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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.
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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
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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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which hydrophobically interacts with CD3 subunits (here CD3ye, CD3ed and CD3&). Ligation of the TCR with an MHC complex
presenting an antigen recruits the kinases Lck and ZAP-70 to the TCR, as well as the transmembrane phosphatase CD45. CD45
dephosphorylates the inhibitory phosphorylation of Lck, rendering it active. Lck phosphorylates the ITAM of the TCR which
docks ZAP-70. Lck then phosphorylates ZAP-70. ZAP-70 activates the adapter protein LAT, which subsequently activates PLCy1
and Erk. PLCyl activation results in the formation of DAG and IPs. [P acts to increase intracellular calcium concentration which
results in activation of the NFAT and NF«B transcription factors. DAG results in Erk activation (which activates AP-1 via Fos)
and activation of NFxB (via PKCO, IKK and IxB). For full activation of a T-lymphocyte, CD28 ligation with CD80/86 is required.
CD28 activation also results in PKC8 activation via recruitment of PDK1 (not shown). (Modified from Schmidt et al., 2012).




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.
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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
18



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.

22



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.
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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 wi