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ABSTRACT 

Özbay F.G. Evaluation of T cell responses in the co-cultures established with 

neutrophils, monocytes and lung adenocarcinoma cells. Hacettepe University 

Graduate School of Health Sciences, Tumor Biology and Immunology Master of 

Science Program, Ankara, 2019. CD4+ and CD8+ T cells are critical mediators in 

anti-tumor immunity. Together with neutrophils, they have been shown to dominate 

the immune landscape of the non-small cell lung cancer (NSCLC). A number of 

studies have estimated the prognostic significance of neutrophil-to-lymphocyte ratio 

in NSCLC. However, immune regulatory role of neutrophils has not yet been fully 

elucidated. Hence, this study aims to evaluate T cell responses in the presence of 

neutrophils, monocytes and lung adenocarcinoma cell lines, in vitro. Peripheral blood 

neutrophils, CD14+ monocytes, and CD8+ or CD4+ T cells were purified from the 

healthy volunteers. In order to optimize the co-cultures, different combinations of 

these cell types were employed under various stimuli. Neutrophils were stimulated 

with different combinations of IFN-𝛾, G-CSF, N-acetylcysteine (NAC), and N-

Formylmethionine-leucyl-phenylalanine (fMLP). At different ratios, pre-stimulated or 

freshly isolated neutrophils were co-cultured with NSCLC cell lines media (A549, 

NCI-H1299, or NCI-H441) or their conditioned with or without monocytes. Soluble 

anti-human CD3 mAb was added in order to test the antigen-independent influences 

on T cells. Proliferation, viability, activation, ROS production capacity, cytokine 

secretion, and expression of co-stimulatory molecules were tested on specific cell 

types. Based on TIM-3 expression, CD8+ T cells were recovered from the co-cultures 

and re-stimulated to test whether the TIM-3mod/high   subpopulation is exhausted. G-CSF 

and NAC stimulation promoted the PMN longevity, diminished the ROS production, 

and enhanced the stimulatory capacity of PMNs on T cell proliferation. The presence 

of lung cancer cells and monocytes prolonged the survival of neutrophils. In co-

cultures, neutrophils swiftly acquired an activated state with decreased CD62L. 

Besides, ROS production by neutrophils was decreased in the co-cultures. The 

presence of monocytes, neutrophils, and lung cancer cells enhanced CD8+ T 

proliferation and the expression of inhibitory receptors. Under certain conditions 

lacking monocytes as major supporters of T-cell proliferation, the presence of 

neutrophils together with lung adenocarcinoma cells, barely supported CD8+ T cell 

responses. TIM-3mod/high CD8+ T cells recovered from NSCLC co-cultures were not 

exhausted and displayed high proliferation and IFN-𝛾 secretion. NAC stimulation did 

not modulate the CD8+ T cell proliferation or TIM-3/LAG3 expression in co-cultures. 

Expression of 4-1BBL, OX40L and B7-2 costimulatory genes were increased in the 

PMNs co-cultured with lung cancer cells, monocytes and CD8+ T cells. Consequently, 

in a co-culture setup employing neutrophils, monocytes, CD8+ T cells and lung cancer 

cells, which was established to partially model the tumor microenvironment, our 

findings indicate the importance of neutrophils as a critical modulator for CD8+ T cell 

responses.  

 

Keywords: T cells, neutrophils, lung cancer, monocytes, costimulation 
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ÖZET 

Özbay F.G. T lenfosit yanıtlarının nötrofil, monosit ve akciğer adenokarsinom 

hücrelerini içeren ko-kültürlerde analizi. Hacettepe Üniversitesi Sağlık Bilimleri 

Enstitüsü, Tümör Biyolojisi ve İmmünoloji Yüksek Lisans Programı, Ankara, 

2019. CD4+ ve CD8+ T hücreleri, anti-tümör immün yanıtlarında kritik aracılardır. 

Nötrofillerle beraber, küçük hücreli dışı akciğer kanserinin (KHDAK) tümör 

mikroçevresinde fazla miktarlarda bulundukları gösterilmiştir. Ayrıca, bir dizi 

çalışma, akciğer kanserinde nötrofil/lenfosit oranının prognostik önemini göstermiştir. 

Bununla birlikte, nötrofillerin immün düzenleyici rolü henüz tam olarak 

açıklanamamıştır. Bu nedenle, bu çalışma, nötrofiller, monositler ve akciğer 

adenokarsinom hücrelerinin varlığında T hücre yanıtlarını değerlendirmeyi 

amaçlamaktadır. Periferik kan nötrofilleri, CD14+ monositler ve CD8+ ve CD4+ T 

hücreleri sağlıklı bireylerden toplanan kanlardan izole edilmiştir. Ko-kültürleri 

optimize etmek için, bu hücre tiplerinin farklı kombinasyonları ile ve çeşitli uyaranlar 

varlığında ko-kültürler oluşturulmuştur. Nötrofiller IFN-𝛾, G-CSF, NAC ve fMLP ile 

uyarılmıştır. Farklı oranlarda, önceden uyarılmış veya yeni izole edilmiş nötrofiller, 

KHDAK hücre hatları (A549, NCI-H1299 veya NCI-H441 ve/veya monositler) ile 

birlikte ko-kültür edilmiştir. T hücreleri üzerindeki antijenden bağımsız etkileri test 

etmek için çözünür anti-human CD3 monoklonal antikoru eklenmiştir. İmmün 

hücrelerin proliferasyonu, canlılığı, aktivasyonu, ROS üretim kapasitesi, sitokin 

üretimi, ve kostimülatör gen ekspresyonu belirli hücre tiplerinde test edilmiştir. TIM-

3mod/high alt popülasyonun yorulmuş olup olmadığını anlamak için, TIM-3 

ekspresyonuna göre, CD8+ T hücreleri ko-kültürlerden toplanarak yeniden 

uyarılmıştır. G-CSF ve NAC ile uyarılan nötrofillerde, ROS üretimi düşerek canlılık 

süresi artmıştır ve bu nötrofillerin T hücre proliferasyonunu da desteklediği 

görülmüştür. Kanser hücrelerinin ve monositlerin varlığı, nötrofillerin yaşam 

sürelerini uzatmış, üzerlerindeki CD62L ekspresyonunu düşürmüş ve ROS üretim 

kapasitelilerini azaltmıştır. Monositlerin, nötrofillerin ve akciğer kanseri hücrelerinin 

varlığı, CD8+ T hücre çoğalmasını ve üzerlerindeki inhibitör reseptörlerinin 

ekspresyonunu arttırmıştır. T hücre proliferasyonunun ana destekçileri olarak 

monositlerden yoksun olan belirli koşullar altında, akciğer kanseri hücreleri ile birlikte 

nötrofillerin varlığında CD8+ T hücre proliferasyonu ve aktivasyonu 

engellenmemiştir. KHDAK ko-kültürlerinden toplanan TIM-3mod/high CD8+ T hücreleri 

yüksek proliferasyon ve IFN-𝛾 üretimi kapasitesine sahip olup yorulmamış hücre 

oldukları gösterilmiştir. NAC eklenen ko-kültürlerde CD8+ T hücre proliferasyonu 

veya TIM-3/LAG3 ekspresyonu değişmemiştir. Akciğer kanseri hücreleri, monositler 

ve CD8+ T hücreler ile birlikte kültürlenen nötrofillerde 4-1BBL, OX40L ve B7-2 

kostimülatör genlerinin ekspresyonu artmıştır. Nötrofiller, monositler, CD8+ T 

hücreleri ve akciğer kanseri hücrelerini kullanarak tümör mikroçevresini kısmen 

modellemek için kurulan bir ko-kültür düzeninde, bulgularımız nötrofillerin CD8+ T 

hücre yanıtları için kritik bir modülatör olarak önemini göstermektedir.  

 

Anahtar Kelimeler: T hücre, nötrofil, akciğer kanseri, monosit, kostimülasyon. 

 

Bu çalışma Hacettepe Üniversitesi Bilimsel Araştırmalar Birimi tarafından 

desteklenmiştir. (Proje No: THD-2018-17436) 
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1. INTRODUCTION 

The interplay between tumor cells and their local environment determines the 

outcome of the immune responses in cancer (1-3). In non-small cell lung cancer 

(NSCLC), T cells and neutrophils have been shown to prevail in the tumor 

microenvironment (4). Besides, a number of studies have estimated the prognostic 

significance of neutrophil-to-lymphocyte ratio in lung cancer (5-6). However, immune 

regulatory role of neutrophils has not yet been fully elucidated. Neutrophils were long 

thought to be the principal innate immune cells. More recently, they were identified 

with the capacity to shape adaptive immunity through secretion of soluble mediators 

or contact-dependent mechanisms (7-8). Both pro-tumor and anti-tumor roles of 

neutrophils have been reported (9). Thus, investigating the interaction of neutrophils 

and other immune cells, especially T cells found in the tumor microenvironment may 

help to better understand tumor immunology and may have implications for the 

immunotherapy approaches. 

Anti-tumor immune responses primarily rely on CD4+ and CD8+ T cells. A 

triumphant cytotoxic activity against tumor cells is mediated by effective antigen 

presentation either from antigen presenting cells (APCs) (mainly macrophages and/or 

dendritic cells) or tumor cells through MHC molecules (1). In NSCLC, high levels of 

CD4+ and CD8+ T cells in the lung tumor microenvironment are associated with 

improved survival. On the other hand, APCs were shown to display reduced MHC II 

expression (2). Inhibitory cytokines produced in the tumor microenvironment can 

promote Treg differentiation and hinder effector functions of CD8+ lymphocytes (3). 

After recognition of an antigen, a second signal for T cell activation is mediated by the 

interaction between co-stimulatory molecules expressed on APCs and cognate 

receptors on the T cells. For efficient clonal expansion and differentiation of T cells 

autocrine and paracrine cytokine signaling is also required (4). The fate of T cells 

function is determined by costimulatory receptors expressed on T cells. Following 

activation, co-inhibitory receptors (i.e. PD-1, CTLA-4, TIM-3, and LAG3) emerge on 

the surface of T cells in order to limit aberrant and autoreactive T cell responses (5). 

Tumor cells, which express ligands for these receptors can escape from the immune 

attack by inhibiting T cell activation. For instance; in NSCLC, high levels of PD-L1 

expressing tumors are associated with decreased numbers of tumor-associated T 
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lymphocytes (TILs) and better response to anti-PD-1 therapy (6). The frequent 

detection of inhibitory ligands in NSCLC and upregulation of the receptors on TILs 

emphasize the potential usage of checkpoint blockade therapies (7, 8).   

Recent studies have reported that neutrophils can influence the functions of T 

cells. They can act as an antigen presenting cells (APCs) for Th cells or cross-present 

antigens to CD8+ T cells (9, 10). Under physiological conditions, neutrophils are rarely 

found in the lung environment; however, upon inflammation or infection they can 

recruit in large numbers. There are conflicting results about the function of neutrophils 

in NSCLC. Although high neutrophil infiltration is often associated with poor 

prognosis, some studies reported their anti-tumor function, as well (11). Recent studies 

have also found a link between the accumulation of myeloid derived suppressor cells 

(MDSC)-like immature cells and tumor progression. High amount of PMN-MDSCs 

often correlates with poor survival in NSCLC (12).  

This study aims to establish an in vitro/ex vivo co-culture model employing 

neutrophils, monocytes, CD8+ T cells and NSCLC cell lines that may be a suitable in 

vitro system to determine the role of neutrophils in CD8+ T cell responses. Preliminary 

optimizations were performed on PMNs for the establishment of co-culture conditions. 

G-CSF was used to enhance the survival of PMNs. Inflammatory factor IFN-𝛾 and 

antigenic factor fMLP were used to give adaptive and innate immunity-related stimuli, 

respectively, In order to reduce the effects of ROS, PMNs were also stimulated with 

NAC. A549, NCI-H1299, and NCI-H441 cell lines were used in this study as a model 

for NSCLC. Viability and activation of PMNs were evaluated in the presence of 

NSCLC cell lines or their conditioned media. CD4+ and CD8+ T cell proliferation were 

determined in the co-cultures containing lung cancer cells, monocytes, and neutrophils 

in the presence of 𝛼CD3 mAb as the first signal for T cells. The expression of 

activation and exhaustion-related markers, cytokine production capacities of co-

cultured CD8+ T cells were investigated. Next, the potential role of PMNs in CD8+ T 

cells’ responses was investigated in terms of ROS production and costimulatory gene 

expression.  

Here, the viability of PMNs was supported in the presence of G-CSF, lung 

cancer cells or their conditioned media. ROS production of PMNs were diminished 

with NAC stimulation and in the presence of lung cancer cells or their conditioned 
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media. When G-CSF- and NAC-stimulated-PMNs co-cultured with allogenic PBMCs, 

they significantly facilitate the T cell proliferation. On the other hand, PMNs 

stimulated with IFN-𝛾 and fMLP did not alter the T cell proliferation. PMNs became 

spontaneously activated after 24h incubation with decreased CD62L. In the presence 

of lung cancer cells or their conditioned media delayed but not inhibit the activation 

of PMNs. Intriguingly, in the co-cultures with PMNs, monocytes, and lung cancer 

cells, T cell responses were enhanced in a contact-dependent manner. In the absence 

of myeloid cells, lung cancer cells did not promote T cell proliferation. CD8+ T cell 

and PMN co-cultures positively influenced T cells, albeit not reaching to the level of 

monocyte-stimulated T cells. In the co-cultures, increased expression of CD137, 

CD69, CD25, and CD107a was observed on CD8+ T cells even if when together with 

lung cancer cells. High levels of IL-6, IL-4, and IFN-𝛾 was detected in the co-cultures; 

however heterogeneity was observed according to the NSCLC cell lines included. 

Upregulation of inhibitory receptors (PD-1, CTLA4, TIM-3, and LAG3) were detected 

on CD8+ T cells; particularly TIM-3 levels were prominent but it was not associated 

with T cell exhaustion. ROS production was diminished in lung cancer cells-co-

cultured PMNs. Further inhibition of ROS by NAC treatment, did not alter T cell 

stimulatory capacity of PMNs. Upregulation of CD86, OX40L, and 4-1BBL mRNA 

in PMNs purified from the co-cultures of monocytes, CD8+ T cells, and lung cancer 

cells was also detected as a possible mechanism promoting PMNs’ influence on T 

cells. 

All in all, a co-culture setup employing neutrophils, monocytes, CD8+ T cells 

and lung cancer cells was created to partially model the tumor microenvironment in 

NSCLC, the current data indicate considerable role of neutrophils in the modulation 

of CD8+ T cell responses in anti-tumor immunity.  
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2. LITERATURE OVERVIEW 

2.1. Polymorphonuclear Leukocytes (PMNs) 

Polymorphonuclear leukocytes (PMNs), also knowns as granulocytes, 

constitute the vast majority of white blood cells in human (13). Morphologically, they 

have multi-lobed nuclei and varying cytoplasmic granules (14). PMNs are comprised 

of eosinophils, basophils and neutrophils. PMNs are named according to their 

distinctive staining patterns with hematoxylin and eosin. Mature resting PMNs in 

human blood express CD15, CD66b, CD16, CD62L, CD11b, CD11a, CD11c and 

CD68 on their surfaces, while mouse PMNs are characterized with CD11b, Gr-

1/Ly6G, Ly6C surface markers (15). PMNs are the key mediators of the innate 

immune system. They generally patrol the body, seek out foreign invaders and provide 

the first line of defense. Their principal role in the innate immune responses is to act 

as guards: recognizing foreign invaders and eliminating them. Eosinophils and 

basophils are the major effectors against parasitic infections and allergic responses. 

On the other hand, neutrophils are rapidly recruited to the infected or injured tissues, 

in which they destroy invaders by multiple mechanisms both intra- and extracellularly 

(16, 17). In human, neutrophils account for 40-75% of leukocytes, whereas eosinophils 

and basophils occupy a minority of leukocyte population. (18, 19). Due to their 

abundance and short life-span, around 1011 neutrophils are continuously generated in 

human bone marrow daily (20).  Identification of distinct subsets of PMNs and the 

network between PMNs and adaptive immunity emerge as novel concepts driving the 

attention of immunologists (21-23). 

2.1.1. Origin and Maturation of PMNs 

PMNs are considered as short-lived cells in the circulation and they must be 

replenished. Thus, they have to be continuously generated in the bone marrow from 

myeloid precursors. A complex process called Haematopoiesis is comprised of 

multiple proliferation and differentiation events, occurs during embryonic 

development and throughout an individual’s life. (19). Three organs (liver, spleen and 

bone marrow) are haematopoietically active in the prenatal period. Soon after the birth, 

this process becomes restricted to bone marrow (24). Hematopoietic stem cells (HSC) 
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reside in the bone marrow are capable of self-renewal and produce daughter stem cells; 

meanwhile, they give rise to a pool of differentiating cells. Progenitor cells produced 

by HSC eventually become mature blood cells (25).  

Once HSCs differentiate into multipotent progenitors (MPPs), MPPs can go 

through either lymphoid lineage (CLP, common lymphoid progenitor) or myeloid 

lineage (CMP, common myeloid progenitor). T and B lymphocytes, NK cells and 

dendritic cells are generated from CLP. Granulocyte-monocyte progenitors (GMPs) 

and Megakaryocyte-erythroid progenitors (MEPs) branch from CMP. Afterwards, 

MEPs differentiate into either erythroid/red blood cells or megakaryocytes. On the 

other hand, GMPs lead to monocytes (further macrophages), PMNs and mast cells 

(26).  Primitives of PMNs originated from GMPs further differentiate into functionally 

active cells, this process is known as granulopoiesis. Since PMNs account for the vast 

majority of white blood cells, granulopoiesis makes up the greatest percentage of 

hematopoiesis. In myeloblast to promyelocyte transition, a switch from proliferation 

into differentiation is observed (26-28). After promyelocyte stage, cells can no longer 

divide, rather differentiate into their matured form.  Myeloblasts and promyelocytes 

derived from GMPs are the first elements of granulopoiesis. Subsequently, these cells 

lead to myelocyte, metamyelocyte, band cell and eventually segmented mature 

neutrophils (Figure 2.1) (29). Granulopoiesis encompasses series of maturational steps 

during which granulocytic differentiation and morphological changes occur. Primary 

azurophilic granules are formed during promyelocyte stage, secondary specific 

granules in myelocyte stage, tertiary gelatinase granules in metamyelocyte and 

secretory vesicles in the last stages of differentiation. Large and round nucleus morphs 

into a kidney-like nucleus during the transition of myelocytes into metamyelocytes. A 

band-like nucleus are further produced in band neutrophils and ultimately band shaped 

nucleus shades into the segmented nucleus in mature neutrophils (Figure 2.2) (14).  

Eosinophils and basophils undergo similar stages of differentiation with 

neutrophils; however, they are less frequent in the bone marrow. In mouse, eosinophils 

are derived from eosinophil-lineage committed progenitor (EoP) which is a population 

downstream of the GMP. Likewise, basophil lineage-committed progenitor (BaP) 

derived from GMP branch into Basophils. In contrast, EoP and BaP (derivates of 

eosinophil and basophils) are directly derived from CMP in human hematopoiesis 
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(30). Eosinophils have secondary specific granules and two-lobed nucleus. Basophils 

have secondary specific granules and bean-shaped nucleus. (31, 32).  

 

 

Figure 2.1. Major steps in the hematopoiesis (33). 

 

Hematopoiesis is modulated by several growth factors (colony stimulating 

factors CSFs) including granulocyte-macrophage colony stimulating factor (GM-

CSF), granulocyte colony stimulating factor (G-CSF), macrophage colony stimulating 

factor (M-CSF), multipotential colony stimulating factor (Multi-CSF), and 

erythropoietin (34). These growth factors are heavily involved in the differentiation of 

specific blood cells. For instance, G-CSF and GM-CSF are responsible for the 

generation of PMNs. The blockade of either G-CSF or its receptor G-CSFR in mice 

leads to neutropenia (35). Moreover, administration of G-CSF results in expansion of 

neutrophils. Nowadays, G-CSF is used to treat cyclic, acquired and congenital 

neutropenia and chemotherapy-related neutropenia (36). 

Cytokines are critical modulators for hematopoiesis. Interleukin 1 (IL-1) and 

tumor necrosis factor (TNF) are some of these modulators. Following a pathogen 
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challenge, many proinflammatory cytokines are produced. IL-1 and TNF- are critical 

proinflammatory cytokines (32). When emergency granulopoiesis orchestrates the 

recruitment of an elevated number of neutrophils from the bone marrow into blood 

circulation, neutrophilia emerges. Neutrophilia is mediated by inflammatory cytokines 

such as GM-CSF and G-CSF (37). Under the influence of IL-3, hematopoietic 

progenitor cells or bone marrow stromal cells may produce IL-6, GM-CSF, and G-

CSF which further assist granulopoiesis (36). It was shown that loss of IL-6 aggravates 

neutropenia resulted from the loss G-CSFR. In addition, IL-6 is involved in primary 

granule formation in the myeloblast/promyelocyte transition stage of neutrophil 

granulopoiesis (38). 

Granulopoiesis is regulated by the actions of specific transcription factors 

(Figure 2.2). PU box binding-1 (PU.1), CCAAT/enhancer binding protein α (C-/EBP-

), runt-related transcription factor 1 (Runx1), growth factor independence 1 (Gfi-1) 

and CCAAT enhancer-binding protein 8 (C/EBP-) are the major transcription factors 

in granulopoiesis (39). PU.1 has a major modulator role in lineage choice of 

myeloblasts towards granulocytes or monocytes. Decreased PU.1 expression and 

increased C-/EBP- favor granulocytic differentiation. Depletion of Runx1 gene in 

the bone marrow gives rise to disruption of granulopoiesis (40). C-/EBP- targets the 

other transcription factors involved in granulopoiesis. Gfi-1 is one of these 

transcription factors and was shown to be critical in neutrophil maturation at the 

promyelocyte stage related to formation of secretory vesicles and gelatinase granules. 

Gfi-1 also promotes the secretion of monocyte lineage promoting factors such as M-

CSF (41).  Another transcription factor affected by C-/EBP- is C/EBP-, which has 

an essential role in promyelocyte to myelocyte transition and its expression peaks in 

myelocytes and metamyelocytes (Figure 2.2). Loss of C/EBP- does not affect initial 

steps of granulopoiesis, rather leads to a failure in terminal differentiation and 

maturation (42). GCSF receptor gene and myeloperoxidase (MPO) is also induced by 

C-/EBP- (43). Cytokines in granulopoiesis have been shown to activate signal 

transducers and activators of transcription proteins (STATs) which are latent 

transcription factors involved in growth factor and cytokine receptor signaling. STATs 

are essential for cell survival, growth, motility, and differentiation. STAT5 can be 
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activated by IL-3 and GM-CSF; STAT3, STAT1, and STAT5 can be activated by G-

CSF. (44, 45).  

Neutrophil elastase (NE) is a serine proteinase found in neutrophils, mast cells, 

and monocytes.  NE is synthesized in the early stages of granulopoiesis and stored in 

azurophilic granules. Mature neutrophils do not produce NE, but rather keep them in 

their granule contents. In response to various stimuli, they release NE together with 

other granule contents. NE plays role in breaking down the proteins released from 

foreign invaders and recruiting many inflammatory cytokines into this site (46).  

Lymphoid enhancer-binding protein (LEF-1) is a crucial transcription factor in 

granulopoiesis. Its target genes such as c-Myc, C/EBP-alpha, cyclin, and survivin are 

critical for the survival and proliferation of neutrophils. c-Myc induces proliferation 

but inhibits cell differentiation. With decreased C/EBP- levels and increased c-Myc 

expression, granulocytic differentiation is diminished (47).  

In terminal granulopoiesis, as the cells become mature, cell size and nuclear 

volume decrease, cell mobilization is enhanced. Distinct granule subsets are formed 

during terminal neutrophil granulopoiesis. These granules share a common matrix that 

contains proteins responsible for exocytosis and a phospholipid bilayer membrane; 

however, they differ in their protein content at which stage they are produced (29). 

Sequential formation of granules during granulopoiesis is initiated at 

myeloblast/promyelocyte transition. Azurophilic (primary), secondary (specific) and 

tertiary (gelatinase) granules are formed respectively (Figure 2.2). Early produced 

granules known as primary granules are characterized by high amounts of 

myeloperoxidase (MPO) (48). Transcription factors involved in azurophilic granule 

formation are GATA-binding factor 1 (GATA-1) and CCAAT/enhancer binding 

protein. Moreover, cell proliferation inducer and cell differentiation blocker 

transcription factors such as c-Myc and acute myeloid leukemia-1 (AML-1) impair 

azurophilic granule formation. In addition to MPO, various proteins constitute 

azurophilic granules such as serine proteases (elastase, proteinase 3, cathepsin G) and 

microbicidal peptides (defensin, azuracidin, and bacterial permeability increasing 

protein) (Figure 2.2) (49).  

MPO production is terminated at the later stages of granulopoiesis. 

Simultaneously, specific granules and gelatinase granules are formed after primary 
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granules. They are known as peroxidase-negative granules. Specific granules reside in 

myelocytes and metamyelocytes. These granules are rich in proteins which participate 

in microbicidal activities (50). Lactoferrin has a direct bactericidal activity by 

disrupting and destabilizing bacterial cell membrane. Additionally, releasing 

lactoferrin from the granules intensifies cathepsin G and serine proteases activation, 

thereby fostering innate immune responses during inflammation (51). C/EBP is a 

transcription factor specific for specific granules and its expression peaks in myelocyte 

sand metamyelocytes (Figure 2.2). In C/EBP deficient mice, neutrophils are defective 

in nucleus shape, respiratory burst production and bacterial activity (42). Moreover, 

decreased expression of c-Myc and AML-1 blocks azurophilic granule formation and 

thus accelerates specific granule formation (52).  

Gelatinase granule formation is initiated by the transition of metamyelocytes 

to band nucleus. Cell proliferation halts at metamyelocytes wherein neutrophil 

differentiation begins. Gelatinase granules are highly enriched for gelatinases (26). 

Arginase 1(Arg1) is a major gelatinase protein, which metabolizes nitric oxide (NO). 

NO modulates various functions of neutrophils such as phagocytosis, generation of 

respiratory burst and neutrophil extracellular traps (NET) formation. After ARG1 

metabolizes NO, it can no longer be a substrate for nitric oxide synthase (NOS). Thus, 

this reaction gives rise to loss of NO, thereby hindering proinflammatory responses 

(53). In gelatinase granule formation, expression of several antiproliferative genes, 

AML-1, C/EBP-, and CDP are pronounced, whereas expression of various 

proliferative genes, C/EBP- and C/EBP-, is inhibited. Additionally, C/EBP- levels, 

which is a key modulator for secondary granule formation, are decreased, as C/EBP-

, C/EBP- and C/EBP- levels are elevated (Figure 2.2) (42).  

At the last stage of terminal granulopoiesis, secretory vesicles are formed in 

segmented neutrophils (Figure 2.2). In these secretory vesicles, the expression of 

several membrane-associated receptor is elevated. Some of these membrane-

associated receptors are CD16, CD15, CD10, CD35, CD11b, CD18, LFA-1 and 

MMP-25 (54). These receptors are critical for neutrophils to retain firm contact with 

the vascular endothelium, enter into inflamed tissue, migrate through the inflammation 

site by chemotaxis and finally eliminate the pathogens. Once the neutrophils become 

fully matured, they acquire exocytosis capacity. In neutrophils, secretory vesicles are 
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designated most exocytosed organelles. (55). Mature segmented peripheral blood 

neutrophils are depicted in Figure 2.3. 

 

 

Figure 2.2. Proteins and transcription factors involved in terminal granulopoiesis. 

 

There are two types of granulopoiesis: steady-state granulopoiesis and 

emergency granulopoiesis. Under physiological conditions, neutrophils are 

maintained from hematopoietic stem cells and progenitor cells in bone marrow by 

steady-state granulopoiesis.  During infection or inflammation, there is a higher 

demand for neutrophils for host defense. Since a high number of neutrophils is 

consumed and should be replenished during the immune responses, granulopoiesis is 

switched from steady state granulopoiesis to emergency granulopoiesis (35, 56). Since 

C/EBP- exerts less inhibitory control towards cell cycle, C/EBP- is latent in 

emergency granulopoiesis, while C/EBP- is a key modulator in steady state 

granulopoiesis (28). In emergency granulopoiesis, both mature and immature 

neutrophils enter the circulation. Thus, the heterogeneity in circulating neutrophils of 

an infected patient can result from emergency granulopoiesis (57).  

In the bone marrow, C-X-C Motif Chemokine Ligand 12 (CXCL12) also 

known as stromal derived factor-1 (SDF-1) is constitutively expressed by osteoblasts 

and perivascular cells. The receptor for CXCL12 is C-X-C chemokine receptor type 4 

(CXCR4) is expressed on neutrophils. CXCR4-CXCL12 interaction retains the 
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neutrophils in the bone marrow and plays a significant role in maintaining their 

homeostasis (58). CXCR2 is also expressed on neutrophils. CXCR2 and CXCR4 

together exerts opposing actions in regulating the migration and mobilization of 

neutrophils. Along with the maturation, CXCR2 expression on neutrophils are 

augmented and CXCR4 expression is declined simultaneously. Thus, neutrophils 

display less affinity to CXCL12 and are released from the bone marrow (58).  

G-CSF is a major mediator of polymorphonuclear neutrophil production in 

both steady state and emergency granulopoiesis. G-CSF known as a critical survival 

factor upregulates CXCR2 expression on neutrophils and downregulate SDF-1 in bone 

marrow cells. Thus, it stimulates neutrophil release from bone marrow (59). 

 

 

Figure 2.3. Mature segmented neutrophils. May-Grünwald-Giemsa stain. 

 

2.1.2. Migration of PMNs 

In response to inflammation or injury, circulating neutrophils, which are in a 

resting state in healthy individuals are recruited rapidly into the stressed tissue (19). 

Damage associated molecular patterns (DAMPs) released from injured tissue are 

recognized by neutrophils generally through G-protein coupled receptors (GPCRs). 

DAMPs contain histones, DNA, N-formyl peptide, high mobility group protein B1 

(HMGB1), interleukin-1α (IL-1α), adenosine triphosphate (ATP) and many other 

proteins. Surrounding tissues are activated by DAMPs and production of lipid 

mediators such as leukotriene B4 (LTB4) and chemokines such as CXCL8 is enhanced. 

DAMPs can activate nuclear factor-κB (NF-κB), which leads to the production of a 



12 

 

 

plethora of bioactive mediators (60, 61). On the other hand, IL-1 induces the 

production of CXCL1, which stimulates the neutrophil migration (62). CXCL8 is 

produced by both immune cells and non-hematopoietic cells, becomes deposited 

around the cells, and creates an appropriate environment for chemotaxis (63).   

Leukocyte recruitment in most tissues is maintained by: tethering, rolling, 

adhesion, crawling and transmigration, which are sequentially proceeded. Migration 

of neutrophil across the endothelium is also a multistep process (tethering, rolling, 

slow rolling, arrest, adhesion, and transmigration) (Figure 2.4) (64). Adhesion 

molecules are critical effectors in this process. Bone marrow sinusoidal endothelium 

cells constitutively express intercellular adhesion molecule-1 (ICAM-1), vascular cell 

adhesion molecule-1 (VCAM-1), E-selectin, and P-selectin. Alternatively, under 

inflammatory conditions, the expression of these adhesion molecules is enhanced at 

the sites of inflammation, as well (65). High levels of CD18 integrins (LFA-1 and 

Mac-1) on the neutrophils mediate firm adhesion to ICAM-1; however, they are not 

critical for neutrophil mobilization.  VCAM-1 is specifically upregulated during 

inflammatory responses, whereas in the bone marrow it is constitutively found on 

stromal cells and sinusoidal endothelium (66). Expression of E-selectin and P-selectin 

on the endothelial cells is enhanced by DAMP related reactions. With their 

overlapping functions, these selectins facilitate neutrophil recruitment (67).  Once 

expressed by endothelial cells, they bind circulating neutrophils that express and 

mediate capturing and tethering of these cells. Neutrophils further roll along the vessel 

directed by blood flow. L-selectin (CD62L) is one of the adhesion molecules expressed 

on the surface of neutrophils. CD62L plays a role in neutrophil rolling along the 

endothelium. Upon activation, neutrophils rapidly shed CD62L, which is a 

prerequisite for neutrophil mobilization (68). Pro-inflammatory cytokines, in 

particular, TNF and IL-1, pathogen-associated molecular patterns (PAMPs) or 

growth factors and chemoattractants participate in the recruitment and activation of 

neutrophils. CXCL8, CXCL2 and CXCL5 signal via CXCR2 and promote neutrophil 

adhesion to the endothelium.  

While rolling along the inflamed endothelium, neutrophils encounter with high 

shear stress urged by blood flow. Therefore, a robust adhesive bond between 

neutrophil and endothelium is required (69). Neutrophil rolling is primarily mediated 
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by creating long membrane bonds known as tethers. When the microvillus resides on 

the surface of neutrophils is tugged by flow force, tethers are formed. With their 

surface ligand P-selectin glycoprotein ligand 1(PSGL1), these tethers bind to 

endothelial P-selectin. Rolling is maintained by the formation and rapidly dissociation 

of this bond at the center and rear of neutrophils (67). Due to their positive charge, 

chemokines bind to negatively charged heparan sulfates which obviates the shear 

forces pushing the cells forward. When LFA1 on neutrophils interacts with ICAM-2, 

the interaction between neutrophils and endothelium is strengthened. Thus, 

neutrophils roll slower, eventually, get arrested and enter the tissue (69). During the 

transmigration process, neutrophils need to pass through the endothelium, then the 

basement membrane (Figure 2.4). Integrins, CAMs (ICAM-1 and 2, VCAM1), CD99, 

junctional and epithelial cell adhesion molecules (JAM, ECAM) are involved in the 

transmigration. Neutrophils are localized between endothelial cells via the interaction 

between MAC1 and endothelial ICAM1. Using several adhesion molecules, 

neutrophils can pass through the endothelium (70). The endothelial basement 

membrane is composed of extracellular matrix proteins, in particular laminins and 

collagens. Neutrophils are transmitted through some regions poor in extracellular 

matrix proteins (paracellular transmigration) (Figure 2.4 a) (71, 72), and/or through 

the basement membrane via releasing proteases such as matrix metalloproteases 

(MMP) (transcellular transmigration) (Figure 2.4 b) (73). 

  



14 

 

 

 

Figure 2.4. The neutrophil recruitment cascade. a) paracellular transmigration, b) 

transcellular  transmigration (73). 

 

In the absence of inflammation or infection, neutrophils swiftly undergo 

apoptosis; however, their lifespan can be prolonged by several days in the presence of 

inflammatory signals (74). In neutrophils, receptor expression patterns are altered  

dynamically to rapidly respond to the pathogens. With the help of altered 

receptor expression and downregulation of junctional adhesion molecules, neutrophils 

can undergo reverse migration.  

Aged neutrophils can be cleared from the circulation in the liver, spleen and 

bone marrow (75). As neutrophils get older, expression of CXCR4 is increased and 

CXCR2 is decreased on their surface. Thus, aged neutrophils become more responsive 

to SDF-1𝛼 and their migration to bone marrow is promoted. Large proportions of aged 

neutrophils are cleared in the bone marrow by bone marrow macrophages (76). On the 

other hand, some studies reported that most neutrophils die in the tissue during 

inflammation and becomes target for macrophages phagocytosis (77). Neutrophils can 

also be cleared with a process involving breaking down of their nuclear contents in the 

formation of neutrophil extracellular traps (NETs) (78). 
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2.1.3. Functions of PMNs 

Even though neutrophils’ functions are primarily recognized as killing of 

infectious microorganisms and phagocytosis, these cells widely contribute to both 

regulation and resolution of inflammation. By producing diverse cytokines, they 

modulate neighboring cells’ activities and stimulate other immune cells (73). 

Neutrophils employ intracellular and extracellular mechanisms to kill microbes such 

as phagocytosis, neutrophil extracellular traps (NETs) formation and production of 

reactive oxygen species. Once a pathogen is phagocytosed, neutrophils release their 

granule contents into a vacuole called phagosome and reactive oxygen species (ROS) 

are generated through the activation of NAPDH oxidase system (79, 80). Besides 

phagocytosis, NET formation may also be promoted by releasing chromatin DNA and 

granular proteins like neutrophil elastase and MPO and histone proteins (for example, 

cathepsin and lactoferrin). NETs can catch and immobilize the pathogen, and promote 

its eradication by either facilitating the phagocytosis or direct proteolytic digestion by 

antimicrobial histones (Figure 2.5) (81, 82).  

 

 

Figure 2.5. Neutrophil antimicrobial activities after it migrates into the injured tissue 

(83). 
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Epithelial surfaces provide first line of defense against infections. They can 

either serve as physical barriers or produce microbicidal substances. Once 

microorganisms cross the epithelial barrier and propagate in host tissues, they will be 

recognized by tissue-resident immune cells including macrophages (84). PAMPs and 

DAMPs released during injury and inaugurate the inflammation. PAMPs are 

composed of bacterial products, whereas DAMPs are host-derived molecules (85). 

Pattern recognition receptors (PRRs) on resident immune cells like macrophages and 

mast cells are activated by these molecules. Several signaling pathways are culminated 

in the activation of transcription factor NF-B and further production of 

proinflammatory cytokines such as IL-1, TNF-𝛼 and interferons. Cytokine release 

recruits to the site of infection (86). Neutrophil recruitment and migration are 

amplified in the presence of LTB4 and CXCL8 (63).  

Upon engagement with the pathogen, neutrophils engulf them in phagocyte 

membrane and internalize into membrane-bound vesicles called phagosomes, which 

further merge with lysosomes to form phagolysosomes (87). The lysosomal contents 

including the enzymes released into the phagolysosome (MPO, NE, MMP-9, etc.) 

contribute to the destruction of the engulfed pathogen (72). These enzymes’ 

production lasts longer in the presence of infection-related proinflammatory cytokines 

such as TNF- (48).   

In addition, neutrophils produce toxic hydrogen- and nitrogen-derived 

molecules such as hydrogen peroxide (H2O2), the superoxide anion (O2
–), and nitric 

oxide (NO). These reactive species are formed in response to proinflammatory factors 

or triggered upon recognition and phagocytosis of foreign bodies (85). NADPH 

oxidase, which is responsible for ROS production produce O2
– by shuttling electrons 

across the phagosome membrane. O2
– is converted to H2O2 by superoxide dismutase 

(SOD). Hydrogen peroxidase is further converted to hypochlorous acid, which is 

critical for microbial effects in PMN (88). On the other hand, NO is produced by 

oxidative deamination of L-arginine by nitric oxide synthase (NOS). Upon neutrophil 

priming with TNF-𝛼, IFN-𝛾 or IL-1𝛽 and foreign antigens, inducible nitric oxide 

synthase (iNOS) produces NO (89).  

To protect the host from tissue damage and prevent amplification of acute 

inflammatory response towards chronicity, inflammation must be strictly regulated. In 
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the early stages of inflammation, proinflammatory cytokines reach to the highest level 

in inflamed tissue. In the later stages, anti-inflammatory mediators are produced to halt 

neutrophil recruitment (90). In the absence of proinflammatory cytokines, neutrophils 

undergo senescence. Upregulation of CXCR4 and downregulation of CXCR2 and 

ICAM1 are observed in senescent neutrophils that are prone to reverse migration 

towards bone marrow. (60). 

  In addition to innate immune reactions, neutrophils can also modulate 

adaptive immune cells (91): It has been demonstrated that neutrophils can acquire 

antigen presenting capacity to helper T cells (Th) through upregulation of major 

histocompatibility complex (MHC) class II expression (92).  

Neutrophils can also interact with dendritic cells (DCs) through NETs. In mice, 

NETs have inhibitory influence on cytokine production of DCs and lipopolysaccharide 

(LPS) induced DC maturation. DCs treated with NETs can hamper T cell proliferation 

and favor type 2 Th (Th2) polarization (93).  

Neutrophils can influence survival, proliferation and IFN-𝛾 production 

capacity of NK cells via their granular components (94). Through the production of 

survival inducing factors such as B-cell activating factor (BAFF) and the proliferation 

inducing factor A (APRIL), neutrophils can also shape B cell responses. Human spleen 

derived neutrophils, which release BAFF, APRIL, and IL-21 can induce T cell-

independent antibody response in B cells (95, 96).  

2.1.4. Subsets of PMNs 

Numerous studies suggested that different neutrophil subsets exist and each 

have a distinct role in inflammation, infection, and cancer (16, 73). Neutrophils gain 

different phenotypes throughout their life cycle. Under physiological conditions, they 

leave the bone marrow and enter the circulation as mature neutrophils and are cleared 

as they become senescent. This shift in their phenotype results in different surface 

molecule expression and distinct neutrophil subsets. Migrating neutrophils express a 

distinct activated phenotype with CD11bhigh , CXCR2low , CD62Llow (97), whereas 

aged neutrophils can be found in the circulation with a phenotype of 

CD62LlowCXCR4highCD49 highCD11bhigh (98).  
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The microenvironment in which they are led to acquisition of diverse 

functional phenotypes (99). PMNs localized in cystic fibrosis airways exhibit a distinct 

exocytic phenotype. Elevated number of proteases released from neutrophils’ primary 

granules are involved in tissue damage in cystic fibrosis airway (100). These 

neutrophils acquire capacity to present antigens through MHC II and B7-1 molecules 

(101). 

 In the context of cancer, disease progression is enhanced by tumor-associated 

inflammation which is consistent with high immune cell infiltration. In many cancer 

types, tumor-associated neutrophils (TANs) have been shown to dominate the immune 

cell infiltrate in the tumor microenvironment (102). In the presence of tumor derived 

proinflammatory factors such as IFN-y, IL-6, GM-CSF, and IL-8, TANs can survive 

longer than circulating neutrophils. TANs are classified into anti-tumorigenic N1 and 

pro-tumorigenic N2 subsets. Although there are numerous studies about murine N1 

and N2 neutrophils, regulation of their counterparts in human has not been extensively 

clarified yet (103). TAN polarization is basically mediated by TGF- and type-I IFNs. 

N2 polarization is mediated by high TGF- and low IFN-, whereas N1 polarization 

is characterized with low TGF- and high IFN-. In a murine study, blockade of TGF-

 shifted the polarization towards N1 (104). N1-polarized TANs display increased 

tumor cytotoxicity, high NET formation, express high levels of ICAM1 and TNF- 

(105). TANs produce a large amount of IL-8, thereby recruiting more neutrophils to 

the tumor microenvironment (106). Nevertheless, regulation of T cell responses by 

TANs largely depends on the type of tumor and its progression stage (107).  

Neutrophils with a phenotype of CXCR4highVEGFRhighCD49+ have been 

identified in the circulation as well. Due to their high MMP9 activity, they can promote 

angiogenesis (108).   

Neutrophil populations found amongst the peripheral blood mononuclear cells 

(PBMCs) separated by density (density < 1.077 g/mL) gradient centrifugation is called 

low-density neutrophils (LDN). These neutrophils, also known as granulocytic 

myeloid-derived suppressor cells (G-MDSCs or PMN-MDSCs), have been identified 

in circulation of pregnant women, neonates, patients with chronic diseases such as 

cancer and autoimmune diseases (109-111). In mice, PMN-MDSCs are defined as 

Ly6G+ Ly6Clow CD11b+. Nevertheless, distinct phenotypic markers validated for 
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human PMN-MDSC is still lacking (112). On the contrary, lectin-type oxidized LDL 

receptor 1 (LOX-1) was found to be a strong candidate among several markers to 

identify PMN-MDSCs in human (113). Main feature of PMN-MDSC is to exert 

immune suppression, which could be revealed by and functional analyses (114). 

Healthy neutrophils accumulate on top of erythrocyte layer after density 

gradient separation of the peripheral blood. In case of inflammation, neutrophils are 

immediately generated and egress from bone marrow. These newly generated cells 

have lower density; thus, they can be found in PBMC fraction as well (115). In 

emergency granulopoiesis, neutrophils with different maturation states are swiftly 

released into the circulation. Thus, it can give rise to heterogeneity in circulating 

neutrophil population. This heterogenous neutrophil population exerts either 

proinflammatory or immunosuppressive function (16). On the other hand, CD10 has 

been reported to be a specific phenotypic marker to discriminate mature neutrophils 

from immature ones. In the blood of G-CSF treated donors, one study has 

demonstrated that mature CD10+CD66b+ neutrophils display an activated phenotype, 

whereas immature CD10-CD66b+ neutrophils promote T cell proliferation and IFN 

production (110).  

CD177, which is a glycoprotein exclusively expressed in intracellular granules 

and plasma membrane, has a critical role in mediating neutrophil adherence to the 

endothelium (116). During pregnancy, sepsis, or G-CSF therapy, CD177 expression 

on neutrophils is augmented. (117, 118). 

Olfactomedin 4 (OLFM4) is largely expressed in prostate, bone marrow and 

gastrointestinal tract (119). Increased number of circulating neutrophils which carry 

OLFM4 in their specific granules is associated with autoimmune diseases (120).  

Another subset of circulating human neutrophils has been reported to carry T 

cell receptor variants (121). In addition, neutrophils with a phenotype of CD11cbright 

CD11bbright CD16bright CD62L dim leads to ROS-mediated T cell suppression (122).  

Although they are largely studied in antimicrobial type 1 responses, neutrophils 

can also be involved in type 2 immune responses. A distinct subset has been found in 

the site of helminth infections. With an excessive production of IL-13, this subset has 

been found to favor M2 macrophage polarization (123).  
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Upon infection and inflammation, IL-17 producing neutrophils have been 

observed in the circulation. These neutrophils express high levels of IL-6 and IL-23 

receptors and have increased ROS production and fungal killing capacity (124). 

2.1.5. Influence of PMNs on T cell responses 

Neutrophils were long thought to be the principal innate immune cells. More 

recently they were identified with the capacity to shape adaptive immunity through 

secretion of cytokines or contact-dependent mechanisms. In both humans and mice, 

neutrophils can influence the functions of many T cell subsets including Th1, Th2, 

Th17, regulatory T cells (Treg) and  T cells (125).  

Th17 is one of the T cell subsets which involves in host protection against 

extracellular and intracellular bacterial infections. IL-17 is a critical mediator under 

inflammatory conditions (126). IL-23, which is a differentiation factor for Th17 

subtype is suppressed by phagocytosis of aged neutrophils. Reduced IL-23 secretion 

results in downregulation of IL-17 production from T cells. Thus, decreased IL-17 

level reduces the production of new neutrophils (127). IL-17 production from 

neutrophils can induce Th17 differentiation. Likewise, IL-17 together with CXCL8, 

IL-1, IL-6, and TNF- secreted from Th17 cells directly induce the neutrophil 

recruitment (127). The direct crosstalk between Treg and neutrophils has been 

demonstrated for human neutrophils. Through the production of CCL17 and anti-

inflammatory lipoxin A4, neutrophils can recruit Treg cells into the tumor tissue. On 

the other hand, there are controversial observations reported on the interaction between 

 T cells and neutrophils both in mice and human. Immune suppressive LDNs or 

PMN-MDSCs were shown to suppress the activation of  T cells in a human study 

(128). Alternatively, another mice study reported that through secretion of IL-1 

during the initial phase of infection, neutrophils can bolster IL-17 production from  

T cells (129).  

They can act like an antigen presenting cell (APC) for Th cells or cross-present 

antigens to CD8+ T cells (9, 10). Neutrophils were reported to present antigen to 

memory CD4+ T cells through upregulation of the costimulatory molecules (CD86 and 

CD80) and MHC II expression. In a mouse study, it was demonstrated that cultured 

together with T cells, neutrophils express MHC II and costimulatory receptors or 
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ligands (92). Another study reported that cross-talk between TANs recovered from 

lung tissue and activated T cells results in upregulation of CD86, OX40-L, and 4-

1BBL costimulatory molecules on neutrophils (10, 107).  

In cancer, there is an unclear role of neutrophils in the modulation of T cell 

responses. While some studies demonstrated neutrophils as enhancers of T cell 

responses in many cancers, others suggested their suppressor role on effector functions 

of T cells (12, 107, 130). Many mechanisms can be responsible for neutrophil-

mediated T cell suppression; for instance, overproduction of ROS and NO, elimination 

of key nutrients for T cell proliferation such as L-arginine, L-cysteine or tryptophan. 

PMN-MDSCs can also produce immunosuppressive cytokines including TGF- and 

IL-10 to direct immune suppression and induce Treg cells (131, 132). Excessive ROS 

production is one of the major mechanisms through which PMN-MDSCs suppress T 

cells (133). A state of oxidative stress is derived from the accumulation of ROS 

molecules. This state gives rise to several inflammatory and pathologic conditions 

(134). PMN-MDSCs produce superoxide which rapidly reacts with molecules to form 

ROS and then disrupts lipids, nucleic acids, proteins and accelerate inflammation and 

apoptosis. ROS molecules derived from PMN-MDSCs modify TCR and CD8 

molecules. Thus, CD8+ T cell-peptide-MHC interaction is hindered. (135). Amino 

acids including arginine, cysteine, and tryptophan are required for T cell effector 

functions (proliferation, maintenance of genomic integrity, survival etc.). Under 

antigenic stimulation, activated T cells consume an excessive amount of amino acids, 

glucose and fatty acids (136). L-Arginine is catabolized by Arg1 and inducible nitric 

oxide synthase (iNOS). As a final product, iNOS generates NO from L-arginine. 

Afterwards, Arg1 converts L-Arginine into L-ornithine and urea. PMN-MDSCs 

produce high levels of Arg1. Depletion of Arginine leads to the reduced expression of 

CD3 and CD3𝜀 on T cells. Downregulation of CD3 and CD3𝜀 expression inhibits 

TCR transduction pathway, and therefore blocks T cell proliferation and reduces 

cytokine production (137). Additionally, T cells do not have an enzyme to convert 

methionine to cysteine, therefore obtain cysteine from extracellular sources.  Antigen 

presenting cells (APCs), including DCs and macrophages can synthesize cysteine and 

transport them to T cells. Similar to T cells, PMN-MDSCs cannot synthesize cysteine 

l and consume higher concentrations of L-cysteine for glutamate uptake. As a result, 
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T cells are deprived from cysteine, therefore cannot synthesize critical proteins for 

their effector functions. (138). Tryptophan is metabolized by indoleamine 2,3-

dioxygenase (IDO). Upregulation of IDO in MDSCs within the tumor 

microenvironment results in tryptophan depletion, that hinders T cell effector 

functions (139).  

2.2. Lung Cancer 

Mortality rates are thought to be the major indicator of cancer progression. As 

the most frequently diagnosed cancer, lung cancer is the leading cause of cancer-

related deaths worldwide (140). Turkey has been found in the top 25 countries with 

the highest lung cancer incidence rate. A high number of cancers are directly related 

to the tobacco smoking and air pollution. In terms of incidence and mortality rates, in 

Turkey, lung cancer ranks first in men (with 21.9 incidence rate in men and 5.3 

incidence rate in women). However, in recent years, its incidence has been also 

increasing in women (141). In addition, most of lung cancer cases has been diagnosed 

at late stage (142).    

Lung cancer is a very heterogenous disease. Based on the histopathological 

studies, it is classified as: small cell lung cancer (SCLC) and non-small cell lung cancer 

(NSCLC). Clinically, according to WHO criteria, lung cancer is categorized wherein 

Stage 1, the tumor cells are located in the lung and has not spread to any lymph nodes 

yet; stage 2, the tumor cells spread to lymph nodes inside the lung, but not found in 

any distant organs; stage 3, the tumor cells spread to lymph nodes at the center of 

chest; and, in Stage 4, tumor cells are found in distant organs (143). 

Epithelial cells constitute the vast majority of lung cells. Upon infection, 

inflammation, resection or exposure to toxic materials, the lung swiftly adopts an 

extensive proliferative state that includes a variety of epithelial cell types. Type 2 

epithelial cells proliferate and differentiate into non-proliferating type 1epithelial cells 

in the alveolar region. They also contribute to the replacement of injured epithelial 

cells (144). Lung alveoli are located at the end of bronchial airways. Alveoli 

encompass type 1 and type 2 squamous epithelial cells. Gas exchange is enabled 

through the extremely thin alveolar wall comprised of type 1 squamous epithelial cells 

(145). Proliferation and differentiation of epithelial cells lining the respiratory tract are 
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affected by the pathogen or toxic agent exposure. Alterations in the respiratory 

epithelium are associated with many acute and chronic lung diseases such as goblet 

cell hyperplasia leading to chronic obstructive lung disease, cystic fibrosis and asthma 

(146). Likewise, repetitive exposure to pathogens, endotoxin or any toxic agents such 

as cigarette smoke causes goblet cell hyperplasia or metaplasia in the respiratory 

epithelium. Moreover, squamous cell metaplasia can be seen in acute or chronic lung 

injury (147).  

Cellular origins of lung cancer remain largely unclear and a matter of debate. 

Tissue-resident stem cells are strong candidates, since they surround the lung and are 

vital for tissue repair and maintenance (148). Due to their long lifespan, they can 

accumulate genetic mutations which may further lead to tumorigenesis. With their 

self-renewing and differentiation capability, type 1 and type 2 cells are thought to be 

the major stem or progenitor cell in the alveoli (149). Type 2 cells are generally 

accepted as initiators of KRAS- mediated adenocarcinoma (150). Neuroendocrine 

cells and cells of hematopoietic origin are also found in the lung tissue. SCLC is 

thought to originate from neuroendocrine cells (151).    

2.2.1. Classification of Lung Cancer 

NSCLC accounts for approximately 80% of lung cancer incidence, whereas 

SCLC makes up the minority (20%) (152). SCLC is strongly associated with tobacco 

smoking and most patients with SCLC are diagnosed at an advanced stage of disease. 

Therefore, patients with SCLC have very low overall survival rate (153).  

The majority of NSCLC is histopathologically categorized as squamous cell 

carcinoma (SCC, 40%) and adenocarcinoma (ADC, 50%). SCCs often emerge in the 

proximal airways, while ADCs are generally located in the distal airways. Chronic 

inflammation and smoking are the main causes of SCCs (154). With glandular 

histology, in general ADCs express cytokeratin 7 and thyroid transcription factor 

1(TTF1) as biomarkers. In contrast, with squamous metaplasia or dysplasia, SCCs are 

separated from ADCs by expressing cytokeratin 5 and 6 or transcription factors p63 

and SRY-box 2 (155). Large cell carcinoma composes a small portion of NSCLC. If 

the tumor cells do not have squamous or glandular shape or do not express biomarkers 
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specific to SCC or ADC, these tumors are generally classified as large cell carcinoma 

(152).  

Tobacco consumption is reported to be the primary cause of lung cancer, 

followed by environmental carcinogens such as air pollution, viral infection, arsenic 

and genetic factors (156). Together with these factors, inflammatory mediators and 

ROS cause oxidative DNA damage and genomic instability. Many studies suggested 

that carcinogens including tobacco can activate nuclear factor kappa B (NFB) 

pathway, which maintains cell survival and proliferation (150).  

In Turkey, according to Turkish ministry of health cancer statistics, NSCLC 

incidence is 66% whereas patients with SCLC account for 14.1% of the patients 

diagnosed with lung cancer (157). 

2.3. Immune Response in NSCLC  

In the respiratory system, mucus coated upper respiratory tract provide the first 

line of defense against pathogens attacking the lung. This mucus is exclusively 

generated by goblet cells and deported by epithelial cells lining the respiratory tract. 

Through expression of PRRs, epithelial cells can recognize the pathogens and they can 

direct immune cells via cytokine secretion (158). The following steps of defense 

against pathogens rests upon immune cells in the lung. Tissue resident macrophages 

are responsible for phagocytosis. Resident macrophages, neutrophils and dendritic 

cells are capable to recruit immune cells for effective pathogen clearance (159). 

Composition of tumor microenvironment represents a factor determining in 

both malignant tumor progression and overall response to the therapy. The 

heterogeneity in the NSCLC microenvironment, especially in terms of function and 

distribution of tumor infiltrating immune cells, has been acknowledged to be critical 

in therapy responsiveness. (160-162). Recent studies on cancer immunotherapy 

focused on characterization of immune cells in tumors, has reported that numerous 

types of immune cells including neutrophils, T cells, B cells, macrophages, NK cells 

and DCs surround the NSCLC tumors (163). Among them, neutrophils and T cells 

prevail (164).  

The interplay between immune system and tumor cells leads to the acquisition 

of numerous anti-inflammatory and regulatory mechanisms by the tumor cells (165). 
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The immune responses to tumors are recognized to have three phases: elimination, 

equilibrium and escape. Tumor cells are eliminated by immune surveillance (tumor 

elimination), and yet remaining tumor cells acquire ability to remain silent and coexist 

with immune cells (equilibrium), however they eventually improve mechanisms to 

evade immune reactions (escape) (Figure 2.6) (166). 

 

 

Figure 2.6. Three phases of immune responses against tumor cells: elimination, 

equilibrium, and escape. 

 

In the tumor nest, CD8+ cytotoxic lymphocytes cannot exert robust antitumor 

response (167). In contrast, the presence of stromal CD8+ and CD4+ T cells are 

correlated with enhanced survival. Moreover, one study has demonstrated that tumor 

infiltrating lymphocytes (TILs) are not capable of producing proinflammatory 

cytokines in vivo; however, they retain their ability to produce these cytokines when 

they are isolated from tumors (ex vivo) (168). In parallel with these, opposite survival 

effects of CD68+ tumor associated macrophages (TAMs) infiltration was observed in 

the tumor stroma and islets in NSCLC. While CD68+ TAMs found in the tumor nest 

correlate with extended survival, they correlate with poor survival when they are found 

in the tumor stroma (169). Moreover, the high levels of CD163+ TAMs both in the 

tumor stroma and nest was found to be correlated with poor prognosis (170). 
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Harboring distinct molecular signatures and histological subtypes, NSCLC has 

been described as a very heterogenous disease in terms of tumor biology and immune 

responses. The type of driver mutations such as KRAS, BRAF, and EGFR and 

exogenous influences such as tobacco smoke may be in NSCLC biology (171). Tumor 

cells in the lung or other organs inevitably interact with extracellular matrix (ECM), 

infiltrating immune cells, fibroblasts, vasculature, and other stromal cells (172). In 

some cases, this microenvironment provides essential supplies for the tumor 

establishment. Accordingly, as in all solid tumors, in the lung tumor 

microenvironment, newly generated lymphatic and blood vessels bring vital nutrients 

for tumor growth and provide the infiltration of numerous myeloid and lymphoid cells 

into the tumor site (173).  

Tumor antigens displayed on the surface of APCs (such as macrophages and 

dendritic cells) through major histocompatibility complex class II (MHC II) leads to 

the activation of CD4+ T helper cells. This further bolsters the activation of CD8+ 

cytotoxic lymphocytes. Besides, CD8+ cytotoxic lymphocytes are also able to be 

activated by directly tumor cells via MHC I. Mature dendritic cells efficiently present 

tumor derived antigens on MHC molecules to CD8+ T cells. This process termed cross-

presentation and has critical role in the generation of immune response against tumors 

(174). Regardless of the activation mechanism, cytotoxic lymphocytes can kill the 

targeted tumor cells via perforin-/granzyme- or Fas/FasL-mediated pathways (175). In 

contrast, tumor cells that loose tumor specific antigen and diminish cell surface 

expression of MHC become hard to be detected by immune cells (176). MHC II 

expression of APCs is also altered in cancer patients. In NSCLC samples, APCs were 

shown to display reduced MHC II expression (2). Inhibitor cytokines including IL-10 

and TGF- secreted by tumor cells reduce MHC II expression on APCs. These 

cytokines can promote Treg differentiation and suppress cytotoxic killing mediated by 

CD8+ T cells (3). 

Tertiary lymphoid structures can arise at the site of inflammation. Bronchus-

associated lymphoid tissues (BALTs) are found in human fetus and infant, but they 

disappear in the normal adult lung. On the other hand, their existence has been reported 

in NSCLC and they are named as tumor-induced bronchus-associated lymphoid tissue 

(Ti-BALT) (177). The effector immune cell colocalization in Ti-BALT has been 
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emphasized. T cells and B cells together with LAMP+ mature dendritic cells 

colocalized along Ti-BALT are related to long-term survival in NSCLC (178). 

The immune cell composition has been recognized as a prognostic biomarker 

for NSCLC. High neutrophil-to-lymphocyte ratio (NLR) has been found to be 

associated with poor prognosis (179, 180). Elevated frequency of Tregs and high IL-

17 level in tumor microenvironment is correlated with poor overall survival (181, 182). 

High TGF- level is associated with angiogenesis and tumor progression (183). On 

the other hand, high Th1-to-Th2 ratio and CD8+ T cell infiltration are significantly 

correlated with extended survival (184, 185). Additionally, high infiltration of M1 

macrophages and low infiltration of M2 macrophages are significantly correlated with 

extended survival in NSCLC (186). 

2.3.1. PMNs in NSCLC 

Under physiological conditions, PMNs are rarely found in healthy lung tissue 

(20). However, following disruption of this steady state, neutrophils rapidly localize 

in the stressed areas of the lung. Neutrophil infiltration is often associated with poor 

prognosis in NSCLCs (11). However, there are conflicting results about the function 

of neutrophils in NSCLC (9, 187). Neutrophils can directly destroy the tumor cells by 

producing ROS (Figure 2.7). Neutrophils have been shown to exhibit immune 

stimulatory activities; when cultured with T cells, tumor-infiltrating neutrophils 

(TANs) promoted T cell proliferation through the expression of costimulatory 

molecules such as OX40L, 4-1BBL, ICAM-1 and CD86 (107, 188). Several studies 

have also reported the antigen presentation capacity of PMNs (Figure 2.7) (10). In a 

study, neutrophils were shown to reinforce immune responses in early stages of lung 

cancer. On the other hand, immune suppressive capacity of neutrophils was also 

reported. Suppression of T cell proliferation was attributed to mechanisms involving 

the accumulation of Arg1 and ROS production (Figure 2.7) (187).  

In NSCLC, N1 and N2 phenotypes of TANs have been described mostly in 

mouse studies. TGF- has been accepted as a key mediator on polarization of TANs. 

High levels of TGF- induces protumor N2, whereas blockade of TGF- results in 

antitumor N1 polarization (Figure 2.7). Depletion of N1 neutrophils leads to increased 

tumor growth (103). Based on the function and immunophenotype of N2 neutrophils 
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in a mouse model of NSCLC, number of reports define these cells as PMN-MDSCs. 

In parallel to this, recent studies found a link between the accumulation of immature 

myeloid cells during chronic inflammation and the MDSC-like immature cells in the 

early stages of tumor progression. Furthermore, number of studies showed that the 

mature neutrophils can also acquire suppressive characters (12). A number of features 

can be used to differentiate PMN-MDSCs from other neutrophils such as high Arg1, 

iNOS activity, and ROS production (Figure 2.7) (133). 

Cytokines released in response to injury, infection, and cellular stress can 

determine the outcome of antitumor response in the lung microenvironment (161). 

Tumor cell growth, invasion and metastasis can be promoted through continuous 

cytokine secretion in the lung with unresolved inflammation. IL-17A is one of the 

frequently found cytokines in the lung cancer microenvironment. By inducing IL-6 

production and recruiting neutrophils into the tumor site, it plays a key role in the 

tumor progression (189, 190). High levels of neutrophils recruited by IL-17A was 

reported to be associated with poor prognosis (191). On the other hand, another study 

showed that PMN population was inversely correlated with T cell density in the tumor 

microenvironment of NSCLC. Same study also reported the heterogeneous 

distribution of PMNs in malignant lung tissue (192).  

2.3.2. T Cell Responses in NSCLC 

In the battle between tumor cells and immune system, tumor infiltrating 

lymphocytes (TILs) play a crucial role. Many studies have suggested a correlation 

between the T cell subsets and disease progression (193). Classically, cytotoxic T 

lymphocytes (CTLs) and IFN-𝛾 secreting Th1 cells elicit anti-tumor immunity, Foxp3+ 

and IL-10 secreting Tregs dampen the immune responses and promote tumor growth 

(Figure 2.7) (194). Through the secretion of suppressive mediators such as 

cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2), tumor cells can directly 

promote Treg infiltration (Figure 2.7). In NSCLC, a high number of CD4+ and CD8+ 

T cells in the lung tumor microenvironment are associated with improved survival, 

whereas high levels of Foxp3 in the lung stroma correlated with higher recurrence risk 

(195).  
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Anti-cancer immune responses primarily rely on CD4+ T cells and CD8+ 

cytotoxic lymphocytes. A triumphant cytotoxic activity against tumor cells is 

promoted by effective antigen presentation either from APCs or tumor cells (1). This 

is mainly attained by macrophages and/or dendritic cells. Activation of T cells which 

recognized the antigens presented requires a second signal mediated by the interaction 

between co-stimulatory molecules expressed on APCs and cognate receptors on the 

lymphocytes (4). Final signal for the efficient clonal expansion and differentiation of 

T cells is promoted by autocrine and paracrine cytokine signaling. Costimulatory 

receptors expressed on T cells determine the fate of T cell function. The delivery of 

the second signal prevent activated T cell from undergoing anergy (196). 

Costimulatory receptor CD28 is constitutively expressed on naïve T cells. Through the 

interaction with B7-1 (CD80) and B7-2 (CD86) on APCs, it provides an essential 

second signal for T cell survival and proliferation (197).  

In order to limit aberrant and autoreactive T cell responses, co-inhibitor 

molecules emerge on the surface of T cells following activation. Cytotoxic T 

lymphocyte associated antigen-4 (CTLA-4) coinhibitory molecule compete with 

CD28 for ligand binding with its higher binding affinity for both B7-1 and B7-2 (198). 

This interaction further induces the expression of IDO, which impairs conventional T 

cell activation and favors Treg functions (199). Besides CTLA-4, programmed cell 

death-1 (PD-1) is also a major inhibitory receptor upregulated on activated T cells. It 

delivers negative signal through the interaction with its ligand PD-L1 and PD-L2. PD-

1 predominantly restricts effector T cell activity within tumors, whereas CTLA-4 

mainly regulates the early activation of T cells (5).  

PD-L1 expression by tumor cells lead to direct inhibition of immune responses 

and correlates with poor clinical outcomes in a numerous number of cancers including 

lung cancer. The frequent detection of PD-L1 in NSCLC and upregulation of PD-1 on 

TILs emphasize the potential usage of checkpoint blockade therapies (7, 8). 

Monoclonal antibodies against PD-1, PD-L1, and CTLA-4 constitutes the majority of 

checkpoint inhibitor therapies. The checkpoint inhibitors were found to be more 

effective in the smokers, in which somatic gene mutations are frequent (200). PD-L1 

and PD-1 can be augmented in cancers with KRAS and EGFR mutations (201). Based 

on these studies, expression of PD-L1 and PD-1 molecules may differ with respect to 
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the molecular pattern of NSCLC (202). Although during the past decades new 

therapeutic strategies have been emerged for lung cancer, the overall 5-year survival 

of lung cancer patients remains very poor, especially in the advanced stages (203). As 

a first checkpoint inhibitor approved in NSCLC, antibody to PD-1 receptor activates 

T cells, NK cells, B cells, and DCs. Its ligand PDL-1 can be expressed on the surface 

of myeloid cells and tumor cells. When PD-1 and PD-L1 interacts, effector T cell 

activity is inhibited (Figure 2.7) (204). High levels of PD-L1 expressing tumors are 

associated with decreased numbers of TILs and better response to anti-PD1 therapy 

(6). Recent studies suggested that anti-CTLA-4 therapy in mice cannot promote T cell 

activation, rather deplete Tregs (163, 205).  

Under immune checkpoint inhibitor therapy, certain patient’ tumors may 

regress remarkably, whereas some tumors may retain their aggressiveness. Low 

response rate towards immunotherapy can be explained by immune escape 

mechanisms established by tumor cells. Tumor cells can hijack the immune system by 

altering the expression of checkpoint molecules. Inhibitors to these checkpoint 

molecules, therefore may not be effective (206). Poor outcomes of immunotherapy can 

be also explained by adaptive resistance gained by tumor cells. After an extensive time 

of therapy, patients with NSCLC can develop therapeutic resistance. Most research 

currently has been focusing on acquired resistance. One study has revealed that upon 

EGFR inhibitor therapy, initial sensitive cells have begun to adapt to the inhibitor drug 

within days and these cells have started to regain proliferation capacity (207). 

Depending on the cytokines produced by CD8+ cytotoxic lymphocytes, they 

can confer different responses against tumor cells. IFN--secreted Type 1 CD8+ T cells 

(Tc1) elicit anti-tumor responses through perforin- or Fas-mediated mechanisms. IL-

5, IL-4, and IL-10 producing Tc2 cells can kill the tumor cells principally through 

perforin mediated mechanism. In addition, IL-17, IL-21, and IL-22-secreting Tc17 

cells also possess anti-tumor activity (208). However, the mechanism behind this 

activity remains controversial (209, 210). While some studies have demonstrated that 

both Tc1 and Tc17 elicit anti-tumor responses, Tc1 cells possess superior capacity and 

higher cytotoxicity. Nevertheless, overproduction of IL-17 in the tumor 

microenvironment has been reported to promote tumor growth through inflammation 

(211). Not only CD8+ T cells, but also Th17 and 𝛾𝛿T cells are responsible for the IL-
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17 found in NSCLC.  Additionally, TGF- and IL-6 secreted by tumor cells or the 

tumor-infiltrating immune cells favor Th17 differentiation (212). Several cytokines, 

growth factors and chemokines produced in chronic immune reactions become 

survival and proliferation signals for malignant tumor cells. Thus, survival, motility 

and invasiveness of tumor cells are supported by the environment created by 

inflammation (213, 214).  

2.3.3. Tumor-associated Macrophages in NSCLC 

Tumor-associated macrophages (TAMs) frequently populates the myeloid 

cells in NSCLC tumor microenvironment. TAMs consist of classically-activated (M1) 

and alternatively activated (M2) phenotypes (215). M1 polarization is known to be 

promoted by IFN-, TNF- and GM-CSF, whereas M2 macrophages were shown to 

be activated by IL-13, IL-4, and PGE2. While activation of M1 macrophages induces 

Th1 responses, impairs cell proliferation and promote tissue damage, M2 macrophages 

induce Th2 responses and promote immune suppression and tissue repair through 

production of IL-10 and TGF-. M1 macrophages are characterized by iNOS, CD80, 

CD86, MHC II and TNF-, whereas M2 macrophages predominantly express CD206, 

CD163, and Arg1. Additionally, M1 has superior ROS and NO production capability 

(Figure 2.7). Triggering receptors expressed on myeloid cells (TREM-1) expressing 

TAMs are frequently encountered in NSCLC patients and are associated with poor 

overall survival (Figure 2.7) (216, 217).  

Some mouse studies demonstrated that there are angiogenic macrophages 

surrounding the tumor. Via secreting proangiogenic factors including vascular 

endothelial growth factor (VEGF) and platelet derived growth factor (PDGF), these 

TAMs were shown to be responsible in increased microvessel formation in the tumor 

microenvironment (Figure 2.7) (218). The inflammatory responses created by immune 

cells including macrophages were reported to be associated with tumor growth (219).  

2.3.4. Other immune cells in NSCLC 

As an innate immunity component, natural killer (NK) cells constitute the first 

line of defense against the tumor cells. In the tumor microenvironment, they exert 

multiple effector functions including perforin-, FasL-, and TRAIL- mediated killing 
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of tumor cells (Figure 2.7). NK cells induce the maturation of DCs and play a role in 

the activation of monocytes and CTLs (220). Cytokines including TNF-, IFN- and 

GM-CSF produced by NK cells promote Th cell polarization. IFN- retains anti-tumor 

activity via inducing MHC I expression and CTL activity (221). NK cell activity and 

IFN- production are diminished in NSCLC patients. Depletion of NK cells was shown 

to result in tumor progression in NSCLC (222).  

The efficacy of immune response to control tumor cells relies on the capacity 

of the antigen presentation through DCs. Immature dendritic cells in the periphery 

express diverse chemokine receptors including CCR1, CCR2, CCR4, CCR5, CCR6, 

CCR8, and CXCR4. Mature DCs are identified with lysosome associated membrane 

protein (LAMP) (223). LAMP+ mature DC, together with B and T cells in Ti-BALT 

promotes effective anti-tumor function in NSCLC (Figure 2.7) (224). After 

encountered with the antigens including tumor derived antigens, dendritic cells take 

up the antigens and form MHC-antigen peptide complexes. They further migrate to 

the secondary lymphoid organs wherein they present this antigens to the T 

lymphocytes (225). Recent studies reported that high levels of immature DCs can be 

encountered in lung cancer. In order to inhibit DC maturation, tumor cells produce 

factors such as IL-6, IL-10, VEGF, PGE2 and TGF- (226). DCs in the lung cancer 

were reported to express low levels of costimulatory molecules. The immaturity and 

low costimulatory molecule expression hamper antigen presentation and indirectly 

restricts adaptive immunity (Figure 2.7) (227).  

Apart from its role in humoral immunity, B cells have also pro-and anti-

tumorigenic functions (228). In NSCLC, tumor infiltrating follicular B cells and 

plasma cells are associated with better prognosis, indicating the anti-tumor role of 

antibodies and plasma cells. Immunoglobulins secreted by lung-tumor stimulated B 

cells can mediate tumor lysis through antibody-dependent cellular cytotoxicity 

(ADCC) or complement dependent cytotoxicity (CDC) (229). In addition to the 

production of antibodies, B cells can also support TIL’s activation, expansion and 

memory formation (230). Colocalization of CD20+ B cells with CD8+ and CD4+ T 

cells in the tumor microenvironment is found to be related with prolonged survival in 

NSCLC patients. On the other hand, the presence of tumor promoting regulatory B 

cells (Bregs) were shown in NSCLC. Bregs display their characteristic immune 
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suppression through suppressive cytokine secretion (IL-10 and TGF-) and inhibitory 

molecules such as PD-L1, which impair T cell and NK cell responses (Figure 2.7) 

(231). 

 

 

Figure 2.7. Schematic demonstration of anti-tumor and pro-tumor responses in 

NSCLC. N1 neutrophils, M1 macrophages, NK cells in the tumor 

microenvironment and the interaction between T cells, LAMP+ mature 

DCs, and B cells in tumor-induced bronchus-associated lymphoid tissue 

(Ti-BALT) are responsible for anti-tumor immune responses. In 

contrast, N2 neutrophils, PMN-MDSCs, M2 macrophages, Tregs, Bregs, 

and PD-L1 expressing tumor cells create suppressive environment. 

 

Both pro-tumor and anti-tumor functions of mast cells were reported in 

NSCLC. A positive correlation has been found between mast cells and microvessel 

densities in the tumor microenvironment, supporting the involvement of mast cells in 

angiogenesis (232). On the other hand, tumor-infiltrating mast cells with high TNF-𝛼 

production and degranulation capacity confer a survival advantage in NSCLC (233).  

Natural killer T (NKT) cells exhibit characteristics of both innate and adaptive 

immune system. A single TCR from NKT cells can recognize numerous antigens and 

they can quickly initiate immune response. IFN-𝛾 produced from the NKT cells act on 

NK and CD8+ T cells (234). In the tumor microenvironment of NSCLC, NKT cells are 

not frequently found. Nevertheless, the presence of NKT cells in the tumor 

microenvironment is associated with extended survival in NSCLC patients (235).  
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A low number of eosinophils is generally found in tumor microenvironment of 

NSCLC (161). However, eosinophilia has been demonstrated in NSCLC patients with 

metastatic tumors (236).  
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3. MATERIALS AND METHODS 

This study was performed in Hacettepe University Cancer Institute, 

Department of Basic Oncology Laboratories from January 2018 to May 2019. All 

experiments including human samples were conducted after the approval of the 

Hacettepe University Noninterventional Clinical Research Ethics Committee. 

(Approval No: GO 18/459-10) 

3.1. Materials Used in This Study 

RPMI-1640 (Capricorn Scientific, USA), high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM) (Biological Industries, USA; Biowest, USA); phosphate 

buffered saline PBS powder (Advansta, USA); 10X trypsin-EDTA (Biological 

Industries, USA); heat-inactivated fetal bovine serum (FBS), L-glutamine, penicillin-

Streptomycin (Biowest, France); histopaque 1.077 g/ml, ionomycin, trypan blue, 

histopaque 1.119 g/ml, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide 

(MTT), propidium iodide, N-Formyl-Met-Leu-Phe (fMLP), N-Acetyl-L-cysteine 

(NAC), sodium dodecyl sulfate (SDS), N,N-Dimetilformamid (DMF), ethidium 

bromide solution (Sigma-Aldrich, USA); IgG isotype control, recombinant human 

IFN-γ, golgi stop (monensin), carboxyfluoresceinsuccinimidyl (CFSE) cell division 

tracker kit, LEGENDplexTM human CD8/NK Panel, DRAQ7TM (Biolegend, USA); 

recombinant human G-CSF (Amgen Inc, USA); 5mL round bottom tubes, RBC lysis 

buffer (Stem Cell Technologies, Canada); phorbol 12-myristate 13-acetate (PMA) 

(Cell Signaling, USA); purified anti-human CD3 mAb (Clone:Hit3a), cell 

proliferation dye eFluor670 (eBioscience, USA); 6X Loading dye, dimethyl sulfoxide 

(DMSO), 10X tris-borate-EDTA (TBE) buffer, 4',6-diamidino-2-phenylindole 

dihydrochloride (DAPI), 50 bp DNA size marker (Thermo Fisher Scientific, USA); 

isopropanol 98% , ethanol 96%, (AppliChem, Germany); 96-well plates cell, culture 

plates, T25 T75 flasks, serological pipettes and other plastic labware (Sarstedt, 

Germany; Nest, China; Orange Scientific, Belgium); Seakem® Le agarose (Lonza, 

USA), mounting medium (Abcam, UK), cellWash, accudrop beads (BD Biosciences, 

USA). 
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3.2. Buffers and Solutions 

Complete RPMI-1640 and high glucose DMEM: Complete medium 

contains 10% heat-inactivated FBS, 1% penicillin and streptomycin and 1% L-

glutamine. Prepared complete culture media were stored at 4C. 

Phosphate-buffered Saline (PBS): In order to obtain 1x PBS solution, 

commercial PBS powder was dissolved in 500 mL distilled water (dH2O) and 

sterilized using by autoclaving. The solution was further kept at 4C. 

Fetal Bovine Serum (FBS): Heat-inactivated FBS was obtained 

commercially. Prior to use, it was brought to the room temperature and then aliquoted 

to 50 mL tubes. Aliquoted FBS was stored at -20C. 

Carboxyfluoresceinsuccinimidyl ester (CFSE) and eFluor670: Lyophilized 

CFSE (100 g) and efluor670 (500 g) was dissolved in 36 l and 126 l sterile 

DMSO, respectively to obtain 5 mM stock solution. Stock solutions were aliquoted 

and kept in -80C. 

Trypan blue: Trypan solution (4% w/v) was obtained by reconstituting 40 mg 

trypan blue with 1x PBS. The solution was then filtered through 0.22 M filter to make 

it sterile.  

MACS buffer: Buffer was obtained by 0.5% bovine serum albumin (BSA) 

and 2 mM EDTA in 50 L PBS and stored at 4C. 

Tris-Borate EDTA (TBE) buffer: Prior to use, 10x buffer was diluted to 1x 

with distilled water. 

Anti-human CD3 (𝜶-CD3) monoclonal antibody (mAb): Anti-human CD3 

(1 mg/mL) was diluted with serum-free RPMI-1640 to obtain 2 g/mL working 

solution which was aliquoted and kept in -20C. 

Recombinant human (rh)IFN-γ: Lyophilized 500 g IFN- γ protein was 

dissolved in serum-free RPMI-1640 and 10 g/mL working solution was prepared and 

stored at -80C. 

Golgi stop (monensin): Working solution (40 M) was prepared from 

monensin stock in serum-free RPMI, then it was aliquoted and stored at -20C. 
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Recombinant human (rh)G-CSF: G-CSF (480 g/0.5 mL) was obtained 

commercially from Neupogen (Filgrastim). Working solution (200 g/mL) was 

prepared diluting with serum-free RPMI. The working solution was used immediately.  

N-Acetyl-L-cysteine (NAC): NAC powder was weighted and 100 mg powder 

was dissolved in 1mL distilled water. Stock solution (10 mg/mL) was diluted with 

serum-free RPMI  to obtain 40 M working solution. Then, the working solution was 

aliquoted and stored at -20C. 

N-Formylmethionine-leucyl-phenylalanine (fMLP): fMLP powder (5 mg) 

was dissolved in 1 mL DMSO. Then, the fMLP solution was diluted in serum-free 

RPMI to have 40 M working solution which was aliquoted and kept in -20C. 

Propidium iodide (PI): Propidium iodide powder (5 mg) was dissolved in 1 

mL distilled water. Then, it was aliquoted and stored at 4C. 

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT): 

MTT powder was weighted and 5 mg powder was dissolved in 1mL PBS, and it was 

stored at 4C. 

SDS/DMF solution: To obtain SDS/DMF solution, 25mL DMF were added 

into 25mL distilled water and then 10g SDS was added slowly. SDS was added 

dropwise and mixed thoroughly on a magnetic stirrer. After that, pH was adjusted to 

4.7 by sodium hydroxide and hydrochloric acid when required. The solution was 

stored at room temperature. 

Phorbol 12-myristate 13-acetate (PMA): PMA powder was dissolved in 

DMSO to obtain 200 M stock solution. Then, it was diluted with serum-free RPMI 

1640 to have 80 M working solution. The working solution was then aliquoted and 

stored at -20C. 

RBC lysis buffer: RBC lysis buffer (10x) was diluted to 1x working solution. 

The working solution was aliquoted and then stored at 4C. 

3.3. Cell Culture and Purification 

3.3.1. Cell Culture 

When the confluency of the cells became around 80% in the flask, they were 

transferred into a T75 flask. Human lung epithelial adenocarcinoma cell lines used in 



38 

 

 

this study are NCI-H441, A549, NCI-H1299 (ATCC-LGC Promochem, USA). They 

are adherently growing cell lines. RPMI 1640 was used as a growth medium for NCI-

H441 and NCI-H1299, whereas high-glucose DMEM was used for A549. Prior to use 

medium was supplemented with 10% FBS, 1% penicilin/streptomycin, and 1% L-

glutamine (complete medium). 

For the passaging of the cells, growth medium was discarded and the cells were 

washed with 1x PBS to get rid of remaining FBS. The cells were further treated with 

10x trypsin/ EDTA (300 𝜇L for T25 flask and 600 𝜇L for T75 flask) for 3-4 minutes 

in a humidified incubator. Meanwhile, they were observed under microscope. As soon 

as the cell layer was detached, appropriate growth medium was gently added. Sub-

cultivation ratio for NCI-H441, A549, NCI-H1299 are 1:5, 1:7, 1:10, respectively; thus 

at algorithmic growth phase, they needed 2 passages per week.  

Isolated primer cells (Please see Section 3.3.4) were also maintained in 

complete RPMI. All cells were kept under appropriate conditions (37C, 5% CO2) in 

a humidified incubator (Thermo Fisher Scientific, Hera Cell 150i, USA).  

3.3.2. Freezing and Thawing of Cell Lines 

Before freezing, the cells were resuspended in a mixture containing complete 

RPMI medium (50%), FBS (%40) and DMSO (%10). The cells were further swiftly 

transferred into cryogenic vials. Then, they were put in “Mr. Frosty” Freezing 

Container (Thermo Fisher Scientific, USA) which was used to achieve a rate of 

cooling -1C/ minute in -80C. Then, the vials were placed at vapor phase in a liquid 

nitrogen tank.  

For thawing of cryopreserved cell lines, cryogenic vials were rapidly 

transferred from liquid nitrogen into the 37C water for 1-2 minutes. Afterwards, under 

laminar flow hood, the cell suspension was transferred into a 50 mL tube containing 

the pre-warmed complete growth medium appropriate for each cell line (high-glucose 

DMEM or RPMI 1640). They were centrifuged (1800 rpm, 5 min, 25C) to remove 

the DMSO containing medium. The cells were further transferred into a T25 flask and 

resuspended in 20 mL complete medium.  
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3.3.3. Cell Counting  

To count the cells accurately, cell suspension must be uniform and contain only 

single cells. Clump formation was avoided by gently pipetting the suspension obtained 

by trypsin-EDTA procedure (Section 3.3.1). A 10 L volume from cell suspension 

was mixed with 10 L 0.4 % trypan blue solution. Then the mix was transferred into 

the Fuchs-Rosenthal Counting Chamber (Hausser Scientific, USA). This chamber was 

covered with cover slip to provide capillary action. The distance between the chamber 

and coverslip is 0.1mm and the size of the chamber is 0.1 mm x 0.1 mm. Under a light 

microscope with 40x magnification, the chamber is seen with 16 small squares, the 

cells in the squares were counted (Figure 3.1).  

 

 

Figure 3.1. Schematic drawing of Fuchs-Rosenthal Counting Chamber (Hausser 

Scientific, USA) through microscope. One square, whose one side is 1 

mm contains 16 small squares having the sides of 0.25 mm.  

 

Cell density was calculated with the Formula 3.1. After the counting, the cover 

slide counting chamber were cleaned with 75% ethanol. (3.1) 
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3.3.4. Isolation of the cells and Cell Sorting 

Density gradient separation: Peripheral blood obtained from the healthy 

volunteers was collected in EDTA containing tubes (BD Biosciences, USA). One unit 

of blood was diluted with one unit of serum-free RPMI 1640 or 1x PBS. Meanwhile, 

15 mL Histopaque 1.077 g/mL was gently layered over 15 mL Histopaque 1.119 g/mL 

in a 50 mL tube. Then, the blood was added slowly through the walls of the tube and 

centrifuged (400 x g, 25 min, 25C) with no brake. After centrifugation, there were 

two layers containing PBMCs (upper layer) and PMNs (lower layer) (Figure 3.2). 

Upper layer and lower layer were carefully transferred into separate 50 mL tubes. 

These tubes were filled with 1x PBS solution and centrifuged (1800 rpm, 5 min, 25C). 

After discarding the supernatant, the pellet was resuspended in complete RPMI 

medium.  

 

 

Figure 3.2. PBMC and PMN separation by biphasic density gradient centrifugation. 

 

Lysis of Red Blood Cells : Residual red blood cells in PMN fraction were 

lysed by RBC lysis buffer (Stem Cell Technologies, Canada). Before use, 10x RBC 

lysis buffer was diluted to 1x with deionized water and brought to the room 

temperature. The buffer (2 mL) was added into the tube containing PMNs in 300-500 

𝜇L complete RPMI 1640. Buffer was gently mixed by pipetting up and down for 3-5 
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minutes. Then, the tube was filled with complete RPMI medium and centrifuged (1800 

rpm, 5 min, 25C) to wash away lysis buffer. The washing step was repeated twice. 

Supernatant was discarded and pellet was checked whether another lysing is necessary. 

PMNs were further resuspended in 2-3 mL complete RPMI medium. 

Fluorescence-activated cell sorting (FACS): Fluorescence activated cell 

sorter (FACS) (FACSAria II, Biosciences, USA) and its software (FACS Diva V8.0.1, 

BD Biosciences, USA) were used to purify the cells of interest. Sorting must be 

performed on an optimized FACS device with a stable stream and drop delay value. 

Accudrop beads was used to set appropriate values for FACS. 

Gating of singlet cells are the first step in flow cytometric analysis. Doublets 

were excluded by plotting the height (FSC-H) against area (FSC-A) on forward scatter. 

Singlet cells were gated and further distributed based on their size (FSC-A) and 

granularity (SSC-A). Then, the target population was identified based on the particular 

staining with fluorochrome labelled antibodies specific for the surface antigen of 

interest.  

CD4+ and CD8+ T cells were sorted from freshly collected PBMCs. Firstly, 

PBMCs were resuspended in 1 mL serum-free RPMI medium. Then, they were 

incubated with anti-human CD4-APC and anti-human CD8-PE-Cy7 mAbs at room 

temperature for 25 minutes in dark. Then, the tube containing labelled PBMCs was 

filled with complete RPMI 1640 and the cells were filtered through 40 um sterile cell 

strainer (Stem Cell Technologies, Canada). After doublet discrimination and SSC-FSC 

gating, CD4+ and CD8+ T cells were sorted by FACS. Then, the purity of collected cell 

populations were determined by directly running them on the flow cytometer (Figure 

3.3). Pure CD4+ and CD8+ T cells (with a purity of ≥ 95%) were resuspended in 

complete RPMI medium and used in further assays.  
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Figure 3.3. The gating strategies for the purification of CD4+ and CD8+ T cells from 

the isolated PBMCs of healthy volunteers by FACS. The cells before 

(pre-sort) and after (post-sort) sorting were also shown. 

 

After 24h of incubation, CD15+ PMNs were back-sorted from the co-cultures 

employing monocyte, lymphocyte and lung adenocarcinoma cells (Please see Section 

3.3.5). Cells obtained from the co-cultures were stained with anti-human CD15-PE 

mAb. Then CD15+ cells were gated and collected by FACS (Figure 3.4). In addition, 

from the co-cultures CD8+ T cells were gated and TIM3-/low and TIM-3mod/high 

populations were separately back-sorted. The cell purity following FACS procedure 

(post-sort) was assessed in comparison to that of the initial mix population (pre-sort) 

(Figure 3.5). 
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Figure 3.4. The gating strategies for the purification of CD15+ PMNs from the co-

cultures containing CD8+ T cells, monocytes and lung adenocarcinoma 

cells by FACS. The cells before (pre-sort) and after (post-sort) sorting 

were also shown. 

 

 

Figure 3.5. CD8+ T cells were back-sorted from the co-cultures containing 

monocytes, PMNs and lung adenocarcinoma cells according to TIM-3 

surface expression levels. TIM-3 expressing T cells were further 

enriched in TIM3-/low and TIM-3mod/high populations by FACS. 
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Magnetic-activated cell sorting (MACS): CD14+ monocytes were purified 

from the PBMCs obtained from healthy volunteers based on the protocol given by 

CD14 MicroBeads, Magnetic Separation with LS columns (Miltenyi Biotech, USA). 

PBMCs (107) were resuspended in 80 L of buffer (containing 0.5% bovine serum 

albumin (BSA), and 2 mM EDTA in phosphate- buffered saline (PBS)). CD14 

Microbeads (20 L) was further added into the cell suspension. Afterwards, this cell 

suspension was incubated at 4C for 15 minutes. Then, the cells were washed with 1-

2 mL buffer and centrifuged at 300 x g for 10 minutes. Supernatant was aspirated and 

cell pellet was resuspended in 500 L buffer. Meanwhile, an LS column was placed 

in the magnetic field of MACS separator and cleaned with 3 mL buffer. Cell 

suspension was further applied onto the column. Column was washed with 3 mL buffer 

three times. After that, column was removed from the separator and placed on a 50 mL 

tube. By gently pushing the plunger into the column, magnetic labeled CD14+ 

monocytes were flushed out. The cells were further centrifuged at 1800 rpm for 5 

minutes and the cell pellet was resuspended in complete RPMI-1640. Efficiency of the 

MACS or the purity of the cells were assessed by labelling with a fluorochrome 

conjugated anti-human CD14 mAb and analyzed by flow cytometry. Purity of the cells 

after sort was 93-95%. (Figure 3.6) 

 

 

Figure 3.6. Confirmation of the purity of CD14+ monocytes isolated by MACS. 

Before and after MACS, the cells were labelled with CD14-PE antibody 

and analyzed by flow cytometry. 
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3.3.5. Establishment of Co-cultures: 

A549 and NCI-H1299 (5x103/well) and NCI-H441 (30x103/ well) were seeded 

in complete RPMI-1640 in 96-well round bottom and flat bottom plates. The number 

of cancer cells seeded in the beginning of co-cultures were empirically determined by 

the number of cells needed to reach 80-90% confluency by 72h of cultivation (Figure 

3.7) or MTT proliferation assay (Please see Section 3.4.2).  

 

 

Figure 3.7. Confluency of the A549, NCI-H1299 and NCI-H441 after 72h of 

incubation. A) Pictures of A459, H1299 and H441 cells seeded in 

different numbers (5x103, 10x103, 15x103, and 30x103) in a round 

bottom 96-well plate and (B) in a flat bottom 96-well plate. 

These cells were co-cultured with purified CD8+ or CD4+ T cells (labelled with 

eFluor670 for proliferation analysis), monocytes and PMNs in different ratios. Before 



46 

 

 

co-culture, stimulation of T cells with 𝛼-CD3 mAb (25 ng/mL) for 72hgives the first 

signal for T cell activation, whereas co-stimulatory signal for T cell activation was 

came from the myeloid cells in the co-cultures. The ratio of CD8+ or CD4+ T cells 

were used as the main variable (monocyte:PMN:CD4+ T cell, 0:0:1, 0:0.5:1, 0.5:0:1, 

0.5:0.5:1; monocyte:PMN:CD8+ T cell, 0:0:1, 0:0.5:1, 0:1:1, 0.125:0:1, 0.25:0:1, 

0.5:0:1, 0.125:0.5:1, 0.125:1:1, 0.25:0.5:1, 0.25:1:1, 0.5:0.5:1, 0.5:1:1) wherein “1” 

stands for 2x104 cells/well in 96-well round-bottom plates. As controls, all conditions 

were performed in the absence of lung cancer cells as well. Instead of cells, 

conditioned media obtained from A549, NCI-H1299 and NCI-H441 cells were used 

for certain experiments. A549, NCI-H1299 and NCI-H44 cells were seeded (2x106) 

into a T25 flask in 6mL complete RPMI-1640. Following 24h, supernatants were 

collected into 15ml tube and centrifuged for 5 minutes at 1800 rpm. After 

centrifugation, supernatants were collected and defined as “conditioned media”. NAC 

(1 M) or G-CSF (50 ng/mL) were also used to modify ROS production and cell 

viability, respectively, added into the co-cultures.  

PMNs were cultured (5x105) in complete RPMI medium in 5 mL tubes. Then, 

they were treated with G-CSF (50 ng/mL), NAC (1 M), fMLP (1M) or IFN- (50 

ng/mL). After 24h, they were washed with complete medium and centrifuged (1800 

rpm, 5 min, 25C). Meanwhile, PBMCs (stimulated with 25 ng/mL 𝛼-CD3 mAb and 

labelled with eFluor670 proliferation dye) were put into the wells. PMNs were added 

onto the PBMCs at different ratios (PMN: PBMC, 0:1, 0.125:1; 0.25:1, 0.5:1, 1:1 

wherein “1” indicates 1x105 PBMCs).  

3.3.6. 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide 

(MTT) cell viability assay: 

Number of lung cancer cells used for the co-culture assays were also confirmed 

by MTT assay (Figure 3.8). A549, NCI-H1299 and NCI-H441 cells were seeded in 

100 𝜇L complete RPMI 1640 in a round bottom 96-well plate at different numbers 

(5x103, 10x103, 15x103, and 30x103 per well) in triplicates. Following 72h of 

incubation, 25 L from MTT (5 mg/mL) was added into each well and the plate was 

incubated for further 4 hours. After that, 80 L SDS-DMF solution was added into 

each well containing cells. SDS-DMF was also added into an empty well (blank well). 
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Then, the plate was incubated for 24h. At the end of the incubation, the absorbance of 

each well was measured by at 570 nm Spectra Max Microplate Spectrophotometer 

(Molecular Devices, USA). Average OD values from triplicate readings were 

determined (ODsample) and normalized to OD value from the blank by the following 

formula: ODsample - ODblank. 

 

 

Figure 3.8. Optical densities (OD) of A459, NCI-H1299 and NCI-H441 cells seeded 

at different numbers. Cells were seeded in triplicate (5x103, 10x103, 

15x103, and 30x103 cells/well) and average OD at 570 nm was used. 

 

3.4. Immunological Techniques 

3.4.1. Flow Cytometry Analysis 

Before staining, the cells were resuspended in 100 L CellWash (BD 

Biosciences, USA) in 5 mL tubes. According to manufacturer’s protocol, they were 

stained with roughly 100ng fluorophore conjugated antibodies (Table 3.1). The tubes 

were slightly vortexed and incubated for 40 minutes at 4C in dark. After incubation, 

1-2 mL CellWash was added into each tube and they were centrifuged (1800 rpm, 5 

min, 25C). The supernatant were discarded and the pellet was resuspended in 100-

150 L CellWash.  

CD8+ T cells obtained from the co-cultures was treated with 1 𝜇M Monensin 

together with 100 ng CD107a-PE mAb in 100 L CellWash. Cells were incubated for 



48 

 

 

5 hours. After incubation, the cells were washed with 1-2 mL CellWash and 

centrifuged (1800 rpm, 5 min, 25C). The cells were further analyzed on a flow 

cytometer (FACSAria II, BD Biosciences, USA). Isotype-matched antibodies, as 

controls, were used to distinguish cell populations which were positive for specific 

markers. 

Table 3.1. Antibodies used in flow cytometric analysis.  

Antibodies 

(anti-human) 

Clone Manufacturer Fluorochrome 

CD4 RPA-T4 BD, USA APC 

CD8 RPA-T8 BD, USA APC 

CD8 SK1 Sony, USA PE-Cy7 

CD11b M1/70 Biolegend, USA APC 

CD14 M5E2 Biolegend, USA PERCP 

CD15 HI98 Biolegend, USA FITC 

CD15 HI98 BD, USA PE 

CD25 (IL-2R) BC96 Biolegend, USA APC-Cy7 

CD33 P67.6 Sony, USA PE-Cy7 

CD62L DREG-56 Biolegend, USA PE 

CD66b G10F5 Biolegend, USA FITC 

CD69 FN50 Biolegend, USA FITC 

CD86 (B7-2) IT2.2 BD, USA PE-Cy5 

CD107a (LAMP-1) H4A3 Biolegend, USA PE 

CD137 4B4-1 BD, USA PE 

CD152 (CTLA-4) L3D10 Biolegend, USA PE 

CD223 (LAG3) 11C3C65 Biolegend, USA FITC 

CD279 (PD-1) EH12-2H7 Biolegend, USA APC-Cy7 

CD366 (TIM-3) F38-2E2 Biolegend, USA PE 

HLA-DR L243 Biolegend, USA APC-Cy7 

 

Tracing the proliferation of CD4+, CD8+ and PBMCs in co-cultures with 

eFluor670: Isolated CD4+, CD8+ and PBMCs were resuspended in serum-free RPMI 

1640 (2x106 cells/500 L). They were stained with eFluor670 dye at a final 

concentration of 5 M. The tubes containing cells were incubated for 10 minutes in 

dark. After incubation the tubes were filled with complete-RPMI medium and placed 

on ice for 5 minutes in dark. Then, they were centrifuged (1800 rpm, 5 min, 25C), 

further refilled with complete-RPMI medium and centrifuged again. Having discarded 

the supernatants, the cells were resuspended in complete RPMI medium. Following 
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72h of incubation in the co-cultures, eFluor670 labelled immune cells were gated and 

percentage of proliferated cells were assessed by flow cytometry.  

Assessment of TIM3-/low and TIM-3mod/high proliferation with CFSE: From 

the co-cultures employing PMNs, monocytes, and A549 cells, CD8+ T cells were back-

sorted based on TIM-3 expression levels after 72h of incubation. They were further 

enriched in TIM-3-/low and TIM-3mod/ high by FACS. The two sub-populations were 

resuspended with serum-free RPMI 1640 (1x106 cells/ mL) in 15 mL tubes. Then, 

CFSE (5mM) was added into each tube at a final concentration of 5 μM. The cells 

were further incubated at 37˚C for 15 minutes. Afterwards, the tubes were filled with 

complete RPMI medium and placed on ice for 5 minutes. Then, they were centrifuged 

(1800 rpm, 5 min, 25C), then refilled with complete-RPMI medium and centrifuged 

again. After discarding the supernatants, the cells were resuspended in appropriate 

amount of complete RPMI 1640 and stimulated with various agents. These two sub-

populations were further incubated with rhIL-2 (5ng/mL) and/or plate bound 𝛼-CD3 

(HIT3A) with or without soluble anti-CD28 (2ug/mL).Following 72h of incubation, 

the CFSE fluorescence was read by flow cytometry. 

Flow cytometric viability assay: PMNs were co-cultured with A549 and NCI-

H1299 lung adenocarcinoma cell lines (PMN: monocyte: cancer cell; 0.5:0.5:0.125). 

They were also cultured with conditioned media from the cell lines. Additionally, they 

were treated with G-CSF (50 ng/mL), NAC (1 M), fMLP (1M) or IFN- (50 

ng/mL). Following 24h, 48h and 72h of incubation, PMNs recovered from the cultures 

were resuspended in 100 L CellWash. They were either stained with propidium 

iodide (PI) or DRAQ7 to assess cell viability. PI was added into PMN containing tubes 

at a final concentration of 25 ng/mL, whereas DRAQ7 was applied to PMNs at a final 

concentration of 0,3 M. PI-stained PMNs containing tubes were further placed in 

dark for 5 minutes, then filled with 1-2 mL of CellWash and centrifuged (1800 rpm, 5 

min, 25C). This washing step was not performed for PMNs stained with DRAQ7. 

After centrifugation, the cell pellet was resuspended in 100-150 L CellWash and 

analyzed by flow cytometry.  

Multiplex cytokine profiling by cytometric bead-based immunoassay: To 

identify cytokines derived from co-cultures, supernatants from co-cultures containing 

lung cancer cells, monocytes, PMNs and CD8+ T cells were collected. Besides, 
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supernatants were also obtained from TIM-3+ and TIM-3-  cells stimulated with PMA 

and ionomycin for 16h. Collected supernatants were stored at 80C. Presence of IL-2, 

IL-4, IL-10, IL-6, IL-17A, TNF-α, sFas, sFasL, IFN-γ, granzyme A, granzyme B, 

perforin and granulysin was tested simultaneously in the supernatants with 

LEGENDplex™ Human CD8/NK Panel (Biolegend USA). This assay was performed 

according to manufacturer’s protocol. Briefly, before the experiment, the supernatant 

samples were brought to the room temperature. In a 5 mL tube, 25 L sample, 25 L 

Assay buffer, 25 L pre-mixed beads, and 25 L detection antibodies were mixed 

thoroughly. Covered entirely with aluminum foil, tubes were incubated for 2 hour on 

a plate shaker. Without washing, 25 L Streptavidin-PE (SA-PE) was added to each 

tube. The tubes were incubated for further 30 minutes on a plate shaker. Then, they 

were centrifuged (1000 x g, 5min, 25℃). Supernatant was removed and then 200 L 

of Wash Buffer was added to each tube. Samples were read by flow cytometry and the 

data analysis were performed with LEGENDplexTM data analysis software to quantify 

cytokine levels. 

Flow cytometric measurement of ROS production: PMNs treated with G-

CSF and/or fMLP in the presence or absence of NAC were analyzed for the capacity 

of ROS production. ROS production of PMNs obtained from the co-cultures 

containing lung cancer cells, monocytes in the presence and absence of CD8+ T cells 

was also assessed. Moreover, ROS production of PMNs treated with conditioned 

media from lung cancer cells with or without monocytes was analyzed. Firstly, PMNs 

were resuspended in serum-free RPMI 1640 in 5 mL tubes and stained with 2',7' 

dichlorodihydrofluorescein diacetate (H2DCFDA) at a final concentration of 10 M. 

After gently vortexing, the tubes were incubated for 25 minutes at 37C. Then, the 

tubes were swiftly placed on ice and 2 mL CellWash was added into each tube. The 

tubes were further centrifuged (1800 rpm, 5 min, 25C). After the tubes were swiftly 

placed on ice, supernatants were discarded and cells were resuspended in 150 L 

CellWash. Lastly, mean DCFDA fluorescence intensities (MFI) of the cells were 

analyzed by flow cytometry. For certain experiments, MFI of PMNs stimulated with 

NAC was normalized to MFI of unstimulated PMNs according to following formula: 

MFINAC stimulated PMN / MFIunstimulated PMN . 
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3.5. Molecular Techniques 

3.5.1. Total RNA isolation and spectrophotometric analysis  

RNA isolation was performed with RNA purification kit (Norgen Biotek, 

Canada) according to manufacturer’s recommendations. PMNs collected from the co-

cultures or freshly isolated PMNs or PMNs cultured for 24h were lysed with 100 L 

RL buffer supplemented with %1 -mercaptoethanol in 15 mL tubes. Ethanol (70%, 

100 L) was slowly added into each tube and the mixture was transferred into spin 

columns. Then, the spin columns were centrifuged (14.000 x g, 1 min, 25C). Flow 

through was discarded and the columns were reassembled onto collection tubes. Wash 

buffer (400 L) was applied to the columns and they were centrifuged (14.000 x g, 1 

min, 25C). Washing step was repeated for three times. Then, the columns were placed 

into elution tubes. Elution solution (25 L) was added and centrifuged (200 x g, 2 min, 

25C, followed by 14.000 x g, 1 min, 25C).  

Quality and concentration of isolated RNAs were measured at UV 

Spectrophotometer at OD260, OD280 and OD230 nm (NanoDrop ND-1000,USA). 

OD260/280 and OD260/230 ratios are used to determine the purity of nucleic acids.  

3.5.2. cDNA synthesis  

Complementary DNA (cDNA) was synthesized from the isolated RNA with 

Quantitect Reverse Transcription Kit (Qiagen, Netherlands), which enables both  

genomic DNA elimination and reverse transcription. Components and protocol of 

cDNA synthesis reaction are shown in Table 3.2. Briefly, a mix containing RNA 

sample, gDNA wipeout buffer and RNase-free water was prepared and incubated for 

2 min at 42C. Then, the mixture was rapidly placed on ice. Buffer, primer mix and 

reverse transcriptase were further added into the mixture and incubated for 2 min at 

42C, followed by 2 min at 95C. All incubation steps were performed in a thermal 

cycler plate (Arktik Thermal Cycler, Thermo Fisher Scientific, USA).  
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Table 3.2. cDNA synthesis reaction set-up. 

 
 

3.5.3. Polymerase chain reaction (PCR) 

Primer sequences for B7-1, B7-2, B7-H2, 4-1BBL, OX-40L, LIGHT, and β-

actin designed for gene expression analyses are listed below (Table 3.3).  

Table 3.3. Forward and reverse primer sequences of the genes and related 

information.  

 

 

Components and protocol for PCR reaction were indicated in Table 3.4. Prior 

to use, all reagents were brought to the room temperature and mixed well by vortexing, 

except for Taq DNA Polymerase (Thermo Fisher Scientific, USA). 
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Table 3.4. PCR components and reaction mixture. 

 

 

All steps for the preparation of PCR mixture was performed on ice. For the 

reaction, a master mix was prepared in a 1.5 mL tube. Respectively, Taq Buffer, 

RNase/DNase free water, (dH20), dNTP mix, forward and reverse primers, and MgCl2 

were added into the mix. The master mix was further mixed thoroughly by vortexing. 

Then, Taq DNA polymerase enzyme was added and the mix was distributed equally 

into 200 𝜇L PCR tube. Lastly, corresponding cDNA was pipetted into each tube which 

was then placed into the thermal cycler’s plate (Arktik Thermal Cycler, Thermo Fisher 

Scientific, USA). Gradient PCR program indicated in Table 3.5 was performed for all 

genes of interest including β-actin to determine the optimal annealing temperatures. 

The annealing temperatures assessed after gradient PCR were described in Table 3.6. 
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Table 3.5. Gradient PCR program for B7-1, B7-2, B7-H2, TNSFS9, TNFSF4 and 

TNFSF14.  

 

Table 3.6. Specific annealing temperatures assessed after gradient PCR. 

 

 

3.5.4. Real-time PCR (RT-PCR) 

Following the determination of the optimal annealing temperatures specific for 

each gene, real-time PCR was performed quantitative analysis of gene expression. RT-

PCR components and protocol are given in Table 3.7. 
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Table 3.7. Real-time PCR components and related information. 

 

 

The ingredients were brought to the room temperature prior to use and mixed- 

well by vortexing. To obtain a master mix, ssoAdvanced SYBR green supermix 

(Biorad, USA), nuclease free dH2O, forward and reverse primers were mixed 

thoroughly on ice. The master mix was equally distributed into each PCR tubes 

(Biorad, USA). Lastly, template DNA was added into the tubes which then were 

placed into the RT-PCR instrument (BIO-RAD Real-time PCR Detection System, 

USA). According to these annealing temperatures, thermal cycler protocol for RT-

PCR was designed (Table 3.8) Overall, the results for different genes were analyzed 

according to the formula given by Formula 3.2. Target gene expression in PMNs from 

different co-cultures were normalized to the target gene expression in freshly isolated 

PMNs. 𝛽-actin was used as a reference gene.  
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Table 3.8. Real-time PCR Thermal Cycling Protocol. 

 

  (3.2) 

 

 

3.5.5. Agarose gel electrophoresis 

Agarose gel (2%) was prepared by mixing 1.5 g agarose with 75 mL 1x TBE 

buffer and this mixture was melted in microwave oven. After cooling to 60C, 

ethidium bromide was added to a final concentration 10 mg/mL and mixed well. The 

agarose gel was poured into the gel casting tray and the combs were placed. After the 

gel was solidified, the combs were removed and the gel was placed into the 

electrophoresis tank. The PCR samples (5 μL) sample mixed with 1 μL 6x DNA 

loading dye was loaded into the wells. In addition, 0.5 μg DNA size marker was also 

loaded (Figure 3.9). The electrophoresis was run at 100V with constant current and for 

30-40 minutes. Then, PCR products (bands) were observed and documented under UV 

light (Kodak gel Logic 1500 digital imaging system (Carestream Health, USA). 
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Figure 3.9. 50 bp DNA ladder (Thermo Fisher Scientific, USA). 

 

3.6. Statistical analysis 

Data collected from at least 3 independent experiments were statistically tested. 

Statistical tests including ANOVA, Student’s paired or unpaired t-test and Chi-square 

were performed to indicate the statistical differences between the groups. The 

difference was accepted as statistically significant when P≤0.05 

and statistically highly significant when P≤0.001. Mean values were presented with 

standard error. Data analysis were also performed with RStudio (Version 1.2.1335). 

Data values were transformed to color scale and heatmaps were designed by using 

gplots and RColorBrewer packages. 
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4. RESULTS 

4.1. Preliminary analyses on PMN for the establishment of co-culture 

conditions 

4.1.1. Assessment of the PMN viability 

PMNs, which are found in a resting state in the blood circulation, become easily 

activated by signals derived from the stressed tissues (98). Even though, priming of 

PMNs promotes survival, the growth factor G-CSF, which is the major driver of 

granulopoiesis, can also delay PMN apoptosis in the peripheral tissues (237). The 

inflammatory factors such as IFN-𝛾 or antigenic molecules such as fMLP represent 

two types of molecules that are of adaptive and innate immunity-related stimuli, 

respectively (237, 238) .  

The activation of PMNs commonly results in the production of ROS, which 

may serve as an immunomodulatory factor both with anti-microbial, pro-inflammatory 

and immune suppressive actions, especially on T cells (239). Therefore, in this context, 

we stimulated PMNs ex-vivo with IFN-𝛾 and fMLP in the presence of G-CSF to 

support their viability and/or NAC to reduce the effects of ROS. Then, the cell death 

was monitored at 24h, 48h, and 72h. 
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Figure 4.1. 24, 48, and 72h PMN viability upon exposure to G-CSF, NAC, fMLP 

and IFN-𝛾.  A) The percentage of propidium iodide (PI)-positive (dead 

cells) after 24, 48 and 72h stimulation of PMNs with G-CSF (50 ng/mL), 

NAC (1𝜇M) or their combinations in the presence of fMLP (1𝜇M) and 

IFN-𝛾 (50 ng/mL). Unstimulated PMNs were used as control (n≥3). B) 

Representative flow cytometry histograms for PI staining after 24, 48 

and 72h of stimulated PMNs.  

 

As the culture period was extended, the viability of PMNs were drastically 

reduced. This effect was slightly ameliorated with IFN-𝛾, especially at 24h, whereas 

the viability of PMNs did not alter significantly with fMLP compared to control PMNs 

at all time points. Following 24h of stimulation, percentage of cell death was retarded 

in G-CSF and IFN-𝛾 stimulated PMNs (control, 18±2.1%; G-CSF-stimulated, 

7.2±2.4%; IFN-𝛾-stimulated, 10.2 ± 1.7%, P<0.05) (Figure 4.1 A and B). The effect 

of G-CSF on PMN viability was most prominent at 48h (control, 56.9±3.2%; G-CSF-

stimulated, 28.8±2.1%) wherein fMLP and IFN-𝛾 stimulation did not have a 

significant effect. Addition of G-CSF remarkably delayed the cell death, but NAC did 
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not show considerable influence either alone or in combination with G-CSF (Figure 

4.1 and Figure 4.2). At 72h, the viability deteriorated under all stimuli. However, only 

G-CSF stimulated PMNs could survive up to a percentage of 57.5±2.2% dead cells. 

No significant difference between the viability of NAC and fMLP stimulated and 

control PMNs was detected. Moreover, the viability of IFN-𝛾 stimulated PMNs 

displayed same profile with control PMNs (Figure 4.1 A and B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. At 48h, PMN viability upon exposure to G-CSF, NAC, fMLP and IFN-𝛾. 
A) The percentage of propidium iodide (PI)-positive (dead cells) after 

48h stimulation of PMNs with G-CSF (50 ng/mL) and NAC (1𝜇M) or 

their combinations in the presence of fMLP (1𝜇M) and IFN-𝛾 (50 

ng/mL). Unstimulated PMNs were used as control. B) Representative 

flow cytometry histograms for PI staining on PMNs stimulated for 48h 

(*P<0.05, **P<0.001, n≥3) 

 

Since the final goal for this study is to test the influence of PMNs on immune 

reactions, co-cultures with PBMCs were performed. Before co-culturing them with 

PBMCs, 24h stimulated PMNs were washed to remove the factors including G-CSF, 
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NAC, fMLP and/or IFN-𝛾. The washing step (removal of stimulants) were included 

since the PMNs were going to be cultured with PBMCs and PBMCs should not have 

been stimulated with the factors carry-over from the initial priming of PMNs. 

24h incubation led to a significant number of cell death in control PMNs, 

whereas this number was remarkably reduced with G-CSF stimulation (control, 

18.6±1.8%; G-CSF-stimulated, 6.7±0.9%). In Addition, NAC did not show a 

considerable influence on PMN viability. At 48h, washing did not affect the viability 

mediated by G-CSF; however, it can cause a significant number of cell death in control 

and NAC stimulated PMNs. Moreover, washing did not alter the viability in both 

control and G-CSF stimulated PMNs in the presence of IFN-𝛾, whereas removed the 

positive effect of G-CSF on PMN survival in fMLP-stimulated PMNs (Figure 4.3 A). 

It also escalated the number of cell death in G-CSF and NAC stimulated PMNs (Figure 

4.3 A and B), and the number of cell death did not significantly change in the presence 

of fMLP or IFN-𝛾 (Figure 4.3 A). 
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Figure 4.3. The effect of the removal of stimulants on PMN viability after PMNs 

were exposed to these stimulants for 24h. A) Percentage of propidium 

iodide (PI) positive (dead cells) in 24 and 48h of exposure to stimuli. 

PMNs were stimulated with G-CSF (50 ng/mL) and NAC (1𝜇M) or their 

combinations in the presence of fMLP (1𝜇M) and IFN-𝛾 (50 ng/mL) for 

24h and 48h. In some groups, the stimulants were washed away after 24h 

of exposure and following 24h, cell viability was assessed (48h factors 

removed). B) Representative flow cytometry histograms for PI staining 

on PMNs stimulated with G-CSF and NAC for 48h (*P<0.05, 

**P<0.001, n≥3) 

 

Next, the viability of PMNs upon co-culturing with PBMCs were tested. Co-

culturing did not significantly alter the viability of PMNs. Nevertheless, the PMNs’ 

fitness was already hampered at 48h with or without co-culturing. Co-culturing did not 

have a remarkable influence on the viability of G-CSF stimulated PMNs (control, 56.9 

± 3.2%; G-CSF-stimulated, 28.8±2.1%; G-CSF-stimulated in PBMC co-culture, 

37.9±4.1). Moreover, in IFN-𝛾 stimulated PMNs, co-culturing with PBMCs did not 

affect the viability. Nevertheless, in the presence of fMLP, G-CSF stimulation did not 

significantly enhance the survival of PMNs in PBMC co-culture. Moreover, with or 

without PBMCs, NAC stimulation alone or in combination with IFN-𝛾 or fMLP did 
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not prominently alter the viability (Figure 4.4 A). In the presence of PBMCs, NAC 

stimulation alone or in combination with IFN-𝛾 hampered the positive effect of G-

CSF on PMN survival, whereas in combination with fMLP, it did not (Figure 4.4 A 

and B).  

 

 

Figure 4.4. PMN viability in PBMC co-cultures. A) The percentage of propidium 

iodide (PI) positive (dead cells) in PMNs. PMNs were stimulated with 

G-CSF (50 ng/mL) and NAC (1𝜇M) or their combinations in the 

presence of fMLP (1𝜇M) and IFN-𝛾 (50 ng/mL). After 24h, these 

stimulants were either washed away (48h factors removed) or not (48h). 

Then, they were co-cultured with PBMCs from healthy volunteers (48h 

factors removed in PBMC co-culture) for 24h. Following 24h 

stimulation, cell viability was determined in each group. B) 

Representative flow cytometry histograms for PI staining on PMNs 

stimulated with G-CSF and NAC and co-cultured with PBMCs 

(PMN:PBMC 1:1; *P<0.05, **P<0.001, n≥3). 
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In order to test the influence of lung cancer cells on PMN viability, which was 

planned as a component of co-cultures in the scope of this study, PMNs were co-

cultured with two lung cancer cell lines with (A549 and NCI-H1299) with or without 

the presence of monocytes as an additional component.  

A significant number of cell death was detected following 24h of incubation; 

however, being with lung cancer cells slightly reduced the number of cell death. 

Besides, the effect of lung cancer cells on the viability of PMNs was more pronounced 

at 48h. The percentage of viable cells was significantly higher in the PMNs co-cultured 

with lung cancer cells in comparison to that of obtained with unstimulated PMNs 

(control, 52.1±3.2%; A549-co-cultured, 75±1.3%; H1299-co-cultured, 78.2±1.6%) 

(Figure 4.5 A and Figure 4.6). In addition, conditioned media prolonged the PMN 

survival as well (control, 52.1±3.2%; A549 CM-cultured, 78.2±1.5%; H1299 CM-

cultured, 76.4±1.8%) (Figure 4.5 B and Figure 4.6). On the other hand, the presence 

of monocytes did not remarkably affect the viability of PMNs (Figure 4.5 and Figure 

4.6). Moreover, the effect of soluble factors derived from lung cancer cells on PMN 

survival was compared with the effect of G-CSF. At 48h, the number of viable cells 

was slightly higher in the PMNs stimulated with conditioned media than PMNs 

stimulated with G-CSF (A549 CM-cultured, 78.2±1.5%; H1299 CM-cultured, 

76.4±1.8%, G-CSF-stimulated 65.4±2.8) (Figure 4.5 B and Figure 4.6). 
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Figure 4.5. PMN viability in the presence of lung cancer cells. The percentage of PI 

negative cells (viable cells) were determined in PMNs (A) co-cultured 

with either A549 and NCI-H1299 cells (Co-culture) or (B) with their 

conditioned media (CM) or with G-CSF (50 ng/mL). PMNs were co-

cultured in the presence or absence of monocytes. After 24 and 48h, cell 

viability was assessed. (PMN:Monocyte:lung cancer cells 0.5:0.5:0.25; n 

≥ 3). 
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Figure 4.6. Representative flow cytometry histograms showing the PI and DRAQ7 

staining of PMNs cultured with monocytes and lung cancer cells. PMNs 

were co-cultured either with A549 or NCI-H1299 cells (Co-culture) or 

their conditioned media (CM) in the presence or absence of monocytes 

for 24h and 48h. (PMN:Monocyte:A549 or NCI-H1299 cells 

0.5:0.5:0.25). 

 

Overall, G-CSF enhanced the survival of PMNs. Washing or being with PBMC 

could not remarkably alter this. Lung cancer cells or their conditioned media prolonged 

the PMN survival as well.  

4.1.2. Assessment of PMN activation  

PMN can become easily activated upon exposure to various stresses. In 

activation, ROS production and changes in certain surface molecules’ expression such 

as CD66b, CD62L, and CD11b are observed (239, 240). To assess the change in 

activation status of PMNs, they were stimulated with G-CSF, NAC, fMLP and IFN-

𝛾 and ROS production was assessed. After 24h, in the absence of any stimuli, PMNs 

could spontaneously produce high amount of ROS, and stimulation with fMLP could 
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not make a difference. PMNs stimulated with G-CSF has lowest ROS production 

capacity (Figure 4.7 A). Moreover, as expected, NAC stimulation led to significant 

decreased in ROS production (Figure 4.7 A and B). 

 

 

Figure 4.7. ROS levels in PMNs treated with G-CSF and fMLP in the presence or 

absence of NAC. A) Median fluorescence intensities (MFI) of H2-

DCFDA on PMNs treated with G-CSF (50ng/mL) and fMLP (1𝜇M) 

with or without NAC (1𝜇M) for 24h. Control represents unstimulated 

PMNs. B) Histograms showing representative fluorescence intensities of 

H2-DCFDA in PMNs stimulated with the G-CSF and fMLP with or 

without NAC (*P<0.05, **P<0.001, n≥3). 

 

Given that the viability of PMNs were prolonged in the presence of the lung 

cancer cells or the factors secreted thereof, the activation status of these PMNs was 

further investigated. ROS production capacity of PMNs and surface marker expression 

on PMNs were determined. 

 Being with lung cancer cells or their conditioned media significantly 

diminished the ROS production in PMNs (Figure 4.8 A). The presence of monocytes 

in the cultures also reduced the ROS levels in PMNs; however, either in the presence 
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or absence of monocytes, ROS levels were unequivocally reduced when exposed to 

cancer cells (Figure 4.8 A and B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. ROS production of PMNs in response to monocytes and lung cancer 

cells. A) Median fluorescence intensities (MFI) of H2-DCFDA on 

PMNs. PMNs were co-cultured with A549 or NCI-H1299 or cultured 

with their conditioned media (CM) in the presence or absence of 

monocytes for 24h (PMN:Monocyte:A549 or NCI-H1299 cells  

0.5:0.5:0.25). After 24h, ROS production in PMNs were detected. 

Control represents unstimulated PMNs. B) Histograms showing 

representative fluorescence intensities of H2-DCFDA in PMNs co-

cultured with A549 or NCI-H1299 in the presence or absence of 

monocytes (*P<0.05, **P<0.001, n≥3).  

 

In freshly isolated PMNs, CD62L was expressed at high levels (99.8±0.3%). 

Following 24h and 48h of incubation, CD62L expression on PMNs was 

downregulated (24h,  25±4.2%; 48h, 10.2±1.5%). In lung cancer cells-containing co-

cultures, expression of CD62L on PMNs was also diminished over time but not as 

prominently in the control PMNs (A549-co-cultured PMN: Oh, 99.8±0.3%; 24h, 
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43±4.6%; 48h, 28±1.8%, H1299-co-cultured PMN: Oh, 99.8±0.3%; 24h, 65±4.2 %; 

48h, 22±2.5%; control PMN: Oh, 99.8±0.3%; 24h,25±4.2%; 48h,10.2±1.5%) 

(Figure 4.9 A and Figure 4.10). Similarly, in the presence of conditioned media from 

lung cancer cells, CD62L expression on PMNs were decreased over time but not as 

drastically as in control PMNs (A549 CM-cultured: Oh, 99.8±0.3%; 24h, 42±5.1 %; 

48h, 18.2±2.8%, H1299 CM-cultured PMN: Oh, 99.8±0.3%; 24h, 40.1±1.2%; 48h, 

21.1±1.5%; control PMN: Oh, 99.8±0.3%; 24h,25±4.2%; 48h,10.2±1.5%) (Figure 

4.9 B). In other words, presence of lung cancer cells slightly restrained the 

downregulation of CD62L on PMNs, whereas the effect of conditioned media was not 

so potent.   

 

 

Figure 4.9. CD66b, CD62L and CD11b expression on PMNs in the co-cultures with 

lung cancer cells. PMNs were co-cultured with (A) A549 or NCI-H1299 

cells or (B) their conditioned media in the presence or absence of 

monocytes for 24h and 48h (PMN:Monocytes: A549 or NCI-H1299  

0.5:0.5:0.25). PMNs were gated as CD33+ HLA-DR-   and viable PMNs 

were gated (n≥3). 
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As expected, CD66b was highly expressed on freshly isolated PMNs 

(99.7± 0.2). Within 48h, it decreases to 60.1± 3.3%. In the presence of lung cancer 

cells, the downregulation of CD66b expression was more drastic (A549-co-cultured 

PMN: Oh, 99.7±0.2%; 24h, 58.6±3.9%; 48h, 44.2±5.6%, H1299-co-cultured PMN: 

Oh, 99.7±0.2%; 24h, 46.5±2.1%; 48h, 42.1±4.9%) (Figure 4.9 A and Figure 4.10). 

On the other hand, in the presence of conditioned media, CD66b expression on PMNs 

remained high throughout the culture period. At 48h, the percentage of cells positive 

for CD66b was 80-85% in the conditioned media-stimulated PMNs, whereas 60-70% 

in control PMNs (Figure 4.9 B). G-CSF treated PMNs had a similar expression pattern 

for CD62L, CD66b, and CD11b with PMNs in conditioned media (Figure 4.9 B).  

As the culture period extended, CD11b expression remained high in control 

PMN, whereas it was slightly diminished in the presence of lung cancer cells. 

Following 48h of incubation, PMNs co-cultured with lung cancer cells and monocytes 

had the lowest CD11b expression (Figure 4.9 A and 4.10). Addition of monocytes to 

the co-cultures did not remarkably affect the level of CD66b, CD62L and CD11b on 

PMNs (Figure 4.9 and 4.10).  

All in all, the presence of lung cancer cells or their conditioned media delayed, 

but not inhibited the activation of PMNs. 

 

 

Figure 4.10. Representative histograms showing the expression of CD66b, CD62L, 

and CD11b on PMNs. PMNs were co-cultured with A549 or NCI-

H1299 in the presence or absence of monocytes for 24h and 48h 

(PMN:A549 or NCI-H1299:Monocytes 0.5:0.5:0.25). PMNs were 

gated as CD33+ HLA-DR-   and viable PMNs were gated.  
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4.1.3. The influence of PMNs on T cell proliferation 

To determine the effect of PMNs on T cell proliferation, freshly isolated PMNs 

were pre-treated with G-CSF, NAC, fMLP and IFN-𝛾 and then, co-cultured with 

PBMCs at different ratios for 72h. The co-cultures were established in the presence of 

𝛼CD3 mAb used to recapitulate the first signal, whereas monocytes in PBMCs was 

employed to give the co-stimulatory second signal required for T cell activation.  

In the co-cultures established with control PMNs (that were cultured in 

complete medium without any stimulants for 24h), only a slight increment was 

observed in the proliferation of 𝛼CD3-induced T cells amongst PBMCs (range 110-

125%) and no trendline was obtained as the ratio of PMNs was increased. Similarly, 

co-cultures with PMNs pre-treated with either IFN-𝛾 or fMLP had minute influence 

on T cell proliferation. On the other hand, G-CSF pre-treatment restored the 

proliferation in combination with IFN-𝛾 and fMLP or alone (range 150-175%). 

Moreover, NAC was another factor that promoted positive influence of PMNs on T 

cell proliferation in PBMC co-cultures. The combination of NAC and G-CSF, which 

reduced the levels of ROS and increased the viability of PMNs, resulted in the highest 

proliferation (range 150-225%) and displayed an increasing trend as the ratio of PMNs 

was augmented in the co-cultures (Figure 4.11 A and B).  
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Figure 4.11. Proliferation of T cells amongst PBMCs co-cultured with PMNs. A) 

The changes in the proliferation PMN co-cultured of PBMCs to that of 

PBMC alone. PMNs were pre-treated with different combinations of G-

CSF (50ng/mL), fMLP (1𝜇M), IFN-𝛾 (50ng/mL) and NAC (1𝜇M) for 

24h. Then these agents were washed away and PMNs were co-cultured 

with PBMCs at different ratios in the presence of 25ng/mL 𝛼CD3 mAb 

for 72h (n≥3). B) Representative proliferation histograms of 

eFluor670-labeled PBMCs co-cultured with PMNs at 1:1 ratio. Gray 

histogram represents cultures containing only PBMCs.  

 

Accordingly, when the co-cultures were established with freshly isolated 

PMNs and the proliferation of T cells was compared with that of obtained with 24h 

cultured PMNs, a clear upregulation in the T cells duplication rate was seen (at 1:1 co-

cultures with fresh PMNs, ~230%; with 24h cultured PMNs, ~120% change in 

proliferation) (Figure 4.12 A and B).  
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Figure 4.12. Proliferation of αCD3-stimulated PBMCs in the presence of freshly 

isolated and 24h cultured PMN. A) The changes in the proliferation of 

PBMCs. PMNs were either incubated for 24h or freshly isolated and 

co-cultured with PBMCs at different ratios under 25ng/mL 𝛼CD3 mAb 

for 72h (n≥3). B) Representative proliferation histograms of eFluor670 

labeled PBMCs co-cultured with PMNs in 1:1 ratio. Gray histogram 

represents cultures containing only PBMCs.  

 

Next, to determine the influence of PMNs in the proliferation of CD8+ or CD4+ 

T cells in the presence of NSCLC cells, a co-culture setup was established to partially 

model the tumor microenvironment, employing primarily freshly isolated PMNs, 

monocytes and CD4+ or CD8+ T cells together with two prototype lung cancer cell 

lines, A549 and NCI-H1299.   

In monocyte, PMN, and lung cancer cell containing co-cultures, CD4+ T cell 

proliferation was enhanced compared to the control cultures which did not include 

cancer cell lines (A549 co-cultures, 70.2±3.2%; H1299 co-cultures, 61.2±5.5%; 

control group, 44.2±5.4%) (Figure 4.13 A and D). In order to figure out whether direct 

contact with lung cancer cells was required for PMNs to stimulate T cell responses, 

conditioned media derived from lung cancer cells was used instead of A549 and NCI-

H1299 cell lines themselves. Conditioned media from lung cancer cells could not alter 

the proliferative capacity of CD4+ or CD8+ T cells (Figure 4.13 A and B).  
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CD8+ T cells’ proliferation were also positively influenced when all three cell 

types were included in the co-cultures (A549 co-cultures, 62.4±5.1%; H1299 co-

cultures, 70.3±3.5%; control group, 42.1±5.4%). Importantly, T cell and PMN co-

cultures were also positively influenced T cell responses and this effect was 

pronounced with CD8+ T cells, albeit not reaching to the level of monocyte stimulated 

T cells. Intriguingly, the presence of lung cancer cell lines together with PMNs (but 

with or without monocytes) promoted CD8+ T cell proliferation (A549 co-cultures, 

23.4±5.3%; H1299 co-cultures, 18.2±3.5%; control group, 2.1±1.4%) (Figure 4.13 

B and D). Moreover, in the absence of myeloid cells, T cells removed quiescent 

(Figure 4.13 A, B and D).  

Since our previous findings underlined the importance of PMNs viability in the 

co-cultures and positive influence of tumor cell-derived factors on PMN longevity, we 

asked whether this might be the reason for that the lung cancer cell co-cultured PMNs 

could better support the T cell proliferation. When, G-CSF was added to the co-

cultures of PMNs, monocytes, and CD4+ or CD8+ T cells, no change was obtained in 

T cell proliferation (Figure 4.13 C and D). Therefore, not underscoring the positive 

influence of cancer cells on PMN viability, direct cell-to-cell contact with the lung 

cancer cells was necessary for PMNs to co-stimulate T cell proliferation. There may 

be a cross-talk between PMNs and especially CD8+ T cells. 
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To find out the optimal ratio for PMNs and monocytes to especially promote 

and reveal the importance of PMNs on CD8+ T cell proliferation, these cells were 

titrated into the co-cultures. 

In the absence of monocytes and with cancer cell lines, as the amount of PMNs 

increased in the co-cultures, the capacity of PMNs to stimulate CD8+ T cell 

proliferation in the presence of lung cancer cells was augmented. The 1:0.125:1 

PMN:Monocyte:CD8+ T co-culture ratio, in the presence of cancer cells, that reached 

to the confluence (A549, NCI-H1299, and NCI-H441), the less amount of monocytes 

could reveal the contribution of PMNs to CD8+ T cell proliferation (Figure 4.14). 

Therefore, this monocyte ratio (0.125) was selected to be used for the co-culture setups 

throughout this study. NCI-H441 cells co-cultured PMNs also positively influenced 

the T cell proliferation as other two NSCLC cell lines. At 1:1 PMN:CD8+ T cell ratio, 

PMNs significantly contributed to the CD8+ T cell proliferation in the presence of lung 

cancer cells (A549 co-cultures, 30.1±5.2%; H1299 co-cultures, 27.6±4.9%; H441 co-

culture, 29.5± 6.1 %; control group 5.6±2.9%). (Figure 4.14 A and B). 

 

 

Figure 4.14. Proliferation of CD8+ cells in the co-cultures established with different 

ratios of PMNs and monocytes. A) Proliferation percentages of CD8+ T 

cells co-cultured with A549 or NCI-H1299 cells in the presence of 

𝛼CD3 mAb (25ng/mL) at different ratios of PMNs and monocytes. B) 

Proliferation percentages of CD8+ T cells co-cultured with A549, NCI-

H1299 or NCI-H441 cells in the presence of 𝛼CD3 mAb at different 

ratios of PMNs and monocytes (n≥3).  
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4.2. Assessment of CD8+ T cell responses in the co-cultures of PMNs, 

monocytes and NSCLC cells 

Following the optimization of co-culture conditions that would be useful for 

revealing the influence of PMNs on CD8+ T cell responses in the presence of NSCLC 

cells and monocytes, T cells’ proliferation, activation states and functional 

differentiation were assessed. 

4.2.1. CD8+ T cell proliferation in the co-cultures 

In accordance with preliminary experiments, CD8+ T cell proliferation was 

especially supported in the presence of PMNs when co-cultured with the lung cancer 

cell lines. In addition, the presence lung cancer cells enhanced the T cell stimulatory 

capacity of monocytes. PMNs together with monocytes had an additive effect on CD8+ 

T cell proliferation and this was enhanced in the presence of NSCLC cells (A549 co-

cultures, 56.4±4.9%; H1299 co-cultures, 57.8±3.9%; H441 co-culture, 58.2± 5.9 %; 

control group 25.8±3.4%) (Figure 4.15 A and B). 
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Figure 4.15. Proliferation of CD8+ T cells co-cultured with pre-confluent lung 

cancer cells, PMN and monocytes at PMN:monocyte:T cell 1:0.125:1 

ratio. A) Proliferation percentages and (B) representative eFluor670 

assay proliferation histograms of CD8+ T cells in the co-cultures with 

25ng/mL 𝛼CD3 mAb (*P<0.05, **P<0.001, n≥3). 

 

4.2.2. CD8+ T cell activation in the co-cultures 

The initial and effector phases of T cell responses can be followed by the 

upregulation of certain markers which are informative on the strength of stimuli and 

functional character to be gained by T cells (241).  
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Co-cultures containing PMNs could stimulate CD137 and CD69 expression on 

CD8+ T cells. Upon co-culturing with monocytes and PMNs in the presence of 

stimulatory 𝛼CD3 mAb, CD8+ T cells up-regulated CD137, CD69 and CD25 as early 

indicators of activation. The levels of CD69 and CD137 was relatively high and 

compatible in the presence of PMNs or monocytes (range 20-54%). The percentage of 

T cells expressing CD69 or CD137 was augmented when all the cell types was 

included in the co-cultures. Although its expression was slightly upregulated in the co-

cultures containing all the cell types, CD25 was only detected on a small percentage 

of CD8+ T cells (range 2-23%). No significant differences were observed in the 

expression level of CD137, CD69, and CD25 on between CD8+ T cells recovered from 

the co-cultures with or without lung cancer cells (Figure 4.16, Figure 4.18, and 4.19). 

Therefore, the activation status of CD8+ T cells did not alter in the lung cancer cells 

containing co-cultures. 

As another activation marker, CD107a on CD8+ T cells was augmented in the 

co-cultures containing, especially monocytes. However, the percentages of T cells 

positive for CD107a in the co-cultures which did not contain any lung cancer cells was 

similar to that obtained from the co-cultures with lung cancer cells (range 19-24%) 

(Figure 4.16, Figure 4.18, and 4.19). 
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Figure 4.16. Expression of CD137, CD69, CD25 and CD107a on CD8+ T cells co-

cultured with PMN, monocytes and lung cancer cells. CD137 and CD69 

expression were assessed at 24h, CD25 at 48h and CD107a at 72h of co-

culturing (*P<0.05, **P<0.001, n≥3).  

 

On the other hand, the expression of inhibitory receptors on CD8+ T cells was 

enhanced in the presence of lung cancer cells. Especially, in the co-cultures of PMNs, 

monocyte and lung cancer cells, the expression of TIM-3 on CD8+ T cells was 

significantly augmented compared to the controls, which did not contain lung cancer 

cells (A549 co-culture, 40.1±3.4%; H1299 co-culture, 32.1±3.2%; H441 co-culture 

28±3.8%; Control group, 19.2±2.2%). Similarly, the presence of lung cancer cells 

induced significantly higher LAG3 expression on T cells. Even though, the presence 

of NSCLC cells led to a tendency to express higher levels of CTLA-4 and PD-1 on T 

cells; only A549 containing co-cultures stimulated higher CTLA-4 expression on 

CD8+ T cells compared to the control groups. Similarly, only H1299 containing co-

cultures could stimulate significantly higher PD-1 expression on CD8+ T cells than the 

control groups. However, the percentage of PD-1+ cells was quite low compared to 

other co-inhibitory receptors (range 1-10%) (Figure 4.17 and Figure 4.18).  
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Collectively, both activation- and inhibition-related surface molecules were 

augmented on CD8+ T cells in the co-cultures, especially when the cancer cells were 

included (Figure 4.19).  

 

 

Figure 4.17. Expression of inhibitory receptors on CD8+ T cells from 72h of co-

cultures with PMNs, monocytes and lung cancer cells. TIM-3, LAG3, 

CTLA-4 and PD-1 expression on CD8+ T cells were assessed (*P<0.05, 

**P<0.001, n ≥ 3). 
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Figure 4.18. Representative histograms showing the expression of CD137, CD69, 

CD25, CD107a, TIM-3, CTLA-4 and PD-1 expression on CD8+ T cells 

from different co-culture settings. CD137 and CD69 expression were 

assessed at 24h, CD25 at 48h and CD107a, CTLA-4, PD-1, and TIM-3 

at 72h of co-culturing. 
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Figure 4.19. Schematic demonstration of CD137, CD69, CD25, CD107a, TIM-3, 

LAG3, CTLA-4, and PD-1 expression on CD8+ T cells from different 

co-culture settings. The presence of markers was heat-mapped on the 

basis of the expression percentages, as depicted above. 

 

4.2.3. CD8+ T cell-related cytokine production in the co-cultures 

Not only cell-to-cell contact but also the soluble factors found in the co-cultures 

determine the fate of CD8+ T cell responses. Therefore, the inflammatory cytokines 

which are associated with T cells were assayed on the supernatants directly collected 

from the co-cultures at 72h.  

In NCI-H1299 or NCI-H441 containing co-cultures, IFN-𝛾 levels were 

remarkably high compared to the control group which did not contain lung cancer 

cells. IL-4 production was also significantly elevated in these co-cultures. Moreover, 

Il-4 production was not stimulated in the absence of PMNs and monocytes. On the 

other hand, with the presence of A549 cells, monocytes and PMNs, IL-6 production 

in the co-cultures was significantly augmented. Additionally, in the absence of 



84 

 

 

monocytes and PMNs, IL-6 production was below the detection level in the A549 co-

cultures (Figure 4.20). Even though, IL-6, IL-4, and IFN-𝛾 were the most abundantly 

produced cytokines in the co-cultures, production of granzyme A, granzyme B, TNF-

𝛼, IL-10, IL-2, sFas, sFasL, and granulysin was also analyzed; the levels of all 

cytokines; albeit not reaching to the significant level were given as a schematically 

drawn graph (Figure 4.21). The levels of TNF-𝛼, IL-2, sFas, sFasL, and granulysin 

was not depicted, since they were below the detection level in all co-cultures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20. IFN-𝜸, IL-4, and IL-6 cytokine levels in the supernatants collected from 

the 72h co-cultures of PMN, monocytes and lung cancer cells under 

25ng/mL 𝜶CD3 stimulation (PMN:monocyte:CD8+ T cell  1:0.125:1 

with pre-confluent NSCLC cell lines; *P<0.05, **P<0.001, n≥3). 
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Figure 4.21. Schematic demonstration of IFN-𝜸, IL-4, IL-6, Granzyme A, Granzyme 

B, IL-17, and IL-10 production from different co-culture settings. The 

presence of each cytokine was heat-mapped on the basis of the 

concentration, as depicted above.  

 

4.2.4. CD8+ T cell exhaustion in the co-cultures 

To confirm the effect of PMNs on TIM-3 expression, which was the most 

consistent and significant inhibitory receptor upregulated on CD8+ T cells in the 

presence of lung cancer cells, PMNs were titrated into the co-cultures. Increasing the 

ratio of PMNs in the co-cultures with lung cancer cells resulted in increased percentage 

of CD8+ T cells expressing TIM-3 (range 10-20% without monocytes; 20-55% with 

monocytes) (Figure 4.22). 
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Figure 4.22. The change in the TIM-3 expression on CD8+ T cells in the lung cancer 

cells containing co-cultures at 72h in the presence of different PMN 

ratio under 𝛼CD3 mAb (25 ng/ml) stimulation (n≥3).  

 

Since the exhaustion related inhibitory receptors (i.e. TIM-3) were upregulated 

on CD8+ T cells in the co-cultures, especially in the presence of PMNs and NSCLC 

cells, TIM-3-/low and TIM-3mo/high CD8+ T cells were back-sorted from the co-cultures 

following 96h of co-culturing. In the co-cultures, A549 cells were used as the 

representative NSCLC line. Following the purification of TIM-3-/lo and TIM-3mo/hi 

CD8+ T cells, they were labelled with CFSE and re-stimulated with rhIL-2, 𝛼CD28, 

and 𝛼CD3 mAb or their combinations for an additional 72h. Proliferative capacity of 

TIM-3-/low and TIM-3mo/high sub-populations was evaluated by CFSE proliferation 

assay. Under all conditions, the proliferation of TIM-3mo/high subpopulation was 

remarkably higher than that of TIM-3-/low. The proliferation of TIM-3mo/high was 

maximized under 𝛼CD3/𝛼CD28 stimulation or  𝛼CD3/rhIL-2, which also enhanced 

the proliferation of TIM-3-/low (Figure 4.23 A and B). 
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Figure 4.23. Re-stimulation capacity of CD8+ T cells recovered from the co-cultures. 

According to the TIM-3 expression level, CD8+ T cells were back-

sorted from the co-cultures established with PMNs, monocytes, and 

A549 cells in the presence of 25ng/mL 𝜶CD3 mAb for 96h. 

(PMN:Monocyte:A549:CD8+ T cell 1:0.125:0.25:1). TIM-3-/lo and 

TIM-3mo/hi sub-populations were back-sorted and labelled with CFSE 

and re-stimulated with various factors. A) Bar graphs and (B) overlay 

flow cytometric histograms show the proliferation of TIM-3-/lo and 

TIM-3mo/hi subpopulations stimulated with different combinations of 

rhIL-2 (5 ng/mL), plate-bound 𝜶CD3 and soluble CD28 (2 𝝁g/mL) 

(*P<0.05, **P<0.001, n=3) 

 

Next, cytokine production by TIM-3mo/hi and TIM-3-/lo subpopulations was 

evaluated. Upon stimulation with PMA and ionomycin for 16 hours, in order to induce 

exocytosis of intracellular cytokine contents of CD8+ T cells, supernatants were 

harvested and IL-2, IL-4, IL-10, IL-6 TNF-𝛼, IFN-𝛾, and granzyme B levels were 

evaluated. Granzyme A, perforin, sFas, sFasL, and granulysin levels, which were also 

assessed, were below detection limit. Other cytokines were produced at high amounts 

in TIM-3mo/hi subpopulation. Especially IL-4 and IFN- 𝛾 production was significantly 
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higher in the TIM-3mo/hi subpopulation (Figure 4.24). Overall, these finding indicated 

that increased TIM-3 expression on CD8+ T cells co-cultured with PMNs, monocytes 

and lung cancer cells was not related to exhaustion. These CD8+ T cells were 

functional and due to their pre-activated state, vigorously responded to re-stimulation. 

 

 

Figure 4.24. Cytokine levels secreted by TIM-3-/lo and TIM-3mo/hi CD8+ T cells 

induced by PMA (5ng/mL) and ionomycin (2 𝜇g/mL) for 16h were 

assessed by Multiplex bead-based flow cytometric array (*P<0.05, 

**P<0.001, n=3). 

 

4.3. Potential influence of PMN in the co-cultures 

4.3.1. ROS production and CD8+ T cell responses 

ROS production is one of the major mechanisms through which myeloid cells 

that regulate T cell responses (242). In order to observe the influence of ROS 

production on CD8+ T cell proliferation and activation in the co-cultures, NAC was 

included as a ROS scavenger molecule. Following 24h of co-culturing, PMNs were 

gated and the ROS levels were measured by H2-DCFDA reduction assay on flow 

cytometry. 
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Figure 4.25. ROS levels of PMNs co-cultured with monocytes, CD8+ T cells and 

lung cancer cells under 25ng/mL 𝜶CD3 stimulation. By the end of 24h, 

the PMNs were labelled with anti-CD15 and gated. A) Median 

fluorescence intensities (MFI) of H2-DCFDA on PMNs, and B) fold 

change decrement of ROS with NAC is given. C) Overlay histograms 

show the difference in ROS levels of PMNs only and PMNs in the co-

cultures (*P<0.05, **P<0.001, n≥3). 

 

As expected, NAC reduced the ROS levels both in the control PMNs and in 

the PMNs co-cultured with T cells, lung cancer cells and/or monocytes (Figure 4.25). 

Nevertheless, reduction of ROS activity by NAC did not lead to a significant change 

in CD8+ T cell proliferation at 72h in the presence of PMNs (Figure 4.26 A and B). 

Moreover, the exhaustion/activation of T cells which were followed by TIM-3 

and LAG3 expression were comparable in the co-cultures established with or without 

NAC (Figure 4.26 C). 
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4.3.2. The costimulatory gene expression in PMNs 

Costimulatory molecule expression in co-cultured PMNs was tested at mRNA 

level. PMNs were purified from the co-cultures established with monocytes, lung 

cancer cells and CD8+ T cells under the stimulation of 𝛼CD3 mAb. Then, they were 

analyzed for co-stimulatory molecule expression by RT-PCR. 

The data obtained from the experiments were normalized to that of obtained 

from the freshly isolated PMNs. Resting (24h cultured) PMNs had minimal expression 

of 4-1BBL, B7-2, 0X40L, LIGHT, B7-H2, and B7-1. On the other hand, 4-1BBL, B7-

2 and 0X40L expression in PMNs purified from the co-cultures was elevated. 

Particularly, in NCI-H441 containing co-cultures, 4-1BBL, B7-2 and 0X40L 

expression in PMNs was significantly augmented, especially in the presence of 

monocytes and CD8+ T cells, compared to the PMNs purified from the co-cultures of 

CD8+ T cells and monocytes. No significant upregulation of LIGHT, B7-2, and B7-1 

mRNA in PMNs purified from the co-cultures of lung cancer cells compared to that of 

purified from the CD8+ T cells and monocyte co-cultures was detected (Figure 4.27). 
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5. DISCUSSION 

The outcome of the immune responses in cancer rely on the interplay between 

the tumor cells and their local environment (160). In NSCLC, both tumor-promoting 

and tumor-suppressive immune cells have been found in the tumor microenvironment 

wherein myeloid cells and T lymphocytes prevail (243). Since the complexity of the 

interaction between immune cells and tumor cells have been increasingly reported, the 

reason of the limited potential of targeting a single molecule or pathway in the 

treatment of cancer became more apparent (244-246). Understanding the complexity 

and diversity of the immune composition in the tumor microenvironment and their 

influence on anti-tumor immune responses is critical for improving the outcomes of 

immunotherapy (247, 248). Neutrophils are acknowledged emerging as central players 

in inflammatory responses. In chronic cancer-related inflammation, they seem to 

promote tumor growth through key processes taking place during tumor initiation and 

progression. In therapeutic settings and if appropriately activated, neutrophils may also 

serve as potent anti-tumor effector cells (249, 250). Thus, investigating the interaction 

between neutrophils and other components found in the tumor microenvironment will 

contribute to understanding of the mechanisms of tumor progression and would have 

implications for the development of cancer therapies. Hence, this study aimed to 

evaluate T cell responses in the co-cultures, which was established to partially model 

the tumor microenvironment, employing PMNs, monocytes, T cells, and NSCLC 

cells.   

Preliminary analyses were performed on PMNs for the establishment of co-

culture conditions. An important limitation in studies on PMNs is represented by their 

short lifespan and spontaneous activation, ex vivo, even to minute stimuli; thus, 

preventing the routine performance of functional studies (251, 252). In this scope, G-

CSF was used to enhance the survival of PMNs (253). To give adaptive and innate 

immunity-related stimuli, respectively, PMNs were treated with IFN-𝛾 as a factor 

devoted to adaptive immune responses and fMLP which directly stimulates innate 

immunity via pattern recognition receptors (237, 238). Activated PMNs’ viability 

depend on the strength and duration of the stimuli. Both ROS production, which is a 

major microbicidal mechanism, and netosis interfere with the survival of the PMNs 

upon receipt of the activating factors (254). Therefore, together with G-CSF, reactive 
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species were sequestered by the addition of NAC. Not only autocrine but also 

paracrine fashion (cell-to-cell proximity) is critical in ROS-related influence of PMNs 

(242). ROS could be responsible of reducing surface molecules and even penetrating 

into the target cells and in interfering with their function; for instance T cell responses 

and proliferation (255, 256). Accordingly, inhibition of ROS and promotion of PMN 

viability positively supported the co-stimulation on T cell proliferation. Intriguingly, 

the PMNs that were cultured for 24h were stimulated as fMLP- or IFN-𝛾-treated 

counterparts in terms of ROS production. Thus, control PMNs displayed similar 

influence that of observed with fMLP- or IFN-𝛾-treated counterparts on T cells found 

amongst PBMC co-cultures. The importance of using PMNs as soon as possible before 

they spontaneously become activated and lose viability was the first parameter set. 

Activated PMNs can exert suppressive actions on T cells (102, 257). Especially, Kleijn 

et al demonstrated that IFN-𝛾-stimulated neutrophils suppress T cell proliferation 

through the expression of PD-L1 (258). Nevertheless, our initial experiment showed 

no negative impact of either freshly isolated or 24h cultured (with or without fMLP or 

IFN-𝛾 stimulation) PMNs on PBMC proliferation sustained by 𝛼CD3-modulated first 

signal. In contrast, PMNs supplied co-stimulatory signals for the T cells. 

A549, NCI-H1299, and NCI-H441 cell lines used in this study as served 

representative of NSCLC cells. NCI-H1299 was established from a lymph node 

metastasis of the lung. A549 cells were maintained from lung carcinomatous tissue 

(259, 260). NCI-H441 cells were isolated from the pericardial fluid of a patient with 

papillary lung adenocarcinoma (261). All of the them exhibit epithelial phenotype. 

Doubling times in the appropriate complete medium for A549, NCI-H1299, and NCI-

H441 are 22, 28, 58 hours, respectively and the number of cells seeded in the plates to 

reach to a pre-confluent state during co-culture period was determined accordingly 

(262, 263). Even though, three NSCLC cell lines differ in many aspects, compatible 

results were obtained from the co-cultures thereof. In the presence of lung cancer cells 

or their conditioned media, PMNs developed a significant survival advantage 

compared with control PMNs. It has been acknowledged that tumor microenvironment 

prolongs the survival of PMNs. Since the tumor conditioned medium has been reported 

to be rich in proinflammatory cytokines, including IL-6, IL-8, GM-CSF, and G-CSF, 

enhancement of the survival of PMNs is likely due to the presence of proinflammatory 
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factors to prolong the lifespan of PMNs by delaying the apoptosis (264). Moreover, a 

high level of ROS production was reported in the tumor infiltrating neutrophils in the 

literature (265, 266). Conversely, we found that ROS production of PMNs was 

diminished in the presence of lung cancer cells. Eruslanov et al. showed that TANs 

derived from lung tumors have an activated phenotype in tumor microenvironment 

(107). Similarly, in this study, PMNs spontaneously become activated and the 

presence of lung cancer cells delayed but could not totally abrogate the activation. 

Therefore, tumor-derived factors could maintain viability but hamper activation of 

peripheral blood PMNs that become into contact with lung cancer cells. Simply, the 

tumor could induce a more undifferentiated state in the PMNs which may resemble to 

PMN-MDSCs (115). 

After initial experiments wherein PBMCs were employed, next experimental 

setups were conducted with CD4+ or CD8+ T cells to more clearly investigate the direct 

interaction between T cells, PMNs, and monocytes in the scope of NSCLC. Carefully 

designed functional assays are required to elicit the interactions between immune cells. 

Accordingly, determination of the number of the cells used in the co-culture assays 

should depend on the immune cell composition in the tumor microenvironment. Since 

the most prevalent immune cells in the tumor microenvironment is T cells, T cells 

should constitute the highest percentage of the cells in the co-cultures (161). T cells 

need two signals to become full activated. In the co-cultures, as a first signal, 

CD3/TCR triggering was mediated by soluble αCD3. High amount of soluble αCD3 

mAb (8-40 fold compared to our study) or plate bound αCD3 mAb were preferred in 

the literature. Since the αCD3/CD28–stimulated T cell response involves a robust 

polyclonal T cell proliferation, in this study we preferred to use a relatively low amount 

of first signal to better emulate events occurring within the tumor microenvironment 

and reveal the impact of co-stimulation provided by the myeloid cells used on T cell 

responses. Thus, the second signals were provided by the costimulatory molecules on 

the myeloid cells (267). When primary monocytes were allowed to adhere to culture 

plate in vitro, they undergo spontaneous maturation and differentiate into 

macrophages(268). Therefore, the main co-stimulatory signals were planned to be 

given by monocytes in the co-cultures. The third signal is provided by the cytokines 

produced from myeloid and T cells (269). In this respect, at 0.5:0.5:1 
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monocyte:PMN:T cell ratio, CD4+ and CD8+ proliferation was assessed in the presence 

of lung cancer cells or their conditioned media. We found that in the presence of lung 

cancer cells, PMNs reinforced the CD8+ T cell proliferation, but not CD4+ T cell 

proliferation. This is likely due to that CD8+ T cell responses have faster kinetics in 

almost every aspect of the response and CD8+ T cells are more eager to than CD4+ T 

cells. For instance, engagement of co-stimulatory receptors on memory T cells has 

been shown in some cases to stimulate memory CD8+ T cells in the absence of TCR 

stimulation (270). Moreover, Chacon et al. demonstrated that co-stimulation of CD8+ 

memory T cells with a 4-1BB agonist antibody induces proliferation and cytokine 

production in the absence of TCR stimulation (271). Therefore, in the context of our 

experimental co-culture models, CD8+ T cells could be better responders, which 

promotes the co-stimulatory signals, especially derived from PMNs. 

We further investigated the optimal ratio for PMNs and monocytes, especially 

to promote and reveal the importance of PMNs on CD8+ T cell proliferation. PMN and 

monocytes were titrated into the co-cultures. At 0.125:1:1 monocyte:PMN:T cell ratio, 

in the presence of lung cancer cells, that reached to the confluence, the additive effect 

of PMN and monocytes on T cell proliferation was impressive. The low amount of 

monocytes was preferred in order to reveal the contribution of PMNs on T cell 

proliferation. Thus, this ratio was determined to be used throughout this study.  

High neutrophil infiltration has been reported to presage for poorer survival in 

NSCLC (272, 273). Therefore, we anticipated that neutrophils exert pro-tumor N2 

phenotype in the tumor microenvironment of NSCLC and they inhibit T cell responses. 

Intriguingly, in the presence of lung cancer cells, PMNs did not hinder rather promoted 

the proliferation of CD8+ T cells. Same effect was not observed with the tumor 

conditioned media. Inhibition of ROS production and enhanced survival in the 

presence of lung cancer-derived soluble factors indicated that this interaction primarily 

requires direct cell-to-cell contact. Shaul et al. reported the presence of higher 

expression levels of MHC class-I antigen presentation-related genes in N1 neutrophils 

derived from NSCLC tumors (266). Similar to our results, this supported the notion of 

a cooperation between innate and adaptive arm of the immunity.  

  Esendagli et al reported that malignant lung tissue sections with high 

neutrophil counts are infiltrated by relatively low numbers of T cells, implying that 
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neutrophils and T cells do not prefer to co-localize in the lung tumor microenvironment 

(192). Here when we forced the co-localization of, PMNs and CD8+ T cells ex-vivo in 

the presence of lung cancer cells, monocytes, and certain T cell responses were 

enhanced. It can be speculated that tumor cells may employ certain mechanisms to 

avoid bringing PMNs and T cells together in the tumor microenvironment. In the 

absence of monocytes, PMNs also exerted stimulatory effect on CD8+ T cell 

proliferation, indicating that PMNs can upregulate costimulatory molecules on their 

surface. Direct contact with lung cancer cells may improve the costimulatory 

molecules on monocytes and PMNs and facilitate enhanced T cell proliferation. In the 

absence of PMNs and monocytes, lung cancer cells alone did not stimulate the 

proliferation of CD8+ T cells. It can be explained by the lack of costimulatory 

molecules on the lung cancer cells. In other words, lung cancer cells were not capable 

to provide second signals for CD8+ T cell proliferation in the absence of PMNs or 

monocytes. Taken together, these results demonstrate that co-stimulation molecules 

on PMNs and monocytes were enhanced in the presence of lung cancer in a contact-

dependent manner. Many studies indicated that the interaction with macrophages can 

enhance the matrix-degrading activity and invasiveness of cancer cells (274, 275). On 

the other, number of studies also demonstrated that macrophage subtypes (M1/M2) 

with reverse functions can arise from the interaction between cancer cells and 

macrophages (170, 186). Spicer et al. reported that neutrophils can promote liver 

metastasis of lung carcinoma cells through CD11b/CD18-mediated interaction with 

tumor cells (276). In consistence with our study, Eruslanov et al. reported that co-

stimulatory molecules were enhanced in the TANs recovered from lung tumors (107). 

CD8+ T cells in the co-cultures of PMNs and monocytes were in an activated 

state with increased CD137 (4-1BBL), CD69, CD25 (IL-2R), and CD107a (LAMP-1) 

expression. Activation of CD8+ T cells and degranulation of their cytotoxic granules 

were not altered in the presence of lung cancer cells. As these results indicated no 

direct immune suppression by NSCLC cells, next we hypothesized if the maintenance 

of T cell responses may lead to a hyporesponsive state (exhaustion) in CD8+ T cells. 

The percentage of CD8+ T cells expressing coinhibitory molecules was higher in the 

co-cultures containing lung cancer cells. Specifically, TIM-3 expression was 

significantly higher in the presence of lung cancer cells. As the number of PMNs and 
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monocytes increase in the co-cultures, the percentage of TIM-3 expressing CD8+ T 

cells increases. Neutrophil to T cell ratio has been used as a prognostic marker for 

various types of cancers (273, 277). In NSCLC, high neutrophil-to-T cell ratio is 

frequently associated with poor clinical outcomes (272). Since the percentage of TIM-

3 expressing CD8+ T cells were augmented, as the number of PMNs was increased in 

the co-cultures. One may simply conclude that the presence of PMN might have 

rendered the T cells to become prone to inhibitory signals, especially through TIM-3. 

The increased expression of inhibitory receptors augmented may lead to T cell 

dysfunction, thereby suppressing the anti-tumor immune responses. 

 Since the expression of inhibitory receptors is often regarded as a hallmark of 

“exhaustion” (278), CD8+ T cells in the lung cancer cells’ co-cultures were 

functionally evaluated. The most drastic increase was observed in A549-co-cultures 

and the most consistent and significant inhibitory receptor upregulated was TIM-3, 

therefore analyses were performed according to TIM-3 expression on CD8+ T cells in 

the co-cultures established with A549 cells, monocytes, and PMNs. Functionally 

exhausted T cells are characterized with less proliferative capability, diminished 

cytokine production, and loss of cytotoxic activity. They express inhibitory receptors, 

including PD-1, CTLA-4, TIM-3, and LAG3 (279, 280). Strikingly, in this study, TIM-

3 expression was not related to exhaustion, but rather activation.  As TIM-3mod/high 

CD8+ T cells displayed higher proliferative capacity and IFN-𝛾 secretion than TIM-3-

/low counterparts. The proliferation of TIM-3mod/high subpopulation was maximal under 

αCD3/CD28 or αCD3/rhIL-2 which also slightly enhanced the proliferation of TIM-

3-/low subpopulation. Expression of CD25 (IL-2R) was very limited on co-cultured 

CD8+ T cells, implying that in the co-cultures IL-2 signaling was not effective; 

therefore, recombinant IL-2 supplementation could slightly promote the proliferation 

of TIM-3mod/high and TIM-3-/low subpopulations. In consistence with our study, 

Amandine et al reported that expression of TIM-3 molecules does not only mark 

dysfunctional cells, but also it is tightly associated with activation and differentiation 

(281). In addition, in a number of studies, high TIM-3 expression was reported to be 

strongly linked to effector memory phenotype (282). Furthermore, it has been 

acknowledged to be a marker that indicates Th1 cell differentiation (280, 283). In 

accordance with our study, Fuertes at al showed that TIM-3 expressing CD8+ T cells 
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in breast cancer model express CD137 and produce IFN-𝛾 (284). Thus, TIM-3 

expression primarily participates in T cell activation and differentiation. Conversely, 

Zhou et al showed that PD-1 and TIM-3 co-expression on CD8+ T cells are indicative 

of T cell dysfunction and immune suppression, less IFN-𝛾, perforin and granzyme 

production. In our study, PD-1 expression was very low in the co-cultures. With the 

low number of monocytes as a critical supplier of costimulatory molecules, stimulation 

may not be sufficient in the co-cultures for upregulation of PD-1 on CD8+ T cells. 

Since the activation and differentiation are strong primary drivers of inhibitory 

molecule expression, TIM-3 positivity can be indicative of CD8+ T cells’ potential to 

become dysfunctional and undergo exhaustion. Even though they produce high 

amount of IFN-𝛾, TIM3mod/high CD8+ T cells derived from co-cultures produce scarce 

amount of granzyme A and B. Perforin and sFas/FasL were also undetectable levels. 

In support of this, expression of the functional markers granzyme B and perforin were 

shown to be lower in CD8+ T cells in tumor tissues of NSCLC (107).  

As an escape mechanism from immune surveillance, the ligands for T cell 

inhibitory receptors are expressed in many solid tumors including lung tumors. The 

expression of inhibitory ligands can be a direct consequence of malignant 

transformation which redesigns gene expression gene expression patterns or can be 

related to exposure to bio reactive mediators, especially secreted upon inflammatory 

reactions (285). Immune responses against tumor cells leads to the production of many 

cytokines such as IFN-𝛾 and TNF-𝛼 (286). Nevertheless, interaction with immunity 

can lead to the acquisition of a suppressive character which may facilitate the immune 

evasion by tumor cells. The concept of adaptive resistance has been used to describe a 

process in which T cells attempt to attack the tumor cells, but then tumor cells reacts 

and acquires immune regulatory properties to adapt and protect itself from this 

immune attack (287). For instance, Pardoll et al. described how the production of IFN-

𝛾 by T cells upon recognition of tumor antigens induces PD-L1 expression on tumor 

cells, thereby inhibiting PD-1+ T cell responses (288). As an inhibitory receptor, PD-

1 is upregulated on activated/effector T cells. A higher frequency of PD-L1 expressing 

lung tumor cells and PD-1 expressing TILs were detected in NSCLC and correlated 

with poor survival (289) . In our study, CD8+ T cells in the co-cultures with lung cancer 

cells barely expressed PD-1. Nevertheless, we did not analyze PD-L1 expression on 
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the cell lines. While Anti-PD-1 therapy has been shown to significantly prolong the 

survival in patients with metastatic melanoma, only a small proportion of NSCLC 

patients responded to anti-PD-1/PD-L1 therapy (290). It may likely due to the lack of 

PD-1 expression on T cells in the tumor microenvironment.  

Galectin-9 (Gal-9) expression in tumor cells has been frequently reported. 

A549 and NCI-H1299 cell lines were also reported to express Gal-9. Gal-9 is highly 

expressed in the cytoplasm of lung cancer cell lines and is released following tumor 

cell death (291, 292). Release of Gal-9 could negatively regulate the T cell functions 

or induce apoptosis (293). Although, the expression of Gal-9 on the lung cancer cells 

was not checked in this study, TIM-3 expressing CD8+ T cells are elevated in the 

presence lung cancer cells containing co-cultures. When Gal-9 is available in the tumor 

microenvironment, TIM-3 and Gal-9 interact and this interaction frequently results in 

immune suppression (285). Therefore, TIM-3 expression makes CD8+ T cells 

susceptible for inhibition. Eruslanov et al. reported that TANs derived from NSCLC 

tumor support T cell responses in the early stage of the tumor, as the tumor grows, T 

cell responses become impaired (107). In support of this, PMNs reinforced the CD8+ 

T cell responses in our study; however, potentially due to promotion of T cell 

activation, PMNs also contributed to expression of the inhibitor receptors such as TIM-

3 expression on CD8+ T cell. With strong and consistent stimulation of CD8+ T cell in 

the presence of PMNs and monocytes, T cells may eventually become more prone to 

inhibitory signals. Collectively, one may speculate that the co-culture system 

established, which employs freshly obtained immune cells that encounters with lung 

cancer cells can represent initial states of immune system-tumor cell interactions. 

Other ligands for TIM-3 are phosphatidylserine (PS), high mobility group protein B1 

(HMGB1), and carcinoembryonic antigen cell adhesion molecule 1 (Ceacam-1) (294). 

Future studies may decipher the expression of these ligands on monocytes, neutrophils, 

and NSCLC cell lines in our co-culture settings. 

Expression of LAG3 and CTLA-4 on CD8+ T cells were also upregulated in 

the presence of NSCLC cells; albeit not reaching to the level of TIM-3. LAG3 interacts 

with its ligands such as MHC-II and Fibrinogen-like protein 1 (FGL1) inhibit T cell 

activation (295). The co-expression of LAG3 with other inhibitory receptors including 

TIM-3 and PD-1 often results in T cell exhaustion (296). Besides PD-1, anti-CTLA-4 
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therapy was recognized as a widely used immunotherapy checkpoint inhibitor in 

NSCLC (297). CTLA-4 binds to CD80 and CD86 with higher affinity than CD28 and 

inhibit T cell activation. Attempts to combine PD-1/PD-L1 inhibitors with CTLA-4 

inhibitors showed encouraging tumor responses despite increased toxicity (298). In 

NSCLC, LAG3 expression has been found on TILs in the tumor tissues, its expression 

was correlated with PD-1/PD-L1 expression, and it is related to poor survival (296). 

Expression of inhibitory ligands cognate for CTLA-4 and LAG3 such as CD80, CD86, 

HLA-DR, and FGL1 may also be investigated on myeloid cells and NSCLC cell lines 

in the co-cultures. 

In addition to the activation-related molecules on CD8+ T cells, the cytokine 

secretion, especially molecules associated with anti-tumor immunity, critical to 

understand ongoing reactions (269). Therefore, a cytokine array was performed to 

evaluate CD8+ T cell responses and subsets in the co-cultures. In the co-cultures, since 

the secreted factors were directly tested from 72h supernatants, the mediators detected 

may be derived from cancer cells, PMNs, T cells and, to a lower extend, monocytes 

which constitute the least number. On the other hand, the factors IFN-𝛾, granzymes, 

IL-2, and IL-17A could be strongly assumed to be derived from T cells. On the other 

hand, IL-10, IL-4, TNF-𝛼, and IL-6 may be produced by lung cancer cells, PMNs or 

monocytes. Nevertheless, the amount of these molecules is descriptive for the 

immune-mediated responses in the co-cultures established. In the literature, a strong 

association between tumor cell proliferation and IL-6 production has been found in 

NSCLC. Elevated IL-6 in the tumor microenvironment is related to poor survival 

(299). Along with IL-21, IL-6 has been reported to have a role in the differentiation of 

Tc17 cells. Tc17 cells exert impaired cytotoxic function with reduced IFN-γ, 

granzyme B, and perforin production (300). In accordance with this, in our study, high  

IL-6 levels were found in the A549 containing co-cultures wherein very less amount 

of IFN-𝛾 , granzyme B, and perforin was detected. In parallel with this, IL-4 producing 

CD8+ T cells, known as Tc2, has been recognized with their low perforin and 

granzyme B expression (301). In the NCI-H1299 or NCI-H441 containing co-cultures, 

high amount of IL-4 and IFN-γ indicated that both Tc2 and Tc1 cells could be induced 

in the co-cultures. Normally, IFN-γ producing CD8+ T cells exhibit high cytotoxic 

activity (302), production of perforin, granzyme A and B was tremendously low in 
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these co-cultures, indicating that inhibitory factors derived from Tc2 cells may be 

superior. Activation of peripheral CD8+ T cells induce localization of CD107a on the 

cell surface. It is associated with the release of perforin and granzyme B which mediate 

cytolytic activity of CD8+ T cells (303). Since the presence of lung cancer cells did not 

enhance the degranulation of CD8+ T cells and in the co-cultures, low level of 

granzyme B and perforin were found, poor cytolytic activity of CD8+ T cells may be 

anticipated. Collectively, in the co-cultures consisting of monocytes, CD8+ T cell 

activation was maintained and resulted in upregulation of inhibitory receptors. The 

cells possessed capacity to proliferate and secrete function-associated cytokines such 

as IFN-γ, but could not go through the effector phase to exert efficient cytotoxicity.  

Even though IFN-γ production by CD8+ T cells act paracrine fashion, 

systemic, whereas cytotoxins such as perforin require direct contact with the target 

cells (304). IFN-γ may enhance the ability of CTL to kill via Fas/FasL in the absence 

of perforin (305). However, soluble Fas (sFas) was also not detected in the co-cultures. 

Since Fas/FasL mediated cell killing is required direct cell to cell contact, expression 

of membrane bound FasL should have been investigated. Investigating FasL 

expression on CD8+ T cells and other cytotoxic mediators would have planned in the 

future.  

In NSCLC, high number of immunosuppressive PMN-MDSCs have been 

found in the tumor microenvironment (115). In our co-culture setup, we used 

peripheral blood neutrophils from healthy volunteers, PMN-MDSCs derived from 

lung cancer patients may exert a distinct effect on CD8+ T cell responses. The 

inhibition of T cell responses by human immunosuppressive neutrophils primarily 

occurs through overproduction of ROS (256). Eruslanov et al demonstrated that TANs 

derived from lung tumor exhibit high ROS production capability, in vitro (107). 

Conversely, in our study, ROS production was diminished in PMNs co-cultured with 

lung cancer cells. Even though, NAC treatment reduced the ROS further, it did not 

influence T cell stimulatory capacity of PMNs. 

            Direct cell to cell contacts with lung cancer cells was required for PMN-

mediated T cell proliferation. Upon co-culturing with the lung cancer cells, PMNs 

upregulated costimulatory gene expression B7-2, OX40L, and 4-1BBL. These data are 

consistent with the previous studies showing the neutrophil mediated T cell 
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stimulation. For instance, Eruslanov et al. reported the consistent results and showed 

the expression of 4-1BBL, OX40L, B7-2, and ICAM-1 in TANs derived from early 

stage lung tumor; thus, revealing the costimulatory effects of neutrophils on CD8+ T 

cells (107). Governa et al. also demonstrated the co-stimulatory effect of neutrophils 

on CD8+ T cells in human colorectal cancer (306). 

Costimulatory molecules of two major families; B7/CD28 and Tumor necrosis 

factor (TNF)/tumor necrosis factor receptor (TNFR are involved in the triggering of 

adaptive immune responses (241). The B7-1/B7-2:CD28/CTLA-4 pathway is the best 

characterized pathway of T-cell co-stimulation and co-inhibition and symbolizes the 

classical way where the ligand can bind two receptors for regulating both T-cell 

activation and tolerance (307). Through CD28 pathway, the strongest costimulatory 

signals are delivered by APCs to provide a full activation of T cells, promoting their 

proliferation and IL-2 secretion (308). The TNF/TNFR family members such as 4-

1BBL/4-1BB, OX4OL/ OX40, and LIGHT/HVEM are involved in the later phases of 

T-cell activation and are induced from hours to days following the TCR engagement. 

TNFR molecules provide costimulatory signals to both CD4+ and CD8+ T cells, with 

a greater effect on the expansion of CD8+ T cells (309). 4-1BBL/4-1BB pathway 

possess capacity to amplify the existing costimulatory signals (310). In the co-cultures, 

especially wherein the lung cancer cell lines were present, the contribution of PMNs 

to CD8+ T cell responses was noteworthy. Nevertheless, the number of PMNs was 8 

fold higher than that of monocytes (at the initiation of the co-cultures), but the co-

stimulatory support given by PMNs could not reach to the level of monocytes. There 

could be several reasons, including (1) Monocytes can better communicate with T cells 

through adhesion, cytokine, and costimulatory molecule expression as they are 

professional APCs. (2) Monocytes can differentiate into macrophages ex-vivo and 

become better partners for T cells. (3) Monocytes last longer in the co-cultures than 

PMNs. On the other hand, PMNs significantly contributed to CD8+ T cell responses 

and had an additive effect together with monocytes. The increase in the costimulatory 

molecule expression in PMNs upon co-culturing may indicate the enhanced capacity 

of these cells to support CD8+ T cell responses, even in the presence of cancer cells. 

Co-presence of monocytes had also a positive influence of PMN’s co-stimulatory gene 
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expression. Therefore, the NSCLC cell lines used may have provided a suitable niche 

for immune cells to interact and exert pro-inflammatory actions.  

Collectively, the notion of potential neutrophil-T cell interaction on tumor sites 

was supported by this thesis. The contact-dependent mechanisms required for this 

interaction may be promoted by several receptor/ligand expressions. Soluble factors 

have been also reported to enhance this interaction. For instance; Fridlender et al. 

reported that the mechanisms by which T cells might attract and/or activate neutrophils 

are not known for certain, but include the ability of tumor-stimulated activated T-cells 

to produce granulocyte-macrophage colony stimulating factor (GM-CSF) and 

macrophage inflammatory protein 2 (MIP2), or cytokines such as TNF–α and IFN-γ. 

These cytokines may recruit neutrophils by stimulating tumor macrophages or 

endothelial cells to produce chemokines and cell adhesion molecules (103). It was also 

demonstrated that TANs promote non-activated CD8+CD69- T cell apoptosis in NO 

and contact dependent mechanism in mouse lung cancer model (311). Governa et al. 

demonstrated that neutrophils implement co-stimulation on CD8+ T cells through 

CD11a/ICAM-1 interaction and neutrophil mediated co-stimulation results in the 

expansion of memory CD8+ T cells (306). In our study, the expression of adhesion 

molecules on PMNs and the viability of non-activated CD8+ T cell in the co-cultures 

may be also investigated. Other possible interaction between tumor cells and PMNs 

may be promoted through CD47/SIRPα molecules. Upregulation of CD47, which is 

known as a “do not eat me” signal in tumor cells was reported in many cancers to avoid 

phagocytosis. The signal-regulatory protein α (SIRPα) is expressed on myeloid cells 

including neutrophils (312). Barrera et al. reported that CD47 overexpression is 

associated with decreased apoptosis in neutrophils and phagocytosis and poor survival 

in NSCLC (313). CD47/SIRPα can be another pathway to be analyzed in our study. 

Recruitment of myeloid cells to the damaged tissues in which they can resolve 

infections and stimulate wound healing is mediated by integrins, a family of 

adhesion receptors that includes CD11b (314). LFA-1 is an essential initiator of the 

immunological synapse between cytotoxic T or NK cells and tumor cells. It mediates 

both firm adhesion to the target cell and the orientation of the cytotoxic granules 

towards the target (315). Therefore, effective cytotoxic activity is mediated by a firm 

cell to cell contact. Importantly, Reina et al. reported that neutrophil-cancer cell 
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interactions mediated by LFA-1 facilitates breast cancer dissemination in a model of 

metastasis (316). According to another study, in ovarian cancer patients, the adhesive 

properties of blood neutrophils are increased, due to increase in CD11b levels, 

implying that the neutrophil-cancer cell contacts may modulate malignant behavior of 

the cancer cells (249).  

Neutrophils were reported to suppress tumor growth via Fas/FasL pathway in 

a study performed with A549 cells and neutrophils (317). Within this scope, future 

studies may decipher neutrophil subpopulations in NSCLC microenvironment and the 

effect of PMNs in tumor cell proliferation, angiogenesis and metastasis using in vivo 

models. To better emulate events occurring within the tumor microenvironment, we 

may use a three-dimensional (3D) tumor spheroid model (318). For the full activation 

of T cells, third signal comes from the cytokines produced by immune cells. Cytokines 

produced specifically from PMNs co-cultured with lung cancer cells, monocytes, and 

CD8+ T cells may also reveal additional mechanism that contribute to inflammatory 

environment in NSCLC. 

In summary, our findings indicate the importance of PMNs as a considerable 

modulator in the regulation of CD8+ T cell responses in NSCLC. In the presence of 

lung cancer cells, monocytes, and PMNs, CD8+ T cells could be activated and exert 

effector responses; however, this process led them to express relatively higher levels 

of inhibitory receptors, in particular TIM-3. Nevertheless, in our setting these 

inhibitory receptors did not deteriorate proliferation capacity and IFN-𝛾 production; 

albeit making them susceptible to inhibition. Cell-to-cell contact is likely to be critical 

mechanism by which PMNs exert stimulatory effects on CD8+ T cell proliferation; 

however, the role of soluble factors derived from lung cancer cells on PMNs cannot 

be underscored. Ultimately, these findings may have important implications in the 

understanding of immunobiology in lung cancer and immunotherapy approaches.   
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6. RESULTS AND RECOMMENDATION 

 PMNs pre-treated with G-CSF and NAC exhibited prolonged survival and 

diminished ROS production. Consequently, they enhanced T cell 

proliferation.  

 IFN-𝛾 and fMLP pre-treatment of PMNs did not alter the proliferation of T 

cells.  

 The presence of lung cancer cells delayed the death and reduced ROS 

production of PMNs.  

 PMNs became spontaneously activated after 24h culturing. Being with lung 

cancer cells or conditioned media delayed but not inhibit the activation of 

PMNs. 

 In the co-cultures of PMNs, monocytes, and lung cancer cells, T cell 

responses were enhanced. In the absence of myeloid cells, lung cancer cells 

did not promote T cell proliferation. PMN co-cultures positively influenced T 

cell responses, albeit not reaching to the level of monocyte stimulated T cells. 

CD8+ T cell proliferation was more significantly promoted than CD4+ T cells 

by the presence of PMNs.  Co-cultures established with cancer cell- derived 

conditioned media did not promote T cell proliferation, indicating that cell-

to-cell contact is required. Increased expression of CD137, CD69, CD25, and 

CD107a was observed on CD8+ T cells co-cultured with monocytes and 

PMNs. Expression of these receptors was not altered in the presence of lung 

cancer cells. 

 IL-6 was the most prominently increased cytokine in the co-cultures with 

A549 cells, PMNs, and monocytes. High level of IFN-𝛾 was detected in the 

co-cultures with H1299 or H441 cells, PMNs, and monocytes. IL-4 was also 

prominently found in the co-cultures of H1299 or H441 cells. 

 Upregulation of inhibitory receptors PD-1, CTLA4, LAG3, and especially 

TIM-3 were detected on CD8+ T cells co-cultured with lung cancer cells, 

PMNs, and monocytes.  

 In response to re-stimulation, TIM-3mod/high CD8+ T cells recovered from co-

cultures with A549 cells, monocytes, and PMNs has higher proliferative 

capability and higher IFN-𝛾 production compared to TIM-/low subpopulation.  
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 ROS production was diminished in lung cancer cells-co-cultured PMNs. 

NAC treatment diminished it further, but did not alter T cell stimulatory 

capacity of PMNs. 

 Moderate but statistically significant upregulation of CD86, OX40L, and 4-

1BBL mRNA were detected in PMNs purified from the co-cultures of 

monocytes, CD8+ T cells, and lung cancer cells. 

 Since inhibitory receptor expression was upregulated in the presence of lung 

cancer cells, the expression of inhibitory ligands, especially that are cognate 

for TIM-3 may be evaluated in the co-cultures and lung cancer cell lines.  

 To reveal the contact dependent mechanism through which PMNs interacted 

with lung cancer cells and CD8+ T cells, the expression of adhesion 

molecules on PMNs upon co-culturing may be investigated.  

  Cytokines specifically derived from PMNs in the co-cultures to can be 

determined. 

 Since this study is performed with healthy donor PMNs, similar co-cultures 

might be established with patient-derived PMN-MDSCs and normal density 

PMNs.  

 To better mimic the tumor microenvironment, 3D cell cultures may be 

performed with the same co-culture settings.  
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