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RESUMO 

A comunicação eficaz entre as células tumorais e seu ambiente circundante 

é crucial para a função do tecido, crescimento tumoral, progressão da doença e 

prognóstico do paciente. Esta tese investiga os diversos papéis dos neutrófilos (NØ) 

no câncer, com foco particular na sua reprogramação e modulação fenotípica 

dentro do microambiente tumoral (TME). Para abordar o impacto da modulação 

bidirecional dos neutrófilos associados ao tumor na progressão tumoral, o estudo é 

dividido em duas seções principais: uma focada no carcinoma de células 

escamosas de cabeça e pescoço (HNSCC) e a outra no glioblastoma (GB). Em 

ambos HNSCC e GB, a modulação dos NØ em direção a um fenótipo pró-tumoral 

impulsiona significativamente a progressão tumoral. Isso é evidenciado pela 

angiogênese tumorigênica aumentada, metástase, evasão tumoral, promoção do 

crescimento e imunossupressão. Os achados experimentais demonstram que tanto 

as células tumorais quanto os exossomos derivados do tumor (TEX) prolongam a 

vida útil dos NØ e induzem a NETose, contribuindo para um ambiente 

imunossupressor. Além disso, o secretoma de NØ modulados por exossomos 

promove a angiogênese anormal através da desregulação dos sinais de VEGF-A e 

Ang-2, avançando ainda mais a progressão tumoral. Um alvo terapêutico potencial 

foi identificado na interferência do sinal de adenosina (ADO) nos NØ, o que poderia 

melhorar a resposta tumoral às terapias combinadas. Além disso, a correlação 

entre a morfologia dos NØ e piores desfechos clínicos destaca o potencial das 

características dos neutrófilos como novos biomarcadores prognósticos. 

Compreender a reprogramação dos NØ pelas células tumorais e os efeitos 

mediados pelos TEX pode levar a intervenções inovadoras visando melhorar os 

resultados do tratamento do câncer, particularmente em HNSCC e GB, onde a 

infiltração de NØ influencia significativamente a progressão tumoral. 
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ABSTRACT  

Effective communication between tumor cells and their surrounding 

environment is crucial for tissue function, tumor growth, disease progression, and 

patient prognosis. This thesis investigates the diverse roles of neutrophils (NØ) in 

cancer, with a particular focus on their reprogramming and phenotypic modulation 

within the tumor microenvironment (TME). To address the impact of bidirectional 

modulation of tumor-associated neutrophils on tumor progression, the study is 

divided into two main sections: one focusing on head and neck squamous cell 

carcinoma (HNSCC) and the other on glioblastoma (GB). In both HNSCC and GB, 

NØ modulation towards a pro-tumor phenotype significantly drives tumor 

progression. This is evidenced by enhanced tumorigenic angiogenesis, metastasis, 

tumor evasion, growth promotion, and immunosuppression. Experimental findings 

demonstrate that both tumor cells and tumor-derived exosomes (TEX) extend NØ 

lifespan and induce NETosis, contributing to an immunosuppressive environment. 

Additionally, the secretome of exosome-modulated NØ promotes abnormal 

angiogenesis through VEGF-A and Ang-2 signaling dysregulation, further 

advancing tumor progression. A potential therapeutic target was identified in the 

impairment of adenosine (ADO) signaling in NØ, which could enhance tumor 

response to combined therapies. Furthermore, the correlation between NØ 

morphology and poorer clinical outcomes highlights the potential of NØ 

characteristics as novel prognostic biomarkers. Understanding NØ reprogramming 

by tumor cells and TEX-mediated effects can lead to innovative interventions aimed 

at improving cancer treatment outcomes, particularly in HNSCC and GB, where NØ 

infiltration significantly influences tumor progression. 
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INTRODUCTION:  

Comparing Tumor Microenvironments 

In the quest to enhance cancer treatment success and improve patient 

outcome, there is a growing recognition of the need to explore alternative 

therapeutic targets. Although healthy tissues are robust against perturbations 

(BASANTA; ANDERSON, 2017), tumors are capable of interfering with tissue 

homeostasis to the point that the system is unable to recover the internal balance 

(FRANCIS; BORNIGER, 2021), providing support for the growth of mutated cells 

and microenvironment changes. This complex microenvironment consists of blood 

and lymphatic vessels, fibroblasts, endothelial and immune cells, cytokines, 

extracellular matrix and vesicles (HANAHAN; WEINBERG, 2011; WU, Shiman et 

al., 2019). 

With this regard, Siddhartha Mukherjee in "The Emperor of All Maladies" 

provides key insights in evolving understanding of cancer as a dynamic and 

heterogeneous group of diseases rather than a singular entity. Mukherjee highlights 

the complex nature of cancer and the lyrical insights into cellular biology to 

emphasize the need to adopt a more comprehensive approach. The narrative 

emphasizes the importance of personalized medicine, recognizing the uniqueness 

of each cancer and the necessity of tailoring treatments accordingly. It becomes 

evident that targeting a singular aspect of a disease often falls short. A paradigm 

shift towards a multi-target therapy emerges as a promising avenue to address the 

dynamic nature of tumors.  

Concerning tumor heterogeneity and the imperative for innovative 

approaches, this thesis reveals the intricate panorama of two distinct yet profoundly 

lethal tumors, highlighting the critical need for novel strategies in addressing their 

unique characteristics. Head and Neck Squamous Cell Carcinoma (HNSCC) and 

Glioblastoma (GB) are distinct types of cancers, each originated in different 

anatomical locations and presenting unique challenges in terms of diagnosis, 

treatment, and prognosis (GONG et al., 2023; MAJD; DE GROOT, 2019). 
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HNSCC is a prevalent form of cancer, with approximately 600,000 new cases 

reported annually worldwide. It is more common in older individuals and is strongly 

associated with risk factors such as tobacco and alcohol use, as well as human 

papillomavirus (HPV) infection in specific cases (LEEMANS; SNIJDERS; 

BRAKENHOFF, 2018). HPVneg cases tend to display a higher degree of genomic 

instability, increased aggressiveness, and resistance to therapy, while HPVpos 

tumors often exhibit a more favorable prognosis due to the unique etiological and 

molecular profile (KÜRTEN et al., 2021). HNSCC primarily affects the mucosal 

linings of the oral cavity, pharynx, and larynx, comprising a heterogeneous group of 

cancers. HNSCC demonstrates a higher propensity for metastasis to regional lymph 

nodes and distant organs (LEEMANS; SNIJDERS; BRAKENHOFF, 2018). Due to 

the therapy resistance, the thesis focused on HNSCC-HPVneg type. 

On the other hand, GB is a type of brain tumor that exhibit phenotypic and 

genetic characteristics related to glial cells and is the most aggressive form of 

primary brain cancer. It represents over 80% of malignant gliomas and has a higher 

incidence in older adults. There is no clearly established link to specific 

environmental or lifestyle factors, and the exact cause remains elusive (OMURO; 

DEANGELIS, 2013). 

However, both cancers follow a similar triad protocol that involves a 

combination of resection surgery, radiotherapy and chemotherapy (LEEMANS; 

SNIJDERS; BRAKENHOFF, 2018; LI et al., 2019; STUPP; VAN DEN BENT; HEGI, 

2005). The use of immunotherapy, particularly immune checkpoint inhibitors like 

durvalumab (anti-programmed death-ligand 1 (PD-L1)), has shown promise in 

treating recurrent or metastatic HNSCC, nonetheless, with less than 10% response 

rate (HERBST et al., 2022; SCHULZ, Daniela et al., 2019). While GB is notorious 

for its resistance to conventional and innovative therapies as well. Novel treatments, 

including immunotherapies and targeted therapies, are actively being investigated 

but not yet with successful results (LI et al., 2019). Early trials in patients with 

recurrent or metastatic HNSCC, who historically responded poorly to chemotherapy, 

initially showed improvement of clinical outcomes with the use of anti-PD-1 

antibodies like nivolumab or pembrolizumab (MORELLO et al., 2017). Many types 
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of cancer exploit the overexpression of co-inhibitory ligands to evade attack by 

cytotoxic T lymphocytes, a mechanism observed in numerous solid tumors. Despite 

some promising results, antibody-based PD-1/PD-L1 immunotherapy in HNSCC 

often leads to limited improvement or even its hyperprogression (SCHULZ, D. et al., 

2021; SCHULZ, Daniela et al., 2019). Previous research focused on the immune 

role of the PD-1/PD-L1 interaction, but evidence shows PD-L1 also promotes tumor 

growth through cell-intrinsic mechanisms (EICHBERGER et al., 2020). Recent study 

suggest PD-L1's regulation is complex, with multiple tumor cell-intrinsic functions 

unrelated to immune control (SCHULZ, Daniela et al., 2023). This topic is discussed 

in more details in appendix 1. 

Despite their disparate origins, both GB and HNSCC cancers share common 

features in terms of permissive tumor microenvironment (TME). They share a 

characteristic invasive and infiltrative growth pattern, allowing them to extend into 

adjacent tissues. This invasive nature poses challenges for surgeons attempting 

complete resection of the tumors. Moreover, the ability to sustain the formation of 

new vessels supports the rapid proliferation of tumor cells by ensuring an adequate 

blood supply to the growing tumor (IDA MICAILY, 2020; SUT, 2020). Moreover, both 

create a TME characterized by an abundance of immunosuppressive factors, 

influencing the antitumor immune response (CHEN, Zhihong; HAMBARDZUMYAN, 

2018; WEI et al., 2020). Lastly, HNSCC and GB present significant therapeutic 

challenges. Their resistance to conventional treatments, necessitates the 

exploration of innovative therapeutic approaches for more effective disease 

management (MORTEZAEE, 2020). The Table 1 summarizes the main 

characteristics exhibited by GB and HNSCC. 
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  GB HNSCC Reference 

Location Brain Oral cavity, hypopharynx, 
oropharynx, and larynx 

(LI et al., 
2019)(LEEMANS; 

SNIJDERS; 
BRAKENHOFF, 

2018) 

Incidence 308.102,00 890.000,00 

Risk factors ? Cigarette smoking, alcohol 
consumption, inadequate 
nutrition, poor oral hygiene, HPV 
and Epstein–Barr virus, and 
Candida albicans infections 

Age peak 55 to 60 50 to 70 

5-year overall 
survival 

9.8% 50% 

Treatment 
protocol 

Combination of surgery, 
chemotherapy, and radiation. 

Combination of surgery, 
chemotherapy, and radiation. 

Tumor 
microenvironment 

low immunogenicity, cold tumor HPVneg cold tumor 
HPVpos hot tumor 

(CHEN, Zhihong; 
HAMBARDZUMYA
N, 2018)(KÜRTEN 

et al., 2021) 

Prognostic factor IDH1 and IDH2 gene mutation HPV status (KORSHUNOV et 
al., 2019; 

LEEMANS; 
SNIJDERS; 

BRAKENHOFF, 
2018) 

Histopathological IDH, EGFR, ATRX, P53, NFP, 
NSE, Sp11, Ki67 

P53, CD44, CD133, ALDH1 
(GONÇALVES et 

al., 2020; GONG et 
al., 2023) Molecular markers deletion mutation of PTEN, 

G6PD, PI3K 
EGFR, PI3K, PD-L1, EMT 
markers 

Table 1: Comparative table of GB and HNSCC characteristics. Abbreviations: ALDH1: 

Aldehyde Dehydrogenase 1; ATRX: Alpha Thalassemia/Mental Retardation Syndrome X-linked; CD133: 

Prominin-1; EGFR: Epidermal Growth Factor Receptor; EMT markers: Epithelial-Mesenchymal Transition 

markers; G6PD: Glucose-6-Phosphate Dehydrogenase; HPV: Human Papillomavirus; IDH: Isocitrate 

Dehydrogenase; Ki67: A marker for cell proliferation; NFP: Neurofilament Protein; NSE: Neuron-Specific 

Enolase; P53: Tumor Protein P53; PD-L1: Programmed Death-Ligand 1; PI3K: Phosphoinositide 3-Kinase; 

PTEN: Phosphatase and Tensin Homolog 

 

Therefore, extensive research has pointed out the crucial role of the TME in 

cancer progression and infiltration (MAJD; DE GROOT, 2019). Interactions between 

immune and tumor cells in diverse TMEs significantly shape cancer progression and 

treatment response. The body's immune response, comprising innate (e.g., 

macrophages, neutrophils) and adaptive defense mechanisms (T- and B-

lymphocytes), converges within the TME, influencing tumor cells through cellular 

contact, or soluble mediators like cytokines or extracellular vesicles (HAAS; 

OBENAUF, 2019; SHARMA; ALLISON, 2015). Immune responses in tumors are 
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dynamic, influenced by the site characteristics. In inflamed (hot-tumor) TMEs, active 

immune cells signal a better prognosis, initiating immune-mediated tumor control. 

Conversely, immunosuppressive (cold-tumor – Figure 1) TMEs, featuring 

regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), hinder 

effective immune responses, presenting a challenge for immunotherapy (CHEN, 

Daniel S; MELLMAN, 2017; KATHER et al., 2018; RAD et al., 2022). Thus, as 

tumors evolve, they modulate the TME, altering immune cells' behavior from pro-

inflammatory to supporting cancer progression. To the same extent, "An Elegant 

Defense" by Matt Richtel delves into the sophisticated immune system. Richtel 

emphasizes the delicate balance required for optimal immune function, exploring 

instances where this intricate system can turn against the body. Strategies targeting 

immune responses, disrupting immunosuppression, and promoting inflammation in 

the TME offer promise across diverse cancer types (CERVANTES-VILLAGRANA et 

al., 2020; DE LEVE; WIRSDÖRFER; JENDROSSEK, 2019). 

 

Figure 2: The characteristics of different types of tumor microenvironments. Adapted from (RAD et 
al., 2022). 

Recent studies discuss the significant role of neutrophils (NØ) in tumor 

progression (GIESE; HIND; HUTTENLOCHER, 2019; JAILLON et al., 2020). 

Patients with elevated levels of circulating NØ demonstrate increased infiltration in 

the tumor tissue, such as HNSCC (MASCARELLA et al., 2018) and GB (GOMES 
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DOS SANTOS et al., 2021), correlating with poor prognosis (LECOT et al., 2019a). 

Constituting a substantial portion of circulating leukocytes, NØ exhibit phenotypic 

and functional plasticity, acting either as pro-tumor or anti-tumor entities (GRANOT; 

JABLONSKA, 2015). The controversy surrounding their contribution to tumor 

progression highlights the need for further investigations into their role within the 

TME. 

In recent years, the simplistic view of NØ function has been challenged, and 

interest in their biology is growing. It is now understood that NØ participate in the 

immune response by regulating and recruiting other immune cells, such as 

monocytes/macrophages and dendritic cells, and by interacting with B and T cells 

(SCAPINI; CASSATELLA, 2014). It is crucial to recognize that communication is 

bidirectional. To that extent, similar to the classification of macrophages into M1 and 

M2 types, the activation spectrum of NØ can be grouped according to a similar logic: 

pro-inflammatory/anti-tumor polarization and anti-inflammatory/pro-tumor 

polarization (GIESE; HIND; HUTTENLOCHER, 2019). 

 

Tumor-associated Neutrophils 

Neutrophils are the most abundant immune cells in circulation, accounting for 

about 50-70% of all leukocytes and serving as the first line of defense against 

infections (SADIK; KIM; LUSTER, 2011). NØ primary defense mechanisms include 

phagocytosis, degranulation, and the release of neutrophil extracellular traps 

(NETs) (WANG, Jing, 2018). Armed with cytotoxic granules, they release 

antimicrobial compounds, proteases, and contribute to oxidative responses. 

Besides their antimicrobial role, recent research indicates their involvement in 

antigen presentation, influencing T cell responses, and antibody-dependent killing 

(MAYADAS; CULLERE; LOWELL, 2014; NATHAN, 2006). Neutrophils undergo 

maturation and differentiation in the bone marrow and are released into the 

bloodstream upon reaching full maturity (MACKEY; COFFELT; CARLIN, 2019; 

MONTALDO et al., 2022). On this matter, tumor cells take advantage of this process 

and can excessively activate granulopoiesis, leading to neutrophilia in patients, 
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increasing the previous discussed NLR (ROSALES, 2018; URIBE-QUEROL; 

ROSALES, 2015).  

Tumor-associated neutrophils (TANs) have a dual role within the TME. On one 

side, they can initiate pro-inflammatory responses, contributing to the overall 

inflammation within the tumor (CARNEVALE et al., 2020).  

To one hand, they can destroy tumor cells through direct cytotoxic actions 

involving the production of reactive oxygen species (ROS), TNF-related apoptosis-

inducing ligand (TRAIL), and nitric oxide (NO) (EL-BENNA et al., 2016; JAILLON et 

al., 2020; KOGA et al., 2004). Additionally, either NØ can function as antigen-

presenting cells, aiding the antitumor immune response, or support Th1 polarization 

and the antitumor activity of unconventional T cells (GOVERNA et al., 2017; 

PONZETTA et al., 2019). Moreover, in the early stages of lung cancer, NØ play a 

supportive role by enhancing T cell function (ERUSLANOV et al., 2014). NØ are 

essential for cancer cell elimination through antibody-dependent cellular cytotoxicity 

and antibody-dependent cellular phagocytosis (BEHRENS; VAN EGMOND; VAN 

DEN BERG, 2023). With this regard, the engagement of Fc receptors triggers NØ 

activation and their effector functions. Besides, another study demonstrated NØ-

mediated tumor cytotoxicity lead to tumor necrosis (BAKEMA et al., 2011).  

Despite possessing potential antitumor functions, NØ exhibit versatility, adopting 

distinct activation response and phenotypes influenced by the microenvironment, 

which in turn sustain tumor progression (BALLESTEROS et al., 2020; LECOT et al., 

2019b; MÓCSAI, 2013).  
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Figure 3: Neutrophils in tumor promotion. Adapted from (JAILLON et al., 2020). Abbreviations: BV8: 
Prokineticin; HMGB1: High Mobility Group Box 1; MMP9: Matrix Metallopeptidase 9; miR-23A: MicroRNA 23A; 
miR-155: MicroRNA 155; NE: Neutrophil Elastase; ROS: Reactive Oxygen Species; RTK: Receptor Tyrosine 
Kinase; S100A8/9: S100 Calcium Binding Protein A8/A9 (also known as calprotectin); TLR9: Toll-Like Receptor 
9; VEGF-A: Vascular Endothelial Growth Factor A 

Therefore, on the other hand, pro-tumor TANs have been shown to stimulate 

angiogenesis, a process crucial for the development of new blood vessels. NØ play 

a key role in producing vascular endothelial growth factor A (VEGF-A) and releasing 

metalloproteinase-9 (MMP-9), promoting angiogenesis and tissue invasion 

(GALDIERO et al., 2018). This, in turn, facilitates the increased blood supply 

necessary for sustained tumor growth (TAZZYMAN; LEWIS; MURDOCH, 2009). 

Additionally, TANs contribute to immunosuppression by attracting tumor-associated 

macrophages (TAM) and Tregs, besides inhibiting T lymphocytes response 

(PILLAY et al., 2013; ZHANG et al., 2020). In addition, NØ infiltration can contribute 

to genetic instability through the production of ROS and nitrogen (RNS) species 

(MICHAELI et al., 2017). The same extend, neutrophil extracellular traps (NETs) 

release, a characteristic function of NØ, to build a DNA-web by briefly comprising 

granular proteins like elastase (NE) and myeloperoxidase (MPO), form a nuclear 

network with distinct cell death mechanisms, diverging from apoptosis and necrosis. 

This process involves nuclear envelope disintegration, exposing content to the 

cytosol and causing intercellular membrane damage, leading to organelle loss and 

compromised plasma membrane integrity (Figure 2) (AMULIC;; SOLLBERGER, 

2018; HANN et al., 2020; LOFFREDO et al., 2017). In tumor conditions, these NETs 

are implicated in poor prognosis, tumor-associated thrombosis and metastasis 

formation by potentially capturing circulating tumor cells, aiding their disposition in 
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other tissues (CHEN, Naifei; HE; CUI, 2022; COOLS-LARTIGUE et al., 2014; 

DEMERS; WAGNER, 2014; ZHA et al., 2020).  

Further details about this topic were addressed in the Chapter 1. 

 

Tumor-immune cell communication through exosomes 

Tumor cells employ sophisticated strategies to communicate with immune 

cells, shaping the TME and influencing immune responses (RUBENICH et al., 

2021). Exosomes, small extracellular vesicles (sEV) released by various cell types, 

including tumor cells, play a pivotal role in this intercellular communication. These 

vesicles, sized between 30–150 nm, originate from multivesicular bodies (MVBs) 

and exhibit a membrane topography resembling their parent cells (MINCIACCHI; 

FREEMAN; DI VIZIO, 2015). 

Briefly, the biogenesis of exosomes starts with the formation of early 

endosomes, which internalize extracellular material through membrane budding. 

These early endosomes mature into late endosomes, incorporating membrane 

proteins and cargoes from the plasma membrane. Late endosomes then transform 

into MVBs, forming intraluminal vesicles (ILVs) by invaginating the endosomal 

membrane, capturing cytoplasmic components. MVBs face two potential fates: 

fusion with lysosomes for degradation or fusion with the cell membrane, releasing 

exosomes into the extracellular space (Figure 3). The decision between these 

pathways is tightly regulated by cellular conditions and signaling (BEBELMAN et al., 

2018; MATHIEU et al., 2019; YUE et al., 2020). Exosomes carry a complex cargo 

reflective of their parent cells, including proteins, nucleic acids, lipids, and glycans 

forming glycoconjugates or lipid rafts on the vesicle surface. Noteworthy, proteins in 

exosomes include membrane trafficking molecules, integrins, transmembrane 

proteins, and tetraspanins (e.g., CD9, CD63, CD81), often used as surface markers 

of exosomes (JEPPESEN et al., 2019; KALLURI; LEBLEU, 2020; RAEVEN; 

ZIPPERLE; DRECHSLER, 2018). 
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Figure 4: Schematic representation of the biogenesis, cargo and secretion of exosomes. 
Adapted from (YUE et al., 2020). Abbreviations: circRNA: Circular RNA; DNA: Deoxyribonucleic Acid; 
ESCRT: Endosomal Sorting Complex Required for Transport; ILV: Intraluminal Vesicle; lncRNA: Long Non-
Coding RNA; miRNA: MicroRNA; mRNA: Messenger RNA; MVB: Multivesicular Body; pre-RNA: Precursor 
RNA; pri-miRNA: Primary MicroRNA; Rab: Ras-related Protein in Brain; SNARE: Soluble NSF Attachment 
Protein Receptor; TGN: Trans-Golgi Network 

The content of sEVs can be influenced by the local microenvironment and 

various stimuli like tissue hypoxia, oxidative stress, or chemotherapeutics. Despite 

the early stage of understanding sEV biology, their ability to induce reprogramming 

in recipient cells has been observed, with effects varying based on molecular 

composition and functional heterogeneity in recipient cells (ALMEIDA et al., 2019; 

BUI; MASCARENHAS; SUMAGIN, 2018). Laden with diverse cargo, exosomes act 

as messengers facilitating the transfer of crucial information between cells. In the 

context of tumor-immune communication, tumor-derived exosomes (TEX) harbor 

specific molecules that can either enhance or suppress immune responses 

(LUDWIG, Nils et al., 2020; YANG et al., 2017). TEX may carry immunosuppressive 

molecules like PD-L1 or transforming growth factor-beta (TGFβ), inhibiting immune 

cell activity, particularly T cells (LUDWIG, Sonja et al., 2018). Conversely, they can 

also transfer tumor cell-derived antigens, activating immune responses. TEX can 

alter the activation state of macrophages, directing them toward a pro-tumor, anti-
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inflammatory phenotype (FIANI et al., 2020). Recent findings highlight the role of 

exosomes in modulating NØ functions, adding a new dimension to cancer 

perspectives (RUBENICH et al., 2021). Importantly, exosome-mediated 

communication extends beyond local effects, exerting systemic influences. TEX 

released into circulation disseminate information to distant sites, preparing pre-

metastatic niches and modulating immune responses in distant organs (Figure 4) 

(FENG et al., 2019). This topic is discussed in more details in the Chapter 1 of this 

thesis. 

 

Figure 5: Hallmarks of exosomes. Adapted from (KALLURI; LEBLEU, 2020). Abbreviations: ALIX: 
ALG-2-interacting protein X; HSP: Heat Shock Protein; TSG101: Tumor Susceptibility Gene 101 

 

Purinergic signaling 

Considering that tumor cells are always developing methods of tumor 

escape, inhibition of the immune response by excess adenosine triphosphate (ATP) 

and adenosine (ADO) is a very effective mechanism (ALLARD, Bertrand et al., 

2017). The direct relationship of purinergic signaling in the progression of cancer, 

such as GB [83] and HNSCC [84], correlates with various malignant processes such 

as migration, epithelial to mesenchymal transition (EMT), invasion, proliferation, 

chemoresistance, differentiation, tumor growth, angiogenesis, and invasiveness 

(GELSLEICHTER et al., 2023).  
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The heightened inflammation and stress in the TME lead to the release of 

purines, such as ATP, from damaged cells (DOSCH et al., 2018). Ectonucleotidases 

facilitate the conversion of extracellular ATP to adenosine (ADO). This process 

involves enzymes like NTPDase1/CD39 hydrolyzing ATP to AMP, which is then 

converted to ADO by CD73 (GELSLEICHTER et al., 2023) (Figure 5). In addition 

to the direct influence in the activation and functional properties of NØ (CHEN, Yu 

et al., 2010; GIULIANI; SARTI; DI VIRGILIO, 2020; GRASSI, 2010), instigates the 

hypothesis that phenotype modulation could be linked by this pathway.   

ADO mediates its effects through P1 purinoceptors, including A1, A2A, A2B, 

and A3, which are G protein-coupled receptors (CORRIDEN et al., 2008; WANG, 

Sheng et al., 2021). A1 and A3 receptors are inhibitory, reducing intracellular cAMP 

levels, while A2A and A2B receptors are generally excitatory, increasing cAMP 

levels. The sensitivity of P1 receptors to ADO varies depending on its extracellular 

concentration, with A1 receptors preferred at lower levels and A2A and A3 receptors 

favored at higher levels (CAMPOS-CONTRERAS; DÍAZ-MUÑOZ; VÁZQUEZ-

CUEVAS, 2020; DI VIRGILIO; VUERICH, 2015; LINDEN, 2011).  

P1 receptors are widely expressed, with roles in various systems, including 

immune function. Briefly, A1 receptors promote NØ chemotaxis, A2A receptors 

induce immunosuppressive responses, A2B receptors drive inflammatory 

responses, and A3 receptors modulate NØ chemotaxis and mast cell degranulation 

(GRASSI, 2010). ADO tends to exert immunosuppressive effects, hindering TAN-

mediated immune responses and inhibiting pro-inflammatory cytokine release 

(ALLARD, Bertrand et al., 2017; ARAB; HADJATI, 2019). To that extend, activation 

of A2A receptors on TANs can compromise their cytotoxic capabilities, potentially 

promoting tumor growth and immune evasion (TANG et al., 2010). 
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Figure 6: The elements of the purinergic signaling system. Adapted from (VLAJKOVIC; THORNE, 
2022). 

Manipulating purinergic pathway emerges as a promising therapeutic 

approach to modulate TAN activity. Such interventions could tip the balance toward 

antitumor immune responses, paving the way for the development of novel 

immunotherapies (ALLARD, David et al., 2019; ARAB; HADJATI, 2019). 

 

The hypothesis: neutrophils as a convergent target: 

The numerous new cancer cases, especially those showing resistance to 

existing treatments leading to reduced survival rates, highlight the need for a deeper 

understanding of the disease. Theories targeting new therapeutic avenues, 

encompassing both chemotherapy and immunotherapy, often encounter practical 

challenges observed in clinical settings and patient responses. For those exhibiting 

resistance, few treatment options remain. Consequently, new areas of research 

seek insights into why and how tumor cells successfully evade our treatment 

strategies through adjacent cells. 

One recent focus is understanding the communication between tumor cells 

and the immune system, particularly innate immune cells. This shift in perspective 

shows great promise, especially as the immune infiltrate composition in non-

responsive tumors is limited to myeloid and regulatory cells. Emphasizing this 

perspective has led to discoveries proving that our immune cells are much more 

than classically activated as taught and described in textbooks. The spectrum of 
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activation, well-documented in T lymphocytes, is now being observed in 

macrophages and, more recently, in NØ. The hypothesis that tumors can 

manipulate cells within their niche and systemically has led us into the universe of 

TAN. 

This thesis is based on studying the cellular behavior and activation of NØ in 

two tumor types with high mortality rates and minimal response to conventional 

therapies considered gold standard. Two distinct tumor types were selected to 

observe whether the behavior of TAN follows a pattern of response. 

Both GB and HNSCC are recognized as aggressive tumor types. Different 

cancer types exhibit unique characteristics that profoundly affect their behavior, 

responses to treatments, and overall prognosis. Research explores the presence of 

cells with an inflammatory profile in the TME, with NØ identified as key player. While 

evidence indicates the existence of NØ with anti- and pro-tumor phenotypes, the 

mechanisms influencing their functional behavior and role in cancer perpetuation 

remain unclear. The emerging evidence poses new questions, delving into the 

spectrum of NØ activation, the molecular basis of their plasticity, and their 

significance in activation, expression, and regulation. The importance of purinergic 

signaling in NØ response emerges as a potential strategy to inhibit the pro-tumor 

phenotype. This knowledge aims to advance cancer research, with the potential to 

enhance patient outcomes and broaden the spectrum of treatment options for these 

tumors. 

Thus, this thesis unfolds across ten chapters focusing on NØ functionality 

and response both in head and neck squamous cell carcinoma (HNSCC) and 

glioblastoma (GB). 

 

28



OBJECTIVES:  

 

Main objective: 

 

Investigate the bidirectional modulation of tumor-associated neutrophils in tumor 

progression. 

 

Specific Objectives: 

1. Summarize existing literature on how exosomes facilitate communication 

between the tumor microenvironment (TME) and neutrophils, exploring their 

impact on cellular behavior and function. 

2. Apply bioinformatics methods to elucidate how extracellular vesicles (EVs) 

contribute to shaping the cellular makeup of the TME, focusing on their 

influence on different cell types. 

3. Investigate how exosomes derived from HNSCC cells attract and interact 

with neutrophils, leading to the induction of an immunosuppressive 

phenotype that supports cancer progression through CD73/PD-L1 axis, with 

a focus on neutrophil ADO signaling. 

4. Explore how HNSCC-derived exosomes regulate neutrophil apoptosis, 

particularly examining the role of ADO signaling in modulating survival. 

5. Assess the ability of HNSCC-derived exosomes to induce the release of 

neutrophil extracellular traps (NETs) via ADO-dependent signaling. 

6. Investigate how TEX influence neutrophil phenotype towards a pro-tumor 

angiogenic state, impacting the development of aberrant tumor vasculature 

in HNSCC. 

7. Explore the communication and reprogramming between neutrophils and 

glioblastoma (GB), assessing how neutrophils promote GB progression 

following interaction and influence by the TME. 

29



8. Analyze the participation of ADO signaling in tumor-associated neutrophil in 

sustaining immunosuppression in GB. 

9. Establish the clinical significance of neutrophil morphology in the context of 

GB, examining its implications for disease progression. 

10. Develop an artificial intelligence (AI) model utilizing computer vision 

techniques to classify and detect the polarization state of peripheral 

neutrophils in patients with GB.  
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PREFACE 

In order to address the impact of bidirectional modulation of tumor-associated 

neutrophils in tumor progression, the specific objectives proposed were organized 

in 2 main sections, as follow: 

The first section begins with a Review article (Chapter 1) produced during 

the COVID19 pandemic, which explored the existing literature about how exosomes 

participate of the neutrophil-tumor cell crosstalk (RUBENICH et al., 2021).  

The effects of TEX derived from HNSCC on the TME are well-documented in 

various studies. However, the specific mechanisms through which these EVs 

influence TME composition are still not well understood. Therefore, the Chapter 2 

(KALLINGER et al., 2023) employed a bioinformatics approach to elucidate the role 

of HNSCC-derived EVs in shaping the cellular makeup of the TME. We focused on 

two recently identified gene signatures associated with increased TEX release. 

The following chapter were produced during the period abroad in the 1 year-

doctorate program.  

The impact of NØ modulation by TEX on immune response and tumor 

outcomes is explored through various approaches. Their significance in 

immunosuppression within the TME, by increasing the expression of the CD73/PD-

L1 axis (Chapter 3, Rubenich et al 2024 – under review Journal of Extracellular 

Vesicles), as well as modulating survival-promoting biochemical pathways leading 

to increased NØ viability via NFκB activation (Chapter 4, Rubenich et al 2024 – 

under review Frontiers in Immunology), indicates that the strong presence of NØ in 

the tumor niche supports disease progression. Similarly, Chapter 5 (Rubenich et al, 

2024 - under review at Biochem Biophys Res Communication) delves into the 

characteristic action mechanism of NØ, namely NØ Extracellular Traps (NETs), 

demonstrating that NETs induction increases malignancy markers, suppression, 

and metastasis. Based on these findings, we investigate the importance of pro-

tumor NØ in forming new blood vessels and their capacity to promote defective 

tumor angiogenesis (Chapter 6 - under preparation). This dataset reveals that the 
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pro-tumor NØ phenotype drives tumor progression both through direct action on the 

tumor and by modulating the microenvironment. 

In the second section, the chapters focus on studies in glioblastoma 

performed at UFCSPA. The overarching objective remains understanding the 

bidirectional communication between NØ and tumors, revealing tumor adaptation to 

NØ presence and direct modulation of NØ by tumor cells (Chapter 7, (RUBENICH 

et al., 2023)). Next, we characterize tumor biopsy samples to quantify and correlate 

them with the ADO pathway of TAN. This led to the identification of a nuclear PD-

L1 in patient samples that significantly correlated with NØ gene modulation and 

immunosuppression (Chapter 8 – under preparation). In addition, after slide 

observations we propose that the tumor outcome and phenotypic alteration of NØ 

in glioma patients can be visualized under microscope. Therefore, we proposed NØ 

as prognostic biomarkers through NØ morphological evaluation (Chapter 9 – under 

preparation). This section ends with the attempt to develop a prognostic software 

using artificial intelligence for image recognition to predict immune response to 

tumors (Chapter 10 – under preparation). 

 As you delve into the following chapters, you will find detailed explorations of 

the fundamental role of NØ in cancer progression, each contributing to a deeper 

understanding of the phenomena discussed here.  

Enjoy reading! 
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A B S T R A C T   

Neutrophils are the first line of defense against tissue injury and play an important role in tumor progression. 
Tumor-associated neutrophils (TANs) mediate pro-tumor immunosuppressive activity and their infiltration into 
tumors is associated with poor outcome in a variety of malignant diseases. The tumor cell-neutrophil crosstalk is 
mediated by small extracellular vesicles (sEVs) also referred to as exosomes which represent a major mechanism 
for intercellular communication. This review will address the role of neutrophil-derived sEVs (NEX) in reprog
ramming the TME and on mechanisms that regulate the dual potential of NEX to promote tumor progression on 
one hand and suppress tumor growth on the other. Emerging data suggest that both, NEX and tumor-derived 
sEVs (TEX) carry complex molecular cargos which upon delivery to recipient cells in the tumor microenviron
ment (TME) modulate their behavior and reprogram them to mediate pro-inflammatory or immunosuppressive 
responses. Although it remains unknown how the balance between the often conflicting signaling of TEX and 
NEX is regulated, this review is an attempt to provide insights into mechanisms that underpin this complex 
bidirectional crosstalk. A better understanding of the signals NEX process or deliver in the TME might lead to the 
development of novel approaches to the control of tumor progression in the future.   

1. Introduction 

The tumor microenvironment (TME) is a structurally complex, 
tumor-driven milieu of various cells, all programmed to promote tumor 
growth. In addition to tumor cells, blood vessels, extracellular matrix 
(ECM) components and other non-malignant cells, including fibroblasts, 
epithelial cells, and immune cells are components of the TME (Fig. 1A). 
Neutrophils are also identified in the TME of most human tumors, 
although for many years, their presence in human tumors was a subject 
of considerable controversy [1]. More recent studies confirm that neu
trophils are a component of the TME in most, if not all, human tumors 
and suggest that infiltration of neutrophils into the tumor is linked to 

poor prognosis [2]. 
Neutrophils are a component of the innate immune system, repre

senting 50–70 % of circulating leukocytes in humans under normal 
physiological conditions [3]. They are the first cell type recruited to the 
site of tissue injury. After neutrophil granulopoiesis and mobilization, 
their recruitment is mainly mediated by CXCR1/CXCR2 in response to 
pathogen-associated or damage-associated molecular patterns (PAMPs 
and DAMPs, respectively) [4]. Neutrophils effectively participate in 
immune/inflammatory responses, utilizing various mechanisms such as 
phagocytosis, degranulation and/or extracellular trap (NET) formation 
(Fig. 1B) [5]. They also secrete a variety of chemokines, which promote 
the recruitment of other immune cells, including macrophages [6]. 
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Neutrophils are characterized by phenotypic and functional plasticity, 
that enables them to play multiple roles in immune/inflammatory re
sponses. It is in this context that the concept of neutrophil heterogeneity 
has been introduced [7]. Indeed, the existence of the neutrophil polar
ization spectrum characterized by N1 and N2 phenotypes, similar to 

those described for macrophages, has been proposed [8]. N1 neutrophils 
are inflammatory and N2 neutrophils are involved in tissue recon
stitution/regeneration and angiogenesis, which are especially important 
for the support of tumor growth. This functional polarization does not 
exclude the likely possibility that the same neutrophil is capable of 

Fig. 1. Neutrophil mobilization and functions in cancer. (A) Cells in the TME release cytokines, such as G-CSF, which induces granulopoiesis in the bone marrow, and 
chemokines which stimulate the migration of different neutrophil subpopulations. Some factors, such as TGF-β, are involved in promoting a pro-tumor phenotype in 
neutrophils. (B) Granulopoiesis is the formation and maturation of neutrophils, which is also important for granule production. Neutrophils are attracted to the 
bloodstream through cytokines and chemokines, especially by the release of IL-8 and their activation via CXCR2. Neutrophil primes with the first stimuli and 
enhanced expression of adhesion molecules, which allows diapedesis. When neutrophils reach the tumor site, they are exposed to second stimuli, such as DAMPs, and 
accomplish their major functions: NETosis, degranulation and extracellular vesicle release. Neutrophils express a variety of cell surface proteins: chemokine re
ceptors, for responding to chemokines; toll-like receptors, which recognize tumor molecules, such as HMGB1; adhesion molecules for migration and diapedesis; 
activation markers; adenosine receptors, which bind ADO and enhance immunosuppressive functions. (C) Tumor cells are capable of producing sEVs as a mean of cell 
communication. The biogenesis of these sEVs occurs via initial endocytosis, which forms early endosomes and later MVBs with ILVs, followed by exocytosis and sEV 
release. sEVs can be internalized by recipient cells and reprogram its phenotype and functions. Neutrophils can internalize sEVs via endocytosis. Also, neutrophils are 
capable of producing their own sEVs (NEX), which are released to the extracellular space and interact with a variety of different cells types. (D) General cargo 
composition of sEVs: the cargo changes according to the metabolism of the parent cell and each sEV can carry different molecules even if derived from the same cell. 
Abbreviations: G-CSF - granulocyte colony-stimulating factor, IFNγ – interferon gamma, TGF-β - transforming growth factor beta, IL-8 - interleukin-8, CXCR2 - CXC 
chemokine receptor 2, DAMPs - damage-associated molecular patterns, PMN - polymorphonuclear, MPO - myeloperoxidase, NE – neutrophil elastase, MMP-9 – 
metalloproteinase 9, NGAL – neutrophil gelatinase-associated lipocalin, sEVs – small extracellular vesicles, MVB – multivesicular, ILV - intraluminal vesicles, HMGB1 
- high mobility group box 1, ADO – adenosine. 
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performing a spectrum of functions depending on the conditions in the 
microenvironment. 

The participation of neutrophils in tumor progression has been 
controversial and the neutrophil plasticity has been used to explain their 
dual role in the TME [9]. The ability of neutrophils to communicate with 
other immune cells, such as macrophages, lymphocytes or natural killer 
(NK) cells has been recognized as a key feature of their biology. The 
ability of both tumors and neutrophils to produce and release small 
extracellular vesicles (sEVs) to the extracellular environment is an 
important mechanism for communication with other cells [10]. It is 
likely that sEVs may be responsible for neutrophil capabilities to “sense” 
and respond to external signals in the TME as well as tumor cells to 
modulate and promote a convenient environment through the release of 
tumor-derived small extracellular vesicles (TEX). sEVs have been in the 
limelight as a major intercellular communication system in health and 
disease [11]. Therefore, this review will address the role of 
neutrophil-derived small extracellular vesicles (NEX) and TEX in 
reprogramming the TME and on mechanisms that regulate the potential 
of sEVs to promote tumor progression. 

2. The role of neutrophils in cancer 

Neutrophil infiltration in solid tumors has been associated with 
worse prognosis [12]. The number and phenotypic as well as functional 
attributes of tumor-infiltrating neutrophils can serve as biomarkers of 
response to chemotherapy or immunotherapy and survival in patients 
with cancer [2]. Although interactions of neutrophils with tumor or 
non-malignant cells in the TME are not yet fully understood, their 
engagement in sophisticated bidirectional interactions with these cells 
has been reported [13]. Emerging evidence associates increase in the 
number of circulating neutrophils with poor prognosis in different types 
of malignancies, including glioblastoma [14]. Prognostic relevance of 
neutrophils is usually based on calculations of the neutrophil to 
lymphocyte ratio (NLR). The NLR has been used as a prognostic factor of 
overall survival (OS) in many types of solid tumors, including gastric 
[15] and head and neck [16] cancers and high NLR values associate with 
worse prognosis for cancer patients [17]. Moreover, it has been shown to 
correlate with the abundance of neutrophils infiltrating the TME [18]. 
Importantly, not only the number but also the location of neutrophils 
within the TME appears to impact their activation and functions and 
can, therefore, have prognostic relevance. Also, OS varies, depending on 
whether neutrophils are localized in the tumor nests (intratumoral), 
around the tumor nests (peritumoral), or in the tumor-associated stroma 
[2,19,20]. 

Tumor-associated neutrophils (TANs) are predominantly classified 
based on their phenotypes, as discussed below. Recent studies report the 
existence of different subpopulations of neutrophils in the TME, which 
are characterized by distinct functions during tumor progression [21]. 
One hallmark of neutrophils is their phenotypic plasticity which can be 
modulated by environmental conditions. Thus, activation of neutrophils 
largely depends on the surrounding microenvironment [22]. TANs are 
known to act either as tumor promotors or as tumor suppressors, 
depending on the microenvironmental context, which clearly changes as 
the tumor develops and progresses. The dual role of TANs reflects the 
constantly changing complexity of the TME and of TAN interactions 
with different cell types, such as tumor-associated macrophages [23]. 
Today, the nomenclature of TANs still needs to be established and the 
definition of phenotypes for different TAN subsets in the TME awaits 
further studies [9]. 

Current evidence indicates that TANs promote tumor growth, inva
sion, angiogenesis, and metastasis in various types of cancer [24]. TANs 
are exposed to a variety of stimuli in the TME, such as granulocyte 
colony-stimulating factor (G-CSF), interleukin (IL)-8, and transforming 
growth factor β (TGF-β), which alter their maturation and polarization 
states [25]. Neutrophils mediating anti-tumor activities are known for 
their cytolytic activity directed at tumor cells and, at the same time, for 

displaying an immunostimulatory profile (i.e., TNF-αhigh, CCL3high, 
ICAM-1high, Arginaselow). These TANs produce higher levels of super
oxide and hydrogen peroxide, in contrast to pro-tumor TANs, which 
mediate immunosuppressive functions and upregulate expression of 
chemokines CCL2, 3, 4, 8, 12, and 17 as well as CXCL1, 2, 8 and 16 [26]. 
According to Jaillon et al. human pro-tumor TANs are characterized by 
expression of LOX-1+, CD170high and PD-L1+, while anti-tumor TANs 
express CD54+, HLA-DR+, CD86+, and CD15high. Immature TANs ex
press CD117+, CD16int/low, LOX-1+, CD84+, and JAML+ (Fig. 1A). Be
sides, mouse pro-tumor TANs express Ly6G+, CD11b+, PD-L1+, 
CD170high and mouse anti-tumor neutrophils express Ly6G+, CD170low, 
CD177+, CD54+, and CD16+. Immature mouse TANs are known for 
expressing Ly6G+, CD11b+, CD117+, CD170low, CD101− , CD84+, and 
JAML+ [27]. 

Another immune cell subset accumulating in tumors are the myeloid- 
derived suppressor cells (MDSCs). Their major function is the suppres
sion of anti-tumor T cell functions and promotion of tumor progression. 
In cancer and in other pathological conditions, G-CSF is overproduced 
and favors MDSC generation, as extensively reviewed [28,29]. MDSC 
activity in the TME is closely related to the neutrophil (G-MDSC) or 
monocyte (M-MDSC) differentiation [28,30]. It is currently under 
debate whether the origin of the MDSC population is the same as that of 
neutrophils. However, just recently, G-MDSCs, also known as poly
morphonuclear MDSCs (PMN-MDSCs), were described as “neutrophils 
with proven immunosuppressive activity” [27,31]. Numbers of 
PMN-MDSCs are elevated in the blood of cancer patients and they are 
thought to exert tumor-promoting functions, including suppression of 
the adaptive immune responses, stimulation of angiogenesis, and 
shaping of pre-metastatic niches [32]. It has also been described that the 
protein expression profile of pro-tumor G-MDSCs includes CD11b+, 
CD15+, CD66+, CD33dim, and HLA-DRneg [33]. To discriminate neu
trophils from PMN-MDSCs, a panel of several markers, including 
expression of the lectin-type oxidized LDL receptor 1 (LOX-1) are 
currently used. LOX-1+ neutrophils are potent suppressors of T cell 
proliferation and genomically resemble MDSCs, while LOX-1− neutro
phils do not mediate immunosuppressive effects [34]. 

Cell interactions involved in the neutrophil-tumor crosstalk that 
takes place in the TME are illustrated in Fig. 1. First, the figure presents 
cytokine-mediated effects on granulopoiesis in the bone marrow, 
maturation of neutrophils, and their diapedesis and entry into the TME. 
Next, the capability of TANs to produce and release sEVs is presented. 
TANs have recently emerged as a major producer of sEVs that are 
engaged in promoting tumor growth and impacting disease outcome. 
Therefore, TANs have acquired clinical relevance, and understanding of 
the mechanisms that are responsible for TAN-mediated tumor-promot
ing activities are of great importance. 

3. Small extracellular vesicles (sEVs) and their role in cancer 

Small extracellular vesicles (sEVs) or also referred to as exosomes are 
currently in the limelight as potential mediators of intercellular crosstalk 
[35]. sEVs are a subset of EVs deriving from multivesicular bodies 
(MVBs) and sized at 30–150 nm in diameter. They are of particular in
terest, due to their unique biogenesis and the surface membrane 
topography that mimics that of parental cells [36]. This EV subset is 
distinct from larger (~500 nm) microvesicles and even larger (~1000 
nm) apoptotic bodies (Fig. 1C) [37]. The biogenesis of sEVs has been 
extensively investigated and has been recently reviewed [35]. The cargo 
of sEVs released by parent cells is complex, reflects the content of parent 
cells and consists of proteins, nucleic acids, lipids and glycans, forming 
glycoconjugates or lipid rafts on the sEV surface. The protein content of 
sEVs is enriched in membrane trafficking molecules, integrins, trans
membrane proteins and tetraspanins (CD9, CD63, CD81). The latter are 
often used as sEV surface markers (Fig. 1D) [38]. The overall cargo of 
sEVs can shift depending on the local microenvironment of the parent 
cells, and various environmental stimuli such as tissue hypoxia, 
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oxidative stress or chemotherapeutics are known to alter the content of 
sEVs [37]. 

Today, understanding of the sEV biology is in its infancy, but their 
capability to induce reprogramming of recipient cells has been noted 
and followed. The effects sEVs induce in recipient cells vary depending 
on their molecular cargo and probably also on the molecular make up of 
recipient cells, resulting in functional heterogeneity [37]. Interactions 
between sEVs and recipient cells usually involve delivery of the sEV 
cargo to recipient cells, but it can also occur without any cargo delivery. 
This happens when sEVs interact directly with receptors on the surface 
of recipient cells. The mechanism(s) underpinning membrane docking of 
sEVs is still unclear; however, commonly described surface proteins, 
such as integrins appear to be involved [39]. Cells internalize sEVs using 
various endocytic pathways, including clathrin-dependent endocytosis, 
and clathrin-independent pathways such as caveolin-mediated uptake, 
macropinocytosis, phagocytosis, and lipid raft-mediated internalization 
(Fig. 1C) [40]. 

sEVs entering the recipient cell, such as an immune cell, exert various 
effects that are biologically relevant and include alterations in func
tional competence. Specifically, tumor cell-derived small extracellular 
vesicles (TEX) impair anti-tumor functions of immune cells [41]. Cancer 
patients have elevated levels of circulating sEVs decorated with immu
nosuppressive proteins on the surface membrane and able to suppress 
immune cell functions [42,43]. The presence of the immunosuppressive 
sEVs in patients’ plasma was associated with poor prognosis in colo
rectal cancer and recently also in non-small cell lung cancer (NSCLC) 
[41,44]. Breast cancer-derived sEVs were reported to carry proteins and 
miRNA that correlated with tumor recurrence and metastasis [45]. 
These preliminary findings indicate that sEVs have a potential to serve as 
a component of non-invasive liquid tumor biopsy along with circulating 
tumor cells (CTC) and cell free DNA (cfDNA) [46]. 

Fig. 2. Differential neutrophil polarization as source of N1 and N2 NEX. The phenotypes and biological functions of neutrophils are heterogenous and it is most likely 
that this heterogeneity is reflected in NEX. The molecular content of NEX was found to be varying depending on the microenvironmental conditions of the parent 
cells, thus N1 and N2 neutrophils might produce N1 NEX and N2 NEX, respectively. N1 NEX have the potential to promote anti-tumor effects and might enhance the 
anti-tumor immune response with special regards to lymphocytes. N2 NEX carry tumor-promoting cargo components, which are potentially involved in promoting 
tumor growth, survival, angiogenesis and escape of immune surveillance. 
Abbreviations: NEX – neutrophil-derived small extracellular vesicles, A2MG – alpha-2-macroglobulin, MPO - myeloperoxidase, NE – neutrophil elastase, MMP-2 – 
mettaloproteinase-2, FGF1 - fibroblast growth factor 1, MMP-9 – mettaloproteinase-9, HSPs - heat shock proteins, IL-6 – interleukin-6, LTB4 - leukotriene B4, 5-LO - 
5-lipoxygenase, FLAP - 5-lipoxygenase-activating protein, LTA4H - leukotriene A4 Hydrolase, VEGF - vascular endothelial growth factor. 
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4. Neutrophil-derived small extracellular vesicles (NEX) 

Neutrophils, like all other cells, produce and release sEVs that we 
have identified as “NEX”. Initially, NEX were considered to be neutro
phil granules, but more careful scrutiny indicated that NEX have fea
tures that distinguish them from granules and other secretory vesicles. 
Neutrophil granules are formed during neutrophil maturation in the 
bone marrow and are fully formed, pre-packed and ready for release in 
response to stimuli encountered during a neutrophil life span [47]. In 
contrast, the biogenesis of NEX is initiated in mature neutrophils in 
response to intracellular metabolic changes and/or extracellular, envi
ronmental stress. NEX are formed and released on the “as needed” basis 
and their molecular/genetic composition, reflecting that of the parent 
cell, is tailored to meet the existing physiological or pathological situ
ation. NEX may be especially useful in pathological conditions, where 
they are “first responders”, effectively signaling the presence of danger 
and/or summoning help. In line with this, NEX activities mirror those of 
the parent cell. As indicated above, neutrophils might be functionally 
polarized into inflammatory N1 and regenerative N2 subtypes. If so, 
then it would be expected that N1 neutrophils produce N1 NEX, while 
N2 neutrophils release N2 NEX, each NEX subtype functionally reca
pitulating the parent cell [48]. Fig. 2 illustrates the potential of the in
dividual neutrophil to produce and release NEX subtypes packaged in 
the mother cell to carry inflammatory or regenerative cargos. This sce
nario fits well with the above-described plasticity of neutrophils and 
their capacity for swift activation and responsiveness to incoming sig
nals. Fig. 2 also presents phenotypic profiles of N1 and N2 NEX as well as 
their cargo profiles and functions associated with each NEX subtype. 

NEX can be isolated from supernatants of neutrophil cultures using 
the same methods employed for sEV isolation [49]. Despite the same 
methodology for isolation and characterization, there are few studies 
focusing on NEX and even fewer experiments relating to the role of NEX 
in cancer. Neutrophils have recently emerged as a key player in the TME 
and little is known about their tumor-promotion mechanisms. Studies 
have proven the complexity of neutrophil interactions among malignant 
and non-malignant cells [1,50–52], therefore, further studies are needed 
to fully comprehend the tumor-neutrophil crosstalk mediated by NEX. 

5. The role of NEX in cancer 

It is well established that neutrophils secrete NEX under different 
physiologic and pathologic conditions and that secreted NEX are func
tionally capable of mediating a variety of biological effects. Studies of 
the NEX involvement in inflammation, tissue repair, and autoimmune 
diseases [53,54] indicate that neutrophils promote a positive feedback 
in order to enhance their migration and activation in different disease 
settings by releasing NEX [55]. Therefore, NEX appear to have a het
erogeneous role, by mediating both inflammatory and 
anti-inflammatory states, which reflects their plasticity: They can act as 
inflammatory or regulatory vesicles, as shown in Table 1 [56,57]. It is 
unclear whether NEX also play a functional role in malignant diseases. 
The finding that TANs have an immunosuppressive profile and thus 
might promote tumor progression suggests that NEX also contribute to 
changes that occur in the TME during tumorigenesis. 

Chronic inflammatory processes often preceed malignancy, and the 
involvement of neutrophils in inflammation suggests that NEX with the 
N1-like phenotype (Fig. 2) may be involved as well. The N1 NEX car
rying factors that increase the recruitment of neutrophils along with 
other immune cells to inflamed tissues are the first to arrive at the TME. 
The N1 NEX carry miR-223 which plays a crucial role in the develop
ment of the myeloid lineage cells [58–60]. It acts directly at gran
ulopoiesis and mobilizes neutrophils to transition from the bone marrow 
to blood stream [60]. Delivered in N1 NEX to the TME, it promotes 
immune cell recruitment (Fig. 2). It has been observed that 
down-regulation of miR-223 in the TME is associated with tumor 
aggressiveness and worse prognosis [61]. Several other factors known to 

be involved in cell migration were also detected in N1 NEX, including 
5-lipoxygenase-activating protein (FLAP), 5-lipoxygenase (5-LO), and 
leukotriene B4 (LTB4) [55,62]. Moreover, it was shown that N1 NEX 
carry factors such as RAP1A and integrins [63] that modulate adhesion 
of rolling neutrophils to endothelial cells. Interestingly, RAP1A has also 
been reported to prevent metastasis [64]. N1 NEX can also carry 
pro-inflammatory cytokines, such as IL-1β, IL-2 and IL-4 [65]. Overall, 
N1 NEX have the potential to mediate anti-tumor effects and might 
enhance anti-tumor immune responses in the TME. 

Once malignancy is established and inflammatory milieu is replaced 
by the ECM supporting tumor growth, infiltrating neutrophils assume a 
different role [25]. It is possible that the developing tumor induces 
recruitment of different neutrophil populations into the TME and that 
NEX participate in this recruitment. Elevated numbers of circulating and 
infiltrating TANs with the N2 phenotype might also be associated with 
the initiation of the production of regenerative N2 NEX. N2 NEX carry 
factors responsible for tumor progression and mediate immunosup
pression (Fig. 2). For instance, excessive MPO levels in the TME deliv
ered by N2 NEX have been related to tumor progression [66,67]. MPO 
promotes metabolism of carcinogenic chemicals that compromise DNA 
repair and contributes to the appearance of new mutations [68]. Also, 
NE, another cargo component of N2 NEX [66], stimulates oncogenic 
signaling and activates proliferation pathways driven by MAPK [69]. N2 
NEX also carry numerous components which are involved in acceler
ating angiogenesis, tumor invasion, and metastasis, such as fibroblast 
growth factor-1 (FGF-1), matrix metalloproteinase 2 and 9 (MMP-2, 
MMP-9) [70,71], CD66c, and lipocalin 2 [66,72]. Finally, the cargo of 
N2 NEX contributes to the immunosuppressive profile of the TME. N2 
NEX can carry anti-inflammatory cytokines and antiproteases that 
maintain an immunosuppressive environment [73]. To conclude, N2 
NEX carry tumor-promoting cargo components, which appear to regu
late all aspects of tumor growth and metastasis, including angiogenesis 
and immune suppression. 

Despite some similar content in both N1 and N2 NEX, they express a 
dual response regarding the environmental stimuli. For instance, MPO 
and NE are described as cargo of both N1 and N2 NEX, since the same 
molecular pathway that supports inflammation is also operating in 
support of tumor growth. This dual activity enhances immunity [67], 
but simultaneously facilitates tumor progression and metastasis through 
upregulating MMP activity and imposes tumor cell mutation by MPO 
enzymatic activity [74]. Moreover, the controversial role of reactive 
oxygen species (ROS) is widely discussed in cancer. Cancer cells increase 
their rate of ROS production by adapting to the TME. However, exces
sive levels of ROS can increase oxidative stress and induce cancer cell 
death [75]. Tumor cells boost their antioxidant capacity in order to 
avoid ROS escalation and maintain redox balance. Thus, it is suggested 
that – in comparison to non-neoplastic cells - tumor cells have an altered 
redox environment, therefore, an increased sensitivity to alterations in 
ROS levels in the TME [76]. This dual role supports that cargo compo
nents of NEX can either contribute to or inhibit tumor progression 
depending on the microenvironmental milieu. 

6. NEX can carry different messages in early vs late stages of 
tumor growth 

Observations indicating that TANs found in the TME are no longer 
inflammatory cells but have assumed different phenotypic and func
tional characteristics implies that NEX produced in the TME are also 
different. The shift from N1 to N2 NEX is more conspicuous in advanced 
tumors and it has been proposed that the developing tumors acquire 
capabilities to educate, alter and reprogram functions of immune and 
non-immune cells in the TME [77]. The implication of these experiments 
is that tumors communicate with surrounding and distant cells via sEVs. 
The intercellular communication of neutrophils with malignant and 
non-malignant cells is not exclusive for tumor cells in the TME as it also 
involves various non-malignant cells. Therefore, cell communication via 

D.S. Rubenich et al.                                                                                                                                                                                                                            

40



Cytokine and Growth Factor Reviews xxx (xxxx) xxx

7

sEVs appears to be an important modulator of neutrophil responses [13]. 
It was demonstrated that TEX from glioblastoma cells reprogram 

macrophage subsets. In this regard, TEX reprogram naïve macrophages 
or shift M1- into M2-like macrophages, but also educate M2 macro
phages into strong immunosuppressive TAMs [78]. Accordingly, TANs 
are different from neutrophils in normal healthy or even inflamed tissues 
because of the influence of the TME. Similar to macrophages, TANs may 
acquire either an anti-tumor (N1) or a pro-tumor (N2) activity [9]. N1 
TANs exhibit higher production of ROS and, thus are cytotoxic to tumor 
cells [79]. On the other hand, N2 TANs endorse tumor growth and 
dissemination by inducing ECM remodeling and angiogenesis [80]. As 
good inflammatory cells, neutrophils send signals via NEX to the 
emerging tumor. The first events probably release N1 NEX with 
anti-tumor signals. However, if tumor prevails and grows, it assumes 
control and reprograms every cell around. At this point, neutrophils 
might become N2, release N2 NEX, and help promote tumor growth. 
This shift is well documented for macrophages [78] and only limited 
experimental data is available for TANs. However, a recent publication 
from Kolonics et al. is proposing a similar mechanism for neutrophils 

and NEX. The authors showed, that neutrophils produce a wide range of 
EVs, mostly depending on the environmental conditions [48]. 

7. Tumor-derived small extracellular vesicles (TEX) as drivers of 
pro-tumor neutrophil responses 

It is well recognized that non-tumor cells in the TME contribute to 
tumor progression and that the TME is organized to promote tumor 
growth. The TME is characterized by the presence of a variety of factors, 
including VEGF, colony stimulating factor 1 (CSF1), and platelet- 
derived growth factor (PDGF) that induce angiogenesis, recruitment of 
macrophages and neutrophils, and promote tumor cell proliferation, 
respectively [81]. Moreover, the presence of immunomodulatory mol
ecules in the TME has been described as a key factor for tumor pro
gression and is one of the major mechanism of the tumor cell escape 
from immune surveillance. For instance, tumor-associated endothelial 
cells secrete CXCL1/2 which promotes the recruitment of neutrophils 
into the TME [82]. However, the factors which are released by tumor 
cells do not only exist in their soluble forms, they can also be associated 

Fig. 3. Tumor cells release TEX which interact with a variety of cell types, including TANs in the TME and neutrophils at distant sites. TEX were shown to alter the 
phenotype and functional behavior of neutrophils. This figure summarizes the tumor-promoting effects of neutrophils reprogrammed by the tumor. 
Abbreviations: TEX – tumor-derived small extracellular vesicles, TANs – tumor-associated neutrophils, TME – tumor microenvironment, MMP-9 – mettaproteinase-9, 
VEGF - vascular endothelial growth factor, PD1 - programmed cell death protein 1, PDL1 - programmed cell death ligand 1, IL – interleukin. 
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with sEVs. TEX deriving from breast cancer cells induced NETs release 
and accelerated cancer-associated thrombosis [83]. Indeed, it has been 
recently demonstrated that colorectal derived sEVs transfer mutant 
KRAS to recipient neutrophils and other tumor cells, upregulating IL-8 
production, increasing neutrophil migration and activating netosis 
[84]. Beyond that, HMGB1 appears to be an important cargo component 
of TEX. HMGB1, a sterile inflammatory molecule and DAMP released 
from various cells during stress has been implicated in inflammation and 
it is considered as a neutrophil recruiter [85]. TEX isolated from gastric 
cancer cells carried HMGB1 and prolonged neutrophil survival. 
HMGB1-positive TEX also activated the Toll-like receptor 4/NF-κB 
cascade, inducing a pro-tumor phenotype in neutrophils [13]. Besides, 
HMGB1 modulated neutrophils in vitro to suppress T cell proliferation, 
activation, and function by inducing PD-L1 expression [86]. Indeed, 
CD66+ neutrophil infiltration correlated with decreased CD8+ T cell 
infiltration, leading to tumor progression [87]. In oral squamous cell 
carcinoma, TEX isolated from cells cultured in hypoxic conditions car
ried miR-21 and enhanced the suppressive effect of CD11b+Gr-1+

MDSCs in a PTEN/PD-L1-axis-dependent manner, which, in turn, sup
pressed anti-tumor functions of γδ T cells. γδ T cells are a diverse sub
group of T cells involved in both innate and adaptive responses and they 
have been demonstrated to be involved in immune regulatory and tumor 
surveillance activities [88]. In several malignant entities it was shown 
that TEX carry heat shock protein (Hsp)-70 and Hsp72 which suppressed 
the activity of CD11b+Gr-1+ MDSCs via TLR2/STAT3 and, thus, stimu
lated tumor progression [89]. 

Neutrophils have been directly associated with tumor metastasis in 
several in vivo and clinical analyses [9]. In this regard, HMGB1-positive 
TEX induced the expression of inflammatory factors in neutrophils, 
which promoted gastric cancer cell migration [13]. Indeed, TEX 
modulate the ECM, and TEX-induced fibronectin deposition was shown 
to initiate a pre-metastatic niche formation [90]. Interestingly, 
stress-associated adrenergic hormones were described to induce a fast 
S100A8/9 release from neutrophils unrelated to either degranulation or 
NETs formation. These proteins result in an accumulation of oxidized 
lipids in dormant tumor cells through MPO activity and seem to engage 
their reactivation and initiation of new cancer lesions [91]. Moreover, a 
recent study has demonstrated that TEX from melanoma were able to 
recruit pro-tumor neutrophils to a pre-metastatic niche [92]. This data 

indicates the importance of the role of neutrophils throughout the 
carcinogenic process, as demonstrated by Tyagi et al. in breast cancer 
with a premetastatic pulmonary site [93]. 

Neutrophils play a relevant role in both innate immunity and trig
gering adaptive immunity. Especially, pro-tumor neutrophils or TANs 
promote tumor progression by accelerating angiogenesis, metastasis 
formation, CD8+ T cell exclusion, a loss of immune surveillance, and 
reactivation of dormant cells (Fig. 3). There is evidence in the literature 
that the recruitment and activation of neutrophils and especially the 
reprogramming towards TANs might be mediated by TEX (Table 2). 
Understanding the sEV-mediated crosstalk between tumor cells and 
neutrophils shows the potential to increase the overall understanding of 
neutrophil biology. 

8. Concluding remarks 

The understanding of the multifaceted role of neutrophils in cancer is 
of current interest and bears the potential to uncover important bio
logical aspects, which may become important for the development of 
future therapeutic targets. Neutrophils are equipped and ready to shift 
from one mode of surveillance to completely different mode of tumor- 
promoting activity when tumor appears. sEVs are a crucial mechanism 
for intercellular communication and the investigation of their cargo 
components and ability to reprogram recipient cells are of great current 
interest. Recently, it was shown that the crosstalk between tumor cells 
and neutrophils is mediated by sEVs either released by tumor cells (TEX) 
or by neutrophils (NEX). There is a lot of uncertainty about these com
plex interactions and how they modulate the TME, ultimately creating a 
tumor-promoting microenvironment. However, the role of neutrophils 
in cancer proved to be extremely important and so far underestimated. 
Studies have shown their close relation to cancer metastasis, cancer- 
associated thrombosis through NETs release, and neutrophil uptake of 
oncogenic EVs. 

Further in vivo investigations are necessary to evaluate whether the 
effects of NEX and TEX in the TME are as central as they are currently 
presented in the literature. Multiple studies attempted to deplete cancer 
cells, or mice of the effectors of the sEV biogenesis and in many instances 
cancer progression was not abrogated, or the changes were subtle [94]. 
An enhanced understanding of the sEV biogenesis and the cargo 

Table 2 
TEX as modulators of neutrophil response in cancer.  

Disease Experimental 
model 

Source of sEVs Cargo components Induced biological effects Ref. 

Lung/ovarian cancer in vivo and 
clinical 

neutrophils S100A8/A9 reactivation of dormant tumor cells and formation of 
new tumor lesions 

[91] 

Breast cancer in vivo 4T1 cell line unknown NETs release, cancer-related thrombosis [83] 
Colorectal cancer in vivo CT26 cell line unknown stimulation of neutrophils [98] 
Colorectal cancer in vitro, in vivo HCT15, HT29, and CT26 cell lines miRNA-146a increase of tumor-infiltrating neutrophils and decrease 

of tumor-infiltrating T cells 
[87] 

Colorectal cancer in vitro, in vivo DKs-8, DKO-1 cell lines/APC-WT 
and APC-KRASG12D mice 

KRAS IL-8 upregulation, neutrophil migration and 
infiltration, NETs, tumor progression 

[84] 

Colon cancer in vivo CT26 cell line HSP72 immunosuppressive activity of MDSCs [89] 
Renal cell carcinoma in vitro, in vivo Renca cell HSP70 immunosuppressive activity of MDSCs [99] 
Oral squamous cell 

carcinoma 
in vivo Cal-27 and SCCVII cell lines miR-21 immunosuppressive activity of MDSCs [88] 

Breast, lung, and ovarian 
cancer 

ex vivo, in vivo breast, lung, and ovarian cancer HSP70 immunosuppressive activity of MDSCs [100] 

Gastric cancer in vitro cell line BGC-823, HGC-27, MGC- 
803, and SGC-7901 

HMGB1, HSP70, 
fibronectin 

angiogenesis, metastasis [13] 

Gastric cancer in vitro gastric cancer cell lines HMGB1 induction of PD-L1 expression on neutrophils [86] 
Pancreatic ductal 

adenocarcinoma 
in vivo pancreatic ductal adenocarcinomas migration inhibitory 

factor (MIF) 
migration of bone marrow-derived macrophages and 
neutrophils, metastatic niche formation 

[90] 

Abbreviations: sEVs: small extracellular vesicles; S100A8/A9: calcium-binding protein A8/A9; 4T1: breast cancer cell line; NETs: neutrophil extracellular traps; CT26: 
colon carcinoma cell line; HCT15: colon carcinoma cell line; HT29: colon carcinoma cell line; miRNA-146a: micro-RNA 146-a; HSP72: heat shock protein 72; MDSC: 
myeloid derived suppressor cell; HSP70: heat shock protein 70; Cal-27: oral squamous carcinoma cell line; SCC VII: oral squamous carcinoma cell line; miR-21: 
microRNA-21; BGC-823: gastric cancer cell line; HGC-27: gastric cancer cell line; MGC-803: gastric cancer cell line; SGC-7901: gastric cancer cell line; HMGB1: 
high mobility group box 1; PD-L1: programmed death-ligand 1. 
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components and functions of NEX and TEX in the TME are necessary to 
validate the concept that sEV-based intercellular communication is a 
driver of tumor progression. Most recent publications focus on sEVs as 
one subset of EVs, however, also other subsets such as exomeres, 
microvesicles, and apoptotic bodies were shown to play functional roles 
in the TME. It will be necessary to validate how central sEVs are to the 
EV-mediated intercellular communication in comparison to other EV 
subsets. Determination of the exact contributions of NEX and TEX to 
malignant entities will be the aim of future studies which are expected 
to: 1) provide more details about the complex biology of the TME; 2) 
give further insights into neutrophil biology; and 3) show the potential 
to discover new therapeutic strategies which will be based on targeting 
neutrophils with a tumor-promoting phenotype. 
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Abstract 
Head and neck squamous cell carcinomas (HNSCCs) evade immune responses through multiple resistance mechanisms. Extracellular vesicles 
(EVs) released by the tumor and interacting with immune cells induce immune dysfunction and contribute to tumor progression. This study 
evaluates the clinical relevance and impact on anti-tumor immune responses of gene signatures expressed in HNSCC and associated with EV 
production/release. Expression levels of two recently described gene sets were determined in The Cancer Genome Atlas Head and Neck Cancer 
cohort (n = 522) and validated in the GSE65858 dataset (n = 250) as well as a recently published single-cell RNA sequencing dataset (n = 18). 
Clustering into HPV(+) and HPV(−) patients was performed in all cohorts for further analysis. Potential associations between gene expression 
levels, immune cell infiltration, and patient overall survival were analyzed using GEPIA2, TISIDB, TIMER, and the UCSC Xena browser. Compared 
to normal control tissues, vesiculation-related genes were upregulated in HNSCC cells. Elevated gene expression levels positively correlated (P 
< 0.01) with increased abundance of CD4(+) T cells, macrophages, neutrophils, and dendritic cells infiltrating tumor tissues but were negatively 
associated (P < 0.01) with the presence of B cells and CD8(+) T cells in the tumor. Expression levels of immunosuppressive factors NT5E and 
TGFB1 correlated with the vesiculation-related genes and might explain the alterations of the anti-tumor immune response. Enhanced expres-
sion levels of vesiculation-related genes in tumor tissues associates with the immunosuppressive tumor milieu and the reduced infiltration of 
B cells and CD8(+) T cells into the tumor.
Keywords: extracellular vesicles, exosomes, HNSCC, tumor-infiltrating immune cells, tumor microenvironment
Abbreviations: CAF: cancer-associated fibroblast; CD: cluster of differentiation; EVs: extracellular vesicles; EVsig: vesiculation-related genes; GEPIA2: gene 
expression profiling interactive analysis2; HNSCC: head and neck squamous cell carcinoma; HPV: human papilloma virus; MDSC: myeloid-derived suppressor 
cell; OS: overall survival; PBL: peripheral blood lymphocytes; PD-L1: programmed death-ligand 1; SEM: standard error of the mean; TCGA: the cancer genome 
atlas; TGFβ: transforming growth factor β; TIL: tumor-infiltrating lymphocytes; TIMER: tumor immune estimation resource; TISIDB: tumor–immune system 
interactions and drug bank database; TME: tumor microenvironment; Tregs: T regulatory cells; UCSC: University of California, Santa Cruz.

Introduction
Head and neck squamous cell carcinomas (HNSCCs) are a 
heterogeneous group of carcinomas that affect multiple ana-
tomical sites including the oral cavity, pharynx, and larynx. 

They represent the largest proportion of all malignant tu-
mors in the head and neck region and are considered the 
sixth most common malignancy worldwide [1]. The 5-year 
survival rate has improved only marginally in recent decades, 
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which emphasizes the need for advancements in the under-
standing of the tumor biology of HNSCC which will con-
sequently translate into improvements of current treatment 
protocols [2].

Recently, release by tumor cells of extracellular vesicles 
(EVs) and their characterization has been one of the most 
intensively studied aspects of the tumor biology in various 
malignancies, including HNSCC [3]. These studies revealed 
that the release of different subsets of EVs by tumor cells 
is a major contributor to intercellular communication and 
induces functional alterations in the tumor microenviron-
ment (TME) and at distant sites [4]. The EV subset of small 
EVs sized 30–150 nm that are derived from the endocytic 
pathway in tumor cells appears to play an important role in 
the TME [5]. They are actively produced by HNSCC cells, 
are released into extracellular space, and can be detected in 
all body fluids of HNSCC patients [6]. They carry a complex 
cargo of proteins, lipids, nucleic acids (microRNAs and other 
RNA-species), including soluble factors such as cytokines, 
chemokines, and numerous enzymes [5]. These cargo compo-
nents are biologically active and induce functional changes in 
recipient cells [7], which can either be mediated by receptor/
ligand interactions on the cell surface, fusion of EVs with 
the plasma membrane of the recipient cell, or by internaliza-
tion of EVs via a variety of uptake mechanisms, including 
phagocytosis and endocytosis. Internalization of EVs has 
been shown to result in the transfer of factors which induce 
transcriptional changes in recipient cells. Recent studies em-
phasize that EVs released by HNSCC cells interact with dif-
ferent cell types leading to functional reprogramming of cells 
in the TME, including endothelial cells [7, 8], macrophages 
[9, 10], dendritic cells [11], CD4(+) and CD8(+) T cells [12, 
13], B cells [14], T regulatory cells (Tregs) [14], and neurons 
[15]. Uniformly, these studies indicate that HNSCC-derived 
EVs reprogram recipient cells leading to promotion of tumor 
growth and ultimately to the establishment of a strongly im-
munosuppressive TME.

While the effects of HNSCC-derived EVs on individual cel-
lular components of the TME are well described based on 
functional in vitro, ex vivo, or in vivo studies, the mechanisms 
underlying the effects of HNSCC-derived EVs on the TME 
composition remain unclear. In this study, we used a bioinfor-
matics approach to better define the role EVs play in shaping 
the cellular composition of the TME. We have focused on two 
recently and independently published gene signatures whose 
expression has been linked to increased EV release from 
cancer cells [16, 17].

Materials and methods
Gene signatures
To test the correlation between clinical patient character-
istics and the transcriptional signatures, we used two pre-
viously described sets of genes known to be involved in 
EV secretion (Table 1). The first signature (Fathi-EVsig) 
was published by Fathi et al. [16] and consists of 41 genes 
known to be involved in EV secretion based on previous 
findings in the literature. The second signature (Hurwitz-
EVsig) was published by Hurwitz et al. [17] and it is based 
on the proteomic profiling of EVs isolated from 60 cell lines 
from the National Cancer Institute (NCI-60). The authors 
performed a subsequent network analysis of vesicle quantity 

and proteomes to identify EV components associated with 
vesicle secretion and created the gene signature shown in 
Table 1 based on their results. The signatures by Fathi et 
al. and Hurwitz et al. mostly consist of distinct genes, with 
RAB7A and RALB being the only genes which are included 
in both gene sets.

Additionally, gene signatures representing hypoxia, matrix 
metalloproteinases, cancer stem cells, and EMT were com-
posed of following genes: HIF1A; MMP2, MMP9, and 
MMP13; CD44, PROM1, and ALDH1A1; TWIST1, 
SNAI1, and SNAI2, respectively. The gene set HALLMARK_
ANGIOGENESIS (systematic name: M5944) was downloaded 

Table 1: Gene signatures associated with EV secretiona

Fathi et al. [16] “Fathi-EVsig” Hurwitz et al. [17] “Hurwitz-EVsig”

ARF6 ANXA2
ATG3 ARF4
ATG12 BSG
BST2 CD59
CD9 CD81
CD63 HLA-A
CD82 HRAS
CHMP4C HSPA1B
CIT HSPB1
CTTN ITGB1
DGKA LGALS3BP
HGS MYL3
PDCD6IP MYL6
PKM2 NME2
PLD2 NRAS
RAB2B RAB5C
RAB5A RAB7A
RAB7A RAC1
RAB9A RALB
RAB11A RAP1B
RAB27A RHOA
RAB27B SEC22B
RAB35 TAGLN2
RALA UBE2D3
RALB VAMP3
SDC1
SDC2
SDC3
SDC4
SDCBP
SMPD3
SNAP23
STAM
STX1A
SYT7
TSG101
TSPAN8
VAMP7
VPS4A
VTA1
YKT6

aSymbols of genes used in this study.
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from the open access molecular signature database (https://
www.gsea-msigdb.org/gsea/msigdb/genesets.jsp) provided by 
UC San Diego Broad Institute. Dataset consisted of 36 genes 
known to be upregulated during formation of blood vessels 
and was used for correlation analysis.

RNA sequencing data acquisition
Gene expression levels based on RNA-seq data from HNSCC 
patients and clinical characteristics were obtained from 
the Cancer Genome Atlas (TCGA; https://gdc.nci.nih.gov) 
using the University of California, Santa Cruz (UCSC) Xena 
Browser [18]. Expression profiles of Fathi-EVsig and Hurwitz-
EVsig were compared between a total of 522 cases of primary 
HNSCC and 44 normal control samples. Ninety-eight cases 
of HPV(+) HNSCC and 422 cases of HPV(−) HNSCC were 
used for further analysis. For data validation, the GSE65858 
dataset was used with 250 cases of primary HNSCC which 
were further separated into 54 cases of HPV(+) HNSCC and 
196 cases of HPV(−) HNSCC.

Single-cell RNA sequencing data acquisition
Transcriptomic profiles of peripheral blood lymphocytes 
(PBL) and tumor-infiltrating lymphocytes (TIL; n = 18 pa-
tients), as well as non-immune cells from patient tumors (n = 
15 patients) were analyzed based on a previously published 
dataset [19, 20]. Using the scanpy.tl.score_genes() function, a 
gene signature score from both published EV signatures was 
calculated for each cell [21]. Cells were binned into appro-
priate groups, for calculating differences in the EV signature 
scores.

GEPIA2 analysis
To measure the expression levels of individual candidate genes 
as well as gene signatures in HNSCC and normal samples, 
the Gene Expression Profiling Interactive Analysis2 (GEPIA2; 
http://gepia2.cancer-pku.cn/) was used [22]. Moreover, the 
tool was used to generate overall survival and disease specific 
survival Kaplan–Meier plots, compare between subtypes, and 
perform correlation analysis.

TISIDB analysis
Tumor–immune system interactions and drug bank data-
base (TISIDB; http://cis.hku.hk/TISIDB/) was used to de-
termine the potential association between candidate genes 
and immunomodulators and chemokines in HNSCC pa-
tients [23]. Gene expression levels of immunomodulators 
and vesiculation-related genes were analyzed using 
Spearman correlation analysis. Data are presented as Fisher 
Z-transformation of correlation coefficient.

TIMER analysis
Tumor IMmune Estimation Resource (TIMER; https://
cistrome.shinyapps.io/timer/), a web server for comprehen-
sive analysis of tumor-infiltrating immune cells, was used to 
estimate the potential association between candidate genes, 
immune cell infiltration, and clinical parameters [24]. In this 
study, gene module was used to select genes of interest and 
visualize the correlation of its expression with immune in-
filtration levels in HNSCC patients. For further analysis, 
patients were separated into HPV(+) and HPV(−) HNSCC 
cases.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
version 9.4.0. Data are presented with P values determined 
in t tests or fold changes. For survival analyses, the Kaplan–
Meier method was used to analyze the correlation between 
gene expression levels and survival, and the log-rank test to 
compare the survival curves. Correlations were assessed using 
Spearman’s correlation analysis. Fisher Z-Transformation 
was used to transform the sampling distribution of correl-
ation coefficients. A P value < 0.05 was defined as a statistic-
ally significant difference.

Results
Expression of vesiculation-related genes differs 
in HNSCC samples and normal tissues and has a 
negative impact on patient survival
Gene expression levels of vesiculation-related genes were 
increased in HNSCC tissues for both Fathi-EVsig (Fig. 1A) 
and Hurwitz-EVsig (Fig. 1B) compared to those in solid 
normal tissues, although not reaching statistically signifi-
cant differences. Analysis of the individual gene expression 
levels of the vesiculation-related genes in tumors comparing 
to normal control tissues revealed that 19 of the 41 (Fathi-
EVsig) and 12 of the 25 (Hurwitz-EVsig) vesiculation-
related genes were upregulated in HNSCC, whereas the 
expression levels of 20 and 6 genes, respectively, were 
downregulated in HNSCCs compared to solid normal tis-
sues (Fig. 1C and D). For both gene signatures no signifi-
cant impact on overall survival was detectable (Fig. 1E and 
G); however, there was a trend that increased expression 
levels were associated with poor disease-free survival (Fig. 
1F and H). For Hurwitz-EVsig, disease-free survival was 
significantly worse at high gene expression levels compared 
to patients with low expression levels (P = 0.031; Fig. 1H). 
Analysis of individual gene expression levels showed that 
nearly all genes of the Hurwitz-EVsig contributed to poor 
survival (Fig. 1J), while approximately half of the genes be-
longing to the Fathi-EVsig were associated with poor sur-
vival (Fig. 1I).

To validate these findings in an independent cohort and 
further investigate the expression patterns of the two EV 
signatures in HNSCC, a previously published single-cell 
sequencing dataset which included 18 HNSCC patients 
was analyzed. The expression levels of both gene signatures 
were significantly higher in non-immune cells, compared to 
expression levels in PBLs and TILs (Fig. 2A and D). Both 
EV signatures were equally expressed in pericytes, endo-
thelial cells, fibroblasts, and epithelial cells; however, gene 
expression levels were significantly lower in immune cells. 
Dendritic cells, macrophages, and mast cells were the im-
mune cell subsets with the highest expression levels of Fathi-
EVsig and Hurwitz-EVsig (Fig. 2B, C, E, and F). Further, we 
compared the gene expression levels of the two EV signatures 
in PBLs and TILs and levels of Fathi-EVsig were significantly 
elevated in all studied immune cell subsets with the exception 
of monocytes and macrophages (Fig. 2G). CD8(+) T cells, 
dendritic cells, and Tregs were characterized by higher levels 
of Hurwitz-EVsig when comparing tumor-infiltrating and 
circulating cells (Fig. 2H). These results indicate that the EV 
release is accelerated in immune cells infiltrating the tumor 
tissue.
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Associations of vesiculation-related genes with 
clinicopathologic data of HNSCC patients
To evaluate the clinical relevance of vesiculation-related 
genes, individual expression patterns were compared be-
tween patients with distinct clinical characteristics such as: 
tumor stage, tumor grade, perineural or lymphovascular in-
vasion, remission/progression of disease, treatment approach 
(radiation or molecular targeted therapy), and habitual 
risk factors (alcohol or tobacco abuse). We were not able 

to detect significantly different values for these parameters; 
however, several trends were observable. Progressive disease 
stage was associated with decreased expression levels of 
vesiculation-related genes, especially for the Hurwitz-EVsig 
in stage III-IV patients and for the Fathi-EVsig in stage 
IVB and IVC patients (Fig. 3A). Levels of Fathi-EVsig were 
upregulated in patients with grade G4 tumors in comparison 
to G1, G2, and G3 tumors (Fig. 3B). For Hurwitz-EVsig, the 
gene expression levels decreased with higher grade of the 

Figure 1: Analysis of gene expression levels of Fathi-EVsig and Hurwitz-EVsig in HNSCC and impact on patient survival. (A) Comparison of Fathi-EVsig 
gene expression in normal solid tissue (n = 44) and in primary HNSCC tumors (n = 519). (B) Comparison of Hurwitz-EVsig gene expression in normal 
solid tissue (n = 44) and in primary HNSCC tumors (n = 519). (C) Comparison of gene expression levels of the individual genes of the Fathi-EVsig in 
normal solid tissue (n = 44) and in primary HNSCC tumors (n = 519). (D) Comparison of gene expression levels of the individual genes of the Hurwitz-
EVsig in normal solid tissue (n = 44) and in primary HNSCC tumors (n = 519). (E) Kaplan–Meier overall survival curves of Fathi-EVsig high expression 
versus low expression in patients diagnosed with HNSCC. (F) Kaplan–Meier disease free survival curves of Fathi-EVsig high expression versus low 
expression in patients diagnosed with HNSCC. (G) Kaplan–Meier overall survival curves of Hurwitz-EVsig high expression versus low expression in 
patients diagnosed with HNSCC. (H) Kaplan–Meier disease free survival curves of Hurwitz-EVsig high expression versus low expression in patients 
diagnosed with HNSCC. (I) Overall survival based on the expression of the individual genes of the Fathi-EVsig. Red: increased risk; Blue: decreased 
risk. (J) Overall survival based on the expression of the individual genes of the Hurwitz-EVsig. Red: increased risk; Blue: decreased risk (for colour figure 
refer to online version)

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/advance-article/doi/10.1093/cei/uxad019/7031165 by guest on 10 M

arch 2023

50



Vesiculation-related genes shape the immune landscape, 2023, Vol. X, No. X, 2023, Vol. XX, No. XX 5

tumors (Fig. 3B). The expression levels of Fathi-EVsig were 
similar in patients treated with or without radiation therapy 
or targeted molecular therapy (Fig. 3C and D). However, pa-
tients treated with radiation therapy or targeted molecular 
therapy showed downregulated gene expression levels of 
the Hurwitz-EVsig (Fig. 3C and D). Lymphovascular and 
perineural invasion were not associated with altered gene 
expression levels of Fathi-EVsig; however, expression 
levels of Hurwitz-EVsig were increased in patients with 
lymphovascular and perineural invasion (Fig. 3E and F). 
Alcohol or tobacco abuse, which are typical risk factors for 
HNSCC, was not associated with altered gene expression 
levels of both signatures (Fig. 3G and H). Gene expression 
levels of Fathi-EVsig were upregulated in patients showing 
partial remission/response and patients with persistent or 

stable disease (Fig. 3I). Gene expression levels of Hurwitz-
EVsig were upregulated in patients showing partial remis-
sion/response, persistent disease, progressive disease, and 
stable disease in comparison to patients with complete re-
mission/response (Fig. 3I).

mRNA levels of vesiculation-related genes 
positively correlate with malignant gene 
expression levels in HNSCC
To further characterize the molecular phenotype which is 
associated with the two EV gene signatures, correlations be-
tween gene expression levels of Fathi-EVsig and Hurwitz-
EVsig with pro-malignant genes were analyzed. The analysis 
focused on hallmarks of HNSCC progression [1] and included 

Figure 2: Analysis of gene expression levels of Fathi-EVsig and Hurwitz-EVsig in the HNSCC single-cell RNA sequencing cohort. (A) Expression of 
the Fathi-EVsig in PBL, CD45(+) tumor-infiltrating lymphocytes and CD45(−) cells. (B) Expression of the Fathi-EVsig by individual PBL subsets. (C) 
Expression of the Fathi-EVsig by individual immune and non-immune cell subsets. (D) Expression of the Hurwitz-EVsig in PBL, CD45(+) and CD45(−) 
cells. (E) Expression of the Hurwitz-EVsig by individual PBL subsets. (F) Expression of the Hurwitz-EVsig by individual immune and non-immune cell 
subsets. (G) Comparison of Fathi-EVsig gene expression levels in PBL and TILs. (H) Comparison of Hurwitz-EVsig gene expression levels in PBL and 
TILs. All values represent means ± SEM; **P < 0.01 versus PBL; ***P < 0.001 versus PBL; ****P < 0.0001 versus PBL
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HIF1A as a gene representing hypoxic conditions (Fig. 4A 
and F); the HALLMARK_ANGIOGENESIS gene set, repre-
senting tumor angiogenesis (Fig. 4B and G); MMP2, MMP9, 
and MMP13 to represent matrix metalloproteinases (Fig. 4C 
and H); CD44, PROM1, and ALDH1A1 to represent cancer 
stem cell properties (Fig. 4D and I); and TWIST1, SNAI1, 
and SNAI2 to represent epithelial to mesenchymal transi-
tion (Fig. 4E and J). Fathi-EVsig and Hurwitz-EVsig both 
significantly correlated with all the above-mentioned malig-
nant gene expression levels in HNSCC (P < 0.001; Fig. 4).

Correlation of vesiculation-related genes with 
immunomodulatory factors in HNSCC tissues
To evaluate the impact of vesiculation-related genes on the 
immune phenotype of HNSCC patients, gene expression 
levels of Fathi-EVsig and Hurwitz-EVsig were correlated 
with expression levels of genes known to play an immune-
suppressive or immune-stimulatory role as well as with 
chemokines. While the Fathi-EVsig negatively correlated 
with most immunostimulatory factors (Fig. 5C), there was a 
highly significant positive correlation with NT5E (encoding 
for CD73) and TGFB1 (P < 0.0001; Fig. 5A), suggesting 
that tumors with elevated expression levels of vesiculation-
related genes have a potential impact on the immune land-
scape by adenosinergic and TGFβ signaling. There was also 
a significantly positive correlation with CD274 (encoding 
for PD-L1) further indicating that vesiculation-related 

genes are associated with an immunosuppressive TME (P 
< 0.001; Fig. 5A). Interestingly, these results were identical 
when looking at the Hurwitz-EVsig, with mostly negative 
correlations with immunostimulatory factors (Fig. 5D) and 
highly significant correlations with NT5E, TGFB1, and 
CD274 (P < 0.0001; Fig. 5B). These results indicate that 
the EV genetic profiles associate with a distinct immuno-
suppressive profile in HNSCC. Among chemokines, which 
exert a double-edged sword in cancer by their pro- or 
anti-tumor effects, both signatures correlated mostly with 
chemoattractant factors associated with tumor inflamma-
tion, reprogramming, EMT, and neovascularization. The 
most significant correlations were CXCL8 in Fathi-EVsig, 
CXCL11 in Hurwitz-EVsig, and CCL27 in both (P < 0.001; 
Fig. 5E and F). CXCL8 is known to be a neutrophil chemo-
attractant [25], CXCL11 is considered as an inducer of 
PD-L1 expression [26], and CCL27 is considered as a medi-
ator of lymphatic endothelial cell migration during tumor-
associated lymphangiogenesis [27]. CXCL14, also highly 
correlating with both EVsig datasets (P < 0.001; Fig. 5E and 
F), is known to be associated with reduced tumor growth 
and increased tumor infiltrating lymphocytes [28]. These 
results were validated in the non-TCGA bulk sequencing 
cohort and the overall correlation profiles of both EV sig-
natures with immunosuppressive and immunostimulatory 
factors as well as with chemokines were found to be con-
gruent. TGFB1, NT5E, and CD274 were among the fac-
tors correlating best with both EV signatures (Fig. S1A and 

Figure 3: Correlation of Fathi-EVsig and Hurwitz-EVsig relative gene expression levels with clinical parameters of HNSCC patients. Clinical stage (A), 
neoplasm histologic grade (B), radiation therapy (C), targeted molecular therapy (D), lymphovascular invasion (E), perineural invasion (F), alcohol history 
(G), smokeless tobacco use (H), and clinical course (I). All values represent means ± SEM
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B). The same was observed for the chemokines CXCL14, 
CXCL11, CCL27, and CXCL8 (Fig. S1E and F).

mRNA levels of vesiculation-related genes were 
associated with a characteristic landscape of 
infiltrating immune cells
High gene expression levels of Fathi-EVsig correlated with ele-
vated abundance of tumor-infiltrating CD4(+) T cells, macro-
phages, neutrophils, and dendritic cells into tumor tissues  
(P < 0.01; Fig. 6A). Elevated expression of Fathi-EVsig was 
also associated with an exclusion of B cells and CD8(+) T cells 

in HNSCC tissues (P < 0.01; Fig. 6A). Interestingly, the same 
correlations with immune cell abundance were also observed 
for the expression levels of Hurwitz-EVsig confirming our 
analysis of the Fathi-EVsig. Thus, elevated expression levels 
of Hurwitz-EVsig were associated with increased abundance 
of tumor-infiltrating CD4(+) T cells, macrophages, neutro-
phils, and dendritic cells (P < 0.01) and exclusion of B cells 
and CD8(+) T cells (P < 0.01; Fig. 6B). In the non-TCGA 
bulk sequencing validation cohort, we also observed an ex-
clusion of B cells and CD8(+) T cells and increased infiltra-
tion abundance of neutrophils and dendritic cells. However, 
in contrast to the TCGA cohort the infiltration abundance of 

Figure 4: Correlation of Fathi-EVsig expression levels with HIF1A (A), HALLMARK_ANGIOGENESIS (GSEA, Molecular Signatures Database M5944) 
(B), MMP2, MMP9, and MMP13 (C), CD44, PROM1, and ALDH1A1 (D), TWIST1, SNAI1, and SNAI2 (E). Correlation of Hurwitz-EVsig expression levels 
with HIF1A (F), HALLMARK_ANGIOGENESIS (GSEA, Molecular Signatures Database M5944) (G), MMP2, MMP9, and MMP13 (H), CD44, PROM1, and 
ALDH1A1 (I), TWIST1, SNAI1, and SNAI2 (J). Correlation analysis (descriptive and inferential statistics) was performed using GEPIA2

Figure 5: Correlation of vesiculation-related genes with immunomodulatory factors in HNSCC tissues. (A) Correlation between immunoinhibitory factors 
and the Fathi-EVsig. (B) Correlation between immunoinhibitory factors and the Hurwitz-EVsig. (C) Correlation between immunostimulatory factors and 
the Fathi-EVsig. (D) Correlation between immunostimulatory factors and the Hurwitz-EVsig. (E) Correlation between chemokines and the Fathi-EVsig. 
(F) Correlation between chemokines and the Hurwitz-EVsig. All values represent means ± SEM
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CD4(+) T cells and macrophages negatively correlated with 
expression levels of Fathi-EVsig and Hurwitz-EVsig (Fig. S2). 
In aggregate, these results indicate that the increased expres-
sion of vesiculation-related genes in the tumor is associated 
with a characteristic landscape of tumor-infiltrating immune 
cells, where immune effector cells are depleted.

Expression levels of vesiculation-related genes in 
HPV(+) and HPV(−) HNSCCs translate into distinct 
immunological profiles
HPV(+) and HPV(−) HNSCCs are characterized by the dis-
tinct composition of immune cells infiltrating in the tumor 
tissues [29]. HPV(+) tumors display much more strongly 
immune infiltration compared with HPV(−) tumors, with 
higher levels of T cell infiltration and CD8(+) T cell activa-
tion [30]. Therefore, the HNSCC cohorts were subdivided 
into HPV(+) and HPV(−) patients, and the gene expression 
levels of vesiculation-related genes and their impact on im-
mune cell infiltration were analyzed separately. No differ-
ences were observed for the expression levels of Fathi-EVsig 
and Hurwitz-EVsig with regard to HPV status in the TCGA 
as well as in the validation bulk sequencing cohort (Figs. 
7A; Supplementary S3A), and overall expression levels of 
vesiculation-related genes were associated with a similar im-
munological profile in HPV(+) and HPV(−) patients (Fig. 7B 
and C; Supplementary Fig. S3B and C). This profile was char-
acterized by increased infiltration of CD4(+) T cells, macro-
phages, neutrophils, and dendritic cells and the exclusion of 
B cells and CD8(+) T cells (Fig. 7B and C). However, high 
gene expression levels of Fathi-EVsig in HPV(+) tumors 
correlated with an increased abundance of Tregs and a de-
creased abundance of CAFs and MDSCs when compared to 
HPV(−) tumors (P < 0.05; Fig. 7B). These significant differ-
ences were not detected in the non-TCGA bulk sequencing 
validation cohort, although we observed a similar trend for 
Tregs and CAFs (Fig. S3B). High gene expression levels of 
Hurwitz-EVsig in HPV(+) tumors correlated with a decreased 

abundance of CD4(+) T cells when compared to HPV(−) tu-
mors (P < 0.05; Fig. 7C). The significant correlation of gene 
expression levels of the Hurwitz-EVsig with decreased abun-
dance of CD4(+) T cells in HPV(+) tumors was also observed 
in the validation cohort (P < 0.05; Fig. S3C). Additionally, 
the levels of Hurwitz-EVsig expression in the validation co-
hort significantly correlated with decreased infiltration abun-
dance of B cells and dendritic cells and increased abundance 
of CAFs (P < 0.05; Supplementary Fig. S3C). These results 
indicate that the landscape of infiltrating immune cells which 
is associated with vesiculation-related genes differs depending 
on the HPV status of the tumors.

To further define the expression patterns of the two EV 
signatures in HPV(+) and HPV(−) HNSCC, we separated 
the single-cell sequencing cohort based on the patients viral 
status into six HPV(+) and nine HPV(−) patients. While 
the gene expression levels appeared similar in the bulk 
sequencing cohorts (Figs. 7A; Supplementary S3A), clus-
tering of the patients into EVsiglow and EVsighigh patients 
based on expression in only non-immune cells revealed that 
most HPV(+) patients had increased levels of Fathi-EVsig 
(Fig. 7D). Hurwitz-EVsig gene expression levels almost sep-
arated HPV(+) from HPV(−) patients and were elevated in 
HPV(−) patients (Fig. 7E). This also reflected in increased 
or decreased expression in HPV(+) epithelial cells of Fathi-
EVsig and Hurwitz-EVsig, respectively (P < 0.05; Fig. 7F 
and G). Significantly higher levels of Hurwitz-EVsig were 
also found in HPV(−) fibroblasts compared to their HPV(+) 
counterparts (P < 0.05; Fig. 7G). Interestingly, the expres-
sion patterns in immune cells were distinct in HPV(+) and 
HPV(−) HNSCCs and both EV signatures were expressed 
significantly higher in HPV(−) B cells, CD4(+) T cells, 
plasmacytoid dendritic cells, and Tregs compared to their 
HPV(+) counterparts (P < 0.05; Fig. 7F and G). While the 
PBLs of HPV(+) and HPV(−) HNSCCs expressed similar 
levels of Fathi-EVsig (Fig. 7F), CD4(+) T cells, CD8(+) T 
cells, and monocytes expressed significantly higher levels of 
Hurwitz-EVsig in HPV(+) HNSCC (P < 0.05; Fig. 7G).

Figure 6: Correlation of vesiculation-related genes with immune cell infiltration. (A) Heat map visualizing the correlation of the expression levels of the 
Fathi-EVsig and the immune cell infiltration levels of B cells, CD8(+) T cells, CD4(+) T cells, macrophages, neutrophils, and dendritic cells. Each cell 
represents the Spearman’s rho value of each gene of the Fathi-EVsig. (B) Heat map visualizing the correlation of the expression levels of the Hurwitz-
EVsig and the immune cell infiltration levels of B cells, CD8(+) T cells, CD4(+) T cells, macrophages, neutrophils, and dendritic cells. Each cell represents 
the Spearman’s rho value of each gene of the Hurwitz-EVsig
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Figure 7: Comparison of vesiculation-related genes in HPV(+) and HPV(−) HNSCCs. (A) Comparison of Fathi-EVsig and Hurwitz-EVsig gene expression 
in HPV(+) and HPV(−) HNSCC patients. (B) Infiltration abundance of immune cells based on Fathi-EVsig expression in HPV(+) and HPV(−) patients. (C) 
Infiltration abundance of immune cells based on Hurwitz-EVsig expression in HPV(+) and HPV(−) patients. (D) Fathi-EVsig score in non-immune cells 
of individual HPV(+) and HPV(−) patients. (E) Hurwitz-EVsig score in non-immune cells of individual HPV(+) and HPV(−) patients. (F) Fathi-EVsig score 
in individual PBL, TIL, and non-immune cell subsets in HPV(+) and HPV(−) patients. (G) Hurwitz-EVsig score in individual PBL, TIL, and non-immune cell 
subsets in HPV(+) and HPV(−) patients. Values in F and G represent means ± SEM
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Discussion
The progression of HNSCC is dependent on the formation 
of an immunosuppressive niche which favors tumor growth 
and metastasis. Understanding the mechanisms underlying 
the initiation and maintenance of this immunosuppressive 
microenvironment is of great current interest. Attention 
has been centered on communication between malignant 
and non-malignant cells in the TME, which leads to pheno-
typic and functional reprogramming of tumor resident and 
infiltrating cells and ultimately promotes disease progression. 
Tumor-derived EVs are reported to contribute to intercellular 
communication locally in the tumor and at distant sites [31]. 
We and others have demonstrated that HNSCC-derived EVs 
carry a cargo of biologically active components which pro-
mote tumor progression [7–10]. Although HNSCC-derived 
EVs are implicated in mediating cancer progression, their ac-
tual contribution to the formation of the tumor-promoting 
TME remains elusive. Here, we first searched for gene datasets 
related to EV production by tumor cells, and then used the 
available data for comparison of HNSCCs with high and low 
production rates of EVs.

Our bioinformatics analysis demonstrated that increased 
expression levels of vesiculation-related genes correlated with 
a profile of TGFβ and adenosinergic signaling in the tumor. 
Both signaling pathways are known to have major immuno-
suppressive effects in HNSCC and promote tumor progres-
sion [32–34]. The two main pathway components, TGFβ and 
CD73, were previously identified as functionally active cargo 
components in HNSCC-derived EVs [10, 35]. Recent litera-
ture emphasizes the role of EVs as carriers and producers of 
adenosine [36–38]. Our bioinformatics analysis based on 
gene expression levels of the adenosinergic pathway compo-
nents has confirmed that this pathway is one of the major im-
munosuppressive mechanisms mediated by HNSCC-derived 
EVs. Our data demonstrated that—along with a TGFβ/
CD73 profile—a collection of cytokine genes correlated with 
the expression of vesiculation-related genes in HNSCC pa-
tients. This observation supports the presence of a tumor-
promoting environment in the TME. Expression levels of the 
vesiculation-related genes in the datasets we used, showed 
significant correlation with IL-8 (P < 0.0001), responsible for 
immune cell recruitment [39] and with IL-6 and IL-10 (P < 
0.01), which mediate pro-tumor functions of neutrophils and 
macrophages [40, 41]. Concerning immunosuppressive func-
tion, IL-10 impairs CD8(+) T cells [42], which is consistent 
with our findings, since abundance of infiltrating CD8(+) T 
cells in tumor tissues was negatively associated with expres-
sion levels of the vesiculation-related genes in both EV signa-
tures. Moreover, both EV signatures have positive correlation 
with immune checkpoints, such as CD274, CD276, PVR, and 
c10orf54 (Fig. 5A–D), which have become a hallmark of the 
immunosuppressive TME [43].

Tumor-derived EVs carry both immunosuppressive and 
immunostimulatory receptor/ligands and thus may be in-
volved in various immunomodulatory pathways [44]. The 
cargo of tumor-derived EVs contains costimulatory mol-
ecules, major histocompatibility complex class I and class 
II molecules, tumor-associated antigens, and intraluminal 
growth-promoting cytokines in addition to a plethora of 
immunoinhibitory molecules [3, 45]. Analogous with these 
reports, we demonstrated that the EV signatures correlate 
with the expression levels of a variety of immunostimulatory 

factors as well as tumor-suppressive factors, such as CXCL14. 
Although this seems counterintuitive when looking at the im-
munosuppressive effects of tumor-derived EVs in the TME, 
it appears that stimulatory and inhibitory signals of tumor-
derived EVs are delivered simultaneously. It remains unclear 
how this mode of delivery of multiple signals is able to stimu-
late or inhibit immune responses translates into specific func-
tional alterations in recipient cells [3].

It is under current investigation, whether tumor-derived 
EVs play a distinct role in HPV(+) and HPV(−) HNSCC. 
Recent findings indicate that EVs from HPV(+) and HPV(−) 
tumors have differential protein contents that might trans-
late to distinct functional effects and, thus, contribute to the 
disparity in immune responses that characterize HPV(+) and 
HPV(−) HNSCCs [46]. In direct comparison of EVs isolated 
from HPV(+) and HPV(−) HNSCCs, HPV(+) EVs were cap-
able of sustaining dendritic cell functions and, therefore, 
may play a role in promoting anti-tumor immune responses 
in patients with HPV(+) HNSCC [11]. Our bioinformatics 
analysis validated these findings since we also observed dis-
tinct immune landscapes depending on the HPV status of 
the primary tumors. In HPV(+) tumors vesiculation-related 
genes correlated with an increased abundance of Tregs 
and a decreased abundance of CD4(+) T cells, CAFs, and 
MDSCs. These findings need further validation in clinical 
tumor samples as well as functional in vitro and in vivo 
studies and might accelerate the understanding of the dif-
ferences in the immune landscape of viral- and carcinogen-
driven HNSCC.

One of the current challenges in the field is the heterogeneity 
of EV subpopulations that tumors produce. Various subtypes 
of tumor-derived EVs may be released by the tumor, carrying 
different cargos and mediating different functions in recipient 
cells [47]. Capturing these subtypes selectively using protein 
markers or gene signatures remains a challenge. Therefore, 
the two gene signatures we used in this study may not reflect 
the complexity of EV biogenesis and their heterogeneity. Also, 
these gene signatures need to be validated in vivo by parallel 
analysis of tumor gene expression levels and quantification of 
local and circulating tumor-derived EVs. However, although 
the Fathi-EVsig and Hurwitz-EVsig share only two common 
genes and are, therefore, mostly independent signatures, they 
gave similar results, suggesting that the specific shaping of the 
immune landscape may be an overall mechanism which can 
be attributed to tumor-derived EVs.

Conclusions
The presented bioinformatic data indicate that tumor cell-
derived EVs carrying a complex cargo of immunosuppressive 
proteins are likely to shape immune cell infiltration into the 
tumor by interaction with immune cells in the periphery or 
locally in the tumor. The biological effects of EVs—orches-
trated by a variety of factors enriched in EVs—may shape and 
modulate the immune landscape in a very specific manner, 
with exclusion of effector lymphocytes and promotion of the 
abundant infiltration of CD4(+) T cells, macrophages, neu-
trophils, and dendritic cells. Also, gene signatures related to 
vesiculation are enriched in tumor cells and are potential im-
mune biomarkers in HPV(+) and HPV(−) HNSCC. Our in 
silico results provide a baseline for future prospective studies 
to be conducted with a well-defined HNSCC patient cohort to 
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compare expression levels of vesiculation-related genes with 
plasma levels of EVs, immunopathology of the tumor, and 
clinical parameters. Overall, our analysis confirmed a large 
volume of data on tumor-derived EVs as key components of 
the reprogramming that characterizes the TME.

Supplementary Material
Supplementary data is available at Clinical and Experimental 
Immunology online.
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Figure S1. Correlation of vesiculation-related genes with immunomodulatory factors in HPV(-

) HNSCC tissues of the GSE65858 validation cohort.. (A) Correlation between 

immunoinhibitory factors and the Fathi-EVsig. (B) Correlation between immunoinhibitory 

factors and the Hurwitz-EVsig. (C) Correlation between immunostimulatory factors and the 

Fathi-EVsig. (D) Correlation between immunostimulatory factors and the Hurwitz-EVsig. (E) 

Correlation between chemokines and the Fathi-EVsig. (F) Correlation between chemokines and 

the Hurwitz-EVsig. 
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Figure S2. Correlation of vesiculation-related genes with immune cell infiltration in the 

GSE65858 validation cohort. (A) Heat map visualizing the correlation of the expression levels 

of the Fathi-EVsig and the immune cell infiltration levels of B cells, CD8(+) T cells, CD4(+) T 

cells, macrophages, neutrophils, and dendritic cells. Each cell represents the Z value of each 

gene of the Fathi-EVsig. (B) Heat map visualizing the correlation of the expression levels of 

the Hurwitz-EVsig and the immune cell infiltration levels of B cells, CD8(+) T cells, CD4(+) 

T cells, macrophages, neutrophils, and dendritic cells. Each cell represents the Z value of each 

gene of the Hurwitz-EVsig. 
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Figure S3. Comparison of vesiculation-related genes in HPV(+) and HPV(-) HNSCCs in the 

GSE65858 validation cohort. (A) Comparison of Fathi-EVsig and Hurwitz-EVsig gene 

expression in HPV(+) and HPV(−) HNSCC patients. (B) Infiltration abundance of immune 

cells based on Fathi-EVsig expression in HPV(+) and HPV(−) patients. (C) Infiltration 

abundance of immune cells based on Hurwitz-EVsig expression in HPV(+) and HPV(−) 

patients. 
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Abstract: 

Head and neck squamous cell carcinoma (HNSCC) is a global cancer burden with a 5-year overall 

survival rate of around 50%, stagnant for decades. A tumor-induced immunosuppressive 

microenvironment contributes to HNSCC progression, with the adenosine (ADO) pathway and 

an upregulated expression of inhibitory immune checkpoint regulators playing a key role in this 

context. The correlation between high neutrophil-to-lymphocyte ratio (NLR) with advanced 

tumor staging suggests involvement of neutrophils (NØ) in cancer progression. Interestingly, we 

associated a high NLR with an increased intracellular PD-L1 localization in primary HNSCC 

samples, potentially mediating more aggressive tumor characteristics and therefore 

synergistically favoring tumor progression. Still, further research is needed to harness this 

knowledge for effective treatments and overcome resistance. Since it is hypothesized that the 

tumor microenvironment (TME) may be influenced by small extracellular vesicles (sEVs) 

secreted by tumors (TEX), this study aims to investigate the impact of HNSCC-derived TEX on NØ 

and blockade of ADO receptors as a potential strategy to reverse the pro-tumor phenotype of 

NØ. UMSCC47-TEX exhibited CD73 enzymatic activity involved in ADO signaling, as well as the 

immune checkpoint inhibitor PD-L1. Data revealed that TEX induce chemotaxis of NØ and the 

sustained interaction promotes a shift into a pro-tumor phenotype, dependent on ADO 

receptors (P1R), increasing CD170high subpopulation, CD73+ and PD-L1 expression, followed by 

an immunosuppressive secretome. Blocking A3R reduced CD73 and PD-L1 expression. Co-

culture experiments with HNSCC cells demonstrated that TEX-modulated NØ increase the 

CD73/PD-L1 axis, through Cyclin D-CDK4/6 signaling. To support these findings, the CAM model 

with primary tumor was treated with NØ supernatant. Moreover, these NØ promoted an 

increase in migration, invasion, and reduced cell death. Targeting P1R on NØ, particularly A3R, 

exhibited potential therapeutic strategy to counteract immunosuppression in HNSCC. 

Understanding the TEX-mediated crosstalk between tumors and NØ offers insights into 

immunomodulation for improving cancer therapies. 

 

Running head: TEX-driven neutrophils shape CD73/PD-L1 axis 

 

Key words: Exosome, tumor-associated neutrophils (TAN), adenosine signaling, Head and Neck 

Squamous Cell Carcinoma, cytoplasmatic PD-L1, biomarker, immune checkpoint resistance  
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Introduction: 

Head and neck squamous cell carcinoma (HNSCCs) is a prevalent form of cancer, with 

approximately 600,000 new cases reported worldwide annually [1]. Despite extensive research 

and novel therapeutic approaches, the 5-year overall survival rate for HNSCC patients has 

stagnated at around 50% for decades [2]. 

Tumor cells use various mechanisms to induce and sustain a favorable chronic 

inflammatory environment, abundant in soluble factors that promote their own proliferation 

and survival [3]. The tumor microenvironment (TME) in HNSCC is characterized by significant 

immune alterations, often leading to an immunosuppressive niche, promoting tumor growth, 

invasion, and immune evasion and thereby challenging effective treatment [4]. Immune 

checkpoint molecules like PD-L1 are frequently overexpressed in a variety of tumor entities and 

provide a promising target for antibody-based PD-1/PD-L1 immunotherapy [5]. Despite some 

encouraging outcomes, immune checkpoint inhibition in HNSCC often yields limited 

improvement or even hyperprogression [6]. The heterogeneity of PD-L1 expression and the lack 

of reliable biomarkers still leads to unpredictable outcomes [7]. There is increasing evidence that 

PD-L1 expression as well as its subcellular localization is highly dynamic [8] and also mediates 

tumor cell-intrinsic functions that may trigger tumor-promoting effects [9–11]. 

Interestingly, there is emerging new research targeting CD73 and PD-L1 as a potential 

combination therapy, addressing two immunosuppressive tumor escape strategies at the same 

time [12–14]. The adenosine (ADO) pathway in HNSCC is acknowledged as a major contributor 

to tumor-mediated immunosuppression and tumor progression [15]. ADO is produced within 

the TME mostly through the enzymatic breakdown of ATP though the activity of the 

ectonucleotidases NTPD1 (CD39) and NT5E (CD73). Extracellular ADO contributes to 

immunosuppression. It serves as a potent signaling molecule that activates ADO receptors (P1R), 

A1, A2A, A2B and A3, thereby modulating crucial cellular processes including differentiation, cell 

death and triggering an immunomodulatory response [16]. 

Also the presence of immunosuppressive immune cells such as regulatory T cells (Tregs) 

and myeloid-derived suppressor cells (MDSCs) can hinder the tumor immune response [4]. The 

myeloid infiltrate is a crucial component of the TME and significantly influences its progression 

[17]. Emerging evidence suggest a pivotal role of tumor-associated neutrophils (TANs) in the 

interplay between tumor and TME [18,19]. TANs are phenotypically modulated neutrophils (NØ) 

and, consequently, contribute to the perpetuation of the disease [20]. NØ modulation have been 
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shown to adapt according to tissue environment, and recently have been proposed the 

importance of tumor-derived extracellular vesicles (TEX) as main characters in tumor crosstalk.  

Small extracellular vesicles (sEVs) have garnered significant attention for their potential 

role in facilitating intercellular communication. These sEVs, also known as exosomes, represent 

a distinct subset of extracellular vesicles originating from multivesicular bodies (MVBs) and 

typically measure between 30 and 150 nm in diameter. Particularly intriguing are their unique 

biogenesis process and surface membrane composition, which closely mirrors those of their 

parental cells [21]. Importantly, the cargo carried by sEVs can vary depending on the specific 

microenvironment. There is evidence to suggest that TEX, have the capacity to modulate the 

phenotype and functional behavior of NØ, influencing their immune responses [22]. 

In our present study, we show that tumor progression and the neutrophil-to-lymphocyte 

ratio (NLR) correlate with intracellular PD-L1 localization in tumor cells. Furthermore, we 

examined the ability of HNSCC-derived TEX to chemoattract and interact with NØ resulting in an 

induction of an immunosuppressive phenotype in NØ, thus promoting cancer progression. In 

addition, blocking ADO receptors can reverse the NØ pro-tumor phenotype. TEX-modulated pro-

tumor NØ demonstrated different influence on tumor progression between four cell lines, 

however, an important similar pattern of increasing CD73/PD-L1 axis expression in tumor cells, 

may indicate their role in immunosuppressive TME.  
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Materials and Methods: 

HNSCC patient cohort: Patient recruitment for primary HNSCC tissue samples, as well as 

the retrospective database analysis were conducted at the Department of Oral and Maxillofacial 

Surgery of the University Hospital Regensburg. 76 patients with HNSCC of various localizations 

were included in the study cohort. The patients were diagnosed and staged between 2016 and 

2023 at the Department of Oral and Maxillofacial Surgery, University Hospital Regensburg. 

Clinical and histopathologic data as well as neutrophil and lymphocyte counts were collected 

from patients' medical records. All participants involved in this study were thoroughly informed 

about the nature and purpose of the study, as well as the procedures involved. Written informed 

consent was obtained from all individual participants involved in the study prior to sample 

collection. Ethical approval for this study was granted by the Ethics Committee at University 

Hospital Regensburg (AZ:16-299-101). All procedures performed in this study involving human 

participants were conducted in compliance with the ethical standards of the institutional 

research committee and with the 1964 Helsinki Declaration and its later amendments or 

comparable ethical standards. 

Immunohistochemistry (IHC) of HNSCC patient samples: Formalin-fixed, paraffin-

embedded tumor tissue was obtained from the archive of the Institute of Pathology at the 

University of Regensburg. From each block of samples, 3 micrometer (µm) thick sections were 

cut from the tumor center and tumor periphery. Sections were mounted on SuperFrost® Plus 

microscope slides (R. Langenbrinck Labor- u. Medizintechnik, Emmendingen, DE). IHC single-

staining was performed for CD66b and PD-L1. IHC double-staining was performed for FoxP3 and 

CD3, following the standard protocol of the Institute of Pathology, University of Regensburg, 

using a BenchMark Ultra IHC/ISH system (Ventana Medical Systems, Inc, Tucson, AZ). Anti-

CD66b (ab300122, Abcam, Cambridge, UK), anti-FOXP3 (14-4777-82, clone 236 A/E7, 

eBioscience, Thermo Fisher Scientific, San Diego, CA), anti-CD3 (A 0452; Dako GmbH, D), anti-

PD-L1 (human PD-L1, clone 28-8, ab205921, Abcam), anti-PD-L1 (human PD-L1, clone E1L3N, 

#13684, Cell Signaling Technology, Danvers, MA, USA) and anti-PD-L1 (human PD-L1, clone 22C3, 

M3653, Dako GmbH) were used as primary antibodies. The Dako REAL Envision Detection 

System, Peroxidase/DAB+, Rabbit/Mouse (Dako, Glostrup, DK) was utilized for detection. 

Hematoxylin solution was used for counterstaining. Morphological staining with appropriate 

hematoxylin and eosin was performed as controls for all samples. PD-L1 membranous and 

cytoplasmic staining was observed on both immune and epithelial cells. Staining intensity was 

not considered in the scoring process, and evaluations of immune and tumor cells were 

conducted separately. The absolute number of intratumoral cells stained on the membrane in a 
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high-power field (HPF) at 400× magnification was counted for CD3, FoxP3 and CD66b. The 

relative number of tumor cells stained on membrane and cytoplasm were counted for PD-L1 

and the absolute number of CD66b, CD3 and FoxP3. The HPF represents the area of the tumor 

where most of the cells of interest are located. The evaluation area at 400-fold magnification 

corresponded to a rectangle with a height of 256 µm and a width of 432 µm for the microscope 

used to achieve the highest possible reproducibility. Counting was performed manually by an 

experienced pathologist. 

Primary human neutrophil isolation: Peripheral blood was obtained from healthy 

volunteers, using EDTA blood collection tubes (S-Monovette, Sarstedt AG & Co. KG, Nümbrecht, 

DE) and processed within 15 minutes following a protocol described in Chen et al. [23]. For all 

further assays, neutrophils cultivated in non-conditioned EDHI-FBS media were used as internal 

control. The institutional ethics review board of the University Hospital Regensburg (nº 20-1990-

101) approved this study.  

HNC cell lines: The human head and neck cancer cell line UMSCC47 (SCC47) was 

purchased from ATCC (Manassas, VA, USA). The human head and neck cancer cell lines FaDu 

(RRID: CVCL_1218) and SCC9 (RRID: CVCL_1685) were ordered from ATCC (Manassas, VA, USA) 

as part of the Head and Neck Panel TCP-1012. The human head and neck cancer cell line PCI52 

(RRID: CVCL_RJ99) was kindly provided by Prof. Dr. Theresa. L. Whiteside (University of 

Pittsburgh Cancer Institute (PCI), Pittsburgh, PA, USA) in 2013 [24]. Authentication of PCI52 was 

performed by the Leibniz Institute German Collection of Microorganisms and Cell Cultures 

(DSMZ), Berlin, DE) via STR-DNA-typing using nonaplex PCR [A1806475-1]. 

Culture conditions for cell lines: Cells were cultured at 37°C under controlled conditions 

with 5% CO2. The culture medium DMEM (PAN-Biotech, Aidenbach, DE) was supplemented with 

1% L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 100 units/liter (U/L) penicillin/streptomycin 

0.5 U/L (Sigma-Aldrich) and 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA). The 

medium was changed every two to three days, and the cells were passaged prior to reaching 

confluence. Detachment of cells was achieved by incubation with Accutase™ solution (Sigma–

Aldrich) for 5 to 10 minutes at 37°C. 

Tumor spheroids: Spheroids were generated with the hanging drop technique. Per drop, 

2x104 cells were seeded in 30 µl cell culture medium, including 0.12% methylcellulose (Sigma–

Aldrich), onto the inner part of the lid form a petri dish (Sigma-Aldrich). After seeding, the lid 

was carefully turned, and the petri dish closed. The cells formed 3-dimensional (3D) spheroids 

overnight at 37°C under controlled conditions with 5% CO2. A volume of 10 milliliter (ml) 
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phosphate buffered saline (PBS) in the lower part of the petri dish prevented the drops from 

drying out. 

TEX isolation: For TEX isolation the culture medium DMEM (PAN-Biotech) was 

supplemented with 1% L-glutamine (Sigma-Aldrich), 100 units per liter (U/L) 

penicillin/streptomycin 0.5 U/L (Sigma-Aldrich) and 10% sEV-depleted heat-inactivated fetal 

bovine serum (EDHI-FBS) (Gibco, Carlsbad, CA, USA). Depletion was achieved by 

ultracentrifugation at 100,000 relative centrifugal force (rcf) for 3 hours. A number of 2.5 x 106 

cells were cultured in 150 cm2 cell culture flasks (Greiner Bio-One, Kremsmünster, AT), 

containing a total volume of 25 ml culture medium. After 72 hours of incubation, the 

supernatants were carefully collected for further TEX isolation. 50 ml of SCC47 cell culture 

supernatant underwent a two-step centrifugation at room temperature (RT) for 10 minutes at 

2,000 rcf, followed by 10,000 rcf at 4°C for 30 minutes. Subsequently, the supernatants were 

filtered through a 0.22 µm bacterial filter (Millex®-GP, Sigma Aldrich) attached to a 50 ml syringe 

(BD Plastipak™). Using Vivacell® 100 concentrators and a centrifugal force of 4,000 rcf, the 

filtered supernatants were concentrated down to 1 ml volume. 

TEX characterization: TEX were isolated using the mini-size exclusion chromatography 

(mini-SEC) method, following the previously described protocol in [25]. A volume of 1 ml of 

fraction #4 was collected throughout the Sepharose™CL-2B (17014001, Cytiva, SE) column for 

further characterization. TEX protein concentration was determined by using a BCA protein 

assay (Pierce Biotechnology, Rockford, IL, USA). Tunable resistive pulse sensing (TRPS) was 

employed to assess the concentration and size distribution of particles in fraction #4. The 

assessment involved a NP100 nanopore at a 45.05 millimeter (mm) stretch, 0.64 Volt (V), and a 

17 millibar (mbar). Samples were calibrated using 114 nanometer (nm) carboxylated polystyrene 

beads at a concentration of 2x1011 particles/ml. Data were recorded and analyzed with version 

3.2 of the Izon software (http://www.izon.com). The results provided particle concentrations as 

the number of particles within fraction #4. Images were taken with scanning electron 

microscopy (SEM), low vacuum (LV) mode was utilized with energy-dispersive X-ray 

spectroscopy and proximity ligation assay techniques. The SEM was operated at a voltage of 4 

kV with Spot 3, while maintaining a working distance of 10 mm and a pressure of 1.5 Torr. The 

aperture size was set to 6 for imaging purposes. 

Neutrophil treatment with TEX and ADO signaling antagonists: For TEX-treated groups, 

a concentration of 10 μg of TEX / 106 NØ was added. The amount of TEX used in this setup was 

assessed via concentration curve. Lower tested amounts of TEX (1, 5, 7 µg) didn’t show any 
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significant effect (data not shown). The following antagonists were used to block ADO signaling: 

AMPCP (CD73 inhibitor – 100 micromolar (µM), Tocris), CGS15943 (P1 antagonist – 0.1 µM, 

Tocris), PSB36 (A1R antagonist – 1 µM, Tocris), SCH442416 (A2AR antagonist – 1 µM, Tocris), 

MRS1754 (A2BR antagonist – 1 µM, Tocris) and PSB10 hydrochloride (A3R antagonist – 1 µM, 

Tocris, UK). The control group only included NØ. For further information about primary healthy 

NØ, see Supplementary Figure 1. NØ viability was assessed using the specified compound 

concentrations. No notable impact on NØ viability was observed.  

Extracellular adenosine quantification: After 48 hours, the supernatant from 7 different 

biological experimental samples from each group: NØ CTRL, NØ with 10 μg TEX, and NØ treated 

with CD73 inhibition (AMPCP) and TEX, were evaluated through Human Adenosine ELISA kit 

(MBS2605344, MyBiosource, San Diego, CA, USA) according to manufacturer’s instructions. 

Briefly, 100 µl of each sample was added in duplicates, absorbance was measured with 450 nm 

and the concentration values (ng/ml) were calculated with the standard curve equation. 

Neutrophil transmigration assay: A 48-well plate was used containing NØ (106/ml) in the 

upper chamber with 3 µm micropore (662630, Greiner Bio-One), both with and without AMPCP 

and CGS15943 treatments. The lower chamber held PBS 1x and FBS as negative and positive 

controls respectively, while 10 μg TEX, diluted in DMEM ØFBS were used for the experimental 

groups. After incubation at 37°C with 5% CO2 for 3 hours, migrated cells from the lower chamber 

were harvested. NØ counts were obtained using Neubauer’s chamber, and results, normalized 

with the positive control to eliminate donor variability, are presented as percentage of NØ [26]. 

Neutrophil-TEX imaging: (1) Scanning electron microscopy: NØ w/ and w/o TEX were 

treated with 2.5% glutaraldehyde (Sigma-Aldrich) in Soerensen buffer for fixation. Post-fixation, 

the samples were rinsed with distilled water and dehydrated through an ascending alcohol 

series with 10%, 30%, 50%, 70%, and 90% ethanol (Sigma-Aldrich) for 10 minutes each, followed 

by three cycles in 100% alcohol, for 20 minutes each. The generated pellet was mixed with 

propylene oxide (Sigma-Aldrich), carefully dropped onto a stub with a coverslip, and air-dried 

for 30 minutes. Subsequently, the sample was sputter-coated with platinum for 40 seconds, 

using a working distance of 50 mm and a current of 30 mA. SEM settings were as follows: high 

voltage (HV), electron detector (EDT), 4 kV accelerating voltage, spot size 3 and a working 

distance of 10 mm. (2) Immunofluorescence (IF): TEX were labeled with SYTO™ RNASelect™ 

(1:50, S32703, Invitrogen, Massachusetts, USA) prior to isolation. After 4 hours, samples were 

fixated with 4% paraformaldehyde (Merck), followed by Alexa Fluor™ 546 Phalloidin (A22283, 

Invitrogen) and VECTASHIELD® Antifade Mounting Medium with DAPI (A-1200, Vector 
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Laboratories, Inc., Newark, USA) staining. Photos were taken in magnification of 40x, to visualize 

TEX-NØ interactions. For NØ-TEX imaging, NØ were incubated with TEX for 4 hours. A deeper 

impact in the retention of TEX in the presence of the studied compounds was not further 

investigated. 

Neutrophil phenotype characterization: After 48 hours incubation, NØ were evaluated 

using the BD LSRFortessa™ Cell Analyzer (BD, Franklin Lakes, NJ, USA). The CD11b+ (1:50, 557754, 

BD) / CD66b+ (1:100, 562254, BD) were used as NØ markers, following CD170low for anti-tumor 

phenotype and CD170high (1:20, 564371, BD) for pro-tumor phenotype, as described in Jaillon et 

al [27]. Next, the mean fluorescent intensity (MFI) of CD73 (1:20, 561258, BD) were tested in 

both phenotypes. Furthermore, the expression of PD-L1 was evaluated by western blotting 

(WB), using an anti-PD-L1 antibody (clone E1L3N, #13684, Cell Signaling Technology). 

Secretome analysis: After 48 hours incubation, supernatants from non-treated (CTRL) 

and TEX-treated NØ were collected. We pooled five different biological experiments in each 

group. Using 10 µl containing 5 µg of protein each resulted in a cumulative protein amount of 

25 µg per group. Each group was analyzed for the expression of 36 different cytokine-related 

proteins using the Human Cytokine Array Kit (ARY005B - Proteome Profiler, R&D Systems, 

Minneapolis, MN, USA), following the manufacturer's instructions. 

Subcellular protein fractions: HNSSC tissue was fractionated with the Subcellular Protein 

Fractionation Kit for Tissues (Thermo Scientific, Waltham, MA, USA) according to the 

manufacturer’s instructions. A tissue weight of 100 – 200 mg was used for each sample. Tissue 

was washed gently with ice-cold PBS. Excess liquid was removed. Tissue was cut into small pieces 

and placed in a pre-chilled tube for homogenization with a pestle (Kisker Biotech GmbH & Co. 

KG) in CEB-buffer. For removal of tissue debris, the homogenized tissue was transferred into the 

Pierce Tissue Strainer (Thermo Scientific) before performing the subcellular fractionation. 

Protease inhibitors (Halt™ Protease Inhibitor Cocktail 100x, Thermo Scientific) were added to 

each buffer to maintain integrity. All incubations were performed at 4°C unless otherwise noted. 

For long-term storage, fractions were stored at -80°C. 

Western blot analysis: For SDS-PAGE, 10% agarose gels were loaded with 10 μg protein 

of fraction #4 or 20 µg of total protein lysate/fractionated proteins and transferred to a PVDF 

membrane. Membranes were incubated overnight at 4°C with primary antibodies. Primary 

antibodies for TEX characterization: anti-Calnexin (ab133615, Abcam), anti-HSP70 (ab181606), 

anti-CD9 (ab92726, Abcam), anti-TSG101 (ab125011, Abcam), anti-α-Tubulin (200-301-880, 

Rockland Immunochemicals, Philadelphia, USA). Primary antibodies for purinergic signaling: 
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anti-CD73 (ab133582, Abcam), anti-CD39 (223842, Abcam). Primary antibodies for primary 

tumor characterization: anti-PD-L1 (#13684, Cell Signaling Technology, Danvers, MA, USA (CST)), 

anti-PD-L1 ( #51296, CST), anti-PD-L2 (#83723, CST), anti PD-1 (#86163, CST), anti-EGF Receptor 

(#4267, CST), anti-Vimentin (#5741, CST), anti-E-cadherin (610182, BD), anti-N-cadherin 

(610921, BD), anti-Twist (sc-81417, Santa Cruz Biotechnology, Dallas, TX, USA), anti-Snai1 (sc-

393172, Santa Cruz Biotechnology), and anti-CD44 (#3570, CST), anti-VEGFR2 (#9698, CST), anti-

VEGF (NB10023832, Novusbio, Uppsala, Sweden). Primary antibodies for analysis of the 

CD73/PD-L1 signaling cascade: anti-CDK6 (#3136, CST), anti-Cyclin D1 (#55506, CST). Anti-β-actin 

(ab8227, Abcam) was used as loading control. Secondary antibody Goat anti-rabbit (32460, 

Invitrogen, Waltham, MA, USA) or anti-mouse (32430, Invitrogen) when appropriate [28]. For 

signal detection SuperSignal™ West Femto substrate (34096, Thermo Scientific Waltham, MA, 

USA) was used. Colorimetric and chemiluminescent images were processed using the high-

resolution, high-sensitivity ChemiDoc™ XRS+ Imaging System (Bio-Rad, Hercules, CA, USA). Equal 

loading of proteins was confirmed with Ponceau S (SERVA Electrophoresis GmbH, Heidelberg, 

DE) total protein staining. The analysis was carried out using Image Lab software 6.0.1 (Bio-Rad). 

Chicken embryo chorioallantoic membrane (CAM) assay: Fertilized chicken eggs were 

acquired from an organic farmer (Herkner, Neutraubling, DE). They underwent a careful 

incubation process at 37.5°C and 63% humidity in a ProCon egg incubator (Grumbach, Aßlar, DE) 

for a period of 3 days, with regular rotation every 30 minutes. After that, a small window was 

cut in the eggshell and securely sealed using Durapore™ (1538-1, 3M, Saint Paul, MN, USA). On 

day 7, a piece of HNSCC primary tumor (PT) obtained from surgery of tumor resection (~30 µg 

was added to the top, followed by the addition of 60 µl of NØ supernatant from the following 

groups (n =5): PT, DMEM vehicle control; +NØ, secretome from healthy NØ; +TEX, secretome 

from TEX-modulated NØ; +CGS15943, secretome from pre-treated NØ with CGS15943, followed 

by TEX incubation. This treatment was repeated for three consecutive days. The experiment 

concluded on day 14 when the tumor was collected and lysed for WB evaluation of the proteins 

PD-L1, CD73 and CDK6 as previously described. 

Co-cultivation of NØ, TEX and tumor cells: A number of 1x106 NØ was pre-treated with 

10 µg TEX for 24 hours, as described. Afterwards, the primed NØ were added to tumor cells for 

functional assays. The number of tumor cells was determined by the functional assay. For the 

proliferation and apoptosis assays 3,000 adherent tumor cells were seeded into a 96-well plate, 

for the spheroid spreading assay one tumor spheroid consisting of 20,000 tumor cells was 

seeded into a 96-well plate. After 48 hours of co-cultivation, the NØ were washed out from the 
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tumor cells to eliminate any NØ interference with subsequent enzymatic assays or the tumor 

cell protein lysate. 

Proliferation assay: Cell proliferation was measured using CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (MTS - Promega, Wisconsin, USA). Therefore, 3,000 tumor cells 

were seeded onto a 96-well plate (Greiner Bio-One) overnight. Proliferation was measured 48 

hours after treatment according to the manufacturer’s instructions.  

Apoptosis assay: Apoptosis was measured using Apo-ONE® Homogeneous Caspase-3/7 

Assay (Promega). Therefore, 3,000 tumor cells/well were seeded onto a 96-well plate (Greiner 

Bio-One) overnight. Apoptosis was measured 48 hours after treatment according to the 

manufacturer’s instructions. 

Live-cell imaging wound healing assay: To analyze cell migration, 1x105 tumor cells were 

seeded onto a 96-well plate (Greiner Bio-One) overnight. After the scratch, cells were washed 

two times with PBS. After treatment, cell migration in serum-reduced culture medium (5% FBS) 

was observed for 48 hour using live-cell imaging (Axio Observer Microscope, Zeiss, Oberkochen, 

DE) with an imaging interval of 1 picture/hour at 40-fold magnification (ZENpro software, Zeiss). 

Afterwards, the wound healing progress was quantified at 0, 5, 10, 12, 15 and 18 hours after 

treatments by area measurement using Fiji ImageJ. 

Spheroid spreading assay: To analyze cell spreading, one spheroid per 96-well (Greiner 

Bio-One) was seeded in 50 µl DMEM. Two hours after seeding, pictures of the attached 

spheroids were taken and defined as starting point of the experiment (0h). Images were taken 

with 2-fold magnification. Right after, cells were treated. The final volume was 100 µl of serum-

reduced culture medium. Again, 48 hours after treatment pictures of spread spheroids were 

taken with same magnification (48h). For subsequent WB analysis, tumor cells were lyzed in 

radio-immunoprecipitation buffer (RIPA) buffer including protease inhibitors (Complete™ Mini 

Protease Inhibitor Cocktail) (Roche Diagnostics, Basel, CH). For quantification of the spread area, 

the diameter was measured with the ImageJ software and the change in the size of the area 

covered by cells was calculated. Therefore, the ratio of the area after 48 hours to the covered 

area after seeding (0h) was calculated and referred to as spreading ratio. Statistical analysis was 

performed using the GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA).  

Statistical analysis: Data are presented as mean ± SD. Two-way analysis of variance 

(ANOVA) followed by Tukey–Kramer post-hoc test was performed or one-way ANOVA with 

Bonferroni's test, when appropriate. For correlation of NLR with intracellular PD-L1, Pearson test 

correlation matrix was performed to analyze the strength of association. Correlation was 
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interpreted as follow: weak 0.1-0.3 (positive); -0.1 to -0.3 (negative); medium 0.3 to 0.5 

(positive); -0.3 to -0.5 (negative); strong (0.5 to 1.0 (positive); -0.5 to -1.0 negative). A P-value of 

< 0.05 was considered statistically significant with a confidence interval of 95%.  

Design of illustrations: Figures showing experimental setup, cellular mechanistic and the 

graphical abstract were designed with Biorender.com.  
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Results 

Proof of concept: Correlation of neutrophil-to-lymphocyte ratio with HNSCC progression 

We started our investigation by examining the potential significance of neutrophils (NØ) 

in the progression of head and neck squamous cell carcinoma (HNSCC). To this end, we assessed 

the neutrophil-to-lymphocyte ratio (NLR) across different tumor stages in HNSCC patients, 

employing the staging criteria from the Union for International Cancer Control (UICC). We 

observed a distribution of NLR values across various disease stages. Our cohort consisted of 76 

patients, with a gender distribution of 34.2% females and 65.8% males, with an average age of 

67 ± 9.4 and 63.6 ± 7.9 years, respectively. The diverse tumor site includes 40.8% in the alveolar 

ridge, 26.3% in the oral cavity and/or tongue, and 19.7% at the floor of the mouth as most 

prevalent locations. The NLR was plotted against disease stages I through IVB, revealing a spread 

of values at each stage. Data demonstrate a significant increase in NLR in relation to UICC 

stage, reaching the highest value in the more aggressive type of tumor. The dot line 

represents the health threshold (NLR = 2.6 [29]) and it is possible to observe that patients 

data in the stage I and II in majority below the dot line, while the stage III shows a higher 

range between patients, including more samples over the threshold. Tumors classified as 

UICC stage IVA/B have an increased NLR before surgery, including all patients above the 

reference line. A shift in the NLR value along the UICC stages is visible. With this regard, 

the IVA ratio is almost double the stage I (P < 0.001) and stage II (P < 0.01). Moreover, the 

IVB stage follows the trend, white significant difference between stage I (P < 0.01) and II (P 

< 0.05). The median NLR appeared to increase with the advancement of the disease stage, 

suggesting a potential link between elevated NLR and disease progression (Fig. 1). 

Characterization of pro-tumor markers in correlation with HNSCC progression 

The following step was to randomly select five distinct primary tumors to further 

characterize their protein marker expression by western blotting (WB). The markers were 

divided into functional groups for better visualization (Fig. 2A). As HNSCC markers, we 

chose the epidermal growth factor receptor (EGFR) as a frequently overexpressed receptor 

targeted for HNC therapy and CD44, a cell adhesion molecule currently discussed as an 

HNSCC stem cell marker. High expression of vimentin and N-cadherin together with low 

expression of E-cadherin is associated with epithelial-to-mesenchymal transition (EMT). 

High expression of vimentin and PD-L1 is correlated with poor prognosis, as is high 

expression of the transcription factors TWIST, an oncogene, and Snai1, a tumor suppressor. 

The purinergic enzymes CD39 and CD73 are frequently associated with tumor malignancy, 
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and elevated levels of adenosine (ADO) in the TME functions as an immunosuppressive 

molecule. Likewise, overexpression of the inhibitory immune checkpoint molecules PD-L1 

and PD-L2 is associated with immunosuppression. The secretion of VEGF and the expression 

of its receptor VEGFR2 is indicating the angiogenic potential of the tumor. The data suggest 

that each of the five selected tumors exhibits unique pathological features, as evidenced 

by the distinct expression profiles of tumor markers specific to HNSCC. These markers  

reflect the heterogeneity and the spectrum of oncogenic evolution within head and neck 

carcinogenesis. For instance, primary tumor (PT) #1 shows minimal or no expression of 

protein markers related to EMT, immune checkpoint regulation and angiogenesis, 

indicating a preliminary stage of epithelial cell dedifferentiation. Conversely, PT#3 exhibits 

high expression of these markers suggesting a more advanced stage of cancer progression. 

Additionally, this analysis highlights the purinergic enzymes expression CD39 and CD73. 

They are detectable in all PTs, similar to PD-L1, an important immune checkpoint target in 

immunotherapy.  

Figure 2B presents the tumor, node, metastasis (TNM) status and patient treatment 

details for the five HNSCC primary tumor samples selected for this study. It indicates a great 

variability among the selected samples, which corroborates the characterization panel. The 

diversity of the five selected primary tumors is reflecting the clinical relevance of cancer 

pathogenesis and elucidating potential causal relationships for the following observations. 

Further, we took a closer look at PD-L1 expression in the tumor samples. Here, we 

chose a novel approach and investigated the cellular localization of PD-L1 within the cells. 

Subcellular protein fractionation was performed to separate cells into distinct cellular 

compartments. Subsequently, the membrane and cytoplasmic protein fractions were 

analyzed for PD-L1 expression (Fig. 2C). The subcellular localization of PD-L1 may be 

indicative of its specific function and localization. Moreover, since EV cargos are prepared 

in the cytoplasm of the cell, cytoplasmic PD-L1 may also be packed in EVs for subsequent 

secretion. Interestingly, the ratio of membrane and cytoplasmic PD-L1 expression 

correlates with the expression pattern of tumor markers. Specifically, PT#1 is characterized 

by a high PD-L1 membrane expression (mPD-L1) and a lower cytoplasmic PD-L1 (cPD-L1) 

expression. This observation is in contrast to PT#3, which displays a pronounced cPD -L1 

expression with a reduced mPD-L1 expression. The varying ratios of membrane-to-

cytoplasmic PD-L1 (mPD-L1/cPD-L1) may indicate differential susceptibilities to immune 

checkpoint blockade therapies in HNSCC. It is also noteworthy that although PT#5 exhibited 

the highest overall PD-L1 expression in the characterization panel, the fractionation did not 
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reflect similar expression levels in the membrane and cytoplasmic compartments, 

indicating a potential nuclear localization that was not investigated in this study. 

Considering the pivotal relevance of the subcellular localization of PD-L1 in tumor 

resistance and progression, we postulated that NLR correlates not only with more 

aggressive tumor characteristics but also with the intracellular distribution of PD -L1. A 

Spearman correlation analysis substantiated this hypothesis, revealing a positive 

correlation between NLR and cPD-L1 (r = +0.60) and a negative correlation with mPD-L1 

expression (r = -0.48). Additionally, the analysis indicated a negative correlation between 

the mPD-L1/cPD-L1 ratio (r = -0.54), as demonstrated in Fig. 2D and Supplementary Table 

1. 

Currently, only the membrane expression of PD-L1 is relevant for the evaluation in the 

diagnostic process and the detection of intracellular PD-L1 is neglected. In Fig. 2E, we 

performed an IHC staining the tumor tissue sections with the human anti-PD-L1 antibody 

clone 28-8, which specifically detects cPD-L1 in addition to membrane-bound PD-L1. PT#1 

and PT#3 were selected as representative tumors with lower (PT#1) and higher grade of 

dedifferentiation (PT#3). In the tissue section of PT#3 a higher percentage of PD-L1 positive 

cell was detected. Also, a strong cPD-L1 localization is visible in the IHC. Interestingly, PD-

L1+ tumor cells (here, mPD-L1 and cPD-L1 was counted as PD-L1+) correlated with NØ 

infiltration, indicating a possible synergy of two immunosuppressive mechanisms involved 

in HNSCC progression. Moreover, we evaluated the central and periphery region of the 

tumor in relation to CD66b and PD-L1 markers. It is possible to observe a significant positive 

correlation between these two makers in the central region (P = 0.0168), while in the 

periphery follows the same pattern. The total mean of both areas for these markers also 

correlates (P = 0.0051).  

These data underscore the integral role of NØ in the context of HNSCC, being potentially 

influenced by both the malignancy of the tumor and the subcellular localization patterns of 

PD-L1. 

Immunosuppressive TEX carry PD-L1 and adenosine producing enzymes 

HNSCC mediate immunosuppressive effects both locally within the TME and 

systemically. Investigating the potential of TEX to facilitate this immunosuppression we used the 

HNC cell line SCC47, known for its capacity of secreting high amounts of sEVs. Subcellular protein 

fractionation of these cells revealed a distribution of the CD73 enzyme, with a molecular weight 

of approximately 70 kDa across all fractions, with higher expression in the cytoskeletal fraction. 
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(Fig. 3A). Interestingly, the subcellular fractionation also revealed presence CD73 with a lower 

molecular weight of approximately 21 and 28 kDa. To the same extent, PD-L1 was predominantly 

detected at the cellular membrane, cytoskeleton, and nuclear soluble protein fraction, including 

PD-L1 variants around 70 and >150 kDa (Fig. 3B). 

Subsequent TEX isolation using mini-SEC method yielded a population of particles 

isolated from fraction #4 with a size of 100 - 150 nm, confirmed by SEM to be vesicular 

aggregates (Fig. 3C-D). WB analysis confirmed the presence of positive markers for CD9, TSG101, 

α-Tubulin, HSP70 in the absence of Calnexin (Fig. 3E). These results confirm that fraction #4 

contained isolated SCC47 TEX. 

Interestingly, Fig. 3F demonstrated that TEX carried the markers CD39 and CD73, 

indicating potential purinergic enzyme activity. They also exhibited PD-L1 expression (Fig. 3G).  

Quantification of adenosine (ADO) in the supernatant of TEX-treated cultures indicated 

an increase in ADO production in the TEX-NØ mixed culture, which persisted albeit at a reduced 

level when the CD73 enzyme was pharmacologically inhibited with AMPCP, (P < 0.05, Fig. 3H), 

but still remained higher than in the control group without TEX treatment (NØ CTRL). The 

presented evidence suggests that TEX carry purinergic enzymes and can be a source of 

extracellular ADO.  Altogether, data shows that both immunosuppressive proteins, PD-L1 and 

CD73, can be found in the intracellular compartment, which can indicate their presence as cargo 

in EVs. After isolating and characterizing SCC47-derived TEX, both purinergic and PD-L1 

immunodetection was positive and a source of adenosine (ADO). 

TEX–neutrophil crosstalk 

To investigate the chemoattractive properties of TEX on NØ, we conducted a transwell 

migration assay (Fig. 4A). The number of NØ in the lower chamber was normalized using the 

positive control (CTRL) to exclude individual reactivity variables. In Fig. 4B, we observed a 

significant migration of NØ cells towards TEX (P < 0.05). This chemotactic response was 

attenuated by adenosine (ADO) signaling, as shown by reduced migration of NØ after blockade 

of the adenosine receptor P1R with CGS15943 and inhibition of CD73 with AMPCP (P < 0.001; P 

< 0.0001), suggesting that TEX-induced chemotaxis is modest but dependent on ADO signaling. 

To further explore the interaction of TEX with NØ, we performed SEM imaging. Notably, 

SEM imaging revealed NØ surfaces bound with TEX, whereas CTRL NØ demonstrated a smooth 

surface (Fig. 4C). Immunofluorescence staining also revealed the retention of TEX (green) on the 

79



NØ  confirming the physical association between TEX and NØ. The ADO signaling impairment 

does not influence the TEX-NØ interaction, as shown in Fig. 4D. 

Overall, the data suggest that TEX not only serve as chemoattractant to NØ but also 

maintain sustained interaction, highlighting a potential mechanism for TEX-mediated 

modulation of the NØ response. Blocking P1R and CD73 reduced NØ migration. 

Characterization of TEX-modulated Neutrophils phenotype  

Our analysis investigated how TEX influence the phenotype of NØ and whether they shift 

them to an anti- or pro-tumor state. Therefore, we selected CD11b+/CD66b+ cells that were 

classified into two distinct subsets, based on the expression levels of CD170. These subsets are 

referred to as “CD170low“ and “CD170high“ population. A representative gating strategy is shown 

in Fig. 5A. The combination of the analyzed marker expression CD11b+/CD66+/CD170+ to define 

anti- and pro-tumor NØ subpopulations is supported by previous findings of Jaillon et al. [27]. 

In general, we observed that the interaction of NØ with TEX (+TEX) led to a significant 

increase in a CD170high pro-tumor population compared to the control group NØ w/o TEX (CTRL) 

(P < 0.0001 – Fig. 5B). Additionally, the ratio of CD170high to CD170low cells doubled following TEX 

treatment (P < 0.001). Regardless of the increase of the CD170high population, both 

subpopulations are present across all groups. Despite a predominant CD170low population in the 

CTRL group (P < 0.05), the addition of TEX consistently resulted in a higher proportion of 

CD170high cells. To determine the role of ADO signaling in NØ phenotypes, we blocked the 

adenosine receptor P1R and assessed CD170 positive subpopulations. Notably, blocking A2B 

receptor (MRS1754) led to a noticeable increase in the CD170high subpopulation in comparison 

to the control (NØ CTRL, P < 0.05), suggesting a potential link between ADO signaling and NØ 

phenotype polarization. 

In Fig. 5C, the correlation between CD73 expression with regards to the activation of 

anti-/pro-tumor NØ was explored. TEX-modulated NØ showed a similar pattern in CD73 

expression. The CD170high subpopulation exhibited higher CD73 expression, while the CD170low 

subpopulation demonstrated lower expression. Notably, when comparing to CD170low 

subpopulation in TEX group, there was more than a significant two-fold increase in CD73 MFI (P 

< 0.005). This increase also stood out in comparison to the CTRL group, where the CD170high 

subpopulation displayed double the CD73 intensity (P < 0.005). Treatment with the A3 receptor 

(A3R) antagonist PSB10 resulted in a decrease in CD73 expression, bringing the pro-tumor 

subgroup closer to control levels, indicating the role of ADO signaling in modulating the 
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phenotype. Interestingly, when blocking A3R, the subpopulation distribution in this group is 

similar to the CTRL, which indicates a possible reverse activation. 

Furthermore, western blot analysis in Fig. 5D revealed that TEX treatment upregulates 

the immune checkpoint protein PD-L1 in NØ (P < 0.05). PD-L1 expression is, another marker 

associated with pro-tumor NØ. Interestingly, blocking A2BR exhibited a synergistic effect, further 

increasing PD-L1 protein expression compared to CTRL (P < 0.005) and TEX-modulated groups 

(P < 0.05). On the other hand, blocking A3R inhibited TEX modulation of PD-L1 expression (P < 

0.05). Since the TEX incubation in each group is consistent, the variance of immunodetection in 

response to different treatments points out that PD-L1-TEX are not interfering in the PD-L1 NØ 

expression. 

To investigate the impact of TEX on the secretome of NØ, we employed a Human 

Cytokine Array to detect multiple cytokines, chemokines, growth factors and other soluble 

proteins in cell culture supernatant of the NØ (Supplementary Figure 4A). Analysis indicated 

that TEX treatment led to a notable upregulation of two cytokines in the NØ secretome, as 

shown in Fig. 5E: CCL1/I-309 and Serpin E1/PAI-1 saw increases of 1.5-fold (P < 0.05) and >1.5-

fold (P < 0.0001), respectively, compared to the control. However, this upregulation was 

attenuated when P1R was blocked in NØ by CGS15943, causing the levels of these cytokines to 

return to baseline. Conversely, TEX treatment induced a significant downregulation of 10 

cytokines (Fig. 5F). Interestingly, blocking P1R (CGS15943) did not restore the secretion levels of 

these cytokines to normal, suggesting that the impact of TEX on their secretion was independent 

of P1R signaling. 

The IHC analysis of the five above mention patients revealed that NØ infiltration in the 

tumor periphery can modulate the lymphocyte profile in both tumor periphery and tumor 

center (Fig. 5G). The correlation matrix indicates that in the tumor periphery, the presence of 

NØ (CD66b+) positively correlates with Treg (FoxP3+) and CD3+ cell counts. Similarly, CD3+ cells 

in the tumor periphery predominantly consist of Tregs. These findings highlight a significant 

influence of NØ on the infiltration of Tregs (Fig. 5H). 

Interestingly, the immune profile in the tumor center is greatly influenced by 

peritumoral infiltration. The graph illustrates that increasing levels of peritumoral CD66b+ and 

FoxP3+ cells also increase the presence of both CD3+ and FoxP3+ cells in the central area. 

Furthermore, the FoxP3 marker negatively correlates with the NLR, indicating that higher levels 

of circulating NØ result in fewer lymphocytes infiltrating the tumor. This trend is also observed 

in the ratio of FoxP3+ to CD3+ cells, where a higher ratio suggests an increased presence of Tregs. 
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The data demonstrates that the FoxP3/CD3 ratio in the tumor center decreases with increased 

NØ infiltration in the periphery. Overall, this dataset illustrates a close relationship between NØ 

and lymphocyte profile infiltration, suggesting that NØ play a role in recruiting more Tregs. 

These findings highlight the potential role of TEX in modulating the phenotype of NØ 

and suggest their involvement in the regulation of pro-tumor responses by selectively 

modulating the cytokine profile of NØ. Moreover, their effects on cytokine secretion may involve 

mechanisms beyond P1R activation. 

The dynamic modulation of CD73/PD-L1 axis by pro-tumor neutrophils. 

The previous observations raised the question of whether this acquired pro-tumor NØ 

phenotype could actually promote tumor progression. Therefore, SCC47-derived TEX were 

incubated with primary NØ, pre-treated with antagonist according to experimental group 

(+AMPCP+TEX; +MRS+TEX; +PSB10+TEX), for 24 hours. Next, the primed TEX-modulated NØ 

were cultured with four different HNC cell lines: SCC47, SCC9, PCI52 and FaDu, for 48 hours, as 

explained in the graphical experimental design (Fig. 6A). Since PD-L1 modulation in tumor cells 

is an interesting target of this study, we evaluated the PD-L1 expression in each cell line, along 

with the CD73 and CDK6 modulation. Representative WB results after co-cultivation of tumor 

spheroids from SCC47 with NØ are shown in Fig. 6B and Supplementary Figure 5 for SCC47, 

SCC9, PCI52 and FaDu. The semiquantitative WB analysis of all cell lines in Fig. 6C shows 

significant influence of NØ incubation with the HNC cell lines. The expression of PD-L1 (0.17 ± 

0.11; P < 0.0001) and CDK6 ( 0.35 ± 0.20; P < 0.001) is significantly downregulated in all cell lines, 

CD73 expression shows the same trend (0.35 ± 0.33 P = 0.361). Interestingly, co-cultivation with 

TEX-modulated NØ (+TEX) leads to an upregulation PD-L1 and CD73 expression across all cell 

lines, in comparison to the NØ control without TEX-modulation (+NØ). Moreover, inhibition of 

CD73 (+AMPCP+TEX) resulted in downregulation of PD-L1 in tumor cells, while blocking the 

adenosine receptor A2B with MRS1754 (+MRS+TEX) notably enhanced PD-L1 expression in 

compassion to +TEX. Blocking A3 receptor (+PSB10+TEX) showed no modulation on PD-L1 but a 

slight increase in CD73 expression, in comparison to the +TEX group. Altogether, quantitative 

analysis demonstrated a pattern of reduced PD-L1 and CD73 in tumor spheroids cultured with 

unmodified NØ (+NØ). Interesting to notice is a slight but significant increase of expression in 

these proteins when tumors were cultured with TEX-primed NØ (+TEX). As observed previously 

with NØ pro-tumor phenotype, blocking A2B in NØ synergized with TEX to promote tumor 

progression, by increasing both PD-L1 and CD73 proteins. Conversely, inhibiting CD73 activity 

(+AMPCP+TEX) or blocking A3R (+PSB10+TEX) attenuate the pro-tumor actions of NØ as 
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demonstrated by the decrease in the CD73/PD-L1 axis The figure also illustrates that the 

dynamic expression of the CD73/PD-L1 axis is linked to the inhibition of CDK4/6 signaling. 

To validate the before mentioned data, an in ovo/ex vivo culture was performed with 

primary tumors (PT) from HNSCC patients (HPVneg, low PD-L1 combined positive score (CPS = 

25%) (Fig. 6D,E). The tumors were treated with NØ-derived secretomes treated with SCC47-

derived TEX. The results indicate an increase in PD-L1 and CD73, and a decrease in CDK6 and 

Cyclin D1 expression in tumors treated with TEX-modulated NØ secretome. Interestingly, 

healthy NØ secretome (PT+NØ) presented a slight decrease in PD-L1, and an increase in Cyclin 

D1, suggesting PD-L1 degradation via the Cyclin D-CDK4/6 pathway. Notably, the +TEX group 

and +CGS+TEX depict opposite responses. While +TEX treatment increased CD73 together with 

PD-L1 while Cyclin D1/CDK6 levels were decreased. The addition of CGS15943 (P1R antagonist) 

prior to TEX exposure reversed this effect, lowering the immunosuppressive axis and suggesting 

a more favorable tumor response. (Fig. 6E). 

Endorsement of pro-tumor potential of TEX-modulated Neutrophils 

The pro-tumor effects of the TEX-modulated NØ were also evaluated by functional 

assays with four different HNC cell lines: SCC47, SCC9, PCI52 and FaDu. Fig. 7A illustrates a 

representative result of the proliferation rate of cell line SCC47. The significances between the 

groups corroborates with the previous pattern described for CD73/PD-L1 axis expression. We 

observed a notable increase in the proliferation of SCC47 cells, when cultured with pro-tumor 

NØ, compared to healthy NØ. A similar result was observed in HNC cell line SCC9 (P < 0.05; 

Supplementary Figure 7). Interestingly, the group treated with the A2BR antagonist MRS1754 

(+MRS+TEX) displayed even higher proliferation rates (P < 0.01), while the group with A3 

receptor blockade (+PSB10+TEX) showed a decrease in proliferation. Conversely, PCI52 and 

FaDu demonstrated reduced proliferation with TEX treatment compared to controls (P < 0.0001 

and P < 0.001, respectively). Caspase 3/7 assays were utilized to determine the rate of cell death 

in each cell line, which endorsed the proliferation findings (Fig. 7B). 

To understand the direct effects of pro-tumor NØ on tumor cells, we performed a cell 

spreading and wound healing (scratch) assay. Area quantification between 2 hours (2h) and 48 

hours (48h) shows a similar pattern as mentioned before for HNC cell line SCC47. An increase in 

cell spreading when incubated with TEX-modulated NØ (P < 0.01), a tumor regression in the 

spheroids incubated with NØ+AMPCP+TEX (P < 0.001) and +PSB10+TEX (P < 0.0001) groups, and 

a slightly reduction in boosting tumor spreading when NØ were treated with A2BR blocking 

before TEX interaction (P < 0.05; Fig. 7C) could be observed. HNC cell line SCC9 and FaDu did not 
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presented significant differences between healthy NØ (+NØ) and pro-tumor NØ (+TEX). Besides, 

FaDu seems to not be affected by the TEX-NØ modulation. Representative figures from the 

SCC47 cell spreading are shown in Fig. 7D. 

Next, the scratch assay was performed with HNC cell line SCC47 (Fig. 7E) and SCC9. Data 

further confirmed that TEX-modulated NØ accelerate wound healing in SCC47, with significant 

differences from the CTRL within 5 hours (P < 0.01) and 10 hours (P < 0.05). With regards to ADO 

antagonists, blocking A3R on NØ alters their effects as shown before and slows down the healing 

rates (P < 0.05). The same late healing pattern with +PSB+TEX group could be observed in cell 

line SCC9 within 10 hours (P < 0.0001; Supplementary Figure 7D. Lastly, these results 

corroborate with the proliferation assay in all four cell lines (Supplementary Figure 7). To 

comprehend the diverse responses of cell lines to TEX-mediated NØ interaction, we conducted 

a cell line characterization. SCC47 and SCC9 exhibit comparable marker expression, except for 

CD73, which is more elevated in SCC9. In contrast, PCI52 demonstrates a distinct mesenchymal 

phenotype, while FaDu falls between these observations (Supplementary Figure 8). 

Taken together, the presented data suggest that pro-tumor NØ can enhance tumor progression, 

with variable effects across different cell lines. The interaction between tumor cells and pro-

tumor NØ also appears to boost PD-L1 expression, highlighting the influence of NØ phenotype 

on tumor PD-L1 levels.   
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Discussion 

NLR and PD-L1 dynamics in carcinogenesis 

The neutrophil-to-lymphocyte ratio (NLR) serves as a recognized inflammatory 

biomarker, reflecting the balance between neutrophil and lymphocyte counts [30]. Elevated NLR 

is linked to poor prognosis in various cancers. In HNSCC, NLR is under investigation for its 

diagnostic, prognostic, and therapeutic response-predicting potential [31,32]. Our study extends 

this by exploring correlations between NLR and key tumorigenic processes across five primary 

tumors from distinct head and neck locations, also representing different stages of tumor 

development. This comprehensive assessment emphasizes the nuanced associations of the 

identified biomarker with HNSCC progression. 

We focused on investigating PD-L1 expression and its cellular localization, recognizing 

its role in both immunosuppression and cell-intrinsic functions in tumor cells [5,9,10,33]. Our 

previous studies highlighted PD-L1’s influence on cell cycle progression, proliferation, motility, 

invasion, and survival after irradiation [8,11,34]. PD-L1 expression varies with cell differentiation 

status, with mesenchymal cells showing higher levels than epithelial cells. Clinically used 

treatments alter PD-L1 localization, observed differently in highly malignant tumors. In the five 

tumors under investigation, we observed variations in the subcellular localization of PD-L1, 

specifically between the cell membrane and cytoplasm. Currently, only membrane expression 

of PD-L1 is relevant for clinical PD-L1 scoring by IHC. The presence of intracellular PD-L1 is 

entirely neglected and in most cases is not even detectable with the diagnostic anti-PD-L1 

antibodies used. This might explain for the low predictive value of PD-L1 positivity for immune 

checkpoint inhibition. Supplementary Figure 9 provides a comparison of three human anti-PD-

L1 antibody clones available for diagnostics: 22C3, E1L3N and 28-8. On serial HNSCC tissue 

sections they differ significantly in PD-L1 detection potential. While 22C3 has the lowest 

detection capacity, E1L3N and 28-8 detect both, membrane-bound and intracellular PD-L1. Since 

the highly specific clone 28-8 yielded the strongest mPD-L1 and cPD-L1 detection in this 

comparison, we decided to perform IHC staining in Fig. 2E with clone 28-8. Notably, the 

localization tends to differ in relation to the tumor’s aggressiveness, with a more internal 

localization observed in highly malignant tumors [35]. This intriguing finding prompted an 

investigation into the potential correlation between the subcellular localization of PD-L1 and the 

NLR. Notably, there is a robust positive correlation between NLR values and the expression of 

PD-L1 in the cytoplasm of tumors. This is supported by IHC data where it shows a positive 
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correlation between CD66b and PD-L1 markers. This observation suggests a heightened level of 

crosstalk and interdependence between tumor cells and NØ within the TME. 

Pro-tumor neutrophil phenotype is induced by HNSCC-derived TEX 

The orchestrated immunosuppression resulting from the concurrent upregulation of 

CD73 and PD-L1 in the TME has encouraged discussions regarding the mechanisms underlying 

tumor-immune cross-modulation. In our investigation, subcellular protein fractionation of 

SCC47 unveiled the presence of PD-L1 in diverse cellular compartments, including the nucleus. 

Notably, PD-L1 was identified not only in its well-documented glycosylated/deglycosylated 

states (40–55 kDa) but also in a novel nuclear PD-L1 variant, exhibiting a higher molecular weight 

of approximately 70 kDa and >150 kDa, as recently reported by Schulz et al. [35]. These findings 

were similarly observed in six thoroughly characterized HNC cell lines, including SCC9, FaDu, and 

PCI52. Furthermore, CD73 demonstrated a ubiquitous presence across all subcellular fractions, 

with particularly pronounced expression in the cytoskeleton, with pro-tumor activity associated 

with its nucleotidase function. This substantiates the notion that the dynamic trafficking of both 

proteins may be linked to their release with sEVs, since their high protein expression in the 

cytoplasm and cytoskeleton may be linked to TEX packing in MVBs and further release [36]. It 

has been noted in the literature that sEVs are proficient in generating ADO and may indeed 

encapsulate ADO within their luminal space. The ADO content within TEX has been specifically 

associated with their immunosuppressive effects [37]. TEX have been shown to carry various 

bioactive molecules which can be transferred to recipient cells and modulate their behavior and 

functions [38]. We found that SCC47-derived TEX carry CD73 and PD-L1, immunosuppressive 

markers that have prognostic value, especially exosomal PD-L1 [39,40]. Exosomes originating 

from various cancer types exhibit significant expression of CD73, showcasing a robust ability to 

generate ADO [41]. With this regard, sEVs from HNSCC cell lines were reported to carry the 

enzyme CD73 [42]. Besides, TEX derived from SCC47 cells were already reported to not only 

produce ADO through CD73 enzymatic breakdown, but also carries ADO internally [43]. In 

addition, quantities of PD-L1 found on TEX are associated with the advancement of HNSCC. 

Recent findings also indicated that PD-L1 is not only present on the surface of vesicles but also 

within vesicle-like structures. PD-L1-positive TEX, isolated from the supernatants of murine and 

human HNSCC cell lines, can impede the infiltration of CD4+ and CD8+ T cells into the tumor 

microenvironment, consequently expediting tumor progression [44–46]. Moreover, to our 

knowledge this is the first time that the role of ADO release/produced by TEX is investigated 

specifically in NØ response. CD73 produces extracellular adenosine (ADO) promoting tumor 

growth by limiting anti-tumor T cell immunity via adenosine receptor (P1R) signaling. On the 
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same hand, PD-L1, that acts as an immune checkpoint inhibitor for cytotoxic T lymphocytes 

(CTLs). 

Hereby, the exchange of tumor-derived extracellular vesicles (TEX) between tumor and 

immune cells is crucial for cancer progression and immunomodulation. TEX have been shown to 

contribute to immune evasion by affecting immune functions, impairing their ability to prime 

effective anti-tumor responses [22,47]. The key findings of our work demonstrate that TEX have 

the potential to attract NØ, interact with them, and shift the NØ phenotype from anti-tumor to 

a pro-tumor phenotype. Numerous studies have focused on investigating the inflammatory 

profile within the TME, which of particular interest is the excessive activation of NØ, whereby 

these cells undergo a phenotypic transformation from their canonical function to a pathogenic 

state [22]. The combination of CD11b+/CD66+/CD170+ markers is suggested as a mean to 

distinguish between NØ subpopulations [27]. The interaction involves CD73 and PD-L1, known 

immunosuppressive markers, influencing NØ behavior and function. Notably, TEX induce an 

increase in CD170high expression and PD-L1 expression in NØ, contributing to the modulation of 

the immunosuppressive TME. Studies have provided evidence highlighting the significance of 

CD73 as a crucial regulatory molecule involved in cancer cell proliferation, migration, and 

invasion [42,48]. Previous studies have examined and confirmed the concept that PD-L1 

expression on NØ promotes pro-tumor characteristics [49]. It has been observed that PD-1 on 

breast cancer cells inhibits NØ cytotoxicity, whereas PD-L1neg NØ possess heightened cytotoxic 

potential [50]. Moreover, PD-L1pos NØ have been implicated in promoting tumor growth and 

progression in tumors, and their presence is considered a negative prognostic factor associated 

with reduced patient survival [51]. Moreover, NØ have been involved in modulating the TME. In 

the context of HNSCC, PD-L1pos NØ cells have been shown to suppress T cell proliferation and 

activation within the inflammatory TME, consequently predicting an unfavorable prognosis. 

These TANs severely impair anti-tumor T cell immunity and actively contribute to tumor 

progression [52]. 

Interestingly, the PD-L1 bands detected in NØ shown in Fig. 5D were with approximately 

70 kDa, which is in size 20 kDa heavier than observed to date in most cell types, were PD-L1 is 

ranging from 45-55 kDa [53]. This specific form of PD-L1 is not well understood yet, but it is 

known that post-translational modifications (PTMs), such as glycosylation, phosphorylation, or 

ubiquitination (Ub), can increase the molecular weight of the PD-L1 protein and modulate its 

stability, functionality and localization [54]. There is compelling evidence suggesting that the 

regulation of PD-L1-mediated immunosuppression is significantly influenced by these PTMs, 

which directly influence PD-L1-mediated immune resistance [54]. Ubiquitination and 
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deubiquitylation play a crucial role in the dynamics of PD-L1 protein expression, aiding tumor 

cells in evading immunosuppression [55,56]. Besides, a second band with 45 kDa was shown in 

NØ with MRS1754 in the presence of TEX, which demonstrates that blocking A2BR the 

glycosylated canonical isoform is also present. It was reported that glycosylation of PD-L1 is 

important for binding to the receptor PD-1 [57]. 

The elevated levels of ADO in the TME are a result of increased ADO production. The 

deregulated ADO signaling in HNSCC creates an immunosuppressive and pro-tumor milieu [58]. 

Conversely, the alternative pathway involves the conversion of NAD+ to ADPR facilitated by 

CD38. ADPR is subsequently converted to AMP by CD203a/PC-1. Both paths merge at CD73, 

where AMP is completely broken down into ADO [59]. Moreover, it is imperative to 

acknowledge the importance of other members of ADO uptake and degradation, such as the 

isoenzyme adenosine deaminase (ADA) in the final amount of extracellular ADO [60]. ADO, 

which is highly abundant in TME, exerts its immunosuppressive effects through binding to 

specific P1R expressed on various immune cells, including NØ. Activation of these receptors 

leads to the inhibition of immune cell functions, such as T cell proliferation, cytokine secretion, 

and cytotoxic activity [61]. Therefore, our study aimed to understand the role of ADO signaling 

in NØ activation spectrum. Our data show that blocking A3R led to a significant decrease in CD73 

expression in the pro-tumor subpopulation and inhibited TEX modulation of PD-L1 expression. 

Targeting ADO signaling in immunotherapy represents a promising avenue to overcome the 

immunosuppressive TME and improve the effectiveness of cancer with combined treatments 

[62]. 

TEX selectively modulate the cytokine profile of NØ, increasing CCL1/I-309 and Serpin 

E1/PAI-1 secretion. Blocking P1R reverses this effect, suggesting P1R signaling involvement. 

These cytokines attract immunosuppressive cells to the TME, particularly regulatory T cells 

(Tregs), tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs), 

promoting tumor growth and immune evasion [63]. To same extent, PAI-1 can modulate 

immune response by suppressing cytotoxic T cells, impairing their anti-tumor functions [64]. 

Moreover, the IHC evaluation from tumor samples corroborates with in vitro findings. The NØ 

infiltration depicts great influence in modulating lymphocyte profile. The positive correlation 

between NØ and Tregs both in the tumor periphery and the tumor center clearly shows the 

important role of NØ in the TME immune infiltration. Indeed, a high level of NØ infiltration in 

solid tumors is associated with poor clinical outcomes in patients, this topic was extensively 

reviewed showing that not only the presence of NØ but also their specific location within the 

tumor is prognostically relevant [65]. Recently, it was confirmed that high intratumoral or 
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peritumoral ratios of CD66b+ to CD3+ immune cells in liver sections from patients with 

hepatocellular carcinoma (HCC) are predictive of inferior overall survival [66]. With this regard, 

in vivo experiments suggested that TANs support these processes by promoting the infiltration 

of macrophages (F4/80+) and Tregs (FoxP3+) within the TME [67]. 

Transition to translational research and clinical combination therapy 

Immunotherapy has transformed cancer treatment tremendously. Nevertheless, it faces 

limitations, as only 20-40% of patients respond, which is often due to tumor adaptability and 

resistance mechanisms [68,69]. CD73 plays a significant role in this context, and its upregulation 

in the TME is linked to immunotherapy resistance [70–72]. Our data supports this observation, 

showing increased CD73 and PD-L1 expression in pro-tumor NØ and tumor co-culture, 

contributing to an immunosuppressive TME. CDK6 activation correlates with PD-L1 expression, 

influenced by CD73 activity. Inhibiting CD73 in pro-tumor NØ negatively affects the CD73-

CyclinD-CDK4/6-PD-L1 pathway in tumor cells, suggesting a potential therapeutic strategy. The 

role of CDK6 in regulating PD-L1 was already described by Zhang et al [73]. Inhibition of CDK4/6 

increases PD-L1 protein levels by interfering with cyclin D-CDK4-mediated phosphorylation of 

the speckle-type POZ protein (SPOP), thereby promoting SPOP degradation. CDK4/6 activity on 

the other hand leads to SPOP phosphorylation, which marks PD-L1 with ubiquitin for 

proteasomal degradation. Interestingly, the correlation between CD73 activity and PD-L1 in 

tumor cells has been described as dependent of CDK6, in which extracellular ADO was found to 

be critical for the regulation of immune checkpoint molecules and PD-L1 levels in human 

macrophages, suggesting that the PTM of PD-L1 is affected by ADO. A potent selective CD73 

inhibitor reversed the effects of ADO on PD-L1 [74]. Our data endorse that by inhibiting CD73 

with AMPCP in pro-tumor NØ, has a negative influence the CD73-Cyclin D-CDK4/6-PD-L1 

pathway in tumor cells. Moreover, the in vivo data depicts the dynamic modulation of CD73/PD-

L1 axis by NØ secretome. The differences between a healthy and pro-tumor response in immune 

cells, has a direct effect in tumor aggressiveness and immunosuppression, especially in the TME. 

The degradation of PD-L1 by the activation of Cyclin D-CDK4/6 signaling after inflecting NØ 

secretion and the reduction of CD73 expression, expresses the potential of NØ as adjuvant 

therapy. 

Despite the similar pattern in regulating CD73-Cyclin D-CDK4/6-PD-L1 signaling in tumor 

cells, the modulation of the NØ pro-tumor phenotype by SCC47-derived TEX does not yield a 

consistent functional response in all four cell lines. Notably, SCC47 exhibited robust positive 

feedback when interacting with TEX primed NØ, manifesting increased migration, spreading, 
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and reduced cell death. Conversely, SCC9 displayed a partially analogous pattern of response, 

while PCI52 and FaDu exhibited conflicting effects or remained unaffected. Important to point 

out that the in vitro condition is a less complex environment and the interaction with NØ varies 

between the non-modulated (+NØ) and TEX-modulated NØ (+TEX). The co-incubation culture 

provides information about the response to the stimuli, and, in this experimental design, we 

focused our evaluation in comparing the tumor response to healthy non-stimulated NØ and pro-

tumor TEX-induced NØ. With this regard, TEX exhibit cell line-specific effects on NØ, highlighting 

the unique responsiveness of each cell line to external stimuli. This variability emphasizes the 

need for personalized therapeutic approaches in cancer treatment. To that extent, the very 

heterogeneity that facilitates TEX utility also presents a challenge in the development of drug 

delivery systems reliant on exosomes [75]. Furthermore, this variability may elucidate why 

conventional treatments involving immune cell modulation or exosome-targeted therapies 

exhibit efficacy in a limited subset of patients, emphasizing the necessity for personalized 

therapeutic approaches. With this regard, further studies need to be conducted in order to 

understand the full impact of the target mechanism associated with NØ polarization. 

Targeted therapies involving CD39 or CD73 alongside anti-PD-1 or PD-L1 show promise 

in pre-clinical and clinical studies [76]. A recent report on a phase I clinical trial involving anti-

CD73 and anti-PD-L1 revealed tolerable safety profiles and moderate efficacy [77]. Phase II trials 

targeting CD73, especially in combination with anti-PD-L1, demonstrate enhanced response 

rates [78,79]. In our study, we propose the use of NØ as therapeutic target, with special regard 

to A3R as a key player in the activation spectrum. NØ have been proposed as cancer targets due 

to the easiness in infiltrating TME and cell communication [80–82]. Amidst ongoing 

investigations into combinations of diverse treatments and additional checkpoint targets, a 

profound understanding of the TME remains imperative for the advancement of novel 

therapeutic strategies. 

Conclusion 

Our study reveals significant insights into the crosstalk between HNSCC-derived 

extracellular vesicles (TEX) and neutrophils (NØ) within the tumor microenvironment (TME), 

which is summarized in Figure 8. In conclusion, the comprehensive analysis of NLR and PD-L1 

dynamics in tumorigenesis has provided valuable insights into the intricate interplay between 

immune markers and TME. Elevated NLR, indicative of systemic inflammation, has been 

consistently linked to poor prognosis in various cancers, emphasizing its potential as a diagnostic 

and predictive tool. The investigation into PD-L1 expression, particularly its subcellular 
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localization, has revealed a nuanced relationship with tumor aggressiveness, with variations in 

membrane and cytoplasmic localization linked to differing NLR values. 

The study delves into the role of TEX in orchestrating immunosuppression within the 

TME, highlighting their ability to induce a pro-tumor NØ phenotype. The presence of 

immunosuppressive factors, including CD73 and PD-L1, in TEX underscores their role in shaping 

the immune landscape. Moreover, the study elucidates the potential of TEX to modulate 

cytokine profiles and influence the behavior of immune cells, particularly NØ. We demonstrated 

that TEX promote NØ chemotaxis and attachment, leading to a shift in NØ phenotype 

characterized by increased CD170high, CD73pos, and cPD-L1 expressions, indicative of a pro-tumor 

transformation. This TEX-induced phenotype modulates the NØ cytokine release profile, 

enhancing the secretion of immunosuppressive factors like CCL1/I-309 and Serpin E1/PAI-1. Our 

data underscore the pivotal role of adenosine (ADO) signaling in these processes, suggesting 

that targeting ADO signaling, especially A3R, could be a promising approach to counteract the 

immunosuppressive TANs and boost the effectiveness of cancer treatments. 

The transition to translational research and clinical combination therapy was discussed, 

emphasizing the significance of targeting CD73 and PD-L1 concurrently, especially in the context 

of immunotherapy resistance. The findings support the notion that understanding the dynamic 

modulation of CD73/PD-L1 axis by NØ could serve as a potential adjuvant therapy, offering 

insights into the complex regulatory mechanisms underlying immunosuppression. However, the 

variability in responses to TEX among different cell lines underscores the challenges in 

developing universally effective therapeutic approaches. 

This study contributes significantly to our understanding of the complex interactions 

within the TME, featuring the potential therapeutic avenues for cancer treatment. The emphasis 

on personalized approaches and the exploration of novel targets underscores the importance of 

continued research in unraveling the intricacies of tumor-immune cross-modulation for the 

development of more effective and tailored cancer therapies. 
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Figure legend 

 

Figure 1: Proof of concept: Correlation of NLR with HNSCC progression. This analysis was 

performed with clinical data from 76 patients with mixed gender. Hemogram was generated 

pre-operative. Clinical description illustrated as gender percentage, mean of age in years and 

tumor site. Bar graph depicts the neutrophil-to-lymphocyte ratio (NLR) divided by the Union for 

International Cancer Control (UICC) staging system I, II, III, IVA and IVB. The threshold (>2.6) is 

represented as dot line. The data are presented as mean ± SD, one-way ANOVA with multiple 

comparison, * p < 0.05, ** p < 0.01, *** P < 0.001. For a more detailed clinical description of the 

five evaluated HNSCC primary tumors, see Supplementary Table 1. 
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Figure 2: NLR correlates with HNSCC progression and intracellular PD-L1 localization. (A) 

HNSCC primary tumor characterization for PT#1 – PT#5 was achieved by western blotting (WB) 

analysis. Marker expression was divided by HNSCC markers (CD44, EGFR), EMT markers 

(vimentin, E-cadherin, N-cadherin, TWIST, Snai1), purinergic enzymes (CD39, CD73), immune 

checkpoints (PD-L1, PD-L2, PD-1) and angiogenesis markers (VEGFR2, VEGF). Per sample, 25 µg 

of protein was loaded. Β-actin was used as loading control. N = 2. (B) HNSCC primary tumor TNM 

status for PT#1 – PT#5. The figure indicates the location, staging, and follow up treatment 
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(radiotherapy, illustrated as trefoil; chemotherapy, illustrated as pill; immunotherapy, 

illustrated as antibody, RCT = radio-/chemotherapy). (C) WB analysis of PD-L1 expression after 

subcellular fractionation into membrane and cytoplasmic proteins for PT#1 – PT#5. N = 2. (D) 

Heat map of Pearson correlation between NLR and PD-L1 localization for PT#1 – PT#5. (E) 

Immunohistochemical (IHC) stainings of HNSCC primary tumor sections from representative 

PT#3 for neutrophils (NØ, CD66b+) and PD-L1-positive tumors cells (clone 28-8). Correlation of 

NØ presence and PD-L1+ tumor cells was assessed by simple linear regression analysis. R squared 

and P values were shown for each evaluation: Mean of total PD-L1 percentage, PD-L1 expressed 

at the periphery and PD-L1 expressed in the central region. PD-L1 staining was magnified for 

optimized visualization of subcellular PD-L1 localization. Scale bar NØ (CD66b+) 100 µm (20x 

magnification), PD-L1+ 100 µm (10x magnification) and 50µm (40x magnification). Original blots 

and additional IHC stainings for characterization of pro-tumor markers in HNSCC primary tumors 

are shown in Supplementary Figure 2. For positive cell counts see Supplementary Table 2. 

 

Figure 3: Immunosuppressive TEX carry PD-L1 and adenosine producing enzymes. 

Immunodetection of CD73 (A) and PD-L1 (B) by western blotting (WB) after subcellular 

fractionation. Subcellular fractions were divided into membrane (M), cytoplasmic (CP), 

cytoskeletal (CS), nuclear soluble (NS) and nuclear chromatin-bound (NCB) protein fraction. 

Molecular marker is indicated as Std, ranging from 10 to 250 kilodalton (kDa). Per sample, 20 µg 

of protein was loaded. Equal loading is verified by Ponceau S staining. N = 2. (C) Results of 

nanoparticle tracking analysis of fraction #4 from HNSCC cell line SCC47. Scale bars, 400/500 nm. 

(D) Scanning electron microscopic (SEM) image of fraction #4. N = 2. (E) Representative WB of 

fraction #4 using the TEX markers Calnexin, HSP70, α-Tubulin, TSG101 and CD9. (F) 
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Immunodetection of purinergic enzymes CD39 and CD73. N = 2. (G) Immunodetection of 

immune checkpoint PD-L1. N = 2. For WB analysis, 10 µg of protein lysate was used. (H) ELISA 

analysis of extracellular adenosine in the supernatant of experimental groups. Cells incubated 

with the respective cell culture medium served as experimental control. Non-conditioned media 

was used for background signal subtraction. The data are presented as mean ± SD (n = 7). * p < 

0.05 versus control group. Original blots for SCC47-TEX characterization are shown in 

Supplementary Figure 3. 

 

Figure 4: TEX–neutrophil crosstalk. (A) Representation of the transmigration assay 

experimental design and a schematic overview of the neutrophil (NØ) response to ADO signaling 

inhibition. The upper chamber contains NØ with (w/) or without (w/o) pre-incubation with the 

P1R antagonist CGS15493 or the CD73 inhibitor AMPCP. The lower chamber contains the 

following chemoattractants: PBS for negative chemotaxis control; 100% FBS as positive 
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chemotaxis control; DMEM w/ 10% EDHI FBS, as vehicle/NØ control; and DMEM w/ 10% EDHI 

FBS +TEX as experimental group. Cells are defined as migrated due to their presence in the 

bottom chamber after 3 hours of incubation in the experimental transwell setup. (B) Normalized 

percentage of NØ migration through the permeable membrane pores into the bottom chamber 

(n = 6 per group). Control group was composed by NØ exposed to non-conditioned medium, 

which was prepared as described in the material and methods section. Graph show mean ± SD 

and significance values were calculated using multiple one-way ANOVA * p < 0.05, **** p < 

0.0001. (C) Selection of 5 representative SEM images from NØ control group (NØ CTRL) vs. NØ 

interacting with TEX (+TEX). Scale bar = 1 µm (n = 15). (D) One representative 

immunofluorescence image with DAPI = blue, phalloidin = red, TEX = green per group. Scale bar 

= 10 µm (n = 15 per group). 
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Figure 5: Characterization of TEX-modulated Neutrophils phenotype. (A) Representative gating 

strategy for the detection of CD170high or CD170low subpopulations among NØ. Selection of SSC 

vs. FSC NØ population follows exclusion of doublets, using FSC-H vs. FSC-A, followed by the 

selection of CD66b+/CD11b+ population. Histograms represent the final strategy to select 

CD170low and CD170high populations and the MFI for CD73. (B) Identification of the anti/pro-

tumor phenotype, based on the CD170low and CD170high, respectively. Plots are shown for gated 

live CD66b+ CD11b+ cells w/ or w/o ADO signaling blockade. (C) MFI detection of CD73 cells from 

gated CD170high or CD170low. (D) Immunodetection of PD-L1 in NØ. In this representative blot, 25 

µg of protein lysate was loaded onto a 10% acrylamide gel. β-actin was used as loading control. 

Results are shown as fold change relative to control group (NØ) (n = 5 per group). (E,F) Human 

Cytokine Array was used on pool supernatant from five pooled donors per group: non-treated 

NØ as control (CTRL), NØ cultured with TEX (+TEX) and NØ pre-treated with P1R antagonist 

CGS15943 and subsequently cultured with TEX (+CGS +TEX) for 48 hours. Pixel intensity analysis 

of the dots from the membranes was performed to determine the relative expression levels of 

inflammatory cytokines. Results are representative of a pool of 5 donors in each group. Bars 

represent pixel intensity analysis of the dots. (E) Upregulated cytokine secretion and (F) 

downregulated cytokine secretion. Graphs show mean ± SD and significance values were 

calculated using multiple 2-way ANOVA. * p < 0.05, ** p < 0.01, **** p < 0.0001. Control group 

was composed by NØ exposed to non-conditioned medium, which was prepared as described 

in the material and methods section. (G) Representative IHC images from PT#3 for CD66b, CD3 

and FoxP3. Scale bar 100 µm (20x magnification). (H) Pearson Correlation matrix of IHC analysis 

for the presented markers CD66b, CD3 and FoxP3 at the periphery and central regions. Positive 

correlation is highlighted in blue, negative correlation in red. Original dot blots of Human 

Cytokine Array and additional IHC stainings for correlation of NØ presence with Treg infiltration 

in HNSCC primary tumors are shown in Supplementary Figure 4. For positive cell counts see 

Supplementary Table 2. 
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Figure 6: The dynamic modulation of CD73/PD-L1 axis by pro-tumor neutrophils. (A) 

Experimental design of the in vitro modulation in HNC cell lines SCC47, SCC9, PCI52 and FaDu. 

(B) Immunodetection of PD-L1, CD73 and CDK6 after treatment with Neutrophils (+NØ), NØ with 

10 µg of TEX (+TEX), NØ pre-treated with CD73 inhibitor followed by TEX incubation (+AMPCP 

+TEX), NØ pre-treated with A2BR antagonist MRS1754 followed by TEX incubation (+MRS +TEX), 

NØ pre-treated with A3R antagonist followed by TEX incubation (+PSB10 +TEX) compared to 

control (HNC cell line = CTRL). Prior to lysis, NØ were washed out to reduce NØ interference in 

the measurement. Per sample, 10 µg of protein was loaded. β-actin was used as loading control. 

HNC cell line PCI52 was used as a representative. Additional cell lines FaDu, SCC9 and SCC47 are 
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shown in Supplementary Figure 5. N = 3. (C) Semi-quantitative analysis of western blots. Protein 

expression was normalized to the loading control β-actin. Graphs show mean ± SD and 

significance values were calculated using multiple two-way ANOVA. * p < 0.05, *** p < 0.001, 

**** p < 0.0001. (D) Illustration of the chicken embryo chorioallantoic membrane (CAM) assay 

design. (E) Immunodetection of PD-L1, CD73, CDK6 and cyclin D1 after 7-day CAM protocol. 

Groups divided as treatment of HNSCC primary tumor with healthy neutrophil supernatant (PT 

+NØ), NØ with TEX (+TEX), or NØ pre-treated with P1R antagonist followed by TEX incubation 

(+CGS +TEX) compared to control (HNSCC primary tumor = PT). Per sample, 25 µg of protein was 

loaded. β-actin was used as loading control. N = 3. Original blots are shown in Supplementary 

Figure 6. 

111



 

112



Figure 7: Endorsement of pro-tumor potential of TEX-modulated Neutrophils. Functional 

assays were performed with HNC cell lines SCC47, SCC9, PCI52 and FaDu with the following 

treatment groups: control (HNC cell line = CTRL), tumor cells with Neutrophils (+NØ), tumor cells 

with NØ with 10 µg TEX (+TEX), tumor cells with NØ pre-treated with CD73 inhibitor followed by 

TEX incubation (+AMPCP +TEX), tumor cells with NØ pre-treated with A2BR antagonist MRS1754 

followed by TEX incubation (+MRS +TEX) and tumor cells with NØ pre-treated with A3R 

antagonist followed by TEX incubation (+PSB10 +TEX) indicated by distinct symbols and colors. 

(A) Quantitative analysis of cell proliferation assay by MTS absorbance (OD) with the 

representative HNSCC cell line SCC47. N = 5. Cell lines SCC9, PCI52 and FaDu are shown in 

Supplementary Figure 7. (B) Quantitative analysis of cell death assay by caspase 3/7 

fluorescence as relative fluorescence units (RFU) with the representative HNSCC cell line SCC47. 

N = 3. (C) Quantitative analysis of spreading assay by area ratio (area 48 hours after incubation 

divided by area right before treatment) with the representative HNSCC cell line SCC47. N = 3. (D) 

One representative image of spreading assay per group at the beginning of the experiment (0h) 

and after 48 hours of incubation (48h), performed with representative HNSCC cell line SCC47. 

Spreading area is highlighted with a dot line. Scale bar = 0.2 mm. N = 3. (E) Representative images 

of wound healing assay 0, 5, 10, 12, 15 and 18 hours after treatment, performed with SCC47. 

Scratch is highlighted with a dot line. Scale bar = 0.4 mm. N = 3. Graphs express mean ± SD and 

significance values were calculated using multiple 2-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 

0.001. For proper comparison, cells from all groups were incubated in the same cell culture 

media condition. 
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Figure 8: The role of tumor-derived extracellular vesicles and neutrophils in orchestrating the 

dynamic CD73/PD-L1 axis in HNC. (1) Tumor cells secrete TEX carrying immunosuppressive 

factors, such as PD-L1 and active ADO producing enzyme, CD73. (2) TEX interact with NØ 

inducing a pro-tumor phenotype by increasing expression of CD170, CD73 and PD-L1. (3) Pro-

tumor NØ secrete immunosuppressive cytokines, recruiting Tregs. (4) Extracellular ADO is 

increased and upregulates CD73 activity on tumor cells. (5) CD73 expression inhibits Cyclin D1-

CDK4/6, and therefore, increases PD-L1 expression in tumor cells. (6) By blocking P1R on NØ, 

the phenotype is modulated: A2BR acts synergistic to exosome influence and potentiates the 

pro-tumor phenotype. A3R inhibits the pro-tumor phenotype by reducing CD73 and PD-L1 

expression. (7) The reduced ADO and immunosuppressive TME downregulate CD73, which 

activates Cyclin D1-CDK4/6 signaling, phosphorylating SPOP, resulting in the degradation of PD-

L1.  

114



Abbreviations 

µg: microgramm 

µm: micrometer 

µM: micromolar 

A3R: adenosine A3 receptor 

ADA: adenosine deaminase 

ADO: adenosine 

APC: antigen-presenting cell 

BCA: bicinchoninic acid 

CAM: chorioallantoic membrane 

CCL1: CC-chemokine ligand 1 

CD: cluster of differentiation 

CDK6: cyclin-dependent kinase 6 

CST: Cell Signaling Technology  

CTRL: control 

EGF: epidermal growth factor 

ELISA: enzyme-linked immunosorbent assay  

EMT: epithelial-to-mesenchymal transition 

FBS: fetal bovine serum 

FSC: forward scatter 

FSC-A: forward scatter - area 

FSC-H: forward scatter - height 

h: hours 

HNC: head and neck cancer 

HNSCC: head and neck squamous cell carcinoma 

HPF: high-power field 

HPV: human papilloma virus 

I-309: CC-chemokine ligand 1 

IFN-γ: Interferon gamma 

IHC: immunohistochemistry 

kDa: kilodalton 

kV: kilovolt 

LV: low vacuum 

mbar: millibar 

MDSC: myeloid-derived suppressor cell 

MFI: mean fluorescent intensity 

mini-SEC: mini-size exclusion chromatography 

ml: milliliter 

mm: millimeter 

MVB: multivesicular bodies 

NLR: neutrophil-to-lymphocyte ratio 

nm: nanometer 

NØ: neutrophils 

NT5E: 5'-nucleotidase ecto 

NTPD1: ectonucleoside 5′-triphosphate 

diphosphohydrolase 

OD: optical density 

P1R: Adenosine P1 receptor 

PAI-1: plasminogen activator inhibitor-1 

PBS: phosphate buffered saline 

PCR: polymerase chain reaction 

PD-L1: programmed death-ligand 1 

PT: primary tumor 

PVDF: polyvinylidene fluoride 

rcf: relative centrifugal force 

RT: room temperature 

SD: standard deviation 

SDS-PAGE: sodium dodecyl sulfate – 

polyacrylamide gel electrophoresis 

SEM: scanning electron microscopy 

Serpin E1: plasminogen activator inhibitor gene 

sEV: small extracellular vesicle 

SPOP: speckle type BTB/POZ protein 

SSC: side scatter 

TAN: tumor-associated neutrophil 

TEX: tumor-derived extracellular vesicles 

TME: tumor microenvironment 

TNM: tumor, node, metastasis 

Treg: regulatory T cell 

TRPS: tunable resistive pulse sensing 

U/L: units per liter 

UICC: Union for International Cancer Control 

V: Volt 

WB: western blotting 
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Supporting information 

 

Supplementary Table 1: Clinical description of the five evaluated HNSCC primary tumors 

Supplementary Table 2: IHC quantification of primary HNSCC tissue sections 

 

Supplementary Figure 1: Primary healthy neutrophils information. (A) Characterization of volunteers. 

B) Representative image of neutrophils after isolation stained with panoptic. The multilobular shape of 

nuclei is visible and characteristic of neutrophil morphology. (C) MTS assay for neutrophils with tested 

compounds after 24h incubation. 

Supplementary Figure 2: Original blots and additional IHC stainings for characterization of pro-tumor 

markers in HNSCC primary tumors. (A) Characterization of pro-tumor marker protein expression. (B) PD-

L1 expression in membrane and cytoplasmic protein fractions. (C) IHC stainings for correlation of 

neutrophils with PD-L1-positive tumor cells. 

Supplementary Figure 3: Original blots for SCC47-TEX characterization. 

Supplementary Figure 4: Original dot blots of Human Cytokine Array and additional IHC staining for 

correlation of neutrophils with Tregs infiltration. (A) Original dot blots of Human Cytokine Array. (B) IHC 

stainings for correlation of neutrophils with Tregs infiltration. 

Supplementary Figure 5: Additional blots for immunodetection of PD-L1, CD73 and CDK6 after co-

cultivation of HNC cell lines FaDu, PCI52, SCC9 and SCC47 with TEX-modulated neutrophils. 

Supplementary Figure 6: Original blots for immunodetection of PD-L1, CD73, CDK6 and cyclin D1 after 

7-day CAM protocol. 

Supplementary Figure 7: Additional graphs for the endorsement of pro-tumor potential of TEX-

modulated Neutrophils with the HNC cell lines FaDu, PCI52, SCC9 and SCC47. 

Supplementary Figure 8: HNC cell line characterization. 

Supplementary Figure 9: PD-L1 antibody screening for IHC optimization.   
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Supplementary Table 1: Clinical description of the five evaluated HNSCC primary tumors. 

Tumor Anatomic Site TNM-Status 
Neutrophil 

(/µL) 
Lymphocyte 

(/µL) 
NLR 

mPD-L1 
(Adj.Vol.)* 

cPD-L1  
(Adj.Vol.)* 

PT # 1 Oral cavity 
pT3, pNØ, cM1, pT3, pNØ, 
cM1, L0, V0, R0, Pn1, G3 

4,92 1,72 2,86 2,043E+07 6,033E+05 

PT # 2 Oral cavity 
pT2, pNØ, cM0, L0, V0, R0, 

PNØ, G2 
80,2 12,4 6,47 1,551E+07 1,331E+06 

PT # 3 
Oral cavity/ 

tongue 
pT2, pNØ, cM0, L0, V0, R0, 

Pn1, G2 
72,6 17,00 4,27 4,636E+06 2,090E+06 

PT # 4 Mandible 
yrpT4a, ypNØ, L0, V0, R0, 

PNØ, G3 
78,9 9,70 8,13 1,083E+07 2,907E+06 

PT # 5 Tongue 
ypT4a, ypn3b, cM0, L0, V0, 

R1, Pn1 
3,93 0,49 8,02 3,631E+06 1,525E+06 

 

*Adjusted volume: total amount of signal for all the pixels within that band (WB) after background subtraction (Image Lab software 6.0.1, Bio-Rad). 

 

 

Supplementary Table 2: IHC quantification of primary HNSCC tissue sections. 
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Supplementary Figure 1: Primary healthy neutrophils information. (A) Characterization of volunteers 

for neutrophil (NØ) donation in gender percentage and mean ± SD of age in years. N=14. (B) 

Representative image of NØ after isolation stained with panoptic. Scale bar 10 µm. The multilobular 

shape of nuclei is visible and characteristic of NØ morphology. Scale bar 5 µm. (C) MTS assay for NØ with 

tested compounds after 24 hours incubation in percentage in relation to control (% of ctrl). The data is 

presented as mean ± SD, one-way ANOVA with multiple comparison. N = 5 
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Supplementary Figure 2: Original blots and additional IHC stainings for characterization of pro-tumor 

markers in HNSCC primary tumors. (A) Original blots for characterization of pro-tumor markers in 

HNSCC primary tumors PT#1 – PT#5. Characterization was achieved by western blotting analysis. Marker 

expression was divided by HNSCC markers (CD44, EGFR), EMT markers (vimentin, E-cadherin, N-

cadherin, TWIST, Snai1), purinergic enzymes (CD39, CD73), immune checkpoints (PD-L1, PD-L2, PD-1) 

and angiogenesis markers (VEGFR2, VEGF). Per sample, 25 µg of protein was loaded. Ponceau S staining 

verifies equal loading. N = 2. (B) Original blots for determination of PD-L1 expression in membrane and 

cytoplasmic protein fraction in HNSCC primary tumors PT#1 – PT#5. Western blotting analysis of PD-L1 

expression was performed after subcellular fractionation into membrane and cytoplasmic proteins. Per 

sample, 25 µg of protein was loaded. Ponceau S staining verifies equal loading. N = 2. (C) Additional 

immunohistochemical (IHC) stainings of HNSCC primary tumor sections from PT#2, PT#4 and PT#5 for 

neutrophils (NØ, CD66b+) and PD-L1-positive tumors cells. PD-L1 staining was magnified for optimized 

visualization of subcellular PD-L1 localization. Scale bar CD66b 100 µm (20x), PD-L1 100 µm (10x) and 

50µm (40x). For quantification see Supplementary Table 2. 
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Supplementary Figure 3: Original blots for SCC47-TEX characterization. Characterization was achieved 

by western blotting analysis using the TEX markers Calnexin, HSP70, α-Tubulin, TSG101 and CD9, the 

purinergic enzymes CD39, and CD73 and immune checkpoint PD-L1. Per sample, 10 µg of protein lysate 

was used. Ponceau S staining was used as loading control. Faint bands are highlighted with a dot line. N 

= 2.  
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Supplementary Figure 4: Original dot blots of Human Cytokine Array and additional IHC staining for 

correlation of neutrophil presence with Tregs infiltration (A) Original dot blots of Human Cytokine 

Array. Analysis was performed with pooled supernatant from 5 per group: non-treated NØ as control 

(CTRL), NØ cultured with TEX (+TEX) and NØ pre-treated with P1R antagonist CGS15943 and 

subsequently cultured with TEX (+CGS+TEX) for 48 hours. Per array 40 µg of protein was used. Positive 

controls are located in upper left and right corners and lower right corner. Dots with a significant protein 

expression are highlighted. (B) Additional immunohistochemical (IHC) stainings of HNSCC primary tumor 

sections from PT#1, PT#2, PT#4 and PT#5 at tumor periphery and tumor center for correlation of 
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neutrophils with Tregs infiltration. For PT#2 only healthy tissue was detectable in the periphery section. 

Therefore, it was excluded from analysis (n/a = not available). Single staining for neutrophils (NØ, 

CD66b+, brown), double staining for FoxP3+ (brown) and CD3+ (pink) cells. Scale bar CD66b+ and 

FoxP3+/CD3+ staining 100 µm (20x). For quantification see Supplementary Table 2.  

 

Supplementary Figure 5: Additional blots and for immunodetection of PD-L1, CD73 and CDK6 after co-

cultivation of HNC cell lines FaDu, PCI52, SCC9 and SCC47 with TEX-modulated Neutrophils. HNC cell 

lines were treated with Neutrophils (+NØ), NØ with TEX (+TEX), NØ pre-treated with CD73 inhibitor 

followed by TEX incubation (+AMPCP+TEX), NØ pre-treated with A2bR antagonist followed by TEX 

incubation (+MRS+TEX), NØ pre-treated with A3R antagonist followed by TEX incubation (+PSB10+TEX) 

compared to control (HNC cell line = CTRL). Per sample, 10 µg of protein was loaded. Ponceau S staining 

was used as loading control. N = 3. 
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Supplementary Figure 6: Original blots for immunodetection of PD-L1, CD73, CDK6 and cyclin D1 after 

7-day CAM protocol. Groups divided as treatment of HNSCC primary tumor with: healthy neutrophil 

supernatant (PT+NØ), NØ with TEX (+TEX), NØ pre-treated with P1R antagonist followed by TEX 

incubation (+CGS+TEX) compared to control (HNSCC primary tumor = PT). Per sample, 25 µg of protein 

was loaded. Ponceau S staining was used as loading control. N = 3. 
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Supplementary Figure 7: Additional graphs for the endorsement of pro-tumor potential of TEX-

modulated Neutrophils with the HNC cell lines FaDu, PCI52, SCC9 and SCC47. Cell proliferation and cell 

death were quantified via MTS and caspase 3/7 assay, cell motility was quantified via spreading and 

wound healing assay. HNC cell lines were treated with the following groups: the respective cell line (Cell 

line = control) with Neutrophils (+NØ), NØ with TEX (+TEX), NØ pre-treated with CD73 inhibitor followed 

by TEX incubation (+AMPCP+TEX), NØ pre-treated with A2bR antagonist MRS1754 followed by TEX 

incubation (+MRS+TEX) and NØ pre-treated with A3R antagonist followed by TEX incubation 

(+PSB10+TEX) indicated by distinct symbols and colors. (A) Quantitative analysis of cell proliferation 

assay by MTS absorbance (OD). N = 3. (B) Quantitative analysis of cell death assay by Caspase 3/7 

fluorescence as relative fluorescence units (RFU). (C) Spreading area ratio. (D) Kinetics of wound healing 

assay by pixel per area, performed with SCC47 and SCC9, analyzed with ImageJ. N = 3. Graphs express 

mean ± SD and significance values were calculated using multiple 1-way ANOVA. *p < 0.05, **p < 0.01, 

***p < 0.001, **** p < 0.0001. 
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Supplementary Figure 8: HNC cell line characterization. The HNC cell lines SCC47, SCC9, PCI52 and FaDu 

were characterized in detail to obtain information about their cellular characteristics and differentiation 

status. Protein expression of adherent cultured cells (2D) and tumor cell spheroids (3D) was analyzed by 

western blotting. Marker expression was categorized by HNSCC markers (CD44, EGFR), EMT markers 

(Vimentin, E-cadherin, N-cadherin, TWIST, Snai1), purinergic enzymes (CD39, CD73) and immune 

checkpoints (PD-L1, PD-L2). 25 µg protein was loaded per sample. The housekeeping protein β-actin was 

used as a loading control. Ponceau S staining also verified equal loading. N = 2.  
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Supplementary Figure 9: PD-L1 antibody screening for IHC optimization. In this study, we evaluated 

the performance of three distinct human anti-PD-L1 clones on, each targeting different binding sites of 

the PD-L1 protein: 22C3, E1L3N and 28-8. Clone 28-8 targets the extracellular V/PD-L1 domain and C2 

domain of PD-L1. Clone 22C3 targets the extracellular C2 domain of PD-L1. Clone E1L3N targets the 

cytoplasmic domain of PD-L1. Through serial sections of HNSCC tissues, we observed notable 

discrepancies in PD-L1 detection among the clones. Notably, clone 22C3 exhibited the lowest detection 

capacity. Conversely, clones E1L3N and 28-8 demonstrated proficiency in detecting both membrane-

bound and intracellular PD-L1. Given its high specificity and performance in detecting both membrane-

bound and intracellular PD-L1, clone 28-8 emerged as the optimal choice for PD-L1 IHC in this context. 

Pictures of PD-L1 staining were magnified for optimized visualization of subcellular PD-L1 localization. 

Scale bar 50 µm. 
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Introduction: The tumor microenvironment (TME) of glioblastoma (GB) is

characterized by an increased infiltration of immunosuppressive cells that

attenuate the antitumor immune response. The participation of neutrophils in

tumor progression is still controversial and a dual role in the TME has been

proposed. In this study, we show that neutrophils are reprogrammed by the

tumor to ultimately promote GB progression.

Methods: Using in vitro and in vivo assays, we demonstrate the existence of

bidirectional GB and neutrophil communication, directly promoting an

immunosuppressive TME.

Results and discussion: Neutrophils have shown to play an important role in

tumor malignancy especially in advanced 3D tumor model and Balb/c nude mice

experiments, implying a time- and neutrophil concentration-dependent

modulation. Studying the tumor energetic metabolism indicated a mitochondria

mismatch shaping the TME secretome. The given data suggests a cytokine milieu

in patients with GB that favors the recruitment of neutrophils, sustaining an anti-

inflammatory profile which is associated with poor prognosis. Besides, glioma-

neutrophil crosstalk has sustained a tumor prolonged activation via NETs

formation, indicating the role of NFkB signaling in tumor progression. Moreover,
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clinical samples have indicated that neutrophil-lymphocyte ratio (NLR), IL-1b, and
IL-10 are associated with poor outcomes in patients with GB.

Conclusion: These results are relevant for understanding how tumor progression

occurs and how immune cells can help in this process.

KEYWORDS

tumor associated neutrophils, glioblastoma, tumor microenvironment, cancer,
neutrophil extracellular traps

Highlights

1) Glioma progression and malignancy is positively modulated

by neutrophils.

2) Neutrophils induce glioma mitochondrial recovery.

3) Glioma-neutrophil crosstalk supports an immunosuppressive

microenvironment.

4) Gliomas modulate neutrophil activation and increase

lifespan.

5) Neutrophils affect cytokine profile production, correlating

with poor prognosis.

Introduction

Glioblastoma (GB) represents over 80% of the total cases of

malignant gliomas and is confined to the central nervous system,

rarely metastasizing to distant sites (1, 2). However, its histology

shows that it is highly invasive and infiltrative with an acceleration

of cellular and mitotic activity, angiogenesis, and necrosis (1). The

tumor microenvironment (TME) of GB is characterized by an

increased infiltration abundant in immunosuppressive cell

populations attenuating the antitumor immune response (3).

Interestingly, the infiltration rates of these immune cells are

closely related to clinical outcomes (4). The permanence of

immune cells, especially in the TME, supports an abnormal

microenvironment of chronic inflammation – considered a

hallmark of cancer (5, 6). In spite of leucocyte invasion, GB is

considered a “cold tumor” due to its tall sums of regulatory B and T

cells, as well as immunosuppressive myeloid cells (7).

Regarding the complexity of immune cell subpopulations, it

was suggested in recent studies that neutrophils might play a

significant role in stimulating disease progression in GB. Patients

with increased levels of circulating neutrophils have increased

neutrophils infiltration in the tumor tissue, which was linked to

poor prognosis (8, 9). Neutrophils are myeloid components of the

innate immune system, representing 50 to 70% of circulating

leukocytes (10). They effectively participate in immune responses,

using various mechanisms, such as phagocytosis, degranulation,

and/or formation of neutrophil extracellular trap (NET) (11).

Overall, neutrophils can be characterized by their phenotypic

and functional plasticity as pro-tumor or anti-tumor cells (12).

The controversy of the contribution of neutrophils to tumor

progression has been used to explain their dual role in the

TME (13).

The contribution of nonmalignant cells to tumor development

and progression is now indisputable (14). The diffuse nature of the

tumor, which infiltrates adjacent tissues and varies in character and

location within the brain, result in the inability to resect the tumor

completely. Despite the many studies, it is difficult to establish

efficient immunotherapies against GB due to tumor evasion

mechanisms (15). Therefore, effective therapies have yet to be

discovered, which makes this tumor an important target for

studies with different approaches. Neutrophils might be a

potential target for better patient outcome (16). Thus, this study

proposes that neutrophils promote GB progression after being

reprogrammed by the tumor. We report the existence of GB-

neutrophil bidirectional communication with direct impact on

promoting an immunosuppressive TME.

Materials and methods

Material

The chemicals employed in this study are listed in

Supplementary Table 1. All other chemicals and solvents were

obtained from standard commercial suppliers with analytical

grade standard and were used as received.

Human cell culture

Human U87MG glioma cell line obtained from ATCC

(American Type Cell Collection; Rockville, Maryland, USA) was

grown in Dulbecco’s modified Eagle’s medium (DMEM – Sigma-

Aldrich, USA) prepared with 8.4 mM HEPES, 23.8 mM sodium

bicarbonate (NaHCO3), 0.1% fungizone, 100 U/L penicillin/

streptomycin 0.5 U/L and 10% of heat-inactivated Fetal Bovine

Serum (FBS – Gibco, USA), at final pH of 7.4. Cells were incubated

at 37°C with 95% minimum relative humidity and 5% CO2.
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Primary neutrophil cultures

Peripheral blood was collected from healthy volunteers into

EDTA blood collection tubes. Within less than 15 min after the

donation, the blood was processed following the described protocol

elsewhere (17). Briefly, the blood was entirely diluted with an equal

volume of 2% Dextran (Sigma-Aldrich, USA) in saline solution and

incubated for 20 min at room temperature (RT). Afterwards,

leucocytes were collected and gently loaded on top of Histopaque-

1077® (Sigma-Aldrich, USA) with 1:2 volume proportion.

Continuous centrifugation, at 428 × g, for 30 min, at RT, was used

for separation of low-density leucocytes from high-density ones. The

high-density fraction with polymorphonuclear cells (PMN) was

further subjected to red blood cell lysis with Milli-Q water for 25

seconds and neutralization with HBSS 10x concentration. To remove

the lysis product, the sample was centrifuged for 10 min, at 400 × g,

and at RT. Isolated neutrophils (Nq) were cultured in DMEM

supplemented with 10% FBS. The institutional ethics review board

of Hospital de Clıńicas de Porto Alegre (n° 2.969.418) approved

this study.

2D Glioblastoma-neutrophil co-culture

U87MG cells were seeded in 48-well plates (15 × 103 cells/well)

and cultured for 1.5 h before neutrophils were added in the ratios

1:30, or 1:60, (GB to Nq, respectively). Co-cultures were incubated
for 24, 72, and 120 h. Monocultures of GB and Nq cells were applied
as controls. The following assays were performed:

MTT assay
So lub l e MTT [3 - ( 4 , 5 -d ime thy l th i a zo l - 2 - y l ) - 2 , 5 -

diphenyltetrazolium bromide] reduction assay to formazan crystals

was performed as previously described (18). The absorbance was

determined at 560 and 630 nm on a microplate reader (SpectraMax®

M3-Molecular Devices). Data were expressed as absorbance and

estimated by the difference between 560 and 630 nm, and the MTT

absorbance of U87MG cells were considered as the control (CRTL)

group by 100%.

SRB assay
The sulforhodamine B (SRB) assay was used for cell density

determination and it is based on the measurement of cellular

protein content. U87MG monolayers were fixed with 10%

trichloroacetic acid for 1 h, stained with SRB solution for 15 min,

and the excess dye was completely removed by washing repeatedly

with 1% acetic acid. The protein-bound dye was dissolved in 10 mM

Tris base solution for optical density (OD) determination at 515 nm

using a microplate reader (19). Data were expressed as percentage

of CTRL.

Trypan blue assay
Viable and dead neutrophils were counted in a Neubauer

chamber after trypan-blue staining (2%) as previously

described (20).

Flow cytometry
To test cell viability, cells were stained with Live/Dead

fluorescent dye – AmCyam 1:400 (Thermo Fisher, EUA). Cells

were clustered by FSC x SSC, followed by doublets removal and

selection of live cells only (Supplementary Figure 1). For

mitochondria assay, cells were washed in PBS and stained with

200 nM MitoTracker Green (Invitrogen, Carlsbad, CA), 50 nM

MitoTracker Deep Red (Invitrogen), and MitoSOX (5 mM). For

glucose-uptake assay, after washing with PBS, cells were

resuspended in 100 μL of RPMI1640 without bicarbonate,

containing 5 mM glucose and 5 mM glucose fluorescent

analogue, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4- yl)amino)-2-

Deoxyglucose (2-NBDG), for 20 min at 37°C. After the

incubation period, cells were washed and resuspended in PBS

containing 2% FBS and immediately acquired in a flow

cytometer. Samples were analyzed using a FACSCanto flow

cytometer driven by BD FACS Diva software (BD Biosciences,

San Diego, USA) and were processed using Flow-Jo software

(FlowJo LLC, Ashland OR).

Glucose and lactate determination
Quantification of glucose and lactate in supernatants was

performed using enzymatic systems (ref n° 133 and ref n° 138,

Labtest), according to manufacturer’s recommendations.

Absorbance was determined at 505 nm (glucose) and 550 nm

(lactate) wavelengths in a spectrophotometer (Synergy™ Mx

Microplate Reader; BioTek) coupled to Gen5™ software

(BioTek). Results were expressed as mg/dL of culture supernatant

normalized per mg of protein.

Cytokine cytometric bead array
The Human-Inflammatory Cytokine Based Assay (CBA) kit

for IL-8, IL-1b , IL-6, IL-10, TNFa , and IL-12p70 (BD

Biosciences, San Diego, CA, USA) was performed according to

manufacturer’s recommendations.

GB-neutrophil 3D co-culture

Three-dimensional spheroids were generated using the hanging

drop technique (21). After the enzymatic dissociation of the

U87MG culture, the cell suspension was diluted to a final

concentration of 25×103 cells per 30 μL. Each drop containing 30

μL was placed inside the cap of a 48-well plate previously treated

with agarose 1.5% and filled with 300 μL of PBS 1× in order to

prevent dryness of the drop (22). Rolling and falling off from drops

were considered as failed procedure. Plates were kept immobile in

incubators at 37°C and 5% CO2, during 4 days for the establishment

of cell aggregates. After that, each well was filled to their maximum

volume with DMEM supplemented with 10% FBS for the purpose

of causing the sphere to fall gently into the well. Only one spheroid

per well was cultured for more than 2 days. The co-culture

procedure started with 7.5 × 103/500 μL neutrophils for each

spheroid to mimic initial tumor communication and the 3D

media was totally removed and replaced with the one containing
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recently isolated PMNs. GB and Nq cultured alone were considered

the control of experiment. The following assays were performed:

Advanced tumor model
The neutrophil infiltrate assay aimed to mimic neutrophil

communication with advanced tumors. During the assay, a “pool”

of neutrophils was applied to the environment of an U87MG

sphere. Thus, after removing the cell aggregate from the culture

medium, 7.5 × 105/500 μL of neutrophils were added to each tumor

spheroid. The spheroids were incubated for 24 h and 72 h, at 37°C,

and at 5% CO2.

Histopathologic evaluation of 3D cultures
The spheroids were fixed with 4% paraformaldehyde for 18 h

and left immersed in PBS until histological processing. The protocol

adapted from the agarose block was used as a 2% agarose template

containing microwells for each bead (23). The mold was inserted

into the histological cassette for processing in the OMA pv.85

histotechnical equipment (Instrumental OMA Ltda, São Paulo,

Brazil). The material was dehydrated with a series of alcoholic

solutions with increasing concentrations (50%, 70%, 90% methanol

bath and four baths in 100% methanol, 1 h each), followed by the

clarification process of 3 baths of xylene (1 h each) and

impregnation with liquid paraffin (2 baths of 2 h each). Sections

of 4 mm slides were performed on a Leica RM2255 microtome

(Leica Microsystems, Inc., Wetzlar, Germany). The material

obtained was collected with positively charged microscopy

glass slides.

For hematoxylin and eosin (HE), staining slides were dewaxed

with 3 baths of xylene (5 min each) and rehydrated in descending

scale ethanol baths (1 min each). Staining was performed with

hematoxylin monohydrate (Merck KGaA, Darmstadt, Germany)

and yellowish eosin (Synth, Diadema, Brazil).

For immunohistochemistry, slides were submitted to the

antigen recovery process, using a solution composed of 10 mM

sodium citrate (pH 6.0) for Ki67. The samples were incubated with

the respective recovery solutions at 98°C, for 30 min. The blockage

of endogenous peroxidase activity was performed with 5%

hydrogen peroxide solution (Merck KGaA), and nonspecific

binding was blocked with 1% BSA (Sigma-Aldrich, St. Louis,

Missouri, USA). Anti-Ki67 (1:100, Dako, Santa Clara, USA)

antibody was incubated for 12 h, at 4°C. The detection kit (Dako,

Santa Clara, USA) was used according to the manufacturer’s

recommendations. The percentage of positively labeled cells for

each sample was counted from the average of the total positives and

negatives of five images per sample using ImageJ Software. The

slides were analyzed in a blinded manner by a pathologist.

Time-lapse microscopy
The spheroids were submerged into an environment containing

106 neutrophil, and time-lapse images were captured for a period of

20 h, at 10-min intervals, with camera (Axiocam mrn, Zeiss,

Göttingen, Germany) attached to an inverted microscope (Axio

Observer Z1, Zeiss, Göttingen, Germany). The sphere area from

each time point was plotted and analyzed using ImageJ software.

The growth of spheres was determined by comparing the initial and

the final size of each spheroid and expressed as area (pixel2).

Annexin V/propidium iodide assay
Apoptosis/necrosis was evaluated using annexin V/propidium

iodide (PI) staining followed by flow cytometry. Glioma spheroids

produced and treated with neutrophils for 72 h and 120 h were

collected from the four groups and dissociated. Cells were

centrifuged at 300 × g for 5 min and washed twice with cold PBS.

Afterwards, the cells were resuspended in binding buffer and

incubated with PI and Annexin V-FITC (BD Biosciences

Pharmingen, San Diego, CA) for 15 min, at RT. A total of 10,000

events were collected and analyzed by flow cytometry (FACSCanto,

BD). As tumor and Nq cells exhibit highly distinct size and

complexity patterns, the neutrophil and tumor cell population

gate were based on scatter plot. Initial apoptotic cells were taken

as Annexin V-positive/PI-negative, while late apoptotic cells were

taken as Annexin V-positive/PI-positive and necrotic cells were

taken as Annexin V-negative/PI-positive cells. Live cells were taken

as Annexin V-negative/PI-negative.

In vivo tumorigenicity experiment

The animal ethics committee of Hospital de Clıńicas de Porto

Alegre approved our studies with animals (n° 2020-0708). Male and

female BALB/c-nude mice (n=40; specific-pathogen free; 8-12 weeks

old; 22-26 g) were housed at 20-24°C with a relative humidity of 40-

60%, consuming an average of 3-5 g of food and 5-10 mL of water per

day, with a light/dark cycle of 12 h/12 h. The mice were divided into

four groups with ten nude mice in each group (5 male, 5 female). The

tumorigenicity experiments were performed within a laminar flow

cabinet. The following analysis consisted of a subcutaneous

heterotopic model with the implantation of 106 U87MG with

increasing concentrations of neutrophils (3%, 10%, and 20%)

injected into the right flank of mice. Cell suspension (100 mL) and
Matrigel (Sigma-Aldrich, E1270) (100 mL; 5-6 mg/mL) were applied

to the animals subcutaneously (final volume applied 200 mL). The
control group received only tumor cells. The two distances

(diameters) at right angles were measured every two days, i.e., the

width (w) – which is the greatest transverse diameter, and the length

(l) – the greatest longitudinal diameter) until tumors reached the

endpoint of 2000 mm3. At the end of the experiments, tumors were

fixed with 4% paraformaldehyde and processed for HE histological

staining and immunohistochemical for Ki67 as described above. The

slices were analyzed by a pathologist in a blinded manner.

Volume   (mm3) = (
w2

*l
2

)� 1000

In vivo neutrophil maturation status

Neutrophils extracted from the bone marrow of C57/BL6 mice

according to the protocol described by Liu and colleagues (24).
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Therefore, murine Nq were challenged with GL261 cells (mouse

glioma cell line obtained from ATCC) following the same conditions

as U87MG + Nq described earlier for 24h. CD11b+ cells (1:400) were
further divided into the following groups: mature: Ly6Ghigh (1:400),

CXCR4- (1:100), CXCR2+ (1:100); immature: Ly6Glow/mid, CXCR4+,

CXCR2low; aged: Ly6Ghigh, CXCR4+, CXCR2- (25). Animal studies

were approved by the ethics committee of UFCSPA and USP (n° 278/

20 and n° 6769171122, respectively).

Sytox green: NETs assay

Aliquots of 106 neutrophils/mL in HBSS/Ca+2 (1 mL) was

prepared in microtubes following the planned groups. The sytox

green reagent (Invitrogen) was added to each tube at a final

concentration of 0.2 μM. Cells exposed to HBSS 1× or Triton

100× were applied as negative and positive controls, respectively.

U87MG conditioned media was produced according to the

following parameters: after reaching 85% confluency in T75-flask,

10 mL of DMEM with 0.5% or 10% FBS were kept for 72 h, at 37°C,

5% CO2. PMA (100 nM) and LPS (1 mg/mL) groups were

performed as control. PMNs were incubated for 3 h and 200 μL

of each condition was transferred to a separate well of a 96-well

black plate. Fluorescence was quantified at excitation/emission

wavelengths of 488/520 nm with a microplate reader (26). The

results were expressed as relative fold change by dividing the

average of the experimental condition by the average of the

untreated condition (negative control).

In silico TCGA analysis

Data from GBM dataset (n = 172) was downloaded from the

Cancer Genome Atlas (TCGA; https://gdc.nci.nih.gov). Gene

expression profiles were analyzed for glioma poor prognosis

markers (IDH and MGMT), cell signaling pathways (TGFb1 and

NFkB1), epithelial-mesenchymal transition (CDH1 and CDH2),

mitochondria activation (FOXO3 and ATF5) and neutrophil

markers (MPO and ELANE) using the XENA browser (UC Santa

Cruz) (27). Pearson test correlation matrix was performed to

analyze the strength of association. Correlation was indicated as

follow: small is 0.1-0.3 (positive) and −0.1 to −0.3 (negative);

medium is 0.3 to 0.5 (positive) and −0.3 to −0.5 (negative); and

large is 0.5 to 1.0 (positive) and −0.5 to −1.0 (negative) for the same

gene set.

Glioma patients

Medical records of 43 patients who underwent surgery for

glioma resection at Irmandade Santa Casa de Misericórdia de

Porto Alegre (ISCMPA) from 2019 to 2022 were prospectively

reviewed. Blood was collected at time of surgery. Patients were

divided into two groups based on histopathological classification

(glioblastoma vs. non-glioblastoma). The following variables for

each patient were studied: sex, age, and the number of leucocytes,

neutrophils, lymphocytes, and monocytes in the circulation. The

neutrophil to lymphocyte ratio (NLR) was estimated. The

institutional ethics review board of ISCMPA (n° 3.204.937)

approved this study. Voluntary donors signed the informed

consent form.

Statistical analysis

Data are expressed as mean and standard deviation (SD) or as

standard error of the mean (SEM) when appropriate of at least three

independent experiments and were subjected to two-way analysis of

variance (ANOVA) followed by Tukey–Kramer post-hoc test (for

multiple comparisons) or One-way ANOVA, Bonferroni’s test or

Student’s t-test, when appropriate. Differences between mean values

were considered significant when P < 0.05.

Results

Glioma-neutrophil crosstalk induces tumor
cell proliferation

To assess the bidirectional communication between cultured

glioma cells (U87MG) and human neutrophils, we performed co-

culture studies. Firstly, the viability of U87MG cultures was

measured by flow cytometry in the presence and absence of

neutrophils (Figure 1). U87MG viability was sustained regardless

of neutrophil interaction (Figures 1A, B). However, U87MG protein

synthesis (Figure 1C) and MTT absorbance (Figure 1D) suggests

that, in the first 24 h and 72 h of culture, neutrophils negatively

affect the viability of U87MG cells. After 120 h of neutrophil-glioma

co-culture, tumor growth seemed to extrapolate the previous

pattern. Moreover, protein synthesis was proportional to MTT

absorbance, indicating a metabolic recovery. We also observed the

cellular interactions of U87MG (red arrow) and neutrophils (black

arrow) by light microscopy (Figure 1E), and neutrophil distribution

changed over time, clustering around tumor cells. Furthermore, 3D

culture was used to test neutrophil infiltration capability and tumor

proliferation. Figure 1F shows the experimental groups of the 3D

culture experiment, with U87MG spheres as CTRL, U87MG with

neutrophils sphere formation representing initial tumor, and

U87MG spheres immersed on neutrophil pool representing

advanced tumor. Therefore, to investigate the effect of neutrophils

on apoptosis of U87MG 3D culture, the cells were double-stained

with Annexin V and PI, prior to detection using flow cytometry

(Figures 1G, H). Quantitative analysis demonstrated a slight

reduction in cell viability, followed by an increase in U87MG cells

undergoing late apoptosis in the presence of neutrophils in

advanced tumor 3D model (Figure 1I), in addition to

augmentation of necrotic death (Figure 1J). Given data suggests

interaction with neutrophils stimulates glioma proliferation over

time in the 2D culture model, while late apoptosis was detected in

the advanced tumor spheroids.
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3D culture model indicates that
neutrophils alter glioma cell organization

Given the results regarding tumor cell proliferation, we

hypothesized that neutrophils have further tumor-promoting

effects. Therefore, we evaluated the growth of 3D spheres for 20 h

using time-lapse technology. Glioma spheres with neutrophil pool

expanded significantly faster (P < 0.05; Figures 2A, B) and showed a

distinct growth pattern over time (Figure 2C). While glioma spheres

seemed to grow linearly in the presence of neutrophils, the U87MG

control showed a peak between 800 and 1000min and stabilizes itself.

Thus, we conducted a histopathological analysis, including HE

staining of spheres (Figure 2D) and Ki67 staining to assess cell

proliferation (Figure 2E). These experiments revealed a shift of

glioma cell morphology. While CTRL cells were characterized by a

fusiform cell shape, groups with neutrophils appeared as small and

homogeneous cells (Supplementary Table 2). The quantification of

Ki67 staining revealed a significant increase of cell proliferation in

neutrophil-treated groups (P < 0.01; Figure 2G), especially in the

border zones of the spheres (Figure 2E), along with slightly extension

of the necrotic area (Figure 2F). The neutrophil infiltration in the

spheroids was accessed by CD45 immunostaining and a small

percentage of positive cells was detected (Figure S1). Taken

together, these data are in line with the results obtained using 2D

culture model and reinforce the role of neutrophils as promoters of

GB cell proliferation.
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FIGURE 1

(A) Gating strategy to select living glioma cells (U87MG), by FSC x SSC, followed by selection of live cells only. (B) Quantification of U87MG live cells
percentage. (C) SRB assay performed on a monolayer of U87MG with or without neutrophil coculture (ccNq) after 24 h, 72 h, and 120 h. The data is
expressed by cell growth considering U87MG control result as 100% in each time. (D) MTT assay performed on a monolayer of U87MG with or
without neutrophil co-culture after 24 h, 72 h, and 120 h. The data is expressed by MTT percentage considering U87MG control result as 100% in
each time. (E) Representative images of glioma and neutrophil culture. Red arrow glioma and black arrow neutrophil. (F) Hang drop technique
protocol. (G) Gating strategy to select glioma cells (U87MG) from 3D culture. (H) Gating strategy for initial apoptotic cells were taken as Annexin
Vpositive/PI-negative, while late apoptotic cells were taken as Annexin V-positive/PI-positive and necrotic cells were taken as Annexin V-negative/
PIpositive cells. Live cells were taken as Annexin V-negative/PI-negative. Apoptosis measurement using Annexin V/PI double staining of 3D U87MG
culture. Bar graphs representing the percentage of live cells and apoptotic cells (I) and necrotic (J) with or without neutrophil. Two-way ANOVA,
multiple comparisons, Tukey test, in which a = 0.05 and *P < 0.05, **P < 0.005, ***P < 0.001. Error bars are mean ± SD.
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Glioma-neutrophil crosstalk attenuates
initial tumor growth, but stimulates growth
pattern in advanced tumors

To confirm our results in vivo, we injected, subcutaneously, 106

U87MG cells along with increased proportions of neutrophils (3%,

10%, and 20%) into the right flank of athymic BALB/c nude mice

(Figure 3A). Figure 3B shows the tumor volume of each group.

Notably, CTRL tumors (only U87MG cells) have a slightly bigger

initial growth than other groups (with neutrophils), however, the

tumorigenesis pattern shifts after day 18, in which 10% of the

neutrophil groups emerged above control (P < 0.05). Despite the use

of both male and female BALB/c nude mice, the histopathology

showed no differences between sex regarding intratumor

hemorrhage and edema (Figure 3C), necrosis extent (Figure 3D),

and Ki67 staining (Figure 3E). In addition, no neutrophil

infiltration was detected in all experimental groups analyzed

following 20 days of tumor implant (Supplementary Table 3).

Although tumor proliferation did not present statistically

significant difference, the 10% neutrophil group seemed to be

concentrated in around 50% of Ki67 staining while the other

groups have a broader distribution. Representative images of

tumor size (Figure 3F), HE staining (Figure 3G), and Ki67

staining (Figure 3H) are displayed according to each group.

Overall, the given data suggest that tumor-associated neutrophils

induce a significative, but modest, in vivo tumor progression using

the preclinical model of glioblastoma in nude mice. It is probably

that an integral immune system interaction is required to

neutrophils drive effective in vivo tumor growth.

Energy metabolism of glioma cells shifts
due to glioma-neutrophil interactions

Another set of experiment addressed the energy metabolism of

glioma cells in the presence and absence of neutrophils and, thus, we

evaluated tumor mitochondria functionality using mitochondrial

probes. The results indicate that glioma cells sustain the number of

mtROS (mitochondrial reactive oxygen species) production in the

first 24 h, followed by a decrease after 120 h of co-culture with

neutrophils (P < 0.005; Figures 4A, B). Meanwhile the opposite effect

was observed for mtROS negative clustering as it increases after 120 h

A B

D E F

G

C

FIGURE 2

(A) Neutrophil interaction with 3D U87MG promotes sphere growth. 3D U87MG culture were placed with 106 neutrophils and performed time-lapse
analysis during 20 h. (B) Initial (0 h) and final (20 h) areas were compared between groups (C), and the mean tumor growth pattern was also
observed. (D) Representative image from HE, (E) Ki-67 staining and (F) necrosis extent analysis. (G) Ki-67 quantification representing the percentage
of positive cells. Two-way ANOVA, multiple comparisons. Tukey test, in which a = 0.05, *P < 0.05 and **P < 0.005. Error bars are mean ± SD.
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of co-culture with neutrophils (P < 0.005). MitoTracker DeepRed

indicated a sharp disruption of the mitochondrial membrane

potential after 120 h of co-culture with neutrophils (P < 0.005;

Figures 4C, D). Altogether, this data implies glioma mitochondrial

recovery after culture with neutrophils for 120 h, along with a

reduction of membrane potential in the presence of neutrophils,

indicating dysfunctional organelles.

Glioma-neutrophil crosstalk
results in the release of an
immunosuppressive secretome

To explore factors modulating the cell-to-cell communication in

the glioma-neutrophil crosstalk soluble factors, we assessed the

release by either the glioma cells or by the neutrophils. First,
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FIGURE 3

(A) In vivo glioblastoma protocol. (B) Tumor growth measured by day. (C) Histopathological quantitative analysis. (D) Necrosis extent quantification.
(E) Ki67 staining percentage. (F) Representative images from tumor at euthanasia, (G) from HE staining, and (H) Ki-67. Two-way ANOVA, multiple
comparisons. Tukey test, in which a = 0.05, *P < 0.05. Error bars are mean ± SD.
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glucose and lactate production were evaluated in culture media after

24 h and 120 h of culture (Figure 5A). The bar graph shows great use

of glucose and, consequently, higher production of lactate over time,

especially regarding glioma-neutrophil culture. We then analyzed

glucose-uptake, which revealed that glioma cells have a slight glucose

uptake increase after 24 h of co-culture with neutrophils, followed by

a complete cell recovery after 120 h (Figures 5B, C). Similarly,

neutrophils appeared to increase their glucose-uptake after 120 h of

co-culture with glioma cells as well (Figures 5D, E), indicating that

glucose consumption by both cells contributes to lactate production.

Additionally, a Human Inflammatory Cytometric Bead Array (CBA)

was conducted to determine the in vitro cytokine production of

glioma-neutrophil culture over time and with different proportions of

neutrophils (1:30 or 1:60). In vitro cytokine production showed three

different states that can be clustered by culture duration (Figure 5F).

In the first 24 h, glioma-neutrophil cultures produced high amounts

of IL-8 and TNFa, slightly increased amounts of IL-12p70, and low

to zero levels of IL-1b, IL-6, and IL-10. After 72 h, we identified a

proportional increase of tested cytokines, especially with regards to

IL-8, IL-10, and IL-12p70, while the production of TNFa was

reduced. However, after 120 h, this pattern shifted and there was a

rise in IL-1b and IL-6 release, while IL-8 declined and there was

almost no IL-10, TNFa, and IL-12p70 production. All control

neutrophils, regardless of culture duration, showed very low or no

cytokine production. A detailed quantification and analysis

demonstrated a significant IL-8 production of glioma-neutrophil

co-cultures after 24 and 72 h, with a sharp downturn after 120 h

(Figure 5G). The opposite was observed for IL-6 in glioma-neutrophil

(1:30) experimental group, in which IL-6 production was 10 times

higher (Figure 5H). Despite only detecting low levels of IL-12p70, its

expression pattern is comparable with IL-8, showing increased levels

in the first hours, followed by basically absent production after 120 h

(Figure 5I). Differently from IL-6, the antithesis of the production of

TNFa had a high initial expression, proportionally decreasing over

the hours (Figure 5J). Finally, there were no significant alterations in

IL-10 and IL-1b production (Figures 5K, L). Overall, the data suggest

that the neutrophil-glioblastoma crosstalk potentiates the differential

release of immune cell recruiting and suppression molecules

described as drivers of tumor progression.

Glioma cells reprogram cellular functions
of neutrophils

In addition to the analysis of effects of the neutrophil-glioma

crosstalk on the tumor cells, we also evaluated alterations in the

neutrophil population. Staining with trypan-blue, along with an

analysis by flow cytometry, revealed that the co-culture of

neutrophils and U87MG increased the neutrophil life span when

compared with neutrophils cultured in absence of tumor cells

(Figure 6A-C). The amount of live neutrophils in the presence of

glioma significantly increased, considering the period of 120 h

(Figure 6D). In addition to experiments with human cells, we

extracted neutrophils from murine bone marrow and cultured

them with murine GL-261 cells for 24 h (Figure 6E). This co-

culture resulted in a reduction of neutrophil (CD11b+) viability (P <

0.05; Figure 6F). However, different maturation states can be

observed when murine neutrophils were challenged with GL-261.

With this regard, we detected an increase of over 10% of mature

neutrophils, after co-culture with GL-261 (P <.05), and significant

decreases of the immature (P < 0.001) and of aged population (P <

0.0001; Figures 6G–I). Furthermore, we evaluated neutrophil

mitochondria functionality with mitochondrial probes. Gating

strategy for MitoTracker Greenhigh MitoSOX red -/+ (Figure 6J)

A B

DC

FIGURE 4

Evaluation of mitochondrial function by flow cytometry mitochondrial probes MitoTracker Green, MitoTracker Red and MitoSOX Red. (A) Gating
strategy overlaps between groups. (B) Quantification of mtROS production from selected MitoTracker Green+ cells. (C) MitoTracker DeepRed MFI
between groups. (D) Quantification of MFI in U87MG cell line with or without neutrophils for 24 h and 120 h. Two-way ANOVA, multiple
comparisons. Tukey test, in which a = 0.05, **P < 0.005 and ***P < 0.001. Error bars are mean ± SEM.
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demonstrated different neutrophil populations after 24 h

(Figure 6K) and 120 h (Figure 6L), which indicates a substantial

amount of MitoSOX- neutrophils when cultured with glioma cells

(Figure 6M). Moreover, the data illustrates no significant alterations

in mitochondrial membrane potential (Figure 6N, O). Concerning

NETs release, neutrophils were treated with conditioned medium

harvested from cultured U87MG cells and compared with

commonly used chemicals (PMA 100 nM and LPS 1 mg/mL) for

3 h. Data revealed that glioma soluble factors were able to induce

neutrophil DNA extravasation (P < 0.005; P < 0.001; Figure 6P).

Altogether, the data have demonstrated the great ability of tumors

to modulate the life span and response of neutrophils.

Cytokines play an important role in
recruiting neutrophils and sustaining
anti-inflammatory state

To validate a potential role of neutrophils in clinical samples, a

principal component analysis was performed (Loadings plot,

Figure 7A). The results showed that the variables CDH1 and

FOXO3 are clustered closely together, indicating that these two

variables are positively correlated, similar to MGMT and MPO and

to IDH1, TGFb1, and NFkB1. In comparison, the vectors for FOXO3

and MGMT form a nearly 180° angle, indicating that these variables

are negatively correlated; the same was observed with CDH1 and

ELANE. Finally, the vectors for variables FOXO3 and CDH1 form a

nearly right angle with IDH1, TGFb1, and NFkB1, suggesting that

these variables are likely uncorrelated. Overall, the data suggests that

neutrophils act in accordance with immunosuppressive signaling

pathways, especially with MGMT (Figure 7B). In our patient

cohort, we performed a correlation analysis between neutrophils,

lymphocytes, leucocytes, and neutrophil-lymphocyte ratio (NLR) in

healthy volunteers (Figure 7C) and glioma patients (Figure 7D). This

analysis illustrated a considerable shift in blood count in glioma

patients. The results imply an important neutrophil-monocyte

correlation improvement in glioma patients (Figures 7E, F), which

can explain the role of innate cells in sustaining immunosuppressive

TME in glioma. To sum up, a descriptive analysis of glioma patient

dataset shows a considerable amount of glioblastoma grade IV (n =
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FIGURE 5

(A) Quantification of glucose consumption and lactate production from co-culture (cc) supernatant compared to control in 24 h and 120 h. Data
normalized by protein. (B) 2-NBDG uptake assay: U87MG quantification (B) and MFI (C); and neutrophil quantification (D) and MFI (E). Cytokines
pattern release in co-culture supernatant express in heat map (F) and quantification of IL-8 (G), IL-6 (H), IL-12p70 (I), TNFa (J), IL-10 (K), and IL-1b
(L). Two-way ANOVA followed by Bonferroni & Šidák corrections for multiple comparisons, in which a = 0.05, *P < 0.05, **P < 0.005, ***P < 0.001,
and ****P < 0.0001. Data shown as mean ± SEM.
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27), notably with IDH wild-type (n = 19) (Supplementary Table 4).

Patients IDH status was stratified according to grading system to

visualize the existence of any condition related to IDH (Figure 7G).

Furthermore, the amount of circulating neutrophil significantly

increased in glioblastoma patients, when compared with non-

glioblastoma (Supplementary Table 4 - P < 0.0001). The correlation

analysis between NLR, Ki-67 staining, and grade from glioma

patients was performed to test the connection between those

parameters. This graph shows no correlation between NLR and Ki-

67 staining, the dashed line represents the limit between the ratio

considered normal (NLR = 3.0; Figure 7H). Afterwards, the Human

Inflammatory CBA was conducted in blood serum from glioma

patients and the Kaplan-Meyer survival graph was used to analyze the

data (Figure 7I). The data indicates poor prognostic value of NLR >3,

IL-1b, and IL-10, which validates our in vitro results described above.
Cytokines from each patient was stratified to understand the big

picture, the last one (n° 48) represents the healthy subject (Figure 7J).

Quantified data shows high amount of serum IL-8, which is

consistent with neutrophil mobilization, recruitment, and tumor

infiltration. IL-6 and IL-10 also showed considerable amounts,

which converses with the immunosuppressive state (Figure 7K).

Pearson’s test demonstrated correlation between serum IL-1b, IL-
10, TNFa, and IL-12p70; while IL-10 is also closely related to IL-8

(Figure 7L). Overall, the given data suggests a cytokine milieu in
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FIGURE 6

(A) Neutrophil viability tests performed using the trypan blue dye exclusion test throughout 24 h, 72 h and 120 h of co-culture along with U87MG
(ccU87MG) in different proportions (1 U87MG: 30/60 Nq). (B) Gating strategy to analyze neutrophil viability. (C) Live/Dead overlap between
experimental groups. (D) Percentage of live neutrophils. (E) Gate strategy to select CD11b+ cells (F) Cell viability quantification from neutrophil
derived from mice C5/BL6 bone marrow isolation. (G) Gating strategy to select Ly6G populations. (H) MFI for CXCL4 and CXCL8. (I) Quantification
of neutrophil maturation state according to mature: Ly6Ghigh, CXCR4-, CXCR2+; immature: Ly6Glow/mid, CXCR4+, CXCR2low; and aged:
Ly6Ghigh, CXCR4+, CXCR2-. (J) Gating strategy to cluster MitoGreen/MitoSOX (K) in 24 h and (L) 120 h. Evaluation of neutrophil mitochondrial
function by flow cytometry mitochondrial probes MitoTracker Green, MitoTracker Red, and MitoSOX Red. (M) Quantification of the percentage of
mitochondrial ROS production in neutrophils with or without U87MG, for 24 h and 120 h. (N) MitoTracker DeepRed MFI distribution and (O)
quantification. (P) NETs formation observed after 3h incubation with SytoxGreen reagent. Two-way ANOVA, multiple comparisons, Tukey test, in
which a = 0.05, *P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001.
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glioma patients that favors recruitment of neutrophils, sustaining an

immunosuppressive profile, that which is associated with

poor prognosis.

Discussion

The intercellular interaction and communication within the

tumor is crucial for understanding the TME (28, 29). The tumor

niche includes, in addition to tumor and stromal cells, fibroblasts,

immune, and endothelial cells (5, 30). The immune infiltrate,

including neutrophils, is a feature of chronic inflammation,

contributing to tissue damage and ultimately to tumor

progression (13). In this context, we were able to demonstrate

that neutrophils act as expected in the first 24h after being in

contact with glioma cells: they attack tumor cells and compromise

their viability. This action persists until the next hours, and after

72 h it is possible to observe a slight change in this behavior,
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suggesting that from that point on, tumor cells are successful in

reprogramming the functions of neutrophils. The data suggest an

important role of neutrophils in tumor progression, both in vitro

and in vivo. The neutrophil plasticity happens according to the

stimuli received, and time seems to be a major factor for their

reprogramming. Other authors as well have presented evidence

supporting this theory (13, 31–33). After 120 h, we observed that

the tumor reacts to the presence of the neutrophils and its viability

increases. This behavior shows that the “contact time” factor is a

variable that must be considered when studying a neutrophil

response in tumor progression. It also indicates that tumor-

infiltrating neutrophils may have heterogenous functions

depending on their actual time in the TME.

The results of Ki-67 labeling demonstrated that the neutrophil

sphere groups proliferated almost exclusively in the periphery –

consistent with the literature and with clinical findings in glioma

patients (34) – since this region has greater access to nutrients and

oxygen, while the central area shows necrosis. Additionally, while

the control sphere, U87MG, revealed Ki-67 positivity of about 40%,

the neutrophil groups, in both initial and advanced tumor 3D

models, reached a plateau of about 80%, demonstrating that growth

was significantly higher when there is crosstalk between these cells.

Necrosis is a relevant finding in clinical tumor samples, being an

indication of malignancy (35). Thus, since our experiments revealed

increased levels of necrosis in the presence of neutrophils, it is

suggested that neutrophils could help in inducing necrosis within

the tumor niche, favoring the poor prognosis in glioma patients.

Moreover, tumor infiltration of neutrophils has been described as

an indicator of poor prognosis (36) and the location within the

tumor mass has prognostic relevance, since they are usually found

in the peritumoral area (23, 37, 38). Our in vitro data suggests that

neutrophils can attach to glioma sphere at the periphery (data not

shown), similar to studies which have described mostly peritumoral

neutrophil infiltration in tumor patients (4, 39). These results

suggest that the location of the immune infiltration in the tumor

is of high prognostic importance and impacts on its malignancy,

and that the presence of neutrophils in the intratumoral region is

highly associated with cancer progression and growth.

Furthermore, glioma mitochondria metabolism indicates a

possible mitochondria distress, which can result in mtDNA

release. The tumor depends on mitochondrial mismatch in its

tumor escape process (40, 41). According to cell energy necessity,

the ATP production is increased in stress conditions, such as

immune interaction, high oxidative phosphorylation (OXPHOS)

activity, necrosis, and hypoxia (42). High ATP production need

leads to mitochondria fusion (43), which can explain the lowMFI in

MitoTracker DeepRed after 120 h with neutrophils culture.

However, in tumor cells, such as glioma, the ATP produced is

mostly used as a signal, being extravasated via pannexin channels,

activating purinergic receptors, such as P2Y2 in immune cells, and

leading to the activation and chemotaxis of neutrophils (44). The

Warburg effect can be observed by the high lactate production in

the mixed culture. This effect describes the use of glucose

preferentially in the glycolytic pathway, even in the presence of

oxygen, which accelerates tumor metabolism and, consequently,

lactate production (45, 46). Cell stress can initiate various signaling

pathways (47). Our data implies the possibility of glioma mtDNA

release into cytosol. Tumor cells can initiate NFkB signaling,

increasing IL-8 and reducing IL-6 secretion, mtDNA can activate

cyclic GMP-AMP synthase and inflammasome pathways.

Mobilizing cGAS-STING1 and canonical NFkB signaling

st imulates TNFa and IL-6 cytokine secret ion, whi le

inflammasome mechanism cleavage IL-1b and, together, activate

immune responses (48–50). With this regard, our in vitro results

suggest that in 24 h and 72 h there is an increase in IL-8 production

in glioma cells challenged with neutrophils, which might be

explained by the NFkB signaling. This converses with glioma

viability, protein synthesis, and MTT absorbance. Neutrophils

first interaction cause glioma distress, which has a turnover over

the hours. The remaining living glioma cells might be able to

activate cGAS-STING1 pathway and release TNFa. On the other

hand, after 120 h, glioma mitochondria data indicates mitochondria

recovery and fusion, which can be due to the increase in energy

metabolism and ATP production necessity (43). Authors have

evaluated ATP increase in distress glioma cells (46). Moreover,

cell resurgence is in accordance with the increase in IL-6 and IL-1b
in vitro production, after 120 h.

Neutrophils are formed from the common myeloid precursor in

the bone marrow and circulate for a limited time, capable of being

active for approximately 3 days after stimulation (13, 31, 51). The

aging process of the cell is marked by the phenotypic activation

triggered by some disturbance (52). Nonetheless, there is evidence

that survival rate changes when there is cellular hyperresponsiveness;

the mechanisms by which the life span is increased are still under

investigation for different chronic inflammatory diseases (53–57).

Notably, neutrophil modulation indicates onset by the third day,

while the viability of U87MG in that same period suggests a break in

the immune cell attack process against the tumor. In other words, a

period of prolonged contact is necessary for neutrophils to effectively

assist in tumor growth. Indeed, glioma mtDNA can activate

neutrophil response via TLR9 (58, 59) leading to the increased

release of inflammatory cytokines, including TNFa, IL-6 and IL-1b
(58). Moreover, mtDNA can trigger NETs release (60).

Neutrophils are well-known for modulating their own

metabolism under environmental circumstances (61). Neutrophils

have few mitochondria; during maturation process, however, they

have an increase in OXPHOS (62–64), describing a metabolic shift

towards free fatty acids (FFAs)-dependent OXPHOS (65). Our data

suggests that neutrophil mtROS production is decreased and

probably not the major ROS source production in these cells.

Oxidative neutrophils have an essential role in inhibiting T cell

activation, especially in environments with limited glucose (61, 63,

66). Similar observations were made in our study. Both, tumor cells

and neutrophils, increased glucose-uptake, with subsequent increase

of lactate production. Moreover, high lactate production has been

described to contribute to immunosuppression in the TME (67, 68).
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Neutrophil azurophilic granules are rich in myeloperoxidase

(MPO) and in proteolytic and bactericidal proteins, being directly

involved with phagocytosis (69, 70). During neutrophil oxidative burst,

MPO granules inside the cell generate HOCl. Those oxidants are

essential to NETosis (71). NETs are a nuclear network composed of

granular proteins such as elastase (NE) and MPO (72). This process is

considered a mechanism of cell death different from apoptosis and

necrosis since it consists of disintegrating the nuclear envelope,

exposing the content in the cytosol. The detriment of the

intercellular membrane leads to the loss of organelles, and,

consequently, the integrity of the plasma membrane is impaired (73).

DNA-binding proteins, such as HighMobility Group Box 1 (HMGB1),

are increased in NETs-mediated activation of TLR4 and TLR9 (74).

One study revealed that HMGB1 interaction with RAGE/NFkB
receptors from glioma cells induces IL-8 expression in tumor cells

(75). The data suggest a higher NETs release in the presence of glioma

soluble factors. Under tumor conditions, NETs have been linked to the

formation of metastases, because, theoretically, these bonds capture the

circulating tumor cells and facilitate the disposition in other tissues (76,

77). Moreover, NETosis pathway requires ROS generation and increase

in intracellular Ca2+ (78). This is mediated by mitochondria ATP

production which sustain a positive feedback loop specially by

activating purinergic receptors, such as P2Y2 (44). Although the

NETs release is a cell death mechanism, studies have demonstrated

that some neutrophils remain alive after NETosis due to the chromatin

source, which is mitochondrial (79). Therefore, it is suggested that GB-

neutrophil crosstalk have a prolonged tumor activation that could

involve NETs formation and the release of HMGB1, MPO and NE

proteins by neutrophils, which activates glioma cells by NFkB
signaling, inducing oxidative mutations, impairing mitochondrial

function and secreting immunosuppressive cytokines.

One study observed in a zebrafish glioblastoma model that

neutrophils are recruited very early during oncogenesis and their

presence increases tumor cell proliferation. The study suggests that

this is due to the release of ROS, capable of causing DNA damage

and inducing oncogenesis in cells around the tumor (80). We

observed in our in vivo experiments that neutrophils can shift

tumor growth pattern and increase its size along time. However, the

animal model revealed that neutrophil alone have low effect in the

overall outcome, BALB/c nude mice have no adaptive immune

system, and the implantation of human neutrophils might not have

the strength to recruit mice innate cells, such as monocytes. A

recent study demonstrated the ability of neutrophils to recruit

macrophages and regulatory T cells in hepatocellular carcinoma

via cytokine release (81). Moreover, our clinical dataset

demonstrated a strong positive correlation between circulating

neutrophils and monocytes in GB patients. Our patients dataset

revealed that high-grade glioblastoma had Ki-67 positivity

increased by almost two times when compared with non-

glioblastoma, in accordance with higher NLR (>3). Studies have

demonstrated that higher percentage of Ki-67-positive cells in

gliomas is related to the higher concentration of neutrophils in

relation to lymphocytes in peripheral blood. Furthermore, this

proportion is considerably higher in grade IV tumors (82).

Overall, the data suggest a relevant crosstalk between inflammation

and Ki-67 in glioma, corroborating our findings in the U87MG

spheres, in in vivo BALB-c nude mice and clinical samples, in which

there is a propensity between cell proliferation in control group and

in groups with neutrophils.

It is not unusual to find pro-inflammatory cytokines in the

TME, acting as stimulators of tumor progress and metastasis (83).

Cytokines such as TNFa and IL-1b – known for their generally pro-

inflammatory functions – and IL-10, a cytokine with

immunosuppressive capacity are often found in the TME (84).

Within the TME, some of the main cytokine-producing cells are B

and T lymphocytes, dendritic cells, tumor-associated macrophages,

TANs, MDSCs, and NK cells (85–87). Furthermore, IL-6, IL-8, and

IL-10 production by cells from the TME mediate pro-tumor

functions of immune cells, such as neutrophils and macrophages

(88, 89). Our data demonstrates that glioma patients present an

important cytokine-related worse outcome, especially regarding IL-

1b and IL-10. Notably, the information provided by the release of

cytokines in patients with glioma corroborates those found in vitro.

In general, there is a high amount of circulating IL-8, in the same

way that there is an increase in gliomas challenged with neutrophils.

We found this pattern of late release of IL-1b and IL-6, which shows
to be related to a worse prognosis in our patients. Moreover, the

importance of IL-10, being preferentially released by immune cells,

in this case, neutrophils, as indicated in the literature (84, 90–92).

These data together with the NLR indicate great relevance of the

role of neutrophils in both local and systemic immunosuppression.

Overall, our study answers an important question about the ability

of dual communication followed by cell modulation between glioma

and neutrophils (Figure 8). Bringing out the important role of

neutrophil immunosuppression activation. Briefly, we have shown

that, when cells are in contact, there is a constant and time dependent

modulation. With tumor activation by mitochondrial disruption and

mtROS release. The set of cytokines released is consistent with the

maintenance of an immunosuppressed environment, which would

explain the important role of this communication for the perpetuation

of a TME favorable to the tumor. Due to cellular activation, both cells

consume glucose, which leads to an increase in lactate in the

environment and potentiates the effects of immune inhibition. On

the other hand, pathways yet to be discussed activate neutrophils,

promoting the release of NETs and ROS, which in turn contribute to

the maintenance of the chronic inflammatory state found in the TME.

It is important to emphasize that the activation pathways that lead to

these signals need to be better elucidated. New experiments should be

carried out to try to enlighten the open questions raised in our study

about the signaling pathways between glioma-neutrophil crosstalk.

Concluding remarks

Thus, the data demonstrates a bidirectional crosstalk between

glioma cells and neutrophils in modulating not only each other but

also the local microenvironment. This study allowed insights into

the complex interaction between tumor cells and the
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microenvironment that surrounds them. Briefly, we observed that

the presence of neutrophils closely located to the tumor is capable of

inducing tumor-promoting effects. We have verified that there is a

glioma-neutrophil crosstalk, resulting in further increase of

neutrophil recruitment as well as elongation of neutrophil

lifespan. These results are relevant to understand how tumor

progression occurs and how immune cells contribute to that

process. However, further studies are needed to confirm the

magnitude of this interaction.
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Supplementary Figure 1 | Analysis of neutrophil infiltration in U87MG spheroids by CD45 

immunohistochemistry. Representative images from (A) U87MG sphere; (B) U87MG + N0 sphere; (C) 

U87MG + pool N0 sphere for 72h; (D) U87MG + pool N0 sphere for 120 h (magnification 40x). 

 

Supplementary tables: 

Table S1: List of materials  

Reagent or Resource Source Identifier 

Chemicals  

DMEM-Dulbecco's modified Eagle's medium 
Gibco™ (Gibco BRL, Gaithersburg, 

USA) 
31600-34 

HEPES - 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid, N-(2-

Hydroxyethyl)piperazine-N′-(2-

ethanesulfonic acid) 

Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
7365-45-9 

Sodium bicarbonate (NaHCO3) Neon Comercial Ltda, BRL 1715 

Fetal bovine serum (FBS) 
Gibco™ (Gibco BRL, Gaithersburg, 

USA) 
12657-029 

Fungizone 
Gibco™ (Gibco BRL, Gaithersburg, 

USA) 
15290-018 

Penicillin/streptomycin 
Gibco™ (Gibco BRL, Gaithersburg, 

USA) 
15140-122 
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Dextran from Leuconostoc spp. 
Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
31389 

Histopaque®-1077 
Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
10771 

MTT - (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) 

Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
M2128 

SRB | Sulforhodamine B Merck KGaA, Darmstadt, Germany S1402 

Acetic Acid, Glacial Merck KGaA, Darmstadt, Germany A6283 

Tris base | 

Tris(hydroxymethyl)aminomethane 

(10mmol/L pH 10,5) 

Merck KGaA, Darmstadt, Germany 252859 

Trypan Blue Solution, 0.4% 
Gibco™ (Gibco BRL, Gaithersburg, 

USA) 
15250061 

Agarose Merck KGaA, Darmstadt, Germany A9539 

Paraformaldehyde Merck KGaA, Darmstadt, Germany P6148 

Hematoxylin monohydrate  Merck KGaA, Darmstadt, Germany 3971 

Yellowish eosin  Synth, Diadema, Brazil 45380 

Hydrogen peroxide solution  Merck KGaA, Darmstadt, Germany 107298 

BSA | Albumin bovine serum 
Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
A7906 

Matrigel 
Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
E1270 

SYTOX™ Green Ready Flow™ 
Invitrogen | Thermo Fisher 

Scientific Inc. (Waltham, USA) 
R37168 

PMA | Phorbol 12-myristate 13-acetate Merck KGaA, Darmstadt, Germany P1585 

LPS | Lipopolysaccharides 
Sigma-Aldrich (Sigma Chemical 

C0., ST. Louis, USA) 
L3024 

Antibodies 

LIVE/DEAD™ Fixable Dead Cell Stain 

Sampler Kit (1:400) 

Thermo Fisher Scientific Inc. 

(Waltham, USA) 
L34960 

Anti-Ki67 (1:100) Dako | Agilent (Santa Clara, USA) M7240 

FITC Annexin V-PE Propidium iodide 

Apoptosis Detection Kit 

BD Biosciences Pharmingen (San 

Diego, USA) 
555670 

Anti-CD11b |M1/70 (1:400)  BioLegend (San Diego, USA) 101206 
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Anti-Ly6G | 1A8 (1:400) BioLegend (San Diego, USA) 127608 

Anti-CD184 (CXCR4) | L276F12 (1:100) BioLegend (San Diego, USA) 146511 

Anti-CD182 (CXCR2) | TG11/CXCR2 (1:100) BioLegend (San Diego, USA) 129103 

Probes 

MitoTracker Green 
Invitrogen | Thermo Fisher 

Scientific Inc. (Waltham, USA) 
M7514 

MitoTracker Deep red 
Invitrogen | Thermo Fisher 

Scientific Inc. (Waltham, USA) 
 M46753 

MitoSOX 
Invitrogen | Thermo Fisher 

Scientific Inc. (Waltham, USA) 
M36008 

2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4- yl)amino)-2-Deoxyglucose) 

Invitrogen | Thermo Fisher 

Scientific Inc. (Waltham, USA) 
N13195 

Critical Commercial Assays 

GLICOSE Liquiform Labtest Diagnóstica S/A (BRL) 133 

Enzymatic system for lactate Labtest Diagnóstica S/A (BRL) 138 

CBA - Cytokine cytometric bead array BD Biosciences (San Diego, USA) 552364 

EnVision™+ Dual Link System-HRP Dako | Agilent (Santa Clara, USA) K4061 

Liquid DAB+ Substrate Chromogen System Dako | Agilent (Santa Clara, USA) K3468 

Solutions 

PBS 1x 

 100mL | Milli-Q water / 0,8g NaCl, 

0,02g KCl, 0.115g Na2HPO4 e 0.02g 

KH2PO4 pH 7.4 

x 

HBSS 10x 

1000mL | Milli-Q water / 80g 

NaCl, 4g KCl, 0.6g Na2HPO4, 0.6g 

KH2PO4, 10g glucose 

x 

 

Table S2: 3D histopathological analysis 

Group Mitosis (n°) Necrosis Descriptive analysis 

U87MG 
CTRL 

0 - 

fusiform cell shape 
4 - 

0 ++ 

4 - 

U87MG+Nθ 
1 ++ 

cavitaded 
1 + 

259



0 ++ 

0 ++ 

U87MG + 
72h Nθ 

pool 

1 + 
small and 
homogeneous tumor 
cells / cavitaded 

0 ++ 

1 ++ 

1 +++ 

U87MG + 
120h 

Nθpool  

0 ++ 

small and 
homogeneous tumor 
cells / cavitaded 

0 ++ 

8 - 

0 ++ 

1 ++ 

 

Table S3: Histopathological analysis of HE stained slices of glioblastomas implanted in Balb/c 

male and female nude mice. 

Group 
intratumoral 
hemorrhage 

coagulative 
necrosis 

necrosis 
extent 

immune cell 
infiltration 

edema 
vascular 

proliferation 

M
al

e 
C

TR
L 

no present ++ no no  no 

present present + no no  no 

present present + no present no 

present present +++ no present no 

present present ++ no present no 

present present ++ no present no 

present present ++++ no present No 

present present + no no No 

M
al

e 
3

%
 N

θ
 present present +++ no no No 

present present +++ no present No 

present present + no no No 

present present ++++ no present No 

present present +++ no present No 

M
al

e 
1

0%
 N

θ
 

present (+++) present ++ no present No 

present present +++ no present No 

present present + no no No 

present present +++ no present No 

present present + no no No 

present present + no present No 

            

            

M
al

e 
2

0%
 N

θ
 present present +++ no no No 

present present +++ no present No 

present present +++ no present No 

present present ++ no present No 

present present ++ no present No 
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Group 
intratumoral 
hemorrhage 

coagulative 
necrosis 

necrosis 
extent 

immune cell 
infiltration 

edema 
vascular 

proliferation 
Fe

m
al

e 
C

TR
L 

present (+++) present ++ no present no 

present present +++ no present no 

present present +++ no present no 

present present + no no no 

present present ++ no present no 

present present ++ no present no 

present present + no present no 

            

Fe
m

al
e 

3
%

 N
θ

 present present + no present   

present present +++ no present no 

present present + no present no 

present present ++ no present no 

            

Fe
m

al
e 

1
0

%
 N

θ
 

present present ++ no present no 

present present + no no no 

present present + no no no 

present present ++ no present no 

present present + no present no 

present present +++ no present no 

present present +++ no present no 

present present +++ no present no 

Fe
m

al
e 

2
0

%
 N

θ
 present present +++ no present no 

no present + no no no 

present present +++ no present no 

present present + no present no 

present present +++ no present no 

present present +++ no present no 

 

Table S4: Glioma patients group description 

*anaplastic astrocytoma, metastatic adenocarcinoma, transitional meningioma, “no evidence of 

neoplasia in histological findings,” pilocytic astrocytoma, oligodendroglioma, diffuse Large B Cell 

Lymphoma, and “astrocytoma” – all described as per medical report. 

Histopathologi
cal 

classification 

Total 
numb
er (n) 

Sex 
(mean age 

±SD) 

IDH (n)** 

Ki-67 (%) Neutrophil 
(/µL) 

Lymphocyte 
(/µL) NLR 

W
T 

Mu
t 

Inconclusi
ve 
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Glioblastoma 27 

Women 
(57.9±21.

1) 
19 3 5 

45.4±24
.2 

9048.0±442
8.3 

1550.1±77
7.3 

8.4±7.
1 Men 

(57.6± 
17.3) 

Non-
Glioblastoma* 16 

Women 
(60.3±14.

2) 
6 3 1 

25.6±28
.8 

5090.3±270
7.0 

1554.9±91
1.8 

4.7±3.
8 Men 

(60.2± 
11.5) 

*anaplastic astrocytoma, metastatic adenocarcinoma, transitional meningioma, “no evidence of 

neoplasia in histological findings,” pilocytic astrocytoma, oligodendroglioma, diffuse Large B Cell 

Lymphoma, and “astrocytoma” – all described as per medical report. 
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DISCUSSION 

Effective crosstalk between tumor cells and surrounding cells is crucial for 

maintaining tissue function and promoting tumor growth. This significantly influence 

disease initiation, progression, and patient prognosis. Rudolf Virchow initially 

proposed the link between chronic inflammation and tumorigenesis in 1863, stating 

that infiltrating leukocytes were a common feature of tumors (BALKWILL; 

MANTOVANI, 2001). Subsequent studies have extensively characterized the TME, 

adding complexity to the challenge of comprehending and treating cancer. Tumors 

exhibit diverse microenvironmental compositions, including varying proportions and 

activation states of stromal cells. Indeed, in the 1950s, Burnet and Thomas 

proposed that the immune system could recognize and eliminate tumor cells, a 

notion initially met with controversy due to early experimental setbacks 

(SCHREIBER; OLD; SMYTH, 331AD). With this regard, immunosurveillance 

shapes tumors by eliminating vulnerable cells, allowing those that evade detection 

to thrive and propagate, leading to immune-resistant tumors (SHANKARAN et al., 

2001). The TME evolves in response to changing environmental conditions and 

oncogenic signals, highlighting the dynamic nature of TME influences on metastasis 

during cancer progression (HANAHAN; WEINBERG, 2011). Therefore, the diverse 

role of NØ in cancer is a current focus for potential therapeutic targets, with the 

transition from surveillance to tumor-promoting activity upon tumor presence. While 

the exact mechanisms are not fully understood, studies highlight the underestimated 

significance of NØ in cancer, linking them to metastasis, cancer-associated 

thrombosis, and immunosuppression (GIESE; HIND; HUTTENLOCHER, 2019; 

MANTOVANI et al., 2011). A crucial aspect of tumor progression involves evading 

and suppressing the host immune system (MOTZ; COUKOS, 2013). Tumor-NØ 

communication can occur through various mechanisms, including cell-cell direct 

contact, traditional paracrine signaling involving cytokines or growth factors and their 

receptors and, recently, exosome release has emerged as another mode of cell-to-

cell signaling. 

The impact of TEX on the TME necessitates further investigations., however 

it is known that depleting cancer cells or sEV effectors inconsistently hindered 
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cancer progression (BOOMGARDEN; SHEEHAN; D’SOUZA-SCHOREY, 2020; 

FIANI et al., 2020; MATARREDONA; PASTOR, 2019). Moreover, exosomes 

released by the primary tumor educate the surrounding environment to create a 

supportive niche for tumor growth and guide bone marrow-derived progenitor cells 

to enhance and facilitate metastatic spread (BARCELLOS-HOFF; LYDEN; WANG, 

2013). The chapter 01 highlights the reprogramming potential of EVs from different 

sources and diseases. It is clear that NØ can exert their inflammatory or 

regenerative functions when in need. This information corroborates with the 

currently discussion about NØ phenotype in cancer (GRANOT, 2019). Literature 

suggests that TEX mediate neutrophil recruitment, activation, and reprogramming 

into pro-tumor phenotype. The present study has demonstrated that communication 

between tumor cells and neutrophils occurs through sEVs released either by TEX 

or by neutrophils (NEX). Neutrophils exhibit diverse phenotypes and functions of 

inducing pro-inflammation or regulation of immune response, likely reflected in the 

heterogeneity of NEX. The molecular content of NEX varies based on the 

microenvironmental conditions of the parent cells, potentially resulting in distinct N1- 

and N2-NEX. N1-NEX may exert anti-tumor effects and enhance the anti-tumor 

immune response, particularly involving lymphocytes. In contrast, N2-NEX carry 

cargo components that promote tumor growth, survival, angiogenesis, and immune 

evasion.   

With this regards, TEX emerged as strong contributor to sustaining a 

permissive TME.  It is imperative to mention that exosomes carry diverse cargo from 

the parent cell, reflecting its physiological and functional state. This cargo includes 

proteins (enzymes, receptors, signaling molecules), nucleic acids (mRNA, miRNA, 

DNA fragments), lipids, and metabolites (WORTZEL et al., 2019). Upon uptake by 

recipient cells via endocytosis or membrane fusion, exosomal cargo can activate or 

inhibit specific cellular pathways, influencing behavior and responses. Notably, TEX 

may contain oncogenic cargo that promotes tumorigenesis in neighboring or distant 

cells (GUO et al., 2020; YANG et al., 2017). Therefore, in chapter 02 we conducted 

a bioinformatics study with two TEX gene signatures in HNSCC. The cancer 

progression relies on an immunosuppressive niche supporting tumor growth and 

metastasis (RAD et al., 2022). TEX play a role in intercellular communication, and 
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our analysis reveal their association with immunosuppressive pathways, such as 

PD-L1, CD73 and TGFβ upregulation. Moreover, it correlates to immune infiltration 

and HNSCC tumor malignancy. These data support the notion of TEX as important 

mediators in reprogramming non-tumor cells. Recently, TEX have been associated 

with promoting angiogenesis, immune escape and metastasis (FIANI et al., 2020; 

LUDWIG, Nils et al., 2020; YANG et al., 2017). In accordance to our findings, it was 

shown that TEX promote the differentiation of immune cells into immunosuppressive 

subtypes, reshaping the tumor microenvironment to favor tumor growth (LIANG et 

al., 2019; QIAN, Mingyu et al., 2019). For instance, exosomes from bladder cancer 

trigger the transformation of normal fibroblasts into cancer-associated fibroblasts 

(CAFs) by TGFβ activation, supporting tumor progression (BERNARD et al., 2018). 

TEX also induce a suppressive phenotype in CD8+ T cells, impairing their anti-tumor 

functions (MAYBRUCK et al., 2017). In addition, a pan-cancer analysis confirms 

elevated levels of CAFs, M2-like macrophages, and MDSCs in the high-TEXscore 

subgroup, demonstrating a strong association between TEXscore and immune 

inhibitory factors (WU, Jiani et al., 2021). Within this context, TEX not only 

contributes to tumor growth but induce NØ reprogramming, which can in turn 

facilitate the immunosuppression. Therefore, the following steps was to investigate 

how the TEX-NØ reprogramming influence in the tumor-NØ crosstalk. 

By unraveling this communication, we gain insights into cancer's adaptive 

strategies and vulnerabilities. This understanding can guide the development of 

novel interventions aimed at disrupting detrimental tumor-neutrophil interactions 

while harnessing beneficial aspects for therapeutic benefit. With this regard, NLR is 

a powerful biomarker that has emerged as a crucial indicator of the inflammatory 

milieu within the TME (WENG et al., 2018). This ratio is calculated from routine 

blood tests, serves as a surrogate marker for systemic inflammation and immune 

response. Elevated NLR (>3) levels have been associated with poorer prognosis 

across a spectrum of cancers (GOMES DOS SANTOS et al., 2021; MASCARELLA 

et al., 2018; WANG, Jianbo et al., 2014).  

Our study in chapter 03 correlates NLR with tumorigenic processes, 

emphasizing tumor PD-L1 cytoplasmic expression in clinical samples of HNSCC. 
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Variations in PD-L1 subcellular localization are observed, with heightened crosstalk 

between tumor cells and NØ in highly malignant tumors. The PD-L1 sublocalization 

have been associated with high tumor staging and low therapy rate response 

(SCHULZ, Daniela et al., 2023). Besides, the expression of PD-L1 is directly 

affected by chemotherapy and radiotherapy in HNSCC, which contribute to the poor 

prognosis (FIEDLER et al., 2020; SCHULZ, Daniela et al., 2019). The positive 

correlation of NLR and cytoplasmic PD-L1 strengthen the hypothesis that NØ are 

crucial in the disease progression. The NØ phenotype modulation is a recent topic 

that discloses the ability to respond according to signal form the environment 

(GRANOT; JABLONSKA, 2015). Our in vitro data illustrates the upregulation of pro-

tumor and immunosuppressive markers on NØ after TEX interaction shows the 

deep and strong effect of tumor cells on NØ. Both flow cytometer (FACS) and 

Western blot (WB) analysis showed the increase in CD73, CD170high and PD-L1 in 

NØ, corroborating to pro-tumor TAN phenotype described (JAILLON et al., 2020). 

Our study also explores the relevant action of NØ in promoting and sustaining the 

cold-tumor TME, releasing immunosuppressive cytokines that recruit and increase 

the amount Tregs, as demonstrate by both in vitro protein array and patient sample 

immunohistochemistry (IHC). These findings suggest that pro-tumor NØ affects the 

CD73-Cyclin D-CDK4/6-PD-L1 pathway on tumor cells, visualized either in vitro with 

four cell lines, and with primary tumor inoculated in chicken embryo chorioallantoic 

membrane (CAM) assay. Therefore, the increase in CD73/PD-L1 expression 

contributes to tumor immune escape and to suppress immune response by the 

elevate production of ADO by the CD73 enzyme activity. Studies have been 

discussing the role of purinergic signaling, especially the upregulation of CD73 in 

tumor cells as key players in tumor progression in HNSCC (CAPPELLARI et al., 

2015; REN et al., 2016).  

CD73 plays a crucial role in the TME, with its upregulation linked to resistance 

against immunotherapy in a variety of cancer cells, including the ones in this thesis 

(HNSCC and GB)  (THOMPSON; POWELL, 2021). Our data supports this by 

revealing concomitant increased CD73 and PD-L1 expression in NØ and tumor, 

contributing to an immunosuppressive TME. Moreover, inhibiting CD73 in NØ 

negatively affects the CD73-CyclinD-CDK4/6-PD-L1 pathway in tumor cells, 
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suggesting a potential therapeutic strategy. The differences in NØ response 

between healthy and pro-tumor states shown in this chapter directly affect tumor 

aggressiveness and immunosuppression in the TME. Briefly, we could observe in 

our data that these two phenotypes promote opposite reaction in tumor cells. 

Besides, despite a similar pattern in regulating the CD73-Cyclin D-CDK4/6-PD-L1 

signaling in all four tumor cells, the modulation of the pro-tumor phenotype in NØ by 

SCC47-TEX does not consistently elicit a functional response related to cell 

proliferation, invasion and spreading in all these tested cell lines. This heterogeneity 

poses a challenge in developing drug delivery systems reliant on exosomes. 

However, targeted therapies involving CD73 alongside anti-PD-1 or PD-L1 show 

promise in both pre-clinical and clinical studies (BENDELL et al., 2023; HERBST et 

al., 2022; LAUBACH et al., 2023). 

NØ play a pivotal role in immunosuppression within the TME, and their 

lifespan is linked to this function. In cancer, NØ can exhibit prolonged survival, 

contributing to a state of chronic inflammation and immune evasion that supports 

tumor progression (GIESE; HIND; HUTTENLOCHER, 2019). The extended lifespan 

of TANs is often associated with deregulated signaling pathways, such as those 

involving cytokines like granulocyte colony-stimulating factor (G-CSF) and tumor-

derived factors. These alterations not only promote NØ recruitment to tumors but 

also enhance their immunosuppressive properties (LE’NEGRATE et al., 2003). 

Studying the mechanisms that support tumor progression, such as the extended 

lifespan of TANs, is crucial for advancing our understanding of cancer biology and 

developing effective therapeutic strategies.  

Investigating how TANs acquire an extended lifespan within tumors can 

provide critical insights into immune evasion, tumor growth, and metastasis. With 

this regard, the following step was to assess cell death and survival pathways in 

TANs. Therefore, chapter 04 explores the impact of HNSCC-TEX on NØ lifespan. 

TEX treatment prolongs NØ survival, highlighting the role of tumors in promoting NØ 

pro-tumor functions, such as sustaining immunosuppression and tumor malignancy.  

The disruption of NØ apoptosis plays a significant role in the pathogenesis of 

chronic diseases. It is understood that molecular mechanisms that suppress 
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apoptosis are activated when they infiltrate damaged areas (NOSEYKINA; 

SCHEPETKIN; ATOCHIN, 2021). NØ typically have a short lifespan of around 24 

hours in the bloodstream, thanks to tightly controlled programmed cell death 

processes involving both intrinsic and extrinsic apoptotic pathways (GIESE; HIND; 

HUTTENLOCHER, 2019; MCCRACKEN; ALLEN, 2014). Transcriptomic analysis 

shows that NØ generally follow a consistent path of development and maturation. 

However, their gene expression profiles differ depending on their maturity, the initial 

stimuli they receive, and the particular tissue where they are recruited (MCLAREN 

et al., 2023). Single-cell RNA sequencing (scRNA-seq) studies conducted under 

both normal and inflammatory conditions, such as bacterial infection and cancer, 

have identified different subsets of NØ. These subsets exhibit specific functions 

such as promoting angiogenesis, proliferation, and invasion. Notably, these subsets 

exhibit common structural characteristics across different types of tumors 

(GUNGABEESOON et al., 2023; XIE et al., 2020). Therefore, we re-analyzed a 

previously published scRNA-seq dataset focused on HNSCC (KÜRTEN et al., 2021) 

with a specific emphasis on identifying and characterizing NØ subpopulations and 

their lifespan-related pathways. Our analysis revealed eight distinct subpopulations 

exhibiting diverse gene expression profiles and associated functions. Clusters 0-5 

displayed characteristics of canonical NØ activation with pro-inflammatory roles, 

whereas clusters 6 and 7 exhibited unique transcriptomic profiles potentially 

contributing to a pro-tumor phenotype. Notably, cluster 7 stood out for its activation 

of NF-κB signaling and presentation of a deregulated intrinsic apoptosis pathway, 

implicating it in cell survival mechanisms within the TME. 

Our experimental in vitro findings demonstrate that TEX can extend the 

lifespan of NØ. Notably, we identified two ADO receptors, A2a and A3, as critical 

regulators of NØ survival. ADO within the TME serves as a crucial signaling 

molecule implicated in a range of physiological and pathological functions 

(AZAMBUJA et al., 2019; CAMPOS-CONTRERAS; DÍAZ-MUÑOZ; VÁZQUEZ-

CUEVAS, 2020). While ADO typically supports cell survival and tissue preservation, 

excessive extracellular ADO can activate the A3 and initiate apoptosis pathways. 

Activation of A3 stimulates downstream signaling cascades that can enhance the 

activation of caspases (AZAMBUJA et al., 2019). Blocking specific ADO signaling 
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pathways affects NØ survival, revealing the intricate role of ADO receptors in 

shaping the TME. Here we describe that by blocking A2a decreased NØ lifespan, 

whereas blocking A3 increased it. Additionally, TEX treatment led to a significant 

reduction in levels of various proteins involved in the intrinsic apoptosis pathway 

within NØ, including the proteins caspase-3, Bcl-2, cytochrome C. This disruption of 

NØ apoptosis is particularly relevant in chronic diseases, as molecular mechanisms 

suppressing apoptosis are activated when neutrophils migrate to sites of tissue 

damage (NOSEYKINA; SCHEPETKIN; ATOCHIN, 2021). Moreover, our findings 

suggest an upregulation of NF-κB pathway in TEX-modulated NØ. This pathway is 

closely related to cell survival (RUBEL et al., 2003). Besides, this chapter 

demonstrates that ADO receptors play a significant role in modulating NF-κB 

signaling in NØ through WB techniques, either activating or inhibiting it depending 

on the specific ADO receptor involved.  

To that extent, Annexin-V/Pi assay data reveals that the majority of 

neutrophils exhibit prolonged lifespan, while those initiating cell death pathways 

prominently follow a necrotic trajectory. This observation prompts us to question 

whether this pattern could signify the release of NETs. These are web-like structures 

composed of chromatin (DNA) fibers, histones, and antimicrobial proteins. These 

structures are released in response to various stimuli, such as infections or 

inflammatory signals. The process of NETs formation, also known as NETosis, 

involves the activation of NØ leading to the expulsion of their DNA and associated 

proteins into the extracellular space (ERPENBECK; SCHÖN, 2017; HANN et al., 

2020). 

Recent studies have emphasized the important role of EVs in inducing NET 

formation (SU et al., 2023). The role of NETosis in cancer have been extensively 

described as tumor promoting function in TME in solid tumors and at the periphery 

in HNSCC (ARPINATI et al., 2020; CHEN, Naifei; HE; CUI, 2022; DECKER et al., 

2019). With this regard, the chapter 05 discourses that TEX effectively induce in 

vitro NETs release, contributing to inflammation and tissue damage. During our 

analysis of NETs markers like extracellular DNA, histone H3, elastase, and MMP-9, 

we identified three distinct bands in the MMP-9 protein profile representing different 
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isoforms: the precursor form (92 kDa), the active form (84 kDa), and a unique MMP-

9 isoform (65 kDa). Notably, the 65 kDa MMP-9 isoform emerged as a valuable 

biomarker for tracking tumor progression, particularly from early neoplastic stages 

to metastasis (ROSSANO et al., 2022). The dysregulation of MMP-9 and its 

isoforms suggests a potential biomarker for tumor progression in HNSCC. In 

addition, primary tumor inoculated in CAM reveals that TEX influence NETs to 

create an immune-evading environment characterized by increased expression of 

tumor PD-L1, and decrease of PD-1, tumor proliferation by increasing EGFR, and 

induction of EMT by raising the Vimentin and CD44 markers, for instance. Blocking 

ADO signaling directly impacts NETs markers associated with TEX, prompting 

discussion on ADO's role in modulating NØ phenotypes and activation. NØ 

metabolomics data suggests ADO signaling sustains NØ activation towards TEX. 

However, blocking the ADO receptors (P1) in NØ not only counteracts TEX-induced 

cell activation but also reduces NETs release markers, ultimately reversing tumor 

marker expression. 

Besides, it is important to mention that NETs have been closely related to 

promoting angiogenesis (ALDABBOUS et al., 2016). With this regard, our results 

demonstrate that the NETs enriched secretome promotes a shunting of blood 

vessels towards tumor, however, the intratumoral markers showed a reduction of 

new vessels formation, which can be explained by the presence of tumor necrosis, 

which was not evaluated in this thesis. The initiation and maintenance of 

angiogenesis are key characteristics of solid tumors. In HNSCC, various pro-

angiogenic factors are found to be overexpressed, correlating with the advancement 

of a more aggressive disease phenotype (IDA MICAILY, 2020). Given the pivotal 

role of NØ in promoting angiogenesis and the previous findings indicating vessel 

dislocation towards, but not within, the tumor, chapter 06 was conducted to assess 

the ability of TANs to induce tumorigenic angiogenesis.  

In 1971, Folkman published a groundbreaking article suggesting that all 

tumors rely on angiogenesis for survival (SHERWOOD, L. M., PARRIS, E. E., & 

FOLKMAN, 1971). Angiogenesis, essential for supplying oxygen and nutrients from 

the bloodstream, is now recognized as a hallmark of cancer, preventing tumor 
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dormancy (HANAHAN; WEINBERG, 2011). The establishment of a functional 

vascular network is crucial for supporting the rapid proliferation of HNSCC cells 

(GONG et al., 2023). However, tumor blood vessels often exhibit immaturity, 

impairing their proper function (VIALLARD; LARRIVÉE, 2017). Tumor 

microvasculature displays abnormal features, including high turnover of vessels, 

poor perfusion and increased leakage. A structurally and functionally defective 

tumor vasculature creates a permissive environment for cancer cells (HENDRY et 

al., 2016). The improper angiogenesis can be partially attributed to abnormal 

secretion levels of growth factors, particularly VEGF and angiopoietins (Ang) 

(CARMELIET; JAIN, 2011).  

In our study, the NØ protein secretome reveals the release of angiogenic 

proteins; however, the combination of the expression of these proteins contributes 

to deficient angiogenesis. The upregulation of Coagulation Factor III, Serpin E1 and 

TIMP-1 subsidize means to build a scaffold of new vessel by influencing 

extracellular matrix remodeling. Along with the downregulation of PTX3, FGF2, 

TSP-1, for example, are proteins that inhibit the angiogenesis process. These 

findings strongly indicate that TEX can induce a pro-tumor angiogenic phenotype in 

NØ, potentially promoting tumor progression. Our investigations demonstrated that 

TEX-mediated modulation of NØ secretome that in contact with CAM model resulted 

in a narrower main vessel and an increased number of microvessels, indicative of 

compromised pro-angiogenic potential. Furthermore, analysis of protein levels 

showed elevated concentrations of VEGF-A and Ang-2, suggesting a possible 

connection between TEX-modulated NØ and abnormal vasculature. This 

destabilization contributes to the formation of immature and leaky blood vessels in 

solid tumors (AUGUSTIN et al., 2009; THOMAS; AUGUSTIN, 2009). Therefore, the 

dysregulation of VEGF-A and Ang-2 signaling in solid tumors leads to the 

development of abnormal vasculature, which not only impairs immunotherapy 

efficiency but also promotes tumor growth (LEONG; KIM, 2020). Moreover, these 

observations regarding protein deregulation in blood vessels were validated through 

in vivo experimentation using primary tumor inoculation in a CAM model. With this 

experiment, we aimed to increase the complexity of the environment and observe 

the synergistic effects of the tumor and the NØ secretome. 
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Normalizing tumor vasculature is a therapeutic strategy focused on restoring 

the integrity of blood vessels in the TME. In solid tumors like GB and HNSCC, 

abnormal vasculature results from rapid and chaotic angiogenesis driven by tumor-

derived pro-angiogenic factors (GOEL; WONG; JAIN, 2012). This strategy aims to 

improve vessel quality to enhance oxygen, nutrient, and drug delivery while reducing 

hypoxia and acidosis. By targeting angiogenic pathways, the goal is to rebalance 

pro-angiogenic and anti-angiogenic factors to promote a more "normal" vascular 

phenotype resembling healthy tissue vasculature (AL-HUSEIN B, ABDALLA M, 

TREPTE M, DEREMER DL, 2013; QIAN, Chao Nan et al., 2016). Antiangiogenic 

therapy relies on inhibiting VEGF signaling, crucial for tumor angiogenesis and 

metastasis (HENDRY et al., 2016; STACKER; ACHEN, 2013). Solid tumors often 

exhibit overexpression of factors involved in the VEGF signaling pathway (CHOI; 

JUNG, 2023). Thus, in an effort to restore normal tumor vasculature, we investigated 

the inhibition of P1R in NØ angiogenic features. We found that, blocking P1R 

resulted in the normalization of angiogenesis-related proteins, specifically VEGF-A 

and Ang-2. This suggests that the formation of blood vessels becomes more 

regulated and balanced. 

 The first section clearly demonstrated diverse mechanisms through which 

TAN promote tumor progression and malignancy in HNSCC. A potential therapeutic 

target was identified in the impairment of ADO signaling in NØ to enhance tumor 

response to combined therapy. This section focused on elucidating interactions 

within the TME, highlighting the impact of TEX on various cellular processes. 

Effective crosstalk between tumor and surrounding cells shapes tissue function, 

supports tumor growth, and influences disease progression and patient prognosis. 

Our studies demonstrate the critical roles of TEX and NØ in driving the TME towards 

a pro-tumor state, emphasizing the therapeutic implications of targeting these 

interactions to disrupt tumor-supportive pathways involving NØ lifespan, apoptotic 

pathways, and angiogenic potential. 

The second section of this thesis aimed to explore if NØ reproduce similar 

outcomes in glioblastoma. In GB, there is a high infiltration of NØ associated with a 

significant increase in circulating NØ (WENG et al., 2018). The damage to the blood-
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brain barrier caused by chronic inflammation promotes the infiltration of non-routine 

inflammatory cells into the brain, constituting the previous described cold tumor 

TME. It has been observed that tumor cells influence the release of G-CSF and the 

maturation of NØ in the bone marrow, inducing their migration into the peripheral 

blood (PEREZ-DE-PUIG et al., 2015; RODRIGUES; GRANGER, 2015). GB exists 

within a complex and heterogeneous TME where immune cells play a significant 

role. The importance of the interaction between NØ and GB is increasingly 

recognized, where crosstalk may efficiently contribute to tumor progression, 

highlighting a potential therapeutic target (CHEN, Zhihong; HAMBARDZUMYAN, 

2018).  

Therefore, the chapter 07 aimed to investigate the dynamics of interaction 

between NØ and glioma cells within the TME, focusing on understanding how these 

interactions contribute to tumor progression and modulation of immune responses. 

The findings suggest that the long exposure of NØ to glioma cells is critical in 

determining their role in tumor progression. Initially, NØ exhibit anti-tumor effects, 

but over time, they are reprogrammed by glioma cells, ultimately promoting tumor 

growth. Moreover, the time-dependent modulation indicated an increase in 

challenged NØ. Our data determined that in vitro NØ increase their life-spam when 

interacting with glioma cell line. Indeed, NØ have a longer life-spam than previously 

thought, and increasing evidence indicates their plasticity and capacity to alter their 

phenotype based on the tissue environment (DUMITRU; LANG; BRANDAU, 2013; 

GIESE; HIND; HUTTENLOCHER, 2019; LIEW; KUBES, 2019). 

The study also revealed increased necrosis in a 3D model in the presence of 

NØ, potentially indicating a poor prognosis for glioma patients. Furthermore, the 

study highlighted the importance of cytokine release, such as IL-8, IL-1 β and IL-10, 

and metabolic changes, as an example the increase in lactate production, in the 

TME induced by NØ-glioma cell interactions, contributing to immune suppression 

and chronic inflammation conducive to tumor progression. The TME is characterized 

by the presence of various cytokines and chemokines produced by tumor cells, 

immune cells, and stromal cells (NØRØXE; POULSEN; LASSEN, 2016). Cytokines 

like TNF-α and IL-1β, known for their pro-inflammatory effects, along with IL-10, 
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which has immunosuppressive properties, are frequently detected in the TME 

(RAHBAR et al., 2016). Our findings indicate that glioma patients experience a 

significant negative impact related to cytokine high levels, particularly IL-1β and IL-

10, which are associated with poorer outcomes.  

In addition, this chapter shows that the energy metabolism of glioma cells 

shifts due to glioma-neutrophil interactions. This can be observed by mitochondrial 

recovery after culture with neutrophils for 120 h, along with a reduction of membrane 

potential, indicating dysfunctional organelles. Besides, the increase in lactate 

production corroborates with this metabolic turnover and strengthen 

immunosuppression. With this regard, it was already described that tumor cells 

adapt their metabolism to rapidly generate energy and produce biosynthetic 

materials essential for growth. This reprogramming enables cancer cells to meet 

their energy demands and generate biomolecular precursors essential for rapid 

proliferation (BERNHARD et al., 2023; LANDIS et al., 2018). GB cells, similar to 

other cancer cells, heavily rely on glycolysis for energy even in the presence of 

functional mitochondria, a phenomenon known as the Warburg effect (LAUBACH et 

al., 2023; STRICKLAND; STOLL, 2017). This metabolic shift involves increased 

glucose uptake and lactate production. Aerobic glycolysis generates less energy 

than oxidative metabolism but enables cancer cells to quickly convert resources into 

biomass (lipids, nucleotides, amino acids). This adaptation is crucial for cancer cell 

survival and proliferation, especially under hypoxic conditions (HEIDEN et al., 2009). 

Moreover, enhanced acidification of TME promotes tumor invasion while inhibiting 

immune cell function, contributing to immune evasion (QUIROGA et al., 2022).  

To this end, we chose to focus on the ADO signaling pathway in NØ as it 

plays a key role in the phenotypic modulation of TANs. Our attention to this pathway 

is driven by its significant physiological role in our cells and its influence on the 

expression and activity of enzymes related to ADO production in the TME. 

Therefore, chapter 8 focuses on the interplay between CD73 and PD-L1 within the 

TME, highlighting a coordinated effort to suppress immune responses, wherein pro-

tumor NØ may significantly contribute to promoting immunosuppression. As for this, 

both in vitro studies and clinical samples from patients with grade IV glioma show a 
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coordinated upregulation of ADORA1, NT5E, and ADORA2A genes. In contrast, 

grade II and III gliomas exhibit high expression of ADORA2B and ADORA3. This 

differential expression suggests distinct adenosine receptor profiles and signaling 

pathways between high-grade and lower-grade gliomas. 

High-grade tumors exhibit elevated expression of PD-L1, CD73, E-cadherin, 

and Rel-A, with CD73 and PD-L1 playing immunomodulatory roles. Moreover, 

elevated NT5E expression in NØ correlates with higher tumor PD-L1 expression, 

contributing to T cell exhaustion. High concentrations of ADO, together with ROS 

production by NØ modulation and alterations in tumor metabolism and biology, by 

decrease of PTEN expression for example, the immunosuppressive system is well-

organized, allowing the tumor to use proteins typically associated with immune 

evasion, such as PD-L1, in a manner more focused on promoting tumor 

proliferation. Recent studies reveal various subcellular localizations of PD-L1, 

including nuclear, cytoplasmic, and soluble forms (NIU et al., 2022). This subcellular 

localization has been observed to influence increased in HNSCC tumor malignancy 

by inducing radioresistance, invasiveness, migration, and cell survival 

(EICHBERGER et al., 2020; SCHULZ, D. et al., 2021; SCHULZ, Daniela et al., 

2023). Indeed, our findings show predominant cytoskeletal and nuclear PD-L1 in 

glioma patients, with higher nuclear PD-L1 in grade IV tumors correlating with 

increased proliferation and a high NLR. Nuclear PD-L1 (<150kDa) contribute to 

tumor cell survival and resistance (SCHULZ, D. et al., 2021). Elevated nuclear PD-

L1 is linked to increased neoantigen presentation, possibly explaining the 

responsiveness of high PD-L1 patients to PD-1/PD-L1 therapies. 

Further analysis is required to thoroughly investigate the elevated high 

molecular weight PD-L1 band (~150kDa) and elucidate the factors contributing to 

this observation. The PD-L1 protein is encoded by the CD274 gene (HGNC: 17635; 

ENSG00000120217) located on chromosome 9p24.1. This gene produces two main 

alternative transcripts. The longest transcript (3.6 kbp; NCBI: NM_014143.3; 

ENST00000381577.3) encodes a 290-amino acid protein (NCBI: NP_054862), 

while the shorter transcript (3.3 kbp; NM_001267706.1) encodes a 176-amino acid 

isoform (NP_001254635). The longest transcript has seven exons, with a coding 

353



sequence around 800 bp long, and encodes a 33kDa PD-L1 protein. This protein 

includes two immunoglobulin domains: V-like and C-like while the shorter transcript 

lacks exon 3, resulting in a PD-L1 isoform without the IgV-like domain (FABRIZIO 

FP, TROMBETTA D, ROSSI A, SPARANEO A, CASTELLANA S, 2018). To 

understand why the protein found in the nuclear fraction is larger than what is usually 

observed (> 150kDa). RNA sequencing could provide some explanations if 

deletions, insertions, or duplications are found along the nucleotide chain. If such 

variations are present, they could explain the elongation of the peptide chain, which 

could lead to a range of functional abnormalities or overexpression. However, if no 

such variations are found, the hypothesis of a genetic alteration might be ruled out, 

and the observed length could possibly be explained by the post-translational 

modifications or multimers. 

In its typical form, PD-L1 weighs around 40-50kDa, however, this weight can 

increase significantly due to glycosylation. It can substantially augment the 

molecular weight of PD-L1, leading to sizes reaching 60-70kDa or more (PARRA; 

VILLALOBOS; RODRIGUEZ-CANALES, 2019; ZHOU et al., 2022). Notably, Yu et 

al. proposed an intriguing hypothesis suggesting that nuclear PD-L1 (> 150kDa on 

immunoblots) undergoes more complex glycosylation than plasma membrane PD-

L1 (~50kDa). It is suggest that nuclear PD-L1 may undergo extensive glycosylation 

after translation in the endoplasmic reticulum and Golgi apparatus, followed by 

direct transport into the nucleus via binding to glycosylation binding proteins (YU et 

al., 2020). However, Schulz et al. have contested this hypothesis. Through an 

alternative approach involving heat disruption at 95°C for varying durations, they 

observed that over time, immunodetection of PD-L1 bands exceeding 150kDa 

decreased, while detection of the approximately 70kDa band intensified. This 

specific response to heat disruption suggests that PD-L1 multimerization, rather 

than glycosylation alone, is likely responsible for the observed high molecular 

weight. Moreover, this study assessed the nuclear PD-L1 binding partners attesting 

interactions with proteins primarily associated with DNA remodeling and mRNA 

splicing (SCHULZ, Daniela et al., 2023).  
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The link between ADO-related gene expression in NØ and tumor markers 

such as nuclear PD-L1 and CD73 emphasizes the complex interactions within TME. 

ADO signaling and immune evasion mechanisms are also influenced by NØ, which 

play a role in maintaining immunosuppression and promoting tumor growth. 

To that extent, NØ impact extends beyond secreting chemokines and 

cytokines to recruit regulatory cells, as they also play a critical role in shaping the 

TME by promoting angiogenesis, degrading the extracellular matrix, and facilitating 

metastasis (HURT et al., 2017; MASUCCI; MINOPOLI; CARRIERO, 2019a). 

Several studies have discussed the phenotypic changes in NØ (GRANOT, 2019; 

GRANOT; JABLONSKA, 2015; LECOT et al., 2019a; RAPOPORT et al., 2020). 

While most studies focus on protein markers, secretome, or underlying 

mechanisms, pro-tumor NØ have been visually depicted with altered nuclei shapes 

compared to pro-inflammatory NØ (GRANOT; JABLONSKA, 2015; MASUCCI; 

MINOPOLI; CARRIERO, 2019b). This graphical representation suggests that not 

only does the phenotype change, but the nuclei are also affected by this specific 

activation. The chapter 09 aimed to investigate the morphological changes in NØ 

nuclei and their correlation with clinical outcomes, particularly in glioblastoma 

patients. The classical morphology of NØ nuclei typically consists of multilobulated 

structures with 3 to 4 lobules separated by constrictions, which can increase to more 

than 5 lobules during inflammatory conditions like bacterial infections (SKINNER; 

JOHNSON, 2017). The hypothesis was that pro-tumor NØ undergo nuclear 

reshaping characterized by a unique morphology associated with poor prognosis. 

In vitro experiments revealed that chemical induction of NØ polarization led to 

significant nuclei enlargement, although visual observations did not show prominent 

changes upon direct contact with the U87MG tumor cell line. Notably, the most 

significant nuclei reshaping was observed in glioblastoma patients, showing a loss 

of constrictions and the presence of amorphous nuclei resembling immature NØ 

associated with bacterial infection. The study conducted a correlation analysis 

between nuclei enlargement and NLR, recurrence status and overall survival for 

each patient, revealing a significant positive correlation for increasing NLR and 

recurrence rate, while reducing drastically probability of survival. This indicates that 

amorphous nuclei shape and enlargement could serve as biomarkers for tumor 
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strength in modulating immune cells, with potential implications for guiding medical 

decisions and predicting prognosis in GB patients. 

It would be advantageous to track tumor development and treatment 

outcomes using a non-invasive test that can be conducted regularly at a reasonable 

cost, such as a blood test. New technologies that leverage improved knowledge of 

immune responses to tumors and AI are emerging to discover diagnostic and 

prognostic markers integrated into contemporary medical practices (RAMÓN et al., 

2020). Considering the morphological adaptability exhibited by NØ in reaction to 

stimuli released by tumors, we suggest that these traits could be utilized to identify 

the anti- or pro-tumor tendencies of these immune cells in the bloodstream of cancer 

patients through AI methods. Therefore, chapter 10 focuses on identifying changes 

in cellular structure using computerized medical image analysis aided by machine 

learning (ML) techniques to classify and detect the polarization of peripheral NØ in 

GB patients. Despite the software still being in the refinement phase, and the 

prototype not delivering results at the expected rate, this approach offers an 

improved method for analyzing outcomes and devising patient care strategies, 

facilitating simplified progress monitoring. 

In this second section, the chapters highlight the dynamic nature of these 

interactions, where NØ initially exhibit anti-tumor effects but become reprogrammed 

over time, ultimately promoting tumor growth and contributing to poor clinical 

outcomes. Besides, the integration of advanced technologies, such as AI-driven 

image analysis, holds promise for leveraging TAN phenotypic changes as diagnostic 

and prognostic biomarkers, ultimately advancing personalized cancer care. 
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CONCLUSION 

In conclusion, this thesis provides substantial evidence supporting the 

intricate cross-communication between tumor cells and NØ, facilitated through 

direct contact, exosomal interactions, and/or secreted factors. Notably, within the 

contexts of both HNSCC and GB, observations reveal a pivotal role for NØ 

modulation towards a pro-tumor phenotype, significantly driving tumor progression. 

This phenomenon manifests through enhanced tumorigenic angiogenesis, 

metastasis, tumor evasion, growth promotion, and immunosuppression. Moreover, 

the correlation between NØ morphology and clinical outcomes highlights the 

potential novel prognostic biomarker. Altogether, this thesis advances our 

understanding of the crucial role played by TAN in facilitating and accelerating tumor 

progression, thereby contributing significantly to the field of cancer biology and 

clinical management strategies. 

 The bidirectional modulation of TANs not only reinforces the complexity of 

tumor biology but also opens new avenues for therapeutic intervention. By 

elucidating the mechanisms through which NØ support tumor growth and identifying 

their potential as prognostic markers, this research lays the groundwork for future 

studies aimed at targeting NØ-tumor interactions. Lastly, these findings indicates 

the importance of developing strategies to modulate NØ activity within the TME. 

  

357



PERSPECTIVES 

1. One promising avenue for future research involves developing a project 

aimed at utilizing the phenotypic modulation of NØ  through the blockade of 

CD73. This can be achieved by employing siRNA to inhibit CD73 expression 

in NØ . The primary objective of this research will be to assess the impact of 

NØ  CD73 removal to tumor progression. By understanding the role of NØ  in 

the tumor microenvironment, we can explore their potential as an adjuvant 

immunotherapy. This approach could open new pathways for cancer 

treatment by leveraging the body's immune system to combat tumor growth 

more effectively. 

2. Building on the findings observed in glioblastoma (GB) patients, future 

research should focus on investigating the nuclear band of PD-L1, which 

appears at a molecular weight greater than 150kDa. The aim is to elucidate 

the reasons behind its elevated molecular weight and to determine whether 

it interacts with partner proteins. Additionally, understanding the integrated 

function of this form of PD-L1 in modulating tumor biology will provide deeper 

insights into its role in glioblastoma. This knowledge could contribute to the 

development of more targeted and effective therapies for GB patients. 

3. To further improve the prognostic capabilities of the software developed 

during this study, future efforts should focus on incorporating a 

comprehensive database of images of healthy NØ . These images can then 

be compared with those of NØ  from patients, allowing for a more robust 

analysis and validation of the software's accuracy. Moreover, conducting a 

clinical study to evaluate the software's feasibility and effectiveness as a 

prognostic tool is essential. This clinical validation will not only strengthen the 

software's reliability but also pave the way for its potential adoption in clinical 

settings, ultimately improving patient outcomes through better diagnostic 

precision.  
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