymphocytes in melanoma, NSCLC, gastric and ovarian
cancer patients. By contrast, this value is 5-10% in healthy individuals. Tregs promote tumorigenesis
by the exerting immunosuppressive functions on effector cells (Saleh and Elkord, 2019). These
suppressive functions include production of suppressive cytokines (interleukins(IL)-10, TGFp, IL-35),
direct cytolysis of effector cells, metabolic arrest and suppression of dendritic cells (Sasidharan Nair
and FElkord, 2018). One study has shown that ipilimumab treatment can lead to a depletion of
intratumoral Tregs, in the presence of CD68, CD163, FcyR expressing macrophages, via
antibody-dependant cell-mediated cytotoxicity (Romano et al., 2015). Moreover, it has been seen that
anti-PD-1 therapies may lead to an upregulation of other immune checkpoints on Tregs such as TIGIT
(T-cell immunoreceptor with Ig and ITIM (immunoreceptor tyrosine-based inhibition motif) domains),
TIM-3 (T-cell immunoglobulin mucin-3), LAG-3 (Lymphocyte-activation gene 3) and VISTA (V-
domain Ig suppressor of T cell activation). This alludes to the fact that the precise intracellular
proteomics of Tregs should be studied in the future, alongside the quantification of Treg interactions
with tumour cells. The upregulation of TIGIT, TIM-3, LAG-3 and VISTA present mechanisms whereby
secondary resistance to anti-PD-1/PD-L1 and anti-CTLA-4 therapies may arise.
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Figure 6.3: Median LAG-3 mRNA expression significantly correlates with a worsened clinical outcome in NSCLC. The
online tool, KM Plotter, was used to assess whether median LAG-3 mRNA expression correlated with clinical outcome in a
retrospective NSCLC study. It was observed that a higher median LAG-3 expression correlated with a significantly worsened
overall survival (P=0.042) in NSCLC. This indicates that LAG-3 mRNA expression may predict patient outcome, although this
should be further studied at the quantitative functional proteomic level.
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Figure 6.4: Median TIM-3 mRNA expression significantly correlates with a worsened clinical outcome in NSCLC. The
online tool, KM Plotter, was used to assess whether median TIM-3 mRNA expression correlated with clinical outcome in a
retrospective NSCLC study. It was observed that a higher median TIM-3 expression correlated with a significantly worsened
overall survival (P=1.4x10-5) in NSCLC. This indicates that TIM-3 mRNA expression may predict patient outcome, although
this should be further studied at the quantitative functional proteomic level.
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Figure 6.5: Median TIGIT mRNA expression does not correlate with clinical outcome in NSCLC. The online tool, KM
Plotter, was used to assess whether median TIGIT mRNA expression correlated with clinical outcome in a retrospective NSCLC
study. It was observed that a median TIGIT expression failed to correlate with overall survival (P=0.73) in NSCLC. Whilst this
does not identify TIGIT as a potential predictive biomarker at the genomic level, it would be interesting to study the functional
proteomics of TIGIT (i.e., receptor-ligand interaction) to determine if TIGIT hold predictive value as a biomarker.
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Figure 6.6: Median VISTA mRNA expression correlates with an improved clinical outcome in NSCLC. The online tool,
KM Plotter, was used to assess whether median VISTA mRNA expression correlated with clinical outcome in a retrospective
NSCLC study. It was observed that a lower median VISTA expression correlated with a significantly worsened overall survival
(P=2.5x10"%) in NSCLC. This indicates that VISTA mRNA expression may predict patient outcome, although this prediction
goes against classical literature, which suggests VISTA expression should correlate with a worsened overall survival by promoting
immune evasion and tumorigenesis. Therefore, quantifying the functional proteomics of VISTA will be key in identifying whether
it may be a predictive biomarker in cancer.
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The targeting of PD-1/PD-L1 and/or CTLA-4/CD80 may apply a selection pressure to intratumoral
lymphocytes, resulting in the upregulation of these additional checkpoints. Using the online tool KM
Plotter (described above), mRNA expression of TIGIT, TIM-3, LAG-3 and VISTA were used to predict
patient outcome in a retrospective NSCLC study. Both increased LAG-3 and TIM-3 mRNA expression
correlated with a worsened patient outcome (Figure 6.3 and Figure 6.4, respectively). TIGIT mRNA
expression yielded no significant predictive value in the study (P=0.72, Figure 6.5) and increased
VISTA mRNA expression correlated with an improved patient outcome (Figure 6.6). Whilst genomic
analyses can identify differentially regulated genes in disease, this does not necessarily correlate with
the functional state of the proteins. Therefore, whilst genomic analysis may elucidate putative immune
biomarkers, these analyses should be investigated in parallel to determine whether there are significant
correlations with the functional states of the corresponding proteins in immune oncology. These studies
should be correlated with the spatial make-up of the immune infiltrates within the tumour

microenvironment.

Therefore, a routine spatial mapping of T-lymphocyte subsets, for example, Treg lymphocytes, will be
essential in identifying the key checkpoints and mediators that underpin a tumour’s evasion from the
immune system. This could be achieved, in a sensitive and high-plex manner by imaging mass
spectrometry (IMS), paving a way for IMS and iFRET to work in tandem to further immune surveyance,
patient stratification and prognoses. In any case, the use of immunohistochemistry in precision medicine
and prognostics is warranted, provided it is carried out with suitable sensitivity, precision and spatial
resolution. The future direction of quantitative immune surveyance, underpinned by iFRET and IMS is

outlined in Figure 6.7.

In this body of work, we have paved a novel path for implementing quantitative immune-surveyance
that can complement a range of routine functional proteomics to advance the fields of precision

medicine and cancer prognostics.
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iFRET in tandem with IMS may aid initial patient stratification and prescription of immunotherapies
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iFRET is proposed to routinely assess immune checkpoint interaction evolution within a patient over time, thus
allowing for continued precision medicine within a patient
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Figure 6.7: Routine patient screening with iFRET and IMS may change the paradigm of current immunotherapy
prescriptions. Top panel: We propose that iFRET analysis, combined with quantitative, spatial high-plex proteomics (to map
immune cell infiltration, for example) will allow for improved patient stratification, treatment, and prescriptions in cancer. Bottom
panel: It is further proposed that iFRET may be used as part of a routine quantitative immune surveyance approach which allows
for the continued monitoring of patients in a high-plex manner. This would allow for the regular updating of patient prescription
and treatment options as well as assessing patient response and predicting acquired resistance to treatment.
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Appendix
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Appendix 1.1: Median CTLA-4/CD80 and PD-1/PD-L1 interaction states fail to correlate with intratumoral lymphocyte
infiltration in lung two (post-RFA) A) Median CTLA-4/CDS80 interaction states failed to correlate with intratumoral CD3"
infiltration in samples taken from lung two, rs=-0.112, P=0.633. B) Intratumoral CD3" infiltration did not correlate with median
PD-1/PD-L1 interaction in samples from lung two, r=0.155, P=0.632. C) CD8" infiltration failed to correlate with median
CTLA-4/CD80 interaction state, r=-0.182, P=0.573. D) Median PD-1/PD-L1 interaction state did not correlate with intratumoral

CD8" infiltration in biopsies from lung two, r=-0.014, P=0.973.
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Appendix 2.2: Upper Quartile PD-1/PD-L1 interaction states correlate with intratumoral CD3+ infiltration in lung one
(pre-RFA). A) Upper quartile CTLA-4/CD8O0 interaction states failed to correlate with intratumoral CD3" infiltration in samples
taken from lung one, 1=-0.029, P=0.928. B) Intratumoral CD3" infiltration significantly and negatively correlated with upper
quartile PD-1/PD-L1 interaction in samples from lung one, r=-0.714, P=0.004. C) CDS8" infiltration failed to correlate with upper
quartile CTLA-4/CDS80 interaction state, r,=-0.160, P=0.584. D) Upper quartile PD-1/PD-L1 interaction state negatively
correlated with intratumoral CD8" infiltration in biopsies from lung one, r=-0.510, P=0.054, albeit with no significant difference.

However, the result presented here is approaching statistical significance.
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Appendix 3.3: Upper quartile CTLA-4/CD80 and PD-1/PD-L1 interaction states fail to correlate with intratumoral
lymphocyte infiltration in lung two (post-RFA) A) Upper quartile CTLA-4/CD80 interaction states failed to correlate with
intratumoral CD3" infiltration in samples taken from lung two, r=-0.357, P=0.192. B) Intratumoral CD3" infiltration did not
correlate with upper quartile PD-1/PD-L1 interaction in samples from lung two, 1,=0.210, P=0.509. C) CD8" infiltration failed to
correlate with upper quartile CTLA-4/CD80 interaction state, r=-0.497, P=0.104. D) Upper quartile PD-1/PD-L1 interaction state

did not correlate with intratumoral CD8" infiltration in biopsies from lung two, r=-0.046, P=0.891.
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