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Abstract 

 

Breast cancer is the most common cancer among Canadian women; 1 in 8 women are 

expected to develop breast cancer in their lifetime. Breast cancer is grouped into four distinct 

types, which informs treatment strategies and patient outcomes. Indeed, some of these breast 

tumor types are more likely to develop therapeutic resistance, leading to relapse for these 

women. Moreover, regardless of tumor type, treatments are rarely curative for women who 

are diagnosed with breast cancers at an advanced stage, including metastatic disease. For these 

reasons, identifying therapies that target essential vulnerabilities is necessary for improving 

survival outcomes of women with such hard-to-treat cancers.  

 Biguanides, including metformin and phenformin, suppress mitochondrial ATP 

production by inhibiting complex I of the electron transport chain and are typically used for the 

treatment of Type II diabetes. The repurposing of biguanides as anticancer agents has gained 

interest, but clinical trials examining the ability of metformin to improve survival in women with 

breast cancer have been disappointing. Even so, we have shown that when phenformin is used in 

combination with an inflammatory mediator, poly IC, to treat models of breast cancer in mice, 

we increase the cytotoxicity of phenformin by inducing an increase in oxidative stress. I 

hypothesize that this increase in sensitivity to biguanides is due to an increase in cytotoxic 

neutrophils, elicited by the combination therapy.  

 To this end, a monoclonal antibody was administered to deplete neutrophils from two 

models of breast cancer in mice, representative of Luminal B and Triple Negative breast cancers. 

These mice were then administered phenformin and poly IC and tumor volume was measured 

over time and compared to a control. Furthermore, the elicited neutrophil population was 
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functionally characterized through in vivo and in vitro assays looking at metastatic potential, 

maturation, cytotoxicity, and reactive oxygen species (ROS) production.  

 Neutrophils were required for the anti-neoplastic efficacy of the combination therapy 

consisting of phenformin and poly IC. The neutrophils were found to be cytotoxic in vitro and 

capable of killing cancer cells in vivo.  
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Abrégé 

 

Le cancer du sein est le cancer le plus courant chez les femmes canadiennes ; on s'attend 

à ce qu'une femme sur huit développe un cancer du sein au cours de sa vie. Le cancer du sein est 

regroupé en quatre types distincts, qui déterminent les stratégies de traitement et les résultats 

pour les patientes. En effet, certains de ces types de tumeurs du sein sont plus susceptibles de 

développer une résistance thérapeutique, entraînant une rechute chez ces femmes. De plus, 

quelque soit le type de tumeur, les traitements sont rarement curatifs pour les femmes chez 

lesquelles un cancer du sein est diagnostiqué à un stade avancé, y compris une maladie 

métastatique. Pour ces raisons, l'identification de thérapies ciblant les vulnérabilités essentielles 

est nécessaire pour améliorer les résultats de survie des femmes atteintes de cancers aussi 

difficiles à traiter. 

Les biguanides, y compris la metformine et la phenformine, suppriment la production 

d'ATP mitochondriale en inhibant le complexe I de la chaîne de transport d'électrons et sont 

généralement utilisés pour le traitement du diabète de type II. La réutilisation des biguanides en 

tant qu'agents anticancéreux a suscité de l'intérêt, mais les essais cliniques examinant la capacité 

de la metformine à améliorer la survie des femmes atteintes d'un cancer du sein ont été 

décevants. Néanmoins, nous avons montré que lorsque la phenformine est utilisée en association 

avec un médiateur inflammatoire, le poly IC, pour traiter des modèles de cancer du sein chez la 

souris, nous augmentons la cytotoxicité de la phenformine en induisant une augmentation du 

stress oxydatif. Je suppose que cette augmentation de la sensibilité aux biguanides est due à une 

augmentation des neutrophiles cytotoxiques, induite par la polythérapie. 
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A cette fin, un anticorps monoclonal a été administré pour épuiser les neutrophiles de 

deux modèles de cancer du sein chez la souris, représentatifs des cancers du sein Luminal B et 

Triple Négatif. Ces souris ont ensuite reçu de la phenformine et du poly IC et le volume de la 

tumeur a été mesuré au fil du temps et comparé à un témoin. En outre, la population de 

neutrophiles suscitée a été caractérisée de manière fonctionnelle par des essais in vivo et in vitro 

portant sur le potentiel métastatique, la maturation, la cytotoxicité et la production d'espèces 

réactives de l'oxygène.  

Les neutrophiles étaient nécessaires pour l'efficacité anti-néoplasique de la thérapie 

combinée composée de phenformine et de poly IC. Les neutrophiles se sont révélés cytotoxiques 

in vitro et capables de tuer les cellules cancéreuses in vivo.  
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Chapter 1: Review of the Literature  

 

Breast Cancer  

 

Morphology of the Human Mammary Gland 

  

 The human breast or mammary gland is a highly efficient organ mainly used to produce 

milk and is a mass consisting of glandular, fatty and fibrous tissues. The glandular tissue is 

composed internally of 15 to 25 lobes that radiate around the nipple(1). The lobes are separated 

by connective and adipose tissue. Each lobe consists of 20-40 lobules, smaller milk ducts, that 

contain alveoli, the clusters of cells where milk is produced. When breastfeeding, lactiferous 

ducts collect the milk from each lobule and drains it to a lactiferous sinus, where milk is stored, 

before being released from the nipple (2).  

 Mammary development begins during embryogenesis, where both males and females 

have a similar rudimentary mammary gland at birth. Further mammary development is triggered 

by the onset of puberty in females, which is highly dependent on high levels of estrogen 

produced by the ovary, as well as progesterone (2,3). The glandular structure is completely 

formed after puberty and begins to undergo sequential waves of proliferation and apoptosis 

marked by the menstrual cycle (4). However, breast development does not stop with puberty; 

significant developmental changes occur during pregnancy, lactation, and involution (5). The 

dynamic nature of this organ is supported by a subset of cells known as mammary stem cells. 

Mammary stem cells have a unique capacity for self-renewal as well as generating the three cell 

lineages that comprise the lobuloalveolar structure of the mammary gland: myoepithelial cells, 

ductal epithelial cells and alveolar epithelial cells (6). Under the regulation of fluctuating 

hormones, as well as local stromal epithelial interactions, these cells proliferate significantly 
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during pregnancy to produce structures specialized for high levels of milk production. After 

lactation is complete, a majority of these cells then undergo rapid apoptosis, and the remaining 

cells remodel into a structure that resembles the pre-pregnant state during a process termed 

involution (6,7). Understanding the factors and mechanisms that regulate breast development is 

crucial, because alterations in breast structure and function, specifically during the menstrual 

cycle and during involution, can predispose the tissue to malignant changes and thus, the 

development of breast cancer (8-10). 

 

Figure 1. Schematic of the human mammary gland.  
The human mammary gland contains 15 to 25 lobes; each lobe is subdivided into many smaller 

lobules which contain alveoli which produce milk. Lactiferous ducts collect milk from each 

lobule and drain it into the lactiferous sinus where it is stored before being released from the 

nipple. Adapted from Aydiner and McGuire 2016 (11).  
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Breast Cancer and Molecular Subtypes 

 
 Breast cancer is a genetically and clinically heterogenous disease characterized by the 

formation of tumors in the mammary tissue and is the most common cancer in women, excluding 

non-melanoma skin cancers (12). It is a disease with multiple subtypes that are typically 

classified from an immunohistochemical (IHC) perspective based on the expression of the 

hormone receptors estrogen (ER), progesterone (PR) and human epidermal growth factor 

(HER2) (13). Expression of the ER biomarker is an indispensable diagnostic factor as 

approximately 75% of breast tumors are defined by high ER expression (14,15). PR expression 

occurs in more than 50% of ER+ breast cancers. Its expression is positively correlated with 

increased overall survival and time to recurrence while its absence is associated with a more 

aggressive disease course (16). HER2 amplification or overexpression occurs in approximately 

15-30% of invasive breast cancers (17,18). Its amplification is a significant predictor of both 

time to relapse and overall survival in patients with breast cancer (18). A lack of expression of 

these three markers (ER-,  PR-, HER2-) is referred to as triple negative breast cancer (TNBC). 

TNBC constitutes about 20% of breast cancers and is most common in women under 40 and in 

African American women (19,20). Ultimately, expression of the forementioned biomarkers, or 

lack of expression, is a highly valuable prognostic tool that plays a key role in determining breast 

cancer subtype, grade as well as the treatment plan and predicted response rate.  

Accordingly, there are five widely recognized molecular subtypes of breast cancer: 

Luminal A, Luminal B, HER2-positive, Normal-like and Basal-like (21,22). Most Luminal A 

tumors are identified as being ER+, PR +/- and HER2-, and have low expression of the cell 

proliferation marker Ki-67. Clinically, these tumors frequently have low histological grade, are 

slow growing, have a low relapse rate and the best prognosis. Patients diagnosed with Luminal A 
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breast cancer have a 5-year overall survival of 96.5% and benefit most from hormonal therapy 

with limited benefit from chemotherapy (23). Typically, ER+ breast cancer treatment may take 

on two approaches: inhibiting the production of estrogen so it may not bind to the receptor or 

targeting the receptor itself (24). Tamoxifen is used to treat breast cancer in both pre- and post-

menopausal women or may be used as an adjuvant therapy. In breast tissue, it antagonistically 

competes with estrogen for binding to the estrogen receptor. Women suffering from ER+ breast 

cancer are most likely to benefit from this therapy and evidence indicates that long-term use of 

Tamoxifen may significantly reduce recurrence and mortality (25,26). In premenopausal women, 

estrogen is predominately produced by the ovaries, thus ovarian suppression drugs such as 

leuprolide or goserelin may be used to inhibit estrogen production (27). In postmenopausal 

women, estrogen is no longer produced by the ovaries and is produced from non-glandular 

sources via the aromatase enzyme (28). Consequently, aromatase inhibitors (AIs) are used to 

stop the production of estrogen by inhibiting the cytochrome P450 enzyme aromatase which is 

responsible for the conversion of androgens to estrogens (29). The first two generations of AIs 

were effective in treating breast cancer but had significant side effects. Thus, the use of third-

generation AIs has become the gold standard of care for early and advanced breast cancer in 

postmenopausal women as they are more specific (30). These drugs can be categorized as 

steroidal (exemestane) and nonsteroidal (anastrozole, letrozole and vorozole) where steroidal 

lead to irreversible inhibition of enzymatic activity and nonsteroidal are reversible competitive 

inhibitors (31). Large clinical trials have been done to compare the use of various AIs and 

Tamoxifen alone and in combination and have found AIs to be much more effective in reducing 

recurrence rates and mortality rates in postmenopausal women (32-35).  
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Luminal B tumors are more aggressive than Luminal A tumors and are associated with 

poorer prognosis, higher recurrence rate and a higher grade (36). They comprise 15-20% of 

breast cancers and are characterized as being ER+, PR +/-, HER2+/- and Ki-67 high (37). 

Despite being ER+, a large majority of Luminal B cancers tend to not respond to hormonal 

therapy alone but seem to respond better to neoadjuvant chemotherapy than Luminal A breast 

cancers (38,39). 

The HER2+ subtype is typically ER- and are highly proliferative (Ki-67 high). Tumors 

are characterized by gene amplification at chromosome 17q12-q21 where several genes 

associated with breast cancer development are upregulated. Among the genes that are located 

within this region, HER2 typically presents the highest level of amplification (40). Breast 

cancers can have up to 25-50 copies of the HER2 gene and 40-100-fold increase in HER2 protein 

(41). Patients have a worse prognosis compared to luminal tumors. In fact, HER2 amplification 

3-fold or greater is associated with shorter disease-free survival (42). Fortunately, the discovery 

of monoclonal antibodies against the HER2 protein, such as trastuzumab, has been shown to 

increase survival (43). Since then, several second and third generation antibody-drug conjugates 

including trastuzumab emtansine and trastuzumab deruxtecan have been developed to deliver 

cytotoxic drugs specifically to cancer cells and have demonstrated remarkable results (44,45).   

Normal-like tumors represent a small proportion of breast cancers, accounting for about 

8% of all breast cancer cases and are poorly characterized. These tumors share a similar IHC 

status to Luminal A breast cancers are characterized by normal breast tissue profiling (46). 

Interestingly, several studies have shown that for this subtype specifically gene expression 

covariate analysis is more predictive of patient survival than clinical features covariate analysis 

(47).  
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The basal-like subtype is characterized by its aggressiveness, early relapse, high 

proliferation rate and its tendency to present itself in advanced stages (13). Basal-like cancers 

overexpress P-cadherin and epidermal growth factor receptor (EGFR) and are associated with 

frequent mutations in the tumor protein 53 (TP53) gene and inactivation of the retinoblastoma 

pathway(48). Importantly, these tumors do not express ER, PR and HER2. However, it is critical 

to recognize that the terms basal-like and triple negative are not completely synonymous. Triple 

negative refers to IHC expression whereas basal-like is defined via gene expression analysis, but 

there is approximately 80% overlap across studies. In clinical settings, molecular profiling is not 

frequently performed, thus basal-like cancers are often treated as TNBC. TNBC is an important 

area of research for both clinicians and researchers because unlike other subtypes, there is 

currently no specific targeted therapy available. Thus, the standard of care for nonsurgical TNBC 

remains nonspecific chemotherapy (49). This includes drugs targeting DNA repair complexes 

(platinum and taxanes) (50), P53 (taxanes) (51), cell proliferation (anthracycline) (52) and 

targeted therapies such as poly (ADP-ribose) polymerase 1 (PARP1) inhibitors (53). 

Unfortunately, though the most effective option currently available for treating TNBC, these 

drugs do have limited efficacy with TNBC patients having a decreased 3-year overall survival 

rate, increased risk of visceral metastases and shorter post recurrence survival than patients with 

non-TNBC (54). Overall, TNBC manifests itself as an aggressive disease for which a subset of 

patients with early stages may be cured with chemotherapy. The remaining patients usually 

experience early relapse and poor outcome, highlighting the need for more effective therapies for 

patients with such hard-to-treat cancers.  

Currently, immunotherapy has emerged as a novel therapeutic approach for the treatment 

of various cancers including breast cancer. It is well known that cancer cells create an 
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immunosuppressive environment to prevent it from being recognized by the immune system 

(55). Immunotherapy harnesses the power of the immune system to fight cancer progression by 

sensitizing the patient’s immune system to cancer cells, thus aiding in tumor detection and 

destruction. Traditional immunotherapies, notably immune checkpoint inhibitors (ICIs) such as 

monoclonal antibodies against cytotoxic T-lymphocyte associated antigen-4 (CTLA-4) 

(ipilimumab), programmed death-1 (PD-1) (nivolumab, pembrolizumab and cemiplimab), and 

programmed death ligand-1 (PD-L1) (atezolizumab, avelumab and duravalumab), rely heavily 

on the adaptive immune system for efficacy (56,57). Unfortunately, many patients do not 

respond to ICIs mainly due to primary or acquired resistance, limiting clinical efficacy (58,59). 

This requires the identification of novel ways of activating the immune system.  

Biguanides  

 
 Biguanides (including metformin and phenformin) are a class of drugs often used as a 

treatment for type 2 diabetes. Biguanides suppress mitochondrial adenosine triphosphate (ATP) 

production by inhibiting complex I of the electron transport chain (ETC) (60). Complex I, also 

known as nicotinamide adenine dinucleotide hydrogen (NADH) ubiquinone oxidoreductase, is 

the first enzyme of the respiratory chain and is responsible for the oxidation of NADH, which is 

generated through the citric acid cycle, in the mitochondrial matrix (61). During this process, two 

electrons from NADH oxidation are used to reduce ubiquinone to ubiquinol in the mitochondrial 

inner membrane, supplying complexes III and IV with the electrons needed to convert O2 to 

water. Furthermore, four hydrogen ions pass from the mitochondrial matrix to the intermembrane 

space, contributing to the electrochemical gradient (62). A direct consequence of the use of 

biguanides is a decrease in oxidative phosphorylation, resulting in a compensatory increase in 

glycolysis (63). This amounts to an increase in glucose uptake by cells, thus improving insulin 
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sensitivity. Moreover, metformin may also non-competitively inhibit mitochondrial 

glycerophosphate dehydrogenase, an enzyme responsible for the conversion of lactose to 

glucose, ultimately resulting in impaired hepatic gluconeogenesis (64).  

Inhibition of complex I also leads to an increase in the adenosine monophosphate (AMP) 

to ATP ratio; an activator of AMP-activated protein kinase (AMPK) (65). AMPK regulates the 

activity of various metabolic enzymes and regulators in pathways that are critical for cancer cell 

proliferation. In fact, AMPK activation may act as a tumor suppressor by regulating energy 

levels, imposing metabolic checkpoints, and inhibiting cell growth (66,67). Furthermore, 

suppression of AMPK has been shown to promote cancer development (68,69), promote breast 

cancer metastasis (70), and down-regulation is associated with advanced breast cancer and 

poorer outcomes in certain contexts (70).   

Evidence from retrospective population-based studies have demonstrated that drugs 

typically prescribed for other indications, such as diabetes, may be associated with reduced risk 

of cancer-related mortality (71). The repurposing of biguanides as anticancer agents has gained 

interest and preclinical studies have demonstrated their potential in oncology (72). 

Unfortunately, results using this class of drugs have been disappointing in breast cancer clinical 

trials. A phase III clinical trial looked at the effects of metformin on invasive disease-free 

survival in non-diabetic breast cancer patients and found that the addition of metformin to 

standard breast cancer treatment did not significantly improve invasive disease-free survival. 

Furthermore, metformin did not significantly ameliorate overall survival nor breast cancer-free 

interval (73). Ultimately, there is a clear requirement to identify drugs that can be used in 

combination with biguanides to increase efficacy. The lack of durable responses of biguanides as 

monotherapies in oncology can be explained by 2 factors. Firstly, most pre-clinical studies use 
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higher doses of metformin than what is clinically achievable (74,75). Secondly, cancer cells 

exhibit extreme metabolic flexibility, therefore during mitochondrial complex I inhibition, there 

is a compensatory increase in glycolysis in cancer cells, allowing them to survive (76). Drug 

combination strategies that lower the concentration of biguanides required for antineoplastic 

activity may revitalize the therapeutic potential of biguanides in oncology.  

 

 

Figure 2. Mechanism of action of biguanides.  

Biguanides (metformin and phenformin) are typically used for the treatment of Type II diabetes. 

They inhibit complex I of the electron transport chain which triggers an increase in the AMP: 

ATP ratio, leading to AMPK activation. Obtained from Zhao et al., 2021 (65).  

 

 

Reactive Oxygen Species   

 
 Biguanides hold an underappreciated role as mitochondrial reactive oxygen species 

(ROS) generators (62). ROS is a collective term for oxygen containing species that are more 

reactive than molecular oxygen such as superoxide anion, hydrogen peroxide, and hydroxyl 

radical. They are formed by the partial reduction of oxygen and are highly reactive and unstable 
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molecules (77). Intracellular ROS are generated primarily from complexes I and III of the 

mitochondrial respiration chain. During respiration, electrons released from the electron transport 

chain incompletely reduce O2 to form superoxide (78). Other endogenous sources of ROS 

include peroxisomes, nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidases 

(NOXs) and the activation of inflammatory cells such as macrophages and neutrophils. Finally, 

environmental factors may act as ROS producers such as ionizing radiation, UV radiation, 

xenobiotics, smoking and pollution (79).   

 ROS play a pivotal role in biological processes and are a normal cellular metabolic by-

product. Under a physiological state, the level of ROS is in a dynamic equilibrium where there is 

a balance between the amount of ROS being generated, through the mechanisms mentioned 

above, and the amount being removed, typically through antioxidant systems (80). Thus, in 

normal cells, ROS levels are maintained relatively low and fluctuate with changes in metabolic 

activity. These changes may induce shifts in signaling and gene expression pathways that control 

diverse cellular functions including cell proliferation (81), differentiation (82), circadian rhythms 

(83), vascular remodeling (84), and immunological functions (85).  

Following changes in signalling, in healthy cells, homeostasis must be maintained 

through the elimination of ROS. Accordingly, cells have evolved numerous detoxification 

processes to neutralize extra ROS, predominantly utilizing antioxidant enzymes (86). 

Antioxidants are molecules that can counteract free radicals and neutralize oxidants and are 

categorized into three groups: enzymatic antioxidants (superoxide dismutase, catalase, 

glutathione peroxidase); hydrophilic antioxidants (urate, ascorbate, glutathione) and lipophilic 

antioxidants (tocopherol, carotenoid and ubiquinol) (87). Lack or inhibition of antioxidants may 

lead to the accumulation of oxidative stress and damage of organelles, DNA and proteins (88,89) 
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and has been implicated in the onset of diabetes (90), neurodegeneration (91), and carcinogenesis 

(92).  

When it comes to cancer cells, ROS levels are highly regulated, given its paradoxical 

roles as both a tumor promoter and tumor suppressor, depending on the concentration. At 

moderate, yet chronically elevated ROS levels, ROS may contribute to an aggressive cancer 

phenotype. This may occur due to the ability of ROS to induce DNA damage, leading to 

mutations that can activate oncogenes or inactivate tumor suppressors (93,94). At these moderate 

levels, ROS may also significantly influence the tumor microenvironment (TME) and can initiate 

angiogenesis (95-97), metastasis (98,99), and survival of cancer cells (100). This is further 

supported by the fact that oncogene-induced ROS act as mitogenic signaling molecules that fuel 

cell hyperproliferation and fuel cancer progression (101). For these reasons, ROS, and the 

oxidative stress they may cause are typically associated with a poorer prognosis. However, 

beyond a certain threshold and in response to severe, acute oxidative stress, ROS will eventually 

cause cancer cell death through diverse means. For instance, ROS may trigger DNA damage 

response-mediated arrest resulting in halted cell proliferation and eventual apoptosis (102). 

Moreover, as a consequence of excessive cellular ROS, damage may arise to proteins, nucleic 

acids, membranes and organelles of cancer cells, inducing cell cycle arrest, senescence and 

autophagy (103,104). Additionally, hydrogen peroxide has been shown to induce apoptosis 

through the activation of various apoptotic pathways including activation of caspase-3 and the 

extracellular signal-regulated protein kinases (ERK1/2) pathway in leukemia, breast and bladder 

cancer cells (105-107). Given this fine balance between beneficial and detrimental ROS levels, 

cancer cells have evolved mechanisms for manipulating ROS to their advantage; notably, the 

upregulation of ROS scavengers and antioxidant mechanisms (108,109).  
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Therapeutic selectivity is essential in cancer treatment. Therefore, since cancer cells have 

elevated ROS generation and are under increased oxidative stress, it is plausible that malignant 

cells would be more vulnerable to therapies that further add oxidative insult through increased 

ROS generation or abrogate antioxidant systems (110). Given its potential as a tumor-killing 

agent, recent research has shifted towards uncovering ways of upregulating ROS to levels that 

elicit tumor cell death. In recent years, ROS generating agents have been found to be effective in 

treating certain cancers. For instance, arsenic trioxide has demonstrated its effectiveness in 

treating acute promyelocytic leukemia through ROS production (111,112). Furthermore, 

traditional chemotherapy agents such as doxorubicin can induce ROS formation and lead to 

apoptosis (113,114). Finally, given the dependence cancer cells have on a powerful antioxidant 

system, new therapies have also been found to diminish their efficacy in cancer cells, leading to 

apoptosis through ROS (115). Unfortunately, cancer cells have also shown resistance to ROS-

inducing agents, limiting clinical efficacy (116,117). Thus, it is imperative to find novel ways 

that elicit ROS generation selectively in cancer cells with limited resistance to improve outcomes 

for cancer patients.    

 

Inflammation 

 
 Despite the physical and chemical barriers that are set in place to protect us from 

infection, the body has evolved a network of cells responsible for recognizing and destroying 

foreign antigens. Inflammation is an ancient, evolutionarily conserved process which involves 

recruitment and activation of both the innate and adaptive immune systems to provide protective 

immunity and to maintain tissue homeostasis in response to stimuli such as microbes (bacteria, 

fungi, parasites), viruses, dead cells, toxins and cancer cells (118). Thus, following injury, acute 
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inflammation is initiated when there is an interaction between pattern recognition receptors 

(PRRs) on the surface of innate immune cells and pathogen-associated molecular patterns 

(PAMPs) (119). This interaction triggers the release of proteins and chemokines that promote the 

migration of leukocytes, primarily granulocytes along a chemotactic gradient to the infection 

site. The objective of this acute inflammatory response is to remove the inflammatory stimulus, 

initiate tissue healing and resolve damage (120). Persistent inflammation, lasting anywhere from 

months to years, which can occur due to prolonged exposure to an inflammatory stimulus or an 

inappropriate reaction to self-cells can lead to chronic inflammation. Chronic inflammation is 

referred to as a slow, long-term inflammation that does not seem to resolve itself. It is typically 

more prevalent in older individuals due to more circulating cytokines, chemokines and greater 

expression of genes associated with inflammation (121,122). An inflammatory response is 

characterized as normal when it is temporally restricted and marked by the upregulation of 

inflammatory markers when a threat is detected and resolves once the threat has passed (119). 

Thus, chronic inflammation is considered irregular and harmful and has been associated with 

increased disease risk and mortality (123). Furthermore, the clinical consequences of chronic 

inflammation are quite severe; it has been labeled as a contributing factor to the onset of a 

magnitude of diseases including, but not limited to, cardiovascular disease (124,125), arthritis 

(126,127), asthma (128), autoimmune diseases (129,130), diabetes (131,132), and of course, 

cancer (133-135). Given its varying functions, inflammation acts as a double-edged sword that 

must be tightly regulated to avoid its pathological consequences.  

 The immune response can be divided into two arms: the innate and adaptive immune 

responses. The innate immune system represents the first line of defense to any intruding 

pathogens and is activated immediately or within hours of antigen recognition, triggering a 
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proinflammatory response. It is an antigen-independent, non-specific response, meaning 

anything that is identified as foreign is a target. This system, as previously mentioned, relies on 

the ability of specific immune cells (typically macrophages and dendritic cells) that have PRRs, 

of which the family of Toll-like receptors (TLRs) is the most widely studied, to recognize 

PAMPs. Examples of PAMPs include lipopolysaccharide (LPS), double stranded ribonucleic 

acid (dsRNA) and peptidoglycan (136). Upon PAMP recognition, PRRs signal to the host to 

activate pro-inflammatory signalling pathways, notably through the upregulation of cytokines, 

and chemokines. Key inflammatory cytokines released in response to infection include 

interferons, interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF) (137). These cytokines, as 

well as others, play a key role in the rapid recruitment of innate immune cells, including 

neutrophils, macrophages, basophils, and dendritic cells, to the site of infection to fight and 

destroy any foreign pathogens.   

 The defense systems of the innate immune system are quite effective in fighting certain 

pathogens. However, this system does rely on recognition of surface molecules that are common 

amongst many microorganisms. Unfortunately, some microorganisms have evolved mechanisms 

to protect themselves. For instance, bacteria have evolved a protective capsule that enables them 

to remain concealed from innate immune cells and steer clear of phagocytosis (138). 

Consequently, the adaptive immune response has evolved to provide a broader and more finely 

tuned recognition to both self- and non-self-antigens. Adaptive immunity relies heavily on the 

interplay between a unique subset of innate immune cells with B and T cells, the two principal 

cell types of the adaptive immune system. Following pathogen destruction by innate immune 

cells, small fragments of the pathogen are kept by specific cells called antigen presenting cells 

(APCs) which include dendritic cells, macrophages and B cells. Once activated, APCs travel to a 
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nearby lymph node (139). APCs use a group of proteins known as major histocompatibility 

complex (MHC) to present this peptide on their surface. This peptide then gets recognized by T 

cells through their cell surface receptor (TCR) which triggers the rapid proliferation of T cells, 

all capable of recognizing the pathogen in question. Each T cell expresses a unique TCR capable 

of recognizing a specific antigen, ensuring each different antigen may be targeted specifically. 

The specificity of these receptors arises from a unique genetic mechanism that generates millions 

of different variants of the genes encoding the receptors (140). In turn, this ensures that millions 

of lymphocytes collectively carry millions of different antigen receptors capable of responding to 

specific pathogen infections (141). Following pathogen recognition, depending on the class of T 

cell, cluster of differentiation (CD)4 or CD8, different effector functions may occur. CD4 T cell 

activation may result in the activation of other immune cell populations. For instance, if a 

pathogen-specific peptide presented by a B cell (acting as an APC) is detected by a specific CD4 

T cell, this may stimulate the B to produce antibodies (142). Alternatively, CD8 T cells are 

specialized to kill any pathogen-infected cell that they may recognize. Together, the innate and 

adaptive immune systems work synergistically to protect the host from any harmful entities. 

Thus, it is becoming increasingly popular to uncover novel ways we may manipulate the immune 

response to our advantage.  

 

Inflammation in the Context of Cancer  

 
 The transformation from a normal cell to a malignant one has been summarized in a 

concept referred to as the hallmarks of cancer which comprise biological capabilities a cell must 

adopt that enable them to become cancerous (143). Of the many capabilities, one of particular 

interest is tumor promoting inflammation, which is typically within the TME. The correlation 
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between inflammation and cancer was first proposed by Rudolf Virchow in the 19th century 

when he observed that cancer typically originated in sites of chronic inflammation and tumor 

biopsies were rich in immune infiltrates. In fact, current estimates shows that 25% of tumors are 

correlated with chronic inflammation and sustained by chronic infections or inflammatory 

conditions, suggesting that in some contexts, inflammation may support tumorigenesis (144). 

Regardless of the cause and source of chronic inflammation, it plays a crucial role in the 

sculpting of the TME and influences cancer progression. Thus, our current understanding of the 

immune system in regard to carcinogenesis can be divided into two concepts. The immune 

system may adapt a pro-tumorigenic identity where inflammation promotes cancer by blocking 

anti-tumor activity and employing signals that promote various stages of tumorigenesis including 

initiation, proliferation, invasion and metastasis (145-147). Furthermore, pro-tumorigenic 

inflammation may shape the TME towards a more tumor-permissive state that nurtures cancer 

progression (148-150). On the contrary, the immune system may take on an anti-tumorigenic 

phenotype through immunosurveillance and through direct tumor cell killing (151-154). Thus, 

infiltrating immune cells can be divided into two types: tumor-antagonizing (or anti-tumorigenic) 

and tumor-promoting (or pro-tumorigenic) immune cells. Anti-tumor immune cells consist 

primarily of CD8+ cytotoxic T cells, CD4+ effector T cells, natural killer cells, dendritic cells, 

M-1 polarized macrophages and N-1 polarized neutrophils whereas pro-tumorigenic immune 

cells consist of regulatory T cells and myeloid-derived suppressor cells (MDSCs), among others.   

Tumor cells wish to remain undetected by immune cells and favour their progression, 

thus create an immunosuppressive environment. This is achieved through a plethora of 

mechanisms including: the secretion of immunosuppressive, detrimental molecules including IL-

10 and transforming growth factor β (TGF-β) (155-157); lowering the pH and the glucose levels 
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within the TME (158,159); downregulation of tumor antigen presentation (160); developing a 

resistance to apoptosis through B-cell leukemia/lymphoma 2 (BCL-2) upregulation (161); and 

releasing immunosuppressive vesicles including exosomes (162,163). Together, these defense 

mechanisms shape the TME and debilitate anti-tumor immune responses (164). Despite these 

mechanisms, tumor cells also protect themselves through the recruitment of immunosuppressive 

immune cells. For instance, MDSCs can induce profound anergy of effector immune cells (165). 

Additionally, they may recruit pro-tumorigenic regulatory T cells (Tregs) while simultaneously 

inhibiting effector T-cell proliferation and creating a stronger immunosuppressive environment. 

This is possible due to the upregulation of the cluster of differentiation CD40 receptor; this 

receptor is responsible for generating Tregs within the TME while inducing T cell tolerance 

(166). Tregs on the other hand not only suppress natural killer (NK) cell activity (167), but also 

mediate CD4 and CD8 proliferation and inhibit interferon (IFN)-gamma secretion (168-171), 

thereby leading to impairment of anti-tumor responses. Indeed, increased levels of Tregs has 

been linked to poorer prognosis in patients suffering from a multitude of cancers including 

breast, ovarian and gastric malignancies (172-174). Ultimately, several populations of immune 

cells, both innate and adaptive, have displayed pro-tumorigenic properties in certain contexts. 

However, eliciting ways to exploit the anti-tumorigenic properties of other immune cell subsets 

may increase prognosis.  

Using the immune system to fight cancer has been one of the biggest breakthroughs in 

oncology, yielding the possibility of long-term clinical benefit and prolonged survival. Currently, 

ICIs are regarded as the most popular means for employing the immune system to fight cancer. 

ICI therapy is currently approved for 16 indications, however the number of responders to ICIs 

in 2018 was only at 12.46% (175). The success of immunotherapy relies greatly on the 
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immunogenic nature of the tumor; in fact, one important correlate of ICI success is the presence 

of a molecular signature of a pre-existing T cell response in the tumor (176). Thus, recently, 

researchers have gained an interest in identifying and targeting immune regulators beyond T 

cells, specifically through the innate immune cells.  

Tumor-associated macrophages (TAMs) represent one of the main tumor-infiltrating 

immune cell types and play critical roles in both the innate and adaptive immune responses. 

TAMs are generally characterized into two categories: M1 and M2 macrophages where the 

former are responsible for overseeing all anti-tumorigenic roles. Macrophages rely on activation 

signaling to detect cancer cells and become cytotoxic. When stimulated by LPS or/and IFN-γ, 

macrophages differentiate into the M1 phenotype, which typically activate antimicrobial 

functions (177). Interestingly, it has been shown that using bacteria may activate macrophages 

that can fight cancer as well. Mycobacterium bovis bacillus Calmette-Guérin (BCG) 

immunotherapy was found to polarize a cytotoxic macrophage population towards killing 

bladder cancer cells (178). M1 macrophages may directly and indirectly kill cancer cells through 

various mechanisms. For instance, a live coculture model of activated macrophages and mouse 

mammary cancer cells found that macrophages displayed elevated phagocytic activity against the 

cancer cells (179). Similarly, macrophages may engage in macrophage-mediated programmed 

cell removal (PrCR) to eliminate diseased or damaged cells. The use of TLR agonists in 

macrophages, in combination with an antibody that blocks CD47, an antiphagocytic signal, on 

tumor cells worked synergistically to enhance PrCR and resulted in cancer cell phagocytosis by 

macrophages (180). Finally, macrophages may also mediate tumor cell death through nitric oxide  

dependent and independent apoptosis (181).  
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NK cells are an innate lymphoid cell, thus do not require APC-dependent antigen 

presentation for activation of their cytotoxic activity. NK cells target cancer cells through direct, 

contact-dependent cytotoxicity as well as through cytokine production for immune modulation. 

Target-cell cytotoxicity is mediated primarily through perforin (Prf1)- and granzyme B (GrzB)-

mediated apoptosis (182). This is supported by data suggesting that Prf1-knockdown mice had an 

increase in circulating tumor cells, increased lung metastases and larger metastases than control 

mice in a human colon cancer xenograft mouse model. Furthermore, computer modelling 

showed that Prf1-dependent killing by NK cells decelerates the growth of primary tumors and 

kills 80% of circulating tumor cells (183). To this effect, NK cells may also eliminate cancer 

cells through the release of cytotoxic granules containing GrzB or by activating death receptors 

that initiate caspase cascades. In fact, it was observed that NK cells induce GrzB-mediated death 

at first cancer cell killing, then switch to caspase-8- mediated killing for subsequent tumor cell 

encounters (184).  

Dendritic cells (DCs) are commonly viewed as messengers of the immune system, acting 

as APCs to activate T cells. A less conventional role for this immune cell subset is as a direct 

cytotoxic effector cell against tumors. In fact, DCs with cytotoxic activity have been referred to 

as killer DCs (185). DC cells isolated from human blood were activated with granulocyte-

monocyte colony-stimulating factor (GM-CSF) and IL-4 and had very potent cytotoxicity against 

a panel of tumor cell lines including tumors of hematopoietic and epithelium origin in vitro 

(186). Various mechanisms have been identified in DC-mediated tumor cell killing. It has been 

proposed that activated neutrophils may induce tumor cell death through peroxynitrite 

production due to direct cancer cell contact (187,188). This is further supported by the fact that 

iNOS-/- and gp91-/- DCs’ cytotoxicity was severely impaired. Inducible nitric oxide synthase 
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(iNOS) is an enzyme capable of producing detrimental ROS whereas gp91 is the glycosylated 

subunit of NOX, responsible for the production of superoxide ion (187). Peroxynitrite-mediated 

tumor cell death by DCs was also shown through the isolation of DCs from patients with 

advanced cancers which were capable of killing several human tumor cell lines ex vivo (189) 

following LPS activation.  

Innate immune cells are finally beginning to receive the recognition they deserve as 

cytotoxic effector cells. This being said, more research is needed to decipher mechanistically 

what is going on as well as identify other immune cell subsets that may display potent anti-

neoplastic activity.  

 

Neutrophils  
 

Neutrophils are a cell of the innate immune response and are the most abundant 

circulating leukocytes in humans, accounting for 50-70% of all leukocytes and a dominant 

leukocyte population in mice (190,191). They are a short-lived cell, with a half-life of 8 to 12 

hours in circulation and 1 to 2 days in tissue, thus require constant replenishment from the bone 

marrow where they are produced (192). Neutrophils are generated at a rate of 1011 per day, 

which may increase to 1012 during infection, accordingly it is not surprising that roughly 60% of 

the bone marrow is dedicated to their production (193). Neutrophils are important effector cells 

of the innate arm of the immune system; they are the first line of defense that protect the host 

from bacteria, viruses, and fungi. In fact, a decrease in neutrophil numbers in the blood is 

associated with severe immunodeficiency in humans (194,195). Neutrophils are constantly 

patrolling the host for any signs of infection and upon detection respond quickly to destroy any 

invaders. In comparison to the adaptive immune response which is dependent on previous 
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pathogen interactions and required time to develop, the ability of neutrophils to kill pathogens is 

immediate, non-specific and does not rely on previous microbial interactions (196).  

 

Neutrophil Recruitment  

 
After their development in the bone marrow, mature neutrophils reach sites of 

inflammation via the vasculature, primarily through the postcapillary venules (197). The 

recruitment of neutrophils into tissue, known as the neutrophil extravasation cascade, is a 

multistep process. Neutrophil recruitment is initiated by changes on the surface of endothelium 

cells (198). This occurs in response to stimulation from inflammatory molecules such as 

histamine and cytokines that are released from tissue-resident leukocytes in response to pathogen 

detection (199). Vascular endothelial cells can also be activated directly through PRRs that 

detect foreign invaders (200). Upon activation, endothelial cells immediately begin upregulating 

molecules of the selectin family of adhesion molecules consisting of P- and E-selectins (201). P-

selectin is rapidly translocated to the membrane from its storage site in Weibel-Palade bodies 

(202). Alternatively, E-selectin must be synthesized de novo in response to molecules such as IL-

1, LPS and granulocyte colony-stimulating factor (G-CSF) (203). P- and E-selectin are 

structurally very similar, suggesting they may have overlapping functions (201). Ultimately, 

these two adhesion molecules work synergistically to maximize neutrophil recruitment by 

binding to their glycosylated ligands such as P-selectin glycoprotein ligand 1 (PSGL-1) on the 

surface of neutrophils, leading to the tethering of neutrophils and subsequent rolling in the 

direction of blood flow along the endothelium (204). Neutrophil rolling along the endothelium 

requires rapid formation and cleaving of adhesive bonds, thus the P-selectin to PSGL-1 bond at 

the rear of the cell must be disengaged at the same time as a new bond forms at the front end of 
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the cell (205). As neutrophils roll along the endothelium, they encounter chemokines that may 

act as chemoattractants, particularly those of the CXC family such as CXCL8, CXCL2 and 

CXCL5 (206). These chemokines signal via CXCR2 on neutrophils, which triggers the change of 

conformation of integrins on the neutrophil surface (207,208). Integrins act as cell surface 

receptors for constituents of the extracellular matrix. Thus, following neutrophil rolling is a firm 

arrest of neutrophils which is mediated by activated β2-integrins (LFA-1 and MAC-1) on the 

neutrophil interacting with inter-cellular-adhesion-molecule-1 (ICAM-1) on endothelium (209). 

Once firmly attached, neutrophils then flatten in an effort to minimize their surface exposure to 

blood flow, shear force, and collisions with circulating blood cells. They then crawl along the 

endothelial lumen surface in search for a permissive site for transmigration across the endothelial 

barrier. This crawling is directed by gradients in adhesion receptors, chemokines and endothelial 

cell stiffness and is mediated by MAC-1 interacting with ICAM-1 (210). In fact, in MAC-1-/- 

mice, it was found that neutrophils adhered to the endothelial surface but failed to crawl whereas 

LFA-1-/- neutrophils had extreme difficulty attaching, but the few that did had no issues with 

crawling (210). Once an optimal site has been found, neutrophils must emigrate from the 

vasculature and into the tissue. This may occur in one of two fashions: either through a 

paracellular route (in between endothelial cells) or a transcellular route (through an endothelial 

cell), which occurs 5% to 10% of the time (211). Neutrophils predominantly opt for the 

paracellular route, particularly at the intercellular junctions (212), but may engage in 

transcellular emigration depending on the vascular bed of the tissue and the intensity of tissue 

inflammation (213).  
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Figure 3. Neutrophil extravasation cascade.  

Neutrophils may enter an inflamed tissue through a multistep process which includes capture, 

rolling, arrest, adhesion, spreading, crawling and transmigration. Obtained from Ley et al., 2007 

(199).  

 

 

Neutrophil Activation 

 
Circulating neutrophils are quiescent in nature requiring proper signaling for activation. 

After entry into the infected tissue, neutrophils respond to pro-inflammatory stimuli in the tissue 

to become fully activated. The current belief is that neutrophil activation is a two-step process; 

priming occurs first, which allows neutrophils to be able to respond to activating stimuli and then 

become fully activated (214,215). This would make sense if priming molecules were involved in 

migration while PAMP detection was involved in activation. However, in the literature there is 

no clear distinction between priming and activating stimuli. For instance, LPS has been reported 

as both a neutrophil primer and activator despite being a PAMP (216-218). Thus, current 

evidence suggests that efficient neutrophil activation requires at least two simultaneous 

inflammatory stimuli (including G-CSF, N-Formyl-Methionyl-Leucyl-Phenylalanine (fMLP), 

TNF and LPS) rather than a priming and activating phase (219). 
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Neutrophils utilize various classes of cell surface and intracellular receptors for the 

detection of pathogen and host proteins opsonizing the microbe. PRRs are used to detect 

microbial motifs including LPS, double-stranded viral RNA and bacterial DNA. In brief, the 

primary non-phagocytic PRR on a neutrophil is the TLR. Human neutrophils express TLR1, 2, 4, 

5, 6, 7, 8, 9 and 10 (220) and TLR engagement primes neutrophils to increase respiratory burst 

and ROS production (221), stimulate cytokine release (222) and even delay spontaneous 

neutrophil apoptosis (223). Other signaling PRRs include nucleotide-binding and 

oligomerization domain (NOD)-1 and -2, which respond to bacterial peptidoglycan recognition 

(224), and Dectin-1 which recognizes fungal β-glucan and in turn internalizes and eliminates 

fungal pathogens (225).  

The complement system plays a crucial role in the innate defense against various 

microbes by opsonizing pathogens and inducing a multitude of inflammatory processes that help 

fight infection. Inactivated complement proteins circulate the blood in search of pathogen and 

become rapidly activated once in contact with a foreign surface. Complement activation involves 

a cascade of proteins that react with one another to tag microbial surfaces with plasma-derived 

host proteins (226). All three major complement pathways converge at the formation of C3 

convertases that cleave C3 molecules to C3b (227). Depending on the environmental conditions, 

C3b may also be cleaved to another opsonin, iC3b, through a process mediated by serum 

complement factor I (228). Unstimulated neutrophils express relatively low numbers of 

complement receptors. However, upon activation, they upregulate expression of several 

complement receptors, notably complement receptor (CR) type 1 (CR1) and CR type 3 (CR3) 

which bind C3b and iC3b respectively (229). Together, these two receptors recognize opsonized 

pathogens and act as strong stimulators of neutrophil-mediated killing mechanisms, particularly 
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phagocytosis (227,230). Ultimately, neutrophils do not rely solely on the detection of pathogen-

associated motifs to become activated; they may also recognize host proteins that are associated 

with infection to engage their full killing capacity.  

 

Pathogen Killing by Neutrophils  

 
 Given the key role neutrophils play in fighting infection, it is no surprise that neutrophils 

have evolved several antimicrobial mechanisms to prevent pathogen infection. Thus, the process 

by which neutrophils kill invading pathogens depends on four primary mechanisms: 

phagocytosis, ROS production, degranulation, and neutrophil extracellular trap (NET) formation.  

 

Phagocytosis  

 
 Phagocytosis is defined as the engulfment of cells, cell fragments or pathogens leading to 

sequestration and elimination of these entities (231). Neutrophil phagocytosis is a rapid process; 

uptake can occur in as quickly as 20 seconds (232). The process can be divided into four main 

steps: recognition of the target particle, signaling to activate the internalization machinery, 

phagosome formation and phagolysosome maturation (233). In neutrophils, particle recognition 

to initiate phagocytosis may occur through a multitude of specialized receptors located on the 

cell surface including the previously mentioned Dectin-1 (234), CR1 (227), CR3 (235) as well as 

receptors for the Fc portion of IgG, termed Fc gamma receptor (FcγRs), which recognize 

pathogens coated in antibody (236). Following pathogen recognition, a series of signaling events 

is triggered to activate phagocytosis. Notably, signaling induces changes and rearrangements of 

the actin cytoskeleton, causing the formation of a phagocytic cup as well as the formation of 

pseudopods, which are protrusions that extend around a foreign particle and engulf it (237). In 
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complement receptor-mediated phagocytosis, the actin cytoskeleton is used to engulf pathogens 

in a sinking-mediated method, followed by the guanosine triphosphate (GTP)ase RhoA 

activating signaling leading to F actin polymerization and ultimately phagosome formation 

(238). Finally, the phagosome alters its composition into a phagolysosome, a vesicle that may 

destroy ingested particles through a process termed phagosome maturation. During this process, 

the phagosome undergoes a series of fusions and fissions with endocytic organelles (including 

early or sorting endosomes, late endosomes, and lysosomes) to acquire the necessary proteins 

and conditions to destroy engulfed pathogens (239). These changes include an acidified pH 

(240), acquisition of hydrolytic enzymes from lysosomes (including cathepsins, proteases, 

lysozymes, and lipases) (241), acquisition of scavenger molecules that sequester molecules 

needed by bacteria (242) and acquisition of ROS generators (243). Ultimately, phagosome 

formation and phagocytosis is a key mediator in neutrophil killing; impaired phagosome 

maturation in neutrophils is associated with bacterial accumulation and inefficient clearing (244).  

 

ROS Production 

 
 Neutrophils may also evoke their cytotoxicity through the production of ROS. This is 

typically manifested in the form of an oxidative burst, which is a rapid release of high levels of 

ROS generated primarily by the activation of NOX (245). NOX is a multicomponent enzyme 

system consisting of two transmembrane proteins gp91phox and p22phox as well as four cytosolic 

proteins p47phox, p67phox, p40phox and Rac2 (246). Upon stimulation, p47phox undergoes 

phosphorylation and the entire subunit translocate to the membrane to form the active oxidase 

(247). p47phox  phosphorylation occurs on serine residues located between Ser303 and Ser379 

(248) and were shown to be phosphorylated by protein kinase C (PKC) in vitro and in 
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neutrophil-like HL-60 cells (249,250). Upon complete assembly, NOX transfers electrons across 

the phagosomal membrane from cytosolic NADPH to molecular O2 generating O2
− (251). 

Neutrophils lacking components of NOX are significantly impaired in their ability to kill 

pathogens (252). Furthermore, patients with chronic granulomatous disease (CGD), a rare 

genetic disease characterized by a lack of functional NOX, are highly compromised in their 

ability to clear infections, highlighting the importance of this enzyme in innate immunity (253). 

NOX activation can produce large amounts of O2
−, however, these anions are very short lived, 

therefore are typically enzymatically converted to hydrogen peroxide (H2O2) by superoxide 

dismutase (SOD). H2O2 may further be converted to other potent ROS forms; for instance, the 

enzyme myeloperoxidase (MPO) may convert H2O2 to hypochlorous acid, a strong oxidant that 

exhibits high toxicity against bacterial, fungal, and viral pathogens (254-256). The antimicrobial 

potential of ROS generated by the neutrophil stems from its ability to cause irreversible oxidative 

damage to DNA, proteins, and lipids, resulting in pathogen death. NOX activation must be 

tightly regulated as prolonged activation can be detrimental; it may cause oxidative damage to 

tissue and is associated with autoimmune diseases and prolonged inflammation (257). 

Additionally, reduced NOX capacity caused by single nucleotide polymorphisms has been 

associated with the development of several illnesses including rheumatoid arthritis (258) and 

systemic lupus erythematosus (259). 

 

Degranulation 

 
 Neutrophils utilize both oxidative and non-oxidative methods to kill invading 

microorganisms. One method of non-oxidative killing includes the use of antimicrobial proteases 

that are packaged into intracellular vesicles called granules which are acquired during neutrophil 
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maturation in the bone marrow (260). Neutrophil granules can be broadly categorized into four 

main types based on their protein content: primary (azurophilic), secondary (specific), tertiary 

(gelatinase), and secretory. The differences in protein content are not dependent on the sorting of 

proteins, but rather, according to the targeting-by-timing hypothesis, are dependent on the 

proteins being produced during the time of granule formation (261). In other words, as different 

granule proteins are synthesized at different stages of neutrophil differentiation, this will give 

rise to the varying granule types. In fact, some granule proteins are present in several granule 

types whereas others are unique to a particular subset suggesting that granules may actually exist 

in a continuum containing various amounts of different proteins (262). Primary granules, as the 

name implies, are the earliest to be formed in promyelocytes (263). They contain the most pro-

inflammatory and many antimicrobial peptides, including MPO, bactericidal/permeability- 

increasing protein (BPI), serine proteases (neutrophil elastase (NE), proteinase 3, cathepsin G, 

and azurocidin), and α‐defensins (264). Proteomic analysis has identified 852 proteins associated 

with primary granules, speaking to the true heterogeneity of this population (264). Primary 

granules fuse primarily with phagosomes, aiding in pathogen degradation through protease 

secretion (265). Secondary and tertiary granules on the other hand are smaller than primary 

granules and are formed throughout myelocyte and metamyelocyte stages (266). These granules 

share similar protein content and function, but some distinguishing features include that 

secondary granules are lactoferrin and neutrophil gelatinase-associated lipocalin (NGAL) 

positive and matrix metalloprotease 9 (MMP9) negative whereas tertiary granules are lactoferrin 

and NGAL negative and MMP9 positive (264). Secondary and tertiary granules are not very well 

studied but are thought to be involved in recruitment of neutrophils and other immune cell 

subsets alike and aid in their survival (267-269). Finally, secretory vesicles are neutrophil 
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intracellular storage granules formed by endocytosis during the banded and segmented stages 

(270). These granules contain plasma proteins, supporting their origin as endocytic granules. 

Additionally, secretory vesicles contained cytoskeletal proteins such as - and - actin as well as 

chemokine receptors, adhesion molecules and membrane components of NOX (264,271). These 

granules are suggested to be important in the initial steps of neutrophil recruitment, being 

mobilized during the onset of neutrophil rolling. Essentially, mobilization of secretory vesicles 

may play a role in transforming a neutrophil from a passive cell to one that is well suited for 

migration into tissues (272).  

 The process by which neutrophils release their granules is termed degranulation. 

Degranulation can occur at the plasma membrane for killing extracellular pathogens or at the 

phagosome for intracellular delivery. In brief, the process of neutrophil degranulation can be 

divided into four distinct steps. Upon receptor stimulation, granules get recruited to the 

phagosomal or plasma membrane where Rac2 GTPases orchestrate actin cytoskeleton 

remodelling (273). Rac2-/- mice lack the ability to release primary granules without affecting the 

degranulation of secondary and tertiary granules, suggesting a role limited to primary granules 

(274). However, all granule types rely on actin reorganization, thus likely relying on other 

granule-specific mechanisms (275). Next, the outer surface of the granule must be in close 

contact with the inner surface of the desired membrane. Docking and tethering must be initiated 

primarily through Rab GTPase and soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor (SNARE) complexes. Interestingly, depending on the type of granule, the complexes 

used for tethering may vary. Primary granules are enriched in synaptosome-associated protein 

(SNAP)-23 and vesicle-associated membrane proteins (VAMP)-1 and VAMP-7 whereas 

secondary and tertiary contained VAMP-1, VAMP-2, and SNAP-23 (276). Granule priming then 
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follows to ensure granules acquire fusion competence. Finally, an increase in intracellular 

calcium encourages the formation of a fusion pore between the granule and the membrane 

allowing fusion to occur and allows the granule to release its contents. Each type of neutrophil 

relies on different calcium concentrations for exocytosis with secretory vesicles requiring the 

most, followed by tertiary granules, then secondary granules and finally primary granules (277).  

 

Neutrophil Extracellular Trap Formation 

 
 Upon sensing the entry of pathogens, neutrophils may release a mesh-like structure 

consisting of DNA and histones which is decorated in antimicrobial peptides and enzymes, a 

process termed NETosis, which captures and destroys the invading pathogen. The molecular 

mechanisms involved in NET formation and linked to the production of ROS. ROS generated by 

NOX during infection oxidizes DNA bases, inducing DNA damage. Following DNA damage, 

DNA repair mechanisms including proliferating cell nuclear antigen (PCNA) are activated, 

resulting in the full opening of chromatin and subsequent NETosis (278). The magnitude and 

duration of ROS play a crucial role in the formation of NETs and seem to be dependent on NOX. 

For instance, neutrophils from p47phox−/− mice, thus mice lacking a functional NOX enzyme, are 

not capable of producing NETs (279). Furthermore, neutrophils isolated from CGD patients are 

incapable of producing NETs, yet gene therapy that complements NOX function was able to 

restore the potential of these neutrophils to produce NETs (280).  

 Another important step in NETosis is the release of particular granule proteins into the 

cytosol. Azurophil or primary granules contain a protein complex called the azurosome which 

contains 8 granule proteins including NE, MPO, azurocidin, cathepsin G, eosinophil cationic 

protein, defensin-1, lysozyme, and lactoferrin. ROS production causes dissociation of this 
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complex, releasing several of these proteins into the cytosol (281). Once in the cytosol, these 

proteins, especially NE play a critical role in breaking down cytoskeletal elements, allowing 

NETs to form (282). Subsequently, peptidyl-arginine deaminase 4 (PAD4) gets transferred to the 

nucleus to catalyze the hypercitrullination of histones, leading to chromatin decondensation 

(283). Lastly, pores are formed in the plasma membrane allowing NETs to be released into the 

environment. Antimicrobial proteins released from the granules may strongly bind to the NET 

surface due to electrostatic interactions. Together, these mechanisms ensure neutrophils capture 

invading pathogens and destroy them in a special form of programmed cell death, resulting in 

neutrophil and pathogen death alike. 

 

Neutrophils in Cancer  
 
 Whereas researchers once believed that neutrophils were present only during the acute 

phase of inflammation, functioning only as pathogen killers, more recently it has been shown 

that neutrophils are also found infiltrating many types of tumors (284). Early studies believed 

that given the short lifespan of these cells, neutrophils were likely mere bystanders within the 

TME, having no effect on the progression of a chronic and progressive disease like cancer. 

However, the study of tumor-associated neutrophils (TANs) has become a widespread area of 

research since it has become clear that TANs have relevant roles in cancer progression and 

tumorigenesis.  

 Elevated numbers of neutrophils have been seen in many patients with advanced cancer 

in both the tumor and the blood (285,286), likely due to tumor secretion of molecules that may 

instigate neutrophil release from the bone marrow such as GM-CSF (287). This neutrophilia is 

typically associated with poor prognosis in several cancer types including lung and renal 
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carcinomas (288,289). The ratio of neutrophils to other leukocytes (NLR) in the blood serves as 

a prognostic factor for cancer. Given its simplicity and inexpensive nature, NLR is a good 

marker of ongoing cancer-related inflammation and an indicator of prognosis of solid tumors. 

Furthermore, in oncology, NLR correlates with tumor size, stage of tumor, metastatic potential 

and lymphatic invasion (290). Unfortunately, a high NLR, typically one greater than 3.0, is 

associated with worse disease-free and overall survival in many cancers including breast (291) 

and lung cancer (292). However, in some types of cancer, such as gastric cancer, many 

neutrophils is indicative of a positive prognosis and can be used as a tool for the early detection 

of cancers that are difficult to identify (285,293). Ultimately, neutrophilia is not always a bad 

indicator of cancer progression, and their role needs to be explored in more detail in each 

specific context.  

Protumor Function of Neutrophils 

 
 A large body of clinical evidence indicates neutrophils are involved in various stages of 

cancer development and tumor progression. The protumoral functions of neutrophils are 

numerous and have only recently started to be elucidated. Perhaps the most well characterized 

mechanism of neutrophil-induced tumor progression is aiding in angiogenesis. Angiogenesis is a 

hallmark of malignant disease as the formation of new blood vessels is required for tumors to 

acquire the oxygen and nutrients necessary for their continued growth. Neutrophils can enhance 

tumor angiogenesis through the production of many pro-angiogenic factors including MMP9 and 

vascular endothelial growth factor (VEGF). Furthermore, neutrophil depletion in these mouse 

models of melanoma and fibrosarcoma significantly inhibited tumor growth (294). It has also 

been shown that MMP9 levels are elevated in cancer patients, specifically, neutrophils from head 

and neck squamous cell carcinoma tissue expressed MMP9 at higher levels than all other cell 
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types within the TME (295). TANs were responsible for producing MMP9 in hepatocellular 

carcinoma as well and this molecule was found to stimulate the proangiogenic activity of 

hepatoma cells (296). Finally, in a model of colorectal cancer, tumors were resistant to anti-

VEGF therapy under situations of increased inflammation. These tumors were found to be 

enriched in neutrophils that supported angiogenesis through the upregulation of Bv8/ 

Prokineticin 2 (PROK2) and suppression of this neutrophil population resulted in response to 

anti-VEGF therapy (297).  

 Neutrophils may also contribute to tumor initiation through several mechanisms. 

Although neutrophil-derived ROS may be able to destroy cancer cells, they can also cause 

genotoxicity in circumstances when a cell is not killed. Neutrophil-produced ROS, at chronic, 

low levels, may induce DNA damage and promote tumorigenesis in lung epithelial cells (298). 

Additionally, neutrophils contribute directly to carcinogenesis by amplifying the genotoxicity of 

urethane, a carcinogen, via ROS (299).  Finally, neutrophils may also induce DNA damage in a 

ROS-independent mechanism. In inflamed areas, such as the colon, it was observed that 

neutrophils may release nanoparticles that carry pro-inflammatory microRNAs (miR-23a and 

miR-155). These microRNAs promote the accumulation of double-stranded breaks by targeting 

key proteins involved in DNA repair such as RAD51 and lamin B1 (300).  

 Neutrophil granules contain a multitude of proteins typically used for the degradation of 

pathogens. Unfortunately, some of these molecules may adopt other functions including 

enhancing tumor growth and creating an immunosuppressive environment favorable for cancer 

development. NE, as previously mentioned, is a major protein of primary neutrophil granules. 

Interestingly, in a mouse model of lung adenocarcinoma, NE directly enhanced tumor cell 

proliferation of A549 cells in a co-culture system. This proliferation was reduced when cancer 



 47 

cells were co-cultured with NE-/- neutrophils or a NE inhibitor was used. NE could penetrate into 

the cells and degrade insulin receptor substrate-1 (IRS-1), leading to more phosphatidylinositol 

3-kinase (PI-3K) available to enhance proliferation (301). Alternatively, Arginase 1 (ARG1) is 

also present in neutrophil granules and is used to degrade arginine. Arginine is an essential 

amino acid required for proper T cell proliferation and activation (302). In non-small cell lung 

cancer, tumor cells secreted IL-8, triggering the release of ARG1 from neutrophils (303). This 

results in the degradation of arginine, thus inhibiting the proliferation of antigen-specific T cells, 

crucial mediators of anti-tumor immunity (304).  

 Lastly, neutrophils can influence the migration potential of cancer cells and promote 

metastasis. Neutrophils secrete numerous cytokines which may augment cancer cells’ 

aggressiveness. For instance, neutrophils secrete TNF-α and TGF-β1 which increased 

transmigration and metastasis in pancreatic ductal adenocarcinoma cells (305). G-CSF, a 

molecule involved in neutrophil proliferation, differentiation and recruitment has also been 

shown to be a key mediator in neutrophil-mediated metastasis. Tumors which overexpress G-

CSF mobilized neutrophils to the tumor, but also to the premetastatic site, priming this region 

and subsequently facilitating metastasis of cancer cells (306). Furthermore, cancer-cell derived 

G-CSF was found to not only recruit neutrophils, but also engage in NETosis, which promoted 

breast cancer metastasis to the liver (307). Together, these findings provide clear evidence that 

neutrophils can promote cancer progression and display a protumorigenic phenotype in multiple 

contexts.  
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Antitumor Function of Neutrophils 

 
 Despite the large amount of evidence in support of the tumor-promoting roles of 

neutrophils during carcinogenesis, there is also clear evidence demonstrating their antitumor 

activity. A neutrophil’s ability to kill cancer cells was discovered decades ago both in vitro and 

in vivo (308,309), however the mechanisms used to orchestrate such cytotoxicity are only 

recently beginning to be uncovered.  

 Neutrophils potentiate this antitumor effect once they have been activated. For instance, 

in a model of TNBC, it was shown that following neutrophil activation by IFN- γ producing 

monocytes, neutrophils displayed enhanced killing capacity in vitro through the upregulation of 

stimulator of interferon genes (STING). Furthermore, these monocytes recruited neutrophils 

specifically to the pre-metastatic organ of the lung where they were cytotoxic and prevented 

metastatic outgrowth (310). Similarly, in another model of breast cancer as well as in a model of 

renal carcinoma, neutrophils prevented tumor cells from colonizing the lung by protecting the 

pre-metastatic niche and creating an unfavourable environment for metastatic development 

(311,312). In this breast cancer model, neutrophil-derived H2O2 mediated tumor cell killing in 

the lung, preventing metastatic outgrowth (311) while in the renal carcinoma model, IL-8 

secreted by tumor cells elicited a cytotoxic neutrophil population (312). Neutrophil-secreted 

H2O2 has also been found to induce a lethal influx of Ca2+ in tumor cells through the 

upregulation of transient receptor potential cation channel, subfamily M, member 2 (TRPM2), a 

ubiquitously expressed H2O2-dependent Ca2+-permeable channel, thus suggesting that not only 

ROS, but other molecules may play crucial roles in tumor cell cytotoxicity (313).  

Previously, the role of G-CSF as a molecule that may increase neutrophil-mediated 

metastasis was discussed. Interestingly, several publications have shown the contrary; both G-



 49 

CSF and GM-CSF may induce a cytotoxic neutrophil population. For instance, in a murine 

model of colon adenocarcinoma, cells transduced with G-CSF lost tumorigenic activity 

following a massive influx of neutrophils into the tumor site. Additionally, neutrophils were 

found to discriminate between G-CSF producing and non-producing cells and only inhibit G-

CSF expressing ones (314). Similarly, neutrophils activated by GM-CSF exert antitumor activity 

against melanoma cells in a ROS-dependent mechanism (315).   

 Finally, neutrophils can destroy cancer cells by antibody-dependent cellular cytotoxicity 

(ADCC). ADCC is the process by which antibodies coat a target cell and subsequently recruit 

effector target cells to engage cytotoxic mechanisms. Antibodies can bind to their antigen via 

their antigen-binding fragment (Fab) portion and interact with effector cells via their fragment 

crystallizable region (Fc) portions. This allows antibodies to act as bridges that link effector cells 

to their target (316). Neutrophils express Fc receptors on their surface, enabling them to behave 

as an effector cell in ADCC-mediated killing (317). Neutrophils express different Fc receptors 

including FcRI, FcRII, FcRIII which have different binding affinities for immunoglobulin G 

(IgG), however FcII was found to be the predominant Fc receptor inducing ADCC in breast 

cancer (318). One mechanism by which neutrophils kill antibody opsonized cancer cells is 

through trogoptosis. Trogoptosis is the repeated process of trogocytosis, where one cell, in this 

case the neutrophil, endocytoses cytoplasmic fragments of the target cell’s membrane, resulting 

in membrane destruction and necrotic cell death (319). 

 

Continuum of neutrophil states 

 
 The previous two sections highlight some of the pro- and anti-tumor roles a neutrophil 

may adopt in various contexts. Interestingly, it has been presented that certain molecules such as 
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ROS, IL-8 and G-CSF can drive both pro- and antitumorigenic neutrophil activity and 

neutrophils can both support and discourage metastasis. These conflicting reports fuel a debate 

regarding the role of neutrophils in cancer and bring forward the hypothesis that neutrophil 

function may be context-dependent, and heterogeneity may rely on more than just the influence 

of the TME.  

 Neutrophil plasticity and phenotypic diversity can be directly affected by the TME, 

however neutrophil heterogeneity is also influenced by neutrophil maturity. Previously, a 

neutrophil population was often described as being either immature, where neutrophils supported 

tumorigenesis or mature, where neutrophils were anti-tumor (320). Premature release of 

neutrophils from the bone marrow, which occurs primarily during situations of emergency 

granulopoiesis, is considered the main reason for the presence of immature neutrophils in 

circulation and is thought to occur primarily by the increased production in G-CSF (321). An 

increase in immature neutrophils is commonly observed in cancer patients (322). On the 

contrary, mature neutrophils are kept in the bone marrow to develop completely before entering 

circulation and are much more cytotoxic in nature (323).  

 Recently, it has been proposed that neutrophils do not exist as either an immature or 

mature homogeneous populations. Studies using single-cell transcriptomics of neutrophils have 

provided insights into their transcriptional heterogeneity during maturation (324). In brief, 

because neutrophils are constantly undergoing evolution and progression as a function of time 

and environmental cues, there are not just immature and mature neutrophil populations that exist, 

but rather there are various sub-populations with different polarizations that exist along a 

transcriptional, chronological continuum with varying phenotypic and functional organization. 

Ultimately, it is crucial to recognize that neutrophils are a heterogeneous population with varying 
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functional properties. Thus, it is imperative to find therapies that may functionally reprogram the 

majority of the neutrophils and skew them toward an antitumor phenotype. 

 

Therapeutic Approaches  

 
 Despite the clinical evidence that support the notion of neutrophil presence having a 

negative effect in cancer, these cells can clearly kill tumor cells. Thus, several novel therapeutic 

approaches are being investigated that skew a neutrophil’s phenotype to enhance their 

antitumoral capacity.  

 Given the prominent role TGF- has in supporting a pro-tumor neutrophil phenotype, as 

well as being secreted directly from tumor cells, it has become an intriguing target in cancer 

therapy. Thus, a mathematical model was first developed to predict how use of a TGF- inhibitor 

and IFN-β could enhance the anti-tumor neutrophil phenotype and combat tumor progression. 

This model was quite promising and even estimated drug dosage, total drug amount, infusion 

time and relative cost (325). The results were so convincing that this advanced to pre-clinical and 

clinical research. In vitro, anti-TGF-β treatment increased the cytotoxicity of TANs and 

decreased the levels of metastatic chemoattractants secreted by TANs. Additionally, anti-TGF-β 

therapy increased colorectal cancer cell apoptosis and suppressed the migration of tumor cells 

(326). In vivo, treatment with a TGF- β inhibitor slowed tumor growth, an effect that was lost 

when neutrophils were depleted (326). Following these findings, several clinical trials have been 

initiated looking at Galunisertib, an ALK5 (TGF- β type I receptor) inhibitor for the treatment of 

a multitude of cancers. These phase I and II clinical trials have assessed the role of Galunisertib 

in combination with chemotherapeutic agents and results have been mixed (327-329). Similarly, 

LY2109761, a TGF-β receptor type 1 and 2 dual inhibitor has also been the center of several 
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human and murine studies. LY2109761 was found to inhibit liver metastasis both in vitro and in 

vivo in a model of pancreatic cancer (330). Furthermore, this drug was found to be good at 

sensitizing cancer cells to the anti-neoplastic effects of radiotherapy (331) and oxaliplatin, a 

conventional chemotherapy (332). Together, these findings highlight the potential of using TGF- 

β inhibition as a means of phenotypically switching neutrophils towards a more antitumor 

phenotype, resulting in cancer cell death. Although therapies that target TGF- β are promising, it 

is important to recognize that TGF- β is highly pleiotropic, thus acting on multiple cell types 

within the TME. Accordingly, the observed cytotoxicity may be due to a combination of distinct 

phenotypic switches in multiple cell types, including neutrophils, resulting in tumor cell death.  

 In recent years, it has been shown that specific therapies may directly alter neutrophils to 

eradicate tumors. A neutrophil-activating therapy consisting of three molecules; TNF, which 

mobilizes neutrophils to the tumor, an anti-CD40 monoclonal antibody, which augments a 

neutrophil’s killing capacity, and anti-gp75, a tumor-binding antibody, were able to eradicate 

B16 melanoma cells, as well as LL/2 lung carcinoma, 4T1 mammary carcinoma, and 

Sparkl.4640 colon carcinoma (333). The same combination was able to activate human 

neutrophils in vitro, enabling them to lyse human cancer cells. Mechanistically, it was revealed 

that this therapy relied on complement activation, particularly the upregulation of the 

complement component C5a, to induce ROS production by neutrophils via xanthine oxidase 

which generates oxidative damage to tumor cells and results in cancer clearance (333).  

 The TME is typically an inflammatory milieu that potentiates cancer progression. Thus, 

lately, it has been asked whether converting the TME from a chronically inflamed state to one of 

acute microbial inflammation would influence cancer progression. Intriguingly, when microbial 

bioparticles were injected intratumorally, there was a substantial increase in activated neutrophils 
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within the tumor (28-fold increase). The therapy elicited a primarily mature neutrophil 

population within the tumor; they were the main immune subset to phagocytose microbial 

particles and upregulated iNOS (334). In comparison, neutrophils from unmanipulated tumors 

expressed high levels of VEGF, which is typically a pro-tumor molecule involved in 

angiogenesis. Furthermore, recurrent microbial treatment with S.aureus bioparticles repressed 

tumor growth in a ROS-dependent manner as treatment with N-acetyl-L-cysteine (NAC), a ROS 

scavenger, reversed this phenotype (334). This treatment also amplified CD8 T-cell function and 

increased the efficacy of checkpoint inhibitor therapy in the AT-3 mammary carcinoma tumor 

model. These data indicate that finding novel ways to reprogram neutrophils from a wound 

healing and tumor-promoting phenotype to an activated cytotoxic phenotype may be crucial for 

ameliorating outcomes for cancer patients.   

Rationale and Objectives  

 
 Though many treatments are available for women with ER+ and HER2+ cancers, there is 

still 20% to 30% of patients that relapse, particularly when diagnosed at an advanced stage. 

Furthermore, women with triple negative cancers are only treated with standard chemotherapy, 

whereby >50% develop intrinsic or acquired resistance. For these reasons, identifying therapies 

that target essential vulnerabilities to treat tumors is necessary for improving survival outcomes 

of women with such hard- to-treat cancers.  

 Our lab has previously shown that inflammatory mediators such as IFN and 

Polyinosinic-polycytidylic acid (Poly IC) may potentiate the cytotoxicity of phenformin in vitro 

and in vivo for the treatment of murine and human breast cancer models (335). Additionally, this 

therapy results in decreased expression of NAD(P)H quinone oxidoreductase 1 (NQO1), a key 
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ROS scavenger, within breast cancer cells, resulting in the accumulation of oxidative DNA 

damage, leading to cancer cell death.  

 

Hypothesis  

 
I hypothesize that neutrophils are responsible for mediating the cytotoxic effects 

exhibited during phenformin and Poly IC treatment in murine models of breast cancer. The 

combination therapy repolarizes neutrophils towards a more antitumorigenic phenotype, capable 

of killing cancer cells in a ROS-dependent manner.  

 

Aim 1: To functionally validate the importance of specific immune cell subsets in 

potentiating the cytotoxic response of biguanides in breast cancer.  

 
Our research shows that poly IC-induced inflammation profoundly sensitized two 

syngeneic models of HER2+ (MT4788) and TNBC (4T1) breast cancers to the cytotoxic effects 

of phenformin and in a ROS-dependent manner. Single-cell RNA sequencing has shifted our 

attention to focusing on innate immune cell subsets which may be responsible for the observed 

cytotoxicity. Multiplex flow cytometry studies reveal that neutrophils are selectively enriched in 

the tumors of poly IC/phenformin treated mice relative to vehicle controls. Depletion of 

neutrophils from these mouse models using a monoclonal antibody result in loss of therapy 

effectiveness, suggesting a crucial role for this cell type. In vitro co-cultures between neutrophils 

isolated from combination-treated mice and syngeneic cancer cells display extensive cancer cell 

death in comparison to cancer cells co-cultured with control-mouse neutrophils.    
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Aim 2: To functionally characterize the neutrophil population elicited by the 

phenformin/poly IC therapy.  

 Functional characterization of the therapy-elicited neutrophil population was crucial for 

identifying how these neutrophils may be killing the cancer cells. A spontaneous metastasis 

experiment identified that the combination therapy did not increase metastatic burden in the 

lungs in comparison to vehicle control mice. Through microscopy it was possible to visualize 

nuclear segmentation of the neutrophil’s isolated from treated mice. The phenformin/poly IC 

therapy induced a primarily mature neutrophil population. There was no change in the oxidative 

burst generated from neutrophils isolated from control- and combination-treated mice using a 

chemical stimulant and ex vivo drug treatment did not augment the strength of the oxidative 

burst. 
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Chapter 2: Methods  

Mammary Fat Pad Injections 

 
Cells (0.05 x 106 for 4T1-537 and 0.5 x 106 for MT4788) were injected into the fourth 

mammary fat pads of 8- to 10-week-old female mice. Cells were resuspended in a 1:1 phosphate-

buffered saline (PBS) and Matrigel mixture. Upon palpation, tumor growth was monitored using 

caliper measurements. Volume was determined following the equation: Volume = 

4/3 × (3.14159) × (length/2) × (width/2)2. Drug treatments were initiated when tumors reached an 

initial volume of approximately 100 to 150 mm3 and measured every two days until the control 

group reached an approximate volume of 750 mm3.  

 

Drug preparation and treatment  

 
Phenformin hydrochloride (Toronto Research Chemicals) powder was dissolved in PBS, 

filter sterilized, and stored at 4C. Phenformin hydrochloride was made fresh for each 

experiment and administered intraperitoneally at a dose of 50 mg/kg daily. PBS was 

administered as a vehicle control.  

IACS-010759 (Selleckchem) was dissolved in dimethyl sulfoxide (DMSO) and stored at 

-80C. IACS-010759 (or DMSO for control mice) was administered via oral gavage at a dose of 

5 mg/kg daily.  

Poly IC high molecular weight form (InvivoGen) was prepared according to the 

manufacturer’s recommendations and stored at -20C. Mice were treated with 50 μg of Poly IC 

by intraperitoneal injection (50 μL) every 2 days or with a saline control. Poly IC treatment was 

commenced 2 days prior to starting phenformin/ IACS-010759 treatment.  
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Single-cell RNA sequencing  

 
 MT4788 tumors were extracted from control- and combination- treated mice and were 

physically dissociated using razor blades. Enzymatic tissue digestion was performed as 

previously described by Rodriguez de la Fuente et al (336). Following digestion, tissue was 

mashed through a 70m cell strainer, washed, red blood cells were lysed with Red Blood Cell 

Lysing Buffer Hybri-Max (Sigma) and washed again. Cells were counted using acridine orange 

(AO)/propidium iodide (PI) staining. 5.0 x 107 cells were taken and stained with anti-mouse 

CD16/CD-32 (Fc block) (clone 2.4G2, BD Pharmingen) for 10 minutes on ice. Samples were 

then stained with biotin anti-mouse CD45 antibody (clone 30-F11, BioLegend) for 5 minutes on 

ice and washed with buffer (1x PBS with 0.2% Bovine serum albumin (BSA) and 2mM 

Ethylenediamine tetra-acetic acid (EDTA)). Samples were then stained for 15 minutes on ice 

with anti-biotin microbeads (Miltenyl Biotec). CD45+ cells were isolated using LS columns 

(Miltenyl Biotec) following the manufacturer’s recommendations. Single-cell RNA sequencing 

was performed by Genome Quebec at the CHU Sainte-Justine. Samples were sequenced with the 

NovaSeq 6000 system (Illumina). Analysis was performed in collaboration with the Kleinman 

laboratory (Lady Davis Institute). Immune cell populations were identified using single-sample 

gene set enrichment analysis with murine tumor immune cell signatures described by Sinha et al 

(337). 

ELISA  

 
 MT4788 and 4T1-537 plasma and tumor lysates were analyzed using a multiplex 

cytokine array which measures cytokine and chemokine levels. Discovery assays used include 

the Mouse Cytokine/Chemokine 31-plex Discovery assay (MD31) and the Mouse IFN 2-Plex 

Discovery Assay (MDIFNAB) (Eve Technologies, Calgary, AB).  
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Flow cytometry  

 
 Fc receptors were blocked with CD16/CD32 (clone 2.4G2, BD Pharmingen) and 

subsequent staining was performed in FACS buffer (2% fetal bovine serum (FBS) in PBS) for 20 

to 30 minutes on ice. Antibodies used for flow cytometry include: BV711 CD45.1 (clone A20, 

BioLegend), BUV496 B220 (Clone RA3-6B2, BD Horizon), eF450 CD3 (clone 500A2, 

Invitrogen), PE-eF610 CD11b (clone M1/70, BD Horizon), APC-eF780 CD11c (clone N418, 

Invitrogen), BV785 F4/80 (clone BM8, BioLegend), BUV 737 I-A/I-E (MHC II) (clone M5, BD 

OptiBuild), BV605 Ly6C (clone HK1.4, BioLegend), BUV395 Ly6G (clone 1A8, BD Horizon), 

AF647 CD206 (clone C068C2, BioLegend) and BV510 CD86 (clone GL1, BD Horizon). Dead 

cells were identified by staining with Fixable Dye eFluor 780 (eBioscience). Data was acquired 

on a LSR Fortessa (BD Biosciences) cytometer and analysis was performed using FlowJo 

software. Exclusion of debris, doublets and dead cells were applied to all analyses.  

 

Neutrophil Depletion  

 

 FVB and Balb/c mice received 50 g of anti-mouse Ly6G (clone 1A8, BioXCell) 2 days 

prior to mammary fat pad (MFP) injection. The next day (1 day prior to MFP injection), mice 

received 50 g anti-rat Kappa Immunoglobulin light chain (clone MAR 18.5, BioXCell). This 

cycle was repeated until mice were euthanized. Control mice received 50 g of mouse IgG2a 

isotype control (clone C1.18.4, BioXCell) by intraperitoneal injection daily. Saphenous blood 

was drawn 12 days post injection, 2 days post treatment to confirm Ly6G depletion. 
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Neutrophil Isolation 

 
 Mice were anesthetized using 2% Isofluorane and blood was drawn from the heart by 

cardiac puncture using a 0.5M EDTA-coated syringe. Red blood cells were lysed using Red 

Blood Cell Lysing Buffer Hybri-Max (Sigma) on a shaker for approximately 5 to 10 minutes. 

After centrifugation at 500 x g for 5 min and 3 washes with FACS buffer, cells were counted. 

Cells were then stained with CD16/CD-32 (Fc block) (clone 2.4G2, BD Pharmingen) for 10 

minutes on ice, followed by Biotin anti-Ly6G (clone 1A8, BioLegend) for 10 minutes on ice. 

Lastly, cells were stained for 20 minutes on ice with anti-biotin microbeads (Miltenyl Biotec). 

Ly6G+ cells were isolated using LS columns (Miltenyl Biotec) following the manufacturer’s 

recommendations. 

 

In-vitro cytotoxicity studies  

 
 4T1-537 breast cancer cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% FBS, 1x penicillin/streptomycin and 10mmol/L 

HEPES. They were then plated in a 24-well, flat bottom plate approximately 5 hours prior to 

neutrophil addition to allow for attachment. Neutrophils isolated from the blood of control-, 

monotherapy- and combination- treated mice were added directly to the cancer cells in a 1:10 

ratio of cancer cells to neutrophils and left in a 37C incubator overnight. Following incubation, 

media was aspirated, and samples were fixed with 100% methanol. Cancer cells were stained 

with crystal violet and scanned using Epson scanner. Analysis was performed using ImageJ 

software. 
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Metastasis studies  

 
 4T1-537 cells were implanted orthotopically into the mammary fat pad of Balb/c mice. 

Mice were treated with either PBS/saline or phenformin/poly IC once tumors reached 100mm3. 

Tumors were allowed to grow until approximately 500mm3 when which they were resected. 3 

weeks post-resection, mice were euthanized, and lungs were harvested. Lungs were stored in 

70% ethanol before being embedded in paraffin and then stained with hematoxylin and eosin (H 

and E) for the visualization of metastases. Analysis was performed using ImageJ software.  

 

Neutrophil Cytospins and Assessing Maturation 

 
 Neutrophils were spun down on microscope slides using the Universal 32 centrifuge 

(Hettich) and fixed in ice-cold methanol for 5 minutes. The slides were then mounted and stained 

with ProLong Diamond Antifade Mountant with 4’,6’-diamidino-2-phenylindole (DAPI) 

(Invitrogen) to visualize nuclear segmentation. Slides were scored using confocal microscopy to 

determine the percentage of immature and mature neutrophils in each treatment group.  

 

Luminol Assay 

 
 Neutrophils or Human Leukemia 60 (HL-60) cells were resuspended in Hank’s balanced 

salt solution (HBSS) and plated in a 96-well white bottom microplate at a concentration of 2.0 x 

105 cells per well. Cells were left to rest in 37C incubator for 30 minutes with or without drug 

treatments (Phenformin, IFN, 2-Deoxy- d-glucose (2-DG), Poly IC or LPS). Following 

incubation period, luminol sodium salt (50M, Sigma) was added to each well. Plated 

neutrophils or HL-60 cells were stimulated with Phorbol 12-myristate 13-acetate (PMA) (15.6 

ng/ml, Sigma) to induce the generation of an oxidative burst. Measurements were taken every 2 
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minutes over the course of 1 hour using the PerkinElmer EnSpire multimode plate reader. All 

values were subtracted from a baseline value (value obtained prior to PMA addition) and 

analysis was performed using the Prism 8 software. 

 

HL-60 cell line 

 
 Cells were cultured in RPMI supplemented with 10% FBS, 1 x penicillin/ streptomycin 

and 25 mM HEPES and split every 2 to 3 days ensuring the cell concentration does not exceed 2 

million cells/mL. Once in exponential growth phase, cells were differentiated towards a 

neutrophil-like phenotype using 2 differentiation agents: 1.25% DMSO or 1M all-trans retinoic 

acid (ATRA) (Sigma) supplemented in the media for 4 to 5 days with a media change on days 2 

or 3. Differentiation was assessed using an AF594 anti-CD11b antibody (clone M1/70, 

BioLegend). Oxidative burst assay was performed as described above. 

 

 

Statistical Analysis 

 
Statistical tests were performed in Prism 8 software. See details on statistical tests performed in 

figure legends. Flow cytometry analyses and statistics (percentages) were determined with the 

FlowJo Software 10.  
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Chapter 3: Results  

 

Complex I inhibition is necessary for phenformin/poly IC therapy efficacy 

 
 We have previously identified that when murine models of luminal B breast cancer 

(MT4788) and TNBC (4T1-537) were co-administered phenformin and poly IC, a double 

stranded RNA analog which engages TLR3, breast tumors were extremely sensitive to this 

treatment and demonstrated impaired growth potential in comparison to the vehicle control or 

mice treated with either drug alone (Figure 4a-b). Alone, phenformin induced a partial sensitivity 

in breast tumors whereas as a monotherapy, poly IC had no significant effect on tumor growth. 

This suggested to us that a significant trigger of inflammation was required for biguanides to 

effectively display tumoricidal properties.  

Though we suspected that the anti-neoplastic effects of phenformin were due to complex 

I inhibition, biguanides may have other off-target effects by not only affecting complex I of the 

electron transport chain. For instance, metformin may inhibit gluconeogenesis independently of 

complex I inhibition (64). Thus, we sought to identify if complex I inhibition was responsible for 

the tumorigenic phenotype we observed when using phenformin. A potent, and specific complex 

I inhibitor, IACS-010759 was administered by oral gavage with and without poly IC. It was 

observed that alone IACS-010759 had a partial effect in diminishing tumor growth, as was 

observed when phenformin is used as a monotherapy. Moreover, combining IACS-101759 with 

poly IC significantly increases the antitumorigenic effects of this therapy, similarly to the 

phenformin/poly IC treatment (Figure 4c). Ultimately, inhibition of complex I of the ETC is 

responsible for the anti-neoplastic effects observed in breast tumors when biguanides are used in 

conjunction with poly IC.  
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Figure 4. Complex I inhibition is necessary for phenformin/poly IC therapy efficacy.  

(A-B) MFP injection of MT4788 and 4T-537 breast cancer cells into FVB and Balb/c mice 

respectively. At approximately 100mm3, mice were treated with poly IC (50 μg) or saline by 

intraperitoneal injection. Two days later, phenformin (50 mg/kg, daily) or PBS treatment was 

started, in combination with poly IC or saline every 2 days. Tumors were measured by caliper 

measurements every 1-2 days and displayed in fold increase in tumor volume over time post start 

of treatment. Graphs obtained by Totten et al., 2021. (C) MFP injection of MT4788 breast 

cancer cells into FVB mice. Treatment was as described in (A-B) with the exception that 

phenformin was replaced by IACS-010759 (5 mg/kg daily) (or DMSO) administered daily by 

oral gavage. Data is displayed as increase in tumor volume over time post start of treatment. One 

independent experiment with Control: n 7 tumors, IACS-010759: n 9 tumors, IACS-010759  

Poly IC: n 8 tumors. Significant P values are in the Figure and were calculated using a two-way 

ANOVA with a Tukey’s multiple comparisons test (Prism 8 Software).  

 

 

 

 

 

 

 



 64 

 

Innate immune cells are among key immune cell subsets altered by phenformin/poly IC 

therapy 

 Poly IC is a strong inducer of inflammation, given its function as a dsRNA analog. We 

hypothesized that since poly IC is necessary to augment the cytotoxicity of phenformin, we may 

be inducing alterations to one or many immune cell subsets within the tumor during treatment. 

To confirm this, single-cell RNA sequencing was performed on all immune cells (CD45) 

isolated from the tumors of control-, phenformin-, poly IC- and combination-treated mice. Gene 

expression profiles were identified for each cell isolated from the tumor. Using these profiles, as 

well as lists of canonical cell type markers, genes that were enriched were then used to identify 

clusters of cells and determine the identity of each population. 

Firstly, it was identified that tumors were populated with over 20 different immune cell 

subsets (Fig 5a). Cluster size on the UMAP is representative of how many cells from each 

immune cell subtype are present within the tumor. Thus, clusters 0 and 2, two of the largest 

subsets were found to be macrophage and monocyte populations respectively. Moreover, cluster 

1 was found to be a CD8 T cell population. Furthermore, it was possible to identify what 

proportion of the cells from each cluster come from which treatment group, enabling the 

possibility to identify which immune cell subsets are most impacted by the combination therapy 

(Figure 5b).  

Looking at the identity of the first 12 clusters, which are the ones where enough cells 

were present to make a strong assumption regarding the cell type (greater than 500 cells/sample), 

we see that many of the cells are in fact innate immune cells rather than adaptive ones. In fact, 

64% of immune cells within the tumor are innate immune cells (clusters 0,2,4,8,9,10,11,12) 

while only 36% are adaptive immune cells (clusters 1,3,5,7) (Figure 5c). This was surprising 
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considering MT4788 tumors are a model of Luminal B breast cancer, which is typically immune 

cold and highly immunosuppressive. Clusters 13 to 21 had fewer than 500 cells detected, thus 

further independent flow cytometry analysis would need to be conducted to confirm identity. 

Lastly, focusing on the largest immune cell subsets, we sought to identify which immune 

cell subsets had the largest differential gene expression profile between the control- and 

combination-treated tumors. Cluster 8 identified as the neutrophil population showed very little 

differential gene expression between the control- and phenformin-treated tumors on the level of 

transcription (Figure 5d). In fact, in cluster 8, there are only 3 transcripts that are differentially 

expressed in phenformin tumors when compared to the controls (Prok2, Gm5416 and Mt1). 

Thus, it seems as though phenformin is not transcriptionally altering this population. This was 

observed in many of our immune cell subsets, meaning phenformin alone is not inducing any 

transcriptional shifts within our immune infiltrate. However, when we look at poly IC or the 

combination therapy in comparison to the control, we see there are very dramatic transcriptional 

shifts. There are 79 transcripts differentially expressed in the poly IC-treated tumors and 69 

transcripts in the combination therapy-treated tumors when compared to the control tumors. 

Some differentially expressed genes between the control and combination groups include Stfa2, 

S100a8, S100a9, CCL5 and Retnlg, amongst many. Elevated differential gene expression is 

indicative that a driver of inflammation, such as poly IC, may play a critical role in inducing 

functional alterations to immune cell infiltrate within the tumor.   
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Figure 5. Innate immune cells are among key immune cell subsets altered by 

phenformin/poly IC therapy 

(A) Single-cell RNA sequencing identifies 21 different immune cell subsets present within 

MT4788 breast tumors using gene enrichment analysis. Cluster size is indicative of the number 

of cells within each subset. (B) Diagram displaying proportion of cluster coming from each 

cluster. (C) Percentage of innate and adaptive immune cells present in tumors based on first 12 

clusters (clusters with more than 500 cells/sample). (D) Differential gene expression between 

control and phenformin, poly IC and combination therapy in cluster 8 (neutrophils). All analyses 

were performed by the Kleinman lab.  
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Phenformin/poly IC therapy drives NF--B inflammation within the tumor 

 
 Poly IC has previously been identified as a robust inducer of type I IFN-driven 

inflammation (338). IFNs are potent promoters of the anti-tumor response; IFNs may alter 

immune cell activation and function within the tumor microenvironment, allowing elimination of 

malignant cells as described by Fenton et al (339). We wished to elucidate whether type I IFN-

driven inflammation was responsible for the cytotoxic phenotype observed in tumors during 

phenformin/poly IC administration. To assess this, ELISAs were performed on MT4788, and 

4T1-537 tumors isolated from mice following drug treatment. Despite the use of poly IC in our 

combination therapy, ELISAs show relatively low levels of IFN within the tumors (Figure 6a-c). 

In fact, there were no detectable levels of IFN within the MT4788 tumors. Moreover, there was 

no significant difference in IFN and IFN levels between the treated and control tumors. Thus, 

type I IFN-driven inflammation does not seem to be responsible for the observed cytotoxicity 

intratumorally.  

 Following these observations, it was assessed whether any other indicators of 

inflammation were present in the tumor. Notably, there was an increase in TNF, IL-1 and IL-6 

in MT4788 and 4T1-537 tumors (7a-c). These cytokines are indicative of the activation of the 

nuclear factor kappa B (NF-B) pathway. NF-B regulates multiple aspects of the innate and 

adaptive immune responses including regulation of the survival, activation and differentiation of 

innate immune cells and T cells (340). Furthermore, NF-B activation has been found to drive an 

accumulation of innate immune cells in certain contexts (341). Moreover, cytokines downstream 

of NF-B, particularly CCL2 and CCL5 were also upregulated in combination-treated tumors 

(Figure 7d-e). Ultimately, the combination therapy seems to drive a non-conical, NFB-driven 

inflammation within the TME. This may influence immune cell polarization and function.   
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Figure 6. Phenformin/poly IC therapy does not drive type I IFN inflammation in the 

tumor. 

Tumor lysates were generated from MT4788, and 4T1-537 breast tumors isolated from mice 

treated with pbs/saline (control), phenformin, poly IC or phenformin/poly IC. Tumor lysates 

were sent to EVE technologies where ELISAs were performed, and various cytokine and 

chemokine levels were measured. (A) IFN levels (in pg/ml) were measured in MT4788 tumors. 

(B) IFN levels (in pg/ml) were measured 4T1-537 tumors. (C) IFN levels (in pg/ml) were 

measured in 4T1-537 tumors. No significant differences were observed. Statistical analysis 

performed using Prism 8 software using 2-way ANOVA with Tukey’s multiple comparisons test.  
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Figure 7. Phenformin/poly IC therapy induces NFB-driven inflammation in the tumor. 

Tumor lysates were generated from MT4788, and 4T1-537 breast tumors isolated from mice 

treated with pbs/saline (control), phenformin, poly IC or phenformin/poly IC. Tumor lysates 

were sent to EVE technologies where ELISAs were performed, and various cytokine and 

chemokine levels were measured. (A) TNF levels (in pg/ml) were measured in MT4788 and 

4T1-537 tumors. (B) IL-1 levels (in pg/ml) were measured in MT4788 and 4T1-537 tumors. 

(C) IL-6 levels (in pg/ml) were measured in MT4788 and 4T1-537 tumors. (D) CCL2 levels (in 

pg/ml) were measured in MT4788 and 4T1-537 tumors. (E) CCL5 levels (in pg/ml) were 

measured in MT4788 and 4T1-537 tumors. Statistical significance is shown. Statistical analyses 

were performed using Prism 8 software using 2-way ANOVA with Tukey’s multiple 

comparisons test.  
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Phenformin/poly IC treatment recruit neutrophils to the tumor and blood 

 
 We next sought to identify in more detail whether there were alterations to the numbers 

of various immune cell subsets following administration of the combination therapy. To do this, 

an extensive flow cytometry panel was developed with the goal of immune profiling the tumors 

of control- and combination-treated tumors. PyMT breast cancer tumors (MT4788) were 

dissociated and enzymatically digested before being stained. Looking specifically at the immune 

cells within the tumor (CD45), we observed no significant differences in the CD3 (T cell) 

population, nor the B220 (B cell) population or the CD11c (dendritic cell) population. 

However, there was a statistically significant increase in the CD11b (myeloid cell) population 

which is a marker for monocytes, macrophages, and granulocytes (Figure 8a). Thus, we looked 

more extensively into this population and added specific markers for each of these immune cell 

subsets. There were no significant changes in the monocyte population (Ly6C), nor the 

macrophage populations (F480). There was a significant increase in the neutrophil population 

(Ly6G) in the combination-treated tumors relative to the vehicle controls, with an increase of 

about to 2% to 5% of all CD45 cells in the tumor (Figure 8b). The therapy also induced an 

expansion of the neutrophil population in the blood, but not the spleen, suggesting a mobilization 

of neutrophils (Figure 8c). Moreover, tumor volume and Ly6G infiltrate are inversely correlated 

meaning a higher number of Ly6G+ cells are associated with smaller tumors, as determined by a 

correlation coefficient of -0.4814(Figure 8d). This suggested that neutrophils are potentially 

mediating a cytotoxic response. These findings were recapitulated in the 4T1-537 model of 

TNBC where the number of Ly6G+ cells were the only significant change and increased 

significantly from about 23% in control tumors to 32% of all immune cells in the combination-

treated tumors (Figure 9a-b). Furthermore, there was an inverse correlation between tumor 
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volume and percentage of CD45+ that are neutrophils as well, with a correlation coefficient of -

0.4750 (Figure 9c). Ultimately, the phenformin/poly IC therapy seems to alter the immune 

landscape within the TME, primarily by driving an accumulation of neutrophils in the tumors 

and blood of combination-treated mice. Thus, it is likely that this cell type is involved in driving 

the cytotoxicity associated with this therapy.  

 

Neutrophils are required for therapeutic effectiveness 

 
Given the neutrophil expansion observed by flow cytometry, we next asked whether the 

elicited neutrophil population was necessary for the decrease in tumor growth. To do this, a 

monoclonal anti-Ly6G and anti-rat kappa immunoglobulin light chain antibody were 

administered 2 days and 1 day respectively prior to cancer cell injection. This cycle was repeated 

every 2 days whereas vehicle control mice received a non-specific IgG2a antibody daily. A 

blood draw completed 12 days post-injection, 2 days post start of treatment confirmed that 

neutrophils accounted for 21.6% of all CD11b cells in the control group and 39.9% in the 

combination-treated and went down to 0.025% and 0.018% respectively following anti-Ly6G 

administration (Figure 10a). In both the MT4788 and 4T1-537 models, neutrophil depletion 

resulted in a loss of sensitivity to the treatment (Figure 10b-c). The phenformin/poly IC 

combination therapy no longer seems to have a cytotoxic response, especially in the 4T1-537 

model where there are typically many more neutrophils present. Thus, it seems that the presence 

of neutrophils is required for optimal cytotoxicity with the combination treatment, suggesting 

this immune population may be responsible for the observed cancer cell killing.  
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Figure 8. Phenformin/poly IC treatment recruit neutrophils to the tumor and blood of MT4788 tumor-bearing mice.  

(A)PyMT tumors were dissociated and a percentage of all immune cells (CD45) was determined for various immune cell subsets 

including T cells (CD3), B cells (B220), monocytes (CD11b) and dendritic cells (Cd11c). (B) % of all CD45 cells that are 

either macrophages (CD11b, F480), monocytes (CD11b, Ly6C) or neutrophils (CD11b, Ly6G) are shown. For (A-B) n 16 

tumors per group, 2 independent experiments. (C) % of CD45 cells that are neutrophils in blood and spleen of control- and 

combination-treated mice. n 8 per group, 2 independent experiments. For (A-C) P values are shown on figures and calculated using 

Prism 8 software unpaired T-test. (D) Inverse correlation between number of neutrophils in the tumor and tumor volume. Correlation 

coefficient (r) determined using Prism 8 software, simple linear regression analysis. 
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Figure 9. Phenformin/poly IC treatment recruit neutrophils to the tumor of 4T1-537 tumor-bearing mice. 

(A) 4T1-537 tumors were dissociated and a percentage of all immune cells (CD45) was determined for various immune cell subsets 

including T cells (CD3), B cells (B220), monocytes (CD11b) and dendritic cells (Cd11c). (B) % of all CD45 cells that 

are either macrophages (CD11b, F480), monocytes (CD11b, Ly6C) or neutrophils (CD11b, Ly6G) are shown. For (A-

B) n 16 tumors per group, 2 independent experiments. P values are shown on figures and calculated using Prism 8 software 

unpaired T-test. (C) Inverse correlation between number of neutrophils in the tumor and tumor volume. Correlation coefficient 

(r) determined using Prism 8 software, simple linear regression analysis.  



 74 

 

 

 
 

Figure 10. Neutrophils are required for therapeutic effectiveness 

(A)Neutrophils were depleted using anti-Ly6G and anti-rat monoclonal antibodies in control and 

combination-treated mice (or IgG2a isotype control). Blood was drawn 12 days post-injection; 2 

days post commencement of drug treatment and neutrophils were quantified using flow 

cytometry. (B-C) Control and combination drug therapies were administered to mice receiving 

either IgG2a or anti-Ly6G antibodies and tumor volumes were measured with calipers every 2 

days in MT4788 (B) and 4T1-537 (C) mice. n 8 to 10 tumors per group, 1 independent 

experiment per mouse model. Significant p values are shown and calculated using Prism 8 

software 2-way ANOVA with Tukey’s multiple comparisons test.  
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Combination-treated neutrophils acquire a cytotoxic phenotype and kill tumor cells in vitro 

 
As previously described, neutrophils may have pro- and anti-tumor capabilities in cancer, 

depending on the context. Since neutrophils are armed with a variety of toxic peptides and 

molecules, we postulated that they may be able to kill tumor cells. Thus, knowing neutrophils are 

required for the therapy’s effectiveness, we next sought to identify whether neutrophils are in 

fact responsible for the observed cytotoxicity. To directly evaluate the antitumor activity of 

neutrophils following treatment, we isolated neutrophils from the blood of control-, phenformin-, 

poly IC- and phenformin/poly IC- treated mice and performed an in vitro co-culture with 4T1-

537 breast cancer cells. Neutrophils were plated in a 1:10 ratio of cancer cells to neutrophils and 

incubated for 24 hours. Neutrophils isolated from control-treated, and poly IC-treated mice had 

no significant cytotoxic effect (Figure 11). In fact, these neutrophils very minimally affected 

tumor cell viability. In contrast, neutrophils isolated from either the blood of phenformin alone or 

from the combination therapy mediated potent tumor cell killing. Neutrophils from phenformin-

treated mice and combination-treated mice decreased tumor cell viability to about 53% and 46% 

respectively. This suggests phenformin may induce a cytotoxic neutrophil population responsible 

for the killing of tumor cells, which may be potentiated slightly more with the addition of poly 

IC. Ultimately, these findings suggest that neutrophils are likely the main immune cell subset 

affected by the treatment and are polarized towards an antitumor phenotype.  
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Figure 11. Combination-treated neutrophils acquire a cytotoxic phenotype and kill tumor 

cells in vitro 

Neutrophils isolated from the blood of mice treated with either PBS/saline, phenformin, poly IC 

or phenformin/poly IC were placed above 4T1-537 breast cancer cells in a 10:1 ratio of 

neutrophils to tumor cells. Following a 24-hour incubation, cells were fixed with methanol and 

stained with crystal violet dye. % tumor cell viability was determined by quantifying the number 

of remaining tumor cells following incubation using the ImageJ software. n= 6 per treatment 

group, 3 independent experiments. Significant p-values are shown and calculated using Prism 8 

software 2-way ANOVA with Tukey’s multiple comparisons test.  
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Phenformin/poly IC therapy does not increase metastatic burden 

 
 Studies have shown that neutrophils may both support or inhibit metastasis, as described 

extensively previously. Despite evidence suggesting neutrophils may protect the premetastatic 

niche, clinically, the presence of neutrophils is typically associated with poor prognosis and 

increase in metastatic burden. Thus, it was imperative to decipher whether the treatment we were 

using and the neutrophil population we were eliciting may increase metastasis to the lung. To do 

this, 4T1-537 cancer cells were injected into Balb/c mice. This model is quite aggressive and has 

been developed to spontaneously metastasize from the primary tumor in the mammary gland 

to the lung. Following tumor development, mice were treated with phenformin/poly IC (or 

PBS/saline) until primary tumors reached a tumor volume of 500mm3. Control tumors reached 

the desired volume by 5 to 10 days post-injection while combination-treated ones took 

approximately 18 days (Figure 12a). Thus, combination-treated mice were tumor bearing for a 

longer duration than control-treated mice. 

Primary tumors were resected and 3 weeks later, lungs were harvested and analyzed for 

lung metastases. It was observed that there was no significant difference in lung metastatic 

burden between the control and combination groups (Figure 12b). In fact, the combination group 

seems to trend downward, despite having tumors for a longer time point. Accordingly, the 

combination therapy does not increase metastasis to the lung and the elicited neutrophil 

population does not seem to be one that supports metastatic potential.  
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Figure 12. Phenformin/poly IC therapy does not increase metastatic burden 

(A)Balb/c mice were injected with 4T1-537 breast cancer cells on one side and treatment with 

phenformin/poly IC (or PBS/saline) was initiated when tumors reached 100 mm3. Primary 

tumors were resected at 500 mm3. Control tumors took about 5 to 10 days to reach the desired 

volume whereas combination-treated tumors took 12 to 18 days. (B) 3 weeks post-resection, 

mice were euthanized, and lungs harvested. Lungs were stained with H and E and lung 

metastatic burden was assessed using ImageJ. Control: n 13 mice per group, Combination: n 

10 mice per group, 1 independent experiment. P value was determined using Prism 8 software 

unpaired T-test.  
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Phenformin/poly IC therapy elicits a primarily mature neutrophil population 

 
 A neutrophil’s maturation state may influence its functional behavior. Neutrophils that 

are prematurely released into the bone marrow, particularly during situations of emergency 

granulopoiesis are identified by their unsegmented nucleus. These neutrophils are typically 

associated with protumor phenotypes and poorer prognosis. Alternatively, mature neutrophils 

develop completely in the bone marrow and leave with a segmented, multi-lobulated nucleus, 

making them easily distinguished. Since these neutrophils are fully developed, they typically 

have evolved cytotoxic functions, rendering them effective killer cells against cancer. However, 

as previously described, neutrophils likely exist in a continuum of various sub-populations with 

different polarizations.  

  We wished to characterize the maturation state of the neutrophil population we were 

eliciting. To do this, a cytospin was performed on neutrophils isolated from the blood of 4T1-537 

tumor-bearing mice treated from all 4 groups to create a monolayer of neutrophils on a 

microscope slide. Slides were then stained with DAPI, and each neutrophil was scored based on 

nuclear segmentation. An immature neutrophil was characterized as one where there was no 

visible nuclear segmentation (Figure 13a) whereas a mature neutrophil was one where nuclear 

segmentation had occurred (Figure 13b). It was observed that mature neutrophils constituted 

76%, 86%, 72% and 92% of control-, phenformin-, poly IC- and combination-treated mice 

respectively (Figure 13c). The combination therapy induces a primarily mature neutrophil 

population, capable of killing cancer cells. This is in line with the concept that mature 

neutrophils may be more cytotoxic in nature, as is described in the literature. This finding 

provides further evidence that the phenformin/poly IC therapy elicits a cytotoxic neutrophil 

population.  
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Figure 13. Phenformin/poly IC therapy elicits a primarily mature neutrophil population 

Neutrophils isolated from the blood of control (PBS/saline) and combination (phenformin/poly 

IC)-treated 4T1-537 tumor-bearing mice underwent a cytospin to form a monolayer of cells on a 

microscope slide. Following fixation with cold methanol, cells were stained with fluorescent 

DAPI and scored based on nuclear segmentation. (A) Immature neutrophils, characterized by 

lack of nuclear segmentation. (B) Mature neutrophils, evident by the multi-lobular, segmented 

nucleus. (C) Relative proportion of immature and mature neutrophil populations present in the 

blood isolated from mice of all 4 treatment groups.  
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Phenformin/poly IC therapy is not sufficient to increase a neutrophil’s ability to potentiate 

an oxidative burst 

 
 Neutrophils may kill pathogens through various mechanisms including degranulation, 

ROS production, phagocytosis and NETosis, as described previously. Given the roles 

phenformin and poly IC play in producing ROS, we hypothesized that neutrophils may engage in 

cancer cell killing through the production of an oxidative burst. To assess this, neutrophils were 

isolated from the blood of mice using anti-biotin microbeads. Blood samples were then passed 

through a magnetic column and neutrophils were eluted from the column. Luminol sodium salt 

was added to react with any H2O2 that is produced by neutrophils and produce luminescence that 

can be measured. PMA is added as a chemical stimulus to commence the full assembly of NOX, 

a complex required for the activation and generation of an oxidative burst. It was observed that 

there was no significant difference in the oxidative burst produced by neutrophils isolated from 

the blood of all 4 treatment groups (Figure 14a-b). Under stimulation by a strong chemical 

inducer of an oxidative burst, neutrophils from combination-treated mice do not differentially 

produce more H2O2 than neutrophils from any other treatment group.  

 Moreover, we wished to assess whether neutrophils isolated from tumor-bearing mice 

could be treated ex vivo to potentiate a larger oxidative burst. Thus, isolated neutrophils were 

treated with various drugs that have previously been described as robust ROS inducers 

(Phenformin, IFN, Poly IC or LPS). Additionally, we treated neutrophils with 2-DG, a 

pharmacological inhibitor of glycolysis to evaluate whether neutrophils required glucose to 

produce an oxidative burst. Following the addition of PMA, we observed that the addition of 

phenformin, poly IC or LPS did not further potentiate the oxidative burst generated by 

neutrophils. It seems that exposure to further inflammation once the neutrophils have been 
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isolated from the blood and have already been exposed to an inflammatory environment in vivo  

does not augment their ability to produce an oxidative burst (Figure 15c-d). Alternatively, it was 

observed that ex vivo treatment with IFN significantly reduces the ability of a neutrophil to 

produce an oxidative burst (Figure 15c-d). This further supports the notion that type I IFN-driven 

inflammation is simply not responsible for the cytotoxic phenotype observed in the elicited 

neutrophil population. Lastly, treatment with 2-DG severely impacted the neutrophils’ capability 

to potentiate an oxidative burst (Figure 15e-f). This suggests that neutrophils are likely reliant on 

glucose for the generation of ROS and dependent on glycolysis. In sum, though ex vivo 

treatment does not seem to augment a neutrophil’s ROS production, it is possible to decrease it 

via the use of certain inflammatory stimuli and metabolic inhibitors.  
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Figure 14. Phenformin/poly IC therapy does not increase a neutrophil’s ability to potentiate an oxidative burst 

(A)Neutrophils were isolated from the blood of mice treated with pbs/saline, phenformin, poly IC, or phenformin/poly IC and 

incubated for 30 minutes at 37C in a 96-well plate. Following incubation, luminol sodium salt was added to each well and a baseline 

value was measured. Immediately after, PMA was added to each well. Luminescence was read over a time frame of 60 minutes and 

values were normalized to baseline value. (B) Area under the curve of luminescence emitted for each in vivo treatment group. (C) 

Neutrophils were isolated from tumor-bearing mice. During incubation period, neutrophils were treated with either IFN, poly IC, 

LPS, phenformin or none. After baseline reading, PMA was added or not and luminescence was measured over the course of 60 

minutes. All values were normalized to baseline values. (D) Area under the curve of luminescence emitted for each ex vivo treatment 

group. (E) As described in (C), however neutrophils were treated with 2-DG. (F) Area under the curve of luminescence emitted for 2-

DG ex vivo treatment. In (A-F) RLU: relative luminescence. All significant p-values are shown and calculated using Prism 8 software 

2-way ANOVA with Tukey’s multiple comparison test.  

 

20 40 60

0

200000

400000

600000

800000

Time (min)

H
2
O

2
 P

ro
d
u
c
ti
o
n
 (

R
L
U

)

PMA

PMA + IFNβ

PMA + LPS

PMA + PolyIC

PMA + Phenformin

HBSS

P
M

A

P
M

A +
 IF

N
β

P
M

A +
 P

ol
yI
C

P
M

A +
 L

P
S

P
M

A +
 P

he
nf

or
m

in

H
B
S
S

0.0

5.0×106

1.0×107

1.5×107
H

2
O

2
 P

ro
d
u
c
tio

n
 

(A
U

C
-R

L
U

)
p<0.0001

0 20 40 60

0

200000

400000

600000

800000

Time (min)

H
2
O

2
 P

ro
d
u
c
ti
o
n
 (

R
L
U

) PMA

HBSS

PMA + 2DG

HBSS + 2DG

P<0.0001

P
M

A

P
M

A +
 2

D
G

H
B
S
S

0

2×106

4×106

6×106

8×106

1×107

H
2
O

2
 P

ro
d
u
c
ti
o
n
 

(A
U

C
-R

L
U

)

p<0.0001

0 20 40 60

0

10

20

30

Time (min)

H
2
O

2
 P

ro
d
u
c
ti
o
n
 (

R
L
U

)

CTRL

PHEN

POLY IC

COMBO

C
TR

L

P
H
E
N

P
O
LY

 IC
 

C
O
M

BO

0

200

400

600

H
2
O

2
 P

ro
d
u
c
ti
o
n
 

(A
U

C
-R

L
U

)
A

B

C

D E F



 84 

HL-60 cell line can be differentiated to neutrophil-like cells with similar functional 

behavior 

                 The isolation of neutrophils to perform in vitro assays is a long process which often 

results in limited numbers of neutrophils available for use. This impedes the number of 

experiments that can be completed with each mouse cohort, as well as the number of replicates 

per condition.  To circumvent these limitations, we sought to identify whether a cell line could be 

manipulated to differentiate towards a neutrophil-like cell type. To do this, the HL-60 cell line, a 

human leukemia cell line, was used. Following expansion, culture media was replaced with a 

differentiation media consisting of either 1.3% DMSO or 1M of ATRA. To establish 

differentiation, CD11b expression was measured using flow cytometry on days 3 and 5 following 

the initiation of differentiation. It was observed that after 3 days in differentiation media, little 

CD11b was expressed by cells in normal growth media (Figure 15a-b).  In comparison, 

approximately 30% of cells treated with either DMSO or ATRA were CD11b. Similarly, 

following 5 days in differentiation media, approximately 70% and 75% of HL-60 cells were 

CD11b, confirming that differentiation was successful.  

                We next wished to assess whether neutrophil-like cells could potentiate an oxidative 

burst similarly to mature neutrophils. Thus, control-, DMSO- and ATRA-treated cells were 

stimulated with PMA identically to how we would stimulate isolated neutrophils. We discovered 

that DMSO and ATRA differentiated cells could potentiate a larger oxidative burst than the 

vehicle control (Figure 15c). It seems ATRA may potentiate a larger oxidative burst, likely due 

to the increase of cells that are CD11b. This data suggests that HL-60 cells may be 

differentiated towards a mature neutrophil-like cell type capable of generating an oxidative burst.  
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          Finally, we wished to examine how neutrophil-like cells would respond to in vitro 

treatment with various inflammatory stimuli and metabolic drugs. Thus, differentiated HL-60 

cells were treated with either poly IC, LPS, phenformin or 2-DG. Similarly to the observations 

made previously with mouse neutrophils, treatment with poly IC, LPS or phenformin did not 

significantly influence the oxidative burst produced by neutrophil-like cells (Figure 15d). 

Moreover, treatment with 2-DG significantly reduced the oxidative burst potentiated by 

neutrophil-like cells, suggesting a requirement for glycolysis. Together, these finds indicate that 

neutrophil-like cells share a similar phenotype to neutrophils isolated from tumor-bearing mice, 

suggesting they could likely be used for in vitro studies, as a replacement for neutrophils, a 

limiting resource.  
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Figure 15. HL-60 cell line can be differentiated to neutrophil-like cells with similar 

functional behavior 

HL-60 cells were treated with differentiation media consisting of either 1.3% DMSO or 1 M of 

ATRA (or standard growth media for vehicle control) for up to 5 days. On days 3 and 5, an 

aliquot of cells was stained with a CD11b antibody and samples were analyzed via flow 

cytometry. (A) shows the % of cells that are CD11b. (B) shows the mean fluorescence 

intensity. (C) Differentiated HL-60 cells were plated at a density of 2 x 105 cells/well on a 96-

well white bottom plate and stimulated using PMA. Luminescence was measured every 2 

minutes for 1 hour and area under the curve (AUC) is displayed. Significant p-values are shown 

and calculated using Prism 8 software 1-way ANOVA Dunnett’s multiple comparisons test. n = 

12, 2 independent experiments. (D) Differentiated HL-60 cells were treated for 30 minutes with 

either poly IC, LPS, phenformin or 2-DG in the 37C incubator. Following incubation, PMA was 

added to all wells. Luminescence was measured every 2 minutes for 1 hour and area under the 

curve (AUC) is displayed. Significant p-values are shown and calculated using Prism 8 software 

2-way ANOVA Tukey’s multiple comparisons test. n = 12, 2 independent experiments.
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Chapter 4: Discussion 

 In this project, we aimed to identify how phenformin and poly IC worked synergically to 

reduce tumor growth in murine models of breast cancer. Our lab has previously shown that these 

two molecules target a selective vulnerability in breast cancer cells, resulting in cancer cell death. 

This strategy focuses on the underappreciated role of phenformin as a ROS producer, exposing 

cells to elevated levels of oxidative stress (335).  

 Most clinical studies using biguanides in oncology focus on metformin, since it is widely 

used for the treatment of type 2 diabetes, better tolerated and has a lower risk of lactic 

acidosis(72). Moreover, several studies using metformin alone, or in combination with other 

therapies, have shown its potential in a variety of cancers (342-344). However, as previously 

described, alone, metformin did not increase survival in non-diabetic women suffering from 

breast cancer (73).Thus, perhaps shifting our focus towards the use of phenformin may be 

beneficial in oncology. Phenformin has been found to be much more potent than metformin and 

has been shown to have higher antitumor effectiveness (345).  Studies of several cancer types, 

including breast and liver, demonstrate that phenformin is more potent in inhibiting tumor 

growth than metformin, both in vivo and in vitro (346,347). Unlike metformin, phenformin does 

not rely on organic cation transporters (OCTs) for entry into the cell; this permits a higher 

phenformin concentration within the tumor cell and may also achieve successful treatment of 

tumors with no OCT overexpression (348). Ultimately, more potent complex I inhibition using 

phenformin displays increased cytotoxicity.  

Several studies have shown that a combination of phenformin with other anticancer 

agents may be beneficial for the treatment of various cancers. For instance, combined treatment 

with SCH772984 and phenformin inhibited proliferation of mutant melanoma cells through a 
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combination of complex I and extracellular signal-regulated kinase (ERK) inhibitors (349). 

Moreover, the combination of phenformin and oxamate/dichloroacetate (DCA) may be a 

promising therapeutic option. While phenformin blocks complex I, increases ROS production 

and decreases the activation of oxidative phosphorylation (OXPHOS), DCA or oxamate may 

decrease glycolysis (350,351). Cancer cells have metabolic flexibility in choosing either 

OXPHOS or glycolysis for ATP generation. Thus, this powerful combination results in 

metabolic catastrophe for tumor cells, due to cellular ATP pool depletion, thus causing tumor 

cell death. Our results using both phenformin and IACS-010759 contribute to accumulating 

evidence that complex I inhibitors should be exploited therapeutically and set the stage for 

clinical trials that look for the best combinations of complex I inhibitors with ROS stimulators. 

Combination strategies may decrease the therapeutic dose of biguanides necessary to achieve the 

desired results, bypassing the current limitations associated with biguanides in oncology 

therapies.  

Breast cancers have typically been viewed as immunologically silent, limiting the 

efficacy of ICIs. A major cause for the failure of ICIs can be attributed to the inability of T cells 

to infiltrate within the TME (352). Accordingly, it has been shown that a higher number of 

tumor- infiltrating lymphocytes can been observed in TNBC, and these are the breast tumors that 

respond best to ICIs (353). In fact, each 10% increase in intratumoral lymphocytic infiltration 

was associated with a 17% reduced risk of recurrence and 27% reduced risk of death (354,355). 

Even though the combination therapy described in this paper is dependent on neutrophils, which 

are innate immune cells, we still observe an overall increase in immune cell infiltrate within the 

tumor, when amount of immune infiltrate is normalized to tumor size. As such, combination with 

T-cell targeted therapies such as ICIs represents an attractive avenue for future studies which 
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may further increase therapeutic efficacy. While the combination therapy may elicit a cytotoxic 

innate immune cell population, it may also act as a means for attracting T cells into the tumor, 

eliminating a barrier associated with immunotherapies, specifically in immune “cold” tumors. 

Thus, when combined with phenformin/poly IC, ICIs may activate a cytotoxic adaptive immune 

response within the tumor. Together, these two approaches may work synergically to potently 

eradicate tumors through the activation of simultaneous cytotoxic innate and adaptive immune 

responses.  

The current findings reported here propose a model by which neutrophils can be 

harnessed to eliminate breast tumors. Most previous studies that look at neutrophils in cancer 

focus on ways to either block the development and/or recruitment of pro-tumorigenic neutrophils 

or find ways to diminish their suppressive properties. Tumor-promoting neutrophil formation is 

induced primarily by tumor-derived cytokines including GM-CSF, G-CSF and VEGF (356). 

Thus, inhibition of these molecules/pathways has been found to impair the development of this 

neutrophil population. For instance, the use of an anti-GSF antibody or IL-12 has been found to 

reduce the number and activity of tumor-promoting neutrophils (357,358). Moreover, TANs are 

recruited via specific chemokine signaling pathways, making inhibitors of chemokine receptors a 

promising therapeutic approach. For instance, CCR2 blockade with a small molecule CCR2 

inhibitor reduced tumor burden in a model of pancreatic adenocarcinoma by blocking the 

recruitment of TANs to the tumor. Furthermore, when combined with chemotherapy, there was a 

significant increase in survival (359). Lastly, various strategies have been described to dampen 

the immunosuppressive properties of TANs. One example is the use of cabozantinib, a receptor 

tyrosine kinase inhibitor, in combination with a dual PI3K/mTOR inhibitor, dactolisib, 

significantly downregulated immunosuppressive genes in tumor-promoting neutrophils including 
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Arg1, Ncf1 and Ncf4. Additionally, these molecules synergized with ICIs to eliminate primary 

and metastatic prostate tumors (360).  

Here we show that biguanides, when used in combination with molecules that stimulate 

systemic inflammation such as poly IC, can elicit an increase in neutrophils in both the tumor 

and blood of mice bearing breast tumors. However, it has not been identified whether this drug 

combination is acting directly or indirectly on the neutrophil population. Furthermore, it is 

demonstrated that these neutrophils are required for the therapy to be effective, and that the 

neutrophil population is polarized towards a mature, cytotoxic phenotype capable of killing 

cancer cells directly in vitro. Ultimately, our findings lay the groundwork for a means of 

activating cytotoxic neutrophils for cancer therapy rather than focusing on ways to diminish their 

suppressive effects. Neutrophils are numerous in the body, particularly during cancer 

progression, as has been described previously by an elevated NLR in cancer patients (286). Thus, 

exploiting the abundance of neutrophils, as well as their plasticity, offers an attractive 

opportunity to use neutrophils as powerful anti-cancer effector cells whereas depletion or 

inhibition of their immunosuppressive properties would obliterate their potential. Currently, we 

present a mechanism by which neutrophils can be utilized to minimize tumor growth, but future 

work would be needed to design therapeutic approaches ready to enter the clinic.  

In the current study, we examine whether neutrophils are required for therapeutic 

effectiveness using a Ly6G monoclonal antibody, as previously described. It is crucial to address 

that anti-Ly6G agents are not specific to neutrophils. In mice, Ly6G is also expressed by 

granulocytic MDSCs. These cells have emerged as important contributors to cancer progression, 

notably through mechanisms of immune suppression, as well as contribution to angiogenesis and 

metastasis (361). Furthermore, MDSCs have been shown to reduce the efficacy of anti-PD-1 and 
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anti-CTLA4 immunotherapies (362). Given that the Ly6G depletion completed in this study 

results in a loss of anti-tumorigenic activity, it is thus not likely that the population we are 

targeting and eliminating is a traditional granulocytic MDSC. This population does not typically 

act as a cytotoxic cell type, whereas neutrophils are commonly identified as cancer-killing cells.  

Activation of the NF-B pathway acts as a double-edged sword in the context of cancer. 

On the one hand, it is constitutively activated in many types of cancer and has been associated 

with pro-tumorigenic functions. For instance, NF-B activation may promote tumor 

angiogenesis through the upregulation of VEGF in colorectal cancer (363). Moreover, it has been 

shown that NF-B activation can promote tumor cell cycle progression and apoptosis, promoting 

cellular proliferation in a model of bladder cancer through the upregulation of survivin, a well-

known cancer specific molecule and a marker of poor prognosis (364). On the other hand, the 

activation of NF-B-driven inflammation does play a key role in mediating the immune 

response. Consequently, it may activate antitumor immune responses; for example, NF-B was 

found to be required for conventional dendritic cell maturation and subsequent tumor cell killing 

(365). Furthermore, genetic loss of IKKβ, an NF-B pathway regulating kinase was found to 

result in more rapid growth of melanoma tumors, due to an inhibition of macrophage tumor cell 

killing (366).  

Here, we provide further evidence that NF-B-driven inflammation may be responsible 

for anti-tumor immune responses. The phenformin/poly IC therapy induces an upregulation of 

TNF, IL-1 and IL-6 in mammary breast tumors, a cytokine signature associated with NF-B 

inflammation. Moreover, we observe increases in CCL2 and CCL5 in tumors, 2 cytokines 

downstream of NF-B. Interestingly, CCL5 was also noted to be differentially expressed in 

combination tumors, in comparison to control-treated tumors by single cell RNA sequencing. 
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CCL5 is a cytokine that has been shown to be involved in neutrophil recruitment via activation 

of macrophages (367). Similarly, using a transgenic mouse model that overexpresses CCL5 in 

the lung, it was observed that CCL5 overexpression displayed a significant increase in neutrophil 

infiltration compared to control mice (368). This may be important in preventing circulating 

tumor cells from entering the lung during the metastatic cascade. Finally, CCL5 has been shown 

to increase neutrophil H2O2 production, resulting in an increase in breast tumor cell death (311). 

Here, we provide further evidence to support that the NF-B pathway may be beneficial in 

activating tumor-killing immune cell subsets. However, further work would need to be done to 

confirm whether this pathway is required for the observed neutrophil cytotoxicity. Moreover, we 

provide some evidence showing an association between CCL5 and cytotoxic neutrophil 

activation. While the literature primarily focuses on the role of CCL5 in neutrophil recruitment, 

we focus on the role it may play in inducing a cancer-killing neutrophil population, a topic that 

remains poorly described.  

Moreover, we observe an increase in CCL2 production in tumors from mice treated with 

either poly IC alone or in combination with phenformin. Interestingly, CCL2 is a critical 

chemokine for the recruitment of NK cells. In fact, antibody-mediated neutralization of CCL2 in 

a mouse model of invasive aspergillosis resulted in an impaired recruitment of NK cells to the 

lungs during infection (369). In the context of cancer, using a model of hepatocellular carcinoma, 

it was identified that antibody-mediated neutralization of CCL2, but not CCL3, CCL4 or CCL5 

prevented NK cell recruitment and infiltration into tumors, while also reducing tumor 

elimination (370). Several studies have shown that NK cells are incredibly sensitive to poly IC 

treatment (371,372). Importantly, NK cells have been shown to respond to poly IC through the 

production of IFN-gamma (373). IFN-gamma may enhance neutrophil functions. For instance, in 
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a cohort of patients with CGD, it was discovered that IFN-gamma administration resulted in the 

release of O2
- from neutrophils. Additionally, IFN-gamma treatment altered gene expression in 

over 2700 neutrophil genes, including the upregulation of genes involved in generating NOX, as 

well as proteins involved in MHC I and II (374). Finally, the presence of both NK cells and IFN-

gamma has been found to convert tumor promoting neutrophils to tumor suppressing ones (375). 

Ultimately, the therapy presented in this study upregulates CCL2; a key chemokine involved in 

the recruitment of NK cells. Moreover, NK cells are extremely sensitive to poly IC and respond 

through the secretion of IFN-gamma, a molecule shown to play a role in neutrophil activation. 

Though further investigation is required, it is possible that NK cells play a critical role in 

bridging the gap between poly IC administration and the observed neutrophil cytotoxicity.   

After successful extravasation, tumor cells must survive in a new environment in a distant 

organ to form metastasis. The contribution of neutrophils to the progression of metastasis and the 

formation of a favorable premetastatic niche remains controversial. On the one hand, several 

studies have shown that the accumulation of neutrophils within the premetastatic niche may 

support metastasis. For example, CXCR2-dependent accumulation of neutrophils in the pre-

metastatic niche has been shown to be required for liver metastases to form in pancreatic ductal 

adenocarcinoma (376). Similarly, another group has found evidence to support that neutrophils 

are the main driver of metastatic establishment within the premetastatic lung in mouse models of 

breast cancer. Mice deficient in G-CSF were unable to accumulate neutrophils in the lung and 

exhibited a robust reduction in spontaneous lung metastases (377). Finally, it has been observed 

that neutrophils specifically attracted by the CXCL12-CXCR4 signaling pathway increase 

progressively during breast cancer progression and accumulation was closely related to the 

formation of the premetastatic niche (378).  
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 On the other hand, a few studies have identified cytotoxic neutrophils within the 

premetastatic niche that may prevent metastases from forming. Despite remaining a relatively 

poorly studied phenomenon, it was identified that IFN-producing monocytes got recruited to the 

lung where they prime neutrophils towards an antitumor phenotype, inhibiting metastasis by 

killing circulating tumor cells attempting to reside in the lung (310). Similarly, another group 

identified that a neutrophil depletion resulted in increased metastatic burden in comparison to 

controls. In fact, despite there being no change to the size of the metastases, there was a 3-fold 

increase in the number of metastases formed in the lungs of neutrophil-deficient, tumor-bearing 

mice (311).  

 Here we show that despite an increase in abundance of neutrophils in the blood and 

tumors of mice treated with phenformin and poly IC, we do not observe any significant increases 

in metastases. In fact, it seems that the neutrophil population may prevent metastatic seeding in 

the lung, given the trend downwards in the number of metastases observed. It is imperative to 

recall that this slight trend downwards is observed even though combination-treated mice had 

primary mammary tumors for almost double the amount of time that control-treated mice had 

tumors. This finding may be incredibly beneficial in a clinical setting; not only does the 

combination therapy disrupt the growth of the primary tumor, but it may also slow metastatic 

onset. This is extremely relevant considering that, according to the American Cancer Society, the 

5-year survival rate for women suffering from localized breast cancer is 99% yet drops to 30% 

following metastasis. Further investigation would need to be done to characterize the neutrophil 

population inhabiting the lung and identify a mechanism responsible for inhibiting the 

colonization of circulating tumor cells within the lung. However, the identification of therapies 
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that may simultaneously impact the primary tumor as well as the premetastatic niche remains a 

promising approach that should be explored more deeply.  

 Neutrophils rely on various mechanisms for killing pathogens, including degranulation, 

ROS production, phagocytosis and NETosis. We hypothesized that neutrophils may be killing 

cancer cells through the production of ROS, given the significant role both therapeutic drugs 

play in ROS generation. Interestingly, it was observed that there were no changes in H2O2 

production between neutrophils isolated from the blood of control- and combination-treated 

tumors. A few possible explanations may explain why no changes can be observed. Firstly, 

luminol bioluminescence is dependent on MPO. MPO is a member of the XPO subfamily of 

peroxidases and produces hypochlorous acid (HOCl) from H2O2 and chloride anion (Cl−) during 

the neutrophil's respiratory burst. Ultimately, it is possible that MPO might be the limiting factor; 

if there isn’t enough of it to convert all H2O2 to HOCl, then it might not be possible to capture the 

full picture of all the H2O2 being produced by combination-treated neutrophils. This would 

explain the lack of variation between treatment groups. Another possibility is that neutrophils are 

killing cancer cells through ROS, but not H2O2. Neutrophils may produce a variety of ROS, not 

only H2O2. One limitation associated with the use of luminol is that it may only convert H2O2 to 

measurable luminescence, not other forms of ROS. Thus, if neutrophils are using other forms of 

ROS as well, we may not be capturing those during our analyses. Using other agents, such as 

lucigenin, that may pick up levels of other forms of ROS may be beneficial in identifying which 

ROS sources are being generated by neutrophils during an oxidative burst. Moreover, all 

analyses presented in this work use PMA, a chemical stimulus to trigger the potentiation of an 

oxidative burst. This is likely less representative of what is occurring in vivo, where neutrophils 

are activated through the detection of cancer cells. Thus, it is possible that neutrophil activation 
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with PMA results in a different level of oxidative burst than what occurs in our mouse model. 

Using cancer cells as a means of activating neutrophils in vitro may be a way to circumvent this 

possibility and provide a more accurate representation of our neutrophil populations’ oxidative 

burst. Finally, it is possible that the observed neutrophil cytotoxicity is not due to ROS 

production at all, but rather another mechanism of neutrophil killing. Ultimately, further work 

would need to be done to identify which method of killing is being employed by neutrophils 

during phenformin/poly IC therapy.  

 It was possible to generate HL-60 cells that acquire a neutrophil-like phenotype using 

ATRA, and DMSO to a lesser extent. Moreover, these neutrophil-like cells were found to 

respond similarly to in vitro drug treatment to mouse neutrophils. This provides a novel means to 

further characterizing a neutrophil’s functional behavior without having to endure the limitations 

associated with neutrophil isolation. This will allow for further research to be done in potentially 

investigating whether phenformin/poly IC induces metabolic alterations to neutrophils and how 

blocking of the NF-B pathway/ CCL5 may influence neutrophil cytotoxicity, amongst many 

questions.  

 Despite the promising findings presented in the current study, further work is necessary 

for translation into the clinic to occur. While mouse neutrophils do express TLR3, the poly IC 

receptor, human neutrophils do not(220). Thus, alternative inflammatory stimuli that activate 

neutrophils with a similar cytotoxic phenotype would need to be identified. For instance, 

studying molecules that may activate the NF-B pathway, in a TLR3 independent fashion, may 

be a promising approach. Moreover, identifying key inflammatory cytokines that are required for 

therapeutic efficacy may bypass the need for poly IC administration. For instance, looking at 

TNF, IL-6, CCL2 and CCL5 (all cytokines found to be upregulated by poly IC therapy in this 
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study) and pinpointing which combination of these molecules is necessary for neutrophil 

cytotoxicity. If keys cytokines may be identified, then these agents could be used directly, in 

combination with phenformin, to eradicate tumor cells in human patients.  

Conclusions 

Altogether, we present a novel therapy that polarizes neutrophils towards a primarily 

mature, cytotoxic neutrophil population capable of killing breast cancer cells both in vitro and in 

vivo. Despite an increase in the abundance of neutrophils in the blood and tumor of 

phenformin/poly IC-treated mice, the elicited neutrophil population does not increase metastatic 

burden, seeming to potentially protect the lung for circulating cancer cell colonization. This 

study positions neutrophils as an attractive immune cell subset that could be harnessed 

therapeutically in oncology, particularly for the treatment of tumors with minimal response to 

ICIs due to low immune cell infiltrate.  
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11. Aydiner A, İğci A, Soran A. Breast Disease : Diagnosis and Pathology. 1st ed. Cham: 
Springer International Publishing : Imprint: Springer,; 2016. p 1 online resource (XII, 298 
pages 140 illustrations, 00 illustrations in color. 

12. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin 
2023;73:17-48 

13. Orrantia-Borunda E, Anchondo-Nunez P, Acuna-Aguilar LE, Gomez-Valles FO, Ramirez-
Valdespino CA. Subtypes of Breast Cancer. In: Mayrovitz HN, editor. Breast Cancer. 
Brisbane (AU)2022. 

14. Harvey JM, Clark GM, Osborne CK, Allred DC. Estrogen receptor status by 
immunohistochemistry is superior to the ligand-binding assay for predicting response to 
adjuvant endocrine therapy in breast cancer. J Clin Oncol 1999;17:1474-81 

15. Miah S, Bagu E, Goel R, Ogunbolude Y, Dai C, Ward A, Vizeacoumar FS, Davies G, 
Vizeacoumar FJ, Anderson D, Lukong KE. Estrogen receptor signaling regulates the 
expression of the breast tumor kinase in breast cancer cells. BMC Cancer 2019;19:78 



 99 

16. Purdie CA, Quinlan P, Jordan LB, Ashfield A, Ogston S, Dewar JA, Thompson AM. 
Progesterone receptor expression is an independent prognostic variable in early breast 
cancer: a population-based study. Br J Cancer 2014;110:565-72 

17. Burstein HJ. The distinctive nature of HER2-positive breast cancers. N Engl J Med 
2005;353:1652-4 

18. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. Human breast cancer: 
correlation of relapse and survival with amplification of the HER-2/neu oncogene. 
Science 1987;235:177-82 

19. Morris GJ, Naidu S, Topham AK, Guiles F, Xu Y, McCue P, Schwartz GF, Park PK, 
Rosenberg AL, Brill K, Mitchell EP. Differences in breast carcinoma characteristics in 
newly diagnosed African-American and Caucasian patients: a single-institution 
compilation compared with the National Cancer Institute's Surveillance, Epidemiology, 
and End Results database. Cancer 2007;110:876-84 

20. Yin L, Duan JJ, Bian XW, Yu SC. Triple-negative breast cancer molecular subtyping and 
treatment progress. Breast Cancer Res 2020;22:61 

21. Geyer FC, Marchio C, Reis-Filho JS. The role of molecular analysis in breast cancer. 
Pathology 2009;41:77-88 

22. Shaath H, Elango R, Alajez NM. Molecular Classification of Breast Cancer Utilizing Long 
Non-Coding RNA (lncRNA) Transcriptomes Identifies Novel Diagnostic lncRNA Panel for 
Triple-Negative Breast Cancer. Cancers (Basel) 2021;13 

23. Herr D, Wischnewsky M, Joukhadar R, Chow O, Janni W, Leinert E, Fink V, Stuber T, 
Curtaz C, Kreienberg R, Blettner M, Wollschlager D, Wockel A. Does chemotherapy 
improve survival in patients with nodal positive luminal A breast cancer? A retrospective 
Multicenter Study. PLoS One 2019;14:e0218434 

24. Spring LM, Gupta A, Reynolds KL, Gadd MA, Ellisen LW, Isakoff SJ, Moy B, Bardia A. 
Neoadjuvant Endocrine Therapy for Estrogen Receptor-Positive Breast Cancer: A 
Systematic Review and Meta-analysis. JAMA Oncol 2016;2:1477-86 

25. Davies C, Pan H, Godwin J, Gray R, Arriagada R, Raina V, Abraham M, Medeiros Alencar 
VH, Badran A, Bonfill X, Bradbury J, Clarke M, Collins R, Davis SR, Delmestri A, Forbes JF, 
Haddad P, Hou MF, Inbar M, Khaled H, Kielanowska J, Kwan WH, Mathew BS, Mittra I, 
Muller B, Nicolucci A, Peralta O, Pernas F, Petruzelka L, Pienkowski T, Radhika R, Rajan B, 
Rubach MT, Tort S, Urrutia G, Valentini M, Wang Y, Peto R, Adjuvant Tamoxifen: Longer 
Against Shorter Collaborative G. Long-term effects of continuing adjuvant tamoxifen to 
10 years versus stopping at 5 years after diagnosis of oestrogen receptor-positive breast 
cancer: ATLAS, a randomised trial. Lancet 2013;381:805-16 

26. Farrar MC, Jacobs TF. Tamoxifen. StatPearls. Treasure Island (FL)2023. 
27. Kendzierski DC, Schneider BP, Kiel PJ. Efficacy of Different Leuprolide Administration 

Schedules in Premenopausal Breast Cancer: A Retrospective Review. Clin Breast Cancer 
2018;18:e939-e42 

28. Tremont A, Lu J, Cole JT. Endocrine Therapy for Early Breast Cancer: Updated Review. 
Ochsner J 2017;17:405-11 

29. Hong S, Didwania A, Olopade O, Ganschow P. The expanding use of third-generation 
aromatase inhibitors: what the general internist needs to know. J Gen Intern Med 
2009;24 Suppl 2:S383-8 



 100 

30. Geisler J. Differences between the non-steroidal aromatase inhibitors anastrozole and 
letrozole--of clinical importance? Br J Cancer 2011;104:1059-66 

31. Miller WR, Bartlett J, Brodie AM, Brueggemeier RW, di Salle E, Lonning PE, Llombart A, 
Maass N, Maudelonde T, Sasano H, Goss PE. Aromatase inhibitors: are there differences 
between steroidal and nonsteroidal aromatase inhibitors and do they matter? 
Oncologist 2008;13:829-37 

32. Breast International Group 1-98 Collaborative G, Thurlimann B, Keshaviah A, Coates AS, 
Mouridsen H, Mauriac L, Forbes JF, Paridaens R, Castiglione-Gertsch M, Gelber RD, 
Rabaglio M, Smith I, Wardley A, Price KN, Goldhirsch A. A comparison of letrozole and 
tamoxifen in postmenopausal women with early breast cancer. N Engl J Med 
2005;353:2747-57 

33. Early Breast Cancer Trialists' Collaborative G. Aromatase inhibitors versus tamoxifen in 
early breast cancer: patient-level meta-analysis of the randomised trials. Lancet 
2015;386:1341-52 

34. Early Breast Cancer Trialists' Collaborative G. Aromatase inhibitors versus tamoxifen in 
premenopausal women with oestrogen receptor-positive early-stage breast cancer 
treated with ovarian suppression: a patient-level meta-analysis of 7030 women from 
four randomised trials. Lancet Oncol 2022;23:382-92 

35. Howell A, Cuzick J, Baum M, Buzdar A, Dowsett M, Forbes JF, Hoctin-Boes G, Houghton 
J, Locker GY, Tobias JS, Group AT. Results of the ATAC (Arimidex, Tamoxifen, Alone or in 
Combination) trial after completion of 5 years' adjuvant treatment for breast cancer. 
Lancet 2005;365:60-2 

36. Park S, Koo JS, Kim MS, Park HS, Lee JS, Lee JS, Kim SI, Park BW. Characteristics and 
outcomes according to molecular subtypes of breast cancer as classified by a panel of 
four biomarkers using immunohistochemistry. Breast 2012;21:50-7 

37. Creighton CJ. The molecular profile of luminal B breast cancer. Biologics 2012;6:289-97 
38. Bhargava R, Beriwal S, Dabbs DJ, Ozbek U, Soran A, Johnson RR, Brufsky AM, Lembersky 

BC, Ahrendt GM. Immunohistochemical surrogate markers of breast cancer molecular 
classes predicts response to neoadjuvant chemotherapy: a single institutional 
experience with 359 cases. Cancer 2010;116:1431-9 

39. Zhao M, Zhang J, Laubacher JS, Ramirez M-T, Shapiro CL. The role of adjuvant 
chemotherapy in luminal B breast cancer. Journal of Clinical Oncology 2014;32:156- 

40. Lamy PJ, Fina F, Bascoul-Mollevi C, Laberenne AC, Martin PM, Ouafik L, Jacot W. 
Quantification and clinical relevance of gene amplification at chromosome 17q12-q21 in 
human epidermal growth factor receptor 2-amplified breast cancers. Breast Cancer Res 
2011;13:R15 

41. Kallioniemi OP, Kallioniemi A, Kurisu W, Thor A, Chen LC, Smith HS, Waldman FM, Pinkel 
D, Gray JW. ERBB2 amplification in breast cancer analyzed by fluorescence in situ 
hybridization. Proc Natl Acad Sci U S A 1992;89:5321-5 

42. Seshadri R, Firgaira FA, Horsfall DJ, McCaul K, Setlur V, Kitchen P. Clinical significance of 
HER-2/neu oncogene amplification in primary breast cancer. The South Australian 
Breast Cancer Study Group. J Clin Oncol 1993;11:1936-42 

43. Camejo N, Castillo C, Alonso R, Correa F, Rivero E, Mezquita C, Rosich A, Dellacasa F, 
Silveira L, Delgado L. Effectiveness of Trastuzumab for Human Epidermal Growth Factor 



 101 

Receptor 2-Positive Breast Cancer in a Real-Life Setting: One Decade of Experience 
Under National Treatment Coverage Regulations. JCO Glob Oncol 2020;6:217-23 

44. Cortes J, Kim SB, Chung WP, Im SA, Park YH, Hegg R, Kim MH, Tseng LM, Petry V, Chung 
CF, Iwata H, Hamilton E, Curigliano G, Xu B, Huang CS, Kim JH, Chiu JWY, Pedrini JL, Lee 
C, Liu Y, Cathcart J, Bako E, Verma S, Hurvitz SA, Investigators DE-BT. Trastuzumab 
Deruxtecan versus Trastuzumab Emtansine for Breast Cancer. N Engl J Med 
2022;386:1143-54 

45. von Minckwitz G, Huang CS, Mano MS, Loibl S, Mamounas EP, Untch M, Wolmark N, 
Rastogi P, Schneeweiss A, Redondo A, Fischer HH, Jacot W, Conlin AK, Arce-Salinas C, 
Wapnir IL, Jackisch C, DiGiovanna MP, Fasching PA, Crown JP, Wulfing P, Shao Z, Rota 
Caremoli E, Wu H, Lam LH, Tesarowski D, Smitt M, Douthwaite H, Singel SM, Geyer CE, 
Jr., Investigators K. Trastuzumab Emtansine for Residual Invasive HER2-Positive Breast 
Cancer. N Engl J Med 2019;380:617-28 

46. Dai X, Li T, Bai Z, Yang Y, Liu X, Zhan J, Shi B. Breast cancer intrinsic subtype classification, 
clinical use and future trends. Am J Cancer Res 2015;5:2929-43 

47. Liu Z, Zhang XS, Zhang S. Breast tumor subgroups reveal diverse clinical prognostic 
power. Sci Rep 2014;4:4002 

48. Toft DJ, Cryns VL. Minireview: Basal-like breast cancer: from molecular profiles to 
targeted therapies. Mol Endocrinol 2011;25:199-211 

49. Li Y, Zhang H, Merkher Y, Chen L, Liu N, Leonov S, Chen Y. Recent advances in 
therapeutic strategies for triple-negative breast cancer. J Hematol Oncol 2022;15:121 

50. Yu KD, Ye FG, He M, Fan L, Ma D, Mo M, Wu J, Liu GY, Di GH, Zeng XH, He PQ, Wu KJ, 
Hou YF, Wang J, Wang C, Zhuang ZG, Song CG, Lin XY, Toss A, Ricci F, Shen ZZ, Shao ZM. 
Effect of Adjuvant Paclitaxel and Carboplatin on Survival in Women With Triple-Negative 
Breast Cancer: A Phase 3 Randomized Clinical Trial. JAMA Oncol 2020;6:1390-6 

51. Bonnefoi H, Piccart M, Bogaerts J, Mauriac L, Fumoleau P, Brain E, Petit T, Rouanet P, 
Jassem J, Blot E, Zaman K, Cufer T, Lortholary A, Lidbrink E, Andre S, Litiere S, Lago LD, 
Becette V, Cameron DA, Bergh J, Iggo R, Investigators EBS. TP53 status for prediction of 
sensitivity to taxane versus non-taxane neoadjuvant chemotherapy in breast cancer 
(EORTC 10994/BIG 1-00): a randomised phase 3 trial. Lancet Oncol 2011;12:527-39 

52. Narui K, Ishikawa T, Shimizu D, Yamada A, Tanabe M, Sasaki T, Oba MS, Morita S, 
Nawata S, Kida K, Mogaki M, Doi T, Tsugawa K, Ogata H, Ota T, Kosaka Y, Sengoku N, 
Kuranami M, Niikura N, Saito Y, Suzuki Y, Suto A, Arioka H, Chishima T, Ichikawa Y, Endo 
I, Tokuda Y. Anthracycline could be essential for triple-negative breast cancer: A 
randomised phase II study by the Kanagawa Breast Oncology Group (KBOG) 1101. 
Breast 2019;47:1-9 

53. Robson M, Im SA, Senkus E, Xu B, Domchek SM, Masuda N, Delaloge S, Li W, Tung N, 
Armstrong A, Wu W, Goessl C, Runswick S, Conte P. Olaparib for Metastatic Breast 
Cancer in Patients with a Germline BRCA Mutation. N Engl J Med 2017;377:523-33 

54. Liedtke C, Mazouni C, Hess KR, Andre F, Tordai A, Mejia JA, Symmans WF, Gonzalez-
Angulo AM, Hennessy B, Green M, Cristofanilli M, Hortobagyi GN, Pusztai L. Response to 
neoadjuvant therapy and long-term survival in patients with triple-negative breast 
cancer. J Clin Oncol 2008;26:1275-81 



 102 

55. Tormoen GW, Crittenden MR, Gough MJ. Role of the immunosuppressive 
microenvironment in immunotherapy. Adv Radiat Oncol 2018;3:520-6 

56. Rosenberg JE, Hoffman-Censits J, Powles T, van der Heijden MS, Balar AV, Necchi A, 
Dawson N, O'Donnell PH, Balmanoukian A, Loriot Y, Srinivas S, Retz MM, Grivas P, 
Joseph RW, Galsky MD, Fleming MT, Petrylak DP, Perez-Gracia JL, Burris HA, Castellano 
D, Canil C, Bellmunt J, Bajorin D, Nickles D, Bourgon R, Frampton GM, Cui N, 
Mariathasan S, Abidoye O, Fine GD, Dreicer R. Atezolizumab in patients with locally 
advanced and metastatic urothelial carcinoma who have progressed following 
treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial. 
Lancet 2016;387:1909-20 

57. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly JD, 
Carvajal RD, Sosman JA, Atkins MB, Leming PD, Spigel DR, Antonia SJ, Horn L, Drake CG, 
Pardoll DM, Chen L, Sharfman WH, Anders RA, Taube JM, McMiller TL, Xu H, Korman AJ, 
Jure-Kunkel M, Agrawal S, McDonald D, Kollia GD, Gupta A, Wigginton JM, Sznol M. 
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med 
2012;366:2443-54 

58. Kluger HM, Tawbi HA, Ascierto ML, Bowden M, Callahan MK, Cha E, Chen HX, Drake CG, 
Feltquate DM, Ferris RL, Gulley JL, Gupta S, Humphrey RW, LaVallee TM, Le DT, 
Hubbard-Lucey VM, Papadimitrakopoulou VA, Postow MA, Rubin EH, Sharon E, Taube 
JM, Topalian SL, Zappasodi R, Sznol M, Sullivan RJ. Defining tumor resistance to PD-1 
pathway blockade: recommendations from the first meeting of the SITC Immunotherapy 
Resistance Taskforce. J Immunother Cancer 2020;8 

59. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-Lieskovan S, Torrejon 
DY, Abril-Rodriguez G, Sandoval S, Barthly L, Saco J, Homet Moreno B, Mezzadra R, 
Chmielowski B, Ruchalski K, Shintaku IP, Sanchez PJ, Puig-Saus C, Cherry G, Seja E, Kong 
X, Pang J, Berent-Maoz B, Comin-Anduix B, Graeber TG, Tumeh PC, Schumacher TN, Lo 
RS, Ribas A. Mutations Associated with Acquired Resistance to PD-1 Blockade in 
Melanoma. N Engl J Med 2016;375:819-29 

60. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin. Diabetologia 
2017;60:1577-85 

61. Ahmad M, Wolberg A, Kahwaji CI. Biochemistry, Electron Transport Chain. StatPearls. 
Treasure Island (FL)2023. 

62. Bridges HR, Jones AJ, Pollak MN, Hirst J. Effects of metformin and other biguanides on 
oxidative phosphorylation in mitochondria. Biochem J 2014;462:475-87 

63. Andrzejewski S, Gravel SP, Pollak M, St-Pierre J. Metformin directly acts on mitochondria 
to alter cellular bioenergetics. Cancer Metab 2014;2:12 

64. Madiraju AK, Qiu Y, Perry RJ, Rahimi Y, Zhang XM, Zhang D, Camporez JG, Cline GW, 
Butrico GM, Kemp BE, Casals G, Steinberg GR, Vatner DF, Petersen KF, Shulman GI. 
Metformin inhibits gluconeogenesis via a redox-dependent mechanism in vivo. Nat Med 
2018;24:1384-94 

65. Zhao H, Swanson KD, Zheng B. Therapeutic Repurposing of Biguanides in Cancer. Trends 
Cancer 2021;7:714-30 

66. Luo Z, Zang M, Guo W. AMPK as a metabolic tumor suppressor: control of metabolism 
and cell growth. Future Oncol 2010;6:457-70 



 103 

67. Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters LA, DePinho RA, Cantley LC. The 
tumor suppressor LKB1 kinase directly activates AMP-activated kinase and regulates 
apoptosis in response to energy stress. Proc Natl Acad Sci U S A 2004;101:3329-35 

68. Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z, Dupuy F, Chambers C, Fuerth 
BJ, Viollet B, Mamer OA, Avizonis D, DeBerardinis RJ, Siegel PM, Jones RG. AMPK is a 
negative regulator of the Warburg effect and suppresses tumor growth in vivo. Cell 
Metab 2013;17:113-24 

69. Pineda CT, Ramanathan S, Fon Tacer K, Weon JL, Potts MB, Ou YH, White MA, Potts PR. 
Degradation of AMPK by a cancer-specific ubiquitin ligase. Cell 2015;160:715-28 

70. Yi Y, Chen D, Ao J, Zhang W, Yi J, Ren X, Fei J, Li F, Niu M, Chen H, Luo Y, Luo Z, Xiao ZJ. 
Transcriptional suppression of AMPKalpha1 promotes breast cancer metastasis upon 
oncogene activation. Proc Natl Acad Sci U S A 2020;117:8013-21 

71. Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris AD. Metformin and reduced 
risk of cancer in diabetic patients. BMJ 2005;330:1304-5 

72. Pollak M. Potential applications for biguanides in oncology. J Clin Invest 2013;123:3693-
700 

73. Goodwin PJ, Chen BE, Gelmon KA, Whelan TJ, Ennis M, Lemieux J, Ligibel JA, Hershman 
DL, Mayer IA, Hobday TJ, Bliss JM, Rastogi P, Rabaglio-Poretti M, Mukherjee SD, Mackey 
JR, Abramson VG, Oja C, Wesolowski R, Thompson AM, Rea DW, Stos PM, Shepherd LE, 
Stambolic V, Parulekar WR. Effect of Metformin vs Placebo on Invasive Disease-Free 
Survival in Patients With Breast Cancer: The MA.32 Randomized Clinical Trial. JAMA 
2022;327:1963-73 

74. Chandel NS, Avizonis D, Reczek CR, Weinberg SE, Menz S, Neuhaus R, Christian S, 
Haegebarth A, Algire C, Pollak M. Are Metformin Doses Used in Murine Cancer Models 
Clinically Relevant? Cell Metab 2016;23:569-70 

75. Dowling RJ, Lam S, Bassi C, Mouaaz S, Aman A, Kiyota T, Al-Awar R, Goodwin PJ, 
Stambolic V. Metformin Pharmacokinetics in Mouse Tumors: Implications for Human 
Therapy. Cell Metab 2016;23:567-8 

76. Lord SR, Cheng WC, Liu D, Gaude E, Haider S, Metcalf T, Patel N, Teoh EJ, Gleeson F, 
Bradley K, Wigfield S, Zois C, McGowan DR, Ah-See ML, Thompson AM, Sharma A, Bidaut 
L, Pollak M, Roy PG, Karpe F, James T, English R, Adams RF, Campo L, Ayers L, Snell C, 
Roxanis I, Frezza C, Fenwick JD, Buffa FM, Harris AL. Integrated Pharmacodynamic 
Analysis Identifies Two Metabolic Adaption Pathways to Metformin in Breast Cancer. 
Cell Metab 2018;28:679-88 e4 

77. Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox 
regulation in cellular signaling. Cell Signal 2012;24:981-90 

78. Chance B, Sies H, Boveris A. Hydroperoxide metabolism in mammalian organs. Physiol 
Rev 1979;59:527-605 

79. Aggarwal V, Tuli HS, Varol A, Thakral F, Yerer MB, Sak K, Varol M, Jain A, Khan MA, Sethi 
G. Role of Reactive Oxygen Species in Cancer Progression: Molecular Mechanisms and 
Recent Advancements. Biomolecules 2019;9 

80. Zhang J, Wang X, Vikash V, Ye Q, Wu D, Liu Y, Dong W. ROS and ROS-Mediated Cellular 
Signaling. Oxid Med Cell Longev 2016;2016:4350965 



 104 

81. Burdon RH, Gill V, Rice-Evans C. Cell proliferation and oxidative stress. Free Radic Res 
Commun 1989;7:149-59 

82. Jang YY, Sharkis SJ. A low level of reactive oxygen species selects for primitive 
hematopoietic stem cells that may reside in the low-oxygenic niche. Blood 
2007;110:3056-63 

83. Rutter J, Reick M, Wu LC, McKnight SL. Regulation of clock and NPAS2 DNA binding by 
the redox state of NAD cofactors. Science 2001;293:510-4 

84. Rao GN, Berk BC. Active oxygen species stimulate vascular smooth muscle cell growth 
and proto-oncogene expression. Circ Res 1992;70:593-9 

85. Sena LA, Li S, Jairaman A, Prakriya M, Ezponda T, Hildeman DA, Wang CR, Schumacker 
PT, Licht JD, Perlman H, Bryce PJ, Chandel NS. Mitochondria are required for antigen-
specific T cell activation through reactive oxygen species signaling. Immunity 
2013;38:225-36 

86. Gilgun-Sherki Y, Melamed E, Offen D. Oxidative stress induced-neurodegenerative 
diseases: the need for antioxidants that penetrate the blood brain barrier. 
Neuropharmacology 2001;40:959-75 

87. He L, He T, Farrar S, Ji L, Liu T, Ma X. Antioxidants Maintain Cellular Redox Homeostasis 
by Elimination of Reactive Oxygen Species. Cell Physiol Biochem 2017;44:532-53 

88. Grune T, Reinheckel T, Joshi M, Davies KJ. Proteolysis in cultured liver epithelial cells 
during oxidative stress. Role of the multicatalytic proteinase complex, proteasome. J Biol 
Chem 1995;270:2344-51 

89. Salmon TB, Evert BA, Song B, Doetsch PW. Biological consequences of oxidative stress-
induced DNA damage in Saccharomyces cerevisiae. Nucleic Acids Res 2004;32:3712-23 

90. Dandona P, Thusu K, Cook S, Snyder B, Makowski J, Armstrong D, Nicotera T. Oxidative 
damage to DNA in diabetes mellitus. Lancet 1996;347:444-5 

91. Sultana R, Piroddi M, Galli F, Butterfield DA. Protein levels and activity of some 
antioxidant enzymes in hippocampus of subjects with amnestic mild cognitive 
impairment. Neurochem Res 2008;33:2540-6 

92. Johar R, Sharma R, Kaur A, Mukherjee TK. Role of Reactive Oxygen Species in Estrogen 
Dependant Breast Cancer Complication. Anticancer Agents Med Chem 2015;16:190-9 

93. Bohr VA, Dianov GL. Oxidative DNA damage processing in nuclear and mitochondrial 
DNA. Biochimie 1999;81:155-60 

94. Wei H. Activation of oncogenes and/or inactivation of anti-oncogenes by reactive 
oxygen species. Med Hypotheses 1992;39:267-70 

95. Luczak K, Balcerczyk A, Soszynski M, Bartosz G. Low concentration of oxidant and nitric 
oxide donors stimulate proliferation of human endothelial cells in vitro. Cell Biol Int 
2004;28:483-6 

96. Ushio-Fukai M. Redox signaling in angiogenesis: role of NADPH oxidase. Cardiovasc Res 
2006;71:226-35 

97. Ushio-Fukai M, Alexander RW. Reactive oxygen species as mediators of angiogenesis 
signaling: role of NAD(P)H oxidase. Mol Cell Biochem 2004;264:85-97 

98. Chang CH, Pauklin S. ROS and TGFbeta: from pancreatic tumour growth to metastasis. J 
Exp Clin Cancer Res 2021;40:152 



 105 

99. Kamiya T, Goto A, Kurokawa E, Hara H, Adachi T. Cross Talk Mechanism among EMT, 
ROS, and Histone Acetylation in Phorbol Ester-Treated Human Breast Cancer MCF-7 
Cells. Oxid Med Cell Longev 2016;2016:1284372 

100. Okon IS, Zou MH. Mitochondrial ROS and cancer drug resistance: Implications for 
therapy. Pharmacol Res 2015;100:170-4 

101. Ogrunc M, Di Micco R, Liontos M, Bombardelli L, Mione M, Fumagalli M, Gorgoulis VG, 
d'Adda di Fagagna F. Oncogene-induced reactive oxygen species fuel hyperproliferation 
and DNA damage response activation. Cell Death Differ 2014;21:998-1012 

102. Jezierska-Drutel A, Rosenzweig SA, Neumann CA. Role of oxidative stress and the 
microenvironment in breast cancer development and progression. Adv Cancer Res 
2013;119:107-25 

103. Farrukh MR, Nissar UA, Afnan Q, Rafiq RA, Sharma L, Amin S, Kaiser P, Sharma PR, 
Tasduq SA. Oxidative stress mediated Ca(2+) release manifests endoplasmic reticulum 
stress leading to unfolded protein response in UV-B irradiated human skin cells. J 
Dermatol Sci 2014;75:24-35 

104. Hong YH, Uddin MH, Jo U, Kim B, Song J, Suh DH, Kim HS, Song YS. ROS Accumulation by 
PEITC Selectively Kills Ovarian Cancer Cells via UPR-Mediated Apoptosis. Front Oncol 
2015;5:167 

105. Bejarano I, Espino J, Marchena AM, Barriga C, Paredes SD, Rodriguez AB, Pariente JA. 
Melatonin enhances hydrogen peroxide-induced apoptosis in human promyelocytic 
leukaemia HL-60 cells. Mol Cell Biochem 2011;353:167-76 

106. Choudhary S, Wang KK, Wang HC. Oncogenic H-Ras, FK228, and exogenous H2O2 
cooperatively activated the ERK pathway in selective induction of human urinary 
bladder cancer J82 cell death. Mol Carcinog 2011;50:215-9 

107. Luo M, Liu X, Zu Y, Fu Y, Zhang S, Yao L, Efferth T. Cajanol, a novel anticancer agent from 
Pigeonpea [Cajanus cajan (L.) Millsp.] roots, induces apoptosis in human breast cancer 
cells through a ROS-mediated mitochondrial pathway. Chem Biol Interact 2010;188:151-
60 

108. Le Gal K, Ibrahim MX, Wiel C, Sayin VI, Akula MK, Karlsson C, Dalin MG, Akyurek LM, 
Lindahl P, Nilsson J, Bergo MO. Antioxidants can increase melanoma metastasis in mice. 
Sci Transl Med 2015;7:308re8 

109. Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, Bergo MO. Antioxidants 
accelerate lung cancer progression in mice. Sci Transl Med 2014;6:221ra15 

110. Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-mediated 
mechanisms: a radical therapeutic approach? Nat Rev Drug Discov 2009;8:579-91 

111. Niu C, Yan H, Yu T, Sun HP, Liu JX, Li XS, Wu W, Zhang FQ, Chen Y, Zhou L, Li JM, Zeng XY, 
Yang RR, Yuan MM, Ren MY, Gu FY, Cao Q, Gu BW, Su XY, Chen GQ, Xiong SM, Zhang TD, 
Waxman S, Wang ZY, Chen Z, Hu J, Shen ZX, Chen SJ. Studies on treatment of acute 
promyelocytic leukemia with arsenic trioxide: remission induction, follow-up, and 
molecular monitoring in 11 newly diagnosed and 47 relapsed acute promyelocytic 
leukemia patients. Blood 1999;94:3315-24 

112. Soignet SL, Maslak P, Wang ZG, Jhanwar S, Calleja E, Dardashti LJ, Corso D, DeBlasio A, 
Gabrilove J, Scheinberg DA, Pandolfi PP, Warrell RP, Jr. Complete remission after 



 106 

treatment of acute promyelocytic leukemia with arsenic trioxide. N Engl J Med 
1998;339:1341-8 

113. Tsang WP, Chau SP, Kong SK, Fung KP, Kwok TT. Reactive oxygen species mediate 
doxorubicin induced p53-independent apoptosis. Life Sci 2003;73:2047-58 

114. Zhao Y, McLaughlin D, Robinson E, Harvey AP, Hookham MB, Shah AM, McDermott BJ, 
Grieve DJ. Nox2 NADPH oxidase promotes pathologic cardiac remodeling associated 
with Doxorubicin chemotherapy. Cancer Res 2010;70:9287-97 

115. Wang H, Jiang H, Corbet C, de Mey S, Law K, Gevaert T, Feron O, De Ridder M. 
Piperlongumine increases sensitivity of colorectal cancer cells to radiation: Involvement 
of ROS production via dual inhibition of glutathione and thioredoxin systems. Cancer 
Lett 2019;450:42-52 

116. Hour TC, Huang CY, Lin CC, Chen J, Guan JY, Lee JM, Pu YS. Characterization of molecular 
events in a series of bladder urothelial carcinoma cell lines with progressive resistance 
to arsenic trioxide. Anticancer Drugs 2004;15:779-85 

117. Ramanathan B, Jan KY, Chen CH, Hour TC, Yu HJ, Pu YS. Resistance to paclitaxel is 
proportional to cellular total antioxidant capacity. Cancer Res 2005;65:8455-60 

118. Zhao H, Wu L, Yan G, Chen Y, Zhou M, Wu Y, Li Y. Inflammation and tumor progression: 
signaling pathways and targeted intervention. Signal Transduct Target Ther 2021;6:263 

119. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, Ferrucci L, Gilroy 
DW, Fasano A, Miller GW, Miller AH, Mantovani A, Weyand CM, Barzilai N, Goronzy JJ, 
Rando TA, Effros RB, Lucia A, Kleinstreuer N, Slavich GM. Chronic inflammation in the 
etiology of disease across the life span. Nat Med 2019;25:1822-32 

120. Germolec DR, Shipkowski KA, Frawley RP, Evans E. Markers of Inflammation. Methods 
Mol Biol 2018;1803:57-79 

121. Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and 'Garb-aging'. 
Trends Endocrinol Metab 2017;28:199-212 

122. Furman D, Chang J, Lartigue L, Bolen CR, Haddad F, Gaudilliere B, Ganio EA, Fragiadakis 
GK, Spitzer MH, Douchet I, Daburon S, Moreau JF, Nolan GP, Blanco P, Dechanet-
Merville J, Dekker CL, Jojic V, Kuo CJ, Davis MM, Faustin B. Expression of specific 
inflammasome gene modules stratifies older individuals into two extreme clinical and 
immunological states. Nat Med 2017;23:174-84 

123. Proctor MJ, McMillan DC, Horgan PG, Fletcher CD, Talwar D, Morrison DS. Systemic 
inflammation predicts all-cause mortality: a glasgow inflammation outcome study. PLoS 
One 2015;10:e0116206 

124. Jin Z, Niu J, Kapoor N, Liang J, Becerra E, Kolattukudy PE. Essential Role of Endothelial 
MCPIP in Vascular Integrity and Post-Ischemic Remodeling. Int J Mol Sci 2019;20 

125. Mercurio V, Lobasso A, Barbieri L, Parrella P, Ciervo D, Liccardo B, Bonaduce D, Tocchetti 
CG, De Paulis A, Rossi FW. Inflammatory, Serological and Vascular Determinants of 
Cardiovascular Disease in Systemic Lupus Erythematosus Patients. Int J Mol Sci 2019;20 

126. Farahat MN, Yanni G, Poston R, Panayi GS. Cytokine expression in synovial membranes 
of patients with rheumatoid arthritis and osteoarthritis. Ann Rheum Dis 1993;52:870-5 

127. Smith MD, Triantafillou S, Parker A, Youssef PP, Coleman M. Synovial membrane 
inflammation and cytokine production in patients with early osteoarthritis. J Rheumatol 
1997;24:365-71 



 107 

128. Shen HH, Ochkur SI, McGarry MP, Crosby JR, Hines EM, Borchers MT, Wang H, Biechelle 
TL, O'Neill KR, Ansay TL, Colbert DC, Cormier SA, Justice JP, Lee NA, Lee JJ. A causative 
relationship exists between eosinophils and the development of allergic pulmonary 
pathologies in the mouse. J Immunol 2003;170:3296-305 

129. Nair RP, Duffin KC, Helms C, Ding J, Stuart PE, Goldgar D, Gudjonsson JE, Li Y, Tejasvi T, 
Feng BJ, Ruether A, Schreiber S, Weichenthal M, Gladman D, Rahman P, Schrodi SJ, 
Prahalad S, Guthery SL, Fischer J, Liao W, Kwok PY, Menter A, Lathrop GM, Wise CA, 
Begovich AB, Voorhees JJ, Elder JT, Krueger GG, Bowcock AM, Abecasis GR, 
Collaborative Association Study of P. Genome-wide scan reveals association of psoriasis 
with IL-23 and NF-kappaB pathways. Nat Genet 2009;41:199-204 

130. Perniok A, Wedekind F, Herrmann M, Specker C, Schneider M. High levels of circulating 
early apoptic peripheral blood mononuclear cells in systemic lupus erythematosus. 
Lupus 1998;7:113-8 

131. Duncan BB, Schmidt MI, Pankow JS, Ballantyne CM, Couper D, Vigo A, Hoogeveen R, 
Folsom AR, Heiss G, Atherosclerosis Risk in Communities S. Low-grade systemic 
inflammation and the development of type 2 diabetes: the atherosclerosis risk in 
communities study. Diabetes 2003;52:1799-805 

132. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis 
factor-alpha: direct role in obesity-linked insulin resistance. Science 1993;259:87-91 

133. Carter JM, Hoskin TL, Pena MA, Brahmbhatt R, Winham SJ, Frost MH, Stallings-Mann M, 
Radisky DC, Knutson KL, Visscher DW, Degnim AC. Macrophagic "Crown-like Structures" 
Are Associated with an Increased Risk of Breast Cancer in Benign Breast Disease. Cancer 
Prev Res (Phila) 2018;11:113-9 

134. Cozen W, Gill PS, Ingles SA, Masood R, Martinez-Maza O, Cockburn MG, Gauderman WJ, 
Pike MC, Bernstein L, Nathwani BN, Salam MT, Danley KL, Wang W, Gage J, Gundell-
Miller S, Mack TM. IL-6 levels and genotype are associated with risk of young adult 
Hodgkin lymphoma. Blood 2004;103:3216-21 

135. Garcea G, Dennison AR, Steward WP, Berry DP. Role of inflammation in pancreatic 
carcinogenesis and the implications for future therapy. Pancreatology 2005;5:514-29 

136. Mogensen TH. Pathogen recognition and inflammatory signaling in innate immune 
defenses. Clin Microbiol Rev 2009;22:240-73, Table of Contents 

137. Taki N, Tatro JM, Lowe R, Goldberg VM, Greenfield EM. Comparison of the roles of IL-1, 
IL-6, and TNFalpha in cell culture and murine models of aseptic loosening. Bone 
2007;40:1276-83 

138. Cress BF, Englaender JA, He W, Kasper D, Linhardt RJ, Koffas MA. Masquerading 
microbial pathogens: capsular polysaccharides mimic host-tissue molecules. FEMS 
Microbiol Rev 2014;38:660-97 

139. Angel CE, Chen CJ, Horlacher OC, Winkler S, John T, Browning J, MacGregor D, Cebon J, 
Dunbar PR. Distinctive localization of antigen-presenting cells in human lymph nodes. 
Blood 2009;113:1257-67 

140. Bowerman NA, Colf LA, Garcia KC, Kranz DM. Different strategies adopted by K(b) and 
L(d) to generate T cell specificity directed against their respective bound peptides. J Biol 
Chem 2009;284:32551-61 



 108 

141. Janeway C. Immunobiology 5 : the immune system in health and disease. Place of 
publication not identified: Garland Pub; 2001. 

142. Swain SL, McKinstry KK, Strutt TM. Expanding roles for CD4(+) T cells in immunity to 
viruses. Nat Rev Immunol 2012;12:136-48 

143. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011;144:646-
74 

144. Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? Lancet 
2001;357:539-45 

145. Albrengues J, Shields MA, Ng D, Park CG, Ambrico A, Poindexter ME, Upadhyay P, 
Uyeminami DL, Pommier A, Kuttner V, Bruzas E, Maiorino L, Bautista C, Carmona EM, 
Gimotty PA, Fearon DT, Chang K, Lyons SK, Pinkerton KE, Trotman LC, Goldberg MS, Yeh 
JT, Egeblad M. Neutrophil extracellular traps produced during inflammation awaken 
dormant cancer cells in mice. Science 2018;361 

146. Canli O, Nicolas AM, Gupta J, Finkelmeier F, Goncharova O, Pesic M, Neumann T, Horst 
D, Lower M, Sahin U, Greten FR. Myeloid Cell-Derived Reactive Oxygen Species Induce 
Epithelial Mutagenesis. Cancer Cell 2017;32:869-83 e5 

147. Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan LJ, Kagnoff MF, Karin M. IKKbeta 
links inflammation and tumorigenesis in a mouse model of colitis-associated cancer. Cell 
2004;118:285-96 

148. Beaugerie L, Svrcek M, Seksik P, Bouvier AM, Simon T, Allez M, Brixi H, Gornet JM, 
Altwegg R, Beau P, Duclos B, Bourreille A, Faivre J, Peyrin-Biroulet L, Flejou JF, Carrat F, 
Group CS. Risk of colorectal high-grade dysplasia and cancer in a prospective 
observational cohort of patients with inflammatory bowel disease. Gastroenterology 
2013;145:166-75 e8 

149. Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. Nat Rev Cancer 
2009;9:239-52 

150. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and metastasis. 
Nat Med 2013;19:1423-37 

151. Beckhove P, Feuerer M, Dolenc M, Schuetz F, Choi C, Sommerfeldt N, Schwendemann J, 
Ehlert K, Altevogt P, Bastert G, Schirrmacher V, Umansky V. Specifically activated 
memory T cell subsets from cancer patients recognize and reject xenotransplanted 
autologous tumors. J Clin Invest 2004;114:67-76 

152. Smyth MJ, Wallace ME, Nutt SL, Yagita H, Godfrey DI, Hayakawa Y. Sequential activation 
of NKT cells and NK cells provides effective innate immunotherapy of cancer. J Exp Med 
2005;201:1973-85 

153. Taieb J, Chaput N, Menard C, Apetoh L, Ullrich E, Bonmort M, Pequignot M, Casares N, 
Terme M, Flament C, Opolon P, Lecluse Y, Metivier D, Tomasello E, Vivier E, Ghiringhelli 
F, Martin F, Klatzmann D, Poynard T, Tursz T, Raposo G, Yagita H, Ryffel B, Kroemer G, 
Zitvogel L. A novel dendritic cell subset involved in tumor immunosurveillance. Nat Med 
2006;12:214-9 

154. Takeda K, Smyth MJ, Cretney E, Hayakawa Y, Kayagaki N, Yagita H, Okumura K. Critical 
role for tumor necrosis factor-related apoptosis-inducing ligand in immune surveillance 
against tumor development. J Exp Med 2002;195:161-9 



 109 

155. Fortis C, Foppoli M, Gianotti L, Galli L, Citterio G, Consogno G, Gentilini O, Braga M. 
Increased interleukin-10 serum levels in patients with solid tumours. Cancer Lett 
1996;104:1-5 

156. Hsieh CL, Chen DS, Hwang LH. Tumor-induced immunosuppression: a barrier to 
immunotherapy of large tumors by cytokine-secreting tumor vaccine. Hum Gene Ther 
2000;11:681-92 

157. Kim J, Modlin RL, Moy RL, Dubinett SM, McHugh T, Nickoloff BJ, Uyemura K. IL-10 
production in cutaneous basal and squamous cell carcinomas. A mechanism for evading 
the local T cell immune response. J Immunol 1995;155:2240-7 

158. Boedtkjer E, Moreira JM, Mele M, Vahl P, Wielenga VT, Christiansen PM, Jensen VE, 
Pedersen SF, Aalkjaer C. Contribution of Na+,HCO3(-)-cotransport to cellular pH control 
in human breast cancer: a role for the breast cancer susceptibility locus NBCn1 
(SLC4A7). Int J Cancer 2013;132:1288-99 

159. Chang CH, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD, Chen Q, Gindin M, Gubin 
MM, van der Windt GJ, Tonc E, Schreiber RD, Pearce EJ, Pearce EL. Metabolic 
Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 
2015;162:1229-41 

160. Angell TE, Lechner MG, Jang JK, LoPresti JS, Epstein AL. MHC class I loss is a frequent 
mechanism of immune escape in papillary thyroid cancer that is reversed by interferon 
and selumetinib treatment in vitro. Clin Cancer Res 2014;20:6034-44 

161. Hockenbery D, Nunez G, Milliman C, Schreiber RD, Korsmeyer SJ. Bcl-2 is an inner 
mitochondrial membrane protein that blocks programmed cell death. Nature 
1990;348:334-6 

162. Ginestra A, La Placa MD, Saladino F, Cassara D, Nagase H, Vittorelli ML. The amount and 
proteolytic content of vesicles shed by human cancer cell lines correlates with their in 
vitro invasiveness. Anticancer Res 1998;18:3433-7 

163. Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno G, 
Hergueta-Redondo M, Williams C, Garcia-Santos G, Ghajar C, Nitadori-Hoshino A, 
Hoffman C, Badal K, Garcia BA, Callahan MK, Yuan J, Martins VR, Skog J, Kaplan RN, 
Brady MS, Wolchok JD, Chapman PB, Kang Y, Bromberg J, Lyden D. Melanoma exosomes 
educate bone marrow progenitor cells toward a pro-metastatic phenotype through 
MET. Nat Med 2012;18:883-91 

164. Labani-Motlagh A, Ashja-Mahdavi M, Loskog A. The Tumor Microenvironment: A Milieu 
Hindering and Obstructing Antitumor Immune Responses. Front Immunol 2020;11:940 

165. Li H, Han Y, Guo Q, Zhang M, Cao X. Cancer-expanded myeloid-derived suppressor cells 
induce anergy of NK cells through membrane-bound TGF-beta 1. J Immunol 
2009;182:240-9 

166. Pan PY, Ma G, Weber KJ, Ozao-Choy J, Wang G, Yin B, Divino CM, Chen SH. Immune 
stimulatory receptor CD40 is required for T-cell suppression and T regulatory cell 
activation mediated by myeloid-derived suppressor cells in cancer. Cancer Res 
2010;70:99-108 

167. Ghiringhelli F, Menard C, Terme M, Flament C, Taieb J, Chaput N, Puig PE, Novault S, 
Escudier B, Vivier E, Lecesne A, Robert C, Blay JY, Bernard J, Caillat-Zucman S, Freitas A, 
Tursz T, Wagner-Ballon O, Capron C, Vainchencker W, Martin F, Zitvogel L. CD4+CD25+ 



 110 

regulatory T cells inhibit natural killer cell functions in a transforming growth factor-
beta-dependent manner. J Exp Med 2005;202:1075-85 

168. Murakami M, Sakamoto A, Bender J, Kappler J, Marrack P. CD25+CD4+ T cells contribute 
to the control of memory CD8+ T cells. Proc Natl Acad Sci U S A 2002;99:8832-7 

169. Piccirillo CA, Shevach EM. Cutting edge: control of CD8+ T cell activation by CD4+CD25+ 
immunoregulatory cells. J Immunol 2001;167:1137-40 

170. Sojka DK, Fowell DJ. Regulatory T cells inhibit acute IFN-gamma synthesis without 
blocking T-helper cell type 1 (Th1) differentiation via a compartmentalized requirement 
for IL-10. Proc Natl Acad Sci U S A 2011;108:18336-41 

171. Somasundaram R, Jacob L, Swoboda R, Caputo L, Song H, Basak S, Monos D, Peritt D, 
Marincola F, Cai D, Birebent B, Bloome E, Kim J, Berencsi K, Mastrangelo M, Herlyn D. 
Inhibition of cytolytic T lymphocyte proliferation by autologous CD4+/CD25+ regulatory 
T cells in a colorectal carcinoma patient is mediated by transforming growth factor-beta. 
Cancer Res 2002;62:5267-72 

172. Bates GJ, Fox SB, Han C, Leek RD, Garcia JF, Harris AL, Banham AH. Quantification of 
regulatory T cells enables the identification of high-risk breast cancer patients and those 
at risk of late relapse. J Clin Oncol 2006;24:5373-80 

173. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, Evdemon-Hogan M, Conejo-
Garcia JR, Zhang L, Burow M, Zhu Y, Wei S, Kryczek I, Daniel B, Gordon A, Myers L, 
Lackner A, Disis ML, Knutson KL, Chen L, Zou W. Specific recruitment of regulatory T cells 
in ovarian carcinoma fosters immune privilege and predicts reduced survival. Nat Med 
2004;10:942-9 

174. Sasada T, Kimura M, Yoshida Y, Kanai M, Takabayashi A. CD4+CD25+ regulatory T cells in 
patients with gastrointestinal malignancies: possible involvement of regulatory T cells in 
disease progression. Cancer 2003;98:1089-99 

175. Haslam A, Prasad V. Estimation of the Percentage of US Patients With Cancer Who Are 
Eligible for and Respond to Checkpoint Inhibitor Immunotherapy Drugs. JAMA Netw 
Open 2019;2:e192535 

176. Ji RR, Chasalow SD, Wang L, Hamid O, Schmidt H, Cogswell J, Alaparthy S, Berman D, 
Jure-Kunkel M, Siemers NO, Jackson JR, Shahabi V. An immune-active tumor 
microenvironment favors clinical response to ipilimumab. Cancer Immunol Immunother 
2012;61:1019-31 

177. Liu L, Guo H, Song A, Huang J, Zhang Y, Jin S, Li S, Zhang L, Yang C, Yang P. Progranulin 
inhibits LPS-induced macrophage M1 polarization via NF-small ka, CyrillicB and MAPK 
pathways. BMC Immunol 2020;21:32 

178. Luo Y, Knudson MJ. Mycobacterium bovis bacillus Calmette-Guerin-induced macrophage 
cytotoxicity against bladder cancer cells. Clin Dev Immunol 2010;2010:357591 

179. Zaidi NE, Shazali NAH, Chor ALT, Osman MA, Ibrahim K, Jaoi-Edward M, Afizan Nik Abd 
Rahman NM. Time-Lapse 2D Imaging of Phagocytic Activity in M1 Macrophage-4T1 
Mouse Mammary Carcinoma Cells in Co-cultures. J Vis Exp 2019 

180. Feng M, Chen JY, Weissman-Tsukamoto R, Volkmer JP, Ho PY, McKenna KM, Cheshier S, 
Zhang M, Guo N, Gip P, Mitra SS, Weissman IL. Macrophages eat cancer cells using their 
own calreticulin as a guide: roles of TLR and Btk. Proc Natl Acad Sci U S A 
2015;112:2145-50 



 111 

181. Cui S, Reichner JS, Mateo RB, Albina JE. Activated murine macrophages induce apoptosis 
in tumor cells through nitric oxide-dependent or -independent mechanisms. Cancer Res 
1994;54:2462-7 

182. Yoon SR, Kim TD, Choi I. Understanding of molecular mechanisms in natural killer cell 
therapy. Exp Mol Med 2015;47:e141 

183. Brodbeck T, Nehmann N, Bethge A, Wedemann G, Schumacher U. Perforin-dependent 
direct cytotoxicity in natural killer cells induces considerable knockdown of spontaneous 
lung metastases and computer modelling-proven tumor cell dormancy in a HT29 human 
colon cancer xenograft mouse model. Mol Cancer 2014;13:244 

184. Prager I, Liesche C, van Ooijen H, Urlaub D, Verron Q, Sandstrom N, Fasbender F, Claus 
M, Eils R, Beaudouin J, Onfelt B, Watzl C. NK cells switch from granzyme B to death 
receptor-mediated cytotoxicity during serial killing. J Exp Med 2019;216:2113-27 

185. Bonmort M, Dalod M, Mignot G, Ullrich E, Chaput N, Zitvogel L. Killer dendritic cells: 
IKDC and the others. Curr Opin Immunol 2008;20:558-65 

186. Chapoval AI, Tamada K, Chen L. In vitro growth inhibition of a broad spectrum of tumor 
cell lines by activated human dendritic cells. Blood 2000;95:2346-51 

187. Fraszczak J, Trad M, Janikashvili N, Cathelin D, Lakomy D, Granci V, Morizot A, Audia S, 
Micheau O, Lagrost L, Katsanis E, Solary E, Larmonier N, Bonnotte B. Peroxynitrite-
dependent killing of cancer cells and presentation of released tumor antigens by 
activated dendritic cells. J Immunol 2010;184:1876-84 

188. Nicolas A, Cathelin D, Larmonier N, Fraszczak J, Puig PE, Bouchot A, Bateman A, Solary E, 
Bonnotte B. Dendritic cells trigger tumor cell death by a nitric oxide-dependent 
mechanism. J Immunol 2007;179:812-8 

189. Lakomy D, Janikashvili N, Fraszczak J, Trad M, Audia S, Samson M, Ciudad M, Vinit J, 
Vergely C, Caillot D, Foucher P, Lagrost L, Chouaib S, Katsanis E, Larmonier N, Bonnotte 
B. Cytotoxic dendritic cells generated from cancer patients. J Immunol 2011;187:2775-
82 

190. Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils. Annu Rev 
Pathol 2014;9:181-218 

191. Nemeth T, Sperandio M, Mocsai A. Neutrophils as emerging therapeutic targets. Nat Rev 
Drug Discov 2020;19:253-75 

192. Lahoz-Beneytez J, Elemans M, Zhang Y, Ahmed R, Salam A, Block M, Niederalt C, Asquith 
B, Macallan D. Human neutrophil kinetics: modeling of stable isotope labeling data 
supports short blood neutrophil half-lives. Blood 2016;127:3431-8 

193. Rosales C. Neutrophil: A Cell with Many Roles in Inflammation or Several Cell Types? 
Front Physiol 2018;9:113 

194. Carlsson G, Fasth A, Berglof E, Lagerstedt-Robinson K, Nordenskjold M, Palmblad J, 
Henter JI, Fadeel B. Incidence of severe congenital neutropenia in Sweden and risk of 
evolution to myelodysplastic syndrome/leukaemia. Br J Haematol 2012;158:363-9 

195. Zeidler C, Germeshausen M, Klein C, Welte K. Clinical implications of ELA2-, HAX1-, and 
G-CSF-receptor (CSF3R) mutations in severe congenital neutropenia. Br J Haematol 
2009;144:459-67 

196. Kobayashi SD, DeLeo FR. Role of neutrophils in innate immunity: a systems biology-level 
approach. Wiley Interdiscip Rev Syst Biol Med 2009;1:309-33 



 112 

197. Oliani SM, Paul-Clark MJ, Christian HC, Flower RJ, Perretti M. Neutrophil interaction with 
inflamed postcapillary venule endothelium alters annexin 1 expression. Am J Pathol 
2001;158:603-15 

198. Rice GE, Munro JM, Bevilacqua MP. Inducible cell adhesion molecule 110 (INCAM-110) is 
an endothelial receptor for lymphocytes. A CD11/CD18-independent adhesion 
mechanism. J Exp Med 1990;171:1369-74 

199. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: the 
leukocyte adhesion cascade updated. Nat Rev Immunol 2007;7:678-89 

200. Khakpour S, Wilhelmsen K, Hellman J. Vascular endothelial cell Toll-like receptor 
pathways in sepsis. Innate Immun 2015;21:827-46 

201. Homeister JW, Zhang M, Frenette PS, Hynes RO, Wagner DD, Lowe JB, Marks RM. 
Overlapping functions of E- and P-selectin in neutrophil recruitment during acute 
inflammation. Blood 1998;92:2345-52 

202. Kaufman DP, Sanvictores T, Costanza M. Weibel Palade Bodies. StatPearls. Treasure 
Island (FL)2023. 

203. Fuste B, Mazzara R, Escolar G, Merino A, Ordinas A, Diaz-Ricart M. Granulocyte colony-
stimulating factor increases expression of adhesion receptors on endothelial cells 
through activation of p38 MAPK. Haematologica 2004;89:578-85 

204. Stadtmann A, Germena G, Block H, Boras M, Rossaint J, Sundd P, Lefort C, Fisher CI, 
Buscher K, Gelschefarth B, Urzainqui A, Gerke V, Ley K, Zarbock A. The PSGL-1-L-selectin 
signaling complex regulates neutrophil adhesion under flow. J Exp Med 2013;210:2171-
80 

205. Sundd P, Gutierrez E, Pospieszalska MK, Zhang H, Groisman A, Ley K. Quantitative 
dynamic footprinting microscopy reveals mechanisms of neutrophil rolling. Nat Methods 
2010;7:821-4 

206. Metzemaekers M, Gouwy M, Proost P. Neutrophil chemoattractant receptors in health 
and disease: double-edged swords. Cell Mol Immunol 2020;17:433-50 

207. Hu N, Westra J, Rutgers A, Doornbos-Van der Meer B, Huitema MG, Stegeman CA, 
Abdulahad WH, Satchell SC, Mathieson PW, Heeringa P, Kallenberg CG. Decreased 
CXCR1 and CXCR2 expression on neutrophils in anti-neutrophil cytoplasmic 
autoantibody-associated vasculitides potentially increases neutrophil adhesion and 
impairs migration. Arthritis Res Ther 2011;13:R201 

208. Smith ML, Olson TS, Ley K. CXCR2- and E-selectin-induced neutrophil arrest during 
inflammation in vivo. J Exp Med 2004;200:935-9 

209. Chong DLW, Rebeyrol C, Jose RJ, Williams AE, Brown JS, Scotton CJ, Porter JC. ICAM-1 
and ICAM-2 Are Differentially Expressed and Up-Regulated on Inflamed Pulmonary 
Epithelium, but Neither ICAM-2 nor LFA-1: ICAM-1 Are Required for Neutrophil 
Migration Into the Airways In Vivo. Front Immunol 2021;12:691957 

210. Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, Kubes P. Intraluminal crawling of 
neutrophils to emigration sites: a molecularly distinct process from adhesion in the 
recruitment cascade. J Exp Med 2006;203:2569-75 

211. Wittchen ES. Endothelial signaling in paracellular and transcellular leukocyte 
transmigration. Front Biosci (Landmark Ed) 2009;14:2522-45 



 113 

212. Burns AR, Bowden RA, MacDonell SD, Walker DC, Odebunmi TO, Donnachie EM, Simon 
SI, Entman ML, Smith CW. Analysis of tight junctions during neutrophil transendothelial 
migration. J Cell Sci 2000;113 ( Pt 1):45-57 

213. Carman CV. Mechanisms for transcellular diapedesis: probing and pathfinding by 
'invadosome-like protrusions'. J Cell Sci 2009;122:3025-35 

214. El-Benna J, Dang PM, Gougerot-Pocidalo MA. Priming of the neutrophil NADPH oxidase 
activation: role of p47phox phosphorylation and NOX2 mobilization to the plasma 
membrane. Semin Immunopathol 2008;30:279-89 

215. Wright HL, Thomas HB, Moots RJ, Edwards SW. RNA-seq reveals activation of both 
common and cytokine-specific pathways following neutrophil priming. PLoS One 
2013;8:e58598 

216. Doerfler ME, Danner RL, Shelhamer JH, Parrillo JE. Bacterial lipopolysaccharides prime 
human neutrophils for enhanced production of leukotriene B4. J Clin Invest 
1989;83:970-7 

217. Soler-Rodriguez AM, Zhang H, Lichenstein HS, Qureshi N, Niesel DW, Crowe SE, Peterson 
JW, Klimpel GR. Neutrophil activation by bacterial lipoprotein versus lipopolysaccharide: 
differential requirements for serum and CD14. J Immunol 2000;164:2674-83 

218. Ward RA, Nakamura M, McLeish KR. Priming of the neutrophil respiratory burst involves 
p38 mitogen-activated protein kinase-dependent exocytosis of flavocytochrome b558-
containing granules. J Biol Chem 2000;275:36713-9 

219. Mol S, Hafkamp FMJ, Varela L, Simkhada N, Taanman-Kueter EW, Tas SW, Wauben 
MHM, Groot Kormelink T, de Jong EC. Efficient Neutrophil Activation Requires Two 
Simultaneous Activating Stimuli. Int J Mol Sci 2021;22 

220. Hayashi F, Means TK, Luster AD. Toll-like receptors stimulate human neutrophil 
function. Blood 2003;102:2660-9 

221. Sabroe I, Prince LR, Jones EC, Horsburgh MJ, Foster SJ, Vogel SN, Dower SK, Whyte MK. 
Selective roles for Toll-like receptor (TLR)2 and TLR4 in the regulation of neutrophil 
activation and life span. J Immunol 2003;170:5268-75 

222. Kurt-Jones EA, Mandell L, Whitney C, Padgett A, Gosselin K, Newburger PE, Finberg RW. 
Role of toll-like receptor 2 (TLR2) in neutrophil activation: GM-CSF enhances TLR2 
expression and TLR2-mediated interleukin 8 responses in neutrophils. Blood 
2002;100:1860-8 

223. Francois S, El Benna J, Dang PM, Pedruzzi E, Gougerot-Pocidalo MA, Elbim C. Inhibition 
of neutrophil apoptosis by TLR agonists in whole blood: involvement of the 
phosphoinositide 3-kinase/Akt and NF-kappaB signaling pathways, leading to increased 
levels of Mcl-1, A1, and phosphorylated Bad. J Immunol 2005;174:3633-42 

224. Hasegawa M, Yamazaki T, Kamada N, Tawaratsumida K, Kim YG, Nunez G, Inohara N. 
Nucleotide-binding oligomerization domain 1 mediates recognition of Clostridium 
difficile and induces neutrophil recruitment and protection against the pathogen. J 
Immunol 2011;186:4872-80 

225. Li X, Utomo A, Cullere X, Choi MM, Milner DA, Jr., Venkatesh D, Yun SH, Mayadas TN. 
The beta-glucan receptor Dectin-1 activates the integrin Mac-1 in neutrophils via Vav 
protein signaling to promote Candida albicans clearance. Cell Host Microbe 
2011;10:603-15 



 114 

226. Dunkelberger JR, Song WC. Complement and its role in innate and adaptive immune 
responses. Cell Res 2010;20:34-50 

227. Boero E, Gorham RD, Jr., Francis EA, Brand J, Teng LH, Doorduijn DJ, Ruyken M, Muts 
RM, Lehmann C, Verschoor A, van Kessel KPM, Heinrich V, Rooijakkers SHM. Purified 
complement C3b triggers phagocytosis and activation of human neutrophils via 
complement receptor 1. Sci Rep 2023;13:274 

228. Cunnion KM, Hair PS, Buescher ES. Cleavage of complement C3b to iC3b on the surface 
of Staphylococcus aureus is mediated by serum complement factor I. Infect Immun 
2004;72:2858-63 

229. Gordon DL, Rice JL, McDonald PJ. Regulation of human neutrophil type 3 complement 
receptor (iC3b receptor) expression during phagocytosis of Staphylococcus aureus and 
Escherichia coli. Immunology 1989;67:460-5 

230. Fossati-Jimack L, Ling GS, Cortini A, Szajna M, Malik TH, McDonald JU, Pickering MC, 
Cook HT, Taylor PR, Botto M. Phagocytosis is the main CR3-mediated function affected 
by the lupus-associated variant of CD11b in human myeloid cells. PLoS One 
2013;8:e57082 

231. van Kessel KP, Bestebroer J, van Strijp JA. Neutrophil-Mediated Phagocytosis of 
Staphylococcus aureus. Front Immunol 2014;5:467 

232. Segal AW, Dorling J, Coade S. Kinetics of fusion of the cytoplasmic granules with 
phagocytic vacuoles in human polymorphonuclear leukocytes. Biochemical and 
morphological studies. J Cell Biol 1980;85:42-59 

233. Rosales C, Uribe-Querol E. Phagocytosis: A Fundamental Process in Immunity. Biomed 
Res Int 2017;2017:9042851 

234. Kennedy AD, Willment JA, Dorward DW, Williams DL, Brown GD, DeLeo FR. Dectin-1 
promotes fungicidal activity of human neutrophils. Eur J Immunol 2007;37:467-78 

235. Mobberley-Schuman PS, Weiss AA. Influence of CR3 (CD11b/CD18) expression on 
phagocytosis of Bordetella pertussis by human neutrophils. Infect Immun 2005;73:7317-
23 

236. Feng G, Wines BD, Kurtovic L, Chan JA, Boeuf P, Mollard V, Cozijnsen A, Drew DR, Center 
RJ, Marshall DL, Chishimba S, McFadden GI, Dent AE, Chelimo K, Boyle MJ, Kazura JW, 
Hogarth PM, Beeson JG. Mechanisms and targets of Fcgamma-receptor mediated 
immunity to malaria sporozoites. Nat Commun 2021;12:1742 

237. Lee HJ, Woo Y, Hahn TW, Jung YM, Jung YJ. Formation and Maturation of the 
Phagosome: A Key Mechanism in Innate Immunity against Intracellular Bacterial 
Infection. Microorganisms 2020;8 

238. Colucci-Guyon E, Niedergang F, Wallar BJ, Peng J, Alberts AS, Chavrier P. A role for 
mammalian diaphanous-related formins in complement receptor (CR3)-mediated 
phagocytosis in macrophages. Curr Biol 2005;15:2007-12 

239. Fairn GD, Grinstein S. How nascent phagosomes mature to become phagolysosomes. 
Trends Immunol 2012;33:397-405 

240. Cech P, Lehrer RI. Phagolysosomal pH of human neutrophils. Blood 1984;63:88-95 
241. Lennon-Dumenil AM, Bakker AH, Maehr R, Fiebiger E, Overkleeft HS, Rosemblatt M, 

Ploegh HL, Lagaudriere-Gesbert C. Analysis of protease activity in live antigen-presenting 



 115 

cells shows regulation of the phagosomal proteolytic contents during dendritic cell 
activation. J Exp Med 2002;196:529-40 

242. Masson PL, Heremans JF, Schonne E. Lactoferrin, an iron-binding protein in neutrophilic 
leukocytes. J Exp Med 1969;130:643-58 

243. Joshi GN, Goetjen AM, Knecht DA. Silica particles cause NADPH oxidase-independent 
ROS generation and transient phagolysosomal leakage. Mol Biol Cell 2015;26:3150-64 

244. Beertsen W, Willenborg M, Everts V, Zirogianni A, Podschun R, Schroder B, Eskelinen EL, 
Saftig P. Impaired phagosomal maturation in neutrophils leads to periodontitis in 
lysosomal-associated membrane protein-2 knockout mice. J Immunol 2008;180:475-82 

245. Chanock SJ, el Benna J, Smith RM, Babior BM. The respiratory burst oxidase. J Biol Chem 
1994;269:24519-22 

246. Groemping Y, Rittinger K. Activation and assembly of the NADPH oxidase: a structural 
perspective. Biochem J 2005;386:401-16 

247. Belambri SA, Marzaioli V, Hurtado-Nedelec M, Pintard C, Liang S, Liu Y, Boussetta T, 
Gougerot-Pocidalo MA, Ye RD, Dang PM, El-Benna J. Impaired p47phox phosphorylation 
in neutrophils from patients with p67phox-deficient chronic granulomatous disease. 
Blood 2022;139:2512-22 

248. el Benna J, Faust LP, Babior BM. The phosphorylation of the respiratory burst oxidase 
component p47phox during neutrophil activation. Phosphorylation of sites recognized 
by protein kinase C and by proline-directed kinases. J Biol Chem 1994;269:23431-6 

249. Dang PM, Fontayne A, Hakim J, El Benna J, Perianin A. Protein kinase C zeta 
phosphorylates a subset of selective sites of the NADPH oxidase component p47phox 
and participates in formyl peptide-mediated neutrophil respiratory burst. J Immunol 
2001;166:1206-13 

250. Fontayne A, Dang PM, Gougerot-Pocidalo MA, El-Benna J. Phosphorylation of p47phox 
sites by PKC alpha, beta II, delta, and zeta: effect on binding to p22phox and on NADPH 
oxidase activation. Biochemistry 2002;41:7743-50 

251. Cristovao AC, Choi DH, Baltazar G, Beal MF, Kim YS. The role of NADPH oxidase 1-
derived reactive oxygen species in paraquat-mediated dopaminergic cell death. Antioxid 
Redox Signal 2009;11:2105-18 

252. Ellson CD, Davidson K, Ferguson GJ, O'Connor R, Stephens LR, Hawkins PT. Neutrophils 
from p40phox-/- mice exhibit severe defects in NADPH oxidase regulation and oxidant-
dependent bacterial killing. J Exp Med 2006;203:1927-37 

253. Matute JD, Arias AA, Wright NA, Wrobel I, Waterhouse CC, Li XJ, Marchal CC, Stull ND, 
Lewis DB, Steele M, Kellner JD, Yu W, Meroueh SO, Nauseef WM, Dinauer MC. A new 
genetic subgroup of chronic granulomatous disease with autosomal recessive mutations 
in p40 phox and selective defects in neutrophil NADPH oxidase activity. Blood 
2009;114:3309-15 

254. Albrich JM, Hurst JK. Oxidative inactivation of Escherichia coli by hypochlorous acid. 
Rates and differentiation of respiratory from other reaction sites. FEBS Lett 
1982;144:157-61 

255. Biedron R, Konopinski MK, Marcinkiewicz J, Jozefowski S. Oxidation by neutrophils-
derived HOCl increases immunogenicity of proteins by converting them into ligands of 



 116 

several endocytic receptors involved in antigen uptake by dendritic cells and 
macrophages. PLoS One 2015;10:e0123293 

256. Degrossoli A, Muller A, Xie K, Schneider JF, Bader V, Winklhofer KF, Meyer AJ, Leichert 
LI. Neutrophil-generated HOCl leads to non-specific thiol oxidation in phagocytized 
bacteria. Elife 2018;7 

257. Wu DC, Teismann P, Tieu K, Vila M, Jackson-Lewis V, Ischiropoulos H, Przedborski S. 
NADPH oxidase mediates oxidative stress in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine model of Parkinson's disease. Proc Natl Acad Sci U S A 
2003;100:6145-50 

258. Olsson LM, Lindqvist AK, Kallberg H, Padyukov L, Burkhardt H, Alfredsson L, Klareskog L, 
Holmdahl R. A case-control study of rheumatoid arthritis identifies an associated single 
nucleotide polymorphism in the NCF4 gene, supporting a role for the NADPH-oxidase 
complex in autoimmunity. Arthritis Res Ther 2007;9:R98 

259. Olsson LM, Johansson AC, Gullstrand B, Jonsen A, Saevarsdottir S, Ronnblom L, Leonard 
D, Wettero J, Sjowall C, Svenungsson E, Gunnarsson I, Bengtsson AA, Holmdahl R. A 
single nucleotide polymorphism in the NCF1 gene leading to reduced oxidative burst is 
associated with systemic lupus erythematosus. Ann Rheum Dis 2017;76:1607-13 

260. Eichelberger KR, Goldman WE. Manipulating neutrophil degranulation as a bacterial 
virulence strategy. PLoS Pathog 2020;16:e1009054 

261. Le Cabec V, Cowland JB, Calafat J, Borregaard N. Targeting of proteins to granule subsets 
is determined by timing and not by sorting: The specific granule protein NGAL is 
localized to azurophil granules when expressed in HL-60 cells. Proc Natl Acad Sci U S A 
1996;93:6454-7 

262. Lominadze G, Powell DW, Luerman GC, Link AJ, Ward RA, McLeish KR. Proteomic 
analysis of human neutrophil granules. Mol Cell Proteomics 2005;4:1503-21 

263. Egesten A, Breton-Gorius J, Guichard J, Gullberg U, Olsson I. The heterogeneity of 
azurophil granules in neutrophil promyelocytes: immunogold localization of 
myeloperoxidase, cathepsin G, elastase, proteinase 3, and bactericidal/permeability 
increasing protein. Blood 1994;83:2985-94 

264. Rorvig S, Ostergaard O, Heegaard NH, Borregaard N. Proteome profiling of human 
neutrophil granule subsets, secretory vesicles, and cell membrane: correlation with 
transcriptome profiling of neutrophil precursors. J Leukoc Biol 2013;94:711-21 

265. Polin RA, Abman SH, Rowitch DH, Benitz WE, Fox WW. Fetal and neonatal physiology. 
Philadelphia: Elsevier; 2017. Various paging : colour illustrations p. 

266. Porwit A, McCullough JJ, Erber WN. Blood and bone marrow pathology. Edinburgh: 
Churchill Livingstone; 2011. 

267. Bradley LM, Douglass MF, Chatterjee D, Akira S, Baaten BJ. Matrix metalloprotease 9 
mediates neutrophil migration into the airways in response to influenza virus-induced 
toll-like receptor signaling. PLoS Pathog 2012;8:e1002641 

268. de la Rosa G, Yang D, Tewary P, Varadhachary A, Oppenheim JJ. Lactoferrin acts as an 
alarmin to promote the recruitment and activation of APCs and antigen-specific immune 
responses. J Immunol 2008;180:6868-76 



 117 

269. Wong SH, Francis N, Chahal H, Raza K, Salmon M, Scheel-Toellner D, Lord JM. Lactoferrin 
is a survival factor for neutrophils in rheumatoid synovial fluid. Rheumatology (Oxford) 
2009;48:39-44 

270. Uriarte SM, Powell DW, Luerman GC, Merchant ML, Cummins TD, Jog NR, Ward RA, 
McLeish KR. Comparison of proteins expressed on secretory vesicle membranes and 
plasma membranes of human neutrophils. J Immunol 2008;180:5575-81 

271. Jethwaney D, Islam MR, Leidal KG, de Bernabe DB, Campbell KP, Nauseef WM, Gibson 
BW. Proteomic analysis of plasma membrane and secretory vesicles from human 
neutrophils. Proteome Sci 2007;5:12 

272. Borregaard N, Cowland JB. Granules of the human neutrophilic polymorphonuclear 
leukocyte. Blood 1997;89:3503-21 

273. Mitchell T, Lo A, Logan MR, Lacy P, Eitzen G. Primary granule exocytosis in human 
neutrophils is regulated by Rac-dependent actin remodeling. Am J Physiol Cell Physiol 
2008;295:C1354-65 

274. Abdel-Latif D, Steward M, Lacy P. Neutrophil primary granule release and maximal 
superoxide generation depend on Rac2 in a common signalling pathway. Can J Physiol 
Pharmacol 2005;83:69-75 

275. Bengtsson T, Dahlgren C, Stendahl O, Andersson T. Actin assembly and regulation of 
neutrophil function: effects of cytochalasin B and tetracaine on chemotactic peptide-
induced O2- production and degranulation. J Leukoc Biol 1991;49:236-44 

276. Mollinedo F, Calafat J, Janssen H, Martin-Martin B, Canchado J, Nabokina SM, Gajate C. 
Combinatorial SNARE complexes modulate the secretion of cytoplasmic granules in 
human neutrophils. J Immunol 2006;177:2831-41 

277. Theander S, Lew DP, Nusse O. Granule-specific ATP requirements for Ca2+-induced 
exocytosis in human neutrophils. Evidence for substantial ATP-independent release. J 
Cell Sci 2002;115:2975-83 

278. Azzouz D, Khan MA, Palaniyar N. ROS induces NETosis by oxidizing DNA and initiating 
DNA repair. Cell Death Discov 2021;7:113 

279. Rohm M, Grimm MJ, D'Auria AC, Almyroudis NG, Segal BH, Urban CF. NADPH oxidase 
promotes neutrophil extracellular trap formation in pulmonary aspergillosis. Infect 
Immun 2014;82:1766-77 

280. Bianchi M, Hakkim A, Brinkmann V, Siler U, Seger RA, Zychlinsky A, Reichenbach J. 
Restoration of NET formation by gene therapy in CGD controls aspergillosis. Blood 
2009;114:2619-22 

281. Metzler KD, Goosmann C, Lubojemska A, Zychlinsky A, Papayannopoulos V. A 
myeloperoxidase-containing complex regulates neutrophil elastase release and actin 
dynamics during NETosis. Cell Rep 2014;8:883-96 

282. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase and 
myeloperoxidase regulate the formation of neutrophil extracellular traps. J Cell Biol 
2010;191:677-91 

283. Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential for antibacterial 
innate immunity mediated by neutrophil extracellular traps. J Exp Med 2010;207:1853-
62 



 118 

284. Shen M, Hu P, Donskov F, Wang G, Liu Q, Du J. Tumor-associated neutrophils as a new 
prognostic factor in cancer: a systematic review and meta-analysis. PLoS One 
2014;9:e98259 

285. Caruso RA, Bellocco R, Pagano M, Bertoli G, Rigoli L, Inferrera C. Prognostic value of 
intratumoral neutrophils in advanced gastric carcinoma in a high-risk area in northern 
Italy. Mod Pathol 2002;15:831-7 

286. Schmidt H, Bastholt L, Geertsen P, Christensen IJ, Larsen S, Gehl J, von der Maase H. 
Elevated neutrophil and monocyte counts in peripheral blood are associated with poor 
survival in patients with metastatic melanoma: a prognostic model. Br J Cancer 
2005;93:273-8 

287. McGary CT, Miele ME, Welch DR. Highly metastatic 13762NF rat mammary 
adenocarcinoma cell clones stimulate bone marrow by secretion of granulocyte-
macrophage colony-stimulating factor/interleukin-3 activity. Am J Pathol 
1995;147:1668-81 

288. Atzpodien J, Reitz M. Peripheral blood neutrophils as independent immunologic 
predictor of response and long-term survival upon immunotherapy in metastatic renal-
cell carcinoma. Cancer Biother Radiopharm 2008;23:129-34 

289. Bellocq A, Antoine M, Flahault A, Philippe C, Crestani B, Bernaudin JF, Mayaud C, 
Milleron B, Baud L, Cadranel J. Neutrophil alveolitis in bronchioloalveolar carcinoma: 
induction by tumor-derived interleukin-8 and relation to clinical outcome. Am J Pathol 
1998;152:83-92 

290. Zahorec R. Neutrophil-to-lymphocyte ratio, past, present and future perspectives. Bratisl 
Lek Listy 2021;122:474-88 

291. Koh CH, Bhoo-Pathy N, Ng KL, Jabir RS, Tan GH, See MH, Jamaris S, Taib NA. Utility of 
pre-treatment neutrophil-lymphocyte ratio and platelet-lymphocyte ratio as prognostic 
factors in breast cancer. Br J Cancer 2015;113:150-8 

292. Renaud S, Seitlinger J, St-Pierre D, Garfinkle R, Al Lawati Y, Guerrera F, Ruffini E, Falcoz 
PE, Massard G, Ferri L, Spicer J. Prognostic value of neutrophil to lymphocyte ratio in 
lung metastasectomy for colorectal cancer. Eur J Cardiothorac Surg 2019;55:948-55 

293. Yasui S, Takata T, Kamitani Y, Mae Y, Kurumi H, Ikebuchi Y, Yoshida A, Kawaguchi K, 
Yashima K, Isomoto H. Neutrophil-to-Lymphocyte Ratio Is a Useful Marker for Predicting 
Histological Types of Early Gastric Cancer. J Clin Med 2021;10 

294. Jablonska J, Leschner S, Westphal K, Lienenklaus S, Weiss S. Neutrophils responsive to 
endogenous IFN-beta regulate tumor angiogenesis and growth in a mouse tumor model. 
J Clin Invest 2010;120:1151-64 

295. Dumitru CA, Fechner MK, Hoffmann TK, Lang S, Brandau S. A novel p38-MAPK signaling 
axis modulates neutrophil biology in head and neck cancer. J Leukoc Biol 2012;91:591-8 

296. Kuang DM, Zhao Q, Wu Y, Peng C, Wang J, Xu Z, Yin XY, Zheng L. Peritumoral neutrophils 
link inflammatory response to disease progression by fostering angiogenesis in 
hepatocellular carcinoma. J Hepatol 2011;54:948-55 

297. Itatani Y, Yamamoto T, Zhong C, Molinolo AA, Ruppel J, Hegde P, Taketo MM, Ferrara N. 
Suppressing neutrophil-dependent angiogenesis abrogates resistance to anti-VEGF 
antibody in a genetic model of colorectal cancer. Proc Natl Acad Sci U S A 
2020;117:21598-608 



 119 

298. Knaapen AM, Seiler F, Schilderman PA, Nehls P, Bruch J, Schins RP, Borm PJ. Neutrophils 
cause oxidative DNA damage in alveolar epithelial cells. Free Radic Biol Med 
1999;27:234-40 

299. Wculek SK, Bridgeman VL, Peakman F, Malanchi I. Early Neutrophil Responses to 
Chemical Carcinogenesis Shape Long-Term Lung Cancer Susceptibility. iScience 
2020;23:101277 

300. Butin-Israeli V, Bui TM, Wiesolek HL, Mascarenhas L, Lee JJ, Mehl LC, Knutson KR, Adam 
SA, Goldman RD, Beyder A, Wiesmuller L, Hanauer SB, Sumagin R. Neutrophil-induced 
genomic instability impedes resolution of inflammation and wound healing. J Clin Invest 
2019;129:712-26 

301. Houghton AM, Rzymkiewicz DM, Ji H, Gregory AD, Egea EE, Metz HE, Stolz DB, Land SR, 
Marconcini LA, Kliment CR, Jenkins KM, Beaulieu KA, Mouded M, Frank SJ, Wong KK, 
Shapiro SD. Neutrophil elastase-mediated degradation of IRS-1 accelerates lung tumor 
growth. Nat Med 2010;16:219-23 

302. Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, Kogadeeva M, Picotti P, 
Meissner F, Mann M, Zamboni N, Sallusto F, Lanzavecchia A. L-Arginine Modulates T Cell 
Metabolism and Enhances Survival and Anti-tumor Activity. Cell 2016;167:829-42 e13 

303. Rotondo R, Barisione G, Mastracci L, Grossi F, Orengo AM, Costa R, Truini M, Fabbi M, 
Ferrini S, Barbieri O. IL-8 induces exocytosis of arginase 1 by neutrophil 
polymorphonuclears in nonsmall cell lung cancer. Int J Cancer 2009;125:887-93 

304. Sosnowska A, Chlebowska-Tuz J, Matryba P, Pilch Z, Greig A, Wolny A, Grzywa TM, 
Rydzynska Z, Sokolowska O, Rygiel TP, Grzybowski M, Stanczak P, Blaszczyk R, Nowis D, 
Golab J. Inhibition of arginase modulates T-cell response in the tumor 
microenvironment of lung carcinoma. Oncoimmunology 2021;10:1956143 

305. Lianyuan T, Gang L, Ming T, Dianrong X, Chunhui Y, Zhaolai M, Bin J. Tumor associated 
neutrophils promote the metastasis of pancreatic ductal adenocarcinoma. Cancer Biol 
Ther 2020;21:937-45 

306. Kowanetz M, Wu X, Lee J, Tan M, Hagenbeek T, Qu X, Yu L, Ross J, Korsisaari N, Cao T, 
Bou-Reslan H, Kallop D, Weimer R, Ludlam MJ, Kaminker JS, Modrusan Z, van Bruggen N, 
Peale FV, Carano R, Meng YG, Ferrara N. Granulocyte-colony stimulating factor 
promotes lung metastasis through mobilization of Ly6G+Ly6C+ granulocytes. Proc Natl 
Acad Sci U S A 2010;107:21248-55 

307. Hsu BE, Tabaries S, Johnson RM, Andrzejewski S, Senecal J, Lehuede C, Annis MG, Ma 
EH, Vols S, Ramsay L, Froment R, Monast A, Watson IR, Granot Z, Jones RG, St-Pierre J, 
Siegel PM. Immature Low-Density Neutrophils Exhibit Metabolic Flexibility that 
Facilitates Breast Cancer Liver Metastasis. Cell Rep 2019;27:3902-15 e6 

308. Gerrard TL, Cohen DJ, Kaplan AM. Human neutrophil-mediated cytotoxicity to tumor 
cells. J Natl Cancer Inst 1981;66:483-8 

309. Katano M, Torisu M. Neutrophil-mediated tumor cell destruction in cancer ascites. 
Cancer 1982;50:62-8 

310. Hagerling C, Gonzalez H, Salari K, Wang CY, Lin C, Robles I, van Gogh M, Dejmek A, 
Jirstrom K, Werb Z. Immune effector monocyte-neutrophil cooperation induced by the 
primary tumor prevents metastatic progression of breast cancer. Proc Natl Acad Sci U S 
A 2019;116:21704-14 



 120 

311. Granot Z, Henke E, Comen EA, King TA, Norton L, Benezra R. Tumor entrained 
neutrophils inhibit seeding in the premetastatic lung. Cancer Cell 2011;20:300-14 

312. Lopez-Lago MA, Posner S, Thodima VJ, Molina AM, Motzer RJ, Chaganti RS. Neutrophil 
chemokines secreted by tumor cells mount a lung antimetastatic response during renal 
cell carcinoma progression. Oncogene 2013;32:1752-60 

313. Gershkovitz M, Caspi Y, Fainsod-Levi T, Katz B, Michaeli J, Khawaled S, Lev S, Polyansky L, 
Shaul ME, Sionov RV, Cohen-Daniel L, Aqeilan RI, Shaul YD, Mori Y, Karni R, Fridlender 
ZG, Binshtok AM, Granot Z. TRPM2 Mediates Neutrophil Killing of Disseminated Tumor 
Cells. Cancer Res 2018;78:2680-90 

314. Colombo MP, Lombardi L, Stoppacciaro A, Melani C, Parenza M, Bottazzi B, Parmiani G. 
Granulocyte colony-stimulating factor (G-CSF) gene transduction in murine 
adenocarcinoma drives neutrophil-mediated tumor inhibition in vivo. Neutrophils 
discriminate between G-CSF-producing and G-CSF-nonproducing tumor cells. J Immunol 
1992;149:113-9 

315. Dissemond J, Weimann TK, Schneider LA, Schneeberger A, Scharffetter-Kochanek K, 
Goos M, Wagner SN. Activated neutrophils exert antitumor activity against human 
melanoma cells: reactive oxygen species-induced mechanisms and their modulation by 
granulocyte-macrophage-colony-stimulating factor. J Invest Dermatol 2003;121:936-8 

316. Zahavi D, AlDeghaither D, O'Connell A, Weiner LM. Enhancing antibody-dependent cell-
mediated cytotoxicity: a strategy for improving antibody-based immunotherapy. Antib 
Ther 2018;1:7-12 

317. Treffers LW, van Houdt M, Bruggeman CW, Heineke MH, Zhao XW, van der Heijden J, 
Nagelkerke SQ, Verkuijlen P, Geissler J, Lissenberg-Thunnissen S, Valerius T, Peipp M, 
Franke K, van Bruggen R, Kuijpers TW, van Egmond M, Vidarsson G, Matlung HL, van den 
Berg TK. FcgammaRIIIb Restricts Antibody-Dependent Destruction of Cancer Cells by 
Human Neutrophils. Front Immunol 2018;9:3124 

318. Treffers LW, Zhao XW, van der Heijden J, Nagelkerke SQ, van Rees DJ, Gonzalez P, 
Geissler J, Verkuijlen P, van Houdt M, de Boer M, Kuijpers TW, van den Berg TK, Matlung 
HL. Genetic variation of human neutrophil Fcgamma receptors and SIRPalpha in 
antibody-dependent cellular cytotoxicity towards cancer cells. Eur J Immunol 
2018;48:344-54 

319. Matlung HL, Babes L, Zhao XW, van Houdt M, Treffers LW, van Rees DJ, Franke K, 
Schornagel K, Verkuijlen P, Janssen H, Halonen P, Lieftink C, Beijersbergen RL, Leusen 
JHW, Boelens JJ, Kuhnle I, van der Werff Ten Bosch J, Seeger K, Rutella S, Pagliara D, 
Matozaki T, Suzuki E, Menke-van der Houven van Oordt CW, van Bruggen R, Roos D, van 
Lier RAW, Kuijpers TW, Kubes P, van den Berg TK. Neutrophils Kill Antibody-Opsonized 
Cancer Cells by Trogoptosis. Cell Rep 2018;23:3946-59 e6 

320. Mackey JBG, Coffelt SB, Carlin LM. Neutrophil Maturity in Cancer. Front Immunol 
2019;10:1912 

321. Boettcher S, Gerosa RC, Radpour R, Bauer J, Ampenberger F, Heikenwalder M, Kopf M, 
Manz MG. Endothelial cells translate pathogen signals into G-CSF-driven emergency 
granulopoiesis. Blood 2014;124:1393-403 

322. Brandau S, Trellakis S, Bruderek K, Schmaltz D, Steller G, Elian M, Suttmann H, Schenck 
M, Welling J, Zabel P, Lang S. Myeloid-derived suppressor cells in the peripheral blood of 



 121 

cancer patients contain a subset of immature neutrophils with impaired migratory 
properties. J Leukoc Biol 2011;89:311-7 

323. Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, Damti P, Lumbroso D, Polyansky 
L, Sionov RV, Ariel A, Hovav AH, Henke E, Fridlender ZG, Granot Z. Phenotypic diversity 
and plasticity in circulating neutrophil subpopulations in cancer. Cell Rep 2015;10:562-
73 

324. Grieshaber-Bouyer R, Radtke FA, Cunin P, Stifano G, Levescot A, Vijaykumar B, Nelson-
Maney N, Blaustein RB, Monach PA, Nigrovic PA, ImmGen C. The neutrotime 
transcriptional signature defines a single continuum of neutrophils across biological 
compartments. Nat Commun 2021;12:2856 

325. de Los Reyes AA, Kim Y. Optimal regulation of tumour-associated neutrophils in cancer 
progression. R Soc Open Sci 2022;9:210705 

326. Qin F, Liu X, Chen J, Huang S, Wei W, Zou Y, Liu X, Deng K, Mo S, Chen J, Chen X, Huang 
Y, Liang W. Anti-TGF-beta attenuates tumor growth via polarization of tumor associated 
neutrophils towards an anti-tumor phenotype in colorectal cancer. J Cancer 
2020;11:2580-92 

327. Ikeda M, Morimoto M, Tajimi M, Inoue K, Benhadji KA, Lahn MMF, Sakai D. A phase 1b 
study of transforming growth factor-beta receptor I inhibitor galunisertib in combination 
with sorafenib in Japanese patients with unresectable hepatocellular carcinoma. Invest 
New Drugs 2019;37:118-26 

328. Melisi D, Oh DY, Hollebecque A, Calvo E, Varghese A, Borazanci E, Macarulla T, Merz V, 
Zecchetto C, Zhao Y, Gueorguieva I, Man M, Gandhi L, Estrem ST, Benhadji KA, Lanasa 
MC, Avsar E, Guba SC, Garcia-Carbonero R. Safety and activity of the TGFbeta receptor I 
kinase inhibitor galunisertib plus the anti-PD-L1 antibody durvalumab in metastatic 
pancreatic cancer. J Immunother Cancer 2021;9 

329. Wick A, Desjardins A, Suarez C, Forsyth P, Gueorguieva I, Burkholder T, Cleverly AL, 
Estrem ST, Wang S, Lahn MM, Guba SC, Capper D, Rodon J. Phase 1b/2a study of 
galunisertib, a small molecule inhibitor of transforming growth factor-beta receptor I, in 
combination with standard temozolomide-based radiochemotherapy in patients with 
newly diagnosed malignant glioma. Invest New Drugs 2020;38:1570-9 

330. Melisi D, Ishiyama S, Sclabas GM, Fleming JB, Xia Q, Tortora G, Abbruzzese JL, Chiao PJ. 
LY2109761, a novel transforming growth factor beta receptor type I and type II dual 
inhibitor, as a therapeutic approach to suppressing pancreatic cancer metastasis. Mol 
Cancer Ther 2008;7:829-40 

331. Yang T, Huang T, Zhang D, Wang M, Wu B, Shang Y, Sattar S, Ding L, Liu Y, Jiang H, Liang 
Y, Zhou F, Wei Y. TGF-beta receptor inhibitor LY2109761 enhances the radiosensitivity of 
gastric cancer by inactivating the TGF-beta/SMAD4 signaling pathway. Aging (Albany NY) 
2019;11:8892-910 

332. Huang X, Han L, Wang R, Zhu W, Zhang N, Qu W, Liu W, Liu F, Feng F, Xue J. Dual-
responsive nanosystem based on TGF-beta blockade and immunogenic chemotherapy 
for effective chemoimmunotherapy. Drug Deliv 2022;29:1358-69 

333. Linde IL, Prestwood TR, Qiu J, Pilarowski G, Linde MH, Zhang X, Shen L, Reticker-Flynn 
NE, Chiu DK, Sheu LY, Van Deursen S, Tolentino LL, Song WC, Engleman EG. Neutrophil-
activating therapy for the treatment of cancer. Cancer Cell 2023;41:356-72 e10 



 122 

334. Yam AO, Bailey J, Lin F, Jakovija A, Youlten SE, Counoupas C, Gunzer M, Bald T, Woodruff 
TM, Triccas JA, Goldstein LD, Gallego-Ortega D, Grey ST, Chtanova T. Neutrophil 
Conversion to a Tumor-Killing Phenotype Underpins Effective Microbial Therapy. Cancer 
Res 2023;83:1315-28 

335. Totten SP, Im YK, Cepeda Canedo E, Najyb O, Nguyen A, Hebert S, Ahn R, Lewis K, 
Lebeau B, La Selva R, Sabourin V, Martinez C, Savage P, Kuasne H, Avizonis D, Santos 
Martinez N, Chabot C, Aguilar-Mahecha A, Goulet ML, Dankner M, Witcher M, Petrecca 
K, Basik M, Pollak M, Topisirovic I, Lin R, Siegel PM, Kleinman CL, Park M, St-Pierre J, 
Ursini-Siegel J. STAT1 potentiates oxidative stress revealing a targetable vulnerability 
that increases phenformin efficacy in breast cancer. Nat Commun 2021;12:3299 

336. Rodriguez de la Fuente L, Law AMK, Gallego-Ortega D, Valdes-Mora F. Tumor 
dissociation of highly viable cell suspensions for single-cell omic analyses in mouse 
models of breast cancer. STAR Protoc 2021;2:100841 

337. Sinha VC, Rinkenbaugh AL, Xu M, Zhou X, Zhang X, Jeter-Jones S, Shao J, Qi Y, Zebala JA, 
Maeda DY, McAllister F, Piwnica-Worms H. Single-cell evaluation reveals shifts in the 
tumor-immune niches that shape and maintain aggressive lesions in the breast. Nat 
Commun 2021;12:5024 

338. Farina GA, York MR, Di Marzio M, Collins CA, Meller S, Homey B, Rifkin IR, Marshak-
Rothstein A, Radstake TR, Lafyatis R. Poly(I:C) drives type I IFN- and TGFbeta-mediated 
inflammation and dermal fibrosis simulating altered gene expression in systemic 
sclerosis. J Invest Dermatol 2010;130:2583-93 

339. Fenton SE, Saleiro D, Platanias LC. Type I and II Interferons in the Anti-Tumor Immune 
Response. Cancers (Basel) 2021;13 

340. Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal Transduct 
Target Ther 2017;2:17023- 

341. Mizgerd JP, Lupa MM, Spieker MS. NF-kappaB p50 facilitates neutrophil accumulation 
during LPS-induced pulmonary inflammation. BMC Immunol 2004;5:10 

342. Cai D, Sun H, Qi Y, Zhao X, Feng M, Wu X. Insulin-Like Growth Factor 1/Mammalian 
Target of Rapamycin and AMP-Activated Protein Kinase Signaling Involved in the Effects 
of Metformin in the Human Endometrial Cancer. Int J Gynecol Cancer 2016;26:1667-72 

343. Pusceddu S, de Braud F, Concas L, Bregant C, Leuzzi L, Formisano B, Buzzoni R. Rationale 
and protocol of the MetNET-1 trial, a prospective, single center, phase II study to 
evaluate the activity and safety of everolimus in combination with octreotide LAR and 
metformin in patients with advanced pancreatic neuroendocrine tumors. Tumori 
2014;100:e286-9 

344. Soliman PT, Zhang Q, Broaddus RR, Westin SN, Iglesias D, Munsell MF, Schmandt R, 
Yates M, Ramondetta L, Lu KH. Prospective evaluation of the molecular effects of 
metformin on the endometrium in women with newly diagnosed endometrial cancer: A 
window of opportunity study. Gynecol Oncol 2016;143:466-71 

345. Janzer A, German NJ, Gonzalez-Herrera KN, Asara JM, Haigis MC, Struhl K. Metformin 
and phenformin deplete tricarboxylic acid cycle and glycolytic intermediates during cell 
transformation and NTPs in cancer stem cells. Proc Natl Acad Sci U S A 2014;111:10574-
9 



 123 

346. Appleyard MV, Murray KE, Coates PJ, Wullschleger S, Bray SE, Kernohan NM, Fleming S, 
Alessi DR, Thompson AM. Phenformin as prophylaxis and therapy in breast cancer 
xenografts. Br J Cancer 2012;106:1117-22 

347. Dykens JA, Jamieson J, Marroquin L, Nadanaciva S, Billis PA, Will Y. Biguanide-induced 
mitochondrial dysfunction yields increased lactate production and cytotoxicity of 
aerobically-poised HepG2 cells and human hepatocytes in vitro. Toxicol Appl Pharmacol 
2008;233:203-10 

348. Yuan P, Ito K, Perez-Lorenzo R, Del Guzzo C, Lee JH, Shen CH, Bosenberg MW, McMahon 
M, Cantley LC, Zheng B. Phenformin enhances the therapeutic benefit of BRAF(V600E) 
inhibition in melanoma. Proc Natl Acad Sci U S A 2013;110:18226-31 

349. Trousil S, Chen S, Mu C, Shaw FM, Yao Z, Ran Y, Shakuntala T, Merghoub T, Manstein D, 
Rosen N, Cantley LC, Zippin JH, Zheng B. Phenformin Enhances the Efficacy of ERK 
Inhibition in NF1-Mutant Melanoma. J Invest Dermatol 2017;137:1135-43 

350. Chaube B, Malvi P, Singh SV, Mohammad N, Meena AS, Bhat MK. Targeting metabolic 
flexibility by simultaneously inhibiting respiratory complex I and lactate generation 
retards melanoma progression. Oncotarget 2015;6:37281-99 

351. Miskimins WK, Ahn HJ, Kim JY, Ryu S, Jung YS, Choi JY. Synergistic anti-cancer effect of 
phenformin and oxamate. PLoS One 2014;9:e85576 

352. Karasarides M, Cogdill AP, Robbins PB, Bowden M, Burton EM, Butterfield LH, Cesano A, 
Hammer C, Haymaker CL, Horak CE, McGee HM, Monette A, Rudqvist NP, Spencer CN, 
Sweis RF, Vincent BG, Wennerberg E, Yuan J, Zappasodi R, Lucey VMH, Wells DK, 
LaVallee T. Hallmarks of Resistance to Immune-Checkpoint Inhibitors. Cancer Immunol 
Res 2022;10:372-83 

353. Schmid P, Cortes J, Dent R, Pusztai L, McArthur H, Kummel S, Bergh J, Denkert C, Park 
YH, Hui R, Harbeck N, Takahashi M, Untch M, Fasching PA, Cardoso F, Andersen J, Patt D, 
Danso M, Ferreira M, Mouret-Reynier MA, Im SA, Ahn JH, Gion M, Baron-Hay S, Boileau 
JF, Ding Y, Tryfonidis K, Aktan G, Karantza V, O'Shaughnessy J, Investigators K-. Event-
free Survival with Pembrolizumab in Early Triple-Negative Breast Cancer. N Engl J Med 
2022;386:556-67 

354. Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, Martino S, Wang M, 
Jones VE, Saphner TJ, Wolff AC, Wood WC, Davidson NE, Sledge GW, Sparano JA, Badve 
SS. Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast cancers 
from two phase III randomized adjuvant breast cancer trials: ECOG 2197 and ECOG 
1199. J Clin Oncol 2014;32:2959-66 

355. Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, Rouas G, Francis P, Crown JP, 
Hitre E, de Azambuja E, Quinaux E, Di Leo A, Michiels S, Piccart MJ, Sotiriou C. Prognostic 
and predictive value of tumor-infiltrating lymphocytes in a phase III randomized 
adjuvant breast cancer trial in node-positive breast cancer comparing the addition of 
docetaxel to doxorubicin with doxorubicin-based chemotherapy: BIG 02-98. J Clin Oncol 
2013;31:860-7 

356. Lechner MG, Liebertz DJ, Epstein AL. Characterization of cytokine-induced myeloid-
derived suppressor cells from normal human peripheral blood mononuclear cells. J 
Immunol 2010;185:2273-84 



 124 

357. Li W, Zhang X, Chen Y, Xie Y, Liu J, Feng Q, Wang Y, Yuan W, Ma J. G-CSF is a key 
modulator of MDSC and could be a potential therapeutic target in colitis-associated 
colorectal cancers. Protein Cell 2016;7:130-40 

358. Steding CE, Wu ST, Zhang Y, Jeng MH, Elzey BD, Kao C. The role of interleukin-12 on 
modulating myeloid-derived suppressor cells, increasing overall survival and reducing 
metastasis. Immunology 2011;133:221-38 

359. Nywening TM, Belt BA, Cullinan DR, Panni RZ, Han BJ, Sanford DE, Jacobs RC, Ye J, Patel 
AA, Gillanders WE, Fields RC, DeNardo DG, Hawkins WG, Goedegebuure P, Linehan DC. 
Targeting both tumour-associated CXCR2(+) neutrophils and CCR2(+) macrophages 
disrupts myeloid recruitment and improves chemotherapeutic responses in pancreatic 
ductal adenocarcinoma. Gut 2018;67:1112-23 

360. Lu X, Horner JW, Paul E, Shang X, Troncoso P, Deng P, Jiang S, Chang Q, Spring DJ, 
Sharma P, Zebala JA, Maeda DY, Wang YA, DePinho RA. Effective combinatorial 
immunotherapy for castration-resistant prostate cancer. Nature 2017;543:728-32 

361. Gabrilovich DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res 2017;5:3-8 
362. Zhu J, Powis de Tenbossche CG, Cane S, Colau D, van Baren N, Lurquin C, Schmitt-

Verhulst AM, Liljestrom P, Uyttenhove C, Van den Eynde BJ. Resistance to cancer 
immunotherapy mediated by apoptosis of tumor-infiltrating lymphocytes. Nat Commun 
2017;8:1404 

363. Wang R, Ma Y, Zhan S, Zhang G, Cao L, Zhang X, Shi T, Chen W. B7-H3 promotes 
colorectal cancer angiogenesis through activating the NF-kappaB pathway to induce 
VEGFA expression. Cell Death Dis 2020;11:55 

364. Cui X, Shen D, Kong C, Zhang Z, Zeng Y, Lin X, Liu X. NF-kappaB suppresses apoptosis and 
promotes bladder cancer cell proliferation by upregulating survivin expression in vitro 
and in vivo. Sci Rep 2017;7:40723 

365. Ghislat G, Cheema AS, Baudoin E, Verthuy C, Ballester PJ, Crozat K, Attaf N, Dong C, 
Milpied P, Malissen B, Auphan-Anezin N, Manh TPV, Dalod M, Lawrence T. NF-kappaB-
dependent IRF1 activation programs cDC1 dendritic cells to drive antitumor immunity. 
Sci Immunol 2021;6 

366. Yang J, Hawkins OE, Barham W, Gilchuk P, Boothby M, Ayers GD, Joyce S, Karin M, Yull 
FE, Richmond A. Myeloid IKKbeta promotes antitumor immunity by modulating CCL11 
and the innate immune response. Cancer Res 2014;74:7274-84 

367. Hwaiz R, Rahman M, Syk I, Zhang E, Thorlacius H. Rac1-dependent secretion of platelet-
derived CCL5 regulates neutrophil recruitment via activation of alveolar macrophages in 
septic lung injury. J Leukoc Biol 2015;97:975-84 

368. Pan ZZ, Parkyn L, Ray A, Ray P. Inducible lung-specific expression of RANTES: preferential 
recruitment of neutrophils. Am J Physiol Lung Cell Mol Physiol 2000;279:L658-66 

369. Morrison BE, Park SJ, Mooney JM, Mehrad B. Chemokine-mediated recruitment of NK 
cells is a critical host defense mechanism in invasive aspergillosis. J Clin Invest 
2003;112:1862-70 

370. Iannello A, Thompson TW, Ardolino M, Lowe SW, Raulet DH. p53-dependent chemokine 
production by senescent tumor cells supports NKG2D-dependent tumor elimination by 
natural killer cells. J Exp Med 2013;210:2057-69 



 125 

371. Miyake T, Kumagai Y, Kato H, Guo Z, Matsushita K, Satoh T, Kawagoe T, Kumar H, Jang 
MH, Kawai T, Tani T, Takeuchi O, Akira S. Poly I:C-induced activation of NK cells by CD8 
alpha+ dendritic cells via the IPS-1 and TRIF-dependent pathways. J Immunol 
2009;183:2522-8 

372. Shime H, Kojima A, Maruyama A, Saito Y, Oshiumi H, Matsumoto M, Seya T. Myeloid-
derived suppressor cells confer tumor-suppressive functions on natural killer cells via 
polyinosinic:polycytidylic acid treatment in mouse tumor models. J Innate Immun 
2014;6:293-305 

373. Schmidt KN, Leung B, Kwong M, Zarember KA, Satyal S, Navas TA, Wang F, Godowski PJ. 
APC-independent activation of NK cells by the Toll-like receptor 3 agonist double-
stranded RNA. J Immunol 2004;172:138-43 

374. Ambruso DR, Briones NJ, Baroffio AF, Murphy JR, Tran AD, Gowan K, Sanford B, Ellison 
M, Jones KL. In vivo interferon-gamma induced changes in gene expression dramatically 
alter neutrophil phenotype. PLoS One 2022;17:e0263370 

375. Sun R, Luo J, Li D, Shu Y, Luo C, Wang SS, Qin J, Zhang GM, Feng ZH. Neutrophils with 
protumor potential could efficiently suppress tumor growth after cytokine priming and 
in presence of normal NK cells. Oncotarget 2014;5:12621-34 

376. Steele CW, Karim SA, Leach JDG, Bailey P, Upstill-Goddard R, Rishi L, Foth M, Bryson S, 
McDaid K, Wilson Z, Eberlein C, Candido JB, Clarke M, Nixon C, Connelly J, Jamieson N, 
Carter CR, Balkwill F, Chang DK, Evans TRJ, Strathdee D, Biankin AV, Nibbs RJB, Barry ST, 
Sansom OJ, Morton JP. CXCR2 Inhibition Profoundly Suppresses Metastases and 
Augments Immunotherapy in Pancreatic Ductal Adenocarcinoma. Cancer Cell 
2016;29:832-45 

377. Wculek SK, Malanchi I. Neutrophils support lung colonization of metastasis-initiating 
breast cancer cells. Nature 2015;528:413-7 

378. Wang Z, Yang C, Li L, Zhang Z, Pan J, Su K, Chen W, Li J, Qiu F, Huang J. CD62L(dim) 
Neutrophils Specifically Migrate to the Lung and Participate in the Formation of the Pre-
Metastatic Niche of Breast Cancer. Front Oncol 2020;10:540484 

 


