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consiste en no nacer, ya que vivir supone un riesgo.” 
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ABSTRACT 
  

Chemotherapies are widely used in cancer treatment despite cell death resistance and 

numerous side effects. Current approaches suggest utilizing combinatorial therapies to 

enhance the effectiveness of individual agents, potentially reducing cell death resistance 

and minimizing side effects. This thesis aimed to explore the combined effects of 

Immunepotent CRP (ICRP) with several chemotherapies in breast cancer and T-cell 

malignancies, as well as its impact on immune system cells. Our research demonstrates 

that combining ICRP with cyclophosphamide (CTX) results in enhanced cell death 

characterized by morphological changes, dissipasion of mitochondrial membrane 

potential, elevated reactive oxygen species (ROS)-production, and caspases activation. In 

addition, in breast cancer cells, the cell death induced by ICRP and CTX is caspase-

independent. Conversely, in malignant T-cell lymphoblasts, the cytotoxicity of the ICRP 

and CTX combination is dependent on caspases, ROS, and calcium, involving dissipasion 

of mitochondrial membrane potential and elevated ROS production. Additionally, ICRP 

combined with CTX overcomes bone marrow-induced resistance to CTX-caused cell 

death and enhances the antitumor activity of CTX in vivo, resulting in reduced tumor 

volume, lower expression of Ki-67, and a decrease in the granulocyte/lymphocyte ratio. 

Furthermore, ICRP protects bone marrow, spleen, and microglia cells from cell death 

induced by epirubicin (EPI), doxorubicin (DOX), and CTX. ICRP also reduces ROS and 

nitric oxide (NO) production in microglia cells, inducing autophagy as a protective 

mechanism against EPI-induced cytotoxicity in microglia cells. These results indicate that 

combining ICRP with chemotherapies may be a potent approach to enhance cancer 

treatment success. 
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RESUMEN  
 

Las quimioterapias son ampliamente utilizadas en el tratamiento del cáncer a pesar de 

generar resistencia a la muerte celular y numerosos efectos secundarios. Los enfoques 

actuales sugieren el uso de terapias combinatorias para mejorar la efectividad de los 

agentes individuales,  potencialmente reduciendo la resistencia a la muerte celular y 

minimizando los efectos secundarios. Esta tesis tuvo como objetivo explorar los efectos 

de la combinación de Immunepotent CRP (ICRP) con diversas quimioterapias en cáncer 

de mama y malignidades de células T, así como su impacto en las células del sistema 

inmunológico. Nuestro estudio muestra que la combinación de ICRP con ciclofosfamida 

(CTX) produce potenciación de la muerte celular, evidenciada con cambios morfológicos, 

dismunición del potencial de membrana mitocondrial, incremento en la generación de 

especies reactivas de oxígeno (ROS) y activación de caspasas. Además, en las células de 

tumor mamario, la muerte celular provocada por ICRP y CTX no está relacionada a la 

actividad de caspasas. Por el contrario, en los linfoblastos malignos de células T, la 

citotoxicidad inducida por ICRP junto con CTX requiere la activación de caspasas, de 

ROS y calcio, con la implicación de una disminución del potencial de la membrana de la 

mitocondria y un incremento en la generación de ROS. Además, la combinación de ICRP 

con CTX sobrepasa la resistencia inducida por la médula ósea a la muerte celular mediada 

por CTX y mejora el efecto antitumoral de CTX in vivo, resultando en una reducción del 

volumen tumoral, menor expresión de Ki-67 y una disminución en la relación 

granulocito/linfocito. Asimismo, ICRP protege las células de la médula ósea, el bazo y la 

microglía de la muerte celular inducida por epirrubicina (EPI), doxorrubicina (DOX) y 

CTX. El ICRP también reduce la producción de ROS y óxido nítrico (NO) en células de 

microglía, induciendo autofagia como un mecanismo de protección contra la citotoxicidad 

inducida por EPI en las células de microglía. 

Estos hallazgos sugieren que la combinación de ICRP con quimioterapias podría ser una 

estrategia efectiva para mejorar el tratamiento contra el cáncer. 
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1. INTRODUCTION  
  

Chemotherapies have been used widely for cancer treatment including breast cancer and 

hematological cancers, despite cell death resistance and multiple adverse effects. This 

treatment aims to induce regulated cell death (RCD), which refers to a specific type of 

cellular demise that can be influenced by pharmacological or genetic means (Galluzzi et 

al. 2018).  

Current trends propose the use of combinatorial therapies. This treatment approach 

combines two or more treatments that enhance the effectiveness of the individual agent, 

based on inducing death synergistically or additively. This approach aims to mitigate 

resistance mechanisms and minimize adverse effects while enhancing therapeutic efficacy 

(Mokhtari et al. 2017). Current studies have revealed that chemotherapies could also be 

used with immunotherapies, so the integration of these potentially complementary 

methods represents an effective anticancer strategy (Luo et al. 2019).  

In this sense, IMMUNEPOTENT CRP (ICRP) is an immunotherapeutic agent 

demonstrated to induce a cytotoxic effect in various cell lines including breast cancer lines: 

MCF7, BT-474, and MDA-MB-453, as well as hematologic cancer cells: CEM, Molt-4 

and L5178Y-R, and without affecting the viability of mononuclear cells from the 

peripheral blood (Franco Molina et al. 2006).  

Notwithstanding the molecular disparities among the cancer lines studied, certain aspects 

of ICRP-induced mechanism of cell demise remain consistent across various types of 

cancer. In all cancer cell lines, ICRP has been shown to elevate the production of reactive 

oxygen species (ROS), leading to the dissipation of the membrane potential of the 

mitochondria, damage in the DNA that induces cell cycle detention, evoking eventual 

DNA degradation (Lorenzo-Anota et al., 2020; Martinez-Torres et al., 2018, 2019; Reyes-

Ruiz et al., 2021). Interestingly, solid tumor cells exposed to ICRP undergo a non-caspase-

mediated, ROS-driven cell demise, whereas in leukemic cells it triggers caspase 

activation, leading to ROS overload and caspase-driven cell demise. 

Clinical phase studies with ICRP have shown that it can enhance the well-being of 

individuals diagnosed with lung and breast cancer who were undergoing conventional 

chemotherapeutic regimens, observing an increase in total leukocytes and subpopulations 
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of lymphocytes (Franco Molina et al. 2008; Lara et al. 2010). Furthermore, ICRP has 

demonstrated myeloprotective effects in murine models treated with 5-fluorouracil 

(Coronado Cerda et al. 2016).  

Other studies demonstrated that treatment using the combination of ICRP with oxaliplatin 

(OXP) increased the cytotoxic effect against the murine melanoma cell line, B16F10, 

induced by both agents independently (Rodríguez Salazar et al. 2017). In another recent 

study, it was determined that ICRP in combination with the 

Doxorubicin/Cyclophosphamide polychemotherapy can modulate the tumor 

microenvironment while reducing tumor volume and prolonging survival in a mouse 

model of TNBC (Santana Krimskaya et al. 2020). These results offer evidence of the 

beneficial effects of ICRP in combination with chemotherapy, by increasing its cytotoxic 

effect on cancer cells.  

Therefore, this thesis aimed to elucidate the cytotoxic effect, the type of combined effect, 

the molecular mechanism, and the antitumor effect induced by ICRP in combination with 

chemotherapies. This research seeks to provide a deeper understanding of its potential 

application in combination therapies against different types of cancers.   
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2. BACKGROUND  
  

2.1 CELL DEATH: THE RESULT OF LIFE  

  

“Life and death are one thread, the same line viewed from different sides.” Lao Tzu.  

  

Over the past few years, our understanding of cell death has evolved significantly from 

viewing it merely as an inevitable and passive end of life (Fuchs & Steller, 2015). 

Advances in cell biology have uncovered insights into how cells respond to disruptions in 

their normal homeostasis. A common theme is that disturbances in cellular balance prompt 

responses ranging from stress management and repair to cellular senescence or regulated 

cell death (RCD) when restoring normal function proves impossible. This latter process 

maintains organismal homeostasis by deactivating or eliminating severely damaged, 

irreversibly infected, dysfunctional, or potentially cancerous cells (Galluzzi 2018a).    

  

2.1.1 Regulated Cell Death (RCD)  

Regulated cell death (RCD) refers to a specific type of cellular demise relying on 

specialized cell machinery as a target, such as caspases, calpains, and reactive oxygen 

species (ROS), among others, and it can be influenced by pharmacological or genetic 

means (Galluzzi 2018a). The inhibitory and promoting-RCD signals coexist and balance 

one another; at some stage, one predominates over the other.   

On one hand, RCD can take place without any external environmental perturbations, 

functioning within physiological processes for tissue turnover. These physiological forms 

of regulated cell death (RCD) are termed programmed cell death (PCD). Alternatively, 

RCD can arise from severe disruptions in the intracellular or extracellular environment 

that exceed cellular coping mechanisms.   

The Nomenclature Committee on Cell Death (NCDD) in 2018 proposed a classification 

of RCD mechanisms focusing on fundamental molecular aspects of the process (Galluzzi 

2018b). Such RCD modalities could be classified based on the nuclear phenotypes, 

protease activation, alterations of intracellular organelles, or other phenotypical 
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characteristics of the dying cell (Galluzzi et al. 2012). As caspases play such a role in 

apoptosis and are the proteases that provide the classic apoptotic phenotype, RCD is 

classified biochemically as caspase-dependent or caspase-independent RCD. For this 

thesis, we will follow this binomial classification.   

  
2.1.1.1 Caspase-dependent cell death  

Cell demise is classified as caspase-dependent if it can be prevented by caspase inhibitors 

with broad spectrum such asN-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-

VAD-fmk), or quinoline-Val-Asp-Difluorophenoxymethylketone (Q-VD-Oph), among 

others (Kroemer et al. 2009, Vandenabeele 2006).   

  

2.1.1.2 Caspase-independent cell death  

On the other hand, a cell death pathway independent of caspase activation can occur even 

when caspases are effectively inhibited., even though it exhibits some morphological 

effects of caspase activation, such as partial chromatin condensation (Kroemer et al. 2009).  

Table 1 summarizes the different cell death pathways based on the fundamental molecular 

aspects of the process described to date, classified by their caspase dependence.  
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     Adapted from Galluzzi et al. 2018. 
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2.2 CANCER: THE THOUSAND DISEASES.  

  
“Down to their innate molecular core, cancer cells are hyperactive, survival-endowed, 

scrappy, fecund, inventive copies of ourselves”. Siddhartha Mukherjee  

  
According to the World Health Organization (WHO), cancer is the process of uncontrolled 

growth and spread of cells and represents one of the main pathologies worldwide (WHO, 

2020). Multiple mechanisms contribute to tumor growth and progression.  

Hanahan and Weinberg outlined in 2011 the “hallmarks of cancer”, providing a greater 

understanding of the complexity of neoplastic diseases, and knowledge of them can lead 

to multiple applications of these concepts, such as the development of new ways to treat 

cancer. These hallmarks that all cancer diseases share include continuous signaling for cell 

proliferation, avoidance of growth inhibitors, evasion of immune system destruction, 

acquisition of limitless replication potential, promotion of tumor-related inflammation, 

activation of invasion and metastasis, angiogenesis, genomic instability, evasion of cell 

death, and dysregulation of cellular energy metabolism (Hanahan & Weinberg, 2011). 

Recently included are polymorphic microbiomes and senescent cells, epigenetic 

reprogramming without mutations, and the unlocking of phenotypic adaptability (Hanahan 

2022).  

As reported by the National Cancer Institute (NCI), from 2016 to 2020, the most prevalent 

types of cancer causing the highest mortality in adolescents and young adults (AYAs, 15-

39 years old) included cancer in the breast, brain, and others from the nervous system 

(ONS), colon and rectum, leukemia, among others, which are shown in figure 1 (NCI, 

2023).  

 



 9 

  
Figure 1. Ranking of the most common types of cancer that cause mortality among adolescents and 
young adults. Distribution based on mortality rates in ages 15-39 from 2016-2020. Retrieved from NCI, 
2023.  
  

2.2.1 Breast cancer  

"We shall look back on this time and find it barbaric that once a woman diagnosed with 

breast cancer had to choose between disfiguring surgery and death". Susan Love, 1990 

 

Breast cancer arises from the interaction of multiple factors, making it a complex and 

heterogeneous disease (García Foncillas et al. 2001), it is the most common cancer and 

the leading cause of cancer-related deaths in most nations (157 out of 185) (WHO, 2024). 

In breast cancer, the stage at diagnosis determines the stage of the disease, crucial for 

treatment guidelines and prognosis, which are further influenced by the ocurrence of 

estrogen receptors (ER) and progesterone receptors (PR), and/or expression levels of 

human epidermal growth factor receptor 2 (HER2, a growth-promoting protein) (ACS, 

2019). In 2000, Perou and collaborators managed to characterize this highly 

heterogeneous disease into four main molecular subtypes, which were called “intrinsic” 

subtypes (Perou et al., 2000).  
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2.2.1.1 Breast Cancer molecular subtypes  

Luminal A (ER+ PR+ HER2-): This is the highly widespread molecular subtype of 
breast cancer and typically exhibits slower proliferation and less aggressiveness compared 
to other subtypes. Luminal A tumors generally have the most favorable prognosis, largely 
because they typically respond well to hormonal therapy, boasting a survival rate of 92%. 

Luminal B (ER+ PR +/- HER2+): Additionally to hormone-receptor-positive (HR+), it 
was initially characterized as always HER2-positive (HER2+), Luminal B subtype has 
more recently been defined by high positivity for the Ki67 protein (indicative of actively 
dividing cells) and/or HER2 expression. These cancers are typically more aggressive than 
Luminal A and are associated with a poorer prognosis. It has a percentage of about 89%.  

HER2-enriched (ER- PR- HER2+): Historically, this subtype had the poorest prognosis; 
however, the widespread adoption of targeted therapies for HER2-positive cancers has 
significantly improved outcomes for these patients. The survival rate for HER2-enriched 
breast cancer is approximately 83%. 

Basal-like (ER- PR- HER2-): Also known as triple-negative breast cancer (TNBC), this 
subtype is characterized by the absence of estrogen and progesterone receptors and lacks 
HER2 expression. Around 75% of TNBC cases fall into the basal-like category based on 
gene expression profiles. TNBC generally has the least favorable prognosis among breast 
cancer subtypes, partly due to slower advances in treatment options compared to other 
molecular subtypes. It has a survival rate of approximately 77%. (ACS, 2019).  

 

2.2.2 Hematologic malignancies 

Hematologic cancers arise from abnormalities in the blood-forming funtion, affecting both 

myeloid and lymphoid lineages. These cancers are divided into various prevalent subtypes 

such as leukemia, multiple myeloma (MM), non-Hodgkin lymphoma (NHL), and 

Hodgkin lymphoma (HL) (Zhang et al., 2023). These subtypes can be further classified 

based on the affected progenitor cell type such as T-cell cancers or B-cell cancers, 

generally. B-cell cancers are generally more prevalent than T-cell malignancies. However, 

T-cell cancers typically have a significantly poorer prognosis than B-cell’s. T-cell 

lymphoblastic leukemia (T-ALL) or T-cell lymphoblastic lymphoma (T-LBL) originates 

from the early stages of normal precursor T-cells and exhibits a unique  

immunophenotype, often expressing stem cell and/or myeloid markers (Alaggio et al., 

2022). 
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2.2.2.1 Acute T-cell lymphoblastic leukemia (T-ALL)  

Acute T-cell lymphoblastic leukemia (T-ALL) is an especially aggressive blood cancer 

and the most predominant form of childhood cancer, standing as a major cause of death 

worldwide (WHO, 2020). Among the subtypes of acute lymphoblastic leukemia (ALL), 

T-ALL is defined by the unregulated proliferation of immature thymocytes and is 

notoriously associated with the poorest prognosis (Vadillo et al., 2018). The main T-ALL 

issue is recurrence, in fact, 20% of pediatric and 50% of adult patients die owing to 

recurrence or residual disease (Cordo et al. 2022, Raetz and Teachey 2016).   

Chromosomal abnormalities are a hallmark of ALL, primarily involving translocations 

such as t(12;21)(ETV6-RUNX1), t(1;19)(TCF3-PBX1), t(9;22)(BCR-ABL1), among 

others. Approximately 71% of cases exhibit changes in tyrosine kinase or RAS pathway 

signaling, while mutations in p53 are prevalent in 91% of cases (Terwilliger & Abdul-

Hay, 2017).  

2.2.2.2 T-cell lymphoblastic lymphoma (T-LBL)  

T-cell lymphoblastic lymphoma (T-LBL) is diagnosed when tumor is localized primarily 

to tissue lesions with minimal or no inclusion of bone marrow or the blood. Genes 

associated with angiogenesis, chemotactic response, and nodal metastasis are significantly 

expressed in T-LBL. Additionally, genes encoding cell-cell adhesion proteins like BCL2, 

S1P1, and ICAM1, exhibit differential expression compared to T-ALL, which may hinder 

tumor cell intravasation into the bloodstream, thereby explaining the close association of 

T-LBL with stromal cells near lymphoid tissues (Bontoux et al., 2022). The most common 

genetic abnormalities in T-LBL involve the 14q11-13 region, where the TCR-α and TCR-

δ genes are located. Also rearrangements affecting regions encoding TCR-β (7q34) and 

TCR-γ (7p14.1) are observed. Other chromosomal changes such as pseudodiploidy, 

various deletions, hyperdiploidy, and translocations frequently affect the 9q34 region. 

Deletion of FLASH (also termed as CASP8AP2) and dysregulated signaling of Notch 

receptor contribute to the T-LBL pathogenesis (Lepretre et al., 2017). 

 

 Molecular cytogenetic studies comparing T-LBL and T-ALL suggest that these T-cell 

cancers could potentially represent different manifestations of a unified condition. Yet, 

there exists a scarcity of immunophenotypic and genetic expression data for T-LBL 
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patients in contrast to those with T-ALL. Hence, comprehensive genetic screening of 

samples from both T-ALL and T-LBL patients is crucial to thoroughly investigate this 

hypothesis (Kroeze et al., 2020). 

 

2.2.3 Cancer treatment  

The treatment decision is made considering The biological traits of the cancer, the patient's 

age, health status, and the potential advantages and disadvantages linked to each 

alternative. Currently, conventional treatments may encompass one or more modalities, 

such as surgery (for breast cancer), radiotherapy, or chemotherapy (WHO, 2024).  

The main goal of surgery is to excise the cancerous tissue and ascertain its phase. 

Therapeutic surgery involves mastectomy (complete or conservative surgical removal of 

the breast). Radiotherapy is usually used after surgery to destroy the remaining cancer 

cells in breast cancer and to a lesser extent as a treatment for leukemia (ACS, 2022).   

In addition, for leukemia, medical practices such as leukapheresis are used, which is a 

technique that consists of selectively extracting leukocytes from circulating blood through 

centrifugation, with the remanent of the blood content being returned to the patient to 

reduce the leukocytosis that may occur. As well as bone marrow transplantation, which 

consists in transplanting stem cells from a donor with healthy bone marrow to replace 

damaged or destroyed bone marrow (Ortega Sánchez et al. 2007). 

On the other hand, for breast cancer, other treatments are used, such as hormone therapy, 

to inhibit the growth of breast cancer cells with positive hormone receptors (HR); as well 

as targeted therapy with trastuzumab, a monoclonal antibody specifically designed to 

target the HER2 protein directly, available for the treatment of the HER2+ subtype (ACS, 

2022). Recently, immunotherapies have emerged as a treatment option due to their 

ability to initiate an anti-tumor immune response (Wu & Waxman, 2018). This can involve 

either stimulating the patient's immune system or administering components of the 

immune system. 

Despite significant advancements in the treatment of breast cancer and hematologic 

cancers, chemotherapy remains a cornerstone of cancer treatment. Chemotherapy 

involves the administration of chemical compounds or medications aimed at combating 

cancer. These medications vary widely in their chemical composition, treatment 
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schedules, methods of administration, effectiveness against specific types of cancer, and 

potential side effects (ACS, 2022). 

Chemotherapies can be categorized based on their mechanism of action, chemical 

structure, and their interactions with other drugs into: 

2.2.3.1 Alkylating agents  

Alkylating treatments function by damaging cells' DNA, thereby hindering their 

replication. These agents are effective across all stages of cell division and are employed 

in addressing diverse cancers, including cancer in the lung and breast, as well as ovarian 

cancer, leukemia, lymphoma, Hodgkin's disease, multiple myeloma, and sarcoma. Due to 

their DNA-damaging effects, alkylating agents also affect the bone marrow that generates 

new blood cells. Examples of common alkylating agents include carboplatin, cisplatin, 

cyclophosphamide, ifosfamide, and oxaliplatin, among others (ACS, 2022). 

2.2.3.2 Antimetabolites  

Antimetabolites disrupt the synthesis of nucleic acids by integrating into their molecular 

structure certain nucleic bases thanks to an antagonism mechanism that finds its 

explanation in the structural analogy with the bases involved (Coeffic et al 2002). When 

these agents act, DNA replication is hindered, preventing cell division. They are frequently 

employed in treating leukemias, breast, ovarian, and gastrointestinal cancers, among 

others. Antimetabolites like 5-fluorouracil (5FU), 6-mercaptopurine (6-MP), and 

Capecitabine (Xeloda), Gemcitabine (Gemzar), Methotrexate (Mtx), Thioguanine, among 

others are examples. 

2.2.3.3 Antitumor antibiotics  

These medications function by altering the DNA within cancer cells to inhibit their ability 

to proliferate and replicate.  

2.2.3.3.1 Anthracyclines: Anthracyclines are antibiotics with antitumor properties that 

disrupt enzymes crucial for DNA replication during the cell cycle. They bind to DNA, 

preventing its replication and thus halting cell division. Anthracyclines are extensively 

used in treating various cancers. Examples include Daunorubicin, Doxorubicin, and 

Epirubicin. A significant concern with these drugs is their potential to cause irreversible 

heart damage if given in high doses. Therefore, strict lifetime dose limits, also known as 

cumulative doses, are imposed when using these medications. 



 14 

Other antitumor antibiotics that are not anthracyclines include Bleomycin, and 

Mitomycin-C, among others (Tacar O. et al., 2013; Khasraw M. et al., 2012).  

2.2.3.4 Topoisomerase Inhibitors  

Also known as plant alkaloids, disrupt enzymes called topoisomerases, crucial for 

separating the strands of DNA during replication. These medications target certain 

leukemias and are effective against lung, ovarian, gastrointestinal, colorectal, and 

pancreatic cancers. They are categorized based on the type of enzyme they target: 

2.2.3.4.1 Topoisomerase I inhibitors (also termed as camptothecins) Irinotecan and 

Topotecan are examples.  

2.4.4.2 Topoisomerase II inhibitors (also termed as epipodophyllotoxins) Etoposide 

(ETO), Mitoxantrone (also functions as antitumor antibiotic), and Teniposide are some 

examples  (Bazun K. et al., 2020; Wood L. et al., 2006).   

  

Treatment of breast cancer and hematologic cancers mainly includes chemotherapies such 

as cyclophosphamide (CTX), anthracyclines (such as doxorubicin, DOX or epirubicin, 

EPI), etoposide (ETO), methotrexate (MTX), among others (Bayón et al. 2020).   

  

2.2.4 Cyclophosphamide (CTX)  

It is an alkylating agent indicated for the treatment of various neoplasms such as malignant 

lymphoma, multiple myeloma, leukemias, sarcomas, neuroblastoma, ovarian and breast 

carcinoma, among others. It is also employed in the treatment of Hodgkin's lymphoma and 

serves an immunosuppressant in lupus erythematosus, severe rheumatoid arthritis, 

rheumatoid vasculitis and is part of the conditioning regimen for bone marrow transplant 

(VADEMECUM 2022).  

Cyclophosphamide disrupts normal DNA function through alkylation and by preventing 

cell division by forming cross-links between DNA strands, which unbalances cell growth 

and results in cell death. The drug is rapidly distributed after intravenous administration 

throughout the body, including the brain and cerebrospinal fluid (CSF). This drug passes 

through the placenta and is detectable in breast milk. The plasma half-life of 

cyclophosphamide fluctuates between 4-8 hours and the primary drug and its metabolites 

are expelled through urine in proportions of <20% and 85-90%, respectively (PLM 2018).  



 15 

After its absorption through the digestive tract, it undergoes a metabolic activation 

dependent on the hepatic cytochrome P450 system (mainly CYP 2B6 and 3A4 (Ahlmann 

and Hempel 2016)) (which generates a hydroxylation reaction in the oxazosphorin ring) 

forming 4-hydroxycyclophosphamide, a metabolite that is in equilibrium with its tautomer 

aldophosphamide. In tumor cells, aldophosphamide is spontaneously cleaved to generate 

acrolein and phosphoramide mustard. The latter would be the cause of the cytotoxic effects 

by eliminating chloride, resulting in the formation of a cation cyclic aziridinium. This 

reactive cation is rapidly targeted by various nucleophiles, such as guanine residues, 

leading to the alkylation of its nitrogen 7. This mechanism liberates the alkylating agent, 

enabling its interaction with the second side of the 2-chloroethyl chain to form another 

covalent bond with other nucleophile and subsequently alkylating the 7 nitrogen of the 

guanine residues of the DNA (Emadi et al. 2009). In DNA, guanine pairs with cytosine 

residues, its complementary nitrogenous base. However, when alkylated, the guanine 

residue becomes more acidic and the enolic form predominates. During DNA synthesis, 

modified guanine can mispair thymidine residues leading to the replacement of the 

thymine-adenine base pair with guanine-cytokine, resulting in the cross-linking of two 

strands of nucleic acids and giving rise to mutagenic effects. Furthermore, alkylation 

makes the imidazole ring more labile, causing it to open or the guanine to be cleaved, 

causing serious damage to the DNA strand. These damages are recorded, leading to the 

beginning of the apoptotic process (Liberman et al. 2008).  

While CYP cytotoxicity is attributed to DNA cross-linking, much remains unknown about 

how cell death is initiated and carried out through this process (Goldstein et al. 2008). 

However, biochemical characteristics observed in CYP-induced cell demise in MCF-7 

indicate apoptosis with phosphatidylserine exposure and late-phase plasma membrane 

permeabilization. This mechanism can induce dose-dependent cell cycle detention in 

G0/G1, S, or G2/M phases. At low doses (1-5 mM), cells accumulate in the G0/G1 phase 

compared to controls, allowing time for DNA damage repair. At higher concentrations, 

the severity of damage surpasses the repair capacity, leading to cell death. Additionally, 

there is a rise in caspase 8 and 9 activity that varies with concentration, and this effect is 

countered by Z-VAD-FMK (a general caspase inhibitor). The use of this inhibitor prevents 

CYP-induced cell demise, highlighting the dependence of cell demise on caspases. On the 
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other hand, treatment with CYP led to an increase in the active p53 protein that was related 

to the upregulation of other proteins such as p21 and Fas, contrary to what was observed 

in the modulation of the Bax/Bcl-2 ratio, where no changes in expression were found. 

Nevertheless, more research is necessary to elucidate the roles of both internal and external 

pathways in CYP-induced apoptosis (Singh et al. 2009).  

For solid tumors treatment, cyclophosphamide is administered intravenously, 

conventional doses typically range from 400-1000 mg/m2 either alone or in combination 

with 5-fluorouracil, etoposide, methotrexate, or doxorubicin. Metronomic therapy 

protocols for treating solid tumors and multiple myeloma involve daily administration of 

cyclophosphamide at doses ranging from 25-100 mg of cyclophosphamide, sometimes in 

combination with cytostatics or other drugs. Thus far, metronomic therapy regimens have 

been limited to clinical studies aimed at optimizing treatment and are not yet established 

as standard therapy (Ahlmann and Hempel 2016).   

Treatment with cyclophosphamide can more or less frequently promote adverse effects 

such as myelosuppression on bone marrow and spleen, leukopenia and thrombocytopenia, 

cardiotoxicity, hepatotoxicity, hemorrhagic cystitis, and nephrotoxicity (all these effects 

are dependent on high doses), nausea, alopecia, and vomiting may also occur (Ahlmann 

and Hempel 2016; PLM 2018).  

  

2.2.4.1 Cell death resistances  

The most relevant factor governing how cells respond to cyclophosphamide is their 

intrinsic susceptibility to apoptosis after DNA damage (Emadi et al. 2009). However, 

deregulations in the cell death machinery can result in resistance to cell death, which is 

associated with carcinogenesis. Evading cell death is part of the previously mentioned 

cancer hallmarks. Cells primarily evade death by impairing key cellular function of the 

tumor suppressor protein p53. Additionally, tumors can achieve similar effects by 

upregulating antiapoptotic proteins like Bcl-2 and Bcl-xL, enhancing survival signals such 

as insulin-like growth factors (IGF1/2), downregulating the expression of apoptosis-

promoting proteins such as Bax, Bim, and PUMA, or blocking the extrinsic pathway of 

apoptosis triggered by death ligands. The structure of the RCD machinery and the 

strategies employed by cancer cells to escape its functions reflect the diverse adaptations 
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within cancer cell populations as they progress towards malignancy. (Hanahan and 

Weinberg 2011).  

Moreover, bone marrow (BM) is a specialized area supporting T-ALL development. The 

interaction between T-ALL cells and the microenvironment promotes cancer cell survival 

and shields them from chemotherapy. Two distinct bone marrow niches exist: osteoblastic 

and vascular. The osteoblastic one supports hematopoietic stem cells (HSCs) quiescence, 

whereas the vascular one promotes cell growth, cell differentiation, and mobilization 

(Pastorczak et al. 2021, Chiarini et al. 2016).  

Mature and immature cells of myeloid origin have a role in immune evasion in ALL. The 

immature myeloid populations participating in immunoregulation are the myeloid-derived 

suppressor cells (MDSCs). The mature myeloid populations encompass granulocytes, 

monocytes, macrophages, and dendritic cells (DCs). Every cells enriche the vascular niche 

producing HSCs-supporting chemokines and cytokines, including stromal-derived factors. 

Macrophages get immunosuppressive characteristics and transform into tumor-associated 

macrophages (TAMs) or leukemia-associated macrophages (LAMs). The majority of 

LAMs exhibit an M2-like phenotype, which has been demonstrated to promote survival 

signals in T-ALL.   

Numerous studies in vitro have indicated that ALL cells are not efficiently eliminated by 

NK cells. It has been observed that leukemia progression alters the education and 

maturation of NK cells. ALL cells evade NK cell-mediated lysis primarily by reducing the 

expression of ligands for the NK cells-activating receptors (Pastorczak et al. 2021). 

However, as the tumor advances, signals from tumor cells and their surrounding 

microenvironment disrupt the dendritic cells differentiation, maturation, and function 

converting them into immunosuppressive types that promote tumor growth (Valencia et 

al. 2019).  

This evidence makes the hallmark of resistance to cell death one of the main targets of 

cancer therapies. In this sense, multiple or combinational therapy has been introduced in 

an attempt to overcome the resistance that tumor cells present to conventional treatments.  
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2.3 COMBINATIONAL THERAPY: THE FIVE UNITS IN ONE UNIT  

  

“I also began contacting scientists about the heterogeneity of cancers from a therapeutic 

standpoint. In other words, if the solution to cancer heterogeneity is reaching a broad  

spectrum of molecular targets, the existing chemistry and approved therapeutics are too 

toxic to accomplish that. Therefore, we should be looking at softer chemicals that can  

easily be combined to reach a broader spectrum of high-priority molecular targets”. 

Leroy Lowe  

  

In the search to increase the therapeutic effect of chemotherapy with lower doses, multiple 

studies of combinatorial therapies have been published under this term.  

Although combination therapy can pose toxicity risks when using chemotherapeutic 

agents, the toxicity is significantly mitigated due to their distinct mechanisms of action. 

Ultimately, these agents work synergistically or additively, allowing for lower therapeutic 

doses required of each drug (Mokhtari et al., 2017). These interactions are categorized as: 

● Additive: Combined effect equals the cumulative of individual responses (1 + 1 = 

2). 

● Synergy: The joint response exceeds the total of the sole effects (1 + 1 = 7). 

● Potentiation: type of synergy in which one substance that has no effect enhances 

the toxic effects of another in a specific area of the body (0 + 1 = 5). 

● Antagonism: The overall response is smaller than the cumulative effect of each 

part (1 + 1 = 0) (CIDTA). 

Chou and Talalay (1983) introduced the combination index (CI) as a quantifiable measure 

of synergism or antagonism of 2 or more drugs through a general equation. A CI of 1 

signifies an additive effect, a value below 1 signifies synergy, and a value above 1 

signifies antagonism (Chou & Talay 1983).  

Based on the induction of pharmacological synergism, the combined treatment reduces 

toxicity to healthy cells while enhancing the cytotoxic impact on cancerous cells. This 

happens when one drug in the regimen counteracts the other drug's effects in non-cancer 

cells, effectively shielding them from damage (Mokhtari et al. 2017).  
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In this sense, various studies have explored the effects of conventional chemotherapies in 

combination with immunotherapies (Wu and Waxman 2018).  

  

2.3.1 Immunepotent CRP (ICRP)  

The leukocyte dialysate, Immunepotent CRP (ICRP), is a bovine spleen extract (bDLE) 

(Martínez Torres et al. 2018). In vitro, it has been described for its cytotoxic effect in 

various cancer types including cancer of the breast (MCF-7, BT-4T4, and MDA-MB-453) 

(Franco Molina et al. 2006; Reyes-Ruiz et al. 2021), as well as in leukemic cells (K562, 

MOLT-3, and MOLT-4), without affecting the viability of mononuclear cells from the 

peripheral blood (PBMC) (Sierra-Rivera et al. 2016; Lorenzo-Anota et al. 2020), verifying 

the ICRP-selectivity towards tumor cells.   

Concerning chemotherapy, clinical phase studies with the ICRP improved the well-being 

of patients with lung and breast cancer receiving standard chemotherapy treatments, with 

an observed rise in overall leukocytes and subsets of T lymphocytes (Franco-Molina et al. 

2008; Lara et al. 2010). 

Furthermore, ICRP has demonstrated myeloprotective effects in murine models treated 

with 5-fluorouracil (5-FU), maintaining a normal serum leukocyte, granulocyte, and 

erythrocyte count (Coronado Cerda et al. 2016). Subsequent studies demonstrated that 

treatment with ICRP + oxaliplatin (OXP) induced an increase in cell death compared to 

monotherapy (Rodríguez-Salazar et al. 2017). More recently, the effect of ICRP in 

combination with Doxorubicin/Cyclophosphamide and its impact on the tumor 

microenvironment was evaluated, identifying a reduction in tumor volume, improved 

survival, and modulation of CD8+ cells both locally within tumors and systemically, 

alongside inhibition of PD-L1, Gal-3, and IL-10 (Santana-Krimskaya et al. 2020).   

Altogether, these results propose that ICRP can increase the cell death and antitumor effect 

of chemotherapy even though the protection is provided by the bone marrow 

microenvironment.  

 

 



 20 

3. JUSTIFICATION  
  
  

Chemotherapy remains the backbone of cancer treatment despite multiple adverse effects 

on immune system cells, and in spite, cancer cells can develop resistance to cell death. 

Combination therapy has been suggested as an alternative to address these issues. Under 

this concept, the combination of chemotherapies with immunotherapies has been carried 

out to reduce cell death resistance by triggering several mechanisms of cell death 

simultaneously, by overcoming the bone marrow microenvironment protection, and 

reducing adverse effects.  

In this sense, Immunepotent CRP is an immunotherapy with a selective cytotoxic capacity 

that could be a promising agent to give the chance to reduce the doses required to 

counteract the tumoral process and prevent adverse effects. However, there is a lack of 

information concerning the cytotoxic effect and the type of combined effect induced by 

ICRP in combination with chemotherapy against breast cancer and hematologic cancers. 

This thesis pretended to elucidate the cellular death mechanism triggered by combining 

ICRP with CTX to pave the way on the effect induced by this combination to determine 

if it could be used to overcome cell death resistance and to determine if ICRP could have 

a protective effect against the chemotherapy-induced damage .  
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4. HYPOTHESIS  
 

IMMUNEPOTENT CRP enhances the therapeutic efficacy of chemotherapy against 

breast cancer and hematological malignancies, without increasing its cytotoxicity in 

immune system cells. 

 

 

 

5. OBJECTIVES  
 

 

GENERAL OBJECTIVE: 

Assessing the effect of combining IMMUNEPOTENT CRP with chemotherapy on tumor 

and non-tumor cells 

 

SPECIFIC OBJECTIVES: 

1. To analyze the cytotoxic and antitumor effects induced by the combination of 

chemotherapy with ICRP in breast cancer cells and hematological malignancies. 

 

2. To analyze the cytotoxicity induced by the combination of chemotherapy with 

ICRP on immune system cells 
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6. RESULTS 
 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1. STUDY OF THE CYTOTOXIC EFFECT INDUCED 
BY IMMUNEPOTENT CRP IN COMBINATION WITH 

CHEMOTHERAPIES IN CANCER CELLS 
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1.1 The bovine dialyzable leukocyte extract, Immunepotent CRP, 
synergically enhances cyclophosphamide-induced breast cancer cell 

death, through a caspase-independent mechanism. 
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1.2 Synergistic Enhancement of Chemotherapy-Induced Cell Death 
and Antitumor Efficacy Against Tumoral T-Cell Lymphoblasts by 
IMMUNEPOTENT CRP, a Bovine Dialyzable Leukocyte Extract 
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CHAPTER 2. STUDY OF THE CYTOTOXIC EFFECT INDUCED 
BY IMMUNEPOTENT CRP IN COMBINATION WITH 

CHEMOTHERAPIES IN IMMUNE SYSTEM CELLS 
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2.1 CYCLOPHOSPHAMIDE AND EPIRUBICIN INDUCE HIGH 
APOPTOSIS IN MICROGLIA CELLS WHILE EPIRUBICIN 

PROVOKES DNA DAMAGE AND MICROGLIAL ACTIVATION 
AT SUB-LETHAL CONCENTRATIONS 
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2.2 IMMUNEPOTENT CRP PROTECTS MICROGLIA CELLS 
FROM EPIRUBICIN-INDUCED DAMAGE 

 

 
2.2.1 INTRODUCTION 

 
Before chemotherapy emerged in the early twentieth century, cancer was primarily treated 
with surgery or radiation. In the early 1900s, Paul Ehrlich coined the term “chemotherapy” 
to describe the use of chemicals to combat cancer (DeVita V. & Chu E., 2008). Due to its 
effectiveness in targeting rapidly dividing cells, a key hallmark of cancer, chemotherapy 
remains a fundamental treatment option even with the advent of newer therapies (Bianna 
& Lee S., 2023). These drugs are categorized based on their type; examples include 
alkylating agents, alkaloids, antibiotics, and antimetabolites. They disrupt cell growing by 
targeting nucleic acids and metabolic pathways. Antimetabolites act on enzymes involved 
in purine or pyrimidine metabolism, while alkaloids target β-tubulin in the cytoskeleton 
and mitosis (Schirrmacher V., 2019). Because chemotherapy circulates throughout the 
body, it impacts both cancerous and healthy cells indiscriminately. This can lead to a range 
of side effects, varying in severity depending on the specific drugs used, dosage, and 
individual patient response. (Bianna & Lee S., 2023; Hanahan D. & Weinberg R., 2011). 
Common side effects include nephro-, hepato-, neuro-, cardio-, and ototoxicity, as well as 
impact on bone marrow and immune system cells (van den Boogaard, W. M. C. et al., 
2022).  
Additionally, up to approximately 70% of cancer survivor soften face persistent challenges 
with cognition, including memory, focusing, attention, processing speed, and problem-
solving abilities, collectively known as cancer therapy-related cognitive impairment 
(CRCI) (Demos-Davies, K. et al., 2023). Recent studies on the mechanisms underlying 
CRCI indicate disruptions to the structure and function of neural circuits, highlighting the 
role of microglia, the specialized immune cells of the central nervous system (CNS), in 
the neural dysfunction following cancer treatments (Gibson, E. M., & Monje, M., 2021). 
Research on CRCI suggests that some chemotherapeutic drugs generate reactive oxygen 
species (ROS) and inflammatory cytokines that compromise the blood-brain barrier 
(BBB), leading to neuroinflammation, oxidative stress, and microglial activation, which 
in turn result in neurocognitive changes (Santos & Pyter, 2018; Ren et al., 2019). 
To face this issue, recently much attention has been paid to the use of immunotherapies 
(Schirrmacher V., 2019). IMMUNEPOTENT CRP (ICRP), a dialyzed extract of 
leukocytes from bovine origin has been shown to modulate LPS-induced nitric oxide (NO) 
and ROS overproduction in murine peritoneal macrophages and peripheral blood 
mononuclear cells (Franco Molina et al., 2011; 2005b). On the other hand, in a murine 
model treated with 5-Flurouracilo (5-FU), an elevation in bone marrow cell count and a 
decrease in ROS generation by ICRP were reported (Coronado Cerda et al., 2016). 
However, until now it has not been studied whether ICRP can protect from the damage 
caused by chemotherapeutic agents on immune system cells from CNS, such as the 
microglia cells. This work aimed to evaluate the protective effect of ICRP on microglial 
cells against a stimulus of damage induced by chemotherapies. 
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2.2.2 METHODS 

 
Cell culture mediums and reagents  
Cells were maintained in either DMEM-F12 or RPMI-1640, based on the cell line, with 
both media fortified with 10% fetal bovine serum (FBS) inactivated by heating and 1% 
penicillin-streptomycin (GIBCO by Life Technologies, Grand Island, NY), termed 
complete DMEM or complete RPMI. The Laboratorio de Inmunología y Virología at 
Facultad de Ciencias Biológicas developed IMMUNEPOTENT CRP© (ICRP), which was 
dissolved in the appropriate complete medium. One unit of ICRP is derived from 1x108 
leukocytes. Doxorubicin (DOX) was sourced from Accord and Epirubicin (EPI) 
(Farmorubicin RD®) from Pfizer (Ciudad de México, México), both reconstituted in 
sterile water for injection. Cyclophosphamide (CTX, Cryofaxol®) was obtained from 
Cryopharma (Tlajomulco de Zuñiga, Jalisco, México) and dissolved in the respective 
complete medium. N-acetyl-L-cysteine (NAC) was prepared in water to a final 
concentration of 500 mM, and QVD.opH (QVD, 1 mM) was prepared in dimethyl 
sulfoxide (DMSO). All prepared solutions were wrapped in foil and stored as per the 
manufacturer's guidelines. 
 
Cell culture 
SIM-A9, murine microglia (ATCC® HTB-22TM) was bought to the American Type 
Culture Collection (ATCC) and maintained according to its lineaments in a cell culture 
incubator set at 37°C with 5% CO2. Cells were cultured in 25-cm3 flasks (CORNING 
Enterprises, Corning, NY) containing complete DMEM-F12.  
 
Animals  
All animal procedures were executed in compliance with the NOM-062-ZOO-1999, which 
specifies the Mexican technical standards for the production, care, and use of laboratory 
animals. The experimental strategy was reviewed and approved by the Animal Research 
and Welfare Ethics Committee (CEIBA) at the Facultad de Ciencias Biológicas, with 
registration number CEIBA-2021-016.  
Female BALB/c mice, aged eight to ten weeks and weighing 25±5 grams, were supplied 
by the animal facility at the Universidad Autónoma de Nuevo León, Mexico. The mice 
were kept in plastic enclosures in cohorts of 5 and given a 7-day adaptation period in the 
facility. They were maintained at a temperature of 21±3°C, with 55%±10% humidity, and 
cycles of 12-hour light/dark. They were provided unrestricted access to rodent 
maintenance diet (LabDiet, St. Louis, MO) and water. Their health status was monitored 
daily. For all experiments, the mice were allocated randomly into distinct groups. 
 
Lymphoid and peripheral blood mononuclear cells (PBMC) isolation and death 
Mice were anesthetized and sacrificed, followed by the collection of blood samples, 
spleen, femur, and tibia. PBMC isolation was carried out through centrifugation and 
separation based on density gradient using Ficoll-Paque™ PLUS (GE Healthcare, 
Chicago, Illinois), from which the PBMC population was collected. The spleen was 
processed through a 70 μM cell strainer with PBS, and bone marrow cells were extracted 
by flushing the femur and tibia into complete RPMI. All cells were cultured at 2x105 
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cells/well in complete RPMI at 37°C in an atmosphere of 5% CO2. Cells were exposed to 
the cytotoxic concentrations of tumoral cells for 24 hours, and cell death was assessed as 
described in the corresponding section. 
 
Cell death analysis 
Cells were treated with ICRP (0.25 U/mL), DOX (0.1-20 μM), EPI (0.1-5 μM), or CTX 
(2-20 mM) to determine cytotoxic concentrations (CC) for combination analysis. For 
subsequent experiments, cells were exposed to combinations of ICRP+DOX, ICRP+EPI, 
or ICRP+CTX for 24 hours in plates of 24 wells (Life Sciences). After treatment,  cells 
were collected, rinsed with PBS, and then resuspended in 100 μL of binding buffer (10 
mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) containing Annexin-V-APC 
(1 μg/mL, BD Pharmingen, San Jose, CA) to measure cell death using a BD Accuri 6 flow 
cytometer (Becton Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo Software 
(LCC, Ashland, OR). 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
ROS production analysis 
Bone marrow and spleen were seeded at a concentration of 2x106 cells/mL, using U-
bottom 96-well plates (CORNING®), whereas SIM-A9 was seeded at a concentration of 
3.5x104. EPI (5 µM), DOX (20 µM), and CTX (20 mM) were added to the peripheral 
immune system cells, and EPI (1 µM), DOX (1 µM), and CTX (15 mM) were added to 
SIM-A9, along with their combination with ICRP (0.25 U/mL). The cultures were 
incubated at 37°C for 24 hours in controlled humidity with 5% CO2. Harvested cells were 
treated with 0.02 mM DCFDA, followed by a 30-minute incubation at 37°C. After 
washing, ROS levels were measured using flow cytometry as mentioned above. 
 
NO production analysis 
SIM-A9 was seeded as mentioned above. EPI (1 µM), ICRP (0.25 U/mL), and their 
combinations were added. Treatments were incubated as mentioned above. At the end, 
harvested cells were stained for 30 minutes using 1.3 µM DAF-FM at 37°C. Cells were 
then rinsed using PBS two times, and the amount of NO was determined by flow 
cytometry using the Accuri C6 cytometer (BD Biosciences). 
 
Cell death inhibition 
SIM-A9 was seeded as mentioned above. SP-1 (15 µM) was added for 30 minutes before 
treatment with EPI (1 µM) and its combination with 0.25 U/mL ICRP following 
previously mentioned incubation conditions. Cells were then collected and AnnV staining 
was used for quantification of the cell death-percentage obtained through flow cytometry. 
 
Statistical analysis 
Data is displayed as graphs showing the mean ± SD of triplicate measurements from a 
minimum of three independent experiments. GraphPad Prism software was used to 
analyze the data (San Diego, CA). For in vitro studies, paired Student’s t-tests was used, 
while unpaired Student’s t-tests was applied for cytotoxicity studies in PBMCs. A 
statistical significance was assigned to results with a p-value below 0.05. 
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2.2.3 RESULTS 

 
EPI, DOX, and CTX are cytotoxic in bone marrow, spleen, PBMC, and microglia 
We have previously demonstrated the cytotoxic effect induced by EPI, CTX, and DOX in 
breast and hematologic cancer cells (de la Hoz Camacho et al. 2022; Rivera Lazarin et al., 
2024 in revision). Thus, to assess the cytotoxicity induced by these chemotherapies in 
immune system cells, we determined the cytotoxicity induced by the CC50 of cancer cells 
in the immune system and microglia cells. Our results show that EPI, DOX-induced 30% 
cell death, and CTX 80%-cell death in bone marrow (Fig. 1A) and spleen (Fig. 1B). On 
the other hand, treatments induced 10-50% of PBMC death (Fig. 1C). However, higher 
cell death was induced in SIM-A9 by all the chemotherapies tested showing 60-80% 
microglia cell death (Fig. 1D). 
 

 
Figure 1. The cytotoxic effect induced by EPI, DOX, and CTX in bone marrow, spleen, PBMC, and 
SIM-A9. Murine bone marrow (A), spleen (B), PBMC (C), and SIM-A9 (D) were treated for 24 hours with 
5 µM epirubicin, 20 µM doxorubicin, and 20 mM cyclophosphamide. The percentage of cell death was 
evaluated using the exclusion of trypan blue staining. The graphs represent the average ± standard deviation 
from a minimum of three separate experiments, each executed in triplicate. * (p < 0.05), ** (p < 0.01), *** 
(p < 0.001), **** (p < 0.0001). 
 
Given the cytotoxicity induced by chemotherapies in non-tumoral immune system cells, 
we decided to evaluate whether ICRP could reverse this effect. 

For this purpose, we evaluated several concentrations of ICRP in combination with EPI, 
to find an optimal concentration in which ICRP could exhibit a protective effect. Our 
results showed that the concentration of 0.25 U/mL was optimal for use in combination, 
as it was the maximum concentration at which a decrease in EPI-cytotoxicity was 
observed (Supplementary Fig. 1S). 

Sublethal doses of ICRP protect bone marrow, spleen, and microglia cells  
 
Figure 2A illustrates a significant reduction in the cell death proportion in bone marrow 
cells treated with 5 μM EPI, 20 μM DOX, and 20 mM CTX of about 10% in combination 
with 0.25 U/mL ICRP. Likewise, this effect is seen in spleen cells treated with EPI and 
DOX in combination with ICRP of approximately 50% (Fig. 2B). However, Figure 2C 
shows no significant decrease in the percentage of PBMC-cell death when treated with 
EPI, DOX, and CTX in combination with ICRP Additionally, a reduction of about 30% 
was induced by the treatment with 1 μM EPI, 1 μM DOX, and 15 mM CTX (the CC50 of 
each chemotherapy in SIM-A9 as these cells resulted highly sensitive to cancer-cytotoxic 
concentrations. Supplementary Fig. 2S) in combination with ICRP (Fig. 2D). 
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Figure 2. The protective effect induced by ICRP in bone marrow, spleen, PBMCs, and SIM-A9 against 
CC50 EPI, DOX, and CTX-cytotoxicity. Murine bone marrow (A), spleen (B), PBMCs (C), and SIM-A9 
(D) were treated for 24 hours with EPI (5 µM), DOX (20 µM), CTX (20 mM), and 0.25 U/mL ICRP, as 
well as their combinations. Cell death percentage was assessed using the trypan blue exclusion method. The 
graphs illustrate the mean ± standard deviation from a minimum of three separate experiments, each 
executed in triplicate. Statistical analysis was performed, where ns indicates not significant, * indicates p < 
0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001. 
 
Once we demonstrated the potential of ICRP to protect lymphoid immune system cells 
against chemotherapy-cytotoxicity, we used microglia cells (the main cell orchestrating 
CRCI) to further identify the mechanism by which this protection occurs, using EPI as it 
has previously been reported to induce ROS and NO production, as well as microglia 
activation (de la Hoz Camacho et al., 2022). 
 
 
ICRP decreases ROS and NO production in microglia cells treated with EPI 
Analysis showed that EPI and ICRP increased DCFDA+ SIM-A9 cells, which was 
diminished by combining EPI+ICRP (Fig. 3 left panel). This reduction in ROS production 
induced by combining EPI+ICRP is significantly lower than EPI-monotherapy (Fig. 3 
right panel). 
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Figure 3. Antioxidant effect of ICRP with EPI in SIM-A9. SIM-A9 was treated with the CC50 EPI (1 μM) 
and ICRP (0.25 U/mL) for 24 hours. ROS production was measured using DCFDA. Representative 
histograms obtained by flow cytometry and graphs representing the average ± SD. * (p < 0.05), ** (p < 
0.01), *** (p < 0.001), **** (p < 0.0001). 
 
Furthermore, cells exhibited a significant reduction in NO production when treated with 
the combination of CC50 EPI with ICRP (Fig. 4). 

 
Figure 4. Modulatory effect of ICRP with EPI in SIM-A9. SIM-A9 was treated with 1 μM EPI and ICRP 
(0.25 U/mL) for 24 hours and analyzed through flow cytometry. NO production was measured using DAF. 
The graph represents the average ± SD. * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 
 
 
ICRP triggers autophagy in microglial cells as a protective response 
Recent studies suggest that autophagy could decrease activation markers and play a 
neuroprotective role against cytotoxic agents such as chemotherapy in microglia cells. 
Therefore, we decided to evaluate the formation of autophagosomes as a protective 
mechanism. Figure 5A demonstrates that both ICRP and EPI significantly enhance 
autophagosome formation compared to the control. However, Combining ICRP with EPI 
significantly induced a higher production of autophagosomes compared to either treatment 
by itself. Furthermore, inhibiting autophagosome formation with SP-1 led to a significant 
increase in cell death induced by EPI, ICRP, and their combination, suggesting that 
autophagy has a protective role. 
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Figure 5. ICRP-mediated autophagosome formation as a protective mechanism against EPI-induced 
cytotoxicity. SIM-A9 was treated with or without SP-1, followed by 24 hours incubation with the CC50 of 
EPI and ICRP (0.25 U/mL) and analysis by flow cytometry. A) Autophagosome formation was evaluated 
using CYTO-ID. B) AnnV staining used for cell death analysis. Graphs illustrate the average ± SD. * (p < 
0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 
 
 
2.2.4 DISCUSSION 

 
While chemotherapies are effective against tumors, they also cause side effects by 
indiscriminately targeting non-cancerous tissues. Immune system cells are frequently 
substantially damaged by cancer treatment, affecting the entire body (Verma R. et al., 
2016) or different organs like the liver, and lungs, and recently reported for causing 
chemotherapy-induced cognitive impairment (CRCI), suggesting microglia as the main 
contributor to this issue (Matsos A. et al., 2017; Gibson E. M. et al., 2019).  

Throughout this work, our objective was to assess whether ICRP shields against 
chemotherapy-induced damage.. The findings in this study were noteworthy, particularly 
highlighting that SIM-A9 cells exhibited the highest susceptibility to EPI, DOX, and CTX-
induced cytotoxicity when tested at the CC50 in tumor cells. Previously it has been reported 
that microglia in the central nervous system are often more metabolically active than 
macrophages (Deng Y. et al., 2024), which let us hypothesize that this feature increases 
their susceptibility to the oxidative stress and therefore apoptosis triggered by 
chemotherapy as demonstrated by DOX in murine lymphocytes and EPI and CTX in 
microglia cells (Kim H.S. et al., 2009; de la Hoz-Camacho et al., 2022). 

An important objective of combinatorial therapy is to reduce chemotherapy toxicity. 
Ideally, drugs used to mitigate toxic effects should not cause side effects themselves 
(Panchenko et al., 2018). From this overview, we decided to evaluate whether ICRP could 
reduce the cell death caused by chemotherapy. Our results showed that ICRP protects the 
spleen, bone marrow, and SIM-A9 cells. Similar results were reported before by 
combining Angelica polysaccharide (ASP) with 5-FU, which inhibited 5-FU-induced 
hepatocyte apoptosis presumptively by enhancing the transcriptional activity of Nrf2 and 

https://www.thesaurus.com/browse/presumptively
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by reducing the upregulation of Keap1 expression triggered by 5-FU (Zeng D. et al., 
2021). Moreover, Immunepotent CRP, in combinational treatment with 5-FU, generates 
protection for bone marrow by reducing ROS/superoxide formation and Nrf2 activation 
(Coronado-Cerda et al., 2016), thus a reduction in ROS production could also be a 
mechanism implicated in the ICRP-mediated protection observed in spleen cells.  

Since studies have shown that excessive ROS levels surpassing cellular regulatory 
mechanisms may harm microglia and result in cellular demise (Li J. et al., 2022), we 
decided to analyze whether a reduction in ROS generation could be a mechanism involved 
in the ICRP protection to microglia-cell death. Our results demonstrate that ICRP in 
combination with EPI could reduce ROS and NO production in microglia cells. Similarly, 
H2O2-induced microglia-cell death could be alleviated by cotreatment with 
polysaccharides obtained from Polygonatum cyrtonema Hua (PCP), which alleviated the 
ROS overload triggered through H2O2 (Li J. et al., 2022). Another research using a 
Physalis alkekengi L. var. francheti fruit extract (PAFE) decreased NO production in a 
microglia cell line and primary microglia without reducing cell viability by decreasing 
iNOS and COX-2 expression under a LPS-stimulus (Park B. H. et al., 2021). 

Recently, limited research has explored autophagy's function in microglia and the potential 
consequences of its dysregulation on cell survival (Plaza-Zavala A. et al., 2017). Here we 
showed that ICRP combined with EPI protects microglia from cell death through an 
autophagosome-formation-dependent mechanism.  This protection of microglia cells 
against a damaging stimulus that relies on autophagosome formation was also previously 
reported by the use of ferulic acid (FA) which enhance autophagy flux at both the gene 
and protein levels while also inhibiting the expression of inflammatory proteins. (Chen X 
et al., 2023). Altogether the results of this work highlight ICRP as an agent that protects 
healthy cells against the damage induced by chemotherapy for improving CRCI outcomes. 
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7. CONCLUSIONS 
 

From the results obtained in the present thesis, we can conclude that 

combining ICRP with several chemotherapies synergically potentiates cell 

death in breast and hematologic cancer cells. Also, the combination of 

ICRP+CTX can function even in cells lacking caspases, as its cell death 

mechanism is caspase-independent in breast cancer and the CC50 ICRP+CC50 

CTX combination in murine T-cell lymphoblastic lymphoma. Additionally, 

the combination of ICRP+CTX-improved tumor regression in T-cell 

lymphoblast tumor-bearing mice model. Furthermore, the combination of 

ICRP with chemotherapies does not potentiate cell death in non-tumor 

immune system cells.  

 

The results obtained in this work provide evidence of ICRP as a promising 

immunotherapy to use in combination with several chemotherapies and 

different types of cancer and highlight a new approach to the use of dialyzable 

leukocyte extracts in hematologic cancer treatment.  
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8. PERSPECTIVES 
 

● To evaluate the antitumor effect of combining ICRP and CTX in breast 

cancer cells. 

● To assess the antitumor efficacy of ICRP combined with DOX, EPI, 

or ETO against hematologic cancer cells in vivo. 

● To investigate cell death evoked by ICRP and CTX in caspase-null-

breast cancer cells. 

● To examine the participation of the immune system in the tumor 

elimination induced by ICRP and CTX in hematologic cells. 

● To determine if ICRP+CTX can induce long-term memory following 

in vivo treatment. 

● To assess the combination effect of ICRP+CTX in hematologic cancer 

cells from patients, confirming its efficacy and potential for clinical 

trials. 

● To elucidate the key regulator of ICRP+CTX-induced cell death. 

● To explore the mechanism of overcoming the resistance to CTX-cell 

death in the presence of BMSC-microenvironment when combined 

with ICRP. 
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