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Abstract 

This PhD thesis entitled "The inflammatory tumor microenvironment as a 

target in the design of nanoconjugates for the treatment of advanced breast 

cancer" focuses on the evaluation of a novel inflammasome inhibitor (MM01) as a 

chemical tool to study the role of the inflammasasome in models of inflammation and 

cancer.  

The Chapter I includes an overview of the immune system, ASC-dependent 

inflammasomes, and the role of different types of inflammasomes in disease 

development. It also delves into the role of inflammasomes and ASC protein in breast 

cancer progression. In addition, basic concepts of nanotechnology, nanomedicine and 

therapeutic polymers are included. Finally, the advantages of using nanomedicines as 

therapeutics, the interactions of nanomedicines with biological systems, the nanodrugs 

described in the literature, as well as their translation possibilities to clinical practice 

are discussed. 

Then, the Chapter II presents the general objectives of this doctoral thesis and 

the specific objectives that are addressed in the different experimental chapters. In 

addition, the Chapter III describes all the materials and methods employed for this 

doctoral thesis. 

In Chapter IV, we delineate a novel mechanism of action for MM01, a recently 

identified modulator of inflammasome activity - the inhibition of ASC oligomerization 

and the subsequently reduced processing of pro-caspase-1 and inhibited caspase-1 

activity. We demonstrate that MM01 disrupts the ASC oligomerization process 

associated with the activity of various inflammasomes and inhibits downstream IL-1β 

release and pyroptosis in various cellular models of inflammation. MM01 also reduces 

neutrophil infiltration and pro-inflammatory cytokine accumulation in an in vivo model 

of peritonitis, used as a proof-of-concept for the therapeutic capabilities of this ASC 

inhibitor. Given the involvement of ASC function in multiple inflammasome 

complexes, treatment with MM01 may represent an effective therapeutic approach to 

treat those diseases where the activation of multiple inflammasomes is involved. 
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Taking into account the results obtained in Chapter IV, in Chapter V we 

employed our inflammasome inhibitor, MM01, to study the role of the inflammasome 

in tumor progression in different breast cancer models both in vitro and in vivo. We 

demonstrated that different breast cancer cell lines respond differently to MM01 

treatment. We developed a functional assay comprising the evaluation of breast cancer 

cell migration in response to the pro-inflammatory M1 macrophage secretome 

(inflammatory stimulus) in the presence of MM01. Certain cell lines (such as the 

EO771 cell line) displayed increased migration in response to the inflammatory 

stimulus and decreased migration in response to treatment with MM01; however, we 

also identified cell lines that respond negatively to MM01 treatment (such as the 4T1 

cell line). Finally, we demonstrated the efficacy of this functional experiment in vivo 

by demonstrating that MM01 treatment reduced tumor size in the EO771 orthotopic 

model but increased tumor size and lung metastasis in the 4T1 orthotopic model. These 

two models, which recapitulate contradictory responses to treatment with our 

inflammasome inhibitor, may be used in the future to determine biomarkers that predict 

the response. 

In Chapter VI, we developed a synthetic strategy to obtain a novel nanomedicine that 

improved the solubility and tumor-targeting of MM01 in a breast cancer model. We 

implemented a hybrid conjugation-complexation approach by comprising the 

conjugation of b-cyclodextrin to a linear poly-L-glutamic acid (PGA) (L-PGA-bCD) 

to provide with the capability of entrapping MM01 within the cyclodextrin rings in a 

concentration dependent manner yielding to L-PGA-bCD-MM01 with different 

physico-chemical characteristics (i.e. drug loading, size). The obtained nanosystem 

exhibited improved solubility in aqueous solutions compared to the free form of MM01. 

While we failed to observe a significant improvement in function in vitro compared to 

free MM01 as expected due to the different pharmacokinetics, our novel nanosystem 

demonstrated better efficacy in an orthotopic model of breast cancer by resulting in a 

more significant reduction in tumor size in those mice treated with L-PGA-bCD-MM01 

nanomedicine. 

Finally, Chapters VII and VIII deal with the discussion and general 

conclusions, respectively. 
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Resumen 
Esta tesis doctoral titulada "El microambiente tumoral inflamatorio como 

objetivo en el diseño de nanoconjugados para el tratamiento del cáncer de mama 

avanzado" se centra en la evaluación de un nuevo inhibidor del inflamasoma (MM01) 

como herramienta química para estudiar el papel del inflamasoma en modelos de 

inflamación y cáncer.  

El capítulo I incluye una descripción general del sistema inmune, los 

inflamasomas dependientes de ASC y el papel que juegan en el desarrollo de 

enfermedades. También se profundiza en el papel de los inflamasomas y de la proteína 

ASC en la progresión del cáncer de mama. Además, se incluyen conceptos básicos de 

nanotecnología, nanomedicina y polímeros terapéuticos. Finalmente, se abordan las 

ventajas de utilizar nanomedicinas como terapia, las interacciones de las nanomedicinas 

con los sistemas biológicos, los nanofármacos descritos en la literatura, así como sus 

posibilidades de traslación a la práctica clínica. 

A continuación, el capítulo II presenta los objetivos generales de esta tesis 

doctoral y los objetivos específicos que se abordan en los diferentes capítulos 

experimentales. Además, en el capítulo III se describen todos los materiales y métodos 

empleados para la realización de esta tesis doctoral. 

En el capítulo IV, delineamos un novedoso mecanismo de acción para MM01, 

un modulador de la actividad del inflamasoma recientemente identificado: la inhibición 

de la oligomerización del ASC y el subsiguiente procesamiento reducido de la pro-

caspasa-1 y la inhibición de la actividad de la caspasa-1. Demostramos que MM01 

interrumpe el proceso de oligomerización de ASC asociado a la actividad de varios 

inflamasomas e inhibe la liberación de IL-1β y la piroptosis en varios modelos celulares 

de inflamación. MM01 también reduce la infiltración de neutrófilos y la acumulación 

de citoquinas pro-inflamatorias en un modelo in vivo de peritonitis. Dada la implicación 

de la función de ASC en múltiples complejos del inflamasoma, el tratamiento con 

MM01 puede representar un enfoque terapéutico eficaz para tratar aquellas 

enfermedades en las que está implicada la activación de múltiples inflamasomas. 
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Teniendo en cuenta los resultados obtenidos en el capítulo IV, en el capítulo V 

empleamos nuestro inhibidor del inflamasoma, MM01, para estudiar el papel del 

inflamasoma en la progresión tumoral en diferentes modelos de cáncer de mama tanto 

in vitro como in vivo. Demostramos que diferentes líneas celulares de cáncer de mama 

responden de forma diferente al tratamiento con MM01. Desarrollamos un ensayo 

funcional que comprende la evaluación de la migración de las células de cáncer de 

mama en respuesta al secretoma pro-inflamatorio de los macrófagos M1 (estímulo 

inflamatorio) en presencia de MM01. Ciertas líneas celulares (como la línea celular 

EO771) mostraron un aumento de la migración en respuesta al estímulo inflamatorio y 

una disminución de la migración en respuesta al tratamiento con MM01; sin embargo, 

también identificamos líneas celulares que responden negativamente al tratamiento con 

MM01 (como la línea celular 4T1). Por último, demostramos la eficacia de este 

experimento funcional in vivo demostrando que el tratamiento con MM01 redujo el 

tamaño del tumor en el modelo ortotópico EO771 pero aumentó el tamaño del tumor y 

la metástasis pulmonar en el modelo ortotópico 4T1. Estos dos modelos, que 

recapitulan respuestas contradictorias al tratamiento con nuestro inhibidor del 

inflamasoma, podrán utilizarse en el futuro para determinar biomarcadores que 

predigan la respuesta. 

Por último, en el capítulo VI desarrollamos una estrategia sintética para obtener 

un nuevo nanomedicamento que mejora la solubilidad y la orientación tumoral del 

MM01 en un modelo de cáncer de mama. Implementamos un enfoque híbrido de 

conjugación-complejación que comprende la conjugación de b-ciclodextrina con un 

ácido lineal poli-L-glutámico (PGA) (L-PGA-bCD) para proporcionar la capacidad de 

atrapar MM01 dentro de los anillos de ciclodextrina de una manera dependiente de la 

concentración dando lugar al nanofármaco L-PGA-bCD-MM01 con diferentes 

características físico-químicas (es decir, carga de fármaco, tamaño). El nanosistema 

obtenido mostró una mejor solubilidad en soluciones acuosas en comparación con la 

forma libre de MM01. Si bien no pudimos observar una mejora significativa de la 

función in vitro en comparación con el MM01 libre, nuestro nanosistema demostró una 

mejor eficacia en un modelo ortotópico de cáncer de mama al producir una mayor 
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reducción del tamaño del tumor en aquellos ratones tratados con la nanomedicina L-

PGA-CD-MM01. 

Finalmente, en los capítulos VII y VIII se aborda la discusión y conclusiones 

generales respectivamente. 
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Resum 
Aquesta tesi doctoral titulada "El microambient tumoral inflamatori com a 

objectiu en el disseny de nanoconjugats per al tractament del càncer de mama avançat" 

se centra en l'avaluació d'un nou inhibidor de l’inflamasoma (MM01) com a eina 

química per a estudiar el paper de l’inflamasoma en models d'inflamació i càncer.  

El capítol I inclou una descripció general del sistema immune, els 

inflamasomes dependents de ASC i el paper que juguen en el desenvolupament de 

malalties. També s'aprofundeix en el paper dels inflamasomes i de la proteïna ASC en 

la progressió del càncer de mama. A més, s'inclouen conceptes bàsics de 

nanotecnologia, nanomedicina i polímers terapèutics. Finalment, s'aborden els 

avantatges d'utilitzar nanomedicines com a teràpia, les interaccions de les 

nanomedicines amb els sistemes biològics, els nanofàrmacs descrits en la literatura, així 

com les seues possibilitats de translació a la pràctica clínica. 

A continuació, el capítol II presenta els objectius generals d'aquesta tesi 

doctoral i els objectius específics que s'aborden en els diferents capítols experimentals. 

A més, en el capítol III es descriuen tots els materials i mètodes emprats per a la 

realització d'aquesta tesi doctoral. 

En el capítol IV, delineem un nou mecanisme d'acció per a MM01, un 

modulador de l'activitat de l’inflamasoma recentment identificat: la inhibició de 

l’oligomerización de ASC i el subsegüent processament reduït de la pro-caspasa-1 i la 

inhibició de l'activitat de la caspasa-1. Vam demostrar que MM01 interromp el procés 

de oligomerización de ASC associat a l'activitat de diversos inflamasomes i inhibeix 

l'alliberament de IL-1β i la piroptosis en diversos models cel·lulars d'inflamació. MM01 

també redueix la infiltració de neutròfils i l'acumulació de citocines pro-inflamatòries 

en un model in vivo de peritonitis. Donada la implicació de la funció de ASC en 

múltiples complexos del inflamasoma, el tractament amb MM01 pot representar un 

enfocament terapèutic eficaç per a tractar aquelles malalties en les quals està implicada 

l'activació de múltiples inflamasomes. 

Tenint en compte els resultats obtinguts en el capítol IV, en el capítol V 

emprem el nostre inhibidor de l’inflamasoma, MM01, per a estudiar el paper de 
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l’inflamasoma en la progressió tumoral en diferents models de càncer de mama tant in 

vitro com in vivo. Vam demostrar que diferents línies cel·lulars de càncer de mama 

responen de forma diferent del tractament amb MM01. Desenvolupem un assaig 

funcional que comprén l'avaluació de la migració de les cèl·lules de càncer de mama 

en resposta al secretoma pro-inflamatori dels macròfags M1 (estímul inflamatori) en 

presència de MM01. Unes certes línies cel·lulars (com la línia cel·lular EO771) van 

mostrar un augment de la migració en resposta a l'estímul inflamatori i una disminució 

de la migració en resposta al tractament amb MM01; no obstant això, també 

identifiquem línies cel·lulars que responen negativament al tractament amb MM01 

(com la línia cel·lular 4T1). Finalment, vam demostrar l'eficàcia d'aquest experiment 

funcional in vivo demostrant que el tractament amb MM01 va reduir la grandària del 

tumor en el model ortotòpic EO771 però va augmentar la grandària del tumor i la 

metàstasi pulmonar en el model ortotòpic 4T1. Aquests dos models, que recapitulen 

respostes contradictòries al tractament amb el nostre inhibidor de l’inflamasoma, 

podran utilitzar-se en el futur per a determinar biomarcadors que prediguen la resposta. 

Finalment, en el capítol VI desenvolupem una estratègia sintètica per a obtindre 

un nou nanofàrmac que millora la solubilitat i l'orientació tumoral del MM01 en un 

model de càncer de mama. Implementem un enfocament híbrid de conjugació-

complexació que comprén la conjugació de β-ciclodextrina amb un àcid lineal *poli-L-

glutàmic (PGA) (L-PGA- βCD) per a proporcionar la capacitat d'atrapar MM01 dins 

dels anells de *ciclodextrina d'una manera dependent de la concentració donant lloc al 

nanofàrmaco L-PGA- βCD -MM01 amb diferents característiques fisicoquímiques (és 

a dir, càrrega de fàrmac, grandària). El nanosistema obtingut va mostrar una millor 

solubilitat en solucions aquoses en comparació amb la forma lliure de MM01. Si bé no 

vam poder observar una millora significativa de la funció in vitro en comparació amb 

el MM01 lliure, nostre nanosistema va demostrar una millor eficàcia en un model 

ortotòpic de càncer de mama en produir una major reducció de la grandària del tumor 

en aquells ratolins tractats amb la nanomedicina L-PGA- βCD-MM01. 

Finalment, en els capítols VII i VIII s'aborda la discussió i conclusions generals 

respectivament. 
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I.1 Immune System 

The immune system is the body´s primary defense mechanism and comprises 

a complex network of cells, proteins, tissues, and organs that defend the organism 

against infections, illness, and disease [1, 2]. It is divided into two subsystems - the 

innate and the adaptive response [3] (summarized in Figure 1).  

 

Figure 1. Principal Components of the Innate and Adaptive Responses. The innate response provides 

an initial defense against infection. It is composed by epithelial barriers, phagocytes, dendritic cells, the 

complement system, and natural killer cells. Adaptive immune response develops after innate responses 

through the function T and B lymphocytes and antibodies. Some cells of the innate system, such as 

dendritic cells and macrophages, are essential for the activation of lymphocytes of the adaptive system. 

The innate system represents the first line of defense against infections and does 

not retain a memory of previous responses. It is characterized by its rapidity and 

unspecific nature compared to adaptive responses, with the inflammatory response the 

primary mechanism involved [4]. Components of the innate immune system [1, 5, 6] 

include: 

- Physical, mechanical, and chemical barriers: A continuous epithelial layer 

protects the most frequent entry sites for pathogens, such as the skin and the 



Chapter I: General Introduction 

34 

 

digestive/respiratory tracts, by providing a physical and chemical barrier against 

infection.  

- Phagocytic cells: These specialized cells “engulf” and destroy pathogenic 

microorganisms and harmful particles. Phagocytic cells include monocytes, 

macrophages, neutrophils, and dendritic cells. Macrophages and dendritic cells 

respond to pathogens by producing pro-inflammatory cytokines that initiate the 

inflammatory response and stimulate adaptive immune cells. Furthermore, 

dendritic cells and macrophages also function as antigen-presenting cells (APCs) 

with the capacity to activate adaptive responses. 

- Non-phagocytic immune cells: Cells such as mast cells, basophils, and 

eosinophils regulate inflammatory responses by releasing chemical mediators (e.g., 

vasoactive amines or proteolytic enzymes) that eliminate pathogens and participate 

in allergic processes. 

- Natural Killer Cells: These specialized lymphocytes recognize and destroy 

infected cells. When activated by infected cells, natural killer cells release the 

contents at the point of contact with the infected cell. Secreted proteins then enter 

the infected cell and activate enzymes that induce apoptotic cell death. [7]. 

- Complement system: Comprising more than twenty plasma proteins, the 

complement system sequentially opsonizes or surface-coats pathogens to facilitate 

the elimination of pathogens and the recruitment of inflammatory cells to the source 

of infection [8]. 

Traditionally, innate immunity has been considered a non-specific system whose 

functions included phagocytosis, the destruction of pathogens through pro-

inflammatory responses, and the presentation of antigens to develop adaptive immune 

responses mediated by T and B lymphocytes. However, recent studies have revealed 

that the innate immune system does present a degree of specificity that allows 

distinguish between self and foreign entities. The pattern recognition receptors (PRRs) 

constitutively expressed by immune system cells afford this specificity. Once PRRs 

detect microbial patterns, innate immune cells are activated and trigger immediate 

alarm through the secretion of cytokines and interferons [9, 10] (Figure 2). PRRs will 

be discussed at length in Section 2.2. 
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Figure 2. Pathogen Recognition by PRRs in Innate Immune Cells. Innate immune cells present sensors 

(PRR) that detect pathogenic or otherwise damaging stimuli (pattern recognition) and activate the secretion 

of cytokines and interferons to eliminate the associated threat. 

 

Even given the efficacy of the innate immune defenses, pathogens can persist 

and trigger the adaptive immune system, which is highly specific to a particular antigen 

and provides long-lasting immunity [11, 12]. Adaptive immunity also possesses the 

ability to remember previous infections; this allows the magnitude of the defense 

response to increase with each successive exposure to a specific pathogen to improve 

immune outcomes.  

Lymphocytes represent the primary cells of the adaptive immune system and 

present specific receptors against various antigens [12, 13]. Said cells include: 

- B lymphocytes become activated and produce antibodies after recognizing their 

extracellular antigen. B lymphocytes can recognize soluble antigens and antigens 

presented on the surface of pathogens or other cells.  

- T lymphocytes recognize antigen peptide fragments bound to specialized 

molecules in presenting peptides (the major histocompatibility complex or MHC) 

located on the surface of APCs such as dendritic cells and macrophages. T cells 

can be divided into cytotoxic T lymphocytes (CD3 + CD8 +), which recognize 

and eliminate infected cells that exhibit the microbial antigens presented by class I 

MHC molecules, and helper T lymphocytes (CD3 + CD4 +), which recognize 

microbial antigens presented by class II MHC molecules. Helper T lymphocytes 

release cytokines that stimulate the proliferation and activation of cytotoxic T 
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lymphocytes, B lymphocytes, and macrophages. Regulatory T lymphocytes (also 

called suppressor T cells) (CD4 + CD25 +) modulate the immune system to prevent 

excessive immune responses that could compromise homeostasis. 

 

Overall, innate and adaptive immunity constitutes an integrated defense system. 

The activation of the adaptive response depends on the innate immune system, while 

adaptive immunity reinforces innate immunity by increasing antimicrobial ability and 

stimulating inflammatory responses to eliminate pathogenic threats [14] (Figure 3). 

 

Figure 3. Summary of Immune System Feedback. Innate immune cells release pro-inflammatory 

cytokines in response to pathogens to activate adaptive immune cells. Adaptive immune cells then release 

cytokines to enhance the response of the innate immune system. 

 

This thesis will focus on the inflammatory response, the primary mechanism 

of the innate immune system. 

I.2 Inflammatory Response  

The inflammatory response represents the primary defense mechanism of the 

innate immune system against a pathogenic threat [15, 16]. The inflammatory process 

occurs in multiple steps, including the recruitment of cells, the release of pro-

inflammatory cytokines, the intracellular uptake of pathogens by phagocytes 

(phagocytosis), and the destruction of potentially damaging agents (Figure 4). 

Depending on the duration, the inflammatory response can be classified as acute or 

chronic. 
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Figure 4. The Inflammatory Response. 1) The initial entry of pathogens leads to the recruitment of 

immune cells to the site of infection. 2) Macrophages and neutrophils release inflammatory cytokines and 

histamines, which serve to recruit more immune cells. 3) Immune cells eliminate pathogens as infiltrating 

monocytes differentiate into macrophages and release tissue healing factors. 4) After pathogen elimination, 

neutrophils and macrophages leave the site of inflammation and return to the bloodstream. 

 

At the molecular level, the acute inflammatory response requires the orderly 

recruitment of plasma components and leukocytes (i.e., neutrophils, monocytes, 

basophils, and eosinophils) to the site of injury/infection (Stage 1) [15].  

The initial recognition of infection by tissue-resident macrophages and mast 

cells leads to the production of a wide variety of inflammatory cytokines (i.e., tumor 

necrosis factor (TNF) and interleukin (IL)-1) and chemokines). These inflammatory 

mediators stimulate endothelial cells to express adhesion molecules (selectins) to 

promote the passage of leukocytes from the blood into the affected tissue 

(transmigration) (Stage 2) [17].  

Neutrophils and macrophages then ingest and destroy pathogens within 

intracellular vesicles (Stage 3). Neutrophils become activated by direct contact with 

pathogens or by the action of cytokines secreted by tissue-resident cells when they 

reach the site of infection. Neutrophils release the cytotoxic content of their granules, 
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including reactive oxygen species and nitric oxide, to eliminate pathogens [18]; 

however, these potent effector molecules affect both pathogens and the host and induce 

unavoidable tissue damage.  

A successful acute inflammatory response leads to the elimination of the 

infectious agent followed by a resolution phase that repairs the damage mediated by 

recruited and tissue-resident macrophages (Stage 4). An unsuccessful acute 

inflammatory response that fails to eliminate pathogens can prompt an ongoing 

inflammatory state (chronic inflammation) associate with additional tissue damage, 

which is the source of health problems such as, cardiovascular disease, atherosclerosis, 

type 2 diabetes, rheumatoid arthritis, and cancer [19-22].  

Overall, the most critical components of the inflammatory response include 

inducers, sensors, mediators, and effectors (Figure 5) [23]. Inducers initiate the 

inflammatory response by activating specialized sensors to induce the synthesis of 

specific mediators that alter the function of affected tissues and organs (effectors of 

inflammation) so that they can adapt to and resolve the inflammatory state. 

 

 

Figure 5. Principal components of the inflammatory response. Include inducers such as pathogen-

associated molecular patterns (PAMPs) and damaged-associated molecular patterns (DAMPs); sensors 

such as Pattern recognition receptors (PRRs); mediators such as vasoactive amines and peptides, 

complement system, lipids, chemokines, cytokines, etc.; and effectors cells such as leukocytes, endothelial 

cells, hepatocytes, muscle cells and the hypothalamus. 



Chapter I: General Introduction 

39 

 

I.2.1 Inflammation-inducing Agents (Inducers) 

The innate immune system recognizes factors expressed on the surface of 

pathogens or molecules released by infected or damaged cells. Therefore, 

inflammation-inducing agents can be classified into two groups according to their 

origin with respect to the host: exogenous inducers and endogenous inducers [24, 25]. 

- Exogenous inducers include those with a microbial origin, such as pathogen-

associated molecular patterns (PAMPs) and virulence factors, and those with a non-

microbial origin, such as allergens, irritants, and toxic compounds. PAMPs, the 

most studied exogenous inducers, are evolutionarily conserved epitopes belonging 

to microorganisms (whether commensal or pathogenic) but absent on host cells [25, 

26]. For example, phagocytes express receptors for bacterial endotoxin (also known 

as lipopolysaccharide or LPS) and peptidoglycans specifically present in the cell 

walls of many bacterial species. 

 

- Endogenous inducers refer to metabolites released by damaged or necrotic cells, 

which are also called damaged-associated molecular patterns (DAMPs). Stress, 

damage, or loss of tissue homeostasis can prompt the release of said metabolites, 

which functions to activate the immune system [27]. The induced release of 

intracellular DAMPs by immune cells initiates the inflammatory response, with 

examples including heat shock proteins, purine metabolites such as ATP or uric 

acid, or mitochondrial DNA.  

 

The effector mechanisms of the inflammatory response elicited by PAMPs and 

DAMPs include the recruitment of macrophages and neutrophils, the production of 

pro-inflammatory cytokines, and the induction of adaptive immune responses. The 

receptors of innate immunity that recognize PAMPs and DAMPs are the previously 

discussed PRRs [24]. 
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I.2.2 Pattern Recognition Receptors (PRRs) (sensors) 

 

 Studies have identified distinct families of PRRs that recognize a wide 

variety of PAMPs and DAMPs [28]. The receptors of the innate immune system that 

act against pathogens and damaged cells are expressed in cell types that include 

phagocytes, dendritic cells, lymphocytes, endothelial cells, and epithelial cells. These 

PRRs can be located in different cell compartments, including the cell surface, the 

endoplasmic reticulum, or the cytosol. They can be classified into distinct protein 

families depending on their location [24, 29-33]: 

I.2.2.A Transmembrane Receptors  

Transmembrane receptors located in the cell plasma membrane and the membranes 

of endosomes and lysosomes recognize DAMPs and PAMPs in the extracellular 

environment. These receptors include the toll-like receptors (TLRs) and C-type lectin 

receptors (CLRs) [10, 31].  

TLRs comprise a large family of receptors that recognize specific pathogen 

fragments. While TLRs present on the cell surface recognize extracellular microbe-

associated factors, they are also present and can be activated on intra-cellular 

endosomes (Figure 6). Induced TLR signaling activates transcription factors that 

stimulate the expression of genes encoding cytokines, enzymes, and other proteins 

involved in the antimicrobial functions of innate cells (e.g., activated phagocytes). 

Nuclear factor κB (NFκB), a crucial transcription factor activated by TLRs, promotes 

the expression of various pro-inflammatory cytokines, endothelial adhesion molecules, 

and interferon regulatory factors (IRFs), among other factors [34]. 
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Figure 6. Detection of PAMPs and DAMPs by Toll-Like Receptors (TLRs). Several TLRs recognize 

different fragments of pathogens. TLRs located on the cell surface include TLR1, 2, 4, 5, and 6. TLRs 

located in the microbial-ingesting endosome include TLR-3,7,8, and 9. 

 

I.2.2.B Secreted Receptors  

The concentration of released receptors in tissue fluids increases during the acute 

inflammatory response. In general, released receptors activate the complement cascade 

to facilitate the opsonization of microorganisms and their subsequent phagocytosis by 

macrophages. Examples of secreted receptors include collectins, pentraxins, and 

peptidoglycan recognition proteins [31]. 

I.2.2.C Intracellular Receptors 

Intracellular receptors allow the detection of infections or tissue damage in the 

cytoplasmic environment [27, 31] and include the retinoic acid-inducible gene-I 

(RIG1)-like receptors (RLRs), the pyrin receptor, the absent in melanoma 2 (AIM2) 

type receptors (ALRs), and the nucleotide-binding and oligomerization domain (NOD)-

like receptors (NLRs) [35, 36]. The intracellular receptor family promotes the 

formation of a multiprotein complex called the inflammasome, an essential mediator 

for the inflammatory response. 

NLRs constitute a major group of intracellular PRRs (23 cytosolic receptors in 

humans) that recognize DAMPs and PAMPs in the cytoplasm. All NLRs share 

structural features, including a C-terminal leucine-rich repeat (LRR) domain for ligand 

recognition, a central nucleotide-binding domain (NACHT domain) for protein 

oligomerization, and five variable N-terminal effector domains that propagate the 
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inflammatory signal (Figure 7) These N-terminal effector domains are used to 

subdivide NLRs into five groups [37] (Table 1). 

Table 1. Classification of the NLR protein family 

 

Subfamily Domain Members 

NLRA Acidic transactivation domain CIITA 

NLRB Baculoviral inhibitory repeat-like domain NAIP 

NLRC CARD domain for caspase recruitment and 
activation 

NOD-1, NOD-2, 
NLRC3/4/5 

NLRP PYD or pyrin domain NLRP1-14 

 NLRX Contains a domain that does not show 
homology 

NLRX1 

 

 

 

Figure 7. Structural Classification of the NLR Protein Family. All NLRs share structural features, 

including a C-terminal leucine-rich repeat (LRR) domain, a central nucleotide-binding domain (NACHT 

domain), and five variable N-terminal effector domains - CARD, BIR, AD, PYD, and an undefined 

domain. 
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Recent studies have begun to decipher the signaling pathways involved with NLR 

activation [29, 33, 38]. While NOD-1, NOD-2, or NLRX-1 can activate transcription 

factors that induce the transcription of genes involved in an inflammatory response 

(e.g., NF-κβ or IRF), receptors such as CIITA function as part of adaptive immunity 

and induce the expression of MHC molecules. Notably, the inflammasome formation 

represents the primary function of NLRs following the detection of their corresponding 

ligand in the cytoplasm [28]. Inflammasomes activate pro-caspase-1, prompting the 

release of the pro-inflammatory cytokines IL-1β and IL-18 to the extracellular 

environment [15]. Section I.3 of this introduction will discuss inflammasomes in 

greater detail due to their importance as mediators of the inflammatory response and 

their implication in numerous diseases. 

The innate immune system also contains several circulating molecules that 

recognize and provide defense against microbes. 

I.2.3 Mediators of Inflammation 

 

The recognition of PAMPs/DAMPs by a corresponding receptor activates the 

inflammation signaling pathway and induces the activity of the various cell types 

involved (e.g., neutrophils, macrophages, dendritic cells, mast cells, and platelets). 

These immune cells release inflammatory mediators (e.g., vasoactive amines and 

peptides, complement system fragments, lipid mediators, cytokines, chemokines and 

proteolytic enzymes) to modulate the target area's vasculature, recruit and activate 

another immune cells to combat the damage or infection [16] 

I.2.4 Effectors of Inflammation 

 

Effector components include endothelial cells, hepatocytes, leukocytes, muscle 

cells, and the hypothalamus. Effectors cells orchestrate a coordinated response to 

resolve the inflammatory event and promote homeostasis within the affected tissue [15, 

39].  
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As a crucial component of the inflammatory response and due to their 

implication in numerous diseases, this thesis will focus on the study of 

inflammasomes. 

I.3 Inflammasomes  

The term "inflammasome" was originally coined by Martinon et al. [40] in 

2002 to designate a multiprotein complex present in the cytoplasm of activated immune 

cells, responsible for the proteolytic activation of pro-inflammatory caspases, which 

drives subsequent systemic immune responses and inflammation. Since then, research 

on the inflammasome has provided information not only on its composition, but also 

on its activation mechanisms and its implication in the development of pathologies.  

Inflammasomes are essential macromolecular complexes of the innate immune 

system that detect endogenous or exogenous stimuli by their PRRs [41, 42]. They 

coordinate inflammatory responses and the maturation and release of pro-inflammatory 

cytokines such as IL-1β and IL-18 [43]. There are different types of inflammasomes. 

The PRR family member involved provides the name for the specific inflammasome 

complex, such as NLRP1, NLRP3, NLRC4, NLRP6, NLRP7, NLRP12, AIM2, IFI16, 

pyrin, RIG-1, etc.  Which inflammasome activates depends on the inflammatory 

stimulus. 

Expression of inflammasome components were initially described in myeloid 

cells, such as macrophages, dendritic cells, and neutrophils [44]. Today, it has been 

elucidated that inflammasomes can also assemble into additional cell types, including 

B and T cells, keratinocytes in the skin, enterocytes and goblet cells in the intestine, 

hepatocytes in the liver, pigment epithelial cells in the retina, as well as neurons, 

astrocytes, and microglia in the central nervous system [45]. 

At structural level, inflammasomes comprise sensor proteins, which are 

specific cytosolic PRRs that respond to either microbe-derived PAMPs or DAMPs 

(e.g., NLRs, ALRs, RIG-1, or pyrin receptors), the Apoptosis-associated Speck-like 

Protein Containing CARD (ASC) adaptor protein, present in the vast majority of 

inflammasomes, and the protease effector pro-caspase-1 [46, 47]. Importantly, the last 
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common signaling of the inflammasome is the activation of inflammatory caspases 

[29]. Pro-caspase-1 together with pro-caspase-4 and pro-caspase-5 or murine pro-

caspase-11 (depending on the activation pathway) are the pro-inflammatory caspases, 

directly or indirectly activated by the inflammasome that finally induce the maturation 

of the pro-inflammatory cytokines IL-1β and IL-18. [48]. Depending on the caspase 

stimulation pathway and the activated caspases, the inflammasome activation can be 

classified as canonical or non-canonical: 

- Canonical Inflammasomes activation: Canonically-activated 

inflammasomes recruit and process pro-caspase-1 into its catalytically active 

form (caspase-1) to induce the maturation of IL-1β and IL-18.  

- Non-canonical Inflammasome Activation: Non-canonical activation of the 

inflammasome involves the recruitment and processing of murine pro-

caspase-11 or human pro-caspase 4/5 into its catalytically active form in 

response to intracellular LPS [47].  

In the canonical pathway, the presence of inflammatory stimuli in the intracellular 

environment prompts sensor receptor protein oligomerization and the recruitment of 

the ASC protein, in ASC-dependent inflammasomes. Inflammasome sensors typically 

contain a pyrin domain (PYD) or a caspase recruitment and activation domain (CARD). 

Upon oligomerization, inflammasome sensors engage multiple molecules of the 

adapter ASC, which is composed of 2 domains, the PYD (ASCPYD) and the CARD 

(ASCCARD). Depending on the recruitment domain of the sensor, ASC is involved 

through homotypic PYD-PYD, or CARD-CARD interactions. The initial interaction of 

ASC with the sensor protein triggers a process of ASC nucleation and the formation of 

large filaments (similar to prions), which serve as a platform for pro-caspase-1 

recruitment [49-51] (Figure 8). ASC oligomers nucleate filaments of ASCPYD, which 

are cross-linked by ASCCARD-ASCCARD interactions. The filaments, supported by the 

self-association of ASCPYD domains, provide a rigid structural core, while ASCCARD 

domains are exposed on the surface [52]. ASCCARD domains arising from PYD-based 

filaments have been shown to further stabilize the filaments and condense them into 

specks [52]. This is believed to be accomplished through intra- and interchain 
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interactions between the projected ASCCARD domains that serve to bind different ASC 

fibrils [53]. 

 

 

Figure 8. ASC oligomerization for caspase-1 activation. Upon inflammasome assembly (step 1), 

multiple molecules of the adapter ASC are recruited for sensor receptor binding. The binding of ASC with 

the receptors triggers a process of ASC oligomerization and the formation of large filaments (step 2), which 

serve as a platform for pro-caspase-1 recruitment and caspase-1 activation (step 3).  

 

Finally, the interaction of ASC filaments and pro-caspase-1 prompts the 

proximity-induced processing of pro-caspase-1 into caspase-1 and the subsequent 

processing and release of the mature forms of IL-1β and IL-18 [54]. Caspase-1 also 

cleaves the pore-forming protein GSDMD into an N-terminal (GSDMD-N) and a C-

terminal (GSDMD-C) fragment. The N-terminal fragment inserts into the cell 

membrane, generating approximately 20 nm membrane pores, which results in cell 

swelling and lysis to trigger pyroptotic cell death [55-57]. Pyroptosis is a lytic form of 

programmed cell death in response to the detection of pathogens or danger signals 

derived from the host. It is characterized by cellular inflammation, membrane rupture 

and subsequent release of inflammatory compounds into the extracellular space [58]. 

Pyroptotic pores also function as channels for the release of cytosolic contents, 

including pro-inflammatory cytokines such as IL-1β [59]. 
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In the non-canonical pathway, the murine pro-caspase-11 or human pro-

caspase 4/5 function as both sensor and effector molecules and directly detect 

intracellular LPS released from gram-negative bacteria by their CARD domains [56, 

60]. Once activated Caspase-11 or 4/5 prompt the cleavage of the pore-forming protein 

GSDMD and trigger a secondary activation of the canonical NLRP3 for cytokine 

release.  (Figure 9 depicts the canonical and non-canonical activation of the NLRP3 

inflammasome, used as an example as the most studied inflammasome.)  

 

 

Figure 9. Canonical and Non-Canonical Activation of the NLRP3 Inflammasome. Upon canonical 

inflammasome activation, the inflammasome sensors initiate the inflammasome assembly by recruiting 

and ASC and Pro-caspase-1. The assembly of non-canonical inflammasomes involves murine pro-caspase-

11 or human procaspase−4/5. Consequently, the active caspase-1 leads to the maturation and secretion of 

inflammatory cytokines IL-1β and IL-18. The active caspase-1 or caspase-11/4/5 triggers the cleavage of 

GSDMD, which can either cause pyroptosis or activate the inflammasome complex.  

1.3.1 Inflammasomes as therapeutic targets 

The inflammatory process triggered by the activation of inflammasomes 

represents a rapid response of the innate immune system to ensure the removal of 

harmful stimuli and repair damaged tissue [61]. Furthermore, inflammasome activation 
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prevents the spread of infections or the development of tumors and allows the 

development of an adaptive immune response [62]. However, inflammasome 

dysregulation has been linked to the development of several pathologies, as detailed in 

section I.4.2 of this introduction [63].  

Therefore, the regulation of inflammasome activity and the therapeutic 

targeting of inflammasome signaling and components constitute promising areas of 

basic and translational research. 

One of the key points in controlling inflammasome-mediated inflammatory 

signaling is the regulation of the ASC oligomerization process. Inflammasome 

signaling has been associated with the all-or-nothing type of responses, whose limiting 

step is the arrangement of the supramolecular organizing centers, or ASC specks [64]. 

ASC specks appear as micron-sized points in the perinuclear region after 

inflammasome induction [65]. Interestingly, it has been observed that the process of 

ASC specks formation occurs in minutes [66] supporting the all-or-nothing response 

hypothesis: either the cell forms a speck followed by a strong inflammatory response 

or the cell remains inactive. Furthermore, it has been reported that ASC specks can be 

released from cells to spread inflammation in the extracellular space [67]. Importantly, 

overexpressed ASC in cells or purified ASC in vitro rapidly oligomerizes and 

aggregates in the absence of inflammasome sensors [68]. This indicates that both the 

expression levels of ASC, as well as its oligomeric state, must be strictly controlled to 

avoid aberrant inflammatory responses with well-documented pathological effects 

[45]. Moreover, the study of ASC as a molecular target is of great importance in those 

diseases that involve the activation of more than one inflammasome, so that inhibiting 

ASC would entail direct action on different inflammasomes at the same time.  

In this thesis, we will focus on the study of the ASC protein, present in most 

inflammasomes, for the regulation of the inflammasome-mediated inflammatory 

response. 
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I.4 ASC adapter protein  

ASC adapter protein (Apoptosis-associated speck-like protein containing a 

CARD) was initially identified by Masumoto et al. in 1999 [69] as a protein that formed 

specks-shaped aggregates in HL-60 cells when treated with retinoic acid or etoposide 

for the induction of apoptosis. Furthermore, in 2002, Srinivasa et al. described the ASC 

protein as a caspase-1-activating adaptor in the NLRP1 inflammasome [70]. 

At structural level, ASC is a 22kD and 195 amino acid protein encoded by the 

PYCARD gene [71]. It contains two members of the death domain superfamily: A N-

terminal PYD domain (amino acids M1 to T89), and a C-terminal CARD domain 

(amino acids H113 to S195). Moreover, it is composed by a central region rich in 

glycine and prolines (H90-L112) (Figure 10) [72].  

 

Figure 10. Structure of full-length human ASC (Apoptosis-associated speck-like protein containing 

a CARD). (Access number in PBD: 2KN6) 

ASC interacts with other proteins via homotypic interaction by its PYD and 

CARD domains [73]. Four different isoforms of ASC have been described, only those 

that keep the PYD domain intact are functional for the formation of the inflammasome 

and the activation of pro-caspase-1 [74]. Structural and functional studies of the ASC 

protein have been limited due to its tendency to aggregate under physiological 

conditions. Finally, the protein structure was resolved by NMR in solution at acidic pH 

[72]. This study demonstrated that PYD and CARD domains are structurally 

PYD
CARD

Central region rich in 
glycine and prolines 
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independent, while the proline-rich central region is very flexible, suggesting that it 

functions as a hinge to facilitate protein aggregation. 

In unstimulated cultures, ASC presents a diffuse subcellular localization 

throughout the nucleus [75]. However, in the presence of an inflammatory signal, ASC 

is rapidly redistributed to the cytosol where it interacts with the sensor receptors 

proteins to form insoluble protein aggregates formed by ASC dimers and oligomers, 

with the aim of recruiting and activating pro-caspase-1. Therefore, it is widely 

recognized that ASC aggregate formation represents the active form of ASC-dependent 

inflammasomes [76]. Importantly, the generation of ASC knock-out mice (ASC-/-) has 

represented a very valuable tool to elucidate the role of ASC in the secretion of pro-

inflammatory cytokines and in pyroptosis cell death in response to the activation of 

different inflammasomes [77]. ASC-/- mice showed alterations in the processing of pro-

caspase-1, and in the secretion of pro-inflammatory cytokines in response to AIM2, 

NLRP-3 and NLRC-4 inflammasomes activation.  

At functional level, apart from its role in the formation of the inflammasome 

for the processing and activation of pro-caspase-1, and in the amplification of the 

inflammatory signal, a relevant role of ASC has been described in other cell signaling 

pathways such as in programmed cell death by apoptosis or in the activation of the NF-

κβ signaling [45].  

Regarding the role of ASC in the apoptotic process, functions have been 

described both in the extrinsic pathway of apoptosis and in the intrinsic or 

mitochondrial pathway. With regard to the extrinsic pathway, it has been described that 

ASC is capable of directly activating pro-caspase-8 [78] and causing the activation of 

the Bid protein for the execution of apoptosis. Regarding the intrinsic pathway of 

apoptosis, a direct interaction between ASC and BAX mediated by the PYD domain of 

ASC has been described [79], as well as a transient interaction between p53 and ASC 

in keratinocytes acting as a tumor suppressor gene. 

In addition to the intracellular role of ASC specks, these complexes can also be 

found in the extracellular space. Several studies have reported that ASC particles are 

released by inflammasome-activated cells into the extracellular space, where they 
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continue to recruit and activate pro-caspase-1, in addition to catalyzing the maturation 

of IL-1β [67]. 

I.4.1 ASC-dependent inflammasomes 

The most studied ASC-dependent inflammasomes are the NLRP1, NLRP3, 

NLRC4, AIM2, and pyrin inflammasomes (Figure 11).  

 

 

Figure 11. ASC-dependent inflammasomes activation and structure. ASC-dependent inflammasomes 

activation occurs through various stimuli, including microbiome-derived signals (e.g., bacteria, fungi, 

parasites, and viruses) and host-derived signals (e.g., ion flux, mitochondrial dysfunction, ROS, and 

metabolic factors).  
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NLRP1 

The human NLRP1 (165 kDa) or murine NLRP1b (140 kDa) inflammasome 

was the first inflammasome described in the literature. Mouse NLRP1b activates 

caspase-1 in response to the lethal toxin secreted by B. anthracis [80], the bacterial wall 

component of gram-negative muramyldipeptide (MDP) and diverse picornaviruses 

[80]. 

As mentioned before, NLR proteins, except for NLRP1, have a tripartite 

domain organization containing a N-terminal PYD domain to bind ASC; a NACHT 

domain in the middle; and a C-terminal LRR domain which binds to PAMPs or 

DAMPs. However, human NLRP1 and murine NLRP1b are characterized by 

containing a C-terminal CARD domain, and a unique function-to find domain (FIIND) 

[29] The presence of these two domains initially suggested that the NLRP1 

inflammasome could activate caspase-1 through the CARD domain without recruiting 

ASC. Currently, most studies indicate that caspase-1 can connect directly to the CARD 

C-terminal domain, but only in murine NLRP1b [29]. Regarding human NLRP1, 

Finger et al. [81] demonstrated that the activity of human NLRP1 depends on the 

binding of ASC to the C-terminal CARD domain.  

NLRP3 

The NLRP3 inflammasome (118 kDa) is the most studied and recognizes a 

wide range of pathogens (including gram-positive and gram-negative bacteria) [60, 82]. 

There is scientific consensus that the NLRP3 inflammasome requires a double 

stimulation signal for activation. The first signal, called the “priming” signal, triggers 

the activation of the transcription factor NF-κβ for the initiation of the expression and 

synthesis of pro-inflammatory proteins, including NLRP-3 and pro-IL1β; while the 

second signal, called the “activation” signal, causes the oligomerization of NLRP-3, 

the recruitment of ASC and the activation of pro-caspase-1. In the activation signal, 

NLRP-3 deubiquitination is essential for inflammasome formation [83]. Moreover, 

several molecular and cellular activation mechanisms have been proposed: 
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a) Ion fluxes: Ion fluxes, including K+ efflux, Ca2+ signaling, Na+ influx, and 

chloride efflux, have been identified as critical events in NLRP3 inflammasome 

activation [83]. For example, Pore-forming toxins such as nigericin, aggregating 

particles such as silica or calcium pyrophosphate crystals, as well as ATP through the 

activation of the P2X7 receptor, cause a reduction in intracellular potassium 

concentration prior to activation of the inflammasome [83]. 

b) Lysosomal disruption: Phagocytosis by macrophages of certain particles 

and crystals such as monosodium urate, calcium pyrophosphate, silica, or aluminum, 

causes the activation of the NLRP-3 inflammasome in a flow-dependent manner of 

intracellular K + but independent of the P2X7 receptor. In this context, it has been 

described that lysosomal destabilization is essential for the activation of the 

inflammasome [84].  

c) Mitochondrial dysfunction and damage: Several inflammasome agonists 

such as ATP or nigericin are responsible for a drop in the mitochondrial membrane 

potential, as well as oxygen consumption, which produces the release of mitochondrial 

DNA (mtDNA) into the cytoplasm. The mtDNA can interact directly with NLRP-3 

causing oligomerization and formation of the inflammasome. The translocation 

mechanism of NLRP-3 and ASC to this organelle in response to inflammatory stimuli 

occurs through microtubule-mediated transport [85]. 

NLRC4 

 

The NLRC-4 (115 kDa) protein was initially identified by its homology with 

the apoptosis intrinsic pathway protein Apaf-1 (Apoptotic protease-activating factor-1) 

and its ability to bind and activate Pro-caspase-1 [86]). It lacks a PYD domain, and 

instead contains a N-terminal CARD domain.  

Pathogenic activators of the NLRC4 inflammasome are mainly derived from 

Gram-negative bacteria such as Salmonella, Legionella, Shigella, and Pseudomonas, 

which possess flagellin, or a type III (T3SS) or type IV (T4SS) secretion system rod 

proteins that are recognized by NLR family of apoptosis inhibitory proteins (NAIP) 

[87]. While in humans only one NAIP protein has been described that binds to the 
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needle structure of the type III bacterial secretion system, in mice there are four 

different proteins, which recognize the needle structure (NAIP1), the basal rod structure 

(NAIP2) and bacterial flagellin (NAIP5/6), respectively [87] (Figure 10). Upon 

detection of these pathogenic ligands, NAIPs interact with NLRC4 and induce its 

oligomerization. An important aspect of NLRC4 activation is its ability to interact 

directly with Caspase-1. The CARD domain of NLRC4 can interact with the CARD 

domain of pro-Caspase-1, allowing NLRC4 to directly activate the protease. However, 

NLRC4-induced Caspase-1 activation is enhanced in cells by the presence of the ASC 

adaptor. Activated NLRC4 associates with ASC and colocalizes with ASC-containing 

Speck upon activation by Salmonella [86]. These findings are consistent with the ability 

of ASC to potentiate NLRC4-induced CASP1 activation. 

AIM2 

AIM-2 (39kDa) recognizes cytosolic dsDNA released from various bacterial 

species, including Francisella novicida. The inflammatory response of the AIM-2 

inflammasome is not specific for viral or bacterial DNA, but also synthetic DNA such 

as the poly sequence (poly dA: dT), or random sequences can activate this 

inflammasome. Regarding the activation mechanism of the AIM-2 inflammasome, the 

HIN200 domain is responsible for the recognition and binding of DNA. While the HIN 

domain binds to DNA, activated AIM2 recruits ASC, which in turn recruits caspase-1 

to form the complete AIM2 inflammasome [88]. 

PYRIN 

Rho guanosine triphosphatase (Rho GTPases) regulate actin dynamics [89] and several 

pathogens modulate Rho GTPase activity as an strategy to suppress host immune 

responses such as phagocytosis. [35].  Pyrin (95 kDa) recognizes this Rho GTPase-

inactivation, probably sensing cytoskeletal abnormalities and induces inflammasome 

activation as defense mechanism.  Importantly, Pyrin is encoded by MEFV gene that is 

mutated in patients with familial Mediterranean fever (FMF), one of the most common 

hereditary autoinflammatory syndromes [35]. 
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Homology studies have identified five different domains within the pyrin 

protein: 1) The N-terminal PYD domain, for the binding of the ASC protein. 2) the 

domain of transcription factor bZIP and of two superimposed nuclear localization 

signals. 3) The B-box and 4) the α-helical spiral domain that may play a role in the 

oligomerization of pyrine. 5) The C-terminal domain B30. 2, of particular importance 

since most FMF-associated mutations are clustered in this domain. [35]. 

I.4.2. ASC-dependent Inflammasomes in disease 

A dysregulation of ASC-dependent inflammasomes has been implicated in the 

pathophysiology of several conditions (Figure 12) such as cardiovascular, 

neurodegenerative, autoimmune and metabolic diseases. Moreover, the role of ASC-

dependent inflammasomes has also been described in cancer, [90] and in the 

development of severe acute respiratory syndromes in response to viral infections [91-

94] [83, 95-97]. We will briefly discuss the evidences for the participation of ASC-

dependent inflammasomes on these diseases.  

 

 

Figure 12. Inflammasome in disease. The dysregulation of the inflammasome is implicated in the 

development of several diseases affecting different pathologies of heart, lungs, metabolism, intestine, 

joints, brain, skin, and cancer.  
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Cardiovascular Diseases 

Multiple studies have demonstrated a role for ASC-dependent inflammasomes 

in atherosclerosis [98], Myocardial Infarction, Heart Failure [99], and Abdominal 

Aortic Aneurysms (AAA) [100].  

To illustrate the relevance of inflammasome in these diseases we will focus in 

atherosclerosis, as an example where several evidences have accumulated that 

demonstrate the role of the inflammasome in disease development. Historically, IL-1β 

was one of the first cytokines involved in the pathogenesis of atherosclerosis [101]. In 

fact, later studies demonstrated that human atherosclerotic lesions display an increase 

in the expression of inflammasome components such as NLRP3, ASC, caspase-1, and 

the downstream effector molecules (IL-1β and IL-18) compared to healthy arteries 

[102]. Moreover, a recent paper has reported an increase on the expression of other 

inflammasome receptors (NLRP1 and NLRC4) in atherosclerosis patients when 

compared to healthy controls [103]. Furthermore, Lüsebrink et al. [104] showed that in 

the ApoE-/- mice, a classic mice model to study cardiovascular and respiratory 

diseases, AIM2 stimulation promotes the development of atherosclerotic plaques, the 

disruption of endothelial function, higher production of ROS in the vessels, and a 

decrease in reendothelialization. 

Neurodegenerative diseases 

In neurodegenerative diseases, studies have demonstrated a role for ASC-

dependent inflammasomes in Alzheimer's disease (AD), Multiple Sclerosis (MS) and 

Amyotrophic Lateral Sclerosis (ALS) [105].  

Focusing on AD, NLRP3 inflammasome activation is described as a major 

contributor to neuroinflammation [105]. However, it seems, as in other diseases, that 

more than one inflammasome contributes to disease development. Kaushal et al. [106] 

demonstrated that NLRP1 and ASC mRNA was increased in AD neurons of the human 

brain cortex samples compared with non-AD neurons. The implication of the AIM2 

and NLRC4 inflammasomes in AD has also been demonstrated; for example, Wu et al. 

[107] reported that AIM2 Inflammasome loss in the 5XFAD AD mouse model (a mice 
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model that express human b-amyloid precursor protein (APP) and Presenilin 1 (PSEN1) 

transgenes with a total of five AD-linked mutations), mitigates Aβ deposition and 

microglial activation. Meanwhile, Saadi et al. [108] observed a significant increase in 

the expression of NLRC4 inflammasome components, ASC, and IL-1β in an induced 

AD Wistar rat model. Importantly, Venegas et al. [109] demonstrated that the intra-

hippocampal injection of ASC specks in transgenic double-mutant APP/PS1 mice 

resulted in the spread of amyloid-β pathology when compared to the contralateral 

hippocampus administered with vehicle control. On the contrary, homogenates from 

brains of ASC-knockout (ASC−/−) APP/PS1 mice injected with ASC specks displayed 

the reduced spread of amyloid-β pathology compared to APP/PS1 mice. Moreover, co-

application of an anti-ASC antibody blocked the increase in amyloid-β pathology in 

APP/PS1 mice. Altogether, these studies reinforce the role of ASC in AD development. 

Autoinmune diseases 

Regarding autoimmune diseases, the role of ASC has been demonstrated in 

different disorders such as psoriasis, lupus, Rheumatoid Arthritis (RA) and peritonitis 

[110]. For example, Forouzandeh et al. [111] demonstrated that ASC, and not caspase-

1, was increased in the serum of patients with psoriasis compared to healthy individuals. 

Dombrowsky et al. [112] showed increased AIM2 expression in keratinocytes from 

psoriasis patients compared to healthy donors. Moreover, Ekman et al. [113] reported 

that NLRP1 inflammasome complex genetic variations are related to elevated 

vulnerability to psoriasis. In the same line of evidence, peritonitis is characterized by 

the inflammation of the peritoneum, a membrane that lines the inner abdominal walls 

and the organs within the abdomen, which usually occurs due to a bacterial or fungal 

infection [114]. Importantly, it has been reported that during peritonitis, the peritoneal 

membrane undergoes structural and functional alterations that are mediated by NLRP3-

IL-1β pathway [114].  

Metabolic diseases 

Regarding Metabolic diseases, the role of ASC has been demonstrated in 

different metabolic disorders such as Diabetes, or Inflammatory Bowel Disease (IBD), 



Chapter I: General Introduction 

58 

 

where strong upregulation of different ASC-dependent inflammasomes, such as, AIM2, 

IFI16 and NLRP1, has been reported in the mucosa of patients with active IBD [115]. 

Focusing on Diabetes, several studies using genetically modified mice that lack 

inflammasome components NLRP3, ASC, and caspase-1 provided initial evidence that 

activation of the NLRP3 inflammasome is a key mechanism that induces metabolic 

inflammation and insulin resistance [116]. Moreover, pre-clinical studies have shown 

that the genetic deletion of NLPR3 and ASC in high-fat diet fed mice results in 

improved glucose tolerance and enhanced insulin sensitivity [116]. In addition, 

increased levels of other ASC-dependent inflammasomes such as AIM2 or NLRP1 

have been associated with diabetes [116].  

Viral infections 
 

Inflammasome dysregulation has been related with severe acute respiratory 

syndromes in response to viral infections [117]. Interestingly, studies of severe acute 

respiratory syndrome coronavirus-2 (SARS-CoV-2) indicate that disease severity 

correlates with inflammatory responses, in which ASC may play a role [117]. 

Rodrigues et al. [118] reported that monocytes from SARS-CoV-2 infected patients 

showed increased ASC specks formation, as well as NLRP3 inflammasome activation 

and LDH release compared to monocytes from healthy donors. The authors also 

demonstrated that treatment with MCC950, a specific NLRP3 inhibitor, reduced 

NLRP3 formation in monocytes; however, MCC950 failed to inhibit ASC specks 

formation and LDH release, a feature that supports the hypothesis that other ASC-

dependent inflammasomes may also be activated by SARS-CoV-2. 

Cancer 

The role of the inflammasome in tumor progression is closely linked to the 

concept of inflammatory tumor microenvironment (TME). TME is now recognized as 

an important participant or a regulator of all stages of tumor development, and is 

generally understood as those elements spatially located in the vicinity of the tumor 

that significantly influence cancer development and progression [119-124].  
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The concept of TME originated in 1863 when Virchow proposed the 

relationship between inflammation and cancer after observing that infiltrated immune 

cells reflect the site where cancer lesions appear in inflamed tissue [125]. In 1889, Paget 

presented the theory of "soil and seed" [126], which postulates that every cancer cell or 

“seed" required a suitable microenvironment or "soil" to grow and spread [127, 128]. 

In 2011, Hanahan and Weinberg expanded their proposed hallmarks of cancer from six 

to ten (Figure 13), and in doing so, recognized the emerging role of the tumor-

promoting inflammation in the TME [129, 130].  

Importantly, tumor cells cooperate closely with TME cells, such as stromal 

cells, immune cells, and Extracellular matrix (ECM) to promote chronic inflammation 

and immunosuppression [131]. This state of chronic inflammation is mainly mediated 

by the activation of the inflammasome in the immune cells of the TME and can alter 

the behavior of cancer cells and dictate the growth, and invasiveness of the tumor [131]. 

The role of inflammasome in the context of cancer can be seen as a double-

edged sword because, while it can elicit and enhance an adequate immune response 

against cancer cells, a chronic inflammatory environment can promote pro-tumoral 

functions [132]. Chronic inflammation mediated by inflammasomes plays a central role 

in tumorigenesis by altering the microenvironment and leading to neoangiogenesis, 

tumor cell proliferation, and metastasis [132]. Importantly, in the same line of evidence, 

ASC may exert opposing functions depending on tumor type. The tumor-promoting 

role of ASC has been demonstrated in several types of cancer, such as breast, skin, or 

pancreatic cancer [133] while in other tumors such as colon cancer has a tumor 

suppressor role [134]. 
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Figure 13. Hallmarks of Cancer. This illustration encompasses the ten hallmarks of 

cancer proposed by Hanahan and Weinberg in 2011. 

In breast cancer accumulating evidence suggests that APCs, such as dendritic 

cells and macrophages, promote IL- 1β release in the breast TME. Moreover, breast 

cancer patients show highly increased serum levels of IL-1β which is dependent on 

tumor stage [135]. Further, significant correlation was noticed between IL-1β 

expression and subsequent development of metastasis [136]. Importantly, in breast 

cancer the expression of the inflammasome components, such as IL1β, IL18, NLRP3, 

ASC, and CASP1, is significantly up-regulated in most types of breast cancer compared 

to that in normal tissues [137]. Importantly, Guo et al. [138] demonstrated that the 

knock-out (KO) of various inflammasome components fostered a reduction in tumor 

size and metastasis in a mouse breast cancer model. The authors also reported that the 

NLRP3 inflammasome activation and IL-1β production promoted infiltration of 

myeloid cells, including tumor-associated macrophages (TAMs), to provide the 

inflammatory microenvironment known to support breast cancer progression. 

However, as we will see in Chapter V of this thesis, the role of the inflammasome may 

have contradictory functions in the progression of breast cancer.  

In colorectal cancer, the overproduction of pro-inflammatory cytokines in the 

TME, such as tumor necrosis factor-α, IL-1β, and IL-17A, is closely associated with 
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the development of colitis-associated colorectal cancer. However, inflammasomes play 

a dual role in the development of colorectal cancer. In fact, in a mouse model of colitis, 

mice deficient in inflammasome components were highly susceptible to the 

development of colorectal cancer, suggesting a tumor-suppressor role.  Allen et al. also 

reported suppressive effects of ASC, caspase-1 and NLRP3 on acute and recurrent 

colitis showing that ASC and caspase-1 were essential for survival in a murine model 

of colitis-associated colorectal cancer [134]. Similarly, NLRC4 and NLRP6 in 

epithelial and hematopoietic cells of the colon were found to play a protective role in 

the development of colitis-associated colorectal cancer. 

In lung cancer, the scenario is different, the expression of inflammasome 

components in lung cancer tissues does not differ much from that in normal lung 

tissues. However, the Canakinumab Anti-inflammatory Thrombosis Outcome Study 

(CANTOS) that investigated the use of canakinumab, (a monoclonal antibody targeting 

IL-1β), in high-risk patients with established atherosclerotic disease who had already 

survived a myocardial infarction [139], showed that among the 129 lung cancer cases 

in the 3.7-year follow-up period, the incidence of lung cancer was significantly less 

frequent in the groups that received canakinumab. In line with these evidences, other 

studies suggested tumor-associated macrophages are the main cellular sources of IL-1β 

secretion, and demonstrated that macrophage depletion alleviated the development of 

N-methyl-N-nitroso-urea-induced lung cancer [140]. 

In skin cancer, it is important to note that UV radiation, one of the widely 

recognized skin cancer promoters, is a powerful inducer of IL-1β. The most aggressive 

form of skin cancer is melanoma which is characterized by upregulation of several pro-

inflammatory cytokines, including IL-6, IL-8, CCL5, and IL-1β [137]. In addition, 

expression of the inflammasome components, such as IL-1B, ASC, and caspase-1, was 

detected at higher levels in squamous cell carcinoma than in normal skin tissues [137].  

I.4.3 Current therapeutics approaches for inflammasome inhibition 

 Considering the critical role of inflammasome in autoimmune syndromes, 

progression of multifactorial diseases, such as cancer, and microbial defense, the 
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therapeutical modulation of the inflammasome represents a potential powerful tool to 

improve patient’s prognosis in several diseases. 

Current strategies that aim to avoid the consequences of pathological 

inflammasome activation include the inhibition of the inflammatory cascade upstream 

inflammasome formation (indirect inhibitors), selective inhibitors of inflammasome 

components (direct inhibitors), or inhibitors of inflammasome products [83, 141, 142]. 

Table 2 depicts the current strategies followed for inflammasome inhibition. 

As regards to downstream inhibition of inflammasomes, IL-1β targeted therapies 

have been stablished for the treatment of several autoimmune diseases. The three 

approved biologics are anakinra, canakinumab and rinolacept and they act by 

interrupting the inflammatory signaling cascade by either directly binding to IL-1β and 

IL-1α or to the interleukin 1 receptor 1 (IL-1R1). On the contrary, the development of 

compounds targeting caspase-1 have encountered some difficulties due to toxicity, 

reduced solubility, or low efficacy amongst others and thus, they are not being used in 

clinics. Another downstream target of great interest is the pore-forming molecule 

GSDMD. However, despite some interesting inhibition strategies are under study, 

GSDMD inhibitors are still far from being used in clinics [143]. 

The upstream inhibition of inflammasomes, it is being fundamentally pursed by the 

discovery and development of specific inflammasome receptor compounds [144]. 

Pharmacological research has been mainly focused on NLRP3 inhibition and indeed 

numerous inhibitors have shown potential for reducing inflammation (table 2).  

A downstream sensor protein, key to prompt a complete inflammatory response is 

the ASC adapter protein, whose inhibition could potentially target multiple 

inflammasomes, as we have described above.  Studies using a single domain antibody 

that recognizes the CARD domain of ASC and disrupts ASC assembly, have shown 

inhibition of inflammasome avoiding inflammatory cell death in cellular models [145]. 

Treatment with a recently reported anti-ASC monoclonal antibody (IC-100) prompted 

a clear improvement in symptoms in a mouse model of multiple sclerosis [146]. 

Moreover, the implementation of peptides derived from PYD and CARD domains of 

ASC represents another valuable strategy to modulate ASC function and have shown 
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activity in cellular models of inflammation. Therapeutic stapled peptides are also under 

development, with limitations to their widespread application including reduced cell 

uptake and their conformational lability, which renders them susceptible to proteolytic 

digestion [147].  

While no specific small molecule ASC inhibitors have been identified, any compound 

that can interfere with ASC oligomerization would be of great interest. 

 

In this thesis we will evaluate a new pan inflammasome inhibitor MM01, 

identified in our laboratory, we will disentangle the molecular mechanism of 

action (Chapter IV), evaluate its performance as a therapy for inflammatory-

related disorders (Chapter IV), and use MM01 to explore the impact of the 

inflammasome inhibition in breast cancer (Chapter V and VI). 
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Table 2. Current strategies for Inflammasome Inhibition 
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I.5 Breast Cancer at a Glance 

Breast cancer involves abnormal cell growth within breast tissue, with the potential 

for invasion/spread to other parts of the body [168]. Female breast cancer currently 

represents the most commonly diagnosed cancer worldwide, with 11.7% of total cancer 

cases in 2020, followed by lung (11.4%) and colorectal (10.0%) cancer. In women, 

breast cancer is the most commonly diagnosed cancer and the leading cause of cancer 

death, representing 24.5% of all cancer incidence in 2020 (Figure 14) [169].  

 

 

Figure 14. Estimated Breast Cancer Incidence and Mortality Rate Worldwide in Females (2020). 

(Purple) Estimated number of new cases of various cancer types in females in 2020. (Blue) Estimated 

number of deaths from various cancer types in females in 2020 [169]. 

Breast cancer originates from an in-situ carcinoma characterized by a complete 

layer of myoepithelial cells and basement membrane and by the proliferation of 

epithelial cells. The carcinoma progresses after disruption of the myoepithelial cell 

layer and the degradation of the basement membrane to allow invasion of the 
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neighboring tissues (invasive ductal carcinoma) and metastasis. Metastatic breast 

cancer is characterized by the loss of myoepithelial cell layer and basement membrane, 

the proliferation of stromal cells, angiogenesis, and invasion of tumorigenic epithelial 

cells to distant sites. After passage through the blood or lymphatic system, the main 

target sites for metastatic breast cancer cells are the bones, liver, lungs, and brain 

(Figure 15) [170, 171].  

Breast cancer can be divided into five phases or stages (Table 3) based on the 

location of the tumor, the size of the tumor, the involvement of the lymph nodes, and 

metastatic progression. Together with the proliferation marker Ki67 and the status of 

crucial molecular markers, such as the estrogen receptor (ER), progesterone receptor 

(PR), and human epidermal growth factor receptor 2 (HER2) these stages currently 

define patient stratification: luminal A, HER2- luminal B, HER2 + luminal B, HER2-

enriched breast cancer, and triple negative breast (TNBC) (Figure 15). 

 

Figure 15. Breast cancer progression from the primary tumor to the metastatic stage and breast cancer 

subtypes, prognosis, and most common current pharmacological treatment options in each case (Adapted 

from [172]). 
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Table 3. Stages of breast cancer and clinical characteristics 

 

 

- Luminal A breast cancer represents the most common subtype (60-70% of all 

breast cancer cases) and is defined by high expression of ER and PR and low 

expression of HER2 and Ki67. Luminal A tumors are characterized by slow growth 

and better prognosis due to a more significant response to treatment [168, 173] 

- Luminal B breast cancer is diagnosed mainly in the young and is characterized by 

high expression of ER and PR and Ki67 and can be HER2+ or HER2-. Luminal B 

tumors display a more accelerated tumor growth rate and suffer from a less 

favorable prognosis than luminal A tumors [168, 173, 174].      

- HER2-enriched breast cancer is characterized by high expression of HER2 and 

the absence of ER and PR expression (70%). HER2-enriched breast cancers exhibit 

faster tumor growth, are more aggressive, and have a worse prognosis than Luminal 

A and B subtypes [168, 173, 174]. 

- TNBC tumors have the worst prognosis and are characterized by the lack of ER, 

PR, and HER2 expression and high Ki67 expression. TNBC tumors also show 

lymphoplasmacytic inflammatory infiltration with visceral metastases to the lungs, 

liver, and brain in later stages [168, 174, 175]. Importantly, the lack of hormone 

receptor expression in this subtype has limited the efficacy of conventional 

treatments and the development of effective drugs for TNBC. 

Understanding the tumor stage and classifying the patient based on the histological 

and molecular characteristics represent crucial steps in deciding the best treatment for 

the patient. 

Stage Tumor size Lymph node Metastasis Survival rate 

(5 years) 

0 Small, Inside the glands Non-affected No 100% 
I < 2cm Non-affected No 98% 
II 2-5 cm Affected No 87% 

III > 5 cm Affected No 61% 

IV Any size Affected Yes 20% 
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I.5.1 Current Therapeutic Approaches for Breast Cancer 

Conventional treatments for patients diagnosed with non-metastatic breast 

cancer include surgical resection, postoperative radiation therapy, and chemotherapy. 

For patients with metastatic breast cancer, chemotherapy represents the main treatment 

option, with the ultimate goal of suppressing cancer cell proliferation and slowing 

metastatic progression [173]. 

The presence of hormone receptors dictates treatment with standard endocrine 

therapy, including oral anti-estrogens such as tamoxifen and aromatase inhibitors such 

as exemestane, anastrozole, or letrozole. In some cases, patients with early-stage 

disease also receive chemotherapy to prevent disease recurrence, with adriamycin, 

docetaxel/cyclophosphamide, or cyclophosphamide/methotrexate/5-fluorouracil the 

primary treatment options. Patients diagnosed with HER2-enriched subtypes are treated 

with targeted therapies, including the monoclonal antibodies trastuzumab (also known 

as Herceptin) or pertuzumab (alone or in combination) with or without chemotherapy. 

In patients with TNBC, the most aggressive subtype with the worst response to therapy, 

chemotherapy currently represents the only therapeutic regimen approved by the US 

Food and Drug Administration (FDA) (Figure 15) [173]. 

Unfortunately, many traditional therapies suffer from limitations that decrease 

their efficacy, including problems related to low solubility, ineffective tumor targeting, 

secondary toxicities in healthy tissues, and the development of drug resistance [176]. 

Therefore, new advances in more specific and effective alternative treatments are 

needed. 

Advanced drug delivery technologies, including nanomedicine, can overcome 

many of these limitations and improve breast cancer treatment.  Importantly, 

nanomedicines including traditional chemotherapeutic agents, such as doxorubicin 

(Doxil®) and paclitaxel (Abraxane®), now represent routine first-line treatments for 

breast cancer [177]. Section I.6 of this introduction will explore nanomedicine-based 

treatments for breast cancer in detail. 
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Immunotherapy represents another advanced therapeutic option that has gained 

recent importance as a breast cancer treatment. Immunotherapy aims to stimulate or 

restore the capacity of the immune system to target tumor cells [178-180]. The 

inhibition of the immune checkpoints that promote immunoevasion of the tumor 

represents an important immunotherapeutic strategy [181]. For example, programmed 

cell death-1 (PD-1) is an inhibitory immune checkpoint protein expressed on the 

surface of T, B, and natural killer cells and induces tolerance to antigens [180, 182]. 

Following T cell activation, simultaneous PD-1 expression offers the attacked cell a 

means of escaping the immune reaction. Moreover, the PD-1 ligand (programmed cell 

death-ligand-1 or PD-L1) is overexpressed in tumor cells and contributes to cancer 

immunoevasion [178]. In March 2019, the FDA approved a PD-L1 antibody 

(atezolizumab - Tecentriq®) as the first checkpoint inhibitor immunotherapy drug used 

to treat TNBC combined with chemotherapy in patients that express PD-L1 [183, 184]. 

Pembrolizumab (Keytruda®), a monoclonal antibody against PD-1, represents another 

FDA-approved immunotherapeutic agent for the treatment of PD-L1-positive TNBC in 

combination with chemotherapy [185]. 

The combination of nanomedicine and immunotherapy represents a potentially 

efficient means of treating advanced, metastatic breast cancers. Examples include the 

combination of Abraxane®, a 130 nm albumin-bound nanoparticle formulation of 

paclitaxel developed by Abraxis BioScience (now Celgene) with Tecentriq® [186]. 

Importantly, recent studies have underscored the relative importance of the 

inflammasome in the inflammatory TME as an important participant in tumor 

progression and response to treatment [120, 121, 187, 188]. As a result, due to the 

importance of immune infiltration within the TME and the development of a chronic 

inflammatory immunosuppressive state that favors tumor initiation, progression, and 

metastasis, this thesis will focus on the inflammasome as an essential component of 

the inflammatory process that significantly impacts breast cancer. We describe 

the identification of a pan inflammasome inhibitor and evaluate its potential as a 

treatment for metastatic breast cancer. Importantly, we also explore a rationally 

designed nanomedicine, a polypeptide-based nanosystem, in order to improve the 
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pharmacological activity of this inhibitor by improving its aqueous solubility and 

enhancing its capability to target the TME. 

To this end, the following sections will provide a brief overview of nanomedicines 

in relation to breast cancer treatment and the role of polypeptide based nanosystems. 

 

I.6 Nanomedicine for Breast Cancer Treatment: Classification and Key 

Design Features. 

Conventional treatments for breast cancer comprise surgical resection of the tumor, 

radiation therapy and/or chemotherapy for non-metastatic breast cancer, and 

chemotherapy for metastatic breast cancer. However, chemotherapy-based treatments 

possess several drawbacks, such as lack of specificity, induced drug resistance, low 

efficacy, and low bioavailability [189]. Furthermore, the control of the 

pharmacokinetics of chemotherapeutics remains a problem [190]. These drawbacks 

have prompted research into the development of novel and personalized treatments that 

can improve efficiency and specificity and reduce the adverse effects associated with 

conventional treatment options [189, 191, 192]. 

Anticancer nanomedicines provide numerous advantages in comparison with 

their parent ‘small molecule’ drug, such as increased solubility and chemical stability. 

More remarkable is their capability, after a rational design, to fine-tune and controlled 

drug pharmacokinetics and pharmacodynamics, thus allows bypassing drug resistance 

mechanisms due to nanomedicine differential cellular internalization mechanisms 

[193-195]. Moreover, nanomedicines are able to increase drug target specificity and 

consequently therapeutic efficacy as well as to reduce drug toxicology and adverse 

effects in healthy cells [172]. For example, after intravenous administration, 

nanomedicines can be extravasated more selectively to tumor tissues by passive 

targeting, due to the higher permeability of blood vessels and lack of lymphatic 

drainage. Most nanomedicines in the clinic rely on the passive targeting effect provided 
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by this so-called enhanced permeability and retention effect (EPR) (discussed in 

section I.6.2). The passive tumor accumulation could even be enhanced when the 

nanomedicine bears active targeting moieties, named active-targeted nanosystems 

[196]. 

Modern nanomedicines are classified into three groups. The first group consists of 

first-generation nanomedicines that have already entered routine clinical use and 

includes both "blockbuster" drugs (>$1 billion in annual revenues) and certain products 

(e.g., targeted liposomes, PEGylated proteins, polymeric drugs) that are of such an age 

that they will soon begin to appear as "generics". There are already more than sixty 

nanomedicines in routine clinical use and around seventy-five nanosystems in clinical 

trials as anticancer therapies [126]. Figure 16 shows schematically each class of 

nanomedicines on the market or in clinical development (e.g., Liposomes, polymer 

therapeutics, block copolymer micelles, nanogels, nanocrystals, nanoparticles). 

Second, there are a growing number of nanomedicines, mostly born in the 90s, in 

clinical development. Finally, the third group consists of those innovative 

nanotechnologies of the 21st century that may have the potential to enter clinical 

development and bring the expected new paradigm to diagnosis and/or therapy [193, 

197].  

Importantly, FDA-approved nanomedicines for cancer treatment that have 

provided improvements in toxicity profiles and efficacy include liposomes, protein 

nanoparticles, polymeric nanoparticles, antibody-drug conjugates, and recently iron 

nanoparticles [198]. 
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Figure 16. Schematics representation of the Main Classes of First-Generation 

Nanomedicines. (Adapted from [194]). 

After proper rational design, nanomedicines can cross biological barriers and 

transport drugs specifically to the target sites, thus reducing any adverse effects on 

healthy tissues. Since biological barriers represent the main defense mechanism of the 

organism and block the penetration of foreign substances, the development of efficient 

nanodrugs requires an understanding of these barriers [199]. 

I.6.1 Understanding the biological Barriers  

Nanomedicine formulations aim to efficiently deliver drugs to a given target 

site at an effective concentration; however, the “journey” taken by nanomedicines after 

administration proceeds through multiple biological barriers that represent the body's 

primary defense mechanism and block the penetration of foreign substances [200]. 

Biological barriers include first-level barriers (such as the skin or mucosa), second-

level or circulatory barriers, third-level or tissue-specific barriers (which includes the 

tumor stroma), fourth-level or cell barriers, and fifth levels or subcellular barriers 

(Figure 17). 
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Figure 17: Biological barriers represented at five levels. (Adapted from [201]) 

- First level: Absorption. Initial strategies for the adequate distribution of 

nanomedicines include intravenous administration (most common), topical 

administration, oral administration, or administration through various mucosal 

barriers. Design strategies must allow nanomedicines to reach their destination and 

maintain their characteristics and integrity in response to different physiological 

conditions, including the presence of proteases, redox potential, and different pH 

levels. [202, 203]. 

 

- Second level: Circulatory Barriers. The reticuloendothelial system, the immune 

system, and the liver represent barriers to administered nanomedicines as they 

function to recognize and remove foreign objects from the circulation. The rational 

design of nanomedicines in terms of charge, shape, and size can modulate their 

interaction with these systems [204, 205]. For example, cell components appended 

to the surface of a nanomedicine can allow the avoidance of circulating phagocyte-

mediated elimination. Furthermore, nanomedicine design must allow for better 

renal filtration to avoid prolonged retention in the circulation, which can cause 

systemic toxicity [201, 206]. 

 

- Third level: Tissue-specific Barriers and Tumor Stroma. Tissue-specific 

barriers include the blood-brain and ocular barriers, while the TME represents a 
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significant barrier to the uptake of nanomedicines by tumor cells. The modulation 

of the TME to improve tumor perfusion, facilitate tumor extravasation, or improve 

interstitial transport represents an important strategy to improve the delivery of 

nanomedicine to tumors [207-209]. 

 

- Fourth level: Cellular Barriers. Nanomedicines are internalized into cells using 

pathways that depend on molecular weight (Mw). Passive diffusion occurs when 

the Mw of the nanomedicine is less than 1 kDa, while nanomedicines with a higher 

Mw internalize through endocytic pathways. Endocytosis represents the primary 

cell uptake mechanism after a nanomedicine reaches the cell surface through 

passive or active targeting. Endocytosis can be divided into clathrin-mediated 

endocytosis, caveolae-mediated endocytosis, macropinocytosis, and phagocytosis 

[210]. Clathrin-mediated endocytosis (<120 nm) and caveolae-mediated 

endocytosis (<60 nm) represent the major uptake pathways used by various 

nanoformulations [130]. 

 

- Fifth level: Subcellular Barriers. Nanomedicines that enter via clathrin-mediated 

endocytosis pass through the early endosomes to the late endosomes and reach the 

lysosomal lumen, where they are degraded by hydrolases. Importantly, 

nanomedicines that target specific organelles rather than the cytoplasm, in general, 

must be designed to undergo endosomal escape [211] to avoid endosome/lysosome 

degradation and retain their biological activity [71]. Nanomedicines that enter via 

caveolae-mediated endocytosis generally do not enter the lysosomes and become 

transferred to the Golgi apparatus or endoplasmic reticulum. Overall, the 

endocytosis of antitumor nanomedicines represents a critical step in achieving 

therapeutic effects. Hence, a deeper understanding and exploration of endocytic 

pathways may foster the development of novel delivery strategies for subcellular 

targeting [212, 213]. 
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I.6.2 The Enhanced Permeability and Retention (EPR) Effect 

The passive accumulation of nanomedicines in tumors through the EPR effect was 

first described by Matsumura and Maeda in 1986 [214, 215]. The EPR effect generally 

allows for the enhanced tumor accumulation of nanomedicines than the “free” form of 

the parental drug involved [216]. The EPR effect relies on pathological alterations to 

the vasculature within tumors or sites of inflammation. Within these areas, the 

formation of the blood vessels that provide oxygen and nutrients occurs in a 

dysregulated manner, giving rise to a disordered vasculature formed by endothelial 

cells with a larger pore diameter (100-200 mm), which allows the passive accumulation 

of nanomedicines with an Mw between 40-800 KDa and 20-200 nm in the affected 

area. In addition, said areas also suffer from failures in lymphatic drainage, which also 

favors the retention of nanomedicines that penetrate the tumor (Figure 18) [103, 217, 

218].  

 

Figure 18. The Enhanced Permeability and Retention Effect. Due to inadequate lymphatic drainage 

and the space between endothelial cells present in the tumor vasculature, nanomedicines can preferentially 

accumulate in the tumor. Nanomedicines must be >5 nm in size to avoid rapid renal filtration by increasing 

blood circulation time and <200nm to extravasate from the vasculature.  

However, the significance and behavior of therapies with respect to the EPR effect 

in human patients has recently been under debate [103]. For example, it has been shown 

that nanomedicine entry into tumors is more complex than simple extravasation through 
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gaps in the endothelial lining [219]. In addition, studies now show that the immune 

cells of the TME play critical roles in the passive accumulation, retention, and 

intratumoral distribution of nanomedicines [103]. Another point to note is that the effect 

of EPR is significantly more pronounced in the small animal xenograft tumor models 

typically used to evaluate nanomedicines compared to human tumor growth [103]. 

Although nanomedicine accumulation in human tumors exists, the degree varies greatly 

between patients and tumor types. Consequently, further work is needed to study 

strategies to enhance the effect of EPR and enhance the efficacy of nanomedicine 

therapy. This can be done through pharmacological strategies to modulate vessel 

permeabilization, vessel normalization, vessel disruption or vessel promotion, and 

physical strategies, such as hyperthermia, radiotherapy, sonoporation and 

phototherapy. In addition, the optimization of the physicochemical properties of 

nanomedicines, which include surface charge, size, and size distribution, can promote 

enhanced tumor accumulation via the EPR effect [103, 220]. Furthermore, active 

targeting can be used as a complementary strategy to EPR-based passive targeting to 

enhance the accumulation and retention of nanomedicines in tumors, or employ 

combined treatments based on nanomedicines or combination between immunotherapy 

and nanomedicines [172]. 

I.6.3 Currently used Nanomedicines in Breast Cancer Treatment 

Nanomedicines implemented in breast cancer treatment include liposomal 

nanoformulations of doxorubicin, such as Doxil®, Lipodox®, and Myocet®, which 

provide reduced side effects by inhibiting off-target toxicity and improved tumor 

specificity [186]. Additional liposomal nanomedicines include nanoformulations of 

paclitaxel (Lipusu®, approved in China [221]) or daunorubicin (DaunoXome®), 

which are currently in advanced clinical trials for metastatic breast cancer [222]. Other 

advanced therapies include nanoparticle formulations of paclitaxel (Abraxane® 

[223]), polymeric micelles (e.g., Genexol-PM® [224] or Nanoxel® [225]), and the 

antibody-drug conjugate Kadcyla® (trastuzumab emtansine) [226] (Figure 19). 
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All nanomedicines demonstrated improvement in efficacy, reduction in tumor 

size and survival, specificity for targeting the target site, and reduction in side effects 

compared to the associated free drugs. For example, Doxil®, a liposome modified with 

polyethylene glycol (PEGylated) of approximately 80-90 nm in diameter containing 

approximately 15,000 encapsulated doxorubicin molecules, reduces the cardio-

cardiotoxic effects associated with free doxorubicin [227]. Meanwhile, Abraxane®, a 

130 nm albumin-bound form of paclitaxel, promoted higher tumor accumulation of 

paclitaxel and demonstrated a superior overall response rate (34%) compared to free 

paclitaxel (19%) in patients with advanced breast cancer [228, 229]. Notably, a 

combination of Abraxane® and atezolizumab, a PD-L1 inhibitor, has been established 

as a first-line treatment for patients with unresectable, locally advanced, or metastatic 

TNBC. 

 This thesis focuses on the use of Polymers Therapeutics as the strategy to 

rationally design a bioresponsive nanomedicine capable to improve the 

therapeutic output of the inflammasome inhibitor MM01 in preclinically relevant 

breast cancer models. 
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Figure 19. FDA-Approved Nanomedicines in Routine Clinical Use for Breast Cancer Treatment.
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I.7 Polymer Therapeutics 

Polymer therapeutics represent one of the most successful areas contributing to the 

first generation of nanomedicines. The term “Polymer Therapeutics”, coined by Prof. 

Ruth Duncan, includes an extensive family of nano-sized medicines (5 - 100 nm in 

diameter) with more than twenty-five products in routine clinical use [230]. Examples 

include the polymeric drug glatiramer acetate for multiple sclerosis (Copaxone®) and 

the polymer conjugate PEG-filgrastim for the treatment of neutropenia (Neulasta®), 

that even appeared in the US list of Top 10 bets-selling drugs in 2013 [230]. 

Treatments based on Polymer Therapeutics have demonstrated their suitability in 

several diseases/disorders, such as cancer [231], neurodegenerative disorders, hepatitis 

and autoimmune diseases reflecting the enormous potential of these nanomedicines 

[232].  

I.7.1 Definition and Classification of Polymer Therapeutics 

The classical definition of Polymer therapeutics encompasses various 

macromolecular systems composed of a rationally designed covalent bond between a 

water-soluble polymeric carrier (with or without inherent activity) and the bioactive 

molecule(s). They include polymeric drugs, polymer-drug conjugates, polymer-protein 

conjugates, polymeric micelles (where drug attachment occurs via covalent bonding) 

and polyplexes (multi-component systems used as non-viral vectors for gene/small 

interfering RNA delivery) (Figure 20) [233]. However, this is an evolving concept and 

hybridized, supramolecular and self-assembled nanoconstructs are an increasing 

number within this successful family [233]. 



Chapter I: General Introduction 

 80 

 

Figure 20. Overview of the Classical Classification of the Polymer Therapeutics Family 

Polymer therapeutics represent 'new chemical entities' that differ from conventional 

drug delivery systems or formulations that simply trap, solubilize, or control drug 

release without resorting to chemical conjugation [233]. Through the versatility of 

synthetic chemistry and chemical conjugations, polymer therapeutics can play a critical 

role by changing drug distribution or by providing more targeted drug delivery to 

specific tissues or cells within those tissues. This spatiotemporal control of the 

administered drug leads to improved therapeutic effects and/or reduced side effects.  

Therefore, the advantages of the use of rationally-designed Polymer 

Therapeutics are related to their controllable size and macromolecular properties.  

In this doctoral thesis, we focused on the development of a novel polymer-

based nanoconjugate of our newly identified inflammasome inhibitor MM01 as a 

means to improve breast cancer treatment and tumor accumulation. Therefore, 

in the following sections, we will go deeper into the main characteristics of the use 

of polymer-drug conjugates and Polypeptide-Based drug Conjugates as 

therapeutics.   
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I.8 Polymer Conjugates as Therapeutics 

Depending on the nature of the conjugated bioactive molecule, polymer conjugates 

could be classified in polymer-drug and polymer-protein conjugates. Depending the 

location of the molecular target to reach each case would require a different rational 

design, however in general terms one could say that conjugation of a therapeutic agent 

to a polymeric backbone offers several advantages over other nanomedicines, including 

(1) controlled size and size-dependent properties; (2) prevention or reduction of 

aggregation, immunogenicity and antigenicity; (3) improved plasma half-life due to 

increased hydrodynamic volume and decreased renal clearance; (4) protection of the 

therapeutic agent against degradation by proteolytic enzymes or nonspecific cellular 

uptake (5) increased water solubility; (6) modification of pharmacokinetics at both 

cellular and even subcellular levels [201]. 

The following table shows the marketed Polymer conjugates with a clear 

prevalence of polymer-protein conjugates (mainly PEG) if compared to polymer-drug 

conjugates with only one marketed product, Movantik® approved by the FDA in 2014 

for the treatment of opioid-induced constipation in adult patients with chronic non-

oncologic pain (Table 4) [234].  
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Table 4: Marketed polymer conjugates. Adapted [234]). 

 
 

 

 



Chapter I: General Introduction 

 83 

Table 4: Marketed polymer conjugates (continuation). Adapted [234]. 
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I.8.1 Polymer-drug Conjugates as Therapeutics 

Polymer-drug conjugates, described by Ringsdorf in 1975, are a subtype of 

Polymer therapeutics [234]. Ringsdorf described the four main features necessary for 

the design of polymer-drug conjugates: (i) a hydrophilic, ideally biodegradable, 

multivalent polymeric carrier with a high loading capacity; (ii) a suitable selection of 

drugs with appropriate potency and structural functionality to enable conjugation; (iii) 

bioresponsive polymer-drug linkers that allow controlled release of drugs at the site of 

action under selected endogenous or exogenous triggers; and (iv) the possibility of 

implementing targeting elements to enhance accumulation at the pathological site [234] 

(Figure 21). Considering these four features, the rational design of polymer-drug 

conjugates has gained attention primarily for their ability for precise and controlled 

release of bioactive agents in specific biological environments [234]. Importantly, the 

multivalency of polymers allows the conjugation of more than one compound to the 

polymeric backbone, enabling the introduction of more than one drug (polymer-based 

combination therapy), diagnostic elements, or targeting residues (promoting receptor-

mediated endocytosis to target therapy) [233]. 

 

 
Image 21. Schematic illustration of polymer-drug conjugates. 

 

 

Regarding internalization pathways, polymer-drug conjugates primarily 

require lysosomotropic intracellular transport, in which the bioactive agent must be 

stable under proteolytic degradation. In this case, the nanoconjugate is internalized 

through endocytosis and directed to the early and late endosomes, and finally to the 



Chapter I: General Introduction 

 85 

lysosome, where the presence of proteolytic enzymes (such as cathepsin B) or the acidic 

pH allows the release of the drug from the polymer by degradation of the polymer itself 

or a cleavable linking moiety [235, 236]. Lysosomes present ion channels and 

transmembrane proteins to transport the drug to the cytosol to access the therapeutic 

target [237] (Figure 22). 

 

Figure 22. Overview of Lysosomotropic Route Employed for the Delivery of Nanomedicines. 

Lysosomotropic transport (release through the lysosome) is suitable for bioactive agents protected from 

proteolytic degradation. 

 

The therapeutic application of polymer-drug conjugates spans numerous 

conditions including cancer treatment. For example, PK1 or HPMA-DOX was the first 

clinically evaluated anticancer drug-polymer conjugate developed by Kopecek and 

Duncan in 1994 [233]. PK1 is composed of the conjugation of poly-N-

hydroxypropylmethacrylamide (HPMA) copolymer and doxorubicin (DOX) via a 

cleavable peptidyl linker in the lysosome [236]. However, although PK1 was shown to 

improve antitumor efficacy, tumor accumulation, safety profile and plasma circulation 

time compared to unconjugated doxorubicin, the development of PK1 was discontinued 

due to economic decisions by the parent company [238]. 

The limitations on molecular weight and the lack of biodegradability in the first 

generation of PEG and HMPA conjugates produce deficient pharmacokinetics. Hence, 
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current research efforts focus on the evaluation of conjugates employing new 

biodegradable and backbone-degradable water-soluble polymers (see section I.9.2).  

As mentioned above, so far, only one polymer-drug conjugate has reached the 

market, Movantik® [234] that was approved by the FDA in 2014 for the treatment of 

opioid-induced constipation in adult patients with chronic non-oncologic pain, and 

other examples currently under evaluation in clinical/preclinical studies [234]. 

However, there are many in advanced clinical stages as it is reflected in Table 5 

showing the increasing use of multivalent, biodegradable polymeric carriers. 
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Table 5: Polymer-drug conjugate. Adapted from [234] 
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Table 5: Polymer-drug conjugate (continuation). Adapted from [234] 
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I.8.2 Rational Design of Polymer-Drug Conjugates 

 

As mentioned above, the use of polymer-drug conjugates is gaining interest due 

to their precise and controlled release capability and the multivalency of the polymers. 

Therefore, it is necessary to keep in mind that it is necessary to control the rational 

design of the conjugates in order to obtain effective polymer-drug conjugates for the 

treatment of a given disease or disorder [239]. 

First, the physicochemical characteristics of the polymer-drug conjugates will 

determine their ability to cross the necessary biological barriers, as well as their 

biological activity. In addition, the success of the conjugates' activity depends primarily 

on their response to the specific physiological environments encountered in the 

organism.  Therefore, the rational design of polymer-drug conjugates begins with a 

thorough understanding of the biological barriers that each conjugate must circumvent 

to reach the selected cellular/molecular target. In addition, other components to 

consider in the rational design of polymer-drug conjugates are the biodegradable 

polymeric carrier itself and the bioreactive linker between the polymer and the 

therapeutic agent involved. 

 

I.8.2.A Polymeric Carriers 

One of the key features in the design of Polymer Therapeutics is the chosen 

polymeric nanocarrier. Most employed polymeric carriers can be composed of varied 

materials with different geometries and sizes and can be chemically conjugated with 

targeting ligands to allow specific targeting of individual organs, tissues, and cells. 

Furthermore, different architectures (including linear, graft, star, dendrimer, and 

dendronized polymers) allow for multivalency (the ability to carry multiple moieties) 

and potentially longer blood circulation times (Figure 23) [236, 240]. 
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Figure 23. An Overview of Polymeric Architectures [236] 

 

In general, the main properties that the polymeric carrier of choice must meet 

are [239]: 

 

i. Biodegradability or a suitably small molecular weight to facilitate excretion in vivo. 

ii. Prolonged half-life in blood, which favors adequate biodistribution and 

accumulation in body compartments. 

iii. Low polydispersity, providing homogeneity to the final conjugate. 

iv. Multivalency, allowing adequate drug loading, combined drug loading or 

application of targeting/diagnostic elements. 

 

Biodegradability represents one of the most important characteristics that 

polymeric carriers must have, since this avoids accumulation in the organism and 

possible side effects. For example, the lack of biodegradability of first-generation PEG 

and HPMA conjugates presents limitations in pharmacokinetics and systemic toxicity 

[239]. Therefore, new biodegradable and biocompatible water-soluble polymers are 

being developed. Polymeric carriers include natural polymers such as dextran (α-1,6 

polyglucose), dextrin (α-1,4 polyglucose), cyclodextrin and hyaluronic acid, and 

synthetic polymers such as polyacetals and polypeptides. 

Moreover, the structural versatility of the polymers should also be taken into 

account [239]. For example, branched polymers may exhibit greater responsiveness to 
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stimuli and conjugation of a large number of different bioactive agents versus their 

linear polymer analogues. In addition, branched polymers have demonstrated superior 

biodistribution, pharmacokinetic profiles, and in vivo biodistribution in healthy mice 

[239]. 

 

I.8.2.B Bioresponsive Linkers 

 

Finally, it is important to consider for the rational design of polymer-grug 

conjugates the use of linkers that respond to stimuli, both endogenous (e.g., pH, redox 

environments or reactive oxygen species) and exogenous (e.g., magnetic field, 

temperature, light). 

Linker chemistry can optimize drug release profiles in specific 

microenvironments or in the presence of specific enzymes, thus ensuring the release of 

the active agent(s) within the target site and enhancing biological activity. Different 

types of linkers have been described according to their susceptibility [239]: 

 

i. pH-responsive linkers: including acetal or ester linkers, N-cis-aconityl acid or 

hydrazone linkers. 

ii. Lysosomal enzyme-responsive linkers: usually oligopeptides cleaved by lysosomal 

enzymes such as cathepsin B or D, or metalloproteinases. Examples of these linkers 

are GFLG (Gly-Phe-Leu-Gly) and GLFG (Gly-Leu-Phe-Gly). 

iii. Self-immolative linkers: These linkers can disassemble into constitutive fragments, 

causing rapid disassembly of the polymer. 

iv. Reduction-sensitive linkers: Drug release occurs in reducing environments, mainly 

due to the presence of glutathione. 

v. Drug release by anchorage-assisted hydrolysis: first, drug linkers are released from 

the polymer after hydrolysis (first prodrug), activating the linker (second prodrug) 

that releases the free and active form of the drug. 

 

The nanoconjugates synthesized, characterized, and evaluated throughout 

this Thesis have been based on polypeptides, in particular polyglutamates (PGA). 

 



Chapter I: General Introduction 

 92 

I.9 Polypeptide-Based drug Conjugates as therapeutics 

Many examples polymer-drug conjugates use copolymers of N- (2-hydroxypropyl) 

-methacrylamide (HPMA), PEG, or, more recently, polyglutamic acid (PGA) as carrier 

molecules [239]. However, biopersistent carriers such as HPMA and PEG can cause 

lysosomal storage disease and do not allow combination therapy. Moreover, evidence 

of clinically reported hypersensitivity reactions with specific PEG-protein conjugates 

has raised awareness of the benefits of alternative biodegradable polymers. 

Biodegradable polymers such as PGA have benefits due to their similarities to 

native proteins, which include safety, low immunogenicity, biocompatibility, and 

biodegradability [241]. In addition, polypeptides also have advantages due to their 

structural versatility, which allows the formation of multiple architectures with 

different physicochemical characteristics (charge, polarity, and hydrophilicity) [237, 

242]. Moreover, the possibility of using carriers with a higher Mw allows optimization 

of pharmacokinetics and improves EPR-mediated tumor targeting.  

Biodegradable polymers currently employed at the preclinical and clinical 

levels include polypeptides, dextrins, polysialic acids, polyacetals, and hydroxyethyl 

starch. In addition, promising clinical results and lessons learnt with Opaxio® (PGA-

paclitaxel (PTX) conjugate) have underscored the high potential of synthetic 

polypeptides within nanomedicine [236]. 

In this work, we developed a new strategy by means of a novel 

polyglutamate-based nanocarrier derivatized with discrete cyclodextrin moieties 

capable to entrap the inhibitor in a highly efficient manner.  
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 The hypothesis of this work is that our inflammasome inhibitor, MM01, is a 

potential chemical tool to study the role of the inflammasome in inflammation and 

metastatic breast cancer models that currently represent an unmet clinical need. 

The long-term objective of this doctoral thesis is the characterization of the 

molecular mechanism of action and pharmacological activity of a novel pan-

inflammasome inhibitor, MM01, and its validation as potential anti-inflammatory and 

anticancer treatment.  In this work, MM01 will be explored as small molecule as well 

as the active component of a rationally designed polypeptide-based nanomedicine.  

These main objectives will be achieved through the following specific objectives: 

1. The identification of the mechanism of action of MM01 – we will demonstrate the 

ability of MM01 to inhibit ASC oligomerization using recombinant human ASC 

protein and in cellular assays. 

2. The demonstration of the ability of MM01 to inhibit different ASC-dependent 

inflammasomes in different cellular models and in vivo – we will evaluate 

inhibitory activity by studying the expression/secretion of pro-inflammatory 

proteins and pyroptotic cell death 

3. The study of the role of inflammasome-mediated inflammation in breast cancer cell 

migration – we will study the impact of MM01 on the migration of human/murine 

breast cancer cells in response to the secretome of M1 macrophages 

4. The evaluation of the antitumor and antimetastatic activity of MM01 in the 4T1 

and EO771 orthotopic in vivo murine models 

5. The identification of biomarkers to predict tumor responses to inflammasome 

inhibitors through proteomics 

6. The development, synthesis, and chemical characterization of a polymer-based 

nanomedicine using a biodegradable, multivalent and newly develop polymeric 

carrier (poly-L-glutamic acid or PGA derivatized with cyclodextrines) capable to 

complex MM01 (L-PGA-bCD-MM01) 

7. The characterization of L-PGA-bCD-MM01 and the study of inflammasome 

inhibition efficacy in cellular models of inflammation 

8. The study of the antitumor efficacy of L-PGA-bCD-MM01 in the EO771 

orthotopic in vivo model of murine breast cancer.
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III.1. Materials  

III.1.1 Chemical and biological agents.  

 

Phorbol 12-myristate 13-acetate (PMA), dimethyl sulfoxide (DMSO), 

lipopolysaccharides (LPS) from Escherichia coli 055: B55, nigericine sodium salt, 

poly(deoxyadenylic-deoxythymidylic) acid sodium salt (poly(dA:dT)), Cholera Toxin 

from Vibrio cholerae, RPMI-1640, fetal bovine serum (FBS) and Dulbecco’s 

phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich (St. Louis, 

Missouri, USA). Monosodium Urate Crystals (MSU) were purchased from Invivogen 

(St. Diego, California, USA). Lipofectamine 2000 Transfection Reagent, 

disuccinimidyl suberate (DSS), 4′,6-diamidino-2-phenylindole (DAPI) and Wheat 

Germ Agglutinin, Alexa Fluor™ 488 Conjugate (WGA) were purchased from 

ThermoFisher Scientific (Waltham, Massachusetts, USA). VX-765 and MCC950 were 

provided by AdooQ Bioscience (Irvine, California, USA). Lactate Dehydrogenase 

(LDH) activity was measured by the Lactate Assay Kit III by BioVision (Milpitas, 

California, USA). The human IL-1β ELISA Set III and skin milk powder were 

purchased from BD Biosciences (St. Jose, California, USA). ECL Western blotting 

detection reagents were purchased from Amersham Pharmacia Biotech (Amersham, 

UK). Mouse IL-1β ELISA was purchased from R&D Systems (Minneapolis, 

Minnesota, USA). Poly-L-glutamic acid (PGA, acid form, 200 glutamic acid units) was 

purchased from Polypeptide Therapeutics Solutions (PTS) (Valencia, Spain). 

Anhydrous N,N-dimethylformamide (DMF, ≥99.8% anhydrous) was purchased from 

Scharlab SL (Sentmenat, Spain). T75 flasks, sterile 24-well plates, 12-well plates, and 

6-well plates were provided by Sarstedt (Nümbrecht, Germany). ELISA 96-well plate 

and white 96-well plates were from Corning Costar® (New York, USA). Luciferase 

(Luc2) Lentiviral Vector was provided by Innoprot (Vizcaya, Spain). Bright-GloTM 

Luciferase Assay System and Tetrazolium (MTS) were purchased from Promega 

(Madison, Wisconsin, USA). Geneticin (G418) and Sodium Dodecyl Sulfate (SDS) 

were purchased from Fisher (Loughborough, UK). Paraformaldehyde (PFA) was 

provided by Electron Microscopy Sciences (Hatfield, Pennsylvania, USA). Black 96- 

well plates and XenoLight D-luciferin potassium salt were purchased from Perkin 
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Elmer (Waltham, Massachusetts, USA). Acrylamide/Bisacrylamide was provided by 

VWR Live Science (Radnor, Pennsylvania, USA). Mowiol® 4-88 was provided by 

Carl Roth (Karlsruhe, Germany). 0.22μm filters were purchased from Jet Biofil 

(Guangzhou, China). Insulin syringes (29G), absorbable sutures 6/0, and isoflurane 

were purchased form B. Braun VetCare (Barcelona, Spain). Reusable straight 20 gauge 

feeding needles were provided by InterFocus (Linton, UK). Ultrapure water with a 

resistivity of 18 MΩ.cm was used in all aqueous preparations (Milli-Q® ultrapure). 

 

III.1.2 Cell lines and culture conditions 

 

The human embryonic kidney HEK293 cells were obtained from Sigma 

Aldrich (St. Louis, Missouri, USA) and grown in DMEM – high glucose medium 

supplemented with inactivated 10% FBS. The human monocytic THP-1 cell line was 

obtained from the American Type Culture Collection (ATCC (Virginia, USA)) and 

grown in RPMI medium supplemented with inactivated 10% FBS. THP1-ASC-GFP 

cells were obtained from Invitrogen (Waltham, Massachusetts, USA) and cultured in 

RPMI medium supplemented with 10% FBS and supplemented with 100 μg/mL of 

Zeocin. The human breast cancer cell lines MDA-MB-231, MDA-MB-468, MCF7, 

MDA-MB-453, HCC1954 and ZR-751, were purchased from ATCC and grown in 

RPMI medium supplemented with inactivated 10% FBS. The murine breast cancer cell 

lines EO771 and 4T1 were also purchased from ATCC and grown in RPMI medium 

and DMEM – high glucose, respectively, supplemented with inactivated 10% FBS. 

Finally, the murine macrophages J744A.1 were purchased from American ATCC and 

grown in DMEM – high glucose. All cultures were maintained at 37°C in a 5% CO2 

atmosphere. Table 1 depicts the different cell lines, the growth media used, and the 

main characteristics of each cell line. 
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Table 1. Summary of the origin and growth medium of the different Cell Lines. FBS: Heat-

inactivated fetal bovine serum. 
 

Cell line Origin Growth Medium 

HEK293 Human embryonic kidney  DMEM, 10% FBS 
THP-1 Monocytes from Leukemia patient RPMI, 10% FBS 

THP-1-GFP-

ASC 
Monocytes from Leukemia patient transfected with 

ASC-GFP 
RPMI, 10% FBS, 

Zeocin 
MDA-MB-231 Human breast adenocarcinoma  RPMI, 10% FBS 

MDA-MB-468 Human breast adenocarcinoma  RPMI, 10% FBS 
MCF7 Human breast adenocarcinoma  RPMI, 10% FBS 

MDA-MB-453 Human breast metastatic carcinoma  RPMI, 10% FBS 
HCC1954 Human breast carcinoma  RPMI, 10% FBS 
ZR-751 Human breast carcinoma  RPMI, 10% FBS 
EO771 Murine breast carcinoma of C57BL/6 mice RPMI, 10% FBS 

4T1 Murine breast carcinoma of BALB/c mice DMEM, 10% FBS 
J744A.1 Murine macrophages DMEM, 10% FBS 

 

III.1.3 Antibodies 

 

Table 2 depicts the antibodies employed in this thesis. 

 
Table 2. Primary antibodies used for immunoblotting 

Antibody Purchased Source Dilution 

Pro-caspase-1 Cell signaling Rabbit 1:1000 

Caspase-1 Cell signaling Rabbit 1:1000 

Pro-IL-1β Cell signaling Mouse 1:1000 

IL-1β Cell signaling Rabbit 1:1000 

ASC Santa Cruz Rabbit 1:1000 

NLRP3 Cell signaling Rabbit 1:1000 

GAPDH Sigma Mouse 1:3000 

Tubulin Cell signaling Rat 1:3000 
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III.1.4 Animals 

 

The immunocompetent C57BL/6 and BALB/c mice were provided by Envigo 

Laboratories Inc. (Gannat, France) at 6-8 weeks of age were used for all animal 

experiments. All mice were kept in a specific-pathogen-free facility under constant 

temperature and humidity using a 12 h light-dark cycle. Food pellets and water were 

supplied ad-libitum during the whole experiment in all cases. Additionally, to ensure 

animal well-being, general aspects such as grooming conduct, tumor size, body weight, 

and behavior were evaluated daily. 

III.2. Methods 

III.2.1 In vitro assays 

III.2.1.A Purification of the apoptosis-associated speck-like protein (ASC).  

Human His-tagged-ASC was previously cloned into the vector pET28a for expression 

in E. coli. Afterward, pET28a vector containing the human His-tagged-ASC sequence 

was inoculated in a preculture of BL21 (DE3) pLysSCodon+ E. coli bacteria, in 150 mL 

of LB medium supplemented with 30 μg/mL of kanamycin and 25 μg/mL of 

chloramphenicol, at 37oC under orbital shaking at 160 rpm overnight. The next day, the 

culture was scaled up to a volume of 8 L under the same conditions until reaching an 

optical density (OD) 600nm of 0.6-0.7. Then, the induction of ASC expression was 

carried out with the addition of 1mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) 

and incubating at 28oC at 160rpm for 4h. After this time, the culture was centrifuged at 

6000 rpm at 4oC for 15 min and frozen at -80oC until further processing. The cell pellet 

obtained was resuspended in 300mL of lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 

pH = 8), supplemented with protease inhibitors (10 μg/ml leupeptin, 10 μg/ml pepstatin 

A, 100 μM phenylmethylsulfonyl fluoride (PMSF)), lysozyme 1mg/ mL and DNase 5 

μg/mL, and it was incubated for 30 min at 4oC while shaking. To complete cell lysis, 

the bacteria were sonicated in a BRANSON S-450D digital sonicator with an amplitude 

of 40% for 5 min with pauses on ice every minute to avoid overheating the sample. The 

cell lysate was centrifuged at 11000 rpm for 1h at 4oC, and the supernatant was 

discarded because, under these conditions, ASC is localized in bacterial inclusion 
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bodies. To solubilize the inclusion bodies, the pellet obtained was resuspended in 

100mL of resuspension buffer (50 mM NaH2PO4, 300 mM NaCl, 8M Urea, pH = 8), 

sonicated under the same conditions described, and centrifuged at 11000 rpm for 45 

min at 4oC. The supernatant was purified by affinity chromatography using a 4mL 

cobalt-sepharose BD Talon column (635502, Clontech) after overnight incubation with 

shaking at room temperature (RT). The following day, a first column wash of 5 column 

volumes was carried out in wash buffer (50 mM NaH2PO4, 300 mM NaCl, 8 M Urea, 

pH = 8), and the protein folding was subsequently carried out in the own column 

utilizing a descending urea gradient until its complete elimination. Finally, it was eluted 

with 15 mL of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 500mM Imidazole pH 

= 8). Next, desalting of the eluate was performed with PD-10 desalting columns (GE 

Healthcare). Finally, the protein was concentrated to 9-10 µM by centrifugation using 

an Amicon Ultra-4 10000Mw CO concentrator (Millipore). The protein concentration 

was determined by UV spectroscopy, and it was stored at -80oC, previously passing 

through liquid nitrogen. The recombinant ASC construct has an approximate molecular 

weight of 25458 Da and a molar extinction coefficient of 25440 M-1 cm-1 measured at 

280 nm. 

III.2.1.B ASC filament formation in vitro.  

Recombinant ASC protein was eluted from the PD-10 column as described above in an 

acidic pH buffer to avoid protein precipitation. Then, the formation of filaments is 

achieved at neutral pH by adding 3M Tris buffer (ph8.0) in a ratio of 1: 5 (vol/vol). The 

samples were incubated overnight at room temperature (RT). Finally, for analysis by 

electron microscopy (EM), a drop of 10 µl sample at 1mg/ml was placed on clean 

Parafilm, and a mesh copper pure carbon-coated grid was floated on top of it for 10 

min. Then, the grids were transferred and contrasted with 1 % uranyl acetate for 5 min. 

Excess fluid was removed and allowed to dry before examining a transmission electron 

microscope FEI Tecnai G2 Spirit (ThermoFisher Scientific Company, Oregon, USA). 

All images were acquired using Radius software with a digital camera Xarosa (EMSIS 

GmbH, Münster, Germany) (Figure 1). 
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Figure 1. ASC purification and filament formation in vitro procedure. 

III.2.2 Cellular assays 

III.2.2.A ASC speck assay.  

THP1-ASC-GFP cells were seeded at 1×106/ml the day before use in six-well plates 

and differentiated to macrophages with 50 ng/mL of PMA. The following day, the 

culture medium was replaced with fresh medium containing 20 µM MM01 inhibitor or 

vehicle for 30 mins. Cells were then primed with 100 ng/ml LPS for 3 h and stimulated 

with 10 µM nigericin for 30 min for NLRP3 inflammasome activation. For confocal 

analysis, cells were incubated with DAPI and WGA. Image acquisition used a Leica 

SP8 confocal microscope, and image processing was performed using FiJi software. 

For cytometry analysis, samples were detached and analyzed in a CytoFlex Flow 

Cytometer (Beckman Coulter). 

III.2.2.B ASC oligomerization assays.  

THP-1 cells were seeded at 1x106 cells/ml in six-well plates and differentiated with 

PMA 50 ng/mL. The following day, the medium was replaced with fresh medium 

supplemented with FBS 1%. Then, cells were treated with 20 µM MM01 inhibitor for 

30 min, primed with 100 ng/ml LPS for 3 h, and then stimulated with 10 µM nigericin 

for 30 min. Next, the supernatants were removed, cells were rinsed in ice-cold PBS and 

then lysed in NP-40 buffer (20 mM HEPES-KOH pH 7.5, 150 mM KCL, 1% NP-40 

plus protease inhibitors). Lysates were centrifuged at 330 × g for 10 min at 4 °C. Next, 

the pellets were washed and resuspended in PBS plus 2 mM DSS and incubated at RT 

for 10 min. Samples were then centrifuged at 330 × g for 10 min at 4 °C. The 
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supernatant was removed, and the cross-linked pellets were then resuspended in sample 

buffer (60 mM Tris pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.1% 

bromophenol blue), boiled, and analyzed by immunoblotting. 

HEK293 cells were seeded at 3.0 x105 cells/ml in six-well plates and transfected with 

ASC-YFP construct [1] according to standard procedure for Lipofectamine 2000 

reagent (Invitrogen). Then, cells were treated with 20 µM MM01 inhibitor for 6 h and 

oligomers purified as described above. Bafilomycin A1 (InvivoGen) is a selective 

inhibitor of vacuolar-type H+ ATPase (V-ATPase) that inhibits autophagosome and 

lysosome fusion [2]. Bafilomycin (200 nM) treatment for 2 h was used as an inhibitor 

of protein degradation. 

 

III.2.2.C ASC mutant analysis.  

ASC mutants in the active site predicted by MM01 molecular docking were generated 

by using QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) in the 

ASC-YFP plasmid. These mutations include H118A, F163A, W169A, K174A, 

W169A, K174A, L192A, and the double mutant L177A L178A. In addition, the mutant 

R119A was used as a negative control due to the already existing literature about its 

inability to form specks. All molecular biology techniques were performed according 

to standard procedures. 

To assess the effect of ASC mutants on speck formation, HEK293 cells were seeded at 

a concentration of 4.0x105 cells/ml in 12-well plates. The next day, LipofectamineTM 

2000 (Invitrogen) was used according to the manufacturer's instructions to transfect the 

cells with the ASC-YFP plasmid. After 18 h, HEK293 cells were harvested to analyze 

the speck formation by flow cytometry and confocal microscopy and the 

oligomerization formation by chemical crosslinking. In addition, whole-cell extracts 

were obtained to check the presence of the fusion protein in every sample (Figure 2).  
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Figure 2. ASC mutant analysis procedure 

III.2.2.D Docking Calculations with GOLD 5.2.  

The crystal structures of caspase-1 (PDB ID: 2FQQ1 and 2BHQ1) were downloaded 

from the protein data bank2 and subjected to docking calculations using GOLD 5.2 

software (CCDC, Cambridge, UK). The internal energy of the compounds was first 

minimized using the MM2 protocol and submitted to GOLD in SDF format. Docking 

experiments were performed three times using the default docking settings and 

ChemScore as the scoring function. A total of thirty genetic algorithms (GA) runs were 

set for each compound. The program was allowed to stop the GA runs when the top 

three solutions were within 1.5 Å root mean square deviation to accelerate the 

calculations. Intermolecular interactions were described using Discovery Studio 4.0 

(Accelrys Inc, San Diego, CA, USA). 

III.2.2.E Cellular assay for macrophages polarization 

Monocyte to macrophage (M0) differentiation. THP-1 cells were seeded at 1x106 

cells/ml in six-well plates and differentiated to macrophages (M0) by treating cells for 

24 hours with 50 ng/ ml PMA.  

Monocyte to pro-inflammatory macrophage (M1) differentiation. THP-1 cells were 

seeded at 1x106 cells/ml in six-well plates and treated for 24 hours with 50 ng/mL of 

PMA (M0 differentiation). At 24 hours the differentiated adherent cells were washed 

once with PBS and cultured in 1% FBS RPM1 medium. Cells were treated 

simultaneously with 20 ng/mL IFN-ϒ and 10 pg/ml of LPS for a further 24 hours in 
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complete PMA-free medium to obtain M1 macrophages. For murine macrophages, 

J744A.1 cell line was seeded at 1x106 cells/mL in 6-well cell culture plates in 10% FBS 

DMEM medium for 24h (M0). The next day the medium was replaced to 1% FBS 

DMEM and cells were stimulated with 25 ng/mL IFN-ϒ and 10 pg/ml of LPS for a 

further 24 hours to obtain M1 polarization. 

 

To characterize the proper macrophage polarization, pro-inflammatory IL-1β cytokine 

levels and LDH activity were analyzed in cell supernatants by ELISA assay and 

Lactatase Assay Kit III respectively following the supplier’s instructions. Moreover, 

gene expression of common protein markers of polarized macrophages was studied via 

RT-qPCR analysis. CCR7 and CXCL10 markers were associated to pro-inflammatory 

human M1 macrophages and IL-6 and IL-1β markers were associated to pro-

inflammatory murine M1 macrophages. Moreover, Immunoblotting was employed for 

specific antibody detection.  

 

III.2.2.F Cellular assay for inflammasome inhibition.  

The inflammasome inhibitor, MM01, was evaluated in PMA-differentiated THP-1 cells 

(50 ng/mL PMA for 24h) (M0). 

NLRP3 inflammasome. 1x106 of THP-1 cells were seeded in six-well plates in 1 mL 

RPMI media that contained 1% FBS and stimulated with 50 ng/mL PMA for 24 h to 

polarize into M0 macrophages. The next day, medium was replaced to 1% FBS RPM1 

medium and M0 cells were treated with 20 µM MM01 inhibitor for 30 min, followed 

by treatment with 100 ng/mL LPS for 3 h and 10 µM nigericin for 30 min at 37ºC.  

AIM2 inflammasome. PMA-differentiated cells (M0) were treated in the same 

conditions as before (20 µM MM01 inhibitor for 30 min) and transfected with 

poly(dA:dT) (0.5 µg/ml) overnight using Lipofectamine 2000.  

Pyrin inflammasome. PMA-differentiated cells (M0) cells were treated with 20 µM 

MM01 inhibitor for 30 min and primed with LPS 100 ng/mL 3 h followed by Cholera 

toxin treatment overnight.  

Non-canonical inflammasome. PMA-differentiated cells (M0) cells were treated with 

20 µM MM01 inhibitor for 30 min and transfected with ultrapure LPS 300 ng (Sigma) 

overnight using Lipofectamine 2000.  
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Cellular extracts were collected, and supernatants were harvested and clarified by 

centrifugation at 1,500 rpm at room temperature for further analysis. IL-1β secretion 

and the release of IL-18 were monitored by ELISA assay (BD OptEIA™ Human IL-

1β ELISA Kit and Human IL-18 Module Set eBioscience). Cell viability was analyzed 

in parallel by evaluating the release of lactate dehydrogenase (LDH) (CytoTox-ONE™ 

Homogeneous Membrane Integrity Assay; Promega). Immunoblotting was employed 

for specific antibody detection.  

 

III.2.2.G Cellular assays for inflammasome inhibition in pro-inflammatory M1 

macrophages. 

Human macrophages. 1x106 of THP-1 cells were seeded in six-well plates in 1 mL 

RPMI media that contained 1% FBS and stimulated with 50 ng/mL PMA for 24 h to 

polarize into M0 macrophages. The next day, medium was replaced to 1% FBS RPM1 

medium. M0 cells were treated with 20 µM MM01 inhibitor for 30 min, followed by 

M1 differentiation 20 ng/mL IFN-ϒ and 10 pg/ml of LPS for a further 24 hours at 37ºC.  

Murine macrophages. J744A.1 cells were seeded in six-well plates in 1 mL DMEM 

media that contained 10% FBS 24 h. The next day, medium was replaced to 1% FBS 

RPM1 medium. Cells were treated with 20 µM MM01 inhibitor for 30 min, followed 

by M1 differentiation 25 ng/mL IFN-ϒ and 10 pg/ml of LPS for a further 24 hours at 

37ºC.  

 

Cellular extracts were collected, and supernatants were harvested and clarified by 

centrifugation at 1,500 rpm at room temperature for further analysis. IL-1β secretion 

was monitored by ELISA assay. Cell viability was analyzed in parallel by evaluating 

the release of LDH. Immunoblotting was employed for specific antibody 

detection.  Moreover, gene expression of common protein markers of polarized 

macrophages was studied via RT-qPCR analysis. CCR7 and CXCL10 markers were 

associated to pro-inflammatory human M1 macrophages and IL-6 and IL-1á markers 

were associated to pro-inflammatory murine M1 macrophages.  
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III.2.2.H Assays to determine the secretion of pro-inflammatory cytokines.  

Pro-inflammatory cytokines were analyzed from the supernatants of the cell cultures 

stimulated with the different inflammasome inducers using the ELISA kit (BD 

OptEIA™ Human IL-1β ELISA Kit and Human IL-18 Module Set eBioscience y') 

technique in 96-well plates. Briefly, in this assay, the wells are coated with a first 

capture antibody of the cytokine to be quantified resulting from hydrophobic 

interactions. After eliminating the excess of antibodies, the supernatants of the 

treatments are added where the immobilized antibodies specifically capture the 

cytokines present in them. Specific biotin-conjugated antibodies then detect the bound 

cytokines (detection antibody), recognized after an incubation step with the peroxidase 

enzyme conjugated to avidin or streptavidin. Finally, a chromogenic substrate is added 

that can be quantified in a spectrophotometer with a plate reader. The quantification of 

the cytokines of the supernatants can be carried out by interpolating the absorbance data 

in a calibration curve with standards of known concentrations of the cytokine to be 

quantified. The absorbance was determined using the Wallac Victor 1420 

spectrofluorimeter (PerkinElmer) at a wavelength of 450nm. When required, the 

samples were diluted in culture medium until obtaining total absorbance values within 

the linear range of the calibration curve. Each sample was analyzed in duplicate for 

each independent experiment, and the results were expressed as interleukin 

concentration in pg/mL. 

 

III.2.2.I Cell toxicity tests by lactate dehydrogenase activity.  

To evaluate the cellular integrity of the cell cultures, the Cytotox-ONE Homogeneous 

Membrane Integrity Assay Kit (Promega) was used. The test is based on the release 

into the culture medium of the cytosolic enzyme lactate dehydrogenase by cells that 

have damaged the plasma membrane, characteristic of the necrotic or pyroptotic types 

of cell death. This assay measures the enzymatic conversion of the resazurin compound 

to the fluorescent resorufin compound. The amount of resorufin formed is directly 

proportional to the amount of LDH released into the medium [3]. This assay was 

performed in 96-well black plates; 50 µL of the supernatants were mixed with 50 µL 

of the commercial substrate and incubated in the dark for approximately 30 min. After 

this time, the fluorescence was measured at λexc = 560 nm and λem = 590 nm in the 
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Wallac Victor 1420 spectrofluorimeter (PerkinElmer). Each sample was analyzed in 

duplicate for each independent experiment, and the results were expressed as a 

percentage of the release of the enzyme lactate dehydrogenase from the treated samples 

with respect to a positive control (100% release) obtained by lysis with 0.1% Triton. 

X-100 from a cell culture seeded with the same number of cells as the treatments. The 

applied formula was the following: 

 

LDH	release	%=100	x	(Abs	treated	cells-Abs	untreated	cells/Abs	untreated	
lysed	cells) 

III.2.2.J Immunoblotting.  

 

The supernatants of the treated cells were lyophilized, and cellular extracts were 

obtained by lysing cells in 25 mM of Tris-HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, 

and 1% SDS, plus protease and phosphatase inhibitors. The BCA protein assay 

determined the protein concentration. Both lyophilized supernatants and quantified 

cellular extracts were then resuspended in sample buffer (60 mM Tris pH 6.8, 10% 

glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.1% bromophenol blue) for 

immunoblotting analysis.  

Proteins were separated by electrophoresis on polyacrylamide gels (SDS-PAGE, 12-

14%), using the vertical electrophoresis system (Mini Protejan-3, Bio-Rad 

Laboratories) in electrophoresis buffer (25 mM Tris pH 8.0, 200 mM glycine, and 0.1% 

SDS). A molecular weight marker (EZ-RUN, Fisher) was used in all experiments. 

Then, the proteins separated on the polyacrylamide gels were electrophoretically 

transferred to 0.45 μm nitrocellulose membranes (Bio-Rad) using the Mini-Transblot 

system (Bio-Rad) using the transfer buffer (25 mM Tris pH 7.5, 192 mM glycine, and 

20% (v/v) methanol for 3h at 400mA. The membranes were then blocked for 1h in 

blocking buffer (5% milk in TBS-T ("Tris -Buffered Saline" 20 mM Tris pH 8.0, 500 

mM NaCl, 0.1% (w/v) Tween-20). The incubation of the membranes with the primary 

antibody was carried out in the blocking buffer at 4 ° C overnight (Table 1). The 

membranes were then washed three times with TBS-T and incubated with the 

corresponding peroxidase-conjugated secondary antibody in blocking solution for 1 h 

at room temperature. Finally, after washing three times with TBS -T, the Western blot 
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was developed by ECL according to the manufacturer's instructions (ECL Western 

Blotting Detection Reagents), and the membranes were exposed to Amersham 

Hyperfilm ECL film (GE Healthcare). As a loading control, the α-tubulin antibody was 

used. When required, the area of the bands obtained was quantified using the Image 

J1.46r program (Wayne Rasband, National Institute of Health, USA). 

Some membranes of the Western blots were reused to re-incubate them with a primary 

antibody other than the initial one, so they were stripped. Briefly, the membranes were 

incubated in the stripping buffer (2% (w/v) SDS, 0.7% (v/v) β-mercaptoethanol and 65 

mM Tris-HCl pH 6.8) at 65oC for 30min. The membranes were then washed three 

times with TBS-T, and the Western blot was performed as previously indicated. 

 

III.2.2.K Analysis of mRNA by Real-Time quantitative Polymerase Chain 

Reaction (RT-qPCR) 

 

Total RNA was extracted from cells using the RNA isolation RNeasy Mini Kit 

(Qiagen). mRNA was obtained by reverse transcription (RT) using super script first 

strand synthesis system for RT-PCR (Invitrogen). PCR amplification was performed 

with equal amounts of cDNA from each RT reaction. qPCR was performed on the 

Roche Light Cycler 480 using the SYBR Green Reagent Kit. GAPDH was used as the 

control gene for normalization. In addition, scrambled controls were added for each 

primer pair to discard contaminants and the specificity of the. PCR products was 

confirmed by meting-curve analysis. Finally, the mRNA expression was quantified 

using Roche Applied Science software by the threshold cycle (CT) method and the 

abundance was expressed as relative-fold change front GAPDH expression. 

 

III.2.2.L Evaluation of the migratory capacity of breast cancer cells in response to 

inflammatory stimuli by transwell assays 

 

Human/Mouse macrophages were treated with MM01 and stimulated to M1 phenotype 

as described before (Materials and methods III.2.2.G). The supernatant of cells was 

collected and centrifuged at 1,500 rpm for 5 min. Then, breast cancer cells were seeded 

in the upper part of the transwell (Sigma Aldrich), containing a permeable membrane, 
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at 25.000 cells/transwell in 10% FBS medium. Next, 600 µL of M1 supernatant, treated 

or untreated with MM01, were added to the lower part of the transwell for cell 

stimulation. Finally, following an incubation period of 6 hours, the migrated cells were 

stained with DAPI and WGA for confocal microscopy visualization. 10% FBS medium 

was employed to evaluate the basal migration of each cell line.  

 

III.2.2.M Development of stable luciferase expressing EO771 cells by lentiviral 

infection 

 

EO771 cell line was virally infected with the Luciferase (Luc2) Lentiviral Vector 

(Photinus Pyralis Cumate) to express luciferase. 1x 106 EO771 cells were seeded in a 

6-well plate in 2 ml of complete medium per well. The cells were incubated at 37oC in 

a 5% CO2 atmosphere. Once the cells were at 80% confluence, the medium was 

removed, and the cells were washed with sterile PBS. Luc2 stock contains 1-2 x 107 

particles forming units (pfu)/m. The lentiviral solution was prepared by adding 240 μl 

of each lentivirus to 960 μl of complete medium. After PBS washing, the lentiviral 

virus was incubated for 24 h at 37oC in a 5% CO2 atmosphere, after which point the 

solutions was replaced by 2 ml of complete medium. 500 μg/ml of the antibiotic 

geneticin (G418) was added in the complete medium to select positive cells for 

lentiviral infection. To detect stable luciferase-expressing cells (EO771-Luc2), 10,000 

cells in 100 μl of complete medium was added to a well in a white 96-well plate. 20μl 

of Bright-GloTM Luciferase Assay System was next added, and the fluorescence was 

immediately evaluated in relative luminescence units (RLU) in the spectrophotometer.  

 

III.2.3 In vivo assays 

III.2.3.A Ethical considerations 

 

All the animal experiments performed were planned following the European 

Communities Council Directive (86/609/ECC) guidelines and by the Spanish Royal 

Decree 1201/2005. All experimental procedures were approved by the Institutional 171 
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Animal Care and Use Committee and carried out by accredited and trained staff, 

meeting the animal care rules. 

 

III.2.3.B MSU-induced peritonitis mouse model.  

In vivo model was performed as described in Bioprotocols (Spalinger, 2018) using an 

approach approved by the Institutional Animal Ethical Committee of the CIPF. 

C57BL/6 mice were injected intraperitoneally with 10 mg/kg MM01 or vehicle (PBS 

+ 0.1% DMSO) 30 min before intraperitoneal injection of MSU (2 mg MSU crystals in 

200 µl sterile PBS). After 6 h, mice were sacrificed, and peritoneal lavage with 5 ml of 

PBS was performed. Cytokine IL-1β secretion was determined by ELISA (#DY401 

R&D Systems), and neutrophil content was measured by flow cytometry in ACVLAB 

Laboratory Valencia. Each group condition included twelve animals (Figure 3).  

 

Figure 3. MSU-induced peritonitis mouse model procedure. 

 

III.2.3.C Development of orthotopic EO771-luc2 breast cancer mouse model 

The orthotopic EO771-Luc2 breast cancer mice model was performed employing the 

C57BL/6J female strain at 6-8 weeks of age. Before cell injection, mice were 

anesthetized by isoflurane inhalation with (2-5%). Then 1x106 and 1x106 EO771-Luc2 

cells, prepared within 1:3 (v/v) of Matrigel and RPM1 complete medium in a final 

volume of 100 μl, were orthotopically implanted in the fourth mammary pat pad using 

an insulin syringe (29G). Tumor growth was measured three times per week via in vivo 

bioluminescence by Xenogen IVIS® Spectrum (Caliper Life Sciences; Hopkinton, 



Chapter III: Material & Methods 

 124 

Massachusetts, USA) for five weeks, at which point the tumors reached a maximum 

size permitted [4]. To be able to visualize the tumor luminescence, 150 mg/kg of 

XenoLight D-luciferin Potassium Salt in sterile PBS was administered subcutaneously 

as a bioluminescent substrate. Immediately, mice were anesthetized, and 10 mins after 

injection mice were introduced in the IVIS® Spectrum. Tumor images were acquired 

using the following parameters: Exposure time: Automatic, Binning: 8, F/Stop: 1, 

Emission Filter: Open and Field of View: C. With these parameters, the luminescent 

tumor signal will be acquired within 20 mins post luciferin injection. In the following 

animal experiments, we used this schedule. Finally, the luminescence in the tumors was 

analyzed with the Living Image® (64-bit) program. 

 

III.2.3.D Development of orthotopic 4T1 breast cancer mouse model 

The orthotopic 4T1 breast cancer mice model was performed employing the BALB/c 

female strain at 6-8 weeks of age. Before cell injection, mice were anesthetized by 

isoflurane inhalation with (2-5%). Then 1x106 4T1 cells, prepared within 1:3 (v/v) of 

Matrigel and DMEM complete medium in a final volume of 100 μl, were orthotopically 

implanted in the fourth mammary pat pad using an insulin syringe (29G). Tumor 

growth was measured three times per week via caliper for four weeks, at which point 

the tumors reached a maximum size permitted [4]. 

 

III.2.3.5 Antitumor analysis 

MM01 was administered once tumors reached a size of 0,02 cm3 with at least 5 animals 

used in each group. MM01 was i.v. administered starting from at 10 mg/kg three timpes 

per week for 4-5 weeks. MM01 was previously dissolved in PBS + 5% DMSO. At the 

end of the experiment (corresponding the week 4-5), all animals were euthanized via 

carbon dioxide (CO2) inhalation, and tumors were weighed and measured by caliper 

after extraction. Blood was also extracted from the heart employing 21G x 1” needles 

(Ø 0.80 x 25 mm), and insulin syringes 10 μl 0.1% (w/v), heparin was added in the 

insulin syringes to avoid clotting. 100 μl of each sample was centrifuged for 10 mins at 

4000 rpm at 4oC to obtain the plasma used to hematological studies. 
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III.2.4 Proteomic studies 

The proteomic analysis was performed in the proteomics facility of SCSIE University 

of Valencia.  

 

III.2.4.1 Cellular assays for proteomic studies 

0,5x106 of EO771 and 4T1 breast cancer cells were seeded in six-well plates in 1 mL 

of complete RPMI and DMEM media, respectively. J744A.1 murine macrophages were 

polarized to M1 macrophaes as detailed in the section III.2.2.7. The next day, the media 

of EO771 and 4T1 cells was replaced and 800 µL of J744A.1 M1 supernatant was 

added to the cells for 6h. At 6h, cells lysated in 25 mM of Tris-HCl pH 7.4, 1 mM 

EDTA, 1 mM EGTA, and 1% SDS, plus protease and phosphatase inhibitors for 

proteomic studies. 

 

III.2.4.2 Sample preparation.  

Aliquots with an equivalent amount of all the samples were mixed to make a pool (20 

µg) for build the spectral library from a 1D_SDS_PAGE gel.  Appropriate volumen of 

4x Laemmli Sample Buffer with β-mercaptoethanol was added to 20 ug of the samples. 

The samples were denatured at 95ºC during 5 min. The electrophoresis was performed 

using an 12% precast gel (Bio-Rad) at 200V 5 min. The gel was fixed with 40% 

ethanol/10% acetic acid for one hour. The gel was stained with colloidal Coomassie 

(Bio-Rad) for one hour. The gel was distained with H2O milliQ. Every sample run was 

into 5 pieces and then were digested with sequencing grade trypsin (Promega). 500 ng 

of trypsin were used for each sample, and digestion was set to 37 ºC on. The trypsin 

digestion was stopped with 10% TFA and the supernatant was removed, and the library 

gel slides dehydrated with pure ACN. The new peptide solutions were combined with 

the corresponding supernatant. The peptide mixtures were dried in a speed vacuum and 

re suspended with 15 µL of 2 % ACN; 0.1% TFA (20 µL). Then, 5 µl of peptide mixture 

sample was loaded onto a trap column (3µ C18-CL, 350 µm x 0.5mm; Eksigent) and 

desalted with 0.1% TFA at 5 µl/min during 5 min. The peptides were then loaded onto 

an analytical column (3µ C18-CL 120 Ᾰ, 0.075 x 150 mm; Eksigent) equilibrated in 

5% acetonitrile 0.1% FA (formic acid). Elution was carried out with a linear gradient 

of 7-40% B in A for 20 min. (A: 0.1% FA; B: ACN, 0.1% FA) at a flow rate of 300 
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nL/min. Peptides were analysed in a mass spectrometer nanoESI qQTOF (6600plus 

TripleTOF, ABSCIEX). Sample was ionized in a Source Type:   Optiflow < 1 uL Nano 

applying 3.0 kV to the spray emitter at 200 ºC. Analysis was carried out in a data-

dependent mode. Survey MS1 scans were acquired from 350–1400 m/z for 250 ms. 

The quadrupole resolution was set to ‘LOW’ for MS2 experiments, which were 

acquired 100–1500 m/z for 25 ms in ‘high sensitivity’ mode. Following switch criteria 

were used: charge: 2+ to 4+; minimum intensity; 250 counts per second (cps). Up to 

100 ions were selected for fragmentation after each survey scan. Dynamic exclusion 

was set to 15 s. The rolling collision energies equations were set for all ions as for 2+ 

ions according to the following equations: |CE|=(slope)x(m/z)+(intercept). 

III.2.4.3 Protein Identification.  

ProteinPilot default parameters were used to generate peak list directly from 6600 plus 

TripleTOF wiff files. The Paragon algorithm of ProteinPilot v 5.0 was used to search 

the mammalia_200218.fasta database with the following parameters: trypsin 

specificity, cys-alkylation, taxonomy restricted to mus musculus (70419 proteins), and 

the search effort set to through with FDR analysis. The protein grouping was done by 

Pro group algorithm. 

 

III.2.4.4 Bioinformatic analysis.  

The statistical analysis was performed in collaboration with the bioinformatics facilities 

in the Príncipe Felipe research center. Differential expression was carried out using the 

moderate t statistic of the limma package. To minimize the number of false positives, 

the p-values will be adjusted using the method proposed by Benjamini-Hochberg. 

The functional enrichment analysis was performed with the ORA (Over-representation 

Analysis) method implemented in the clusterProfiler package. This method makes it 

possible to determine whether, in a biological process or function, the number of 

proteins associated with that function in a list of interest is greater than would be 

expected by chance. To determine whether or not a function is over-represented, the 

one-sided version of Fisher's exact test is used. The p-values were corrected using the 

method proposed by Benjamini-Hochberg. Finally, the protein-protein interaction 

analysis was performed with STRING database. For the protein-protein interaction 

analysis, the gene identifiers are first found to STRING's own identifiers. To build the 
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network, the first 200 genes whose p-value in the differential expression analysis is 

closer to 0 were selected. This was carried out for each of the comparisons proposed in 

the study, using version 11 of STRING. Moreover, using the "fastgreedy" algorithm, a 

cluster analysis was performed with each network, with the aim of detecting possible 

functional groupings within it.  

 

III.2.5 PGA-MM01 synthesis 

III.2.5.1 Physico-chemical characterization methods 

III.2.5.1.A Nuclear Magnetic Resonance (NMR) Spectroscopy. 

NMR spectra were recorded at 27°C (300K) on a 300 UltrashieldTM from Bruker 

(Billerica MA, USA). Data were processed with the software Mestrenova (Bruker 

GmbH, Karlsruhe, Germany). Samples were prepared at the desired concentration in 

D2O. 

III.2.5.1.B UV-Vis 

UV-VIS analysis were performed using JASCO V-630 spectrophotometer 20 at 25°C 

with a 1.0 cm quartz cells and with spectral bandwidth of 0.5 nm. Spectra analysis were 

recorded 3 times in the range of 200 – 350 nm. 

III.2.5.1.C Dynamic Light Scattering (DLS).  

Size measurements were performed using a Malvern ZetasizerNanoZS instrument, 

equipped with a 532nm laser at a fixed scattering angle of 173°. CSS-PGA-peptide 

solutions were freshly prepared in Phosphate Buffered Saline (PBS, 10 mM phosphate, 

150 mM NaCl) and filtered through a 0.45 μm cellulose membrane filter and measured. 

Size distribution was measured (diameter, nm) for each polymer in triplicate with n> 3 

measurements. Automatic optimization of beam focusing and attenuation was applied 

for each sample. 

III.2.5.1.D Nuclear magnetic resonance (NMR). 

During synthesis the structure of compounds was verified using Nuclear 

Magnetic Resonance (NMR). All experiments were conducted using a Bruker 

300 MHz NMRspectrometer (Billerica, U.S.A.) unless specified. Sample 
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preparation was done bydissolving around 5 mg of compound in 700 μL of 

suitable deuterated solvent before transfer in a 5 mm NMR tube. 

 

III.2.5.2 Synthetic procedure 

III.2.5.2.A Synthesis of L-PGA- 6-MONODEOXY-6-MONOAMINO-BETA-

CYCLODEXTRIN (βCD). 

 

Figure 4. Synthetic route for the preparation of L-PGA-6-MONODEOXY-6-MONOAMINO-CD. 

 

L-PGA was dissolved in anhydrous N,N’-dimtheylformamide under inert atmosphere. 

The solution was added of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-

morpholinium tetrafluoroborate salt (DMTMM BF4, 0.1 eq per Glutamic Acid Unit - 

GAU) and the mixture was stirred for 30 min. Following the time, 6-monodeoxy-6-

monoamino-CD was added to the solution, the pH was increased to 8 by adding N,N-

diIsopropylethylamine (DIEA) and the resulting solution was allowed to react for 24 

hours at room temperature. Following the time, the work-up was performed by 

precipitation in cold diethyl ether (3*100 mL). The resulting white powder was dried 

under vacuum to remove the dithyl ether traces for 3 hours. The resulting L-PGA-CD 

were dissolved in 1.0 M deuterated sodium hydrogen carbonate (NaDCO3) and 

analyzed by 1H-NMR to ensure purity and to calculate the percentage of modification. 

The withe powder was converted into salt form by adding 5 mL of 0.5 M NaHCO3 

solution and further purified using Vivaspin 3 kDa. The final product was lyophilized 

and an amorphous white solid was obtained. 
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The product was analyzed by 1H NMR. Yield: 80 %. 

 

 

Figure 5. 1H NMR spectrum of L-PGA-6-MONODEOXY-6-MONOAMINO-CD with a) 1% b) 5% 

and c) 10% of functionalization of 6-MONODEOXY-6-MONOAMINO-CD (300MHz, D2O). 

 

III.2.5.2.B General Procedure for the encapsulation using dialysis. 

L-PGA was dissolved in milliQ water and MM01 in dry DMF in 1:1 proportion. The 

solution was added into a dialysis membrane of cellulose ester (cut off 100-500Da) and 

the mixture was stirred inside a mixture of H2O/DMF in different proportions for 24h. 

Following the mixture pass through a celite column and the final mixture was 

lyophilized and an amorphous orange solid was obtained. 
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Figure 6. Dialysis membrane example: a) Mixture outside of H2O/DMF in different proportions and 

b) Mixture inside of L-PGA was dissolved in milliQ water and MM01 in dry DMF in 1:1 proportion. 

 

III.2.5.2.C Scale-up of L-PGA(200)-10% of -CD; 50:50 H2O/DMF and 3mg of 

MM01 

L-PGA was dissolved in milliQ water and MM01 in dry DMF in 1:1 proportion. The 

solution was added into a dialysis membrane of cellulose ester (cut off 100-500Da) and 

the mixture was stirred inside a mixture of H2O/DMF in different proportions for 24h. 

Following the mixture pass through a celite column and the final mixture was 

lyophilized and an amorphous orange solid was obtained. 

Yield: 90.4%. 
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Figure 7. 1H NMR spectrum of encapsulation of L-PGA(200)-10% of -CD; 50:50 H2O/DMF and 6mg of 

MM01 (300MHz, D2O). 

 

  

Figure 8. UV-VISible spectrum of encapsulation of L-PGA(200)-10% of -CD; 50:50 H2O/DMF and 6mg 

of MM01 (grey); L-PGA(200)-1% of -CD; 50:50 H2O/DMF (orange) and free MM01 in PBS (2mg/ml). 
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III.2.6 Statistical analysis 

 

All values obtained were plotted, displayed as ± SEM from n ≥ 3 assays. Animals’ 

experiments were performed using 6-10 animals per group. Statistical significance was 

evaluated using a paired t-test, two-way ANOVA, test t, or ANOVA test depending on 

the type of test performed; comparisons with p<0.0001 (****), p<0.001 (***), p<0.01 

(**), and p<0.05 (*) were considered statistically significant with a 95% confidence 

interval. GraphPad Prism 8 software was used to performed statistical analyses. 
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Antecedents and Background 

As stated in the general introduction, the inflammasome plays a dual role 

during inflammatory responses [1]; [2]; [3] - although activation prevents the spread of 

infection and tumor development and promotes the activation of adaptive responses, 

over-activation, and dysregulation of the inflammasome have been implicated in 

numerous pathologies ([4]; [5]; [6]. In these cases, the targeted inhibition of 

inflammasome activity may represent an effective treatment strategy. 

Currently reported inhibitors of inflammation [7]) focus on the inhibition of 

inflammatory cascade end products, such as caspase-1 inhibitors (VX-765) [8] or Il-1b 

inhibitors (Anakinra) [9], or the inhibition of specific inflammasomes, such as the 

NLRP3 inflammasome inhibitor MCC950 [10]. However, as inflammatory responses 

depend on the activation of more than a single inflammasome in various multifactorial 

diseases [11]; [12]; [13]; [14], any small molecule with the potential to inhibit different 

inflammasome complexes simultaneously would be of great interest. 

Prior to this work, Dr. Orzáez's laboratory proposed the search for new pan-

inflammasome modulators. To this end, the proposed molecular target was the 

inhibition of ASC-dependent pro-caspase-1 activation, a common step in the activation 

of multiple inflammasomes. 

In the search for new inflammasome inhibitors, our laboratory employed a 

screening assay based on the in vitro reconstitution of the ASC-pro-caspase-1 

interaction using purified proteins [15]. The incubation of recombinant ASC and pro-

caspase-1 triggers pro-caspase-1 autoprocessing and the formation of the active 

caspase-1 protein [16]. Caspase-1 activity can be quantified using the caspase-1-

specific fluorogenic peptide substrate Ac-WEHD-AFC [16, 17]. 

 This screen identified MM01 as an inhibitor of ASC-associated caspase-1 

activity with an IC50 value in the nanomolar range. Furthermore, this study highlighted 

that MM01 did not target the active site of caspase-1, as is the case with the known 

caspase inhibitor zVAD or VX-765 [16]. Importantly, docking studies performed in 
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collaboration with Dr. Irmgard Merfort's laboratory in Freiburg, Germany, revealed 

possible interactions of MM01 with the protein ASC. 

The work described in this thesis deepens in the characterization of the 

molecular mechanism of action and activity of MM01 using in vitro, ex vivo and in vivo 

models of inflammation. 

Abstract 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, we delineate a novel mechanism of action for MM01, a recently 

identified modulator of inflammasome activity - the inhibition of ASC 

oligomerization and the subsequently reduced processing of pro-caspase-1 and 

inhibited caspase-1 activity. We demonstrate that MM01 disrupts the ASC 

oligomerization process associated with the activity of various inflammasomes 

and inhibits downstream IL-1β release and pyroptosis in various cellular models 

of inflammation. MM01 also reduces neutrophil infiltration and pro-

inflammatory cytokine accumulation in an in vivo model of peritonitis, used as a 

proof-of-concept for the therapeutic capabilities of this ASC inhibitor. Given the 

involvement of ASC function in multiple inflammasome complexes, treatment 

with MM01 may represent an effective therapeutic approach to treat those 

diseases where the activation of multiple inflammasomes is involved. 
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Results and Discussion 

IV.1 Identification of a Novel ASC Oligomerization Inhibitor  

Following the identification of MM01 as an inhibitor of ASC-associated 

caspase-1 activity [16], we explored potential mechanisms of action.  

Following inflammasome activation, ASC oligomerizes into large filaments to 

form ASC specks, which recruit pro-caspase-1. This results in pro-caspase-1 auto-

processing and the formation of the catalytically active caspase-1 heterotetramer 

comprising the p10 and p20 subunits [18]. 

Given the results obtained from previous in vitro evaluations, we anticipated 

two possible mechanisms for the MM01 inhibitor (Figure 1): 

1) Interference in the formation of ASC oligomers to inhibit the recruitment 

and subsequent auto-processing of pro-caspase-1 

 

2) The inhibition of the interaction between ASC and pro-caspase-1 to inhibit 

auto-processing and the formation of active caspase-1  

 

 

Figure 1. Possible Mechanisms of Action of MM01. (Left panel) MM01-mediated inhibition of ASC 

oligomerization. (Right panel) MM01-mediated inhibition of the ASC-pro-caspase-1 interaction. 
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IV.1.1 MM01 Prevents ASC Oligomerization in vitro 

To study the effect of MM01 on ASC oligomerization, we purified human 

recombinant ASC protein and reconstituted ASC filaments in vitro in the presence or 

absence of MM01 as detailed in Materials and Methods Sections III.2.1.A and 

III.2.1.B. We employed electron microscopy for the structural characterization of ASC 

filaments, a strategy supported by a previous study that successfully visualized ASC 

oligomers [19]. This method involves the purification and solubilization of human 

recombinant ASC protein in 50 mM NaH2PO4, 100 mM NaCl buffer at acidic pH, the 

induction of ASC oligomerization into filaments at physiological pH, and the 

visualization of filaments by electron microscopy in negatively stained samples.  

This evaluation demonstrated that ASC oligomerization prompts the formation 

of long, well-defined filaments (Figure 2 – compare ASC to buffer only sample). 

Furthermore, we demonstrated that MM01 treatment severely impacts ASC 

oligomerization by significantly reducing filaments formation. (Figure 2 – compare 

ASC and ASC+MM01). 

 

Figure 2. Structural Characterization of ASC Oligomerization as Filaments. Electron microscopy 

images of negatively stained preparations of ASC filaments at physiological pH. (Scale bars 200 nm). 
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IV.1.2 MM01 Inhibits ASC Oligomerization in a Cellular Context 

After demonstrating the ability of MM01 to disrupt ASC filament formation in 

vitro, we next corroborated the mechanism of action of MM01 in a cellular 

environment. 

The transfection of a plasmid coding for the protein ASC fused with the yellow 

fluorescent protein (ASC-YFP) leads to the formation of spontaneous ASC 

filaments/specks in HEK293 human embryonic kidney cells [20]. ASC-YFP levels can 

be evaluated by techniques such as Western blot, confocal microscopy, or flow 

cytometry. Importantly, HEK293 cells lack the expression of all inflammasome 

components, which permits an understanding of how MM01 impacts individual 

transfected inflammasome proteins.  

We transiently transfected HEK293 cells with the plasmid coding for ASC-

YFP in the presence or absence of 20 µM MM01 treatment for 6 h (as detailed in the 

Materials and Methods III.2.2.A and III.2.2.B) and analyzed the formation of ASC 

oligomers by Western blot after lysing cells and crosslinking proteins using 

disuccinimidyl suberate (DSS) (Figure 3). Chemical crosslinking inhibits ASC 

filament/speck disassembly during protein denaturation and represents a crucial step in 

the visualization of ASC by immunoblotting [21]. 

The upper panel of Figure 3 depicts ASC expression in HEK293 cells after 

ASC-YFP transfection and 20µM MM01 treatment for 6 h	without crosslinking, while 

the lower panel employs crosslinking to detect oligomerization. As expected, after 

ASC-YFP transfection (+ASC), the overall levels of ASC increase compared to 

untreated cells; furthermore, a small number of monomers appear at 55 kDa, an 

increased number of dimers at 110 kDa, and a large number of higher-order ASC 

oligomers at around 250 kDa. 

Interestingly, while MM01 treatment in the presence of ASC (+ASC+MM01) 

inhibited ASC oligomerization into dimers or higher-order oligomers (Lower part of 

Figure 3), MM01 also significantly reduced overall ASC protein levels, as evidenced 

by reduced ASC protein levels in the uncrosslinked sample (Upper part of Figure 3). 
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Figure 3. ASC Oligomerization in a Cellular Context. (Upper panel) Western blot analysis of ASC 

expression levels following MM01 treatment (20 µM, 6 h) in ASC-YFP transfected HEK293 cells in the 

absence of crosslinking. (Lower panel) Western blot analysis of ASC oligomerization following MM01 

treatment (20 µM, 6 h) in ASC-YFP transfected HEK293 cells in the presence of a crosslinking agent. 

GAPDH functioned as a loading control (Central panel). 

 

Given these results, we measured the possible impact of MM01 treatment on 

ASC mRNA expression by quantitative reverse transcription PCR (RT-qPCR). The 

results depicted in Figure 4 demonstrate the expected significant increase in ASC 

mRNA levels after transfection with the ASC-YFP plasmid (+ASC); however, MM01 

treatment failed to significantly alter ASC mRNA levels (+ASC+MM01), suggesting 

that MM01 does not impact the transcription of ASC. 
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Figure 4. ASC mRNA Expression in HEK293 Cells. RT-qPCR analysis of ASC levels in HEK293 in the 

presence or absence of ASC-YFP plasmid transfection (+ASC) and MM01 treatment (+MM01). GAPDH 

used as a housekeeping gene. Data represent the mean ± SD of three independent experiments. Asterisks 

represent significant differences determined by one-way analysis of variance (ANOVA) test with Tukey's 

multiple post-test comparisons ***p<0.001; ****p<0.0001.  

 

Given these results, we wondered if the inhibition of ASC oligomerization 

would give rise to an increased degradation of free ASC protein. We evaluated the 

potential of MM01 to induce ASC degradation via the ubiquitin-proteasome system 

(UPS) or the autophagy-lysosome pathway [22]. The UPS degrades misfolded and 

damaged proteins and, more importantly, short-lived regulatory proteins that control 

critical cellular processes [23]. The attachment of multiple ubiquitin moieties 

(polyubiquitination) to the side chain amino group of a lysine residue marks a protein 

for degradation by the proteasome [22]. Meanwhile, the autophagy-lysosome pathway, 

primarily a stress response mechanism, degrades proteins and larger cellular structures 

such as organelles under conditions of starvation and other types of stress [24]. Notably, 

the lysosomal pathway also plays a role in innate and adaptive immunity, and several 

lines of evidence have established that autophagy contributes to the inhibition of 

inflammasomes and excessive inflammation [25]; [26]. 

We first studied whether the proteasome pathway regulates ASC protein 

degradation by treating ASC-YFP-transfected HEK293 cells with the MG132 

proteasome inhibitor, which reduces the degradation of ubiquitin-conjugated proteins. 
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We pretreated HEK293 cells with MM01 at 20µM for 30 min and then transfected cells 

with the ASC-YFP plasmid. After 4 h, we replaced the medium and treated cells with 

1 µM MG132 for 2 h and then collected cells in the absence and presence of the DSS 

crosslinking agent to study ASC expression and oligomerization respectively. 

The upper panel of Figure 5 (uncrosslinked) depicts the expected reduction in 

ASC protein levels with the treatment of MM01 (compare +ASC to +ASC+MM01); 

however, co-treatment with MG132 (+ASC+MM01+MG132) failed to recover protein 

levels to that observed in ASC-YPF transfected cells (+ASC). Indeed, MM01 and 

MG132 treatment combined appeared to reduce levels of the ASC protein further. The 

evaluation of ASC oligomerization (crosslinked) in the lower panel of Figure 5 depicts 

the expected reduction in ASC oligomerization following MM01 treatments (compare 

+ASC to +ASC+MM01). Again, the addition of MG132 (+ASC+MM01+MG132) 

failed to recover oligomerization levels to that observed in ASC-YPF transfected cells 

(+ASC).  

Overall, these findings suggest that protein degradation by the UPS does not 

regulate ASC protein levels in response to MM01 treatment. 

 

Figure 5. Impact of MM01 on ASC Expression and Oligomerization in HEK293 Cells following UPS 

Inhibition. Western blot analysis of ASC expression levels following MM01 (+MM01) (20 µM) and 

MG132 treatment (+MG132) in ASC-YFP (+ASC) transfected HEK293 cells in the absence of 
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crosslinking (Upper panel) and the presence of crosslinking (Lower panel). GAPDH functioned as a 

loading control (Central panel). 

 

Previous studies had suggested the involvement of the lysosomal pathway in 

inflammasome degradation [25]. Therefore, we pretreated HEK293 cells with MM01 

at 20µM for 30 min, transfected cells with ASC-YFP for 4 h, and then treated cells with 

200 nM bafilomycin (an inhibitor of autophagosome-lysosome fusion) for 2 h and 

collected cells in the absence and presence of the DSS crosslinking agent. 

The upper panel of Figure 6 (uncrosslinked) depicts the expected reduction in 

ASC protein levels after the addition of MM01 (compare +ASC to +ASC+MM01); 

however, co-treatment with bafilomycin (ASC+MM01+Bafilomycin) recovers ASC 

protein to the level observed in ASC-YPF transfected cells (+ASC). 

The evaluation of ASC oligomerization (crosslinked) in the lower panel of 

Figure 6 depicts the expected reduction in ASC oligomerization following MM01 

treatments (compare +ASC to +ASC+MM01); however, cotreatment with bafilomycin 

(+ASC+MM01+Bafilomycin) does not induce the recovery of ASC oligomerization to 

that observed in ASC-YPF transfected cells (+ASC). Furthermore, bafilomycin 

treatment in the absence of MM01 (+ASC + bafilomycin) does not negatively impact 

ASC oligomerization.   

Overall, these findings suggest that MM01 interferes with ASC oligomer 

formation and facilitates ASC degradation in HEK293 cells via the autophagy-

lysosome pathway. 
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Figure 6. Impact of MM01 on ASC Expression and Oligomerization in HEK293 following 

Autophagy-lysosome Pathway Inhibition. Western blot analysis of ASC expression levels following 

treatment with 20 µM MM01 (+MM01) and bafilomycin (+Bafilomycin) in ASC-YFP (+ASC) transfected 

HEK293 cells in the absence (upper panel) and presence of crosslinking (lower panel). GAPDH functioned 

as a loading control (central panel). 

 

IV.1.3 MM01 inhibits ASC Speck Formation in Macrophages Expressing ASC-

GFP  

Our in vitro assays in HEK293 cells provided evidence that MM01 inhibits 

ASC oligomerization; however, we lacked an understanding of MM01's mechanism in 

a cellular environment that naturally contains inflammasome components.  

Therefore, to confirm the mechanism of action of MM01 and to rule out 

interactions with other proteins, we studied the ability of MM01 to inhibit ASC speck 

formation using monocytic THP-1 leukemia cells expressing an ASC-green fluorescent 

protein (GFP) fusion protein (THP-1-ASC-GFP), which provides similar advantages to 

the previously described ASC-YFP protein regarding detection. THP-1-ASC-GFP cells 

stably express ASC-GFP fusion protein under the control of the nuclear factor kappa B 

(NFκB) binding promoter. 

We first studied the ability of MM01 to reduce ASC speck formation in 

NLRP3, the most studied inflammasome. Classical or canonical NLRP3 inflammasome 

activation represents a two-step process - the priming step comprises NFκB pathway 
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activation, which prompts the upregulated expression of NLRP3 and pro-IL-1β proteins 

and induces post-translational modifications of NLRP3 that promote inflammasome 

assembly. The priming step also comprises the upregulation of ASC-GFP expression 

in THP-ASC-GFP cells. The priming step can be initiated by different PAMPs or 

DAMPs that bind to TLRs, including lipopolysaccharide (LPS) [27] - a component of 

the outer membrane of Gram-negative bacteria - or the binding of IL-1β and TNF-α to 

their respective receptors. The subsequent activation step prompts changes in the 

conformation of NLRP3 to allow oligomerization and the activation of the 

inflammasome. A wide range of factors can induce the activation step, including 

PAMPs and DAMPs such as nigericin - a microbial toxin derived from the Gram-

positive bacterium Streptomyces hygroscopicus [28], extracellular ATP, and lysosomal 

destabilizing agents such as silica and cholesterol crystals [27]. 

Hence, we employed phorbol 12-myristate 13-acetate (PMA)-differentiated 

macrophages derived from THP-1-ASC-GFP cells, a common cellular model to study 

the activation of inflammasomes [29]; [30], to study the impact of MM01 pretreatment 

on ASC speck formation after inflammasome priming and activation with LPS and 

nigericin, respectively (Material and methods III.2.2.F).  

We pretreated PMA-differentiated cells with 20 µM MM01 for 30 min, primed 

cells with 100 ng/mL LPS for 3 h, and then activated the canonical NLRP3 

inflammasome with 10 µM nigericin treatment for 30 min.  

We analyzed ASC specks formation in cells by confocal microscopy (Figure 

7). As expected, in resting cells (untreated) we failed to observe any ASC-GFP 

expression; however, inflammasome priming with LPS induced NFκB-dependent 

ASC-GFP expression, resulted in cells exhibiting diffuse ASC expression. 

Inflammasome activation by co-treatment with LPS and nigericin (LPS/Nig) prompted 

the formation of ASC aggregates as bright fluorescent specks in the perinuclear region 

(white arrows highlight ASC specks). Finally, MM01 pretreatment reduced ASC speck 

formation following LPS and nigericin treatment (LPS/Nig+MM01), demonstrating 

that MM01 can inhibit ASC oligomerization in a cellular environment with multiple 

inflammasome components. 
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Figure 7. Impact of MM01 on ASC Speck Formation in THP-1-ASC-GFP Cells. Live-cell imaging of 

PMA-differentiated THP-1-ASC-GFP cells pretreated with 20 µM MM01 and then stimulated with 100 

ng/mL LPS and 10 µM nigericin. DAPI (blue) staining marks cell nuclei and wheat germ agglutinin (WGA 

– red) staining marks the cell membrane. 

 

We next employed flow cytometry to quantitatively evaluate ASC speck 

formation using a recently described approach [20]. Unlike image-based assays, flow 

cytometry enables the quantitative analysis of a large number of cells and recognizes 

inflammasome-activated cells. This technique relies on detecting a signal pulse formed 

after speck formation in cells. While non-stimulated cells display a more distributed 

ASC pattern that results in a low signal pulse with a width corresponding to the cell 

size, inflammasome-activated cells display concentrated ASC clusters (specks) that 

result in a high signal pulse of small width [20] (Figure 8). 

 

LPS/Nig LPS/Nig+MM01 

UNTREATED LPS
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Figure 8. Detection of ASC Speck Formation within Cells by Flow Cytometry. PMA-differentiated 

THP-1-ASC-GFP cells primed with 100 ng/mL LPS for 3 h and activated with 10 µM nigericin for 30 min 

were evaluated for ASC speck formation in the presence and absence of 20 µM MM01 pretreatment. Each 

graph represents signal width on the X-axis and signal intensity (YFP-FITCH) on the Y-axis – the green 

signal represents the percentage of induced ASC expressed in cells, and the orange signal represents the 

percentage ASC speck formation.  

 

Flow cytometry technique allows the distinction of ASC specks from 

monomeric ASC in cells because the light emissions from the fluorescent reporter differ 

significantly from state to state. The diffuse localization of ASC throughout the cytosol, 

which is verified when the GFP signal is homogeneously distributed in an area the size 

of a cell, is interpreted as a broad signal with a flattened peak (↓ Height-Width ratio). 

In contrast, ASC specks show the highest levels of fluorescence intensity in a very 

limited space in the cytoplasm due to the organization of ASC in supramolecular 

Untreated = 0,34% specks LPS = 4,05% specks

LPS/Nig = 43,91% specks LPS/Nig +MM01 = 11,23% specks
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structures, which are perceived as much narrower GFP pulses with higher intensity 

values. (↑ height-width ratio) 

As shown in Figure 8, inflammasome priming with LPS induced an increase 

in NFκB-dependent ASC-GFP expression (89.30%) compared to untreated cells 

(29.79%) (compare green signal of LPS to Untreated). We failed to detect high levels 

of ASC speck formation after LPS priming (4.05%) compared to untreated cells 

(0.34%) (compare the orange signal of LPS and NT). Notably, LPS and nigericin 

(LPS/Nig) treatment induced a significant increase in speck formation within cells 

(43.91%) when compared to LPS treatment only (4.05%). Finally, MM01 pretreatment 

before LPS and nigericin treatment (LPS/Nig+MM01) reduced speck formation 

(11.23%) when compared to stimuli LPS and nigericin (LPS/Nig) treatment (43.91%).  

Finally, the quantification of ASC specks formation by flow cytometry (Figure 

9), demonstrated the significant formation of ASC specks in THP-1-GPF-ASC cells 

upon the treatment with LPS and nigericin (+LPS/Nig) compared to untreated cells. 

However, MM01 pretreatment prompted a significant reduction in ASC speck 

formation compared to LPS and nigericin treatment (compare +LPS/Nig to 

+LPS/Nig+MM01). Overall, these findings provide further evidence that MM01 

reduces ASC speck formation in an inflammasome competent cellular environment 

after the LPS and nigericin-mediated activation of the NLRP3 inflammasome. 

 

 

Figure 9. Quantification of ASC Speck Formation. Percentage of ASC speck formation in THP-1-ASC-

GFP cells following treatment with LPS and nigericin (+LPS/Nig) with and without pretreatment with 
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MM01 (+MM01). Data represent the mean ± SD of three independent experiments. Asterisks represent 

significant differences determined by one-way ANOVA test with Tukey's multiple post-test comparisons 

***p<0.001.  

Finally, we chemically crosslinked THP-1-ASC-GFP cell pellets and analyzed 

the formation of ASC oligomers by Western blot in response to the various treatments 

(Figure 10). The evaluation of ASC oligomerization (crosslinked) in the lower panel 

of Figure 10 demonstrates the expected formation of ASC oligomers following LPS 

and nigericin treatment (+LPS+Nig) compared to untreated cells and cells primed with 

LPS (+LPS). Pretreatment of cells with MM01 (+LPS+Nig+MM01) prompted the 

inhibition of oligomer formation in response to LPS and nigericin treatment 

(+LPS+Nig). 

 

 

Figure 10. ASC Oligomerization Profile in THP-1-ASC-GFP Cells (Lower panel) Western blot analysis 

of crosslinked pellets of PMA-differentiated THP-1-GFP-ASC cells following pretreatment with 20 µM 

MM01 and LPS (+LPS) and nigericin (+Nig) treatments. (Upper panel) GAPDH functions as a loading 

control. 

 

In conclusion, we identified the inhibition of ASC oligomerization as the 

mechanism of action of MM01 both in vitro and in cellular models. Electron 

microscopy imaging in vitro analysis demonstrated the ability of MM01 to prevent 
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ASC filament formation after incubating the drug with recombinant human ASC 

protein. We studied the ASC oligomerization process and ASC speck formation in cell 

models - HEK293 and THP-1-ASC-GFP cell lines. In both lines, we demonstrated the 

ability of MM01 to inhibit ASC oligomers formation by Western blot and ASC speck 

formation by confocal microscopy. Finally, we demonstrated that MM01 interferes 

with the formation of ASC oligomers and facilitates the degradation of ASC through 

the autophagy-lysosome pathway. 

IV.2 Identification of MM01 Binding Sites in ASC 

Once delineated the molecular mechanism of action of MM01, we aimed to 

study the role of the interaction sites between MM01 and ASC, previously identified 

by docking, in the ASC oligomerization process. 

The multi-inflammasome adapter protein ASC possesses a simple structure 

comprising two domains (N-terminal ASCPYD, C-terminal ASCCARD) [31], making it a 

straightforward candidate for structural studies. Understanding the structure of the 

studied protein, as well as investigating drug-protein binding represents one of the most 

critical parameters in early-stage drug discovery [32]. 

Prior to this work, to identify interaction sites between ASC and MM01, 

docking studies were carried out in collaboration with the laboratory of Dr. Irmgard 

Merfort in Freiburg (Germany). 

Computational approaches for drug-protein docking studies include GOLD, 

Glide, AutoDock Vina, and DOCK [33]. Docking studies were performed with the 

GOLD 5.2 protein-ligand coupling software (CCDC, Cambridge, UK) using the default 

docking settings to obtain data regarding critical interactions between ASC and MM01 

(Figure 11 and 12). As noted in the Material and Methods Section III.2.2.C, the 

docking predictions were carried out employing the crystal structures of ASC 

downloaded from the protein data bank2. 

The critical interactions between MM01 and ASC identified involve His-118, 

Phe-136, Trp-169, Lys-174, Leu-177, Leu-178, and Leu-192, which correspond to 

amino acids located in the ASCCARD domain (Figure 11). 
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Figure 11. Predicted ASC and MM01 Interaction Sites. ASC contains two members of the death domain 

superfamily: A N-terminal PYD domain (amino acids M1 to T89), marked in blue, and a C-terminal CARD 

domain (amino acids H113 to S195), marked in pink. The interaction amino acids between MM01 and 

ASC correspond to amino acids located in the ASCCARD domain and are marked in yellow. 

 

Moreover, the docking results suggested how MM01 interacts with the 

identified amino acids (Figure 12). The results proposed an interaction of MM01 

through i) van der Waals interactions with His-118, Leu-192, Leu-178, Leu-177, and 

Lys-174 at different points in the molecule, III) π interactions between MM01 and Phe-

163 and Trp-169, and IV) hydrogen bonds between MM01 and Lys-174. 
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Figure 12. Characterization of Binding Sites Associated with the ASC-MM01 Interaction. Docking 

model of ASC with MM01. Green lines represent hydrogen bonds, red lines show van der Waals 

interactions, and blue lines depict π interactions. 

 

IV.2.1 Study of the MM01 ASC Binding site   

 

To investigate the relevance of the suggested interaction sites in the ASC 

oligomerization process, we generated site-directed mutants in the YFP-fused ASC 

construct (ASC-YFP) employing an alanine mutagenesis strategy to determine the 

contribution of a specific residue to the stability or function of a given protein. Alanine 

has a non-bulky, chemically inert, methyl functional group [34]. that does not alter the 

conformation of the backbone (as glycine or proline can), nor does it impose extreme 

electrostatic or steric effects [35]. 

We replaced the amino acids identified as ASC and MM01 interactions sites 

with alanine to study their potential role in ASC oligomerization.  

Overall, site-directed mutagenesis produced single mutants (ASCH118A-YFP, 

ASCF136A-YFP, ASCW169A-YFP, ASCK174A-YFP, and ASCL192A-YFP) and a double 

mutant (ASCL177A-L178A-YFP) designed due to the proximity of amino acids. 
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Additionally, a complete binding site mutant at the six residues (ASCALL-YFP) was 

generated.  

Interestingly, a previous study noted that mutations in residues Trp-169 and 

Arg-119 (close to His-118) (which play a fundamental role in the formation of ASC 

filaments) interrupt ASC oligomerization [36]. Therefore, we employed the ASCR119-

YFP mutation as a positive control for the inhibition of speck formation [16]. Drugs 

such as MM01 may target these residues, or nearby sites, to impair oligomer formation 

and interfere with pro-caspase-1 activation.  

We then transfected HEK293 cells with the ASC-YFP mutants at 1 µg/mL for 

24 h and analyzed speck formation by flow cytometry and Western blot (Figure 13 and 

14).  

As detailed above, the levels of ASC oligomerization were assessed by plotting 

the height and width of the recorded fluorescent signals by flow cytometry. 

Furthermore, in this experiment, to distinguish different ASC-YFP+ subpopulations, 

the height of the signal pulse vs. width cytograms were divided into four polygonal 

regions (R-1, R-2, R-3, and R-4) (Figure 13). R-1 and R-2 polygonal regions 

correspond to ASC specks (green dots) or cytosolic ASC (yellow dots), respectively. A 

third minor subpopulation in the medium (R-2), indicated in red, corresponds to cells 

with high levels of expression of ASC-YFP that do not complete the formation of ASC 

specks. Finally, the cellular events coupled to the low width and low height fluorescent 

emissions are collected in R-4. These are associated with low expression of the 

recombinant protein and are therefore no longer considered for future comparative 

studies. 

Visually comparing the distribution of fluorescence emissions as a function of 

the height and width of the YFP pulses (Figure 13), we observe a significative increase 

of ASC speck formation in HEK293 cells upon the transfection with wildtype ASC 

(ASCwt). Importantly, the ASC mutant used as a positive control for its inability to 

complete ASC specks formation (ASCR119A) shows a decreased positive population of 

specks compared to ASCwt that appear to move along the width axis (X-axis). 

Consequently, the R-2 region that acts as a bridge between speck-positive cells and 
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cytosolic ASC-YFP cells is more densely populated. This distribution pattern is shown 

in the single amino acid ASC mutants ASCF136A, ASCW169A, ASCK174A, ASCL192A, as 

well as by the mutant with the six altered positions ASCALL. In contrast, this change in 

high intensity fluorescence events along the broad axis is not as obvious for the 

ASCH118A mutant and appears insignificant for ASCL177A-L178A, whose distribution more 

closely resembles the wild-type phenotype. 

 

Figure 13. Influence of Specific Amino Acids on ASC Speck Formation in HEK293 Cells Evaluated 

by Flow Cytometry. The cytograms Y-axis (YFP FITC-H) represent the height of the ASC-YFP signal 

(a.u.), while the cytograms X-axis represent the width of the ASC-YFP signal (a.u.). Green events in the 

ASCWT ASCR119A ASCALL

ASCH118A ASCF136A ASCW169A

ASCK174A ASCL192AASCL177A-L178A
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polygonal region R-1 represent ASC specks, red events represent undefined intermediate species, yellow 

events represent cytosolic distribution of ASC and grey events are associated with cellular populations 

with residual or low expression of ASC. 

 

Moreover, the quantification of the formation of ASC specks by flow 

cytometry (Figure 14A) demonstrates the expected increase in ASC speck formation 

with ASCWT transfection in HEK293; however, all mutants (except for the double 

mutant ASC177A-L178A) produced a highly significant reduction in the number of ASC 

specks compared to ASCWT cells (Figure 14A). In addition, Western blot analysis 

demonstrated that all mutants expressed ASC to a similar degree (Figure 14B). Overall, 

these data provide evidence for the critical nature of the MM01 binding pocket in ASC 

for speck formation and represent a new site for therapeutic intervention. 

 

 

 

 

 

 

Figure 14. Speck Formation in HEK293 Cells Following Mutation to Amino Acids Involved in the 

MM01-ASC Interaction A) Percentage of ASC speck formation in HEK293 cells transfected with the 

ASC mutants measured by flow cytometry. B) (Upper panel) Western blot of uncrosslinked cellular 

extracts from transfected HEK293 cells. (Lower panel) GAPDH as a loading control. Data represent the 

mean ± SD of three independent experiments. Asterisks represent significant differences to the wildtype 

transfection determined by one-way ANOVA test with Tukey's multiple post-test comparisons, 

***p<0.001. 
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Finally, to complement the flow cytometry-mediated quantification of ASC 

speck formation, we evaluated ASC oligomers by confocal microscopy, following the 

ASC speck formation through YFP. Figure 15 demonstrates the expected formation of 

small, tight ASC specks (green punctae) in HEK293 cells transfected with the ASCWT-

YFP control plasmid; however, all mutants except for the double mutant ASC177A-L178A 

reduced/disrupted ASC speck formation when compared to ASCWT. 

 

Figure 15. Live Cell Imaging of HEK293 Cells Transfected with ASC Mutants. Cell membranes were 

stained with Wheat Germ Agglutinin Alexa Fluor 647 Conjugate (red), nuclei were stained with Hoechst 

33342 (blue) and the intracellular ASC-YFP distribution is represented in green. BS_1 to BS_6 refers to 

single amino acid binding site ASC mutants, BS_ALL refers to the mutant with the six residues altered 

and specks- is a described control for its inability to form specks. 

ASCWT ASCR119A ASCALL

ASCH118A ASCF136A ASCW169A

ASCK174A ASCL192AASCL177A-L178A
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In conclusion, we demonstrated the importance of the interaction sites 

identified by docking between MM01 and ASC in the ASC oligomerization process. 

Moreover, by doing so, we have identified new drug binding sites in ASC for 

inflammasome inhibition. 

 

IV.3. MM01 Inhibits ASC-mediated Inflammatory Signaling in vitro 

The ability of MM01 to target the ASC adapter protein, which is common to 

diverse types of inflammasomes, suggest that MM01 should be able to inhibit different 

ASC-dependent inflammasomes concomitantly activated in multifactorial diseases 

[37]; [38]; [39]. For this reason, we aimed to evaluate the ability of MM01 to inhibit 

different inflammasomes in cellular models. 

IV.3.1 MM01 Prevents NLRP3 Activation in THP-1 -derived Monocytes and 

Macrophages 

Monocytes and macrophages are the main cells expressing the inflammasome 

genes. They are capable to adapt to their surrounding microenvironment towards a pro-

inflammatory M1 phenotype that promotes inflammation [40]. For this reason, we 

employed THP-1-derived monocytes and macrophages as a cellular model of 

inflammation for MM01 evaluation. 

We first evaluated MM01 activity in undifferentiated monocytic THP-1 cells 

to optimize activation conditions for the NLRP3 inflammasome (as the most studied 

and characterized inflammasome with implications to numerous disease states [41]. We 

selected LPS and nigericin as activation stimuli for THP-1 cells and analyzed the 

impact of MM01 on inflammasome activity. 

The bacterial component LPS initiates the priming process that induces NLRP3 

and pro-IL-1β expression through activation of NF-κB. Moreover, the bacterial toxin 

nigericin, derived from the gram-positive bacterium Streptomyces hygroscopicus, is a 
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K + efflux agonist capable of activating NLRP3 in a second signal step [42]. The drop 

in intracellular K + causes conformational changes of NLRP3 that lead to the activation 

of the inflammatory process. 

We evaluated the inhibitory capacity of MM01 through the quantification of 

IL-1β secretion, pyroptotic cell death by the quantification of lactate dehydrogenase 

(LDH) release, and the analysis of inflammatory proteins by Western Blot in THP-1 

monocytes following a 30 min pretreatment with 20 µM MM01 and then NLRP3 

inflammasome activation with 100 ng/ml of LPS for 3 h and 20 µM nigericin for 30 

min (Figure 16).  

As expected, LPS and nigericin stimuli (+ LPS/Nig) increased IL-1β secretion 

and pyroptosis compared to untreated cells; however, MM01 pretreatment (+MM01) 

led to a significant reduction in IL-1β and pyroptosis (compare + LPS/Nig to + LPS/Nig 

+ MM01) (Figure 16A). 

Pyroptotic cell death, characterized by the release of the cell content [43], 

contributes to the amplification of pro-inflammatory signaling to neighboring cells 

[44]. Therefore, the inhibition of MM01-mediated pyroptosis could significantly slow 

the inflammatory spread (Figure 16B). 

 Finally, we analyzed protein expression of the inflammasome components in 

cell supernatants (SN) and cell lysates (pellet). This analysis (Figure 16C) 

demonstrated that treatment with MM01 reduced levels of active caspase-1 and 

processed IL-1β in cell supernatants without affecting the protein expression in cells. 

Thus, MM01 effectively inhibits NLRP3 inflammasome activity in the monocytic 

THP-1 cell line. 
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Figure 16. MM01 Inhibits NLRP3 Activation in monocytic THP-1 Cells. A) IL-1β secretion evaluated 

by ELISA following activation of the NLRP3 inflammasome with LPS (100 ng/ml) and nigericin (10 µM). 

Cells were pretreated with MM01 at 20 µM. B) Measurement of LDH release under the above-described 

conditions. C) THP-1 cells were stimulated as described above, and cell supernatants (SN) and pellets 

analyzed by immunoblotting for IL-1β and cleaved caspase-1 (C1) identification in SN, and NLRP3, pro-

caspase-1 (PC1), pro- IL-1β and ASC expression in pellets. A representative blot is shown. Data represent 

the mean ± SD of three independent experiments. Asterisks represent significant differences determined 

by one-way ANOVA test with Tukey's multiple post-test comparisons *p<0.05; **p<0.01.  

 

We next evaluated MM01 activity in macrophages generated by the PMA-

induced differentiation of THP-1 cells, the most common cellular model for 

inflammasome studies, using the same conditions as for THP-1 monocytes (Figure 17). 

In a comparable manner to the THP-1 monocyte experiments, Figure 17 depicts the 

MM01-dependent reduction in the levels of IL-1β (Figure 17A) and pyroptosis (Figure 

17B) in NLRP3 activated cells macrophages. MM01 treatment also reduced the 

presence of caspase-1 and processed IL-1β in THP-1 secretome without affecting the 

expression of NLRP3, pro-caspase-1, pro-IL-1β and ASC in the cells (Figure 17C). 

Overall, these findings confirm that MM01 prevents NLRP3 inflammasome activation 

in a cellular context. 
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Figure 17. MM01 Inhibits NLRP3 Activation in THP-1- derived Macrophages. A) IL-1β secretion 

evaluated by ELISA following activation of the NLRP3 inflammasome with LPS (100 ng/ml) and nigericin 

(10 µM). Cells were pretreated with MM01 at 10 µM. B) Measurement of LDH release under the above-

described conditions. C) THP-1-derived macrophages cells were stimulated as described above, and cell 

supernatants (SN) and pellets were analyzed by immunoblotting for IL-1β and cleaved caspase-1 (C1) 

identification in SN, and NLRP3, pro-caspase-1 (PC1), pro- IL-1β and ASC expression in pellets. A 

representative blot is shown. Data represent the mean ± SD of three independent experiments. Asterisks 

represent significant differences determined by one-way ANOVA test with Tukey's multiple post-test 

comparisons **p<0.01; ***p<0.0001. 

IV.3.2 MM01 Prevents AIM2 Inflammasome Activation in THP-1-ASC-GFP-

derived Macrophages 

The AIM2 innate immune sensor detects altered or mislocated DNA and the 

presence of foreign DNA in the cytosol that occurs during the life cycle of intracellular 

pathogens, including viruses, bacteria, and parasites [45]. 

We employed cytosolic double-stranded DNA (poly (dA:dT)) [46] to activate 

AIM2 inflammasome in PMA-differentiated THP-1-ASC-GFP macrophages.  

We first differentiated THP-1-ASC-GFP cells with PMA for 24 h, pretreated 

cells with 20µM MM01 for 30 min, and then transfected cells with 0.5µg/mL poly 

(dA:dT) (as detailed in Materials and Methods Section III.2.2.F). 

Figure 18 demonstrates that sensing cytosolic DNA produces alterations to 

levels of cellular IL-1β release (Figure 18A) and a low degree of pyroptosis in 

macrophages in response to AIM2 inflammasome activation (Figure 18B). MM01 

pretreatment (+MM01) significantly inhibits the increase in IL-1β release while a non-

significant tendency to decrease cell death is observed, that could be explained by the 
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very low cell death percentages observed upon AIM2 activation. Overall, these results 

suggest the ability of MM01 to also prevent AIM2 inflammasome activation. 

 

Figure 18. MM01 Inhibits AIM2 Activation in THP-1-ASC-GFP-derived Macrophages. A) IL-1β 

secretion evaluated by ELISA following activation of the AIM2 inflammasome with 0.5 µg/ml poly (dA: 

dT). Cells were pretreated with 20 µM MM01. B) Measurement of LDH release under the above-described 

conditions. Data represent the mean ± SD of three independent experiments. Asterisks represent significant 

differences determined by one-way ANOVA test with Tukey's multiple post-test comparisons, **p<0.01. 

We also studied the effect of MM01 on ASC speck formation induced by AIM2 

activation by confocal microscopy using THP-1-ASC-GFP-derived macrophages 

(Figure 19). 

As expected, in untreated THP-1-ASC-GFP macrophages, we did not observe 

any speck formation; however, AIM2 activation (poly(dA:dT)) induced significant 

levels of ASC specks (green punctae marked by white arrows), which MM01 

pretreatment significantly inhibited (poly(dA:dT)+MM01) (Figure 19A and B).  

Overall, these findings suggest that MM01 can robustly inhibit ASC speck formation 

following the activation of the AIM2 inflammasome. 
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Figure 19. MM01 Inhibits ASC Speck Formation following AIM2 Inflammasome Activation. A) 

Live-cell imaging of THP-1-ASC-GFP cells pretreated with 20 µM MM01 and then stimulated with poly 

(dA: dT) to activate the AIM2 inflammasome. B) Quantification of intracellular speck formation. Data 

represent the mean ± SD of three independent experiments. Asterisks represent significant differences 

determined by one-way ANOVA test with Tukey's multiple post-test comparisons, ***p<0.001. 

IV.3.3 MM01 Inhibits Pyrin Inflammasome Activation in THP-1-ASC-GFP-

derived Macrophages 

We next evaluated the ability of MM01 to inhibit the pyrin ASC-dependent 

inflammasome. The pyrin inflammasome has evolved as an innate immune sensor that 

detects the inactivation of guanosine triphosphatase Rho (Rho GTPase) by bacterial 

toxins. Rho GTPases function as molecular switches to regulate a variety of signal 

transduction pathways, including cytoskeletal organization. Pathogens modulate Rho 

GTPase activity to suppress host immune responses such as phagocytosis. Thus, the 

pyrin inflammasome detects alterations to Rho GTPases activity by pathogen virulence 

factors [47]. 

 We selected LPS (100 ng/mL) priming for 3 h followed by 18 h treatment with 

cholera toxin, a bacterial enterotoxin secreted by Vibrio cholerae, to activate the pyrin 
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inflammasome in PMA-differentiated THP-1-ASC-GFP cells (Materials and method 

III.2.2.F) [48]. 

Figure 20 shows the expected induction of IL-1β release (Figure 20A) and 

pyroptotic cell death (Figure 20B) following pyrin inflammasome activation 

(+LPS/Cholera.T); however, MM01 pretreatment significantly inhibited the induction 

of IL-1β release (compare + LPS/Cholera.T to + LPS/Cholera.T + MM01) and 

pyroptotic cell death. These findings suggest the ability of MM01 to prevent activation 

of the pyrin inflammasome in a cellular context. 

 

Figure 20. MM01 Inhibits Pyrin Inflammasome Activation in THP-1-ASC-GFP-derived 

Macrophages. A) IL-1β secretion evaluated by ELISA following activation of the pyrin inflammasome 

with 100 ng/ml LPS and 5 mM Cholera toxin. Cells were pretreated with 20 µM MM01. B) Measurement 

of LDH release under the above-described conditions. Data represent the mean ± SD of three independent 

experiments. Asterisks represent significant differences determined by one-way ANOVA test with Tukey's 

multiple post-test comparisons, ***p<0.001. 

 

Moreover, as expected, pyrin inflammasome activation (LPS/Cholera T.) 

robustly induced ASC speck formation (Figure 21); however, MM01 pretreatment 

significantly inhibited the appearance of ASC oligomers (Cholera T.+MM01).  Overall, 

these findings suggest that MM01 can also inhibit the ASC-dependent Pyrin 

inflammasome activation. 
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Figure 21. MM01 inhibits pyrin speck formation. A) Live-cell imaging of THP-1-ASC GFP cells treated 

with MM01 (10 µM) and stimulated with LPS and Cholera toxin for the activation of pyrin inflammasome. 

B) Count of speck formation in cells. Data represent the mean ± SD of three independent experiments. 

Asterisks represent significant differences determined by one-way ANOVA test with Tukey's multiple 

post-test comparisons ****p<0.0001. 

IV.3.4 MM01 Fails to Inhibit Non-canonical Inflammasome Activation in THP-1-

ASC-GFP-derived Macrophages 

To reinforce the mechanism of action of MM01, we studied the effect of MM01 

in the non-canonical inflammasome pathway, which does not depend on ASC.  

The non-canonical inflammasome activation pathway does not require the 

formation of the conventional inflammasome complex. Instead, the activation of human 

caspases 4/5 occurs in response to intracellular LPS [49]. Therefore, caspase-4/5 or 

murine caspase-11 directly recognize intracellular LPS by their CARD domains to 

prompt the cleavage of the pore-forming protein GSDMD and trigger a secondary 

activation of the canonical NLRP3 inflammasome for cytokine release.   
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Caspases-4/5 and caspase-11, in the same way as caspase-1, are initiator 

caspases composed of an N-terminal CARD domain, responsible for their 

oligomerization, and the caspase domains p10 and p20. Importantly, the idea that 

caspase-11 itself could act as a direct receptor for LPS was reported from the 

observation that caspase-11 purified from E. coli, but not from insect cells, was 

oligomerized under non-denaturing conditions. This demonstration suggested that 

bacterial components can induce caspase-11 oligomerization, which is necessary for its 

activation. In fact, it was shown that LPS was responsible for this oligomerization since 

the insect cells incubated with LPS produced the oligomerization of caspase-11. 

Overall, the consequences of canonical and non-canonical inflammasome 

activation are similar - while caspase-1 promotes the processing and release of pro-

inflammatory cytokines (IL-1β and IL-18) and pyroptotic cell death, caspase-4/5 

directly promotes pyroptosis through the cleavage of GSDMD [50]. 

We pretreated THP-1-ASC-GFP-derived macrophages with 20 µM MM01 for 

30 min and stimulated non-canonical inflammasome activation by transfecting 300 ng 

of ultrapure LPS (Material and Methods III.2.2.F). Figure 23 depicts alterations to 

the levels of IL-1β (Figure 23 A) and pyroptosis (Figure 23 B) in PMA-stimulated 

THP-1-ASC-GFP cells following non-canonical inflammasome activation. The 

induction of non-canonical inflammasome (+LPS) increases both IL-1β release and 

pyroptosis compared to untreated cells. In this case, the pretreatment with MM01 

(+MM01) fails to inhibit induced IL-1β release and pyroptosis, thereby reinforcing the 

ASC-specific mechanism of action of MM01. Overall, these results suggest the 

inability of MM01 to inhibit non-canonical inflammasome activation. 
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Figure 23. MM01 Fails to Inhibit Non-canonical Inflammasome Activation in THP-1-ASC-GFP-

derived Macrophages. A) IL-1β secretion evaluated by ELISA following activation of the non-canonical 

inflammasome by transfection of 300 ng ultrapure LPS. Cells were pretreated with 20 µM MM01. B) 

Measurement of LDH release under the above-described conditions. Data represent the mean ± SD of three 

independent experiments.  

 

Overall, these data provide evidence for MM01 as a specific inhibitor of ASC-

dependent inflammasome activation in a cellular context. 

IV.4 MM01 Inhibits ASC-mediated Inflammatory Signaling in vivo 

We next aimed to evaluate the efficacy of MM01 in vivo in a murine model of 

peritonitis.  

Peritonitis is inflammation of the peritoneum, the membrane that lines the inner 

abdominal walls and the organs within the abdomen, and generally occurs as the cause 

of a bacterial or fungal infection. There are two types of peritonitis: spontaneous 

bacterial peritonitis, or secondary peritonitis caused by a rupture or perforation in the 

abdomen. Peritonitis requires urgent medical attention to fight the infection [51]. 

During peritonitis, the peritoneal membrane undergoes structural and functional 

alterations that are mediated by IL-1β. Importantly, Hautem et al. reported the 

implication of NLRP3 inflammasome during peritonitis disease [51]. They 

demonstrated that the NLRP3 inflammasome is activated during peritonitis and directly 

involved in the deleterious inflammatory response in patients on peritoneal dialysis and 

in mouse models of peritonitis, leading to structural and functional impairment in the 
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peritoneal membrane. They showed that genetic and pharmacologic blockade of the 

NLRP3/IL-1β axis rescued morphologic alterations and transport defects during acute 

peritonitis, revealing novel therapeutic perspectives for this complication. 

To evaluate the efficacy of MM01 in vivo, we selected a murine model of 

monosodium urate (MSU)-induced peritonitis [52] in which MSU crystals potently 

activate NLRP3 [53]. 

In this experimental model, the intraperitoneal injection of MSU crystals 

induces peritoneal inflammation accompanied by increased levels of IL-1β and 

neutrophil infiltration into the intraperitoneal fluid [52]. 

IV.4.1 MM01 Inhibits NLRP3 Activation in a Mouse Model of MSU-induced 

Peritonitis 

Prior to the in vivo analysis, we confirmed the ability of MM01 to inhibit the 

inflammatory response caused by MSU crystals in macrophages derived from the THP-

1-ASC-GFP cell line. For this purpose, we pretreated macrophages with 10 µM MM01 

for 30 min and then stimulated cells with 300 µg/mL MSU crystals for 6 hours to 

activate the NLRP3 inflammasome and evaluated the secretion of IL-1β [52]. 

Figure 24 demonstrates the ability of MSU crystals (MSU) to robustly induce 

IL-1β release in macrophages, suggesting the activation of the NLRP3 inflammasome 

and the ability of MM01 (+MM01) to inhibit this induction. 

 

 

 



Chapter IV: Molecular mechanism of action and pharmacological activity of the novel inflammasome inhibitor MM01 

 169 

 

Figure 24. MM01 Pretreatment Inhibits IL-1β Release after MSU-treatment of THP-1-ASC-GFP-

derived Macrophages. IL-1β secretion evaluated by ELISA following activation of the NLRP3 

inflammasome with 300 µg/ml MSU. Cells were pretreated with 20 µM MM01. Data represent the mean 

± SD of three independent experiments. Asterisks represent significant differences determined by one-way 

ANOVA test with Tukey's multiple post-test comparisons ****p<0.0001. 

IV.4.2 MM01 Inhibits NLRP3 Inflammasome Activation in a Mouse Model of 

MSU-induced Peritonitis 

We next studied the activity of MM01 in a mouse model of MSU-induced 

peritonitis. In this model, the number of infiltrating neutrophils and the release of IL-

1β into the peritoneal cavity correlates with the extent of inflammasome activation [54]. 

At a functional level, peritonitis is characterized by an infiltration of leukocytes 

in the peritoneal membrane [51]. This immune infiltration consists of a rapid 

accumulation of neutrophils, which are progressively eliminated and are replaced by a 

population of mononuclear cells, monocytes and / or macrophages and lymphocytes. 

These cells contribute to the release of pro-inflammatory cytokines that stimulate the 

nearby microvasculature and attract large numbers of immune cells to migrate through 

the vascular wall and infiltrate the tissues [51]. Although these innate activities are 

important for host defense, their adverse effects are also evident, as demonstrated in 

numerous inflammatory diseases. In these cases, the low target specificity of 

inflammatory immune cells results in severe tissue and organ damage, often leading to 

rapid progression of the pathophysiological condition [55]. Thus, effective control of 

immune cell infiltration would greatly alleviate inflammatory disease. 

For the in vivo experiment, we pretreated animals with an intraperitoneal 

injection of 10 mg/kg MM01 for 1 h and stimulated them with 10 mg/kg MSU crystals 
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for 6 hours. At 6 hours, we injected 5 mL of PBS to perform an intraperitoneal lavage 

and evaluate IL-1β and neutrophil content. 

As represented in Figure 25, pretreatment with MM01 (10 mg/kg) efficiently 

suppressed MSU-induced IL-1β release and peritoneal neutrophil recruitment than 

activated animals (compare +LPS/MSU+MM01 to +LSP/MSU), thereby providing 

evidence for the in vivo anti-inflammatory activity of the ASC speck inhibitor MM01.  

 

Figure 25. MM01 Inhibits ASC-dependent Inflammasome Activation in stimulated murine 

peritoneal macrophages and the MSU-induced peritonitis mouse model. A) ELISA for IL-1β in the 

peritoneal cavity of C57BL/6 mice injected with MSU crystals with or without MM01 (10 mg/kg) 

treatment. Data are representative of two independent experiments (mean and SD of n=12). B) Neutrophil 

numbers in the peritoneal cavity of C57BL/6 mice treated as in the above-described. Data represent the 

mean ± SD of eight animals per group. Asterisks represent significant differences determined by one-way 

ANOVA test with Tukey's multiple post-test comparisons *p<0.05. 
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Conclusions 

We have shown that MM01, the first-in class small molecule inhibitor of ASC, inhibits 

the in vitro formation of specks from recombinant human ASC protein. We have 

identified MM01-ASC potential interaction sites by docking and showed that they are 

crucial to ASC oligomerization by site-directed mutagenesis. In a cellular context, 

MM01 inhibited ASC oligomer formation in HEK293 overexpressing ASC-YFP and 

in inflammasome-competent THP1 cells. Additional cell assays have confirmed the 

ability of MM01 to inhibit the activation of various ASC-dependent inflammasomes, 

decreasing both cytokine release and pyroptotic cell death. Finally, MM01 inhibits 

inflammasome activity in vivo in an MSU-induced mouse model of peritonitis. 
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Graphical Abstract 

 

 

Antecedents and Background 

The inflammatory tumor microenvironment (TME), driven by the presence of 

immune cells and inflammatory mediators in proximity to cancer cells, plays 

fundamental roles in all stages of tumor development [1];[2]; [3]. 

Inflammasome activation represents a central mechanism contributing to 

inflammation by immune cells [4]. Cancer cell necrosis and persistent tissue damage 
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ensure a high concentration of damage-associated molecular patterns (DAMPs) in the 

TME, leading to inflammasome activation in immune cells [5]. However, the role of 

immune cell-derived inflammasome signaling in tumors remains controversial, as this 

pathway can display both pro-tumorigenic and anti-tumor activities depending on the 

tumor type [4, 6].  

Aberrant activation of the inflammasomes and overexpression/overproduction of 

effector molecules occurs in several types of human malignancies [4]. Most breast 

tumor subtypes overexpress inflammasome components such as NLRP3, ASC, 

Caspase-1, IL-1β, or IL-18 (Figure 1) compared to normal tissue [4]. Moreover, breast 

cancer patients possess increased serum levels of IL-1β, which correlates with tumor 

stage and cancer progression [7]; [8]. 

 

 

 

Figure 1. Relative expression of inflammasome components in different  tumors. Relative mRNA 

expression of IL-1β, IL-18, NLRP3, Caspase-1, ASC  (PYCARD) in breast cancer (from the "ONCOMINE 

database"). http://creativecommons.org/licenses/by/4.0/. [4] 
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Interestingly, studies have underscored a significant correlation between the 

activity/expression of inflammasomes components and subsequent metastasis [9]; [10]. 

Guo et al. [9] demonstrated that the knock-out (KO) of various inflammasome 

components fostered a reduction in tumor size and metastasis in a mouse breast cancer 

model. The authors also reported that the NLRP3 inflammasome Activation and IL-1β 

production promoted infiltration of myeloid cells, including tumor-associated 

macrophages (TAMs), to provide the inflammatory microenvironment known to 

support breast cancer progression. Jang et al. [8] reported macrophages as the primary 

source of IL-1β production in the breast cancer TME and demonstrated that triple 

negative breast cancer (TNBC) cells induced the ASC oligomerization and speck 

formation associated with inflammasome activation in macrophages. Notably, the 

depletion of macrophages decreased serum levels of IL-1β and slowed breast cancer 

progression in a syngeneic orthotopic breast cancer mouse model [8]. Weichand et al. 

[10] reported that sphingolipid sphingosine-1-phosphate receptor 1 (S1pr1) KO in 

mouse breast tumor-infiltrating TAMs prevented pulmonary metastasis and tumor 

lymphangiogenesis. Transcriptome analysis of isolated TAMs revealed reduced 

expression of NLRP3 in S1pr1-deficient TAMs, demonstrating that NLRP3 

inflammasome promotes metastasis through the lymphatic system and favors breast 

cancer development [10]. Zhang et al. demonstrated that expression of the miR-223-3p 

microRNA, which inhibits the NLRP3 pathway, increased apoptosis and reduced 

human breast cancer cell proliferation and the expression of ASC, IL-1β, and IL-18. 

Furthermore, the authors demonstrated that miR-223-3p expression reduced tumor 

growth and increased survival in an MCF-7 breast cancer mouse model [11].  

Taken together, these data indicate that therapeutically targeting the 

inflammasome/IL-1β pathway could effectively suppress breast cancer cell growth and 

metastasis in patients. 

However, several studies have also provided evidence of the contribution of 

inflammasome Activity to breast cancer inhibition. Chen et al. [12] reported that AIM2 

inflammasome expression suppressed the proliferation and tumorigenicity of human 

breast cancer cells. Moreover, AIM2 gene therapy inhibited mammary tumor growth 
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in orthotopic MDA-MB-435 and AIM2-inducible MCF-7 tumor models, suggesting 

AIM2 as a tumor suppressor      in      specific breast cancer models.  

IL-1β release upon inflammasome activation induces tumor progression; however, 

studies have suggested a tumor-suppressive function for IL-1β in the breast TME. For 

example, the blockade of IL-1β receptor (IL-1R) in combination with paclitaxel 

reduced primary breast tumor growth but potentiated pulmonary metastasis in the 

orthotopic 4T1 model [13]. In agreement with the differential effects of IL-1β, 

Kaplanov et al. demonstrated that Il-1β-deficient mice exhibited a profound regression 

of primary tumor growth in a 4T1 orthotopic breast cancer mouse model [14]. Il-1β-

deficient mice lacked tumor-infiltrating inflammatory monocytes; however, CD11b+ 

dendritic cells and activated CD8+ T cells predominated in tumor tissues compared 

to      wild-type mouse breast tissue [14]. 

Given the differential effects of the inflammasome and the increasing relevance of 

inflammasome inhibitors as a cancer treatment, distinguishing which patients/tumors 

will benefit from inflammasome inhibition represents an important task.  

In this chapter, we describe the application of the ASC oligomerization 

inhibitor MM01 as a chemical tool to study the role of the inflammasome in breast 

cancer models. Furthermore, we also aimed to identify biomarkers to stratify 

patients as responders and non-responders to MM01 treatment. 
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Abstract 

 In this chapter, we employed our inflammasome inhibitor, MM01, to study the 

role of the inflammasome in tumor progression in different breast cancer models both 

in vitro and in vivo. We demonstrated that different breast cancer cell lines respond 

differently to MM01 treatment. We developed a functional assay comprising the 

evaluation of breast cancer cell migration in response to the pro-inflammatory M1 

macrophage secretome (inflammatory stimulus) in the presence of MM01. Certain cell 

lines (such as the EO771 cell line) displayed increased migration in response to the 

inflammatory stimulus and decreased migration in response to treatment with MM01; 

however, we also identified cell lines that respond negatively to MM01 treatment (such 

as the 4T1 cell line). Finally, we demonstrated the efficacy of this functional experiment 

in vivo by demonstrating that MM01 treatment reduced tumor size in the EO771 

orthotopic model but increased tumor size and lung metastasis in the 4T1 orthotopic 

model. These two models, which recapitulate contradictory responses to treatment with 

our inflammasome inhibitor, may be used in the future to determine biomarkers that 

predict the response of breast cancer models to treatment with an inflammasome 

inhibitor. 

 

Results and Discussion 

V.1 Characterization of Inflammasome Inhibition in Breast Cancer Models 

Inflammatory signaling within the tumor depends greatly on TAMs, which 

comprise a significant cell population in the breast cancer TME contributing to tumor 

growth and angiogenesis [15]; [16]. 

In a simplified view, TAMs are characterized as classically pro-inflammatory 

(M1) or alternatively anti-inflammatory (M2) activated macrophages [17]. The 

presence of M2 macrophages in the tumor associates with poor prognosis [18]; 

however, excessive/prolonged pro-inflammatory signaling by M1 macrophages 

contribute to tissue damage, which promotes angiogenesis and tumor spread [19]; [20]. 
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These findings underscore the need for personalized functional assays to predict patient 

response to the inflammatory TME. 

This chapter describes the application of M1 macrophage and breast cancer cells 

cocultures to reproduce a pro-inflammatory microenvironment and allow the study of 

inflammasome inhibition as a therapy for breast cancer. 

V.1.1 Characterization of Human and Murine Macrophage-based Models 

 Blood monocytes differentiate into macrophages after recruitment to the TME 

[21]. To study the activation of the inflammasome in pro-inflammatory M1 

macrophages and its influence in breast cancer progression, we employed human 

macrophages differentiated from the human monocytic THP-1 cell line. As described 

in the Material and Methods, we established THP-1-derived basal M0 macrophages by 

treatment with 50 ng/mL PMA for 24 h, and pro-inflammatory M1 macrophages 

through treatment with 10 pg/mL LPS and 25 ng/mL IFN-; for 24 h. 

Recent studies have grouped M1 stimuli according to their ability to induce 

prototypical inflammatory responses and biomarkers expression [22];[23]. IFN-; is the 

major cytokine associated with M1 activation, and LPS activates macrophages to 

produce pro-inflammatory mediators [24]. 

The gene expression signature of THP-1-derived M1 macrophages stimulated 

with LPS and IFN-γ includes genes involved in chemotaxis and cell migration [25]; 

[26]; [27]. Genes expressed in M1 human macrophages include the chemokine receptor 

CCR7 [28], which promotes the recruitment of lymphocytes and mature dendritic cells 

to lymphoid tissues, and the chemokine interferon-γ inducible protein 10 kDa 

(CXCL10), which is involved in chemotaxis, apoptosis, cell growth regulation, and 

angiogenesis [29]. The profile of M1 macrophages in vitro also includes inflammasome 

activation and the expression of well-known cytokines such as IL-1α, IL1β, IL-6, and 

TNF [27]. Therefore, we employed these markers to characterize the differentiation of 

M1 macrophages derived from the THP-1 cell line. 

Moreover, to discriminate pro-inflammatory macrophages at the functional 

level, we assessed M1 polarization by measuring the release of the inflammatory 
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cytokine IL-1β, the expression of inflammasomal proteins (NLRP3, pro-caspase-1, pro-

IL-1β, and ASC), and the expression of pro-inflammatory marker genes (CCR7 and 

CXCL10) (Figure 2).  

 

 

Figure 2. Human macrophage differentiation from THP-1 monocyte cells and their polarization. (A) 

(Upper) Schematic representation of THP-1 derived macrophage differentiation and polarization. (Lower) 

Phase-contrast microscope image of THP-1 monocytes, differentiated M0 macrophages, and polarized M1 

macrophages. (B) Western blot for inflammatory proteins (pro-caspase-1 (PC1), NLPR3, Pro-IL-1β, and 

ASC) in cell lysates using GAPDH as a reference protein. (C) ELISA quantification of IL-1β secretion. 

(D) Relative gene expression of CCR7 and CXCL10 by RT-qPCR. Data represent the means ± SEM of at 

least three independent experiments. Statistical significance determined using one-way ANOVA (one-way 

Anova, Dunnett’s test * p <0.05; and *** p <0.001). 
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inflammatory proteins such as pro-IL-1β and pro-caspase-1 in M1 macrophages 

compared to M0 macrophages and undifferentiated THP-1 monocytes. M0 

macrophages also displayed increased expression of pro-caspase-1, pro-IL-1β and 

NLRP3 compared to THP-1 monocytes. Moreover, we observed an increased release 

of IL-1β in M1 macrophages compared to both M0 macrophages and THP-1 monocytes 

(Figure 2C). Finally, we observed a significant increase in CCR7 and CXCL10 gene 

expression in M1 macrophages compared to both M0 macrophages and THP-1 

monocytes (Figure 2D). 

Overall, these results demonstrate that PMA-stimulation followed by IFN-; 

and LPS treatment induced the differentiation of THP-1 monocytes into M0 

macrophages and their pro-inflammatory polarization into M1 macrophages, 

respectively. Moreover, M1 macrophages displayed increased signs of inflammasome 

activation, which supports their inflammatory profile. 

We also characterized M1 pro-inflammatory macrophages derived from the 

murine J744A.1 macrophage cell line (M0) with future in vivo experiments in mind. As 

for human macrophages, we polarized murine macrophages to M1 using LPS and IFN-

; and, in this case, we analyzed the release of the inflammatory cytokine IL-1β and the 

expression of inflammatory genes (IL-6, IL-1α, and IL-1β) (Figure 3). 

Figure 3 demonstrates the expected increased release of IL-1β by murine M1 

macrophages compared to M0 macrophages (J744A.1) (Figure 3A). Moreover, M1 

polarization also induced a significant increase in IL-1β, IL-6, and IL-1α gene 

expression (Figure 3B) compared to M0 macrophages. 
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Figure 3. Characterization of J744A.1 mouse macrophage polarization (A) ELISA quantification of 

IL-1β secretion. (B) Relative expression of IL-1β, IL-6, and IL-1α mRNA by RT-qPCR. Data represent 

the means ± SEM of at least three independent experiments. Statistical significance assessed using 

Student's t-test (* p <0.05). 

 

In summary, we established effective differentiation protocols to generate 

human and murine pro-inflammatory M1 macrophages to study our inflammasome 

inhibitor MM01. 

V.1.2 MM01 Prevents Inflammasome Activation in Pro-inflammatory 

Macrophages 

Inflammasome activation characterizes M1 macrophages, with the higher 

expression of inflammasome components in M1 macrophages (e.g., NLRP3, pro-

Caspase-1, pro-IL-1β, and ASC) and an increase in IL-1β secretion (Figure 2). 

Therefore, to study the effect of the MM01 ASC oligomerization inhibitor on M1 

macrophages, we analyzed the ability of MM01 to prevent inflammasome activation in 

M1 macrophages. 

We first differentiated THP-1 monocytes with PMA to produce M0 

macrophages and then evaluated the impact of a 30 min pretreatment with 20 μM 

MM01 on M1 macrophage polarization with LPS and IFN-! (Figure 4).  
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Figure 4. Scheme describing the treatment with MM01 inhibitor in pro-inflammatory M1 

macrophages differentiation procedure.  

 

 We also evaluated the effect of MM01 on inflammasome activation in M1 

macrophages by analyzing the release of the pro-     inflammatory cytokine IL1β, levels 

of pyroptotic cell death, and expression and/or release of inflammatory proteins 

(Figure 5).  

We observed the expected increase in IL-1β release in M1 macrophages 

compared to M0 macrophages; furthermore, we found that MM01 pretreatment 

prevented inflammasome activation after exposure to LPS and IFN-!, as evidenced by 

the decrease in IL-1β release (compare M1 to M1+MM01) (Figure 5A). We also 

discovered that MM01 treatment inhibited the pyroptotic cell death (LDH release) 

observed in M1 macrophages (compare M1 to M1+MM01) (Figure 5B). Moreover, in 

Figure 5C, which presents the expression of inflammasome-related proteins in cell 

lysates (Pellet), we demonstrated that M1 macrophages presented the expected increase 

of inflammasome-related proteins (e.g., NLRP3, pro-caspase-1, and pro-IL-1β) 

compared to M0 macrophages, demonstrating the activation of the NLRP3 

inflammasome. Moreover, to study whether the MM01 inhibitor influenced the activity 

of inflammasome-related proteins, we detected activated caspase-1 and IL-1β in the 
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supernatants of M1 cells (SN) compared to M0 macrophages. We demonstrated that 

MM01 treatment failed to influence the expression of inflammasome-related proteins 

in the cellular lysates; however, MM01 pretreatment reduced the levels of activated 

caspase-1 and IL-1β in the supernatant of M1 macrophages (compare M1 to 

M1+MM01), demonstrating that treatment with MM01 prevents the activation of 

inflammatory proteins caspase-1 and IL-1β without affecting expression levels.  

Overall, these results suggest that MM01 pretreatment prevents inflammasome 

activation in M1 pro-inflammatory macrophages and maintains a polarization profile 

similar to the M0 basal state. 

  

 

Figure 5. Inflammasome inhibition by MM01 in human pro-     inflammatory M1 macrophages. (A) 

ELISA quantification of IL-1β secretion. (B) Percentage of pyroptosis cell death as a measure of LDH 

activity in culture supernatants. (C) Western blot analysis of inflammatory proteins (pro-caspase-1 (PC1), 

NLPR3, pro-IL-1β, and ASC) in cell lysates (pellet) and supernatants (SN) using GAPDH as a reference 

protein. Data represent the means ± SEM of at least three independent experiments. Statistical significance 

determined using a one-way ANOVA (one-way Anova, Dunnett’s test * p <0.05; ** p <0.01 and **** p 

<0.0001). 
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cytokine release (Figure 6A), possibly due to the low amount of protein released by 

M1 macrophages compared to THP-1 derived M0 macrophages (compare Figure 5A 

(THP-1) to Figure 6A (J744A.1)). Figure 6B shows that MM01 pretreatment reduced 

pyroptotic cell death induced by M1 polarization, as evidenced by decreased LDH 

release (compare M1 to M1+MM01). Figure 6C shows the increased protein 

expression of      NLPR3 in the cellular lysates (pellet) of M1 macrophages compared 

to M0; however, we also observed the reduced expression of pro-caspase-1 and pro- 

IL-1β in M1 cell lysates (pellet), which may be due to increased protein processing and 

activation. MM01 pretreatment returned      pro-caspase-1 and pro- IL-1β expression 

levels to a basal-like level, perhaps to their inhibited activation. We also observed 

activated caspase-1 in the supernatants of M1 macrophages (SN) (previously absent in 

the basal state); however, MM01 pretreatment inhibited this increase in caspase-1 

protein levels. These results confirm that MM01 prevented inflammasome activation 

in murine macrophages.  

 

Figure 6. Inflammasome Inhibition by MM01 in Murine Pro-inflammatory M1 Macrophages 

derived from J744A.1 monocytes. (A) ELISA quantification of IL-1β secretion (B) Cell viability 

measured by LDH actVity in culture supernatants. (C) Western blot detection of inflammatory proteins 

such as pro-caspase-1, NLPR3, IL-1β, and ASC detected in cell lysates and supernatants using GAPDH as 

reference protein. Data represent the means ± SEM of at least three independent experiments. Statistical 

significance determined using a one-way ANOVA (one-way Anova, Dunnett’s test * p <0.05; and *** p 

<0.001). 
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V.1.3 Pro-inflammatory M1 Macrophages Influence Breast Cancer Cell 

Migration in a Subtype-dependent Manner 

The presence of pro-inflammatory macrophages in the TME can promote 

metastasis in multiple breast cancer types [8]. Moreover, recent studies have shown that 

conditioned media from LPS-stimulated macrophages can increase the transmigration 

of MDA-MB-231 and MCF-7 cells across both the blood and lymphatic endothelium 

in vitro [30]. Therefore, to study and characterize the effect of pro-inflammatory M1 

macrophages and inflammasome inhibition in breast cancer progression, we next 

studied the effect of the secretome of pro-inflammatory M1 macrophages and MM01 

pretreatment on the migration of mouse and human breast cancer cells in vitro, a 

characteristic linked to their tumorigenic potency.  

We first collected the supernatants (secretome) of macrophages polarized into 

an M1 state in the presence/absence of MM01 pretreatment and employed them as a 

migratory stimulus for breast cancer cells in a transwell assay. We seeded human breast 

cancer cells in the upper part of the transwell (25,000 cells/transwell), added the cell 

secretomes to the well below, and analyzed the number of migrating cells at 6 h by 

confocal microscopy (Figure 7). We employed human TNBC cells (MDA-MB-231 

and MDA-MB-468), ER+/PR+/HER2- cells (MCF7), ER-/PR-/HER2+ cells (MDA-

MB-453 and HCC1954), and ER+/PR+/HER2+ cells (ZR-751 cells).  

 

Figure 7. Scheme of the migration experiment 
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 As shown in Figures 8 (confocal analysis) and 9 (quantification), these results 

demonstrated cell-type-specific responses following exposure to the various secretome 

samples. We observed an increase in the migration of MDA-MB-231, MDA-MB-468, 

MCF7, and ZR-75 cells following treatment with M1 macrophage secretome compared 

to untreated cells (compare NT to M1 in Figure 8 and 9). However, the MDA-MB-453 

and HCC1954 cell lines (both ER-/PR-/HER2+) failed to migrate after treatment with 

the M1 macrophage secretome. Thus, we classify cells that migrate in response to the 

M1 secretome as responders and those that do not migrate as non-responders. 

Interestingly, the secretome of macrophages pre-treated with MM01 before 

exposure to M1 polarizing stimuli reduced the level of migration in the previously 

responding cells (MDA-MB-231, MDA-MB-468, MCF7, and ZR-75) (compare 

M1+MM01 to M1 in Figure 8 and 9). The non-responding MDA-MB-453 and 

HCC1954 cell lines did not present any changes in their migration following the 

inclusion of MM01 pretreatment before secretome isolation (compare M1+MM01 to 

M1) (Figure 8 and 9).  
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Figure 8. Migration of Human Breast Cancer Cells in Response to the M1 Macrophage Secretome 

in the presence/absence of MM01 pretreatment. Confocal microscopy images of the migration of human 

breast cancer cell lines MDA-MB-231, MDA-MB-468, MCF7, ZR-751 (responders) and MDA-MB-453 

and HCC1954 (Non-responders). DAPI (blue) staining marks cell nuclei and wheat germ agglutinin (WGA 

– red) staining marks the cell membrane. 

  



Chapter V: The Role if the Inflammasome in Breast Cancer 

 192 

 

Figure 9. Migratory Potential of Human Breast Cancer Cells in Response to the M1 Macrophage 

Secretome and the Influence of MM01 Pretreatment. Number of migrated breast cancer cells in 

response to the M1 macrophage secretome (M1) and MM01 treatment (M1+MM01). Green and red bars 

signify responding and non-responding cell lines, respectively. Data represent the means ± SEM of at least 

three independent experiments. Statistical significance determined using one-way ANOVA (one-way 

Anova, Dunnett’s test * p <0.05; ** p <0.01 and **** p <0.0001). 

 

Overall, we discovered that the pro-inflammatory stimuli provided by the M1 

macrophage secretome provide for cell-type/sub-type-specific alterations to breast 
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migration, suggesting that MM01 treatment may help to reduce the tumorigenicity or 

metastatic potential of breast cancer cells. 
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part of the transwell (25,000 cells/transwell), added the M1 macrophage secretome to 

the well below, and then analyzed the number of migrating cells at 6 h by confocal 

microscopy (Figure 10). 

The results demonstrated that the exposure to the M1 secretome increased the 

migration of EO771 cells (compare M1 to NT in Figure 10A), but that the secretome 

of macrophages pre-treated with MM01 before exposure to M1 polarization stimuli 

induced a significantly lower increase in the migratory potential of EO771 cells 

(compare M1+MM01 to M1 in Figure 10A). 

Interestingly, the supernatant of M1 macrophages failed to modify the 4T1 

migration (compare M1 to NT Figure 10B); however, exposure to the secretome of 

macrophages pre-treated with MM01 before exposure to M1 polarization stimuli 

produced an unexpected and significant increase in migration (compare M1+MMO1 to 

M1 in Figure 10B).  
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Figure 10. Murine Breast Cancer Cell Migration in Response to the M1 macrophage secretome and 

the Influence of MM01. Graphs showing the quantification of E0771 (A) and 4T1 (B) mouse TNBC line 

migration in response to the M1 macrophage secretome with and without exposure to MM01. Associated 

confocal microscopy images depict the migration of breast cancer cell lines. Data represent the means ± 

SEM of at least three independent experiments. Statistical significance determined using one-way ANOVA 

(one-way Anova, Dunnett’s test * p <0.05; **** p <0.0001). 
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These results reinforce the findings from the human models, suggesting that 

intrinsic differences in breast cancer cells condition their migration towards 

pro-     inflammatory stimuli. In the case of mouse TNBC cells, we classify EO771 cells 

as responders and 4T1 cells as non-responders. 

In conclusion, we developed a functional assay to characterize the influence of 

the M1 macrophage secretome on breast cancer cell migration and, in doing so, 

demonstrated that this pro-inflammatory stimulus has a cell-type/subtype-specific 

influence. Furthermore, we demonstrated that pre-treating macrophages with the 

inflammasome inhibitor MM01 before exposure to M1 polarizing stimuli reduces the 

impact on responder breast cancer cell migration. 

 

V.2. In vivo Validation of Inflammasome Inhibition in Breast Cancer 

We next sought to confirm our in vitro findings (suggesting that inflammasome 

inhibition by MM01 reduced tumorigenic/metastatic potential) in vivo by studying the 

impact of MM01 treatment on tumor progression in immunocompetent 4T1 and EO771 

in vivo mouse breast cancer models. 

 

V.2.1 Development of Stable Luciferase-expressing EO771 Cells 

To allow us to monitor in vivo tumor growth using minimally invasive 

procedures (such as VIS® Spectrum technology), we transfected EO771 cells with 

lentiviral particles containing a plasmid coding for luciferase (Luc) and an antibiotic 

resistance cassette (G418) to positively select transfected cells (Figure 11).  
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Figure 11: pRNA-Tin-Luc2 Plasmid. The T3 promoter regulates the luciferase transgene. The pRNA-

Tin-Luc2 plasmid also contains a G418 (geneticin) antibiotic resistance cassette. 

 

After lentiviral transduction with the pRNA-Tin-Luc2 plasmid and antibiotic 

selection with G418, we observed stable high levels of luciferase expression (Figure 

12). 

 

Figure 12: Schematic Representation of Lentiviral infection of VCaP Cells. EO771 cells were infected 

with lentiviral particles containing plasmids encoding luciferase and luciferase-positive cells selected with 

G418. Luminescence analysis demonstrates efficient and stable transfection and maintained expression 

during cell passaging. 

 

We next sought to confirm that lentivirally infected EO771 cells (designated 

EO771-Luc2) did not display aberrations in essential cell characteristics, such as their 
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growth rate or migration in response to pro-inflammatory stimuli. To evaluate the 

growth rate of EO771-Luc2, we seeded 50,000 cells in a P24 well      and analyzed the 

number of cells at 24, 48, 72, and 96 hours. The data shown in Figure 13A confirms a 

similar growth rate of EO771-Luc2 cells to parental EO771 cells. Furthermore, EO771-

Luc2 cells displayed a similar migratory profile in response to M1 secretome 

stimulation in the presence/absence of MM01 pretreatment as parental EO771 cells 

(Figure 13B). We observed the expected increase in EO771-Luc2 migration following 

treatment with the M1 macrophage secretome and the decrease in migration following 

MM01 treatment (compare M1+MM01 to M1). These findings suggest the suitability 

of EO771-Luc2 cells for the development of the orthotopic breast cancer mouse model. 

 

Figure 13. Growth rate and cell migration of EO771-Luc2 cells. A) Growth rate of EO771-Luc 

compared with EO771. B) Migration of EO771-Luc2 cells in response to various stimuli. 

 

V.2.2 Optimization of the Orthotopic Luciferase-expressing E0771 Mouse Model 

We optimized the orthotopic mouse model by first determining the appropriate 

number of cells to inject and the required time for the tumor to reach the maximum 

allowed size (approximately 1.2 cm2). We injected 1x106 and 2x106 EO771-Luc2 cells 

into the fourth mammary fat pad of seven female C57BL/6 mice between 6-8 weeks of 

age. We evaluated the weight of the animals and the tumor growth weekly by caliper 

measurements (Figure 14) and through the VIS® Spectrum after subcutaneous 

luciferin administration (150 mg/kg) (Figure 15).  
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Relative body weight measurements made over time suggest      the 

maintenance of mouse body weight throughout the whole experiment (Figure 14A). 

Moreover, from a safety point of view, daily monitoring of the general aspect of mice 

failed to reveal any deterioration in animal welfare.  

Figure 14B shows exponential tumor growth, as measured by caliper three 

times a week for five weeks in both groups; of note, highly heterogeneous tumor growth 

represented a significant limitation of this model. Figure 14C, which depicts tumor 

volume (cm3) at the endpoint, demonstrates a slight increase in the tumor size of the 

animals inoculated with 1x106 cells compared to 2x106. Notably, only four of the seven 

animals inoculated with 2x106 cells presented with tumors; however, all animals 

inoculated with 1x106 cells presented a tumor in the mammary gland. This fact may be 

the consequence of immune response activation against the tumor of those animals 

injected with higher cell numbers. 
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Figure 14. Optimization of the Orthotopic EO771-Luc2 Mouse Model. C57BL/6 mice injected into the 

fourth mammary fat pad with 1x106 (blue) and 2x106 (orange) EO771-Luc2 cells. A) Relative body weight 

(as a percentage) over time. B) Tumor volume expressed in cm3 over time, measured with a caliper. C) 

Tumor volume expressed in cm3 at the      experimental endpoint (N=7).  

 

Luminescence measurements corroborated the homogeneous and exponential 

tumor growth localized to the fourth mammary fat pad (Figure 15)     . Figure 15A, 

which shows tumor progression followed by VIS of mice injected with 1x106 cells/mice 

and 2x106 cells/mice, demonstrates an increasing luminescence signal that corresponds 

to the increasing size of the breast tumor. We failed to observe any metastasis in this 

model throughout the experimental timeframe (Figure 15A). Figures 15B and 15C, 

which show luminescence quantification (photons/sec) in mice injected with 1x106 and 

2x106 cells     /mice, respectively, confirm an increase in luminescence and hence tumor 

volume throughout the experimental timeframe. 
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 However, since not all mice injected with 2x106 cells/mice presented tumors, 

we selected 1x106 cells as the optimal concentration for tumor development in the 

EO771-Luc2 model.  

 

 

Figure 15. Optimization of the Orthotopic EO771-Luc2 Mouse Model. A) Topographic tumor growth 

images displaying tumor growth evaluated using VIS® Spectrum in animals inoculated with 1x106 and 

2x106 cells. B-C) Tumor growth over time evaluated as photons per second. Data derived from VIS® 

Spectrum analysis in animals inoculated with 1x106 and 2x106 cells, respectively.  

 

V.2.3 Study of MM01 Antitumor Activity and Safety in the EO771 Murine Model 

We next investigated the anti-tumorigenic potential and safety of MM01 

treatment in female C57BL/6 mice between 6-8 weeks of age injected with 1x106 

EO771-Luc2 cells in the fourth mammary. When tumors reach a size of approximately 

0.02 cm3 (day 15), we randomly divided mice into two groups (n=8, both groups): 
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i) control vehicle-treated group intravenously treated with PBS+5%DMSO three times 

per week  

ii) experimental group intravenously injected with 10 mg/kg MM01 three times a 

week.  

We evaluated animal weight and tumor growth weekly using a caliper until the 

experimental endpoint (33 days). Relative body weight measurements suggest the 

maintenance of mouse body weight throughout the experimental timeframe (Figure 

16A). Furthermore, daily monitoring of the general aspect of mice failed to reveal any 

deterioration in animal welfare.  

Figure 16B shows images of representative tumors dissected from mice at the 

experimental endpoint; encouragingly, MM01 treatment induced a notable decrease in 

tumor size 

In the same line of evidence, Figure 16C which depicts the fold change (final 

tumor volume/initial tumor volume in cm3 measured by caliper) in tumor growth 

throughout the experimental time frame, demonstrate a significative reduction of tumor 

growth in treated animals with MM01. Figure 16D depicts the quantification of fold 

change in tumor growth as analyzed at the experimental endpoint, demonstrating that 

MM01 treatment induces a significant decrease in tumor growth. Overall, these results 

suggest that MM01 may represent a safe and effective means of reducing tumor growth 

in an orthotopic EO771-Luc2 mouse breast cancer model. 
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Figure 16. Analysis of MM01 Treatment in the Orthotopic EO771-Luc2 Mouse Breast Cancer 

Model. Mice were treated with MM01 at 10 mg/kg or PBS+5%DMSO vehicle control. A) Relative body 

weight (as a percentage) over time. B) Representative images of tumors at the experimental endpoint. C) 

Fold change tumor volume over time, as measured by caliper. D) Fold change in tumor volume at the 

experimental endpoint. Data expressed as mean±SEM, n>3. Statistical significance determined using one-

way ANOVA (one-way Anova, Dunnett's test * p <0.05). 

 

After sacrificing animals at the   experimental 
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endpoint in the EO771-Luc2 model. We failed to observe any significant changes 

between the three different groups of mice. 

 

 

Figure 17. Complete Hemogram of EO771-Luc2 model. Counts in g/L of leukocytes, erythrocytes, 

thrombocytes, neutrophils, monocytes, and lymphocytes present in the blood at the experimental endpoint 

in the EO771-Luc2 model. Data expressed as mean±SEM, n>3. Statistical significance determined using 

one-way ANOVA.  

 

V.2.4 Study of MM01 Antitumor Activity and Safety in the orthotopic 4T1 model. 

We next studied the safety and efficacy of MM01 treatment in the orthotopic 

4T1 metastatic TNBC murine model, which develops elevated levels of lung and 

axillary lymph node metastasis [31]. 

We injected 1x106 4T1 cells into the fourth mammary fat pad of female 

BALB/c mice between 6-8 weeks of age. We evaluated animal weight and tumor 
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Healthy NT MM01
0

5

10

15

Leukocytes

G
/L

Healthy NT MM01
0

5

10

15

Erytrocytes

G
/L

Healthy NT MM01
0

200

400

600

800

1000

Thrombocytes

G
/L

Healthy NT MM01
0.0

0.5

1.0

1.5

Neutrophils

G
/L

Healthy NT MM01
0.0

0.5

1.0

1.5

Monocytes

G
/L

Healthy NT MM01
0

20

40

60

80

100

Lymphocytes

G
/L



Chapter V: The Role if the Inflammasome in Breast Cancer 

 204 

EO771 model, when tumors reached a size of approximately 0.02 cm3 (day 7), we 

randomly divided mice into two groups (n=5, both groups): 

i) control vehicle-treated group intravenously injected with PBS+5%DMSO three times 

per week. 

ii) experimental group intravenously injected with 10 mg/kg MM01 three times per 

week. 

Relative body weight measurements made over time suggest the maintenance 

of mouse body weight throughout the experimental timeframe (Figure 18A). 

Moreover, from a safety point of view, daily monitoring of the general aspect of mice 

failed to reveal any deterioration in animal welfare.  

In contrast to the EO771 model, representative images of tumors (Figure 18B) 

and tumor volume measurements (Figure 18C) made at the experimental endpoint 

failed to provide evidence of significant alterations to tumorigenic potential after 

MM01 treatment. Furthermore, analysis of lung metastasis demonstrated that MM01 

treatment induced a significant increase in incidence (Figure 18C). Together, these 

data suggest the unsuitable nature of MM01 treatment in this mouse model of breast 

cancer. 
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Figure 18. Analysis of MM01 Treatment in the Orthotopic 4T1 Mouse Breast Cancer Model. Mice 

were treated with MM01 at 10 mg/kg or PBS+5%DMSO vehicle control. A) Alterations to relative body 

weight (as a percentage) over time. B) Representative images of tumors at the experimental endpoint. C) 

Tumor volume (cm3) over time, measured with a caliper. D) Lung metastasis incidence measured by the 

number of cells in lungs at the experimental endpoint. Data expressed as mean±SEM, n>3. Statistical 

significance determined using one-way ANOVA (one-way Anova, Dunnett's test ** p <0.01). 

 

     We also carried out hematological studies in the 4T1, as for the EO771 

model (Figure 19). Unlike the EO771-Luc2 model, the 4T1 model presented 

significant differences in the cell populations of the hematological count between the 

healthy animals (non-induced tumor mice) and the 4T1 control animals (NT) 

(orthotopically induced tumor mice) and the 4T1 animals treated with MM01 (Compare 

Healthy to NT and/or Healthy to MM01 in Figure 19). However, we failed to observe 

significant differences between the control animals of the 4T1 model (NT) and those 

treated with MM01 (Compared NT to MM01 in Figure 19). For example, the 4T1 

model, treated or not with MM01, exhibited an increased number of neutrophils, 

leukocytes, thrombocytes, and monocytes compared to healthy animals (compare 
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neutrophils, leukocytes, thrombocytes and monocytes in Healthy to NT and/or Healthy 

to MM01 in Figure 19). In addition, we observed a non-significative increasing trend 

in the number of these cells (neutrophils, leukocytes, thrombocytes, and monocytes) in 

the 4T1 animals treated with MM01 compared to control animals (compare neutrophils, 

leukocytes, thrombocytes and monocytes in MM01 to NT in Figure 19). The presence 

of these cells represents an increase in inflammation levels. This trend of increased 

inflammation in the animals of the 4T1 model treated with MM01 with respect to the 

untreated animals may correlate with the increase in metastasis observed. 

The 4T1 animals also displayed decreased erythrocyte levels compared to 

healthy animals (Compare erythrocytes in Healthy to NT and/or healthy to MM01 in 

Figure 19). This reduction in erythrocyte levels may signify the presence of anemia in 

the 4T1 model.  

 

 

Figure 19. Complete Hemogram of 4T1 model. Counts in g/L of leukocytes, erythrocytes, thrombocytes, 

neutrophils, monocytes, and lymphocytes present in the blood at the endpoint of the 4T1 model. Data 

expressed as mean±SEM, n>3. Statistical significance determined using one-way ANOVA (one-way 

Anova, Dunnett’s test **p <0.01; *** p <0.001 and ****p <0.0001). 
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These results from the EO771-Luc2 and 4T1 models provide contradictory 

responses to treatment with an inflammasome inhibitor. These results correlate well 

with the in vitro migration experiment, in which we observed an increase in migration 

in 4T1 cells after MM01 treatment. This correlation between in vivo experiments and 

migration assays confirms the efficacy of the predictive in vitro assay (migration 

experiment) for the subsequent behavior of metastasis in vivo. Importantly, these two 

models may provide an opportunity to study predictive biomarkers of treatment 

response in breast cancer models. 

 

V.3 Identification of Biomarkers of Response to MM01 Treatment 

Considering the contradictory roles of the inflammasome in cancer 

progression, understanding which tumors will respond to inflammasome inhibitor 

treatment remains an important consideration. We have identified two murine breast 

cancer models that respond differently to the inflammatory environment. The next 

chapter describes the application of the EO771 (responder) and 4T1 (non-responder) 

models to identify sensitivity biomarkers that can predict responses to inflammasome 

inhibitor treatment. 

V.3.1 Inflammasome-related Proteins Fail to Impact EO771 and 4T1 Migration 

To better understand the dual role of the inflammasome in cancer, we first 

studied the factors present in the M1 secretome that may increase breast cancer cell 

migration. As previously demonstrated in section V.1.1,      a pro-     inflammatory 

profile comprised of elevated levels of inflammasome-related proteins such as caspase-

1 and IL-1β characterizes M1 macrophages.      Therefore, we performed a transwell 

assay to study the migration of 4T1 and EO771 cells in response to the presence of 

caspase-1, IL-β, and ASC as migratory stimuli to evaluate whether inflammasome-

related proteins have a role in breast cancer cell migration. 
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Apart from a hypothesized activity as migratory stimuli, recent studies have 

indicated that the spontaneous activation of caspases in many cancer cells plays a 

fundamental role in maintaining their tumorigenicity and metastasis [32]. For example, 

a recent meta-analysis revealed a correlation between increased caspase-3 

expression and worse prognosis in breast cancer patients [33]. Huang et al. [34] found 

that breast, head and neck cancer patients with higher levels of activated caspase-3 in 

tumor tissues demonstrated a significantly higher rate of recurrence and deaths. 

Moreover, Zhou et al. [35] provided experimental evidence for the pro-metastatic role 

of caspases by demonstrating a reduced level of invasiveness and an increased 

sensitivity to in vitro and in vivo radiotherapy in caspase-3-knockout colon cancer cells. 

Related studies have also described the protumoral function of caspase-8 and caspase-

3 as regulators of cell migration. For example, Gdynia et al. [36] reported that inhibition 

of caspase-3 and 8 through peptide inhibitors decreased glioblastoma cell migration.  

Therefore, due to the described pro-metastatic role of caspases in cancer 

progression, we also implemented the universal caspase inhibitor, Z-vad, to study the 

role of caspases in breast cancer cell migration. 

First, to study the effect of inflammasome-related proteins in breast cancer cell 

migration, we seeded 4T1 or EO771 cells in the upper part of the transwell (25,000 

cells/transwell) and added medium complemented with caspase-1, IL-1β, or the protein 

ASC as migratory stimuli. To study the effect of caspases in breast cancer cell 

migration, we pre-treated EO771 and 4T1 cells with 1 μM Zvad for 30 min, seeded 

treated cells in the upper part of the transwell and added the secretome of M1 

macrophages as migratory stimuli in the lower part of the transwell. We also used the 

secretome from M1 macrophage with and without MM01 treatment as a control for 

both cell lines. 

As shown in Figure 20, the EO771 model (responder) presents the expected 

increase in migration with the M1 macrophage secretome (compare NT with M1) and 

decrease after the addition of MM01 (M1 + MM01). Surprisingly, we observed the 

inhibition of cell migration following treatment of the breast cancer cells with the 

caspase inhibitor Z-vad. This fact indicates that the presence of activated caspases in 
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cells could play a role in migration. Furthermore, we failed to observe any increase in 

migration towards stimulation with the inflammasome-related proteins, such as ASC, 

Caspase-1, and IL-1β, demonstrating that these proteins in the M1 macrophage 

secretome do not induce EO771 migration. Finally, for the 4T1 model, we failed to 

observe any increase in migration with the M1 macrophage secretome compared to 

untreated cells (NT). Furthermore, we observed no change in migration following 

MM01 treatment (M1 + MM01). As for EO771 cells, we also observed an inhibition in 

migration when we treated the cells with the caspase inhibitor Zvad. The cells also do 

not show migration in the presence of proteins related to the inflammasome. 

 

Figure 20. Migration of Murine Breast Cancer Cell Lines in Response to Inflammasome-related 

Proteins. Quantification of EO771 and 4T1 cell migration in response to stimuli: The M1 macrophage 

secretome +/- MM01 (M1+MM01), cells treated with ZVad and migrated in response to the M1 

macrophage secretome +/- MM01, protein ASC, Caspase-1, and IL-1β. Data expressed as mean±SEM, 

n>3. Statistical significance determined using one-way ANOVA (one-way Anova, Dunnett's test *** p 

<0.001). 

 

Overall, these results demonstrated that inflammasome-related proteins 

(Caspase-1, IL-1β, and ASC) failed to induce EO771 and 4T1 cell migration, although 

we highlighted a potential role of caspases in migration. 
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V.3.2 Proteomic Analysis of Responder and Non-responder Breast Cancer Cells  

The identification of possible protein biomarkers distinguishing the responder 

(EO771) and non-responder (4T1) models to the inflammatory stimuli (M1 secretome) 

represents a primary objective of the chapter. Biomarkers could help to identify which 

breast cancer patients would benefit from treatment with inflammasome inhibitors such 

as MM01. Therefore, we performed differential proteomic studies in EO771 and 4T1 

cells to identify differentially expressed proteins. 

We first treated EO771 and 4T1 cells with the M1 macrophage secretome as 

detailed in Chapter III, Materials and Methods section III.2.2.L. After six hours, we 

collected cells and analyzed the proteome present in cell lysates.  

The functional proteomic analysis aimed to answer two main questions:  

1) What proteomic changes take place in breast cancer cells after treatment with the 

M1 macrophage secretome?. 

2) What proteomic differences exist between the M1-stimulated responding (EO771) 

and non-responding (4T1) breast cancer cells? 

To address these questions and identify biomarkers that predict responses to 

the inflammatory stimulus, we selected the following groups of samples: 

• EO771 Non-treated (NT) 

• EO771 + M1 secretome 

• 4T1 Non-treated (NT) 

• 4T1 +M1 secretome 

Proteomic studies carried out in the SCSIE University of Valencia proteomics 

facility in collaboration with the "Bioinformatics unit of the Principe Felipe Research 

Center" identified differentially expressed proteins using the moderate t statistic of the 

limma package (The moderated t-statistic [t] is the ratio of the M-value to its standard 

error, while the M-value [M] is the log2-fold change). 
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To answer the first question noted above, we performed differential proteomics 

analysis for EO771+M1 vs. EO771 NT and 4T1+M1 vs. 4T1 NT. To answer the second 

question, we performed differential proteomics analysis for EO771+M1 secretome vs. 

4T1+M1 secretome. We also analyzed differences in untreated cells to identify basal 

biomarkers that anticipate cellular response to pro- inflammatory stimuli - EO771 NT 

vs. 4T1 NT. 

Table 2 depicts the differential expressed proteins obtained from these 

comparisons. For the first question, the EO771 + M1 vs. EO771 NT proteomic 

comparison revealed nine overexpressed and one underexpressed protein. Meanwhile, 

the same comparison in 4T1 cells produced four differential overexpressed proteins.  

For the second question, a proteomic analysis of stimulated and unstimulated breast 

cancer cell lines generated a large number of differentially expressed proteins: 486 and 

421 upregulated proteins for the EO771+M1 vs. 4T1+M1 and EO771-NT vs. 4T1-NT 

comparisons, respectively, suggesting a significant difference between the cell lines 

(Table 2). 

Table 2. Differentially expressed proteins identified between the proteome comparisons of EO771 and 

4T1 cell lines 

 
Differentially expressed proteins 

 
Underexpressed Non diff. expressed Overexpressed 

EO771+M1 vs EO771 NT 1 2127 9 

4T1+M1 vs 4T1 NT 0 2133 4 

EO771 NT vs 4T1 NT 320 1396 421 

EO771+M1 vs 4T1+M1 312 2137 486 

 

Figure 21 shows a schematic representation of the dysregulated proteins in 

EO771 and 4T1 cells after pro-    inflammatory stimulation compared to untreated cells. 

In EO771 responder cells, we identified the overexpression of Platelet factor 4 (Pf4), 
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Serine protease inhibitor clade E member 1 (Serpine1), Ras Homolog Family Member 

B (RhoB), Interferon-gamma inducible protein 47 (Ifi47), Immunity-related GTPase 

family M protein 1 (Irgm1), Intercellular Adhesion Molecule 1 (Icam1), and nuclear 

factor-kappaB (Nfkb2) proteins. Meanwhile, we found the      downregulated 

expression of the EIF-2-alpha kinase activator Gcn1 in EO771 responder cells.  

In 4T1 non-responder cells, we identified the overexpression of Immunity 

Related GTPase M (Irgm1), Platelet Factor 4 (Pf4), CXC motif chemokine ligand 10 

(Cxcl10), and Interferon-gamma inducible protein 47 (Ifi47). 

 

Figure 21. Differentially expressed proteins identified (Upper) Differentially expressed proteins 

identified between EO771+M1 vs. EO771 NT. (Lower) Differentially expressed proteins identified 

between 4T1+M1 vs. 4T1 NT. Green and red identify over- and under-expressed proteins, respectively. 

 

 Both EO771 and 4T1 cells exhibited the shared overexpression of three 

proteins after stimulation with the M1 macrophage secretome (Pf4, Irgm1, and Ifi47). 

Notably, these proteins play critical roles in tumor progression and metastases.  

The chemokine Pf4 (also known as Cxcl4) is normally released from activated 

platelet alpha granules and binds with high affinity to heparin-like molecules to 

promote coagulation [37]; however, Pf4 also appears to possess pro-tumor Activity in 

lung cancer cells [38]. The authors [38] described Pf4 as an endocrine factor whose 

overexpression in tumors correlates with decreased patient survival. The 

overproduction of Pf4 in a Kras-driven lung adenocarcinoma mouse genetic model 

increased platelet accumulation in the lungs and accelerated de novo 

adenocarcinogenesis [38]. Jiang et al. reported that platelet release could support breast 

cancer cell proliferation and induce tumor growth in vivo [39].  
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Franci et al. noted the upregulation of Ifi47,     a      residual disease marker 

after breast cancer therapy [40],      in the tumor invasive front of squamous cell 

carcinomas [41]. 

 Tian et al.  observed the upregulation of Irgm1, a GTPase family member that 

regulates immune cell motility, in melanoma cells; furthermore, Irgm1 knock-down 

reduced migratory and invasive potential [42]. 

The significant increase in Cxcl10 expression in 4T1+M1 cells compared to 

untreated cells correlates with shortened survival of human breast cancer patients with 

metastatic disease, with Cxcl10 implicated in the activation of dormant hepatic 

metastases [43]. 

Serpine1, RhoB, Icam1, Nfkb2, displayed over-expression in the EO771 

responder cell line. Studies have highlighted elevated Serpine1 expression in various 

tumor tissues [44]; furthermore, this protein plays a particular role in breast cancer cell 

adhesion, migration, invasion, and tumor metastasis [44]. A recent study reported the 

role of Serpine1 in the development of taxane resistance in TNBC cells and that 

Serpine1 silencing downregulated the expression of the angiogenic factor vascular 

endothelial growth factor A (VEGFA) and markedly attenuated tumor growth in vivo 

[45]. Related studies have also identified Serpine1 as a prognostic biomarker associated 

with epithelial-to-mesenchymal transition and poor prognosis in gastric cancer [46]. 

RhoB has both pro-tumor and anti-tumor functions depending on the type of 

cancer. However, RhoB overexpression in breast cancer correlates with advanced-stage 

disease and poor prognosis [47]. 

Figenschau et al. reported that pro-inflammatory cytokines induce the 

expression of Icam1, which supports the intratumoral formation of tertiary lymphoid 

structures in aggressive breast cancer subtypes, including MCF7, MDA-MB-468, and 

SK-BR-3 cells [48]. These results agree with our migration studies, where MCF7 and 

MDA-MB-468 respond to the M1 macrophage secretome migratory stimulus 

comparably to EO771. 
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The overexpression of the pro-inflammatory transcription factor Nfkb2 has 

been noted in breast cancer [49] and facilitates the development of invasive, high-grade, 

and late-stage tumor phenotype [49]. 

To answer the second question of the study (the proteome differences between 

the M1-stimulated responding [EO771] and non-responding [4T1] breast cancer cells), 

we next analyzed the results of the EO771 NT vs. 4T1 NT and EO771+M1 vs. 4T1+M1 

comparison. Figure 21 depicts a Venn diagram between EO771 NT vs. 4T1 NT (Group 

A) and EO771+M1 vs. 4T1+M1 (Group B). The left side of the diagram (Group A) 

shows the upregulated proteins in EO771 NT vs. 4T1 NT (68 proteins). The right side 

(Group B) shows the upregulated proteins in EO771 + M1 vs. 4T1 + M1 (143 proteins), 

while the center represents the common proteins between the groups (353). We had a 

particular interest in those proteins overexpressed in the responder EO771 cells treated 

with M1, compared to the 4T1+M1 cells (Group B), suppressing the differential 

proteins due to intrinsic differences because they are two different cell lines.  

 

Figure 21. Bioinformatic characterization of overexpressed proteins from the EO771 NT vs. 4T1 NT 

(A) and EO771+M1 vs. 4T1+M1 (B) categories. Venn diagram showing the number of identified 

proteins. Common shown in the center of the figure. 

 

We performed a functional enrichment analysis using the ORA (Over-

representation Analysis) method implemented in the clusterProfiler package [50] to 

determine whether the number of proteins associated with that function in a list of 

interest is more frequent than that expected by chance in a biological process or 

function.  
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Using this approach, we identified three groups of proteins classified in the 

GO.MolecularFunction (GO.MF) upregulated in Group B (Figure 22). These three 

groups of proteins include twelve RNA binding proteins 

(Eif4g2/Prpf8/Rnaseh2a/Rbm39/Pabpc1/Ssb/Ewsr1/Krr1/Pabpc4/Hnrnpl/Eif3b/Lrrc4

7), four translation initiation factor activity proteins (Eif2a/Eif3d/Eif3b/Eif3l) and two 

with ATP-dependent peptidase activity (Afg3l2/Lonp1). 

 

Figure 22. Proteins upregulated in EO771+M1 vs. 4T1+M1 by ORA analysis. Graph representing 

the functions identified in EO771 + M1 vs. 4T1 + M1 in GO.MF. The size of the point indicates the number 
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of genes   in the experiment present in the determined function, while the color represents upregulation 

(blue) or downregulation (red). 

 Interestingly, upregulated proteins in Group B have been implicated in cancer 

progression (Figure 23). RNA binding proteins orchestrate the fate and function of 

mRNA by regulating RNA splicing, polyadenylation, stability, and localization [51] to 

maintain gene expression homeostasis and are often aberrantly expressed in cancer [52] 

[53] 

 

Figure 23. RNA Binding proteins upregulated in EO771+M1 vs. 4T1+M1. 

Previous studies have demonstrated that suppression of Eukaryotic translation 

initiation factor 4 gamma 2 (EIF4G2) significantly reduced the development of acute 

myeloid leukemia [54], diffuse large B cell lymphoma [55], osteosarcoma [56], and 

lung cancer [57]. Li et al. [58] reported the upregulation of EIF4G2 in hepatocellular 

carcinoma (HCC) patient tissues and demonstrated that EIF4G2 silencing inhibited 

HCC cell growth and metastasis in vitro and suppressed tumorigenesis in vivo. EIF4G1, 

the most abundant member of the eIF4G family, exhibits robust upregulation in breast 

cancer [59]. 

Other studies have reported tumorigenic functions for the Pre-mRNA 

Processing Factor 8 (PRPF8) protein in TNBC [60] and myeloid neoplasms [61]. 

Ribonuclease H2 Subunit A (RNASEH2A) has a well-described role in cancer. 

For example, RNASEH2A promotes proliferation in sarcoma, breast cancer, glioma 



Chapter V: The Role if the Inflammasome in Breast Cancer 

 217 

cell lines, and prostate cancer, suggesting a key role in cancer progression [62]. A recent 

study demonstrated RNASEH2A      upregulation in invasive breast cancer at an early 

stage, which remained high with the progression of the disease [63]. 

Recent studies reported a role for Poly(A) Binding Protein Cytoplasmic 1 

(PABPC1) in breast, esophageal cancer, and gastric carcinomas [64]; [65].      PABPC1 

promotes translation initiation in breast cancer through interaction with EIF4G1 as a 

protein essential for      emboli formation in inflammatory breast cancer [66]. Zhu et al. 

reported that PABPC1 regulates the proliferation and transformation of gastric cancer 

cells in vitro and in vivo, and PABPC1 knock-down induces apoptosis by upregulating 

pro-apoptotic proteins and      downregulating anti-apoptotic proteins in gastric 

carcinoma [67]. 

RNA-binding motif protein 39 (RBM39) is      involved in transcriptional co-

regulation and alternative RNA splicing. Recent studies have revealed that RBM39 loss 

leads to aberrant splicing events and differential gene expression, thereby inhibiting 

cell cycle progression and causing tumor regression in several pre-clinical models [68]. 

Studies have reported the overexpression of KRR1 in brain metastases in 

metastatic breast cancer patients compared to the primary tumor [69]. 

Overall, we identified patterns of positively regulated proteins in EO771 + M1 

(responding models) compared to 4T1 + M1 (non-responding model) that may have 

essential functions in tumor progression in different types of cancer.  

The following research aims would complement these findings: 

1. Study the expression of upregulated proteins in different breast cancer lines 

with and without M1 macrophage secretome stimulation 

2. Study the expression of upregulated proteins in M1 macrophage secretome 

stimulated breast cancer lines in response to MM01 treatment 

3. Validate the function of these proteins as possible prognostic biomarkers 

4. Study and correlate their function with inflammatory pathways 
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 Conclusions 

We demonstrated the efficacy of MM01 in preventing NLRP3 inflammasome 

activation in pro- inflammatory M1 macrophages. Treatment with MM01 reduced IL-

1Β release, pyroptotic cell death, and the expression of inflammatory proteins in M1 

macrophages. 

We identified models of breast cancer that recapitulate different migration 

responses to the inflammatory environment. We divided the models into responders, 

which increase migration in response to the M1 secretome, and non-responder models 

unaffected by the M1 secretome. In the responder models, the treatment of M1 with 

MM01 reduced the migration of the different breast cancer lines. 

Notably, the murine models of breast cancer (EO771 and 4T1), exhibited the 

same responses during in vitro migration and in vivo experiments. Significantly, the 

EO771 cell line increased migration in response to M1 and decreased migration with 

MM01 treatment (Responder). In the same way, the EO771 orthotopic model presented 

a reduction in tumor size with the treatment of MM01. On the contrary, we observed a 

lack of response in 4T1 cells treated with the M1 secretome; however, 4T1 migration 

increased with MM01 treatment. Similarly, the 4T1 orthotopic model presented an 

increase in tumor size and lung metastasis with the MM01 treatment. These results 

reinforce the hypothesis of developing a functional migration experiment that could 

predict the in vivo response to treatment with an inflammasome inhibitor. 

Finally, to search for biomarkers of response through proteomic studies, we 

have identified patterns of over-expressed proteins in the EO771 model treated with the 

secretome of M1 macrophages, compared to the model 4T1 treated with the secretome 

of M1. Many identified proteins have a role in tumor progression and metastasis in 

cancer. These preliminary results require validation to identify response biomarkers. 
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Graphical Abstract 

 

Antecedents and Background 

As described in the General Introduction, conventional treatments for breast 

cancer induce unwanted side effects due to low efficacy and bioavailability, 

uncontrolled pharmacokinetics/pharmacodynamics (PK/PD), and the development of 

drug resistance [1]. The formulation of said treatments as nanomedicines may improve 

their specificity and efficacy and overcome any limitations to their use [2, 3].  

In previous chapters, we demonstrated how MM01 inhibited the activity of 

ASC-dependent inflammasomes in vitro and in vivo (Chapter IV) and studied the 

potential of MM01 as a breast cancer treatment (Chapter V). In this chapter, we 

explore MM01 as the bioactive moiety in a polypeptide-based nanomedicine in order 

to improve the therapeutic effects of the parent free MM01 by enhancing MM01 PK/PD 

in the responder EO771 breast cancer model. 

As mentioned above, polypeptides in particular polyglutamates have been selected 

as polymeric carrier due to its intrinsic properties [4]. The main advantages of 

polypeptides as drug carriers, include multivalency, biocompatibility and 

biodegradability [5]; [4]. Polypeptides also possess structural versatility, which 

supports the formation of multiple architectures with different physicochemical 

characteristics (e.g., charge, polarity, and hydrophilicity) [4]; [6]. Moreover, due to its 
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biodegradability into endogenous metabolites (aminoacids), there is the possibility of 

using these carriers with a higher molecular weight, which trigger longer circulation 

times and therefore an improvement of tumor accumulation through the enhanced 

permeability and retention (EPR) effect [7]. 

 Features representing essential considerations when designing a polypeptide-

based nanomedicine include (i) the structural elements of the nanomedicine (e.g., 

linker, drug nature, ligand pattern, and surface modification), (III) the physico-chemical 

properties of the nanomedicine (e.g., size, charge, conformation, geometry, and 

topology), and (IV) the biological barriers to be faced by the nanomedicine. Moreover, 

the administration route, cellular target, tumor microenvironment, and dosing schedule 

significantly influence the translation of a given nanomedicine and therapeutic 

outcomes [8]. 

In this thesis chapter, we implement a hybrid synthetic strategy comprising the 

conjugation of β-cyclodextrin to a linear poly-L-glutamic acid (PGA) (L-PGA-βCD) 

that possess the capability to entrap MM01 within the cyclodextrin rings in a 

concentration dependent manner yielding to L-PGA-βCD-MM01. We then explore the 

antitumor potential of this novel family of MM01 nanomedicines triggered by an 

increase in passive tumor accumulation as well as a sustained MM01 release at the 

TME. 
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Abstract 

 

We developed a synthetic strategy to obtain a novel nanomedicine that improved the 

solubility and tumor-targeting of MM01 in a breast cancer model. We implemented a 

hybrid conjugation-complexation approach by comprising the conjugation of b-

cyclodextrin to a linear poly-L-glutamic acid (PGA) (L-PGA-bCD) to provide with the 

capability of entrapping MM01 within the cyclodextrin rings in a concentration 

dependent manner yielding to L-PGA-bCD-MM01 with different physico-chemical 

characteristics (i.e. drug loading, size). The obtained nanosystem exhibited improved 

solubility in aqueous solutions compared to the free form of MM01. While we failed to 

observe a significant improvement in function in vitro compared to free MM01 as 

expected due to the different pharmacokinetics, our novel nanosystem demonstrated 

better efficacy in an orthotopic model of breast cancer by resulting in a more significant 

reduction in tumor size in those mice treated with L-PGA-bCD-MM01 nanomedicine. 

 

Results and Discussion 

VI.1 Synthesis of an MM01 Nanomedicine 

Polypeptides offer significant advantages as nanocarriers for targeted drug 

delivery of small Mw drugs, such as MM01 [4]. In particular, Polyglutamates (PGA) 

has demonstrated safety and efficacy in the clinics. Therefore, herein we selected PGA 

as a biodegradable, multivalent polypeptide carrier and followed well-established 

synthetic methodologies to develop a family of novel nanomedicines modulators of the 

inflammasome by means of the incorporation of MM01 as the bioactive drug [4]. 

VI.1.1 Development of the L-PGA-βCD: Synthesis and Physico-Chemical 

Characterization 

As mentioned in the introduction chapter, the design of polypeptide-based 

nanomedicines to treat a given disease or disorder must follow a rational stepwise 

design considering the different processes involved following administration [4]. The 
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physico-chemical characteristics of the nanomedicine will determine their capacity to 

cross the required biological barriers, its PK/PD and, therefore, their biological activity. 

The successful activity of a given nanomedicine depends primarily on its response to 

specific physiological environments where the selected molecular target is placed [2]. 

This could be achieved by the adequate selection of the different design features 

including the biodegradable polypeptide carrier, with adequate functionalities, the 

linking chemistry used, or the strategies for drug incorporation and the therapeutic 

agent involved (MM01). 

PGA possesses a myriad of orthogonal reactive groups (carboxylic acid 

moieties) that can easily undergo chemical modification. Activating reagents condense 

carboxyl and amino groups to create amide bonds, including carbodimides, carbonyl 

dimidazole, 1-ethyl-3-(3-dimethyl aminopropyl)-1-carbodiimide hydrochloride 

(EDC), N-hydroxysuccinimide (NHS), and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM·Cl). The initial activation of the carboxyl 

group via adduct formation represents a common mechanism of action; this step is 

followed by the nucleophilic attack of the amine moiety to create the amide bond. This 

mechanism precludes the activating agent from being incorporated into the final 

product. 

Chemical conjugation is always preferred for small Mw drugs by means of 

bioresponsive linking chemistries as this allows a better control of the kinetics of drug 

release in the site of action, avoiding a possible burst effect observed from different 

drug encapsulation approaches [4]; [9]. For this reason, through the presence of a 

carboxylic acid group within MM01 structure, a PGA liking strategy was implemented. 

The final goal was the conjugation to the PGA mainchain through a bioresponsive ester 

bond. Unexpectedly, MM01 was found to be extremely unstable molecule due to the 

presence of a double bond that degrades and triggers MM01 decomposition (Figure 1). 
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Figure 1. Example of an unsuccessful reaction conducted to try to achieve a direct conjugation to 

the polymer. The result obtained indicates the decomposition of the initial reagent. 

Many conditions for MM01 conjugation were tested, including very mild flow 

conditions, with no luck due to problems either with solubility and/or MM01 stability-

decomposition; therefore, an intermediate strategy between conjugation and 

encapsulation was finally devised by selecting a cyclodextrin ring for MM01 

encapsulation. 

Cyclodextrins are non-reducing cyclic oligosaccharides composed of 

glucopyranose units [10]. The α-, β-, and γ-cyclodextrins are widely known, which 

contain 6, 7, and 8 glucopyranose units respectively. The glucopyranose units form a 

conical cylinder, which has a hydrophobic inner cavity and a hydrophilic outer surface. 

This structure allows them to form inclusion complexes with hydrophobic molecules. 

Cyclodextrin rings can be chemically modified, bonded with substituents or other 

cyclodextrin rings and used to build larger nanostructures. The most common 

application of cyclodextrins is the solubility and bioavailability enhancement of poorly 

water-soluble drugs by complexation, moreover the application of these 

nanoconstructions are continuously increasing. For example, cyclodextrins can form 

complexes with biologically important natural molecules such as phospholipids, 

cholesterol or other lipophilic molecules. In turn, the cholesterol complexation 

properties of hydroxypropyl-cyclodextrin are applied in the treatment of Niemann Pick 

type C disease (NPC) and was approved as an orphan drug [10]. 

In this work, we focused on the development of an encapsulating carrier that 

protects MM01 from oxidative damage and decomposition. Our synthetic approach 

employed amide bond formation between carboxylic groups of linear PGA (L-PGA) 

and the amine of 6-monodeoxy-6-monoamino-β-cyclodextrin (βCD) using the amines 

of the cyclodextrin moiety and DMTMM·BF4 as the activating coupling agent. The use 
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of DMTMM·BF for peptidic coupling of cyclodextrin and PGA through the amine 

moiety in organic solutions has been widely reported in the literature (Figure 2) [11]. 

 

Figure 2: synthetic scheme of PGA activation with DMTMM BF4 for subsequent in situ 

coupling of cyclodextrin. 

 A family of L-PGA-βCD conjugates was achieved with total βCD loading 

ranging from 1% to 10% (in molar %) with high yields and good batch to batch 

reproducibility. We characterized the L-PGA-βCD conjugates through various 

physico-chemical techniques to ensure identity, purity, total βCD loading and size 

distribution. NMR spectroscopy demonstrated that our synthetic strategy yielded the 

desired conjugates with high purity (Figure 3). After βCD conjugation to PGA (Figure 

3), we observed a broadening of the bands while still retaining the characteristic peaks 

of the parent cyclodextrin derivative at 5 ppm. As shown in Figure 3, the 1H NMR 

spectra of L-PGA-βCD demonstrated the preservation of the characteristic maximum 

absorbance of the parent cyclodextrin (5 ppm). The six protons of the hydroxy groups 

of the cyclodextrin (green box in Figure 3) of around 5 ppm relate to a single proton 

of a PGA unit (red box in Figure 3).  
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Figure 3. 1H NMR spectrum of L-PGA-βCD with A) PGA B) 10% C) 5% and D) 1% of 

functionalization %mol of βCD in relation to PGA units (300 MHz, D2O). 

Different physicochemical properties of the polymer family were calculated, 

such as size by diffraction techniques (DLS) and cyclodextrin loading and molecular 

weight by resonance magnetics techniques. (See Table 1) 

Table 1. Comparation of different batches of L-PGA with variable amount of βCD using different 

approaches.  

 
PGA1% βCD PGA5% βCD PGA 10% βCD 

    

Mw by H-NMR 23412,8 26610,1 36413,6 

Size by DLS  35 55 62 

Loading of βCD by H-NMR (%mol) 2,1 4,8 9,8 
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VI.1.2 Development of L-PGA-βCD Encapsulated MM01: Synthesis and Physico-

Chemical Characterization 

We next studied the encapsulation of the inflammasome inhibitor MM01 with 

L-PGA-βCD to yield the desired family of L-PGA-βCD-MM01 nanomedicines. To 

obtain the optimal conditions and high-performance encapsulation, we employed a 

statistical program (Response Surface Methodology - RSM) to estimate optimal 

reaction conditions [12]. 

RSM represents a collection of mathematical and statistical techniques widely 

used to develop, improve, and optimize processes such as the chemical processes 

employed to generate a desired compound. RSM is also applicable in the design, 

development, and formulation of new chemical products and the improvement of 

already implemented product designs [13]. 

Modeling the analysis of problems in which several quantitative factors 

(variables) influence a response of interest represents the most broadly applied 

application of RSM [14]. The program attempts to optimize responses by determining 

optimal values for the factors involved [13]. For example, Baris et al. developed a 

graphical interface by utilizing RSM to determine the optimal weight of aggregates 

[15], while Mohammed et al. utilized RSM to attain a relationship between fly ash, 

nano-silica, and superplasticizer as variables and flow value, setting time and 

compressive strength as responses [16].  

In this work, we employed RSM to optimize the encapsulation of MM01 (the 

"response") by encountering optimal values for reaction variables. 

VI.1.2.1 Optimization and Statistical Analysis  

The use of RSM include employing theories of mathematical and statistical 

analysis techniques between variables and responses [13]. There are two main types of 

analysis models available within RSM: = central composite design (CCD) and Box–

Behnken design. Choosing a model type depends on the accessibility of the program, 

as well as the type of application. For example, a design plan that requires sequential 

experimentation often employs CCD. CCD can include information from an 
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experiment whose design consists of two or more factors, each with different values or 

levels. [17]; [18]. Furthermore, CCD represents a widely used statistical tool to 

determine the desired constraints and interactions between factors [18]. 

In this work, we employed Design Expert (CCD version 11.0) to model the 

best conditions for the encapsulation of MM01 by L-PGA-βCD. The experimental 

design included the creation of a set of procedures to optimize the encapsulation of 

MM01, taking into account different types of variables.  

The steps followed for the experimental design included: 

1) Consider the variables and how they relate 

We evaluated the effects of three independent variables using CCD to optimize 

the encapsulation of MM01 with L-PGA-βCD: 

A: Concentration of βCD in the polymer (%mol) 

B: Exchange solvent mixture H2O/DMF 

C: Amount of MM01 (in mg)  

 2) Write a specific and testable hypothesis 

Factors such as encapsulation, particle size, and functional activity of the 

nanomedicine must be related to the selected variables: Cyclodextrin polymer charge 

(the encapsulating agent) and the amount of drug available in the medium. In addition, 

the percentages of solvents in the reaction mixture can influence encapsulation, as they 

directly affect solubility. 

 

3) Design experimental treatments to predict optimal responses 

We developed a total of thirty-five mix combinations in RSM. We investigated 

the interaction effects of three independent variables – (A) the concentration of βCD in 

the polymer, (B) the mixture of H2O/DMF exchange solvents, and (C) the amount of 
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MM01 using a CCD matrix. Table 2 describes the predicted parameters for the selected 

variables for defined variable combinations. As shown in Table 2, the program assigns 

different parameters of the variables, represented as -1, 0, or 1 in Table 2 (variable 

values). After performing fifteen experiments (each with three repetitions to formulate 

the encapsulation potential), the program determines a complete quadratic equation. 

Table 2. Independent variable ranges  

Variables Symbol Unit Variable value 

   
-1 0 1 

Concentration of βCD in the polymer A % mol 1 5 10 

Exchange solvent mixture H2O/DMF  B % mL 90:10 75:25 50:50 

MM01 C mg 1 3 6 

 

4) Locate optimal conditions using graphical and/or mathematical tools 

Design-Expert offers a wide selection of graphs to help identify prominent 

effects and visualize results. A three-dimensional (3D) response surface plot illustrates 

the relationship between the independent variables and demonstrates how the 

independent variables affects MM01 encapsulation. Figure 4 depicts the 3D response 

surface plots illustrating the relationship between the βCD concentration in the 

polymer, H2O/DMF exchange solvent mix, and amount of MM01 as variables.  

In each graph depicted in Figure 4, we continuously varied two independent 

variables and fixed the remaining variable. We discovered significant correlations 

between independent parameters, with prominent peaks observed for response surface 

plots (Figure 4). All response plots exhibited visible peaks, thereby indicating all 

design space variables had values that best supported an optimal response.  
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The explanation of each graph in Figure 4 as a function of the variables is as 

follows: 

i. Milligrams of MM01 on MM01 Encapsulation: Figure 4A shows the effect of 

βCD percentage on solvents percentage regarding MM01encapsulation. The 

optimal value of 1 corresponds to 10% βCD loading and 50:50 H2O/DMF. 

ii. βCD Concentration on MM01 Encapsulation: Figure 4B shows the effect of 

MM01 amount and solvent percentage on MM01 encapsulation. The optimal 

value of 1 corresponds to 6 mg MM01 and 50:50 H2O/DMF. 

iii. Exchange solvent mixture H2O/DMF on MM01 Encapsulation: Figure 4C 

depicts the effect of MM01 amount and βCD concentration on MM01 

encapsulation. The optimal value of 1 corresponds to 6 mg MM01 and 10mol% 

βCD. 

  

Figure 4. The combined effect of process variables A) MM01 amount, B) concentration of βCD in the 

polymer, and C) exchange solvent mixture % H2O/DMF on MM01 encapsulation. 

Overall, these 3D graphics predicted that optimal encapsulation of MM01 

would occur with 10mol% of βCD in 50:50 H2O/DMF with 6 mg MM01. The next step 

was the experimental validation of the best reaction estimated by the program. 

5) Experimentally validated optimal conditions 

Unfortunately, the predicted values (10mol% of βCD in 50:50 H2O/DMF with 

6 mg MM01) failed to provide for optimal encapsulation experimentally, as the low 

solubility of MM01 triggered a rapid precipitation and diminished encapsulation at the 

selected drug concentration (6 mg MM01). When the reaction mixture is carried out in 
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50:50 H2O/DMF proportion, it does not allow enough time for encapsulation to occur 

due to the rapid MM01 precipitation.  

Trying to overcome the issue of MM01 solubility, we validated the remaining 

fourteen reaction conditions selected by the DoE to identify the optimal encapsulation 

of MM01. Table 3 describes the fourteen different reaction conditions established by 

the program Design Experts and experimentally tested. In all cases, MM01 loading and 

encapsulation efficiency by UV-Vis were quantified prior to the evaluation of the 

resulting nanosystems in vitro. We can use this technique, thanks to the aromaticity of 

MM01. The MM01 has an absorption maximum at a wavelength of 430 nm; when this 

maximum does not coincide with the absorption of the carrier (PGAs) that have it at 

280nm, we can use it to calculate the percentage in mass of MM01. Experimentally, a 

calibration curve is carried out using different concentrations of MM01 in DMF and 

measuring its absorbance (Figure 5). This calibration curve (solvent DMF, maximum 

absorbance 450nm) was used to calculate the amount of drug encapsulated in all the 

reactions that have been carried out before the in vitro tests (see table 2) 

 

 

Figure 5: A) UV-Vis spectra of different solutions with different concentrations of MM01 in DMF, and 

B) the calibration curve to determine the MM01 loading (% W/W) and encapsulation efficiency using 

maximum of absorbance at 430nm. 
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Table 3. Experimental Conditions employed to yield L-PGA-βCD-MM01 nanomedicine family: 

Factors A, B, and C refer to the variables studied to yield MM01 entrapment. (A: Concentration of βCD 

in the polymer% mol, B: Exchange solvent mixture, and C: Amount (mg) of MM01) The numbers assigned 

as -1, 0, 1 refer to the values established in Table 1 for each variable. 

Name %W/W By 

UV-Visible 

(in PBS 0,5 

mg/ml 

Size By DLS  

(in PBS 0,5 mg/ml) 
Factor A Factor B Factor C 

L-PGA-βCD-MM01-1 4.05 < 5 0 -1 -1 

L-PGA-βCD-MM01-2 18.70 < 5 0 0 0 

L-PGA-βCD-MM01-3 19.76 122 1 1 0 

L-PGA-βCD-MM01-4 4.99 25 0 0 0 

L-PGA-βCD-MM01-5 3.89 70 -1 0 -1 

L-PGA-βCD-MM01-6 7.45 25 -1 -1 0 

L-PGA-βCD-MM0-7 9.10 10 1 0 -1 

L-PGA-βCD-MM01-8 11.65 65 1 -1 0 

L-PGA-βCD-MM01-9 3.89 40 0 0 0 

L-PGA-βCD-MM01-10 23.19 90 0 1 -1 

L-PGA-βCD-MM01-11 14.50 30 1 1 0 

L-PGA-βCD-MM01-12 11.19 < 5 1 0 1 

L-PGA-βCD-MM01-13 9.55 20 -1 1 0 

L-PGA-βCD-MM01-14 12.30 < 5 0 -1 1 

 

VI.2 The in vitro Evaluation and Selection of an Optimal Nanomedicine 

Candidate 

Studying the properties and advantages of nanomedicines requires subsequent 

biological evaluations in model systems ranging from in vitro cell line-based assays to 

in vivo testing in animal models [19]. In this section, we focus on studying the efficacy 

of our synthesized nanomedicines (Table 3) in cell models to highlight the best 

candidate based on their cellular uptake and induced responses [20]; [21].  



Chapter VI: A rationally Designed Polypeptide-based MM01 Nanomedicine Improves Antitumor Efficacy in Breast Camcer Models 

 

 238 

VI.2.1 Selection of L-PGA-βCD-MM01-3 as the Optimal Candidate 

In Chapter IV of this thesis, we evaluated the inhibitory capacity of free 

MM01 on different ASC-dependent inflammasomes in a THP-1-derived macrophage 

model. In this section, we evaluated the capacity of each of our nanomedicine family 

(Table 3) to inhibit NLRP3 inflammasome activation. The NLRP3 inflammasome 

activates inflammation by inducing the release of inflammatory cytokines such as IL-

1β and increasing pyroptotic cell death. We pretreated THP-1-derived macrophages 

with a 20 µM equivalent MM01 dose of each nanomedicine for two hours and then 

stimulated THP-1-derived macrophages with LPS and nigericin to activate the NLRP3 

inflammasome and then evaluated the levels of IL-1β release and pyroptosis.  

Figure 6 demonstrates that LPS and nigericin stimuli (+ LPS/Nig) increase IL-

1β secretion and pyroptosis compared to untreated cells. As expected, free MM01 

pretreatment (+MM01) led to a significant reduction in IL-1β and pyroptosis (compare 

+ LPS/Nig to + LPS/Nig + MM01). Treatment with specific nanomedicines 

significantly inhibited the LPS/Nig-induced increased in IL-1β secretion and 

pyroptosis; however, only two candidates presented statistically significant results (L-

PGA-βCD-MM01-3 and 8). Of note, we failed to observe significant differences 

between L-PGA-βCD-MM01-3 and free MM01.  
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Figure 6. Inhibition of theNLRP3 inflammasome inhibition in THP-1 derived macrophages by free 

MM01 and L-PGA-βCD-MM01 family members. The numbers on the x-axis with relation to L-PGA-

βCD-MM01 refer to the reactions noted in Table 3. A) IL-1β secretion evaluated by ELISA and B) 

measurement of LDH release into the extracellular medium following activation of the NLRP3 

inflammasome with 100 ng/ml LPS and 10 µM nigericin. Data represent the mean ± SD of almost three 

independent experiments. Asterisks represent significant differences determined by one-way ANOVA test 

with Tukey's multiple post-test comparisons (ns = not-significant; **p<0.01; ****p<0.0001). 
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characterization of the nanosystems prior to future more specific in vitro and in vivo 

experiments. To determine drug loading, nuclear magnetic resonance (NMR) was 

employed as described above, as well as dynamic light scattering (DLS) to complete 

the physicochemical characterization of the nanosystem and explore batch-to-batch 

reproducibility (Figure 7).   

 

 

Figure 7. Physicochemical characterization of the nanosystem and exploration of batch-to-batch 

reproducibility. 
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encapsulation w/w is maintained if we compare the result obtained in table 2 and this 

scale-up (See figure 7), around 19% in all cases. 

Another qualitative and non-quantitative test to demonstrate encapsulation is a 

nuclear magnetic resonance using deuterated water as a solvent at a concentration of 

10 mg/ml (Figure 8). With this analysis method, you can see the different signals 

corresponding to the various components of our material. The signals corresponding to 

the PGA can be seen in two regions: multiplet at 4,3ppm and two multiplets at 2,5-

1,7ppm (blue color). Also, the signs are also shown of the β-CD directly bound to the 

polymer in the ranges: singlet at 5ppm and two multiplets at 3,4-4ppm (blue color) In 

the case of MM01, the most notable are the well-defined signals of the molecule in the 

aromatic region (8,5-6,5 ppm in red). This means that this molecule has been total 

solubilized in a hydrophilic medium.  The importance of this is because this molecule 

in its natural form is insoluble in hydrophilic media. In other words, it means that we 

could not solubilize it in aqueous media or physiological environment. With this 

analytical test, we can demonstrate that encapsulation is valid and it takes place. 

We can deduce the qualitative relationship between the PGA and the calculated 

drug with this technique. It has also been used previously to calculate the charge on the 

cyclodextrin polymer. In this case, the ratio between the signals gives a ratio of 10% 

molar, which is equivalent to 18% by weight. We corroborate the value obtained for 

the same batch with the other technique with this method. 

Also, we can calculate a relationship between concentrations of the 

cyclodextrin, and the amount of drug is encapsulation, taking into account the 

relationship of existing signals in the H-NMR spectrum at 8-6,5 ppm (in red = MM01) 

and 5ppm (in green = βCD). According to this relationship, we would have 100% of 

the DC drug load. To be more specific, release studies would need to be performed, as 

it is reported that various cd molecules can often form complexes with a host. 
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Figure 8. H-NMR. In D2O (10mg/ml): In red the aromatic signals of MM01; in green the βCD and in 

blue the PGA 
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concentrations of L-PGA-βCD-MM01-3 (40 and 100 μM) induced an improved effect 

in a dose-response manner (Figure 9A and 9B). However, we failed to observe a 

significant improvement with L-PGA-βCD-MM01-8 treatment with respect to MM01 

at any of the concentrations studied. (Figure 9C and 9D).  

Overall, we demonstrated the efficacy of L-PGA-βCD-MM01-3 to efficiently 

inhibit the NLRP3 inflammasome in THP-1-derived macrophages at a high equivalent 

concentration of MM01. Moreover, L-PGA-βCD-MM01-3 displayed better activity in 

inflammasome-activated cells than L-PGA-βCD-MM01-8, possibly due to the higher 

MM01 load present in L-PGA-βCD-MM01-3 vs L-PGA-βCD-MM01-8 (19,76% w/w 

in L-PGA-βCD-MM01-3 vs 11,65% w/w in L-PGA-βCD-MM01-8). Therefore, we 

selected L-PGA-βCD-MM01-3 (conditions of encapsulation 10% βCD, 50:50 

H2O/DMF and 3 mg of MM01; final loading of MM01 19,7% w/w by ultraviolet-

visible. See Table 3) as candidate nanomedicine for subsequent in vitro and in vivo 

experiments 
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Figure 9. L-PGA-βCD-MM01-3 and L-PGA-βCD-MM01-8 inhibit NLRP3 inflammasome in THP-

1 derived macrophages. A) IL-1β secretion evaluated by ELISA and B) measurement of LDH release 

into the extracellular medium following activation of the NLRP3 inflammasome with 100 ng/ml LPS and 

10 µM nigericin. Cells were pre-treated with MM01 and L-PGA- βCD-MM01-3 at MM01 equivalent 

doses. C) IL-1β secretion evaluated by ELISA and D) measurement of LDH release into the extracellular 

medium following activation of the NLRP3 inflammasome with 100 ng/ml LPS and 10 µM nigericin. Cells 

were pre-treated with MM01 and L-PGA-CD-MM01-8 at MM01 equivalent doses. Data represent the 

mean ± SD of three independent experiments. Asterisks represent significant differences determined by 

one-way ANOVA test with Tukey's multiple post-test comparisons *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 
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VI.3 Therapeutic Efficacy of L-PGA-βCD-MM01-3 in Breast Cancer 

Models 

The exploration of the inflammasome's role in breast cancer development aims 

to foster the development of novel efficient therapeutics [22]. While studies have shown 

the efficacy of inflammasome inhibition in supporting cancer progression [23]; [24], 

other studies report an anti-tumorigenic role of the inflammasome [25]. Therefore, 

treatment with inflammasome inhibitors requires a more in-depth study to identify what 

types of tumors may benefit from these therapeutic approaches.  

In Chapter V, we developed a functional cell-based assay that could predict 

the behavior of breast tumors after treatment with our inflammasome inhibitor in vivo. 

The functional assay consists of studying the migration of breast cancer cells in 

response to the secretome of pro-inflammatory macrophages (M1) after treatment with 

MM01. We demonstrated that MM01 treatment of M1 macrophages reduced the 

migration of EO771 breast cancer cells and reduced tumor growth in vivo. In contrast, 

MM01 treatment increased cell migration, tumor growth, and metastasis in the 4T1 

model. These two models reflect the two contradictory responses that treatment with 

an inflammasome inhibitor may have in breast cancer progression. 

VI.3.1 L-PGA-βCD-MM01-3 treatment affect migration dependent upon breast 

cancer subtype 

To study the effect of the selected polymer in vivo, we first evaluated the effect 

of M1 macrophages treated with L-PGA-βCD-MM01-3 on the migration of the 4T1 

and EO771 murine breast cancer lines. We treated J744A.1 murine macrophages with 

L-PGA-βCD-MM01-3 at 20 µM MM01 equivalent dose and subsequently induced 

their polarization into M1 macrophages with 25 ng/mL IFN-; and 10 pg/mL LPS. At 

24 hours, we collected the M1 cell supernatant as a migration stimulus for breast cancer 

lines. We seeded the murine 4T1 and EO771 breast cancer cells in the upper part of the 

transwell (25,000 cells/transwell), added the M1 macrophage secretome, with or 

without treatments, to the well below, and then analyzed the number of migrating cells 

at 6 h by confocal microscopy (Figure 10). 
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The results illustrated in Figure 10A demonstrate an increase in EO771 cell 

migration in response to the secretome of the M1 macrophages (compare NT to M1). 

Moreover, we demonstrated a significant inhibition of EO771 cell migration when we 

treated M1 macrophages with free MM01 and L-PGA-βCD-MM01-3 (compare M1+ 

L-PGA-βCD-MM01-3 to M1 and M1+MM01 to M1). Again, we failed to observe an 

improved effect of L-PGA-βCD-MM01-3 with respect to free MM01 in the inhibition 

of EO771 cell migration. Moreover, Figure 10B, which shows the migration of EO771 

by confocal microscopy in response to the different stimuli, depicts an increase of 

migrated cells with the M1 secretome, as well as the reduction of migrated cells with 

the two treatments (compare M1+MM01 to M1 and M1+L-PGA-βCD-MM01-3 to M1 

in Figure 10B). 

 

 

Figure 10. EO771 breast cancer cell migration A) Quantification of EO771 cell migration in response 

to the M1 macrophage secretome +/- MM01 or L-PGA-βCD-MM01-3. B) Confocal microscopy analysis 

of EO771 cell migration. DAPI (blue) staining marks cell nuclei, and wheat germ agglutinin (WGA – red) 

staining marks the cell membrane. Data represent the means ± SEM of at least three independent 

experiments. Statistical significance determined using a one-way ANOVA. (1-way ANOVA, Tukey test 

*** p <0.001). 
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On the contrary, as shown in Figure 11A, the supernatant of M1 macrophages 

failed to alter the migration of the 4T1 cell line compared to untreated cells (compare 

M1 to NT). Moreover, we failed to observe an effect in 4T1 cell migration upon 

stimulation with macrophages treated with L-PGA-βCD-MM01-3 or free MM01 

(compare M1+ L-PGA-βCD-MM01-3 to M1 and M1+MM01 to M1). In the same line 

of evidence, Figure 11B, which shows the migration of 4T1 by confocal microscopy 

in response to the different stimuli, failed to demonstrate a change in cell migration 

upon treatment with the different stimuli. 

 

 

Figure 11. 4T1 breast cancer cell migration A) Quantification of 4T1 cell migration in response to the 

M1 macrophage secretome +/- MM01 or L-PGA-βCD-MM01-3. B) Confocal microscopy analysis of 4T1 

cell migration. DAPI (blue) staining marks cell nuclei, and wheat germ agglutinin (WGA – red) staining 

marks the cell membrane. Data represent the means ± SEM of at least three independent experiments. 

Statistical significance determined using a one-way ANOVA. 

 

These results confirm that both the nanosystem and the free drug have the same 

effect at the cellular level. 
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VI.4 In vivo Validation of L-PGA-βCD-MM01-3 in a Breast Cancer Model 

We next investigated the antitumor potential and safety of L-PGA-βCD-

MM01-3 treatment compared to free MM01. Overall, we expected to see a more 

significant antitumor effect of with L-PGA-βCD-MM01-3 treatment in vivo due to the 

EPR effect. The EPR effect describes the passive accumulation of macromolecules in 

tumor tissues due to pathological alterations of the vasculature within tumors or sites 

of inflammation. In addition, said areas also suffer from failures in lymphatic drainage, 

which also favor the retention of nanomedicines within the tumor [26].  

We selected the orthotopic EO771 breast cancer model that previously 

responded to MM01 treatment for this approach (chapter V). 

V.4.1 L-PGA-βCD-MM01-3 Antitumor Activity and Safety in the EO771 TNBC 

Murine Model 

We injected 1x106 EO771 cells into the fourth mammary fat pad of female 

C57BL/6 mice between 6-8 weeks of age. When tumors reached a size of 

approximately 0.02 cm3 (day 13), we randomly divided mice into three groups (n=8) 

(Figure 12A):  

1) Control group - intravenous treatment with PBS+5%DMSO  

2) Intravenously treatment of 10 mg/kg MM01 three times per week 

3) Intravenously treatment of 10 mg/kg L-PGA-βCD-MM01-3 three times per 

week  

We made an evaluation every 3 days of animal weight and tumor growth (using 

calipers) during the whole experiment (31 days) (Figure 12). Relative body weight 

measurements made over time suggests the maintenance of mouse body weight 

throughout the whole experiment in the three treatment groups (Figure 12B). 

Moreover, from a safety point of view, daily monitoring of the general aspect of mice 

failed to reveal any deterioration in animal welfare. In Figure 12C, which shows the 

size of tumors at end point, we observe a reduction in tumor size in animals treated with 
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the MM01 inhibitor and the L-PGA-βCD-MM01-3 polymer compared to untreated 

animals. In the same line of evidence, Figure 12D, which depicts the tumor growth 

(cm3) over time, demonstrates a significant and enhanced reduction of tumor growth in 

animals treated with the polymer compared to untreated animals, demonstrating that L-

PGA-βCD-MM01-3 improves the effect of free drug at tumor growth level.  We also 

represented the fold increase (final tumor volume/initial tumor volume) of tumor size 

(cm3) at the end point, taking as reference the tumor volume in cm3 measured by caliper 

on the first day of treatment (Figure 12E). As expected, both the mice treated with the 

free drug and L-PGA-βCD-MM01-3 polymer displayed a significant tumor growth 

inhibition as evidenced by the inhibition in the fold change measurement of both 

treatments compared with the control group. However, L-PGA-βCD-MM01-3 

presented a more relevant effect compared to free MM01 to reduce tumor volume.  

These results demonstrated the efficacy of L-PGA-βCD-MM01-3 to improve 

the efficacy of the free drug to reduce tumor growth in the orthotopic EO771 breast 

cancer model. 
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Figure 12. MM01 and L-PGA-βCD-MM01-3 Treatment in an Orthotopic breast cancer EO771 

Mouse Model. Mice were treated with MM01 at 10 mg/kg, L-PGA-βCD-MM01-3 at 20 mg/kg, or 

PBS+5%DMSO as vehicle control. A) Schematic representation of in vivo animal experiment. B) Relative 

changes to body weight of mice (as a percentage) over time. C) Representative images of tumors at the 

experimental endpoint. D) Tumor volume measured in cm3 with caliper over time. E) Fold change of tumor 

volume at the experimental endpoint. Data expressed as mean±SEM, n>3. Statistical analysis performed 

using ANOVA. (1-way ANOVA, Tukey test * p <0.05; *** p <0.001 
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Finally, at the end of the experiment, once the animals were sacrificed, we 

obtained the blood from the heart and carried out hematological studies to identify the 

development of systemic pathologies during tumor growth, such as marked 

inflammatory response derived from the tumor, anemia, thrombocytosis, 

reticulocytosis, leukocytosis, or lymphocytosis. Figure 13 shows the count in g/L of 

leukocytes, erythrocytes, thrombocytes, neutrophils, monocytes, and lymphocytes 

present in the blood at the endpoint of the EO771 model compared to healthy animals. 

However, we failed to observe any significant changes in the EO771-Luc2 model 

animals, treated or untreated with MM01 and L-PGA-βCD-3, compared to healthy 

animals. 

 

Figure 13. Complete Hemogram of EO771 model. Counts in g/L of leukocytes, erythrocytes, 

thrombocytes, neutrophils, monocytes, and lymphocytes present in the blood at the endpoint of the EO771-

Luc2 animals. Data expressed as mean±SEM, n>3. Statistical significance determined using one-way 

ANOVA.  
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Conclusions 

 

As conclusions of this chapter, to improve the effects of MM01, we have designed 

a new chemical entity based on a hybrid synthetic strategy that presents 1) the chemical 

conjugation of a linear poly-L-glutamate  (PGA) with cyclodextrin moieties and 2) the 

encapsulation of MM01 into the cyclodextrin ring and 3) the resultant nanoparticulate 

hybrid nanomedicine with adequate polydispersity and fine-tuned size upon drug 

loading and cyclodextrin derivatization.  

We have evaluated the effects of this new nanomedicine both in cellular models of 

inflammation and in tumor models of triple negative breast cancer. Cellular 

inflammation assays have shown that nanomedicine and free drug have the same effects 

at an equivalent concentration of MM01. Secondly, although the results in cells do not 

show an improvement in the effect of the free drug expected due to the different 

pharmacokinetics observed by the nanosystems (diffusion into the cell vs. endocytosis, 

for the free MM01 vs L-PGA-βCD-MM01, respectively), we have demonstrated an 

enhanced effect in reducing tumor size in the in vivo EO771 model. A greater 

accumulation of the nanosystem is expected at the tumor site due to the EPR effect and 

once there, a sustained release of MM01 at the TME that trigger the greater antitumor 

response. The validation of our approach is ongoing in a metastasic EO771-Luc2 

model. 
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General Discussion 

 

Cytosolic complexes known as inflammasomes are essential components of the 

innate immune system that coordinate the maturation and release of pro-inflammatory 

cytokines such as IL-1β and IL-18 in response to either microbe-derived pathogen-

associated molecular patterns (PAMPs) and damaged-associated molecular patterns 

(DAMPs) [1]. At the structural level, this family of complexes comprises specific 

cytosolic pattern recognition receptors (PRRs), the apoptosis-associated speck-like 

protein containing CARD (ASC) adaptor protein (present in the vast majority of 

inflammasomes), and the pro-caspase-1 protease [2]. The inflammasome components 

self-organize to activate the inflammatory response in response to host damage or 

infection. The ASC protein oligomerizes to form "ASC specks" that recruit pro-

caspase-1, thereby prompting the formation of active caspase-1. Finally, caspase-1 

initiates the maturation and release of pro-inflammatory cytokines to mediate the 

inflammatory response [3]. 

This inflammasome-mediated inflammatory process represents a rapid 

response that removes harmful stimuli and prevents the spread of infections or 

tumorigenic growth [4]; [5]. However, inflammasome dysregulation has been linked to 

the development of several pathologies; for example, studies have indicated roles for 

the NLRP3, AIM2, NLRP6, and NLRC4 inflammasomes in tumor formation [6]; [7], 

neuroinflammation [8], and viral infections [9] among others conditions [10]; [11]. 

Interestingly, recent research into severe acute respiratory syndrome coronavirus-2 

(SARS-CoV-2) indicates that disease severity correlates with inflammatory responses, 

in which ASC may play a role [12]. 

Several drugs have been used to effectively treat human inflammasome-related 

diseases, such as antibodies against IL-1β (canakinumab) or recombinant IL-1β 

receptor antagonists (anakinra).  These drugs target the downstream products of the 

inflammatory process and, therefore, may fail to alleviate all the consequences of 

inflammasome activation (such as pro-inflammatory cytokine release, the extracellular 

accumulation of ASC specks, and pyroptotic cell death) that contribute to the 

propagation of pro-inflammatory signaling [13]. Specific inflammasome inhibitors, 
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such as the NLRP3 inhibitors MCC950 [14] or CY-09 [15], have specific and highly 

effective anti-inflammatory effects; however, they do not apply to multifactorial 

diseases that require a more general inhibitory strategy. Treatment with drugs that act 

upon components shared by many inflammasomes, such as ASC, may represent a more 

effective means of inhibiting inflammasome activation and its subsequent spread and 

treating multifactorial inflammasome-related diseases. 

A recent study described the development of an antibody fragment that 

specifically recognizes the CARD domain of the human ASC protein [16]. This 

antibody disrupts ASC (CARD) interactions, inhibits inflammasome activation, and 

protects cells from inflammatory cell death. Furthermore, Desu et al. recently reported 

that ASC inhibition by treatment with an anti-ASC monoclonal antibody prompted 

clear improvements in a mouse model of multiple sclerosis [17]. 

Importantly, recent studies have also described inflammasome-independent 

ASC functions. For example, ASC speck can recruit caspase-8 and induce apoptosis 

[18], while Schneider et al. established that ASC specks activated Caspase-8 and 

induced secondary pyroptosis in the absence of Caspase-1 [19]. Another recent study 

discovered that the presence of ASC-deficient CD8+ T cells reduced the rejection of 

cell/tissue transplants in model mice [20]; therefore, ASC inhibition could represent a 

new approach to improving transplant therapies. 

Given the need to identify new treatments capable of inhibiting several 

common points of the inflammatory response, Dr. Orzáez's laboratory proposed the 

search for new pan-inflammasome modulators.  

Before this study, screening assays described how the compound MM01 

inhibited ASC-dependent pro-caspase-1 activation, a common step in activating 

multiple inflammasomes. One of the main objectives of this Ph.D. thesis was the 

characterization of the molecular mechanism of action and pharmacological activity of 

MM01 (See Chapter IV).  

We investigated how MM01 interacts with the protein ASC as a first step. 

Following the activation of ASC-dependent inflammasomes, the ASC protein 
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oligomerizes into large filaments. We demonstrated that MM01 treatment severely 

impacts ASC oligomerization by significantly reducing filament formation in vitro and 

in cellular models. Importantly, we discovered that MM01 interferes with ASC 

oligomer formation and facilitates ASC protein degradation in HEK293 via the 

autophagy-lysosome pathway.  

We next evaluated the ability of MM01 to inhibit the activation of several ASC-

dependent inflammasomes in vitro and in vivo (Chapter IV.3). One of the significant 

advantages of our inflammasome inhibitor compared to other inflammasome inhibitors 

described is targeting a component (ASC) common to the vast majority of 

inflammasomes. MM01 is the first small molecule capable of inhibiting ASC 

oligomerization, which confers numerous advantages in the cases of multifactorial 

disease that require the inhibition of multiple inflammasomes. We demonstrated that 

MM01 treatment prevents the activation of different ASC-dependent inflammasomes 

by significantly reducing IL-1β release, pyroptotic cell death, and ASC speck formation 

in THP-1-derived macrophages. To reinforce the ASC-specific mechanism of action, 

we studied how MM01 impacted the non-canonical inflammasome activation pathway, 

which does not depend on ASC. The non-canonical pathway requires the direct 

activation of human caspases 4/5 in response to intracellular LPS. Caspases 4/5 directly 

recognize intracellular LPS to prompt the cleavage of the pore-forming protein 

Gasdermin D (GSDMD) and trigger the secondary activation of the canonical NLRP3 

inflammasome for cytokine release [21]; [22]. We demonstrated that MM01 failed to 

inhibit induced IL-1β release and pyroptosis by the non-canonical inflammasome 

pathway, reinforcing the ASC-specific mechanism of action of MM01. 

Finally, we aimed to evaluate the efficacy of MM01 in vivo. We selected a 

murine model of monosodium urate (MSU)-induced peritonitis [23]. In this model, 

MSU crystals potently activate NLRP3, which is accompanied by increased levels of 

IL-1β and neutrophil infiltration in the intraperitoneal fluid [24] (See Chapter IV.4). 

We demonstrated that MM01 efficiently suppressed MSU-induced IL-1β release and 

peritoneal neutrophil recruitment, thereby providing evidence for the in vivo anti-

inflammatory activity of the ASC inhibitor MM01. 

Overall, in Chapter IV of this thesis, we identified the inhibition of ASC 

oligomerization as the mechanism of action of MM01. Therefore, we report MM01 as 
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a novel pan-inflammasome inhibitor for treating multifactorial diseases involving the 

pathological activation of several inflammasomes, such as cancer. As the first 

exploration of this disease-treating potential, we explored our novel ASC 

oligomerization inhibitor as a therapy for breast cancer (Chapter V). 

In general, the role of inflammasomes in tumor progression is closely linked to 

the inflammatory tumor microenvironment (TME). Tumor cells cooperate closely with 

TME-resident cells, such as immune cells, to promote chronic inflammation and 

immunosuppression [25]. This state of chronic inflammation is mainly mediated by 

inflammasome activation in TME-resident immune cells and can dictate tumor growth 

and invasiveness [26]. However, the role of the inflammasome in cancer remains a 

controversial topic due to its double-edged role in tumor progression. While 

inflammasome activation can control and reduce tumor cell growth in early disease 

stages [27], uncontrolled inflammasome activation in the TME can promote the 

development of metastasis in many types of cancer [28]. 

In breast cancer, several studies have reported the pro-tumorigenic role of 

uncontrolled inflammasome activation [29];[30]; [31]. For example, Guo et al. [32] 

demonstrated that the knock-out (KO) of several inflammasome components fostered 

a reduction in tumor size and metastasis in the EO771 triple negative breast cancer 

(TNBC) mouse model. On the contrary, other studies have reported the anti-cancer 

potential of the inflammasome in breast cancer. Kaplanov et al. demonstrated that Il-

1β-deficient mice exhibited a profound regression of primary tumor growth in a 4T1 

orthotopic breast cancer mouse model [33]. 

Therefore, the inflammasome may represent a new therapeutic target in breast 

cancer; however, few studies have evaluated the impact of inflammasome inhibitors in 

breast tumor models. For example, Holen et al. demonstrated that Anakinra decreased 

tumor growth and bone metastasis in pre-clinical models of breast cancer [34]. In a 

similar study, Te-Chia et al. investigated the administration of Anakinra before standard 

chemotherapy in female HER2-negative metastatic breast cancer patients in a clinical 

pilot study [35]. They revealed a link between tumor-infiltrating CD11c+ myeloid cell-

derived IL1β production in primary breast cancer tumors and advanced disease and 
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demonstrated that anakinra treatment prevented breast cancer progression in a 

humanized mouse model. In addition, patients with metastatic HER2− breast cancer 

treated with anakinra displayed an attenuated inflammatory transcriptional signature in 

blood leukocytes [35]. 

In another example, Zhai et al. examined the efficacy of the natural compound 

andrographolide, an inhibitor of NFkB and NLRP3 inflammasome [36, 37], in reducing 

breast cancer-induced osteolysis [38]. The study reported that andrographolide 

prevented human breast cancer-induced bone loss by suppressing receptor activator of 

NF-κB ligand  (RANKL)-mediated human breast cancer cell-induced osteoclast 

differentiation. Molecular analysis revealed that andrographolide prevented osteoclast 

function by inhibiting the RANKL-induced NF-κB and ERK signaling pathway at 

lower doses (20 μM) and inducing apoptosis at higher doses (40 μM). In a related study, 

Zhai et al. demonstrated that andrographolide treatment inhibited the in vitro migration 

and invasion of an aggressive breast cancer cell line (MBA-MD-231) at non-lethal 

concentrations, suppressed proliferation, and induced apoptosis at high concentrations 

[39]. Andrographolide treatment also significantly inhibited the growth of bone-

implanted tumors in vivo and attenuated cancer-induced osteolysis [39]. 

Therefore, we aimed to employ our pan-inflammasome inhibitor MM01 as a 

chemical tool to study the role of the inflammasome in breast cancer progression 

(Chapter V).  

Notably, macrophages comprise the most abundant immune cell population in the 

breast cancer TME [40]; [41]. Moreover, excessive/prolonged pro-inflammatory 

signaling by activated M1 macrophages promotes angiogenesis and tumor spread [42]; 

[43]. Given the influence that macrophages have on the establishment of chronic 

inflammation in the TME, we established activated M1 macrophage cell lines (human; 

derived from THP-1 cells, and murine; derived from J774A.1 cells) to study the effect 

that inflammasome-mediated inflammation has on tumor progression (see Chapter 

V.I). 

By migration experiments using the secretome of M1 macrophages, treated or 

untreated with our inhibitor, we demonstrated that intrinsic differences in breast cancer 
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cells condition their migration towards pro-inflammatory stimuli. We discovered some 

responder breast cancer cell lines, such as the human MDA-MB-231, MDA-MB-468, 

MCF7, and ZR-75 or the murine EO771, that increase cell migration in response to M1 

secretome, and decrease cell migration in response to M1 secretome treated with 

MM01. On the contrary, we reported non-responder models such as the murine 4T1 

cell line, that don’t respond to the inflammatory stimuli, but increase their migration in 

response to MM01 treatment. Importantly, these cell migration experiments were 

reinforced in vivo (see Chapter V.2), in which MM01 treatment can exert positive or 

negative effects depending on the breast cancer model employed. Having these two 

murine models that recapitulate the contradictory responses to the treatment with an 

inflammasome inhibitor, we decided to study the differences between these two models 

in order to search for biomarkers capable of predicting the response to treatment with 

an inflammasome inhibitor. 

Through proteomic studies, we identified patterns of over-expressed proteins 

in the EO771 model treated with the secretome of M1 (EO771+M1) macrophages 

compared to the 4T1 model (4T1+M1). Importantly, many proteins upregulated in 

EO771+M1 correspond to RNA binding proteins characterized as having a role in 

tumor progression and metastasis. For example, previous studies have demonstrated 

that suppression of Eukaryotic translation initiation factor 4 gamma 2 (EIF4G2) 

significantly reduced the development of acute myeloid leukemia [44], diffuse large B 

cell lymphoma [45], osteosarcoma [46], and lung cancer [47]. RNASEH2A promotes 

proliferation in sarcoma, breast cancer, glioma cell lines, and prostate cancer, 

suggesting a pivotal role in cancer progression [48]. Moreover, studies have reported 

the overexpression of KRR1 in brain metastases in metastatic breast cancer patients 

compared to the primary tumor [49]. Overall, we identified patterns of positively 

regulated proteins in EO771 + M1 (responding models) compared to 4T1 + M1 (non-

responding model) that may have essential functions in tumor progression in different 

types of cancer. However, these preliminary results require validation to identify 

response biomarkers for future experiments. 

Finally, we looked to create an improved treatment strategy in the EO771 responder 

model by derivatising MM01 as a nanomedicine (Chapter VI). The use of 
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nanomedicines in the field of cancer therapeutics provides numerous advantages 

compared to small drugs, such as increased solubility and chemical stability, controlled 

pharmacokinetics and pharmacodynamics, increased specificity and efficacy by 

improving tumor accumulation, reduced non-specific accumulation, enhanced 

biodegradation, improved distribution and controlled release, reduced toxicity and 

adverse effects in healthy cells, and inhibited drug resistance due to altered cellular 

internalization mechanisms [50]. 

Many nanomedicine strategies exist to improve the effects of conventional 

therapies such as small drugs – these include the implementation of 

polymers/polypeptides [51]. In this study, we designed a new therapeutic tool that 

combines a linear polymer of polyglutamic acid (PGA) conjugated to a cyclodextrin 

moiety conjugated orthogonally to PGA side chains that provides the polypeptidic 

carrier with the capability to encapsulate MM01 in a %mol derivatization manner. 

Biodegradable, multivalent polypeptides such as PGA have benefits due to their 

similarities to native proteins, including safety, low immunogenicity, and 

biocompatibility as they degrade in endogenous safe metabolites (i.e. Glutamic acid) 

[52]. In addition, polypeptides also have advantages due to their structural versatility, 

which allows the formation of multiple architectures with different physicochemical 

characteristics (charge, polarity, and hydrophilicity) [53]. Moreover, using polypeptidic 

carriers with a higher Mw allows optimization of pharmacokinetics and improves 

passive tumor targeting by the EPR effect. 

We first attempted to chemically conjugate MM01 directly to linear PGA; however, 

the chemical structure of MM01 represented a significant impediment to this process. 

Unexpectedly, we discovered the extreme instability of MM01 due to the presence of 

a double bond that degrades and triggers MM01 decomposition. Therefore, we decided 

to implement a hybrid strategy that combines the chemical conjugation of PGA with a 

bioresponsive linker (cyclodextrin) and the encapsulation of the drug within 

cyclodextrin rings. 

The reformulation of conventional therapeutics as nanomedicine can change drug 

distribution or provide more targeted drug delivery to specific tissues or cells within 

those tissues through the versatility of synthetic chemistry and chemical conjugations. 

This spatiotemporal control of the administered drug leads to improved therapeutic 
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effects and/or reduced side toxicities [51]. One of the most significant benefits of 

nanomedicines for oncology is the active or passive targeting of the tumor area [54]. 

Active or ligand-mediated targeting allows nanomedicines to specific target cells using 

specific ligands. On the contrary, passive targeting through the EPR effect allows a 

more significant accumulation of nanomedicines in the tumor environment than the free 

form of the drug involved. The passive accumulation of nanomedicines relies on the 

pathological alterations inherent to the vasculature within tumors or sites of 

inflammation [54]; [55]. In this work, we explored how our MM01 nanomedicine 

benefited from passive tumor accumulation to enhance anti-cancer effects. 

We first studied the effect of our MM01 nanomedicine compared to the free drug 

in cell models of inflammation. We employed THP-1-derived macrophages to study 

the ability of our MM01 nanomedicine to prevent the activation of the NLRP3 

inflammasome. At equivalent concentrations of free drug, we discovered that our 

nanomedicine and free MM01 had the same effect in reducing IL-1β secretion and 

pyroptotic cell death. 

To continue the functional characterization, we next studied the effect of our 

MM01 nanomedicine on tumor cell migration employing the 4T1and EO771 breast 

cancer cell lines. We studied the migration of tumor cells in response to the pro-

inflammatory macrophage M1 secretome with and without pretreatment. As hoped for, 

we observed a similar effect for the free form of MM01 and the MM01 nanomedicine. 

We observed inhibited migration in the EO771 model and increased migration in the 

4T1 model after pro-inflammatory stimulation. These results demonstrated that both 

free MM01 and MM01 nanomedicine had the same effect at the cellular level. It has 

been already reported that up to 100-fold greater activity could be seen when compare 

free vs conjugated drugs, so having similar activity predicts a greater activity in in vivo 

models due to the differential whole body biodistribution and greater tumor 

accumulation for PGA-bCD-MM01 by the EPR effect.   

Importantly, we did demonstrate a more relevant reduction in tumor size in the 

EO771 model in vivo. The more significant effect at the tumor site level of the MM01 

nanomedicine may derive from the enhanced tumor accumulation (and retention) 

effect. 
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Based on the results obtained in the migration assays, we expected to observe a 

more important effect of free MM01 drug and nanomedicine in reducing tumor 

progression and metastasis; however, the orthotopic model EO771 failed to display 

spontaneous metastasis. One of our main objectives was to study the inhibition of 

metastasis; therefore, future experiments will aim to study the activity of free and 

nanomedicine MM01 in a metastatic model of EO771 by intravenously injecting tumor 

cells in mice.  

These results confirm the advantages of nanomedicine-based therapies in cancer 

with respect to the use of hydrophobic small drugs mainly due to changes in PK/PD 

due to tumor targeting and drug sustained release profiles. 
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1. MM01 interacts with the CARD domain of ASC, preventing the formation of 

oligomers. 

2. The mechanism of action of MM01 on ASC provides a new drug with the 

ability to inhibit multiple inflammasomes. 

3. MM01 is able to inhibit in vivo inflammation in a NLRP3-dependent model of 

MSU crystal-induced peritonitis. 

4. We have shown that inflammasome inhibition plays a role in tumor progression 

in breast cancer.  

5. We have characterized an in vitro functional assay that allows us to subdivide 

breast cancer lines into responders and non-responders to MM01 treatment. 

Functional characterization of drug response in vitro correlates well with in 

vivo results. 

6. Preliminary proteomic analyses have identified putative biomarkers of MM01 

sensitivity. 

7. We have developed a new nanomedicine, L-PGA-bCD-MM01, to trap MM01 

using a conjugation-complexation approach comprising conjugation of -

cyclodextrin to a linear poly-L-glutamic acid (PGA) (L-PGA-bCD). 

8. The obtained nanosystem demonstrated enhanced efficacy in an orthotopic 

model of breast cancer by resulting in a more relevant reduction of tumor size 

in those mice treated with the L-PGA-bCD-MM01 nanomedicine 

 

 

 

 

 

 

 



 

 

 

 

 

 

 
 


