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ABSTRACT 
 
 

KATHERINE HOLTZMAN. Inflammation, NLRP3 Inflammasome, macrophages and 
Breast Cancer Progression. (Under the direction of DR. DIDIER DRÉAU) 

 
 

  One in 8 women will be diagnosed with breast cancer in their lifetime and 

while breast cancer mortality has declined since the 1980s, it remains the 2nd leading cause 

of cancer-related deaths among women.  Standard of care is determined by anatomical 

staging and molecular biomarkers, but generally includes surgery, systemic or targeted 

chemotherapy or immunotherapy. Therapy resistance remains challenging and is 

exacerbated by the presence of cancer-stem cells and inflammation. Tumor 

microenvironment heterogeneity – especially high macrophage infiltration - in breast 

cancer is associated with larger tumor size, increased vascularization, lower hormone and 

growth factor expression and lower overall survival. Macrophage phenotype is highly 

plastic and on a continuum between M1 and M2 macrophages. M1 or classically-activated 

macrophages are phagocytic, pro-inflammatory and express high levels of inducible nitric 

oxide synthase (iNOS). In contrast, M2 or alternatively activated macrophages are 

endocytic and only partially phagocytic, immunosuppressive, and associated with poor 

prognostic outcomes Additionally, M2 macrophages express arginase 1 and surface marker 

CD206 and secrete VEGF and matrix metalloproteinases that promote angiogenesis and 

matrix remodeling, respectively. Macrophage activation occurs, in part, through cell 

membrane bound pattern recognition receptors (PRRs) interacting with external pathogen-

associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs) including inflammasomes. In particular, the NLRP3 inflammasome is a 

multiprotein complex which consists of the intracellular receptor, NLRP3, the adaptor, 
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ASC1, and effector caspase, caspase 1. Upon activation, these proteins oligomerize and, 

through caspase activity, cleave pro-inflammatory IL-1β and IL-18 cytokines into their 

mature active forms. Furthermore, pyroptosis, i.e., an inflammatory form of cell death, that 

can supersede inflammasome activation is mediated by cleavage of gasdermin D and 

membrane pore formation.  

 First, our results demonstrate through in vitro treatment of macrophages with 

known inflammasome activators and secretions from tumor cells that macrophages 

differentially express NLRP3 inflammasomes and NLRP3 inflammasome activation was 

associated with the development of a pro-tumorigenic macrophage phenotype. Second, our 

in vivo data in immunocompetent, orthotopic, pre-clinical, murine model injected with 4T1 

tumors alone or combined with J774 macrophages demonstrate that NLRP3 inflammasome 

activation in macrophages support tumor proliferation by increased cancer-stem cells and 

metastasis. Our findings also determined the efficacy of NLRP3 inflammasome inhibition 

and chemotherapy in in vitro co-cultures and in vivo immunocompetent, orthotopic, 

preclinical, murine models demonstrating that the MCC950+5-FU treatment combination 

decreased inflammasome complex expression and tumor proliferation in vitro and reduced 

in vivo tumor growth and leukocyte infiltration in mice co-implanted with 4T1 tumor cells 

and J774 macrophages. Lastly, our mechanism investigations assessed whether NLRP3 

inflammasome activation or pore-mediated cytokine secretion and subsequent autocrine 

signaling were involved in the generation of the pro-tumorigenic shift in macrophage 

phenotype associated with NLRP3 inflammasome activation. While following incubation 

with specific P2RX7 antagonist and gasdermin D inhibitor, inflammasome protein 

expression remained unchanged, the gasdermin D inhibition using disulfiram effectively 
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limited pro-inflammatory IL-1β cytokine secretion. Moreover, blocking either P2RX7 

signaling or gasdermin D pore formation reversed macrophage polarization  toward an M2-

like pro-tumorigenic phenotype.  

 Taken together, our work highlights the role of the NLRP3 inflammasome 

activation in the pro-tumorigenic and immunosuppressive phenotype shift in macrophages. 

Ongoing and future studies will further explore the potential of targeting the NLRP3 

inflammasome pathway to alter to modulate pro-tumorigenic and immunosuppressive 

macrophage within the tumor microenvironment to more effectively prevent breast cancer 

progression.  
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CHAPTER 1. INTRODUCTION. 

1.1. Breast Cancer and Treatment  

1.1.a. Human Breast Tissue Development, Organization and Function 

 Normal breast tissue consists primarily of glandular and adipose tissue held 

together by fibrous connective tissue (29). The glandular tissue is comprised of a tree-like 

series of lobes formed by a cluster of lobules which connect to draining ducts converging 

to the lactiferous sinus before narrowing and terminating at the surface of the nipple (29).  

 Mammary development in utero begins around week 6, when the primary 

mammary bud extends into the mesenchyme and expands to form secondary buds and, 

eventually, ducts (34). A basic framework of a branching nest of mammary ducts is reached 

at the gestational age of 6 months and differentiation of the bilayer epithelium has been 

established (34). This mammary, bilayer epithelium consists of an apical, epithelial layer 

lining lumen of the lobules and ducts and a basal, myoepithelial layer connecting to the 

basement membrane (Fig. 1.1.) (38). By the start of third trimester, a dense fibroconnective 

tissue has formed around the glandular tissue in a process aided by fetal liver or yolk-sack 

derived macrophages (34, 40). This stromal development continues into the third trimester 

as loose connective tissue is added to the stroma and the mammary pit develops into a 

nipple (34). Following birth and in response to falling maternal estrogen, the breast tissue 

of infants transiently enlarges with tissue of females remaining slightly larger due to the 

higher estradiol levels (34). The breast tissue remains quiescent until puberty (34).  

 For females, the surge of estrogen during puberty, in combination with insulin-like 

growth factor-1 (IGF-I), leads to enlargement of the breasts and areola as well as an 

increase in connective and adipose tissue and increased ductal formation and dichotomous 
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branching (34). During each menstrual cycle more alveoli are formed though the degree to 

which these alveoli are formed is insignificant until pregnancy (34). Macrophages play a 

critical role in the clearing of apoptotic debris and extracellular matrix remodeling during 

the lateral branching extension at puberty, the alveoli expansion during pregnancy and 

lactation and the involution post-lactation (40). Alterations associated with the normal 

epithelial-to-mesenchymal transition during embryogenesis and tissue remodeling during 

breast development are also involved during breast cancer progression.  

 

1.1.b. Breast Cancer Staging 

 Breast cancer originates through the loosening of tight control of epithelial cell 

division of cells through combinations of DNA mutations and of microenvironment 

signaling resulting in poorly controlled cell growth of ductal epithelial cells (more on the 

mechanism of cancer progression in Section 1.2.) (52). Early versions of clinical staging 

of breast cancer mainly relied on tumor size and location (54). Currently, cell infiltration 

and molecular expression of specific tumor cell markers are also parameters included in 

breast cancer staging (27, 54). 

American Joint Committee on Breast Cancer Staging 

 The TNM diagnostic staging is based on three criteria: primary tumor size (T), 

lymph node involvement (N), and metastasis (M). Currently, in the US, the majority of 

breast cancer patients are diagnosed with localized (64%) or regional (27%) breast cancer 

while metastatic disease is diagnosed in 6% of breast cancer patients (55).  

 Stage I is defined as a primary tumor less than 20 mm in size with or without micro-

metastases in lymph nodes (54). Stage II consists of a primary tumor greater than 50 mm 
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without nodal involvement or metastasis or a primary tumor less than 50 mm with 

metastases to lymph nodes, but no metastases to distant organs (54). Stage III breast cancer 

is the broadest category incorporating primary tumor directly extending into the chest wall, 

resulting in macroscopic skin changes or edema without nodal involvement or tumors 

ranging from less than 1 mm to greater than 50 mm with significant nodal involvement but 

no distant metastasis (54). Any clinical or histological indications of distant organ 

metastasis is indicative of stage IV breast cancer regardless of the size of the primary tumor 

or lymph node dissemination (54).  

Molecular Staging 

 Prognostic staging, as opposed to anatomical staging, considers factors like grade 

and molecular biomarkers. Tumor grade is an indication of histological cell differentiation: 

the lower the differentiation, the more aggressive the cancer, and the worse the prognosis 

(54).  

 In particular, the expression of hormone receptors for estrogen (ER), progesterone 

(PR), and human epidermal growth factor (HER2) are also considered for prognostic 

staging. Approximately 73% of mammary carcinomas express hormone receptors (ER 

and/or PR), but not HER2 and 11% of breast cancer cases both express hormone receptors 

(ER and/or PR) and HER2 (55). These marker patterns define luminal A and luminal B 

sub-types, respectively, with luminal A having the more favorable outcome (55). Indeed, 

luminal B subtype is generally associated with more proliferative or higher grade tumors 

and have poorer prognostic outcomes (55). Notably, the majority of breast cancers (~90%) 

are associated with the luminal layer of epithelium (38).  
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 Tumor staging incorporates molecular biomarkers for anatomical stage migration. 

For example, a carcinoma between 20 and 50 mm with no nodal involvement and no 

metastases would be classified as stage IIA by TNM anatomical staging. However, if this 

carcinoma is ER+ and/or PR+ and HER2-, then the prognostic stage would be downgraded 

to stage IA (54). The least common subtype with regard to hormone expression is the 

HER2-enriched (ER-, PR-, HER2+) subtype comprising of 4% of breast cancers (55). 

 Patients with triple negative breast cancer (TNBC) i.e., ER-, PR- and HER2- breast 

cancer cells have a 5-year survival rate of 77% (55). Triple negative or basal-like breast 

cancers account for 12% of breast carcinomas and are typically upstaged (54, 55), that is a 

triple-negative tumor greater than 50 mm without node or distant metastases is defined as 

stage of IIB anatomically but staged at IIIB when accounting for molecular markers (54).   

Other Tumor Features Associated with Increased Breast Cancer Progression 

 Extracellular matrix accumulation or fibrosis has been associated with breast 

cancer progression. Indeed, women with patterns of nodular density, an indication of 

fibrotic changes, are 37 times more likely to develop breast cancer (59).  

 Immune infiltration defines inflammatory breast cancer, is a rare breast cancer 

subtype affecting 1-5% of breast cancer patients, and rapidly progressing breast cancer 

(60). Inflammatory breast cancers are staged as stage IIIB or greater (59). IBC does not 

result in the formation of a solid tumor and is, therefore, generally missed by self-exams 

(60). Moreover, the symptoms of redness, swelling and warmth are often initially 

misdiagnosed as infection or mastitis further delaying treatment (60). 
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1.1.c. Breast Cancer Treatments 

 Anatomical staging and molecular biomarkers are central factors for determining 

appropriate breast cancer treatment. Patients with stage 0, or ductal carcinoma in situ, are 

often treated with breast conserving surgery or mastectomy and tamoxifen or aromatase 

inhibitor treatment for the five subsequent years if the tumor is estrogen or progesterone 

positive (61). For stages I-III, breast conserving surgery or mastectomy followed by 

radiation therapy and combined with systemic therapy is the standard (62). For patients 

with stage I or II breast cancer, adjuvant chemotherapy, HER2/neu receptor inhibitors or 

hormone therapy may be recommended following surgery (62). For stage III patients, 

neoadjuvant therapy is usually recommended and, for HER2-positive tumors, HER2/neu 

receptor inhibitors are again prescribed for one year following surgery and radiation 

therapy (62). Stage IV breast cancer treatment consists of a combination of systemic 

therapies including immunotherapy – surgery and radiation therapy generally are not 

prescribed (63). 

 Systemic chemotherapy can be used as a neoadjuvant therapy to reduce tumor size 

to prior to breast conserving surgery or as an adjuvant to treat residual cancer post-surgery 

(64). Commonly used neoadjuvant and adjuvant chemotherapies are often given in 

combinations of 2 or 3 for localized disease (64) (see table 1.1.). Prior to surgery, 

neoadjuvant treatment with carboplatin led to an ~15% increase in pathological complete 

responses from 37% to 52.1% (65). For residual, post-surgery disease, adjuvant treatment 

with a combination anthracyclines and taxanes is standard (65). Conversely, anthracycline 

and taxane combination therapy are not recommended for patients with non-metastatic 

disease prior to surgery (66). For advanced disease, chemotherapy remains the main 
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treatment (64). Single agent chemotherapies are often administered to treat advanced 

disease (64) (see table 1.1.).  

 Targeted chemotherapies are therapeutic regimens that focus on specific features 

of the tumor cells and have led to some clinical success. Targets include hormones 

especially estrogen, growth factors (e.g., epidermal growth factor receptor) (See Table 

1.2.). 

Immunotherapies support specific immune response promoting tumor cell killing 

(67). Recent success in preventing inhibition of immune response by tumor cells through 

inhibition of the PD-L1/PD1 signaling in non-small cell lung cancer (68, 69), colorectal 

cancer (70), cervical cancer (71), renal carcinoma (69), melanoma (69), and  has been tested 

in breast cancer patients (22). Pembrolizumab (Keytruda®) can be used as a neoadjuvant 

with chemotherapy or alone as an adjuvant treatment for early-stage, triple-negative breast 

cancer that expresses PD-L1 (18). Atezolizumab (Tecentriq®) is indicated for use in 

advanced, triple-negative breast cancer expressing PD-L1 and is often combined with the 

chemotherapy Abraxane (18).  

Cancer immunotherapy, especially the promotion of adaptive immune responses 

and anti-PD-1 treatments have demonstrated some effectiveness in TNBC patients (17, 19). 

Patients with metastatic TNBC treated with anti-PD-L1 Atezolizumab in combination with 

NAB-paclitaxel had significantly improved both progression-free survival (7.2 vs 5.5 

months) and overall survival (21.4 vs 17.6 months) compared to patients treated with NAB-

paclitaxel alone (13). Of note, among those patients, the subset of patients with PD-L1 

positive tumors displayed similar improvement in progression-free survival (7.5 vs 5.0 

months) but markedly higher overall survival (25.0 vs. 15.5 months) (13). 
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1.2. Tumor Microenvironment and Breast Cancer Progression 

1.2.a. Tumor Heterogeneity 

 Tumors are now widely accepted to be heterogeneous in nearly all phenotypic 

characteristics (19, 72-78). Clinically, intra-tumoral heterogeneity in the expression of ER, 

PR, HER2, p53 and MIB-1 has been demonstrated by punch biopsies (73). Tumor 

heterogeneity originates by either clonal expansion of the tumor cells each acquiring 

distinct mutations and/or through inherited cellular hierarchy with cancer stem cells 

differentiating into cancer cells with distinct phenotypes and levels of plasticity (76). This 

heterogeneity, specifically, the presence of cancer stem cells remains a major therapeutic 

challenge (78). 

 Tumor progression and relapse decades after remission is, in part, associated with 

quiescent cancer stem cell (CSC) chemoresistance (79, 80). The quiescent stem cells are 

located within hypoxic, acidic and necrotic tumor regions, which also promote a migratory 

phenotype (79). Interestingly, increased expression of intracellular proteins related 

epithelial-mesenchymal transition (such as ZEB1) has been reported in breast cancer stem 

cells (79). Indeed, EMT and the activation of the Ras-MAPK and IL-6/JAK1/STAT3 

induced signaling cancer stem cell features in human mammary epithelial cells (81, 82).  

Many CSC markers have been identified including CD133 and increased aldehyde 

dehydrogenase 1 (ALDH1) expression (79, 80). The presence of ALDH1high TNBC cells 

is a prognostic factor associated with poor chemotherapy response and recurrence (80). 

Additionally, a recent analysis of 466 invasive breast carcinomas and 8 breast cancer cell 

lines indicated that basal-like breast cancers including TNBCs, contained a higher 
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proportion of CSCs  (83, 84). Moreover, the increased proportion of CSCs was associated 

with poor chemotherapy response, metastasis and poor overall survival (83, 84).  

The diverse signaling pathways through which CSCs promote self-renewal explain 

their reduced susceptibility to chemotherapy and hormone therapy and thus the associated 

lower therapeutic efficacy in breast cancer. Specifically, STAT3 signaling in CD44+/CD24-

/low breast CSCs led to tamoxifen resistance (85). In ER+ breast cancer post-hormone 

therapy, the self-renewal of 133+ CSCs is primary driven by IL-6/Notch3 signaling rather 

than estrogen signaling (86). Moreover, remaining residual cells following endocrine 

therapy combined with letrozole or docetaxel chemotherapy were associated with CSC 

markers including low CD44+/CD24-/low, and claudin, and high metalloproteinase 2, and 

vimentin protein expression  (87).  

 Inflammation plays a major role in the transition from the differentiated to the 

dedifferentiated state of CSCs as demonstrated in breast cancer mouse models (88). 

Interestingly, although not as a direct result of, TNF-a and IL-6 cytokine concentrations 

often elevated in association with inflammasome activation also alter tumor stemness by 

promoting a mesenchymal phenotype (75). Activation of NF-κB, a critical step in 

inflammasome priming, in tumor cells leads to upregulation of specific genes that promote 

growth (i.e., cyclin D1 and c-Myc), resistance to apoptosis (i.e., survivin and Bcl-XL), and 

invasion (i.e., ICAM-1, VCAM-17, ELAM-1 and MMP) (89). Tumors with high IL-1β 

intra-tumoral concentrations have worse prognosis, likely because IL-1β promotes growth 

and metastasis in an autocrine/paracrine manner (89). Indeed, activation of IL-1β signaling 

in MCF-7 cells led to an aggressive tumor phenotype mediated by β-catenin nuclear 



 9 

translocation and resulting in reduced E-cadherin junctions and increases in CXCR4, cyclin 

D, MMP2 and c-Myc expression (90).  

 

1.2.b. Tumor Microenvironment 

 The tumor stroma or the tumor microenvironment is comprised of non-malignant 

cells and an extracellular matrix associated with the tumor mass. A high degree of tumor 

microenvironment heterogeneity in invasive breast cancer is associated with poor 

prognosis (72). Interactions between tumor and its stroma promote tumor progression by 

promoting angiogenesis, growth, and migration, inducing tumor cell stemness, and aiding 

in immune evasion (91-94).  

 The extracellular matrix functions as scaffold for tissues and organs providing 

biochemical and biophysical support. In normal mammary gland tissue, the basement 

membrane consists of collage type IV, laminin-111, laminin-332, epiligrin, entactin and 

proteoglycans (95). The fibrotic stromal matrix of breast cancer consists of collagen type 

I, III and V, elastin, vitronectin and oncofetal fibronectin (95). In the tumor 

microenvironment, concentrations of hyaluronan, collagen I and chondroitin sulfate are 

high, while collagen IV and laminin-111 concentrations are low (95). Hyaluronan regulates 

migration and invasion of cancer cells by acting as a ligand for receptors including CD44 

(95). Hyaluronan synthase is overexpressed in invasive breast cancer (96). In vitro, 

hyaluronan synthase promotes breast cancer cell invasion by inhibiting TIMP-1 (97). 

MMP-2 and MMP-9 degrade basement membrane collagen IV (95). Collagen I supports 

breast cancer migration and proliferation through signaling leading to increase in 

intracellular Ca2+ and activation ERK1/2; and is associated with an increase in circulating 
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tumor cells and lung metastases (98, 99). Interestingly, collagen type I alpha I (COL1A1) 

is associated with poor survival in breast cancer and a knockdown of COL1A1 reduced 

breast cancer metastasis (100). Fibronectin is mainly secreted by cancer-associated 

fibroblasts (CAFs) in response to TGF-β1 and IFN-γ signaling; and upregulation of 

fibronectin and the ligand, integrin β1, is associated with decreased patient survival (101-

103). Fibronectin induces EMT in breast cancer by STAT3 signaling and upregulation of 

N-cadherin and vimentin (104, 105).  

 Cancer-associated fibroblasts, in large part, mediate extracellular matrix 

remodeling. Mesenchymal-derived cancer-associated fibroblasts are generated in response 

to upregulation of TGF-β1 caused tumor-derived osteopontin (106). Moreover, CXCL12 

(i.e., stromal cell-derived factor 1, SDF1) is upregulated by TGF-β leading to 

differentiation of fibroblasts to CAFs (107). Furthermore, TGF-β upregulates αSMA, 

fibronectin, and laminin in CAFs; while TGF-β1, IL-4, IL-13 and MMP2 upregulates the 

expression of collagen I and IV and fibronectin (108, 109). Aside from extracellular matrix 

remodeling, tumor-associated fibroblasts, as well as macrophages secrete IL-6, IL-8 and 

CXCL7, which activate STAT3 signaling promoting self-renewal of CSCs (110).  

 Endothelial cells and angiogenesis provide oxygen and nutrients to tumor cells and 

are critical supports for breast cancer progression. Tumor endothelial markers (TEMs) are 

elevated in breast cancer compared to normal mammary tissue and are positively correlated 

with recurrent disease and death (111). Expression of the angiogenic factor, VEGF, and 

micro-vessel density (MVD) are strongly correlated with tumor grade, lymph node status 

and tumor-associated macrophage (TAM) infiltration (112). Moreover, vascular 

remodeling provides a route for immune cell infiltration and tumor cell migration.  
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 Immune cell infiltration, specifically, lymphocyte infiltration following 

neoadjuvant chemotherapy is indicative of increased pathologic complete response rates 

(pCR) in both TNBC and HER2+ breast cancers (113). In contrast, infiltration of immune 

cells including lymphocytes and macrophages as active participants lead to breast cancer 

progression (114). Indeed, inflammatory breast cancers i.e., breast cancer with high 

infiltration of immune cells have a poor prognosis (115, 116). Infiltration of CD4+ T cells 

(Th1, Treg and Th17 cells) are also associated with negative clinical outcomes; while 

increased CD8+ T cells is a positive prognostic indicator (116, 117). Similarly, high 

neutrophil-to-lymphocyte ratio is significantly associated with mortality in breast cancer 

(118). Such imbalance in regulatory to effector cells is generally immunosuppressive (119, 

120). Mice pre-treated with radiation prior to tumor implantation developed more rapidly 

growing tumors with immunosuppressive characteristics mimicking observations made in 

patients treated with radiation therapy such as higher macrophage and lower cytotoxic T 

cell and NK cell contents, while COX2, TGF-β and PD-L1 expression were increased 

(121).  

 

1.2.c. Macrophages 

 In some breast cancer subtypes, TAMs comprise up to 50% of the cells within the 

tumor and such infiltration is associated with reduced overall survival (75, 122). The 

presence of CD68+ cells – likely macrophages - correlates to larger tumor size, increased 

vascularization, lower hormone and growth factor expression and lower overall survival 

(123). Moreover, TAMs are known to suppress the response to chemotherapy and radiation 

(124). High macrophage infiltration in invasive breast cancer is predictive of reduced 
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relapse-free survival and reduced overall survival; and has been associated with increased 

IL-1β secretions, a marker of aggressive breast cancer (122). Indeed, in the breast cancer 

microenvironment, tumor cells secrete CSF-1, which stimulates macrophages, and 

macrophages in turn secrete epidermal growth factor (EGF) which stimulates tumor cell 

proliferation; this crosstalk leads to tumor cell intravasation and metastasis (125). Breast 

tumors secreting high CSF-1 concentrations were associated with higher metastatic burden 

and lower survival (126).Tumors in a transgenic CSF-1 overexpressing model compared 

to wild-type displayed increased angiogenesis and early macrophage infiltration (122, 

127). Moreover, blocking the CSF-1 receptor through administration of PLX-3397 or 

antibodies to CSF-1, along with paclitaxel treatment, slowed tumor growth and reduced 

lung metastasis and improved the survival of mammary tumor bearing mice (122, 128). In 

vitro experiments suggest that IFN-γ secretion by M2 macrophages polarized by increased 

TGF-β following radiation, is responsible for the morphogenic changes to breast 

epithelium (121).  

 Macrophages are a heterogenous and plastic population influenced by 

microenvironment signaling and function in innate immunity by engulfing pathogens, 

regulating inflammation, and initiating acquired immunity (129, 130). Macrophage 

activation occurs, in part, through cell membrane bound pattern recognition receptors 

(PRRs) interacting with external pathogen-associated molecular patterns (PAMPs) and 

damage-associated molecular patterns (DAMPs) (131, 132). Toll-like receptors (TLRs) 

bind a variety of PAMPs and DAMPs. TLR4/MD2 heterodimer recognizes the bacterial 

lipopeptide LPS and TLRs: 3, 7, 8 and 9 recognize extracellular DNA and RNA and 

stimulate phagosome formation (133). These TLR interactions lead to downstream 
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signaling through MyD88 to activate the transcription factor NF-kB (133). Other PRRs 

that induce phagosome development include the mannose receptor (MRC1, CD206), 

Dectin-1, the scavenger receptor A (SR-A) and the macrophage receptor with collagenous 

structure (MARCO) which bind fungi and gram-negative and gram-positive bacteria (133). 

After engulfing the target, NADPH-oxidase produces reactive oxygen species, 

phospholipase A2 produces free fatty acids, and ATPase creates an acidic environment 

within the phagosome (133). Following target degradation, macrophages can present 

peptide antigens on their MHC class II to activate helper T cells or release degraded ligands 

to activate cytosolic PRRs such as NOD-like receptors (NLRs) (133).  

 Macrophages promote growth and dissemination of tumors by a variety of 

processes including secretions promoting tumor growth, angiogenesis, and extracellular 

matrix (ECM) remodeling (112, 130, 134). Macrophage phenotype is highly plastic and on 

a continuum between M1 and M2. M1 or classically-activated macrophages are 

phagocytic, pro-inflammatory and express high levels of IL-2, IL-12, IFN-γ, TNF-α, ROS, 

inducible nitric oxide synthase (iNOS) and surface markers: CD80 and CD86 (122-124, 

135). In contrast, M2 or alternatively activated macrophages are endocytic and only 

partially phagocytic (135). M2 macrophages are immunosuppressive and associated with 

poor prognostic outcomes (116). Additionally, M2 macrophages express IL-4, IL-10, IL-

13, TGF-β, arginase 1 (ARG1) and surface markers CD163, CD204, CD206, CD200R and 

CD209; and secrete VEGF and matrix metalloproteinases that promote angiogenesis and 

matrix remodeling, respectively (122-124, 135). Tumor-associated macrophages (TAMs) 

are generally closely related to M2 or alternatively-activated macrophages.  
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1.3. Inflammasomes and Cancer 

1.3.a. Cell Types Expressing Inflammasomes  

 Most of the research related to inflammasome activation in vitro has been 

conducted on macrophages. However, inflammasome processing of IL-1β has been 

demonstrated in multiple cell types including human keratinocytes, hepatocytes, goblet 

cells, endothelial cells, fibroblasts, myoblasts, hepatic stellate cells, astrocytes, and 

microglia (136-138). Moreover, innate and adaptive immune cells such as neutrophils, 

CD4 and CD8 T cells, macrophages, B cells, eosinophils have been demonstrated to 

express inflammasomes and secrete pro-inflammatory cytokines (139-144).  

 

1.3.b. Additional Inflammasome Subtypes    

 The NLRP3 inflammasome is the most extensively studied. However, additional 

inflammasomes of the NLRP family have been identified, along with the AIM 2 

inflammasome and non-canonical inflammasomes (described in section 1.3.d.).  

 Of the NOD-like receptor proteins (NLRPs) family, 14 members are identified. The 

NLRP family of inflammasomes share a similar structure (Fig. 1.2.) consisting of an N-

terminal pyrin domain (PYD), a central nucleotide binding domain (NACHT) and – except 

for NLRP10 – a series of C-terminal leucine-rich repeats (LRR). A BLAST alignment of 

NLRP family members revealed 3 distinct phylogenic branches (Fig. 1.3.).  

 The first branch, a cluster of similarly related NLRPs, specifically, Nlrp4, 5, 8, 9, 

11, 13, and 14, is essential for mammalian reproduction and these NLRPs are highly 

expressed in human oocytes (145, 146). Nlrp4, specifically, has been identified as a 

possible cancer-testis gene (145, 146). Moreover, NLRP5, also known as MATER 
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(Maternal Antigen That Embryos Require), is a member of the subcortical maternal 

complex (SCMC) that plays a role in preimplantation embryogenesis and the c.1061C>T 

variant is associated infertility resulting in embryonic arrest between the 8 and 16-cell 

stages (147-150). Genetic amplifications of this related, reproductively significant cluster 

are associated with significant reductions in overall survival of breast cancer patients (Fig. 

1.3.). 

 In the two other phylogenic branches – except for NLRP3 and 10 -  homologous 

deletions are associated with reduced overall survival (Fig. 1.3.). The following related 

NLRPs - 1, 2, 3, 6, 7, 9, 10 and 12 - interact with the adaptor protein, ASC1 or PYCARD, 

suggesting that they may oligomerize into complexes leading to the cleavage and activation 

of caspase 1 and/or caspase 11 and secretion of pro-inflammatory cytokines (9, 12, 23, 25, 

28, 151)  (Table 1.3.). The function of NLRP family members and the mechanism behind 

their significance in breast cancer has yet to be determined. To date the best known of the 

NLRPs is the NLRP3 inflammasome. 

 Another inflammasome forming PRR is Absent in Melanoma 2 (AIM 2). AIM 2, 

in particular, has been shown to suppress proliferation in breast cancer (152), gastric cancer 

(153) and colorectal cancer (154). Mechanistically, both AIM 2 and NLRP3 require ASC1 

for caspase 1 activation and AIM 2 may antagonize NLRPs activities in dendritic cells 

(155-158). 

 

1.3.c. Relevance to Breast Cancer 

 Inflammasome activation in breast cancer progression has been partially 

investigated. Indeed, NLRP3 KO of MDA-MB-231 and MCF-7 cells had reduced 
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migration and invasion (159). Additionally, NLRP3 inhibition by MCC950 (50 - 100μM) 

treatment of MDA-MB-231 also reduced migration and invasion (159). Furthermore, the 

use of Sh-NLRP3 inhibited migration, proliferation, and VEGF expression in MCF-7 cells 

(160). And in vivo, mice inoculated with sh-NLRP3 - MDA-MB-231 cells had reduced 

tumor size and reduced metastases (159). Endogenous miR-233 and NLRP3 expression are 

inversely correlated; with miR-233 mimics reducing migration, proliferation and VEGF, 

IL-1β and IL-18 expression in MCF-7 cells and reducing tumor volume and increasing 

overall survival in in vivo preclinical models (160). Moreover, in human breast cancer, 

miR-233 expression was inversely correlated tumor growth and migration (160). 

Interestingly, caspase-1 and NLRP3 knockout mice implanted with EO771 and PyT8 

tumors also had smaller tumors and reduced lung metastatic burden (161, 162). 

 Tumor growth is, in part, driven by the effect of stroma cells’ NLRP3 

inflammasome activation. Transcription of NLRP3 inflammasome signaling genes 

(NLRP3, PYCARD, CASP1, IL-1β, P2RX7) is upregulated in cancer-associated fibroblasts 

in both MMTV-PyMT mice and human infiltrating ductal carcinoma samples, but not in 

normal breast stroma (163). Indeed, inflammasome activation in mammary cancer-

associated fibroblasts led to increased expression of P2RX7, NLRP3, CASP1, IL-1a and 

IL1ß; the presence of which was associated with increased breast cancer growth and lung 

metastasis (164). Tumors in Nlrp3-/- mice injected with sh-NLRP3 transfected PyMT 

mammary cells and wild-type normal mammary fibroblasts were significantly larger than 

mice co-injected with Nlrp3-/- normal mammary fibroblasts (163). Additionally, more 

CD11b+Gr1+ cells (MDSCs) were recruited to tumors co-implanted with wild-type 

fibroblasts (163). Furthermore, mice with Il1b-/- fibroblasts had significantly fewer lung 
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metastases and reduced CD11b+Gr1+ cell infiltration than mice with wild-type fibroblasts 

(163). Moreover, endothelial cells incubated with conditioned media from wild-type 

fibroblasts demonstrated upregulated expression of adhesion molecules which facilitate 

tumor intravasation and extravasation (Selectin P and VCAM-1) than endothelial cells 

incubated with Il1b-/- fibroblast CM (163). Caspase-1 KO reduced infiltration of MDSCs 

(CD11b+Gr1+) and cells of myeloid-linage than wild-type mice (162). This reduction is 

likely associated with increased NK cell function and decreased IL-1β production, as 

treatment with IL-1 receptor antibody and the use of IL-1β deficient mice yielded similar 

observations (161, 165, 166).  

 

1.3.d. Inflammasome Formation 

NLRP3 Structure and Binding Partners 

 The intracellular receptor, NLRP3, has 3 major domains: pyrin, NOD or nucleotide-

binding domain (NACHT), and leucine-rich repeat domain (LRR). The N-terminal pyrin 

domain interacts with the pyrin domain of the ASC1 adaptor.  The caspase recruitment 

domain (CARD) of ASC1 interacts with the CARD of caspase-1 leading to dimerization 

and autoproteolysis. NLRP3 inflammasome forms filamentous chains by ASC1 pyrin and 

caspase recruitment domains (CARD) (167). Given the diversity of NLRP3 inflammasome 

activators (Table 1.3.), rather than direct interactions, activators likely regulate mediators 

upstream of inflammasome assembly.   

 RACK1 (receptor of protein kinase C (PKC) isoform βII) is one of the mediators 

upstream of inflammasome assembly. In BMDMs following LPS and ATP treatment, 

RACK1 interacts with NEK7 and NLRP3, but not directly with ASC1 (168). Interestingly, 
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RACK1 knockdown inhibits caspase-1 activation, IL-1β maturation and GSDMD cleavage 

associated with LPS and ATP treatment, but did not affect caspase-1 activation, IL-1β 

maturation, nor GSDMD cleavage when treated with poly(dA:dT)) or Salmonella, which 

are specific activators of AIM2 and NLRC4, respectively (169-171). These data support 

RACK1 as a specific mediator of NLRP3 inflammasome activation (168). Following 

nigericin treatment, RACK1 knockdown cells exhibit partially activated NLRP3 

suggesting that RACK1 is key to full NLRP3 inflammasome activation (168).  

 Besides RACK1, NEK7 critically participates in NLRP3 inflammasome activation 

by interacting through its C-terminal lobe with a region between LRR and NACHT 

domains of NLRP3 and perhaps joining adjacent NLRP3 (172). Moreover, 

phosphorylation of NLRP3 at Y859 inhibits NLRP3 activation by steric hindrance of 

NEK7 (172). Limiting ATP-triggered, potassium efflux through KCl excess prevented 

NEK7 and NLRP3 binding and associated caspase-1 activation (173). Chloride efflux 

promoted NEK7-NLRP3 interaction and ASC1 speck formation (174-176). In NEK7 

knockdown BMDMs, LPS and nigericin treatment only achieved minimal inflammasome 

activation as measured by IL-1β secretion and ASC speck formation (173). Interestingly, 

NLRP3 inflammasome activation is likely restricted to cell interphase as NEK7 along with 

NEK6 and NEK9 are highly expressed and support mitotic spindle and centrosome 

assembly (177). 

The Adaptor Protein, ASC1  

 Apoptosis-associated speck-like protein containing a CARD (ASC1) is a member 

of Death Domain superfamily and is encoded by the gene PYCARD (178). Clinically, 
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elevated expression of PYCARD is associated with more proliferative tumors and lymph 

node positivity (179).  

 ASC1 contains two domains: PYD and CARD connected by a 23 residue, dynamic 

linker (178). Transfected PYD- or CARD- only ASC1 fragments form filamentous 

structures suggesting endogenous ASC1 forms dense, crosslinking aggregates i.e., speck-

like aggregates (167, 178). The consensus model of inflammasome oligomerization 

suggests homotypic, parallel PYD-PYD and CARD-CARD interactions (178). NLRP3 

nucleates ASC1 via the PYD domain interactions resulting in a helical speck with CARD 

domains proximal for caspase 1 CARD polymerization (167). ASC1PYD R41A and D48A 

mutants do not nucleate suggesting these residues are critical for ASC1 polymerization 

(180). 

Effector Caspases and Canonical Versus Non-Canonical Inflammasomes  

 Canonical inflammasome activation involves an internal sensor protein, e.g., 

NLRP3 which mediates signaling and is often bridged by the adaptor protein, ASC1 (181). 

ASC1 stabilizes pro-caspase-1 interactions by bringing monomers in proximity leading to 

their dimerization and auto-cleavage (181). CARD17 (aka INCA) caps caspase-1 filaments 

inhibiting polymerization; and, in monocytes, INCA inhibits NLRP3 inflammasome 

activation (182). 

 Non-canonical inflammasome activation is the result of direct activation of the 

effector caspase by the stimuli. Caspase-1 and caspase-11 (in mice; or caspase-4 and 

caspase-5 in humans) can be activated by direct recognition of intracellular LPS via the 

CARD domain resulting in dimerization and activation (181). Additionally, Leishmania 

lipophosphoglycan, Fasciola hepatica cathepsin L3 and the oxidized phospholipid 
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(oxPAPC)  have been shown to promote non-canonical inflammasome activation (181). 

Moreover, non-canonical activation of caspase-11 can cross-recruit caspase-1 by activating 

the NLRP3 inflammasome (181).  

 

1.3.e. Mechanisms of Activation  

 Inflammasomes are intracellular, pattern recognition receptors which respond to a 

variety of DAMPs and PAMPs (Table 1.3.). The NLRP3 inflammasome is a multiprotein 

complexes which consists of the intracellular receptor, NLRP3, the adaptor, ASC, and 

effector caspase, caspase-1 (183). Upon activation, these proteins oligomerize and, through 

caspase activity, cleave pro-inflammatory IL-1β and IL-18 cytokines into their active forms 

(184). An inflammatory form of cell death called pyroptosis can supersede inflammasome 

activation and is mediated by cleavage of gasdermin D and membrane pore formation 

(185).  

 Within normal cells, activation of the NLRP3 inflammasome (Figure 1.4.) occurs 

through a two-step mechanism: 1. Priming and 2. Oligomerization (184). First, signaling 

through PAMPs or DAMPs (step 1) results in the autophosphorylation of a toll-like 

receptor (TLR), which in turn (step 2) stimulates expression of pro-IL-1β and NLRP3 by 

nuclear translocation of NF-κB (184). The diversity of stimuli leading to NLRP3 

inflammasome oligomerization suggests that the NLRP3 sensor protein does not directly 

interact with the stimuli (185). To date, three mechanisms i.e., ionic flux, reactive oxygen 

species (ROS) or mitochondrial dysfunction, and lysosomal degradation leading to NLRP3 

inflammasome oligomerization have be described.  
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Toll-Like Receptors and Priming  

 Cell priming mainly through NF-κB activation leading to pro-IL-1β and NLRP3 

expression is a necessary and rate limiting step (186).  Although this step is critical for 

NLRP3 and pro-IL-1β expression, it has no impact of the expression of other proteins (i.e., 

ASC1, pro-caspase1, and pro-IL-18) associated in the NLRP3 multiprotein complex (18). 

Inflammasome activation is generally mediated through Toll-like Receptor (TLR) 

signaling and TLR2 (Pam3CysK4), TLR3 (Poly(I:C)), TLR4 (LPS) and TLR7 (R848) 

signaling specifically activate NLRP3 inflammasomes (186). Priming with LPS via TLR4 

prior to treatment with particulate matter (e.g., SiO2, Al(OH)3, CPPD crystals) enhanced 

IL-1β release (187).  

 Recent results indicate that in BMDMs, incubation with LPS prior to ATP treatment 

activates the NLRP3 inflammasome without an upregulation in NLRP3 expression 

suggesting that priming is controlled by regulatory PTMs (188). Additionally, increased 

NLRP3 expression following LPS priming resulted from a decrease in proteasomal 

degradation of NLRP3 through regulation of ubiquitin ligase FBXL2 degradation and not 

through an increase in NLRP3 mRNA production (189). Indeed, at rest, NLRP3 is highly 

ubiquitinated and its protein expression is tightly regulated by proteasomal degradation 

with 2 E3 ligases (Pellino2 and TRAF6) positively regulating NLRP3 expression (190).  

Furthermore, BRCC3 (via BCC3-containing BRISC complex or BRCC36 in humans) 

controls NLRP3 activation by de-ubiquitination of the NLRP3 LRR domain (191). 

Additionally, priming signals lead to critical S194 phosphorylation of NLRP3 mediated by 

JNK1 that precedes NLRP3 self-assembly (192). PTMs are also suggested to regulate 

NLRP3 oligomerization.  
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Purinergic Receptors and Ion Flux 

 Potassium efflux is required for NLRP3 inflammasome activation (187). Potassium 

efflux occurs in response to ATP stimulus and in tandem with sodium influx (185). 

Purigenic P2RX7-ATP interaction drives the recruitment of pannexin-1 and hemi-channel 

formation responsible for potassium efflux (184). Furthermore, NEK7 (NIMA-related 

kinase 7) binds directly to NLRP3, facilitating oligomerization following potassium efflux, 

an action limited by the use of culture media with high potassium concentrations (173, 

185). Moreover, LPS-induced caspase11 activation leads to pannexin-1 channel activation 

and subsequent potassium efflux that activates NLRP3 inflammasomes (193). 

Additionally, pannexin-1 formation releases ATP which induces pore formation and cell 

death via P2RX7 (193).  

 P2RX7-mediated endoplasmic reticulum calcium release and extracellular calcium 

influx also participates to ATP-induced inflammasome activation through Phospholipase 

C (PLC) signaling (194). Upon ATP treatment, PLC translocates from the cell membrane 

to the cytosol and endoplasmic reticulum calcium is released in response to an increase in 

second messenger IP3 binding to the IP3 receptor (194). Potassium efflux also occurs 

following particulate / crystal (SiO2, Al(OH)3, CPPD) phagocytosis (187). Moreover, leak 

or rupture of phagolysosomes induces calcium mobilization, which, in turn, leads to 

mitochondrial damage and ROS generation involved in other inflammasome activation 

pathways (194). 

Reactive-Oxygen Species and Mitochondrial Dysfunction 

 Resting NLRP3 co-localized to the endoplasmic reticulum while active 

inflammasomes (NLRP3 and ASC1) colocalize with both the endoplasmic reticulum and 
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mitochondria (195). Following treatment with ATP or silica, mitochondrial cardiolipin 

physically interacts with the LRR domain of NLRP3 inflammasome and dose-dependently 

activate NLRP3 inflammasomes (196). NLRP3 and caspase1 independently associate with 

externalized cardiolipin following priming by LPS or TLR1/2, TLR3, and TLR4 

stimulation (197). Additionally, nigericin treatment leading to elevated cytosolic calcium 

results in ASC1 localizing to the mitochondria (197). Pharmacological inhibition of ROS 

prior to LPS priming resulted in reduced active caspase1 and reduced colocalization of 

NLRP3 and caspase1 at the mitochondrial membrane (197). Furthermore, the 

mitochondria-associated adaptor molecule (MAVS) is required for optimal inflammasome 

activation as it promotes ASC1 speck formation via the recruitment of TNFR-associated 

factor 3 (TRAF3) for E3 ligase-mediated ubiquitination of ASC1 at Lys174 (56, 198, 199). 

Also, mitochondrial ROS potentiated by ATP are key to the de-ubiquitination of NLRP3 

(188). 

 NLRP3 associates with mitochondrial membrane adjacent to the trans-Golgi 

Network via ionic interactions between the four lysine residues between Pyrin and NACHT 

domains and phospholipids PtdIns(3,4,5)P3 and PtdIns(4,5)P2 (200, 201). Following 

mitochondrial damage, increased DAG production leads to increased protein kinase D 

(PKD) activity at the Golgi (200). Activated PKD releases NLRP3 from the mitochondrial 

membrane by phosphorylating Ser293 allowing for inflammasome oligomerization in the 

cytosol (200).  

 NEK7 has also been implicated in ROS-dependent NLRP3 activation. Indeed, 

NEK7-deficient cells failed to produce IL-1β following treatment with the TLR7 agonist 

and ROS producer, Imiquimod (185). Furthermore, LPS-stimulation and nigericin 
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treatment increased NEK7-NLRP3 interaction (177). In contrast, treatment with the ROS 

scavenger, N-acetylcysteine, reduced both NEK7 phosphorylation and NEK7-NLRP3 

interactions in J774A.1 macrophages (177).  

 Inhibiting mt-ROS via the mitochondrial ROS scavenger, Mito-TEMPO, prevented 

macrophage LPS and ATP induced IL-1β secretions. However, Mito-TEMPO had 

negligible effect on macrophage LPS- and monosodium urate-induced or LPS- and 

poly(dA:dT)-induced IL-1β secretions. These results suggest that ROS-mediated 

inflammasome activation is stimulus dependent (202). Furthermore, the mitochondrial 

dysfunction responsible for mt-ROS release also results in mtDNA release into the cytosol 

leading to further activation of the NLRP3 inflammasome (202) with apoptosis oxidized 

mtDNA binding to NLRP3 inflammasomes resulting in further IL-1β secretion (203). 

Likewise, mtDNA synthesized following TLR activation through MyD88 and TRIF to 

promote IRF1-dependent transcription of CMPK2 also promotes NLRP3 inflammasome 

activation (204). 

Lysosomal Damage 

 Lysosomal damage and rupture including following phagocytosis of silica and 

aluminum crystals leads to NLRP3 inflammasome activation (33, 205). Lysosome 

acidification following monosodium urate crystal phagocytosis leads to a release of sodium 

and passive water influx that lowers potassium concentration to activate NLRP3 

inflammasome (206). IL-1β secretion decreases following treatment with inhibitors of 

lysosomal acidification (ammonium chloride, chloroquine) and aquaporins (mercury 

chloride, phloretin) (206).   
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 Lysosomal dysfunction activates NLRP3 activation, in part, through the lysosomal 

protease, cathepsin B (184). Particulates such as silica, alum, cholesterol, and monosodium 

urate crystals lead to lysosome destabilization and the release of cathepsin B which in turn 

activate NLRP3 inflammasomes (184, 185, 205, 207, 208). Indeed, treatment with the 

cathepsin B inhibitor, Ca074Me, reduced macrophage IL-1β release following palmitate-

LPS treatment (209). Additionally, in response to particulate matter or crystals, cathepsins 

B, L, C, S and X redundantly activate NLRP3 inflammasome and subsequent IL-1β 

secretion can be inhibited by treatments with pan-cathepsin inhibitors e.g., Ca074Me and 

cystatin B and C (210).  

 

1.3.f. Pro-Inflammatory Cytokines  

 Pro-inflammatory cytokines, IL-1β and IL-18, are cleaved and secreted following 

caspase-1 and murine caspase-11 (and human homolog caspase 4/5) activation. Although 

the cleavage of both cytokines occurs via the same enzymes, the expression and subsequent 

signaling of each are distinct.  

IL-1β Expression  

 IL-1β mRNA expression is induced by LPS treatment in vitro and in vivo (211, 

212). In monocytes, PU.1 and C/EBPβ transcription factors are bound to the IL-1β 

promoter in both stimulated and non-stimulated conditions (212). The constitutively active 

Ser/Thr protein kinase CK2 is a critical mediator of IL-1β expression. Indeed, CK2 

phosphorylates PU.1 before associating with the IL-1β promoter. Inhibition of CK2 

activity with apigenin and emodin decreased IL-1β transcription by 97% and 68%, 

respectively (212). Moreover, in LPS stimulated monocytes, IRF-4 is recruited to the IL-
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1β enhancer, but not in unstimulated monocytes (212). LPS stimulation switches cell 

metabolism from mitochondrial oxidative phosphorylation to aerobic glycolysis increasing 

succinate concentrations, which in turn stabilizes HIF1α bound to hypoxia responsive 

elements (HRE) upstream of the Il1b transcription start site (213). Additionally, through 

the transcription factor, PU.1, IL-1β induces further autocrine IL-1β expression (214).  

IL-18 Expression  

 IL-18 is constitutively produced in peripheral blood mononuclear cells (PBMCs) 

and its mRNA expression is only modestly increased in the presence of IL-1β inducers 

such as LPS as shown in C57BL6 mice spleens (211). In epithelial cells during T. gondii 

infection, IL-22 promotes IL-18 production (213). While the IL-18 promotor has no TATA 

box, it contains a PU-box (a purine-rich sequence binding PU.1), a NF-κB-recognition 

sequence, an ISRE site and GAS elements (211, 213).  

IL-1β and IL-18 Secretion & Gasdermin D  

 Gasdermin D (GSDMD) is necessary for LPS-induced pyroptosis and the release - 

but not the maturation of IL-1β (215-217). Following LPS and nigericin or poly(dA:dT) 

treatment, GSDMD knockout iBMDM failed to undergo pyroptosis and activate NLRP3 

and AIM2 inflammasomes (217). GSDMD cleavage and N-terminal relocation to the 

plasma membrane has been demonstrated in HEK293T cells transfected with wild type 

caspase-11 (216). GSDMD is cleaved at Asp276 (in mice) and Asp275 (in humans) by 

caspase-1 and -11 (4/5 in humans) and the N-terminal fragment (GSDMD-NT) 

oligomerizes at the membrane to form transient pores (216, 217). GSDMD-NT strongly 

binds to mitochondrial lipids, phosphatidylinositol phosphates (PIPs), and cardiolipin 

(216). Additionally, GSDMD-NT binds with less strength to phosphatidylserine and 
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phosphatidic acid but not to phosphatidylethanolamine (PE) or phosphatidylcholine (PC) 

(216). Thus, GSDMD-NT selectively interacts with lipids on the inner leaflet of the plasma 

membrane (216). The structural conformation of 33 human GSDMD subunits forms a 

membrane pre-pore that becomes a full pore through the insertion of β-barrel and 

conformational changes (218).  

 Electrochemical interactions within the GSDMD pore favors the secretion of 

mature IL-1β and IL-18, preventing pro-IL-1β and pro-IL18 secretions (218). The GSDMD 

pore is predominately acidic due to glutamic acid and aspartic acid residues in the β-barrel 

favoring the secretion of neutral or basic charged proteins via GSDMD pores. Both pro-

IL-1β and pro-IL-18 are acid and, following cleavage, become basic. Besides IL-1β and 

IL-18, Rac-1, HMGB1 and Cyt C are also rapidly secreted via GSDMD pores (218).  

 Gasdermins (A, B, C, D, E) are partially redundant. Like GSDMD, GSDME is 

cleaved by caspase-1 or caspase-8 following inflammasome activation leading to IL-1β 

release and cell death (219). Gasdermin E (i.e., DFNA5, deafness, autosomal dominant 5) 

is cleaved by caspase-3 following treatment with chemotherapeutics (Mitoxantrone, 

Doxorubicin, Actinomycin-D) leading to pyroptosis (220). Moreover, in the absence of 

GSDMD, low GSDME expression is sufficient for cytokine release, but not pyroptosis, 

supporting inflammasome activation independent of cell lysis (219).  

 While inflammasome activation and subsequent GSDMD pore formation has been 

associated with cell death, recent data suggests that in some cases GSDMD formed pores 

are transient. Indeed, following calcium influx through the GSDMD pores, membrane 

repair can be completed by the endosomal sorting complexes required for transport 

(ESCRT) machinery (221). Interestingly, in BMDM transient expression of VSP4A mutant 
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or truncated CHMP3 augmented IL-1β and cell death following of LPS treatment (221). In 

contrast, Casp11-/- or GSDMD-/- cells, depletion of ESCRT had no effect on cytokine 

secretions (221). Notably, ESCRT-III membrane repair has been identified as a 

pharmacological target for chemotherapy resistance (222). 

IL-1β and IL-18 Signaling 

 IL-1β signaling occurs through binding to Toll/interleukin-1 receptor (TIR) family 

receptors: IL-1R1 or IL-1R2 combined with IL-1RAcP to form heterodimers (Fig. 1.5.). 

Similarly, IL-18 binds to a heterodimer comprised of  IL-18Rα (i.e., IL-1R5) and IL-18Rβ 

(i.e., IL-1R7) (223, 224). The C-terminal TIR domains of the heterodimer receptor interacts 

with the myeloid differentiation primary-response protein 88 (MyD88) (223). The IRAK-

1/Toll complex moves to the active IL-1 receptor; and IRAK-1, a serine/threonine kinase, 

associates with the receptor complex at the N-terminal death domain of MyD88 (223). 

IRAK-1 becomes phosphorylated, either by auto- or cross-phosphorylation or 

phosphorylation by IRAK-4 (223). Following phosphorylation, IRAK-1 interacts with 

TRAF6; and, in parallel, TRAF6 interacts with TAB2, an adaptor of MAPKKK TGFβ-

activated kinase 1 (TAK1) and its activator TAB1 (223). TAK1 is activated by TRAF6 

then phosphorylates IκB-kinase β (IKKβ) and MKK leading to the activation of NF-κB, 

p38 and c-Jun N-terminal kinase (JNK) (223). Specifically, the rapid degradation of IκB, 

the inhibitor of NF-κB, allows for NF-κB activity (225). This MyD88 signaling pathway 

is discontinued by IRAK-1 and/or TRAF6 degradation (223).  

Pro-Inflammatory Cytokine Regulation via IL1RA & IL18BP 

 Pro-inflammatory effects of IL-1β and IL-18 secretions are regulated by 

endogenous antagonists that block cytokine and respective receptor interactions.  
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 The IL-1R1 receptor antagonist (IL-1RA), the endogenous antagonist to the IL-1β 

pro-inflammatory cytokine (224) is constitutively expressed in carcinoma (226). IL-1RA 

expression is promoted by LPS, IL-10 and type 1 IFNs but also by IL-1α/β (213). For 

example, IL-10 through STAT3 induces IL-1RA expression (213). In addition,  in 

monocytes, ERK1/2- or p38-activated MSK1 and 2 (mitogen stress-activated protein 

kinase 1 and 2) stimulate IL-1RA expression (227). IL1RA expression is induced by AP-1 

dependent of C/EBPα/β, PU.1 and NF-κB IL-1RA gene (IL1RN) promoter modulation 

(213, 226). 

 Endogenous IL-18BP abrogates the activity of pro-inflammatory, IL-18, by directly 

binding IL-18 and thereby preventing its interactions with the IL-18Rα and IL-18Rβ 

receptors (224). Human spleen cells constitutively secrete the IL-18BP isoform A which is 

also induced by IFN-γ signaling (213, 228). IL-18BP gene promoter region contains  

binding sites to GAS, ISRE, C/EBPβ and, in response, to IFN-γ signaling IRF-1 and 

C/EBPβ form a complex and interact at the GAS site (213). Notably, IL-37 also inhibits 

IL-18 activity by binding to IL-18Rα and IL-1R8 receptors and blocking the IL18- IL-

18Rα and IL-18Rβ interactions preventing IL-18 signaling (229).  

The IL-1β and IL-18 Pro-Inflammatory Environment 

 Pro-inflammatory cytokine, IL-1β and IL-18, secretions support breast cancer 

progression through promotion of angiogenesis, tumor invasiveness and metastasis (184, 

230, 231).  

 In a breast cancer pre-clinical murine models, IL-1β overexpression led to increased 

hindlimb metastasis compared to IL-1β-/- mice (232). Moreover, in vivo administration of 

IL-1RA (Anakinra®) reduced tumor size and bone metastasis and increased overall survival 
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(162, 232, 233). Furthermore, the combination IL-1RA (Anakinra®) and TGF-β-

neutralizing antibodies in the Hs578T - NOD/SCIDβ2-/- mouse model led to reduced tumor 

size (234). Additionally, Anakinra® treatment in breast cancer preclinical models led to 

reduced microvessel formation and lower endothelin-1, IL-1β and TNF-α expression in 

hindlimb bones (233). 

 In contrast, the combination EGF (epidermal growth factor) and IL-1β in vitro, 

through increased phospho-ERK1/2 and MMP-9 expression, promoted growth and tissue 

modeling and migration of BT474 invasive ductal carcinoma cells (235). Furthermore, 

tumor cell transmigration across blood and lymphatic endothelial monolayers was 

increased following treatment with activated or IL-1β-producing macrophage conditioned 

media (236). Moreover, tumor-derived IL-1β promoted epithelial-to-mesenchymal 

transition marked by N-cadherin upregulation and E-cadherin downregulation (237). 

Likewise, IL-18 participates in breast cancer cell migration by down-regulating claudin-12 

expression and stimulating the activation of the p38 MAPK pathway (238).  

 Clinically, IL-1β secretion and tumor stage are positively correlated (234). 

Specifically, stage II, III, and IV patient tumors expressed significantly more IL-1β 

compared to earlier stages (234). Intra-tumoral expression of IL-1β and TNF-α was highest 

in relapsing invasive ductal carcinoma (239). Additionally, elevated serum IL-18 was 

associated with metastatic disease and decreased relapse-free survival in breast cancer 

(240, 241). 

 Human breast tumor IL-1β secretions were also correlated with myeloid CD11c+ 

cell infiltration, and with IL-13, IFN-γ and TSLP (thymic stromal lymphopoietin) 

secretions (234). Elevated IL-13 and IFN-γ support a shift towards a Th2 immune response 
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(234). IL-1RA treatment blocked IL-1β-induced transcription of TSLP by MB-MDA-231 

cells in vitro. In vivo, blocking the IL-1β signaling reduced tumor size, lung metastases and 

CD11b+ infiltrates (162, 234). Moreover, tumor-derived IL-18 contributes to immune 

suppression in breast cancer through differentiation of CD11b- cells to monocytic myeloid-

derived suppresser cells that suppress T-cell proliferation (242), and through increased 

immune checkpoint (PD-1) expression by NK cells (243).  

 IL-1β signaling promotes tumor progression by increasing tumor growth, 

angiogenesis, and metastasis in part through tumor cell mesenchymal phenotype shift and 

heightened recruitment of immunosuppressive myeloid lineage cells (184, 230, 231). 

However, whether NLRP3 inflammasome activation skews macrophages toward a tumor-

promoting phenotype in breast cancer remains unclear.  
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1.4. Rationale  

 As highlighted in the background section above, inflammasomes especially NLRP3 

have been most extensively studied for their role in promoting inflammation during 

infections (13, 16, 170, 195). More recently, the role of inflammasome activation in cancer 

has garnered more attention. In light of the development of targeted immunotherapies that 

likely may have reduced efficacy against pro-inflammatory tumors (244, 245), a better 

understanding of inflammasome activation within the tumor microenvironment is needed.  
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1.5. Objectives  

 Here, we hypothesized that: NLRP3 inflammasome activation, which is abrogated 

by NLRP3 inflammasome inhibitors in macrophages, leads to a pro-tumorigenic and 

immunosuppressive microenvironment favoring breast tumor growth. To this end, we 

demonstrated that the stimulation of NLRP3 inflammasomes in macrophages promoted an 

immunosuppressive phenotype shift that furthered tumor growth and increased stemness 

of breast tumor cells (Chapter 2). Next, we demonstrated that the tumor-promoting and 

immunosuppressive effect of NLRP3 inflammasome activation can be reduced by 

combination therapy of NLRP3 inflammasome specific inhibitor, MCC950, and 

chemotherapy, 5-fluorouracil, in a mouse model of breast cancer (Chapter 3). And, finally, 

we determined that reducing pro-inflammatory cytokine secretions by limiting NLRP3 

inflammasome oligomerization and pore-mediated secretion, reversed the 

immunosuppressive phenotype associated with NLRP3 inflammasome activation in 

macrophages (Chapter 4).  
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1.6. Figures  

 

 

 

Figure 1.1. Structure of Normal Mammary Gland Tissue. A normal mammary gland 
duct contains a hollow lumen surrounded by a layer of luminal epithelial cells, followed 
by a layer of myoepithelial cells and the basement membrane. Beyond the basement 
membrane is a dense network of extracellular matrix maintained by fibroblasts and 
surrounded by adipose tissue (29, 246). Generated by KH using BioRender.com. 
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Figure 1.2. Domains of the NLRP Family. The NLRP family of pattern recognition 
receptors share a common structure. Each - except for NLRP10 which does not have a 
leucine-rich repeat domain - have an N-terminal pyrin (PYD) domain, central NACHT 
domain and a C-terminal leucine-rich repeat (LRR).  
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Figure 1.3. Amplifications and Deletions of Phylogenetically Related NLRPs in 
Human Breast Cancer Impacts Patient Overall Survival (OS).  Genetic amplification 
of closely related NLRPs: 4, 5, 8, 9, 11, 13, and 14 in human breast cancer samples are 
associated with significantly decreased median overall survival. Conversely, homologous 
deletion (deep deletion) of closely related NLRP2 and NLRP7 reduced median overall 
survival. Patient data was acquired through cBioPortal (247-274) and phylogenetic data by 
BLAST alignment via UniProt. *** p<0.001, ** p<0.01, * p<0.05  
 

 

 

 

 

 

 

 

NLRP UniProt Entry Incidence OS (mo.) p-value Incidence OS (mo.) p-value 

7 Q8WX94 1.59% -21.1 n.s. 1.42% -113.1 ***

2 Q9NX02 1.61% -20.4 n.s. 1.42% -112.4 ***

11 P59045 2.09% -70.9 ** 0.54% -114.4 n.s.

5 P59047 2.15% -67.0 ** 0.56% -113.8 n.s.

13 Q86W25 2.07% -70.9 *** 0.56% -114.4 n.s.

8 Q86W28 2.15% -70.3 *** 0.56% -113.8 n.s.

14 Q86W24 0.52% -108.1 * 0.31% - n.s.

4 Q96MN2 2.09% -70.9 ** 0.54% -114.4 n.s.

9 Q7RTR0 2.07% -70.9 ** 0.23% -114.4 n.s.

1 Q9C000 0.12% - n.s. 0.35% - *

6 P59044 0.46% -34.4 n.s. 0.63% - *

10 Q86W26 0.46% 68.9 n.s. 0.21% - n.s.

3 Q96P20 13.31% 5.5 n.s. 0.06% - -

12 P59046 1.59% -20.7 n.s. 0.75% -113.0 ***

Amplification Deep Deletion  



 37 

 

 

Figure 1.4. NLRP3 Inflammasome Activation Occurs by Two Signals. The first signal 
is a priming signal. Commonly, lipopolysaccharide (LPS) is used as priming signal to 
induce expression of NLRP3 and IL1B (192, 275).The second signal leads to 
oligomerization of the NLRP3 inflammasome and subsequent activation of caspase 1 (276, 
277). Active caspase 1 cleaves pro-inflammatory cytokines to their mature forms and 
cleaves gasdermin D; resulting in pore formation, from which IL-1β and IL-18 are secreted 
(6). The activities of secreted IL-1β and IL-18 can be limited by the presence of 
endogenous antagonists: IL-1 receptor antagonist (IL-1RA) and IL-18 binding protein (IL-
18BP) (234, 278). Generated by KH using BioRender.com.  
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Figure. 1.5. IL-1β and IL-18 Signaling Pathway. Pro-inflammatory cytokines IL-1β and 
IL-18 interact with their respective receptor pairs: IL-1Ap/ IL-1R and IL-18α/ IL-18β (223, 
224). The Tollip/ MyD88 and IRAK1 complex forms at the activated receptor leading to 
phosphorylation of IRAK1 (223). IRAK1 interacts with TRAF6 leading to activation of 
TAK1 (MAP3K7) which ultimately leads to NF-κB and JNK activation (223, 225). 
Generated by KH using BioRender.com 
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1.7. Tables 

 

  

Table 1.1. Commonly Prescribed Chemotherapies for the Treatment of Breast 
Cancer. Breast cancer treatments depend on anatomical staging and molecular biomarkers. 
Single agent chemotherapy regimens can be used to treatment local (non-metastatic) or 
advanced (metastatic) disease (64). 
 
 
 
 
 
 
 
 
 

 

 

 
Commonly Prescribed Neoadjuvants and Adjuvants  

                    Local        Advanced 
Taxanes 
 Paclitaxel (Taxol)             +   + 

 Docetaxel (Taxotere)           +   + 
 Albumin-bound Paclitaxel (Abraxane)     + 
Anthracyclines 
 Doxorubicin (Adriamycin)            +   + 
 Epirubicin (Ellence)              +                          + 

 Pegylated Liposomal Doxorubicin       + 

Platinum Agents 
Carboplatin (Paraplatin)            +   + 
Cisplatin         + 

Antimicrotubular Antineoplastic Agents 
Vinorelbine (Navelbine)        + 

Ixabepilone (Ixempra)        + 

Eribulin (Halaven)        + 

Antimetabolite Antineoplastic Agents 
5-Fluorouracil              +            

Capecitabine (Xeloda)            +   + 

Gemcitabine (Gemzar)        + 

Alkylating Antineoplastic Agent 
Cyclophosphamide (Cytoxan)              +  
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Table 1.2. Targeted Therapies for Breast Cancer. Therapies with molecular targets may 
be prescribed based on the patient’s disease stage, age, therapeutic history, and disease 
biomarkers such as hormone receptor positivity and mutation status (61-63, 279-281). 

 

Targeted Therapies for Breast Cancer

Targets:                  ER             HER2/neu       Cell Cycle     Immune Anergy

Selective Estrogen Receptor Modulator (SERM)
Tamoxifen +
Toremifene (Fareston) + α Φ

Selective Estrogen Receptor Degrader (SERD)
Fulvestrant (Faslodex) + α Φ

Aromatase Inhibitors 
Letrozole (Femara),
Anastrozole (Arimidex) and + Φ
Exemestane (Aromasin)

Monoclonal Antibodies 
Trastuzumab 
(Herceptin, Ogivri, Herzuma, Ontruzant, Trazimera, Kanjinti) + α γ
Trastuzumab and Hyaluronidase injection (Herceptin Hylecta) + γ
Pertuzumab (Perjeta) + α
Trastuzumab, Pertuzumab, Hyaluronidase (Phesgo) +
Margetuximab (Margenza) + α

Antibody-Drug Conjugates
Ado-Trastuzumab Emtansine (Kadcyla or TDM-1)  + α γ
Fam-Trastuzumab Deruxtecan (Enhertu) + α Ψ

Kinase Inhibitors 
Lapatinib (Tykerb) + α γ
Neratinib (Nerlynx) + α γ Ψ
Tucatinib (Tukysa) + α γ

CDK4/6 Inhibitors 
Palbociclib (Ibrance),
Ribociclib (Kisqali) and                                                                                                            + α γ Ψ Φ 

Abemaciclib (Verzenio) 

mTOR Inhibitor
Everolimus (Afinitor) + α Ψ Φ

PI3K Inhibitor
Alpelisib (Piqray) + α Ψ Π 

PARP Inhibitors 
Olaparib (Lynparza) and Talazoparib (Talzenna) + α Ψ γ Ξ

Antibody-Drug Conjugates 
Sacituzumab Govitecan (Trodelvy) + τ

PD-L1 Immunotherapy
Pembrolizumab (Keytruda) and Atezolizumab (Tecentriq) + α γ τ λ

+ Indicates treatment target.
α  Can be used to treat metastatic disease.
Φ Often combined with luteinizing-hormone releasing hormone (LHRH) agonist for ovarian ablation or used in post-
menopausal women.  
γ Often combined with chemotherapy. 
Ψ Often used to treat HER2+ cancers. 
Π Used to treat patients with PIK3CAmutations.
Ξ Used to treat patients with BRCAmutations. 
τ  Used to treat triple-negative cancers. 
λ   Used to treat PD-L1 expressing cancers.
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Table 1.3. Known Activators of the NLRP Family. (Continued Below) 

NLRP Activators Requires ASC 

1 

NTPs (2) 
Muramyl dipeptide (MDP) (2) 
Serine dipeptidase DPP8 and DPP9 inhibitors (Val-
boroPro, aka PT-100, aka Talabostat) (3, 4) 
Toxoplasma gondii (5) 

Yes (6) 

2 
α-CD3 and α-CD28 antibodies (8) 
PMA/ionomycin (8)  
Exogenous ATP (9) 

Yes (9) 

3 

Listeria monocytogenes (10) 
Staphylococcus aureus (10)  
Vibrio cholera (10) 
Neisseria gonorrhoeae (13) 
E. coli (15)  
Candida albicans (16) 
Saccharomyces cerevisiae (16) 
Adenovirus (17) 
Influenza virus (18-20) 
Sendai virus (18)  
Encephalomyocarditis virus (EMCV) (24) 
Plasmodium malariae (26, 27) 
Toxoplasma gondii (5) 
Alum (32, 33) 
Asbestos (36, 37) 
Silica (37) 
Skin irritants (trinitrochlorobenzene, 
trinitrophenylchloride, and dinitrofluorobenzene) (41) 
UVB radiation (42)  
Monosodium urate crystals (MSU) monosodium urate 
crystals (MSU) and pyrophosphate dihydrate (CPPD) 
crystals (44)  
Cholesterol (45, 46) 
Amyloid deposits (45, 46)  
Hydroxyapatite crystals (48) 
Hyaluronan (50) 
ATP (10) 
High glucose (51) 
Saturated fatty acids (53). 
LPS (15) 
Lipid A (15) 
Pam3CysSerLys4 (Pam3CSK4)  (15) 
Peptidoglycan (PGN) (15) 
Muramyl dipeptide (MDP) (15) 
Lipoteichoic acid (LTA) (15) 

Yes (56) 

4 dsRNA or dsDNA (57) No (58) 
5 - - 
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Table 1.3. Known Activators of the NLRP Family. NLRP family members are activated 
by an assortment of ligands. The NLRP3 receptor is the most extensively characterized and 
is demonstrated to interact with the adaptor protein, ASC1. Little is known about the 
activators or the structure on some NLRP family members such as NLRP5, NLRP12, 
NLRP13 and NLRP14.  

 

 

 

 

 

6 

Lipoteichoic acid (LTA) (1)  
Listeria monocytogenes (1) 
Staphylococcus aureus (1) 
Toxoplasma gondii (5) 
Rosiglitazone, a PPAR-γ agonist (7) 
LPS (7) 
Muramyl dipeptide (MDP) (7) 
 γ-D-Glu-mDAP (iE-DAP) (7) 
Pam3CysSerLys4 (Pam3CSK4) (7) 

Yes (11) 

7 

Acholeplasma lailawii (12) 
Legionella pneumophilia (12, 14) 
Staphylococus aureus (12) 
Diacylated lipoprotein FSL-1 (12) 

Yes (12) 

8 Toxoplasma gondii (5) - 

9 Rotavirus (21, 22) 
Poly(I:C) (23) 

Yes (21, 23) and 
No (21) 

10 

LPS (25) 
Phorbol myristate acetate (PMA) plus ionomycin (28) 
Shigella flexneri (30) 
Fusobacterium nucleatum (31) 
Streptococcus oralis (31) 
Salmonella typhimurium (25) 

Yes (25, 28, 35) 

11 
Sendai virus infection (39) 
Poly(I:C) (39) 
IFN-β (both mRNA and protein) (39) 

No (43) 

12 Nitrous Oxide (47) 
Yersinia pestis(49) 

- 

13 Toxoplasma gondii (5) - 
14 - No 9 
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CHAPTER 2: NLRP3 Inflammasome Activation in Macrophages Promotes Breast 

Cancer Progression. 

 

2.1. Introduction  

 Breast cancer is the most frequently diagnosed malignancy among women and 

mortality from this malignancy is associated with invasive disease (282). In breast cancer 

in particular, the tumor microenvironment - especially intra-tumor stroma cells including 

macrophages - promote tumor growth and dissemination (283). Mainly through secretions, 

macrophages promote tumor growth, angiogenesis, and extracellular matrix (ECM) 

remodeling. Indeed, clinically elevated infiltration of tumor-associated macrophages 

(TAMs) is associated with metastatic mammary carcinoma and poor overall survival (115, 

123, 284). Through their high phenotype plasticity, macrophages, including TAMs, are 

distributed on a phenotype polarity spectrum from exerting pro-inflammatory and 

cytotoxic activities (M1-like) to displaying inflammation-resolving with tissue-repair and 

remodel activities (M2-like) (134).   

 Within the tumors, crosstalk between breast cancer cells and macrophages leads to 

macrophages with the M2-like phenotype (285). Among the many macrophage polarity 

markers (286-288), measuring arginine metabolism through the ratio arginase to inducible 

nitric oxide synthase (Arginase/iNOS) is commonly used to define the macrophage 

phenotype (289, 290). Indeed, cytotoxic, anti-tumor macrophages express more iNOS and 

MHC class II and participate in complement-mediated phagocytosis (289-291), whereas 

immunosuppressive, tumor promoting macrophages express elevated arginase (289, 290).  



 44 

Additionally, innate immune cells, chiefly macrophages, regulate the inflammatory 

microenvironment in breast cancer through the secretion of multiple pro-inflammatory 

cytokines (130, 291-293). The maturation and secretion key pro-inflammatory cytokines 

from the IL1 superfamily i.e., IL-1ß and IL-18 are mediated by the activities of 

inflammasomes, especially NLRP3 inflammasomes (184). Inflammasomes are 

intracellular, pattern recognition receptors activated by damage associated molecular 

patterns (adenosine triphosphate) and pathogen associated molecule patterns 

(lipopolysaccharide) (183, 184). Specifically, NLRP3 inflammasomes are multiprotein 

complexes which consist of a nucleotide-binding and oligomerization domain-like receptor 

(NLRP3), an adaptor protein (ASC1) and caspase-1 (183). While inflammasome activities 

have been mainly investigated in infections, more recent studies have demonstrated their 

critical role in cancer progression and in tumor response to treatments. For example, in 

hematopoietic cancers, NLRP3 inflammasomes promote migration of hematopoietic stem 

cells into bone marrow (294). Moreover, in colorectal cancer, large infiltration of 

macrophages with strong NLRP3 expression resulted in faster colorectal cancer migration 

and NLRP3 deficiency reduced visible liver metastasis in vivo (161). Furthermore, NLRP3 

overexpression in lung adenocarcinoma and small-cell lung cancer is associated with 

higher grade cancers (161, 295).  In human breast cancer, as well, NLRP3 inflammasome 

activation observed chiefly in stroma cells, mainly macrophages, is associated with 

advanced disease (296).   Caspase-1 and NLRP3 knockout mice implanted with EO771 

and PyT8 tumors experienced reduced tumor growth and less lung metastasis (161, 162). 

Additionally, IL-1β, a product of NLRP3 inflammasome activation, is associated with 

angiogenesis, tumor invasiveness and metastasis in breast cancer (184, 230, 231). While 
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NLRP3 inflammasome activation has been demonstrated to promote a more aggressive 

phenotype in breast cancer (90, 122, 161, 231), less is known about effect of NLRP3 

inflammasome activation on tumor-associated macrophages.  

 Here, we assessed whether macrophage NLPR3 inflammasome activation 

promoted breast tumor progression in pre-clinical studies. Our results indicate that 1. 4T1 

tumor cell secretions promoted macrophage NLRP3 inflammasome activation leading to 

IL-1β and IL-18 secretion in vitro and in vivo, which 2. Increased the presence of TAMs 

with immunosuppressive and tumor-promoting phenotypes and 3. Favored breast tumor 

stem cells and metastasis.  
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2.2. Methods 

Cell Culture 

 RAW264.7 and J774A.1 (hereto forth abbreviated as RAW and J774 respectively) 

monocyte macrophages were purchased from ATCC (Manassas, VA). Bone marrow 

derived macrophages (BMDM) were harvested from C57BL/6 and CD1 mice as previously 

(297, 298). Briefly, after euthanasia, femurs and tibias were surgically cleaned, both bone 

heads excised, and the bone shaft flushed with sterile media. Collected cells were washed 

and plated in media supplemented with CSF-1 rich LADMAC conditioned media renewed 

thrice weekly and adherent and differentiated BMDMs were collected after a 7–9-day 

incubation (299).  4T1 cells are aggressive mammary cancer cells that mimic the later stage 

of breast cancer in humans (300). Cells were grown and cultured in DMEM supplemented 

with antibiotic, antifungal, and 10% of FBS (Atlanta biologic, Atlanta, GA). Prior to 

treatment with negative control (FBS-free media), positive control (LPS 5ug/ml + ATP 

5mM) and 4T1 conditioned media, RAW, J774 and BMDM cells were incubated in FBS-

free media (0% FBS) for 3 hours. Cells were then harvested for flow-cytometry and 

immunohistochemistry analyses. Additionally, both cell lysates and supernatants were 

collected and stored at -20°C until use in western blots and cytokine measurements.  

Immunoblot Analyses 

 For western dot-blots, in vivo tumor lysates, macrophage lysates and macrophage 

supernatants were combined with 10mM CTAB detergent and loaded onto 45mm 

nitrocellulose membranes (GE) using a dot-blot apparatus (ThermoFisher). Membranes 

were assessed for protein loading using Ponceau (Sigma) staining and then blocked in 5% 

milk TBS – Tween 20 buffer (Boston Biologicals). After blocking, blots were incubated 
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with primary antibodies against NLRP3 (1:1000; R&D Systems, Inc.), ASC1 (1:600; Santa 

Cruz Biotech.), cleaved caspase 1 (1:500; Santa Cruz Biotech.), arginase (1:500; Santa 

Cruz Biotech), iNOS (1:500; Santa Cruz Biotech), IL-1β (1:500; Santa Cruz Biotech.), IL-

18 (1:500; Santa Cruz Biotech.) overnight at 4°C under gentle rocking. After removal of 

the primary antibody and washes in TBST buffer, blots were incubated with species-

specific secondary HRP conjugated antibody for 1hr in similar conditions. After secondary 

antibody removal and multiple TBST buffer washes, the presence of the protein of interest 

was revealed following incubation with ECL substrate (Biorad) and detection using the 

MP Bioimager (Biorad). For each blot, protein signal was quantified using Image J and 

Protein Array Analyzer plugin (NIH). Protein expressions were normalized to protein 

loading defined by ponceau staining. In addition, protein expression detected in in vivo 

tumor lysates were normalized by average expression in control animals implanted with 

4T1 cells alone and treated with saline (control conditions).  

Phagocytosis Assay   

 J774 cells were grown to confluency in a 96-well plate and treated with negative 

control (media alone), positive control (LPS 5μg/mL + ATP 5mM) and 4T1 conditioned 

media for 6 hours. Red fluorescent beads (10mm FluoroMax, ThermoScientific) and 

Hoechst (Molecular Probes) were added at ~6 hours after the initial treatment and washed 

after 30 minutes. Media was replaced with PBS and readings at both 360/460 and 530/580 

excitation/emission wavelengths measured cell concentration and phagocytosis through 

Hoechst nuclear dye and red fluorescence, respectively. A phagocytosis index defined as 

the bead fluorescence relative to cell concentration / number (based on Hoechst nuclear 

intensity or number) normalized to control conditions was used to quantify phagocytosis. 
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Microphotographs were obtained using a IX71 microscope fitted with a DP70 camera and 

software (Olympus). Representative overlapping composite microphotographs were 

generated using ImageJ (NIH). 

Tumor Cell Proliferation Assay 

 4T1 cells were seeded and at 70-80% confluence, cells were incubated in FBS-free 

media for 6 hours, then treated with macrophage conditioned media (50% vol.). 

Macrophage conditioned media were collected following a 48hrs incubation of confluent 

macrophages in FBS-free media with macrophages, centrifugated using 0.2mm sterile 

filters (FisherScientific) and stored at -20°C until use. After a 24-hour incubation, 4T1 cell 

growth was determined using MTT assay. Briefly, MTT solution (Sigma) was added and 

after a 3-hour incubation, cell culture media was removed and 150uL of MTT solvent 

added. Following a 30-min incubation, proliferation determined as the 570nm (minus 

background at 630nm) absorbance using a microplate reader (Bio-Tek).   

In Vivo Tumor Study  

 In vivo experiments were conducted in the UNC Charlotte vivarium under 

veterinarian supervision and following approved IACUC protocols. Briefly, 4T1RFP 

(Imanis Inc), RAW and J774 cells (ATCC) were grown in sterile conditions collected, 

counted, and prepared for injection. Three different syngeneic cell implantations were 

tested: 4T1RFP cells alone, 4T1RFP cells + J774 cells (5:1) and 4T1RFP cells + RAW 

cells (5:1). Acclimated Balb/c female 6-week-old mice (Jackson Laboratory) (n=6 per 

treatment group) were orthotopically implanted in the mammary fat pad with one of the 

cells suspensions (105 tumor cells without or with 20,000 J774 or RAW macrophages in 

50 ml). Allocation to either injection group was random. Following implantation, primary 
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tumor growth was monitored weekly using both calipers and IVIS imaging as detailed 

previously (301).  

 Thirty-five (35) days post-tumor implantation, primary tumors and tissue including 

liver, spleen, lungs, bone (femurs and tibias) were collected and weighted. A part of each 

primary tumor was processed to generate tumor lysate through addition of T-PER (Thermo 

Scientific) lysis solution supplemented with a cocktail of protease inhibitors (Roche 

biologicals) and sonication on ice. The other primary tumor part was fixed in buffered 

formalin (4%) and then processed using classical histological techniques and 5-6 mm thick 

slides were used to assess the presence, location and abondance of specific proteins 

including active caspase 3, a marker of apoptosis. Whole or portions of the organs were 

similarly treated to generate lysates. For bones, after grinding in a mortar using a pestle. 

Grinded bone tissue, lungs, liver, and blood cells were mixed with the lysis buffer detailed 

above and sonicated on ice to generate lysates. All lysates that were stored at -20°C until 

use. For blood, after the draw in heparinized syringes, the blood was diluted with sterile 

PBS (0.5 vol), centrifugated and the plasma fraction collected and stored at -20°C until use. 

Blood cell pellets were combined with the lysis solution (see above) and sonicated before 

-20°C storage. 

Cell Proliferation and Cell Apoptosis 

 Both proliferation and apoptosis were assessed through using antibodies specific to 

the cell division proliferation marker, Ki67, and the apoptosis marker, active caspase 3. 

Both in vitro cell lysates and tumor lysates were assessed by Western Dot blots as described 

above. The expression of Ki67 and caspase 3 was determined and compared as above.  
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 In addition, for each tumor paraffin embedded and formalin fixed tumor sections 

(5-6mm thick) were processed to remove paraffin, enhance antigen access through 

incubation in antigen retrieval solution (Dako) and, then, after a blocking incubation step 

(with BSA 1% in TBS Tween 20) incubated overnight in humidified chamber in the 

presence of either Ki67 (1:100 in blocking buffer, Santa Cruz Biotech.) or active caspase 

3 (1:100 in blocking buffer, Santa Cruz Biotech.). Following wash, tissue slides were 

incubated with HRP-conjugated secondary antibody (Vector) following manufacturer’s 

recommendations. After a wash step, the presence of the protein was revealed through 

incubation with DAB (Impact DAB stain, Vector). Tissue slides were lightly 

counterstained with hematoxylin (Vector), dehydrated through successive incubations in 

alcohol and xylene. Tissue slides mounted using a mounting solution (Vector) and slip 

covered (Fisher scientific). After hardening of the mounting media, tissue slides were 

assessed by microscopy. For each tumor, the entire tumor was microphotographed with 

overlapping edges and composite microphotograph obtained were assessed for DAB stain 

using Image J and DAB stain plugin. Both intensity and coverage (%) were recorded and 

normalized to tumor size. Necrotic regions were excluded.  

Assessing Metastasis  

 Metastasis was assessed first through gross anatomy visual evaluation of macro-

metastases at euthanasia. In addition, the presence of dsRED protein was evaluated in organ 

lysates including blood, spleen, liver, lung and bone. Briefly, organ lysates centrifugated 

to remove debris and supplemented with SDS detergent (0.4% final) were loaded onto 

45mm nitrocellulose using a dot blot apparatus (ThermoFisher). Western dot blots were 

evaluated for protein loading using the reversible Ponceau stain and blocked in 5% milk 
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TBST buffer. Blots were then incubated overnight anti-dsRED antibody (1:1000; 

MyBioSource Inc). After washing and incubation with a secondary HRP-conjugated 

antibody, the presence of dsRED was revealed following incubation with ECL substrate 

(Biorad) and chemiluminescence detection (MPchemi; Biorad). dsRED signals were 

quantified using Image J fitted with Protein Array Analyzer plugin (NIH). For each organ, 

signals 1.5-fold the average standard deviation was indicative of the presence of metastases 

and the frequency of metastases per tissues and group was recorded.  

In Silico Genetic Alteration Analysis 

 The open web-based database cBioPortal, that allows inquiries about clinical 

outcomes and specific genetic alterations, was used (247, 251). We assessed in silico, the 

effects of both amplification and deep deletion akin to overexpression and lack of 

expression, respectively. The cohort of patients assessed was limited to breast cancer and 

breast cancer invasive carcinoma (n=10,197 patients). Key genes associated with either 

cell type (macrophage, CD68), phenotype (M1 macrophage arginase, and M2 macrophages 

iNOS) as well as pro-inflammatory cytokines (IL-1β, IL-18) were assessed. Whether the 

genetic alteration was associated with a change in patient overall survival when comparing 

the cohort of patients without the genetic defect and the cohort of patients with the genetic 

defect was compared. Variations in median overall survival derived from Kaplan Meier 

curves (in months) and Log-rank test p value are reported. 

Statistical Analysis 

 All data are presented as mean ± SEM. Graphs were obtained and statistical 

analyses conducted using Prism 9.0 (GraphPad). Differences between groups were 

analyzed using one-way ANOVAs and Fisher’s LSD test unless noted. Survival patients’ 
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data were assessed through Log rank test as determined through cBioPortal (247, 251). 

Correlation analyses were assessed using linear regression models. Significant differences 

between treatment groups are reported as (*) p<0.1, * p<0.05, ** p<0.01 and *** p<0.001.  
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2.3. Results 

NLRP3 Inflammasomes are Differentially Expressed by Macrophages. 

 First, we determined expression of NLRP3 inflammasome protein sub-units and 

NLRP3 inflammasome activities of bone marrow-derived macrophages (BMDMs), J774 

and RAW monocyte/macrophages. BMDMs, J774, RAW cells were treated with the 

combination LPS and ATP, known inflammasome activators (189, 275-277, 302), and 4T1 

tumor cell conditioned media (4T1CM) and both the expression of NLRP3 inflammasome 

proteins and their activities i.e., the secretion of IL-1β and IL-18 cytokines were 

determined. All macrophages expressed NLRP3, regardless of LPS+ATP or 4T1CM 

treatment. However, NLRP3 expression was significantly lower in BMDMs compared to 

J774 and RAW macrophages (Fig. 2.1.A, p<0.05). While expressed by all macrophages 

tested, the adaptor protein ASC1 was highly present in J774 compared to RAW or BMDM 

regardless of treatment (Fig. 2.1.B, p<0.001). In contrast to J774 macrophages, ASC1 

expression increased and decreased following incubation with LPS+ATP and tumor 

conditioned media in BMDM and RAW macrophages, respectively (p<0.05, Fig. 2.1.B). 

The expression of active caspase 1 was higher in J774 cells compared to the other 

macrophages tested (p<0.05, Fig. 2.1.C).  

 LPS and ATP treatment in all macrophages tested promoted the secretion of the 

pro-inflammatory IL-1β cytokine significantly in RAW cells (p<0.01, Fig. 2.2.A). 

Contrasting with IL-1β secretions, IL-18 secretions were only marginally altered regardless 

of treatment (Fig. 2.2.B). Moreover, LPS+ATP treatment led to significant decreases in IL-

18 secretions by both BMDMs and J774 macrophages (p<0.05, Fig. 2.2.B). The 

endogenous antagonists to IL-1β and IL-18 were also measured. Interestingly, secretions 
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of IL-1RA by J774 macrophages and BMDMs were marginally increased in the presence 

of 4T1CM (p<0.08, Fig. 2.2.C). IL-18BP secretions were unaffected by treatment, 

however, IL-18BP secretions by BMDMs were significantly lower than that of J774 and 

RAW cells (p<0.01, Fig. 2.2.D).  

NLRP3 Inflammasome Activation Promotes Pro-Tumorigenic Macrophages. 

 Next, we assessed whether inflammasome activation led to pro-tumorigenic 

macrophages. In particular, the arginase : iNOS expression ratio, a marker of the M2 

phenotype (286, 290), in macrophages treated with the NLRP3 inflammasome activator 

LPS + ATP or 4T1CM were assessed (Fig. 2.3.A). While in untreated conditions, arginase 

: iNOS expression ratios were similar regardless of the macrophages, following LPS and 

ATP inflammasome activation treatment, J774 macrophages displayed a significantly (3-

fold) greater arginase : iNOS expression ratio compared to RAW and BMDM (p<0.001, 

Fig. 2.3.A).  

 In addition, the phagocytic abilities of J774 macrophages, another marker of M2 

macrophages (303), were assayed by determined the engulfing of 10mm fluorescent beads 

(Fig. 2.3.C). Treatment with both the inflammasome activator LPS and ATP and 4T1 CM 

led to a 2-fold reduction in J774 phagocytosis (p<0.01, Fig. 2.3.D).  

 Moreover, as elevated arginase expression and decreased phagocytic activity were 

indicative of a more M2-like macrophage phenotype akin to a tumor-supporting phenotype 

for J774 macrophages, we assessed whether macrophage secretions (conditioned media) 

altered 4T1 tumor cell in vitro proliferation (Fig. 2.3.B). A 24hr incubation with CMs from 

BMDMs, J774 or RAW macrophages promoted 4T1 proliferation in vitro compared to 

control conditions (0% i.e., FBS-free media). Interestingly, both BMDM and J774 
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conditioned media more significantly promoted 4T1 proliferation compared to RAW 

conditioned media (p<0.05, Fig. 2.3.B).  

Tumor Growth Following Co-Implantation of Tumor Cells and Macrophages in the 

In Vivo Immunocompetent 4T1 Preclinical Breast Cancer Model. 

Given the low endogenous immune cell infiltration in mammary tumor preclinical 

models (304), to ascertain the effect of the macrophage presence within the 4T1 tumor 

mass, we assessed primary tumor growth following the orthotopic implantation of either 

4T1 tumor cells alone or 4T1 tumor cells + J774 macrophages or + RAW macrophages in 

syngeneic immunocompetent Balb/c mice using calipers and by tumor weight after 35 

days.  

Regardless of the implantation: 4T1 tumor cells alone or combined with J774 or 

RAW macrophages, all tumors grew overtime (p<0.001, Fig. 2.4.A). While no difference 

in wet tumor weight at euthanasia was observed (312.0±97.6 vs. 556.4±115.8 vs. 

547.6±122.3 mg for 4T1 alone, 4T1+RAW and 4T1+J774 implantation, respectively), 

analysis of the ratio Ki67/caspase 3, a measure of the net tumor proliferation, demonstrated 

that the presence of syngeneic J774 but not of RAW macrophages was associated with a 

significant decrease in proliferation (p<0.05, Fig. 2.4.B and C) compared to controls 

(implantation of 4T1 cells alone).  

In Vivo Co-Implantation of Macrophages and 4T1 Tumor Cells Led to a Pro-

Tumorigenic Microenvironment. 

 Next, we assessed the presence of macrophages (CD68+) in tumor lysates. As 

expected, co-implantations with either J774 or RAW syngeneic macrophages led to 

significant increase in CD68 expression in orthotopic 4T1 primary tumors (p<0.05, Fig. 
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2.5.A). Interestingly, the Arginase : iNOS expression ratio, a marker of pro-tumorigenic 

macrophages was significantly increased (~8-fold higher) in the presence of J774 

macrophages (p<0.05, Fig. 2.5.B). Moreover, intra-tumoral IL-1β and IL-18 pro-

inflammatory cytokine concentrations were increased in tumor masses derived from co-

implantation with 4T1 tumor cells combined with J774 (but only marginally for IL-1β with 

RAW macrophages, Fig. 2.5.C) compared to tumors derived from orthotopic implantation 

of 4T1 tumor cells alone (p<0.05; Fig. 2.5.C and D).  

 Of note, the intra-tumoral expression of IL-1β and IL-18 was positively correlated 

with 35-days post inoculation tumor weight (Supplemental Fig. 2.1.A and B; R2=0.48, 

p<0.001 and R2=0.35, p<0.001, respectively). Likewise, the arginase : iNOS expression 

ratio of was positively correlated with tumor weight (Supplemental Fig. 2.2.; R2=0.09, 

p<0.04). Lastly, intra-tumoral IL-1β and IL-18 expression was strongly associated with 

arginase expression (Supplemental Fig. 2.1.C and D; R2=0.61, p<0.001 and R2=0.60, 

p<0.001, respectively). 

Co-implantation of 4T1 Tumor Cells and Syngeneic Macrophages Promoted Tumor 

Stem-Like Characteristics In Vivo. 

 Next, tumor stem-like characteristics, defined by cytokeratin 19, aldehyde 

dehydrogenase 1/2 and N-cadherin : E-cadherin ratio were determined in tumor mass 

following a 35-day tumor cell and macrophage co-injections.  

 Notably, cytokeratin 19 expression was elevated in tumor derived from 4T1 tumor 

cells co-implanted with J774 macrophages compared to 4T1 tumor cells alone or to 4T1 

tumor cell co-implanted with RAW macrophages (Fig. 2.6.A, p<0.05). Additionally, 

elevations in cytokeratin 19 expression are strongly related to arginase expression within 
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the tumor (Supplemental Fig. 2.3.A, R2=0.46, p<0.001). Additionally, expressions of 

aldehyde dehydrogenase 1/2 and the N-cadherin : E-cadherin expression ratio were 

marginally increased especially in tumors generated from co-implantation of 4T1 tumor 

cells with J774 macrophages compared to 4T1 cells alone (p<0.1, Fig. 2.6.B and C). Both 

aldehyde dehydrogenase 1/2 and the N-cadherin : E-cadherin expression ratio were 

correlated with arginase expression (Supplemental Fig. 2.3.B and C; R2=0.30, p<0.001, 

R2=0.18, p=0.002, respectively).  

Co-Implantation of 4T1 Tumor Cells with Macrophages Promoted Metastases.  

 The presence of metastases in distant organs was determined based on both visual 

macroscopic inspection of organs and through assessment of the presence of dsRED 

protein in organ lysates. Macroscopically, both mesenteric and liver metastases were 

observed in only animals co-implanted orthotopically with 4T1 tumor cells and J774 

macrophages (40% and 60%, respectively, Fig. 2.7.A) but not in mesenteric tissues and 

livers from animals implanted with 4T1 tumor cells alone or in combination with RAW 

macrophages (Fig. 2.7.A).  

 Furthermore, micro-metastases assessed through the presence of dsRED protein in 

organ lysates were detected in the liver and bones of mice co-implanted with 4T1 cells and 

J774 macrophages. Micro-metastases were also present in the lungs and spleen of animals 

implanted with 4T1 alone and the liver of mice implanted with 4T1 and RAW macrophages 

(Fig. 2.7.B).  
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Genetic Alterations in Macrophage Markers and Pro-Inflammatory Cytokines are 

Associated with Breast Cancer Patients’ Overall Survival.  

 To confirm the clinical relevance of the alterations observed in vitro and in vivo 

preclinical models, cohorts of human breast cancer patients with either amplification or 

deep deletion of genes associated with the presence macrophages and macrophage subtypes 

and IL-1β and IL-18 pro-inflammatory cytokines were analyzed (Table 2.1.) in silico 

through cBioPortal (247-274) . 

 Whereas genetic alterations of CD68 are rare; compared to patients without 

alteration in CD68 gene, breast patients with CD68 alterations shows a significant 10-year 

decrease in overall survival (Table 2.1.). Deep deletion akin to lack of CD68 expression 

specifically reduced breast cancer patient overall survival (p~0.05, Table 2.1.). The genes 

associated with specific macrophage phenotypes were also assessed in silico. While no 

significant change in breast cancer patients’ overall survival was associated with alterations 

in CD206 and only marginally with arginase deep deletion (p~0.05, Table 2.1.), iNOS gene 

alterations both amplification and deep deletion were associated with significantly lower 

overall survival (by 3.3 and 7.6 months, respectively, p<0.01, Table 2.1.) 

 Regarding the IL1 superfamily of pro-inflammatory cytokines, especially IL-1β 

and IL-18, no association between genetic alteration in IL-1β and survival was observed 

(Table 2.1.). However, IL-18 genetic alterations especially deep deletion of IL18 was 

associated with a significant 7.3-year decrease in breast cancer patients’ overall survival.  
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2.4. Discussion  

 Tumor-associated macrophages (TAMs) are a prognostic indicator of invasive 

disease and poor overall survival in breast cancer (115, 123, 284). Elevated macrophage 

infiltration is associated with increased tumor growth, invasion, and metastasis (127, 305, 

306). However, the mechanisms associated with the macrophage phenotype and activity 

alteration within the tumor microenvironment that support cancer growth is only partially 

understood. A better understanding of the macrophage switch toward a pro-inflammatory, 

pro-tumorigenic phenotype may uncover therapeutic targets to stir macrophages toward an 

anti-tumor phenotype (307, 308). Among the multiple mechanisms associated with 

macrophage alterations, in particular, toward a pro-tumorigenic phenotype, the activation 

of inflammasome especially NLRP3 inflammasome has garnered interest recently (286, 

309). Indeed, NLRP3 activation within macrophages is associated with secretions of pro-

inflammatory cytokines and the support of tumor cell growth, EMT transition, and 

migration (134, 310, 311). Here, in vitro, the effects of inflammasome activator 

combination LPS and ATP, and incubation with 4T1 tumor cell conditioned media were 

assessed on BMDMs, J774 and RAW macrophage phenotype and activities. In addition, in 

vivo, the effects of co-implantation of 4T1 tumor cells with macrophages on tumor 

phenotype and progression in an immunocompetent murine model was determined. Our 

data support that 1. in vitro macrophage NLRP3 inflammasome activation led to IL-1β and 

IL-18 secretion, 2. activation of macrophage NLRP3 in vivo led to TAMs with 

immunosuppressive and tumor-promoting phenotype that, in turn, 3. favored breast tumor 

stem cells and metastasis. 
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 To more closely mimic the potential of macrophages in mammary tumor 

progression, we investigated the crosstalk between the aggressive 4T1 tumor cells and 

macrophages in vitro and in vivo and whether NLRP3 activation was associated with tumor 

progression. Beside syngeneic primary macrophages and J774 macrophages both with 

functional NLRP3 signaling, syngeneic RAW macrophages with defective NLRP3 

inflammasome signaling were tested. As expected NLRP3 expression and activation was 

observed following in vitro incubation with the known NLRP3 inflammasome activator 

LPS+ATP in both J774 cells and BMDMs confirming prior observations (189, 276, 312). 

In contrast, RAW cells while expressing NLRP3, had much lower ASC1 expression and 

limited Caspase 1 expression supporting the demonstrated defect in RAW inflammasome 

signaling (313). Indeed, J774, RAW, and primary-derived monocytes (BMDM) 

differentially express the three major components of the NLRP3 inflammasomes: the 

cytosolic receptor (NLRP3), the adaptor (ASC1) and the effector caspase (caspase 1). 

ASC1 is an essential connector regulating NLRP3 inflammasome assembly and activation 

(167, 314).  Consequently, active caspase 1 was lesser expressed in ASC1-deficient RAW 

macrophages compared to J774 macrophages. While active caspase 1 was, as expected, 

reduced in the NLRP3 signaling defective RAW cells, suggesting that those cells secreted 

the pro-inflammatory IL-1β likely through the non-canonical inflammasome activation by 

LPS via caspase 11 as demonstrated earlier (315).  

 Additionally, our data indicate that NLRP3 activation promotes a pro-tumorigenic 

macrophage phenotype as highlighted by the increase in the arginase (M2-type) to iNOS 

(M1-type) expression ratio in functional NLRP3 signaling, J774 macrophages following 

incubation with inflammasome activators. Moreover, the shift toward a tumor promoting 
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phenotype was associated with a decrease in phagocytic activity associated with pro-

tumorigenic (M2-like) macrophages (135). Similar observations were made when 

comparing implantation of 4T1 cells alone and co-implantation with J774 macrophages. 

Indeed, arginase to iNOS expression ratio was greater in primary tumors obtained animals 

co-injected with 4T1 and J774 macrophages compared to tumor derived from implantation 

of 4T1 tumor cells alone. Moreover, elevated arginase expression was positively correlated 

with increased tumor weight while no correlation of tumor weight to intra-tumoral iNOS 

expression was detected. The overexpression of arginase observed here has been shown to 

induce T-cell anergy through the depletion of L-arginine and generation of toxic urea (316). 

Our data also indicate that pro-inflammatory IL-1β and IL-18 intra-tumoral expression 

polarized macrophages toward pro-tumor (M2-like) phenotype (317, 318), and was 

positively associated with arginase, but not iNOS expression. Congruent with our findings, 

IL-1β and TNF-α induced arginase expression through IL-33 secretion and recombinant 

IL-18 treatment increased arginase expression in monocytes (242, 319). 

 IL-1β and IL-18 expression were positively correlated with stem-like 

characteristics in vivo. Indeed, IL-1β signaling promotes epithelial-mesenchymal transition 

and increased expression of the IL-1β receptor, IL-1R1, and is associated with both 

proliferation and quiescent ALDH-positive stem cells in breast cancer (90, 320).  

Moreover, compared to secretions from RAW macrophages, J774 conditioned 

media promoted the growth of 4T1 tumor cells in vitro. These data support the activation 

of NLRP3 triggering, or at least associated with, the pro-tumorigenic macrophage 

phenotype. Weight of tumors derived from co-implantation of 4T1 tumor cells with either 

J774 or RAW macrophages tended to be higher compared to tumor derived from 4T1 tumor 



 62 

cells implantation alone supporting the effects of tumor-associated macrophages on tumor 

growth possibly through a shift toward M2-like, pro-tumor macrophages as the disease 

progresses (321). Interestingly, activation of NLRP3 inflammasome in tumor-associated 

macrophages has been correlated with invasion and metastasis (311). Our data following 

co-implantation of 4T1 tumor cells and J774 macrophages leading to increased liver and 

bone metastasis support the role of macrophage NLRP3 activation in metastasis.  

The clinical relevance of NLRP3 inflammasome protein, macrophage phenotype 

marker and pro-inflammatory cytokine expression assessed in silico highlighted that 

overexpression (akin to gene amplification) and especially lack of expression (akin to gene 

deep deletion) of CD68, iNOS and IL-18 were associated with a worsening of overall 

survival.  

 Taken together our data support a role for macrophages in the promotion of breast 

cancer growth in part through the activation of the NLRP3 inflammasome by tumor cells 

leading to a phenotype change toward M2-like, pro-tumorigenic macrophages. Moreover, 

our data support further investigations of NLRP3 activation as a target to prevent the switch 

of macrophage phenotype toward a pro-inflammatory, pro-tumorigenic phenotype that 

promotes breast cancer progression.  
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2.5. Figures 

 

 

 

Figure 2.1. NLRP3 Inflammasome Expression is Elevated in J774 Macrophages. Flow 
cytometry analysis of  A. NLRP3, B. ASC1, C. cleaved caspase 1 expression for J774, 
RAW, and bone marrow-derived macrophages (BMDM).  D. ASC1 and cleaved caspase 1 
expression as demonstrated by western blot was highest among J774 cells. E. Confocal 
microscopy shows that both J774 and RAW macrophages have diffuse NLRP3 expression, 
however, expression of ASC1 and colocalization with NLRP3 is significantly greater in 
J774 macrophages. *** p<0.001  
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Figure 2.2. Pro-Inflammatory Cytokine Secretion by Macrophages. Immunoblot 
quantification relative to protein loading of A. secreted IL-1β by J774, RAW, and BMDM. 
Secretion of IL-1β was greater by RAW cells compared to BMDM. All macrophages 
secreted more IL-1β in response to LPS+ATP treatment compared to 4T1CM or No 
treatment. B. BMDM secreted more IL-18 compared to J774 cells. For both BMDM and 
J774, secretion of IL-18 was decreased following LPS+ATP treatment compared to 
control. C. IL-1 receptor antagonist (IL-1RA) was secreted most by J774 cells. In RAW 
cells, IL-1RA secretion was lowest following LPS+ATP treatment compared to control or 
4T1CM treatment. D. Soluble antagonist to IL-18 (IL-18BP) secretion was lowest by 
BMDM. *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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Figure 2.3. NLRP3 Inflammasome Activation in Macrophages Results in Pro-
Tumorigenic Macrophages. A. Immunoblot quantification of Arginase : iNOS  ratio 
relative to protein loading is highest in J774 compared to RAW and BMDM. For all cells, 
the expression of Arginase : iNOS is increased following LPS+ATP treatment. For J774 
cells, this LPS+ATP induced increase is significant. B. MTT assay of 4T1 tumor cells 
treated with macrophage CM for 24hrs normalized to 0% FBS. Treatment with conditioned 
media from BMDM had the most positive effect on the proliferation of 4T1 cells. J774CM 
treatment increased 4T1 tumor cell proliferation compared to RAW cells. C. 
Representative microphotographs from the J774 phagocytosis assay depicting beads 
(yellow) to nuclei (blue) of no treatment (left), LPS+ATP (middle), and 4T1CM (right). D. 
Phagocytic activity of J774 macrophages normalized to no treatment was most decreased 
following LPS+ATP treatment.*** p<0.001, ** p<0.01, * p<0.05. 
 
 
 
 
 
 

 

0

50

100

150

P
ha

go
cy

to
si

s 
In

de
x ✱✱✱

✱✱

✱✱✱

4T1CM

LPS+ATP -

+-

+

-

-

A B

C D

0

20

40

60

80

A
rg

in
as

e 
: i

N
O

S

LPS+ATP

4T1 CM

-

-

+-

+

-

+-

+

- +

- +

--

--

-

BMDM J774RAW

*

✱✱✱ ✱✱✱

100

150

200

C
el

l P
ro

lif
er

at
io

n

BMDM CM

J774 CM

RAW CM

✱

✱✱✱

✱✱✱

+

+

+

-

-

--

-

-



 66 

 
 
 

 
 
Figure 2.4. NLRP3 Inflammasome Competent Macrophages Promote Tumor 
Growth. Balb/c mice were implanted with 4T1 tumor cells with or with J774 or RAW 
macrophages. A. Tumor volume as measured by calipers weekly of mice implanted with 
4T1 cells alone (black), 4T1 tumor cells and RAW macrophages (blue) and 4T1 tumor 
cells and J774 macrophages (red). At the 35-day endpoint, mice were sacrificed, and the 
tumors were excised. B. Immunohistochemistry of active caspase 3 expression in tumors 
from mice implanted with 4T1 alone (left), 4T1 and RAW cells (middle) and 4T1 and J774 
cells (right). C. By immunoblot, the ratio of Ki67 to active caspase 3, or growth to 
apoptosis, was assessed. * p<0.05 
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Figure 2.5. Macrophage Infiltration is Associated with a Pro-Inflammatory 
Microenvironment In Vivo. Intra-tumoral expression at 35-day post-implantation with 
4T1 tumor cells with and without RAW and J774 macrophages. normalized to the 4T1 
tumor cell alone group. A. CD68 expression, representative of macrophage infiltration, is 
elevated in mice co-implanted with RAW and J774 marophages. B. The ratio of arginase 
to iNOS was elevated in the tumors of mice co-implanted with 4T1 and J774. C. IL-1β and 
D. L-18 intra-tumoral expression normalized relative to tumor mass and 4T1 tumor cell 
only control. Animals with J774 macrophages co-implanted into mammary tissue had 
elevated intra-tumoral expression of IL-1β and the co-implantation of either J774 and 
RAW macrophages lead to increased IL-18 expression. * p<0.05, (*) p<0.1. 
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Figure 2.6. Pro-Tumorigenic Macrophages Promote Tumor Growth and Stemness In 
Vivo. Intra-tumoral expression at 35-day post-implantation with 4T1 tumor cells with and 
without RAW and J774 macrophages. normalized to the 4T1 tumor cell alone group. A. 
Cytokeratin 19 expression was greatest in tumors of mice implanted with J774 
macrophages. B. Expression of aldehyde dehydrogenase (ALDH1/2) was greater in mice 
co-implanted with either RAW or J774 macrophages compared to tumors implanted with 
4T1 cells alone. C. The ratio of N-cadherin to E-cadherin is marginally increased in mice 
co-implanted with 4T1 and J774 cells compared to 4T1 cells alone. * p<0.05, (*) p<0.1 
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Figure 2.7. Co-Implantation with J774 Macrophages Promotes Metastasis. A. 
Representative photos of liver metastasis from animal implanted with 4T1 tumor cells 
alone (left), 4T1 and RAW cells (middle) and 4T1 and J774 cells (right). B. The rate of 
organ metastasis quantified by immunoblot detection of dsRED expression in distant 
organs. Metastasis to the liver and bone was dependent on macrophage implantation.  
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4T1              4T1+J774              4T1+RAW              

Txt. Positive for metastases (%)

Liver  Spleen  Lungs  Blood  Bones

4T1                  20        20        20        100        20
4T1-RAW        20        20         0         100          0
4T1-J774         20         0          0         100        40
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Figure 2.8. Schema of the Proposed Effects of NLRP3 Inflammasome Activation on 
Breast Cancer Cells. NLRP3 inflammasome activation in macrophages is associated with 
an immunosuppressive and pro-tumorigenic phenotype that promotes the proliferation, 
stemness and metastasis of tumor cells. Generated by KH using BioRender.com 
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2.6. Tables  

 
 

 
 
Table 2.1. Genetic Alterations of Macrophage Polarization Markers and Cytokines 
Impact Overall Survival in Human Breast Cancer. Patient data using cBioPortal (247-
274) demonstrates that both amplification and homologous deletion of iNOS results in a 
3.3 to 7.6 year reductions in median overall survival. Alteration of pro-inflammatory 
cytokine genes is less frequent and homologous deletion of IL-18 reduces overall survival 
by 7.3 years.  
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Amplification Homologous Deletion 

Gene Overall Incidence OS Incidence       OS Incidence      OS

CD68 0.84% -121.49 ***                       51.19%                 -- n.s. 41.17%          -13.47 (*) 

MRC1 ^ 2.23% -13.96 n.s. 91.03%           -0.13 n.s. 1.79%                  -- n.s.

ARG1 # 1.80% -15.03 n.s. 83.33% -30.37 n.s. 10.56%                 -- (*) 

NOS2 > 4.05% -51.40 *** 91.85% -39.73 ** 2.47% -91.81 ***
IL1B 0.26%                                 -- n.s. 100.00%                 -- n.s. --. -- n.s.

IL18                           0.73% -87.20 *** 17.81% -130.47 n.s. 73.97%         -87.20 ***

^ CD206;  # Arginase 1;  > iNOS;  Overall Survival (OS) is presented as difference in months compared to median overall survival of patients without 
alterations.  *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1
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2.7. Supplemental Figures 

 

 
Supplemental Figure 2.1. NLRP3 Inflammasome Expression is Elevated in J774 
Macrophages. Immunoblot quantification normalized to protein loading of A. NLRP3 
expression for J774, RAW, and bone marrow-derived macrophages (BMDM). NLRP3 
receptor expression was greatest by J774 and RAW cells with no treatment responsive 
change in expression. B. ASC1 expression was highest in J774 cells but not treatment 
dependent.  C. Similar to ASC1 expression, cleaved caspase 1 expression was highest 
among J774 cells. *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1.  
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Supplement Figure 2.2. Pro-Inflammatory Cytokine Secretion is Positively 
Associated with Tumor Growth and Pro-Tumorigenic Macrophages. 4T1 tumor cells 
were implanted alone or with RAW or J774 macrophages into the mammary fat pad of 
Balb/c mice. At the 35-day endpoint, the mice were sacrificed, and the tumors excised. 
Intra-tumoral A. IL-1β and B. IL-18 expression are positively correlated with tumor 
weight. C. Intra-tumoral ration of arginase to iNOS expression ratios are  positively 
correlated with tumor weight. D. aldehyde dehydrogenase 1/2 and E. N-cadherin to E-
cadherin ratio are positively correlated with arginase expression. 
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CHAPTER 3. COMBINING 5-FU AND THE NLRP3 INFLAMMASOME INHIBITOR, 

MCC950, TO PREVENT BREAST TUMOR PROGRESSION. 

3.1. Introduction 

 Among women, breast cancer is the most frequently diagnosed malignancy with 

breast cancer deaths accounting for 15% of cancer-related deaths (282). Despite progress 

in treatment approaches, the development of metastatic disease remains a challenge. 

Moreover, in contrast with other cancers, neither targeting angiogenesis or immune 

responses has yielded clinical breakthroughs although clinical benefits were demonstrated 

(322-324). Current standards of care rely on mainly on targeting the estrogen and  

epidermal growth factor pathways following molecular tumor classification (325). 

Chemotherapy alone or in combination regimen are routinely used (for more details, see 

Chapter #1) 

 In particular, the antimetabolite drug 5-Fluorouracil (5-FU) that inhibits 

thymidylate synthase to impede DNA replication (326) remains given intravenously (327, 

328). 5-FU also promotes single base C(T>C)T or C(T>G)T mutations in CTT 

trinucleotides (329). As with any chemotherapy treatment, in particular, with anti-mitotic 

agents, resistance has been demonstrated and remains a major clinical limitation to 

successful treatment (75, 79, 222, 323, 330). Interestingly, resistance to anti-mitotic agents 

is in large part driven by tumor-associated macrophages (330, 331).  

 Macrophage infiltration in the primary tumor is a prognostic marker of poor clinical 

outcome in breast cancer (115, 284, 332). In contrast, increased CD45+ leukocyte 

infiltration is indicative of a more positive clinical outcome, even when high proportion of 

the CD45+ are CD68+ macrophages (333). Macrophages promote migration, angiogenesis 
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and metastasis of breast cancer and participate in immunosuppression (127, 289, 306, 332, 

334). Through tissue remodeling and the promotion of a pro-inflammatory tumor 

microenvironment, macrophages facilitate breast cancer progression (310, 335-337). Intra-

tumoral inflammation is associated with an increase in pro-inflammatory cytokines mainly 

driven by tumor-associated macrophages that promotes cancer progression (159, 166, 338-

341).  

 Multiple mechanisms promote the secretion of pro-inflammatory cytokines (159, 

215, 302, 342). In particular, the activation of inflammasomes, especially NLRP3 

inflammasomes, in macrophages has been shown to led to the secretions of IL-1β and IL18 

proinflammatory cytokines. Like most inflammasomes, the NLRP3 inflammasome is 

comprised of three protein subunits: the internal receptor, NLRP3, the adaptor protein, 

ASC1, and the effector caspase, caspase 1 (178).  NLRP3 inflammasomes are activated 

through pathogen-associated or damage-associated molecular patterns (163, 187, 208). 

Notably, NLRP3 is an internal receptor that does not interact directly with the activating 

ligand but relies on upstream signaling proteins, such as RACK1 (Receptor of Protein 

Kinase C Isoform βII) and the intercessor NEK7 (NIMA-associated kinase 7) (168). NEK7 

(c-terminal lobe) interacts between the LRR and NACHT domains of NLRP3, joining 

adjacent NLRP3, in response to ATP-triggered potassium efflux (172, 173). The joining of 

adjacent NLRP3 receptors triggered ASC1 interaction and the cleavage of pro-caspase 1 

and activation of caspase 1 (178). Caspase 1 then cleaves pro-inflammatory cytokines into 

mature IL-1β and IL-18, which in turn are secreted via pore formation or released into the 

extracellular space by pyroptosis (6, 193, 215, 216). 
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 Interestingly, pharmacological inhibition of the NLRP3 inflammasome using 

MCC950 limited head and neck and pancreatic cancer progression in preclinical models 

(312, 343-345). While the detailed mechanisms of actions of MCC950 remain unclear, 

MCC950 is viewed as a specific NLRP3 inhibitor (346). Studies suggest that the binding 

of MCC950 to NLRP3 forces the receptor into a closed and inactive conformation by 

interacting at a hydrophobic pocket of the Walker B ATP-hydrolysis motif of NLRP3 

preventing ATP hydrolysis needed for the conformational shift to an open position (347, 

348). This conformational constraint by MCC950 prevents a critical conformational 

change in NLRP3 necessary for NLRP3 and NEK7 interaction and subsequent 

oligomerization (347) and thereby limiting caspase activity and the production of mature 

IL-1β and IL-18. Remarkably, inflammasome activation participates to cancer 

chemotherapy resistance in cancer. Indeed, chemotherapy induced NLRP3 inflammasome 

activation in myeloid cells promoted immunosuppression (349-351).  

 Here, we assessed the inhibitory potential of the combination of the antimetabolite, 

5-Fluorouracil, and the NLRP3-specific inhibitor, MCC950, on tumor growth and immune 

cell infiltration in the 4T1 immunocompetent orthotopic preclinical murine model. Tumor 

growth and the presence of intra-tumoral immune cells was determined following MCC950 

and 5-FU treatment of syngeneic mice implanted with 4T1 tumor cells alone or co-

implanted with 4T1 tumor cells and syngeneic J774 macrophages. Our data indicate that 

macrophages supported tumor growth, and that tumor growth was significantly reduced in 

animals receiving the treatment combination of NLRP3 inflammasome inhibitor, 

MCC950, and 5-Flurouracil. Moreover, intratumorally, the MCC950 and 5-FU treatment 

was associated with a reduction in pro-inflammatory cytokine production, changes in 
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immune cell infiltration and a reduction of the pro-tumorigenic phenotype of infiltrating 

macrophages.  
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3.2. Methods  

Cell Culture 

 J774 monocyte macrophages were purchased from ATCC (Manassas, VA). 4T1 

cells (ATCC) are aggressive mammary cancer cells that mimic the later stage of breast 

cancer in humans (300). Cells were grown and cultured in DMEM supplemented with 

antibiotic, antifungal, and 10% of FBS (Atlanta biologic, Atlanta, GA).  

Macrophage Protein Expression 

 Seeded in 6-well plates (Greiner), once cells at confluence, the media was changed, 

and cells incubated in FBS-free media for 3 hours. J774 macrophages were then incubated 

for 6 hours with either negative control (FBS-free media alone), positive control (LPS 

5ug/ml + ATP 5mM) and 4T1 conditioned media. Afterwards, cells and supernatants were 

collected. Cells were fixed and used in flow-cytometry analyses. Both cell lysates and 

supernatants were processed as previously, and lysates and supernatants stored at -20°C 

until Western blots and cytokine measurements.  

Macrophages and Tumor Cell In Vitro Co-Cultures 

 For co-cultures 4T1 tumor cells and J774 macrophages (5:1) were seeded  in 6-well 

plates. Following a 3-hr incubation in FBS-free media, co-cultures were incubated with 

MCC950 (10μM; Selleckchem) and/or 5-Fluorouracil (1 μM, Sigma) for 6hrs and both 

supernatants and cell lysates collected. To assess cell proliferation, 4T1-dsRED 

(Ex:556nm, Em: 586nm) tumor cells and J774 macrophages (5:1)  were seeded in a 96-

well plate and treated with MCC950 (0, 1 or 10 μM) and/or 5-Fluorouracil (0, 0.5, 5 μM), 

Hoechst 33342 (Ex:350nm; Em:461nm) vital nuclear stain (1:2000) added. Changes in 

nuclear and dsRED (specific to 4T1 tumor cells) fluorescence were determined 
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immediately post-treatment and 4 days later using ID5 Spectramax reader (Molecular 

Device). Changes in 4T1dsRED proliferation was measured by dsRED fluorescence 4-

days post-treatment normalized to control (0 hour) .  

In Vivo Tumor Study  

 Immunocompetent Balb/c female 5-6 week-old mice (Jackson Laboratory) were 

implanted orthotopically in the mammary fat pad with syngeneic 4T1-RFP (0.1-106; Imanis 

Life Sci) with or without syngeneic J774 cells (ATCC) at a ratio tumor cells : macrophages 

of 5:1. Animals were then randomized and were administered IP either vehicle (sterile 

saline solution), the NLRP3 inflammasome inhibitor MCC950 (15μg/kg three time/weekly 

for three weeks) or the combination 5-Fluorouracil (daily for 4 days during the 1st week 

only) and MCC950 (15μg/kg three time/weekly for three weeks) (345, 346, 352, 353). 

Primary tumor growth was monitored twice weekly through IVIS fluorescence imaging 

and physical caliper measurements. On day 35 post-tumor implantation, primary tumors, 

blood, bones (femurs and tibias), spleen, liver, lungs were collected for further analyses. 

Obtained by cardiac puncture, blood samples were processed to obtain both plasma and 

blood cells. Plasmas were stored at -20°C until use, blood cell pellets, portions of primary 

tumors, liver, spleen, lungs were mechanically dissociated and sonicated in lysis buffer (T-

PER, ThermoFisher) supplemented with protease inhibitors (Roche Biologics). Bones 

were also mechanically grinded and associated proteins solubilized in lysis buffer. All 

lysate samples were stored at -20°C until use. A fraction of primary tumors was fixed in 

neutralized formalin embedded in paraffin and 5-6mm thick tissue slides obtained and 

utilized in histological and immunohistochemistry analyses as previously (354-357). 
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Immunohistochemistry 

 Paraffin embedded and formalin fixed tumor sections (5-6mm thick) were 

processed to remove paraffin, enhance antigen access through incubation in antigen 

retrieval solution (Dako). After a blocking incubation step (with BSA 1% in TBS Tween 

20) tumor tissues were incubated overnight in humidified chamber in the presence of either 

Ki67 (1:100 in blocking buffer, Santa Cruz Biotech.) or active Caspase 3 (1:100 in blocking 

buffer, Santa Cruz Biotech.) as previously (354). Following wash, tissue slides were 

incubated with HRP-conjugated secondary antibody and the presence of the protein was 

revealed through incubation with DAB (Impact DAB stain, Vector) following 

manufacturer’s recommendations. Tissue slides were lightly counterstained with 

hematoxylin (Vector), dehydrated through successive incubations in alcohol and xylene 

and then mounted using a mounting solution (Vector) and slipcovers (Fisher scientific). 

After hardening of the mounting media, tissue slides were assessed by microscopy (IX70 

and imaging system with mounted DP70 camera, Olympus). For each tumor, the entire 

tumor tissue was microphotographed with overlapping edges and composite 

microphotograph obtained. Composite microphotographs were analyzed for active caspase 

3 expression through assessments of DAB staining using Image J and DAB stain plugin 

(NIH). Both intensity and distribution (tumor area covered in %) were recorded and 

normalized to tumor size. Necrotic regions were excluded.  

Immunoblots 

 Further, expressions of specific proteins associated with tumor growth, and 

macrophage phenotype and NLRP3 signaling pathways were determined using Western 

dot-blot immunodetection. Briefly, lysate samples were diluted with the cationic detergent, 
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cetyltrimethylammonium bromide (CTAB, 10mM) (355) and then loaded onto a 

nitrocellulose membrane (GE healthcare) using a dot-blot apparatus (ThermoFisher). After 

ponceau staining (Sigma) to verify and estimate protein loading, membranes were blocked 

in 5% fat-free milk in Tris buffer (25mM Tris HCl, 137mM NaCl, 2.7mM KCl pH= 7.4, 

Boston Bioproducts) supplemented with 0.1% Tween 20 (Sigma). All antibodies used were 

diluted in the blocking buffer. Variations in protein contents in in vivo tumor lysates (4ml 

per dot), in vitro cell lysates (10ml/dot) and in vitro cell supernatants (50ml per dot) were 

assessed with following primary antibodies with specificity to NLRP3 (1:1000 R&D 

Systems, Inc.), ASC1, cleaved caspase 1, Gasdermin D, arginase, iNOS, IL-1β, IL-18, 

cytokeratin 19, CD68, CD45, Ki67 and active caspase 3, respectively. All primary 

antibodies were obtained from Santa Cruz Biotechnology (San Cruz, CA) and diluted 1/500 

in blocking buffer unless noted. Secondary conjugated with HRP were from Jackson 

Immunological Laboratories and were diluted 1/2000 in blocking buffer. Following the 

blocking step, membranes were incubated overnight with the primary antibody (4°C, under 

gentle shaking), then after multiple washes, membranes were incubated with the 

appropriate specie secondary HRP-conjugated antibody for 1-2 hrs in the same conditions. 

After washes, the presence of protein of interest was revealed using ECL (Biorad) and 

chemiluminescence signal recorded using the MP Imaging system (Biorad). Protein 

expression was normalized to protein loading and quantified using FIJI Image J and the 

Protein Array Analyzer plugin (NIH). For in vivo tumor samples, data are presented as 

percent of the expression observed in the control group. 
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Statistical Analysis 

 All statistical analyses were completed using Prism 9.0 (GraphPad). Data are 

presented as mean ± SEM. Differences between groups were analyzed using two-way 

ANOVAs and Fisher’s LSD test to compare drug and cell co-culture effects. Significance 

is reported as *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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3.3. Results  

The NLRP3 Inhibitor MCC950 Alone or Combined with 5-FU Prevented In Vitro 4T1 

Tumor Cell Growth. 

 The growth of 4T1-dsRED tumor cells alone or co-cultured with syngeneic J774 

macrophages (tumor : macrophage at a 5:1 ratio) was determined based on the constitutive 

expression of dsRED by 4T1 cells in the presence of increasing doses of MCC950 (0-

10μM) and 5-FU (0-5μM). Growth of 4T1 tumor cells cultured alone was dose-

dependently and significantly reduced following treatment with 10μM MCC950 (p<0.01, 

Fig. 3.1.A). Notably, incubation with 5-FU regardless of the concentrations tested (0-5μM) 

had no significant effect on the growth of 4T1 tumor cells (Fig. 3.1.A). 

 Proliferation of 4T1 tumor cells when in co-culture with J774 macrophages was 

similarly reduced when treated with MCC950 (Fig. 3.1.B, p<0.1). However, no dose-

dependent decrease in tumor growth was detected (Fig. 3.1.B). Moreover, the decrease in 

4T1 growth tended to be blunted in the presence of J774 macrophages. Separately, the 

proliferation of J774 macrophages was assessed when treated with either MCC950 and/or 

5-FU in similar conditions (Supplemental Fig. 3.1.) and was only marginally decreased 

(<10%, Supplemental Fig. 3.1.).  

MCC950 and 5-FU Treatment Decreased NLRP3 Inflammasome Protein Complex 

Expression 4T1 Tumor Cells Alone and in Co-Culture with J774 Macrophages. 

 To address whether the MCC950 and 5-FU treatments modulated NLRP3 

inflammasome activation in 4T1 tumor cells, 4T1 cells alone were incubated with MCC950 

and 5-FU and NLRP3 inflammasome protein expression assessed. NLRP3 receptor 

expression was reduced treated with MCC950 (Fig. 3.2.A, p<0.05). Intriguingly, when 4T1 
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tumor cells were treated with 5-FU alone, the expression of the NLRP3 receptor was 

increased compared to control (Fig. 3.2. A, p<0.05). Neither the ASC1 nor the active 

caspase-1 expression were significantly altered regardless of MCC950 and 5-FU dose 

tested in the 4T1 tumor cells cultured alone (Fig. 3.2.BC).  

 In co-culture with J774 macrophage (tumor : macrophage ratio 5:1) NLRP3 

expression was also reduced in the presence of MCC950 whereas 5-FU treatment promoted 

NLRP3 expression (Fig 3.2.A, P<0.05). ASC1 expression also tended to be higher when 

co-cultures were treated with 5-FU (Fig 3.2.B, n.s.). Both MCC950 and 5-FU promoted 

active caspase 1 expression (Fig. 3.2.C, p<0.05). 

MCC950 and 5-FU Treatment of 4T1 Tumor Cells Alone and in Co-Culture with 

J774 Macrophages Decreased Pro-Inflammatory Cytokine Secretions. 

 Regardless of MCC950 or 5-FU treatment, IL-1β secretions in vitro culture 4T1 

tumor cells alone or co-culture of 4T1 tumor cells with J774 macrophages were not altered 

(Fig. 3.3.A, n.s.). In contrast, IL-18 secretions were decreased following MCC950 

treatments in both culture of 4T1 tumor cells alone or in combination with J774 

macrophages (Fig. 3.3.B). Interestingly, in the presence of 5-FU, the decrease in IL-18 

secretion associated with MCC950 treatment was blunted (Fig. 3.3.B).  

In the 4T1 Pre-Clinical, Immunocompetent, Murine Model the Combination 

MCC950 and 5-FU Regimen Reduced Primary Tumor Growth. 

 The potential of a MCC950 and 5-FU regimen in the orthotopic 4T1 pre-clinical 

immunocompetent murine model implanted with 4T1 cells alone or with the mix 4T1 

tumor cells (Fig. 3.4.AC) and syngeneic J774 macrophages (Fig. 3.4.BD) at a tumor cell : 

macrophage 5:1 ratio was assessed. J774 macrophages present a functional NLRP3 
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inflammasome (313). Treatment with MCC950 alone tended to increase tumor growth 

regardless of whether 4T1 tumor cells were implanted alone or combined with syngeneic 

J774 macrophages (at a 5:1 ratio) compared to vehicle control (saline) (Fig. 3.4.ABCD). 

Notably, the combination 5-FU (20 μg/kg) and MCC950 (15μg/kg) significantly reduced 

tumor growth, especially compared to MCC950 alone treatment (Fig. 3.4.ABCD, p<0.05). 

Interestingly, Kaplan-Meier plots associated with tumor mass reaching 150 mm3 confirm 

that with 4T1 cell alone, MCC950 treatment was associated with 4T1 tumor mass reaching 

150 mm3 earlier than in either saline (control) or MCC950+5-FU treatment groups (p=0.04, 

log rank Fig. 3.4.E)). In animals implanted with the 5:1 mix of 4T1 tumor cells and J774 

macrophages, both saline and MCC950 treatment led to rapid increase in tumor weights 

compared to animals receiving the MCC950+5-FU combined regimen (p=0.02, log rank 

Fig. 3.4.F). Importantly, in mice treated with saline, the co-implantation with J774 

macrophages led to significant increased tumor growth (p=0.05, log rank Supplemental 

Fig. 3.2.). 

 Immunostaining tumors for caspase 3, a marker of apoptosis, showed diffuse 

apoptosis and a dense apoptotic core in tumors from animals treated with the combination 

regimen (Fig. 3.5.AB). The net tumor cell growth evaluated through the Ki67 to active 

caspase 3 ratio tended to increase in animals co-implanted with 4T1 and J774 and treated 

with MCC950 alone or in combination with 5-FU (Fig. 3.5.D, n.s.).  

The MCC950 + 5-FU Combination Reduced Cytokeratin 19 and Total Leukocyte 

Infiltration in Mice Co-Implanted with 4T1 Tumor Cells and J774 Macrophages.  

 As expected, expression of cytokeratin 19 (CK19) a marker of 4T1 tumor cells was 

associated with tumor weight (R2=0.29, p<0.001; Supplemental Fig. 3.3.) especially in 
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mice co-implanted with 4T1 tumor cells and J774 macrophages. Most notably, the 

MCC950 + 5-FU regimen led to a drastic decrease in the tumor mass in the co-implanted 

mice whereas the MCC905+ 5-FU regimen had no effect on CK19 expression in animal 

implanted with 4T1 tumor cells alone (Fig. 3.6A).  

 The presence of immune cells was also determined. CD45 expression was high in 

tumor derived from co-implantation of 4T1 tumor cells and J774 (CD45+) macrophages in 

the control group but decreased significantly following treatment with the combination 

MCC950±5-FU (p<0.05; Fig. 3.6.B). Moreover, CD68 expression, a marker of mainly 

macrophages was high regardless of treatment in tumors derived from co-implantation of 

4T1 cells and J774 macrophages regardless of treatment (Fig. 3.7.A). Notably, in tumors 

derived from the implantation of 4T1 cells alone, MCC950 treatment led to a significant 

increase in CD68+ expression not observed following the combination treatment (Fig. 

3.7.A, p<0.05). No change was detected in the CD206 mannose receptor expression, 

mainly associated with the M2 macrophage phenotype, in tumors derived from the 

implantation of 4T1 cells alone regardless of treatment. In tumors derived from the co-

implantation of 4T1 tumor cells + J774 macrophages the dual MCC950±5-FU treatment 

led to a significant decrease in CD206 expression (p<0.05, Fig. 3.7.B). 

 Moreover, the ratio CD68/CD45 tended to be decreased by MCC950 alone or in 

combination with 5-FU treatments in tumor derived from 4T1 tumor cells alone (Fig. 

3.7.C). In contrast, the CD68/CD45 ratio assessing the proportion of macrophages tended 

to be increased in tumor derived from co-implantation of 4T1 and J774 cells by MCC950 

alone or in combination with 5-FU treatments (Fig. 3.7.C). Lastly, arginase : iNOS 

expression ratio, a marker of macrophage phenotype tended to be decreased following the 
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MCC950+5-FU combination but only in tumor derived from the co-implantation of 4T1 

and J774 cells (Fig. 3.7.D). 

The MCC950 + 5-FU Combination Reduced Intra-Tumoral Secretions of Pro-

Inflammatory IL-1β and IL-18 Cytokines in Mice Co-Implanted with 4T1 Tumor 

Cells and J774 Macrophages.  

 Inflammasomes including NLRP3 inflammasomes participate in the secretion of 

IL-1β and IL-18 pro-inflammatory cytokines (141, 186). No difference in either IL-1β or 

IL-18 expression was detected in the tumors derived from 4T1 tumor cells orthotopic 

implantation regardless of treatment (Fig. 3.8.AB). In contrast, expression of IL-1β and IL-

18 tended to be higher in the tumor derived from co-implantation of 4T1 and J774 cells 

following control (saline) and MCC950 alone treatment. Interestingly, the combination 

MCC950±5-FU treatment led to significant decreases in both IL-1β and IL-18 expressions 

in tumor resulting from the co-implantation of 4T1 and J774 cells (Fig. 3.8.AB, p<0.05),   
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3.4. Discussion  

 Breast cancer progression is favored by a pro-inflammatory, pro-tumorigenic tumor 

microenvironment (121, 130, 357-359). In particular, the presence of macrophages with 

activated NLRP3 inflammasome that trigger secretion of pro-inflammatory cytokines 

especially IL-1β and IL-18 has been associated with primary tumor growth and metastases 

(159, 230, 231, 243, 311, 360). Decreasing local inflammation has been associated with 

reduced tumor growth including in breast cancer preclinical models (361, 362). 

 Here, we investigated the effects of the combination of a specific NLRP3 

inflammasome inhibitor, MCC950, and the chemotherapeutic, 5-Fluorouracil on 4T1 

orthotopic growth in an immunocompetent murine model (352, 357). As the 4T1 murine 

model is associated with limited macrophage infiltration, co-implanted 4T1 and syngeneic 

J774 macrophages to more closely mimic macrophage infiltration in breast tumor. In 

addition, we assessed 4T1 tumor cell and J774 macrophage proliferation and NLRP3 

inflammasome activation in vitro following treatment with MCC950 and 5-FU in vitro as 

previously (345, 346, 352, 353). Strikingly, our data indicate that the NLRP3 inhibitor 

MCC950 alone or in combination with 5-FU decreased NLRP3 inflammasome protein 

complex expression and prevented 4T1 tumor cell growth in vitro whereas 5-FU alone did 

not. The MCC950 and 5-FU combination treatment also decreased the pro-inflammatory 

cytokine secretions of 4T1 tumor cells as well as when in co-culture with J774 

macrophages. In vivo, the growth of the primary mammary tumor derived from 

orthotopically co-implanted 4T1 cells alone or in combination with 20% of syngeneic 

macrophages was decreased by MCC950 and 5-FU combination treatment. In 4T1 and 

J774 co-implanted mice only, the combined treatment also reduced cytokeratin 19 and 
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CD45+ leukocyte intra-tumoral infiltration as well as intra-tumoral secretions of pro-

inflammatory IL-1β and IL-18 cytokines. 

 In vitro, 5-FU treatment at the doses tested had no significant effect on the 

proliferation of either macrophages or 4T1 tumor cells or of co-culture of 4T1 tumor cells 

with J774 macrophages. Interestingly, tumor cells cultured alone were more susceptible to 

MCC950 treatment than when co-cultured with J774 macrophages. 5-FU has been shown 

to activate the NLRP3 inflammasome through cathepsin B release and ROS generation 

blunting the anticancer efficacy (350, 363-365). Our data indicate that 5-FU treatment 

promoted the expression of active caspase 1 activation in an in vitro co-culture of 4T1 and 

J774 cells. However, of the pro-inflammatory cytokine associated with NLRP3 activation, 

only IL-18, but not IL-1β secretions, were affected possibly because, in contrast with IL-

1β, IL-18 is constitutively produced (211-214). 

 In vivo, treatment with MCC950 alone promoted tumor growth whereas the 

combination MCC950 and 5-FU treatment led to marginally reduced apoptosis. Our data 

confirm the prior observation that NLRP3 inflammasome inhibition with andrographolide 

sulfonate combined with 5-FU inhibited tumor growth in vivo (363). Moreover, only 

animals co-implanted with J774 macrophages experienced decreased tumor growth when 

treated with the NLRP3 specific inflammasome inhibitor MCC950, combined with 5-FU 

confirming that inhibition of the NLRP3 inflammasome in myeloid linage cells, 

specifically myeloid-derived suppressor cells, limited tumor growth (363).  

 Our data also highlights that tumors derived from mice co-implanted with 4T1 

tumor cells and J774 macrophages following the combination MCC950 and 5-FU 

treatment displayed significantly reduced leukocyte infiltration although with an elevated 
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macrophage proportion. That observation mimics the effects of NLRP3 inflammasome 

inhibition using BAY 11-7082 and MCC950 leading to reduced leukocyte infiltration – an 

effect lost when myeloid lineage cells were depleted (366, 367). Furthermore, in an in vivo 

model of head and neck small cell carcinoma, MCC950 NLRP3 inflammasome blocking 

reduced infiltrating MDSCs, regulatory T cells and tumor-associated macrophages and, 

lead to smaller tumors (343). This may explain why the decrease in intra-tumoral CD45 

expression is observed in tumors derived from the co-implantation of 4T1 tumor cells and 

J774 macrophages, but not in tumors derived from the implantation of 4T1 tumor cells 

alone, treated with both MCC950 and 5-FU, but in the MCC950 only treatment arm 

remains unaffected.  Although not investigated here, immune checkpoint alterations 

following MCC950 or 5-Fluorouracil treatment have been demonstrated previously (338, 

353, 368) and may actively participate in the tumor progression noted here possibly 

through immune checkpoint inhibition and anergy.  

 Overall, our studies demonstrated that the combination of the NLRP3 

inflammasome inhibitor MCC950 and the chemotherapeutic 5-Fluorouracil at a relatively 

low dose altered inflammasome activation, leukocyte infiltration and limited tumor growth 

in an immunocompetent, orthotopic, breast cancer, pre-clinical model modified to include 

syngeneic macrophages with functional NLRP3 inflammasomes.  
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3.5. Figures  

 

 

 

Figure 3.1. 4T1 Tumor Cells are Less Sensitized to MCC950 when Co-Cultured with 
J774 Macrophages. 4T1 tumor cells and J774 macrophages were co-cultured for 4 days 
with NLRP3 Inflammasome inhibitor, MCC950, and chemotherapeutic, 5-Fluorouracil (5-
FU). Florescence of dsRED (4T1 tumors) and Hoechst (nuclei) normalized to the media 
alone control of  A. 4T1 tumor cells alone and B. 4T1 and J774 co-culture. 4T1 were more 
sensitive to higher dose MCC950 when cultured alone and less sensitive when cultured 
with J774 macrophages. *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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Figure 3.2. Co-Cultures of 4T1 Tumor Cells and J774 Macrophages Expressed Less 
NLRP3 Receptor When Treated with MCC950 and the Addition of 5-Fluorouracil is 
Inflammasome Activating. Immunoblot quantification normalized to the 4T1 tumor cell 
alone negative control of A. NLRP3, B. ASC1 and C. caspase 1 of 4T1 tumor cells cultured 
alone or in a 5:1 co-culture with J774 macrophages and treated with MCC950 of 5-
Fluorouracil (5-FU) for 6 hours. *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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Figure 3.3. Co-Cultures of 4T1 Tumor Cells and J774 Macrophages Secreted Less IL-
18 When Treated with MCC950 and the Addition of 5-Fluorouracil is Inflammasome 
Activating. Immunoblot quantification normalized to the 4T1 tumor cell alone negative 
control of A. IL-1β and B. IL-18 of 4T1 tumor cells cultured alone or in a 5:1 co-culture 
with J774 macrophages and treated with MCC950 of 5-Fluorouracil (5-FU) for 6 hours. 
*** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1 
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Figure 3.4. In an Immunocompetent Mouse Model, the Combination of MCC950 and 
5-Fluorouracil Decreased 4T1 Tumor Growth. Tumor size by caliper measurement of 
A.  the 4T1 tumor cells alone and B.  4T1 tumor cell co-implanted with J774 macrophages 
and treated with PBS (black), MCC950 (blue) and MCC950 and 5-Fluorouracil (red). 35-
day endpoint tumor weight C. of mice implanted with 4T1 tumor cells alone and D. 4T1 
tumor and J774 cells co-implanted. And time (days) to reach a minimum tumor size of 
150mg for E. 4T1 alone and F. 4T1 co-implanted with J774 macrophages. The lowest 
tumor weight is in mice co-implanted with 4T1 tumor cells and J774 macrophages and 
treated with the combination of MCC950 and 5-Fluorouracil (5-FU). *** p<0.001, ** 
p<0.01, * p<0.05 
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Figure 3.5. Cell Death is Elevated When Mice Implanted with 4T1 Tumor Cells Alone 
are Treated with MCC950 and 5-FU, an Effect Opposite of That Demonstrated in 
4T1 and J774 Co-Implanted Mice. A. Microphotographs of active caspase 3 expression 
(red) representative of 4T1 and 4T1 and J774 co-implanted animals treated with MCC950 
and MCC950 combined with 5-Fluorouracil (5-FU) and B. Microphotograph 
quantification of active caspase 3 expression relative to area showing reduced caspase 3 
expression in co-injected animals treated with MCC950 and 5-FU. Immunoblot 
quantification normalized to the saline-treated, 4T1 alone control of C. Ki67 and D. 
Caspase 3 of mice implanted with 4T1 tumor cells alone or with J774 macrophages (5:1) 
and treated with MCC950 or MCC950 and 5-Fluorouracil (5-FU) in combination. ** 
p<0.01, * p<0.05, (*) p<0.1 
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Figure 3.6. Immune Cell Infiltration of Tumors is Altered by Macrophage Co-
Implantation and MCC950 and 5-FU Treatment. Immunoblot quantifications 
normalized to the saline-alone, 4T1 tumor cell only treatment group of A. cytokeratin 19 
and B. leukocyte marker CD45 in tumor lysates collected at the 35-day endpoint of mice 
implanted with 4T1 tumor cells alone or with J774 macrophages and treated with MCC950 
or MCC950 and 5-Fluorouracil (5-FU). * p<0.05, (*) p<0.1 
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Figure 3.7. The MCC950 and 5-Fluorouracil Combination Reduced the Pro-
Tumorigenic Phenotype of Tumor Infiltrating Macrophages. Immunoblot 
quantifications normalized to the saline-alone, 4T1 tumor cell only treatment group of A. 
macrophage marker, CD68, B. pro-tumorigenic marker CD206, C. the ratio of 
macrophages to total leukocytes and D. the arginase to iNOS expression ratio in tumor 
lysates collected at the 35-day endpoint of mice implanted with 4T1 tumor cells alone or 
with J774 macrophages and treated with saline, MCC950 or MCC950 and 5-Fluorouracil 
(5-FU). * p<0.05, (*) p<0.1 
 

 

 

 

 

0

100

200

300

400

500

C
D

68

✱

MCC950
5-FU -

+
+

-
- -

+
+

-
-

4T1R + J7744T1R

+ +

0

50

100

150

200

A
rg

in
as

e 
: i

N
O

S

ns(*)

MCC950
5-FU -

+
+

-
- -

+
+

-
-

4T1R + J7744T1R

+ +

0

100

200

300

C
D

20
6

ns(*)

MCC950
5-FU -

+
+

-
- -

+
+

-
-

4T1R + J7744T1R

+ +

0

50

100

150

200

250

C
D

68
 : 

C
D

45

MCC950
5-FU -

+
+

-
- -

+
+

-
-

4T1R + J7744T1R

+ +

A B

C D



 98 

 

 

 

Figure 3.8. The MCC950 and 5-Fluorouracil Combination Reduced the Pro-
Inflammatory Cytokine Secretion. Immunoblot quantifications normalized to the saline-
alone, 4T1 tumor cell only treatment group of A. IL-1β and B. IL-18 in tumor lysates 
collected at the 35-day endpoint of mice implanted with 4T1 tumor cells alone or with J774 
macrophages and treated with saline, MCC950 or MCC950 and 5-Fluorouracil (5-FU). * 
p<0.05, (*) p<0.1 
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3.6. Supplemental Figures  

 
 
 

 
Supplemental Figure 3.1. J774 Macrophage Proliferation was Reduced by the 
Combination of MCC950 and 5-Fluorouracil. J774 macrophages were treated with 
MCC950 and 5-Fluorouracil (5-FU) and cultured for 4-days. Hoechst nuclear stain was 
used to assess macrophage proliferation. Data was normalized to the Hoechst reading at 0 
hours and is displayed as mean± SEM. Analysis conducted on Prism by 2-way ANOVA 
and Fisher’s LSD *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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Supplemental Figure 3.2. 4T1 Tumor Cell Growth is Accelerated by the Co-
Implantation of J774 Macrophages. 4T1 tumor cells were injected into the mammary fat 
pad of Balb/c mice alone or with J774 macrophages. Tumors of mice co-injected with J774 
macrophages (green) reached a median minimum size of 150mg by 20 days, while mice 
injected with 4T1 tumor cells alone (purple) failed to reach the median minimum size of 
150mg by the 35-day endpoint. Log rank test p value derived from Prism statistical 
analysis. 
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CHAPTER 4. BLOCKING P2RX7 ATP RECEPTOR SIGNALING AND GASDERMIN 

D PORE FORMATION LIMITS NLRP3 INFLAMMASOME-INDUCED PRO-

TUMORIGENIC MACROPHAGE POLARIZATION. 

4.1. Introduction  

 One in every 8 women will be diagnosed with breast cancer in their lifetime (282). 

Elevated infiltration of macrophages into breast tumors is associated with decreased overall 

survival (115, 123, 284). Tumor-macrophage crosstalk promotes growth and dissemination 

of tumors by a variety of processes including secretions promoting tumor growth, 

angiogenesis, and extracellular matrix (ECM) remodeling (112, 130, 134, 289, 332). 

Macrophages display a highly plastic phenotype associated with a spectrum of functions 

ranging from inflammation promotion with cytotoxic activities (M1-like) to inflammation-

resolution with tissue-repair and remodeling activities (M2-like) (134).  

 Tumor-macrophage crosstalk shifts macrophages toward a tumor-supporting, M2-

like phenotype (285). Several markers have been proposed to characterize macrophage 

phenotype and, of them, the metabolism of arginine by arginase or inducible nitric oxide 

synthase (iNOS) is the most widely accepted (289, 290). Cytotoxic, anti-tumor 

macrophages express more iNOS and MHC class II and participate in complement-

mediated phagocytosis (289-291). Conversely, immunosuppressive, tumor promoting 

macrophages express elevated arginase (289, 290). Additionally, innate immune cells such 

as macrophages regulate the inflammatory microenvironment in breast cancer through the 

secretion of  cytokines.  

 NLRP3 inflammasome activation is one of the mechanism by which an 

inflammatory microenvironment is achieved (345). The NLRP3 inflammasome consists of 
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an internal receptor (NLRP3), an adaptor (ASC1) and an effector caspase (caspase 1) (172) 

and is activated in response to variety of stimuli, such as lipopolysaccharide and 

extracellular ATP (179, 276, 341). Extracellular ATP interacts with the ATP-ligand-gated 

cationic channel receptor, P2RX7 and the binding triggers the opening of the channel and 

the flux of sodium and calcium ions (369). P2RX7 receptor activation drives the 

recruitment of pannexin-1 and the formation of hemi-channel responsible for potassium 

efflux that induces NLRP3 inflammasome activation (184). Following NLRP3 

inflammasome oligomerization, caspase 1 becomes activated and cleaves IL-1β and IL-18 

into their active mature forms (159).  

 Beside cytokine maturation, caspase 1 also activates gasdermin D (GSDMD) 

through cleavage at Asp276 in mice (Asp275 in humans). The N-terminal fragment 

(GSDMD-NT) oligomerizes at the membrane to form pores through interactions with the 

inner leaflet of the plasma membrane (216, 217). Electrochemical interactions within the 

GSDMD pore favors the secretion of mature IL-1β and IL-18, preventing pro-IL-1β and 

pro-IL-18 secretions (218). Gasdermin D amplification occurs in 14.36% of breast cancers 

and is associated with a 15.31-month reduction in median overall survival (247-274).  

 Pharmacological inhibition of NLRP3 inflammasome-derived cytokine secretion 

may be achieved by inhibiting ATP signaling leading to cytokine maturation and by 

limiting secretion via gasdermin D inhibition. For example, the chemical inhibitor 

A438079 functions by competitively blocking ATP interaction with P2RX7. Indeed, 

incubation with A438079 prior to activation with LPS treatment was demonstrated to 

impair NLRP3 activation by limiting potassium flux in monocytes (341, 369). 
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Additionally, in vivo A438079 treatment reduced IL-18-inducible IFN-γ serum levels 

(277).  

 Disulfiram is clinically approved for the treatment of chronic alcoholism (370). 

Continuous use of disulfiram for the treatment of alcohol dependency is associated with a 

34% reduction in cancer death rate compared to those who discontinued disulfiram use 

(371) supporting the therapeutic potential of disulfiram in cancer (372, 373). Interestingly, 

disulfiram targets Cys192 of mouse GSDMD (i.e., Cys191 of human GSDMD) – a critical 

AA residues for the pore formation – and prevents the cleavage of GSDMD (374).  

 Previously, we demonstrated that NLRP3 inflammasome components were 

differentially expressed by macrophages and that NLRP3 inflammasome activation is 

associated with a pro-tumorigenic macrophage phenotype in vivo. Whether reducing 

NLRP3 inflammasome-driven cytokine secretion through either blocking ATP-induced 

cytokine maturation and inhibiting GSDMD-mediated cytokine secretion would alter 

macrophage polarization is unclear. Here, we demonstrate that both A438079 and 

disulfiram alter the macrophage secretion of IL-1β and IL-18 and limit the NLRP3 

inflammasome activation driven pro-tumorigenic macrophage phenotype.  
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4.2. Methods 

Cell Culture  

 J774 monocyte macrophages were purchased from ATCC (Manassas, VA). Cells 

were grown and cultured in DMEM supplemented with antibiotic, antifungal, and 10% of 

FBS (Atlanta biologic, Atlanta, GA). Prior to treatment with negative control (FBS-free 

media), positive control (LPS 5μg/mL + ATP 5mM) and 4T1 conditioned media, with or 

without 100μM A438079 (Selleckchem) or 10μM disulfiram (Selleckchem), J774 cells 

were incubated in FBS-free media (0% FBS) for 3 hours. Cells were then harvested for 

flow-cytometry and immunohistochemistry analyses. Additionally, both cell lysates and 

supernatants were collected and stored at -20°C until use in Western blots and cytokine 

measurements.  

Immunoblots  

For western dot-blots, in vivo tumor lysates, macrophage lysates and macrophage 

supernatants were diluted in a loading buffer with 10mM CTAB detergent and loaded onto 

45μm nitrocellulose membranes (GE) using a dot-blot apparatus (ThermoFisher). 

Membranes were assessed for protein loading using Ponceau (Sigma) staining and then 

blocked in 5% milk TBS – Tween 20 buffer (Boston Biologicals). After blocking, blots 

were incubated with primary antibodies against NLRP3 (1:1000; R&D Systems, Inc.), 

ASC1 (1:600; Santa Cruz Biotech.), cleaved caspase 1 (1:500; Santa Cruz Biotech.), 

arginase (1:500; Santa Cruz Biotech), iNOS (1:500; Santa Cruz Biotech), IL-1β (1:500; 

Santa Cruz Biotech.), IL-18 (1:500; Santa Cruz Biotech.) overnight at 4°C under gentle 

rocking. After removal of the primary antibody and washes in TBST buffer, blots were 

incubated with species-specific secondary HRP conjugated antibody for 1hr in similar 
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conditions. After secondary antibody removal and multiple TBST buffer washes, the 

presence of the protein of interest was revealed following incubation with ECL substrate 

(Biorad) and detection using the MP Bioimager (Biorad). For each blot, protein signal was 

quantified using Image J and Protein Array Analyzer plugin (NIH). Protein expressions 

were normalized to protein loading defined by ponceau staining. In addition, protein 

expression detected in in vivo tumor lysates were normalized average expression in control 

animals implanted with 4T1 cells alone and treated with saline (control conditions).   

Phagocytic Assay  

 J774 cells were grown to confluency in a 96-well plate and treated with negative 

control (media alone), positive control (LPS 5μg/mL + ATP 5mM), 4T1 conditioned media 

and100μM A438079 or 10μM disulfiram for 6 hours. Red fluorescent beads (10μm 

FluoroMax, ThermoScientific) and Hoechst (Molecular Probes) were added at ~6 hours 

after the initial treatment and washed after 30 minutes. Media was replaced with PBS and 

readings at both 360/460 and 530/580 excitation/emission wavelengths measured cell 

concentration and phagocytosis through Hoechst nuclear dye and red fluorescence, 

respectively. A phagocytosis index defined as the bead fluorescence relative to cell 

concentration / number (based on Hoechst nuclear intensity or number) normalized to 

control conditions was used to quantify phagocytosis. Microphotographs were obtained 

using a IX71 microscope fitted with a DP70 camera and software (Olympus). 

Representative overlapping composite microphotographs were generated using ImageJ 

(NIH). 
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Statistical Analysis  

 All statistical analysis was completed using GraphPad Prism. Data are presented as 

mean ± SEM. Differences between groups were analyzed using one-way ANOVAs and 

Fisher’s LSD test. Significant differences between treatment groups are reported as 

(*)p<0.1, *p<0.05, ** p<0.01 and *** p<0.001.  
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4.3. Results 

J774 Macrophages Expressed Inducible and Functional NLRP3 Inflammasomes. 

 NLRP3 inflammasomes are expressed by J774 macrophages. The expression of the 

internal receptor, NLRP3 and cleaved caspase 1 were slightly increased following 

treatment with known NLRP3 inflammasome activators, LPS and ATP, and tumor 

conditioned media, 4T1 conditioned media (Fig. 4.1.AC, n.s.). Additionally, expression of 

ASC1 and IL-18 secretion were both marginally increased with 4T1CM treatment (Fig. 

4.1.BF, p<0.1 and p<0.05 respectively). 

 Furthermore, the expression of pore-forming gasdermin D is remarkably increased 

following LPS and ATP treatment (Fig. 4.1. D, p<0.05). Consequentially, the secretion of 

IL-1β was elevated by LPS and ATP (Fig. 4.1. E, p<0.01).  

NLRP3 Inflammasome Activation was Associated with Pro-Tumorigenic 

Macrophage Phenotype. 

 NLRP3 inflammasome activating treatments shifted macrophages toward a tumor-

promoting phenotype. Inflammasome activating LPS+ATP led to a 4-fold increase 

arginase expression by J774 macrophages (Fig. 4.2. A, p<0.001). Meanwhile, both LPS 

and ATP and 4T1 conditioned media moderately increased iNOS expression (Fig. 4.2. B, 

p<0.01 and p<0.05 respectively). Importantly, the arginase to iNOS expression ratio 

increased 2-fold following LPS+ATP treatment (Fig. 4.2. C, p<0.001).  

 Pro-tumorigenic macrophages also exhibited impaired phagocytosis. Following 

LPS and ATP treatment, which increased IL-1β secretion, bead phagocytosis was reduced 

2-fold compared to the negative control (Fig. 4.2. D, p<0.001). Moreover, 4T1CM also 

reduced phagocytosis by roughly 25% compared to media alone (Fig. 4.2. D, p<0.01). 
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The P2RX7 Antagonist, A438079, Altered Macrophage Pro-Inflammatory Cytokine 

Secretions.  

 Treatment of macrophages with the P2RX7 antagonist, an inhibitor of NLRP3 

inflammasome activating K+ efflux (375), had limited effects on LPS+ATP treatment 

driven ASC1 expression or caspase-1 activation, with expression of both marginally 

increased (Fig. 4.3.BC). Additionally, LPS+ATP treatment marginally increased GSDMD 

macrophage expression regardless of P2RX7 inhibition (Fig. 4.3.E, p<0.1). While 

intracellular IL-1β expression remained unaltered following LPS+ATP treatment 

combined with P2RX7 inhibition, IL-1β secretion was increased in response to LPS+ATP 

treatment (Fig. 4.4.A, p<0.05). Furthermore, the IL-1β intracellular to IL-1β secreted ratio 

was elevated following combination treatment with LPS+ATP and A438079 (Fig. 4.4.C, 

n.s.). Similarly, the ratio of IL-18 intracellular to IL-18 secreted ratio was marginally 

increased following P2RX7 antagonist treatment (Fig. 4.4.D, p<0.1).  

P2RX7 Antagonist, A438079, Limited the NLRP3 Inflammasome Activation Driven 

Pro-Tumorigenic Macrophage Phenotype. 

 P2RX7 antagonist treatment increased iNOS expression by 50% compared to 

LPS+ATP treatment alone (Fig. 4.5.B, p<0.05). While arginase expression was not 

significantly altered by A438079 treatment, the arginase to iNOS expression ratio was 

reduced when treatment with A438079 was added to LPS+ATP NLRP3 inflammasome 

activation driven macrophages compared to LPS+ATP, NLRP3 inflammasome activation 

driven macrophages (Fig. 4.5.C, p<0.001). Moreover, the P2RX7 inhibition by A438079, 

partially abrogated the LPS+ATP, NLRP3 inflammasome activation driven reduction in 

phagocytosis (Fig. 4.5.D, p<0.01). 
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Disulfiram Reduces Cytokine Secretion without Limiting NLRP3 Inflammasome 

Expression.  

 Disulfiram, a drug that prevent gasdermin D pore formation (374), was assayed on 

macrophages with NLRP3 inflammasome activated with either the LPS and ATP mix or 

4T1 conditioned media. Disulfiram did not reduce the expression of macrophage NLRP3 

expression even when treated with the NLRP3 inflammasome activator LPS and ATP 

treatment (Fig. 4.6.A). However, disulfiram treatment led to reduced ASC1 expression 

when compared to media alone and LPS+ATP treatment (Fig. 4.6.B, P<0.05). Disulfiram 

also tended to promote active caspase 1 expression compared to treatment with the NLRP3 

inflammasome activator LPS and ATP and media alone (Fig. 4.6.C, n.s.). Disulfiram 

treatment of LPS+ATP-driven, NLRP3 inflammasome activated macrophages led to with 

marginal increases in gasdermin D and P2RX7 expression compared to LPS+ATP-driven, 

NLRP3 inflammasome activated macrophages and control macrophages (Fig. 4.6.DE, 

p<0.1).  

 Disulfiram treatment reduced the LPS+ATP-driven, NLRP3 inflammasome 

activated macrophage secretions of IL-1β (Fig. 4.7.A, p<0.001).  Furthermore, the 

intracellular IL-1β to secreted IL-1β ratio was increased 3-fold compared to LPS+ATP-

driven, NLRP3 inflammasome activated macrophage secretions (Fig. 4.7.C, p<0.001). 

Additionally, disulfiram treatment also increased macrophage intracellular expression IL-

18 compared to control (not shown, p<0.05). However, the secretion of IL-18 and the 

intracellular IL18 to secreted IL-18 ratio were unaltered following treatment with 

disulfiram (Fig. 4.7.BD).  
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Disulfiram Limits the Pro-Tumorigenic Phenotype of NLRP3 Inflammasome 

Activated Macrophages.  

 Treatment of LPS and ATP driven NLRP3 inflammasome activated macrophages 

treated with disulfiram led to increased arginase expression compared to untreated LPS 

and ATP-driven, NLRP3 inflammasome activated macrophages (Fig. 4.8.A, p<0.01). 

Additionally, the treatment of LPS and ATP-driven, NLRP3 inflammasome activated 

macrophages treated with disulfiram increased iNOS expression compared to untreated 

LPS and ATP-driven, NLRP3 inflammasome activated macrophages (Fig. 4.8.B, p<0.01). 

The arginase to iNOS expression ratio was decreased following treatment of LPS and ATP-

driven, NLRP3 inflammasome activated macrophages treated with disulfiram (Fig. 4.8.C, 

p<0.001). Moreover, the decline in macrophage phagocytic activity driven by LPS and 

ATP-induced NLRP3 inflammasome activation was partially reduced by disulfiram 

treatment (Fig. 4.8.D, p<0.05).  
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4.4. Discussion  

 Breast cancer remains a deadly disease that is exacerbated by tumor-associated 

macrophages (TAMs) (115, 123, 284). TAMs present a unique phenotype that promotes 

breast cancer proliferation and immunosuppression (127, 305, 306). The mechanisms by 

which macrophages become polarized to a tumor-promoting phenotype in breast cancer 

are poorly understood although studies have demonstrated that NLRP3 inflammasome 

signaling skewed macrophages toward a pro-tumorigenic phenotype (309, 317, 340, 343, 

376, 377). In the present study, we investigated the potential of targeting ATP activation 

and gasdermin D pore formation, both associated with NLRP3 inflammasome activation 

in preventing the generation of M2-like pro-tumorigenic macrophages. Our results indicate 

that NLRP3 inflammasome activation is associated with pro-tumorigenic macrophage 

polarization and that pharmacological blocking of pro-inflammatory cytokine maturation 

and secretion limits pro-tumorigenic polarization in vitro. 

 Importantly, our data indicate that the macrophage NLRP3 inflammasome 

activated not only by the canonical NLRP3 inflammasome LPS+ATP combination, but 

also by the mammary 4T1 tumor cell secretome - supporting the activation of macrophage 

NLRP3 inflammasomes once macrophages are within the tumor microenvironment. In 

turn, NLRP3 inflammasome activation led to macrophage pro-inflammatory cytokine 

secretions (50, 195). Notably, our data indicate that IL-18 secretions were triggered by 

tumor secretome. Interestingly, in lung cancer, tumor cell-derived exosomes containing 

TRIM59 was demonstrated to activate NLRP3 inflammasomes of tumor-associated 

macrophages (378). And, physiologically relevant to breast cancer, which forms adjacent 
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to mammary fat, adipocyte-derived leptin activates macrophage NLRP3 inflammasomes 

(379). 

 Interestingly, our data support the switch in macrophage polarization as assessed 

by the arginase (M1) to iNOS (M2) expression ratio that closely mimic the IL-1β secretion 

flux. Previously, cytokine secretions also led to macrophage arginase expression associated 

with a pro-inflammatory cytokine-driven polarization including IL-1β and TNF-α 

secretions inducing arginase expression through IL-33 secretion and recombinant IL-18 

treatment increasing arginase expression in monocytes (242, 319). Moreover, our data 

shows that the shift toward a tumor promoting phenotype was associated with a decrease 

in phagocytic activity associated with pro-tumorigenic (M2-like) macrophages (135). 

 Neither antagonizing P2XR7 nor inhibiting gasdermin D inhibitor reduced NLRP3 

inflammasome activation, likely because of purigenic receptors redundancy (380) and 

multi-modal activities of disulfiram. Nevertheless, antagonizing P2RX7 signaling led to a 

marginal cytoplasmic cytokine retention. Disulfiram also increased IL-1β retention and 

decrease IL-1β secretion, but had no effect on IL-18 secretion. In other studies, disulfiram 

treatment inhibited both caspase 1 and caspase 11 activation (381). Our data point, 

especially the increase in intracellular to secreted cytokines, to an inhibition of the 

gasdermin D activation and thus the blocking of the pore formation partially trapping the 

mature cytokine in the cytoplasm (374, 381).  

 Our data reveal that macrophage NLRP3 inflammasome-driven IL-18 secretions 

were not significantly altered by disulfiram treatment and may be driving the increase in 

arginase expression this despite disulfiram treatment (242). Although neither A438079 nor 

disulfiram interfere with inflammasome priming or NF-κB activity, both antagonizing 
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P2RX7 ATP receptor signaling and gasdermin D inhibition increased macrophage iNOS 

expression promoting an anti-tumorigenic (M1-like) macrophage phenotype. Inhibition of 

macrophage NF-κB halted iNOS induction increase (382, 383) . We also assessed the 

effects of inhibiting NF-κB using the proteasome inhibitor MG-132 (384). Following MG-

132 treatment, NLRP3 inflammasome activated macrophages had reduced arginase to 

iNOS expression ratios, but the decrease in phagocytic activity associated with 

inflammasome activation remained unchanged (Supplemental Fig. 4.1.).  

 Our data also highlight that NLRP3 inflammasome activated macrophage reduced 

phagocytosis activity was rescued by treatment with a P2RX7 ATP receptor antagonist or 

an inhibitor of gasdermin D cleavage supporting a shift toward an anti-tumorigenic 

phenotype (179, 276, 341). The P2RX7 ATP receptor antagonist used, A438079, induced 

a greater shift in phagocytic activity than inhibitor of gasdermin D cleavage disulfiram. 

Our result support the role of P2RX7 ATP receptor as a scavenger receptor and the positive 

effect A438079 on macrophage phagocytosis following treatment with ATP (385). 

Inhibition of gasdermin D pore-formation and pro-inflammatory cytokine secretion by 

disulfiram also increased the phagocytic activity of J774 macrophages. This observation is 

in line with the repolarization of tumor-associated macrophages to an anti-tumor M1 

phenotype following co-delivery of disulfiram and copper in an in vivo glioma preclinical 

model (386). On the other hand, in vitro disulfiram treatment (10μM) of primary 

monocytes led to a markedly increased phagocytosis (387).  

 Overall, our data indicate that targeting P2RX7 signaling and the gasdermin D pore 

formation altered the NLRP3 inflammasome activated pro-tumorigenic macrophage 

phenotype shifting it to a more phagocytic M1-like phenotype. Validating studies 
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confirming M2-polarizing effects of NLRP3 inflammasome activation and of pro-

inflammatory cytokines on macrophages are required. Furthermore, studies supporting the 

disulfiram effects on gasdermin D cleavage and not caspase 1-mediated cytokine 

maturation are needed.  

 Our data report that macrophage NLRP3 inflammasome activation is associated 

with an increase in pro-inflammatory cytokine secretion and a pro-tumorigenic (M2-like) 

phenotype characterized by increased arginase expression and decreased phagocytic 

activity. In NLRP3 inflammasome activated macrophages, inhibiting either P2RX7 ATP 

receptor signaling or gasdermin D cleavage and subsequent pore formation altered the 

secretion of pro-inflammatory cytokines but not NLRP3 inflammasome formation and 

activity including active caspase 1 expression. Furthermore, in NLRP3 inflammasome 

activated macrophages, treatment with inhibitors of either P2RX7 ATP receptor signaling 

or gasdermin D cleavage and subsequent pore formation rescued phagocytic activities 

suggesting a shift toward a more anti-tumorigenic macrophage phenotype. Our data 

support further investigations in NLRP3 inflammasome activation, P2RX7 ATP receptor 

and gasdermin D cleavage as adjuvant therapeutic targets for breast cancer.  
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4.5. Figures 

 

  

Figure 4.1. NLRP3 Inflammasomes are Activated by LPS and ATP and Tumor 
Conditioned Media Treatment in J774 Macrophages. Immunoblot quantifications 
normalized to the negative control of A. NLRP3, B. ASC1, C. Caspase 1, D. Gasdermin D 
and cytokines, E. IL-1β and F. IL-18, by J774 macrophages. Expression is increased 
following LPS+ATP and 4T1CM treatments. ** p<0.01, * p<0.05, (*) p<0.1. 
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Figure 4.2. NLRP3 Inflammasome Activating Treatments are Associated with a Pro-
Tumorigenic Macrophage Phenotype. Immunoblot quantifications normalized to the 
negative control of A. arginase, B. iNOS and C. arginase : iNOS expression ratio by J774 
macrophages following LPS+ATP and 4T1CM treatment. D. Phagocytosis by J774 
macrophages is reduced compared to a. control following b. LPS+ATP and c. 4T1CM. In 
the representative images, beads are yellow, and nuclei are blue. *** p<0.001, ** p<0.01, 
* p<0.05, (*) p<0.1. 
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Figure 4.3. NLRP3 Inflammasome Activation is not Inhibited by the P2RX7 
Antagonist, A438079, in J774 Macrophages. Immunoblot quantifications normalized to 
the negative control of A. NLRP3, B. ASC1, C. cleaved caspase 1, D. P2RX7, and E. 
Gasdermin D by J774 macrophages following LPS+ATP and A438079 treatment. * 
p<0.05, (*) p<0.1. 
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Figure 4.4. Pro-Inflammatory IL-1β Secretion is Altered by A438079 Treatment in 
J774 Macrophages. Immunoblot quantifications normalized to the negative control of A. 
IL-1β and B. IL-18 secretion and the ratio of C. intracellular to secreted IL-1β and D. 
intracellular to secretion IL-18 by J774 macrophages following LPS+ATP and A438079 
treatment. * p<0.05, (*) p<0.1. 
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Figure 4.5. Pro-Tumorigenic Phenotype is Reduced Following Treatment with 
P2RX7 Antagonist, A438079. Immunoblot quantifications normalized to the negative 
control of A. arginase, B. iNOS, C. the ratio of arginase to iNOS expression and D. the 
phagocytic activity of J774 macrophages in a. control conditions and treated with b. 
LPS+ATP and c. LPS+ATP combined with A438079. *** p<0.001, ** p<0.01, * p<0.05. 
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Figure 4.6. NLRP3 Inflammasome Activation is not Inhibited by Gasdermin D 
Inhibitor, Disulfiram, Treatment in J774 Macrophages. Immunoblot quantifications 
normalized to the negative control of A. NLRP3, B. ASC1, C. cleaved caspase 1, D. 
P2RX7, and E. Gasdermin D by J774 macrophages following LPS+ATP and disulfiram 
treatment. ** p<0.01, * p<0.05, (*) p<0.1. 
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Figure 4.7. Pro-Inflammatory IL-1β Secretion is Inhibited by Disulfiram Treatment 
in J774 Macrophages. Immunoblot quantifications normalized to the negative control of 
A. IL-1β and B. IL-18 secretion and the ratio of C. intracellular to secreted IL-1β and D. 
intracellular to secretion IL-18 by J774 macrophages following LPS+ATP and disulfiram 
treatment. *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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Figure 4.8. Pro-Tumorigenic Phenotype is Reduced Following Treatment with 
Gasdermin D Inhibitor, Disulfiram. Immunoblot quantifications normalized to the 
negative control of A. arginase, B. iNOS, C. the ratio of arginase to iNOS expression and 
D. the phagocytic activity of J774 macrophages in a. control conditions and treated with b. 
LPS+ATP and c. LPS+ATP combined with disulfiram. *** p<0.001, ** p<0.01, * p<0.05. 
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Figure 4.9. Graphical Representation of the Pro-Tumorigenic Effect of the NLRP3 
Inflammasome. The NLRP3 inflammasome is activated by LPS and ATP through TLR4 
and P2RX7 respectively (179, 276, 341). P2RX7 activation results in a K+ efflux that leads 
to the oligomerization of the NLRP3 inflammasome – A438079 blocks this activation 
(375). Following NLRP3 inflammasome oligomerization, gasdermin D is cleaved and 
moves to the membrane to form a pore through which IL-1β and IL-18 are secreted (215, 
216, 218, 219). Disulfiram inhibits the cleavage and subsequent pore formation of 
gasdermin D (374). Pro-inflammatory cytokine signaling, in an autocrine or paracrine 
manner, results in increased arginase expression and decreased phagocytosis. Generated 
by KH using BioRender.com 
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4.6. Supplemental Figure 

 
 
 
 
 
 
 

Supplemental Figure 4.1. NLRP3-Specific Inflammasome Inhibitor, MCC950, and 
NF-κB Inhibitor, MG-132, Reduced the Ratio of Arginase to iNOS, But Did Not 
Reverse the Reduced Phagocytic Activity Associated with NLRP3 Inflammasome 
Activation. Immunoblot quantifications normalized to the negative control of the arginase 
to iNOS expression ratio following treatment with A. MCC950 and B. MG-132. 
Phagocytic activity of J774 macrophages following treatment with C. MCC950 and D. 
MG-132. *** p<0.001, ** p<0.01, * p<0.05, (*) p<0.1. 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS. 

5.1. Conclusions  

 Despite the steady decline in breast cancer-related deaths since the 1980s, breast 

cancer remains the second-leading cause of malignant deaths among women (282). Breast 

cancer-associated mortality is concomitant with malignant dissemination to distant organs 

such as the brain, liver, lungs, and bones (388, 389) as highlighted by the three-fold 

reduction in 5-year survival for women with metastatic breast cancer compared to non-

metastatic disease (390). Increased infiltration of macrophages, specifically of pro-

inflammatory macrophages, correlates with breast cancer metastases (112, 126, 306, 334, 

335). Indeed, inflammatory crosstalk between macrophages and tumor cells promotes 

tumor progression through increased proliferation, angiogenesis, and epithelial-

mesenchymal transition (159, 230, 235, 236, 238, 311). In particular, inflammation 

generated by NLRP3 inflammasomes has been linked to breast cancer progression (159, 

160, 311, 339, 344). 

 Our work demonstrates that macrophages with activated NLRP3 inflammasomes 

have elevated active caspase 1 expression and become skewed toward a pro-tumorigenic, 

M2 phenotype that promotes breast tumor proliferation, metastasis, and 

immunosuppression. In vitro, the secretome of macrophages J774 with functional and 

activated NLRP3 inflammasomes enhanced 4T1 tumor cell proliferation. In addition, J774 

macrophages treated with NLRP3 inflammasome activators, displayed an increased 

arginase : iNOS expression ratio, a marker of the M2 pro-tumorigenic macrophage 

phenotype. Moreover, NLRP3 inflammasome activation in macrophages led to reduced 

phagocytic activity. These observations confirm the relationship between NLRP3 
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inflammasome activation and the tumor-promoting macrophage (M2-like) phenotype (242, 

319).  

 In vivo, co-implantation of 4T1 tumor cells and syngeneic J774 macrophages 

resulted in elevated 4T1 tumor cell stem characteristics and increased metastasis compared 

to implantation of 4T1 tumor cells alone or co-implantation of 4T1 cells with the syngeneic 

NLRP3 inflammasome-deficient RAW macrophages. Indeed, the in vivo syngeneic 

orthotopic co-implantation of 4T1 cells with J774 macrophages that have functional 

NLRP3 inflammasomes promoted increased tumor cell stemness as highlighted by 

significantly higher cytokeratin 19 expression and higher N-cadherin to E-cadherin 

expression ratios. These findings are congruent with previous data showing that NLRP3 

inflammasome activation in macrophages promotes stemness, invasiveness and metastasis 

(90, 311, 320). 

 Next, we assessed the potential of the NLRP3 inflammasome-specific inhibitor 

MCC950 to alter the macrophage tumor-promotion alone or combined with a 

chemotherapy regimen. In vitro, 4T1 tumor cells treated with increasing doses of the 

NLRP3 inflammasome inhibitor, MCC950, alone or in combinations with 

chemotherapeutic drug, 5-Fluorouracil (5-FU), demonstrated a significant reduction in 4T1 

tumor cell proliferation following exposure to 10μM of MCC950 alone. While similar 

observations were made in in vitro co-cultures of 4T1 tumor cells with J774 macrophages, 

the effects of MCC950 with or without 5-FU were significantly reduced. 

 Interestingly, in vivo in the orthotopic immunocompetent 4T1 breast cancer model 

with implantation of 4T1 cells alone or co-implantation of 4T1 tumor cells and syngeneic 

J774 macrophages, the MCC950 and 5-FU combination regimen led to significantly 
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reduced tumor burden compared to mice receiving MCC950 alone. The MCC950 and 5-

FU combination regimen was especially potent in animals co-implanted with 4T1 and 

macrophages with functional NLRP3 inflammasomes. These observations are consistent 

with a prior demonstration highlighting that NLRP3 inflammasome inhibition in 

combination with chemotherapy reduced tumor growth (363).  

Additionally, in mice co-implanted with both 4T1 tumor cells and J774 

macrophages, leukocyte (CD45+) infiltration was significantly reduced in tumor derived 

from mice treated with MCC950 and 5-FU combination compared to tumors isolated from 

vehicle-treated mice. In particular, the reduced leukocyte infiltration may be indicative of 

a decline in myeloid lineage suppressor cells and regulatory T-cells - both of which are 

positive prognostic outcomes in human breast cancer (343, 366, 367). Intriguingly, 5-

Fluorouracil has been demonstrated to induce cathepsin B-mediated NLRP3 

inflammasome activation that promotes a pro-tumorigenic Th17 response (350). However, 

analogous to our findings, 5-FU treatment in NLRP3- and caspase 1- null mice, restrained 

the tumor promoting immune response (350). 

 Mechanisms of NLRP3 inflammasome activation and pro-inflammatory cytokine 

release were also investigated through pharmacological inhibition of ATP-induced 

activation and pore-mediated cytokine release (276, 374, 391). To assess whether NLRP3 

inflammasome oligomerization or autocrine pro-inflammatory cytokine signaling was 

driving the pro-tumorigenic phenotype associated with NLRP3 inflammasome activation 

in macrophages, we inhibited NLRP3 inflammasome mediated cytokine maturation using 

a P2RX7 inhibitor and blocked gasdermin D pore-mediated cytokine secretion.  
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 Our results indicate that the P2RX7 inhibition of ATP-induced NLRP3 

inflammasome activation did not significantly reduce macrophage active caspase 1 

expression or IL-1β or IL-18 pro-inflammatory cytokine secretions. However, P2RX7 

inhibition of ATP-induced NLRP3 inflammasome activation significantly reduced the 

macrophage arginase to iNOS expression ratio and phagocytic activity. This observation 

highlights the association between P2RX7-meditated NLPR3 inflammasome activation 

and the M2-like, pro-tumorigenic macrophage phenotype (392). Moreover, disulfiram 

inhibition of the formation of gasdermin D transient pores increased macrophage pro-

inflammatory IL-1β intracellular retention and limited its secretion. Interestingly, in those 

conditions, the macrophage arginase to iNOS expression ratio was minimally reduced with 

an unchanged arginase expression and an increased iNOS expression. Additionally, 

disulfiram treatment,  gasdermin D pore inhibition, significantly prevented the macrophage 

phagocytic activity reduction driven by NLRP3 inflammasome activation. Disulfiram 

treatment has been shown to reduce macrophage immunosuppressive responses (387, 393). 

Interestingly, our data indicate that intra-tumoral pro-inflammatory cytokine expression 

was positively correlated with arginase expression whereas as IL-1β and IL-18 expression 

was not correlated with iNOS expression (Fig. 5.2.). Taken, together we suggest that 

autocrine pro-inflammatory cytokine signaling may induce a tumor-promoting, 

immunosuppressive shift in tumor-associated macrophages (Fig. 5.3.). 

 This dissertation highlights the role of NLRP3 inflammasome activation in 

macrophages to promote tumor growth and generate an immunosuppressive 

microenvironment. Our results establish that the NLRP3 inflammasome is associated with 

an immunosuppression macrophage phenotype defined by arginase and CD206 expression 
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and reduced phagocytosis. Investigations of other mechanisms of immune evasion present 

in cancers (394-398) including the anergic interactions between PD-1 and PD-L1 (399-

401) are warranted.  
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5.2. Future Directions  

 Inflammation plays a major role in the transition from differentiated to 

dedifferentiated state of cancer stem-like cells as shown in breast cancer mouse models 

(88). High IL-1β intra-tumoral concentrations are associated with worse prognosis, likely 

because IL-1β autocrine/paracrine signaling promotes growth and metastasis (89). Indeed, 

in breast cancer cells, IL-1β signaling activation promotes a transition toward a 

mesenchymal phenotype and epithelial to mesenchymal transition (EMT) in cancer is 

associated with tumor growth and metastasis (90, 159, 230, 231). Moreover, EMT also 

leads to elevated expression of the programmed death receptor ligand (PD-L1) by tumor 

cells thus hindering host immune cell cytotoxicity (79, 90, 402-406). Interestingly, tumor-

intrinsic NLRP3 inflammasome activation also promotes PD-L1 upregulation by tumor 

cells in gastric cancer, melanoma, and lymphoma cancers (323, 338, 402).  Whether similar 

mechanisms prevent efficient host immune responses in breast cancer remains to be 

demonstrated. 

Expression of PD-1 on macrophages and the effect of NLRP3 inflammasome on 

PD-1 expression by macrophages are only beginning to be uncover. We demonstrated that 

when NLRP3 inflammasomes are activated in macrophages, the phagocytic activity of 

macrophages declines. Likewise, phagocytosis of tumor cells by macrophages is reduced 

when macrophages express PD-1 (407). Although, this is likely due to PD-1/PD-L1 

interactions preventing phagocytosis, the connection between NLRP3 inflammasome 

activation and PD-1 expression warrants further investigations. 

 Overall, our work highlights that macrophages through functional NLRP3 

inflammasome activation promote tumor proliferation and tumor cell stemness. In addition, 
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NLRP3 inflammasome activation in macrophages is associated with a measurable shift in 

tumor-promoting characteristics and this shift is, in part, driven by autocrine, pro-

inflammatory cytokine signaling. Among the various NLRP3 inflammasome inhibitors 

available, as highlighted in figure 5.1., the combination of the NLRP3-specific inhibitor 

MCC950 and of the chemotherapeutic drug 5-FU demonstrated efficacy in reducing tumor 

burden, metastasis, and immune cell infiltration. Future investigations will further our 

understanding of the immunosuppressive shift driven by NLRP3 inflammasome activation 

in macrophages and the potential of altering inflammasome-driven immune responses to 

improve breast cancer treatments.  
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5.3. Figures 

 

 
Figure 5.1. NLRP3 Inflammasome Pharmacological Inhibitors Target Both Priming 
and Activation Steps. NLRP3 inflammasome activation occurs by two signals: the first 
which increases the expression of receptor protein, NLRP3, and immature cytokine, pro-
IL-1β, and the second which promotes the oligomerization of the NLRP3 inflammasome 
(181, 185). NLRP3 inflammasome inhibitors targeting both steps exist. Proteasome 
inhibitor, MG-132, reduces the activity of NF-κB resulting in diminished priming or 
NLRP3 and IL1B transcription (384). P2X7 receptor antagonist, A438079, blocks the 
activity of ATP and inhibits oligomerization (369). The precise mechanism of MCC950 is 
unclear, but literature suggests the MCC950 fixes the NLRP3 receptor into an inactive 
conformation, thus preventing oligomerization (347). Finally, disulfiram neither inhibits 
priming nor oligomerization, but blocks the pore formation necessary for cytokine 
secretion (374, 381). Generated by KH using BioRender.com 
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Figure 5.2. Pro-Inflammatory Cytokines Production Within Tumors is Associated 
with Pro-Tumorigenic Immune Response. Immunoblot quantification of arginase 
expression normalized relative to tumor mass and 4T1 tumor cell injected and saline 
administered control. Intra-tumoral arginase expression is positively associated with A. IL-
1β and B. IL-18 intra-tumoral expression. Simple regression analysis was conducted in 
Prism.  
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Figure 5.3. NLRP3 Inflammasome Activation in Macrophages Results in a Pro-
Tumorigenic Microenvironment. In macrophages, NLRP3 inflammasome activation 
results in a pro-tumorigenic phenotype that promotes tumor proliferation and stemness 
(Chapter 2). We demonstrated that, in vivo, macrophage’s NLRP3 inflammasome 
activation led to a worsening of tumor burden and a combination treatment of NLRP3-
inhibiting MCC950 and 5-Fluorouracil abrogated the tumor supporting effects of this 
inflammation (Chapter 3). Finally, we demonstrated that autocrine, pro-inflammatory 
cytokine signaling by macrophages induces the shift toward a pro-tumorigenic phenotype 
(Chapter 4). Generated by KH using BioRender.com 
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APPENDIX A: LAY ABSTRACT 

KATHERINE HOLTZMAN, 2021. Inflammation, NLRP3 Inflammasome, macrophages 
and Breast Cancer Progression. (Under the direction of DR. DIDIER DRÉAU) PhD 
Dissertation, UNC Charlotte) 
 

 One in 8 women will be diagnosed with breast cancer in their lifetime. While breast 

cancer mortality has declined since the 1980’s, it remains the 2nd leading cause of cancer-

related deaths among women. Breast cancer treatments vary from person to person, based 

cancer stage and characteristics of the breast tumor cells. However, many treatments that 

target tumor growth and the development of therapeutic resistance is common. Immune 

cells residing within tumors and their resulting inflammation are, in part, responsible for 

therapeutic resistance. 

 Here, we investigated the effect of local inflammation originating from immune 

cells on promoting tumor-supporting characteristics in immune cells and whether drugs 

reducing local inflammation could reduce breast cancer growth and spread – especially 

when combined with existing treatments. We found that reducing local inflammation 

initiated by immune cells reduces tumor-supporting characteristics of immune cells and, in 

turn, led to reduced growth and reduced potential to spread of breast cancer. Additionally, 

combining treatments that reduce local inflammation by immune cells along with currently 

used anti-tumor growth treatments limit tumor growth and spread. However, such 

combination treatments had a substantial effect only on tumors laced with immune cells 

that generated a local inflammation.  

 


