
  

 

             
 
 

MAIMÓNIDES BIOMEDICAL RESEARCH 
INSTITUTE OF CÓRDOBA 

 
REINA SOFÍA UNIVERSITY HOSPITAL 

 
UNIVERSITY OF CÓRDOBA 

 
 
 

PERSONALIZED MEDICINE IN CANCER: 
LIQUID BIOPSY-BASED BIOMARKERS 

 
 
 
 
 
 

 
Marta del Pilar Toledano Fonseca 

 
Córdoba, Spain 

 
2021  



TITULO: Personalized medicine in cancer: liquid biopsy-based biomarkers

AUTOR: Marta del Pilar Toledano Fonseca

© Edita: UCOPress. 2021 
Campus de Rabanales
Ctra. Nacional IV, Km. 396 A
14071 Córdoba

https://www.uco.es/ucopress/index.php/es/
ucopress@uco.es



 

 
 

PERSONALIZED MEDICINE IN CANCER: 
LIQUID BIOPSY-BASED BIOMARKERS 

MEDICINA PERSONALIZADA EN CÁNCER: 
BIOMARCADORES BASADOS EN BIOPSIA LÍQUIDA 

 

 

Report presented by 

Marta del Pilar Toledano Fonseca 

Graduate in Biotechnology, to apply for 

PhD in Biomedicine 

 

 

Doctoral thesis conducted under the supervision of Dr. Enrique Aranda 
Aguilar and Dr. Antonio Rodríguez Ariza at the Maimónides Biomedical 

Research Institute of Córdoba (IMIBIC) 

 

PhD student, 

 

 

Marta del Pilar Toledano Fonseca 

 

    Director,            Co-director, 

 

 

   Dr. Enrique Aranda Aguilar          Dr. Antonio Rodríguez Ariza 

TOLEDANO 
FONSECA 
MARTA DEL 
PILAR - 
31000930N

Firmado 
digitalmente por 
TOLEDANO 
FONSECA MARTA 
DEL PILAR - 
31000930N 
Fecha: 2021.06.01 
12:38:08 +02'00'

ARANDA 
AGUILAR 
ENRIQUE - 
30424970H

Firmado digitalmente 
por ARANDA AGUILAR 
ENRIQUE - 30424970H 
Fecha: 2021.06.01 
12:42:27 +02'00'

RODRIGUEZ 
ARIZA 
ANTONIO - 
30482007S

Firmado digitalmente 
por RODRIGUEZ ARIZA 
ANTONIO - 30482007S 
Fecha: 2021.06.01 
12:42:58 +02'00'



 

 

 



 

 

 
 
 

TÍTULO DE LA TESIS:  

Personalized medicine in cancer: liquid biopsy-based biomarkers 

 
DOCTORANDO/A: Marta del Pilar Toledano Fonseca 
 
INFORME RAZONADO DEL/DE LOS DIRECTOR/ES DE LA TESIS 
 

Dª. Marta del Pilar Toledano Fonseca presenta un trabajo original en el que 
se ha analizado la utilidad de los biomarcadores basados en biopsia líquida como 
herramientas pronósticas en pacientes con cáncer metastásico de páncreas o 
colorrectal. Mediante el uso de metodologías avanzadas se han analizado 
marcadores basados en el ADN libre circulante y micro-ARNs presentes en el 
plasma de los pacientes. Los resultados obtenidos apoyan el uso de biomarcadores 
de biopsia líquida como herramientas clínicas para el pronóstico no invasivo, la 
monitorización de los pacientes y la predicción de la respuesta a terapia. Parte de 
los resultados obtenidos en este estudio han sido ya publicados en forma de dos 
artículos en una revista de reconocido prestigio internacional (Cancers) y el resto se 
encuentran en fase de redacción para su publicación. La tesis doctoral presentada se 
enmarca dentro de las líneas de investigación de nuestro grupo de investigación.  

Finalmente, cabe destacar la excelente formación técnica y científica 
alcanzada por la doctoranda, con la realización de una estancia en un centro 
internacional de reconocido prestigio (Institut Curie, París), por lo que se presenta 
la tesis con Mención Internacional.  

 
Por todo ello, se autoriza la presentación de la tesis doctoral. 

 
Córdoba,  01 de Junio de 2021 

 
 

Firma de los directores 
 
 

 
 
 
 

Fdo.: Enrique Aranda Aguilar   Fdo.: Antonio Rodríguez Ariza

ARANDA 
AGUILAR 
ENRIQUE - 
30424970H

Firmado digitalmente 
por ARANDA 
AGUILAR ENRIQUE - 
30424970H 
Fecha: 2021.06.01 
12:43:28 +02'00'

RODRIGUEZ 
ARIZA 
ANTONIO - 
30482007S

Firmado digitalmente 
por RODRIGUEZ 
ARIZA ANTONIO - 
30482007S 
Fecha: 2021.06.01 
12:43:52 +02'00'



 

 

  



 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A mi familia 
  



 

 

 
 

 
 
  



 

 
 

Agradecimientos 

He tenido la suerte de contar con muchas personas que me han ido 
apoyando durante todo este tiempo de tesis, seguramente me deje alguna sin 
mencionar así que gracias a todos por haber estado ahí y aportar vuestro granito a 
este trabajo.  

 En el laboratorio he compartido muchos momento con compañeros con los 
que he aprendido y crecido tanto personal como profesionalmente, por eso me 
gustaría dar las gracias a “la tercera planta”, tanto a los que aún siguen ahí como a 
los que me han acompañado durante gran parte de este viaje. Empezando por mi 
grupo de nuevas terapias en cáncer. A Vanessa Hernández, gracias por confiar en 
mi desde el primer momento y hacer que en mis comienzos en el grupo me sintiera 
arropada. A Laura López que ha sido un gran apoyo tanto a nivel profesional como 
personal durante todo este tiempo, gracias por todos tus consejos. A Francisco 
Conde, gracias por haber tenido tiempo siempre para cualquier pregunta que 
surgiera. A Jon Peñarando, con el que he compartido mesa durante mucho tiempo 
durante esta tesis, gracias por todos tus consejos y por tu ayuda siempre que la he 
necesitado. A Rafael Mena, mi compi de tesis, gracias por haber compartido 
conmigo los momento buenos, y los no tan buenos, que hemos ido atravesando 
durante estos años, el haber recorrido juntos el camino lo ha hecho mucho más 
llevadero. A Silvia Guil, gracias por estar siempre disponible con la mejor de las 
sonrisas y ser un ejemplo de lucha para conseguir todo lo que uno se proponga. A 
Ana Mantrana, cuya vocación por la ciencia me animó desde el primer día que entró 
en el laboratorio para siempre intentar dar lo máximo. A Carmen Navarrete, 
Carmely, por ese carácter tan alegre que desprendes, gracias por hacer que 
empecemos el día con energía con sólo cruzarnos contigo. A Daniel Campón, por 
estar pendiente de que siempre tuviera disponible lo que necesitaba y por los 
“paseos” al hospital para recoger las muestras. A María Victoria García que aunque 
compartiendo grupo llevamos poco, ha estado ahí durante todo este tiempo, gracias 
por tu apoyo en estos últimos meses. Por último, dejo a la que ha sido mi 
compañera en la biopsia líquida y con la que he compartido todo el “sufrimiento” 
de usar un citómetro de forma diaria, gracias Ángeles Díaz.  

 También me gustaría agradecer al resto de compañeros del grupo que están 
en el Servicio de Oncología en el Hospital, que aunque no compartamos el día a día 
con ellos, han tenido un papel clave en los estudios que presentamos en esta tesis, 
en particular a María Auxiliadora Gómez, María Teresa Cano, Elizabeth Inga y 
María José Ortiz. 



 

 

A Ana Blanca, del grupo de urología, gracias por toda tu ayuda con la 
estadística y por siempre buscar un huequito para echarme una mano.  

A las personas que han pasado por el grupo de epigenética, Teresa Morales, 
gracias por alegrar los días con tu buen humor y tratarme siempre con tanta dulzura. 
Macarena Dorado, por tu confianza y saber escuchar, gracias.  

También me gustaría dar las gracias a Álvaro Jiménez y Pilar Rubín, del 
servicio de genómica, por toda su colaboración en los análisis de esta tesis y por 
hacer que los laboratorios de genómica hayan sido un poquito míos durante este 
tiempo. 

No me gustaría dejar pasar la oportunidad de agradecer al equipo de 
Sysmex y Merck toda la ayuda que me han brindado durante todo este tiempo con 
la biopsia líquida, en particular dar las gracias a Sergi López y Joaquín Tello. 

En esta última parte de los agradecimiento dejo a aquellas personas que 
tanto a nivel profesional como personal son las grandes responsables de este 
trabajo: 

Gracias a Antonio Rodríguez, uno de mis directores de tesis, por toda la 
confianza y la paciencia que has tenido conmigo. Gracias por enseñarme desde el 
primer día, por tener siempre tiempo para comentar cualquier idea, problema o 
solución, por compartir conmigo esos viajes al simposio de Santiago que lejos de 
ser “incómodos” por ir con el jefe han enriquecido mis conocimientos tanto a nivel 
científico como cultural. Gracias por creerme capaz de hacer cosas que yo misma 
no creía y por trabajar tanto conmigo para sacar adelante los dos artículos y la tesis.   

Gracias a mis amigas del “YATA”, no importa cuánto nos veamos, 
sabemos que siempre nos tenemos. En especial me gustaría dar las gracias a Cecilia 
Morilla, amiga inseparable, mi “cubito”, gracias por estar ahí, por tener esa telepatía 
conmigo que hace que sepas como me siento en cada momento y por acompañarme 
en cada paso de mi vida. 

Gracias a Enrique Aranda, que no sólo es mi director de tesis. Te pongo en 
este punto de los agradecimientos porque además también eres “amigo y familia”. 
No puedes ser menos con lo que has apostado por mi desde el primer día, tu 
confianza en todo lo que he hecho y las responsabilidades que has depositado en mí, 
y lo que me has cuidado y querido tanto a mi como a mi familia no sólo desde que 
empecé en este grupo sino desde que tengo uso de razón. Tengo que dejar 
constancia de que el sentimiento es mutuo y que el verte trabajar de la forma en que 
lo haces me ha motivado a querer seguir mejorando y creciendo cada día. Gran 
parte de mi esfuerzo durante todo este tiempo ha ido enfocado a que te sintieras 



 

 
 

orgulloso de mi trabajo, espero haberlo conseguido. Jamás tendré palabras para 
agradecerte lo suficiente. Ahora sí que te debo las cuatro sevillanas. 

Por supuesto tengo que agradecer a mi FAMILIA, en mayúscula, porque sin 
ellos nada de esto hubiera sido posible. A mis padres, Juan Rafael y Pilar, que han 
sido responsables de que yo haya llegado hasta aquí. Mamá, gracias por tu apoyo, 
por ayudarme durante este tiempo para que yo pudiera centrarme en la tesis, por 
tener siempre la palabra necesaria para reconfortarme y animarme. Papá, gracias 
por estar siempre pendiente de cómo me ha ido el día, de creerme capaz de 
conseguirlo y de sentirte orgulloso con cada cosa que hago. A mis hermanos, Tate 
(no te he llamado nunca Juanra y no será ahora la primera vez) y Blanca, que han 
ido apostando por mí en cada paso que he dado durante toda mi vida, y que siempre 
serán mis personas favoritas para compartir todo lo que nos pase. También dar las 
gracias a mis cuñados Esther y Osman, que desde hace tiempo me apoyan y me 
aguantan de la misma forma que mis hermanos. A mi familia de Almería, Manolo e 
Isabel, que aun habiéndole “robado” a su hijo me han apoyado desde el primer día 
en todos mis objetivos, gracias también a mis cuñados Soraya y Jesús, por estar 
siempre ahí. Gracias infinitas a mis sobrinos, Enzo, Álvaro y Julia, sin ellos saberlo 
han sido los que han conseguido que desconectara de todo y me han alegrado cada 
uno de los días.  

Por último dejo a la persona más importante de mi vida, Francisco Sánchez. 
Esta tesis es trabajo de los dos, puede que yo la haya escrito, pero tú has sido el 
pilar donde he podido sostenerme durante todo este tiempo. Gracias por estar 
siempre ahí, apoyándome, animándome, sintiéndote orgulloso de lo que iba 
consiguiendo y confiando en que puedo conseguir lo que me proponga. Gracias por 
aguantarme en los malos momentos y celebrar conmigo todas las cosas buenas que 
me ha ido dando este trabajo. Esto es sólo un capítulo más de nuestra leyenda. Love 
you pequeño. 



 

 

  



Index 

 
 

I 

INDEX 
I. Abstract 1	

II. Introduction 9	

1. Liquid biopsy: the importance of minimally invasive cancer biomarkers 11	

1.1. Circulating tumour cells 12	

1.2. Circulating cell-free DNA 13	

1.3. Circulating microRNAs 14	

1.4. Extracellular vesicles 16	

2. Pancreatic cancer 17	

2.1. Epidemiology 17	

2.2. Genetic classification of pancreatic cancer 17	

2.3. Clinical classification of pancreatic tumours 19	

2.4. Anatomical location of primary tumour and metastases and prognosis in 
pancreatic cancer 20	

2.5. Pancreatic cancer treatments 21	

2.6. RAS mutations in pancreatic cancer 22	

2.7. Liquid biopsy in pancreatic cancer 23	

2.7.1. Circulating cell-free DNA in pancreatic cancer 23	

3. Colorectal cancer 24	

3.1. Epidemiology 24	

3.2. Genetic classification of colorectal cancer 25	

3.3. Clinical classification of colorectal tumours 27	

3.4. Anatomical location of primary tumour and metastases and prognosis in 
colorectal cancer 28	

3.5. Colorectal cancer treatments 30	

3.6. RAS mutations in colorectal cancer 31	

3.7. Liquid biopsy in colorectal cancer 33	

3.7.1. Circulating cell-free DNA in colorectal cancer 33	

3.7.2. Circulating microRNAs in colorectal cancer 34	



Index 

II 
 

III. Aims 37	

IV. Materials and methods 41	

1. Patients 43	

1.1. Cell-free DNA-based liquid biopsy biomarkers in metastatic pancreatic 
cancer patients 43	

1.2. Cell-free DNA-based liquid biopsy biomarkers in metastatic colorectal 
cancer patients 43	

1.3. MicroRNAs-based liquid biopsy biomarkers in metastatic colorectal cancer 
patients 44	

2. Blood collection and plasma separation 44	

3. Circulating cell-free DNA analysis 44	

4. RAS mutation analysis 45	

5. Tumour and inflammation biomarkers 47	

6. Circulating microRNA analysis 47	

6.1. Circulating microRNA extraction from plasma 47	

6.2. Circulating microRNA analysis in the screening cohort 47	

6.3. Circulating microRNA analysis in the validation cohort 48	

7. Circulating microRNA normalization and transformation 49	

8. Characterization of microRNAs target genes and biological functions 49	

9. Statistical analysis 50	

V. Results 53	

1. Circulating cell-free DNA-based liquid biopsy markers for the non-invasive 
prognosis and monitoring of metastatic pancreatic cancer 55	

1.1. Clinicopathological characteristics and RAS mutation analysis from plasma 
and tissue 55	

1.2. Detection of RAS mutations in cfDNA predicts poor prognosis in 
metastatic pancreatic cancer patients 58	

1.3. Higher RAS mutational load in cfDNA is associated with poor prognosis in 
metastatic pancreatic cancer 61	



Index 

 
 

III 

1.4. Higher cfDNA concentration and fragmentation levels are associated with 
poorer survival in metastatic pancreatic cancer patients 62	

1.5. Multiparameter liquid biopsy refines prognostic stratification of metastatic 
pancreatic cancer patients 65	

1.6. RAS mutational load in cfDNA enables monitoring of disease progression 
and response to therapy in metastatic pancreatic cancer patients 66	

2. The combination of neutrophil–lymphocyte ratio and platelet-lymphocyte ratio 
with liquid biopsy biomarkers improves prognosis prediction in metastatic 
pancreatic cancer 69	

2.1. Clinicopathological characteristics of patients 69	

2.2. NLR and PLR are prognostic markers in metastatic pancreatic cancer 
patients 70	

2.3. Combined analysis of NLR and PLR improves the prognostic accuracy in 
patients with metastatic pancreatic cancer 73	

2.4. NLR positively correlates with cfDNA concentration in plasma of 
metastatic pancreatic cancer patients 74	

2.5. NLR is related to RAS mutational status in cfDNA of metastatic pancreatic 
cancer patients 78	

2.6. Multiple blood-based biomarkers improve the prognostic stratification of 
metastatic pancreatic cancer patients 80	

3. Circulating cell-free DNA-based liquid biopsy markers for the non-invasive 
prognosis of metastatic colorectal cancer 82	

3.1. Clinical-pathological characteristics and RAS mutation analysis from 
plasma and tissue 82	

3.2. Detection of RAS mutations in cfDNA predicts poor prognosis in 
metastatic colorectal cancer patients 85	

3.3. Higher RAS mutational load in cfDNA is associated with poor prognosis in 
metastatic colorectal cancer 86	

3.4. Higher cfDNA concentration and fragmentation levels are associated with 
poor survival in metastatic colorectal cancer patients 88	

3.5. Multiparameter liquid biopsy improves prognosis stratification of 
metastatic colorectal cancer patients 91	



Index 

IV 
 

4. Circulating microRNAs as liquid biopsy biomarkers to predict response and 
prognosis in metastatic colorectal cancer patients treated with FOLFIRI plus 
aflibercept 93	

4.1. Clinicopathological Characteristics 93	

4.2. Differential circulating miRNA levels between responder and non-
responder patients to treatment with FOLFIRI plus aflibercept 93	

4.3. Predictive model of response to treatment with FOLFIRI plus aflibercept 98	

4.4. Predictive model of progression on FOLFIRI plus aflibercept treatment 101	

4.5. Predictive model of survival of patients receiving FOLFIRI plus aflibercept 
treatment 103	

VI. Discussion 107	

1. Circulating cell-free DNA-based liquid biopsy markers for the non-invasive 
prognosis and monitoring of metastatic pancreatic cancer 109	

2. The combination of neutrophil–lymphocyte ratio and platelet-lymphocyte ratio 
with liquid biopsy biomarkers improves prognosis prediction in metastatic 
pancreatic cancer 112	

3. Circulating cell-free DNA-based liquid biopsy markers for the non-invasive 
prognosis of metastatic colorectal cancer 115	

4. Circulating microRNAs as liquid biopsy biomarkers to predict response to 
treatment with FOLFIRI plus aflibercept and prognosis of metastatic colorectal 
cancer patients 118	

VII. Conclusions 123	

VIII. References 127	

IX. Abbreviations 159	

X. Annex I 165	

XI. Annex II 184	



 

 
 





 

 
  

 

 

 

 

 

 

 

 

 

I. Abstract



 

 
  

 
 

  

 

 



Abstract 

3 
 

Liquid biopsy is a non-invasive approach that provides tumour molecular 
profiling and may assist in the management of cancer patients. Therefore, here we 
investigated the utility of liquid biopsy-based biomarkers as prognostic tools in 
metastatic pancreatic ductal adenocarcinoma (PDAC) and metastatic colorectal 
cancer (CRC) patients. Specifically, circulating cell-free DNA (cfDNA) level and 
fragmentation were determined in plasma, and BEAMing technique was used for 
quantitative determination of RAS mutation allele fraction (MAF) in cfDNA. 
Additionally, a TaqMan real-time PCR assay was used to quantify basal circulating 
levels of 754 microRNAs (miRNAs) in plasma of metastatic CRC patients treated 
with anti-angiogenic therapy. 

 For pancreatic cancer studies, plasma was obtained from 61 metastatic 
PDAC patients. We found that prognosis was more accurately predicted by RAS 
mutation detection in plasma than in tissue, and RAS mutation status in plasma was 
a strong independent prognostic factor for both overall survival (OS) and 
progression-free survival (PFS). Moreover, RAS MAF in cfDNA was also an 
independent risk factor for poor OS and was strongly associated with primary 
tumours in the body/tail of the pancreas and liver metastases. Higher cfDNA levels 
and fragmentation were also associated with poorer OS and shorter PFS, body/tail 
tumours, and hepatic metastases, whereas cfDNA fragmentation positively 
correlated with RAS MAF. Remarkably, the combination of CA19-9 with cfDNA-
based biomarkers improved the prognostic stratification of PDAC patients. 
Furthermore, dynamics of RAS MAF better correlated with patients’ outcome than 
standard CA19-9 marker. Of note, PDAC is characterized by a highly inflammatory 
microenvironment, and we found that neutrophil-lymphocyte ratio (NLR) was 
significantly associated with both OS and PFS. Remarkably, NLR was an 
independent risk factor for poor OS. Moreover, NLR and platelet-lymphocyte ratio 
(PLR) positively correlated, and combination of both inflammatory markers 
significantly improved the prognostic stratification of metastatic PDAC patients. 
Notably, NLR showed a positive correlation with cfDNA levels and RAS MAF and 
we found that neutrophil activation contributed to cfDNA content in the plasma of 
metastatic PDAC patients. Finally, a multiparameter prognosis model was designed 
by combining inflammatory markers, cfDNA-based markers and CA19-9, which 
performs as a promising tool to predict the prognosis of metastatic PDAC patients.  

For the study of cfDNA-based biomarkers in CRC, plasma was obtained 
from 136 metastatic CRC patients. Likewise, RAS mutation detection in plasma 
rather than in tissue, more accurately predicted the prognosis of these patients. 
Moreover, RAS MAF in cfDNA was also associated with poor OS and was strongly 
related with liver metastases and number of metastatic locations. Higher cfDNA 
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levels and fragmentation positively correlated and they were also associated with 
worse prognosis and hepatic metastases. Remarkably, the combination of standard 
CEA marker with plasma RAS status and cfDNA levels improved the prognostic 
stratification of patients. 

For the miRNA profiling study, plasma was obtained from 98 metastatic 
CRC patients enrolled in a clinical phase II trial before receiving FOLFIRI plus 
aflibercept treatment. A distinct profile of circulating miRNAs was found between 
responder and non-responder patients. Remarkably, most of these miRNAs were 
found to have predicted target genes that are involved in angiogenic processes. 
Accordingly, some of these miRNAs entered in predictive models of response to 
therapy, progression of disease and survival of patients treated with FOLFIRI plus 
aflibercept. Among these miRNAs, circulating levels of hsa-miR-33b-5p efficiently 
discriminated between responders and non-responders patients and predicted the 
risk of disease progression. 

In conclusion, our study supports the use of cfDNA-based liquid biopsy 
biomarkers as clinical tools for the non-invasive prognosis and monitoring of 
metastatic PDAC patients. Besides, the use of systemic inflammatory markers along 
with circulating tumour-specific markers greatly improves prognostic power and 
provides accurate survival risk stratification of these patients. Likewise, the use of 
both cfDNA-based and miRNA-based liquid biopsy markers may greatly help in the 
non-invasive prognosis of metastatic CRC patients and in the prediction of their 
response to anti-angiogenic therapy. 

Keywords: biomarkers, cell-free DNA, circulating microRNAs, colorectal cancer, 
liquid biopsy, pancreatic cancer, prognosis, therapy response. 
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La biopsia líquida es una técnica no invasiva que proporciona un perfil 
molecular del tumor y que puede ser de gran ayuda en el manejo de los pacientes 
con cáncer. Por lo tanto, en este estudio se investigó la utilidad de los 
biomarcadores basados en biopsia líquida como herramientas pronósticas en 
pacientes con adenocarcinoma ductal pancreático (PDAC) metastásico y cáncer 
colorrectal (CRC) metastásico. Concretamente, se estudiaron los niveles y la 
fragmentación del ADN libre circulante (cfDNA) en plasma, y se usó la técnica 
BEAMing para cuantificar la fracción alélica mutada (MAF) de RAS en el cfDNA. 
Además, se usó un ensayo de PCR a tiempo real con sondas TaqMan para 
cuantificar los niveles circulantes basales de 754 microRNAs (miRNAs) en el 
plasma de pacientes con CRC metastásico tratados con terapia antiangiogénica. 

 Para los estudios de cáncer de páncreas, se obtuvo el plasma de 61 pacientes 
con PDAC metastásico. Encontramos que el pronóstico era más preciso mediante la 
detección de la mutación de RAS en plasma que en tejido, y que el estado 
mutacional de RAS en plasma era un fuerte factor pronóstico independiente tanto 
para la supervivencia global (OS) como para la supervivencia libre de progresión 
(PFS). Además, la MAF de RAS en el cfDNA también fue un factor de riesgo 
independiente para una peor OS y estuvo estrechamente asociada con la 
localización del tumor primario en el cuerpo/cola del páncreas y con las metástasis 
hepáticas. Los mayores niveles y fragmentación del cfDNA también se asociaron 
con una peor OS y una PFS más corta, con tumores en el cuerpo/cola del páncreas y 
con las metástasis hepáticas. Además, los niveles de fragmentación del cfDNA se 
correlacionaron con la MAF de RAS. De forma  notable, la combinación de CA19-
9 con los biomarcadores basados en cfDNA mejoró la estratificación pronóstica de 
los pacientes con PDAC metastásico. Asimismo, la dinámica de la MAF de RAS 
correlacionó mejor con la supervivencia de los pacientes que el marcador estándar 
CA19-9. Hay que destacar que el PDAC está caracterizado por un microambiente 
altamente inflamatorio, y en nuestro estudio encontramos que la ratio neutrófilo-
linfocito (NLR) estuvo significativamente asociada tanto con la OS como con la 
PFS. De hecho, NLR fue un factor de riesgo independiente para una OS pobre. 
Además, NLR y la ratio plaqueta-linfocito (PLR) estaban correlacionados 
positivamente, y la combinación de ambos marcadores inflamatorios mejoró 
significativamente la estratificación pronóstica de los pacientes con PDAC 
metastásico. De forma notable, NLR mostró una correlación positiva con los niveles 
de cfDNA y la MAF de RAS y también encontramos que la activación de los 
neutrófilos contribuyó al contenido de cfDNA en el plasma de los pacientes con 
PDAC metastásico. Finalmente, se diseñó un modelo multiparamétrico para 
predecir el pronóstico combinando los marcadores inflamatorios, los marcadores 
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basados en cfDNA y CA19-9, que constituye una prometedora herramienta para 
predecir el pronóstico de pacientes con PDAC metastásico. 

 Para el estudio de biomarcadores basados en cfDNA en CRC, se obtuvo el 
plasma de 136 pacientes con CRC metastásico. De manera similar, la detección de 
mutación en RAS en plasma en lugar de en tejido predijo de forma más precisa el 
pronóstico de estos pacientes. Además, la MAF de RAS en el cfDNA se asoció 
también con una OS pobre y estuvo estrechamente relacionada con metástasis 
hepáticas y el número de localizaciones metastásicas. Los mayores niveles y 
fragmentación del cfDNA correlacionaron positivamente y también se asociaron 
con un peor pronóstico y con metástasis hepáticas. Es de destacar que la 
combinación del marcador estándar CEA con el estado mutacional de RAS en 
plasma y los niveles de cfDNA mejoró la estratificación pronóstica de los pacientes 
con CRC metastásico. 

 Para el estudio del perfil de miRNAs, se obtuvo el plasma de 98 pacientes 
con CRC metastásico incluidos en un ensayo clínico fase II antes de recibir 
tratamiento con FOLFIRI más aflibercept. Se encontró un perfil diferente de 
miRNAs circulantes entre pacientes respondedores y no respondedores. Es 
interesante destacar que la mayoría de estos miRNAs tenían genes diana implicados 
en procesos angiogénicos. En consecuencia, algunos de estos miRNAs fueron 
candidatos en modelos de respuesta a terapia, progresión de la enfermedad y 
supervivencia de pacientes tratados con FOLFIRI más aflibercept. Entre estos 
miRNAs, los niveles circulantes de hsa-miR-33b-5p discriminaron de forma 
eficiente entre los pacientes respondedores y no respondedores y predijeron el 
riesgo de progresión de la enfermedad.  

 En conclusión, los resultados de nuestro estudio apoyan el uso de 
biomarcadores de biopsia líquida basados en cfDNA como herramientas clínicas 
para el pronóstico no invasivo y la monitorización de los pacientes con PDAC 
metastásico. Además, el uso conjunto de marcadores inflamatorios con marcadores 
circulantes específicos del tumor mejora de forma notable el poder pronóstico y 
proporciona una estratificación precisa de estos pacientes en función de la 
supervivencia. Asimismo, el uso tanto de marcadores basados en cfDNA como 
basados en miRNAs podría ser de gran ayuda en el pronóstico no invasivo de los 
pacientes con CRC metastásico y en la predicción de su respuesta a terapia 
antiangiogénica.  

Palabras clave: biomarcadores, ADN libre circulante, microRNAs circulantes, 
cáncer colorrectal, biopsia líquida, cáncer de páncreas, pronóstico, respuesta a 
terapia. 
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1. Liquid biopsy: the importance of minimally invasive cancer 
biomarkers 

Cancer incidence and mortality are rapidly growing worldwide. 

According to the Global Cancer Observatory, cancer is expected to rank as 

the leading cause of death in the world in the 21st century [1]. One of the 

main challenges in the management of cancer patients is to find clinically 

relevant biomarkers for diagnosis, prognosis and prediction of disease 

progression or potential response to therapy [2]. The study of tumour-

specific biomarkers and tumour molecular profiles has been evaluated in 

tissue biopsies. However, this strategy conveys invasive procedures that may 

be painful and potentially risky to the patient and tumour tissues are not 

always accessible [3]. Besides, solid biopsies are incompatible with 

longitudinal monitoring of the evolution of the disease. Finally, the analysis 

of the initial lesions does not consider spatial and temporal heterogeneity of 

the tumour [3,4]. Due to these disadvantages in the study of tumour tissue, 

the search for minimally invasive biomarkers have become one of the central 

goals of oncology research [5]. In this context, liquid biopsy has emerged as 

a promising approach that can deliver a more complete information 

regarding both primary tumour and metastatic lesions in real time [4,6]. The 

term “liquid biopsy” refers to the isolation and analysis of cancer-derived 

components from peripheral blood or other body fluids, including urine, 

ascites, or pleural effusions [3–6]. Circulating tumour cells (CTCs), 

circulating nucleic acids, including circulating cell-free DNA (cfDNA) and 

microRNAs (miRNAs), and extracellular vesicles (EVs) are the main 

components of liquid biopsy in cancer. 
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1.1. Circulating tumour cells 

CTCs are tumour cells released into the bloodstream from primary 

tumour or metastatic sites. Tumour cells in circulation have a short half-life 

and only a small fraction survive to some adverse conditions such as 

apoptosis, immune system activity or several biophysical conditions before 

reaching their final destination [6,7]. CTCs are mainly implicated in the 

spread of the tumour to distant sites for the establishment of metastases, 

which are the principal cause of cancer-related deaths [7,8]. The leading 

hypothesis of how CTCs participate in the metastatic process is that they 

suffer an epithelial-to-mesenchymal transition to increase their migration and 

invasion capacities favouring their entry in the bloodstream. When CTCs 

arrive at distant tissues, they reverse to their epithelial phenotype through a 

mesenchymal-epithelial transition and they establish the metastasis [9]. 

These disseminated cells in the metastatic niche may remain dormant until 

they receive appropriate signals triggering tumour development [6–8]. The 

isolation and characterization of CTCs are a major challenge due to their low 

frequency and heterogeneity. Hence, CTCs analysis requires extremely 

sensitive techniques and a combination of enrichment and detection 

procedures [6]. Most systems employed in CTCs analyses are based on the 

expression of epithelial markers such as EpCAM. However, some CTC 

subsets lacking EpCAM expression may be underestimated in these studies. 

Therefore, CTCs rarity and heterogeneity are the main limitations to 

translate these studies into clinical practice. Despite these disadvantages, 

some reports have related a high number of CTCs with poorer prognosis 

[10,11].  
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1.2. Circulating cell-free DNA 

The cfDNA comprises double-stranded DNA fragments with lengths 

that have been related to the size of nucleosomes: 147 bp for nucleosome 

core and 166bp for nucleosome plus histone linker [12]. Accordingly, most 

studies describe apoptosis as the main source of cfDNA, but other cell death 

processes such as necrosis, autophagy, NETosis, or active cellular secretion 

could also release cfDNA into circulation [13]. Moreover, cfDNA arises in 

the bloodstream from different cells, tissues and organs, and its level in 

blood is determined by a balance between DNA release and DNA clearance 

processes. In some malignancies clearance is insufficient and cfDNA is 

accumulated [14]. The half-life of cfDNA has been estimated from 15 

minutes to several hours and this rapid turnover allows to obtain real-time 

data on cfDNA dynamics [15]. A number of studies have reported that 

cancer patients have higher levels of cfDNA and with altered fragmentation 

profiles in comparison to healthy subjects [16,17]. Besides, patients with 

advanced or metastatic stage have higher levels of cfDNA than patients with 

benign lesions or early-stage disease [18]. However, non-malignant 

pathologies such as inflammation, tissue trauma or diabetes, physiological 

activities such as exercise or special cases such as pregnancy or 

transplantation can also increase cfDNA levels [14]. cfDNA originating from 

tumour tissue is a valuable source of biomarkers for the management of 

cancer patients. The cfDNA bearing genetic and epigenetic alterations that 

are characteristics of the tumour is termed circulating-tumour DNA 

(ctDNA). The analysis of ctDNA requires extremely sensitive techniques 

because is highly diluted by an overwhelming excess of non-tumour cfDNA 

molecules [13,18]. 
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1.3. Circulating microRNAs 

MicroRNAs are single-stranded non-coding small RNA molecules of 

17-25 nucleotides in length and their main function is to regulate target 

genes at the post-transcriptional level. The biogenesis of miRNAs (Figure 1) 

occurs in the nucleus where primary miRNAs are processed by the RNase 

Drosha into precursor miRNAs, which are transferred to the cytoplasm by 

exportin-5. MiRNA maturation is performed by Dicer, an endonuclease that 

cleaves pre-miRNAs leading to double-stranded mature miRNAs. Finally, 

only one of the strands is integrated into the RNA induced silencing complex 

(RISC) where the miRNA and its mRNA target interact. The binding 

between the miRNA and its mRNA target can be canonical, which means a 

perfect base pairing, or non-canonical, when sequences are not fully 

complementary [19,20]. About 60% of interactions are non-canonical and 

this is the reason why a single miRNA can potentially regulate the 

expression of numerous mRNAs and one mRNA could be targeted by 

multiples miRNAs. About 30% of the human genome may be regulated by 

miRNAs and they are involved in the majority of essential cellular processes 

[19,21]. 

Although most of miRNAs are inside the cells a high proportion can 

be found extracellularly in the body fluids. These miRNAs are usually called 

circulating miRNAs and they are released into the circulation by two 

different mechanisms: passively released from apoptotic, necrotic or injured 

cells, and actively secreted in extracellular vesicles, lipoproteins or RNA-

protein complexes. Regardless of where circulating miRNAs come from, 

they need to be packaged into vesicles or bound to proteins in order to avoid 

their degradation by RNAses present in body fluids. This protection confers 
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a great advantage for the use of miRNAs as biomarkers because of their 

increased stability at room temperature, extreme pH values or after several 

freeze-thaw cycles. About 90% of miRNAs released into circulation are not 

associated with EVs and bound to proteins such as argonaute 2 (Ago2), 

nucleophosmin 1 (NPM 1) or high-density lipoprotein (HDL) [19,22].  

 

Figure 1. Biogenesis of miRNAs. A schematic diagram of miRNAs biogenesis is shown. 
After nuclear processing by the RNAse Drosha of the primary miRNA (pri-miRNA), the 
resulting precursor miRNA (pre-miRNA) is exported into the cytoplasm by the transporter 
exportin-5. Next, the cytoplasmic ribonuclease Dicer processes the pre-miRNA into the 
mature miRNA, that is subsequently incorporated into the RNA-induced silencing complex 
(RISC) for target mRNA recognition. Figure made using BioRender software. 

The expression of miRNAs is frequently deregulated in cancer 

patients compared to healthy individuals. This aberrant miRNA expression is 

usually associated with molecular and cellular processes involved in human 

malignancies, including cell proliferation, apoptosis, metastasis, and drug 

response. The main role of miRNAs in cancer biology is related to the 

silencing of oncogenes by tumour suppressor miRNAs, and the silencing of 

tumour suppressors genes by oncogenic miRNAs (oncomiRs). Moreover, 
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some miRNAs can act both as tumour suppressor miRNAs and oncomiRs 

[19,20]. 

1.4. Extracellular vesicles 

Extracellular vesicles is the generic term used to define all the 

heterogeneous cell-derived membranous structures, which are released into 

the extracellular space [23–25]. EVs have been classified classically into 

three different groups depending on their size, mechanism of release and 

composition. Exosomes, which are considered the smallest EVs with 

approximately 150 nm in diameter, are released into the extracellular space 

after the fusion of multivesicular bodies with the plasma membrane. On the 

other hand, microvesicles and apoptotic bodies, which are similar in size (> 

200 nm diameter), are both released directly from the plasma membrane of 

living and dying cells, respectively [26,27].  

Exosomes carry several types of cargo molecules, including proteins, 

nucleic acids and lipids, which are protected from the degradation and can be 

transferred between cells. The cargo in exosomes is specifically selected 

through multiple cellular mechanisms. Therefore, exosomes play an 

important role in intercellular communication and in the maintenance of 

cellular homeostasis because of their capacity to transfer or eliminate 

products in a selective manner [26]. Exosomes have been associated with 

several physiological and pathological processes. In cancer, the release of 

exosomes is increased and exosomes from cancer cells are capable of 

modulate the tumour microenvironment [26,27]. Hence, exosomes from 

cancer cells can be transferred to other cells and stimulate their growth, 

survival and migration promoting different processes implicated in tumour 

progression such as angiogenesis, modulation of immune system and pre-
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metastatic niche formation. Thus, tumour-exosomes in circulation represent 

a rich and accessible source of relevant cancer biomarkers [23]. 

2. Pancreatic cancer  

2.1. Epidemiology  

Pancreatic cancer is the fourth leading cause of cancer death in 

Europe in both males and females, with the lowest survival rate of all 

cancers and responsible for over 95,000 deaths every year [1,28]. While the 

death rates of the most common cancers have mostly declined over the past 

decades, the mortality rate of pancreatic cancer remains flat or slightly 

increases over time [29]. Poor prognosis is associated with diagnosis at 

advanced stage, due to a lack of early symptoms, detection methods, as well 

as resistance to therapy [30]. More than 50% of pancreatic cancer cases are 

diagnosed with metastatic disease and the incidence and mortality correlate 

with age and sex, being more common in men than in women [31]. There are 

two type of risk factors that play important roles in the development of 

pancreatic cancer: non-modifiable risk factors, such as gender, age, diabetes 

miellitus, family history, genetic factors, chronic pancreatitis and infection 

with Helicobacter pylori; and modifiable risks factors, such as tobacco, 

alcohol consumption, obesity and exposure to other toxic substances (metals 

or pesticides) [31,32].  

2.2. Genetic classification of pancreatic cancer 

Several reports estimate that 10% of pancreatic cancers have a 

hereditary basis. Predisposition to pancreatic cancer can be inherited in three 

ways: hereditary tumour predisposition syndromes, which represents 15-20% 

of familial cases; syndromes related with chronic inflammation of the 
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pancreas, such as hereditary pancreatitis and cyst fibrosis; and finally, 

familial pancreatic cancer, which is defined as families with two or more 

first-degree cases of pancreatic cancer without relation with other hereditary 

syndromes. In the latter case, the most common are germline mutations in 

BRCA2 gene [33].   

Sporadic pancreatic cancer can be classified into two main types: 

exocrine tumours, which affect to the exocrine gland of the pancreas and 

represent 85% of pancreatic cancers, and pancreatic neuroendocrine 

tumours, which occur in the endocrine tissue of the pancreas and represent 

less than 5% of all pancreatic cancers [31]. Pancreatic ductal 

adenocarcinoma (PDAC) is the most common type of pancreatic cancer, 

representing 80-90% of all pancreatic exocrine tumours [34]. PDAC 

precursor lesions are classified into three types: pancreatic intraepithelial 

neoplasm (PanIN), which is a microscopic lesion occurring in pancreatic 

ducts; intraductal papillary mucinous neoplasm (IPMN) which is located in 

main duct or in one of the lateral branches; and mucinous cystic neoplasm 

(MCN) which is a pancreatic cystic lesion. PanIN is the most common 

precursor lesion, and it is estimated that it will take 11-12 years to progress 

from PanIN to PDAC [32]. PanIN can be classified as low grade PanIN or 

high degree PanIN and mutations accumulate during the progression from 

these precursor lesions to PDAC (Figure 2). Thus, KRAS mutations are 

found in low degree PanIN, while CDNK2a, p53 and SMAD4 mutations are 

additionally found in high degree PanIN [34,35]. 
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Figure 2. Pancreatic carcinogenesis progression model. Mutations accumulate during the 
progression from precursor lesions to invasive PDAC. See text for details (Figure from 
Chhoda et al, 2019). 

2.3. Clinical classification of pancreatic tumours 

Pancreatic cancer is clinically stratified in different stages through the 

TNM classification, which takes into account the size and invasiveness of 

the primary tumour (T), the involvement of regional nodes (N) and the 

presence of metastasis (M). The combination of these three factors leads to 

the classification of pancreatic cancer patients in four stages [31,36]:  

• Stage I: resectable and pancreas limited tumour, less than 4 cm.  

• Stage II: borderline or local dissemination, tumour greater than 

4 cm and may disseminate to lymph nodes. 

• Stage III: unresectable, tumour invades blood vessels and 

nervous, but not distant organs.  

• Stage IV: unresectable and metastatic, cancer disseminate to 

distant organs. 

PDAC has a worse survival rate than pancreatic neuroendocrine 

tumours. In general, only 24% or 9% of PDAC patients are alive one or five 

years, respectively, after diagnosis. According to the tumour stage, the 5-
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years survival rate in PDAC is 32%, 12% and 3% for local stages (stage I 

and II), stage III and stage IV, respectively [31]. 

2.4. Anatomical location of primary tumour and metastases and 

prognosis in pancreatic cancer 

During human embryogenesis pancreas is developed from the ventral 

and dorsal pancreatic buds. The head of the pancreas is originated from the 

ventral bud and the body and tail of the pancreas develops from the dorsal 

bud. These distinct endodermal origins result in different cellular 

composition and blood supply and may explain the different behaviour of 

head and body/tail pancreatic tumours [37]. Pancreatic head tumours have 

higher incidence than body/tail tumours. Also, head tumours can block 

biliary ducts causing jaundice and therefore symptoms that may allow an 

early detection compared with body/tail tumours which are detected at an 

advanced stage. Body/tail tumours have a more aggressive biology and they 

are bigger at diagnosis than head tumours. Moreover, body/tail tumours have 

higher metastasis rates and they are less often resectable than head tumours 

[37,38]. In regional and metastatic disease (stage III and IV), tumours 

located in the head of the pancreas have better prognosis. On the contrary, 

body/tail tumours have a better prognosis in local disease (stage I and II) 

[38]. 

Only 15-20% of pancreatic tumours are resectable at the time of 

diagnosis, whereas 7-10% are borderline, 15-20% are locally advanced and 

60-70% are metastatic tumours [39]. Pancreatic cancer first metastasizes to 

regional lymph nodes, followed by liver and peritoneal metastasis. Although 

less commonly, metastases are also found in lungs, bones and brain [34]. 

Patients with multiple metastatic sites and patients with liver or peritoneal 
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metastasis have a worse prognosis than patients with only one metastatic 

location and other metastatic locations than liver and peritoneum. Number of 

metastases varies depending on primary tumour location. Hence, patients 

with primary tumour located in the tail of the pancreas show more metastatic 

locations that appear more frequently in peritoneum compared with primary 

tumours located in the head or the body of the pancreas [40].  

2.5. Pancreatic cancer treatments 

Although surgery is the only potentially curative treatment, patients 

with operated tumours still have a poor prognosis, with 5-year survival rates 

around 20%. Patients with complete resection present local and systemic 

recurrence in 35-60% and in 80-90% of the cases, respectively [41]. The 

most common sites of recurrence are liver, lungs, regional lymph nodes and 

peritoneum. Adjuvant chemotherapy is recommended for all patients with 

resectable tumours, and the current standard is gemcitabine plus 

capecitabine, although FOLFIRINOX (folinic acid, fluorouracil, irinotecan 

and oxaliplatin) treatment can also be used in patients with a good Eastern 

cooperative oncology group performance status (ECOG 0-1). The role of 

neoadjuvant chemotherapy in these patients is not clear yet and more clinical 

trials are warranted [41,42]. Regarding borderline resectable disease, one-

third of these tumours are finally resected after neoadjuvant therapy. 

However, due to the lack of clear consensus data these patients should be 

treated in a clinical trial context [41]. Most of pancreatic cancer patients are 

diagnosed with unresectable, locally advanced disease and only a small 

percentage become eligible for surgery after an excellent chemotherapy 

response. However, chemotherapy is normally used in these patients to 

eradicate micrometastases and reduce the size of primary tumour [41,42]. 
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Finally, although metastatic patients present a very low response rate (5-

10%) and a short survival, treatments improve quality of life [41]. Therefore, 

the main objective of systemic chemotherapy in metastatic pancreatic cancer 

is related with reducing cancer-related symptoms and increasing survival 

time. Gemcitabine has been the standard treatment, but recently 

FOLFIRINOX and gemcitabine plus nab-paclitaxel have shown some 

improvement in the management of pancreatic cancer patients. However, 

FOLFIRINOX should only be used in patients with a good performance 

status due to higher toxicity compared to gemcitabine. Gemcitabine plus 

nab-paclitaxel is used in around 60% of newly diagnosed patients because 

improves the overall survival (OS) compared to gemcitabine alone but with 

less toxicity than FOLFIRINOX [41,42]. 

2.6. RAS mutations in pancreatic cancer  

KRAS mutation occurs in approximately 95% of PDAC cases, while 

mutations in other RAS isoforms such as NRAS and HRAS appear in less 

than 1% of the cases [43]. KRAS mutations are found in more than 90% of 

low-grade PanIN and it is considered the initiating genetic event in PDAC 

tumours, although other mutational hits, such as the activation of p53, 

CDKN2a or SMAD4, are required for rapid proliferation. Moreover, KRAS 

is necessary for the progression of PDAC, since oncogenic KRAS activation 

favours proliferation, migration, invasion, and survival [43,44]. In addition, 

KRAS is involved in the reprogramming of cellular metabolism, increasing 

glucose uptake, aerobic glycolysis, and the production of lactate and reactive 

oxygen species contributing to PDAC growth and metastasis [45,46]. 

Besides, KRAS mutation in PDAC have been associated with a tumour 
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inflammatory response due to KRAS-mediated release of immunosuppressor 

signals leading to tumour growth [46].  

Detection of KRAS mutations in tissue or plasma of PDAC patients 

has been related with poor prognosis regardless of the stage of the tumour 

[47]. Moreover, several reports have suggested that analysis of KRAS 

mutation may improves PDAC diagnosis when the cytopathology data are 

not clear, and KRAS mutation detection may differentiate between chronic 

pancreatitis and pancreatic tumours at diagnosis. Currently, the 

determination of KRAS mutation status is not being used for PDAC in 

clinical practice [46]. 

2.7. Liquid biopsy in pancreatic cancer   

2.7.1. Circulating cell-free DNA in pancreatic cancer 

Patients with pancreatic cancer present higher levels of cfDNA than 

healthy subjects or patients with chronic pancreatitis and neuroendocrine 

tumours [48,49]. Furthermore, cfDNA concentration is higher in stage IV 

than in stage I-III disease [50], and higher cfDNA concentration has been 

related with poorer OS [51]. Fragmentation of cfDNA has been related with 

tumorigenicity in pancreatic cancer. Thus, shorter fragments of cfDNA have 

been reported in pancreatic cancer patients than in healthy individuals and 

there are also shorter fragments in metastatic compared to locally advanced 

disease. Besides, shorter cfDNA size has been associated with worse OS and 

progression free survival (PFS) [52].  

Because KRAS is a key mutation in PDAC it is considered a good 

candidate for the analysis of ctDNA. Pancreatic tumours at early stages seem 

to release less DNA in bloodstream and the study by Bettegowda et al. 
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shows that while more than 90% of patients with metastatic pancreatic 

cancer had detectable ctDNA, this biomarker was detected in only 48% of 

patients with localized disease [53,54]. Therefore, the presence of ctDNA is 

associated with the occurrence of distant metastasis [50]. Moreover, both 

baseline and after surgery ctDNA positive patients have higher mortality risk 

[55]. In addition, the detection of KRAS mutations in plasma is associated 

with a worse prognosis in all stages [53]. Regarding resectable tumours, 

patients with no detectable ctDNA after surgery have better OS and PFS than 

those with detectable ctDNA. Moreover, positive ctDNA before surgery is 

also associated with higher risk of postoperative recurrence [53,56]. Besides, 

ctDNA may be used for more effective monitoring of recurrence after 

surgery, and a study have shown better early recurrence detection with 

ctDNA detection than with imaging alone [57]. In unresectable patients, 

presence of ctDNA is also a poor prognostic factor for OS and PFS [56]. 

Furthermore, it is possible to distinguish between chronic pancreatitis and 

PDAC by combining ctDNA and CA19-9 [53]. 

3. Colorectal cancer  

3.1. Epidemiology  

 Colorectal cancer (CRC) is the third most incident cancer worldwide 

and this tumour type comprises 10% of all diagnosed cancers [1]. Higher 

incidence rates of CRC are observed in developed countries and is the third 

most common cancer in men and the second most common cancer in 

women. Moreover, CRC is the second tumour type responsible for cancer-

related deaths. There are two types of risk factors for the development of 

CRC: non-modifiable risk factors, such as sex, age, hereditary mutations or 
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inflammatory bowel diseases; and modifiable risks factors, such as diet and 

tobacco or alcohol consumption [58,59].  

3.2. Genetic classification of colorectal cancer 

 CRC is traditionally divided into familial and sporadic. 

Approximately 20% of CRC patients present a hereditary disease whereas 

80% are sporadic cases. There are three main syndromes associated with the 

familial CRC that represent less than 5% of all cases. Lynch syndrome, also 

known as hereditary-non-polyposis colorectal cancer, is characterised by 

germline mutations in mismatch repair genes such as MLH1, MSH2, MSH6 

and PMS2, with a penetrance of 80% and occurs in approximately 2.5% of 

CRC cases. Familial adenomatous polyposis (FAP) is an inherited condition 

caused by a defect in the adenomatous polyposis coli (APC) gene. FAP has 

an incidence lower than 1% of all CRC and is characterized by the 

development of many tens to thousands of adenomas and a 100 percent risk 

of CRC. Finally, the hamartomatous polyposis syndromes involve several 

rare inherited disorders, which have in common the appearance of polyps in 

the gastrointestinal tract increasing the risk of CRC [60,61].  

Sporadic CRC is caused by the accumulation of somatic gene 

mutations in colonic epithelial cells in a multi-step process known as the 

adenoma-carcinoma sequence, which may take more than ten years. 

Classically, genes contributing to this sequence are classified into three 

groups: oncogenes, tumour suppressor and mismatch repair genes. The most 

common altered tumour suppressor genes in CRC are: APC, which is related 

with both familial and sporadic CRC and results in abnormal numbers of 

chromosomes in daughter cells after mitosis; DCC (deleted in colorectal 

carcinoma), which seems to prevent tumour invasion and metastasis, and 
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P53, which is involved in conserving genomic stability by preventing 

genome mutation. The most frequent altered oncogene in CRC is KRAS, 

which is constitutively activated resulting in the continuous transmission of 

growth signals to the cell [62]. In sporadic CRC there are three major 

pathways leading to pathogenesis (Figure 3): adenoma-carcinoma pathway, 

also called chromosomic instability (CIN) or classical pathway, represents 

approximately 80-85% of all CRC cases and is characterised by a high rate 

of gains or losses of whole or large portions of chromosomes. In this 

pathway inactivation of the tumour suppressor APC is considered one of the 

first events, followed by the activation of RAS or PI3K genes and the 

inactivation of the tumour suppressor TP53. The serrated neoplasia pathway, 

also called CpG island methylator phenotype (CIMP) pathway, is associated 

with epigenetic instability silencing tumour suppressor genes due to the 

hypermethylation of CpG islands in their promoters and leading to 

inactivation of gene transcription. This pathway is also related with RAS and 

RAF mutations and represents 10-20% of all CRC cases. Finally, the 

microsatellite instability (MSI) pathway (2-7% of all CRC cases) is 

characterised by a loss of DNA repair mechanisms, especially in repetitive 

DNA sequence regions (microsatellites), where mutations tend to 

accumulate leading to inactivation of tumour suppressor genes and 

promoting tumorigenesis [58,63–65].  
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Figure 3. The three major pathways involved in CRC pathogenesis. Accumulation of 
somatic gene mutations in colonic epithelial cells leads to CRC development. See text for 
details (Figure from Mundade et al, 2014). 

3.3. Clinical classification of colorectal tumours 

Tumours of CRC patients at diagnosis are classified into three 

histological groups: well differentiated (low grade), moderately 

differentiated (intermediate grade) and poorly differentiated (high grade). 

Approximately 70% of CRC patients present a moderately differentiate 

histology, whereas 20% and 10% are well and poorly differentiate tumours, 

respectively [66]. Moreover, CRC patients are stratified according to the 

TNM classification [67], which take into account the size and invasiveness 

of the primary tumour (T), the involvement of regional nodes (N) and the 
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presence of metastasis (M). The combination of these three factors classifies 

CRC patients into five stages:  

• Stage 0: carcinoma in situ 

• Stage I: localized tumours 

• Stage II: locally advance tumours, in early stages 

• Stage III: locally advance tumour, in advanced stages 

• Stage IV: metastatic tumours  

The 5-year survival rate is around 90%, when CRC is diagnosed at 

early stages but drastically decreases to 14% when tumour is diagnosed at 

advanced stages. The overall 5-year survival rate of CRC patients is 65%, 

with 90%, 71% and 14% survival rates in patients with localized, regional, 

and metastatic cancers, respectively [66].  

3.4. Anatomical location of primary tumour and metastases and 

prognosis in colorectal cancer 

 Right and left colorectal tumours are molecular and histologically 

different. Right colon includes the appendix, cecum, ascending colon, and 

transverse colon up to the splenic flexure and left colon includes descending 

colon, sigmoid colon, and rectum (Figure 4). Differences between right and 

left colon are based on their embryological origins and they do not progress 

in the same way leading to different survival prognoses [68]. Due to their 

morphology left tumours are easier to detect in early stage in a colonoscopy 

than tumours localised in the right side [68,69]. Tumours in the right colon 

are more frequent in women, and predominantly follow the MSI pathway, 

although tumours with MSI are more common in stage II (approximately 

20% of all CRC cases) than in stage III (approx. 12%) and even less frequent 

in stage IV (approx. 4%) [70]. Moreover, they are hypermutated tumours 
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especially in the DNA mismatch repair pathway. However, tumours in the 

left colon usually follow the CIN pathway. Mutations in KRAS, APC, PI3K 

and p53 are more common in this side. Interestingly, several studies show 

that right tumours in early stages (I and II) have a better survival prognosis 

than left tumours, however in advance stages (III and IV) left tumours seems 

to have better survival prognosis than right tumours. In this regard it is 

interesting to note that the sites where right and left colon metastasize are 

different. Hence, patients with tumours localized in the right colon often 

have metastasis in the peritoneum, which commonly have worst prognosis, 

whereas left colorectal tumours tend to metastasize to the liver and lung 

[68,69]. 

 

Figure 4. Right and left sides of the colon. Anatomical features defining the left and right 
sides on colon. Figure made using BioRender software. 

Approximately 20-25% of CRC patients are diagnosed with 

metastatic disease. The main organs where CRC metastasize are liver, lung, 

peritoneum, distant lymph nodes, bones, and nervous system. Liver 

metastases appear alone frequently, whereas lung metastases often occur 

concurrently with liver metastases. However, peritoneum or nervous system 
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metastases are more frequent in patients with lung metastases [71,72]. 

Regarding to the relation between site of metastasis and prognosis, patients 

with lung-only metastases show better outcome than metastases in other 

sites, followed by patients with liver-only metastases. However, patients 

with any peritoneum, bone or brain metastases have the worst prognosis 

[73,74]. 

3.5. Colorectal cancer treatments 

Surgical resection is always the first option for all stages. Therefore, 

recommendation for patients without metastases or resectable liver or lung 

metastases is surgery. However, in patients with potentially resectable 

metastases neoadjuvant therapy is necessary to reduce the size of the primary 

tumour and metastases before surgery, and in patients with unresectable 

metastases palliative therapy rather than curative therapy needs to be 

administrated to reduce symptoms and tumour progression [63].  

Currently treatments for CRC include systemic chemotherapy, 

targeted therapy and immunotherapy. Election of first line of treatment will 

depend on several tumour and patients-related characteristics. Systemic 

chemotherapy includes fluoro-pyrimidines (5-fluorouracil (5-FU) and 

capecitabine), irinotecan and oxaliplatin. In patients with high risk of 

recurrence adjuvant chemotherapy is important. Approximately 15-50% of 

CRC patients in stage III experience a recurrence. Adjuvant chemotherapy 

using fluorouracil reduces the risk of recurrence by 40% and oxaliplatin has 

demonstrated even greater benefit [75]. Neoadjuvant radiotherapy or chemo-

radiotherapy is recommended in patients with rectal tumours and this pre-

operative treatment reduces the risk of recurrence in these patients [58]. 
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Targeted therapies have been mainly developed against angiogenic 

and epidermal growth factor receptor (EGFR) pathways. Most common anti-

angiogenic therapies are bevacizumab, which is a monoclonal antibody that 

targets vascular endothelial growth factor (VEGF)-A, and aflibercept, a 

recombinant fusion protein that blocks VEGF-A, VEGF-B, and placental 

growth factors. Anti-EGFR therapies include cetuximab and panitumumab, 

which are monoclonal antibodies that target EGFR, but only patients with 

tumours without any RAS mutations are candidates to these EGFR-targeted 

therapies. Combination of bevacizumab with systemic chemotherapy reduces 

the mortality in both right and left tumours, whereas anti-EGFR therapies 

improve the overall survival in patients with left tumours but not in right 

tumours. Moreover, patients with left tumours have better survival rates with 

anti-EGFR than with bevacizumab.  

Finally, immunotherapy is recommended for those patients whose 

tumours are MSI-high and have a high mutational load, usually right-sided 

tumours. Immune checkpoints such as PD1, PDL1 and CTLA-4 are essential 

in normal condition for autoimmunity, however, tumour cells use these 

regulators as an immune evasion response. Thus, inhibitors of these immune 

checkpoints have been developed as cancer immunotherapy [63,68], and two 

PD1-blocking antibodies, pembrolizumab and nivolumab, have shown 

efficacy in patients with metastatic MSI-high CRC [76]. 

3.6. RAS mutations in colorectal cancer  

 RAS mutations occur in approximately 40-50% of CRC cases. The 

prognostic value of these mutations in CRC is controversial, although they 

are diagnostic markers for predicting response to anti-EGFR therapy [77]. 

KRAS, NRAS and HRAS are the most studied RAS proteins because of 
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their important role in cancer. Specifically, KRAS mutations are present in 

approximately 40% of CRC cases, NRAS mutations in about 3-5% of cases 

and HRAS in 1-2% of cases [78]. Usually, EGFR pathway is activated by 

the binding of specific ligands to this receptor leading to the activation of 

multiple downstream genes involved in cell survival, proliferation, 

metastasis, and angiogenesis. RAS is a downstream GTPase in the EGFR 

pathway that cycles between its active and inactive form. Mutations in RAS 

gene increase the intrinsic catalytic rate of GTPase and prevent the 

hydrolysis from GTP to GDP leading to the accumulation of the activated 

form of RAS. Therefore, constitutive activation of RAS promotes the 

survival and proliferation of tumour cells [79]. EGFR-blocking antibodies, 

such as cetuximab and panitumumab avoid the activation of the receptor, but 

they do not affect downstream effectors, such as RAS, that can be activated 

by mutations independently of EGFR activation state. Accordingly, several 

studies have shown that anti-EGFR therapy efficacy is superior for RAS 

wild type (WT) tumours compared with RAS-mutated tumours [80] and 

patients with RAS mutated tumours should not be treated with anti-EGFR 

therapy [78,81].  

 Approximately 80% of metastatic CRC patients do not benefit from 

anti-EGFR therapy suggesting that primary resistance to anti-EGFR 

treatment is common in CRC. First reports analysing anti-EGFR resistance 

only had into account mutations in KRAS exon 2, but later, mutations in 

KRAS exon 3 and 4 and NRAS exons 2, 3 and 4 have been included as 

diagnostic markers for predicting response to anti-EGFR therapy. Besides, 

although some patients initially respond to anti-EGFR therapy eventually all 

of them develop resistance. This progression upon anti-EGFR therapy is 

known as acquired resistance. The main hypothesis for acquired resistance is 
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the selection of pre-existing resistant subclones under the pressure of anti-

EGFR therapy, rather than the acquisition of novel mutations [78,80].  

3.7. Liquid biopsy in colorectal cancer  

3.7.1. Circulating cell-free DNA in colorectal cancer 

cfDNA can be analysed quantitatively by the measurement of cfDNA 

concentration, and also qualitatively by the analysis of its genetic alterations, 

such as RAS mutations in the case of CRC. The concentration of cfDNA is 

higher in CRC patients than in healthy individuals, as well as the proportion 

of smaller fragments of cfDNA [82,83]. Moreover, cfDNA has been 

associated with tumoral stage and higher cfDNA levels have been correlated 

with worse prognosis and with unresponsiveness to therapy [83,84]. The 

main problem in cfDNA quantification is the lack of standard protocols, 

therefore making difficult comparative studies where samples and techniques 

used are entirely different. The cfDNA may be obtained from plasma or 

serum with different cfDNA extraction methods and additionally there is no 

consensus about the technology to quantify cfDNA [84,85].  

On the other hand, the ctDNA is characterized by the presence of 

tumour-specific genetic alterations, thereby providing quantitative 

information through the mutant allelic fraction (MAF) analysis [85,86]. The 

presence of ctDNA has been detected in metastatic CRC with 87% of 

sensitivity decreasing up to 47% in stage I CRC patients. In addition, RAS 

mutations have shown a high concordance between plasma and tissue 

analyses [83,84]. The presence of ctDNA in CRC patients is a poor 

prognosis factor and is also an indicator of minimal residual disease. Thus, 

ctDNA levels decrease after surgery and increase again in patients during 
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relapse but not during remission. In fact, patients with detectable ctDNA 

after surgery usually experience relapse within one year [82,83]. Moreover, 

ctDNA can be useful to monitor the progression of disease in patients with 

RAS WT treated with anti-EGFR therapy. The detection of RAS mutations 

during the treatment could indicate anti-EGFR acquired resistance and 

therefore, progression can be detected long before clinical manifestation 

[83,84]. Moreover, the mutated RAS allelic fraction increases at progression 

but decreases when anti-EGFR therapy is discontinued and replaced with 

new regimens. This is the reason why some studies have shown the clinical 

benefit of anti-EGFR rechallenge in those patients which initially responded 

to anti-EGFR therapy [84].  

The only blood-based tumour marker routinely used in clinic for the 

management of CRC patients is the carcinoembryonic antigen (CEA). 

However, CEA possesses limited sensitivity and specificity, and its levels 

are also elevated by other malignancies and even by benign conditions [87]. 

Several studies have shown an improvement in the prognostic value with the 

combination of CEA and cfDNA, although cfDNA seems to perform better 

than CEA alone [84,85]. Moreover, analysis of ctDNA also seems to be a 

marker with higher sensitivity than CEA in the relapse prediction [83]. 

3.7.2. Circulating microRNAs in colorectal cancer 

Different profiles of circulating miRNAs have been described for the 

diagnosis, prognosis, and the prediction of response to therapy in CRC. 

Several studies focused on the diagnosis of CRC have shown distinct 

circulating levels of some miRNAs in healthy individuals, patients with 

advanced adenomas and CRC patients, suggesting that the expression of 

these miRNAs may be altered during early steps of CRC carcinogenesis [88–
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90]. Moreover, some miRNAs have been reported to correlate with tumour 

stage and metastasis, enabling the distinction between early and advanced 

stages of disease and between metastatic and non-metastatic patients [88,90]. 

Regarding CRC prognosis, several circulating miRNAs have been associated 

with overall survival and disease-free survival, and even some of them have 

been described as independent prognostic factors in metastatic CRC [88,90]. 

Furthermore, some miRNAs recover their normal circulating levels after 

surgery, but returned to their altered levels after relapse [90]. Therefore, 

these miRNAs may be used for sensitive detection of minimal residual 

disease. Some studies have shown that circulating levels of some miRNAs 

may also help to differentiate between responder and non-responder patients. 

For instance, the analysis of circulating miRNAs helped in the prediction of 

the response of CRC patients to chemotherapy and bevacizumab [88,90]. 

Finally, other studies have reported that the combination of several miRNAs, 

rather than individual miRNAs profiles, improves their diagnostic or 

prediction value. Conceivably, their participation in different tumorigenic 

processes permits a more comprehensive analysis of the disease [88,90].  
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General aim 

 The main objective of this study was to establish the potential clinical 

utility of liquid biopsy-based biomarkers in the management of advanced 

pancreatic and colorectal cancer patients.  

Specific aims 

 1. To analyse cell-free DNA-based liquid biopsy biomarkers for the 

prognosis and monitoring of metastatic pancreatic cancer patients. 

 2. To explore the combination of biomarkers of systemic 

inflammation with cell-free DNA-based liquid biopsy biomarkers for 

prediction of prognosis of metastatic pancreatic cancer patients. 

 3. To analyse the role of cell-free DNA-based liquid biopsy 

biomarkers in the prognosis of metastatic colorectal cancer patients. 

4. To explore circulating microRNAs as predictors of response to 

anti-angiogenic therapy in metastatic colorectal cancer patients. 
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1. Patients 

Three patient cohorts have been analysed in the studies performed in 

this thesis project. All subjects gave their informed consent for their 

inclusion in each study. All studies were conducted in accordance with the 

Declaration of Helsinki, and protocols were approved by the Ethics 

Committee of Córdoba. 

1.1. Cell-free DNA-based liquid biopsy biomarkers in metastatic 

pancreatic cancer patients 

Sixty-one patients diagnosed with metastatic PDAC in the Reina 

Sofía Hospital (Córdoba, Spain) were enrolled in this study from 2017 to 

2019. Eligible patients were 18 years or older with histologically confirmed 

metastatic PDAC and were not treated by chemotherapy or radiotherapy 

before the enrolment.  

1.2. Cell-free DNA-based liquid biopsy biomarkers in metastatic 

colorectal cancer patients 

One hundred and thirty-six patients diagnosed with metastatic CRC 

in the Reina Sofía Hospital (Córdoba, Spain) were enrolled in this study 

from 2015 to 2019. Eligible patients were older than 18 years with 

histologically confirmed metastatic CRC. These patients were not treated by 

chemotherapy or radiotherapy before the enrolment. 
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1.3. MicroRNAs-based liquid biopsy biomarkers in metastatic colorectal 

cancer patients 

 Ninety-eight patients from an open-label, single-arm, phase II trial 

were enrolled in this study from fourteen Spanish hospitals from 2016 to 

2017. Eligible patients were 18 years or older with metastatic CRC resistant 

to or progressive on an oxaliplatin-containing regimen. Patients received 

aflibercept, followed by FOLFIRI (folinic acid, fluorouracil and irinotecan). 

Blood samples were drawn within seven days prior to first treatment 

administration and sent to the Reina Sofia Hospital (Córdoba, Spain) as 

central laboratory.  

2. Blood collection and plasma separation 

 For liquid biopsy studies (PDAC and CRC patients) plasma was 

obtained from 20 mL of blood collected using two Streck cell-free DNA 

BCTTM tubes (Streck Corporate, Omaha, NE, USA). Blood samples were 

centrifuged at 1600×g during 10 min at room temperature to separate 

plasma, followed by centrifugation at 6000×g during 10 min at room 

temperature to remove any possible remaining cells. Plasma samples were 

then aliquoted in cryotubes and stored at -80 °C until use. For the miRNA 

study, 18 ml of blood collected using two EDTA tubes were sent from 

different hospitals to Reina Sofia Hospital (Córdoba, Spain). Plasma was 

separated by centrifuging blood at 1650×g during 10 min at 4ºC. Plasma 

samples were then aliquoted in cryotubes and stored at -80°C.  

3. Circulating cell-free DNA analysis 

cfDNA was extracted from 3 mL of plasma using QIAamp 

Circulating Nucleic Acid Kit and the QIAvac 24 Plus vacuum system 
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(Qiagen, Hilden, Germany) following the manufacturer’s instructions except 

for the proteinase K incubation which was 1 hour at 60ºC and the DNA 

elution step which was repeated twice with 70 µl of buffer AVE from the kit.  

cfDNA was quantified by fluorimetry using the Quantifluor dsDNA kit in 

the Quantus fluorometer (Promega, Madison, WI, USA) and cfDNA 

fragmentation was analysed using the automated electrophoresis system 

Agilent 2200 TapeStation (Agilent, Santa Clara, CA, USA) with the High 

Sensitivity D1000 ScreenTape Assay, which allows the analysis of 35 to 

1000 bp fragment size DNA. Using the 2200 TapeStation Software we 

obtained different peaks of intensity, which correlated with the quantity of 

cfDNA for each fragment size (bp) and selecting all the peaks in the sample 

the software reported the percentage of the integrated area of each peak. In 

our analysis we used the percentage of the shortest fragments, therefore, 

cfDNA fragmentation was defined as the percentage of shortest fragments to 

total cfDNA. 

4. RAS mutation analysis 

RAS mutation status in cfDNA and RAS MAF in plasma were 

determined using BEAMing (beads, emulsion, amplification and magnetics) 

technology with the OncoBEAM™ RAS Assay (Sysmex Inostics GmbH, 

Hamburg, Germany), which detects 34 mutations in KRAS/NRAS codons 

12, 13, 59, 61, 117, and 146 (Figure 5). OncoBEAM™ RAS Assay started 

with a conventional PCR to amplify a locus of interest, which included 7 

amplicons covering 12 codons and 34 mutations in KRAS/NRAS genes. Six 

replicates for each sample and for the negative and positive controls were 

carried out. When the PCR had finished replicates for each sample were 

pooled and two dilution steps were then performed. This diluted cfDNA was 
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added to magnetics beads together with primers for the different codons 

analysed. An emulsion was generated and most droplets contained all the 

necessary reagents for a PCR reaction and a single cfDNA molecule (digital 

PCR). Droplets from the emulsion were broken with different buffers and 

magnetics beads were captured with a magnet and hybridized with 

fluorescent probes. Three different probes were used: mutation-specific, 

which recognized mutations in the different codons analysed, wild type, 

which recognized sequences without mutations and universal, which was 

bound to all cfDNA molecules to distinguish magnetics beads with or 

without PCR product. Then, some washes were made to eliminate excess of 

probes. Finally, a flow cytometry analysis allowed the detection and 

quantification of mutated and wild type alleles. Flow cytometry data was 

analysed using the FCS ExpressTM software (De Novo Software, Pasadena, 

CA, USA) and a report for each codon in each sample was provided with the 

RAS mutational status and the MAF analysed. This approach allows reliable 

detection of MAF<0.1% in cfDNA [91]. 

 

Figure 5. Scheme of BEAMing (beads, emulsion, amplification and magnetics) 
technology and the OncoBEAM™ RAS Assay. In brief, OncoBEAM™ RAS Assay 
started with a conventional PCR to amplify a locus of interest (pre-amplification), followed 
by a digital PCR (emulsion PCR) and the hybridization with specific fluorescent probes to 
detect both RAS mutant and wild type molecules by flow cytometry. 

RAS mutations in tumour tissue were analysed by standard-of-care 

procedures validated in our hospital. Specifically, therascreen KRAS RGQ 
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PCR Kit (Qiagen) or the IdyllaTM platform (Biocartis, Malinas, Belgium) 

were employed. If the results indicated WT KRAS, testing for NRAS 

mutations was mandatory.  

5. Tumour and inflammation biomarkers 

Serum carcinoembryonic antigen (CEA) and carbohydrate antigen 

19-9 (CA19-9) levels were measured using a standard radioimmunoassay 

test in the Clinical Laboratory Department of our hospital. Platelets, 

neutrophils, and lymphocytes values were also obtained in the Clinical 

Laboratory Department and neutrophil-lymphocyte ratio (NLR) and platelet-

lymphocyte ratio (PLR) were calculated by dividing absolute neutrophil 

count and platelets count by the absolute lymphocyte count, respectively. 

The levels of neutrophil elastase in plasma were quantified using the 

Human PMN ELISA Kit (Abcam, Cambridge, UK) following the 

manufacturer’s instructions.  

6. Circulating microRNA analysis 

6. 1. Circulating microRNA extraction from plasma 

Circulating miRNAs were extracted from 0.2 ml of plasma using the 

miRNeasy Serum/Plasma Kit (Qiagen) following manufacturer instructions. 

During miRNA extraction 5 pM of phosphorylate ath-miR159a from 

Arabidopsis thaliana (Thermo, Waltham, MA, USA) was added (spike-in) as 

exogenous control for miRNA levels normalization.  

6.2. Circulating microRNA analysis in the screening cohort 

First, 30 patients were selected as screening cohort for the miRNA-

based liquid biopsy study. Circulating levels of 754 miRNAs in these 30 
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patients were determined using the TaqMan OpenArray MicroRNA Panel 

with the advanced chemistry. This chemistry enables the use of universal 

primers instead of miRNA-specific primers due to the modification of 

mature miRNAs by the addition of a poly (A) tail (3´) and an adaptor (5´). 

Preparation of miRNAs for the analysis was carried out using TaqMan 

Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Foster City, 

CA, USA). In brief, the first steps in this process were a poly (A) tailing 

reaction and an adaptor ligation reaction. Then, a retrotranscritation reaction 

was made using universal primers that bind to 3´poly (A) tail and miRNAs 

were reverse transcribed. The product was pre-amplified (miR-Amp 

reaction) using universal forward and reverse primers. Protocol was 

optimized by using 22 cycles of PCR in the pre-amplification reaction. Real-

time PCR was carried out in a TaqMan OpenArray Human Advanced 

microRNA Panel (Applied Biosystems), which is a 3072-well microfluidic 

plate containing dried TaqMan primers and probes that enables 

quantification of the miRNA levels of up to 754 miRNAs and controls in 

three samples. The pre-amplified cDNA product was mixed with TaqMan 

OpenArray Real-Time PCR Master Mix (Applied Biosystems) and loaded 

into the array using the OpenArray Accufill System (Applied Biosystems). 

Real-time PCR was carried out in the QuanStudio 12K Flex Real-Time PCR 

System (Applied Biosystems).  

6.3. Circulating microRNA analysis in the validation cohort 

The remaining sixty-eight patients of the miRNA study cohort were 

selected for the validation assay and using TaqMan Array MicroRNA Cards 

with the advanced chemistry. Forty-seven miRNAs were selected based on 

the screening assay. Preparation of miRNAs for the analysis was carried out 
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using TaqMan Advanced miRNA cDNA Synthesis Kit as described above. 

In this case, protocol was optimized increasing to 18 cycles for the pre-

amplification reaction (miR-Amp reaction). Pre-amplification product was 

diluted 1:10 with 0.1X TE Buffer, mixed with TaqMan Fast Advanced 

Master Mix and loaded into the Custom TaqMan Array MicroRNA Cards 

(Format 48), which contain dry primers and probes for the forty-seven 

miRNAs selected plus the spike-in control and they can accommodate up to 

8 individuals samples. Real-time PCR in the Cards was carried out in the 

ViiA7 Real-Time PCR System (Applied Biosystem). 

7. Circulating microRNA normalization and transformation 

Circulating miRNAs levels were normalized using the exogenous 

control and the mean levels of the three most stable miRNAs using the 

NormFinder algorithm [92]. Relative circulating levels were calculated using 

the 2-ΔΔCt method [93]. Those miRNAs not detected in at least one third of 

the patients were excluded in further analyses. Data of circulating miRNA 

levels from 98 patients were log2 transformed for the construction of 

predictive models of response to treatment, progression-free and overall 

survival. In those patients in which a circulating miRNA was not detected, a 

value resulting of dividing by 10 the lowest circulating miRNA level was 

used. 

8. Characterization of microRNAs target genes and biological 

functions  

The Ingenuity Pathway Analysis (IPA) software (Qiagen) was used 

to perform a network analysis of miRNAs with their mRNA targets in the 

colorectal metastasis signalling pathway. The online miRNA set enrichment 
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tool TAM 2.0 [94] was used to further analyse the relation between miRNAs 

and biological functions and diseases. 

9. Statistical analysis 

Statistical analyses were performed using SPSS Statistic 22.0.0, 

GraphPad Prism 6.0 Software, R Software 4.0.0, and MetaboAnalyst web 

server [95]. Overall survival was calculated from the date of diagnosis to the 

date of death. Progression-free survival was calculated from the start date of 

therapy until disease progression or death. The survival rates were estimated 

using the Kaplan-Meier method and the Log-Rank test was used to identify 

the prognostic variables. Non-parametric Mann-Whitney and Kruskal-Wallis 

tests were used to compare two and more than two groups, respectively. 

Correlation analyses were performed using Pearson’s correlation coefficient. 

Chi-square test was used for testing the association between categorical 

variables. Multivariate analysis with Cox proportional hazards regression 

was used to determine independent prognostic factors. Graph data are mean 

± standard deviation. All statistical tests were considered significant when 

p<0.05. 

The optimal cut-off values were selected with the SurvivalROC 

package based on the time-dependent ROC curve and were selected by 

minimalizing the sum of false negative and false positive rates [96]. The cut-

off value with prognostic relevance for OS was also tested for prognosis of 

PFS. When the optimal cut-off from ROC curves did not separate 

statistically the groups in the Kaplan-Meier analysis, the median, average, 

first quartile and third quartile were tested in this order. When none of these 

values were able to separate the groups the Kaplan Scan (KaplanScan) 

feature in the R2 Genomics Analysis and Visualization Platform 
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(http://r2.amc.nl) was used to find a cut-off value. The Kaplan scanner 

separates the samples of a dataset into two groups based on values of 

variable of interest. In the order of values, it uses every increasing value as a 

cut-off to create 2 groups and test the p-value in a Log-Rank test. 

Selection of variables to build the predictive models was performed 

using a univariate binary logistic regression. The predictive model was 

constructed by performing a stepwise regression with bidirectional 

elimination, which is a combination of forward selection and backward 

elimination. In each step, a variable is considered for addition to or 

subtraction from the model using p of F-to-enter ≤0.05 and p of F-to-remove 

>0.10. Iteratively adding and removing predictor variables results in the best 

performing model, that is the model with the lower prediction error. 

Additionally, the relative risks were calculated. 
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1. Circulating cell-free DNA-based liquid biopsy markers for 

the non-invasive prognosis and monitoring of metastatic 

pancreatic cancer 

1.1. Clinicopathological characteristics and RAS mutation analysis from 

plasma and tissue  

Sixty-one patients were included in the study between May 2017 and 

December 2019 (baseline characteristics are summarized in Table 1). 

Patients included in the study ranged in age from 40 to 84 years, with a 

median of 65 years of age. When patients were stratified according to age, 

no differences in OS and PFS were found (Table 2). Most of patients 

(78.7%) had a good baseline ECOG performance status and the majority of 

them (75.4%) received first line gemcitabine-based regimes. ECOG was 

related with better OS (p<0.0001) and PFS (p=0.0404) (Table 2). Thirty-

four patients were men and 27 were women, and there was a trend towards 

females having better OS than males (157 versus 241 days; p=0.1038) and 

also better PFS (96.5 versus 161.5 days; p=0.0569).  

All patients had PDAC with distant metastases at diagnosis, and the 

most frequent site of metastasis was the liver (78.7%). Besides, significant 

poorer OS and PFS were observed in patients with hepatic lesions compared 

to patients with metastases affecting other organs (OS 157 versus 339 days; 

p=0.0114; PFS 86 versus 272; p=0.0048). On the contrary, there was no 

significant association between number of metastatic lesions and OS or PFS 

(Table 2). Primary tumour was localized in tail, body and head of pancreas 

in 27.9%, 41%, and 29.5% of patients, respectively, but primary tumour 

location was not significantly related with OS or PFS (Table 2). 
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Table 1. Baseline characteristics of PDAC patients. 

Patient Characteristics  Number of Cases  
(n = 61) 

Age (median, range)  65, 40-84 

Sex Male 34 (55.7%) 
Female 27 (44.3%) 

ECOG 

0 17 (27.9%) 
1 31 (50.8%) 
2 10 (16.4%) 
3 3 (4.9%) 

1st line treatment 

Gemcitabine 3 (4.9%) 
Gemcitabine/nab-paclitaxel 39 (63.9%) 
Gemcitabine/nab-
paclitaxel/FOLFOX 4 (6.6%) 

FOLFIRINOX 11 (18%) 
No treatment 4 (6.6%) 

Survival Alive 19 (31.1%) 
Dead 42 (68.9%) 

Disease progression 

Yes 45 (73.8%) 
No 11 (18%) 
Not valuable (No treatment 
or surgery) 5 (8.2%) 

Tissue availability Yes 43 (70.5%) 
No (Cytology) 18 (29.5%) 

Primary tumour location 

Tail 17 (27.9%) 
Body 25 (41%) 
Head 18 (29.5%) 
Body-Tail 1 (1.6%) 

Number of metastatic lesions One location 26 (42.6%) 
More than one location 35 (57.4%) 

Metastatic lesion locations Hepatic lesions 48 (78.7%) 
Non-hepatic lesions 13 (21.3%) 

Tissue Biopsy RAS status1 RAS mutated 33 (76.7%) 
RAS wild type 10 (23.3%) 

Liquid Biopsy RAS status RAS mutated 47 (77%) 
RAS wild type 14 (23%) 

1 For the analysis of RAS mutational status, primary tumour tissue was available in 70.5% (43/61) of 
patients. 
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Table 2. Overall survival and progression-free survival analysis.  

 OS  PFS 

 HR (95%CI) p  HR (95%CI) p 

Age      
≤65 years 1.00 

0.6083 
 1.00 

0.3871 
>65 years 1.18 (0.63-2.18)  1.31 (0.71-2.40) 
Gender      
Female 1.00 

0.1038 
 1.00 

0.0569 
Male 1.67 (0.90-3.10)  1.82 (0.98-3.36) 
ECOG     
0 1.00 

<0.0001 
 1.00 

0.0404 1 1.83 (0.86-3.89)  1.49 (0.75-2.96) 
2-3 10.1 (3.18-31.8)  4.56 (1.29-16.1) 
Primary Tumour 
Location      

Body/Tail 1.00 
0.5802 

 1.00 
0.5318 

Head 1.22 (0.60-2.49)  1.28 (0.59-2.75) 
Number of 
Metastasis locations      

1 1.00 
0.3380 

 1.00 
0.6304 

≥2 1.35 (0.73-2.51)  1.16 (0.63-2.15) 
Metastatic Location      
Non-hepatic 1.00 

0.0114 
 1.00 

0.0048 
Hepatic 2.40 (1.22-4.74)  2.57 (1.33-4.94) 
RAS mutation status 
plasma      

WT 1.00 
0.0004 

 1.00 
<0.0001 

MUT 3.46 (1.74-6.88)  3.84 (1.97-7.47) 
RAS mutation status 
tissue      

WT 1.00 
0.0730 

 1.00 
0.0172 

MUT 2.10 (0.93-4.73)  2.50 (1.18-5.30) 
RAS mutation status 
plasma (with tissue 
paired samples) 

  
 

  

WT 1.00 
0.0068 

 1.00 
0.0019 

MUT 3.09 (1.36-7.00)  3.41 (1.57-7.40) 
CA19-9      
≤45500U/ml 1.00 

0.0408 
 1.00 

0.0289 
>45500 U/ml 2.27 (1.41-4.93)  3.01 (1.12-8.10) 
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For the analysis of RAS mutational status, primary tumour tissue was 

available in 70.5% (43/61) of patients, whereas basal blood samples were 

obtained from all patients before any treatment. RAS mutation was detected 

in 76.7% (33/43) of tissue samples and in 77% (47/61) of basal plasma 

samples. The percentage of patients with RAS mutation was comparable to 

other cohort studies [97–99]. Mutation in codon 12 of the KRAS gene was 

found in 93.6% (44/47), and 93.9% (31/33) of plasma and tissue samples, 

respectively. The overall concordance between plasma and tissue RAS 

analysis was 79.1%.  

1.2. Detection of RAS mutations in cfDNA predicts poor prognosis in 

metastatic pancreatic cancer patients  

The presence of RAS mutations in plasma cfDNA was analysed in 61 

metastatic PDAC patients. Detection of RAS mutation in plasma was 

associated with shorter patient OS (169 versus 372.5 days; p=0.0004; Table 

cfDNA concentration      
≤26.46ng/ml 1.00 

0.0057 
 1.00 

0.0107 
>26.46ng/ml 2.47 (1.30-4.68)  2.19 (1.20-4.00) 
MAF      
≤0.351% 1.00 

0.0261 
 1.00 

0.0556 
>0.351% 2.21 (1.10-4.45)  2.02 (0.98-4.13) 
cfDNA 
fragmentation      

≤38.08% 1.00 
0.0297 

 1.00 
0.0101 

>38.08% 2.64 (1.10-6.32)  3.14 (1.31-7.49) 
NLR      
≤5.52 1.00 

<0.0001 
 1.00 

0.0101 
>5.52 5.88 (2.55-13.6)  2.75 (1.27-5.96) 
PLR      
≤90.48 1.00 

0.1430 
 1.00 

0.2960 
>90.48 1.82 (0.82-4.04)  1.46 (0.72-2.97) 
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2, Figure 6A). Besides, prognosis was more accurately predicted by RAS 

mutation analysis in cfDNA than by tissue analysis (43 patients, RAS 

mutation in tissue: p=0.0730; RAS mutation in cfDNA: p=0.0068; Table 2, 

Figure 6B-C).  

 
Figure 6. Overall survival rates for patients with metastatic PDAC according to RAS 
mutation status. (A) OS according to RAS mutation status in cfDNA; (B) OS according to 
RAS mutation status in tissue; (C) OS according to RAS mutation status in cfDNA of those 
patients with RAS mutations analysed in tissue. 

RAS mutation detection in cfDNA was also a predictive factor of 

poor PFS in metastatic PDAC patients (93.5 versus 313.5 days; p<0.0001; 

Table 2, Figure 7A). Likewise, tissue analysis was a worse predictive factor 

of PFS than cfDNA (RAS mutation in tissue: p=0.0172; RAS mutation in 

cfDNA: p=0.0019; Table 2, Figure 7B-C). Finally, multivariate analysis 

revealed that RAS mutation status in plasma was a strong independent 
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prognostic factor for both OS (HR 5.692, 95% CI 1.497–21.636; p=0.011) 

and PFS (HR 8.631, 95% CI 2.311–32.236; p=0.001) (Table 3). 

 
Figure 7. Progression free survival rates for patients with metastatic PDAC according 
to RAS mutation status. (A) PFS according to RAS mutation status in cfDNA; (B) PFS 
according to RAS mutation status in tissue; (C) PFS according to RAS mutation status in 
cfDNA of those patients with RAS mutations analysed in tissue. 
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Table 3. Multivariate analysis adjusted for age, sex, ECOG, primary tumour location, 
metastatic location, number of metastatic locations, CA19-9, RAS mutation status in 
plasma, MAF, cfDNA concentration and cfDNA fragmentation. 

Variables OS PFS 

HR (95%CI) p HR (95%CI) p 
RAS mutation status 
plasma 
WT 

MUT 

 

0.011 

 

0.001 
1.00 1.00 

5.69 (1.50-21.64) 8.63 (2.31-32.24) 

MAF 
1.07 (1.00-1.14) 0.047 1.04 (0.97-1.10) 0.280 

 

1.3. Higher RAS mutational load in cfDNA is associated with poor 

prognosis in metastatic pancreatic cancer  

For the 47 patients with detectable plasma RAS mutations, the 

median MAF was 2.92% (range 0.02–29.33%). As shown in Figure 8 a 

higher RAS mutational load in cfDNA was associated with poor OS (142 

versus 310 days; p=0.0261; cut-off value: 0.351%; Table 2, Figure 8A) and 

poor PFS (85 versus 175 days; p=0.0556; cut-off-value: 0.351%; Table 2, 

Figure 8B).  

Moreover, multivariate analysis identified MAF in cfDNA as an 

independent risk factor for poor OS (HR 1.070, 95% CI 1.001–1.143; 

p=0.047) (Table 3). Although, no differences were observed in the MAF 

values according to the number of metastatic lesions, higher MAF values 

were strongly associated with primary tumours located in the body/tail of the 

pancreas (p=0.0281, Figure 9A) and liver metastases (p=0.0072, Figure 

9B).  
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Figure 8. Overall and progression free survival rates according to circulating RAS 
mutation allele fraction (MAF). (A) OS according to circulating MAF (cut-off: 0.351%); 
(B) PFS according to circulating MAF (cut-off: 0.351%). 

 
Figure 9. Association of circulating RAS mutation allele fraction (MAF) with primary 
tumour and metastases location. (A) circulating MAF levels in patients with tumour 
located in the body-tail or the head of the pancreas; (B) circulating MAF levels in patients 
with metastatic lesions in the liver or elsewhere (* p<0.05, ** p<0.01). 

1.4. Higher cfDNA concentration and fragmentation levels are 

associated with poorer survival in metastatic pancreatic cancer patients  

The median cfDNA concentration in plasma of PDAC patients was 

33 ng/mL (range 10–700), while the fragment size of plasma cfDNA ranged 

between 100–1100 bp, with a prominent mode at 135 pb for the shortest 

fragments detected. In this study cfDNA fragmentation was defined as the 

percentage of shortest fragments to total cfDNA. As shown in Figure 10, 

cfDNA concentration was significantly higher in those patients in whom 
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plasma RAS mutations were detected (42.65 versus 24.71 ng/mL, p=0.0057; 

Figure 10A). Although not significant, higher cfDNA fragmentation was 

observed in RAS mutated patients (Figure 10B), and a significant positive 

correlation between cfDNA fragmentation and RAS MAF was found 

(r=0.31, p=0.0189). 

When metastatic PDAC patients were stratified according to plasma 

cfDNA concentration, those with higher values (>26.46 ng/mL) had a poorer 

OS rate (149.5 versus 285 days, p=0.0057; cut-off value: 26.46 ng/mL; 

Figure 10C, Table 2). Also, higher plasma cfDNA concentration was 

associated with shorter PFS (86.5 versus 149.5 days, p=0.0107, cut-off 

value: 26.46 ng/mL; Figure 10D, Table 2). Similarly, a higher percentage of 

plasma cfDNA fragmentation in metastatic PDAC patients was significantly 

associated with a poorer OS (116 versus 197 days, p=0.0297; cut-off value: 

38.08%; Figure 10E, Table 2) and PFS rates (145 versus 81 days, 

p=0.0101; cut-off value: 38.08%; Figure 10F, Table 2).  

Plasma cfDNA concentration or fragmentation were not associated 

with number of metastatic lesions (p=0.4928; p=0.7735). However, there 

was an association between cfDNA fragmentation and primary tumour 

located in body/tail compared to head of the pancreas (15.27 versus 9.27%, 

p=0.0401) (Figure 11A) and a trend towards higher cfDNA concentration in 

the plasma of metastatic PDAC patients with body/tail tumours (36.17 

ng/mL) compared with those with tumours in the head of the pancreas (26.23 

ng/mL, p=0.0691) (Figure 11B). Also, patients with hepatic metastasis 

displayed higher cfDNA levels in plasma (38.10 ng/mL), when compared 

with those patients with other metastatic locations (28.93 ng/mL, p=0.0547) 

(Figure 11D). Similarly, a trend towards higher cfDNA fragmentation was 
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observed in patients with metastatic lesions in the liver (12.165%), compared 

with those with metastases elsewhere (10.655%, p=0.3257) (Figure 11C). 

 

 
Figure 10. cfDNA concentration and fragmentation in metastatic PDAC patients. (A) 
cfDNA levels and (B) fragmentation according to RAS mutational status; (C) OS according 
to cfDNA levels (cut-off: 26.46 ng/mL); (D) PFS according to cfDNA levels (cut-off: 26.46 
ng/mL); (E) OS according to cfDNA fragmentation (cut-off: 38.08%); (F) PFS according to 
cfDNA fragmentation (cut-off: 38.08%). (** p<0.01). 
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Figure 11. Association between cfDNA concentration and fragmentation and primary 
tumour and metastasis location. (A) cfDNA fragmentation; and (B) cfDNA levels 
according to primary tumour location; (C) cfDNA fragmentation; and (D) cfDNA levels 
according to metastatic location (* p<0.05). 

1.5. Multiparameter liquid biopsy refines prognostic stratification of 

metastatic pancreatic cancer patients  

In our cohort, CA19-9 demonstrated some prognostic value, with 

higher baseline levels associated with poorer OS and PFS rates (OS 125 

versus 202.5 days, p=0.0408; cut-off value: 45,500 U/mL; PFS 72 versus 

143 days, p=0.0289; cut-off value: 45,500 U/mL; Table 2). No association 

was found between CA19-9 levels and RAS mutation status (p=0.2909), 

primary tumour location (p=0.5053), number of metastasis (p=0.4723), 

location of metastatic lesions (p=0.4908), MAF (p=0.1642), cfDNA levels 

(p=0.7692) or cfDNA fragmentation (p=0.2769). 
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Remarkably, the combination of CA19-9 with liquid biopsy 

improved the prognostic stratification of metastatic PDAC patients. A 

scoring system was applied by combining CA19-9 with MAF, cfDNA 

concentration and cfDNA fragmentation. Positive or negative values were 

assigned depending on whether the corresponding marker was above 

(positive) or below (negative) the cut-off with prognostic value in OS. Thus, 

score 0 was defined as negative for all markers; score 1 was defined as 

positive for 1 marker; and score 2 was defined as positive for 2, 3 or 4 

markers. As shown in Figure 12, those patients with score 2 displayed 

poorer survival outcomes in comparison with those patients with score 0 and 

score 1 in Kaplan-Meier analysis (p=0.0002, and p=0.0072, respectively). 

 
Figure 12. Multi-parametric analysis combining CA19-9 and cfDNA-based liquid 
biopsy markers (MAF, cfDNA concentration and cfDNA fragmentation). Score 0: no 
positive markers; Score 1: One positive marker; Score 2: More than one positive markers. 

1.6. RAS mutational load in cfDNA enables monitoring of disease 

progression and response to therapy in metastatic pancreatic cancer 

patients  

Due to the limitations in CA19-9 as a reliable marker of pancreatic 

cancer, the utility of circulating MAF was compared to CA19-9 in 
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monitoring disease progression and response to therapy in metastatic PDAC 

patients. No RAS mutation was detected in blood at baseline in two of the 

seven monitored patients, but it was detected in disease progression. In 

patient 1, KRAS codon 12 mutation was found in tissue but not in blood at 

baseline. Eventually, a novel NRAS mutation was detected during stable 

disease and a circulating KRAS codon 12 mutation was detected later in 

blood, along with both elevation of CA19-9 levels and disease progression 

revealed by radiological criteria and followed by rapid deterioration and 

death (Figure 13A). In patient 2, no RAS mutation was detected at baseline 

in either tissue or blood, but a KRAS codon 12 mutation was detected later 

in blood at progression of the disease (Figure 13B).  

In the three patients (3, 4 and 5) in whom RAS mutation was detected 

at baseline in blood, circulating MAF dropped following treatment and 

concurring with lower CA19-9 levels and partial response (PR) to therapy 

(Figure 13C–E). In patient 3, circulating KRAS mutation level markedly 

declined at PR and rose again at disease progression, along with the 

detection of a novel circulating NRAS mutation (Figure 13C). In patient 4, 

KRAS mutation remained undetectable in blood, while CA9-19 levels were 

low and the disease was stable (SD), but unlike CA19-9, MAF was 

augmented again at the progression of disease (Figure 13D). In patient 5, 

circulating KRAS mutation dropped to undetectable levels in the stable 

disease. Despite standard criteria and CA19-9 levels in the following 

monitoring suggested stable disease, KRAS mutation was detected again in 

plasma anticipating disease progression (Figure 13E).  

Finally, in patients 6 and 7, circulating RAS mutation levels 

increased during treatment, compared to baseline levels (Figure 13F-G). 
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Notably, the increase in circulating MAF was associated with a very short 

survival period (5 months since diagnosis) in these patients. 

 
Figure 13. Circulating RAS mutation allele fraction (MAF) enables monitoring of 
disease progression and response to therapy in metastatic PDAC patients. Circulating 
MAF (%) was compared to CA19-9 (U/mL), in monitoring response to therapy and disease 
progression in 7 (A–G) metastatic PDAC patients. 
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As a whole, the above results suggest that the dynamics of circulating 

RAS mutation may better correlate with patients’ outcome and survival 

compared with standard CA19-9 marker. Accordingly, a significant 

correlation was found between the increase in MAF (r=−0.65, p=0.02), but 

not in CA19-9 (r=0.09, p=0.78) and survival time (Figure 14). Hence, 

higher increases in circulating RAS mutation during patient monitoring 

predicted a shorter survival time. 

 
Figure 14. Correlation of dynamics of circulating RAS MAF and CA19-9 with 
patient’s outcome and survival. A significant correlation was found between the increase 
in MAF (A), but not in CA19-9 (B) and survival time. 

2. The combination of neutrophil–lymphocyte ratio and 

platelet-lymphocyte ratio with liquid biopsy biomarkers 

improves prognosis prediction in metastatic pancreatic cancer 

2.1. Clinicopathological characteristics of patients 

Neutrophil, lymphocyte and platelet count were available for 58 of 61 

patients previously described (Table 1). Therefore, NLR and PLR were 

calculated in 58 metastatic PDAC patients. However, one patient with ultra-

high platelets count was excluded from the PLR analysis.  
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2.2. NLR and PLR are prognostic markers in metastatic pancreatic 

cancer patients 

The median NLR in plasma of metastatic PDAC patients was 3.94 

(range 0.38-18.8) and the median PLR was 176.07 (range 43.59-492.86). 

There was a significant association of high NLR with male gender 

(p=0.0294), while no relation was found between PLR and gender 

(p=0.2591) (Figure 15A-B). On the other hand, although no relation was 

found between NLR and age (p=0.4891), patients older than 60 years 

showed a significant lower PLR than those younger (153.39 versus 236.47; 

p=0.0076) (Figure 15C-D). Besides, as shown in Figure 15E-F, higher 

NLR, but not PLR, were associated with worse ECOG (ECOG 2-3) (NLR: 

p=0.0018; PLR: p=0.6318). 

NLR was not significantly associated with primary tumour location 

(p=0.7859) or number of metastases (p=0.2859), although NLR showed a 

trend towards higher values in patients with metastatic lesions located in the 

liver compared with patients with metastases affecting other organs 

(p=0.1551) (Figure 16A). Contrarily, PLR was not associated with 

metastatic location (p=0.7558) or the number of metastases (p=0.7653), but 

patients with primary tumour located in the head of pancreas showed higher 

PLR compared with tumours in the body-tail location (266.2 versus 149.16; 

p=0.0245) (Figure 16B). Patients with higher NLR (>5.52) had significant 

poorer OS (108 versus 335 days; p<0.0001) and PFS (85 versus 232 days; 

p=0.0101) rates (Figure 16C-D). Moreover, multivariate analysis revealed 

that NLR was an independent prognostic factor for OS (HR 2.466, 95% CI 

1.246-4.880; p=0.010) (Table 4). Also, although not significant, patients 

with higher PLR (>90.48) showed a trend towards poorer OS (236 versus 
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399 days; p=0.1430) and PFS (145 versus 337 days; p=0.2960) (Figure 16E-

F). 

 
Figure 15. Association between neutrophil–lymphocyte ratio and platelet–lymphocyte 
ratio with the clinical characteristics of the patients. (A) Neutrophil–lymphocyte ratio 
(NLR) and (B) platelet–lymphocyte ratio (PLR) in male or female patients, (C) NLR and 
(D) PLR in patients younger or older than 60 years, (E) NLR and (F) PLR according to the 
ECOG. (* p<0.05, ** p<0.01). 
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Figure 16. Neutrophil–lymphocyte ratio and platelet–lymphocyte ratio in metastatic 
pancreatic ductal adenocarcinoma patients. (A) Neutrophil–lymphocyte ratio (NLR) in 
patients with liver metastases or metastases elsewhere, (B) platelet–lymphocyte ratio (PLR) 
in patients with primary tumour located in the body-tail or the head of the pancreas, (C) 
overall survival (OS) according to NLR (cut-off: 5.52), (D) progression-free survival (PFS) 
according to NLR (cut-off: 5.52), (E) OS according to PLR (cut-off: 90.48), (F) PFS 
according to PLR (cut-off: 90.48) (* p<0.05). 
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Table 4. Multivariate analysis adjusted for ECOG, metastatic location, RAS status in 

plasma and neutrophil-lymphocyte ratio (NLR). 

Variables 
OS  PFS 

HR (95%CI) p  HR (95%CI) p 

ECOG 2.02 (1.21-3.39) 0.008  - - 

Metastatic Location - ns  3.15 (1.36-7.31) 0.007 

RAS mutation status plasma 6.94 (2.03-23.7) 0.002  7.91 (2.48-25.20) 0.0001 

NLR 2.47 (1.25-4.88) 0.010  - ns 

 

2.3. Combined analysis of NLR and PLR improves the prognostic 

accuracy in patients with metastatic pancreatic cancer  

There was a significant positive correlation between NLR and PLR 

(r=0.35; p=0.0085) (Figure 17A). Notably, the combination of NLR and 

PLR improved the prognostic classification of metastatic PDAC patients. For 

this combined analysis positive or negative values were assigned when NLR 

or PLR values were above (positive) or below (negative) the cut-off with 

prognostic value in OS, and scores 0, 1 and 2 were defined as negative for 

both markers, positive for one of them and positive for both markers, 

respectively. As shown in Figure 17B, those patients with score 2 showed a 

highly significant poorer survival than those patients with score 0 or 1 in 

Kaplan-Meier analysis (p=0.0004 and p=0.0040, respectively). In contrast, 

the combination of NLR and PLR did not significantly improve prognosis 

accuracy for PFS (p=0.0856) (Figure 17C). 
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Figure 17. Association between neutrophil–lymphocyte ratio and platelet–lymphocyte 
ratio. (A) Correlation between neutrophil–lymphocyte ratio (NLR) and platelet–lymphocyte 
ratio (PLR) values; (B) overall survival (OS) according to the NLR and PLR combination 
(score 2 compared to score 0: p=0.0004, score 2 compared to score 1: p=0.0040); (C) 
progression free survival (PFS) according to the NLR and PLR combination (score 2 
compared to score 0: p=0.0097; score 2 compared to score 1: p=0.1463) (score 2, positive 
for both markers; score 1, positive for one of them; score 0: negative for both markers). 

2.4. NLR positively correlates with cfDNA concentration in plasma of 

metastatic pancreatic cancer patients 

A high positive correlation (r=0.71; p<0.0001) was found between 

NLR and cfDNA concentration (Figure 18A). No correlation was found 

between PLR and cfDNA concentration (p=0.8205). However, a negative 

correlation (r=-0.30; p=0.0244) was found between PLR and cfDNA size. 

No significant association was found between NLR and cfDNA 

fragmentation (p=0.4381). 
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As described above, higher levels of cfDNA were significantly 

associated with shorter OS and PFS in metastatic PDAC patients and a cut-

off for cfDNA concentration (26.46 ng/ml) was determined. When NLR and 

cfDNA levels were combined according to the scoring system described 

above, patients with score 2 showed significant shorter OS than patients with 

score 0 or score 1 (p=0.0001 and p=0.0008, respectively) (Figure 18B). We 

also found an improvement in the prognostic stratification of patients 

according to PFS when NLR and cfDNA levels were combined (score 2 

versus score 0: p=0.0037 and score 2 versus score 1: p=0.0119) (Figure 

18C). 

Since NLR and cfDNA concentration were highly correlated, we next 

measured neutrophil elastase in plasma as a marker of NETosis to determine 

whether neutrophil activation contributes to cfDNA content in plasma of 

metastatic PDAC patients. As shown in Figure 19A-C, elastase 

concentration in plasma positively correlated with NLR (r=0.5618; 

p<0.0001), cfDNA concentration (r=0.5246; p<0.0001), and CA19-9 

(r=0.4995; p<0.0001). Similarly to NLR and cfDNA, elastase concentration 

was higher in patients with liver metastases (p=0.0423, Figure 19D), but 

there was no relation between elastase levels and primary tumour location 

(p=0.9890) or number of metastases (p=0.7515). Moreover, high elastase 

concentration in plasma (>23.15 ng/ml) was a prognostic factor of worse OS 

(p=0.0110) and PFS (p=0.0241) (Figure 19E-F). 
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Figure 18. Association between neutrophil–lymphocyte ratio and cell-free DNA 
concentration. (A) Correlation between neutrophil–lymphocyte ratio (NLR) values and 
circulating cell-free DNA (cfDNA) levels; (B) overall survival (OS) according to the NLR 
and cfDNA combination (score 2 compared to score 0: p=0.0001, score 2 compared to score 
1: p=0.0008); (C) progression-free survival (PFS) according to the NLR and cfDNA 
combination (score 2 compared to score 0: p=0.0037; score 2 compared to score 1: 
p=0.0119) (score 2, positive for both markers; score 1, positive for one of them; score 0: 
negative for both markers). 
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Figure 19. Circulating levels of neutrophil elastase in metastatic pancreatic ductal 
adenocarcinoma patients. (A) Correlation between plasma levels of neutrophil elastase and 
neutrophil–lymphocyte ratio (NLR); (B) correlation between plasma levels of neutrophil 
elastase and cell-free DNA (cfDNA); (C) correlation between plasma levels of neutrophil 
elastase and CA19-9; (D) plasma levels of neutrophil elastase in pancreatic ductal 
adenocarcinoma patients with metastatic lesions in the liver or elsewhere; (E) overall 
survival (OS) according to circulating levels of neutrophil elastase (cut-off: 23.15 ng/mL); 
(F) progression-free survival (PFS) according to circulating levels of neutrophil elastase 
(cut-off: 23.15 ng/mL) (* p<0.05). 
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2.5. NLR is related to RAS mutational status in cfDNA of metastatic 

pancreatic cancer patients 

As shown in Figure 20A, NLR was significantly higher in those 

patients in which plasma RAS mutations were detected (4.53 versus 2.24; 

p=0.0024). Moreover, a positive correlation between NLR and the RAS 

MAF was found (r=0.4481; p=0.0023) (Figure 20B). As described above, 

RAS mutation and RAS mutational load in cfDNA were related to shorter 

OS and PFS in metastatic PDAC patients and a cut-off for RAS MAF 

(0.351%) was determined. As shown in Figure 20C, when NLR and RAS 

mutation status in plasma were combined, patients with score 2 showed 

poorer OS compared with patients with score 0 and score 1 (p<0.0001 and 

p=0.0003, respectively). Similarly, this combination of markers also better 

stratified patients for PFS (score 2 versus score 0: p=0.0003 and score 2 

versus score 1: p=0.0533) (Figure 20D). When NLR was combined with 

RAS MAF (Figure 20E), an improved stratification of RAS mutated 

patients for OS (score 2 versus 0, p=0.0029; score 2 versus 1, p=0.0037) but 

not for PFS (p=0.0869) was observed (Figure 20F). No significant 

association was found between PLR and RAS mutation (p=0.5071) or RAS 

mutational load (p=0.6854) in plasma. 
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Figure 20. Association between neutrophil–lymphocyte ratio and plasma RAS 
mutation. (A) Neutrophil–lymphocyte ratio (NLR) according to RAS mutational status in 
plasma; (B) correlation between NLR values and RAS mutant allelic fraction (MAF) in 
plasma; (C) overall survival (OS) according to the NLR and RAS mutational status 
combination (score 2 compared to score 0: p<0.0001; score 2 compared to score 1: 
p=0.0003); (D) progression-free survival (PFS) according to the NLR and RAS mutational 
status combination (score 2 compared to score 0: p=0.0003; score 2 compared to score 1: 
p=0.0533); (E) OS according to the NLR and MAF combination (score 2 compared to score 
0: p=0.0029; score 2 compared to score 1: p=0.0037); (F) PFS according to the NLR and 
MAF combination (score 2 compared to score 0: p=0.0420; score 2 compared to score 1: 
p=0.3008) (score 2, positive for both markers; score 1, positive for one of them; score 0, 
negative for both markers) (** p<0.01). 
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2.6. Multiple blood-based biomarkers improve the prognostic 

stratification of metastatic pancreatic cancer patients 

As described above, higher levels of CA19-9 were significantly 

associated with shorter OS and PFS in metastatic PDAC patients and a cut-

off for CA19-9 (45,500 U/ml) was determined. CA19-9 levels and NLR 

showed a positive correlation (r=0.3684; p=0.0048) and the combination of 

both biomarkers showed an improvement in patient stratification for OS 

(score 2 versus score 0: p<0.0001 and score 2 versus score 1: p=0.0226) and 

PFS (score 2 versus score 0: p=0.0016 and score 2 versus score 1: p=0.0021) 

(Figure 21A-B). 

Next, a combination of multiple blood-based biomarkers (NLR, PLR, 

cfDNA concentration, RAS status, RAS MAF and CA19-9) was used to 

improve the prognostic stratification of metastatic PDAC patients. In this 

case, score 2 was defined as positive for all markers, score 1 positive for 3, 4 

or 5 markers and score 0 positive for 1 or 2 marker or negative for all of 

them. As shown in Figure 21C, patients with score 2 had a very short OS 

outcome compared with patients with score 1 (p=0.0026), and specially with 

patients with score 0 (p<0.0001). In regard to PFS this combination of 

multiple blood-based biomarkers also efficiently stratified patients into 

dismal (score 2), poor (score 1) and good (score 0) prognosis (Figure 21D). 
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Figure 21. Multiple blood-based biomarkers for the prognosis of metastatic pancreatic 
ductal adenocarcinoma patients. (A) Overall survival (OS) according to neutrophil–
lymphocyte ratio (NLR) and CA19-9 combination (score 2 compared to score 0: p < 0.0001; 
score 2 compared to score 1: p=0.0226); (B) progression-free survival (PFS) according to 
NLR and CA19-9 combination (score 2 compared to score 0: p=0.0016; score 2 compared to 
score 1: p=0.0021) (score 2, positive for both markers; score 1, positive for one of them; 
score 0, negative for both markers); (C) OS according to the combination of multiple blood-
based biomarkers (NLR, platelet–lymphocyte ratio (PLR), cell-free DNA (cfDNA) 
concentration, RAS status, RAS mutant allelic fraction (MAF) and CA19-9) (score 2 
compared to score 0: p<0.0001; score 2 compared to score 1: p=0.0026); (D) PFS according 
to the combination of multiple blood-based biomarkers (NLR, PLR, cfDNA concentration, 
RAS status, RAS MAF, and CA19-9) (score 2 compared to score 0: p=0.0008; score 2 
compared to score 1: p=0.0086) (score 2, positive for all markers; score 1, positive for 3, 4 
or 5 markers; score 0, positive for 1 or 2 markers or negative for all of them). 
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3. Circulating cell-free DNA-based liquid biopsy markers for 

the non-invasive prognosis of metastatic colorectal cancer 

3.1. Clinical-pathological characteristics and RAS mutation analysis 

from plasma and tissue 

One hundred and thirty-six patients were included in the study 

between November 2015 and March 2019. Eighty-six patients were men and 

50 were women, ranging in age from 37-85 years, with a median age of 66 

years. Patients received as first line of treatment chemotherapy (36%), anti-

VEGF (43.4%) and anti-EGFR (17.6%) regimes (Table 5). We found 

differences in the prognosis of metastatic CRC patients according to the 

gender and age. Males were associated with a better prognosis in OS 

(p=0.0004) and in PFS (p=0.0247) and patients younger than 60 years were 

also associated with better OS (p=0.0103) and PFS (p=0.0544) rates (Table 

6). Most patients (92.6%) had a good baseline ECOG performance status at 

diagnosis and significant differences in OS (p<0.0001) and PFS (p<0.0001) 

were found according to this clinical parameter (Table 6). All patients had 

CRC with distant metastases at diagnosis, and the liver was the most 

frequent site of metastasis (78.7%). Primary tumour was located in the right 

and left (including rectum) side of the colon in 33% and 64% of patients, 

respectively, and 3% of the cases had right and left synchronous tumours. 

Primary tumour location (OS p=0.1189; PFS p=0.3463) and metastatic 

location (OS p=0.6614; PFS p=0.4791) were not related to OS or PFS. 

However, significant poorer OS and PFS were observed in patients with 

metastatic lesions in more than one location (OS 492.5 versus 674.5 days, 

p=0.0004; PFS 190 versus 297 days, p=0.0009). 
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Table 5. Baseline characteristics of metastatic CRC patients.  

Patient Characteristics  
Number of Cases  

(n = 136) 

Age  
<60 years 40 (29.4) 
>60 years 96 (70.6) 

Sex 
Male 86 (63.2) 
Female 50 (36.8) 

ECOG 

0 43 (31.6) 
1 83 (61) 
2 9 (6.6) 
3 1 (0.7) 

1st line treatment 

Chemotherapy 49 (36) 
Chemotherapy + anti-VEGF 59 (43.4) 
Chemotherapy + anti-EGFR 24 (17.5) 
No treatment 4 (2.9) 

Survival 
Alive 44 (32.4) 
Dead 92 (67.6) 

Disease progression 
Yes 122 (89.7) 
No 10 (7.4) 
Not valuable (No treatment) 4 (2.9) 

Primary tumour location 

Right 45 (33.1) 
Left 57 (41.9) 
Rectum 30 (22.1) 
Right and left synchronous 
tumour 

4 (2.9) 

Number of metastatic lesions 
One location 63 (46.3) 
More than one location 73 (53.7) 

Metastatic lesions location 
Hepatic lesions 107 (78.7) 
Non-hepatic lesions 29 (21.3) 

Liquid Biopsy RAS status 
RAS mutated 82 (60.3) 
RAS wild type 54 (39.7) 

Tissue RAS status1 RAS mutated 74 (57.8) 
RAS wild type 54 (42.2) 

1 For the analysis of RAS mutational status, primary tumour tissue was available in 94.1% (128/136) 
of patients. 
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Table 6. Overall survival and progression-free survival analysis. 

 OS   PFS  

 HR (95%CI) p  HR (95%CI) p 

Age      
≤60 years 1.00 

0.0103 
 1.00 

0.0544 
>60 years 1.75 (1.14-2.69)  1.45 (1.00-2.12) 

Gender      
Male 1.00 

0.0004 
 1.00 

0.0247 
Female 2.30 (1.45-3.65)  1.59 (1.06-2.37) 

ECOG     
0 1.00 

<0.0001 
 1.00 

<0.0001 1 1.84 (1.18-2.87)  1.19 (0.81-1.73) 
2-3 2354 (369.6-14992)  730.8 (106.7-5007) 

Primary Tumour 
Location 

  
 

  

Left and Rectum  1.00 
0.1189 

 1.00 
0.3463 

Right 1.44 (0.91-2.27)  1.20 (0.81-1.80) 
Number of Metastasis      

1 1.00 
0.0004 

 1.00 
0.0009 

≥2 2.13 (1.40-3.23)  1.85 (1.29-1.67) 
Metastatic Location      

Non-hepatic  1.00 
0.6614 

 1.00 
0.4791 

Hepatic 1.12 (0.68-1.84)  0.85 (0.54-1.34) 
RAS mutation status 
plasma (with tissue 
paired samples) 

  
   

WT 1.00 
0.0322 

 1.00 
0.1743 

MUT  1.61(1.04-2.48)  1.29 (0.89-1.88) 
RAS mutation status 
tissue 

  
 

  

WT  1.00 
0.0657 

 1.00 
0.1932 

MUT 1.5 (0.97-2.31)  1.28 (0.88-1.85) 
cfDNA concentration      

≤20.35ng/ml 1.00 
<0.0001 

 1.00 
0.0007 

>20.35ng/ml 2.76 (1.80-4.24)  1.89 (1.31-2.73) 
cfDNA fragmentation      

≤34.24% 1.00 
0.0374 

 1.00 
0.3907 

>34.24% 1.84 (1.04-3.27)  1.23 (0.76-1.99) 
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MAF 
≤6.95% 1.00 

0.0234 
 1.00 

0.7708 
>6.95% 1.81 (1.08-3.03)  1.07 (0.68-1.68) 

CEA      
≤9.5U/ml 1.00 

<0.0001 
 1.00 

0.0181 
>9.5U/ml 2.46 (1.59-3.82)  1.58 (1.08-2.31) 

 

3.2. Detection of RAS mutations in cfDNA predicts poor prognosis in 

metastatic colorectal cancer patients 

Primary tumour tissue was available for the analysis of RAS 

mutational status in 94.1% (128/136) of patients. RAS mutation was detected 

in 57.8% (74/128) of tissue samples and in 60.3% (82/136) of basal plasma 

samples. Mutations in codons 12 and 13 were the most commonly detected 

both in tissue (77%) and plasma (79.3%). The overall concordance between 

plasma and tissue RAS analysis was 93%, increasing to 94% in patients with 

liver metastases. RAS mutation in plasma, but not in tissue, was significantly 

associated with shorter OS (540 versus 660 days; p=0.0322) (Table 6, 

Figure 22A). Hence, prognosis was more accurately predicted by RAS 

mutation analysis in cfDNA than by tissue analysis (551 versus 625 days, 

p=0.0657) (Table 6, Figure 22B). On the other hand, although non-mutated 

RAS patients had better PFS, non-significant association was found between 

RAS mutation status in plasma (p=0.1743) or tissue (p=0.1932) and PFS. 
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Figure 22. Overall survival according to RAS mutation status. Overall survival (OS) 
according to RAS mutation status in cfDNA (A) and in tissue (B). 

3.3. Higher RAS mutational load in cfDNA is associated with poor 

prognosis in metastatic colorectal cancer 

For the 82 patients with detectable plasma RAS mutations, the 

median mutation allele fraction (MAF) was 6.95% (range 0.01-49.45%). A 

higher RAS mutational load in cfDNA (>6.95%) was associated with poor 

OS (512 versus 568 days, p=0.0234) (Figure 23A), but not with PFS 

(p=0.7708) (Figure 23B). Although no differences were observed in the 

MAF values according to the primary tumour location, higher MAF values 

were strongly associated with metastatic location in the liver (p=0.0006) 

(Figure 24A) and a trends towards higher MAF levels in patients with more 

than one metastatic location was also found (p=0.0921) (Figure 24B). 

Moreover, a higher percentage of patients with metastatic lesions in more 

than one location showed mutations in RAS gene compared with patients 

with only one metastatic location (p=0.0339) (Figure 24C).  
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Figure 23. Overall and progression free survival rates according to circulating RAS 
mutation allele fraction (MAF). (A) OS according to circulating MAF (cut-off: 6.95%); 
(B) PFS according to circulating MAF (cut-off: 6.95%). 

 

Figure 24. Relationship between RAS mutation and metastatic characteristics. (A) 
RAS mutant allelic fraction (MAF) according to metastatic location in the liver or 
elsewhere; (B) RAS MAF according to the number of metastatic locations; (C) RAS 
mutation status according to the number of metastatic locations. 
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3.4. Higher cfDNA concentration and fragmentation levels are 

associated with poor survival in metastatic colorectal cancer patients 

 The median cfDNA concentration in plasma of CRC patients was 

36.3 ng/mL (range 8.3-3266.7 ng/mL) while the fragment size of plasma 

cfDNA ranged between 100-1100 bp, with prominent mode at 135 pb for the 

shortest fragments detected. In this study cfDNA fragmentation was defined 

as the percentage of shortest fragments to total cfDNA. Although not 

statistically significant, higher cfDNA concentration (41.35 versus 22.91 

ng/mL, p=0.0770) and cfDNA fragmentation (35.45 versus 25.45%, 

p=0.1506) were found in patients with RAS mutated plasma (Figure 25A-

B). In addition, a significant positive correlation between cfDNA 

concentration and cfDNA fragmentation was found (r=0.56; p<0.0001) 

(Figure 25C). 

When metastatic CRC patients were stratified according to cfDNA 

concentration, those with higher values (>20.35 ng/mL) had a significant 

poorer OS rate (512.5 versus 794 days; p<0.0001) (Figure 26A). Also, 

higher cfDNA levels were associated with shorter PFS (216 versus 345.5 

days, p=0.0007) (Figure 26B). Interestingly, cfDNA concentration was a 

predicting factor of response to therapy, independently of the first line of 

treatment (Table 7). Moreover, higher percentage of plasma cfDNA 

fragmentation (>34.24%) in metastatic CRC patients was also significantly 

associated with poorer OS (527.5 versus 600 days, p=0.0374), but not with 

PFS (p=0.3907) (Figure 26C-D). 
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Figure 25. cfDNA concentration and fragmentation according to RAS mutation status 
and the relation of both factors. (A) cfDNA levels according to RAS mutation status; (B) 
cfDNA fragmentation according to RAS mutation status; (C) Positive correlation between 
cfDNA concentration and fragmentation.  

Table 7. cfDNA concentration prognosis according to the first line treatment. 

Treatment cut-off 
(ng/ml) 

n 
cfDNA OS 

 
cfDNA PFS 

HR (95%CI) p 
HR 

(95%CI) 
p 

Chemotherapy <20.35 13 1.96  
(0.95-4.05) 0.0702 

 2.18  
(1.14-4.19) 0.0188 >20.35  33  

Anti-VEGF 
<20.35  18 2.48  

(1.29-4.77) 0.0065 
 1.77  

(1.03-3.06) 0.0395 >20.35  40  

Anti-EGFR 
<20.35  11 6.71  

(2.16-20.90) 0.0010 
 1.57  

(0.66-3.74) 0.3041 >20.35  13  
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Figure 26. Overall and progression free survival rates according to cfDNA 
concentration and fragmentation. (A) Overall survival (OS) according to cfDNA 
concentration (cut-off: 20.35 ng/ml); (B) Progression free survival (PFS) according to 
cfDNA concentration (cut-off: 20.35 ng/ml); (C) OS according to cfDNA fragmentation 
(cut-off: 34.24%); (D) PFS according to cfDNA fragmentation (cut-off: 34.24%). 

 Plasma cfDNA concentration and fragmentation were not associated 

with primary tumour location (p=0.7473; p=0.2307). However, there was a 

significant association between higher levels of cfDNA concentration and 

metastatic location in the liver (45.66 versus 21.7 ng/mL, p=0.0049) (Figure 

27A) and also with more than one metastatic location (53.43 versus 22.63 

ng/mL, p=0.0138) (Figure 27B). Moreover, higher values of cfDNA 

fragmentation were also significantly associated with liver metastasis (33.36 

versus 15.8%, p=0.0093) (Figure 27C). 
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Figure 27. Association between cfDNA concentration and fragmentation with 
metastasis location. (A) cfDNA levels according to metastasis in the liver or elsewhere; (B) 
cfDNA levels according to the number of metastatic locations; (C) cfDNA fragmentation 
according to hepatic or non-hepatic metastasis.  

3.5. Multiparameter liquid biopsy improves prognosis stratification of 

metastatic colorectal cancer patients 

 In our cohort, CEA had a prognostic value with higher basal levels 

(>9.5ng/mL) associated with poorer OS and PFS rates (OS 705 versus 520 

days, p<0.0001; PFS 314.5 versus 227 days, p=0.0181) (Figure 28A-B). A 

positive association was found between CEA and RAS mutation status 

(p=0.0278), metastatic location (p=0.0297) and positively correlated with 

RAS MAF (r=0.3106; p=0.0067), however no association was found 

between CEA and primary tumour location (p=0.4094), number of 

metastasis (p=0.3059), cfDNA concentration (p=0.2618) and cfDNA 

fragmentation (p=0.4853). 
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 Remarkably, the combination of CEA with liquid biopsy markers 

such as RAS status and cfDNA concentration improved the prognostic 

stratification of metastatic CRC patients. They were classified according to 

the number of markers they had above (positive) or below (negative) the cut-

off determined for prognostic value in OS.  Patients with all three positive 

markers showed worse OS (Figure 28C) than patients with two positive 

markers (p=0.0160), one positive marker (p=0.0002) and specially than 

patients with all three negative markers (p<0.0001). Regarding to PFS, 

patients with all three positive markers showed worse PFS than patients with 

only one positive marker (p=0.0450) and specially than patients with all 

three negative markers (p=0.0016) (Figure 28D). 

 
Figure 28. Overall survival and progression free survival according to CEA levels and 
the combination of CEA with liquid biopsy markers. (A) Overall survival (OS) according 
to CEA levels (cut-off: 9.5 ng/ml); (B) Progression free survival (PFS) according to CEA 
levels (cut-off: 9.5 ng/ml); (C) OS combining CEA with cfDNA concentration and RAS 
mutation status; (D) PFS combining CEA with cfDNA concentration and RAS mutation 
status. 
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4. Circulating microRNAs as liquid biopsy biomarkers to 

predict response and prognosis in metastatic colorectal cancer 

patients treated with FOLFIRI plus aflibercept  

4.1. Clinicopathological Characteristics 

 Ninety-eight metastatic CRC patients (60 men, 38 women) with 63 

years median age (range 36-83 years) were included in the study from 2016 

to 2017 (clinical characteristics are summarised in Table 8). More than 80% 

of the patients were diagnosed with stage IV CRC and most patients had a 

primary tumour located in the colon (74.5%) and metastases in the liver 

(79.6%). RAS mutation was detected in tissue in 57 patients (62.6%). All 

patients included in the study were metastatic CRC patients resistant to or 

progressive on an oxaliplatin-containing regimen who were to receive 

FOLFIRI plus aflibercept. 

4.2. Differential circulating miRNA levels between responder and non-

responder patients to treatment with FOLFIRI plus aflibercept  

 Fifteen patients with the longest (responders) time to treatment 

failure (TTF) and fifteen with the shortest (non-responders) TTF were first 

included for screening. In each sample 754 circulating miRNAs were 

analysed and Ct values were obtained. Those miRNAs which circulating 

levels were not detected in at least one third of the patients were excluded. 

miRNAs were normalized using an exogenous control and the average level 

of the three most stable miRNAs using the NormFinder algorithm [92]. 

Relative circulating levels were calculated using the 2-ΔΔCt method [93]. 

Seventy-one miRNAs differentially expressed between responders and non-
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responders (p<0.1) were selected using the non-parametric Wilcoxon Rank 

test in the MetaboAnalyst web server [95] for further analysis (Figure 29).  

Table 8. Baseline characteristics of metastatic CRC patients receiving FOLFIRI plus 
aflibercept treatment. 

Patient Characteristics  n (%) 
Age (median, range)  63, 36-83 

Sex 
Male 60 (61.2) 
Female 38 (38.8) 

ECOG 
0 46 (46.9) 
1-2 52 (53.1) 

Primary Tumour Location 
Colon Yes 73 (74.5) 

No 23 (23.5) 

Rectum Yes 30 (30.6) 
No 66 (67.3) 

 Data Not Available  2 (2.0)  

RAS status in tissue 
RAS mutated 57 (58.2) 
RAS non-mutated 34 (34.7) 
Data Not Available 7 (7.1) 

Stage at diagnosis I+II+III 15 (15.3) 
 IV 82 (83.7) 
 Data Not Available 1 (1.0) 

Histopathological Grade 
Well differentiated 16 (16.3) 
Moderately or poorly differentiated 49 (50.0) 
Grade could not be determined 33 (33.7) 

Metastatic Location 

Liver Yes 78 (79.6) 
No 20 (20.4) 

Lung Yes 57 (58.2) 
No 41 (41.8) 

Distant lymph nodes Yes 23 (23.5) 
No 75 (76.5) 

Peritoneum Yes 18 (18.4) 
No 80 (81.6) 

Regional lymph nodes Yes 11 (11.2) 
No 87 (88.8) 

Primary tumour surgery prior 
to study inclusion 

 Yes 72 (73.5) 
 No 26 (26.5) 
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Figure 29. miRNAs differentially expressed between patients responding or non-
responding to treatment with FOLFIRI plus aflibercept. Seventy-one miRNAs (purple 
dots) were differentially expressed between responders and non-responders patients (p<0.1). 

  Individual evaluation of these 71 miRNAs was then performed and 

47 miRNAs were finally selected for the validation step (Table 9). As shown 

in Figure 30A, a distinct profile for these miRNAs was found between 

responder and non-responder patients. Twenty-two and 25 miRNAs were up-

regulated and down-regulated in responder patients, respectively (Figure 

30B).  

Table 9. Forty-seven miRNAs included in the analysis of response to treatment with 
FOLFIRI plus aflibercept in metastatic CRC patients. 

miRNA ID    
hsa-let-7b-3p 
hsa-miR-101-3p 
hsa-miR-106b-5p 
hsa-miR-1180-3p 
hsa-miR-125a-5p 
hsa-miR-125b-5p 
hsa-miR-127-3p 
hsa-miR-128-3p 
hsa-miR-1301-3p 
hsa-miR-130a-3p 
hsa-miR-140-3p 
hsa-miR-142-5p 

hsa-miR-144-3p 
hsa-miR-16-5p 
hsa-miR-17-5p 
hsa-miR-185-3p 
hsa-miR-186-5p 
hsa-miR-193a-5p 
hsa-miR-193b-3p 
hsa-miR-19a-3p 
hsa-miR-19b-3p 
hsa-miR-200b-3p 
hsa-miR-20a-5p  
hsa-miR-21-5p  

hsa-miR-2110 
hsa-miR-22-3p 
hsa-miR-22-5p 
hsa-miR-221-3p 
hsa-miR-224-5p 
hsa-miR-29c-3p 
hsa-miR-30a-3p 
hsa-miR-320b 
hsa-miR-328-3p 
hsa-miR-33b-5p 
hsa-miR-34a-5p 
hsa-miR-361-5p 
 

hsa-miR-375 
hsa-miR-409-3p 
hsa-miR-423-3p 
hsa-miR-425-3p 
hsa-miR-425-5p 
hsa-miR-432-5p 
hsa-miR-551a 
hsa-miR-584-5p 
hsa-miR-652-3p 
hsa-miR-766-3p 
hsa-miR-93-5p 
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Figure 30. Differential profile between patients responding or non-responding to 
treatment with FOLFIRI plus aflibercept. (A) Heatmap showing the distinct profile of 
the 47 miRNAs selected between responders and non-responders patients. (B) Fold change 
of the 47 miRNAs selected, 22 miRNAs were up-regulated (blue) in responder patients and 
25 miRNAs were down-regulated (red) in responder patients. 
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 To identify those disease phenotypes and functions over-represented 

in this set of miRNAs, we next performed an enrichment analysis (Figure 

31) using the online miRNA set enrichment tool TAM 2.0 [94]. Notably, 

colon carcinoma was the most significant disease-association, with 44 

miRNAs. Moreover, angiogenesis ranked among the most significant 

function-associations in this set of miRNAs, with 19 miRNAs associated 

with this vasculogenic process.  

 

Figure 31. Disease phenotypes and functions associated with the set of miRNAs with 
distinct profile in patients responding or non-responding to treatment with FOLFIRI 
plus aflibercept. The top-ten diseases and functions most significantly associated with the 
set of 47 miRNAs are shown ordered by the number of miRNAs involved.   

 Interactions between differentially expressed miRNAs and target 

genes was next analysed using the IPA (Ingenuity Pathway Analysis) 

software (Qiagen). As shown in Figure 32, the set of miRNAs was 

molecularly interconnected with 91 target genes involved in colorectal 

metastasis signalling. Moreover, 60.4% of targets (55 genes) were also 

implicated in angiogenesis, supporting the connection between this set of 

miRNAs and angiogenic processes in colorectal tumours.    
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Figure 32. Molecular network of miRNA targets. Interactions between differentially 
expressed miRNAs (orange) and target genes using the IPA (Ingenuity Pathway Analysis) 
software. Ninety-one targets (blue and red) were found involved in colorectal cancer 
signalling pathway and fifty-five of them were also found implicated in angiogenesis (red).    

4.3. Predictive model of response to treatment with FOLFIRI plus 

aflibercept 

 A predictive model of response was constructed by combining the 47 

miRNAs displaying differential profile between responder and non-

responder patients (Table 9), with the clinical variables (Table 8). 

According to overall response, all the 98 patients included in the study were 

classified into complete or partial response (19 patients), and non-response 

to treatment (79). Due to the high number of potential predictors included in 

the analysis, a univariate binary logistic regression was first performed, and 
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those variables with p > 0.15 for their association with response were 

excluded. Hence, thirteen variables with a likely higher weight in the model 

were finally included in the analysis. The predictive model was built by 

performing a stepwise regression with bidirectional elimination. Primary 

tumour located in the colon (not in rectum) and two miRNAs (hsa-miR-33b-

5p and hsa-miR-30a-3p) were the predictor variables included in the final 

predictive model (Table 10). In brief, patients with primary tumour located 

in the colon presented a lower probability of response. Higher circulating 

levels of hsa-miR-33b-5p were also associated with higher probability of 

response, whereas higher circulating levels of hsa-miR-30a-3p were related 

with lower probability of response. 

Table 10. Predictive model of response to treatment with FOLFIRI plus aflibercept.  

Variables B S.E. Wald df Sig. Exp (B) 
95% C.I. for 

Exp (B) 

Primary tumour 

located in the colon 

(Yes versus No (ref.)) 

-1.258 0.631 3.970 1 0.046 0.284 0.083-0.980 

hsa-miR-33b-5p 0.140 0.051 7.517 1 0.006 1.150 1.041-1.271 

hsa-miR-30a-3p -0.087 0.042 4.285 1 0.038 0.917 0.844-0.995 

B, coefficient to calculate hazard ratio; S.E., Standard Error; Wald, Wald statistic; df: degrees of freedom; Sig., p-
value; Exp (B), hazard ratio; C.I., confidence interval; ref., reference category. 

Using the predictive values, a ROC curve (AUC=0.782; p=0.000205) 

was obtained (Figure 33), showing that the model efficiently discriminates 

between responder and non-responder patients. Also, an optimal cut-off of 

0.20 was determined by maximizing the sensitivity (72.2%) and specificity 

(81.8%). 
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Figure 33. ROC curve obtained from the predictive model of response to treatment 
with FOLFIRI plus aflibercept. ROC curve classifying responders and non-responders 
patients with an AUC=0.782, p=0.000205 and with a sensitivity and specificity of 72.2% 
and 81.8%, respectively, with a cut-off of 0.20.  

Additionally, from the predictive model, the relative risks were 

calculated, with the qualitative variable (dichotomous) and the minimum, 

third quartile and maximum values for the quantitative variables, to establish 

the patterns. As shown in Table 11, the maximum chance of response to 

treatment with FOLFIRI plus aflibercept corresponded to a patient with 

primary tumour not located in the colon (rectum), minimum value of hsa-

miR-30a-3p and maximum value of hsa-miR-33b-5p. 

Table 11. Relative risk table for the predictive model of response to treatment with 
FOLFIRI plus aflibercept. 

Primary tumour location hsa-miR-30a-3p 
Hazard Ratio (Relative Risk) 

hsa-miR-33b-5p 
Minimum Q3 Maximum 

No located in colon 
Minimum 19.34 43.60 50.29 
Q3 6.87 24.52 33.68 
Maximum 3.38 14.40 22.01 

Located in colon 
Minimum 7.08 25.02 34.20 
Q3 2.12 9.73 15.69 
Maximum 1 4.91 8.40 
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4.4. Predictive model of progression on FOLFIRI plus aflibercept 

treatment 

 Eighty patients progressed on FOLFIRI plus aflibercept treatment or 

died before the end of the study, whereas eighteen patients still had not 

progressed. All the clinical characteristics summarised in Table 8 and the 47 

selected miRNAs (Table 9) were included in the model. After exclusion of 

those variables with p>0.15 (univariate binary logistic regression), twenty-

three variables were finally included in the analysis. Stepwise regression 

with bidirectional elimination was performed, and primary tumour surgery 

prior to study inclusion and seven miRNAs, hsa-miR-142-5p, hsa-miR-193b-

3p, hsa-miR-29c-3p, hsa-miR-328-3p, hsa-miR-33b-5p, hsa-miR-652-3p and 

hsa-miR-93-5p, were the variables finally included in the optimal model 

(Table 12). In brief, patients without surgery of primary tumour prior to 

study inclusion presented higher probability to progress or die on FOLFIRI 

plus aflibercept treatment. Similarly, higher circulating levels of hsa-miR-

193b-3p, hsa-miR-29c-3p, hsa-miR-328-3p and hsa-miR-652-3p were also 

associated with higher probability of progression or death, whereas higher 

circulating levels of hsa-miR-142-5p, hsa-miR-33b-5p and hsa-miR-93-5p 

were related with lower probability to progress or die on FOLFIRI plus 

aflibercept treatment. 

Additionally, from the predictive model, the relative risks were 

calculated, with the qualitative variable (dichotomous) and the minimum, 

median and maximum values for the quantitative variables, to establish the 

pattern. The maximum risk to progress or die on FOLFIRI plus aflibercept 

treatment corresponded to a patient without surgery of primary tumour prior 

to study inclusion, minimum value of hsa-miR-142-5p, hsa-miR-33b-5p and 
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hsa-miR-93-5p and maximum value of hsa-miR-193b-3p, hsa-miR-29c-3p, 

hsa-miR-328-3p and hsa-miR-652-3p (Table 13). 

Table 12. Predictive model of progression on FOLFIRI plus aflibercept treatment. 

Variables B S.E. Wald df Sig. Exp (B) 95% C.I. 
for Exp (B) 

Surgery of primary 
tumour prior to study 
inclusion (Yes (ref.) 
versus No) 

0.760 0.270 7.920 1 0.005 2.138 1.259-3.630 

hsa-miR-193b-3p 0.079 0.021 13.664 1 <0.001 1.082 1.038-1.129 
hsa-miR-29c-3p 0.075 0.037 4.166 1 0.041 1.078 1.003-1.158 
hsa-miR-328-3p 0.547 0.182 9.006 1 0.003 1.729 1.209-2.472 
hsa-miR-652-3p 0.285 0.132 4.648 1 0.031 1.330 1.026-1.724 
hsa-miR-142-5p -0.051 0.018 7.762 1 0.005 0.951 0.917-0.985 
hsa-miR-33b-5p -0.046 0.023 4.130 1 0.042 0.955 0.914-0.998 
hsa-miR-93-5p -0.566 0.164 11.966 1 <0.001 0.568 0.412-0.782 
B, coefficient to calculate hazard ratio; S.E., Standard Error; Wald, Wald statistic; df: degrees of freedom; Sig., p-

value; Exp (B), hazard ratio; C.I., confidence interval; ref., reference category. 

Table 13. Relative risk table for the predictive model of progression on FOLFIRI plus 
aflibercept treatment. 

Risk Pattern Minimum Intermediatea Maximum 

Variables     

Surgery of primary tumour 
prior to study inclusion Yes Yes No 

hsa-miR-142-5p  Maximum Minimum Minimum 

hsa-miR-33b-5p  Maximum Maximum Minimum 

hsa-miR-93-5p  Maximum Median Minimum 

hsa-miR-193b-3p  Minimum Maximum Maximum 

hsa-miR-29c-3p  Minimum Maximum Maximum 

hsa-miR-328-3p  Minimum Median Maximum 

hsa-miR-652-3p  Minimum Maximum Maximum 

HR  1 3372.99 256435.4 
aHR closest to the mean has been considered as intermediate pattern 
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Remarkably, low levels of hsa-miR-33b-5p were associated with 

higher risk of disease progression in this model, while higher levels of this 

miRNA predicted a higher probability of response to treatment with 

FOLFIRI plus aflibercept. Therefore, we next evaluated the utility of hsa-

miR-33b-5p as a single biomarker to differentiate between responders and 

non-responders patients and also to predict the risk of disease progression. 

As shown in figure 34, patients responding to treatment with FOLFIRI plus 

aflibercept showed significantly higher hsa-miR-33b-5p circulating levels 

than non-responder patients (p=0.0026; Figure 34A). Furthermore, using the 

mean value level of hsa-miR-33b-5p as a cut-off, those patients with higher 

circulating levels of this miRNA had a significant better PFS (9 versus 6 

months; p=0.0028; Figure 34B). 

	
Figure 34. Circulating levels of hsa-miR-33b-5p discriminate between responders and 
non-responders patients treated with FOLFIRI plus aflibercept and predict the risk of 
disease progression. (A) Circulating levels of hsa-miR-33b-5p according to response to 
treatment with FOLFIRI plus aflibercept; (B) PFS according to circulating levels of hsa-
miR-33b-5p (mean value as cut-off). (** p<0.01). 

4.5. Predictive model of survival of patients receiving FOLFIRI plus 

aflibercept treatment 

Sixty-two patients died before the end of the study, whereas thirty-six 

patients still were alive. All the clinical characteristics summarised in Table 
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8 and the 47 selected miRNAs (Table 9) were included in the model. After 

exclusion of those variables with p > 0.15 (univariate binary logistic 

regression) twenty-three variables were finally included in the analysis. 

Stepwise regression with bidirectional elimination was performed, and sex, 

primary tumour located in the colon, RAS mutation, primary tumour surgery 

prior to study inclusion, and four miRNAs (hsa-miR-185-3p, hsa-miR-19b-

3p, hsa-miR-425-5p and hsa-miR-432-5p) were the variables finally 

included in the optimal model (Table 14). In brief, the characteristics 

associated with high risk of death on FOLFIRI plus aflibercept treatment 

were: male sex, tumour located in the colon, presence of tumour in the colon 

prior to study inclusion, RAS mutation, and lower circulating levels of hsa-

miR-185-3p, hsa-miR-19b-3p, hsa-miR-425-5p and hsa-miR-432-5p. 

Table 14. Predictive model of survival of patients receiving FOLFIRI plus aflibercept 

treatment 

Variables B S.E. Wald df Sig. Exp 
(B) 

95% C.I. 
for Exp (B) 

Sex (Men (ref.) 
versus Women) -0.615 0.310 3.919 1 0.048 0.541 0.294-0.994 

Primary tumour 
located in colon (Yes 
versus No (ref.)) 

0.770 0.346 4.964 1 0.026 2.160 1.097-4.251 

RAS mutational 
status (WT (ref.) 
versus MUT) 

0.712 0.307 5.378 1 0.020 2.039 1.117-3.722 

Surgery of primary 
tumour prior to study 
inclusion (Yes (ref.) 
versus No) 

0.645 0.306 4.448 1 0.035 1.906 1.047-3.472 

hsa-miR-185-3p -0.048 0.021 5.351 1 0.021 0.953 0.914-0.993 
hsa-miR-19b-3p -0.043 0.017 6.275 1 0.012 0.958 0.927-0.991 
hsa-miR-425-5p-5p -0.964 0.240 16.193 1 <0.0001 0.381 0.238-0.610 
hsa-miR-432-5p -0.051 0.024 4.745 1 0.029 0.950 0.907-0.995 
 B, coefficient to calculate hazard ratio; S.E., Standard Error; Wald, Wald statistic; df: degrees of 

freedom; Sig., p-value; Exp (B), hazard ratio; C.I., confidence interval; ref., reference category. 
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Additionally, from the predictive model, the relative risks were 

calculated, with qualitative variables (dichotomous) and the minimum, 

median and maximum values for the quantitative variables, to establish the 

patterns. The maximum risk to die on FOLFIRI plus aflibercept treatment 

(Table 15) corresponded to a female patient with primary tumour located in 

the colon, with primary tumour surgery prior to study inclusion, RAS 

mutated and minimum value of all the miRNAs included in the final model 

(hsa-miR-185-3p, hsa-miR-19b-3p, hsa-miR-425-5p and hsa-miR-432-5p).   

Table 15. Relative risk table for the predictive model of survival of patients receiving 

FOLFIRI plus aflibercept treatment. 

Risk Pattern Minimum Intermediatea Maximum 
Variables     
Surgery of primary tumour prior 
to study inclusion No No Yes 

Primary tumour located in colon No No Yes 
Sex  Male Male Female 
RAS mutational status  Wild type Mutant Mutant 
hsa-miR-185-3p  Maximum Median Minimum 
hsa-miR-19b-3p  Maximum Minimum Minimum 
hsa-miR-425-5p-5p  Maximum Minimum Minimum 
hsa-miR-432-5p  Maximum Median Minimum 
HR  1 458.33 13886.80 

aHR closest to the mean has been considered as intermediate pattern 
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1. Circulating cell-free DNA-based liquid biopsy markers for 

the non-invasive prognosis and monitoring of metastatic 

pancreatic cancer 

 Non-invasive, reliable, and reproducible cfDNA-based liquid biopsy 

markers may help in the management of cancer patients. This is particularly 

relevant in the case of PDAC, where the high stromal content makes it 

difficult to obtain molecular information through cytopathological analysis. 

However, there is no consensus about the techniques, mutations or type of 

material in liquid biopsy-based approaches for the prognosis of PDAC 

patients [97,100–102]. In this study we report the utility of cfDNA RAS 

mutations analysis using the highly sensitive BEAMing technique as 

prognostic tool for the management care of metastatic PDAC patients.  

In agreement with other reports [103], our study supports the value of 

cfDNA RAS mutations analysis as a prognostic tool in pancreatic cancer. 

Hence, our results show that the presence of RAS mutated cfDNA in plasma 

predicts poor prognosis in metastatic PDAC patients. Moreover, circulating 

RAS mutational status was an independent negative prognostic factor of both 

OS and PFS. In fact, the prognosis was more accurately predicted by RAS 

mutation analysis in cfDNA than in tissue. The allelic ratio and dosage of 

mutated KRAS may impact on PDAC biology [104], and KRAS MAF in 

cfDNA has been found to correlate with clinical stage and outcome in PDAC 

[99,105]. In this regard, our results reveal that circulating RAS MAF in 

cfDNA predicted survival in metastatic PDAC patients. Importantly, in our 

study, RAS MAF in cfDNA was an independent negative prognostic factor 

of OS by multivariate analysis. Recently, KRAS MAF in DNA from 

circulating exosomes, but not in cfDNA, was found to be an independent 
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prognostic factor of OS in metastatic PDAC patients [105]. However, our 

study demonstrates that highly sensitive approaches, such as BEAMing, may 

also reveal the independent prognostic value of RAS MAF in cfDNA of 

metastatic PDAC patients. Exhaustive analyses on tissue, including laser 

capture microdissection, could establish the pure ratio of RAS mutated allele 

in tumour. However, these types of analyses rely on the availability of 

biopsy material to be adequately performed, which is not the case for a 

significant number of PDAC patients, and this is an important issue that 

liquid biopsy may effectively address.  

Although, KRAS mutations are critical for the initiation of pancreatic 

ductal carcinogenesis, continued mutant KRAS function and oncogenic 

dosage are still required to maintain the growth of metastatic PDAC 

[44,106]. On the other hand, gene expression studies revealed that, compared 

to head localization, body-tail PDAC are more highly proliferative and 

aggressive [107,108]. Body/tail location is also associated with poor 

prognosis in advanced disease [38,109,110]. This may explain the reason 

why, in our cohort, higher values of RAS MAF in cfDNA of metastatic 

PDAC patients were significantly associated with primary tumours located 

in the body/tail of the pancreas and liver metastases. Moreover, the higher 

MAF observed in patients with liver metastases may be explained by the 

larger volume of hepatic lesions than the isolated lung and peritoneal 

metastases [105]. 

Previous studies have reported the potential prognostic value of 

cfDNA levels and fragmentation in metastatic cancer [111–113], including 

metastatic PDAC [52]. In our study, higher plasma cfDNA concentrations 

were significantly associated with poorer OS and shorter PFS. Besides, 
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patients with hepatic metastases displayed higher cfDNA levels, compared 

with those patients with other metastatic locations.  

Despite the lack of knowledge about the precise mechanisms of 

cfDNA release into circulation, the role of apoptosis is becoming clearer 

[114]. A recent study reported that tumour-derived KRAS mutations in 

pancreatic cancer are predominantly carried by short and ultra-short cfDNA 

fragments [115]. This may be the biological explanation for our observation 

that, in parallel with our RAS MAF results, a higher cfDNA fragmentation 

was found in patients with tumours located in the body/tail of the pancreas or 

with hepatic metastases than other metastatic lesions, likely due to more 

aggressive tumours. Thus, recent reports showed that body/tail PDAC may 

have more aggressive tumour biology and higher metastasis rate compared to 

PDAC in the head which may explain worse clinical outcomes [38,107,108].  

CA19-9, also known as sialyl Lewis A antigen, is the currently used 

biomarker for pancreatic cancer, and several studies have reported the link 

between CA19-9 levels and survival in metastatic PDAC patients [116,117]. 

However, CA19-9 have some important limitations, such as false negative 

results in subjects with Lewis negative genotype and CA19-9 increases in 

patients with benign pancreatic-biliary diseases [118]. In our cohort, CA19-9 

exhibited some prognostic value with higher baseline levels associated with 

poorer OS and PFS rates. However, our study demonstrates that the 

combination of CA19-9 with liquid biopsy markers greatly helped in the 

prognostic stratification of metastatic PDAC patients.  

CA19-9 is also used for monitoring treatment response as the 

reduction of CA19-9 serum levels during treatment are usually associated 

with longer survival rates. However, in clinical practice, there is no 
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consensus on the interpretation of the change in CA19-9 levels and its role in 

the management of PDAC patients [119]. Therefore, novel reliable 

biomarkers are required for monitoring the response of PDAC patients to 

chemotherapy [120]. In our analysis, the change in circulating RAS MAF 

levels was a suitable surrogate marker for monitoring each patient’s response 

to therapy. Moreover, the rise in MAF levels in some patients was better 

than CA19-9 in anticipating disease progression, and dynamics of circulating 

MAF better correlated with patients’ outcome compared with CA19-9. 

Therefore, our results support MAF as a valuable complementary tool for 

monitoring the response to chemotherapy treatment in metastatic PDAC 

patients.  

In summary, our study supports cfDNA-based liquid biopsy markers 

as promising clinical tools for the non-invasive prognosis and monitoring of 

metastatic PDAC patients.  

2. The combination of neutrophil–lymphocyte ratio and 

platelet-lymphocyte ratio with liquid biopsy biomarkers 

improves prognosis prediction in metastatic pancreatic cancer 

Infiltration of immune cells in PDAC tumours is highly abundant, 

contributing to immune evasion and chemotherapy resistance [121]. In our 

study, we have described the utility of NLR and PLR along with others 

circulating tumour-specific markers to evaluate the prognosis in metastatic 

PDAC patients.  

Previous reports have related high NLR and PLR values with poor 

prognosis in advanced pancreatic cancer [122–125]. However, most of the 

studies that have related high PLR values with poor OS involved locally 

advanced patients [125–127], who were not included in the present study. In 
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this regard our analysis showed that metastatic PDAC patients with higher 

NLR values had significantly poorer OS and PFS rates, whereas both NLR 

and PLR were associated with poor-prognosis clinical features. Thus, higher 

NLR values were related with male gender and higher ECOG status. This is 

in agreement with other cancer studies, in which higher NLR values were 

reported in male cancer patients [128,129] and patients with high ECOG 

status [126]. In addition, those patients younger than 60 years had higher 

PLR values than older patients, likely because aging is known to be 

accompanied by a decrease in platelet count [130]. Further, patients with a 

primary tumour located in the head of the pancreas showed higher PLR 

values than those patients with a tumour in the body/tail of this organ.  

Cancer cells can activate platelets leading to pro-cancerous effects. 

Activated platelets participate in the regulation of inflammation, releasing 

proinflammatory cytokines, and in modulating tumour microenvironment by 

recruiting leukocytes, including neutrophils. Additionally, activated platelets 

participate in tumour immune evasion by releasing transforming growth 

factor β (TGF-β), which is a cytokine with a potent immunosuppressive 

activity. Besides, TGF-β participates in the transition of tumour-associated 

neutrophils from an anti-tumorigenic (N1) towards a pro-tumorigenic (N2) 

phenotype [121]. Furthermore, activated platelets have been implicated in 

the formation of NETs (neutrophil extracellular traps), with a positive 

feedback loop, because NETs in turn promote platelet activation [131,132]. 

Therefore, the platelet–neutrophil crosstalk plays an important role in the 

development and progression of cancer. In this regard, our analysis indicated 

that NLR and PLR positively correlate and the combination of both factors 

increased their prognostic value. On the other hand, platelets and neutrophils 

have been related with the metastatic process [133–135], and our results 
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confirmed that NLR was associated with liver metastasis in PDAC patients, 

in agreement with a previous report [136].  

There is increasing evidence connecting KRAS mutations with 

tumour-promoting inflammation in several human cancers, including PDAC 

[137,138]. KRAS activation in cancer cells induces the expression and 

secretion of proinflammatory cytokines, stimulating the recruitment of 

neutrophils to the tumour [139]. On the other hand, gene dosage of mutant 

KRAS has an important role in PDAC biology [104], and as we have 

described above, and other studies have recently reported, there is a 

correlation of KRAS MAF in cfDNA with clinical stage and outcome in 

PDAC [105,140]. Importantly, in our study, those patients with RAS-

mutated cfDNA had higher NLR values and a positive correlation between 

NLR and RAS mutational load in cfDNA was found. Furthermore, the 

combination of NLR with RAS mutational status or load (MAF) in cfDNA 

greatly improved the prognostic classification of metastatic PDAC patients.  

The prognostic significance of cfDNA levels and fragmentation has 

been previously described in metastatic cancer [111–113], including 

metastatic PDAC [52]. Specifically, as discussed above, our results support 

that higher cfDNA concentration and smaller cfDNA fragment size are 

associated with poor outcomes in metastatic PDAC patients. Our study also 

shows that PLR negatively correlates with cfDNA fragment size, and this 

may explain why higher PLR values are associated with more aggressive 

tumours. Moreover, although apoptosis and necrosis seem to provide most of 

cfDNA, some stimuli can activate neutrophils leading to DNA release and 

NETosis [14,141]. A previous study demonstrated a relation between NLR 

and altered values of cfDNA in endometrial cancer [142]. In this regard, our 

results showed a high positive correlation between NLR and cfDNA 
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concentration but not cfDNA fragmentation. Moreover, a positive correlation 

between neutrophil elastase circulating levels and cfDNA concentration was 

found, suggesting that neutrophil activation significantly contributes to 

cfDNA content in plasma of metastatic PDAC patients. Additionally, the 

positive correlation found between elastase and CA19-9 suggests that 

neutrophil activation and NETosis are related with disease progression in 

metastatic PDAC patients. In fact, higher elastase circulating levels were 

related with liver metastasis and poor OS and PFS. These findings are 

consistent with the reported interaction of neutrophils with circulating 

tumour cells facilitating their contact with hepatic endothelial cells, thus 

helping cancer cells dissemination and liver metastasis [143,144]. Also, 

inhibition of NETs has been shown to reduce liver metastasis in a preclinical 

model of metastatic colorectal cancer [145], while recent studies have 

suggested that NETs may also contribute to hepatic metastasis in PDAC 

[146].  

In conclusion, our study supports that the use of NLR and PLR, along 

with other non-invasive biomarkers in a multi-parameter prognostic model, 

may constitute a valuable tool for the clinical management of metastatic 

PDAC patients. 

3. Circulating cell-free DNA-based liquid biopsy markers for 

the non-invasive prognosis of metastatic colorectal cancer 

CRC female patients have better prognosis than males in general 

population [147]. However, in studies with older patients with advanced 

disease, OS is poorer in females than in males [148,149]. Moreover, older 

patients have also been related with poor prognosis [150]. This is in 

agreement with the results of our study, which included metastatic CRC 
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patients with a median age of 66 years, and in which female patients had 

worse OS and PFS than male patients, while older (> 60 years) patients were 

also associated with a worse outcome.  

 RAS mutation is routinely assessed in tumour tissue from metastatic 

CRC patients to predict anti-EGFR therapy response. However, new non-

invasive techniques have been developed to analyse RAS mutation in plasma 

cfDNA. In the present study we used BEAMing for the detection of RAS 

mutation in plasma cfDNA. Importantly, we obtained a high overall 

concordance (93%) between tissue and plasma RAS mutation, in agreement 

with other studies [151–154]. The presence of liver metastases has been 

related with better detection of RAS mutation in ctDNA [152,155]. 

Accordingly, we found that concordance between tissue and plasma was 

higher in patients with liver metastases, in comparison to patients without 

hepatic lesions. The lower plasma ctDNA representation in CRC patients 

without hepatic lesions is probably due to inherent biological differences in 

ctDNA shedding [152]. 

KRAS mutational status in tumour tissue is controversial as 

biomarker for prognosis in CRC [156,157]. Notably, in our study prognosis 

was more accurately predicted by RAS mutation status in plasma than in 

tissue. Other studies have reported similar results [158,159], although they 

were focused on patients treated with anti-EGFR therapy independently of 

RAS mutation status. In agreement with our study, Normanno et al, showed 

that PFS of patients without RAS mutations in tumour tissue but RAS 

mutated in plasma was similar to that of patients with RAS mutated tissue 

[159]. Therefore, RAS mutation analysis by liquid biopsy may be a useful 

tool for a more accurate prognostic stratification of metastatic CRC patients.  
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We also found that higher RAS MAF values were associated with 

worse outcome, hepatic lesions and more than one metastatic site. Previous 

reports have reported the association of higher RAS MAF values with poor 

prognosis [154,160], with the presence of liver metastases [151,152] and 

with the number of metastatic locations [152]. However, unlike our study, 

these studies included patients whose primary tumour or metastasis had been 

resected before blood drawn, patients with recurrent disease at the time of 

inclusion and/or patients previously treated with other therapies than anti-

EGFR. This is an important aspect because these factors have been 

associated with a reduction of RAS mutation status overall concordance and 

MAF values [152,153,161]. 

Higher levels of cfDNA have been previously found in metastatic 

CRC patients and have been associated with poor prognosis [162,163]. 

Accordingly, we found that higher levels of cfDNA were associated with a 

worse OS and PFS. Besides, there was a trend to higher cfDNA levels in 

plasma RAS mutated patients, while patients with liver metastasis showed 

higher cfDNA levels than patients without metastasis in this organ, in 

agreement with other reports [163,164]. Moreover, we also found that 

patients with more than one metastatic site presented higher cfDNA values 

than patients with only one metastatic location.  

Smaller fragments of cfDNA have been described in CRC patients 

compared with healthy donors [165]. Moreover, mutant rather than wild type 

alleles have been associated to shorter cfDNA fragments [166]. Accordingly, 

we observed a trend towards higher cfDNA fragmentation in RAS mutated 

patients, while lower cfDNA fragmentation was significantly associated with 

better outcome. Remarkably, a positive correlation between cfDNA 

concentration and cfDNA fragmentation was found, pointing to the tumoral 
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origin of detected cfDNA. Besides, higher cfDNA fragmentation was also 

related with liver metastases. Therefore, those CRC patients with liver 

metastases may be best informed by liquid biopsy, while caution must be 

exercised with negative results in those patients with metastatic lesions only 

in other organs. 

As discussed above, we have shown that liquid biopsy-based 

biomarkers, such as plasma cfDNA and RAS mutation status, may greatly 

help in the prognosis stratification of CRC patients. To our knowledge there 

is one study to date reporting the combination of cfDNA and RAS mutation 

status in plasma for the prognosis stratification in CRC, but this study only 

included CRC patients prior to receive anti-EGFR therapy [163]. On the 

other hand, CEA is widely used as a biomarker for detection of recurrent 

CRC and for monitoring the response to systemic therapy [167,168], 

although its prognostic value must be improved with other biomarkers, as 

around 20% of CRC tumours are CEA negative [169]. Notably, here we 

report that, at the time of diagnosis, the combination of liquid biopsy-based 

biomarkers cfDNA and RAS mutation status with the standard biomarker 

CEA greatly improves prognostic stratification of metastatic CRC patients.  

In conclusion, our results support that circulating cell-free DNA-

based liquid biopsy markers may greatly help in the non-invasive prognostic 

stratification of metastatic CRC patients. 

4. Circulating microRNAs as liquid biopsy biomarkers to 

predict response to treatment with FOLFIRI plus aflibercept 

and prognosis of metastatic colorectal cancer patients 

Several miRNAs have been reported to be involved in tumour 

angiogenesis regulation and they participate both in the promotion or the 
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inhibition of angiogenic processes [170,171]. In the present study we found a 

differential circulating miRNA profile between metastatic CRC patients 

responding or not responding to treatment with chemotherapy plus the anti-

angiogenic drug aflibercept. Notably, these miRNAs were not only related 

with colorectal cancer but most of them were also involved in angiogenesis 

signalling.  

Our study also demonstrates the usefulness of some clinical variables 

in combination with the circulating levels of some of these miRNAs to 

predict the response to therapy, the progression of disease and survival in 

patients treated with FOLFIRI plus aflibercept. Hence, our model of 

response predicts a very good chance of response to treatment with FOLFIRI 

plus aflibercept in those patients with primary tumour located in rectum, 

along with minimum expression of hsa-miR-30a-3p and high expression of 

hsa-miR-33b-5p. Members of the miR-30 family act either as tumour 

suppressor miRNAs or oncomiRNAs [172]. However, the miR-30 family 

has been shown to regulate angiogenesis [173] and particularly, 

downregulation of hsa-miR-30a-3p impairs endothelial angiogenic activity 

[174], while this miRNA has been reported to promote the angiogenic 

potential of melanoma cells [175]. Accordingly, we found a higher 

probability of response to FOLFIRI plus aflibercept treatment in those 

patients with lower circulating levels of this angiogenic miRNA. As for hsa-

miR-33b-5p, this miRNA has been described as tumour suppressor in several 

cancers [176,177], including CRC, where high miR-33b expression in 

tumours was related with better prognosis of patients [178]. Moreover, hsa-

miR-33b-5p has been associated with the suppression of HMGA2 (High 

Mobility Group A 2) gene in several types of cancers leading to the 

inhibition of cancer cell growth [179] and, specifically in gastric cancer, this 
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suppression also sensitized cancer cells to chemotherapy drugs [180]. 

Interestingly, HMGA2 promotes angiogenesis in several tumours [181,182] 

and chemoresistance to 5-FU therapy in CRC [183]. Correspondingly, we 

found higher circulating levels of hsa-miR-33b-5p in those patients with 

better response to FOLFIRI plus aflibercept treatment, raising the possibility 

that miR-33b-HMGA2 signalling may be involved in the sensitivity of 

tumours to chemotherapy plus anti-angiogenic therapy.  

Remarkably, hsa-miR-33b-5p was also one of the miRNAs identified 

in our predictive model of disease progression. Furthermore, our results 

support that this miRNA may constitute a valuable single biomarker to 

differentiate between responders and non-responders patients and also to 

predict the risk of disease progression in patients treated with FOLFIRI plus 

aflibercept.  

In summary, distinct basal circulating miRNAs profiles were found in 

metastatic CRC patients according to their response to FOLFIRI plus 

aflibercept treatment, their risk of disease progression and survival. Further 

studies are warranted to validate the value of circulating miRNAs as 

valuable liquid-biopsy biomarkers for predicting the response to aflibercept 

and other anti-angiogenic drugs in metastatic CRC patients.  
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1. Higher circulating RAS MAF, cfDNA levels and fragmentation in 

metastatic pancreatic adenocarcinoma (PDAC) patients are associated with 

poor prognosis and their combination with standard CA19-9 marker greatly 

improves the prognostic stratification of these patients. 

2. Dynamics of RAS MAF better correlated with the outcome of 

metastatic PDAC patients than CA19-9 and constitutes a promising non-

invasive clinical tool for monitoring disease progression and response to 

therapy. 

3. The combination of NLR and PLR with cfDNA-based liquid 

biopsy markers greatly improves the prognostic classification of metastatic 

PDAC patients. 

4. Higher RAS MAF, cfDNA levels and fragmentation in metastatic 

colorectal cancer (CRC) patients are associated with poor prognosis, and 

their combination with standard CEA marker greatly improves the 

prognostic stratification of these patients. 

5. The analysis of circulating microRNAs improves the prediction of 

outcome in metastatic CRC patients treated with FOLFIRI plus aflibercept 

and may constitute a valuable predictive biomarker of response to anti-

angiogenic therapy in these patients. 
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5-FU 5-fluorouracil 
  
Ago2 Argonaute 2 
APC Adenomatous polyposis coli 
  
CA19-9 Carbohydrate antigen 
CEA Carcinoembryogenic antigen  
cfDNA Circulating cell-free DNA 
CIN Chromosomic instability 
CRC Colorectal cancer 
CTCs Circulating tumour cells 
ctDNA Circulating tumour DNA 
  
ECOG Eastern cooperative oncology group 
EGFR Epidermal growth factor receptor 
EVs Extracellular vesicles 
  
FAP Familial adenomatous polyposis 
FOLFIRI Folinic acid, fluorouracil and irinotecan 
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PFS Progression-free survival 
PLR Platelet-lymphocyte ratio 
PR Partial response 
  
RISC RNA induced silencing complex 
ROC Receiver operating curve 
  
SD Stable disease 
  
TGF-β Transforming growth factor β 
TTF Time to treatment failure 
  
VEGF Vascular endothelial growth factor 
  
WT Wild type 
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Abstract: Liquid biopsy may assist in the management of cancer patients, which can be particularly 

applicable in pancreatic ductal adenocarcinoma (PDAC). In this study, we investigated the utility 

of circulating cell-free DNA (cfDNA)-based markers as prognostic tools in metastatic PDAC. Plasma 

was obtained from 61 metastatic PDAC patients, and cfDNA levels and fragmentation were 

determined. BEAMing technique was used for quantitative determination of RAS mutation allele 

fraction (MAF) in cfDNA. We found that the prognosis was more accurately predicted by RAS 

mutation detection in plasma than in tissue. RAS mutation status in plasma was a strong 

independent prognostic factor for both overall survival (OS) and progression-free survival (PFS). 

Moreover, RAS MAF in cfDNA was also an independent risk factor for poor OS, and was strongly 

associated with primary tumours in the body/tail of the pancreas and liver metastases. Higher 

cfDNA levels and fragmentation were also associated with poorer OS and shorter PFS, body/tail 

tumors, and hepatic metastases, whereas cfDNA fragmentation positively correlated with RAS 

MAF. Remarkably, the combination of CA19-9 with MAF, cfDNA levels and fragmentation 

improved the prognostic stratification of patients. Furthermore, dynamics of RAS MAF better 

correlated with patients’ outcome than standard CA19-9 marker. In conclusion, our study supports 

the use of cfDNA-based liquid biopsy markers as clinical tools for the non-invasive prognosis and 

monitoring of metastatic PDAC patients. 

Keywords: cell-free DNA; liquid biopsy; MAF; pancreatic cancer; RAS mutation 

 

1. Introduction 

Pancreatic cancer is the fourth leading cause of cancer death in Europe in both males and 

females, with the lowest survival rate of all cancers and responsible for over 95,000 deaths every year 

[1,2]. While, the death rates of the most common cancers have mostly declined over the past decades, 

the mortality rate of pancreatic cancer remains flat or slightly increases over time [3]. Poor prognosis 

is associated with diagnosis at advanced stage, due to a lack of detection methods, as well as 

resistance to therapy. Pancreatic ductal adenocarcinoma (PDAC) represents more than 90% of all 
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pancreatic cancer and the vast majority of deaths are associated with this tumor type. Approximately 

60–70% of patients have a primary tumor, located in the head of pancreas, while 20% and 25% are 

located in the body, and tail, respectively. Moreover, PDAC metastasizes mainly to liver, abdomen 

and lungs [4]. 

KRAS mutation is the initiating genetic event for PDAC, and this oncogene is mutationally 

activated in 94% of pancreatic ductal tumors [5]. KRAS mutational status has been usually analyzed 

in tumor tissue, but obtaining biopsy specimens from pancreatic lesions may be difficult and requires 

invasive procedures, such as endoscopic ultrasound-guided fine needle aspiration (EUS-FNA). 

However, EUS-FNA provides a limited number of cells for molecular profiling and the high stromal 

content of pancreatic tumors impairs its efficacy for PDAC diagnosis [6]. Moreover, tumor tissue is 

only available at diagnosis, but not at different time points of the disease to monitor tumor burden 

during treatment. In this scenario, circulating cell-free DNA (cfDNA)-based liquid biopsy represents 

a promising non-invasive tool for the diagnosis, prognosis and management of PDAC patients [7]. 

Hence, the analysis of KRAS mutations in cfDNA has been proposed as non-invasive surrogate for 

tissue biopsies in patients with pancreatic cancer [8]. On the other hand, cfDNA levels have been 

shown to be prognostic for clinical outcome in metastatic cancer [9,10]. 

Therefore, the present study aimed to evaluate the different cfDNA-based liquid biopsy markers 

as prognostic tools for the management care of metastatic PDAC patients. 

2. Results 

2.1. Clinicopathological Characteristics and RAS Mutation Analysis from Plasma and Tissue 

Sixty-one patients were included in the study between May 2017 and December 2019. Thirty-

four patients were men and 27 were women, and they ranged in age from 40 to 84 years, with a 

median of 65 years of age (baseline characteristics are summarized in Table 1). All patients had 

pancreatic ductal adenocarcinoma (PDAC) with distant metastases at diagnosis, and the most 

frequent site of metastasis was the liver (78.7%). Primary tumor was localized in tail, body and head 

of pancreas in 27.9%, 41%, and 29.5% of patients, respectively. Most patients (78.7%) had a good 

baseline ECOG performance status (PS), and a majority (75.4%) received first line gemcitabine-based 

regimes. For the analysis of RAS mutational status, primary tumor tissue was available in 70.5% 

(43/61) of patients. Whereas, basal blood samples were obtained from all patients before any 

treatment. RAS mutation was detected in 76.7% (33/43) of tissue samples and in 77% (47/61) of basal 

plasma samples. The percentage of patients with RAS mutation was comparable to other cohort studies 

[11–13]. Mutation in codon 12 of the KRAS gene was found in 93.6% (44/47), and 93.9% (31/33) of 

plasma and tissue samples, respectively (Table S1). The overall concordance between plasma and 

tissue RAS analysis was 79.1%. 

Table 1. Baseline characteristics of patients. 

Patient Characteristics  Number of Cases (n = 61) 

Age (median, range)  65 (40–84) 

Sex 
Male 34 (55.7%) 

Female 27 (44.3%) 

ECOG 

0 17 (27.9%) 

1 31 (50.8%) 

2 10 (16.4%) 

3 3 (4.9%) 

1st line treatment 

Gemcitabine 3 (4.9%) 

Gemcitabine/nab-paclitaxel 39 (63.9%) 

Gemcitabine/nab-paclitaxel/FOLFOX 4 (6.6%) 

FOLFIRINOX 11 (18%) 

No treatment 4 (6.6%) 

Survival 
Alive 19 (31.1%) 

Dead 42 (68.9%) 
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Disease progression 

Yes 45 (73.8%) 

No 11 (18%) 

Not valuable (No treatment or surgery) 5 (8.2%) 

Tissue availability 
Yes 43 (70.5%) 

No (Cytology) 18 (29.5%) 

Primary tumor location 

Tail 17 (27.9%) 

Body 25 (41%) 

Head 18 (29.5%) 

Body-Tail 1 (1.6%) 

Number of metastatic lesions 
One location 26 (42.6%) 

More than one location 35 (57.4%) 

Metastatic lesions location 
Hepatic lesions 48 (78.7%) 

Non-hepatic lesions 13 (21.3%) 

Tissue Biopsy RAS status 1 
RAS mutated 33 (76.7%) 

RAS wild-type 10 (23.3%) 

Liquid Biopsy RAS status 
RAS mutated 47 (77%) 

RAS wild-type 14 (23%) 
1 For the analysis of RAS mutational status, primary tumor tissue was available in 70.5% (43/61) of patients. 

2.2. Detection of RAS Mutations in cfDNA Predicts Poor Prognosis in Metastatic PDAC Patients 

The presence of RAS mutations in plasma cfDNA was analysed in 61 metastatic PDAC patients. 

Detection of RAS mutation in plasma was associated with shorter patient overall survival (OS) (169 

versus 372.5 days; p = 0.0004; Table 2, Figure 1A). Besides, prognosis was more accurately predicted 

by RAS mutation analysis in cfDNA than by tissue analysis (43 patients, RAS mutation in tissue: log-

rank p = 0.0730; RAS mutation in cfDNA: p = 0.0068; Table 2, Figure 1B,C). RAS mutation detection 

in cfDNA was also a predictive factor of poor progression-free survival (PFS) in metastatic PDAC 

patients (93.5 versus 313.5 days; p < 0.0001; Table 3, Figure 2A). Likewise, tissue analysis was a worse 

predictive factor of PFS than cfDNA (RAS mutation in tissue: p = 0.0172; RAS mutation in cfDNA: p 
= 0.0019; Table 3, Figure 2B,C). Finally, multivariate analysis revealed that KRAS mutation status in 

plasma was a strong independent prognostic factor for both OS (HR 5.692, 95% CI 1.497–21.636; p = 
0.011) and PFS (HR 8.631, 95% CI 2.311–32.236; p = 0.001) (Table 4). 

Table 2. Overall survival analysis. 

Variables 
Death 

Occurrence 

Median OS 

(Days) 
HR (95%CI) p 

Primary Tumor Location     

Body/Tail 28/42 187 0.818 

(0.402–1.667) 
p = 0.5802 

Head 12/17 173.5 

Metastatic Location     

Hepatic 35/48 157 2.403 

(1.218–4.738) 
p = 0.0114 

Non-hepatic 6/13 339 

Number of Metastasis     

1 16/26 197.5 0.739 

(0.398–1.372) 
p = 0.3380 

≥2 25/35 176 

KRAS mutation status plasma     

MUT 37/47 169 3.455 

(1.736–6.876) 
p = 0.0004 

WT 4/14 372.5 

KRAS mutation status tissue     

MUT 24/33 197 2.102 

(0.933–4.734) 
p = 0.0730 

WT 5/10 440 

KRAS mutation status plasma  

(with tissue paired sample) 
    

MUT 25/32 216.5 3.09 p = 0.0068 



Cancers 2020, 12, 1754 4 of 16 

 

WT 4/11 537 (1.364–6.997) 

CA19-9     

<45,500 U/mL 32/50 202.5 2.272 

(1.407–4.930) 
p = 0.0408 

>45,500 U/mL 8/10 125 

cfDNA concentration     

<26.46 ng/mL 8/21 285 2.468  

(1.302–4.681) 
p = 0.0057 

>26.46 ng/mL 31/38 149.5 

MAF     

<0.351% 6/10 310 2.212 

(1.099–4.452) 
p = 0.0261 

>0.351% 31/37 142 

cfDNA fragmentation     

<38.08% 28/45 197 2.637 

(1.1–6.321) 
p = 0.0297 

>38.08% 11/13 116 

 

Figure 1. Overall survival rates for patients with metastatic PDAC according to RAS mutation status. 

(A) OS according to RAS mutation status in cfDNA; (B) OS according to RAS mutation status in tissue; 

(C) OS according to RAS mutation status in cfDNA of those patients with RAS mutations analyzed in 

tissue. 

Table 3. Progression-free survival analysis. 

Variables 
Disease 

Progression 

Median PFS 

(Days) 
HR (95%CI) p 

Primary Tumor Location     

Body/Tail 33/40 152 0.783 

(0.364–1.685) 
p = 0.5318 

Head 10/14 81.5 

Metastatic Location     

Hepatic 35/43 86 2.565 

(1.333–4.937) 
p = 0.0048 

Non-hepatic 10/13 272 

Number of Metastasis     

1 19/23 127 0.86 

(0.465–1.591) 
p = 0.6304 

≥2 26/33 139 
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KRAS mutation status plasma     

MUT 38/42 93.5 3.84 

(1.974–7.469) 
p < 0.0001 

WT 7/14 313.5 

KRAS mutation status tissue     

MUT 27/32 122.5 2.495  

(1.176–5.294) 
p = 0.0172 

WT 7/9 382 

KRAS mutation status plasma  

(with tissue paired sample) 
    

MUT 27/30 142.5 3.41 

(1.572–7.395) 
p = 0.0019 

WT 7/11 472 

CA19-9     

<45,500 U/mL 35/45 143 3.013 

(1.12–8.103) 
p = 0.0289 

>45,500 U/mL 9/10 72 

cfDNA concentration     

<26.46 ng/mL 11/20 149.5 2.190 

(1.199–4.001) 
p = 0.0107 

>26.46 ng/mL 34/36 86.5 

MAF     

<0.351% 8/9 175 2.015 

(0.9834–4.129) 
p = 0.0556 

>0.351% 30/33 85 

cfDNA fragmentation     

<38.08% 33/42 145 3.137 

(1.313–7.494) 
p = 0.0101 

>38.08% 12/13 81 

 

Figure 2. Progression free survival rates for patients with metastatic PDAC according to RAS 

mutation status. (A) PFS according to RAS mutation status in cfDNA; (B) PFS according to RAS 

mutation status in tissue; (C) PFS according to RAS mutation status in cfDNA of those patients with 

RAS mutations analyzed in tissue. 
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Table 4. Multivariate Analysis. 

Variables 
OS PFS 

p Value HR (95%CI) p Value HR (95%CI) 

KRAS mutation status plasma 0.011 
5.692 

(1.497–21.636) 
0.001 

8.631 

(2.311–32.236) 

MAF 0.047 
1.070 

(1.001–1.143) 
0.280 

1.035 

(0.972–1.103) 

2.3. Higher RAS Mutational Load in cfDNA is Associated with Poor Prognosis in Metastatic PDAC 

For the 47 patients with detectable plasma RAS mutations, the median mutation allele fraction 

(MAF) was 2.92% (range 0.02–29.33%). As shown in Figure 3 a higher RAS mutational load in cfDNA 

was associated with poor OS (142 versus 310 days; p = 0.0261; cut-off value: 0.351%, with 82.5% 

sensitivity and 100% specificity; Table 2, Figure 3A) and poor PFS (85 versus 175 days; p = 0.0556; cut-

off-value: 0.351%, with 83% sensitivity and 48% specificity; Table 3, Figure 3B). Moreover, 

multivariate analysis identified MAF in cfDNA as an independent risk factor for poor OS (HR 1.070, 

95% CI 1.001–1.143; p = 0.047) (Table 4). Although, no differences were observed in the MAF values 

according to the number of metastatic lesions, higher MAF values were strongly associated with 

primary tumors located in the body/tail of the pancreas (p = 0.0281, Figure 4A) and liver metastases 

(p = 0.0072, Figure 4B). In this regard, the primary tumor location (OS p = 0.5802; PFS p = 0.5318) or 

the number of metastatic lesions (OS p = 0.3380; PFS p = 0.6304) were not related to OS or PFS. 

Whereas, significant poorer OS and PFS were observed in patients with hepatic lesions compared to 

patients with metastasis affecting other organs (OS 157 versus 339 days; p = 0.0114; PFS 86 versus 272; 

p = 0.0048) ( Table 2;  Table 3). 

 

Figure 3. Overall and progression free survival rates according to circulating RAS mutation allele 

fraction (MAF). (A) OS according to circulating MAF (cut-off: 0.351%); (B) PFS according to circulating 

MAF (cut-off: 0.351%). 

 

Figure 4. Association of circulating RAS mutation allele fraction (MAF) with primary tumor and 

metastases location. (A) circulating MAF levels in patients with tumor located in the body-tail or the 
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head of the pancreas; (B) circulating MAF levels in patients with metastatic lesions in the liver or 

elsewhere (* p < 0.05, ** p < 0.01). 

2.4. Higher cfDNA Concentration and Fragmentation Levels are Associated with Poorer Survival in 
Metastatic PDAC Patients 

The median cfDNA concentration in plasma of PDAC patients was 33 ng/mL (range 10–700), 

while the fragment size of plasma cfDNA ranged between 100–1100 bp, with a prominent mode at 

135 pb for the shortest fragments detected. In this study cfDNA fragmentation was defined as the 

percentage of shortest fragments to total cfDNA. As shown in Figure 5, cfDNA concentration was 

significantly higher in those patients in whom plasma RAS mutations were detected (42.65 versus 

24.71 ng/mL, p = 0.0057; Figure 5A). Although not significant, higher cfDNA fragmentation was 

observed in RAS mutated patients (Figure 5B), and a significant positive correlation between cfDNA 

fragmentation and KRAS MAF was found (r = 0.31, p = 0.0189). 

 

Figure 5. cfDNA concentration and fragmentation in metastatic PDAC patients. (A) cfDNA levels and 

(B) fragmentation according to RAS mutational status; (C) OS according to cfDNA levels (cut-off: 

26.46ng/mL); (D) PFS according to cfDNA levels (cut-off: 26.46ng/mL); (E) OS according to cfDNA 

fragmentation (cut-off: 38.08%); (F) PFS according to cfDNA fragmentation (cut-off: 38.08%). (** p < 

0.01). 

When metastatic PDAC patients were stratified according to plasma cfDNA concentration, those 

with higher values (>26.46ng/mL) had a poorer OS rate (149.5 versus 285 days, p = 0.0057; cut-off 

value: 26.46 ng/mL, with 70.6% sensitivity and 64.1% specificity; Figure 5C, Table 2). Also, higher 
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plasma cfDNA concentration was associated with shorter PFS (86.5 versus 149.5 days, p = 0.0107, cut-

off value: 26.46 ng/mL, with 67.7% sensitivity and 100% specificity; Figure 5D, Table 3). Similarly, a 

higher percentage of plasma cfDNA fragmentation in metastatic PDAC patients was significantly 

associated with a poorer OS (116 versus 197 days, p = 0.0297; cut-off value: 38.08%, with 27.2% 

sensitivity and 100% specificity; Figure 5E, Table 2) and PFS rates (145 versus 81 days, p = 0.0101; cut-

off value: 38.08%, with 27.2% sensitivity and 100% specificity; Figure 5F, Table 3). 

Plasma cfDNA concentration or fragmentation were not associated with number of metastatic 

lesions (p = 0.4928; p = 0.7735). However, there was an association between cfDNA fragmentation and 

primary tumor located in body/tail compared to head of the pancreas (15.27 versus 9.27%, p = 0.0401) 

(Figure 6A) and a trend towards higher cfDNA concentration in the plasma of metastatic PDAC 

patients with body/tail tumors (36.17ng/mL) compared with those with tumors in the head of the 

pancreas (26.23ng/mL, p = 0.0691) (Figure 6B). Also, patients with hepatic metastasis displayed higher 

cfDNA levels in plasma (38.10ng/mL), when compared with those patients with other metastatic 

locations (28.93ng/mL, p = 0.0547) (Figure 6D). Similarly, a trend towards higher cfDNA 

fragmentation was observed in patients with metastatic lesions in the liver (12.165%), compared with 

those with metastases elsewhere (10.655%, p = 0.3257) (Figure 6C). 

 

Figure 6. Association between cfDNA concentration and fragmentation and primary tumor and 

metastasis location. (A) cfDNA fragmentation; and (B) cfDNA levels according to primary tumor 

location; (C) cfDNA fragmentation; and (D) cfDNA levels according to metastatic location (* p < 0.05). 

2.5. Multiparameter Liquid Biopsy Refines Prognostic Stratification of Metastatic PDAC Patients 

In our cohort, CA19-9 demonstrated some prognostic value, with higher baseline levels 

associated with poorer OS and PFS rates (OS 125 versus 202.5 days, p = 0.0408; cut-off value: 45,500 

U/mL, with 16.2% sensitivity and 80.9% specificity; PFS 72 versus 143 days, p = 0.0289; cut-off value: 

45,500 U/mL, with 23% sensitivity and 93.7% specificity;  Table 2;  Table 3). No association was 

found between CA19-9 levels and RAS mutation status (p = 0.2909), primary tumor location (p = 

0.5053), number of metastasis (p = 0.4723), location of metastatic lesions (p = 0.4908), MAF (p = 0.1642), 

cfDNA levels (p = 0.7692) or cfDNA fragmentation (p = 0.2769). 
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Remarkably, the combination of CA19-9 with liquid biopsy improved the prognostic 

stratification of metastatic PDAC patients. A scoring system was applied by combining CA19-9 with 

MAF, cfDNA concentration and cfDNA fragmentation. Positive or negative values were assigned 

depending on whether the corresponding marker was above (positive) or below (negative) the cut-

off with prognostic value in OS. Thus, score 0 was defined as negative for all markers; score 1 was 

defined as positive for 1 marker; and score 2 was defined as positive for 2, 3 or 4 markers. As shown 

in Figure 7, those patients with score 2 displayed poorer survival outcomes in comparison with those 

patients with score 0 and score 1 in Kaplan-Meier analysis (p = 0.0002, and p = 0.0072, respectively). 

 

Figure 7. Multi-parametric analysis combining CA19-9 and cfDNA based liquid biopsy markers 

(MAF, cfDNA concentration and cfDNA fragmentation). Score 0: no positive markers; Score 1: One 

positive marker; Score 2: More than one positive markers. 

2.6. RAS Mutational Load in cfDNA Enables Monitoring of Disease Progression and Response to Therapy in 
Metastatic PDAC Patients 

Due to the limitations in CA19-9 as a reliable marker of pancreatic cancer, the utility of 

circulating MAF was compared to CA19-9 in monitoring disease progression and response to therapy 

in metastatic PDAC patients. No RAS mutation was detected in blood at baseline in two of the seven 

monitored patients, but it was detected in disease progression. In patient 1, KRAS codon 12 mutation 

was found in tissue but not in blood at baseline. Eventually, a novel NRAS mutation was detected 

during stable disease and a circulating KRAS codon 12 mutation was detected later in blood, along 

with both elevation of CA19-9 levels and disease progression revealed by radiological criteria and 

followed by rapid deterioration and death (Figure 8A). In patient 2, no RAS mutation was detected 

at baseline in either tissue or blood, but a KRAS codon 12 mutation was detected later in blood at 

progression of the disease (Figure 8B). 

In the three patients (3, 4 and 5) in whom RAS mutation was detected at baseline in blood, 

circulating MAF dropped following treatment and concurring with lower CA19-9 levels and partial 

response (PR) to therapy (Figure 8C–E). In patient 3, circulating KRAS mutation level markedly 

declined at PR and rose again at disease progression, along with the detection of a novel circulating 

NRAS mutation (Figure 8C). In patient 4, KRAS mutation remained undetectable in blood, while 

CA9-19 levels were low and the disease was stable (SD), but unlike CA19-9, MAF was augmented 

again at the progression of disease (Figure 8D). In patient 5, circulating KRAS mutation dropped to 

undetectable levels in the stable disease. Despite standard criteria and CA19-9 levels in the following 

monitoring suggested stable disease, KRAS mutation was detected again in plasma anticipating 

disease progression (Figure 8E). 

Finally, in patients 6 and 7, circulating RAS mutation levels increased during treatment, 

compared to baseline levels (Figure 8F,G). Notably, the increase in circulating MAF was associated 

with a very short survival period (5 months since diagnosis) in these patients. 
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Figure 8. Circulating RAS mutation allele fraction (MAF) enables monitoring of disease progression 

and response to therapy in metastatic PDAC patients. Circulating MAF (%) was compared to CA19-

9 (U/mL), in monitoring response to therapy and disease progression in 8 (A–G) metastatic PDAC 

patients. 

As a whole, the above results suggest that the dynamics of circulating RAS mutation may better 

correlate with patients’ outcome and survival compared with standard CA19-9 marker. Accordingly, 

a significant correlation was found between the increase in MAF (r = −0.65, p = 0.02), but not in CA19-

9 (r = 0.09, p = 0.78) and survival time (Figure 9). Hence, higher increases in circulating RAS mutation 

during patient monitoring predicted a shorter survival time. 
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Figure 9. Correlation of dynamics of circulating RAS MAF and CA19-9 with patient’s outcome and 

survival. (A) A significant correlation was found between the increase in MAF (B), but not in CA19-9 

and survival time. 

3. Discussion 

Non-invasive, reliable, and reproducible cfDNA-based liquid biopsy markers may help in the 

management of cancer patients. This is particularly relevant in the case of PDAC, where the high 

stromal content makes it difficult to obtain molecular information through cytopathological analysis. 

However, there is no consensus about the techniques, mutations or type of material in liquid biopsy-

based approaches for the prognosis of PDAC patients [11,14–16]. In this study we report the utility 

of cfDNA RAS mutations analysis using the highly sensitive BEAMing technique as prognostic tool 

for the management care of metastatic PDAC patients. 

In agreement with other reports [17], our study supports the value of cfDNA RAS mutations 

analysis as a prognostic tool in pancreatic cancer. Therefore, our results show that the presence of 

RAS mutated cfDNA in plasma predicts poor prognosis in metastatic PDAC patients. Moreover, 

circulating KRAS mutational status was an independent negative prognostic factor of both OS and 

PFS. In fact, the prognosis was more accurately predicted by RAS mutation analysis in cfDNA than 

in tissue. The allelic ratio and dosage of mutated KRAS may impact on PDAC biology [18], and KRAS 

MAF in cfDNA has been found to correlate with clinical stage and outcome in PDAC [13,19]. In this 

regard, our results reveal that circulating KRAS MAF in cfDNA predicted survival in metastatic 

PDAC patients. Importantly, in our study, KRAS MAF in cfDNA was an independent negative 

prognostic factor of OS by multivariate analysis. Recently, KRAS MAF in DNA from circulating 

exosomes, but not in cfDNA, was found to be an independent prognostic factor of OS in metastatic 

PDAC patients [19]. However, our study demonstrates that highly sensitive approaches, such as 

BEAMing, may also reveal the independent prognostic value of KRAS MAF in cfDNA of metastatic 

PDAC patients. Exhaustive analyses on tissue, including laser capture microdissection, could 

establish the pure ratio of RAS mutated allele in tumor. However, these types of analyses rely on the 

availability of biopsy material to be adequately performed, which is not the case for a significant 

number of PDAC patients, and is identifiably the issue by which a liquid biopsy may effectively 

address. 

Although, KRAS mutations are critical for the initiation of pancreatic ductal carcinogenesis, 

continued mutant KRAS function and oncogenic dosage are still required to maintain the growth of 

metastatic PDAC [5,20]. On the other hand, gene expression studies revealed that, compared to head 

localization, body-tail PDAC are more highly proliferative and aggressive [21,22]. Body/tail location 

is also associated with poor prognosis in advanced disease [23–25]. This may explain the reason why, 

in our cohort, higher values of KRAS MAF in cfDNA of metastatic PDAC patients were significantly 

associated with primary tumors located in the body/tail of the pancreas and liver metastases. 

Moreover, the higher MAF observed in patients with liver metastases may be explained by the larger 

volume of hepatic lesions than the isolated lung and peritoneal metastases [19]. 
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Previous studies have reported the potential prognostic value of cfDNA levels and 

fragmentation in metastatic cancer [9,10,26], including metastatic PDAC [27]. In our study, higher 

plasma cfDNA concentrations were significantly associated with poorer OS and shorter PFS. Patients 

with hepatic metastasis displayed higher cfDNA levels, compared with those patients with other 

metastatic locations. 

Despite the lack of knowledge about the precise mechanisms of cfDNA release into circulation, 

the role of apoptosis is becoming clearer [28]. A recent study reported that tumor-derived KRAS 

mutations in pancreatic cancer are predominantly carried by short and ultra-short cfDNA fragments 

[29]. This may be the biological explanation for our observation that, in parallel with our KRAS MAF 

results, a higher cfDNA fragmentation was found in patients with tumors located in the body/tail of 

the pancreas or with hepatic metastases than other metastatic lesions, likely due to more aggressive 

tumors. Thus, recent reports showed that body/tail PDAC may have more aggressive tumor biology 

and higher metastasis rate compared to PDAC in the head which may explain worse clinical 

outcomes [21–23]. 

CA19-9, also known as sialyl Lewis A antigen, is the currently used biomarker for pancreatic 

cancer, and several studies have reported the link between CA19-9 levels and survival in metastatic 

PDAC patients [30,31]. However, CA19-9 have some important limitations, such as false negative 

results in subjects with Lewis negative genotype and CA19-9 increases in patients with benign 

pancreatic-biliary diseases [32]. In our cohort, CA19-9 exhibited some prognostic value with higher 

baseline levels associated with poorer OS and PFS rates. However, our study demonstrates that the 

combination of CA19-9 with liquid biopsy markers greatly helped in the prognostic stratification of 

metastatic PDAC patients. 

CA19-9 is also used for monitoring treatment response as the reduction of CA19-9 serum levels 

during treatment are usually associated with longer survival rates. However, in clinical practice, 

there is no consensus on the interpretation of the change in CA19-9 levels and its role in the 

management of PDAC patients [33]. Therefore, novel reliable biomarkers are required for monitoring 

the response of PDAC patients to chemotherapy [34]. In our analysis, the change in circulating KRAS 

MAF levels was a suitable surrogate marker for monitoring each patient’s response to therapy. 

Moreover, the rise in MAF levels in some patients was better than CA19-9 in anticipating disease 

progression, and dynamics of circulating MAF better correlated with patients’ outcome compared 
with CA19-9. Therefore, our results support MAF as a valuable complementary tool for monitoring 

the response to chemotherapy treatment in metastatic PDAC patients. 

In summary, our study supports cfDNA-based liquid biopsy markers as promising clinical tools 

for the non-invasive prognosis and monitoring of metastatic PDAC patients. 

4. Materials and Methods 

4.1. Patients 

Sixty-one patients diagnosed with metastatic PDAC in the Reina Sofía Hospital (Córdoba, Spain) 

were enrolled in this study from 2017 to 2019. Eligible patients were 18 years or older with 

histologically confirmed metastatic PDAC and were not treated by chemotherapy or radiotherapy 

before the enrollment. Metastatic PDAC pathology was confirmed in all patients included in our 

study by pathological analysis of tumor tissue (n = 43) or by cytological analysis (n = 18), and by 

computed tomography. All subjects gave their informed consent for their inclusion in the study. The 

study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved 

by the Ethics Committee of Córdoba (Comité de Ética de la Investigación de Córdoba, CEI Córdoba, 

PANCREAS-BIOPSIA-LIQ protocol, approved on April 26, 2017, Act nº263, ref, 3490). The baseline 

characteristics of the patients included in the study are listed in Table 1. 

4.2. Procedures for Sample Analyses 

Plasma was obtained from 10 mL of blood collected in Streck cell- free DNA BCTTM tubes before 

any therapeutic intervention. In seven patients, the plasma was also obtained at specified intervals 
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after the onset of treatment. Blood samples were centrifuged at 1600× g during 10 min at room 

temperature (RT) to separate plasma, followed by centrifugation at 6000× g during 10 min at RT to 

remove any possible remaining cells. Plasma samples were then aliquoted, transferred to cryotubes 

and stored at −80 °C. QIAamp Circulating Nucleic Acid Kit and the vacuum system QIAvac 24 Plus 

(Qiagen) were used for cfDNA extraction from 3 mL of plasma and extracted cfDNA was quantified 

using the Quantus fluorometer (Promega). The High Sensitivity D1000 ScreenTape Assay was used 

in an Agilent 2200 TapeStation System (Agilent) to analyse cfDNA fragmentation. 

OncoBEAM™ RAS assay (Sysmex Inostics GmbH, Baltimore, MD, USA), which detects 34 

mutations in KRAS/NRAS codons 12, 13, 59, 61, 117, and 146 was used to analyze RAS mutations in 

cfDNA and determine MAF in plasma. In brief, OncoBEAM™ RAS Assay started with a conventional 
PCR to amplify a locus of interest, which included 7 amplicons covering 12 codons and 34 mutations 

in KRAS/NRAS genes. For each codon a digital PCR was then performed and cfDNA was hybridized 

with fluorescent probes to quantify by flow cytometry KRAS/NRAS mutant and wild type molecules. 

This approach allows reliable detection of MAF < 0.1% in cfDNA [35]. 

In 43 patients, FFPE primary tumor tissue was available for RAS mutation analysis by standard-

of-care procedures validated in our hospital. Specifically, the IdyllaTM plattform (Biocartis), that 

utilizes microfluidics processing with specific cartridges and all reagents on board, was employed 

for RAS mutation analysis in tissue. The process is fully automated, including nucleic acid extraction 

and, if the results indicate WT KRAS, testing for NRAS mutations is mandatory using another specific 

cartridge. Serum CA19-9 levels were measured using a standard radioimmunoassay test in the 

Clinical Laboratory Department of our hospital. 

4.3. Statistical Analyses 

Statistical analyses were performed using SPSS Statistic 20.0.0, GraphPad Prism 7.0 Software and 

R Software 4.0.0. Overall survival (OS) was calculated from the date of diagnosis to the date of death. 

Progression-free survival (PFS) was calculated from the start date of therapy until disease 

progression. The survival rates were estimated using the Kaplan–Meier method and the Log-Rank 

test was used to identify the prognostic variables. SurvivalROC package in the R software was used 

to find optimal cut-off values in OS analyzing time-dependent ROC curve. The optimal cut-off value 

was chosen by minimizing the sum of false negative rate and false positive rate. In each case, the cut-

off with prognostic value for OS was also tested for prognosis of PFS. When the optimal cut-off 

chosen with ROC curves was not able to separate statistically the groups according to the Kaplan-

Meier analysis, the R2 Genomics Analysis and Visualization Platform (http://r2.amc.nl) was used to 

find a cut-off value, using the Kaplan Scan (KaplanScan) feature, based on statistical testing. The 

Kaplan scanner separates the samples of a dataset into two groups based on values of variable of 

interest. In the order of values, it uses every increasing value as a cutoff to create 2 groups and test 

the p-value in a Log-Rank test. Mann-Whitney test was used to compare two groups and ANOVA 

test for analysis with more than two groups. Multivariate analysis was performed to establish 

independent prognostic factors using Cox proportional hazards modeling. Graph data are 

represented as mean ± standard deviation. Correlation analyses were performed using Pearson’s 

correlation coefficient. All statistical tests were considered significant when p < 0.05. 

5. Conclusions 

We evaluated different cfDNA-based liquid biopsy markers as prognostic tools for the 

management care of metastatic PDAC patients. Our study shows that prognosis was more accurately 

predicted by RAS mutation analysis in cfDNA than by tissue analysis. Hence, both RAS mutation 

status and mutational load in cfDNA were independent risk factors for OS. Whereas, a higher cfDNA 

concentration and fragmentation levels were also associated with poorer survival. Notably, our data 

support the theory that multi-parameter liquid biopsy may significantly assist in the prognostic 

stratification of metastatic PDAC patients, while RAS MAF in cfDNA may facilitate with the 

monitoring of disease progression and response to therapy. Future larger studies with independent 
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cohorts are warranted to validate cfDNA-based liquid biopsy markers for the non-invasive prognosis 

and monitoring of metastatic PDAC patients. 
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Simple Summary: Liquid biopsy is a noninvasive approach that provides tumor molecular profiling.
On the other hand, the vast majority of pancreatic tumors are pancreatic ductal adenocarcinomas
(PDAC), which are characterized by pronounced inflammation. Therefore, we hypothesized that the
combination of biomarkers of systemic inflammation, such as the neutrophil-to-lymphocyte-ratio
(NLR) and platelet-to-lymphocyte ratio (PLR), with liquid biopsy-based biomarkers may increase
their clinical usefulness. Our study shows that combining NLR, PLR, and the standard PDAC marker
CA19-9 with circulating cell-free DNA and circulating RAS-mutated DNA outperforms traditional
clinical tools for the clinical management of metastatic PDAC patients.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with a highly inflam-
matory microenvironment and liquid biopsy has emerged as a promising tool for the noninvasive
analysis of this tumor. In this study, plasma was obtained from 58 metastatic PDAC patients, and
neutrophil–lymphocyte ratio (NLR), platelet–lymphocyte ratio (PLR), circulating cell-free DNA
(cfDNA) concentration, and circulating RAS mutation were determined. We found that NLR was
significantly associated with both overall survival (OS) and progression-free survival. Remarkably,
NLR was an independent risk factor for poor OS. Moreover, NLR and PLR positively correlated,
and combination of both inflammatory markers significantly improved the prognostic stratification
of metastatic PDAC patients. NLR also showed a positive correlation with cfDNA levels and RAS
mutant allelic fraction (MAF). Besides, we found that neutrophil activation contributed to cfDNA
content in the plasma of metastatic PDAC patients. Finally, a multi-parameter prognosis model was
designed by combining NLR, PLR, cfDNA levels, RAS mutation, RAS MAF, and CA19-9, which
performs as a promising tool to predict the prognosis of metastatic PDAC patients. In conclusion,
our study supports the idea that the use of systemic inflammatory markers along with circulating
tumor-specific markers may constitute a valuable tool for the clinical management of metastatic
PDAC patients.

Keywords: NLR; PLR; circulating tumor DNA; pancreatic ductal adenocarcinoma; RAS mutation;
neutrophil elastase
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1. Introduction
Pancreatic cancer is among the major lethal cancers, with five-year survival of around

5%, and it is the fourth highest cause of cancer mortality in Europe, with more than
95,000 deaths annually [1,2]. Improved survival rates have been achieved in the most
common cancers, but pancreatic cancer death rate is increasing [3]. This dismal prognosis
is mainly due to advanced stage diagnosis and resistance to therapy. More than 90% of
pancreatic tumors are pancreatic ductal adenocarcinomas (PDAC) and the vast majority of
deaths are associated with this rapidly progressive and highly aggressive tumor type.

Inflammation plays a critical role in the development and progression of many types
of cancer. PDAC is characterized by pronounced inflammation and desmoplasia, leading
to hypoxia, metabolic reprogramming, and immune suppression that ultimately promotes
tumor growth and metastasis [4]. The neutrophil-to-lymphocyte ratio (NLR) and platelet-
to-lymphocyte ratio (PLR) have been proposed as markers of systemic inflammatory
response in several solid tumors [5]. Platelets are mainly protumorigenic and neutrophils
acquire protumorigenic properties upon recruitment to the tumor microenvironment [6].
Accordingly, levels of circulating neutrophils are elevated in PDAC patients and increased
levels of neutrophils infiltrating pancreatic tumors have been reported to correlate with
a poor clinical outcome [7,8]. These studies support the theory that neutrophils play a
role in inflammation-driven pancreatic tumorigenesis. Besides, low NLR and PLR have
been associated with longer overall survival (OS) and progression-free survival (PFS) in
pancreatic cancer [9,10].

KRAS oncogene, which is mutationally activated in the vast majority of pancreatic
ductal tumors [11], is involved in the release by tumor cells of inflammatory cytokines;
the recruitment of immune cells with protumoral activity, thereby promoting an inflamed
tumor stroma; and the progression and invasion of PDAC [4,12–14]. We have previously
reported that RAS mutation status and mutational load in circulating cell-free DNA are
independent risk factors for OS in metastatic PDAC patients. Moreover, higher cell-
free DNA (cfDNA) concentration and fragmentation levels were also associated with
poorer survival [15].

Although NLR and PLR have been shown to be of prognostic value in PDAC,
neutrophils, platelets, and lymphocyte counts are affected by other factors, including
chemotherapy toxicity [16]. It is necessary to strengthen the clinical usefulness of these
biomarkers of systemic inflammation with the information provided by noninvasive tumor
biomarkers. Therefore, the present study was aimed at evaluating the prognostic value
of combining NLR and PLR with circulating liquid biopsy markers associated to poor
survival outcome in metastatic PDAC patients.

2. Materials and Methods
2.1. Patients

A total of 58 patients with a diagnosis of metastatic PDAC were included in this study.
Patients were enrolled from the Reina Sofía Hospital (Córdoba, Spain) from 2017 to 2019
with the following inclusion criteria: older than 18 years with histologically confirmed
metastatic PDAC and without previous chemotherapy or radiotherapy. The study was
approved by the ethics committee of our hospital and written informed consent was
obtained from all patients before enrollment. Patients’ characteristics are summarized in
Table 1.
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Table 1. Baseline characteristics of patients.

Patient Characteristics n (%)

Age <60 years 20 (34.5)
>60 years 38 (65.5)

Sex
Male 32 (55.2)

Female 26 (44.8)

ECOG

0 17 (29.3)
1 30 (51.7)
2 8 (13.8)
3 3 (5.2)

1st line treatment

Gemcitabine 2 (3.4)
Gemcitabine/nab-paclitaxel 38 (65.5)

Gemcitabine/nab-
paclitaxel/FOLFOX 4 (6.9)

FOLFIRINOX 11 (19)
No treatment 3 (5.2)

Survival
Alive 17 (29.3)
Dead 41 (70.7)

Disease progression
Yes 50 (86.2)
No 3 (5.2)

Not valuable (No treatment or
surgery) 5 (8.6)

Primary tumor location

Tail 16 (27.6)
Body 24 (41.4)
Head 16 (27.6)

No data 2 (3.4)

Number of metastatic lesions
One location 25 (43.1)

More than one location 33 (56.9)

Metastatic lesions location
Hepatic lesions 45 (77.6)

Non-hepatic lesions 13 (22.4)

Liquid Biopsy RAS status RAS mutated 44 (75.9)
RAS wild-type 14 (24.1)

2.2. Procedures for Sample Analyses
Platelets, neutrophils, and lymphocyte were measured routinely in the clinical labo-

ratory department of our hospital. NLR and PLR were calculated by dividing absolute
neutrophil count and platelets count by the absolute lymphocyte count, respectively. Tumor
biomarker CA19-9 was also measured in the clinical laboratory department of our hospital
and a cut-off value of 45,500 U/mL, previously determined in our research [15], was used.

The analysis of cell-free DNA (cfDNA) was performed as previously described [15].
In brief, plasma was obtained from 10 mL of peripheral blood before treatment and cfDNA
was extracted from 3 mL of plasma with the QIAamp Circulating Nucleic Acid Kit and
the vacuum system QIAvac 24 Plus (Qiagen, Hilden, Germany). The Quantus fluorometer
(Promega, Madison, WI, USA) and the Agilent 2200 TapeStation system (Agilent, Santa
Clara, CA, USA) with the High Sensitivity D1000 ScreenTape assay were used for measuring
cfDNA concentration and fragmentation, respectively. The OncoBEAM™ RAS assay
(Sysmex Inostics GmbH, Hamburg, Germany) was used for the analysis of RAS mutations
in cfDNA and the determination of RAS mutant allelic fraction (MAF) in plasma.

For the quantification of elastase circulating levels, the Human PMN Elastase ELISA
Kit (Abcam, Cambridge, UK) was used following the manufacturer’s instructions.
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2.3. Statistical Analyses
SPSS Statistic 20.0.0, GraphPad Prism 7.0 Software and R Software 4.0.0 were used

for data analysis. OS was computed from the time of diagnosis until the date of death
and PFS was determined as the time from the start of therapy until documented disease
progression. Estimation of survival rates and the identification of prognostic variables were
performed with the Kaplan–Meier method and the log-rank test, respectively. The optimal
cut-off values were selected with the SurvivalROC package based on the time-dependent
ROC curve and were selected by minimalizing the sum of false negative and false positive
rates [17]. The cut-off value with prognostic relevance for OS was also tested for prognosis
of PFS. Mann–Whitney test was used to compare differences between two groups and
ANOVA test was performed when comparing more than two groups. Multivariate analysis
with Cox proportional hazards regression was used to determine independent prognostic
factors. Correlation analyses were performed using Pearson’s correlation coefficient. Data
in graphs are represented as mean ± standard deviation. All results were considered
statistically significant when p < 0.05.

3. Results
3.1. Clinicopathological Characteristics of Patients

Fifty-eight patients were included in the study between 2017 and 2019 (baseline
characteristics are summarized in Table 1). Most patients (81%) had a good baseline ECOG
(ECOG 0–1) and the majority of them (75.8%) received first-line gemcitabine-based regimes.
As shown in Figure 1A,B, there was a trend towards females (n = 26) having better OS
than males (n = 32) (193.5 versus 310 days; p = 0.0574) and also better PFS, although not
statistically significant (125 versus 265 days; p = 0.1044). Patients included in the study
ranged in age from 40 to 84 years, with a median of 65 years of age. When patients were
stratified according to age (60 years), no differences in OS and PFS were found (Table 2).
ECOG was related with better OS (p = 0.0030), whereas there were no significant association
between ECOG and PFS (p = 0.1869) (Figure 1C,D).

All PDAC patients had distant metastases at diagnosis, the liver being the most fre-
quent site of metastasis (77.6%, Table 1). Patients with metastatic lesions located in the liver
had significantly poorer OS and PFS rates (p= 0.0262 and p = 0.0006, respectively) com-
pared with patients with metastasis affecting other organs (Figure 1E,F). On the contrary,
there was no significant association between number of metastatic lesions and OS or PFS
(Table 2). Primary tumor sites were tail, body, and head of pancreas in 27.6%, 41.4%, and
29.3% of patients, respectively (Table 1), but primary tumor location was not significant
related with OS or PFS (Table 2).

3.2. NLR and PLR Are Prognostic Markers in Metastatic PDAC Patients
NLR and PLR were analyzed in 58 metastatic PDAC patients. One patient with

an ultra-high platelets count was excluded from the PLR analysis. The median NLR in
plasma of metastatic PDAC patients was 3.94 (range 0.38–18.8) and the median PLR was
176.07 (range 43.59–492.86). There was a significant association of high NLR with male
gender (p = 0.0294), while no relation was found between PLR and gender (p = 0.2591)
(Figure 2A,B). On the other hand, although no relation was found between NLR and age
(p = 0.4891), patients older than 60 years showed a significantly lower PLR than those
younger (153.39 versus 236.47; p = 0.0076) (Figure 2C,D). Besides, as shown in Figure 2E,F,
higher NLR, but not PLR, was associated with worse ECOG (ECOG 2–3) (NLR: p = 0.0018;
PLR: p = 0.6318).

NLR was not significantly associated with primary tumor site (p = 0.7859) or number
of metastasis (p = 0.2859), although NLR showed a trend towards higher values in patients
with metastatic lesions located in the liver compared with patients with metastasis affecting
other organs (p = 0.1551) (Figure 3A). Contrarily, PLR was not associated with metastatic
location (p = 0.7558) or the number of metastasis (p = 0.7653), but patients with the primary
tumor in the head of the pancreas showed higher PLR compared with tumors in the
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body/tail location (266.2 versus 149.16; p = 0.0245) (Figure 3B). Patients with higher NLR
(>5.52) had significantly poorer OS (108 versus 335 days; p < 0.0001) and PFS (85 versus
232 days; p = 0.0101) rates (Figure 3C,D). Moreover, multivariate analysis revealed that NLR
was an independent prognostic factor for OS (HR 2.466, 95% CI 1.246–4.880; p = 0.010),
along with ECOG and RAS mutation status (Table 3). Also, although not significant,
patients with higher PLR (>90.48) showed a trend towards poorer OS (236 versus 399 days;
p = 0.1430) and PFS (145 versus 337 days; p = 0.2960) (Figure 3E,F).

Figure 1. Overall survival and progression-free survival rates according to the clinical characteristics of the patients.
(A) Overall survival (OS) according to gender; (B) progression-free survival (PFS) according to gender; (C) OS according to
EGOG; (D) PFS according to ECOG; (E) OS according to metastatic location; (F) PFS according to metastatic location.
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Table 2. Overall survival analysis.

Variables OS PFS

HR (95%CI) p HR (95%CI) p

Age
60 years 1.113

(0.584–2.119) 0.7452
0.925

(0.505–1.694) 0.8015>60 years

Gender
Male 0.545

(0.291–1.019) 0.0574
0.615

(0.343–1.106) 0.1044Female

ECOG
0

0.0030 0.18691 1.653
(0.789–3.465)

1.083
(0.568–2.065)

2–3 5.967
(1.86–19.16)

3.166
(0.978–10.25)

Primary Tumor
Location

Body/Tail 1.48 (0.72–3.04) 0.2884 1.52 (0.74–3.10) 0.2500Head

Number of
Metastasis

1 1.5 (0.803–2.801) 0.2035
1.449

(0.811–2.588) 0.2100�2

Metastatic
Location
Hepatic 0.462

(0.234–0.913) 0.0262
0.344

(0.187–0.634) 0.0006Nonhepatic

RAS mutation
status plasma

MUT 0.283
(0.141–0.565) 0.0003

0.240
(0.126–0.458) <0.0001WT

NLR
5.52 5.881

(2.552–13.55) <0.0001
2.754

(1.272–5.962) 0.0101>5.52

PLR
90.48 1.816

(0.817–4.035) 0.1430
1.460

(0.718–2.972) 0.2960>90.48

cfDNA
concentration
26.46 ng/mL 2.173

(1.149–4.107) 0.0169
1.708

(0.964–3.025) 0.0664>26.46 ng/mL

MAF
0.351% 2.151

(1.049–4.409) 0.0365
1.859

(0.925–3.737) 0.0818>0.351%

CA19-9
45,500 U/mL 3.514

(1.196–10.32) 0.0233
3.508

(1.334–9.227) 0.0110>45,500 U/mL
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Figure 2. Association between neutrophil–lymphocyte ratio and platelet–lymphocyte ratio with the clinical characteristics
of the patients. (A) Neutrophil–lymphocyte ratio (NLR) and (B) platelet–lymphocyte ratio (PLR) in male or females patients,
(C) NLR and (D) PLR in patients younger or older than 60 years, (E) NLR and (F) PLR according to the ECOG (* p < 0.05,
** p < 0.01).

Table 3. Multivariate analysis.

Variables
OS PFS

HR (95%CI) p HR (95%CI) p

ECOG
2.024

(1.207–3.393) 0.008 - -

Metastatic
Location - ns

3.150
(1.359–7.305) 0.007

RAS mutation
status plasma

6.944
(2.033–23.73) 0.002

7.908
(2.482–25.20) 0.0001

NLR
2.466

(1.246–4.880) 0.010 - ns
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Figure 3. Neutrophil–lymphocyte ratio and platelet–lymphocyte ratio in metastatic pancreatic ductal adenocarcinoma
patients. (A) Neutrophil–lymphocyte ratio (NLR) in patients with liver metastasis or metastases elsewhere, (B) platelet–
lymphocyte ratio (PLR) in patients with primary tumor located in the body-tail or the head of the pancreas, (C) overall
survival (OS) according to NLR (cut-off: 5.52), (D) progression-free survival (PFS) according to NLR (cut-off: 5.52), (E) OS
according to PLR (cut-off: 90.48), (F) PFS according to PLR (cut-off: 90.48) (* p < 0.05).

3.3. Combined Analysis of NLR and PLR Improves the Prognostic Accuracy in Patients with
Metastatic PDAC

A significant positive correlation between NLR and PLR was observed (r = 0.35;
p = 0.0085) (Figure 4A). Notably, the combination of NLR and PLR improved the prognostic
classification of metastatic PDAC patients. For this combined analysis, positive or negative
values were assigned when NLR or PLR values were above (positive) or below (negative)
the cut-off for prognostic value in OS, and scores 0, 1, and 2 were defined as negative
for both markers, positive for one of them, and positive for both markers, respectively.
As shown in Figure 4B, those patients with score 2 showed a highly significant poorer
survival than those patients with score 0 or 1 in the Kaplan–Meier analysis (p = 0.0004 and
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p = 0.0040, respectively). In contrast, the combination of NLR and PLR did not significantly
improve prognosis accuracy for PFS (p = 0.0856) (Figure 4C).

Figure 4. Association between neutrophil–lymphocyte ratio and platelet–lymphocyte ratio. (A) Correlation between
neutrophil–lymphocyte ratio (NLR) and platelet–lymphocyte ratio (PLR) values; (B) overall survival (OS) according to the
NLR and PLR combination (score 2 compared to score 0: p = 0.0004, score 2 compared to score 1: p = 0.0040); (C) progression-
free survival (PFS) according to the NLR and PLR combination (score 2 compared to score 0: p = 0.0097; score 2 compared to
score 1: p = 0.1463) (score 2, positive for both markers; score 1, positive for one of them; score 0: negative for both markers).

3.4. The Combination of NLR and cfDNA Values Significantly Improves Prognostic Stratification
of Metastatic PDAC Patients

cfDNA concentration was measured in our patient cohort (median: 32.6 ng/mL; range:
10–700 ng/mL). A high positive correlation (r = 0.71; p < 0.0001) was found between NLR
and cfDNA concentration (Figure 5A). No correlation was found between PLR and cfDNA
concentration (p = 0.8205). However, a negative correlation (r = �0.30; p = 0.0244) was
found between PLR and cfDNA size (Figure S1). No significant association was found
between NLR and cfDNA fragmentation (p = 0.4381).

We previously reported that higher levels of cfDNA were significantly associated with
shorter OS and PFS in metastatic PDAC patients and a cut-off for cfDNA concentration
(26.46 ng/mL) was determined [15]. Using this cut-off, patients included in the present
study also showed differences in OS (172 versus 339 days; p = 0.0169) and a trend for PFS
(122.5 versus 278 days; p = 0.0664) according to cfDNA concentration. When NLR and
cfDNA levels were combined according to the scoring system described above, patients
with score 2 showed significantly shorter OS than patients with score 0 or score 1 (p = 0.0001
and p = 0.0008, respectively) (Figure 5B). We also found an improvement in the prognostic
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stratification of patients according to PFS when NLR and cfDNA levels were combined
(score 2 versus score 0: p = 0.0037 and score 2 versus score 1: p= 0.0119) (Figure 5C).

Figure 5. Association between neutrophil–lymphocyte ratio and cell-free DNA concentration. (A) Correlation between
neutrophil–lymphocyte ratio (NLR) values and circulating cell-free DNA (cfDNA) levels; (B) overall survival (OS) according
to the NLR and cfDNA combination (score 2 compared to score 0: p = 0.0001, score 2 compared to score 1: p = 0.0008);
(C) progression-free survival (PFS) according to the NLR and cfDNA combination (score 2 compared to score 0: p = 0.0037;
score 2 compared to score 1: p = 0.0119) (score 2, positive for both markers; score 1, positive for one of them; score 0: negative
for both markers).

Since NLR and cfDNA concentration were highly correlated, we next measured
neutrophil elastase in plasma as a marker of NETosis, which is a process involving the
formation of neutrophil extracellular traps (NETs), to determine whether neutrophil activa-
tion contributes to cfDNA content in plasma of metastatic PDAC patients. As shown in
Figure 6A–C, elastase concentration in plasma positively correlated with NLR (r = 0.5618;
p < 0.0001), cfDNA concentration (r = 0.5246; p < 0.0001), and CA19-9 (r = 0.4995; p < 0.0001).
Elastase concentration was higher in patients with liver metastasis (p = 0.0423, Figure 6D),
in agreement with higher (although not statistically significant) NLR values in patients with
hepatic metastases (Figure 3A), and also with our previously reported trend towards higher
cfDNA levels in patients with hepatic lesions [15]. However, there was no relation between
elastase levels and primary tumor location (p = 0.9890) or number of metastasis (p = 0.7515).
Moreover, high elastase concentration in plasma (>23.15 ng/mL) was a prognostic factor of
worse OS (p = 0.0110) and PFS (p = 0.0241) (Figure 6E,F).
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Figure 6. Circulating levels of neutrophil elastase in metastatic pancreatic ductal adenocarcinoma patients. (A) Correlation
between plasma levels of neutrophil elastase and neutrophil–lymphocyte ratio (NLR); (B) correlation between plasma
levels of neutrophil elastase and cell-free DNA (cfDNA); (C) correlation between plasma levels of neutrophil elastase and
CA19-9; (D) plasma levels of neutrophil elastase in pancreatic ductal adenocarcinoma patients with metastatic lesions in the
liver or elsewhere; (E) overall survival (OS) according to circulating levels of neutrophil elastase (cut-off: 23.15 ng/mL);
(F) progression-free survival (PFS) according to circulating levels of neutrophil elastase (cut-off: 23.15 ng/mL) (* p < 0.05).

3.5. NLR Is Related to RAS Mutational Status in cfDNA of Metastatic PDAC Patients
Analysis of RAS mutation status in cfDNA was performed in 58 metastatic PDAC

patients included in this study. RAS mutation was detected in 75.9% (44/58) of plasma
samples (Table 1). As shown in Figure 7A, NLR was significantly higher in those patients
in which plasma RAS mutations were detected (4.53 versus 2.24; p = 0.0024). Moreover,
a positive correlation between NLR and the RAS MAF was found (r = 0.4481; p = 0.0023)
(Figure 7B). We have previously reported [15] that the detections of RAS mutations and RAS
mutational load in cfDNA were related to shorter OS and PFS in metastatic PDAC patients
and a cut-off for MAF was determined (RAS MAF cut-off: 0.351%). Patients included in the
present study also showed poor OS (193.5 versus 510 days; p = 0.0003) and PFS (122.5 versus
472 days; p < 0.0001) when RAS mutation was detected in plasma. Moreover, patients
with higher RAS MAF in cfDNA had worse OS (163 versus 333.5 days; p = 0.0365) and a
trend towards poorer PFS (87 versus 175 days; p = 0.0818). As shown in Figure 7C, when
NLR and RAS mutation status in plasma were combined, patients with score 2 showed
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poorer OS compared with patients with score 0 and score 1 (p < 0.0001 and p = 0.0003,
respectively). Similarly, this combination of markers also better stratified patients for PFS
(score 2 versus score 0: p = 0.0003 and score 2 versus score 1: p = 0.0533) (Figure 7D). When
NLR was combined with RAS MAF (Figure 7E), an improved stratification of RAS-mutated
patients for OS (score 2 versus 0, p = 0.0029; score 2 versus 1, p = 0.0037) but not for PFS
(p = 0.0869) was observed (Figure 7F). No significant association was found between PLR
and RAS mutation (p = 0.5071) or RAS mutational load (p = 0.6854) in plasma.

Figure 7. Association between neutrophil–lymphocyte ratio and plasma RAS mutation. (A) Neutrophil–lymphocyte ratio
(NLR) according to RAS mutational status in plasma; (B) correlation between NLR values and RAS mutant allelic fraction
(MAF) in plasma; (C) overall survival (OS) according to the NLR and RAS mutational status combination (score 2 compared
to score 0: p < 0.0001; score 2 compared to score 1: p = 0.0003); (D) progression-free survival (PFS) according to the NLR
and RAS mutational status combination (score 2 compared to score 0: p = 0.0003; score 2 compared to score 1: p = 0.0533);
(E) OS according to the NLR and MAF combination (score 2 compared to score 0: p = 0.0029; score 2 compared to score
1: p = 0.0037); (F) PFS according to the NLR and MAF combination (score 2 compared to score 0: p = 0.0420; score 2 compared
to score 1: p = 0.3008) (score 2, positive for both markers; score 1, positive for one of them; score 0, negative for both markers)
(** p < 0.01).
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3.6. Multiple Blood-Based Biomarkers Improve the Prognostic Stratification of Metastatic PDAC
Patients

Patients included in this analysis showed differences in OS (125 versus 284 days;
p = 0.0223) and in PFS (72 versus 203.5 days; p = 0.0110) according to CA19-9 levels. CA19-9
levels and NLR showed a positive correlation (r = 0.3684; p = 0.0048; Figure S2) and the
combination of both showed an improvement in patient stratification for OS (score 2 versus
score 0: p < 0.0001 and score 2 versus score 1: p = 0.0226) and PFS (score 2 versus score 0:
p = 0.0016 and score 2 versus score 1: p = 0.0021) (Figure 8A,B).

Figure 8. Multiple blood-based biomarkers for the prognosis of metastatic pancreatic ductal adenocarcinoma patients.
(A) Overall survival (OS) according to neutrophil–lymphocyte ratio (NLR) and CA19-9 combination (score 2 compared
to score 0: p < 0.0001; score 2 compared to score 1: p = 0.0226); (B) progression-free survival (PFS) according to NLR and
CA19-9 combination (score 2 compared to score 0: p = 0.0016; score 2 compared to score 1: p = 0.0021) (score 2, positive for
both markers; score 1, positive for one of them; score 0, negative for both markers); (C) OS according to the combination
of multiple blood-based biomarkers (NLR, platelet–lymphocyte ratio (PLR), cell-free DNA (cfDNA) concentration, RAS
status, RAS mutant allelic fraction (MAF) and CA19-9) (score 2 compared to score 0: p < 0.0001; score 2 compared to score 1:
p = 0.0026); (D) PFS according to the combination of multiple blood-based biomarkers (NLR, PLR, cfDNA concentration,
RAS status, RAS MAF, and CA19-9) (score 2 compared to score 0: p = 0.0008; score 2 compared to score 1: p = 0.0086) (score 2,
positive for all markers; score 1, positive for 3, 4 or 5 markers; score 0, positive for 1 or 2 markers or negative for all of them).

Next, a combination of multiple blood-based biomarkers (NLR, PLR, cfDNA con-
centration, RAS status, RAS MAF, and CA19-9) was used to improve the prognostic
stratification of metastatic PDAC patients. In this case, score 2 was defined as positive
for all markers; score 1 positive for 3, 4, or 5 markers; and score 0 positive for 1 or 2
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markers or negative for all of them. As shown in Figure 8C, patients with score 2 had a
very short OS outcome compared with patients with score 1 (p = 0.0026), and especially
compared with patients with score 0 (p < 0.0001). In regard to PFS, this combination of
multiple blood-based biomarkers also efficiently stratified patients into dismal (score 2),
poor (score 1), and good (score 0) prognosis (Figure 8D).

4. Discussion
Infiltration of immune cells in PDAC tumors is highly abundant, contributing to

immune evasion and chemotherapy resistance [4]. In the present study, we described the
utility of NLR and PLR along with others circulating tumor-specific markers to evaluate
the prognosis in metastatic PDAC patients.

Previous reports have related high NLR and PLR values with poor prognosis in
advanced pancreatic cancer [16,18–20]. However, most of the studies that have related
high PLR values with poor OS involved locally advanced patients [20–22], who were not
included in the present study. In this regard our analysis showed that metastatic PDAC
patients with higher NLR values had significantly poorer OS and PFS rates, whereas both
NLR and PLR were associated with poor-prognosis clinical features. Thus, higher NLR
values were related with male gender and higher ECOG status. This is in agreement
with other cancer studies, in which higher NLR values were reported in male cancer
patients [23,24] and patients with high ECOG status [21]. In addition, those patients
younger than 60 years had higher PLR values than older patients, likely because aging is
known to be accompanied by a decrease in platelet count [25]. Further, patients with a
primary tumor located in the head of the pancreas showed higher PLR values than those
patients with a tumor in the body/tail of this organ.

Cancer cells can activate platelets leading to pro-cancerous effects. Activated platelets
participate in the regulation of inflammation, releasing proinflammatory cytokines, and
in modulating tumor microenvironment by recruiting leukocytes, including neutrophils.
Moreover, activated platelets participate in tumor immune evasion by releasing transform-
ing growth factor � (TGF-�), which is a cytokine with a potent immunosuppressive activity.
Besides, TGF-� participates in the transition of tumor-associated neutrophils from an anti-
tumorigenic (N1) towards a protumorigenic (N2) phenotype [4]. Furthermore, activated
platelets have been implicated in the formation of NETs, with a positive feedback loop,
because NETs in turn promote platelet activation [26,27]. Therefore, the platelet–neutrophil
crosstalk plays an important role in the development and progression of cancer. In this
regard, our analysis indicated that NLR and PLR positively correlatde and the combination
of both factors increased their prognostic value. On the other hand, platelets and neu-
trophils have been related with the metastatic process [28–30], and our results confirmed
that NLR was associated with liver metastasis in PDAC patients, in agreement with a
previous report [31].

There is increasing evidence connecting KRAS mutations with tumor-promoting
inflammation in several human cancers, including PDAC [13,32]. KRAS activation in
cancer cells induces the expression and secretion of proinflammatory cytokines, stimulating
the recruitment of neutrophils to the tumor [6]. On the other hand, gene dosage of mutant
KRAS has an important role in PDAC biology [33], and we and others have recently
reported the correlation of KRAS MAF in cfDNA with clinical stage and outcome in
PDAC [8,15,34]. Importantly, in the present study, those patients with RAS-mutated cfDNA
had higher NLR values and a positive correlation between NLR and RAS mutational
load in cfDNA was found. Furthermore, the combination of NLR with RAS mutational
status or load (MAF) in cfDNA greatly improved the prognostic classification of metastatic
PDAC patients.

The prognostic significance of cfDNA levels and fragmentation has been previously
described in metastatic cancer [35–37], including metastatic PDAC [15,38]. Specifically, we
have recently reported that higher cfDNA concentration and smaller cfDNA fragment size
are associated with poor outcomes in metastatic PDAC patients [15]. In the present study,



Cancers 2021, 13, 1210 15 of 17

PLR was negatively correlated with cfDNA fragment size, and this may explain why higher
PLR values are associated with more aggressive tumors. Moreover, although apoptosis and
necrosis seem to provide most of cfDNA, some stimuli can activate neutrophils leading
to DNA release and NETosis [39,40]. A previous study demonstrated a relation between
NLR and altered values of cfDNA in endometrial cancer [41]. In this regard, our results
showed a high positive correlation between NLR and cfDNA concentration but not cfDNA
fragmentation. Moreover, a positive correlation between neutrophil elastase circulating
levels and cfDNA concentration was found, suggesting that neutrophil activation signifi-
cantly contributes to cfDNA content in plasma of metastatic PDAC patients. Besides, the
positive correlation found between elastase and CA19-9 suggests that neutrophil activation
and NETosis are related with disease progression in metastatic PDAC patients. In fact,
higher elastase circulating levels were related with liver metastasis and poor OS and PFS.
These findings are consistent with the reported interaction of neutrophils with circulating
tumor cells facilitating their contact with hepatic endothelial cells, thus helping cancer cells
dissemination and liver metastasis [42,43]. Also, inhibition of NETs has been shown to re-
duce liver metastasis in a preclinical model of metastatic colorectal cancer [44], while recent
studies have suggested that NETs can also contribute to hepatic metastasis in PDAC [45].

Finally, we also showed that the combination of NLR and PLR with cfDNA-based
liquid biopsy markers greatly improves prognostic power and provides accurate survival
risk stratification.

5. Conclusions
In conclusion, our study supports that the use of NLR and PLR, along with other

noninvasive biomarkers in a multi-parameter prognostic model, may constitute a valuable
tool for the clinical management of metastatic PDAC patients. Future larger studies are
warranted to validate the prognostic value in PDAC patients of this combination of systemic
inflammatory and liquid biopsy biomarkers.
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