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RESUMEN in extenso

El cancer se define como un conjunto de enfermedades en las que las
células crecen de manera descontrolada, provocando fallos en los tejidos a los
que afecta. Estas células de crecimiento descontrolado pueden crecer y
propagarse a otros tejidos y organos a través del sistema circulatorio o
linfatico, y pueden interferir con el funcionamiento normal del cuerpo. Hoy
en dia, el cancer es una de las principales causas de muerte a nivel mundial,
superado solo por las enfermedades cardiovasculares. El cancer de pulmon es
el tipo de cancer que mas muertes provoca al afio en todo el mundo, con méas
de 1.8 millones de muertes en 2020. En el 57% de los casos, su diagndstico se
produce en etapas avanzadas en el que el prondstico de los pacientes es malo,
ya que menos del 5.3% sobrevive 5 afios. Histolégicamente, el cancer de
pulmon se puede dividir en dos tipos: el cancer de pulmon de células no
pequefias (NSCLC, del inglés non-small cell lung cancer) que constituye el
85% de los casos, y el cancer de pulmdn de células pequefias (SCLC, del
inglés small cell lung cancer), que constituye un 15% de los casos. Este Gltimo
tipo se caracteriza por su mayor agresividad, siendo su tasa de supervivencia

a 5 anos de solo el 2.8%.

Durante muchos afios, la estrategia terapéutica mas frecuente para hacer
frente al cancer de pulmon se basaba en el uso de la quimioterapia, la cual
bloquea la division celular de las células tumorales. Sin embargo, la
quimioterapia también afecta negativamente a células sanas, produciendo
efectos secundarios no deseados que disminuyen la calidad de vida de los

pacientes. Ademas, la resistencia al tratamiento con este tipo de farmacos
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puede ocurrir con frecuencia. En las Ultimas décadas, un mayor conocimiento
de los mecanismos moleculares del cancer de pulmén ha permitido el
desarrollo y la aprobacion de nuevos farmacos especificos contra el cancer,
mejorando éstos la supervivencia y la calidad de vida de los pacientes. En
concreto, en el NSCLC el descubrimiento de alteraciones en genes drivers ha
permitido el uso de terapias dirigidas donde el farmaco se dirige solamente
hacia las células tumorales que presentan diferentes alteraciones.
Recientemente la inmunoterapia ha emergido como una terapia alternativa
cuando no hay mutaciones en genes drivers. Por otro lado, en el SCLC
actualmente no existen terapias dirigidas hacia genes drivers mientras que la
inmunoterapia ha sido incorporada al manejo clinico de los pacientes hace
relativamente pocos afios. En ambos tipos de céancer, seleccionar el
tratamiento adecuado e identificar a aquellos pacientes que se beneficiaran de
las diferentes terapias que existen en la actualidad para mejorar las tasas de
supervivencia, es esencial. Sin embargo, los actuales biomarcadores no
siempre son suficientemente eficaces para seleccionar a aquellos pacientes

gue responderan a estos tratamientos.

Actualmente, la identificacidn de las alteraciones tumorales en la practica
clinica para seleccionar el mejor tratamiento debe realizarse en el tejido
tumoral. Sin embargo, esta aproximacién no esta exenta de desventajas. En
primer lugar, las biopsias sélidas pueden ser invasivas y dolorosas, lo que
puede causar malestar y complicaciones en algunos pacientes. En segundo
lugar, la accesibilidad al tumor no siempre esta disponible en los casos de
cancer de pulmon o la cantidad de muestra obtenida no es suficiente para
realizar un andlisis molecular extenso. Por ultimo, estas biopsias pueden no

ser representativas de todo el tumor, ya que solo se toma una pequefia muestra
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del tejido, lo que puede conducir a errores de diagndstico y/o una seleccion de
un tratamiento inadecuado. Ademas, la heterogeneidad tumoral es un factor
clave en los pacientes con cancer avanzado donde el tumor primario no
siempre es representativo de la imagen total de la enfermedad. Por ultimo, la
monitorizacion de la enfermedad en tiempo real durante el tratamiento es
fundamental para determinar la eficacia de éste y prevenir o adelantarse a la
aparicion de resistencias que produzcan el avance de la enfermedad. Dado el
caracter invasivo de las biopsias solidas, realizar éstas a diferentes puntos del
tratamiento, con el fin de monitorizar la respuesta, no es adecuado. Por todo
ello, la necesidad de utilizar alternativas no invasivas y repetitivas para
mejorar el diagnostico y permitir la monitorizacion de la enfermedad durante
el tratamiento del cancer de pulmén, destaca la importancia de desarrollar
técnicas que puedan complementar o reemplazar a las biopsias sélidas.

Dentro de este contexto, hace aproximadamente 20 afios nace la biopsia
liquida, una herramienta alternativa para el manejo de varias enfermedades,
entre ellas, el cancer. La biopsia liquida es una técnica no invasiva que permite
detectar y analizar células tumorales y material genético del tumor en muestras
de sangre u otros fluidos corporales. Esta técnica revolucionaria ofrece
ventajas en comparacion con las desventajas previamente mencionadas de las
biopsias sélidas: no requiere procedimientos invasivos, se puede realizar con
mayor frecuencia durante el tratamiento para monitorizar la progresion del
cancer y detectar posibles resistencias y, ademas, ofrece informacién mas
precisa y completa sobre la heterogeneidad molecular que caracteriza a

muchos tumores.

El ADN libre circulante (cfDNA, del inglés circulating free DNA), las

células tumorales circulantes (CTCs, del inglés circulating tumour cells) y
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otros componentes de la biopsia liquida han demostrado su utilidad como
biomarcadores predictivos y prondsticos en el campo de la oncologia (Figura
1). Sin embargo, no esta claro cuél es el mejor abordaje para analizar las
alteraciones tumorales utilizando muestras de sangre, cémo se deben
cuantificar los diferentes biomarcadores y qué técnicas son las mas apropiadas

en cada caso.

Células tumorales circulantes

ADN libre circulante

Figura 1. Principales componentes de la biopsia liquida estudiados a lo largo de la
presente tesis.

En vista de los antecedentes mencionados previamente, las necesidades
actuales, y el potencial de la biopsia liquida para el abordaje clinico del cancer
de pulmon, el principal objetivo de esta tesis se centra en el desarrollo y
validacion de estrategias que nos permitan realizar la caracterizacion de
biomarcadores circulantes de forma eficaz con el fin de mejorar el manejo de
pacientes con cancer de pulmoén avanzado en distintos contextos de

tratamiento.

Para ello, el primer capitulo de esta tesis se centra en el estudio y
desarrollo de diferentes metodologias para el andlisis del ADN tumoral

circulante (ctDNA, del inglés circulating tumour cell) y las CTCs para
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seleccionar y monitorizar diferentes terapias dirigidas en pacientes con
NSCLC avanzado. Durante los ultimos afios, la deteccion de alteraciones en
diferentes receptores tirosina quinasa (RTKs, del inglés receptors tyrosine
kinase) como el receptor del factor de crecimiento epidérmico (EGFR) y el
receptor del factor de crecimiento hepatico (MET o ¢c-MET) en los pacientes
con NSCLC se ha convertido en una parte habitual de la préactica clinica. La
deteccidn de estas alteraciones permite seleccionar a aquellos pacientes que
se beneficiaran de tratamientos dirigidos contra estos genes y las vias que

regulan, permitiendo un aumento en la supervivencia de los pacientes.

Con este fin, en primer lugar (CHAPTER IA; Figura 2), se han analizado
las ventajas que tendria la implementacion en la practica clinica de un ensayo
simple y rapido de PCR cuantitativa (qPCR, del inglés quantitative PCR) para
detectar alteraciones en el gen EGFR a partir de muestras de sangre. Para ello,
40 pacientes con NSCLC fueron incluidos en el estudio, en los cuales se
recogieron muestras de sangre antes de iniciar el tratamiento y durante
diferentes puntos de este. En total, 53 muestras de plasma fueron analizadas
mediante el ensayo de qPCR “ctEGFR de Idylla™ mutational assay” y los
datos obtenidos mediante este sistema fueron comparados con los datos
obtenidos en las muestras de biopsia sélida, actualmente el gold estandar en
la practica clinica. La concordancia entre ambas muestras fue del 71.8%.
Respecto a los casos discordantes entre ambas muestras, es importante resaltas
que en mas de la mitad de los casos (6/11) la diferencia de tiempo entre la
muestra sélida y la muestra de sangre era superior a 3 meses. Seguidamente,
con el fin de determinar cuan sensible era el sistema a estudio, se compararon
los resultados obtenidos de la técnica Idylla™ con otras dos técnicas de

analisis de alteraciones a partir de muestras de plasma: la tecnologia
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BEAMing (una técnica basada en PCR digital (ddPCR, del inglés digital
droplet PCR)) y técnicas de secuenciacion masiva (NGS, del inglés next-
generation sequencing) empleando un panel dirigido (AVENIO ctDNA
Expanded panel). Los resultados obtenidos mostraron una gran concordancia
de la estrategia de gPCR con la tecnologia BEAMing y el panel de
secuenciacion AVENIO (88.9% y 93.3%, respectivamente). Sin embargo, a
pesar de la buena concordancia obtenida, aquellas alteraciones que se
encontraban con una frecuencia alélica igual o menor del 0.13% no fueron
detectables mediante la tecnologia Idylla™. Por otro lado, muestras
procedentes de 10 pacientes con NSCLC se analizaron antes y durante el
tratamiento con el sistema Idylla™ con el fin de monitorizar la respuesta al
tratamiento y detectar de forma temprana la aparicion de posibles resistencias.
A pesar de que en nuestra cohorte no se detect6 la aparicion de resistencias al
tratamiento, cambios en los niveles de cfDNA y variaciones en las mutaciones
sugieren gue el sistema Idylla™ constituye un buen enfoque para monitorizar
la respuesta a la terapia en pacientes bajo terapias con inhibidores de tirosina

guinasa (TKIs, del inglés tyrosine kinase inhibitors).

En general, los resultados obtenidos en este estudio piloto permiten
concluir que el ensayo de “Idylla™ ctEGFR mutational assay” es una
herramienta rapida y sencilla que podria emplearse como una primera prueba
para detectar mutaciones de EGFR en la rutina clinica habitual, obteniendo el
resultado el mismo dia de consulta del paciente, evitando asi largos tiempos
de espera. Sin embargo, es importante destacar que en aquellos casos que no
se detecte ninguna mutacion debido al bajo contenido de ctDNA en plasma,
se debe emplear otra técnica méas sensible como una estrategia basada en

ddPCR o NGS para confirmar el resultado negativo. En relacién con esto,
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algunos aspectos deben tenerse en cuenta para la seleccion de los pacientes
gue se beneficiaran de esta plataforma. Por ejemplo, los tumores con mdltiples
ubicaciones metastasicas y altamente vascularizados tendran niveles mas altos
de ctDNAy, por lo tanto, el genotipado de mutaciones clinicamente relevantes

sera mas facil de detectar mediante la técnica Idylla™,
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Figura 2. Resumen grafico del trabajo realizado en el CHAPTER IA. Abreviaturas:
NSCLC, del inglés non-small cell lung cancer, cancer de pulmén no microcitico; ctDNA, del
inglés circnlating tumonr DNA, DNA tumoral circulante; qPCR, PCR cuantitativa.

Siguiendo con las diversas mutaciones que se pueden encontrar en el
cancer de pulmon, es ampliamente reconocido que distintas mutaciones en el
gen MET pueden causar resistencia a ciertas terapias, especialmente a TKIs.
En la actualidad, las terapias con inhibidores de MET permiten aumentar el
pronostico de los pacientes con alteraciones en este gen, sin embargo, no hay
métodos estandarizados para confirmar dichas alteraciones moleculares. Por
ello, otro de los objetivos de la presente tesis se centrd en desarrollar
herramientas basadas en biopsia liquida para evaluar las alteraciones de MET
en pacientes con cancer y determinar su utilidad, centrdndonos
particularmente en pacientes con NSCLC (CHAPTER 1B; Figura 3). Para

alcanzar este objetivo, se reclutaron un total de 174 pacientes con diferentes
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tipos de cancer y 49 controles sanos. En esta cohorte de pacientes, se aplico
un ensayo basado en ddPCR para analizar el nimero de copias de MET en
muestras de cfDNA en pacientes con tumores refractarios. Tras validar
técnicamente el ensayo, se analizaron 77 pacientes con NSCLC y un 12.99%
de los pacientes presentd amplificacion de MET, siendo posibles candidatos a
farmacos inhibidores de MET. Por otro lado, complementando nuestra
estrategia no invasiva para caracterizar el estado de MET, estudiamos la
poblacion de CTCs aplicando dos enfoques diferentes (sistemas CellSearch®
y Parsortix) para determinar su nimero y el nivel de expresion de la proteina
c-MET en 16 pacientes con NSCLC metastésico. Los resultados obtenidos en
ambos sistemas mostraron una concordancia del 62.5% a la hora de detectar
la presencia de CTCs, sin embargo, el sistema Parsortix mostré una mayor
eficiencia ya que permitio la deteccion de un mayor nimero de CTCs (en el
56.2% de los pacientes se detectaron CTCs frente al 31.25% usando el sistema
CellSearch®). Respecto a la deteccion de la sobreexpresion de c-MET, los
datos obtenidos sugieren que el sistema Parsortix es capaz de aislar mas CTCs
con sobreexpresion de c-MET (un 37.1% de las CTCs detectadas mostraron
sobreexpresion) que el sistema CellSearch® (10.9%), resultados que
concuerdan con el fenotipo mesenquimal propio de estas CTCs. Estos
resultados preliminares indican que el sistema Parsortix seria mas eficaz a la
hora de detectar la sobreexpresion de c-MET en CTCs de pacientes con
NSCLC tras varias lineas de tratamiento, sin embargo, estudios con una
cohorte mayor de pacientes son necesarios para obtener resultados mas
robustos. Finalmente, dos casos de pacientes con NSCLC evidenciaron como
la deteccion de las alteraciones de MET (amplificacion de MET vy/o
sobreexpresion de c-MET mediante el sistema CellSearch® o Parsortix) puede

ser informativa para la seleccion de tratamiento, asi como en la monitorizacién
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de la aparicién de mecanismos de resistencia en respuesta al tratamiento anti-
EGFR.

En conclusidn, en el capitulo 1B mostramos los resultados del desarrollo
de ensayos especificos y no invasivos para monitorizar la expresion de c-MET
en CTCs y la deteccion de la amplificacion de MET en cfDNA a partir de
muestras de sangre de pacientes con cancer avanzado refractario. Ambas
alteraciones moleculares se detectaron en la cohorte de pacientes con NSCLC
por lo que demostramos su potencial para caracterizarlas de manera no
invasiva y dinamica, siendo estas un biomarcador con relevancia terapéutica
que juega un papel importante en el desarrollo de resistencias. Ambas
estrategias tienen interés para seleccionar a los pacientes que se beneficiaran
de los inhibidores de MET asi como para monitorizar el seguimiento de los

pacientes bajo terapias con TKISs.
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Figura 3. Resumen grafico del trabajo realizado en el CHAPTER IB. Abreviaturas:
ddPCR, del inglés digital droplet PCR, PCR digital; NSCLC, del inglés non-small cell lung
cancer, cancer de pulmoén no microcitico; ctDNA, del inglés circulating tumonr DN.A, ADN
tumoral circulante; CTCs, del inglés circulating tumonr cells, células tumorales circulantes;

CN, del inglés copy number, nimero de copias.
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Tras el estudio de diferentes tecnologias para detectar alteraciones en
cfDNA o CTCs para seleccionar y monitorizar terapias dirigidas a genes
RTKs, otro de los objetivos de la presente tesis se centrd en el estudio del
cfDNA y de las CTCs como herramienta pronostica o predictiva para guiar el
tratamiento con inmunoterapia en pacientes con NSCLC. Los inhibidores de
puntos de control inmunoldgico, como pembrolizumab, han revolucionado la
terapia oncol6gica en diferentes tipos de cancer, incluyendo el NSCLC. Sin
embargo, solo un subconjunto de pacientes se beneficia de esta terapia, y
actualmente no existe un biomarcador claro para seleccionar a estos pacientes.
Por ello, existe una clara necesidad de nuevos biomarcadores que permitan
una mejor seleccion de los pacientes, punto que abordamos en dos de los
capitulos de esta tesis (CHAPTER Il y CHAPTER V).

Con este objetivo, en el capitulo Il de la presente tesis (CHAPTER II;
Figura 4), se disefié un estudio en el que se reclutaron 50 pacientes con
NSCLC avanzado tratados con inmunoterapia en los cuales se exploré el
posible valor prondstico y predictivo de respuesta que presenta el analisis del
cfDNAy las CTCs presentes en la sangre de los pacientes. Ademas, con el fin
de evaluar si el cfDNA puede ser utilizado como herramienta de
monitorizacion de la enfermedad y/o respuesta al tratamiento, se recogieron
un total de 109 muestras de sangre a diferentes puntos del tratamiento: antes
del inicio y a las 6 y 12 semanas post-inicio de tratamiento. En primer lugar,
los niveles de cfDNA se midieron mediante un ensayo de gPCR cuantificando
el numero de copias de una secuencia del gen hTERT. Tras analizar los
resultados de dicha cuantificacion en relacion con la supervivencia de los
pacientes, se determin6 que aquellos con niveles altos de cfDNA antes de

iniciar el tratamiento, tuvieron unas supervivencias libres de progresién (PFS,

42



Resumen in extenso

del inglés progression-free survival) y global (OS, del inglés overall survival)
significativamente peores que aquellos con niveles bajos. Ademas, los
pacientes con cambios desfavorables en los niveles de cfDNA desde el
momento basal hasta las 12 semanas mostraron un mayor riesgo de progresion
de la enfermedad. En segundo lugar, se analiz6 la presencia de CTCs en
muestras de sangre antes del inicio del tratamiento en estos pacientes,
utilizando dos tecnologias de enriquecimiento (sistemas CellSearch® y
Parsortix) diferentes para evaluar la eficacia de ambos enfoques en cuanto a
la cuantificacion del niamero de CTCs y analizar la expresion de la proteina
de ligando de muerte celular programada 1 (PD-L1, del inglés, programmed
death-ligand 1) en esta poblacién circulante. El sistema con el que se
detectaron méas CTCs PD-L1 positivas fue el sistema Parsortix. Sin embargo,
la expresion de PD-L1 en CTCs no presentd ninguna asociacién con la
supervivencia de los pacientes, en ninguna de las dos técnicas empleadas. Sin
embargo, los resultados obtenidos indicaron que los pacientes en los que se
detectaron CTCs utilizando el sistema CellSearch® tuvieron una PFS y una
OS significativamente méas cortas que los pacientes que no tenian CTCs,
independientemente del estado de PD-L1. Finalmente, analisis de regresion
multivariante mostraron que si se combinaba la presencia de CTCs detectadas
mediante sistema CellSearch® con los niveles de cfDNA antes de iniciar el
tratamiento en los pacientes con NSCLC avanzado, la combinacién de ambos
muestra valor como biomarcador pronéstico independiente de la progresién
de la enfermedad. Asi, el segundo capitulo de la presente tesis demostré que
la combinacidn de los niveles basales de CTCs y cfDNA aporta informacion
relevante sobre el prondstico y la evolucion de la respuesta a la terapia con
pembrolizumab en pacientes con NSCLC metastasico. Utilizando dicho

enfoque, es posible identificar un subgrupo de pacientes negativos para CTCs
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y que presentan niveles bajos de cfDNA, que se benefician particularmente
del tratamiento con inmunoterapia. Por otro lado, nuestros resultados indican
gue evaluar los niveles de cfDNA a las 12 semanas de iniciar el tratamiento,
podria permitir a los médicos decidir si el beneficio clinico que experimenta
el paciente es suficiente para continuar el tratamiento, evitando toxicidades y
costes econdmicos innecesarios en aquellos casos en los que los niveles de

cfDNA han sufrido cambios desfavorables.
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Figura 4. Resumen grafico del trabajo realizado en el CHAPTER II. Abreviaturas:
NSCLC, del inglés non-small cell lung cancer, cancer de pulmén no microcitico; cfDNA, del
inglés circulanting free DN.A, ADN libre circulante; CTCs, del inglés circulating tumonr cells,

células tumorales circulantes; qPCR, PCR cuantitativa.

Basandonos en estos resultados, posteriormente quisimos investigar si el
estudio del cfDNA y las CTCs podria proporcionarnos informacién sobre la
evolucion clinica en pacientes con SCLC. En este tipo de cancer de pulmén
menos frecuente, la falta de biomarcadores para la seleccion y la
monitorizacion del tratamiento junto con las limitadas opciones terapéuticas
que existen actualmente se asocia con un pronoéstico muy pobre en estos
pacientes. Por ello es importante explorar el valor de nuevos marcadores para

mejorar el manejo de estos pacientes. Con estas premisas, en el capitulo Il de

44



Resumen in extenso

la presente tesis (CHAPTER I1I; Figura 5) se realiz6 un estudio con un
enfoque similar al realizado en el capitulo Il pero en pacientes con SCLC. Se
reclutaron para ello 46 pacientes con SCLC avanzado y 20 controles sanos,
recogiendo un total de 131 muestras de sangre. Los niveles de cfDNA se
cuantificaron longitudinalmente en diferentes puntos durante la primera linea
de terapia (quimioterapia o inmunoterapia en combinacion con quimioterapia)
mediante un ensayo de gPCR. De manera similar a los resultados obtenidos
en los pacientes con NSCLC, los niveles elevados de cfDNA antes del inicio
de la terapia mostraron asociacion con una PFS y una OS mas corta en la
cohorte de SCLC. Ademas, niveles altos de cfDNA a las 3 semanas y en el
momento de la progresion de la enfermedad, se asociaron con un peor
pronostico, mostrando independencia respecto a otras variables clinicas. Por
otro lado, en una cohorte de 21 pacientes se analizé la presencia de CTCs antes
del inicio del tratamiento, empleando la tecnologia CellSearch®. Mientras en
NSCLC la presencia de CTCs mostrd valor prondstico para predecir PFS y
OS, en la cohorte de SCLC solo la presencia de un nimero elevado de CTCs
(>150 CTCs) mostrd una asociacion discreta con menores tasas de PFS, pero
sin mostrar valor pronostico independiente. Finalmente, se explord el valor
prondstico del analisis del cfDNA junto con otras variables clinicas, como el
estado del paciente segun la escala ECOG PS (del inglés, eastern cooperative
oncology group performance status) y el sexo. Este modelo permiti6
estratificar a los pacientes en diferentes grupos de riesgo identificando
aquellos que podian beneficiarse mas del tratamiento con quimioterapia o

inmunoterapia.

En resumen, el capitulo 111, se describen resultados que avalan el interés

del analisis de los niveles de cfDNA para ayudar a los oncélogos a hacer un
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prondstico mas certero sobre la evolucion de la enfermedad y la respuesta al
tratamiento en pacientes recién diagnosticados con SCLC. En particular, con
este estudio demostramos que la combinacion del andlisis del cfDNA y
caracteristicas clinicas estandar (ECOG PS y sexo) puede ayudar a estratificar
mejor a los pacientes y detectar aquellos que podrian beneficiarse

especialmente del tratamiento.
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Figura 5. Resumen grafico del trabajo realizado en el CHAPTER III. Abreviaturas:
SCLC, del inglés small cell lung cancer, cancer de pulmén microcitico; cfDNA, del inglés
circnlanting free DN.A, ADN libre circulante; CTCs, del inglés circulating tumour cells, células
tumorales circulantes; qPCR, PCR cuantitativa; ECOG PS, del inglés Eastern Cogperative
Oncology Group Performance Status.

Por altimo, en el cuarto capitulo de esta tesis (CHAPTER 1V; Figura 6)
se centro en la identificacién de marcadores proteicos presentes en plasma con
potenciales biomarcadores predictivos de respuesta a inmunoterapia en
pacientes con NSCLC. Respecto al cfDNA y a las CTCs, las proteinas
circulantes son tipicamente mas faciles de medir, lo que las convierte en un
biomarcador accesible y rentable para el uso en un contexto clinico. Ademas
de proporcionar informacion sobre las células tumorales, el proteoma

plasmatico puede proporcionar informacion sobre el microambiente que rodea
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al tumor, incluyendo su composicion inmune o el estado inflamatorio del
mismo. Con el objetivo de identificar proteinas plasmaticas con interés para
guiar el tratamiento con inmunoterapia en pacientes con NSCLC avanzado, se
disefid un estudio en el que se incluyeron 64 pacientes tratados con
pembrolizumab. Las muestras de sangre fueron recogidas en diferentes puntos
del tratamiento: antes de iniciar el tratamiento, a las 6 y 12 semanas tras el
inicio de la terapia y en el momento de la progresién de la enfermedad. En
total se recogieron 171 muestras en las cuales se analizaron las proteinas
presentes en el plasma mediante la tecnologia SWATH-MS (del inglés,
sequential window acquisition of all theoretical fragment ion mass spectra),
un método de adquisicion independiente de datos que permite cuantificar
cientos de proteinas en un solo ensayo. Un andlisis comparativo entre muestras
de pacientes respondedores y no respondedores permitié identificar 324
proteinas diferencialmente expresadas entre ambos grupos. De ellas, 172
proteinas presentaban niveles mas altos en los pacientes respondedores
mientras que 152 proteinas, presentaban niveles mas altos en los no
respondedores. A partir del global de proteinas diferencialmente expresadas,
se identificé una firma proteémica de 7 proteinas (ATG9A, HPS5, DCDC2,
PGTA, FIL1L, LZTL1y SPTN2) que permite discriminar a los pacientes que
responden al tratamiento con inmunoterapia. Individualmente las proteinas
mostraban un poder de discriminacidn alto, con areas bajo la curva (AUC, del
inglés area under the curve) entre 0.72 y 0.78, mejorando asi el poder
predictivo de la expresion de PD-L1 en tejido (AUC= 0.638). El uso
combinado de las 7 proteinas mejor6 estos valores, obteniendo una AUC=1.
Por otro lado, andlisis de supervivencia revelaron que niveles bajos de ATG9A
se asociaron de manera significativa con una mejor PFS, mientras que los

valores altos de SPTN2 mostraron valor prondstico positivo para PFS. Asi
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mismao, niveles bajos de HPS5 y DCDC2 se asociaron de manera significativa
con una mayor OS. Finalmente, la cuantificacién de estas 7 proteinas a
diferentes puntos del tratamiento reveld que el modelo propuesto permite
predecir la respuesta tanto a las 6 semanas como a las 12 semanas tras el inicio
del tratamiento con pembrolizumab. En resumen, los resultados derivados del
capitulo 1V de esta tesis, nos permitieron identificar una firma proteémica de
7 proteinas plasmaéticas con potencial para seleccionar aquellos pacientes que

se beneficiaran de inmunoterapia basada en anti-PD1.
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Figura 6. Resumen grafico del trabajo realizado en el CHAPTER IV. Abreviaturas:

NSCLC, del inglés non-small cell lung cancer, cancer de pulmén no microcitico.

En resumen, el cancer de pulmén metastasico es una enfermedad
compleja y heterogénea que requiere un enfoque multidisciplinario para su
diagndstico y tratamiento. Las “O0micas”, incluyendo la gendmica y
protedmica, son herramientas esenciales para identificar biomarcadores y
dianas terapéuticas para abordar el tratamiento del cancer. Ademas, el estudio
de biopsias liquidas, incluyendo el analisis de CTCs, cfDNAy otras moléculas
presentes en la sangre, ha surgido como una herramienta no invasiva y

altamente sensible para la deteccion del céncer y el seguimiento de la
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respuesta al tratamiento, donde cada componente proporciona informacion
Unica sobre el tumor y su microambiente. La combinacion de estos marcadores
circulantes con las diferentes “omicas” y datos clinicos como el evolutivo de
los pacientes o las imagenes radioldgicas de seguimiento, ofrece un enfoque
poderoso para comprender la complejidad del cancer de pulmon metastasico

y desarrollar estrategias de tratamiento personalizadas.

Dadas las diferencias individuales y la heterogeneidad molecular del
cancer de pulmén, las distintas estrategias de andlisis de biopsia liquida
aplicadas en la presente tesis nos aportan una vision mas integral de la
enfermedad. Centrando nuestros estudios en una muestra no invasiva de
sangre hemos podido comprender mejor la biologia del cancer de pulmon y
sobre todo, desarrollar herramientas moleculares con potencial para guiar el
tratamiento y mejorar la esperanza y calidad de vida en pacientes con cancer
de pulmoén metastasico. En concreto, hemos demostrado que: a) podemos
genotipar el estado de EGFR y MET en cfDNA mediante una técnica de gPCR
y ddPCR de forma robusta en tumores con alta carga tumoral, b) el andlisis
del cfDNA representa una técnica efectiva para pronosticar la evolucion de
los pacientes con NSCLC o SCLC avanzado y monitorizar la respuesta a
inmunoterapia en los primeros, ¢) podemos caracterizar la expresiéon de
proteinas clinicamente relevantes como MET o PD-L1 en la poblacion de
CTCs de pacientes con cancer de pulmon, d) el nimero de CTCs combinado
con los niveles de cfDNA aporta informacion prondstica en pacientes con
NSCLC vy, e) la caracterizacion del proteoma plasmatico nos puede
proporcionar biomarcadores con valor para identificar a los pacientes que van

a presentar una mejor respuesta al tratamiento con inmunoterapia.
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Finalmente, es importante destacar que nuestros resultados han
permitido estandarizar y validar estrategias de andlisis que representan
actualmente una herramienta diagndstica de utilidad real en la préactica clinica
de nuestro hospital, pero también identificar nuevos biomarcadores cuyo valor

clinico debera ser determinado en futuros estudios prospectivos.
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O cancro definese como un conxunto de enfermidades nas que as células
crecen de maneira descontrolada, provocando fallos nos tecidos aos que
afecta. Estas células de crecemento descontrolado poden medrar e propagarse
a outros tecidos e 6rganos a través do sistema circulatorio ou linfatico, e poden
interferir co funcionamento normal do corpo. Hoxe en dia, o cancro é unha
das principais causas de morte a nivel mundial, superado s6 polas
enfermidades cardiovasculares. O cancro de pulmon é o tipo de cancro que
mais mortes provoca ao ano en todo o mundo, con mais de 1.8 milléns de
mortes en 2020. No 57% dos casos, 0 seu diagnostico producese en etapas
avanzadas, no cal o prognostico dos pacientes € moi baixo, onde menos do
5.3% sobrevive 5 anos. Histol6xicamente, o cancro de pulmén pode dividirse
en dous tipos: o cancro de pulmon de células non pequenas (NSCLC, do inglés
non-small cell lung cancer) que constitie o 85% dos casos, e 0 cancro de
pulmén de células pequenas (SCLC, do inglés small cell lung cancer), que
constitie o 15% dos casos. Este Gltimo tipo caracterizase pola sGa maior

agresividade sendo a sUa taxa de supervivencia a 5 anos de so 0 2.8%.

Durante moitos anos, a estratexia terapéutica mais frecuente para facer
fronte ao cancro de pulmon basedbase no uso da quimioterapia, a cal bloquea
a division celular das células cancerosas. Sen embargo, a quimioterapia tamén
afecta negativamente as células sas, producindo efectos secundarios non
desexados que diminuen a calidade de vida dos pacientes. Por outro lado, a
resistencia a este tipo de farmacos pode ocorrer con frecuencia. Nas Gltimas
décadas, un maior cofiecemento dos mecanismos moleculares do cancro de

pulmon permitiu o desenvolvemento e a aprobacion de novos farmacos mais
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especificos contra o cancro, mellorando a supervivencia e a calidade de vida
dos pacientes. En concreto, no NSCLC o descubrimento de alteracions en
xenes drivers permitiu o uso de terapias dirixidas onde o farmaco dirixese s6
cara as células cancerixenas que presentan ditas alteraciéns. Recentemente a
inmunoterapia emerxeu como unha terapia alternativa cando as mutacidns nos
xenes drivers non estan presentes. Doutra banda, no SCLC actualmente non
existen terapias dirixidas cara xenes drivers mentres que a inmunoterapia foi
incorporada ao manexo clinico dos pacientes fai relativamente poucos anos.
En ambos tipos de cancro, seleccionar o tratamento adecuado e identificar a
aqueles pacientes que se beneficiaran das diferentes terapias que existen na
actualidade para mellorar as taxas de supervivencia é esencial. Non obstante,
0s actuais biomarcadores non sempre son o suficientemente eficaces para

seleccionar aqueles pacientes que responderan a eles.

Actualmente, a identificacion das alteracidons tumorais na practica clinica
para seleccionar o mellor tratamento debe realizarse no tecido tumoral. Non
obstante, esta aproximacién non estd exenta de desvantaxes. En primeiro
lugar, as biopsias solidas poden ser invasivas e dolorosas, 0 que pode causar
malestar e complicacions en alguns pacientes. En segundo lugar, a
accesibilidade ao tumor non sempre esta dispofiible nos casos de cancros de
pulmén ou a cantidade de mostra obtida non é suficiente para realizar un
analise molecular extenso. Por Ultimo, estas biopsias poden non ser
representativas de todo o tumor, xa que s6 se toma unha pequena mostra do
tecido, o que pode conducir a erros de diagnostico e/ou tratamento
inadecuado. Ademais, a heteroxeneidade tumoral é un factor clave nos
pacientes con cancros avanzados onde o tumor primario non sempre é

representativo da imaxe total da enfermidade. Por outra banda, a vixilancia da
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enfermidade en tempo real durante o tratamento € fundamental para
determinar a eficacia da terapia e previr ou anticiparse a aparicién de
resistencias que produzan o avance da enfermidade. Dado o caracter invasivo
das biopsias solidas, realizar estas de maneira repetitiva en diferentes puntos
do tratamento non é adecuado. Por todo isto, a necesidade de utilizar
alternativas non invasivas e repetitivas para mellorar o diagndstico e permitir
a vixilancia en tempo real da enfermidade, destaca a importancia de
desenvolver técnicas que poidan complementar ou substituir as biopsias
solidas. Dentro deste contexto, fai aproximadamente 20 anos nace a biopsia
liquida, unha ferramenta alternativa para 0 manexo de varias enfermidades,

entre elas, o cancro.

A biopsia liquida é unha técnica non invasiva que permite detectar e
analizar células tumorais e material xenético do tumor en mostras de sangue
ou outros fluidos corporais. Esta técnica revolucionaria ofrece vantaxes en
comparacion coas desvantaxes previamente mencionadas das biopsias sélidas:
non require procedementos invasivos, pédese realizar con maior frecuencia
durante o tratamento do cancro e permite a deteccion de posibles resistencias.
Ademais, ofrece informacion mais precisa e completa sobre a heteroxeneidade

da enfermidade molecular que caracteriza a maioria dos tumores.

O ADN libre circulante (cfDNA, do inglés circulating free DNA), as
células tumorais circulantes (CTCs, do inglés circulating tumour cells) e
outros compofientes da biopsia liquida demostraron a sta utilidade como
biomarcadores preditivos e progndésticos no campo da oncoloxia (Figura 7).
Non obstante, non esta claro cal é o mellor abordaxe para analizar as

alteracions tumorais utilizando mostras de sangue, como se deben cuantificar
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os diferentes biomarcadores e que técnicas son as mais apropiadas en cada

Caso.

Células tumorais circulantes

ADN libre circulante

Figura 7. Principais compofientes da biopsia liquida estudados ao longo da presente tese.

Dado os antecedentes mencionados previamente, as necesidades actuais
e 0 potencial da biopsia liquida para o abordaxe clinico do cancro de pulmon,
0 principal obxectivo desta tese céntrase no desenrolo e validacién de
estratexias que nos permitan realizar a caracterizacion de biomarcadores
circulantes de forma eficaz co fin de mellorar 0 manexo de pacientes con

cancro de pulmén avanzado en distintos contextos de tratamento.

Para isto, o primeiro capitulo desta tese centrase no estudo e
desenvolvemento de diferentes metodoloxias para o analise do ADN tumoral
circulante (ctDNA, do inglés circulating tumour cell) e as CTCs para
seleccionar e monitorizar diferentes terapias dirixidas utilizadas en pacientes
con NSCLC avanzado. Durante os Ultimos anos, a deteccion de alteracions en
diferentes receptores tirosina quinasa (RTKs, do inglés receptor tyrosine
kinases) como o receptor do factor de crecemento epidérmico (EGFR) e o
receptor do factor de crecemento hepatico (MET ou c-MET) nos pacientes con

NSCLC, converteuse nunha parte habitual da practica clinica. A deteccion
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destas alteracidns permite seleccionar aqueles pacientes que se beneficiaran
de tratamentos dirixidos contra estes xenes e as vias que regulan, permitindo

un aumento na supervivencia dos pacientes.

Con este fin, en primeiro lugar (CHAPTER I.A; Figura 8), analizaronse
as vantaxes que teria a implementacion na practica clinica dun ensaio simple
e rapido de PCR cuantitativa (QPCR, do inglés quantitative PCR) para detectar
alteracions no xene EGFR a partir de mostras de sangue. Para isto, 40
pacientes con NSCLC foron incluidos no estudo, nos cales se recolleron
mostras de sangue antes de iniciar o tratamento e durante diferentes puntos
deste. En total, 53 mostras de plasma foron analizadas mediante o ensaio de
gPCR "ctEGFR de Idylla™ mutational assay" e os datos obtidos mediante este
sistema foron comparados cos datos obtidos nas mostras de biopsia solida,
actualmente o gold estandar na préctica clinica. A concordancia entre ambas
mostras foi do 71.8%. Respecto aos casos discordantes entre ambas mostras,
é importante sinalas que en mais da metade dos casos (6/11), a diferenza de
tempo entre a mostra sélida e a mostra de sangue foi superior a 3 meses.
Ademais, co fin de determinar a sensibilidade do sistema a estudio,
compararonse 0s resultados obtidos da técnica Idylla™ con outras dias
técnicas de analise de alteracions a partir de mostras de plasma: a tecnoloxia
BEAMing (unha técnica baseada en PCR dixital (ddPCR, do inglés digital
droplet PCR)) e técnicas de secuenciacion masiva (NGS, do inglés next
generation sequencing) empregando un panel dirixido (AVENIO ctDNA
Expanded panel). Os resultados obtidos mostraron unha gran concordancia
entre a estratexia de gPCR coa tecnoloxia BEAMing e o panel de
secuenciacion AVENIO (88.9% e 93.3%, respectivamente). Con todo, a pesar

da boa concordancia obtida, aquelas alteracions que se encontran por debaixo
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(ou igual) do 0.13% de frecuencia alélica non foron detectables mediante a
tecnoloxia Idylla™., Por outra banda, mostras procedentes de 10 pacientes con
NSCLC foron analizadas antes e despois da terapia co sistema Idylla™ con
fin de monitorizar a resposta & terapia e detectar de forma tempera a aparicion
de posibles resistencias. A pesar de que na nosa cohorte non se detectaron
mutacions asociadas a resistencia ao tratamento, os resultados preliminares
mostraron que os cambios no perfil mutacional poderian proporcionar
informacidn valiosa para monitorizar a resposta terapéutica en pacientes baixo
terapias con inhibidores de tirosina quinasa (TKIs, do inglés en inglés tyrosin
kinase inhibitors).

En xeral, os resultados deste estudo piloto permiten concluir que o ensaio
de "ldylla™ ctEGFR mutational assay" é unha ferramenta rapida e sinxela que
poderia empregarse como unha primeira proba para detectar mutaciéns de
EGFR na rutina clinica habitual, obtendo o resultado o mesmo dia de consulta
do paciente e evitando asi longos tempos de espera. Con todo, é importante
destacar que nos casos en que non se detecte ningunha mutacion debido ao
baixo contido de ctDNA no plasma, debe empregarse outra técnica mais
sensible, como unha estratexia baseada en ddPCR ou NGS para confirmar o
resultado negativo. En relacion con isto, alglns aspectos deben terse en conta
para a seleccion dos pacientes que se beneficiaran desta plataforma. Por
exemplo, os tumores con multiples localizacions metastaticas e altamente
vascularizados teran niveis mais altos de ctDNA e, por tanto, o xenotipado de
mutacions clinicamente relevantes serd mais facil de detectar mediante a

técnica Idylla™.

58



Resumo in extenso

I —
53 mostras Alteracions EGFR Idylla™

40 pacientes et o o ]
B - lest rapido e sinxelo.
con NSCLC r- g Basel qPCR P
1
1
' |
1
= Durant: .
e teL:;ap?aea Sangue Tecido  _ Alta concordancia
1
1
1
1
1
1

l Vs, con outras técnicas.
diddddeeey | v
iiiiiiiii _ = Progresion da § M ddPCR ! - Permite o
fhdddiid ¥ enfermidade | ! seguimento da
! enfermidade.
ctDNA 3 Idylla™

Figura 8. Resumo grafico do traballo realizado no CHAPTER IA. Abreviaturas:
NSCLC, do inglés non-small cell lung cancer, cancro de pulmén non microcitico; ctDNA, do
inglés circnlating tumour DNA, ADN tumoral circulante; qPCR, do inglés guantitative PCR,
PCR cuantitativa.

Doutra banda, diferentes alteracions no xene MET poden provocar
resistencia a certas terapias, en concreto resistencia a TKIls. Na actualidade, as
terapias con inhibidores de MET permiten aumentar o prognostico dos
pacientes con alteracions do xene, sen embargo, non hai métodos
estandarizados para confirmar estas alteracions moleculares. Por iso, outro dos
obxectivos da presente tese centrouse en desenrolar ferramentas baseadas en
biopsia liquida para avaliar as alteracions de MET en pacientes con cancro e
determinar a sua utilidade, centrdndonos particularmente, en pacientes con
NSCLC (CHAPTER 1.B; Figura 9). Para acadar este obxectivo, recrutaronse
un total de 174 pacientes con diferentes tipos de cancros e 49 controles. Nesta
cohorte de pacientes, aplicouse un ensaio baseado en ddPCR para analizar o
nimero de MET en mostras de cfFDNA en pacientes con tumores refractarios.
Tras validar técnicamente o ensaio, analizaronse 77 pacientes con NSCLC,
dos cales 0 12.99% dos pacientes presentou amplificacién de MET, sendo
posibles candidatos a farmacos inhibidores de MET. Doutra banda,

complementando a nosa estratexia non invasiva para caracterizar o estado de
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MET, estudouse a poboacion de CTCS aplicando dous enfoques diferentes
(sistemas CellSearch® e Parsortix) para determinar o seu nimero e o nivel de
expresion da proteina c-MET en 16 pacientes con NSCLC metastatico. Os
resultados obtidos en ambos sistemas mostraron unha concordancia do 62.5%
4 hora de detectar a presencia de CTCs, sen embargo, 0 sistema Parsortix
mostrou unha maior eficiencia permitindo a deteccion dun maior nimero de
CTCs (no 56.2% de los pacientes detectaronse CTCs fronte ao 31.25% usando
o sistema CellSearch®). Respeto & detecion da sobreexpresion de c-MET, os
datos obtenidos suxiren que o sistema Parsortix é capaz de illar mais CTCs
con sobreexpresion de ¢c-MET (0 37.1% das CTCs detectadas mostraron
sobreexpresion) que o sistema CellSearch® (10.9%), resultados asociados co
fenotipo mesenquimal propio destas CTCs. Ditos resultados preliminares
indican que o sistema Parsortix seria mais eficaz & hora de detectar a
sobreexpresion de c-MET en CTCs de pacientes con NSCLC tras varias lineas
de tratamento, sen embargo, estudios cunha cohorte mais ampla de pacientes
son necesarios para obter resultados mais robustos. Finalmente, dous casos de
pacientes con NSCLC evidenciaron como a deteccién das alteracions de MET
(amplificacion de MET e/ou sobreexpresién de c-MET mediante el sistema
CellSearch® o Parsortix) pode ser informativa para a seleccion de tratamento
asi coma para a identificacion da aparicion de mecanismos de resistencia en

resposta ao tratamento anti-EGFR.

En conclusién, no capitulo IB mostramos os resultados de desenrolo de
ensaios especificos e non invasivos para monitorizar a expresion de c-MET en
CTCs e a deteccion da amplificacion do xene MET en cfDNA a partir de
mostras de sangue de pacientes con cancro avanzado refractario. Ambas

alteracions moleculares detectaronse na cohorte de pacientes con NSCLC,
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demostrando o seu potencial para caracterizalas de maneira non invasiva e
dindmica, sendo un biomarcador con relevancia terapéutica que xoga un papel
importante na adquisicion de resistencias. Ambas estratexias tefien interese
para seleccionar 0s pacientes que se beneficiaran dos inhibidores de MET, asi

como para monitorizar o seguimento dos pacientes baixo terapias con TKIs.
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Figura 9. Resumo grafico do traballo realizado no CHAPTER IB. Abreviaturas: ddPCR,
do inglés dixital droplet PCR, PCR dixital; NSCLC, do inglés non-small cell lung cancer, cancro
de pulmén non microcitico; ctDNA, do inglés circulating tumonr DNA, ADN tumoral
circulante; CTCs, do inglés circulating tumonr cells, células tumorales circulantes; CN, do

inglés copy number, numero de copias.

Tras o estudo de diferentes tecnoloxias para detectar alteracions en
cfDNA ou CTCs para seleccionar e monitorizar terapias dirixidas a xenes
RTKSs, outro dos obxectivos da presente tese centrouse no estudo do cfDNA e
das CTCs como ferramenta prognostica ou preditiva para guiar o tratamento
con inmunoterapia en pacientes con NSCLC. Os inhibidores de puntos de
control inmunoldxico, como pembrolizumab, revolucionaron a terapia
oncoldxica en diferentes tipos de cancro, incluindo o NSCLC. Con todo, s
un subconxunto de pacientes beneficianse desta terapia, e actualmente onde

non existe un biomarcador claro para seleccionar a estes pacientes. Debido a
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isto, existe unha clara necesidade de atopar novos biomarcadores que permitan
unha mellor seleccion dos pacientes, punto que abordamos en dous dos
capitulos desta tese (CHAPTER Il e CHAPTER 1V).

Con este obxectivo, no capitulo Il da presente tese (CHAPTER II; Figura
10), desefiouse un estudo no que se recrutaron 50 pacientes con NSCLC
avanzado tratados con inmunoterapia nos que se explorou o posible valor
progndstico e preditivo de reposta que presentan o analise de cfDNA e as
CTCs presentes no sangue dos pacientes. Ademais, co fin de avaliar se 0
cfDNA pode ser utilizado como ferramenta de seguimento da enfermidade
e/ou resposta ao tratamento, recolléronse un total de 109 mostras de sangue
en diferentes puntos do tratamento: antes do inicio deste e &s 6 e 12 semanas
post-inicio do tratamento. En primeiro lugar, os niveis de cfDNA foron
medidos mediante un ensaio de qPCR cuantificando o numero de copias
dunha secuencia do xene hTERT. Tras analizar os resultados de dita
cuantificacion en relacion a supervivencia dos pacientes, determinouse que
aqueles con niveis altos de cfDNA antes de iniciar o tratamento, tiveron unhas
supervivencias libre de progresion (PFS, do inglés progresion-free survival)
e global (OS, do inglés overall survival) significativamente peores que aqueles
con niveis baixos. Ademais, 0s pacientes con cambios desfavorables nos
niveis de cfDNA desde o momento basal ata as 12 semanas mostraron un
maior risco de progresion da enfermidade. En segundo lugar, analizouse a
presenza de CTCs en mostras de sangue antes do inicio do tratamento nestes
pacientes, utilizando duas tecnoloxias de enriquecemento (sistemas
CellSearch® e Parsortix) diferentes co fin de avaliar a eficacia de ambos
enfoques para cuantificar o nimero de CTCs e analizar a expresion da proteina

de ligando de morte celular programada 1 (PD-L1, do inglés, programmed
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death-ligand 1) nesta poboacidn circulante. O sistema que presentou unha
maior taxa de deteccion de CTCs PD-L1 positivas foi o sistema Parsortix. Sen
embargo, a expresion de PD-L1 en CTCs non mostrou ningunha asociacion
coa supervivencia dos pacientes, con ningunha das duas técnicas empregadas.
En contraste, os resultados obtidos indicaron que os pacientes nos que se
detectaron CTCs utilizando o sistema CellSearch® tiveron unha PFS e unha
OS significativamente mais curtas que os pacientes que non tifian CTCs,
independentemente do estado de PD-L1. Finalmente, anélises de regresion
multivariante mostraron que a combinacion da presenza de CTCs detectadas
mediante o sistema CellSearch® cos niveis de cfDNA antes de iniciar o
tratamento nos pacientes con NSCLC avanzado, mostrou un valor como
biomarcador prognostico independente da progresion da enfermidade. Asi, o
segundo capitulo da presente tese revelou que a combinacion dos niveis basais
de CTCs e cfDNA aporta informacion relevante sobre o prognéstico e a
evolucion da resposta a terapia con pembrolizumab en pacientes con NSCLC
metastatico. Utilizando dito enfoque, é posible identificar un subgrupo de
pacientes negativos para CTCs e que presentan niveis baixos de cfDNA, os
cales se benefician particularmente do tratamento con inmunoterapia. Por
outro lado, os resultados obtidos indican que avaliar os niveis de cfDNA as 12
semanas de iniciar o tratamento poderia permitir aos médicos decidir se o
beneficio clinico que experimenta o paciente é suficiente para continuar o
tratamento, evitando toxicidades e custos econOmicos innecesarios nos casos

nos que os niveis de cfFDNA tiveran sufrido cambios desfavorables.
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Figura 10. Resumo grifico do traballo realizado no CHAPTER II. Abreviaturas:
NSCLC, do inglés non-small cell lung cancer, cancro de pulmén non microcitico; cfDNA, do
inglés circulanting free DN.A, ADN libre circulante; CTCs, do inglés circulating tumonr cells,
células tumorais circulantes; qPCR, do inglés guantitative PCR, PCR cuantitativa.

Baseandonos nestes resultados, o seguinte paso centrouse en investigar
se estudios de cfDNA e CTCs poderian proporcionarnos informacién sobre a
evolucion clinica de pacientes con SCLC. Neste tipo de cancro de pulmén
menos frecuente, a falta de biomarcadores para a seleccién e o seguimento do
tratamento xunto coas limitadas opcions terapéuticas que existen hoxe en dia,
asociase co mal prognéstico nestes pacientes. Por elo, € importante explorar o
valor de novos marcadores para mellorar o manexo dos pacientes con SCLC.
Con estas premisas, no capitulo terceiro da presente tese (CHAPTER IlI;
Figura 11), realizouse un estudo cun enfoque similar ao realizado no capitulo
Il pero en pacientes con SCLC. Asi, recrutaronse 46 pacientes con SCLC e 20
controles sans. recollendo un total de 131 mostras de sangue. Os niveis de
cfDNA se cuantificaron lonxitudinalmente a diferentes puntos durante a
primeira lifia de terapia (quimioterapia ou inmunoterapia en combinacion con
guimioterapia) mediante un ensaio de gPCR. De maneira similar aos
resultados obtidos nos pacientes con NSCLC, os niveis elevados de cfDNA

antes do inicio da terapia mostraron asociacion cunha PFS e unha OS maéis
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curta na cohorte de SCLC. Ademais, niveis altos de cfDNA as 3 semanas € no
momento da progresién da enfermidade se asociaron cun peor prognoéstico,
mostrando independencia respecto a outras variables clinicas. Doutra banda,
nunha cohorte de 21 pacientes analizouse a presenza de CTCs antes do inicio
do tratamento, empregando a tecnoloxia CellSearch®. Mentres en NSCLC a
presenza de CTCs mostrou o seu valor prognéstico para predicir PFS e OS, na
cohorte de SCLC sé a presenza dun numero elevado de CTCs (>150 CTCs)
mostrou unha asociacion discreta con menores taxas de PFS, pero sen mostrar
o0 seu valor independente. Finalmente, e dados estes resultados, explorouse o
valor prognostico do analises do cfDNA xunto con outras variables clinicas
como o estado do paciente segundo a escala ECOG PS (del inglés, eastern
cooperative oncology group performance status) e o sexo. Este modelo
permitiu estratificar a los pacientes en diferentes grupos de risco identificando
aqueles que poderian beneficiarse mas del tratamento con quimioterapia o

inmunoterapia

En resumo, no capitulo 11 describese resultados que avalan o interese do
analises dos niveis de cfDNA como axuda aos oncélogos a realizar un
prognostico mais certeiro sobre a evolucion da enfermidade e a resposta ao
tratamento en pacientes recen diagnosticados con SCLC. En particular, con
este estudio, demdstrase que a combinacion do analises do cfDNA e
caracteristicas clinicas estandar (ECOG PS e sexo) poden axudar a estratificar
mellor aos pacientes e detectar aqueles que poderian beneficiarse

especialmente do tratamento.
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Figura 11. Resumo grafico do traballo realizado no CHAPTER II1. Abreviaturas: SCLC,
do inglés small cell lung cancer, cancro de pulmén microcitico; cfDNA, do inglés circulanting
Jree DNA, ADN libre circulante; CTCs, do inglés circulating tumour cells, células tumorales
circulantes; qPCR, do inglés guantitative PCR, PCR cuantitativa; ECOG PS,; do inglés
Eastern Cooperative Oncology Group Performance Status.

Por ultimo, no cuarto capitulo desta tese (CHAPTER IV, Figura 12),
centrouse na identificacion de marcadores proteicos presentes en plasma como
potenciais biomarcadores preditivos de resposta a inmunoterapia en pacientes
con NSCLC. Respecto ao cfDNA e 4s CTCs, as proteinas circulante son
tipicamente mais faciles de medir, 0 que as converte nun biomarcador
accesible e rendible para 0 uso nun contexto clinico. Ademais de proporcionar
informaciéon sobre as células tumorais, o proteoma plasmaético pode
proporcionar informacion sobre o microambiente que rodea ao tumor,
incluindo a stia composicion inmune e o estado inflamatorio do mesmo. Co
obxectivo de identificar proteinas plasmaticas con interese para guiar o
tratamento con inmunoterapia en pacientes con NSCLC avanzado, desefiouse
un estudo no que se incluiron 64 pacientes tratados con pembrolizumab. As
mostras de sangue foron recollidas en diferentes puntos do tratamento: antes
de iniciar o tratamento, &s 6 e 12 semanas tras o inicio da terapia e no momento

da progresion da enfermidade. En total, foron recollidas 171 mostras. O perfil
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das proteinas presentes no plasma dos pacientes analizaronse empleando unha
novedosa tecnoloxia baseada na adquisicién independente de datos de
numerosas proteinas: a tecnoloxia SWATH-MS (do inglés, sequential window
acquisition of all theoretical fragment ion mass spectra). Un analises
comparativo entre mostras de pacientes respondedores e non-respondedores
mostraron permitiu identificar 324 proteinas diferencialmente expresadas
entre ambos grupos. Destas, 172 proteinas presentaban niveis mais altos nos
pacientes respondedores mentres que 152 proteinas presentaban niveis mais
altos en non-respondedores. A partir do global de proteinas diferencialmente
expresadas, identificouse unha firma protedmica de 7 proteinas (ATG9A,
HPS5, DCDC2, PGTA, FIL1L, LZTL1 e SPTN2) con valor para discriminar
aos pacientes que responderon ao tratamento con inmunoterapia.
Individualmente, as proteinas identificadas mostraban un poder
discriminatorio alto, con areas baixo a curva (AUC, do inglés area under the
curve) entre 072 e 0.78, mellorando asi o poder preditivo da expresién de PD-
L1 en tecido (AUC= 0.638). O uso combinado das 7 proteinas mellorou estes
valores, obtendo una AUC=1. Por outro lado, andlises de supervivencia
revelaron que niveis baixos de ATG9A asocidronse de maneira significativa
cunha mellor PFS, mentres que valores altos de SPTN2 mostraron valor
prognéstico positivo para PFS. Asi mesmo, niveles baixos de HPS5 e DCDC2
asociaronse de maneira significativa cunha maior OS. Finalmente, a
cuantificacion destas 7 proteinas a diferentes puntos do tratamento, revelaron
gue o modelo proposto permite predicir a resposta a inmunoterapia tanto as 6
semanas coma as 12 semanas tras o inicio do tratamento con pembrolizumab.
En resumo, os resultados derivados do capitulo 1V desta tese, permitironnos

identificar unha firma proteica de 7 proteinas plasmaticas con potencial para

67



PATRICIA MONDELO MACIA

seleccionar aqueles pacientes que se beneficiardn da inmunoterapia baseada
en anti-PD1.

64 pacientes 171 mostras Proteinas circulantes Proteinas circulantes
con NSCLC r- (] Basal 1. Cuantificacion de
1 v proteinas AP .
i - O anélisis masivo de
o = L— SWATH-MS proteinas circulantes
Q= '] 6 semanas ¥ mostra diferentes niveis
g ! e entre Ry NR.
2! Respondedores !
Sl =
5 - '] 12 semanas H
iiiiiiiiiii & 0 vs. i - ldentificacién dun
(TTYIIIITIT] : Noni modelo preditivo de
! respondedores:  respostaa
thdddiii L-% Progresionda T ! inmun’oteraPia con 7
enfermidade 2. Modelo preditivo de proteinas circulantes.
resposta
Proteinas circulantes L, 7 proteinas

Figura 12. Resumo grifico do traballo realizado no CHAPTER IV. Abtreviaturas:

NSCLC, do inglés non-small cell lung cancer, cancro de pulmén non microcitico.

En resumo, o cancro de pulmén metastatico € unha enfermidade
complexa e heteroxénea que require dun enfoque multidisciplinario para o seu

(14

diagnostico e tratamento. As "6micas", incluindo a xenémica e a proteémica,
son ferramentas esenciais para identificar biomarcadores e dianas terapéuticas
para abordar o tratamento do cancro. Ademais, o estudio de biopsias liquidas,
incluindo a andlise de CTCs, cfDNA e outras moléculas presentes na sangue,
xurdiu como unha ferramenta non invasiva e altamente sensibel para a
deteccion do cancro e o seguimento da resposta ao tratamento, onde cada
compofiente proporciona informacién Unica sobre o tumor e 0 seu
microambiente. A combinacion destes marcadores circulantes coas diferentes
"Omicas" e datos clinicos, como o evolutivo dos pacientes e as imaxes
radioldxicas de seguimento, ofrece un enfoque poderoso para comprender a
complexidade do cancro de pulmén metastatico e desenvolver estratexias de

tratamento personalizadas.
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Dadas as diferencias individuais e a heteroxeneidade molecular que
caracteriza ao cancro de pulmon, as distintas estratexias de analise de biopsia
liquida, aplicadas na presente tese, apdértannos unha visién mais integral da
enfermidade. Centrando os nosos estudios nunha mostra non invasiva de
sangue pddese comprender mellor a bioloxia do cancro de pulmén e sobre
todo, desefiar ferramentas moleculares con potencial para guiar o tratamento
e mellorar a esperanzado e a calidade de vida dos pacientes con cancro de
pulmdn avanzado. En concreto pdidose demostrar que: a) Podemos xenotipar
0 estado de EGFR e MET en cfDNA mediante técnicas de qPCR e ddPCR de
maneira robusta en tumores con alta carga tumoral; b) o anélise do cfDNA
representa unha técnica efectiva para prognosticar a evolucién dos pacientes
con NSCLC o SCLC avanzado e monitorizar a resposta a inmunoterapia nos
primeiros.; ¢) podemos caracterizar a expresion de proteinas clinicamente
relevantes como c-MET ou PD-L1 en poboacién de CTCs de pacientes con
cancro de pulmon; d) o nimero de CTCS combinado cos niveis de cfDNA
arroxa informacion progndstica en pacientes con NSCLC; e) a caracterizacion
do proteoma plasmaético pddenos proporcionar biomarcadores con valor para
identificar aos pacientes que van a presentar unha mellor resposta ao

tratamento con inmunoterapia.

Finalmente, é importante destacar que 0s nosos resultados permitiron
estandarizar e validar estratexias de analises que representan actualmente unha
ferramenta diagnostica de utilidade real na préactica clinica do noso centro
hospitalario pero tamén, identificar novos biomarcadores cuxo valor clinico

debera ser determinado en futuros estudios prospectivos.
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SUMMARY

Lung cancer is the leading cause of death globally, resulting in over 1.8
million deaths in 2020. Diagnosis often happens in advanced stages, making
surgery impossible and prognosis poor. Histologically, there are two types of
lung cancer: Non-small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC), with the latter being more aggressive. New therapies such as targeted
and immunotherapy have been approved for these patients in recent years.
However, selecting the right treatment is crucial for improving survival rates.
Despite of tumour tissue is the gold standard for identifying tumour
alterations, liquid biopsy, which includes components such as circulating free
DNA (cfDNA) and circulating tumour cells (CTCs), has potential as a
predictive and prognostic biomarker in oncology, but the appropriate
techniques for analysing tumour alterations and quantifying different liquid
biopsy biomarkers are unclear. Therefore, thesis's primary objective was to
investigate the importance of liquid biopsy components in managing

metastatic lung cancer patients.

First, the potential value of two PCR-based technologies (a qPCR
technology and a digital droplet PCR technology) to detect specific mutations
in circulating tumour DNA (ctDNA) in NSCLC patients, and therefore select
specific therapies, was investigated. In addition, a technology to detect c-MET
overexpression in CTCs from NSCLC patients was developed. Besides,
cfDNA and CTCs showed potential utility to detect EGFR alterations and
MET alterations in blood samples that will improve the clinical management
of NSCLC patients.
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Second, the potential utility of liquid biopsy components to select and
monitor immunotherapy regimen was evaluated. Hence, high cfDNA levels
(quantified through an easy and simple gPCR assay) before and during
immunotherapy treatment showed a negative predictive and prognostic factor
in NSCLC patients. Moreover, CTCs number was associated with survival
rates in this cohort of patients, however the expression of PD-L1 on CTCs was
not associated with PD-L1 expression in tumour tissue and nor with survival
rates. Importantly, the combined analysis of cfDNA and CTC levels at
diagnosis showed an improvement to select NSCLC patients who will benefit
from this therapy.

Third, a similar approach was performed in the other lung cancer type,
SCLC. Similarly, a negative, robust and independent prognostic value of
cfDNA levels at diagnosis, during therapy and at progression disease was
found in SCLC patients treated with chemotherapy or immunochemotherapy
regimens. In contrast with NSCLC disease, high CTCs showed a discrete
association with shorter progression free survival (PFS), but did not show their
independent value. In this context, a prognostic model which included the
cfDNA levels, ECOG PS and sex of patients, was proposed to stratify patients

and detect those who could particularly benefit from the treatment.

Finally, the fourth chapter of the present thesis focuses on the search for
new predictive protein biomarkers to select patients who will benefit from
immunotherapy regimens to solve the current lack of accurate predictive tools.
For this objective, circulating proteins present in plasma samples from
NSCLC patients were analysed using a novel proteomic technology,
SWATH-MS. With the results obtained, we identified a signature of 7
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circulating proteins with value to determine therapy response in new
diagnosed NSCLC patients.

Overall, we evidenced that different liquid biopsy components are useful
to improve therapy selection and the disease monitoring in advanced lung
cancer patients. The analysis of ctDNA present in cfDNA, allows us to
determine the status of clinically relevant alterations in blood samples to select
the best therapy in lung cancer patients. Moreover, high cfDNA levels were
associated with worse survival rates in lung cancer patients, and importantly,
showed their potential utility to guide and monitor therapy response. In
contrast, CTCs value was reported as an independent factor in terms of
survival rates only in NSCLC patients. Besides, a novel proteomic signature
to predict immunotherapy response was developed as result of the present
thesis. Finally, it is important to mention that part of the protocols developed
in the present work have been incorporated into the practical routine in our
hospital or are being used in clinical studies and also resulted in a patent,

evidencing the important translational spirit of the thesis.
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Section 2.1 has been adapted/extracted from a published review entitled

“Circulating Free DNA and Its Emerging Role in Autoimmune Diseases” (1).

Section 2.1.1 has been adapted/extracted from a published book chapter
entitled “Methods for the Detection of Circulating Biomarkers in Cancer
Patients” (2).

Section 2.2 has been adapted/extracted from a published book chapter entitled
“Current status and future perspectives of liquid biopsy in small cell lung

cancer. Biomedicines” (3).
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1. LUNG CANCER

1.1 Epidemiology and aetiology
Lung cancer, with an estimated 1.8 million deaths per year worldwide,
is the leading cancer-related cause of death among malignant solid tumours
and the second most diagnosed cancer, behind female breast cancer, with more
than 2.2 million new cases per year (4) (Figure 13). Incidence and mortality
rates are around 2 times higher in men than in women and 3 to 4 times higher

in industrialized countries than in transitioning countries (4).

Incidence Mortality
19.3 million new cases 9.9 million deaths

1

Female Breast Lung

18% of all new deaths “‘i‘iii‘ii

1.8 million ~  #22352

° Lung Colorectal
11.4% of all new cases "*i"ii 9.4% of all new deaths !:i!i‘
2.2 million idid
(3]
Colorectal
10.0% of all new cases ::22:

Figure 13. Distribution of cases and deaths for the top 3 most common cancers in 2020.
Source: GLOBOCAN 2020.

11.7% of all new cases =325 %55

Liver
8.3% of all new deaths

Cough, seen in 50-75% of patients, is the most common symptom,
followed by haemoptysis, chest pain, and dyspnea (5). The main aetiological
factor in all lung cancer types is tobacco consumption. Indeed, its carcinogenic
effect on the lung has been described from 1950 to the 1960s (6,7). The World
Health Organization (WHO) estimated that 71% of deaths by lung cancer are
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caused by smoking. Although in the last years the reduction of smoking rates
at global level has contributed to the reduced incidence of lung cancer and
improved survival, in transitioning countries prevalence of tobacco
consumption is increasing followed by an increase in new lung cancer deaths
and diagnoses (8,9). Hence, the most effective intervention for reducing lung
cancer mortality remains smoking cessation. However, tobacco is not the
unique aetiological factor in lung cancer. One quarter of lung cancer cases
worldwide occur in people who have never smoked (10-12) and they are
associated with air pollution, poor diet and occupational exposures (13,14).
Regarding the familial risk of lung cancer, it has been estimated the
heritability at 18% (15), however many of the genetic component remains
unidentified.

1.2 Lung cancer classification
1.2.1 Histological classification

Histologically, lung cancer is a heterogeneous disease with wide-ranging
clinicopathological features (16). Commonly, lung cancer can be divided into
two major subtypes: Non-small cell lung cancer (NSCLC) and small cell lung
cancer (SCLC), which accounts for 85% and 15% of total diagnoses,
respectively (17). Both subtypes may share a similar cell of origin, the alveolar
type Il cell. NSCLC can be subdivided into four major subgroups:
adenocarcinoma (ADC), squamous cell carcinoma (SCC), large cell
carcinomas (LCC) and others. Oncogenic driver alterations are well reported
in NSCLC and targeted therapies have allowed to reach better patients’
outcomes (17). In all subtypes, tobacco consumption remains to be the main

cause, however, the association is stronger with SCC than with ADC, being
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ADC the most common histology in never smokers (10), associated with
environmental exposures that include second-hand smoking, pollution and

inherited genetic susceptibility among others (12).

In another hand, SCLC is a neuroendocrine tumour highly associated
with tobacco consumption (18) and characterised by its rapid growth and
aggressiveness. In contrast with NSCLC, the lack of specific somatic
mutations and the poor progress of targeted therapies in SCLC makes the
management of SCLC patients a real clinical challenge (19).

1.2.2 Clinical classification

In both cases, the classification of lung tumours through optimal staging
is essential for selecting the most appropriate treatment and management.
Thus, stage refers to the extent of the cancer, and indicates how large the
tumour is, and if it has spread at the moment of diagnosis. Nowadays, there
are many staging systems, however the most clinically useful is the tumour,
node and metastasis staging system (TNM), developed by the American Joint
Committee on Cancer (AJCC) in collaboration with the Union for
International Cancer Control (UICC) (20). The AJCC-TNM staging system
has three principal components (Figure 14):

83



PATRICIA MONDELO MACIA

TNM System for Staging Lung Cancer

e %
Primary Tumour Size Regional Lymph Nodes Distant Metastasis
T1: < 3 centimeters N-0: No regional node M-0: No distant metastasis
metastasis
T-2: > 3 but < 5 centimeters M-1: Distant metastasis
X b ) N"‘I: Metastas;‘lsllm \psgateral 1a: Separate tumour nodule(s) in
T3: > 5 but < 7 centimeters pulmonary or hilar nodes = e s
T4: > 7 centimeters N-2: Metastasis in ipsilateral

1b: Single extrathoracic

mediastinal/subcarinal nodes metastasis

N3: Metastasis in contralateral
mediastinal/hilar, or
supraclavicular nodes

1c: Multiple extrathoracic
metastasis

Figure 14. Definitions for T, N and M components in lung cancer tumours.

e The T refers to the size and extent of the primary tumour.

e The N refers to the number of nearby lymph nodes that present
cancer cells.

e The M refers to whether the cancer has metastasized and spread from

the primary tumour to other parts of the body.

Depending on the above terms defined, lung cancer patients can be
classified into 4 principal stages: stage I, stage 11, stage I11 and stage 1V (Table
1) (21). In SCLC staging with the conventional TNM criteria is recommended,
but according to the Veterans Administration of Lung Study Group (VALG)
staging, SCLC is commonly classified into two stages: limited disease (LD-
SCLC), when it is confined to a hemithorax, where curative treatment with
radio-chemotherapy is feasible (TNM stages I-111) and extensive disease (ED-
SCLC), defined as the presence of metastatic disease outside the hemithorax
at first diagnosis (TNM stage 1V) (22,23).
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Table 1. Eight Edition of lung cancer stage grouping according the AJCC-TNM
staging system (21) and the correspondence VALG staging for SCLC (23).

According
T/M  Label N0 N1 N2 N3 ]
VALG in SCLC
T1 T1 IA 1B A 1B
T2a >3-4 cm B 1B A 1B
T2
T2b >4.5 cm IIA 1B 1A 1B SCLC Limited
Disease
T3 T3 1B 1A 1B IIC
T4 T4 1A A 1B IIC
. Mla-b IVA IVA IVA IVA SCLC Exiensive
Mic IVB IVB IVB IVB Discase

Abbreviations: VALG, Veterans Administration of Lung Study Group.

Unfortunately, most lung cancer patients are diagnosed at an advanced
stage (stage IV; 57%), when surgery is not possible. Advanced lung cancer
patients present a poor prognosis, when only 5.2% of patients survive 5 years
after diagnosis (24). These data show the need for finding new strategies and
biomarkers to improve the management of advanced lung cancer patients, in

both subtypes, although the differences between them should be considered.

1.3 Advanced non-small cell lung cancer

NSCLC represents 85% of total lung cancer diagnoses overworld.
Approximately 55% of them are diagnosed at an advanced stages, with a 5-
year survival of 6.1% (24). Its diagnosis requires a tissue biopsy for
histological confirmation. Bronchoscopy or bronchoscopy combined with
endobronchial ultrasound (EBUS) are the recommended techniques to obtain
this tissue biopsy. In the case of peripheral lesions, transthoracic percutaneous

fine needle aspiration and/or core biopsy, under imaging guidance is
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proposed, however, there is a high risk of pneumothorax complication (17-
50%) (25).

Histological diagnosis of NSCLC, as well as the molecular and genomic
profile of the tumour, is crucial to make treatment decisions. Histologically,
as described above, NSCLC can be divided into four major groups: ADC,
SCC, LCC and others. ADC is the most common subtype, with about 50-60%
of all NSCLC cases, followed by SCC (20-30%), both arising from alveolar
cells located in the smaller airway epithelium. LCC and other types such as
transitional cell carcinoma, sarcomatous carcinoma and other unclassified
cancers, represent 10-20% of cases (26) (Figure 15).

Large cell and other
10-20%

Adenocarcinoma

Others ~15%

ALK 3.9%
MET alterations 5%
HER2 1%
BRAF v600E 1%
EGFR 1% ROS1 1%
RET 1%

/

Squamous carcinoma
20-30%

Figure 15. Molecular landscape of NSCLC. ADC is the most common subtype, with
about 50-60% of all NSCLC cases, followed by SCC (20-30%). Most prevalent targetable
mutations in ADC includes mutations in EGFR, ALK, RET, ROS7 and MET among
others. Adapted from Wang et al. (20).

Immunohistochemistry (IHC) is recommended to obtain a correct
histological diagnosis of lung cancer. In addition to morphology,

86



Introduction

characterization with specific antibodies is employed to confirm the different
subtypes. Thus, ADC subtype is associated with thyroid transcription factor 1
(TTF1) positivity and napsin A, while p40 positivity with probable SCC. If
neither are positive, the diagnosis remains NSCLC-not otherwise specified
(NSCLC-NQOS) (25). LCC are typically poorly differentiated and

characterized by large cells with abundant cytoplasm and large nucleoli.

Molecularly, NSCLC is a heterogeneous disease composed of sub-
populations of cells or clones with distinct molecular features. Several
alterations in targetable oncogenic pathways in this subtype have been
reported in the last decades, allowing a better treatment selection. The
common alterations found in NSCLC are also dependent on the histology.
Thus, the most frequently mutated genes in ADC include KRAS and EGFR,
and the tumour suppressor genes TP53, KEAPL, and NF1, among others.
Contrary, common mutated genes in SCC include the tumour suppressor TP53
(90% of cases) and CDKN2A. Unlike ADC, actionable mutations in receptor
tyrosine kinase (RTKSs) are rarely detected in SCC. For example, only a small
subset of SCC cases present mutations in EGFR (27) (Figure 15).

1.3.1 Current therapies applied in advanced NSCLC

Over the past decade, treatment options for NSCLC have changed
dramatically (27). Importantly, these advances in lung cancer treatment and
improvements in understanding the disease in the last years allowed a
reduction in its incidence and mortality (28). However, the survival of patients
with this type of tumour remains the poorest of all tumour types (29). Briefly,

the different approaches for NSCLC management include targeted therapies,
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immune checkpoint inhibitors (ICIs), chemotherapy and radiotherapy (Figure
16).

4 Targeted therapies N\( Immune checkpoint inhibitors N

I
Cancer cell

MHC
membrane U
Anti-CTL4 3= Anti-PD-L1

2= Anti-PD-1

Receptor PRIMING PHASE EFFECTOR PHASE

M4 tyrosine kinase )
y I Antigen

presenting cell ~ Cancer cell

PD-L1

Activation of signalling pathways

* Cell proliferation } Apoptosis CTL4 TCR PD-1 receptor
\ / \_ T cell T cell Y,
- N
Chemotherapy ' X Radiotherapy
a
Cancer cells @ 7»%%;3“‘:03:1 Xg
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g VAN Cancer cells J

Figure 16. Different mechanisms of anticancer therapies, including targeted therapies,
ICIs, chemotherapy, and radiotherapy. Abbreviations: MHC, major histocompatibility
complex; TKI, tyrosine kinase inhibitor; TCR: T-cell receptor.

Targeted therapies

The molecular testing of EGFR, BRAF, ALK and ROS1 genes in all
NSCLC patients at diagnosis is mandatory. If these genes present any
alteration, targeted therapy with tyrosine kinase inhibitors (TKISs) in the first
line is recommended (25). TKIs inhibit the activation of kinase signalling
pathways in cancer cells, and therefore, induce apoptosis. EGFR mutations
are the most common targetable driver mutations in lung cancer. Thus, first
and second-generation EGFR-TKIs have significantly improved progression-

free survival (PFS) compared with platinum-doublet chemotherapy in patients
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with sensitising EGFR mutations (30-35). In the same line, it has been
reported that inhibitors of ALK, RET, BRAF, ROS1, MET and NTRK (26)
activity have also improved the prognosis of advanced NSCLC patients (17).
Nowadays several TKIs drugs are approved by the Food and Drug
Administration (FDA) for the treatment of metastatic NSCLC with the most

common driver mutations (Figure 17).

EGFR ROS1 BRAF V600E

First-generation: First-generation: First-generation:
Gefitinib Crizotinib Crizotinib
Erlotinib Entretinib

Second-generation: Second-generation: Second-generation:
Afatinib Alectinib Dabrafenib
Dacomitinib Ceritinib Trametinib

Brigatinib

Third-generation: Third-generation:

Osimertinib Lorlatinib

Figure 17. FDA-approved targeted therapies for the treatment of metastatic NSCLC
with alterations in EGFR, ALK, ROS7 and BRAF genes.

Despite the improvement in survival rates, less than 25% of patients can
benefit from a targeted therapy and the majority of NSCLC patients finally
develop resistance to TKIs based therapies through several molecular
mechanisms (36). One of the common mechanisms of acquired resistance to
first-generation and second-generation EGFR TKIs occurs with the
appearance of a second mutation in the same gene: the substitution of
threonine 790 with methionine (T790M) (37). The T790M mutation accounts
for about half of all resistance to first line of different TKIs (38), so third-
generation TKIs with activity against T790M mutant cells, such as
osimertinib, have been approved for clinical use (25). In another hand,

different MET alterations such as MET amplification or c¢c-MET
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overexpression also seems to be related to mechanism of evasion in the tumour
after several TKIs therapies. Importantly, MET amplification is the most

frequent off-target mechanism of resistance to osimertinib treatment (39).

Unusually, transformation of NSCLC ADC to SCLC can occur in 3-5%
of patients as a resistance mechanism in EGFR-mutated adenocarcinomas
after receiving therapy with EGFR-TKIs, associated with loss of RB1 and
TP53 (40-42) (Figure 18).

v RBT loss
( TP53 loss
- —>
KRAS mutation EGFR-TKI therapy

TP53 loss
EGFR mutation Adenocarcinoma
RB1 loss
TP53 loss
Alveolar >
type Il cell
SCLC

Figure 18. Possible origin of both lung cancer subtypes and transformation of NSCLC
adenocarcinoma to SCLC. Adapted from Boumahdi et al. (43).

Other mechanisms of resistance associated with ALK inhibitors have also
been reported in advanced NSCLC patients (36), showing the importance to
monitor the disease not only through imaging techniques.

Immune checkpoint inhibitors

Immunotherapy, and ICls have emerged as a new therapeutic strategy
with an important impact on the treatment of advanced NSCLC patients. Due
to cancer cells present multiple immunosuppressive mechanisms to escape
from the normal immunological response and survive (44), immunotherapy

aims to activate or regulate the immune system to detect and kill cancer cells.
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Essentially, ICIs are monoclonal antibodies that target molecules used by
cancer cells to escape the immune system: cytotoxic T lymphocyte antigen-4
(CTL-4), programmed death receptor (PD-1) and PD-ligand 1 (PD-L1).
Briefly, the immune evasion has two mechanisms. First, T-cell activation
requires antigen presentation by major histocompatibility complex (MHC)
class Il molecules on antigen presenting-cell (APC) (Figure 16). Then, a
second activation signal that occurs with the binding between MHC and T-
cell through CTL-4 is required to inhibit T cell activation. Anti-CTLA-4
antibodies can inhibit the CTLA-4 binding negative regulatory signal.
Another immune checkpoint occurs when PD-1 receptors, expressed on
activated T cells, bind to its ligand, PD-L1, expressed on tumour cells, which
promote T-cell apoptosis. Of note, both anti-PD-1 and anti-PD-L1 antibodies
inhibit this immune evasion strategy (45). In the last years it has been reported
that this scenario is more complex where more regulatory molecules including
natural killer cells (NK), macrophages, and myeloid-derived suppressor cells
(MDSCs) plays an important role (46).

In advanced NSCLC, immunotherapy is recommended in patients
without the presence of the above molecular alterations described (25).
Currently, 6 ICls are approved by the FDA for the treatment of advanced
NSCLC, being pembrolizumab the standard first-line option (Figure 19).

Ipilimumab Pembrolizumab Atezolizumab

Cemiplimab Durvalumab (2" line)

Nivolumab (2 line)

Figure 19. FDA-approved immunotherapy drugs for the treatment of metastatic NSCLC
without alterations in EGFR, ALK, ROST or BRAF genes.
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Generally, the use of immunotherapy in advanced NSCLC showed
superior survival rates compared with chemotherapy (47-49).
Pembrolizumab, the mentioned humanized 1gG4 mAb directed against PD-1,
led to significant improvements in overall survival (OS), PFS, and objective
response rate (ORR) in comparison with platinum-based chemotherapy
(50,51). On the other hand, nivolumab, a human immunoglobulin G4 (1gG4)
monoclonal antibody (mADb) that targets PD-1, has also improved OS, PFS
and ORR in advanced NSCLC patients in comparison with docetaxel (52,53).
However, not all patients respond and only a subset of them benefits from
immunotherapy (54). Importantly, to improve ICls efficiency, the
combination of immunotherapy with chemotherapy is nowadays employed.
Thus, the addition of pembrolizumab to platinum-based chemotherapy in
previously untreated metastatic NSCLC has demonstrated a significant
improvement in survival rates (55,56). Combined immunotherapy with
chemotherapy is now suggested for those patients presenting with advanced
or metastatic NSCLC without an EGFR, ALK or other driver alteration (25)

and with good performance status.

Chemotherapy
Cytotoxic agents could inhibit enzymes required for the synthesis of

DNA bases or bind to purine DNA bases, preventing its replication and
transcription, and therefore, promoting cell death. For the majority of
NSCLCs without an identifiable targeted therapy option, combination
chemotherapy regimens have been the main option for over four decades
obtaining poor OS rates (less than 15 months) (57-59). Currently,

chemotherapy without combination of ICIs or TKIs is limited to a small subset
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of patients who do not have actionable oncogenic drivers or present clinical

contraindications for the use of immunotherapy (25).

Radiotherapy
Radiotherapy delivers ionizing radiation to the affected tissue, resulting

in cellular death and ultimately curbing the progression of the malignancy.
The application of this modality is often determined by various factors, such
as the overall health and age of the patient, as well as the size and location of
the metastasis. The utilization of radiotherapy in patients with metastatic
NSCLC is currently being employed as a palliative measure to alleviate
symptoms and manage localized tumour growth (25). In conjunction with
chemotherapy or target therapies, radiotherapy forms an integral component
of a multi-disciplinary approach in managing advanced NSCLC. Further
studies are underway to optimize the use of radiotherapy in conjunction with

other treatment modalities for an improved clinical outcome (60).

1.3.2  Current biomarkers to guide therapies in advanced NSCLC

To select the best therapy for each patient and to monitor disease
evolution, several biomarkers and techniques are currently employed in the
context of NSCLC. In advanced NSCLC patients, clinical factors such as age,
Eastern Cooperative Oncology Group Performance Status (ECOG-PS) and
sex, together the histology and molecular pathology described above should
be considered. In addition, imaging tools to determine the disease evolution
and treatment response are also employed. The most relevant molecular

factors and techniques to select and guide the therapy are detailed below.

The tumour molecular profile of advanced NSCLC is a key element to

choose the therapy for each patient. Although the presence of mutations in
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oncogenic drivers is more associated with patients with adenocarcinoma
histology and a never or light smoking history, driver mutations can be found
across all histologies, ages, and smoking histories. Hence, BRAF mutations
(61,62) and MET alterations (63) are found in a higher proportion in smokers
than in non-smokers. Therefore, current guidelines recommend the testing for
EGFR mutations; ALK and ROS1 rearrangements; BRAF mutations (specially
V600E); RET rearrangements; and MET exon 14 skipping mutations in all
newly diagnosed advanced NSCLC (64,65). Regarding the technique and the
sample of reference for the molecular characterization, multiplex gene testing
with next-generation sequencing (NGS) in tissue samples is recommended,

however the tissue availability is sometimes a limitation (65).

In contrast to targeted therapy, developing biomarkers to assess the
efficacy of immunotherapy is considerably more complex, as it requires taking
into account a wide range of dynamic factors such as the tumour
microenvironment and host immune response, in addition to changes
occurring in the tumour cells themselves (46). Nowadays, the expression of
PD-L1 on the surface of tumour cells is the predictive biomarker employed to
guide and select IClIs regimen in advanced NSCLC patients. Indeed, to select
patients who will be treated with immunotherapy in monotherapy, PD-L1
expression in tumour tissue is mandatory, showing PD-L1 expression in more
than 50% of tumour cells. The unique validated companion diagnostic test is
based on immunohistochemistry characterization in tumour tissues, and its
analysis is recommended in all patients with newly diagnosed advanced
NSCLC (25). Despite some studies indicating that PD-L1 expression in
tumour tissue could predict response to ICI (66), this association was not

always observed (52,54), perhaps due to the intratumoral and intertumoral
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heterogeneity of PD-L1 expression (67). In addition, there are several
challenges associated with the technique itself, such as the selection of the
correct antibody, among others (68). Recently, microsatellite instability (MSI)
has been associated with a higher likelihood of response to immunotherapy in
cancer patients (69). Nevertheless, due to the small subset of NSCLC patients
who present a MSI-high status (70), MSI testing is not routinely performed in
clinical practice, and the value of MSI as an immunotherapy biomarker in lung
cancer is unclear. Thus, a significant gap remains in the identification of
reliable and predictive response biomarkers that can be utilized in a clinical
setting to effectively stratify patients for immunotherapy.

In another hand, routine laboratory test including haematology, renal and
hepatic function and blood biochemistry are required into the management of
NSCLC patients under therapy, however the use of serum markers, such as

carcinoembryonic antigen (CEA) is not recommended (71).

Finally, to guide therapy and evaluate treatment response, clinical
guidelines recommended the use of imaging tools, such as computerized
tomography (CT) scan. Thus, first response evaluation is recommended after
two to three cycles of therapy and performed every 6-9 weeks during course
of disease. Measurement of lesions should follow Response Evaluation
Criteria in Solid Tumours (RECIST) v1.1 (25,72).

1.3.3  Challenges and potential biomarkers in advanced NSCLC

Above, the different biomarkers employed into clinic routine to select the
best therapy and monitor advanced NSCLC patients’ evolution were
summarized. Nevertheless, they are limited and, in some cases (for example,

the use of PD-L1 determination to select immunotherapy candidates), their
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efficacy is low. Therefore, in the last years and with the purpose to find new
and better biomarkers into the management of advanced NSCLC, potential

biomarkers are being under investigation.

Actually, several studies have reported the analysis of the tumour
mutational burden (TMB) (73) as useful biomarkers to select patients who
benefit from immunotherapy. Indeed, several clinical trials have shown a high
TMB associated with an improved ORR and PFS in NSCLC treated with ICls
(74). However, more research is needed to confirm its utility as a reliable
biomarker. The tumour-infiltrating lymphocytes (TILs) (75), the neutrophil-
to-lymphocyte ratio (NLR) (76) and lactate dehydrogenase (LDH) also could
be employed as useful biomarkers to select patients who will benefit from
immunotherapy (66,77). Particularly, pre-treatment NLR together LDH has
been reported as a potential prognostic marker, but prospective validations are
needed (78).

In this context, liquid biopsy emerges as a potential tool to search new
biomarkers, both at diagnosis and during the disease evolution (see expanded

information in section 2).

1.4 Advanced small cell lung cancer

SCLC is a high-grade neuroendocrine carcinoma and the most aggressive
form of lung cancer. SCLC accounts for approximately 15% of total lung
cancer diagnoses worldwide and up to 25% of lung cancer deaths (79). This
subtype is highly related to tobacco smoking and approximately, 75% of

patients are diagnosed at advanced stages, with a 5-year survival of 2.8% (24).
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For pathological diagnosis, histology is preferred over cytology. IHC for
analysing neuroendocrine markers, such as synaptophysin, chromogranin or
CD56 is commonly used, however, SCLC can be negative or focally positive
for only one of these markers. TTF1 is expressed in 90% of cases and 50% of
nuclei are positive for Ki-67. Negativity for p40 characterizes this tumour

subtype, in contrast with p40 positivity in SCC (80).

Regarding their molecular features, large studies of genome-wide
analyses have confirmed loss-of-functions mutations of TP53 and RB1 genes
in almost all SCLC cases (81-84). Moreover, frequent inactivation of Notch
family members was also observed (81). Due to all these alterations are loss-
of-function, the ability to target oncogenic mutations therapeutically is limited
in SCLC, in contrast with NSCLC.

Importantly, recent advances have made it possible to deepen the
molecular knowledge of SCLC, which has allowed to distinguish between
four different subtypes characterized by distinct gene expression profiles.
These subtypes are the neuroendocrine subtypes SCLC-A (ASCL1-positive)
and SCLC-N (NEURODZ1-positive), and the non-neuroendocrine subtypes
SCLC-P (POU2F3-positive) and SCLC-Y (YAP1-positive) (85), that could

offer new therapeutic options in the close future.

1.4.1 Current therapies applied in advanced SCLC

Systemic treatment of advanced SCLC patients in first line is based on
the combination of platinum and etoposide-based chemotherapy, with median
survival ranging from 6 to 12 months (86). Commonly, chemotherapy

regimens are administered together radiotherapy, in curative as well as in
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palliative therapy. The use of prophylactic cranial irradiation (PCI) and
thoracic radiotherapy has improved outcomes in patients who have responded
to first-line treatment (87), being their use incorporated into SCLC treatment
guidelines (80).

Recently, the use of immunotherapy has been also incorporated in
patients with metastatic disease (88-91). In first-line, the blockade of the PD-
1 receptor or its ligand PD-L1 has been shown to improve the prognosis of
patients with ED-SCLC (92,93). The Impower 133 (NCT02763579) and
CASPIAN phase Il trials (NCT03043872) demonstrated that adding
atezolizumab or durvalumab to platinum plus etoposide chemotherapy
improves OS and PFS compared to chemotherapy alone (94,95). More
recently, the KEYNOTE-604 (NCT03066778) study reported that combining
pembrolizumab with platinum and etoposide improves PFS but does not
significantly improve OS in patients with ED-SCLC (96) (Figure 20).

Chemotherapy Immuno-chemotherapy

Carboplatin-etoposide Atezolizumab plus chemotherapy
Carboplatin-topotecan Durvalumab plus chemotherapy
Cisplatin-irinotecan

Carboplatin-gemcitabine

Figure 20. FDA-approved therapies for the treatment of ED-SCLC in 1+ line.

Despite the therapeutic efforts and a good initial therapy response,
unfortunately the majority of SCLC patients progress within the first 6 months
of first line therapy completion (80). Until now, the choice of the second-line

treatment is limited to topotecan or cyclophosphamide, doxorubicin and
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vincristine (CAV), with poor response rates, typically less than 10% (97).
Nowadays, more options can be considered, such as Lurbinectedin, which has
been approved by the FDA for salvage treatment of SCLC that has relapsed
from first-line chemotherapy (98). On the other hand, nivolumab and
pembrolizumab have also been approved by the FDA for refractory SCLC
based on the results of the CheckMate-032 (NCT01928394) and Keynote-158
(NCT02628067) clinical trials, respectively (99,100). However, in the
Checkmate-331 trial (NCT02481830), nivolumab failed to demonstrate an
improvement in OS versus standard treatment in patients with relapsed or

refractory SCLC treated with a platinum-based line of chemotherapy (101).

Regarding other options and in contrast with NSCLC, in SCLC there are
no clear driver genes or kinase targets and, consequently, no approved targeted
therapies are being employed to treat these patients (102). Existing drugs have
failed to demonstrate an improvement in patients’ outcomes (103) and the
identification of new therapeutic targets in SCLC has been challenging, partly
because driver mutations are primarily loss-of-function (genes RB1 and TP53)
or currently difficult to target (104,105). Nevertheless, new therapies such as
abemaciclib (a CDKA4/6 inhibitor), veliparib (an oral PARP inhibitor) (106),
SLFN11 (107,108), Rovalpituzumab tesirine (Rova-T) (109) and alisertinib
(106,110) are being under investigation.

1.4.2  Current biomarkers in advanced SCLC and future challenges

Nowadays, there are still no validated biomarkers that can be used for
treatment decisions in the context of SCLC. Besides, in contrast with NSCLC,
PD-L1 expression and testing is not recommended in routine clinical practice

in this tumour (80). Regarding disease monitorization, the actual therapeutic
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approach is similar than in NSCLC. Therapy response is evaluated using

imaging tools such as CT scan every 2-3 months (80).

Like in NSCLC field, some biomarkers are being under investigation to
improve SCLC management in advanced patients and new therapeutic
approaches have opened new horizons and hopes for improving SCLC
outcomes. Indeed, NLR have shown its potential utility as predictive
biomarker in advanced SCLC patients (111), however, more research is still
required to reach a better understanding of the molecular mechanisms behind
SCLC biology and its response to the different therapies to advance in the
identification of new predictive biomarkers to apply the most convenient
therapeutic strategy for each patient. Notably, the information obtained from

the analysis of liquid biopsy components would be crucial for this objective.

2. LIQUID BIOPSY

The term liquid biopsy was born in the past years as a new strategy to
improve the management of different pathologies or physiologic states such
as cancer (112-114), liver diseases (115) and prenatal analyses (116), among
others. The analysis of liquid biopsy allows to evaluate different molecules
obtained from body fluids and to monitor their changes over the time, which
enable to follow the disease evolution (113). Nowadays, blood is the most
common fluid employed, although, in the last years, other fluids such as saliva

(117) or urine (118) are being employed.

In the oncology field, the interest in liquid biopsy has increased in the
last decades, providing new opportunities in the management of different

stages of the disease: early detection of the disease or tumour recurrence,
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individual risk assessment and the treatment monitoring (119). Also, cancer

screening is considered another potential application (120).

Hence, liquid biopsy has emerged as an alternative to the tumour tissue-
based analysis, the current gold standard for the management of patients with
cancer. Nowadays, the genetic profile of tumours is obtained from surgical or
biopsies specimens, but this procedure cannot be always successfully
performed. Indeed, in lung cancer, biopsy samples are often of poor quality or
quantity, justifying the need to explore new tools for the molecular
characterization (121,122). A tissue biopsy involves several undesirable
effects such as potential surgical complications and clinical risk to the patient.
Besides, the solid biopsy cannot be obtained repeatedly during the therapy. Of
note, the non-invasive nature of liquid biopsy offers the opportunity to obtain
samples in a non-invasive way at any moment and, therefore, enables to track
the genomic evolution of the tumour in real-time. Other advantage of liquid
biopsy is that it can offer a complete image of the tumour biology of different
lesions, while the solid biopsies only capture a part of them (113). In addition,
metastases remain the principal cause of cancer-related deaths (123) and they
can develop different genomic characteristics absent or poorly represented in
the biopsy of the primary tumour. Large studies of primary and metastatic
tumours (124,125) have shown the relevance of intra-tumoral and inter-
tumoral heterogeneity and how this characteristic contributes to treatment
failure in patients with cancer (126,127). Thus, liquid biopsy can capture the
genetic landscape of both lesions (primary and metastatic) since the tumoral
material present in body-fluids can come from the different tumoral lesions
(Figure 21).
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Figure 21. Tissue biopsy versus liquid biopsy: comparison of the advantages and
limitations (Mondelo-Macfa et al., 2021. Biomedicines).

The most common circulating elements present in liquid biopsies are
circulating free DNA (cfDNA) and circulating tumour cells (CTCs). cfDNA
can be released into the blood by normal and tumour cells. The fraction
released from tumour cells constitutes the circulating tumour DNA (ctDNA).
Similarly, CTCs can be released to the blood from the primary or metastatic
tumour locations. In the past years, the clinical interest of both liquid biopsy
components is reflected by an increase in their analysis in several clinical

trials. Currently, the database ClinicalTrials.gov (www.clinicaltrials.gov:

accessed on 20" February 2023) lists more than 300 active clinical trials that
analyse CTCs and more than 100 trials interrogating cfDNA/ctDNA levels in
different cancer diseases. In addition, technological advances in the detection

and characterization of liquid biopsy components have enable the introduction
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of liquid biopsy into the clinic routine to manage some tumour types. Thus,
the FDA has already approved several liquid biopsy assays (based on blood
or on urine analyses) for their use to help oncologists in the patients’

managing (1,128).

Due to their clinical interest the characteristics of CTCs and cfDNA are

explained in more detail within the next sections.

2.1 Circulating free DNA

The next section has been adapted/extracted from a recently published review (1).

CfDNA was first reported in healthy individuals by Mandel and Métais
in 1948 (129). However, it was not until 1966 when the discovery of high
values of cfDNA in patients with systemic lupus erythaematosus (130)
showed the potential of cfDNA as a biomarker for autoimmune diseases. Ten
years later, Leon et al. characterized cfDNA for the first time in the field of
oncology and reported higher levels in cancer patients than in healthy
individuals, suggesting its potential as a diagnostic marker and to characterize
tumours in a non-invasive and dynamic way (131). In 1994, cfDNA was
recognized as an important tool to detect several mutations in the blood of
patients with myeloid disorders (132) and pancreatic adenocarcinomas (133)

and currently represents a key element for precision oncology (134).

CfDNA consists of a heterogeneous and complex DNA fraction present
in free body fluids associated with extracellular vesicles (EVs) or as part of
macromolecular complexes such as nucleosomes (135). The size of cfDNA is
highly variable depending on the mechanisms involved in its fragmentation,
with a normal peak of 166 bp fragments, which corresponds to the length of

the DNA bound to a nucleosome (136). Due to this high fragmentation,
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cfDNA origin is mainly associated with cell death mechanisms; however, to
date, the origin of cfDNA remains partially unclear, and different mechanisms
have been suggested in several studies (137-139). Here, we summarize the

principal origins and sources of cfDNA described until now (Figure 22):
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Figure 22. Mechanisms involved in the release of circulating free DNA. (Mondelo-Macia
et al., 2021. JPM).

Secretion. Most cfDNA release into the circulation is associated with
active secretion in EVs, such as exosomes, microparticles, or apoptotic bodies.
This cfDNA is protected from nucleases and can be released into circulation
through the breakdown of EVs. Some studies have reported that over 90% of
cfDNA is associated with this type of release (140).

Apoptosis. Apoptosis, also known as programmed cell death, is an
essential process to maintain cellular homeostasis. This process allows the
removal of damaged cells by caspase activation. When the caspase pathway
is activated, the cell starts to suffer morphological and biochemical changes

that will result in cell and nuclear retraction, lipid redistribution, and DNA
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fragmentation. The cfDNA released by apoptosis is highly fragmented, double
stranded, of low molecular weight, and approximately 150-200 bp in size
(141).

Necrosis. Necrosis is an accidental cell death in response to physical or
chemical injury characterized by cell swelling followed by loss of membrane
integrity, with the consequent release of intracellular content. This process is
more rapid than apoptosis, and there is no specific digestion of chromatin;

therefore, the cfDNA obtained is larger, approximately 1000 bp (138).

NETosis. NETosis is a form of programmed cell death that neutrophils
can undergo in response to microbes and sterile inflammation. The cfDNA
fragments obtained via NETosis are similar to those obtained via necrosis
(138).

Pyroptosis. Pyroptosis is an inflammatory process that induces the
activation of inflammatory cytokines, interleukins and rapid cell death in
response to diverse infections (142). It has been reported to be closely
associated with some diseases, such as atherosclerosis and diabetic

nephropathy, and with cancer (143).

Recently, Aucamps et al., after an extensive bibliography review,
concluded that cfDNA can arise from a single source but also from
combinations of various sources and causes (138). The sex of individuals as
well physiological processes, such as obesity (144), age (145), stress (146),

and exercise (147) can induce the release of cfDNA into the circulation.

Once in circulation, the cfDNA half-life varies from several minutes to
1-2 hours (137,144,148) and it has been reported that their clearance is due to

their degradation by some enzymes, such as deoxyribonuclease Il and
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phosphodiesterase I. Additionally, cfDNA is eliminated from the circulation
by organs such as the liver, spleen and kidney (137,141). The liver was
reported to play a major role in the clearance of cfDNA, while the kidney did
not seem to be so involved in this process (144). Therefore, the cfDNA level
in blood is a result of a balance between cfDNA release and cfDNA clearance
processes. In healthy individuals, cfDNA appears at low levels due to cells
undergoing apoptosis and is rapidly removed. However, in malignancies,

clearance of cfDNA is insufficient, and cfDNA levels increase (131).

Levels of cfDNA originating from tumour cells is denominated ctDNA
and vary widely among individuals and tumour types (149). In cancer patients,
ctDNA is found in a variable but normally very low percentage (0.01-1%) in
relation to all cFDNA. This fraction varies depending on the stage, location or
degree of vascularization of the tumour. Thus, tumours with multiple
metastatic locations and highly vascularized will have higher levels of ctDNA
(149,150). A good correlation between ctDNA levels and tumour burden has
been well reported (151), while many other studies have demonstrated the

value of ctDNA to monitor driver mutations and guide therapy (134,152).

2.1.1 Technologies to analyse cfDNA

In the past years, several technologies have been developed to analyse
and characterize the cfDNA from blood samples. Firstly, four main strategies
are commonly used to characterize the concentration and size of isolated
cfDNA: spectrometry, fluorometry, electrophoresis, and PCR-based
techniques. The most specific and sensitive of the four options is the

assessment of cfDNA quantity by PCR-based strategies to detect conserved
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sequences in the genome (153). Next, specific cfDNA analyses allow to
identify rearrangements, methylation changes, point mutations and copy
number alterations (CNA), among others, which are present in the ctDNA
fraction (153). These alterations can be associated with therapy resistance and

serve to guide the treatment selection (153) (Figure 23).
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Figure 23. Potential clinical applications of ctDNA in lung cancer patients. (A) Range
of alterations in circulating free DNA. (B) Applications of ctDNA analysis during the
disease management. (Mondelo-Macia et al., 2021. Biomedicines).

Nevertheless, the low concentration of ctDNA in total cfDNA involves a
challenge for detecting genetic alterations. Thus, two principal approaches
have been developed to solve this challenge: single-gene analysis (PCR-based
methods) or genome-wide analysis (through NGS strategies) (Table 2).

PCR-based techniques were the first assays that allowed to detect single
or a low number of point mutations using highly sensitive and specific
techniques with a rather fast and cost-effective rate. Quantitative PCR (qPCR)
was the first assay employed, reporting specific known mutations, but with a
limited sensitivity (0.1-1%) (154). These strategy include assays such as the
Cobas EGFR mutations Test v2, which was approved in 2016 by the FDA and
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the European Medicines Agency (EMA) in NSCLC patients (155), and the
Idylla platform, which combines the cfDNA isolation and the gPCR thanks to
microfluidic technology. In the last years, new approaches such as digital PCR
(dPCR) methods, that include droplet digital PCR (ddPCR) and BEAMing
(beads, emulsions, amplification and magnetics), provided high concordance
with results obtained in tumour tissue (156-158) analysing small panels of
variants and showed improved sensitivity (0.01-0.1%) and specificity (100%)
(159). The main limitation of ctDNA analyses using PCR-based techniques is
the requirement of previous information about the mutations characterizing
this tumour. For this reason, PCR-based techniques are commonly employed
to select targeted therapies, monitor the patients’ evolution or detect resistance

associated mutations during the treatment.

The second approach is focused on a genome-wide analysis of CNAs or
point mutations through NGS strategies. Based on the assay panel size, there
are single-locus/multiplexed assays, targeted sequencing, and genome-wide
sequencing (160). Genome-wide characterization allows a more complete and
patient-specific genotyping to assess tumour heterogeneity and to follow the
clonal evolution across the treatment. Among these approaches, ctDNA can
be analysed by specific panels covering a high number of targeted genes (by
NGS panels) or analysing the total genome by whole-genome sequencing
(WGS) or whole-exome sequencing (WES). The main limitation of NGS-
based strategies is the high cfDNA input requirement and their low specificity
(80-99%) (150,154).
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Table 2. Summary of the most common strategies for ctDNA analysis.

Method Platform Sensitivity ~ Specificity Limitations

qPCR 1.01% 99% ]?etects on.Iy knowrll N
mutations; medium sensitivity
Detects only known
PCR-based ddPCR 0.01 - 0.1% 100% mutations; limited in
multiplexing
D ly k
BEAMing | 0.01% 100% crects oy xnown
mutations
High ctDNA input;
NGS panels | > 0.4 > 99% ST PG
Genome bioinformatic interpretation
wide High ctDNA input;
analyses WGS/WES 0.02% 80-90 % bioinformatic interpretation;
higher risk of false positives

WES and WGS based methods allow the detection of all possible
aberrations in DNA, although it has limited analytical sensitivity in cfDNA
applications due to the efficiency by which the genetic regions of interest can
be captured/enriched from cfDNA and the higher error rate of sequencing
reactions (135).

2.1.2  Clinical relevance

Due to the great development of technology focused on circulating
biomarkers characterization, cfDNA testing is nowadays implemented for the
therapy selection in some advanced tumours. NSCLC was the first tumour in
which the analysis of ctDNA for tumour phenotyping was included in the
guidelines. Thus, in 2016 the FDA approved the first diagnostic test based on
liquid biopsy: the Cobas® EGFR Mutation Test v2 (Roche Molecular Systems,
Inc., Pleasanton, CA, USA) thanks to the good results obtained in the clinical
trial NCT01342965. The test allows the detection of EGFR mutations using
cfDNA from plasma samples in NSCLC patients for guiding the selection of
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patients who could benefit from anti-EGFR therapies (161). In the same year,
the Epi proColon® test was the first FDA-approved blood-based colorectal
cancer screening test, through the detection of methylated Septin9 DNA (162).
Therascreen PIK3CA RGQ PCR kit has also been approved by the FDA as a
companion diagnostic for the detection of PIK3CA mutations in plasma
samples from patients with advanced-stage breast cancer (163). Recently, two
cfDNA-tests based on NGS technology have been also approved for a clinical
application: the Guardant360 CDx (Guardant Health, Inc., Redwood City,
CA, USA) in the context of NSCLC (164) and FoundationOne Liquid CDx
test (Foundation Medicine, Inc., Cambridge, MA, USA) for patients with
different solid tumours (165). Both panels allow the identification of patients
who may benefit most from treatments based on targeted therapies. In the
context of immunotherapy, the determination of MSI and mismatch repair
deficiency (MMRD) by FoundationOne Liquid CDx test allows to select
candidates for fist-line immunotherapy, in patients with unresectable or
metastatic solid tumours with MSI-high or MMRD, independent of the tumour
histology (69,166).

2.2 Circulating tumour cells

CTCs are another principal liquid biopsy biomarker in use. CTCs were
first observed in the blood of a metastatic cancer patient by Thomas Ashworth
in 1869 (167). He described the microscopic observation of cells with similar
characteristics to the tumour cells in the blood of a patient and he concluded
that are tumour cells released from the tumour to the bloodstream. Next,
during the decades 1950-1960, the interest of these cells increased and several
works were published (168-170).
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Nowadays, as it is well known, CTCs are tumour cells originating from
the primary or metastatic sites that can enter the circulation and disseminate
to distant sites. Peripheral blood offers the possibility to analyse the presence
of this circulating tumour population for cancer diagnosis and disease
monitoring. The importance of CTCs for diagnostic and prognostic purposes
has been well reported in different cancer types, such as metastatic breast
(171,172), prostate (173), NSCLC (174) and colorectal cancer (175).
Interestingly, in SCLC several studies have described higher CTC levels in
comparison to other cancer types (176), supporting the interest of this
circulating population as an accessible tumour biopsy. However, the
proportion of CTCs in the bloodstream is very low, with approximately 1 CTC
per 106-107 leukocytes (177), being a challenge their detection and isolation.

CTCs have a very short half-life (1-2.4 hours) (112), and the majority of
them are rapidly cleared; however, some of them evade recognition by
immune cells, survive into the bloodstream and can reach distant locations to
generate metastasis (178-180) into secondary organs. These cells are
characterized by a hybrid phenotype in terms of epithelial and mesenchymal

markers that favour their survival in circulation (179-182).

2.2.1 Technologies for CTCs analyses

The low proportion of CTCs in the bloodstream together with the
molecular heterogeneity that characterizes these cells is the principal
challenge for CTCs isolation and detection. Several CTCs detection platforms
have been developed in the past decades to obtain an enriched sample of
CTCs. All technologies isolate these cells focusing on differential features

between CTCs and blood cells, such as protein expression, morphology,
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volume and biophysical properties, presenting different advantages and
limitations. These technologies can be categorized based on the method of
isolation as antigen-dependent (affinity-based) or antigen-independent (183)
(Figure 24).

Antigen-dependent

Antigen-dependent isolation approaches are the most common methods
employed and they are based on the presence of specific surface markers in

CTCs (called positive enrichment) or by blood cells (negative enrichment).

A. Positive enrichment, the most employed strategy is usually carried

out using antibodies that recognize epithelial cell adhesion molecule
(EpCAM) (184) conjugated with magnetic nanoparticles. Among the current
EpCAM-based technologies, CellSearch® system (Menarini, Silicon
Biosystem, Bologna, Italy) (185) has become the “gold standard” for the CTC-
detection methods. CellSearch® system employs anti-EpCAM-coated
ferrofluid nanoparticles for the selection of EpCAM positive cells. Next, an
immunostaining step discriminates CTCs from leukocytes based on the
positive expression of cytokeratins and the absence of CD45 staining together
with morphologic criteria. A high number of alternatives that employ
magnetic nanoparticles conjugated with anti-EpCAM antibodies are available
(186).

Recently, new positive enrichment methods are being developed, in
which the specific surface markers are immobilized on the surface of
microfluidic chips (186) to increase the contact between the cells and,
therefore, to enhance capture efficiency. However, the isolation in all these

approaches is based on the EpCAM expression, therefore, they are not able to
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detect CTCs without EpCAM expression, for example, CTCs of non-epithelial
tumours such as sarcomas or CTCs that have undergone epithelial-to-
mesenchymal transition (EMT) (187,188).

B. Negative enrichment methods employ magnetic nanoparticles

conjugated with antibodies against the well-established leukocyte antigen
CD45 (189) or other antigens expressed in blood cells and represent a good
alternative to avoid the limitations of the EpCAM-dependent isolation. They
allow isolating CTCs independently of any membrane marker expression,
however due to the low proportion of CTCs and the recent observation that
they travel into the bloodstream coated with blood cells (190), the resulting

recovery rate is often relatively low (191).

Antigen-independent

Antigen-independent methods are based on the physical properties of
CTCs such as density, electric charges (DEP, dielectrophoresis), size and
deformability, among others. The principal advantage and difference with the
antigen-dependent methods are that they do not require specific surface
markers on CTCs, so they also allow the isolation of CTCs with a low
epithelial phenotype. Density-based methods were the first techniques
developed. These methods allow the processing of high volumes of blood
(about 25 mL) in a short time, however, they generally show a low efficiency
and purity of the sample obtained (186). The size-based methods are the most
common. They are based on the fact that tumour cells are larger than blood
cells (191,192) and, therefore, they can be isolated using filter-based strategies
(suchas ISET assay (Rarecells Diagnostics, Paris, France) (193), microfluidic

chips (such as Parsortix system (Angle, UK))(194) and methods based on
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centrifugal forces (195). The different charges between blood cells and CTCs
can also be employed in their isolation. DEP field forces are employed to
move CTCs independently to other blood cells, and represent a highly specific

approach for isolation (196).

Antigen-independent methods are generally easy to implement, however
they depend on the availability of advanced materials or assistive engineering
technologies for better clinical application (20). Interestingly, new methods
combining antigen-based capture with the advantages of microfluidics
strategies, such as CTC-iChip, are being developed for increasing the isolation
efficacy (197). However, nowadays the development of a robust and
standardized platform to capture CTCs for clinical application remains a

challenge.

Finally, it’s important to remark that small volumes processed with the
methods here described may be a serious limitation for the detection of these
rare events, especially in cancer patients without metastases, in which the
number of CTCs is expected to be very low. To solve this problem, some “in
vivo” approaches such as GILUPI Nanodetector® (198) or the Diagnostic
leukapheresis (DLA) can be employed (199).
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Figure 24. Different strategies for CT'Cs enrichment and detection. Abbreviations: DEP,
dielectrophoresis.

After enrichment, the CTCs fraction usually still contains a substantial
number of leukocytes (184). This background of leukocytes is seen in all
CTCs enrichment platforms being the posterior molecular analyses of CTCs a
challenge. Therefore, after the first enrichment of CTCs there are some
platforms that allow the isolation of pure CTCs at the single level by the use
of micromanipulation or via dielectron force manipulation, such as the
DEPArray system (Menarini, Silicon Biosystem, Bologna, Italy), among other
strategies (200). Analyses of individual CTCs/clusters at the DNA, RNA or
protein level provide valuable information about the molecular heterogeneity
of these cells and a more precise characterization of the disease (201). In
addition, surface proteins, which can be key targets for personalized therapies,

can be analyzed by immunofluorescence (IF). Thus, certain protein expression
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in CTCs has been studied, such as ER and HER2 in breast cancer, among
others (202).

2.2.2  Clinical relevance

During the last decades, several platforms have reported the feasibility to
detect CTCs and monitor changes during the course of treatment in patients
with several metastatic carcinomas (197,203,204). Moreover, the presence of
CTCs bhefore the treatment in the blood of patients with cancer has shown
prognostic significance and their levels after the treatment can be predictive
of response to the therapy. Nowadays, the clinical value of CTC presence
remains controversial because CTCs number is very variable between
different tumour types (205), and only 2 platforms were approved by the
FDA.. CellSearch® system was the first FDA-approved platform for CTCs
isolation and enumeration for clinical use in metastatic breast, prostate, and
colorectal cancer. First, it was approved in 2004 for use in a clinical setting to
predict outcomes for metastatic breast cancer patients (206). Although in the
posterior years, CellSearch® system was also granted FDA approval to aid in
monitoring metastatic colorectal (175) and prostate cancer patients (207), its
real use in clinical routine is scarce. Recently, in May 2022, Parsortix system

was approved for clinical use in metastatic breast cancer patients (208).

2.3 Other circulating biomarkers

CTCs and cfDNA are not the unique biomarkers employed to
improvement the management of cancer patients. Thus, there are other
markers in the field of liquid biopsy with great potential for future clinical
applications. One example are EVs which are nanosized particles with

membranes released by any cell type, including cancer cells. The most
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common subtypes of EVs are exosomes, with a size between 50 and 150 nm.
Exosomes are very abundant, express membrane proteins on their surface and
contain several particles, such as proteins, nucleic acids, and lipids (209).
Thus, exosomes offer the possibility to analyse the expression of proteins of
interest on their surface, such as PD-L1. Actually, EVs have shown to be
valuable tools as biomarkers for longitudinal monitoring, defining tumour
type, stage, progression and treatment response (210,211). Other elements,
such as circulating microRNA (miRNA), circulating RNA, platelets, and
circulating proteins, are at the early stages of investigation (212). In recent
years the potential of tumour-educated blood platelets as a non-invasive
tumour biomarker has been demonstrated (213,214). Platelets are involved in
the progression and spread of various solid cancers, and their RNA molecular
signatures can provide specific information about the presence, location, and
molecular characteristics of the tumours (215).

Regarding circulating proteins, few studies have investigated their
possible value as prognostic or predictive biomarker in lung cancer, however,
global protein changes may provide an independent biomarker that reflects the

tumour evolution (216).
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OBJECTIVES

The general goal of this thesis is to explore the clinical utility of different
circulating biomarkers, such as cfDNA, CTCs, or plasma proteins, to improve
both therapy selection and monitoring of advanced lung cancer patients.

Specifically, the secondary objectives of the thesis are:

CHAPTER I. Blood-based technologies to select non-small cell lung
cancer (NSCLC) patients who will benefit from targeted therapies.

1.1. To evaluate the efficacy of a gPCR technology (ldylla™ test) to
determine EGFR status in blood samples of advanced NSCLC patients
and monitor the response to EGFR inhibitors.

1.2. To develop a blood-based test to identify both MET amplification and c-
MET overexpression in cancer patients for monitoring the appearance of

resistance to several lines of TKIs in NSCLC patients.

CHAPTER 11. Circulating free DNA and circulating tumour cells as
prognostic and predictive biomarkers in non-small cell lung cancer

(NSCLC) patients treated with immunotherapy.

2.1. To develop an efficient approach to detect and analyse PD-L1 expression
in CTCs and investigate the predictive value of this tumour circulating

population in advanced NSCLC patients.

2.2. To determine the value of CTCs and total cfDNA levels as a prognostic,
predictive, and monitoring tool in advanced NSCLC patients under first-

line of pembrolizumab therapy.
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CHAPTER IIl. Plasma circulating free DNA and circulating tumour

cells as prognostic biomarkers in small cell lung cancer (SCLC) patients.

3.1. To investigate the prognostic and predictive value of CTCs and cfDNA
levels in newly diagnosed advanced SCLC patients receiving first-line
standard therapy.

3.2. To develop a predictive model to identify SCLC patients who will benefit

from first-line therapy.

CHAPTER 1V. Circulating proteins as predictive biomarkers for
immunotherapy in metastatic non-small cell lung cancer (NSCLC)
patients.

4.1. To identify a proteomic signature with value in predicting the response

to immunotherapy in advanced NSCLC patients.
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Blood-based technologies to select
non-small cell lung cancer patients who
will benefit from targeted therapies.

I.A EGFR mutations: Simple and rapid blood-based gPCR test to select and
guide treatment of advanced NSCLC patients.

I.B Development of a blood-assay to detect MET alterations using circulating
free DNA and circulating tumour cells in NSCLC patients.
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Chapter I.A

EGFR mutations: simple and rapid blood-based
gPCR test to select and guide treatment of advanced
NSCLC patients.
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EGFR mutations: Simple and rapid blood-based
gPCR test to select and guide treatment of advanced
NSCLC patients.

ABSTRACT

During the last few years, detection of EGFR-activating mutations has become
a routine part of clinical practice for NSCLC in order to select the optimal
treatment strategy. The use of complemental techniques that allow to analyse
EGFR-activating mutations in blood samples, would help improve the
management of NSCLC patients.

In this study, we investigated the feasibility to use Idylla™ ctEGFR
mutation assay to detect EGFR alterations in 40 NSCLC patients before and
during the treatment. The concordance between the blood-based test and
tissue-based test was investigated. Furthermore, comparison with different
liquid biopsy-based approaches (BEAMing technology and NGS method) was
performed. Our results suggest that Idylla™ ctEGFR mutation assay is a fast
and optimal tool for therapy selection in advanced NSCLC and also a good

approach to monitor the therapy response in patients under TKIs therapies.

Keywords: Idylla™, NSCLC, liquid biopsy, EGFR mutations.
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1. INTRODUCTION

NSCLC represents 85% of total lung cancers, with about 2 million new
cases per year (4). Target therapies are the first choice in NSCLC patients with
specific mutations profile, such as EGFR mutations, present in 17% of
metastatic NSCLC patients (218). Thus, EGFR TKIs have become the
standard therapy for patients with EGFR activating mutations, leading to a
longer survival (17). To select patients who present EGFR mutations, and
offer appropriate EGFR TKI treatment, mutation testing of solid tumour
samples is required. However, tissue/cytologic samples are not always
available or evaluable. CFDNA analyses represent a good alternative strategy
to assess the EGFR status though the use of like NGS or digital PCR based
technologies. Nevertheless, these methods require technical expertise and
long turn-around time. Idylla™ ctEGFR mutation assay (Biocartis NV,
Mechelen, Belgium) is a fully integrated real-time PCR-based test with a rapid
and easy protocol that allow an easy implementation of liquid biopsy analyses
into the clinical routine.

The aim of the present study was to interrogate the accuracy and
performance of the Idylla™ solution as a non-invasive test to detect EGFR
mutations in plasma samples of advanced NSCLC patients.

In this context, we think that the Idylla™ ctEGFR mutation assay could
be a good alternative tool to analyse the molecular characteristics of NSCLC
patients. With this purpose we evaluated the concordance of EGFR status
between cfDNA using Idylla™ and tissue samples. In addition, the
concordance among different liquid biopsy-based approaches BEAMing
(Sysmex Inostics), AVENIO (Roche Diagnostics) and Idylla™ was

investigated to evaluate the performance of Idylla™ solution versus the other
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approaches. In addition, we determine the feasibility to use the ctEGFR assay

to monitor NSCLC patients during the treatment.

2. MATERIAL AND METHODS

2.1 Synthetic DNAs

We calculated the limit of detection (LOD) of Idylla™ solution using
four different commercial cfDNA standards that covers 10 EGFR variants
with specific variant allele frequencies (VAF) of 5%, 1%, 0.1% and 0%
(EGFR wild type) (Cat n°. HD825, Horizon Discovery Ltd., Cambridge,
United Kingdom). The commercial cfDNA standards were obtained from
human cell lines with EGFR mutations fragmented to 160 bp to mimics
cfDNA extracted from human plasma. All standards were quantified using the
Qubit dsDNA HS assay kit and Qubit 3.0 Fluorometer instrument (Thermo
Fisher Scientific, Waltham, USA). Seven of the total 10 EGFR alterations
presents in the reference cfDNA are included in the panel analysed by the
Idylla™ ctEGFR Mutation Assay (5 single nucleotide variants (SNVS)
including L861Q, L858R, S768I, T790M and G719S; one exon 20 insertion
(V769-D770insASV) and one exon 19 deletion (Dell5)). The LOD was
defined for each of these seven alterations as the lowest mutant allele

frequency vyielding a positive result.

2.2 Study design

Fifty-three blood samples from 40 advanced NSCLC patients treated
between January 2018 and March 2022 at the Medical Oncology Service of
Complexo Hospitalario Universitario de Santiago de Compostela were

retrospectively included in the study. The study was performed in accordance
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with the Declaration of Helsinki (as revised in 2013) and all individuals signed
informed consent forms approved by Santiago de Compostela and Lugo Ethics
Committee (Ref: 2017/538) prior to enrolling in the study.

2.3 Blood collection and sample processing

Peripheral blood was obtained by direct venepuncture using CellSave
(Menarini, Silicon Biosystems, Bologna, Italy), Streck Cell-Free DNA BCT
(Streck Inc, Omaha, NE, USA) or EDTA tubes (219). Plasma and cellular
components were separated by two centrifugation steps: one centrifugation at
1,600 g for 10 minutes at room temperature and a second time at 5,500 g for
10 minutes at room temperature to remove any remaining cellular debris.
Plasma samples were aliquoted and storage at -80 °C until posterior analyses.
In addition, when high volume of plasma was available, cfDNA was isolated
using the QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions and quantified by the
fluorometric instrument Qubit 4 using the Qubit dsSDNA HS Assay Kit
(Thermo Fisher Scientific, Waltham, USA).

2.4 ldylla™ ctEGFR mutation assay

Idylla™ ctEGFR mutation assay (Biocartis NV, Mechelen, Belgium) is
a real-time PCR assay that allows the qualitative detection of 49 mutations of
the EGFR gene using plasma samples: Detects 4 SNVs of exon 18
(G719A/C/S), 2 SNVs of exon 20 (T790M and S768l) and 4 SNVs of exon
21 (L858R and L861Q); 34 different exon 19 deletions: and 5 exon 20
insertions. Commercial cfDNA standards and a total of 53 samples from
patients with NSCLC were analysed using the Idylla™ assay. For the
analyses, 2 ml of plasma together with 200 pl of proteinase K (20 mg/ml,
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Qiagen, Hilden, Germany) were directly pipetted in the cartridge. The Idylla™
system performs the cfDNA extraction, a real time PCR amplification and
detection of EGFR mutations. Finally, Idylla™ console software analyses
PCR amplification curves determining the cycle of quantification (Cq) in each
sample. To know that sample is suitable in terms of quality and quantity, the
assay used a Sample Processing Control (SPC) signal, that corresponded to
the amplification of an EGFR wild-type control. Based on the difference
between the EGFR-mutant Cq and the SPC (denominated ACq), an automatic
report with the result is obtained. The total time to obtain a result using
Idylla™ ctEGFR mutation assay is less than 3 hours.

2.5 Cobas® EGFR Mutation Test

Tissue EGFR status was determined in the primary tumour obtained at
diagnosis using Cobas® EGFR Mutation Test v2 (Roche, Basel, CH) in 25
patients, as manufacturer’s guidelines. The test is a real-time PCR-based test
that identifies 42 mutations in exons 19, 19, 20 and 21 of the EGFR gene
using a tissue biopsy sample. Briefly, formalin-fixed, paraffin-embedded
tissue (FFPE) specimens are processed using the Cobas® DNA Sample
Preparation Kit (Roche, Basel, CH). After preparation, amplification and
detection of EGFR mutations are carried out using real-time PCR test. The
total time to obtain a result using Cobas® EGFR mutation test in tumour

sample is approximately 8 hours.

2.6 BEAMIing technology
In parallel, BEAMing method was performed with the OncoBEAM
EGFR kit (Sysmex Inostics, Hamburg, Germany) using 2 mL of plasma in 17

samples. cfDNA used for the analyses was isolated employing the QlAamp

134



Chapter I.LA

Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Once cfDNA was extracted, the assay performs
a hybridization step between DNA-coated beads and a sequence specific
fluorescein-labelled probe. Then, amplificated samples are analysed by flow
cytometry. Finally, results are reported as “no mutation detected” or “mutation
detected” (220). The total time to obtain a result using BEAMing technology

is approximately 72 hours.

2.7 Next-generation sequencing analyses

Next-generation sequencing (NGS) analyses was performed in 15
samples with the AVENIO ctDNA Expanded panel (221) (Roche, Basel, CH),
which covers alterations in 77 genes including all coding regions of EGFR.
cfDNA used for the analyses was isolated from 4 mL of plasma, following the
AVENIO ctDNA Expanded panel (Roche, Basel, CH) protocol. Libraries
were sequenced on a NextSeq 500 (Illumina, San Diego, CA) which provided
high-depth sequencing with a mean coverage of ~9000x (range: 7621x -
10402x).

2.8 Statistical analyses

Statistical analyses were performed using R version 4.1.1. The Kappa test
was used to determine the concordance between EGFR mutations based on
tissue and plasma analyses and among the three different based-blood
platforms (Idylla™, BEAMing and AVENIO panel). GraphPad Prism 8 and
Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) (222) were employed

for the graphical representations.
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3. RESuULTS

3.1 LOD determination using commercial standards

To explore in house the performance of the assay we first explored the
technique sensitivity. With this aim, we calculated the LOD of Idylla™
CtEGFR mutation test using commercial cfDNA standards with different
V AFs that covers different EGFR variants. Thus, LOD was determined as 5%
VAF for L861Q and G719S; 1% for L858R, the insertion of exon 20 and
T790M; and 0.1% VAF for Dell5 of exon 19 and the point mutation S768I
using a total of 160 ng of commercial cfDNA (Table 1.1).

Table 1.1. Sensitivity of Idylla™ system using commercial cfDNA (160 ng).

EGFR exon Variant AA mutation LOD (%)
Exon 18 G7198 p-Gly719Ser 5
Exon 19 Deletion 15 p-Glu746_Ala750del 0.1
Insertion exon20  p.Val769_Asp770insAlaSerVal 1
Exon 20 S7681 p-Ser7681le 0.1
T790M p-Thr790Met 1
Exon 21 L858R p-Leu858Arg
L861Q p-Leu861Gln 5

Abbreviations: LOD, limit of detection; AA: amino acid.

3.2 Patients’ characteristics

Forty NSCLC patients were included in the study. Their clinical and
pathological characteristics are presented in detail in Table 1.2. The median
age was 63.5 (range 40-81) with 52.5% females and 37.5% of patients were

never smokers. Most patients had tumours with adenocarcinoma histology
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(80.0%) and presented at least one alteration in EGFR gene (67.5%) in tumour

sample. Only one patient analysed presented stage 111 disease.

Table 1.2. Demographics and clinical characteristics of the patients.

Baseline Characteristics Patients n* (%)
Mean age (years) £ SD, range 64.8 £ 8.9, 40-81
Sex
Female 21 (52.5%)
Male 19 (47.5%)
Smoking
Smoker 19 (47.5%)
Former smoker 4 (10.0%)
Never 15 (37.5%)
Unknow 2 (5.0%)
Histology
Adenocarcinoma 32 (80.0%)
Squamous cell carcinoma 8 (20.0%)
Stage
111 1 (2.5%)
v 38 (95.0%)
Unknow 1(2.5%)
EGFR status in tissue
Mutated 27 (67.5%)
No mutated 12 (30.0%)
Unknown 1(2.5%)

*n=40; SD: standard deviation.
3.3 Analyses of blood samples from NSCLC patients using
Idylla™ solution
Once established the experimental LOD with the commercial cfDNA
standards, a total of 53 samples from 40 patients with NSCLC were analysed

using the Idylla™ assay (Figure 1.1A).
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A.
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Figure 1.1. EGFR status in NSCLC patients using the Idylla™ EGFR Mutation
Assay. (A) Study scheme. (B) Proportion of patients with EGFR alterations or WT in
total 53 plasma samples. Abbreviations: WT: wild type.

Of the total samples analysed with the Idylla™ assay, 45.3% (24/53)
presented at least one EGFR mutation. Among the 24 positive samples, 2 had
more than one mutation, (harboured both L858R mutation and the T790M
resistance mutation) and one presented 2 different exon 19 deletions, detecting
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27 alterations in total. L858R mutation (48.1%) and Del.ex19 (33.3%) were

the most frequent alterations detected (Figure 1.1B).

In addition, in 39 patients EGFR tissue status was determined using
Cobas® EGFR Mutation Test v2. Overall concordance between Cobas® assay
applied in tissue samples and Idylla™ assay on plasma samples was 71.8%
(n=28/39) (Cohen’s Kappa=0.472) reporting a moderate agreement (Figure
1.2). In 6/11 discordant patients the time between plasma sample collection
and tissue biopsy was higher than 3 months (Table 1.3). In addition, no clear
association between discordant samples and clinical characteristics, such as
metastatic localizations, was found. However, it is important to note that two
discordant cases with a short time between liquid and solid biopsy (<21 days)
presented only brain metastasis. Of note, we observed a low concordance rate
in cases with Del.ex19 (concordance rate=0.42), while a high concordance

rate was found in the case of L858R mutation (rate=0.8) (Figure 1.2).

A Idylla™ B. Del.ex19 L858R
EGFRWT |[EGFR MUT]
Cobas | EGFRWT 12 0
(Tissue) |EGFR MUT 1 1 39 7 6 0 2 8 0
Overall concordance: 71.8%
Positive agreement: 59.3% Tissue Blood Tissue Blood
Negative agreement: 52.2% Idylla™ Idylla™

Cohen'’s Kappa= 0.472

Figure 1.2. Comparison between tissue samples and blood samples analyzed by
Idylla™. (A) Concordance between ctEGFR Idylla™ mutation assay in ¢fDNA and
Cobas® test in tissue in 39 patients. (B) Venn diagrams show the number of samples that
present Del.ex19 or L858R mutation in tissue sample and blood sample using Idylla™
solution. Abbreviations: MUT: mutated; WT: wild type.
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3.4 Comparison among Idylla™ Platform, digital PCR based
method (BEAMing) and NGS (AVENIO)

Seventeen paired plasma samples (before treatment or during therapy)

were also analysed using OncoBEAM EGFR V2, reporting an overall

concordance with Idylla™ assay of 88.9% with a substantial agreement
(n=16/18 samples) (Cohen’s Kappa=0.78) (Figure 1.3A) in all samples.
Nevertheless, 3 samples that showed VAFs equal or below 0.06% by

OncoBEAM were undetectable on Idylla™ solution (Figure 1.3C), in

concordance with the results obtained with commercial cfDNA standards and

the LOD observed.
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Figure 1.3 Comparison among BEAMing, AVENIO and Idylla™ technologies.
(A) Concordance between BEAMing and Idylla™ assay in cfDNA samples (n=18). (B)
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Concordance between NGS and Idylla™ assay in cfDNA samples (n=15). (C) VAF
detected by BEAMIing or NGS panel versus Idylla™ ACq. Red symbols represent
discordant samples detected by BEAMing or NGS (n=3), green symbols represent
concordant samples detected by both technologies. Abbreviations: MUT: mutated; WT:
wild type; VAF, variant allele frequency.

In another hand, 15 paired samples were analysed with both NGS and
Idylla™ assay, reporting a concordance with Idylla™ assay of 93.3%
(n=14/15 samples) (Cohen’s Kappa=0.865) (Figure 1.3B) in all samples.
Similar to results above reported using BEAMing, determinations with low
VAFs (below 0.13% in this case, n=2) were undetectable on Idylla™ solution
(Figure 1.3C).

Overall, considering both technologies (NGS and BEAMing), Idylla™
solution presented a high concordance rate (90.9% of concordance, Cohen’s
Kappa= 0.820). Detailed results of all samples analysed with Idylla™ system

and other liquid biopsy approaches are showed in Table 1.3.

Table 1.3. Sample determinations included in the study.

Sample EGFR EGFR Time blood- EGFR EGFR
id. tissue status | Idylla™ status | tissue (days) | BEAMing status NGS status
01 Del.ex19 Del.ex19 21 Del.ex19 NT
02 Ins.ex20 WT 24 WT NT
03 1.858R L858R 23 L858R NT
04 Del.ex19 Del.ex19 975 Del.ex19/T790M NT
05 NT wWT NA wWT NT
06 WT WT -4 WT NT
07 WT WT -5 WT NT
08 1.858R/ S7681 L858R 706 L858R NT
09 1.858R WT 332 NT NT
10 Del.ex19 wWT 744 NT NT
12 L858R L858R 41 NT NT
14 WT wWT 107 wWT NT
15 1.861Q WT 567 wWT NT
20 WT WT 48 NT NT
21 Del.ex19 WT 162 NT NT
23 1.858R 1.858R 20 NT NT
25 Del.ex19 WT 21 NT NT
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Sample EGFR EGFR Time blood- EGFR EGFR
id. tissue status | Idylla™ status | tissue (days) | BEAMing status NGS status
26 1.858R WT 14 1.858R NT
27 1.858R L858R 7 NT NT
29 Del.ex19 WT 804 NT NT
30 Del.ex19 WT 1089 Del.ex19/T790M NT
31 Del.ex19 2 Del.ex19 629 Del.ex19 NT
33 L858R/ T790M | 1L.858R/T790M 753 1.858R/T790M NT
35 1.858R L858R 1028 NT NT
36 1.858R L.858R 472 1.858R NT
38 Del.ex19 WT 21 Del.ex19 NT
39 Ins.ex20 Ins.ex20 8 NT Ins.ex20
40 Del.ex19 Del.ex19 3122 NT Del.ex19
41 Del.ex19 Del.ex19 14 NT Del.ex19
43 1.861QQ 1.861Q 1644 NT L.861QQ
44 Del.ex19 wWT 112 NT Del.ex19
45 Del.ex19 Del.ex19 45 NT Del.ex19/T790M
46 WT WT 15 NT WT
47 wT WT 37 NT WT
48 wT WT 624 NT WT
49 wT WT 20 NT WT
50 wT WT 689 NT wT
51 wT WT 35 NT WT
52 WT WT 18 NT wWT
53 wT WT 45 NT wT

Abbreviations: N'T: Not tested; WT" wild type.

3.5 Monitoring patients using Idylla™ solution

We also analysed the feasibility of using the Idylla™ ctEGFR Mutation

Assay to monitor NSCLC patients during the treatment. Twenty-three samples

from 10 NSCLC patients were analysed at different time points during therapy

and at progression disease (Figure 1.4).
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Figure 1.4. Monitoring EGFR status in NSCLC patients using the ctEGFR Idylla™

mutation assay. Swimmer’ plot on monitored patients (n=10).

Specially in one case (ID13), we observed that analysis using Idylla™
solution allows to detect the progression disease (Figure 1.5). A 62-year-old
male was diagnosed in March of 2017 with NSCLC adenocarcinoma stage
IHIA. Tissue sample analyses revealed the presence of L861Q mutation in
EGFR gene. In May, image analyses reported lesions into the SNC. The
patient started chemotherapy and radiotherapy and showed a good response.
In March of 2018, the patient had a progression and he started gefitinib
treatment (day 0). Before the treatment onset, a blood sample was collected
and cfDNA analyses were performed by BEAMing technology and Idylla™
solution. Both results reported a negative result for the mutation EGFR
L861Q, probably due to location of the metastatic lesions and the consequent
circulating tumour DNA (ctDNA) low levels. Longitudinal analyses during
gefitinib treatment (day 49, 103 and day 201) in cfDNA reported the absence
of L861Q mutation in plasma samples until day 355, when the patient

presented progression disease at different levels by image analyses. At

143



PATRICIA MONDELO MACIA

progression, an increase in cfDNA levels and the presence of the mutation

L861Q using Idylla™ solution were determined, in accordance with the

disease evolution.
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Figure 1.5. Evolution of ¢fDNA levels and EGFR L861Q mutations in patient 1ID13
during Gefitinib treatment. The L.86Q1 mutation appeared at progression disease, which
confirmed by image analyses. Abbreviations: SDi: stable disease; PD: progression disease.

Other cases maintained the mutation positivity at baseline and
progression disease and/or showed increased ctDNA levels such as happened
in patients ID19 and ID11 (Figure 1.6A). Patient ID19 and ID11 were
followed up during different TKIs treatment and in both cases all
determinations were positive for the mutation L858R. Patient ID19 progressed
at 12 weeks and an increase in L858R mutation and cfDNA levels was found
at this time, supporting the interest of using Idylla™ solution to detect
progression disease. Patient ID11 showed stable disease at 10 weeks by image
analyses and a VAF reduction of L858R mutation was found using Idylla™

solution despite of an increase in cfDNA levels, suggesting an active response
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to gefitinib but probably a progression due to a different tumour clone. One
month later, patient showed a clinical deterioration and died. In this type of
cases, imaging tests may be of limited value, while liquid biopsy could provide

useful information on the disease evolution.
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Figure 1.6. Evolution of cfDNA levels and EGFR L858R mutation in patient ID19 (A)
and patient ID11 (B) during different TKIs treatment. Abbreviations: PD: progression
disease; SDi: stable disease.

4. DISCUSSION

Regarding the interest of improving the options to interrogate EGFR
status in cfDNA, it is important to have in mind that tumour analyses have
several limitations in NSCLC patients such as access difficulty (mainly to
biopsy metastasis), the impossibility to characterize the disease at real time
and the lack of representativity of the tumour heterogeneity. To solve these
limitations, in the last years, liquid biopsy has emerged as a clear alternative
and one of the main pillars for personalized oncology, reporting promising
results mainly focused on the cfDNA analyses (205). In the present study we
explored the feasibility of determine EGFR status in cfDNA by Idylla™
solution in NSCLC patients, previously reported in tissue (223,224) and
plasma samples (225) and its potential value to monitor the therapy response
in NSCLC patients looking for a fast technique not make the tumour
genotyping . Of note, a good concordance rate between analyses in tissue and
plasma cfDNA with the Idylla™ BRAF Mutation Test has been previously
described (226). In our study, a moderate agreement between tissue and
plasma results was found. This result can be partially explained due to the time
between blood and tissue samples collection in the discordant patients. As
higher time between samples collection as bigger probability to find a
molecular evolution of the tumour. In another hand, although we reported a
low concordance rate of exon 19 deletions in contrast with the high
concordance of the point mutation L858R, the small size of our cohort could

not allow us to arise solid conclusions regarding this aspect. However, it’s
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important to highlight that 2/7 discordant samples presented a VAF lower than
0.13% by NGS or BEAMing assay and in 5/7 discordant samples, the time
between plasma sample collection and tissue biopsy was higher than 5 months.
Therefore, the lower ctDNA content and the tumour evolution could explain
this lower concordance.

Furthermore, we investigated the concordance rates among Idylla™
solution and other reference technologies, BEAMing and NGS, and found a
good overall agreement determining EGFR status. In line with our study in
lung cancer, the automatized system demonstrated a good diagnostic
performance for KRAS analyses in patients with colorectal cancer , reaching a
high concordance with BEAMing (227). Besides, studies in tissue samples
reported the good concordance between Idylla™ assay and NGS panels (224).
Of note, we also reported a good correlation of Idylla™ solution and AVENIO
panel employing plasma samples but with a lower time-to-result with Idylla
that can be crucial for metastatic patients (228).

In another hand, it’s important to remark that Idylla™ solution allowed
us to analyse the mutational profile of NSCLC patients in longitudinal plasma
samples during treatment without the need to perform further tissue biopsies.
This advantage is important in whose patients that undergone treatment
resistance. For example, the mutation T790M appears as a mechanism of
resistance during TKIs therapy. Its detection is crucial to select whose patients
that should be treated with a third generation of TKIls (17). In our study,
although we only detected the T790M mutation in two plasma samples, our
analysis with commercial cfDNA showed that Idylla™ system allows to
detect the TKIs resistance mutation with a LOD of 1%. Preliminary studies
have reported a moderate T790M detection rate of 66.6-80.0% in plasma

samples using ldylla™ solution (225,229), according to our study. In addition,
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in our work paired plasma samples analysis showed that T790M mutations
with a variant allele frequency lower than 0.06% using BEAMing/NGS cannot
be detected by Idylla™ system. However, analyses with a larger cohort of
patients harbouring the resistance mutation T790M are needed to validate the
clinical value of the kit for specifically detect T790M mutations.

Overall, the results obtained in the in this pilot study with a real-world
cohort of patients allow us to conclude that Idylla™ ctEGFR Mutation Assay
could be employed as a first screen to detect EGFR mutations fast and on
demand. If no EGFR mutation is detected due to the low ctDNA content in
plasma, another sensitive technique such as a ddPCR-based strategy should
be employed to confirm the negative result. To this regard, some aspects
should be considered for the selection of an optimal platform or analytic
circuit to analyse EGFR alterations in ctDNA. For example, tumours with
multiple metastatic locations and highly vascularized will have higher levels
of ctDNA and therefore the genotyping of clinically relevant mutation will be
easier to detect (150). Regarding the value as a monitoring tool, our
preliminary results showed that changes in the mutational profile of EGFR
samples using ldylla™ solution, could provide valuable information to

monitor the therapy response in patients under TKIs therapies.
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Development of a blood assay to detect MET
alterations using circulating DNA and circulating

tumour cells in NSCLC patients.

This chapter has been adapted from a recently published article entitled “Detection of MET Alterations

Using Cell Free DNA and Circulating Tumor Cells from Cancer Patients” (230).
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Development of a blood-assay to detect MET
alterations using circulating free DNA and

circulating tumour cells in NSCLC patients.
ABSTRACT

MET alterations are present in several cancer types and sometimes they
are associated with resistance at certain therapies in metastatic patients.
Nowadays, therapies with MET inhibitors allow to increase the prognosis of
patients with MET alterations, however there are no standardized methods to
confirm these molecular alterations. MET alteration may be a potential
biomarker for the evaluation of patients who will benefit from treatment with
MET inhibitors, especially in NSCLC patients, where about 4% of patients
present these alterations. Therefore, the purpose of the present study was to
develop and investigate the utility of a liquid biopsy-based strategy to assess
MET alterations in cancer patients, and particularly in NSCLC patients. Thus,
in one hand, we analysed MET amplification in cfDNA from 174 patients with
different cancer types and 49 healthy controls to demonstrate the validity and
accuracy of the analysis to detect this alteration in patients with cancer. In this
analysis we established the cut-off to determine the amplification status.
Importantly, a significant correlation between cfDNA concentration
and MET copy number (CN) in cancer patients (r= 0.57, p-value <101°) was
determined probably associated with a higher ctDNA content. In NSCLC
subgroup, we detected MET amplification in 12.99% of patients. In another
hand, we evaluated two different approaches (CellSearch® and Parsortix

systems) to detect the level of expression of c-MET protein on CTCs in 16
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metastatic NSCLC patients. Finally, we reported two cases that evidenced
how the detection of MET alterations may be informative in monitoring the
appearance of resistance mechanism in response to anti-EGFR treatment. In
conclusion, we developed specific and non-invasive assays to monitor MET
status in cfDNA/CTCs and demonstrated its utility as a biomarker for
monitoring the appearance of resistance to anti-EGFR therapy in NSCLC

patients.

Keywords: MET amplification; MET copy number; c-MET protein
expression; circulating free DNA (cfDNA); circulating tumour cells (CTCs);
targeted therapy.
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1. INTRODUCTION

RTKSs are crucial regulators of key cellular processes such as cell growth,
differentiation, neovascularization, and tissue repair. Hepatocyte growth
factor receptor (MET or ¢-MET) is an RTK produced predominantly in cells
of epithelial origin (231). Its only known high-affinity ligand is the hepatocyte
growth factor (HGF) (232) and both are essential to embryonic development
and organ regeneration. The binding of c-MET and HGF activates the kinase
activity of MET and several pathways, such as the MAPK cascade, the PI3K-
AKT pathway, the STAT pathway, and the IkBo—NF-kB complex (233).
These pathways can activate cell proliferation, survival, migration, motility,
invasion, angiogenesis, apoptosis, and epithelial-to-mesenchymal transition
(233,234). In addition, c-MET can interact with other cell membrane
receptors, such as integrins, CD44, class B Plexins, and other tyrosine kinase
receptors (e.g., HER2, AXL, EGFR, and VEGF) (Figure 1.7) (231,232).

Deregulation of the ¢c-MET pathway has been associated with cancer
growth and metastasis in several tumours types (lung, head and neck, gastric,
and colorectal, among others) (231,233), taking place through several
mechanisms including overexpression, amplification, autocrine signalling,
and mutational activation (235). In fact, MET amplification has been also
described in diverse tumour types, such as NSCLC, gastric cancer,
oesophageal cancer, colorectal cancer, medulloblastoma, and glioblastoma,

and has been associated with bad prognosis and poor survival (231,236-239).
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Figure 1.7. Signalling pathway of c-MET and HGF.

On the other hand, c-MET overexpression is known to activate the c-MET
signalling pathway, promoting tumour cell growth, survival, migration, and
invasion. This alteration has been associated with bad prognosis and the
generation of metastasis in different tumour types, such as NSCLC,
hepatocellular carcinoma, kidney cancer, head and neck cancer, colorectal
cancer, gastric cancer, nasopharyngeal carcinoma, and glioblastomas
(232,233,238-242).

In addition to its role as an oncogenic driver, MET alterations have been
described as a mechanism of resistance to different therapies (231,240,243).
Thus, MET amplification has been specifically associated with the
development of resistance to anti-EGFR TKIs and is more frequent in
metastatic patients (231,236).
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In NSCLC, acquired secondary MET amplification has emerged as one of
the most common resistance mechanisms in TKI-therapies. Around 5-20% of
patients treated with first generation EGFR TKIs (for example, gefitinib and
erlotinib) and 25% of patients who progress on a third generation EGFR TKI
(for example, osimertinib) presented MET amplification (244). All these data
indicate that MET amplification and/or c-MET overexpression, are strongly
associated with cancer development. MET alterations may be a potential
biomarker for the evaluation of patients who will benefit from treatment with
MET inhibitors, especially in NSCLC patients.

Several clinical trials have assessed the efficacy of selective and broad-
spectrum MET inhibitors in an extensive panel of cancers (245). Nevertheless,
nowadays there are no standardized methods to confirm these molecular
alterations. In fact, variable MET amplification rates can be detected,
depending on the detection techniques (242), for example, fluorescence in situ
hybridization (FISH), single-nucleotide polymorphism (SNP) genotyping, or
gPCR, in which different scoring criteria may define high amplification. In
the same line, c-MET protein levels can be dependent on the antibodies
employed, which can recognize different c-MET epitopes and domains,
showing different membrane and/or cytoplasmic staining intensities by IHC
(242). Furthermore, MET genomic changes have mostly been associated with
metastatic patients and normally appear with the progression of disease (235).
Tissue re-biopsy constitutes the best alternative for such molecular analysis in
tissue samples; however, re-biopsy is often not possible, making the validation

of liquid biopsy strategies to address MET status essential.

CTCs and cfDNA represent an accessible and non-invasive alternative for

detecting alterations in patient’s blood, particularly in patients for whom tissue
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biopsies are inaccessible or problematic to carry out or repeat (246). Thus, the
purpose of the present study was to investigate the utility of a liquid biopsy-
based strategy to assess MET alterations in cancer patients. For this aim, we
developed a cfDNA-assay, to evaluate the MET CN status in cfDNA from a
cohort of cancer patients with different tumour types. Also, we developed a
CTC-assay to analyse c-MET expression in CTCs from NSCLC patients.
Finally, two cases in which the clinical potential to detect the appearance of
resistances and to guide the treatment in NSCLC patients in a non-invasive

manner are showed.

2. MATERIAL AND METHODS

2.1 Cell lines

The MET Genetic Alteration Cell Panel was purchased from the
American Type Culture Collection (ATCC, TCP-1036). The panel was
composed of five human tumour cell lines (SNU-5, Hs746T, C32, AU565,
and NCI-N87) showing various degrees of MET gene CN and expression
levels. We also included the MET-negative prostate cancer cell line LNCaP
and the cancer cell lines A549 (lung, NSCLC) and PC3 (prostate), purchased
from the ATCC, in the study. The cell lines were routinely cultured in ATCC’s
recommended growth medium at 37 °C, 5% CO,, and 95% humidity.

MET CN data of the eight cell lines were obtained from the Cancer Cell
Line Encyclopedia (CCLE) database (http://www.broadinstitute.org/ccle),
determined using the Affymetrix Genome-Wide Human SNP Array 6.0
platform. In addition, genomic DNA (gDNA) was extracted from the same
cancer cell lines with QlAamp DNA Blood Mini Kit (Qiagen, Hilden,

Germany), according to the manufacturer’s suggested protocol. DNA quantity
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and quality was assessed using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and MET CN was determined by
ddPCR.

C-MET expression of the eight cell lines was determined by
immunofluorescence. Cell lines were staining with Alexa Fluor (AF)546-
conjugated pan-Cytokeratin (CKs) (C11, sc-8018, Santa Cruz, CA, USA),
AF647-conjugated CD45 (35-Z6, sc-1178, Santa Cruz, CA, USA), anti-MET
fluorescein (FITC)-conjugated (D-4, sc-514148, Santa Cruz, CA, USA), and
nuclear dye 4’,6-diamidino-2-phenylindole (DAPI) to fluorescently label the
cells. Results were captured and analysed by a fluorescence microscope (Leica
DMI8, Leica Microsystems, Germany).

2.2 Study design and sample collection

In total, 174 cancer patients and 49 healthy controls were enrolled in the
present study. One-hundred and forty-six patients and 49 healthy controls
were recruited between August 2017 and October 2019 at the Medical
Oncology Service of Complexo Hospitalario Universitario and Hospital HM
La Rosaleda of Santiago de Compostela (Santiago de Compostela, Spain).
Twenty-eight patients were collected between September 2016 and November
2019 at the Medical Oncology Service of Hospital Universitario Son Espases

(Mallorca, Spain).

All individuals gave written informed consent approved by Santiago de
Compostela and Lugo and Islas Baleares Ethics Committees (Ref: 2017/538
and 1B2584/15; respectively) prior to enrolling in the study. The protocol
approved by the Ethics Committee was conducted according to the

Declaration of Helsinki.
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2.3 Circulating free DNA isolation from plasma samples

Ten mL of peripheral whole blood from controls and patients were
obtained by direct venepuncture in Streck Cell-Free DNA blood collection
tubes (Streck, NE, USA). Plasma was separated within 96 hours after blood
collection as a result of two sequential centrifugation steps (10 minutes at
1,600 g and 10 minutes at 6,000 g; both at room temperature), and then stored
at -80 °C for further processing. cfDNA was extracted from 3 mL of plasma
using a QIAmp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. cfDNA yields were assessed
using a Qubit 1X dsDNA Hs Assay Kit, according to the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA, USA).

2.4 Droplet digital PCR to detect MET CN

Genomic DNA extracted from the cancer cell lines (n=8) and cfDNA
isolated from plasma (n=140 metastatic patients, n=34 non-metastatic
patients, and n=49 healthy controls) was amplified using ddPCR to analyze
MET CN. The ddPCR experiments were performed according to the
manufacturer’s protocol (Bio-Rad, CA, USA). Each assay contained 20 pL
reaction mixture of 10 uL ddPCR Supermix for Probes (Bio-Rad, CA, USA),
1 uL PrimePCR ddPCR CN assay for MET with a FAM fluorophore
(dHsaCP2500321, Bio-Rad, CA, USA), 1 uL PrimePCR ddPCR CN assay for
the reference gene with a HEX fluorophore (EIF2C1, dHsaCPE2500349, Bio-
Rad, CA, USA), and 8 uL DNA template and nuclease-free water. In the case
of gDNA from cancer cell lines, we added the Haelll enzyme (Takara Bio,
USA) to the mix, according to the manufacturer’s instructions. Droplets were
generated using a QX200 AutoDG Droplet Digital PCR System (Bio-Rad,
CA, USA) with Droplet Generation Oil for Probes (Bio-Rad, CA, USA) and
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transferred to a 96-well plate. PCR amplification was performed with the
following conditions: 95 °C for 10 minutes, followed by 40 cycles of 94 °C
for 30 seconds, 60 °C for 60 seconds, and 10 minutes incubation at 98 °C. The
plates were read on a Bio-Rad QX200 droplet reader (Bio-Rad, CA, USA) and
we calculated MET CN using the QuantaSoft Pro software (Bio-Rad, CA,
USA).

2.5 Fluorescent in situ hybridization (FISH) analysis

FISH analysis was conducted on FFPE tissues in a subgroup of patients
who had a blood sample taken within 2 months after tissue biopsy (n=12). The
tissue sections were hybridized with MET (SpectrumRed)/CEN7
(SpectrumGreen) Dual Color FISH Probe (Vysis, Abbott Molecular)
following the manufacturer’s protocol. In each case, 60 non-overlapping
nuclei were examined by a fluorescence microscope (BX51, Olympus
Corporation, Barcelona, Spain). FISH positivity was estimated using the
standard Colorado criteria (gene amplification; 2> MET gene (red)/CEP7q
(green) per cell plus high polysomy; 5 copies> mean MET per cell) (247).

2.6 Spiked experiments

The assays to evaluate c-MET expression on CTCs were tested using
cancer cell lines spiked in whole blood from the healthy volunteers recruited.
A total of 7.5 mL of blood from healthy donors was collected in CellSave
tubes (Menarini, Silicon Biosystems, Bologna, Italy). Cells were spiked at a
final concentration of 30 cells per mL of blood. Concurrently, we employed
samples from three healthy donors per each cell line. These samples were

analyzed using the CellSearch® and Parsortix Systems, running identical
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blood samples with both technologies. All spiked samples were enriched

within 96 h of collection.

2.7 Analysis of c-MET expression on CTCs isolated using
CellSearch®

A total of 7.5 mL of peripheral whole blood samples were collected in
CellSave tubes (Menarini, Silicon Biosystems, Bologna, Italy) for CTCs
enumeration using the CellSearch® system (Menarini, Silicon Biosystems,
Bologna, Italy). CellSearch® Circulating Tumor Cell Kit (Menarini, Silicon
Biosystems, Bologna, Italy) was used for these specific experiments,
including ferrofluids coated with epithelial cell-specific anti- EpCAM
antibodies to immunomagnetically enrich epithelial cells; a mixture of
antibodies directed to CKs 8, 18, and 19 conjugated to phycoerythrin (PE);
anti-CD45 mAb conjugated to allophycocyanin (APC); and DAPI to
fluorescently label the cells. The C32 cells and human melanoma samples
were analyzed using a CellSearch® Circulating Melanoma Cell Kit (Menarini,
Silicon Biosystems, Bologna, Italy), which included ferrofluid coated with
antibodies targeting the CD146 antigen to capture circulating melanoma cells
(CMCs) and fluorescent reagents against anti-high molecular weight
melanoma-associated antigen (HMW-MAA-PE (MEL-PE)), anti-CD34-APC
for endothelial cells, anti-CD45-APC for leukocytes, and DAPI for staining
cell nuclei. The open 4th antibody position of the CellSearch® system was
used to evaluate c-MET expression. We employed the anti-MET FITC-
conjugated monoclonal antibody (D-4, sc-514148, Santa Cruz, CA, USA) at
a final concentration of 20 pg/mL. CTCs were identified as EpCAM?*, CK",

CD457, and DAPI*, and the level of c-MET expression was recorded for each

162



Chapter 1.B

CTC, on a 0-3 scale, by comparison to the c-MET expression levels of the

different reference cell lines.

2.8 Analysis of c-MET expression on CTCs isolated using
Parsortix system

A total of 7.5 mL of peripheral whole blood was collected in CellSave
tubes (Menarini, Silicon Biosystems, Bologna, Italy) and loaded into the
Parsortix microfluidic device (Angle Inc, Guildford, UK). CTCs were then
enriched from blood samples in disposable Parsortix cassettes (GEN3D6.5,
Angle Inc, Guildford, UK), according to the manufacturer’s guidelines. CTCs
were trapped in the Parsortix cassette due to their large size and lower
compressibility than the remaining blood cells. After separation, we fixed the
sample and carried out immunofluorescence staining. CTCs were subjected to
on-cassette-staining with selected antibodies, according to the manufacturer’s
guidelines, followed by fluorescence microscopy detection (Leica DMIS,
Leica Microsystems, Germany). The selected antibodies included AF546-
conjugated pan-CK (C11, sc-8018, Santa Cruz, CA, USA), AF647-conjugated
CD45 (35-Z6, sc-1178, Santa Cruz, CA, USA), anti-MET FITC-conjugated
(D-4, sc-514148, Santa Cruz, CA, USA), and DAPI to fluorescently label the
cells. CTCs were identified as CK*, CD45", and DAPI*, and the level of c-
MET expression on CTCs was determined, on a scale of 0-3 scale, depending
on the c-MET antibody intensity, according to the results obtained in cell lines

controls.

2.9 Statistical analysis
Statistical analyses were performed using R version 3.4.0 and GraphPad

Prism 8. Pearson’s correlation and linear regression were used to evaluate the

163



PATRICIA MONDELO MACIA

relationship between ddPCR and SNP6.0 or FISH results. The Mann—
Whitney-Wilcoxon U-Test was used to compare the MET CN between cancer
patients and healthy controls. Two-tailed p-values of 0.05 or less were
considered significant. The cut-off value for the MET CN test to define the
presence of MET amplification was determined using the mean plus 3 standard
deviations of healthy controls. The Kappa test was used to determine the
concordance between MET amplification based on FISH and ddPCR analyses.
Paired Student t tests were used to compare the CTCs enrichment potential
between the Parsortix and the CellSearch® systems.

3. RESULTS

3.1 Clinical characteristics and sample collection

In total, 174 cancer patients were enrolled in the study. Their
clinicopathological characteristics are presented in Table 1.4. One-hundred
and forty patients were diagnosed with diverse metastatic cancers (such as
NSCLC, colorectal cancer, head and neck, or melanoma, among others) and
all patients had progressed to at least one line of therapy. Of these patients, 77
patients presented NSCLC, and 28 of them presented any EGFR mutation.
These 28 NSCLC patients had a progression to first-line TKIs and some of
them even to osimertinib (third TKIs generation) in second-line. In another
hand, 34 non-metastatic cancer patients were included. Finally, 49 healthy
controls were enrolled in the present study. Sample collection was performed

before therapy onset (baseline) in all patients.
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Baseline Characteristics

Metastatic patients

Non-metastatic patients

N* (%) N+ (%)
Mean age (years) * SD, range 63.9 + 8.5,35-83 61.8 £9.2,45-79
Sex
Female 55 (39.3) 10 (29.4%)
Male 85 (60.7) 23 (67.7%)
Unknown - 1 (2.9%)
Tumor type
NSCLC 77 (55.0) 19 (55.9%)
Head and neck 30 (21.4) 4 (11.8%)
Colon 8 (5.7) 6 (17.6%)
Melanoma 6 (4.3) 1 (2.9%)
Pancreas 3(2.2) 4 (11.8%)
Others** 16 (11.4) 0 (0.0%)
Number of lines of treatment
<1 75 (53.6) -
>1 59 (42.1) -
Unknown 6 (4.3) -
Number of metastatic sites
<2 54 (38.6) -
>2 73 (52.1) -
Unknown 13 (9.3) -

*N=140 at baseline. *N=34 at baseline. **Biliary (4), gastric (4), ovarian (3), renal (3),
retrocural (1) and skin (1) cancers. Abbreviations: SD: standard deviation.

The study design for testing the utility of blood samples to assess the

MET status in cancer patients is shown in Figure 1.8.
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Figure 1.8. Study design for MET status assessment in cancer patients. CN: copy
number; CCLE: cancer cell line encyclopedia.

3.2 MET amplification: Accuracy of ddPCR to detect MET
CNA

We designed a prospective study to analyze MET amplification in
different cancer types.

First, we optimized the ddPCR assay using DNA isolated from a panel of
cell lines representative of different levels of MET amplification and different
cancer tumour types (lung, colon, prostate, skin, breast, and gastric). We
obtained MET CN data as determined by microarray (Affimetrix SNP6.0
Array) from the publicly available CCLE database. Then, we compared the
data with our ddPCR results in the same cancer cell lines. After the
comparative analysis, a strong linear association of MET CN measurements

based on Pearson’s correlation (r= 0.98; p-value <10%) was observed,
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validating the accuracy of our analytic approach (Figure 1.9A). We also used
serial dilutions of genomic DNA from the cancer cell lines representing
different CN values (Figure 1.9B). Therefore, we set up that the minimum
amount of DNA to detect MET CN was 2.3 ng total in each ddPCR reaction.
Below of these values, there was no reproducibility of the results. All cfDNA

samples used in the present study were above of this value in the ddPCR

analysis.
A Correlation between ddPCR and SNP B Reproducibility of MET CN assay
Array .
A :
0] r=0.98
g 30 :
§ p-value< 10 §
=20/ 3 i
f _f?zuf SNU-5
- = : N
oo S = e
r—r—
0 .\I\- - -

] 5 10 15 20 2 4 6
METCN by SNP array ng in each reaction

%

10

Figure 1.9. MET CN analysis. (A) Scatterplot representing correlation between MET
CN in cancer cell lines determined by ddPCR versus SNP array (n = 8) using Pearson’s
correlation. (B) Reproducibility of the MET CN determination by ddPCR. We
represented some examples of the determination in 3 cancer cell lines in different assays

with increasing DNA concentration. Abbreviations: CN, copy number.

3.3 MET CN assessment in cfDNA from cancer patients and

healthy controls

Next, we evaluated MET CN in cfDNA from the plasma of 140 patients
with metastatic cancer progressing to at least one treatment and 34 non-
metastatic patients. To test the specificity of the MET CN analyses, 49 healthy
volunteers were recruited as controls. The control group was employed to set

the normal values associated with a non-amplified MET status. Therefore,
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based on the CN values in the control population (MET CN between 1.9 and
2.66), a threshold of 2.8 was established to define the presence of MET
amplification (Figure 1.10A).

A B

p-value<0.005
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r=0.57
p-value<10"

75000

3.5

[cfDNA] GE/mL

25000

MET CN by ddPCR

2.01

T T f
Healthy Non-metastatic Metastatic

controls patients patients MET CN by ddPCR
n=49 n=34 n=140

Figure 1.10. MET CN analysis. (A) Plasma MET CN detected in healthy controls (n=
49), non-metastatic patients (n=34) and metastatic patients (n= 140). Differences were
analysed using the Mann-Whitney-Wilcoxon U-Test. (B) Correlation between cfDNA
levels and plasma MET CN in metastatic cancer patients (n= 140) using Pearson’s

correlation. Abbreviations: CN, copy number.

Importantly, MET CN values in patients were found between 1.75 and
12.7 and the comparison of the MET CN values between metastatic patients
and healthy controls showed a statistically significant difference between the
two populations (p-value =0.003; Mann—Whitney-Wilcoxon U-Test test;
Figure 1.10A), reinforcing the accuracy of our analytical strategy. In fact, 23
values from the metastatic patients were higher than 2.8, being considered as
positive for MET amplification. The CN range in the non-metastatic cohort
was similar to the healthy controls, and only one patient showed MET
amplification. Of note, a significative correlation between cfDNA

concentration and MET CN was observed (r= 0.57, p-value <107'%) (Figure
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1.10B) in metastatic patients evidencing the higher capacity to detect MET
amplification in patients with high cfDNA levels. On the other side, no
association was found between MET CN values from metastatic cancer
patients and clinical characteristics, such as the number of metastatic sites or

the treatment lines received prior to sample collection (Table 1.5).

Table 1.5. Baseline demographics and clinical characteristics of the metastatic cancer
patient population analysed for MET amplification.

Number of lines of treatment Number of metastatic sites
Featur All <
es <1 >1 Unknown <2 >2 Unknown
AIE T(og\l N (%) METCN N (%) METCN
(MeantSD) (MeantSD)
(MeantSD)
Sex
33 46
Mae | $3(607%)  48(343)  (236) 423 31021 (29 8(7)22
25+04 24104 25% 23+04 25105 25% +0.2
0.5 0.4
26 27
Female | 53093%)  27(193) (186 2(1422  23(164) (193) 5(36)22
26+t14 24103 28= +0.1 24+04 29+ +0.1
2.0 2.0
Tumour type
38 45
e TTGE50%)  36(5T) @1 3@n23 2(57)  (21)  10(1)
25+1.2 24103 2.6t 0.2 24+03 206+t 22101
1.7 1.6
Head 6
aflz 30 (21.4%) 29 (20.7)  1(0.7) ) 24 (17.1)  (4.3%) _
24+04 24104 2.5 24+04 25+
neck
0.3
6 (4.3 6 (4.3
Colon = 5G4 107 2.(8 J_r> 1onts 1O 2.(6 i) 1(0.7)1.8
2.6 £0.8 2.5 4.1
0.9 0.6
Mcan 6 (#3%) 4 (29) Zz(i'f ] 3 2.1) 32(62'1) ]
oma 24105 24105 P 22101 P
0.7 0.7
12 13
Others 19 (134%) 5(43) (86 21426 429  (93) 2(14)24
ok 2.6+ 0.3 26103 27+ +0.2 28+02 206+t +0.0
0.3 0.3

*N=140 at baseline. ** Biliary (4), gastric (4), ovarian (3), renal (3), pancreas (3), retrocural
(1) and skin (1) cancers. Abbreviations: CN: copy number; SD: standard deviation.
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We also found a high variability of the MET CN status between the
different tumour types, which was not significantly different among groups.
However, it is remarkable that all patients with renal cancer (n=3) showed
MET CN values over the threshold (2.89, 2.92, and 3.09 values) (Figure 1.11;
Table 1.5).

Retrocural-

Renal -@

Lung-| et
Skin-| *
Pancreas - -@-—
Ovarian -
Head and neck-|
Melanoma-| —@—
Gastric|
Colon
Biliar-| —@.‘:Ib—
T T T v T 1
0 2 4 612.0 12.5 13.0

MET CN by ddPCR

Figure 1.11. Plasma MET CN values in the different metastatic cancers included in the
study. Abbreviations: CN, copy number.

In NSCLC, we determined MET CN in 77 NSCLC patients by our ddPCR
assay and MET amplification (MET CN >2.8) was detected in 10/77 NSCLC
patients (12.99%; median CN, 2.5; range, 1.8-12.7).

3.4 MET amplification: Concordance between cfDNA and
tissue samples

Currently, in routine studies, FISH is the standard method used to
evaluate the MET CN (247,248). We evaluated the sensitivity and specificity
of our MET CN assay compared to the FISH ratio MET/CEN-7 > 4 (based on
standard Colorado criteria). For this purpose, we tested the concordance of

MET amplification between cfDNA and tissue samples in 12 patients with
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melanoma (n = 4), NSCLC (n = 3), ovarian (n = 2), head and neck (n = 2), and
skin cancers (n = 1) by ddPCR and FISH, respectively (Figure 1.12).
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Figure 1.12. Comparison of MET CN status in tissue and ¢fDNA. (A) Distribution of
MET CN measured by ddPCR and FISH (the point larger indicates the discordant value,
whereas the horizontal and vertical dotted lines indicate cut-off points of ddPCR and
FISH, respectively). (B) Representative example of a negative case for MET amplification
obtained in a NSCLC patient by FISH. (C) Representative example of a positive case for
MET amplification obtained in a NSCLC patient by FISH. Abbreviations: CN, copy
number.

It is important to remark that, in these patients, the date of tissue and
plasma sampling collection was less than 2 months. The linear association
between MET CN analysed by ddPCR and the MET/CEN-7 ratio analysed by
FISH was relatively moderate (r= 0.58; p-value <0.05; Figure 1.12A), while
the concordance rate was 91.67% with Cohen’s kappa of 0.833 (95% CI:
0.615-0.998, p-value <0.005). Sensitivity and specificity to detect the MET
amplification present in tissue by means of plasma ddPCR were 85.7% and

100%, respectively, demonstrating a good performance of the technique.
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3.5 c-MET expression: Accuracy of detect c-MET expression
on CTCs

To complement our approach in characterizing MET status by means of
liquid biopsy, we developed a strategy to assess c-MET expression in the
CTCs population. First, we evaluated the enrichment potential of the
CellSearch® and Parsortix systems, using preserved blood samples from
healthy controls spiked with six human tumour cells (LNCaP, NCI-N87,
Hs746T, AU565, SNU-5 and C32), representative of the variability of c-MET
expression. The average percentage of spiked cells captured by the Parsortix
system was 73.04 + 19.23% (range 54-99.01%), while, for the CellSearch®
system, the average recovery was 71.60 + 22.58% (range 32.65-91.32%).
Importantly, we observed a different isolation efficacy with CellSearch® and
Parsortix platforms to isolate the cell lines as result of the differential strategy
for the CTCs enrichment applied by both platforms (p-value <0.005, in all
comparisons; Figure 1.13A).

The Parsortix system that isolates CTCs based on their size and
deformability showed higher isolation efficiency compared to the EpCAM-
dependent enrichment method of CellSearch® in the case of Hs746T and C32
cancer cell lines (p-value =2.63x107° and 2.90x1077, respectively). These cell
lines are characterized by a low EpCAM expression explaining the low
recovery with an EpCAM-dependent strategy (Figure 1.13B-C). Once the
performance of both technologies was assessed, we established immunoscores
for c-MET expression on single CTCs for both systems to grade this

expression (Figure 1.14).
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Figure 1.13. Evaluation of the enrichment capacity of CellSearch® and Parsortix

systems, using healthy blood spiked with cancer cell lines. (A) Percentage of spiked tumor
cancer cells captured using CellSearch® and Parsortix systems. p-value <5x10-3, in all
comparisons between CellSearch® and Parsortix System in each cell line using paired
student t test. (B) Correlation between EpCAM mRNA expression levels measured by
Affymetrix microarrays and RNA seq. (C) Immunofluorescence characterization of

EpCAM in our cancer cell lines. Scale bar represents 100 um.
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Figure 1.14. Detection of c-MET expression using tumour cancer cells with the

CellSearch® and Parsortix systems (Figure A and B, respectively). Representative images
of c-MET expression scored on score 0 (cell line LNCaP), 1 (cell line AU565), 2 (cell line
Hs746T) and 3 (cell line SNU-5).
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We defined four different levels for the intensity of c-MET presence:
score 0 (negative), 1+ (weak), 2+ (moderate), or 3+ (strong) based on the
signal obtained in cells with 0 (LNCaP), 1+ (AU565), 2+ (Hs746T), or 3+
(SNU-5).

3.6 c-MET expression on CTCs from NSCLC patients

Thus, we analysed the c-MET expression in CTCs using the optimized
conditions described above. We found that at baseline, using the CellSearch®
system, at least one CTC was detected in 5 patients (31.25%), ranging from 1
to 77 CTCs in 7.5 mL of blood (mean= 4.83 CTCs). From these 5 patients,
only 2 showed c-MET overexpression (score 2 or 3), representing 13.33% of
all patients analysed. Using the Parsortix system, at least one CTC was
detected in 9 patients (56.2%) at baseline, ranging from 1 to 83 CTCs in 7.5
mL of blood (mean= 8.8 CTCs), being c-MET overexpression found in 4
NSCLC patients out of 16 (25.0%) (Figure 1.15; Table 1.6).

. ®
Parsortix CellSearch
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Figure 1.15. CTCs enumeration and c-MET expression in blood samples evaluated by
the CellSearch® (right panel) and Parsortix (left panel) systems. Distribution of ¢-MET
scores in CTCs from patients with NSCLC. Abbreviations: NT, not tested.

175



PATRICIA MONDELO MACIA

Table 1.6. CTC detection and ¢-MET expression on CTCs using CellSearch® and
Parsortix systems in patients with NSCLC.

CELLSEARCH® PARSORTIX
MET CTC CTC Total MET CTC
N$CLC CTC Total Score number Score

Patient ID number 01 23 01 23
5 0 0 0 0 0 0
9 0 0 0 0 0 0
11 12 12 0 16 16 0
14 0 0 0 4 3 1
18 1 0 1 14 9 5
26 31 27 4 13 2 11
28 0 0 0 6 6 0
67 0 0 0 0 0 0
72 0 0 0 0 0 0
75 0 0 0 0 0 0
80 2 2 0 0 0 0
81 0 0 0 0 0 0
82 0 0 0 1 1 0
920 0 0 0 1 1 0
91 77 NT NT 6 0 6
92 0 0 0 1 1 0

NT: not tested.

These results evidence a higher efficiency of Parsortix system in
comparison to CellSearch® in our cohort of patients with NSCLC. In fact, 5
patients with NSCLC were positive for CTCs using Parsortix system but
negative using CellSearch® while the inverse situation was observed only in 1
patient. The overall positive concordance of both strategies was 62.5% (Table
1.6).

3.7 MET status in NSCLC patients under anti-EGFR therapy
Finally, we investigated the utility of MET status monitoring in NSCLC
patients under anti-EGFR therapy and focus our attention in two cases

receiving this treatment.
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A T72-year-old female was diagnosed with a stage IV NSCLC
adenocarcinoma L858R carrier with bone lesions compatible with bone
metastases (patient id26). She was recruited at the start of erlotinib therapy
and MET CN status in cfDNA and c-MET expression in CTCs were evaluated.
She had 31 CTCs in the CellSearch® system, 4 of them showing c-MET
overexpression (12.9%); whereas 13 CTCs were detected with Parsortix
system (11 c-MET-positive, 84.62%). In addition, MET amplification was
detected in plasma sample. Despite she did not show radiological progression,
there was a serious clinical deterioration and the patient died within two

months.

Another case of the retrospective study evidenced how MET CN
detection may be informative in monitoring the appearance of resistance
mechanisms in response to anti-EGFR treatment (Figure 1.16). An 84-year-
old female was diagnosed with stage IV NSCLC adenocarcinoma (patient
id60) with metastases in bone and liver. An EGFR mutation (L858R) was
detected at the disease diagnosis and erlotinib, a first-generation EGFR
tyrosine kinase inhibitor (TKI), was started. Longitudinal plasma samples
were collected during the course of the disease. She progressed at day 145
(T790M-positive) and, 8 days after, the first plasma sample was collected (day
153). MET CN analyses showed the presence of MET amplification. At day
180 she started osimertinib therapy, a third-generation TKI. Two months after
the start of osimertinib therapy (day 234) a plasma sample was again collected,
showing a decrease in MET CN and allelic frequency of EGFR mutations. She
continued osimertinib until progression (day 265). At day 261, plasma
analyses showed an increase in MET CN and L858R allelic frequency. She
died on day 281.
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Figure 1.16. Timeline for the clinical course of patient id60. The blue and yellow
bars represent the treatments time frame, and the red drops indicate blood
collection time points. Percent mutant allelic frequency (L858R and T790M) and
MET CN for patient id60 are shown. Abbreviations: CN, copy number.

4. DiscussION

This study was designed to investigate the utility of liquid biopsy in
assessing c-MET protein expression and MET CN, defined as MET status, in
NSCLC cancer patients. We used ddPCR to quantify MET CN in cfDNA and
in a complementary way, we evaluated two approaches to detect c-MET
presence on CTCs to overcome the complexity of isolating different
phenotypes of CTCs (CellSearch® and Parsortix systems).

For CTCs analysis, we implemented the c-MET expression detection
using the CellSearch® and the Parsortix platforms routine. Due to the ultra-

rare nature of CTCs, with numbers as low as 1 CTC per 108-107 leukocytes,
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most assays for CTCs analyses use a combination of enrichment and
detection/characterization techniques (249). It is important to remark that the
most widely used CTCs enrichment technique is the immunomagnetic-based
selection of CTCs, being CellSearch® system the first FDA approved device
for CTCs enumeration, although there are others based on this strategy (e.g.,
IsoFlux™, AdnaTest, and MACS®). The main limitation of this approach is
the lack of a “universal marker” that can be used independently of both the
tumour type and the stage of disease progression (250). To solve this problem,
new CTCs isolation strategies have been developed such as size-based
enrichment (e.g., Parsortix, ScreenCell®, and ISET®) and microfluidic-based
enrichment (e.g., Parsortix, CTC-Chip/iChip, IsoFlux™, and GILUPI
CellCollector™), The Parsortix system uses a combination of microfluidic
and size/deformability-based approaches to separate CTCs from blood
samples. Its main advantage over CellSearch® is the ability to enumerate
CTCs independently of their epithelial or mesenchymal status. However, cell
size-based systems have difficulty to completely separate cancer cells and
leukocyte by their size since patient’s CTCs exhibit a high degree of
pleomorphism, where the size of the captured tumour cells can vary from 4-
30 um (251). Therefore, size overlapping between CTCs and leukocytes will
result in the loss of small CTCs. Besides, although CTCs can be detected in
non-metastatic patients using both approaches, their low levels of non-
advanced disease limit the application of these technologies as diagnostic tools
(205).

In our cohort of patients with NSCLC, we found that the Parsortix
approach identified a higher proportion of CTC-positive patients than the

CellSearch® system, indicating that an antigen CTCs independent isolation
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approach can overcome the EpCAM expression heterogeneity that
characterizes these tumours. Therefore, some non-epithelial or mesenchymal
CTCs from cancer patients would be detected on the Parsortix platform but
could escape the antigen-dependent enrichment method of the CellSearch®
EpCAM assay, and vice versa with epithelial CTCs, such as reflected our
spiking experiments with different cell lines expressing different levels of
EpCAM. Therefore, although the good results obtained using Parsortix
system, a larger cohort of patients would be necessary to clearly determine
which technology should be used to characterize CTCs in this population.

Independently to the CTCs enumeration rate showed by both technologies,
our study provides a proof-of-concept for the analysis of c-MET expression in
CTCs to determine MET status in patients that might be eligible in clinical trial
testing MET inhibitors and could be useful to monitor the appearance of therapy
resistance. Previously, Zhang et al. developed a non-invasive assay for c-MET*
CTCs capture and characterization from multiple patients with metastatic
carcinomas using the CellSearch® system (252). Due to the strategy used, they
identified a high prevalence of CD45-positive leukocytes expressing c-MET in
patients with metastatic solid tumours, although the clinical relevance of this
cell population is unknown. llie et al. also evaluated the prevalence of c-MET
expression in CTCs from NSCLC patients (253), using a combined strategy
similar to the one employed in the present work. In their study, c-MET
expression was assessed using a CellSearch® system and by
immunocytochemistry on ISET-enriched CTCs from advanced-stage NSCLC
patients. They found that c-MET expression was lower in CTCs analyzed by
CellSearch® than using ISET. In fact, only 3.52% patients showed CTCs with

high c-MET expression (scores of 2* or 3*) in CellSearch®, whereas c-MET-
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positive CTCs from advanced-stage NSCLC patients were successfully
detected using the ISET platform, being 54 of the 75 (72%) patients’ blood
samples defined as c-MET positive. Our data showed that the prevalence of c-
MET expression in CTCs isolated by CellSearch® is greater than previously
reported data (12.5% c-MET-positive patients with scores of 2* or 3%).
Importantly, using Parsortix system, we found 25% of patients with c-MET-
positive scores of 2* or 3*, being the concordance to detect the presence of CTCs
overexpressing c-MET between both technologies, of 50%. These results
showed that c-MET is expressed on CTCs with a considerable patient dependent
and technology variability. Obviously, these results reflect the distinct CTCs
enrichment methodologies of the two platforms.

In addition to the CTCs analysis, we demonstrated the ddPCR approach
to be a useful tool for detecting MET amplification in plasma samples from
cancer patients. Zhang et al. had already shown this capacity, detecting MET
CN in genomic DNA from cancer cell lines and tumour samples (254).
Recently, a study in cfDNA obtained from plasma of different tumour types
showed that detection of MET alterations (amplification and point mutations)
by liquid biopsy was feasible using the Guardant360 NGS panel (255). In this
study, they found 7% of patients with MET amplification in plasma, most of
them with metastatic disease. Although NGS panels can provide more
complete information regarding the status of other driver genes, our goal was
the validation of a more sensitive and easier to implement test to monitor MET
CN in plasma using ddPCR. For this aim, a cohort of healthy controls and
cancer patients with different tumour types and metastatic stages were
analysed to detect MET CN by ddPCR. In our study, 12.99% of NSCLC

patients (and 16.4% of all metastatic patients) and 3% of the non-metastatic
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were defined as positive for MET amplification, being higher rates than the
previously described using an NGS approach and higher than in tissues
(1.14%) (255). Besides, we evaluated the concordance of the MET CN
detection between plasma and tumour samples obtained at the same time as
the disease evolution. Importantly, MET amplification positivity detected by
ddPCR was comparable to that detected by FISH. Only one melanoma patient
with MET amplification determined by FISH (MET/CEN-7 ratio= 6.1) did not
show MET amplification in plasma using ddPCR (CN> 2.8). These results
reinforced the value of the MET analysis in plasma samples as a more
accessible monitoring tool to guide anti-MET therapies.

Actually, MET amplification is a relevant resistance mechanism to first-
generation EGFR-TKIs (gefitinio and erlotinib), being detectable in
approximately 5%-22% of NSCLC patients with acquired resistance to these
drugs (256). Osimertinib, a third generation EGFR-TKIS, inhibits the EGFR
variants Del19 and L858R, as well as the resistant T790M mutation. About 20%
of such patients do not respond well to osimertinib, and almost all patients have
eventually relapsed and developed resistance to the treatment. These resistance
mechanisms are largely unknown, except for the C797S mutation and MET
amplification (256). There have been preclinical studies suggesting that
monotherapy with osimertinib is not effective for the treatment of EGFR mutant
NSCLC with acquired resistance to first-, second, or third-generation EGFR-
TKIs, due to MET amplification, or even MET hyperactivation (257). Targeting
EGFR and MET simultaneously may be required to overcome resistance to
EGFR-TKIs by MET alteration, making it necessary to assess MET status
before osimertinib treatment. Thus, some studies have reported the successful
administration of dual EGFR and MET therapies (258-260). The combination
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of osimertinib and MET inhibitors can be safe and effective in NSCLC patients
with MET amplification detected by ddPCR as an acquired resistance
mechanism. In this context, our results demonstrated the utility of plasma MET
determination as a valuable biomarker for monitoring the appearance of
resistance to anti-EGFR therapy. In fact, we reported a case of MET
amplification detected in plasma from a NSCLC patient harbouring EGFR
L858R mutation after disease progression to erlotinib and before osimertinib

therapy,

Regardless of the value of our findings, some limitations to our study
should be kept in mind. The small number of tissue samples (obtained close to
plasma collection) that were available did not allow us to carry out a robust
comparative study between MET CN obtained from plasma and tissue. Despite
this limitation, we showed that plasma may be a good option for monitoring the
molecular evolution of the disease, which is even more relevant in patients for
which a tissue-rebiopsy is not feasible. In addition, we implemented the
detection of c-MET expression in CTCs from cancer patients using two
complementary technologies and obtaining promising results. Nevertheless,
considering the limited cohort size, the real clinical value of the assessment of

c-MET expression in CTCs must be evaluated also in a larger cohort of patients.

In conclusion, we developed specific and non-invasive assays to monitor
c-MET expression on CTCs and MET CN on cfDNA using blood from cancer
patients. Both molecular alterations were detected in patients with NSCLC and
represent a good opportunity to characterize them in a non-invasive and
dynamic way, as well as monitoring patients who will benefit of MET

inhibitors.
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Chapter 11

Clinical potential of circulating free DNA and
circulating tumour cells in patients with metastatic
non-small cell lung cancer treated with

pembrolizumab.
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Clinical potential of circulating free DNA and
circulating tumour cells in patients with metastatic
non-small cell lung cancer treated with

pembrolizumab.

ABSTRACT

Immune checkpoint inhibitors, such as pembrolizumab, are
revolutionizing therapeutic strategies for different cancer types, including
NSCLC. However, only a subset of patients benefits from this therapy, and
new biomarkers are needed to select better candidates. In this study, we
explored the value of liquid biopsy analyses, including cfDNA and CTCs, as
a prognostic or predictive tool to guide pembrolizumab therapy. For this
purpose, a total of 109 blood samples were collected from 50 patients with
advanced NSCLC prior to treatment onset and at 6 and 12 weeks after the
initiation of pembrolizumab. Plasma cfDNA was measured using hTERT
quantitative PCR assay. CTC levels at baseline were also analysed using two
enrichment technologies (CellSearch® and Parsortix systems) to evaluate the
efficacy of both approaches at detecting the presence of PD-L1 on CTCs.
Notably, patients with high baseline hTERT cfDNA levels had significantly
shorter PFS and OS than those with low baseline levels. Moreover, patients
with unfavourable changes in the hTERT cfDNA levels from baseline to 12
weeks showed a higher risk of disease progression. Additionally, patients in
whom CTCs were detected using the CellSearch® system had significantly
shorter PFS and OS than patients who had no CTCs. Finally, multivariate
regression analyses confirmed the value of the combination of CTCs and

cfDNA levels as an early independent predictor of disease progression,
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identifying a subgroup of patients who were negative for CTCs, who presented

low levels of cfDNA and who particularly benefited from the treatment.

Keywords: biomarkers, cfDNA, CTCs, immunotherapy, NSCLC, PD-L1.
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1. INTRODUCTION

Lung cancer ranks first in morbidity and mortality rates among malignant
tumours worldwide (262). Under normal physiological conditions, immune
checkpoint proteins are crucial for the maintenance of self-tolerance,
protecting tissues from damage when the immune system responds to
infections. However, the expression of immune checkpoint proteins is
dysregulated by tumours as an immune resistance mechanism (263). Over the
past decade, immunotherapy has become a milestone in the treatment of
NSCLC. Currently, ICIs can target both PD-1 and PD-L1. Specifically,
pembrolizumab is a humanized IgG4 monoclonal antibody that binds to the
PD-1 receptor of T cells and inhibits its binding with the PD-L1 of tumour
cells. When used as a monotherapy, it is the standard first-line treatment for
selected patients with metastatic NSCLC presenting high PD-L1 tissue
expression (>50%) (51). The standard method to determine the levels of PD-
L1is IHC of tumour tissues, which is recommended for all patients with newly
diagnosed advanced NSCLC in routine clinical practice (25). However, PD-
L1 expression does not seem to be an optimal predictive biomarker since not
all patients experience an effective response to ICls based on the established
selection criteria (264). Thus, the addition of pembrolizumab to platinum-
based chemotherapy in patients with previously untreated advanced NSCLC
has recently produced a significant improvement in survival outcomes,
independent of PD-L1 expression (55,56).

The determination of PD-L1 expression in tissues is highly variable
according to the time and site of biopsy, and sometimes PD-L1 expression is
not detected due to the limited tissue sample. Moreover, a unique tissue biopsy

may not be representative of the entire molecular landscape of the tumour, and
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therefore some PD-L1-positive patients do not receive immunotherapy. The
management of NSCLC with IClIs requires identification of new and reliable
biomarkers to select patients who will benefit from immunotherapy while
limiting ineffective therapy that may produce adverse reactions in patients
(265). Liquid biopsy is a rapid and non-invasive alternative tool to obtain new
biomarkers of several cancers and to monitor its evolution over time
(230,266,267). CFDNA and CTCs, the most common and standardized liquid
biopsy biomarkers, representing promising tools for the diagnosis, selection
of ICI treatment and monitoring of patients with NSCLC receiving
immunotherapy (268). Moreover, analyses using combinations of multiple
liquid biopsy biomarkers are being conducted to improve the accuracy of
detection (269,270). Some studies have suggested that monitoring cfDNA
dynamics might help clinicians select patients with NSCLC who will benefit
most from immunotherapy (270-272).

In this study, we explored the value of the cfDNA determination to
anticipate the evolution of metastatic NSCLC in patients receiving first-line
pembrolizumab as a monotherapy or combination therapy. In addition, we also
focused our attention on CTC levels, including an analysis of the PD-L1-
positive subpopulation, to complete our liquid biopsy approach. For this aim,
we compared CTC enrichment technologies, such as an epitope-dependent,
EpCAM-based system (CellSearch®), with an epitope-independent,
microfluidic system (Parsortix). Overall, cfDNA and CTCs monitoring
provides clinically relevant information to select patients who will benefit
most from immunotherapy. To our knowledge, this study is the first to
examine the association of combined levels of both circulating biomarkers
with survival and the response to first-line pembrolizumab therapy in patients
with metastatic NSCLC.
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2. MATERIALS AND METHODS

2.1 Cell lines and culture

The lung cancer cell lines A549, NCI-H322 and NCI-H460 were
purchased from the ATCC (ATCC® CCL-185™; Manassas, VA) and
routinely cultured in the ATCC-recommended growth medium at 37 °C, 5%
CO2, and 95% humidity. Cancer cell lines were treated with 100 ng/mL
interferon-gamma (IFN-y) (Merck KGaA, Darmstadt, Germany) for 48 hours
to obtain different levels of PD-L1 expression.

2.2 Patients and blood sample collection

We designed a prospective study including patients with advanced
NSCLC treated with pembrolizumab as first-line therapy between June 2017
and January 2021 at the Department of Medical Oncology of Complexo
Hospitalario Universitario de Santiago de Compostela. Fifty consecutive
patients were recruited. Samples were collected from each patient at different
time points: prior to the start of treatment (baseline) and 6 and 12 weeks after
the first pembrolizumab dose (Figure 2.1). One hundred nine peripheral blood
samples were obtained from patients. All individuals provided written
informed consent prior to enrolling in the study, and the procedure was
approved by Santiago de Compostela and Lugo Ethics Committee (Ref:
2017/538). The approved protocol was conducted according to the Declaration
of Helsinki.
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Figure 2.1. Study schema and monitoring of the patient cohort, including patient

enrolment and sample collection.

The efficacy of the treatment was evaluated based on RECIST1.1 criteria
as follows: complete response (CR), partial response (PR), stable disease
(SDi) or progressive disease (PD). PFS was defined as the time from the date
of initial treatment until the date of disease progression, death or the last
follow-up if progression or death had not occurred. OS was defined as the time

from the date of initial treatments until death or the last follow-up.

2.3 CfDNA isolation from plasma samples

Twenty millilitres of peripheral whole blood from patients with cancer
were obtained by direct venipuncture and collected using CellSave tubes
(Menarini, Silicon Biosystems, Bologna, Italy). Plasma was separated within
96 hours after blood collection through two sequential centrifugation steps (10
minutes at 1,600 g and 10 minutes at 6,000 g; both at room temperature) and

then stored at -80 °C until further processing. CFDNA was extracted from 3
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mL of plasma using a QlIAmp Circulating Nucleic Acid Kit (Qiagen, Hilden,

Germany) and a vacuum pump, according to the manufacturer’s instructions.

2.4 CfDNA gquantification

CfDNA vyields were determined using the quantitative PCR (gPCR)
method by analysing the human telomerase reverse transcriptase (hTERT)
single copy gene (Thermo Fisher Scientific, Waltham, MA, USA), as
previously reported (273). The hydrolysis probe is located on chr. 5:1253373
with an 88 bp amplicon that maps within exon 16 of the TERT gene. gPCR
was carried out in a final volume of 20 pL consisting of 10 pL of TagMan
Universal Mastermix (Thermo Fisher Scientific, Waltham, MA, USA), 1 pL
of hTERT hydrolysis probe and 2 pL of sample. Amplification was performed
under the following cycling conditions using a QuantStudio™ 3 real-time
PCR system (Thermo Fisher Scientific, Waltham, MA, USA): 50°C for 2
minutes; 95°C for 10 minutes; 40 cycles of 95°C 15 seconds and 60°C for 1
minute. Data were analysed with Quantstudio™ Design & Analysis software,
version 2.5.1 (Thermo Fisher Scientific, Waltham, MA, USA).

Each plate included a calibration curve and negative controls. The
calibration curve was calculated based on a dilution series of standard human
genomic DNA (Roche Diagnostics, Mannheim, Germany) fragmented into
184 bp fragments using a Covaris® E220 focused ultrasonicator (Covaris,
Massachusetts, USA). gDNA was fragmented in a 6x16 mm microTUBE
AFA Fibre Pre-Slit Snap-Cap (Covaris, Massachusetts, USA) using the
following settings: 430 seconds duration, peak incident power of 175 Watts,
duty factor of 10% and 200 cycles per burst. Fragment sizes were then
determined using a TapeStation 4700 (Agilent, Santa Clara, CA, USA) and
High Sensitivity DNA ScreenTape® (Agilent, Santa Clara, CA, USA). Each
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sample was analysed in duplicate, and the final concentration was calculated
by interpolation of the mean of the quantification cycle (Cq) with the
calibration curve. Values with a Cq confidence interval less than 0.95 were
discarded. Moreover, only assays with R? values greater than 0.98 for the
standard curve and with an efficiency >88.8% were used.

In parallel, 2 pL of the sample were employed to quantify by the fluorometric
instrument Qubit 4 using the Qubit dSDNA HS Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA), to compare with the cfDNA levels obtained
with the gPCR assay.

2.5 Spiked experiments

The assays to evaluate PD-L1 expression on CTCs were tested using the
cancer cell lines A549, NCI-H322 and NCI-H460 spiked in whole blood from
the healthy volunteers recruited for this study. The protocol employed was
described previously (230). Briefly, cells were trypsinized to approximately
80% confluence, and then 200 cells were added manually (with a calculated
pipetting error of 10%) to a total of 7.5 mL of blood from healthy donors
collected in CellSave tubes (Menarini, Silicon Biosystems, Bologna, Italy).
The samples were analysed using the CellSearch® and Parsortix systems, and
two tubes of the same sample were analysed with both technologies. All

spiked samples were enriched within 48 hours of collection.

2.6 Analysis of PD-L1 expression on CTCs isolated using
CellSearch®

A total of 7.5 mL of peripheral whole blood samples was collected in
CellSave tubes (Menarini, Silicon Biosystems, Bologna, Italy) for CTC
enumeration using the CellSearch® system (Menarini, Silicon Biosystems,

Bologna, Italy). A CellSearch® CXC Kit (Menarini, Silicon Biosystems,
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Bologna, Italy) was used for these specific experiments, including ferrofluids
coated with epithelial cell-specific anti-EpCAM  antibodies to
immunomagnetically enrich epithelial cells; a mixture of antibodies against
CKs 8, 18, and 19 conjugated to fluorescein (FLU); an anti-CD45 mAb
conjugated to APC; and DAPI to fluorescently label the cells. The open 4™
antibody position of the CellSearch® system was used to evaluate PD-L1
expression according to the “Guideline for the Use and Optimization of User
Defined Markers: CellSearch® Epithelial Cell Kit and CellSearch® CXC Kit,
version 1.0” for its optimization. We employed the anti-human B7-H1/PD-L1
PE-conjugated antibody (Cat N° FAB1561P, R&D Systems, Minneapolis,
MN) at a final concentration of 20 pg/mL, as described previously (274).
CTCs were identified as EpCAM*, CK*, CD45", and DAPI*, and PD-L1
expression was recorded for each CTC (presence or absence) by comparison
to the PD-L1 expression levels in the cell lines. The specificity of the staining
was confirmed by the lack of signals detected with our negative cell line,
Ab49. As positive control we employed the cell line NCI-H460 stimulated
with IFN-y.

2.7 Analyses of PD-L1 expression on CTCs isolated using the
Parsortix system

A total of 7.5 mL of peripheral whole blood was collected in CellSave
tubes (Menarini, Silicon Biosystems, Bologna, Italy) and loaded into a
Parsortix microfluidic device (Angle Inc., Guildford, UK), as described
previously (230). Briefly, CTCs were then enriched from blood samples in
disposable Parsortix cassettes with a size of 6.5 mm (GEN3D6.5, Angle Inc.,
Guildford, UK) and at 99 mbar of pressure, according to the manufacturer’s
guidelines. CTCs were trapped in the Parsortix cassette due to their large size

and lower compressibility than the remaining blood cells. After separation, we
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fixed the sample with 4% paraformaldehyde and carried out on-cassette
staining with selected antibodies according to the manufacturer’s guidelines,
followed by fluorescence microscopy detection (Leica DMI8, Leica
Microsystems, Germany). The selected antibodies included AF 647-
conjugated CD45 (35-Z6, sc-1178, Santa Cruz, CA, USA) at a final
concentration of 4 pug/mL to detect white blood cells; the same anti-human
B7-H1/PD-L1 PE-conjugated antibody (R&D Systems, Minneapolis, MN)
used in CellSearch® systems at a final concentration of 20 pug/mL to detect
PD-L1 expression; AF 488-conjugated pan-CK (A4-108-C100, EXBIO
Praha, Vestec, Czech Republic) at a concentration of 1.33 pg/mL; and DAPI
to fluorescently label the cells. CTCs were identified as CK+, CD45-, and
DAPI+, and PD-L1 expression on CTCs was determined (presence or
absence) according to the results obtained from cell line-spiked samples. We
employed Leica Application Suite X (Leica Microsystems, Germany) to
identify the fluorescence intensity in each single cell, and PD-L1 expression
on CTCs was determined (presence or absence) according to the results
obtained from cell line-spiked samples. The specificity of the staining was
confirmed by the lack of signals detected with our negative cell line, A549.

As positive control we employed the cell line NCI-H460 stimulated with IFN-
Y.

2.8 PD-L1 immunohistochemistry and scoring

PD-L1 IHC was carried out on 4 pm sections of FFPE tumour tissue
samples using Dako PD-L1 IHC 28-8 pharmaDx (Agilent, Santa Clara, CA,
USA). The test was performed using the EnVision FLEX visualization system
on the Dako Autostainer Link 48 and Dako PT Ling Pretreatment Module
(Agilent, Santa Clara, CA, USA). A minimum of 100 viable tumour cells must

be present for evaluation. PD-L1 expression was evaluated only in tumour
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cells. Scoring was determined according to the tumour proportion score (TPS),
which is defined as the percentage of positive viable tumour cells among all
viable tumour cells evaluated. A tumour cell was defined as positive for PD-
L1 staining whenever any partial or complete membranous staining was
detected. The percentage of PD-L1-positive tumour cells was assessed as
previously described (275). Slides were assessed independently by two

pathologists.

2.9 Statistical analyses

Statistical analyses were performed using R version 4.0.2. Pearson test
was used to evaluate a pairwise correlation between the different strategies to
quantify the cfDNA, by fluorometry and gPCR. Spearman correlation
coefficients were calculated to assess the correlation between the PD-L1 TPS
and PD-L1 status of CTCs. The kappa test was used to determine the
concordance with a 95% confidence interval (ClI). We dichotomized the CTC
PD-L1 counts as positive and negative and categorized PD-L1 expression
(PD-L1 tissue expression, 80-100% vs <80%) to calculate the kappa
coefficients. Receiver operating characteristic (ROC) curves were
constructed, and the area under the ROC curve (AUC) with 95% Cls was
obtained to evaluate the thresholds of baseline hTERT cfDNA levels for OS
and PFS analyses. The AUC and the 95% Cls for the sensitivity and specificity
were estimated using the pROC package in R software (276). Univariate and
multivariate Cox regression analyses were performed using the survival
package in R (277), and a Kaplan-Meier analysis was then performed. The
associations of CTCs and hTERT cfDNA with the best response were
estimated using Fisher’s exact test. We also used Fisher’s exact test to

compare the association between CTC counts and the response to therapy.
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3. RESULTS

3.1 Study population

The characteristics of the patients enrolled in the study are summarized
in Table 2.1. The median age was 63.3 years (range: 45-79), and most patients
were males (74%), current or former smokers (86%) and had tumours with an
adenocarcinoma histology (72%). Eighty percent of patients had an ECOG PS

of 1-2, and 30% of patients had more than two metastases.

Table 2.1. Demographics and clinical characteristics of the patients at baseline.

Baseline Characteristics Patients n* (%)
Mean age (years) * SD, range 63.3 = 8.3, 45-79
Sex
Female 13 (20)
Male 37.(74)
Smoking
Smoker 31 (62)
Former smoker 12 (24)
Never 7(14)
Histology
Adenocarcinoma 44 (39)
Squamous cell carcinoma 4 (8)
NSCLC-NOS 24
ECOG PS
0 10 (20)
1 34 (68)
2 6 (12)
PD-L1 expression in the tissue
<80% 33 (66)
>80% 17.34)
Number of metastatic sites
<2 35 (70)
>2 15 (30)
Pembrolizumab treatment
Monotherapy 37 (74)
In combination with chemotherapy 13 (26)

*n=50; Abbreviations: SD: standard deviation; NSCLC-NOS: NSCLC-not otherwise specified.
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Thirty four percent of patients exhibited PD-L1 expression in the tissue
at a level >80%, and the median number of pembrolizumab treatment cycles
was 6 (range 1-35 cycles). The median PFS and OS were 10.47 and 19.13
months, respectively, in the 50 patients with NSCLC. The ORR (CR or PR

during >6 cycles) was 46.0%, with 1 complete and 22 partial responses.

3.2 Circulating free DNA analyses
3.2.1 Quantification of cfDNA levels in NSCLC patients

A good correlation between cfDNA levels obtained by hTERT gPCR
assay and Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA) was reported in our patient’s cohort (R?= 0.79; Figure 2.2). Due to the
gPCR assay is more sensible and specific to measure low DNA quantities, we
focused our study on this quantitative method.

15000

R?=0.79

10000

GE/mL qPCR hTERT
a’

0 5000 10000 15000

GE/mL Qubit

Figure 2.2. Correlation between cfDNA levels using Qubit method and qPCR assay
(Pearson correlation, R?= 0.79). Abbreviations: GE, genome equivalents.
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3.2.2  Prognostic and predictive value of cfDNA levels at baseline

We next evaluated the role of cfDNA levels as a prognostic biomarker
for pembrolizumab treatment outcomes in our cohort of patients with NSCLC.
We employed the hTERT gPCR assay to determine the cfDNA levels. The
cohort was dichotomized into two groups (high and low levels) according to
a threshold calculated based on the baseline hTERT cfDNA levels observed in
our cohort (Table 2.2). These levels were logl0-transformed by choosing
7.665 (2132.39 genome equivalents/mL, (GE/mL) plasma) and 7.638
(2075.59 GE/mL plasma) for PFS and OS analyses, respectively, after
considering sensitivity and specificity based on ROC curve analyses (Table
2.2).

Table 2.2. ROC analysis to determine the value of A TERT cfDNA levels to discriminate

progression or death.

Parameters AUC Threshold  Sensitivity  Specificity

Progression free survival

Log cfDNA at baseline 0.535 7.665 0.538 0.667
Log cfDNA at 6 weeks 0.600 7.336 0.722 0.533
Log cfDNA at 12 weeks 0.810 7.026 0.857 0.750
Overall survival

Log cfDNA at baseline 0.650 7.638 0.640 0.720
Log cfDNA at 6 weeks 0.617 6.716 0.929 0.368
Log cfDNA at 12 weeks 0.746 7.026 0.818 0.600

Abbreviations: AUC, area under the curve.

Patients with high baseline hTERT cfDNA levels had a significantly
shorter PFS (p-value <0.01; hazard ratio, 2.89; 95% ClI, 1.30-6.45) and OS (p-
value =0.005; hazard ratio, 3.26; 95% CI, 1.43-7.47) than those with low
baseline levels (Figure 2.3A-B and Table 2.3). The median OS was 28.4
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months in the low baseline hTERT cfDNA group and 4.9 months in the high
baseline hTERT cfDNA group, whereas the median PFS was 14.6 and 5.1
months in the two cfDNA categories (low vs. high baseline levels,
respectively) (Figure 2.3A-B).
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Figure 2.3. Kaplan-Meier survival analysis of STERT cfDNA levels at baseline. Kaplan-
Meier plots of PFS (A) and OS (B).

Considering various clinical and demographic variables (ECOG PS, sex,
age, PD-L1 expression in the tissue, number of metastases and smoking
status), univariate and multivariate Cox regression analyses of PFS and OS
were performed (Table 2.3). In this analysis, hTERT cfDNA levels did not
show value as an independent predictive biomarker of PFS and OS, with the
number of metastases representing the main independent factor explaining the
PFS rates.
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Table 2.3. Univariate and multivariate Cox regression analyses of cfDNA levels, CTC

counts and clinical parameters.

Univariate Multivariate
Variable

p-value HR (95% CI) p-value HR (95% CI)

Progression free survival

Baseline log ¢fDNA (high vs.,

n=50) 0.009 2.89 (1.30-6.45) 0.80 1.18 (0.28-5.01)

Baseline CTC count,
CellSearch® (>1 vs. 0, n=30) 0.04 2.97 (1.04-8.45) 0.006 9.36 (1.88-46.6)
ECOG (21 vs. 0, n=50) 0.20 2.09 (0.72-6.08)

PD-L1 expression in the
tissue (>80 vs. <80, n=50) 0.40 0.68 (0.27-1.76)
Sex (male vs. female, n=50) 0.40 0.71 (0.32-1.57)
Age (years, n=50) 0.60 0.99 (0.93-1.04)

Numbet of metastasis (>2 vs.

<2 n250) 0.04 239 (1.03-5.55) 0006 921 (1.87-45.3)

Smoking (yes vs. no, n=50) 0.40 0.68 (0.25-1.82)

Overall survival

Baseline log cfDNA (high vs. 0.005 326 (1.43-7.47) 0.90 1.13 (0.29-4.46)

low, n=50)

Baseline CTC count,

CellScarch® (>1 vs. 0, n=30) 0.03 2.71 (1.11-6.64) 0.01 5.41(1.42-20.6)
ECOG (21 vs. 0, n=42) 0.06 4.05 (0.95-17.2) 0.70 1.51 (0.25-8.99)

PD-L1 expression in tissue
(>80 vs. <80, n=50) 0.50 1.36 (0.60-3.10)
Sex (male vs. female, n=42) 0.70 1.18 (0.49-2.806)
Age (years, n=42) 0.80 1.01 (0.95-1.07)

Number of metastasis (>2 vs.

<2, n=42) 0.005 3.12 (1.41-6.87) 0.001 9.08 (2.35-35.1)

Smoking (yes vs. no, n=42) 0.60 0.77 (0.29-2.05)

Abbreviations: HR, hazard ratio. The levels of ¢fDNA were determined as low (<cut-
off) or high (Zcut-off) based on the cut-off obtained from the ROC curve analyses.
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3.2.3  Monitoring hTERT cfDNA levels and the response to therapy

We investigated the value of hTERT cfDNA kinetics as a prognostic
biomarker during pembrolizumab treatment (Figures 2.4-2.5). cfDNA levels
were quantified longitudinally, before the initiation of therapy, and at 6 and
12 weeks after the onset of pembrolizumab therapy. No significant differences

were observed in the global cfDNA levels among any time point (Figure 2.4).

p-value=0.37

p-value=0.62  p-value=0.70

12000
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4000

cfDNA concentration (GE/mL)

Basal 6 Weeks 12 Weeks
(n=50) (n=33) (n=26)

Figure 2.4. /TERT cfDNA levels at different time points (baseline, 6 and 12 weeks). No
significant differences were found among any group (Wilcoxon test). Abbreviations: GE,

genomic equivalents.

Next, we investigated the relationship between hTERT cfDNA levels at
the different time points and the response to therapy in our patient cohort
(Figure 2.5). We did not find any association between the cfDNA levels at

baseline and the response to pembrolizumab therapy (Figure 2.5A).
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Figure 2.5. /TERT cfDNA levels during pembrolizumab therapy and their association
with therapy response. (A) cfDNA levels at baseline according to the response to therapy.
No significant associations were found (Wilcoxon test). (B) Clinical course for patients
during pembrolizumab treatment. Swimmer plots for each patient (n=50) showing the
levels of hyTERT cfDNA at baseline (yellow colour indicates high /TERT cfDNA levels,
and blue colour indicates low ATERT cfDNA levels). The total length of each bar
indicates the duration of survival from start of pembrolizumab treatment. Left, squares
are coloured according to the response based on RECIST1.1 criteria. Abbreviations: GE,
genome equivalents; CR, complete response; PR, partial response; SDi, stable disease;

PD, progression disease.

However, after considering the changes from baseline to 12 weeks, we
found an association with treatment response (Figure 2.6A). We observed two
patterns: an increase in hTERT cfDNA levels at 12 weeks (n=14) and a
decrease in hTERT cfDNA levels at 12 weeks (n=12), with a median PFS of
6.8 months and 4.6 months, respectively (Figure 2.6B).
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Figure 2.6. A TERT cfDNA changes from baseline to 12 weeks. (A) /TERT cfDNA
concentrations for the two cfDNA patterns (inctease/decrease at 12 weeks) and showing
the response to therapy. (B) Percentage of patients and median PES for each ¢fDNA
pattern; (C) Proportion of patients with high and low levels baseline, 6 and 12 weeks. p-
value was calculated by Fisher’s exact test. (D) Kaplan-Meier plot of PES of the
favourable/unfavourable changes at 12 weeks. *Groups are composed of patients with
unfavourable changes: both high hTERT cfDNA levels at baseline (cut-off 27.665) and
at 12 weeks (cut-off 27.020), or low levels at baseline (cut-off <7.665) and high levels at
12 weeks (cut-off 27.026). The low-risk group (patients with favourable changes) is
composed of patients with low hTERT cfDNA levels at baseline (cut-off <7.665) and
low levels at 12 weeks (cut-off <7.0206) or high levels at baseline (cut-off 27.665) and low
levels at 12 weeks (cut-off <7.026) Abbreviations: CR/PR, complete response/partial
response SDi/PD, stable disease/progression disease.
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We also analysed the risk of disease progression at each time point.
According to the ROC curve analysis, the thresholds of cfDNA levels at
baseline, 6 weeks and at 12 weeks were chosen for the PFS analysis (Table
2.2). High levels of hTERT cfDNA at 12 weeks were a strong predictor of the
risk of disease progression (p-value <0.005, odds ratio=18, 95% CI 2.5-131.3)
(Figure 2.6C). Fifteen patients showed high levels at 12 weeks, and 12 of them
(80%) developed progressive disease compared with 2 of the 11 patients
(18.2%) with low levels. Moreover, at each time point, patients were divided
into favourable and unfavourable risk groups after considering their changes
in hTERT cfDNA levels. The median PFS was 7.07 months for the
unfavourable risk group based on the changes between baseline and 12 weeks,
whereas median PFS was not reached for the favourable risk group (p-value
<0.01; hazard ratio, 6.8; 95% ClI, 1.5-30.5) (Figure 2.6D).

3.3 Circulating tumour cell analyses

3.3.1 EpCAM-dependent versus antigen-independent CTC isolation
to quantify CTCs and characterize the PD-L1 status

In addition to monitoring hTERT cfDNA levels, we analysed CTC
levels, as they represent a more biological feature of the tumour. Therefore,
we evaluated two different technologies, the EpCAM-based CellSearch®
system and the label-independent microfluidic Parsortix system, to quantify
CTCs and assess the expression of PD-L1 and to determine the advantages of
non-EpCAM-dependent isolation method. First, we categorized the presence
or absence of PD-L1 on single CTCs to grade its expression in each cell line
(with known gradual increases in PD-L1 protein expression) using both
approaches. To set up both approaches, we used preserved blood samples from

healthy controls spiked with three lung cancer cell lines (A549, no expression;
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NCI-H322, low-medium expression; and NCI-H460, medium-high
expression) representative of the variability of PD-L1 expression (Figure 2.7
and Figure 2.8).

NCI-H460 estimulated with NCI-H460
IFN-Y

100 1in 100 um

NCI-H322

100 um

Figure 2.7. Immunofluorescence characterization of PD-L1 in cancer cell lines. We used
three lung cancer cell lines with different grade of PD-L1 expression (NCI-H460,
medium-high expression, NCI-H322, low-medium expression and A549, no expression).

Scale bar represents 100 um.
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Figure 2.8. (A-B) Detection of PD-L1 expression after spiking cancer cells lines in
healthy blood and analyse them with the CellSearch® and Parsortix systems, respectively
and representative images of different grades of PD-L1 expression. NCI-H460
stimulated with IFN-y shown high expression, NCI-H460 medium expression, NCI-
H322, low-medium expression and A549, no expression.

Next, peripheral blood samples were collected from patients prior to
treatment to analyse the presence of CTCs and their PD-L1 expression (Figure

2.9) as potentially valuable prognostic and predictive biomarkers.
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Figure 2.9. (A) Representative images of CTCs detected with the CellSearch® system in
patients with NSCLC. Samples were subjected to immunostaining with DAPI, CD45
(APC), CKs (FLU) and PD-L1 (PE). (B) Representative images of CTCs detected with
the Parsortix system in patients with NSCLC. Samples were subjected to immunostaining
with DAPI, CD45 (AF647), CKs (AF488) and PD-L1 (PE).

In 20 patients’ blood samples, we compared CTC enumeration using both
strategies (CellSearch® and Parsortix systems) and evaluated the performance
and concordance between them (Figure 2.10 and Table 2.4). Using the
CellSearch® system, we detected >1 CTC in 50% (10/20) of samples (range
1-168; mean = 9.8), while using the Parsortix system, 35% (7/20) of samples
had >1 CTC (range 1-56; mean = 4.7). Regarding the capacity to detect PD-
L1 expression in CTCs, we detected PD-L1-positive CTCs in 2/17 samples
(in 2/10 samples with CTCs) using the CellSearch® system. Compared to the
label-independent system, we observed PD-L1-positive CTCs in 7/20 samples
(in 7/7 samples with CTCs) using the Parsortix system. When we compared
the concordance of both technologies, we found that kappa scores for the

number of CTCs and PD-L1-positive CTCs presented negative values for both
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technologies (-0.1 and 0.14, respectively), showing no correlation between

them.

Table 2.4. Circulating tumout cells enumeration and PD-L1 analysed using CellSearch®

and Parsortix systems.

Parsortix System CellSearch® System
Sample ID CTCs PD-L1* CTCs CTCs PD-L1+ CTCs
number* number* (%) number* number* (%)

id1 9 5 (55.55) 0 0 (0.00)
id2 13 9 (69.23) 0 0 (0.00)
id3 8 6 (75.00) 0 0 (0.00)
id4 2 1 (50.00) 5 NT
id5 5 5 (100.00) 3 NT
id6 0 0 (0.00) 2 NT
id7 0 0 (0.00) 0 0 (0.00)
id8 0 0 (0.00) 4 0 (0.00)
id9 0 0 (0.00) 2 0 (0.00)
id10 0 0 (0.00) 0 0 (0.00)
id11 56 18 (32.14) 168 7 (4.16)
id12 0 0 (0.00) 1 0 (0.00)
id13 0 0 (0.00) 6 0 (0.00)
id14 0 0 (0.00) 1 1 (100.00)
id15 0 0 (0.00) 0 0 (0.00)
id16 1 1 (100.00) 0 0 (0.00)
id17 0 0 (0.00) 0 0 (0.00)
id18 0 0 (0.00) 3 0 (0.00)
id19 0 0 (0.00) 0 0 (0.00)
id20 0 0 (0.00) 0 0 (0.00)
id21 NT NT 0 0 (0.00)
id22 NT NT 0 0 (0.00)
id23 NT NT 0 0 (0.00)
id24 NT NT 0 0 (0.00)
id25 NT NT 1 NT
id26 NT NT 0 0 (0.00)
id27 NT NT 0 0 (0.00)
id28 NT NT 0 0 (0.00)
id29 NT NT 0 0 (0.00)
id30 NT NT 0 0 (0.00)

*Total CTCs count in 7.5mL of peripheral blood. Abbreviations: NT, not tested.
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Figure 2.10. Correlation of PD-L1 positivity between tumour tissues (by tumour
propottion scores) and CTCs with the CellSearch® (A) and Parsortix systems (B).

3.3.2  Correlation of the PD-L1 status in CTCs and tissue samples

We also compared the PD-L1 status of CTCs using CellSearch® and

Parsortix systems with PD-L1 expression in the primary tumour biopsy

obtained at the initial diagnosis (Figure 2.11). The mean time between tissue

biopsy and liquid biopsy sample collection was 38.6 days (range 9-78).

Nevertheless, the PD-L1 TPS in biopsies did not correlate with the percentage

of PD-L1-positive CTCs at the initial diagnosis (p-value =0.476 and p-value

=0.881 for the CellSearch® and Parsortix systems, respectively).
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Figure 2.11. Correlation of PD-L1 positivity between tumour tissues (by tumour
proportion scores) and CTCs with the CellSearch® (A) and Parsortix systems (B).
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3.3.3 Prognostic and predictive values of CTC enumeration at

baseline

We evaluated the role of CTC enumeration in prognosticating disease
progression in response to pembrolizumab treatment in our cohort of patients
with advanced NSCLC. For this purpose, we performed CTC enumeration at
baseline in 30 patients using the CellSearch® system and 20 patients using
Parsortix. Patients with CTCs identified using the CellSearch® system had
significantly shorter PFS and OS than patients who had no CTCs (p-value
<0.05) (Figure 2.12A-B). The median PFS was 12.6 and 3 months in the two
groups (0 vs. >1 CTC, respectively). The median OS of the CTC-positive
group was 4.9 months, whereas the median OS was 21.13 months for the CTC-
negative group. In the multivariate regression analysis (Table 2.3), we
confirmed that CTC positivity using the CellSearch® system was an
independent predictive biomarker of PFS and OS (hazard ratio, 5.75; 95% ClI,
1.35-24.5 p-value <0.05 and hazard ratio, 4.59; 95% CI, 1.32-16.0; p-value
<0.05, respectively). We observed no significant results for PFS or OS when
analysing CTC counts with the Parsortix system and evaluating PD-L1-
positive CTCs, regardless of the technology employed (CellSearch® and

Parsortix systems).

In addition, we also investigated the relationship between the CTC counts
detected using both approaches and the response to pembrolizumab therapy in
our patient cohort. Significant differences were observed between the CTC
count detected with the CellSearch® system and the achievement of a complete

or partial response and disease progression (p-value <0.05) (Figure 2.11C).
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Figure 2.12. Kaplan—Meier survival analysis of CTCs at baseline. Kaplan—Meier plots of
PFES (A) and OS (B). (C) Comparison of the response to pembrolizumab based on CTC

detection using CellSeatch®. p-value was calculated by Fisher’s exact test.
The ORR was similar between patients with undetectable CTCs
compared with patients with detectable PD-L1-positive or PD-L1-negative

CTCs using CellSearch® and Parsortix technologies (Table 2.5).
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Table 2.5. Comparison of the CTCs levels according to the response to therapy.

CTCs CR PR SDi PD ORR
n (%) n (%) n (%) n (%) n (%)
CellSearch® n=30
Undetectable CTCs, n=19 1(5.26) 10(52.6) 3(16.7) 5 (15.8) 11 (57.9)
Detectable CTCs n=11 0 (0.0 2 (18.2) 2 (18.2) 7 (63.6) 2 (18.2)
CTCs-PDL1-negative, n=6* 0 (0.0) 1(16.7) 1(16.7) 4 (66.7) 1(16.7)
CTCs-PDL1-positive, n=2% 0 (0.0) 1 (50.0) 0 (0.0) 1 (50.0) 1 (50.0)
Parsortix n=20
Undetectable CTCs, n=13 0 (0.0) 4 (30.8) 2 (15.4) 7 (53.9) 4 (30.8)
Detectable CTCs n=7 0 (0.0 2 (28.6) 1(14.3) 4 (57.1) 2 (28.8)
CTCs-PDL1-negative, n=5 0 (0.0 2 (40.0) 1 (20.0) 2 (40.0) 2 (40.0)
CTCs-PDL1-positive, n=7 0 (0.0) 2 (28.0) 1(14.3) 4 (57.1) 2 (28.6)

Objective response ratio (ORR): complete response and partial response during 26 cycles. *The
detection of PD-L1 expression on CTCs using CellSearch® system was unrealizable in 4 patients.
Abbreviations: CR, complete response; PR, pattial response; SDi, stable disease; PD, progression
disease; ORR: objective response rate.

3.4 Clinical potential of combined CTC and cfDNA analyses

Finally, we evaluated the joint effect of baseline CTC counts using the
CellSearch® system and hTERT cfDNA levels. First, we considered three risk
subgroups: (1) CTCs <1 and low cfDNA baseline levels; (2) CTCs <1 and
high cfDNA baseline levels or CTCs >1 and low cfDNA baseline levels; and
(3) CTCs =1 and high cfDNA baseline levels. Multivariate Cox analyses
confirmed that the combined analyses of CTCs using the CellSearch® system
and hTERT cfDNA levels were independent predictive biomarkers of PFS (p-
value <0.01; hazard ratio, 11.6; 95% CI, 2.04-66.1; p-value <0.05; hazard
ratio, 14.3; 95% Cl, 1.7-117) (Table 2.6).
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Table 2.6. Univariate and multivariate Cox regression analyses of combined changes in

CTCs and cfDNA levels.

Univariate Multivariate
Variable

p-value HR (95% CI) p-value HR (95% CI)

Progression free survival

Group 1 (CTCs <1 and

low cfDNA, n=12) - Reference _ )

Group 2 (CTCs <1 and
high ¢fDNA or CTCs 21 0.005 5.37 (1.66-17.4) 0.009 13.1 (1.91-90.1)
and low cfDNA, n=10)

Group 3 (CTCs 21 and

high ¢DNA, ncg) 0.05 4.12 (0.98-17.4) 0.01 14.5 (1.76-119)
e} > T

Opverall survival

Group 1 (CTCs <1 and B, Reference

low cfDNA, n=12)

Group 2 (CTCs <1 and
high ¢fDNA or CTCs =1 0.14 2.33 (0.76-7.15) 0.50 1.90 (0.33-11.0)
and low cfDNA, n=10)

Group 3 (CTCs 21 and

high cfDNA, n=8) 0.02 4.24 (1.29-14.0) 0.01 6.39 (1.37-29.8)

*Multivariate Cox regression model including sex, age, ECOG PS, PD-L1 expression in the tissue,
number of metastases and smoking status. The levels of cfDNA were determined as low (<cut-
off) or high (Zcut-off) based on the cut-off (7.665 for PES and 7.638 for OS) obtained from the
ROC curve analyses. Abbreviations: HR, hazard ratio.

Subsequently, we considered only two risk subgroups to simplify the
analysis: (A) CTCs <1 and low cfDNA baseline levels; (B) CTCs <1 and high
c¢fDNA baseline levels or CTCs >1 and low cfDNA baseline levels or CTCs
>1 and high cfDNA baseline levels. Patients from subgroup A (undetectable
CTCs using CellSearch® and low cfDNA levels) had significantly longer PFS
(p-value <0.01; hazard ratio, 4.99; 95% CI, 1.6-15.6) and OS (p-value <0.05;
hazard ratio, 2.9; 95% CI, 1.1-8.1) than patients from subgroup B (Table 2.7).
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Table 2.7. Univariate and multivariate Cox regression analyses of combined changes in
CTCs and cfDNA levels and clinical parameters.

Univariate Multivariate
Variable

p-value HR (95% CI) p-value HR (95% CI)

Progression free survival

Group A (CTCs <1 and

low cfDNA, n=12) - Reference B, )

Group B (Other 0006 499 (1.60-156)  0.005  13.6(2.17-85.3)
combinations, n=18)

Overall survival

Group A (CTCs <1 and

low cfDNA, n=12) Reference _ .

Group B (Other 0.04 291 (1.05-8.07) 0.05 4.02 (0.97-16.6)
combinations, n=18)

*Multivariate Cox regression model including sex, age, Eastern Cooperative Oncology
Group Performance Score, PD-L1 expression in the tissue, number of metastases and
smoking status. Abbreviations: cfDNA, circulating free DNA; CTC, circulating tumour
cell;, ECOG, Eastern Cooperative Oncology Group Performance Score; HR, hazard
ratio. The levels of cfDNA were determined as low (<cut-off) or high (=cut-off) based
on the cut-off (7.665 for PFS and 7.638 for OS) obtained from the ROC curve analyses.

The median PFS was not reached in group A (low cfDNA levels and
undetectable CTCs at baseline), whereas the median PFS was 4.0 months in
group B. Similarly, the median OS was not reached in group A, whereas the
median OS was 4.9 months in group B (Figure 2.13A-B). Overall, the hazard
ratios and p-values that emerged from the univariate and multivariate Cox
analyses suggest a combinatory effect of both markers as early predictors of

disease progression (Table 2.7).

Additionally, patients with CTCs identified using the CellSearch®
system and high cfDNA levels at baseline showed a trend towards a poorer

response to pembrolizumab therapy (Figure 2.13C).
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Figure 2.13. CTCs and hTERT cfDNA levels correlate with the prognosis of patients
with NSCLC treated with pembrolizumab and the response of therapy. (A) Kaplan-Meier
survival plot of PFS based on the combination of cfDNA and CTC levels at baseline. (B)
Kaplan-Meier survival plot of OS based on the combination of cfDNA and CTC levels
at baseline. (C) ORR in patients with low cfDNA levels and undetectable CTCs (n=12)
versus patients with high cfDNA levels and undetectable CTCs or low c¢fDNA levels and
detectable CTCs or high cfDNA levels and detectable CTCs (n=18).

4. DISCUSSION

Liquid biopsy represents a promising tool for the diagnosis, selection,
and monitoring of response to ICI treatment in the context of NSCLC.
Currently, PD-L1 is the best studied biomarker for ICI treatment selection,

exhibiting a higher probability of response with higher expression of PD-L1
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(268). In patients with advanced NSCLC and PD-L1 expression of at least
50% of tumour cells, pembrolizumab results in significantly longer PFS and
OS (51), and thus, the determination of PD-L1 expression in tissue samples is
the reference factor for the selection of ICI treatments. However, in clinical
practice, patients with high levels of PD-L1 may not respond to ICI treatment;
in contrast, in the absence of PD-L1, a clinical benefit may be obtained from
the use of PD-1 or PD-L1 checkpoint inhibitors (268). A high TMB, which is
associated with high levels of neoantigens, represent another potential
candidate biomarker that would drive the choice of treatment (51), although
this biomarker has not been translated into the clinic due to conflicting results
among studies (278-283). Notably, these two markers have been mainly

examined in tissue samples.

In the present study, we analysed the value of hTERT cfDNA and CTC
analyses as potential prognostic and predictive non-invasive biomarkers to
discriminate patients who will benefit from ICls. We explored the clinical
value of monitoring hTERT cfDNA levels and detected the presence of CTCs,
including PD-L1 characterization, in a homogeneous cohort of patients with
metastatic NSCLC receiving first-line treatment with pembrolizumab as a

monotherapy or in combination with chemotherapy.

CfDNA has already been proposed as a prognostic and predictive
biomarker in NSCLC (284-286), but few studies have reported the cfDNA
concentration as a predictive marker of the immunotherapy response.
Although cfDNA represents promising material, standardized protocols for
the processing and total quantification are still missing (287). In our work, we
propose the gPCR method for quantify hTERT cfDNA due to it is a sensitivity
and cost-effective assay and based on previous results obtained in lung cancer
patients (270,273,288). Alama et al. (270) reported that patients with NSCLC

220



Chapter Il

who were treated with a 2" or higher line of nivolumab and with cfDNA level
below their cohort median values survived significantly longer than those with
a cfDNA level above this threshold. In another study, patients with NSCLC
treated mainly with second-line therapy with nivolumab and with low ctDNA
concentrations at the first evaluation showed a long-term benefit (271).
Notably, numerous studies have described the presence of somatic mutations
in plasma cfDNA and their association with tumour response and survival
(289-291). Recently, an early decrease or total clearance of ctDNA levels
after pembrolizumab administration identified subsets of patients with
advanced solid tumours who had a good prognosis (292,293), regardless of
the tumour type, PD-L1 status or TMB. In a previous study, changes in the
ctDNA concentration were reported as a predictor of a durable response in
patients treated with anti-PD-1 drugs (294), where the persistence of ctDNA
exerted a detrimental effect. Goldberg et al. also suggested that cfDNA levels
may be an early marker of therapeutic efficacy (295), predicting prolonged
survival in patients treated with immune checkpoint inhibitors for NSCLC.
Based on these findings, serial ctDNA analyses could serve as a generalizable
monitoring strategy for patients treated with ICls, but researchers have not
clearly determined whether this approach is transferable to cfDNA, which is

clearly easier to analyse.

Regarding the on-treatment cfDNA levels, data are scarce, although
cfDNA levels appear to be decreased in response to effective treatments (296—
298). Our study prospectively evaluated the value of hTERT cfDNA kinetics
as a prognostic biomarker during pembrolizumab treatment. Patients with
NSCLC presenting high hTERT cfDNA levels at baseline or unfavourable
changes from baseline to 12 weeks had a significantly greater risk of disease

progression. Importantly, although the concentration of cfDNA can vary
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among individuals, depending on physiological factors and tumour
characteristics (299,300), the cfDNA analysis has clear advantages compared
with the ctDNA determination, such as its feasibility, low detection cost and
reproducibility. Therefore, our results reinforced the potential to monitor
hTERT cfDNA dynamics in patients with NSCLC treated with ICIs, providing

a simple tool to better anticipate the response to treatment.

We also investigated CTC levels using two CTCs enrichment
technologies, the EpCAM-based CellSearch® system and the microfluidic
epitope-independent-based method Parsortix system to complete our liquid
biopsy approach. The Parsortix system uses a combination of size-based and
microfluidic-based enrichment approaches to separate CTCs from blood
samples and solve the dependence on a single biomarker, EpCAM, in this
case, allowing the detection of CTCs with a more mesenchymal phenotype. In
our study, the detection rate using the CellSearch® system (50%) was higher
than that using the Parsortix system (35%), and many differences at the
individual level were observed when comparing the results of both strategies
for the same patient, reinforcing the isolation of different CTC types with both

technologies.

In a previous comparative study of patients with NSCLC, Janning et al.
reported a higher detection rate using the Parsortix than the CellSearch®
system in patients with NSCLC receiving different therapy regimens (301),
attributing the difference to the heterogeneity and low EpCAM expression of
some CTCs and therefore to the inability of EpCAM-based CellSearch® to
detect certain subpopulations. Our cohort was a more homogeneous cohort,
with patients naive to previous treatments. This last factor can favour the
epithelial characteristics of CTCs, since the EMT is induced as a result of drug

resistance in NSCLC (302-305). However, we analysed only CK-positive
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CTCs in combination with PD-L1; therefore, we were unable to make a firm
statement in this regard. Despite previous works showed good recovery rates
in cell lines and patients using Parsortix system (230,301,306), some
methodological aspects can be impacting on the CTCs enumeration in our
cohort. For instance, we used CellSave Preservative tubes which contain
fixative reagents that can modify the deformability properties of the cells.
Besides the staining protocol differs from previous publications (301), that
described a higher detection rate using the Parsortix system in NSCLC.

Among the CTC population, we focused our attention on the PD-L1-
positive subpopulation, which represents treatment targets. Although our data
show that the determination of the PD-L1 status is feasible in CTCs from
patients with NSCLC, we found that the PD-L1 status of CTCs does not
correlate with the PD-L1 expression characterized in tissue samples or with
the response to the treatment, regardless of the method employed. Despite of
the lack of prognostic value of PD-L1 expression on CTCs obtained using
both approaches, most of the CTCs isolated using the Parsortix system were
PD-L1 positive (100% of patients with CTCs), while only 20% of samples
with CTCs contained PD-L1-positive CTCs using the CellSearch® system.
Thus, the epitope-independent-based Parsortix system showed a high recovery
rate of PD-L1-positive CTCs, probably associated with a more mesenchymal
phenotype of CTCs isolated with this EpCAM independent strategy. The use
of CTCs and their potential to analyse PD-L1 expression has already been
reported in patients with NSCLC (301,307-313), including the study by
Janning, but their significance is not yet clear (314). The lack of concordance
and contradictory results between the presence of PD-L1 in tissue and the
percentage of PD-L1-positive CTCs have also been reported
(301,307,308,311,313,315)(315). Importantly, in most studies assessing PD-
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L1 expression in CTCs, different antibodies and CTC enrichment

technologies have been used, which might partially explain the discrepancy.

Another important point is that CTCs originate from different tumour
locations with different PD-L1 patterns (316), and tissue comparisons have
been performed mainly with the primary tumour. Importantly, in our study,
no association of PD-L1 expression on CTCs, such as prognostic or predictive
biomarkers, was found. Despite the lack of clinical impact found for PD-L1-
positive CTCs, the global CTC count at baseline determined using the
CellSearch® system was significantly associated with PFS and OS, as
previously described in patients treated with chemotherapy (174) and in
patients receiving ICI treatment using the CellSearch® system or other
technologies (268). Our results revealed a greater effect of the main epithelial
circulating population in patients with NSCLC, since the CTC count
determined using a non-EpCAM-dependent strategy failed to show any

association with the patients’ outcomes.

Finally, our study represents a pioneering approach combining CTC
count and cfDNA levels to predict the response of patients with NSCLC to 1%
line pembrolizumab treatment. We observed that patients with NSCLC
presenting >1 CTC detected with the CellSearch® system and high levels of
hTERT cfDNA at baseline had a significantly higher risk of disease
progression during pembrolizumab treatment. Our results are consistent with
a previous report focused on the prognostic role of these two easy-to-measure
biomarkers in patients with metastatic NSCLC receiving nivolumab (270).
These results confirmed the value of combining different circulating
biomarkers to reach a higher prognostic and predictive accuracy and better
discriminate the patients who will benefit most from ICI treatment, in addition
to PD-L1 status.
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On the other hand, several limitations in our design should be considered,
which precludes us from drawing solid conclusions. First, we used different
antibodies to analyse PD-L1 expression in CTCs and tumours, since the
standard procedure was applied in tissue samples, while we used another
antibody with CellSearch® and Parsortix. Second, we did not perform CTCs
monitoring during therapy in our NSCLC cohort, which could provide more
valuable information. Third, hTERT amplification has been reported in
different cancer types, including lung cancer (317,318). Although the
percentage of NSCLC patients with this alteration is very low (around 5-10%
of lung cancer patients), we cannot exclude an over-estimation of the cfDNA
content in a low percentage of the cases analysed due to a potential
amplification. In addition, the sample size of the combined cohort was
relatively small.

5. CONCLUSIONS

In summary, the study served to establish the best strategy to monitor PD-
L1 expression on CTCs from patients with advanced NSCLC. In addition, our
results revealed that the combination of baseline CTCs and hTERT cfDNA
levels is significantly associated with PFS and the response to pembrolizumab
therapy in patients with metastatic NSCLC. Notably, using our approach, we
were able to identify a subgroup of patients who were negative for CTCs,
presented low levels of hTERT cfDNA, who particularly benefited from the
treatment. Early evaluation of the response to immunotherapy might enable
clinicians to decide if the clinical benefit is sufficient to continue treatment,

avoiding unnecessary toxicities and costs.

225






CHAPTER II I






Chapter 111

Plasma circulating free DNA and circulating tumour
cells as prognostic biomarkers in small cell lung

cancer patients.
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Plasma circulating free DNA and circulating tumour
cells as prognostic biomarkers in small cell lung

cancer patients.

ABSTRACT

Background: Lack of biomarkers for treatment selection and monitoring in
SCLC patients together with limited therapeutic options, result in poor
outcomes. Therefore, new prognostic biomarkers are needed to improve their
management. The prognostic value of cfDNA and CTCs have been less
explored in SCLC.

Methods: We quantified cfDNA in 46 SCLC patients at different times during
first-line of chemotherapy or chemo-immunotherapy. Moreover, CTCs were
analysed in 21 patients before therapy onset using CellSearch® system. The
possible association between both biomarkers and patients’ outcomes was

investigated to develop a prognostic model.

Results: High cfDNA levels before therapy were associated with shorter PFS
and OS. Furthermore, cfDNA levels at 3 weeks and at progression disease
were also associated with patients’ outcomes. Multivariate analyses confirmed
the independence of cfDNA levels as a prognostic biomarker. Finally, the
three-risk category prognostic model developed included ECOG PS, sex and
baseline cfDNA levels was associated with a higher risk of progression and
death.

Conclusions: We confirmed the prognostic utility of cfDNA quantitative

analysis in SCLC patients before and during therapy. Our novel risk
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prognostic model in clinical practice will allow to identify patients who could

benefit with actual therapies.

Keywords: Small cell lung cancer; liquid biopsy; circulating free DNA;
circulating tumour cells; prognostic biomarkers.
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1. INTRODUCTION

SCLC, which accounts for 15% of all lung cancer cases, is characterized
by its aggressiveness, its strong association with tobacco and the poor
outcome. About 70% of patients present extensive disease where only 2%
survive 5 years after diagnosis (17,320,321). For many years, chemotherapy
was the unique option to treat this tumour type. However, the scenario has
changed in the last years (321). New therapies, such as immunotherapy, have
been recently incorporated into the management of SCLC patients and,
although some survival improvements have been reported in the patients with
ED-SCLC (92-96), the majority of them do not benefit from this new
treatment (322). The genomic profile of SCLC is characterized by extensive
chromosomal rearrangements and a high mutational burden, including in
nearly all, inactivation of the tumour suppressor genes TP53 and RB1 (81).
However, nowadays the selection of treatment in SCLC patients is not
dependent on the characteristics of the tumour (323), and the criteria to stratify
patients is not clear, since no predictive biomarkers have been validated for
the clinical practice (324). In this context, the use of liquid biopsies as a tool
to guide treatment and/or for monitoring the patients’ response represent a

valuable alternative (325,326).

CtDNA, derived from tissue tumour cells, has demonstrated its clinical
utility and represents a promising tool for guiding precision medicine in
several cancer types (149,327). In SCLC, different studies have investigated
the importance and the clinical value of analysing ctDNA levels. However,
due to driver mutations known in SCLC are limited to RB1 and TP53 genes
(3), arise conclusions are not easy. In contrast, total circulating free DNA

(cfDNA) consists of a heterogeneous and complex DNA fraction released in
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body fluids by any cell type through cell death mechanisms (138,150). The
short half-life of cfDNA enables real-time monitoring for response or relapse,
being an easy-to-implement biomarker to monitor cancer evolution and
response to therapy (137). In fact, in lung cancer and other solid tumours,
cfDNA analysis has been explored as a prognostic marker and surrogate for
monitoring treatment response (328,329). High cfDNA level or positive
ctDNA detection is clearly correlated tumour burden. Besides pre-treatment
levels of cfDNA/ctDNA have value to predict long-term survival in locally
advanced NSCLC (330). Early ctDNA changes can be detected at first follow-
up to predict radiographic response, being their decreasing levels also
associated with improved survival rates as our group previously described in
NSCLC (261,331,332).

CTCs are tumour cells originated from the primary or metastatic sites that
are able to enter the circulation and disseminate to distant sites, and constitute
another frequent circulating biomarker investigated in cancer (326). As a high
metastatic tumour type, SCLC is characterized by a strong release of CTCs,
with detection rates of 60.2%-94% (3), suggesting that CTCs could be
employed as a disease surrogate in SCLC. The analysis of CTCs originated
from the primary or metastatic sites (179) as a prognostic biomarker has been
reported in different cancer types (175,207,333) including SCLC. However,
the prognostic threshold in SCLC has been not well established (334-338).
The low proportion of CTCs in the bloodstream together with the molecular
heterogeneity that characterizes these cells is the principal challenge for CTC
isolation and detection. For this reason, several platforms have been developed

in the last years (326,339). Despite their different nature, the combined
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analysis of total cfDNA and CTCs in patients with SCLC could provide

complementary information for improving SCLC patients’ management.

In this study, we hypothesized that total cfDNA levels can serve as a
useful biomarker for prognostic and follow-up of SCLC patients under first
line of therapy. For this purpose, we analysed the total cfDNA levels in a
cohort of 46 patients with SCLC prior to the start of therapy, at 3 weeks after
the first dose, and at the time of progression of the disease. The additional
value of CTCs was investigated in our cohort to provide a more complete view
of the disease dynamics. Finally, we developed a simple model to segregate
patients into three categories based on risk of progression and death
(considering the cfDNA levels, ECOG PS and sex of patients). To our
knowledge, this study is the first one to examine the possible role of total

cfDNA levels as a prognostic and follow-up biomarker in SCLC patients.

2. MATERIALS AND METHODS

2.1 Patients and blood sample collection

We design a prospective study including newly diagnosed SCLC patients
treated with first-line of standard chemotherapy or immunotherapy plus
chemotherapy (chemo-immunotherapy). Inclusion criteria were newly
diagnosed SCLC patients who received first-line treatment and adequate
plasma collection, processing and storage. Forty-six patients treated between
June 2017 and June 2021, at the Department of Medical Oncology of
Complexo Hospitalario Universitario de Santiago de Compostela were
enrolled in the study. In total 111 blood samples of NSCLC patients were
collected at different time points: before therapy onset (baseline) (n=46), 3

weeks after therapy start (n=40) and at the progression of the disease (n=25).
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A control cohort of 20 healthy individuals was also included to select the
better assay to quantify total cfDNA. All individuals signed informed consent
forms approved by Santiago de Compostela and Lugo Ethics Committee (Ref:
2017/538) prior to enrolling in the study and could withdraw their consent at
any time. The study was performed in accordance with the Declaration of
Helsinki (as revised in 2013).

Data of clinical characteristics such as age, sex, the ECOG PS, smoking
status, stage, number of metastasis and liver metastasis were collected, to
develop a prognostic model together the cfDNA levels and CTCs detected at
baseline.

2.2 Clinical endpoints

PFS was defined as the time from the date of initial treatment until the
date of progression disease, death or last follow-up, whichever occurred first.
Progression date was defined as the date of disease progression based on
RECIST (v.1.1), or the date of clinical progression if the patient discontinued
the treatment due to clinical deterioration despite not meeting criteria for
RECIST progression. OS was defined as the time from the date of initial
treatment to the date of death or the last date of follow-up. For survival
analyses about cfDNA levels at progression disease, OS was defined as the
time from the date of sample obtained (at progression disease) to the date of

death or the last date of follow-up.

2.3 Sample processing and circulating free DNA isolation
Peripheral blood was obtained by direct venepuncture in CellSave tubes
(Menarini, Silicon Biosystems, Bologna, Italy) and processed within 96 hours

after blood collection, since CellSave tubes allow to maintain blood samples
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up to 96 hours without affect cfDNA levels (340). Plasma and cellular
components were separated by centrifugation at 1,600 g for 10 minutes at
room temperature. Plasma was centrifugated a second time at 5,500 g for 10
minutes at room temperature to remove any remaining cellular debris and
aliquoted for storage at -80 °C until the time of cfDNA extraction. cfDNA was
isolated from 3 mL of plasma using the QIAamp Circulating Nucleic Acid Kit
(Qiagen, Hilden, Germany) using a vacuum pump, according to the
manufacturer’s instructions and eluted in LoBind® tubes (Eppendorf AG,
Hamburg, Germany).

2.4 Total circulating free DNA guantification

CfDNA levels were quantified using two different approaches: Qubit 4
Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and quantitative
PCR (gPCR) method by analysing hTERT single-copy gene (Thermo Fisher
Scientific, Waltham, MA, USA). Two uL of the sample were employed to
quantify by the fluorometric instrument Qubit 4 using the Qubit dsSDNA HS
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

In the other hand, samples were quantified by a gPCR assay, described
previously (26). Briefly, each gPCR reaction was carried out in a final volume
of 20 pL: 10 pL of TagMan Universal Mastermix (Thermo Fisher Scientific,
Waltham, MA, USA), 1 uL of hTERT hydrolysis probe and 2 pL of the
sample. Each sample was analysed in duplicate. In addition, each plate
included a calibration curve and negative controls. The calibration curve
calculated based on a dilution series of a commercial standard human genomic
DNA (Roche Diagnostics, Mannheim, Germany), was fragmented in 184 bp

using Covaris® E220 Focused-ultrasonicator (Covaris, Massachusetts, USA)
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using the following protocol: 430s duration, peak incident power of 175
Watts, duty factor of 10% and 200 cycles per burst. Fragments size was then
determined using a TapeStation 4700 (Agilent, Santa Clara, CA, USA) and
the High Sensitivity DNA ScreenTape® (Agilent, Santa Clara, CA, USA).
Amplification was performed under the following cycling conditions using a
QuantStudioTM 3 real-time PCR system (Thermo Fisher Scientific, Waltham,
MA, USA): 50 °C for 2 min; 95 °C for 10 min; 40 cycles of 95 °C 15 s; and
60 °C for 1 min. Data were analysed with QuantStudioTM Design & Analysis
software, version 2.5.1 (Thermo Fisher Scientific, Waltham, MA, USA).

The final concentration of each sample was calculated by interpolation of
the mean of Cq values with the calibration curve. Values with a Cqg confidence
interval less than 0.95 were discarded. Moreover, only assays with R? values
greater than 0.98 for the standard curve and with an efficiency > 88.8% were
used. Results obtained from both approaches (Qubit vs hTERT qPCR) were

compared.

2.5 CTC detection and enumeration

CTCs analyses were performed using the CellSearch® system (Menarini,
Silicon Biosystems, Bologna, Italy). Peripheral whole blood of each patient
was collected in CellSave preservative tubes (Menarini, Silicon Biosystems,
Bologna, Italy), stored at room temperature and processed within 96 hours

after the blood was drawn.

Briefly, 7.5mL of whole blood were mixed with 6mL of buffer and
centrifugated at 800 g for 10 minutes at room temperature. Next, samples were
processed in the CellTracks Autoprep system using the Circulating Tumor

Cell Kit (Menarini, Silicon Biosystems, Bologna, Italy). The kit consists of
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ferrofluids coated with epithelial cell-specific anti-EpCAM antibodies to
immunomagnetically enrich epithelial cells; a mixture of antibodies directed
to CKs 8, 18, and 19 conjugated to phycoerythrin (PE); an antibody to CD45
conjugated to APC; DAPI to fluorescently label the cells as well as buffers to
fix, permeabilize, wash and resuspend the cells. Finally, samples were
analysed with the CellTracks Analyzer Il according to the manufacturer’s
instructions. The CTCs were identified as round or oval cells with an intact
nucleus (DAPI+), CK positive and CD45 negative.

2.6 Statistical analysis

Continuous data were summarized as mean, median and range whereas
frequency and percentage were presented for categorical variables.
Categorical variables were compared using the chi-square test or Fisher's
exact test. Swimmer plot was provided to visualize the times of sample
collection, every patient's therapy, and clinical outcomes. Pearson test was
used to evaluate a pairwise correlation between the different strategies to
guantify the cfDNA, by fluorometry and gPCR. The Mann-Whitney—
Wilcoxon U-Test was used to compare continuous variables between groups.
ROC curves were computed based on cfDNA levels of SCLC patients and
healthy controls, representing the AUC values and computing the CI at 95%
confidence levels. ROC curves were also constructed to evaluate the
thresholds of cfDNA levels for PFS and OS analyses. To determine the CTCs
cut-off, we analysed the prognostic value of different levels of CTCs to
discriminate progression or death using the Evaluate Cutpoints tool (available
in http://wnbikp.umed.lodz.pl/Evaluate-Cutpoints/). Kaplan-Meier method
was used to plot the survival curves applying the log-rank test. Univariate and

multivariate Cox regression analyses were used to evaluate factors
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independently associated with PFS and OS. A final prognostic model for PFS
and OS was developed. Comparisons of Cox proportional hazard regression
models were made using the Akaike information criterion (AIC) technique
(341), with a smaller AIC value indicating the better model. A stepwise
backward elimination procedure was performed to minimize the AIC. All
statistical analyses were performed using R version 4.1.1. The following R
packages were used: survival (277), survminer, ggplot2 (342), pROC (276),
gtsummary (343), swimplot, stats, rstatix.

3. RESULTS

3.1 Patient characteristics and sample collection

Forty-six SCLC patients were included in the study. Their
clinicopathological characteristics are presented in Table 3.1. The median age
was 67 (range 47-83) years, all the patients were current or former smokers,
and most were males (84.78%) and stage IV tumours (89.13%). The ECOG
PS <2 accounted for 67.39% of cases and 52.17% of patients had a number of
metastases >2. The majority of patients included into the study were treated
with chemotherapy (carboplatin and etoposide) (n=33; 71.74%), while 13
(28.26%) patients were treated with chemotherapy in combination with
immunotherapy (n=9 carboplatin, etoposide and atezolizumab; n=4
carboplatin, etoposide and durvalumab). The median number of
chemotherapy or chemotherapy/immunotherapy treatment cycles was 5
(range 1-11). At the time of analysis, 41 of the 46 (89.13%) evaluable patients
had experienced disease progression and 38 of the 46 (82.6%) evaluable

patients had died.
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Table 3.1. Patients’ demographics and clinical characteristics at baseline with cfDNA

levels.

Baseline cfDNA,

Characteristics median (GE/ml) p-value
Age (years) (Median, Mean * SD, range),
67,66.83 £ 8.1, 47-83
Below median, n=24 (52.17%) 6488.23 0.79
Above median, n=22 (47.82%) 8403.79
Sex
Male, n=39 (84.78%) 6130.59 0.61
Female, n=7 (15.22%) 15699.93 '
Stage
III, n=5 (10.87%) 1409.11 0.031
IV, n=41 (89.13%) 7658.99
ECOG PS
< 2,n=31 (67.39%) 4652.13 0.025
2 2,n=15 (32.61%) 22459.61
Smoking
Smoker, n=26 (56.52%) 6488.23 0.94
Former smoker, n=20 (43.48%) 6155.56 )
Number of metastases
< 2,n=22 (47.82%) 4563.83 0.05
> 2, n=24 (52.17%) 12973.33 '
Liver metastases
No, n=23 (50.0%) 335591
Yes, n=23 (50.0%) 24759.83 0.0002
Bone metastases
No, n=18 (39.13%) 3265.055 017
Yes, n=28 (60.87%) 3355.91 '
Lymph node metastases
No, n=10 (21.74%) 4563.83 012
Yes, n=36 (78.26%) 7658.99 '
Treatment
Chemotherapy, n=33 (71.74%) 6130.59 036
Chemotherapy plus Immunotherapy, n=13 (28.26%) 10676.99 ’

Abbreviations: GE: genomic equivalents; SD: standard deviation.

In addition, 20 healthy controls were included. Sample collection was
performed before therapy onset (n=46), 3 weeks after initiation of therapy
(n=40; 2 patients died and in 4 patients sample collection was not possible)
and at the time of progression disease (n=25; 4 patients not progressed, 10

patients died and in 7 patients sample collection was not possible) (Figure 3.1).
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Median PFS and OS were 174 (range 4-483) and 229 (range 4-748) days,

respectively.

SCLC patients Healthy
N= 46 controls N=20
CTCs cfDNA cfDNA
ANALYSES ANALYSES ANALYSES
U U U
N=21 N= 46 N= 20

Progression ’i
disease U

N= 25

Figure 3.1. Study sampling points and different cohorts included in the study.

3.2 CfDNA levels are specifically increased in SCLC patients

To determine the better method to quantify the total cfFDNA in patients
with SCLC, we compared the Qubit 4 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) versus qPCR method by analysing the hTERT single-
copy gene (Thermo Fisher Scientific, Waltham, MA, USA). A good
correlation between both approaches at different times of the therapy
(baseline, 3 weeks and progression disease) was found (R? =0.959) (Figure
3.2).
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+ Baseline * Three weeks * Progression disease

R’ =0.94 R?=0.98 R’ =0.98

log [cfDNA] (GE/ml), qPCR hTERT

10.0 125 150
log [cfDNA] (GE/ml), Qubit

Figure 3.2. Scatter plot representing correlation between cfDNA levels using Qubit
method and qPCR assay at different times of therapy (baseline, 3 weeks and progression
disease) using Pearson’s correlation method. A good correlation between was found (R?

=0.959). Abbreviations: GE, genomic equivalents.

In addition, 20 healthy controls were included to compare their cfDNA
levels with our patient cohort using both approaches. Total cfDNA levels in
healthy controls were statistically lower than in our SCLC cohort (Wilcoxon
test p= 1.2x10% and p=1.5x10"*, using Qubit assay and gqPCR assay,
respectively) (Figure 3.3A-B).
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Figure 3.3. CfDNA levels using two different approaches. (A-C) Total cfDNA levels
in healthy controls and patients with SCLC. Statistical analysis between both groups was
performed by the Mann—Whitney—Wilcoxon U-Test. (B-D) ROC curves for qPCR assay
(B) and Qubit method (D) show high sensitivity and specificity. Abbreviations: GE,

genomic equivalents; AUC, area under the curve; CI, confidence interval.

Our gPCR assay showed an excellent AUC= 0.954 (specificity 95% and
sensibility 85%) (Figure 3.3B). Thus, we chose the gPCR assay by analyzing
the hTERT single-copy gene (Thermo Fisher Scientific, Waltham, MA, USA)
as the standard method to quantify total cfDNA levels. These results
evidenced that cfDNA levels were increased because of the malignant disease
in SCLC patients showing the clear association between cfDNA levels and the
high disease burden that characterized SCLC disease and reinforced their

interest as a potential biomarker to follow-up the disease evolution.
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3.3 Clinical interest of total cfDNA analysis before therapy

Next, total cfFDNA was quantified by gPCR assay at different time points
in our patient cohort with the goal to evaluate its potential as a monitoring tool
(Table 3.2).

Table 3.2. Statistics of cfDNA levels at baseline, at 3 weeks after the onset of therapy
and at disease progression.

Sample Mean Median Standard Range
size (GE/mL) (GE/mL) deviation (GE/mL)
Baselin 46 81174.03 6488.23 342126.8 660.7-
aseline ' ' ' 2320370.4
Three
weeks post- 40 9034.88 2912.55 18500.36 709-98040
treatment
Progression 705.1-
disense 25 11595.13 3747.6 18398.2 804403

Abbreviations: GE, genomic equivalents.

At baseline, cfDNA levels were significantly higher in patients with stage
IV cancer, poor performance status, an elevated number of sites of metastasis
and presence of liver metastases (p-value <0.05) (Table 3.1). There was no
statistically significant association with respect to age, sex, smoking status,
presence of bone metastasis, presence of lymph node metastases and the

treatment used.

In addition, the possible role of cfDNA as a prognostic biomarker before
therapy in SCLC was investigated. Thus, the cfDNA levels were log-
transformed and the patients were dichotomized into high and low cfDNA
level groups based on ROC analysis (Table 3.3). The thresholds of baseline
log cfDNA levels were chosen at 7.650 (~2100.65 GE/mL plasma) and 8.077
(~3219.56 GE/mL plasma) for PFS and OS analyses, respectively.
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Table 3.3. Receiver operating characteristic curves analysis to determine the value of

cfDNA levels to discriminate progression or death.

Parameters AUC Threshold Sensitivity Specificity
PES

Log cfDNA at baseline 0.834 7.650 0.854 0.800
Log cfDNA at 3 weeks 0.754 7.879 0.629 1.000
(O]

Log cfDNA at baseline 0.783 8.077 0.789 0.750
Log cfDNA at 3 weeks 0.707 7.879 0.625 0.750

Log cfDNA at progression

. 0.606 8.495 0.545 1.000
disease

Abbreviations: AUC, area under the curve.

We found that patients with high levels of total cfDNA at baseline
presented shorter PFS (log rank p=0.0005, hazard ratio, 5.06; 95% CI 1.89—
13.6) and OS (log rank p=0.002, hazard ratio, 3.32; 95% CI 1.50-7.37) than
those with low levels of total cfDNA (Figure 3.4A-B; Figure 3.5). The median
PFS of patients in the low baseline cfDNA group was 350 days versus 156
days in the high baseline cfDNA group, whereas the median OS was 426 and
210 days in the two respective groups (low vs high baseline total cfDNA

levels).
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Figure 3.4. cfDNA levels as a prognostic biomarker at baseline. (A-B) Kaplan-Meier
survival analysis of cfDNA levels at baseline for PFS (A) and OS (B).
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Figure 3.5. Clinical course of all patients included in the study. Swimmers’ plot showing
each patient therapy and the different times of sample collection. The total length of each
bar indicates the duration of survival from the diagnoses. Alive patients are represented
with the black arrowhead.

3.4 Longitudinal analysis of total cfDNA during therapy

To determine whether cfDNA levels can be employed to monitor
patients’ evolution during therapy, we quantified longitudinal cfDNA levels
at 3 weeks after initiation of treatment (n=40) and at progression disease
(n=25). We found that levels of total cFDNA were significantly higher before

therapy than at 3 weeks after therapy onset (Wilcoxon test p-value =0.002;
Figure 3.6), suggesting clearance of ctDNA after therapy start which impact
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on cfDNA levels. However, no significant differences between cfDNA levels

at baseline and at progression disease were found (Figure 3.6).

cfDNA levels at different time points
p-value=0.002
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Figure 3.6. CfDNA levels in SCLC patients at different time-points (baseline, 3 weeks
after treatment onset and at progression disease). Total cfDNA levels at baseline were
significantly higher than at 3 weeks after the therapy onset (Wilcoxon test p-value
=0.002). Abbreviations: GE, genomic equivalents.

Again, to analyse the possible prognostic role of cfDNA monitoring
during therapy, cfDNA levels were also log-transformed and the patients were
dichotomized into high and low cfDNA level groups based on ROC analysis
(Table 3.3) in each sample time. The threshold of three weeks post-treatment
log cfDNA levels was chosen at 7.879 (~2641.23 GE/mL plasma) both for
PFS and OS analyses. Thus, the possible prognostic role of monitoring cfDNA
levels at 3 weeks after initiation of treatment was investigated. cfDNA levels
were defined as high or low depending on the threshold obtained with ROC
curves analyses described above. Patients with low cfDNA levels at 3 weeks
showed a shorter PFS (log rank p <0.0005, hazard ratio, 3.5; 95% CI 1.69-
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7.23) and OS (log rank p <0.0005 hazard ratio, 3.67; 95% CI 1.72-7.82)
(Figure 3.7A-B) than the patients with high cfDNA levels.
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Figure 3.7. cfDNA levels as a prognostic biomarker during treatment. Kaplan-Meier
survival analysis of cfDNA levels at 3 weeks for PFS (A) and OS (B).

Finally, cfDNA quantification at the time of progression disease was
performed in 25 SCLC patients. Our results reported that patients with high
cfDNA levels at this time point survive fewer days than patients with low
cfDNA levels (log rank p <0.001, hazard ratio, 5.73; 95% CI 1.93-17.0; 177
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days in the high cfDNA levels group versus 74.5 days in the low cfDNA levels
group) (Figure 3.8).
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Figure 3.8. Kaplan-Meier survival analysis of cfDNA levels at progression disease
for OS.
3.5 Circulating tumour cells analyses and prognostic value
CTCs analyses were performed in 21 patients with SCLC before starting
the treatment. We found that 85.71% of patients (18 of 21 patients) presented
at least 1 CTC with a median of 26 CTCs (range 0 — 4796) (Figure 3.9).
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Figure 3.9. CTCs detected in SCLC patient using CellSearch® system. (A)
Representative images of CTCs detected in our cohort using the CellSearch® system. (B)
Number of CTCs detected in each patient. Patients with presence of <10 CTCs are

represented in red columns.

Different cut-offs were analysed to determine the possible prognostic
value of CTCs (Table 3.4). Thus, we found that the presence of >150
CTCs/7.5mL of blood was significantly associated with shorter PFS rates (log
rank p =0.02) in our cohort (Figure 3.10). We also found CTC clusters (>2
CTCs or CTC with white blood cells) in all patients with >10 CTCs/7.5mL of
blood, however no additional prognostic value was found.

Table 3.4. Analysis to determine the prognostic value of CTCs to discriminate

progression or death.

PFS (0 %)

E:(:.Il‘l(sje arch? n (%) Median o Median 0

courn (days) HR (95%CI) p-value (days) HR (95%CI)  p-value
0 3(143) - - - - - -
21 18@®57) 179 72(0.9-56.3) 0.066 236 4.98 (0.6-38.1) 0.09
22 17809 179 39 (09-17.6) 0.078 229 32(0.7-142) 0079
=5 13619 185 1.6 (0.6-44) 04 244 1.6 (0.64.5) 0.348
210 12G671) 179 1.7 (0.74.5) 0.3 236 1.6 (0.64.4) 02
=50 9 429 163 1.8 (0.7-4.7) 0.11 229 1.7 (0.64.7) 0.3
2100 8(38.1) 17 1.6 (0.64.3) 02 254 150542 0.5
=150 6(28.6) 158 250879 0.028 217 23(08-7.1) 0067
2500 5238 163 2.8(0.8-9.7) 0.10 229 24(0.7-79) 02
=1000 3(14.3) 154 4.6 (09-23) 0.036 205 210594 02

CellSearch® CTC levels: CTC, median (range), 26 (0-4,796); mean * SE, 579.2 + 284.5.
Abbreviations: CI, confidence interval, HR, hazard ratio.
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Figure 3.10. Kaplan-Meier survival analysis of CTCs levels at baseline for PFS. The
presence of 2150 CTCs/7.5mL of blood was significantly associated with shorter PFS
rates.

In another hand, CTCs number at baseline was significantly higher in
patients with extensive disease (stage IV; Figure 3.11E) and with poor ECOG
PS (Figure 3.11F). Also, the presence of CTCs and high cfDNA levels were
significantly associated (Figure 3.11K), indicating that both markers are

reflecting the tumour burden.
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Figure 3.11. CTCs and association with clinical characteristics. The number of CTCs
detected in our cohort were significantly associated with the stage of patients and a poor
performance status. Also, high cfDNA levels and the presence of CTCs at baseline were
significantly associated. Abbreviations: CH, chemotherapy; CH + IM, chemotherapy plus

immunotherapy.

3.6 Multivariate analyses and prognostic model for PFS and
oS

Univariate and multivariate Cox regression analyses of PFS and OS were
performed considering various clinical and demographic variables (ECOG PS,
sex, age, stage, number of metastases, presence of liver metastasis and
smoking status) (Table 3.5). Multivariate regression analyses confirmed the
value of the cfDNA levels at baseline as an early independent predictor
biomarker for PFS and OS (hazard ratio, 46.0; 95% CI, 3.16-672; p-value
=0.005 and hazard ratio, 32.4; 95% CI, 3.05-344; p-value =0.004,

respectively).
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Table 3.5. Univariate and multivariate Cox regression analyses of cfDNA levels, CTC

counts and clinical parameters.

Variable Univariate Multivariate
HR ue HR
(9% cry P (95% CI)
PFS

Baseline log cfDNA (high vs. low 0.001

cfDNA)

Baseline CTC count,

(2150 vs. <150)

CellSearch® 0.028

5.06 (1.89-13.6)

3.47 (1.14-10.6)

0.005 46.0 (3.16-672)

ECOG (22 vs. <2) 3.57 (1.72-7.40)  0.04 17.9 (1.11-289)
Sex (male vs. female) 1.76 (0.74-4.22)

Age (continue) 1.01 (0.97-1.05)

Stage (IV vs. III) 3.00 (0.91-9.91)

Number of metastasis (>2 vs. <2) 1.70 (0.90-3.19)

Liver metastasis (yes vs. no) 1.74 (0.93-3.23)

Smoking (smoker vs. former smoker) 0.92 (0.49-1.70)

3 weeks log cfDNA (high vs. low <0.0001 3.50 (1.69-7.23)  0.004 3.49 (1.50-8.12)
cfDNA)*

os

Baseline log cfDNA (high vs. low 0.003

cfDNA)

Baseline CTC count,

(2150 vs. <150)

ECOG (22 vs. <2)

Sex (male vs. female)

Age (continue)

Stage (IV vs. I1I)

Number of metastasis (>2 vs. <2)
Liver metastasis (yes vs. no)

Smoking (smoker vs. former smoker)

3.32 (1.50-7.37)
2.71 (0.93-7.88)

454 (2.13-9.68)
1.80 (0.75-4.36)
1.01 (0.97-1.06)
2.86 (0.86-9.47)
1.23 (0.65-2.33)
1.45 (0.77-2.76)
0.82 (0.43-1.55)

0.004 32.4 (3.05-344)

3 weeks log c¢fDNA (high vs. low <0.001 3.67 (1.72-7.82)

cfDNA)*

PD log cfDNA (high vs. low cfDNA)* <0.001 15.2 (3.28-70.7)

0.002 4.35 (1.68-11.3)

0.001  19.5 (3.30-115)

*Multivariate Cox regression model including sex, age, Eastern Cooperative Oncology

Group Performance Score, stage, number of metastases, presence of liver metastasis and

smoking status. The levels of cfDNA were determined as low (<cut-off) or high (Zcut-
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off) based on the cut-off obtained from the ROC curve analyses. Abbreviations; HR,
hazard ratio; CI, confidence interval.

Regarding the cfDNA at 3 weeks, multivariate regression analyses also
confirm its independence as a prognostic biomarker of PFS and OS (hazard
ratio, 3.49.0; 95% CI, 1.50-8.12; p-value =0.004 and hazard ratio, 4.35; 95%
Cl, 1.68-11.3; p-value =0.002, respectively) (Table 3.5). In contrast,
multivariate analysis in CTCs did not show value as an independent predictive
biomarker of PFS and OS.

Next, an independent prognostic model for both PFS and OS was
developed. Three variables were retained in the final prognostic model:
cfDNA levels (high vs. low levels), ECOG PS (<2 vs. >2) and sex (male vs.
female). The detailed results of the multivariate analyses are shown in Figure
3.12.

Progression-free survival Overall survival

Characteristics HR (95% CI} p-value HR (95% €1} p-value
Baseline log ¢cfDNA

High vs low F————¢— 495(1,78-13.80) 0.002 F———— 343(1.41-833) 0.007
ECOG PS e 280 (132-5.96)  0.007 1 319(147-694) 0003

»=2vs. <2
Sex ——A 5 3-6.2 0.043 . S| 2 )

Male vs female 2.54(1.03-6.28) 2.89(1.14-732)  0.026

1 2 3 45 1 2 3 4 5
Hazard Ratio {95% Cl) Hazard Ratio (95% ClI)

Figure 3.12. Final multivariate Cox regression prognostic model for (A) PFS and (B) OS.
Abbreviations: HR, hazard ratio; CI, confidence interval.

Subsequently, we segregated patients into three risk categories: patients
with all adverse prognostic factors were classified in the poor-risk category
(high cfDNA levels, ECOG PS>2 and male sex), patients with two adverse
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prognostic factors were classified in the intermediate-risk category, and
patients with one or no adverse prognostic factor were classified in the
favorable-risk category. The Kaplan—Meier curves representing the three risk
categories and median PFS and OS are presented in Figure 3.13. Median PFS
ranged from 124 to 289 days based on the number of adverse prognostic

factors present before therapy. Median OS ranged from 115 to 514 days.
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Figure 3.13. Kaplan-Meier survival analysis according to risk-group for PFS (A) and OS
(B). Abbreviations: NA, not applicable.

Our prognostic model indicates an increased risk of 5-times to present
disease recurrence (HR= 5.37, 95% ClI, 2.32-12,4; p-value =3x10%) and 6-
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times the risk of death (HR=6.02, 95% CI, 2.66-13.6; p-value =3x10®) in the
unfavorable category (intermediate and poor groups) than in the favorable
group (Table 3.6).

Table 3.6. PFS and OS probabilities estimated according two risk groups.

PFS 0os
Risk Groups
HR 95% ClI p-value HR 95% ClI p-value
Favourable 1 (Ref.) - 1 (Ref.)
Intermediate-poor 5.37 2.32-124  <0.001 6.02 2.66-13.6  <0.001

Abbreviations: HR, hazard ratio; CI, confidence interval.

4. DISCUSSION

Precision medicine has the objective of optimizing the selection of the
best therapy for each patient. In this context, liquid biopsy has born as a
promising and minimally invasive tool for this due to its ability to provide a
total image of primary and metastatic tumours at different times across therapy
(344). Recently, the management of SCLC has changed and new therapies,
such as immunotherapy, have been investigated and approved for clinical use
(3,345,346). Nevertheless, the necessity to find a prognostic biomarker for
helping to select the therapy prescribed and to monitor the evolution of the
disease during the treatment, remains a challenge in SCLC patients. In this
study, we report for the first time the possibility to employ the cfDNA and its
guantification as a prognostic biomarker in SCLC prior to starting therapy and
at different time points. Our analyses allowed us to identify a group of low-
risk patients characterized by low cfDNA levels at baseline who probably will

benefit from both: chemotherapy in monotherapy or the combination of
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immunotherapy and chemotherapy. The study of another common circulating
biomarker, CTCs, also provided us information for the prognostic of patients
before starting therapy, although the results were less clear. We found a
significant association between presence of a high number of CTCs (>150

CTCs) and worse PFS.

Total cfDNA refers to a heterogeneous and complex DNA fraction free
released in body fluids by any cell type (not only tumoral) through several cell
death mechanisms such as secretion, apoptosis and necrosis (138,150). Of
note, the source of cfDNA is an intriguing question in cancer. According to
previous studies, the fraction of ctDNA varies from 0.1-89% of cfDNA but it
increases it accordance with the tumour burden. Therefore, although cfDNA
content is not tumour specific, it can be assumed that total cfDNA in cancer
patients originates from tumour cells, cells in the tumour microenvironment
or from cells involved in the antitumour response (137). Therefore, cfDNA
can be uses as a surrogate of ctDNA, but always taking into account that they
are different entities that can provide us different information. In line with our
results, it’s well reported that cancer patients present higher cfDNA levels than
healthy controls (347,348), but few studies have investigated the possible
prognostic and predictive value of total cFDNA quantification in patients with
SCLC. In contrast, the ctDNA, the tumour-derived fraction of this cfDNA, has
been reported as a prognostic and predictive biomarker in several works (349—
353). Almodovar et al. reported that changes in the mutant allele frequencies
on ctDNA were associated with response to treatment and relapse. Twenty-
seven patients with SCLC were analysed by next-generation sequencing
(NGS) custom panel, however, the lack of driver mutations known in SCLC,

limited the number of genes analysed (349). In another work, Devarakonda et
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al. analysed 564 patients using a larger NGS panel, including 73 genes, and,
according to previous results, RB1 and TP53 were the most frequent mutant,

however, no prognostic or predictive value was reported in this study (354).

In this way, total cfDNA quantification allows to detect the total DNA
released from normal and also tumour cells into the blood. Thus, despite the
few known driver mutations found in SCLC, cfDNA quantification allows to
quantify the total levels before treatment and monitor the changes during
therapy. Recently, our group demonstrated the feasibility to quantify cfDNA
levels in NSCLC patients and its association with patients’ outcomes (261),

suggesting its possible utility in SCLC.

Thus, in the present work, we quantified total cfDNA levels using two
different technologies, a fluorometric assay, Qubit and a more specific one,
the gPCR assay analysing the hTERT gene. CfDNA quantification by both
technologies showed good concordance. Furthermore, the concordance of
cfDNA levels at any time point of therapy using both methods also showed a
good concordance. Therefore, both methods could be used to robustly measure
the cfDNA content. However, to complete our study we chose the gPCR
assay, which is a high sensitive and specific assay for cfDNA quantification
in SCLC patients, and was previously employed in studies focused on NSCLC
(261,270,273,288).

Regarding the clinical meaning of cfDNA content, we found that high
levels were significantly associated with shorter PFS and OS before therapy
onset, being a robust independent prognostic biomarker in newly diagnosed
SCLC patients. Also, cfDNA levels at baseline were higher in patients with

stage 1V that could be a consequence of a more aggressive disease. This can
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be partially explained by an increase of ctDNA levels released from the
tumour cells to the bloodstream, increasing the total cfDNA fraction.
Moreover, analyses showed that cFDNA levels at 3 weeks are associated with
patients’ outcomes, being those patients with high values at 3 weeks, the ones
with the worst prognosis. In addition, high cfDNA levels at the time of disease
recurrence were associated with a higher risk of death. Of note, multivariate
analyses showed the independence of cfDNA levels at 3 weeks and at
progression disease as a prognostic biomarker. These results suggest that
cfDNA monitoring could provide valuable information for the management
of SCLC as our group previously reported in NSCLC (261). Thus, in clinical
practice, in those SCLC patients with high levels of cfDNA at the time of
disease recurrence, the selection of a more aggressive therapy or the
intensification of clinical visits would be considered.

Besides cfDNA levels, we investigated the prognostic value of additional
biomarkers such as CTCs and clinical characteristics. CTCs were analysed in
a cohort of 21 SCLC patients using the CellSearch® system. According to the
literature (3), a detection rate of 85.71% was found in our study. Moreover,
the CTC count at baseline determined using the CellSearch® system was
significantly associated with PFS and OS (334,337,338,355,356). For
example, Naito et al. reported that the presence of >8 CTCs/7.5mL of blood
was associated with worse OS (334), however, another study employed 50
CTCs as cut-off for PFS and OS (338). In fact, a consensus regarding the
optimal cut-off of CTCs and the prognostic value remains a challenge (3). In
this work, we found a discrete association between the presence of>150 CTCs
and a shorter PFS, however multivariate analyses did not show independent

value for the CTC count. Interestingly, high cfDNA levels and the presence
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of CTCs at baseline were significantly associated, reporting the clear
association between both circulating biomarkers and disease burden. CTCs
release in the bloodstream is related to the intravasation process of potentially
metastatic cancer cells. Nevertheless, cfDNA is released by any cell type
including tumoral and normal cells, however, how cfDNA release relates to
tumour biology is currently unknown. In another hand, we evaluate several
factors that could influence the patients’ outcomes. Thus, we proposed a
simple model to segregate patients into three categories based on risk of
progression and death (considering the cfDNA levels, ECOG PS and sex of
patients). We found that patients with one or less adverse prognostic factors
were classified in the favourable-risk category and present a longer PFS and
OS. Regarding the clinical relevance of these results, some limitations in our
design should be considered. First, the sample size of our CTC cohort was
relatively small and CTC monitoring during therapy could provide more
valuable information. Second, our patient cohort are not homogenous
regarding treatment regimen, 71.74% SCLC patients were treated with while
28.26% SCLC patients were treated with chemo-immunotherapy. In addition,
a validation study of our prognostic model in a larger independent cohort is

needed.

In conclusion, we describe an important potential role of cfDNA levels
as a prognostic biomarker in newly diagnosed SCLC patients and also as a
tool that could provide useful information about disease evolution. Finally, a
prognostic model based on cfDNA levels, and some clinical characteristics
(ECOG PS and sex) would allow us to stratify patients and detect those who

could particularly benefit from the treatment.
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Circulating proteins as predictive biomarkers for
immunotherapy in metastatic non-small cell lung

cancer patients

ABSTRACT

Immunotherapy has improved survival rates in cancer patients, but
identifying those who will respond to treatment remains a challenge.
Biomarkers such as PD-L1 expression, tumour mutational burden, and
microsatellite instability have been studied, but their limitations have led
researchers to explore other options. Recent advances in proteomic
technologies have enabled the identification and quantification of nearly all
expressed proteins in a single experiment. Integration of mass spectrometry
with other high-throughput technologies has paved the way for comprehensive
and systematic analysis of the plasma proteome in cancer, facilitating early
diagnosis and personalized treatment. However, despite its potential, the use
of mass spectrometry-based proteomics for plasma analysis in cancer research
is still limited, with few studies utilizing this methodology. In this context, the
objective of our study was to investigate the predictive and prognostic value
of plasma proteome analysis using the SWATH-MS (Sequential Window
Acquisition of All Theoretical Mass Spectra) strategy in newly diagnosed
NSCLC patients who received pembrolizumab therapy. SWATH-MS
technology is a method for data-independent acquisition (DIA) mass
spectrometry, allowing comprehensive and unbiased analysis of complex
proteomes with high sensitivity and reproducibility. For this purpose, 64

newly diagnosed advanced NSCLC patients treated with pembrolizumab
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therapy were enrolled and blood samples were collected from all patients
before and during therapy. In total 171 blood samples were collected and
analysed employing SWATH-MS strategy. Next, we compared the plasma
protein expression of metastatic NSCLC patients prior to receiving
pembrolizumab treatment and divided the cohort into two groups based on
immunotherapy response. The results identified 324 differentially expressed
proteins between responder and non-responder patients. Later, we developed
a predictive model and found a combination of seven proteins, including
ATGYA, DCDC2, HPS5, FIL1L, LZTL1, PGTA, and SPTN2, with stronger
predictive value than PD-L1 expression alone. Additionally, survival analyses
showed that low levels of ATG9A, DCDC2, and HPS5 were associated with
longer PFS and OS, while low levels of SPTN2 were associated with worse
OS. These analyses shed light on the correlation between the response to
immunotherapy in patients with NSCLC and our 7 proteins.

Keywords: NSCLC, immunotherapy, predictive biomarkers, circulating

proteins.
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1. INTRODUCTION

Immunotherapy is one of the most promising cancer treatments due to its
differential mechanism of action, long-lasting effects, and ability to improve
overall survival in a percentage of patients. (357). The ICI agents, the most
thoroughly investigated class of immunotherapy, target PD1, PD-L1 or
CTLA-4, being its objective stimulate the immune response of patients against
cancer (358). In recent years, immunotherapy has reported an improvement
survival rates in comparison with chemotherapy in NSCLC patients (51,359).
Pembrolizumab, is one of the most employed ICIs in advanced NSCLC
patients. For years, the selection of patients who received these drugs was
based on the PD-L1 expression on tumour tissue. Nevertheless, posterior
studies reported that pembrolizumab in combination with chemotherapy,
showed a significant improvement in survival results, independently of the
PD-L1 expression (55,56), showing the lack of value of PD-L1 expression in
tumour tissue to predict the response to this therapy.

Therefore, despite ICI therapies have improved patients’ outcomes in
comparison with chemotherapy, the clinical use of immunotherapy
experiences several challenges related to both efficacy and safety. Regarding
efficacy, a large group of patients do not respond to ICI treatment (primary
resistance), where even in large phase Ill studies of ICIs combined with
chemotherapy, overall response rates are 47-63% at best (55,56,360).
Regarding safety, adverse reactions to ICI treatment (265,361), as well as an
accelerated progression, denominated hyperprogression, have been reported
(362).

In this context, the management of NSCLC with ICIs requires the

identification of new and robust biomarkers to select patients who will benefit
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from immunotherapy. Liquid biopsy could allow to discover new biomarkers
that could help clinicians to select patients who will benefit from ICls
treatment (363). Numerous studies focus on potential biomarkers in blood
such as CTCs, ctDNA, cfDNA, exosomes, miRNA or proteins among others,
due to the several advantages that present liquid biopsy compared with tumour
tissue. Next-generation sequencing allows the analysis of genomes and opens
the door to find new alterations associated with response to therapies and
discover new possible therapy targets. However, typically the causes of cancer
disease are multifactorial and different approaches, including the analysis of
proteomes, are required for a more comprehensive understanding. Plasma
circulating proteins are an alternative biomarker that can provide information
about the physical condition and status of patients. In oncology, several single
serum or plasma proteins are used for diagnosis and monitoring of cancer,
such as cancer antigen 125 (CA-125) in ovarian cancer and the prostate-
specific antigen (PSA) in prostate cancer among others (364). However,
nowadays the use of these single proteins should always be interpreted in
conjunction with other diagnostic tests and clinical findings. Large analyses
of circulating proteins could provide a wealth of information about oncogenic
processes, and to explore their usefulness as tumour biomarkers in response
to different treatments, including immunotherapy in lung cancer (365).

In the last decades, proteomic technologies have advanced in terms of
instrumentation improvements, sample preparation and computational
analyses, allowing us to identify and quantify nearly all expressed proteins in
a single experiment (366). An emerging strategy named SWATH-MS
(sequential window acquisition of all theoretical fragment-ion spectra—mass

spectrometry) is a specific variant of data-independent acquisition (DIA)
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method that combines deep proteome coverage capabilities and allow to
identify and quantify circulating proteins with consistency and accuracy (367).

In the present study, we hypothesized that plasma proteins can serve as a
prognostic and predictive biomarker in NSCLC patients under first-line
immunotherapy. We performed a differential proteomic quantitative analysis
based on SWATH-MS technology to analyse the proteome in blood samples
collected from patients with advanced NSCLC prior to the start therapy and
during the treatment. Finally, we reported a proteomic signature of 7 proteins
that could predict the response to immunotherapy in advanced NSCLC
patients before starting therapy, as well as at 6 and 12 weeks after starting

immunotherapy.

2. MATERIAL AND METHODS

2.1 Patients and blood sample collection

In total, 64 newly diagnosed advanced NSCLC patients treated with
pembrolizumab therapy at the Department of Medical Oncology of Complexo
Hospitalario Universitario de Santiago de Compostela, were included in the
present study. A first cohort (Discovery cohort) included a total of 48 patients
with newly diagnosed advanced NSCLC. A posterior validation cohort
enrolled 16 new diagnosed advanced NSCLC patients. The study was
performed in accordance with the Declaration of Helsinki (as revised in 2013)
and all individuals signed informed consent forms approved by Santiago de
Compostela and Lugo Ethics Committee (Ref: 2017/538) prior to enrolling in
the study and they could withdraw their consent at any time. Blood samples

of 64 patients were collected before the therapy onset. In addition, 107
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longitudinal blood samples were collected at 6 weeks (n=46) and 12 weeks

(n=36) after starting the therapy and at time of progression disease (n=25).

Best response to pembrolizumab treatment was based on RECIST1.1,
according to the following criteria: Complete response (CR), partial response
(PR), stable disease (SDi) or progressive disease (PD). Responders were
defined as the proportion of patients with CR, PR, or SDi.

2.2 Blood sample processing

Ten mL of peripheral blood were obtained by direct venipuncture in
CellSave tubes (Menarini, Silicon Biosystems, Bologna, Italy) and processed
within 96 hours after blood collection for the discovery cohort. In the case of
the validation cohort, peripheral blood was obtained in EDTA tubes and
processed within 4 hours. In both cases, plasma and cellular components were
separated by centrifugation at 1,600 g for 10 minutes at room temperature. A
second centrifugation was performed at 5,500 g for 10 minutes at room
temperature to remove any remaining cellular debris. Plasma samples were

aliquoted for storage at -80 °C until use.

2.3 Plasma preparation for mass spectrometry (MS) analysis

Plasma abundant proteins depletion

Plasma samples were fractionated prior proteolytic digestion to enrich the
spectral library employed in SWATH-MS quantification. For this purpose,
aliquots of each sample (30 ul) were depleted with dithiothreitol (DTT). Fresh
DTT (500 mM) was mixed with the 30 pl of human plasma samples and vortex
briefly (368,369). Then, samples were incubated until observe a viscous white
precipitate that persisted for 60 minutes, and they were centrifugated at 18,840

g for 20 minutes. Supernatants were transferred to a clean tube.
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Isolation and proteins digestion

To make global protein identification, an equal amount of protein from
all samples were loaded on a 10% SDS-PAGE gel. The run was stopped as
soon as the front had penetrated 3 mm into the resolving gel (370,371). The
protein band was detected by Sypro-Ruby fluorescent staining (Lonza,
Switzerland), excised, and processed for in-gel manual tryptic digestion, as
described elsewhere (20). Proteins were reduced with DTT 10mM in Ambic
40mM and alkylated with 55 mM iodoacetamide in 50 mM ammonium
bicarbonate. Then, the gel pieces were rinsed with 50 mM ammonium
bicarbonate in 50% methanol dehydrated by addition of acetonitrile and dried
in a SpeedVac. Modified porcine was added to the dry gel pieces at a final
concentration of 20 ng/ul in 20mM ammonium bicarbonate, incubating them
at 37 °C for 16 hours. Peptides were extracted by carrying out three 20 minutes
incubations in 40 pL of 60% acetonitrile dissolved in 0.5% HCOOH. The
resulting peptide extracts were pooled, concentrated in a SpeedVac, and stored
at —20 °C.

2.4 Protein quantification by SWATH-MS (Sequential

Window Acquisition of all Theoretical Mass Spectra)

Creation of the spectral library - Data-dependent acquisition (DDA)

To construct the MS/MS spectral libraries, the peptide solutions from the
discovery cohort were analysed by a shotgun data-dependent acquisition
(DDA) approach by micro-liquid chromatography-MS/MS. To get a good
representation of the peptides and proteins present in all samples, pooled vials
of samples from each group (basal n=48, 6 weeks n=35, 12 weeks n=30 and
progression disease, n=21) were prepared using equal mixtures of the original

samples for the spectral library building. Four pL (1 pg/uL) of the pool was
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separated using Reverse Phase Chromatography. Gradient was created using
a micro liquid chromatography system (micro-LC) Ekspert nLC425 (Eksigent
Technologies nanoLC 400, Sciex, CA, USA) coupled to high-speed Triple
TOF 6600 mass spectrometer (Sciex, CA, USA) with a micro flow source.
The chosen analytical column was a silica-based reversed phase column
Chrom XP C18 150 x 0.30 mm, 3 mm particle size and 120 A pore size
(Eksigent, Sciex, CA, USA). The trap column was a YMC-TRIART C18
(YMC Technologies, Teknokroma) with a 3 mm particle size and 120 A pore
size, switched on-line with the analytical column. The loading pump delivered
a solution of 0.1% formic acid in water at 10 pl/min. The micro-pump
generated a flow-rate of 5 pl/min and was operated under gradient elution
conditions. Water and acetonitrile, both containing 0.1% formic acid, were
used as solvents A and B, respectively. The gradient run consisted of 5% to
95% B for 30 min, 5 min at 90% B and finally 5 min at 5% B for column
equilibration, for a total run time of 40 min.

When the peptides eluted, they were directly ionized and injected into a
hybrid quadrupole-TOF mass spectrometer Triple TOF 6600 (Sciex, CA,
USA) operated with a Data dependent acquisition (DDA) system in positive
ion mode. A Micro source (Sciex, CA, USA) was used for the interface
between micro-LC and MS, with an application of 2600 V voltage. The
acquisition mode consisted of a 250 ms survey MS scan from 400 to 1250 m/z
followed by an MS/MS scan from 100 to 1500 m/z (25 ms acquisition time)
of the top 65 precursor ions from the survey scan, for a total cycle time of 2.8
seconds. The fragmented precursors were then added to a dynamic exclusion
list for 15 seconds; any singly charged ions were excluded from the MS/MS

analysis. The instrument was automatically calibrated every 4 hours using
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external calibrant tryptic peptides from PepCalMix solution (AB SCIEX,
Framingham, MA, United States).

The peptide and protein identifications were performed using Protein
Pilot software (version 5.0.2, Sciex, CA, USA) searched against a Human

specific ~ Uniprot  database  (https://www.uniprot.org/),  specifying
iodoacetamide as Cys alkylation and Trypsin as enzyme used in digestion. The
software uses the algorithm Paragon™ for database search and Progroup™
for data grouping. The false discovery rate (FDR) was set to 1% for both
peptides and proteins, using a non-lineal fitting method (372). The MS/MS
spectra of the identified peptides were then used to generate the spectral
library for SWATH peak extraction using the plug-in MS/MSAY with
SWATH Acquisition MicroApp (version 2.0, Sciex) for PeakView Software
(version 2.2, Sciex, CA, USA). Peptides with a confidence score above 99%
(as obtained from Protein Pilot database search) were included in the spectral

library.

In addition, a spectral online library called, Human Pan-Human library,
which contained 12,046 proteins
(https://db.systemsbiology.net/sbeams/cqgi/PeptideAtlas/GetDIALibs), was

also employed in order to improve and expand the coverage of the identified
NSCLC cancer plasma proteome in our library. The sum of the two libraries

constitutes our final library, denominated NSClibrary.

Relative quantification by SWATH acquisition - DIA

SWATH-MS acquisition was performed on a TripleTOF® 6600 LC-
MS/MS system (AB Sciex, CA, USA). Samples were analysed using a DIA
method (n=171 samples). Each sample (4 uL) was analysed using the LC-MS
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equipment and LC gradient described above for building the spectral library
but instead using the SWATH-MS acquisition method. The method consisted
of repeating a cycle that is composed of the acquisition of 100 TOF MS/MS
scans (400 to 1500 m/z, high sensitivity mode, 50 ms acquisition time) of
overlapping sequential precursor isolation windows of variable width (1 m/z
overlap) covering the 400 to 1250 m/z mass range with a previous TOF MS
scan (400 to 1500 m/z, 50 ms acquisition time) for each cycle. Total cycle
time was 6.3 seconds. For the sample set, the width of the 100 variable
windows was optimized according to the ion density found in the DDA runs
using a SWATH variable window calculator worksheet from Sciex. SWATH
guantification was attempted for all proteins in the ion library that were
identified by ProteinPilot with an FDR below 1%.

The DIA raw data were firstly converted into mzML format filtered by
SWATH Acquisition MicroApp (version 2.0) then analyzed by PeakView
(version 2.2), against our spectral NSCLibrary. PeakView computed an FDR
and a score for each assigned peptide according to the chromatographic and
spectra components; only peptides with an FDR below 1% were used for
protein quantitation. The retention time (RT) adjustment were performed
using the own peptides of the proteins presents in the library from the peptides
that were selected for each protein. Them the RT of all peptides were realigned
in each run according to the iRT peptides spiked of the selected peptides in
each sample and eluted along the whole time axis. The extracted ion
chromatograms were then generated for each selected fragment ion; the peak
areas for the peptides were obtained by summing the peak areas from the
corresponding fragment ions. Protein quantitation was calculated by adding

the peak areas of the corresponding peptides Up to ten peptides per protein
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and seven fragments per peptide were selected, based on signal intensity; any
shared and modified peptides were excluded from the processing. Five-minute
windows and 30 ppm widths were used to extract the ion chromatograms.
Them this integrated peak areas (processed. mrkvw files from PeakView)
were directly exported to the MarkerView 1.3.1 software (AB Sciex, CA,
USA) for relative quantitative analysis (373-376). The export data will
generate three files containing quantitative information about individual ions,
the summed intensity of different ions for a particular peptide and the summed
intensity of different peptides for a particular protein.

2.5 Quality control and statistical analysis

Next, a quality control was performed. Proteins with over 30% missing
values in the sample set were filtered out. Next, missing values of the
remaining proteins were imputed using the RandomForest R package

(377,378) and protein values were normalized by quantile normalization.

Finally, statistical analyses were performed. Continues data were
compared using t test for independent samples and categorical variables were
compared using the Fisher's exact test. Swimmer plot was provided to
visualize every patient's therapy response and the time of survival from the
diagnoses. Kaplan-Meier method was used to plot the survival curves
applying the log rank test. Student’s t test was applied to identify differentially
expressed proteins (DEPs), with a p-value <0.05 and p-value <0.01. To
identify the functions and relevant pathways of the DEPs, we performed gene
ontology (GO) using Metascape (379). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway of each group was generated and visualize with

proteomaps, using a web tool based on the t-test difference values without
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log2 transformation (380). A final predictive model to separate responder
group to non-responder group was developed. Comparisons of Cox
proportional hazard regression models were made using the AIC technique
(341), with a smaller AIC value indicating the better model. A stepwise
backward elimination procedure was performed to minimize the AIC. ROC
curves were computed based on protein levels, representing the AUC values,
and computing the Cl at 95% confidence levels. ROC curves were also
constructed to evaluate the thresholds of baseline proteins levels for survival
analyses. All statistical analyses were performed using GraphPad Prism
version 8.0, IBM® SPSS® statistics version 25.0 and R version 4.1.1. The
following R packages were used: survival (277), survminer, ggplot2 (342),
pROC (276), gtsummary (343), swimplot, RandomForest, MASS and stats.

3. RESULTS

3.1 Patient characteristics

In total, 64 newly diagnosed NSCLC patients undergoing first-line
pembrolizumab treatment in monotherapy (n=40) or in combination with
chemotherapy (n=24) were included in the study (Figure 4.1, Table 4.1).
Patients were enrolled in two different sub-cohorts: a discovery cohort with
48 NSCLC patients and a validation cohort with 16 NSCLC patients. The
validation cohort was included to evaluate a possible impact of the blood

collection tubes.

In global terms, the mean age was 64.7 years (range: 45-80), most of

patients were males (75%), current or former smokers (87.5%) and had

278



Chapter IV

tumours with adenocarcinoma histology (81.25%) (Table 4.1). The ECOG PS

of <1 accounted for 17.2% of patients.

Table 4.1. Patients’ demographics and clinical characteristics at baseline.

Discovery cohort (n=48)

Validation cohort (n=16)

Clinical R NR R NR
Characteristics (=30)  (n=18) palue (0=10) (0=6) P

N®%)  N@%) N@)  NEiy vale

Mean age * SD, 643182, 61.9%95, NS 715+ 54, 632 =+ NS

range 50-80 45-78 60-77 7.6,51-74

Sex

Female 6 (20.0) 5(27.8) NS 109.) 4 (66.7) 0.03

Male 24800) 13 (722) 9909  2(333) '

Smoking

Smoker / Former 25 (83.3) 16 (88.9) 9 (90) 6 (100)

smoker NS

Never 5167  2(1L1) 1(10) 0 (0.0) NS

ECOGPS

0 8 (26.7) 1(5.6) 1(10) 0 (0.0)

1 217000 13722 NS 10000 4(667) NS

2 133 4222 0(0.0) 2(33.3)

Histology

Adenocarcinoma 26(867)  16(889) 6 (60) 4(66.6)

Squamous cell 3 (10.0 2 (111 4 (40 1(16.

C;lrdnoma (10.0) 111 NS (40) 16.7) NS

Others 1(33) 0(0.0) 0(0.0) 1(167)

Number of metastatic sites

<2 BEY  TEY o 7 (70) 4(66.6) NS

>2 5(16.7) 11 (61.1) 3 (30) 2(33.3)

Pembrolizumab treatment

Monotherapy 17667 15633 5 (50) 3 (50.0) NS

Pluschemotherapy  13433)  3(16.7) 5 (50) 3 (50.0)

PES (median days) 23 0001 10monhs 2 <0001
months months months

. 35.7 34 39
OS (median days) months months <0.001 NA months <0.001

Abbreviations: NR, non-responders; R, responders; SD: standard deviation.

Regarding the clinical characteristics of R and NR patients it’s important

to mention that 61.1% of NR had more than two metastatic sites versus 16.7%

for the R group (Fisher test; p-value< 0.01). In addition, the R group showed
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significant better PFS (19.27 versus 2.3 months, respectively) and OS (35.7
versus 3.4 months, respectively) than NR (Table 4.1).
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Figure 4.1. (A) Swimmers’ plot on patients showing the response of therapy. The total
length of each bar indicates the duration of survival from the diagnoses. (B-C) Kaplan-
Meier plots show highly significant differences between responders and non-responders
to pembrolizumab treatment in PFS (B) and OS (C).

In the validation cohort, the analysed samples were taken from 16

patients with advanced NSCLC undergoing first-line pembrolizumab
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treatment in monotherapy (n=8) or in combination with chemotherapy (n=8)
(Table 4.1). 62.5% of patients were classified as R (including stable disease
(n=2) and partial response (n=8)) and 37.5% of patients were denominated NR
(progressive disease; n=6). The validation cohort presented similar
characteristics than the discovery cohort, except sex distribution (Table 4.1).
Similar to the previous cohort, R and NR presented significant differences in
the PFS and OS rates.

3.2 Global proteomic quantitative analysis of NSCLC blood
samples

One hundred seventy-one samples from 64 NSCLC patients were
analysed using high-resolution mass spectrometry (Figure 4.2) to identify as
many proteins as possible into the plasma samples. First, to obtain quantitative
protein information from SWATH-MS, we generated an extensive spectral,
based on pooled samples and the online Human Pan-Human library. Thus, our
final spectral library, called NSCLibrary, contained 7,115 unique proteins.
Next, we analysed each separated sample against our spectral NSCLibrary and
we extracted quantitative data from the discovery cohort, a set of 18 non-
responder and 30 responder patients. An average of 6,483 proteins/sample
using a minimum of ten peptides/protein and a 1% false discovery rate (FDR)
on the peptide and protein level were found. Next, after sample normalization
by quantile method and sample filtering, we quantified a total of 6,364 unique
proteins, of which 2,418 had observations in all samples. In a second step, 37
plasma samples from 16 NSCLC patients corresponding to validation cohort,
were also analysed using the same protocol, obtained an average of 6,325

proteins/sample.

281



PATRICIA MONDELO MACIA

A B
.m0 Metastatic NSCLC patients under pembrolizumab therapy Proteins
’% N=64 coverage
ﬁﬂﬂﬁ 1. Spectral library generation 3000
. 6562 g oo, 6,562
Poolof _ Micro-LC- . DDA | Data - ProteinPilot 5.0.2 | 2 5000
Plasma 77 samples MS/MS analysis  processing _peakView22 | NSC ‘E
sarr:p\es [ Library %,m
Depletion, ! Human Pan-Human library i ’E
alkylation and ! (Reference spectral library) & 2000
digestion ! \
v

2. Sample analyses
: Total

. Single Micro-LC-  SWATH-MS Data - PeakView 2.2
Peptides i | e T MS/MS data > . i R NR
sample acquisition  PrOCessing - MarkerView 1.3.1

Figure 4.2 Proteomic of NSCLC response to pembrolizumab treatment. (A) The
proteomic workflow involved plasma extraction from blood samples of 48 NSCLC
patients undergoing pembrolizumab Then, 30 pl of plasma samples were employed for
proteins extraction. The proteins were trypsin-digested to obtained peptides
(fractionation). A pool of total peptides samples was employed to generate a spectral
library using a DDA method. Finally, pooled peptides of each sample were analysed using
a SWATH-MS method employing the previous spectral library and the Human Pan-
Human Library. (B) Total number of proteins quantified in each group of patients.

3.3 Plasma proteome in NSCLC patients is associated with

immunotherapy response

Aiming to identify a protein signature associated with response to
immunotherapy, we compared the plasma protein expression profile of 30 R
and 18 NR from the first cohort of 48 NSCLC patients. Importantly, there
were no differences in the proteins’ coverage between R and NR group (Figure
4.2B). We applied Student’s t tests with a nominal p-value cut-off of 0.05 (p-
value <0.05) and we identified 324 DEPs. Of them, 172 proteins appeared
upregulated while 152 were downregulated in R versus NR (Figure 4.3A-B).
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Figure 4.3. (A) Volcano plot of differentially expressed proteins at baseline. Upregulated

proteins are represented in blue while downregulated proteins are represented in yellow.
(B) Heatmap of 324 differentially expressed proteins at baseline (p-value <0.05), that

discriminate between R and NR patients to pembrolizumab therapy.

We conducted functional enrichment analyses with the 324 DEPs found

between R (172 proteins) and NR (152 proteins) to identify the biological

functions and relevant pathways involved in the sensitivity to pembrolizumab

therapy. Global analyses not reported clear results about the GO process

involved with the 324 DEPs in conjunction (Figure 4.4).
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Figure 4.4. Bar graph for viewing of the top 15 enriched GO process involved the 324
DEDPs. A colour scale represents statistical significance.

Briefly, GO pathways comparing both groups reported that the 172
proteins more present in the R group were associated with different processes
such as metabolic and cellular processes or immune system process, in
contrast with the pathways obtained in NR group. Of note, the immune system

process (G0O:0002376) was enriched exclusively in the R group. (Figure 4.5).
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Figure 4.5. Heatmap showing the top enrichment clusters, one row per group, using a
colour scale to represent statistical significance. Gray colour indicates a lack of

significance.

In addition, proteomaps clustering the differentially expressed proteins
according to their Genes and Genomes KEGG pathway annotations (Figure
4.6), reported discrete differences between both groups. Despite the results
should be taken with caution, R group seem to be characterized by higher

levels of metabolic proteins than NR.
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Figure 4.6. Proteomaps that showed the functional differences between R (left) and NR

(right) to immunotherapy. Each polygon corresponds to a single KEGG pathway, and

its size correlates with the ratio between both groups.

3.4 ldentification and development of a model that enables the
prediction of response to pembrolizumab.

To develop a model that allows us to predict immunotherapy response

we selected the DEPs (n=66) with a tight p-value (p-value <0.01) between R

and NR patients. Thirty-six of these proteins were more expressed in the R

group, while 30 were more expressed in the NR group, performing a good

discrimination between both groups (Figure 4.7).
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Figure 4.7. (A) Heat-map of differentially expressed proteins at baseline. (B) PCA
analysis showing the separation of samples from responders (blue) and non-responders
(vellow) to pembrolizumab therapy according the 66 DEPs found by LC-MS/MS

analysis.

Then, we aimed to create a proteome signature that could accurately
distinguish between these patient groups with a minimal number of proteins
using stepwise forward variable selection method based on AIC. Thus, a
predictive model composed of 7 proteins was selected to effectively
discriminate R and NR. Of these 7 selected proteins, 5 of them were more
expressed in NR group and 2 of them were more expressed in the R group.
The characteristics of the selected proteins are specified in table 4.2.
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Table 4.2. Characteristics of the 7 proteins that allow us to predict immunotherapy

response in advanced NSCLC patients.

Protei
' rotein and Name Gene Up or
Uniprot reference Down
S in beta chai -
SPTN2_O15020 peetrin beta chain, non SPTBN2  Up
erythrocytic 2
Geranylgeranyl transferase type-2
PGTA_Q92696 ; RABGGTA Up
subunit alpha
Filamin A-interacting protein 1-
FIL1L_Q4L180 ik FILIP1L Down
e
ATGIA_Q723C6  Autophagy-related protein 9A ATGYA Down
LZTL1_QINQ4S Leucin§ zipper t.ranscription L7TIA Down
factor-like protein 1
HPS5_Q9UPZ3 BLOC-2 complex member HPS5 ~ HPS5 Down
DCDC2_ QIUHGO Doublecortin domain-containing DCDC2 Down

protein 2

Single proteins showed a good discriminatory power to distinguish
responders to non-responders (AUC= 0.72-0.78). In addition, in ROC
analyses their combination showed a high AUC (AUC= 1). (Figure 4.8), in

contrast with the results obtained with the PD-L1 expression on tumour tissue

(AUC= 0.638). PD-L1 expression showed a lower predictive value than our

proteins and their combination (Figure 4.8C).
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Figure 4.8. (A) Volcano plot showing the 7 proteins of our predictive model. (B) ROCs
curves of each protein and the combination in the discovery cohort. (C) ROC curve
analyses of the PD-L1 expression on tumour tissue. Abbreviations: AUC, area under the

curve; FC, foldchange.

Next, an internal validation was performed using an additional cohort of
16 NSCLC patients (Table 4.1), from whom blood samples were collected in
EDTA tubes instead CellSave tubes but analysed with the same methodology
than the discovery cohort. The protein levels of our proteomic signature were
analysed between R (n=10) and NR (n=6). No significant differences were
found between both groups, likely due to the small size of the cohort.
Nevertheless, ROC analyses were conducted to combine the 7 proteins of the
model, which showed a perfect discrimination rate (AUC=1) in the validation
cohort (Figure 4.9).
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Validation cohort: Proteins model ROC Analysis
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Figure 4.9. ROC curves of each protein and the combination in the validation cohort.

3.5 The proteome signature was associated with progression
free survival and overall survival in NSCLC patients.

To explore the prognostic significance of the 7 selected proteins, we
investigated their expression levels in association with PFS and OS in our
global cohort. Kaplan-Meier curve analysis showed that low levels of ATGOA
and high levels of SPTN2 were significantly associated with longer PFS (log-
rank p < 0.001 and log rank p = 0.017 for ATG9A and SPTN2, respectively)
in NSCLC patients. Additionally, low levels of HPS5 showed a trend towards
being associated with longer PFS (log-rank p =0.054) and were significantly
associated with longer OS (log-rank p <0.001). Low expression levels of
DCDC2 were also significantly associated with longer OS in our global cohort
(log-rank p <0.01) (Figure 4.10). No association with the patients’ survival
was found for the proteins PGTA, FIL1L, and LZTL1.
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Figure 4.10. Kaplan-Meier survival analysis of ATG9A, SPTN2, HPS5 and DCDC2
proteins levels at baseline. Kaplan-Meier plots of PFS (A-C) and OS (D-E) showed
significant associations between proteins levels before start therapy and prognosis in
metastatic NSCLC under immunotherapy regimens.

3.6 Dynamics of the Proteome Signature during
pembrolizumab therapy

Next, 107 plasma samples collected at different time points were
analysed to investigate whether our protein model undergoes changes during

immunotherapy treatment. A total of 46 samples were analysed at 6 weeks, 36
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at 12 weeks, and 25 at the time of disease progression. The results obtained
showed that proteins levels did not show significant changes during different
time points of the immunotherapy regimen, neither in the overall cohort nor

when separated by response groups (Figure 4.11).
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Figure 4.11. Protein levels ATG9A, DCDC2, FIL1L, HPS5, LZTL1, PGTA and SPTN2
were measured at different time points during the immunotherapy regimen.

Abbreviations: PD, progtession of disease.

ROC curves analyses at 6 weeks and at 12 weeks were also performed.
In all time points, our model allows us to predict therapy response with an
AUC >0.70. Importantly, at 12 weeks after start therapy, a good
discriminatory rate was found (AUC=0.935) (Figure 4.12), suggesting the
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potential value of the model to determine the response to immunotherapy also

during the treatment.
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Figure 4.12. ROC analyses with the protein model at different time points during the

immunotherapy regimen (at 6 weeks and at 12 weeks after start therapy).

4. DISCUSSION

Immunotherapy, in particular ICIs, have improved survival rates in
cancer patients, including those with NSCLC. However, it remains unclear
how to select those patients who will respond to this therapy. PD-L1
expression on tumour tissue has been reported as a possible biomarker, but
some patients without PD-L1 expression also respond to ICls (381,382).
TMB, which refers to the number of somatic mutations in tumours, has
recently emerged as another possible biomarker in the immunotherapy field.
Nevertheless, there are several challenges for clinical implementation of
TMB, especially in standardizing detection methods and appropriate
thresholds by tumour type (383,384). MSI, wusually based on
immunohistochemistry analyses for four mismatch repair proteins, may

represent a novel biomarker to select patients who will benefit from ICls
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therapy in several cancer types (70); however, this alteration is scarcely
present in lung cancer (385). The search for new predictive and prognostic
biomarkers for ICI therapies will improve patient selection. Proteomics, the
study of the entire set of proteins expressed in a cell, tissue, or individual, has
become an important field in molecular sciences, as it provides valuable
information on the identity, expression levels, and modification of proteins
(386). In this work, we hypothesized that plasma proteome analyses could
have predictive and prognostic value in newly diagnosed NSCLC patients who
started pembrolizumab therapy. We employed SWATH-MS, a new
technology that allows detection of tens of thousands of peptides in a single
injection and enables identification and quantification of circulating proteins.
Previously, several studies in breast (387), bladder (388), and endometrial
cancer patients (389), among others, have shown the potential of this emerging
technology.

Importantly, our study apport a dataset that might serve the scientific
community as a resource of clinical proteomic data in lung cancer samples,

previously reported in melanoma (390) and ovarian cancer (391,392).

More importantly, the analyses had allowed us to identify 324 DEPs
between R and NR, showing the potential value of proteomic analysis to
identify differences between both groups. Previously our group has employed
the methodology here described to study the red blood cells population
proteome in breast cancer patients (393). A similar study focuses on breast
cancer reported that this approach was useful to determine DEPs in serum
samples associated with the response to neoadjuvant chemotherapy. The
authors of this study described three proteins specially correlated with

resistance to this therapy (387). Some other studies focused on melanoma
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patients, also reported the potential of proteomic technologies to identify

DEPs and predict therapy response in tissue (390) and plasma samples (365).

Regarding the enrichment analyses of biological functions and pathways,
and even though the results should be interpreted with caution, we observed a
high degree of variability in GO processes among the 324 DEPs between R
and NR groups, indicating the significant heterogeneity present in the plasma
samples. These samples can reflect both individual characteristics and tumour
features, as well as the tumour microenvironment (394). Next, comparing both
groups, we found that the process involved in immune system was enriched
exclusively in R, as expected given the known role of the immune system in
response to ICI therapies. More analyses should be performed to confirm these
results. In KEGG pathways, R appear to have higher levels of metabolic
proteins than NR patients, but caution should be exercised when interpreting
the results due to the lack of statistical significance. Nevertheless, our findings
are consistent with those of Harel et al. (390) in their study of melanoma
patients. Their research aimed to investigate why most cancer patients do not
respond to immunotherapy by profiling the proteome of tumour tissue samples
from advanced melanoma patients undergoing either TIL-based or anti-PD1
immunotherapy. They found 414 DEPs and 636 DEPs between responder and
non-responder patients in the TIL and anti-PD1 immunotherapy cohort,
respectively. Pathway analyses revealed that responders had higher oxidative
phosphorylation and lipid metabolism, which increases melanoma
immunogenicity and sensitivity to T cell-mediated killing. These findings
suggest that the metabolic state of melanoma may play a role in the response
to immunotherapy and could lead to improved therapeutic responses in the

future. A similar process may be occurring in our NSCLC patients.
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Next, a predictive model to identify proteins that can be associated with
the response to immunotherapy treatment was developed, showing that the
combination of 7 proteins can predict the response to immunotherapy with
high sensitivity and specificity, in a discovery cohort and, in addition, in a
validation cohort. Regarding the proteins, five of them were more expressed
in NR than R group: ATG9A, DCDC2, HPS5, FIL1L and LZTL1. The
ATGYA protein is a transmembrane protein that plays an important role in the
formation and regulation of autophagosomes, which are cellular structures
involved in the process of autophagy. This protein is localized on the
membranes of the endoplasmic reticulum and Golgi (395). A recent study
characterizes novel functions of ATG9A as component of a TNF-induced cell
death checkpoint (396). DCDC2 is a protein expressed in the brain that has
been linked to the development of cognitive skills such as reading and
language processing. DCDC2 has been found to be localized to the cilia of
neurons in the developing brain, where is involved in the control of
ciliogenesis and ciliary length (397,398). In addition, DCDC2 seems to play a
role in the inhibition of canonical Wnt signaling pathway (399). HPS5 is a
protein that plays a crucial role in the biogenesis and function of lysosome-
related organelle and may be involved in the regulation of general functions
of integrins (400). On the other side FIL1L is a protein that acts as a regulator
of the antiangiogenic activity on endothelial cells. The overexpression in
endothelial cells leads to inhibition of cell proliferation and migration and
increase in apoptosis (401). In oncology field, FIL1L has been previously
reported as a protein downregulated in ovarian cancer (402). LZTL1 regulates
ciliary localization of the BBSome complex (403) and may have tumour

suppressor function in several primary cancer types (404).
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In another hand, PGTA and SPTN2, showed higher levels in R than NR
group in our study. Both proteins have been less explored. Regarding PGTA
it is believed to play a role as catalytic protein (405). In contrast, SPTN2

probably plays an important role in neuronal membrane skeleton.

To our knowledge, this is the first time that these proteins have been
associated with immunotherapy response in NSCLC patients.

Importantly, our proteomic signature (considering the combination of the
7 proteins or the use of single proteins) showed a stronger value to predict
immunotherapy response than the actual biomarker, the PD-L1 expression in
tumour tissue. Hence, the proposed model could be useful to select which
patients can be treated with immunotherapy, and in which patients, an
alternative therapy should be considered. In addition, survival analyses
showed that low levels of ATG9A, DCDC2, and HPS5 were associated with
longer PFS or OS rates, while low levels of SPTN2 were significantly
associated with worse OS.

In another hand, longitudinal samples were analysed in the global cohort
to investigate the value of the predictive model during immunotherapy.
Although no significant differences were found between the R and NR groups
during therapy, ROC analyses at 6 and 12 weeks showed a good
discriminatory rate between the two groups. The determination at 6 weeks
could assist clinicians in detecting an early response to therapy in NSCLC
patients or in cases where sample extraction was not possible at baseline.
Interestingly, at 12 weeks a higher AUC was found with our model, which
could help clinicians determine treatment response in cases where patients

experience pseudoprogressions through imaging techniques (406), suggesting
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the possibility to use in a complementary manner both approaches during ICls
therapies. However, it's important to note that larger studies should be

conducted to provide a more detailed and conclusive interpretation.

Finally, some limitations should be considered in the present study. First,
a validation cohort with more patients should be employed to confirm the
predictive value of our model and their utility during immunotherapy. Next,
to implement a technology based on quantifying the 7 protein levels into
clinical routine, a simpler approach such as an ELISA assay would be more
appropriate. Thus, an analytical validation employing an ELISA assay should
be performed.

In summary, the results derived from Chapter IV of this thesis confirmed
that circulating proteins can be used as predictive and prognostic biomarkers
in patients with metastatic NSCLC and allow us to detect a proteomic
signature of 7 proteins (ATG9A, HPS5, DCDC2, PGTA, FIL1L, LZTL1, and
SPTNZ2) which enables the selection of those patients who will benefit from
anti-PD1 immunotherapy.
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The term “Cancer” englobes more than 200 different types of disease
which are characterised by uncontrolled growth and spread of abnormal cells.
Nowadays, cancer remains to be a top cause of mortality worldwide, second
only to cardiovascular diseases (407). In Spain, it is estimated that 112,000
deaths in 2020 were due to solid tumours. Unfortunately, and despite
numerous advances in early cancer diagnosis, new therapies and better
patients’ management, the future numbers are not expected to be better. By
2040, it is estimated more than 159,000 deaths in Spain and 16.1 million
deaths worldwide (an increment of 39% regarding the 6.3 million deaths in
2020 worldwide) (408). In the last few years, numerous social campaigns
around the world have highlighted the importance of cancer research, as
critical in the fight against this devastating disease. A better understanding of
the disease and the mechanisms behind its progression can lead to improved
early detection and higher survival rates. In addition, improving the quality of
life for those who have already been diagnosed with cancer, by finding ways
to manage the side effects of treatments and refining therapy selection is an

important challenge.

In recent years, precision medicine is becoming increasingly important
in the fight against cancer, having the potential to lead to better diagnoses,
improve therapies selection, and ultimately, higher survival rates. Precision
medicine is an evolving field that combines the latest advancements in genetic
research and technology to create targeted and personalised treatment plans

for each patient. The goal is to provide the most effective and least toxic
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treatments, while reducing the risk of side effects as it has the potential to
revolutionise the way that patients are diagnosed and treated (409). In this
context, as we extensively described in the present manuscript, liquid biopsy
provides a non-invasive way to obtain information about genetic makeup and
the specific molecular alterations characterizing the tumours. This information
can then be used to create a personalised treatment plan for each patient as
well as monitoring the disease in a non-invasive way. By combining the
principles of precision medicine with the latest advancements in liquid biopsy
technology, professionals can work towards providing the most effective and
least toxic treatments for each patient. As a matter of fact, in the last 20 years,
there have been numerous research works exploring the potential of liquid
biopsy to reach precision medicine. Figure 25 shows the increasing number of
publications published per year, in PubMed, containing the terms “precision

medicine” and “liquid biopsy”.
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Figure 25. Number of publications per year containing the terms “precision medicine”
and “liquid biopsy” in PubMed between 2012 and 2022.
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In 2018, a blood test named CancerSEEK highlighted the importance of
using liquid biopsy samples in cancer screening (410). Indeed, the test showed
potential value to early detection of eight common cancer types through
assessment of the levels of circulating proteins and mutations in cfDNA. In
agreement, numerous studies have reported in the last years the potential value
of different liquid biopsy components to guide treatment decisions, monitor
disease progression, detect minimal residual disease and predict recurrence
(411).

The present thesis focuses on advanced lung cancer patients, the leading
cause of death among solid tumours worldwide. The value of different liquid
biopsy components (ctDNA, CTCs, total cfDNA and circulating proteins) to
improve the management of these patients was further investigated. Overall,
250 lung cancer patients were enrolled in the current thesis. Figure 26 showed

the 250 patients subdivided according to lung cancer type, and treatment

regimen.
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Figure 26. Sankey diagram showing the total lung cancer patients included in the present
thesis, subdivided by lung cancer type, stage and therapy.
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NSCLC serves as a prime example of the move towards precision
medicine in cancer treatment. Fortunately, nowadays there are numerous
options and treatments available for the management of NSCLC patients.
Although some blood-based technologies have been already approved by the
FDA to guide the therapy selection (see Introduction section, point 2), the
prioritization of the most helpful for each case is not always clear. In the
present thesis, one of the first objectives was to investigate and select the more
accurate liquid biopsy-based technology to choose those patients that will
benefit from EGFR and MET inhibitors. Despite ctDNA can be found in a
variety of fluids, including urine, peritoneal fluid or cerebrospinal fluids (CSF)
(412-414), plasma remains the preferred source (415). Thus, two different
platforms to analyse specific mutations in ctDNA derived from blood samples
were studied (CHAPTER I).

In CHAPTER I.A, advanced NSCLC patients were analysed by Idylla™
technology, a qPCR-based method, to detect EGFR mutations in plasma
samples. In contrast, a ddPCR-based method was employed in CHAPTER 1.B
to detect MET amplification.

It is well known that the sensibility of a gPCR method such as Idylla™
technology, is lower than other technologies such as ddPCR or some NGS
approaches (154). Nevertheless, we hypothesised that, in some cases, a qPCR
determination can be useful and present the advantage to be more rapid and
simple than other approaches. Results obtained in the first chapter of this
thesis showed a good overall concordance with NGS method (93.3%) or
BEAMIing technology (88.9%) in our cohort of metastatic cancer patients,
demonstrating its utility to have a fast and accurate results to genotype the

tumour despite the lowest sensitivity. Therefore, our results demonstrate that
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Idylla™ technology represents an alternative to the classic gPCR or ddPCR to
determine the EGFR status in NSCLC patients, always considering its
limitation for detecting ctDNA presence in tumours low cfDNA shedders,
since cases below 0.5% of VAFs were found as false negatives in our study.
Thus, the EGFR characterization on cfDNA in patients with low tumour
burden (146) or metastasis located only in brain, which release lower DNA
amount, should be attempted with a high-sensitive technology such as the
ddPCR. Also, in cases where the input of cfDNA is low the preference should
be the most sensitive technology. Our results incise on the importance of
standardising the method for the ctDNA genotyping and pointed out to the use
of the gPCR assay as a first EGFR screen to avoid costs and long result-times.
In addition, thanks to the simple workflow that Idylla™ technology offers, it

can be easily implemented into clinical routine.

In CHAPTER 1.B, blood samples of NSCLC patients were analysed in
order to detect MET amplification, an alteration associated with acquired
resistance to EGFR inhibitors (416). In this case, due to the detection of CNA
needs higher sensitivity and sensibility than a g°PCR method, a ddPCR blood-
based test was developed. High detection rate of MET amplification was found
in patients with high cfDNA levels suggesting that those patients who present
high tumour burden and, in addition, who received several lines of TKIs are
likely to present MET amplification, so they are good candidates to make the
MET assessment in cfDNA looking for therapy alternatives. Importantly the
ddPCR assay employed in the present thesis can represents a transversal

clinical tool as it can be applied in different tumour types.

Thus, in the first chapter of this thesis (CHAPTER I.A and 1.B), we
showed the utility of two different blood-based technologies to detect ctDNA
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alterations: a qPCR method to detect EGFR mutations and ddPCR to detect
MET amplification. These minimally invasive determinations can help to
make important therapeutic decisions. Idylla™ assay could be employed as a
first screen in metastatic NSCLC patients to select who will benefit from TKI
based therapies and to monitor tumour evolution. In the case of MET
amplification, ddPCR method represents the most sensitive strategy to
identify this resistance mechanism against the activity of EGFR inhibitors in
patients who have undergone several lines of treatment. In both cases, blood-
based technologies allow to detect clinically relevant alterations in non-
invasive samples and provide a more complete image of the disease, since

information from metastatic locations is also evaluated with both strategies.

However, although gPCR and ddPCR methods allowed us to detect
specific mutations in ctDNA of blood samples, one limitation of these
techniques is the requirement of previous information about the tumour and
the mutations characterising this tumour. For this reason, PCR-based
techniques to interrogate ctDNA are commonly employed to select targeted
therapies or detect mutations associated with resistance in clinical context
where these mutations are clearly defined. Thus, the lack of clear driver genes
or a high genetic heterogeneity make more difficult the clinical translation of
the ctDNA assessment in some tumours, including for example SCLC. To face
this limitation, in the present thesis we wanted to explore the possible clinical
interest of quantifying total cfDNA levels in advanced lung cancer patients as
a simpler and cost-effective analysis than ctDNA determination. CfDNA is
released into the bloodstream through apoptosis or necrosis (among other
mechanisms; see Introduction section, point 2 to expand the information) of

both normal and tumour cells. cfDNA from normal cells is found in plasma at
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low levels (347). In contrast, tumour cell turnover is higher than that of normal
tissue, therefore, cancer patients tend to have higher total amounts of cfDNA
than healthy patients (347).

In CHAPTER Il and CHAPTER 11, the total cfDNA levels in advanced
NSCLC and SCLC patients were quantified using a g°PCR-based method. As
result, we validated a simple blood-based gPCR tool that allowed us to
quantify total cfDNA levels with high sensitivity and specificity and
discriminated cancer patients from healthy controls. Interestingly, some
studies similar to our approach, reported a good discrimination between
melanoma patients (stage Il and 1V) and healthy controls based on cfDNA
levels quantification by Qubit method (AUC=0.72) (417). Similar results were
also obtained among bladder cancer patients and healthy controls (418)
interrogating cfDNA content. In concordance with bibliography, results
derived from this thesis reported that total cfDNA levels (based on the
detection of hTERT gene) from lung cancer patients (both advanced NSCLC
and SCLC patients) were higher than cfDNA levels in a control population
cohort, showing a good discriminatory power (AUC=0.88) (Figure 27).
Moreover, in SCLC patients cfDNA levels were higher than in NSCLC
patients, in concordance with the aggressiveness that characterized this lung

cancer type.
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Figure 27. Total cfDNA levels in lung cancer patients and healthy controls. (A) Boxplot
of cfDNA levels in NSCLC, SCLC, and healthy controls (Mann-Whitney test). (B) ROC
showing the discriminatory value of cfDNA levels to discriminate against lung cancer
patients versus healthy controls (AUC=0.8885).

In both lung cancer types high cfDNA levels before therapy onset were
determined as a negative prognostic factor in terms of PFS and OS in NSCLC
patients treated with immunotherapy and in SCLC patients treated with
immunotherapy or immunotherapy in combination with chemotherapy.
According to our results, several studies have reported high cfDNA levels as
a negative prognostic factor in other cancer types such as melanoma
(417,419), colorectal (420), prostate (421) and bladder cancer (418),
confirming the interest of quantify total cfDNA levels independently of the
value of the ctDNA assessment.

In addition, we reported that cFDNA dynamics provides predictive and
prognostic information in both NSCLC patients under immunotherapy
treatment and SCLC under immunotherapy or chemotherapy regimen. In the
first case, we described a prognostic and predictive value of cfDNA levels 12

weeks after therapy onset. In SCLC, cfDNA levels analysed 3 weeks after the
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therapy administration had a prognostic role. The early results obtained in
SCLC patients could suggest that due to the aggressiveness of this subtype,
molecular changes can be detected earlier than in NSCLC. Results derived
from this thesis are in accordance with a recent study, where quantitative
changes in cfDNA values between baseline and time of radiological
evaluation correlated with responses to therapy and relapse of disease in
treatment-naive patients with advanced NSCLC undergoing TKIs- and
immunotherapy-based treatments (422). Another study showed the potential
utility of quantifying cfDNA levels at 4 weeks. Indeed, elevated cfDNA levels
at 4 weeks were reported as a negative prognostic factor for OS in metastatic
castration-resistant prostate cancer treated with androgen receptor pathway
inhibitor (421).

Together with c¢fDNA, CTCs constitute the main liquid biopsy
biomarkers employed in the oncology field. CTCs can be shed from primary
tumour tissue or different metastatic localizations, travel into the blood to
future metastatic sites and represent a good option to capture the tumour
heterogeneity in metastatic lung cancer patients (423). Moreover, several
studies have shown that CTC numbers may serve as useful predictive markers
of recurrence and survival in patients with solid tumours, including NSCLC
(333,424). However, the widespread adoption of CTCs in routine clinical
practice will require strong evidence of their analytic validity, clinical validity,
and most importantly, their clinical utility (425,426). In NSCLC, the number
of CTCs detected in the blood is usually low, around 1-10 cells. Some studies
suggest that this low number can be due to CTCs in NSCLC may be under an
EMT (427), therefore, finding a good platform that enables detection of all

types of CTCs remains to be a challenge.
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Taking this context in mind, in CHAPTER 1.B and CHAPTER I, two
different platforms were compared to investigate the best CTC isolation
method in NSCLC patients: Parsortix system (Angle, Germany), a size-based
method and, CellSearch® system (Menarini, Bologna, Italy) an EpCAM-
dependent method (Figure 28). In concordance with bibliography, results
derived from these chapters do not allow to define which platform is the best,
since we obtained a high heterogeneity of the CTCs count determined with
both technologies among patients. In another hand, different assays to detect
the expression of MET and PD-L1 expression in CTCs were developed in both

systems.

lsO_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

100 CellSearch® i

50 o -

50 4 -

Number of CTCs/7.5 mL blood

100 - _ -
Parsortix

150+ -

Figure 28. CTCs detected in 36 NSCLC patients employing two different isolation
methods.

In addition, in CHAPTER 111, we employed the CellSearch® system to
detect CTCs in SCLC patients. Comparing the NSCLC cohort (from Chapter
I.B and Chapter I1) and SCLC cohort, we observed that in SCLC the number
of CTCs detected was significantly higher than in NSCLC patients, closely

310



Overall discussion

related to the higher stage and poorer prognosis of this tumour type (Figure
29). Indeed, in NSCLC 63.3% of patients did not present CTCs while in SCLC
only 14.3% of patients did not present any CTCs.
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Figure 29. CTCs detected in NSCLC and SCLC cohotts using the CellSearch® system.
SCLC patients presented statistically higher number of CTCs than NSCLC patients (p-
value <0.001; Mann-Whitney test).

Survival analyses were performed in both subtypes to predict the
prognostic role of CTCs in NSCLC under immunotherapy (n=30) and in
SCLC under chemotherapy (n=21). Comparing both cohorts, very different
cut-offs (=1 CTCs in NSCLC patients and >150 CTCs in SCLC) at baseline
were employed, due again to the higher aggressiveness that characterized to
SCLC. The presence of CTCs has been associated with worse PFS and OS in
NSCLC under immunotherapy regimens (n=30) and multivariate analyses
showed their independence value. In contrast, in SCLC the prognostic role of
CTCs was less clear. A discrete association between high CTCs levels and

PFS was found but multivariate analyses did not show their independent value.
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The results derived from these chapters suggest that epithelial CTCs play a
more important role in advanced NSCLC patients in contrast with SCLC. A
possible explanation could be related to the EMT. It’s important to keep in
mind that both in NSCLC and SCLC cohort, we detected CTCs with an
epithelial phenotype. However, some CTCs could be not detected due to a
more mesenchymal phenotype, correlated in some studies with poor clinical
outcomes (428). In our cohort of SCLC patients, the faint prognostic impact
found suggests than in this cancer type, mesenchymal CTCs could have a

principal role in tumour evolution.

In another hand, in CHAPTER Il and CHAPTER III, we evaluated the
prognostic role of combining CTCs, cfDNA levels and clinical characteristics.
We can conclude that the combination of CTCs and cfDNA in NSCLC or
cfDNA and clinical variables in SCLC, represents a powerful tool for cancer
management, offering valuable information for treatment decision-making
and predicting patient outcomes in lung cancer patients, previously described
in breast cancer (429) and bladder cancer (430) among others. Multimodality
approaches, incorporating several components as those employed in the
present thesis, seem to be the correct direction to reach a personalised

medicine.

Last but not least, in CHAPTER IV, we characterize other liquid biopsy
components, circulating proteins, showing their potential utility to select who
patients will benefit from immunotherapy and which regimen is the most
appropriated. Several benefits of using circulating proteins over CTCs and
cfDNA have been proposed in the field of cancer research. Firstly, circulating
proteins are typically easier to measure, makes them a more accessible and

cost-effective biomarker for clinical use (431). In addition, circulating
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proteins can provide information about the microenvironment surrounding the
tumour, such as the immune response and inflammatory state, which may have
important implications for treatment response and patient outcomes
(387,432,433).

In our study we made a deep characterization of the plasma proteome of
NSCLC patients receiving immunotherapy. The results obtained confirmed
that circulating proteins can be useful as predictive and prognostic biomarkers
in metastatic NSCLC patients and allowed us to identify a proteomic signature
with promising value to select who patients will benefit most from
immunotherapy regimens. Finally, a proteomic model consisting of 7 proteins
was developed, which enables the prediction of immunotherapy response
before the start of therapy and at 6 and 12 weeks after starting pembrolizumab

therapy.

To sum up, metastatic lung cancer is a complex and heterogeneous
disease that requires a multidisciplinary approach for its diagnosis and
management. Omics, including genomics, and proteomics are powerful tools
for identifying biomarkers and therapeutic targets in cancer. Furthermore,
liquid biopsy, which involves the analysis of CTCs, cfDNA and molecules in
the blood, has emerged as a non-invasive and highly sensitive tool for the
detection of cancer and monitoring treatment response, where each component
provides unigue information about the tumour and its microenvironment. The
combination of these liquid biopsy markers with omics technologies and
importantly, with clinical data, such as patient history and imaging, offers a
powerful approach for understanding the complexity of metastatic lung cancer

and developing personalized treatment strategies.
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Based on the results of this thesis, we can conclude that the use of
different liquid biopsy components along with clinical characteristics can help
identify the most suitable therapy for each lung cancer patient, leading to
precision medicine. Given the differences between individuals and the
heterogeneity of lung cancer, liquid biopsy components, alone or in
combination, can provide a comprehensive analysis of the cancer disease,
leading to improved patient outcomes. A single blood sample is a powerful
tool that enables us to gain a better understanding of lung cancer and anticipate
cancer evasion mechanisms, thereby improving survival times in patients with
metastatic lung cancer. Nevertheless, some limitations should be considered.
Firstly, larger cohort studies should be conducted to validate the results
obtained in the present thesis, particularly in the cohorts where CTC
populations were analysed. Secondly, alternative markers in Parsortix assays
should be considered to detect mesenchymal CTC populations to draw more
conclusive results about CTC phenotype. Additionally, other clinical
parameters, such as a more comprehensive quantification of image analyses

in patient cohorts, could provide informative data.

Finally, it is important to emphasize that our results have enabled us to
standardize and validate analysis strategies that currently serve as a genuinely
useful diagnostic tool in the clinical practice of our hospital. Additionally, we
have identified a new predictive signature using a poorly explored technology
that opens the door to new studies in this area. These discovery holds great
promise for future research in advanced lung cancer, as it opens up avenues
for larger-scale validation studies and provides a cornerstone towards the
ultimate goal of precision medicine. Ongoing studies are being conducted to

validate the biomarkers found, with the aim of improving survival rates for
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those affected by this disease and paving the way for more effective,
personalized treatments. We remain optimistic about the potential of this work
and look forward to the advancements it will bring in the fight against lung

cancer.

As a conclusion of this thesis project, we have demonstrated that the
analysis of different liquid biopsy components can predict therapy response
and improve patients’ outcomes in both NSCLC and SCLC, underscoring the
importance of including this approach in the standard clinical practice.
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Overall, results obtained in our work provided relevant information to
standardize new protocols to study different circulating biomarkers and
demonstrated their potential to help clinicians in therapy decision making and
the follow-up of lung cancer patients. The main conclusions drawn from the

current PhD thesis research are summarized below.

1. Idylla™ ctEGFR Mutation Assay showed a good concordance with the
ddPCR or BEAMing assays in advanced NSCLC patients with VAFs > 0.5%.
These results support the use of this gPCR-based assay as a screen tool to
detect EGFR mutations and guide treatment with TKIs.

2. We established specific and non-invasive assays to monitor MET status in
cfDNA/CTCs and demonstrated its utility as a biomarker for monitoring the

appearance of resistance to anti-EGFR therapy in advanced NSCLC patients.

3. Two efficient strategies (EpCAM dependent and independent) to monitor
PD-L1 expression on CTCs from patients with advanced NSCLC were
developed, however the detection of CTCs PD-L1*, lacked predictive and

prognostic significance.

4. Both baseline CTCs, and cfDNA levels, analysed independently, showed

prognostic value in metastatic NSCLC patients receiving pembrolizumab
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therapy. In addition, combined analysis of CTCs and cfDNA improved the

capacity to predict progression-free survival (PFS) rates.

5. The presence of high cfDNA levels in newly diagnosed SCLC patients was
associated with a poor evolution of the disease in terms of PFS and overall
survival (OS) rates.

6. We identified a model based on cfDNA levels, ECOG PS and the patients’
sex that has value in identifying SCLC patients who particularly benefit from

the treatment.

7. Extensive characterization of plasma circulating proteins in metastatic
NSCLC patients allowed us to identify a novel protein signature (including
ATG9A, DCDC2, HPS5, FIL1L, LZTL1, PGTA, and SPTNZ2) associated with
the response to immunotherapy.
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ANNEX 1: Index figures and tables

1. FIGURES INDEX

Resumen in extenso

Figura 1. Principales componentes de la biopsia liquida estudiados a lo largo de la
presente tesis.

Figura 2. Resumen gréafico del trabajo realizado en el CHAPTER IA. Abreviaturas:
NSCLC, del inglés non-small cell lung cancer, cancer de pulmén no microcitico;
ctDNA, del inglés circulating tumour DNA, ADN tumoral circulante; gPCR, PCR
cuantitativa.

Figura 3. Resumen gréfico del trabajo realizado en el CHAPTER IB. Abreviaturas:
ddPCR, del inglés digital droplet PCR, PCR digital; NSCLC, del inglés non-small
cell lung cancer, cancer de pulmoén no microcitico; ctDNA, del inglés circulating
tumour DNA, ADN tumoral circulante; CTCs, del inglés circulating tumour cells,
células tumorales circulantes; CN, del inglés copy number, nimero de copias.
Figura 4. Resumen gréfico del trabajo realizado en el CHAPTER II. Abreviaturas:
NSCLC, del inglés non-small cell lung cancer, cancer de pulmén no microcitico;
cfDNA, del inglés circulanting free DNA, ADN libre circulante; CTCs, del inglés
circulating tumour cells, células tumorales circulantes; gPCR, PCR cuantitativa.
Figura 5. Resumen gréafico del trabajo realizado en el CHAPTER I1l. Abreviaturas:
SCLC, del inglés small cell lung cancer, cancer de pulmon microcitico; cfDNA, del
inglés circulanting free DNA, DNA libre circulante; CTCs, del inglés circulating
tumour cells, células tumorales circulantes; gPCR, PCR cuantitativa; ECOG PS, del
inglés Eastern Cooperative Oncology Group Performance Status.

Figura 6. Resumen gréfico del trabajo realizado en el CHAPTER IV. Abreviaturas:

NSCLC, del inglés non-small cell lung cancer, cancer de pulmén no microcitico.
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Resumo in extenso

Figura 7. Principais compofientes da biopsia liquida estudados ao longo da presente
tese.

Figura 8. Resumo gréfico do traballo realizado no CHAPTER IA. Abreviaturas:
NSCLC, do inglés non-small cell lung cancer, cancro de pulmén non microcitico;
ctDNA, do inglés circulating tumour DNA, ADN tumoral circulante; gPCR, PCR
cuantitativa.

Figura 9. Resumo grafico do traballo realizado no CHAPTER IB. Abreviaturas:
ddPCR, do inglés digital droplet PCR, PCR dixital; NSCLC, do inglés non-small cell
lung cancer, cancro de pulmoén non microcitico; ctDNA, do inglés circulating tumour
DNA, ADN tumoral circulante; CTCs, do inglés circulating tumour cells, células
tumorales circulantes; CN, do inglés copy number, nimero de copias.

Figura 10. Resumo grafico do traballo realizado no CHAPTER Il. Abreviaturas:
NSCLC, do inglés non-small cell lung cancer, cancro de pulmén non microcitico;
cfDNA, do inglés circulanting free DNA, ADN libre circulante; CTCs, do inglés
circulating tumour cells, células tumorales circulantes; gPCR, PCR cuantitativa.
Figura 11. Resumo grafico do traballo realizado no CHAPTER IlI. Abreviaturas:
SCLC, do inglés small cell lung cancer, cancro de pulmén microcitico; cfDNA, do
inglés circulanting free DNA, ADN libre circulante; CTCs, do inglés circulating
tumour cells, células tumorales circulantes; gPCR, PCR cuantitativa; ECOG PS, do
inglés Eastern Cooperative Oncology Group Performance Status.

Figura 12. Resumo grafico do traballo realizado no CHAPTER IV. Abreviaturas:

NSCLC, do inglés non-small cell lung cancer, cancro de pulmén non microcitico.

Introduction

Figure 13. Distribution of cases and deaths for the top 3 most common cancers in
2020. Source: GLOBOCAN 2020.

Figure 14. Definitions for T, N and M components in lung cancer tumours.
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Figure 15. Molecular landscape of NSCLC. ADC is the most common subtype, with
about 50-60% of all NSCLC cases, followed by SCC (20-30%). Most prevalent
targetable mutations in ADC includes mutations in EGFR, ALK, RET, ROS1 and MET
among others. Adapted from Wang et al. (26)

Figure 16. Different mechanisms of anticancer therapies, including targeted
therapies, ICls and chemotherapy. Abbreviations: MHC, major histocompatibility
complex; TKI, tyrosine kinase inhibitor; TCR: T-cell receptor.

Figure 17. FDA-approved targeted therapies for the treatment of metastatic NSCLC
with alterations in EGFR, ALK, ROS1 and BRAF genes.

Figure 18. Possible origin of both lung cancer subtypes and transformation of NSCLC
adenocarcinoma to SCLC. Adapted from Boumahdi et al. (43).

Figure 19. FDA-approved immunotherapy drugs for the treatment of metastatic
NSCLC without alterations in EGFR, ALK, ROS1 or BRAF genes.

Figure 20. FDA-approved therapies for the treatment of ED-SCLC in 1% line.
Figure 21. Tissue biopsy versus liquid biopsy: comparison of the advantages and
limitations (Mondelo-Macia et al., 2021. Biomedicines).

Figure 22. Mechanisms involved in the release of circulating free DNA. (Mondelo-
Macia et al., 2021. JPM).

Figure 23. Potential clinical applications of ctDNA in lung cancer patients. (A) Range
of alterations in circulating free DNA. (B) Applications of ctDNA analysis during the
course of the disease management. (Mondelo-Macia et al., 2021. Biomedicines).
Figure 24. Different strategies for circulating tumour cells enrichment and detection.

CHAPTERIA

Figure 1.1. EGFR status in NSCLC patients using the Idylla™ EGFR Mutation
Assay. (A) Study scheme. (B) Proportion of patients with EGFR alterations or WT in
total 53 plasma samples. Abbreviations: WT: wild type.

Figure 1.2. Comparison between tissue samples and blood samples analyzed by
Idylla™. (A) Concordance between ctEGFR Idylla™ mutation assay in cfDNA and

Cobas® test in tissue in 39 patients. (B) Venn diagrams show the number of samples

365



PATRICIA MONDELO MACIA

that present Del.ex19 or L858R mutation in tissue sample and blood sample using
Idylla™ solution. Abbreviations: MUT: mutated; WT: wild type.

Figure 1.3. Comparison among BEAMing, AVENIO and IdyllaTM technologies. (A)
Concordance between BEAMing and Idylla™ assay in cfDNA samples (n=18). (B)
Concordance between NGS and Idylla™ assay in cfDNA samples (n=15). (C) Variant
allele frequencies (VAF) detected by BEAMIing or NGS panel versus Idylla™ ACq.
Red symbols represent discordant samples detected by BEAMing or NGS (n=3),
green symbols represent concordant samples detected by both technologies.
Abbreviations: MUT: mutated; WT: wild type; VAF, variant allele frequency.
Figure 1.4. Monitoring EGFR status in NSCLC patients using the ctEGFR Idylla™
mutation assay. Swimmer’ plot on monitored patients (n=10).

Figure 1.5. Evolution of cfDNA levels and EGFR L861Q mutations in patient D13
during Gefitinib treatment. The L86Q1 mutation appeared at progression disease,
which confirmed by image analyses. Abbreviations: SDi: stable disease; PD:
progression disease.

Figure 1.6. Evolution of cfDNA levels and EGFR L858R mutation in patient ID19
(A) and patient ID11 (B) during different TKIs treatment. Abbreviations: PD:
progression disease; SDi: stable disease.

CHAPTERIB

Figure 1.7. Signalling pathway of c-MET and HGF.

Figure 1.8. Study design for MET status assessment in cancer patients. CN: copy
number; CCLE: cancer cell line encyclopedia.

Figure 1.9. MET CN analysis. (A) Scatterplot representing correlation between MET
CN in cancer cell lines determined by ddPCR versus SNP array (n = 8) using
Pearson’s correlation. (B) Reproducibility of the MET CN determination by ddPCR.
We represented some examples (3 cancer cell lines). Abbreviations: CN, copy

number.
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Figure 1.10. (A) MET CN analysis. Plasma MET CN detected in healthy controls (n=
49), non-metastatic patients (n=34) and metastatic patients (n= 140). Differences were
analysed using the Mann-Whitney-Wilcoxon U-Test. (B) Correlation between cfDNA
levels and plasma MET CN in metastatic cancer patients (n= 140) using Pearson’s
correlation. Abbreviations: CN, copy number.

Figure 1.11. Plasma MET CN values in the different metastatic cancers included in

the study. Abbreviations: CN, copy number.

Figure 1.12. Comparison of MET CN status in tissue and cfDNA. (A) Distribution of
MET CN measured by ddPCR and FISH (the point larger indicates the discordant
value, whereas the horizontal and vertical dotted lines indicate cut-off points of
ddPCR and FISH, respectively). (B) Representative example of a negative case for
MET amplification obtained in a NSCLC patient by FISH. (C) Representative
example of a positive case for MET amplification obtained in a NSCLC patient by
FISH. Abbreviations: CN, copy number.

Figure 1.13. Evaluation of the enrichment capacity of CellSearch® and Parsortix
systems, using healthy blood spiked with cancer cell lines. (A) Percentage of spiked
tumor cancer cells captured using CellSearch® and Parsortix systems. p-value
<5x1073, in all comparisons between CellSearch® and Parsortix System in each cell
line using paired student t test. (B) Correlation between EPCaM mRNA expression
levels measured by Affymetrix microarrays and RNA-seq. LNCaP, NCI-N87, SNU-
5, and AU565 express EpCAM while Hs746T and C32 express low levels or do not
express EpCAM respectively. (C) Immunofluorescence characterization of EpCAM
in our cancer cell lines. Scale bar represents 100 pum.

Figure 1.14. Detection of c-MET expression using tumour cancer cells with the
CellSearch® and Parsortix systems (Figure A and B, respectively). Representative
images of c-MET expression scored on score 0 (cell line LNCaP), 1 (cell line AU565),
2 (cell line Hs746T) and 3 (cell line SNU-5).
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Figure 1.15. CTCs enumeration and c-MET expression in blood samples evaluated
by the CellSearch® (right panel) and Parsortix (left panel) systems. Distribution of c-
MET scores in CTCs from patients with NSCLC. Abbreviations: NT, not tested.
Figure 1.16. Timeline for the clinical course of patient id60. The blue and yellow

bars represent the treatments time frame, and the red drops indicate blood
collection time points. Percent mutant allelic frequency (L858R and T790M) and
MET CN for patient id60 are shown. Abbreviations: CN, copy number.

CHAPTERII

Figure 2.1 Study schema and monitoring of the patient cohort, including patient
enrolment and sample collection.

Figure 2.2. Correlation between cfDNA levels using Qubit method and gPCR assay
(Pearson correlation, R?= 0.79). Abbreviations: GE, genome equivalents.

Figure 2.3. Kaplan-Meier survival analysis of hTERT cfDNA levels at baseline.
Kaplan-Meier plots of progression-free survival (A) and overall survival (B).

Figure 2.4. hTERT cfDNA levels at different time points (baseline, 6 and 12 weeks).
No significant differences were found among any group (Wilcoxon test).
Abbreviations: GE, genomic equivalents.

Figure 2.5. hTERT cfDNA levels during pembrolizumab therapy and their association
with therapy response. (A) cfDNA levels at baseline according the response to
therapy. No significant associations were found (Wilcoxon test). (B) Clinical course
for patients during pembrolizumab treatment. Swimmer plots for each patient (n=50)
showing the levels of hnTERT cfDNA at baseline (yellow colour indicates high hTERT
cfDNA levels, and blue colour indicates low hTERT cfDNA levels). The total length
of each bar indicates the duration of survival from start of pembrolizumab treatment.
Left, squares are coloured according to the response based on RECIST1.1 criteria.
Abbreviations: GE, genome equivalents; CR, complete response; PR, partial

response; SDi, stable disease; PD, progression disease.
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Figure 2.6. hTERT cfDNA changes from baseline to 12 weeks. (A) hTERT cfDNA
concentrations for the two cfDNA patterns (increase/decrease at 12 weeks) and
showing the response to therapy. (B) Percentage of patients and median PFS for each
cfDNA pattern. (C) Proportion of patients with high and low levels baseline, 6 and 12
weeks. p-value was calculated by Fisher’s exact test. (D) Kaplan-Meier plot of
progression-free survival of the favourable/unfavourable changes at 12 weeks™.
Abbreviations: CR/PR, complete response/partial response SDi/PD, stable
disease/progression disease.

Figure 2.7. Immunofluorescence characterization of PD-L1 in cancer cell lines. We
used three lung cancer cell lines with different grade of PD-L1 expression (NCI-H460,
medium-high expression, NCI-H322, low-medium expression and A549, no
expression). Scale bar represents 100 um.

Figure 2.8. (A-B) Detection of PD-L1 expression after spiking cancer cells lines in
healthy blood and analyse them with the CellSearch® and Parsortix systems,
respectively and representative images of different grades of PD-L1 expression. NCI-
H460 stimulated with IFN-y shown high expression, NCI-H460 medium expression,
NCI-H322, low-medium expression and A549, no expression.

Figure 2.9. (A) Representative images of CTCs detected with the CellSearch® system
in patients with NSCLC. Samples were subjected to immunostaining with DAPI,
CD45 (APC), CKs (FLU) and PD-L1 (PE). (B) Representative images of CTCs
detected with the Parsortix system in patients with NSCLC. Samples were subjected
to immunostaining with DAPI, CD45 (AF647), CKs (AF488) and PD-L1 (PE).
Figure 2.10. Correlation of PD-L1 positivity between tumour tissues (by tumour
proportion scores) and CTCs with the CellSearch® (A) and Parsortix systems (B).
Figure 2.11. Correlation of PD-L1 positivity between tumour tissues (by tumour
proportion scores) and CTCs with the CellSearch® (A) and Parsortix systems (B).
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Figure 2.12. Kaplan—Meier survival analysis of CTCs at baseline. Kaplan—Meier
plots of PFS (A) and OS (B). (C) Comparison of the response to pembrolizumab based
on CTC detection using CellSearch®. p-value was calculated by Fisher’s exact test.
Figure 2.13. CTCs and hTERT cfDNA levels correlate with the prognosis of patients
with NSCLC treated with pembrolizumab and the response of therapy. (A) Kaplan-
Meier survival plot of progression-free survival based on the combination of cfDNA
and CTC levels at baseline. (B) Kaplan-Meier survival plot of overall survival based
on the combination of cfDNA and CTC levels at baseline. (C) Objective response rate
in patients with low cfDNA levels and undetectable CTCs (n=12) versus patients with
high cfDNA levels and undetectable CTCs or low cfDNA levels and detectable CTCs
or high cfDNA levels and detectable CTCs (n=18).

CHAPTERIII

Figure 3.1. Study sampling points and different cohorts included in the study.
Figure 3.2. Scatter plot representing correlation between cfDNA levels using Qubit
method and qPCR assay at different times of therapy (baseline, 3 weeks and
progression disease) using Pearson’s correlation method. A good correlation between
was found (R% =0.959). Abbreviations: GE, genomic equivalents.

Figure 3.3. CfDNA levels using two different approaches. (A-C) Total cfDNA levels
in healthy controls and patients with SCLC. Statistical analysis between both groups
was performed by the Mann—Whitney—Wilcoxon U-Test. (B-D) ROC curves for
gPCR assay (B) and Qubit method (D) show high sensitivity and specificity.
Abbreviations: GE, genomic equivalents; AUC, area under the curve; ClI, confidence
interval.

Figure 3.4. cfDNA levels as a prognostic biomarker at baseline. (A-B) Kaplan-Meier
survival analysis of cfDNA levels at baseline for PFS (A) and OS (B).

Figure 3.5. Clinical course of all patients included in the study. Swimmers’ plot
showing each patient therapy and the different times of sample collection. The total

length of each bar indicates the duration of survival from the diagnoses.
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Figure 3.6. CfDNA levels in SCLC patients at different time-points (baseline, 3
weeks after treatment onset and at progression disease). Total cfDNA levels at
baseline were significantly higher than at 3 weeks after the therapy onset (Wilcoxon
test p= 0.002). Abbreviations: GE, genomic equivalents.

Figure 3.7. cfDNA levels as a prognostic biomarker during treatment. Kaplan-Meier
survival analysis of cfDNA levels at 3 weeks for PFS (A) and OS (B).

Figure 3.8. Kaplan-Meier survival analysis of cfDNA levels at progression
disease for OS.

Figure 3.9. CTCs detected in SCLC patient using CellSearch® system. (A)
Representative images of CTCs detected in our cohort using the CellSearch® system.
(B) Number of CTCs detected in each patient. Patients with presence of <10 CTCs
are represented in red columns.

Figure 3.10. Kaplan-Meier survival analysis of CTCS levels at baseline for PFS. The
presence of >150 CTCs/7.5mL of blood was significantly associated with shorter PFS
rates.

Figure 3.11. CTCs and association with clinical characteristics. The number of CTCs
detected in our cohort were significantly associated with the stage of patients and a
poor performed status. Also, high cfDNA levels and the presence of CTCs at baseline
were significantly associated. Abbreviations: CH, chemotherapy; CH + IM,
chemotherapy plus immunotherapy.

Figure 3.12. Final multivariate Cox regression prognostic model for (A) PFS and (B)
OS. Abbreviations: HR, hazard ratio; CI, confidence interval.

Figure 3.13. Kaplan-Meier survival analysis according to risk-group PFS (A) and OS
(B). Abbreviations: NA, not applicable.

CHAPTERIV

Figure 4.1. (A) Swimmers’ plot on patients showing the response of therapy. The
total length of each bar indicates the duration of survival from the diagnoses. (B-C)
Kaplan-Meier plots show highly significant differences between responders and non-

responders to pembrolizumab treatment in PFS (B) OS (C).
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Figure 4.2. Proteomic of NSCLC response to pembrolizumab treatment. (A) The
proteomic workflow involved plasma extraction from blood samples of 48 NSCLC
patients undergoing pembrolizumab Then, 30 pl of plasma samples therapy. were
employed to proteins extraction. The proteins were trypsin-digested to obtained
peptides (fractionation). A pool of total peptides samples was employed to generate a
spectral library using a DDA method. Finally, pooled peptides of each sample were
analysed using a SWATH-MS method employing the previous spectral library and
the Human Pan-Human Library. (B) Total number of proteins quantified in each group
of patients.

Figure 4.3. (A) Volcano plot of differentially expressed proteins at baseline.
Upregulated proteins are in blue and downregulated proteins are in yellow. (B)
Heatmap of 324 differentially expressed proteins at baseline (p-value <0.05), that
discriminate between responder and non-responder patients to pembrolizumab
therapy.

Figure 4.4. Bar graph for viewing of the top 15 enriched GO process involved the 324
DEPs. A colour scale represents statistical significance.

Figure 4.5. Heatmap showing the top enrichment clusters, one row per group, using
a colour scale to represent statistical significance. Gray colour indicates a lack of
significance.

Figure 4.6. Proteomaps that showed the functional differences between responders
(left) and non-responders (right) to immunotherapy. Each polygon corresponds to a
single KEGG pathway, and its size correlates with the ratio between both groups.
Figure 4.7. (A) Volcano plot and heat map of differentially expressed proteins at
baseline. (B) PCA analysis showing the separation of samples from responders (blue)
and non-responders (yellow) to pembrolizumab therapy according the 66 DEPs found
by LC-MS/MS analysis.

Figure 4.8. (A) Volcano plot showing the 7 proteins of our predictive model. (B) ROC

curves of each protein and the combination in the discovery cohort. (C) ROC curve
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analyses of the PD-L1 expression on tumour tissue. Abbreviations: AUC, area under
the curve; FC, foldchange.

Figure 4.9. ROC curves of each protein and the combination in the validation cohort.
Figure 4.10. Kaplan-Meier survival analysis of ATG9A, SPTN2, HPS5 and DCDC2
proteins levels at baseline. Kaplan-Meier plots of progression-free survival (A-C) and
overall survival (D-E) showed significant associations between proteins levels before
start therapy and prognosis in metastatic NSCLC under immunotherapy regimens.
Figure 4.11. Protein levels of our protein models were measured at different time
points during the immunotherapy regimen. Abbreviations: PD, progression of disease.
Figure 4.11. ROC analyses with the protein model at different time points during the

immunotherapy regimen (at 6 weeks and at 12 weeks after start therapy).

Overall discussion

Figure 25. Number of publications per year containing the terms “precision
medicine” and “liquid biopsy” in PubMed between 2012 and 2022.

Figure 26. Sankey diagram showing the total lung cancer patients included in the
present thesis, subdivided by lung cancer type, stage and therapy.

Figure 27. Total cfDNA levels in lung cancer patients and healthy controls. (A)
Boxplot of cfDNA levels in NSCLC, SCLC and healthy controls (Mann-Whitney
test). (B) ROC showing the discriminatory value of cfDNA levels to discriminate
against lung cancer patients versus healthy controls (AUC=0.8885).

Figure 28. CTCs detected in 36 NSCLC patients employing two different isolation
methods.

Figure 29. CTCs detected in NSCLC and SCLC cohorts using the CellSearch®
system. SCLC patients presented statistically higher number of CTCs than NSCLC
patients (p-value <0.001; Mann-Whitney test).
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2. TABLES INDEX

Introduction

Table 1. Eight Edition of lung cancer stage grouping according the AJCC-TNM
staging system (21) and the correspondence VALG staging for SCLC (23).
Table 2. Summary of the most common strategies for ctDNA analysis.

CHAPTERIA

Table 1.1. Sensitivity of Idylla™ system using commercial cfDNA (160 ng).
Table 1.2. Demographics and clinical characteristics of the patients.

Table 1.3. Sample determinations included in the study.

CHAPTERIB
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Table 1.6. CTC detection and c-MET expression on CTCs using CellSearch® and

Parsortix systems in patients with NSCLC.

CHAPTERII
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Table 2.2. ROC analysis to determine the value of hTERT cfDNA levels to
discriminate progression or death.
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CellSearch® and Parsortix systems.
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in CTCs and cfDNA levels.
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Table 2.7. Univariate and multivariate Cox regression analyses of combined changes
in CTCs and cfDNA levels and clinical parameters.

CHAPTERIII

Table 3.1. Patients” demographics and clinical characteristics at baseline with cfDNA
levels.

Table 3.23. Statistics of cFDNA levels at baseline, at 3 weeks after the onset of therapy
and at disease progression.

Table 3.3. Receiver operating characteristic curves analysis to determine the value of
cfDNA levels to discriminate progression or death.

Table 3.4. Analysis to determine the prognostic value of CTCs to discriminate
progression or death.

Table 3.5. Univariate and multivariate Cox regression analyses of cfDNA levels, CTC
counts and clinical parameters.

Table 3.6. PFS and OS probabilities estimated according two risk groups.

CHAPTERIV

Table 4.1. Patients’ demographics and clinical characteristics at baseline.
Table 4.2. Characteristics of the 7 proteins that allow us to predict immunotherapy
response in advanced NSCLC patients.
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ANNEX 3: Ethical considerations and attached
permissions

1. IMAGES USE

Unless clarified, all the images presented in this thesis have been produced by
the author. In the case of images reused or adapted from other manuscripts,
permission has been granted by the publishers, and the legal use has been
clarified at the bottom of the corresponding figures.

In addition, the free resource Flaticon.com and Servier Medical Art

(smart.servier.com) by Servier (licensed under a Creative Commons

Attribution 3.0 Unported License) were employed.

2. HUMAN CELL CULTURE

All cancer lines used in this work were acquired from commercially available
resources (American Tissue Culture Collection, ATCC) and cultured in the
conditions recommended by the manufacturers and only used for the research

purposes specifically described in this thesis.

3. PATIENT’S SAMPLES

Blood samples were collected in accordance with the guidelines and protocols
approved by the Institutional Ethical Committees, Galician Clinical Research
Ethics Committee, SERGAS: code approval: 2017/538. All individuals signed
informed consent forms and could withdraw their consent at any time. The

study was performed in accordance with the Declaration of Helsinki.
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Liquid biopsy and targeted therapies have revolutionised the
oncology field, particularly in lung cancer. However, more
research is required to integrate these techniques into clinical
practice and improve survival rates. This thesis investigates the
value of different blood biomarkers to improve the management
of advanced lung <cancer patients through the
analysis of circulating free DNA (cfDNA), circulating tumour
cells (CTCs), and circulating proteins. New protocols were

established and validated to characterize clinically relevant
alterations in CTCs and cfDNA and their prognostic and
predictive value was demonstrated. Of note, a proteomic
signature with value to predict immunotherapy response was
identified. Our results contribute to achieve precision medicine
through liquid biopsy in advanced lung cancer.
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