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ABSTRACT 
 

Breast cancer is the most diagnosed cancer and the main cause of cancer death in women 

worldwide. The latest advances in immuno-demonstrate the beneficial immunostimulatory 

effects of the induction of immunogenic cell death (ICD). ICD increases tumor infiltration 

by anti-tumor cells and is associated with improved prognosis in different types of cancer 

including triple negative breast cancer (TNBC). The aim of this thesis was to evaluate the 

antitumoral effect and the immunogenicity of the cell death induced by PKHB1, a 

thrombospondin-1 peptide mimic, and the effect of the bovine leukocyte extract 

Immunepotent-CRP (ICRP) against breast cancer cells in vitro, ex vivo, and in vivo. Results 

showed that PKHB1 and ICRP induce mitochondrial alterations, ROS production, 

intracellular Ca2+ accumulation, as well calcium-dependent cell death in breast cancer cells, 

including triple negative subtypes, additionally ICRP induce a ROS dependent type of cell 

death. PKHB1 has antitumor effect in vivo leading to a reduction of tumor volume and weight 

and promotes intratumorally CD8 + T cell infiltration. Furthermore, in vitro, PKHB1 and 

ICRP induces calreticulin (CALR), HSP70, and HSP90 exposure and release of ATP and 

HMGB1. Additionally, killed cells obtained after treatment with PKHB1 (PKHB1-KC) or 

ICRP (ICRP-KC) induced dendritic cell maturation, and T cell antitumor responses, ex vivo. 

Moreover, PKHB1-KC and ICRP-KC in vivo were able to induce an antitumor response 

against breast cancer cells in a prophylactic application, whereas in a therapeutic setting, 

PKHB1-KC and ICRP-KC induced tumor regression; both applications induced a long-term 

antitumor response. Altogether our data shows that PKHB1 and ICRP, induce in vivo 

antitumor effect and promote immune system activation through immunogenic cell death 

induction in breast cancer cells. 
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RESUMEN 
 

El cáncer de mama es el cáncer más diagnosticado y la principal causa de muerte por cáncer 

en mujeres a nivel mundial. Avances recientes en el campo de  inmunooncología demuestran 

los beneficiosos efectos inmunoestimuladores de la inducción de la muerte celular 

inmunogénica (MCI). La MCI aumenta la infiltración de células T al tumor y se asocia con 

un mejor pronóstico en pacientes afectados por diferentes tipos de cáncer, incluyendo el 

cáncer de mama triple negativo (TNBC) con enfermedad residual. El objetivo de esta tesis 

fue evaluar el efecto antitumoral y la inmunogenicidad de la muerte celular inducida por  

PKHB1 y el extracto dializable de leucocitos bovinos, Immunepotent-CRP (ICRP), en 

células de cáncer de mama, in vitro, ex vivo e in vivo. Los resultados mostraron que PKHB1 

e ICRP inducen alteraciones mitocondriales, producción de ROS, acumulación de Ca2+ 

intracelular, así como muerte celular dependiente de calcio en células de cáncer de mama, 

incluidos los subtipos triple negativos, además observamos que el ICRP induce muerte 

celular dependiente de ROS. El PKHB1 tiene un efecto antitumoral in vivo que conduce a la 

reducción del volumen y  peso tumoral, promoviendo la infiltración de células T CD8+ 

intratumorales. Además, in vitro, PKHB1 e ICRP inducen la exposición de calreticulina 

(CALR), HSP70 y HSP90 y la liberación de ATP y HMGB1. Además, las células muertas 

obtenidas después del tratamiento con PKHB1 (PKHB1-KC) o ICRP (ICRP-KC) indujeron 

la maduración de células dendríticas y activaron la respuesta antitumoral de células T, ex 

vivo. Además, PKHB1-KC e ICRP-KC in vivo indujeron una respuesta antitumoral contra 

las células de cáncer de mama en una aplicación profiláctica, mientras que en un entorno 

terapéutico, PKHB1-KC e ICRP-KC indujeron la regresión tumoral; ambas aplicaciones 

promovieron una respuesta antitumoral a largo plazo. En conjunto, los datos muestran que 

PKHB1 e ICRP tienen un efecto antitumoral in vivo e inducen la activación del sistema 

inmunológico a través de la inducción de muerte celular inmunogénica en células de cáncer 

de mama. 
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BACKGROUND 
 

Cell death 

 

Every day, our cells carry out an endless number of processes that are essential for the 

organism's maintenance and the appropriate functioning. Within these processes the cell 

death, which mainly occur in cells with physical damage, infected with pathogenic agents or 

with genetic abnormalities which make impposible the maintaining of their functions. Thus, 

the irreversible cessation of essential cellular processes might be referred to as cell death. To 

precisely identify a dead cell, the Cell Death Nomenclature Committee (NCCD) has set three 

criteria: 

 

1. The plasma membrane's irreversible loss of its barrier properties. 

2. The fragmented breakdown of the cell. 

3. Intake of the cells by cells with phagocytic activity (L Galluzzi et al. 2012).  

 

Cell death can by triggered by different pathways and use different cellular mechanisms, 

which complicate the classification of a certain type of cell death, for this reason the 

Nomenclature Committee on Cell Death (NCCD), define different priciples for the 

interpretation of all aspects of cell death (Lorenzo Galluzzi et al. 2018). Currently, the NCCD 

classifies cell death into two broad categories, described below and schematized in Figure 1. 

 

Accidental cell death (ACD) 

 

ACD is a type of immediate death, caused by physical (high temperatures or pressures), 

chemical (variations in pH, detergents) or mechanical damage, unresponsive to 

pharmacological or genetic interventions. 
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Regulated cell death (RCD) 

 

RDC comprise of a molecular machinery genetically encoded, which can be modulated 

pharmacologically or genetically, using the key components of this machinery as a target, as 

caspases, calpains, ROS, among others. Regulated cell death can be activated during immune 

responses, tissue homeostasis and among all during embryonic development. Programmed 

cell death  is the term to describe the completely physiological cases (L Galluzzi et al. 2012). 

Pyroptosis and necroptosis, which are seen during development or in the context of viral 

infections, are examples of subtypes of RCD that can be categorized based on their molecular 

characteristics. Other subtypes of RCD, such as ferroptosis, netotic cell death, entotic cell 

death, parthanatos, lysosome dependent cell death, autophagy-dependent cell death, 

oxeiptosis, and alkaliptosis, are less studied and may be limited to cellular responses to 

specific molecules (as toxins) that do not reflect normal physiology (Tang et al. 2019). 

Genetic or pharmaceutical interventions are now employed to interrupt the lethal cascade that 

conclude in cell death for finally describe or classify the cell death mechanism (Tang et al. 

2019).  

 

Programed cell death (PCD) 

It’s a pathway conserved for the embryonic development and tissue homeostasis. PCD 

operate as a typical physiological response to different stimuli that results in the elimination 

of aberrant cells, infected or dysfunctional cells (Sjostrom 2001). 

 

 

 

 

 

 

 

 

 
Figure 1. Cell death subtipes. Extreme mechanical stressors, physical or chemical, cause cells to 
virtually instantly die and losing their structural integrity at the same time. Accidental cell death 
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(ACD) is the name given to this form of cell death. On the other hand, regulated cell death (RCD) 
refers to cell death that is initiated by a molecular machinery that is genetically encoded. Programmed 
cell death (PCD) refers to instances of RCD that take place as part of a physiological process to 
preserve tissue homeostasis (L. Galluzzi et al. 2015). 
 

Classification of RCD 

 

Modulation of intracellular signaling is crucial for cell survival or death. Signaling for cell 

death can be activated after stimulation of damage to cellular structures, death receptors, 

deregulation of the system that controls ion movements across cell membranes or other 

stimuli. The main actors in the signaling pathway determine the type of cell death that would 

be triggered. In this sense, apoptotic cell death is determined by caspases (cysteine-dependent 

aspartate-directed proteases), while the autophagic machinery rules autophagic cell death. 

Moreover, executors of cell death may also participate in cell survival; for example, some 

caspases are involved in inflammation, proliferation, among others, also autophagosome 

formation is crucial for the removal of damaged or unnecessary organelles (Galluzzi et al. 

2018). Thus, it is thought that the decision of die or survive relies on the nature of the stimuli, 

and in the status of the cell. The inhibitory and promoting-RCD signals coexist and balance 

one another, and at some stage one predominates over the other. The NCCD has also 

classified the different cell death modalities described until now, based on the molecular 

aspects that are essential for the process (Table 1).  However, it is important to mention that 

an interconnection can exist between different cell death modalities (Galluzzi et al. 2018). 
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Table 1. Hallmarks of major types of RCD (adapted from Tang, D. et al 2019). 
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Calcium and cell death 

 

It has been shown that the depletion of the ER Ca2+ pool or ER-Ca2+ overload results in 

disturbances that can lead to endoplasmic reticulum stress and cell death (Figure 2) 

(Zhivotovsky and Orrenius 2011). As Ca2+ is a highly versatile second messenger, it regulates 

broad cellular functions, and disturbances in Ca2+ homeostasis can lead to cell death 

(Monteith, Prevarskaya, and Roberts-Thomson 2017). Ca2+ alterations can lead to the 

activation of different cell death effectors and  the induction of distinct types of regulated cell 

death mechanisms, such as caspase-dependent and caspase-independent cell death 

modalities, in different cancer types (figure 2) (Danese et al. 2021).  

 

Figure 2. Calcium pathways related to cell death. Calcium could be a central mediator for the 
activation of diverse molecules related to the inhibition or stimulation of cell death such as: DRP-1, 
PLases, NOS, caspases, calpains, calcineurin, FKBP38, TCTP, DAPK1, PKC, CaMKK and AIF. The 
result of the signaling induced by the different molecules, depends on the context and the trigger. 
Also, mitochondrion have an important role for the cell death induction. (Danese et al. 2021). 
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Deregulation of cell death and associated pathologies 

 

Two main physiological mechanisms that control homeostasis in the body are cell division 

and death. Deregulation of these processes increase the pathogenesis of different diseases, 

such as neurological conditions, myocardial infarction, atherosclerosis, cerebrovascular 

accidents, cancer, among others. Therefore, recently the research focus on the search of cell 

cycle and cell death modulators for develop new therapeutic approaches to treat these 

diseases.  

Furthermore, deregulation in the cell death machinery can result in death resistance, which 

is associated with carcinogenesis. In fact, the cell death-resistance is one of the hallmarks of 

cancer cells, as well one of the principal targets of anti-cancer therapies (Hanahan and 

Weinberg 2011). 

 

 

Cancer 

 

Cancer is a generic term for a wide group of diseases that can affect several parts of the body. 

They are characterized by uncontrolled growth of abnormal cells, which can migrate to 

nearby organs and spread to other parts of the body, this process is known as metastasis and 

is the main problem to attend and the principal cause of death from cancer (Cancer n.d.). 

Nearly 10 million deaths caused by cancer and 19.3 million of new cases were expected to 

be occurred globally in 2020, with 28.4 million cases expected in 2040. The most commonly 
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diagnosed cancer in 2020 were breast, lung, colorectal, prostate and stomach cancers being 

lung cancer the most lethal type of cancer (Figure 3) (Sung et al. 2021). 

 

 
Figure 3. Distribution of cases and deats for the top 10 cancers in 2020 (Sung et al. 2021). 

 

Despite its heterogeneity, all cancer diseases share different characteristics or hallmarks. This 

Hallmarks are characteristics or capabilities acquired by cancer cells and are crucial for their 

capacity to form malignant tumors (Figure 4). This hallmarks are: cell death resistance, 

growth suppressor evasion, angiogenesis induction, sustaining proliferative signaling, 

avoidance of immune destruction, replicative immortality, tumor-promoting inflammation, 

deregulation of cellular energetics, activation of metastasis and invasion, genome instability 

(Hanahan and Weinberg 2011) and recently added: polymorphic microbiomes and senescent 

cells, non-mutational epigenetic reprogramming, unlocking phenotypic plasticity (Hanahan 

2022). As the hallmarks are important characteristics for the cancer development, this could 

represent treatment strategies to combat cancer diseases.  
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Figure 4. Hallmarks of Cancer. (Hanahan 2022) 

 

Breast cancer 

 

The most common type of cancer in women and the main cause of cancer-related deaths is 

breast cancer (Sung et al. 2021); The main challenge in treating BC is its innate and acquired 

treatment resistance to conventional therapies (figure 5). As the 5-year survival rates drop 

from 99% in localized disease to 27% when the cancer has spread to other organs, advanced 

metastatic cancer is the main cause of deaths of BC (Dias et al. 2019). 
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Figure 5. Global cancer incidence and mortality in women. (Sung et al. 2021). 
 

Breast cancer comprises different tumor subtypes that present cellular and molecular 

heterogeneity. According to the presence or absence of the hormone receptors for estrogen 

and progesterone, and the epidermal growth factor receptor 2 (HER2) status it can be 

classified in different subtypes: luminal A, luminal B, HER2-enriched and the Triple negative 

breast cancer (TNBC) (Fig. 6). Additionally, the presence or absence of these receptors 

influences whether treatment should be employed. (Dias et al. 2019).                                                                                                

 

 
Figure 6. Breast cancer's molecular subtypes, including basal, claudin-low, normal-like, and metaplastic breast 
cancer (MBC), as well as their corresponding incidence, including luminal A, luminal B, HER2-enriched, and 
triple-negative breast cancer (TNBC). (Dias et al. 2019). 
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Cancer and the immune system  

 
The dynamic interaction between the immune system and cancer cells has been observed for 

decades. Paul Ehrlich was the first to propose the hypothesis that host defense may combat 

the cancer cells in 1909. This hypothesis after was included in the “immune surveillance 

theory” by Lewis Thomas and Frank Burnet which suggest that the immune system 

constantly detect and eliminate cancer cells throughout the body. Until 2002, Dunn and 

Schreiber described that if mutated cells survive to the immune surveillance, they continue 

to interact with immune cells, initially in equilibrium, and finally escaping of the immune 

control to develop a tumor, and named this process as "cancer immunoediting" (Dunn et al. 

2002; Gicobi, Barham, and Dong 2020).  

 

Cancer immunoediting 

 

Cancer immunoediting is a concept that describe the host-protective and the pro-tumor 

activities of the immune system, which could lead to the tumor rejection (elimination), 

control of residual tumor cells (equilibrium), or cancer-immune evasion (escape) (Gubin and 

Vesely 2022). Thus, the cancer immunoediting is a complex process that function to control 

or promote cancer (Figure 5). The innate and adaptive immune cells recognized and eliminate 

tumor cells to return to homeostasis of tissues during the elimination phase. However, if the 

immune system is unable to eliminate the tumor, the residual tumor variants could enter in 

the equilibrium phase, where adaptive immunity prevent tumor outgrowth. Finally, in the 

escape phase the cancer cells variants could acquire mutations and result in the evasion of 



 13 
 

the immune attack or recognition, leading to the development of the tumor (figure 7) (Vesely 

et al. 2011). 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 7. Cancer immunoediting. Schematic representation of the cancer immunoediting process (Lussier and 
Schreiber 2016). 

 

Elimination 

 

This phase considers that innate and adaptive immune system detect and eliminate cancer 

cells before it becomes clinically apparent. The immunologic elimination of a growing tumor 

involves the innate and adaptive antitumor response and initiate when the developed tumor 

disrupts the tissue surrounding leading to the emission of damage signals which alerted to 

the immune system. 

 
The immune system could be alerted by different mechanisms, 1) tissue damage which can 

produce proinflammatory molecules that occurs because of the remodeling processes for the 

tumor microenvironment construction, the angiogenesis and tissue-invasive growth (two of 

the hallmarks of cancer), 2) release of danger or damage signals (DAMPs) by dying or 
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stressed cancer cells or 3) by the expression of stress ligands or tumor antigens in the surface 

of malignant cells (Dunn, Old, and Schreiber 2004; Schreiber, Old, and Smyth 2011).  

After recognition of tumor cells, innate and adaptive immune cells could eliminate tumor 

cells by different mechanisms (figure 8) (Zitvogel, Tesniere, and Kroemer 2006). The 

mechanisms in the elimination phase are based in the general immune activation through 

antigen processing, presentation and T cell priming and effector responses (Maiorino et al. 

2022).  

Also, the innate immune system has antitumorigenic functions additionally to the antigen 

presentation and activation of adaptive responses, such as the direct cell death induction of 

tumor cells by NK, NKT, IKDC, γδT cells, among others, and the cytokine secretion's role 

in the augmentation of the immune responses (figure 8) (Maiorino et al. 2022). 
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Figure 8. Elimination of tumor cells by innate and adaptive immune system. a) CD8+ cytotoxic T 

lymphocytes (CTLs) identify and eradicate cancerous or stromal cells while releasing IFN. b) Tumor-

infiltrating macrophages are found by activated CD4+ T cells, which causes them to polarize into M2 

macrophages. c) TRAIL (tumor-necrosis factor (TNF)-related apoptosis-inducing ligand) and perforin are 

required for IFN-producing killer dendritic cells (IKDCs) to kill tumor cells. d) Glycolipids linked to CD1d 

in DCs, KIT inhibitors, or TREM2 (triggering receptor expressed on myeloid cells 2) were used by DCs 

to stimulate NK-cell activation. e) IFN is secreted by activated NKT cells, which then lyse tumor cells. f) 

IFN is secreted by activated NKT cells, which then lyse tumor cells. f) Tumor cells or APCs present the 

F1-ATPase–apolipoprotein-A complex or phosphoantigens to γδ T cells with a Vγ9Vδ2-containing T-cell 

receptor (TCR), and these γδ T cells produce cytokines or kill tumor cells. g) Tumor-specific antibodies 

have a tumoricidal function by increasing antiproliferative effects either directly or by causing 

complement-mediated lysis or antibody-dependent cytotoxicity. 
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However, the surviving tumor variants that where resistant and poor immunogenic to the 

elimination phase could enter in the equilibrium phase. 

 

Equilibrium. 

 

During this phase, the immune system applies a strong “selection pressure” to the malignant 

cells which is sufficient to maintain the tumor cells in an equilibrium between cell death and 

cell growth, but not to completely eradicate it (Dunn, Old, and Schreiber 2004). Despite most 

of the initial tumor cells variants are eliminated, new variants with distinct mutations could 

appear, and this mutations can provide different aggressive characteristics to tumor cells, 

such as the cell death resistance, evading growth suppressors, among other hallmarks of 

cancer, which confer higher resistance to immune attack (Hanahan 2022).  

One unfortunate result during the equilibrium process is the generation of a new population 

of tumor clones with poor immunogenicity, because of the “selection pressure” of the 

immune system. Also, it has been proposed that the immune system could sustain the 

equilibrium phase over a period of many years and may be the longest phase, which is the 

interval between first carcinogen exposure and the clinical detection of the tumor (Dunn, Old, 

and Schreiber 2004). 

Finally, after tumor enters to the latent period of equilibrium, there are three possible 

outcomes: (1) eventual immune system elimination; (2) the maintenance in the equilibrium 

phase by the immunity control; or (3) escape from the “selection pressure” and progression 

to the final escape phase of the immunoediting process (Smyth, Dunn, and Schreiber 2006).  

 
Escape 
  

During this phase, the immune system fails to control or eliminate cancer cells, allowing that 

the remaining or residual tumor cell variants could proliferate in an immunologically 

unrestricted manner. The constant interaction between cancer cells variants and the 

immunological pressure serves as a Darwinian selection of the most fit tumor variants, which 
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acquire the necessary characteristics to avoid immune system recognition or elimination 

(Vesely et al. 2011). 

 

Tumor escape mechanisms 

 

The immune system targets tumor cells through several mechanisms, including the 

elimination of tumor cells by NK, NKT or CD8+ T lymphocytes which lead to the 

elimination of the most immunogenic cells, resulting in the selection of tumor cell variants 

that can evade the immune attack. 

During development, tumors acquire different characteristics to evade the immunity system 

(Figure 9), such as the downregulation of antigen presentation molecules (MHC), the lack of  

Molecules involved in cell death (such as caspases, calpains, among others), the upregulation 

of cell death inhibitors (Bcl-XL, FLIP, among others), or the expression of inhibitory 

molecules (PD-L1, FasL, CTLA-4). Additionally, tumor cells can secrete anti-inflammatory 

cytokines and factors that favors the immune inhibition (IDO, IL-10, VEGF, TGF-β LXR-L, 

gangliosides, among others) and promote the recruitment of regulatory cells for the 

construction of the immunosuppressive microenvironment (PGE2, GM-CSF, IL-4, IL-13, 

IL-1β, VEGF). Regulatory cells induce pro-tumor immunity by releasing 

immunosuppressive cytokines and changing the microenvironment's nutrient composition. 

The recruitment and polarization of M2 macrophages from myeloid progenitors, which 

produce TGF-, IL-10, and PDGF that suppress T cells, is induced by the production of IL-13 

and IL-4 in the microenvironment. When tumor cells secrete colony-stimulating factors such 

as IL-1, VEGF, or PGE2, promote the MDSCs recruitment and inhibit T cell activity by 

secreting TGF-, ARG1, and iNOS (Vesely et al. 2011). 
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Figure 9. Tumor escape mechanisms. Although there are many ways for tumors to avoid immune detection 
and destruction, they may typically be divided into two categories: cell-autonomous alterations and immune 
cell modifications induced by tumor cells (Vesely et al. 2011). 

 

Cancer immunoediting and tumor microenvironment 

 

Tumors establish an immunotolerant environment named tumor microenvironment (TME) 

which is a complex and continuously evolving entity that comprise: tumor cells, fibroblasts, 

endothelial and immune cells, and the non-cellular components such as fibronectin, collagen, 

hyaluronan, laminin, among others. Now it’s clear that the TME is a crucial component for 

the tumor development and progression as well as an indicator of treatment response. The 

TME inhibits the function of the antitumor immune system and promotes the recruitment of 

(pro-tumor) regulatory immune cells to avoid the immune attack (as shown in figure 10 for 

the TME of breast cancer) (Chang and Beatty 2020; Soysal, Tzankov, and Muenst 2015). 

Additionally, the diverse interactions between cancer cells and immune system induced 

changes in the TME leading to tumor growth, angiogenesis, and metastasis, among others. 
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CFigure 10. The development of breast cancer and the tumor microenvironment (TME). Inflammatory 
signals that are predominantly regulated by cytotoxic T-lymphocytes, M1 macrophages, and fibroblasts are 
exposed to the growing tumor at the time of tumor start. Breast cancer cells overcome the antitumor mechanisms 
through instructing host stroma cells to develop pro-tumorigenic characteristics. The differentiation of healthy 
fibroblasts into cancer-associated fibroblasts (CAFs) is then modulated by cytokines (TGF-, IL-1, and TNF-) 
generated during the inflammatory phase. CAFs release extracellular matrix proteins and soluble factors (TGF-
, CXCL12, IL-6) that promote tumor development and growth through the epithelial to mesenchymal transition 
(EMT). Neutrophils can cause EMT and advance tumor growth. High-energy metabolites are secreted by 
adipocytes to promote tumor development. By secreting pro-tumorigenic cytokines and growth factors, tumor-
associated macrophages (mainly M2 macrophages) promote several activities inside the TME, including BC 
development and invasion. Myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Treg) are 
recruited when the tumor grows because of activated cytokines in the environment (CXCL5-CXCR2, TGF-), 
which also inhibit natural killer cells, M1 macrophages, and cytotoxic T lymphocytes. By overexpressing the 
PD-L1 ligand, BC cells can also evade immune monitoring. Secreted substances like MMPs and VEGF make 
it easier for tumor cells intravasation into the circulation. There, platelets and M2 macrophages engage with BC 
cells to help them survive by preventing immunological identification. Additionally, platelets escort tumor cells 
to distant sites and promote extravasation (Soysal, Tzankov, and Muenst 2015).  
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Furthermore, immune cells in the microenvironment can release chemokines and cytokines 

that attract innate cells, such as myeloid-derived suppressive cells (MDSC), neutrophils and 

macrophages which help to the development of tumors and are related to immunosuppression 

and poor prognosis is. On the other hand, NK cells, another type of innate immune cell, are 

a sign of a positive prognosis and tumor clearance in the TME (Table 2) (Shihab et al. 2020). 

 

 

Adapted from (Li et al. 2021; Ma et al. 2013; Soysal, Tzankov, and Muenst 2015). 

 

The notion of cancer immunoediting incorporates the diverse and controversial effects of the 

immune system on the emergence and spread of tumors. On the other hand, understanding 

the cellular and molecular processes that contribute to cancer immunoediting and tumor 

microenvironment, it’s important to found targets for therapeutic intervention, including the 

interaction with the TME, and it should be possible to develop new safer and efficacious 
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cancer therapies than the current treatments. (Schreiber, Old, and Smyth 2011; Vesely et al. 

2011). 

Nowadays it’s clear that the generation of anti-tumor immunity will require treatment 

strategies able to overcome the physiological barriers that control immune responses against 

tumor cells. However, most of the tumor regulatory mechanisms limits the development of 

anti-cancer immune responses. Immune control may be inherent to immune effector cells or 

may result from the release of immunosuppressive agents and the activation of regulatory 

cells in the microenvironment of growing malignancies. To strengthen the anti-tumor 

immunity, immunotherapy employs techniques that target specific immune-regulatory 

mechanisms. 

 

Immunotherapy: a strategy to overcome the cancer immunoediting and tumor 

microenvironment. 

  

Immunotherapy it’s a type of therapy that use materials or substances that improve or restore 

the immune system’s capacity to prevent and fight disease. Cancer immunotherapy aims to 

promote the elimination of cancer cells by the immune system cells without triggering off-

target effects or uncontrolled autoimmune inflammatory reactions that restrict its therapeutic 

potential (Background of Immunotherapy). To accomplish these goals, different 

immunotherapy modalities are being investigated. 

  

Types of immunotherapies 

 

There are different developed strategies of immunotherapies, comprising but not restricted 

to; (I) adoptive cell therapy approaches involving ex vivo treated tumor-specific lymphocytes 

or tumor cells; (II) therapeutic administration of monoclonal antibodies; (III) strategies that 

block or eliminate different immunosuppressive mediators (immune check point inhibitors) 
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such as PD-1, CTLA-4, or MDSCs; (IV) vaccine approaches which promotes specific 

antitumor-immune responses (Schreiber, Old, and Smyth 2011). 

 

Monoclonal antibodies 

 

Monoclonal antibodies (mAbs) are a class of anticancer treatments with a wide range of 

mechanisms of action. Figure 11 shows the different methods that monoclonal antibodies 

attack cancer cells, including, immune checkpoints inhibition, immune-mediated destruction, 

direct death of cancer cells among others. When MAbs attach to tumor-associated antigens 

with antigen specificity, they induce different cytotoxic effects (figure 11). Additionally, 

other monoclonal antibody strategy named antibody drug-conjugated (ADCs) employs mAbs 

attached to a cytotoxic drug for induced cell death. ADC have three components: the 

monoclonal antibody (mAb), the linker, and the cytotoxic or cytostatic/cytotoxic drug 

(Mishra et al. 2022). 

 

 

 
Figure 11. Model illustrates the different ways in which cancer immunotherapy uses therapeutic 

monoclonal antibodies. (i) Direct cell death induction. (ii) Antibody-dependent cell-cytotoxicity (ADCC), (iii) 
Antibody-dependent cellular phagocytosis (ADCP) (iv) Bispecific antibodies promotes the interaction between 
immune and cancer cells leading to tumor cell induction (v). The ADC (antibody-drug conjugate) interact with 
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their receptor in cancer cells, promote their endocytosis for the drug release and the cell death induction (Mishra 
et al. 2022). 
 

Adoptive cell therapy (ADC) 

 

ACT is an immunotherapy that promote the elimination of tumor cells that express a specific 

surface marker using immune cells using: CAR-NK (NK cell-based treatments), TILs 

(tumor-infiltrating lymphocytes), synthetic TCRs (engineered T-cell receptors), as  cell-

based adoptive therapies (Cha et al. 2020; Mishra et al. 2022). 

Tumor-infiltrating lymphocytes (TIL) are effector T cells that recognized tumor antigens and 

induce cancer-cell death, but they are insufficiently numerous to destroy the tumor. The 

patient receives the expanded TILs (ex vivo) cells that have been extracted from the donor 

or patient. 

Adoptive cellular therapy based on synthetic TCRs employs genetically modified cells which 

can directly recognized antigens presented by the major histocompatibility complex (MHC). 

Chimeric antigen receptor (CAR) T cells are lymphocytes obtained from patients which are 

genetically modified for to express an hybrid receptor which comprise: an extracellular 

domain that detect a tumor antigen, and usually is composed of an antibody single-chain 

variable fragment (scFv), and an intracellular signaling domain, which provide activation 
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signals, this is generally derived from the co-stimulation molecules CD28 or 4-1BB (Cha et 

al. 2020; DePeaux and Delgoffe 2021). 

 

 
Figure 12. Adoptive cell therapy. (A) TIL and TCR therapy involve the obtention of cells from patients which 
are treated ex vivo and reinjected to patients. (B) Schematic outline of CAR T or CAR NK therapy. (Mishra et 
al. 2022).  
 

Immune checkpoint inhibitors (ICIs) 

 

A group of molecular effectors known as immunological checkpoints are proteins expressed 

in the surface of immune cells that interact with their ligands to finally regulate immune 

homeostasis and prevent autoimmune disease. Through the immunoediting process, tumor 

cells may exploit this homeostatic mechanism by overexpressing ligands for immunological 

checkpoints. Due to their critical involvement in cancer immunity, these checkpoint proteins 

have been utilized as significant therapeutic strategies in anticancer immunotherapy (Mishra 

et al. 2022). 

In the priming and effector stages, respectively, the interaction between CTLA-4 and B7-1, 

PD-1 and PD-L1 are significant immunological checkpoints that compromise cell activation 

(figure 13). The TCR pathway is down-regulated, and T-cell activities are inhibited as a result 

of interactions between PD-1 and PD-L1, CTLA-4 and B7-1, and Src homology region 2 

domain-containing phosphatases (SPH2) and the protein phosphatase 2 (PP2A) respectively 

(Cha et al. 2020). The immune responses that prevent healthy tissues from exacerbated 
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immune attack are dependent of the immune checkpoint’s molecules. T cells expressed PD-

1 upon activation and allows the identification of abnormal and cancerous cells. PD-L1 is 

expressed in tumor, which binds to PD-1 on T cells to prevent T cells activation and prevent 

the recognition of tumor cells. As a result, T cell-mediated tumor cell killing is enabled by 

inhibiting this interaction using mAbs that target either PD-L1 or PD-1.   

On the other hand, the degree of T cell activation is controlled by the co-inhibitory protein 

CTLA4, another immunological checkpoint. The interaction between CTLA4 and its ligands, 

CD80 and CD8 prevents T cell activation promoting tumor progression,  by preventing their 

interaction T cells can continue to be active, detect, and destroy tumor cells (Riley et al. 

2019). 
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Figure 13. Mechanism of action of ICIs. (a)  T cell activation comprise: 1) engagement of a T cell receptor 
(TCR) with the antigen presented in a major histocompatibility complex (MHC) on antigen-presenting cells 
(APC); and 2) a co-stimulatory signal such as CD28 on T cells that binds to B7 on APCs. On the other hand,  
the antigen known as CTLA4 blocks the second signal attaching to B7 with a greater affinity than CD28 
blocking the second signal. Thus, blocking CTLA4 pharmacologically with ICIs, restoring the CD38-B7 
interaction. (b) T cell exhaustion is the result of a series of T cell inhibitory mechanisms that are triggered when 
the T cell receptor PD1 contacts its ligand PDL1, which is expressed on a range of cells, including tumor cells 
and tumor-infiltrating macrophages. With PD1- or PDL1-targeting antibodies, blocking either side of this 
interaction inhibits this engagement, which delays T cell depletion and promotes anti-tumor T cell activity. 
(Wright, Powers, and Johnson 2021).  
 

Vaccines  

 
A crucial stage in cancer immunosurveillance (elimination phase of immunoediting) is the 

immune system's ability to detect aberrant or altered cells. The antitumor immune system 

cells infiltration in the TME is crucial to find tumor neoantigens expressed by cancer cells. 

However, cancer cells can downregulate the exposure of neoantigens to reduce their 

immunogenicity preventing the presence anti-tumor immune cells in the TME. In this sense, 

the vaccination approach based on tumor antigens could reactivate the immunosurveillance 

and promote the intratumorally infiltration of immune cells (also known as the "hot 

condition") (Cha et al. 2020). 

The ideal antigens for cancer vaccines need to be: (1) selectively expressed in cancer cells, 

(2) prevalent in a wide variety of cancers, (3) necessary for cancer growth, and (4) highly 
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immunogenic. Although not all antigens may achieve these objectives, they can still 

significantly trigger the anticancer immune response in cancer patients (Cha et al. 2020).         

Therapeutic cancer vaccines can be classified into four groups accordingly with their 

formulation techniques and delivery mechanisms: and cell-based vaccines, virus-based 

vaccines, DNA or RNA-based vaccines and peptide-based vaccines (Figure 14). 

 

 

Figure 14. Schematic representation of cancer vaccines therapy function. Following the administration of 
a cancer vaccine, APCs uptake and process the tumor antigen to display them on MHC-I or II, to stimulate 
cytotoxic or helper T cells. Antigen-specific CD4+ or CD8+ T lymphocytes that are activated can migrate to 
the tumor microenvironment trigger cancer cell death (Mishra et al. 2022). 
 

Nucleic acids-based vaccines 

 

In contrast to traditional vaccinations, nucleic acid treatments, such as RNA or DNA-based 

vaccines, involve the intracellular transport of nucleic acids. 

In this approach, the APCs uptake the DNA or mRNA leading to the expression of TAAs or 

TSAs. Finally, the antigens are presented to T cells for activate the antitumor response (Riley 

et al. 2019).  

Cancer DNA vaccines uses bacterial plasmids for to induce the expression of tumor antigens 

in different cells, which activate the antitumor immune system. However, there are three key 

mechanisms for this strategy: 1) after translation of tumor antigens, this are loaded in MHC-
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I molecules to activate CD8+ cells, 2) the antigen released by somatic cells (that integrated 

the DNA) is phagocyted, processed and presented to CD4+ T cells in MHC-II molecules by 

APCs, 3) APCs could also express the tumor antigen for after processed and presented them 

to CD8+ and CD4+ T cells to activate humoral and cellular responses (Liu et al. 2022). 

mRNA-based cancer vaccines directly induce the expression of antigens in APCs. The 

mRNA molecules present different advantages such as the easy production, their half-life 

could be improved by different modifications, among others. However, mRNA requires 

transfections agents or systems for their delivery in the cells (Riley et al. 2019) 

 

Virus-based vaccines 

 

Many viruses have per se immunogenic properties and could be used as cancer vaccine-

platforms, also, it is possible to modify their genetic material to include sequences that 

encode tumor antigens. Also, the immune system effectively responds to viruses, with both 

innate and adaptive systems working together to create a robust and durable response which 

is one of the main advantages for virus-based vaccines. Pattern recognition receptors (PRRs), 

which are triggered by viral pathogen-associated molecular patterns, promote APC activity. 

For safety reasons, replication-defective or attenuated variants of the most widely used viral 

vaccine vectors—poxviruses, adenoviruses, and alphaviruses—are favored (Hollingsworth 

and Jansen 2019). 

  



 29 
 

Peptide-based vaccines  

 

Peptide-based vaccines aims to promote the antitumor response against tumor-associated 

antigens (TAAs) or tumor-specific antigens (TSAs) using purified, synthetic, or recombinant 

peptides. Personalized cancer vaccines are being created using peptide vaccination methods 

and synthetic peptides. Upon administration, and uptake by APCs antigenic peptides are 

displayed on the cell surface in combination with HLA molecules for stimulate T cells and 

promotes the anticancer-specific responses. Recently, peptide-based cancer vaccines are 

typically composed of 20–30 amino acids and contain certain epitopes from antigens that are 

known to be highly immunogenic in order to activate the immune response (Miao, Zhang, 

and Huang 2021). 

 

Cell-based vaccines 

 

Cell-based anticancer vaccines are usually prepared with whole cells or cell fragments, which 

provide TAAs or TSAs to induce a robust antigen immune response (Liu et al. 2022). Cell-

based vaccines are divided in two categories: 1) tumor cells vaccines and 2) immune cell-

based vaccines. 

 

Tumor cell vaccine  

 

One of the vaccination approaches under evaluation uses the patient's own cancer cells to 

create an autologous tumor cell vaccine. This approach presents different advantages such as  

that whole cells lysates provide a source of all immunogenic antigens and avoids the need to 

select the best antigen. Also, it is possible to simultaneously target numerous tumor antigens, 

eliciting immune responses against multiple tumor antigens, and avoiding problems with 

tumor antigen loss. 

When a whole cell vaccine is created using autologous tumor cells, patients are immunized 

with cells that express the same tumor antigens as their tumor. However, this strategy has 
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certain technical limitations, including the inability to collect patient’s tumor cells (Keenan 

and Jaffee 2012). 

 

Dendritic cells-based vaccines 

 

Dendritic cells (DCs) are attractive targets for immunotherapies, due to their  different 

mechanisms used to ingest and present tumor-associated antigens (TAAs), which trigger 

potent antitumor responses (Liu et al. 2022). 

In addition, DCs possess essential capabilities needed for the establishment of antitumor 

effects such as the antigen presentation capabilities, their capacity to migrate in lymphoid 

and non-lymphoid tissues, their role in cytokine and chemokines release for immune 

regulation and tissue homing of immune cells. Recently, autologous DCs vaccines have been 

extensively evaluated (Figure 15), these personalized vaccines are derived from patient’s 

precursor of DCs such as monocytes or hematopoietic stem cells (HSPCs) which are 

differentiated and stimulated with tumor antigens ex vivo (Perez and De Palma 2019; Sadeghi 

Najafabadi, Bolhassani, and Aghasadeghi 2022). The main benefits of this approach are that 

(1) allows the presentation of multiple antigen epitopes on MHC molecules, leading to the 

stimulation of both CD4+ and CD8+ T cells, and (2) the mechanism of processing of the 

antigen allow a prolonged antigen presentation (Sabado, Balan, and Bhardwaj 2017). 

Also, antigens could be obtained from different sources such as cell lysates, tumor-derived 

peptides, antigens packaged within viral vectors, among others. 

  



 31 
 

 
Figure 15. Dendritic cells-vaccines. Different approaches are used for generating DCs-vaccines: direct growth 
of circulating DCs, isolation of circulating DC subsets, differentiation from progenitor cells. Immature DCs are 
stimulated with different maturation stimuli after differentiation. Finally, patient is then given an injection of 
prepared antigen-loaded DCs (Tešić, Poženel, and Švajger 2021) 
 

 

The influence of adjuvants  

 

Adjuvants promotes the recruitment of immune cells to the site of inoculation, while also 

stimulates the antigen uptake and maturation of APCs. An effective therapeutic cancer 

vaccine is characterized for efficiently induce the presentation of antigens that led to the 

antitumor immune system activation, which depends mainly on DCs. However, cancer cells 

inhibit the DCs maturation and function and induce through the release of anti-inflammatory 

cytokines in the TME. Therefore, cancer vaccine approach without DC activators (adjuvants) 

could result in a tolerant immune response. 

In this sense, the stimulation of DCs with immunostimulatory adjuvants is a crucial step in 

the antitumor response establishment. Adjuvants can activate different pattern recognition 

receptors such as: Nod-like receptors (NLRs), Toll like receptors (TLRs), stimulator of 

interferon genes (STING), CD40 agonists, among others, which upon activation induced 

inflammatory responses. Without enough stimulation signals, the immune system is unable 
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to elicit a potent anti-tumor response, because of defective co-stimulation and antigen 

presentation by DCs (Morse, Gwin, and Mitchell 2021) 

 

Immunotherapy and immunoediting 

 

Cancer immunoediting could occur in response to immunotherapy as well as during the 

development of tumors. In this sense, immunotherapy may present a secondary (acquired) 

resistance, which manifests as a clinical response, followed by progression (secondary 

escape) of cancer. 

In general, the resistance of most cancers to immunotherapies highlights the necessity of 

better understanding both, the cancer immune-evasion mechanisms and the antigenic targets 

to stimulate cancer-specific effectors cells (T, NKT cells, among others)(Gubin and Vesely 

2022). Thus, the future of immunotherapies need focus in overcome the immunosuppressive 

microenvironment, improve the immunogenicity of malignant cells and elucidate new targets 

for overcome these characteristic, and not only focus on the stimulation of untargeted 

immune response (Tan, Li, and Zhu 2020). In this sense, immunogenic cell death is an 

interestingly strategy to overcome the tumor microenvironment, due to this type of cell death 

induce the anti-tumor immune system responses and remodeling the tumor 

microenvironment.  

 
Immunogenic Cell Death: a novel approach to overcome cancer immunoediting  
 

It has been determined that an essential factor in the development of anti-cancer therapies is 

the immunogenicity of cancer cells. Therefore, research has started to concentrate on the 

general immunobiology of tumors to overcome the immunosuppressive function of TME and 

to increase the immunogenicity of the cancer cells, (Kroemer et al. 2013). Currently, it is 

understood that some anti-cancer treatments can induce a peculiar type of cell death known 

as Immunogenic Cell Death (ICD), which is characterized by the presence of damage 

associated molecular patterns (DAMPs) and the increased immunogenicity of tumor cells 
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(which act as a tumor vaccine) leading to the generation of immunological memory (Kroemer 

et al. 2013). 

 

Immunogenic cell death (ICD) 

 

ICD is a type of cell death that promote the antitumor immune response and induce 

immunological memory against endogenous (cellular) or exogenous (viral) antigens. The 

ability of ICD to stimulate adaptive immunity comprise two major parameters: antigenicity 

and adjuvanticity. Antigenicity is the capacity for a molecule, protein, among others to be 

detected as an antigen and promotes an inflammatory response. This, is provided by the 

production and presentation of antigens in the setting of central tolerance in a particular host 

that do not result in clonal deletion, suggesting that the host has naive T cell clones that can 

recognize such antigens. Adjuvanticity is mainly provided by the release or exposure of 

danger signals such as DAMPs due to cell damage or stress and by phatogen-associated 

molecular patterns (PAMPs) in pathogen-derived ICD which promotes the recruitment and 

maturation of DCs. These molecules have non-immunological effects within the cell, 

however, there are present on the cell membrane or there are released in the extracellular 

matrix because of cellular stress allow their binding to receptors in immune cells (Lorenzo 

Galluzzi et al. 2018; Garg and Agostinis 2017; Kroemer et al. 2013). 

 
 
 

Damage associated molecular patterns (DAMPs) 

  

Through the release or exposure of DAMPs by dying cells, ICD favors the establishment of 

the antitumor immune system responses (Kroemer et al. 2013). 

Under normal circumstances, the immune system does not identify intracellular molecules 

known as DAMPs. However, under cellular stress or tissue injury, these molecules are 

exposed in dying cells or released into the extracellular space, thus allowing their binding to 

receptors in immune cells. DAMPs are recognized by different innate pattern recognition 

receptors (PRRs) (Toll-like receptors (TLRs) and NOD-like receptors (NLRs)), promoting 

the establishment of the anti-tumor immune responses. Altogether, this effects are typically 
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associated with immunological memory which promotes the long-term efficacy of anticancer 

drugs (Ahmed and Tait 2020). 

 

It is remarkable that depending on the context in which they are detected by the host, DAMPs 

can activate pro- and anti-inflammatory effects in addition to tissue remodeling effects (Land 

2015). The most notable DAMPs identified to date, together with their method of emission, 

linked cell death pathway, and related receptors, are included in Table 3 (Garg et al. 2015).  

However, it's important to remember that not all DAMPs have the potential to serve as 

immunogenic signals. Table 2 demonstrates that several DAMPs, such as Annexin A1 

(ANXA1), Death Domain 1 (DD1), and different extracellular matrix molecules, are essential 

for the preservation of tissue homeostasis and the suppression of autoimmune reactions 

because they have immunosuppressive effects (Garg et al. 2015). 
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Table 3. Damage-associated molecular patterns (DAMPs) 

 
Adapted from (Lorenzo Galluzzi et al. 2017; Garg et al. 2015) 
 

Calreticulin (CALR), the main DAMP related with ICD, is normally found in the 

endoplasmic reticulum (ER) lumen, but it has been shown to act as a potent "eat me" signal 

when it is exposed in the plasma membrane (Garg et al. 2015) which allow the phagocytose 

of stressed or dying tumor cells DCs. The production of tumor necrosis factor (TNFa) and 

IL-6 can also be stimulated by CRT, and it also enhances the antigen presentation of T 

lymphocytes by DCs, leading to the polarization of Th1 lymphocytes (lymphocytes that 

activate NK cells, dendritic cells, and macrophages). For this reason, CALR is the main 

protein related to immunogenic cell death (Garg et al. 2015) 

 

High mobility group 1 protein (HMGB1) is a non-histone chromatin binding protein that is 

associated to different nuclear functions (Tesniere et al. 2008). Once in the extracellular 

space, HMGB1 can be recognized by a variety of receptors, such as toll-like receptors (TLR2 

or TLR4) and the receptor for advanced glycosylation end products (RAGE) on DCs, leading 

DAMPs Receptors
Localization and

mode of emission

Relevant cell

death pathway
Functions

Annexin A1 FPR-1
Surface exposed or

actively
Apoptosis

Guides the final approach of APCs

to dying cells

Adenosine

Triphosphate

P2Y2 and

P2Y7

Actively or passively

released

ICD, Apoptosis /

Necrosis

Favours the recruitment of APCs and

their activation

Calreticulin LPR1 (CD91)

Mostly surface

exposed

sometimes passively

released

ICD
Promotes the uptake of dead cell-

associated antigens

Cellular RNA,

dsRNA, ssRNA,

dsDNA

TLR3, TLR7,

CDSs
Passive release ICD/Necrosis

Promotes the synthesis of pro-

inflammatory factorsincluding type I

IFNs

Type I IFNs IFNAR - ICD

Promote CXCL10secretion by

cancercells and exert

immunostimulatory effects

Thrombospondin 1

and its heparin-

binding domain

v 3 integrin
Passively released or

surfaceassociated
Apoptosis

Mediates the protein’s interaction

with calreticulin, and integrins

during cellular adhesion. Low-

density lipoprotein receptor-related

protein during uptake and clearance

Heat shock

proteins

(HSP70/90,60,72)

LRP1,TLR2,

TLR4 SREC-1

and FEEL-1

Surface exposure,

active secretion or

passive release

ICD, Apoptosis /

Necrosis

Stimulates the uptake of dead cell-

associatedantigens

High-mobility

group box

TLR2, TR4,

RAGE and TIM3

Mostly passively

relesed; sometimes

actively released

ICD/Necrosis

Promotes the synthesis of pro-

inflammatory factorsincluding type I

IFNs
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to the stimulation of inflammatory responses. Also, HMGB1 can promote the release of pro-

inflammatory cytokines and assists in the correct antigen presentation (Garg et al. 2015). 

 

Extracellular ATP is a strong "find me" signal (Elliott et al. 2009), it promotes the recruitment 

and differentiation of immune cells at ICD sites, this effect depends on the P2Y purinergic 

receptor (coupled to a G protein). Extracellular ATP also promotes the activation of DCs 

(Ghiringhelli et al. 2009) which in turn activates the NLRP3 inflammasome and causes the 

production of pro-inflammatory cytokines including IL-18 and IL-1 (Garg et al. 2015). 

 

On the other hand, during ICD, heat shock proteins (HSP) 70 and 90 could be exposed in the 

cell surface of dying or stressed cells (Showalter et al. 2017). HSP70 and HSP90 can be 

transported to the plasma membrane during tumor cell death induction, facilitating the 

absorption and processing of antigens from dead tumor cells by DCs and the presentation of 

"cross-linked" peptides derived from tumors to CD8+ T cells, which triggers a cytotoxic 

immune response. Since HSPs exposure occurs after CALR exposure, it may just be a 

supporting factor in DCs' choice to take up and processing the antigens (Kepp et al. 2011). 

 

Overall, the exposure or release of DAMPs provides the adjuvanticity in the ICD and is 

essential for dead cancer cells' immunogenicity, figure 16 shows the role of DAMPs in the 

antitumor immune system establishment (Garg et al. 2015). 
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Figure 16. Immunogenic cell death characteristics. In response to ICD inducers, cancer cells expose CRT in 
their plasma membrane and release ATP and HMGB1 leading to the engaged of their receptors in immune cells 
CD91, P2RX7, and TLR4. This supports the efficient recruitment of DCs into the tumor site, DC engulfment 
of tumor antigens and the antigen presentation to T lymphocytes. This process led to a powerful immune 
response activation which result in the destruction of tumor cells and resistant tumor cells. 
 
 

Immunogenic capacity of treatments 

 

Some of the conventional anti-tumor therapies used with success for decades (chemotherapy 

and radiotherapy) can induce immunogenic cell death, however defects in the immune system 

involved with the capacity to perceive a cell death as immunogenic, also, the side effects due 

the lack of specificity that can lead to the immunosuppression, influence negatively among 

cancer patients treated with ICD inductors (Kepp et al. 2014).  

Among different DAMPs, the CRT exposure is universally present in all ICD inductors, 

therefore it is the principal DAMP related with ICD, while ATP, HMGB1 or HSP70/90 can 

or not be present. Therefore, the analysis of DAMPs is not determinant for the ICD 

description. In this sense, the evaluation of DAMPs should be secondary to the in vivo and 

ex vivo evaluations of the antitumor immune response, to conclude that a treatment induced 
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ICD (Garg et al. 2015). For this reason, the gold standard for evaluating the capacity of 

antitumor treatments to induce ICD involve vaccination trials that show the tumor rejection 

capabilities of the immunized host (Garg et al. 2015). 

 

In this context, as described in Figure 17, the gold standard consists in treated cancer cells in 

vitro with the treatment, modality, or agent to be evaluated and then dying tumor cells 

obtained after treatment, are injected subcutaneously or intradermally in the flank of 

syngeneic mice. Seven days later, mice received a new challenge with living cells of the same 

type of cancer in the opposite flank. The percentage of mice that are resistant to the 

development of tumors indicates the degree of immunogenicity or the cell death (Garg et al. 

2015; Kepp et al. 2014). If these strict conditions are maintained, it might be possible the 

adequate characterization of novel ICD inducers while preventing false positives (Garg et al. 

2015). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Gold standard of immunogenic cell death. The death of cancer cells can be defined as immunogenic, 
based on the prevention of tumor establishment. The injection of dying tumor cells that succumb to ICD in 
immunocompetent mice should present protective specific antitumor response, in the absence of any adjuvant. 
Adapted from (Kroemer et al. 2013). 
 

ICD inductors classification 

  

Several ICD inductors, including as conventional chemotherapy, targeted anticancer drugs, 

and other biological and physicochemical treatments, have been identified recently. 

However, the main obstacle to the development of novel ICD-inducing treatments is the lack 
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of a universal structure-function relationship capable of classify all the known ICD inductors 

and predicting the emergence of new ones. Nevertheless, the characteristic of ICD inductors 

to induce ER stress, has been used as the most peculiar feature (Garg et al. 2015). This is 

because the simultaneous induction of ER stress and oxidative stress is essential for evoking 

danger signaling pathways leading to the emission of DAMPs. These observations allowed 

the classification of ICD inductors, based on the form of ER stress induction for cell death. 

According to this classification (Figure 18), ICD type I inductors cause cell death through 

non-ER-associated targets and trigger ICD-related immunogenicity via secondary or 

"collateral" ER stress. While the type II ICD inductors are cytotoxic agents that target the ER 

both for the induction of cell death and for danger signaling. This demonstrates how the ICD 

inductor type I / II can help to find and categorize new ICD inductors based on their preferred 

orientation to the ER (Garg et al. 2015; Kepp et al. 2011).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Classification of immunogenic cell death inductors. Type I ICD inductors induce cell death 
through targets unrelated to ER. Type II ICD inductors preferentially target ER for induce cell death (Garg et al. 

2015) (Garg et al. 2015). 

 

CD47 

 

CD47 is a ubiquitously expressed transmembrane receptor that plays diverse 

biological functions (Oldenborg 2013). It contains a highly glycosylated IgV-like 

extracellular domain, a five-transmembrane spanning domain, and a small intracellular 
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domain. It is acts as a counter-receptor of the signal regulatory protein alpha (SIRPa) and is 

a receptor of the matricellular protein thrombospondin-1 (TSP1) another transmembrane 

protein. It has been reported that large amounts of CD47 are expressed in diverse types of 

cells including chronic myeloid leukemia (CML), acute lymphoblastic leukemia (ALL), 

acute myeloid leukemia (AML), Hodgkin's lymphoma (LH), bladder cancer, among other 

solid tumors (Chao, Weissman, and Majeti 2012), to avoid their recognition by the innate 

immune system, promoting the progression of the disease (Barclay and Van den Berg 2014; 

Jaiswal et al. 2009; Majeti et al. 2009). Consequently, it has been proposed that CD47 

blockade with monoclonal antibodies can disrupt its interaction with SIRPa, restoring 

programmed tumor elimination. However, has been demonstrated that, in contrast with its 

blockade, CD47 activation by certain antibodies or TSP-1-mimic peptides, is involved in 

cell death of cancer cells (Mateo et al., 1999; Oldenborg & Per-Arne, 2013; Martinez-Torres 

et al., 2015; Uscanga-Palomeque 2019; Denefle et al., 2019). 

 

CD47 participates in diverse physiological processes, including migration, adhesion, and 

proliferation, among others, by its interaction with proteins like integrins, and 

thrombospondin-1. In addition, the functions of CD47 is a phagocytosis inhibitor when 

interacts with the signaling regulatory protein alpha (SIRPα) expressed in phagocytes, leads 

to the activation of a tyrosine phosphatase and the inhibition of myosin accumulation in the 

phagocytic synapse (Chao, Weissman, and Majeti 2012). Thus, CD47 fuction as a "don't eat 

me" signal that helps at the recognition of the own. The main ligands of CD47, TSP-1 and 

SIRPα, are described in detail below. 

 

CD47 structure and interactions 

 

CD47 consists of an N-terminal domain of extracellular IgV type (Figure 19), followed by a 

presenilin domain that contains five transmembrane segments and a variable cytoplasmic 

sequence (Chao, Weissman, and Majeti 2012). It has been shown that the IgV domain of 

CD47 interacts with diverse ligands or counter-ligands in the extracellular matrix or anchored 

to the plasma membrane. The main ligand of CD47 is TSP-1, a homotrimeric glycoprotein, 

which its C-terminal domain mediates CD47 binding (Isenberg et al. 2009). The interaction 
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of TSP-1-CD47 is also carried out in different organism such as murine, bovine, porcine and 

rats, which indicates that this interaction is not specie-specific within mammals. The family 

of SIRPa, known as CD47 counter-receptors, is formed by three members: SIRPα binds with 

greater affinity to CD47, SIRPγ with lower affinity and SIRPb does not bind to CD47(Soto-

Pantoja, Kaur, and Roberts 2015). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Structure of CD47. CD47 has an extracellular IgV domain, with 5 glycosylation sites (in 
pink), followed by 5 transmembrane segments (MMS) (in purple), disulfide bonds (s-s in orange) and 
finally the carboxyl terminal cytoplasmic domain with 4 possible alternative splicings, where the 
isoform 4 is the complete molecule. 
 

 

 

 

SIRP-α 

 

SIRPa (also known as SHPS-1, BIT, CD172a, or p84) is a counter-receptor of CD47, whose 

interaction has been demonstrated to mediate cell adhesion. It is a member of the family of 

membrane proteins involved in the control of leukocyte activity. SIRPa is expressed in 

myeloid cells such as granulocytes, myeloid dendritic cells, mast cells, macrophages, and 

hematopoietic stem cells (Subramanian, Boder, and Discher 2007). SIRPa has two 
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immunoreceptor tyrosine-based inhibitory motifs (ITIM) in its cytoplasm and three 

immunoglobulin-like domains in its extracellular area (Figure 20). 

 

CD47 and SIRPα regulate phagocytosis 

 

In the instance of SIRPa, which interprets CD47 on the cell's surface as a "don't eat me" 

signal, APCs express receptors that regulate their activities, including phagocytosis 

(Navarro-Alvarez and Yang 2011). This signal results in the recruitment of phosphatases 

SHP-1 and -2, activation of SIRPa-ITIMs, and inhibition of phagocytosis. 

 

 

 

 

 

 

 

 

 
Figure 20. Interactions of SIRPs with CD47. The forms of SIRP have three Ig-like domains (blue 
ovals), of which only the D1 domain of SIRPα and SIRPγ interact with the Ig domain (green oval) of 
CD47, inducing signals of activation (green arrow). SIRPβ its activation only in the presence of the 
adapter protein Dap12 but doesn't bind to CD47. Obtained from (Barclay 2009). 

 

 

 

 

Thrombospondin-1 

 

Thrombospondin (TSP) belongs to a family of five multifunctional proteins that can be 

divided into two subgroups: first, TSP-1 and TSP-2, homotrimers with a region of 

procollagen type and repetitive regions, and a second group TSP-3, TSP-4 and TSP-5, which 

conform homopentamers (Martínez-Torres, 2013).  
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TSP-1 is a protein that is expressed mainly on the cell surface, and transiently in the 

extracellular matrix in a soluble manner. It modulates cellular functions by involving cell 

surface receptors and other components of the extracellular matrix. In adults, the TSP-1 

expression is limited to tissue remodeling sites where it resides in the extracellular space and 

determines the phenotype, structure, and composition of the extracellular matrix. TSP-1 

promotes the migration of vascular smooth muscle cells and suppresses the chemotaxis and 

motility of endothelial cells with the same potency (Mirochnik, Kwiatek, and Volpert 2008). 

The subfamily TSP-1 and TSP-2 present anti-angiogenic activities and have been shown to 

be able of inhibit tumor growth (Isenberg et al. 2009).  

In addition, TSP-1 is the main soluble ligand of CD47, that after its interaction promote 

signals that alter cellular calcium and cyclic nucleotides signaling, integrins and growth 

factors, controls cell fate, its viability and resistance to stress (Roberts et al. 2012).  

 

 

  

 
 
 
 
 
 
 
 
Figure 21. Thrombospondin-1 (TSP-1). TSP1 is composed of a globular N-terminal heparin binding 
domain (HBD), three chains that contain repeats of properdin (Type 1), epidermal growth factor like 
repeats (EGF, Type 2), and calcium binding (Type 3), joined by disulfide bonds, and another globular 
region in its C-terminal domain (CBD), which is the one that interacts with CD47. Adapted from 
Martínez-Torres, 2013. 
 
 
As shown in Fig 21, the VVM motif in the carboxyl terminal domain of TSP-1 that binds to 

CD47 is conserved among the five families, suggesting that the binding to CD47 could be a 

universal characteristic of these families (Isenberg et al. 2009).  

The CD47/TSP-1 interaction is involved in different biological processes. This interaction 

mediates the inhibitory signal of nitric oxide (NO), on the cardiovascular system leading to 

the decreases of adhesion molecules in platelets and alters the calcium levels in the vascular 

smooth muscle cells, among other mechanisms. In addition, vasodilation and chemotaxis are 
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controlled when TSP-1 inhibits the enzyme that censes and activates NO production, soluble 

guanylyl cyclase (sCG) in platelets and endothelial cells (Isenberg et al. 2006). Similarly, 

CD47 / TSP-1 plays an important role in angiogenesis, since it has been shown that peptides 

derived from TSP-1 inhibit angiogenesis induced by fibroblast growth factor 2 (FGF-2) in 

vitro and in vivo (Kanda et al. 1999). 

 

CD47 as a therapeutic target in cancer 

 

According to the diverse biological functions in which CD47 is involved, on the one hand, it 

exerts the "don't eat me" signal that can be exploited by neoplastic cells and contribute to 

their survival and progression. On the other hand, it can inhibit angiogenesis by interacting 

with TSP-1 and induce cell death in chronic lymphocytic leukemia (Mateo et al. 1999b) and 

breast cancer cells (Manna and Frazier 2004). The understanding of CD47, its ligands and 

signaling pathways, is fundamental to understanding its role as a therapeutic target. 

 

CD47: induction of RCD in cancer cells 

 

It has been observed that CD47 induces RCD in different cancer cell types. Monoclonal 

antibodies (mAbs) such as coated B6H12, soluble TSP-1, and peptides such a 4N1K have 

been used against CD47 to induce RCD in chronic lymphocytic leukemia (CLL) cells (Mateo 

et al. 1999b). Subsequently, many researchers continued to evaluate the induction of RCD in 

other cell types, using soluble anti-CD47 mAbs in multiple ALL (CCRF-CEM and Jurkat 

cells) (Leclair et al. 2018; Uno et al. 2007), breast cancer (MCF-7) (Manna and Frazier 2004) 

and AML cell lines (NB4-LR1) (Saumet et al. 2005), among others.  

Furthermore, TSP-1, or TSP-1-mimic peptides such a 4N1 and 4N1K induced RCD in 

leukemic and breast cancer cells (Manna and Frazier 2004). The RCD induced by CD47 

shared the following characteristics: a rapid cell death, caspase-independent, mitochondrial 

membrane depolarization without release of proapoptotic proteins, reactive oxygen species 

production, phosphatidylserine exposure, plasma membrane permeabilization, without DNA 

fragmentation or chromatin condensation (Martínez-Torres, 2013). 
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Although it was observed that peptides derived from TSP-1 induced RCD in cancer cells, the 

difficulty of their administration in a soluble manner limited the potential of their therapeutic 

use, for this reason most of the CD47 research of recent years reports the induction of RCD 

with mAbs through different mechanisms. Thus it was until 2015 when the activation of 

CD47 recovered importance when the first TSP-1-mimic peptide serum stable was 

synthetized, called PKHB1, which shares the same amino acid sequence of 4N1K, but the 

natural C- and N-terminal lysines, L-amino acids were replaced by their equivalents D. 

PKHB1 was shyntetized with the objective of optimizing the poor solubility and serum 

stability of the peptides 4N1 and 4N1K, which until 2015 were the only the TSP-1-mimic 

peptides that had been described (A.-C. Martinez-Torres et al. 2015). Therefore, it was 

demonstrated that the activation of CD47 by PKHB1 selectively induces calcium-regulated 

cell death in CLL cells from refractory patients, through ER changes, which leads to calcium 

ion overload (Ca2+) in the cytosol, damaging  lethally the mitochondria and inducing the 

proteases activation (serpases) (A.-C. Martinez-Torres et al. 2015).  

On the other hand, the growth of CLL cell tumors (human cells) in xenotransplanted NSG 

(immunodeficient) mice was significantly reduced when treated with PKHB1 (A.-C. 

Martinez-Torres et al. 2015). Also, Dènefle et al. demonstrated that PKHB1 is also able to 

induce cell death of at least lung, colon and breast cancer cell lines, without damaging healthy 

B and T cells (Denèfle et al. 2016). Additionally, recent results show that PKHB1 selectively 

kills different types of leukemia cell lines (Jurkat, CEM, HL-60 and K562) and a murine T-

cell lymphoblastic cell line (L5178Y-R), but not primary cultures of non-human cancerous 

or murine cells (Uscanga‐Palomeque et al. 2018). PKHB1-Cell death in different types of 

leukemia apparently occurs through a mechanism similar to that of CLL, since it depends on 

the influx of calcium (Uscanga‐Palomeque et al. 2018). 

 

 

 

 

Possible implications of CD47 agonist peptides in the induction of immunogenic 

cell death 
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It is clear that the efficacy of current treatments against cancer, such as different 

chemotherapies and radiotherapies, is fundamentally based on their ability to stimulate innate 

and adaptive immune responses and overcome the immunosuppressive signals of the TME, 

which depend on the immunogenicity and the adjuvant capacity of the tumor (Lorenzo 

Galluzzi et al. 2017). An interesting feature observed in CLL cells is that PKHB1 caused 

exposure of CRT to the cell surface (A.-C. Martinez-Torres et al. 2015), which is deeply 

involved with the immunogenicity of cell death and favors the activation of immunological 

memory (Obeid et al. 2007).  

In addition, CD47 plays critical roles in the immune system, regulates inflammatory 

responses (Gutierrez, Lopez-Dee, and Pidcock 2011; Sarfati et al. 2008), by mediating the 

migration of leukocytes to sites of infection (Martinelli et al. 2013) or the resolution of 

inflammation by the elimination of macrophages (Calippe et al. 2017). Finally, in our 

laboratory, we used PKHB1 to study its effects on an immunocompetent murine model with 

a syngeneic tumor of L5178Y-R cells, and we found that treatment with PKHB1 not only 

reduces the tumor burden in immunocompetent mice, but induces complete regression in 

most cases (Uscanga‐Palomeque et al. 2018) inducing the intratumor T CD8+ cells 

infiltration, suggesting that the immune system could play a role in the antitumor activity of 

the TSP-1-mimic peptides. So collectively, the available data highlighted the potential of 

TSP-1-mimic peptides to induce non-apoptotic immunogenic cell death of cancer cells, 

which was tested in this thesis. 

 

The bovine dializable leukocyte exctract, Immunepotent-CRP as an 

immunogenic cell death inducer. 

 

The dialyzable leukocyte extract (DLE) obtained from disrupted spleen IMMUNEPOTENT 

CRP (ICRP), is a combination of biologically active substances that has numerous 

applications in human health.  Besides, ICRP has now been shown to have 

immunomodulatory and anti-cancer properties, which I will further describe. 

 

The immunomodulatory effects that has been observed with ICRP include; ICRP improved 

survival (90%) in BALB/c mice with LPS-induced endotoxic shock, decreasing IL-10, IL-6, 
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and TNF-α levels in serum (Franco-Molina et al. 2004). In addition, ICRP decreased NO, 

TNF-α and IL-6 but increased IL-10 production in LPS-stimulated murine peritoneal 

macrophages (Franco-Molina et al. 2005). Moreover, in LPS-stimulated human macrophages 

ICRP increased the endogenous antioxidants activity such as catalase, glutathione 

peroxidase, and superoxide dismutase, and decreased cyclooxygenase-2 activity, PGD2, NO, 

and TNF-α production (Franco-Molina et al. 2011). Furthermore, ICRP administration 

improved life-quality and increase the total leukocytes and T-lymphocyte subpopulations 

(immunomodulatory activity) in lung and breast cancer patients undergoing chemotherapy 

and-or radiation therapy (Franco-Molina et al. 2008; Lara et al. 2010). 

 

ICRP also has anti-tumor activity, as ICRP induced loss of cell viability in breast (MCF-7, 

BT-474, MDA-MB-453), lung (A549, A427, Calu-1, INER-51), cervical (HeLa, SiHa), and 

lymphoid (L5178Y, K562, MOLT-3) cancer cell lines, without affecting the viability of 

human monocytes and PBMCs, and murine peritoneal macrophages (Franco-Molina et al. 

2006; Martinez-Torres et al. 2019; Martínez-Torres et al. 2018; Sierra-Rivera et al. 2016).  

 

ICRP triggered ROS production and caspase-independent cell death, which involves 

mitochondrial damage, cycle arrest and DNA degradation(Martínez-Torres et al. 2018; A. C. 

Martinez-Torres et al. 2019) in lung and cervical cancers. Also, in murine melanoma, ICRP 

decreased the viability of melanoma B16F10 cells, inducing the activation of caspase-3, and 

in vivo, ICRP-treatment induce tumor decrease and dimmish tumor weight, which improved 

the survival of tumor-bearing mice, showing a decrease in VEGF production and prevention 

of metastasis (Franco-Molina et al. 2010), moreover, ICRP combined with oxaliplatin 

increased DAMPs release and the rate of ICD (Rodríguez-Salazar et al. 2017).  

 

In breast cancer cells, ICRP induced caspase-independent, ROS-dependent cell death and 

ROS-dependent autophagosome formation (Martínez-Torres et al. 2020); furthermore, 

treated with ICRP decrease tumor volume and increase in survival in breast tumor-bearing 

mice decrease in comparison with untreated mice. Also, ICRP treatment decreased PD-L1, 

IDO and Gal-3 expression, IL-6, IL-10, and MCP-1 levels, and increased IFN-γ, and IL-12 

levels in the tumor site. Moreover, ICRP treatment increase CD8+ T cells, memory T cells, 
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and innate effector cells in peripheral blood, where they also observed an increase in IFN-γ, 

and IL-12 levels (Santana-Krímskaya et al. 2020). These results strongly suggest that ICRP 

induce an effective immune system stimulation and a TME remodeling which is related with 

the induction of ICD. 
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JUSTIFICATION 

 

Cancer is one of the most important public health problems worldwide. Despite the efforts 

to treat it, innate and acquired treatment-resistance of cancer cells to current therapies remain 

one of the principal problems to solve in clinical care. Immunogenic cell death (ICD) recently 

has been recognized as a critical determinant for the efficiency of cancer therapies. Due to 

this, the current treatments seek to induce ICD in cancer cells through conventional 

chemotherapeutics, targeted antitumor agents, and other biological and physicochemical 

therapies. Unfortunately, most treatments are highly nonspecific and cause serious side 

effects that limit their use.  

From this perspective, the use of synthetic peptides and immunotherapies are a promising 

approach in cancer therapy, since it has been observed that both treatments induced selective 

regulated cell death (RCD) of cancer cells. Also, the cell death induced by thrombospondin-

1 mimic peptides in leukemic cells is characterized by endoplasmic reticulum alterations and 

CRT exposure, one of the main DAMPs involved in ICD, and the ICRP-cell death induces 

ROS production and autophagy that are related with ICD-induction.  

However, the mechanisms and immunogenicity of the cell death induced by 

thrombospondin-1 mimic peptides and ICRP has not been evaluated in breast cancer models. 

Therefore, this study was conceived to expand the knowledge of the immunogenicity of these 

types of cell death and its effect on the establishment of an antitumor immune response. This 

might extend its potential application to other types of cancer, and to evidence its possible 

advantages over the current ICD inducers. 

 

 

 

 

 

 

 

 



 50 
 

 

HYPOTHESIS 

 

 

PKHB1 and IMMUNEPOTENT CRP induce immunogenic cell death in 

breast cancer cells 

 

 

 

 

OBJECTIVES 

 

General objective 

• To evaluate the mechanism and immunogenicity of the cell death induced 

by PKHB1 and Immunepotent-CRP in breast cancer cells. 

 

 

Specific objectives 

• To determine the mechanism of the cell death induced by PKHB1 and 

Immunepotent-CRP in breast cancer cells. 

• To analyze the immunogenicity and therapeutic potential of the cell death 

induced by PKHB1 and Immunepotent-CRP in breast cancer cells. 
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CHAPTER 1.  

 

1. Study of the mechanism and immunogenicity of the cell death induced 

by PKHB1.  

 

The results in the present chapters gave rise to a patent: EP3650036A1, filed by 

Sorbonne Université and Universidad Autónoma de Nuevo León. 

 

1.1. Article 1. PKHB1, a thrombospondin-1 peptide-mimic, induces 

antitumor effect through immunogenic cell death induction in breast 

cancer cells. 
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CHAPTER 2  

 

2. Study of the mechanism and immunogenicity of the cell death induced 

by Immunepotent-CRP.  

 

The results in the present chapters gave rise to a patent: 102966 filed by the 

Universidad Autónoma de Nuevo León. 

2.1  Article 2. IMMUNEPOTENT-CRP induces DAMPs release and ROS-

dependent cell autophagosome formation in HeLa and MCF-7. 

2.2  Article 3. IMMUNEPOTENT-CRP increases intracellular calcium 

leading to ROS production and cell death through ER-calcium channels 

in breast cancer and leukemic cell lines 

2.3  Article 4. The bovine dialysable leukocyte extract IMMUNEPOTENT 

CRP induces immunogenic cell death in breast cancer cells leading to 

long-term anti-tumor memory 
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Background 

Among the different types of cancer, breast and cervical 

cancer remain the principal causes of women death 

worldwide [1]. Main treatments consist of surgical re- 
moval of the tumor, chemotherapy, radiation therapy, 

hormonal therapy, and immunotherapy. However, these 
treatments still have limited success, and the develop- ment 

of new therapies to improve existing  ones  is  a major 
challenge. 

IMMUNEPOTENT CRP (ICRP), a bovine dialyzable 

leukocyte extract (DLE) obtained from disintegrated 
spleen, is cytotoxic to several cancer cell lines, including 

those from lung cancer [2] cervical cancer [3] and breast 
cancer [4, 5], while sparing noncancerous cells [6]. In 

murine melanoma, it prevented cell growth and dimin- 
ished VEGF release [7]. In the cervical cancer cell lines 

HeLa and SiHa, and the non-small cell lung cancer cell 

lines A549, and A427, it induced cell cycle arrest and 
caspase-independent but ROS-dependent cell  death  [2, 3]. 

Additionally, its  administration promoted  a decrease in 
tumor volume and an increase in the survival of mice 

bearing 4 T1 tumors without visibly affecting vital or- gans, 
or hematological and biochemical parameters [8]. 

Additionally, ICRP induced immunogenic cell  death 

(ICD) alone or in combination with oxaliplatin in the 
murine model B16F10 [9]; this immunogenicity of cancer 

cell death relies on the antigenicity of the neoan- tigens 
expressed by dead cancer cells and the release of damage-

associated molecular patterns (DAMPs) such as 
calreticulin (CRT), ATP and HMGB1 [10]. Until today, 

every ICD inductor causes endoplasmic reticulum (ER) 

stress, which implies several cellular processes as eIF2α 

phosphorylation (P-eIF2α) and exposure of chaperone 

proteins like CRT [11]. Besides ER stress, production of 
reactive oxygen species (ROS) is an essential component 

that instigates the intracellular danger-signalling pathways 

that govern ICD. ROS and other  reactive species are the 
main intracellular signal transducers sustaining autophagy, 

thus, several studies have shown an autophagy-ROS 
dependence for the release of DAMPs [12, 13]. 

Autophagy is a primary survival mechanism activated 

in cells subjected to stress. However, if cellular stress 

continues, autophagy often becomes associated with 
features of cell death. This dual role of autophagy has 

been associated with the resistance of cancer cells to 
treatments (as a  pro-survival  process)  or  the  induction of 

cell death (as a pro-death process) depending on the 
stimulus. Moreover, autophagy can  be  dispensable  for the 

induction of cell death but required for its immuno- 

genicity [14, 15]. 
The purpose  of this  study was to analyze the molecu- lar 

pathways by which ICRP exerts its cytotoxicity. We used 
HeLa and MCF-7 cell lines to further characterize 

its mechanism of cytotoxicity evaluating cell cycle, 

mitochondrial membrane potential, caspase and ROS 

dependence for cell death, autophagosome formation, 
eIF2-α phosphorylation, DAMPs release and the role of 

autophagy in the mechanism of ICRP-induced cell death. 

 

 
Methods 

Cell culture 

Human  cervix  adenocarcinoma  HeLa  (ATCC ®   CCL-2™ ) 

and human breast adenocarcinoma MCF-7 (ATCC® HTB-
22™ )  cells  were  obtained  from  the  American  Type Culture 

Collection (2015), mycoplasma tested (last test August 

2019), and maintained in a humidified incubator containing 
5% CO2 at 37 °C. Cells were cultured in DMEM-F12 

supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (Life Technologies, Grand Island, 
NY), and were routinely grown in plastic tissue-culture 

dishes (Life Sciences, Corning, NY). 
Peripheral blood mononuclear cells (PBMC) extraction. 

After obtaining written informed consent, PBMC were 
isolated from healthy donors by density gradient centri- 

fugation    with    Ficoll-Paque™    P L U S     (GE    Healthcare, 

Chicago, Ilinois, USA) and maintained  at  4X10
6
 cells/ mL 

in cell culture plates at 37 °C in 5% CO2 atmosphere, using 
RPMI 1640 medium (GIBCO Thermofisher, Waltham, 

Massachusetts, USA) supplemented with 1 µg/ mL 

amphotericin B, 1 µg/mL penicillin and 2.5X10
−

 
3
 µg/mL 

streptomycin (GIBCO Thermofisher, Waltham, 

Massachusetts, USA) and 10% of FBS (GIBCO Thermo- 
fisher, Waltham, Massachusetts, USA). The study was 

approved by the Institutional Ethics Committee at the 
Universidad Autonoma de Nuevo León, College of 

Biological Sciences. 

 

 

Cell death analysis 

Cell death was determined by staining cells with 2.5 µg/ 
mL APC Annexin V (BD  Pharmingen,  San  Jose, CA) and 

0.5 µg/mL propidium iodide  (PI)  (Sigma-Aldrich, ST. 

Louis, MO). In brief, 5 × 104 cells were seeded in 24- well 
plates and were incubated with IMMUNEPOTENT CRP 

for 24 h, with or without pre-incubation with QVD.oph (10 

µM), N-acetyl-L-cysteine   (NAC)   (5 mM) or Spautin-1 

(Sp-1) (15 µM). Cells were then recuper- ated, washed with 
PBS (Phosphate-buffered saline) and then resuspended in 

100 µl of binding buffer (10 mM HEPES/ NaOH pH 7.4, 
140 mM NaCl, 2.5 mM CaCl2). 

Finally, cells were stained, incubated at 4 °C for 20 min and 

assessed with BD Accury C6 flow cytometer (Becton 
Dickinson, Franklin Lakes, NJ). The results were analyzed 

using FlowJo Software (LLC, Ashland, OR). 
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PBS, stained with CYTO-ID Autophagy Detection Kit 

(Enzo Life Science, Farmingdale, NY) and measured by 
flow cytometry as explained above. 

 
Statistical analysis 

The results presented here represent the mean of at least 

three independent experiments done   in   triplicate (mean 

± SD). Statistical analysis was done using paired student T-
test, and the statistical significance was defined as p < 

0.05. The data was analyzed using Graph- Pad Prism 
(GraphPad Software, San Diego, CA, USA). 

 

Results 

IM M U N E P O T E N T  C R P  in d u ce s  ce ll d e a th  in  H e L a  a n d  

MCF-7 cells through cell cycle arrest, loss of 

mitochondrial membrane potential and ROS generation 

ICRP induces regulated cell death in HeLa, SiHa, A549 and 

A427 cells [2, 3], while sparing noncancerous cells [6], 

however its effect on breast cancer derived-MCF-7 cell 
line, has not been assessed. Thus, to determine the effect of 

ICRP in MCF-7 cells, we evaluated cell death induced by 
different doses of ICRP after 24 h of treat- ment using HeLa 

cells and healthy-donor derived PBMC as a control. ICRP 
induced cell death in a concentration- dependent manner, 

in both cell lines, after 24 h of treatment (Fig. 1a), while 

PBMC were only slightly affected. Cell death was 
characterized by double-positive Annexin-V and PI 

staining, as previously reported for cervical cancer [3] and 
lung cancer  cells [2]. In HeLa cells, ICRP provoked cell 

death (Annexin-V and/or PI staining) in 30% of the cells at 
1 U/mL dose, reaching 50% at 1.25 U/mL and increasing 

near to 90% at 1.5 U/ mL. In MCF-7 cells, ICRP induced 

a slight cell death at 
1.25 U/mL (less than 20% of the cells), and at 1.5 U/mL 

it induced cell death in 50% of the cells, reaching 80% at 

1.75 U/mL. On the other hand, ICRP  induced  a  slight cell 
death induction at 1.25 U/mL and at 1.5 U/mL (less than 

20% of the cells), reaching 20% of cell death at 1.75 U/mL 
in PBMC (Fig. 1a). 

Moreover, it is known that mitochondria play a central 

role in cell death signaling, as mitochondrial dysfunction 
leads to ROS generation which has been associated with 

many types of cell death [16]. Thus, loss of mitochon- drial 
membrane potential and ROS production were evaluated in 

HeLa, MCF-7, and PBMC after ICRP CC50 treatment for 
24 h. As expected, loss of mitochondrial membrane 

potential (Fig. 1b) and ROS generation (Fig. 1c) were 

observed in 50% of the HeLa and MCF-7 cells after 
treatment in both cell lines, whereas in PBMC we could 

observe a slight and non-significant loss of mitochondrial 
membrane potential (Fig. 1b) and ROS production (Fig. 

1c). Because we observed that ICRP did not generate a 
significant affectation in PBMC, further 

 
studies were continued using only HeLa and MCF-7 cell 
lines. 

ICRP is known to induce cell cycle arrest in HeLa cells 

in a time-dependent manner, reaching the maximum 
accumulation of cells in G2/M phase after 24 h of treatment 

[3]. Here we evaluated the cell cycle of MCF-7 cells after 
the treatment with ICRP using HeLa cells as a control. As 

seen in Fig. 1d and e, ICRP  effectively induces cell cycle 
arrest in the G2/M phase in both cell lines after 24 h of 

treatment. Additionally, ICRP also induces cell cycle arrest  

in  S  phase  in  MCF-7  cells (Fig. 1d, e). 

 

IM M U N E P O T E N T  C R P  in d u ce s  ca sp a se -in d e p e n d e n t ce ll 

death but in a ROS-dependent manner in HeLa and MCF- 

7 cells 

Once we confirmed that the principal cell death features 

induced by ICRP in HeLa cells  were  maintained  in breast 
cancer cells, we next wondered  if  the cell death was also 

caspase-independent, as previously shown in HeLa cells 

[3]. To determine this, a pan-caspase inhibi- tor, QVD.oph, 
was used before treatment with ICRP. As shown in Fig. 2a, 

ICRP-mediated cell death was inde- pendent of caspase 
activation in HeLa and MCF-7 cells. 

Then, as ROS generation has been associated with 
caspase-independent types of cell death [17], the antioxi- 

dant NAC was used to determine if ROS were playing a 

role in ICRP-induced cell death. NAC was able to inhibit 
ICRP-mediated cell death (Fig. 2b) by reducing ROS 

production in both cell lines (Fig. 2c). 
 

IM M U N E P O T E N T  C R P  in d u ce s  e IF 2α  p h o sp h o ry la tio n  a n d  

DAMPS release in HeLa and MCF-7 cells 

Recently, our research group found that ICRP induced 

the release of several DAMPs (CRT, ATP,  HSP70, HSP90 
and HMGB1), and ICD in B16F10 murine mel- anoma 

cells [9]. However, these features have not been assessed 
in human cancer cells. Considering that one of the first 

steps in the induction of ICD is the activation of an ER 
stress response, which involves the phosphoryl- ation of 

eIF2α (P-eIF2α) [11]; this parameter was evalu- ated in 

human cancer cell lines by flow cytometry after 18 h of 

treatment. As shown in Fig. 3a and b, ICRP was able to 
induce eIF2α phosphorylation in 47 and 57% of HeLa and 

MCF-7 cells treated with ICRP, respectively; this was 

confirmed by confocal microscopy (Fig. 3c and Fig. 3d). 

Because DAMPs exposure and release has been implicated 
in cell death involving ER stress [10], the next step was to 

evaluate if treatment with ICRP could induce the exposure 
or release of the principal DAMPs in the human cancer cell 

lines HeLa and MCF-7. 
First, CRT exposure was assessed by flow  cytometry and 

the results showed that 50% of HeLa (Fig. 3e) and MCF-7 

(Fig. 3f) cells treated with ICRP exposed CRT, 
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which was confirmed by confocal microscopy (Fig. 3g 

and Fig. 3h). Furthermore, as observed in Fig. 4, ICRP 

induced 393- and 114-fold ATP release, and 2.7- and 2.4-
fold HMBG1 release in HeLa and MCF-7 cells, re- 

spectively, as compared with untreated control. These 
results indicate that ICRP induces ER stress and DAMPs 

release in cervical and breast cancer cell lines. 

 

IM M U N E P O T E N T  C R P  in d u ce s  R O S -d e p e n d e n t 

autophagosome formation in HeLa and MCF-7 cells 

ROS production and autophagosome  formation  have been 
related with the release of DAMPs. For this reason, 

evaluation of both characteristics was assessed in 

cervical and breast cancer cell lines. Morphological as- 

sessment of cells treated with ICRP indicated the pres- 

ences of vacuoles in HeLa (Fig. 5a) and MCF-7 (Fig. 5b) 
cells. Additionally, intracellular formation of vacuoles 

depended of ROS production in cells treated with ICRP 
(Fig. 5a and Fig. 5b), thus, the next step was to evaluate 

if autophagy was taking place after ICRP treatment and 

if this was dependent of ROS production. We demon- 
strated that ICRP effectively induced autophagosome 

formation in approximately 40% of Hela (Fig. 5c) and 50% 
of MCF-7 (Fig. 5d) cells. Furthermore, autophago- some 

formation was ROS-dependent, as the use of the 
antioxidant NAC completely inhibits autophagosomes in 

cells treated with ICRP (Fig. 5c-e). 
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IM M U N E P O T E N T  C R P  in d u ce s  p ro -su rv iva l 

autophagosomes in HeLa and MCF-7 cells 

Autophagy can be pro-survival or pro-death [18]. Indeed, 

there is  a  type  of  regulated  cell  death  that relies on the 
autophagic machinery  (or  components) called  

“autophagic  cell  death”  which  is  characterized by being 

caspase-independent [14, 17]. We observed 
autophagosome   formation   and   caspase-independent cell 

death after ICRP treatment in  HeLa  and  MCF-7 cells, the 

next question  was  whether  the  mechanism of death 
induced by ICRP relied on autophagy. Therefore, the  

autophagic  inhibitor  Spautin-1  (SP-1) was used to analyze 
if autophagosome formation was pro-survival or pro-death. 

For this purpose, autopha- gosome formation was assessed 
with or without SP-1 pre-treatment. In Fig. 6, SP-1 was 

able to completely inhibit autophagosome formation in 

HeLa (Fig.  6a) and MCF-7 cells (Fig. 6b). Then, the role 
of autopha- gosomes in the cell death induced by ICRP 

was evaluated. Results show that cell death was  not  inhib- 
ited with SP-1 (Fig. 6c), furthermore, cell death signif- 

icatively augmented when autophagy was inhibited. 
Through these results we can conclude that ICRP induces 

pro-survival   autophagosome   formation   in both cell 

lines. 

Discussion 

Cancer is a heterogeneous disease, and one of the 
challenges of cancer treatment is  that  each  type  of cancer 

has different molecular features.  Here,  we  use two 
different cell lines, human cervix adenocarcinoma HeLa 

and human breast adenocarcinoma MCF-7  cells, and show 

that ICRP induces cell death, loss of mito- chondrial 
membrane potential, ROS production and cell cycle arrest. 

Both cell lines exhibit the same mechanism, that is to say, 
a type  of caspase-independent  cell death that relies on 

ROS production. The observation of a conserved cell death 
mechanism in both cell lines  has been reported in studies 

with other agents. For instance, Khazaei et al. demonstrated 

that broadleaf wild leek (Allium atroviolaceum) bulb  
extract  induces  cell  death in HeLa and MCF-7 cells, 

sharing some features of  the cell death mechanism induced 
by this treatment, such as Bcl-2 downregulation, DNA 

degradation and caspase activation on both cell lines [19]. 
On the other hand, Martinez-Torres et al., found that 

chitosan gold nano- particles (CH-AuNPs) induce cell 

death in HeLa and MCF-7 cells though different cell death 
mechanisms. In HeLa cells they observed that the cell death 

induced by CH-AuNPs was dependent of caspase 
activation, whereas it was caspase independent in MCF-7 

cells. 
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independent experiments 

Fig. 4 IMMUNEPOTENT CRP induces ATP and HMGB1 release in HeLa and MCF-7 cells. Cells were treated with ICRP

(HeLa: 1.25 U/mL; MCF-7: 1.5U/mL) for 24 h, then 100 µL supernatant of each sample was taken to measure a. ATP release

through bioluminescence detection or b. HMGB1 release by ELISA. Graphs shown are means (± SD) of triplicates of three

independent experiments
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Fig. 5  IM M U N EPO TEN T C R P induces autophagosom e form ation in  H eLa and M C F-7 ce lls. a . H eLa, and b. M C F-7 ce lls w ere le ft a lone or 

pretreated w ith NAC before ICRP treatm ent (24 h), and observed by optica l m icroscopy (10X). c, d . Autophagosom e form ation w as determ ined by 

flow  cytom etry through C YTO -ID  sta in ing in  H eLa (c) and M C F-7 ce lls (d) that w ere le ft a lone or pretreated w ith  N AC  before IC R P treatm ent (24 

h ). e . T h e  re su lts  w e re  a n a lyze d  u s in g  F lo w jo  so ftw a re  a n d  g ra p h e d . G ra p h s  sh o w n  a re  m e a n s  (±  S D ) o f tr ip lica te s  o f th re e  
independent experim ents 

 

However, they also proved that ROS production seems 

to be a conserved feature of the cell death mechanism 

induced by CH-AuNPs [20]. In another study, Green tea 

polyphenols (GTP) were evaluated in vitro in different 
cell lines, where they found that MCF-7 cells where 

more sensitive to the treatment with  GTP  than  HeLa cells 

[21]. These variable mechanisms observed in HeLa and 

MCF-7 cells rely on the similarities and differences 

between the molecular machinery existing on each cell line. 
Here, we have proved  that ICRP could induce a 
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conserved mechanism of cell death in these  two  cell lines, 

as observed before in non-small cell lung cancer cell 
lines (A549 and A427 cells) where ICRP induced DNA 

degradation, mitochondrial damage, ROS produc- tion, 
and cell death independent of caspases but reliant on 

ROS production [2]. This indicates that the treatment with 

ICRP can overcome the mechanisms of cell death 
resistance existing in different types of cancer cells. 

However, it is important to mention, that differences  in the 
cell death mechanism induced by ICRP in HeLa and MCF-

7 cells could be observed in further analyses. 
There is still much to understand about the  mecha- nisms 

by which ICRP exerts these effects, nevertheless, in this 

work, we have shown that the cytotoxic effect in- duced by 
ICRP in HeLa and MCF-7 cells relies on the increase of 

ROS production. Interestingly, in our previ- ous work, we 
observed that, in HeLa cells, the increase of ROS 

formation is one of the first steps of cell death induced by 
ICRP, even before caspase  activation  [3]. This ROS-

dependent cell death has been  induced  by other 

treatments. For example, Wu et al. demonstrated that the 
protein kinase C inhibitor, Chelerythrine, could induce cell 

death through ROS-dependent ER stress in human prostate 
cancer cells [22]. Furthermore, Kim 

et al. observed that Resveratrol-induced cell death in 

ovarian cancer cells was attenuated by the antioxidant 
NAC, and there was a ROS-dependent  decrease  of Notch1 

signaling on these cells after treatment [23]. However, 
despite the implication of ROS in cell death, there are some 

agents that induce cell death without relying in ROS 

production [24–26]. 

Additionally, ROS production has  been  related  with the 
induction of ICD, considering that DAMPs release is either 

accompanied or triggered by ROS [27]. Recently, our 
research group found that ICRP induces ICD in a murine 

melanoma model [9]. Here, we observed  that ICRP 

induces the exposure and release of the principal DAMPs 
(CRT, ATP and HMBGB1) and eIF2α phos- phorylation, 

a process known as an ER stress indicator and biomarker 

of ICD [11], in the human cancer cells, HeLa and MCF-7 
cells, indicating that ICRP could in- duce ICD in  these  

models.  Caspase-independent  ICD has been observed in 
studies with other treatments, for instance, the CD47-

agonist peptide PKHB1-induced caspase-independent and 

Ca
2+

-dependent cell death, pursing an immunogenic 
mechanism of cell death in leukemic cells [28, 29]; in 

addition, Giampazolias et al. demonstrated that in contrast 
to apoptosis, cells 
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undergoing caspase-independent cell death generated a pro-

inflammatory and immunogenic anti-tumour response 

through the activation of nuclear factor-κB (NF-κB) [30]. 

Furthermore, recent studies argue that ROS and other 

reactive species are the main intracellular signal trans- 

ducers sustaining autophagy, because the ROS scavenger 
NAC attenuated induced autophagy by citreoviridin [31], 

hydroxysafflor yellow A-sonodynamic therapy [32], 
ergosterol peroxide from marine fungus Phoma sp. [33], 

patulin [34], dimethylaminomicheliolide [35] and many 
other agents. In this work, we proved that ICRP induces 

ROS-dependent autophagosome formation in both cell 

lines. This ROS-Autophagy interplay has been  related with 
the induction of ICD as well, because these pro- cesses can 

play a central role in the exposure and release of DAMPs 
[12]. ROS production, autophagosome formation, DAMPs 

release and ER stress have been ob- served in the induction 
of ICD by other treatments, in- cluding mitoxantrone, 

doxorubicin, oxaliplatin and photodynamic therapy [10, 

27, 36–38]. However, it will be necessary to perform gold-

standard vaccination ex- periments to determine whether 
ICRP  is  a  bona  fide ICD inducer in these cancer models 

[39]. 
Moreover, autophagy has been referred to as a double- 

edge sword  because it helps maintain cell homeostasis but, 

in certain contexts, excessive or sustained cell autophagy 
may be pro-death [18]. Furthermore, autoph- agy may not 

be necessary for the induction of cell death but may be 
required for  its  immunogenicity  [40], thus, we evaluated 

the role  of  autophagosome  formation  in the mechanism 
of cell death induced by ICRP,  finding that it induces 

prosurvival autophagosomes in HeLa and MCF-7 cells. 

This role of autophagy as a cancer cell’s pro-survival 

response to therapeutics has been observed in many 
treatments, including trastuzumab [41], epiribi- cin [42], 

tamoxifen [43], paclitaxel [44] and  radiation [45]. Thus, it 
will be important to evaluate the role of autophagy in the  

induction  of DAMPs release by  ICRP to have a better 
understanding of  the  mechanism  of action of this 

treatment. 

Here we demonstrate that ICRP is able to induce a se- 
lective non-apoptotic cell death that promotes ER-stress 

and DAMP’s release. These  characteristics  shed  light into 

the therapeutic potential  of  the  combination  of ICRP with 
traditional chemotherapies, which seems encouraging, as 

observed in murine melanoma where ICRP increased the 

immunogenicity of oxaliplatin treatment [9]. Additionally, 
in the 4 T1 murine model it was observed that ICRP 

improved the antitumor effects of 
doxorubicin/cyclophosphamide treatment [8]. Thus, 

further assessments to describe the cell  death  mechan- ism 
and the potential immunogenic mechanism of the 

combination of ICRP with classical chemotherapies will 

 
undoubtedly straighten its applicability and advantage 

against cervical and breast cancer. 

 

Conclusions 

Overall our results show that IMMUNEPOTENT CRP 

induces cell cycle arrest, mitochondrial damage, ROS- 

dependent autophagosome formation with a pro-survival 
role, ER stress and DAMPs release, pursing a non- 

apoptotic cell death, relying on ROS production in HeLa 
and MCF-7 cells. These data postulate ICRP as a treat- 

ment that could execute a conserved mechanism of cell 

death, in spite of the heterogeneity of cancer cells, open- 
ing the gate to the study of the immunogenic potential 

of ICRP-induced cell death in cervical and breast cancer 
models. 
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ARTICLE 

Translational Therapeutics 

The bovine dialysable leukocyte extract IMMUNEPOTENT 
CRP induces immunogenic cell death in breast cancer cells 
leading to long-term antitumour memory 
A le ja n d ra  R e ye s -R u iz 1 , K e n n y  M isa e l C a lv illo -R o d rig u e z 1 , A n a  C a ro lin a  M a rtín e z -T o rre s  1  a n d  C ris tin a  R o d ríg u e z -P a d illa 1 ,2  

 

 

 

BACKGROUND 
Breast cancer is the most frequently diagnosed cancer and the 
leading cause of deaths in women.1 One of the principal pitfalls 
leading to the mortality of this disease is associated with distant 
m e ta s ta s is  a n d  its  a b ility  to  re cu r u p  to  2 0  ye a rs  a fte r d ia g n o s is ,2  
th e se  ch a ra c te ris tics  a re  re la te d  w ith  th e  lo w  im m u n o g e n ic ity  o f 
b re a s t ca n ce r ce lls , a s  a  re su lt o f ca n ce r ce ll re le a se  o f im m u n e - 
suppressive factors, which block the cancer-immunity cycle.3 
H o w e ve r, it is  n o w  b e in g  p ro p o se d  th a t w ith  a p p ro p ria te  im m u n e  
re sp o n se  s tim u la tio n , ca n ce r ce lls  co u ld  b e co m e  im m u n o g e n ic . 

In this regard, several studies indicate that immunogenic cell 
d e a th  (IC D ) is  a  h o p e fu l s tra te g y  to  co n ve rt ca n ce r ce lls  in to  th e ir 
own vaccine, promising a long-term success of anticancer 
therapies relying on memory immune response induction,4,5 
which could deal against high recurrence rate in breast cancer 
patients. It has been reported that a restricted number of 
ch e m o th e ra p ie s  in d u ce  IC D ,6  fo r in s ta n ce , b re a s t ca n ce r p a tie n ts  
tre a te d  w ith  a n th ra cyc lin e s  (IC D  in d u ce rs ) sh o w e d  a n  in c re m e n t in  
the ratio of CD8+ T cells over regulatory T cells intratumourally, 
and this predicts a favourable therapeutic response.7 

IM M U N EPO TEN T C R P (IC R P), a  bovine d ia lysable leukocyte  
extract (DLE) obtained from disrupted spleen, is cytotoxic to 
se ve ra l ca n ce r ce ll lin e s ,8 – 1 1  w ith o u t a ffe c tin g  th e  v ia b ility  o f n o n - 

ca n ce r ce lls .1 1  IC R P  in d u ce s  IC D  in  th e  m u rin e  m e la n o m a  m o d e l 
B16F10,1 2  w hereas in  H eLa and M C F-7 ce lls, IC R P-m ediated ce ll 
death invo lves C R T exposure, ATP and H M G B1 re lease, w hich are 
the principal damage-associated molecular patters (DAMPs) 
in vo lve d  in  IC D . In  a d d itio n , IC R P  le a d s  to  e IF 2α  p h o sp h o ry la tio n  
(P -e IF 2 α ), w h ich  in d ica te s  e n d o p la sm ic  re ticu lu m  (E R ) s tre ss , a n  
early ICD biomarker. Furthermore, ICRP has been reported to 
induce reactive oxygen species (R O S)-dependent autophagosom e 
formation in HeLa and MCF-7 cells.13 

R O S production, ER  stress and autophagy stim ulate in trace llu lar 
danger signalling pathways that regulate the release of DAMPs 
a n d  th u s  IC D .1 4 ,1 5  T h e se  re su lts  su g g e s t th a t IC R P  m ig h t in d u ce  
IC D  in  other cancer m odels, as a conserved m echanism . The a im  of 
th is  s tu d y  w a s  to  in ve s tig a te  th e  im m u n o g e n ic ity  o f IC R P -in d u ce d  
cell death in a panel of breast cancer models, using human and 
m u rin e  ce ll lin e s , a s  w e ll a s  e x  v ivo  a n d  in  v ivo  e xp e rim e n ts  u s in g  
BALB/c mice. 

 

METHODS 
C e ll cu ltu re  

M C F-7 hum an breast adenocarcinom a (ATC C® H TB-22TM ), M D A- 
MB-231 triple-negative breast adenocarcinoma (ATCC® HTB-26TM) 
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BAC KG R O U N D : C ancer recurrence is a  serious problem  in  breast cancer (BC ) patients, and im m unogenic ce ll death (IC D ) has been 

proposed as a stra tegy to  overcom e th is recurrence. IM M U N EPO TEN T C R P (IC R P) acts as an im m unom odulator and can be cytotoxic to 

cancer cells. Thus, we evaluated if ICRP induces ICD in BC cells. 

M ETH O D S: Im m unogenicity o f IC R P-induced ce ll death w as evaluated in  v itro , analysing the principa l b iochem ical characteristics of IC D  

in  M C F -7 , M D A -M B -2 3 1  a n d  4 T 1  ce lls . E x  v ivo , w e  a sse sse d  th e  a b ility  o f k ille d  ca n ce r ce lls  (K C C ) o b ta in e d  fro m  IC R P -tre a te d  4T1 

ce lls (IC R P-KC C ) to  induce D C  m aturation, T-ce ll prim ing and T-ce ll-m ediated cancer cytotoxic ity. In  v ivo, w e evaluated tum our 

establishment and antitumour immune memory after prophylactic ICRP-KCC vaccination in BALB/c mice. 

R ESU LTS: IC R P induced caspase-independent, R O S-dependent ce ll death, autophagosom e form ation, P -eIF2α , chaperone prote in  
exposure, C D 47 loss, ATP and H M BG 1 re lease in  BC  cells. Additionally, IC R P-KC C  prom oted D C  m aturation, w hich triggered T-ce ll 

p rim in g  a n d  ca n ce r cy to to x ic ity . P ro p h y la c tic  va cc in a tio n  w ith  IC R P -K C C  p re ve n te d  tu m o u r e s ta b lish m e n t a n d  in d u ce d  lo n g -te rm  

antitumour memory in BALB/c mice, involving DC maturation in lymph nodes, CD8+ T-cell augmentation in lymph nodes, 

peripheral blood and tumour site and ex vivo tumour-specific cytotoxicity by splenocytes. 

C O N C L U S IO N S : IC R P  in d u ce s  IC D  in  B C  ce lls , le a d in g  to  lo n g -te rm  a n titu m o u r m e m o ry . 
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CONCLUSIONS 

 

From the results obtained in the present thesis work we can conclude that the 

treatment with PKHB1 and Immunepotent-CRP induces cell death and 

DAMPs’ release breast cancer cells. Also, both treatments can induce the 

antitumor immune system activation (ex vivo) through the maturation of 

dendritic cells and the activation of specific T cells responses without the use 

of adjuvants. Furthermore, the gold standard for the immunogenic cell death 

inductors was confirmed for PKHB1 and Immunepotent-CRP in a breast cancer 

tumor model. Additionally, the PKHB1-ICD and ICRP-ICD induces tumor 

regression as a therapeutic antitumor strategy. Finally, it was observed for first 

time that PKHB1-ICD and ICRP-ICD can induce a long-lasting antitumor 

immunity.  

The results obtained in this work provide the evidence of a new ICD inductors 

for breast cancer cells and highlight a new approach of Thrombospondin-mimic 

peptides and dialyzable leukocyte extracts, which could induce ICD in others 

cancer cells.  
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PERSPECTIVES 

 

• To evaluate the immunogenicity of the cell death induced by PKHB1 and 

ICRP in resistant cancer cells from patients, to confirm their efficacy and 

possible application in clinical trials. 

• DCs-vaccines are one of the main immunotherapies recently employed 

for different types of cancer. Thus, it’s important to determine the 

immunogenicity of cell death induced by PKHB1 and ICRP in ex vivo 

experiments using cancer cells from patients and DCs differentiated from 

human monocytes, to demonstrate if the cell death induced by PKHB1 or 

ICRP could be used in DCs-vaccines for humans. 

• To evaluate the role of the innate immune system in the immunogenic 

cell death induced by PKHB1 or ICRP, to find key regulators in the 

response triggered for the tumor elimination. 

• As ICD could occur in response to infection, it’s important to determine 

if PKHB1 or ICRP could induce immunogenic cell death in infected 

models using virus, bacteria, among other pathogens.  

• To evaluate the combinatorial effect (antagonistic, additive or 

synergistic) of PKHB1 with chemotherapies or immunotherapies for to 

determine the potential application of PKHB1 in combinatorial strategies 

in vivo. 

• Determine the maximum tolerated dose of PKHB1 in mice, to provide 

the basis for choosing the range of peptide that can be used without 

adverse effects. 

• It has been evaluated that TSP-1-CD47 axis have different effects in the 

immune system, such as activation, proliferation, migration, and cell 
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death. Thus, it’s important to determine if PKHB1 could have a direct 

effect in healthy and autoreactive immune system cells  
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