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SUMMARY 

Pancreatic cancer is the 12th leading type of cancer worldwide but the 7th in 

causing deaths1. The incidence and mortality of pancreatic cancer correlate with 

increasing age, tobacco and alcohol consumption, diabetes, and obesity 

globlally2. There have been advances in the knowledge of risk factors and 

biomarkers. However, there is a need to improve diagnosis techniques. 

Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant tumor 

characterized by rapid local progression and potential to metastasize. In addition, 

the diagnosis is typically at the late stages of the disease, and tumoral cells are 

resistant to current treatments; due to this, PDAC represents one of the cancers 

with the lowest survivability3. The standard of care (SOC) for advanced-PDAC 

tumors consists of the combination of gemcitabine and abraxane. Gemcitabine's 

effectiveness failed in the translation to clinics, probably due to the poor tumor 

penetration because of the hypo-vascularized and dense stroma. 

Additionally, within weeks of treatment, tumors develop gemcitabine 

chemoresistance4. Combining gemcitabine with other agents as abraxane 

improves PDAC treatment. However, tumor cells become resistant and can 

relapse at prolonged times5. 

ATP-binding cassette (ABC) transporters constitute one of the largest families of 

transmembrane proteins; they are involved in the movement of several 

xenobiotics, drugs, lipids, and metabolic products between the cytoplasm and the 

extracellular space6. Especially, the ABCC subfamily, also known as multidrug 

resistance protein (MRP), addresses the highest number of proteins implicated 

in drug transport. ABC transporters, and more specifically MRP proteins, have 

been found to be overexpressed in several cancers, suggesting them as 

biomarkers7. Even more, these transporters have been related to the resistance 

to chemotherapeutic agents in the treatment of PDAC patients8. ABCC3 has been 

recently shown to be overexpressed in PDAC, and it has been associated with 

increased proliferation in cells and tumors9. Our studies have gone deep into the 

functional role of ABCC3 in PDAC as a possible drug transporter of gemcitabine 

and its probable relationship with stemness characteristics in this type of tumor. 



  Summary 

 12 

We hypothesized that ABCC3 is overexpressed in PDAC tumors to confer 

resistance to gemcitabine. Our first objective was to determine the implication of 

ABCC3 in proliferation and chemoresistance in PDAC. We corroborated that the 

lack of ABCC3 reduces proliferation in vitro and in vivo. Additionally, we 

demonstrated that ABCC3 is implicated in gemcitabine resistance in PDAC. 

One of the major challenges in approaching PDAC treatment is the resistance of 

cancer stem cells (CSCs). These cells constitute a subpopulation of cells with 

characteristics of self-renewal, differentiation, and abilities to participate in the 

initiation, progression, and metastasis of tumors10. CSCs have been described to 

express several proteins to favor their abilities, such as aldehyde dehydrogenase 

(ALDH) or ABC transporters, and they contribute to self-renewal capacity and 

chemoresistance11.  

ABCC3 has been related to stemness in other tumor types, including brain or 

breast cancers12,13. Once we have demonstrated the implication of ABCC3 in 

chemoresistance, we wanted to search for a relationship between ABCC3 

transporter and stemness in PDAC. We could observe that CSCs are the 

subpopulation that expresses ABCC3, which could explain, at least in part, their 

resistance to chemotherapeutic agents. 

PDAC CSCs are distinguished for favoring mitochondrial over glycolytic 

metabolism. The oxidative metabolic reactions lead to an increase in enzymes 

related to this metabolism and an increase in the reactive oxygen species (ROS) 

levels14. Glutathione (GSH) is a well-known antioxidant in cells, and it has been 

reported to be a substrate of different ABC transporters, including ABCC315. We 

hypothesize that CSCs could modulate ROS levels in an ABCC3 dependent 

manner regulating the intracellular transport of GSH. We corroborated that CSCs 

use oxidative phosphorylation (OXPHOS) as the main route of obtaining 

adenosine triphosphate (ATP). Furthermore, we could observe that ABCC3 is 

one of the transporters of GSH and that it is implicated in antioxidant pathways. 

Antibodies and fragment-derived antibodies have been explored in their use in 

the diagnosis and therapy of different diseases. The "third-generation" of 

antibodies (Abs) are represented by single variable antibodies (VHH) or 



  Summary 

 13 

nanobodies (Nbs). Nbs consist of the antigen-binding region derived from heavy-

chain antibodies (HcAbs) found in camelids. Nbs conserve the antigen-binding 

potential, but there are smaller in size (12-15 kDa), which reduces their half-life 

in the bloodstream (0.5-1 h)16.  

Immuno-positron emission tomography (immuno-PET) is an imaging technique 

that combines the specificity of Abs or fragment-derived Abs with the selectivity 

of PET. It is a novel option to improve diagnostic imaging for a concise detection 

and quantification of the target17. To generate innovative immuno-PET tools to 

identify ABCC3 in patients, we planned a second objective consisting of the 

generation of Nbs that recognize ABCC3. These Nbs will also have multiple 

applications for the diagnosis and therapy of PDAC. Furthermore, the role of 

ABCC3 in cancer is still unclear, partially due to the lack of specific Abs for 

detecting ABCC3 protein. Hence, the generation and validation of ABCC3 Nbs 

could impact cancer research. 

To obtain anti-ABCC3 Nbs, we generated a Nb library. First, we immunized 

camels with ABCC3-overexpressing cells. After the immunization, we obtained 

VHH regions from camels and generated an E. coli display library of Nbs with a 

complexity of 108 clones. To identify and select Nbs that target ABCC3, we used 

two different selection methods: cell surface selection and cell sorting selection.  

We identified two Nbs that were validated in detecting ABCC3 in vitro and in vivo 

using preclinical models and patient-derived samples of PDAC. These Nbs did 

not result in toxicity in mouse models and could be efficient molecular probes to 

diagnose PDAC by immuno-PET. In addition to their potential as diagnostic tools, 

the Nbs were tested as therapeutic tools. Interestingly, these Nbs decrease 

proliferation in ABCC3-expressing cells and reduce chemoresistance to 

gemcitabine in PDAC cells. 

ABCC3 has been demonstrated to be expressed in CSCs and contribute to 

maintaining their mitochondrial metabolism by participating in GSH transport. 

Finally, by cell sorting selection of Nbs, we obtained two Nbs that recognize 

ABCC3 in vitro and in vivo that can be used as diagnostic tools, including 
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immuno-PET. These Nbs could also have therapeutic potential by reducing the 

proliferation and chemoresistance to gemcitabine in ABCC3 expressing cells. 

In summary, our results point to ABCC3 as a possible biomarker of PDAC tumors 

that could provide information about their prognosis and treatment response. 

Additionally, we have generated valuable Nbs that could impact the diagnosis 

and treatment of PDAC. 
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RESUMEN 

El cáncer de páncreas ocupa el puesto 12 en la incidencia de distintos tipos de 

cáncer globalmente, pero constituye la 7ª causa de muertes por cáncer1. La 

incidencia y mortalidad del cáncer de páncreas está relacionada con el 

envejecimiento, el tabaco y el consumo de alcohol, la diabetes y la obesidad2. 

Ha habido avances en el conocimiento de factores de riesgos y en 

biomarcadores, pero sigue existiendo la necesidad de mejora de las técnicas 

diagnósticas. El adenocarcinoma pancreático ductal (PDAC) es un tumor 

altamente maligno caracterizado por una rápida progresión local y con gran 

potencial para metastatizar. Además, el diagnóstico normalmente se produce en 

estadios avanzados de la enfermedad, y las células tumorales son resistentes a 

los tratamientos actuales, todo esto hace que el PDAC represente uno de los 

cánceres con la más baja probabilidad de supervivencia3. El tratamiento 

estándar (SOC) para tumores avanzados de PDAC consiste en la combinación 

de gemcitabina y abraxane. La efectividad de la gemcitabina no resultó suficiente 

en su traslado a ensayos clínicos, probablemente debido a la poca penetración 

en el tumor debido a la baja vascularización y el denso estroma del tumor. 

Además, tras semanas de tratamiento los tumores de los pacientes desarrollan 

resistencia a gemcitabina4. La combinación de gemcitabina con otros agentes 

como abraxane mejora el tratamiento de pacientes de PDAC, aun así, las células 

tumores se vuelven resistentes y aparecen recidivas a lo largo del tiempo5. 

Los transportadores ATP-binding cassete (ABC) constituyen una de las familias 

más amplias de proteínas transmembrana, están implicados en el movimiento 

de diferentes xenobióticos, compuestos, lípidos y productos metabólicos entre el 

citoplasma y el espacio extracelular6. Especialmente, la subfamilia ABCC, 

también conocida como proteína de resistencia a compuestos (MRP), aborda el 

mayor número de proteínas implicadas en el transporte de compuestos. Los 

transportadores ABC, y más específicamente las proteínas MRP, se han 

encontrado sobreexpresados en diversos tipos de cáncer, y han sido propuestos 

como biomarcadores de los mismos7. Incluso, estos transportadores han sido 

relacionados con la resistencia a agentes quimioterapéuticos en el tratamiento 

de pacientes de PDAC8. ABCC3 ha sido recientemente mostrado como una  de 
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las proteínas sobreexpresadas en PDAC, y ha sido relacionada con un 

incremento de la proliferación de células y tumores9. Nuestros estudios han 

consistido en profundizar en las funciones de ABCC3 en PDAC con un posible 

transportador de gemcitabina y su posible relación con la capacidad stemness 

de este tipo de cáncer. 

Nuestra hipótesis era que ABCC3 está sobreexpresado en tumores PDAC y 

confiere resistencia a tratamientos con gemcitabina. Nuestro primer objetivo fue 

determinar la implicación de ABCC3 en proliferación y resistencia en PDAC. 

Corroboramos que la falta de ABCC3 reduce la proliferación in vitro e in vivo y 

que es uno de los responsables de la resistencia a gemcitabina en PDAC. 

Uno de los principales retos en el abordaje del tratamiento de PDAC es la 

resistencia de las “cancer stem cells” (CSCs). Estas células constituyen una 

subpoblación de células con características de auto-regeneración, 

diferenciación, y habilidades que participan en el inicio, la progresión y la 

metástasis de tumores10. Las CSCs han sido caracterizadas por la expresión de 

proteínas que favorecen sus habilidades especiales, como la aldehído 

deshidrogenasa (ALDH) o los transportadores ABC, que contribuyen a su 

capacidad de auto-regeneración y quimioresistencia11.  

ABCC3 se ha relacionado con “stemness” en otros tipos de cáncer, como cerebro 

o mama12,13. Una vez que demostramos la implicación de ABCC3 en 

quimioresistencia, quisimos investigar la relación del transportador ABCC3 y 

“stemness” en PDAC. Pudimos observar que las CSCs son la subpoblación que 

expresa ABCC3, y que esto podría estar relacionado, en parte, con su capacidad 

para ser resistentes a agentes quimioterapéuticos. 

Las CSCs de PDAC se caracterizan por favorecer el metabolismo mitocondrial 

en lugar del glicolítico. Estas metabolismo oxidativo conlleva un incremento de 

las enzimas relacionadas con este metabolismo, y un incremento de niveles de 

especies reactivas de oxígeno (ROS)14. El glutatión (GSH) es un conocido 

antioxidante en las células, y se ha descrito como sustrato de diferentes 

transportadores ABC, incluido ABCC315. Nuestra hipótesis fue que las CSCs 

podrían regular los niveles de ROS mediante la participación de ABCC3 en el 
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transporte intracelular de GSH para mantener un equilibrio y evitar los altos 

niveles de ROS. Corroboramos que las CSCs utilizan la fosforilación oxidativa 

(OXPHOS) como la principal ruta de obtención de adenosín trifosfato (ATP). Es 

más, pudimos observar que ABCC3 es uno de los transportadores de GSH y que 

está implicado en rutas antioxidantes. 

Los anticuerpos y fragmentos derivados de anticuerpos han sido utilizados para 

su uso en diagnóstico y terapia en diferentes enfermedades. Los  

nanoanticuerpos (Nbs) son derivados de la región de unión a antígeno de 

anticuerpos de cadena pesada (HcAbs) presentes en camélidos. Los Nbs 

conserva el potencial de unión a antígenos pero presentan un tamaño menor 

(12-15 kDa), lo que reduce su tiempo de vida medio en el torrente sanguíneo 

(0.5-1 h)16.  

La inmuno-tomografía por emisión de positrones (PET) es una técnica de imagen 

que combina la especificidad de los Abs o fragmentos derivados de Abs con la 

selectividad del PET. Es una novedosa opción para mejorar el diagnóstico por 

imagen para una detección concisa y la cuantificación de la diana17. Nuestro 

segundo objetivo fue generar Nbs que reconocen ABCC3 para su uso en 

técnicas rutinarias de laboratorio, diagnóstico y terapia de PDAC. Asimismo, el 

papel de ABCC3 no está determinado, probablemente debido a la falta de 

anticuerpos específicos en la detección de la proteína ABCC3. Por ello, la 

generación y validación de anticuerpos frente a ABCC3 podría impactar en la 

investigación contra el cáncer. 

Por ello, generamos una librería de Nbs. Primero, inmunizamos dromedarios con 

células que sobreexpresan ABCC3. Después de la inmunización, obtuvimos las 

regiones VHH producidas por los dromedarios y generamos un método de 

selección de Nbs en E. coli con una complejidad de 108 clones. Para identificar 

y seleccionar los Nbs que reconocen ABCC3 usamos dos métodos de selección 

diferentes: selección en superficie celular y “cell sorting”. 

Finalmente, identificamos dos Nbs que fueron validados para la detección de 

ABCC3 in vitro e in vivo de PDAC utilizando modelos preclínicos y muestras 

derivadas de pacientes. Estos Nbs no resultaron tóxicos en modelos de ratón y 
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podrían ser eficientes como sondas moleculares para su uso en el diagnóstico 

de PDAC mediante inmuno-PET. Además de su potencial como herramientas de 

diagnóstico, los Nbs se testaron como herramientas terapéuticas. Así los Nbs 

fueron capaces de disminuir la proliferación en células que expresan ABCC3 y 

redujeron la resistencia a gemcitabina en células de PDAC. 

Los resultados de este trabajo sugieren ABCC3 como un posible biomarcador 

de tumores de PDAC, dando información sobre su respuesta a tratamientos. 

Hemos demostrado que ABCC3 se expresa en las CSCs y que contribuye a 

mantener su metabolismo mitocondrial mediante su participación en el transporte 

de GSH. Finalmente, mediante la selección de Nbs por “cell sorting”, se 

generaron dos Nbs que reconocen ABCC3 in vitro e in vivo y que pueden ser 

usados como herramientas de diagnóstico, incluido el inmuno-PET. Estos Nbs 

podrían tener también potencial terapéutico al reducir la proliferación y 

resistencia a gemcitabina en células que expresan ABCC3. 

En resumen, nuestros resultados sugieren ABCC3 como un posible biomarcador 

de tumores de PDAC que podría dar información acerca del pronóstico y 

respuesta a tratamiento. Además, hemos generado Nbs que podrían ser 

utilizados en el diagnóstico y el tratamiento de pacientes de PDAC. 
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INTRODUCTION 

1. Pancreas 

The pancreas is an organ derived from the endoderm; it is located in the abdomen 

near the spleen and adjacent to the stomach and intestines. It is connected to the 

intestines with the pancreatic duct to eliminate secretions to the intestinal lumen.  

 

Figure Intro. 1. Blood vessels implicated in the pancreas. Image taken from Pancreatic 
Cancer UK. 

 

Two main parts of the pancreas can be identified and have different functions, 

the endocrine and exocrine pancreas. The endocrine pancreas is the principal 

regulator of metabolic and glucose homeostasis in the body. This compartment 

is organized in shaped patches called islets or islands of Langerhans; each islet 

is composed of four types of cells, α-, β-, δ-, γ- and PP-cells (figure Intro. 2). In 

response to signals, these cells produce and secrete different hormones like 

glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide (PP), 

respectively1. 

The other compartment, the exocrine pancreas, helps in the digestion of proteins, 

lipids, and carbohydrates. This tissue is formed by acinar and centroacinar cells 

connected by ductal cells that form the epithelial lining of the branched tubes 
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(figure Intro. 2). Acinar cells conform acini; this structure is organized by polarized 

cells around a lumen; the apical part of these cells is in contact with the 

centroacinar cells. The function of the exocrine pancreas is to secrete zymogens, 

which are inactive forms of digestive enzymes, to the duodenum. These 

zymogens are activated in acidic media. Thus, ductal cells are responsible for 

alkaline microenvironment maintenance to avoid activation in the pancreas. The 

epithelium formed by ductal cells ends in the pancreatic duct, representing the 

principal transport of pancreatic juice, and is connected to the bile duct. Another 

important tissue is the stroma; stromal cells are composed of endothelial cells 

and quiescent fibroblasts. This stroma represents less than 1% of the normal 

pancreas. Their main function is to maintain the intercellular structure of the organ 

by regulating the correct function of the epithelium. There is a continuous 

communication between the stroma and the epithelium to coordinate 

homeostasis2. 

 

Figure Intro. 2. Pancreas compartmentalization. A) Exocrine and endocrine pancreas. Image 

generated with Biorender. 

 

Pancreas is vascularized by splenic, gastroduodenal, and mesenteric superior 

arteries, which send various branches into the different parts of the pancreas. 

The head and uncinate processes are supplied by the superior and inferior 

pancreaticoduodenal arteries; they are branches of the gastroduodenal and 

Exocrine pancreas

Endocrine pancreas
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superior mesenteric arteries, respectively. The body and tail are supplied by the 

splenic, gastroduodenal, and superior mesenteric arteries. For draining 

deoxygenated blood, the anterior superior pancreaticoduodenal vein goes to the 

superior mesenteric vein, and the posterior variant empties into the hepatic portal 

vein. The pancreatic veins from de body and tail empty into the splenic vein 

(figure Intro. 1)3,4. 

 

2. Pancreatic cancer 

Pancreatic cancer is about the 8th most frequent cancer globally but one of the 

cancer types with the highest mortality rate5. The number of new cases and 

deaths rounds 460,000, being more frequent in men than women, 55% and 45% 

respectively6. The overall survival time is 4.6 months and the median 5 years 

survival of patients is only around 5%. 

Surgical strategies are not commonly applied because tumor is normally adhered 

to or invades adjacent vascular structures, and resection is not an option; even 

patients who undergo surgery, in 80% of the cases, will have metastasis or 

relapses7. 

This poor prognosis, lethality, and increasing incidence make it essential to 

understand the mechanism of appearance, development, resistance to 

chemotherapy and radiotherapy, and metastasis of pancreatic ductal 

adenocarcinoma (PDAC).  

 

I. Pancreatic cancer classification 

There are two main types of pancreatic cancer; pancreatic neuroendocrine 

neoplasm (PanNENs), which are a rare disease with a wide heterogeneity and 

behaviour8, and PDAC, constituting more than 90% of all pancreatic tumors, 

including endocrine and exocrine tumors9. 

Three potential precursors lesions are considered in developing PDAC, 

pancreatic intraepithelial neoplasias (PanINs), mucinous cystic neoplasms 

(MCN), and intraductal papillary mucinous neoplasms (IPMNs). The majority of 

PDAC come from a progression of PanINs, supported by the activated pancreatic 
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stellate cells (PSCs) contained in the tumor microenvironment and immune 

cells10. Independently, PDAC can proceed from acinar and centroacinar cells via 

PanIN progression and other mucinous precursors or from duct cells via non-

mucinous tubular lesions11. 

 

Figure Intro. 3. PDAC development and classification. Image adapted from American 

Association for Cancer Research (AACR) 

 

PanINs are lesions in the intralobular pancreatic ducts; they are usually < 5 mm 

and are asymptomatic in patients. Various point mutations occur in the 

progression from normal tissue to PDAC; although these mutations are very well 

known for decades (figure Intro. 3), it is still unclear at which stage they occur. 

Three grades of PanINs can be differentiated:  

 

a. PanIN-1 or low-grade PanINs:  

In this first step, early mutations originate activation of oncogenes or telomere 

shortening constitutively, but the pancreatic architecture is not affected. 

Kristen rat sarcoma viral oncogene homolog (K-RAS) suffers an amino acid 

substitution from Glycine (G) to Aspartic Acid (D), Valine (V), or Cysteine (C) in 

codon 12, which makes a constitutively active GTPase located in the cytosol12. 

K-RAS mutation is the most frequently found in PDAC tumors, around 95% of 

cases13… Oncogenic K-RAS activates downstream effectors, including mitogen-

activated protein kinase (MAPK) and/or phosphoinositide-3 Kinase (PI3K) 

pathways, affecting proliferation, initiation, and tumor development14.  
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Telomere shortening also happens in the early stages of PDAC progression; by 

this cutback, there is no prevention of fusions between the ends of chromosomes, 

which promotes neoplastic progression in cells15,16. 

Two subtypes can be classified: 

o PanIN-1A or flat lesions. 

o PanIN-1B or papillary lesions. 

 

b. PanIN-2 or intermediate-grade PanINs.  

In this second step of progression begins the inactivation of tumor suppression 

genes, as well as cyclin-dependent kinase inhibitor 2A (CDKN2A) or cyclin-

dependent inhibitor p16 (p16). CDKN2A gene encodes p16 tumor suppressor 

protein. p16 triggers retinoblastoma (Rb) protein phosphorylation inhibiting 

proliferation. Its inactivation leads to G1 phase of the cell cycle progression and 

consequently increases proliferation17,18. 

Histologically PanIn-2 differentiate from PanIn-1, showing modifications in the 

structure and cytology, as nuclear crowding or pleomorphism. 

 

c. PanIN-3 or high-grade PanINs.  

They can be considered carcinoma in situ, and they represent the most advanced 

stage of PanIN progression. 

This stage is characterized by the inactivation of essential tumor suppressor 

genes. Mothers against decapentaplegic homolog 4 or Deleted in Pancreatic 

Cancer 4 (SMAD4/DPC4) regulates cell cycle by transformant growth factor β 

(TGF β) signaling pathway; it activates the transcription of several cell cycle 

inhibitory factors. Thereby, its inactivation undergoes uncontrolled 

proliferation19,20. Tumor protein 53 (TP53) acts as a transcription factor that binds 

DNA to activate the transcription of genes involved in cell cycle and apoptosis. 

Thus, its loss brings on deregulation in cell division and cell death21,22. 

Independently of the classification of PanINs, they are noninvasive lesions and 

do not invade the basement membrane. Lately, PDAC acquires epithelial to 
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mesenchymal transition (EMT) characteristics and can invade; they disseminate 

through the blood vessels and metastasize23. 

In PDAC tumors, it has been shown that the stroma represents a high percentage 

of the tumor and makes less accessible chemotherapeutic agents or radiation to 

the inside tumor24. 

Tobacco or highly alcoholic drinks are associated with pancreatic cancer, and 

when decreased, in men, the incidence was also reduced25,26. Cholesterol and 

obesity are associated with an increase in incidence and mortality in pancreatic 

cancer patients. Some studies have shown a possible positive correlation 

between type I and II diabetes with the risk of suffering pancreatic cancer27. 

Chronic pancreatitis (CP) is a recurrent disease consisting of prolonged 

pancreatic inflammation. It is characterized by macro-morphologic and histologic 

changes that include fibrosis, atrophy of the gland, and ductal dilatation. Mass-

forming chronic pancreatitis (MFCP) occurs when the pancreatic parenchyma 

enlarges, usually in the pancreatic head. It has been well studied the relation 

between CP and PDAC development; there is an accumulative risk of 

development PDAC along the time in patients with MFCP. MFCP characteristics 

in imaging diagnosis techniques are very similar to PDAC. In some 

circumstances, they can be confused; there is a need to improve PDAC diagnosis 

to discriminate patients with CP and MFCP28,29. 

PDAC symptoms in patients are not precise as other types of cancer; most 

common are abdominal and back pain, weight loss, loss of appetite, changes in 

bowel habits, or jaundice. These malignancies are not specific for PDAC 

detection, here remains the importance of pancreatic cancer diagnosis by 

imaging techniques30.  

PDAC symptoms in patients are not specific as in other types of cancer; most 

common are abdominal and back pain, weight loss, loss of appetite, changes in 

bowel habits, or jaundice. These symptoms are not specific for PDAC detection, 

here remains the importance of pancreatic cancer diagnosis by imaging 

techniques31. 
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PDAC can be detected by computed tomography (CT), magnetic resonance 

imaging (MRI), or endoscopic ultrasound (EUS)32,33. These techniques are widely 

used in the clinic, but they have some limitations. 

 

3. Diagnosis 

PDAC diagnosis by imaging techniques is performed to look for the presence and 

stage of the tumor, the compromise of blood vessels by the tumor for a possible 

resection, and metastasis detection34–36. 

At present, several imaging techniques are effective in the detection of pancreatic 

and distant lesions. The most widely used are CT, MRI, or enhanced US (EUS). 

CT is the recommended technique for PDAC diagnosis37–39. 

Patients arrive with abdominal pain and fatigue corresponding to the most 

frequent symptoms; the first step in pancreatic tumor detection is abdominal EUS. 

Although EUS can detect PDAC, sensitivity only reaches 50-70%, CT with iodine 

contrast intravenously and/or MRI is the next step to confirm and detect tumor 

staging40,41. All imaging techniques can be used for PDAC detection, US, CT, 

MRI, and Positron Emission Tomography (PET). They are done specifically for 

the abdominal region to focus on the pancreas and surrounding structures. Still, 

all except US can be done in the whole body to look for metastasis, in example42–

44. Unlike other neoplastic processes, there are no effective diagnostic screening 

methods for PDAC. The risk of development of the disease is low; consequently, 

population screening is not indicated. Only the at-risk population is monitored by 

MRI, EUS, and CT. EUS is used to detect small lesions, but overall, the 

probability of detecting precursor lesions using these techniques is low, no more 

than 20%45. 

PDAC can be misdiagnosed as MFCP; differentiating these two malignancies is 

a significant problem in the imaging detection of pancreatic cancers46. Pancreatic 

fibrosis or desmoplasia is found in CP and PDAC because both originate from 

PSCs47,48. It is essential to differentiate between CP and PDAC, some researches 

are needed to focus on the fibrotic stroma of PDAC, but targets should be 

exclusive for PDAC desmoplasia49. 
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Metastasis is also one of the causes of the high mortality of cancer patients, and 

this usually means an advanced stage of the illness. It is crucial to detect these 

metastatic lesions early and remains a challenge in imaging detection49,50. 

Liquid biopsy (LB) is not an imaging technique for tumor detection, but it provides 

handy information about the presence of biomarkers related to the tumor51,52. LB 

is a novel method used for cancer diagnosis; it is obtained from body fluids such 

as blood, urine, saliva, and cerebrospinal fluid. Tumors and their metastases 

release biomarkers, circulating tumor cells (CTCs), cell-free nucleic acids (cfDNA 

and cfRNA), extracellular vesicles, tumor educated platelets (TEPs), can be 

detected and isolated by LB. Therefore, LB represents a minimally invasive 

technique for diagnosis and monitoring of patients53. 

Although LB seemed to be a promising diagnosis technique, it has low sensitivity 

and specificity in cancer detection. However, LB methods showed to be reliable 

prognosis biomarkers in PDAC patients in terms of overall survival (OS)54. Also, 

the variation of tumor biomarkers levels present in LB could predict the response 

to treatments several weeks before the treatment55. The implantation of LB in the 

clinics will reduce cost and time in detecting and monitoring patients. Still, there 

is a need to standardize protocols and improve biomarkers isolation from other 

body fluids different from blood. 

 

I. Computed tomography (CT) 

It refers to x-ray beams that come to a body, rotate around it, and produce signals 

creating cross-sectional images56. These images are called tomographic slices 

and contain more information than conventional x-rays. The computer collects 

the successive slices; they are digitally put together to form a three-dimensional 

image of the patient. 

CT allows pancreas visualization and the whole abdominal part to detect organs 

and structures close around57. 

The standard CT protocol consists of the acquisition of 0.5-1 mm thick images 

with two phases. The parenchymal phase (40-50 s) allows the detection of 

pancreatic lesions and estimates the implication of adjacent arterial structures, 

and the venous phase (56-70 s) to determine the porto-mesenteric axis and 
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detect peritoneal and liver metastasis. Multiphase multi-detector row CT (MDCT) 

is a conventional CT with intravenous contrast administration; it is highly accurate 

in diagnosing primary tumors, locoregional extension, vascular invasion, distant 

metastasis, and resectability58. MDCT allows the reconstruction of images in 

different planes (axial, coronal, and sagittal) in both phases, which improves the 

visualization of adjacent structures59. 

In 86-89% of CT cases, PDAC may appear as low constricted masses with 

pancreatic duct dilatation with abrupt narrowing in both phases because they are 

hypovascular lesions with large desmoplastic content.  In contrast, in 11-14% of 

the cases, the lesions appear isodense compared with the rest of the 

parenchyma, mainly in those smaller than 2.5 cm and may occasionally be 

missed35. Sometimes comes double duct sign, meaning that bile duct dilatation 

is combined with a dilated pancreatic duct in cases of pancreas head cancer60. 

When there is an irregular vessel wall, a high number of vessels in contact with 

the tumor, vascular caliber change, or peritumoral fat infiltration, vascular 

invasion is happening; this event is important for the diagnosis and treatment of 

PDAC61,62. 

In PDAC diagnosis, CT has a sensitivity of 89% and a specificity of 90%, similar 

to MRI, according to various meta-analyses63. With MCDT it has been an 

improvement of the sensitivity to up to 96%64. However, this sensitivity is reduced 

in small lesions detection, reaching 67-75% (Figure Intro. 4). CT also is used for 

the detection of distant metastasis in liver, lungs, or peritoneum59.  

 

II. Magnetic Resonance Imaging (MRI) 

This technique employs strong magnetic fields forcing the alignment of protons 

in the body with the field. With a radiofrequency, protons are stimulated and exit 

the equilibrium state hitting the magnetic pull, and when the radiofrequency turns 

off, the sensor detects the energy released by the body protons56. MR 

cholangiopancreatography (MRCP) is a method that allows visualization and 

evaluation of biliary and pancreatic ducts65, it is comparable to endoscopy in 

terms of diagnosis, but this approach is non-invase66. Additionally, diffusion-

weighted images (DWI) are based on water molecules diffusion differences and 
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represented as apparent diffusion coefficient (ADC). Moreover, it is an excellent 

technique to follow cystic pancreatic tumor development67. ADC values have 

reported low numbers for PDAC compared to high values for pancreatitis, 

allowing the differentiation of these two diseases. 

 

Figure Intro. 4. Infra-staged case of PDAC by MRI and CT. Imaging techniques 

diagnosed a T2 N0 PDAC, and histology was a locally advanced pT4 pN1 PDAC. (A) 

MRI shows a small cystic area in the pancreas uncinate process (green arrow), a bile 

duct structure, and no direct signs of malignancy. (B) CT showed a small hypodensity 

next to the superior mesenteric artery after the implantation of a bile stent (red arrow). 

Image taken from González-Gómez et al.36 (C, D) A case of a false-positive diagnosis of 

metastatic tumor recurrence. (C) Some months after surgical excision of a PDAC stage 

pT2 pN0 M0 R0, an asymptomatic solid mass in the left costal wall (yellow arrow) was 

shown by a CT scan. (D) By [18F]FDG PET-CT image, the patient was suspicious of a 

PDAC metastatic relapse. A tumor core biopsy found inflammatory and fibrotic tissue but 

no sign of malignant cells. 

 

This approach has a high sensitivity in terms of PDAC detection and has several 

advantages against CT, like soft-tissue contrast resolution, and that it does not 

use ionizing radiation68. 
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MRI is similar to CT in diagnosis and staging in terms of sensitivity and specificity, 

89%. However, in lesions smaller than 2 cm, MRI is more valuable than CT, 

detecting up to 79% of the lesions that were not detected by CT69. Even detection 

of small tumors, even panINs < 5 mm, can be visualized on T2WI and MRCP70. 

 

III. Positron Emission Tomography (PET) 

PET is a nuclear medicine technique used to measure blood flow, metabolism, 

neurotransmitters, and radiolabeled agents to determine physiological functions. 

A positron is emitted with some kinetic energy, and it is annihilated with an 

electron from the tissue. This new structure formed converts all its mass into 

energy and emits two photons in opposite directions, and finally, these photons 

are collected in the PET detectors. These photons detection give information 

about the concentration and spatial location in the patient (figure Intro. 5)71. 

This approach is quantitative and stable during a period. It is based on applying 

a radiotracer via intravenous and detecting the radioactivity emitted by the body72.  

 It could be used without contrast, but tumor and its vasculature detection are 

limited73. At any rate, it is regularly employed with intravenous contrast, the most 

used radiocompound is 2-deoxy-[18F] fluoro-D-glucose ([18F] FDG), which is used 

in glycolytic pathways; consequently, cells with glucose transporters and/or with 

glycolytic enzymes will be positive in PET74. Normal pancreas has low glucose 

compared to PDAC tumors, making possible the detection of potential lesions 

and the prediction of aggressiveness and survival of patients75. However, there 

are some problems with [18F] FDG in PET because glucose metabolism is not 

exclusive of cancer cells. Some tissues or inflammatory processes are positive 

to this technique and can be confusing, like pancreatitis and PDAC76. 

This technique is not routinely used in PDAC diagnosis; it is more useful in 

monitoring the response to treatment and tumor recurrence78,79. 

Combining two imaging diagnosis modalities has increased the specificity in 

terms of metastasis detection, [18F] FDG PET/CT or MRI can be used to detect 

lymph node metastasis and identify distant metastasis80. 
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Figure Intro. 5. PET scan physic principle. Description of the PET scan process produced 

by the emission of positrons results in detecting gamma rays. Image taken from Cherry et 
al.77 

 

IV. Immuno-positron emission tomography (immuno-PET). 

This imaging technique takes advantage of PET and antibodies, increasing 

sensibility and selectivity, respectively. Besides being a diagnosis tool, it could 

be drawn on to predict therapeutic effect depending on the amount of target the 

antibody is directed81. During the last years, new biomarkers are being 

discovered; these targets are relevant for diagnosis and therapy in patients. 

These biomarkers can be used to be detected by antibodies and improve 

diagnosis. 

Three main components of immuno-PET must be selected with the best 

characteristics for a representative image (figure Intro. 6): 
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Figure Intro. 6. Representation of three main components of immune-PET. Abbreviations: 

Ab-antibody; Fab- Fragment antigen-binding; F(ab’)2- Fab dimer; scFv- single-chain variable 

fragment; Nb- nanobody; 18F- fluorine; 44Sc- scandium; 53Mn- manganese; 64Cu- copper; 68Ga- 

galium; 76Br- bromine; 86Y- yttrium; 89Zr- zirconium; 124I-iodine82,83. Image taken from González-

Gómez et al.36 

 

a. Target. 

Different cell components can be targets for antibodies recognition, proteins, 

saccharides, or lipids. The ideal epitope requires some characteristics: the target 

needs to be exposed on the cell surface or extracellular components for an easy 

recognition. Essential and functional components of tumors can be the target for 

immuno-PET, but also components from the tumor microenvironment (TME) 

such as extracellular matrix (ECM). TME regulates essential tumor survival, and 

it has been shown to be implicated in promoting tumor development and 

metastasis84; the detection of molecules of TME by immuno-PET would give 

additional and important information about the tumor. 

It needs to be differentially expressed in the tumor compared to normal tissue. 

Additionally, some targets could predict prognosis and therapeutic response85. 
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b. Antibodies.  

An antibody or fragment-derived antibody is going to be used for target detection. 

Fragment-derived antibodies can be obtained by protein engineering or 

immunization. Antibody affinity for the target may be enough to be retained in the 

tumor, and unbound antigen should be quickly cleared to minimize background 

signal86.  

Different structures can be used to bind the target; the biggest one and the most 

commonly used are monoclonal antibodies (150 kDa); other smaller parts of the 

antibodies are recently being used as single chain-fragment variable-fragment 

crystalizable (scFv-Fc) (105 kDa), minibodies (80 kDa), diabodies (50 kDa), scFv 

(40 kDa) and nanobodies (15 kDa). All of these fragments derived from 

monoclonal antibodies remain the high affinity and specificity. Antibody fragments 

clearance differs depending on their size, charge, and 

hydrophobicity/hydrophilicity. Basically, there is a cutoff in 60 kDa; below this 

size, the clearance route is renal, and above 60 kDa, the clearance is hepatic. 

Depending on the size of the radiotracer, the clearance differs; consequently 

smallest tracers will be expulsed of the body quickly by kidneys85,87,88. 

 

c. Radionuclides. 

The imaging modality and tracer selection depend on sensitivity, sensitivity, 

resolution, quantification, and multiplexing89,90. For immuno-PET techniques, the 

radionuclide will be a positron-emitting particle. It is important that the physical 

half-life of the radionuclide match with the biological half-life of the antibody. 

Typically, 89Zr or 124I with long half-lives are conjugated with monoclonal 

antibodies. Intermediates half-life isotopes as 64Cu or 86Y are normally labeled 

with intermediates antibody fragments as scFv-Fc or minibodies, and short half-

lives as 18F, 68Ga, and 44Sc are usually conjugated with diabodies, scFv, and 

nanobodies91. 

Short half-life isotopes will remain shorter time in the body of patients, but they 

have another significant advantage, 68Ga and 44Sc can be produced from a 

generator, a small and economic generator92,93. Although the use of 68Ga is more 

frequent in PET, 44Sc in ground state is a promising radionuclide for PET imaging. 
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The half-life of 44Sc (3.97 h) is lower than 68Ga; it is well suited for its use with 

small molecules or peptides due to their rapid biodistribution through the body94. 

Immuno-PET allows the detection of tumor biomarkers for an early diagnosis of 

PDAC as well as monitoring patients. Furthermore, these imaging techniques 

enable the quantification of the biomarkers in a non-invasive way; it can give 

similar information to immunohistochemistry data after a patient’s biopsy but 

without any intervention. 

 

4. Surgery 

At the time of diagnosis, only around 25% of patients can undergo surgery. In 

2006, the National Comprehensive Cancer Network (NCNN) introduced criteria 

to determine if a pancreatic tumor can be resectable or not. These criteria are 

based on the relationship between the tumor and the blood vessels, with arterial 

structures like celiac trunk (CT), hepatic artery (HA), and superior mesenteric 

artery (SMA); or with venous structures as portal vein (PV) and superior 

mesenteric vein (SMV)95. 

 

Table 1. Classification of PDAC tumors depending on their resectability. Definition 
criteria of resectability by NCCN v 1.2019. Modified table from González-Gómez et al.36 and 
NCNN96. Abbreviations: CT: celiac trunk; SMA: superior mesenteric artery; CHA: common 
hepatic artery; SMV: superior mesenteric vein; PV: portal vein; IVC: inferior vena cava. 

Resecability 
status Location / Surgery Arterial Venous 

Resectable 

Located in the 
pancreas, 
completely 

removable by 
surgery 

No tumoral contact with CT, 
SMA, or CHA 

No tumoral contact with 
SMV, PV, or ≤180º without 
irregularity of the venous 

contour 

Resecability 

Borderline 
(BR-PDAC) 

There are 
possibilities that the 
tumor has reached 
the blood vessels; 
thus, it is unclear 
that the tumor can 

be resectable 

Head and uncinate process: 

• Tumoral 
contact with CHA 

without CT extension 
or CHA bifurcation 
allowing safety and 
complete resection 
and reconstruction 

Head and uncinate process: 

• Tumoral contact with 
IVC, PV >180º with 

venous contour 
irregularities or 

thrombosis, but with 
free proximal and 
distal portions that 
allows a suitable 

resection 
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• Tumoral 
contact in 

SMA≤180º. 

• Tumoral 
contact with an 

anatomical variant of 
CHA 

Body-tail: 

• Tumoral 
contact with CT≤180º 

• Tumoral 
contact with CT≥180º 

without aorta 
involvement, with 
gastroduodenal 

artery intact 

 

Locally 
advanced 

(LA-PDAC) 

There is metastasis 
surrounding the 
pancreas, lymph 

nodes, and tissues 
and has involved 

blood vessels. 
Usually, surgery 

cannot eliminate the 
whole tumor 

Head and uncinate process: 

• Tumoral contact with 
AMS>180º 

• Tumoral contact in 
CT>180º 
 

Head and uncinate process: 

• SMV and PV 
irreconstructable by 

thrombosis or 
tumoral infiltration. 

• Contact with the 
sewer system in the 
1st jejunal venous 

branch 

Body-tail: 

• Tumoral contact with 
AMS or CT>180º 

• Tumoral contact with 
CT and aorta 

 

Body-tail: 

• SMV and PV 
irreconstructable by 

thrombosis or 
tumoral infiltration 

 

Metastatic 

Cancer has spread 
to other parts of the 
body and has gone 

through the 
vasculature system. 
The tumor cannot 

be removed by 
surgery 

  

 

Vascular invasion is relatively frequent, around 20 to 65%, being more frequent 

venous than arterial invasion. Basically, it is considered unresectable when there 

is a direct contact between the tumor and the vessel surface greater than 180º of 

its circumference (locally advanced and metastatic), and it can be considered 
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resectable when this contact is less than 180º (resectable and borderline 

resectable). Therefore, the tumor can be divided into four groups (Table 1). 

The international group of pancreatic cancer expanded in 2017 the definition of 

BR-PDAC by including carbohydrate-antigen 19-9 (CA19-9) serum levels to 

determine preoperative conditions. Including these characteristics, BR-PDAC 

can be differentiated into BR-A for anatomical, BR-B for biological, and BR-C for 

conditional. BR-A is a margin-positive tumor in which the treatment consists of 

surgery followed by chemotherapy and/or radiotherapy; BR-B corresponds to 

tumors with probably nearby metastasis, and BR-C represents patients with a 

high risk of mortality due to host-related factors97. 

Ultimately, the biological evaluation of the tumor is performed, attending to the 

detection of lymph node metastasis and CA19-9 serum levels98.  

Specific signs can indicate vascular infiltration, such as contour irregularity, 

deformity, decreased caliber, or occupancy of the vascular lumen99. 

Nevertheless, tumor resectability consensus is being in constant actualization, 

and it is evolving with neoadjuvant therapy.  

Normally, the number of tumors that can be resectable is very low; thereby, BR- 

and LA-PDAC are treated with chemotherapy or chemoradiotherapy before the 

surgery. After the treatment, the complete surgical resection can achieve 50% in 

BR-PDAC and 20% in LA-PDAC patients100,101. 

 

5. Treatment. 

Pancreatic tumor cells have an uncontrolled capability to grow and metastasize 

due to their adaptive changes in signaling, adhesion, cellular metabolism, and 

immunoediting. Additionally, PDAC cells promote a dense functional stroma that 

facilitates tumor resistance to chemotherapy and radiation102. 

 

I. Standard of Care (SOC) in PDAC 

In patients with resectable or BR-PDAC, the standard adjuvant treatment is a 

modified regimen of 5-fluorouracil/leucovorin, irinotecan, and oxaliplatin 

(mFOLFIRINOX)103. 5-Fluorouracil is a fluoropyrimidine antimetabolite drug that 
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inhibits the enzyme thymidylate synthase, impairing the synthesis of thymine. 

Leucovorin is also known as 5-formyltetrahydrofolic acid, it is a metabolite of folic 

acid and inhibits de novo synthesis of purines, pyrimidines, and methionine. 

Irinotecan is a camptothecin derivate that inhibits DNA topoisomerase I, leading 

to DNA breakage and cell death. And finally, oxaliplatin binds guanine and 

cytosine of DNA, producing a cross-linking of DNA, inhibiting DNA synthesis and 

transcription104. In PRODIGE 4/AACCORD 11 phase 3 trial, mFOLFIRINOX 

showed an increase of 4.3 months in overall survival (OS) compared to 

gemcitabine treatment in metastatic PDAC patients105.  

In the case of patients with LA-PDAC or metastatic disease, new combination 

therapies have shown a slight increase in the effectiveness of chemotherapy; 

gemcitabine + abraxane (GA) are the most used106,107. Gemcitabine (G) is a 

deoxycytidine (dCTP) analog; it inhibits ribonuclease reductase, preventing DNA 

synthesis and leading to cell death104. Abraxane (A) is an albumin-bound form of 

paclitaxel; paclitaxel hyper-stabilizes the structure of microtubules by binding to 

β subunit of tubulin, it impairs microtubules disassembly108. In MPACT phase 3 

trial, GA combination demonstrated an OS of 8.5 vs 6.7 of G treatment105. 

Anyway, there is no significant difference between GA and mFOLFIRINOX 

treatments attending to toxicity and physics profiles; just some secondary effects 

like myelosuppression, fatigue, and alopecia are more frequent with 

mFOLFIRINOX treatment109. 

Despite the improvements in PDAC patients' treatments depending on the tumor 

stage, there is still a need to search and develop new drugs to prolong the OS of 

PDAC patients. 

 

II. Targeted therapy 

Precision or personalized medicine is a medical approach for treatment that 

considers individual variability in genes, environment, and lifestyle for each 

person. This laneway allows a more accurate prediction of treatment and 

prevention strategies that are better for a specific group of people. 

During these last years, it has been an improvement in sequencing techniques; 

this data has allowed developing specific inhibitors against important targets 
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involved in the disease. It is essential to look for new targets that participate in 

PDAC appearance, progression, and metastasis despite this fact. 

Several inhibitors have been generated and tested in clinical trials in PDAC 

patients.  

 

a. KRAS mutations  

Around 90% of PDAC mutations happen in K-RAS, the most common are G12D 

(36-38%), G12V (25-27%), and it is less common G12C (1-3%). Several 

inhibitors against mutated K-RAS have been effectively developed110. 

AMG510 is a KRASG12C inhibitor (NCT03600883), it is well-tolerated, but it did 

not reduce tumor size111; MRTX849 is a potent KRASG12C inhibitor, it reduced 

33% of tumor size in two patients with metastatic PDAC112, but certainly, this 

mutation is not frequent in PDAC tumors (2%) except in Asia (60%). There are 

no inhibitors against KRASG12D effective in PDAC that represent the most 

frequent mutation. Still, a phase 1/2a trial with an RNA interference (RNAi) for 

this mutation called siG12D-LODERTM (Silenseed Ltd.) showed an increased 

median OS combined with FOLFIRINOX treatment113. 

Other strategies have been under investigation, by way of downstream KRAS 

proteins, for instance, mitogen-activated kinase (MEK), extracellular signal-

regulated kinase (ERK), and proteinase kinase b (PKB/AKT) inhibitors. Despite 

being very effective compounds in vitro, any MEK inhibitor showed an effect in 

PDAC remission, selumetinib nor primasertib, even in combination with SOCs114; 

as well as epidermal growth factor receptor (EGFR)115 or AKT inhibitors did not 

show any effect116. On the contrary, trametinib, a MEK inhibitor, in combination 

with hydroxychloroquine, an autophagy inhibitor, could diminish tumor size in 

patients (NCT03825289)117.  

 

b. Tropomyosin receptor kinase (TRK), neuregulin-1 (NRG1), and 
Serine/threonine-protein kinase B-raf (BRAF) 

Tropomyosin receptor kinase (TRK) is a transmembrane protein encoded by 

NTRK1, 2, and 3 genes, fusion of various of these genes activate the RAS-MEK 
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pathway constitutively. Larotrectinib showed a response in 75% of patients in 

NAVIGATE trial118, and entrectinib was also approved by FDA for PDAC 

treatment with NTRK fusions119. 

Neuregulin-1 (NRG1) is an erbB-EGFR3 and erbB-EGFR4 receptor tyrosine 

kinase ligand.  Patients with NGR1 fusions in PDAC tumors could benefit from 

the effect of afatinib as an EGFR-targeted therapy119. 

Serine/threonine-protein kinase B-raf (BRAF) mediates signal from RAS to MEK; 

BRAFV600E mutation makes the kinase constitutively active and promotes 

proliferation. Trametinib is a good treatment for PDAC patients harboring BRAF 

mutations120. 

 

c. DNA repair 

After chemical and environmental damage to DNA, there is a biological repair 

process; these mechanisms are collectively called DNA-damage response 

(DDR); the cell can detect DNA lesions, signaling them and promoting their 

repair121.  

DDR defects are usually related to cancer; it favors proliferation by enhanced 

mutations and genome instability. In fact, DDR is commonly activated in early 

neoplastic lesions. As DDR is implicated in cancer initiation and development, 

several inhibitors have been developed to reduce malignant progression122. 

 

d. PARP inhibitors 

Poly (ADP-ribose) polymerase (PARP) enzymes are implicated in DNA damage 

repair (DDR); it recognizes DNA breaks and recruits DDR proteins. Inhibition of 

PARP in tumor cells leads to cell death. Veliparib was very effective in patients 

with PDAC carrying BRCA1/2 (breast cancer 1/2) mutations123, and olaparib 

increased in 4 months the OS in 2% of patients and stabilized the stage of the 

disease in 72% of patients in advanced stages of PDAC with BRCA1/2 

mutations124,125. 
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e. ATM/ATR inhibitors 

Ataxia-telangiectasia mutated (ATM), and rad-3 related (ATR) are 

serine/threonine kinases that participate in the DDR pathway; both kinases 

induce cell cycle arrest and facilitate DNA repair126. In response to DNA double 

strain breaks (DSB), ATR is activated and coordinates a signaling pathway that 

stimulates DNA repair and limits cell progression by apoptotic or cytostatic 

mechanism; this response is known as DNA damage response (DDR)127,128. 

During DNA replication, there is a wide spectrum of abnormalities; it is named 

“replicative stress” (RS) what results in large and unprotected regions of DNA.  

ATM deficiency promotes cell cycle progression and angiogenesis; this fact is 

present in 9-18% of PDAC patients. Both ATM and ATR inhibitors are in clinical 

development129. Several ATM inhibitors (AZD0156, KU60019, AZD1390) prevent 

ATM phosphorylation to sensitize tumor cells to DDR interfering strategies; its 

combination with olaparib showed promising partial responses in phase I clinical 

trials130. ATR inhibitor AZD6738 showed a synergistic effect with gemcitabine in 

vitro and in vivo experiments, suggesting an evaluation in clinical trials with 

patients with PDAC131. 

Both RS and improper ATR-response lead to excessive DNA damage. ATR has 

a dual role in cancer, then inhibitors of ATR and ATM could be effective in killing 

tumor cells with high levels of ROS, but its insufficient inhibition could promote 

tumor progression132. 

 

f. Metabolism 

PDAC cells can reprogram metabolism for their energetic supply; it can be 

changed by oncogenes activation or by stromal communication133. PDAC tumors 

have a strong desmoplastic response and metabolic reprogramming; these lead 

to an increase in glucose, amino acid consumption, and lipid biosynthesis. PDAC 

patients can be differentiated depending on their metabolic tumor needs; they 

can be classified into glycolytic or lipogenic. Even more, the glycolytic subtype 

would be more aggressive and resistant to chemotherapy than the lipogenic one. 

This metabolic stratification correlates with molecular classifications previously 

described; by this stratification, tumors can be treated with specific treatments134. 
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1. Tricarboxylic Acid Cycle (TCA) 

The TCA cycle plays an essential role in the catabolism of organic fuel molecules, 

like sugars, fatty acids, and amino acids. These molecules need to be degraded 

into AcetylCoA (Acetyl coenzyme A), then it enters into TCA and is converted into 

carbon dioxide and energy135. TCA is one of the main ways to produce energy in 

tumoral cells via mitochondria. 

Devimistat is a lipoate analog; it inhibits pyruvate dehydrogenase (PDH) and α-

ketoglutarate dehydrogenase, decreasing mitochondrial metabolism and 

inducing apoptosis in pancreatic cancer tumors136. Even in combination with 

SOCs are showing promising results in PDAC patients with metastasis137. 

 

2. Autophagy 

Autophagy collaborates in the catabolism of intracellular organelles and supports 

tumor growth in PDAC. Hydroxychloroquine is an autophagy inhibitor; by itself, it 

did not show any effect in patients with metastatic PDAC138, but nowadays, it is 

being proved in combination with gemcitabine and nab-paclitaxel139. 

 

g. Extracellular matrix (ECM) 

One of the reasons for the resistance of PDAC to chemotherapy and radiotherapy 

is the excessive growth of a fibrotic extracellular matrix stroma around the tumor 

cells, limiting the penetration into the tumor. The main components of ECM are 

collagen and hyaluronic acid. The ECM stroma generates high interstitial fluid 

pressures for vascular collapse; this limits the drug uptake140. 

1. Recombinant human hyaluronidase 

Hyaluronic acid (HA) is overexpressed in the stroma of PDAC tumors; this 

consequently reduces tissue perfusion and difficult treatment. PEGPH20 

(pegvorhyaluronidase-α) degrade HA, disrupting ECM and increasing drug 

delivery. It is actually working in clinical trials in combination with gemcitabine, 

nab-paclitaxel141, and mFOLFIRINOX142. 
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2. FAK/BKT inhibitors 

Focal Adhesion Kinase (FAK) is a cytoplasmic tyrosine kinase that plays an 

important role in integrin-mediated signal transductions; it is involved in tumor 

invasion and metastasis.  

Defactinib or GSK2256098 are potent FAK inhibitors in clinical trials that act in 

combination with SOCs.  

Bruton tyrosine kinase (BTK) is a cytoplasmic tyrosine kinase important in B-

lymphocyte development, differentiation, and signaling. Ibrutinib is a BTK inhibitor 

that reduces tumor growth in mice, but it did work in PDAC patients in 

combination with SOCs143. 

 

h. Immunotherapy 

Pancreatic cancer evades immunological responses directly or inducing an 

immunosuppressive microenvironment. PDAC stroma is formed by cancer-

associated fibroblasts (CAFs) that interact with tumor-associated macrophages 

and regulatory T cells. Immunotherapy has the potential to generate an immune 

response and mobilize it to the tumor to eliminate cancer cells. It can be an 

alternative to chemotherapy or a combination to increase effectiveness144,145. 

 
1. CD40 

CD40 is part of the tumoral necrosis factor (TNF) receptor superfamily; it is 

expressed in immune cells and some tumor cells. Anti-CD40 antibody in 

combination with nab-paclitaxel resulted in the response of >50 % of PDAC 

patients146. The combination of CD40 antibody treatment demonstrated destruct 

tumor stroma by CD40-activated macrophages; the followed chemotherapy 

treatment resulted more efficient than normal treatment147. 
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Table 2. Main therapies for PDAC treatments. Classification of PDAC treatments. Adapted 

from Nevala-Plagemann et al. 

 

 

2. PD-1 and PDL-1. 

The programmed death 1 (PD-1) is a surface protein present on B and T cells; it 

is responsible for the downregulation of the immune response. Their ligands, PD-

L1 and PD-L2, are also crucial in the control of T cell activation148. Different 

antibodies against PD-1 and PD-L1 have been employed for immunotherapy in 

some cancer types with interesting and good results. In the case of PDAC 

treatment, it has not shown excellent results, but in combination with other 

immunotherapies or treatment, it could increase effectiveness149. 
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PARP inhibitors: Olaparib, Veliparib

ATM/ATR inhibitors: BSUCAR 

Immune checkpoint inhibitors: Anti-PD-L1, Anti-PD-1, anti-CTLA-4 antibodies

Adoptive T cell transfer: CART-meso cells

Vaccine therapy: GVAX, PancVAX

CD40: Anti-CD40 antibody

Trycarboxilic Acid Cycle (TCA): Devimistat

Autophagy: Hydroxichloroquine

Recombinant human hyaluronidase: PEGPH20

FAK/BKT inhibitors: Defactinib, GSK2256098

Resectable or BR-PDAC

Metastasis or LA-PDAC
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3. CTL4 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), also known as cluster 

differentiation 152 (CD152), is a protein receptor that downregulates immune 

response and serves as an immune checkpoint150. CTLA-1 is implicated in the 

priming phase (lymph node), while PD-1 and PD-L1 are involved in the effector 

phase (tumor). PDAC patients that have been treated with CTLA-4 antibodies 

alone or in combination with PD-1 antibodies have not worked; it could be due to 

the fibrotic stroma present in PDAC; in this way, antibodies were not able to enter 

into the tumor151. 

 

4. Adoptive T cell transfer 

Chimeric Antigen Receptor (CAR) T cell therapy remains a challenge as a 

treatment for solid tumors. There are some clinical trials in PDAC patients where 

T cells expressing mesothelin-targeting CAR have been used, they have not 

been toxic, and tumor volume has been reduced in around 70% of patients152. 

 

5. Vaccine therapy 

Several vaccines have been developed for PDAC. GVAX has been generated 

from a PDAC cell line that has been genetically modified to express granulocyte-

macrophage colony-stimulating factor; unfortunately, it did not improve OS in 

PDAC patients153. 

 

6.  PDAC Biomarkers 

The early detection of PDAC in a non-invasive way remains a challenge; actually, 

differential diagnosis has several difficulties distinguishing between PDAC, CP, 

or benign lesions. It is important to discover specific biomarkers to improve the 

diagnosis and the treatment of PDAC patients154. Several studies and clinical 

trials identify cost-effective and non-invasive new biomarkers with high sensitivity 

and specificity for PDAC155. Several molecules can be used as biomarkers, like 

proteins, metabolites, cytokines, or non-codingRNAs (ncRNAs), among others. 
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Different techniques can also detect them, such as ELISA, liquid biopsies, or 

body fluids154. 

In general, biomarkers for PDAC can be classified as predictive, prognostic, and 

predictive. 

 

I. CA 19-9 

Carbohydrate antigen 19-9 (CA 19-9), also known as sialyl-LewisA, is a 

tetrasaccharide attached to O-glycans on the surface of the cells. It is implicated 

in cell-to-cell recognition processes156. CA 19-9 is a prognosis biomarker, it is the 

most used in clinics, and its levels are measured in serum by ELISA157. The 

serum marker used for PDAC detection is CA 19-9; elevated levels of CA 19-9 

are interpreted as advanced PDAC and associated with poor prognosis158.  CA 

19-9 elevated levels after resection are typically related to hepatic- and 

peritoneal-based recurrence159. It is also established a cutoff of 100 U/ml of Ca 

19-19 level; over these levels, there is a higher probability of recurrence after 6 

months of surgery160. 

Nevertheless, high levels of CA 19-9 are also related to pancreatitis, cirrhosis, 

colorectal or gastric cancers161. It is also remarkable that only 65% of patients 

with resectable PDAC have elevated CA 19-9 serum levels162. Considering all 

these results, CA 19-9 is not recommended as a screening marker for PDAC 

patients154, but its levels can predict the resection of the tumor as help for the 

surgery or can predict response to treatment163. 

 

II. microRNAs (miRNAs) 

microRNAs (miRNA) are non-coding RNAs that regulate post-transcriptionally 

gene expression through their interaction with the 3’ untranslated region (3’UTR) 

of mRNAs inducing its degradation164. miRNAs can be detected in different body 

fluids, such as serum, saliva, or urine, and some of them have been described 

recently as potential cancer biomarkers165. 

Several studies have discovered specific miRNAs with different expression levels 

in the normal pancreas, chronic pancreatitis, and PDAC. These miRNAs can be 
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used to classify patients depending on the cancer stage into stage I (miR-143, 

miR-223, and miR-30e expression), stage II-IV (miR-143, miR-223, and miR-204 

at higher levels)166. Patients can be also be distributed into short-term survivors 

(<24 months) if they express miR-452, miR-105, miR-127, miR-518a-2. miR-187 

and miR-30a-3p, or long-term survivors (>24 months) if they do not express these 

miRNAs or have lower expression levels167. It is also essential that some miRNAs 

can differentiate CP from PDAC; PDAC is characterized by higher levels of miR-

21 and miR-155 and lower levels of miR-216 compared to CP or normal 

pancreas168. All these markers can be used as diagnostic and prognostic for 

PDAC patients in a non-invasive manner. 

 

III. New possible biomarkers: ABC proteins 

A large number of transmembrane proteins form ATP-binding cassette (ABC) 

transporters superfamily. These channels use ATP for the active transport of 

different molecules across the cell membrane169.  

An ABC transported comprises two identical halves; each has six transmembrane 

domains (TMDs) and a nucleotide-binding fold (NBF), which is located in the 

cytoplasm and transfers the energy to transport the substrate through the 

membrane. The NBFs contain 2 highly conserved and characteristic motifs, 

Walker A [G-(X)4-G-K-(T)-(X)6-I/V] and Walker B [R/K-(X)3-G-(X)-L-

(hydrophobic)4-D] separated by 90-120 amino acids. And they also have an ABC 

signature upstream of the Walker B site [L-S-G-G-(X)3-R-hydrophobic-X-

hydrophobic-A]170,171. The TMD contains from 6 to 11 membrane-spanning α-

helices; here remains the specificity of the substrate (figure Intro. 7)172. 

 

Figure Intro. 7. ABC protein's typical structure. Dermauw, W., Van Leeuwen, T. The ABC 

gene family in arthropods: comparative genomics and role in insecticide transport and 
resistance. Insect Biochem Mol Biol 45: 89-110 
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There are 48 ABC transporters in humans, and they can be divided into seven 

subfamilies from A to G by phylogenetic analysis173. 

The ABC transporters family is classified by their ATP-binding domains or 

nucleotide-binding folds (NBFs) sequence and organization. They can be 

classified into different clusters based on their topology. The majority of these 

proteins have a [TMD6-NBF]2 or [NBF-TMD6]2 conformation174. Multidrug 

resistance-related proteins (MRP) are ABC transporters with a TMDn [TMD6-

NBF]2 topologies. They present an additional transmembrane domain of 200 

amino acids at the N-terminus domain; they also have a putative “Regulatory” (R) 

or “Connector” (C) domain located in the middle of the two homolog halves, it 

participates in the regulation of the protein175. ABC proteins are divided into 8  

subfamilies in eukaryotes (ABCA to ABCI)176. 

ABC transporters require adenosine triphosphate (ATP) hydrolysis to transport 

substrates against a chemical gradient. Normally, ABC proteins act in a single 

direction, being efflux or influx pumps, but in some exceptional cases, they can 

be reversible177,178. The membrane domain switches, making accessible the 

binding of the substrate and Magnesium-ATP (MgATP), then happens the ATP 

hydrolysis and the substrate is released. 

I. Alternating site. When one ATP site enters into the transition state 

conformation, the other cannot; then, the two sites may undergo ATP 

hydrolysis alternatively179. 

II. Switch. This model involves bidirectional communication between the 

NBDs and TMDs. ABC transporters are a class of ATPases that do not 

need phosphorylation of protein intermediate; consequently, the 

communication only involves noncovalent conformational changes. First, 

there is a switch between two principal conformations of the NBD; 

secondly, ATP molecules bind to the transporter, and a closed dimer is 

formed. Finally, after ATP hydrolysis derives in the dissociation and 

opening of the dimer for the release of phosphate (P) and adenosine 

diphosphate (ADP). The substrate crosses the membrane due to the 

conformational changes in the TMDs that are induced by the switching 

between the open and closed conformations. The two NBFs cooperate 
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and can be regulated by signals from the TMDs and enhance the kinetics 

of the switch180.  

III. Constant contact. This proposal suggests that NBDs dimerization is driven 

by ATP and NBDs dissociation by ADP, and although two molecules of 

ATP initiate dimerization, only one is undergoing hydrolysis181. 

The basic catalytic cycle of ABC transporters is very similar and consists of a 

series of steps: 

1. Binding of the substrate-binding proteins for importers or the direct binding 

of substrates for exporters to the TMDs. 

2. Binding of two molecules of ATP to the NBDs. 

3. Dimerization of the NBDs. 

4. Switching off the TMDs between the in- and outward or out-and inward-

facing conformations. 

5. ATP hydrolysis. 

6. P, ADP, and substrate release. 

7. NBD dissociation to reset the transporter. 

Mutations in ABC transporters are associated with several diseases, defects in 

ABCA1 are related to Tangier disease, ABCA4 with Stargardt disease182, ABCC7 

involved in cystic fibrosis183, ABCD1 in adrenoleukodystrophy184, ABCB2/3 in 

immune deficiency184, and a few ABCs in cancer, as some examples. The best-

studied ABC transporters are ABCB1 or P-glycoprotein, ABCC1, and ABCG2. 

These proteins are highly expressed in the cell surface of tumor cells; it has been 

shown to be related with chemoresistance being possible targets for cancer 

treatment184. ABC transporters efflux drugs, decreasing the amount of drug inside 

the cell184 consistently. 

 

a. ABCC proteins 

ABCC subfamily of proteins is also known as multidrug resistance-associated 

proteins (MRPs). 12 transporters with different functions form it; some of them 

are ion transport, cell surface receptor, or toxin secretion activities.  

ABCC1, ABCC2, and ABCC3 transport drug conjugates of glutathione (GSH) and 

other organic anions. ABCC4, ABCC5, ABCC11, and ABCC12 channels are 
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smaller than the rest of the subfamily, they lack an amino-terminal domain, but it 

is not essential for transport function185. ABCC4 and ABCC5 develop resistance 

to nucleosides by transporting PMEA and purine analogs186. ABCC7 is a cystic 

fibrosis transmembrane conductance regulator (CFTR) protein; it has a role in 

exocrine secretions as a chloride ion channel; it has been shown that mutations 

in CFTR can cause cystic fibrosis187. ABCC8 and ABCC9 bind sulfonylurea and 

regulate potassium channels involved in modulating insulin secretion; it is known 

that mutations in ABCC8 underlie a genetic disorder called persistent 

hyperinsuline-mic hypoglycemia of infancy188. 

 

Table 3. Characteristics of ABCC subfamily proteins. GSH: glutathione; LTC4: leukotriene; 

PGA: phosphoglyceric acid; GSSG: glutathione disulfide; E217ßG: 7ßestradiol 17-ß-D-
glucuronide; cGMP: cyclic guanosine monophosphate; cAMP: cyclic adenosine monophosphate; 

DHEAS: Dehydroepiandrosterone; PMEA: p-Methoxyethylamphetamine 

Protein Expression Function Physiological 
substrates 

Drug substrates Inhibitors 

ABCC1 Lung, testis, 

PBMC 

Drug 

resistance 

GSH, LTC4, 

sulfated bile 

acids, 

bilirubin, PGA, 

GSSG, GSH-

conjugate, 

E217ßG 

Doxorubicin, 

vincristine, 

etoposide, MTX, 

camptothecin, 

CPT-11, SN-38, 

cyclophosphamide 

 

Probenecid, 

sulfinpyrazone, 

indomethacin, 

verapamil, quercetin, 

genistein, cyclosporine, 

PAK-104P, steroid 

analogs, MK-571, 

ONO-1078, 

sulphonylurea, 

glibenclamide 

 

ABCC2 Liver, 

kidney, 

intestine, 

brain 

Organic anion 

efflux 

LTC, GSH, 

GSSG, 

bilirubin-

conjugates, 

LTD, LTE 

Conjugates, 

cisplatin, 

etoposide, vinca 

alkaloids, 

anthracyclines, 

cam-tothecins, 

MTX, lopinavir, 

olmesartan 

 

MK-571, furosemide 

ABCC3 Lung, 

intestine, 

liver, 

placenta, 

adrenal 

gland 

Drug 

resistance 

LTC, cholate, 

glycocholate, 

taurocholate, 

E217ßG 

Etoposide, 

teniposide, 

dinitrophenyl S-

glutathione, 

acetaminophen 

Etoposide, MTX 
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glucuronide, 

vincristine, MTX 

 

ABCC4 Prostate, 

kidneys 

Nucleoside 

transport 

cGMP, cAMP, 

DHEAS, PGE, 

E217ßG, 

PMEA, purine 

analogs 

MTX, 6-

thioguanine, 

PMEA, 6-

mercaptopurine, 

topotecan 

 

MK-571, celecoxib, 

rofecoxib, diclofenac 
 

ABCC5 Ubiquitous Nucleoside 

transport 

cGMP, cAMP, 

PMEA, purine 

analogs 

6-Mercaptopurine, 

6-thioguanine, 

PMEA, heavy 

metals, S-(2,4-

dinitrophenyl)glutat

hione 

 

Probenecid, 

sulfinpyrazone, 

benzbromarone, MK-571 
 

ABCC6 Kidney, 

liver 

  LTC4, N-

ethylmaleimide S-

glutathione, 

dinitrophenol 

glutathione, 

etoposide, 

doxorubicin, 

cisplatin, 

daunorubicin 

 

Indomethacin, 

probenecid, 

benzbromarone 
 

ABCC7 Exocrine 

tissue 

Chloride ion 

channel 

E217ßG   

ABCC8 Pancreas Sulfonylurea 

receptor 

Insulin   

ABCC9 Heart, 

muscle 

Sulfonylurea 

receptor 

Insulin   

ABCC10 Low in all 

tissues 

 E217ßG   

ABCC11 Breast, 

testis 

 cGMP, cAMP, 

LTC4, DHEAS 

5-FU, PMEA, 

MTX, bile acids 

 

 

ABCC12 Testis, 

brain, 

skeletal 

muscle, 

ovary 

    

 

 



Introduction 

   54 

1.  ABCC3 (MRP3) 

1,527 amino acids form ABCC3, which is the most similar to ABCC1, with 58% 

homology, and its topology resembles MRP1189–191. Even its similarity to ABCC1, 

substrates of these proteins are very different; ABCC3 is mainly implicated in the 

transport of bile acids and bile salt metabolism in normal conditions. 

ABCC3 protein is expressed in liver, small intestine, and adrenal glands192. It is 

located in the basolateral membrane of polarized epithelial cells193. 

ABCC3 expression in the liver is highly inducible; it is upregulated during 

cholestasis and in the absence of ABCC2. It is induced when the canalicular route 

for the secretion of organic anions is blocked194, and it could come via receptor-

mediated pathways as nuclear receptors195. 

The induction of ABCC3 also happens in other organs like colon, in which is 

typical of bile salts196. 

ABCC3 has been related to chemotherapy resistance in different cancer types. 

ABCC3 expression levels are elevated in high-grade breast cancers and 

particularly after treatment in patients. Chemotherapeutical agents promote the 

expression of different ABCC transporters, and its downregulation leads to drug 

accumulation inside of the tumor cells and finally in cell death197. The role of these 

transporters seems to be drug efflux of compounds like paclitaxel, cisplatin, or 

doxorubicin198. 

Besides breast cancer, in lung cancer, has been seen an upregulation in ABCC3 

transcription levels, and in normal conditions in lungs, there is no expression of 

ABCC3. Even more, its expression could confer malignant phenotypes in 

patients199. 

In PDAC patient samples also occurs the overexpression of ABCC3, and it is 

associated with lower survival. Some studies demonstrated the importance of 

ABCC3 in tumor progression200 and its implication in multidrug resistance by 

secreting some drugs as 5-fluorouracil201. For these reasons, ABCC3 is an 

important biomarker for PDAC progression, prognosis, and treatment response 

in patients.  
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7. Animal models in cancer 

New diagnostic and therapeutic methods are necessary to reduce cancer 

incidence and deaths. Positive experiments in vitro need to be extrapolated to 

animal models before starting clinical trials. Several animals have similar 

characteristics to humans; cancer research can help us look for genetic basis, 

mutations, and new diagnostic methods and test new compounds202. For 

diagnostic and therapeutic purposes, mouse models are the most used in cancer 

research. 

 

I. Implantation models 

By these models, different types of tumor can be implanted in mice, and we can 

distinguish into three types: allografts in which tumor cells are derived and 

implanted from the same species; xenografts when species are different, and the 

receptor is immunosuppressed; orthotopic when tumor cells are implanted into 

the same organ and heterotopic when it is implanted in the non-original site203.  

The advances in genetics modifications, like CRISPR/Cas9 technology, have 

permitted to modify tumor cells in different ways and see how they behave in 

mouse models. Especially, the case of gene knockouts (KO) has generated a 

wide window of explorations in diagnosis and treatments in cancer204. 

Patient-derived xenograft (PDX) models are also known as “avatar”; they show 

biological consistency with the original tumor. They are also phenotypically stable 

at the histological, genomic, transcriptomic, and genomic levels for several 

rounds of transplantation205. They are very used to predict drug responses due 

to their precedence from a human patient. Even PDX models lack natural stroma; 

it is replaced by murine stromal elements, mimicking original tumors in 

patients206. 

 

II. Genetically engineered models (GEMs) 

Developments in GEM models have helped us understand the molecular 

pathways implicated in tumor initiation, progression, and metastasis, among 

others. GEM models should carry the same mutations that in human tumors, and 
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they have to be introduced in their endogenous loci. Genetic mutation should be 

silenced during embryonic and early postnatal development (except for inherited 

or pediatric tumors). They have to occur in a limited number of cells in target 

tissues or selected cell types. These models have helped to recreate human 

tumors and understand biological features about them203. 

 

8. Cancer Stem Cells (CSCs) 

Cancer stem cells (CSCs) are a subpopulation of cancer cells that owns stem 

cells characteristics such as self-renewal, heterogenicity, and multi-lineage 

differentiation207. These cells have also been related to tumor initiation, 

progression, angiogenesis, and metastasis208. 

This concept was mentioned in the 19th century; some scientists such as Virchow, 

Cohnheim, or Müller described that tumor development was produced by some 

“embryonic rests” in the body and were the origin of cancer209. 

CSCs have been seen to be drivers of tumor establishment and growth and 

usually correlated to aggressiveness, heterogenicity, and therapy resistance 

(figure Intro. 8)208. As they can survive treatments, they can cause tumor 

relapses. 

 

 

Figure Intro. 8. CSCs as potential target and biomarkers in cancer. Adapted from Sudhalkar, 

N. et al.210 
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I. CSCs implication in tumor initiation 

Tumor initiation consists of several transformations; basically, cells lose their 

ability to control cell processes; this can be caused by accumulated mutations 

and leads to an increase in proliferation. Gene mutations consist in 

overexpression of oncogenes and inactivation of tumor suppressors, among 

others211. 

The CSC theory is based on the ability of a subset of cells with stem cell 

properties to initiate and progress cancer. This idea started in 1994 when the Dick 

group discovered that stem cells present in acute myeloid leukemia (AML) 

patients could induce AML after transplantation in mice212. From these studies, 

these stem cells have become called CSCs, and they have been found in other 

cancer types as colorectal, glioblastoma, breast, lung, or pancreas208. 

CSCs origination is hypothesized from normal stem cells or progenitor cells that 

under stimulus get out of their quiescent state and become activated to 

proliferate213. Isolated CSCs have the ability to repopulate parental tumors; this 

evidence supports the idea of the implication of CSCs in tumor initiation214. 

 

II. CSCs in tumor progression 

There is an important crosstalk between CSCs located in the niche and the tumor 

microenvironment in tumor development. Because of the increasing size of the 

tumor, there are hypoxic areas, and new vasculature elements are needed to 

supply all tumor parts. To maintain CSCs characteristics, they communicate with 

tumor microenvironment to maintain an appropriate atmosphere for them, 

especially under stressful circumstances like during and after therapeutic 

treatment, which contributes to a heterogeneous phenotype of cells215. 

 

a. Drug resistance 

Resistance to chemotherapy remains a challenge in most cancer types; here, 

CSCs play an important role. These cells do not respond to drugs and are 

enriched in stem cell properties, which leads to metastasis216. The 

communication and modification with tumor microenvironment contribute to this 
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CSCs resistance. Still, these cells are resistant themselves due to the high 

expression of anti-apoptotic proteins217, enhanced aldehyde dehydrogenase 

(ALDH) activity218, and ABC transporters219,220. 

All these properties of CSCs are significantly related to chemotherapy resistance; 

due to that, conventional cancer treatments are ineffective against CSCs by their 

innate resistance. 

 

III. CSCs in metastasis 

Metastasis is the process by which a secondary tumor grows in other organ tissue 

from the initial tumor; it involves several events grouped in local invasion, 

intravasation into the blood and lymphatic system, localization, and dissemination 

in the new site15. CSCs could start metastasis in the primary tumor, this cell 

population is called metastatic stem cells (MetSC), and they have a stem-like 

gene expression signature. However, the destination of the metastatic CSCs is 

still unknown as well as possible markers221,222.  MetSCs are referred to 

disseminated tumor cells that are capable of reinitiating macroscopic tumor 

growth in a distant tissue. This definition does not depend on their phenotypic 

characteristics and is independent of other cell functional features. MetSCs are 

probably present in the initial tumor, and they are responsible for the metastatic 

process223. 

 

IV. CSCs biomarkers 

Most markers used to identify CSCs are also found in resident stem cells, human 

embryonic stem cells (hESC), and adult tissues. Thus, it is important to combine 

the use of several biomarkers to identify and isolate CSCs.  

 

a. CD44 

CD44 is a transmembrane glycoprotein, also known as P-glycoprotein, that 

participates in cell-cell interaction, migration, and cell adhesion. It is highly 

expressed in several cancer types and promotes migration and invasion in the 

metastasis process by interacting with extracellular matrix ligands224. It is used 
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as a biomarker for CSCs in solid and hematological tumors; it is especially 

predictive and used in breast cancer225. Additionally, it could be applied as a 

diagnostic, therapeutic, and prognosis marker. 

 

b. CD133 

CD133 is a transmembrane glycoprotein, also known as prominin-1; it is localized 

in cellular protrusions ad its function is unclear; it is proposed to be organizing 

cell membrane topology226. This biomarker in normal conditions is only expressed 

in hESC and rarely in normal tissue cells227. It has been related to stemness as 

being implicated in tumorigenicity and its high ability to form spheroids228. CD133 

is used as a biomarker in different cancer types, such as brain, lung, liver, 

ovarian, prostate, and pancreatic cancers229. 

 

c. EpCAM 

Epithelial cell adhesion molecule (EpCAM) is a transmembrane glycoprotein 

involved in cell-cell adhesion. It is involved in cell signaling, migration, 

proliferation, and differentiation230. It is expressed on the basolateral side of 

epithelial cells in normal conditions, but in cancer cells, it is expressed all around 

the cell surface231. EpCAM is expressed in CSCs of most solid tumors, and it is 

related to worse prognosis232. 

 

d. SOX2 

SOX2 is a transcription factor, also known as Sex-determining region Y (SRY)-

related HMG-box 2, which function is the maintenance of undifferentiated 

phenotype in cells233. SOX2 is capable of inducing pluripotency in somatic cells 

with characteristics of embryonic stem cells234. SOX2 positive cell populations 

also express high CD133 levels and exhibit enhanced tumorigenicity, relating 

SOX2 to CSCs in colorectal, skin, and pancreatic cancer235–237. In CSCs, it 

confers chemotherapy resistance and favors the formation of tumor spheroids238. 
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e. OCT-3/4 and NANOG 

Octamer-binding transcription factor 3/4 (Oct3/4), also known as POU domain 

class 5 transcription factor 1 (POU5F1), is a transcription factor that regulates 

pluripotency in stem cells. This gene is upregulated in many cancers, especially 

lung cancer, and provides self-renewal, migration, resistance, and metastasis239. 

Nanog is a homeobox domain transcription factor that maintains pluripotency in 

hESCs240. It has been related to invasion, metastasis, and drug resistance in 

many cancer types. NANOG is a biomarker in liver and breast cancer241. 

 

V. CSCs metabolism 

In normal conditions, cells obtain energy through the tricarboxylic cycle (TCA) 

coupled to oxidative phosphorylation (OXPHOS). Cancer cells (non-CSCs) have 

a higher proliferation.  

They need to adapt their metabolism; thus, they produce ATP mainly by 

glycolysis, even in conditions with sufficient oxygen; this event is called Warburg 

effect or aerobic glycolysis242. They explode glycolysis because ATP is produced 

100 times faster than by OXPHOS, even that ATP production rates are lower243. 

To be more productive, they overexpress glucose transporters and enzymes 

implicated in the cycle244,245.  

 

a. Increased glycolytic rates 

Stem cells mostly use glycolysis to obtain ATP246; it has been demonstrated that 

CSCs have higher glycolytic rates than cancer cells247. Even more, glucose 

transporters, glucose uptakes, enzymes expression, lactate production, and ATP 

content are upregulated and increased in CSCs248. Then, CSCs switch from 

OXPHOS to glycolysis; this change has been linked to stemness characteristics 

in CSCs in cancers like breast, bladder, and hematological ones249,250. 
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Figure Intro. 9. Cellular metabolism of CSCs and non-CSCs. Modified from Sancho et al. 2015 

 

b. CSCs rely on OXPHOS to generate energy 

On the contrary, CSC from other cancer types such as AML, glioblastoma, 

melanoma, and PDAC are supported by OXPHOS to obtain ATP251,252. Instead 

of glucose uptake, CSCs are sustained by mitochondrial fatty acid oxidation 

(FAO) to produce ATP and NADPH253,254. Fatty acids can be obtained by tumor 

cells by lipid uptake or de novo lipogenesis and activate intracellular lipolysis to 

mobilize FA stocks (figure Intro. 9)134. 

There are shreds of evidence that PDAC CSCs are mainly OXPHOS; it has been 

demonstrated that the mitochondrial biogenesis regulator and transcription 

coactivator peroxisome proliferator-activator 1 alpha (PPARGC1A; PCG-1α) is 

essential in CD133 positive CSCs population251. 

CSCs are located in the niche of tumors; this OXPHOS metabolism favors the 

cells in these extreme conditions; additionally, lactate secreted by non-CSCs 

cancer cells will serve to start mitochondrial metabolism255. Elevated lipid 

synthesis correlates with CSCs survival and characteristics.  

Besides, mitochondria are involved in several pathways in apoptosis by releasing 

cytochrome C, metabolites production, and reactive oxygen species (ROS) 

secretion256. 
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c. Metabolic plasticity of CSCs 

Several CSCs populations with different metabolism are found; it is possible that 

CSCs can adapt their metabolism depending on the microenvironment 

conditions242. These changes could also help CSCs during tumor invasion, 

metastasis, and drug resistance257. In cases where OXPHOS is blocked, CSCs 

have been shown to be able to switch to a glycolytic metabolism258. Actually, 

hypoxic conditions and glucose concentration changes induce CSCs enrichment 

by increasing hypoxia-inducible factor 1 alpha (HIF1α)259. 
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HYPOTHESIS 

PDAC is one of the tumors with higher mortality rates despite not being one of 

the most frequent. The patient survival rounds the five months in five years. The 

main problem of this cancer is the disease's diagnosis at late stages; normally, 

at these stages, the tumor has reached other organs and metastasized. The 

current diagnosis of PDAC is limited in detecting small lesions and metastasis; it 

also results in difficult to distinguish between benign and malignant tumors. 

Molecular imaging represents a novel approach in the specific detection of tumor 

biomarkers, besides constituting a non-invasive group of techniques. MRP 

proteins have been related to chemoresistance in different types of tumors, 

including PDAC. 

ABCC3 has shown to be overexpressed in PDAC tumors and could constitute a 

new biomarker for PDAC diagnosis. As other members of MRP proteins, ABCC3 

could be implicated in chemoresistance in PDAC tumors, being a prognostic 

biomarker. This transporter has also been related to stemness in other types of 

cancers; ABCC3 could be related to PDAC CSCs and play an important role in 

the chemoresistance of this stemness population. Immuno-PET is a non-invasive 

technique for cancer detection; it combines the specificity of Abs with the 

selectivity of the radionuclide. Nb-based probes conjugated with short-life 

radioisotopes could be used as a tool for molecular imaging by PET. This work 

aims to understand the role of ABCC3 in chemoresistance and stemness in 

PDAC and to generate and select Nbs that detect ABCC3 for its application in 

imaging and molecular therapy. 

Hence, we have three main objectives for this work, structured in three chapters: 

1. Study the role of ABCC3 in chemoresistance and stemness in PDAC 

tumors for the possible consideration of ABCC3 as a biomarker and 

prognostic marker for PDAC tumors. 

2. Generation, selection, and validation in vitro of Nbs that target ABCC3. 

3. Study possible applications of Nbs that target ABCC3 as imaging and 

therapeutic tools. 
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ABCC3 as a biomarker of PDAC 
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INTRODUCTION 

PDAC incidence is continuously increasing worldwide. Although the diagnosis 

techniques have been improved in selectivity and resolution, the mortality of 

patients is not decreasing. PDAC diagnosis and prognosis need to be improved, 

the patient symptoms are not specific of the disease, and the diagnosis occurs at 

late stages. And usually, around 50% of PDAC diagnosed patients present 

metastasis1.  

Once the tumor is diagnosed, the most efficient treatment is surgery. However, 

only less than 20% of patients have resectable tumors. Chemotherapy is not 

efficient in LA-PDAC patients due to heterogenicity and plasticity of tumor cells; 

there is a chemoresistance to actual treatments2. 

Tumor initiation, progression, and metastasis are associated with genetic 

alterations. These alterations in signaling pathways are related to increased 

proliferation, survival, chemoresistance, and invasion3. 

The identification of new biomarkers and targets for PDAC are needed for a better 

diagnosis and treatment. During the last years, the role of ABCC/MRP proteins 

has been investigated for their possible implication in the chemoresistance in 

PDAC tumors. 

The most studied MRP transporters are ABCC1, which is nearly ubiquitously 

expressed, ABCC2 and ABCC3, mainly expressed in the liver. ABCC3 is 

homologous to ABCC1; they share around 60% of amino acid sequence4. 

ABCC proteins have been related to drug resistance in multiple cancer types, 

such as breast, bladder, lung, or brain tumors5–7. ABCC3 has been associated 

with tumor development in these tissues; in basal conditions, there is no 

expression of ABCC3 protein, and it is differentially expressed in that tumor 

cells8,9. Specifically, in PDAC, several ABCC proteins have been investigated to 

know the role of these transporters in the disease. ABCG2, ABCC1, ABCC3, 

ABCC4, and ABCC5 are present in PDAC samples from patients at mRNA levels. 

The expression of ABCG2, ABCC1, and ABCC4 do not correspond with tumor 

staging or grade. Meanwhile, ABCC3 and ABCC5 are overexpressed in 

pancreatic cancer tissues and correlate with tumor grading10. The differential 

expression of ABCC3 between healthy tissue and tumor point out ABCC3 as a 
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promising biomarker for PDAC diagnosis and could be targeted to increase 

chemotherapeutics effect. 

Several substrates of ABCC3 have been described, including some anticancer 

drugs like vincristine, etoposide, cisplatin, or doxorubicin11,12 but others as 

standard treatment in PDAC as gemcitabine or paclitaxel are still unknown.  

In pancreatic tumors, ABCC1 has been shown to be implicated in gemcitabine 

resistance via SMAD2/3 and activating transcription factor 4 (ATF4)13. ABCC3 

has been related to ATF4 in lung cancer14, and due to its homology to ABCC1, it 

could be involved in the mechanism of gemcitabine resistance in PDAC.  

ABCC3 has also been related to increased cell proliferation by signal transducer 

and activator of transcription 3 (STAT3) and HIF1-α pathway. Furthermore, the 

inhibition of ABCC3 decreases proliferation in vitro and in vivo, and stromal cells 

have been shown to overexpress ABCC3 protein in PDAC15. 

A small representation of PDAC tumors, around 1%, are cancer stem cells 

(CSCs). These cells are a specific type of stem cells; they are immortal tumor 

cells with self-renewal capacity and can differentiate into different lineages. More 

specifically, CSCs can be responsible for tumor growth (initiation, progression, 

and recurrence), metastasis, and chemoresistance16. CSCs are more resistant 

than non-CSCs to chemotherapy and radiotherapy treatments; it could be due to 

the higher expression of anti-apoptotic proteins, multidrug resistance genes, and 

ABC transporters17,18. Accurately, ABCC3 has been shown to be related to 

stemness genes in glioblastoma, breast cancer, and PDAC19,20. 

Cellular metabolism plays a key role in normal and tumor cells. The lack of 

vascularization characterizes PDAC tumors; it causes hypoxia and nutrient 

deprivation. In consequence, tumor cells suffer metabolic stress and reprogram 

their metabolism21. Hence, cancer cells explode anabolic pathways for nutrient 

acquisition, resulting in an increase of glycolytic, lipid, and amino acid 

biosynthesis and maintenance of redox homeostasis22. 

CSCs have different metabolic phenotypes compared to cancer cells. There are 

pieces of evidence that CSCs can dynamically change their metabolic state to 

favor glycolysis or mitochondrial metabolism23. 
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OXPHOS supports PDAC CSCs to obtain ATP24–26, instead of glucose uptake, 

they are sustained by mitochondrial fatty acid oxidation (FAO) to produce ATP 

and Nicotinamide adenine dinucleotide phosphate (NADPH)27,28. It has been 

demonstrated that the mitochondrial biogenesis regulator and transcription 

coactivator peroxisome proliferator-activator 1 alpha (PPARGC1A; PCG-1α) is 

essential in CD133 positive CSCs population26.  

CSCs have an increased metabolic rate, resulting in elevated reactive oxygen 

species (ROS) production; purposely, high levels of ROS are toxic for cells and 

can end in cell death. These ROS levels are neutralized or regulated by increased 

activity of antioxidant enzymes29. Thus, ROS levels have to be controlled inside 

the mitochondria in oxidative CSCs to maintain their stemness properties; this 

mechanism has been suggested to be done by antioxidant pathways.  

Glutathione (L-γ-glutamyl-L-cysteinyl-glycine; GSH) is a well-known antioxidant 

cell component. Glutathione is synthesized in the cytosol, but it is transported to 

different organelles, such as mitochondria, and also to the extracellular space, 

especially under oxidative stress conditions. GSH concentrations in the cell are 

balanced between its synthesis and degradation. The main components of GSH 

secretion are MRP proteins; this ability to regulate GSH networks has been 

related to the stemness ability of CSCs30,31.It has been pointed out that pancreatic 

CSCs have elevated glutathione content and that GSH inhibition decrease 

stemness ability, cell cycle arrest, and finally, induces apoptosis32. 

Gemcitabine treatment increases CSCs, but further induces ROS production and 

GSH accumulation; these results suggest that chemoresistance of CSCs 

depends on GSH content and oxidative metabolism33. Even more, CSCs 

population needs glutathione concentrations within the mitochondria for 

chemoresistance and self-renewal abilities34. 

We aim to understand the relation between ABCC3, chemoresistance, stemness, 

and metabolism. ABCC3 could be considered a new biomarker of PDAC, and 

even more, its expression could predict the response to chemotherapeutic 

agents. 
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OBJECTIVES 

ABCC3 is differentially expressed in tumor cells compared to normal tissue and 

seems to be implicated in chemoresistance in PDAC. 

The objective is to validate the role of ABCC3 as a biomarker and target for 

PDAC. By generating loss of function models in different established PDAC cell 

lines and patient-derived xenografts, we will study the role of ABCC3 in PDAC 

development, resistance to chemotherapy, and stemness. 

Thus, the objectives of this chapter are: 

1. Generation of ABCC3 loss of function models in different PDAC cell lines. 

2. Determine the function of ABCC3 in chemoresistance to standard PDAC 

therapeutic agents. 

3. Investigate the relation between stemness and ABCC3 in PDAC. 

4. Explore CSCs metabolism and ABCC3 implication in PDAC. 
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MATERIAL AND METHODS 

Mammalian cell culture 

The human cell lines HEK-293T (GP2), CFPAC-1, IMIM-PC2, MIA PaCa-2, and 

Panc-1 were grown as monolayers in Dulbecco's modified Eagle's medium 

(DMEM, Sigma) supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 

1% penicillin and streptomycin (P/S, Gibco) at 37ºC, 5% CO2. AsPc-1 and BxPc-

3 pancreatic cell lines were cultured in Roswell Park Memorial Institute medium 

(RPMI, Sigma) supplemented with 10% FBS and 1% P/S, at 37ºC, 5% CO2. All 

cell lines were obtained from Mariano Barbacid's laboratory (CNIO). Patient-

derived xenografts cell lines, PDX185, PDX354, PDX215, and PDX253, were a 

gift from Dr. Patricia Sancho and were cultured in RPMI supplemented with 10% 

FBS and 1% P/S. 

 

CRISPR mediated ABCC3 knock-out 

Loss of function models were generated by using CRISPR/Cas9 technology. The 

design of sgRNAs for ABCC3 and non-targeting (NT) as control was performed 

using Zhang Lab tools and cloned into pKLV-U6gRNA-EF(BbsI)-

PGKpuro2ABFP. Plasmids used in this work are listed in table 2. 

1 μg of sgRNAs forward and reverse were annealed by adding 1.25 μl of 

annealing buffer (Tris 0.5M pH 7.5/8; NaCl/MgCl 0.1M; in H2O) followed by 10 

min of incubation at 95ºC, 5 min at 65ºC and 15 min at 4ºC. Then, 5 μl of sgRNAs 

were phosphorylated with T4 Kinase (PNK, NZYTech) in PNK buffer (NZYTech) 

with 1mM ATP by 30 min incubation at 37ºC and 10 min at 70ºC for inactivation. 

5 μg of pKLV-U6gRNA-EF(BbsI)-PGKpuro2ABFP were digested with BbsI (New 

England Biolabs, NEB) in 5 μl of 2.1 NEB buffer at 37ºC overnight (O/N). After 

the digestion, the linearized vector was dephosphorylated with Alkaline 

Phosphatase (Roche) for 15 min at 37ºC.  The cut BbsI fragment was extracted 

from an agarose gel and purified with Qiagen Gel Extraction kit.  

For the ligation of the vector and the insert, 50 ng of pKLV-U6gRNA-EF(BbsI)-

PGKpuro2ABFP extracted from the gel, and 0.8 ng of phosphorylated and 

annealed sgRNAs were incubated with 1 μl of T4 DNA ligase (Roche) and 1X T4 



   Chapter I 

 87 

DNA ligase buffer for 2 h at room temperature (RT). Then, the ligation was 

transformed into DH10B E. coli strain by heat shock. 5 µl of the ligation was added 

to 100 µl of DH10B competent bacteria. Then, cells were incubated for 5 min on 

ice, 150 s at 42ºC, and 2 min on ice. 900 µl of LB media was added, and bacteria 

were incubated for 1 h at 125 rpm at 37ºC. Finally, bacteria were plated in LB-

Ampicillin plates. Individual colonies were grown in LB-Ampicillin, O/N at 37ºC 

and 150 rpm. DNA was extracted with Qiagen Plasmid DNA extraction kit and 

sequenced with U6-fw primer to corroborate the insertion of sgRNAs. 

 

Table 1. Oligonucleotides 

Oligonucleotides Sequence (5’-3') Reference 

sgABCC3 #2 Forward CACCGTACCTGCGGCACCATTGTCGGT This work 

sgABCC3 #2 Reverse TAAAACCGACAATGGTGCCGCAGGTA This work 

sgRNA NT Forward TTATGCCGATCGCGTCACATT 35 

sgRNA NT Reverse TGTGACGCGATCGGCATAATT 35 

hABCC3 Forward AGCTCGGCTCCAAGTTCTG This work 

hABCC3 Reverse GACCCACAGGTAGATGCAGG This work 

U6-fw GACTATCATATGCTTACCGT Addgene 

 

Table 2. Plasmids. 

Plasmids Genotypes and properties Reference 

pLentiCas9-Blast (ApR), FUGW-H1 derivative; Cas9 expression Addgene 

pKLV-U6gRNA-

EF(BbsI)-
PGKpuro2ABFP 

(ApR), pBluescript-derivative; gRNA expression Addgene 

pKLV-

U6sgRNAABCC3#2-

EF(BbsI)-

PGKpuro2ABFP 

(ApR), pBluescript-derivative; sgRNAABCC3#2 

expression 

This work 
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pKLV-U6sgRNANT-

EF(BbsI)-

PGKpuro2ABFP 

(ApR), pBluescript-derivative; sgRNAABCC3#2 

expression 

This work 

 

 

Cell transfection and transductions 

HEK-293T (GP2) cells at 80% of confluence were transfected using a final 

concentration of 9 μg/ml of poly(ethylenimine) (PEI, Polysciences), 3 μg of 

pMD2.G and 6 μg psPAX2 for viral production, 5 μg of pLentiCas9, and 500 μl 

optiMEM incubated for 15 min at RT and added dropwise to the cells. Media was 

changed after 16 h, viruses were collected 24 h later, and target cells were 

infected at a confluence of 60%. plentiCas9-Blast was transduced CFPAC-1, 

IMIM-PC2, and MIA PaCa-2, and cells were selected with 3, 6, and 7 µg/ml of 

blasticidin, respectively. pKLV-U6gRNA-EF(BbsI)-PGKpuro2ABFP with sgRNA 

for ABCC3 or NT were transduced into CFPAC-1-Cas9, IMIM-PC2-Cas9, and 

MIA PaCa-2-Cas9 and selected with 1, 1, and 2 µg/ml of puromycin, respectively. 

Cells expressing Cas9 protein were corroborated by western blot with Cas9 

(Santa Cruz) antibody and sgNT or sgABCC3 cells by flow cytometry with BFP 

or ABCC3 detection (MRP3-II9 clone). 

pHIV-Luc-ZsGreen36 was used to incorporate luciferase genes into the cell lines 

for their monitoring by luminescence signal. After the transduction, cells were 

sorted by FACS by detecting ZsGreen fluorescence. 

 

Cell viability assay 

Cells were seeded in 96-well plates (Corning) at a density of 1.5 x 103 cells per 

well in DMEM or RPMI. 24 hours later, compounds were added, gemcitabine from 

300 nM and 1/3 dilutions; and abraxane from 100 μM and 1/10 dilutions. 

Compounds were left for 72 hours, and 10 μl of MTT1 was added (5 mg/ml 

thiazolyl blue tetrazolium bromide in PBS). 4 hours later, when crystals were 

formed, 100 μl of MTT2 (10%SDS-0.87%HCl) were added, and plates were read 

at 595nm and 750nm using a plate reader (Biotech, Beckman Coulter). 

Absorbance read was token at 0h and 72h. Population doubling was calculated 
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by normalizing to absorbance at 595nm at t=0h. The percentage of survival was 

calculated in comparison with control conditions of each cell line. 

 

Flow cytometry assay 

Cells were trypsinized, washed with PBS, and blocked with PBS-5%FBS for 

extracellular staining or PBS-5%FBS-0.1%Saponin for intracellular staining. 

Cells were resuspended in blocking buffer with the primary antibody (table 3) for 

30 minutes at 4ºC. Samples were washed twice with PBS and incubated with the 

secondary antibody, when necessary, for 30 minutes at 4ºC. Cells were washed 

twice with PBS and incubated with molecular probes at 37 ºC for 30 minutes or 1 

hour. Finally, samples were washed with PBS and resuspended in 500 μl of PBS-

0.5mM ethylenediaminetetraacetic acid (EDTA) with Sytox as viability marker 

(Molecular probes, S11341) and analyzed in Gallios cytometer (Beckman 

Coulter). 

 

Table 3. Flow cytometry antibodies list. 

Antibody Brand Dilution Incubation 

ABCC3 (M3II9) Invitrogen 1:150 30 min, 4ºC 

CD133-PE (clone 7) Biolegend 1:400 30 min, 4ºC 

PE mouse igG1, K isotype Biolegend 1:400 30 min, 4ºC 

APC goat anti-mouse IgG Biolegend 1:1500 30 min, 4ºC 

Monochlorobimane (mClB) Sigma-Aldrich 1:1000 1 hour, 37ºC 

CellRox Deep Red Invitrogen 1:1000 30 min, 37ºC 

Annexin V-FITC Immunostep 1:20 30 min, 4ºC 

 

Sphere-formation assay 

PDAC spheres were generated and expanded in DMEM-F12 (Gibco) 

supplemented with B-27 (A3582801, Gibco) and basic fibroblast growth factor 

(PeproTech EC). 105 cells/ml/well were seeded in ultra-low attachment 24-well 

plates (Nunc). For serial passaging, spheres were harvested at day 7 dissociated 
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into single cells with accutase, and then re-grown in the same conditions for 7 

days. Sphere formation capacity was assessed 3-11 days after seeding, 

depending on the cell line. Spheres were defined as morphologically 

characteristic three-dimensional structures approximately >35 µm, containing an 

average of 50 cells. 

 

Extreme Limiting Dilutions Assays (ELDA) 

Different numbers of cells (1, 10, 102, 103, and 104) were seeded in ultra-low 

attachment 96-well plates (Nunc), and the number of spheres >35 µm was 

determined by using an inverted microscope (Leica IX81) using an x10 objective 

with phase contrast. 

CSCs frequency and statistical values were calculated using ELDA software37. 

 

Bioluminescence imaging  

Tumor growth in tumor-bearing mice was monitored by bioluminescence imaging 

using IVIS Lumina III (Beckman Coulter). For bioluminescence detection, 150 

mg/kg of luciferin (Merck) was IP injected, and 10 minutes later, the signal was 

acquired at 1-2 s. Bioluminescence data was measured in radiants 

(p/sec/cm2/sr). 

 

In vivo models 

Mice were housed according to institutional guidelines, and all experimental 

procedures were performed in compliance with the institutional guidelines for the 

welfare of experimental animals approved by Research Ethics Committee of the 

Autonomous Community of Aragon (PI 56/20) and in accordance with the 

guidelines for Ethical Conduct in the Care and Use of Animals as stated in The 

International Guiding Principles for Biomedical Research involving Animals, 

developed by the Council for International Organizations of Medical Sciences 

(CIOMS). Briefly, mice were housed according to the following guidelines: a 12 h 

light/12 h dark cycle, with no access during the dark cycle, temperatures of 65-

75 ºF (~18–23 °C) with 50-60% humidity; a standard diet with fat content ranging 
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from 4 to 11%; sterilized water was accessible at all times; for handling, mice 

were manipulated gently and as little as possible; noises, vibrations, and odors 

were minimized to prevent stress and decreased breeding performance; and 

enrichment was always used per the facility's guidelines to help alleviate stress 

and improve breeding. 

Subcutaneous tumors: Male and female 6- to 10-week-old NU-Foxn1nu nude 

mice (Envigo) were subcutaneously injected with 106 IMIM-PC2 or CFPAC-1 

cells expressing Cas9-Control sgRNA (NT) or Cas9 sgABCC3 diluted 1:1 in 50 

µl of Matrigel (Corning) per injection. 

Orthotopic PDAC tumors: Female 6- to 10-week-old NU-Foxn1nu nude mice 

(Envigo) were submitted to surgery anesthetized with 2.5%Isofluorane-1.5%O2. 

A minimal incision was performed in the animal's skin and muscle. The spleen 

and pancreas were extracted carefully with tweezers from the body and 

orthotopically injected with 106 IMIM-PC2 cells expressing Cas9-control sgNT, or 

Cas9 sgABCC3 diluted 1:1 in 15 µl of Matrigel (Corning) per injection. After the 

injection, the spleen and pancreas were reintroduced into the animal body. The 

muscle was sutured, and the skin was stapled. Tumor growth was monitored bi-

weekly for up to 2 months. 

Mouse tumor growth was followed by bioluminescence by IVIS Lumina III 

(Beckman Coulter). For luminescence detection, 150 mg/kg of luciferin (Merck) 

was injected IP, and 10 minutes later, the signal was acquired at 1-2 s. 

The chemotherapeutic treatment started when the tumor reached a 

bioluminescence value of 107 p/sec/cm2/sr in orthotopic pancreatic tumors. 30 

mg/kg of abraxane was administered intravenously (IV) twice a week, and 70 

mg/kg of gemcitabine was administered intraperitoneally once a week for 3 

weeks. 

Tumors were collected and mechanically disaggregated with the help of a scalpel 

and treated with PBS-EDTA 10mM for 10 min, 3000 rpm at 37ºC. Samples were 

filtrated through a nylon 40 µm filter. The single-cell suspension was analyzed by 

flow cytometry as described above (table 3). 
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Bioinformatical analysis 

Oncomine: The expression level of ABCC3 in PDAC and normal pancreas was 

analyzed using Ocomine Compendium of Expression Array Data38. Briefly, the 

P-value for statistical significance was set up as 0.05. The platforms used for this 

study were as follows: Pei Pancreas, Ishikawa Pancreas, Iacobuzio-Donahue 

Pancreas 2, Segara Pancreas, Grutzman Pancreas, and TCGA Pancreas. 

Survival: Gene expression and PDAC patient survival data were obtained by 

TCGA Pancreas, RNA_Seq, cBioPortal, and Human Protein Atlas39. Data was 

analyzed and shown in Human Protein Atlas. Based on the FPKM value of 

ABCC3, patients were classified into two expression groups, and the correlation 

between expression level and patient survival was examined. The prognosis of 

each group of patients was estimated by Kaplan-Meier survival, and log-rank 

tests compared the survival outcomes of the two groups. Both median and 

maximally separated Kaplan-Meier plots are presented in the Human Protein 

Atlas, and genes with log-rank P values less than 0.001 in maximally separated 

Kaplan-Meier analysis were defined as prognostic genes. If the group of patients 

with high expression of a selected prognostic gene has a higher observed event 

than the expected event, it is an unfavorable prognostic gene; otherwise, it is a 

favorable prognostic gene. Genes with a median expression less than FPKM 1 

were lowly expressed and classified as unprognostic in the database even if they 

exhibited a significant prognostic effect in survival analysis. 

Pearson's product-moment correlation: Raw UMI counts per gene of 24 human 

PDAC from the study by Peng et al.40, as well as sample annotations, were 

downloaded from the Chinese National Genomics Data Center (accession 

#CRA001160). Raw counts underwent denoising using the provided cluster 

annotation and the DCA Python software 11 and subsequent normalization using 

the scran R package12. Finally, the different populations were identified using 

the markers provided in Elyada et al.41. All bioinformatics analyses regarding 

Peng dataset were performed using RStudio v1.3 
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Statistical analysis 

Log-rank and Wilcoxon tests have been applied for Kaplan Meyer survival curves. 

Pearson's product-moment was applied to determine gene correlations and test 

for association/correlation between paired samples. Tukey's Honest Significant 

Difference (HSD) was applied to compare ABCC3 expression across tumor 

grades in pancreatic cancer vs. normal samples. 

Flow cytometry gating was performed using Flowjo 8.8.6 software. Statistical 

significance was determined using a two-sided Student's t-test. Statistical 

analysis was obtained from Prism 6 (GraphPad) and Microsoft Excel (Microsoft) 

software. Mean values are shown (unless otherwise specified), and error bars 

represent SDs. p-values of the pairwise comparisons are indicated in the graphs 

as *** p < 0.001; ** p < 0.01; * p < 0.05; and n.s., not significant). 
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RESULTS 

ABCC3 is overexpressed in PDAC tumors 

Previous studies have shown that ABCC3 is overexpressed at mRNA levels in 

PDAC patient samples, and they correlate with tumor grading10,42. We analyzed 

several data from different databases, and we observed that at mRNA level, 

ABCC3 is overexpressed in PDAC compared to normal pancreas (figure 1A). 

Also, the expression of ABCC3 in tumor patients correlates with poor prognosis, 

having low survival probabilities (figure 1B). These data and bioinformatic 

analysis point to ABCC3 as a possible biomarker for PDAC.  

 

Figure 1. ABCC3 is overexpressed in PDAC tumors, and it is associated with a poor 
prognosis. A) ABCC3 expression in PDAC patients (red) and normal pancreas (grey). Data 

generated with Oncomine38. Tukey's Honest Significant Difference (HSD). TCGA-PAAD dataset. 

The figure shows the difference between pairs, the 95% confidence interval, and the p-value of 
the pairwise comparisons. B) Kaplan-Meier curves for overall survival in the TCGA-PAAD dataset 

(RNA_Seq, cBioPortal) for ABCC3 in PDAC patients. Log-rank and Wilcoxon test for survival 

curves. Cut off top high vs. low. ***p<0.01; C) ABCC3 and CD133 expression in PDAC samples. 

TCGA-PAAD dataset (RNA_Seq, cBioPortal). Pearson's product-moment correlation. ***p<0.001 
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ABCC3 has been related to stemness in other types of cancers, such as 

melanoma43 or breast44 tumors. We looked for the relation with some stemness 

markers in PDAC, and we found that ABCC3 is positively related to CD133 

expression, suggesting a possible link between ABCC3 and stemness in PDAC 

(figure 1C).  

In order to study the role of ABCC3 in PDAC, we characterized ABCC3 at the 

mRNA and protein levels. We observed a different range of ABCC3 expression 

within a panel of established cell lines by qRT-PCR and flow cytometry (figure 2A 

and C). There is correlation between the expression of ABCC3 mRNA and protein 

levels. We also analyzed the ABCC3 expression in primary cultures of PDAC 

PDXs. These primary cultures presented lower levels of expression of ABCC3 at 

the mRNA level compared to most of the established cell lines used in this work 

(figure 2B). 

 

Figure 2. ABCC3 expression in PDAC cell lines and PDXs. ABCC3 mRNA expression levels 

in A) established cell lines and in B) PDXs. Unpaired t-test was used (n.s. no significant, * p<0.05, 

** p<0.01, *** p<0.001). Dark and light blue lines indicate the inhibition of 20 nM of gemcitabine 

in MIA PaCa-2-Cas9 sgNT and sgABCC3, respectively. ABCC3 protein expression levels in C) 
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established cell lines and in D) PDX primary cell lines. ABCC3 mRNA expression data are 

represented as fold change of MIA PaCa-2 cell line. 

 

However, we observed two different populations when analyzing ABCC3 

expression in primary cultures of PDX by flow cytometry. The main population 

with neglected ABCC3 expression and a smaller percentage of cells with high 

expression levels (figure 2D). These two populations could have different 

characteristics and play different roles in the tumor. 

 

ABCC3 is related to increased proliferation and stemness 

CSCs are a subpopulation of cells implicated in tumor initiation, progression, and 

metastasis. CSCs have unique characteristics such as differentiation into 

different cell lineages, increased proliferation, and self-renewal. This 

subpopulation of cells has been shown to play a key role in cancer recurrence 

and chemotherapeutic resistance. CSCs chemoresistance is characterized by 

enhanced DNA damage repair, alterations of cellular metabolism, impaired 

apoptotic response, and increased activation of drug efflux pumps. There is a 

possible relationship between ABCC3 expression and CSCs that could mediate 

their chemotherapeutic acquired resistance. 

We have observed two populations in PDXs cultures attending to ABCC3 

expression. We thought that these two populations based on ABCC3 expression 

could be related to stemness; the ones with higher levels of ABCC3 could 

correspond to CSCs due to their ability to drug resistance. 

PDXs maintain the tumor heterogenicity present in patients' tumors and have 

been well established as models to study stemness ability. Previous reports 

indicate that CSCs express ABC transporters in the membrane conferring 

resistance to chemotherapeutic agents45,46. 

Cancer cells behave differently when culturing in adherent or spheroids media. 

Cell culture in spheroids-enriched cultures is characterized by low cell adhesion 

and, in many cases, low oxygen and chemotherapy drug stimulation. This method 

is one of the most used for the isolation and characterization of CSCs. Hence, 

CSCs subpopulation would be enriched in spheroids cultures, allowing to study 
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the stemness ability of cells. PDAC CSCs are characterized by the expression of 

CD13347, thus we looked for the expression of ABCC3 in CD133 positive 

population by flow cytometry assays. 

 In adherent conditions, CD133 positive (CD133+) cells have higher levels of 

ABCC3 compared to CD133 negative (CD133-) cells in the four PDX cells (figures 

3A, B, and S1). Additionally, PDX cells were grown as spheroids, and we could 

observe an increase in ABCC3 and CD133 proteins (figure 3C), which 

corroborates the positive relation between ABCC3 and stemness. 

 

Figure 3. ABCC3 is related to stemness. A) Correlation between the expression of ABCC3 and 

CD133 in PDXs in flow cytometry assays. B) ABCC3 protein expression in CD133 populations. 

ABCC3 fluorescence is represented as the fold change of CD133- population. C) ABCC3 protein 

expression of PDX185 in adherent and spheroids conditions. ABCC3 fluorescence is represented 

as the fold change of CD133- population in adherent conditions. Unpaired t-test was used (n.s, 

non-significant, * p<0.05; **. P<0.01; *** p<0.001, n=3). 

 

Since ABCC3 is more expressed in spheroids-enriched conditions, we wanted to 

study if it plays a functional role in stemness. To this end, we generated several 

ABCC3 deficient PDAC cell lines by CRISPR/Cas9 system, referred to as Cas9 
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sgABCC3 cells. Control cells using a non-targeting sgRNA were also generated, 

referred to as Cas9 sgNT (figure 4A) 

It was previously demonstrated that the inhibition of ABCC3 decreased 

proliferation in PDAC cell lines and stopped PDAC tumor growth15. In agreement, 

ABCC3-deficient cells (sgABCC3) of two different PDAC cell lines (IMIM-PC2 and 

CFPAC-1) showed a reduced proliferation rate in vitro compared to ABCC3-

expressing cells (sgNT) (figure 5A). Furthermore, ABCC3-deficient tumors 

presented a slower growth compared to ABCC3-expressing tumors (figure 5C). 

We corroborated previous results demonstrating the implication of ABCC3 in 

PDAC tumor growth48. 

 

Figure 4. ABCC3 is implicated resistance to gemcitabine. A) Flow cytometry chart of ABCC3 

expression analysis in sgNT and sgABCC3 cells. B) Dose response to gemcitabine of sgNT and 

sgABCC3 PDAC cell lines for 72 h. C) IC50 values for gemcitabine treatment in sgNT and 
sgABCC3 PDAC cell lines after 72 h. Data are represented as mean ± SD. Unpaired t-test was 

performed (n.s, no significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). 
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ABCC3 genetic ablation impairs PDAC cell lines proliferation in vitro and in vivo. 

We have previously observed that ABCC3 is related to stemness. Given that 

CSCs have increased proliferation rates, we wanted to corroborate the 

relationship between ABCC3 and stemness in PDAC. 

By seeding different cell numbers in extreme limiting dilution assays (ELDA), we 

could observe that ABCC3-expressing cells could form spheroids with a small 

number of cells, with more self-renewal characteristics (figure 5B and D). To test 

these abilities in vivo, different number of cells were inoculated subcutaneously 

in nude mice. ABCC3-expressing tumors presented a shorter latency for tumor 

formation, and tumor growth was faster than in ABCC3-deficient tumors (figures 

5C and D). 

 

Figure 5. ABCC3 expression increase proliferation in vitro and in vivo. A) Cell proliferation 

in sgNT and sgABCC3 cells. Data are represented as mean ± SD. Unpaired t-test was performed 

(n.s, no significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). blue * corresponds to t-test 

between CFPAC-1-Cas9 sgNT and sgABCC3; orange * corresponds to the t-test between IMIM-

PC2-Cas9 sgNT and sgABCC3.  B) ELDA assays with spheroids cultures of sgNT and sgABCC3 

cells. Statistical data were analyzed using ELDA software37. C) Subcutaneous tumor growth of 

sgNT and sgABCC3 cells. Data are represented as mean ± SD. Unpaired t-test was performed 
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(n.s, no significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). blue * corresponds to t-test 

between CFPAC-1-Cas9 sgNT and sgABCC3; orange * corresponds to the t-test between IMIM-

PC2-Cas9 sgNT and sgABCC3. D) Tumorigenicity assay in subcutaneous tumors of sgNT and 

sgABCC3 cells. Statistical data were analyzed using ELDA software37. 

 

ELDA assays, both in vitro and in vivo, allow the determination of the self-renewal 

abilities of cells in culture or tumors. These results indicated that ABCC3-

expressing cells have self-renewal characteristics, suggesting the implication of 

ABCC3 expression in PDAC CSCs. Additionally, CSCs frequencies in both 

cases, in vitro and in vivo, were considerably higher in sgNT than sgABCC3 cells, 

confirming that ABCC3 plays an important role in stemness in PDAC. 

To corroborate the relationship between ABCC3 and CD133 expression, we 

generated spheroids from PDAC ABCC3-expressing and ABCC3-deficient cells 

(Figure 6A). Interestingly, spheroids formed by ABCC3-deficient cells (sgABCC3) 

cells were smaller than ABCC3-expressing (sgNT) cells. ABCC3 expression in 

ABCC3-expressing cells was significantly increased in spheroids-enriched 

conditions in CD133+ population (figure 6D). Even more, the CD133+ population 

was not so enriched, compared to adherent culture, in ABCC3-deficient cells 

(figure 6B and C).  We demonstrated the expression of ABCC3 transporters in 

CSCs, characterized by CD133 expression. Moreover, the expression of ABCC3 

protein was significantly increased when cells were cultured in spheroids-

enriched conditions. 

To expand these findings, we analyzed PDX primary cultures in adherent and 

spheroids-enriched conditions. Importantly, ABCC3 expression was increased in 

CD133+ compared to CD133- population. Thus, ABCC3 expression is shown in 

CSCs, increasing in stemness-enriched conditions (figure 3B and S1). 

Altogether, these results indicate that ABCC3 plays a role in proliferation, self-

renewal, and CSCs maintenance. 
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Figure 6. ABCC3 expression is increased in stemness-rich conditions, and ABCC3-
deficient cell spheroids do not increase CD133 population. ABCC3 and CD133 expression 

analysis in IMIM-PC2-Cas9 sgNT and sgABCC3, and CFPAC-1-Cas9 sgNT and sgABCC3. A) 
Bright-field images of spheroids in stemness-rich conditions of sgNT and sgABCC3 cell lines. 

Images were taken with Leica IX81 microscopy, scale 100 um. CD133 expression in B) adherent 

cultures and in C) spheroids culture. D) ABCC3 protein expression in CD133 population in 

adherent vs. spheroids cultures. ABCC3 mean fluorescence is represented as the fold change of 

CD133- population in adherent conditions, n=3. Data are represented as mean ± SD. Unpaired t-

test was performed (n.s, no significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). 
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implicated in cisplatin resistance in lung, breast, and brain cancer19,49,50. Since 

gemcitabine is part of the standard treatment for PDAC patients, we interrogated 

the role of ABCC3 in the resistance to gemcitabine in this tumor. To this end, we 

treated with gemcitabine ABCC3-expressing (sgNT) and ABCC3-deficient 

(sgABCC3) of IMIM-PC2 and CFPAC-1. Both cell lines are the ones 

characterized in this work with the higher expression of ABCC3 in basal 

conditions. 

ABCC3-deficient cells were more sensitive to gemcitabine treatment for 72 h in 

both cell lines (figure 4B and C). IMIM-PC2-Cas9 sgNT cells were more resistant 

to gemcitabine than IMIM-PC2-Cas9 sgABCC3 cells (IC50 of 10.47 and 4.27 nM, 

respectively). And the difference was even higher in CFPAC-1-Cas9 sgNT and 

CFPAC-1-Cas9 sgABCC3 cells, IC50 of 15.85 and 0.84 nM (figure 4B and C). The 

sensitivity between sgNT and sgABCC3 to gemcitabine was statistically 

significant in the tested PDAC cell lines, pointing to a role of ABCC3 in the 

resistance to gemcitabine treatment in PDAC. 

We saw that ABCC3-expressing cells are more resistant to gemcitabine 

treatment, so we wanted to investigate if ABCC3 is responsible for this resistance 

to gemcitabine in PDAC. MIA PaCa-2 cells in basal conditions do not express 

ABCC3, but after gemcitabine treatment, there is an increase in the expression 

of ABCC3, and it is expressed in CD133+ cells (figure 7A and C). MIA PaCa-2-

Cas9 sgABCC3 cannot express ABCC3, but there is no enrichment in CD133+ 

population after treatment (figure 7B and D). 

The difference in gemcitabine resistance is very high in MIA PaCa-2-Cas9 sgNT 

and MIA PaCa-2-Cas9 sgABCC3 cells, IC50 of 40.56 and 11.23 nM, respectively 

(figure 4B and D).  

In addition to this sensitivity in ABCC3-deficient cells, as it was observed in IMIM-

PC2 and CFPAC-1 cell lines, it looks that cells with no basal expression of 

ABCC3 are more resistant to gemcitabine than cells with high basal expression 

of ABCC3. These results indicated the importance of the expression of ABCC3 

in every tumor stage; it could predict the response to standard PDAC treatment. 

Hence, we proposed that there is a direct relationship between gemcitabine 

resistance and ABCC3 expression in PDAC. 
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These results also showed that cells could adapt the expression of ABCC3 

transporters depending on the conditions; in this case, under gemcitabine 

treatment, CSCs can induce the expression of ABCC3 transporters, possibly to 

eliminate drugs from the cells and avoid cell death. 

 

Figure 7. ABCC3 expression is increased in response to gemcitabine treatment. CD133 

and ABCC3 expression in basal conditions and under gemcitabine treatment after 72 h in A) MIA 

PaCa-2-Cas9 sgNT and B) MIA PaCa-2-Cas9 sgABCC3 cells. ABCC3 expression in control, and 

gemcitabine 72 h treatment in C) MIA PaCa-2-Cas9 sgNT and D) MIA PaCa-2-Cas9 sgABCC3 
cells. ABCC3 mean fluorescence is represented as the fold change of CD133- control population. 

Data are represented as mean ± SD. Unpaired t-test was performed (n.s, no significant; * p<0.05; 

** p<0.01; *** p<0.001; **** p<0.0001); n=3. 
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Abraxane consists of NAB-paclitaxel albumin-bound particles. NAB-paclitaxel is 

an anti-microtubule agent that promotes the assembly of microtubules from 

tubulin dimers and stabilizes microtubules by preventing depolymerization. It has 

been shown to improve the effectiveness of gemcitabine treatment in metastatic-

PDAC tumors in patients. The overall response of clinical trials combination of 

GA was 37%, and the OS was 10 months. Additionally, the median progression-

free survival reached 6.7 months51. As observed, ABCC3 was implicated in the 

resistance to gemcitabine; this transporter could also be implicated in the 

transport of abraxane. 

To evaluate the role of ABCC3 in response to abraxane, we performed dose-

response curves for this treatment in ABCC3-expressing and ABCC3-deficient 

cells of CFPAC-1, IMIM-PC2, and MIA PaCa-2 cell lines. On the contrary to what 

we saw upon gemcitabine treatment, after abraxane treatment, there is no 

significant difference in the sensitivity of ABCC3-expressing and deficient cells 

(figure S2). These data suggest that ABCC3 is not implicated in the resistance to 

abraxane treatment. 

To corroborate that, we performed flow cytometry experiments to study the 

expression of ABCC3 and CD133 under abraxane treatment. 

We treated ABCC3-expressing and ABCC3-deficient cells of MIA PaCa-2 cells, 

the cell line that showed the ability to modulate the expression of ABCC3 under 

gemcitabine treatment. We could observe that there was not an increase of 

ABCC3 expression in MIA PaCa-2-Cas9 sgNT cells (figure 8C); then, ABCC3 

might not be implicated in abraxane resistance. Additionally, we did not observe 

a major increase in CD133+ population in ABCC3-expressing cells (figure 8A) or 

ABCC3-deficient cells (figure 8B). 

In contrast to the role of ABCC3 in gemcitabine resistance in PDAC, we did not 

observe the involvement of ABCC3 in abraxane resistance. There is the 

possibility that other ABCC transporters, such as ABCC1, could be implicated in 

the chemotherapeutic resistance for this drug. 
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Figure 8. ABCC3 expression is not increased in response to abraxane treatment. CD133 
and ABCC3 expression in basal conditions and under abraxane treatment after 72 h in A) MIA 

PaCa-2-Cas9 sgNT and B) MIA PaCa-2-Cas9 sgABCC3 cells. ABCC3 expression in control, and 

abraxane 72 h treatment in C) MIA PaCa-2-Cas9 sgNT and D) MIA PaCa-2-Cas9 sgABCC3 cells. 

ABCC3 mean fluorescence is represented as the fold change of CD133- control population. Data 

are represented as mean ± SD. Unpaired t-test was performed (n.s, no significant; * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001); n=3. 

 

Gemcitabine and abraxane treatment is more effective in the absence of 
ABCC3 in preclinical models of PDAC 

We observed that ABCC3-deficient (sgABCC3) cells are more sensitive to 

gemcitabine treatment in vitro. Since the current treatment for PDAC patients 

consists of the combination of gemcitabine and abraxane, we wanted to assess 

the role of ABCC3 in response to chemotherapeutic agents in vivo. 

IMIM-PC2-Cas9 sgNT and sgABCC3 orthotopic PDAC tumor growth was 

monitored by IVIS bioluminescence until they reached a similar size and the 

tumor was palpable (1-2.5 x 107 photons/sec/cm2/sr). Then, mice were subjected 
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to a three weeks chemotherapeutic regimen of gemcitabine and abraxane. At the 

end of the treatment, pancreas were collected and processed for ABCC3 and 

CD133 expression measurement by flow cytometry. We could observe an 

increase in CSCs population measured by CD133 in IMIM-PC2-Cas9 sgNT tumor 

cells (20-30% of CD133+ cells, figure 10A) compared to IMIM-PC2-Cas9 

sgABCC3 tumor cells that only presented a percentage of 2-5% of CD133+ cells 

(figure 10B). 

It is important to note that the expression of ABCC3 was mainly found in CD133+ 

cells in IMIM-PC2-Cas9 sgNT tumors (figure 10C). ABCC3-expressing tumors 

were bigger when measured at the end of the treatment than those generated 

from ABCC3-deficient cells (sgABCC3). And more importantly, ABCC3-deficient 

tumors responded to gemcitabine and abraxane treatment and stopped the tumor 

growth (figure 9A and B). 

These results suggest a specific role of ABCC3 in chemoresistance and 

stemness in vivo that could influence patient outcomes. ABCC3 expression can 

be induced upon gemcitabine treatment even in tumors with no basal expression 

of ABCC3, conferring a high resistance to treatments.  
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Figure 9. ABCC3 ablation stops PDAC tumor growth and improves GA treatment in PDAC 
mouse models. A) Tumor growth measurement by IVIS luminescence in IMIM-PC2-Cas9 sgNT 
and sgABCC3 orthotopic PDAC tumors under gemcitabine and abraxane treatment. Data are 

represented as mean ± SD. Unpaired t-test was performed (n.s, no significant; * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001). B) IVIS bioluminescence images of IMIM-PC2-Cas9 sgNT 

and sgABCC3 at the start and end of GA treatment. 

 

It would be important to use ABCC3 as a prognostic marker for gemcitabine 

resistance in tumors. Still, it would be essential to determine ABCC3 levels along 

with the treatment for a possible increase in their expression. Additionally, 

ABCC3 inhibitors could serve as adjuvant therapy for current SOC treatment in 

PDAC. 
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Figure 10. ABCC3 expression is implicated in the resistance to gemcitabine and abraxane 
in mouse models. A) CD133 and ABCC3 expression in mouse fresh tumor samples of IMIM-

PC2-Cas9 sgNT and sgABCC3 cells from PDAC tumors. B) ABCC3 expression in IMIM-PC2-

Cas9 sgNT and sgABCC3 fresh mouse samples. ABCC3 fluorescence is represented as the fold 

change of IMIM-PC2-Cas9 sgNT CD133- cells. Unpaired t-test was performed (n.s, no significant; 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001); n=4. 

 

Mitochondrial metabolism is essential for ABCC3 activity 

PDAC CSCs have an elevated rate of mitochondrial metabolism and 

consequently generate high levels of ROS25. To avoid cell death by ROS, the 

cells use different redox pathways that mediate antioxidants transport, including 

glutathione (GSH)34. Other ABCC proteins, as ABCC1 and ABCC2, are known 

GSH transporters52, but it is not clear if ABCC3 could be participating in its 

transport.  
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possible role of ABCC3 in the GSH transport in PDAC CSCs, we measured ROS 

production and GSH content in ABCC3-expressing (sgNT) and ABCC3-deficient 

(sgABCC3) PDAC cells.  

We could observe higher levels of GSH and ROS in ABCC3-expressing cells in 

adherent conditions compared to ABCC3-deficient cells. Notably, these levels 

increased when these cells were cultured in spheroids enriched conditions (figure 

11A and B). Importantly, in ABCC3-deficient cells, there is no increase in GSH or 

ROS content, even in spheroids-enriched conditions (figure 11A and B). We 

corroborated that CSCs have increased levels of ROS and found a possible role 

of ABCC3 in GSH transport. 

ABC transporters need ATP for drug efflux; Giddings et al.53 showed that ABC 

proteins use mitochondrial-derived ATP for doxorubicin secretion. These findings 

lead to the assertion that chemoresistant cells have an oxidative metabolism and 

elevated mitochondrial respiration. More interestingly, it was shown that ABC 

transporters use mitochondrial ATP for drug efflux53.  

To investigate if ABCC3 uses ATP from oxidative metabolism in PDAC CSCs, 

oligomycin was added before treatment to inhibit ATP synthase, and ROS levels 

were measured. The addition of oligomycin decreased ROS levels in ABCC3-

expressing cells (CFPAC-1-Cas9 sgNT), but not in ABCC3-deficient cells 

(CFPAC-1- and MIA PaCa-2-Cas9 sgABCC3) nor MIA PaCa-2-Cas9 sgNT that 

in basal conditions do not express ABCC3 (figure 11C and D). Upon gemcitabine 

treatment, ROS levels were increased in ABCC3-expressing cells due to the 

enhanced mitochondrial metabolism.  

Oligomycin blockade of ATP synthase prior to gemcitabine treatment significantly 

reduced ROS levels in both sgNT cells (figure 11C and D). The increase 

observed in ROS levels in ABCC3-deficient cells could be due to an increase in 

apoptosis (figure S3). 

A possible role of ABCC3 in GSH transport could be occurring. To explore this 

possibility, we measured GSH content after adding oligomycin. In the case that 

ABCC3 is an influx transporter of GSH, the addition of oligomycin would impair 

ABCC3 transport, and GSH content will be diminished.  
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Figure 11. ABCC3 activity depends on mitochondrial metabolism. Representation of the 

GSH content and ROS measurement by flow cytometry. A) GSH content and B) ROS production 

in adherent and spheroid cultures of ABCC3-expressing (sgNT) and ABCC3-deficient (sgABCC3) 

PDAC cell lines. Data is represented as the fold change of CFPAC-1-Cas9 sgNT in adherent 

conditions. ROS measurement of CD133+ population in C) CFPAC-1-Cas9 sgNT and sgABCC3 

and in D) MIA PaCa-2-Cas9 sgNT and ABCC3) in basal conditions and after gemcitabine 

treatment upon oligomycin addition or not. Data is represented as the fold change of control. GSH 
content of CD133+ population in E) CFPAC-1-Cas9 sgNT and sgABCC3 and in F) MIA PaCa-2-

Cas9 sgNT and ABCC3) in control conditions and after gemcitabine treatment upon oligomycin 

addition or not. Data is represented as the fold change of control. 
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not observed in sgABCC3 cells. ABCC3-expressing cells presented lower levels 

of GSH when oligomycin was added prior to gemcitabine treatment. Importantly, 

this did not occur in ABCC3-deficient cells (11E and F). These results suggest 

that GSH could act as an antioxidant to reduce ROS levels and that GSH is 

transported into the cytoplasm, at least in part, by ABCC3. 

 

ABCC1 is implicated in gemcitabine resistance in PDAC, but it is not related 
to stemness 

ABCC1 is the most studied member of the MRP family. This transporter is almost 

ubiquitously expressed in the basolateral membrane of cells. ABCC1 has several 

known substrates such as hydrophobic and anionic molecules, glucuronide, and 

glutathione conjugates54. It is one of the transporters of the ABCC family that has 

been related to multidrug resistance in cancer55. Recently, it has been 

demonstrated in PDAC that ATF4 mediates gemcitabine resistance by binding to 

the ABCC1 promoter56. Different ABC transporters have been related to 

stemness in PDAC, such as ABCG257, and we also showed ABCC3. 

As ABCC1 and ABCC3 share a high grade of homology, we interrogated if the 

lack of ABCC3 could be compensated by overexpressing ABCC1 in PDAC. As 

analyzed by flow cytometry, ABCC1 protein levels were not altered in ABCC3-

deficient cells (figure 12A).  

As previously described58, ABCC1 expression is upregulated after gemcitabine 

treatment, but its expression is also increased upon abraxane treatment (figure 

12B). Interestingly, contrary to what we found in ABCC3, the upregulation of 

ABCC1 induced by treatments was observed in the CD133- population (figure 

12C). 
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Figure 12. ABCC1 expression is increased in response to treatment in CD133- cells. ABCC1 

expression in A) CFPAC-1-Cas9 sgNT and sgABCC3 cells and in B) IMIM-PC2-Cas sgNT and 

sgABCC3 cells. C) ABCC1 expression upon gemcitabine and abraxane treatment. Untreated 

cells were used as controls. D) ABCC1 expression in CD133 populations in control, gemcitabine, 

and abraxane treatment. 

 

These results point to a specific role of ABCC3 and ABCC1 in CD133+ and 

CD133- populations, respectively. On the one hand, ABCC3 is involved in the 

gemcitabine resistance in CSCs population. On the other hand, ABCC1 might 

play a role in gemcitabine and abraxane resistance in non-CSCs PDAC cells. 

To corroborate that ABCC1 is not overexpressed in CSCs, we cultured a PDX185 
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Figure 13. ABCC1 is not expressed in enriched stem cell populations. A) ABCC1 mRNA 
expression in PDX primary cultures. Data is represented as the fold change of PDX in adherent 

conditions. B) ABCC3 expression in adherent and spheroids conditions of PDX185 cultures. Data 

is represented as the fold change of CD133- in adherent conditions. 

 

ABCC1, despite being homologous to ABCC3, seemed not to be overexpressed 

in CSCs after gemcitabine or abraxane treatment or spheroids-enriched 

conditions. On the contrary, it is upregulated in non-CSCs after standard 
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DISCUSSION 

PDAC is an aggressive malignancy usually diagnosed at advanced stages of the 

disease. Additionally, tumor cells are highly chemoresistant, difficulting 

therapeutic options1. Despite drug resistance, adjuvant therapies have been 

demonstrated to improve effectiveness in resected-patients59. Considering the 

chemoresistance to standard drug treatment, there is a need to develop new 

specific inhibitors of PDAC biomarkers. ABCC / MRP transporters have been 

related to drug resistance in several cancers, and specifically, ABCC3 has been 

found to be overexpressed in PDAC compared to normal pancreas60. 

We have corroborated the overexpression of ABCC3 in PDAC and additionally 

its involvement in proliferation. The presence of ABCC3 in PDAC cells leads to 

increased proliferation in vitro and in vivo tumor growth. 

Several MRP proteins have been related to drug resistance in PDAC. For 

example, upregulation of ABCC1 plays a role in gemcitabine resistance. It has 

been described that ATF4 binds to the promoter of ABCC1 to activate its 

transcription. In agreement, the downregulation of ATF4 inhibited proliferation, 

migration, and gemcitabine resistance13.  

We have found that ABCC3 is also implicated in the resistance to gemcitabine 

treatment in PDAC cells. ABCC3-deficient PDAC cells are more sensitive to 

gemcitabine, have lower self-renewal and sphere formation abilities. ABCC3 and 

ABCC1 could play a similar role in PDAC in terms of proliferation and 

chemoresistance. There have been some pieces of evidence that ATF4 is also 

related to ABCC3 in other types of cancers61, so ATF4 could regulate both MRP 

transporters. Further studies on ATF4 and ABCC3 need to be performed. 

On the contrary, ABCC3 does not seem to be implicated in abraxane resistance. 

Hence, abraxane is not secreted by ABCC3, and the genetic ablation of ABCC3 

did not sensitize cells to this chemotherapeutic agent. The combination of 

abraxane, which affects cells independently of ABCC3 expression, with 

gemcitabine resulted efficient in reducing tumor growth in ABCC3-deficient 

tumors. Thus, ABCC3 inhibitors could improve the efficiency of standard 

chemotherapy for PDAC tumors. 
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It is well established that the inherent chemoresistance of this tumor is based, at 

least in part, on the presence of CSCs, a highly plastic and "stem"-like population 

of cells. CSCs have their own characteristics in terms of chemoresistance, 

invasiveness, autophagy, or metabolism. The current treatments for PDAC 

patients are ineffective, CSC subpopulation of cells resist treatments, and 

transient cells replenish CSCs62. New chemotherapeutic agents targeting CSCs 

have resulted in being effective in PDAC treatment. Metformin as an adjuvant 

with gemcitabine treatment in clinical trials has shown promising results in 

resectable PDAC tumors63. ABC transporters have been described to be present 

in the cell membrane of CSCs, contributing to the chemoresistance of these 

cells64. We investigated the involvement of ABCC3 transporter in the mechanism 

of resistance to gemcitabine and their possible expression in CSCs. 

We could observe that ABCC3 is expressed in CD133+ population, which 

indicated that ABCC3 is implicated in the chemoresistance capacity of CSCs in 

PDAC cells. Once we assessed the relationship between ABCC3 and stemness 

in vitro, we moved to orthotopic PDAC models to corroborate the implication of 

ABCC3 in gemcitabine resistance in CSCs. Interestingly, in treated mice, we 

observed that ABCC3-expressing tumors had an enriched CSC population and 

responded worse to the treatment. In contrast, ABCC3-deficient tumors had a low 

population of CSCs and decreased in size after the standard treatment. 

Altogether, these results indicate that targeting ABCC3 with specific inhibitors 

could be a new adjuvant drug that could improve standard chemotherapeutic 

treatments for PDAC. 

ABCC1 was pointed out as a transporter implicated in gemcitabine resistance. Its 

overexpression is induced after gemcitabine treatment in PDAC. But 

interestingly, we described in this work that the expression of ABCC1 occurs in 

the CD133- population upon gemcitabine treatment, even on spheroids-enriched 

conditions. These data suggest that non-CSCs become chemoresistant by 

inducing ABCC1 expression, while ABCC3 is upregulated in CSCs. These results 

are relevant and suggest that inhibiting ABCC1 and ABCC3 could sensitize both 

CSCs, and non-CSCs populations might improve current PDAC treatments. 

Cancer cells have an increased proliferation rate; thus, they have to adapt their 

metabolism. Cancer cells usually use glycolysis for the production of ATP and 
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building blocks (Warburg effect). CSCs have a different metabolic phenotype, 

and depending on the cancer type, they can explode glycolysis or OXPHOS. In 

any case, CSCs are dependent on mitochondrial functions. PDAC CSCs are 

characterized by an OXPHOS metabolism, in contrast to non-CSCs that rely on 

glycolytic pathways65.  

We bore out that PDAC CSCs obtain energy via mitochondrial activity. In basal 

conditions, CSC population had elevated ROS levels, and in response to 

gemcitabine treatment, they increased ROS production.  

Recent reports about the activity of ABCC transporters demonstrated that these 

proteins use mitochondrial-derived ATP as a source of energy to efflux their 

substrates, including drugs66. 

We showed that by inhibiting mitochondrial ATP synthase with oligomycin, the 

production of ROS decreased in ABCC3-expressing cells more than in ABCC3-

deficient cells, suggesting the relationship between mitochondrial ATP and 

ABCC3 activity. These data reinforce the relation between ABCC3 and CSCs, 

and their dependency on OXPHOS metabolism. Different inhibitors against 

mitochondrial metabolism, or ABCC3, or even the combination of both could lead 

to an increased effect of conventional treatment to reduce CSCs population to 

prevent relapses and chemoresistance in tumor patients. 

Oxidative CSCs have elevated levels of ROS from cellular respiration that need 

to be counteracted. Enhanced GSH metabolism has been related to increased 

mitochondrial activity, protecting from death caused by ROS67. Glutathione 

peroxidases and transferases have been described to maintain OXPHOS and 

preserve mitochondrial function68. 

ABC transporters have been related to glutathione conjugates. The 

overexpression of both molecules in cells results in the efflux of cytotoxic agents 

leading to drug resistance69. ABCC1 and ABCC2 have been identified as 

glutathione-S-conjugate transporters in several cancer types. ABCC1 and 2 

cotransport drugs with GSH for the secretion of both agents70. ABCC3 has been 

shown not to be implicated in the excretion of GSH, but it has been related to 

GSH transport, probably in infflux71,72. 
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We demonstrated that ABCC3 is implicated in the internalization of GSH; 

ABCC3-deficient cells contain lower levels of glutathione compared to ABCC3-

expressing cells. We also corroborated that CSCs have higher content of GSH 

compared to non-CSC population. We propose that with the inside transport of 

GSH by ABCC3, CSCs could counter and balance the presence of ROS 

produced by an elevated mitochondrial metabolism in response to treatments. 

Using different GSH metabolism inhibitors, CSCs could also be targeted as a 

strategy to improve current chemotherapeutic treatments (figure 14). 

 

Figure 14. Graphical representation of the metabolism of non-CSCs and CSCs and the 
proposed implication of ABCC3. A) ROS production and GSH transport in non-CSCs and 

CSCs. B) ROS production, mitochondrial metabolism, and GSH transport in basal conditions and 
upon oligomycin treatment. 
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help to improve the effectiveness of conventional treatments. Our results support 

the oxidative metabolism of PDAC CSCs and their linkage with GSH metabolism 

to balance ROS levels. Also, ABCC3 was described as an import transporter of 

GSH in response to treatments. 

The inhibition of ABCC3 could target CSCs sensitizing cells to chemotherapeutic 

agents. ABCC3 could be a predictive marker in ABCC3-expressing tumors. 

Additionally, its expression could also be monitored in initial ABCC3-deficient 

tumors. These tumors will overexpress ABCC3 after gemcitabine treatment, and 

its inhibition could be an adjuvant to improve patients' OS. In addition, ABCC1 

inhibition would target non-CSCs to sensitize cancer cells to gemcitabine 

treatment. Both ABCC transporters inhibition would target CSCs of non-CSCs in 

PDAC tumors. 
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CONCLUSIONS 

1. ABCC3 is overexpressed in PDAC tumors. 

2. ABCC3 contributes to the increase in proliferation in PDAC cell lines in 

vitro and in vivo. 

3. ABCC3 is implicated in the mechanism of chemoresistance to gemcitabine 

in established and PDXs cell lines in vitro. 

4. ABCC3 is differentially expressed in CSCs. 

5. ABCC3 uses mitochondrial-derived ATP for its activity in the transport of 

molecules. 
6. ABCC3 is one of the influx transporters of GSH. 
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SUPPLEMENTAL FIGURES 
 

 

Figure S1. ABCC3 mRNA expression levels in PDXs in adherent and spheroids-enriched 
culture. Data is represented as the fold change of PDX in adherent conditions. 

 

 

 

Figure S2. ABCC3 ablation did not sensitize PDAC cell lines to abraxane. A) Dose response 

to abraxane of sgNT and sgABCC3 PDAC cell lines for 72 h. C) IC50 values for abraxane 

treatment in sgNT and sgABCC3 PDAC cell lines after 72 h. Data are represented as mean ± SD. 

Unpaired t-test was performed (n.s, no significant; * p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001). 
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Figure S3. Annexin V and ROS measurement by flow cytometry. Annexin V expression and 
ROS levels measurement in ABCC3-expressing cells (CFPAC-1- and MIA PaCa-2-Cas9 sgNT) 

and ABCC3-deficient cells (CFPAC-1- and MIA PaCa-2-Cas9 sgABCC3) after gemcitabine 

treatments in the presence or absence of oligomycin. 
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INTRODUCTION 

Antibodies (Abs) are proteins present in plasma and extracellular fluids. They are 

produced in response to foreign molecules and organisms as principal effectors 

of the adaptive immune system1. They can bind to an antigen with high affinity, 

selectivity, and specificity. 

Conventional immunoglobulin G (IgG) Abs are glycoproteins produced and 

secreted by specialized B lymphocytes. They are also referred to as 

immunoglobulin, and four polypeptides form them. They are composed of two 

identical heavy (H; ∼55 kDa) and two light (L; ∼25 kDa) chains held together by 

disulfide and noncovalent bonds. The complete Ab's molecular weight is around 

150 kDa, and they shape a Y structure. Each chain contains various constant (C) 

regions and one variable (V) joined by disulfide bonds2. Two parts can be 

distinguished (figure 1): 

- Antigen binding-domain (Fab). They contain a binding site where they 

bind to the epitope. 

- Effector domain. Consist of the fragment crystallizable region (Fc), they 

participate in biological functions as natural killer cell activation or 

phagocytosis. 

Both parts of the Ab, Fab and Fc, are connected by the hinge, a region rich in 

proline, threonine, and serine. This component allows the movement of Fab 

domains to interact with the antigen3,4. 

Light and heavy chains are constituted by three hypervariable regions of 5 to 10 

amino acids that form the epitope binding sites or complementarity-determining 

regions (CDRs), and some constant and conserved regions1, known as 

framework regions (FRs). 

The use of Abs has been increased since the last decades; due to their 

characteristics to recognize and bind different antigens, they have been used in 

several biomedical applications as well as in the diagnosis and treatment of 

different diseases5. 

By genetic modifications, different Ab-derived fragments can be obtained, such 

as F(ab')2, Fab, single chain fragment variable (scFv), minibodies, and diabodies 

(Db). Those fragments have the same affinity and selectivity but different sizes6.  
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Figure 1. Ab structure. Description of the different parts of an Ab and the possible cutting sites 

to generate Ab-derived fragments. Image taken from Janeway et al. 2021 

Nbs were discovered in 1993; although genetic engineering can generate them, 

they can also be generated by immunization in the Camelidae family7. 

Serum from Camelidae family contains heavy-chain antibodies (HCAbs) that lack 

the light chain8. The heavy chain of HCAbs is formed by three globular domains, 

the two CH2 and CH3 are highly homologous to the Fc domain of Abs, but CH1 

is missing9. Thus, in the case of HCAbs, the Fab fragment is reduced to a single 

variable domain (VHH). Nbs obtained by Camelidae immunization correspond to 

the VHH regions. 

VHH domain from HCAbs is functional when expressed independently; their 

amino acid length ranges from 120 to 150 amino acids. VHH structure is similar 

to human VH; it comprises 2 β-sheets, one with four and the other with five β-

strands10. They share several properties with HCAbs, they are pretty resistant to 

extreme conditions (temperature, pressure, or proteases), and due to their small 

size, they can reach and bind to cavities or grooves of the antigens' surface11. 
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Three CDRs form Nbs to bind to their antigens; FR connects CDR regions, also 

FRs act as scaffolds for CDRs. CDR fractions are variable to bind different 

antigens, but FR regions are sequentially and structurally conserved10. 

Amino acids' median length of Nbs is 123, being the minimal 109 and the maximal 

137 amino acids. FR domains are highly conserved, and their amino acids length 

is 25 for FR1, 18 for FR2, and 37 for FR312. There are some amino acid 

substitutions in FR2 sequence compared to VH sequences (F37, E44, R45, G47); 

these changes lead to increased hydrophilicity and solubility of VHHs13. The 

length of CDRs is diverse, especially in CDR3; amino acids values of CDR are 8 

for CDR1, 8 for CDR2, and 16 for CDR3 (figure 2). Sequences of VHH are larger 

than human VH sequences14.  

In VHHs, there is an additional disulfide bond between CDR1 and CDR3, this 

bond is not necessary for Nbs function, but it has been demonstrated that it 

stabilizes the domain and rigidifies the long CDR3, forming a stronger interaction 

with the antigen13. The Cysteine (Cys) in CDR1 is conserved, and it is proposed 

to play a functional role in the disulfide bond for CDR loops stabilization. 

VHH characteristics are the same as an intact Ab, but their molecular weight is 

only 15 kDa; even more, they have high stability, enhanced hydrophilicity, and 

protruding CDR3 regions that permit epitope interactions and improve tissue 

penetration15.  

 

Figure 2. VH and VHH sequences and structures. Amino acid sequences of VH and VHH 

regions and their respective protein structures. FRs and CDRs are represented, as well as 
conserved aminoacids in VHH. Image modified from Muyldermans et al. 2009. 

Nbs can be engineered and tailored for multiple applications and purposes. Due 

to their high selectivity and specificity, Nbs can recognize different conformations 
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of an antigen; this has been very useful for crystallization, protein-protein 

interactions, or inhibition of proteins16. Apart from laboratory research techniques, 

they have been used as diagnosis and therapeutic tools. For in vitro diagnosis, 

they result cheaply and easily for epitope detection. Moved to in vivo imaging, 

these agents are very useful due to their small size and, thus, their clearance 

route. Nbs present a fast clearance and reduced toxicity; they are an excellent 

tool for SPECT/CT or PET/CT17 applications. As well as for its diagnosis use, 

they have also been tried in therapy; Nbs are good candidates for treatments due 

to their specificity and the ability to modify the structure of Nbs, i.e., 

humanization16. Recently, caplacizumab (ALX-0681), a bivalent Nb18  for the 

treatment of patients suffering from thrombotic thrombocytopenic purpura, 

received approval from the European Medicines Agency (EMA) and the US Food 

and Drug Administration (FDA), giving domain Abs in the clinic and research a 

boost. 

Owing to the characteristics of Nbs and their possible applications, their 

generation against a specific target can result in the improvement of the 

knowledge of molecules. 

ABCC3 seems to be a candidate as a biomarker for PDAC in diagnosis and 

treatment, the generation of Nbs against ABCC3 can help us understand the role 

of ABCC3 in chemoresistance, and stemness can be used in the diagnosis of 

cancer by imaging tools as immuno-PET. 
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OBJECTIVES 

We have demonstrated that ABCC3 correlates with stemness and 

chemoresistance in PDAC.  

The goal for this chapter is the generation of Nbs against ABCC3 that could serve 

as diagnostic and therapeutic tools for PDAC. Nbs will be generated by camel 

immunization with ABCC3-overexpressing cells and selected using Escherichia 

coli (E. coli) display. Those Nbs will be validated and tested for the specific 

detection of ABCC3. Once selected and isolated, these Nbs will be validated and 

tested for the specific affinity to target ABCC3.  

Therefore, the specific objectives of this chapter are: 

1. Generation of a library of Nbs expressed on the surface of E. coli. 

2. Selection of Nbs against ABCC3 by E. coli display. 

3. Validation of the specificity of the selected Nbs against ABCC3 in vitro. 
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MATERIAL AND METHODS 

Mammalian cell culture 

The human cell lines CFPAC-1, IMIM-PC2, MIA PaCa-2, and A549 were grown 

as monolayers in Dulbecco's modified Eagle's medium (DMEM, Sigma) 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin and 

streptomycin (Gibco) at 37ºC, 5% CO2. AsPc-1 and BxPc-3 pancreatic cell lines 

were cultured in Roswell Park Memorial Institute medium (RPMI, Sigma) 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco) at 37ºC, 5% CO2. All 

cell lines were obtained from Mariano Barbacid's laboratory (CNIO).  

 

Camel immunization 

Camel immunization was performed by Carlos Gutiérrez y Juan Alberto Corbera 

at University of Las Palmas de Gran Canaria.  

Before the immunization, serum from the animal was collected and stored at -

80ºC. 108 cells of T98G-CMV-ABCC3 (ABCC3-overexpressing cells) were 

resuspended in 2 ml of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES). The injection was prepared by mixing the cells with the Gerbu adjuvant 

(Gerbu Biotechnick) and injected intramuscularly in multiple points the triceps. 6 

immunizations were performed every 7 days. After the 6th immunization, the 

serum from the animal was collected and stored at -80ºC. Also, 50 ml of blood 

was collected for lymphocytes isolation for VHH amplification and cloning of the 

library. 

 

Bacterial strains, growth and induction conditions 

E. coli strains used in this work are listed in Table 1. E. coli EcM1 bacteria carrying 

pNeae vector with VHH gene were grown at 30ºC in Luria Broth (LB) liquid 

medium with chloramphenicol (Cm) for plasmid selection in static conditions. LB 

plates and pre-inoculum media contained 2% (w/v) glucose for lac promoter 

repression. E. coli WK6 carrying pHEN6 vector with VHH gene were grown at 

28ºC in LB medium with ampicillin (Amp) for plasmid expression in dynamic 

conditions. 
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Table 1. E. coli strains 

Name Genotype and properties Reference Use 

E. coli K-12 strains 

DH10B-T1R F- mcrA Δmrr-hsdRMS-mcrBC 

φ80lacZDM15 ΔlacX74 recA1 endA1 

araD139 

Δ(ara, leu)7697 galU galK rpsL (StrR) 

nupG tonA λ- 

Invitrogen Cloning 

EcM1 MG1655ΔfimA-H 19,20 VHH 

display 

WK6 Δ(lac-proAB), galE, strA, nal, F’[lacIqZ 

ΔM15, proAB] 

21 VHH 

production 

 

Table 2. Plasmids. 

Plasmids 

pNeae (CmR),pAK-Not-derivative;  

IntiminEHEC (1-654)-E-myc 

tag for cloning VHH 

19 VHH display 

pNVABCC3(n) pNeae-derivative; Display 

of VABCC3(n) clone in 

IntiminEHEC (1-654)-E- 

VABCC3(n)-myc 

This work VHH display 

pHEN6 (ApR), pUC- and M13-ori, 

PelB, pIII; Periplasmic 
expression of Nbs with 

6xHis-myc-tags 

22 VHH periplasmic expression 

pHEN6-VABCC3(n) pHEN6-derivative; for 

periplasmic expression of 

Nb V ABCC3(n) with 6xHis-

tag 

This work VHH periplasmic expression 

pLentiCas9-Blast (ApR), FUGW-H1 

derivative; Cas9 

expression 

Addgene Cas9 expression 
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pKLV-U6gRNA-

EF(BbsI)-

PGKpuro2ABFP 

(ApR), pBluescript-

derivative; gRNA 

expression 

Addgene gRNA expression 

pKLV-

U6sgRNAABCC3#2-

EF(BbsI)-

PGKpuro2ABFP 

(ApR), pBluescript-

derivative; sgRNAABCC3#2 

expression 

This work sgRNAABCC3#2 expression 

 

Lymphocytes isolation 

Blood samples were received, processed and lymphocytes isolates by Yago 

Margolles from Dr. Luis Ángel Fernandez laboratory from the Microbial 

biotechnology group at CNB, Madrid. 

Blood samples from the camel were obtained after 42 days of immunization with 

cells. The whole blood sample was lysed using 1X Lysis buffer (0.15 M NH4Cl, 

1 mM KHCO3, and 0.1 mM K2EDTA, ratio 1:10) for 7 min at RT. Then, the reaction 

was stopped using 1X PBS. Subsequently, the sample was centrifuged at 1000 

x g for 15 min at 4 ºC. The supernatant was discarded, containing red blood cells 

and lysates. Later, lymphocytes were washed with 1x PBS and further processed. 

Total RNA from lymphocytes was extracted with the TRIzol kit (Life Technologies) 

according to the manufacturer's instructions. 1 µg of total RNA was used for 

cDNA synthesis with SuperScript II reverse transcriptase (Life Technologies) and 

random hexamers. 

 

Plasmids and oligonucleotides 

Plasmids used in this work are summarized in Table 2. The E. coli DH10B-T1R 

strain was employed for plasmid propagation and cloning experiments. DNA 

constructs were sequenced by the Sequencing Unit at the CNIO. PCR reactions 

for cloning were performed with Taq polymerase (NZYtech) using the indicated 

PCR programs for each purpose. Oligonucleotides are listed in table 3 and were 

commercially synthesized (Sigma).  

pNeae and pHEN6 (figure S1) plasmids were digested with SfiI for 2 h at 50ºC 

and with NotI, PstI, or BstEII for 2 h at 37ºC.  



Chapter II 

 140 

The plasmid pNeae, present chloramphenicol resistance (CmR) and carries the 

lacI and lac promoter region, controlling a gene fusion between intimin residues 

1–654 (from EHEC O157:H7 strain EDL933stx-) followed by the E-tag 

(GAPVPYPDLEPA) and a C-terminal myc-tag (EQKLISEED)19.  

pNeae plasmid and derivates were prepared from bacteria harvested from LB-

Cm-glucose plates and electroporated into E. coli EcM1 strain for selections.  

pHEN6 plasmid contains ampicillin resistance (AmpR) and a tail of 6 Histidines 

(His Tag) that will be placed after the VHH for its purification with Nickel. 

pHEN6 plasmid ad derivates were prepared from bacteria harvested from LB-

Amp plates and electroporated into E. coli WK6 strain for VHH production. 

 

Table 3. Oligonucleotides 

Name Sequence (5’-3') Reference 

sgABCC3 #2 Forward CACCGTACCTGCGGCACCATTGTCGGT This work 

sgABCC3 #2 Reverse TAAAACCGACAATGGTGCCGCAGGTA This work 

sgRNA NT Forward UUAUGCCGAUCGCGUCACAUU 24 

sgRNA NT Reverse UGUGACGCGAUCGGCAUAAUU 24 

VHH-SfiI GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCTCAGGTGCA

GCTGGTGGA 
25 

VHH-NotI GGACTAGTGCGGCCGCTGAGGACACGGTGACCTGGGT 25 

pAK-direct GTGACGCAGTAGCGGTAAACGGCAGAC 25 

38 GGACTAGTGCGGCCGCTGGAGACGGTGACCTGGGT 26 

A6E GATGTGCAGCTGCAGGAGTCTGGAGGAGG 26 

Forward Primer (FP) CGCCAGGGTTTTCCCAGTCACGAC 26 

Reverse Primer (RP) TCACACAGGAAACAGCTATGAC 26 

 

Library construction 

The pool of amplified VHH was amplified from cDNA of lymphocytes by using 

VHH-SfiI and VHH-NotI following the next PCR program: 6 minutes at 95ºC, 32 

cycles of 30 s at 94ºC, 30 s at 80ºC and 45 s at 72ºC, finally 10 min at 72ºC. For 



Chapter II 

 141 

library construction, the amplified VHHs were cloned into pNeae and 

electroporated in E. coli DH10B-T1R; the library size was determined by colony-

forming unit (CFU) counting. Electroporation was performed by mixing the ligation 

reaction with competent cells; in a cuvette of electroporation, a pulse of 2,5KV 

was applied for 3 s, then 1 ml of pre-warmed super optimal broth (SOC) was 

added, transferred to a tube, and incubated 1 h at 37ºC. Bacteria were plated in 

LB-Cm plates. 

 

Nbs cloning for purification 

Each selected individual clone was amplified, followed by the previous PCR 

program described, sequenced, excised from pNeae by SfiI or PstI and BstEII, 

and recloned into pHEN6 vector. Plasmid derivatives of pHEN6 with cloned VHH 

in SfiI-BstEII or PstI-BstEII sites were employed for periplasmic expression of 

soluble Nbs into E. coli WK6 strain21. 

VHH amplificated products in pNeae were purified by using PCR purification kit 

(Qiagen) following the manufacturer's instructions. VHH purified products were 

digested with SfiI O/N at 50ºC followed by PstI or BstEII digestion O/N at 37ºC. 

The ligations were carried out by adding 3:1 ratio of insert:vector with T4 DNA 

ligase (NZYTech) for 3 h at RT. Bacterial transformation was performed by heat 

shock. 5 µl of the ligation was added to 100 µl of DH10B competent bacteria; 

then, cells were incubated 5 min on ice, 150 s at 42ºC, and 2 min on ice. 900 µl 

of LB media was added, and bacteria were incubated for 1 h at 125 rpm at 37ºC. 

Finally, bacteria were plated in LB-Ampicillin plates. Individual colonies were 

grown in LB-Ampicillin, O/N at 37ºC and 150 rpm. DNA extraction was performed 

by using QIAprep spin miniprep kit (Qiagen) following manufacturer instructions. 

 

Nbs induction 

For VHH induction in pNeae plasmid, bacteria were obtained from the pool of 

clones, in the case of libraries, or from individual colonies. 
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Bacteria were freshly grown and harvested from plates, diluted to an initial optical 

density (OD)600 of 0.5, and grown in 50 ml of LB media with Cm and 1 mM 

isopropylthio-β-D-galactoside (ITPG) overnight (O/N) without shaking.  

For over-expression of soluble VHH in the periplasm, E. coli WK6 cells with 

pHEN6 plasmid were grown to an OD600 of 0.6-0.8 in 660 ml of Terrific Broth with 

Amp and induced O/N at 28ºC, 180 rpm with 1mM IPTG. 

 

Selection of E. coli display VHH libraries on cells  

For the cell surface selection with E. coli display library, A549 and A549-Cas9 

sgABCC3 were used for positive and negative selection, respectively. 

A549 and A549-Cas9 sgABCC3 cell lines were grown as monolayers in 6-well 

culture plates (Nunc) containing culture media to a confluency of ∼60%, i.e., ∼106 

cells, and washed with Phosphate Buffer Saline (PBS, Sigma). Induced E. coli 

bacteria (equivalent to a final OD600 of 1) were harvested by centrifugation (4,000 

x g, 5 min) and washed with 2 ml PBS. Washed bacteria (1 ml; ∼6 × 107 bacteria) 

were added to wells containing A549-Cas9 sgABCC3 #2 (negative selection) and 

incubated for 1 h at 37ºC. After incubation, the unbound bacteria were recovered 

and then added to wells containing A549 cells, incubated 30 min at 37ºC (for the 

first selection) or 15 min at 37ªC (other five selections). Next, A549 cells were 

washed 3 times with 1 ml PBS to remove any non-specifically bound bacteria and 

subsequently lysed with PBS supplemented with 0.5% Triton X-100 and 0.1% 

DNase. Serial dilutions of the cell lysate containing bacteria were plated to CFUs 

of bacterial recovered after the procedure, the rest of the culture was plated for 

recovering, and continued with the following selections. The process of selection 

consisted of 6 rounds for a specific method (figure 3). 

 

Purification of Nbs from the periplasm of E. coli 

Soluble Nbs with His Tag in their C-termini were induced in the periplasm of E. 

coli WK6 cells carrying pHEN6. Bacteria were harvested by centrifugation (4000 

x g, 10 min, 14ºC) from 660 ml cultures, resuspended in 8 ml TES 4X buffer (Tris-

EDTA-SDS), and incubated at 4ºC, 180 rpm for 1 h. 16 ml of TES 1X were added 
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and incubated at 4ºC, 180 rpm, 2 h. The periplasmic extract was obtained by 

adding 200 µl MgCl2-hexahydrate 2M and centrifugation (10,000 x g, 30 min, 

4ºC). And finally, the supernatant was dialyzed in 2 steps of 2h, and O/N at 4ºC 

against 5 L of PBS 1X. Dialyzed extract was loaded onto a Nickel-containing 

affinity resin (GE Healthcare), washed with PBS 1X, and bound protein eluted in 

0.5M imidazole in PBS 1X using ÄKTA protein purification system (Sartorius). 

Fractions collected from purification were loaded onto an SDS-PAGE, and 

fractions corresponding to the monomeric Nbs (apparent molecular mass of 11-

15 kDa) were collected. Eluted Nb was dialyzed against PBS 1X, in 2 steps of 

2h, and O/N at 4ºC. Protein concentration was estimated using Bradford Reagent 

(Biorad) following manufacturer instructions. Briefly, 200 µl of Bradford reagent 

was added to several bovine serum albumin (BSA) dilutions, used as standards, 

and 2 µl of protein, after 10 minutes of incubation, the absorbance was read at 

595 nm. 

 

Analysis of Nbs specificity by flow cytometry. 

Cells were washed with 1 ml PBS and collected with 10mM-EDTA in DPBS. 4 z 

105 cells were blocked with 1% BSA in PBS and incubated with different amounts 

of the Nb (0.25, 0.5, 1, 2.5, 5, 10, and 20 µg) for 30 min, 4ºC. After incubation, 

the cells were washed once with 500 µl PBS and resuspended in 100 µl 1% BSA-

PBS containing anti-His Tag Ab (Bio X-Cell, 1:1500). The cells were washed 

twice with 500 µl PBS and resuspended in 100 µl 1% BSA-PBS containing goat 

anti-mouse-APC Ab (Biolegend, 1:1500) and incubated 30 min at 4ºC. Then, cells 

were washed twice with 500 µl PBS, and the pellet was resuspended in 500 µl of 

0.5 mM EDTA-PBS. For each experiment, at least 105 cells were analyzed in a 

Gallios flow cytometer (Beckman Coulter). 

 

Immunofluorescence analysis of Nbs 

Cells were seeded (∼3 × 104 cells/well) and grown on sterile coverslips (13 mm 

diameter, VWR International) placed at the bottom of the wells in 24-well tissue 

culture plates for 24 h. The wells were washed with 1 ml PBS. Coverslips were 

blocked for 30 min with 500 µl 5% BSA in PBS and then incubated with Nb (10 
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µg) at 4ºC, O/N in a wet chamber. The coverslips were washed 3 times with 1 ml 

of PBS and incubated with anti-His Tag Alexa Fluor 647 (1:1500, Biolegend) at 

4ºC for 30 minutes in a wet chamber. Next, coverslips were washed with PBS, 

water and mounted with Prolong (Invitrogen) on glass slides. The samples were 

visualized using widefield fluorescence microscopy (Leica AF6000). 

The fixation step was skipped due to the inefficient binding of Nbs to ABCC3 

epitopes in fixated cells. Immunofluorescence staining was performed in fresh 

samples. 

 

Nbs binding imaging acquisition by Incucyte Sx5 system 

Cells were seeded (∼3 × 104 cells/well) in 96-well plates for 24 hours. 10 µg of 

Nb were incubated with anti-His Tag Alexa Fluor 647 (1:1500, Biolegend) for 30 

minutes at 4ºC. Next, the mixture of Nb-His Tag-Alexa Fluor 647 was added to 

the cells. Phase contrast and near-infrared light images were acquired every 15 

minutes for the first 2 hours and then every 2 hours in Incucyte SX5 (Sartorius) 

to determine Nbs binding to cells.  

 

Protein extraction, SDS-PAGE, and Western Blot analysis 

For protein isolation, cells were harvested in NP40 buffer (Sigma) supplemented 

with a protease inhibitor cocktail (Roche Applied Science).  

Bacterial extracts were centrifugated (4,000 x g, 5 min, 4ºC), resuspended in 300 

µl NP40 buffer, and sonicated by ultrasound (45 s at 65% power and 2 min 

reposing). Finally, the supernatant was taken from centrifugation (13,000 x g, 20 

min, 4ºC). 

50 µg of protein extracts were mixed with the same volume of SDS-sample buffer 

(Laemmli, 2X, Sigma), boiled fat 95ºC or 10 min, and loaded onto 12% SDS-

PAGE gels and run using Running buffer (SDS-Glycine-Tris, Fisher Reagents). 

Proteins were either stained with Coomassie or transferred to a polyvinylidene 

difluoride (PVDF) membrane (Millipore).  
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Coomassie staining: Acrylamide gels were incubated with Staining buffer (0.1% 

(w/v) Coomassie blue R350 (v/v) methanol, 10% (v/v) acetic acid) for 30 min at 

RT with shaking. Then, gels were washed with De-staining buffer (50% (v/v) 

methanol, 10% (v/v) acetic acid in water) for 30 min and O/N at RT with shaking. 

Finally, gels were conserved in Storage solution (5% acetic acid in water). 

Immunoblotting: Acrylamide gels were transferred to PVDF membranes O/N at 

4ºC using Transfer Buffer (Glycine-Tris, Fisher Reagents). Membranes were 

sequentially blocked with 1X PBS containing 5% BSA; w/v and 0.1% Tween20 

(v/v), incubated for specific detection of His-tagged proteins with Anti-His Tag Ab 

O/N, 4ºC (1:1000, Bio X-Cell), washed 3 times with 1X PBS containing 0.1% 

Tween20 (v/v), incubated with goat anti-mouse (1:15000, Licor), and washed 

again to remove unbound Ab. Bound Ab complexes were detected by using 

Odyssey (Licor Biosciences). 
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RESULTS 

Immunization and construction of the E. coli display VHH library 

We pointed out ABCC3 as a new possible biomarker of PDAC. Due to its 

involvement in drug resistance and stemness, we decided to generate Nbs 

against ABCC3 that could be used as a diagnosis and therapeutic tool.  

For the generation of Nbs, we immunized camels with alive cells overexpressing 

ABCC3 (T98G-CMV-ABCC3).  

Nbs were generated by camel immunization, serum from the animal was 

collected before the first injection of cells and stored at -80ºC (pre-immunization 

serum). The camel was immunized with 108 cells that overexpress ABCC3 once 

a week for 6 weeks, and the injections were administered intramuscularly in the 

triceps. Serum from the animal was collected 7 days after the last immunization 

and stored at -80ºC (post-immunization serum). 

To check the immune response of the camel to the cells, we assayed the 

immunoreactivity of the pre-and post-immunization sera in cells expressing and 

not expressing ABCC3. The experiments were carried out by adding pre- or post-

immunization serum to the cells. After the incubation with the serum, we added 

protein A conjugated to Alexa Fluor 647, which binds to Fc regions of Abs present 

in the serum.  

First, we incubated sera with the cells used for the immunization, T98G-CMV-

ABCC3. The incubation with the pre-immunization serum showed low 

fluorescence, corresponding to low binding of Abs present in the serum, 

corresponding to the basal levels of camel Abs. With the incubation with the post-

immunization serum, protein A fluorescence was higher, demonstrating that the 

camel's immune system had generated Abs against the target cells (figure 1A). 

Camel has produced a response against the cells that were used for the 

immunization. To determine if the camels specifically generated a response 

against ABCC3, we analyzed the pre-and post-immunization serum to A549 wild-

type (WT), and ABCC3-deficient cells generated by CRISPR/Cas9 means A549-

Cas9 sgABCC3 cells. A549 is a cell line derived from a lung carcinoma with one 

of the highest levels of ABCC3 described; it was used as positive control. We 

generated ABCC3 knock-out (KO) by CRISPR-Cas9 system as negative control 
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of ABCC3 expression. Abs from the serum were bound to A549 WT cells that 

express ABCC3 more than A549-Cas9 sgABCC3 cells, indicating that the camel 

generated Abs against ABCC3 (figure 1B). 

 

Figure 1. Evaluation of camel immunization by flow cytometry. Validation of camel serum 

bound to protein A in cells expressing and not expressing the antigen, ABCC3. A) Validation of 
sera in cells used for the immunization (T98G-CMV-ABCC3). B) ABCC3 specific validation of 

sera in WT and KO cells of ABCC3 in A549 cell line. 

 

Once the serum was tested and validated, we started the generation of a Nbs 

library. 7 days after the 6th immunization in the camel, the serum was extracted, 

and serum lymphocytes were isolated by density gradient. RNA was isolated from 

these cells and retrotranscribed to cDNA. The pool of VHH gene segments was 

amplified from lymphocytes cDNA and cloned in a phagemid vector, generating 

a library size of 108 independent clones.  

Once the library was generated for the E. coli display, the VHH regions had to be 

recloned in pNeae plasmid. The VHH gene segments were excised from the pool 

of phagemid DNA by the digestion with SfiI and NotI restriction enzymes; then, 

they were cloned into the same sites of E. coli display vector pNeae (Figure 1A, 

B, C, and D).  

pNeae is a plasmid that fuses VHH sequences to the C-end of intimin polypeptide 

Neae27. NVHH fusion polypeptide includes 2 epitope tags flanking the VHH 
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domain for immunodetection, E and myc-tag (Figure 2F and G). Intimin is a 

virulence factor expressed on the outer membrane of some E. coli strains; by the 

fusion of intimin and VHH, the Nb can be expressed outside of the bacteria to 

recognize its antigen.  

The selection of Nbs is going to be performed on the cell surface. For that 

purpose, bacteria need to reach the cells for the recognition of the antigens by 

Nbs, which are displayed in the E. coli surface by pNeae plasmid. Thus, the 

library with the pool of VHH regions was transformed in E. coli strain EcM1 (figure 

1E). EcM1 strain has a deletion of the fimA-H operon encoding type 1 fimbriae, a 

natural adhesion involved in the recognition of mannosylated glycoproteins in 

epithelial cell surfaces. By losing fimbriae, the flagella are more motile, and the 

bacteria have an improved ability to move28.  

The final number of clones for this library was 2.7 x 108 independent clones. This 

size of the library is similar to the usual complexity of clones obtained by E. coli 

display; the usual range is 107 to 109 CFUs. 

 

Figure 2. Generation of a Nb library in E. coli from camel immunization. Description of the 

steps to obtain the Nbs library in E. coli. A) Camel immunization with tumoral cells for 6 weeks. 

B) Lymphocytes isolation from camel blood. C) Amplification of cDNA of VHH regions from 

lymphocytes. D) Cloning of VHH regions into pNeae2 plasmid for Nbs expression. E) Expression 
of pNeae2 plasmid in the outer membrane of E. coli. F) Scheme of Intimin and VHH fusions, 

showing N-terminal secreted passenger (SP), LysM and β-domain, D0 Ig-like and VHH region. 

G) Model of VHH and intimin fusion in the outer membrane, with N-terminal LysM domain in the 

periplasm, β-barrel with linker in the outer membrane, and connecting with C-terminal D0 and 

Camel immunization Lymphocytes isolation VHH regions Cloning in pNeae2 E. coli display library

cDNA
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blood

A B C D E

F G

Intimin
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VHH domains exposed to the extracellular milieu. The E-tag and myc-tag epitopes flanking the 

VHH domain are indicated. Image modified from Salema et al.28 

 

Selection of Nbs 

The library contains around 108 clones with Nbs expressed in E. coli cells. While 

assesing Nbs library diversity still needs to be done, the pool of EcM1 bacteria 

expresses in the outer membrane different Nbs targeting diverse antigens. To 

isolate specific Nbs that recognize ABCC3, we performed a screening.  

Typically, the selection of Nbs is performed using the target purified protein28, in 

this case, ABCC3 is a very large transmembrane protein with no crystal structure 

available, and it is difficult to purify. For this reason, we performed the selection 

using ABCC3-overexpressing cells as previously described by Salema et al.25.  

The selection process on cell surface antigens consists of cycles of negative and 

positive, respectively. The negative selection consists of incubating bacteria with 

A549-Cas9-sgABCC3 cells that do not express ABCC3 for 1 hour at 37ºC. In this 

process, unspecific bacteria and those specific against other antigens will be 

bound to the cells and retained (figure 3A). After this incubation, the supernatant 

is collected and added on top of A549, which present high levels of ABCC3, for 

15 minutes at 37ºC (figure 3B). In this selection, specific bacteria are going to 

bind to the cells. After 3 washes with PBS to remove all the unspecific bacteria, 

we collected bacteria by detaching cells with PBS-triton-DNase and plating them 

in LB-Cm-Glucose plates (figure 3C). Six rounds of selection followed this 

process. 

 

Figure 3. Nbs selection on cell surface antigens. A) Negative selection of bacteria with cells 

that do not express the antigen for 1 hour at 37ºC. B) Positive selection of bacteria collected from 

the supernatant from negative selection with antigen-expressing cells expressing the antigen for 
30 minutes at 37ºC. C) Plating of bacteria bound to cells. 
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expressing the antigen

Incubate with cells expressing the
antigen

Collect unbound
bacteria (supernatant)

Plate bacteria 
bound to cells

Negative selection Positive selection

A B C



Chapter II 

 150 

In parallel, we tested a new variation of this method to select Nbs. It consists of 

negative and positive selections, remaining the negative selection the same 

(figure 4A). However, for the positive selection, we put the supernatant in contact 

with a mixture of 90% of A549-Cas9 sgABCC3 cells and 10% of A549 cells for 

15 minutes in a tube at 37ºC (figure 4B). With this step, we avoid the binding of 

the bacteria to the surface of the plate, and we add an extra selection with a high 

percentage of cells that do not express the antigen. After this time, we stained 

ABCC3 protein with an intracellular Ab (MRP3 Ab, clone M3II-9), and then we 

sorted positive cells by fluorescence-activated cell sorter (FACS). We generated 

a three-part structure; the first component is A549 cells, the second is the bacteria 

bound to ABCC3 on the cell surface, and the third is an intracellular ABCC3 Ab, 

by indirect fluorescence detection, bound inside A549 cells (figure 4B). By 

staining ABCC3 with the intracellular Ab, only the positive cells were selected by 

FACS. Sorted cells were covered mainly with bacteria expressing Nbs that 

recognize ABCC3. Finally, we plated positive ABCC3 cells with the specific 

bacteria bound. Six rounds of selection repeated this process. 

 

Figure 4. Nbs selection by FACS. A) Negative selection of bacteria with cells that do not express 
the antigen for 1 hour at 37ºC. B) Positive selection of bacteria collected from the supernatant of 

negative selection with a mix of cells that do express and cells that do not express the antigen 

(90:10 ratio) for 30 minutes at 37ºC. C) FACS for selecting cells that express the antigen with 

bacteria bound and plating bacteria bound to cells. 

 

From the two methods of selection, different clones were obtained. Six rounds of 

selection were performed for each method. During the first rounds, the number 

of clones obtained has to be low, indicating that unspecific and non-ABCC3-

targeting Nbs in bacteria are discarded, and our desired clones are selected and 

enriched. Around the 4th round of selection, the percentage of bacteria bound to 
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cells increases, suggesting an enrichment of the specific bacteria against our 

protein of interest.  

While these experiments should be performed multiple times, including the 

selection of other antigens. Comparing the two selection methods, we can 

observe that the plating selection is irregular in terms of the number of bacteria 

bound to the cells, but we can observe that there is a selection in the first rounds 

of selections (11 % of bound bacteria) and an enrichment in the last ones (figure 

5A-B). In the case of the selection by FACS, the first rounds of selections 

decreased the number of specific bacteria (0.01% of bound bacteria), and from 

the 4th selection, there is an enrichment of these positively selected clones (figure 

5A-B). 

We performed 6 rounds of selection. At this point, we obtained a pool of different 

clones; we validated those clones individually to look for the one that is more 

specific against ABCC3. The validation is performed by incubating 1 hour at 37ºC 

for each individual clone with negative cell lines (Cas9 sgABCC3) and positive 

cell lines (expressing ABCC3; figure 5C) after the incubation cells are observed 

by the microscope to determine if there was a binding of bacteria to the cells or 

not. 

24 clones were picked to test either from plating or sorting selection. Only 4 

plating clones were validated against negative and positive cell lines, and the 24 

sorting clones were validated; all clones binding was tested ABCC3-expressing 

and ABCC3-deficient cells in A549 and A549-Cas9 sgABCC3 (selection cell line), 

T98G, and T98G-Cas9 sgABCC3 (immunization cell line), and IMIM-PC2 and 

IMIM-PC2-Cas9 sgABCC3 (PDAC cell line).  

The modified selection method by FACS increased the specificity of the selection 

and gave better results in terms of the percentage of bound bacteria and 

specificity of individual clones. 
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Figure 5. Validation of Nb individual clones. A) % of bacteria count in plating and sorting 

selection. B) % of bacterial binding from plating and sorting selections. C) Images of the validation 

of individual Nb clones in A549 and A549-Cas9 sgABCC3 cells.  

 

Sequence of Nbs 

Several Nbs against ABCC3 have been identified, selected, and validated. For 

testing Nbs in different cell lines, we needed to purify them. The purification is 

performed taking advance of a 6x histidine tail (His Tag) introduced at the Nb C-

terminus by cloning the Nb into the pHEN6 plasmid. This tail favors its retention 

in a Niquel column. Depending on the restriction sites of the final sequences, the 

Nbs were amplified and digested either with PstI/BstEII or SfiI/BstEII and ligated 

(figure 6A-C). 

Different clones were sequenced to corroborate the cloning and obtain each Nb 

sequence (figure 7A). FRs are conserved and differ in CDRs, which are 

characteristic of each Nb for epitope recognition. 

The four plating Nb clones were sequenced, and they were different from each 

other. In the case of sorting selected Nbs, 24 clones were sequenced, 20 of 24 

Nb clones had identical sequences. By the selection method, as it was mentioned 

before, the process consists of selecting the specific Nbs in the first rounds and 
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enriching the selected ones in the last rounds. This sequence results confirm that 

the FACS selection method worked better to obtain Nbs against ABCC3. 

 

Figure 6. Cloning of Nbs from pNeae2 to pHEN6. A) Digestion of pHEN6 with SfiI and PstI. B) 
Amplification of Nbs in pNeae2 with SfiI or PstI and BstEII. C) Amplification by PCR of Nbs in 

pHEN6 with FP and RP primers. 

 

Purification of Nbs 

Nbs were cloned in pHEN6 to introduce a histidine tag and transformed into the 

WK6 E. coli, allowing the overexpression of soluble VHHs in the periplasm.  

The process started with the growth of WK6 carrying pHEN6-VHH plasmid for 4 

hours at 37ºC in agitation, then the expression of the VHH was induced with IPTG 

overnight (O/N) at 28ºC in agitation. The following day, the culture was 

centrifuged, and the pellet was resuspended in Tris-EDTA-Sucrose (TES) buffer, 

which disrupts the outer membrane of the cells. When cells were broken, they 

were centrifuged to separate the content of the periplasm from the rest of the 

cells. The supernatant is taken and passed through ÄKTA purification system 

(Cytiva) for VHH isolation. ÄKTA is a liquid chromatography system; the sample 

will move through the column, proteins with nickel affinity will be stacked in the 

column, and those that do not have nickel affinity will be cleared. Finally, by 

imidazole elution, we will obtain different fractions depending on the affinity to 

Nickel due to the concentration of imidazole by applying a gradient (figure 8A). 
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Figure 7. Sequences of Nbs clones. Different parts of Nbs are described and indicated, such 

as FRs and CDRs. 

 

As observed in figure 8C by Coomassie staining and by immunoblotting of 

histidine in figure 8D, we can follow all the purification processes; in the pre-

induction culture, there were not so many proteins in the periplasm, and with the 

IPTG induction, there is a considerable increase in proteins expressed on this 

bacterial space. A high amount of proteins remained in the pellet after the lysis 

and centrifugation, and we only have those present in the periplasm. 

 

Figure 8. Purification of Nbs process. A) ÄKTA purification profile. B) Elution stage zoom. C) 
Coomassie staining and C) anti-Histidine staining of process fractions. 1: Pre-induction culture; 

2: Post-induction culture; 3: Pellet ultracentrifuge; 4: Dialysis; 5: Sample application; 6: Washout; 
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7: Fraction 16; 8: Fraction 17; 9: Fraction 18; 10: Fraction 19; 11: Fraction 20; 12: Fraction 21; 

13: Fraction 22; 14: Elution imidazole 2M. 

 

In the ÄKTA purification process, the Nickel column was washed with PBS to 

equilibrate; then, the sample was applied by flow. After this application, the 

column was washed with PBS to wash out those unspecifically bound proteins to 

the column. For the elution process, to displace the proteins bound to the nickel 

column, we generated an increasing imidazole gradient to separate proteins 

according to their affinity (figure S2). We collected several fractions, around 23 to 

26, eluted by different concentrations of imidazole. In liquid chromatography 

systems, there is an ultraviolet (UV) laser that measures the absorption of the 

different components of the sample. In our case, attending to the fractions 1-16, 

the UV spectra did not show any signal, so no proteins were eluted at these 

concentrations. Around 60% of imidazole started appearing a peak in the UV; this 

peak corresponds to proteins bound to the column and comprises fractions 16 to 

19. From fraction 20 to 26 there is still a signal in the UV laser until the imidazole 

concentration reaches 100%, which is 0.5M (figure 8B). As the UV laser did not 

return to 0, there still were proteins bound to the column; we increased the 

imidazole concentration to 2M and washed to elute every protein attached to the 

column. 

Our Nbs have a 6x histidine tail. To check in what fractions we had our VHHs 

isolated, we ran an SDS-Page acrylamide gel for a Coomassie staining and for 

staining with an anti-His Tag Ab. Fractions 16-19 correspond to the UV peak 

eluted from 60% of imidazole-containing proteins of different sizes that present 

affinity to the nickel column that do not correspond to our Nbs. Moreover, for 

fractions 20-26 and elution with 0.5M imidazole, we could see proteins with 

histidine tail with a size of around 15 kDa, which may correspond to our Nbs 

(figure 8D). 

 

In vitro validation of Nbs 

Three different Nbs that recognize ABCC3 were purified from the two selection 

methods: 4.2-Nb-plating-ABCC3, 12.3-Nb-sorting-ABCC3, and 18.3-Nb-sorting-
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ABCC3. The concentration of the Nbs was determined by Bradford protein assay 

and tested at different concentrations in cells. We took advantage of the 6x 

Histidine tail and used an anti-His Tag Ab to detect Nbs. 

First of all, we tested different concentrations of Nbs in the selection cell lines, 

A549 and A549-Cas9 sgABCC3, in a range of 0.25 to 20 μg. The three Nbs have 

different sequences, their epitope recognition is unknown, and we want to test 

their affinity to ABCC3.  

In some cases, by increasing the concentration of Nb, the fluorescent signal 

increased, as is the case of 4.2-Nb-plating-ABCC3 and 12.3-Nb-sorting-ABCC3. 

In other cases, by adding the lower amount of Nb, 0.25 μg, we obtained a high 

fluorescence peak, it is the case of 18.3-Nb-sorting-ABCC3 (figure 9A). 

Comparing the three Nb, we decide to test 12.3-Nb-sorting-ABCC3 and 18.3-Nb-

sorting-ABCC3 because they look more specific against ABCC3 (figure 9B). 

The selected Nbs were further evaluated in a panel of different cell lines with 

different ABCC3 expression levels. 

Then, we tested the two sorting Nbs, 12.3 and 18.3, in different PDAC cell lines 

that express and do not express ABCC3. MIA PaCa-2 cell line does not express 

ABCC3 in normal conditions, and none of the Nbs detected any signal. In IMIM-

PC2 and CFPAC-1 cell lines, we could discriminate between the Cas9 sgNT and 

the Cas9 sgABCC3 cells, validating our Nbs in the recognition in vitro of ABCC3 

(figure 9C). 
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Figure 9. In vitro testing of Nbs by flow cytometry. A) Titration of Nbs in selection cell lines, 

A549 and A549-Cas9 sgABCC3. B) ABCC3 detection by Nbs in selection cell lines, A549 and 

A549-Cas9 sgABCC3. C) ABCC3 detection by Nbs in PDAC sgNT and sgABCC3 cells. 

 

In the following steps, we tested Nbs in other techniques for ABCC3 detection, 

for example, immunofluorescence. The site of the Nbs recognition is unknown; to 

perform the experiment on cells, we detached them with trypsin, accutase, and 

PBS-EDTA. With the usage of trypsin or accutase, the Nbs could not recognize 

ABCC3 (figure S3), which means that these agents disrupt the epitope. After 

several attempts, we were able to perform immunofluorescence in fresh samples 

of cells, but the Nbs did not bind to fixed cells (figure 10A). Actually, the binding 

of the Nbs to intact cells could be an advantage for the in vivo recognition of the 

epitope. 
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Figure 10. In vitro staining of Nbs by immunofluorescence. A) Immunostaining of Nbss in 

the selection cell lines, A549 and A549-Cas9 sgABCC3, detection with anti-His Tag-Alexa Fluor 

647. Images taken with Leica AF6000 LX. B) Immunostaining of 18.3-Nb-sorting-ABCC3 Nb in 

the selection cell lines, A549 and A549-Cas9 sgABCC3, detection with anti-His Tag-Alexa Fluor 

647. Images taken with Incucyte (Sartorius), 20X. 

 

As last experiments in cell culture, we wanted to check at what times the Nb could 

bind to the antigen, how much time it is bound to it, and if the union is stable. For 

these experiments, we used Incucyte SX5 system to take images at different 

times. We added Nb, previously labeled to anti-His Tag-Alexa Fluor 647 Ab, to 

the cells. We could observe that during the first 8 hours, the Nb slowly binds to 

the positive cells; from 24 hours to 96 hours, almost all cells were labeled with 

Nb and lasted over 4 days. The Nb seemed to be very specific, and even being 

present in the media, it did not bind to the negative cells (figure 10B). 

The Nb obtained following either a plating or sorting strategy for selection have 

been validated for ABCC3 detection in vitro. The Nbs obtained by FACS resulted 

more specific than plating Nb, and they were able to bind to ABCC3 expressing 

cell lines in flow cytometry and immunofluorescence. The Nbs can bind to the 

antigen in 30 minutes, but the binding can last for at least 96 hours in cells. As 

ABCC3 could be a promising biomarker for PDAC, 12.3-Nb-sorting-ABCC3 and 

18.3-Nb-sorting-ABCC3 could be candidates for ABCC3 recognition for 

immunotargeted applications for the diagnosis and therapeutic treatment of 

PDAC. 
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DISCUSSION 

Abs have been used during the last decades as diagnostic and therapeutic tools. 

Abs have high specificity, and even though their efficacy, their large size, and 

their immunogenicity constitute disadvantages in their use29, but their 

immunogenicity can be minimized by genetic engineering30. Even more, the 

production of Abs is quite expensive, and they do not have a good cost-

effectiveness ratio; there is also a lack in the efficiency of models of production31. 

These facts started the improvement of Abs; different fragments from the Abs 

have been generated by engineering, as Fabs or scFvs. Despite their reduced 

size, they maintain their specificity, but they have a shorter serum half-life32. 

The discovery of HCAbs in camelids began the new era of the use of Nbs. Nbs 

are formed by the antigen-binding region of the heavy chain of HCAbs. They are 

the smallest naturally derived antigen-binding fragments, and they have special 

characteristics33. 

The use of Nbs has been very diverse since their discovery; they have been 

employed in protein crystallization, immunoprecipitation, or biosensing. 

Nevertheless, especially, they have a high potential for diagnosis and therapy in 

diseases, and especially for cancer29. 

The most used method for Nbs selection is phage display. Phage display is a 

robust technology that consists of the display of Nbs (or other Ab fragments) on 

the surface of filamentous bacteriophages infecting E. coli34. VHH region is fused 

to phage coat protein 3 (pIII), to pelB that is the N-terminal signal peptide for its 

insertion in the inner membrane of E. coli, and finally, it is tagged with an epitope 

(HA, myc,…)35,36. The selection is performed with the purified protein coated in 

plates, and the phages are added to bind to the antigens37. 

Although this technique is the most commonly used for Nb selection, it has 

several limitations. There is much manipulation to produce phage stocks; bacteria 

have to be infected by helper phage and amplification of phages by re-infection38. 

There are also low levels of Nb displayed by plate conditions, limited protein 

coating, and the high binding of phages to plates, which makes selections 

unspecific against other antigens39. 
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An alternative selection method for Nbs selection is yeast display. With this 

strategy, there is no need of high manipulation, and the background is reduced40. 

These problems solve phage display disadvantages, but it has other limitations. 

It is used for small library sizes due to the low efficiency of transforming yeast 

cells and their long time for growth38. 

The third selection method is E. coli display; in this case, the Nbs are expressed 

in the membrane for antigen recognition and yeast display. Because of the 

presence of two membranes and a periplasmic space in E. coli cells, there are 

possibilities of performing panning on cell surface for selection of Nbs. By using 

this bacteria, the manipulation is reduced, the growth is fast and simple, and even 

more, the transformation efficiency is high38.  

At least three types of selection can be performed for E. coli display. The first one 

is panning selection, which limits the number of bacteria added to the protein-

coated. The second one is magnetic-activated cell sorting (MACS) selection with 

purified protein or target; in this case, the quantity of bacteria added is higher and 

the amount of protein. The last one is the selection on mammalian cell surface 

when there is no purified protein. Among this selection, the one that obtained 

better results in Nbs selection is MACS; this technique has higher efficiency than 

the other ones27. 

We started the generation of Nbs by immunizing camels with cells 

overexpressing ABCC3 and not the purified protein. Then, the camel would 

produce VHHs against different proteins and molecules, but with several 

selection rounds, we successfully isolated the specific Nbs targeting ABCC3. We 

isolate Nbs by two different selection methods based on the same "cell surface" 

principle. We could observe an enrichment in sorting selection compared to 

plating selection in which we obtained different candidates. Attending to the 

efficiency of selection, we could also see that sorting selection really decreased 

the number of bacteria bound to cells in the first rounds, and then there was an 

enrichment of these clones; in the plating selection, the decrease in bacterial 

binding was not as high as in the sorting one. The efficiency of FACS selection 

could be compared with MACS selection, but it can be performed in cases where 

the purified protein is unavailable. Instead of performing the FACS with the 
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specific Ab against our target protein, we can dye overexpressing cells and then 

perform the FACS for their sorting. 

The Nbs were successfully validated in different cell lines with cells expressing 

and not expressing the antigen by different methods. So, we could use these Nbs 

as tools for ABCC3 detection because of the lack of Abs against this protein and 

the properties of Nbs. But more interestingly, they could be used for diagnosis by 

the detection of ABCC3, for example, in PDAC, and they can be tested for a 

possible application in therapy by the blockage of some essential parts of ABCC3 

protein. 

Further studies with these Nbs may be required for its complete validation for its 

use in diagnosis or therapy. Further assays could lead to selecting more clones 

with better characteristics due to the generation of the library. The isolated Nbs 

could be exploited for immunotargeted applications for the benefit of patients. 
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CONCLUSIONS 

1. We have generated a nanobody library by immunization of camels. 

2. We efficiently isolated Nbs targeting ABCC3 using E. coli display 

strategies based on cell surface selection. 

3. 12.3 and 18.3-Nb-sorting-ABCC3 could specifically bind to ABCC3 in a 

panel of cell lines in vitro. 

4. 18.3-Nb-sorting-ABCC3 remained bound to ABCC3-expressing cells for 

96 h in vitro. 
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SUPPLEMENTAL FIGURES 

 

Figure S1. Plasmid description with restriction enzyme sites of pNeae2 and pHEN6. 

 

 

Figure S2. ÄKTA purification system process and components. 
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Figure S3. Recognition of ABCC3 by 12.3- and 18.3-Nb-sorting-ABCC3 with different 
methods for detaching cells. Nbs recognition by detaching cells with A) trypsin and B) accutase, 

compared with the efficient detaching with PBS-EDTA 10 mM. 
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INTRODUCTION 

Nbs are single-domain variable fragments that derive from camelid HcAbs. VHHs 

have several unique characteristics: reduced size (10-15 kDa), antigen 

specificity, stability, and solubility in aqueous solutions. The production of Nbs is 

highly efficient, easy, and affordable, which contributes to their use in biomedical 

implications. One of the most important properties of the Nbs is their high affinity 

and specificity in recognizing epitopes, even at low concentrations1. 

Non-invasive molecular imaging techniques use radiotracers labeled to Abs or 

fragment-derived Abs. Nbs have been used as a part of molecular probes for 

molecular imaging. VHHs are high/very stable, easy to label, present low 

immunogenicity and high specificity for the antigen/epitope. More importantly, 

their small size favors their use in imaging techniques due to their rapid clearance 

(0.5-1 h) via kidneys2. 

Nbs can also be employed as therapeutic agents; their activity relies on inhibiting 

molecules. The application of Nbs in pathologies focuses on the inhibition of 

several parts of molecules by competitive binding1. 

Altogether, Nbs present a high versatility for their use in multiple biomedical 

applications. 

 

- Diagnosis 

The diagnosis of PDAC tumors remains a challenge, although there have been 

improvements in detection techniques. There is a need for the development of 

diagnostic procedures for an early diagnosis of the disease.  

 As described in the introduction, there are various imaging techniques in 

diagnosing and staging local and distant pancreatic lesions. The most widely 

used are CT, MRI, or EUS. Although several international consensus guidelines 

recommend these techniques for suspected PDAC, they present some limitations 

in small lesions and metastasis detection3,4. 

One of the most used imaging techniques is [18F]FDG PET, but it is limited in 

detecting PDAC5. Immuno-PET takes advantage of PET and Abs, increasing 

sensibility and selectivity, respectively. This molecular imaging PET could help in 
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tumor detection in a non-invasive way and by a whole-body visualization. Besides 

being a diagnostic tool, it could be drawn on to predict therapeutic effect 

depending on the target of the antibody is directed6.  

Immuno-PET is usually performed with mAbs, but other probes can be used as 

single-chain Abs and derivates such as Nbs. Nbs have characteristics that can 

improve immuno-PET imaging techniques, including faster pharmacokinetics and 

better noise-ratio signal7. Additionally, due to their small size, they have deeper 

tissue penetration and speedier clearance by kidneys. Furthermore, they have 

been reported to be poorly immunogenic and highly stable8,9. 

Immuno-PET imaging's goal is to obtain a fast and specific detection of a target. 

To this end, it is required a high specific tumor uptake and low retention in other 

tissues, including blood10. Importantly, immuno-PET allows the quantification of 

the biomarkers in a non-invasive manner.  

The quantification of many molecular parameters in the tumor requires biopsies 

and a histopathological analysis involving patients' risk and might not capture the 

tumor heterogeneity.  

As depicted in the introduction, there are different known PDAC biomarkers. 

Some of them have been used in immuno-PET as prognostic markers in 

preclinical settings11.  

The main components of the immuno-PET include the target, the antibody, and 

the radiotracer. The Ab or fragment-derivatives need to be labeled with 

radioisotopes to perform immuno-PET. Abs can be directly labeled with 

radioisotopes, but there are some limitations; they usually show long circulation 

times, which subsequently needs to increase the amount of probe to reach the 

tissues with the increase of radiation that it entails12. Several assays have 

demonstrated the instability of direct labeling compared to indirect labeling13,14. 

Several PET radioisotopes can be used for immuno-PET with different 

characteristics, including half-life radioactive decay and positron production 

system. Iodine-124 (124I) is widely used as a PET radioisotope, and it is 

characterized by having a long half-life (t1/2 = 4.2 days). 124I emitted positrons are 

highly energetic (Emax of 1.5-2.1 MeV), and the intrinsic limit resolution is 2.3 

mm15. Copper-64 (64Cu) is a medium half-life radioisotope (t1/2 = 12.7 hours), and 
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positron energy is lower than 124I (Emax = 656 keV). Due to these characteristics, 

it is very versatile for PET, and it also has the benefit that it can be produced in a 

reactor or cyclotron, resulting easier and cheaper16. Fluorine-18 (18F) is the most 

used in PET imaging, mainly due to the widespread use of [18F]FDG. Attending 

to their characteristics, it is almost a pure positron emitter with positron energy 

similar to 64Cu (Emax = 635 keV). 18F facilitates high-resolution imaging, and it is 

widely used due to its short half-life (t1/2 = 109.7 minutes)17. Another short-lived 

(t1/2 = 68 minutes) radioisotope is Gallium-68 (68Ga) with higher positron energy 

(Emax = 1.9 Mev). Therefore, 68Ga has a larger positron spread and a similar 

resolution to 18F. Even more, 68Ga can be produced in a generator from a source 

of decaying germanium-68 (68Ge), which is more affordable, does not require a 

specific installation as it occurs with reactors or cyclotrons18.  

Finally, it is essential that the half-life of the radioisotopes and the half-life of the 

antibodies need to march. 

To complete the molecular probe for immuno-PET, both components, the Ab and 

radioisotope, need to be bound.  

Usually, the two components of the immuno-PET probes are bioconjugation 

using chelating agents. These linkers are metal-chelating molecules. For an 

effective radiopharmaceutical agent, it is essential the formation of a kinetically 

inert metal chelate and the stable covalent attachment of the chelator moiety to 

the biomolecule. A wide variety of molecules are synthesized and studied; mainly, 

they can be classified in macrocyclic and acyclic chelators. While macrocyclic 

chelators present greater kinetic stability, acyclic chelators usually have faster 

rates of metal binding19. Leastways, the chelator has to be appropriately chosen 

to fit the selected radiometal, even though some chelators are more applicable 

(e.g., 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, DOTA) than 

others (e.g., DiamSar).  

There are three main conjugation strategies to conjugate the chelator to the 

biomolecule: peptide, thiourea, and thioether bond. For their use in vivo and 

clinics, the linker should be stable under physiological conditions and without 

interfering with the specificity of the biomolecule. The first strategy is the peptide 

bond; it reacts with an activated carboxylic acid and a primary amine. The second 

one is the thiourea bond that happens via an isothiocyanate group and an amine. 
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The third one is the thioether bond formed by the reaction of a thiol group and a 

maleimide. Bioconjugation of the linker can be alternatively accomplished by a 

biorthogonal reaction, which is an extension of "click chemistry" 20. Bioorthogonal 

reactions must produce a chemically and biologically inert linkage via a reaction 

that displays high selectivity between the two coupling partners; be kinetically fast 

and be biocompatible in terms of operating at physiological conditions. 

Additionally, some specific biorthogonal reactions can occur in vivo, allowing for 

a two-step pre-targeting strategy19. 

 

- Theragnosis 

The radioisotopes used for diagnostic nuclear medicine are gamma-emitters with 

high permeability into the body. On the contrary, therapeutic nuclear medicine 

uses beta-emitter radionuclides with high radiation damage to the cells.  

Gamma-rays used in conventional radiotherapy expose a limited body area to a 

high-energy X-ray beam for cell radiation. These rays cause breaks in the DNA 

strain, causing cell damage and death. An alternative for cancer irradiation is 

targeted radionuclide therapy (TRNT); this method applies radiation specifically 

to cancer cells, minimizing the exposure of healthy tissue. There are two different 

ways of TRNT. The first one is the natural accumulation of agents; some 

examples are Iodine-131 (131I) for thyroid cancer, 131I-MIBG in neuroblastoma, 

and Strontium-89 (89Sr)-chloride in osteosarcomas. The second strategy is based 

on biomolecules that interact with tumor-associated antigens that are accessible 

by circulating agents on the cell surface. These labeled biomolecules can be used 

as treatment alone or in combination with current cancer treatments 21. 

Abs and derivatives used for immuno-PET can be modified by changing the 

radioisotope for therapeutic and theragnostic purposes22. An example of labeled 

antibodies applied in PDAC is hPAM4; it is also known as clivatuzumab. It is a 

humanized form of an antibody against mucin 1 (MUC1). MUC1 has been 

described as a biomarker of early pancreatic adenocarcinoma23. 90Y-

Clivatuzumab is actually in phase II of clinical trials for PDAC patients, for an early 

diagnosis by SPECT/CT and radioimmunotherapy combined with gemcitabine24. 
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There are other examples of molecular probes for theragnosis in PDAC; MVT -

5873 is a monoclonal antibody against CA19-9 epitope. It is understudies in 

phase I of clinical trials in patients with metastatic PDAC in combination with 

mFOLFIRINOX25,26. 

Nbs could be used as a diagnostic tool as well as therapeutic agents in PDAC 

patients. Specific Nbs against several PDAC biomarkers could help in the 

theragnostic field. 
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OBJECTIVES 

We have isolated and validated Nbs that target ABCC3. This ABC transporter 

could be further studied as a biomarker for PDAC, and it could be used to predict 

the tumor sensitivity or resistance for some current treatments.  

The main objective of this section is to test ABCC3 Nbs in mouse models and 

prove different linkers for chelator bonds to study further biomedical applications 

such as diagnosis and therapy. We also want to try Nbs as inhibitor molecules of 

ABCC3 to better respond to actual PDAC treatments. 

Thus, the main objectives of this chapter are: 

1. Evaluate the use, biodistribution, and toxicity of ABCC3 Nbs in vivo using 

PDAC mouse models.  

2. Modify and evaluate the conjugation and labeling of the Nbs for their 

possible use in diagnostic and therapeutic applications. 

3. Evaluate the use of ABCC3 Nbs as therapeutic tools in proliferation and in 

combination with chemotherapeutic treatments. 
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MATERIAL AND METHODS 

Mammalian cell culture 

The human cell lines IMIM-PC2, MIA PACa-2, and A549 were grown as 

monolayers in Dulbecco's modified Eagle's medium (DMEM, Sigma) 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin and 

streptomycin (Gibco) at 37ºC, 5% CO2. All cell lines were obtained from Mariano 

Barbacid's Laboratory (CNIO). 

 

Bacterial growth and Nbs purification 

Bacteria were grown and inducted as indicated in M&M of chapter I.  

Nbs purification was performed as described in M&M of chapter II.  

 

Flow cytometry analysis of Nbs in in vitro cultured cells 

Experiments were done accordingly to M&M of chapter II.  

 

Cell viability assays 

Assays were performed by following M&M in chapter I. 

 

Bioluminescence imaging  

Tumor growth in tumor-bearing mice was monitored by bioluminescence imaging 

using IVIS Lumina III (Beckman Coulter) when they reached a tumor volume of 

350 mm3 in subcutaneous or 107 p/sec/cm2/sr of luminescence in orthotopic 

pancreatic tumors. For luminescence detection, 150 mg/kg of luciferin (Merck) 

was IP injected, and 10 minutes later, the signal was acquired at 1-2 s. 
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Detection of Nbs in vivo by flow cytometry assays in heterotopic and 
orthotopic mouse xenografts 

A single dose of 150 µg of Nb-ABCC3 was administered intraperitoneally (IP) to 

tumor-bearing mice.  0.5, 1, 2, 24, and 48 h post- injections, animals were 

sacrificed, and tumors, pancreas, liver, kidneys, and blood were collected. 

Samples were then mechanically disaggregated using a scalpel and treated with 

PBS-EDTA 10 mM for 10 min at 3000 rpm at 37ºC. Tumors and organs were 

filtrated through a nylon 40 µm cell strainer and incubated with anti-His Tag 647 

antibody (1:1500, Biolegend), 4ºC, 30 min. Samples were acquired by a 

cytometer (Gallios, Beckman Coulter), and data were analyzed. Data were gated 

to select singlets and green fluorescent protein (GFP) positive cells (Figure S1). 

 

Conjugation and labeling of Nbs 

All the experiments of conjugation and labeling of Nbs were performed by Dr. 

Miguel Ángel Morcillo from the group of radioisotopes in biomedicine at CIEMAT, 

Madrid. 

The conjugation was based on the procedure described by Vosjan et al.27. All the 

calculations were performed, estimating the molecular weight of Nbs in 15000 

g/mol. For the conjugation, 2 mg of 12.3-Nb were completed until 1 mL with PBS. 

The pH was adjusted to 8.9-9.1 with a Na2CO3 0.1 M solution. The 12.3-Nb was 

mixed 1:5 with p-SCN-Bn-NOTA chelating agent dissolved in 20 µl of DMSO. The 

mix was incubated for 90 min at 37ºC and 550 rpm. The mixture was purified to 

eliminate the unconjugated p-SCN-Bn-NOTA with a molecular exclusion column 

G25-Sephadex PD10 (GE Healthcare Life Sciences) by eluting with a 5 mg/ml 

solution of gentistic acid/0.25 M sodium acetate, obtaining a 2 ml fraction 

corresponding to the NOTA conjugated Nb. 

The labeling was performed with 68Ga radioisotope following the protocol 

described by García-Toraño et al..28 The 68Ga was obtained by the 68Ge/68Ga 

generator designed at the CIEMAT by Romero et al. 29. The 68Ga was obtained 

from the 68Ge/68Ga generator by the fractionated elution using HCl 1M as mobile 

phase at a 1 ml/min flow rate. A fraction of 1 ml was collected, containing 85% of 

the eluted 68Ga. The 68Ga fraction was neutralized using 0.2 g of HEPES 
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dissolved in water. 0.710 mg of 12.3-Nb-NOTA was added to the 68Ga eluted and 

neutralized and incubated 30 min at 37ºC and 550 rpm. The mix was purified by 

an exclusion column G25-Sephadex PD10 using PBS as mobile phase. Finally, 

the quantification of 68Ga activity of 12.3-Nb-NOTA-68Ga eluted was measured 

by an activimeter (IBC, Veenstra Instruments) previously calibrated to this 

radionuclide. The efficiency of the reaction was calculated as the percentage of 

activity present in the collected fractions corresponding to the elution profile of 

Nb-NOTA compared to the total activity used in the synthesis. 

All the steps performed were analyzed by liquid chromatography (HPLC) and 

compared to a commercial solution of known molecular weights (Calbiochem, 

Merck). Using an SRT-SEC-150, 5 µm, 7.8 x 300 mm (SEPAX), and a solution 

of sodium phosphate 0.05M/sodium chloride 0.15 M (pH 6.8) as mobile phase 

with a flow rate of 1 ml/min. Different aliquots were acquired and analyzed by 

HPLC under the described conditions to study the conjugation and labeling 

processes. 

 

In vivo assays 

Mice were housed as described in the Materials and methods section from 

chapter I.  

Subcutaneous models: 6 to 10-week-old male and female NU-Foxn1nu nude 

mice (Envigo) were subcutaneously injected with 106 A549 cells expressing 

Cas9/Control sgRNA or Cas9/sgRNA-ABCC3 mixed 1:1 with 50 µl Matrigel 

(Corning) per injection. Tumor growth was monitored bi-weekly for up to 2 months 

or human endpoint. 

Orthotopic models: 6 to 10-week-old NU-Foxn1nu nude female mice (Envigo) 

were submitted to surgery anesthetized with 2.5%Isofluorane-1.5%O2. A minimal 

incision was performed in the animal's skin and muscle. The spleen and pancreas 

were extracted carefully with tweezers from the body and orthotopically injected 

in the pancreatic tail with 106 IMIM-PC2 cells expressing Cas9-control sgRNA 

(sgNT) or Cas9-sgABCC3 in 15 µl Matrigel (Corning) per injection. The muscle 

was sutured, and the skin was stapled. Tumor growth was monitored daily for a 

week and bi-weekly for up to 2 months. 
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Statistical analysis 

Results were expressed as mean ± SD. Statistical tests were performed using 

Graphpad Prism 6. Unpaired Student's t-tests were used to compare the means 

of two groups. 
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RESULTS 

ABCC3 Nbs target human ABCC3 in vivo 

The target recognition of 12.3 and 18.3-Nb-sorting ABCC3 was validated in vitro 

using a panel of tumor cell lines and PDXs.  

Once the target specificity was determined, we proceeded to determine the value 

of these ABCC3-Nbs detecting ABCC3 expressing cells in vivo. To this end, we 

tested the Nbs in subcutaneous and orthotopic PDAC tumors. Usually, the 

injection of Nbs in mice comprises a range between 100 and 300 µg; the dose 

we used was 150 µg; this concentration did not result in toxicity in other studies 

and exhibited good affinity of the epitope binding30,31.  

First, we tested the Nbs 12.3 and 18.3-Nb-sorting-ABCC3 in subcutaneous 

tumors, A549, and A549-Cas9 sgABCC3 cells were injected; the Nbs were 

administered IP, and after 1 h, tumors were processed to a single cell suspension. 

The Nb was detected, taking advantage of the His-Tag encoded in pHEN6 

plasmid. The detection of 6xHis-Tag determined the binding of the Nbs to the 

tumors by flow cytometry assays. To identify inoculated tumor cells, A549 and 

A549-Cas9 sgABCC3, IMIM-PC2-Cas9 sgNT, and sgABCC3 expressed green 

fluorescent protein (GFP) as reporter marker. In the cell suspension proceeding 

from the tumor, we could find different types of cells by gating GFP positive cells 

in flow cytometry assays. Specifically, we detected the binding of Nbs in tumor 

cells. 

In basal conditions, the pancreas and the brain present low levels of ABCC3 

expression, and low levels of Nbs were detected in both organs. Renal clearance 

is the main route of secretion of Nbs due to their small size; despite being the 

main clearance route, it was expected that the Nbs pass through the kidneys, 

accordingly to what we thought, the Nb was cleared, and we did not find binding 

of the Nbs in kidney cells (figure 1A). Liver has ABCC3 basal expression levels, 

and we did not observe any binding of the Nbs (figure 1A); this absence of binding 

in the mouse liver indicated that the Nbs do not recognize mouse ABCC3. 

As shown in figure 1B, the 12.3 and 18.3 Nbs could bind to the ABCC3 expressing 

cells (A549) but not to the ABCC3-deficient tumor (A549-Cas9 sgABCC3). Both 

12.3 and 18.3 Nbs were able to detect specifically ABCC3 in subcutaneous 
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tumors. As it was mentioned before, Nbs did not detect mouse Abcc3, but they 

detected human ABCC3. Human ABCC3 and mouse Abcc3 sequences are 

highly homologous, some regions are conserved in both species, but they differ 

in others (figure S2). The recognition of human ABCC3 and not mouse ABCC3 

by the Nbs could guide us through the region where the Nbs bind to the protein. 

To recreate a more clinical setting of PDAC tumors, we generated orthotopic 

tumors of Cas9 sgNT and Cas9 sgABCC3 cells of IMIM-PC2 cell line in the 

pancreas. The Nb was also administered IP, and tumors and tissues were 

collected and processed 1 h after the injection of the Nb. 

We could observe that the Nbs specifically detects ABCC3 in PDAC tumors in 

mouse models (figure 1B). In addition to the corroboration of the specificity of Nbs 

in the detection of ABCC3, we could demonstrate that by the IP injection of the 

Nbs, they can reach the subcutaneous, and even more, the PDAC tumors. We 

also observed that 1 hour is a sufficient time to detect bound Nbs to the target.  

 

Figure 1. Nbs targeting ABCC3 specifically bind to ABCC3. A) ABCC3 detection by Nbs in 

mice by flow cytometry in healthy tissues. Data are represented as the mean + SD fluorescence 

of Nb-His-Alexa647 normalized to brain tissue sample. Unpaired t-test was used (n.s, non-

significant, *** p<0.001, n=5). B) ABCC3 detection in subcutaneous tumors of control cell lines, 

A549 and A549-Cas9 sgABCC3, and orthotopic PDAC tumor cell lines, IMIM-PC2-Cas9 sgNT 

and sgABCC3. C) H&E staining of orthotopic IMIM-PC2-Cas9 sgNT tumor embedded in paraffin.  

 

Nb clearance is characterized by short times, 0.5-1 h, and it is advantageous for 

imaging techniques. However, we were interested in determining the remaining 

time of binding of the Nbs to the tumors for the use of other radioisotopes or 

possible further applications, such as "click chemistry". The Nb fluorescent signal 
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was measured at 0.5, 1, 2, 24- and 48-hours post-injection of the Nb. Nb was 

detected with a 6xHis-Tag antibody in the single-cell suspension of the tumors by 

flow cytometry. We could observe that the Nb is bound to ABCC3-expressing 

tumors at any time between 0.5 and 48 h post-injection. But according to the 

increasing time that the Nb remains in the body, the unspecific bound of the Nb 

is cleared, and the signal-noise ratio is improved (figure 2A). We also checked 

Nb detection in mouse organs; we did not observe specific detection of ABCC3 

in the pancreas, liver, or kidneys. In healthy tissue, there is no expression of 

human ABCC3 (figure 2B).  

 

 

Figure 2. ABCC3 Nbs binding in mice over 48 hours detected by flow cytometry. A) ABCC3 
detection by Nbs in subcutaneous A549 and A549-Cas9 sgABCC3 tumors. Representative data 

is shown; n=3 for each time condition. B) ABCC3 detection by Nbs in pancreas, liver, and kidney. 

C) Mouse weight of animals injected with Nbs for 48 h. Mouse weight and mean are represented. 
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Finally, we proved the toxicity of Nbs in mice for longer times than 1 hour; various 

behavior and conditions of the animals were observed to determine the healthy 

state of the mice, such as mouse movements, cleaning, and physical 

appearance, taking into account symptoms of subcutaneous tumors. Also, the 

weight of the animals was measured, and mice's weight did not decrease 

significantly; in the worst case, no more than 6% was lost after the injection of the 

Nb (figure 2C). Additionally, we did not observe any sign of pain in the animals 

following the mouse Grimace scale by the national center for the replacement, 

refinement, and reduction of animals in research (NC3R2, figure S2). Hence, Nb 

did not result toxic for animals in a period of 48 h. 

 

Conjugation and labeling of Nbs 

Once anti-ABCC3 Nbs were tested in PDAC orthotopic mouse models and 

validated for detecting ABCC3 in an in vivo setting, further modifications are 

required to be used as an immuno-PET probe. The radionuclide can be directly 

or indirectly bound to the Ab. Still, the direct labeling consists of harsh processes 

that include high temperatures and non-aqueous solutions, resulting in 

incompatible with Nbs. On the contrary, the indirect labeling of Nbs is most 

efficient and common, although it requires longer times to synthesize and 

purifying32. 

First, radioisotope has to be linked to the Nb. To this end several chelator agents 

can be used including 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and 

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).  

Several antibody-based probes to be labeled with 68Ga employ NOTA, which 

advantageously can maintain the structure and specificity of the antibodies and 

give a better signal than DOTA33. 

In collaboration with the group of Dr. Miguel Ángel Morcillo (CIEMAT), we 

conjugated the Nbs with p-SCN-bn-NOTA and marked them with 68Ga as a 

radioisotope for the imaging. 

Its half-life allows us to detect the signal, and the radiation will be lower due to 

the time it will be emitted in the body. Thus, we decided to conjugate the Nbs with 

NOTA and labeled them with 68Ga. 
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A MW pattern solution was injected into the liquid chromatography to determine 

the retention time of known molecules (figure 3A and B). 

12.3-Nb-sorting-ABCC3 showed different peaks with retention times of 10.02, 

10.62, 10.94, and 11.96 min, corresponding to MW ranging 150 g/mol (figure 3C). 

NOTA conjugated 12.3-Nb-sorting ABCC3 exhibit diverse peaks that difficulted 

determining the peak that corresponds to the Nb. Still, a clear peak at 220 nm 

showed peaks with retention times at 10.14 and 10.71 min, corresponding to MW 

of 1300 g/mol (figure 3D). 

Finally, 12.3-Nb-sorting-ABCC3-NOTA-68Ga obtained a low activity of 68Ga, with 

an efficiency of 2.17% (figure 3E), which may be due to a deficient conjugation 

with NOTA. 

 

 

 

Protein Molecular weight (g/mol) Retention time (min)

Glutamate dehydrogenase 290000 5.390

Lactate dehydrogenase 142000 6.013

Enolasa 67000 6.480

Miokinasa 32000 7.367

Nanobody 15000 7.924*

Citocromo C, monómero 12400 8.080

A B
26

0 
nm

* Expected retention time for Nbs calculated with the MW pattern

12.3-Nb-sorting-ABCC3 12.3-Nb-sorting-ABCC3-NOTA

26
0 

nm
22

0 
nm

C D

28
0 

nm
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Figure 3. NOTA conjugation and 68Ga label of 12.3-Nb-sorting-ABCC3 activity validation. 
A) MW and retention times table. *Retention time of the Nb was estimated using the molecular 

weight pattern. B) Chromatogram of MW pattern solution at 260 nm. C) Chromatogram of 12.3-

Nb-sorting-ABCC3 at 280, 260 and 220 nm. D) Chromatogram of 12.3-Nb-sorting-ABCC3-NOTA 

at 280, 260, and 220 nm. E) 12.3-Nb-sorting-ABCC3-NOTA-68Ga elution profile.  

 

Overall, the retention times obtained in all stages of the conjugation and labeling 

did not correspond to the MW of the Nb. This data is still preliminary and needs 

to be repeated. If we find similar results, other methods such as Coomassie 

staining blots could be used to exclude problems with the HPLC. 

The conjugation and labeling of the Nb can interfere with the specificity of the 

epitope detection. To confirm that the immunoreactivity was not altered, we 

tested the affinity in vitro by flow cytometry assays, although the percentage of 

conjugation was low. We performed a flow cytometry assay for ABCC3 detection 

in A549 and A549-Cas9 sgABCC3 with the Nb to corroborate that. We did not 

observe any loss in the specificity of detection of ABCC3 at any concentration of 

the Nb, even with the VHH-conjugated (figure 4A) or with the VHH-conjugated 

and labeled (figure 4B).  

 

E
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Figure 4. NOTA conjugation and 68Ga of 12.3-Nb-sorting-ABCC3 Nb validation by flow 
cytometry. A) ABCC3 detection by 12.3-Nb-sorting-ABCC3 conjugated with NOTA. B) ABCC3 

detection by 12.3-Nb-sorting-ABCC3 conjugated and labeled with NOTA-68Ga. 

 

These results showed that the specificity of 12.3-Nb-sorting-ABCC3 was not 

altered, probably corresponding to the unconjugated Nb; then, further studies 

with the Nb-NOTA conjugated need to be performed. Despite the low efficiency 

of conjugation and labeling, we could observe that the Nb is highly stable, given 

that the Nb was exposed to changes of pH and solutions in conjugation and 

labeling strategies. 

 

Therapeutic effect of ABCC3 Nbs 

We had seen that ABCC3 nanobodies could detect the transporter in vitro and in 

vivo. ABCC3 inhibition has been shown to implicate a reduction in proliferation in 

PDAC18. We corroborated the relation between ABCC3 expression and 

increased proliferation in Chapter I. Then, we wanted to check if the selected and 

validated nanobodies' binding to the extracellular domains of ABCC3 protein 

could impair proliferation or improve the response to gemcitabine treatment.  

%
 M

ax

ABCC3

APC-A APC-A

APC-A APC-A

A549 A549-Cas9-KO

Nb-NOTA 20 ug
Nb-NOTA 10 ug
Nb-NOTA 5 ug
Nb-NOTA 2.5 ug
Nb-NOTA 1 ug
Nb-NOTA 0.5 ug
Nb-NOTA 0.25 ug
2ary+3ary

Nb-NOTA-68Ga 20 ug
Nb-NOTA-68Ga 10 ug
Nb-NOTA-68Ga 5 ug
Nb-NOTA-68Ga 2.5 ug
Nb-NOTA-68Ga 1 ug
Nb-NOTA-68Ga 0.5 ug
Nb-NOTA-68Ga 0.25 ug
2ary+3ary

12.3-Nb-sorting-ABCC3A

B
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To this end, we added different amounts of nanobody to PDAC cell lines and 

determined their proliferation. The addition of 1, 5, and 10 μg of 18.3-Nb-sorting-

ABCC3 showed a decrease in proliferation in IMIM-PC2-Cas9 sgNT compared 

with sgABCC3 cells (figure 5A). In the case of 12.3-Nb-sorting-ABCC3, the 

reduction in proliferation was bigger, being the inhibition of the proliferation higher 

than 50% (figure 5B). The binding of Nbs to ABCC3 then diminishes the 

proliferation of ABCC3-expressing cells (sgNT), being a possible option for 

treatment. Still, if we look at 12.3-Nb-sorting-ABCC3, it also inhibits the 

proliferation of sgABCC3 cells, suggesting that 12.3-Nb could inhibit additionally 

another target. 

Once demonstrated that the Nbs reduce cell proliferation in ABCC3-expressing 

cells of PDAC, we investigated if these Nbs could also affect the response to 

gemcitabine. It could be used as a therapeutic agent. 

As shown in Chapter I, ABCC3 overexpression confers resistance to 

gemcitabine; nanobodies could also be bound to the region implicated in 

gemcitabine efflux. These experiments were performed in MIA PaCa-2 cell line 

due to their ability to modulate ABCC3 expression under determined conditions. 

For example, as shown in Chapter I, in basal conditions, MIA PaCa-2 cells do not 

express ABCC3, and under gemcitabine treatment, MIA PaCa-2 cells 

overexpress ABCC3 to efflux the drug outside of the cell. 

To determine if the 18.3-Nb can sensitize to gemcitabine in PDAC cells, we added 

a range of concentrations of Nb (0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 20 μg) before 

the addition of gemcitabine. 

The addition of different concentrations of 18.3-Nb did not affect the proliferation 

of ABCC3-expressing or deficient cells because they do not express ABCC3 

(Data not shown). The dose of gemcitabine used was 20 nM; this concentration 

is around its IC50 in MIA PaCa-2-Cas9 sgABCC3 cells and inhibits a 20% in MIA 

PaCa-Cas9 sgNT cells.  

It had no effect when 18.3-Nb-sorting-ABCC3 was added before gemcitabine in 

MIA PaCa-2-Cas9 sgABCC3 cells (Data not shown). Still, in sgNT cells, we could 

observe a decrease in the proliferation proportionally related to the amount of 

nanobody added (Data not shown). In conclusion, 18.3-Nb-sorting-ABCC3 may 
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have an inhibitory effect in the extracellular domain responsible for the resistance 

to gemcitabine, and its addition generated a similar effect to the genetic ablation 

of ABCC3. 

 

 

Figure 5. Nbs inhibit proliferation and decrease gemcitabine resistance in ABCC3-
expressing cells. Determination of the growth inhibitory effect by viability assays in IMIM-PC2-
Cas9 sgNT and sgABCC3 cell lines of A) 18.3-Nb-sorting-ABCC3 and of B) 12.3-Nb-sorting-

ABCC3; unpaired t-test was used (n.s. no significant, * p<0.05, ** p<0.01).  

 

12.3 and 18.3 Nbs could be employed as therapeutic agents due to the inhibition 

of proliferation. A more interestingly, 18.3-Nb can improve the sensitivity to 

gemcitabine treatment. 
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DISCUSSION 

Current diagnosis of PDAC patients by imaging techniques, CT, MRI, PET, and 

EUS, is widely used and valuable for the clinic, but they present several 

limitations4,34. When PDAC is suspected, diagnostic imaging techniques have 

two main purposes: evaluating the relationship of the tumor with the mesenteric 

and portal vessels and the detection of metastatic disease3,35.  

Imaging techniques are not accurate in the detection of small lesions or 

metastasis. There are a lot of infra-staging tumors and false-positive diagnoses; 

these issues remain challenges in the diagnosis of PDAC patients for 

radiologists10. 

"Immunotargeted imaging" is an attractive and innovative method for the specific 

diagnosis of PDAC. Nbs have unique properties such as robust structure, 

stability, and solubility in aqueous solutions, reduced size, and reversible 

refolding36. By the specificity and selectivity of Nbs, they can be used as a tool to 

identify new biomarkers. More importantly, the expression of biomarkers can 

occur earlier than any changes in tumor size or tissue morphological changes37. 

Due to the diagnosis of PDAC at late stages of the disease, the detection of 

biomarkers before the morphological alterations could help diagnose the disease. 

With early treatments and resection, the survival of patients could be improved. 

One of the techniques for detecting biomarkers in PDAC is biopsies and 

histological analyses; these techniques are not precise due to tumor 

heterogenicity. Thereby, immuno-PET allows the quantification of biomarkers in 

a non-invasive way and whole-body imaging38. 

Several targets are functionally important in PDAC and might have clinical 

potential as prognostic biomarkers in immuno-PET. Proteins and molecules 

present at the plasmatic membrane that are overexpressed on tumor or its 

microenvironment are potentially suitable for tumor-targeted imaging. Other 

components of the tumor microenvironment, such as extracellular matrix 

molecules, arise as promising candidates for developing immuno-PET probes for 

diagnosing and monitoring PDAC patients39. 
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The different Nbs generated and validated against ABCC3 in our laboratory 

demonstrated to detect ABCC3 protein in subcutaneous and orthotopic PDAC 

tumors.  

Our results, in agreement with previous reports40, pointed ABCC3 as a new 

biomarker of PDAC. ABCC3 overexpression correlates with resistance to 

gemcitabine and stemness properties. Immuno-PET performed with these Nbs 

could help detect tumors, predict their response to chemotherapeutic agents, and 

monitor patients. 

For immuno-PET probes, it is essential to match the Nb's half-life with the 

radioisotope's half-life. The renal clearance of Nbs is fast, around 0.5 and 1 h; 

We could use 68Ga as radionuclide to avoid a long period of radioactivity 

exposure of patients41. For the linkage of the Nb with the radioisotope, the 

chelator needs to maintain the characteristics of both agents of the probe.  

Different chelators can be conjugated to Abs or fragment-derived Abs depending 

on the radioisotope of choice42. DOTA is the chelator of choice for 90Y and 177Lu, 

and exceptionally for 64Cu and 68Ga due to their harsh labeling conditions for their 

stability in vivo43. NOTA resulted functional and stable in 86Y and 177Lu, but also 

with other radioisotopes such as 64Cu and 68Ga, and 44Sc in an easier way, but 

also the efficiency of conjugation results higher44. 

The activity of 68Ga in conjugated and labeled 12.3-NOTA-68Ga resulted low 

(5%); these assays need to be repeated for an appropriate conjugation of the Nb.  

By the conjugation and/or labeling, the epitope binding affinity can be altered, 

specifically, if the chelator addition occurs in CDR regions; however, there are 

several strategies to guide the conjugation and labeling processes.  

One of the strategies for the improvement of the conjugation process could be 

sortase-mediated ligation. A site-specific sortase-mediated ligation is a powerful 

approach for the modification of molecules (figure S4). In this approach, the Nb 

is expressed with a C-terminal sequence corresponding to the sortase 

recognition domain (-LPXTG or -LPXTA). Sortase A enzyme cleaves the C-

terminal residue, and a thioester Nb-sortase intermediate is formed. The 

intermediate is resolved by the nucleophilic attack of a short poly-glycine 

sequence of a protein or peptide conjugate45. By using sortase A strategy, we 
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could direct the conjugation of NOTA to the Nb, solving the limiting step of the 

conjugation. Additionally, this sortase A method can be applied to bind other 

agents, such as fluorophores or radioisotopes. 

Besides the low efficiency of Nb labeling, we could observe the high stability of 

Nbs under conjugation and labeling processes. 12.3-Nb was stable after long 

incubation times at 37ºC and pH modifications, and the specificity against ABCC3 

was not altered. 

Nowadays, chemoresistance of cancer cells remains a problem, and also, 

standard treatments affect tumor and non-tumoral cells. Over the past years, a 

new generation of cancer treatments has been explored to solve this problem, 

targeted cancer therapies or TRNT. TRNT is based on interfering specific 

functional and essential targets; it focuses on specific molecular changes of each 

type of cancer46. The use of Abs or fragment-derived Abs in TRNT is one of the 

targeted radiotherapies that is emerging. Recently, Caplacizumab has been the 

first Nb approved by the FDA to treat thrombotic thrombocytopenic purpura47. 

The use of Nbs as TRNT can be performed in two different ways: by the inhibition 

potential of Nbs themselves; or by the labeling with gamma-emitters. Unlike 

radiotherapy, the radiation is not administered from outside of the body; the 

radiation is applied directly to the tumor. The cytotoxic radiation is delivered to 

cancer cells or their microenvironment due to antibodies binding to specific 

cancer biomarkers48. 

The Nbs developed against ABCC3 were selected by the specificity and 

selectivity in detecting epitopes for possible diagnosis use; the Nbs could also be 

used for therapy if the radioisotope is changed. Nbs can be used as therapeutic 

agents by labeling gamma-emitters; further studies to test their efficacy and 

potential as therapeutically agents after labeling could be performed. 

Additionally, Nbs can have an inhibitory effect by themselves by binding to an 

important and necessary region for some processes, such as proliferation or drug 

resistance. There are shreds of evidence that the inhibition of ABCC3 leads to 

decreased proliferation, which could be related to HIF1α pathways18. Both 12.3 

and 18.3 Nbs isolated for ABCC3 recognition resulted in having an inhibitory 

effect in the proliferation of PDAC cell lines. The administration of Nbs could stop 

the growth of the tumor and improve the patient's life. These Nbs might bind to 
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an extracellular domain of ABCC3 that in some way is implicated in proliferation 

pathways. 

ABCC3 is also related to drug resistance. By impairing ABCC3, tumor cells could 

result in more sensitivity to gemcitabine treatment. In addition, as it was shown 

in Chapter I, ABCC3 is expressed in CSCs; with Nb therapy, we could target 

these resistant cells implicated in relapses. 

Even more, 18.3-Nb-sorting-ABCC3 can increase the sensitivity to gemcitabine 

in PDAC cells that express ABCC3. Besides reducing proliferation by itself, the 

nanobody 18.3 can improve the effect of gemcitabine in these resistant cells. 

These therapies could have a high impact on the development of PDAC patients. 

Nbs could be used as imaging agents to detect the tumor, and by the blockage 

of ABCC3 transporters by the Nb, these cells could be more sensitive to 

chemotherapy. Also, the patient's disease could be monitored by several 

immuno-PET scanners with the Nb along with the treatment. 

ABCC3 has been shown to be implicated in gemcitabine resistance, but it may 

look not to be involved in the resistance to abraxane, the other standard PDAC 

treatment. 

The reduced size of Nbs is beneficial for specific applications, such as molecular 

imaging. However, therapeutic applications usually require slow clearance to 

avoid high doses and frequent administration. Despite the Nb clearance is fast, 

we could observe the binding of 18.3-Nb in vivo for at least 48 h; longer times 

have to be determined. As shown, some cells can modify the expression of 

ABCC3, then probably the half-life of the Nbs needs to be prolonged. 

Different molecules can be linked to nanobodies to increase the size and maintain 

the specificity and selectivity to solve the time of clearance of the Nbs49. One 

strategy is the genetic fusion of the Nb with long serum half-life molecules, such 

as serum albumin50. Another method is the fusion of the Nb with the Fc region; 

this modification increases the size of the molecule extending its half-life51. Both 

strategies were demonstrated to be effective in extending Nbs serum half-lives, 

but they showed adverse effects on functionality, antigen recognition, or Nb 

production52. 
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The potential of nanobodies is extensive; they can be used for many purposes 

and modified to adapt them to many applications. The generation of nanobodies 

libraries is a potential source of research; nanobodies against different molecules 

can be generated to improve our knowledge, diagnosis, or treatment of diseases 

and pathologies.  

The demonstrated specific ABCC3 detection by 18.3-Nb in vivo could be used for 

the early diagnosis of PDAC in patients. Due to the relation between ABCC3, 

chemoresistance, and stemness would have an additional predictive value for the 

response to chemotherapeutic agents. 18.3-Nb also showed a therapeutic effect 

in diminishing the proliferation; in addition to the diagnosis of the tumor, the 

binding of the Nb to the ABCC3 epitope will stop or reduce the growth of the 

tumor. Even more, if the 18.3-Nb is given in combination with gemcitabine, cells 

that express ABCC3 will be sensitized to gemcitabine by the blockage of ABCC3 

by the Nb. The synergistic effect of 18.3-Nb and gemcitabine will be effective in 

ABCC3-expressing cells. Still, in tumors that do not express ABCC3, after 

gemcitabine treatment, there is an induction of ABCC3 expression, and the 18.3-

Nb would block these transporters, resulting in sensitizing cells. Along all the 

stages of the patient's disease, the state of the tumor and the expression of 

ABCC3 could be monitored by 18.3-Nb immuno-PET imaging. 
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CONCLUSIONS 

1. 12.3 and 18.3-Nb-sorting-ABCC3 were able to detect ABCC3 in 

subcutaneous and orthotopic PDAC tumors. 

2. 12.3-Nb resulted highly stable to changes in temperature, pH, and non-

aqueous solutions.  

3. 12.3 and 18.3 Nbs had an inhibitory effect in proliferation of ABCC3-

expressing PDAC cells. 

4. 18.3 Nb sensitized PDAC ABCC3-expressing cells to gemcitabine 

treatment, even in ABCC3-expressing cells in basal conditions or in cells 

that overexpress ABCC3 under gemcitabine treatment. 
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SUPPLEMENTAL FIGURES 

 

Figure S1. Gating of in vivo flow cytometry assays with Nbs. A) Gating workflow to eliminate 

singlets. GFP gating for non-GFP expressing cells, B) normal pancreas as negative control, C) 
subcutaneous, and D) orthotopic tumors. 
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Figure S2. Mouse Grimace scale. Scale established to determine the grade of pain in rodents. 

Image adapted from National center for the replacement, refinement, and reduction of animals in 

research (NC3R2). 

 

 

Figure S3. Human and mouse ABCC3 genes. Gene comparison between human (top) and 

mouse (bottom) ABCC3. Brown squares represent protein-coding regions, and pink represents 

conserved regions across both species. Image modified from Canet et al. 53. 
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