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Abstract 

Neutrophils are the most abundant leukocytes in the human circulation and the first cells to be recruited 

to sites of infection and inflammation. These innate immune cells are major players in host immunity 

and have traditionally been considered a homogenous population of cells, whose main purpose is to 

protect against infections. However, accumulating evidence has revealed a larger heterogeneity for these 

cells than first presumed and the observation that neutrophils play important roles in the pathogenesis 

of various diseases has sparked a renewed interest in neutrophil biology. Cancer is a condition in which 

the number of neutrophils in circulation increases, often correlating with poor prognosis, and several 

studies report an enrichment of neutrophils in the tumor microenvironment (TME). Further, neutrophils 

have been observed to become polarized in the TME and can acquire both anti- (N1) and pro-tumor 

(N2) phenotypes, which may offer possibility for therapeutic targeting.  

 

Because neutrophils have short lifespans in culture and are prone to spontaneous activation and 

apoptosis, most studies on neutrophils in cancer have been based on murine models. However, because 

there are biological differences between human and murine neutrophils, the results observed in murine 

tumor systems may not translate to humans. In this study, a newly reported method for in vitro 

polarization of human neutrophils into cells with N1- and N2-like characteristics was assessed and 

verified. In addition, the N1- and N2-polarized cells were characterized further and were revealed to 

exhibit distinct expressional profiles. Finally, the in vitro polarization model was further employed to 

investigate the polarization potential of colon cancer cells. The preliminary findings indicated that 

TLR3-activation in colon cancer cells shifts polarization towards an N1-like phenotype and 

demonstrated a use for this model in the elucidation of how inflammatory signaling affect neutrophil 

polarization. 
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Sammendrag  

Nøytrofile er de mest tallrike leukocyttene i den menneskelige sirkulasjonen og de første cellene som 

rekrutteres til infeksjons- og betennelsessteder. Disse medfødte immuncellene er hovedaktører i 

vertsimmuniteten og har tradisjonelt blitt ansett som en homogen populasjon av celler, hvis hovedformål 

er å beskytte mot infeksjoner. Imidlertid har økende bevis avslørt en større heterogenitet for disse cellene 

enn først antatt, og observasjonen om at nøytrofile spiller viktige roller i patogenesen av forskjellige 

sykdommer har utløst en fornyet interesse for nøytrofilbiologi. Kreft er en sykdom der antall nøytrofile 

i sirkulasjonen øker, noe som ofte korrelerer med dårlig prognose, og flere studier har rapportert en 

økning av nøytrofile i tumor mikromiljøet. Videre har nøytrofile blitt observert i å bli polariserte i tumor 

mikromiljøet og kan tilegne seg både anti- (N1) og pro-tumor (N2) fenotyper, noe som kan åpne 

muligheten for målrettede terapier.  

 

Fordi nøytrofile har kort levetid i kultur og er sensitiv for spontan aktivering og apoptose, har de fleste 

studier på nøytrofile i kreft vært basert på musemodeller. Likevel, fordi det er biologiske forskjeller 

mellom nøytrofile i mus og mennesker kan ikke resultatene som observeres i tumor-systemer basert på 

mus direkte overføres til mennesker. I denne studien ble en nylig rapportert metode for in vitro 

polarisering av humane nøytrofile til celler med N1- og N2-lignende egenskaper vurdert og verifisert. I 

tillegg ble N1- og N2-polariserte celler karakterisert ytterligere og demonstrert til å utvise distinkt 

genuttrykk. Til slutt ble in vitro polariseringsmodellen benyttet til å undersøke polariseringspotensialet 

til tykktarmskreftceller. De foreløpige funnene avslørte at TLR3-aktivering i tykktarmskreftceller 

muligens forskyver polarisering mot en N1-fenotype og demonstrerte at denne modellen kan brukes til 

å undersøke hvordan inflammatoriske signalveier virker inn på polarisering av nøytrofile. 
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1. Introduction 

Neutrophils (also known as polymorphonuclear cells) are the most abundant leukocytes in the human 

circulation and the body’s first line of defense against invading pathogens (Mayadas et al., 2014). They 

belong to the innate arm of immunity and are relatively short-lived cells that most often die while 

performing their life-saving functions. These granulocytes are major players in host immunity, where 

they extravasate from the circulation into tissues to capture and kill intruding microbes. In addition, they 

are potent mediators of inflammation and actively shape the responses of other immune cells. 

Traditionally, the focus on neutrophils has been on their roles in protective immunity. However, 

accumulating evidence demonstrate that neutrophils play important roles in the pathogenesis of various 

diseases as well, most notably in cancer (Coffelt et al., 2016).  

 

1.1. Neutrophils in immunity 

The immune system consists of a complex network of organs, tissues and cells, and the substances that 

they produce. Every day, countless immune cells patrol the body for signs of infection and abnormalities. 

Neutrophils are the first cells to be recruited from circulation to sites of infection and inflammation and 

constitute as much as 50-70% of all circulating leukocytes (Mayadas et al., 2014). These innate immune 

cells develop from hematopoietic stem cells (HSC)s in the bone marrow (BM) at numbers close to 1011 

cells per day (Dancey et al., 1976) and form a large storage pool of cells that can be quickly mobilized 

during infectious or inflammatory episodes (Semerad et al., 2002).  

 

The exact mechanisms of neutrophil development from HSCs are not fully understood but the current 

model suggests that HSCs, through a series of differentiation steps, transform into granulocyte-

monocyte progenitor (GMP) populations which in turn give rise to neutrophils. These GMPs have both 

granulocyte and monocyte potential but commit to the neutrophil lineage under the influence of 

granulocyte colony-stimulating factor (G-CSF) (von Vietinghoff and Ley, 2008) by turning into 

myeloblasts. The developing neutrophil then follows a maturation program that includes the stages of 

promyelocyte, myelocyte, metamyelocyte and band cell before mature neutrophils appear (Cowland and 

Borregaard, 2016)  

 

Neutrophils take their cues directly from the infectious organism, from tissue macrophages, or 

inflammatory mediators. Under homeostatic conditions, they enter the circulation, migrate to tissues 

where they complete their functions and finally are cleared by tissue phagocytes (Rosales, 2018). They 

are essential in host defense, particularly against bacteria and fungi (Ermert et al., 2009), and are 

activated in response to pathogen- (PAMP)s and damage-associated (DAMP)s molecular patterns, 

immune complexes, complement and cytokines (Mayadas et al., 2014). Once activated, they display a 

battery of effector mechanisms that include the production of reactive oxygen species (ROS), release of 
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cytotoxic granule contents, formation of neutrophil extracellular traps (NET)s and phagocytosis of 

microbes (Mayadas et al., 2014). In addition, neutrophils are potent inducers of inflammation and attract 

and shape the activities of other immune cells by releasing inflammatory mediators (Figure 1.1).  

 

 
 
Figure 1.1. Overview of neutrophil effector functions. Neutrophils can perform several effector functions in 

response to activating stimuli. Production of reactive oxygen species (ROS) is mediated through the nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase complex. Phagocytosis involves the ingestion and intracellular 

degradation of microorganisms. Degranulation is the release of hydrolytic enzymes and antimicrobial peptides 

from premade granules. NETosis is a form of cell death in which neutrophils expulse their DNA together with 

histones and granular or cytoplasmic proteins to form neutrophil extracellular traps (NET)s, which they use to trap 

and kill microorganisms. Finally, neutrophils release cytokines and chemokines that modulate and attract other 

immune cells to sites of infection and inflammation. Created with BioRender.com 

 

The essential role of neutrophils in protective immunity is clearly illustrated in individuals with 

neutropenia (e.g., as result of chemotherapy or birth defects), which are highly susceptible to severe 

infections (Dale, 2009). However, neutrophils can play a dual role. When deployed at the wrong time 

and place, their antimicrobial and immunomodulatory functions can act as a driving force for the 

initiation and progression of disease-associated inflammation (Mayadas et al., 2014). Although 

traditionally considered as rigid, pre-programmed effector cells whose main function is to protect against 

infections, accumulating studies have reported a larger heterogeneity for these cells than first presumed 

and different phenotypes with distinct surface markers, maturation states, locations and functions have 

been described under both healthy and pathological conditions (Liew and Kubes, 2019). 
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1.2. Neutrophils in Cancer 

Cancer is not the solo performance of malignant cells (Joyce, 2005). In addition to the cancerous cells 

themselves, the tumor microenvironment (TME) contains normal cells from the host such as endothelial 

cells, stromal fibroblasts, cells composing blood and lymphatic vessels and infiltrating immune cells 

(Anderson and Simon, 2020). Traditionally, the cells of our immune system are viewed as protectors 

that eliminate invading pathogens and malignancies. However, there is a general agreement that a 

dysregulated inflammatory response contribute to the formation, progression and spread of cancer  

(Rossi et al., 2021) and that factors present in the TME can polarize, or activate, immune cells into 

subsets that aid in malignant tumor progression (Johansson et al., 2008). 

 

Neutrophils constitute a significant portion of the immune cell types infiltrating the TME (Shen et al., 

2014, Wu et al., 2019) and a high neutrophil to lymphocyte ratio (NLR) is often observed in the 

circulation of cancer patients with more advanced disease (Guthrie et al., 2013, Schmidt et al., 2005, Sr 

et al., 2005, Tavakkoli et al., 2019). These cells play significant roles in linking inflammation and cancer 

and  have been demonstrated to support tumor progression by mechanisms that involve promoting 

immunosuppression, angiogenesis and metastasis (Coffelt et al., 2016). Still, other studies have shown 

that neutrophils also possess anti-tumor properties including direct cytotoxicity towards cancer cells 

(Granot et al., 2011). Given this dual role, an elucidation of the mechanisms that drive the generation of 

pro- and antitumor neutrophils in different cancers could open the door to new treatment opportunities. 

 

1.2.1. Recruitment to the tumor-microenvironment   

The neutrophil migration cascade relies on chemoattractants and their receptors. In humans, neutrophil 

chemoattractants are divided into four biochemical subfamilies, which are chemokines (e.g., C-X-C 

chemokine ligand 1 [CXCL1]), chemotactic lipids (e.g., leukotriene B4 [LTB4]), complement 

anaphylatoxins (e.g., complement component 5a [C5a]) and formyl peptides (e.g., N-formyl-Met-Leu-

Phe).  They all function by activating G-protein coupled receptors (GPCR)s (Metzemaekers et al., 2020). 

Circulating neutrophils are recruited into tissues when they sense chemoattractants or other activating 

stimuli on endothelial cells (Kolaczkowska and Kubes, 2013). In most tissues, the recruitment cascade 

involves the sequential steps of tethering to the endothelial wall, rolling, firm adhesion, crawling and 

finally transmigration between or through endothelial cells. Tethering and rolling are mostly selectin-

dependent, whereas adhesion, crawling and transmigration depend on integrin interactions 

(Kolaczkowska and Kubes, 2013). Emigrated neutrophils then continue their journey by following the 

chemotactic gradient. 
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Cells in the TME attract neutrophils to the tumor by producing neutrophil-attracting factors. Tumor cells 

produce many chemokines that are chemoattractants for neutrophils, including CXCL1-2 and CXCL5-

8 that recruit neutrophils to the tumor through interactions with C-X-C chemokine receptors 1 and 2 

(CXCR1-2) (Lazennec and Richmond, 2010).  Also, the expression of CXCL10 by many of the cells 

present in the TME, recruit neutrophils through their CXCR3 receptors (Wightman et al., 2015). Many 

tumors also display upregulation of complement proteins and excessive complement activation, which 

can directly recruit neutrophils to the TME through C5a receptor 1 (C5aR1) (Zhang et al., 2019). In 

addition, complement activation also recruits neutrophils indirectly by stimulating epithelial and 

endothelial cells to release the chemotactic lipid LTB4, which recruit neutrophils through the leukotriene 

B4 receptor 1 (BLT1) (Allendorf et al., 2005). Production of CXCL1-2, tumor necrosis factor alfa 

(TNFα) and interferon gamma (IFNγ) by activated T-cells also, either directly or indirectly, recruit more 

neutrophils to the tumor (Uribe-Querol and Rosales, 2015). Finally, activated neutrophils produce many 

of the chemoattractants that they themselves respond to and can create a positive loop for recruitment 

(Nemeth and Mocsai, 2016).  

 

1.2.2. Pro- and antitumor neutrophils 

The major theme that has emerged from studying neutrophils in cancer is that not all neutrophils are 

equal and that these cells display opposing functions depending on factors produced by the TME (Coffelt 

et al., 2016). Studies based on murine models have shown that the pleiotropic cytokine transforming 

growth factor beta (TGFβ) promote the generation of pro-tumor neutrophils with T-cell suppressive 

abilities (Casbon et al., 2015, Fridlender et al., 2009), whereas interferon beta (IFNβ) supports anti-

tumor properties  (Jablonska et al., 2010). In addition, the physiological conditions of the TME, such as 

hypoxic and acidic conditions, may also play a role in polarization as cytotoxic anti-tumor neutrophils 

have been shown to acquire a pro-tumor phenotype along with tumor progression (Mishalian et al., 

2013).  

 

Particularly two subpopulations of neutrophils have been the center of attention in cancer research, 

namely granulocytic myeloid-derived suppressor cells (G-MDSC)s, that accumulate in the circulation 

and in the vicinity of the TME, and tumor-associated neutrophils (TAN)s, which infiltrate solid tumors 

(Nagaraj and Gabrilovich, 2010, Fridlender and Albelda, 2012). The relationship between these 

subpopulations is still a matter of debate but a high frequency of either seems to be related to poor 

prognosis in several cancers (Ai et al., 2018, Manfroi et al., 2018). Both of these populations have been 

shown to display tumor-supporting immunosuppressive behaviors but whereas G-MDSCs are described 

in the pro-tumor context, TANs have been reported to also display antitumor properties (Granot et al., 

2011, Matlung et al., 2018). Some studies have proposed that TANs are simply tissue-based G-MDSCs. 



 15 

However, these cells are significantly different in their transcriptional activities, supporting that they 

belong to two separate populations of cancer-related neutrophils (Fridlender et al., 2012). 

 

1.2.3. Tumor-associated neutrophils: phenotypes and functions 

Following stimulation in the TME, TANs gain the ability to perform activities that suppress or promote 

tumor progression and display distinct surface markers, secretion profiles and effector functions (Coffelt 

et al., 2016). In analogy to tumor-associated macrophages (TAM)s, which are known to polarize into an 

M1 phenotype with antitumor activities or an M2 phenotype with protumor functions (Mills et al., 2000), 

TANs are classified as antitumor N1 or protumor N2 (Fridlender et al., 2009). Still, it is important to 

acknowledge that the M1/M2 and N1/N2 classification represent an in vitro extremization of the in vivo 

setting and that TAMs and TANs rather likely exist in a continuum of activation states that are not 

necessarily fixed (Atri et al., 2018). In fact, in vitro generated M1- and M2-like cells have been shown 

to undergo reversible changes when exposed to appropriate stimuli (Xu et al., 2013, Tarique et al., 2015), 

but the question of whether TANs adapt reversible activation states is still not clear. 

 

In murine tumors, the N1 and N2 phenotypes can be distinguished morphologically as N1 TANs display 

hyper-segmented nuclei, whereas the nuclei of N2 TANs are more circular (Fridlender et al., 2009) 

(Figure 1.2). Antitumor N1 TANs are further characterized by an increased cytotoxicity towards tumor 

cells by increased production of ROS and immunostimulatory TNFα (Fridlender et al., 2009). These 

cells also upregulate their expression of the cell adhesion molecule cluster of differentiation 54 

(CD54/ICAM-1), which could enable these cells to prime and activate T-cells (Eruslanov et al., 2014). 

In addition, antitumor TANs can recognize antibodies that bind to tumor antigens through their FC-

receptors and destroy the tumor cell through antibody-dependent cell-mediated cytotoxicity (ADCC) 

(Uribe-Querol and Rosales, 2015).  

 

Protumor N2 TANs are characterized by increased production of Arginase 1 (ARG1), which can 

suppress T-cells by depleting extracellular arginine, an essential amino acid for proper T-cell activation 

(Fridlender et al., 2009). Other protumor functions described include the production of a large number 

of molecules that aid in malignant tumor progression. The granular enzyme matrix-metalloproteinase-9 

(MMP-9) support angiogenesis by releasing vascular endothelial growth factor (VEGF) from the 

extracellular matrix (ECM) (Ebrahem et al., 2010). In addition, the proinflammatory interleukin-6 (IL-

6)-like cytokine oncostatin M (OSM) has been demonstrated to induce VEGF production in breast 

cancer cells (Queen et al., 2005). Further, neutrophil elastase (NE), another granule-residing proteinase, 

has been shown to promote cancer proliferation when murine neutrophils were co-cultured with lung 

cancer cells (Houghton et al., 2010). Finally, neutrophils may aid in metastasis through dissemination 
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of escaping tumor cells by the action of MMPs (Deryugina and Quigley, 2006) and can trap and seed 

circulating tumor cells through NETosis (Najmeh et al., 2017). 

 
Figure 1.2. Anti- and protumor functions of tumor-associated neutrophils. Tumor-associated neutrophils 

(TAN)s can be polarized in their activities and perform functions that suppress or aid in malignant tumor 

progression. Antitumor, or N1 TANs, can suppress tumorigenesis through the production of mediators that are 

cytotoxic to tumor cells such as tumor necrosis factor alfa (TNFα) and reactive oxygen species (ROS). These cells 

also recognize antibodies that bind to tumor antigens and can mediate antibody-dependent cell-mediated 

cytotoxicity (ADCC). In addition, N1 TANs upregulate their expression of CD54/ICAM-1 and may contribute to 

the priming of T-cells. Pro-tumor, or N2 TANs, suppress T-cells by producing high amounts of Arginase 1 

(ARG1). They also contribute to angiogenesis by matrix-metalloproteinase-9 (MMP-9)-mediated release of 

vascular endothelial growth factor (VEGF) from the extracellular matrix (ECM). In addition, neutrophils can 

produce the cytokine oncostatin M (OSM), which can induce VEGF production in cancer cells. Neutrophils can 

also support proliferation of cancer cells through production of neutrophil elastase (NE). Finally, N2 TANs 

contribute to metastasis through dissemination of tumor cells by MPPs and seeding of circulating tumor cells by 

the production of neutrophil extracellular traps (NETosis). Figure based on Wang et al., 2018. Created with 

BioRender.com 

 

1.2.4. Tumor-associated neutrophils and inflammatory signaling in colorectal cancer 

Neutrophils infiltrate the TME of many solid tumors and TANs are associated with unfavorable 

conditions in cancers such as colorectal, lung, kidney, liver, head and neck (Rao et al., 2012, Shen et al., 

2014, Galdiero et al., 2016). Colorectal cancer (CRC) affects the colon and rectum and is the 4th most 

frequent and 2nd deadliest cancer in Norway (Kreftregisteret, 2021). When investigating the clinical 

impact of NLR in blood samples from 354 patients with stage I-III colon cancer, Li et al. found that a 

high pre-surgical NLR was associated with poor prognosis, whereas a high post-surgical NLR was 

related to a slightly better outcome (Li et al., 2018). The effect of TANs on the prognosis for CRC 

patients is still unclear. However, high levels of intratumoral neutrophils have been associated with both 

adverse and improved prognosis (Rao et al., 2012, Berry et al., 2017). 
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Cells present in the TME can act in an anti-tumorigenic manner and eliminate malignant cells through 

immunosurveillance but are also able to foster several of the hallmark functions of cancer including 

angiogenesis, metastasis and proliferative signaling (Hanahan and Weinberg, 2011) by promoting a 

proinflammatory environment. Inflammation is initiated in response to harmful stimuli when immune 

receptors recognize various conditions such as infection, tissue damage, toxic substances or irradiation 

(Medzhitov, 2010). The best studied innate immune receptors are the Toll-like receptors (TLR)s, a class 

of pattern recognition receptors (PRR)s that recognize PAMPs and DAMPs (Dajon et al., 2017).  

 

CRC is one of the better examples of inflammation-linked tumorigenesis, as illustrated by the high rates 

of CRC in patients with inflammatory bowel disease (IBD) and Heliobacter pylori (H. pylori) infection 

(Liu et al., 2019, Stidham and Higgins, 2018), and TLRs have been described as potent mediators of 

inflammation in the gut (Ridnour et al., 2013). These receptors are expressed on many cells in the TME, 

including immune cells and tumor cells, and play opposing roles in different cancers where their 

activation have been linked to both anti- and pro-tumor responses (Dajon et al., 2017). TLR-signaling 

can initiate anti-tumor effects by direct induction of tumor cell death and activation of anti-tumorigenic 

responses by immune cells, but can also lead to the production of several pro-inflammatory cytokines 

and chemokines, growth factors and anti-apoptotic proteins that support tumor progression by fueling 

the proinflammatory environment (Dajon et al., 2017).  

 

Activation of surface TLR3 in metastatic colon cancer cells by the synthetic double-stranded RNA 

(dsRNA) analog polyinosinic:polycytidylic acid (poly(I:C)) has been linked to the production of several 

pro-inflammatory mediators, including chemokines CXCL1-2, CXCL5-6, CXCL10 and CXCL8, which 

are chemoattractants for neutrophils (Bugge et al., 2017) (Unpublished data, Bugge et al., 2020). In 

addition, TLR3-activation in these cells has been shown to recruit neutrophils in vitro (Unpublished 

data, Bugge et al., 2020), suggesting that TLR3 activation in colon cancer cells may play a role in the 

enrichment of neutrophils in tumors derived from CRC patients. Whether TLR3-activation also 

contribute to the polarization of neutrophils in CRC is still unclear. 

 

 

 

 

 

 

 

 

 

 



 18 

 

 

  



 19 

2. Aims 

Traditionally, the focus on neutrophils has been on their roles in fighting infections. However, 

accumulating evidence have revealed that these innate immune cells also play major roles in cancer 

progression. Neutrophils are enriched in several tumors and have been observed to acquire both anti- 

(N1) and pro-tumorigenic (N2) phenotypes in response to mediators present in the TME, which may 

offer opportunities for therapeutic targeting. 

 

Due to the short lifespan of neutrophils in culture and proneness to activation and spontaneous apoptosis, 

these populations have mainly been studied in murine models. Because there are biological differences 

between murine and human neutrophils it is important to take into consideration that the neutrophil 

responses in mouse tumor models may not translate to humans. It is therefore essential to elucidate the 

molecular mechanisms that drive the generation of N1 and N2 neutrophils in different human cancers 

and to determine how inflammatory signaling by cells in the TME, including the tumor cells themselves, 

affect neutrophil polarization. Finally, a characterization of these opposite polarization states on the 

basis of surface markers, expressional profiles and effector functions is vital for the identification of 

these subsets in tumor tissue, which may serve as a prognostic factor. 

 

This project aimed to: 

 

1. Evaluate a newly developed method for in vitro polarization of human neutrophils into N1-like 

and N2-like phenotypes  

 

2. Characterize human N1- and N2-like neutrophils based on differential gene expression 

 

3. Investigate whether the in vitro polarization model can be used to assess the neutrophil-

polarization potential of stimulated colon cancer cells 
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3. Materials and Methods 

 

3.1.  Isolation of primary human neutrophils 

Primary human neutrophils were isolated from whole blood using Dextran sedimentation and 

Lymphoprep density gradient. As first responders of the immune system, neutrophils are easily 

activated, and successful isolation requires considerable skill and experience. The isolation procedure 

was therefore performed by Dr. Miriam Giambelucca.  

 

3.1.1. Ethics statement 

The collection of human whole blood for experiments was approved by the Regional Committee for 

Medical and Health Research Ethics in Central Norway (REC Central), The Norwegian Ministry of 

Education and Research, no. 2009/2245.  

 

3.1.2.  Procedure 

The procedure was conducted at room temperature and under sterile conditions as summarized in Figure 

3.1. Venous blood was collected by venipuncture from healthy volunteers into BD Vacutainer Citrate 

blood collection tubes (BD) (1) and centrifuged for 10 minutes at 400 x g to separate blood cells from 

plasma (2). Plasma was discarded (3), and red blood cells (RBC)s were sedimented by incubation with 

10 mL Dextran from Leuconostoc ssp. for 30 minutes (2% [Sigma-Aldrich, #31392-50G] diluted in 

Hank’s Balanced Salt Solution [HBSS] [1x, Sigma-Aldrich]) (4). The leukocyte-rich supernatant was 

collected (5) and spun on a bed of 10 mL Lymphoprep (Axis-Shield) for 30 minutes at 600 x g to pellet 

neutrophils and RBCs (7) before the supernatant was discarded (8) and RBCs were removed by 

hypotonic lysis (9). 

 

For the lysis, the pellet of RBCs and neutrophils was resuspended in 5 mL sterile water and subsequently 

transferred into a clean tube containing 31 mL sterile water. Lysis was terminated by the addition of 4 

mL HBSS (10x, Sigma-Aldrich). The procedure was performed in less than 30 seconds to limit exposure 

to hypotonic conditions. Finally, isolated neutrophils were spun for 10 minutes at 600 x g and 

resuspended in complete medium (10) (Roswell Park Memorial Institute 1640 medium [RPMI 1640] 

[SAFC, #R8758] supplemented with 10% fetal calf serum [FCS] [Gibco, #10270-106], 2 mM L-

glutamine [Sigma-Aldrich, #56-85-9], 10 mM hydroxyethyl piperazineethanesulfonic acid [HEPES] 

[Thermo Fisher, #15630056] and X mM Penicillin-Streptomycin [Pen-Strep] [Gibco, #15140122]).  

 

Cell viability was measured to >98% by Tryphan Blue exclusion on a Z2 Coulter Particle Count and 

Size Analyzer (Beckman Coulter). Neutrophil purity was determined by flow cytometry against T-cell 
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CD3APC, monocyte CD14FITC and granulocyte CD15BV605 and CD66bBV421 as described in Section 3.5 and 

showed <1% contamination with monocytes or T-cells (Figure 4.1.2 and Figure 4.3.1). 

 

 
Figure 3.1. Workflow for isolation of primary human neutrophils from whole blood. Created with 

BioRender.com 

 

3.2. Culture and in vitro polarization of neutrophils 

Isolated neutrophils were polarized into antitumorigenic N1-like and pro-tumorigenic N2-like cells 

based on a protocol developed by Mareike Ohms et al. (Ohms et al., 2020). 

 

3.2.1. Procedure 

Freshly isolated neutrophils were seeded in Corning 24-well plates (4 million cells/mL at 1.875 

mL/well) (Corning Life Sciences, #3524) and incubated for 24- or 48h. Polarization towards an N1-like 

phenotype was conducted in complete medium supplemented with an N1-polarization cocktail 

containing 100 ng/mL Lipopolysaccharide (LPS) from Escherichia coli 0111:B4 (InvivoGen #tlrl-

3pelps), 50 ng/mL interferon gamma (IFNγ) (R&D Systems, #285-IF), and 10.000 U/mL interferon beta 

(IFNβ) (R&D Systems, #8499-IF) at 37°C in a humidified air atmosphere containing 5% carbon dioxide 

(CO2). Polarization towards an N2-like phenotype was performed in complete medium supplemented 

with an N2-polarization cocktail containing 25 mM sodium L-lactate (Merck, #L7022), 10 µM 

adenosine (Sigma-Aldrich, #A4036), 20 ng/mL transforming growth factor beta (TGFβ) (PeproTech, 

#100-21), 10 ng/mL interleukin-10 (IL-10) (BioLegend, #571004), 20 ng/mL prostaglandin E2 (PGE2) 

(Tocris, #2296) and 100 ng/mL granulocyte colony-stimulating factor (G-CSF) (PeproTech, #300-23) 

at 37°C in a humidified hypoxic chamber with 2% oxygen (O2) and 5% CO2. The pH of the medium 
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containing the N2 polarization cocktail was adjusted to 6.7 by addition of hydrochloric acid (HCl) (Roth, 

Carlsruhe, Germany). 

 

Control cells, termed N0, were cultured in complete medium free of polarizing factors and incubated 

similarly to N1-like neutrophils. Since neutrophils are prone to spontaneous apoptosis, the experiments 

were performed in the presence of 3 µM caspase inhibitor Q-VD-OPh (R&D Systems, #OPH001). The 

different treatments are summarized in Table 3.1. 

 
Table 3.1. Treatments for neutrophil polarization 

 Substances Growth conditions 
N0 Q-VD-OPh 37°C 
  5% CO2 
N1-like LPS  
 IFNγ 37°C 
 IFNβ 5% CO2 
 Q-VD-OPh  
N2-like L-lactate  
 adenosine  
 TGFβ 37°C 
 IL-10 2% O2 
 PGE2 5% CO2 
 G-CSF  
 Q-VD-OPh  

 

Q-VD-OPh, Quinoline-Val-Asp-Difluorophenoxymethyl ketone; LPS, Lipopolysaccharide; IFN, Interferon; TGF, 

Transforming growth factor; PGE2, prostaglandin E2; IL, interleukin; G-CSF, Granulocyte colony-stimulating 

factor. 

 

3.3. Preparation of supernatants from colon cancer cells  

Supernatants used to test the polarization potential of TLR3-activated colon cancer SW620 cells 

(Section 3.4) were prepared by stimulation of these cancer cells with TLR3 agonist poly(I:C) or 

medium. Knockdown control cells were prepared through RNA interference (RNAi) and used to verify 

TLR3-specific induction of polarizing factors. 

 

3.3.1. Principles of RNAi-mediated gene silencing 

Experimental RNAi is a fast and easy method for transient gene silencing that exploits the biological 

pathway of RNAi. The RNAi pathway is naturally present in many eukaryotic cell types where it 

contributes to viral defense and regulation of gene expression (Hannon, 2002). It depends on the actions 

of at least two classes of small double stranded RNA (dsRNA) molecules, termed micro RNAs 

(miRNA)s and small interfering RNAs (siRNA)s, that contribute to gene silencing by neutralizing 
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complementary mRNA molecules. siRNA exhibits a more specific silencing mechanism than miRNA 

and is usually the class preferred for gene silencing experiments (Thermo Fischer, 2021).  

 

Such experiments exploit the RNAi pathway by introducing carefully prepared artificial dsRNAs into 

the host (Figure 3.2). Upon arriving in the host cytosol, the artificial RNA “hijacks” the RNAi pathway 

and is cleaved by the endonuclease Dicer. The cleaved dsRNA then associates with other proteins to 

form an RNA-induced silencing complex (RISC). Once settled in the RISC, one strand of the siRNA is 

cleaved off by the endonuclease Argonaute (AGO), leaving one strand of guide RNA to lead the RISC 

to the target mRNA. Complementary binding between the guide RNA and its target catalyzes a reaction 

in which AGO cleaves the target mRNA and silencing of the gene of interest is achieved. 

 
Figure 3.2. Overview of siRNA-mediated RNA interference. Adapted from BioRender.com 

 

3.3.2. Sub-culturing procedure 

SW620 cells (ATCC) were grown in RPMI 1640 medium supplemented with 2 mM L-Glutamine 

Solution, 0.05% Gensumycin [Sanofi Aventis, Norway]) and 10% FCS in Corning 75cm2 Cell Culture 

Flasks with ventilated caps (Corning Life Sciences, #430641U), and maintained at 37°C in a humidified 

air atmosphere containing 5% CO2. Subculturing was performed twice a week at 70% confluency as 

described in Figure 3.3, by removing the old medium (1), washing cells with Dulbecco’s Phosphate 

Buffered Saline (DPBS) (Sigma-Aldrich, #D8537) (2), and disrupting adherent proteins with 

Trypsin/EDTA Solution (Sigma-Aldrich, #T3924) (3). The rate of trypsinization was increased by 

briefly incubating the cells at 37°C (4) before fresh medium was added to neutralize the Trypsin/EDTA 

Solution (5). A new passage was then established by transferring singularized cells into a new culture 

flask containing fresh medium (6). 
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Figure 3.3. Workflow for subculture of adherent cell lines. Created with BioRender.com 

 

3.3.3. Silencing of TLR3 and stimulation of cells  

Cells were washed once with DPBS and harvested by trypsinization before resuspended in fresh medium 

(RPMI 1640 supplemented with 2 mM L-Glutamine Solution, 0.05% Gensumycin and 10% FCS) and 

seeded in Corning 24-well plates (300 000 cells/well at 0.4 mL/well). The seeded cells were rested until 

the next day or immediately treated with siRNA against TLR3 to silence receptor expression. Silencing 

was performed by transfecting cells with 10 nM siRNA against TLR3 (Qiagen, #SI02630768) or non-

silencing control (Qiagen, #SI03650325) using 20 nM Lipofectamine RNAiMAX (Invitrogen, 

#13778075). siRNAs were diluted in RPMI 1640 medium before Lipofectamine RNAiMAX was added 

to create siRNA delivery vectors and the transfection solutions were preincubated for 20 minutes. 

 

The next day, fresh medium was added (RPMI 1640 supplemented with 2 mM L-Glutamine Solution, 

0.05% Gensumycin and 2% FCS) and cells were stimulated with 5 µg/mL poly(I:C) (InvivoGen, #vac-

pic) or medium. Supernatants from stimulated cells were collected after 24h and stored at -20°C prior 

to neutrophil polarization experiments. Reduction of TLR3-induced cytokines was verified by enzyme-

linked immunosorbent assay (ELISA) and reverse transcription-quantitative polymerase chain reaction 

(RT-PCR) was performed by Dr. Marit Bugge to confirm target knockdown (data not shown). 

 

3.4. Incubation of neutrophils with supernatants collected from colon cancer cells 

Neutrophils were incubated with supernatants collected from poly(I:C)/medium-stimulated SW620 cells 

to determine if these colon cancer cells release neutrophil-polarizing factors in response to TLR3-

activation. 
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3.4.1. Procedure 

Neutrophils were seeded in Corning 24-well plates (4 million cells/mL at 1.875 mL/well) and incubated 

in N0 medium as described in Section 3.2.1. In addition, cells were treated with 250 µL supernatant 

collected from poly(I:C)/medium stimulated SW620 and knockdown SW620 cells. 

 

3.5. Flow Cytometry of neutrophils 

The expression of selected surface markers on freshly isolated and in vitro polarized neutrophils was 

determined by staining with fluorescently conjugated antibodies and multicolor flow cytometry.   

 

3.5.1. Principles of flow cytometry 

Flow cytometry is a laser-based technique used to count and profile cells in suspension. It allows for 

multiparameter analysis of up to thousands of cells per second and is commonly used to measure the 

expression of cell surface and intracellular molecules, define cell types in heterogenous populations and 

asses the purity of isolated cell types (Adan et al., 2017).  

 

Once a sample is placed on a flow cytometer instrument it is injected into a flow cell where 

hydrodynamic focusing is used to force cells to move as single cells towards one or more lasers (Figure 

3.4). In this process, a faster-moving salt-based liquid, called sheath fluid, focuses the sample into a 

smaller core stream, where cells travel along the same axis and at approximately the same rate. As 

individual cells pass through the laser, they scatter light and emit fluorescence, which is filtered to 

appropriate signal detectors. The signal detector converts the light signal into an electrical signal that is 

digitized by the instrument’s electronics system and the data associated with each individual cell is 

binned and stored in a digital format that can be read and analyzed by appropriate computer software.  

 

Signals that were generated from light scattered axial and perpendicular to the laser beam, termed 

forward scatter (FSC) and side scatter (SSC), can be used to assess a cell’s relative size and granularity, 

whereas fluorescence emitted from fluorescently conjugated antibodies or fluorescent dyes and proteins 

is used to investigate physiochemical characteristics further. 
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Figure 3.4. Illustration of the flow cytometer flow cell. Created with BioRender.com 

 

3.5.2. Optimalization 

 

Staining panels  
Antibodies were tested on PBMCs by Dr. Nadra Nilsen and stained the expected populations based on 

size and granularity (data shown for CD3APC, CD14FITC, CD15BV605 and CD66bBV421 in Figure 4.1). 

 

Titration of viability dye 
The optimal staining concentration for eBioscience Fixable Viability Dye (FVD) eFluor 780 (Invitrogen, 

#65-0865-14) was determined on monocytic THP-1 cells (ATCC). Cells were resuspended in DPBS to 

a concentration of 5 million cells/mL and split into two samples. One sample was put on ice, whereas 

the other was split again before half of the cells were killed with ~70% ethanol (20% of total volume, 

lab ethanol). The killed cells were washed once with DPBS, spun at 336 x g for 5 minutes at 4°C and 

resuspended in DPBS before mixed 1:1 with live cells.  

 

Five samples of the live and live:dead populations were distributed onto a Corning 96-well plate 

(Corning Life Sciences, #3799) and stained with 1 µg/mL, 0.5 µg/mL, 0.25 µg/mL, 0.125 µg/mL and 0 

µg/mL of eBioscience FVD eFluor 780 diluted in DPBS in the dark for 10 minutes at 4°C. The stained 

cells were then transferred to FACS tubes and washed once with and resuspended in FACS buffer 

(DPBS supplemented with 2% heat-inactivated [HI] Bovine Serum Albumin [BSA] [Sigma-Aldrich, 

#A7906] and 2% HI human A+ serum [Department of Immunology and Transfusion Medicine, St. Olavs 

Hospital, Trondheim]) before analyzed on a BD LSR II (BD) flow cytometer. The optimal staining 

concentration (0.5 µg/mL) was determined by calculation of the staining index (Supplementary Figure. 

1). 
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Compensation of antibodies and viability dye 
Compensation was performed to correct for spillover between fluorescent channels. Antibodies were 

compensated using OneComp ebeads (Thermo Fisher Scientific, #01-1111-41) and live and dead THP-

1 cells stained with 0.5 µg/mL eBioscience FVD eFluor 780 (5 million cells/mL). Single stained bead 

samples were prepared by staining 1 drop of OneComp ebeads with 1 test of antibody diluted in FACS 

buffer in the dark at 4°C for 20 minutes. The bead samples were then washed once with FACS buffer, 

spun at 336 x g for 5 min at 4°C and resuspended in fresh buffer. The THP-1 cells were used to set the 

fluorescence detector voltages for the photomultiplier tubes (PMT)s on the BD LSR II flow cytometer 

before each single-stained bead sample was run to ensure that positive bead peaks were on-scale. Each 

bead sample was then run again, and compensation was calculated with the integrated FACSDiva V 

Software. eBioscience FVD eFluor 780 was compensated similarly using the stained live and dead THP-

1 cells to set the negative and positive populations.  

 

3.5.3. Procedure  

Neutrophils and reagents were kept on ice during the procedure to limit spontaneous apoptosis. The 

summarized workflow is given in Figure 3.5. Freshly isolated or polarized neutrophils were washed 

once in DPBS and spun at 336 x g for 10 min at 4°C (1). Acceleration was set to 7 and deceleration to 

2 to avoid unwanted activation of cells. The same program was used during all centrifugations. In order 

to limit non-specific antibody-binding to neutrophil FC-receptors, cells were incubated with 10% FC-

block (BD Biosciences, #564220) in FACS buffer for 10 minutes (2). 

 

Neutrophils were stained with antibodies (Table 3.2) in FACS buffer in the dark for 20 minutes 

according to the assembled staining panels (Table 3.3) (3). Staining with Annexin A5FITC (Panel 3) was 

performed in Annexin A5 binding buffer (Tau Technologies, #A700) due to the calcium-dependency of 

Annexin A5 binding to phosphatidylserine. To be able to select for live cells during analysis, cells were 

then washed twice in DPBS (4) and incubated with 0.5 µg/mL eBioscience FVD eFluor 780 diluted in 

DPBS in the dark for 10 minutes (5). Lastly, cells were resuspended in FACS buffer (6) and analyzed 

with compensation on a BD LSR II flow cytometer (7). Data analysis was performed using FlowJo 

V10.7.1 and the R-based plugin flowAI as described in Section 3.5.4 (8).  
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Figure 3.5. Workflow for flow cytometry of neutrophil markers. Created with BioRender.com 
 
Table 3.2. Antibodies for flow cytometry 

Name Clone Isotype Supplier Catalog nr. 
APC anti-human CD54 
Antibody HA58 Mouse, IgG1, 𝜅 BioLegend 353111 

BV421 Mouse Anti-Human 
CD66b 

G10F5 Mouse BALB/c, IgM, 𝜅 BD Horizon 562940 

BV605 Mouse Anti-Human 
CD15 

W6D3 Mouse, IgG1, 𝜅 BD Horizon 562980 

BV711 Mouse Anti-Human 
CD95 DX2 Mouse C3H, IgG1, 𝜅 BD Horizon 563132 

BV786 Mouse Anti-Human 
CD62L 

SK11 Mouse BALB/c, IgG2a, 𝜅 BD Horizon 565311 

CD3 Monoclonal Antibody 
(OKT3), APC, eBioscience 

OKT3 Mouse, IgG2a, 𝜅 Invitrogen 17-0037-42 

Annexin A5- FITC A700 -  
Tau 
Technologies FI190016 

FITC anti-human CD182 
(CXCR2) Antibody 

5E8/CXCR2 Mouse IgG1, 𝜅 BioLegend 320704 

FITC Mouse Anti-human 
CD14 

M5E2 Mouse, IgG2a, 𝜅 
BD 
Biosciences 

555397 

PE anti-human CD184 
(CXCR4) Antibody 12G5 Mouse, IgG2a, 𝜅 BioLegend 306506 

PE anti-human CD11b ICRF44 Mouse IgG1, 𝜅 BioLegend 301306 

PE Mouse Anti-Human CD54 HA58 Mouse BALB/c, IgG1, 𝜅 
BD 
Pharmingen 

555511 

PE Mouse Anti-Human CD19 HIB19 Mouse, IgG1,	𝜅 
BD 
Pharmingen 

555413 
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Table 3.3. Staining panels for flow cytometry 

Panel Antibody Dilution 
(/100µL test) Fluorochrome Laser Em. filter 

1 BV421 Mouse Anti-Human 
CD66b 5 µL BV421 

Violet  
(405 nm) 450/50 

 BV605 Mouse Anti-Human 
CD15 

2.5 µL 
 

BV605 Violet  
(405 nm) 

610/20 

 CD3 Monoclonal Antibody 
(OKT3), APC, eBioscience 

2.5 µL 
 

APC 
Red  
(640 nm) 

670/14 

 FITC Mouse Anti-human 
CD14 5 µL FITC 

Blue 
(488 nm) 525/50 

 PE Mouse Anti-Human CD19 5 µL PE Yellow-green 
(561 nm) 

585/20 

2 APC anti-human CD54* 2.5 µL APC 
Red 
(640 nm) 

670/14 

 BV421 Mouse Anti-Human 
CD66b 

5 µL 
 BV421 

Violet 
(405 nm) 450/50 

 BV605 Mouse Anti-Human 
CD15 

2.5 µL 
 

BV605 Violet 
(405 nm) 

610/20 

 BV786 Mouse Anti-Human 
CD62L 

2.5 µL 
 

BV786 
Violet  
(405 nm) 

780/60 

 FITC anti-human CD182 
(CXCR2) Antibody 

2.5 µL 
 FITC 

Blue  
(488 nm) 525/50 

 PE anti-human CD11b 2.5 µL 
 

PE Yellow-green 
(561 nm) 

585/20 

3 BV711 Mouse Anti-Human 
CD95 

2.5 µL BV711 
Violet  
(405 nm) 

705/70 

 Annexin A5-FITC 2.5 µL FITC 
Blue  
(488 nm) 525/50 

 PE anti-human CD184 
(CXCR4)  

2.5 µL PE Yellow-green 
(561 nm) 

585/20 

 
PE Mouse Anti-Human 
CD54* 

2.5 µL PE 
Yellow-green 
(561 nm) 

585/20 

 

APC, Allophycocyanin; BV, Brilliant Violet; FITC, fluorescein isothiocyanate; PE, phycoerythrin. 

* Staining against CD54 was performed with either APC anti-human CD54 in panel 2 or PE Mouse Anti-Human 

CD54 in panel 3. If staining was performed with PE Mouse Anti-Human CD54, PE anti-human CD184 

(CXCR4) was not included in the panel.  
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3.5.4. Data analysis in FlowJo 

The analysis of flow cytometry data is built on the principle of gating, which involves drawing a series 

of outlines called “gates” onto the data plot to select for the population of interest. Data analysis was 

performed using FlowJo V10.7.1 and the R-based plugin flowAI (Monaco et al., 2016). The data was 

first cleaned for anomalies by flowAI, which scans for and removes abnormal events caused by unstable 

flow rate or acquisition related issues (Figure 3.6). Cells were then displayed on eBioscience FVD 

eFluor 780 and FSC-A properties to select for live cells before FSC-A and SSC-A properties were used 

to define the main population and remove residual debris (Figure 4.4). 

 

A 
Flow rate 
Removal of surges and large deviations of the trend from the 

median of the flow rate 

 

 

B 
Signal acquisition 
Removal of acquisition regions whose statistics are shifted from 
the most stable acquisition region 

 

 

C 
Dynamic range 
Removal of outliers in the lower limit and margin events from 

the upper limit of the dynamic range 

 

 
 

Figure 3.6. The flowAI anomaly discerning tool. flowAI is an R-based quality control plugin for flowJo used to 

clean flow cytometry files from unwanted events affected by abrupt changes in the flow rate, instability of the 

signal or limits of the dynamic range of the instrument. The clean-up is performed by anomaly detection algorithms 

and is conducted in 3 main steps. The first step (A) evaluates the steadiness of the flow rate of cells during analysis, 

which is reconstructed by reporting the number of cells acquired per unit of time. A stable flow rate can be pictured 

by a line with non-periodic fluctuations but with constant variations, whereas surges and changes in the speed of 

the fluid (caused by debris or air intrusion into the instrument) represent anomalies. The second step (B) verifies 

the stability of the signal acquisition by plotting fluorescence against time. If cells from a heterogenous population 

are randomly aspirated in the flow cytometry tube over time, stable acquisition should produce intensity values 

whose distribution is consistent throughout the analysis. However, technical issues such as defective laser-

detection system, voltage instability or poor sample preparation (e.g., lack of vortexing) cause changes in the signal 

intensities, which are identified as abnormal events. The last step (C) checks on recorded signals that fall in the 

upper or lower limits of the dynamic range and remove events with unacceptable intensity values. Adapted from 

(Monaco et al., 2016) 
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3.6. Estimation of secreted factors in neutrophil supernatants 

Secreted factors in supernatants collected from in vitro polarized neutrophils were evaluated by ELISA. 

 

3.6.1. Principles of ELISA 

ELISA is an antibody-based technique used to determine and quantify the presence of specific proteins 

or peptides in a sample. It is considered a gold standard of immunoassays and provides highly sensitive 

and specific results that are easy to analyze (Aydin, 2015). The method can be performed by different 

procedures that primarily differ in their strategies for capturing and detecting the target antigen. ELISAs 

in this project were conducted using DuoSet ELISAs from R&D Systems, which employ a sandwich-

based approach for capture and detection (R&D Systems, 2021). 

 

In this approach (Figure 3.7), the assay plate is preincubated with a capture antibody and washed to 

remove unbound material before remaining binding sites are blocked by the addition of a blocking buffer 

(1). The plate is then rewashed and incubated with samples and standards (2). If the antigen of interest 

is present in the sample, it specifically binds to the capture antibody. Again, unbound material is 

removed and a biotinylated detection antibody specific for a different epitope on the antigen is added 

(3). Addition of this detection antibody leads to the generation of an antigen-antibody complex, which 

can be detected by successive washes and incubations with a biotin-binding enzyme (streptavidin 

conjugated to the enzyme horseradish peroxidase [HRP]) and a substrate solution (tetramethylbenzidine 

[TMB]) (4).  

 

When the HRP enzyme makes contact with the TMB substrate, it catalyzes the oxidation of TMB, 

turning the solution blue. The intensity of the color is proportional to the amount of HRP activity and 

can therefore be coupled to the concentration of the target antigen. The color reaction is stabilized with 

the addition of a sulfuric acid-containing stop solution, resulting in a yellow color (5), and the plate is 

read at 450 nm (6). A standard curve is calculated using the absorbance values from the standards and 

used to determine the concentration of the target antigen.  
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Figure 3.7. Overview of sandwich ELISA. Created with BioRender.com 

 

3.6.2. Procedure  

Cell supernatants harvested from polarized neutrophils were defrosted at room temperature and analyzed 

for CXCL10/IP-10 (#DY266), CXCL8/IL-8 (#DY208), TNFa (#DY210), and MPO (#DY317) 

expression using DuoSet ELISA kits from R&D Systems. The ELISAs were performed in Nunc 96-well 

plates (Sigma-Aldrich, #M9410) according to the manufacturer’s instructions, with the exception of 

using half of the recommended volumes. Statistical analysis was performed with Prism 9 software using 

the one-way Analysis of Variance (ANOVA) and Sidak’s t-test for multiple comparisons. A p-value < 

0.05 was considered statistically significant.  

 

3.7. Gene expression analysis of N1- and N2-like neutrophils  

Gene expression analysis of N1- and N2-polarized neutrophils was performed using the NanoString 

nCounter platform. The experiment was set up by Dr. Marit Bugge. 

 

3.7.1. Principles of the NanoString nCounter platform 

The NanoString nCounter platform is a fully automated, amplicon-free technology that quantifies up to 

800 RNA, DNA or protein targets in a single run by directly counting the number of target molecules. 

Using this direct detection strategy, the nCounter enables less hands-on time and provides highly 

reproducible data (Nanostring, 2021). During analysis, the target of interest is hybridized to specific 

barcoded capture- and reporter probes (Figure 3.8). After hybridization, the excess probes are removed, 

before the purified target-probe complexes are immobilized and aligned on an imaging surface. The 

sample is then scanned by an automated fluorescence microscope, which counts and identifies the 

labelled barcodes directly before the data is processed by the analysis software. 
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Figure 3.8. Illustration of the nCounter capture and reporter probes. The NanoString nCounter platform 

employs two oligonucleotide probes to identify and count target molecules. Both probes contain a hybridization 

region of approximately 50 nucleotides that is specific for the target of interest. In addition, the capture probe 

contains a biotin molecule at the end, which immobilizes the target onto a streptavidin-coated imaging surface and 

the reporter probe contains a 6-spot fluorescent barcode that is unique for each target. Adapted from Nanostring, 

2021.  

 

3.7.2. Isolation of RNA 

RNA was isolated from neutrophils using the RNAeasy Mini Kit from Qiagen (#74104) according to 

the manufacturer’s instructions.  

 

3.7.3. Gene expression analysis  

RNA was isolated from neutrophils as described in Section 3.7.2. Gene expression analysis was 

performed on the NanoString nCounter platform using the nCounter PanCancer Immune Profiling Panel 

(NanoString, #XT-CSO-HIP1-12), which contains 730 cancer-related human genes + 40 internal 

reference genes. The procedure was performed according to the manufacturer’s instructions, applying 

~100 ng mRNA. Data analysis was performed using nSolver V4.0 and the Advanced Analysis 2.0 

plugin.  
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4. Results 

 

4.1. Primary human neutrophils can be polarized toward N1- and N2-like phenotypes in 
vitro 

Immune cells are often polarized in responses associated with infection, inflammation, tissue damage 

and tumorigenesis. During this process they take on distinct activation states and gain the ability to 

perform specialized functions in response to specific signals. It is recognized that immune cells play key 

roles in tumor progression and neutrophils constitute a significant portion of the immune cell types 

infiltrating the TME (Anderson and Simon, 2020). Inside the TME, a number of molecular signals can 

promote neutrophil polarization into opposite phenotypes of antitumorigenic (N1) and pro-tumorigenic 

(N2) TANs (Fridlender et al., 2009). To date, most studies on this dual role in tumorigenesis has been 

based on murine models, but a promising new method for generating N1- and N2-like neutrophils in 

vitro was recently reported by Mareike Ohms et al. (Ohms et al., 2020).  

 

In order to assess this newly developed method, primary human neutrophils were isolated from healthy 

blood donors and subjected to in vitro polarization based on the protocol by Ohms et al. (Ohms et al., 

2020). The N1- and N2-polarized cells were assayed by staining with fluorescently conjugated 

antibodies and flow cytometry to determine their expression of selected surface markers. In addition, 

supernatants were collected from the polarized cells and analyzed by ELISA to investigate their 

secretion of selected soluble factors. 

 

4.1.1. Purity assessment of freshly isolated neutrophils 

The purity of freshly isolated neutrophils was assessed by surface antibody staining and flow cytometry 

against granulocyte markers CD15 and CD66b. Cells were also stained with antibodies against the T-

cell marker CD3 and the monocyte marker CD14 to identify contaminating T-cell or monocyte 

populations. Live cells were selected for based on viability dye staining with eBioscience FVD eFluor 

780. 

 

Testing antibodies on PBMCs 

The antibodies were initially tested on peripheral mononuclear cells (PBMC)s isolated from healthy 

donor blood. Figure 4.1A shows forward- (FSC-A) and side scatter (SSC-A), and gating of PBMCs. 

Surface staining of PBMCs revealed a population of cells (~54% of PBMCs) that stained strongly for 

CD3 and were negative for CD15 (Figure 4.1B). Back-gating onto scatter properties indicated that these 

cells were T-cells and that the CD3 antibody could detect these cells. Dual staining of PBMCs for CD14 

and CD15 (Figure 4.1C) revealed a population (~23% of PBMCs) that stained positively for CD14 but 

displayed varying expression of CD15. Back-gating onto scatter properties indicated that these cells 
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were monocytes, which in accordance with previous reports express varying levels of CD15 (Lambert 

et al., 2017). 

 

PBMCs may contain some granulocytes due to insufficient separation, but there was no clear third 

population above the T-cell population in the FSC-A vs SSC-A plot (Figure 4.1A), indicating that few 

granulocytes were present. Staining of PBMCs against CD15 and CD66b showed that PBMCs were 

negative for CD66b, but that a proportion of cells stained positively for CD15 (~24% of PBMCs). Back-

gating onto scatter properties of this population indicated that these cells were monocytes (Figure 4.1C). 

The results suggest that a fraction of PBMCs which is likely monocytes display some expression of 

CD15, but not CD66b and that CD66b may be a better marker for neutrophils if the antibody stains these 

cells. Both CD66b and CD15 were used in combination in the following experiments to determine 

neutrophil purity, since CD15 expression is reported to be much higher in neutrophils. 
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Figure 4.1. A population in PBMCs resembling monocytes stains positively for CD14 and CD15 but not 

CD66b. Human peripheral mononuclear cells (PBMC)s isolated from a healthy blood donor were stained with 

antibodies and eBioscience FVD eFluor 780, and analyzed with compensation on a BD LSR II flow cytometer 

(BD). Cells were gated to remove debris (FSC-A/SSC-A) and dead cells (eBioscience FVD eFluor 780/FSC-A) 

(A). An unstained control was used to set the quadrants and defined single positive cells (Q1 and Q3), double 

positive cells (Q2) and double negative cells (Q4). Bivariate plots show staining against T-cells (B), monocytes 

(C) and granulocytes (D) and back-gating of positive populations onto scatter properties (FSC-A/SSC-A). 

Numbers in gates represent frequencies. 
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Determination of neutrophil purity 

Freshly isolated neutrophils from two healthy donors were assessed for purity against T-cells and 

monocytes using the antibodies tested in Figure 4.1. FSC-A and SSC-A, and gating strategy is shown 

in Figure 4.2A. Dual staining with CD15 and CD66b antibodies revealed two populations of 

CD15+CD66b+ cells (Figure 4.2B). A population with intermediate expression of CD15 and high 

expression of CD66b was observed for both donors (indicated by red gates). These populations 

represented ~5-10% of the total CD66b positive cells and back-gating onto scatter properties revealed 

that these were more granular (increased SSC-A) than the cells in the main populations (indicated by 

green gates) (Figure 4.2C).  

 

Based on the high degree of granularity (Gopinath and Nutman, 1997), intermediate CD15 expression 

(Lecot et al., 2019, Bochner et al., 1994)  and high CD66b expression (Yoon et al., 2007), these cells 

were believed to be eosinophils, a type of granulocyte involved in allergic reactions and host defense 

against parasites. Since the nature of these cells were unclear and represented only a small portion of 

the total cell population (~5-10%), this population was gated away in the following analyses (Figure 

4.4). Less than 1% of cells stained positively for T-cell CD3 (~0% of cells) (Figure 4.2D) and monocyte 

CD14 (~0.2-0.5% of cells) (Figure 4.2E), indicating that very few T-cells or monocytes contaminated 

the isolated neutrophils. Combined, these results indicate neutrophil populations with ~88-93% purity. 
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Figure 4.2. Purity assessment of isolated neutrophils. Primary human neutrophils were isolated from two 

healthy blood donors, stained with antibodies and eBioscience FVD eFluor 780, and analyzed with compensation 

on a BD LSR II flow cytometer (BD). The data was gated to remove debris (FSC-A/SSC-A) and dead cells 

(eBioscience FVD eFluor 780/FSC-A) (A). An unstained control from Donor A was used to set the quadrants and 

defined single positive cells (Q1 and Q3), double positive cells (Q2) and double negative cells (Q4). Bivariate 

plots show neutrophil purity assessed against granulocyte CD66b (B) T-cell CD3 (D) and monocyte CD14 (E). 

Overlaid contour plots show back-gating of intermediate CD15+ and high CD66b+ cells observed in B (C). 

Numbers in or adjacent to gates represent frequencies. 

 

4.1.2. In vitro polarized neutrophils express markers typical of N1 and N2 TANs 

Freshly isolated neutrophils were subjected to in vitro polarization to generate N1- and N2-like cells. 

Polarization was performed for 24- and 48h in the presence of an N1-polarization cocktail containing 

proinflammatory mediators or an N2-polarization cocktail mimicking hallmarks of the TME (Ohms et 

al., 2020). N1-polarization was accordingly performed in the presence of LPS, IFNγ and IFNβ at 37°C 

and 5% CO2, whereas N2-polarization was conducted in hypoxic conditions (2% O2, 5% CO2, 37°C) in 

the presence of L-lactate, adenosine, TGFβ, IL-10, PGE2 and G-CSF (Figure 4.3). N0 control cells were 

cultured in medium free of polarizing factors and incubated similar to N1-like neutrophils. Since 

neutrophils are prone to spontaneous apoptosis, the experiments were performed in the presence of a 

caspase inhibitor. 
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Figure 4.3. Illustration of the Ohms et al. method for generating N0, N1-like and N2-like TANs. Primary 

human neutrophils were isolated from healthy blood donors. N1-like neutrophils were generated through 

incubation with a polarization cocktail containing lipopolysaccharide (LPS) (100 ng/mL), interferon gamma 

(IFNγ) (50 ng/mL) and interferon beta (IFNβ) (10.000 U/mL) at 37°C and 5% CO2. Ohms et al. reported the 

bacterial endotoxin LPS as an activator of neutrophil functions and the cytokines IFNγ and IFNβ as inducers of 

N1 tumor-associated neutrophils (TAN)s (Gomes et al., 2010, Ellis and Beaman, 2004, Andzinski et al., 2016). 

N2-like neutrophils were generated through incubation with a polarization cocktail composed of L-lactate (25 

mM), adenosine (10 µM), transforming growth factor beta (TGFβ) (20 ng/mL), interleukin-10 (IL-10) (10 ng/mL), 

prostaglandin E2 (PGE2) (20 ng/mL) and granulocyte colony-stimulating factor (G-CSF) (100 ng/mL) at 37°C with 

2% O2 and 5% CO2. Ohms et al. described TGFβ, IL-10, PGE2 and G-CSF as inducers of N2 TANs in in vivo 

studies and high levels of L-lactate and adenosine as characteristic of the tumor microenvironment (TME) 

(Fridlender et al., 2009, Gerlini et al., 2004, Greenhough et al., 2009, Chakraborty and Guha, 2007, Romero-Garcia 

et al., 2016, Leone and Emens, 2018). N0 control cells were cultured in medium free of polarizing factors and 

incubated similar to N1-like neutrophils. Because neutrophils are prone to spontaneous apoptosis, the experiments 

were performed in the presence of the caspase inhibitor Q-VD-OPh (3µM). Created with BioRender.com 

 

In vitro polarized neutrophils from two donors were harvested at 24- and 48h and subjected to antibody 

staining and flow cytometry against markers described for in vivo N1- and N2 TANs. Based on studies 

of TANs from murine tumor models, Ohms et al. defined the adhesion molecule CD54/ICAM-1 and the 

cell death receptor CD95/Fas as markers of the antitumorigenic N1 phenotype (Fridlender and Albelda, 

2012), and the chemokine CXCR2 as a marker for the pro-tumorigenic N2 state (Chao et al., 2016, 

Nywening et al., 2018). The resulting data was gated using a 2-step approach to exclude dead cells and 

debris from the analysis (Figure 4.4), in addition to the population of unclear nature identified during 

purity assessment (Figure 4.2A-B). The ungated cell population (A) was displayed on eBioscience FVD 

eFluor 780 and FSC-A properties (B) and dead cells were excluded by drawing a gate around 

eBioscience FVD eFluor 780 negative cells. The fraction of live cells was then displayed on FSC-A and 

SSC-A and a gate was drawn around the main population (C). The same gating was used in all flow 

cytometry analyses. 
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Figure 4.4. Representative gating strategy for the analysis of flow cytometry data. Flow cytometry data was 

gated by a two-step approach to remove dead cells and debris from the analysis, and to define the cells of interest. 

Ungated cells (A) were displayed on eBioscience FVD eFluor 780 and FSC-A properties (B) to select for live 

cells. The fraction of live cells was then displayed on FSC-A and SSC-A to define the cells of interest (C). Numbers 

in gates represent cell frequencies. 

 

The expression of each phenotypic marker on freshly isolated, non-polarized neutrophils is shown in 

Figure 4.5A and demonstrate low background staining with CXCR2FITC, CD95BV711 and CD54APC 

antibodies. The characterization of these markers on in vitro polarized neutrophils revealed a prominent 

increase in surface CD95 and CD54 on cells cultured in the presence of the N1-polarization cocktail 

(Figure 4.5C-D). In contrast, the expression of CXCR2 was downregulated on these cells compared to 

the N0 control (Figure 4.5B). Neutrophils that were cultured in the presence of the N2 polarization 

cocktail displayed similar levels of CD95 and CD54 to N0 control cells (Figure 4.5C-D), whereas the 

expression of CXCR2 was highly upregulated (Figure 4.5B). These results indicate that in vitro 

polarized N1-like cells upregulate their expression of CD54 and CD95 and downregulate their 

expression of CXCR2. In contrast, N2-polarized cells express similar levels of CD54 and CD95 to 

nonpolarized neutrophils but upregulate their expression of CXCR2.  

 

A B C

Ungated
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Figure 4.5. Expression of CXCR2, CD95 and CD54 on in vitro polarized neutrophils. Primary human 

neutrophils isolated from two healthy blood donors were subjected to in vitro polarization based on a protocol by 

Mareike Ohms et al. (Ohms et al., 2020). N1- and N2-like cells were cultured in the presence of an N1- or N2 

polarization cocktail containing caspase inhibitor Q-VD-OPh, whereas N0 control cells were treated with Q-VD-

OPh only. N1-like and N0 cells were incubated at 37°C in a humidified air atmosphere containing 5% CO2, 

whereas N2-like cells were incubated in a humidified hypoxic chamber at 37°C with 2% O2 and 5% CO2. Cells 

were assayed at 0h (A) and at 24- and 48h for their expression of surface CXCR2 (B), CD95/Fas (C) and 

CD54/ICAM-1 (D) by staining with antibodies and flow cytometry. The analysis was performed with 

compensation on a BD LSR II flow cytometer (BD). Bar plots show median fluorescence intensity (MFI) ± SD 

(n=2) with donor A data presented as circles and Donor B data indicated by squares. Flow cytometry data was 

gated as described in Figure 4.4.  

 

4.1.3.  N1-like neutrophils exhibit an activated phenotype compared to N2-like neutrophils 

Next, the activation status of in vitro polarized N1- and N2-like neutrophils from two donors was 

assessed by antibody staining and flow cytometry against the activation marker CD62L (L-selectin) and 

degranulation markers CD66b/CEACAM8 and CD11b/integrin alpha M. CD62L is a cell adhesion 

molecule involved in neutrophil migration across the endothelium. It is rapidly shed from the cell surface 

upon contact with neutrophil activating ligands (Ivetic, 2018) and was used as a marker to distinguish 

non-activated CD62Lhigh neutrophils from activated CD62Llow neutrophils (Ohms et al., 2020). The 

adhesion receptors CD66b and CD11b are usually present in the membranes of neutrophil granules 

(Ducker and Skubitz, 1992, Sengelov et al., 1993). Because the granule membrane fuses with the plasma 

membrane upon granule release, these adhesion molecules were used as markers to determine neutrophil 

degranulation (Ohms et al., 2020). 
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The expression of each marker on freshly isolated, non-polarized neutrophils is shown in Figure 4.6A 

and demonstrate low background staining with CD62LBV786, CD11bPE and CD66bBV421. The data revealed 

that N1-polarized and N0 control cells display increased shedding of CD62L compared to N2-polarized 

neutrophils (Figure 4.6B). Further, the expression of degranulation markers CD11b and CD66b were 

greater on N1-like neutrophils compared to N2-polarized and N0 cells (Figure 4.6C-D), which indicates 

an activated status for N1-like neutrophils compared to N2-like neutrophils. 

 

  
Figure 4.6. Expression of CD62L, CD11b and CD66b on in vitro polarized neutrophils. Primary human 

neutrophils isolated from two healthy blood donors were subjected to in vitro polarization based on a protocol by 

Mareike Ohms et al. (Ohms et al., 2020). N1- and N2-like cells were cultured in the presence of an N1- or N2 

polarization cocktail containing caspase inhibitor Q-VD-OPh, whereas N0 control cells were treated with Q-VD-

OPh only. N1-like and N0 cells were incubated at 37°C in a humidified air atmosphere containing 5% CO2, 

whereas N2-like cells were incubated in a humidified hypoxic chamber at 37°C with 2% O2 and 5% CO2. Cells 

were assayed at 0h (A) and at 24- and 48h for their expression of surface CD62L/L-selectin (B), CD11b/integrin 

alpha M (C) and CD66b/CEACAM8 (D) by staining with antibodies and flow cytometry. The analysis was 

performed with compensation on a BD LSR II flow cytometer (BD). Bar plots show median fluorescence intensity 

(MFI) ± SD (n=2) with donor A data presented as circles and Donor B data indicated by squares. Flow cytometry 

data was gated as described in Figure 4.4. 

 

4.1.4. In vitro polarized neutrophils secrete factors typical of N1 and N2 TANs 

Supernatants were collected from in vitro polarized neutrophils from four donors at 24- and 48h to 

investigate the secretion profiles of these cells. Ohms et al. reported increased production of the 

proinflammatory cytokines CXCL10/IP10, TNFα and the ROS-generating enzyme myeloperoxidase 

(MPO) for N1 neutrophils (Fridlender and Albelda, 2012) and high secretion of the neutrophil-attracting 
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chemokine CXCL8/IL-8 for N2 neutrophils (Fridlender et al., 2009). The supernatants were accordingly 

assayed by ELISA for the presence of these mediators. 

 

The results showed that neutrophils grown in the presence of the N1-polarization cocktail displayed the 

highest secretion of all four markers. Compared to the N0 control, a significant induction of CXCL10 

and MPO could be observed after only 24h (Figure 4.7A-B), whereas TNFα and CXCL8 production 

was observed at the 48h timepoint only (Figure 4.7C-D). N2-polarized cells did not secrete CXCL10 

or TNFα (Figure 4.7A&C). These cells released low levels of MPO at 24- and 48h, similar to N0 control 

cells, whereas CXCL8 secretion was only observed at the 48h timepoint. However, the production of 

MPO and CXCL8 at 48h was not significant. These findings suggest that proinflammatory CXCL10, 

MPO, TNFα and CXCL8 are induced in N1-like neutrophils and that CXCL8 might be induced in N2-

like neutrophils. 

 

 
Figure 4.7. Secretion of TNF𝛂, CXCL10 and CXCL8 by in vitro polarized neutrophils. Primary human 

neutrophils isolated from four healthy blood donors were subjected to in vitro polarization based on a protocol by 

Mareike Ohms et al. (Ohms et al., 2020). N1- and N2-like cells were cultured in the presence of an N1- or N2 

polarization cocktail containing caspase inhibitor Q-VD-OPh, whereas N0 control cells were treated with Q-VD-

OPh only. N1-like and N0 cells were incubated at 37°C in a humidified air atmosphere containing 5% CO2, 

whereas N2-like cells were incubated in a humidified hypoxic chamber at 37°C with 2% O2 and 5% CO2. 

Supernatants were harvested at 24- and 48h and assayed by ELISA for CXCL10/IP-10 (A), TNFα (B), CXCL8/IL-

8 (C) and MPO (D). Bar plots show concentration (pg/mL) ± SD (n=4). Each donor is represented by individual 

symbol shapes. P-values were calculated with one-way ANOVA and Sidak’s t-test for multiple comparisons. *p 

< 0.05, **p < 0.01, ***p < 0.001, ns = not significant. 

 

24 h 48 h
0

500
1000
1500
2000
2500

C
XC

L1
0 

(p
g/

m
l)

CXCL10

N0
N1-like
N2-likens

*** *** ns
** **

A

24 h 48 h

0

100

200

300

400

TN
Fa

 (p
g/

m
l)

TNFa

N0
N1-like
N2-like

ns
* *

ns
*** ***

C

24 h 48 h
0

5000

10000

15000

MPO

M
PO

 (p
g/

m
l) N0

N1-like
N2-like

ns
ns ns

ns
* *

B

24 h 48 h

0

1000

2000

3000

4000

C
XC

L8
 (p

g/
m

l)

CXCL8

N0
N1-like
N2-like

ns
* ns

ns
* *

D



 46 

4.1.5. Viability of neutrophils after 24- and 48h polarization 

The viability of N1- and N2-like cells at 24- and 48h was determined by flow cytometry of cells stained 

with Annexin A5FITC and eBioscience FVD eFluor 780. Annexin A5 binds with high affinity to 

phosphatidylserine, a phospholipid that is translocated to the outer leaflet of the plasma membrane 

during apoptosis. Fluorescently conjugated Annexin A5 is therefore frequently used in flow cytometry 

to detect apoptotic cells. Viability dyes such as eBioscience FVD eFluor 780 are protein-binding dyes 

used to label dead cells. These dyes only bind to the cell surface in living cells, resulting in a very dim 

fluorescence but stain with bright fluorescence in dead cells, which have compromised membranes. 

 

The flow cytometry data was gated using a 3-step strategy (Figure 4.8) to exclude cell fragments and 

debris from the analysis. Debris events typically end up in the live fraction of cells and are important to 

remove to avoid misleading results. Cells were displayed on Annexin A5FITC and eBioscience FVD 

eFluor 780 to define double-negative events (4.8A). The double-negative region was displayed on 

scatter properties and the subset of events with very low FSC-A was defined as debris. The debris gate 

was then inverted to remove these events from the analysis (4.8B). Finally, the inverted gate was added 

to the ungated population (4.8C).  

 

The gated data was displayed on Annexin A5FITC and eBioscience FVD eFluor 780 to determine the 

percentage of viable cells (4.8D). Quadrant 1 (Q1) represented negative Annexin A5FITC and positive 

eBioscience FVD eFluor 780 staining and indicated necrosis. Q2 represented double-positive staining 

and indicated late apoptosis. Q3 represented positive Annexin A5FITC and negative eBioscience FVD 

eFluor 780 staining and indicated early apoptosis. Q4 represented double-negative staining and indicated 

viable cells. The percentages of viable cells for N0, N1-like and N2-like neutrophils are summarized in 

Figure 4.9. The results indicate that compared to the N0 control, the polarization treatments did not 

have notable impacts on viability during the first 24h (A). However, between 24- and 48h (B) the 

percentage of viable cells decreased from ~80% to ~55% in cultures treated with the N1- or N2-

polarization cocktails. 
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Figure 4.8. Representative gating strategy for assessment of cell death. Flow cytometry data for assessment of 

cell death was gated using a three-step approach to remove cell fragments and debris events. Double-negative 

(DN) events were defined on Annexin A5FITC and eBioscience FVD eFluor 780 (A). DN events were then displayed 

on FSC-A/SSC-A and low FSC-A events were defined as debris (B). The debris gate was inverted and added to 

the ungated population (C). The gated data was displayed on Annexin A5FITC and eBioscience FVD eFluor 780 

(D). Quadrants indicate necrotic- (Q1), late apoptotic- (Q2), early apoptotic- (Q3) and viable cells (Q4). Numbers 

in or adjacent to gates represent frequencies. 

 

Figure 4.9. Percentage of viable cells at 24- and 48h. Primary human neutrophils were isolated from two healthy 

blood donors and subjected to in vitro polarization based on a protocol developed by Mareike Ohms et al. (Ohms 

et al., 2020). N1- and N2-like cells were cultured in the presence of an N1- or N2 polarization cocktail containing 

caspase inhibitor Q-VD-OPh, whereas N0 control cells were treated with Q-VD-OPh only. N1-like and N0 cells 

were incubated at 37°C in a humidified air atmosphere containing 5% CO2, whereas N2-like cells were incubated 

in a humidified hypoxic chamber at 37°C with 2% O2 and 5% CO2. Cells were harvested at 24- and 48h, stained 

with Annexin A5FITC and eBioscience FVD eFluor 780, and analyzed with compensation on a BD LSR II flow 

cytometer (BD). The data was gated as described in Figure 4.8. Bar plots show the percentage of cells double-

negative for Annexin A5FITC and eBioscience FVD eFluor 780 at 24h (A) and 48h (B) ± SD (n=2). Donor A data 

are presented as circles and Donor B data are indicated by squares. 
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4.2. In vitro polarized neutrophils exhibit distinct transcriptional profiles  

The active and dynamic neutrophil response towards infection or inflammation is associated with 

changes in gene expression (Newburger et al., 2000). In order to characterize the N1- and N2-like 

neutrophils generated from in vitro polarization, the transcriptomic changes underlying these opposite 

activation states was investigated by differential gene expression analysis. RNA was isolated from N1- 

and N2-polarized cells from two donors and compared to non-polarized N0 control neutrophils. The 

analysis was performed on the nCounter platform by NanoString using the PanCancer Immune Profiling 

Panel, which screens against 730 cancer-related genes.  

 

Hierarchical clustering of pathway scores revealed that N1-and N2-like neutrophils take on distinct 

transcriptional profiles following in vitro polarization and that N2-like cells are more closely related to 

N0 control neutrophils (Figure 4.10). In fact, the N1- and N2-polarized cells displayed opposite 

expression profiles for each pathway score. Interestingly, N1-like neutrophils upregulated their 

expression of genes associated with T-cell functions, cytotoxicity, adhesion and the TNF superfamily, 

whereas N2-polarized cells upregulated their expression of genes related to TLR and leukocyte 

functions.  
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Figure 4.10. nCounter pathway analysis display opposite trends for N1-like and N2-like neutrophils. Primary 

human neutrophils isolated from two healthy blood donors were subjected to in vitro polarization based on a 

protocol by Mareike Ohms et al. (Ohms et al., 2020). N1- and N2-like cells were cultured in the presence of an 

N1- or N2 polarization cocktail containing caspase inhibitor Q-VD-OPh, whereas N0 control cells were treated 

with Q-VD-OPh only. N1-like and N0 cells were incubated at 37°C in a humidified air atmosphere containing 5% 

CO2, whereas N2-like cells were incubated in a humidified hypoxic chamber at 37°C with 2% O2 and 5% CO2. 

RNA was isolated from neutrophils at 48h and analyzed on the nCounter platform by NanoString using the 

PanCancer Immune Profiling Panel, which screens against 730 cancer-related genes. Heatmap shows pathway 

scores across samples. Donor A data is indicated by the letter A and Donor B by the letter B. Orange indicates 

high scores, and blue indicates low scores. Branches indicate hierarchical clustering. Scores are displayed on the 

same scale via a Z-transformation.  

 

N1 TANs have been described to suppress tumor progression through mechanisms associated with T-

cell activation and cytotoxicity against tumor cells (Figure 1.2). The finding that N1-like neutrophils 

upregulated pathways related to T-cell functions and adhesion could suggest that these cells, in likeness 

with the N1 TANs found in vivo, may be stimulatory for T-cells. In addition, the upregulation of genes 

associated with cytotoxicity and the TNF superfamily could link these cells to mechanisms involving 

cytotoxicity against tumor cells. The observation that N2-like TANs upregulated pathways associated 

with TLR- and leukocyte functions could suggest a role for these cells in promoting tumor progression 

through inflammatory signaling. 
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Plots displaying the most significantly differentially expressed genes emphasized the opposing effects 

of N1- and N2-polarization further. N1-like neutrophils upregulated genes associated with antigen 

presentation including sialic acid binding Ig-like lectin 1 (siglec-1), CD74, human leukocyte antigen-

DR (HLA-DR) and transporter 2 (TAP-2), which could imply a capability for triggering T-cell responses 

(Lin et al., 2021, Beswick and Reyes, 2009, Wosen et al., 2018, Agrawal et al., 2004, Singhal et al., 

2016) (Figure 4.11A). In addition, several proinflammatory genes such as CXCL10, interferon induced 

protein 35 (IFI35), nuclear factor kappa-light chain enhancer of activated B-cells (NF-κB) and S100 

calcium-binding protein A12 (S100A12) were upregulated by these cells (Ichikawa et al., 2013, Gounder 

et al., 2018, Liu et al., 2017, Foell et al., 2003).  

 

N2-like neutrophils displayed upregulation of genes involved in neutrophil recruitment and migration 

including CXCR1, CD44, S100A12 and S100A8 (Lazennec and Richmond, 2010, Khan et al., 2004, 

Tardif et al., 2015) (Figure 4.11B). In addition, the inflammatory cytokine macrophage migration 

inhibitory factor (MIF), which can prime neutrophils to undergo oxidative burst and NETosis, was 

highly upregulated (Schindler et al., 2021). Combined, the results of differential gene expression 

analysis revealed that N1- and N2-like neutrophils possess distinct expressional profiles. N1-like 

neutrophils upregulated genes involved in T-cell functions and cytotoxicity against T-cells, whereas N2-

like neutrophils upregulated genes encoding proinflammatory mediators and migration-related factors.  
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Figure 4.11. nCounter differential gene expression analysis reveals distinct transcriptional profiles of N1-

like and N2-like neutrophils. Primary human neutrophils isolated from two healthy blood donors were subjected 

to in vitro polarization based on a protocol by Mareike Ohms et al. (Ohms et al., 2020). N1- and N2-like cells were 

cultured in the presence of an N1- or N2 polarization cocktail containing caspase inhibitor Q-VD-OPh, whereas 

N0 control cells were treated with Q-VD-OPh only. N1-like and N0 cells were incubated at 37°C in a humidified 

air atmosphere containing 5% CO2, whereas N2-like cells were incubated in a humidified hypoxic chamber at 

37°C with 2% O2 and 5% CO2. RNA was isolated from neutrophils at 48h and analyzed on the nCounter platform 

by NanoString using the PanCancer Immune Profiling Panel, which screens against 730 cancer-related genes. 

Volcano plots show each gene’s -log10(p-value) and log2(fold change). Highly statistical genes fall at the top of 

the plot and highly differentially expressed genes fall to either side. Horizontal lines indicate a p-value threshold 

of p = 0.001. The 20 most statistically significant genes are labeled in red.  

 

4.3. TLR3-activation in colon cancer cells shifts in vitro polarization towards an N1-like 

phenotype 

Neutrophils are enriched in several tumors, including those derived from colon cancer patients (Galdiero 

et al., 2016) (Unpublished data, Bugge et al., 2020), and have the ability to become polarized in their 

activities in response to the inflammatory signals present in the TME. Inflammation is initiated when 

immune receptors on cells in the TME recognize harmful stimuli and can contribute to suppression of 

tumorigenesis by activating an antitumorigenic immune response or promote malignant progression by 

fueling protumor functions. The best studied innate immune receptors are the TLRs, which are expressed 

on both immune cells and tumor cells.  

 

In colon cancer cells, surface activation of TLR3 by the dsRNA analog poly(I:C) induces several 

neutrophil-attracting chemokines, including CXCL1-2, CXCL5-6, CXCL8 and CXCL10 (Bugge et al., 

2017) (Unpublished data, Bugge et al., 2020). In addition, supernatant from such TLR3-activated cells 

has been demonstrated to attract neutrophils in vitro (Unpublished data, Bugge et al., 2020), which 

suggest that these cells may also be capable of neutrophil polarization. In order to investigate whether 

TLR3-activation in colon cancer cells induce secretion of factors that can polarize neutrophils, SW620 

cells were stimulated with poly(I:C) for 24h before supernatant was collected and added to primary 

human neutrophils. The supernatant-treated neutrophils were assayed for their expression of selected 

surface markers by staining with fluorescently conjugated antibodies and flow cytometry. These cells 

were then compared to N0 control, N1-like and N2-like cells cultured in parallel to determine if 

neutrophil polarization was shifted in one or the other direction. 

 

4.3.1. Purity assessment of freshly isolated neutrophils 

Neutrophils were isolated from two healthy blood donors and assessed for purity against T-cells and 

monocytes as described in Section 4.1.2. FSC-A and SSC-A, and gating strategy is shown in Figure 
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4.12A. Staining against granulocyte CD15 and CD66b displayed seemingly pure neutrophil populations 

for both donors (indicated by green gates) (Figure 4.12B). Less than 1% of cells stained positively for 

contaminating CD3 T-cells (~0%) (Figure 4.12C) or CD14 monocytes (~0.2%) (Figure 4.12D). These 

results indicate neutrophils of ~95-97% purity. 
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Figure 4.12. Purity assessment of isolated neutrophils. Primary human neutrophils isolated from two healthy 

blood donors were stained with antibodies and eBioscience FVD eFluor 780, and analyzed with compensation on 

a BD LSR II flow cytometer (BD). The data was gated to remove debris (FSC-A/SSC-A) and dead cells 

(eBioscience FVD eFluor 780/FSC-A) (A). An unstained control from Donor A was used to set the quadrants and 

defined single positive cells (Q1 and Q3), double positive cells (Q2) and double negative cells (Q4). Bivariate 

plots show neutrophil purity assessed against granulocyte CD66b (B) T-cell CD3 (C) and monocyte CD14 (D). 

Numbers in gates represent frequencies. 

 

4.3.2. Supernatant from poly(I:C)-stimulated colon cancer cells activate primary human 

neutrophils 

The freshly isolated neutrophils were incubated with supernatant collected from TLR3-activated SW620 

cells at 37°C in a humidified air atmosphere containing 5% CO2 for 48h. Neutrophils were also incubated 

with supernatants harvested from medium-stimulated cancer cells and from poly(I:C)/medium-

stimulated knockdown cancer cells to verify that the release of polarizing factors was TLR3-specific. In 

addition, neutrophils were stimulated with poly(I:C) ligand to validate that the polarization occurred in 

response to SW620-derived factors and not in response to poly(I:C) present in the supernatants. The 

different treatments are illustrated in Figure 4.13. Since neutrophils are prone to spontaneous apoptosis, 

the experiments were performed in the presence of a caspase inhibitor.  

 
Figure 4.13. Experimental setup for testing the polarization potential of TLR3-activated colon cancer cells. 
Primary human neutrophils isolated from healthy blood donors were treated with supernatants (250 µL) collected 

from poly(I:C) (P(I:C)) or medium-stimulated SW620 cells (A-B) and TLR3- (siTLR3) (C-D) or control (siCTR) 

(E-F) knockdown SW620 cells. In addition, neutrophils were treated with P(I:C) ligand (G). Neutrophils were 

incubated at 37°C in a humidified air atmosphere containing 5% CO2 for 48h. Because neutrophils are prone to 

spontaneous apoptosis, the experiments were performed in the presence of the caspase inhibitor Q-VD-OPh (3µM). 

Created with BioRender.com 

 

Supernatant-treated neutrophils from two donors were harvested at 48h and compared to N0, N1- and 

N2-like cells by antibody staining and flow cytometry. Upon treatment with supernatant collected from 

poly(I:C)-stimulated colon cancer cells, neutrophils displayed decreased expression of the N2-marker 

CXCR2, similar to N1-polarized neutrophils (Figure 4.14A and Figure 15A). The expression of the 

N1-marker CD95 was slightly upregulated compared to the N0 control and N2-like cells (Figure 4.14B 
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and Figure 4.15B), whereas the expression of CD54 was increased compared to these cells but not as 

high as that of the N1-like cells (Figure 4.14C and Figure 4.15C). 

 
Figure 4.14. Histograms of CXCR2, CD95 and CD54 expression on supernatant-treated neutrophils. 
Primary human neutrophils isolated from two healthy blood donors were treated with supernatants collected from 

poly(I:C) (P(I:C)) or medium-stimulated SW620 colon cancer cells and TLR3 (siTLR3) or control (siCTR) 

knockdown cells. In addition, neutrophils were treated with P(I:C) ligand. Neutrophils were incubated at 37°C in 

a humidified air atmosphere containing 5% CO2 for 48h. Because neutrophils are prone to spontaneous apoptosis, 

the experiments were performed in the presence of the caspase inhibitor Q-VD-OPh. N0 control, N1-like and N2-

like neutrophils were grown in parallel based on a protocol by Mareike Ohms et al. (Ohms et al., 2020). Cells were 

assayed at 48h for their expression of surface CXCR2 (A), CD95/Fas (B) and CD54/ICAM-1 (C) by staining with 

antibodies and flow cytometry. The analysis was performed with compensation on a BD LSR II flow cytometer 

(BD). Flow cytometry data was gated as described in Figure 4.4. Histograms show representative plots for donor 

B scaled to the mode. 

 

The TLR3 knockdown controls displayed similar expression of CXCR2 (Figure 4.15A) and CD95 

(Figure 4.15B) to N0 neutrophils, but the siTLR3 poly(I:C) cells upregulated their expression of CD54 

(Figure 4.15C). The poly(I:C) ligand control expressed similar levels of these markers to the N0 control, 

suggesting that polarization was due to factors released from the SW620 cells upon poly(I:C)-

stimulation. The poly(I:C) ligand control expressed similar levels of these markers to the N0 control, 

suggesting that polarization was due to factors released from the SW620 cells upon poly(I:C)-

stimulation. The expression of the activation markers CD62L, CD11b and CD66b on neutrophils treated 

with supernatant collected from poly(I:C)-stimulated colon cancer cells was more similar to N1-like 

neutrophils than N2-like neutrophils. Compared to the siTLR3 P(I:C) control, these cells displayed 

similar shedding of CD62L (Figure 4.15D) but upregulated their expression of CD11b (Figure 4.15E) 

and CD66b (Figure 4.15F). The poly(I:C) ligand control showed similar levels of each marker to N0 

neutrophils. Combined these results suggest that TLR3-activation in colon cancer cells might induce 

polarization towards an N1-direction.  
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Figure 4.15. Expression of polarization- and activation markers on supernatant-treated neutrophils. 
Primary human neutrophils isolated from two healthy blood donors were treated with supernatants collected from 

poly(I:C) (P(I:C)) or medium-stimulated SW620 colon cancer cells and TLR3 (siTLR3) or control (siCTR) 

knockdown cells. In addition, neutrophils were treated with P(I:C) ligand. Neutrophils were incubated at 37°C in 

a humidified air atmosphere containing 5% CO2 for 48h. Because neutrophils are prone to spontaneous apoptosis, 

the experiments were performed in the presence of the caspase inhibitor Q-VD-OPh (3µM). N0 control, N1-like 

and N2-like neutrophils were grown in parallel based on a protocol by Mareike Ohms et al. (Ohms et al., 2020). 

Cells were assayed at 48h for their expression of surface CXCR2 (A), CD95/Fas (B), CD54/ICAM-1 (C), 

CD62L/L-selectin (D), CD11b/integrin alpha M (E) and CD66b/CEACAM8 (F) by staining with antibodies and 

flow cytometry. The analysis was performed with compensation on a BD LSR II flow cytometer (BD). Bar plots 

show median fluorescence intensity (MFI) ± SD (n=2) with donor A data presented as circles and Donor B data 

indicated by squares. Flow cytometry data was gated as described in Figure 4.4. 

 

4.3.3. Viability of neutrophils after 24- and 48h polarization 

The percentage of viable cells at 48h was determined as described in section Section 4.1.4 and is 

summarized in Figure 4.16. These results suggest that factors released from poly(I:C)-stimulated colon 

cancer cells do not affect cell viability when compared to the N0 control.  

 

N
0

N
1-

lik
e

N
2-

lik
e

P
(I:

C
)

M
ed

iu
m

si
TL

R
3 

P
(I:

C
)

si
TL

R
3 

M
ed

iu
m

si
C

TR
 P

(I:
C

)
si

C
TR

 M
ed

iu
m

P
(I:

C
)0

100
500

1000

1500

M
FI

CXCR2A

SW620

N
0

N
1-

lik
e

N
2-

lik
e

P
(I:

C
)

M
ed

iu
m

si
TL

R
3 

P
(I:

C
)

si
TL

R
3 

m
ed

iu
m

si
C

TR
 P

(I:
C

)
si

C
TR

 M
ed

iu
m

P
(I:

C
)0

1000
2000

5000

10000

15000

M
FI

CD62LD

SW620

N
0

N
1-

lik
e

N
2-

lik
e

P
(I:

C
)

M
ed

iu
m

si
TL

R
3 

P
(I:

C
)

si
TL

R
3 

M
ed

iu
m

si
C

TR
 P

(I:
C

)
si

C
TR

 M
ed

iu
m

P
(I:

C
)0

500

1000

1500

M
FI

CD95B

SW620

N
0

N
1-

lik
e

N
2-

lik
e

P
(I:

C
)

M
ed

iu
m

si
TL

R
3 

P
(I:

C
)

si
TL

R
3 

M
ed

iu
m

si
C

TR
 P

(I:
C

)
si

C
TR

 M
ed

iu
m

P
(I:

C
)0

500

1000

1500

M
FI

CD11bE

SW620

N
0

N
1-

lik
e

N
2-

lik
e

P
(I:

C
)

M
ed

iu
m

si
TL

R
3 

P
(I:

C
)

si
TL

R
3 

M
ed

iu
m

si
C

TR
 P

(I:
C

)
si

C
TR

 M
ed

iu
m

P
(I:

C
)0

200
400
600
800
1000

M
FI

CD54C

SW620

N
0

N
1-

lik
e

N
2-

lik
e

P
(I:

C
)

M
ed

iu
m

si
TL

R
3 

P
(I:

C
)

si
TL

R
3 

M
ed

iu
m

si
C

TR
 P

(I:
C

)
si

C
TR

 M
ed

iu
m

P
(I:

C
)0

500
1000
1500
2000
2500

M
FI

CD66bF

SW620



 57 

 
Figure 4.16. Percentage of viable cells at 48h. Primary human neutrophils isolated from two healthy blood donors 

were treated with supernatants collected from poly(I:C) (P(I:C)) or medium-stimulated SW620 colon cancer cells 

and TLR3 (siTLR3) or control (siCTR) knockdown cells. In addition, neutrophils were treated with P(I:C) ligand. 

Neutrophils were incubated at 37°C in a humidified air atmosphere containing 5% CO2 for 48h. Because 

neutrophils are prone to spontaneous apoptosis, the experiments were performed in the presence of the caspase 

inhibitor Q-VD-OPh (3µM). N0 control, N1-like and N2-like neutrophils were grown in parallel based on a 

protocol by Mareike Ohms et al. (Ohms et al., 2020). Cells were harvested at 48h, stained with Annexin A5FITC 

and eBioscience FVD eFluor 780 before analyzed with compensation on a BD LSR II flow cytometer (BD). The 

data was gated as described in Figure 4.8. Bar plots show viability at 48h ± SD (n=2). Donor A data are presented 

as circles and Donor B data are indicated by squares. 
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5. Discussion 

Neutrophils have traditionally been considered as homogenous cells whose main function is to fight 

infections. However, accumulating evidence has revealed that these abundant leukocytes present a larger 

heterogeneity than first presumed. The observation that neutrophils take on different phenotypes under 

healthy and pathological conditions has sparked a renewed interest in neutrophil biology. This is 

particularly true in the setting of cancer, in which the important role of neutrophils is emphasized by 

their accumulation in circulation and the TME, and their dual role in tumorigenesis. 

 

Thus far, most studies investigating the dual role of neutrophils in cancer have involved murine tumor 

models. However, human and murine neutrophils display several differences and the neutrophil 

responses observed in murine tumor systems may not translate to humans, thus leaving a major 

knowledge gap. For instance, neutrophils constitute as much as 50-70% of circulating leukocytes in 

humans but are less common in mice, where they only account for 10-30% (Eruslanov et al., 2017). In 

addition, many chemokines and receptors that influence neutrophil migration in humans are absent in 

mice and the activation pathway of ROS production differ between human and mouse neutrophils 

(Eruslanov et al., 2017).  

 

The method for in vitro polarization reported by Ohms et al. (Ohms et al., 2020) appears to provide a 

system that has potential to assist in closing the knowledge gap between murine and human neutrophils 

in cancer. The results of this preliminary study aligned nicely with the findings reported by Ohms et al. 

and the N1-like and N2-like neutrophils were revealed to exhibit similar relative levels of N1 and N2 

surface markers to what was reported in the Ohms et al. protocol. In accordance with their findings, the 

N1-like neutrophils were characterized as CD95high CD54high CXCR2low, whereas N2-like cells were 

CXCR2high CD95low CD54low (Figure 4.5). In addition, the data indicated an activated state of N1-like 

neutrophils compared to N2-like neutrophils (Figure 4.6). Similar production of inflammatory 

mediators was also observed, with the exception of the chemoattractant CXCL8, which contrary to the 

findings by Ohms et al. was observed to be highest for N1-like and not N2-like neutrophils (Figure 4.7). 

 

Further characterization of these N1-like and N2-like cells by nCounter gene expression analysis 

revealed opposing trends in pathway regulation (Figure 4.10). N1-like neutrophils were shown to 

upregulate pathways associated with T-cell functions, cytotoxicity, adhesion and the TNF superfamily, 

which links these cells to N1 antitumor mechanisms such as T-cell stimulation and cytotoxicity against 

tumor cells. N2-like neutrophils upregulated pathways related to TLR and leukocyte functions, 

suggesting that these cells can induce protumor N2 mechanisms through inflammatory signaling. Still, 

because purity assessment (Figure 4.2) revealed 5-10% contamination with cells of unclear nature, care 

must be taken when interpreting these preliminary results and the experiment should be repeated to 

verify the significance of these findings.    
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Importantly, the preliminary results from this study also suggested that this in vitro polarization model 

can be employed to investigate how inflammatory signaling in cancer cells influence the polarization of 

human neutrophils. Thus, the model also provides a system for the elucidation of the molecular 

mechanisms inducing anti- and pro-tumorigenic neutrophils in different types of cancer. Neutrophils are 

double-edged swords in cancer development and targeting strategies should be developed to not only 

disrupt pro-tumorigenic behaviors, but also retain the anti-tumor potential of neutrophils. Further 

research of the exact roles, recruitment pathways and molecular mechanisms of TANs is essential to 

develop therapeutic approaches with maximal level of therapeutic benefits and minimal risk of 

dangerous side effects.  
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6. Conclusion  

This study evaluated and verified a newly reported model for in vitro polarization of human neutrophils. 

In addition, preliminary findings revealed that the generated N1-like and N2-like neutrophils displayed 

distinct transcriptional profiles. Finally, the study also demonstrated the use for the in vitro polarization 

model in the investigation of how signaling from cancer cells affect human neutrophils. Future research 

should focus on investigating the characteristics of these N1-like and N2-like subsets further, in terms 

of surface markers, expressional markers and effector functions. 
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Supplementary 

 
Supplementary Figure 1. The optimal staining concentration for viability dye is 0.5 µg/mL. Samples 

containing live and live and dead THP-1 cells were stained with 1-, 0.5-, 0.25-, 0.125 and 0 µg/mL of eBioscience 

FVD eFluor 780 and analyzed on a BD LSR II flow cytometer (BD). The data was gated to remove debris before 

populations that were negative (live cells) and positive (dead cells) for the dye were defined (A). The spread of 

live and dead cell populations for each staining concentration is displayed in B. The staining index (SI) for each 

concentration was calculated as described in C. The red square indicates appropriate SI.  
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