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RESUMEN (en español) 

 
 
En la presente Tesis, hemos estudiado diferentes estrategias terapéuticas antitumorales con el 
objetivo de determinar su eficacia en el tratamiento del cáncer. En la primera parte del trabajo, 
hemos empleado muestras de pacientes con leucemia linfática crónica (LLC), un cáncer 
hematológico de linfocitos B caracterizado por una acentuada inmunosupresión, para estudiar el 
interés terapéutico de nuevos compuestos en esta malignidad. Hemos observado que EC-7072, 
un análogo de mitramicina A, cuenta con actividad antileucémica ex vivo independiente de la 
presencia de alteraciones citogenéticas típicamente asociadas a resistencia a terapia. Cabe 
destacar que el compuesto no afectó marcadamente a poblaciones inmunes sanas [linfocitos T y 
células natural killer (NK)]. Experimentos adicionales mostraron que EC-7072 provoca una  
desregulación notable de la vía de señalización de B cell receptor (BCR), que es crucial para la 
supervivencia de las células leucémicas. Por ello, EC-7072 podría constituir una nueva terapia 
dirigida en LLC. A continuación, dada la importancia de la vía del BCR en LLC, hemos 
estudiado su implicación en la supresión de la respuesta inmune. La activación de la 
señalización por BCR en linfocitos B sanos produjo una reducción en la expresión de NKG2D, 
un receptor activador clave expresado  tanto en células NK como en linfocitos T CD8+ mediada 
por factores solubles. En consonancia, se detectó una disminución de la capacidad citotóxica de 
células NK enfrentadas a células tumorales, estableciendo un vínculo entre la activación de los 
linfocitos B y la supresión de respuestas efectoras antitumorales. El bloqueo de la señalización 
inducida por los factores solubles que median este efecto podría constituir una nueva estrategia 
para potenciar la activación del sistema inmune en malignidades de linfocitos B. En la segunda 
parte del trabajo, hemos analizado el efecto de compuestos antimitóticos, empleados de forma 
convencional como quimioterápicos antitumorales, en el perfil inmunogénico de las células 
cancerígenas in vitro. Tras el tratamiento con estos compuestos, se observó una inducción de la 
expresión de ligandos activadores de las células NK, que se correlacionó con un estímulo de la 
lisis de células tumorales mediada por esta población inmune. Este efecto estaba producido 
principalmente por la activación de ATM y, de forma secundaria, por vías de señalización del 
llamado estrés de retículo endoplasmático. En conjunto, nuestros hallazgos ponen de manifiesto 
que la inducción de la hiperploidía en células tumorales favorece su reconocimiento y 
eliminación por el sistema inmune, fundamentalmente por las células NK, abriendo las puertas a 
tratamientos que modulan la ploidía tumoral como agentes inmunoestimuladores en pacientes 
con cáncer. 
 

 



                                                                

 
 

 

 
RESUMEN (en Inglés) 

 
 
In the Thesis herein, we have studied distinct antitumor therapeutic approaches with the aim to 
unravel their potential efficacy in cancer treatment. In the first part of this work, we have 
studied samples from patients with chronic lymphocytic leukemia (CLL), a B-cell hematologic 
malignancy characterized by an intense immunosuppression, to unveil novel drugs with 
potential therapeutic interest for this cancer. We found that EC-7072, an analog of mithramycin 
A, displays high antileukemic activity in CLL ex vivo independently of cytogenetic alterations 
typically associated to treatment resistance. Interestingly, the compound did not markedly affect 
healthy immune subsets (T cells and natural killer (NK) cells). Further investigation unraveled 
that EC-7072 exerted a profound dysregulation of the B cell receptor (BCR) signaling pathway, 
which is central for leukemia cell survival. Thus, EC-7072 may represent a novel targeted 
treatment in CLL. Afterwards, given the importance of the BCR pathway in CLL, we evaluated 
its role in immunosuppression. Stimulation of BCR signaling in healthy B cells downregulated 
surface expression of NKG2D, a key NK cell activating receptor, on NK cells and CD8+ T cells 
via soluble factors. In agreement, NK cell cytotoxicity against tumor cells was hindered in these 
conditions, establishing a link between B cell activation and suppression of cytotoxic antitumor 
immune responses. Therefore, disruption of the molecular events activated by soluble factors 
mediating this effect might constitute a novel strategy to boost immune responses in B-cell 
malignancies. On the second part of this work, we have analyzed the impact of antimitotic 
drugs, which are conventionally employed in anticancer chemotherapies, on the immunogenic 
profile of tumor cells in vitro. An upregulation in the tumor expression of NK cell activating 
ligands was observed upon treatment with the compounds studied, which correlated with 
increased NK cell-mediated elimination of cancer cells. This upregulation was mainly driven by 
ATM activation and partially mediated by endoplasmic reticulum stress signaling pathways. 
Overall, these data bring to light that inducing hyperploidy in tumor cells favors their immune 
recognition and clearance, mainly by NK cells, opening a window for treatments modulating 
cancer cell ploidy as immunotherapeutic agents for cancer treatment. 
 
 
 
SR. PRESIDENTE DE LA COMISIÓN ACADÉMICA DEL PROGRAMA DE DOCTORADO  
EN BIOMEDICINA Y ONCOLOGÍA MOLECULAR 
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Cancer and immune system: an overview 

The term cancer comprises a group of malignancies characterized by abnormal and uncontrolled 

growth of certain cells within the body. There are more than 200 types of cancer registered to date 

and they are traditionally classified by cell and/or tissue of origin, being lung and breast cancer the 

most prevalent cancers worldwide (Bray et al., 2018). Cancer is the leading cause of death in a great 

number of countries and its incidence is rapidly increasing throughout the globe with 18.1 million 

new cases registered in 2018 (Bray et al., 2018). A wide collection of environmental risk factors are 

associated to cancer development, from exposure to carcinogens to alcohol consumption, obesity or 

even viral infections. Although the environment and lifestyle are crucial factors in tumor incidence, 

it should be pointed that around 5-10% of tumors are caused by inherited genetic mutations, such is 

the case of mutations in BRCA1 and BRCA2 genes, associated to breast and ovarian cancer (King, 

Marks, Mandell, & New York Breast Cancer Study, 2003). 

Tumors usually arise from a localized tissue, yet, as a consequence of cancer progression, tumor 

cells can eventually invade surrounding healthy areas as well. Further, tumor cells can migrate from 

their niche to distant tissues in a process known as metastasis. The transformation of normal cells to 

highly malignant and actively dividing counterparts is still a field subjected to intense research. The 

causes of malignant transformation are variable depending on the tumor although it has been defined 

as a multistep process. Nonetheless, genetic alterations appear to play such a pivotal role in 

tumorigenesis that they are considered an enabling characteristic of cancer (Hanahan & Weinberg, 

2011). Genomic instability and accumulation of DNA damage lead to mutant genotypes, some of 

which show selective advantages that favor tumorigenesis. In precancerous lesions, malignantly 

transformed cells acquire distinct functional capabilities, commonly known as hallmarks of cancer, 

that allow tumor establishment and development (Figure 1) (Hanahan & Weinberg, 2000, 2011).  

These hallmarks generally promote the adaptation of the cellular homeostasis to support a highly 

proliferative state, which encompasses evading growth suppressors and modifying cell metabolism, 

among others. A classic example of metabolic reprogramming is the glycolytic switch suffered by 

tumor cells to cope with their increased bioenergetic demand. This metabolic signature, called the 

Warburg effect, favors aerobic glycolysis over oxidative phosphorylation (Pavlova & Thompson, 

2016). Stressed and malignantly transformed cells are usually eliminated by intracellular control 

mechanisms that trigger programmed cell death via apoptosis. However, tumor cells develop 

strategies to overcome those proapoptotic responses, being the most common the loss of p53 tumor 

suppressor function, a central damage sensor (Kastenhuber & Lowe, 2017). Resistance to apoptosis 

is therefore a feature of many types of cancer, such as chronic lymphocytic leukemia, a hematological 

malignancy that will be further reviewed in this work (see Chronic Lymphocytic Leukemia).  
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Figure 1. The Hallmarks of Cancer. Functional capabilities acquired by tumor cells that are linked to 
cancer establishment and progression. Modified from Hanahan & Weinberg, 2011. 
 

Tumor modifications linked to growth and progression advantages not only affect intrinsic 

cellular processes, but also take part in the crosstalk between the tumor and its surrounding 

microenvironment (e.g. inducing angiogenesis). The immune system plays a double-edged role in 

tumor formation and development and this crucial interplay has become part of the hallmarks of 

cancer (Figure 1). Premalignant lesions show high immune infiltration due to their disrupted 

homeostasis, which translates into activation of antitumor immune responses and chronic 

inflammation. Incipient tumors evolve different strategies to evade immune-mediated elimination, 

promoting, for example, T cell dysfunction via overexpression of ligands for inhibitory receptors like 

programmed cell death ligand 1 (CD274, best known as PD-L1) or cytotoxic T-lymphocyte-

associated antigen 4 (CD152, best known as CTLA-4) (Wherry & Kurachi, 2015). NK cells become 

exhausted as well during tumor progression as a consequence of checkpoint receptor engagement 

(Sivori et al., 2019). This immune cell exhaustion is characteristic of the vast majority of tumors and 

is usually linked to general immunosuppression. During the last few years, this evasion strategy has 

prompted the development of a new antitumor therapeutic approach, known as immune checkpoint 

blockade (ICB), based on inhibitors of these regulatory checkpoints or their ligands. An overview of 

the current state of the management and treatment options in patients with cancer will be further 

reviewed (see Anticancer therapies). Contrastingly, proinflammatory immune cells contribute to 

tumor establishment by creating the ideal conditions for a protumoral niche, supporting neoplastic 

growth or modulating physiological processes like vascular remodeling (Grivennikov, Greten, & 

Karin, 2010). Presence of infiltrating tumor-associated macrophages, myeloid-derived suppressor 

cells (MDSCs) or regulatory T (Treg) cells potentiates tumor initiation. Concomitantly, mouse 
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models with attenuated innate immune cell functions exhibited restricted tumor growth and invasion, 

further supporting the relevance of inflammation as a protumoral process (de Visser, Eichten, & 

Coussens, 2006). Altogether, the complex interactions suffered by neoplastic cells throughout 

tumorigenesis and the functional capabilities they acquire conform the biology of the incipient tumor 

and influences its behavior at advanced stages.  

Cell ploidy in cancer 

Aside from the hallmarks of cancer, considered crucial for cancer progression, a typical feature 

of early-arising cancer cells is polyploidization, defined as an increase in the usual number of 

chromosomes by whole-number multiples (Davoli & de Lange, 2011; Gordon, Resio, & Pellman, 

2012). Human cells are commonly diploid (2n), that is, they count with two genome copies. Still, 

some specialized cell types can be haploid (n), such as gametes, and tetraploid (4n) cells can be found 

in tissues with high proliferation rates, like liver and placenta. Actually, polyploidy (>2n) is a 

frequent trait of certain species, mainly plants. Polyploidization can be achieved by three different 

mechanisms: cell fusion, endoreplication, a version of the cell cycle in which the cell skips precise 

stages of the mitosis, and abortive cell cycle (Figure 2) (Storchova & Pellman, 2004). Anti-mitotic 

drugs, which were employed in the present work, can induce hyperploidy (>2n, a chromosome 

number higher than the normal diploid, not necessarily whole-multiple) via impairment of 

cytokinesis and subsequent abortion of the cell cycle. 

 

Figure 2. Main mechanisms of polyploidization. a. Cell fusion. b. Endoreplication. c. Abortive cell 
cycle. Modified from Storchova & Pellman, 2004. N: number of genome copies. 
 

Changes in cell ploidy are not only a consequence of physiological processes, but have also been 

related to disease. Aberrant DNA content can lead to cell cycle arrest and finally trigger apoptosis to 

remove the stressed cell when the damage is beyond repair (Barnum & O'Connell, 2014). One of the 

stress response programs that are activated under these circumstances is p53 tumor suppressor 



Introduction 

5 
 

signaling, the so-called guardian of the genome due to its role as a stress signal integrator. 

Retinoblastoma (Rb) stands as another essential cell cycle checkpoint that controls genomic integrity. 

In the context of tumorigenesis, events such as inactivation of p53 or Rb lead to the appearance of 

tumor cells with complex karyotypes (>2n), usually tetraploids at first. These changes in the 

chromosome content translate into genomic instability, a hallmark that, in turn, favors tumor 

initiation and acquisition of other functional capabilities, as already mentioned. Loss of p53 is a 

classical feature of more than half of registered tumors and TP53 is one of the most frequently 

mutated genes in cancer, once more highlighting its pivotal role as tumor suppressor (Ozaki & 

Nakagawara, 2011).  

Recent work unraveled that DNA ploidy is greatly controlled by extrinsic mechanisms, mainly 

operated by the immune system (Senovilla et al., 2012). Tumor cells with extra chromosomes are 

more immunogenic, rendering them more susceptible to immune recognition and elimination. The 

control exerted by the immune system against tumors in general and specifically against tumor cells 

with complex karyotypes is an issue that will be further discussed in the present work (see Cancer 

immunosurveillance). 

Cancer immunosurveillance 

The immune system exerts a constant surveillance to defend the organism against foreign threats, 

such as infections, but also to avoid internal damage caused by cells undergoing stress or malignant 

transformation. The immune system is comprised by two different branches, innate and adaptive, 

that cooperate to accomplish this antitumor control. Innate cells are the first to arrive to the affected 

tissue and provide the necessary signals to recruit adaptive immune cells. Pre-malignant lesions 

normally display disrupted homeostasis that leads to cells stress, hence promoting immune cell 

infiltration and activation of inflammatory responses. At this point, the immune system and the 

nascent tumor establish a crosstalk that ultimately resolves in tumor clearance or tumor progression. 

This is widely-known as the cancer immunoediting process, since the immune system not only 

safeguards the organism against tumors, but also shapes the immunogenic profile of the tumor (Dunn, 

Bruce, Ikeda, Old, & Schreiber, 2002; Schreiber, Old, & Smyth, 2011). There are three consecutive 

phases within this immunoediting (Figure 3). 

 Elimination. The innate and adaptive components of the immune system cooperate to 

eradicate incipient tumors before they become clinically visible. The mechanisms underpinning 

tumor clearance essentially encompass the recognition of danger signals derived from malignant 

transformation, such as the exposure of stress-induced molecules or tumor antigens on the surface of 

the cancer cell, that activate antitumor immune responses.  
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 Equilibrium. Resistant tumor clones can evade immune destruction during the elimination 

phase. As a result, the immune system interacts with the remaining tumor cells in a dynamic 

equilibrium, controlling tumor growth and sculpting its immunogenicity. During this dormant state, 

the genomic instability intrinsic to cancer favors the generation of new tumor cell variants with 

different immunogenic profiles. The immune system recognizes and removes the highly-

immunogenic clones, therefore allowing the outgrowth of aggressive tumor variants with acquired 

immunoevasive mechanisms. 

 Escape. Tumor clones resistant to immune detection overcome the immune control and 

emerge as visible tumors. Tumor escape is normally a consequence of the modifications produced in 

the tumor population by immunoediting, yet it can be favored by changes in the immune system in 

response to tumor-induced immunosuppression or external factors as well. Several mechanisms of 

immune evasion have been reported, including the downregulation of antigen presentation by major 

histocompatibility complex class I (MHC-I) molecules, a feature that activates natural killer (NK) 

cell-mediated antitumor responses and can actually be detrimental to tumor progression (see The role 

of NK cells in cancer immunosurveillance). 

Effector immune cells take an active part in the immunoediting process, but other immune cell 

subsets intervene as well. NK cells, together with natural killer T (NKT) cells and dendritic cells 

(DCs) are the first line of defense, usually in charge of eradicating developing tumors and activating 

adaptive immune responses mediated by infiltrating effector CD8+ and CD4+ T cells. Contrastingly, 

Treg cells and MDSCs are two key subsets recruited by tumor cells due to their immunosuppressive 

properties. Tumor infiltration of these regulatory immune cells is detrimental to antitumor 

surveillance and facilitates the progression from equilibrium to tumor escape. Collectively, the 

intratumor balance of distinct immune subsets determine the evolution of the immunoediting process 

and can tip the scale towards tumor clearance or growth (Quezada, Peggs, Simpson, & Allison, 2011; 

Schreiber et al., 2011). 

The role of NK cells in cancer immunosurveillance 

NK cells are a subset of immune cells that play a central part in the innate immune response. Their 

primary function is to detect and eliminate damaged or stressed cells, such as those undergoing virus 

infections or malignant transformation (Vivier, Tomasello, Baratin, Walzer, & Ugolini, 2008). 

Accordingly, NK cells cooperate in the control of tumorigenesis, being capable of arresting tumor 

growth and, sometimes, leading to its complete eradication. Further, NK cells display a potent 

antimetastatic activity and can hamper tumor spreading and survival of disseminated cells (Lopez-

Soto, Gonzalez, Smyth, & Galluzzi, 2017). 
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Figure 3. The three phases of cancer immunoediting. Early tumors establish a dynamic crosstalk with 
the immune system that consist of three subsequent steps. During the elimination phase, the immune 
control detects and eliminates the tumor before it is clinically detectable. If the immune system fails to 
destroy a fraction of the tumor cells, the immunoediting evolves to an equilibrium phase. Tumor growth 
is controlled and the immune system sculpts the immunogenicity of the tumor, eliminating the more 
immunogenic variants. At some point, tumor clones resistant to immune destruction escape 
immunosurveillance and progress into a clinically visible tumor. Obtained from Schreiber, Old & Smyth, 
2011. 

NK cells are characterized by their dynamic cytotoxic activity against misbehaving cells that 

relies on a process called degranulation. Preformed granules containing cytolytic proteins are stored 

in the cytoplasm of NK cells and, upon recognition of a target cell, are released into the 

immunological synapse established. The cytolytic proteins, mainly perforin and granzymes, are 

responsible for triggering the apoptotic cell death of the target. At the same time, activated NK cells 

secrete cytokines (e.g. IFN-γ, TNF-α) that stimulate adaptive immune responses.  

Unlike T and B lymphocytes, NK cells do not exert antigen-driven responses. The activation state 

of NK cells is dictated by a tight balance of signals provided by an array of inhibitory and activating 

surface receptors (Pegram, Andrews, Smyth, Darcy, & Kershaw, 2011). Accordingly, the induction 

of NK cell function is achieved via two different scenarios (Figure 4). 
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 Missing self. NK cell inhibitory receptors recognize self-molecules ubiquitously expressed 

in healthy tissues, preventing inappropriate NK cell activation and ensuring the protection of healthy 

cells (Figure 4a). These transmembrane receptors signal through intracellular immunoreceptor 

tyrosine-based inhibitory motifs (ITIMs), located in the cytoplasmic tail of the molecule. There are 

two main families of NK cell inhibitory receptors: killer immunoglobulin-like receptors (KIR), which 

selectively bind to classical MHC class I molecules, and CD94-NKG2 heterodimer receptors, which 

recognize non-classical MHC molecules (Sivori et al., 2019). Among the latter, CD94-NKG2A is 

the only member with inhibitory potential, since CD94-NKG2C and -E bear no ITIMs (Borrego, 

Masilamani, Marusina, Tang, & Coligan, 2006). Additionally to classical receptors, NK cells are 

inhibited through engagement of co-inhibitory receptors as well, like PD-1 or CD96. Downregulation 

or loss of surface expression of MHC molecules is a prototypical evasion strategy acquired by arising 

tumors, partially induced by the selective pressure caused by effector T cell action. In this case, NK 

cells stop receiving inhibitory signals and unfold their cytotoxic potential, killing the tumor cell 

(Figure 4b) (Morvan & Lanier, 2016). 

 

Figure 4. Regulation of NK cell activation. NK cell function is controlled by a delicate balance of 
signals transduced by a collection of inhibitory and activating receptors. a. Healthy cells provide 
inhibitory signals through their MHC-I molecules and express low or non-existent levels of stimulatory 
ligands, therefore avoiding NK cell detection. b. Loss of MHC-I molecules, a strategy commonly acquired 
by tumor cells to avoid T cell recognition, triggers NK cell activation, owing to the lack of inhibitory 
signals. c. Ligands for NK cell activating receptors are upregulated in conditions of cell stress, including 
tumorigenesis, thus NK cell inhibition is overcome upon encounter with these tumor cells, promoting NK 
cell-mediated lysis. Modified from Morvan & Lanier, 2016. 
 

 Induced self. NK cells can be activated through activating receptors if they receive a strong 

signal that overcomes their inhibition (Figure 4c). These receptors transduce the activating signals 
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through interaction with specific adaptor proteins containing immunoreceptor tyrosine-based 

activating motifs (ITAMs). NK cells express a wide repertoire of activating receptors that interact 

with specific ligands present on the surface of stressed, damaged and transformed cells (Table 1) 

(Sivori et al., 2019). Tumorigenesis is linked to induced expression of activating ligands, rendering 

tumor cells more susceptible to NK cell-mediated clearance, whereas healthy cells usually express 

low levels of these surface molecules, further protecting them from NK cell attack. 

                           Table 1. Natural killer cell activating receptors and their ligands. 

Receptor CD name Confirmed ligands 

NKG2D CD314 MICA/B, ULBP1-6 

DNAM-1 CD226 Nectin-2 (CD112), PVR (CD155) 

NKp30 CD337 B7-H6 

NKp44 CD336 unknown 

NKp46 CD335 unknown 

 

Natural killer group 2, member D (KLRK1, best known as NKG2D) probably stands as the best-

characterized NK cell receptor and has a crucial role in cancer immunosurveillance. Apart from NK 

cells, it is expressed by the vast majority of CD8+ T cells, γδ T cells and NKT cells and by some 

subsets of CD4+ T cells (Raulet, 2003). In humans, NKG2D signals via the adaptor protein DNAX‐

activating protein of 10 kDa (DAP10), followed by recruitment of phosphatidylinositol 3-kinase 

(PI3K) and the complex Grb2-Vav1 (Upshaw et al., 2006). The human NKG2D receptor recognizes 

a collection of ligands that are structurally related to MHC-I molecules and comprise two families: 

the MHC class I chain‐related protein A (MICA) and B (MICB) family, and the UL16‐binding 

proteins (ULBPs) family, with six members (ULBP1-6) (Huergo-Zapico, Acebes-Huerta, Lopez-

Soto, et al., 2014; Lopez-Soto, Huergo-Zapico, Acebes-Huerta, Villa-Alvarez, & Gonzalez, 2015). 

Several stress conditions have been reported to regulate the expression of NKG2D ligands 

(NKG2DLs), such as DNA damage (via ATM or ATR checkpoint kinases) or heat shock (via HSF1 

transcription factor) (Lopez-Soto et al., 2015). A great number of signaling pathways triggered in 

response to stress are activated during tumorigenesis as well, hence providing a strong activating 

signal that allows the NK cell-mediated recognition and lysis of tumor cells (Raulet, Gasser, Gowen, 

Deng, & Jung, 2013). In advanced tumors, epithelial-mesenchymal transition (EMT) also stimulates 

NKG2DL expression on tumor cells, facilitating the control of metastasis by NK cells (Lopez-Soto 

et al., 2017; Lopez-Soto et al., 2013). In vivo studies showed that NKG2D-deficient mouse models 

had enhanced incidence of spontaneous tumors and accelerated tumor progression, further supporting 

the relevance of NKG2D in the control of tumor initiation (Guerra et al., 2008). Nonetheless, recent 

data in hepatocellular carcinoma models suggests that NKG2D might play a double-edged role in 
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inflammation-driven tumors, favoring a proinflammatory microenvironment and contributing to 

tumor growth (Sheppard et al., 2017). 

DNAX accessory molecule-1 (DNAM-1) is another major receptor in NK cells that is also present 

in certain subsets of T cells and myeloid cells. Unlike NKG2D, crosslinking of DNAM-1 directly 

recruits Grb2 to transduce the activation signal to downstream effectors (Zhang et al., 2015). The 

human DNAM-1 ligands discovered so far are Nectin-2 and poliovirus receptor (PVR). Upregulation 

of these molecules has been reported in certain tumors and Cd226-/- mice suffer accelerated tumor 

growth, collectively evidencing that NK cell-mediated antitumor responses are also dictated by 

DNAM-1 signaling (Gilfillan et al., 2008; Iguchi-Manaka et al., 2008; Lakshmikanth et al., 2009). 

Similar to NKG2DLs, the expression of Nectin-2 and PVR is regulated by classical stress response 

pathways (Cerboni et al., 2014; Soriani et al., 2014; Soriani et al., 2009). 

The other major group of NK cell activating receptors is known as natural cytotoxicity receptors 

(NCRs) and consist of three members: NKp30, NKp44 and NKp46. Each receptor has a different 

signaling cascade that initiates with coupling to FcεRI-γ (for NKp30 and NKp46) or DAP12 (for 

NKp44) adaptor proteins. Up to date, B7-H6 is the only described ligand for NKp30, whereas NKp44 

and NKp46 ligands are less well characterized (Brandt et al., 2009). Still, NCRs can interact with 

molecules from diverse origin, such as pathogen-derived proteins, like neuraminidases, or cellular 

proteins exposed on the surface, like vimentin (Kruse, Matta, Ugolini, & Vivier, 2014; Sivori et al., 

2019). B7-H6 expression has been detected in different types of cancer and certain tumor-associated 

proteins have been found to bind to NCRs (e.g. BAT3 to NKp30, PCNA to NKp46 and NKp44L to 

NKp44), which correlates with the abrogation of NK cell-mediated tumor cell lysis detected in the 

presence of anti-NCR blocking antibodies (Baychelier et al., 2013; Brandt et al., 2009; Kruse et al., 

2014; Pende et al., 1999; Pogge von Strandmann et al., 2007). This data suggests that signaling 

through NCRs contributes to the antitumor function of NK cells. 

Despite the integrated network of activating signals that can induce NK cell-mediated killing, 

tumor cells have developed evasion mechanisms to promote NK cell dysfunction and circumvent the 

immune vigilance. The release of soluble ligands for NK cell receptors has emerged as one of the 

favorite immunosuppressive strategies acquired by tumors (Groh, Wu, Yee, & Spies, 2002; Pesce et 

al., 2015; Reiners et al., 2013; Salih, Rammensee, & Steinle, 2002). Shedding of NKG2DLs is 

accomplished by metalloproteases typically upregulated in tumorigenesis, a feature shared by B7-

H6 that reduces the levels of exposed ligand (Schlecker et al., 2014; Waldhauer et al., 2008; 

Waldhauer & Steinle, 2006). In general, it has been reported that engagement of NKG2D by soluble 

isoforms of its ligands induces endocytosis and lysosomal degradation of the receptor, limiting NK 

cell activation (Groh et al., 2002; Song, Kim, Cosman, & Choi, 2006). Besides, downregulated 
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NKp30 expression correlated with high levels of soluble B7-H6 in several tumors, suggesting that 

engagement of soluble ligands might have a common impact on all NK cell receptors (Pesce et al., 

2015; Semeraro et al., 2015).  

Immunogenic cell death and tumor cell ploidy 

Studies in tumor mouse models unveiled that certain chemotherapeutic agents triggered a 

modality of apoptotic cell death that, in turn, stimulated immune responses (D. R. Green, Ferguson, 

Zitvogel, & Kroemer, 2009; Zitvogel, Kepp, & Kroemer, 2011). Accordingly, the efficacy of these 

therapies rely on the antitumor potential of the immune system. Tumor cells succumbing to 

immunogenic cell death (ICD) expose intracellular proteins on the cell surface that act as eat-me 

signals, facilitating their uptake by DCs and subsequent antigen presentation to effector T cells 

(Figure 5) (D. R. Green et al., 2009). Upon treatment with IDC inducers, tumor cells particularly 

expose the endoplasmic reticulum (ER)-resident chaperone calreticulin (CRT) in a preapoptotic 

stage, followed by secretion of ATP and release of the nuclear protein high-mobility group box 1 

(HMGB1) in advanced apoptotic stages. This soluble molecules act as find-me signals, recruiting 

professional phagocytes (Figure 5) (Kroemer, Galluzzi, Kepp, & Zitvogel, 2013; Obeid et al., 2007; 

Panaretakis et al., 2008). The exposure of CRT is caused by chemotherapy-induced ER stress, which 

is linked to increased phosphorylation of eukaryotic initiation factor 2α (eIF2α), one of the central 

effectors of the unfolded protein response (UPR) triggered upon ER stress (Garg et al., 2012; 

Panaretakis et al., 2009). 

In the same line, hyperploid tumor cells exhibit elevated levels of ER stress, which translates in 

the exposure of CRT on the cell surface, mimicking the effect of ICD inducers and eliciting the 

engulfment of the tumor cell by phagocytes (Zanetti & Mahadevan, 2012). In fact, a seminal work 

from Senovilla et al. described that immunocompetent mice display reduced cancer development 

upon injection of hyperploid tumor cells than mice challenged with the diploid counterparts 

(Senovilla et al., 2012). Contrastingly, immunodeficient mice had similar tumor incidence 

independent of the ploidy of the tumor cells injected, corroborating that malignant cells with complex 

karyotypes are subjected to a strong immunosurveillance.  

 

Cancer therapies 

The adaptations suffered by pre-malignant and tumor cells along cancer development, together 

with the editing exerted by the immune system, shape tumor biology in a unique manner. 

Consequently, tumor behavior is highly dependent on its background, making each type of cancer a 
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disease on its own and complicating the design of therapeutic approaches with broad-spectrum 

clinical effectivity. 

 

Figure 5. Hallmarks of immunogenic cell death in cancer. As a consequence of treatment with ICD 
inducers, tumor cells expose CRT on the surface, which is mediated by the activation of ER stress 
responses. This takes places in a preapoptotic stage and favors the phagocytosis of tumor cells by DCs. 
During the apoptotic process, tumor cells undergoing ICD release ATP and HMGB1 to the extracellular 
space, acting as chemoattractants to phagocytes. Collectively, antigen-loaded DCs stimulate antitumor T 
cell-mediated responses, which can ultimately lead to the eradication of the tumor. Obtained from 
Kroemer, Galluzi, Keep & Zitvogel, 2013. 

 

Traditionally, cancer treatment has been based on methods that roughly target tumor cells, 

primarily represented by radiotherapy, chemotherapy and surgery. These approaches not always 

eliminate the whole tumor and the remaining cancer cells, typically resistant to treatment, can evolve 

into a more aggressive tumor. The lack of specificity is another major handicap in conventional 

anticancer treatments. Chemotherapeutic agents, for example, rely on the high proliferation rates of 

tumor cells, interfering with cell division or DNA synthesis, thus affecting healthy tissue as well and 

producing significant toxicity. Consequently, surgical resection still remains the most effective and 

tolerated option for the management of the majority of localized tumors. 

Over the past decade, the field of cancer treatment has expanded towards the development of 

targeted therapies, which take advantage of intrinsic characteristics of the tumor and/or try to boost 

the immune system. As an illustration of the first, the small molecule inhibitor imatinib (Gleevec®), 

which selectively targets the BCR-ABL fusion protein, a hallmark harbored by the majority of 

patients with chronic myeloid leukemia (CML), has achieved long-lasting clinical responses and 
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improved overall survival rates, thus becoming the first-line treatment option for patients with CML 

(Moen, McKeage, Plosker, & Siddiqui, 2007). On the other hand, cancer immunotherapy stands out 

as an extensively studied and highly effective alternative to conventional cancer treatments. These 

targeted strategies seek the activation of antitumor immune responses in order to destroy the tumor 

and include approaches like monoclonal antibodies and adoptive cell transfer. Monoclonal antibodies 

(mAb) are a versatile therapeutic tool that act as markers, favoring tumor recognition by effector 

immune subsets, and/or hamper receptor-ligand interactions and, therefore, signal transduction 

(Figure 6). On one hand, mAbs can promote antibody-dependent cell-mediated cytotoxicity (ADCC). 

NK cells recognize the Fc regions of the antibodies when they are bound to antigens on the surface 

of tumor cells and release lytic proteins that kill the tumor cell (Figure 6a). This type of mAbs can 

frequently activate complement-dependent cytotoxicity as well. Nowadays, a wide myriad of ADCC-

inducing mAbs is approved for the management of patients with cancer, like rituximab (anti-CD20) 

for non-Hodgkin’s lymphoma or trastuzumab (anti-HER2) for breast cancer (Kimiz-Gebologlu, 

Gulce-Iz, & Biray-Avci, 2018). mAbs can also modulate immune activation via blockade of 

regulatory checkpoints, a clinical strategy commonly known as ICB therapy that aims to overcome 

T cell and NK cell exhaustion and stimulate effective antitumor responses (Figure 6b). CTLA-4 

blocking antibodies were one of the first immune checkpoint inhibitors clinically developed, 

followed by antibodies targeting the PD-L1/PD-1 axis, some of which are currently approved for the 

treatment of certain types of cancer owing to their promising clinical results (Wei, Duffy, & Allison, 

2018). Recent studies have unveiled the inhibitory role of other proteins expressed by tumor-reactive 

effector immune cells and the therapeutic potential of inhibiting these molecules is being assessed in 

pre-clinical and clinical trials (Park, Kuen, & Chung, 2018). These newly targeted checkpoints 

include molecules such as lymphocyte-activation gene 3 (LAG-3) (Andrews, Marciscano, Drake, & 

Vignali, 2017; Wierz et al., 2018), natural killer group 2, member A (NKG2A) (Andre et al., 2018; 

Sun et al., 2017) or T cell immunoreceptor with Ig and ITIM domains (TIGIT) (Guillerey et al., 2018; 

Johnston, Yu, & Grogan, 2015). Despite the remarkable success of ICB therapy, response rates 

remain limited with a great fraction of patients being non-responders or acquiring resistances, leaving 

room for alternative approaches and combination therapy.  

Of note, other cancer immunotherapies are gaining attention as a result of their unexpected 

efficacy in preliminary studies and clinical trials. Oncolytic viruses have largely proven their 

potential promoting tumor-specific ICD that, in turn, stimulates successful antitumor immune 

responses. Up to date, the oncolytic virus T-VEC has been approved by the FDA (Food and 

Department Administration) for the treatment of advanced melanoma (Perez et al., 2018). Adoptive 

cell transfer is another type of immunotherapy and consists of ex-vivo expansion of tumor-reactive 

T cells that are then transferred back to the patient. This includes chimeric antigenic receptor (CAR)-
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T cell therapy that employs engineered T cells expressing a tumor antigen-specific CAR, thus 

redirecting effector T cells responses towards a defined target cell. This approach is mostly limited 

to the treatment of hematological malignancies for the moment, since the low infiltration of CAR-T 

cells in solid tumors reduces the clinical efficacy in these cases (Miliotou & Papadopoulou, 2018).  

 

 

Figure 6. Representative mechanisms of action exerted by therapeutic monoclonal antibodies. a. 
Engagement of specific antigens on the surface of tumor cells expose the Fc region of mAbs allowing the 
recognition by the CD16 receptor of NK cells. This provides an activation signal that triggers NK cell-
mediated lysis of the tumor cell. b. Disruption of checkpoint receptor-ligand interaction by mAbs turns 
off the inhibition imposed by tumor cells to effector immune subsets, thus allowing the activation of 
antitumor responses. Modified from Morvan & Lanier, 2016. 
 

Altogether, the encouraging results obtained with immunotherapy in cancer management once 

more bring to light the superior potential of the immune system in tumor clearance compared to other 

approaches. Nonetheless, further research in the field of cancer immunotherapy is still necessary in 

order to improve response rates in patients and overcome the clinical and molecular barriers that limit 

the efficacy of immunotherapy.  

Chronic lymphocytic leukemia 

Chronic lymphocytic leukemia (CLL) belongs to the subgroup of hematological cancers and it is 

the most common adult leukemia in Western countries, accounting for about one third of all the 

newly diagnosed cases of leukemia (4.7 per 100,000) (Bray et al., 2018). CLL is considered a disease 

of the elderly, since the median age at diagnosis ranges from 70 to 72 years, and it is more prevalent 

in men than women (2:1) (Hallek, Shanafelt, & Eichhorst, 2018).  

CLL is a lymphoproliferative malignancy characterized by a progressive accumulation of small 

mature-appearing clonal B cells that typically express CD19, CD5 and CD23, among other surface 

markers. Leukemia cells normally appear in the blood, bone marrow, lymph nodes and spleen. CLL 

diagnosis is performed in full blood by immunophenotyping, consisting in the detection of the 

expression levels of an array of surface markers that determine the presence of clonal subsets (Table 
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2) (Hallek, Cheson, et al., 2018). Some of these expression markers, mainly ZAP-70 (Wiestner et al., 

2003) and CD38 (Ibrahim et al., 2001), are prognostic factors that provide an insight into the 

progression and clinical outcome of the patient as well. The initial diagnosis of CLL is confirmed in 

patients with sustained clonal B cells counts ≥ 5,000 per µL for at least three months. Lower presence 

of clonal B cells corresponds to small lymphocytic lymphoma (SLL), generally considered a low-

grade neoplastic manifestation previous to CLL in which tumor cells mainly accumulate in the lymph 

nodes (Tees & Flinn, 2017).  

Table 2. Expression markers analysed in the immunophenotypic diagnosis of CLL. 

 
Normal B 

lymphocytes 
CLL cells 

sIg* High Low 

CD5 No High 

CD19 High High 

CD23 No High 

CD79b High Low 

FMC7 High Low 

CD20 High Low 

CD22 High Low 

CD103 No No 

CD200 No Very high 

CD25 Low Low 

CD11c Low Low 

CD10 No No 

CD43 No Very high 

ROR1 No High 

CD38 High Variable 

ZAP-70 Low Variable 

                                                      *sIg: surface immunoglobulin. 

Additionally to diagnosis, two different clinical staging systems, developed by Rai (Rai et al., 

1975) and Binet (Binet et al., 1981), are routinely employed to classify CLL based on a series of 

characteristics derived from standard laboratory tests and physical examination (Table 3). These 

systems provide a prognostic index that reflect the progression of the tumor and the estimated 

survival of the patient.  
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Table 3. CLL staging based on Rai and Binet systems. 

Rai Staging System 

Stage Clinical criteria Risk 
Average survival 

(years) 

0 Lymphocytosis. Low >12 

I Lymphocytosis and enlarged lymph nodes. Intermediate 8 

II 

Lymphocytosis and enlarged spleen (and maybe 

an enlarged liver). Lymph nodes may or may not 

be enlarged. 

Intermediate 6 

III 
Lymphocytosis and anemia. Lymph nodes, spleen 

and liver may or may not be enlarged. 
High <2 

IV 

Lymphocytosis and thrombocytopenia. Enlarged 

lymph nodes, spleen or liver. Anemia may or may 

not appear. 

High <2 

 

Binet Staging System 

Stage Clinical criteria 
Average survival 

(years) 

A 
No anemia or 

thrombocytopenia. 

<3 areas of lymphoid tissue 

are enlarged 

No reduction of life 

expectancy 

B 
No anemia or 

thrombocytopenia. 

>3 areas of lymphoid tissue 

are enlarged 
7 

C 

Anemia and/or 

thrombocytopenia are 

present. 

Any number of lymphoid 

tissue areas may be enlarged. 
2 

 

There are two different forms of CLL based on their clinical behaviour. This heterogeneity is 

associated to the degree of somatic hypermutation in the immunoglobulin heavy-chain variable 

region gene (IGHV), which reflects the differentiation stage of the B cell of origin (Figure 7). A 

subset of patients carry unmutated IGHV, which correlates with a rapid progression of the 

malignancy, therefore requiring treatment. In this case, CLL arises from immature B cells that have 

not undergone differentiation in germinal centres, that is, a pre-germinal subtype of CLL. On the 

contrary, CLL cells with mutated IGHV come from a post-germinal centre stage and these patients 
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typically course an indolent and asymptomatic disease, which is normally associated to better 

prognosis (Fabbri & Dalla-Favera, 2016).  

 

 

Figure 7. The cellular origin of CLL. Hematopoietic stem cells (HSCs), through accumulation of DNA 
damage, can transform into a CLL progenitor stem cell (CLL HSCs). At this stage, the B cell progenitor 
can differentiate into two different fates. Naive B cells are exposed to T-cell dependent (TD) antigen 
stimulation in the germinal centers and, together with their acquisition of genetic and epigenetic lesions, 
these cells derive to IGHV-mutated (-M) CLL. On the other hand, T-cell independent antigen exposure 
promotes differentiation to a pre-germinal IGHV-unmutated (-UM) CLL. In both cases, prior to CLL 
establishment, the population of B cells is firstly composed by oligoclonal and monoclonal subsets, which 
is considered a pre-CLL state known as monoclonal B cell lymphocytosis (MBL). Accumulation of 
genetic instability combined with environmental stimuli end up giving rise to monoclonal CLL. Obtained 
from Fabbri & Dalla-Favera, 2016. 
 

The variability in the clinical course, outcome and response to therapy of patients with CLL is 

also dependent on a whole set of genetic aberrations. Deletion of chromosome 13q14 [del(13q)] is 

the most frequent chromosomal alteration, present in more than 50% of patients with CLL, and is 

associated to favourable outcome. The frequency of deletion of chromosome 17p13 [del(17p)] or 

TP53 mutations is relative low (7% and 10%, respectively) in untreated patients, but these alterations 

are associated with resistance to chemoimmunotherapy and short survival (Buccheri et al., 2018). 

Deletion of chromosome 11q22-23 [del(11q)] (20%), with the corresponding loss of ATM, is also 

linked to poor therapeutic response and adverse outcome (Kipps et al., 2017). Other less frequent 
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alterations are trisomy of the chromosome 12 or the translocation t(11;14)(q13;q32), among others. 

Likewise, whole genome and exome sequencing studies unravelled recurrent mutations in CLL cells 

that provide survival advantages, affecting central nodes of signaling pathways such as NOTCH1, 

SF3B1, POT1 or MYD88 (Maleki et al., 2019; Puente et al., 2011; Quesada et al., 2011; Ramsay et 

al., 2013; Wang et al., 2014). Transcriptional profiling and epigenomic analyses also revealed large 

intratumor variability and uncovered distinct profiles associated to clinical subtypes, altogether 

underlining the molecular and clinical complexity of CLL (Ferreira et al., 2014; Kulis et al., 2012; 

Queiros et al., 2015). 

Early studies unveiled that CLL cells are resistant to apoptosis, hence their prolonged survival 

and accumulation throughout the body. They count with a defective apoptotic machinery 

characterized by a dysregulation of distinct apoptotic mediators, such as death-associated protein 

kinase 1 (DAPK1) (Raval et al., 2007) or myeloid cell leukemia 1 (MCL1) (Hussain et al., 2007). 

Along these lines, CLL cells display high levels of the antiapoptotic protein B-cell lymphoma 2 

(BCL2), which plays a crucial role in their resistance to apoptosis-inducing agents (Packham & 

Stevenson, 2005; Robertson, Plunkett, McConnell, Keating, & McDonnell, 1996). In addition, there 

is a constant interplay between leukemia cells and their microenvironment, which provides 

prosurvival and migratory signals to tumor cells. As a consequence, CLL cells travel into lymph 

nodes, where they form proliferation centres. Here, tumor cells get in contact with non-malignant 

stromal cells and nurselike cells, establishing an interaction network that mostly involves adhesion 

molecules (e.g. integrin CD49d or L-selectin), chemokines (e.g. tumour necrosis factor (TNF) ligand 

superfamily member 13B (TNFRSF13C, best known as BAFF) or CC chemokine receptor type 7 

(CCR7)) and various soluble factors (e.g. wingless-type MMTV integration site family, member 5A 

(WNT5a)) (Burger, 2011; Ten Hacken & Burger, 2016). T cells present in the proliferation centres 

also contribute to B cell survival and proliferation via CD40 ligation, antigen presentation and 

production of cytokines such as interleukin (IL)-4 or IL-6.  

B cell receptor signaling in CLL 

B cell receptor (BCR) signaling is essential for B cell survival and mediates the response to 

antigen stimulation. The BCR complex consists of a transmembrane immunoglobulin (Ig) that binds 

the antigen and a signaling heterodimer composed by Igα and Igβ (also known as CD79A and 

CD79B, respectively). Downstream signaling is carried out by a cascade of linked phosphorylations 

that initiates with the activation of the proximal kinases LYN and SYK and eventually activates 

effector signaling pathways, including NF-κB, ERK or PI3K/AKT (Figure 8).  
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Sustained BCR signaling is a hallmark of CLL and has been described as a key event in the 

leukemogenesis, not only in CLL, but also in other B-cell malignancies, although it is triggered by 

different mechanisms depending on the tumor. CLL cells exhibit constitutive BCR signaling 

principally due to reactivity to autoantigens (Burger & Chiorazzi, 2013; Rosen, Murray, Evaldsson, 

& Rosenquist, 2010). Nonetheless, B-cell activation can be achieved via two other strategies in CLL 

cells: recognition of microbial antigens derived from infections (Binder et al., 2003; Hoogeboom et 

al., 2013; Lanemo Myhrinder et al., 2008) and autoreactivity via homotypic interactions between 

different BCR complexes (Duhren-von Minden et al., 2012). Unlike other malignancies, such as 

diffuse large B cell lymphoma (DLBCL), only a small percentage of CLL cases exhibit activating 

mutations in components of the pathway (Burger & Wiestner, 2018). This aberrant stimulation can 

translate into enhanced proliferation, most commonly observed in the unmutated IGHV subtype, or 

B cell anergy, predominantly associated to mutated IGHV, which correlates with the clinical 

behaviour of each subgroup of patients (Packham et al., 2014). In any case, CLL cells extended 

survival and impaired apoptosis is dependent on an active BCR signaling, which has opened a 

therapeutic window for novel small-molecule inhibitors targeting components of the pathway.  

 

Figure 8. B cell receptor signaling pathway. Antigen stimulation via the BCR complex elicit the 
activation of the kinases LYN and SYK that initiates a phosphorylation cascade mediated by a set of 
kinases including BTK, BLNK or PLCγ2. Downstream signaling involves calcium (Ca2+) mobilization 
and ultimately regulates gene transcription via recruitment of transcription factors from effector signaling 
pathways such as NF-κB and ERK. Modified from Burger & Wiestner, 2018. 
 

Therapeutic approaches in CLL 

Patients with CLL bearing an indolent disease are periodically monitored but not subjected to 

treatment. However, the majority of patients with CLL eventually require therapeutic intervention 
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owing to progression of the tumor to an active state and/or development of symptoms. Despite the 

intense research regarding treatment, CLL still remains an incurable disease. Nowadays, 

management of patients with CLL comprises a wide range of treatment regimens, which have 

expanded towards more individualized and targeted treatments. Response rates to treatment remain 

highly variable as a result of intrinsic or acquired resistances and drug toxicity. Cytogenetic lesions, 

such as del(17p) or NOTCH1 mutations, are key drivers of therapy resistance and correlate with poor 

responses to treatment.  

The first line of treatment for patients with CLL applied to date consists of a 

chemoimmunotherapy regimen that combines fludarabine and cyclophosphamide, two conventional 

chemotherapeutic agents, with rituximab, an anti-CD20 monoclonal antibody. This is commonly 

known as the FCR regimen. This therapy approach achieves complete remissions in a significant 

fraction of newly-diagnosed patients, with better response in low-risk CLL, but its efficacy 

diminishes in relapsed or refractory patients (Keating et al., 2005; Wierda et al., 2005). 

Lymphocytopenia is a common adverse effect produced by FCR treatment, resulting in 

immunosuppression and subsequent infections, and treatment-related secondary cancers have been 

reported in a small percentage of patients exposed to FCR (Burger & O'Brien, 2018). This drug 

toxicity represents an important drawback, especially in the case of elderly patients or patients with 

comorbidities, who require alternative low-intensity treatments. 

Over the past 5 years, CLL treatment has expanded towards the development of molecularly 

targeted therapies that disrupt leukemia cell homeostasis. The reliance of leukemia cells on BCR 

signaling marked this pathway as a potential therapeutic target in CLL, hence instigating the 

development of novel agents that inhibit central BCR-related kinases. In line with this, ibrutinib, an 

irreversible BTK inhibitor, achieved astonishing response rates in clinical trials and it is currently 

approved for first-line and relapse/refractory CLL treatment (Burger & O'Brien, 2018; Herman et al., 

2011). Of note, ibrutinib showed higher efficacy in older patients compared to conventional therapy, 

highlighting the clinical benefits of targeted therapies (Woyach et al., 2018). Leukemia cells exhibit 

enhanced PI3K activity due to aberrant BCR signaling. Selective inhibition of PI3K p110δ isoform 

(PI3Kδ), an isoform primarily expressed in hematopoietic cells, by idelalisib led to improved clinical 

outcome in relapse/refractory patients (Brown et al., 2014; Herman et al., 2010). Further, idelalisib 

is approved for patients with resistance to first-line and BTK inhibitor treatment. Following this lead, 

second-generation BTK and PI3K inhibitors are being clinically tested, like acalabrutinib, a BTK 

inhibitor that has better selectivity than ibrutinib (Barf et al., 2017), or umbralisib, a novel PI3Kδ 

inhibitor with a milder toxicity profile than that of idelalisib (Burris et al., 2018). Along similar lines, 

the distinctive high levels of BCL2 in CLL has given a chance to molecules such as venetoclax, a 
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BCL2 antagonist, which shows durable clinical activity and is well tolerated alone and in 

combination with rituximab (Seymour et al., 2017). Despite the exceptional clinical results exerted 

in CLL, these novel agents have been reported to cause diverse side effects (e.g. infections, 

neutropenia, pneumonia, etc.), being especially severe the toxicity profile upon idelalisib treatment. 

Additionally, a substantial portion of patients with CLL subjected to treatment with targeted therapies 

eventually relapse owing to acquired resistances mediated by histologic transformation or molecular 

mechanisms, such as mutations in BTK and PLCG2 observed in patients treated with ibrutinib (Ahn 

et al., 2017; Burger et al., 2016; Walliser et al., 2016) or a recently uncovered point mutation in BLC2 

in patients with refractory CLL after treatment with venetoclax (Blombery et al., 2019). 

Consequently, CLL still remains an incurable disease, underscoring the need for new therapeutic 

approaches with reduced toxicity and better response rates independent of the cytogenetic profile of 

the patient.  
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Despite the intense research on cancer treatment, management of patients with cancer remains a 

challenge nowadays. The need for novel therapeutic strategies has prompted the development of two 

distinct sets of treatments with encouraging clinical results. These treatments mainly focus on the 

targeted elimination of the tumor or the activation of antitumor immune responses. In the Thesis 

herein, we aimed to unveil the therapeutic potential of distinct compounds in cancer, evaluating their 

specificity and direct effect on tumor survival as well as the impact on the antitumor function of the 

immune system, primarily focusing on NK cells. 

The specific objectives proposed in this work were the following: 

1. To study the antileukemic activity of analogs of mithramycin A in CLL and evaluate the 

function of NK cells and T lymphocytes exposed to these compounds. 

2. To explore the role of B cell activation on NK cell dysfunction in B-cell malignancies and 

define the potential therapeutic target causing this immunosuppression. 

3. To determine the immunotherapeutic activity of antimitotic drugs in cancer by analyzing 

their effect on tumor immunogenicity and NK cell interaction with malignant cells. 
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Reagents and other materials 

Cytochalasin D, nocodazole, docetaxel and salubrinal were purchased from Santa Cruz 

Biotechnology. Cyclosporine A (CsA) was obtained from Sigma-Aldrich. Mithramycin A (MTA) 

and its analogue EC-7072 were kindly supplied by EntreChem S.L. Ibrutinib, idelalisib, venetoclax, 

fluradabine, Z-VAD-fmk and GSK2606414 (PERK inhibitor) were obtained from Selleckchem. The 

pharmacological inhibitors LY294002 (PI3K inhibitor), KU55933 (ATM inhibitor), GM6001 and 

BB94 (broad-spectrum MMP inhibitors) and LY2109761 (TGF-β receptor inhibitor) were purchased 

from Santa Cruz Biotechnology. Stock solutions of these reagents were prepared in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich) and stored at -80oC. DMSO was used as control (vehicle) in the 

corresponding experiments.  

Recombinant human (rh) TNF-α, IL-4, IL-6, IL-15, TGF-β and BAFF were purchased from 

Peprotech. Soluble multimeric CD40 ligand (CD40L) was obtained from Adipogen. rhIL-2 was 

supplied by ORF Genetics. For shRNA experiments, pSuper ATMi and control pSuper-basic were 

obtained from Addgene. Lipofectamine LTX was purchased from Invitrogen.  

Goat F(ab’)2 anti-human IgM and goat F(ab’)2 anti-human IgD antibodies were purchased from 

Southern Biotech. Goat anti-human IgM (µ-chain specific) antibody was obtained from Sigm-

Aldrich. IL-2 receptor alpha (IL-2α, CD25; Clone: 5334) blocking antibody was procured by R&D 

Systems. TGF-β1 blocking antibody (Clone: 19D8) was supplied by Biolegend. PE-conjugated anti-

human CD107a antibody (Clone: H4A3) was obtained from BD Biosciences, as well as protein 

transport inhibitors BD GolgiStopTM and BD GolgiPlugTM. HRP (horseradish peroxidase)-

conjugated anti-rabbit and anti-mouse secondary antibodies employed in western blotting were 

purchased from Jackson Immunoresearch Laboratories. The rest of antibodies employed in this work 

are listed in Tables 5-8 and Tables 10-11.  

Additionally, the following dyes were used: carboxyfluorescein diacetate succinimidyl ester 

(CFSE, Sigma-Aldrich), Hoechst 33342 (Life Technologies), 7-aminoactinomycin D (7-AAD, 

Invitrogen), propidium iodide (PI, Immunostep), calcein-acetoxymethyl ester (Calcein-AM, 

Invitrogen) and 3,3’-dihexyloxacarbocyanine iodide (DiOC6(3); Sigma-Aldrich). FITC-conjugated 

Annexin V was purchased from Biolegend. 

In this work, other reagents employed were sodium pyruvate (HyClone), L-glutamine (Lonza), 

penicillin-streptomycin mixture (Lonza), Insulin-Transferrin-Selenium (ITS, Gibco), 

Cytofix/CytopermTM solution (BD Biosciences), HRP substrate (Immobilon Millipore), 

Histopaque®-1077, hydrocortisone, PKH26 reference microbeads, phorbol myristate acetate (PMA), 

ionomycin, fetal bovine serum (FBS) and bovine serum albumin (BSA) (all from Sigma-Aldrich).  
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Two different flow cytometers were used to carry out this work: BD FACSCantoTM II (Becton 

Dickinson) and CytoFLEX S (Beckman Coulter). 

 

Patients with CLL and healthy donors 

Blood samples from untreated patients with CLL (n = 112) analyzed in this work were provided 

by Dr. Ana P. González Rodríguez and Dr. Ángel R. Payer from Hospital Universitario Central de 

Oviedo (HUCA), Oviedo, and by Dr. Esther González García from Hospital de Cabueñes, Gijón. 

CLL was diagnosed according to standard clinical and laboratory criteria as established by the World 

Health Organization (WHO): presence of more that 5000/µL B lymphocytes in the peripheral blood 

for at least three months. Written informed consent was obtained from all the patients following the 

Declaration of Helsinki and samples were collected with approval from the local ethics committee 

(Comité de Ética de la Investigación del Principado de Asturias).  

Buffy-coats from healthy donors (n = 56) employed herein were provided by the Centro 

Comunitario de Sangre y Tejidos del Principado de Asturias. 

 

Cell biology methods 

Peripheral blood mononuclear cells (PBMCs) 

PBMCs were isolated by Ficoll gradient centrifugation from blood samples obtained from healthy 

donors and patients with CLL. In brief, samples were layered on top of Histopaque®-1077 and 

centrifuged at 900 x g for 22 minutes at room temperature (RT). Isolated PBMCs were used fresh or 

cryopreserved in FBS containing 10% DMSO until use. FBS was previously inactivated at 55oC for 

30 minutes. 

For some experiments, leukemia cells were isolated by using EasySepTM Direct Human B-CLL 

Cell Isolation Kit (Stemcell Technologies), T cells were purified by using Pan T Cell Isolation Kit 

(Miltenyi Biotec) and NK cells were purified by employing MojoSortTM Human NK Cell Isolation 

Kit (Biolegend). Manufacturers’ instructions were followed for each isolation kit and purity of 

isolated subsets (90~98%) was determined by flow cytometry.  

PBMCs and isolated immune subsets from patients with CLL and healthy donors were cultured 

in Roswell Park Memorial Institute (RPMI) 1640 (Lonza) supplemented with 10% heat-inactivated 

FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL penicillin and 10 µg/mL streptomycin 

at 37oC and 5% CO2.  
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Cells and cell culture conditions 

Cell lines employed in this work are provided in Table 4 and were obtained from the American 

Type Culture Collection (ATCC) unless otherwise indicated. Culture medium was supplemented 

with 10% heat-inactivated FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL penicillin 

and 10 µg/mL streptomycin and cells were maintained at 37oC and 5% CO2. NKL cells, kindly 

furnished by Dr. Eduardo Martínez (Universidad Complutense de Madrid), were cultured in the 

presence of 50 U/mL IL-2 and 20% FBS. HK-2 cells were further supplemented with 36 ng/mL 

hydrocortisone (Sigma-Aldrich) and 1X ITS. OP9 cells were cultured in Alpha Minimum Essential 

Medium (α-MEM, Lonza) supplemented with 20% FBS. Primary fibroblasts obtained from healthy 

donors were kindly provided by Dr. Isabel Quirós (Universidad de Oviedo) and cultured in 

supplemented Dulbecco’s Modified Eagle Medium (DMEM, Lonza).  

             Table 4. Cell lines employed in this work. 

Cell line Origin Species Culture medium 

CA46 Burkitt's lymphoma 

Human 

RPMI 

GRANTA-519 Mantle cell lymphoma DMEM 

HCT-116 Colorectal carcinoma DMEM 

HepG2 Hepatocellular carcinoma DMEM 

HK-2 Kidney RPMI 

JVM2 Mantle cell lymphoma RPMI 

K-562 Chronic myelogenous leukemia RPMI 

MEC-1 Chronic lymphocytic leukemia RPMI 

NKL 
NK cell lymphoblastic 

leukemia/lymphoma 
RPMI 

OP9 
Bone marrow-derived embryonic 

stem cells 
Mouse α-MEM 

Raji Burkitt's lymphoma 

Human 

RPMI 

Ramos Burkitt’s lymphoma RPMI 

U266 Plasma cell myeloma RPMI 

Z-138 Mantle cell lymphoma RPMI 
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Co-culture assays 

In this work, two different co-culture experimental settings were performed. 

- K-562, HCT-116 and HepG2 cells were seeded in 12-well plates and exposed to cytochalasin 

D (0.6 µg/mL), nocodazole (100 nM) or docetaxel (3 nM) for 48 hours to generate hyperploid 

cells. Right after, cells were washed and co-cultured with isolated NK cells in a 1:5 ratio 

(tumor cell: NK cell) for 48 hours. Surface expression levels of NK cell activating receptors 

were then evaluated on NK cells by flow cytometry (see Cytometric detection of surface 

proteins; Table 7). NK cells were isolated from healthy donors and cultured in the presence 

of 100 ng/mL IL-2 for 5 days previous to the co-culture. 

- OP9 cells were seeded in 24-well plates and incubated for 24 hours at 37oC and 5% CO2. 

Culture medium was then replaced by fresh complete RPMI with or without 2 x 106/mL 

PBMCs from patients with CLL (estimated 1:1 ratio) were added to the cell culture for 3 

days. EC-7072 (200 nM) or DMSO (control) was added to the co-culture for the last 24 hours 

and leukemia cell viability was assessed by flow cytometry (see Detection of apoptosis).  

Conditioned media assays 

MEC-1, Raji and Z-138 cell lines and PBMCs from patients with CLL and healthy donors were 

employed to generate conditioned media. Cells were seeded at a density of 2 x 106/mL in 12-well 

plates and treated with 10 µg/mL F(ab’)2 anti-human IgM or IgD antibodies for 48 hours. Cell 

cultures were then centrifuged (250 x g, 5 minutes) and supernatants were collected. PBMCs from 

patients with CLL or healthy donors were cultured in conditioned media for 48 hours and surface 

expression of NK cell activating receptors (NKG2D, DNAM-1 and NKp46 – see Cytometric 

detection of surface proteins; Table 7) was then analyzed in NK cells and CD8+ T cells by flow 

cytometry. 

Transwell assays    

For in vitro transwell assays, anti-human IgM (µ-chain specific) antibody was firstly coated on 

the surface of 12-well culture plates. For that purpose, 500 µL/well of 1X phosphate buffered saline 

(PBS) containing 10 µg/mL anti-IgM antibody were incubated at 4oC, overnight. Following 

incubation, antibody excess was washed away with 1X PBS. Next, 2 x 106 PBMCs from healthy 

donors/well were seeded at the bottom, in contact with the coated antibody, and 106 PBMCs were 

placed in the transwell insert (0.4 µm, Corning). Cells were incubated for 48 hours at 37oC and 5% 

CO2. Surface expression of NK cell activating receptors NKG2D and DNAM-1 (see Cytometric 

detection of surface proteins; Table 7) was then evaluated in NK cells and CD8+ T cells present in 

both sections of the transwell by flow cytometric detection. 
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Proliferation assay 

To evaluate the proliferation rate of distinct immune subsets, a CFSE-based assay was performed. 

Briefly, cells were stained with 1 µM CFSE for 30 minutes at 37oC in the dark. 1 volume of cold 

(4oC) culture medium was added to stop the staining, followed by incubation for 5 minutes at 4oC. 

Cells were washed twice with pre-warmed (37oC) culture medium to remove dye excess and 

subsequently cultured in complete RPMI. Proliferation was determined based on dye dilution, which 

is a consequence of each cell division, in a flow cytometer.  

Cell cycle analysis 

Hyperploid K-562, HCT-116 and HepG2 cells were generated by exposure to cytochalasin D (0.6 

µg/mL), nocodazole (100 nM) or docetaxel (3 nM) for 48 hours. To determine their DNA content, 

cells were incubated with 100 µg/mL RNase A for 15 minutes at RT, followed by staining with 50 

µg/mL PI for 15 minutes at 4oC in the dark. Nuclear content was analyzed by flow cytometry, 

identifying as hyperploid cells those with > 4n.  

Additionally, Hoechst 33342, a dye that penetrates live cells, was employed to evaluate the 

surface expression levels of NK cell activating ligands on cell subpopulations with distinct DNA 

contents. After surface protein staining (see Cytometric detection of surface proteins; Table 7), cells 

were dyed with 10 µg/mL Hoechst 33342 for 45 minutes at 37oC. Cell ploidy and its associated 

surface staining was analyzed in a flow cytometer.  

 

Assessment of NK cell activity 

CD107a degranulation assay 

To evaluate NK cell activation and degranulation in the context of anti-BCR-mediated B-cell 

activation, PBMCs from healthy donors were exposed to 10 µg/mL F(ab’)2 anti-human IgM or IgD 

antibodies for 48 hours. Following treatment, PBMCs were cultured alone or co-cultured with K-562 

cells at a 10:1 effector:target (E:T) ratio in 96-well plates for 4 hours at 37oC in the presence of anti-

human CD107a antibody. Conditions were always set in duplicate. After 1 hour of incubation, a 

monensin solution (BD GolgiStopTM) was added to the cell culture at the recommended 

concentration. After the incubation period, PBMCs were stained for immune subset identification 

(see Immune cell subset identification) and results were analyzed by flow cytometry. For further 

details on this protocol, please refer to (Lorenzo-Herrero, Sordo-Bahamonde, Gonzalez, & Lopez-

Soto, 2019a). 
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Cytotoxicity assays 

- Flow cytometry-based cytotoxicity 

NK cell-mediated lysis of drug-induced hyperploid cells was evaluated by flow cytometry 

as described (Lorenzo-Herrero, Sordo-Bahamonde, Gonzalez, & Lopez-Soto, 2019b). For that 

purpose, DMSO-treated (control) and hyperploid K-562, HCT-116 and HepG2 cells were dyed 

with CFSE (see Proliferation assay) and co-cultured with isolated NK cells or NKL cells at 

different E:T ratios (2:1, 10:1 and 20:1) for 4 hours at 37oC. Right afterwards, 10 µg/mL 7-AAD 

was added to the culture for 10 minutes at RT to discriminate dead cells and data was analyzed 

in a flow cytometer. Target cells were also cultured alone as a negative control to determine 

spontaneous lysis. Conditions were set in triplicate. Specific lysis was calculated following the 

next formula: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑦𝑠𝑖𝑠 (%)

=
(%7𝐴𝐴𝐷 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑐𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒 − %7𝐴𝐴𝐷 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑙𝑦𝑠𝑖𝑠)

(100 − 7𝐴𝐴𝐷 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑙𝑦𝑠𝑖𝑠)
𝑥100 

For some experiments, effector NKL cells were pre-incubated with NK cell receptor 

blocking antibodies or control IgG (Table 5) for 1 hour at 37oC. 

                              Table 5. Blocking antibodies employed in this work. 

Molecule blocked Clone Manufacturer 

NKG2D 1D11 Santa Cruz Biotechnology 

DNAM-1 DX11 BD 

NKp30 P30-15 Biolegend 

Control IgG n.a. Santa Cruz Biotechnology 

                              n.a. not applicable. This antibody is polyclonal. 

- Calcein AM-based cytotoxicity 

NK cell cytotoxic capacity upon anti-BCR-mediated B-cell stimulation was analyzed by 

calcein-AM fluorometric detection as previously reported. PBMCs from healthy donors were 

treated with 10 µg/mL F(ab’)2 anti-human IgM or IgD antibodies for 48 hours. K-562 cells were 

stained with 10 µM calcein-AM for 30 minutes at 37oC, followed by two washing steps with 

pre-warmed (37oC) culture medium to remove dye excess. Next, IgM-, IgD-treated or control 

PBMCs were co-cultured with dyed K-562 cells at three different E:T ratios (10:1, 25:1 and 

50:1) in RPMI supplemented with 1% FBS in a 96-well plate for 4 hours at 37oC. Additionally, 

K-562 cells were cultured alone to assess spontaneous and maximal target cell lysis. The latter 

was achieved by treatment with 1% Triton X-100 for 30 minutes at 37oC. Following incubation, 

co-cultures were centrifuged (250 x g, 5 minutes) and 100 µL supernatant was transferred to a 
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brand-new 96-well plate. Fluorescence was measured at 485 nm excitation and 530 nm emission 

wavelengths in a VarioskanTM Lux Multimode microplate reader. Conditions were set in 

triplicate. Culture medium background signal was also determined and subtracted from all the 

readings. Specific lysis calculations were made according to the following formula: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑦𝑠𝑖𝑠 (%)

=
(𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑐𝑜𝑐𝑢𝑙𝑡𝑢𝑟𝑒 − 𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑙𝑦𝑠𝑖𝑠)

(𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑙𝑦𝑠𝑖𝑠 − 𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑙𝑦𝑠𝑖𝑠)
𝑥100 

For ADCC (antibody-dependent cell-mediated cytotoxicity) experiments, Raji cells were 

used as target cells. Cells were dyed with Calcein-AM and subsequently incubated with or 

without 10 µg/mL rituximab for 30 minutes at 37oC, previous to the co-culture. 

 

Flow cytometry 

Immune cell subset identification 

To determine immune populations, the antibodies listed in Table 6 were employed. The subsets 

of immune cells were identified as follows: T cells were defined as CD3+CD56-, CD8+ T cells as 

CD3+CD56-CD8+ and CD4+ T cells as CD3+CD56-CD4+; NK cells were identified as CD3−CD56+ 

and healthy B cells as CD19+. Leukemia cells were defined as CD19+ since the percentage of healthy 

B cells (CD19+CD5-) detected in PMBCs from patients with CLL was inferior to 2% (data not 

shown). Cells were stained for 20 minutes at RT in the dark and washed with 1X PBS at 250 x g for 

5 minutes. Data was analyzed in a flow cytometer. 

                               Table 6. Antibodies used for identification of immune subsets. 

Protein detected Fluorophore Clone Manufacturer 

CD56 APC C5.9 Cytognos 

CD3 APC 33-2A3 Immunostep 

CD3 FITC UCHT-1 Cytognos 

CD3 CFBlue 33-2A3 Immunostep 

CD8 APC 143-44 Immunostep 

CD8 APC-C750 143-44 Immunostep 

CD4 PerCP HP2/6 Immunostep 

CD5 APC/Cy7 L17F12 Biolegend 

CD19 APC A3-B1 Immunostep 

CD19 CF-Blue A3-B1 Immunostep 
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Cytometric detection of surface proteins 

Antibodies listed in Table 7 were used to detect surface expression levels of distinct proteins by 

flow cytometry. Staining was performed following the manufacturer’s indications. In short, cells 

were stained with primary antibodies for 45 minutes at 4oC followed by centrifugation with 1X PBS 

(250 x g, 5 minutes). Secondary anti-IgG antibodies were subsequently incubated for 45 minutes at 

4oC in the dark. For staining with fluorophore-conjugated antibodies, cells were incubated for 20 

minutes at RT in the dark. After a final washing step with 1X PBS, mean fluorescence intensity 

(MFI) was determined by flow cytometry.   

Absolute cell number quantification 

To evaluate absolute cell numbers, an equal volume of PKH26 reference microbeads was added 

to each sample after staining for immune subset identification (see Immune cell subset identification). 

Microbeads (5 x 103/tube) were acquired in a flow cytometer and absolute numbers of each immune 

population within the sample were calculated. Normalized percentage values were determined 

considering the control (DMSO)-treated cells as 100%.    

Detection of apoptosis  

Cell viability and apoptosis were evaluated by double-staining with the mitochondrial inner 

transmembrane potential (ΔΨm)-sensitive dye DiOC6(3) and the exclusion dye PI, allowing 

identification of apoptotic [DiOC6(3)low PI-] and dead [PI+] cells (Lissa et al., 2014; Sica, Maiuri, 

Kroemer, & Galluzzi, 2016). In brief, cells were resuspended in pre-warmed (37oC) culture medium 

containing 20 nM DiOC6(3) and incubated for 30 minutes at 37oC. Then, 1 µg/mL PI was added to 

each sample and cells were further incubated for 10 minutes at RT. Data were analyzed by flow 

cytometry considering DiOC6(3)+ PI- cells as viable.  

In some experiments, apoptosis was evaluated by double-staining with Annexin V, a protein that 

selectively binds surface phosphatidylserine, and PI. These method allows the identification of 

apoptotic [Annexin V+ PI-] and dead [PI+] cells as well. Thus, cells were incubated in Annexin V 

binding buffer (0.01 M HEPES/NaOH (pH 7.4), 0.14 M NaCl, 2.5 M CaCl2) containing 5 µg/mL 

Annexin V-FITC for 15 minutes at RT. After washing with 1X PBS (250 x g, 5 minutes), PI (1 

µg/mL) was subsequently incubated for 10 minutes at RT. Cells were analyzed by flow cytometry 

considering Annexin V- PI- cells as viable. Where indicated, 7-AAD (10 µg/mL) was used instead of 

PI to discriminate dead cells.  
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        Table 7. Fluorophore-conjugated, primary and secondary antibodies employed for cell surface staining. 

Fluorophore-conjugated antibodies 

Protein detected Fluorophore Clone Manufacturer Dilution 

CD79A (Igα) PE HM47 Biolegend 1:20 

CD79B (Igβ) PE CB3-1 Biolegend 1:20 

IgM PE G20-127 BD Biosciences 1:4 

NKG2D (CD314) PE REA797 Miltenyi 1:200 

DNAM-1 (CD226) PE 11A8 Biolegend 1:200 

NKp30 (CD337) 
PE 

AF29-

4D12 
Miltenyi 1:50 

APC P30-15 Biolegend 1:50 

NKp44 (CD336) PE 2.29 Miltenyi 1:50 

 APC P44-8 Biolegend 1:50 

NKp46 (CD335) PE 9E2 Biolegend 1:50 

 Pacific Blue E92 Biolegend 1:20 

CD16 FITC 3G8 Immunostep 1:50 

CD28 FITC CD28.2 Biolegend 1:20 

CD69 FITC FN50 Immunostep 1:20 

Primary antibodies 

Protein detected Origin Clone Manufacturer Dilution 

MICA Mouse 159227 R&D Systems 1:1000 

MICB Mouse 236511 R&D Systems 1:1000 

ULBP1 Mouse 170818 R&D Systems 1:200 

ULBP2 Mouse 165903 R&D Systems 1:200 

ULBP3 Mouse 166510 R&D Systems 1:200 

PVR (CD155) Mouse SKIL4 Biolegend 1:5000 

Nectin-2 (CD112) Mouse TX31 Biolegend 1:5000 

B7-H6 Mouse 875001 R&D Systems 1:200 

HLA-I Mouse W6/32 
Universidad 

Complutense de Madrid 
1:2000 

Calreticulin Rabbit n.a. Santa Cruz Biotechnology 1:50 
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Secondary antibodies 

Protein detected Fluorophore Clone Manufacturer Dilution 

Mouse IgG PE n.a. Southern Biotech 1:1000 

Rabbit IgG FITC n.a. Southern Biotech 1:1000 

         n.a. not applicable. These antibodies are polyclonal. 

Data corresponding to cell viability were normalized to the untreated control as a percentage. 

Only samples from patients with CLL or healthy donors with at least 50% of viable cells (DiOC6(3)+; 

Annexin V-) in the control (DMSO) condition were employed in this work.  

Intracellular flow cytometry 

To quantify the intracellular levels of IFN-γ, IL-2 and perforin, PBMCs from healthy donors or 

patients with CLL were incubated in the presence of 50 ng/mL PMA and 1 µg/mL ionomycin for 4 

hours. After 1 hour of incubation, a brefeldin A solution (BD GolgiPlugTM) was added to the cell 

culture at the recommended concentration. Following the 4 hour incubation, cells were stained with 

subset specific antibodies (see Immune cell subset identification). Next, cells were fixed and 

permeabilized with Cytofix/CytopermTM solution for 20 minutes at 4oC, according to the 

manufacturer’s instructions. Two washing steps with 1X Wash buffer were performed (250 x g, 5 

minutes). Finally, cells were incubated with intracellular flow cytometry-specific antibodies (Table 

8) for 30 minutes at 4oC and MFI was measured by flow cytometry.  

In some experiments, PBMCs were co-cultured with drug-induced hyperploid cells during the 

incubation period and the differential levels of intracellular cytokines (IFN-γ and IL-2) were 

analyzed. 

                        Table 8. Antibodies used for intracellular flow cytometry. 

Protein detected Fluorophore Clone Manufacturer 

IL-2 PE MQ1-17H12 BD Biosciences 

IFN-γ PE 4S.B3 Biolegend 

Perforin PerCP/Cy5.5 B-D48 Biolegend 

 

Molecular Biology Methods 

Caspase-3 activity assay  

Intracellular levels of activated caspase-3 were measured by using CaspGLOWTM Fluorescein 

Active Caspase-3 Staining Kit (Invitrogen). In brief, EC-7072 (200 nM)- or DMSO-treated PBMCs 



Materials and methods 

35 
 

from patients with CLL were incubated with FITC-DEVD-fmk for 30 minutes at 37oC following 

immune subset staining (see Immune cell subset identification). Fluorescence corresponding to 

leukemia cells was next analyzed by flow cytometry. For some experiments, cells were pretreated 

for 2 hours with the indicated doses of the broad-spectrum caspase inhibitor Z-VAD-fmk. 

RNA-seq analysis  

Isolated leukemia cells from 8 patients with CLL were incubated with 200 nM EC-7072 or DMSO 

for 6 hours. Total RNA from isolated CLL cells was extracted using RNeasy Mini-Kit (Qiagen). 

RNA integrity and concentration were determined using an Agilent-2100 Bioanalyzer (Agilent 

Genomics) and high-quality RNA samples were further processed. RNA-seq libraries were prepared 

using TruSeq-Stranded mRNA LT Sample Prep Kit (Illumina) and checked for quality using a DNA 

1000 chip on a 2100 Bioanalyzer. Each library was sequenced on a HiSeq 4000 (Illumina) to generate 

~20 million uniquely-mapping reads per sample. Generated FASTQ files were first evaluated using 

FastQC for quality control checks (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). No 

problems or biases were identified associated to library preparation or sequencing. Transcript 

abundance was directly quantified with Salmon (Patro, Duggal, Love, Irizarry, & Kingsford, 2017), 

employing the human transcriptome version GRCh38 (Ensembl) as reference. Transcript-level 

quantifications were aggregated for gene-level differential analysis with DESeq2 (Love, Huber, & 

Anders, 2014), applying a multifactor design for paired samples. Finally, gene set enrichment 

analysis was carried out with PathfindR (https://www.biorxiv.org/content/10.1101/272450v1). 

Further gene analysis and representations were performed excluding genes with mean expression 

lower than 25 in control (DMSO) and EC-7072 conditions. RNA-seq data have been deposited in the 

Gene Expression Omnibus database (GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession 

number GSE123777. 

qPCR analysis 

Real-time PCR was used in the current work to analyze the expression of genes in two different 

settings.  

- The expression level of ATM in K-562 cells transfected with pSuper.ATM or control vector 

was analyzed by qPCR. For that purpose, total RNA was purified using High Pure RNA 

Isolation Kit (Roche) and purity and concentration were evaluated on a NanoDrop 2000 

(ThermoFisher Scientific). 1 µg total RNA were used for cDNA synthesis using High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative RT-PCR was 

performed using 4 µL cDNA (1:5 dilution) and SYBR Green PCR Master Mix (Applied 

Biosystems) in a final volume of 20 µL.  
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- Validation of target genes significantly dysregulated in CLL cells exposed to EC-7072 was 

performed by qPCR. Isolated leukemia cells from patients with CLL were incubated with 

EC-7072 (200 nM) or DMSO for 6 hours. Total RNA was extracted using RNeasy Mini Kit 

and purity and concentration were evaluated on a NanoDrop 2000. 2 µg total RNA were 

used for cDNA synthesis using High-Capacity cDNA Reverse Transcription Kit. 

Quantitative RT-PCR was performed using 2 µL cDNA (1:5 dilution) and SYBR Green PCR 

Master Mix in a final volume of 10 µL. 

Amplifications were run according to the manufacturer’s recommendations in a 7300 Real-Time 

PCR System (Applied Biosystems). Each sample was analyzed in triplicate and gene expression 

levels were normalized to the expression of a reference gene (GAPDH or B2M). Calculations were 

made applying the 2-Δ(ΔCt) formula, as previously reported (Livak & Schmittgen, 2001). Primers used 

for each gene detection are provided in Table 9. 

 Table 9. Primers employed for qPCR analyses. 

Gene Forward sequence (5’ → 3’) Reverse sequence (5’ → 3’) 

CD79B CCAGGCTGGCGTTGTCTCCTG GGTACCGGTCCTCCGATCTGGC 

SYK TGCACTATCGCATCGACAAAG CATTTCCCTGTGTGCCGATTT 

LYN ACCAGGGAGGAGCCCATTTA CTTCCGCTCGATGTATGCCA 

PIK3CD ACTCTGCCATTGTCTAAGCCACCT TCACAGCAGGTTCCCAAAGGTGAT 

PLCG2 GCCTGTCCCTTTGTAGAAGTGG GGCCATTATCATTCACAACCG 

BCL2 CTGCACCTGACGCCCTTCACC CACATGACCCCACCGAACTCAAAGA 

BCL2L11 GGCCCCTACCTCCCTACA GGGGTTTGTGTTGATTTGTCA 

BID CGCACCTACGTGAGGAGCTTAGCC TGACCACATCGAGCTTTAGCCAGTCA 

BCL2L1 GATCCCCATGGCAGCAGTAAAGCAAG CCCCATCCCGGAAGAGTTCATTCACT 

NOXA CAGAGCTGGAAGTCGAGTGT AGGAGTCCCCTCATGCAAGT 

CARD11 TTGTGGGAGAATGTGGAGTGT TGCCCCTTGGTATGTAGAATG 

B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT 

ATM TGGCTACAGATTGCAACCCAA TGGTGTACGTTCCCCATGTC 

GAPDH CGGAGTCAACGGATTTGGTC  AATCATATTGGAACATGTAAACCATGTAGT 

 

Phosphoflow 

Protein phosphorylation levels were evaluated by phosphoflow. Briefly, isolated leukemia cells 

from patients with CLL were treated with 200 nM EC-7072 or DMSO (control) for 8 or 12 hours. In 

some experiments, BCR-signaling was activated with goat F(ab’)2 anti-human IgM antibody (10 
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µg/mL) for 45 minutes, CD40L (100 ng/mL) or IL-6 (40 ng/mL) for 15 minutes. Right afterwards, 

cells were fixed with 1.8% paraformaldehyde for 10 minutes at RT and washed with 1X PBS (250 x 

g, 5 minutes). Cells were then permeabilized with 90% ice-cold methanol for 25 minutes at 4oC. 

Subsequently, two washing steps were performed with PBS/1% BSA (250 x g, 5 minutes). Cells 

were incubated with specific phospho-antibodies (Table 10) for 30 minutes at RT and, after a final 

washing step with PBS/1% BSA, MFI was analyzed in a flow cytometer. 

 

          Table 10. Antibodies used for phosphoflow assays. 

Protein detected Fluorophore  Residue Clone Manufacturer 

p-SYK* PE Y352 1503310 Biolegend 

p-BTK PE Y223 A16128B Biolegend 

p-PLCγ2 PE Y759 K86-689.37 BD Bioscience 

p-ERK1/2 PE Y202/Y204 6B8B69 Biolegend 

p-AKT PE S473 M89-61 BD Bioscience 

p-p65 NF-κB PE S529 K10-895.12.50 BD Bioscience 

p-STAT3 PE Y705 4/P-STAT3 BD Bioscience 

p-H2AX PE S139 2F3 Biolegend 

*This antibody also detects phosphorylated ZAP70 at Y319. As previously reported, phosphorylation of 

ZAP70 is highly inefficient in CLL and, therefore, signal detected by this antibody can be mostly attributed 

to SYK phosphorylation at Y352 (29467184, 17038529). 

 

shRNA transfection 

K-562 and HCT-116 cells were seeded in 12-well plates and cultured for 24 hours. Transfection 

was carried out with lipofectamine LTX. Briefly, 300 ng pSuper ATMi, 300 ng control pSuper-basic 

or 0.75 µL lipofectamine LTX were incubated in 50 µL culture medium for 5 minutes at RT. Next, 

each plasmid was mixed with lipofectamine solution (1:1 ratio) and further incubated for 20 minutes 

at RT. DNA-lipofectamine complexes-containing solution was added to the cell cultures in DMEM 

or RPMI (depending on the cell line) without antibiotics. Following overnight incubation, plasmid 

excess was removed through washing with 1X PBS and fresh pre-warmed culture medium was added 

to the culture. After 48 hours, cells were treated with cytochalasin D (0.6 µg/mL) for 48 hours and 

MICA expression levels were analyzed by flow cytometry (see Cytometric detection of surface 

proteins). 
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Western blotting 

K-562 and HCT-116 cells were treated with cytochalasin D (0.6 µg/mL) and/or GSK2606414 (1 

µM) for 48 hours. Total protein extracts were obtained by whole cell lysis in radio-immunoprecipitate 

assay (RIPA) buffer [100 mM Tris (pH 7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 10 mM 

EDTA, 1% sodium deoxycholate] containing 1 mM sodium fluoride (NaF), 1 mM sodium 

orthovanadate (Na3VO4), 1 mM β-Glycerol phosphate, 1 mM AEBSF (Thermo Scientific), protease 

inhibitor Complete EDTA-free and phosSTOP (Roche). The soluble protein fraction was separated 

by centrifugation at 15000 x g for 5 minutes at 4oC and protein concentration was measured using 

Pierce BCA Protein Assay Kit (Thermo Scientific). Following heat denaturation, 15 µg of total 

protein were resolved on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF) 

membranes (Sigma) for 90 minutes at 50 V in a MiniProtean II tank (Bio-Rad) employing transfer 

buffer (10 mM CAPS, 4 mM NaOH, 20% methanol). Membranes were dyed with Ponceau to ensure 

that similar protein amounts were present throughout the samples. Membranes were blocked with 

3% non-fat dry milk in TBST buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.05% Tween-20) for 1 

hour at RT and incubated overnight with primary antibodies (Table 11) at 4oC. Afterwards, 

membranes were washed with TBST buffer for 45 minutes and HRP-conjugated secondary 

antibodies were incubated in 1,5% non-fat dry milk in TBST buffer (1:10000 dilution) for 1 hour at 

RT. After a final washing step with TBST buffer, an HRP substrate solution was added to the 

membranes and signals were detected by chemoluminiscence.  

Table 11. Antibodies used for western blot assays. 

Protein detected Clone Manufacturer Dilution 

eIf2α Poly6067 Biolegend 1:500 

p-eIf2α (Ser51) D9G8 Cell Signaling 1:1000 

α-actin AC-74 Sigma 1:5000 

 

Statistical analysis  

Statistics and data analysis 

Statistical tests were performed using SPSS Statistics 23.0 (SPSS Inc). Shapiro-Wilk test was 

applied to determine sample distribution. Independent samples Student’s t-test or Mann-Whitney U 

test were employed to compare mean samples between groups. Paired samples Student’s t-test or 

Wilcoxon signed-rank test were applied to compare paired samples. p values < 0.05 were considered 

significant. Flow cytometry data analysis was performed with BD FACSDiva software (BD 
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Bioscience) and CytExpert software (Beckman Coulter). Graphs were prepared using GraphPad 

Prism 6.0 software (GraphPad Software Inc.). 

Combination index calculations 

Synergy, addition or antagonism of drug combinations were evaluated using CalcuSyn Version 

2.0 software (Biosoft), which allows the calculation of the combination index (CI) based on the 

algorithm reported by Chou and Talalay (Chou, 2010). As previously described, CI values < 0.8 

represent synergistic effect, values between 0.8-1.2 indicate additive effect and values > 1.2 represent 

an antagonistic effect (Bijnsdorp, Giovannetti, & Peters, 2011; Chou, 2010). CI values for non-fixed 

ratio combinations from independent experiments, employing IC50, IC25 and IC10 concentrations for 

each compound, were generated and plotted.
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1. The mithralog EC-7072 induces chronic lymphocytic leukemia cell death by 

targeting the B cell receptor signaling pathway  

EC-7072 is highly effective against primary leukemia cells from patients with CLL independently 

from cytogenetic aberrations and IGHV mutational status 

EC-7072 (also known as MTM-SK) is an analog of MTA, so-called mithralog, generated by 

targeted inactivation of a ketoreductase implicated in the biosynthesis of MTA and produced by 

Streptomyces argillaceus (Figure 1.1) (Remsing et al., 2003).  

 

 

Figure 1.1. Chemical structure of MTA and its analog EC-7072. 

 

To evaluate the in vitro therapeutic potential of EC-7072 in CLL, PBMCs isolated from patients 

with CLL were incubated with the compound and viability and leukemia cell numbers were 

determined by flow cytometry. Treatment with increasing concentrations of EC-7072 significantly 

decreased leukemia cell numbers and viability in a dose-dependent manner (Figure 1.2A-B). 

Viability was affected in a time-dependent fashion as well (Figure 2.2C). This antileukemic activity 

exerted by the mithralog was comparable to that of MTA (Supplementary Figure 1.1). However, 

opposed to the strong toxicity associated to MTA, EC-7072 did not significantly affect the viability 

of non-tumoral primary human fibroblasts and HK-2 cells, an immortalized cell line derived from 

normal adult human kidney (Supplementary Figure 1.2A-B). Nonetheless, EC-7072 reduced the 

viability of normal B cells from healthy donors, suggesting that the compound is highly cytotoxic 

against B cells (Figure 1.2D). Concomitantly, EC-7072 significantly diminished the surviving cell 

fraction of a panel of tumor cell lines derived from B-cell malignancies (Supplementary Figure 1.2C). 

Then, we analyzed the impact of chromosomal and molecular genetic aberrations that are markers 

of patient prognosis and therapy response in CLL in the cytotoxic effect of EC-7072. No differences 

in the activity of EC-7072 were observed among patients carrying diverse cytogenetic alterations 

typically associated to high-risk CLL, such as del(17p) or del(11q) (Figure 1.3A), nor the mutational 

status of IGHV significantly affected the sensitivity to the mithralog (Figure 1.3B). These data 
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suggest that the antileukemic activity of EC-7072 is independent of the cytogenetic profile of CLL 

cells. 

 

Figure 1.2. EC-7072 has a cytotoxic effect on primary leukemia cells from patients with CLL. 
PBMCs from patients with CLL (n = 10-13) were incubated with increasing concentrations of EC-7072 
(0-400 nM) for 24 hours. A. Numbers of leukemia cells were evaluated by flow cytometry. The graph 
represents the number of cells normalized to their respective control (DMSO) condition for each 
individual patient. B. Viability of leukemia cells was determined by cytofluorometric assessment of 
DiOC6(3)/PI staining. C. PBMCs from patients with CLL (n = 10) were incubated with or without EC-
7072 (200 nM) for 12 to 72 hours. Viability of leukemia cells was determined by DiOC6(3)/PI staining. 
D. PBMCs from patients with CLL (n = 63) or healthy donors (n = 20) were incubated with or without 
EC-7072 (200 nM) for 24 hours and viability of leukemia cells and healthy B cells was evaluated by 
DiOC6(3)/PI staining. Graphs depict the percentage of viable [DiOC6(3)+] cells normalized to their 
respective control (DMSO) condition for each individual patient. (Mean ± SEM; *p < 0.05; **p < 0.01; 
***p < 0.001, Student’s t-test). 
 

EC-7072 does not markedly alter the homeostasis of healthy immune cells from patients with CLL 

We next assessed the effect of the compound toward healthy immune subsets, T lymphocytes and 

NK cells, that are constantly exposed to leukemia cells in the peripheral blood of patients with CLL. 

Treatment of PBMCs from patients with CLL with increasing doses of EC-7072 exerted minor 

effects on T cell numbers (Figure 1.4A) and viability (Figure 1.4C and Supplementary Figure 1.3), 

finding no differences in CD4+ and CD8+ T cell subgroup numbers (Supplementary Figure 1.4). NK 

cells were slightly altered by exposure to 200 nM EC-7072 for 24 hours, a concentration of the 

mithralog that dramatically induced CLL cell death (Figure 1.4B-C and Supplementary Figure 1.3). 
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High doses (400 nM) of the compound were significantly less toxic against NK cells than leukemia 

cells as well (Figure 1.4B-C). Thus, we performed all subsequent experiments with 200 nM EC-

7072, unless otherwise indicated.  

 

Figure 1.3. The antileukemic effect of EC-7072 is independent of cytogenetic alterations associated 
to CLL. PBMCs from patients with CLL were treated with 200 nM EC-7072 for 24 hours and CLL cell 
viability was assessed by flow cytometry. A. Cytogenetic profile was obtained for each patient (n = 62). 
B. Mutational status of IGHV was determined for each patient (n = 59). Graphs depict the percentage of 
viable [DiOC6(3)+] cells normalized to their respective control (DMSO) condition for each individual 
patient. (Mean ± SEM; Student’s t-test).   
 

The production of the antitumor effector molecules IFN-γ and perforin by T cells and NK cells 

was not significantly altered upon treatment with EC-7072 (Figure 1.5A). Therefore, to test whether 

the immune cells present in the microenvironment of peripheral CLL cells mediated the leukemia 

cell death induced by this compound, isolated leukemia cells from patients with CLL were exposed 

to EC-7072. The antileukemic effect of EC-7072 on PBMCs was mimicked when isolated leukemia 

cells were employed (Figure 1.5B), bringing to light that the cytotoxic activity of the compound is 

independent of the activity of immune effector cells. 

  

EC-7072 induces caspase-dependent apoptosis in primary CLL cells that is not counteracted by 

microenvironmental supportive stimuli. 

The initial experiments performed with DiOC6(3)/PI revealed a compromised leukemia cell 

plasma membrane integrity and mitochondrial transmembrane potential, both apoptosis-related 

parameters, as a consequence of EC-7072 treatment. Complementary experiments with Annexin 

V/PI showed that EC-7072 significantly induces CLL cell apoptosis (Figure 1.6A). Contrarily, no 

significant apoptosis was detected in T cells isolated from patients with CLL incubated with EC-

7072, further supporting the selectivity of EC-7072 against B cells in comparison to other immune 

subsets (Supplementary Figure 1.5). Treatment of CLL cells with EC-7072 promoted a dose-

dependent increase of the intracellular levels of active caspase-3 (Figure 1.6B-C). In parallel, 
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exposure to 200 nM EC-7072 increased the phosphorylation levels of histone H2AX (Figure 1.6D), 

which has been reported to constitute a cellular response triggered by caspase activation during 

apoptosis (Rogakou, Nieves-Neira, Boon, Pommier, & Bonner, 2000).  

 

 

Figure 1.4. EC-7072 shows reduced toxicity against healthy immune subset in patients with CLL. 
PBMCs from patients with CLL were incubated with increasing concentrations of EC-7072 (0-400 nM) 
for 24 hours. Numbers of T cells (A) and NK cells (B) were evaluated by flow cytometry (n = 10). Graphs 
show the number of cells normalized to their respective control (DMSO) condition for each individual 
patient. C. Viability of immune cell subsets was determined by cytofluorometric assessment of 
DiOC6(3)/PI staining (n = 6-10). The graph represent the percentage of viable [DiOC6(3)+] cells 
normalized to their respective control (DMSO) condition.  (Mean ± SEM; *p < 0.05; **p < 0.01; ***p < 
0.001, Student’s t-test). 
 

Cotreatment with increasing doses of the broad-spectrum caspase inhibitor Z-VAD-fmk 

completely abrogated the death of CLL cells induced by the mithralog (Figure 1.6E), unraveling that 

EC-7072-induced cell death is achieved via a caspase-dependent pathway. As expected, the 

protective effect of Z-VAD-fmk correlated with a reduction of active caspase-3 levels on leukemia 

cells (Figure 1.6F). 
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Figure 1.5. EC-7072 exerts a direct effect on CLL cells independent of healthy immune cells. A. 
PBMCs from patients with CLL (n = 4) exposed to 200 nM EC-7072 for 24 hours were stimulated with 
PMA/ionomycin and IFN-γ and perforin levels were assessed by intracellular flow cytometry. Graphs 
represent the percentage of IFN-γ+ and perforin+, respectively. B. Viability of leukemia cells treated with 
EC-7072 (200 nM, 24 hours) was determined in the presence and absence of other immune cell subsets 
(n = 24). Dot plots correspond to a representative experiment and percentage of viable cells in included 
for each condition. Bars represent the percentages of apoptotic [DiOC6(3)low PI-] and dead [PI+] cells 
(mean ± SEM; ***p < 0.001, Student’s t-test). 

 

CLL cells display a strong dependence on prosurvival and growth signals provided by the 

microenvironment (Burger & Wiestner, 2018; ten Hacken & Burger, 2014). Thus, we explored 

whether exposure to an array of microenvironmental-derived cytokines associated to enhanced CLL 

survival and drug resistance could overcome the cytotoxicity produced by EC-7072 in CLL cells. As 

shown in Figure 1.7A-E, none of the soluble factors employed (CD40L, BAFF, TNF-α, IL-6 or IL-

4) significantly affected the leukemia cell death brought about by the mithralog. Besides, coculture 

of PBMCs with the stromal cell line OP9, which mimic a protective microenvironmental niche, did 

not improve CLL cell survival upon EC-7072 exposure (Figure 1.7F). Hence, EC-7072-mediated 

CLL cell depletion is not prevented by microenvironmental stimulatory signals.  
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Figure 1.6. EC-7072 triggers caspase-dependent apoptosis in CLL cells. PBMCs from patients with 
CLL were incubated with 200 nM EC-7072 for 24 hours. A. Apoptosis of CLL cells was analyzed by 
double staining with Annexin V/PI. Bars represent the percentages of apoptotic [Annexin V+ PI-] and 
dead [PI+] cells. B-C. Levels of active caspase-3 were assessed by flow cytometry. The histogram 
corresponds to a representative experiment and bars depict the normalized MFI of active caspase-3. D. 
Phosphorylation of histone H2AX was determined by phosphoflow. The graph shows the normalized 
MFI. E-F. PBMCs from patients with CLL were treated with EC-7072 (200 nM) and/or increasing doses 
of Z-VAD. Viability and active caspase-3 were studied in CLL cells. Graphs depict the normalized 
percentages of viable cells (E) and the normalized levels of active caspase-3 (F). (Mean ± SEM; *p < 
0.05; **p < 0.01, Student’s t-test). 
 

EC-7072 modulates the transcriptome of primary CLL cells 

To elucidate the mechanisms underlying the antileukemic effect of EC-7072, the transcriptional 

profile of primary leukemia cells from patients with CLL exposed to EC-7072 was studied. RNA-

seq analysis identified 2531 differentially expressed genes in EC-7072-treated compared with control 

(DMSO) leukemia cells, unveiling a dramatic impact on the transcriptome of CLL cells mediated by 

EC-7072 (Figure 1.8A). Functional profiling of these transcripts revealed that EC-7072 modulates 

the expression of key mediators of signaling pathways that are crucial for CLL cell homeostasis and 

survival. In agreement, a broad downregulation of genes required for functional BCR signaling, such 

as members of the BCR complex (CD79B), BCR proximal-related kinases (SYK, LYN, PIK3CD) and 

downstream signaling effectors (PLCG2, CARD11) was found in EC-7072 treated CLL cells, which 

was subsequently validated by qPCR (Figure 1.8B and Supplementary Figure 1.6A).  
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Figure 1.7. Microenvironmental stimuli typically associated to CLL survival do not abrogate the 
antileukemic effect of EC-7072. PBMCs from patients with CLL (n = 7) were incubated with 200 nM 
EC-7072 in combination with 100 ng/mL CD40L (A), 50 ng/ml BAFF (B), 40 ng/mL TNF-α (C), 40 
ng/mL IL-6 (D) or 40 ng/mL IL-4 (E) for 24 hours. F. PBMCs from patients with CLL (n = 7) were 
incubated with OP9 cells for 72 hours and EC-7072 (200 nM) was added to the coculture for the last 24 
hours. Leukemia cell viability was assessed by cytofluorimetric analysis. Graphs depict the mean 
percentage of viable [DiOC6(3)+] cells normalized to their respective control (DMSO) condition for each 
individual patient. Dark lines represent mean ± SEM. (*p < 0.05; **p < 0.01, Student’s t-test). 

 

Accordingly, KEGG pathway analysis of the protein-coding genes differentially expressed in 

treated CLL cells revealed an enrichment of multiple cascades engaged by the BCR-dependent 

signaling, such as NF-kB, JAK/STAT, PI3K/AKT and MAPK pathways (Figure 1.8C). 

Dysregulation of these signaling networks can lead to modulation of the expression of molecules that 

control apoptosis, a process that also scored among the most-enriched pathways in CLL cells exposed 

to EC-7072 (Figure 1.8C-D). Despite the mithralog did not trigger detectable cell death under these 

experimental settings (6 hours, 200 nM EC-7072) (data not shown), a reprogramming of the 

expression profile of genes that govern apoptosis was identified (Supplementary Figure 1.6B). 

Among this, the expression of the apoptotic regulator BCL2 was significantly downregulated in 

primary CLL cells after incubation with EC-7072 (Supplementary Figure 1.6C). In contrast, BCL2 

expression was not modulated by the compound in T cells isolated from patients with CLL, thereby 

reinforcing the ability of EC-7072 to selectively induce leukemia cell apoptosis without significantly 

affecting other immune cell subsets (Supplementary Figure 1.6D). 
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Figure 1.8. EC-7072 modulates the transcriptome of CLL cells. RNA-seq analysis was performed on 
total RNA extracted from isolated leukemia cells from patients with CLL (n = 8) treated with 200 nM 
EC-7072 for 6 hours. A. Heat map representation of the group of genes with significantly different 
expression between negative control (DMSO) and EC-7072-treated samples. The color scale represents 
the per-gene Z-score. Genes were selected based on adjusted p-value < 0.05, log2 (fold change) < -1 or > 
1. B. Heat map representation corresponding to representative genes from BCR signaling that are 
significantly dysregulated by EC-7072 in CLL cells. The color scale represents the per-gene Z-score. C. 
Selected relevant pathways for CLL cell homeostasis significantly modulated by EC-7072 obtained 
through KEGG pathway analysis. Bars represent the -log10 of the highest p-value obtained from the 
iterative pathway analysis (dashed line corresponds to p-value = 0.05). D. Heat map representation of 
expression of genes related to apoptosis regulation that are significantly dysregulated by EC-7072 in CLL 
cells. The color scale represents the per-gene Z-score. 
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EC-7072 inhibits tonic BCR pathway by suppressing the expression and phosphorylation of key 

signaling nodes 

The intense reprogramming of BCR signaling components at different levels of the pathway 

triggered by EC-7072 suggests that this compound might induce CLL cell apoptosis via inhibition 

of the BCR cascade. In agreement with the transcriptomic studies, EC-7072 significantly 

downregulated CD79B and IgM CLL cell surface expression, while the levels of CD79A remained 

the same after treatment, all of which are integrating parts of the BCR complex (Figure 1.9).  

 

Figure 1.9. The BCR complex is negatively affected by EC-7072 in CLL cells. Surface expression of 
CD79A, CD79B and IgM was assessed in leukemia cells from patients with CLL (n = 5-6) incubated with 
200 nM EC-7072 for 8 hours. Boxes represent the normalized MFI (*p < 0.05, Student’s t-test). 
 

Further, we evaluated the phosphorylation of BCR signaling nodes by phosphospecific flow 

cytometry. As previously reported, basal phosphorylation levels of components of the BCR cascade 

were highly heterogeneous among patients with CLL (Myklebust et al., 2017). Nevertheless, 

incubation with EC-7072 resulted in a generalized reduction of the levels of p-SYK, p-BTK and p-

PLCγ2 in isolated leukemia cells (Figure 1.10A-B), a treatment that does not result in detectable CLL 

cell death (data not shown). In agreement, EC-7072-exposed CLL cells showed a significant 

downregulation in the phosphorylation levels of the downstream effector kinase ERK1/2 and the 

transcription factors p65 NF-κB and STAT3 (Figure 1.10C-D), which correlates with RNAseq 

analysis. No marked changes were detected in the phosphorylation of AKT, implying that the 

antileukemic cytotoxicity of EC-707 is not likely to involve modulation of AKT signaling (Figure 

1.10C-D). It is worth mentioning that stimulation with CD40L or IL-6 strongly increased the 

phosphorylation levels of p65 NF-κB and STAT3 respectively, providing evidence that the 

phosphoflow analyses performed in this work were reliable and robust (Supplementary Figure 1.7). 

In summary, these data suggest that EC-7072 impairs tonic BCR signaling in primary CLL cells at 

different levels of the cascade. 
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Figure 1.10. BCR signaling is downregulated by EC-7072 in CLL cells at different levels. 
Phosphorylation levels for BCR proximal kinases (A-B) and downstream effectors (C-D) were evaluated 
by phosphoflow in isolated leukemia cells from patients with CLL (n = 10) exposed to EC-7072 (200 
nM) for 8 hours. Histograms depict the MFI from a representative patient. Graphs show the normalized 
MFI from each individual patient and dark lines correspond to mean ± SEM (**p < 0.01; ***p < 0.001, 
Student’s t-test). 

 

Activation of the BCR partially abrogates EC-7072-induced cell death of primary CLL cells 

Given that BCR signaling is attenuated in CLL cells by EC-7072, we next asked whether this 

suppressive effect was responsible for the CLL cell death registered upon exposure to the mithralog. 

For that purpose, EC-7072-treated isolated leukemia cells from patients with CLL were stimulated 

with anti-IgM antibodies and viability and phosphorylation of BCR nodes were evaluated. As shown 



Results 

51 
 

in Figure 1.11, BCR over-stimulation with anti-IgM antibodies significantly enhanced leukemia cell 

survival in the presence of EC-7072.  

 

Figure 2.11. Activation of BCR signaling partially restores CLL viability in the presence of EC-
7072. Viability was assessed in leukemia cells from patients with CLL after incubation with EC-7072 
(200 nM) and/or anti-IgM antibodies (10 µg/ml) for 24 hours. The graph represents the percentage of 
viable [DiOC6(3)+] cells normalized to their control (DMSO) condition for each individual experiment 
(mean ± SEM; **p < 0.01; ***p < 0.001, Student’s t-test). 
 

As expected, BCR engagement highly increased the basal phosphorylation of key mediators of 

the pathway (Figure 1.12). Accordingly, the levels of phosphorylated SYK and PLCγ2 in CLL cells 

treated with EC-7072 were induced upon BCR crosslinking compared to unstimulated CLL cells 

exposed to the mithralog (Figure 1.12A-B). Similar results were observed in p-ERK1/2, p-AKT, p-

p65 NF-κB and p-STAT3 (Figure 1.12C-D). Furthermore, the expression of BCL2 was restored to 

basal levels in stimulated CLL cells treated with the mithralog (Supplementary Figure 1.8). Overall, 

these results support the crucial role of BCR signaling modulation in the antileukemic activity of EC-

7072.  
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Figure 1.12. BCR crosslinking attenuates the downregulation of key mediators exerted by EC-7072 
in CLL cells. Isolated leukemia cells from patients with CLL (n = 6-10) were treated with EC-7072 (200 
nM) and/or anti-IgM antibodies (10 µg/ml) for 8 hours and phosphorylation levels of BCR proximal 
kinases (A-B) and downstream mediators (C-D) were determined by phosphoflow. Histograms depict the 
MFI from a representative patient. Bars correspond to the normalized MFI from each individual patient 
(mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001, Student’s t-test). 
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EC-7072 displays a cytotoxic activity against primary CLL cells analogous and additive with that of 

therapies routinely used in CLL 

Several components of the BCR signaling pathways that are affected by EC-7072, such as BTK, 

stand out as targets of recent therapeutic approaches for CLL. Thus, we analyzed whether the 

antileukemic efficacy of EC-7072 is comparable to that of therapies currently approved for patients 

with CLL. For that purpose, PBMCs from patients with CLL were incubated with increasing 

concentrations of EC-7072, fludarabine (a nucleoside analog), ibrutinib (a BTK inhibitor), idelalisib 

(a PI3Kδ inhibitor) or venetoclax (a BCL2 antagonist), at previously-described doses (Anderson et 

al., 2016; Herman et al., 2011; Herman et al., 2010), and leukemia cell viability was assessed by flow 

cytometric detection. EC-7072 exerted similar cytotoxicity against CLL cells than ibrutinib and 

venetoclax, while it proved more efficient in eliminating CLL cells that fludarabine or idelalisib 

(Supplementary Figure 1.9). To determine the effect of combining EC-7072 with the tested drugs, 

the CI of each combination was calculated. PBMCs were treated with non-fixed ratio combinations 

employing IC10, IC25 and IC50 doses. CI values unraveled that combination of EC-7072 with ibrutinib 

or venetoclax achieved a general additive efficacy. On the contrary, the cytotoxic effect of idelalisib 

or fludarabine is synergistic with that of EC-7072 (Figure 1.13). 

The side toxicity produced by the distinct drug combinations on the viability of healthy immune 

subsets, T cells and NK cells, from patients with CLL was also assessed. Of note, EC-7072 showed 

significantly less toxicity against T cells and NK cells that ibrutinib and fludarabine under the 

conditions studied, whereas venetoclax and idelalisib exerted reduced toxicity on these cell subsets, 

similar to EC-7072 (Supplementary Figure 1.10). Nonetheless, all the combinations produced higher 

side toxicity on healthy immune cell subsets, mainly NK cells (Supplementary Figure 1.10). 

Collectively, these experiments indicate that EC-7072 displays an additive or synergistic 

antileukemic effect with agents currently approved for CLL therapy, pointing out that the use of this 

mithralog alone or in combination regimens may represent a novel therapeutic approach for CLL. 
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Figure 1.13. EC-7072 exerts additive or synergistic antileukemic effect in combination with 
therapies currently approved for CLL treatment. PMBCs from patients with CLL were treated with 
non-fixed ratio combinations of EC-7072 with fludarabine (A), ibrutinib (B),  idelalisib (C) or venetoclax 
(D) and viability of CLL cells was evaluated by flow cytometry. Bars represent to the normalized 
percentage of viable [DiOC6(3)+] cells (mean ± SEM; *p < 0.05; **p < 0.01, One-way ANOVA). E. CI 
values were calculated by the Chou-Talalay method and plotted. CI values < 0.8 represent synergistic 
effect, values between 0.8-1.2 indicate additive effect and values > 1.2 represent an antagonistic effect. 
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Discussion  

The antitumor properties of MTA have been extensively described, along with a high toxicity 

associated to treatment that has limited the clinical use of this antibiotic (L. Green & Donehower, 

1984; Torrance, Agrawal, Vogelstein, & Kinzler, 2001). Given the therapeutic potential of MTA in 

cancer, an array of analogs of the compound, or mithralogs, have been generated over the years to 

overcome this problem, rendering agents with reduced side effects and/or improved antitumor 

activity (Baig et al., 2008; Osgood et al., 2016; Remsing et al., 2003). In the present work, we report 

that the mithralog EC-7072 exerts a robust antileukemic activity in CLL. 

EC-7072 exhibited reduced toxicity against healthy cells from different origins compared to 

MTA, in agreement with several studies demonstrating that EC-7072 is well-tolerated in mice (Malek 

et al., 2012; Osgood et al., 2016). Both non-malignant and leukemia B cell viability were negatively 

affected by EC-7072 treatment, indicating that the compound may display selectivity against this 

immune population. Circulating NK cells and, primarily, T cells were largely unaffected by EC-

7072, further supporting this hypothesis. Besides, no changes in the immune production of key 

antitumor effector molecules (IFN-γ and perforin) were brought about by the mithralog, suggesting 

that EC-7072 does not aggravate the immune dysfunction frequently observed in patients with CLL. 

Nonetheless, CLL cells showed similar sensitivity to EC-7072 in the absence of other immune cell 

subsets, indicating that the compound exerts a direct antileukemic activity.  

The molecular events linked to BCR activation are crucial for healthy and leukemia B cell survival 

and homeostasis. Upon BCR engagement, a phosphorylation cascade of upstream mediators is 

activated inside the cell, eventually followed by activation of downstream signaling pathways that 

include NF-κB, JAK/STAT or MAPK (Koehrer & Burger, 2016). These pathways sustain cell 

viability by, among others, upregulating the expression of antiapoptotic proteins of the BCL2 family 

(Hata, Engelman, & Faber, 2015). As a consequence, disruption of the BCR pathway often results in 

leukemia cell death and represents one of the therapeutic strategies employed in the treatment of 

CLL. Targeted agents inhibiting BCR signaling components exhibit improved efficacy compared to 

conventional treatments (Woyach, Johnson, & Byrd, 2012). RNA-seq experiments unveiled that EC-

7072 profoundly modulates the BCR signaling pathway at multiple levels in leukemia cells from 

patients with CLL, downregulating the expression of components of the BCR complex (e.g. CD79B), 

upstream mediators (e.g. SYK) and downstream effectors (e.g. PLCG2) (Figure 1.14). 

Concomitantly, signaling pathways activated by the BCR cascade were also found altered by EC-

7072, suggesting a general dysregulation of BCR signaling in CLL cells upon treatment. In addition, 

a general reprogramming of genes that govern apoptosis was observed in CLL cells exposed to the 
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mithralog, in consonance with previous results demonstrating that EC-7072 induces caspase-

dependent apoptosis.  

 

Figure 1.14. Hypothetical model of action of EC-7072 targeting the BCR signaling pathway in CLL 
cells. Red downwards arrows (↓) represent downregulation of protein (CD79B and IgM) or transcriptional 
expression in CLL cells upon EC-7072 treatment. Left tack symbols (-----|.) represent reduced 
phosphorylation levels of key components of the BCR cascade detected by phosphoflow analysis in 
primary CLL cells after exposure to EC-7072. 
 

Concomitantly with the transcriptomic studies, the levels of phosphorylated signaling 

components of the BCR cascade were decreased in leukemia cells in the presence of EC-7072, 

suggesting that the compound may disrupt tonic activation of BCR-dependent signaling cascades 

(Figure 1.14). This is further reinforced by the reduced surface expression of BCR subunits (CD79B 

and IgM) observed in CLL cells upon EC-7072 treatment. Nonetheless, BCR stimulation was able 

to partially restore the phosphorylation levels of BCR-related signaling nodes and significantly 

reverted the apoptotic cell death induced by EC-7072. Altogether, these results support that the 

cytotoxicity of the compound against CLL cells may involve modulation of the BCR signaling 

pathway.  
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Most of the novel therapies for treatment of CLL are targeted agents that inhibit mediators of the 

BCR signaling pathway. However, a major problem of CLL therapies is the development of 

therapeutic resistance in high-risk patients, which has prompted the design of combination therapies 

(Blombery et al., 2019; Seymour et al., 2017). Of note, the antileukemic activity of EC-7072 was 

independent of the presence of molecular and cytogenetic aberrations typically associated to therapy 

resistance in patients with CLL and was not affected by microenvironment-derived factors that 

promote leukemia cell survival (Dreger et al., 2018). Acquired resistance to targeted CLL therapies 

is frequently driven by mutations in genes encoding BCR signaling mediators. Thus, co-occurring 

mutations in BTK and PLCG2 have been shown to mediate ibrutinib resistance (Woyach et al., 2014), 

while a point mutation in BCL2 has recently been identified in patients with CLL resistant to 

treatment with venetoclax (Blombery et al., 2019). The dramatic impact of EC-7072 on the 

transcriptome of CLL cells opens the question of whether the mithralog would be effective in the 

presence of mutational events affecting components of the BCR signaling pathway that are targets 

of these novel agents, hence providing rationale for its use in combined CLL therapies. Indeed, we 

found that EC-7072 displays comparable or higher killing activity on CLL cells than that of 

fludarabine, ibrutinib, idelalisib and venetoclax. In addition, EC-7072 exhibit synergy when 

combined with idelalisib and fludarabine, and combination with ibrutinib and venetoclax resulted in 

an additive effect. Conversely, the mithralog was significantly less toxic to non-malignant immune 

cells from the same patients than other agents, mainly fludarabine, which frequently causes 

lymphocytopenia in patients with CLL (Keating et al., 1998).  

Overall, our findings provide evidence that the mithralog EC-7072 induces leukemia cell death 

by modulation the status of BCR signaling in CLL cells. The compound enhances the antileukemic 

activity of approved therapeutic agents and is effective independent of the IGHV mutational status 

or cytogenetic alterations, thus arising the question of whether EC-7072 may be a potential novel 

standalone or combination therapeutic option for patients with CLL and other B-cell malignancies. 
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2. B cell activation hinders NK cell-mediated antitumor responses by downregulation 

of NKG2D immunoreceptor  

BCR crosslinking dysregulates the surface expression of activating receptors in effector immune 

populations 

B-cell malignancies typically display aberrant BCR signaling activation. This pathway is critical 

for B cell development and homeostasis and its tonic activation has been linked to pathogenesis and 

survival of malignant B cells (Niemann & Wiestner, 2013; Rickert, 2013). Nonetheless, the role of 

B cell activation in other features of these types of cancer, such as the immune suppression reported 

in NK cells and T lymphocytes, remains to be fully dilucidated.  

To evaluate the impact of exacerbated BCR signaling activation on the phenotype of effector 

immune cells, PBMCs from healthy donors or patients with CLL were incubated with anti-IgM or 

anti-IgD antibodies, two specific anti-BCR antibodies that activate B cells, and the expression profile 

of an array of activating immunoreceptors was assessed on NK cells and CD8+ T cells by flow 

cytometry. BCR crosslinking drastically reduced the expression levels of NKG2D in NK cells 

(Figure 2.1A) and CD8+ T cells (Supplementary Figure 2.1A), whereas it exerted a modest 

downregulation of DNAM-1 in these immune subsets (Figure 2.1B and Supplementary Figure 2.1B). 

On the contrary, increased surface expression of NKp46 in NK cells was detected upon B cell 

activation (Figure 2.1C). No changes were observed in NKp30 and NKp44 expression in NK cells 

(data not shown). Similar results were obtained in NK cells and CD8+ T cells from patients with CLL 

after B cell stimulation with anti-IgM or anti-IgD antibodies (Figure 2.1 and Supplementary Figure 

2.1). Of note, NKG2D basal levels in NK cells from patients with CLL were significantly lower than 

the expression observed in NK cells from healthy donors, a hallmark of immunosuppression 

previously reported in this malignancy (Huergo-Zapico, Acebes-Huerta, Gonzalez-Rodriguez, et al., 

2014; Parry et al., 2016) (Supplementary Figure 2.2). Additionally, treatment with anti-IgM or anti-

IgD antibodies did not affect the viability of healthy B cells (Supplementary Figure 2.3A) or CLL 

cells (Supplementary Figure 2.3B), as evidenced by double staining with DiOC6(3)/PI, hence 

demonstrating that the dysregulation of immune receptors observed on NK cells and CD8+ T cells is 

not a consequence of triggering B cell apoptosis. 

To determine the extent of the immune suppression suffered by these immune subsets due to B 

cell activation, PBMCs from healthy donors were exposed to anti-IgM and anti-IgD antibodies in the 

presence of the stimulatory cytokines IL-2 and IL-15. As expected, treatment with IL-2, and IL-15 

in a lesser extent, increased the expression of NKG2D in NK cells (Supplementary Figure 2.4A) and 

similar effect was observed in CD8+ T cells (Supplementary Figure 2.4B). Nonetheless, the 
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prosurvival signals provided by these cytokines did not counteract the downregulation of NKG2D 

on these immune subsets upon treatment with anti-BCR antibodies (Supplementary Figure 2.4A-B). 

 

Figure 2.1. BCR stimulation modulates the immunoreceptor phenotype of NK cells. PMBCs from 
healthy donors (n = 9-36) or patients with CLL (n = 7-9) were incubated with F(ab’)2 anti-IgM (10 µg/mL) 
or anti-IgD (10 µg/mL) antibodies for 48 hours. Surface expression levels of NKG2D (A), DNAM-1 (B) 
and NKp46 (C) were assessed in NK cells by flow cytometry. Graphs depict the MFI for each receptor 
normalized to their respective control condition. (Mean ± SEM; **p < 0.01; ***p < 0.001, Student’s t-
test). 
 

B cell activation is further enhanced by engagement of co-stimulatory molecules expressed on 

the cell surface, being CD40 a crucial receptor in the interaction with T helper cells and, thus, in 

adaptive immunity (Bishop, Haxhinasto, Stunz, & Hostager, 2003). Therefore, we assessed whether 

CD40 ligation influenced the expression of NKG2D, DNAM-1 and NKp46 in effector immune 

populations. Treatment of PBMCs from healthy donors with CD40L alone partially decreased the 

expression of NKG2D and DNAM-1 in NK cells (Figure 2.2A), whereas no effect was detected in 

the levels of these receptors in NK cells from patients with CLL (Figure 2.2B). No significant 

changes were observed in NKp46 expression in the conditions studied. Besides, CD8+ T cells 

suffered a moderate reduction of DNAM-1 levels upon exposure of PBMCs from healthy donors to 

CD40L (Supplementary Figure 2.5A). Subsequently, the effect of combining CD40L with anti-IgM 

antibodies on the surface levels of the receptors studied was also evaluated by flow cytometry. 
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NKG2D was further downregulated in healthy NK cells upon co-stimulation of B cells compared to 

treatment with anti-IgM antibodies alone, while no differences were found in DNAM-1 and NKp46 

receptors (Figure 2.2A). On the other hand, CLL cell co-activation failed to potentiate the decrease 

of NKG2D expression exerted in NK cells by BCR crosslinking (Figure 2.2B). No cooperative effect 

on the immunoreceptor expression profile of CD8+ T cells from healthy donors and patients with 

CLL was registered (Supplementary Figure 2.5A-B). 

 

Figure 2.2. Co-stimulation of B cells with CD40 ligand potentiate NKG2D downregulation in NK 
cells. PMBCs from healthy donors (n = 4-6) (A) or patients with CLL (n = 3) (B) were incubated with 
F(ab’)2 anti-IgM antibodies (10 µg/mL) and/or CD40L (200 ng/mL) for 48 hours. Surface expression 
levels of NKG2D, DNAM-1 and NKp46 were determined in NK cells by flow cytometry. Bars show the 
normalized MFI for each receptor. (Mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001, One-way 
ANOVA). 
 

B cell activation hampers NK cell cytotoxic activity against tumor cells 

Since NKG2D, a central activating receptor mediating the cytotoxic function of NK cells, is 

reduced owing to B cell activation, we assessed whether NK cell antitumor activity is modulated as 

well. For that purpose, PBMCs from healthy donors incubated with anti-IgM or anti-IgD antibodies 

were cocultured with K-562 tumor cells and NK cell responses were analyzed. As shown in Figure 

2.3A, the cytotoxic activity of NK cells from anti-IgM- or anti-IgD-treated PBMCs was reduced 

compared to the control condition in the three E:T ratios tested. Concomitantly, BCR crosslinking 

translated into attenuated activation of NK cells upon coculture with K-562 cells, as evidenced by 

the decreased levels of the degranulation marker CD107a (Figure 2.3C-D). Noticeably, no 

differences were detected in the production of IFN-γ by NK cells (Figure 2.3B).  
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Figure 2.3. NK cell cytotoxic activity is hindered as a consequence of B cell activation. PMBCs from 
healthy donors were treated with F(ab’)2 anti-IgM (10 µg/mL) and/or anti-IgD (10 µg/mL) antibodies for 
48 hours. A. Calcein-stained K-562 cells were coculture with control or treated PBMCs for 4 hours and 
specific lysis was analyzed by fluorometric detection. The graph represents the percentage of specific 
lysis of K-562 cells at E:T ratios 10:1, 25:1 and 50:1. B. IFN-γ production was measured in NK cells after 
exposure to K-562 cells for 4 hours in the presence of PMA/ionomycin. Bars depict the mean percentage 
of IFN-γ+ NK cells. C-D. Control and treated PBMCs were cocultured with K-562 for 4 hours and 
CD107a levels were assessed in NK cells by flow cytometry. Lines correspond to individual samples (C). 
Bars show the mean percentage of CD107a+ NK cells (D). (Mean ± SEM; *p < 0.05, Wilcoxon signed-
rank test). 

 

NK cells are also able to identify and eliminate target cells via ADCC. Hence, we next studied 

whether B cell stimulation negatively affects this process. First, we analyzed the expression levels 

of CD16, the NK cell receptor in charge of recognizing the Fc regions of antibodies bound to cell 

surface antigens. Treatment of PBMCs from healthy donors with anti-IgM or anti-IgD antibodies 

resulted in decreased expression levels of CD16 in NK cells (Figure 2.4A). No significant differences 

in the percentage of CD16+ NK cells were found (data not shown), therefore suggesting that BCR 

crosslinking exerts a general downregulation of CD16 in the NK cell subset. In line with this, B cell 

stimulation with anti-IgM and anti-IgD antibodies abrogated the enhanced NK cell-mediated lysis of 

Raji tumor cells observed in the presence of rituximab (Figure 2.4B).  

Altogether, these experiments bring to light that B cell activation via BCR crosslinking results in 

impaired cytotoxic function of NK cells. 



Results 

62 
 

 

Figure 2.4. B cell stimulation impairs ADCC. PMBCs from healthy donors were treated with F(ab’)2 
anti-IgM (10 µg/mL) and/or anti-IgD (10 µg/mL) antibodies for 48 hours. A. CD16 expression levels 
were analyzed by flow cytometry. Graph shows the normalized MFI (mean ± SEM; ***p < 0.001, 
Student’s t-test). B. Raji cell pretreated with rituximab (10 µg/mL) were cocultured with control and 
stimulated PBMCs for 4 hours and specific lysis was assessed by fluorometric detection. Bars show the 
mean percentage of specific lysis (mean ± SEM; *p < 0.05, Wilcoxon signed-rank test). 
 

NKG2D downregulation is not mediated by direct cell to cell contact upon B cell stimulation 

To gain further insight into the BCR crosslinking-mediated NKG2D downregulation in NK cells, 

we next analyzed whether this effect is induced owing to direct B cell-NK cell contact or via soluble 

factors produced upon B cell activation. First, PBMCs from healthy donors or patients with CLL 

were incubated with conditioned media collected from control or anti-BCR antibody-treated PBMCs. 

The decrease in NKG2D expression levels was comparable in NK cells exposed to treated-PBMC 

conditioned media in healthy and CLL samples to that previously observed upon direct treatment 

(Figure 2.5A). Accordingly, DNAM-1 expression was slightly reduced in NK cells from healthy 

donors, finding no differences in anti-BCR conditioned media-exposed NK cells from CLL (Figure 

2.5B). Culture with conditioned media from treated-PBMCs induced the expression of NKp46 in NK 

cells from both origins (Figure 2.5C). Similar results were detected in NKG2D expression in NK 

cells from healthy volunteers following incubation with conditioned media obtained from control 

and anti-BCR-treated cell lines derived from B-cell malignancies (Supplementary Figure 2.6). 
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Figure 2.5. Conditioned media from BCR-activated PBMCs modulates the immunoreceptor profile 
of NK cells. PMBCs from healthy donors (n = 5-6) or patients with CLL (n = 5-6) were incubated with 
F(ab’)2 anti-IgM (10 µg/mL) or anti-IgD (10 µg/mL) antibodies for 48 hours and supernatants were 
collected. Then, expression of NKG2D (A), DNAM-1 (B) and NKp46 (C) were determined in NK cells 
from PBMCs cultured with control, anti-IgM or anti-IgD antibody-treated supernatants for 48 hours by 
flow cytometry. Graphs show the normalized MFI for each receptor. (Mean ± SEM; *p < 0.05; **p < 
0.01; ***p < 0.001, Student’s t-test). 
 

To further confirm these results, transwell assays were performed employing PBMCs from 

healthy donors (Figure 2.6A). As expected, NKG2D expression was significantly reduced in NK 

cells present in the bottom section of the transwell, since these PBMCs are directly exposed to anti-

IgM antibodies (Figure 2.6B). Likewise, the NK cell population located in the upper section of the 

transwell insert suffered a significant downregulation of NKG2D (Figure 2.6B). DNAM-1 was 

remarkably downmodulated in NK cells in both conditions (Figure 2.6C). 

In summary, this experimental evidence support that B cell activation induces NK cell 

immunosuppression via secretion of yet-unknown soluble factors to the cell culture. 
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Figure 2.6. NKG2D is downregulated in NK cells upon coculture in transwell inserts with IgM-
treated PBMCs. Culture plates were coated with anti-IgM (µ-chain specific) antibodies (10 µg/mL) at 
4oC overnight. PBMCs from healthy donors (n = 4) were cultured in contact with the coated antibody or 
inside transwell inserts (0.4 µm) for 48 hours. A. Diagram illustrating the transwell system employed in 
this work. B. NKG2D and C. DNAM-1 expressions were analyzed by flow cytometry. Graphs represent 
the normalized MFI for each receptor. (Mean ± SEM; **p < 0.01, Student’s t-test). 
 

 

NKG2D is not downregulated due to shedding and interaction with NKG2DLs from stimulated B 

cells. 

Shedding of NKG2Ls is a widely-known strategy employed by tumor cells to evade NK cell-

mediated killing. Soluble NKG2DLs interact with NKG2D on the cell surface of NK cells and CD8+ 

T cells, promoting the internalization of the receptor and, hence, limiting NKG2D-mediated tumor 

recognition (Groh et al., 2002; Lundholm et al., 2014; Song et al., 2006). The cleavage of NKG2DLs 

is mostly carried out by matrix metalloproteinases (MMPs) (Chitadze et al., 2013; Liu, Atteridge, 

Wang, Lundgren, & Wu, 2010; Waldhauer et al., 2008). To determine whether this mechanism of 

NKG2D suppression play a role in our experimental conditions, PBMCs from healthy donors were 

pretreated with the broad-spectrum MMP inhibitors GM6001 and BB-94 and subsequently 

stimulated with anti-BCR antibodies. As shown in Figure 2.7, MMP inhibition did not abrogate the 

downregulation of NKG2D expression in NK cells induced by anti-IgM or anti-IgD antibody 

treatment. In line with this, no changes in the surface levels of MICA/B and ULBP1-3 in healthy B 
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cells were detected upon BCR stimulation (data not shown), altogether suggesting that NKG2D is 

not downregulated in NK cells owing to soluble ligands shed by activated B cells.  

 

 

Figure 2.7. MMP inhibition does not revert NKG2D downregulation in NK cells after treatment 
with anti-BCR antibodies. PBMCs from healthy donors (n = 3) were pretreated with MMP inhibitors 
GM6001 (10 µM) or BB-94 (10 µM) for 2 hours and anti-IgM or anti-IgD antibodies (10 µg/mL) were 
added to the culture for 48 hours. NKG2D expression in NK cells was evaluated by flow cytometry. Bars 
depict the MFI normalized to the negative control condition (NC) (mean ± SEM; ***p < 0.001, One-way 
ANOVA). 
 

 

TGF-β is not involved in NKG2D downregulation on NK cells in the presence of BCR-activated B 

cells. 

Given that NKG2D downregulation does not require direct cell-cell interactions, we next tried to 

unveil the main soluble factor underpinning the immunosuppression observed in NK cells upon B 

cell activation. Transforming growth factor beta (TGF-β) has been extensively described as a 

suppressor of NK cell activation that reduces surface expression of NKG2D, without affecting 

NKp46 expression (Crane et al., 2010; Lee, Lee, Kim, & Heo, 2004; Otegbeye et al., 2018; Wilson 

et al., 2011). Nonetheless, pretreatment of PBMCs from healthy donors with LY2109761, a TGF-β 

receptor type I and II inhibitor (Melisi et al., 2008), did not subvert NKG2D downmodulation in the 

presence of anti-BCR antibodies (Figure 2.8). LY2109761 treatment restored NKG2D expression 

when combined with TGF-β, providing evidence of the specificity of the assay and demonstrating 

that TGF-β does not mediate the decrease of NKG2D in NK cells upon anti-BCR crosslinking. 
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Figure 2.8. MMP inhibition does not revert NKG2D downregulation in NK cells after treatment 
with anti-BCR antibodies. PBMCs from healthy donors (n = 3) were pretreated with TGF-β receptor 
inhibitor LY2109761 (5 µM) for 2 hours and anti-IgM or anti-IgD antibodies (10 µg/mL) or TGF-β (10 
ng/mL) were added to the culture for 48 hours. NKG2D expression in NK cells was assessed by flow 
cytometry. The graph shows the MFI normalized to the negative control condition (NC) (mean ± SEM; p 
< 0.001, One-way ANOVA). 
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Discussion  

The BCR stands as a central regulator of B cell maintenance, differentiation and development, 

defining the cell fate during maturation (Avalos, Meyer-Wentrup, & Ploegh, 2014). Signaling 

through the BCR has been described as a pivotal driver of tumorigenesis in B-cell malignancies and 

constitutive BCR activation is a common feature of this type of cancer (Niemann & Wiestner, 2013; 

Rickert, 2013). Additionally, malignant B-cell transformation frequently compromises the normal 

function of the immune system and, thus, patients with leukemia or lymphoma typically experience 

acute immunosuppression. Herein, we provide evidence supporting a link between BCR-mediated B 

cell activation and attenuation of NK cell-mediated antitumor immune responses.  

B cell stimulation via BCR crosslinking with specific antibodies decreased the surface expression 

levels of the activating receptor NKG2D on NK cells and CD8+ T cells from healthy donors and 

patients with CLL. Given the relevance of NKG2D in cancer immunosurveillance (Lopez-Soto et 

al., 2015), these results suggest that the ability of effector immune cells, mainly NK cells, to 

recognize tumor cells might be impaired in the presence of activated B cells. DNAM-1 expression 

remained unaffected. Interestingly, a slight increase in NKp46 expression was observed on NK cells 

upon B cell activation. The differential regulation of NKG2D and NKp46 could correspond to a 

compensatory mechanism, a process recently reported in T cells regarding immune checkpoint 

receptor regulation (Huang, Francois, McGray, Miliotto, & Odunsi, 2017; Shayan & Ferris, 2015). 

Treatment with IL-2 or IL-15 did not counteract NKG2D downregulation on NK cells and CD8+ T 

cells in healthy donors. These data indicate that the molecular events induced by these cytokines are 

not likely affected by stimulated B cells and, thus, involved in the dysregulation of NKG2D 

expression observed in the conditions studied. Co-stimulation of B cells via CD40 further decreased 

surface NKG2D expression on NK cells from healthy donors, reinforcing the hypothesis that 

activated B cells indirectly regulate the immune phenotype of NK cells. Concomitant with NKG2D 

downregulation, NK cell cytotoxicity against tumor cells was hindered in the presence of BCR-

stimulated B cells. Furthermore, rituximab-induced NK cell-mediated tumor lysis/ADCC was also 

attenuated, which correlated with decreased CD16 expression on NK cells. Altogether, these data 

bring to light that activation of BCR signaling in B cells interferes with the antitumor functions of 

NK cells, which may constitute an immune evasion strategy in B-cell malignancies. 

Conditioned-media and transwell assays demonstrated that activated B cells do not require direct 

cell to cell contact to negatively affect NKG2D expression on NK cells, hence indicating that this 

effect might be mediated by a soluble factor released upon BCR crosslinking. MMP inhibition failed 

to restore NKG2D surface levels on NK cells, dismissing the hypothesis that BCR stimulation favors 

NKG2DL shedding, a popular strategy employed by tumor cells to induce NKG2D internalization, 
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which results in decreased receptor presence on the cell surface (Groh et al., 2002; Lundholm et al., 

2014; Song et al., 2006). TGF-β is a negative regulator of NKG2D with broad immunosuppressive 

properties (Crane et al., 2010; Lee et al., 2004; Otegbeye et al., 2018; Wilson et al., 2011). 

Nonetheless, NKG2D downregulation was not counteracted by TGF-β receptor inhibition. Taking 

these results into account, we hypothesized that BCR crosslinking may promote the release of as-

yet-unknown soluble factors, presumably cytokines, that modulate NKG2D expression and, as a 

consequence, tumor recognition and elimination by NK cells. Accordingly, disruption of the 

molecular processes initiated by these soluble factors may represent a novel strategy to boost NK 

cell-mediated antitumor responses in B-cell malignancies. 
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3. Drug-induced hyperploidy stimulates antitumor NK cell responses  

Generation of hyperploid cells  

K-562, HCT-116 and Hep-G2 cells were exposed to three different polyploidy-inducing 

chemotherapeutic agents (Figure 3.1) and the impact of these compounds on the cell cycle and 

viability was analyzed by flow cytometry.  

 

Figure 3.1. Hyperploidy-inducing agents employed in the present work. Cytochalasin D binds to actin 
filaments, inhibiting microfilament polymerization. Nocodazole and docetaxel interfere with microtubule 
polymerization. The three compounds are therefore antimitotic agents.   
 

Treatment with cytochalasin D, nocodazole and docetaxel resulted in the accumulation of 

hyperploid cells with >4n DNA content in all the studied cell lines (Figure 3.2A). Of note, HCT-116 

cells exhibited a higher grade of hyperploidy compared to K-562 and Hep-G2 cell lines, as evidenced 

by the appearance of a 16n karyotype subgroup after drug exposure. Additionally, cytochalasin D 

induced apoptosis in all the cell lines, whereas nocodazole and docetaxel significantly affected HCT-

116 and Hep-G2 cells, but not K-562 (Figure 3.2B). In consonance with a work by Senovilla et al. 

(2012), an increase in the levels of surface CRT was detected in the tumor cells upon acquisition of 

hyperploid karyotype (Figure 3.2C). 
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Figure 3.2. Treatment with antimitotic drugs affect DNA ploidy, apoptosis and CRT expression in 
tumor cells. K-562, HCT-116 and Hep-G2 cells were treated with 0.6 µg/ml cytochalasin D, 100 nM 
nocodazole or 3 nM docetaxel for 48 hours. A. Cells were analyzed for DNA content by flow cytometry. 
Histograms depict a representative experiment and percentages corresponding to the different DNA 
contents are indicated for each panel. B. Apoptosis was determined by cytofluorometric assessment of 
Annexin V/7-AAD staining. Dot plots correspond to a representative experiment for K-562 cells. Bars 
represent the percentage of apoptotic cells [Annexin V+ 7-AAD-] for each cell line. C. Surface CRT 
expression was determined by flow cytometry. Histograms show a representative experiment performed 
with K-562 cells. Bars represent the normalized MFI (fold induction) of surface CRT. At least three 
independent experiments were performed (mean ± standard error of the mean (SEM); *p < 0.05; **p < 
0.01, Mann-Whitney U test).  
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Induction of hyperploidy enhances the expression of NKG2D, DNAM-1 and NKp30 ligands in cancer 

cells 

Since acquisition of drug-induced hyperploidy activates adaptive immune responses via ICD 

(Senovilla et al., 2012), we next evaluated whether this phenotype also affected the crosstalk between 

NK cells and tumor cells. For that purpose, we first assessed the effect of drug-induced hyperploidy 

on the tumor expression of an array of human ligands for the NK cell activating receptors NKG2D, 

DNAM-1 and NKp30. Despite some cell line and drug-specific differences, treatment of K-562, 

HCT-116 and Hep-G2 with antimitotic agents induced a general upregulation of the surface 

expression of NKG2D ligands (Figure 3.3A). MICA was mainly upregulated in K-562 and HCT-116 

cells (Figure 3.3B), whereas Hep-G2 cells exhibited a stronger upregulation of ULBP1 and ULBP3 

ligands (Figure 3.3C,E). Likewise, a significant increase in DNAM-1 ligands PVR and Nectin-2 

levels was observed in HCT-116 cells, especially in response to cytochalasin D treatment (Figure 

3.4A-B). PVR expression was also enhanced in K-562 cells, while no changes were registered in 

Hep-G2 cells. B7-H6, an NKp30 ligand, was induced in cytochalasin D-treated HCT-116 and Hep-

G2 cells as well (Figure 3.4C). No major effect was observed on the expression of HLA-I molecules, 

which act as inhibitory ligands, except for cytochalasin D-treated K-562 cells, in which an 

upregulation of HLA-I expression was detected (Figure 3.4D).  

To further evaluate the connection between hyperploidization and induction of NK cell activating 

ligands, the expression of MICA and ULBP2 in diploid and hyperploid (2n and >4n) subgroups was 

determined in control and cytochalasin D-treated HCT-116 and K-562 cells. As shown in Figure 3.5, 

the hyperploid population of tumor cells showed enhanced expression of MICA and ULBP2 

compared to their treated diploid counterpart. Of note, exposure of HCT-116 and K-562 to 

cytochalasin D increased the basal expression of these ligands in the diploid population compared to 

the control (DMSO) as well, suggesting that antimitotic agents induce NKG2D ligand expression per 

se and acquisition of hyperploidy further potentiates this effect.  
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Figure 3.3. Treatment with antimitotic drugs induces NKG2D ligand expression in tumor cells. K-
562, HCT-116 and Hep-G2 cells were treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole or 3 
nM docetaxel for 48 hours and surface expression of NKG2D ligands was evaluated by flow cytometry. 
A. Histograms correspond to a representative experiment employing K-562 cells. Graphs show the 
normalized MFI (fold induction) of MICA (B), ULBP1 (C), ULBP2 (D) and ULBP3 (E). At least three 
independent experiments were performed (mean ± SEM; *p < 0.05; **p < 0.01, Mann-Whitney U test).  
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Figure 3.4. Treatment with antimitotic drugs induces DNAM-1 ligand expression in tumor cells. K-
562, HCT-116 and Hep-G2 cells were treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole or 3 
nM docetaxel for 48 hours and surface expression of DNAM-1 and NKp30 ligands, as well as HLA-I, 
was evaluated by flow cytometry. Graphs show the normalized MFI (fold induction) of PVR (A), Nectin-
2 (B), B7-H6 (C) and HLA-I (D). At least three independent experiments were performed (mean ± SEM; 
*p < 0.05, Mann-Whitney U test).  
 

 

Figure 3.5. Hyperploid cells show enhanced expression of NKG2D ligands. K-562 and HCT-116 cells 
were treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole or 3 nM docetaxel for 48 hours. 
Expression of MICA and ULBP2 was evaluated in different karyotypes by flow cytometry. Graphs 
represent the MFI. At least three independent experiments were performed (mean ± SEM; *p < 0.05, 
Mann-Whitney U test).  
 

Hyperploid tumor cells modulate the immune phenotype and induce the cytotoxic activity of NK cells  

Given the changes in the immunogenic profile observed in drug-induced hyperploid tumor cells, 

we next studied whether NK cell activity was modulated by the exposure to hyperploid cancer cells. 

The expression of IFN-γ was increased in NK cells, CD8+ T cells and NKT cells upon coculture with 

tumor cells treated with cytochalasin D, detecting no changes when these immune cells were 
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cocultured with nocodazole- and docetaxel-treated tumor cells (Figure 3.6A). Accordingly, 

cytochalasin D-exposed tumor cells were more susceptible to NK cell-mediated killing, as 

demonstrated by in vitro cytotoxicity assays (Figure 3.6B). This effect was more robust in Hep-G2 

and K-562 cells, in which a significant increase of NK cell-mediated lysis was observed 

independently of the E:T ratio employed. Treatment with nocodazole and docetaxel sensitized Hep-

G2 cells to NK cell-mediated lysis as well (Supplementary Figure 3.1), while no significant 

differences on K-562 and HCT-116 cells were detected (data not shown).  

 

Figure 3.6. Hyperploid tumor cells are more susceptible to NK cell-mediated lysis. K-562, HCT-116 
and Hep-G2 cells were treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole or 3 nM docetaxel for 
48 hours. A. PBMCs from healthy donors (n = 4) were cocultured with hyperploid and control (DMSO) 
cells and IFN-γ production was evaluated by intracellular flow cytometry. Histograms show a 
representative staining for NK cells. Graph corresponds to the percentage of IFN-γ positive cells. B. 
Cytochalasin D-treated cells were cocultured with NKL cell line at three different E:T ratios and 
cytotoxicity was evaluated by flow cytometry. Graphs represent the percentage of specific lysis. (Mean ± 
SEM; *p < 0.05, Mann-Whitney U test). 
 

The enhanced NK cell-mediated cytotoxicity detected upon coculture with treated Hep-G2 was 

abrogated in the presence of NKG2D and DNAM-1 blocking antibodies, but not when NKp30 was 

blocked (Figure 3.7), suggesting that NK cells rely on NKG2D and DNAM-1, rather than NKp30, 

signaling for the recognition of hyperploid cancer cells.  
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Figure 3.7. NKG2D and DNAM-1 blocking antibodies inhibit the increased NK cell-mediated lysis 
of hyperploid tumor cells. Hep-G2 cells treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole or 
3 nM docetaxel for 48 hours were coculture with NKL cells preincubated with NKG2D, DNAM-1 or 
NKp30 blocking antibodies (15 µg/mL). Cytotoxicity was determined by flow cytometry. Graphs 
represent the percentage of specific lysis. At least three independent experiments were performed. (Mean 
± SEM; Mann-Whitney U test). 
 

We also assessed whether the immune phenotype of NK cells was modified by the coculture with 

treated tumor cells. Exposure to hyperploid cells induced the expression of NKG2D, DNAM-1 and 

NKp30 in NK cells, especially in the presence of K-562 cells independently of the treatment (Figure 

3.8A-D). Cytochalasin D-treated HCT-116 and Hep-G2 exerted a modest modulation of these 

receptors. No changes were detected in NKp44 and NKp46 (Figure 3.8E-F). CD69, an early 

activation marker, was also evaluated in these conditions, observing an increase in the levels of the 

protein in NK cells cocultured with treated-HCT-116 cells (Figure 3.8G). Altogether, these data bring 

to light that drug-induced hyperploid cells promote NK cell activation, which, in turn, leads to a more 

efficient elimination of tumor cells. 

Drug-induced hyperploidy stimulates NK cell proliferation through the activation of CD4+ T cells 

Activation of immune subsets commonly translates into cell proliferation. Hence, we next asked 

whether drug-induced hyperploid cells have an impact on the proliferation of lymphocyte subsets. 

Coculture with cytochalasin D- and nocodazole-treated K-562 cells significantly increased the 

proliferation of NK cells and NKT cells, whereas no effect was observed on CD4+ or CD8+ T cells 

(Figure 3.9A-B). NK cells exposed to docetaxel-treated tumor cells showed reduced proliferation. 

Contrastingly, isolated NK cells failed to proliferate in the presence of tumor cells incubated with 

cytochalasin D and nocodazole, implying that the effect on NK cell proliferation is indirect and 

depends on a different lymphocytic population (Figure 3.9A,C).  
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Figure 3.8. Coculture with hyperploid tumor cells modulates the expression of immunoreceptors in 
NK cells. K-562, HCT-116 and Hep-G2 cells treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole 
or 3 nM docetaxel for 48 hours were coculture with isolated NK cells from healthy donors for 48 hours 
(n = 4). Expression of NKG2D, DNAM-1, NKp30, NKp44, NKp46 and CD69 was analyzed by flow 
cytometry. A. Histograms show the MFI of representative experiment. B-G. Graphs represent the 
normalized MFI. (Mean ± SEM; *p < 0.05; **p < 0.01, Mann-Whitney U test). 
 

Given that IL-2, a cytokine mainly produced by T cells, is crucially involved in the proliferation 

of NK cells (Caligiuri et al., 1993; Henney, Kuribayashi, Kern, & Gillis, 1981; Trinchieri et al., 
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1984), we hypothesized that the effect of hyperploid malignant cells might rely on the production of 

IL-2 by immune cells. Indeed, coculture with K-562 cells treated with cytochalasin D stimulated the 

production of IL-2 by CD4+ T cells and, in a lesser extent, by CD8+ T cells and NKT cells (Figure 

3.10A). No NK cell production of IL-2 was found (data not shown). Further, treatment with an anti-

IL-2 receptor (IL-2Rα) blocking antibody or CsA, an immunosuppressant drug that inhibits IL-2 

production by T cells, completely abrogated the NK cell proliferation induced by hyperploid K-562 

cells (Figure 3.10B). Collectively, these data indicate that hyperploid cell-promoted proliferation of 

NK cells is mediated by the production of IL-2 by T cells, mainly CD4+ T cells.  

 

Figure 3.9. Exposure to hyperploid tumor cells induced proliferation of immune subsets. K-562 cells 
treated with 0.6 µg/ml cytochalasin D, 100 nM nocodazole or 3 nM docetaxel for 48 hours were coculture 
with CFSE-stained PBMCs (n = 6) or isolated NK cells (n = 4) for 7 days. Proliferation rates were 
determined by flow cytometry. A. Histograms show a representative experiment and percentages 
corresponding to cell proliferation are indicated for each panel. B-C. Graphs represent the normalized 
percentage of cell proliferation. (Mean ± SEM; *p < 0.05; **p < 0.01, Mann-Whitney U test). 
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Figure 3.10. IL-2 production by T cells is required for NK cell proliferation upon coculture with 
hyperploid cells. A. PBMCs from healthy donors (n = 4) were exposed to K-562 cells treated with 0.6 
µg/ml cytochalasin D, 100 nM nocodazole or 3 nM docetaxel and IL-2 production was evaluated in 
immune subsets by intracellular flow cytometry. The graph shows the percentage of IL-2 positive cells. 
B. CFSE-stained PBMCs (n = 4) were incubated with control (DMSO) and treated K-562 cells in the 
presence or absence of anti-IL-2Rα blocking antibody (15 µg/mL) or CsA (1 µM) and NK cell 
proliferation was assessed. The graph depicts the normalized percentage of proliferating NK cells (Mean 
± SEM; *p < 0.05; **p < 0.01, Mann-Whitney U test). 
 

Stress signaling pathways are involved in the upregulation of MICA in hyperploid tumor cells  

We next tried to unveil the molecular mechanisms underpinning the upregulation of MICA in 

hyperploid tumor cells. It has been reported that hyperploid cells exhibit constitutively elevated 

levels of ER stress (Kepp et al., 2013; Senovilla et al., 2012). Indeed, an increased amount of 

phosphorylated eIF2α was observed in HCT-116 cells treated with cytochalasin D compared with 

control cells. No significant changes were detected in K-562 cells, suggesting that ER stress is not 

involved in the immunophenotype observed in this cell line as a consequence of the treatment (Figure 

3.11).  

 

Figure 3.11. Hyperploidy stimulates ER stress in tumor cells. K-562 and HCT-116 cells were 
incubated with 0.6 µg/ml cytochalasin D (CytD) for 48 hours and protein extracts were obtained (n = 3). 
Levels of total and phosphorylated eIF2α were determined by western blotting. Bars represent the 
quantification of p- eIF2α in relative units (R.U.) (mean ± SEM; *p < 0.05, Mann-Whitney U test). 
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To further evaluate the role of ER stress signaling in the stimulation of MICA in hyperploid cells, 

HCT-116 cells were treated GSK2606414, a potent and specific PERK inhibitor (Axten et al., 2012), 

and the expression of MICA evaluated by flow cytometry. As depicted in Figure 3.12A, treatment 

with GSK2606414 reduced the phosphorylation of eIF2α induced by cytochalasin D, which 

correlated with an attenuation of the enhanced MICA expression in cytochalasin D-treated HCT-116 

(Figure 3.12B). It is worth mentioning that the expression levels of HLA-I did not change after 

treatment with GSK2606414, supporting the specificity of the effect registered in MICA as a 

consequence of PERK inhibition (data not shown). In addition, exposure to salubrinal, an inhibitor 

of eIF2α dephosphorylation and protector of ER stress (Boyce et al., 2005), also mitigated the surface 

levels of MICA in hyperploid tumor cells (Supplementary Figure 3.2). 

 

Figure 3.12. ER stress is implicated in the upregulation of MICA in hyperploid tumor cells. HCT-
116 cells were exposed to 0.6 µg/ml cytochalasin D (CytD) and or 1 µM GSK2606414 (GSK) for 48 
hours. A. Levels of total and phosphorylated eIF2α were determined by western blotting (n = 2). Bars 
represent the quantification of p- eIF2α in relative units (R.U.). B. Expression of MICA was evaluated by 
flow cytometry (n = 3). Graph shows the normalized MFI. (Mean ± SEM; *p < 0.05, Mann-Whitney U 
test). 

 

Hyperploid cells are characterized by a marked genomic instability, which, in turn, activates the 

DNA damage response (DDR) (Chow & Poon, 2010), a relevant mechanism reported to upregulate 

MICA expression by activating PI3K and ATM pathways (Cerboni et al., 2014; Gasser, Orsulic, 

Brown, & Raulet, 2005). At this respect, treatment of K-562 cells with LY-294002, a PI3K blocker, 

did not markedly change the induction of MICA (Supplementary Figure 3.3). Nonetheless, ATM 

inhibition, achieved by exposure to the ATM inhibitor KU55933, completely revoked the induction 

of MICA on the surface of K-562 hyperploid cancer cells, while there was a partial response observed 

in HCT-116 cells (Figure 3.13A). Depletion of ATM expression by transfection of K-562 and HCT-

116 cells with a plasmid expressing a specific shRNA similarly counteracted the upregulation of 

MICA upon cytochalasin D treatment (Figure 3.13B). In the same line, pharmacological inhibition 

of ATM completely reverted the specific NK cell-mediated killing of K-562 cells (Figure 3.13C), 
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revealing a key role for ATM in the induction of the immunogenicity observed in hyperploid tumor 

cells. Altogether, these data bring forward the DDR and ER stress, on a certain degree depending on 

the model studied, as essential players in the stimulation of MICA expression and, subsequently, in 

the enhanced susceptibility to NK-cell mediated killing of hyperploid cancer cells.  

 

Figure 3.13. ATM partially mediates the upregulation of MICA in hyperploid tumor cells. A. HCT-
116 and K-562 cells were pretreated with the ATM inhibitor KU55933 (10 µM) and/or exposed to 
cytochalasin D (0.6 µg/ml; CytD) for 48 hours (n = 3). Levels of surface MICA were measured by flow 
cytometry. Bars depict the normalized MFI. B. Hyperploidy was induced HCT-116 and K-562 cells 
transfected with a plasmid containing a shRNA for ATM silencing or a control plasmid by cytochalasin 
D and MICA expression was assessed (n = 3). Bars show the normalized MFI. C. K-562 cells were treated 
with KU55933 and/or cytochalasin D and cocultures with NKL cells (n = 4). Bars depict the percentage 
of specific lysis for each condition. (Mean ± SEM; *p < 0.05, Mann-Whitney U test). 
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Discussion  

Polyploidization is a characteristic event taking place in the early stages of tumorigenesis that has 

been observed in many types of cancers (Davoli & de Lange, 2011; Gordon et al., 2012). Apart from 

cell cycle control mechanisms that ensure genomic integrity, recent work has unraveled an extrinsic 

control of DNA ploidy exerted by the immune system, which eliminates hyperploid cells through the 

activation of antitumor T cell responses (Senovilla et al., 2012). Herein, we provide evidence 

supporting that induction of hyperploidy via antimitotic drugs activates antitumor immune responses 

mediated by NK cells.  

No loss of HLA class I molecule expression was detected in tumor cells after acquisition of drug-

induced hyperploidy, suggesting that NK cell inhibitory receptors, such as KIR, are not involved in 

the NK cell activation observed in the conditions studied. Contrastingly, drug-induced hyperploid 

malignant cells showed a significant upregulation of the expression of ligands for NK cell activating 

receptors, particularly for NKG2D and DNAM-1. Cell ploidy studies revealed a strong positive 

correlation between increased ligand expression (MICA and ULBP2) and DNA content, further 

supporting a link between cancer polyploidy and enhanced tumor immunogenicity. Exposure to 

NKG2D- and DNAM-1-blocking antibodies abrogated the incremented hyperploid tumor cell lysis 

observed in vitro, bringing to light the crucial role of these receptors in the NK cell-mediated 

cytotoxic response against hyperploid cancer cells. Concomitantly, NK cells co-cultured with 

hyperploid tumor cells suffered an upregulation of NKG2D and DNAM-1. Therefore, additionally 

to oncogenes, tumor progression and stress and proliferative signals, which are stimuli known to 

regulate NKG2D ligand expression (Huergo-Zapico, Acebes-Huerta, Lopez-Soto, et al., 2014; 

Iannello, Thompson, Ardolino, Lowe, & Raulet, 2013; Jung, Hsiung, Pestal, Procyk, & Raulet, 2012; 

Lopez-Soto et al., 2013; Textor et al., 2011), induction of hyperploidy stands as a novel process 

involved in the activation of NKG2D-mediated antitumor responses. 

Acquisition of hyperploidy is typically related to genomic instability, which, in turn, activates the 

DDR, a stress-regulated pathway that stimulates NKG2D ligand expression via ATM and ATR 

protein kinases (Cerboni et al., 2014; Gasser et al., 2005; Soriani et al., 2009). Pharmacological and 

genetic inhibition of ATM subverted the increase of MICA surface levels in hyperploid cancer cells, 

indicating that the DDR takes a central part in the upregulation of NKG2D ligand expression upon 

induction of tumor hyperploidy. Likewise, pharmacological inhibitors targeting ER stress signaling 

pathways partially attenuated hyperploidy-associated MICA induction in distinct tumor models, 

implying that ER stress may constitute a complementary mechanism mediating the immune 

recognition of drug-induced hyperploid cancer cells by NK cells. These data are in line with a recent 
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study reporting that ER stress elicits the surface exposure of CRT in hyperploid tumor cells, 

eventually stimulating T cell-mediated immune responses (Kepp et al., 2013; Senovilla et al., 2012).  

Herein, we also unveil a cooperative effect between T lymphocytes and NK cells in the 

immunosurveillance against hyperploid cancer cells. An increase in IL-2 production was detected in 

T cells, mainly CD4+ T cells, upon co-culture with hyperploid tumor cells, a feature that promoted 

NK cell proliferation, since absence of T cells abrogated this effect. In line with this, blockade of IL-

2, a key cytokine in NK cell activation and proliferation (Henney et al., 1981), completely revoked 

NK cell proliferation, reinforcing the hypothesis that hyperploidization initiates a coordinated 

immune response against tumor cells that involves a crosstalk between T cells and NK cells. This is 

further supported by clinical observations demonstrating that taxanes, a group of hyperploidy-

inducing agents that inhibit microtubule polymerization, lead to increased IL-2 levels in serum and 

enhanced NK cell activity in patients with advanced breast cancer (Tsavaris, Kosmas, Vadiaka, 

Kanelopoulos, & Boulamatsis, 2002). Further, several works have reported that hyperploid cancer 

cells activate T cell responses via CRT exposure and subsequent activation of antigen-presenting 

cells (APCs) (Chaput et al., 2007; Obeid et al., 2007; Senovilla et al., 2012). Hence, hyperploid 

tumor-derived antigens presented by APCs after phagocytosis likely trigger CD4+ T cell activation. 

Nonetheless, no proliferation was observed in this immune subset, suggesting a more complex 

interaction between CD4+ T cells and hyperploid tumor cells that requires further investigation.  

It has been largely accepted that the immune system contributes to tumor eradication and the 

features that allow tumor cell recognition by immune cells are subjected to intense study. Aberrant 

DNA content is a characteristic that favors cancer immunosurveillance via antigen-specific T cell 

responses. The work herein complements this observation demonstrating that NK cells may also take 

part in this response by detecting stress-induced molecules (i.e. NKG2D and DNAM-1 ligands) 

expressed on the surface of hyperploid cancer cells. Moreover, these data provide rationale for the 

development of immunotherapeutic strategies modulating tumor cell ploidy as an alternative to 

conventional treatments currently used for patients with cancer. 
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Cancer comprises a highly heterogeneous group of diseases at a molecular and clinical level, 

being the leading cause of death in a great number of countries. Despite its importance, management 

of patients with cancer still represents a challenge, mainly due to the variability in tumor biology and 

interpatient differences in response to treatment, which hinder the development of broad-spectrum 

therapies. Nonetheless, targeted and immunotherapeutic approaches show superior clinical efficacy 

to that of conventional cancer regimens, thus being a major focus of interest for basic and clinical 

cancer research. Several small molecule inhibitors, like ibrutinib and idelalisib, have largely proven 

their therapeutic value in cancers such as CLL (Burger & O'Brien, 2018). On the other hand, cancer 

immunotherapy aims to activate antitumor immune responses through different approaches, such as 

immune checkpoint blockade or ADCC-inducing antibodies (Dougan, Dranoff, & Dougan, 2019; 

Ribas & Wolchok, 2018).  

CLL is a hematologic disease characterized by clonal expansion of malignant B cells that, up to 

date, remains incurable. Nonetheless, patients suffering this malignancy have greatly benefited from 

the development of targeted therapies. Initial tests assessing the effectivity of kinase inhibitors 

selectively targeting BCR-related kinases achieved high response rates and, in some cases, durable 

remissions in patients with CLL (Burger & O'Brien, 2018; Burger & Wiestner, 2018). Combination 

regimens with conventional treatments further improved the objective response rates (Chanan-Khan 

et al., 2016; Seymour et al., 2018; Smith et al., 2017), completely revolutionizing the clinical 

management of patients with CLL. As an illustration, ibrutinib, an irreversible BTK inhibitor, is 

currently employed as a treatment for refractory or relapsed patients (O'Brien et al., 2018), whereas 

venetoclax, a novel BCL2 antagonist, was recently approved for CLL owing to the encouraging 

results reported by several clinical trials (Coutre et al., 2018; Roberts et al., 2016; Seymour et al., 

2018). Herein, we found that EC-7072, an analog of mithramycin A, displays a promising 

antileukemic activity against primary CLL cells ex vivo. The cytotoxicity exerted by the compound 

was comparable to that of an array of targeted drugs (that include ibrutinib, idelalisib and venetoclax) 

and the nucleoside analogue fludarabine, conventionally employed in chemotherapy regimens. In 

addition, EC-7072 improved the killing rates of these drugs against CLL cells upon combined 

treatment in vitro, exhibiting synergy with idelalisib and fludarabine, while an additive effect was 

observed in the case of combinations with ibrutinib and venetoclax. The viability of circulating 

healthy immune subsets, NK cells and T lymphocytes, was mostly unaffected by EC-7072 at the 

concentrations tested. Therefore, the compound does not likely aggravate the immune suppression 

typically associated to patients with CLL, in contrast to currently-applied treatments, such as 

fludarabine ("Highlights in chronic lymphocytic leukemia from the 2018 American Society of 

Clinical Oncology annual meeting," 2018; Keating et al., 1998). Transcriptomic studies unraveled 

that CLL cells exposed to EC-7072 suffered a dramatic modulation of upstream components of the 
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BCR pathway (e.g. SYK, PI3K, PLCG2) as well as downstream effectors activated by the BCR 

cascade (e.g. NF-κB, JAK/STAT). Protein-coding genes controlling apoptosis, such as BCL2, were 

also dysregulated in the presence of EC-7072, supporting previous experiments demonstrating that 

the compound triggers caspase-dependent apoptosis in CLL cells. Phosphoflow analyses revealed 

that EC-7072 reduces the phosphorylation levels of BCR-related kinases, reinforcing the hypothesis 

that selective inhibition of the BCR signaling pathway might be the mechanism underpinning the 

antileukemic activity of EC-7072 in CLL. Still, the molecular events mediating the cytotoxic 

properties of EC-7072 against CLL cells deserve future investigation. Intrinsic and acquired 

resistance to treatment remains as a major handicap in CLL. Mutation of genes encoding BCR 

signaling components commonly hinders the efficacy of targeted approaches, such is the case of co-

occurring mutations in BTK and PLCG2 that are linked to ibrutinib resistance (Woyach et al., 2014). 

At this respect, the dysregulation of the transcriptome exerted by EC-7072 on CLL cells might 

represent a therapeutic advantage in patients with CLL carrying mutational events affecting elements 

of the BCR cascade. Altogether, EC-7072 may be an alternative treatment for patients with CLL 

alone or in combination regimen owing to its therapeutic potential in vitro, thus supporting the high 

interest of further studying the activity of the mithralog in a clinical setting. 

The relevance of the BCR signaling pathway in CLL and other B-cell malignancies has been 

widely described, prompting the appearance of drugs specifically targeting components of the 

cascade that have proven their value as novel therapeutic approaches (Burger & Wiestner, 2018). As 

already mentioned in this work, the BCR pathway is also crucial for the correct function and 

homeostasis of healthy B cells. Antigen recognition through the BCR complex activates a series of 

signaling events that propagate via phosphorylation of proximal kinases, eventually leading to the 

activation of downstream effector pathways that support B cell survival and proliferation. In addition, 

BCR engagement can induce the production of molecules with immunosuppressive properties. For 

example, B cells have been reported to secrete IL-10 in response to BCR stimulation in certain 

autoimmune diseases (Fillatreau, Sweenie, McGeachy, Gray, & Anderton, 2002; Kalampokis, 

Yoshizaki, & Tedder, 2013), an ability shared by CLL cells (Alhakeem et al., 2018). In this work, 

we describe a link between BCR activation in B cells and suppression of NK cell-mediate antitumor 

immune responses, which might partially explain the immune dysfunction observed in patients with 

B-cell malignancies.  

BCR stimulation in B cells significantly reduced the expression levels of NKG2D on NK cells 

and CD8+ T cells from healthy donors, suggesting that tumor recognition by NK cells and, in a lesser 

extent, by CD8+ T cells is impaired in the presence of activated B cells. A recent study in samples 

from patients with CLL reported that NKG2D expression is downregulated in circulating NK cells 
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and CD8+ T cells from these patients compared to healthy donors (Huergo-Zapico, Acebes-Huerta, 

Gonzalez-Rodriguez, et al., 2014), which may be related to the constitutive BCR activation typically 

associated to CLL cells. In line with this, we found that BCR stimulation in CLL cells further reduced 

NKG2D expression on these effector immune subsets. The antitumor activity of NK cells was 

hampered upon BCR stimulation, since a decrease in both NK cell-mediated lysis and ADCC of 

tumor cells was observed. These results suggest that activated B cells may cause NK cell dysfunction, 

a common feature present in patients with B-cell malignancies (Chiu, Ernst, & Keating, 2018; 

Huergo-Zapico, Acebes-Huerta, Gonzalez-Rodriguez, et al., 2014). NKG2D downregulation was 

detected in NK cells cultured in conditioned media from BCR-activated healthy and malignant B 

cells, indicating that stimulated B cells might release soluble factors which, in turn, are responsible 

for NK cell suppression. Transwell assays produced similar results, further reinforcing this 

hypothesis. Two main mechanisms of immune evasion leading to NKG2D downregulation have been 

described in cancer: 1) shedding of NKG2DLs by the tumor cell, which eventually causes 

internalization of the receptor (Groh et al., 2002; Lundholm et al., 2014; Song et al., 2006); and 2) 

secretion of TGF-β (Crane et al., 2010; Lee et al., 2004; Otegbeye et al., 2018), a suppressive cytokine 

involved in the control of the immune function that can be produced by B cells as well (Bjarnadottir 

et al., 2016; Klinker & Lundy, 2012). Nonetheless, pharmacological inhibition of MMPs and TGF-

β receptors failed to restore NKG2D levels on NK cells, suggesting that NK cell function is 

negatively affected by a different factor produced upon BCR engagement. Thus, the mechanism 

underlying the immunosuppressive role of B cell stimulation in NK cell activity deserves deeper 

investigation. Impairment of the molecular events triggered by yet-unknown factors released by 

stimulated B cells may constitute a novel immunotherapeutic approach to boost NK cell-mediated 

antitumor responses in B-cell malignancies.  

The immune system plays a crucial role in cancer clearance and NK cells stand out as a first line 

of defence. Engagement of NK cell activating receptors and subsequent NK cell stimulation leads to 

tumor cell death via cytotoxicity without prior antigen priming, hence the therapeutic potential of 

boosting NK cell responses for cancer treatment. It has been extensively described that conditions of 

cell stress, such as genotoxic stress, frequently upregulate the surface expression of NK cell 

activating ligands, favoring immune recognition and elimination (C. J. Chan, Smyth, & Martinet, 

2014). A study from Senovilla et al. demonstrated that DNA ploidy is tightly controlled by the 

immune system and induction of hyperploidy triggers antitumor T cell responses (Senovilla et al., 

2012). Here, we demonstrate that acquisition of hyperploidy via exposure to antimitotic drugs 

activates NK cell-mediated antitumor immune responses as well.  
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Treatment with antimitotic drugs significantly increased the expression of an array of NK cell 

activating ligands on tumor cell lines from different origin. Surface expression levels of MICA and 

ULBP2 positively correlated with DNA content, suggesting that tumor immunogenicity is partly 

controlled by cell ploidy. Concomitantly, cytotoxicity experiments brought to light that acquisition 

of hyperploidy is involved in the activation of cancer immunosurveillance by NK cells, a stimulation 

essentially mediated by NKG2D and DNAM-1 signaling. Of note, upregulation of NK cell ligands 

on tumor cells was primarily elicited by ATM and partially by ER stress signaling pathways, in 

agreement with previous studies describing the importance of these pathways in the immune function 

(Cerboni et al., 2014; Gasser et al., 2005; Kepp et al., 2013; Senovilla et al., 2012; Soriani et al., 

2014). Additionally, exposure to hyperploid tumor cells promoted IL-2 production by T cells, which 

led to NK cell proliferation. Consequently, hyperploid cancer cells are subjected to a tight immune 

control that involves a crosstalk between NK cells and T lymphocytes. Altogether, these data bring 

to light the potential of employing drugs that modulate tumor cell ploidy in cancer immunotherapy. 

Indeed, previous studies have shown that antimitotic drugs, like taxanes, have immunostimulatory 

properties (O. T. Chan & Yang, 2000; Hodge et al., 2013). For instance, taxanes enhanced NK cell 

activity in patients with advanced breast cancer (Tsavaris et al., 2002), suggesting that the therapeutic 

efficacy of antimitotic drugs may not only come from direct tumor cell elimination via inhibition of 

cell division, but also from the activation of anticancer immune responses.  

Overall, the results presented in this Thesis demonstrate the therapeutic potential of a set of 

treatments in cancer, analyzing the role of the immune system in their efficacy, and provide rationale 

for further clinical evaluation of the strategies studied. Patients with cancer generally show immune 

dysfunction, therefore the interest in restoring the killing capacity of NK cells or increasing tumor 

immunogenicity to promote cancer clearance. Nonetheless, the effectivity of activating immune 

responses is limited, mostly owing to evasion mechanisms developed by tumor cells. On the other 

hand, targeted treatments achieve promising response rates in patients, minimizing the side toxicity 

owing to their specificity, though acquired resistance lowers their efficacy. We propose that 

combination of immunotherapeutic strategies with approaches directly targeting the tumor may 

overcome their limitations and improve the management of patients with cancer. 
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1. The mithralog EC-7072 induces caspase-3-dependent apoptosis on leukemia cells from 

patients with CLL in vitro, without markedly affecting circulating NK cells and T lymphocytes. 

2. EC-7072 modulates the activation status of BCR signaling pathway in CLL cells and reduces 

the phosphorylation levels of key mediators of this pathway. 

3. Activation of the BCR partially counteracts the antileukemic activity of EC-7072, whereas 

microenvironment-derived factors fail to restore CLL cell viability. 

4. Combination of EC-7072 with ibrutinib, idelalisib, venetoclax or fludarabine results in 

cooperative killing of leukemia cells from patients with CLL. 

5. BCR crosslinking in healthy B cells and CLL cells results in NKG2D downregulation on 

NK cells and CD8+ T cells from healthy donors and patients with CLL. 

6. NK cell-mediated killing of tumor cells and ADCC activity are hampered in the presence of 

BCR-activated B cells. 

7. No direct cell to cell contact is required to induce NKG2D downregulation on NK cells and 

CD8+ T cells upon BCR crosslinking in B cells. 

8. Hyperploidy-inducing drugs promote an upregulation of ligands for NK cell activating 

receptor on cancer cell lines, rendering them more susceptible to NK cell-mediated elimination. 

9. Co-culture with hyperploid tumor cells induces the expression of NKG2D, DNAM-1 and 

NKp30 receptors, as well as IFN-γ production, in NK cells. 

10. IL-2 production by T cells is increased in the presence of hyperploid tumor cells, which 

promotes NK cell proliferation. 

11. MICA upregulation in hyperploid tumor cells is primarily mediated by ATM protein kinase 

and, in certain cancer cell lines, by endoplasmic reticulum stress signaling pathways.  
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1. El mitrálogo EC-7072 induce una apoptosis dependiente de caspasa 3 en células leucémicas 

de pacientes con leucemia linfática crónica (LLC) in vitro, sin afectar marcadamente a linfocitos T 

y células NK circulantes. 

2. EC-7072 modula el estado de activación de la vía de señalización de BCR en células 

leucémicas de pacientes con LLC y disminuye los niveles de fosforilación de mediadores clave de 

dicha ruta. 

3. La activación del BCR contrarresta parcialmente la actividad antileucémica de EC-7072, 

mientras que el tratamiento con factores del microambiente tumoral no restaura la viabilidad de las 

células leucémicas. 

4. La combinación de EC-7072 con ibrutinib, idelalisib, venetoclax o fludarabina resulta en un 

aumento en la capacidad citotóxica de dichos compuestos frente a células leucémicas de pacientes 

con LLC. 

5. La estimulación de linfocitos B sanos y células leucémicas mediante la activación del BCR 

produce una disminución de la expresión de NKG2D en células NK y linfocitos T CD8+ de donantes 

sanos y pacientes con LLC. 

6. La eliminación de células tumorales mediada por células NK así como la citotoxicidad 

mediada por anticuerpo se encuentran impedidas en presencia de linfocitos B activados. 

7. La reducción de la expresión de NKG2D en células NK y linfocitos T CD8+ debida a la 

activación del BCR en linfocitos B no requiere contacto celular. 

8. Los fármacos que inducen hiperploidía promueven un incremento en la expresión de 

ligandos activadores de células NK en líneas celulares tumorales, lo que incrementa la 

susceptibilidad de estas células a ser eliminadas por células NK. 

9. El co-cultivo con células tumorales hiperploides induce la expresión de NKG2D, DNAM-1 

y NKp30, así como la producción de IFN-γ, en células NK. 

10. La producción de IL-2 se incrementa en los linfocitos T en presencia de células tumorales 

hiperploides, estimulando así la proliferación de las células NK. 

11. La regulación positiva de MICA en células tumorales hiperploides es mediada 

principalmente por la proteína quinasa ATM y, en ciertos modelos celulares, por vías de señalización 

de estrés de retículo endoplasmático.  
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Supplementary Figure 1.1 

 

Supplementary Figure 1.1. EC-7072 has a cytotoxic effect similar to that of MTA. PBMCs from 
patients with CLL (n = 24) were treated with MTA (200 nM) or EC-7072 (200 nM) for 24 hours and 
leukemia cell death was evaluated by DiOC6(3)/PI staining. Bars represent the mean percentages of 
apoptotic [DiOC6(3)low PI-] and dead [PI+] cells. (Mean ± SEM; **p < 0.01; ***p < 0.001, Student’s t-
test).  
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Supplementary Figure 1.2 

 

Supplementary Figure 1.2. EC-7072 does not markedly affect non-tumoral cells but is effective 
against different B-cell malignancies in vitro. Cell death was assessed by PI staining in primary 
fibroblasts from healthy donors (n = 4) and HK-2 cells (n = 3) incubated with MTA (200 nM) or EC-7072 
(200 nM) for 24 hours. A. Histograms depict a representative experiment and percentages corresponding 
to dead cells [PI+] are indicated for each panel. B. Bars represent the percentage of dead [PI+] cells. C. 
Indicated cell lines were exposed to EC-7072 (500 nM) for 24 hours and cell viability was assessed by 
DiOC6(3)/PI staining (n = 3). Bars represent the percentage of viable [DiOC6(3)+] cells normalized to 
control (DMSO) condition. (Mean ± SEM; *p < 0.05, Student’s t-test).  
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Supplementary Figure 1.3 

 

Supplementary Figure 1.3. EC-7072 negatively affect the viability of leukemia cells with no marked 
effect on healthy immune subsets. PBMCs from patients with CLL were exposed to increasing 
concentrations of EC-7072 (0-400 nM) and viability was determined for each immune subset by 
DiOC6(3)/PI staining. Dot plots depict a representative experiment and percentage of viable [DiOC6(3)+] 
cells are indicated for each panel. 

 

Supplementary Figure 1.4 

 

Supplementary Figure 1.4. The number of CD8+ and CD4+ T lymphocyte subsets from patients 
with CLL are not markedly altered by EC-7072. Numbers of CD4+ and CD8+ T cells were evaluated 
by flow cytometry in PBMCs from patients with CLL (n = 11) treated with EC-7072 (200 nM) for 24 
hours. Graphs represent the normalized number of cells for each individual experiment. Dark lines 
correspond to mean ± SEM (**p < 0.01, Student’s t-test). 
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Supplementary Figure 1.5 

 

Supplementary Figure 1.5. EC-7072 does not significantly affect the viability of isolated T cells from 
patients with CLL. PBMCs and isolated T cells from patients with CLL (n = 3) were treated with EC-
7072 (200 nM) for 24 hours and T cell apoptosis was assessed by Annexin V/PI staining. Dot plots show 
a representative patient and percentages within refer to viable [Annexin V-] cells. Graphs depict the 
percentages of apoptotic [Annexin V+ PI-] and dead [PI+] cells (mean ± SEM; Student’s t-test). 
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Supplementary Figure 1.6 

 

Supplementary Figure 1.6. EC-7072 modulates the transcriptome of primary CLL cells. Isolated 
CLL cells (n = 6) were treated with 200 nM EC-7072 for 6 hours. Total RNA was extracted and gene 
expression was analyzed by qPCR. A. Expression of BCR-related genes. B. Expression of relevant genes 
that regulate apoptosis in CLL. C. Expression of BCL2. D. Isolated T cells (n = 3) from patients with CLL 
were treated with EC-7072 (200 nM) for 6 hours and total RNA was extracted. Relative expression of 
BLC2 was determined by qPCR. Graphs depict the relative gene expression normalized to the control 
(DMSO) condition. (Mean ± SEM; *p < 0.05; **p < 0.01, Student’s t-test).  
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Supplementary Figure 1.7 

 

Supplementary Figure 1.7. Stimulation with specific activators enhances phosphorylation of BCR-
related signaling nodes. Phosphorylation levels of p65 NF-κB and STAT3 were detected by 
phosphoflow in isolated CLL cells (n = 4) stimulated with CD40L (100 ng/mL) or IL-6 (40 ng/mL) for 
15 minutes, respectively. Histograms show the MFI of a representative experiment. Graphs depict the 
normalized MFI for each individual patient and dark lines depict mean ± SEM (*p < 0.05, Student’s t-
test). 
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Supplementary Figure 1.8 

 

Supplementary Figure 1.8. BCR crosslinking restores the relative expression of BCL2 to basal levels 
in the presence of EC-7072. Relative expression levels of BCL2 were assessed by qPCR in isolated CLL 
cells incubated with EC-7072 (200 nM) and/or anti-IgM antibodies (10 µg/ml) for 6 hours. (Mean ± SEM; 
*p < 0.05, Student’s t-test). 

 

Supplementary Figure 1.9 

 

Supplementary Figure 1.9. The antileukemic activity of EC-7072 is comparable to that of therapies 
currently approved for CLL. Leukemia cell viability was determined in PBMCs from patients with 
CLL treated with increasing concentrations of EC-7072, fludarabine, ibrutinib, idelalisib or venetoclax. 
Dots represent the normalized percentage of viable [DiOC6(3)+] cells (Mean ± SEM). 
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Supplementary Figure 1.10 

 

Supplementary Figure 2.10. Combination of EC-7072 with approved drugs results in increased 
toxicity to other immune subsets. PBMCs from patients with CLL were exposed to EC-7072 (200 nM) 
in combination with fludarabine (10 µM) (A), ibrutinib (10 µM) (B), idelalisib (10 µM) (C) or venetoclax 
(1 nM) (D) for 24 hours. Viability of T lymphocytes and NK cells was assessed by cytometric detection. 
Bars depict the normalized percentage of viable [DiOC6(3)+] cells. (Mean ± SEM; *p < 0.05, One-way 
ANOVA). 
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Supplementary Figure 2.1 

 

Supplementary Figure 2.1. BCR stimulation modulates the immunoreceptor profile of CD8+ T cells. 
PMBCs from healthy donors (n = 16-36) or patients with CLL (n = 7-9) were incubated with F(ab’)2 anti-
IgM (10 µg/mL) or anti-IgD (10 µg/mL) antibodies for 48 hours. Surface expression levels of NKG2D 
(A) and DNAM-1 (B) were evaluated in CD8+ T cells by flow cytometry. Graphs depict the MFI for each 
receptor normalized to their respective control condition. (Mean ± SEM; *p < 0.05; **p < 0.01; ***p < 
0.001, Student’s t-test). 
 

 

Supplementary Figure 2.2 

 

Supplementary Figure 2.2. NK cells from patients with CLL show reduced levels of NKG2D. 
NKG2D expression was determined in NK cells from healthy donors (n = 40) and patients with CLL (n 
= 21) by flow cytometry. The graph depicts the MFI for NKG2D. (Mean ± SEM; **p < 0.01, Mann-
Whitney U test). 
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Supplementary Figure 2.3 

 

Supplementary Figure 2.3. BCR crosslinking does not affect B cell viability. PMBCs from healthy 
donors (n = 5-9) or patients with CLL (n = 5-9) were incubated with F(ab’)2 anti-IgM (10 µg/mL) or anti-
IgD (10 µg/mL) antibodies for 48 hours. Cell death and apoptosis was evaluated in healthy B cells (A) 
and CLL cells (B) by cytofluorometric assessment of DiOC6(3)/PI staining. Bars represent the normalized 
percentage of apoptotic [DiOC6(3)lowPI-] and dead cells [PI+] for each receptor normalized to their 
respective control condition. (Mean ± SEM; Mann-Whitney U test).  
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Supplementary Figure 2.4 

 

Supplementary Figure 2.4. Cytokine stimulation does not counteract the anti-BCR antibody-
mediated downregulation of NKG2D. PMBCs from healthy donors (n = 4) were exposed F(ab’)2 anti-
IgM or anti-IgD antibodies (10 µg/mL) with or without IL-2 (10 ng/mL) or IL-15 (25 ng/ml) for 48 hours. 
Surface expression levels of NKG2D were analyzed in NK cells (A) and CD8+ T cells (B) by flow 
cytometry. Graphs represent the normalized MFI. (Mean ± SEM; *p < 0.05; **p < 0.01, One-way 
ANOVA). 

 

Supplementary Figure 2.5 

 

Supplementary Figure 2.5. Co-stimulation of B cells with CD40 ligand does not potentiate NKG2D 
downregulation in CD8+ T cells. PMBCs from healthy donors (n = 4-6) (A) or patients with CLL (n = 
3) (B) were incubated with F(ab’)2 anti-IgM antibodies (10 µg/mL) and/or CD40L (200 ng/mL) for 48 
hours. Surface expression levels of NKG2D and DNAM-1 were determined in CD8+ T cells by flow 
cytometry. Bars show the normalized MFI for each receptor. (Mean ± SEM; *p < 0.05; ***p < 0.001, 
One-way ANOVA).  
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Supplementary Figure 2.6 

 

Supplementary Figure 2.6. NK cells suffer NKG2D downregulation after exposure to conditioned 
media from stimulated B cell malignant cell lines. MEC-1, Raji and Z-138 cells (n = 3-6) were treated 
with F(ab’)2 anti-IgM (10 µg/mL) or anti-IgD (10 µg/mL) antibodies for 48 hours and supernatants were 
collected. PBMCs from healthy donors were cultured in conditioned media for 48 hours and NKG2D 
expression was analyzed by flow cytometry. The graph depicts the normalized MFI for each experiment. 
(Mean ± SEM; *p < 0.05; ***p < 0.001, Student’s t-test). 
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Supplementary Figure 3.1 

 

Supplementary Figure 3.1. Hyperploid tumor cells are more susceptible to NK cell-mediated lysis. 
Hep-G2 cells treated with 100 nM nocodazole or 3 nM docetaxel for 48 hours were cocultured with NKL 
cell line at three different E:T ratios and cytotoxicity was evaluated by flow cytometry. Graphs represent 
the percentage of specific lysis (mean ± SEM; *p < 0.05, Mann-Whitney U test). 

 

Supplementary Figure 3.2 

 

Supplementary Figure 3.2. ER stress is implicated in the upregulation of MICA in hyperploid 
tumor cells. HCT-116 cells were exposed to 0.6 µg/ml cytochalasin D (CytD) and or 20 µM salubrinal 
for 48 hours and MICA expression was evaluated by flow cytometry (n = 3). Graph shows the normalized 
MFI. (Mean ± SEM; *p < 0.05, Mann-Whitney U test). 
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Supplementary Figure 3.3 

 

Supplementary Figure 3.3. PI3K blockade does not revert MICA upregulation in hyperploid cells. 
HCT-116 cells were exposed to 0.6 µg/ml cytochalasin D (CytD) and or 10 µM LY-294002 for 48 hours 
and MICA expression was analyzed by flow cytometry (n = 3). Graph shows the normalized MFI. (Mean 
± SEM; *p < 0.05, Mann-Whitney U test). 
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